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Abstract: The family Radiococcaceae sensu lato, defined as colonial autospore–producing mucilaginous coccoid 
green algae, is widespread in terrestrial and freshwater habitats. Three species of Radiococcaceae sensu lato, 
including two Radiococcus species and one Planktosphaeria species, were described from China by light and 
electron microscopy. A new species of Planktosphaeria, Planktosphaeria hubeiensis sp. nov. was erected based 
on morphological comparisons and genetic analyses. Our phylogenetic analyses indicated that Radiococcaceae 
sensu lato is polyphyletic, and separated into three lineages. The Radiococcus species did not cluster into a 
monophyletic group in phylogenetic analyses; therefore the taxonomy of the genus Radiococcus should be 
revised in the future.
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Introduction

Coccoid green algae are found commonly in aquatic 
and terrestrial habitats worldwide, including extreme 
environments such as postmining dumps, polar arid 
soils, and deserts (e.g. Broady 1986; Flechtner et al. 
1998; Patova & Dorokhova 2008; Fučíková et al. 2014). 
Conventionally, many coccoid taxa were assigned to the 
order Chlorococcales sensu lato in the publication of the 
famous handbook on ‘‘Chlorococcales’’ by Komárek & 
Fott (1983). However, the majority of coccoid green 
algae are now understood as a polyphyletic assemblage of 
taxa distributed into Chlorophyceae, Trebouxiophyceae, 
and Prasinophyceae within the division Chlorophyta 
(Krienitz et al. 2003; Lewis & McCourt 2004; Krienitz 
& Bock 2012). They are important primary producers 
in freshwater communities, but very little is known 
about their diversity due to their extremely small size 
and simple morphology, which makes identification 
by light microscopy essentially impossible (Soylu & 
Gönülol 2012). 

Within the chlorophycean order Sphaeropleales, 
several taxa are coccoid green algae in mucilaginous 
colonies. Many coccoid mucilaginous green algae were 
placed in the families Palmellaceae or Chlorellaceae in early 
generic system (Lemmermann 1915; Korshikov 1953), 
and then transferred to the family Radiococcaceae (Fott 

1959). The Radiococcaceae was erected by Fott (1959), 
validated by Komárek (1979) and revised by Kostikov 
et al. (2002). The family comprised autospore–produc-
ing and zoospore–producing species in early definition 
(Fott 1959), then was restricted to autospore–producing 
species only in later revision (Komárek 1979). Now 
the family Radiococcaceae sensu lato can be defined as 
colonial autospore–producing green algae with spherical, 
regularly or irregularly ellipsoid cells with a smooth cell 
wall, lacking vegetative cell division, lying in more or 
less thick and more or less strong mucilage (Kostikov et 
al. 2002). The Radiococcaceae sensu lato is distributed 
in freshwater as well as terrestrial habitats worldwide, 
and it is one of the most taxonomically difficult groups 
in green algae (Pažoutová 2008). Radiococcacean 
systematics is not clearly delimited, and there is still 
much discussion about the taxonomic systems used to 
classify species (Alves et al. 2014). The scope of this 
family has been changed according to the view of the 
different authors. All these considerations are based 
on morphological characteristics (Wolf et al. 2003). 
Ultrastructural data and molecular phylogenetic analyses 
of this family are still scarce (Kostikov et al. 2002). The 
phylogenetic analyses based on 18S rRNA gene sequences 
of three strains of Radiococcus polycoccus (Korshikov) 
I. Kostikov, T. Darienko, A. Lukesová et L. Hoffmann, 
one strain of Planktosphaeria gelatinosa G.M. Smith 
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Total genomic DNA was extracted using the Universal DNA 
Isolation Kit (AxyPrep, Hangzhou, China). PCR amplifica-
tion was performed using 3 μL template DNA, 0.4 μmol/L 
each primer, and 25 μL 2× Taq Master Mix (ExTaq; Takara, 
Dalian, China) in a 50 μL reaction volume. Two sets of PCR 
primers were used for PCR amplification of SSU rDNA 
(18S–F, 5’–AACCTGGTTGATCCTGCCAGT–3’; 18S–R, 
5’–TGATCCTTCTGCAGGTTCACCTACG–3’) (Katana et 
al. 2001), and ITS region, including ITS1, 5.8S rDNA, and 
ITS2 (ITS–F, 5’–CAAGGTTTCCGTAGGTGA–3’; ITS–R, 
5’– GGCATCCTGGTTAGTTTCT–3’) (Luo et al. 2006). 
The SSU and ITS PCR began with 2 min at 94 °C, followed 
by 35 cycles of 40 s at 94 °C, 40 s at 55 °C, 1 min at 72 °C, 
and terminating with a final hold of 4 min at 72 °C. All PCR 
amplicons were cleaned using AxyPrep DNA Gel Extraction 
Kit (Axygen Biotechnology, Hangzhou, China). All amplicons 
were sequenced from both sides using PCR primers. The 
PCR products were run on an ABI 3700 sequencer (Applied 
Biosystems, CA, USA).

