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Abstract: Heterolobose amoebae are important members of marine, freshwater, and soil microbial
communities, but their diversity remains under-explored. We studied the diversity of Vahlkampfiidae
to improve our understanding of heterolobosean relationships and their representation in aquatic
benthos. Using light and electron microscopy, and molecular phylogenies based on the SSU rRNA
and ITS loci, we describe the fine morphology and evolutionary relationships of a new heterolobosean
Parafumarolamoeba stagnalis n. sp. from a small pond in European Russia. Cells of P. stagnalis possess
a clearly distinguishable anterior hyaline pseudopodium, eruptive movement, several thin and
sometimes branched uroidal filaments, spherical cysts without pores and plugs, and mitochondria
that have discoid cristae and are surrounded by cisternae of the endoplasmic reticulum. The genus
Parafumarolamoeba has so far included a single species, Parafumarolamoeba alta from high-altitude
soil in Tibet, which is morphologically distinct from P. stagnalis. Taxonomic description for a new
Parafumarolamoeba species is therefore provided.

Keywords: Parafumarolamoeba; phylogeny; SSU rRNA; ITS; Vahlkampfiidae; Heterolobosea; ultrastructure

1. Introduction

Heterolobosea Page and Blanton 1985 is a relatively small group of protists belong-
ing to Discoba and combining heterotrophic amoeboflagellates, amoebae, flagellates and
some slime molds (Acrasidae). Heteroloboseans are commonly amoeboflagellates, which
alternate amoeboid and flagellar stages during their life cycle. The genus Naegleria is the
most well studied of them: N. fowleri is a deadly human parasite [1] and N. gruberi is a
model for the development of the flagellar apparatus [2]. However, other heteroloboseans
have been studied to a much lesser extent, despite their wide environmental presence and
morphological diversity.

Members of the family Vahlkampfiidae contribute significantly to the diversity and
abundance of amoebas in a wide variety of aquatic and terrestrial habitats [3–5]. Vahlkamp-
fia was initially distinguished by the lack of a flagellate stage and pores in the cyst wall [6].
Phylogenetic studies based on the small subunit ribosomal RNA (SSU rRNA) sequence, a
universal marker for the taxonomy of heteroloboseans and many other protists, changed
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the systematics of the Vahlkampfiidae [7,8], including the splitting of Vahlkampfia into four
genera: Tetramitus, Vahlkampfia, Neovahlkampfia and Paravahlkampfia [8]. Additional genera
(e.g., Fumarolamoeba, Parafumarolamoeba) and species belonging to Vahlkampfiidae have
since been described. It was established that species of Naegleria and other vahlkamp-
fiids are difficult to distinguish by morphological characteristics [9], making molecular
techniques pivotal in uncovering the vahlkampfiid phylogeny and diversity.

The less conservative ITS region has also been used to differentiate vahlkampfiid
species and gives phylogenetic signal that is largely congruent with that of SSU rRNA
trees. Different species within heterolobosean genera (e.g., Paravahlkampfia, Tetramitus,
Naegleria,) can be up to 99.81% similar in the ITS region (Tetramitus thorntoni AJ698843
and T. jugosus AJ698845) and 99.76% by SSU rRNA (Paravahlkampfia ustiana KX068999 and
P. francinae FJ169185). An integrated approach to conduct phylogenetic analysis of both
genes is preferred over using a single marker [10,11].

Here we describe a new species of Parafumarolamoeba isolated from a freshwater pond
and provide its morphological and ultrastructural characteristics, and phylogeny based on
the SSU rRNA gene and ITS region.

2. Materials and Methods
2.1. Clone Isolation, Microscopy, and Laboratory Experiments

The clone Va-1 was derived from a single cell isolated by a micropipette from a
sediment sample taken from a small pond near the Borok settlement, Russia (58◦03′39.1′′ N
38◦14′48.0′′ E) on 28 February 2012.

