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Abstract: Coccoid Ulvophyceae are often overlooked despite their wide distribution. They occur
as epiphytes on marine seaweeds or grow on stones or on shells of mussels and corals. Most of the
species are not easy to identify based solely on morphology. However, they form two groups based
on the flagellated cells during asexual reproduction. The biflagellated coccoids are monophyletic
and represent the genus Sykidion (Sykidiales). In contrast, the quadriflagellated taxa are polyphyletic
and belong to different genera and orders. The newly investigated strains NIES-1838 and NIES-1839,
originally identified as Halochlorococcum, belong to the genus Chlorocystis (C. john-westii) among the
order Chlorocystidales. The unidentified strain CCMP 1293 had almost an identical SSU and ITS-2
sequence to Symbiochlorum hainanense (Ignatiales) but showed morphological differences (single
chloroplast, quadriflagellated zoospores) compared with the original description of this species
(multiple chloroplasts, aplanospores). Surprisingly, the strain SAG 2662 (= ULVO-129), together with
the published sequence of MBIC 10461, formed a new monophyletic lineage among the Ulvophyceae,
which is highly supported in all of the bootstrap and Bayesian analyses and approximately unbiased
tests of user-defined trees. This strain is characterized by a spherical morphology and also form
quadriflagellated zoospores, have a unique ITS-2 barcode, and can tolerate a high variation of
salinities. Considering our results, we emend the diagnosis of Symbiochlorum and propose the new
genus Solotvynia among the new order Solotvyniales.

Keywords: Chlorocystis; distribution; Halochlorococcum; Ignatius; ITS-2 secondary structure; marine
coccoids; SSU/ITS phylogeny; Symbiochlorum

1. Introduction

Benthic marine coccoid green algae are often overlooked and are rarely studied in
detail despite them being known about for a long time. Most of these algae occur as
epi/endophytes on or in different seaweeds or grow on the shells of mussels or corals.
Therefore, these green algae were classified as being members of the genus Chlorochytrium,
which was established by Cohn [1] for a coccoid green alga growing inside the leaves
of different Lemna species. Bristol [2] reviewed the taxonomic status of freshwater and
marine species belonging to this genus. Her review contains all of the described taxa and
recognized 13 species. However, Wright [3] and Reinhard [4] had already demonstrated
that marine coccoid green algae differ from those of the freshwater genus, and therefore
described the genera Sykidion and Chlorocystis, respectively. Since then, many new taxa have
been established based on microscopical studies of collected field material. Moewus [5]
found a coccoid green alga as an endophyte of an unidentified Chaetophora species and
named it Symbiosphaera marina. This species is characterized by reticulated chloroplasts
and quadriflagellated zoospores. Unfortunately, no cultured material of this species is
available. Therefore, the taxonomic status of Symbiosphaera remains unresolved, which
has already been mentioned by Kornmann and Sahling [6], who emended the description
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of Chlorocystis cohnii (Wright) Reinhard. In addition, they established several new species
of the genus Halochlorococcum, which was originally described by Dangeard [7]. The lat-
ter genus was formally incorrectly described, and therefore all of the other species were
also invalid according to the International Code for Nomenclature (ICN). However, all
of these species were later validated by Guiry [8]. Fortunately, several species described
by Kornmann and Sahling [6] are available in public culture collections and have been
taxonomically revised by Darienko et al. [9] using morphological and molecular meth-
ods. All these species (except for the species H. marinum) were transferred to the genus
Chlorocystis. Morphologically, all of these species are difficult to identify because they show
a high phenotypic plasticity, especially if they are grown under different salinities. A com-
mon feature is the production of quadriflagellated zoospores during asexual reproduction.
Kornmann and Sahling [6] recognized in Chlorocystis cohnii a “Codiolum” stage in its life
cycle in which it was a unicellular sporophyte, and, therefore, excluded this genus from
the chlorophyte order Chlorococcales. They described a new order of Chlorocystidales
among their Codiolophyceae (= Ulvophyceae s.str.). This order was emended by adding
the sarcinoid genus Desmochloris identified by Watanabe, Kuroda, and Maiwa [9]. Among
the Ulvophyceae, other lineages containing coccoid members were established. The soil
alga Ignatius tetrasporus described by Bold and MacEntree [10] represents its own lineage
within the Ulvophyceae [11] and was described as Ignatiales by Skaloud et al. [12]. This
alga also reproduces asexually through quadriflagellated zoospores and has a reticulated
chloroplast. Interestingly, among this order, Gong et al. [13] found another coccoid green
alga (Symbiochlorum) isolated from bleached corals, which is characterized by the presence
of aplanospores during asexual reproduction. Darienko et al. [9] proposed the additional
order Sykidiales among the Ulvophyceae based on marine coccoids that reproduced by
biflagellated zoospores. The genus Sykidion, originally described by Wright [3], contains
three species, S. dyeri and S. droebakense described by Wille [14], and S. marina, a species
originally described as Pseudoneochloris by Watanabe et al. [15].

