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he mitochondrial Cytochrome Oxidase Subunit 1 gene (COI) has been promoted as an ideal “DNA
arcode” for animal species and other groups of eukaryotes. However, the utility of the COI marker

or species level discrimination and for phylogenetic analyses has yet to be tested within the Rhizaria.
ccordingly, we analysed mitochondrial COI gene sequences and nuclear small subunit rDNA (SSU)
equences from several morphospecies of euglyphid testate amoebae (Cercozoa, Rhizaria) in order to
valuate the utility of these DNA markers for species discrimination and phylogenetic reconstructions.
equences were obtained from eleven populations belonging to six Cyphoderia morphospecies that
ere isolated from field samples in North America and Europe. Mean inter-population COI sequence
issimilarities were on average 2.9 times greater than in the SSU, while the intra-population sequence
issimilarities were higher in the SSU (0-0.95%) than in the COI (0%); this suggests that the COI fragment
s valuable for discriminating Cyphoderiidae isolates. Our study also demonstrated that COI sequences
re useful for inferring phylogenetic relationships among Cyphoderiidae isolates. COI and SSU tree
opologies were very similar even though the COI fragment used in these analyses (500 bp) was much
horter than the SSU sequences (1600 bp). Altogether, these results demonstrate the utility of the COI
s a potential taxonomic DNA barcode for assessing cyphoderiid species diversity and for inferring
hylogenetic relationships within the group.
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Introduction

Facilitating the identification of living species is
one of the major goals of modern systematics.
DNA-based identification represents an alterna-
tive taxonomic approach for identifying the huge
diversity of living organisms (Tautz et al. 2003).
Hebert et al. (2003a) proposed the mitochondrial
Cytochrome c Oxidase Subunit 1 (COI) as an ideal
“DNA barcode” for animal species. Indeed, COI
proved to be efficient in many taxonomic groups
of animals, such as birds (Hebert et al. 2004a;
Kerr et al. 2007), fishes (Ivanova et al. 2007), bry-
ozoans (Gómez et al. 2007) and insects (Hebert et
al. 2004b; Smith et al. 2005). This marker, however,
appeared to be too conserved in other groups of
animals, such as scleractinian corals (Shearer and
Coffroth 2008), and in land plants (Newmaster et al.
2008). This stresses the need of testing any poten-
tial barcode for species delimitation before utilizing
the genetic marker in contingent research (e.g.,
a study on biogeography or paleoecology). Some
recent studies have demonstrated the usefulness of
the COI for species identification in different groups
of microbial eukaryotes, such as ciliates (Barth et
al. 2006; Chantangsi et al. 2007; Chantangsi and
Lynn 2008), diatoms (Evans et al. 2007; Evans et al.
2008; Evans and Mann 2009), dinoflagellates (Lin
et al. 2009) and amoebozoans (Nassonova et al.
2010). The utility of the COI marker for species level
discrimination and phylogenetic inferences has yet
to be tested within a member of the Rhizaria, the
eukaryotic supergroup to which the euglyphid tes-
tate amoebae belong.

Euglyphid testate amoebae are diverse and
abundant in different terrestrial and aquatic environ-
ments and are found in virtually all habitats on Earth
from the tropics to the poles (Meisterfeld 2002).
They are an important component of peatland
microbial communities (Mitchell et al. 2003, 2008)
and are functionally important in soils (Wilkinson
2008). Moreover, the response of testate amoe-
bae to different ecological gradients and pollutants
make them a useful tool for paleoecological stud-
ies and pollution monitoring (Mitchell et al. 2008;
Nguyen-Viet et al. 2004, 2008). The current tax-
onomy for euglyphids is largely based on shell
characters. Shells (also called tests) are com-
posed of secreted plates which often differ in
shape, size and arrangement from one species to
another (Meisterfeld 2002). However, the delimi-
tation of morphospecies can be very difficult due
to the absence of diagnostic characters. Compar-
ative molecular and morphological analyses have
shown cryptic (species which cannot be discrim-

inated by morphology alone) and pseudo-cryptic
species (species with subtle morphological dissim-
ilarities, possibly visible only by scanning electron
microscopy) within different euglyphid morphos-
pecies (Heger et al. 2010; Todorov et al. 2009;
Wylezich et al. 2002). There is therefore a need
for developing a tool for DNA-based identification,
which may be useful for evaluating the diversity and
assessing the biology and ecology of euglyphid tes-
tate amoebae. Until now, the molecular diversity of
euglyphid testate amoebae was based only on the
small and large subunit rRNA sequences (Heger
et al. 2010; Lara et al. 2007; Wylezich et al. 2002;
Yoon et al. 2009). However, the slow rate of evolu-
tion and the presence of diverging copies (Pecher et
al. 2004; Scholin et al. 1993) in the ribosomal genes
of some groups of eukaryotes limit the effectiveness
of these markers for species distinction and overall
estimates of diversity.