The newly determined SSU rDNA and ITS sequences 
were aligned with other sequences from GenBank database. After 
the elimination of apparently erroneous sequences and ambigu-
ously aligned regions, two sets of alignments were produced by 
using Clustal X (v1.8) (Thompson et al. 1997) and MUSCLE 
(Edgar 2004), and then modified manually by using MEGA7 
(Kumar et al. 2016). For SSU and ITS analyses, 44 taxa with 
1569 characters and 48 taxa with 519 characters were aligned, 
respectively. Chlamydomonas reinhardtii P.A. Dangeard was 
selected as outgroup. Phylogenies were estimated using maximum 
likelihood (ML) and Bayesian inference (BI) as implemented 
in RAxML (v7.2.6) (Stamatakis 2006) and MrBayes (v3.1.2) 
(Huelsenbeck & Ronquist 2001). The program jModelTest 
(v2.1.5) was used to explore the model of sequence evolution 
that best fits the data set by the Akaike information criterion 
(Darriba et al. 2012). The evolutionary models used in ML 
and BI analyses for SSU and ITS phylogenies were TIM2+I+G 
and GTR+I+G, respectively. In ML analyses, nodal support 
was assessed using 1,000 nonparametric bootstrap replicates. 
All Bayesian Markov Chain Monte Carlo (MCMC) analyses 
were run with seven Markov chains (six heated chains, one 
cold) for 1,000,000 generations. Trees were sampled every 100 
generations. We obtained posterior probability (PP) values for 
the branching patterns in BI trees as well as bootstrap (bootstrap 
support value, BP) values in ML trees. 
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and one strain of Schizochlamydella capsulata (West) 
Korshikov (Radiococcaceae, Chlorophyta) indicated that 
the Radiococcaceae could be a polyphyletic assemblage 
of coccoid mucilage forming chlorophytes (Wolf et al. 
2003). Phylogenetic analyses of a multigene dataset from 
all sphaeroplealean families were used to examine the 
monophyly of these morphologically similar taxa, which 
were shown instead to be phylogenetically distinct and 
very divergent (Fučíková et al. 2014).

In this study, we investigated four planktonic 
strains of Radiococcaceae sensu lato in different inland 
waters from China. We characterized the morphology, 
ultrastructure and phylogenetic position of these strains. 
Three strains belonged to the genus Radiococcus Schmidle, 
and the other one was described as a new species of 
Planktosphaeria G.M. Smith. 

Material and Methods

The algal strains were isolated from three different freshwater 
environments in China, and deposited at the Freshwater Algae 
Culture Collection at the Institute of Hydrobiology (FACHB, 
China) (Table 1). The strains were cultivated on agar–solidi-
fied and liquid BG11 medium (Stanier et al. 1971) at 22 °C 
under a 12 h:12 h light–dark regime, with illumination of 20 
μmol.m–2.s–1.

For morphological observations and microphotography 
an Olympus BX 53 light microscope (Olympus, Tokyo, Japan) 
with differential interference contrast were used. Micrographs 
were taken with an Olympus DP80 digital camera (Olympus, 
Tokyo, Japan) and Olympus software cellSens Standard (v. 1.14).

