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Abstract: The cryptophytes of the Black Sea are a poorly
studied group that has yet to be fully resolved using
comprehensive taxonomic approaches, including electron
microscopy and molecular genetics. This study describes
Proteomonas agilis sp. nov. belonging to a marine cryptophyte
genus formerly thought to be monotypic. The morphological
characters of the new species align with those currently used
to delineate the genus Proteomonas, and are similar to those
of the haplomorph P. sulcata, the type species, with minor
morphological and molecular modifications. Phylogenetic
relationships inferred from nuclear-encoded SSU, LSU, and
ITS2 rDNA datasets confirmed that the new species belongs
to the monophyletic genus Proteomonas, which is divided into
two unequal branches. The largest and relatively long branch
contains 18 strains, including P. agilis sp. nov. Comparison
of ITS2 rRNA secondary structures using the compensatory
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base changes approach confirmed the distinction of P. agilis
sp. nov. from the other Proteomonas strains. Our findings
revealed that the cryptophyte genus Proteomonas is not
monotypic but includes a range of unstudied species besides
the type species P. sulcata and P. agilis sp. nov. described in
this study. Therefore, an integrated approach is required for
a careful revision of the genus.
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1 Introduction

Cryptomonads, also known as cryptophytes or Cryptophyceae,
are unicellular biflagellate protists, inhabiting fresh, brackish,
and marine waters in coastal and oceanic ecosystems from
the Arctic to the Antarctic. They play a crucial role in trophic
links and the organic carbon cycle in aquatic ecosystems,
particularly in coastal environments and meromictic basins
(Cloern and Dufford 2005; Han and Furuya 2000; Hoef-Emden
and Archibald 2017; Klaveness 1989; Medlin et al. 2017; Ram-
mel et al. 2024; Shalchian-Tabrizi et al. 2008). Cryptophytes are
traditionally thought to be low-light adapted as they
are commonly found deep in the water column of lakes
(e.g., Gervais 1998), under ice (Hammer et al. 2002), or in highly
eutrophic waters (e.g., Adolf et al. 2006). They typically inhabit
calm waters of meromictic basins and reach their maximum
near the chemocline in the redox zone of the Arctic brackish
water lakes (Krasnova et al. 2014) and of the Siberian lakes
(Barkhatov et al. 2022). In the meromictic basin of the open
Black Sea, two main peaks of cryptophyte biomass occur
in the spring and summer. Spring peaks develop at a depth
of 9-17 m with an irradiance ci. 10 % surface photosynthetically
available radiance (SPAR), while during the summer, the
cryptophycean maxima descend deeper to 30 m (1.5-2.5 % SPAR)
at an absolute irradiance level of 2-5mol photonsm™2d™
(Mikaelyan et al. 2021).
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Cryptophytes are among the most productive
nanoflagellates found in aquatic environments, with their
numbers varying from 10 to 10’ cells1™ among different
water bodies, seasons and layers (Cerino and Zingone 2006;
Han and Furuya 2000; Krasnova et al. 2014; Laza-Martinez
2012; Polikarpov et al. 2020; Supraha et al. 2014; Xing et al.
2008). Cryptophytes contribute between 16.9 and 31.4 % of
the total phytoplankton biomass in the China Seas coastal
waters (He and Peng 2012). In Mediterranean coastal waters,
they are relatively abundant, representing an average of
16.4 % and a maximum of 93.6 % of the total flagellate count
at the beginning of September (Cerino and Zingone 2006).

Periodical blooms of cryptophytes (Johnson et al. 2016;
Krasnova et al. 2014; Laza-Martinez 2012; Polikarpov et al.
2020; §upraha et al. 2014) have never been considered toxic
for living organisms. On the contrary, being a source of
valuable essential chemical components such as lipids,
polyunsaturated fatty acids, phycobiliproteins, and amino
acids (Bermudez et al. 2004; Dunstan et al. 2005; Oostlander
et al. 2020; Peltomaa et al. 2018), cryptophytes are important
prey for numerous heterotrophic organisms, including
dinoflagellates, ciliates, rotifers, and copepods in various
food webs (Aganesova 2021; Barkhatov et al. 2022; Coutinho
et al. 2020; Johnson et al. 2016; Khanaychenko et al. 2018;
Kim et al. 2020; Seixas et al. 2009; Zhang et al. 2013), especially
in coastal environments. The highest grazing impact of
microzooplankton on nanophytoplankton biomass, at 83 %,
was observed for cryptophytes in late autumn in the coastal
waters of Xiamen Bay in the China Sea (Huang et al. 2008).
The abundant and very productive cyclopoid copepod
Oithona davisae was found to have the highest selectivity of
nanoplankton cryptophytes from the Black Sea coastal
phytoplankton assemblages, with significant daily rations up
to 140 % (Khanaychenko et al. 2018). Due to their valuable
biochemical content, cryptophytes are commonly used
as feed in aquaculture (Vu et al. 2016; Zhang et al. 2013).
However, the taxonomic composition and trophic interactions
of cryptophytes with other ecosystem components remain
insufficiently investigated.

