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a b s t r a c t
The majority of amoeboid lineages with flattened body forms are placed under a taxonomic hypothetical
class ‘Discosea’ sensu Smirnov et al. (2011), which encompasses some of the most diverse morphs within
Amoebozoa. However, its taxonomy and phylogeny is poorly understood. This is partly due to lack of support in studies that are based on limited gene sampling. In this study we use a phylogenomic approach
including newly-generated RNA-Seq data and comprehensive taxon sampling to resolve the phylogeny of
‘Discosea’. Our analysis included representatives from all orders of ‘Discosea’ and up to 550 genes, the
largest gene sampling in Amoebozoa to date. We conducted extensive analyses to assess the robustness
of our resulting phylogenies to effects of missing data and outgroup choice using probabilistic methods.
All of our analyses, which explore the impact of varying amounts of missing data, consistently recover
well-resolved and supported groups of Amoebozoa. Our results neither support the monophyly nor
dichotomy of ‘Discosea’ as defined by Smirnov et al. (2011). Rather, we recover a robust well-resolved
clade referred to as Eudiscosea encompassing the majority of discosean orders (seven of the nine studied
here), while the Dactylopodida, Thecamoebida and Himatismenida, previously included in ‘Discosea,’ are
non-monophyletic. We also recover novel relationships within the Eudiscosea that are largely congruent
with morphology. Our analyses enabled us to place some incertae sedis lineages and previously unstable
lineages such as Vermistella, Mayorella, Gocevia, and Stereomyxa. We recommend some phylogeny-based
taxonomic amendments highlighting the new findings of this study and discuss the evolution of the
group based on our current understanding.
! 2016 Published by Elsevier Inc.

1. Introduction
The taxonomy and phylogeny of amoeboid lineages currently
classified within the eukaryotic clade Amoebozoa have been
challenging to study (Adl et al., 2012; Amaral Zettler et al., 2000;
Cavalier-Smith et al., 2004; Lahr et al., 2011a; Smirnov et al.,
2005, 2011; Tekle et al., 2008). While one of the main hurdles is
scarcity of diagnosable morphological characters in this group
(Lee et al., 1985; Page, 1987; Rogerson and Patterson, 2002;
Schaeffer, 1926), other challenges are the under sampling of
taxa, and particularly insufficient gene sampling in molecular
phylogenetic studies (Amaral Zettler et al., 2000; Lahr et al.,
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2011a; Tekle et al., 2008). While making significant advances,
studies based on a single or few molecular gene sequences resolve
mainly shallow rather than deep nodes (Lahr et al., 2011a;
Tekle et al., 2008). Moreover, they support only some of the
well-established relationships based on morphology (Lahr et al.,
2011a; Smirnov et al., 2011).
Molecular phylogenetic studies in Amoebozoa have been
steadily growing albeit with limited gene sampling (Lahr et al.,
2011a, 2013; Tekle et al., 2008). These studies have contributed
to our knowledge of the taxonomic breadth of the Amoebozoa,
which is far more diverse than originally conceived. Amoebozoa
now includes reticulate/filose and flagellate amoeboid forms
(Berney et al., 2015; Lahr et al., 2012; Nikolaev et al., 2006; Tekle
et al., 2008), in addition to the Mycetozoa (i.e. slime molds) and
diverse naked and testate lobose amoebae. Despite these major
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advances, the monophyly and deep relationships of most of the
amoebozoan subclades, hypothesized largely from morphological
data, remain unresolved (Kudryavtsev et al., 2014; Lahr et al.,
2011a; Tekle et al., 2008). Some confounding factors contributing
to the failure of the commonly used genes (e.g. SSU-rDNA and
actin) in reconstructing phylogenies in amoebozoans is related to
long-branch attraction (Felsenstein, 1978) and complicated gene
history (Lahr et al., 2011b). The SSU-rDNA genes of some amoebozoans are amongst the fastest evolving in eukaryotic lineages
(Tekle et al., 2008), which is an impediment to phylogenetic reconstruction methods (Lartillot et al., 2007; Pisani, 2004). Similarly,
presence of multiple copies of actin (i.e. paralogs) in amoebozoans
hinders accurate species tree inferences (Lahr et al., 2011b).
Resolving deep relationships in Amoebozoa requires increased
gene sampling in an effort to amass phylogenetic signal over noise,
which might help circumvent some of the above confounding factors. Large scale data from Amoebozoa such as whole genome,
transcriptome and expressed sequence tag (EST) are sorely lacking,
and limited only to a few lineages (Eichinger et al., 2005; Grant and
Katz, 2014; Stanley, 2005); although this will very likely change in
the foreseeable future as EST projects focusing on diverse taxonomic groups are steadily emerging (Cavalier-Smith et al., 2015;
Grant and Katz, 2014). A recent multigene study of amoebozoans
using transcriptome data, with limited taxonomic sampling,
showed promise in resolving deep relationships within the group
(Cavalier-Smith et al., 2015). In the study reported here, we used
a large-scale analysis approach to resolve the phylogeny of one
of the most problematic Amoebozoa subclades (‘Discosea’) encompassing the majority of flat amoebae.
Lobose amoebae are grouped into two large clusters: ‘Discosea’
and Tubulinea, primarily based on morphology plus limited molecular data (Smirnov et al., 2011). While the Tubulinea has consistently received some support in molecular phylogenetic analyses
(Lahr et al., 2011a, 2013; Tekle et al., 2008), the ‘Discosea’ as it is
currently defined is not recovered in molecular studies (hence
we place it in quotes to indicate uncertainty). ‘Discosea’ was originally erected based on limited molecular data sampling and
loosely defined morphological data (Cavalier-Smith et al., 2004).
Even though subsequent studies with increased taxon sampling
and refined morphological data have improved our understanding
of the ‘Discosea’ (Kudryavtsev et al., 2014; Lahr et al., 2011a;
Nikolaev et al., 2006; Smirnov et al., 2005; Tekle et al., 2008), it
remains one of the most contentious groups within the Amoebozoa
(Smirnov et al., 2011). ‘Discosea’ sensu Smirnov et al. (2011) is
broadly defined as diverse groups of flattened naked amoebae with
polyaxial cytoplasmic flow. The group encompasses nine morphotypes of lobose amoebae, compared to three that are found within
Tubulinea (Smirnov et al., 2011). As the result of this huge diversity, ‘Discosea’ is defined largely by the absence of characters that
are used to distinguish it from the Tubulinea, rather than by a unifying morphological synapomorphy. Thus, it is unclear whether
‘Discosea’ is a natural clade, or a paraphyletic collection of lineages.
‘Discosea’ has historically been revised repeatedly and its members redefined, as evidence has emerged from analyses with different taxon sampling and reevaluation of morphological characters
(Cavalier-Smith et al., 2004; Smirnov et al., 2005, 2011). Smirnov
et al. (2011) recognized two discosean subclades, Longamoebia
and Flabellinia, based on morphology. Longamoebia includes flat
amoebae with pointed subpseudopodia and elongated cell shape,
while members of Flabellinia are discoid to fan-shaped without
pointed subpseudopodia (Smirnov et al., 2011). Moreover, some
members of Longamoebia possess centrosomes, while this feature
is not reported in Flabellinia (Smirnov et al., 2011). The dichotomy
of ‘Discosea’ into these two subclades, Longamoebia and
Flabellinia, is rarely recovered in molecular analyses involving
SSU-rDNA or actin (Lahr et al., 2011a; Tekle et al., 2008). Similarly,
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the phylogenetic affinity of several well-characterized taxa within
the discosean subclades is inconsistent (Kudryavtsev et al., 2014;
Lahr et al., 2011a; Tekle et al., 2008). ‘Discosea’ also has the highest
number of incertae sedis (lineages of unknown taxonomic placement), 14 of 24, in one recent taxonomy of Amoebozoa (Adl
et al., 2012). This list does not include several putative members
of ‘Discosea’ that never or rarely form a group, including members
of Dermamoebida (e.g. Mayorella, Dermamoeba), Vannellida (e.g.
Pessonella), Himatismenida (e.g. Cochliopodium, Parvamoeba,
Gocevia), Trichosida (e.g. Trichosphaerium), and Stygamoebida
(e.g. Vermistella, Stygamoeba) (Berney et al., 2015; Kudryavtsev
et al., 2014; Lahr et al., 2011a; Tekle et al., 2008).
In this study we seek to resolve the phylogeny of the ‘Discosea’
including its monophyly, dichotomy into Longamoebia and
Flabellinia, and placement of enigmatic taxa using large-scale analysis. We analyze a total of 40 amoebozoans, including 24 putative
discoseans, from newly characterized RNA-Seq data and existing
EST and genomic data using probabilistic methods. Our findings
provide new and deeper insights into the taxonomic composition
and evolution of the ‘Discosea’. We also report evidence for several
novel relationships and find a taxonomic home for some putative
discosean incertae sedis. Finally, we make taxonomic amendments
based on our current understanding of the group.
2. Materials and methods
2.1. Cultures
A list of the six amoebae strains characterized for this study,
including culture conditions and description of bacteria used as
food sources during cultivation, are provided (Table S1). Clydonella
sp. ATCC" 50884TM, Gocevia fonbrunei ATCC" 50196TM, Vermistella
antarctica ATCC" PRA-216TM, and Parvamoeba monoura ATCC"
PRA-35TM were grown in a minimum of eight 75 cm2 plastic culture
flasks to obtain enough starting material for RNA isolation.
Thecamoeba quadrilineata ATCC" PRA-259TM and Unda schaefferi
ATCC" 50810TM were grown in a minimum of four 10 cm diameter
agar plates. Cultures were incubated for 4–8 days. Adherent amoebae were removed from plastic culture flasks or agar plates and
centrifuged at 300g. Pellets were resuspended in 600 ll of buffer
RLT (Qiagen") and frozen at !80 #C. The minimum cell counts used
in RNA extraction were P5 " 106 cells for ATCC" PRA-259TM, ATCC"
PRA-216TM, and ATCC" 50196TM, and P2 " 107 cells for ATCC"
PRA-35TM, ATCC" 50884TM, and ATCC" 50810TM.
2.2. RNA isolation
Total RNA from lysates above was isolated using the Qiagen"
RNeasy" Mini Kit (QIAGEN group, USA) according to the manufacturer’s instructions. The concentration of the RNA samples was
measured using a Qubit" RNA HS Assay Kit and Qubit" 2.0 fluorometer (Life Technologies, Carlsbad, CA). Integrity of RNA was
evaluated using the Agilent RNA 6000 Pico Assay kit and an Agilent
2100 Bioanalyzer (Agilent Technologies, USA). Electropherograms
obtained from the Agilent 2100 Bioanalyzer were inspected visually. RNA concentration, 28S:18S ratio, and RNA integrity number
(RIN) were obtained with the Agilent 2100 Expert Software.
2.3. Preparation of libraries and sequencing
A total RNA input of between 0.5 and 4 lg was used in library
preparation. Libraries were prepared using the TruSeq Stranded
mRNA Library Prep kit (Illumina, San Diego, CA). This kit includes
a poly(A) + RNA selection step using oligo (dT) magnetic beads,
fragmentation of RNA, followed by first- and second-round cDNA

