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Thecamoebida Smirnov and Cavalier-Smith, 2011 (Discosea, Amoebozoa) has been molecularly under-
studied. The group until recently consisted of three genera containing species that live in terrestrial
or aquatic environments. Here, we describe a fourth genus, Stratorugosa tubuloviscum gen. nov. sp.
nov., which was isolated from a freshwater Amoeba proteus Ward’s Science culture. Although this
species most closely morphologically resembles a large, rugose Thecamoeba, S. tubuloviscum gen.
nov. sp. nov. can be differentiated from Thecamoeba spp. by the following: 1) the presence of definitive
finger-like (lobate-like) subpseudopodia extending at both the anterior and lateral parts of the cell dur-
ing locomotion; 2) a peculiar locomotive mechanism with two sections, frontal and back, of the cells
moving in a pulling and piggyback movement, respectively; 3) the presence of fibrillar cytoplasmic
microtubules (MTs) organized by a prominent, perinuclear microtubule-organizing center (MTOC). A
phylogenomic analysis of 511 genes assembled from transcriptomic data showed that this new genus
was highly supported as sister to Stenamoeba. Despite the variance in gross morphology, Stenamoeba
and S. tubuloviscum gen nov. sp. nov. both have MTOCs unlike two Thecamoeba spp., which display
dot-like cytoplasmic MTs and lack an MTOC.

© 2018 Elsevier GmbH. All rights reserved.
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Introduction

The amoebozoan family Thecamoebidae was orig-
inally described by Schaeffer (1926) for naked
amoebae with ovoid to circular shapes that lacked
pseudopodial extensions and for the most part
maintained a consistent shape. This group has
gone through several taxonomic expansions and
contractions, and has been understudied in molec-
ular studies. Schaeffer (1926) originally included
two genera in this family, Thecamoeba and
Rugipes. The type species of the latter (R. bilzi
Schaeffer, 1926) is now considered to be a tax-
onomic synonym of Thecamoeba (Page 1969,
1971), and other members of this genus, R. vivax
Schaeffer, 1926 and R. placidus Page, 1968, have
now been moved to separate vannellid genera
(i.e., Clydonella in Sawyer (1975) and Vannella
in Bovee (1965), respectively). More recently,
this family used to be comprised of eight gen-
era of naked amoebae with a pellicle-like cell
coat that are morphologically diverse (i.e., stri-
ate, rugose, lingulate, and polytactic morphotypes)
(Page 1987, 1988; Smirnov et al. 2011). These
genera included Thecamoeba Fromentel, 1874;
Sappinia Dangeard, 1896; Stenamoeba Smirnov,
Nassonova, Chao, et Cavalier-Smith, 2007; Der-
mamoeba Page et Blakey, 1979; Paradermamoeba
Smirnov et Goodkov, 1996; Parvamoeba Roger-
son, 1993; Pseudothecamoeba Page, 1988; and
Thecochaos Page, 1981.

Increasing amounts of molecular data and mor-
phological characters are continuing to shape
our knowledge of this group. A closer examina-
tion of this taxon resulted in major taxonomic
revisions (see Smirnov et al. 2011). These revi-
sions include the transfer of genera previously
placed within the Thecamoebidae into other
taxonomic groups (i.e., Dermamoeba and Para-
dermamoeba to Dermamoebidae; Parvamoeba to
Himatismenida- taxonomic revision made based on
SSU and actin trees from Kudryavtsev et al. (2011))
or have been placed as incertae sedis due to the
high degree of variation in morphology from the
core thecamoebids and lack of molecular data (i.e.,
the polytactic genera Pseudothecamoeba and The-
cochaos placed as incertae sedis in Smirnov et al.
2005) (Smirnov et al. 2011). Only three core gen-
era (i.e., Thecamoeba, Sappinia, and Stenamoeba)
have remained in the family Thecamoebidae prior
to this study (Smirnov et al. 2011). Stenamoeba
stenopodia (previously Platyamoeba stenopodia in
Page 1969) was originally identified as a vannellid
amoeba; however, SSU data showed that this iso-
late clustered within the Thecamoebidae (Smirnov
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etal. 2007). These three genera of Thecamoebidae
are characterized by striate, rugose, and lingu-
late morphologies (morphotypes sensu Smirnov
and Goodkov 1999; Smirnov and Brown 2004).
Species in this group mostly have a thin, electron-
dense cell coat and often have a glycocalyx layer
(Dykova et al. 2010; Geisen et al. 2014; Goodfellow
et al. 1974; Page and Blakey 1979; Smirnov et al.
2011; Wylezich et al. 2015) that sometimes has
glycostyle-like structures (as observed in Sappinia
diploidea; Michel et al. 2006).

