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17 Abstract

18 Samples of Pithophoraceae, collected in diverse freshwater and damp terrestrial 

19 habitats from tropical to subtropical China, were characterized morphologically and 

20 ultrastructurally, and their phylogenetic position determined based on nuclear 

21 ribosomal DNA sequences. Our phylogenetic analysis resolved a novel lineage of 

22 Pithophoraceae, sister to Aegagropilopsis. Based on our phylogenetic results, 
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23 morphological observations and comparative rDNA ITS2 secondary structure 

24 analysis, we propose a new genus Chlorocladiella gen. nov., characterized by a well-

25 developed system of prostrate filaments, and describe four new species, C. cochlea sp. 

26 nov., C. erecta sp. nov., C. medogensis sp. nov., and C. pisformis sp. nov. Two 

27 species were found growing on damp soil, which is an unusual habitat for 

28 cladophoralean green algae, indicating that the diversity of Cladophorales in terrestrial 

29 habitats may be greater than currently recognized.

30
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37 Introduction

38 The green algal family Pithophoraceae was first described by Wittrock (1877) 

39 and later reinstated by Boedeker et al. (2012). Species in this family are widely 

40 distributed from temperate to tropical regions. They occur in freshwater, brackish, and 

41 subaerial habitats that are often characterized by fluctuating environmental conditions, 

42 including estuaries, saltmarshes, mangroves, lakes, streams, and moist soil or 

43 limestone surfaces (Škaloud et al., 2018). Several species are found in specialized 

44 habitats, for example on the surface of freshwater turtles, mussels and snails. 

45 Boedeker et al. (2012) recognized five genera in the family, namely Pithophora 

46 Wittrock, Arnoldiella Miller, Wittrockiella Wille, Aegagropila Kützing, 

47 Aegagropilopsis Boedeker, and two genus-level clades, Basicladia okamurae (S. 

48 Ueda) Garbary clade and Basicladia ramulosa Ducker clade. Aegagropila is 

49 characterized by unattached spherical aggregates, tufts or cushions without an obvious 

50 heterotrichous thallus, and when attached, this is usually by coralloid rhizoids. 

51 Aegaropilopsis is morphologically similar to Aegagropila with species forming small 

52 tufts of erect uniseriate filaments, attached by a coralloid holdfast or long secondary 

53 rhizoids. Pithophora is free-floating or attaching to diverse substrate in stagnant 

54 waters. Terminal cells of Pithophora are typically conical and rounded, or can form 

55 can form non-septate secondary rhizoids (Škaloud et al., 2018). Species in 

56 Wittrockiella are heterotrichous with prostrate systems consisting of branched 

57 uniseriate filaments, from which upright filaments develop. Species in Arnoldiella and 

58 Basicladia W. E. Hoffmann & Tilden are characterized by an obvious heterotrichous 
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59 thallus organization with abundant prostrate filaments. Miller (1928) erected 

60 Arnoldiella based on Arnoldiella conchophila Miller, growing attached on shells of 

61 freshwater bivalves, gastropods, and a range of other substrates (Boedeker et al., 

62 2012). Arnoldiella is similar to Basicladia, sharing abundant prostrate systems and 

63 sparsely branched upright filaments, but is generally smaller and often form thin 

64 crusts (Fritsch, 1944, Miller, 1928, Tilden, 1930). Boedeker et al. (2012) transferred 

65 five Basicladia species (Basicladia chelonum (Collins) W. E. Hoffmann & J. E. 

66 Tilden, Basicladia crassa W. E. Hoffmann & J. E. Tilden, Basicladia kosterae (C. 

67 Hoek) Garbary, Basicladia sinensis (N. L. Gardner) G. M. Smith, and Basicladia 

68 vivipara Normandin & Taft into Arnoldiella mainly based on phylogenetic results. 

69 They also argued that the phylogeny of Pithophoraceae is undersampled, that several 

70 species of Cladophora Kützing and Chaetomorpha Kützing as well as species in 

71 several non-sampled cladophoralean genera (e.g. Cladostroma Skuja, Chaetocladiella 

72 C. Meyer & A. P. Skabichevskij, Chaetonella Schmidle, Cladogonium H. Hirose & 

73 M. Akiyama) may belong to the Pithophoraceae, and that there is likely a high degree 

74 of undiscovered diversity within the family.

75 In the present study, we investigated specimens of Pithophoraceae from diverse 

76 habitats in tropical and subtropical China. Our phylogenetic analysis based on rDNA 

77 sequences revealed that these algae form a novel lineage, sister to Aegagropilopsis. 

78 Based on our phylogenetic results, rDNA ITS2 secondary structure analysis, and 

79 morphological observations of natural samples and cultured strains, we propose a new 

80 genus, Chlorocladiella gen. nov., and describe four new species.
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81 Materials and Methods

82 Specimens were collected from seven different locations in tropical and 

83 subtropical China (Table 1). Two samples (BN1708 and WD1401) were isolated from 

84 the surface of wet soil. Other samples were collected from small water basins, such as 

85 small ponds, and rice paddies. For each sample, filaments were isolated and 

86 inoculated on BBM medium (Bischoff & Bold 1963) with 1.5% agar in petri dishes 

87 under a light source of about 40 μmol.m–2s–1 illumination intensity with a 16:8 h 

88 (Light: Dark) cycle, and a temperature of 20 °C. Morphological observations of 

89 natural and cultured thalli were performed with an Olympus BX53 light microscope 

90 equipped with an Olympus BX53 camera (Olympus Corp., Tokyo, Japan). 

91 Transmission electron microscopy (TEM) of cultured strains was performed following 

92 Zhao et al. (2016). The nuclei were stained with 0.01% GelRed or DAPI for 15 

93 minutes and then observed under Epi-illumination Fluorescence Microscope (EFM).