Cryptophytes are easily recognizable at the class level
under the light microscope (LM) by their typical ovoid
asymmetric cell shape, specific cell movement, gross
morphology, and epifluorescence. However, their classifi-
cation to the lower taxonomic levels can be challenging. A
rapid assessment of cryptophyte abundance can also be
achieved through a combination of pigment analysis by
high-performance liquid chromatography (HPLC) and
counting of the cells with high phycoerythrin fluorescence
by flow cytometry (FCM), though only at the class level
(Moorhouse et al. 2018).

To distinguish between species, early taxonomists
have traditionally used unique morphological features of
cryptophyte cells visible under high resolution LM, including
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the cell shape and size, the shape and position of the chloro-
plast, the number and position of pyrenoid(s), the shape of the
furrow/gullet, and the number of ejectosomes (Clay et al
1999). However, only electron microscopy (EM) can reveal
certain characters of significant taxonomic value such as the
furrow/gullet complex, ultrastructural features of flagella,
position of nucleomorph, morphology of pyrenoid, type and
structure of periplast, etc (Deane et al. 2002). Some early
studies also suggested the use of cryptophyte cell color as a
taxonomic identification key, in addition to morphological
characters (Clay et al. 1999). However, the color of cryptophyte
cells varies significantly depending on the cell life stage and
culture conditions, may be influenced by light quality and
nitrogen sources, resulting in changes in the proportions of
chlorophyll and phycoerythrin content in their plastids (Lat-
sos et al. 2021).

Although LM and EM-based descriptions have been
successfully used in taxonomy and systematic studies of
cryptophytes to characterize them precisely, the discovery
of haploid and diploid morphs of the same species with
contrasting morphological features, such as in Proteomonas
sulcata D.RA. Hill et Wetherbee (1986) and Teleaulax
amphioxeia (W. Conrad) D.R.A. Hill/Plagioselmis prolonga
Butcher ex Novarino, Lucas et Morrall 1994 (Altenburger et al.
2020), along with further detection of numerous Cryptomonas/
Campylomonas dimorphic strains (Hoef-Emden and Melko-
nian 2003) have significantly disrupted the previous systematic
scheme.

The class Cryptophyceae was thought to consist of 20
genera and 100 species, identified on the basis of rRNA tree
(Hoef-Emden and Melkonian 2003; Hoef-Emden et al. 2002;
Marin et al. 1998). However, recent studies suggest that
the true species diversity of the group is underestimated
and apparently far exceeds these estimates, and precise
species identification and taxonomy remain unresolved
(Hoef-Emden and Archibald 2017). Recently, new genera and
species of freshwater (Gusev et al. 2020; Hoef-Emden 2018;
Laza-Martinez 2012) and marine (Daugbjerg et al. 2018;
Khanaychenko et al. 2022; Laza-Martinez et al. 2012;
Magalhdes et al. 2021; Majaneva et al. 2014) cryptophytes
have been described in addition to previously known taxa,
and some old species have been emended. New cryptophyte
species was recently isolated from an unusual environment,
tropical forest soil in a biosphere reserve in Vietnam
(Martynenko et al. 2022).

Documenting marine cryptophyte biodiversity re-
mains a global challenge. For instance, cryptophytes
(identified at the class level) were found to be the primary
contributors of phytoplankton biomass during the autumn
and winter months in the China Seas (Sun et al. 2022). How-
ever, taxonomic studies of this group in this area are limited,
with only six marine species documented, misidentified as
belonging to the freshwater genus Cryptomonas Ehrenberg
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(Hu et al. 2002). Studies on the diversity of cryptophytes
in the Black Sea also are few and mainly restricted to
identification based on the morphology of the fixed cells
distinguishable under a light microscope. Researchers
report varying numbers of cryptophytes in different areas
of the Black Sea, ranging from a few to 20 species, with most
of them erroneously assigned to the genus Cryptomonas
(Mikaelyan et al. 2020; Moncheva et al. 2019; Rouchijajnen
1967, 1970). However, modern integrative studies have
shown clearly that the genus Cryptomonas is exclusively
composed of freshwater species (Gusev et al. 2020;
Hoef-Emden and Melkonian 2003).

Consequently, imprecise and invalid specific and
generic names of the cryptophytes are commonly used
worldwide, including studies in the Black Sea. To achieve
precise identification of cryptophytes, integrative studies
that include mandatory molecular genetic data are
necessary (e.g., Lukaszek and Hoef-Emden 2017; Solarska
et al. 2023). Such an integrative study was conducted to
identify the species in a recently established collection
of cryptophyte clonal cultures isolated from the Black Sea.
This study resulted in the description of a new Black Sea
cryptophyte species, Rhodomonas storeatuloformis
(Khanaychenko et al. 2022).

The marine cryptophyte genus Proteomonas D.R.A. Hill
et Wetherbee (1986) is noteworthy for described alter-
nating haploid and diploid morphs in its type species,
Proteomonas sulcata (Hill and Wetherbee 1986). The genus
was once thought to be monotypic, forming an independent
lineage with weak affinity to any other cryptophyte clade
(Marin et al. 1998). It has since been proposed to be
attributed to its own subfamily, the Proteomonadoidae
(Greenwold et al. 2023). To date, no other species related to
P. sulcata have been described, and this cryptophyte has
never been previously reported among the phytoplankton
composition of the Black Sea. Our aim was to carry out
integrative studies to identify a new strain isolated from
the Black Sea coastal waters and to find out its potential
relationship with P. sulcata based on light and scanning
electron microscopic observations and phylogenetic ana-
lyses of the ITS region and the 18S and 28S nuclear rDNA
genes sequences.