The monophyly of Thecamoeba, Sappinia, and
Stenamoeba has been supported by phylogenetic
analyses based on SSU-rDNA (18S) (Michel et al.
2006; Pawlowski and Burki 2009; Shadwick et al.
2009; Smirnov et al. 2007; Tekle et al. 2008),
a concatenation of SSU and actin genes (Lahr
et al. 2011), and phylogenomics with transcrip-
tome data (Kang et al. 2017). This clade has
been defined using the name of the order, The-
camoebida (Adl et al. 2005, 2012; Kang et al.
2017), which will be used hereafter. Our recent
phylogenomic studies reported that Thecamoebida
forms a strong affiliation to a robust clade Fla-
bellinea (Dactylopodida + Vannellida) (Tekle et al.
2016; Tekle and Wood 2017); however, The-
camoebida in these studies also included the
unstable taxon Vermistella with poor support and
lacked Sappinia in the phylogenetic analysis. This
finding is contrary to previous classifications of
Thecamoebida within Longamoebia (Dermamoe-
bida + Thecamoebida + Centramoebida) — a lin-
eage that included flat amoebae with pointed sub-
pseudopodia and elongated cell shape (Smirnov
et al. 2011). The monophyly of Longamoebia was
questioned in our most recent phylogenomic stud-
ies (Tekle and Wood 2017). Similarly, another
phylogenomic analysis with increased taxon sam-
pling also corroborates our findings and placed the
Thecamoebida within the Flabellinia (Kang et al.
2017).

Thecamoebida contains species that live in
freshwater, marine, and terrestrial environments
(e.g., Brown et al. 2007; Geisen et al. 2014;
Kudryavtsev and Hausmann 2009; Michel et al.
2012; Page 1977, 1983, 1988). Some species are
potentially pathogenic to humans causing amoebic
encephalitis (Sappinia diploidea in Gelman et al.
2001; Gelman et al. 2003) and to other animals
including fishes (Thecamoeba hoffmani in Sawyer
et al. 1974; two species of Stenamoeba, S. ama-
zonica and S. limacina, in Dykova et al. 2010)
and horses (Stenamoeba polymorpha in Peglar
et al. 2016). Historically, over 20 Thecamoeba
species have been described. This genus currently
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contains 11 species that are accepted taxonomi-
cally (combined from Page 1983, 1988; Smirnov
and Goodkov 1999; Kudryavtsev and Hausmann
2009). These species have either a rugose or a
striated morphology and a pellicle-like cell coat
(Page and Blakey 1979; Page 1988; Smirnov
and Goodkov 1999; Smirnov et al. 2011). The-
camoeba species range in length from as small
as 11 um (T. orbis Schaeffer, 1926 (Page 1977)) to
as large as over 150 um (T. terricola Greeff, 1866
(Page 1977)). There are currently only three known
species of Sappinia Dangaerd, 1986 that exhibit
rugose, striate (Smirnov et al. 2011), and lingu-
late (Wylezich et al. 2015) morphologies and are
bi- to tetranucleate (Brown et al. 2007; Michel et al.
2006; Wylezich et al. 2015). These cells range in
length from 35-85um as observed in S. pedata
(Brown et al. 2007). Six lingulate and sometimes
striate species are currently accepted taxonomi-
cally for Stenamoeba Smirnov, Nassova, Chao et
Cavalier-Smith, 2007 (Page 1969 as Platyamoeba
stenopodia; Dykova et al. 2010; Geisen et al. 2014;
Peglar et al. 2016; Smirnov et al. 2007), and are the
smallest thecamoebid cells ranging from 10.1 pum to
36 um in S. limacina (Dykova et al. 2010).

Our limited knowledge of the Thecamoebida
based on molecular data provides further rea-
son to explore the diversity and phylogeny of this
group. Here, we describe a fourth thecamoebid
genus, Stratorugosa tubuloviscum gen. nov. sp.
nov., based on morphological, cytological, ultra-
structural, and large-scale phylogenomic evidence.
The sample was isolated from an Amoeba proteus
Ward’s Science culture, indicating that such cul-
tures might be good untapped sources of microbial
diversity.

Results

Taxonomic Appendix Based on Adl et al. (2012)

Amoebozoa Lihe 1913 emend. Cavalier-Smith,
1998

eDiscosea Cavalier-Smith 2004 sensu Kang et al.
2017

eeFlabellinia Smirnov et al., 2005 sensu Kang
et al. 2017

eee hecamoebida Smirnov and Cavalier-Smith,
2011

Stratorugosa Melton et Tekle, n. gen.

DIAGNOSIS: Flattened flabellate amoebae form-
ing lobate subpseudopodia. During locomotion,

the uroidal part of the cell is dragged forward.
Contains a perinuclear MTOC, and microtubules
wrap around the nucleus.

TYPE SPECIES: Stratorugosa
Melton et Tekle

ETYMOLOGY: The name was derived from Latin in
two parts; “stratum” meaning “layer” and “rugosa”
meaning “wrinkled”.

tubuloviscum

Stratorugosa tubuloviscum Melton et Tekle, n. sp.

