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Abstract

:

Two new species of Globisporangium, G. pengfuense and G. tenuihyphum, that were isolated from soybean in China are described and illustrated based on their morphological characters and molecular evidence. The characteristics of G. pengfuense include globose to sub-globose sporangia that are: catenulate, terminal, occasionally with apical papillae or intercalary, smooth oogonia, mostly monoclinous, occasionally diclinous antheridia, fist-shaped to crook-necked, with straight or curved antheridial cells, and plerotic or nearly plerotic with thin-walled oospores (0.5–1.0 µm). Globisporangium tenuihyphum differs from other species in this genus by its relatively narrow hyphae that are: mostly sub-globose to globose, occasionally ovoid-obpyriform sporangia, smooth oogonia, monoclinous antheridia, subclavate, falcate or semicircular to subcircular antheridial cells, and with aplerotic oospores. Phylogenetically, data from the combined internal transcribed spacer (ITS) and cytochrome c oxidase subunit I (Cox1) sequences support the designation of G. pengfuense and G. tenuihyphum as two distinct species of Globisporangium (Pythium sensu lato clades G and J). In addition, the two new species were compared to closely related Globisporangium species, to delineate their phylogenetic positions and morphological features.
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1. Introduction


Pythium Pringsheim was established by Pringsheim [1], based on P. monospermum Pringsh., and accommodates oomycetes that produce hyaline and coenocytic hyphae, without septa and zoospores, which are developed in a vesicle that forms at the tip of a discharge tube derived from a sporangium [2]. To date, there are more than 160 species in the genus Pythium sensu lato (s.l.), which include plant pathogens found worldwide [3,4,5,6]. Some Pythium species are important pathogens of animals, and others can be beneficial as biological control agents that protect against pathogenic fungi [2,7]. According to Lévesque and de Cock [8], Pythium s.l. could be split into eleven clades (A–K) based on the phylogenetic analysis. After several rearrangement, Pythium s.l. were divided into five genera including Pythium sensu stricto (s.s.) (clades A–D); Elongisporangium by Uzuhashi, Tojo and Kakish (clade H); Globisporangium by Uzuhashi, Tojo and Kakish (clades E–G, I, and J); Pilasporangium Uzuhashi by Tojo and Kakish (distinct from the 11 lettered clades); and Phytopythium by Abad, De Cock, Bala, Robideau, A.M. Lodhi, and Lévesque (clade K) [9].



During studies on the diversity of Pythium s.l. species in southern China, two new species of Globisporangium (Pythium s.l. clades G and J) were identified, based on morphological characters and molecular phylogenetic analyses of the internal transcribed spacer (ITS) and cytochrome c oxidase subunit I (Cox1) sequence data. These two species are described and illustrated in this study. Moreover, comparisons of these two species and their morphological and phylogenetically related species are also provided.




2. Materials and Methods


2.1. Isolates


Thirty specimens of the soybean cultivar Hefeng 47, a common cultivar in the Huang-Huai region of China, which exhibited seedling blight, damping off, and root rot, were collected from Nanjing, Jiangsu province, in April 2016. The soybean plants were sampled from fields at approximately 10 m intervals along a 150 m transect laid out in a “W” pattern.



The soybean plants were washed three times with sterile water, and six sections that were 0.5–1 cm long were cut from each root with a sterile scalpel, including one at the root tip, one at the interface between hypocotyl and soil, and the others at either the middle of root or at a symptomatic area along the length of root. The sections were blotted dry and embedded in selective V8 juice agar (V8A) that contained rifampicin (50 mg/L), phenamacril (5 mg/L), ampicillin (50 mg/L), and pentachloronitrobenzene (50 mg/L), and were incubated in the dark at 25 °C for 2–3 d. When mycelial growth was observed, the isolates were purified by cutting a small piece of medium with mycelia at the edge of a colony or by transferring a single hyphal tip of colonies onto water agar in triplicate and transferring the parts that were cut into new agar plates.




