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ABSTRACT. A new heterolobosean amoeba, Selenaion koniopes n. gen., n. sp., was isolated from 73& saline water in the Wiel-
iczka salt mine, Poland. The amoeba had eruptive pseudopodia, a prominent uroid, and a nucleus without central nucleolus. Cysts
had multiple crater-like pore plugs. No flagellates were observed. Transmission electron microscopy revealed several typical hete-
rolobosean features: flattened mitochondrial cristae, mitochondria associated with endoplasmic reticulum, and an absence of obvi-
ous Golgi dictyosomes. Two types of larger and smaller granules were sometimes abundant in the cytoplasm—these may be
involved in cyst formation. Mature cysts had a fibrous endocyst that could be thick, plus an ectocyst that was covered with small
granules. Pore plugs had a flattened dome shape, were bipartite, and penetrated only the endocyst. Phylogenies based on the 18S
rRNA gene and the presence of 18S rRNA helix 17_1 strongly confirmed assignment to Heterolobosea. The organism was not clo-
sely related to any described genus, and instead formed the deepest branch within the Heterolobosea clade after Pharyngomonas,
with support for this deep-branching position being moderate (i.e. maximum likelihood bootstrap support—67%; posterior proba-
bility—0.98). Cells grew at 15–150& salinity. Thus, S. koniopes is a halotolerant, probably moderately halophilic heterolobosean,
with a potentially pivotal evolutionary position within this large eukaryote group.
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T HE taxon Heterolobosea Page and Blanton 1985 is a
diverse group that includes amoebae (e.g. Vahlkampfia,

Neovahlkampfia), amoeboflagellates (e.g. Naegleria, Tetram-
itus, Heteramoeba), typical flagellates (e.g. Percolomonas), the
pseudociliate Stephanopogon, and the aggregative slime moulds
Acrasis and Pocheina (Brown et al. 2012; Cavalier-Smith and
Nikolaev 2008; Patterson et al. 2000). Most are free living,
although one species, Naegleria fowleri, is an opportunistic
pathogen that very rarely causes Primary Amoebic Meningo-
encephalitis (PAM), a lethal brain infection (De Jonckheere
2002).

Heterolobosea are most commonly thought of as inhabit-
ants of soils and freshwater, and they are also well docu-
mented from marine waters and sediments (Page 1983, 1988;
Patterson et al. 2000). Nonetheless, the group is also a show-
case of the abilities of microbial eukaryotes to live under more
extraordinary environmental conditions. Numerous species,
including the pathogen N. fowleri, are moderate thermophiles
that are capable of growing above 40 °C (De Jonckheere
2002). The recently described Euplaesiobystra hypersalinica
and Marinamoeba thermophila can grow at 50 °C (De Jonc-
kheere et al. 2009; Park et al. 2009), whereas Tetramitus
thermacidophilus and Oramoeba fumarolia can grow even at
54–55 °C (Baumgartner et al. 2009; De Jonckheere et al.
2010). Most impressively, M. thermophila and O. fumarolia
actually grow optimally at 48 °C and 50 °C, respectively (De
Jonckheere et al. 2009, 2010). Tetramitus thermacidophilus is
also an acidophile that can grow below pH 1.5 (Baumgartner
et al. 2009), whereas an environmental 18S rRNA gene
sequence from a heterolobosean has been amplified from the
Rio Tinto at pH 2 (Amaral Zettler et al. 2002). Another
assemblage of Heterolobosea are anaerobes/microaerophiles.
This group includes Psalteriomonas, Sawyeria, Monopylocystis,
and Harpagon, and phylogenetically represents a single clade
(O’Kelly et al. 2003; Pánek et al. 2012). Finally, organisms
that are likely to be heteroloboseans have been observed

repeatedly in very hypersaline samples, such as solar salterns,
Dunaliella salina production facilities, natural salt lakes, and
salt mines (e.g. Hamburger 1905; Namyslowski 1913; Post
et al. 1983; Rogerson and Hauer 2002; Ruinen 1938; Volcani
1943; – for summaries see Hauer and Rogerson 2005b; Park
et al. 2009). Several halophilic heteroloboseans have now been
cultured and examined using modern techniques, including
Euplaesiobystra, Pharyngomonas, Pleurostomum, and Tul-
amoeba (Park et al. 2007, 2009; Park and Simpson 2011). Iso-
lates of all of these taxa can grow in media of least 250&
salinity, with Pleurostomum flabellatum apparently showing
optimal growth at ~ 300& salinity (Park et al. 2007).

The halophilic heteroloboseans cultured so far represent
several distinct clades in 18S rRNA gene trees. Pleurostomum
and Tulamoeba are relatively closely related to Naegleria,
whereas Euplaesiobystra is more closely related to Heter-
amoeba (Park et al. 2009), and Pharyngomonas represents the
deepest branch within Heterolobosea, and is without known
specific relatives (Nikolaev et al. 2004; Park and Simpson
2011). This indicates that there is a substantial sample of the
high-level diversity of Heterolobosea present in hypersaline
habitats, and suggests the possibility that additional phyloge-
netically important heterolobosean groups might await discov-
ery there.

