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Abstract: Holocarpic oomycetes convert their entire cytoplasm into zoospores and thus do not form dedicated
sporangia or hyphal compartments for asexual reproduction. The majority of holocarpic oomycetes are obligate
parasites and parasitoids of a diverse suite of organisms, among them green and red algae, brown seaweeds,
diatoms, fungi, oomycetes and invertebrates. Most of them are found among the early diverging oomycetes or the
Peronosporomycetes, and some in the early-diverging Saprolegniomycetes (Leptomitales). The obligate parasitism
renders it difficult to study some of these organisms. Only a few members of the genus Haliphthoros s. l. have been
cultured without their hosts, and of the parasitoid Leptomitales, some transient cultures have been established,
which are difficult to maintain. Here, the cultivation of a new holocarpic oomycete genus of the Leptomitales, Bolbea,
is presented. Bolbea is parasitic to ostracods, is readily cultivable on malt extract agar, and upon contact with water
converts its cytoplasm into zoospores. Its morphology and phylogenetic relationships are reported. Due to the ease of
cultivation
the ready
of zoospore development, similar to some lagenidiaceous oomycetes, the species
Biodiversity
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could be a promising model to study sporulation processes in detail.
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INTRODUCTION
Holocarpic oomycetes convert their entire cytoplasm into
zoospores during sporulation (Sparrow 1960, Dick 2001). This
mode of asexual reproduction is found among the early-diverging
lineages (Beakes & Sekimoto 2009), as well as in the lagenidiaceous
Peronosporomycetes and the early-diverging Saprolegniomycetes
(Beakes & Thines 2017). The early-diverging Saprolegniomycetes
(Leptomitales) are probably primarily holocarpic, as the extended
hyphal network present in the Haliphthorales is holocarpic
(Chukanhom et al. 2003) as well. However, the holocarpy of the
lagenidiaceous Peronosporomycetes is probably secondary in
nature, as the eucarpic Albuginales (Spies et al. 2016) and the
eucarpic Rhipidiales (Bennett & Thines 2018) branch below the
holocarpic Peronosporales. Alternatively, it would have to be
assumed that the eucarpic nature has evolved in these groups
independently from Peronosporales. While the lagenidiaceous
Peronosporomycetes have received considerable attention in
the past decades (Golkar et al. 1993, Glockling & Dick 1997,
Blackwell 2011, Mendoza et al. 2016, Spies et al. 2016), and
several species were successfully cultivated, the primarily
holocarpic oomycetes have received much less research effort.

The primarily holocarpic oomycetes have been extensively
studied in the last quarter of the 19th century and the first two
thirds of the 20th century (Schenk 1859, Cornu 1872, Zopf 1884,
Maurizio 1895, de Wildeman 1896, Petersen 1905, Magnus 1905,
Barrett 1912, Coker 1923, Scherffel 1925, Tokunaga 1933, Couch
1935, Sparrow 1934, 1936, 1950, 1960, Shanor 1939, McLarty
1941, Whiffen 1942, Karling 1942, 1944, Canter 1949, Sparrow &
Ellison 1949, Friedmann 1952, Aleem 1952, Kobayashi & Ookubo
1953, Vishniac 1955, Miller 1962, Johnson 1966, Drebes 1968).
Since then, the interest in these organisms has declined and only
a few articles on their ecology, evolution, and taxonomy were
published until the second decade of the 21st century (e.g. Müller
et al. 1999, Dick 2001, Chukanhom et al. 2003, Sekimoto et al.
2008a, b, Beakes & Sekimoto 2009, Gachon et al. 2009, Sekimoto
et al. 2009, Hanic et al. 2009). Interest in these organisms
resurged when it was realised that while only few species have
a severe adverse effect on economy, their ecological importance
in natural ecosystems has been largely underestimated (Gachon
et al. 2010, Beakes et al. 2012, Fletcher et al. 2015, Scholz et al.
2016, Hassett et al. 2019, Garvetto et al. 2019). Despite some
earlier notions (e.g. Canter & Heaney 1984, Müller et al. 1999),
the key publications raising new interest in the neglected group
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were those that reported the finding that algal parasites were
the earliest-diverging oomycete lineages (Küpper et al. 2006,
Sekimoto et al. 2008a) and that a pathogen of the toxic diatom
Pseudo-nitzschia pungens was abundant and thus a potential
regulator of harmful algal blooms (Hanic et al. 2009). Since then,
efforts have been taken to rediscover the holocarpic parasites of
brown algae (Tsirigoti et al. 2013, Strittmatter et al. 2016, Gachon
et al. 2017), red algae (Sekimoto et al. 2008b, 2009, Fletcher et
al. 2015, Klochkova et al. 2016, 2017, Kwak et al. 2017, Badis et
al. 2018, Buaya et al. 2019c), diatoms (Thines et al. 2015, Scholz
et al. 2016, Buaya et al. 2017, 2019a, d, Garvetto et al. 2018,
Buaya & Thines 2019b, 2020, Garvetto et al. 2019), invertebrates
(Muraosa et al. 2009, Beakes et al. 2012, Molloy et al. 2014, Lee
et al., 2017, Mendoza et al. 2018) and oomycetes (Buaya et al.
2019c). With the exception of the Haliphthorales (Vishniac 1958,
Dick 2001, Sekimoto et al. 2007, Beakes & Thines 2017) most
primarily holocarpic pathogens seem to be obligate biotrophic
and, thus, unable to live apart from a living host. Even though
successful cultivation has been reported for Chlamydomyzium
(Glockling & Beakes 2006) and Crypticola (Frances 1991), it seems
to be difficult to cultivate the holocarpic pathogens of pathogenic
Leptomitales over long periods of time. This renders detailed
studies regarding the physiology, genetics and behaviour very
difficult, and apart from Lagenisma coscinodisci (Drebes 1966,
Schnepf & Drebes 1977, Schnepf et al. 1978a, b, c, Thines et al.
2015, Buaya et al. 2019d, Vallet et al. 2019) and Diatomophthora
perforans (Buaya & Thines 2020) no host/pathogen co-culture of
this group seems to have been maintained over several years.
During a survey for limnic holocarpic oomycetes, infested
ostracods were found in a pond in Frankfurt am Main, Germany.
Due to their extensive growth after the death of the host,
cultivation of the pathogen was attempted and successfully
achieved. Here, its morphology, life-cycle stages, and phylogeny
are reported, and a new genus and species, Bolbea parasitica,
is described to accommodate the organism. Due to the ready
induction of sporulation upon contact with water, Bolbea
parasitica might be a well-suited organism to study oomycete
sporulation.
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MATERIALS AND METHODS
Material acquisition
Limnic invertebrates were caught in the Rebstock lake in
Frankfurt am Main, Germany, using a plankton net with 20 µm
mesh size (Hydrobios, Kiel), by throwing the net from the lake
shore into the water, about 5 m away, and towing the net slowly
to the shore. Samples were put into 500 mL plastic bottles filled
half with lake water. Samples were poured into 12 cm Petri dishes
and screened using a compound inverted light microscope (Type
AE31, Motic, Xiamen). Infested ostracods were removed from
the samples using 10 µL micropipettes (Brandt, Wertheim)
and transferred to a new Petri dish containing sterile water.
Pictures of oomycete-infested animals were taken as described
for diatoms (Buaya et al. 2019a). For DNA extraction, around
20 infected ostracods were collected and preserved in 0.5 mL
RNAlater (Invitrogen, Thermo Fisher, Lithuania) for subsequent
DNA extraction as described previously (Buaya & Thines 2020).
Samples preserved in 70 % ethanol were deposited in herbarium
collection of Senckenberg Museum of Natural History, Frankfurt
am Main (accession number: FR-0046116).
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DNA extraction, PCR and sequencing
DNA, PCR and sequencing were carried out as described in
Buaya et al. (2017) and Buaya & Thines (2020). In short, DNA
was extracted from infested animals and mycelium cultivated on
modified malt extract agar (MEA) (Carl Roth GmbH, Karlsruhe)
supplemented with yeast extract (Carl Roth GmbH, Karlsruhe)
(malt extract 12 g/L, yeast extracts 5 g/L, bacteriological agar
15 g/L), using a commercial kit (innuPREP Plant DNA Kit)
according to the instructions of the manufacturer (Analytik Jena
AG, Germany). Sequencing was done by the laboratory centre of
the Senckenberg Biodiversity and Climate Research Centre using
the primers employed in PCR.

