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ABSTRACT

Chlamydomonas-like green microalgae are unicellular biflagellate organisms from
the order Volvocaiges, which are widely distributed in terrestria% ecosystems.
Recent studies have shown that they belong to different phylogenetic lineages.
The exact establishment of the taxonomic affiliation of these representatives is
based on integrative approach, including multigene phylogeny along with light
and electron microscopy, which also allows us to get the most accurate informa-
tion about their biogeography. In this study, we examined the terrestrial green
Chlamydomonas-like microalga, isolated from soil of the South-Eastern Altai
Mountains in Russia. Based on molecular data of the nuclear 18S and plastid 7bcL.
gene, we refer this alga to Chloromonas actinochloris within a robust clade of the
%enus Chloromonas, the phylogroup Chloromonadinia. This species was described
rom North America (USA). It is the first discovery of C. actinochloris in the
mountains of Southern Siberia, as well as the first record of the species in Russia
confirmed by molecular phylogeny and microscopy methods. The description of
C. actinochloris, information on its biology and geography was supplemented. It is
generally accepted that the phylogenetic clade including C. actinochloris should be
revised and reassigned to a new genus soon. Our study shows that vegetative cells
of Chloromonadinia algae can have ornamented cell wall that was mainly known
for resting cells (cysts/zygotes) in a number of chlamydomonads, mote rarely for
vegetative cells. The structures on the wall of vegetative cells of Chlamydomonas-
like microalgae can serve as an additional diagnostic criterion.

Keywords: terrestrial green microalgae, Chloromonadinia, Chloromonas actinochloris, Rus-
sian Altai Mountains, taxonomy, integrative approach

PE3IOME

Eroposa 11.H., Kyaaxosa H.B., Bosauna O.B. AonosneHus K oIucaHuio
Chloromonas actinochloris (Chlorophyta) na ocHose Haxoaxku B FO>xHoi
Cubupu. Chlamydomonas-noAoOHbIC 3€ACHBIE MUKPOBOAOPOCAH — ILIIPOKO Pac-
[IPOCTPAHECHHBIE B HA3EMHBIX 9KOCHCTEMAX OAHOKACTOUHBIE ABYIKIYTHKOBBIE OP-
raam3Mbl 13 HopAAka Volvocales. CoBpeMeHHbBIE MCCAGAOBAHHA ITOKA3AAN, YTO
OHU IIPHHAAACIKAT PA3HBIM (PHAOICHETHYCCKAM AUHHSM. YCTAHOBACHHE TaK-
COHOMHYECKON ITPHHAAACKHOCTH Chlamydomonas-nopobHbIX BOAOPOCAEH Tpe-
OyeT IPUMEHEHUST METOAOB MOACKYASPHOM (DHAOICHUI HAPSAY CO CBETOBOM U
SACKTPOHHON MUKPOCKOIIHEH, ITO TAKKE IO3BOAACT IOAYIHTh HANOOAECE TOY-
Hyro uHMOpMannio 06 nx reorpadun. B Hacrosmei pabote Hamu ObIAA H3yUe-
HA 3CACHAA MOHAAHAS MUKPOBOAOPOCAB, HAMACHHAA B ITIOYBE FOIO-BOCTOYHOIO
Anras (Poccns, Pecrrybanka Aaraii, Kormr-Araucknii paiton). Ha ocroBe Moae-
KyAIDHBIX AAHHBIX OHA OTHCCCHA K CAMOCTOSTCABHOH KA2AC B COCTaBe (PUAO-
rpyrsr Chloromonadinia, CpoA 7 Chloromonas, suny C. actinochloris. Bua nssecren
n3 Ceseproil Amepuxn ( LHA) Dro nepsas Haxoaxa C. actinochloris B ropax
FOsxu0#t Cubupy, a Takxe repBast HOATBEPKACHHAS IIPH ITOMOIIN METOAOB MO-
ACKYASPHOH (DHAOTCHHM 1 MUKPOCKOIIMH HaxOAKa BuAa B Poccnu. Ha ocmo-
BE IMOAYYEHHBIX HAMH AAHHBIX AONOAHEHO orucanue C. actinochloris, cBeAcHUs
o ero buonorun u reorpacdun. Panee okasaHo, 9TO BHABL B COCTABE KAAABL, K
kotopoit npuHaasexut C. actinochloris, AOAKHBI OBITH OTHECCHBI K HOBOMY POAY.
OAHAKO, TAKCOHOMUYIECKAS PCBU3HUA Chloromonadinia errre ze rposeaeHa. Harrrm
HCCACAOBAHUS TAKKE IIOATBEPIKAAIOT, UTO BEICTATUBHBIEC KACTKHI [IPEACTABHTEACH
Chloromonadinia MoryT uMeTs 060A0UKY ¢ OpHAMEHTOM. CKYABIITYPHPOBAHHBIC
00OAOYKH M3BECTHBI IIPEUMYIIIECTBEHHO AAS IIOKOSIIINXCS KACTOK g_II/ICT/ 31107T)
PAAZ XAAMHAOMOHAA, PEKE AAS BEICTATUBHBIX KACTOK. CTPYKTYPhI HA OOOAOUKE
BEICTATUBHBIX KACTOK Chlamydonionas-rioAOOGHBIX MEKPOBOAOPOCACH MOTYT CAY-
KUTh AOIIOAHHTEABHBIM AHATHOCTHYCCKHM KPUTCPUCM.