94 DNA extraction of cultured strains was performed following Zhu et al. (2018). 

95 The 18S rDNA, 28S rDNA and rDNA ITS amplification followed Leliaert et al 

96 (2007) and Hayakawa et al. (2012). Sequencing was performed by Tsingke Biotech 

97 Co. Ltd. All newly obtained sequences were submitted to GenBank (Table 1). To 

98 determine the phylogenetic positions of our samples, we performed two concatenated 

99 phylogenetic analysis. The first analysis was based on 18S and 28S rDNA sequences 

100 of 41 specimens of Pithophoraceae, Pseudocladophoraceae, and Cladophoraceae, with 

101 the Cladophoraceae selected as outgroup based on Boedeker et al. (2012). The second 

102 analysis was based on 18S, 28S, and the rDNA ITS region of our samples, with two 
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103 Aegagropilopsis moravica samples (HB1209 and TS1304) selected as outgroup. All 

104 data sets were aligned using MAFFT v7.0 (Kotoh and Standley 2013) and then 

105 manually refined. The saturation analysis of separate datasets was performed in 

106 DAMBE using ISS statistic method (Xia and Xie 2001). The best fit model was 

107 selected using Modelfinder according to the Bayesian information criterion 

108 (Kalyaanamoorthy et al. 2017). Maximum likelihood (ML) analysis and Bayesian 

109 inference of phylogeny were performed using IQ-tree v.1.7 and MrBayes v.3.2, 

110 respectively (Nguyen et al. 2015, Ronquist et al. 2012). All alignments have been 

111 submitted to ZENODO (10.5281/zenodo.3563523).

112 We used RNA structure 

113 (http://rna.urmc.rochester.edu/RNAstructureWeb/index.html) to predict ITS2 

114 secondary structures according to the low free-energy folding models (Reuter & 

115 Mathews, 2010). A multiple sequence-structure alignment was assembled with 

116 4SALE (Seibel et al. 2008). The predicted two-dimensional RNA structures of ITS2 

117 were obtained in a dot bracket notation and were visualized and drawn using VARNA 

118 (Darty et al. 2009). A neighbor-joining consensus tree was constructed based on 

119 sequence-structure alignment in ProfDist (Wolf et al. 2008). Compensatory base 

120 changes (CBCs) and hemi-CBCs (hCBCs) between samples was calculated based on 

121 their conserved structure.

122

123 Results

124
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125 Phylogenetic analysis

126 Information on the two concatenated datasets (i.e., alignment length, number of 

127 variable sites, nucleotide substitution parameters) is given in Table S1 and Table S2. 

128 The phylogenetic tree based on the concatenated 18S + 28S alignment (Fig. 1A) is in 

129 general agreement with the phylogeny of Boedeker et al. (2012). Our seven samples 

130 formed a distinct clade with maximal support, sister to Aegagropilopsis, again with 

131 maximal support. The relationships among these seven samples, however, were not 

132 well resolved in the 18S + 28S rDNA analysis. The addition of rDNA ITS sequences 

133 resulted in better resolved relationships among the seven samples (Fig. 1B), showing 

134 three well supported clades within the new clade. The incongruence between the 

135 18S+28S and 18S+28S+ITS phylogeny is likely due to the large difference in 

136 phylogenetic informative sites between the two datasets (Table S1), possibly causing 

137 stochastic error in the phylogenetic analyses of the 18S + 28S alignment.

138

139 ITS2 secondary structure

140 The phylogenetic tree based on the ITS2 sequence-structure alignment showed 

141 the same topology as the phylogenetic tree based on the concatenated 18S + 28S + 

142 ITS alignment (Fig. 2A). Three types of ITS2 secondary structures were found, 

143 corresponding to the three clades (Fig. 2 and Supplementary file 1). Type 1 (samples 

144 HB1742, BN1708 and TB1640) was composed of a closed central loop and five 

145 helices (Fig. 2B). Type 2 (GX1803 and WD1401) and type 3 (HB1207 and GZ1704) 

146 were composed of an open central loop with five (type 2) or four helixes (type 3) 
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147 (Figs 2C-2D). CBCs and hCBCs between samples are summarized in Table 2. Among 

148 the samples with type 1 structure, no CBCs or hCBCs were found between HB1742 

149 and TB1640, while BN1708 has 4 CBCs and 7 hCBCs compared to HB1742 and 

150 TB1640. GX1803 and WD1401 (type 2) differed by 1 CBC and 1 hCBC. HB1207 

151 and GZ1704 (type 3) differed by 6 hCBCs.

152 Morphological observations and habitat

153 Our samples displayed a wide morphological variety, and grew in diverse 

154 habitats. Thalli were found in stagnant freshwater habitats, growing attached to 

155 submerged plants, snails, or other substrates such as plastics and stones, or on moist 

156 soil (Table 1). Thallus sizes in natural habitats ranged from about 0.1 cm to 0.6 cm 

157 across, and were often barely visible to the naked eye. All thalli had a well-developed 

158 prostrate system of compactly branched filaments. Some thalli had a clear 

159 heterotrichous organization, with upright filaments developing from the central part of 

160 the prostrate systems (Figs 3A, 3G, 4C, and 4H), while other samples consisted of 

161 prostrate systems only (Figs 5A, 5B, 6A and 6B). The shape of the vegetative cells 

162 was variable, ranging from cylindrical or ellipsoid to irregularly shaped (Figs 3D, 3F, 

163 4B, 4F, 4J, 5B, 5D, 5I, 6B, 6F, and 6G). In some thalli older cells were transformed 

164 into (sub)globular akinetes (Figs 4G, 5F, 5H, and 6E). Zoosporangia were only 

165 observed in a few thalli (Figs 3A, 3B, and 3E). Detailed morphological features of the 

166 seven samples are summarized in Table 3, and details of cell dimensions are given in 

167 Tables S3 and S4.

168 Pyrenoids ultrastructure and number of nuclei per cell
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169 The pyrenoids in the six samples examined shared a polypyramidal structure 

170 with several surrounding starch sheaths segregated by three or more transversing 

171 thylakoid membranes (Fig. S1). Our EFM observation showed that all samples had 

172 cells with more than two nuclei (Table 3 and Fig. S2).

