Protist, Vol. 163, 807-831, November 2012
http://www.elsevier.de/protis
Published online date 21 December 2011

Protist

ORIGINAL PAPER

Diversity, Evolution and Molecular Systematics of
the Psalteriomonadidae, the Main Lineage of
Anaerobic/Microaerophilic Heteroloboseans
(Excavata: Discoba)

Tomas Panek?, Jeffrey D. Silberman®, Naoji Yubuki®, Brian S. Leander®, and Ivan Cepicka®"

4Charles University in Prague, Faculty of Science, Department of Zoology, Vinicna 7, 128 44 Prague,
Czech Republic

bUniversity of Arkansas, Department of Biological Sciences, Fayetteville, AR 72701, USA

®Canadian Institute for Advanced Research, Program in Integrated Microbial Biodiversity, Departments of
Botany and Zoology, University of British Columbia, Vancouver, BC, V6T 124, Canada

Submitted August 26, 2011; Accepted November 1, 2011
Monitoring Editor: C. Graham Clark

We isolated and cultivated 31 strains of free-living heterolobosean flagellates and amoebae from fresh-
water, brackish, and marine sediments with low concentrations of oxygen. Phylogenetic analysis of
small subunit (SSU) rDNA showed that the strains constitute a single clade, the Psalteriomonadidae.
According to combined light-microscopic morphology plus molecular phylogeny, our isolates belong to
seven species and five genera, from which three species and two genera are new. In addition, previously
described anaerobic species Percolomonas descissus and Vahlkampfia anaerobica are transferred
to the Psalteriomonadidae. We identified a flagellate stage of Monopylocystis visvesvarai which was
reported to produce only amoebae. Two environmental sequences previously obtained from acidic
environments belong to the Psalteriomonadidae as well, suggesting a broad ecological importance of
the Psalteriomonadidae. The ultrastructure of two psalteriomonadid species was also studied. Unify-
ing features of the Psalteriomonadidae are acristate mitochondrial derivates, flagellates with a ventral
groove and four flagella, and a harp-like structure in the mastigont. A new overall classification of the
Psalteriomonadidae is proposed. Our data show that the Psalteriomonadidae are much more diverse
than previously thought and constitute the main anaerobic lineage within the Heterolobosea.
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Introduction

The Heterolobosea is a small group of amoeboflag-
ellates, belonging to the eukaryotic supergroup
Excavata. Typical morphological features of het-
eroloboseans include intranuclear orthomitosis;
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flattened, often discoidal, mitochondrial cristae; a
close association of rough endoplasmic reticulum
with mitochondria; absence of stacked Golgi com-
plexes; and movement by eruptive lobopodia in
the amoeboid stage (Page and Blanton 1985).
Heterolobosean flagellates have retained some
distinctive excavate features (e.g. the ventral feed-
ing groove) (Brugerolle and Simpson 2004; Park
and Simpson 2011; Simpson 2003), although they
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have been reduced in some genera. In addition to
morphological characteristics, all heteroloboseans,
except for the early-branching Pharyngomonas kir-
byi, share a novel helix 17-1 in the secondary
structure of the SSU rRNA molecule (Nikolaev et al.
2004; Park and Simpson 2011; Park et al. 2007,
2009; Wuyts et al. 2001; Yubuki and Leander 2008).

Phylogenomic analyses showed that the Het-
erolobosea are closely related to the Euglenozoa
and the Jakobida, together forming a more inclu-
sive clade called the Discoba or JEH (Burki et al.
2008; Hampl et al. 2009; Rodriguez-Ezpeleta
et al. 2007). Tsukubamonas globosa was recently
described as a new discobid lineage, although its
precise phylogenetic position within the Discoba
remains unresolved (Yabuki et al. 2011). In the
last decade, the root of the eukaryotic phylogenetic
tree was hypothesized to lie between the so-called
“Unikonta” and “Bikonta” (Richards and Cavalier-
Smith 2005; Stechmann and Cavalier-Smith 2002,
2003); however, the unikont/bikont hypothesis has
fallen into disfavor (see Kim et al. 2006; Roger
and Simpson 2009) and several new hypotheses
regarding the position of the root of the eukary-
otic phylogenetic tree were formulated. Some of
them place the root specifically within the Discoba
(Cavalier-Smith 2010; Gray et al. 2004; Rodriguez-
Ezpeleta et al. 2007).

Despite the fact that the Heterolobosea is a
relatively species-poor group (approximately 140
described species), members of the group are
immensely diverse at both morphological and eco-
logical levels. Some heteroloboseans, such as
Naegleria, Willaertia, Tetramitus, Heteramoeba,
Euplaesiobystra, and Psalteriomonas, are true
amoeboflagellates that alternate between amoe-
boid and flagellated stages during their life cycle.
The transition from the amoeba to the flagellate is
incredibly fast in some lineages; for instance, this
transformation in Naegleria takes ca. 2 hours and
involves de novo formation of basal bodies with
the accompanying cytoskeleton (Fulton 1993; Lee
2010). On the other hand, some members of the
Heterolobosea are known to produce only flagel-
lates or amoebae. Acrasis and a few of its putative
relatives are sorocarpic amoebae that produce mul-
ticellular fruiting bodies (see Brown et al. 2010;
Olive et al. 1983). Naegleria fowleri and, possibly,
Paravahlkampfia francinae are deadly facultative
parasites of humans (Visvesvara et al. 2007, 2009).
Stephanopogon is a peculiar organism reminiscent
of ciliates whose affiliation to the Heterolobosea
was revealed only by detailed ultrastructure and
molecular phylogenetic analyses (Cavalier-Smith
and Nikolaev 2008; Lipscomb and Corliss 1982;

Parfrey et al. 2010; Patterson and Brugerolle 1988;
Yubuki and Leander 2008). Although most heterolo-
boseans live in sediments and feed on bacteria, the
ecological diversity of the group is vast as well. In
comparison with the other eukaryotic groups, many
members of the Heterolobosea flourish in extreme
environments such as acidic, hot, and hypersaline
conditions (Amaral Zettler et al. 2002; Baumgartner
et al. 2009; De Jonckheere et al. 2009; Guzman-
Fierros et al. 2008; Park et al. 2007, 2009; Park
and Simpson 2011; Sheehan et al. 2003).

Anaerobic/microaerophilic heteroloboseans con-
stitute another such ecological group living under
harsh conditions. At least two independent lineages
have been discovered. The first one is represented
by the extreme halophile Pleurostomum flabella-
tum which grows at low oxygen concentrations
and appears to lack mitochondrial cristae (Park
et al. 2007). The second lineage is more diverse
and includes Monopylocystis visvesvarai, Psalte-
riomonas lanterna, and Sawyeria marylandensis
(Broers et al. 1990; Nikolaev et al. 2004; O’Kelly
et al. 2003). Mitochondria of Sawyeria and Psalte-
riomonas have been reduced to hydrogenosomes
(Barbera et al. 2010; de Graaf et al. 2009). In
addition, Vahlkampfia anaerobica, Lyromonas vul-
garis, and Percolomonas descissus have been
described from habitats with low oxygen con-
centrations (Bernard et al. 2000; Broers et al.
1993; Brugerolle and Simpson 2004; Smirnov and
Fenchel 1996). However, their phylogenetic posi-
tion is unclear due to the lack of DNA sequence
data. The general metabolic potential of heterolo-
boseans has become complicated by the recently
published genome project of Naegleria gruberi
(Fritz-Laylin et al. 2010). It appears that this
presumably bona fide aerobe with typical mito-
chondrial morphology may be capable switching
to anaerobic metabolism under hypoxia. Therefore,
anaerobic life styles (or facultatively anaerobic life
styles) may be more common in heteroloboseans
than expected.

The systematics of heteroloboseans is chaotic
due to (1) absence of reliable morphological
features, (2) unclear internal phylogeny, and
(3) non-unified concepts for the main heterolo-
bosean subgroups. Even the definition of the
Heterolobosea itself is confusing and two differ-
ent taxonomic concepts exist. The first concept,
emphasized by Park and Simpson (2011), con-
siders the Heterolobosea as a monophyletic
taxon containing organisms with trophic life
stages as amoebae-only, amoeboflagellates, and
flagellates-only and includes diverse taxa such
as Acrasis, Naegleria, Neovahlkampfia, Tetramitus,



Stephanopogon, Pharyngomonas, and Psalteri-
omonas. In contrast, Cavalier-Smith (1993b) and
Cavalier-Smith and Nikolaev (2008) refer to this
inclusive group as the “Percolozoa” and consider
the ‘Heterolobosea’ as a paraphyletic subgroup
of taxa that were historically classified as amoe-
bae. We concur with Nikolaev et al. (2004) who
suggested that “the term Percolozoa should prob-
ably become the junior synonym of the term
Heterolobosea” and recognize the broader and
monophyletic concept of the Heterolobosea in this
paper (Park and Simpson 2011).

Heterolobosean genera have been classi-
fied into 8 families: Acrasidae Van Tieghem,
1880, Vahlkampfiidae Jollos, 1917, Stephano-
pogonidae Corliss, 1961, Gruberellidae Page
and Blanton, 1985, Psalteriomonadidae Cavalier-
Smith, 1993, Lyromonadidae Cavalier-Smith, 1993,
Percolomonadidae Cavalier-Smith and Nikolaev,
2008, and Pharyngomonadidae Cavalier-Smith
and Nikolaev, 2008. The largest family Vahlkamp-
fiidae Jollos, 1917 is paraphyletic and the other
families, except for the Pharyngomonadidae,
branch from within it. Although reclassification of
the Vahlkampfiidae by splitting it into more mono-
phyletic groups is necessary, the data for doing so
are currently equivocal.

Although heteroloboseans are highly important
from evolutionary and ecological points of view,
their diversity has been considerably understudied.
The aim of the present study is to thoroughly exam-
ine the diversity of anaerobic heteroloboseans. We
have isolated 31 heterolobosean strains from fresh-
water, brackish-water and marine anoxic/microoxic
habitats, and studied their light-microscopic mor-
phology and phylogenetic position as inferred from
the analysis of SSU rDNA sequences. We also
examined the cell ultrastructure of two isolates.
We recognized each species based on either
a distinct morphology, placement in the SSU
rDNA tree or a combination of both criteria. We
showed that the diversity of anaerobic heterolo-
boseans is richer than previously expected and
that non-halophilic anaerobic heteroloboseans,
such as Percolomonas descissus and Vahlkampfia
anaerobica, constitute a single clade, the Psalte-
riomonadidae. In this paper, we described three
new species and two new genera, and revised the
taxonomy of the Psalteriomonadidae.