2.2. Morphology and Growth Rate


The cultures were deposited in the herbaria of the Institute of Microbiology, Beijing Forestry University (BJFC), Beijing, China; the College of Plant Protection, Nanjing Agricultural University (NJAU), Najing China; and the College of Landscape Architecture, Jiangsu Polytechnic College of Agriculture and Forestry, Zhenjiang (JAFLA), Zhenjiang, China. The purified isolates were examined after incubation on V8A in the dark for 2–3 d at 25 °C. The colony patterns of two representative isolates of the new species were examined after incubation for 3 d at 25 °C on V8A plates prepared as previously described [10]. The isolates were transferred to sterilized distilled water for sporulation. Fifty measurements were taken for each morphological feature, such as sporangia, oogonia, and oospores. The cardinal temperatures were examined on potato carrot agar (PCA), as described by van der Plaäts-Niterink [2], and the growth rates were measured after 24 h of incubation. Each isolate was incubated at 5–40 °C at intervals of 5 °C on PCA media. When no growth was observed, the intervals were reduced from 5 to 2 or 1 °C, and the culture was returned to room temperature to check the revival of the growth. The experiment was repeated two times using a single plate per repetition.




2.3. DNA Extraction, PCR and Sequencing


Acetyl trimethylammonium bromide rapid plant genome extraction kit (Demeter Biotechnologies Co., Ltd., Beijing, China) was used to extract the total genomic DNA from purified isolates, and PCR was performed in accordance with the instructions of the manufacturer [11].



The ITS region was amplified with the primers ITS4 and ITS5 [12]. The Cox1 gene was amplified with the primers OomCoxI-Levlo (CYTCHGGRTGWCCRAAAAACCAAA) and OomCoxI-Levup (TCAWCWMGATGGCTTTTTTCAAC) [13]. The PCR procedure for the ITS was as follows: initial denaturation at 95 °C for 3 min, followed by 35 cycles at 94 °C for 40 s, 54 °C for 45 s and 72 °C for 1 min, and a final extension of 72 °C for 10 min. The PCR procedure for Cox1 was as follows: initial denaturation at 94 °C for 2–5 min, followed by 35 cycles at 94 °C for 30 s, 52 °C for 30 s and 72 °C for 1–2 min, and a final extension of 72 °C for 5–10 min [14]. The PCR products were purified and sequenced by the GenScript Biotech Company (Nanjing, China) with the same primers.



The sequences generated in this study were aligned with additional sequences downloaded from GenBank (Table 1) using ClustalX [15] and manually adjusted in BioEdit [16].




2.4. Phylogenetic Analyses


ITS sequences and the Cox1 gene have become powerful tools to identify Pythium species [13,17]. Therefore, a phylogenetic analysis was inferred from the combined ITS and Cox1 dataset to explore the relationships of uncertain species within taxa in Pythium. The samples were analyzed phylogenetically as described by Cui et al. [11]. Maximum parsimony (MP) analysis was applied to the combined datasets of ITS and Cox1 sequences. Two isolates of Saprolegnia parasitica Coker were used as outgroups [17]. The tree-construction procedure was performed in PAUP* version 4.0b10 [18]. All the characters were equally weighted, and gaps were treated as missing data. Phylogenetic trees were inferred using the heuristic search option with TBR branch swapping and 1000 random sequence additions. The max-trees were set to 5000; branches of zero length were collapsed, and all the parsimonious trees were saved. The clade robustness was assessed using a bootstrap (BT) analysis with 1000 replicates [19]. The descriptive tree statistics tree length (TL), consistency index (CI), retention index (RI), rescaled consistency index (RC), and homoplasy index (HI) were calculated for each maximum parsimonious tree (MPT) generated.



MrModeltest 2.3 [20] was used to determine the best-fit evolution model for the dataset for Bayesian inference (BI). The BI was calculated using MrBayes3.1.2 [21] with a general time reversible (GTR) model of DNA substitution and an inverse gamma distribution rate variation across the sites. Four Markov chains were run for 2 million generations until the split-deviation-frequency value < 0.01 and sampled every 100 generations. The burn-in was set to discard the first 25% of the trees. A majority rule-consensus tree of all the remaining trees was calculated. The branches that received bootstrap support for maximum likelihood (BS), maximum parsimony (MP), and Bayesian posterior probabilities (BPP) ≥ 75% (MP) and 0.95 (BPP) were considered as significantly supported, respectively. The phylogenetic trees were visualized using FigTree v.1.4.2 (http://tree.bio.ed.ac.uk/software/figtree/, accessed on 9 July 2014).