KaroueBbIe CAOBA: IOYBECHHEIEC 3eAcHBIC MUKPOBOAOpocAn, Chloromonadinia, Chloro-
monas actinochlorss, ropHbIIT AATAI, TAKCOHOMUS, HHTETPATUBHBIE HCCACAOBAHMS

Unicellular green algae which have two equal flagella, Chlamydomanadales). Traditionally they were placed in the
chloroplast with or without pyrenoid(s) and cell wall, belong family Chlamydomonadaceae. According to modern know-
to chlamydomonad-type algae (Ettl 1976, 1983, Préschold et ledge, they are members of different phylogenetic lineages
al. 2001). This type comprises a significant number of spe- (Nakada et al. 2008), which can be found in various terresttial
cies within the class Chlorophyceae order Volvocales (or and aquatic ecosystems. These algae are free living organisms,
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epibionts and endobionts (Ettl 1983, Boldina 2016, Nema et
al. 2019, Boldina & Chunaev 2020, Barcyté et al. 2022). In
terrestrial ecosystems, they occupy a variety of ecological
niches, such as soils, and different substrates: rocks, plants,
snow, ice, etc. Based on the results obtained using the culture-
depended methods and light microscopy, it was shown that
the diversity and abundance of these algae (morphospecies)
were significant in some soils of boreal forests especially af-
ter the rain (Gollerbakh & Shtina 1969, Aleksakhina & Shtina
1984). Their representation was less in arid habitats (Goller-
bakh & Shtina 1969, Novichkova-Ivanova 1980, Aleksakhina
& Shtina 1984). To a certain extent, data obtained by isolation
of nucleic acids from natural arid soil samples are consistent
with those revealed by culture-depended methods and light
microscopy (Lin & Wu 2014). A significant number of species
of green volvocalean monads have been found in cryospheric
biomes, where they play crucial role in their functioning
(Hoham 1975, Broady 1979, Buchheim et al. 1996, Hoham
et al. 2002, 20006, Liu et al. 2006, Novis et al. 200, Eddie et al.
2008, Demchenko et al. 2012, Remias et al. 2013, Muramoto
et al. 2010, Matsuzaki et al. 2018, 2019, Barcyté et al. 2018a,
Prochazkova et al. 2018, 2019a, b, Galvez et al. 2021).

About 50 morphospecies of Chlanzydomonas-like algae are
known in the terrestrial habitats of the mountains of Southern
Siberia (Egorova et al. 2020a). Most of them were found in
soils of the forests, meadows, swamps and others natural and
anthropogenic-disturbed plant communities (Sudakova 1975,
1986, Shushuyeva 1977, 1980, Artamonova 1982, Perminova
1989, Faktorovich 2001, Chatta & Lopatovskaya 2001, Lo-
patovskaya et al. 2017). A number of representatives collec-
ted from the batrk of trees, rocky substrates, in associations
with mosses, or in snow (Middendorf 1867, Komarov 1905,
Egorova & Sudakova 2005, Takeushi et al. 2006, Lopatov-
skaya & Maksimova 2010, Egorova 2012, 2016, Egorova et
al. 2020b). The species identity of these algae was established
using light microscopy. At the same time, an extremely small
number of Chlamydononas-like algae are isolated from natu-
ral habitats of Southern Sibetia, maintained in culture col-
lections, and studied by light microscopy along with electron

microscopy and molecular phylogeny methods. This hinders
the understanding of the actual diversity of this group and
their biogeography.

The goal of this work is to characterize morphology,
ultrastructure and the phylogenetic position of the Chlanzydo-
monas-like strain isolated from a dry soil in the stony steppe in
the Russian Altai highlands.

MATERIAL AND METHODS

Territory, sampling, strain isolation,
cultivation and microscopy

Studied soil specimen was collected in the dry stony
steppe located on a mountain slope in the vicinity of the
Lake Bol'shoe Boguty, the South-Eastern Altai, the Kosh-
Agach District, the Republic of Altai, Russian Federation,
in August 2015 (Fig. 1). The territory is inaccessible and re-
mote from populate areas. Altitude 2463 m above sea level;
49.707583°N 89.517283°E. The climate of the territory is
extreme continental. Mean annual temperature is -6.7°C,
precipitation 110 mm/year. The greatest amount of pre-
cipitation falls in the summer months (up to 70 %). The
least of them falls in winter, so there is no permanent snow
covet, and the soil freezes hard. The soil is skeletic, sandy,
poorly designed. The territory is characterized by a high du-
ration of sunshine (up to 2500 hours/year). The dominant
vegetation types are mountain steppe along with mountain
tundra and meadows.

The studied soil specimen was consisted of 10 separate
soil plots 5X5 cm with thickness of 2-3 cm deep, taken from
a site 10X10 m. Sample was collected under sterile condi-
tions in paper bag, air dried and delivered to the laboratory.
In laboratory conditions, to obtain enrichment cultures,
one gram of the crushed combined sample was placed in a
100 ml flask with a liquid nutrient medium N BBM (Starr &
Zeikuss 1973). Individual colonies were derived by methods
of Andreeva (1998). The isolated strain is stored under
number 167 in the IRK-A collection (Siberian Institute of
Plant Physiology and Biochemistry SB RAS, Irkutsk).

For the study, cultures of IRK-A 167 were grown on li-
quid and agar-solidified (1.4-1.6 %) media ON, N, 3N BBM
with or without vitamins (B, and B, ), and BG 11 (Stanier
et al. 1971). We used different modes of illumination and
temperature. The cultures were maintained in a BINDER
climatic camera (Germany) at 12-16°C under ~40 pmol

1

photons m? s irradiance and

a 16:8 h light:datk cycle using

cool-white fluorescent lamps.

Additionally, the strain grew in

the growth room at 19-23°C un-

der 12 h photoperiod with cool-

white lamps ~100 umol photons

- m? s'. Also, IRK-A 167 was

cultivated at room temperature

and natural light on the window.

The cultures of IRK—A 167 were

monitored for 2-3(6) months,
maximum up to one years.

