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ABSTRACT: A strain of Vexillifera Schaeffer, 1926 was isolated from the bottom
sediments of the Vostok Bay of the Sea of Japan and showed close similarity to V. armata
Page, 1979. The new strain shares several morphological characters of this morphospecies,
in particular, cell coat structure and the presence of unique “trichocyst-like bodies” in the
cytoplasm. The studied strain branches in one of the clades of marine Vexillifera species,
with the unnamed Mediterranean Vexillifera strain K9 as its closest relative. Unfortunately,
the type strain of V. armata was lost before any molecular data were obtained. Therefore,
no information is available on this species for molecular comparison. The studied strain was
isolated from the habitat geographically very distant from the type one. The type strain of
V.armata was estuarine, while the new strain was isolated from the lower sublittoral benthos
and appears to be stenohaline based on the results of an experimental study. It also showed
some elusive morphological differences that may be regarded as intraspecific variation.
Although currently known extent of cryptic speciation in the naked lobose amoebae is
relatively high, the differences between the studied strain and V. armata may be too subtle
to warrant a description of a separate species. Therefore, we conclude that the new strain
should be identified as Vexillifera cf. armata. Re-isolation of V. armata from its type
locality is highly desirable to evaluate a degree of molecular variability within this
morphospecies.
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PE3IOME: llItamm ame0, uaeHTH(GUIMPOBAHHBIX KaK MpeacTaBuTenu pona Vexillifera
Schaeffer, 1926, 6b1u1 U30MPOBaH U3 JOHHOTO IPYHTA 3a1KMBa BocTok SIMOHCKOrO MOpSI.
HccnenoBanubie ameObl ObLIIM CXOIHBI ¢ BUIOM V. armata Page, 1979. 3y4eHHbIH mTaMM
00J1a/1aeT HECKOJIBKMMHU MOPOJIOTHUECKHMH MTPU3HAKAMU 9TOT'O BU/IA, B YaCTHOCTH, TIOXO-
KUM CTPOCHUEM IMOKPOBA KJICTKHU U YHHUKAJIbHBIMU ((TpI/IXOI_[I/ICTOHOJIO6HbIMI/I CTPYKTYypa-
MM B LIUTOILJIa3M€E. I/I3y‘IeHHLIﬁ mTaMM Ha (I)I/IHOFeHeTI/I’-IeCKOM JApPCBC BXOOUT B COCTaB
OJTHOY W3 BETBEH, OOBEIMHSIONINX MOPCKUX MpeacTaButenei poaa Vexillifera; ero omu-
JKaWIINM POJICTBEHHUKOM SIBJISIeTCS HenJeHTUuIpoBanublid mramm K9 u3 Cpeanzem-
HOoro mops. K coxaneHuto, TUMOBOH 1mtamm V. armata ObUT yTpadeH IO TOTO, Kak
NOSIBUJIACh BO3MOYKHOCTB IPOBECTH KaKNE-TH00 MOJIEKYJISIPHBIC HCCIIEI0OBAHUS ATHX aMe0.
[TosTOMY CpaBHHTH OOHAPY)KEHHBIH HAMHU LITaMM | V. armata Ha OCHOBaHUH MOJIEKYJISIP-
HBIX TIOCJICAI0BATCILHOCTCH HEBO3MOXKHO. MI3yueHHBIH B JaHHOU paboTe IITaMM H30JUPO-
BaH M3 OMOTOMA, reorpapuuecKy OYCHb yIAJICHHOI'O OT TOTO, IJ¢ ObLT HAWICH MITAMM
IIsiimka. Tunosoil mwtaMM V. armata BBIAEIEH U3 ACTyapusi, B TO BpeMs KakK IITaMM,
U3y4YCHHBIN B ITaHHOW paboTe, 00HapyKeH B OEHTOCE HMIKHEI CYyOIMTOpAIH U 10 Pe3yJib-
TaTaM NPOBCACHHBIX OKCIICPUMEHTAJIbHBIX HCCJ]G[[OBaHHﬁ, BO3MOXKHO, ABJIAICTCA CTCHOT'a-
JIMHHBIM. DTOT IITAMM TaKKe 06ﬂa/:[aeT OYCHb HE3HAUUTCIbHBIMU MOp(bOJ'IOl"I/I‘-IeCKI/IMI/I
OTJIMYMSIMHU OT THUIIOBOTO ITamma V. armata, KOTOPBIC MOXXHO TPAKTOBATh KaK BHYTPUBU-
JOBBIC. XoTts B HaCTOAIIEC BPpEMs CPCIU I'OJIBIX JT0003HBIX aMe6 N3BCCTHBI CJTy4Yau BUJI0B-
IlBOﬁHI/IKOB, paszaniusa MEXIY U3YUCHHBIM IITAMMOM W TUIIOBBIM HITAMMOM V. armam,
BCPOATHO, CIIMIIKOM HE3HAYUTCJIbHBI IJIA OMHUCAHUA OTACJIHLHOI'O BHUAA. HOSTOM}/ MBI
JIeNIaeM BBIBOJI O TOM, YTO M3YUYCHHBIM IITAMM CleAyeT 0003HaunTh Kak Vexillifera cf.
armata. J17s OLIGHKU YPOBHsI BAPLHPOBAHH MOJICKYJISIPHBIX MapKepoB B rpejenax Mopdo-
JIOTHYeCcKOro Buaa Vexillifera armata xpaiine sxenareyibHa peU30JIAIHs aMe0, OTHOCSIIIUX -
Cs K OTOMY BUY, U3 TUIIOBOT'O MECTOOOUTaHUS.
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Introduction

The genus Vexillifera Schaeffer, 1926
(Amoebozoa: Dactylopodida) comprises 25
named species with morphological and molec-
ular details described to a very different degree
(Penard, 1890, 1902; Schaeffer, 1926; Waliles,
1932; Page, 1969, 1972, 1979a, b; Sawyer,
1975; Bovee, 1985; Dykova et al., 2011; Van
Wichelenetal.,2016; Kudryavtsev etal.,2018).
The genus is very heterogeneous morphologi-
cally, yet all its members form a single clade on
the molecular phylogenetic tree of Amoebozoa
based on the small subunit (SSU) rRNA gene
(Dykova et al., 2011; Van Wichelen et al.,
2016; Kudryavtsev et al., 2018). In addition,
they are characterized by specific sequence
motifs in this marker, in particular, a very diver-
gent, unusually short and AT-rich part of the
hypervariable region V4 corresponding to the
helices 23/el and 23/e2 (Kudryavtsev et al.,
2018). The clade of Vexillifera spp. branches at
the base of the Dactylopodida (Smirnov et al.,
2005; Dykova et al., 2011; Kudryavtsev,
Pawlowski, 2015; Van Wichelen et al., 2016;
Kudryavtsev et al., 2018) and is one of the most
stable and longest branches among the Discosea
due to a significant divergence of its sequences
from the rest of this clade. Regardless of the
robustness of this clade, its morphological and
ecological heterogeneity may prompt for de-
scription of several genera, once more species
are investigated using ultrastructural and mo-
lecular methods. Only a small fraction of named
species of Vexillifera has been simultaneously
studied using microscopic and molecular meth-
ods (Kudryavtsev et al., 2018). Several species
of the genus Vexillifera have previously been
studied using microscopic methods only (e.g.
Bovee, 1985; Bovee, Sawyer, 1979; Page,
1979b), but it is based on these data that the
current concept of the genus Vexillifera has
partly been elaborated (Kudryavtsev et al.,
2018). Therefore, molecular phylogenetic data
have to be collected for these species to incor-
porate them in the current scheme of the phylog-
eny of the genus. As it is often the case among
the naked lobose amoebae, this task may be
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challenging when no reference cultures of these
previously described species are preserved from
these studies (Smirnov, Brown, 2004).