2.5. Pathogenicity


Pathogenicity was confirmed using 3-day-old V8A plugs (1.5 cm diam) of the isolates Chen 93 and Chen 268 using the hypocotyl slit inoculation method [22] on the soybean cultivar Hefeng 47, which is commonly grown in Huang-Huai Valley. Five soybean seedlings inoculated with uncolonized agar plugs served as the controls. Five soybean seedlings were inoculated for each isolate and incubated at 25 °C with a 12 h photoperiod in a greenhouse for 4–5 d. The experiments were repeated three times.





3. Results


3.1. Isolates


In April 2016, isolation from the samples of soybean plants collected from three fields in three cities yielded five cultures of Globisporangium cultures (Chen 93 and 98, Chen 268, 271, and 272), which represented two unknown Globisporangium species.




3.2. Phylogenetic Analyses


BLAST analyses of ITS or Cox1 sequences of the five isolates recovered from the roots of soybean, described here as Globisporangium pengfuense and G. tenuihyphum, showed that the best matches of the five isolates were analogous with the species of Globisporangium (Pythium s.l. clades G and J, e-value = 1 × 10−6) [23].



The combined ITS + Cox1 dataset of the Pythium s.l. species included sequences from 51 isolates that represented 47 taxa. The dataset had an aligned length of 1781 characters. A total of 689 of these characters were constant: 126 were variable and parsimony-uninformative, and 966 were parsimony-informative. Maximum parsimony analysis yielded one equally parsimonious tree (TL = 4735, CI = 0.441, RI = 0.722, RC = 0.319, and HI = 0.559). The best model for the combined ITS + Cox1 sequences dataset estimated and applied in the Bayesian analysis: GTR+I+G, lset nst = 6, rates = inverse gamma; and prset statefreqpr = dirichlet (1,1,1,1). A Bayesian analysis resulted in the same topology with an average standard deviation of split frequencies = 0.008893. Two sampled isolates of the new species, Globisporangium pengfuense, formed a well-supported lineage (100% MP and 1 BPPs), indicating that they are phylogenetically distinct from the other species in Pythium s.l. clade G (Figure 1). The sequences from three sampled cultures of G. tenuihyphum formed a well-supported lineage (100% ML and 1 BPPs), indicating that they represent species that are phylogenetically distinct from other Pythium s.l. clade J.




3.3. Taxonomy


Globisporangium pengfuense Jia J. Chen, sp. nov. Figures 2 and 3.



MycoBank number: MB 844572.



Diagnosis—Globisporangium pengfuense can be distinguished morphologically from its closest relatives, including G. alternatum (M.Z. Rahman, Abdelz, and Kageyama) by H.D.T. Nguyen and C.F.J. Spies; G. barbulae (Ueta and Tojo) by H.D.T. Nguyen and C.F.J. Spies; G. canariense (B. Paul) by Uzuhashi, Tojo, and Kakish; G. cederbergense (Bahram., Botha and Lampr.) by H.D.T. Nguyen and C.F.J. Spies; G. iwayamae (S. Ito) Uzuhashi, Tojo, andKakish; and G. violae (Chesters and Hickman) by Uzuhashi, Tojo, and Kakish., by its narrower hyphae and the presence of apical papillae on its sporangia. It is ecologically characterized by a weak ability to infect the seeds, seedings, and roots of soybean.



Etymology—Pengfuense (Lat.): referring to the location in China where the holotype was isolated.



Type—China, Jiangsu province, Nanjing, Jiangning district, Pengfu village, from the roots of Glycine max, 1 April 2016, J.J. Chen 93 (holotype, BJFC-C 1994; isotype, NJAU and JAFLA; ex-type cultures, BJFC, NJAU, and JAFLA).