Alignment and phylogenetic analyses
Sequences obtained for the ostracod parasite were identical
in sequence, thus, only one was added to the dataset of
(Buaya & Thines 2020). The sequence obtained from the extype culture was deposited in GenBank under the accession
number (MN688695). Sequences were aligned using MAFFT v.
7 (Katoh & Standley 2013), employing the G-INS-i algorithm.
Phylogenetic analyses were done using MEGA v. 5.0 (Tamura
et al. 2011) for Minimum Evolution (ME) and using RAxML, v.
8 (Stamatakis 2014), as implemented on the TrEase webserver
(thines-lab.senckenberg.de/trease) for Maximum Likelihood
(ML) analysis. For ME default settings were chosen except for
using the Tamura-Nei substitution model, which is the most
complex standard model available in MEGA, running 1 000
bootstrap replicates and considering pairwise deletions. For ML
analyses, the GTRGAMMA model was used and 1 000 bootstrap
replicates were performed.

RESULTS
Morphology and culture
The parasitoid started its development in the body cavity and
upon maturation consumed the infested ostracods completely
(Fig. 1A, B). Irregularly bent hyphae then extended beyond the
infected individuals (Fig. 1B, C) and in older ones, a fragmentation
of the cytoplasm could be observed (Fig 1C). In contact with
water, the hyphal cytoplasm converted entirely into zoospores
(Fig. 1C–E), which were released through short, wide discharge
openings mostly forming at the apices of hyphae (Fig. 1F).
The oomycete grew readily at 12–16 °C when transferred to
1 % MEA supplemented with yeast extract (Fig. 2A, B). In culture
it formed mycelium both on the surface and within the agar, with
hyphae showing an undulating growth pattern (Fig. 2C). Hyphae
increased in diameter to a certain degree during maturation,
and vacuolisation increased. After about 2 wk of culture, radial
growth slowed down until coming to an almost complete stop.
After cutting agar plugs with hyphal tips and transferring them
to new media plates, hyphae resumed their growth until the
colonies reached a similar diameter. To fulfil Koch’s postulates
(Loeffler 1884, Evans 1976), some individuals from a clonal
ostracod culture were exposed to the pathogen. They were
apparently attracted strongly to the media blocks from which
the zoospores were released (Fig. 2D). All ostracods were
infected by the pathogen and died within 2–4 d after inoculation
due to the parasitoid growth (Fig. 2E). In addition, the pathogen
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Fig. 1. Morphology and asexual cycle of the parasitoid. A Open carapace of the host containing an almost mature parasitoid thallus. B. Mature parasite
thallus. C. Detail of an older, mature hyphal branch with some fragmentation of the cytoplasm. D. Zoospores differentiation. E. Just-differentiated
zoospores inside a hyphal branch. F. Empty hyphae with discharge tubes.

was also inoculated in the same manner into clonal cultures
of three species of Daphnia (D. pulicaria, D. pulex, D. galeata)
provided by Klaus Schwenk. However, no infection was observed
in any of the strains. The ostrocod culture that was isolated from
Rebstock lake and the Daphnia clonal cultures were cultivated
using ADaM (Aachener Daphnien Medium) (Klüttgen et al.
1994).

Phylogenetic analysis
Phylogenetic analyses based on partial 18S nrRNA gene (nrSSU)
sequences did not reveal support for conflicting topologies
in Minimum Evolution (ME) and Maximum Likelihood (ML)
analyses. Thus, only the tree from the ME analyses is shown
in Fig. 3, with the support values from the ML analysis added
on the branches. The parasitoid infecting ostracods clustered
without support with Atkinsiella dubia, a parasitoid of marine
crustaceans, with both being separated by long genetic
distance. Both pathogens were embedded in the clade of earlydiverging Saprolegniomycetes identified in previous studies
(e.g. Buaya & Thines 2020), which also includes holocarpic
parasitoids of diatoms. The cluster with the early-diverging
Saprolegniomycetes was present in both the phylogenies based
on Minimum Evolution (ME) and on Maximum Likelihood (ML)
analyses, but did not receive statistical support in either. Also, the
clustering with the crown Saprolegniomycetes present in the ME
analysis did not receive statistical support. The clustering of both
the crown Saprolegniomycetes and the Peronosporomycetes
received strong support in ME analyses, while in ML analysis
the Peronosporomycetes were not resolved as a group. Apart
from Saprolegniales, Olpidiopsidales, and Miraculales, no other

order-level clade was resolved as monophyletic with strong
support, and also the order of divergence of these clades did
not receive strong support.