Results

General Observations

Information on the origin of strains included in
the present study is summarized in Table 1. Cells
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of all strains were found at the bottom of the
culture tubes in the presence of bacteria and
slowly died when exposed to oxygen near the
upper part of the tubes, suggesting that the cells
were anaerobic or microaerophilic. Only amoebae
(Psalteriomonas spp., Sawyeria marylandensis) or
flagellates (Monopylocystis visvesvarai, Harpagon
spp., Pseudoharpagon pertyi) were present in
the cultures; no sign of transformation of flagel-
lates into amoebae or vice versa, and no cysts
were observed during ca. 200 passages of the
cultures. The morphology of amoebae was char-
acteristic for the Heterolobosea, i.e. they were of
the “limax” type, with an anterior, eruptive hyaline
front, and locomotive forms were monopodial. No
floating forms were observed. All amoebae were
isolated from freshwater sediments. The amoe-
bae of each species differed in size and in the
presence/absence of hydrogenosomal aggregates.
Flagellates were isolated from freshwater, brack-
ish and marine sediments. They were always
quadriflagellated with acronematic flagella and pos-
sessed a conspicuous ventral feeding groove. The
flagellainserted subapically at the top of the groove,
parallel to each other, and were directed ventro-
posteriorly. They beat together, close to the groove.
Cells rotated when swimming. The nucleus was
subapical. The flagellates of the particular species
differed in the size and shape of the ventral groove,
relative lengths of flagella, and degree of pleomor-
phism.

Light-microscopic Species Observations

Psalteriomonas lanterna

The amoebal stage of freshwater strains CIZOV2,
VIT3, VIT5, VIT9, and VT2 corresponded to the
original description by Broers et al. (1990), except
for the structure of nucleus (Fig. 1). Unlike the type
strain of P, lanterna whose amoebae were reported
to possess a single central nucleolus, the cells of
our strains possessed one or two parietal nucle-
oli located opposite each other in the nucleus. A
hydrogenosomal aggregate was present close to
the nucleus (Figs 1, 4E, F). The uroid was smooth,
without filaments. Cells of the strain VIT3 were
47.5+7.1(32.1-63.7) umlongand12.2+2.2 (7.2
— 18.0) wm wide, with the mean length/width ratio
4.1. Cells of the strain VIT5 were 44.3+6.7 (31.4 —
60.2) pmlongand 10.1 +1.9 (6.8 — 14.1) pm wide,
with the mean length/width ratio 4.5. Cells of the
strain VT2 were 47.5+8.1 (28.9 — 63.1) pm long
and 10.8 £2.0 (7.1 — 15.1) wm wide, with the mean
length/width ratio 4.5. The mean cell dimensions
of the three strains of P lanterna were 46.4+7.4



Table 1. List of strains included in the study. 'same isolate as in Kolisko et al. (2008) and Cepicka et al. (2010).

Species Isolate Locality Coordinates Habitat GenBank acc. no.
Harpagon descissus AMT Tambopata NNR, Peru 12°49'S, 69°16'W Fresh-water sediment JN606327
BAUM Baum pond, Fayetteville, AR, 36°05'N, 94°18'W Fresh-water sediment JN606328
USA
IND2 Bhangarh, India 27°05'N, 76°17'E Fresh-water sediment JN606329
KG3N valley close to Engilchek 41°57'N, 79°18'E Fresh-water sediment JN606330
village, Kyrgyzstan
KOMPKOJ! Kojcice, Czech Republic 49°28'N, 15°15'E Compost pile JN606331
PANT1 Pantanal NP, Brazil 16°37'S, 56°44'W Fresh-water sediment JN606332
SOO0SH1 Soos NNR, Czech Republic 50°08'N, 12°24'E Fresh-water sediment JN606333
TEXEL Texel island, Netherlands 53°01'N, 04°44'E Fresh-water discharge ditch JN606334
TOCOV Former village Tocov, Czech 50°18'N, 13°05'E Fresh-water sediment JN606335
Republic
VT1 Velky Tisy pond, Czech 49°03'N, 14°43'E Fresh-water sediment JN606336
Republic
WS Lake Wilson stream, 36°01'N, 94°14'W Fresh-water sediment JN606337
Fayetteville AR, USA
Harpagon schusteri Clzov1 Cizov, Czech Republic 48°52'N, 15°52'E Fresh-water sediment JN606338
IND8 Bhangarh, India 27°05'N, 76°17'E Fresh-water brook JN606339
INDSIP Boroda dam, India 27°02'N, 76°15'E Fresh-water sediment JN606340
OLB4 Olbasee lake, Germany 51°16'N, 14°35'E Fresh-water sediment JN606341
TUN2 Chomutov, Czech Republic 50°27'N, 13°21'E Fresh-water sediment JN606342
VITSED Kamenice, Czech Republic 49°54'N, 14°35'E Fresh-water sediment JN606343
Monopylocystis visvesvarai PC4BIC Peggy’s Cove, Canada 44°29'N, 63°55'W Marine sediment JN606344
Psalteriomonas lanterna Clzov2 Cizov, Czech Republic 48°52'N, 15°52'E Fresh-water brook JN606345
VIT3 Kamenice, Czech Republic 49°54'N, 14°35'E Fresh-water sediment JN606346
VITS Kamenice, Czech Republic 49°54'N, 14°35'E Fresh-water sediment JN606347
VIT9 Kamenice, Czech Republic 49°54'N, 14°35'E Fresh-water sediment JN606348
VT2 Velky Tisy pond, Czech 49°03'N, 14°43'E Fresh-water sediment JN606349
Republic
Psalteriomonas magna CERETE Cereté, Columbia 08°53'N, 75°47'W Fresh-water sediment JN606350
IND7 Bhangarh, India 27°05'N, 76°17'E Fresh-water brook JN606351
KIZILLAR Kizillar, Turkey 37°31'N, 35°42'E Fresh-water sediment JN606352
Sawyeria marylandensis ITZAVL Italy n.a. Fresh-water irrigation canal JN606353
LUH2 Alluvial plain of Vltava river, 48°48'N, 13°57'E Fresh-water sediment JN606354
Czech Republic
LUH3! Alluvial plain of Vltava river, 48°48'N, 13°57'E Fresh-water sediment JN606355
Czech Republic
Pseudoharpagon pertyi EVROS2 Evros delta, Greece 40°48'N, 26°01'E Brackish sediment JN606356
NY0199 Bamfield, Canada 48°82'N, 125°12’'W Marine sediment JN606357
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Figure 1. Living cells of Psalteriomonas lanterna strains VIT3 (A, E) and VT2 (B - D, F — G). Ag — aggregate
of hydrogenosomes; CV — contractile vacuole; N — nucleus. Bar=10 pm.

(28.9 — 63.7) pm x 11 £2.2 (6.8 — 18.0) um, with
the mean length/width ratio 4.4. Flagellate and cyst
forms were not observed.

Psalteriomonas magna sp. nov.

The amoebal stage of freshwater strains KIZIL-
LAR, CERETE, and IND7 was bigger than that of P
lanterna (Fig. 2). Cells of the strain KIZILLAR were
72.2+11.8 (49.9 —102.3) um long and 16.4 +4.0
(8.1 — 30.0) um wide, with the mean length/width
ratio 4.6. Cells of the strain CERETE were 65+ 9.1
(50.1—90.8) pm long and 14.7 £2.3 (10.2 — 19.0)
wm wide, with the mean length/width ratio 4.5. Cells
of the strain IND7 were 66.2+8.6 (40.1 — 82.9)
pm long and 14.9+2.4 (10.0 — 23.1) pm wide,
with the mean length/width ratio 4.6. The mean cell
dimensions of the three strains of P magna were
67.8+10.4 (40.1 —102.3) x 15.3+ 3.1 (8.1 - 30.0)
wm, with the mean length/width ratio 4.5. An aggre-
gate of hydrogenosomes was situated close to the

nucleus (Figs 2, 4). The nucleus contained one or
two parietal nucleoli located opposite each other in
the nucleus (Fig. 2). Long uroidal filaments were
observed in some cells (Fig. 2C, E, H). Flagellate
and cyst forms were not observed.

Sawyeria marylandensis

The amoebal stage of freshwater strains ITZAVL,
LUH2, and LUH3 corresponded to the original
description of Sawyeria marylandensis (O’Kelly
etal. 2003), (Fig. 3). Cells of the strain ITZAVL were
41.1+11.9(17.1-69.8) pmlongand 9.5 +2.0 (5.9
— 14.3) pum wide, with the mean length/width ratio
4.4. Cells of the strain LUH3 were 34.0 +6.3 (22.0
—51.5) umlongand 9.6 £ 2.5 (5.4 — 16.7) pm wide,
with the mean length/width ratio 3.7. The mean
cell dimensions of the two strains of S. marylan-
densis were 37.6+10.1 (17.1 — 69.8) x9.5+2.3
(5.4 — 16.7) wm, with the mean cell length/width
ratio 4.0. The nucleus of strain ITZAVL contained
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Figure 2. Living cells of Psalteriomonas magna strains KIZILLAR (A-D, F, G) and IND 7 (E, H). Ag —aggregate
of hydrogenosomes; N — nucleus; Ur — uroidal filaments. Bar=10 pm.

two parietal nucleoli situated opposite each other
(Fig. 3B, C, D), whereas strain LUH3 possessed
several parietal nucleoli (Fig. 3E — G). No aggre-
gate of hydrogenosomes was observed (Fig. 4G,
H). Flagellate and cyst forms were not observed.

The Flagellate Stage of Monopylocystis
visvesvarai

The flagellate stage of the marine strain PC4BIC
was elongated and relatively uniform in shape and
size (Figs 5, 9F — J). The posterior end of the
cell was either rounded or pointed. The cell length

was 15.7+£1.7 (11.1 — 19.9) pm. A slightly spi-
ral prominent ventral groove started anteriorly and
extended almost to the posterior end of the cell
(Figs 5C, D, E, G, 9H). The four flagella were
unequal; the longest flagellum was long up to 1.5
times body length, two other flagella were more
or less shorter than the longest flagellum and the
fourth flagellum was the shortest one. Many cells
adhered to the substrate by the distal ends of their
four flagella. Dividing protargol-stained cell with
two nuclei and two pairs of flagella was observed
(Fig. 9l). Amoeboid and cyst stages were not
observed.
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Figure 3. Living cells of Sawyeria marylandensis strains ITZAVL (A — D) and LUH3 (E — G). CV — contractile
vacuole; N — nucleus. Bar=10 pum.

Harpagon descissus comb. nov.
The flagellate stage of H. descissus freshwater

strains corresponded to the previous observa-
tions of Percolomonas descissus (Brugerolle and
Simpson 2004; Klug 1936). The cells were elon-
gated (Figs 6, 9D, E). The cell length of four H.
descissus strains was: PANT1S — 16.8+3.3 (10.5
—24.9) pm, SOOS1 -17.8+3.8 (10.2 —25.0) pm,
TEXEL — 18.2+3.6 (12.7 — 29.7) pm, and VT1 —
18.1+£4.9 (12.0 — 31.4) pum. The mean cell length
of the four strains of H. descissus was 17.0+4.0

(10.2 — 31.4) pm. The cells were highly variable in
shape, in part associated with the nutritional status
and age of the culture, and four distinct morpho-
types were determined: spindle-shaped cell with
a short pointed posterior end (Fig. 6D), spindle-
shaped cell with elongated pointed posterior end
(Fig. A, 1), slender elongated cell (Fig. 6H, L), and
pear-shaped short cell with rounded posterior end
(Fig. 6B, C, E, F, K). Cells which were morphologi-
cally intermediate between particular morphotypes
were also observed. Relative abundance of the
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Figure 4. Protargol-stained specimens of Psalteriomonas magna sp. nov. strain KIZILLAR (A — D), P, lanterna
strain VIT5 (E, F), and Sawyeria marylandensis strain ITZAVL (G, H). Ag — aggregate of hydrogenosomes; N

—nucleus. Bar=10 pm.

morphotypes varied within strains and observa-
tions, but all four morphotypes were observed in all
examined strains. The ventral groove was less con-
spicuous than in Monopylocystis visvesvarai and
extended to ¥ of the length of the cell body in the
spindle-shaped morphotype. The four flagella were
unequal (Fig. 9D, E). The longest flagellum was
long, at 1 — 2 times body length. The second flag-
ellum was shorter, about 3/5 length of the longest
flagellum. The remaining two flagella were equal in

length and slightly shorter than the second flagel-
lum. Some cells of H. descissus sp. nov. adhered
to the substrate by the posterior end of the cell. A
dividing cell with six flagella was observed (Fig. 6l,
J). Amoebae and cysts were not observed.