DIAGNOSIS: Cells rugose and sometimes striate.
Cells broadly fan-shaped, triangular, to spatulate
during locomotion. A knob-shaped or elongated
uroid frequently present while moving. Cells chang-
ing direction bi- to tri-lobate. Lobose or finger-like
subpseudopodia sometimes present at anterior
or posterior positions. Average locomotive cell
sizes 89.8 um (range from 47.5um to 134.9 pm)
in length and 72.6 um (range from 34.7 um to
122.1 wm) in width. Floating cells with many
radiating pseudopodia up to 60 um in length. Cells
uninucleate (average: 10.6 um; range: 8.5um
to 13 wm; oval to round in shape) with a single,
central and spherical to oval-shaped nucleolus
under the light microscope (average 6.5pm;
range: 5.5 um to 7.9 pm); the nucleolus was never
fragmented in pieces. MTs fibrillar, organized in a
prominent, perinuclear MTOC always juxtaposed
directly behind the nucleus, wrapped around the
nucleus, and never extend throughout the whole
granuloplasm or into the hyaloplasm.

HOLOTYPE: A live culture will be submitted
to the American Type Culture Collection. Tran-
scriptome data (raw reads) were submitted to
NCBI's Sequence Read Archive (SRA) database
(SRX4061347).

TYPE LOCALITY: Exact type locality is unknown
as this sample came from a freshwater Amoeba
proteus Ward’s Scientific Culture.

ETYMOLOGY: The name is based on the
“mistletoe-like” organization of the microtubules
wrapping around the nucleus. The name is derived
from Latin in two parts; “tubulo” meaning “tube”
referring to the microtubules and “viscum” meaning
“mistletoe”.

DIFFERENTIAL DIAGNOSIS: While this amoeba
most closely resembles a slow moving, rugose
Thecamoeba, it can be differentiated from The-
camoeba species by the presence of fibrillar MTs
and an MTOC, its broad fan shape and anterior
and posterior lobose or finger-like subpseudopodia
during locomotion, and a peculiar locomotive



mechanism with two sections, front and back
(uroidal), of the cells moving in a pulling and
piggyback movement, respectively.

Light Microscopy

Observed amoebae in Petri dishes with a medium
of bottled water and rice infusion were adhered
to the bottom of the Petri dish, attached to
bacterial mats, or sometimes free-floating in the
liquid medium (Supplementary Material Videos S1-
2). The amoebae grew well on bacteria alone;
however, they were voracious predators of other
microbial eukaryotes in the original culture that UK-
YTO1 was isolated from. The attached amoebae
were frequently observed in their locomotive forms
and displayed a wide range of shapes and sizes
(Figs 1, 2). This species most commonly had a
rugose morphology and sometimes displayed dor-
sal striations or lateral wrinkles or ridges (Figs 1A,
B, C, I; 2C, D). During locomotion, these amoe-
bae can also be broadly fan-shaped where the cells
have a greater width than length (Figs 1D, E; 2C,
D).

A measurement of 100 cells showed that the
average length of this species (89.8 um) was
greater than its average width (72.6 um). The cells
range in length from 47.5 um to 134.9 um and from
34.7 pm to 122.1 wm in width. The nucleus of the
cell was oval to almost spherical in shape and aver-
aged 10.6 um in size (range: 8.5 um to 13.0 um).
The nucleolus was always centrally located in a sin-
gle spherical or oval shape that averaged 6.5 um
(range: 5.5 to 7.9 um; Figs 1K; 2B, D). The aver-
age size of the hyaloplasm was 8.0 um, and it
ranged from approximately 5.4 umto up to 13.8 um
in rare and irregularly shaped cells (Figs 1A-G, I-L;
2C, D). One to three spherical contractile vacuoles
were present in the majority of the amoebae at the
posterior end (Figs 1A-D, H, I, K, L; 2A, B, D); how-
ever, the contractile vacuoles sometimes traveled
towards the middle of the cell (Fig. 2D). The aver-
age size of these contractile vacuoles was 15.5 um
(range 9.9 um to 20.5 um).

The new isolate has a peculiar locomotive
mechanism with two sections, frontal and back
(uroidal), of the cells moving in a pulling and piggy-
back motion, respectively (Supplementary Material
Videos S1-2). In locomotive cells the amoeba has
a fan shape leading with a flat, clear hyaloplasm in
an anterolateral crescent. The leading hyaloplasm
moves in a smooth and continuous manner at times
forming pointed or finger-shaped subspeudopodia
(Fig. 1G) that anastomose upon contact (Supple-
mentary Material Video S1-2). There are several
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layers (1-5) of membrane folds on the top of the
leading frontal hyaloplasm giving it the appearance
of rugose or multilayered forms (Figs 1A, C; 2A, C).
Some of these layers form pointed or finger shaped
subpseudopodia usually facing in the direction of
locomotion (Figs 1A, C, G; 2A, B).

