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demonstrated that Cd. gerloffii represents a distinct 
phylogenetic position separated from the other four 
species within the Reticulata group.  Recently, 
Barcytė et al. (2018a) reported a new species, Cr. 
arctica, which is sister to Cd. gerloffii strain CCAP 
11/72 (=NIES-2215) in the 18S rRNA gene tree.  
However, Cr. arctica lacks pyrenoids in the chloro-
plast and exhibits enough differences in its nuclear 
rDNA ITS2 sequence to be considered distinct from 
Cd. gerloffii at or above the species level (Barcytė et 
al., 2018a).  Although Barcytė et al. (2018a) showed 
that Cr. paraserbinowii (Skuja) Gerloff & H. Ettl 

strain SAG 71.72 and Cd. hydra H. Ettl strain SAG 
4.73 belong to the Reticulata group, the former spe-
cies lack pyrenoids and the latter species is clearly 
different from Cd. hydra based on light microscopic 
characteristics (Ettl, 1983).  Therefore, Cd. gerloffii 
should be recognized as a distinct species within the 
genus Chloromonas.  However, the epithet gerloffii 
is unavailable in Chloromonas because Cr. gerloffii 
H. Ettl (1963) was described for different species.  
Thus, we propose the new name Cr. difformis to 
encompas s Cd . g e r l o f f i i unde r t h e genus 
Chloromonas.  Within the Reticulata group, Cr. dif︲

Figs. 13-19　�Chloromonas typhlos strain NIES-2243 (formerly labeled � Chlamydomonas suban-
gulosa�¡).  13-16. Nomarski interference micrographs of vegetative cells, shown at the 
same magnification. Scale bar=5 μm. 13. Optical section of a cell. 14. Surface view of a 
cell. Arrowheads indicate irregular perforations and incisions on the chloroplast surface. 
15. Surface view of a cell showing a rod-shaped eyespot. 16. Optical section of a dividing 
cell showing rotation of parental protoplast and apparently transverse first division.  
17-19. Transmission electron micrographs of vegetative cells. 17. Longitudinal section of 
a cell. Scale bar=2 μm. 18. Pyrenoid showing thylakoid lamellae penetrating into pyrenoid 
matrix (arrows). Scale bar=1 μm. 19. Eyespot composed of two layers of globules. Scale 
bar=1 μm. ch, chloroplast; cv, contractile vacuole; e, eyespot; n, nucleus; pa, papilla; py, 
pyrenoid; s, starch grain.
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formis can be distinguished from two other pyre-
noid-containing species based on pyrenoid morpholo-
gy.  The pyrenoid matrix in vegetative cells of Cr. 
chlorococcoides and Cr. typhlos is entirely surround-
ed by thick starch plates with no space between 
starch granules except for the spaces through which 
thylakoid lamellae penetrate (Matsuzaki et al., 2012).  
In contrast, the starch plates were thin and exhibit-
ed spaces between starch granules surrounding part 
of the pyrenoid matrix in Cr. difformis (Figs. 10, 11).  
This ultrastructural difference in the starch plates 
may reflect the difference in pyrenoids observed by 
light microscopy.  Under light microscopy, the pyre-
noids are prominent or distinct in the former two 
species (Matsuzaki et al., 2012), whereas the Cr. dif︲
formis pyrenoids are somewhat indistinct (Ettl 1983; 
Fig. 6).
“Cd. subangulosa” strain NIES-2243 (Figs. 13-19): 

Vegetative cells were unicellular, biflagellate, and 
ellipsoidal in shape, measuring 13-18 μm long and 
6-12 μm wide.  The cells had one nucleus, a promi-
nent papilla at the base of the flagella, and a parietal 
chloroplast with a single pyrenoid positioned in the 
middle of the cell (Fig. 13).  The chloroplast was cup- 
or urn-shaped, with irregular perforations and inci-
sions on the surface (Fig. 14).  The eyespot was 
shaped as a short rod or ellipsoid and positioned in 
the anterior 1/3 of the cell (Fig. 15).  The pyrenoid 
was prominent, spherical or ellipsoidal in shape, and 
lateral in position.  The papilla was hemispherical, 
often with a flat top face, and the nucleus was posi-
tioned in the cytoplasm anterior to the pyrenoid.  
The flagella were the same length as the cell.  Two 
contractile vacuoles were located near the base of 
the flagella.  Asexual reproduction occurred via zoo-
spore formation, producing four biflagellate zoo-
spores within the parental cell wall.  Before the first 
cell division, the protoplast rotated 90° (Fig. 16).  
TEM demonstrated that the pyrenoid matrix was 
surrounded entirely by starch plates, and thylakoid 
lamellae penetrated into the pyrenoid matrix from 
various directions (Figs. 17, 18).  The eyespot was 
composed of two layers of globules (Fig. 19).