For transmission electron microscopy, samples of each 
strain were fixed for 2 h in 2% glutaraldehyde in 0.05 M phos-
phate buffer, and postfixed for 2 h in 1% osmium tetroxide in 
0.05 M phosphate buffer, subsequently for 12 h in 1% uranyl 
acetate solution. Then the samples were dehydrated through 
an ethanol series and embedded in Spurr’s medium via propyl-
ene oxide (Spurr 1969). Ultrathin sections were cut using a 
diamond knife on Leica UC–7 (Leica, Wetzlar, Germany) and 
poststained with lead citrate. Observations were carried out 
using a Hitachi HT–7700 transmission electron microscope 
(Hitachi, Tokyo, Japan).

Table 1. List of strains obtained from this work. 

Strain 
designation

Species Locality Coordinates Collection data Accession 
number 

SSU

Accession 
number 

ITS

FACHB–2251 Planktosphaeria 
hubeiensis

Bailian River, Huanggang, 
Hubei Province, China

30°35'53"N, 
115°27'11"E

10 May 2015 MG712828 MG712833

FACHB–2248 Radiococcus sp. Hongsi Lake, Hanzhong, 
Shaanxi Province, China

32°54'12"N, 
106°52'45"E

17 Aug. 2013 MG712830 MG712834

FACHB–2249 Radiococcus sp. Shimen Reservoir, 
Hanzhong, Shaanxi Prov-

ince, China

33°12'31"N, 
106°57'43"E

17 Aug. 2013 MG712832 MG712829

FACHB–2250 Radiococcus sp. Pond in Wuhan Zoo, Wu-
han, Hubei Province, China

30°32'28"N, 
114°14'27"E

10 Jun. 2013 MG712831 MG712827



Results

Planktosphaeria hubeiensis Q. Zhang, G.X. Liu et 
L.R. Song sp. nov. (Fig. 1A–E)
Description: Vegetative cells in colonies, green, plankto-
nic. Cells spherical, multinucleate, 8–22 μm in diameter. 
Chloroplasts numerous, discoid and parietal, with one 
to several pyrenoids. Chloroplasts usually with a pyre-
noid in young cells, with several pyrenoids at maturity. 
Colonies spherical or irregularly shaped (20–60 μm in 
diameter), consisting of 8−16 (32) cells covered by a 
structureless gelatinous envelope. Usually many small 
colonies form loose aggregations, measuring 0.5–1 mm 
in diameter. Asexual reproduction by autosporulation, 
sexual reproduction not observed. 8−16 (32) autospores 
in the mother cell wall, released by the splitting of the 
mother cell wall. Sporangial cell wall gelatinized after 
enlargement and formation of Gloeocapsa–like colonies.

Holotype: Material of the authentic strain FACHB–2251 
was permanently cryopreserved in Freshwater Algae 
Culture Collection at the Institute of Hydrobiology 
(FACHB–collection), Chinese Academy of Sciences, 
Wuhan, Hubei, China. Also available in FACHB–co-
llection as a perpetually transferred culture, strain 
FACHB–2251, from which the holotype was derived. 
The holotype material was the source of SSU and ITS 
deposited as GenBank accession numbers MG712828 
and MG712833, respectively. 
Type locality: Bailian River, Huanggang, Hubei Province, 
PR China (30°35'53"N, 115°27'11"E).
Etymology: The species epithet ‘hubeiensis’ is derived 
from the type locality Hubei Province.

The colonies of Radiococcus sp. strain FACHB–2248 
(Fig. 1F–I) were spherical or irregularly shaped (12–50 
μm in diameter), consisting of 4 (8) cells in a gelatinous 
envelope. Cells were spherical, 6–12 μm in diameter. 
The chloroplast was single, cup–shaped and parietal, 
with a pyrenoid (Fig. 1I). 4 autospores were arranged 
in tetrahedral shapes in the mother cell wall, released 
by the splitting of the mother cell wall, with cap–like 
wall remnants persisting thereafter (Fig. 1F–H). Sexual 
reproduction was not observed.