146

Y.I. Tekle et al. / Molecular Phylogenetics and Evolution 99 (2016) 144–154

synthesis. Thereafter, the libraries were prepared according to the
manufacturer’s protocol without further modifications. Library
profiles were assessed using the DNA High Sensitivity LabChip kit
on an Agilent Bioanalyzer. Libraries were quantified by qPCR using
the KAPA Library Quantification Kit for Illumina Libraries
(KapaBiosystems, Wilmington, MA). Libraries were diluted to a
final concentration of 6–10 pM and run on the Illumina MiSeq,
using V2 2x250 cycle flow cells in a paired-end mode. After
sequencing, an in-house quality control process was applied to
reads that passed the Illumina quality filters (raw reads). The
sequences of the Illumina adapters and primers used during the
library construction were removed from the whole reads. Lowquality nucleotides (quality value <20) were removed from both
ends. The longest sequence without adapters and low-quality
bases were maintained. Sequences between the second unknown
nucleotide (N) and the end of the read were also trimmed.
2.4. Sequence assembly and phylogenetic analysis using bioinformatics
pipeline
We used a variety of approaches to assemble and analyze a total
of 5–35 M reads from the transcriptomes of each taxon (Table 1).
Each taxon is sequenced to at least 30" coverage. Low quality
reads, those with a score below 20, and Illumina adapters
sequences were removed using FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and Trimmomatic (version
0.30 SLIDINGWINDOWN:4:15 MINLEN:101; (Bolger et al., 2014),
respectively. The remaining transcriptome reads were assembled
de novo with SeqMan NGEN (Version 12.2) using default parameters with the only exceptions being that we removed contigs that
were 6200 bp in length and had lower than average 5" coverage.
Using custom python scripts, remaining contigs were filtered
against a database of RefSeq bacterial and archaeal sequences to
enrich the dataset for eukaryotic protein coding sequences.
We used a taxon-rich phylogenomic pipeline that was
developed by Grant and Katz (2014). This pipeline includes
13,104 ‘orthologous groups’ (OGs, essentially clusters of homologs
organized in OrthoMCL (http://www.orthomcl.org/orthomcl/) that
are used to capture homologs from addition taxa. Because of our
interest in placing six newly characterized lineages of Amoebozoa
onto phylogeny, we modified the pipeline to include all Amoebozoa
plus other eukaryotic lineages with completed genome or transcriptome data (see Table S2). We added the transcriptomes of
G. fonbrunei, P. monoura, V. antarctica, T. quadrilineata, Clydonella
sp. and U. schaefferi obtained from this study to the pipeline by
blasting the contigs from the transcriptome against the total
13,104 OGs. Using this approach, we identified 550 OGs for phylogenetic analyses because these OGs had 7 or more of our target taxa
(i.e. amoebozoans) represented in the final data matrices. All
selected OGs of each amoebozoan ingroup taxon were inspected
for possible contamination and paralogy issues using single gene
phylogenetic analysis before concatenation. The 550 OGs yielded
multigene alignments and phylogenies as described below.