Vexillifera armata Page, 1979 is the species
with neither phylogenetic data nor type culture
available. This amoeba was isolated by Page
(1979a) from the Frogmore Creek off the Kings-
bridge estuary (South Devon, England, UK) and
investigated using light and electron microsco-
py. This is the only species of Vexillifera where
the enigmatic trichocyst-like bodies in the cyto-
plasm were described, and one of the two with
the glycocalyx composed of hexagonal glyco-
styles. The culture was deposited with the Cul-
ture Collection of Algae and Protozoa (CCAP)
in UK, but subsequently lost before any molec-
ular data could be obtained. Later, a strain
identified as V. armata was isolated by T. Nerad
in 2000 from the salt marsh on the USA east
coast and deposited in American Type Culture
Collection as strain ATCC® 50883™. Only
SSU-rRNA gene sequence was obtained for this
strain (Peglar et al., 2003), but as it quickly
became clear (Mullen et al., 2005), this se-
quence is almost identical to the one of
Pseudoparamoeba pagei (Sawyer, 1975). The
genuine members of Vexillifera always form a
clade distinct from Pseudoparamoeba (Dykova
etal.,2011; Kudryavtsev et al.,2018). Later on,
a strain of Vexillifera was isolated and studied
from the marine habitat in the Mediterranean
Sea, that resembled V. armata possessing sim-
ilar trichocyst-like bodies, but had a different
cell coat (Pizzetti et al., 2016). The purpose of
this paper is to report an isolation and a molec-
ular investigation of another strain of Vexil-
lifera that is morphologically almost identical
to V. armata Page, 1979.

Materials and Methods

Sampling, isolation and cultivation

A strain ofamoebadesignated VO16.21.1.5.1
was isolated from the sample of the upper layer
(1 cm) of bottom sediments collected in Vostok
Bay of the Sea of Japan (42.69579°N, 132.
58841°E) at the depth of 70 m on September,
13% 2016. The seawater salinity at the time of
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sampling was 34%o. Samples were collected
using a modified Van Veen grab, and subsam-
pling of the sediment performed immediately
using a sterile plastic spoon into sterile 100-ml
plastic container. Ca. 0.5 ml portions of sedi-
ment were aseptically inoculated into 90-mm
plastic Petri dishes filled with filter-sterilized
(0.22 pm) seawater with addition of three auto-
claved wheat grains per dish. Amoebae were
detected in inoculated samples using a Leica
DM IL inverted microscope. The culture was
purified and cloned by transferring single cells
with a glass capillary pipette into the plastic
Petri dishes filled with artificial medium ob-
tained by dissolving sea salt (Red Sea Coral
Pro) in double-distilled water to a concentration
0f30%o with addition of two sterile wheat grains
per 60-mm Petri dish. Bacteria co-isolated with
amocbae from the sample served as the food
source. The clonal cultures were maintained in
60-mm plastic Petri dishes for investigations
and in 50-ml tissue culture flasks with aerated
caps (TPP) for long-term storage. Light micro-
scopic investigations were performed as de-
scribed in Kudryavtsev et al. (2019).

For transmission electron microscopic stud-
ies amoebae were fixed using 2.5% (v/v) solu-
tion of glutaraldehyde in 0.05M Na cacodylate
buffer (pH 7.4) prepared with 30%o salinity
medium for 40 min followed by a 1% (W/v)
solution of osmium tetroxide in the same buffer
mixture for one hour. All other details of fixa-
tion and further sample processing protocol
were done as in Kudryavtsev ef al. (2019).
Ultrathin sections were observed using a JEOL
Jem-1400 transmission electron microscope
operated at 80 kV.

Salinity tolerance experiments

To test for survival and growth, small
amounts of amoebae taken from the cultures in
their growth phase were inoculated into the
media with different salinities in three repeti-
tions. Cells in a culture flask containing 15 ml of
the medium were suspended by vigorous shak-
ing, and a small portion of suspension (approx-
imately two ml) was put into 50-ml plastic
centrifuge tubes filled with seawater of required
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salinity. After mixing thoroughly by inversion,
the resulting suspension was distributed equally
between three 60 mm Petri dishes. This method
was used with all the salinities in this experi-
ment. The experimental salinity values tested
were: 0.5, 5, 10, 15, 30, 40, 50, 70, and 90%o.
The inoculated dishes were checked in approx-
imately 30 minutes after inoculation to make
sure enough amoebae were inoculated into the
dish. Control cultures inoculated in a similar
way into the original salinity (30%o) were in-
cluded in every experiment. Petri dishes were
sealed with Parafilm, and condition of amoebae
was checked with the inverted microscope in
two hours after inoculation, followed by regular
observations during subsequent 2—3 weeks.

Molecular phylogenetic analyses

The total DNA was isolated from densely
growing cultures using the guanidine isothiocy-
anate method of Maniatis et al. (1982). PCR
amplification of the SSU rRNA gene was per-
formed using a primer pair A10s1 and RibB
(Medlin et al., 1988; Kudryavtsev ef al., 2009)
with annealing temperature +50 °C. The ampl-
icons obtained from two independently isolated
DNA samples were purified using spin columns
of the CleanUp Standard PCR purification kit
(Evrogen) and sequenced directly using termi-
nal and universal internal primers for the SSU
rRNA gene. A 715-bp barcoding fragment of
the cytochrome C oxidase subunit 1 (COI) gene
was amplified as described in Nassonova ef al.
(2010). The amplicon was purified as indicated
above, and sequenced directly using PCR prim-
ers. The initial steps of the phylogenetic analy-
ses were performed as described in Kudryav-
tsev et al. (2019). The final alignments consist-
ed of 81 SSU rRNA gene sequences of ‘Flabel-
linia’ (i.e. Vannellida and Dactylopodida) in-
cluding all currently available sequences of
Vexillifera spp. and several sequences of uncul-
tured lobose amoebae known from the previous
studies (Berney et al., 2004; Poitelon et al.,
2009) that showed a tendency to group with
Vexillifera in preliminary analyses. A total of
1516 bps unambiguously aligned sites were
analysed. RAXML v. 8.2.12 (Stamatakis, 2014)
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was used for the maximum likelihood (ML) tree
inference with GTRGAMMALI substitution
model and bootstrap with 1000 pseudorepli-
cates. Bayesian analysis was performed using
MrBayes 3.2.6 (Ronquist et al., 2012) with
GTR substitution model, Covarion model and a
Gamma distribution model for the site rate vari-
ation, with eight rate categories and a propor-
tion of invariable sites. Markov chain Monte
Carlo analysis was run for 10000000 genera-
tions with a burn in fraction of 0.25 samples.
Two runs of four simultaneous chains finally
converged with the average standard deviation
of the split frequencies of 0.002548. Chain
results were analysed using Tracer v. 1.6 (Ram-
baut et al., 2014) to ensure sufficient sampling
of the parameters. The second SSU rRNA gene
alignment (1450 unambiguously aligned posi-
tions) analysed using the same parameters con-
sisted of all available sequences of the genus
Vexillifera with three sequences of Cunea spp.
as outgroup. COI gene alignment included 48
nucleotide sequences (all currently available
species of Dactylopodida and Vannellida as an
outgroup, with 606 nucleotide positions. Tree
reconstruction was performed similarly to the
SSU rRNA gene analysis, but the Bayesian
inference used 20000000 generations and the
chains converged to the average standard devi-
ation of the split frequencies of 0.001252.