2 Materials and methods
2.1 Origin and isolation
The strain IBSS-Cr-4.14M was isolated from a sample

collected from the coastal area of the NW Black Sea
(44.37 N 33.3118 E) at a depth of 0-1m in October 2019 by
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AN. Khanaychenko and D.V. Moiseenko, Institute of Biology
of Southern Seas (IBSS). The cryptophyte culture was
established using the dilution method and subsequently
subcultured several times through single cell isolation by
micropipetting. It was then maintained in the IBSS collection
of live cryptophyte cultures until the morphological and
molecular analyses were conducted.

2.2 Culture maintenance

Since isolation, the strain has been purified and deposited in
monospecific culture at the Culture Collection of Marine
Cryptophytes (CCMC) at IBSS. The non-axenic culture of
the strain was routinely maintained at an irradiance of
5-10 umol photons m*s™! under a 12:12 light:dark photope-
riod at a temperature of 22 + 2°C. The culture was diluted
weekly with half Walne’s medium prepared from filtered
(0.22 ym) and sterilized Black Sea seawater (salinity 18) to
support exponential growth (Andersen 2005).

2.3 Light microscopy (LM)

Live cells were isolated by micropipetting and transferred to
a glass slide in a live drop for observation under high
magnification LM. Live cells were observed under inverted
Nikon Eclipse MS 100 and Nikon Eclipse TS2R (Nikon
Metrology NV) light microscopes equipped with Nomarski
differential interference contrast (DIC) optics. LM images
were taken with an Infinity 3 Luminera color digital camera
at400 x magnification and under oil immersion in a live drop
at 1,000x magnification. Cell dimensions, the presence of
various inclusions, the position of the pyrenoid and the shape
of the plastid were examined from more than 200 live cells.

2.4 Scanning electron microscopy (SEM)

A volume of 2ml of dense (ci. 10° cells ml™) culture of the
strain IBSS—4.14M was fixed in acidified 1 % Lugol’s solution
for 60 min (Bistricki and Munawar 1978; Dolgin and Adolf
2019). After fixation, the sample was gently concentrated
under a low vacuum (<0.2atm) onto a polycarbonate fil-
ter (2-um pore size, Dubna, Russia) using a filter funnel
(Sartorius, Germany). After precipitation on a filter, the cells
were rinsed three times with distilled water and then
dehydrated gradually in a graded ethanol series. The filters
were dried using automated critical point dryer Leica EM
CPD300 (Leica Microsystems, Germany) for 1.5-2.5h. The
dried filters were mounted on aluminum stubs using carbon
adhesive tabs and sputter-coated with Au/Pd using vacuum
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coater Leica EM ACE200 for 1.0 min before examination in a
scanning electron microscope Hitachi SU3500 (Hitachi High
Tech, Japan). Cell length, width, and depth were measured
on SEM micrographs of randomly selected cells using Image]
ver. 1.50i (National Institute of Health, USA), and the range,
mean values and standard deviation were calculated.

2.5 Pigment absorption measurement

The phycoerythrin absorption maximum was assessed us-
ing the “quantitative techniques on wet filters” method
(Mitchell and Kiefer 1988) in accordance with Efimova et al.
(2020). For the whole-cell absorption measurements, an
aliquot of the culture was gently filtered under low vacuum
(<0.2 atm) onto the glass fiber filters (Whatman GF/F). The
optical measurements were performed using a dual-beam
spectrophotometer Lambda 35 (Perkin Elmer) equipped
with an integrating sphere at wavelengths between 350
and 750 nm.

2.6 DNA extraction, PCR, and sequencing

Total genomic DNA was extracted from the strain IBSS-
Cr-4.14M using the DIAtom DNA Prep Kit (Isogen, Russia)
following the protocol provided by the manufacturer.
Partial nuclear encoded 18S (SSU) and 28S (LSU) rDNA
and complete internal transcribed spacer (ITS) regions
were amplified with novel and described earlier primers
(Table 1) with Encyclo PCR kit (Evrogen, Russia). PCR
cycling conditions included denaturation at 95 °C for 5 min,
followed by 40 cycles of denaturation at 95°C for 30s,
annealing at 55°C for 30s, extension at 72°C for 3 min,
and final extension at 72°C for 5min. PCR products
were separated by 0.8% agarose gel electrophoresis
and purified using Cleanup Mini Kit (Evrogen, Russia).
Amplicons were directly sequenced with an Applied
Biosystems 3730 DNA Analyzer. The sequence of the

Table 1: Primers used for PCR and sequencing.
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strain IBSS-Cr-4.14M was deposited in the GenBank with
accession number OR687719.