The second section consists of the uroidal part
of the cell, including the contractile vacuole, which
is usually located near the middle of this section
in the fully extended fan-shaped, actively moving
amoebae (Fig. 1A-D, I, K, L). For the most part,
the uroidal section does not seem to be completely
attached to the surface; it is made of compact,
bag-like membrane filled with cytoplasmic content
(Supplemental Material Videos S1-2). During active
locomotion, this section of the cell is shown to
be dragged forward by the moving frontal section.
During this pulling forward motion, the cytoplasmic
content is observed into the leading, flattened part
of the cell, creating a jerky type of movement of
the uroidal section. A similar mechanism is also
observed in amoebae in non-directional movement
(Supplementary Material Videos S1-2). The amoe-
bae are sometimes observed to form bi- (Figs 1F;
2A) to tri-lobed (Fig. 2B) shapes of roughly equal
parts of the cell connected by the uroidal section.
During directional movement, these two to three
lobes merge (fuse) to form a continuous fan-shaped
amoeba (Supplementary Material Videos S1-2).

ICC and Confocal Imaging

The microtubules, DNA, and plasma membrane
were stained in the UK-YTO01 isolate. The cell mask
allowed for a better visualization of cell bound-
aries and the subpseudopodia (Fig. 3A, C, E, F).
The cytoplasmic microtubules (MTs) were present
in networks of fibers (Fig. 3A-E). The MTs were
organized by a prominent microtubule-organizing
center (MTOC) that was closely associated with the
oval or spherical shaped nucleus typically located
slightly posterior to the middle of the cell (Fig. 3A-
C). The MTOC was mostly observed on top of the
nucleus (facing the posterior end) forming a visible
central ring, where all of the MTs originate (Fig. 3A-
C). The majority of the MTs originating from the
MTOC were observed to tightly wrap around the
nucleus (Fig. 3A-C). Other MTs originating from
the MTOC are also observed to branch out in dif-
ferent directions, but mostly extend back into the
posterior section of the cell (Fig. 3A-E). Very few
microtubules extended forward throughout a large
portion of the granuloplasm, and were not observed
to extend in to the hyaloplasm. Loose MT fibers
were examined around the edges of some of the
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Figure 1. Light microscope images of Stratorugosa tubuloviscum gen. nov. sp. nov. The solid, open, and
circular-shaped arrows are pointing in the direction of movement, layers, and subpseudopodia, respectively.
Contractile vacuoles (Cv) and nucleus (Nu) are labeled in the images. A) the most common morphology of
this species: a fan-shaped, rugose amoeba showing approximately five cascading layers of the amoeba,
three contractile vacuoles at the posterior end, and refractile inclusions. B) a rugose amoeba with one
contractile vacuole at the uroidal end and longitudinal wrinkles. C) a rugose amoeba with displaying sev-
eral layers and pseudopodia. D) a broadly fan-shaped amoeba with a large contractile vacuole. E) a broad



cells, but this might be a fixation artifact since they
were not continuous with the rest of the MTs origi-
nating from the perinuclear MTOC (Fig. 3E).

Transmission Electron Microscopy (TEM)

TEM micrographs were taken of the nucleus, food
vacuoles, plasma membrane, and mitochondria
(Fig. 4). The images of the nucleus and nucleo-
lus were elongated (bean-shaped) with an irregular
outline (Fig. 4A-B). The nucleus was bounded with
an electron dense nuclear membrane and con-
tained a single non-homogeneous nucleolus with
5-6 round-shaped less electron dense patches
(Fig. 4A, B). Membrane-bound food vacuoles often
contained multiple bacteria (Fig. 4A). Most of the
images of the bi-layered plasma membrane showed
litle to no extracellular cell coat-like materials
(Fig. 4D, E). The plasma membrane was mostly
smooth with no visible glycocalyx layer, but in some
samples a very thin layer of an electron dense,
amorphous cell coat was observed (Fig. 4D, E). The
lack of a cell coat in our samples might indicate
a suboptimal fixation protocol. The round-shaped
mitochondria were tubulo-cristate, typically 0.5 um
to 1 wm in across (Fig. 4C).

Phylogenomic Analysis

The maximum likelihood phylogenomic analysis of
the concatenated 511-gene amino acid dataset
yielded a well-resolved and strongly supported
Thecamoebida clade, both in the larger (Discosea,
Fig. 5) and smaller (Flabellinia, Supplementary
Material Fig. S1) taxon sampling analyses. In all of
our analyses, the UK-YTO1 isolate clustered closely
with an undescribed species, Thecamoebida iso-
late RHP1-1 SRX2691210, with strong support
(Fig. 5, Supplementary Material Fig. S1). The UK-
YTO1 + Thecamoebida isolate RHP1-1 clade was
sister to a clade of Stenamoeba species with a mod-
erate bootstrap support (80%, Fig. 5). This sister
group relationship was strongly supported (100%
bootstrap) in the smaller taxon sampling analy-
sis (Supplementary Material Fig. S1). Thecamoeba
and Sappinia also formed a highly supported clade,
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which branched as sister to the clade consist-
ing of ((UK-YTO1+ Thecamoebida isolate RHP1-1
SRX2691210) +the genus Stenamoeba) with full
support in both analyses (Fig. 5, Supplementary
Material Fig. S1).