Results

Morphology of the strain VO16.211.5.1

During locomotion amoebae of this strain
were 14.8-32.0 um long by 7.4—-19.3 um broad
(average 20.5 by 12.1 pm), with length: breadth
ratio 0.9:1-2.9:1 (average 1.8:1). The locomo-
tive forms were flattened, usually the anterior
part of the cells was the broadest, and amoebae
were tapering towards the pointed uroid (Fig.
1A, D). Sometimes cells were ovoid and equally
broad in the anterior and posterior parts, with
smooth, rounded uroid (Fig. 1C). The cyto-
plasm consisted of a flattened anterior hyaline
area that occupied up to a half of the cell, and the
granuloplasm located posteriorly. The anterior
margin of the hyaloplasm was uneven, with
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short, blunt subpseudopodia. Amoebae also pro-
duced longer subpseudopodia that were formed
on the dorsal surface of the cell (Fig. 1D, E).
Their maximal length equaled approximately
half of the length of the cell. Some of these
subpeudopodia were thickened at their tips and
had a clavate appearance. These subpseudopo-
dia were usually directed anteriorly and actively
waved in the medium while the cell was moving
forward (Supplementary Video S1). After relo-
cation towards the posterior end of the cell, they
bent at their bases and started to point towards
a posterior direction (Fig. 1D, F) that was usu-
ally followed by their fast withdrawal. The uroid
sometimes carried the remnants of these subp-
seudopodia (Fig. 1A), but no other differentiat-
ed uriodal structures were produced. Some of
the cells temporarily expanded during locomo-
tion in the direction of movement by adhesion of
their posterior end to the substratum (Fig. 1F).
Locomotion on the glass surface was usually
unstable, with frequent stops and changes in the
direction of movement. When changing the di-
rection, the cells expanded their anterior hyaline
area in the new direction of movement (Fig.
1G). The average locomotive rate at +22...
+25 °C was 25.7 um min™' (18.0-35.4 um min';
n=7) that comprised about one cell length per
minute. Floating forms were frequently pro-
duced in cultures. They had an irregular shape
with the cytoplasm contracted in the form of
irregularly spherical or ovoid mass producing
two to six slender, hyaline pseudopodia that
could be up to three times as long as the diameter
of the central cytoplasmic mass (Fig. 2). The
nucleus was spherical, of vesicular type, with
the large, central nucleolus (Fig. 1E, F). The
diameter of nucleus and nucleolus was 3.3-5.7
um (average 4.3 um) and 1.8-3.1 pm (average
2.6 um), n=29, respectively. During locomo-
tion the nucleus was usually located either in the
central part of the granuloplasm or in its anterior
part, close to the border between hyaloplasm
and granuloplasm. The granuloplasm contained
numerous food vacuoles enclosing bacteria (Fig.
1F) and several prominent large vacuoles that
contained the remnants of digested material and
appeared to be the derivatives of the food vac-
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Fig. 1. Light microscopic micrographs of Vexillifera cf. armata strain VO16.211.5.1 in vivo (DIC). A—-F —
locomotive forms; G — non-directly moving amoeba; H — amoeba squeezed by the coverslip showing a
trichocyst-like body (arrowhead). D-E — amoebae photographed in two different focal planes to show
dorsal subpseudopodia (in E). Abbreviations: n — nucleus. Scale bar: 10 um.

Puc. 1. [Ipmxunsnennsie cBeToonTnaeckrne Mukpodpororpadun Vexillifera cf. armata mramm VO16.211.5.1
(muddepennuanbublii nHTEpEPEHIMOHHBIN KOHTpAcT). A—F — noxomoTopHbie hopmbr; G — HeHarpas-
JICHHO nepeMernatoniasica ameda; H — ame6a, npuaaBieHHas HOKPOBHBIM CTEKJIOM, BUJIHA TPHXOLUCTOIIO-
nobHast cTpykTypa (ctpernka). D-E — ame0sr, choTorpadupoBaHHbie B IBYX pa3HbIX ONTHYECKHUX TIOCKO-
CTSIX JUISl IEMOHCTPAIMK 0P3aibHbIX cyoOrncesnonoaunit (va E). O6o3Hauenus: n — siapo. Macurrabnast
yepta: 10 MKM.
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Fig. 2. Light microscopic micrograph (upper left)
and schematic drawings of the floating forms of
Vexillifera cf. armata strain VO16.211.5.1. Scale
bar: 20 pm.

Puc. 2. CeeroonTrueckass Mukpogororpadpus (Je-
BbIil BEPXHHUIT yroJT) M CXeMaTHYECKHE H300paKeHUS
¢dnotupyromux dpopm Vexillifera cf. armata mramm
VO16.211.5.1. Macmrabuas yepra: 20 MKM.

uoles (Fig. 1H). The granuloplasm in all amoe-
bae observed with light microscopy also con-
tained about five rod-shaped structures without
a permanent position in the cell, best seen when
an amoeba was slightly squeezed with a cover-
slip (Fig. 1H). The length of these structures
measured on slides was 3.3—7.2 um (average
4.9 um), n=11.

Transmission electron microscopy demon-
strated a plasma membrane uniformly covered
with the glycocalyx consisting of the prismatic
glycostyles (Fig. 3A, B). The glycostyles ap-
peared to be attached to the plasma membrane
with plate-like bases, and consisted of six stalks
raising over the base plate and forming a char-
acteristic hexagonal structure in tangential sec-
tions. The stalks appeared to be interconnected
with each other at the top of a glycostyle. The
cytoplasm contained electron-dense structures
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adjacent to the plasma membrane that were
rounded or ovoid, 56-132 nm across (average
81.9 nm), n=45 (Fig. 3A, B, D). These struc-
tures appeared to be unevenly distributed across
the surface, and were most numerous in the parts
of the sections that corresponded to the periph-
eral areas of the cell. The nucleus in sections
was irregularly rounded, with the central, elec-
tron-dense nucleolus (Fig. 3C). Subpseudopo-
dia, when present in the sections, contained
longitudinal bundles of microfilamentous mate-
rial (Fig. 3D). Mitochondria in sections were
spherical or ovoid, with tubular cristac (Fig.
3E). The Golgi dictyosome was about 2 pum
across and consisted of five or six stacked
cisternae (Fig. 3F). Numerous cytoplasmic mi-
crotubules were seen adjacent to the dictyo-
some in favorable sections (Fig. 3G). The rod-
shaped structures were regularly seen in the
granuloplasm and had a quadrangular (approx-
imately square) shape in cross-section (Fig.
3H). Average length of the sides of this quadran-
gular structure was 98.75-152.00 nm, n=8. The
core of these structures was finely granular, and
surrounded by several layers of membranous
material. These structures appeared to be sur-
rounded by the outermost membrane that looked
similar to the membrane of rough endoplasmic
reticulum, especially in the longitudinal sec-
tions (Fig. 31).

