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Summary

Naked lobose amoebae (also known as gymnamoebae) nowadays are split into the
Tubulinea and Discosea lineages within the Amoebozoa supergroup; few genera
belong to the Variosea lineage. Morphological identification of amoeba species
is difficult because it requires study of clonal cultures. Most of species nowadays
require molecular data for precise identification. The deficiency of these data results
in the lack of reliable information on the local amoebae faunas, their abundance and
distribution in natural and artificial habitats. In this paper we provide faunistic and
quantitative data on naked lobose amoebae from bottom sediments of ponds located
in urban parks of Moscow, Russia. We applied enrichment cultivation, followed by
light-microscopic study, and in some cases — electron-microscopic and molecular
studies. In total, 29 amoebae species were found. Most of recovered isolates might be
new to science. The number of amoebae cells in the sediments, estimated using the
most probable number method, varied from 75 to 288 cells ml-!. Overall, the diversity
and abundance of naked amoebae in urban park ponds is comparable with that in
intact biotopes, and they are not affected by the urbanization-driven pollution. These
results suggest that urban parks play an essential role in maintaining and preserving
eukaryotic microbial diversity in the anthropogenic environment.
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Introduction

Naked lobose amoebae, formerly known as
gymnamoebae or Gymnamoebia sensu Page (1987),
nowadays are split into the Tubulinea and Discosea
lineages of the supergroup Amoebozoa; few genera
belong to the Variosea lineage (Adl et al., 2019). In
the system by Smirnov et al. (2011), these lineages
are ranked as classes.

Amoeboid protists are among the most difficult
objects for species identification. Morphological
identification of naked amoebae is an expert task,
it usually requires clonal cultures (Page, 1988;
1991; Smirnov and Goodkov, 1999; Rogerson
and Patterson, 2002), and anyway often remains
problematic (Smirnov and Brown, 2004; Smirnov,
2008; Kudryavtsev and Hausmann, 2009; Mesentsev
and Smirnov, 2019; Mesentsev et al., 2021). Now-
adays, molecular data are necessary for correct
identification of most naked amoebae species
(Mesentsev et al., 2020, 2022). As a result, faunistic
and ecological studies of naked amoebae are still
limited in number.

Observation of naked amoebae in fresh samples
is almost unfeasible because they generally become
detectable only when their abundance increases after
several cycles of cell division, which usually takes a
few days and depends on the cell size and growth
conditions. Therefore, microscopical identification
and enumeration of amoebae in natural samples
requires application of an enrichment cultivation
approach (Cutler, 1920; Severtsoff, 1922; Page, 1988;
Darbshire et al., 1996). This approach is funda-
mentally handicapped because only the species
that can grow and multiply in the used enrichment
medium can be detected during observations (Smir-
nov, 2003, 2007). Thus, any faunistic study reveals
just a subset of species inhabiting a particular habitat.
Moreover, this approach does not allow researchers
to differentiate cysts and trophozoites, because
amoebae can excyst and multiply under appropriate
conditions. However, it remains the only possible
way to observe and study the diversity of amoebae
at the morphological level.

Application of molecular methods, including
environmental DNA studies, did not solve the
problem of unveiling the amoeba diversity, mostly
because of the absence of group-specific primers
(Adl et al., 2014; Geisen et al., 2015). As a result,
molecular ecological studies of naked lobose amoe-
bae are limited and remain focused on pathogenic
groups, like Acanthamoeba (Garciaetal., 2013; Abd
El Wahab et al., 2018; Ren et al., 2018; Samba-
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Louaka et al., 2019). So far, few molecular studies
have provided datasets showing representative
environmental diversity of naked amoeba genotypes
belonging to different lineages (Tsao et al., 2019).