The class Ulvophyceae is one of the major lineages of the Chlorophyta, which is charac-
terized by the counterclockwise orientation of the basal bodies in the ultrastructure of flag-
ellated cells [16]. Currently, this class contains the following orders: Oltmannsiellopsidales,
Chlorocystidales, Ulvales, Sykidiales, Ulotrichales, Acrosiphoniales, Ignatiales, and Scoti-
nosphaerales. Leliaert et al. [17] demonstrated that the orders Bryopsidales, Trentepohliales,
Cladophorales, and Dasycladales, also originally identified as Ulvophyceae, represent their
own lineages among the Chlorophyta, which van den Hoek et al. [18] has already named
at the class level.

This study aimed to clarify the phylogenetic position of new marine coccoid green
algae that reproduce by quadriflagellated zoospores. An integrative approach (combi-
nation of the morphological data with molecular phylogenetic results including genetic
synapomorphies) revealed that all investigated strains belong to different lineages of the
Ulvophyceae. Considering these results in combination with detailed investigations of
the morphology and reproduction of these species, we emended the diagnosis of the
genus Symbiochlorum and proposed a new genus and order of the Ulvophyceae: Solotvynia,
Solotvyniales.

2. Materials and Methods
2.1. Cultures and Light Microscopy

The following strains were investigated:
The strain ULVO-129 was isolated from a water sample taken from a hypersaline

artificial lake in Solotvyno, Ukraine (47◦57′20′′ N, 23◦52′16′′ E). These salt lakes are located
near the Ukrainian–Romanian border, which has been the result of salt mining since the
13th century. The salt pits were then filled with groundwater. The salinity of these lakes
varies up to more than 100 psu. This strain has been deposited in the Culture Collection of
Algae, University of Göttingen, Germany (SAG; http://sagdb.uni-goettingen.de) and is
available under the number SAG 2662.

http://sagdb.uni-goettingen.de
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The strain CCMP 1293, obtained from the Provasoli-Guillard National Center for
Culture of Marine Phytoplankton, Bigelow, Maine, USA (NCMA formerly CCMP; https:
//ncma.bigelow.org), was isolated from a squeezed sample of Lissoclinum patella, which
was collected from Palau Island (7◦32′25′′ N, 134◦35′21′′ E)

The strains NIES-1838 and NIES-1839, obtained in the Microbial Culture Collection
at the National Institute for Environmental Studies, Tsukuba, Japan (NIES; https://mcc.
nies.go.jp), were isolated from marine water samples collected from Yumenoshima, Tokyo,
Japan (35◦39′00′′ N, 139◦49′55′′ E).

The algae were grown in Seawater Medium (SWES, medium 5 in Schlösser [19]), and
modified Artificial Seawater Medium (MASM, medium 25 in Schlösser [20]; modified by
adding 30 mL soil extract per liter). In addition, the strain SAG 2662 was cultivated on
Basal medium (ES, medium 1 in Schlösser [19]), brackish medium (1/2SWES, medium
6 in Schlösser [19]), and Dunaliella medium (medium 14 in Schlösser [19]) to observe the
phenotypic plasticity. The experiment was conducted as follows: A good-growing starter
culture on SWES medium was either transferred to 1/2SWES or Dunaliella media. After
growth, the 1/2SWES culture was used for inoculation on the ES medium. After the
adaptation phase, all inoculated cultures showed good growth. Long-term experiments
were not conducted. All species were cultivated in small petri dishes or test tubes with
10 mL agar medium (1.5% w/v) at 20 ◦C at light intensity of 20 µE/m2s, and a light/dark
cycle of 14:10 h. The light microscopical observations were conducted after a growth of four
weeks. The mature vegetative cells were investigated near the end of the light period. For
the documentation of the micrographs, an Olympus BX-60 microscope (Olympus, Tokyo,
Japan) equipped with a Prog Res C14 plus camera and the Prog Res Capture Pro imaging
system (version 2.9.0.1), both from Jenoptik, Jena, Germany) were used.

2.2. DNA Extraction, PCR, Sequencing, and Phylogenetic Analyses

The DNA extraction and PCR amplification were conducted using the protocols of
Darienko et al. [21]. The alignment and phylogenetic analyses were conducted using the
methodology published by Darienko et al. [9]. The SSU rDNA sequences were included
in a large data set of 67 taxa of representatives belonging to the Ulvophyceae s.str. with
1780 unambiguously aligned positions. The alignment was conducted according to the
secondary structure of SAG 9.90 Chlorocystis cohnii (see Supplemental Figure S1 in Darienko
et al. [9]). To obtain a higher resolution, a concatenated data set of SSU and ITS con-
sisting of 36 taxa with 2389 unambiguously aligned positions was created. We used the
Automated Model Selection tool implemented in PAUP* version 4.0a (build 169; [22]) for
the decision about which evolutionary model best fitted both data sets. The settings of
the best models are given in the legends of Figures 1 and 2. EMBL/GenBank accession
numbers of published sequences and strain designations are provided in both of these
figures. Phylogenetic trees were constructed using distance, parsimony, and maximum
likelihood criteria using PAUP [22], and the robustness of the tree topologies was proven
with different Bayesian and bootstrap analyses (1000 replicates). In addition, the programs
RAxML version 8.2.12 [23], MrBayes version 3.2.7a [24], and PHASE package 2.0 [25–29]
were used.