Molecular phylogenetic relationships

Amplified and sequenced portion of the
SSU rRNA of the studied strain was 1809 bp
long for both fragments independently ob-
tained from two DNA samples. There were no
internal indels in these sequences, and they
were almost identical, except for three nucle-
otide positions close to the 3’ end. The G+ C
content of the sequences was 31.6%. Three
molecular clones of partial cytochrome C oxi-
dase subunit 1 (COI) gene amplicon were 666
base pairs long excluding primers that corre-
sponded to 221 amino acid residues (the first
nucleotide after forward primer corresponded
to the third codon position, therefore the full
coding sequence obtained effectively consist-
ed of 663 nucleotides). Sequences of the mo-
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Fig. 3. Transmission electron micrographs Vexillifera cf. armata strain VO16.211.5.1. A — vertical section
of the plasma membrane and glycocalyx; B — tangential section of the glycocalyx; C — nucleus; D —
subpseudopodium containing axial bundle of microfilaments (arrowheads); E — mitochondria; F — Golgi
dictyosome; G — cytoplasmic microtubules near the dictyosome; H — “trichocyst-like bodies” in a cross-
section; I — “trichocyst-like body” in a longitudinal section. Scale bars: A, B, G-1— 0.2 um; C—F — 0.5 um.
Puc. 3. TpancMmuccroHHast SieKTpoHHast MUKpockonust: Vexillifera cf. armata, mramm VO16.211.5.1. A —
BEPTHUKAIBHBINA Cpe3 M1a3MaTHYECKO MEeMOpPaHbl U ITIMKOKAIMKCa; B — TIIMKOKAINKC HAa TAHTCHTAIBHOM
cpese; C — spo; D — nmpoJoiibHBIL cpe3 cyOICeBIONOINN ¢ aKCHAIbHBIM ITyYKOM MHKPO(HIaAMEHTOB
(nokasan crpenkamu); E — muroxonnpun; F — nukrnocoma anmnapata [Nonbmxn; G — uuroruia3maruyec-
KHEe MHKPOTPYOOYKHU PSIOM C AUKTHOCOMOM; H — “TpuXOLMCTONOR00HBIE CTPYKTYPBI” Ha HONEPECYHOM
cpese; | — “rpuxomnmcrononodHas CTpyKTypa” Ha MPOAOIBHOM cpese. Macmtadnas uepra: A, B, G-1 —
0,2 mxm; C—F — 0,5 MKMm.
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lecular clones of the COI gene amplicon dif-
fered from each otherin 0.5-1.1% of the nucle-
otide positions (up to eight variable nucle-
otides) that corresponded to 1-2.3% differ-
ences between the amino acid positions (five
variable positions) showing that most of the
detected nucleotide substitutions were non-
synonymous within the genome. The G + C
content in the COI gene was 27.37% and
27.52% depending on the molecular clone.
Differences between the studied strain and
other species of Vexillifera in the COI gene
sequences were in 9.6—17.8% ofthe 417 nucle-
otide position (average 14.17%; n=30); V.
bacillipedes was the most distant (17.1-17.8%),
while Vexillifera sp. strain MX6 isolated from
AGD-infected Atlantic salmon (English ef al.,
2019) was the closest one (9.6—10.8%).
Phylogenetic analysis based on the SSU
rRNA gene robustly placed the strain
VO16.2115.1 in the clade corresponding to the
order Dactylopodida, in particular, within the
genus Vexillifera. This clade contained several
stable branches that are unified by their origin.
In particular, a derived “freshwater” branch
contained all freshwater species of Vexillifera
including those isolated from freshwater hosts
and, surprisingly, four sequences of uncultured
amoebozoans from freshwater biotopes (Fig.
4). Two clades branching at the base of Vexil-
lifera spp. comprised exclusively marine and
brackish water species. The studied strain was
inaclade comprising V. tasmaniana, V. abyssa-
lis and two unnamed strains S2M1 and K9; the
former isolated from the turbot (Scophthalmus
maximus), while the latter, from the marine
lagoon at the eastern Italian coast (Dykova,
Kostka, 2013; Pizzetti et al., 2016). The latter
strain was the closest relative to VO16.2115.1
(support 1.0/100). It is noteworthy that the clade
topology for Vexillifera spp. is not stable against
the algorithm of analysis. In particular, two
clades comprising marine species swapped their
positions in the maximum likelihood and Baye-
sian trees (Fig. 4), however, both positions had
a maximal support. When the phylogenetic tree
was reconstructed on the basis of the 18S rRNA
gene dataset comprising only all sequences of
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Vexillifera with Cunea spp. as outgroup, the
branching order of the basal clades was stable
against the algorithm of analysis (Fig. 5). The
clade comprising V. tasmaniana, V. abyssalis,
unnamed strains K9 and S2M1, and the strain
VO16.2115.1 was the most basal in both, ML
and Bayesian analysis.

The phylogenetic trees based on the COI
gene sequences had topologies that differed
from those yielded in maximum likelihood
analysis, however, the clades corresponding to
Vannellida and Dactylopodida were always
monophyletic. In the Dactylopodida clade
Cunea spp. was the most basal branch, and
Vexillifera spp. grouped between Cunea spp.
and the rest of the clade (Fig. 6). Three molec-
ular clones sequenced for the studied strain
grouped with the other marine species, in par-
ticular, V. abyssalis and Vexillifera sp. MX6.
Vexillifera minutissima and V. kereti formed
separate branches, and V. bacillipedes inter-
mingled between them, but this position was
not supported. An application of the codon
model in the tree reconstruction based on the
COI gene yielded even more different topolo-
gy compared to the SSU rRNA gene, in partic-
ular, the genus Vexillifera was not monophyl-
etic, as V. bacillipedes branched separately
from other members of the genus. However,
the studied strain grouped in the same clade
and with the same topology as in the COI gene
tree based on the GTR model (not shown).