The colonies of Radiococcus sp. strain FACHB–2250 
(Fig. 1J–L) were spherical or irregularly shaped (12–20 
μm in diameter), consisting of (2) 4 (8) cells covered by 
a structureless gelatinous envelope. Cells were spherical, 
multinucleate, 4–9 μm in diameter. The chloroplast was 
single, cup–shaped and parietal, with 1–2 pyrenoids (Fig. 
1L–N). (2) 4 (8) autospores in the mother cell wall were 
released by the splitting of the mother cell wall. Sexual 
reproduction was not observed.

Transmission electron microscopy
Vegetative cells of Planktosphaeria hubeiensis were 
spherical with a thick and layered cell wall (0.2–0.4 
μm in thickness) (Fig. 2A–C, E). Young, uninucleate 

cells possessed a rather large, more or less cup–shaped 
and parietal chloroplast containing a pyrenoid covered 
by starch grains (Fig. 2C). The parietal chloroplasts in 
adult cells were irregularly discoid with several pyrenoids 
covered by starch envelope, occupying most of the cell 
volume (Fig. 2A–B). Significantly, numerous starch 
grains were surrounded by thylakoids in mature cells 
(Fig. 2A–B). The pyrenoids were covered by 3–5 large 
cup–shaped starch grains (Fig. 2G–H). The multiple 
nuclei were dispersed in the center of the cell at maturity 
(Fig. 2A–B, D). Usually each nucleus was adjacent to 
a dictyosome (Fig. 2D). Several mitochondrions with 
tubular cristae were somewhat rod–like around the 
chloroplasts (Fig. 2F). 

Vegetative cells of Radiococcus sp. strain 
FACHB–2248 were spherical with a thick, rough and 
layered cell wall (0.2–0.5 μm in thickness) (Fig. 2I–K). 
Autosporangial cell wall remnants could be observed 
under TEM (Fig. 2I–J). The single chloroplast was parietal 
cup–shaped with a pyrenoid covered by starch envelope, 
occupying most of the cell volume (Fig. 2I–J). Usually 
several starch grains were surrounded by thylakoids 
in mature cells (Fig. 2I–J). The conspicuous pyrenoid 
located at one side of the cell was covered by 3–4 large 
cup–shaped starch grains (Fig. 2I–J, L). One or several 
vacuoles were located at the other side of cell (Fig. 2I–J). 
The single nucleus was located in the cytoplasmic area 
enclosed by the chloroplast and usually associated with 
vacuole (Fig. 2J, M). 

Vegetative cells of Radiococcus sp. strain 
FACHB–2250 were spherical with a rough and layered 
cell wall (0.05–0.2 μm in thickness) (Fig. 3A–C). The 
outermost layer of cell wall was furnished with tooth–
like projections (Fig. 3F). The parietal chloroplast was 
cup–shaped with one or two pyrenoids covered by starch 
envelope (Fig. 3A–C). Usually several starch grains were 
surrounded by thylakoids in mature cells (Fig. 3A–B). 
Young cells were uninucleate, and then they developed 
into multinucleate cells during maturation (Fig. 3A–C). 
The pyrenoid(s) with 3–5 cup–shaped starch grains 
was located at one side of cell, and the nucleus was 
located at the other side of cell (Fig. 3A–C, E). Several 
mitochondrions with tubular cristae were somewhat 
dumbbell–shaped around the chloroplast (Fig. 3D, H). 
The dictyosome was located between a pyrenoid and a 
nucleus (Fig. 3G). 

Sequence analyses
The sequences of Radiococcus sp. strain FACHB–2248 
and FACHB–2249 included two introns in SSU rDNA. 
The first intron (364 bp) was located at position 368 
(corresponding to an Escherichia coli rRNA gene). The 
second intron (425 bp) was located at position 943, well 
known position for group I introns (corresponding to an 
E. coli rRNA gene) (Cannone et al. 2002). The sequences 
of Planktosphaeria hubeiensis strain FACHB–2251 
also included the second intron in SSU rDNA. After 
removal of intron insertions and ambiguous regions in 
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Fig. 1. Light micrographs of Planktosphaeria hubeiensis (A–E), Radiococcus sp. strain FACHB–2248 (F–I) and Radiococcus sp. strain 
FACHB–2250 (J–N): (A, B) spherical or irregularly shaped colonies with a structureless gelatinous envelope; (C) the colony with young cells; 
(D) the colony with maturing cells; (E) maturing cell, showing several parietal discoid chloroplasts with several pyrenoids; (F, H) spherical or 
irregularly shaped colonies with a structureless gelatinous envelope and cap–like remnants of sporangial cell wall; (H) 4 autospores arranged 
tetrahedrally; (I) cells showing parietal cup–shaped chloroplast with a pyrenoid; (J) spherical colonies; (K, L) 4 autospores arranged tetrahe-
drally; (M) cell showing parietal cup–shaped chloroplast with a pyrenoid; (N) cell showing parietal cup–shaped chloroplast with two pyrenoids. 
Scale bars 10 μm (A–I); 5 μm (J–N).