The secondary structures of the ITS-2 sequences were folded according to the approach
introduced by Darienko and Pröschold [30] for non-marine ulvophytes. They used the
computer programs mfold [31]. For an overview of the distribution, we used the V4 region
of the SSU rDNA sequences to search entries in GenBank. For V4 the following approach
was used for the BLAST N searches: 100% coverage, 100% identity [32]. The geographical
coordinates of each coccoid and sarcinoid ulvophytes are summarized in the Supplemental
Material (Table S1). The same records were found using the V9 region despite the fact that
this region is not species-specific like the V4 region. Therefore, we used V4 to construct the
haplotype networks, and we used the TCS network and geographical mapping tools [33,34]
implemented in PopART [35] for all genera.

https://ncma.bigelow.org
https://ncma.bigelow.org
https://mcc.nies.go.jp
https://mcc.nies.go.jp
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Figure 1. Molecular phylogeny of the Ulvophyceae based on SSU rDNA sequence comparisons. The 
phylogenetic tree shown was constructed using the maximum likelihood method based on a data 
set of 1780 aligned positions of 67 taxa using PAUP 4.0a (build169). For the analysis, the GTR+I+G 
(base frequencies: A 0.24763, C 0.21994, G 0.27379, U 0.25864; rate matrix A–C 1.1859, A–G 2.3460, 
A–U 1.4208, C–G 0.8191, C–U 4.4100, G–U 1.0000) with the proportion of invariable sites (I = 0.5216) 
and gamma shape parameter (G = 0.4680) was chosen, which was calculated as the best model using 
the automated model selection tool implemented in PAUP. The branches in bold are highly sup-
ported by all of the analyses (Bayesian values > 0.95 calculated with PHASE and MrBayes; bootstrap 
values > 70% calculated with PAUP using maximum likelihood, neighbor-joining, maximum parsi-
mony, and RAxML using maximum likelihood). The sister group Scotinosphaerales was chosen as 
an outgroup. The clade designations follow the currently accepted order classification of the 
Ulvophyceae. The newly sequenced strains are highlighted in bold. 

Figure 1. Molecular phylogeny of the Ulvophyceae based on SSU rDNA sequence comparisons.
The phylogenetic tree shown was constructed using the maximum likelihood method based on
a data set of 1780 aligned positions of 67 taxa using PAUP 4.0a (build169). For the analysis, the
GTR+I+G (base frequencies: A 0.24763, C 0.21994, G 0.27379, U 0.25864; rate matrix A–C 1.1859,
A–G 2.3460, A–U 1.4208, C–G 0.8191, C–U 4.4100, G–U 1.0000) with the proportion of invariable
sites (I = 0.5216) and gamma shape parameter (G = 0.4680) was chosen, which was calculated as
the best model using the automated model selection tool implemented in PAUP. The branches in
bold are highly supported by all of the analyses (Bayesian values > 0.95 calculated with PHASE and
MrBayes; bootstrap values > 70% calculated with PAUP using maximum likelihood, neighbor-joining,
maximum parsimony, and RAxML using maximum likelihood). The sister group Scotinosphaerales
was chosen as an outgroup. The clade designations follow the currently accepted order classification
of the Ulvophyceae. The newly sequenced strains are highlighted in bold.
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tion of invariable sites (I = 0.7046) and gamma shape parameter (G = 0.4966). The branches in bold 
are highly supported by all of the analyses (Bayesian values > 0.95 calculated with PHASE and 
MrBayes; bootstrap values > 70% calculated with PAUP using maximum likelihood, neighbor-join-
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Figure 2. Molecular phylogeny of the coccoid ulvophytes based on SSU and ITS rDNA sequence
comparisons. The phylogenetic trees shown were constructed using the maximum likelihood method
based on the data sets (2389 aligned positions of 36 taxa) using PAUP 4.0a (build169). For the analyses,
the best model was calculated by the automated model selection tool implemented in PAUP. The
setting of the best model was given as follows: SYM+I+G (base frequencies: equal; rate matrix
A–C 1.1884, A–G 2.2434, A–U 1.6291, C–G 1.1783, C–U 4.3437, G–U 1.0000) with the proportion
of invariable sites (I = 0.7046) and gamma shape parameter (G = 0.4966). The branches in bold
are highly supported by all of the analyses (Bayesian values > 0.95 calculated with PHASE and
MrBayes; bootstrap values > 70% calculated with PAUP using maximum likelihood, neighbor-joining,
maximum parsimony, and RAxML using maximum likelihood).