2.7 Phylogenetic analyses

Partial nuclear SSU and LSU rDNA genes, complete 5.8S gene,
and complete ITS1 and ITS2 spacers were obtained from the
strain IBSS-Cr-4.14M as a set of overlapping sequences to
clarify the phylogenetic relationship of this strain as a novel
cryptophyte species P. agilis. The assembled contig was
3,912 bp in length. Each P. agilis gene was separately aligned
with corresponding genes from eighteen Proteomonas
strains, five uncultured clone sequences affined to Proteo-
monas according to BLAST search, and Geminigera cryophila
and Teleaulax amphioxeia as an outgroup species. For tree
inferences, three alignments (SSU, 5.8S, and LSU) were
concatenated. Bayesian phylogenetic inference (BI) was
performed using MrBayes 3.2.6 with four runs under the
GTR + I + G4 model of evolution, 5,000,000 generations
and 50% burn-in. Maximum likelihood (ML) inference
was performed using IQ-TREE (Nguyen et al. 2015) under the
ModelFinder search (-m MFP) and ultrafast bootstrap
(-bb 1000). GenBank accession numbers for the gene
sequences of strains employed in the Bayesian and ML
phylogenetic analyses are listed in the Supplementary Table S1.

ITS2 sequences for four Proteomonas strains were
assembled from GenBank SRA libraries SRR1300355,
DRX303455, DRX303452, and ENA SAMN35743121 with SPAdes
(Bankevich et al. 2012) after trimming the adapter sequences
from the read data with Trimmomatic (Bolger et al. 2014)
(Supplementary Table S2). The secondary structures of nu-
cleus—encoded ITS2 sequences of the strain IBSS-Cr-4.14M
(P. agilis sp. nov.) and three Proteomonas strains were pre-
dicted using the RNA folding program available at the mfold
server  (http://mfold.rna.albany.edu/?q=mfold/RNAFolding—
Form) (Zuker 2003) with default values. All predicted struc-
tures of ITS2 were manually examined and compared for
common stems, loops, and bulges. Compensatory base changes
(CBCs) in different helices were manually identified from the
ITS2 secondary structures.

Gene Primer Sequence Reference

18s A 5"-GTATCTGGTTGATCCTGCCAGT-3’ Medlin et al. (1988)

18s 18r3 5"-CAACTACGAGCTTTTTAAC-3' This study

18s 18r5 5-TGGTGCCCTTCCGTCAAT-3" This study

18s dé 5-CCGTTCTTAGTTGGTGG-3' Simdyanov et al. (2015)

18s d71 5-GTCCCTGCCCTTTGTACACACCGCCCG-3' Simdyanov et al. (2017)

28s NLR 204/21 5"-ATATGCTTAARTTCAGCGGGT-3' Van der Auwera et al. (1994)
28s D2dnB 5-CCTTGGTCCGTGTTTCAAGAC-3’ Kjer et al. (2001)

28s R1411sq

5"-GTTGTTACACACTCCTTAGCGG-3"

Medina et al. (2001)
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3 Results

3.1 Taxonomy

Proteomonas agilis Khanaychenko, Nikolaeva, Rylkova,

Aleoshin, Saburova et Moiseenko sp. nov. (Figures 1-3).

3.1.1 Description

Cells are oval, slightly convex and dorsoventrally flattened,
obloid in shape; with rounded apical and antapical ends,
semicircular in transverse section, with slightly convex
dorsal and slightly concave ventral surfaces. Under LM,

Figure 1: Light micrographs of Proteomonas agilis sp. nov. (strain IBSS-Cr-4.14M). (A, B, E, F, and I-L) Lateral right-sided view. (C, D, G, and H) Lateral left-
sided view. Cells at different focal planes showing two flagella (Fl), single plastid (Pl), large single pyrenoid (Py), posterior nucleus (n), vestibulum (V), and

row of large ejectosomes lining gullet (Ej). Scale bars = 5 pm.
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Figure 2: SEM micrographs of Proteomonas agilis sp. nov. (strain IBSS-Cr-4.14M). (A-C) Ventro-lateral right-sided view showing dorsal (FId) and ventral
(FIv) flagellum, vestibular plate (Vp), ventral furrow, and mid-ventral band (Mvb). (D and E) Lateral right-sided view showing two unequal flagella.
(F) Dorsal view showing the inner periplast component consists of an ordered system of discrete, anteriorly stepped hexagonal plates. Scale bars =5 um

(A, D, and E) and 3pm (B, C, and F).

living cells range from 7 to 10 um in length and from 3 to
4 um in width, width to length proportions ci. 0.5; with a
single oblique plastid/chloroplast with PE-545, and a free
pyrenoid positioned ventrally beside it. SEM revealed two
unequal flagella, the dorsal longer than the ventral one,
are shorter than the cell length, curved up and backwards,
positioned on an upper 1/3 ventral side from a subapical
vestibulum elongated by the oblique furrow extending
1/2 cell length; IPC is covered by discrete, hexagonal *plates’,
fixed posteriorly, raised to accommodate small underlying

ejectosomes, while discharged forming distinct pores. Mid-
ventral band 1/2 cell length from antapex to furrow opening
is evident in young cells just after cell division by pole
reversal. Cysts and palmeloid forms were not observed.