The culture was maintained in Petri dishes filled with Pratt medium (KNO3–100 mg L−1;
K2HPO4–10 mg L−1; MgSO4·7H2O–10 mg L−1; FeCl3·6H2O–1 mg L−1) with Pseudomonas
fluorescens Migula bacteria added as food. Clone Va-1 is currently being stored in a collection
of live protozoan cultures at the Institute for Biology of Inland Waters, Russian Academy
of Sciences.

Light microscopy observations were made by using the Zeiss AxioScope A.1 equipped
with a DIC and phase contrast water immersion objective (63×). The images were taken
with the AVT HORN MC-1009/S analog video camera and directly digitized using the
Behold TV 409 FM tuner.

For scanning electron microscopy (SEM), cells in culture medium from exponential
growth phase were fixed with 2% glutaraldehyde (final concentration) for 10 min at 22 ◦C
and gently drawn onto a polycarbonate filter (diameter 24 mm, pores 0.8 µm). Following
the filtration, the specimens were taken through a graded ethanol dehydration and acetone
and finally put into a chamber of a critical point device for drying. Dry filters with fixed
specimens were then mounted on aluminum stubs, coated with gold, and observed with
the JSM-6510LV scanning electron microscope (JEOL, Japan).

For transmission electron microscopy (TEM), cells were centrifuged and fixed in a
cocktail of 0.6% glutaraldehyde and 2% OsO4 (final concentration) prepared on 0.05 M
cacodylate buffer for 30–60 min. Fixed cells were dehydrated in alcohol and acetone series
(30, 50, 70, 96, and 100%, 20 min in each step). Afterwards, the cells were embedded in a
mixture of Araldite and Epon. Ultrathin sections (50 nm) were prepared with the Leica EM
UC6 ultramicrotome (Leica Microsystems, Germany) and observed by using the JEM 1011
transmission electron microscope (JEOL, Japan).

Experiments were carried out to check the ability of species to produce flagellar
zoospores. Three different approaches were used. (A) The Petri dishes with amoeboid
cells and cysts were incubated at different temperatures from 4◦ to 40 ◦C (the temperature
was increased sequentially by 1 ◦C daily); (B) the cell suspension was shaken up for 3 h
using a magnetic stirrer; (C) the media was replaced in the Petri dishes with amoeboid
cells and cysts several times. We used the three approaches to induce zoospores alone and
in combination (A, B and C).
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2.2. DNA Sequencing and Phylogenetic Analysis

Cells of the strain Va-1 were grown in a clonal culture and collected by centrifugation
(1000 g, room temperature) onto a 0.8 mm-pore membrane of the Vivaclear mini column
(Sartorius Stedim Biotech, VK01P042). Genomic DNA was isolated using the MasterPure™
Complete DNA and RNA Purification Kit (Epicentre, Cat. No. MC85200). The SSU rRNA
gene of strain Va-1 were amplified using the universal eukaryotic primers PF1-FAD4 [12]. The
internal transcribed spacer (ITS) region, including the 5.8S rDNA was amplified using JITS-F
and JITS-R primers [10]. EconoTaq PLUS GREEN 2X Master Mix (Lucigen, Cat. No 30033-1)
was used in the following PCR amplification program: initial denaturation at 95 ◦C for 3 min,
35 cycles of 95 ◦C for 30 s, 52 ◦C for 30 s, 72 ◦C for 1.5 min, and a final extension at 72 ◦C
for 5 min. The amplified DNA fragments were purified with QIAquick PCR Purification
Kit (Quagen, Cat. No. 433160764). The PCR products were subsequently cloned (ITS)
using StrataClone PCR Cloning Kit (Agilent, Part Number 240205) or sequenced directly
(SSU rRNA) by Sanger dideoxy sequencing. Two additional internal primers 18SintF (5′-
GGTAATTCCAGCTCCAATAGCGTA-3′) and 18SintR (5′- GTTTCAGCCTTGCGACCATACT-
3′) were used for SSU rRNA sequencing. The final sequences were assembled from four
overlapping reads using the Phred-Phrap-Consed package [13].