Colonies were submerged, with a stellate pattern on the 10% V8A. The average growth rates were 14 mm/d at 25 °C on PCA. The cardinal temperatures were minimum 5 °C, optimum 25 °C, and maximum 35 °C (Figure 2). The main hyphae hyaline, aseptate, was up to 5.0 µm wide. There were no hyphal swellings. They were sporangia globose to sub-globose, catenulate, terminal, and occasionally with apical papillae or intercalary that were 10–20.5 (mean 17.5) μm. Zoospores were not observed. They were homothallic, with oogonia globose that were smooth, terminal, or intercalary and 12.5–22.5 µm (mean 17.5 µm) in diameter. Antheridia were mostly monoclinous, occasionally diclinous, totaling one to three per oogonium; the antheridial stalks were unbranched; the antheridial cells were sub-globose, fist-shaped to crook-necked, and straight or curved, making apical contact with the oogonia (Figure 3). The oospores were plerotic or nearly plerotic and globose, and they were 10.5–21.5 μm (mean 16.5 µm) in diameter as well as hyaline. The oospore wall was 0.5–1.0 µm (mean 0.7 µm) thick.



Additional cultures examined (paratype) were of type China, Jiangsu province, Nanjing, Jiangning district, Pengfu village, from the roots of Glycine max, 1 April 2016, J.J. Chen 98 (NJAU and JAFLA).



Globisporangium tenuihyphum Jia J. Chen, sp. nov. Figures 4 and 5.



MycoBank number: MB 844573.



Diagnosis—Globisporangium tenuihyphum is characterized by relatively narrow hyphae that are up to 4.0 µm wide, mostly sub-globose to globose, occasionally ovoid-obpyriform sporangia, with smooth oogonia, monoclinous antheridia, subclavate, with falcate or semicircular to subcircular antheridial cells, and aplerotic oospores. It is ecologically characterized by a weak ability to infect the seeds, seedings, and roots of soybean.



Etymology—Tenuihyphum (Lat.): referring to relatively narrow hyphae.



Type—China, Jiangsu province, Nanjing, Jiangpu farm, from the roots of Glycine max, 1 April 2016, J.J. Chen 268 (holotype JAFLA-C 268; isotype, NJAU; ex-type cultures, JAFLA and NJAU).



Colonies were submerged, with a radiate pattern on 10% V8A. The average growth rates were 25.5 mm day−1 at 25 °C on PCA. The cardinal temperatures were minimum 5 °C, optimum 30 °C, and maximum 39 °C (Figure 4). The main hyphae hyaline, aseptate, was up to 4.0 µm wide. There were no hyphal swellings. The sporangia were mostly sub-globose to globose, occasionally ovoid-obpyriform, terminal, or intercalary, that were 15–27.5 × 12.5–25 (mean 22.5 × 21.5) μm. They were omothallic, with oogonia globose that were smooth, terminal, and 20–25 µm (mean 23.5 µm) in diameter. Antheridia monoclinous were one to two per oogonium (Figure 5); the antheridial stalks were unbranched; the antheridial cells were slightly elongated along the oogonial stalk, subclavate, and falcate or semicircular to subcircular. The oospores were aplerotic and globose, and they were 15–21.5 μm (mean 18.5 µm) in diameter as well as hyaline. The oospore wall was 1.5–2.5 µm (mean 2 µm) thick.



Additional cultures examined (paratypes) were of type: China, Jiangsu province, Nanjing, Jiangpu farm, from roots of Glycine max, 1 April 2016, J.J. Chen 271 and 272 (NJAU and JAFLA).




3.4. Pathogenicity


Five soybean seedlings were inoculated with Globisporangium pengfuense strains (Chen 93) and an additional five were inoculated with G. tenuihyphum strains (Chen 268), which showed light-brown-color symptoms on the inoculated positions compared with the control (Figure 6). Globisporangium pengfuense and G. tenuihyphum, respectively, could be recovered from the slightly diseased soybean seedlings and were identified based on their morphological characteristics and the comparisons with ITS and Cox1 sequences.





4. Discussion


Pythium s.l. species are cosmopolitan with a variety of diverse habitats [2]. To date, 75 species of Pythium s.l. have been reported in China [6,24,25]. As part of an ongoing study on the diversity of the Pythium s.l. species associated with soybean in China, two new species of Globisporangium (Pythium s.l. clades G and J), G. pengfuense and G. tenuihyphum, were isolated and identified based on the phenotypic and phylogenetic characteristics in this study.