For the same reasons, the quantification of
naked amoebae in environmental samplesis a chal-
lenging task. Amoebae cells cannot be directly
counted in a sample. There were several attempts to
apply fluorescent dyes for that purpose (Rogerson,
1988, 1991; Rogerson and Laybourn-Parry, 1992).
However, this approach was not widely accepted
due to the low selectivity of the method. At the mor-
phological level, the dilution method remains the
only practically available (Cutler, 1920; Singh, 1946;
Darbyshire et al., 1974; Rgnn et al., 1995; Smir-
nov et al., 1998). It is culture-based and quite
laborious. However, it allows simultaneous obser-
vation of locomotive amoebae together with the
enumeration of cells and provides cultures for further
identification and study. In recent decades, the
method has been improved and simplified by using
the Poisson-based estimates of the most probable
number (MPN) of amoebae cells in a single dilution
set (Anderson 1998; Smirnov et al., 1998; Garstecki
and Arndt, 2000). Like in other methods based on
the enrichment cultivation, biases related to the
selective recovery of species and the absence of the
possibility to differentiate active and resting stages
of amoebae remain valid. However, currently there
are no other methods of amoeba enumeration.

In this paper, we estimated the abundance and
species diversity of naked lobose amoebae belonging
to the classes Tubulinea and Discosea (Amoebozoa)
in the top layer of the bottom sediment of ponds
located in three Moscow urban parks. The study
was performed using an enrichment cultivation
approach, followed by light-microscopic and
molecular identification of isolated organisms.

Material and methods
SAMPLING

Samples of the upper layer of bottom sediment
were collected in three ponds of Moscow urban parks:
Apothecaries’ Pond in “The Apothecaries’ Garden”
(55°46°44.4”N 37°38°10.4”E), Sobachiy pond in the
park Izmailovsky (55°46°46.0”N 37°46°08.3”E), and
Oleniy pond in the park Sokolniki (55°48°05.6”N
37°41°36.2”E) (Fig. 1) on August 20, 2020 (two sets
of samples from each pond) and June 6, 2021 (one
set of samples from each pond). Photographs of
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Table 1. Temperature and hydrochemical characteristics of the studied ponds.

Apothecaries’ Pond Sobachiy Pond Oleniy Pond

August 20, 2020

Temperature, °C 15.1 18.1 18.1

pH 7.21 7.55 7.71

ORP, mV -160 83 153

TDS, pS/cm 326 178 869
June 6, 2021

Temperature, °C 16.0 18.8 19.5

pH 7.34 7.71 7.92

ORP, mV Not measured 94 120

TDS, pS/cm 415 261 1203

Notes: ORP - Oxidation-reduction potential; TDS - total dissolved solids

these ponds and closer views of sampled biotopes are
shown in Figure 1. Hydrochemical parameters were
measured onsite using portable HANNA (USA)
devices during the sampling (Table 1). The top layer
of bottom sediments (ca. 20 cm?®) was collected in
the littoral zone at a depth of approximately 50 cm in
plastic bottles. In 2020, two samples were collected
at a distance of ca. 50 cm; in 2021, one sample was
collected in each pond. Samples were transported
to the laboratory and inoculated on the same day.

INOCULATION, OBSERVATION AND QUANTIFICATION

For species identification and enumeration of
amoebae, samples were carefully shaken to mix the
sampled material, placed in the graded tube and left
for several minutes to settle down. The volume of the
sediment was adjusted to 1 ml using sterile plastic
pipette to remove the extra amount of sediments.
The remaining 1 ml of the sediment was diluted in
1000 ml 0of 0.025% WG infusion (see Geisen et al.,
2014 for the protocol) made on PJ medium (Prescott
and James, 1955) and inoculated into fifty Petri
dishes (60 mm in diameter) under constant shaking
to ensure homogeneous distribution of the materials
among dishes. In addition, twenty Petri dishes (90
mm in diameter) were filled with the same medium
and inoculated with 0.2-0.5 ml of the sediment to
better estimate the diversity of amoebae.