Ettl (1983) classified Cd. subangulosa into the 
“Euchlamydomonas” group because of its basal 
pyrenoid in the cup-shaped chloroplast.  CCAP 
11/28 was referred to be derived from one of the 
original author of Cd. subangulosa (“John”; George 
1976).  However, significant morphological differenc-
es were recognized between the original description 

of Cd. subangulosa (Fritsch & John, 1942) and the 
present observations of NIES-2243.  According to 
Fritsch & John (1942), this species has a basal pyre-
noid, and the first division is longitudinal.  However, 
the present cultured material has a lateral pyrenoid 
in the urn-shaped chloroplast, and the first division 
was apparently transverse after 90° rotation of the 
protoplast (Figs. 4, 5, 13-16).  Moreover, the cell size 
according to the original description (Fritsch & John, 
1942) conflicts with that of our observations.  Fritsch 
& John (1942) reported that the cells are 16-20 μm 
long, whereas in our observation of NIES-2243, the 
cells were 13-18 μm long.  These morphological fea-
tures were essentially the same between strains 
NIES-2243 and CCAP 11/28, which were recently 
sent directly from CCAP, and the sequences of 
nuclear rDNA ITS2 in NIES-2243 and CCAP 11/28 
were exactly the same (DDBJ/EMBL/GenBank 
accession numbers LC439250 and LC439251, respec-
tively).  Thus, CCAP 11/28 was misplaced with a dif-
ferent strain or misidentified as Cd. subangulosa 
(George 1976).
“Cd. subangulosa” strain NIES-2243 and Cr. typh︲

los strain SAG 26.86 formed a small robust clade 
within the Reticulata group.  However, some mor-
phological differences were recognized between 
these two strains.  NIES-2243 has one eyespot per 
cell, whereas Cr. typhlos lacks eyespots (Matsuzaki 
et al., 2012).  Moreover, on average, the ratio of the 
cell width to length is lower in NIES-2243 than in 
Cr. typhlos strain SAG 26.86.  The average ratio of 
the cell length to width (based on observations of 25 
cells from each strain) is 1.39 in SAG 26.86 and 1.53 
in NIES-2243.  However, NIES-2243 is highly similar 
to Cr. typhlos strain SAG 26.86 in other morphologi-
cal attributes (Matsuzaki et al., 2012).  Both strains 
have a hemispherical prominent papilla at the base 
of the flagella, a parietal chloroplast with irregular 
perforations and incisions on the surface and a sin-
gle lateral pyrenoid positioned in the middle of the 
cell, and a nucleus positioned anterior to the pyre-
noid (Figs. 4, 5, 13, 14) (Matsuzaki et al. , 2012).  
Because of these morphological characteristics, the 
stigma-containing species Cd. media G.A. Klebs is 
similar to NIES-2243 (Klebs, 1896; Ettl , 1983) .  
However, Cd. media is different from Cr. typhlos 
and NIES-2243 due to i t s l arge ce l l l ength .  
Vegetative cells of Cd. media measure 18-20 μm 
long (Klebs, 1896; Ettl, 1983), whereas Cr. typhlos 
(including SAG 26.86) and NIES-2243 have vegeta-
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tive cells measuring 6-18 μm long (Ettl , 1983; 
Matsuzaki et al., 2012).  In addition, the culture 
strain NIES-2743, recently determined to form the 
basis of the epitype of Cd. media, has a relatively 
smooth chloroplast surface, and its phylogenetic 
position is distantly separate from the genus 
Chloromonas (Nakada et al., 2012).  This species was 
recently transferred to the genus Microglena as M. 
media (G.A. Klebs) Nakada (Nakada & Tomita, 2014).  
Thus, NIES-2243 is assigned here to the monophylet-
ic species Cr. typhlos.  Cr. typhlos now exhibits mor-
phological variability, particularly in terms of the 
presence or absence of an eyespot in the chloroplast.  
Such eyespot variability has been reported in anoth-
er monophy le t i c spec ies o f the un ice l lu lar 
Volvocales, Chlorogonium euchlorum (Ehrenberg) 
Ehrenberg (Nozaki et al., 1998) and among strains of 
the unicellular volvocalean species Gloeomonas 
anomalipyrenoides Nakada, Matsuzaki & Nozaki 
(Nakada et al., 2015).