Harpagon schusteri sp. nov.

The flagellate stage of H. schusteri sp. nov. fresh-
water strains were in most essential details, such
as cell and flagella lengths, identical to those of
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Figure 5. Living cells of Monopylocystis visvesvarai strain PC4BIC. Bar=10 pum.

H. descissus (Figs 7, 9A — C). The cell length of two
strains was: IND8 — 18.0+3.6 (13.0 — 34.2) pum,
INDSIP — 16.3+3.2 (10.8 — 25.2) wm. The mean
cell length of the two strains of H. schusteri was
17.1+3.5 (10.8 — 34.2) um. Three distinct mor-
photypes, the same as in H. descissus comb. nov.,
could be identified in the culture: spindle-shaped
cell with a short pointed posterior end (Fig. 7G, H),
slender elongated cell (Fig. 7B), and pear-shaped
short cell with rounded posterior end (Fig. 7C, D,
E, F). Cells with an elongated pointed posterior
end were not observed in any strain. Amoebae and
cysts were not observed.

Pseudoharpagon pertyi sp. nov.

The morphology of the flagellate stage from brack-
ish and marine strains EVROS2 and NY0199 was
similar to Harpagon spp., though the cells were
slightly smaller. They were elongated and relatively
uniform in shape and size (Figs 8, 9K—0). The pos-
terior end was either rounded or pointed. The cell
length of the two strains was: EVROS2 - 13.7 £ 3.5
(8.5-21.3) pm, NY0199-14.0£2.0(11.5-19.7)
wm. The prominent ventral groove extends to ¥ -
2/3 of body length. The four flagella were unequal
in length. The longest flagellum was up to 1.5 times

body length. The remaining three flagella were
approximately equal and cell-body in length. Some
cells of P, pertyi sp. nov. adhered to the substrate by
a cytoplasmic bridge formed from the posterior end
of the cell (Fig. 8B, F). A dividing protargol-stained
cell with two nuclei and two pairs of flagella was
observed (Fig. 9M). Amoebae and cysts were not
observed. The nucleolar morphology could not be
determined from our light-microscopic pictures.

Ultrastructure Observations

Flagellate Stage of Monopylocystis
visvesvarai

The structure of the flagellar apparatus of Monopy-
locystis visvesvarai was very similar to that of
Harpagon descissus comb. nov., Psalteriomonas
lanterna, and P, vulgaris (Fig. 10A, see Broers et al.
1990, 1993; Brugerolle and Simpson 2004). All four
basal bodies possessed flagella and were arranged
in two pairs, #1 and #4 forming the posterior pair,
and #2 and #3 forming the anterior one. There were
two straight rhizoplasts (Rhy and Rhy) that origi-
nated anteriorly and were closely associated. The
periodicity of cross striation of the rhizoplasts was
about 38 nm. The rhizoplasts connected to basal
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Figure 6. Living cells of Harpagon descissus comb. nov. strains TOCOV (A), TEXEL (B — G), VT1 (H), and
PANT1 (I - L). Arrow — long spike at the posterior end. Bar=10 pm.

bodies #2 (Rh1) and #1 (Rh.), respectively. Both the
rhizoplasts continued posteriorly and connected to
microtubular ribbon R;. The ribbon Ry was a promi-
nent structure and consisted of a curved row of thick
microtubules originating near basal body #1. The
basal bodies were interconnected by fibres (Fi). A
bundle of microfilaments (MB) connected the pos-
terior pair of basal bodies with the concave side of
R1. MB with Ry constituted characteristic harp-like
structure.

The nucleus (N) was surrounded by rough endo-
plasmic reticulum (RER) and nucleolar material
(Nu) formed a thin ring close to the nuclear

membrane (Fig. 10B). Certain parts of the ring
were thickened. No stacked Golgi apparatus was
observed. Mitochondrion-related organelles (MRO)
were acristate, rounded, with diameter approxi-
mately 700 — 800 nm (Fig. 10C). They were not
surrounded by rough endoplasmic reticulum, but
were sometimes situated close to it.

Psalteriomonas magna sp. nov.

Preliminary transmission electron microscopy of P
magna is presented in Figure 11. There were no
traces of a flagellar apparatus in the amoeba of
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Figure 7. Living cells of Harpagon schusteri sp. nov. strain INDSIP. Bar=10 pm.

the strain KIZILLAR. The nucleus (N) contained
one or two parietal nucleoli (Nu) situated in nuclear
lobes (Fig. 11A, C, D). No stacked Golgi apparatus
was observed. Mitochondrion-related organelles
(hydrogenosomes, H) were irregular in shape with
a maximal diameter about 2000nm (Fig. 11B).
They were aggregated to form a cup-shaped com-
plex that was interlaced with bacilliform bacteria
(Ba; Fig. 11B, C). The prominent hydrogenosomal
aggregate was situated close to the nucleus and
was not surrounded by rough endoplasmic reticu-
lum (RER). In addition to the aggregate, individual
hydrogenosomes were observed in the cytoplasm
of P_magna (IH; Fig. 11C). Although the individ-
ual hydrogenosomes seemed not to be surrounded
by endoplasmic reticulum, we cannot rule out the
possibility that fixation artifacts occurred.

Molecular Phylogenetic Analyses

The phylogenetic tree of the Heterolobosea as
inferred from SSU rDNA is shown in Figure 12. A
monophyletic group of heteroloboseans was recov-
ered by both maximum likelihood and Bayesian
methods with strong statistical support. The ear-
liest diverging lineage of the Heterolobosea was
formed by Pharyngomonas kirbyi. The rest of the
Heterolobosea (Tetramitia sensu Cavalier-Smith
and Nikolaev 2008) was split into six robust lin-
eages whose interrelationships were unresolved:
I. Genus Neovahlkampfia and related undeter-
mined heteroloboseans LC103 and AND9. Il

Genera Acrasis, Solumitrus and Allovahlkamp-
fia, and undetermined heteroloboseans BA, OSA
and AND12. Since the genetic distance between
Solumitrus and Allovahlkampfia was relatively low
and the observed morphological differences were
minute (see Anderson et al. 2011), the genus Solu-
mitrus should be synonymized with Allovahlkampfia
in the future. lll. Genera Naegleria, Pleurosto-
mum, Tulamoeba, Willaertia, and Marinamoeba.
IV. Genera Percolomonas and Stephanopogon. V.
Genera Vahlkampfia and Tetramitus. V1. Genera
Paravahlkampfia, Heteramoeba, Euplaesiobystra,
Vrihiamoeba, Oramoeba, Stachymoeba, undeter-
mined heteroloboseans RT5in38 and WIM43, and
the Psalteriomonadidae. A clade formed by Vri-
hiamoeba, Oramoeba, Stachyamoeba, and the
environmental sequence WIM43 was sister to
Psalteriomonadidae, though without statistical sup-
port. The Psalteriomonadidae was monophyletic
with high support and split into three robust sub-
clades that were largely unresolved with respect
to each other. The first subclade was formed by
the genus Pseudoharpagon gen. nov. Genetic dis-
tance (uncorrected p-distance) between strains
EVROS2 and NY0199 of P. pertyi sp. nov. was
0.189. The second subclade was formed by genera
Sawyeria and Psalteriomonas, and two environ-
mental sequences FN865111 and FN865530.
The relationships within the second subclade
were well resolved. The mean genetic distance
between the two Psalteriomonas species was
0.049. The intraspecific genetic distance within
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Figure 8. Living cells of Pseudoharpagon pertyi sp. nov. strain EVROS2 (A — I) and NY0199 (J — M).
Bar=10 pm.

Psalteriomonas lanterna reached 0.015. The
intraspecific distances within P magna sp. nov.
and within Sawyeria marylandensis were negligi-
ble reaching less than 0.001. The third subclade
of Psalteriomonadidae was formed by genera
Monopylocystis and Harpagon gen. nov., and by
the environmental sequence AF011462. The mean
genetic distance between Harpagon descissus
comb. nov. and H. schusteri sp. nov. was 0.127
(235bp). Intraspecific genetic distances within
Harpagon descissus comb. nov. and H. schusteri
sp. nov. reached 0.036 (67 bp) and 0.024 (45 bp),
respectively. The genetic distance between the
type strain of Monopylocystis visvesvarai and strain
PC4BIC was 0.004.

Discussion

Species Identity of the Isolates

The Heterolobosea is a very diverse group of
protists, and different stages in the life cycle
do not have the same significance in species
determination. Diversity in cyst morphology, when
known, may be most important in the dis-
crimination of morphospecies. By contrast, the
amoebae of many heteroloboseans share the same
gross morphology and are of limited value in
species identification. Due to the lack of mor-
phological variability in heterolobosean amoebae,
unrelated genera with the same cyst morphology
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Figure 9. Protargol-stained specimens of Harpagon schusteri sp. nov. strain INDSIP (A — C), H. descissus
comb.nov. strain TEXEL (D, E), Monopylocystis visvesvarai strain PC4BIC (F — J; dividing cell in I), and
Pseudoharpagon pertyi sp. nov. strain EVROS2 (K — O; dividing cell in M). Bar=10 pm.