We reconstructed phylogenies using probabilistic methods
including RAxML (Stamatakis et al., 2005, 2008) and MrBayes
v3.2.2 (Ronquist and Huelsenbeck, 2003) as implemented at
CIPRES portal (Miller et al., 2010). We conducted extensive analysis
on three datasets, full (550 genes, 199,347 aa), 25%-mask (496
genes, 149,123 aa), and 50%-mask (400 genes, 97,059 aa), that differed in the amount of missing data (see Table 2). We also conducted additional analysis to see the effect of selected
evolutionary models and outgroup choice (opisthokonts only, data
not shown, vs. major eukaryotic representatives; Fig. 1) on the
resulting phylogenies, and found no substantial differences in
resulting topologies.
We used ProtTest to determine the best fitting model for each
gene (Darriba et al., 2011). Over 95% (522 out of 550) of the genes
analyzed indicated that the LG model was the best fitting model
and the remaining had JTT (8 genes), WAG (15 genes), Dayhoff (4
genes) and RtREV (1 gene). For all the latter genes LG was among
the top best fitting models. Since estimates from ProtTest were
similar for +G and +G+I, and due to the computational cost of partitioning these data, all of our final RAxML analyses were ran under
the PROTGAMMALG model using default parameters as implemented in CIPRES (Berger et al., 2011; Stamatakis et al., 2005).
Bootstrap was simultaneously calculated using the same model
with 100 replicates (Stamatakis et al., 2008). MrBayes analysis
was conducted using the GTR CAT model, to assess the stability
of our results to changing models and algorithm in CIPRES. All of
our MrBayes analyses did not converge and timed out due to computation restrictions on the CIPRES portal. Although all of our first
MrBayes runs timed out (168 h) without convergence, we had a
near convergence in our second re-run (63 million iterations) with
one dataset (50%-mask), which generated a similar topology to the
RAxML analysis (data not shown). Our final alignment and tree are
accessible through TreeBASE (http://purl.org/phylo/treebase/
phylows/study/TB2:S18520?x-access-code=1659c30232c4c66d9587
ab0abf377c67&format=html).

Table 2
Support value (BS) for some of the proposed taxonomic hypotheses within ‘Discosea’,
Amoebozoa and placement of enigmatic taxa based on analyses with different
degrees of missing (masking) data matrices including full (550 genes with
199,347 aa), 25%-mask (496 genes with 149,123 aa) and 50%-mask (400 genes with
97,059 aa). Taxonomic hypothesis and classification follows Smirnov et al. (2011)
unless indicated.

Table 1
Information on the RNA-Seq data from six Amoebozoa characterized for this study.
Taxon

Source

# of
reads
(M)

# of
contigs

Bioproject #

Clydonella sp.
Gocevia fonbrunei
Unda schaefferi
Thecamoeba quadrilineata
Parvamoeba monoura
Vermistella antarctica

ATCC
ATCC
ATCC
ATCC
ATCC
ATCC

17.2
5.3
6.7
13.2
15.2
35

5386
4685
3877
7298
5500
5967

PRJNA316023
PRJNA316024
PRJNA316021
PRJNA316025
PRJNA316026
PRJNA316027

50884
50196
50810
PRA-259
PRA-35
PRA-216

a

Taxonomic hypothesis

Full

25%-mask

50%-mask

Amoebozoa
Conosa
Mycetozoa
Varipodia
Mycetozoa + Varipodia
Tubulinea
‘Discosea’
Flabellinia
Longamoebia
Vannellida + Dactylopodidaa
Mayorella in Dactylopodida
Vermistella in Thecamoebida
Gocevia (G) + (Stereomyxa (S) +
Centramoebida (C))
Eudiscoseab
Himatismenida
Pessonella + Sapocribrum
(Pessonella + Sapocribrum) + Himatismenida
Trichosphaerium in Eu-/‘Discosea’
Himatismenida in Eu-/‘Discosea’
Pessonella + Sapocribrum in Eu-/‘Discosea’

100
nm
100
100
54
62
nm
nm
nm
100
100
100
100

100
nm
100
100
88
93
nm
nm
nm
100
100
100
100

100
nm
100
100
nm
nm
nm
nm
nm
94
100
99
100

87
98
100
41
–
–
–

87
100
100
42
–
–
–

95
99
100
53
–
–
–

Dactylopodida = Dactylopodida + Mayorella.
Eudiscosea – is newly defined clade consisting of (((Vannellida + (Dactylopodida + Mayorella)) + (Thecamoebida + Vermistella)) + (G + (S + C))).
b
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100

Flabellinea

Eudiscosea

Acanthamoeba castellanii
Acanthamoeba healyi
Centramoebida
100
Stereomyxa ramosa ATCC® 50982™
Gocevia fonbrunei ATCC® 50196™
20
Vermistella antarctica
87 100
Thecamoeba quadrilineata Thecamoebida
Stenamoeba stenopodia
100
Neoparamoeba aestuarina
Paramoeba atlantica
100
100
100
Vexillifera sp.
Dactylopodida
Vexillifera bacillipedes
100
Mayorella sp.
100
Clydonella sp. ATCC® 50884™
Vannella sp.
100
100
Unda schaefferi ATCC® 50810™ Vannellida
100
Vannella robusta
100
100
Vannella simplex
100
Dictyostelium purpureum
100
Dictyostelium discoideum
100
Polysphondylium pallidum
100
Acytostelium subglobosum Mycetozoa
100
Physarum polycephalum
54
Hyperamoeba dachnaya
100
Filamoeba sinensis
100
Filamoeba nolandi
Varipodida
Flamella fluviatilis
100
Pessonella sp.
100
Pessonella sp. PRA-29 ATCC® PRA-29+Sapocribrum
28
Sapocribrum chincoteaguense
41
100
Parvamoeba monoura
Cochliopodium minutoidum Himatismenida
98
Ovalopodium desertum
Trichosphaerium sp. ATCC® 40318™ Trichosida
23
64
Vermamoeba vermiformis
62
Nolandella abertawensis Tubulinea
Mastigamoeba balamuthi
32
100
Entamoeba nuttalli
Entamoeba histolytica
100
Archamoebae
100 Entamoeba dispar
100
Entamoeba invadens
100
Toxoplasma gondii
100
Tetrahymena thermophila
100
Phytophthora infestans
100
Arabidopsis thaliana
100
Outgroup
Volvox carteri f. nagariensis
100
Trypanosoma vivax
Naegleria gruberi
100
Homo sapiens
Saccharomyces cerevisiae
97

0.1
Fig. 1. Phylogenomic reconstruction of the ‘Discosea’ based on the concatenated full-dataset (199,347 aa, 550 genes) including 40 amoebozoan taxa reconstructed using
RAxML. Newly characterized taxa from this study are shown in bold. Branches labels are RAxML bootstrap support. All branches are drawn to scale expect those indicated
branched that were trimmed to half-length for display purposes.