Pairwise Analysis of UK-YTO01 and an
Undescribed Thecamoebida Isolate
RHP1-1

A reciprocal nucleotide blast of the eukaryotic
contigs from the assembled transcriptomes of UK-
YTO1 and an undescribed Thecamoebida isolate
RHP1-1 had 3,264 total hits. A pairwise analysis
of these hits showed that a majority of the con-
tigs (89%) were less than 2% divergent. A similar
pattern of divergence in the transcriptomic data
of conspecific isolates has been noted (Tekle and
Wood, under review). A total of 1,092 of these con-
tigs were 100% identical (33.19% of the contigs),
and 1,640 contigs were less than 1% divergent
(49.85%). A total of 11% of the contigs fell outside
of 2% divergence might represent paralogs or other
false hits due to the incomplete nature of transcrip-
tome data. The pairwise alignment of the two SSU
sequences (471 bps) of UK-YTO1 and Thecamoe-
bida isolate RHP1-1 were 99.8% identical (data
not shown). This high sequence similarity provides
further indication that these two isolates are likely
conspecific. The SSU sequences were derived
from transcriptome data and contained large inser-
tions when compared to other thecamoebid SSU
sequences. Therefore, these sequence data could
not be reliably used for phylogenetic inference.

Discussion

Morphology

UK-YTO1, here described as Stratorugosa tubulo-
viscum gen. nov. sp. nov, clearly represents a
distinct new genus and species within the The-
camoebida based on morphological, cytological,
ultrastructural evidences. S. tubuloviscum most
often morphologically resembles slowly moving

fan-shaped amoeba with a clear distinction of the hyaloplasm and granuloplasm (image taken from glass slide).
F) amoeba changing directions, cell is in two distinct parts. G) fan-shaped amoebae with lobose pseudopodia.
H) floating amoeba with radiating pseudopodia up to 60 um in length. 1) a long rugose amoeba (left), and
amoeba with a long trailing uroid and dorsal ridges or folds (right). J) amoeba with a long trailing uroid and
large smooth hyaloplasm. K) triangular shaped amoeba with trailing uroid showing a contractile vacuole and
the nucleus. L) amoeba spatulate with two posterior contractile vacuoles. All scale bars represent 20 um and
all images were taken on plastic Petri dishes with the exception of Figure 1E, which was taken on a glass slide.
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Figure 2. Light microscope images of Stratorugosa tubuloviscum taken with DIC on a glass slide. The solid
arrow, open arrow, and diamond shaped arrow are pointing in the direction of movement, layers, and sub-
pseudopodia, respectively. Contractile vacuoles (Cv) and nucleus (Nu) are labeled in the images. A) amoeba
changing direction appearing bi-lobed with contractile vacuole present at posterior end. B) amoeba appearing
tri-lobed with a clear oval-shaped nucleus and a central nucleolus. C) fan-shaped amoeba that is highly wrin-
kled in appearance. D) amoeba displaying two longitudinal dorsal wrinkles or ridges, two contractile vacuoles
(one in the uroid section and the other located anterior to the nucleus), and a clearly defined hyaloplasm and
granuloplasm that is typical of this species during locomotion. All scale bars represent 20 um.

rugose members of Thecamoeba (Supplementary
Material Table S1). While this species can be
confused with a Thecamoeba species, the distin-
guishing characteristics for this new genus are the
following: 1) the presence of pointed or finger-like
(lobate-like) subpseudopodia in both the anterior
and lateral positions of actively moving or loosely
attached amoebae (Figs 1A, C, G; 2A, B), while
Thecamoeba spp. lack definitive subpseudopodia
from their main body during locomotion (Page
1977); 2) the jerky movements of the uroidal sec-
tion of the cell as the moving frontal part of the
cell drags the posterior end of the cell forward
(Supplementary Videos S1-2), while the locomo-
tion of Thecamoeba species has been described
as “tractor-like” and is often smoother and acting
in a single motion (Page 1977); 3) the presence of
fibrillar MTs with a prominent, perinuclear MTOC
(Fig. 3A-E), compared to Thecamoeba spp. dot-
like cytoplasmic MTs (see fig. 1i in Tekle and
Williams 2016). The new isolate can easily be dis-
cerned from the other two genera in Thecamoebida

(i.e., Sappinia and Stenamoeba). Sappinia spp. are
rugose and striate in morphology but have two to
four nuclei (Brown et al. 2007; Michel et al. 2006;
Wylezich et al. 2015), while S. tubuloviscum is
uninucleate. Stenamoeba species are lingulate to
ovoid or oblong in morphology (Dykova et al. 2010;
Geisen et al. 2014; Peglar et al. 2016) compared to
the broad fan-shaped cells of S. tubuloviscum.
Stratorugosa tubuloviscum exhibited fibrillar
cytoplasmic MTs and a prominent, perinuclear
MTOC (Fig. 3A-E). While a perinuclear MTOC
is reported in other amoebae (e.g. Dictyostelium