The Wieliczka mine in Poland is one of the oldest salt mines
in Europe, and is of historical importance for the study of halo-
philic eukaryotes. Almost a century ago, Namyslowski (1913)
reported several protozoa from the waters in this salt mine. We
here characterize a new heterolobosean amoeba that was
isolated from a sample of intermediate hypersalinity (i.e. 73&
salinity) from the Wieliczka salt mine. This halotolerant
amoeba is not closely related to previously characterized halo-
philes in 18S rRNA gene phylogenies, and represents a previ-
ously undetected higher level lineage within Heterolobosea.

MATERIALS AND METHODS

Isolation and cultivation. Amoeba isolate A5 was isolated
from 73& salinity water collected in June 2008 from the Wie-
liczka salt mine, Poland (49°58′59″N, 20°3′21″W). Park and
Simpson (2010) previously reported the isolation of the
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halotolerant placidomonad stramenopile strain ME5 from the
same environmental sample. A monoeukaryotic culture of iso-
late A5 was established through serial dilution.

The isolate was maintained in liquid medium consisting of a
sterile 100& final salinity dilution of “Medium V” (300&
salinity stock; 272 g of NaCl, 7.6 g of KCl, 17.8 g of MgCl2,
1.8 g of MgSO4�7H2O, 1.3 g of CaCl2 l�1 water; see Park
2012), with autoclaved barley grains used to support prokary-
ote growth, optionally supplemented by 0.5% (v/v) of stan-
dard lysogeny broth (LB medium). These media are here
called “100G” and “100LG”, respectively. The strain was also
grown in seawater-strength f/2 medium (National Center for
Marine Algae and Biobiota recipe: https://ncma.bigelow.org/
node/79), supplemented by 1% (v/v) LB medium (final conc.),
or in Page’s Amoeba Saline (PAS, Page 1988), supplemented
with two times the NaCl concentration of seawater (2 9
SPAS), with Escherichia coli as food source. Isolate A5 was
also cultured on plates in this 2 9 SPAS medium supple-
mented with 1.5% agar (final conc.), with E. coli as a food
source. For routine maintenance the cultures were incubated
at 21–25 °C in 100LG medium, and subculturing was per-
formed every 2–4 wk. Isolate A5 has been deposited with the
Culture Collection of Algae and Protozoa, Argyll, U.K.
(CCAP 1595/1).

Light microscopy. Live trophozoites and cysts mounted on
glass slides were observed with phase-contrast microscopy and
differential interference microscopy. A few observations were
made directly from agar plates, using phase-contrast micros-
copy. Pictures were taken with a digital camera and the
dimensions measured on these pictures.

Transmission electron microscopy. For transmission electron
microscopy (TEM), cells were grown in 50& salinity medium
made by dilution of 100G media (see above). The use of a
lower salinity medium was an attempt to improve fixation
quality. The cells were centrifuged at 5,000 g for 10 min, and
the supernatant removed, leaving approximately 20 ll of
material. This was immediately fixed for 30 min at room tem-
perature in 1 ml of a cocktail containing 0.08 ml of 25% (v/v)
glutaraldehyde (final conc. 2%) and 0.92 ml of 50& salinity
medium. After rinsing the cells three times with sterile 50&
salinity medium, cells were secondarily fixed for 1 h in 1 ml of
a cocktail containing 0.25 ml of 4% (w/v) OsO4 (final conc.
1%) and 0.75 ml of 50& salinity medium. After being rinsed
free of postfixative, cells concentrated by centrifugation were
trapped in 1.5% (w/v) standard agarose. Agarose blocks were
dehydrated by applying a graded series of ethanols, and then
embedded in Spurr’s resin. Sections (~ 70 nm) were cut with a
diamond knife on a Leica UC6 ultramicrotome (Leica, Wetz-
lar, Germany), and were then stained with saturated uranyl
acetate in 50% ethanol and with Reynold’s lead citrate (see
Bozzola and Russell 1999). Sections were observed using a
Tecnai 12 electron microscope (FEITM Company, Hillsboro,
OR). Blocks of resin-embedded cells for electron microscopy
are deposited with the Protist Type Specimen Slide Collection,
US Natural History Museum, Washington, DC as USNM
1186745.

Molecular sequencing and phylogeny. Nucleic acids from the
isolate were prepared using a DNeasy Blood and Tissue Kit
(Qiagen, Hilden, Germany), as described by the supplied pro-
tocol. Amplification of 18S rRNA genes was performed using
standard polymerase chain reaction (PCR) protocols with
eukaryote-specific primers EukA and EukB (Medlin et al.
1988), whereas the ITS1-5.8S-ITS2 region, hereafter referred
to as the ITS region, was amplified using the ITS forward and
reverse primers (De Jonckheere and Brown 2005). The total
volume of the PCR mixture is 25 ll. In each case the reaction

mixture contained 50–100 ng of DNA, 0.2 mM deoxynucleo-
side triphosphate, 0.5 lM each primer, 2 mM MgCl2, and 2.5
U of Taq DNA polymerase (Invitrogen, Carlsbad, CA). PCR
amplifications were conducted by the following cycle parame-
ters: an initial denaturation step (5 min, 94 °C) was followed
by 35 (the ITS region) or 40 (the 18S rRNA gene) cycles con-
sisting of denaturation (45 s, 94 °C), annealing (1 min, 55 °C
for the 18S rRNA gene; 57 °C for the ITS region), and exten-
sion (3 min, 72 °C), with a final extension step for 20 min at
72 °C. Amplicons were cloned into a pGEM-T Easy vector,
and four or five positive clones were partially sequenced using
vector sequencing primer T7, then one positive clone was com-
pletely sequenced on both strands using vector sequencing pri-
mer SP6, plus various eukaryotic internal sequencing primers
in the case of the 18S rRNA gene. The 18S rRNA gene and
ITS region sequences from isolate A5 have been deposited in
GenBank under the accession numbers JX025226 and
JX025225, respectively.