2.5. Hypothesis testing
We used Approximately Unbiased (AU) test (Shimodaira, 2002)
in order to assess the robustness of newly inferred phylogeny and
whether non-recovered hypotheses could be rejected given the
data analyzed. A total of seven alternative hypotheses were generated using MacClade (Maddison and Maddison, 2005). These trees
were compared to the newly recovered best RAxML tree (Fig. 1) to
calculate per-site likelihoods. CONSEL (Shimodaira and Hasegawa,

2001) was used to calculate p-values, from the generated per-site
likelihoods, with standard parameters.
3. Results
3.1. Amoebozoa phylogeny
The final concatenated data matrices that we analyzed included
40 diverse Amoebozoa and nine outgroup taxa representing major
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eukaryotic lineages. In all three datasets analyzed (varying in number of characters and genes; Table 2) the monophyly of Amoebozoa
was consistently recovered with full support (Fig. 1, Table 2). The
overall branching order and support for well-established shallow
and intermediate clades in our phylogenies were congruent with
previous publications (Lahr et al., 2011a). Noteworthy relationships include full support for Mycetozoa and Varipodida as well
as recovery of Mycetozoa + Varipodida (Semiconosia) and Tubulinea (represented by only two lineages) in most of our analysis,
though the latter with bootstrap support (BS) ranging from weak
to strong (Fig. 1, Table 2). We did not recover Conosa or a division
of Lobosa into Discosea and Tubulinea in any of our analysis,
although these results may be due to limited taxonomic sampling
in some areas and/or long-branch attraction among members of
Archamoebae (Table S2).
3.2. ‘Discosea’ phylogeny
Our analyses included a total of 24 putative discoseans representing each taxonomic order based on the taxonomic composition
of ‘Discosea’ sensu Smirnov et al. (2011) and Kudryavtsev et al.
(2014) for Pellitidae (Table S2). Each taxonomic order is represented by at least one taxon with more than 50% of the analyzed
characters present in all three datasets (see Table S2) analyzed
(e.g. >100,000 aa in the full dataset) except for the order Trichosida
(23% in the full dataset; see Tables 2 and S2). The well-supported
groups in our phylogenies were robust to possible effects due to
missing data (Table 2), taxon sampling, and outgroup choice (data
not shown). The full (Fig. 1) and 25%-mask (Table 2, Fig. S1) datasets generated identical topologies with similar BS supports (Fig. 1,
Table 2). The topology of the 50%-mask (Fig. S2) differed from the
above two datasets in that the Tubulinea and Semiconosia were
not monophyletic (Table 2, Figs. 1, S1 and S2).
The monophyly of ‘Discosea’ as defined by Smirnov et al. (2011)
was not recovered in any analysis performed for this study
(Table 2). Similarly, the AU tests reject the monophyly of ‘Discosea’
(Table 3). Our analyses also do not recover the monophyly of either
Flabellinia or Longamoebia (Fig. 1, Table 2). Instead, we recover a
novel robust clade including three orders of Flabellinia (Dactylopodida, Vannellida and Stygamoebida) plus all three orders of Longamoebia (Dermamoebida, Thecamoebida and Centramoebida).
This clade, hereafter referred to as Eudiscosea (see below), is consistently recovered in all of our analyses with high BS supports
(Fig. 1, Table 2). The taxonomic compositions of the orders comprising the Eudiscosea are recovered as expected with few notable
exceptions. Mayorella sp., a member of Dermamoebida, is nested
within Dactylopodida as a sister group to Vexilliferidae with full
support (Table 2). Members of Stygamoebida (Vermistella
Table 3
Results of the Approximately Unbiased (AU) test reveal none of the alternative
traditional taxonomic hypotheses are supported.
Hypothesis

au

wkh

wsh

Eudiscosea
‘Discosea’
Eudiscosea + Trichosphaerium sp.
Eudiscosea + Himatismenida
Eudiscosea + (Pessonella + Sapocribrum)
Eudiscosea + (Himatismenida + Pessonella
+ Sapocribrum)
(Eudiscosea + Himatismenida) + Pessonella
+ Sapocribrum
(Eudiscosea + Pessonella + Sapocribrum)
+ Himatismenida

0.701
4e!05
7e!05
1e!32
6e!07
0.001

0.624
0
0
0
0
0

0.981
0
0
0
0
0

3e!06

0

0

2e!59

0

0

Notes: The seven alternative tested for monophyly are presented below the most
likely tree generated in this study. au – approximately unbiased test; wkh –
weighted Kishino–Hasegawa test; wsh – weighted Shimodaira–Hasegawa test.