(Tekle and Williams 2016) and [Stereomyxa|ramosa
ATCC" 50982™ (Tekle and Wood 2017)), there
are noticeable differences in arrangement, distri-
bution, and abundance of MTs originating from the
MTOC in S. tubuloviscum. In
and the MTs originating from the per-
inuclear MTOC do not wrap around the nucleus;
they are loosely packed (fewer in Dictyostelium)
and fan out to the rest of the cell body or gran-
uloplasm (Tekle and Williams 2016). Most MTs
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Figure 3. Confocal imaging of microtubules (green), DNA (blue), and the plasma membrane (red) in Stratoru-
gosa tubuloviscum gen. nov. sp. nov. Cell shows MTs in a fibrillar network closely associated with the nucleus
and a prominent MTOC (indicated by the open arrows). A) cell stained for microtubules, DNA, and the plasma
membrane; shows a prominent MTOC juxtapose to the posterior portion of the oval-shaped nucleus; micro-
tubules extend primarily backward into the uroidal part of the cell with few extending forward; microtubules not
present throughout the granuloplasm or into the hyaloplasm; cell shows small lateral subpseudopodia. B) cell
stained for microtubules and DNA; image shows the presence of an MTOC and the mistletoe-like appearance
of the microtubules that wrap around the nucleus; microtubules are extending back into the uroidal portion of the
cell with few extending forward. C) cell stained for microtubules, DNA, and the plasma membrane; microtubules
shown wrapped around the outside of the nucleus and extending backward into the uroidal portion of the cell;
very few microtubules extending forward; cell shows distinct lateral subpseudopodia. D) cell stained for micro-
tubules; microtubules extending from a prominent MTOC in a ring-like structure. E) cell stained for microtubules,
DNA and the plasma membrane; a less prominent MTOC is present in this cell; the microtubules are mostly
present in the middle of the cell that extend backward toward the uroidal portion of the cell; loose microtubule
filaments present toward the outside of the cell, which could potentially be due to fixation; cell shows lateral
subpseudopodia. F) cell stained for DNA and the plasma membrane; image shows the clear distinction of the
oval-shaped nucleus (fainter staining around the outside of the nucleus) and nucleolus (darker staining inside
the nucleus). Scale bars are 11 um.

originating from the perinuclear MTOC of S. tubulo-
viscum were tightly wrapped around the nucleus
sometimes forming an intertwined fibrillar arrange-
ment in the shape of a mistletoe (Fig. 3A-E). The
MTOC has a clear ring-shaped center where most
of the MTs seem to radiate from. This ring-like
nucleation center was not evident in Dictyostelium
or Stereomyxa ramosa (Tekle and Williams 2016;
Tekle and Wood 2017). Similarly, the remaining
MTs originating from the MTOC do not extend far
from the nucleus unlike most in amoebae exam-
ined so far. The cytoplasmic MTs in most amoebae

were observed to be distributed uniformly in the
granuloplasm in a complex tightly packed net-
work (Cochliopodium, Tekle and Williams 2016),
parallel (members of Tubulinea), coiled (Cen-
tramoebida Tekle and Wood 2017), or dot-like
(Thecamoeba, Tekle and Williams 2016). Other
types of MTOCs not associated with the nucleus
were also observed in [Cochliopodium (Tekle and
Williams 2016). Stratorugosa tubuloviscum adds
a new variation of MTOC in Amoebozoa. Inter-
estingly, a perinuclear MTOC has been reported
in Stenamoeba (Geisen et al. 2014) as well as
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Figure 4. TEM micrographs of Stratorugosa tubuloiscum gen. nov. sp. nov. The letters indicate the following:
Fv- food vacuole; m- mitochondrion; n- nucleolus; Nu- nucleus; pm- plasma membrane. A) micrograph of the
slightly amorphous nucleus and nucleolus; the nucleus has a clear nuclear membrane; the non-homogeneous
nucleolus has rounded edges and six gaps or holes present inside; one large gap is centrally located with the
other gaps arranged around the central gap; to the right of the nucleus is a membrane bound food vacuole
containing two bacterial cells; scale baris 1 um. B) micrograph of the slightly amorphous nucleus and nucleolus;
nucleus contains a clear nuclear membrane; the non-homogeneous nucleolus has pointed and rounded edges
with six total gaps; one of the gaps is centrally located with the other five gaps arranged in a circle around the
central gap; scale bar is 500 nm. C) micrograph of the mitochondria with tubular cristae; scale bar is 500 nm.
D) micrograph of the thin, amorphous plasma membrane with little to no cell coat or glycocalyx layer; scale bar
is 500 nm. E) micrograph of the thin, amorphous plasma membrane with little to no glycocalyx layer; the inset

shows an enlarged version of the plasma membrane; scale bar is 200 nm.