Salinity tolerance of the strain
VO016.2115.1

Experiments on the strain VO16.2115.1,
show that this species so far demonstrates very
narrow salinity tolerance range, as amoebae die
or significantly slow down their growth in every
tested salinity level above 40 and below 20%o.
Amoebae showed no survival and no growth in
the salinities of 0.5 and 5%o. In 10%0. amoeba
showed some growth initially, but after a short
time the growth stopped, and cells did not sur-
vive. The cultures started showing faster growth
in 15%o, and reached their peak in 30 and 40%o
slowing down again in 50%o, and showing al-
most no growth in 70 and 90%o.
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1/87/Neoparamoeba pemaquidensis CCAP 1560/4 AF371969

Unidentified Paramoebidae 01-9828-7 AY686577 [ 11100 —
1/88] "Unidentified Paramoebidae AY686578

Neoparamoeba aestuarina S131-2 DQ229958 |1/82
Environmental sample RM2SGM36 AB505544
Neoparamoeba aestuarina SoJaBio 1-5/56/2 MF197364
Neoparamoeba aestuarina SUQ3 E |

|-89’7° | 69/64

Neoparamoeba branchiphifa SEDMH1 AY714366
Neoparamoeba sp. SM53 AY 193726
Paramoeba invadens A11 KC790384
Neoparamoeba longipodia DIVA3 574/3 MF197368
Neoparamoeba perurans GD-HAC-2-2 EF216905
garamoega eilhardi CC?\P I\} I26158/82765686575
aramoeba aparasomata
Paramoeba kéorteshi M% 68/87 |.53/56
P Enwronbmer}}al ?am Igiyfsa%%%kégg%g%
ramoeba atlantica
11% }?o/éotnzts-vella”st?IIathCEKPU% %gé/%mﬁ 83893
orotnevella limbata
179~ Korotnevella heteracantha KU681496
Korotnevella monacantholeé)ls ATCC 50819 AY121854
Korotnevella venosa KU68150
rotnevella hemistylolepis ATCC 50804 AY 121850
rotnevella I/eppesenu A1JEPDK KP719185
Korotnevella pelagolacustris A1LMS JN568811
@ orotnevella fousta KU535558
Misidentified ‘Vexillifera armata’ ATCC 50883 AY 183891
Pseudoparamoeba pagel CCAP 1566/2 AY686576
Pseudoparamoeba microlepis Krka KU559316
Pseudoparamoeba garorimi KM045 MK482386
Cunea thuwala RS14G2.1 KP862839
Cunea profundata DIVA3 602/13/16 KPgs2834 | 1/100
Cunea russae MN317563

Vexilifera bacillipedes CCAP 1590/1 HQB87485
_[‘Vexﬂhfera bacifipedes 202 Q211773 | 63/53 |
.98/97

7 |1/92

Vexillifera bacillipedes 6HZM JQ271772 .98/69
— Vexillifera bacillipedes 1HZ JQ271771
—1.99/82 82/67 Vexillifera bacillipedes TIL2 HQ687484
: — Environmental sample Ivry07 FJ577811
77 { Environmental sample Joinv13 FJ577830
I — o "Environmental samgle Joinv04 FJ577828
1.0/98 — Vexillifera fluvialis RR1 HQ68748
- Vexillifera multispinosa P124 H 7481
1 fera m 24 HQ
92 Vexillifera westveldii A18WVB KP719187
— ——— Environmental sample 3%078 AY605213
{— Vexillifera minutissima CCAP 1590/3 AY294149
b Vexillifera kereti CCMA0QQ7 MH349021
Vexillifera cf. armata VO16.2115.1 MT228921
Vexillifera cf. armata VO16.2115.1 MT228922
Vexillifera sp. K9 LC049074
— Vexillifera sp. S2M1 JQ271774
99/80 Vexillifera abyssalis CCMAQ006 MH349019
: Vexillifera tasmaniana RMT HQ687483
-72/56 Vannella australis CCAP 1565/9 EF051199
Vannella sp. 1ISO4 JQ271740
Vannella anglica CCAP 1589/8 AF099101
Vannella ebro CCAP 1589/14 EF051198 |.95/68
Vannella calycinucleolus CCAP 1565/6 EF051193 1-
Vannella sp. ESCRH JQ271739
Vannella sp. CHOR JQ271730
Vannella sp. ELH1 JQ271732 | 8577
Vannella septentrionalis CCAP 1589/10 EF051197 1+
Vannella sp. ELH5 JQ271736
5 Environmental sample ME Euk Fw15 GU385616
55 Vannella devonica CCAP_1589/5 EF051196
Vannella sp. ASL3 JQ271725

*/100

FO51
Vannella planctonica A2SMB KP71

Vannella sp. ACN1 JQ271724
Environmental sample RS.01f.10m.11 KC583130 )
Sl S U

5 onella sp.
S - N A o AT
- Paravannella minima CCAP 1533/1 KF895375

50 Lingulamoeba leei ATCC 30734 AY 183886
Lingulamoeba sp. RSL/I AY929908

Fig. 4. Maximum likelihood phylogenetic tree of Dactylopodida with selected species of Vannellida as
outgroup. The tree is based on 81 SSU rRNA gene sequences (1516 unambiguously aligned nucleotide
positions). New sequences of Vexillifera cf. armata are in bold. Numbers at nodes indicate Bayesian
posterior probabilities/bootstrap values if above 0.5/50. Thick lines = 1.0/100. The line between two clades
of Vexillifera indicates that they are swapped in the Bayesian tree. Scale bar — 0.1 substitutions/site.



Vexillifera cf. armata isolated from the Pacific Ocean 395

o7 — Vexillifera multispinosa P124 HQ687481 —

7_?’-EVexillifera westveldii A18WVB KP719187

Environmental sample Sey078 AY605213
Environmental sample Joinv04 FJ577828

1] _r‘Environmental sample Joinv13 FJ577830

Vexillifera fluvialis RR1 HQ687482

Vexillifera bacillipedes 6HZM JQ271772

- o6 Vexillifera bacillipedes P20Z JQ271773

|.70| 85 |Vexillifera bacillipedes TIL2 HQ687484

i Vexillifera bacillipedes 1HZ JQ271771

Vexillifera bacillipedes CCAP 1590/1 HQ687485
Environmental sample Ivry07 FJ577811

1/99

Vexillifera minutissima CCAP 1590/3 AY294149
_LVexi//ifera kereti CCMAQ007 MH349021
11100 Vexillifera cf. armata MT228921

Vexillifera cf. armata MT228922

Vexillifera sp. K9 LC049074

Vexillifera sp. S2M1 JQ271774

Vexillifera aby ssalis CCMA0006 MH349019
Vexillifera tasmaniana RMT HQ687483
Cunea profundata KP862834
Cunea thuwala KP862839
Cunea russae MN317563

.95/74

.98/100

Fig. 5. Maximum likelihood phylogenetic tree of Vexillifera with Cunea spp. as outgroup. The tree is based
on 23 SSU rRNA gene sequences (1450 unambiguously aligned nucleotide positions). New sequences of
Vexillifera cf. armata are in bold. Numbers at nodes indicate Bayesian posterior probabilities/bootstrap
values if above 0.5/50. Thick lines = 1.0/100. Scale bar — 0.1 substitutions/site.

Puc. 5. dunorenernueckoe aApeBo mpencraButenei poxa Vexillifera n npenctaButeneit pona Cunea B
Ka4ecTBe BHEUIHEH rpynmnsl. JlepeBo mocTpoeHo 1o 23 mociIenoBaTeIbHOCTSIM TeHa MaIoi CyObe IMHAIIBI
pudocomuoit PHK (1450 HasexHO BEIPOBHEHHBIX HYKJIEOTHIHBIX M0o3uLKii). HoBble mocnenoBaTenbHOCTH
Vexillifera cf. armata 0603naueHbI )xupHBIM pudTOM. Uncia mokassBaioT 6aieCOBCKHE allOCTePHOPHEIE
BEPOSTHOCTH/3HAYCHUs OyTCTpera Il COOTBETCTBYIOMINX BETBEH, eciii oHH mpeBbimaroT 0.5/50. XKupabie
JIMHUH COOTBETCTBYIOT 3HaueHusM 1.0/100. Macmrabnast uepra coorBerctByet 0,1 3amMeHe Ha HYKICOTH I-
HYIO MO3HUIIHIO.