Globisporangium pengfuense differs from other Globisporangium species by its globose to sub-globose sporangia that are: catenulate, terminal, occasionally with apical papillae or intercalary, smooth oogonia, mostly monoclinous, occasionally diclinous antheridia, fist-shaped to crook-necked, straight or curved antheridial cells, and plerotic or nearly plerotic with thin-walled oospores (0.5–1.0 µm). In addition, G. tenuihyphum is characterized by relatively narrow hyphae that are: up to 4.0 µm wide, mostly sub-globose to globose, occasionally ovoid-obpyriform sporangia, smooth oogonia, monoclinous antheridia, subclavate, falcate or semicircle to subcircular antheridial cells, and with aplerotic oospores.



Comparisons of these two new species and their morphological and/or phylogenetically related species are also provided in Table 2 and Table 3.



Phylogenetically, Globisporangium pengfuense is a member of Globisporangium in the phylogenetic tree, and forms a lineage that is independent from other lineages of Pythium s.l. clade G. The principal characteristics of the species in Pythium s.l. clade G include a combination of ovoid, internally proliferating sporangia, and smooth oogonia (only P. paddicum has oogonia with ornamentation). Globisporangium pengfuense is closely related to G. alternatum in our phylogeny with low support (25% MP and 0.51 BPPs), but G. pengfuense differs from G. alternatum owing to its plerotic or nearly plerotic oospores and fast growth rate (14 mm/d vs. 8 mm/d) [25]. Globisporangium pengfuense is very similar to G. barbulae in morphology by the globose to sub-globose sporangia, mostly monoclinous antheridia, and similar growth (13.4 mm/d in G. barbulae) [4]. However, G. barbulae differs from G. pengfuense in lacking catenulate sporangia. In addition, G. barbulae can grow at 0 °C, while G. pengfuense has a minimum growth temperature of 5 °C. Globisporangium pengfuense differs from G. cederbergense and G. canariense by having thicker oospore walls [26,27]. Furthermore, G. pengfuense is distinguished from G. iwayamae and G. violae by having smaller oogonia [2]. Globisporangium pengfuense is ecologically characterized by a weak ability to infect the seeds, seedings, and roots of soybean.



Phylogenetically, Globisporangium tenuihyphum belongs to clade J of Pythium s.l. in the phylogenetic tree. Globisporangium acanthophoron and G. baisense resemble G. tenuihyphum, and the combined ITS and cox1 sequences also suggest a close relationship between these two species and G. tenuihyphum (Figure 1). However, G. acanthophoron has ornamented oogonia and a thinner-walled oospore wall (up to 1.5 µm) [2], while G. baisense is distinguished from G. tenuihyphum by producing variously sac-like oogonia and the presence of diclinous sessile antheridia and double oospores (Table 3) [24].
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Figure 1. Phylogeny of Globisporangium pengfuense, G. tenuihyphum, and related species generated by maximum parsimony based on ITS + Cox1 sequences. The branches are labeled with parsimony bootstrap proportions (before the slanting line) higher than 50% and Bayesian posterior probabilities (after the slanting line) ≥ 0.95. The new species are indicated in bold. Ph. refers to Phytopythium. 
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Figure 2. Mycelial growth rate of Globisporangium pengfuense isolates Chen 93 and 98 on potato carrot agar at different temperatures. 
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Figure 3. Asexual and sexual reproductive bodies of Globisporangium pengfuense (holotype, Chen 93). (A) Catenulate sporangia. (B) Globose and terminal sporangium. (C–E) Intercalary sporangia. (F) Sporangium with apical papillae. (G) Diclinous antheridium and plerotic oospore. (H,I) Fist-shaped antheridial cells. (J) Crook-necked antheridial cell. (K) Monoclinous antheridium. (L) Intercalary oogonium. (M) Nearly plerotic oospore and two antheridia. (N) Plerotic oospore and three antheridia. Scale Bars (A–N) = 10 μm. 
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Figure 4. Mycelial growth rate of Globisporangium tenuihyphum isolates Chen 268, 271, and 272 on potato carrot agar at different temperatures. 
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Figure 5. Asexual and sexual reproductive bodies of Globisporangium tenuihyphum (holotype, Chen 268). (A–C) sub-globose, globose, and terminal sporangia. (D). Ovoid-obpyriform sporangium. (E,F). Intercalary sporangia. (G). Semicircle antheridial cell. (H,I). Elongated antheridial cells wavy in contour. (J,K). Subcircular antheridial cell. (L). Aplerotic oospore and two antheridia. Scale bars (A–L) = 10 μm. 
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Figure 6. Pathogenicity of Globisporangium pengfuense and G. tenuihyphum isolates on the soybean cultivar Hefeng 47. (A) Control. (B) Disease symptoms caused by G. pengfuense (Chen 93). (C) Disease symptoms caused by G. tenuihyphum (Chen 268). 
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Table 1. A list of species, cultures, and GenBank accession numbers of sequences used in this study.
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Species Name