3. Results and Discussion

Darienko et al. [9] have already demonstrated that marine coccoid green algae are
members of different lineages among the Ulvophyceae. In their study, the strain MBIC
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10461 had no affiliation to an order. The strain SAG 2662 together with this strain formed
a new lineage within the ulvophytes, which is highly supported by all of the bootstrap
and Bayesian analyses (Figures 1 and 2). As a consequence of our phylogenetic anal-
yses, we propose a new genus: Solotvynia (described below). The highly supported
tree topology shown in Figure 1 was tested using approximately unbiased tests of the
user-defined trees implemented in PAUP to find out if the genus Solotvynia also repre-
sents a new order within the Ulvophyceae. All of these trees (Tree 2: Solotvynia sister of
Chlorocystis; Tree 3: Solotvynia sister of Sykidion; Tree 4: Solotvynia sister of Ignatiales; Trees
5–10: collapse of the common branches 1–6 marked in Figure 1) were significantly worse
(p-values < 0.05) compared to the best tree (Tree 1; Figure 1), which confirms that the
genus Solotvynia represents a new order among the Ulvophyceae (described below). A
detailed analysis of the intraspecific, interspecific, and intergeneric variations as well as the
genetic synapomorphies of the orders is the topic of a separate publication (Pröschold and
Darienko, in prep.) The SSU sequence of strain CCMP 1293 is almost identical (99.7%) to
that of Symbiochlorum hainanense (MH061387). The sequences of the two strains NIES-1838
and NIES-1839 were included in the concatenated dataset of SSU and ITS, which were
aligned according to their secondary structures. The phylogenetic analyses demonstrate
that both strains belong to Chlorocystis john-westii. However, they were not identical to
each other or to the other existing reports of this species (Figure 2). All strains belong-
ing to this species showed 1.13% variability in their SSU sequences, but no differences
were detected in the ITS-2 barcode, as demonstrated in Darienko et al. [9]. Both strains
NIES-1838 and NIES-1839 showed little variations in the ITS-2 secondary structure, but the
ITS-2 barcodes were identical (barcode C6 in Darienko et al. [9]). To summarize, the newly
investigated strains belong to the orders Ignatiales, Chlorocystidales, and Solotvyniales
ordo nov. (described below).

The use of the ITS-2/CBC approach for species delineation for the genera Desmochloris,
Chlorocystis, and Sykidion had already been demonstrated by Darienko et al. [9]. Therefore,
we compared the ITS-2 secondary structure of the strains SAG 2662, CCMP 1293, and
UTEX 2012. All strains showed the typical ITS-2 structure for ulvophytes (Helices I–III, IV
is missing).

The structures and ITS-2 barcodes delineated using the conserved region of ITS-2 are
given in Figure 3. The barcodes differ from those of the other coccoid members of the
ulvophytes and we found compensatory base changes in the conserved region of ITS-2. A
comparison of the Solotvynia barcode to the species of Desmochloris, Chlorocystis, and Sykidion
highlighted eleven CBCs/HCBCs (highlighted in blue in Figure 3). The ITS-2 sequences of
Symbiochlorum hainanense and Ignatius tetrasporus differ in many bases, particularly Helix III.

To gain an overview of the geographical distribution of coccoid and sarcinoid ulvo-
phytes, we used the haplotype network approach implemented within PopART by adding
the geographical origin of the strains (Table S1). Generally, these ulvophytes have a world-
wide distribution (Figure 4). However, certain species such as Chlorocystis john-westii and
Desmochloris mollenhaueri were mostly reported from the Southern Hemisphere whereas
Chlorocystis moorei and Desmochloris halophila were only found in the Northern Hemi-
sphere. Sykidion droebakense is the only species that was found in Antarctica, but this is
probably caused by a lack of investigations. Most records of coccoid and sarcinoid ulvo-
phytes were reported from Europe and North America. Some species were only found
once or twice (Chlorocystis cohnii, C. dilatata, Solotvynia ucrainica, Ignatius tetrasporus, or
Symbiochlorum hainanense).

The geographical distribution is much wider if you check the records in the GBIF
database (https://www.gbif.org; accessed on 3 April 2024). More than 1000 records of
the genera Desmochloris, Chlorocystis, Solotvynia, Sykidion, Ignatius, and Symbiochlorum
are documented and confirm that all genera have a worldwide distribution (Table S2).
Unfortunately, most of the records cannot be proven and can only be identified at the
generic level. Only the SSU entries used for Figure 4 could be identified at the species
level. Several entries in the GBIF are questionable. For example, 75 records of Ignatius were

https://www.gbif.org
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reported in the GBIF, most of them from marine habitats around the world, but only the
authentic strain isolated from soil is available and no other isolate has been studied so far.
Therefore, the GBIF distribution pattern of Ignatius tetrasporus has to be taken with caution.
Careful considerations should be also made for the other genera.
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the world. The geographical origin of Sykidion marina is unknown.

A comparison of the morphology showed similarities, but also differences, among the
investigated strains. NIES-1838 and NIES-1839 are morphologically identical to the other
strains of Chlorocystis john-westii, as already indicated by the phylogenetic analyses.

The vegetative cells of SAG 2662 showed a spherical morphology at all ages (Figure 5).
They form tetrads, which stick together to form a parenchyma-like crust (Figure 5J). The
chloroplasts are cup-shaped (Figure 5K–N) similar to Chlorocystis and become reticulated
with age (Figure 5O–B’). The chloroplasts contain single or sometimes two pyrenoid(s)
(Figure 5L). The zoospores are quadriflagellated (Figure 5A). As shown in Figure 1, this
strain is similar to the strain MBIC 10461 in our analysis. Unfortunately, the morphology of
that strain cannot be compared because the strain is currently not available in public culture
collections. The ecology of both strains differs. SAG 2662 originated from a hypersaline
lake, whereas the strain MBIC 10461 was isolated from the open sea. To test if the strain
SAG 2662 can survive in other conditions, we cultivated it on freshwater, brackish, and
hypersaline media (see Section 2). In our experiment, which lasted for four weeks, the
strain survived all conditions and showed only minor morphological variations (Figure 6).