some sequences, the alignment of SSU rDNA was used 
for phylogenetic analyses. The SSU and ITS sequences 
of strain FACHB–2248 were identical to those of strain 
FACHB–2249, respectively. The ITS sequence of R. 
polycoccus strain SAG 217–1b was also identical to 

R. polycoccus strain SAG 217–1c. The SSU sequence 
divergence between P. hubeiensis strain FACHB–2251 
and P. gelatinosa strain SAG 262–1b was 2.3%. R. poly-
coccus SSU sequence differences reached 3.3% against 
Radiococcus sp. strain FACHB–2248 and FACHB–2249, 
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Fig. 2. Transmission electron micrographs of Planktosphaeria hubeiensis (A–H) and Radiococcus sp. strain FACHB–2248 (I–M): (A–B) section of a maturing cell, 
showing several parietal discoid chloroplasts with pyrenoids, several nuclei and numerous starch grains; (C) section of young, uninucleate cell, showing parietal 
cup–shaped chloroplast with a single pyrenoid; (D) part section of maturing cell, showing the dictyosome near nuclei; (E) detail of cell wall; (F) detail of several 
somewhat rod–like mitochondrions; (G–H) section showing the pyrenoids covered by 3–5 large cup–shaped starch grains; (I–J) cell section showing parietal 
cup–shaped chloroplast with a pyrenoid, cap–like remnants of sporangial cell wall, starch grains and vacuoles; (K) detail of thick, rough and stratified cell wall; 
(L) detail of the conspicuous pyrenoid covered by 3–4 large cup–shaped starch grains; (K) detail of the nucleus. Scale bars 1 μm (A–D, I–J); 0.2 μm (E–H, K–M).
Abbreviations: (D) dictyosome; (M) mitochondrion; (N) nucleus; (P) pyrenoid; (S) starch; (V) vacuole; (Ch) chloroplast; (Cw) cell wall; (Scw) sporangial cell wall.

248                                                                                                                            Zhang et al.: Three Radiococcaceae sensu lato species



Fig. 3. Transmission electron micrographs of Radiococcus sp. strain FACHB–2250: (A–B) section of maturing cell, showing cup–shaped 
chloroplast with 1–2 pyrenoids, nuclei and starch grains; (C) section of young, uninucleate cell, showing parietal cup–shaped chloroplast with 
a pyrenoid; (D) detail of nuclei and dumbbell–shaped mitochondrions; (E) detail of the conspicuous pyrenoid covered by 4 large cup–shaped 
starch grains; (F) detail of rough and stratified cell wall furnished with tooth–like projections; (G) detail of dictyosome; (H) detail of dumb-
bell–shaped mitochondrion. Scale bars 1 μm (A–D); 0.2 μm (E–H).
Abbreviations: (D) dictyosome; (M) mitochondrion; (N) nucleus; (P) pyrenoid; (S) starch; (Ch) chloroplast; (Cw) cell wall.

and 2.6% against Radiococcus sp. strain FACHB–2250.