	
Sample No.

	
Locality

	
GenBank Accession No.




	
ITS

	
Cox1






	
Elongisporangium anandrum

	
CBS 285.31

	
–

	
HQ643435

	
HQ708482




	
E. prolatum

	
CBS 845.68

	
USA

	
HQ643754

	
HQ708795




	
Globisporangium acanthophoron

	
CBS 337.29

	
USA

	
HQ643413

	
HQ708460




	
G. alternatum

	
CBS 139279

	
Japan

	
AB998876

	
AB998877




	
G. attrantheridium

	
DAOM 230383

	
Canada

	
HQ643477

	
HQ708524




	
G. baisense

	
HMAS 242232

	
China

	
FR775440

	
FR774198




	
G. barbulae

	
CBS 139569

	
Japan

	
LC028389

	
LC028392




	
G. buismaniae

	
CBS 288.31

	
Netherlands

	
HQ643479

	
HQ708526




	
G. canariense

	
CBS 112353

	
Spain

	
HQ643482

	
HQ708528




	
G. cederbergense

	
CBS 133716

	
South Africa

	
JQ412768

	
JQ412793




	
G. cystogenes

	
CBS 675.85

	
Netherlands

	
HQ643518

	
HQ708564




	
G. intermedium

	
CBS 266.38

	
Netherlands

	
HQ643572

	
HQ708616




	
G. iwayamae

	
CBS 156.64

	
Australia

	
HQ643669

	
HQ708713




	
G. mastophorum

	
CBS 375.72

	
United Kingdom

	
HQ643691

	
HQ708735




	
G. megalacanthum

	
DAOM 229154

	
Germany

	
HQ643693

	
HQ708737




	
G. minor

	
CBS 226.88

	
United Kingdom

	
HQ643696

	
HQ708740




	
G. nodosum

	
CBS 102274

	
France

	
HQ643709

	
HQ708753




	
G. nunn

	
CBS 808.96

	
USA

	
HQ643711

	
HQ708755




	
G. okanoganense

	
CBS 315.81

	
USA

	
HQ643714

	
HQ708758




	
G. orthogonon

	
CBS 376.72

	
Lebanon

	
HQ643723

	
HQ708764




	
G. paddicum

	
CBS 698.83

	
Japan

	
HQ643728

	
HQ708769




	
G. pengfuense

	
Chen 93

	
China

	
MF984129

	
MF984166




	
G. pengfuense

	
Chen 98

	
China

	
MF984130

	
MF984167




	
G. perplexum

	
CBS 674.85

	
Netherlands

	
HQ643744

	
HQ708785




	
G. polare

	
CBS 118203

	
Japan

	
KJ716859

	
–




	
G. polymastum

	
CBS 811.70

	
Netherlands

	
HQ643752

	
HQ708793




	
G. rostratum

	
CBS 533.74

	
Netherlands

	
HQ643767

	
HQ708808




	
G. sp. jasmonium

	
DAOM 229150

	
USA

	
HQ643670

	
HQ708714




	
G. splendens

	
CBS 462.48

	
USA

	
HQ643795

	
HQ708836




	
G. tenuishyphum

	
Chen 268

	
China

	
MF984123

	
MF984160




	
G. tenuishyphum

	
Chen 271

	
China

	
MF984124

	
MF984161




	
G. tenuishyphum

	
Chen 272

	
China

	
MF984125

	
MF984162




	
G. ultimum var. ultimum

	
CBS398.51

	
Netherlands

	
HQ643865

	
HQ708906




	
G. uncinulatum

	
CBS 518.77

	
Netherlands

	
HQ643944

	
HQ708985




	
G. violae

	
CBS 159.64

	
Australia

	
HQ643958

	
HQ708999




	
Phytopythium boreale

	
CBS 551.88

	
China

	
AB725879

	
AB690647




	
Ph. vexans

	
CBS 119.80

	
Iran

	
HQ643400

	
HQ708447




	
Pythium agreste

	
HMAS 243737

	
China

	
HE862395

	
HE862399




	
P. brachiatum

	
UZ00736

	
Japan

	
KJ995581

	
KJ995593




	
P. breve

	
HMAS 242231

	
China

	
FR751317

	
FR774196




	
P. grandisporangium

	