TAXONOMY
Due to its distinct phylogenetic position, morphology, and lifecycle characteristics, the parasitoid of freshwater ostracods
isolated from the Rebstocksee in Frankfurt am Main is described
as new below.
Bolbea A.T. Buaya & Thines, gen. nov. MycoBank MB833722.
Etymology: Named after the Greek lake nymph Bolbe, whose
parents were of oceanic origin, reflecting the marine origin of the
host group and likely also the pathogen group of the organism.
Diagnosis: Differs from Atkinsiella by the lack of sacculate hyphae
in culture and from Blastulidium by its much more infrequent
hyphal constrictions and more regular hyphae. Differs from
other members of the Leptomitales by its crustacean host.
Description: Thallus holocarpic in crustaceans, killing the host
while growing, finally consuming it entirely; hyphae regular,
usually 5–15 µm broad, with their cytoplasmic contents maturing
into zoospores; zoospores roundish within hyphae, diplanetic;
zoospore discharge from mature hyphae by short discharge
tubes; asexual resting spores or oospores not observed.
Type species: Bolbea parasitica A.T. Buaya & Thines
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Fig. 2. Cultural characteristics and fulfilment of Koch’s postulates. A. Top view of a culture plate. B. Bottom view of the same plate. C. Close-up of the
colony margin with contorted hyphae. D. Re-inoculation to living individuals of a clonal ostracod culture for fulfilling Koch’s postulates. E. Sacrificed
individuals with abundant zoospores attached to the host carapace.

Bolbea parasitica A.T. Buaya & Thines, sp. nov. MycoBank
MB833723. Figs 1–2.
Etymology: Named for its parasitic behaviour in ostracods.
Description: Thallus holocarpic in ostracods, killing the host
while growing, finally consuming it entirely; hyphae regular, but
cytoplasm fragmentation observable in older hyphae or upon
contact with water, with infrequent constrictions, usually 5–15
µm broad on modified MEA, with their cytoplasmic contents
maturing into zoospores; zoospores roundish within hyphae,
about 6 µm diam, diplanetic with secondary zoospores being
more elongate in shape and forming after a rest period, without
pronounced cyst development; zoospore discharge from mature
hyphae by the dissolution of hyphal apices and the formation of
short discharge tubes; growth on modified MEA of intermediate
density with contorted hyphae, slowing down growth after
several days; upon contact with water producing zoospores;
resting spores and oospores not observed.
Typus: Germany, Hessen, Frankfurt am Main, Rebstocksee, July
2018, A.T. Buaya (holotype FR-0046116, ex-type partial nrSSU
sequence MN688695).

DISCUSSION
Primarily holocarpic oomycetes are diverse and abundant in
both freshwater and marine ecosystems (Karling 1942, 1981,
Sparrow 1960, Dick 2001) and are important organisms in natural
ecosystems, e.g. for global carbon cycling (Beakes & Sekimoto
2009, Strittmatter et al. 2009, Skovgaard 2014, Scholz et al.
2016, Beakes & Thines 2017, Hassett et al. 2019). Despite their
ecological importance, only a few of them cause direct economic
losses. The most direct impact of holocarpic oomycetes is
probably seen in aquaculture, especially of crustaceans. There,
the Haliphthorales can cause yield losses, affecting a variety of
shrimps (Tharp & Bland 1977, Hatai et al. 1980, 1992, Hideki
2001, Chukanhom et al. 2003). But Atkinsiella dubia has also
been reported as a serious pathogen in some cases (Vishniac
1958, Kitancharoen et al. 1995, Nakamura & Hatai 1995, Wallace
Martin 1977, Bian & Egusa 1980). Often Atkinsiella is seen as
holocarpic (Vishniac 1958, Nakamura & Hatai 1995), but Sparrow
& Gotelli (1969) and Sparrow (1973) have contested this view,
emphasising the fact that not all thallus parts simultaneously
engage in zoospore formation. But as there does not seem to
be a specialisation between hyphae that do and do not produce
zoospores at a specific point in time, and all hyphae apparently
have the potential to convert their cytoplasm into zoospores,
we prefer to refer to Atkinsiella dubia as a holocarpic pathogen.
Cultures of A. dubia have been reported (Sparrow 1973) and also

Fig. 3. Phylogenetic reconstruction derived from Minimum Evolution analysis based on partial nrSSU sequences. Numbers on branches denote
support in Minimum Evolution and Maximum Likelihood analyses, in the respective order. Blue underlay indicates holocarpic pathogens affecting
crustaceans.
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Apodachlya brachynema AJ238663

91/96
59/-

Uncultured EF023544
Blastulidium paedophthorum 37 KR869808

54/-

EU271965 Chlamydomyzium SL02
Uncultured MK350502
Chlamydomyzium sp. SL38 JQ031283
55/-

Lagenisma coscinodisci KT273921

97/93

Leptomitales

Uncultured KP685316
Crypticola clavulifera MF066365
Uncultured MK350682

68/-
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Ectrogella bacilliacearum MK253531
Atkinsiella dubia AB284575
Bolbea parasitica ex-Type
Pythiopsis terrestris KP098378

90/89

Protoachlya paradoxa KP098375
Saprolegnia parasitica AB086899

90/-

Achlya apiculata AJ238656
90/82

96/96

Achlya ornata KP098365

Saprolegniales

Achlya sparrowii KP098380
83/73

Leptolegnia caudata AJ238659

77/56
51/56

Leptolegnia chapmanii AJ238660
Aquastella acicularis SL43 KF294791

95/88

Aquastella attenuata SL45 KF294792

83/100
71/62/97/95

Lagenidium sp. KT257379
Myzocytiopsis sp. venatrix EU271960
Lagenidium caudatum EU271961