In this study, we tested the utility of the COI
marker for species level discrimination for eleven
populations (one population corresponds to sev-
eral individuals of a given morphospecies collected
from one site) belonging to six morphotaxa. Fur-
thermore, we compared the effectiveness of the
mitochondrial COI and the nuclear SSU rDNA for
assessing phylogenetic relationships among the
Cyphoderiidae. We also evaluated the validity of
the morphology-based taxonomy by comparing
the SSU rDNA and COI gene phylogenies to the
shell morphology documented by scanning elec-
tron microscopy.

Results

A total of thirty new Cyphoderiidae COI sequences
(502-760 bp) were obtained from ten Cyphode-
ria populations and one Pseudocorythion acutum
outgroup population (see Methods). The corre-
sponding SSU rDNA sequences (almost full length)
were recently obtained by Heger et al. (2010). With
the exception of Cyphoderia cf. compressa, some
representatives of these populations were charac-
terized by scanning electron microscopy (Fig. 1)
(Heger et al. 2010; Todorov et al. 2009).

Sequence Dissimilarities

The rDNA and COI sequence data demonstrated
that the eleven populations investigated were
relatively well differentiated (Fig. 2). The COI
and SSU sequence revealed a contrasting pat-
tern of intra- and inter-population dissimilarities:
Intra-population SSU rDNA sequence dissimilar-
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ities ranged between 0 to 0.95%, whereas COI
intra-population sequences were always identical.
SSU rDNA inter-population sequence dissimilar-
ities ranged between 0.4 and 9.9% and COI
inter-population sequence dissimilarities ranged
between 3% and 18.8%. Mean inter-population COI
sequence dissimilarities among populations were
on average more than 2.9 times greater than the
SSU rDNA inter-population sequence dissimilari-
ties (Fig. 3).

Molecular Phylogenies Based on SSU
rRNA and COI Sequences

Phylogenetic trees based on a 1600 bp fragment
of the SSU rDNA and on a 500 bp fragment of the
COI showed very similar topologies (Fig. 2A and
2B). The freshwater Cyphoderia isolates were sep-
arated into two strongly supported subclades in
the COI tree (subclade 1: 93% Bootstrap support
(BS) and 0.99 posterior probabilities (PP); sub-
clade 2: 100% BS and 1.00 PP) as well as in the
SSU rDNA tree (subclade 1: 100% BS and 1.00
PP; subclade 2: 89% BS and 0.76 PP). There
is only one main topological difference between
the results obtained from the two genes. In the
SSU rDNA tree, the marine supralittoral species
C. compressa and C. cf. compressa branched
as a sister group to the freshwater Cyphoderia
subclade 1. By contrast, C. compressa had a
basal position within the Cyphoderia clade and
C. cf. compressa branched as a sister taxon to
the two freshwater Cyphoderia subclades in the
COI tree. The first freshwater subclade comprised
Cyphoderia amphoralis, Cyphoderia trochus ssp.
palustris and Cyphoderia ampulla from Nova Sco-
tia, Rhodopes and Vitosha and was composed
of isolates having a shell built of overlapping or
slightly overlapping scales (Figs 1, 2A and 2B).
Within this subclade, the phylogenetic relation-
ships among populations were generally weakly
or not supported by either the Bayesian or the
maximum likelihood analyses. However, Cyphode-
ria amphoralis from Rila and Cyphoderia ampulla
from Vitosha clustered together with high posterior
probabilities in both COI and SSU rDNA trees. The
second freshwater subclade comprised the fresh-
water species C. major and C. ampulla from Lake
Geneva and Moiry. The shell ultrastructure of these
specimens was characterized by non-overlapping
scales (Figs 1, 2A and B). In the COI and SSU
rDNA trees, Cyphoderia major branched as a sister
group to the strongly supported clade composed
of Cyphoderia ampulla from Lake Geneva and
Moiry.