Recently, Boldina (2017) reported light and elec-
tron microscopy of a Russian strain of Cr. typhlos.  
Interestingly, this strain has a stigma as in NIES-
2243.  However, its phylogenetic position was not 
resolved.  Further molecular phylogenetic studies 
using this Russian stain will resolve more accurate 
taxonomic status of Cr. typhlos.

TAXONOMIC TREATMENT
Chloromonas difformis Tomo. Makino, Matsuzaki & 
Nozaki nom. nov.
Replaced synonym: Chlamydomonas gerloffii H. Ettl 
1965: 298, fig. 15 (holotype); pl. 30: figs. 1-3.
Priority for Chloromonas gerloffii H. Ettl 1963: 398.
Etymology: the name “difformis” meaning “with dif-
ferent forms from others” refers to the unique and 
distinct features of this species within the Reticulata 
group, such as a basal or central pyrenoid surround-
ed by meager starch plates, many globular vacuoles 
in the cytoplasm, and three layers of eyespot glob-
ules.
DISTRIBUTION: Czech (Ettl, 1965)
STRAIN EXAMINED: NIES-2215 (=CCAP 11/72, 
authentic strain of Cd. gerloffii strain; George, E.A., 
1976).

ACKNOWLEDGMENT
This work was supported by a Grant-in-Aid for 

Scientific Research (No. 16H02518 to HN) from 
MEXT/JSPS KAKENHI.

REFERENCES
Barcytė, D., Hodač, L., Nedbalová, L. & Elster, J. 

2018a .  Ch l o r omona s a r c t i c a s p .  n o v . ,  a 
psychrotolerant alga from snow in the High 
Arctic (Chlamydomonadales, Chlorophyta). Int. J. 
Syst. Evol. Microbiol. 68: 851-859.

Barcytė, D., Hodač, L., Nedbalová, L. & Elster, J. 
2018b. Chloromonas svalbardensis n. sp. with 
insights into the phylogroup Chloromonadinia 
(Chlorophyceae). J. Eukaryot. Microbiol. 65: 882-892.

Boldina, O.N. 2017. Cytological study of Chloromonas 
typhlos (Chlamydomonadaceae, Chlorophyta) from 
North-Western Russia. Novosti Sist. Nizsh. Rast. 
51: 5-11. (in Russian with English abstract)

Et t l , H . 1963. Massenhaf tes Auf treten von 
Chloromonas Arten in Regenpfützen. Beih. Nova 
Hedwigia  6: 395-400.

Ettl, H. 1965. Beitrag zur Kenntnis der Morphologie 
der Gattung Chlamydomonas Ehrenberg. Arch. 
Protistenkunde  108: 271-420.

Ettl, H. 1983. Chlorophyta I. Phytomonadina, In Ettl, 
H., Gerloff, J., Heynig, H. & Mollenhauer, D. (eds.), 
Süßwasserflora von Mitteleuropa vol. 9, p. 807, 
Gustav Fischer Verlag, Stuttgart & New York.

Featherston, J. Arakaki, Y., Hanschen, E.R., Ferris, 
P.J., Michod, R.E., Olson, B.J.S.C., Nozaki, H. & 
Durand, P.M. 2018. The 4-celled Tetrabaena 
socialis nuclear genome reveals the essential 
components for genetic control of cell number at 
the origin of multicellularity in the volvocine 
lineage. Mol. Biol. Evol. 35: 855-870.

Fe l sens te in , J . 1985. Con f idence l im i t s on 
phylogenies: an approach using the bootstrap. 
Evolution  39: 783-791.

Fritsch, F.E. & John, R.P. 1942. An ecological and 
taxonomic study of the algae of British soils: II. 
Consideration of the species observed. Ann. Bot., 
New Series  6: 371-395.