CBS 286.79

	
USA

	
HQ643546

	
HQ708590




	
P. inflatum

	
CBS 168.68

	
USA

	
HQ643566

	
HQ708610




	
P. insidiosum

	
CBS 574.85

	
Costa Rica

	
HQ643570

	
HQ708614




	
P. junctum

	
UZ00732

	
Japan

	
KJ995576

	
KJ995595




	
P. monospermum

	
CBS 158.73

	
United Kingdom

	
HQ643697

	
HQ708741




	
P. oligandrum

	
CBS 382.34

	
United Kingdom

	
HQ643715

	
HQ708759




	
P. plurisporium

	
CBS 100530

	
USA

	
HQ643749

	
HQ708790




	
P. periplocum

	
CBS 289.31

	
USA

	
HQ643743

	
HQ708784




	
P. sukuiense

	
CBS 110030

	
Taiwan

	
HQ643836

	
HQ708877




	
Saprolegnia parasitica

	
CBS 113187

	
Russia

	
HQ644005

	
HQ709046




	
S. parasitica

	
CBS 540.67

	
United Kingdom

	
HQ644000

	
HQ709041








New species are shown in bold.
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Table 2. Morphological description of Globisporangium pengfuense and the most closely related species.
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	G.pengfuense

(Chen 93)
	G. alternatum
	G. barbulae
	G. canariense
	G. cederbergense
	G. iwayamae
	G. violae





	Width of

Hyphae (μm)
	Up to 5
	Up to 4.5
	Up to 7
	Up to 7
	Unknown
	Up to 6.6
	Up to 6



	Sporangia/hyphal

swellings
	Globose to sub-globose,

catenulate, terminal, occasionally with apical papillae or intercalary
	Globose to sub-globose,

intercalary or terminal
	Globose or subglobose,

terminal or intercalary
	Spherical, globose, subglobose, pyriform, pea-nut-shaped, dumb-bell-shaped, and elongated; some with papilla-like projections,

usually intercalary, catenulate and at times terminal
	Globose, terminal
	Globose, ellipsoidal, ovoid or limoniform,

terminal
	Terminal and intercalary,





	Oogonia (μm)
	12.5–22.5 (av. 17.5),

terminal or intercalary
	13–22 (av. 18), terminal or intercalary
	12.5–18 (av. 15.3),

terminal and rarely intercalary
	19–30 (av. 25.9),

terminal, rarely intercalary
	17–29 (av. 23), mostly

terminal, sometimes intercalary
	23–29 (av. 27),

terminal or intercalary,
	25–38 (av. 29.5),

terminal or intercalary



	Oogonium

ornamentation
	Absent
	Absent
	Absent
	Absent
	Mostly smooth, some ornamented with short, conical

papillae
	Mostly smooth, some ornamented with short, conical

papillae
	Absent



	Antheridia
	Mostly monoclinous, occasionally diclinous
	Monoclinous or diclinous, occasionally on short pedicel or

sometimes hypogynous
	Mostly monoclinous, sometimes diclinous
	Mostly monoclinous, sometimes diclinous
	Monoclinous
	Monoclinous or diclinous
	Mostly monoclinous



	Oospores (μm)
	Plerotic or nearly plerotic,

10.5–21.5 (av. 16.5)
	Mostly aplerotic,

10–18 (av. 15)
	Plerotic or nearly plerotic,

11.1–16.5 (av. 13.9)
	Plerotic,

17–29 (av. 20.7)
	Mainly aplerotic to

almost plerotic,

15–27 (av. 21)
	Plerotic or aplerotic,

19–24 (av. 22)
	Aplerotic,

22–32 (av. 27)