Puc. 4. ®dunorenerndeckoe apeso Dactylopodida, moctpoeHHOE 110 anropuTMy MaKCHMaJIbHOTO MPaBJIOIIO-
no6ust, HexkoTopsle BUAbl Vannellida ncnonp30BaHbl B KauecTBE BHEMIHEH rpynmsbl. [lepeBo HOCTPOEHO 1o
81 mocienoBaTesIbHOCTH TeHa Majoil cyObeauuunsl pubocomuoit PHK (1516 HamexHO BBIPOBHEHHBIX
HYKJICOTHIHBIX To3unuii). HoBele mocienoBarensHOCTH Vexillifera cf. armata 0003Ha4YeHBI KUPHBIM
mpudToM. Yncna moxa3pBalOT 0aileCOBCKHE allOCTEPHOPHBIC BEPOSTHOCTH/3HAUEHHs OyTcTpena Ui
COOTBETCTBYIOILIMX BETBeH, eciiit oHu mpesbimarot 0.5/50. JKupHble IMHUM COOTBETCTBYIOT 3HaUeHUsIM 1.0/
100. Kocast muamst MeXIy ABYyMs KiaJaMu IpejacTaButeneit ponma Vexillifera o3nadaer, 4Tto B aepese,
TIOCTPOSHHOM B COOTBETCTBUH C 0all€COBCKMM aTOPUTMOM, OHHM MOMEHSUIHCh MecTaMu. MacmTabHas
yepTa cooTBeTcTBYET 0,1 3aMeHe Ha HYKJICOTHIHYIO MTO3HULHIO.
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Discussion

Taxonomic affinity of the studied Vexil-
lifera isolate

Based on the characters demonstrated by the
light microscopic, ultrastructural and molecular
investigation, the studied strain is assignable to
the genus Vexillifera (Bovee, 1985; Kudryavt-
sev et al., 2018), and in particular looks very
similarto Vexillifera armataPage, 1979. Amoe-
bae of our strain and members of this species
have an identical shape during locomotion, and
similar floating forms. The glycocalyx of V.
armata consists of prismatic hexagonal glyco-
styles that also have a similar size range to the
glycostyles of the strain VO16.2115.1 (Page,
1979a). In addition, amoebae share identical
rod-like structures in the cytoplasm designated
by Page (1979a) as “trichocyst-like bodies”.
However, there are several differences between
the two amoebae that prevent us from a straight-
forward assignment of the strain VO16.2115.1
to V. armata. Amoebae studied by Page were
slightly smaller and “shorter” than those of
VO16.2115.1 (length 10-23 um with the aver-
age 15.5 um, length:breadth ratio 1-2.2, aver-
age 1.6). Amoebae studied here had a broader
range of length:breadth ratio, although it over-
lapped with that, measured by Page. The ranges
of nuclear diameter also overlap, but the nuclei
measured by Page were generally smaller. These
morphological differences may be too small for
assignment of our strain to a different mor-
phospecies, but in addition, there are several
indirect pieces of evidence that identification of
the strain studied here as Vexillifera armata is
uncertain. Unfortunately, no molecular data were
obtained for the type strain of V. armata, and
this strain was lost, therefore, we cannot per-
form a sequence comparison. However, there
are unnamed strains of Vexillifera that have
been recently studied using molecular data and
belong to the same clade as the strain studied
here. In this case morphological and molecular
comparison can be performed. The strain which
is most similar to VO16.2115.1 was designated
K9 without an assignment of a species name
(Pizzetti et al., 2016). The sequenced part of its
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SSU rRNA gene shows differences from the
strain studied here in 6.1 and 6.3% of the nucle-
otide positions. Most of the differences are
restricted to several local areas of the gene, in
particular, there are clearly different nucleotide
patterns in the helices 23¢12 of the hypervari-
able region V4, 43¢ of the hypervariable region
V7,45¢ and 46¢ of the hypervariable region V8,
and 49 of the hypervariable region V9. Unfortu-
nately, no sequence data is available for the
barcoding part of the V4 region of the SSU
rRNA gene in the K9 strain. Morphologically
this strain is similar to the one studied here, and
V. armata. Size of its trophic cells varies within
the similar range as that of V. armata (Table 1),
but it had much higher length to breadth ratio.
This strain also differed in the glycocalyx struc-
ture: its glycocalyx is described as amorphous,
but its image shows an uneven fuzzy layer
(Pizzetti et al., 2016). At least, it does not show
any glycostyles. Vexillifera sp. strain K9 also
demonstrated inclusions that were described as
“wedge-shaped filamentous structures” without
any fixed number or position in the cytoplasm
(Pizzetti et al., 2016). These structures strongly
resemble “trichocyst-like bodies” present in our
strain and in V. armata Page, 1979, and may
have the same nature. Vexillifera sp. K9 was
also isolated from a marine habitat, a coastal
lake on the Tyrrhenian coast of Italy with salin-
ity 28.4-33.7%o (Pizzetti et al., 2016), but there
are no data on its salinity tolerance. The strain
studied here was isolated from the Far Eastern
benthic marine habitat with the salinity of 34%o,
while V. armata, from Kingsbridge estuary (UK)
where salinity was not measured during collec-
tion (Page, 1979), but comprises about 30%o
according to other records (http://apps. envi-
ronment-agency.gov.uk/static/documents/nvz/
NVZ2017 ET8 Kingsbridge Estuary
Datasheet.pdf). The estuarine nature of this hab-
itat suggests that its salinity may be variable.
In conclusion, there are three marine strains
of Vexillifera with the significantly overlapping
ranges of variation of their morphological char-
acters. They all were isolated from marine hab-
itats separated by long distances. Two most
similar strains are V. armata Page, 1979 and
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_— Neoparamoeba pemaquidensis
— CCAP 1560/4 KX611830

Paramoeba karteshi MK168800
Paramoeba aparasomata MK168803
J721{Neoparamoeba perurans 41XB MH535932
.72kNeoparamoeba perurans 26SVA MH535934
68{Neoparamoeba perurans MP1 MH535948
Neoparamoeba perurans MP2 MH535946
Neoparamoeba perurans 82HRT MH535940
.85/64|- Neoparamoeba /on%\//,tl)od/a MF140256
73 Pseudoparamoeba sp. MX1 MH535944
1 Pseudoparamoeba pagei CCAP 1566/1 MH349033
7 Pseudoparamoeba microlepis MK482725
Pseudoparamoeba garorimi MK482724
Korotnevella venosa KU659853
193 _|—_Korotneve//a heteracantha KU659839
1/99 Korotnevella stella KU659813
.92 g1 Vexillifera cf, armata MT228925
Vexillifera cf. armata MT228923
Vexillifera cf. armata MT228924 97/67
Vexillifera sp. MX6 MH535945 . 92
Vexillifera abyssalis MH349024 64
Vexillifera minutissima CCAP 1590/3 MH349031
— Vexillifera bacillipedes CCAP 1590/1 MH349028
Vexillifera kereti MH349032
.99/99— Cunea profundata KP862853
ke —Cunea thuwala KP862852
Cunea russae MN317567
Vannella bursella CCAP 1565/10 GQ354148
Vannella arabica CCAP 1589/7 GQ354166
Vannella calycinucleolus CCAP 1565/6 GQ354136
99/78| U Vannella ebro CCAP 1589/14 MN095727
Vannella samoroda MN095725
Vannella sp. MV5 MH535941 | 99/93
Vannella sp. MV4 MHS535947 |
Vannella sp. MV3 MH535942 | 99/98
Vannella sp. MV2 MH535943 I
Vannella danica CCAP 1589/17 GQ354159
Vannella simplex CCAP 1589/3 GQ354154 1.0/88
1/90 Vannella persistens CCAP 1589/13 GQ354142
—— Vannella croatica MF508648
Ripella tribonemae MF683622
Ripella platypodia CCAP 1589/2 MF683609
- Clydonella sawyeri MG559732
63 aravannella minima CCAP 1533/1 KF895380