George, E.A. (ed.) 1976. Culture Centre of Algae and 
Protozoa : l ist of stra ins 1976. Inst i tute of 
Terrestrial Ecology, Cambridge. http://nora.nerc.
ac.uk/id/eprint/7880/1/CCAP_Strains_76.pdf. 
(accessed July 30, 2018)

Grabherr, M.G., Haas, B.J., Yassour, M., Levin, J.Z., 
Thompson, D.A., Amit, I., Adiconis, X., Fan, L., 
Raychowdhury, R., Zeng, Q., Chen, Z., Mauceli, E., 
Hacohen, N., Gnirke, A., Rhind, N., di Palma, F., 
Birren, B.W., Nusbaum, C., Lindblad-Toh, K., 
Fr iedman, N. , Regev , A. 2011. Ful l - length 
transcriptome assembly from RNA-seq data 



Makino et al.Taxonomy of two Chloromonas strains

─ 22 ─

without a reference genome. Nat. Biotechnol. 29: 
644-652.

Kato, S. 1982. Laboratory culture and morphology of 
Colacium vesiculosum Ehrb. (Euglenophyceae). 
Jap. J. Phycol. 30: 63-67. (in Japanese with English 
abstract)

Kawachi, M., Ishimoto, M., Mori, F., Yumoto, K., Sato, 
M. & Noel, M.-H. 2013. MCC-NIES List of Strains, 
9th Edition, Microbial Culture Collection at 
National Institute for Environmental Studies, 
Tsukuba, Japan. http://mcc.nies.go.jp/download/
list9th_e.pdf. (accessed July 10, 2018)

Klebs, G. 1896. Üeber die Fortpflanzungs-Physiologie 
der niederen Organismen, der Protobionten: 
s p e c i e l l e r  t h e i l .  D i e  B e d i n g u n g e n d e r 
Fortpflanzung bei einigen Algen und Pilzen, 
Verlag von Gustav Fischer, Jena.

Matsuzaki, R. , Hara, Y. & Nozaki, H. 2012. A 
taxonomic revision of Chloromonas reticulata 
(Volvocales, Chlorophyceae), the type species of 
the genus Chloromonas, based on multigene 
phylogeny and comparative light and electron 
microscopy. Phycologia  51: 74-85

Matsuzaki, R. , Hara, Y. & Nozaki, H. 2014. A 
taxonomic study of snow Chloromonas species 
(Volvocales, Chlorophyceae) based on light and 
electron microscopy and molecular analysis of 
cultured material. Phycologia. 53: 293-304.

Nakada, T. & Tomita, M. 2014. Light microscopy and 
phylogenetic analyses of Chlamydomonas species 
(Volvocales , Chlorophyceae) . II . Molecular 
phylogeny, secondary structure of ITS-2, cell 
morphology, and nomenclature of Microglena 
opisthopyren, and M. media, comb. nov. Acta 
Phytotax. Geobot. 65: 67-73.

Nakada, T. , Nozaki , H. & Pröschold, T. 2008. 
Molecular phylogeny, u ltrastructure , and 
taxonomic revision of Chlorogonium (Chlorophyta): 
emendation of Chlorogonium and description of 
Gungnir gen. nov. and Rusalka gen. nov. J. Phycol. 
44: 751-760.

Nakada, T., Nozaki, H. & Tomita, M. 2012. Light 
microscopy and phylogenet ic analyses of 
C h l a m y d o m o n a s  s p e c i e s  ( V o l v o c a l e s , 
C h l o r o p h y c e a e ) .  I .  C h l a m y d o m o n a s 
pseudomacrostigma and Chlamydomonas media. 
Acta Phytotax. Geobot. 62: 69-78.

Nakada, T., Matsuzaki, R., Krienitz, L., Tomita, M. & 
Nozaki, H. 2015. Taxonomic reassessment of 
strains formerly classified as Chloromonas insignis 

(Volvocales, Chlorophyceae) and description of 
Gloeomonas anomalipyrenoides sp. nov. Acta 
Phytotax. Geobot. 66: 23-33.

Nozaki, H., Ohta, N., Morita, E. & Watanabe, M.M. 
1998. Toward a natural system of species in 
Chlorogonium (Volvocales, Chlorophyta) : a 
combined analysis of morphological and rbcL gene 
sequence data. J. Phycol. 34: 1024-1037.

Nozaki, H., Misawa, K., Kajita, T., Kato, M., Nohara, 
S. & Watanabe, M.M. 2000. Origin and evolution of 
the colonial volvocales (Chlorophyceae) as inferred 
from multiple, chloroplast gene sequences. Mol. 
Phylogenet. Evol. 17: 256-268.