The 18S rRNA gene sequence from our isolate was com-
pared to the sequences in the GenBank database using a
BLASTN search. The 18S rRNA gene sequences were aligned
by eye to those of other heteroloboseans and out-groups (i.e.
Euglenozoa and Jakobida), using the alignment of Park et al.
(2009) as a seed, supplemented by important sequences
reported more recently. In total, 1,025 unambiguously aligned
sites were retained for phylogenetic analysis. These alignments
are available on request.

Phylogenetic trees were inferred by maximum likelihood
(ML) and by Bayesian analysis. The GTR + gamma + I
model of sequence evolution was selected using MrModeltest
2.2, and used for both analyses (Nylander 2004). The ML tree
was selected by comparing all unique tree topologies recovered
in 200 replicates using RAxMLVI-HPC v.7 (Stamatakis 2006),
and robustness of the phylogenetic inference was estimated by
nonparametric bootstrapping with 10,000 replicates. The
Bayesian analysis was carried out using MrBAYES 3.2 (Huel-
senbeck and Ronquist 2001) with two independent runs, each
with four independent chains running for 20,000,000 genera-
tions with default heating parameter (0.2) and sampling fre-
quency (0.01). Convergence, assessed by average standard
deviation of split frequencies (threshold 0.03), was reached
after 700,000 generations, and burn-in was set to 700,000
generations.

Salinity range for growth. To estimate the salinity ranges
for growth of isolate A5, we performed two different experi-
ments using media of 3 to 250& salinity (i.e. 12 different salin-
ities were examined in total), as reported by Park et al. (2009)
and Park and Simpson (2010). Briefly, dilutions of “medium
V” (see above) with a range of salinities (3–250&) were pre-
pared as 1-ml aliquots. To support growth of the amoeba the
medium was supplemented in the first trial by an autoclaved
barley grain to grow natural prokaryotes, and supplemented
in the second trial by E. coli at an initial density of 3.8 9 108

cells ml�1, with 9.5 9 107 cells of E. coli added at 6-d inter-
vals. All treatments were prepared in duplicate. The media
were inoculated with 50 ll of actively growing stock cultures
(100G medium—see above) and incubated in the dark at
22–25 °C for 4 wk. This procedure might give conservative
estimates of the salinity-for-growth range because the stock
cultures were directly transferred to each experimental medium
without gradual salinity changes. Culture viability was
assessed weekly by looking for actively moving amoebae in
100 ll of the culture using phase-contrast microscopy. We
never observed moving amoebae in media with salin-
ity � 200& and excluded those treatments from the follow-
ing confirmation experiments. Active growth in media
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containing either E. coli or a barley grain was confirmed by a
serial transfer into 1 ml of fresh medium with the same salin-
ity (i.e. 3–175& salinity, inoculum of 50 ll). We re-examined
the culture weekly for active cells for 4 wk.

RESULTS

Light microscopic observations. When suspended in liquid
medium the rounded up amoebae or trophozoites were
polypodial or monopodial (Fig. 1). When they associated with
the glass surface they usually formed a fasciculate uroid
(Fig. 2) and when they started moving in one direction this
uroid stayed attached, such that a few very long filaments
were seen behind some moving cells, sometimes much longer
than the total length of the amoeba (Fig. 4). When the amoe-
bae were moving in liquid medium in a monopodial limax
mode (Fig. 3–5), the length and width were 24.3–42.8 lm
(mean 33.2 lm) and 5.0–10.7 lm (mean 7.2 lm), respectively
(n = 22). The average ratio of length to width was approxi-
mately 4.9 (range 3.3–5.5). Locomotive amoebae had an ante-
rior eruptive hyaline front. The nucleus was large and
subcircular in profile, and lacked a central nucleolus (Fig. 6–
7). Instead, distinct bodies lay around the periphery of the
nucleus, usually with two larger bodies more or less on oppo-
site sides of the nucleus (Fig. 7). No flagellate form was
observed on solid plates or liquid culture of various salinities,
nor during repeated transfers of the organism from solid
plates to liquid cultures.

In liquid medium the cysts were spherical, with three to
four pores per cyst present in the wall (Fig. 8, 9). These
pores had a crater-like appearance (Fig. 10). The diameter
of the cyst is between 9.3 and 14.2 lm (mean 10.9 lm,
n = 28).

The typical limax form was not observed when grown on
agar and the amoebae formed hyaline pseudopodia in all
directions, and contained many vacuoles (Fig. 11). No uroid
was visible. The amoeba did not grow very well on agar plates
and never migrated as far as to cover the whole Petri dish.
The poor growth and extreme vacuolation might be related
phenomena. When grown on agar the cysts had an extremely
wrinkled wall (Fig. 12). These wrinkled cysts also had pores in
the wall. Growth on agar medium improved when some 2 9
SPAS was added to the agar surface. Under this condition
more cysts were spherical, as in liquid medium, but most
amoebae remained extremely vacuolated and lacked differenti-
ated uroidal structures.