77/-

Lagenidium giganteum f. caninum KT257332
Myzocytiopsis humicola KT257375

84/-

Myzocytiopsis glutinospora KT257371

Peronosporales

Uncultured AB534496
95/88/-

Pythium glomeratum HQ643543
Phytopythium sindhum HQ643396

81/57
86/86
96/82

Phytopythium megacarpum HQ643388
Phytopythium helicoides AY598665

Phytopythium vexans HQ643400
Haliphthoros milfordensis AB178868

75/84/-

Uncultured FJ153787

Haliphthorales

Haliphthoros sp. AB284579

75/-

Halocrusticida parasitica AB284576

75/75
99/96

Halocrusticida baliensis AB284578
Halodaphnea panulirata AB284574
Eurychasma dicksonii AB368176

83/84

**

Haptoglossa zoospora KT257318
93/81

Uncultured GU823645

58/75/66

*

Diatomophthora drebesii MF926410
Uncultured AY381206

Anisolpidiales

Uncultured AY046785

75/72

99/100 Diatomophthora gillii MH971238
Diatomophthora gillii MH971239

-/69

Anisolpidium ectocarpii KU764786
97/100
93/83

Uncultured AY426928
Uncultured AY789783

99/98

Pontisma heterosiphoniae MF838767
Pontisma feldmanni KM210530
Pontisma lagenidioides MK253530
99/100

Pontismatales

Pontisma porphyrae var. koreanae KY569073
Pontisma porphyrae AB287418

63/71

Uncultured KT012873
99/100

Pontisma pyropiae KR029827
Pontisma pyropiae KR029826

99/100

Olpidiopsis saprolegniae MK253535
99/99

Olpidiopsis saprolegniae MK253534

99/100
96/99

Olpidiopsis saprolegniae MK253527

Olpidiopsidales

Olpidiopsis sp. ITM0011
Olpidiopsis parthenogenetica MK602659
78/92
99/100

Uncultured AB694532
Miracula helgolandica MK239934

Uncultured AJ965010
87/99/100

Miraculales

Hyphochytrium catenoides X80344
Uncultured AB695482
Hyphochytrium catenoides AF163294

Developayella elegans U37107
0.02 substitutions / site

* Haptoglossales
© 2020 Westerdijk Fungal Biodiversity Institute
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deposited in ATCC, but attempts to revive material sent by ATCC
failed several times (unpubl. data). In our phylogenetic analysis,
Bolbea parasitica grouped loosely with A. dubia, with both
species being separated by a large genetic distance. However,
the typical sacculate hyphal swellings and the “elephant hyphae”
(Sparrow 1973) were never observed in B. parasitica, which is
the reason, together with the rather weak clustering with A.
dubia, why we chose to describe a new genus for the parasitoid.
Several oomycete species attacking invertebrate animals
are not primarily holocarpic (Schikora 1903, Coker 1923, Atkins
1954, Seymour 1984, Cock et al. 1987, Willoughby et al. 1995,
Molloy et al. 2014, Spies et al. 2016, Mendoza et al. 2018) or
belong to the early-diverging oomycetes (Nakamura & Hatai
1995, Leaño 2002, Chukanhom et al., 2003, Hakariya et al. 2007,
Sekimoto et al. 2007, Glockling & Beakes 2002, Muraosa et al.
2009, Glockling & Serpell 2010, Beakes et al. 2014). But there
are a few species in Atkinsiella, Blastulidium, Chlamydomycium,
and Crypticola that also belong to the primarily holocarpic
Leptomitales and form a hyphal network, an important feature
for successful cultivation. However, all of these species form
very irregular hyphae or hyphae with very frequent narrow
constrictions between thallus segments (Frances et al. 1989,
Frances 1991, Glockling & Beakes 2006, Duffy et al. 2015) and
cultivation seems to be more difficult than for the secondarily
holocarpic lagenidiaceous Peronosporomycetes. Even though
constrictions are present in Bolbea parasitica, they are less
frequent and often less narrow (the dark, septa-like lines that
are visible in Fig. 1E are the results of a collapsing of the hyphae
after zoospore release has started) leading to a rather regular
appearance of the hyphae, but in older hyphae, or upon contact
with water, a fragmentation of the cytoplasm may occur. In line
with this, Bolbea parasitica does not form a supported sister
lineage to any of these genera in the phylogenetic analyses.
In terms of colony morphology, B. parasitica is similar to
Synchaetophagus balticus (Apstein 1911). However, S. balticus
is parasitic to a largely divergent invertebrate group, rotifers,
and thrives in brackish to marine waters. In addition, according
to Apstein (1911), it has more regular hyphae and apparently
produces zoospores usually in a non-synchronised manner, while
in B. parasitica usually the entire thallus produces zoospores
simultaneously. This behaviour of synchronised zoospore
formation could also be interesting for studying sporulation
and especially zoospore formation processes in oomycetes, as
similar to some lagenidiaceous oomycetes (Domnas et al. 1982),
it is possible to trigger zoospore formation in a well-defined
manner, which should render it easier to obtain homogenous
time-points for certain stages of the sporulation process.

Editor-in-Chief
Prof. dr P.W. Crous, Westerdijk Fungal Biodiversity Institute, P.O. Box 85167, 3508 AD Utrecht, The Netherlands.
E-mail: p.crous@westerdijkinstitute.nl

Conflict of interest: The authors declare that there is no conflict
of interest.

ACKNOWLEDGEMENTS
ATB gratefully acknowledges funding of a PhD scholarship by KAAD.
Further funding of this study was received in the framework of the
Translational Biodiversity Genomics centre funded in the framework of
the LOEWE granting scheme of the government of Hessen. We thank
Klaus Schwenk for providing media and cultures of species of Daphnia.
ATB and MT conceived the study; ATB conducted isolations, microscopy,
PCR, and Sequencing; MT conducted phylogenetic analyses; MT wrote
the manuscript with contributions from ATB.