Nozaki, H., Ohta, N., Takano, H. & Watanabe, M.M. 
2002. Reexamination of phylogenetic relationships 
within the colonial Volvocales (Chlorophyta): An 
analysis of atpB and rbcL gene sequences. J. 
Phycol. 35: 104-112

Nylander, J.A.A. 2004. MrModeltest v2. Program 
distributed by the author, Evolutionary Biology 
Centre, Uppsala University, Sweden.

Posada, D. & Crandall, K.A. 1998. MODELTEST: 
t e s t i ng the mode l o f DNA subs t i tu t i on . 
Bioinformatics  14: 817-818.

Pröschold, T., Marin, B., Schlösser, U.G. & Melkonian, 
M. 2001. Molecular phylogeny and taxonomic 
revision of Chlamydomonas (Chlorophyta). I . 
Emendation of Chlamydomonas Ehrenberg and 
C h l o r o m o n a s G o b i ,  a n d d e s c r i p t i o n o f 
Oogamochlamys gen. nov. and Lobochlamys gen. 
nov. Protist. 152: 265-300.

Rausch , H . , Larsen , N . & Schmit t , R . 1989. 
Phylogenetic relationships of the green alga 
Volvox carteri deduced from small -subunit 
ribosomal RNA comparisons. J. Mol. Evol. 29: 255-
265.

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. 2012. MrBayes 
3.2: efficient Bayesian phylogenetic inference and 
model choice across a large model space. Syst. 
Biol. 61: 539-542.

Swofford, D.L. 2002. PAUP*. Phylogenetic Analysis 
Using Parsimony (*and other methods), Version 
4.0b10, Sinauer, Sunderland, MA.

Takaiwa, F., Oono, K., Iida, Y & Sugiura, M. 1985. 
The complete nucleotide sequence of a rice 25S 
rRNA gene. Gene  37: 255-259.

Thompson, J.D., Higgins, D.G. & Gibson, T.J. 1994. 
CLUSTAL W: improving the sensitivity of 



─ 23 ─

Microb. Resour. Syst. June 2019 Vol. 35,  No. 1

progressive multiple sequence alignment through 
sequence weighting, position-specific gap penalties 
and weight matrix choice. Nucleic Acids Res. 22: 
4673-4680.

Wakasugi, T., Nagai, T., Kapoor, M., Sugita, M., Ito, 
M., Ito, S., Tsudzuki, J., Nakashima, K., Tsudzuki, 
T., Suzuki, Y., Hamada, A., Ohta, T., Inamura, A., 
Yoshinaga, K. & Sugiura, M. 1997. Complete 

nucleotide sequence of the chloroplast genome 
from the green alga Chlorella vulgaris: The 
existence of genes possibly involved in chloroplast 
division. Proc. Natl. Acad. Sci. U.S.A. 94: 5967-5972.

Yumoto , K . , Kasa i , F . & Kawachi , M. 2013. 
Taxonomic re-examination of Chlamydomonas 
strains maintained in the NIES-Collection. 
Microbiol. Cult. Coll. 29: 1-12.

Chloromonas 属（ボルボックス目，緑藻綱）の Reticulata グループに所属する Chlamydomonas と 
表示されている NIES 保有 2 株の分類学的再同定

牧野朋代 1），松﨑　令 2），鈴木重勝 2），山口晴代 2），河地正伸 2），野崎久義 1）

1）東京大学大学院理学系研究科生物科学専攻，2）国立環境研究所生物・生態環境系センター

　Yumoto et al.（2013, Microbiol. Cult. Coll.）は 18S rDNA 系統から Chlamydomonas（Cd.）属と表示されている NIES 保
有の 2 株（“Cd. gerloffii”NIES-2215 と“Cd. subangulosa”NIES-2243）が Chloromonas（Cr.）属のタイプ種を含むクレー
ド（Reticulata グループ）に所属することを明らかにしたが，詳細な研究は実施されなかった．本研究ではこれら 2 種の光
学・透過型電子顕微鏡による観察と複数遺伝子による分子系統解析を実施した．その結果，NIES-2215 は Reticulata グルー
プの他の 4 種と形態と系統で異なり，Chloromonas 属に所属すると判断したが，先行名として Cr. gerloffii H. Ettl 1963 が存
在するため，新名 Cr. difformis Tomo. Makino, Matsuzaki & Nozaki を提唱した．NIES-2243 は眼点をもつという点以外は
Cr. typhlos と形態的に類似し，Cr. typhlos SAG 26.86 と単系統群を構成したため，Cr. typhlos と再同定した．