173 Taxonomic results

174 The grouping of our samples in a distinct and well supported clade, sister to 

175 Aegagropilopsis, along with morphological features that clearly distinguish our 

176 samples from that genus, such as well-developed prostrate branching systems, 

177 warrants the recognition of a separate genus within the family of Pithophoraceae (see 

178 Discussion). In consideration of the morphological, phylogenetic, and comparative 

179 ITS RNA secondary structure analyses, four new species are hereby described.

180 Chlorocladiella Zhu, Liu et Hu gen. nov.

181 Description: Freshwater or subaerial algae from tropical to subtropical regions. 

182 Morphology and ecology very variable. Freshwater algae mainly epiphytic, epizoic or 

183 attached to other stationary abiotic substrates, such as plastic bags. Subaerial algae 

184 mainly found on surface of wet soil. Thalli inconspicuous in natural habitats. Thallus 

185 with or without heterotrichous organization. Prostrate system of filaments well-

186 developed and compact, with abundant, densely branched filaments. Sometimes 

187 upright filaments arising from the central part of thallus. Both prostrate and upright 

188 filaments tapering. Vegetative cells cylindrical, ellipsoid or irregular shaped. New 

189 branches usually formed near the apical poles of mother cells. Older cells often 

190 forming akinetes. Zoosporangia rarely observed. 
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191 Etymology: prefix Chloro and suffix cladiella are greek for green and branches, 

192 respectively. The genus is named for its thallus color and dense branches.

193 Type species: Chlorocladiella medogensis

194 Chlorocladiella medogensis Zhu, Liu et Hu, sp. nov. (Fig. 3)

195 Description: Thallus forming green tufts on the surface of small stones in 

196 paddies, without mucilage matrix or sheath. Thallus with slightly heterotrichous 

197 organization. Vegetative cells mainly cylindrical, about 36-133 μm in length and 6-15 

198 μm in width, with a length/width ratio about 3.6-11.6. Zoosporangia developing from 

199 swollen vegetative cells, intercalary or terminal, with spindle shape or irregular shape, 

200 about 53-95 μm in length and 27-50 μm in width, with a length/width ratio about 1.3-

201 2.9. In culture, thallus consisting of rich branched filaments. Marginal filaments 

202 tapering, vegetative cells cylindrical to globular or ellipsoid, about 28-42 μm length 

203 and 10-18 μm in width, with a length/width ratio about 2.0-3.7. Cells of central 

204 filaments often with obvious constriction, cylindrical or ellipsoid, about 21-43 μm 

205 length and 11-23 μm in width, with a length/width ratio about 1.4-2.1. Zoosporangia 

206 can be easily observed in central thallus, most with spindle-like or irregular shapes, 

207 which is same to zoosporangia in natural habitat. Zoosporangia in culture mostly 

208 intercalary, about 63-109 μm in length and 37-52 μm in width, with a length/width 

209 ratio about 1.2-2.8.

210 Holotype: TB1640, Herbarium specimen preserved in the Freshwater Algal 

211 Herbarium (HBI), Institute of Hydrobiology, Chinese Academy of Science, Wuhan.

212 Type locality: surface of small wet stone in rice paddies, Medog (29°27′31" N, 
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213 95°26′8" E).

214 Etymology: The species was named after its type locality, Medog.

215 Chlorocladiella erecta Zhu, Liu et Hu sp. nov. (Fig. 4)

216 Description: Thallus forming a green layer on the surface of plastic bag. Thallus 

217 with heterotrichous organization, consisting of prostrate and upright filaments. 

218 Upright filaments densely compacted, mostly composed of 1-2 cells, cells cylindrical, 

219 about 28.9-36.1 μm in length and 11-14 μm in width, with a length/width ratio about 

220 2.4-3.1. Prostrate filaments abundant, densely branched, composed of cylindrical 

221 cells. Cells in marginal part of the thallus about 24-35 μm in length and 13-16 μm in 

222 width, with length/width ratio about 1.7-2.5. Cells in central prostrate part sub-

223 globular or with irregular shapes, from which upright filaments developed. In culture, 

224 thallus green, consisting of rich branched filaments. Filaments tapering, vegetative 

225 cells cylindrical, about 29-101 μm in length and 12-18 μm in width, with a 

226 length/width ratio about 2.1-7.4. Cells in central part usually irregularly shaped, about 

227 28-59 μm in length and 23-37 μm in width, with a length/width ratio about 1.1-2.1. 

228 Akinetes about 17-37 μm in length and 14-22 μm in width, with a length/width ratio 

229 about 1.1-2.1.

230 Holotype: GZ1704. Herbarium specimen preserved in the Freshwater Algal 

231 Herbarium (HBI), Institute of Hydrobiology, Chinese Academy of Science, Wuhan.

232 Type locality: surface of wet plastic in a small freshwater well, Xingyi 

233 (24°49'43" N, 104°51'56" E).

234 Etymology: The species was named for upright filaments in central part.
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235 Chlorocladiella cochlea Zhu, Liu et Hu sp. nov. (Fig. 5)

236 Description: Thallus green, forming a single layer on the surface of snails, 

237 without mucilage matrix or sheath. Thallus consisting of prostrate filaments, without 

238 upright filaments. Cells compacted, irregularly shaped. Vegetative cells about 13-27 

239 μm in length, 5-19 μm in width, with a length/width ratio about 1.1-3.0. Zoosporangia 

240 and gametangia not observed. In culture, thallus consisting of abundant branched 

241 filaments. Cells in central part irregular, about 28-41 μm in length, 11-25 μm in width, 

242 with a length/width ratio about 1.2-3.1. cells. Cells in marginal part cylindrical, about 

243 24-64 μm in length, 9-14 μm in width, with a length/width ratio about 2.2-6.7. Old 

244 cells often with obvious constriction, globular or ellipsoid. Akinetes often spindle 

245 shaped or ellipsoid, about 16-22 μm in length and 11-17 μm in width.

246 Holotype: GX1803. Herbarium specimen preserved in the Freshwater Algal 

247 Herbarium (HBI), Institute of Hydrobiology, Chinese Academy of Science, Wuhan.

248 Type locality: a small pond in Qingxiushan Forest Park, Nanning, China 

249 (22°47'13" N, 108°23'03" E).

250 Etymology: The species was named for its substrate, freshwater snail.

251 Chlorocladiella pisformis Zhu, Liu et Hu sp. nov. (Fig. 6)

252 Description: Thallus deep green, forming very small spots on soil surface, 

253 without mucilage matrix or sheath. Thallus consisting of prostrate filaments only. 