Molecular phylogeny
The new sequences of SSU and ITS rRNA gene de-
termined during this study and deposited in GenBank 
(Table 1). In SSU and ITS phylogenies, ML and Bayesian 

inference analyses yielded similar tree topologies. The 
ML trees with indication of Bayesian posterior prob-
abilities were shown in Figs. 4 and 5. Our results showed 
that Radiococcaceae sensu lato, comprising the genera 
Radiococcus, Follicularia W.W. Miller, Planktosphaeria, 
Coenochloris Korshikov, Gloeocystis Nägeli, Coenocystis 
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Planktosphaeria and Follicularia are not available. Nature 
and classification of the two genera had been a matter 
of confusion ever since the first description (Kouwets 
1995). According to the revision of Lukešová (1993), 
zoosporine soil algae should be transferred to the genus 
Follicularia. Therefore, P. botryoides, P. maxima and P. 
texensis were placed to the genus Follicularia (Lukešová 
1993). A zoosporine strain identified as P. gelatinosa from 
soil samples was reported by Starr (1954). Lukešová 
(1993) transferred Starr’s strain of P. gelatinosa to 
Follicularia, and renamed F. starrii Lukesová. According 
to the most recent taxonomical revision by Kostikov 
et al. (2002), the genus Planktosphaeria is described 
as spherical cells with several parietal chloroplasts and 
pyrenoids reproducing only by autospores. Schmidle 
(1902) established the genus Radiococcus to accommodate 
the type species R. nimbatus (= Pleurococcus nimbatus 
De Wildeman). According to the original diagnosis 
(Schmidle 1902), 4–celled coenobium is embedded 
within a ray–like structured mucilaginous envelope. 
Fott (1974) doubted the existence of ray–like mucilage, 
and emphasized on tetrahedral arrangement. The genus 
Catenococcus Hindák in the family Hormotilaceae was 
firstly described by Hindák (1977), and finally synony-
mized with Radiococcus (Kostikov et al. 2002). It is 
difficult to separate Radiococcus from Coenochloris 
(Kostikov 1953) and Eutetramorus Walton (Bourrelly 
1966). Eutetramorus lundii Bourrelly (Bourrelly 1966) 
and Coenochloris planctonica (West et G.S. West) 
Hindák (Hindák 1984) were regarded as a synonym of 
R. planktonicus (Lund 1956). Sphaerocystis polycocca 
Korshikov was firstly described by Korshikov (1953), 
then renamed as Eutetramorus polycoccus (Korshikov) 
Komárek (Komárek 1979) and Coenochloris polycocca 
(Korshikov) Hindák (Hindák 1984), and finally identi-
fied as R. polycoccus (Kostikov et al. 2002). According 
to Kostikov et al. (2002), the genus Radiococcus is 
described as spherical cells with single parietal chlo-
roplast and pyrenoid(s) reproducing only by (2–) 4–8 
(–16) autospores. The important divergences are the lack 
of sporangial cell wall remnants for Eutetramorus and 
elongate vegetative cell for Coenochloris (Kostikov 
et al. 2002).

The following morphological criteria are traditionally 
used for identifying Radiococcaceae species: cell size, 
shape and size of colony, type of chloroplast and pyrenoid, 
number of autospores, structure of colonial mucilage, 
and sporangial cell wall behaviour, ect. Vegetative cells 
of Planktosphaeria hubeiensis FACHB–2251 are very 
similar to the strains UTEX 124 and SAG 262–1b of P. 
gelatinosa based on morphological and ultrastructural 
observations (Kouwets 1995). Young uninucleate cells 
possess a rather large, more or less cup–shaped and 
parietal chloroplast containing a pyrenoid covered by 
starch grains. They subsequently develop multinucleate 
cells with numerous parietal chloroplasts and pyrenoids 
during maturation (Kouwets 1995). The starch grains 
surrounded by thylakoids in strain FACHB–2251 seem 

Korshikov and Neocystis Hindák, is a polyphyletic as-
semblage of coccoid mucilage forming chlorophytes in 
Sphaeropleales (Figs. 4, 5). 