The strain microphotographs

were taken under Axio Scope

Figure 1 Geographical distribution of Chloromonas actinochloris and similar algae (dots). Empty circle
shows the sampling site under this study. Black dots indicate the regions of the world where algae of

Chloromonas actinochloris-like morphology were found

Al (Carl Zeiss, Germany) light
microscope with a color camera
ICc5. The cells were stained with
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0.1 % gentian violet in vivo to establish the structure of cell
wall. For transmission electron microscopy, the cells of week
and four-weck old agar cultures of IRK—A 167 were included
in small agar blocks and fixed in 2.5 % cold glutaraldehyde
preliminary dissolved in the liquid culture medium. The spe-
cimens were kept on ice for 4 hours. After washing in cul-
ture medium, cells were post-fixed in 1 % OsO, on ice for
1 h. The procedure was followed by dehydration series in
acetone and embedding series in Epon—Araldite resin mix-
ture with DMP-30. The resin samples were stayed for two
days at room temperature and two more days at 60°C. Ultra-
thin sections of polymerized blocks were prepared by LKB
III ultratome and glass knives. The sections were placed on
copper grids and stained with lead citrate for 10 min. Cells
were viewed and photographed using the transmission
electron microscope Libra 120+ (Catl Zeiss, Germany).

DNA extraction, PCR and sequencing

The isolation of DNA from the living strain culture
grown on an agar media was carried out according to the
method of Doyle & Doyle (1990) with modification. Algae
wete collected from about 1 cm? of an agar plate sutface
in 200 wl of lysis buffer solution and pipetted. The sample
was left for cell lysis at 60°C for 60 min, then the standard
protocol procedure was followed. The precipitated DNA
was dissolved in 25 ul of mQ water and 50-80 ng of DNA
used in PCR.

PCR was carried out in 20 pl of the reaction mixture
containing 1x PCR buffer, 0.2 mM of each dNTP, 2.5 mM
MgCl,, 10 pmol of forward and reverse primer, 5 u. HS-Taq
DNA polymerase, 50 ng template DNA, and sterile deioni-
zed water.

The 18S tRNA gene and I'TS were amplified using the pri-
mers published by Katana etal. (2001) and White etal. (1990),
respectively. The fragment of the 7. gene 1200 nucleotides
in length was amplified using primers published by Levin et
al. (2003) and modified for amplification of green microalgae
b .GtF 5-ATGGYTCCACAAACWGAAAC-3', rbd.GtR
5-"GCWCGTAAYGAAGGTCG-3'.

PCR products were purified from 1 % agarose gel and
sequenced (Synthol, Moscow) with forward and reverse pri-
mers using the Sanger method. Nucleotide sequences were
analyzed and assembled using BioEdit 7.0.5.3 program (Hall
1999). Comparison and search for nearest homologues was
performed in the BLAST program of the NCBI global
service. The 18S-ITS and rbcL sequences were submitted
to GenBank under accession numbers OP303232 and
OP320792, respectively.

Phylogenetic analyses

Phylogenetic trees were reconstructed based on the 185
RNA, rbd. genes, and the combined alignment of these
genes (rbl. 1062 nt, 18S 1633 nt). For reconstruction of
phylogenetic trees, 47 nuclear 185 tDNA sequences and
22 chloroplast rbcl. sequences were acquired. The optimal
model of nucleotide substitutions for each data set was selec-
ted using the jModeltest 2.1.7 program (Darriba et al. 2012).
Phylogenetic trees were reconstructed using Maximum
Likelihood (ML), Neighbor Joining (N]) methods in the

program Mega 11.0.8 (Tamura et al. 2021) and the Bayesian
tree was calculated in the MrBayes 3.2.7 program (Ronquist
et al. 2012). The GTR + I + G model (ML and Bayesian
reconstruction) and TN93 + I + G nucleotide model (NJ)
were used for the concatenated nucleotide alignment. For
the 18S phylogeny, TN93 + I + G model was applied. The
number of bootstrap replicas was 1000 in the ML and NJ
calculations. The Bayesian analysis was run to achieve the
SD of split frequencies < 0.01.

RESULTS
LM of cultivated strain IRK-A 167

The solitary cells of IRK—A 167, including monad and
hemimonad (without flagella) cells, have ellipsoidal, cylind-
rical, broadly ellipsoidal or broadly cylindrical, globose, sub-
globose, ovoid, pyriform or wrong-polygonal shape. This
form depends on the mutual pressure of cells in the spo-
rangia (Fig. 2, 3).

The cells are 10-20 um in length and 5-15.4 pm in
width. The cell wall is thin in young cells. It thickens with
age, without mucus. In a light microscope, the cell wall often
looks smooth. However, we found that it is ornamented
(Fig. 4). The bumpes (spikes?) are located on its surface in
regular uneven rows. They are especially noticeable in cells
growing in liquid cultures. Staining with gentian violet and
TEM (see next) confirmed that the cell wall of IRK—A 167
is not smooth. A papilla is almost invisible or expressed,
blunt conical. The monad cells with two flagella of equal
length, shorter or longer than the cell, or equal to it (Fig. 3).
After the movement stops, the cells sometimes drop the fla-
gella. Chloroplast is massive, with radial lobes, sometimes it
does not fit tightly to the cell wall, and the ends of the cell
appeared empty. The lobes of the chloroplast are not always
clearly visible. Chloroplast contains a central pyrenoid,
which can be slightly shifted to the cell posterior end. Pyre-
noid is surrounded by several, up to 8-10, or numerous
starch grains. The stigma is anterior, small, ellipsoidal, elon-
gated-ellipsoid, up to rod-shaped, sometimes curved. It is
located in the chloroplast, shifted to the middle of the cells.
The stigma is often hidden. With different monad or hemi-
monad cell positions, the stigma looks dark red or orange
in a light microscope. Two contractile vacuoles are present
below the papilla. Sometimes, the cells contain a large num-
ber of vacuoles in cytoplasm. The chloroplast of such cells
is like spongiomorph (Fig. 3K). The nucleus is anterior,
placed between the lobes of the chloroplast.