antarctica) and Himatismenida (Gocevia fonbrunei) group with Thecamoebida and Centramoebida with full support, respectively
(Table 1). The clade including Centramoebida and Gocevia also
includes Stereomyxa ramosa, a lobose incertae sedis, which groups
as sister to Acanthamoeba (Fig. 1, Table 2).
The branching order within the Eudiscosea is well resolved
(Fig. 1). Vannellida and Dactylopodida + Mayorella form a sister
group relationship with full support in all of our analyses (Figs. 1,
S1 and S2, Table 2). This clade is sister to a fully supported clade
including Thecamoeba + Vermistella and Stenamoeba (Fig. 1). A clade
consisting of Gocevia + (Stereomyxa + Centramoebida) branches
basal to the above Eudiscosea members with moderately strong
BS support (Table 2). The topology and membership of the
analyzed taxa are very robust to taxonomic and gene sampling.
Even taxa represented by less than 2% of the total data (e.g.
Acanthamoeba healyi and Vannella simplex) were placed in their
respective taxonomic groups with full support (Figs. 1, S1 and
S2; Tables 2 and S2).
The putative discosean taxa that were never observed to group
within the Eudiscosea include Trichosphaerium sp., Pessonella spp.,
Sapocribrum chincoteaguense and three members of Himatismenida
(Cochliopodium minutoidum, Ovalopodium desertum and Parvamoeba monoura; Fig. 1). The three himatismenids form a monophyletic group with full BS support (Fig. 1). The two Pessonella
species and S. chincoteaguense also formed a monophyletic group
with strong BS support (Table 2). The three himatismenids and
Pessonella + S. chincoteaguense group as sister taxa consistently in
most of our analysis albeit with very weak BS support (Table 2).
The placement of Trichosphaerium is variable and inconsistent with
any of the proposed taxonomic hypotheses. This taxon was mostly
observed to group with the long-branch clade Archamoebae as sister to Tubulinea (Figs. 1 and S1) and for the 50%-mask it was found
nested within the Mycetozoa and Varipodia clade (Fig. S2). Since
the monophyly of ‘Discosea’ sensu Smirnov et al. (2011) was
rejected by our AU tests, we tested membership of these unresolved putative discoseans individually or as a group within the
Eudiscosea (see Table 3). Our AU tests reject all of the taxonomic
combinations, thus further refuting their membership within
Eudiscosea clade (Table 3).
3.3. Placement of newly characterized taxa
All of the newly sequenced taxa were robustly placed in the
resulting phylogenetic tree (Fig. 1). The two vannellid taxa, Clydonella sp. and Unda schaefferi were placed within the Vannellida
with full support (Fig. 1). While Parvamoeba monoura grouped with
the two members of Himatismenida (C. minutoidum and O. desertum) as expected, the putative himatismenid, Gocevia fonbrunei,
grouped consistently with a clade consisting of Stereomyxa and
Acanthamoeba with full support (Fig. 1). Vermistella antarctica
grouped with members of Thecamoebida (S. stenopodia and
Thecamoeba quadrilineata) with full support. However, its sister
relationship with T. quadrilineata is weakly supported (Figs. 1,
S1 and S2).
4. Discussion
4.1. Amoebozoa phylogeny
Our data comprise the largest gene sampling (up to 550 genes,
Table 2) and comprehensive taxon sampling (40 lineages) within
the Amoebozoa. The results not only confirm well-established relationships within Amoebozoa but also reveal new insights into the
evolution of amoebae with flat body shapes. In all of our analyses,
Amoebozoa was consistently recovered as a monophyletic group
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with robust support (Table 2). Moreover, these analyses recovered
intermediate to deep relationships including Semiconosia and
Tubulinea (Table 2). The latter two relationships had mixed support in our full and 25%-mask datasets analyses and were not
recovered in the 50%-mask dataset (Table 2). This is due to the
nested branching of the two long-branch lineages, Archamoebae
and Trichosphaerium (Fig. S2). The placement of these two known
problematic lineages in most of our analyses, similar to many
ribosomal-based studies (Lahr et al., 2011a; Tekle et al., 2008),
was unstable and inconclusive (data not shown). Even though
the focus of our study is the ‘Discosea’, the two deepest Amoebozoan hypothetical assemblages, Conosa and Lobosa, were never
recovered in any of our analyses (Figs. 1, S1 and S2). A recent multigene study reported the division of Amoebozoa into Conosa and
Lobosa (Cavalier-Smith et al., 2015). However, that study was
based on much more limited taxon and gene sampling [25]; hence
the dichotomy of Amoebozoa will need further scrutiny using
taxon rich phylogenomic sampling.
4.2. ‘Discosea’ sensu Smirnov et al. (2011) is not monophyletic
Comprehensive taxonomic and gene sampling provides strong
evidence that ‘Discosea’ is not monophyletic (Table 2), as hypothesized by Smirnov et al. (2011). Our current study also fails to support the division of ‘Discosea’ into Longamoebia and Flabellinia
(Fig. 1, Table 2). This is not surprising since there is neither robust
molecular support (Kudryavtsev et al., 2014; Lahr et al., 2011a;
Tekle et al., 2008) nor reliable morphological characters that can
be used to define these taxonomic hypotheses (Smirnov et al.,
2011). As stated above, previous molecular studies that analyzed
members of ‘Discosea’ suffered from limited gene and/or taxon
sampling. The ‘Discosea’ includes lineages of diverse morphology,
which creates a challenge to find unifying morphological synapomorphies for ‘Discosea’ or the two major subgroups in it. Therefore,
morphological characters used to define these taxonomic hypotheses are likely homoplasious and need further scrutiny. Similarly,
the taxonomic composition of ‘Discosea’ as defined by Smirnov
et al. (2011), differs substantially from our phylogeny (Fig. 1).
There are nine putative orders within the ‘Discosea’, six of which
are classified under the subclass Flabellinia and the remaining
three in the subclass Longamoebia (Smirnov et al., 2011). The
majority of the discosean orders analyzed (seven of nine) form a
well-supported clade, referred to as the Eudiscosea (see below,
Figs. 1, S1 and S2). The two remaining Flabellinia orders, Himatismenida and Trichosida, never grouped with the Eudiscosea
(Table 2) but instead fall in weakly supported relationships outside
the Eudiscosea. In addition, two isolates from ATCC" + PRA-29TM
deposited as Pessonella spp. and a newly described lineage,
S. chincoteaguense (Lahr et al., 2015), form a strongly supported
clade outside Eudiscosea with weak affinity to the Himatismenida
clade (Table 2).
4.3. Unresolved putative discosean lineages
4.3.1. Himatismenida clade
The order Himatismenida sensu Smirnov et al. (2011) includes
two suborders: Tectiferina (Cochliopodium, Ovalopodium, Gocevia
and Paragocevia) and Parvamoebina (Parvamoeba). The taxonomic
composition and phylogenetic relationships of Himatismenida is
poorly understood (Cavalier-Smith et al., 2004; Kudryavtsev
et al., 2005, 2011; Page, 1987; Pussard, 1965; Sawyer, 1980;
Tekle et al., 2013, 2015). This is mainly due to limited molecular
data, diverse morphologies within the group and rapidly evolving
rDNA sequences of its members (e.g. Cochliopodium; Kudryavtsev
et al., 2005, 2011; Lahr et al., 2011a; Tekle et al., 2008). This high
rate of sequence evolution likely contributed to the failure of its
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members to form a monophyletic clade. Evidence for the current
taxonomic composition of Himatismenida is not robust, as it comes
from a collection of independent observations from various studies
using different data sources (Kudryavtsev, 2012; Kudryavtsev
et al., 2014; Smirnov et al., 2011).
Kudryavtsev et al. (2014) transferred Gocevia from Himatismenida into Pellitida based on molecular and morphological evidence. This revision is congruent with our phylogeny where
Gocevia never grouped with the rest of the himatismenids (Fig. 1;
Table 2). Instead, Gocevia consistently groups within a clade consisting of Acanthamoeba and Stereomyxa with strong support
(Fig. 1, Table 2). These taxa are reported to possess a centrosphere,
a microtubule-organizing center (MTOC) (Benwitz and Grell, 1971;
Bowers and Korn, 1968; Pussard et al., 1977). Similarly, members
of Pellitida (not included in our analysis) share this similar feature
(Kudryavtsev et al., 2014). Although MTOCs are described from
diverse groups of amoebae (Bennett, 1984, 1986; Geisen et al.,
2014; Grell and Benwitz, 1978) including a himatismenid,
Cochliopodium (Kudryavtsev, 2004), the strong support in our
molecular analysis for these MTOC containing lineages necessitates
a broader re-examination of the homology of MTOC in amoebae to
assess its potential use for defining groups. Some of our recent
work, based on immunocytochemistry, indicates that the prominence of MTOCs differs among closely related species of amoebae
(unpublished data).
Our analysis provide a strong support for the monophyly of the
three himatismenids: Ovalopodium, Cochliopodium and Parvamoeba
(Fig. 1, Table 2). While the morphological evidence for sister
relationship among these lineages is fairly consistent
(Kudryavtsev, 2012; Kudryavtsev et al., 2011), their relationships
based on molecular analyses has been poorly resolved (Cole et al.,
2010; Kudryavtsev et al., 2005, 2011; Tekle et al., 2008). Most
SSU-rDNA gene based studies group Ovalopodium and Cochliopodium together (Kudryavtsev et al., 2011), while Cochliopodium and
Parvamoeba are recovered as sister groups in the actin phylogeny
(Kudryavtsev, 2012). Consistent with the morphological data
(ventral thin sheet of hyaloplasm; (Kudryavtsev, 2012) and actin
phylogeny, our results support the closer relationships of
Cochliopodium and Parvamoeba (Fig. 1). Therefore, relationships
showing a close affinity of Ovalopodium and Cochliopodium in
SSU-rDNA gene phylogenies is most likely an artifact caused by
the highly variable sequences of Cochliopodium and Parvamoeba.
While our analysis demonstrates that the three himatismenids
are not members of the ‘Discosea’ as previously hypothesized, their
phylogenetic position within Amoebozoa remains unresolved
(Table 2). Given that we were able to place many known problematic long-branched taxa (e.g. Cochliopodium and Mayorella) accurately in the tree, and all AU tests (Table 3) reject their inclusion
in ‘Discosea’, the lack of resolution is less likely due to the effects
of long-branch attraction. While future studies with the inclusion
of more amoebozoan taxa are needed to resolve this issue, based
on the current knowledge of molecular data and morphology, the
three himatismenids likely represent an independent lineage
within the Amoebozoa.
4.3.2. Trichosphaerium
Our analyses were able to resolve the phylogenetic placement
of many known problematic amoeboid lineages except Trichosphaerium. This lineage is one of the fastest evolving taxa known
in Amoebozoa (Tekle et al., 2008). The currently accepted taxonomic classification of Trichosphaerium is solely based on morphology, placing it within the order Trichosida under Flabellinia/
‘Discosea’ (Smirnov et al., 2011). Similar to previous single gene
phylogenies, Trichosphaerium cannot be reliably placed within
any of the known amoebozoan clades in our analyses (Table 2).
Its position varies by analysis and is poorly supported in our trees.
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Trichosphaerium is also represented by the least amount of data
compared to other discosean orders included in our analysis
(Table S2). Therefore, placement of Trichosphaerium will require
more data.
4.3.3. ATCC" PRA-29TM + Sapocribrum a novel clade
Two isolates of ATCC" PRA-29TM designated as Pessonella spp.
and Sapocribrum chincoteaguense form a robust relationship, but
their placement within Amoebozoa is poorly resolved (Table 2).
Several molecular phylogenetic studies have shown the sister relationship of these two species (Kudryavtsev and Pawlowski, 2013;
Lahr et al., 2011a) and in a more recent study both group together
with Squamamoeba spp. (Lahr et al., 2015). This novel clade plus
Squamamoeba includes lineages with diverse morphology mostly
resembling discosean morphotypes, but less so for Sapocribrum,
that is largely angular in body shape, but approaches a discoidal
form with dorsal surface crenations when not actively locomoting.
However, in most molecular analyses they branch as independent
lineages with no clear affinity to any of the known discosean lineages (Fig. 1). Lahr et al. (2015) reported a potential synapomorphy
of the surface scales observed with TEM, providing evidence for the
relationship between Squamamoeba and Sapocribrum. However, little is known about the morphology of the ATCC" PRA-29TM isolate.
The genus Pessonella (Pussard, 1973) characteristically displays a
vannellid morphotype with fan-shaped locomotive form, and is
currently grouped within the Vannellida (Smirnov and Goodkov,
1999). However, the ATCC" PRA-29TM isolate is never observed to
group with any of the vannellids (Fig. 1, Table 2). A more detailed
reinvestigation of this isolate, beyond the light micrograph images
provided in Tekle et al. (2008), might reveal a more accurate
identification of this isolate and its evolutionary affinity with
Squamamoeba and Sapocribrum. ATCC" PRA-29TM isolate and
Sapocribrum have been consistently observed to group with the
three himatismenids, albeit with a very weak support. There is no
published report of the fine structure of ATCC" PRA-29TM isolate,
so we cannot make fine structural comparisons between
Sapocribrum and ATCC" PRA-29TM, especially with respect to surface
structures such as the presence or absence of scales. The light microscopic morphology is markedly different for the two amoebae.
4.4. The Eudiscosea clade
The Eudiscosea represents an amalgamation of Longamoebia
and Flabellinia (Fig. 1). In this revised group, the three orders of
Longamoebia are found either nested within a Flabellinia order
(e.g. Mayorella in Dactylopodida) or branched as sister taxa to the
remaining three orders of Flabellinia (Fig. 1). These new relationships have important evolutionary implications for our understanding of the group as described below.
The placement of Mayorella within Dactylopodida is in agreement with its original classification by Page (1987). While Mayorella shares important morphological characters with members
of Dactylopodida, its placement in previous molecular phylogenetic analyses has proven difficult (e.g. Lahr et al., 2011a). In most
molecular analyses based on SSU-rDNA or actin genes that
included comprehensive taxon sampling Mayorella’s placement
varied by analysis and was never shown to group within
Dactylopodida (e.g. Kudryavtsev et al., 2014; Lahr et al., 2011a,
2015, Tekle et al., 2008). In a few published studies with specific
taxon sampling, Mayorella grouped with the Dermamoeba, albeit
with no or negligible support (Berney et al., 2015; Kudryavtsev
et al., 2014). This led Smirnov et al. (2011) to transfer Mayorella
into Dermamoebida (Longamoebia) referring to the multilayered
cell coat as a potential synapomorphy between them. However,
our study refutes both the transfer of Mayorella into Dermamoebida
and the monophyly of Longamoebia (Tables 2 and 3).