134

REFERENCES
Aleem AA (1952). Olpidiopsis feldmanii sp. nov., champignon marin
parasite d’algues de la famille des Bonnemaisoniacees. Comptes
Rendus Hebdomadaires des Seances de l’Academie des Sciences,
Serie D 235: 1250–1252.
Apstein C (1911). Synchaetophagus balticus, ein in Synchaeta lebender
Pilz. Wissenschaftliche Meeresunterschungen, Abteilung Kiel. 12:
163–166.
Atkins D (1954). A marine fungus Plectospira dubia n. sp.
(Saprolegniaceae) infecting crustacean eggs and small Crustacea.
Journal of the Marine Biological Association of the United Kingdom
33: 721–732.
Badis Y, Klochkova TA, Strittmatter M, et al. (2018). Novel species of
the oomycete Olpidiopsis potentially threaten European red algal
cultivation. Journal of Applied Phycology 31: 1239–1250.
Barrett JT (1912). Development and sexuality of some species of
Olpidiopsis (Cornu) Fischer. Annals of Botany, London 26: 209–238.
Beakes GW, Sekimoto S (2009). The evolutionary phylogeny of
oomycetes-insights gained from studies of holocarpic parasites
of algae and invertebrates. In: Oomycete Genetics and Genomics:
Diversity, Interactions, and Research Tools (Lamour K, Kamoun S,
eds) Wiley-Blackwell, New Jersey, USA: 1–24.
Beakes GW, Thines M (2017). Hyphochytriomycota and Oomycota. In:
Handbook of the Protists (Archibald JM, Simpson, AGB, Slamovits
CH, eds). Springer, Germany: 435–505.
Beakes GW, Glockling SL, Sekimoto SS (2012). The evolutionary
phylogeny of the oomycete “fungi”. Protoplasma 249: 3–19.
Beakes GW, Glockling SL, James YL (2014). A new oomycete species
parasitic in nematodes, Chlamydomyzium dictyuchoides sp. nov.:
developmental biology and phylogenetic studies. Fungal Biology
118: 527–543.
Bennett RM, Devanadera MK, Dedeles GR, et al. (2018). A revision of
Salispina, its placement in a new family, Salispinaceae (Rhipidiales),
and description of a fourth species, S. hoi sp. nov. IMA Fungus 9:
259–269.
Bian BZ, Egusa S (1980). Atkinsiella hamanaensis sp. nov. isolated from
cultivated ova of the mangrove crab, Scylla serrata (Forsskal).
Journal of Fish Diseases 3: 373–385.
Blackwell WH (2011). The genus Lagena (Stramenopila: Oomycota),
taxonomic history and nomenclature. Phytologia 93: 157–167.
Buaya AT, Ploch S, Hanic L, et al. (2017). Phylogeny of Miracula
helgolandica gen. et sp. nov. and Olpidiopsis drebesii sp. nov.,
two basal oomycete parasitoids of marine diatoms, with notes on
the taxonomy of Ectrogella-like species. Mycological Progress 16:
1041–1050.
Buaya AT, Ploch S, Thines M (2019a). Rediscovery and phylogenetic
placement of Olpidiopsis gillii (de Wild.) Friedmann, a holocarpic
oomycete parasitoid of freshwater diatoms. Mycoscience 60: 141–146.
Buaya AT, Thines M (2019b). Miracula moenusica, a new member of the
holocarpic parasitoid genus from the invasive freshwater diatom
Pleurosira laevis. Fungal Systematics and Evolution 3: 35–40.
Buaya AT, Ploch S, Inaba S, et al. (2019c). Holocarpic oomycete
parasitoids of red algae are not Olpidiopsis. Fungal Systematics and
Evolution 4: 21–31.
Buaya AT, Kraberg A, Thines M (2019d). Dual culture of the oomycete
Lagenisma coscinodisci Drebes and Coscinodiscus diatoms as
a model for plankton/parasite interactions. Helgoland Marine
Research 73: 2.
Buaya AT, Thines M (2020). Diatomophthoraceae – a new family of
olpidiopsis-like diatom parasitoids largely unrelated to Ectrogella.
Fungal Systematics and Evolution 5: 113–118.

© 2020 Westerdijk Fungal Biodiversity Institute

Bolbea parasitica gen. et sp. nov.

Canter HM (1949). On Aphanomycopsis bacillariacearum Scherffel, A.
desmidiella n.sp., and Ancylistes spp. in Great Britain. Transactions
of the British Mycological Society 32: 162–170.
Canter HM, Heaney SI (1984). Observations on zoosporic fungi of
Ceratium spp. in lakes of the English Lake District; importance for
phytoplankton population dynamics. New Phytologist 97: 601–612.
Chukanhom K, Khoa LV, Hatai K, et al. (2003). Haliphthoros milfordensis
isolated from black tiger prawn larvae (Penaeus monodon) in
Vietnam. Mycoscience 44: 123–127.
Cock AW de, Mendoza L, Padhye AA, et al. (1987). Pythium insidiosum
sp. nov., the etiologic agent of pythiosis. Journal of Clinical
Microbiology 25: 344–349.
Coker WC (1923). The Saprolegniaceae, with notes on other water
molds. University of North Carolina Press, Chapel Hill.
Cornu M (1872). Monographie des saprolégniées; étude physiologique et
systematique. Annales des Sciences Naturelles Botanique 15: 1–198.
Couch JN (1935). New or little known Chytridiales. Mycologia 27: 160–
175.
de Wildeman E (1896). Notes mycologiques. Annales de la Société de
Belge Microscopie 20: 21-64.
Dick MW (2001). Straminipilous Fungi. Kluwer Academic Press,
Netherlands.
Domnas AJ, Fagan SM, Jaronski S (1982). Factors influencing zoospore
production in liquid cultures of Lagenidium giganteum (Oomycetes,
Lagenidiales). Mycologia 74: 820–825.
Drebes G (1966). Ein parasitischer Phycomycet (Lagenidiales) in
Coscinodiscus. Helgoländer Wissenschaftliche Meeresuntersuchungen 13: 426–435.
Drebes G (1968). Lagenisma coscinodisci gen. nov., spec. nov., ein
Vertreter der Lagenidiales in der marinen Diatomee Coscinodiscus.
Veröfentlichungen des Instituts für Meeresforschung in Bremerhaven
Sonderband 3: 67–70.
Duffy MA, James TY, Longworth A (2015). Ecology, virulence, and
phylogeny of Blastulidium paedophthorum, a widespread brood
parasite of Daphnia spp. Applied and Environmental Microbiology
81: 5486–5496.
Evans AS (1976). Causation and Disease: The Henle-Koch postulates
revisited. Yale Journal of Biology and Medicine 49: 175–195.
Fletcher K, Žuljević A, Tsirigoti A, et al. (2015). New record and
phylogenetic affinities of the oomycete Olpidiopsis feldmanni
infecting Asparagopsis sp. (Rhodophyta). Diseases of Aquatic
Organisms 117: 45–57.
Frances SP (1991). Pathogenicity, host range and temperature tolerance
of Crypticola clavifera (Oomycetes: Lagenidiales) in the laboratory.
Journal of the American Mosquito Control Association 7: 504–506.
Frances SP, Sweeney AW, Humber RA (1989). Crypticola clavulifera gen.
et sp. nov. and Lagenidium giganteum: oomycetes pathogenic for
dipterans infesting leaf axils in an Australian rain forest. Journal of
Invertebrate Pathology 54: 103–111.
Friedmann I (1952). Über neue und wenig bekannte auf Diatomeen
parasitierende Phycomyceten. Österreichische Botanische Zeitschrift
99: 173-219.
Gachon CMM, Strittmatter M, Kleinteich J, et al. (2009). Detection of
differential host susceptibility to the marine oomycete pathogen
Eurychasma dicksonii by Real-Time PCR: not all algae are equal.
Applied and Environmental Microbiology 75: 322–328.
Gachon CM, Sime-Ngando T, Strittmatter M, et al. (2010). Algal diseases:
spotlight on a black box. Trends in Plant Science 15: 633–640.
Gachon CMM, Strittmatter M, Badis Y, et al. (2017). Pathogens of brown
algae: culture studies of Anisolpidium ectocarpii and A. rosenvingei
reveal that the Anisolpidiales are uniflagellated oomycetes.
European Journal of Phycology 52: 133–148.