3.1.2 Holotype

The SEM stub containing fixed, critical point dried material
from the strain IBSS-Cr-4.14M (P. agilis sp. nov.) was
deposited at the Algal Herbarium (LE) of the Komarov
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Proteomonas sp. NIES-1005
Proteomonas sp. CCMP2715
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group A

Proteomonas sp. CCMP326

Proteomonas sp. RCC3072

Proteomonas sulcata SZN-C55

Proteomonas sp. NIES-1375

Proteomonas sp. RCC6266

Proteomonas sulcata SZN-C31 79
Proteomonas sulcata SZN-.C.?»O

Proteomonas agilis

Proteomonas sulcata MA-5/SERB/DAEM/2022
Proteomonas sp. SMS51

Uncultured clone AlaWaiEuk6 98
oS Proteomonas sp. RCC6264
Proteomonas sulcata CCMP1175*
Proteomonas sulcata CRY11.ecy16 (CCMP705)
Proteomonas sulcata CCMP321
Proteomonas sulcata CCMP704
Proteomonas sulcata SZN-C6
Proteomonas sulcata SZN-C28
Uncultured eukaryote clone 08D30P19
Uncultured eukaryote clone 08D30P37
Uncultured eukaryote clone 08D30P76
Uncultured eukaryote clone 10D03P61
Geminigera cryophila
Teleaulax amphioxeia

172 1.0

_li

0.02

Bayesian tree

group B

100

—_
0.02

ML tree

Figure 3: Bayesian and maximum likelihood (ML) trees based on the concatenated nuclear-encoded SSU, 5.8S, and LSU rRNA genes of Proteomonas
species. Bayesian posterior probabilities are shown near the internal nodes. Posterior probabilities and bootstrap values which are lower than 0.7/70 are
not shown. Proteomonas agilis sp. nov. (strain IBSS-Cr-4.14M) is highlighted in red font; the asterisk marks the type strain of P. sulcata; taxa in bold type are
strains involved in the compensatory base changes analysis in ITS2 rDNA secondary structures (see Figure 5). Scale bar: substitutions per site.

Botanical Institute, St. Petersburg, Russia (identification
number LEA0004142).

3.1.3 Type locality

Coastal waters of the NW Black Sea (44°37'00"N; 33°31'18"E);
the strain IBSS—Cr-4.14M was isolated in late October 2019 by
AN. Khanaychenko and D.V. Moiseenko.

3.1.4 Authentic strain

The strain IBSS-Cr-4.14M is deposited at the Culture
Collection of Marine Algae (CCMA) of IBSS and maintained
on a regular basis at the Culture Collection of the Black
Sea Cryptophytes (CCBSC) in the Department of Aquaculture
and Marine Pharmacology of IBSS. The glutaraldehyde
and alcohol fixed samples of the strain IBSS-Cr-4.14M
are also kept in the Department of Aquaculture and Marine
Pharmacology of IBSS.

3.1.5 Gene sequence

DNA sequence is deposited in GenBank under accession
number OR687719 (nuclear SSU, ITS, and LSU rDNA).

3.1.6 Habitat

Marine coastal waters, plankton.

3.1.7 Etymology

Epithet from the Latin adjective “agilis” because of the
sudden, fast, nimble movements in different directions
typical of this species.

3.2 Morphological observations
3.2.1 Culture

The color of the cultures of P. agilis sp. nov. (strain IBSS-Cr-
4.14M) with cell concentration higher than 10° cells ml™* was
pink-brown in exponentially growing cultures at irradiance
<10 pmol photons m?s™ and temperature 18-24°C, and
gradually changed to light brownish and up to yellow-
greenish when exposed to the irradiance >15 umol photons:
m s and increased temperature (>25 °C). The color of the
culture depended on the variation of the light spectrum,

cell density, and culture age, which affected the ratio of
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chlorophyll to phycoerythrin in the cell. The absorption
spectrum of the IBSS-Cr-4.14M strain cells, as determined by
spectrophotometry, exhibited an absorption maximum at
538-551nm, which is characteristic of the cryptophyte
phycoerythrin Cr-PE 545 absorption range (Greenwold et al.
2019). The high content of phycoerythrin was confirmed by
the distinct orange fluorescence of the cells with a strong
emission peak at 545 nm due to the presence of Cr-PE 545, as
detected by spectrophotometry. The overall results of
phycoerythrin-specific light absorption characteristics in
a range of new cryptophyte species will be presented in a
separate article.

3.2.2 Cell behavior (LM)

Living cells in a droplet under quiescent conditions are often
observed to be attached to the glass surface (probably by
flagella) in an upright position with the apical side down
and fluttering, trembling in the attached position. Slightest
vibration resulted in abrupt cell sideways jumps of the cells,
apparently due to the sharp “shooting” of their ejectosomes,
followed by rapid swimming with abrupt changes of
direction.

3.2.3 General morphological features

P. agilis sp. nov. occurs in culture only as live motile cells.
Measured under LM at 400x magnification, live cells vary in
length from 7 to 10.5 um and in width from 2.5 to 4 um, width
to length ratio ci. 0.5. Measured from the SEM micrographs,
the cells vary from 5.2 ym in length, 2.3 um in width, and
2.9 ym in depth in the young specimens after cytokinesis to
10.2 um (length), 5.2 um (width), and 4.9 uym (depth) in the
mature cells. Mean SEM cell sizes (n = 40) in the exponential
growth phase are 7.1 + 0.9 ym (length), 3.4 + 0.5 um (width),
and 3.5 + 0.3 um (depth).