Ultrastructure. Amoebae contained a single nucleus, which
lacked a discrete central nucleolus (Fig. 13–15). The pseudo-
pods did not include larger subcellular organelles, but could
include the “B” bodies described below. Mitochondria were
numerous (Fig. 13, 15), had flattened cristae rather than tubu-
lar (Fig. 16–18), and were usually encircled by rough endo-
plasmic reticulum (Fig. 18). Food vacuoles were observed
commonly, and contained partially digested prokaryotes
(Fig. 13–14). A type of rounded organelle with a single
bounding membrane, and diameter of ~ 750 nm, was relatively
common (Fig. 16, 19). These organelles included a more dense
region with a rhomboid shape that had a paracrystalline
appearance (Fig. 16), and they may be peroxisomes. Discrete
dictyosomes were not observed in amoebae or in cysts (see
below).

Two other noteworthy structures were observed commonly
in many cells, and we have labelled these “A” and “B”. The
“A” structures were aggregations of amorphous material,
~ 400 nm in diameter in most cases, but with an irregular
shape. These were usually surrounded by a single ring of ribo-

somes, and thus appeared to be located within the endoplas-
mic reticulum lumen (Fig. 19, 20). The “B” structures
were very dense “black bodies”, ~ 100 nm in diameter, which
appeared to be more numerous in some cells than others
(Fig. 15, 21). These had a single bounding membrane, and in
some cases a faint concentric substructure could be observed
(Fig. 22).

The fixed material contained cysts in different stages of
development, and with different qualities of staining and
embedding. In the most easily visualized cysts, there was a
large space between the cyst wall and the encysted cell mem-
brane (Fig. 23, 24). We did not see this space by light micros-
copy and it may be a fixation artefact. The cyst wall was
formed from two concentric layers, considered here to repre-
sent an endocyst and ectocyst (Fig. 23). The ectocyst had a
laminate appearance with more dense margins (Fig. 23). The
endocyst was more homogeneous and had a fine, fibrous sub-
structure that became apparent in ruptured cysts in which the
individual fibres/layers separated from one another (Fig. 26–
28). A very thick and homogenous endocyst layer was seen in
a few poorly embedded cells (Fig. 25)—this might actually
most closely represent the arrangement in live cysts. Develop-
ing cysts had a thinner cyst wall, presumably representing the
forming ectocyst (Fig. 24).

Some cyst pores and plugs were observed. In unruptured
cysts the cyst pores appeared to penetrate only the endocyst
(Fig. 23, 25). The pore plugs were ~ 650 nm across and butted
up against the inner face of the ectocyst wall. The plugs had a
flattened dome shape, with the top portion of the dome
formed from less dense and more granular material than main
body of the plug (Fig. 23, 25). Sections through the plug of
one ruptured cyst show the main body of the plug in a more
concave conformation at its base and with the sidewalls
extended along the inner side of the outer cyst wall while still
being tightly connected to the fibrous material of the endocyst
(Fig. 26, 27). The granular dome material was absent and had
apparently penetrated the ectocyst wall (Fig. 26). We speculate
that this conformation might represent the operation of the
plugs during excystment.

One of the most striking features of mature cysts was an
even coating of small granules over the cyst surface (Fig. 23,
25, 28–30). Individual particles were round or hemispherical,
and were ~ 100 nm in diameter, with a medium density similar
to the outermost part of the outer cyst wall, and a relatively
homogeneous appearance. Hemispherical granules consistently
had their flatter faces towards the cyst wall proper (Fig. 25–
27, 30). The granules were infrequent in developing cysts
(Fig. 24).

Within the well-impregnated cysts the cytoplasm had a
dense granular consistency, which was more pronounced in
mature cysts than immature cysts (cf. Fig. 23, 24). This could
be a fixation artefact. Both immature and mature cysts had a
very large vacuole containing material with a granular consis-
tency (Fig. 23, 24). Additional smaller vesicles with similar
granular material were also often present (Fig. 23, 24). In the
cyst cytoplasm there were several rounded empty regions
encircled by rough endoplasmic reticulum (Fig. 31).

Molecular sequence analysis. The 18S rRNA gene
sequence was 1,967 bp in length, and did not include any
putative group I introns. The most similar sequences
returned by BLASTN search were from genus Paravahlkamp-
fia, undescribed Heterolobosea sp. OSA, and Heteramoeba
clara, but all showed relatively low similarity (~ 70% or
below). The sequence included a predicted helix 17_1 struc-
ture, as in all other heterolobosean 18S rRNA gene sequences,
except for the deep-branching Pharyngomonas kirbyi
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Fig. 1–10. Light microscopy of Selenaion koniopes n. gen., n. sp. 1–4. Amoebae in liquid medium (2 9 SPAS), phase contrast. 1. Floating
amoeba with a hyaline pseudopodium. 2. Amoeba attached to substrate by fasciculate uroid (arrow). 3–4. Amoebae with long uroid filaments
(arrows). The inset in Fig. 4 shows the same cell with pseudopodia better displayed. 5–7. Amoebae in liquid medium, differential interference
contrast optics, all cells attached and slightly compressed. 5. Moving amoeba (100& salinity media). 6. Moving amoeba, showing nucleus, in
centre of cell (seawater-strength f/2 media). 7. Amoeba, highlighting peripheral bodies surrounding the nucleus, with two main bodies on
opposed sides—the nucleus is at the centre-left of the cell (seawater-strength f/2 media). 8–10. Cysts as formed in liquid medium (2 9 SPAS).
8–9. Pores in side view (arrows). 10. Frontal view of pore. 8. Phase contrast. 9–10. Differential interference contrast. Scale bars in 1–4 represent
10 lm. Scale bar in 7 represents 10 lm for Fig. 5–7. Scale bar in 10 represents 10 lm for Fig. 8–10.
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( = “Macropharyngomonas”; Nikolaev et al. 2004; Park and
Simpson 2011).