(e.g. Vahlkampfia, Neovahlkampfia, Allovahlkamp-
fia, and Paravahlkampfia) must be distinguished
solely on the basis of their molecular-phylogenetic
distances. Heterolobosean flagellates are more
diverse than the amoebae. Although ultrastruc-
tural studies have shown that the mastigont of

flagellates bear many morphological features
important for taxonomy, most heterolobosean flag-
ellates are considerably understudied and their
ultrastructure is unknown. The number of flagella
is variable at both the species and genus levels
(Darbyshire et al. 1976), but most often the cells are
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Figure 10. Ultrastructure of the flagellate of Monopylocystis visvesvarai strain PC4BIC. A, mastigont; B,
nucleus surrounded by rough endoplasmic reticulum; C, mitochondrion-related organelle. 1, 2, 3, 4 —basal bod-
ies; Fi — Fibres interconnecting the basal bodies; MB — bundle of microfilaments; MRO — mitochondrion-related
organelle; N — nucleus; Nu — nucleolus; R1 — microtubular ribbon Ry; RER — rough endoplasmic reticulum;
Rh1, Rh2 — rhizoplasts. Bar=200 nm for A, C, 500 nm for B.
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PN

Figure 11. Ultrastructure of Psalteriomonas magna sp. nov. strain KIZILLAR. A, whole cell; B, detail of

hydrogenosomal complex with associated bacteria; C, detail of the nucleus with two parietal nucleoli, hydrogeno-
somal complex and individual hydrogenosomes in the cytoplasm; D — detail of the nucleus surrounded by the
hydrogenosomal complex. Ba — endosymbiotic bacterium; H — hydrogenosomes in the hydrogenosomal com-
plex; HC — hydrogenosomal complex; IH — individual hydrogenosomes; N — nucleus; Nu — nucleolus. Bar=2 pm

for A, 250 nm for B, 1 um for C and D.

biflagellate or quadriflagellate. The morphology of
the cytostome is also variable. Tetramitus rostratus
and Pleurostomum flabellatum flagellates possess
a conspicuous rostrum and a tubular cytostome
(Park et al. 2007; Patterson et al. 2000) while
flagellates of some other species have a broad
longitudinal feeding groove and lack a rostrum. In

addition, the cytostome is reduced in some gen-
era, e.g. in Naegleria and Willaertia (Page 1988;
Robinson et al. 1989). Because the life cycle of
many species has not been thoroughly exam-
ined, it is theoretically possible to inadvertently
describe two life stages of one organism as different
species.
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Figure 12. Phylogenetic tree of Heterolobosea based on SSU rDNA. The tree was constructed by the maxi-
mum likelihood method in RAXML (GTRGAMMAI model) and was rooted with representatives of other Discoba
lineages. The values at the nodes represent statistical support in bootstrap values (RAxML)/posterior probabil-
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A molecular species concept based on the ITS
region of the ribosomal operon was proposed by
De Jonckheere (2004) for the genus Naegleria
that was later extended to the Vahlkampfiidae, the
most species-rich family within the Heterolobosea
(De Jonckheere and Brown 2005). They proposed
that unique ITS sequences define species while
each genus forms a distinct clade in 5.8S trees.
For example, Naegleria canariensis was distin-
guished from N. gallica by two single-nucleotide
substitutions in the ITS2 sequence (De Jonckheere
2006). Sequences of SSU rDNA, ITS1, 5.8 rDNA,
and morphology of the two species are, how-
ever, identical. Although many species have been
described on the basis of the ITS approach, it
could be problematic for several reasons: (1) It
is not universal. For example, this concept can-
not be used for Naegleria fowleri because of its
high ITS variability (De Jonckheere 1998, 2004).
In addition, little is known about ITS region variabil-
ity outside the genus Naegleria. (2) It was shown
that intragenomic polymorphism of the ITS region
exists at least in some heteroloboseans. Such taxa
could be classified into different species (Dykova
et al. 2006). (3) The boundary between intra- and
interspecies polymorphism is unknown in most het-
eroloboseans. This concept assumes the same,
almost zero, level of intraspecific variability in all (or
almost all) vahlkampfiid species. However, outside
the Vahlkampfiidae, e.g. in Psalteriomonadidae or
Acrasidae, the molecular polymorphism could be
significantly higher, invalidating the concept.

In this study, we decided to identify previ-
ously described species and to establish new
ones initially on morphological grounds; molecu-
lar polymorphisms and phylogeny were used as
an accessory criterion. We are aware that our
approach, albeit suitable for the Psalteriomona-
didae, would be problematic when used for the
Vahlkampfiidae as it would considerably underesti-
mate the real number of species. On the other hand,
the ITS-based approach clearly overestimates the
species number and should be modified to take
intraspecies polymorphism into account. Particular
species within the Psalteriomonadidae differ in the
shape and length of cells, relative flagellar length,
nuclear structure, shape of mitochondrial derivates,
and lifestyle (freshwater/marine). Our data showed
that these characteristics are sufficiently stable
among different strains of a single species. Like-
wise, molecular phylogeny and assessment of SSU
rDNA sequence divergence allowed us to identify
a flagellated stage of Monopylocysis visvesvarai
where only the amoebal stage was previously
described and allowed confirmation of species
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identification when we isolated an amoebal-stage
(e.g. P lanterna). Our strains belong to at least
seven species from five genera, including three new
species and two new genera.

Members of the genus Psalteriomonas possess
a hydrogenosomal complex close to the nucleus.
The nucleolus of Psalteriomonas lanterna was orig-
inally described as central in both flagellate and
amoeba stages (Broers et al. 1990). In contrast,
we have never seen a centrally located nucleolus in
any of our strains of Psalteriomonas lanterna and
P. magna sp. nov. Instead, all the strains possessed
one or two parietal nucleoli. Moreover, Prof. J. H. P.
Hackstein observed a prominent bright-fluorescing
structure within the nucleus, at its periphery, after
staining the type strain of P. lanterna with ethid-
ium bromide (J. H. P. Hackstein, pers. comm.).
This most likely indicates the presence of a pari-
etal nucleolus rather than a central one in the cells
of the type strain. If so, the number and position
of nucleoli among P, lanterna strains seems to be
variable.

Psalteriomonas magna sp. nov. differs from P
lanterna in the median cell size. With its approxi-
mately 70 um in length, the locomotive amoeba of
P. magna is about 25 pm longer than the amoeba
of P. lanterna. We transfer Lyromonas vulgaris
back to the genus Psalteriomonas as originally
described by Broers et al. (1993) because of its
phylogenetic position and because its cells contain
the hydrogenosomal complex (characteristic of the
genus). Unfortunately, careful morphological com-
parison of P magna sp. nov. and P, vulgaris comb.
nov. is currently not possible as only the amoeba
stage is known from the former species and only
the flagellated stage is known from the latter. It is
worth noting that the amoeba/flagellate length ratio
is similar among Psalteriomonas species and that
the amoeba of P magna sp. nov. is about 40%
longer than that of P. lanterna, and the P vulgaris
flagellate is about 50% smaller than the flagellate
of P. lanterna. Moreover, P magna amoebae dif-
fer from P. vulgaris in the presence of individual
hydrogenosomes in the cytoplasm. Although we
cannot fully exclude the possibility that P magna
sp. nov. represents the amoeba stage of P, vulgaris
comb. nov., we are convinced that they belong to
separate species.

The amoebae of our strains of Sawyeria are mor-
phologically similar to Psalteriomonas strains, but
have no hydrogenosomal complex. Sawyeria mary-
landensis is well studied, but the flagellate stage
is unknown and is possibly missing altogether. In
contrast, at least two species of Psalteriomonas
are able to form flagellates. One or two parietal
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nucleoli located opposite each other in the nucleus
were described in the type culture of S. marylan-
densis (O’Kelly et al. 2003). It is consistent with
our observation of the strain ITZAVL. However,
cells of the strain LUH3 possess more than two
parietal nucleoli. We consider this difference to
reflect intraspecific variability within S. marylanden-
sis, similarly to that of Psalteriomonas lanterna.

The genus Monopylocystis differs from other
psalteriomonadids by a peripheral distribution of
nucleolar material (nucleolar ring). Its marine life
style is also uncommon in the Psalteriomonadi-
dae, being shared with Pseudoharpagon pertyi
sp. nov. and an undetermined organism with
SSU rDNA sequence AF011464. Only a sin-
gle species, M. visvesvarai, has been described
(O'Kelly et al. 2003). We transfer Vahlkampfia
anaerobica described by Smirnov and Fenchel
(1996), which possesses a nucleolar ring and lives
in marine environments, to the genus Monopy-
locystis. Monopylocystis anaerobica comb. nov.
also possesses mitochondrion-related organelles
without cristae (“microbody-like structures” in the
original description of Smirnov and Fenchel,
1996), a typical feature of the Psalteriomonadi-
dae. Monopylocystis anaerobica comb. nov. differs
from M. visvesvarai in the presence of uroidal fila-
ments and a floating form. The cyst stage has not
been found in M. anaerobica. Unlike the type cul-
tures of the two species, our Monopylocystis strain
PC4BIC forms exclusively flagellates under our cul-
turing conditions and neither amoebae nor cysts
have been observed. The genetic distance between
PC4BIC and the type strain of M. visvesvarai
was considerably lower than intraspecific molecular
polymorphism within related Harpagon descissus
comb. nov. or H. schusteri sp nov. As PC4BIC rep-
resents the first case of the flagellate stage in the
genus Monopylocystis and sequence data of M.
anaerobica are lacking, at the present time, the
problem of species identity of PC4BIC cannot be
definitively settled. We provisionally consider the
PCA4BIC strain to belong to Monopylocystis visves-
varai due to the low genetic distance of PC4BIC
and the type culture.

Our phylogenetic analysis convincingly showed
that Harpagon descissus (formerly Percolomonas
descissus) is unrelated to the presumably closely
related Percolomonas cosmopolitus. The two
species differ considerably in the structure of the
mastigont and in their feeding habit. While H.
descissus feeds by a synchronous action of all four
flagella, P cosmopolitus uses the longest flagel-
lum for attaching to the substrate and the remaining
three shorter flagella are used to generate a water

current for feeding (Fenchel and Patterson 1986).
In contrast to P cosmopolitus that possesses dis-
coidal mitochondrial cristae (Fenchel and Patterson
1986), the mitochondrion-related organelle of H.
descissus is acristate (Brugerolle and Simpson
2004), like in other psalteriomonadids. Therefore,
we remove former P, descissus from the genus Per-
colomonas and accommodate it in the new genus
Harpagon. We also describe a second species
of the genus Harpagon, H. schusteri sp. nov. H.
descissus comb. nov. and H. schusteri sp. nov. are
morphologically quite similar and the only differ-
ence we could detect is the absence of the form with
long spike-shaped posterior end in H. schusteri sp.
nov. This morphologic difference was completely
consistent with the molecular phylogenetic analy-
ses that place all isolates of each particular species
in a distinct clade that are sister to each other.
The genus Harpagon gen. nov. contains flagellates
with highly polymorphic cells. They differ from mem-
bers of the genus Monopylocystis in the nucleolar
structure (several independent parietal nucleoli in
Harpagon gen. nov., see Brugerolle and Simpson
2004; nucleolar ring in Monopylocystis, see O’'Kelly
et al. 2003, this study), freshwater lifestyle, and
shape of the ventral groove.

Pseudoharpagon pertyigen. nov., sp. nov. is sim-
ilar to Harpagon spp., but differs in several aspects.
Its ventral groove is longer and more conspicu-
ous than that of Harpagon spp. The cell shape
of P pertyi sp. nov. is more stable and cells are
about 3 um shorter than cells of Harpagon spp.
The two strains of P pertyi sp. nov. were isolated
from marine or brackish sediments, whereas mem-
bers of Harpagon are exclusively freshwater. Our
data suggest that cells of Percolomonas descis-
sus depicted in fig. 3F—J of Bernard et al. (2000)
represent, in fact, P pertyi sp. nov.