some microtubules near the nucleus in

(Wylezich et al. 2015) based on ultrastructural
studies. Ultrastructural studies are not ideal for
detecting the MTOC in amoeba cells. TEM studies
report mixed results in the detection of an MTOC
using this technique. MTOCs have been missed by
only using TEM data (e.g., Cochliopodiumgallicum;
Kudryavtsev and Smirnov 2006), or MTOCs have
been reported (e.g.,
Kudryavtsev 2004), however, were not shown with
ICC (Tekle and Williams 2016). However, if these
reports are confirmed using similar ICC techniques
used in this study in Stenamoeba, the nature of the
MTOC could serve as a potential synapomorphy
for the strong relationship of the new isolate and
Stenamoeba observed in the phylogenomic anal-

ysis (Tekle and Williams 2016). The nature and
presence of an MTOC has been found to be a use-
ful taxonomic feature for defining groups such as
Cochliopodium (Tekle and Williams 2016). These
results demonstrate that features derived from cel-
lular proteomic features such as MTs and MTOCs
might be a useful synapomorphic character that
could contribute to our understanding of Amoebo-
zoa diversity (Geisen et al. 2014).

Members of Thecamoebida have been observed
to have an amorphous cell coat with a thin glycoca-
lyx layer as observed in Thecamoeba (Kudryavstev
and Hausmann 2009; Page and Blakey 1979; Page
1991; Smirnov 1999; Smirnov et al. 2011), Sap-
pinia (Goodfellow et al. 1974), and Stenamoeba
(Dykova et al. 2010; Geisen et al. 2014; Peglar et al.
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Figure 5. A maximum likelihood phylogenomic analysis of Discosea based on 106,983 amino acid characters
showing the placement of Stratorugosa tubuloviscum gen. nov. sp. nov. This analysis was run using RAxML
with the PROTGAMMALGF model of amino acid evolution and 1000 bootstrap replicates. Bootstrap values

below 50% were removed.

2016), and sometimes have extra glycostyle-like
structures in Sappinia diploidea (Michel et al. 2006;
Smirnov et al. 2011). Page and Blakely (1979)
suggested that the cell coat was useful for genus-
level identifications and maybe some species level
identifications in this group. Michel et al. (2006)
observed different sizes of the cell coat of differ-
ent strains of Sappinia diploidea, and also showed
glycostyle-like structures, which were lacking in
TEM images of Goodfellow et al. (1974). The cell
coat of Stratorugosa tubuloviscum was thin and
lacked any glycostyle-like structures. While the lack
of detection of a cell coat in our isolate might be
due to fixation problems, the morphology of the cell
coat varies among the thecamoebids and presently
does not appear to provide a defining characteristic
suitable for most species level identifications within
the Thecamoebida.

Phylogenomics of the Thecamoebida

Our phylogenetic analysis strongly supported the
placement of Stratorugosa tubuloviscum gen. nov.
sp. nov. within the clade Thecamoebida. Our results
contrast with the main phylogenetic tree (i.e., fig. 3)
from Kang et al. (2017), as their results showed
that “Thecamoebida isolate RHP1-1", an isolate
that is likely conspecific with our isolate, shared
a more recent common ancestor with the The-
camoeba+ Sappinia clade than with Stenamoeba.
However, this relationship was not strongly sup-
ported (70% bootstrap). It is important to note that

Thecamoebida isolate RHP1-1 and Stenamoeba
formed a strongly supported clade in two supple-
mental phylogenomic trees (figs S1 and S2 from
Kang et al. 2017). Differences in phylogenetic posi-
tion are likely due to differences in methods such
as model of amino acid evolution. Despite the vari-
ances in phylogenetic position of these two studies,
it is apparent that our isolate and the isolate from
Kang et al. (2017) are representatives of a new
genus and species within the Thecamoebida.

Methods

Isolation and culturing: The sample of Stratorugosa tubulo-
viscum was isolated into a monoclonal culture (designated as
UK-YTO01) from an Amoeba proteus culture purchased from the
Ward’s Science live culture collections (Item number 470176-
570). These two amoebae and other microbial eukaryotes were
inhabiting this culture in a medium of distilled water and rice
grains. After isolation, the culture was kept at room temperature
in plastic Petri dishes (100 mm x 15 mm) with bottled natural
spring water (Deer Park ®; Nestle Corp., Glendale, CA) and
autoclaved rice grains for bacterial growth for food. The type
specimen will be deposited at ATCC.

Microscopy: A morphological analysis was performed on
Zeiss Axiovert 40 CFL and Nikon Eclipse E1000 (with DIC)
compound light microscopes, and images were taken with a
Zeiss AxioCam ICm 1 camera. Measurements of the length
and width, contractile vacuoles, hyaloplasm, and nucleus were
made in ZEN 2012 lite.

Immunocytochemistry (ICC) methods were used to stain
microtubules (anti-alpha-tubulin monoclonal antibody), DNA
(DAPI), and the plasma membrane (CellMask™ Orange, Life
Technologies). The amoeba was grown in two-well glass cham-
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ber slides (Thermo Scientific™, Nunc Lab-Tek, Rochester,
NY) in the same bottled natural spring water and rice grains.
ICC staining and confocal microscopy was performed following
Tekle and Williams (2016).