In dorsal and ventral view, the cells are obovate with a
rounded anterior end and a rounded but slightly tapered
posterior end. Due to a slight lateral flattening, most of the
cells were observed lying on one side. They are slightly
convex in lateral view, with minor dorso-ventral compres-
sion, a slightly convex dorsal surface and slightly concave
ventral surface. The anterior and posterior ends of the cell
are rounded (Figures 1 and 2). Two unequal flagella, the
dorsal longer than the ventral, directed upward and
dorsally, are inserted laterally into a cavity from a shelf-like
area on the ventral right side of the vestibulum (Figures 1A,
1C, 1E, 1], 1K and 2A, 2B, 2D, 2E). The classic cryptomonad
asymmetric vestibulum is present (Figure 1E-A). Along the
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ventral surface of the cell, posteriorly from the inner
depression of vestibulum, from almost one third of the cell
length from the apex, a prominent furrow extends longitu-
dinally along the ventral surface for about 1/3 to 1/4 of the cell
length (Figure 2A—C). Rows of extruded ejectosomes follow
the furrow, and are also found in other areas of the cell
(Figure 1]-L).

A single parietal oblique plastid, filling almost the entire
cell on the dorsal side and tapering ventrally, is not
connected to a single free pyrenoid located close to the
center of the cell (Figure 1A, D, F-I, K, and L). A large globular
nucleus located in the antapex, is visible at any position
of the cell (Figure 1B-D, H, and ]J-L). A vestibular plate,
resembling a flat tongue, is visible only in young cells, just
after cell division, when viewed from the ventral side, and is
located on the posterior wall of the vestibulum, just behind
the dorsal, longer flagellum (Figure 2A). Mid-ventral band,
extending for 1/2 of the cell length from the antapex to
the furrow opening, is clearly visible in young cells just after
cell division (Figure 2B and C).

The inner periplast component consists of an ordered
system of discrete, anteriorly stepped hexagonal plates,
resembling fish scales in some cells. Rows of hexagonal
plates cover the entire cell including the antapex
(Figure 2B-F). Young (small) daughter cells just after
cytokinesis show slightly undeveloped hexagonal plates,
especially, in the area of the so-called anamorphic zones
around the edges of the divided cells near the vestibulum
and along the mid-ventral band, which is only visible
just after division in the posterior part of young cells when
viewed laterally. Pores after discharged ejectosomes are
visible at the corners of some plates, especially in young
cells (Figure 2A).

Direct LM observation of living cultured cells revealed a
reorientation of the daughter cell relative to the parent cell
during cell division, termed pole reversal. This occurred dur-
ing the cytokinesis, whereby the posterior of the developing
daughter cell was formed from the anterior of the parent cell.
Separated by rotation relative to each other, the daughter cells
were significantly smaller than the mature cells.

3.3 Molecular phylogeny

According to both Bayesian and ML phylogenetic trees of
Proteomonas species (Figure 3), the genus Proteomonas is
monophyletic and divided into two unequal groups: group A
with a relatively long branch (18 strains including P. agilis)
and group B (six strains). The various strains assigned to
P. sulcata do not form a single group on either the BI or ML
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trees. Fortunately, the type strain of P. sulcata (CCMP1175)
has been characterized by marker genes, so we can
distinguish true P. sulcata from misattributed strains. Only
few nodes have high posterior probability and bootstrap
value greater than 0.7/70, probably due to high similarity
between sequences. Among group A strains, the tree is
represented by SSU from 17 strains, 5.8s from 8 strains, and
LSU from 9 strains, with SSU similarity level greater than
98 %. Group B strains represent only SSU with a similarity
level more than 99.5 %. Although new species P. agilis (strain
IBSS-Cr-4.14M) is closely related to several Proteomonas
strains, it differs from them in the rRNA genes and ITS
sequences.

3.4 Secondary structures of nuclear ITS2
regions

ITS2 of the strain IBSS-Cr-4.14M folded into four predicted
helices as in most eukaryotes (Coleman 2007), with the
longest helix III, and a typical mismatch U-U in helix II
(Figure 4). To confirm that the strain IBSS-Cr-4.14M is a

I v
. O
Helix Il ¢/

s
<

5, Helix IV

Figure 4: Predicted secondary structure of ITS2 for Proteomonas agilis
sp. nov. (strain IBSS-Cr-4.14M). Helices are numbered according to
Coleman (2000). Typical unpaired U-U in helix Il is marked by a rectangle.
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distinct species, we compared its nuclear ITS2 structure
(Figure 4) with homologous ITS2 structures of Proteomonas
strains for detection of CBCs.

At the time of analysis, no ITS2 sequences from any
Proteomonas strain were available in GenBank. However,
Sequence Read Archive (SRA) libraries for the three strains
(P. sulcata CCMP704, Proteomonas sp. NEIS-1375, and
Proteomonas sp. NEIS-1005) allowed us to assemble their
ITS2 sequences (Supplementary Figures S1-S3). One of the
SRA libraries belongs to a single nominal Proteomonas
species with molecular data, P. sulcata CCMP704 (Marin
et al. 1998). Additional P. sulcata strain data, specifically
P. sulcata CCMP1175 (type strain collected in the Bass Strait
off the coast of Cape Otway, Victoria, Australia in the 1980s
by D.R.A. Hill (Hill and Wetherbee 1986), sample accession:
SAMN35743121), was obtained from the European Nucleo-
tid Archive (ENA) database (https://www.ebi.ac.uk/ena/).
Data on ITS2 of Proteomonas strains NIES-1005 and
NIES-1375 were found in the Gene database, originated
from the Microbial Culture Collection at the National
Institute for Environmental Studies (NIES) of Japan,
established in 1983.