As shown above, the SSU and ITS sequences of the CCMP 1293 strain were almost
identical to those of Symbiochlorum hainanense. However, the morphology presented in
Figure 7 shows differences to the original description of this species published by Gong
et al. [13]. They observed spherical cells with a size of 5–12 µm, multiple chloroplasts
with pyrenoids, and asexual reproduction through aplanospores. In contrast, we found
larger cells (Figure 7J–L) with perforated single cup-shaped chloroplasts with one or two
pyrenoid(s) surrounded by large starch grains. The asexual reproduction occurs through
quadriflagellated zoospores. Considering our results, we emend the original descriptions
of the genus and species (see below).
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of different ages with reticulated chloroplasts; (Y–B′). Old cells with reticulated chloroplasts and
numerous vacuoles. Scale bar = 10 µm.
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Figure 7. Morphology and phenotypic plasticity of Symbiochlorum hainanense (CCMP 1293)
grown on SWES medium. (A). Zoospores shortly after settlement; (B). Quadirflagellated zoospore;
(C,F,G). Young cells shortly after settlement with eye spot and empty sporangium cell wall;
(D,E,H,I). Vegetative cells in apical and middle sections showing the structure of chloro-
plast; (J–L). Vegetative cells of different age. Scale bar = 10 µm.

Taxonomic Revisions and Diagnoses

As demonstrated above, the newly investigated strains belong to three different gen-
era. The strains NIES-1838 and NIES-1839 represent new isolates of Chlorocystis john-westii,
which has been confirmed by molecular analyses and morphological observations. The
strain SAG 2662 (= ULVO-129) represents a new genus and order as demonstrated by phy-
logenetic analyses, its ITS-2 secondary structure, and its morphology (for a comparison to
other coccoid and sarcinoid genera, see Table S3). The strain CCMP-1293 is almost identical
in terms of its SSU and ITS rDNA sequences to Symbiochlorum hainanense. However, it
differs in its morphology and reproduction from the original description by Gong et al. [13].
As a consequence of our study, we formally revise this generic and species description and
propose the following new order and genus.

Solotvyniales ordo nov.
Description: Chlorophyta unicellular. Chloroplast cup-shaped, parietal or reticulate, with
pyrenoid. Asexual reproduction by quadrilagellated zoospores.
Type family (designated here): Solotvyniaceae fam. nov.
Description: Characters as for the order.
Type genus (designated here): Solotvynia gen. nov.

Solotvynia gen. nov.
Description: Vegetative cells are solitary, spherical, slightly flattened or polygonal, and form
tetrads. Cells are uninucleated with cup-shaped or saucer-shaped chloroplasts containing
a pyrenoid surrounded by several large starch grains. Chloroplasts become irregularly
reticulated with age. The cell wall is thin in young cells and becomes slightly thicker
(around 1 µm) in old cells. Vegetative cells possess one up to several large vacuoles
occupying around half of cell volume. Reproduction by aplano- or zoospores. Release of
zoospores is apical, with one side of the sporangia rupturing. Zoospores are released in a
mucilage envelope, and disappear after several minutes following liberation. Zoospores do
not have cell walls or scales. Zoospores are quadriflagellated with a counterclockwise basal
body orientation. Sexual reproduction was not observed.
Diagnosis: Differs from other coccoid genera of the Ulvophyceae by SSU and ITS rDNA sequences.
Type species (designated here): Solotvynia ucrainica sp. nov.
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Solotvynia ucrainica sp. nov. (Figure 5).
Description: Young vegetative cells are solitary or form spherical tetrads. Tetrads stick
together and form a crust-like biofilm without mucilage. Young cells are 5.2 up to 7.4 µm
in diameter. Chloroplasts are parietal lobated, with a single pyrenoid surrounded by
several starch grains. Mature vegetative cells are spherical and 8.2–12.9 µm in diameter.
Chloroplasts are parietal lobated containing one or several pyrenoid(s) surrounded by
several starch grains. Cells with one or several vacuole(s) are located in the cytoplasm.
The cell wall is 0.5–0.8 µm thick. Old cells that are 7.4–12.4 (–18) µm in diameter contain
a large vacuole compressing the chloroplast to the cell wall. The chloroplast shape is
then not recognizable. The cell wall becomes thicker, up to 1.2 µm. Old cells are often
surrounded by exfoliated cell walls, which probably originated from the sporangial walls.
The one-year-old culture remained green in color. Sexual reproduction was not observed.
Asexual reproduction occurred through quadriflagellated zoospores with flagella of equal
length. Zoosporangia are 10.2–12.2 µm in diameter and contain four daughter cells. The
release of the zoospores occurred through an apical circular pore. Zoospores are 6.0–7.0 µm
long × 3.5–4.0 µm wide, with parietal chloroplasts and pyrenoid and anterior-lateral stigma.
The zoospores are released in a mucilage vesicle, which dissolves in several minutes.
After 10–20 min active movement, the zoospores settle down and become spherical and
5.5–6.5 µm in diameter. Young cells retain the stigma for some time.
Diagnosis: SSU-ITS sequences (GenBank: PP477766) and ITS-2 Barcode: Sol_ucr in Figure 3.
Holotype (designated here): The authentic strain SAG 2662 (= ULVO-129) cryopreserved
in a metabolically inactive state at the Culture Collection of Algae (SAG), University of
Göttingen, Germany.
Type locality: Ukraine, Solotvyno, from a hypersaline artificial lake (47◦57′20′′ N, 23◦52′16′′ E).
Etymology: The species is named after the origin of the authentic strain.
Comment: The strain MBIC 10461 could represent another species of Solotvynia, but this
cannot be confirmed at this stage because no ITS rDNA sequences or morphological data
are available. We could not obtain this strain for further investigation.
The strain SAG 2662 was isolated from a sample which was dominated by Dunaliella
pseudosalina Massjuk.
Symbiochlorum S.Q. Gong & Z.Y. Li emend.
Emended description: Young cells are broadly ellipsoidal up to spherical. The chloroplasts
form a hollow sphere with small perforations, and contains one pyrenoid; mature cells
become net-like and contain several pyrenoids. The cells uninucleate. The cell wall is
relatively thin and becomes thicker with age. Reproduction occurs through zoospores and
aplanospores. Zoospores are quadriflagellated with anterior stigma. The chloroplasts of
the zoospores are parietal and slightly perforated, with one pyrenoid. The zoospores are
surrounded by thin cell walls and become spherical after moving.
Type species: Symbiochlorum hainanense S.Q. Gong & Z.Y. Li emend.