SSU phylogenies supported monophyletic 
Radiococcaceae sensu lato group I composed of sequences 
from Follicularia botryoides (W. Herndon) J. Komárek, 
F. texensis (H.W. Bischoff et Bold) Ettl et Komárek, 
Radiococcus polycoccus, R. planktonicus J.W.G. Lund 
and our Radiococcus strains with high support values 
(BP = 0.98 and PP = 1.00) (Figs. 4). Two species of 
Radiococcaceae sensu lato group II Planktosphaeria 
gelatinosa and P. hubeiensis formed a highly supported 
clade (BP and PP = 1.00) closely related to Radiococcaceae 
sensu lato group I (Figs. 4). Schizochlamys gelatinosa 
A. Braun appeared in basal position of group I and 
Planktosphaeria species. Radiococcaceae sensu lato 
group III comprising Coenochloris signiensis (Broady) 
Hindák, Gloeocystis polydermatica (Kützing) Hindák, 
Coenocystis inconstans Hanagata et Chihara, Neocystis 
brevis (W. Vischer) Kostikov et Hoffmann and N. mucosa 
Krienitz, Bock, Nozaki et Wolf was separated distinc-
tively from groups I and II. Ooplanctella planoconvexa 
(Hindák) Pazoutová, Škaloud et Nemjová (formerly 
Coenochloris planoconvexa Hindák) was distantly re-
lated to Radiococcaceae sensu lato species in SSU phy-
logenies (Fig. 4). ITS phylogenies also supported that 
Radiococcaceae sensu lato fell into three groups, one 
of which group III was only remotely related to groups 
I and II (Fig. 5). S. gelatinosa was closely related to 
Planktosphaeria species with moderate supports (BP < 
0.50 and PP = 0.93) in ITS phylogenies (Fig. 5).

Discussion

The genera Planktosphaeria and Radiococcus are com-
mon freshwater radiococcacean taxa all over the world. 
Smith (1918) established the genus Planktosphaeria to 
accommodate the only planktonic species P. gelatinosa 
from a Wisconsin lake. The type species is characterized 
by spherical cells which, at maturity, contain several 
parietal, polygonal chloroplasts, each with a single py-
renoid (Smith 1918). According to the original diagnosis 
P. gelatinosa was supposed to reproduce by autospores 
(Smith 1918), but in a later publication he suggested 
the possibility of reproduction by autospores and zoo-
spores (Smith 1933), however, Smith (1950) gave up 
the revision of reproduction by zoospores at last. Three 
zoosporine species P. botryoides W. Herndon, P. maxima 
H.W. Bischoff et Bold and P. texensis H.W. Bischoff et 
Bold were described subsequently (Herndon 1958; 
Bischoff & Bold 1963; Komárek 1989). Follicularia, 
a genus rather similar to Planktosphaeria, was described 
by Miller (1924), with the single species F. paradoxalis 
W.W. Miller (Kouwets 1995). Starr (1954) doubted 
the existence of the genus Follicularia, and transferred 
the type species F. paradoxalis to Planktosphaeria. 
Unfortunately, authentic strains of the type species of 
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to be much numerous than in strains UTEX 124 and 
SAG 262–1b. In addition, strain FACHB–2251 can be 
discriminated from the P. gelatinosa strain SAG 262–1b 
by a characteristic intron insertion at position 943, 
and SSU/ITS sequence differences. Therefore, strain 
FACHB–2251 should be treated as a new species. Our 
strains FACHB–2248, FACHB–2249 and FACHB–2250 
belong to two separate Radiococcus species based on 
traditional morphological criteria. Radiococcus nimbatus 
(De Wildeman) Schmidle and R. wildemani (Schmidle) 
Korshikov differ in the presence of a radially striated 
mucilaginous envelope around the groups of cells 
(Schmidle 1902). The cells of epiphytic R. nimbatus 
(8–15 μm in diameter) are larger than these of planktonic 
R. wildemani (3–5 μm in diameter). R. wildemani has a 
much thickened chloroplast and almost central pyrenoid 
(Lund 1956). R. pelagica Teiling lacks the radially stri-
ate mucilage, and is arranged frequently in botryoidal 
colonies (up to 13–18 μm in diameter) (Lund 1956). The 
cells of R. planktonicus are characteristically arranged 
in tetrads with cap–like remnants of mother cell wall 
(Kim 2014). In the arrangement and shape of the cells, 
type of chloroplast and pyrenoid, and sporangial cell 
wall behaviour, strain FACHB–2248 is morphologically 
similar to R. planktonicus (Table 2). Meanwhile, strain 
FACHB–2248 is identical with strain FACHB–2249 
because they share the same morphological characte-
ristics and DNA sequence in our analyses. However, 
despite lacking ultrastructural and molecular data of R. 
planktonicus, there are some significant morphological 
differences between the two strains and R. planktonicus. 
The former usually possesses larger cells and smaller 
colonies, whereas the latter possesses relatively smaller 
cells and larger colonies (Table 2). Beside the arran-
gement and shape of the cells, type of chloroplast and 
sporangial cell wall behavior, a conspicuous similarity 
between strain FACHB–2250 and R. polycoccus is that 
both of them possess more than one pyrenoid. However, 
the sizes of cell and colony of strain FACHB–2250 are 
significantly smaller than those of R. polycoccus (Table 
2). ITS sequence of R. polycoccus strain SAG 217–1b 
from Sweden is identical to the strain SAG 217–1c from 
Cambridge University Botanic Garden, United Kingdom. 
SSU and ITS sequence divergences between strain 
FACHB–2250 and SAG 217–1b/217–1c are enough to 
distinguish the two species. The two Radiococcus spe-
cies of strains FACHB–2248 (and FACHB–2249) and 
FACHB–2250 differ from their allied species based on 
morphological comparisons and genetic analyses, and 
may be treated as new species in the future. However, it 
is premature to describe any new species of Radiococcus 
now because our phylogentic analyses do not support 
the monophyly of the genus. 