The strain was reproduced asexually, by 2-16 zoo-,
hemizoo- and aplanospores, 4 or 8 being the usual number
(Fig. 3). Sexual reproduction has not been observed. The
daughter cells are released by rupture of the mother cell
wall (Fig. 4A). After the liberation of spores, the rest spo-
rangial walls remain in the culture for a long time. Often
the spores linger inside the mother cell and are able to start
dividing again. As a result, complex sporangia can form.
The sporangia of the strain IRK—A 167 in some cases re-
semble representatives of genus Tetracystis and so on. Cul-
tures that have been maintained on agar for a long time,
after transferring them to a liquid medium, do not give or
form a very small number of zoospores.
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Figure 2 The morphology of the solitary immotile cells of IRK-A 167. A—C, E-], S, T — the cells of different shape; A—S — shape of the
chloroplast, and pyrenoid in the cells of different ages; I.-S — the cells with a thickened cell wall; T — old cells with lipid droplets. Red arrow-
heads point papilla or thickening cell wall in place of the papilla, white arrows — contractile vacuoles, red asterisk — nucleus, yellow polygon
— vacuoles in cytoplasm. Scale bars: 10 pm

In agar cultures, cells form colonies without mucilaginous.
The solitary cells of IRK—A 167, monad cells after stopping
movement and loss of flagella or immotile hemimonad cells,
can acquire a spherical, subspherical or ellipsoidal shape over
time, up to 25-26 um in diameter. They are surrounded by a
thick cell wall, up to 6 pm in thickness. The thickened wall can
be concentrically stratified. Sometimes there is a pronounced
thickening of the cell wall at the site of the papilla or in other
sites of the cell (Fig: 2). The chloroplast in such cells is asteroid
like in Actinochloris or Radiosphaera, sometimes like in Chlorococcur.
As a rule, the nucleus is clearly visible. There are especially many
such cells in old agar cultures growing at low temperatures (less
of 20°C). These cells are able to divide to form daughter cells,
which can remain in the sporangium and be surrounded by a
thickened cell wall. The cells of a spherical, subspherical, sub-
or ellipsoidal shape, often with a thickened wall, homogeneous
pale orange, orange, yellow- or green-orange contents with
many drops oil or not can be attributed to akinets (Fig. 2T).
Two-month-old or older cultures on agar slants remain green
or become yellow-orange.

TEM description of studied strain

The vegetative cells of IRK—A 167 are covered by three-
layered cell wall (Fig, 5A—F). The outer layer is composed of
elongated outward electron dense formations (Fig. 5A—F). At
the base, such structures have a different shape, but they have
the regular orientation (Fig. 5C). The middle layer is hardly
visible, sometimes in the form of repeating crystalline struc-
tures, less often lamellar (Fig, 5B). The inner one is formed by
densely packed fibrils with parallel orientation to the cell sur-
face, and it is tightly attached to the middle layer. Near to the
plasmalemma, the fibrils of the inner layer are loose. At the
apical end the inner layer is thicker, forming papilla (Fig. 5E).

The plasmalemma is wavy. The chloroplast is surroun-
ded by a double membrane and contains few small starch
grains and multiple bands of long thylakoids packed to
2-3 units. Some of thylakoids form short bands of 5-7
units. Thylakoid bands are usually strait or slightly curved
(Fig. 5A, D, E). Pyrenoid is embedded in the chloroplast
body. It is delineated from the rest of chloroplast by the
envelope formed by 8 rather small starch grains, which lay
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apart from each other (Fig 5E).
The pyrenoid stroma is darker
than the stroma of chloroplast.
It is dissected by single thylakoid
bands entering from chloroplast.
The reduction in the number of
thylakoids to one is found quite
deep in the pyrenoid stroma
(Fig. 5H). The thylakoid shape
in bands stays flattened when
entering the pyrenoid stroma.
The cytoplasm contains nucleus
(not shown), some small profiles
of mitochondria located more
or less centrally (Fig. 5E, I),
Golgi body (Fig. 5H) and va-
cuoles (Fig. 5F). During cell
aging, large light heterogeneous
structures are found (Fig. 5G)

Molecular analyses

The phylogenetic analyses
presented in the Figs 6 and 7
showed that IRK-A 167 was
placed within the Chloromona-
dinia phylogroup (sensu Nakada
et al. 2008), clade 3 (by Hoham
etal. 2002). The phylogeny based
on 18S rDNA sequences allowed
us to include greater number
of  Chloromonas sequences in
compatison with that based on
the bl gene.

On the 18S-based phylo-
genetic tree the clustering of the
studied strain with the closest
relatives C. actinochloris SAG 1.72
(autenthic strain) and UTEX 578
(previously registered as C. mu-
tabilis) was supported with high
probability and bootstrap values
(20.99/99) (Fig. 6). In addition,
strains IRK-A 167 and UTEX
578 clustered together on the
tree based on the concatenated

Figure 4 The cell wall of the sporangia (A) and vegetative cells (B-G) of IRK-A 167. Cells stained

Figure 3 The monadic cells and sporangia of IRK-A 167. A—E — monad cells (including zoospores);
F — hemimonad cell; G—=P — cells in the sporangia; G, H — the rest of mature cell wall with single
spore; I, P — sporangia with thickened cell wall; ]-M — four, eight, sixteen spores in the sporangia; N,
O — complex sporangia. Red arrowheads point papilla, red arrows — stigma, green arrows — flagella,
white arrows — contractile vacuoles, red asterisk — nucleus. Scale bars: 10 um

with gentian violet (A, C, E, F). The arrows show the structures of the cell walls. Scale bars: 10 pm

alignment of 18S and rbcL while
there is no rbd. sequence of
SAG 1.72 in GenBank (Fig. 0).

Comparison of IRK-A 167 nuclear marker (185 rDNA)
with that of SAG 1.72 and UTEX 578 revealed their high nuc-
leotide similarity, 99.4 % and 99.2 %, respectively. Two other
species of the clade 3 C. asteroidea SAG 11.47 and C. radiata
UTEX 966 showed nucleotide similarity 98.3 % and 98.2 %,
respectively. Analysis of 7bd. gene sequence revealed, that
IRK-A 167 differed by 0.6 % nucleotides from Chloromonas
actinochloris UTEX 578, by 3.1 % nucleotides from C. asteroidea
SAG 11.47, and by 4 % from C. radiata UTEX 966.