Symbiochlorum hainanense S.Q. Gong & Z.Y. Li emend. (Figure 7).
Emended description: Young cells are broadly ellipsoidal up to spherical and 5.4–8.8 × 4.0–7.7 µm
in diameter. Their chloroplasts are very special. At the beginning, the chloroplasts form a
hollow sphere with an apical opening with small perforations, containing one pyrenoid.
After the cells are 7.0 µm in diameter, they start to form net-like chloroplasts and possess
2–3 pyrenoids, but the hollow sphere can still be observed. The chloroplasts of the ma-
ture cells are net-like with invaginations, where the pyrenoid is often located. Mature
cells can contain several (from 2 up to 7) pyrenoids. Pyrenoids are well visible and are
surrounded by large starch grains. The mature cells are spherical and 14.5 up to 27 µm in
diameter or broadly ellipsoidal at 13.9–27.5 × 12.4–19.3 µm in size, and they uninucleate.
The cell wall is relatively thin, around 0.4–0.5 µm thick. The color of the chloroplasts is
brownish. Old cells are spherical up to 26.0–27.0 µm in diameter. The cell wall becomes
up to 1.3 µm thick. Reproduction occurs through zoospores and aplanospores. Zoospo-
rangia can contain 2–8 cells. Zoosporangia are spherical or broadly ellipsoidal and are
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13.4–16.0 × 12.4–15.9 µm in size. Spores are released through the rupture of the sporangial
cell wall. Zoospores are quadriflagellated and 5.9–6.1 × 3.5–3.7 µm in size. The flagella
are 1.5–2.0 × longer than the body of zoospores. The stigma is anterior and the cells are
unnucleated. The chloroplasts are parietal, slightly perforated, and have one pyrenoid. The
zoospores are surrounded by thin cell walls and become spherical after moving.
Emended diagnosis: SSU-ITS sequences (GenBank: PP477767) and ITS-2 Barcode: Sym_hai
in Figure 3.
Epitype (designated here): The strain CCMP 1293 has been cryopreserved in a metabolically
inactive state at the Provasoli-Guillard National Center for Culture of Marine Phytoplank-
ton, Bigelow, Maine, USA.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/microorganisms12050868/s1, Table S1. GenBank entries (accession numbers) found by BLAST
N search (100% coverage; 100% identity) using the V4 region of the SSU rDNA of each species. For
each entry the geographical origin and the habitat are given; Table S2. Distribution of the investigated
coccoid and sarcinoid genera found in the GBIF database (https://www.gbif.org; accessed on 3 April
2024); Table S3. Morphology of coccoid and sarcinoid genera belonging to the Ulvophyceae.

Author Contributions: Conceptualization, methodology, validation, formal analysis, investigation,
resources, data curation, writing—original draft preparation, writing—review and editing, visualiza-
tion, project administration, funding acquisition, T.D. and T.P. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by the Austrian Research Foundation (FWF), grant number P
34416-B (FWF Grant-DOI: 10.55776/P34416) to T.D. and T.P.

Data Availability Statement: Data are contained within the article and Supplementary Materials.

Acknowledgments: We like to thank the staff of SAG and CCAP for supporting and maintaining the
investigated strains. We are also very grateful to CCMP for providing us with the strain CCMP 1293.
We are very grateful for the critical comments made by both anonymous reviewers.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Cohn, F. Über parasitische Algen. Beitr. Biol. Pflanzen 1872, 1, 87–106.
2. Bristol, B.M. A review of the genus Chlorochytrium Cohn. J. Linn. Soc. Lond. Bot. 1920, 45, 1–28. [CrossRef]
3. Wright, E.P. On a new genus and species of unicellular algae, living on the filaments of Rhizoclonium casparyi. Trans. Roy. Ir. Acad.