Influence of the Length of the COI and
SSU Alignments on the Robustness of
the Subclade 1 and 2

Bootstrap values inferred by maximum likelihood
analyses indicated that the robustness of the nodes
supporting the monophyly of the subclades 1 and
2 were comparatively higher in the COI tree than
in a corresponding SSU rDNA tree (Fig. 4A and
B). With only the first 100 bp of the COI alignment,
the support of the subclade 2 rises over 70% BS.
By contrast, more than 500 bp of the SSU rDNA
aligment is required to get a comparable bootstrap
support (Fig. 4B). For subclade 2, a COI and SSU
rDNA alignments of 200 bp and 800 bp, respec-
tively, were needed to obtain a resolution higher
than 70% BP (Fig. 4A).

Discussion

Recently, several studies have revealed that the
DNA barcoding might represent an interesting
approach for identifying species when their mor-
phology is of limited value (Hebert et al. 2003a).
Although mainly based on animals, the potential
use of COI marker as a barcoding tool was also
demonstrated for several groups of protist (Barth et
al. 2006; Chantangsi et al. 2007; Lin et al. 2009;
Nassonova et al. 2010) and red algae (Saunders
2005). However, COI sequences are available for
relatively few groups of eukaryotes.

Our study is the first attempt to examine the
potential usefulness of COI as a barcoding gene for
the Rhizaria, one of the largest groups of eukary-
otes. Our results showed that the COI marker is
sufficiently variable and most likely more appro-
priate than the corresponding SSU rDNA gene to
differentiate closely related isolates of euglyphid
testate amoebae within the Cyphoderiidae. Mean
inter-population COI sequence dissimilarities were
indeed always higher than mean inter-population
SSU rDNA sequence dissimilarities while COI
mean intrapopulation sequence dissimilarities were
lower than the SSU rDNA sequence dissimilari-
ties. The apparently fast evolutionary rate of COI
gene in Cyphoderiidae testate amoeba and lack of
COI intra-population heterogeneity concur with pre-
viously reported data in most animals (Hebert et al.
2003b; Remigio and Hebert 2003), and the other
studied groups of protists (Chantangsi et al. 2007;
Evans et al. 2007; Nassonova et al. 2010). Our data
suggest that the COI intra-individual polymorphism
is non-existent while SSU rDNA intra-individual
polymorphism remains likely. However, given the
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Figure 2. Cyphoderiidae phylogenies obtained from Maximum-likelihood (ML) analysis of SSU rDNA (A) and
COI (B) sequences based respectively on 1600 and 500 nucleotide positions. Some ambiguously aligned
regions and gaps were detected and excluded in the SSU rDNA alignment. Such gaps or unaligned regions
were absent within the COI alignment. Dark grey boxes comprise freshwater individuals having overlapping or
slightly overlapping scales. Light grey boxes comprise freshwater individuals having non-overlapping scales.
Numbers represent values of bootstraps obtained by the maximum likelihood method where greater than 50%
and posterior probabilities as calculated with Bayesian analyses. The tree was rooted with Pseudocorythion
acutum.

fact that we used more than one cell per extraction,
we can not explicitly confirm SSU rDNA intra-
individual polymorphisms.

Cryptic and Pseudo-Cryptic Species

COI DNA barcode appears also to be a useful tool
for revealing cryptic and pseudo-cryptic diversity.
Although several C. ampulla isolates are clearly
undistinguishable under light and scanning electron
microscopy (Fig. 1), the COI marker allows distinc-
tion of all examined isolated populations. The high
COI sequence dissimilarities among Cyphoderia
populations (>3%), in agreement with SSU DNA
and to some extent with morphological data demon-
strate that the five C. ampulla populations examined

in this study represent distinct species. Such COI
sequence dissimilarities values are indeed similar
to most threshold values usually used for discrim-
inating protist species (Chantangsi et al. 2007;
Evans et al. 2007; Nassonova et al. 2010). In
agreement with the recent morphological and SSU
rDNA molecular phylogenetic studies reported by
Todorov et al. (2009) and Heger et al. (2010), our
COI sequence data confirm the presence of a hid-
den diversity (i.e. indistinguishable morphospecies
under the light microscope) within these Cyphode-
ria morphospecies. Light microscopy allowed us to
discriminate several Cyphoderia morphospecies
such as C. major (characterized by a large shell),
C. trochus ssp. palustris (characterized by a
terminal protuberance) or C. amphoralis (charac-