Garvetto A, Nezan E, Badis Y, et al. (2018). Novel widespread
marine Oomycetes parasitising diatoms, inlcuding the toxic
genus Pseudonitzschia: genetic, morphological, and ecological
characterization. Frontiers in Microbiology 9: 2918.
Garvetto A, Perrineaua MM, Dressler-Allame M, et al. (2019).
“Ectrogella” parasitoids of the Diatom Licmophora sp. are
polyphyletic. Journal of Eukaryotic Microbiology 67: 18–27.
Glockling SL, Beakes GW (2006). Structural and developmental studies
of Chlamydomyzium oviparasiticum from Rhabditis nematodes and
in culture. Mycological Research 110: 1119–1126.
Glockling SL, Beakes GW (2002). Ultrastructural morphogenesis of
dimorphic arcuate infection (gun) cells of Haptoglossa erumpens
an obligate parasite of Bunonema nematodes. Fungal Genetics and
Biology 37: 250–262.
Glockling SL, Dick MW (1997). New species of Chlamydomyzium from
Japan and pure culture of Myzocytiopsis species. Mycological
Research 101: 883–896.
Glockling SL, Serpell LC (2010). A new species of aplanosporic
Haptoglossa, H. beakesii, with vesiculate spore release. Botany 88:
93–101.
Golkar L, LeBrun RA, Ohayon H, et al. (1993). Variation of larval
susceptibility to Lagenidium giganteum in three mosquito species.
Journal of Invertebrate Pathology 62: 1–8.
Hakariya M, Hirose D, Tokumasu S (2007). A molecular phylogeny of
Haptoglossa species, terrestrial peronosporomycetes (oomycetes)
endoparasitic on nematodes. Mycoscience 48: 169–175.
Hanic LA, Sekimoto SS, Bates SS (2009). Oomycete and chytrid infections
of the marine diatom Pseudo-nitzschia pungens (Bacillariophyceae)
from Prince Edward Island, Canada. Botany 87: 1096–1105.
Hassett BT, Thines M, Buaya AT, et al. (2019). A glimpse into the
biogeography, seasonality, and ecological functions of arctic marine
Oomycota. IMA Fungus 10: 6.
Hatai K, Bian B, Baticados MCL, et al. (1980). Studies on fungal diseases
in crustaceans: II. Haliphthoros philippinensis sp. nov. isolated from
cultivated larvae of the jumbo tiger prawn (Penaeus monodon).
Transactions of the Mycological Society of Japan 21: 47–55.
Hatai K, Rhoobunjongde W, Wada S (1992). Haliphthoros milfordensis
isolated from gills of juvenile kuruma prawn Penaeus japonicus with
black gill disease. Nippon Kingakukai Kaiho 33: 185–192.
Hideki Y (2001). Pathogenicity of Halocrusticida okinawaensis to larvae
of five crustacean species. Suisan Zoshoku 49: 115–116.
Johnson TW (1966). Ectrogella in marine species of Licmophora. Journal
of the Elisha Mitchell Scientific Society 82: 25–29.
Karling JS (1942). The simple holocarpic biflagellate phycomycetes.
Karling JS, New York.
Karling JS (1944). New lagenidiaceous parasites of rotifers from Brazil.
Lloydia 7: 328–342.
Karling JS (1981). Predominantly holocarpic and eucarpic simple
biflagellate phycomycetes (2nd ed). Cramer, Liechtenstein.
Katoh K, Standley DM (2013). MAFFT multiple sequence alignment
software version 7: improvements in performance and usability.
Molecular Biology and Evolution 30: 772–780.
Kitancharoen N, Hatai K (1995). A marine oomycete Atkinsiella
panulirata sp. nov. from philozoma of spiny lobster, Panulirus
japonicus. Mycoscience 36: 97–104.
Klochkova TA, Shin Y, Moon KH, et al. (2016). New species of
unicellular obligate parasite, Olpidiopsis pyropiae sp. nov. that
plagues Pyropia sea farms in Korea. Journal of Applied Phycology
27: 73–83.
Klochkova TA, Kwak MS, Kim GH (2017). A new endoparasite Olpidiopsis
heterosiphoniae sp. nov. that infects red algae in Korea. Algal
Research 28: 264–269.