254 Prostrate filaments tapering and often fragmented into single cells. Filaments short, 

255 consisting of one to four cells. The central cells of the thallus mostly globular, 

256 ellipsoid or irregularly shaped. Cell wall smooth to strongly roughened, the septa 
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257 between two cells usually constricted. Zoosporangia or gametangia not observed. Size 

258 of vegetative cells 18-50 μm in length, 22-50 μm in width, length/width ratio about 

259 0.8-1.8. In culture, thallus consisting of abundant branched filaments. Akinetes easily 

260 observed in the central part of thallus, usually deep green and globular. Vegetative 

261 cells with obvious constriction, 24-37 μm in length and 14-30 μm in width, with a 

262 length/width ratio about 0.8-2.3. New filaments developing from akinetes usually 

263 tapering, about 23-38 μm in length and 6-17 μm in width, with a length/width ratio 

264 about 1.6-4.6. Akinetes mainly globular, deriving from both marginal cells and central 

265 cells. The central akinetes about 30-47 μm in diameter and the marginal akinetes 

266 about 22-31 μm in diameter.

267 Holotype: BN1708. Herbarium specimen preserved in the Freshwater Algal 

268 Herbarium (HBI), Institute of Hydrobiology, Chinese Academy of Science, Wuhan.

269 Type locality: surface of wet soil in rain forest, Xishuangbanna Tropical 

270 Botanical Garden, Menglun (21°55'11" N, 101°16'14" E).

271 Etymology: The species was named for its very small and pisformis-like 

272 appearance on surface of wet soil.

273

274 Discussion

275 Our phylogenetic analyses clearly show that the new genus Chlorocladiella is a 

276 distinct lineage in the family Pithophoraceae, sister to Aegagropilopsis. It can be 

277 distinguished from other genera in the family by the minute thalli that are difficult to 

278 detect by eye in natural habitats, and well-developed prostrate branching systems. 
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279 Other genera in the Pithophoraceae generally form macroscopic thalli, with growth 

280 forms ranging from attached tufts, cushions, or crusts (e.g. Arnoldiella, Basicladia 

281 and Wittrockiella) to unattached floating mats or balls (e.g. Aegagropila and 

282 Pithophora) (Boedeker et al. 2012; Škaloud et al. 2018). Species in Wittrockiella, 

283 Arnoldiella and Basicladia form prostrate branching systems similar to 

284 Chlorocladiella, but in species of these genera, cells produce upright filaments 

285 resulting in thalli with a distinct heterotrichous organization. Species in 

286 Chlorocladiella, either consist of prostrate branching systems only or may also form 

287 upright filaments. It should be noted that generic boundaries in the Pithophoraceae are 

288 often blurred due to extensive morphological variation within genera (Škaloud et al. 

289 2018), and Chlorocladiella is no exception. DNA sequence data is therefore 

290 instrumental for guiding the delimitation of genera in the Pithophoraceae, and for 

291 correctly assigning specimens to these genera.

292 Because of the morphological simplicity of species in Chlorocladiella, it is 

293 difficult to rule out the possibility entirely that they have not been previously 

294 described under some other genus of Cladophorales, or another green algal order. A 

295 number of small and obscure freshwater cladophoralean genera may belong to the 

296 Pithophoraceae, but DNA sequence data is lacking to confirm their phylogenetic 

297 positions. These include Chaetocladiella Meyer & Skabitschevsky, Chaetonella 

298 Schmidle, Cladogonium H. Hirose & M. Akiyama, Cladostroma Skuja, 

299 Dermatophyton A. Peter and Gemmiphora A. Skabichevskii. Among these, the 

300 monospecific genera Chaetonella (C. goetzei) and Cladostroma (C. setschwanense) 

Page 14 of 51Journal of Phycology



15

301 show superficial morphological resemblance to Chlorocladiella species. Chaetonella 

302 goetzei forms minute free-floating or epiphytic thalli composed of uniseriate, 

303 branched filaments. It differs from Chlorocladiella species in its smaller cell 

304 dimensions (cells 6-8 µm in diameter and apical cells down to 3 µm in diameter) 

305 (Schmidle 1901). Also, C. goetzei is described from Africa, which makes 

306 conspecificity with the new Chinese species less likely. Cladostroma setschwanense, 

307 described from most limestone rocks in China, is characterized by densely branched 

308 prostrate systems (Skuja 1937) and resembles Chlorocladiella medogensis. However, 

309 there are some important differences between two species: C. setschwanense has paw-

310 like holdfasts produced by the prostrate cells, which are absent in C. medogensis; 

311 thalli of C. setschwanense consist of a single layer of cells, while the thallus is often 

312 multi-layered or has a heterotrichous organization in older thalli of C. medogensis; 

313 and cells of C. setschwanense have a calcareous sheath, which is absent in C. 

314 medogensis.

315 Outside the order Cladophorales, green algal species that show morphological 

316 resemblance to Chlorocladiella species include species in the genus Gomontia Bornet 

317 & Flahault, Gongrosira Kützing, Epibolium Printz, Ctenocladus Borzì, Leptosira 

318 Borzì, Pseudendoclonium Wille, and Ulvella P. Crouan & H. Crouan. Several of these 

319 genera (such as Ctenocladus, Pseudendoclonium, and Ulvella) were included in the 

320 Chaetophorales (sensu Printz 1964) but are currently placed in different orders and 

321 classes of Chlorophyta (Friedl, 1996; Nielsen, 2013; Darienko & Proschold, 2017).

322 Gomontia Bornet & Flahault, a genus in the ulvophycean order Ulotrichales, 
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323 includes marine as well as freshwater species that are typically found living on and 

324 within the surface of shells and limestone. The genus is characterized by branched 

325 thalli composed of multinucleate cells and net-like chloroplasts with several 

326 pyrenoids, similar to species of Cladophorales (Škaloud et al. 2018). Species in 

327 Gomontia differ in their sexual life cycle, which includes a shell-boring Codiolum 

328 phase (which is typical for many members of the Ulotrichales, but is absent in species 

329 of Cladophorales). However, this phase has not yet been observed for some Gomontia 

330 species, including the freshwater species G. rupicola Jao, G aegagropilae E.Acton, 

331 and G. codiolifera (Chodat) Wille, and these species may thus actually belong to the 

332 Cladophorales. Gomontia rupicola, described from rocks Jialing River, China, 

333 consists of irregularly and densely branched filaments composed of irregularly 

334 swollen cells with thick, layered cell walls, attached by prostrate filaments (Jao 1944). 