Phylogenetic trees of the 18S rRNA gene sequences placed
the new amoeba within Heterolobosea (Fig. 32). Pharyngomon-
as kirbyi was basal within Heterolobosea (Fig. 32), although the
undescribed amoeboid organism ATCC 50646 (known unoffi-
cially as “Soginia”) branched separately from Heterolobosea.
All other Heterolobosea, including the new isolate, formed a
clade with strong bootstrap support (ML: 93%) and Bayesian
posterior probability of 1. Within this grouping the new amoeba
represented the deepest branch, although bootstrap support for
this deepest position was only moderate (ML: 67%), whereas
posterior probability was 0.98 (Fig. 32).

The total length of the ITS1-5.8S-ITS2 sequence was
499 bp. A BLASTN search showed Naegleria gruberi as the
top hit, but the sequences could only be meaningfully aligned
in the 5.8S rRNA gene portion. Therefore, the ITS1-5.8S-ITS2
sequence is highly distinctive, which may allow it to be used
to rapidly identify new isolates of this amoeba.

Growth under different culture conditions. In plate culture
the new isolate grew on a lawn of bacteria cultured from the
same sample and identified by 16S rRNA gene sequence as
Halomonas elongata. The amoeba could also feed on E. coli.

The salinity range in which the amoeba could grow in liquid
culture differed markedly depending on the food source. Our
isolate grew at salinities ranging from 30& to 100& when
grown on natural prokaryotes sustained by an added barley
grain (Table 1). The organism grew at a much broader range
of salinities (i.e. 15–150&) when E. coli was added as the food
source (Table 1). The cultures appeared to grow best at 50&
salinity, based on our qualitative observations of cell abun-
dance over time.

The amoeba grew on plates at room temperatures of 20–
22 °C, at 37 °C, and at 40 °C, but did not grow at 44 °C.

DISCUSSION

Taxonomic status: comparison with similar heteroloboseans.
This new amoeba displays many features typical of heterolo-
bosean amoebae. These include the presence of broad, erup-
tive pseudopodia, transformation into cysts with plugged
pores (although see below), flattened rather than tubular mito-
chondrial cristae, a tendency for the mitochondria to be sur-
rounded by endoplasmic reticulum, and the absence of a
discrete dictyosomal form of Golgi apparatus (Page 1983,

1988; Page and Blanton 1985). Assignment to Heterolobosea
is also very strongly supported by our phylogeny of 18S
rRNA gene sequences, and the presence in the inferred 18S
rRNA sequence of the heterolobosean-specific helix 17_1
(Nikolaev et al. 2004).

In 18S rRNA gene phylogenies our isolate appears as an
isolated lineage, separate from all other genera for which there
are molecular sequence data. On phylogenetic evidence alone,
this organism is difficult to assign to an existing heterolobos-
ean genus. We will comment, however, on the morphological
differences between our isolate and the most similar described
genera, namely those that have more-or-less limax amoeba
phases and live in saline, marine, or hypersaline habitats (as
taxa assigned the rank of genus within Heterolobosea gener-
ally appear to be restricted to saline water or freshwater—see
Cavalier-Smith and Nikolaev 2008).

Two unrelated heterolobosean amoebae/amoeboflagellates
have been isolated recently from extremely hypersaline habi-
tats (Park et al. 2009). Tulamoeba peronaphora has only one
pore per cyst, whereas the new isolate has several. Eu-
plaesiobystra hypersalinica has several pores per cyst. In both
cases the ultrastructure of the pore plugs is very different from
the new isolate (see below). Both Euplaesiobystra and Tul-
amoeba are obligate halophiles that cannot survive in seawa-
ter-strength media, unlike the new isolate; both are also more
thermophilic.

The type species of Pernina, Pernina chaumonti, is a limax
marine amoeba that produces cysts with plugged pores (Kadiri
et al. 1992), and to that extent is similar to the new isolate.
There is no phylogenetic analysis of P. chaumonti, and the type
strain is no longer available, so it cannot be ascertained whether
it is related to the new isolate using molecular phylogenies.
Kadiri et al. (1992) reported that P. chaumonti formed eruptive
pseudopodia, and uroid filaments were observed occasionally.
Although the size range of P. chaumonti amoebae may fall
somewhat within the size range of the new isolate (i.e. 30–50 lm
vs. 24.3–42.8 lm for Isolate A5), the cysts of P. chaumonti are
almost twice as large (i.e. 18–23 lm vs. 9.3–14.2 lm). Most
importantly, the pore plugs of P. chaumonti differ in ultrastruc-
ture from those of the new isolate, and in fact most closely
resemble those of Naegleria and Willaertia (see below). The
structure of the cyst wall is also different, including an absence
of surface granules (see below). Pernina chaumonti could not be
cultured without salt, but it was not stated whether it can grow
under hypersaline conditions (Kadiri et al. 1992). More

Fig. 11–12. Selenaion koniopes n. gen., n. sp., cultured on agar (2 9 SPAS + 1.5% w/v agar), phase contrast. 11. Amoebae with many
vacuoles. 12. Cysts with wrinkled walls and pores (arrows). Scale bar represents 10 lm for both figures.