Cultures were observed for the presence of
amoebae after 7 and 14 days of cultivation using an
inverted Nikon TS100-F microscope. Amoebae-
positive dishes were marked and a cumulative list
of species found during the first and the second
examinations was created for each dish. Preliminary
identification of amoebae was performed following

Page (1988, 1991) keys and other relevant literature.
For detailed light-microscopic investigation, cells
were transferred to glass slides and observed with
an upright microscope Leica DM2500 equipped
with phase contrast and differential interference
contrast (DIC). Amoebae were photographed and
video-recorded using a Nikon DS-Fi3 camera. For
measurement, we used NisElements AR software
(Nikon). For every found isolate, we attempted to
establish clonal cultures using the same liquid WG
medium and wMY agar medium (Spiegel et al.,
1995), overlayed with liquid WG medium.

The treatment of MPN series was performed
as suggested by Garstecki and Arndt (2000) and
further modified by Smirnov (2002). In the 50-
dish series, every amoeba species was counted
individually that resulted in a table showing the
occurrence of every taxon. The total number of
findings was statistically treated (op. cit.) to get the
MPN number for every individual species. To get the
total number of amoebae, obtained MPN numbers
were summarized.

DNA EXTRACTION FROM SINGLE CELLS

For the DNA extraction, single cells were col-
lected, washed twice in millipore-filtered (0.22
um) PJ solution and transferred with 1-2 pl of
PJ in a 200 um PCR tube. DNA was extracted
using the Arcturus PicoPure DNA extraction Kit
(thermo Fischer Scientific, USA) following the
manufacturer’s instructions. The 18S rRNA gene
was amplified by PCR using eukaryotic primers
RibA (forward) and RibB (reverse) (Medlin et al.,
1988; Pawlowski, 2000). Thermal cycle parameters
were: initial denaturation (10 min at 95 °C) followed
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Fig. 1. Images of sampling sites and closer view of the sampled habitats: A—B — Sobachiy Pond; C—D — Oleniy
Pond; E—F — Apothecaries’ Pond. Not to scale.
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by 39 cycles of 30 s at 94 °C, 60 s at 58 °C and 120
sat 72 °C, followed by 10 min at 72 °C for the final
extension. Amplicons were purified in 1.5% agarose
gel using Cleanup mini Purification Kit (Eurogene,
Moscow, Russia) and sequenced using ABI-PRISM
Big Dye Terminator Cycle Sequencing Kit with the
RibA, s6F, s12.2,s12.2R, s14 and s20R primers for
18S rRNA gene (Medlin et al., 1988; Pawlowski,
2000; Adl et al., 2014). Search in the GenBank
database (Benson et al., 2013) was performed using
BLASTN (Zhangetal., 2000) on the NCBI web-site
(https://www.ncbi.nlm.nih.gov/).

Results

A total of 29 morphospecies of naked lobose
amoebae were discovered during the study. Twenty-
three species were found during the quantitative
analysis and six additional species were observed
in 90 mm Petri dishes used for the recovery of
amoeba diversity (Table 2, Figs 2-3). The observed
morphospecies belong to three classes: Tubulinea
(6 morphospecies), Discosea (22 morphospecies)
and Variosea (one morphospecies, Flamella sp.).
Six isolates were assigned to known species based
on morphological and molecular data, while the rest
were identified to the genus or higher taxonomical
levels generally based on light microscopy (electron-
microscopy for several species). Most of the revealed
isolates evidently represent new species that should
be described during the future studies. Complete or
partial SSU rRNA gene sequences were obtained
from nine isolates (Table 2) and used to confirm
their identification.

The species diversity in the ponds was analyzed
based on the samples collected in 2021, because by
that time we had better knowledge of the diversity
of amoebae and identified more species within
the genera Cochliopodium and Korotnevella than
in 2020 (Table 2). The species number of naked
lobose amoebae was the greatest in the Sobachiy
(the maximum number of species was 18) and
Oleniy ponds (12), whereas the lowest value (10)
was observed in the Apothecaries’ Pond.