A suite of morphological and fine structural features supports
the grouping of Mayorella and Vexillifera with the Dactylopodida
(e.g. Korotnevella). All three taxa possess a profile characterized
by a broad anterior and narrow posterior (Page, 1988). To varying
degrees, subpseudopodia emerge from an anterior hyaloplasm, and
are initially to some degree conical, but become more finely elongated in Vexillifera, or more dactyloid, partially in Mayorella and
especially in Korotnevella. Subpseudopodia are nonfurcated, and
tend to migrate toward the posterior of the amoeba, particularly
in Vexillifera (Page, 1988). Subpseudopodia of the latter, however,
have a filamentous core (Page, 1979). All bear some form of surface
microstructures, such as hexagonal cylindrical in Vexillifera, cylindrical funnel-shaped in Mayorella, and boat-shaped complex scales
in Korotnevella. The nucleolus tends to be largely central; although
variations occur, such as parietal lobes in Vexillifera (Page, 1983).
Perhaps one of the most stable and consistently recovered
major subclades within Eudiscosea (Amoebozoa) in most molecular analyses consists of Dactylopodida and Vannellida (e.g. Fahrni
et al., 2003; Peglar et al., 2003; Tekle et al., 2008). Smirnov et al.
(2005) formed a taxonomic rank, class Flabellinea, for these two
taxa and provided morphological evidence supporting this relationship. Morphological evidence for the newly designated clade
Mayorella/Dactylopodida + Vannellida (hereafter referred as clade
Flabellinea) based on our analyses include flattened amoebae with
polyaxial cytoplasmic flow and members lacking an MTOC
(Smirnov et al., 2005). The clade Flabellinea is consistently recovered in all of our analyses with strong support (Fig. 1, Table 2).
The two newly characterized vannellids, Clydonella sp. and Unda
schaefferi ATCC" 50810TM are placed within Vannellida as expected
(Fig. 1). While we are unable to comment on relationships within
the Vannellida clade due to low taxonomic sampling, it is interesting to note, however, that the ATCC" 50810TM isolate designated as
U. schaefferi is nested within the Vannella spp. that we have analyzed, making the genus Vannella very likely paraphyletic. The taxonomy and phylogeny of the genus Vannella has been well studied
and was recently revised to include Platyamoeba within the genus
(Smirnov et al., 2007); with evidence that the characteristic towerlike glycostyles observed in the fine structure of Vannella spp. sensu
stricto, are not phylogenetically conservative features. Therefore, in
summary, the morphological identity of ATCC" 50810TM isolate
needs further reexamination.
A well-supported sister clade to the clade Flabellinea within the
Eudiscosea includes the enigmatic genus Vermistella, now with two
described species: Vermistella antarctica and Vermistella arctica
(Tyml et al., 2015) and two members of the order Thecamoebida
(S. stenopodia and T. quadrilineata; Fig. 1). While the close relationship of S. stenopodia and T. quadrilineata is not new, the placement
of V. antarctica in previous molecular studies was unstable (Lahr
et al., 2011a). Smirnov et al. (2011) placed Vermistella in order
Stygamoebida within Flabellinia/‘Discosea’ solely based on morphological evidence. Molecular analyses supporting Stygamoeba
sister to Vermistella is neither recovered nor could their sister relationship be rejected based on an AU test (Lahr et al., 2011a). Moreover increasing molecular evidence indicates no close phylogenetic
relationship between Stygamoeba and Vermistella (e.g. Lahr et al.,
2011a; Tyml et al., 2015). The taxonomic validity of Stygamoebida
will require a thorough genetic analysis including the phyletic
position of Stygamoeba.
Our analyses reveal a novel and unsuspected relationship
between Vermistella and Thecamoebida (Fig. 1, Table 2). Morphological and fine structural reevaluation of these lineages indicates
some shared features. Both possess a glycocalyx, thicker in Thecamoeba spp., and thinner with closely spaced pyramidal elements
in Vermistella (Moran et al., 2007). The thin, electron-dense surface
lamina in Vermistella is a feature partially shared with Stenamoeba
spp. (Dyková et al., 2010; Geisen et al., 2014). All three genera have
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species with a central nucleolus, but the nucleus of Thecamoeba
spp. has a thickened, somewhat osmiophilic peripheral lamina on
the interior of the nuclear envelope.
The early diverging Eudiscosea clade composed of Acanthamoeba, Stereomyxa and Gocevia – hereafter referred to as clade
Centramoebida due to the shared MTOC feature (Fig. 1, Table 2)
was recovered with moderately strong support. Gocevia should
not be included as a member of Himatismenida, and its affinity
to the clade Centramoebida together with Pellita and Endostelium
(Pellitida sensu Kudryavtsev et al., 2014) was also observed in a
study based on molecular analyses of the SSU-rDNA gene
(Kudryavtsev et al., 2014).
The placement of the ATCC" strain with accession number
50982TM designated as Stereomyxa ramosa has been problematic
in a previously published molecular study (e.g. Lahr et al., 2011a)
and the taxonomic status of the Stereomyxidae remains poorly
understood (Benwitz and Grell, 1971; Grell, 1966; Lahr et al.,
2011a; Smirnov et al., 2011). Stereomyxa ramosa is placed as lobosean incertae sedis in the most recent classification schemes (Adl
et al., 2012; Smirnov et al., 2011). Although there is limited morphological data on the ATCC" 50982TM isolate, its placement within
the clade Centramoebida does not contradict the traditional taxonomic description of Stereomyxidae. Original descriptions report
that Stereomyxa possesses an MTOC (Benwitz and Grell, 1971) similar to the members of clade Centramoebida. While the presence of
an MTOC as a defining feature for this clade is questionable due to
its presence in diverse groups of amoebae, the consistent high support of this clade calls for closer reexamination of this feature and
other characters that are uniquely shared by this clade.
Although their overall morphology may be quite divergent
(varying from flattened, hump-bearing Gocevia to the ramified
Stereomyxa), all members of Centramoebida clade share some common morphological details, in addition to the presence of MTOCs.
These include a tendency toward branched pseudopodia, more distinctively in fine pseudopodial species (e.g. Acanthamoeba), or in
species with broader pseudopodia (Stereomyxa spp. and Gocevia
spp.) branching more distally, and may arise from a broader hyaloplasm sheet (Lahr et al., 2011a, Fig. 1y; Rogerson and Patterson,
2002). Fine structural evidence indicates that the plasma membrane of Acanthamoeba, Gocevia, and Stereomyxa is naked and lacks
surface elements such as scales or glycostyles. All three have nuclei
with a central nucleolus.
4.5. Taxonomic remark and amendments of the ‘Discosea’
In the last decade and a half we have witnessed a series of
minor and major taxonomic revisions within the Amoebozoa as
result of molecular phylogenetic studies (Cavalier-Smith et al.,
2004; Kudryavtsev et al., 2014; Lahr et al., 2011a; Smirnov et al.,
2005, 2011). While this has increased our knowledge of the group,
a majority of the revisions are based on single gene (SSU-rDNA)
trees with little or no corroboration from other molecular data
(e.g. cytoskeletal genes; Tekle et al., 2008). The main challenge of
revisions based on SSU-rDNA genes in Amoebozoa is a lack of consistency of inferred phylogenies caused by the observed elevated
rate of evolution (Tekle et al., 2008) and limited signal for deep
nodes (Tekle unpublished data). Nevertheless, studies using this