DISCUSSION

A large number of pyrenoid-bearing biflagellate green
microalgae with flagella of equal length and cell wall are
being considered as representatives of the genus Chlanydo-
monas Ehrenberg, This genus includes up to several hund-
red species, many of which were described by light mic-
roscopy (Ettl 1976, 1983, Guiry & Guiry 2022). Based on
the molecular data, it was demonstrated that the traditional
genus Chlamydomonas is polyphyletic and Chlanzydomonas-like
algae are members of several phylogroup within Volvocales
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Figure 5 Transmission electron micrographs of studied strain IRIKK-A 167. A—H — ultrastructure of
the IRK-A 167 cells. CW — cell wall, p — pyrenoid body, t — thylakoids, s — starch grains, v — vacuole,
G — Golgi body, m — mitochondria. Arrows indicate outer layer elements, asterisk — heterogeneous
structure. Scale bars: 1-4, 6, 7 — 0.5 um; 5, 8 — 1.0 pm

(Buchheim et al. 1990, 1996, Proschold et al. 2001, Préschold
& Leliaert 2007, Nakada et al. 2008, 2016, Prochazkova et
al. 20192, Galvez et al. 2021). One of them is the phylo-
group of Chloromonadinia (Nakada et al. 2008) that initially
unites species of the genus Chloromonas Gobi. This genus
was described by light microscopy just like Chlanzydomonas,
but without pyrenoid in its chloroplast. It consisted of more
than 100 species (Ettl 1970, 1983). Later it was established
by the molecular data that the traditional genus Chloromonas
is also polyphyletic (Buchheim et al. 1997). Chlorononas was
considered as a monophyletic clade containing the type
species of genus, Chloromonas reticulata (Goroschankin) Gobi.

It corresponds to the Chloromonas
reficulata clade according to Pro-
schold et al. (2001) or the Chlo-
romonas lineage defined by Buch-
heim et al. (1997), or Chloromo-
nadinia by Nakada et al. (2008;
Fig. 6). All species within this
clade were classified as Chloro-
monas, and they are both pyre-
noid-bearing and -lacking algae,
including originally ~ described
Chlamydomonas (Proschold et al.
2001). Now, as a result of nu-
merous integrative studies, it
is shown that the phylogroup
Chloromonadinia comprises mor-
phologically, physiologically,
genetically diverse organisms.
Along with representatives of
Chloromonas, it also includes other
genera: Glocomonas G.A. Klebs
(Nozaki et al. 2010), Chlainomonas
Christen (Novis et al. 2008), Ix:-
papillifera Nakada (Nakada et al.
2016), Ostravamonas Barcyté et
Hodac¢ (Barcyté et al. 2020). In
addition, phylogenetic studies
focused on Chloromonadinia
representatives revealed the exis-
tence of three main Chloromo-
nadinia subclades (1, 2 and 3),
which are not always statistically
supported (Barcyté et al. 2018b,
2020). The sister relationships of
the subclades and some smaller
clades are not robust, and may
vary in different analyses. The
same results also obtained in our
study (Figs 6, 7). Nevertheless,
the question is raised that a
number of species currently
considered as  Chloromonas  in
Chloromonadinia ~ should  be
assigned to other new genera
(Matsuzaki et al. 2012, Barcyté et
al. 2018b, 2020).

Now, the Chloromonadinia
contains only a few sequences of acro-terrestrial strains of
different genera, and taxa with terrestrial lifestyle are under-
studied (Barcyté etal. 2020). In this work, we studied terrestrial
strain IRKC-A 167 by light, electron microscopy and molecular
phylogeny methods. Based on light microscopy, this strain
was previously published as cf. Chlanzydomonas (Egorova et al.
2019). Our integrative research has shown that IRK-A 167 is
amember of clade 3 of the Chloromonadinia and belongs to
the species of the genus Chloromonas: C. actinochloris (Deason
et H.C. Bold) Proschold et al. Chloromonas actinochloris was
originally described by Deason et Bold (1960) as pyrenoid-
bearing flagellate Chlamydomonas actinochloris. This alga was
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Table 1. Morphological characteristics of Chloromonas actinochloris and Chlamydomonas mutabilis.

Morphological and
ecological features

Taxon

Chloromonas actinochloris strains

SAG 1.72 (=UTEX 965)

IRK-A 167*

Chlamyd. as mutabilis>*

Cells shape

Flagella

Cell wall

Chloroplast

Papilla

Stigma

Pyrenoid
Nucleus
Vacuoles

LengthXWidth (um)

Reproduction, a
number of zoospores

Akinete

Gloeocysts

Habitat

globose, subglobose", cllipsoidal,
cllipsoid-ovoid, ellipsoid-
cylindrical®

two, equal to or slightly shorter or
longer than the length of the cell®

thin, without mucus, in old cultures
it is thickened with uni- and bipolar
shape®

asteroid®sd

absent®, present, low, wide, blunt*

anterior®, in the first third of the
cell, small*?

large, spherical, axial, central®ed
above pyrenoid
two, contractile, below papiuab,c

10-20x4-9>4

asexuali’
up to 8°, 4-8°

unknown
unknown
soils, including under the oak trees

(Texas, USA)*, in a slimy mass of
algae in a small pond (Denmark)*

globose, subglobose, ellipsoidal,
cllipsoid-cylindrical, ovoid,
pyriform, wrong-polygonal

two, equal to or slightly shorter than
the length of the cell®

thin or thick, without mucus,
ornamented, it is thickened up to
6 um, with or without polar fashion

central, asteroid
present, wide, blunt conical

anteriot, in the first half of the
cell, small, elongated-ellipsoid,
ellipsoidal, rod-shaped, dark red or
orange

large, spherical, axial, central or
slightly eccentric, surrounded by
several or numerous starch grains

above pytrenoid

two, contractile, below papilla; also
numerous in cytoplasm ot the
individual cells