PARK ET AL.—SELENAION N. GEN., A DEEP-BRANCHING HETEROLOBOSEAN 605



Fig. 13–15. Amoebae of Selenaion koniopes n. gen., n. sp., transmission electron micrographs of three cells, ultrathin sections. The cells
included mitochondria and digested prokaryotes in food vacuoles. Small electron-dense bodies—“B” structures (see text)—were common in
some cells (see Fig. 15). A, “A” structure; B, “B” body; B cluster, a region of the cell with many “B” bodies visible; N, Nucleus; P, Pseudopod
hyaloplasm; FV, Food vacuoles; Scale bars represent 2 lm.
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Fig. 16–22. Amoebae of Selenaion koniopes n. gen., n. sp., transmission electron micrographs, ultrathin sections. 16–18. Mitochondria (M)
encircled by rough endoplasmic reticulum, and a rounded organelle with a single membrane that included a paracrystalline rhomboid structure
(R: in Fig. 16). 19–20. Amorphous electron-dense materials (A) within rough endoplasmic reticulum. 21–22. Small round black bodies (B) within
the cytoplasm. The particles had a single bounding membrane (Fig. 22). Scale bars represent 500 nm in Fig. 16 and 19; 200 nm for all other
figures.
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recently, Rogerson and Hauer (2002) reported that a Pernina-
like organism, their “isolate 5”, had been commonly observed in
hypersaline sites around the Salton Sea, California. The salinity
range for growth of this Pernina-like organism is similar to the
new isolate (i.e. 32–160& vs. 15–150& salinity). Unlike the new
isolate and P. chaumonti, however, uroid filaments were never
observed. In all, despite the lack of molecular data from Pernina

and the Pernina-like isolate 5 of Rogerson and Hauer (2002), we
conclude that our isolate is different from both. There is also no
positive reason to suppose that our isolate is closely related to
P. chaumonti, and therefore it would be inappropriate to assign
it to Pernina.

Monopylocystis visvesvaria was isolated from a salt marsh,
but unlike the new isolate it is anaerobic or microaerophilic

Fig. 23–27. Cysts of Selenaion koniopes n. gen., n. sp., transmission electron micrographs, ultrathin sections. 23. Transverse section of
putative mature cyst. 24. Transverse section of presumed immature cyst. 25. High-power view of cyst pore in mature cyst (same cell as Fig. 23,
but different section). 26–27. Sections of cyst pore of one ruptured cyst, showing main body of the plug. Note also the fibrous nature of the en-
docyst material attached to the plug. EN, endocyst (bar shows its thickness); EX, exocyst/ectocyst (bar shows its thickness); LV, a large vacuole
containing material with a granular consistency; Scale bars represent 2 lm for Fig. 23–24 and 500 nm for Fig. 25–27.
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and the cyst has only one pore, which is plugged with gelati-
nous material (O’Kelly et al. 2003). Recently a flagellated
phase was reported in Monopylocystis (Pánek et al. 2012). The
new isolate differs from M. thermophila because the latter does
not grow at high salinities and does grow at high tempera-
tures, at up to 50 °C (De Jonckheere et al. 2009), and its cyst
pores are much more indistinct and/or rare. Another marine
strain, the amoeboflagellate H. clara, does not have pores in
the cyst wall (Droop 1962).

Other heterolobosean amoebae from seawater have been
described, although the phylogenetic positions of many of
them have not been established. Several “Vahlkampfia” spp.
from seawater have been named (Anderson et al. 1997; Page
1983; Smirnov and Fenchel 1996) but none of these produces
cysts. The only marine “Vahlkampfia” species whose phyloge-
netic position was determined turned out to belong to another

genus, Neovahlkampfia (Brown and De Jonckheere 1999). As
species of most genera within Heterolobosea are either from
marine or from freshwater, it is most probable that the other
formally described marine “Vahlkampfia” spp. do not belong
to the genus Vahlkampfia either. Rogerson and Hauer (2002)
reported three heterolobosean species—Vahlkampfia dumno-
nica, Vahlkampfia salina (formerly Amoeba salina Hamburger
1905), and the Pernina-like organism discussed above, from
hypersaline samples from the Salton Sea area. The length of
their V. dumnonica at 14–37 lm was similar to that of our iso-
late. Although Rogerson and Hauer (2002) did not specifically
report a discrete central nucleolus in V. dumnonica, their line
drawing of V. dumnonica clearly shows such a nucleolus (see
their Fig. 2, No. 4). Their V. salina was smaller at 8–17 lm
than our isolate A5, and also had a discrete nucleolus. As
our isolate A5 lacks a central nucleolus, it appears to be

Fig. 28–31. Cysts of Selenaion koniopes n. gen., n. sp., transmission electron micrographs, ultrathin sections. 28. Section of a ruptured cyst,
showing fine fibrous nature of endocyst. 29. Grazing section of the inner and outer layers of the cyst wall. Note the density of surface granules.
30. High-power view of cyst wall of a poorly stained and embedded cyst, showing small granules on the surface of the cyst wall. Note the very
thick endocyst, and lack of space between the endocyst and the cyst cytoplasm. 31. Lucent inclusions within the cyst cytoplasm, possibly
bounded by the endoplasmic reticulum. Scale bars represent 1 lm for Fig. 28–29 and 200 nm for Fig. 30–31.
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morphologically distinct from the three amoebae isolated from
hypersaline Salton Sea material.