➛

Figure 1. Scanning electron micrographs of eight Cyphoderiidae populations of subclade 1 A-E. character-
ized by more or less overlapping scales and population of subclade 2 F-H. characterized by non-overlapping
scales. A. Cyphoderia amphoralis from Rila (BG). B. Cyphoderia ampulla from Vitosha (BG). C. Cyphoderia
ampulla from Rhodopes (BG). D. Cyphoderia ampulla from Cape Breton (CAN). E. Cyphoderia trochus ssp.
palustris from Marchairuz (CH). F. Cyphoderia major from Rila (BG). G. Cyphoderia ampulla from Moiry (CH).
H. Cyphoderia ampulla from Lake Geneva (CH). Scale bars on the left, at the centre and on the right correspond
respectively to 20 �m, 10 �m and 5 �m (pictures from Todorov et al. (2009) and Heger et al. (2010)).
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Figure 3. Relationships between mean interpopula-
tion COI (500 bp) sequence dissimilarities and mean
SSU rDNA (1630 bp) sequence dissimilarities of 11
Cyphoderiidae populations. The dash line indicates
identical levels of dissimilarities. COI sequence dis-
similarities are greater than SSU rDNA sequence
dissimilarities.

terized by clearly imbricated scales). Scanning
electron microscopy was necessary to distinguish
C. ampulla populations of subclade 1 (species with
overlapping scales) and C. ampulla populations of
subclade 2 (species with non-overlapping scales).
Within these two subclades, the discrimination
of C. ampulla populations (corresponding to dif-
ferent “species”) was very difficult. Nevertheless,
extensive biometrical analyses revealed significant
morphological differences between C. ampulla
specimens from Rhodopes and Vitosha (Todorov
et al. 2009). Altogether this example shows that
the morphological-based identification of some
testate amoebae remains very difficult and/or time
consuming because (1) morphological criteria
visible by light microscopy do not discriminate
between different clades of C. ampulla, and (2) the
taxonomic significance of ultrastructural charac-
ters, such as scale morphology and arrangement,
has not been fully explored. Our combined SEM
and molecular phylogenetic results suggest that
detailed SEM-based morphological studies com-
bined with COI sequence data should clarify the
interrelationships of species within Cyphoderia,
and this is expected to hold true for other euglyphid
testate amoebae as well.

Phylogenetic Relationships

Our study revealed that COI sequences not only
allow distinguishing different isolates but that the
information is also useful for inferring phylogenetic
relationships among isolates of the Cyphoderi-
idae. COI and SSU rDNA tree topologies were
indeed very similar although COI fragments used
in these analyses (500 bp) were much shorter than
the SSU rDNA fragments (1600 bp). The main
difference between the SSU rDNA tree and the
COI tree is related to the phylogenetic position
of C. compressa (sensu lato). In the COI tree,
isolates of Cyphoderia compressa (sensu lato)
were not closely related while in the SSU rDNA
tree, the isolates of Cyphoderia compressa (sensu
lato) branched together. The phylogenetic topology
shown in the SSU rDNA tree is concordant with
morphology. Although C. cf. compressa was not
characterized with scanning electron microscopy,
our light microscopic observations performed at
the time of the isolation indicated that C cf. com-
pressa is very similar to C. compressa (laterally
compressed shell with kidney shaped scales and
a relative long size). Our molecular phylogenetic
analyses also demonstrated that a much shorter
COI than SSU rDNA alignment is needed to obtain
good resolutions of the subgroup 1 and 2. In order
to get a phylogenetic support of the freshwater sub-
group 1 higher than 70%, a COI alignment six time
shorter than the SSU rDNA alignment is needed
(100 COI bp and 600 SSU rDNA bp) while for the
freshwater subclade 2, a COI alignment four times
shorter than the SSU rDNA alignment is needed
(200 COI bp, 800 SSU rDNA bp).

Limitations of the Primers Used

An ideal COI barcoding fragment contains both vari-
able regions allowing species discrimination as well
as highly conserved regions used as the targets
for primers. For example, LCO and HCO standard-
ized COI barcoding primers are usable for various
Metazoan taxa as well as for closely related Amoe-
bozoa lineages (Folmer et al. 1994; Nassonova
et al. 2010). However, these primers did not work
for Cyphoderiidae testate amoebae and different
primers relatively specific to Cyphoderiidae and
Euglyphida species were developed in order to
amplify the COI fragment of different isolates. The
current lack of universal euglyphid primers clearly
represents the main limitation for the use of the COI
DNA marker as a barcoding tool for Euglyphida tes-
tate amoebae. Such problems were also reported
in other groups of protists. In ciliates and diatoms,
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Figure 4. Influence of the size of the COI and SSU fragments on the phylogenetic resolution of the freshwater
subclade 1 (graph A) and 2 (graph B). Bootstrap supports were inferred by maximum-likelihood analyses.

the developed COI primers work also for a limited
number of genera (Barth et al. 2006; Chantangsi et
al. 2007; Chantangsi and Lynn 2008; Guggiari and
Peck 2008; Lynn and Strüder-Kypke 2006). More
universal primers need to be developed in order to
use this barcoding approach for all Euglyphida, and
perhaps for the Rhizaria in general.