One of the most interesting isolates was a strain
of Paradermamoeba valamo Smirnov et Goodkov
1993 (Fig. 2, D), identified by light and electron
microscopy. We obtained a SSU sequence of this
strain and included this species in the phylogenetic
tree of Amoebozoa (Smirnov et al., 2020). In
addition, we obtained an SSU sequence for a strain
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of Thecamoeba striata (Figs 2, 1; 3, F). This sequence
was identical to the partial sequence of the currently
lost CCAP 1583 /4 strain of the speciesin all its 1083
bp length (Mesentsev et al., 2022). This means that
the studied species represents Thecamoeba striata
(Penard 1890) Schaeffer 1926. The result can be
considered as a case of reliable re-isolation of a
species from a distant location.

Another interesting finding was a representative
of the genus Endostelium Olive, Bennett et Deasey
1984 (order Pellitida) (Fig. 2, K) as shown by
the results of SSU gene sequencing. The species
Vannella simplex Wohlfarth-Bottermann 1960,
which is widely distributed worldwide (Smir-nov et
al., 2002), was observed in the present stu-dy that
adds another geographic location to its distribution
range.

Data on the abundance of amoebae species and
the total number of amoebae are presented in Table
2. The highest numbers of amoebae were found in
Sobachiy and Oleniy ponds, while Apothecaries’
Pond showed the lowest abundance of amoebae both
in 2020 and 2021. The maximal difference in the total
number of amoebae in two samples collected from
the same pond in August 2020 did not exceed 20%.
This was the case of Sobachiy pond, while in Oleniy
pond the number of cells was almost the same in two
independent samples. However, the abundance of
amoebae in 2020 and 2021 considerably differed in
all ponds. In Oleniy pond, the difference exceeded
two times (up to 272 ml! in 2020 and 134 ml-' in
2021). In two other ponds the difference was lower.

The total number of detected amoebae cells in
one milliliter of the bottom sediment varied from 75
ml' in Apothecaries’ Pond in August, 2020 to 288
ml'in Sobachiy pond in June, 2021.