For TEM, the samples were fixed and embedded in low vis-
cosity epon following Tekle et al. (2015). Sectioning and TEM
imaging was performed at Morehouse School of Medicine in
Atlanta, GA.

Molecular data collection and analysis: Cells were col-
lected from four 100 mm x 15 mm Petri dishes with good growth
of the amoebae, and a pellet was made by centrifugation. A total
of 9.83 ng/pl of RNA was extracted with the NucleoSpin® RNA
kit (Macherey-Nagel, Diiren, Germany) according to the man-
ufacturer’s protocol. The quantity of RNA was measured with a
Qubit® RNA HS Assay Kit and a Qubit® 3.0 Fluorometer (Life
Technologies, Carlsbad, CA). Double stranded cDNA was pre-
pared using 2.375 pl of RNA with the Clontech SMART-Seq®
v4 Ultra® Low Input RNA Kit (Takara Bio USA, Mountain View,
CA, USA). This yielded 25.9 ng/ul of cDNA. A 1:100 dilution
was made to bring the concentration to ~0.20 ng/ul, and 5 .l
(1 ng total) was used for library preparation with the Nextera®
XT DNA Library Preparation kit (lllumina In., San Diego, CA,
USA). The resulting sample (5.0 ng/pl) was sent to Yale Center
for Genomic Analysis (West Haven, CT) for sequencing on an
lllumina HiSeq 2000 platform.

A total of 60.2 million paired end reads were retrieved.
The raw reads were deposited to NCBI's SRA database
(SRX4061347). Raw reads were trimmed with BBduk, which
is a part of the BBMap package (Bushnell 2015; Joint Genome
Institute, U.S. Department of Energy, Walnut Creek, CA, USA);
33.2 million reads were assembled with rnaSPAdes (Bankevich
et al. 2012); and 12,602 contigs were filtered for eukary-
otic contigs (5,279 contigs) by using the USEARCH algorithm
(Edgar 2010) against a database of prokaryotic and eukaryotic
sequences retrieved from Genbank.

Phylogenetic trees were made from two different datasets:
one with representatives from across the Discosea clade and
another with just Flabellinia. Taxon sampling and outgroups
were based on the phylogeny of Kang et al. (2017), which was
also followed for our taxonomic assignments in combination
with Adl et al. (2012). For the Discosea phylogenetic analy-
sis, we selected 15 members of the Flabellinia: six species of
Thecamoebida (two Thecamoeba, two Stenamoeba, one Sap-
pinia, and one unidentified Thecamoebida isolate (RHP1-1)
that was collected from a freshwater pond near the campus
of Mississippi State University in Starkville, MS, used in Kang
et al. (2017), two species currently designated as incertae
sedis (Stygamoeba regulata and Vermistella antarctica), and
six outgroup species from Dactylopodida (Cunea sp., Vexillif-
era sp., and Paramoeba atlantica) and Vannellida (Clydonella
sp., Lingulamoeba sp., and Vannella robusta), as well as the
new isolate designated as UK-YTO1. Additionally, 12 outgroup
taxa were also selected from Centramoebia and Dermamoe-
bida. The previously mentioned 15 members of Flabellinia were
used for the Flabellinia only phylogenomic analysis. The contigs
from the transcriptome assemblies of these taxa were mined for
the 550 orthologous groups (OGs) used in previous phyloge-
nomic analyses (Tekle et al. 2016; Tekle and Wood 2017) using
blastp (Altschul et al. 1990). The best hit for each OG in each
transcriptome was collected if it had an e-value below 1e~"5.
The collected sequences for each OG were kept only if UK-
YTO01 and at least one other transcriptome had positive hits;
511 OGs met these criteria. The sequences were then aligned
using MAFFT (Katoh and Standley 2013) with default settings
and then concatenated with a custom python script into the
final supermatrix, which had a total of 171006 characters in the

Discosea analysis and 168,802 characters in the Flabellinia-
only analysis. The supermatrix was submitted to the Gblocks
server (Castresana 2000; Talavera and Castresana 2007) with
the least stringent option to extract alignment regions for phy-
logenomic analysis, resulting in a final alignment of 106,983
characters for the Discosea analysis and 111,416 amino acid
characters for the Flabellinia analysis. Phylogenomic trees were
then constructed using RAXML (Stamatakis et al. 2008) as
implemented on the CIPRES Science Gateway (Miller et al.
2010), with PROTGAMMALGF model and 1000 bootstraps.

To investigate the close similarity between UK-YTO1 and the
Thecamoebida isolate from Kang et al. (2017), a reciprocal
blastn search was performed on the assembled transcriptomes
of the two species to recover putative orthologs. The pair-
wise distances between the orthologs were calculated using
emboss’s distmat function (Rice et al. 2000) to determine the
average distance between the two species.
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