Seventy-three SSU rRNA sequences of Heterolobosea and twenty-five ITS sequences
were aligned by the L-INS-i algorithm in MAFFT v7 [14] and trimmed by using the Gap-
pyout method in TrimAl (v. 1.3) [15]. MrBayes v3.2.6 [16] was run with four categories of
Gamma-distributed among site rate variation and calculation of the proportion of invari-
able sites (GTR+I+GAMMA4 substitution model). Four independent Bayesian runs, with
four Metropolis-coupled Markov chains each, were sampled across 20 million generations
and summarized at a 50% burn-in. The maximum likelihood phylogeny was computed
in IQ-TREE v1.5.4 [17] by using the best fit model (as determined by the in-built Mod-
elFinder), TIM2+F+R4 for the SSU rDNA and TN+F+G4 for the ITS region dataset, and
1000 non-parametric bootstraps.

3. Results
3.1. Cell Morphology
Parafumarolamoeba stagnalis n. sp.

The cells possess a distinct anterior hyaline pseudopodium, which is usually solitary
but can also occur as a pair of competing pseudopodia formed by eruptive movement
(Figure 1A–C; Video S1). These pseudopodia usually account for 15–25% of the cell length
(Figure 1A–K). The length of motile cell is 13–28 µm (mean 17.9 ± 0.5 µm, n = 50), width is
9–12 µm (mean 10.4 ± 0.5 µm, n = 50). The length: width ratio is 4.3 in active cells and 1.7
in slowly moving cells. Some specimen possessed several thin and sometimes branched
uroidal filaments (Figures 1D,E,H and 2A,B). The cell contains small cytoplasmic granules,
food vacuoles and a large posterior contractile vacuole (Figure 1A,H,J), which is created by
the fusion of 5 to 7 smaller vacuoles (Figure 1G,I). The nucleus, 1.5–2.0 µm in diameter, lies
just behind the hyaline pseudopodium (Figure 1A,G). The nucleus is rounded but could un-
dergo shape change during cell movement. A caudal bulb is rarely present. Eruptive pseu-
dopodia can form in the direction of cell movement or subapically (Figures 1I,J and 2A–C).
Slow moving cells can form pseudopodia along the cell perimeter (Figure 1K). Cells can
quickly change the direction of movement at a 90◦ angle. Floating cells are irregular
with short obtuse pseudopodia (not shown). Spherical cysts are 5–7 µm in diameter
(mean 6.3 ± 0.2 µm, n = 30) with a conspicuously thick wall (Figure 1L). The cysts possess
one central nucleus but no apparent pores or plugs (Figure 2D).
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Figure 1. Light microscopy of cells (A–K) and cysts (L) of P. stagnalis. Abbreviations: cv—contractile vacuole, n-nucleus,
ps—pseudopodium, uf—uroidal filaments. Scale bars: 5 µm.

Cysts can form aggregations of 2 to 7 units. Flagellate stages were not observed
despite attempts to induce them (see Section 2). The maximum temperature in which cells
survived was 36 ◦C.