© 2020 Westerdijk Fungal Biodiversity Institute

Editor-in-Chief
Prof. dr P.W. Crous, Westerdijk Fungal Biodiversity Inst
E-mail: p.crous@westerdijkinstitute.nl

135

Buaya & Thines

Klüttgen B, Dülmer U, Engels M, et al. (1994). ADaM, an artificial
freshwater for the culture of zooplankton. Water Research 28:
743–746.
Kobayashi Y, Ookubo M (1953). Studies on the marine Phycomycetes.
Bulletin of the National Museum of Nature and Science (Tokyo) 33:
53–65.
Küpper FC, Maier I, Müller DG, et al. (2006). Phylogenetic affinities
of two eukaryotic pathogens of marine macroalgae, Eurychasma
dicksonii (Wright) Magnus and Chytridium polysiphoniae Cohn.
Cryptogamie Algologie 27: 165–184.
Kwak MS, Klochkova TA, Jeong S, et al. (2017). Olpidiopsis porphyrae
var. koreanae, an endemic endoparasite infecting cultivated Pyropia
yezoensis in Korea. Journal of Applied Phycology 29: 2003–2012.
Leaño E (2002). Haliphthoros spp. from spawned eggs of captive mud
crab, Scylla serrata, broodstocks. Fungal Diversity 9: 93–103.
Lee YN, Hatai K, Kurata O (2017). Haliphthoros sabahensis sp. nov.
isolated from mud crab Scylla tranquebarica eggs and larvae in
Malaysia. Fish Pathology 52: 31–37.
Loeffler FAJ (1884). Untersuchung über die Bedeutung der
Mikroorganismen für die Entstehung der Diphtherie beim
Menschen, bei der Taube und beim Kalbe. Mittheilungen aus dem
kaiserlichen Gesundheitsamte 2: 421–499.
Magnus P (1905). Über die Gattung, zu der Rhizophydium dicksonii
Wright gehört. Hedwigia 44: 347–349.
Maurizio A (1895). Zur Kenntniss der schweizerischen Wasserpilze
nebst Angaben über eine neue Chytridinee. Jahresbericht der
naturforschenden Gesellschaft Graubündens 38: 9–38.
Muraosa Y, Morimoto K, Sano A, et al. (2009). A new peronosporomycete,
Halioticida noduliformans gen. et sp. nov., isolated from white
nodules in the abalone Haliotis spp. from Japan. Mycoscience 50:
106–115.
McLarty DA (1941). Studies in the family Woroninaceae. I. Discussion of
a new species including a consideration of the genera Pseudolpidium
and Olpidiopsis. Bulletin of the Torrey Botanical Club 68: 49–66.
Mendoza L, Taylor JW, Walker ED, Vilela R (2016). Description of
three novel Lagenidium (Oomycota) species causing infection in
mammals. Revista Iberoamericana de Micologia 33: 83–91.
Mendoza L, Vilela R, Humber RA (2018). Taxonomic and phylogenetic
analysis of the Oomycota mosquito larvae pathogen Crypticola
clavulifera. Fungal Biology 122: 847–855.
Miller CE (1962). A new species of Petersenia parasitic on Pythium.
Mycologia 54: 422–431.
Molloy DP, Glockling SL, Siegfried CA, et al. (2014). Aquastella gen.
nov.: A new genus of saprolegniaceaous oomycete rotifer parasites
related to Aphanomyces, with unique sporangial outgrowths.
Fungal Biology 118: 544–558.
Müller DG, Küpper FC, Küpper H (1999). Infection experiments
reveal broad host ranges of Eurychasma dicksonii (Oomycota)
and Chytridium polysiphoniae (Chytridiomycota), two eukaryotic
parasites of marine brown algae (Phaeophyceae). Phycological
Research 47: 217–223.
Nakamura K, Hatai K (1995). Atkinsiella dubia and its related species.
Mycoscience 36: 431–438.
Petersen HE (1905). Contributions à la connaissance des Phycomycètes
marins (Chytridineae Fischer). Oversigt over det Kongelige Danske
videnskabernes selskabs forhandlinger 5: 439–188.
Schenk A (1859). Algologische Mittheilungen. Verhandlungen der
physikalisch-medizinischen Gesellschaft in Würzburg 9: 12–31.
Scherffel A (1925). Endophytische phycomyceten-parasiten der
Bacillariaceen und einige neue Monadinen. Ein Beitrag zur
Phylogenie der Oomyceten (Schröter). Archiv für Protistenkunde
52: 1–141.

Editor-in-Chief
Prof. dr P.W. Crous, Westerdijk Fungal Biodiversity Institute, P.O. Box 85167, 3508 AD Utrecht, The Netherlands.
E-mail: p.crous@westerdijkinstitute.nl