1881, 28, 27–30.
4. Reinhard, L. Algologische Untersuchungen. 1. Materialien zur Morphologie und Systematik der Algen des Schwarzen Meeres.

Denkschr. Neu-Russ. Ges. Naturforscher Odessa 1885, 9, 199–510. (In Russian)
5. Moewus, L. Entwicklungsgeschichtliche Studien über einige mikroskopisch kleine Aufwuchsalgen. Schweiz. Z. Hydrol. 1950, 12,

47–66. [CrossRef]
6. Kornmann, P.; Sahling, P.-H. Meeresalgen von Helgoland: Ergänzung. Helgol. Meeresunters 1983, 36, 1–65. [CrossRef]
7. Dangeard, P.J.L. Sur deux Chlorococcales marines. Botaniste 1965, 48, 65–74.
8. Guiry, M.D. Validation of some invalid names for green algae introduced by P.J.L. Dangeard. Not. Algarum 2017, 42, 1–2.
9. Darienko, T.; Rad-Menéndez, C.; Campbell, C.N.; Pröschold, T. Molecular phylogeny of unicellular marine coccoid green algae

revealed new insights into the systematics of the Ulvophyceae (Chlorophyta). Microorganisms 2021, 9, 1586. [CrossRef] [PubMed]
10. Bold, H.C.; MacEntee, F.J. Phycological notes. III. Two new saccate unicellular Chlorophyceae. J. Phycol. 1974, 10, 189–193.

[CrossRef]
11. Watanabe, S.; Nakayama, T. Ultrastructure and phylogenetic relationships of the unicellular green algae Ignatius tetrasporus and

Pseudocharacium americanum (Chlorophyta). Phycol. Res. 2007, 55, 1–16. [CrossRef]
12. Skaloud, P.; Rindi, F.; Boedecker, C.; Leliaert, F. Chlorophyta: Ulvophyceae. In Süßwasserflora von Mitteleuropa 13; Büdel, B.,

Gärtner, G., Krienitz, L., Schagerl, M., Eds.; Springer Spektrum: Berlin/Heidelberg, Germany, 2018; pp. 1–288.
13. Gong, S.; Li, Z.; Zhang, F.; Xiao, Y.; Cheng, H. Symbiochlorum hainanensis gen. et sp. nov. (Ulvophyceae, Chlorophyta) isolated

from bleached corals living in the South China Sea. J. Phycol. 2018, 54, 811–817. [CrossRef] [PubMed]
14. Wille, N. Studien über Chlorophyceen I-VII. Videnskap. Skr. Math.-Naturvid. Kl. 1901, 1900, 1–46.
15. Watanabe, S.; Himizu, A.; Lewis, L.A.; Floyd, G.L.; Fuerst, P.A. Pseudoneochloris marina (Chlorophyta), a new coccoid ulvophycean

alga, and its phylogenetic position inferred from morphological and molecular data. J. Phycol. 2000, 36, 596–604. [CrossRef]
[PubMed]

https://www.mdpi.com/article/10.3390/microorganisms12050868/s1
https://www.mdpi.com/article/10.3390/microorganisms12050868/s1
https://www.gbif.org
https://doi.org/10.1111/j.1095-8339.1920.tb00117.x
https://doi.org/10.1007/BF02486024
https://doi.org/10.1007/BF01995795
https://doi.org/10.3390/microorganisms9081586
https://www.ncbi.nlm.nih.gov/pubmed/34442668
https://doi.org/10.1111/j.1529-8817.1974.tb02696.x
https://doi.org/10.1111/j.1440-1835.2006.00439.x
https://doi.org/10.1111/jpy.12779
https://www.ncbi.nlm.nih.gov/pubmed/30137670
https://doi.org/10.1046/j.1529-8817.2000.99123.x
https://www.ncbi.nlm.nih.gov/pubmed/29544001


Microorganisms 2024, 12, 868 13 of 13

16. Mattox, K.R.; Stewart, K.D. Classification of the green algae: A concept based on comparative cytology. In The Systematics of Green
Algae; Irvine, D.E.G., John, D.M., Eds.; Systematics Association 27; Academic Press: London, UK, 1984; pp. 29–72.

17. Leliaert, F.; Smith, D.R.; Moreau, H.; Herron, M.D.; Verbruggen, H.; Delwiche, C.F.; De Clerck, O. Phylogeny and molecular
evolution of the green algae. Crit. Rev. Plant Sci. 2012, 31, 1–46. [CrossRef]

18. van den Hoek, C.; Mann, D.G.; Jahns, H.M. Algae. An Introduction to Phycology; Cambridge University Press: Cambridge, UK,
1995.