The cell is covered with a typical plasmalemma and weakly developed outer fibrous
layer of the glycocalyx (Figure 3A,B). Glycostyles, scales, and granules are absent on
the cell surface. Cytoplasm in the hyaline pseudopodium is less electron-dense and
less osmiophilic than other cytoplasm (Figure 3C). The mitochondria are surrounded by
cisternae of the endoplasmic reticulum and possess discoidal cristae (Figure 3D–F). The
nucleus has a central nucleolus (Figure 3A). The food vacuole contains engulfed bacteria
(Figure 3A). Several contractile vacuoles lie close to each other at the posterior side of the
cell (Figure 3B,F). Cysts are spherical and covered with an envelope (Figure 3G–I), whose
thickness positively correlates with the cyst maturation stage. In mature cysts, the envelope
is three-layered, 100–200 nm thick (Figure 3I).
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Figure 2. Surface morphology (SEM) of P. stagnalis amoebae (A–C) and cyst (D). Scale bar: (A–C)—5 µm, (D)—1 µm.
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Figure 3. Ultrathin sections of amoebae and cysts (TEM). (A)—general view, (B)—contractile vacuole and part of cell
surface, (C)—hyaline pseudopodium, (D,E)—mitochondrium with discoidal cristae, (F)—small contractile vacuoles, (G,H)—
cysts, (I)—envelope of the cyst. Abbreviations: cr—crista, en—envelope, er—endoplasmc reticulum, fv—food vacuole,
mt—mitochondria, pm—plasmalemma. For explanation of other symbols, see Figure 1. Scale bar: (A,C,F,G,H)—2 µm,
(I)—0.6 µm, (D,E)—0.5 µm, (B)—0.2 µm.

3.2. Phylogenetic Analysis

The phylogenetic position of the novel vahlkampfiid species was inferred from
Bayesian and Maximum likelihood trees, which had nearly identical topologies. Phy-
logenetic analyses based on the SSU rRNA gene (Figure 4) placed Parafumarolamoeba
stagnalis within the fully supported clade comprising Parafumarolamoeba alta [11], several
environmental sequences, and two sequences apparently misannotated as ‘Chlorella sp.’
(MW441243 and KC218483). The closest sister group to Parafumarolamoeba is Fumarolamoeba.
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Figure 4. Bayesian phylogeny of the SSU rRNA gene. Bayesian posterior probabilities and Maximum
Likelihood (TIM2+F+R4 model) bootstrap values are indicated at branches (values >0.9/>60 are
shown; dt—different topology). Pharyngomonas kirbyi HQ898858 SD1A and Heterolobosea sp. BB2
JX509941 were used as the outgroup.

The ITS phylogeny (Figure 5) grouped Parafumarolamoeba stagnalis (1/98 support) with
Parafumarolamoeba alta (KF547913) and three sequences misannotated as ‘Chlorosarcinopsis
eremi’ (Chlorophyta; MN832495 and KM114872) and ‘Synechococcus lividus’ (KX180162).
Their closest sister groups (1/87 support) are the clade uniting Fumarolamoeba sp. (MT109104)
and Fumarolamoeba ceborucoi (FR719837) and, more distantly, Paravahlkampfia (1/100 sup-
port). The SSU rDNA and ITS tree topologies are more different in their deeper splits,
but this is perhaps not surprising because the ITS sequences are fast-evolving and little
informative at above-genus level.



Diversity 2021, 13, 433 8 of 14

Figure 5. Bayesian phylogeny of the internal transcribed spacer (ITS) region. Bayesian posterior probabilities and Maximum
Likelihood (TN+F+G4 model) bootstrap values are indicated at branches (values >0.9/>70 are shown; dt—different topology).

The SSU rRNA sequences MW441243 and KC218483 as well as ITS sequences MN832495,
KM114872, and KX180162 are misannotated in the NCBI GenBank database as green al-
gae and cyanobacteria and most likely represent unknown vahlkamphiids contaminating
algal cultures that were studied in these unpublished surveys (see the corresponding NCBI
GenBank records).

4. Discussion

The clone Va-1 clearly belongs to the Vahlkampfiidae because of its limax morphology
and eruptive movement, as well as its mitochondrial ultrastructure and general cyst
morphology. The absence of the flagellated stage and of pores in the cyst wall unites
Va-1 with representatives of Fumarolamoeba, Paravahlkampfia, Allowahlkampfia, Vahlkampfia,
Acrasis [18–20].

The shape of locomotive cells of Parafumarolamoeba stagnalis resembles Vahlkampfia
anaerobica but differs from it by the presence of contractile vacuoles, cysts and conventional
mitochondria [21]. P. stagnalis differs from V. ovis by the structure and size of its cysts and
by smaller cell length. P. stagnalis lacks a prominent bulbous uroid, which is common in
other vahlkampfiids, and possess very small cysts, probably the smallest in this family.