gene, only differing in taxonomic sampling, have proposed revisions that resulted in a proliferation of taxonomic names (hypotheses) based on shaky evidence (Smirnov et al., 2005, 2011). There
are several rDNA-clades that are well corroborated by morphological data but most of the more inclusive taxonomic schemes and
proposed relationships within them remain unsupported
(Smirnov et al., 2011). Consequences from these revisions
based on single genes include inflation of taxonomic names, which
creates confusion in the Amoebozoa literature. Therefore, future
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taxonomic revisions should rely on multiple data sources that
reflect phylogenetic relationships. Our study demonstrates that
multigene analyses can recover established and novel relationships
reliably and consistently with robust support (Table 2).
In this report we propose the revision of ‘Discosea’ sensu
Smirnov et al. (2011) for the following reasons: 1. Our analyses
are taxonomically comprehensive including all nine orders of ‘Discosea’, 2. Our phylogenies are well resolved and robust to the
effects of missing data, choice of methods for analysis and outgroup selection, and 3. Our results are not only congruent with
some of the traditionally well-established groups but also some
of the novel relationships recovered in this study are corroborated
by morphological data. Given more analyses of the Amoebozoa will
emerge in the near future, which will allow reconstruction of wellresolved phylogenies, we propose to use a phylogeny based classification scheme similar to that used in Adl et al. (2012). This type of
classification system is stable and allows testable phylogenetic
frameworks for future revisions.
We provide a stem-modified node-based definition of the taxon
name Eudiscosea as follows. The name Eudiscosea is applied to the
clade stemming from the most recent common ancestor of the
clade Flabellinea (Smirnov et al., 2005, Tekle and Anderson), Thecamoebida (Schaeffer, 1926, Tekle and Anderson), Centramoebida
(Rogerson and Patterson, 2002, Tekle and Anderson) and all extant
organisms that share a more recent common ancestor with the
above stated taxa than with the Tubulinea (Smirnov et al., 2005),
Variosea (Cavalier-Smith et al., 2004; Smirnov et al., 2008), Mycetozoa (Cavalier-Smith et al., 2004), Archamoebae (Cavalier-Smith,
1983) or Lobosea incertae sedis. This definition will allow inclusion
of putative discoseans not included in our analyses (e.g. Dermamoeba) or taxa that may fall within this clade upon improved
gene and taxon sampling (e.g. former discoseans lineages listed
below as Lobosea incertae sedis). Below we list members of Eudiscosea with general shared morphological characters for each group
following the scheme of previous publications (Adl et al., 2012;
Smirnov et al., 2005, 2011). Unresolved discosean lineages such
as ATCC" PRA-29TM + Sapocribrum, Trichosphaerium, and Himatismenida, are listed as Lobosea incertae sedis. Even though these
are likely independent lineages within Amoebozoa separate from
Eudiscosea (Table 3), our taxonomic sampling and their unresolved
position do not justify the creation of a new taxonomic status. Taxa
not included in our analyses but where there are morphological or
molecular data supporting their potential membership within
Eudiscosea are either included as part of (e.g. Pellitida) or incertae
sedis (e.g. Dermamoebida) within their respective eudiscosean
subclade relatives. In cases where there is not sufficient data
supporting a taxon’s membership within Eudiscosea, or its
monophyly is questioned in a previous study (e.g. Stygamoeba),
the taxon is designated as Lobosea incertae sedis.
# Eudiscosea Tekle and Anderson
Clade Eudiscosea includes ((Flabellinea + Thecamoebida)
+ Centramoebida).
Diagnosis: Flattened naked amoebae, never producing tubular,
subcylindrical pseudopodia and never altering the locomotive
form; cytoplasmic flow polyaxial or without a pronounced
axis; subpseudopodia short or absent, never both pointed and
branched.
## Flabellinea (Smirnov et al., 2005) Tekle and Anderson
Clade Flabellinea includes Dactylopodida (Smirnov et al., 2005)
Tekle and Anderson and Vannellida Smirnov et al. 2005.
Diagnosis: Flattened generally fan-shaped, discoid or irregularly triangular, never with pointed subpseudopodia.
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### Dactylopodida (Smirnov et al., 2005) Tekle and Anderson
Clade Dactylopodida includes Korotnevella, Neoparamoeba,
Paramoeba, Pseudoparamoeba, Vexillifera and Mayorella.
Diagnosis: Locomotive form as irregular triangle with broadened base directed forward; wide anterior hyaloplasm; parasomes
in Paramoeba and Neoparamoeba; cysts unknown; nonfurcate subpseudopodia emerge, to varying degrees, from an anterior hyaloplasm, and initially to some degree are conical, but may become
more finely elongated or more dactyloid, partially as in Mayorella
and especially so in Korotnevella, and tend to migrate toward the
posterior of the amoeba, particularly in Vexillifera; cortex with
extracellular scales, pentagonal or hexagonal glycostyles or a complex fibrous ‘‘cuticle”.
Note: Squamamoeba is transferred to a clade ATCC"
PRA-29TM + Sapocribrum based on a previous molecular study
(Lahr et al., 2015).
### Vannellida Bovee 1979, Smirnov et al., 2005
Clade Vannellida include Clydonella, Lingulamoeba, Pessonella,
Protosteliopsis fimicola, Ripella, Vannella, Unda.
Diagnosis: Locomotive form fan-shaped to spatulate; without
discrete pseudopodia or subpseudopodia; wide anterior hyaloplasm up to half of the cell; posterior granuloplasm concentrated
in a ‘‘hump”, often raised over the substratum; cell coat is a layer
of short glycostyles on top (Clydonella, Lingulamoeba) or pentagonal
glycostyles with or without simple filaments (Vannella); one taxon
known to be sporocarpic and protosteloid.
Note: the ATCC" 50810TM designated as Unda schaefferi is likely a
vannellid.
## Thecamoebida (Schaeffer, 1926; Smirnov and Goodkov,
1993) Tekle and Anderson
Clade
Thecamoebida
includes
Sappinia,
Stenamoeba,
Thecamoeba and Vermistella.
Diagnosis: Oblong, flattened cell, and in some cases becoming
more elongated to vermiform, surface smooth during locomotion
or with dorsal folds and/or ridges; anterior hyaloplasm forms
antero-lateral crescent and never occupies half or more of the body
length; never produces discrete pseudopodia or subpseudopodia;
cell coat electron dense and relatively thin to thickened, amorphous or with extra structures including closely spaced electron
dense subunits.
Note: Vermistella previously placed under order Stygamoebida
(Smirnov et al., 2011) is transferred to clade Thecamoebida.
## Centramoebida (Rogerson and Patterson, 2002; CavalierSmith et al., 2004) Tekle and Anderson
Clade Centramoebida includes Acanthamoeba, Balamuthia,
Protacanthamoeba, Stereomyxa and members of Pellitida sensu
Kudryavtsev et al. (2014): Pellitidae, Goceviidae and Endostelium.
Diagnosis: Flattened with prominent subpseudopodia, flexible
and tapering to a fine tip and sometimes furcated near their base
(acanthopodia), or with more distal, broader lobose furcated
subpseudopodia, sometimes emerging from a hyaloplasm sheet;
without adhesive uroid; trilaminate cytoplasmic microtubular
organizing center (MTOC); flattened sheet without subpseudopodia; at least one species sporocarpic and protosteloid; generally
plasma membrane naked without surface scales or styles, although
surface coats of varying organization occur in some taxa.
Note: while there is sufficient molecular and morphological evidence for the inclusion of Pellitida in clade Centramoebida, the
membership of Dermamoebida among members of the newly