Discussion
SPECIES DIVERSITY

During this study, we discovered 29 morpho-
species of naked lobose amoebae. This number
is comparable to similar studies made on various
freshwater and marine habitats. Environmental
conditions in different habitats, the methods of
sampling and study significantly vary from one study
to another, so it might be difficult to compare the
data directly (Kyle and Noblet, 1987; Smirnov and
Goodkov, 1996; Smirnov et al., 1998; Smirnov,
2003; Rodriguez-Zaragoza et al., 2005; Kiss et al.,
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Apothecaries’ Pond Sobachiy Pond Oleniy Pond
g8 | 88 | 8¢ | 8¢ | g8 | &8 | &¢ | 8g | &%
S Q6 8& S S 8& SR S 8&
1 | Cochliopodium sp. (1) 9 42 16
2 | Cochliopodium sp. (2) 15 57 8
6 6 5 33 8 22
3 | Cochliopodium sp. (3) 2 4 10
4 | Cochliopodium sp. (4) _ 1 _
5 | Korotnevella sp. (1) 4 29 12
6 | Korotnevella sp. (2) 3 4 _ 46 54 18 33 54 11
7 | Korotnevella sp. (3) — 5 —
8 | Mayorella sp. (1) 14 6 15
12 4 14 27 48 60
9 | Mayorella sp. (2) 19 1 4
10 | Vannella simplex 0 39 10 37 37 35 29
60 30
11 | Vannella sp. 16 51 27 71 43 48 19
12 | Saccamoeba sp. 1 1 3 11 9 0 8 4 0
13 | Stenamoeba sp. 1 6 0 4 1 2 1 2 0
14 | Vexillifera sp. 4 15 0 3 0 1 0 14 0
15 | Paradermamoeba levis 2 0 3 22 6 6 57 16 2
16 | Thecamoeba striata 0 0 0 1 0 1 0 0 0
17 | Flamella sp. 0 9 0 2 0 0 5 8 0
18 | «Gocevia sp.» 0 0 12 0 0 0 0 0 8
19 | Hartmannellidae gen. sp. 0 0 0 3 0 0 14 1 0
20 | Dermamoeba sp. 0 0 0 2 0 0 0 0 0
21 | Leptomyxa regia 0 0 0 8 3 2 18 5 0
22 | Amoeba sp. 0 0 0 1 0 1 0 2 0
23 | Vannellidae gen. sp. 0 0 0 0 0 4 0 0 0
Amoeba cells total, ml%, MPN 89 75 97 212 170 288 272 271 134
Species total 8 8 10 15 9 18 11 13 11
Found without counting of individuals in 90 mm dishes
24 | Endostelium. sp. ‘ ‘ +
25 | Pellitida gen. sp. + ‘ ‘
26 | Paradermamoeba valamo +
27 | Polychaos sp. F ar
Thecamoeba cf.
28 | quadrilineata +
29 | Echinamoeba sp. + ‘ ‘
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Fig. 2. DIC images of amoebae species recovered from the bottom sediment of the ponds, located in Moscow
urban parks. Cells are moving on the surface of the object slide, under upright microscope. A — Amoeba sp.;
B — Mayorella sp. (1); C — Mayorella sp. (2); D — Paradermamoeba valamo; E — Paradermamoeba levis; F —
Leptomyxa regia; G — Korotnevella sp. (1); H — Vexillifera sp.; 1 — Thecamoeba striata; J — Saccamoeba sp.; K
— Endostelium sp.; L — Cochliopodium sp. (4); M — Echinamoeba sp.; N — Vannella simplex; O — Vannella sp.;
P — Cochliopodium sp. (3). Scale bars: A - 40 um, B-G and I-N - 20; H, O-P — 10 um.

2009). Overall, the number of species found in the
studied habitats is comparable with that recovered by
enrichment cultivation of different kinds from other
freshwater lakes, or even exceeds these amounts. For
instance, O’Dell (1979) discovered 15 species of
amoeba in 12 samples of the upper layer of bottom
sediments from the freshwater Papio Lake in 12
samples of the upper layer of bottom sediments.

Smirnov and Goodkov (1996) reported 39 species
of naked lobose amoebae in the bottom sediments of
the Leshchevo Lake on Valamo Island as a result of
observations for several years. Patsyuk and Dovgal
(2012) noted up to 30 species of naked amoebae in
various freshwater reservoirs. Probably the maximal
recorded number of naked amoebae morphospecies
was 64 species recovered during the long-term and
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Fig. 3. Phase-contrast images of amoebae species recovered from the bottom sediment of the ponds, located in
Moscow urban parks. Cells are moving on the surface of plastic Petri dish, in culture, under inverted microscope.
A — Hartmannellida gen. sp.; B — Cochliopodium sp. (2); C — Cochliopodium sp. (1); D — Cochliopodium sp.
(3); E — Polychaos sp.; F — Thecamoeba striata; G — Thecamoeba cf quadrilineata; H — Vannellida gen. sp.;
1 — Vannella sp.; ) — Stenamoeba sp.; K — “ Goceviasp”.; L — Mayorella sp. (1); M — Korotnevella sp. (2). Scale
bars: A, D,H,J, M —5um; C, F-G, L — 10 um; I — 15 um; E — 60 pm.

very detailed study of a productive pond Priest Pot in
the English Lake District (Finlay et al., 2000; Finlay
and Fenchel, 2004).