In summary, we conclude that there is no previously
described genus to which the new isolate can be assigned, and

if the organism has been observed before, it is unlikely to have
been formally described. We therefore propose a new genus
and species name for this organism: Selenaion koniopes
n. gen., n. sp. (Taxonomic Summary below).

Fig. 32. Maximum likelihood phylogenetic tree of 18S rRNA gene sequences showing the evolutionary position of Selenaion koniopes n.
gen., n. sp. The in-group (Heterolobosea) includes 37 heterolobosean sequences, from cultures and environmental sequences. Out-groups are
Euglenozoa (eleven sequences), Jakobida (four sequences), Tsukubamonas globosa, and “Soginia” (ATCC 50646). Bootstrap values (> 55%) from
maximum likelihood analysis are shown at the nodes (10,000 replicates). Solid circles indicate a Bayesian posterior probability of 0.95 or higher.
Note that the positions of Tsukubamonas and “Soginia” were reversed in the Bayesian analysis (BA), with very low statistical support.
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Phylogenetic position. Based on our 18S rRNA gene phy-
logenies the new isolate appears to represent a novel major
lineage within Heterolobosea. In fact, our ML trees recover it
as the deepest branch within Heterolobosea, other than Phar-
yngomonas and the curiously placed “Soginia” organism
(ATCC 50646), which does not branch specifically with other
Heterolobosea in 18S rRNA gene phylogenies and is of uncer-
tain affinity. Nonetheless, there is only moderate statistical
support for this quite deep-branching position for the new iso-
late, and it would be interesting to test further its phylogenetic
placement with additional gene sequences. This would require
a substantial improvement in the gene sampling across Het-
erolobosea; at present there are no phylogenetically informa-
tive markers with remotely comparable taxon sampling to that
of 18S rRNA genes.

“A” and “B” bodies. We observed two interesting classes of
membrane-associated structures in amoebae. Our “A” struc-
tures are similar to the endoplasmic reticulum-enclosed amor-
phous granules reported in encysting Naegleria cells by
Stevens et al. (1978). They are particularly similar in size and
appearance to those visualized recently by Chávez-Munguı́a
et al. (2009). In Naegleria the granules appear to represent
cyst wall material that is secreted from the cell during encysta-
tion (Chávez-Munguı́a et al. 2009). The appearance of similar
material in our isolate is consistent with this, as our prepara-
tions for electron microscopy were made primarily to examine
the ultrastructure of the cysts and it is probable that many of
the amoebae we fixed were preparing for encystation. We did
not observe actual secretion of this material.

Our “B” structures are similar in size, structure, and density
to the “membrane-bound black bodies” that have been
observed in several species of Naegleria (see Stevens et al.
1978). The functions of these bodies in Naegleria spp. are
unknown (Marciano-Cabral 1988). They have been proposed
at times to represent secretory vesicles associated with encysta-
tion (Schuster and Dunnebacke 1974). Following the most
critical examination, however, Stevens et al. (1978) suggested
that the particles represented a constituent feature of troph-
ozoites, and were not associated with encystation. Alterna-
tively it has been proposed that these particles were true virus-
like particles (Schuster 1969; Visvesvara et al. 2005).

Cyst structure. The cysts of the new isolate are similar to
those of most previously studied Heterolobosea in having a
distinct ectocyst and endocyst, and cyst pores or ostioles con-
taining plugs or operculae. Nonetheless some unusual features
were observed. The fact that the cyst pores seem to penetrate
only through the endocyst is a significant difference from
operculate taxa that have been studied by electron micros-
copy, such as Naegleria, Willaertia, Pernina, Tulamoeba, and
Monopylocystis (Kadiri et al. 1992; Michel et al. 1987; O’Kelly
et al. 2003; Park et al. 2009; Schuster 1975). The overall dense
nature of the plug contrasts with the plugs in Naegleria, Willa-
ertia, and Pernina, which are diffuse, except, usually, for a rel-
atively narrow basal plate of high density (Chávez-Munguı́a
et al. 2009; Kadiri et al. 1992; Michel et al. 1987; Schuster
1975; Visvesvara et al. 2005). It contrasts also with the plugs

of Euplaesiobystra, which are diffuse and globular (Park et al.
2009). The single plugs of Monopylocystis and Tulamoeba,
meanwhile, are narrow and very elongate, and bear very little
resemblance to the plugs in our species (O’Kelly et al. 2003;
Park et al. 2009).