Methods

Choice of isolates: Based on SSU rDNA sequences, the phy-
logenetic relationships of 15 Cyphoderiidae populations were
studied by Heger et al. (2010). Here, eleven Cyphoderiidae
populations (Table 1) of this previous study were selected to
test the use of a COI marker for assessing the diversity and
phylogenetic relationships of the group.

Primer design strategy: We first tested the usefulness of
the COI standardized barcoding HCO and LCO primers which

are commonly used for various animal phyla (Folmer et al.
1994). These primers failed to work for the cyphoderiid taxa.
We therefore designed a primer set based on the three Rhizaria
full length COI sequences available in GenBank (Euglypha
rotunda GenBank Accession No AB009417, Chlorarachnion
sp. AB009396, Chlorarachnion reptans AB009416) and sev-
eral non-Rhizaria full length COI sequences. Because of the
apparent lack of a conserved region along the Rhizaria COI
alignment, we developed degenerate primers. Eucox1F and
Euglycox1R or Euglycox6R (Table 2), were initially tested on
Euglypha rotunda Wailes (CCAP 1520/1) DNA extractions.
The obtained fragments were identical to the same part of
the COI sequence already published in Genbank (AB009417)
by Inagaki et al. (1998). In addition, more specific primers to
cyphoderiidae species were designed (Eucox5F and Eucox6F,
Table 2).

COI fragment amplification and sequencing: A portion
of the COI gene (500-760 bp), corresponding to the region
340 to 1088 of E. rotunda (AF396436), was amplified by a
first polymerase chain reaction (PCR) using the degenerate
primers Eucox1F and Euglycox1R or Euglycox6R. In cases
of poor amplification, the nested reverse degenerate primer
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Table 1. List of the Cyphoderiidae morphotypes analysed and sampling locations.

Taxa Sampling location Country Sampling
date

Co-ordinates Altitude
(m)

Number of
sequences (nb
of extractions)

SSU COI

Cyphoderia
amphoralis

Sphagnum mosses, Rila Bulgaria (BG) August 2005 42◦12’N 23◦22’ E 1960 1(1) 4(3)

Cyphoderia ampulla Aquatic mosses, Moiry Switzerland (CH) July 2006 46◦08’N 07◦34’ E 2310 2(2) 1(1)

Cyphoderia ampulla Sphagnum mosses,
Rhodopes

Bulgaria (BG) July 2005 41◦59’N 24◦10’ E 1109 1(1) 2(2)

Cyphoderia ampulla Sphagnum mosses, Vitosha Bulgaria (BG) August 2006 42◦36’N 23◦17’ E 1850 1(1) 2(2)

Cyphoderia ampulla Underground waters of
freshwater sand beach, Lake
Geneva, St-Sulpice

Switzerland (CH) May 2008 46◦30’N 06◦32’ E 375 3(3) 4(3)

Cyphoderia ampulla Aquatic mosses, Cape
Breton, Nova Scotia

Canada (CAN) July 2008 46◦48’N 60◦49’ W 236 1(1) 2(1)

Cyphoderia cf.
compressa

Underground waters of
marine supralittoral sand
beach, Tsawassen, Pacific
Ocean

Canada (CAN) October 2008 49◦01’N 123◦06’ W 0 1(1) 3(1)

Cyphoderia
compressa

Underground waters of
marine supralittoral sand
beach, Galata, Black Sea

Bulgaria (BG) July 2006 43◦10’N 27◦56’ E 0 3(3) 2(2)

Cyphoderia major Sphagnum mosses, Rila Bulgaria (BG) August 2005 42◦12’N 23◦22’ E 1960 1(1) 1(1)

Cyphoderia trochus
ssp. palustris

Wet mosses, Marchairuz Switzerland (CH) February 2007
and May 2008

46◦33’N 06◦ 14’ E 1359 4(4) 6(4)

Pseudocorythion
acutum

Underground waters of
marine supralittoral sand
beach, Galata, Black Sea

Bulgaria (BG) May 2008 43◦10’N 27◦56’ E 0 2(2) 3(3)
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Table 2. Sequences of the newly designed COI primers used in this study (mixed-base sites are denoted by
the IUB nomenclature).