Fig. 6. Maximum likelihood phylogenetic tree of Dactylopodida with Vannellida as outgroup. The tree is
based on 48 COI gene sequences (606 unambiguously aligned nucleotide positions). New sequences of
Vexillifera cf. armata are in bold. Numbers at nodes indicate Bayesian posterior probabilities/bootstrap
values if above 0.5/50. Thick lines = 1.0/100. Scale bar — 0.1 substitutions/site.

Puc. 6. dunoreneruueckoe apeso Dactylopodida, mocTpoeHHOE 110 aITOPUTMY MaKCHMATBHOTO MPaB/I0II0-
no6us, Vannellida mcrionb30BaHbI B KauecTBE BHEITHEH TpyITbL. JlepeBo mocTpoeHo 1o 48 rmocienoBaTeib-
HocTsiMm reHa COIl (606 Hamge)XHO BBIPOBHEHHBIX HYKJICOTHAHBIX MO3UIHKI). HoBBIE MOCIe10BaTENFHOCTH
Vexillifera cf. armata 0603HaucHbI KUpHBIM HIprdTOM. Uncta moka3siBaroT OaifieCOBCKHE allOCTEPHOPHBIC
BEPOSATHOCTH/3HAUEHHs OyTCTpeIIa IJIsi COOTBETCTBYIOMINX BeTBeH, eciu onu npesbimatoT 0.5/50. XKupusre
JIMHAU COOTBETCTBYIOT 3HaueHusAM 1.0/100. Macmrabnas yepta coorBercTByet 0,1 3aMeHe Ha HyKJICOTH I~
HYIO TTO3HIHIO.
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Table 1. Morphometric comparison of the strain VO16.211.5.1, Vexillifera armata Page, 1979,

and Vexillifera sp., strain K9 (Pizzetti et al., 2016).

Tabnuma 1. CpaBHeHHe MOopdoMeTpruuecknx xapakrtepuctuk VO16.211.5.1, Vexillifera armata
Page, 1979 u Vexillifera sp., mramm K9 (Pizzetti et al., 2016)

V. armata Vexillifera sp.

VO016.211.5.1 Page, 1979 K9
Locomotive form 11 ¢ 350X 74193 | Length 1023 | 1121 X 4.4
size (length X (average 20.5 X 12.1) | (average 15.5) 13 (average 14.8
breadth, pm) ge oo ' 88100 1 x g )
Length:breadth 0.9:1-2.9:1 (average 1.0:1-2.2:1 3.9:1-9.5:1
ratio 1.8:1) (average 1.6:1) | (average 5.9:1)
Nucleus X nucleolus | 3.3-5.7 X 1.8-3.1 2.8-42X1.9- Not provided
(um) (average 4.3 X 2.6) 2.8 P

Glycostyles: %161ght Glycostyles: “Amorphous

46-75 (58.4); ; »
Glycocalyx, nm . height 60-70; | glycocalyx”, 10—

diameter 48.7-61.7 . .

(54.4) diameter 50 20 nm thick

Vexillifera sp. VO16.2115.1: their size ranges
overlap, cell coat structure and ultrastructure of
“trichocyst-like bodies” are almost identical.
On the other hand, their habitats are geograph-
ically remote, and no molecular data are avail-
able for Page’s strain. The extent of cryptic
speciation has been getting more and more evi-
dent among the naked lobose amoebae recently
(Kudryavtsev, Pawlowski, 2015; Tekle, Wood,
2018; Mesentsev, Smirnov, 2019; Kudryavtsev,
Volkova, 2020; Lara et al., 2020; Mesentsev et
al., 2020). For example, among the small dacty-
lopodid amoebae that belong to the genus Cunea
no sound morphological differences were found
between three strains showing significant varia-
tion in their molecular sequences and ecological
preferences (Kudryavtsev, Pawlowski, 2015;
Kudryavtsev, Volkova, 2020). We have no rea-
son to be confident that the same situation would
not occur in the other genera of Amoebozoa, in
particular, in Vexillifera. Therefore, a re-isola-
tion of V. armata from its type location is highly
desirable in order to perform molecular compar-
ison with the strain studied here that until then has
to be designated as Vexillifera cf. armata.

Novel ultrastructural characteristics of
Vexillifera

A detailed comparison of the revealed gly-
cocalyx structure of V. cf. armata VO16.2115.1

with the original description of V. armata (Page,
1979) shows some structural differences that, if
confirmed further, may clarify several aspects
of this type of cell coat in Vexillifera. Page
(1979a: 116) describes a basal layer of glycoca-
lyx in V. armata that in cross-section looks like
aline in ca. 12 nm above the plasma membrane.
The hexagonal glycostyles are described as
emerging from this basal layer. The results of
our observation of V. cf. armata strain
VO16.2115.1 show clearly that the basal parts
ofthe hexagonal glycostyles are separated from
each other, and contrasting to the description of
Page (1979a) there is no basal layer of glycoca-
lyx that looks like a continuous line, but is rather
made up of separate structures that serve as
basal parts of each glycostyle (Fig. 3A). Under
this interpretation, these glycostyles are rather
attached to the plasma membrane surface in a
way similar to the microscales. Interestingly,
these structural features seem to look the same
in some of the electron micrographs by Page
(1979a), e.g., in his Fig. 12, however, his inter-
pretation of these structures was different. Giv-
en the present data, we can question whether the
glycocalyx structures of Vexillifera have the
same structural characteristics as the glyco-
styles of Vannellida, i.e. whether they are truly
embedded in the plasma membrane (Page,
Blakey, 1979; Smirnov et al., 2007). It is prob-
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able, that the nature of their contact with the
plasma membrane is similar to that of the mi-
croscales in scale-bearing dactylopodid amoe-
bae, like species of the genera Paramoeba and
Korotnevella. However, the question whether
these structures are separable from the plasma
membrane without destruction, which is the
main criterion of the glycostyles, or not (Page,
Blakey, 1979), remains open.

Electron-dense submembrane bodies (Fig.
3A, B, D) are similar in size and structure to the
collosome-like structures previously described
among the dactylopodids in V. abyssalis and V.
kereti (Kudryavtsev et al., 2018), and Cunea
spp. (Kudryavtsev, Pawlowski, 2015; Kudryav-
tsev, Volkova, 2020). Initially, these structures
were described by Page (1980) and Page and
Willumsen (1983) in the members of the genera
Rhizamoeba and Flabellula. The function of
these structures has not yet been demonstrated.