P. stagnalis resembles V. magna, V. debilis, V. avara by cyst wall structure [22], however,
the latter cysts are larger, with a diameter of 10 µm or more. In addition, the amoeboid
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cells in V. debilis are smaller (15–20 µm) than in P. stagnalis, and they are capable of rapid
gliding movement not observed in P. stagnalis.

P. stagnalis is smaller than V. caledonica (length 47.4± 16.0 µm, width 12.1 ± 3.2 µm) [23]
and Paravahlkampfia lenta (length 37–80 µm, width 11–24 µm) [9]. The cells of parasitic
Paravahlkampfia francinae are similar in size to P. stagnalis but are able to grow at higher
temperature of up to 42 ◦C with a growth optimum at 37 ◦C [24].

The ultrastructure of the vesicular nucleus, mitochondria with discoid cristae, and
mitochondria-adjacent cisternae of the endoplasmic reticulum unite P. stagnalis with
P. francinae and other vahlkampfiids [25,26].

In comparison with the closest described relative Parafumarolamoeba alta, which forms
dimorphic cysts (wrinkled and round), only round cysts were found in P. stagnalis. The
cysts of P. stagnalis and Fumarolamoeba ceborucoi sometimes form aggregations. Mature cysts
of P. stagnalis have three-layered envelope unlike F. ceborucoi, which forms cysts with a
double wall [11,27].

Representatives of Parafumarolamoeba have a single nucleus, while trophozoites of
F. ceborucoi can have from two to six nuclei (most commonly two). The size of the nucleolus
can serve as one of the most distinctive features. The nucleolus of P. stagnalis is characterized
by a large size and reaches about 2/3 of the diameter of the nucleus. P. alta and F. ceborucoi
have smaller nucleoli, which reach about 1/3 and 1/2 of the diameter of the nucleus
respectively [11,27].

Two closely related genera Fumarolamoeba and Parafumarolamoeba are also distinguish-
able by limax locomotion, which is typical for P. stagnalis and P. alta. However, the tropho-
zoites of F. ceborucoi are rarely found. In addition, P. stagnalis and P. alta have protruding
uroidal filaments, which were not detected in F. ceborucoi [11,27] (Table 1).
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Table 1. Morphological comparison of P. stagnalis and related species *.

Species Locomotive form
Length (µm)

Locomotive form
Width (µm)

Limax
Morphology

Uroidal
Filaments

Nucleolus/Nucleus
Size Ratio

Cyst
Characteristics

Growth
Temperature, ◦C Source

Parafumarolamoeba
stagnalis 17.9 ± 0.5 10.4 ± 0.5 + + 2/3

d = 5–7 µm
round cysts,

three-layered
envelope

Max 36 Current study

P. alta 20.9 7.9 + + 1/3
d = 5.7 ± 0.4 µm

wrinkled and
round

? Geisen et al., 2015

Fumarolamoeba
ceborucoi 26 13.8 rarely - 1/2 d = 6.2 µm

double wall cysts

Max 51 (not
multiply but

survives)

De Jonckheere
et al., 2011

Vahlkampfia
anaerobica 11–34 7 + + ? no cysts observed ? Smirnov et al.,

1996

V. avara 15–33 5–11 + + 1/2

d = 9.7 µm
Smooth, gelati-
nous(‘sticky’)