335 It somewhat resembles C. cochlea and C. medogensis, but differs in its semi-

336 endolithic lifestyle and the very thick cell walls. The European G. aegagropilae 

337 occurs on and within the cell wall of Aegagropila, and thus differs from 

338 Chlorocladiella species in its habitat, as well as by its perforating, colorless internal 

339 filaments (Acton 1916). Gomontia codiolifera, another European species, found on 

340 endolithic in limestone, differs from Chlorocladiella species by cell containing a 

341 single parietal chloroplast with 1 or 2 pyrenoids. In addition to life cycle data, DNA 

342 sequence data, which are currently only available for the type species G. polyrhiza 

343 (O’Kelly et al. 2004), will be needed to confirm the phylogenetic placement of these 

344 Gomontia species.
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345 Species in Gongrosira, a genus in the chlorophycean order Chaetophorales 

346 (sensu Printz 1964), are often lime-encrusted and form heterotrichous thalli that 

347 resemble thalli of Chlorocladiella. About 30 species have been described in the 

348 genus, but many have since been transferred to genera in different orders. Several 

349 species remain poorly known and sequence data is lacking for most, including the 

350 type, and as a result the phylogenetic positions of these species is uncertain. One 

351 species that deserves special mentioning is Gongrosira prostrata an epiphytic species 

352 from China and the Russian Far East that has irregular vegetative cells containing 

353 multiple pyrenoids (Jao 1947), similar to Chlorocladiella. It also differs from 

354 Chlorocladiella in the terminal sporangia, but DNA sequence data would be needed to 

355 rule out conspecificity with Chlorocladiella species. Species in Epibolium Printz are 

356 epiphytic, and differ from pithophoracean species by a parietal band-like chloroplast 

357 containing a single 1 (rarely 2) pyrenoid. Leptosira Borzi is also found in freshwater 

358 or subaerial habitat, e.g. soil. Most species of this genus are with only 1 (rarely 2) 

359 pyrenoid, which could rule out as member of Cladophorales. However, L. terrestris, a 

360 subaerial species with lobed chloroplast and one or more pyrenoids, may be a 

361 superficially Cladophorales species. This species has been confirmed in 

362 Trebouxiophyceae (Friedl, 1996). 

363 The pyrenoids of Chlorocladiella are polypyramidal, with several segregated 

364 starch sheaths, a character that is shared with most genera in Pithophoraceae, and 

365 could be used to distinguish our species from morphologically similar species outside 

366 the Cladophorales (Boedeker et al. 2012). However, ultrastructural data for most 
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367 green algal species is lacking, hampering comparison.

368 The abovementioned list of species that show morphological resemblance to 

369 Chlorocladiella is by no means exhaustive and a complete comparison would require 

370 a taxonomic revision of all small filamentous green algal genera, which is outside the 

371 scope of this paper. Despite the morphological differences mentioned above, it is 

372 difficult to firmly establish that species in Chlorocladiella have not been previously 

373 described under some other obscure green algal genus due to the lack of clear 

374 diagnostic characters and the absence of sequence data for the abovementioned 

375 species. The phylogenetic affinities of many of these species are likely to remain 

376 obscure because many of them are known from a few archival specimens only, for 

377 which it will be difficult or impossible to obtain sequence data (De Clerck et al. 

378 2013). This causes a problem for phycologists that want to describe new taxa based on 

379 molecular phylogenetic evidence: obtaining DNA sequence data for many described 

380 taxa will be difficult or impossible, yet without that information it is difficult to know 

381 for certain whether older names can be applied to newly discovered lineages (De 

382 Clerck et al. 2013; Verbruggen 2014; Sherwood et al. 2019). We favor a pragmatic 

383 approach and describe the distinct phylogenetic lineage as a new genus. Should DNA 

384 sequence data for critical species become available in the future, the nomenclature can 

385 be altered at that point.

386 We recognized four species in Chlorocladiella based on a combination of the 

387 morphological, molecular phylogenetic, and ITS RNA secondary structure data. The 

388 four species could be identified as well-supported clades of closely related ITS 
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389 sequences, indicating discontinuities in sequence variation that may be associated 

390 with species boundaries (Leliaert et al. 2014). These four species clusters were not 

391 recovered in the analysis of the 18S+28S rDNA sequence alignment, due to the low 

392 number of variable sites in the two markers. This means that the popular 18S marker, 

393 often used for green algal species identification and in environmental metabarcoding 

394 studies, would not be able to identify the different species (but it would be able to 

395 detect the new genus).

396 The four species clusters could also be characterized by distinct differences in 

397 RNA secondary structure of the ITS2 between species, and compensatory base-pair 

398 changes between species were detected, which may be indicative of species 

399 boundaries (Wolf et al. 2013), although this concept has been criticized in the 

400 Ulvophyceae (Caisová et al. 2011). Finding diagnostic morphological characters to 

401 distinguish the four species is more challenging due to the morphological simplicity 

402 of the thalli (Verbruggen 2014) and extensive intraspecific morphological variation. 

403 This variation was most extensive in Chlorocladiella medogensis which included 

404 epiphytic thalli mainly consisted of prostrate filaments and subglobular cells 

405 (HB1742), and epilithic thalli consisted of slender filaments and cylindrical cells 

406 (TB1640). The size and shape of akinetes differed from each other among all samples, 

407 which disaccorded with results of CBCs analysis and concatenated phylogenetic 

408 analysis. The present result primarily indicates that there exists phenotypic variety 

409 about akinetes and using such morphological characteristics may be problematic. 

410 Intraspecific morphological variation and phenotypic plasticity is very common in 
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411 Cladophorales (Van den Hoek 1963, 1982; Leliaert et al. 2009, Boedeker et al. 2018, 

412 Zhu et al. 2018), and therefore DNA sequence data are usually needed for reliable 

413 species delimitation and identification. 

414 Our study shows that diversity of Cladophorales in subaerial habitats is likely 

415 underestimated. Two species, C. cochlea and C. pisformis were found on damp soil, 

416 which is an unusual habitat for cladophoralean species. Only a few species in the 

417 order have been described from subaerial habitats, including Wittrockiella calcicola 

418 growing on calcareous substrates (Fritsch 1944; Cribb 1965; Boedeker et al. 2012, Liu 

419 & Hu 2012), Spongiochrysis growing on barks of Casuarina trees (Rindi et al. 2006 

420 and Johnston et al. 2018), and some species of Pseudorhizoclonium (Sherwood et al. 