Phylogeny of the Heterolobosea

The molecular phylogeny of the Heterolobosea
is currently inferred almost exclusively from anal-
yses of the SSU rRNA gene (Cavalier-Smith
and Nikolaev 2008; De Jonckheere et al. 2009;
Nikolaev et al. 2004; O’Kelly et al. 2003; Park and
Simpson 2011; Park et al. 2007, 2009; Weekers
et al. 1997; Yubuki and Leander 2008). The basal
branch of Heterolobosea is in all analyses formed
by the sequence designed ‘Macropharyngomonas
halophila which was recently formally described
and assigned to the taxon Pharyngomonas Kir-
byi (Park and Simpson 2011). The relationships
within the rest of Heterolobosea, Tetramitia sensu
Cavalier-Smith and Nikolaev (2008), are generally



unresolved in SSU rDNA analyses. Based on the
results of previous studies and our analysis, we
divide Tetramitia into six robust clades (Fig. 12).
To better resolve the phylogeny of Heterolobosea,
increased taxon sampling and analyses based
on more genes are required. There are siill
numerous heteroloboseans and organisms ten-
tatively classified within the Heterolobosea that
do not have publically available DNA sequence
data (e.g. Gruberella flavescens, Percolomonas
sulcatus, Pernina chaumonti, Pseudovahlkamp-
fia emersoni, Pocheina spp., Tetramastigamoeba
hoarei, Trimastigamoeba philippinensis).

Our analysis groups Psalteriomonadidae with
genera Paravahlkampfia, Heteramoeba, Euplae-
siobystra, Vrihiamoeba, Oramoeba, and Stachy-
moeba forming together the heterolobosean clade
VI. All of these genera except those in Psalteri-
omonadidae are aerobic suggesting that obligate
anaerobiosis appeared relatively recently within
the Heterolobosea. Although Heteramoeba clara,
Euplaesiobystra hypersalinica, Stachyamoeba sp.
ATCC 50423 and Oramoeba fumarolia are known to
form flagellates (De Jonckheere et al. 2011; Droop
1962; Murase et al. 2010; Park et al. 2009), their
ultrastructure has yet to be studied in detail, so their
relationship with the Psalteriomonadidae cannot be
corroborated using morphology alone.

Diversity of the Psalteriomonadidae

The Psalteriomonadidae flourish in sediments
with low oxygen concentrations and are found
worldwide. Monopylocystis visvesvarai and M.
anaerobica comb. nov. are marine heterolo-
boseans, Pseudoharpagon pertyi sp. nov. was
isolated from brackish and marine sediments, and
Psalteriomonas spp., Harpagon spp., and Sawye-
ria marylandensis are inhabitants of freshwater
sediments. Cavalier-Smith and Nikolaev (2008)
assumed that the immediate ancestor of Psalteri-
omonadidae was a marine protist and fresh water
was invaded only once, by a common ancestor
of Psalteriomonas and Sawyeria. In contrast, our
data indicate that marine/freshwater or freshwa-
ter/marine transitions were more common than
previously hypothesized. At least two such events
took place in Psalteriomonadidae. However, avail-
able data are not sufficient for pinpointing the
directions of these transitions and it is impossible
to decide whether the last common ancestor of
Psalteriomonadidae was a marine or fresh-water
organism. In addition, we showed that environmen-
tal sequences FN865111 and FN865530 from an
extremely acidic habitat (Amaral-Zettler et al. 2011)
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represent undescribed psalteriomonadids closely
related to the freshwater genera Psalteriomonas
and Sawyeria. Invasions of habitats of high salin-
ity or acidity are not unusual in Heterolobosea and
the Psalteriomonadidae is no exception. On the
species and generic level, the ecological charac-
teristics seem to be stable in psalteriomonadids.

There is quite a bit of variation in mitochon-
drial morphology within the Psalteriomonadidae.
The mitochondrion of psalteriomonadids does not
possess cristae and has been reduced to a
hydrogenosome (Barbera et al. 2010; de Graaf
et al. 2009). Acristate mitochondrion was also
reported from the unrelated species Pleurosto-
mum flabellatum (Park et al. 2007), but not in its
close relative Tulamoeba peronaphora (Park et al.
2009). Sawyeria marylandensis has cup-shaped
hydrogenosomes that are not surrounded by rough
endoplasmic reticulum (Barbera et al. 2010). In
Psalteriomonas vulgaris, the hydrogenosomes are
associated with bacteria and are clustered to form
a spherical aggregate situated close to the nucleus
(Broers et al. 1993). Interestingly, P. lanterna and P
magna were reported to possess two hydrogeno-
somal morphs (Broers et al. 1990; de Graaf et al.
2009; this study). Similar to the two aforemen-
tioned species, a huge aggregate of sausage
shaped and dumb-bell shaped hydrogenosomes
is present in P lanterna. In addition, individual
hydrogenosomes surrounded by rough endoplas-
mic reticulum are also present. The shape of
the individual hydrogenosomes is similar to the
aggregated ones, or they are bean-shaped. Our
TEM study showed that Monopylocystis visves-
varai strain PC4BIC possesses a novel morphology
of psalteriomonadid mitochondrial derivates. Its
mitochondrial derivates are spherical and are
not surrounded by rough endoplasmic reticu-
lum. Although mitochondria were not reported
in the description of M. anaerobica comb. nov.
(Smirnov and Fenchel 1996), the ‘microbody-like
structures’ are morphologically identical with the
mitochondrion-related organelle in M. visvesvarai,
except for the diameter, which is smaller in the latter
species.

The majority of described heteroloboseans pos-
sess a single central nucleolus in the nucleus
during interphase (Page and Blanton 1985). In
contrast, members of the Psalteriomonadidae pos-
sess a number of different nucleolar morphologies.
A nucleus with one or a few parietal nucleoli is
typical for genera Psalteriomonas, Sawyeria, and
Harpagon (Barbera et al. 2010; Brugerolle and
Simpson 2004; O’Kelly et al. 2003; this study).
The nucleolar material of Monopylocystis spp. is
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distributed in a thin ring near the nuclear membrane
(O’Kelly et al. 2003; Smirnov and Fenchel 1996;
this study). The nucleolar morphology of Pseudo-
harpagon pertyi sp. nov. could not be determined.

The mastigont of the psalteriomonadid genera
Psalteriomonas, Harpagon and Monopylocystis, is
almost identical in fine structure (Broers et al. 1990,
1993; Brugerolle and Simpson 2004; this study).
They share the same number and arrangement of
flagella, basal bodies, rhizoplasts and their con-
nection to microtubular ribbon, Ry. The ribbon Rj
is the most prominent structure of the mastigont
of Psalteriomonadidae and consists of a curved
row of thick microtubules originating near the basal
body #1. The microtubular fibres that originate in
the vicinity of the other three basal bodies con-
sist of only a few microtubules and are not as
conspicuous as Rj. One of these poorly devel-
oped fibres is an immature R1’ (after Brugerolle
and Simpson 2004), which is conspicuous in some
other heteroloboseans (e.g. Tetramitus rostratus,
Pharyngomonas kirbyi, and Percolomonas sulca-
tus, see Brugerolle and Simpson 2004; Park and
Simpson 2011). The bundle of microfilaments — MB
(after Broers et al. 1990; Brugerolle and Simpson
2004) that connects the concave side of Ry with
basal bodies #1 and #4 forms a harp-like structure
that represents a synapomorphy of psalteriomona-
did flagellates.

The heterolobosean life cycle is variable too. In
Naegleria and Willaertia, the amoeba represents
the main trophic stage and the flagellate stage is
reduced and does not feed. Flagellates of these two
genera are formed under unfavorable conditions
and are used for transport (Preston and King 2003).
Some authors, however, argued that flagellates of
Naegleria are gametes (Fulton 1993), but meiosis
has been never observed. Flagellates of some het-
erolobosean genera have not been found at all (e.g.
Vahlkampfia, Sawyeria, Tulamoeba, Neovahlkamp-
fia, Paravahlkampfia). Other heteroloboseans are
able to normally feed in both amoeba and flagellate
stages (e.g. Psalteriomonas lanterna, Tetramitus
spp.). Finally, representatives of several genera are
pure flagellates and the amoeba stage is unknown
(e.g. Stephanopogon, Percolomonas, and Pleu-
rostomum). One of the supposed benefits of the
phenotypic plasticity of trophozoites is the abil-
ity to produce a better phenotype-environment
match across more environments than would be
possible by producing a single phenotype in all
environments. The transformation of the amoeba
to flagellate can be induced in vitro in some het-
erolobosean species (e.g. Fulton 1970; Page 1988;
Robinson et al. 1989), while in others attempts were

unsuccessful. However, it is highly probable that
some heteroloboseans described only as amoebae
are able to form flagellates under certain condi-
tions and vice versa. Our inability to induce the
transformation in the culture is most likely explained
by our limited knowledge of culture demands of
many heteroloboseans (e.g. the size, type, and
amount of prey in the culture). However, we can-
not exclude the possibility that the transformation is
connected with meiosis in some species. There is
also a possibility that the ability to form flagellates
may be blocked by a spontaneous mutation in a
gene important for formation of flagella. Importantly,
some strains belonging to the genera Tetramitus,
Tetramastigamoeba, Heteramoeba, and Willaertia
were reported to have lost the ability to form the
flagellate in the culture (Droop 1962; Page 1988).

Cells of the two strains of Monopylocystis visves-
varai appear either as flagellates (strain PC4BIC)
or as amoebae and cysts (the type strain) and no
sign of the transformation between amoebae and
flagellates, or vice versa, has been observed. The
strains were cultivated in the same medium. Broers
et al. (1990) reported that a minority of Psalteri-
omonas lanterna flagellates could be transformed
to amoebae in the culture by an increase in the con-
centration of oxygen. However, the conversion of
the amoeba back to the flagellate was completely
unsuccessful. We tried to expose cells of the strain
PC4BIC of Monopylocystis visvesvarai to oxygen.
However, the cells slowly died and no sign of their
transformation to amoebae was observed.

The life cycle of the last common ancestor
of Psalteriomonadidae was most probably com-
plex and contained three stages: amoeba with
eruptive lobopodia, cyst as resting stage, and flag-
ellate with four flagella and ventral feeding groove.
The simultaneous presence of two morphological
characters can be considered synapomorphies of
Psalteriomonadidae: mitochondria without cristae
and harp-like structure in the mastigont.

Taxonomic Summary

Family Psalteriomonadidae Cavalier-Smith, 1993
Synonym: Lyromonadidae Cavalier-Smith, 1993.

Diagnosis: Microaerophilic/anaerobic, living in marine, fresh-
water or brackish sediments. Mitochondrial cristae absent.
Ancestrally with amoeba, flagellate, and cyst stage. One or
two of the stages lost/unknown in most genera. Flagellates
quadriflagellate. Flagellar basal bodies arranged in two lateral
pairs, one posterior and one anterior. Basal bodies parallel
in a pair. One branching or two associated rhizoplasts, con-
nected to basal bodies #1 and #2. Ribbon R;{ prominent,



R+’ immature. Harp-like structure present in mastigont. Ven-
tral feeding groove present in flagellates. Nucleolus usually not
central. Five genera.

Type genus: Psalteriomonas Broers, Stumm, Vogels &
Brugerolle, 1990.