Mature cysts in our preparation were covered by an even
coating of granules about 100 nm across. This characteristic
appears to be a new observation for Heterolobosea. Visves-
vara et al. (2005) reported the incorporation of “virus-like
particles” (see above) into the cyst wall in a Naegleria species.
However, this seems to be more sporadic, and particles are
incorporated throughout the cyst wall, not just as an exterior
coating as in our organism. The origin of the exterior particles
remains unclear. It is tempting to suggest that these are the
secreted products of the “B” structures that we see in the cyto-
plasm of amoebae. This, however, is difficult to reconcile with
the occurrence of probably homologous membrane-bounded
black bodies in several Naegleria spp., in which a granular
cyst coating is not seen (Stevens et al. 1978—see above). It is
also inconsistent with our suggestion that the ectocyst is syn-
thesized first, unless the granules are secreted by amoebae
prior to encystation, and then adhere to the surfaces of other
already-formed cysts. An alternative possibility is that the
granulation derives from the outer face of the ectocyst mate-
rial as the cyst matures. This is consistent with the similar
density of the outer layer of the ectocyst and the granules. It
is also consistent with the observation that some of the gran-
ules appear hemispherical, with the flatter face consistently
facing or connecting to the outer face of the ectocyst.

Salinity and feeding. Isolate A5 could grow in a quite broad
salinity range 15–150& when E. coli was added as the food
source. It might grow best at 50& salinity, but did not grow
without salt or at > 150& salinity by our qualitative estima-
tion. Thus, this new amoeba seemed to be a moderate halo-
phile, rather than an extreme halophile, if the same criterion is
applied as in Kushner (1978) and Oren (2008). This range is
comparable to that observed for several small heterotrophic
stramenopile flagellates, including one strain, ME5, isolated
from the same sample as the new heterolobosean amoeba
(Park and Simpson 2010). Three different amoeba strains (i.e.
Pernina-like amoeba, Vannella septentrionalis, and Vanella
mira) isolated from 44& to 48& salinity waters of the Salton
Sea grew at four or five test salinities between 32& and 160&
salinity (Rogerson and Hauer 2002). Also, Hauer and Roger-
son (2005a) demonstrated that an unidentified limax amoeba
(clone 7) isolated from 160& salinity water could grow over a
much broader salinity range (i.e. 0–272&), and survived at
292& salinity. There appears to be a diversity of halotolerant
protozoa, including different amoebae, in hypersaline environ-
ments that can live at a much higher salinity than source salin-
ity—our isolate seems to be a typical representative of this
category of organism, rather than a remarkable one.

The amoebae grew across a broader range of salinity when
fed on E. coli than when fed on natural prokaryotes grown by
addition of a barley grain (15–150& vs. 30–100& salinity).
This was unexpected, as heterotrophic protists usually prefer

Table 1. Qualitative growth response to salinities 3–250& for isolate A5 of Selenaion koniopes n. gen., n. sp.

Species Prey

Salinity (&)

3 15 30 50 75 100 125 150 175 200 225 250

Selenaion koniopes, isolate A5 Natural prokaryotes – – + ++ + + – – – – – –
Escherichia coli – + ++ ++ + + + + – – – –

The symbol ‘+’ signifies growth sustained through two passages, ‘++’ signifies growth to high densities, ‘−’ signifies no growth.
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active prokaryotes as a food source (Landry et al. 1991; Mas-
sana et al. 2009), and E. coli does not survive in seawater for
a long time (Rozen and Belkin 2001), let alone high salinity
water. It is possible that our isolate does not greatly prefer
active prey, and that the different growth reflects other aspects
of prey suitability, or availability. With respect to suitability,
E. coli seems to be good prey for multiple heterolobosean
amoebae (De Jonckheere, J. F., pers. observ.); perhaps it is
exceptional. With respect to availability, while the total natu-
ral bacteria present should have been easily sufficient to sup-
port growth, it is possible that the amoebae only consume a
small subset of the natural bacterial flora, and this subset
grows poorly at high or low salinities (at least on barley grains
as a nutrient source) and is not sufficiently available.

TAXONOMIC SUMMARY

Assignment: Eukaryota; Excavata; Discoba; Discicristata;
Heterolobosea

Selenaion n. gen.
Diagnosis. Amoebae with eruptive pseudopodia; nucleus

with peripheral bodies rather than central nucleolus; produces
cysts with endocyst and ectocyst and with multiple pores that
do not penetrate the ectocyst. The pore plugs appear crater-
like by light microscopy.

Type species. Selenaion koniopes Park, De Jonckheere, and
Simpson.

Etymology Selenaion = little moon (Greek; neuter), reflect-
ing the cartoon moon appearance of the cysts due to their
rounded shape and the crater-like appearance of the cyst pore
plugs.

Selenaion koniopes n. sp.
Diagnosis. Selenaion cells, 24–43 lm long when locomoting

in liquid medium; length:breadth ratio typically ~ 5; cysts 9–
14.5 lm across, with several cyst pores and a granular coat-
ing; halotolerant/moderately halophilic.

Type material. Set of blocks of resin-embedded amoebae
and cysts from isolate A5 prepared for electron microscopy
deposited with the Protist Type Specimen Slide Collection, US
Natural History Museum, Washington DC as USNM
1186745. This material constitutes the name-bearing hapanto-
type for the species.

Type locality. 73& salinity water from the Wieliczka salt
mine, Poland (49°58′59″N, 20°3′21″W).

Etymology. koniopes = dusty (Greek), referring to the gran-
ular covering of the cyst, and also the appearance of mine-
workers.

Gene sequence. The 18S rRNA gene sequence, and the
ITS1-5.8S rDNA-ITS2 region from S. koniopes, isolate A5,
have the GenBank Accession Numbers JX025226 and
JX025225.
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