421 2019). Additional sampling of small filamentous green algae in terrestrial and 

422 subaerial habitats, especially in tropical regions may reveal a greater diversity of 

423 Cladophorales in these environments.

424
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553 Figure legends

554

555 Figure 1. Phylogeny of the Pithophoraceae showing the position of the new genus 

556 Chlorocladiella. A, ML phylogenetic tree inferred from the 18S + 28S rDNA 

557 concatenated alignment of 41 Cladophorales taxa. ML bootstrap support 

558 (values > 50) and Bayesian posterior probabilities (values > 0.5) are indicated on 

559 the branches. Specimen numbers are listed after the species names. B, ML 

560 phylogenetic tree inferred from a 18S + ITS1 + 5.8S + ITS2 + 28S rDNA 

561 concatenated alignment of Chlorocladiella, including Aegagropilopsis as 

562 outgroup.

563

564 Figure 2. ITS2 secondary structure and phylogeny. A, Unrooted Neighbor-Joining tree 

565 of 7 samples based on sequence-structure alignment. Three clades coincided with 

566 three secondary structure types (Type 1-3). B, Type 1 consensus structure model. 

567 C, Type 2 consensus structure model. D, Type 3 consensus structure model. The 

568 conservation of sites increases gradually with the colour changing from red to 

569 green.

570

571 Figure 3. Chlorocladiella medogensis. Light microscopy of samples TB1640 (A-E) 

572 and HB1742 (F-I). A-B, microscopy of natural filaments and swollen 

573 zoosporangia (arrows). C, cultured thallus under stereo microscope view. D, 

574 cultured filaments. E, zoosporangia in culture. F, microscopy view of young 
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575 thallus on surface of Vallisneria. G-H, the natural adult thallus. I, stereo 

576 microscope view of cultured thalli. A, B, D, E, 50 μm; C and H, 200 μm; F, G, I, 

577 25 μm.

578

579 Figure 4. Chlorocladiella erecta. Light microscopy of samples GZ1704 (A-D), and 

580 HB1207 (E-F). A, natural upright filaments. B, prostrate filaments on surface of 

581 plastic tag. C, cultured thallus under stereoscopic view. D, cultured filaments, 

582 and akinetes forming in marginal part (arrows). E, natural thallus on surface of 

583 freshwater snail under stereoscopic view. F, cultured filaments. A and B, 25 μm; 

584 C and E, 200 μm; D and F, 50 μm.

585

586 Figure 5. Chlorocladiella cochlea. Light microscopy of Chlorocladiella cochlea 

587 sample GX1803 (A-F) and sample WD1401 (G-I). A, natural thallus on surface 

588 of freshwater snail under stereoscopy. B, compact prostrate filaments. C, 

589 cultured thalli stereo microscope view. D, irregular cells of cultured filaments in 

590 central part. E, cultured filaments in marginal part. F, cultured akinetes in 

591 marginal part. G, cultured thallus under stereoscopy. H, globular and ellipsoids 

592 akinetes in culture. I, new filaments germinating from akinetes. A, C, G, 200 μm; 

593 B, D, E, F, H, 50 μm. I, 25 μm;

594

595 Figure 6. Chlorocladiella pisformis. Light microscopy of samples BN1708 (A-G). A, 

596 Chlorocladiella pisformis under stereo microscope view. B-C, microscopic view 
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597 of natural filaments. D, cultured thallus under stereo microscope view. E, 

598 akinetes in culture. F, cultured filaments in central part. G, cultured filaments in 

599 marginal part. A and D, 200 μm; B and C, 50 μm; E, F, G, 25 μm.

600

601 Figure S1. Transmission electron microscopy of pyrenoids of seven Chlorocladiella 

602 samples. A, GX1803 B, HB1742; C, BN1708; D, GZ1704; E, TB1640; F, 

603 WD1401; G, HB1207. Scale bars = 2 μm (A-F), Scale bar = 1μm (G).

604

605 Figure S2. Evidence of nucleic numbers of seven samples according to Epi-

606 illumination Fluorescence Microscopic observation.

607

608 Supplementary File 1. ITS2 secondary structure of 7 samples.

609
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Table 1. Collection data of the studied specimens and GenBank accession numbers of rDNA sequences.

Accession no. of rDNA sequences
Species

Specimen 
number

dates sites habitat
18S ITS 28S

C. medogensis TB1640 2016-10-17
29°27′31" N, 
95°26′8" E

surface of wet stone, rice paddies, Medog MK685265 MK694769 MK694760

C. medogensis HB1742 2017-12-28
30°27'15" N, 
114°29'60" E

surface of Vallisneria, freshwater pond, 
Wuhan

MK685267 MK694765 MK694761

C. cochlea WD1401 2014-1-16
30°32'40" N, 
114°21'07" E

surface of wet soil, campus, Wuhan KU727243 MK694770 KU727265

C. cochlea GX1803 2018-9-19
22°47'13" N, 
108°23'03" E

surface of snail, freshwater pond, Nanning MK685263 MK694768 MK694762

C. erecta HB1207 2012-5-31
30°25'48" N, 
114°08'45" E

surface of snail, freshwater pond, Xiantao KC898948 KC914575 KU727264

C. erecta GZ1704 2017-3-11
24°49'43" N, 
104°51'56" E

surface of wet plastic, freshwater well, Xingyi MK685266 MK694766 MK694763

C. pisformis BN1708 2017-8-29
21°55'11" N, 
101°16'14" E

surface of wet soil, rain forest, Menglun MK685268 MK694767 MK694764
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Table 2. rDNA ITS2 compensatory base changes (CBCs), hemi-CBCs (hCBC), and base pair differences between samples

Structure types Samples HB1742 TB1640 BN1704 GX1803 WD1401 GZ1704 HB1207

HB1742 　 　 　

TB1640 0/0/2 　 　 　 　Type 1

BN1704 4/7/81 4/7/82 　 　 　 　

GX1803 　 　 　 　 　
Type 2

WD1401 　 　 　 1/1/23 　 　

GZ1704 　 　 　 　 　
Type 3

HB1207 　 　 　 　 　 0/5/18
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Table 3. Morphological features of present 7 specimens

natural morphology Cultured morphologySpecimen 
number Species

Number 
of nuclei 
per cell Upright filaments Prostrate filaments Akinetes Filaments Akinetes

TB1640 C. medogensis 4-29 Absent Cells cylindrical, 36.8-132.9×6.8-14.8 
μm, L/W ratio 3.6-11.6.

intercalary or 
terminal, with 
spindle shape, 53.6-
94.9 ×27.0-49.7 
μm, L/W ratio 1.3-
2.9.