10-20%x5-15.4
asexual, 2-16

known

unknown

steppe soil (Russain’s Altai
hig%)ands)

ellipsoidal, elongated-ellipsoidal,
ellipsoid-cylindrical

two, approximately equal to the
length of the cell

moderately thick

parietal, cup-shaped, of varied form

Fresent, blunt cone-shaped up to
ow, semi-round

in the first third or half of the cell,
narrow elliptical

large, spherical, central or slightly
eccentric

above pytrenoid
two, contractile, below papilla

17-25X7.5-15
asexual, 2—4

known

known

sample of algae from iron irrigation
gutters in Dahlem (Germany)*

Notes: a — data obtained in frame of this work; b — data taken from Deason & Bold (1960); ¢ — by Ettl (1976, 1983); d — by Ettl & Girtner

(2014), ¢ — by Gerloff (1940).

isolated from soils of North America (USA), and deposited
in culture collections UTEX (USA), SAG (Germany), NIES
(Japan) and other under number UTEX 965/SAG 1.72/NIES
2201, respectively. Based on the 18S phylogeny Proschold et
al. (2001) classified the strain SAG 1.72 as a member of the
genus Chloromonas (see above) and designated this species as
Chloromonas actinochloris. Additionally, the strain SAG 34.72/
UTEX 578/NIES 2224 registeted by UG. Schlosser as
Chlamydomonas mutabilis Gerloff was attributed to this species
(Préschold et al. 2001). The origin of the strain SAG 34.72
is not known (EPSAG, 2022). The results obtained in this
study are consistent with the data of Préschold et al. (2001).
The 18S nucleotide sequences of SAG 1.72 (=UTEX 965/
NIES 2201) and SAG 34.72 (=UTEX 578/ NIES 2224) are
combined together into one clade. Chlamydomonas mutabilis
was described by Gerloff (1940) based on light microscopy
observations. This species was found in a sample of algae
(mainly Haematococcus pluvialis) from iron irrigation gutters
of buildings at the biological department of the Botanical
Garden in Dahlem (Germany). The authentic strain of this
species is not represented in culture collections, and no of its
sequences available in Genbank. The morphological features
both of Chlamydomonas mutabilis and Chloromonas actinochloris
are given for compatison in Table 1.
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Unlike Chloromonas actinochloris, Chlamydomonas mutabilis
has variable cup-shaped chloroplast, narrow-elliptical stig-
ma, and gloeocysts (Table 1). At present time, it is not pos-
sible to conclude that Chloromonas actinochloris and Chlanzydo-
monas mutabilis Gerloff are the same species.

Boldina had previously studied the ultrastructure of the
strains SAG 1.72 and SAG 34.72 (Konstantinova & Boldina
2003, Boldina 2008). Although the strain SAG 34.72 is still
less studied. Data obtained by TEM indicate that ultra-
structure of the strains SAG 1.72, SAG 34.72 and TRK-A
167 are similar. All mentioned strains have the same pyre-
noid type and cell wall structure. According by TEM, the
IRK-A 167 ultrastructure of cellular components is more
similat to that of SAG 1.72 than to SAG 34.72. Perhaps this
is a phenomenon of intraspecific variability.

The data we obtained supplemented the information
about the biology and biogeography of Chloromonas actino-
chloris. The strain IRK-A 167 isolated from steppe soil of
highland have both common morphological traits with pre-
viously reported for this species (Deason & Bold 1960, Ettl
1976, 1983, Ettl & Girtner 2014). The features of life cycle
of IRK—-A 167 are similar to .those of Chloromonas (Chla-
mydomonas) augustae (Skuja) Proschold et al. (Hoffmann et
al. 2007). As a result of our study, the traits of Chloromonas

113



Egorova et al.

& Chloromonas radiata UTEX 966 (U57697)

1 1/2 1/100/99*“ Tetracystis aggregata” SAG 11.53 (KM020067)
Chloromonas rotula CCAP11-33 (FR865577)

1 /2= Chloromonas cf. actinochloris Ru-s-4-3 (MH703737)

pr—— Chloromonas asteroidea SAG 11.47 (U70783)
Chloromonas actinochloris UTEX 578 (U57695)
0.99/100/9 Chloromonas actinochloris SAG 1.72 (AJ410445)

1/100/99” % IRK-A 167 (OP303232)

1/100/99 ;= Chloromonas remiasii CCCryo 047-99 (AF514406)
Chloromonas remiasii CCCryo 005-99 (AF514409)
1/100/99 & Chloromonas remiasii CCCryo 005-99 (LC360466)

Chloromonas rostafinskii CCCryo 025-99 (AF514402)
Chloromonas rostafinskii CCCryo 010-99 (AF514400)
Chloromonas pichinchae UTEX SNO33 (AF906346)
Chloromonas muramotoi HkCI57 (LC438435)
Chloromonas platystigma CCCryo 020-99 (AF514401)
Chloromonas miwae NIES 2379 (AB906350)

]!JQQ!QS{ Chloromonas brevispina Hakkoda-1 (LC012710)
Chloromonas krienitzii Gassan-A (LC012709)
Chloromonas nivalis UTEX SNO71 (LC360465)

Chloromonas tughillensis UTEX SNO88 (AB734116)
Chloromonas hohamii UTEX SNO67 (AB906344)
Chloromonas brevispina UTEX SNO96 (KF683610)
Chloromonas tenuis UTEX SNO132 (AB906347)
Chloromonas arctica CCALA 10278 (MG189707)
“Chlamydomonas” gerloffii CCAP 11/72 (FR865610)
Chloromonas typhlos SAG 26.86 (AB624566)
Chloromonas rosae SAG 51.72 (AB624565)