Other genera: Monopylocystis O’Kelly, Silberman, Amaral-
Zettler, Nerad & Sogin, 2003; Sawyeria O’Kelly, Silberman,
Amaral-Zettler, Nerad & Sogin, 2003; Harpagon gen. nov.;
Pseudoharpagon gen. nov.

Remark: Lyromonadidae Cavalier-Smith, 1993 becomes a
younger synonym of Psalteriomonadidae Cavalier-Smith, 1993.
Although both names were created in the same year, Psalteri-
omonadidae is older. When Cavalier-Smith created the family
Lyromonadidae (Cavalier-Smith 1993b), the name Psalteri-
omonadidae was already published (Cavalier-Smith 1993a) and
was properly cited in Cavalier-Smith (1993b).

Genus Psalteriomonas Broers, Stumm,
Vogels & Brugerolle, 1990

Diagnosis: Freshwater. Uninucleate to quadrinucleate. Ances-
trally with both amoeboid and flagellate stage. Cyst unknown.
Cells contain aggregate of hydrogenosomes. Nucleolus pari-
etal, possibly central. Three species.

Type species: Psalteriomonas lanterna Broers, Stumm, Vogels
& Brugerolle, 1990.

Other species: P, vulgaris Broers, Meijers, Symens, Stumm &
Vogels, 1993; P. magna sp. nov.

Psalteriomonas lanterna Broers, Stumm,
Vogels & Brugerolle, 1990

Diagnosis: Both amoeboid and flagellate stage present. Flagel-
late stage quadrinucleate, with four mastigonts and four feeding
grooves. Flagellate ca. 25um long. Four equal flagella per
mastigont, ca. 1.5 times the cell length. Ventral groove about
2/3 of the cell length. Locomotive amoeba ca. 45 um long.

Psalteriomonas vulgaris Broers, Meijers,
Symens, Stumm & Vogels, 1993

Synonym: Lyromonas vulgaris (Broers, Meijers, Symens,
Stumm & Vogels, 1993).

Diagnosis: Amoeboid stage unknown. Flagellate stage ca.
12 um long with single nucleus, mastigont, and ventral groove.
Four equal flagella, ca. 1.5 times the cell length. Ventral groove
about 2/3 of the cell length.

Psalteriomonas magna sp. nov.

Diagnosis: Flagellate stage unknown. Locomotive amoebae
uninucleate, ca. 70 um long. Long uroidal filaments present in
some cells.
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Type locality: Kizillar, Turkey. 37°31'N, 35°42'E.

Syntype slides: protargol preparations of the strain KIZILLAR,
deposited in the collection of the Department of Parasitology,
Faculty of Science, Charles University, Prague, Czech Republic,
catalogue numbers 7/40 — 7/43.

Habitat: Freshwater sediments.

Type culture: strain KIZILLAR, deposited in the culture collection
of the Department of Parasitology, Charles University in Prague,
Czech Republic.

Etymology: magna [Latin] — great, large. The amoebae of P
magna are considerably bigger than that of P, lanterna.

Genus Sawyeria O’Kelly, Silberman,
Amaral-Zettler, Nerad & Sogin, 2003

Diagnosis: Freshwater. Uninucleate amoebae. Flagellate and
cyst stage unknown. Hydrogenosomes individual, cup-shaped,
not surrounded by rough endoplasmic reticulum. Nucleus with
one to several parietal nucleoli. Single species.

Type species: Sawyeria marylandensis O’Kelly, Silberman,
Amaral-Zettler, Nerad & Sogin, 2003.

Sawyeria marylandensis O’Kelly,
Silberman, Amaral-Zettler, Nerad &
Sogin, 2003

Diagnosis: As for the genus. Locomotive amoeba ca. 35 um
long.

Genus Monopylocystis O’Kelly,
Silberman, Amaral-Zettler, Nerad &
Sogin, 2003

Diagnosis: Marine. Uninucleate. Flagellate, cyst and amoeba
stage ancestrally present, flagellate and cyst unknown in one
species. Nucleolar material peripheral, distributed in a thin ring
beneath the nuclear membrane. Cyst possessing single pore
plugged with gelatinous material. Two species.

Type species: Monopylocystis visvesvarai O’Kelly, Silberman,
Amaral-Zettler, Nerad & Sogin, 2003.

Other species: M. anaerobica (Smirnov & Fenchel, 1996) comb.
nov.

Monopylocystis visvesvarai O’Kelly,
Silberman, Amaral-Zettler, Nerad &
Sogin, 2003

Diagnosis: Locomotive amoebae ca. 22 um long. Floating form
unknown. Uroidal filaments absent. Cyst present, with diame-
ter ca. 11 um. Flagellate stage ca. 16 um long. Four unequal
flagella, one longest, two shorter and equal, one shortest. The
longest flagellum up to 1.5 times the cell length. Ventral groove
almost reaches the posterior end of the cell.
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Monopylocystis anaerobica (Smirnov &
Fenchel, 1996) comb. nov.

Synonym: Vahlkampfia anaerobica Smirnov & Fenchel, 1996.

Diagnosis: Flagellate unknown. Locomotive amoeba ca. 23 um
long. Uroidal filaments present. Floating form present.

Genus Harpagon gen. nov.

Diagnosis: Freshwater. Uninucleate flagellates. Four flagella.
Ventral groove up to Y2 of the cell length. Amoeba and
cyst unknown. Flagellates form several distinct morphotypes.
Nucleus with several parietal nucleoli. Two species.

Type species: Harpagon descissus (Perty, 1852) comb. nov.
Other species: Harpagon schusteri sp. nov.

Etymology: Named after Harpagon, the main character of the
Moliere’s comedy The Miser. The flagellar beating of Harpagon
spp. and the other members of Psalteriomonadidae is reminis-
cent of a hand grabbing money.

Harpagon descissus (Perty, 1852) comb.
nov.

Synonyms: Tetramitus descissus Perty, 1852; Percolomonas
descissus (Perty, 1852).

Diagnosis: Flagellate ca. 17 umlong. Four unequal flagella, one
longest, one shorter, two shortest are equal. Four distinct mor-
photypes: spindle-shaped cell with a short pointed posterior
end, spindle-shaped cell with elongated pointed posterior end,
slender elongated cell, pear-shaped short cell with rounded
posterior end.

Harpagon schusteri sp. nov.

Diagnosis: Flagellate ca. 17 um long. Four unequal flagella, one
longest, shorter, two shortest are equal. Three distinct morpho-
types: spindle-shaped cell with a short pointed posterior end,
slender elongated cell, pear-shaped short cell with rounded
posterior end. The morphotype with a long pointed posterior
end is absent. Differs from H. descissus comb. nov. in more
than 10% of nucleotides in SSU rDNA.

Type locality: Boroda dam, India. 27°02'N, 76°15’E.

Syntype slides: protargol preparations of the strain INDSIP,
deposited in the collection of the Department of Parasitology,
Charles University in Prague, Czech Republic, catalogue num-
bers 5/82 — 5/84.

Habitat: Freshwater sediments.
Type culture: strain INDSIP, deposited in the collection of
the Department of Parasitology, Charles University in Prague,

Czech Republic.

Etymology: Dedicated to F. L. Schuster, who passed away
in 2009. He was an authority in the field of research and

cultivation of pathogenic and opportunistic free-living amoebae.
He authored or co-authored many publications on Naegleria
fowleri and N. gruberi.

Pseudoharpagon gen. nov.

Diagnosis: Brackish and marine. Uninucleate flagellates. Ven-
tral groove ¥2—2/3 of the cell length. Amoeba and cyst unknown.
Single species.

Type species: Pseudoharpagon pertyi sp. nov.

Etymology: pseudo- [Greek] — false; in scientific use, denot-
ing close resemblance to the following element. The genus is
morphologically similar to Harpagon gen. nov.

Pseudoharpagon pertyi sp. nov.

Diagnosis: As for the genus. Flagellate ca. 14 um long. Four
unequal flagella, one longest, three shorter. The longest flagel-
lum up to 1.5 times the cell length.

Type locality: Evros delta, Greece, 40°48'N, 26°01'E.
Habitat: Brackish and marine sediments.

Syntype: Protargol preparations of the isolate EVROS2,
deposited in the collection of the Department of Parasitology,
Charles University in Prague, Czech Republic, catalogue num-
bers 6/64 and 6/65.

Type culture: EVROS2, deposited in the collection of the
Department of Parasitology, Charles University in Prague,
Czech Republic.

Etymology: Named after outstanding protozoologist M. Perty,
who described Tetramitus descissus, now Harpagon descissus.

Methods

Organisms: The strains were isolated from fresh-water, brack-
ish or marine sediments. Freshwater strains were isolated
in Sonneborn’s Paramecium medium (ATCC medium 802);
marine and brackish strains PC4BIC and EVROS2 were iso-
lated in seawater 802 medium (ATCC medium 1525) and
marine strain NY0199 was isolated in 5% TYGM-9 medium
(ATCC medium 1171) prepared with sterilized seawater.
Approximately 2ml of the samples were initially inoculated
into the medium. The cultures were maintained in polyxenic
agnothobiotic cultures at room temperature and were subcul-
tured once a week. Most cultures were not monoeukaryotic and
contained various other protists besides the heteroloboseans.
All strains are available upon request from the collection of
the Department of Parasitology, Charles University in Prague,
Czech Republic. Monoeukaryotic culture of Pseudoharpagon
pertyi NYO199 has been deposited at the ATCC, Manassas,
VA, USA (accession number PRA-359).

Light microscopy: Light-microscopic observations were
performed using an Olympus Microscope BX51 (Olympus
Corporation, Tokyo, Japan) equipped with camera Olympus
DP70 or a Zeiss Axioplan 2 imaging microscope (Carl Zeiss,
Oberkochen, Germany) equipped with Leica DC500 digital
camera (Leica Microsystems, Wetzlar, Germany). Diameters of



locomotive amoebae and flagellates were measured in 50 cells
(30 in NY0199). The morphology of strains EVROS2, INDSIP,
ITZAVL, KIZILLAR, PC4BIC, TEXEL, TOCQV, and VIT5 was
also examined in protargol-stained preparations. Moist films
spread on cover slips were prepared from pelleted cultures
obtained by centrifugation at 500g for 8 minutes. For better
adherence to the cover slip, 1 pl of the sample was mixed with
1 nl of egg white diluted to 1:5 with the corresponding cultivation
medium prior to the wet smear preparation. The films were then
fixed in Bouin-Hollande’s fluid for ca. 5 hours, were washed with
70% ethanol, and were stained with 1% protargol (Bayer, I. G.
Farbenindustrie Actinengesellschaft) following the Nie’s (1950)
protocol.