	Oospore wall

thickness

(μm)
	0.5–1.0
	Unknown
	0.3– 1.3
	2–4
	2–4
	Unknown
	Up to 3



	Cardinal temperature
	Min 5 °C, optimum 25 °C, and max 35 °C
	Min 5 °C, optimum 25 °C, and max 30 °C
	Min 0 °C, optimum 28 °C, and max 34 °C
	Unknown
	Min 3–5 °C, optimum 27–30 °C, and max 37 °C
	Min 5 °C, optimum 25 °C, and max 30 °C
	Min 5 °C, optimum 25 °C, and max 35 °C



	Daily growth rates on PCA at 25 °C
	14
	8
	13.4
	14–15
	24
	14
	15



	Reference
	This study
	[26]
	[4]
	[27]
	[28]
	[2]
	[2]
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Table 3. Morphological description of Globisporangium tenuihyphum and the most closely related species.
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	G.tenuihyphum

(Chen 268)
	G. acanthophoron (Sideris) Uzuhashi, Tojo and Kakish.
	G. baisense (Y.Y. Long, J.G. Wei and L.D. Guo) H.D.T. Nguyen and C.F.J. Spies
	G. cystogenes (De Cock and Lévesque) Uzuhashi, Tojo and Kakish.
	G. nodosum (B. Paul, D. Galland, T. Bhatn. and Dulieu) Uzuhashi, Tojo and Kakish.
	G. perplexum (H. Kouyeas and Theoh.) Uzuhashi, Tojo and Kakish.





	Width of

Hyphae (μm)
	Up to 4
	Up to 7
	Up to 6.3
	Up to 7
	Up to 7
	Unknown



	Sporangia
	Mostly sub-globose to globose, occasionally ovoid-obpyriform,

terminal or intercalary
	Unknown
	Globose, subglobose to elongate, at times with a papilla,

terminal or intercalary
	Globose, subglobose, ovoid, often provided with a more or less distinct papilla,

terminal, occasionally intercalary
	Globose, subglobose, ovoid, pyriform and at times peanut-shaped,

mostly intercalary and catenulate, at times terminal
	Globose, elongated,

terminal or intercalary, occasionally in series



	Oogonia (μm)
	20–25 (av. 23.5),

terminal
	20–30
	13.8–28.8 (av. 21.2),

terminal or sessile, occasionally lateral
	28–35 (av. 30.7), terminal or laterally stalked, occasionally intercalary
	11–27 (av. 20.8),

terminal and intercalary,
	16–27 (av. 20),

terminal on lateral branches



	Oogonium

ornamentation
	Absent
	Present
	Absent
	Absent
	Absent
	Absent



	Antheridia
	Monoclinous
	Monoclinous or diclinous
	Monoclinous and diclinous
	Diclinous
	Unknown
	Mostly monoclinous



	Oospores (μm)
	Aplerotic,

15–21.5 (av. 18.5)
	15–20
	Mostly aplerotic, sometimes nearly plerotic,

11.3–23.8 (av. 18.5)
	Aplerotic,

21–26 (av. 23.3)
	Aplerotic,

10–21 (av. 16.9)
	Aplerotic,

12–20 (av. 16)



	Oospore wall

thickness

(μm)
	1.5–2.5
	Up to 1.5
	Unknown
	Up to 3
	Unknown
	1.5–1.7



	Double oospores
	Absent
	Unknown
	Present
	Absent
	Present
	Absent



	Cardinal temperature
	Min 5 °C, optimum 30 °C, and max 39 °C
	Min 5 °C, optimum 30 °C, and max 37 °C
	Min 8 °C, optimum 30 °C, and max 39 °C
	Min 3–6 °C, optimum 24 °C, and max 27–30 °C
	Unknown
	Min 4 °C, optimum 22 °C, and max 32 °C



	Daily growth rates on PCA at 25 °C
	25.5/per day
	20/per day
	30/per day
	17/per day
	17/per day
	12–13/per day



	Reference
	This study
	[2]
	[24]
	[17]
	[29]
	[2]
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