Our phylogenetic results indicated that 
Radiococcaceae sensu lato revised by Kostikov et 
al. (2002) was polyphyletic, and separated into three 
lineages. Radiococcaceae sensu lato group I, compris-
ing species of Radiococcus and Follicularia, affiliated 

with Radiococcaceae sensu lato group II comprising 
Planktosphaeria species in our SSU and ITS phylogenies. 
According to the review of Lukešová (1993) and Kostikov 
et al. (2002) base on morphological perspective, the gen-
era Radiococcus, Planktosphaeria and Follicularia are 
closely related. Wolf et al. (2003) indicated an evolution-
ary relationship between Planktosphaeria, Radiococcus 
and Bracteacoccus Tereg, representing the sister group 
of a clade containing Scenedesmaceae, Hydrodictyaceae 
and Neochloridaceae. The family Schizochlamidaceae 
is erected to accommodate the genus Schizochlamys 
Braun et Kützing based on pyrenoid ultrastructure (e.g. 
stalked pyrenoid), zoospore flagellation and pseudocilia 
configuration (Wujek & Gretz 1977). Based on phy-
logenetic evidence, however, Fučíková et al. (2014) 
recently constructed the family Schizochlamydaceae 
to accommodate Planktosphaeria and Schizochlamys, 
because a distinct phylogenetic distance separated the 
two genera from Radiococcaceae species. Meanwhile the 
genera Radiococcus and Follicularia were reserved in 
Radiococcaceae, but they did not give the re–definition 
of Radiococcaceae (Fučíková et al. 2014). The genus 
Radiococcus is paraphyletic with Follicularia in our 
phylogentic analyses. It is impossible to recognize the 
true “Radiococcus” lineage due to the lack of authentic 
strain of the type species R. nimbatus. Therefore, the 
genus Radiococcus should be revised based on a de-
tailed examination of morphology and phylogeny. In 
our phylogenetic analyses, Radiococcaceae sensu lato 
group III, including Coenochloris signiensis, Gloeocystis 
polydermatica, Coenocystis inconstans, Neocystis brevis 
and N. mucosa, is distantly related to group I and II. In 
addition, as stated by Pažoutová et al. (2010), the coc-
coid green alga Coenochloris planoconvexa is distantly 
related to Radiococcaceae sensu lato, and affiliate very 
closely with Oocystaceae species. Because C. pyre-
noidosa, the type species of Coenochloris, lay outside 
Oocystaceae, Pažoutová et al. (2010) proposed a new 
genus Ooplanctella Pazoutová, Škaloud et Nemjová, with 
the type species O. planoconvexa. Therefore, Radiococcus 
and Follicularia could be kept in Radiococcaceae, however, 
Coenochloris, Gloeocystis, Coenocystis and Neocystis 
should be removed from Radiococcaceae in the future.
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