single cystwall

? Page, 1967

V. caledonica 47.4 ± 16.0 12.1 ± 3.2 + + 2/5 no cysts observed ? Anderson et al.,
2007

Paravahlkampfia.
lenta 37–80 11–24 + + 4/5

d = 18.1 µm
smooth, double

cystwall, (‘sticky’)
outerwall

Max 34 Brown and De
Jonckheere, 2004

P. francinae 15–25 5.9–9.9 + + 3/5

d = 17.5 µm
round, double cyst

wall; cysts from
older cultures

with wrinkled and
star-shaped outer

cyst walls

Opt 37 Visvesvara et al.,
2009

* neither form flagellated stages nor have cyst pores. “+”—present, “-”—absent, “?”—no data available.
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The presented morphological evidence leads us to classify the clone Va-1 to the genus
Parafumarolamoeba as a new species. The genus Parafumarolamoeba has contained a single
species, P. alta, isolated from high-altitude soil in Tibet. Closely related environmental sequences
belonging to the Parafumarolamoeba clade are derived from three drinking water supplies in the
Caribbean Leeward Antilles (HQ999738, HQ998889, HQ999786) [28], engineered water systems
(GU970137, GU970145, GU970167, GU970175, GU970179, GU970340, GU970368, GU970378,
GU970178, GU970165, GU970363, GU970376, GU970100, GU970181) [29] and two groundwater
supplies in The Netherlands (EU860626, EU860662) [30], as well as from hot water system
(France) (GQ861576) [31] and River Mountains Water Treatment Facility (RMWTF), Henderson,
NV, USA (MG418743) [32]. This conclusion is supported by the molecular phylogeny of the
SSU rRNA and ITS, where two representatives of Parafumarolamoeba are monophyletic with
strong support (Figures 4 and 5). These morphologically different species are 98.2% and 87.7%
identical to each other by SSU rRNA and ITS, respectively. Many of the related environmental
sequences are characterized by about the same or lower genetic distances between themselves.
This opens up the question of whether all these environmental sequences are separate species.

The biology of Parafumarolamoeba includes many unresolved questions since the most
closely related species on the gene trees come from very unusual environments: Fumarolamoeba
ceborucoi FR719837 from a volcano in Mexico and Fumarolamoeba sp. MT109104 from Italian hot
springs, both of which point to the ability of Fumarolamoeba to survive in hyperthermophilic
environments [27,33]. In contrast, both representatives of the genus Parafumarolamoeba come
from an environment with normal conditions and are probably unable to survive high
temperatures. The origin of some related environmental sequences (AY082995, FN867186,
FN867225, FN867270) [34,35] indicates that they potentially tolerate low pH values and heavy
metal pollution, but further research into these aspects is necessary, especially considering the
high sequence diversity in the Parafumarolamoeba clade.

Taxonomic Summary

Assignment. Eukaryota; Discoba; Heterolobosea; Vahlkampfiidae; Parafumarolamoeba

Parafumarolamoeba stagnalis n. sp.

Trophozoites are 13–28 µm in length and 9–12 µm in width. The length:width ratio
is 4.3 in active cells and 1.7 in slowly moving cells. Clearly distinguishable anterior
hyaline pseudopodium reaches 15–25% of the cell length. Limax morphology and eruptive
movement. Cells can quickly change the direction of movement at a 90◦ angle. Floating
cells irregular with short obtuse pseudopodia. Several thin and sometimes branched
uroidal filaments. Spherical cysts 5–7 µm in diameter have a conspicuously thick wall, no
pores and plugs. Caudal bulb is rarely present. Flagellate stages were not observed. The
maximum temperature of cells survival is 36 ◦C.

Type strain. Va-1. Stored in the collection of live protozoan cultures at IBIW RAS.
Type Figure: Figure 1A illustrates a live cell of strain Va-1.
Type locality. Small pond near settlement Borok, Russia.
Habitat. Fresh water, Russia.
Etymology. Named by the place of finding. From Latin stagnum (pond).
Gene sequence. The SSU rRNA gene sequence has the GenBank accession number

MZ919148.
Zoobank Registration: http://zoobank.org/urn:lsid:zoobank.org:act:7DCAECB1-6

46E-4E07-B81B-CCAD412BA143

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/d13090433/s1. Video S1: Moving of Parafumarolamoeba stagnalis.
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