Chloromonas rosae CCAP 11.66 (FR865603)

“Chlamydomonas” hydra SAG 4.73 (JN903988)
Chloromonas gracillima SAG 25.87 (MK912145)

Chloromonas chlorococcoides SAG 72.81 (U70785)
Chloromonas chlorococcoides SAG 12.96 (AJ410451)
Chloromonas chlorococcoides SAG 15.82 (AJ410449)
Chloromonas reticulata CCCryo 154-01 (GU117583)
Chloromonas reticulata SAG 32.86 (JN904006)
Chloromonas reticulata CAUP G 1302 (MK912141)
Chloromonas reticulata CCAP 11/110 (FR865527)*
Chloromonas rosae CCAP 11/112 (FR865528)

Chloromonas reticulata SAG 29.83 (AJ410448)

r Chloromonas insignis CCCryo 090-99 (GU117585)
1/100/99 ® Chloromonas schussnigii CCCryo 082-99 (GU117584)
% Chloromonas pseudoplatyrhyncha NIES 2563 (AB548689)
0977 1/100/98 & Gloeomonas rubrifilum SAG 3.85 (AJ410455)
—*—o Gloeomonas tubulosa ACOI 1541 (AB971360)
0.8/*/* 1/100/99—® Chloromonas augustae SAG 9.87 (AJ410453)
L——— Chloromonas augustae SAG 5.73 (AJ410452)

| outgroup

clade 3

0.96/0.88/87_|

S/ R

clade 2

0.95/99/97

core
Chloromonas

clade 1

D.95/75/86,
—_—

| 4= Carteria radiosa NIES 432

0.01

Figure 6 The ML phylogenetic tree of Chloromonadinia and relationship of the studied strain IRK-A 167 were reconstructed based on the
18S rDNA data. Bayesian posterior probability, Maximum Likelihood and Neighbor Joining bootstrap supports are shown at the nodes (PP/
ML/NJ). Values less than 0.75/75 % are omitted. The studied strain is in bold. The 18S fDNA sequence accession numbers are given in
parentheses. The authentic strain Chloromonas reticulata, the type species of the genus Chloromonas, is marked with an asterisk. The clades 1, 2
and 3 are delimited according to Hoham et al. (2002)/Batcyté et al. (2020)

actinochloris have been significantly supplemented: the stigma
and the cell wall are characterized, together with features
of life cycle, and a description of the ultrastructure of the
species. We have established that the vegetative cells of the
Chloromonadinia clade representatives may have ornamented
cell walls. Among chlamydomonad-like algae, ornamented
cell walls are known mainly for resting cells (cysts/zygotes).
It is known that closely related species may have resting cells
with different wall ornaments. The ornaments of the cell wall

may be considered a diagnostic trait (Matsuzaki et al. 2019).
The walls of vegetative cells of chlamydomonads are gene-
rally smooth (Ettl 1983). There is little information that the
shells of a number of representatives are not smooth. For
example, Boldina found by TEM that Chlamydomonas paral-
lelistriata Korshikov (the strain SAG 2.73) has cell wall with
spikes (KKonstantinova & Boldina 2003). The vegetative cells
of Microglena antarctica Trentin et al. have cell walls with non-
regular big bulges (Trentin et al. 2022). Probably, such a trait
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IRK-A 167 (OP320792)
~=& Chloromonas nivalis zygotes Gassan B (LC0127743, LC012714)
==& Chloromonas hindakii WP129 (MN251877, MN251865)
0.98/"/"1 L& Chloromonas brevispina Hakkoda 2 (LC012735, LC012711)
1/2——— Chloromonas hoshawii UTEX B SNO66 (AB434272, AB906345)

1/100/100 T Chloromonas fukushimae NIES 3389 (LC012738, AB906342)
1/99/99 Chloromonas fukushimae NIES 3390 (LC012739, AB906343)
Chloromonas tughillensis UTEX SNO91 (LC012747, AB906348)
Chloromonas nivalis UTEX SNO71 (LC360492)

Chloromonas miwae NIES 2379 (AB434271)
oy Ll [Ch/oromonas miwae NIES 2380 (AB434270, AB906351)
4 Chloromonas remiasii CCCryo 005-99 (LC360493)
4 Chloromonas pseudoplatyrhyncha NIES 2563 (LC012752)
1/98/98 [ Gloeomonas rubrifilum SAG 3.85 (AB504765)

0.99/7 ———— Chloromonas insignis NIES 447 (AB02226, AB504776)

wppe] —————————% Chloromonas serbinowi UTEX 492 (AJ001879, U70795)
[~ — Chloromonas reticulata SAG 32.86 (AB022530, AF517091)
1/%1* ety Chloromonas kasaiae NIES 2862 (LC012751, AB734109)
¢ Chloromonas augustae SAG 5.73 (AB504764)

¢ Carteria radiosa NIES 432 (D89770)

clade 3

clade 2

clade 1

|outgroup

Figure 7 The Bayesian phylogenetic reconstruction and position of the studied strain IRK-A 167 within clade 3 of the Chloromonadinia
lineage are based on the nucleotide alignment of the 185 /DNA and rbcL. concatenated sequences. Bayesian postetior probability, Maximum
Likelihood and Neighbor Joining bootstrap supports are shown at the nodes (PP/ML/NJ). Values less than 0.75/75 % are omitted. The
studied strain is marked in bold font. The 7. and 18S rDNA sequence accession numbers are given in parentheses. The 18S DNA sequence
numbers are partially indicated in Fig, 6. The clades 1, 2 and 3 are highlighted according to Hoham et al. (2002)/Batcyté et al. (2020)

as ornamented walls of vegetative cells is more common
among Chlamydomonas-like algae than it is commonly thought.