Transmission electron microscopy: Cells of strains
PC4BIC and KIZILLAR were pelleted by centrifugation at
500g for 8 minutes, resuspended in a solution containing
2.5% glutaraldehyde (Polysciences) and 5mM CaCl; in 0.1 M
cacodylate buffer (pH 7.2), and fixed at room temperature for
4 hours. After washing in 0.1 M cacodylate buffer (three times
per 15 minutes), the cells were postfixed with 2% OsQO,4 in 0.1 M
cacodylate buffer for 3 hours. After washing with an excess vol-
ume of 0.1 M cacodylate buffer (three times per 15 minutes) the
fixed cells were dehydrated in an acetone series and embedded
in Epon resin (Poly/Bed 812, Polysciences). The ultrathin sec-
tions were stained with lead citrate and uranyl acetate (2 — 3%)
and examined using a TEM JEOL 1011 transmission electron
microscope.

DNA isolation, amplification, cloning and sequencing:
Genomic DNA was isolated using the DNeasy Blood &
Tissue Kit (Qiagen), PureGen Tissue DNA isolate kit (Qia-
gen), or MasterPure Complete DNA and RNA purification
Kit (Epicentre, WI, USA) according to the manufacturer’s
instructions. Almost complete SSU rDNA of most strains
was amplified using primers MedlinA (CTGGTTGATCCT-
GCCAG) and MedlinB (TGATCCTTCTGCAGGTTCACCTAC)
(Medlin et al. 1988) with an annealing temperature of 50°C,
except for H. descissus strains BAUM and WS, which uti-
lized 42°C. SSU rDNA of the strain NY0199 was amplified
using NPF1 (TGCGCTACCTGGTTGATCC) and R4 (GATC-
CTTCTGCAGGTTCACCTAC) with an annealing temperature
of 49°C. SSU rDNA of strains CERETE, CIZOV1, IND7,
KIZILLAR, LUH2, LUH3, VIT5, and VIT9 was amplified using
primers HETERF1 (GCTTATTTCRAAGATTAAGCCATGYAAA)
and HETER1K (AAYTCAGGGACGTAATCATT), which were
newly designed on the basis of available SSU rDNA sequences
of freshwater Psalteriomonadidae (genera Psalteriomonas,
Sawyeria, and Harpagon), with an annealing temperature of
60 °C. The PCR products were purified using the QlAquick PCR
Purification Kit (Qiagen), Zymoclean™ GEL DNA Recovery Kit
(Zymo Research) or UltraClean 15 DNA Purification Kit (MO
BIO) and were either directly sequenced or were cloned into
either the TOPO T/A vector pCR4 or the pGEM®-T EASY vector
using the pPGEM®-T EASY VECTOR SYSTEM | (Promega) and
atleast two clones were sequenced. Sequence data reported in
this paper are available in GenBank under accession numbers
JN606327 — JN606357.

Phylogenetic analyses: A data sets containing 31 newly
determined SSU rDNA sequences, 48 sequences of Heterolo-
bosea retrieved from GenBank, and 9 sequences of other
Discoba (Jakobida, Euglenozoa, Tsukubamonas, ‘Soginia’)
used as outgroups, was created. The sequences were aligned
using the MAFFT method (Katoh et al. 2002) with the help of
the MAFFT 6 server http://mafft.cbrc.jp/alignment/server/ with
the G-INS-i algorithm at default settings. The alignment was
manually edited in BioEdit 7.0.4.1 (Hall 1999). The final data
set contained 1246 aligned characters and is available from the
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corresponding author upon request. Phylogenetic trees were
constructed by maximum likelihood and Bayesian methods.
Maximum likelihood analysis was performed in RAXML 7.0.3
(Stamatakis 2006) under the GTRGAMMAI model. Bootstrap
support values were generated in RAXML from 1000 pseu-
doreplicate data sets. Bayesian analysis was performed using
MrBayes 3.1.2. (Ronquist and Huelsenbeck 2003) under the
GTR+ 1+ +covarion model. Four MCMCs were run for 4.10°
generations, until the mean standard deviation of split frequen-
cies based on last 75% generations was lower than 0.01. The
trees were sampled every 100th generation. The first 25% of
trees were removed as burn-in.

Acknowledgements

This work was supported by grants from the Min-
istry of Education, Youth and Sport of the Czech
Republic (project MSM0021620828), the Czech
Science Foundation (projects P506/11/1317 and
206/08/P275), the Grant Agency of Charles Uni-
versity (project 21610), The University of Arkansas
Honors College, the Tula Foundation (Centre for
Microbial Diversity and Evolution) and the Cana-
dian Institute for Advanced Research, Program in
Integrated Microbial Biodiversity. The authors thank

to Pavel Munclinger, Vaclav Pouska, Petr él’pek,
Magdalena Uzlikova, Lenka Zidkova, Vit Céza,
Lucie Jufickova, Martin Kostka, and FrantiSek
Stahlavsky for collecting samples of sediments.

References

Amaral Zettler LA, Gomez F, Zettler E, Keenan BG, Amils
R, Sogin ML (2002) Eukaryotic diversity in Spain’s river of fire.
Nature 417:137

Amaral-Zettler LA, Zettler ER, Theroux SM, Palacios C,
Aguilera A, Amils R (2011) Microbioal community structure
across the tree of life in the extreme Rio Tinto. ISME J 5:42-50

Anderson OR, Wang W, Faucher SP, Bi K, Shuman HA
(2011) A new heterolobosean amoeba Solumitrus palustris n.
g., n. sp. isolated from freshwater marsh soil. J Eukaryot Micro-
biol 58:60-67

Barbera MJ, Ruiz-Trillo 1, Tufts JY, Bery A, Silber-
man JD, Roger AJ (2010) Sawyeria marylandensis has a
hydrogenosome with novel metabolic properties. Eukaryot Cell
9:1913-1924

Baumgartner M, Eberhardt S, De Jonckheere JF, Stetter KO
(2009) Tetramitus thermacidophilus n. sp., an amoeboflagellate
from acidic hot springs. J Eukaryot Microbiol 56:201—-206

Bernard C, Simpson AGB, Patterson DJ (2000) Some
free-living flagellates (Protista) from anoxic habitats. Ophelia
52:113-142

Broers CAM, Molhuizen HOF, Stumm CK, Vogels GD,
Brugerolle G (1990) Psalteriomonas lanterna gen. nov., spec.
nov., a free-living amoeboflagellate isolated from freshwater
anaerobic sediments. Eur J Protistol 25:369-380


http://mafft.cbrc.jp/alignment/server/

830 T. Panek et al.

Broers CAM, Meijers HHM, Symens JC, Stumm CK, Vogels
GD, Brugerolle G (1993) Symbiotic association of Psalteri-
omonas vulgaris n. spec. with Methanobacterium formicicum.
Eur J Protistol 29:98-105

Brown MW, Silberman JD, Spiegel FW (2010) A morpho-
logically simple species of Acrasis (Heterolobosea, Exca-
vata), Acrasis helenhemmesae n. sp. J Eukaryot Microbiol
57:346-353

Brugerolle G, Simpson AGB (2004) The flagellar apparatus
of heteroloboseans. J Eukaryot Microbiol 51:96—-107

Burki F, Shalchian-Tabrizi K, Pawlowski J (2008) Phy-
logenomics reveals a new “megagroup” including most
photosynthetic eukaryotes. Biol Lett 4:366—-369

Cavalier-Smith T (1993a) Percolozoa and the Symbiotic Origin
of the Metakaryote cell. In Sato S, Ishida M, Ishikawa H (eds)
Endocytobiology V. University Press, Tubingen, pp 399—406

Cavalier-Smith T (1993b) Kingdom Protozoa and its 18 phyla.
Microbiol Rev 57:953-994

Cavalier-Smith T (2010) Deep phylogeny, ancestral groups
and the four ages of life. Philos Trans R Soc B 365:111-132

Cavalier-Smith T, Nikolaev S (2008) The zooflagellates
Stephanopogon and Percolomonas are a clade (Class Perco-
latea: Phylum Percolozoa). J Eukaryot Microbiol 55:501-509

Cepicka I, Hampl V, Kulda J (2010) Critical taxonomic revision
of parabasalids with description of one new genus and three
new species. Protist 161:400-433

Darbyshire JF, Page FC, Goodfellow LP (1976) Paratetrami-
tus jugosus, an amoeboflagellate of soils and fresh water, type
species of Paratetramitus nov. gen. Protistologica 12:375-387

de Graaf RM, Duarte I, van Alen TA, Kuiper JWP, Schotanus
K, Rosenberg J, Huynen MA, Hackstein JHP (2009) The
hydrogenosomes of Psalteriomonas lanterna. BMC Evol Biol
9:287

De Jonckheere JF (1998) Sequence variation in the riboso-
mal internal transcribed spacers, including the 5.8S rDNA, of
Naegleria spp. Protist 149:221-228

De Jonckheere JF (2004) Molecular definition and the ubiquity
of species in the genus Naegleria. Protist 155:89—103

De Jonckheere JF (2006) Isolation and molecular identification
of vahlkampfiid amoebae from an island (Tenerife, Spain). Acta
Protozool 45:91-96

De Jonckheere JF, Brown S (2005) The identification of
vahlkampfiid amoebae by ITS sequencing. Protist 156:89-96

De Jonckheere JF, Baumgartner M, Opperdoes FR, Stetter
KO (2009) Marinamoeba thermophila, a new marine heterolo-
bosean amoeba growing at 50 °C. Eur J Protistol 45:231-236

De Jonckheere JF, Baumgartner M, Eberhardt S, Opper-
does FR, Stetter KO (2011) Oramoeba fumarolia gen. nov.,
sp. nov., a marine heterolobosean amoeboflagellate growing at
54°C. Eur J Protistol 47:16-23

Droop MR (1962) Heteramoeba clara n.gen., n. sp., a sexual
biphasic amoeba. Arch Mikrobiol 42:254-266

Dykova |, Peckova H, Fiala |, Dvofakova H (2006) Fish-
isolated Naegleria strains and their phylogeny inferred from ITS
and SSU rDNA sequences. Folia Parasitol 53:172—180

Fenchel T, Patterson DJ (1986) Percolomonas cosmopolitus
(Ruinen) n. gen., a new type of filter-feeding flagellate from
marine plankton. J Mar Biol Assoc UK 66:465-482

Fritz-Laylin LK, Prochnik SE, Ginger ML, Dacks JB, Carpen-
ter ML, Field MC, Kuo A, Paredez A, Chapman J, Pham J,
Shu SQ, Neupane R, Cipriano M, Mancuso J, Tu H, Salamov
A, Lindquist E, Shapiro H, Lucas S, Grigoriev IV, Cande WZ,
Fulton C, Rokhsar DS, Dawson SC (2010) The genome of
Naegleria gruberi illuminates early eukaryotic versatility. Cell
140:631-642

Fulton C (1970) Amebo-flagellates as Research Partners: The
Laboratory Biology of Naegleria and Tetramitus. In Prescott DM
(ed) Methods in Cell Physiology. Academic Press, New York, pp
341-476

Fulton C (1993) Naegleria: a research partner for cell and
developmental biology. J Eukaryot Microbiol 40:520-532

Gray MW, Lang FB, Burger G (2004) Mitochondria of protists.
Annu Rev Genet 38:477-524

Guzman-Fierros E, De Jonckheere JF, Lares-Villa F (2008)
Identification of Naegleria species in recreational areas in
Hornos, Sonora. Rev Mex Biodivers 79:1-5