defined clade Centramoebida will require further study.
Dermamoebida is designated here as clade Centramoebida incertae
sedis.
Lobosea Incertae sedis
# Himatismenida Page 1987
Clade Himatismenida includes ((Cochliopodium + Parvamoeba)
+ Ovalopodium).
Diagnosis: Dorsal surface covered with a flexible cuticle or
tectum, sometimes scale-bearing, without defined aperture;
ventral surface naked.
# Trichosphaerium Schneider 1878
Diagnosis: Cell enveloped with flexible membranous test
(smooth form) or membranous test of fibrils and matrix bearing
spicules (spicule-bearing form); both types of envelopes are separated from the plasma membrane; the amoeba protrudes through
this envelope with temporary openings, producing finger-shaped
dactylopodia.
# ATCC

"

PRA-29TM + Sapocribrum clade

Clade ATCC" PRA-29TM + Sapocribrum includes ATCC" PRA-29TM,
Sapocribrum and Squamamoeba.
Diagnosis: Morphologically diverse, mostly resembling discosean morphotypes, apparently closely adherent to substratum,
but less so for Sapocribrum that tends to vary from reniform to discoidal with dorsal surface crenations and extending a slender,
anterior furcate pseudopodium during locomotion. Surface scales,
when present, oval, thin, flattened or margins slightly bent distally.
# Stygamoebida Smirnov et al. 2011
Diagnosis: Flattened, elongate amoebae resembling tooth-pick
or splinters, temporarily acquiring forked or branched form;
extended area of anterior hyaloplasm; presently, based on our
revised analyses, includes only Stygamoeba (Sawyer, 1975;
Smirnov, 1995).
Note: Stygamoeba is the sole member of a lobosean incertae
sedis, Stygamoebida.
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