136

Schikora F (1903). Über die Krebpest und ihren Erreger. FischereiZeitung 6: 353–355.
Schnepf E, Drebes G (1977). Über die Entwicklung des marinen
parasitischen Phycomyceten Lagenisma coscinodisci (Lagenidiales).
Helgoländer Wissenschaftlische Meeresuntersuchungen 29: 291–301.
Schnepf E, Deichgräber G, Drebes G (1978a). Development and
ultrastructure of the marine parasitic oomycete Lagenisma
coscinodisci Drebes (Lagenidiales) thallus, zoosporangium, mitosis
and meiosis. Archives of Microbiology 116: 121–132.
Schnepf E, Deichgräber G, Drebes G (1978b). Development and
ultrastructure of the marine, parasitic oomycete, Lagenisma
coscinodisci Drebes (Lagenidiales). The infection. Archives of
Microbiology 116: 133–139.
Schnepf E, Deichgräber G, Drebes G (1978c). Development and
ultrastructure of the marine, parasitic Oomycete, Lagenisma
coscinodisci Drebes (Lagenidiales): Formation of the primary
zoospores and their release. Protoplasma 94: 263–280.
Scholz B, Guillou L, Marano AV, et al. (2016). Zoosporic parasites
infecting marine diatoms - a black box that needs to be opened.
Fungal Ecology 19: 59–76.
Sekimoto S, Hatai K, Honda D (2007). Molecular phylogeny of an
unidentified Haliphthoros-like marine oomycete and Haliphthoros
milfordensis inferred from nuclear encoded small and large subunit
rDNA genes and mitochondrial-encoded cox2 gene. Mycoscience
48: 212–221.
Sekimoto S, Beakes GW, Gachon CMM, et al. (2008a). The development,
ultrastructural cytology, and molecular phylogeny of the basal
oomycete Eurychasma dicksonii, infecting the filamentous
phaeophyte algae Ectocarpus siliculosus and Pylaiella littoralis.
Protist 159: 299–318.
Sekimoto S, Yokoo K, Kawamura Y, et al. (2008b). Taxonomy, molecular
phylogeny, and ultrastructural morphology of Olpidiopsis
porphyrae sp. nov. (Oomycetes, stramenopiles), a unicellular
obligate endoparasite of Porphyra spp. (Bangiales, Rhodophyta).
Mycological Research 112: 361–374.
Sekimoto S, Kochkova TA, West JA, et al. (2009). Olpidiopsis bostrychiae
sp. nov.: an endoparasitic oomycete that infects Bostrychia and
other red algae (Rhodophyta). Phycologia 48: 460–472.
Seymour RL (1984). Leptolegnia chapmanii, an oomycete pathogen of
mosquito larvae. Mycologia 76: 670–674.
Shanor L (1939). Studies in the genus Olpidiopsis. II. The relationship of
Pseudolpidium Fischer and Olpidiopsis (Cornu) Fischer. Journal of
the Elisha Mitchell Scientific Society 55: 179–195.
Skovgaard A (2014). Dirty tricks in the plankton: Diversity and role of
marine parasitic protists. Acta Protozoologica 53: 51–62.
Sparrow FK, Ellison B (1949). Olpidiopsis schenkiana and its
hyperparasite Ectrogella besseyi n. sp. Mycologia 41: 28–35.
Sparrow FK (1934). Observations on marine Phycomycetes collected in
Denmark. Dansk Botanisk Arkiv 8: 1–24.
Sparrow FK (1936). Biological observations on the marine fungi of
Woods Hole waters. Biology Bulletin 70: 236–263.
Sparrow FK (1950). Some Cuban Phycomycetes. Journal of the
Washington Academy of Science 40: 50–55.
Sparrow FK (1960). Aquatic Phycomycetes. The University of Michigan
Press, Ann Arbor, USA.
Sparrow FK, Gotelli D (1969). Is Atkinsiella holocarpic? Mycologia 61:
199–201.
Sparrow FK (1973). The peculiar marine phycomycete Atkinsiella dubia
from crab eggs. Archives of Microbiology 93: 137–144.
Spies CFJ, Grooters AM, Lévesque CA, et al. (2016). Molecular
phylogeny and taxonomy of Lagenidium-like oomycetes pathogenic
to mammals. Fungal Biology 120: 931–947.

© 2020 Westerdijk Fungal Biodiversity Institute

Bolbea parasitica gen. et sp. nov.

Stamatakis A (2014). RAxML version 8: a tool for phylogenetic analysis
and post-analysis of large phylogenies. Bioinformatics 30: 1312–
1313.
Strittmatter M, Gachon CMM, Küpper FC (2009). Ecology of lower
oomycetes. In: Oomycete genetics and genomics: diversity,
interactions, and research tools (Lamour K, Kamoun S, eds). WileyBlackwell, New Jersey, USA: 1–24.
Strittmatter M, Grenville‐Briggs LJ, Breithut L, et al. (2016). Infection of
the brown alga Ectocarpus siliculosus by the oomycete Eurychasma
dicksonii induces oxidative stress and halogen metabolism. Plant,
Cell and Evironment 39: 259–271.
Tamura K, Peterson D, Peterson N, et al. (2011). MEGA5: molecular
evolutionary genetics analysis using maximum likelihood,
evolutionary distance, and maximum parsimony methods.
Molecular Biology and Evolution 28: 2731–2739.
Tharp TP, Bland CE (1977). Biology and host range of Haliphthoros
milfordensis Vishniac. Canadian Journal of Botany 55: 2936–2944.
Thines M, Nam B, Nigrelli L, et al. (2015). The diatom parasite Lagenisma
coscinodisci (Lagenismatales, Oomycota) is an early diverging
lineage of the Saprolegniomycetes. Mycological Progress 14: 75.
Tokunaga Y (1933). Studies on the aquatic chytrids of Japan. II.
Olpidiaceae. Transactions of the Sapporo Natural History Society
13: 78–84.

Tsirigoti A, Küpper FC, Gachon CMM, et al. (2013). Filamentous brown
algae infected by the marine, holocarpic oomycete Eurychasma
dicksonii: first results on the organization and the role of cytoskeleton
in both host and parasite. Plant Signaling and Behavior 8: e26367.
Vallet M, Baumeister TUH, Kaftan F, et al. (2019). The oomycete
Lagenisma coscinodisci hijacks host alkaloid synthesis during
infection of a marine diatom. Nature Communications 10: 4938.
Vishniac HS (1955). The morphology and nutrition of a new species of
Sirolpidium. Mycologia 47: 633–645.
Vishniac HS (1958). A new marine phycomycete. Mycologia 50: 66–79.
Wallace Martin W (1977). The development and possible relationships
of a new Atkinsiella parasitic in insect eggs. American Journal of
Botany 64: 760–769.
Whiffen AJ (1942). A discussion of some species of Olpidiopsis and
Pseudolpidium. American Journal of Botany 29: 607–611.
Willoughby LG, Roberts RJ, Chinabut S (1995). Aphanomyces invaderis
sp. nov., the fungal pathogen of freshwater tropical fish affected
by epizootic ulcerative syndrome. Journal of Fish Diseases 18: 273–
275.
Zopf W (1884). Zur Kenntniss der Phycomyceten. I. Zur Morphologie und
Biologie der Ancylisteen und Chytridiaceen. Nova Acta Academiae
Caesareae Leopoldino-Carolinae Germanicae Naturae Curiosorum
47: 143–236.

© 2020 Westerdijk Fungal Biodiversity Institute

Editor-in-Chief
Prof. dr P.W. Crous, Westerdijk Fungal Biodiversity Inst
E-mail: p.crous@westerdijkinstitute.nl

137