Hall TA (1999) BioEdit: a user-friendly biological sequence
alignment editor and analysis program for Windows 95/98/NT.
Nucleic Acids Symp Ser 41:95-98

Hampl V, Hug L, Leigh JW, Dacks JB, Lang BF,
Simpson AGB, Roger AJ (2009) Phylogenomic analyses
support the monophyly of Excavata and resolve relationships
among eukaryotic “supergroups”. Proc Natl Acad Sci USA
106:3859-3864

Katoh K, Misawa K, Kuma K, Miyata T (2002) MAFFT: a novel
method for rapid multiple sequence alignment based on fast
Fourier transform. Nucleic Acids Res 30:3059-3066

Kim E, Simpson AGB, Graham LE (2006) Evolutionary rela-
tionships of apusomonads inferred from taxon-rich analyses of
6 nuclear encoded genes. Mol Biol Evol 23:2455-2466

Klug G (1936) Neue oder wenig bekannte Arten der Gat-
tungen Mastigamoeba, Mastigella, Cercobodo, Tetramitus und
Trigonomonas. Arch Protistenkd 87:97-116

Kolisko M, Cepicka I, Hampl V, Leigh J, Roger AJ, Kulda
J, Simpson AGB, Flegr J (2008) Molecular phylogeny of
diplomonads and enteromonads based on SSU rRNA, alpha-
tubulin and HSP90 genes: Implications for the evolutionary
history of the double karyomastigont of diplomonads. BMC Evol
Biol 8:205

Lee J (2010) De novo formation of basal bodies during cellular
differentiation of Naegleria gruberi: Progress and hypotheses.
Sem Cell Dev Biol 21:156-162

Lipscomb DL, Corliss JO (1982) Stephanopogon, a phyloge-
netically important “ciliate”, shown by ultrastructural studies to
be a flagellate. Science 215:303-304

Medlin L, Elwood HJ, Stickel S, Sogin ML (1988) The
characterization of enzymatically amplified eukaryotic 16S-like
rRNA-coding regions. Gene 71:491-499

Murase J, Kawasaki M, De Jonckheere JF (2010) lIso-
lation of a new heterolobosean amoeba from a rice field
soil: Vrihiamoeba italica gen.nov, sp. nov. Eur J Protistol 46:
164-170



Nie D (1950) Morphology and taxonomy of the intestinal proto-
zoa of the Guinea-pig. Cavia porcella. J Morphol 86:381-493

Nikolaev Sl, Mylnikov AP, Berney C, Fahrni J, Pawlowski J,
Aleshin VV, Petrov NB (2004) Molecular phylogenetic analy-
sis places Percolomonas cosmopolitus within Heterolobosea:
Evolutionary implications. J Eukaryot Microbiol 51:575-581

Olive LS, Stoianovitch C, Bennet WE (1983) Descriptions
of acrasid cellular slime molds: Pocheina rosea and a new
species, Pocheina flagellata. Mycologia 75:1019-1029

O’Kelly CJ, Silberman JD, Amaral-Zettler LA, Nerad TA,
Sogin ML (2003) Monopylocystis visvesvarai n. gen., n. sp.
and Sawyeria marylandensis n. gen., n. sp.: two new amito-
chondrial heterolobosean amoebae from anoxic environments.
Protist 154:281-290

Page FC (ed) A New Key to Freshwater and Soil Gymnamoe-
bae. Freshwater Biological Association, Ambleside,

Page FC, Blanton RL (1985) The Heterolobosea (Sarcod-
ina:Rhizopoda), a new class uniting the Schizopyrenida and
the Acrasidae (Acrasida). Protistologica 21:121-132

Parfrey LW, Grant J, Tekle YI, Lasek-Nesselquist E, Morri-
son HG, Sogin ML, Patterson DJ, Katz LA (2010) Broadly
sampled multigene analyses yield a well-resolved eukaryotic
tree of life. Syst Biol 59:518-533

Park JS, Simpson AGB, Lee WJ, Cho BC (2007) Ultra-
structure and phylogenetic placement within Heterolobosea of
the previously unclassified, extremely halophilic heterotrophic
flagellate Pleurostomum flabellatum (Ruinen 1938). Protist
158:397-413

Park JS, Simpson AGB, Brown S, Cho BC (2009) Ultrastruc-
ture and molecular phylogeny of two heterolobosean amoebae,
Euplaesiobystra hypersalinica gen. et sp. nov. and Tulamoeba
peronaphora gen. et sp. nov., isolated from an extremely hyper-
saline habitat. Protist 160:265-283

Park JS, Simpson AGB (2011) Characterization of Pharyn-
gomonas kirbyi (= “Macropharyngomonas halophila” nomen
nudum), a very deep-branching, obligately halophilic heterolo-
bosean flagellate. Protist 162:691-709

Patterson DJ, Brugerolle G (1988) The ultrastructural identity
of Stephanopogon apogon and the relatedness of the genus to
other kinds of protists. Eur J Protistol 23:279-290

Patterson DJ, Rogerson A, Vors N (2000) Class Heterolo-
bosea. In Lee JJ, Leedale GF, Bradbury P (eds) The lllustrated
Guide to the Protozoa. Second edition Society of Protozoolo-
gists, Lawrence, Kansas, pp 1104-1111

Preston TM, King CA (2003) Locomotion and phenotypic
transformation of the amoeboflagellate Naegleria gruberi at the
water—air interface. J Eukaryot Microbiol 50:245-251

Richards TA, Cavalier-Smith T (2005) Myosin domain evo-
lution and the primary divergence of eukaryotes. Nature
436:1113-1118

Robinson BS, Christy PE, De Jonckheere JF (1989) A tem-
porary flagellate (mastigote) stage in the vahlkampfiid amoeba

Diversity and Evolution of Anaerobic Heteroloboseans 831

Willaertia magna and its possible evolutionary significance.
Biosystems 23:75-86

Rodriguez-Ezpeleta N, Brinkmann H, Burger G, Roger AJ,
Gray MW, Philippe H, Lang BF (2007) Toward resolving the
eukaryotic tree: the phylogenetic positions of jakobids and cer-
cozoans. Curr Biol 17:1420-1425

Roger AJ, Simpson AGB (2009) Evolution: Revisiting the root
of the Eukaryote tree. Curr Biol 19:R165-R167

Ronquist F, Huelsenbeck JP (2003) MRBAYES 3: Bayesian
phylogenetic inference under mixed models. Bioinformatics
19:1572-1574

Sheehan KB, Ferris MJ, Henson JM (2003) Detection of Nae-
gleria sp. in a thermal, acidic stream in Yellowstone National
Park. J Eukaryot Microbiol 50:263—265

Simpson AGB (2003) Cytoskeletal organization, phylogenetic
affinities and systematics in the contentious taxon Excavata. Int
J Syst Evol Microbiol 53:1759-1777

Smirnov AV, Fenchel T (1996) Vahlkampfia anaerobica n.
sp. and Vannella peregrinia n. sp. (Rhizopoda): anaerobic
amoebae from a marine sediment. Arch Protistenkd 147:
189-198

Stamatakis A (2006) RAXML-VI-HPC: Maximum likelihood-
based phylogenetic analyses with thousands of tagxa and
mixed models. Bioinformatics 22:2688-2690

Stechmann A, Cavalier-Smith T (2002) Rooting the eukaryote
tree by using a derived gene fusion. Science 297:89-91

Stechmann A, Cavalier-Smith T (2003) The root of the eukary-
ote tree pinpointed. Curr Biol 13:R665-R666

Visvesvara GS, Moura H, Schuster FL (2007) Pathogenic and
opportunistic free-living amoebae: Acanthamoeba spp., Bala-
muthia mandrillaris, Naegleria fowleri, and Sappinia diploidea.
FEMS Immunol Med Microbiol 50:1-26

Visvesvara GS, Sriram R, Qvarnstrom Y, Bandyopadhyay
K, Da Silva AJ, Norman J, Pieniazek NJ, Cabral GA (2009)
Paravahlkampfia francinae n. sp. masquerading as an agent
of primary amebic meningoencephalitis. J Eukaryot Microbiol
56:357-366

Weekers PHH, Kleyn J, Vogels GD (1997) Phylogenetic posi-
tion of Psalteriomonas lanterna deduced from the SSU rDNA
sequence. J Eukaryot Microbiol 44:467—470

Wuyts JY, Van de Peer Y, Wachter RD (2001) Distribution of
substitution rates and location of insertion sites in the tertiary
structure of ribosomal RNA. Nucleic Acids Res 29:5017-5028

Yabuki A, Nakayama T, Yubuki N, Hashimoto T, Ishida K,
Inagaki Y (2011) Tsukubamonas globosa n. gen., n. sp., A
Novel Excavate Flagellate Possibly Holding a Key for the Early
Evolution in “Discoba”. J Eukaryot Microbiol 58:319-331

Yubuki N, Leander BS (2008) Ultrastructure and molec-
ular phylogeny of Stephanopogon minuta: An enigmatic
microeukaryote from marine interstitial environments. Eur J
Protistol 44:241-253

Available online at www.sciencedirect.com

SciVerse ScienceDirect



http://www.sciencedirect.com/science/journal/14344610

	Diversity, Evolution and Molecular Systematics of the Psalteriomonadidae, the Main Lineage of Anaerobic/Microaerophilic He...
	Introduction
	Results
	General Observations
	Light-microscopic Species Observations
	Psalteriomonas lanterna
	Psalteriomonas magna sp. nov.
	Sawyeria marylandensis
	The Flagellate Stage of Monopylocystis visvesvarai
	Harpagon descissus comb. nov.
	Harpagon schusteri sp. nov.
	Pseudoharpagon pertyi sp. nov.

	Ultrastructure Observations
	Flagellate Stage of Monopylocystis visvesvarai
	Psalteriomonas magna sp. nov.

	Molecular Phylogenetic Analyses

	Discussion
	Species Identity of the Isolates
	Phylogeny of the Heterolobosea
	Diversity of the Psalteriomonadidae

	Taxonomic Summary
	Genus Psalteriomonas Broers, Stumm, Vogels & Brugerolle, 1990
	Psalteriomonas lanterna Broers, Stumm, Vogels & Brugerolle, 1990
	Psalteriomonas vulgaris Broers, Meijers, Symens, Stumm & Vogels, 1993
	Psalteriomonas magna sp. nov.
	Genus Sawyeria O’Kelly, Silberman, Amaral-Zettler, Nerad & Sogin, 2003
	Sawyeria marylandensis O’Kelly, Silberman, Amaral-Zettler, Nerad & Sogin, 2003
	Genus Monopylocystis O’Kelly, Silberman, Amaral-Zettler, Nerad & Sogin, 2003
	Monopylocystis visvesvarai O’Kelly, Silberman, Amaral-Zettler, Nerad & Sogin, 2003
	Monopylocystis anaerobica (Smirnov & Fenchel, 1996) comb. nov.
	Genus Harpagon gen. nov.
	Harpagon descissus (Perty, 1852) comb. nov.
	Harpagon schusteri sp. nov.
	Pseudoharpagon gen. nov.
	Pseudoharpagon pertyi sp. nov.

	Methods
	Acknowledgements
	References