19. Schlösser, U.G. SAG-Sammlung von Algenkulturen at the University of Göttingen. Botanica Acta 1994, 107, 113–186. [CrossRef]
20. Schlösser, U.G. Additions to the culture collections of algae since 1994. Botanica Acta 1997, 110, 424–429. [CrossRef]
21. Darienko, T.; Rad-Menéndez, C.; Campbell, C.; Pröschold, T. Are there any true marine Chlorella species? Molecular phylogenetic

assessment and ecology of marine Chlorella-like organisms, including description of Droopiella gen. nov. Syst. Biodivers. 2019, 17,
811–829. [CrossRef] [PubMed]

22. Swofford, D.L. PAUP* Phylogenetic Analysis Using Parsimony (*and Other Methods); Version 4.0b10; Sinauer Associates: Sunderland,
MA, USA, 2002.

23. Stamatakis, A. RAxML version 8: A tool for phylogenetic analysis and post-analysis of large phylogenies. Bioinformatics 2014, 30,
1312–1313. [CrossRef]

24. Ronquist, F.; Teslenko, M.; Van Der Mark, P.; Ayres, D.L.; Darling, A.; Höhna, S.; Larget, B.; Liu, L.; Suchard, M.A.; Huelsenbeck,
J.P. MrBayes 3.2: Efficient Bayesian phylogenetic inference and model choice across a large model space. Syst. Biol. 2012, 61,
539–542. [CrossRef] [PubMed]

25. Jow, H.; Hudelot, C.; Rattray, M.; Higgs, P. Bayesian phylogenetics using an RNA substitution model applied to early mammalian
evolution. Mol. Biol. Evol. 2002, 19, 1591–1601. [CrossRef] [PubMed]

26. Higgs, P.; Jameson, D.; Jow, H.; Rattray, M. The evolution of tRNA-Leu genes in animal mitochondrial genomes. J. Mol. Evol. 2003,
57, 435–445. [CrossRef]

27. Hudelot, C.; Gowri-Shankar, V.; Jow, H.; Rattray, M.; Higgs, P. RNA-based phylogenetic methods: Application to mammalian
mitochondrial RNA sequences. Mol. Phylogen. Evol. 2003, 28, 241–252. [CrossRef]

28. Gibson, A.; Gowri-Shankar, V.; Higgs, P.; Rattray, M. A comprehensive analysis of mammalian mitochondrial genome base
composition and improved phylogenetic methods. Mol. Biol. Evol. 2005, 22, 251–264. [CrossRef]

29. Telford, M.J.; Wise, M.J.; Gowri-Shankar, V. Consideration of RNA secondary structure significantly improves likelihood-based
estimates of phylogeny: Examples from the bilateria. Mol. Biol. Evol. 2005, 22, 1129–1136. [CrossRef] [PubMed]

30. Darienko, T.; Pröschold, T. Toward a monograph of non-marine Ulvophyceae using an integrative approach (Molecular phylogeny
and systematics of terrestrial Ulvophyceae II.). Phytotaxa 2017, 324, 1–41. [CrossRef]

31. Zuker, M. Mfold web server for nucleic acid folding and hybridization prediction. Nucleic Acid Res. 2003, 31, 3406–3615. [CrossRef]
[PubMed]

32. Altschul, S.F.; Gish, W.; Miller, W.; Myers, E.W.; Lipman, D.J. Basic local alignment search tool. J. Mol. Biol. 1990, 215, 403–410.
[CrossRef] [PubMed]

33. Clement, M.; Posada, D.; Crandall, K.A. TCS: A computer program to estimate gene genealogies. Mol. Ecol. 2000, 9, 1657–1659.
[CrossRef] [PubMed]

34. Clement, M.; Snell, Q.; Walker, P.; Posada, D.; Crandall, K. TCS: Estimating gene genealogies. Parallel Distr. Process. Symp., Internat.
Proc. 2002, 2, 184.

35. Leigh, J.W.; Bryant, D. POPART: Full-feature software for haplotype network construction. Meth. Ecol. Evol. 2015, 6, 1110–1116.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1080/07352689.2011.615705
https://doi.org/10.1111/j.1438-8677.1994.tb00784.x
https://doi.org/10.1111/j.1438-8677.1997.tb00659.x
https://doi.org/10.1080/14772000.2019.1690597
https://www.ncbi.nlm.nih.gov/pubmed/32256217
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.1093/sysbio/sys029
https://www.ncbi.nlm.nih.gov/pubmed/22357727
https://doi.org/10.1093/oxfordjournals.molbev.a004221
https://www.ncbi.nlm.nih.gov/pubmed/12200486
https://doi.org/10.1007/s00239-003-2494-6
https://doi.org/10.1016/S1055-7903(03)00061-7
https://doi.org/10.1093/molbev/msi012
https://doi.org/10.1093/molbev/msi099
https://www.ncbi.nlm.nih.gov/pubmed/15689526
https://doi.org/10.11646/phytotaxa.324.1.1
https://doi.org/10.1093/nar/gkg595
https://www.ncbi.nlm.nih.gov/pubmed/12824337
https://doi.org/10.1016/S0022-2836(05)80360-2
https://www.ncbi.nlm.nih.gov/pubmed/2231712
https://doi.org/10.1046/j.1365-294x.2000.01020.x
https://www.ncbi.nlm.nih.gov/pubmed/11050560
https://doi.org/10.1111/2041-210X.12410

	Introduction 
	Materials and Methods 
	Cultures and Light Microscopy 
	DNA Extraction, PCR, Sequencing, and Phylogenetic Analyses 

	Results and Discussion 
	References