Chloromonas actinochloris IRK-A 167 did not form monad
cells quickly and in large numbers, which is characteristic
of some others chlamydomonad algae. In the conditions
of a prolonged absence of drip-liquid water, it reproduces
only by immotile non-monadic cells, which may be the
predominant type of cells during the life cycle. Probably,
this is an adaptation to adverse environmental conditions.
Deason & Bold (1960) found that the strains of Chloromonas
actinochloris they studied can grow mixotrophically (on me-
dia with glucose, maltose, xylose, arabinose, acetate in

light) and possibly heterotrophically (trace in glucose in
darkness). We have not studied the growth of the strain
IRK-A 167 on media with the addition of sugars or ace-
tate. IRK-A 167 grew equally well on media containing
vitamins or without them. It is able to grow on nutrient
media with different concentrations of salts. The research
results show that Chloromonas actinochloris can inhabit a wide
range of environmental conditions. Further studies of chla-
mydomonad algae from terrestrial habitats will allow us to
better understand the features of their adaptation.
Chloromonas actinochloris was isolated from soils at two
sites of Texas (USA), Caldwell County and Williamson
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County (Deason & Bold 1960). Ettl (1983) reported that this
species was found also in the pond of Danmark (as Chla-
mydomonas actinochloris). Ettl & Girtner (2014) mentioned
only locations in Texas. There are known records of this
morphospecies on the territory of Ukraine (Kostikov et al.
2001, Darienko 2012), Brazil (Menezes 2010), Italy (Cardus
2012), and China (Hu et al. 2015 cit. by Guiry & Guiry 2022)
(Fig. 1). In Russia, morphospecies of Chloromonas actinochloris
(Chlamydomonas actinochloris) was detected in soil of spruce
forest in vicinity of Syktyvkar (Patova & Novakovskaya
2018). Pivovarova (1974) studied soil algae of the steppe
in the vicinity of Kosh-Agach (the Republic of Altai), and
found one chlorophycean monad alga Chlanydononas sp.
There is no description of this representative. Currently, in
the GenBank there are sequences of Chloromonas actinochloris
from Texas and from unknown habitat (SAG 34.72), com-
plemented by sequences of IRK-A 167 obtained in this
work. In framework of a project to study the global dis-
tribution of fungi in terrestrial ecosystems, fragments of
nucleotide sequences (18S-V9, I'TS?) attributed to cf. Chlo-
romonas actinochloris were isolated from soils of Estonia (Te-
dersoo et al. 2021, GBIF 2022). Unfortunately, these data
are not presented in the GenBank. Moreover, the nucleotide
sequence 185-V9 is too short to include it in our research,
and there are no sequences of ITS region for the strains
SAG 1. 72 and 34.72 in the GenBank (NCBI 2022). The
question of the distribution and frequency of Chloromonas
actinochloris records remains open. Mikhailyuk et al. (2019)
reported finding Chloromonas cf. actinochloris Ru-s-4-3 in
biological soil crusts from sand dunes on the Baltic Sea coast
(Germany). The 18S nucleotide sequence of this strain was
not clustered with authentic strain SAG 1.72. It formed a
separate lineage within the clade 3 of the Chloromonadinia
phylogroup (Mikhailyuk et al. 2019), which is consistent with
our data (Fig; 0). It is probably a new species. The finding of
a morphologically similar alga with Chloromonas actinochloris,
but genetically different from this species, indicates a higher
diversity of algae with such morphology.

Earlier studies have shown that the representatives of
the clade 3 of Chloromonadinia phylogroup should be allo-
cated to an independent genus (Barcyté et al. 2018b, 2020).
As a result, Chloromonas actinochloris should be considered
as a member of a new genus. But, taxonomic revision of
Chloromonadinia is only expected.

Based on the obtained data, as well as taking into
account the previous studies, we propose to expand the
description of the species.

Chloromonas actinochloris (Deason & H.C. Bold)
Proschold, Marin, U.G. Schlosser & Melkonian. 2001,
Protist 152: 265-300 emend. I.N. Egorova, Kulakova,

O.N. Boldina (= Chlamydomonas actinochloris Deason
et H.C. Bold, 1960, Phycological Studies I, p. 13,

fig. 1-3 (desct. et ic. prima, iconotypus; epitype is the
cryopreserved strain UTEX 965)

Amended description: The vegetative cells are ellipsoi-
dal, globose, subglobose, ellipsoid-cylindrical, ovoid, ra-
rely pyriform or wrong-polygonal, 10-20 um in length,
4-15.4 um in width. The equal flagella approximate cell
length or slightly exceed it. The cells usually lack flagella on
agar, except in freshly transferred cultures. The cell wall is

thin or thick, closely adpressed to the protoplast. It thickens
to 6 um with age. In old cells, it can be stratified, with one or
more thickenings. The cell wall is ornamented, with bumps
on the surface. The bumps are more noticeable in cells gro-
wing in liquid cultures, and during staining with gentian
violet or under electron microscope. They are arranged in
regular uneven rows. The papilla is low, often poorly visible,
wide, blunt conical. The radiating chloroplast is a massive,
with a single central, slightly eccentric, axial pyrenoid. The
pyrenoid is surrounded by a starch grains, dissected by
single thylakoid bands entering from chloroplast. The re-
duction in the number of thylakoids to one is found quite
deep in the pyrenoid stroma. The stigma is anterior in the
first third or half of the cell, small, elongated-ellipsoid,
ellipsoidal, rod-shaped, dark red or orange. The nucleus is
the cleatly visible, anterior to the pyrenoid. There are two
anterior contractile vacuoles.

The reproduction is asexual, accomplished by repeated en-
dogenous bipartitions to form 2-16 daughter cells which
are liberated by a rupturing of the cell wall. The daughter
cells can linger in the sporangia and start dividing again. The
complex sporangia are formed. The akinetes are globose,
subglobose, ellipsoidal, subellipsoidal shape. They have
a thickened layered cell wall, homogeneous pale orange,
orange, yellow- or green-orange contents with many drops
of oil or not. The two-month-old or older cultures may
turn yellow-orange.
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