Name Sequence (5′-3′) Direction Location
(on E. rotunda AB009417)

Eucox1F GAYATGGCKTTNCCAAGATTAAA forward 232
Eucox5F ACAGGWTGRACYRTTTATC forward 331
Eucox6F GAAGCWGGWGTWGGDACAGG forward 316
Euglycox1R AGCACCCATTGAHAAAACRTAATG reverse 1081
Euglycox6R GTTGGWACWGCTATWATCATWGT reverse 874

Euglycox1R or Euglycox6R was applied in combination with
Eucox5F and Eucox6F in a second PCR. The size of the
obtained sequences varied because of the use of different com-
bination of primers. All primers used in this study were newly
designed (Table 2). The PCR cycling profile was the same for
the first and second PCRs. It consisted of a 30 s initial denat-
uration step (95 ◦C); followed by 40 cycles of 95 ◦C for 30 s;
40 ◦C for 30 s; and 72 ◦C for 90 s and a final extension at 72 ◦C
for 10 min. The PCR products were purified using the High
Pure PCR Purification Kit (Roche, Basel, Switzerland) or the
QIAquick PCR Purification Kit (Qiagen, Hilden, Germany) and
then directly sequenced. Sequencing was carried out using a
BigDye197 Terminator Cycle Sequencing Ready Reaction Kit
(Applied Biosystems) and analysed either with an ABI-3130xl
or a 3730S 48-capillary DNA sequencer (Applied Biosystems).
COI sequences are deposited in GenBank with the accession
numbers HM187644-HM187673.

Dataset constructions: Two data sets were used for phy-
logenetic analyses. The first one included thirty new COI
fragments (500 bp). The second one included twenty SSU rDNA
Euglyphida sequences (1600 bp). To test the effects of increas-
ing alignment length on the phylogenetic resolutions of two
main phylogenetic subclades, we analysed alignments of dif-
ferent lengths. Four additional COI alignments (100 bp, 200 bp,
300 bp and 400 bp) and sixteen SSU rDNA alignments (100
to 1600, in 100 bp steps) were built. The COI sequences were
aligned using CLUSTALW (Thompson et al. 1994) and manually
edited using the BIOEDIT 7.0.9 sequence alignment editor (Hall
1999). The COI sequences were easily aligned, as no inser-
tions or deletions were detected. The SSU rDNA sequences
were aligned as described in Heger et al. (2010). All trees were
rooted with Pseudocorythion acutum, which has been shown
to diverge prior to genus Cyphoderia (Heger et al. 2010).

Phylogenetic analyses: The best-fit models selected in
MrAIC (Nylander 2004) for the COI data sets were either
the General-Time-Reversible model with gamma distribu-
tion (GTR + G) or the General-Time-Reversible model with
invariable sites (GTR + I + G). For the SSU rDNA datasets,
the best-fit models were either the General-Time-Reversible
model with gamma distribution (GTR + G), the General-Time-
Reversible model with invariable sites and gamma distribution
(GTR + I + G) or the Hasegawa-Kishino-Yano with invariable
sites and gamma distribution (HKY + I + G). Maximum likelihood
analyses were performed using Treefinder (Jobb et al. 2004).
The bootstrap analysis option was used to assess nodal sup-
port on the ML trees (100 replicates, consensus level 50). In
addition, Bayesian analyses were performed using the soft-
ware MrBayes v. 3.1.2 (Huelsenbeck and Ronquist 2001) for
the 500 bp COI and the 1600 SSU rDNA data sets. Three
simultaneous Markov Chains were run for 10,000,000 gen-
erations with trees sampled every 10 generations. The first
250,000 trees were discarded as the burn in after checking that

the chains had converged. The resultant trees were used to
calculate the posterior probabilities (PP) for each node. The
convergence of the Markov chains were graphically estimated
by plotting the sample values versus the iteration values as
well as by using diagnostics criteria produced by the “sump”
command in MrBayes (PSRF = 1.00). Maximum-likelihood and
Bayesian analyses were run through the Bioportal web-based
service platform for phylogenomic analysis at the University of
Oslo (www.bioportal.uio.no). The sequences dissimilarity val-
ues were obtained using BioEdit (Hall 1999). The COI data
set was tested for nucleotide substitution saturation by plot-
ting the estimated number of transitions and transversions
against genetic divergence using DAMBE (Xia and Xie 2001).
No saturation was observed for the COI data set (data not
shown).
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