Molecular phylogeny of the genus Vexil-
lifera

The presented phylogenetic tree based on
the SSU rRNA gene (Fig. 4) is to date the most
complete for the genus Vexillifera, and shows
several peculiar features. In particular, there are
three stable clades of Vexillifera as shown pre-
viously (Kudryavtsev ef al., 2018) that differ in
their origin. Two basal clades are from brackish
water/marine habitats, and one derived clade
comprises freshwater species. Interestingly, a
discrepancy was observed between ML and
Bayesian phylogenetic trees with respect to the
the position of the two marine branches of
Vexillifera that were swapped in these trees
(Fig. 4), and their position was poorly support-
ed. This artifact can probably be explained by
the high evolutionary rates in the clade of Vex-
illifera spp. and the fact that presumably vexil-
liferan environmental sequences were included
for the first time in the current phylogenetic
analyses. These could have a destabilizing ef-
fect on the tree topology, as some of these
sequences are also incomplete. This effect could
be overcome by the reduction of the number of
outgroup sequences (Fig. 5). When the dataset
was reduced to only Vexillifera spp. with Cunea
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spp. added as outgroup, the position of the two
clades stabilized against the algorithm of analy-
sis, but still was poorly supported with bootstrap/
Bayesian posterior probability. Anyway, all three
clades are fairly well-supported, and based on
these reconstructions, a scenario suggesting a
single evolutionary transition between marine
and freshwater biotopes seems to be reasonable.

A similar tree topology is not reproduced by
the COI gene analysis (Fig. 6). This situation
was noticed before (Kudryavtsev et al., 2018),
and it can be explained by the short length of the
COl sequences and their high evolutionary rates
combined with a small number of sequenced
species. Therefore, COI gene may not be a
suitable marker for reconstruction of the evolu-
tionary relationships between species of Vexil-
lifera, but it can be used to determine the species
identity.

Analysis of the SSU rRNA gene sequences
shows that the clade corresponding to the genus
Vexillifera comprises, besides named species,
four sequences of the uncultured amoebozoans.
These are Ivry07 (FJ577811) that branches as
sister to V. bacillipedes, Joinv04 and Joinv13
(FJ577828 and FI577830, respectively), sisters
to V. fluvialis, and Sey078 (AY605213) that
occupies the most basal position in the clade of
freshwater Vexillifera spp. The former three
sequences originate from the study of microbial
communities of the water treatment plants in
France (Poitellon ef al., 2009), while the latter,
from the Seymaz River in Switzerland (Berney
et al., 2004). Although these sequences are
quite divergent from those of the named species
and form long branches in the tree, they share
several nucleotide patterns in the conserved
sites, typical of the other species of Vexillifera
that is additional evidence that these sequences
belong to the genuine members of this genus.

Our data indicate that members of the re-
vealed Vexillifera clades demonstrate different
morphological characters that make it difficult
to outline morphological boundaries between
these clades. This problem was also faced by
Kudryavtsev et al. (2018), however, with accu-
mulation of the amount of investigated species
evolutionary trends in morphology may become
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evident. We can currently mention that the pos-
sible common feature of the freshwater species
of Vexillifera is the presence of refractile inclu-
sions in the cytoplasm (Bovee, 1985; Mascaro
et al., 1985; Page, 1988; Dykova et al., 2011;
Van Wichelen et al., 2016). One of the marine
branches (V. minutissima + V. kereti) shares
nucleus with peripheral nucleoli (Page, 1983;
Kudryavtsev et al., 2018). The cell coat struc-
ture is variable among branches, but we can
mention that generally, it is either an uneven
amorphous layer, or it consists of separate dis-
tinct units first described as “T-shaped glyco-
styles” (Mascaro et al., 1985) in the species of
freshwater origin (Page, 1979b, 1988; Dykova
et al., 2011). It is the same in the species of
marine origin (Dykova et al., 2011; Pizzetti et
al.,2016; Kudryavtsev et al.,2018), or they may
possess hexagonal glycostyles. Interestingly,
the latter are recorded in two independent evo-
lutionary branches: V. minutissima + V. kereti
(in V. minutissima), and in a branch probably
related to V. armata (in V. armata Page, 1979a
and V. cf. armata strain VO16.211.5.1) (Page,
1979a, 1983). The cell coat consisting of “T-
shaped structures” also occurs in the other clades
of the Dactylopodida, in particular, in Cunea
spp. (Kudryavtsev, Pawlowski, 2015; Kudryavt-
sev, Volkova, 2020). Based on this data, we can
suggest that this type of a cell coat structure is
probably basal for Vexillifera, while hexagonal
glycostyles may have evolved several times
independently in different clades. This is simi-
lar to the hypothesis of the evolution of pentag-
onal glycostyles in the order Vannellida
(Smirnov et al., 2007).

Marine species of Vexillifera and their
relations to environmental salinity.

Few attempts to determine ranges of salinity
tolerance in marine members of the genus Vex-
illifera have been made before. In particular,
Schaeffer (1926) reported that Vexillifera au-
rea did not tolerate the seawater dilution below
25% (i.e. ca. 8%o), but did not show any signif-
icant changes in 50% dilution (15—16%o). Saw-
yer (1975) investigated the subject in two other
species of Vexillifera — V. browni and V. ottoi

A.A. Kudryavtsev et al.

isolated from the Chincoteague Bay (Atlantic
coast, USA). He found that these species neither
survived nor grew at salinities of 15%o and
below. Unfortunately, no experimental data on
salinity tolerance were collected for V. armata
or Vexillifera sp. K9 (Pizzetti et al., 2016).
However, the data we obtained during this study
indicate a relative stenohalinity of strain Vexil-
lifera cf. armata described here: the growth and
survival of the studied strain could only be
maintained at salinity values of 15-50%o, and no
further dilution or increase in the salinity was
tolerated. This remarkable feature is in accor-
dance with the conditions in the original biotope
where the strain was isolated: sublittoral benthos
of the Sea of Japan, at the depth of 70 m.
Probably, no significant salinity oscillations in
this biotope occur, therefore, the studied amoe-
bais not adapted to the higher and lower salinity
values. It remains open, however, whether this
strain can tolerate a broader range of salinities
once exposed to the marginal values for a pro-
longed period of time.

List of data and materials derived from
this study

The type material designated for V. armata
Page, 1979 is stored at the Natural History
Museum (London, UK) as a series of permanent
slides (Page, 1979). The strain Vexillifera cf.
armata VO16.211.5.1 is preserved in the form
of a culture (accession No RC CCMAm 0466),
Epon embedding for transmission electron mi-
croscopy (accession No F140) and two purified
samples of the total genomic DNA (accession
Nos A566, A571), maintained at the resource
center “Culture Collection of Microorganisms”
of the St. Petersburg State University Research
Park, Russia. Accession numbers for the molec-
ular sequence data are: MT228921-MT228922
(SSU rRNA gene), MT228923-MT228925
(COI gene). Video record of living amoebae
is publicly available at: https://youtu.be/
ErsePXUikCo.
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