CBCs between IBSS-Cr-4.14M and four other
Proteomonas strains were found in all four ITS2 helices,
but for the easier perception, we only provide visualiza-
tion for helix II (Figure 5). The ITS2 structures of two
P. sulcata strains, CCMP704 and CCMP1175, were found to
be identical, proving the identity of both with the original
type species of the genus, P. sulcata, isolated from the
south-eastern Australian coastal waters (Hill and
Wetherbee 1986).

In general, in all Proteomonas strains, helix II splits
into two parts — conservative proximal and variable
distal (Figure 5). The conservative part contains the
identical motif and the typical mismatch U-U. The
variable part differs among the strains in length, number
of complementary pairs, and number and type of
unpaired bases. Terminal loops are conserved in length
among strains. Helix II in Proteomonas NIES-1375 is the
longest among four strains, and has a bulge. Helix II in
IBSS-Cr-4.14M is slightly shorter and has an internal loop,
while Helix II in Proteomonas NIES-1005 and P. sulcata
CCMP704/CCMP1175 have no internal loops, or bulges. In
addition, helix II in P. sulcata CCMP704 and CCMP1175 is
shortened in both the conservative and variable parts,
making the homologation of base pairs between P. sulcata
CCMP704/CCMP1175 and other strains difficult. CBCs
are present only in the variable part; all strains have
numerous CBCs (Table 2) and, should therefore be
considered as separate species.
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Figure 5: Predicted secondary structure of ITS2 helix II for Proteomonas sulcata (strains CCMP704 and CCMP1175), Proteomonas agilis sp. nov. (strain
IBSS-Cr-4.14M), and Proteomonas spp. (strains NIES-1375 and NIES-1005). Typical unpaired U-U is marked by a rectangle. Conservative motifs are marked
in green; compensatory base changes (CBCs) are marked by rectangular boxes highlighted with gray background; the asterisk marks the type strain of

P. sulcata.

Table 2: Number of compensatory base changes (CBCs) in ITS2 between
Proteomonas agilis (strain IBSS-Cr-4.14M) and three closely related

Proteomonas strains.

Strain HelixI HelixII HelixIII HelixIV Total
Proteomonas sulcata 7 3 11 6 27
CCMP704/CCMP1175

Proteomonas sp. NIES-1375 5 6 1 9 21
Proteomonas sp. NIES-1005 11 6 2 2 21

4 Discussion

The initial description of the genus Proteomonas was based
on a single species isolated from the south-eastern Austra-
lian coastal waters, with the holotype designated P. sulcata
(Hill and Wetherbee 1986). The authentic strain had an
unusual life history with alternating morphology between
the haplomorphic and diplomorphic forms, identified as
haploid and diploid life stages. However, that study found
that the haplomorph and diplomorph, which differed in size,
periplast structure, configuration of the flagellar apparatus,
and the quantity of nuclear DNA, both reproduced by simple
cell division, and each was capable of producing the other
cell type (Hill and Wetherbee 1986). The only other species,
Proteomonas pseudobaltica (Erata et Chihara) Novarino
1991, which the author believed to be a diplomorphic life

stage of a species belonging to the genus Proteomonas, was
described only morphologically (Novarino 1991), based on
the specimens isolated by Butcher in 1961 from a marine
rock pool on the Channel Islands. Initially, this cryptophyte
was identified as Cryptomonas pseudobaltica Butcher 1967
(a strain 979/9 from the Culture Collection of Algae and
Protozoa, U.K., CCAP). Thus, to date, the morphology of only
two species of the genus Proteomonas has been described:
the dimorphic P. sulcata (Hill and Wetherbee 1986) and
P. pseudobaltica (Novarino 1991), the latter pretending to
belong to the genus Proteomonas.

In the present study, we have attempted to compare
selected morphological characters used to delineate taxa
for different strains of Proteomonas, summarized in Table 3.
Besides the morphological description of dimorphic P. sul-
cata strains (Cerino and Zingone 2006; Hill and Wetherbee
1986) and P. pseudobaltica (Novarino 1991), we included the
morphological characters of the described new species,
P. agilis sp. nov., and the cryptophyte species with very
similar morphological description based only on LM obser-
vations, found in the same vicinities as P. agilis, but in the
early 1970s, named Cryptomonas flexa (Rouchijajnen 1970).
All described strains, except the last one for which no data
were available, have the accessory pigment CrPE545 in the
phycobiliprotein.