The data available for marine and brackish
waters are also comparable. Forexample, 16 species
were isolated from Chincoteague Bay (Sawyer,
1975a, 1975b) and can be considered as a moderate
diversity. Sawyer (1980) listed up to 19 species froma

single site in the Atlantic Ocean, and up to 20 species
were recorded in the New York Bight Apex (Sawyer
and Bodammer, 1983). Rogerson (1991) found 27
species in samples collected from the surface of
seaweed near Isle of Cumbrae (the Firth of Clyde,
Scotland). Butler and Rogerson (1995) found about
70 amoeba morphotypes in the bottom sediments of
the Firth of Clyde. Itislogical that long-term studies
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and sampling of different biotopes at various seasons
allow recovering more species rather than studies of
a single type of biotopes (e.g., bottom sediments).
So, the results obtained in the present study are
comparable with data reported from other habitats
using morphological methods (e.g., Smirnov, 2003;
Patsyuk and Dovgal, 2012; Patsyuk, 2014).

In modern studies, the massive parallel sequ-
encing method was applied to estimate the diversity
of protists, including naked amoebae. These studies
were mostly focused on pathogenic species (e.g.,
Garcia et al., 2013; Delafont et al., 2014, 2019;
Scheikl et al., 2016). Geisen and coauthors (2015)
carried out a metatranscriptomic analysis of the soil
samples; however, they did not select individuals
but counted the total number of amoebozoan
genotypes. Other researchers performed a general
metatranscriptomic analysis of 18S rRNA genes,
providing only the percentage ratio of Amoebozoa
to other eukaryotes (e.g., Stoeck et al., 2010). Few
authors have attempted to estimate the overall
diversity of Amoebozoa, but in most cases, they
were facing serious technical problems, mostly
related to the primer specificity. Tsao and coauthors
(2019) found 79 phylotypes belonging to Tubulinea,
Discosea and Variosea in the DNA isolated from the
samples of cooling tower water. This amount exceeds
the maximal numbers of species recovered in the
morphological studies, and the taxonomic coverage
in the cited study looks rather representative,
showing that the molecular approach, as applied in
this paper, may be a promising way for unveiling the
lobose amoeba diversity.

ABUNDANCE OF AMOEBAE IN POND SEDIMENTS

The recovered abundance of amoebae in our
study varied from 75 to 288 cells ml"!, which is a
modest value, comparing with the abundance of
amoebae in many other habitats. Smirnov and
coauthors (1998) recorded from 100 to 500 cells mI!
ofamoebae in the top layer of the bottom sediment of
afreshwater Lake Leshevoe (Valamo Island, Ladoga
Lake, Russia). Anderson (2007), in an annual study,
found from 81 cells ml' of amoebae in January to
1568 cells ml-! in June (early summer peak) and
1813 cells ml-'in October (autumn peak). O’Dell
(1979) counted up to 2100 cells of Acanthamoeba
polyphagain one gram of the bottom sediment of the
Papio Lake. The wide range of abundance reported
in those studies probably reflect both the biases of
culture-based methods of amoeba count and the true
variation in amoeba abundance in various substrates
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and biotopes at different seasons. Another reason is
probably the pronounced heterogeneity of amoeba
distribution in natural biotopes and the patchy
distribution of many species (Anderson, 2002;
Smirnov and Thar, 2003).

The abundance of naked lobose amoebae in
other biotopes, like mosses and soil, may be even
higher than in water habitats. Direct count of large
amoebae in Sphagnum-dominated bog reported up
to 15575 amoebae cells per one cubical decimeter
of substrate, which corresponds to ca. 15 cells cm™
(Rogerson, 1982). A much greater abundances of
amoebae can be found in soil. The reported amounts
vary from 3200 cellsg! (Menapace, 1975) to 421000
- 1690000 cells g'' (Brzezinska-Dudziak, 1953).
Taken together, the data on water, soil and other
studied biotopes suggest that amoeboid protists play
an important role in mass and energy flows in the
environment. Overall, the diversity and abundance
of naked amoebae in urban park ponds, reported
in the present study, is comparable with those in
various intact biotopes, not affected by urbanization.
This evidences the essential role of urban parks in
maintaining and preservation of biodiversity in the
anthropogenic environment.
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