Marginal filaments tapering, vegetative cells cylindrical 
to globular or ellipsoid, 28.1-42.2×10.3-17.7 μm, L/W 
ratio 2.0-3.7. Cells of central filaments often with 
obvious constriction, cylindrical or ellipsoid, 21.5-
43.0×11.8-22.5 μm in width, L/W ratio 1.4-2.1.

Mostly intercalary, 62.9-
108.7×37.1-51.7 μm in 
width, L/W ratio 1.2-2.8.

HB1742 C. medogensis 5-37

Cells globular or 
ellipsoid, basal cells 
10.9-20.8 μm in 
diameter, apical cells 
6.0-9.5 μm in 
diameter. 

Branches rich and tapering. Cells in 
central part globular, with obvious 
constrictions in septa. Cells at the 
prostrate filaments end cylindrical, 
7.7-17.5 ×5.5-12.1 μm, L/W ratio 0.7-
2.7. 

Not observed
Branches unilateral, usually consisting of 1-3 cells. 
Cells cylindrical to globular, 24.6-40.0×30.0-33.1 μm, 
L/W ratio 0.9-1.8. 

Globular, 23.2-41.9 μm in 
diameter

WD1401 C. cochlea 2-12 Not observed Not observed Not observed
Filaments tapering, vegetative cells cylindrical, 20.6-
53.7×6.4-17.6 μm in width, L/W ratio 1.8-6.2. Cells in 
central part usually globular, subglobular, or irregularly 
shaped, 20.7-49.0×16.8-30.0 μm, L/W ratio of 1.1-1.7. 

Globular or subglobular, 
25.9-36.5 μm in diameter.

GX1803 C. cochlea 5-46 Absent
Cells compacted, irregularly shaped. 
Vegetative cells 13.3-26.7×5.58-19.1 
μm, L/W ratio 1.1-3.0.

Not observed
Cells in central part irregular, 28.4-40.4×11.5-24.5 μm, 
L/W ratio 1.2-3.1. Cells in marginal part cylindrical, 
24.7-64.2×9.1-13.5 μm, with L/W ratio 2.2-6.7.

Spindle shape or ellipsoid, 
16.0-22.2 ×11.0-16.6 μm.

GZ1704 C. erecta 3-21

Filaments compact 
densely, composed by 
1-2 cylindrical cells, 
28.9-36.1×11.8-14.2 
μm in width, L/W 
ratio 2.4-3.1.

Filaments rich branched, composed by 
cylindrical cells. Cells in marginal part 
24.6-34.7×13.4-15.8 μm, L/W ratio 
1.7-2.5. 

Not observed
Filaments tapering, vegetative cells cylindrical, 29.6-
100.6×12.5-18.0 μm, L/W ratio 2.1-7.4. Cells in central 
part usually with irregular shapes, 28.6-58.9×23.1-36.7 
μm, L/W ratio 1.1-2.1.

17.4-37.3×14.5-22.1 μm, 
L/W ratio 1.1-2.1. 

HB1207 C. erecta 5-22
Derived from central 
part, consisting of 1-2 
cells.

Open-filamentous, characteristically 
irregular in outline. Not observed Filaments tapering, vegetative cells cylindrical to 

clavate, 20.7-31.8×13.4-16.7 μm, L/W ratio 1.3-2.1. 
Globular or subglobular, 
19.5-30.1 μm in diameter.

BN1708 C. pisformis 2-7 Absent

Filaments tapering, consisting of 1 to 
4 cells, often fragmented into single 
cells. Vegetative cells globular or 
ellipsoid, 18.4-50.1×22.4-49.8 μm, 
L/W ratio 0.8-1.8.

Not observed
Vegetative cells with obvious constriction, 24.4-
37.1×14.2-30.2 μm, L/W ratio 0.8-2.3. Vegetative cells 
of new filaments 22.7-37.7 ×6.4-17.0 μm, L/W ratio 
1.6-4.6.

Globular, the central 
akinetes 29.9-46.4 μm in 
diameter and the marginal 
akinetes 22.2-30.9 μm in 
diameter.
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Table S1 detailed information of alignment and nucleotide substitution in 18S + 28S rDNA concatenated phylogenetic analysis
Dataset 18S 28S
alignment length 1561 559
parsimony-informative sites 144 198
invariant sites 1392 333
best-fit model TIM2e+R2 TNe+G4 
base frequency (A/C/G/T) 0.250/0.250/0.250/0.250 0.250/0.250/0.250/0.250
rate parameters
(AC/AG/AT/CG/CT/GT)

1.86/2.69/1.86/1.00/5.06/1.00 1.00/3.01/1.00/1.00/7.41/1.00

gamma shape 　 0.26
free-rate model 0.94/0.25, 0.058/12.76 　
saturation test (ISS/ISS.C) 0.049/0.834 0.213/0.714
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Table S2 detailed information of alignment and nucleotide substitution in 18S + 28S + 5.8S + ITS1 + ITS2 rDNA concatenated phylogenetic 
analysis

dataset 18S 28S ITS1 5.8S ITS2
alignment length 1532 528 401 160 320
parsimony-informative sites 17 40 247 4 185
invariant sites 1515 464 141 154 117
best-fit model JC HKY+F+G4 TVM+F+G4 K2P K2P +I 
base frequency (A/C/G/T) 0.25/0.25/0.25/0.25 0.23/0.25/0.33/0.19 0.18/0.34/0.28/0.20 0.25/0.25/0.25/0.25 0.19/0.30/0.29/0.22
rate parameters
(AC/AG/AT/CG/CT/GT)

1.00/1.00/1.00/1.00/1.
00/1.00

1.00/4.02/1.00/1.00/4.
02/1.00

1.45/8.26/7.82/0.46/8.
26/1.00

1.00/9.89/1.00/1.00/9.
89/1.00

1.00/2.98/1.00/1.00/2.
98/1.00

gamma shape 　 0.18 0.45 　 　
proportion of invariable 
sites

　 　 　 　 0.28
saturation test (ISS/ISS.C) 0.005/0.798 0.053/0.740 0.369/0.727 0.016/0.724 0.460/0.719