The morphological characteristics of P. pseudobaltica,
described by Novarino (1991) differ significantly from those
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described for both typical P. sulcata morphs (Cerino and
Zingone 2006; Hill and Wetherbee 1986) and for P. agilis. The
cells of P. pseudobaltica differ in size, shape, and structure of
the inner periplast component (Table 3). Furthermore,
P. pseudobaltica has never been studied by molecular tech-
niques. Even on the basis of morphology alone, this taxon
does not appear to belong to the genus Proteomonas (Deane
et al. 2002). Among the morphological characters of P. agilis
distinguished by LM and SEM (Table 3; Figures 1 and 2), few
differ from those of P. sulcata haplomorph (Cerino and
Zingone 2006; Hill and Wetherbee 1986). These species differ
in cell size and proportions, with P. sulcata possessing larger
hexagonal plates than P. agilis. The vestibular plate in
P. agilis is much smaller, less prominent, and with a straight
cut upper edge compared to the large, tongue-like plate with
rounded upper edge observed in P. sulcata haplomorph
(Cerino and Zingone 2006). It is uncertain whether P. agilis is
conspecific with the previously described Cryptomonas flexa
from the same locality (Rouchijajnen 1970), as the original
description of C. flexa is too brief, morphological data on
the internal structure of the periplast are lacking, and no
molecular data are available.

The map of geographical distribution of various
cultured Proteomonas strains of known origin in different
culture collections is shown in Figure 6. To summarize, in
most cases so far, we can either find various cultured strains
in different culture collections, named Proteomonas spp. and
isolated from coastal and open waters of Atlantic and Pacific
oceans, Red Sea, etc., without any molecular data available;
or, alternatively, different sequences of uncultured strains,
also named Proteomonas spp. with unknown morphology,
are present in GenBank. Several P. sulcata strains from
the Stazione Zoologica di Napoli (SZN) culture collection,
registered as typical of late autumn-winter cryptophytes

P. agilis
[ J

@ Group A
@® Group B
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in the Mediterranean coastal waters, have been described
morphologically by LM and SEM (Cerino and Zingone 2006;
see Table 3). However, molecular data for most of these
strains have not been presented by the authors, and only
SSU rDNA sequences of some SZN Proteomonas strains are
available among the GenBank sequences. ITS2 sequences
from any of the SZN Proteomonas strains were not available
in GenBank at the time of analysis. Additionally, the SRA
libraries for these strains were not found, making it
impossible to assemble their ITS structure to compare with
P. agilis sequences.

No signs of dimorphism were observed in P. agilis strain
IBSS-4.14M, in contrast to P. sulcata. Cerino and Zingone
(2006) did not observe a switch from one morph to another
in separate cultures of both the haplomorph and the
diplomorph strains of P. sulcata, as was noted previously
for this species by Hill and Wetherbee (1986). Further
investigations are necessary to determine if different cul-
ture conditions are required to induce a switch to
another morphological stage in the same strain. It is also
important to verify the ploidy of the cell populations in
cultures.

Proteomonas was long considered monotypic since the
original description of the genus by Hill and Wetherbee
(1986). The type species, P. sulcata, was recognized as a
unique cryptophyte due to both its variable morphology of
alternating haplomorph and diplomorph life stages and
phylogenetic position (Deane et al. 2002; Marin et al. 1998).
Previous phylogenetic analyses based on complete nuclear-
encoded SSU rRNA sequences (Marin et al. 1998) suggested
that P. sulcata formed an independent lineage (referred to as
clade V) with no significant affinity to any other clade. Its
relationship to other clades appears to be unresolved by
SSU rRNA. Recently performed three-genome phylogenetic

o

P. sulcata
b Figure 6: Geographical distribution of
Proteomonas strains (group A and group B in

Figure 3) worldwide.
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analysis based on ultraconserved elements from the
nuclear, nucleomorph, and plastid genomes (Greenwold
et al. 2023) also found Proteomonas clade (referred to as
clade 2B) as sufficiently distinct to justify its independence
and to attributed its own subfamily, Proteomonadoideae.
Our molecular phylogenetic analysis reliably placed
novel taxon within the Proteomonas monophyletic
genus based on 18S, 5.8S, and 28S gene sequences.
However, these genes, previously considered the main
phylogenetic markers for microalgae, have proven
to be ineffective in distinguishing species within the
cryptophyte clade, including monophyletic genera such
as Proteomonas.

The present study utilized variable ITS spacers to
improve the tree topology of Proteomonas strains and
enhance the phylogenetic signal. The CBC approach and the
search for compensatory substitutions in conservative ITS2
regions (Wolf et al. 2013) appeared to be a more reliable tool
for differentiating cryptophyte species. Our results support
the effectiveness of this approach in distinguishing closely
related cryptophytes, including those of the Proteomonas
genus.

Our data revealed undoubtedly that the genus Proteo-
monas is not monotypic but includes a range of unstudied
species, in addition to the type species P. sulcata and P. agilis
sp. nov. described in this study. The nucleotide sequences of
nuclear ITS2 (Figure 5) and CBCs (Table 2) differentiate
two Proteomonas strains, NIES-1375 and NIES-1005, from
each other and distinguish them from other species of
the genus found in various collections and the GenBank
database. However, there are currently no morphological
descriptions to support this idea. Meanwhile, the concept
that ITS2 sequences of two distinct biological species differ
by at least a single CBC (Coleman 2000; Mtller et al. 2007;
Wolf et al. 2013) suggests that strains NIES-1375 and
NIES-1005 should be considered separate species of the
genus Proteomonas. Numerous Proteomonas strains found
worldwide require careful investigation by an international
team using an integrated approach. The search for other
cryptophytes that alternate different morphotypes, such
as P. sulcata, is ongoing.
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