Page 34 of 51Journal of Phycology



Table S3 Vegetative and reproductive cell sizes in natural habitat of our samples *

* length(range) × width(range)/Length-Width ratio(range)

Specimen Prostrate cells (µm) Upright cells (µm) Akinetes (µm)

GX1803 21.2(13.3-26.7) × 11.9(5.58-19.1)/1.96(1.1-3.03)

HB1742 12.0(7.7-17.5) × 9.0(5.5-12.1)/1.5(0.7-2.7) basal cells, 14.7(10.9-20.8); apical cells, 7.3(6.0-9.5)

GZ1704 31.4(24.6-34.7) × 13.9(13.4-15.8)/2.3(1.7-2.5) 33.6(28.9-36.1) × 13.1(11.8-14.2)/2.7(2.4-3.1)

BN1708 17.5(9.2-25.7) × 14.8(11.2-24.9)/1.2(0.8-1.8)

TB1640 66.7(36.8-132.9) × 10.9(6.8-14.8)/6.1(3.6-11.6) 71.5(53.6-94.9) × 39.1(27.0-49.7)/1.9(1.3-2.9)

WD1401

HB1207
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Table S4. Vegetative and reproductive cell sizes of seven isolates in culture*

Specimen Marginal cells (µm) Central cells (µm) Akinetes (µm)

GX1803 49.8(24.7-64.2) × 11.0(9.1-13.5)/4.6(2.2-6.7) 32.9(28.4-40.4) × 14.9(11.5-24.5)/2.3(1.2-3.1) 18.9(16.0-22.2) × 12.8(11.0-16.6)/1.5(1.1-1.9)

HB1742 31.9(24.6-40.0) × 25.6(30.0-33.1)/1.3(0.9-1.8) 31.9(24.6-40.0) × 25.6(30.0-33.1)/1.3(0.9-1.8) 33.4(23.2-41.9)

GZ1704 56.6(29.6-100.6) × 14.8(12.5-18.0)/3.9(2.1-7.4) 38.6(28.6-58.9) × 28.0(23.1-36.7)/1.4(1.1-2.1) 28.6(17.4-37.3) × 18.2(14.5-22.1)/1.6(1.2-2.1)

BN1708 28.2(22.7-37.7) × 11.7(6.4-17.0)/2.7(1.6-4.6) 30.5(24.4-37.1) × 23.1(14.2-30.2)/1.4(0.8-2.3) Marginal, 26.1(22.2-30.9); Central, 38.5(29.9-46.4)

TB1640 34.5(28.1-42.2) × 14.5(10.3-17.7)/2.8(2.0-3.7) 32.4(21.5-43.0) × 17.9(11.8-22.5)/1.8(1.4-2.1) 81.9(62.9-108.7) × 43.3(37.1-51.7)/1.9(1.2-2.8)

WD1401 38.8(20.6-53.7) × 11.1(6.4-17.6)/3.8(1.8-6.2) 30.4(20.7-49.0) × 21.8(16.8-30.0)/1.4(1.1-1.7) 32.5(25.9-36.5)

HB1207 24.8(20.7-31.8) × 15.0(13.4-16.7)/1.7(1.3-2.1) 24.8(20.7-31.8) × 15.0(13.4-16.7)/1.7(1.3-2.1) 24.6(19.5-30.1)

* length(range) × width(range)/Length-Width ratio(range); or diameter of globular akinetes, diameter(range)
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Phylogeny of the Pithophoraceae showing the position of the new genus Chlorocladiella. A, ML phylogenetic 
tree inferred from the 18S + 28S rDNA concatenated alignment of 41 Cladophorales taxa. ML bootstrap 
support (values > 50) and Bayesian posterior probabilities (values > 0.5) are indicated on the branches. 

Specimen numbers are listed after the species names. B, ML phylogenetic tree inferred from a 18S + ITS1 + 
5.8S + ITS2 + 28S rDNA concatenated alignment of Chlorocladiella, including Aegagropilopsis as outgroup. 
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ITS2 secondary structure and phylogeny. A, Unrooted Neighbor-Joining tree of 7 samples based on 
sequence-structure alignment. Three clades coincided with three secondary structure types (Type 1-3). B, 
Type 1 consensus structure model. C, Type 2 consensus structure model. D, Type 3 consensus structure 

model. The conservation of sites increases gradually with the colour changing from red to green. 
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Chlorocladiella medogensis. Light microscopy of samples TB1640 (A-E) and HB1742 (F-I). A-B, microscopy 
of natural filaments and swollen zoosporangia (arrows). C, cultured thallus under stereo microscope view. D, 
cultured filaments. E, zoosporangia in culture. F, microscopy view of young thallus on surface of Vallisneria. 
G-H, the natural adult thallus. I, stereo microscope view of cultured thalli. A, B, D, E, 50 μm; C and H, 200 

μm; F, G, I, 25 μm. 
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Chlorocladiella erecta. Light microscopy of samples GZ1704 (A-D), and HB1207 (E-F). A, natural upright 
filaments. B, prostrate filaments on surface of plastic tag. C, cultured thallus under stereoscopic view. D, 

cultured filaments, and akinetes forming in marginal part (arrows). E, natural thallus on surface of 
freshwater snail under stereoscopic view. F, cultured filaments. A and B, 25 μm; C and E, 200 μm; D and F, 

50 μm. 
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Chlorocladiella cochlea. Light microscopy of Chlorocladiella cochlea sample GX1803 (A-F) and sample 
WD1401 (G-I). A, natural thallus on surface of freshwater snail under stereoscopy. B, compact prostrate 

filaments. C, cultured thalli stereo microscope view. D, irregular cells of cultured filaments in central part. E, 
cultured filaments in marginal part. F, cultured akinetes in marginal part. G, cultured thallus under 

stereoscopy. H, globular and ellipsoids akinetes in culture. I, new filaments germinating from akinetes. A, C, 
G, 200 μm; B, D, E, F, H, 50 μm. I, 25 μm; 
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Chlorocladiella pisformis. Light microscopy of samples BN1708 (A-G). A, Chlorocladiella pisformis under 
stereo microscope view. B-C, microscopic view of natural filaments. D, cultured thallus under stereo 
microscope view. E, akinetes in culture. F, cultured filaments in central part. G, cultured filaments in 

marginal part. A and D, 200 μm; B and C, 50 μm; E, F, G, 25 μm. 
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