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a b s t r a c t

The Rhizophydiales is the most recently circumscribed order in the Chytridiomycota. Past

studies focused on soil chytrids from North America and Australia to determine the range

of diversity within this clade of chytrids and established three families (Rhizophydiaceae,

Terramycetaceae, and Kappamycetaceae) in the new order. Although Rhizophydiales contains

seemingly simple chytrids morphologically, analyses of ribosomal gene sequences and

zoospore characters have demonstrated unexpected genetic and ultrastructural diversity,

highlighting the need for broader habitat and geographic sampling to reveal the actual

diversity within this new order. To enlarge our sampling, in this study we investigated

38 newly cultured chytrids collected from aquatic habitats in Argentina, a territory

under-explored for chytrid diversity. From analyses of thallus morphology, zoospore ultra-

structure, and 28S and ITS1–5.8S–ITS2 ribosomal gene sequences, we expand the concept

of Rhizophydiales, describing seven new families (Alphamycetaceae, Angulomycetaceae, Aqua-

mycetaceae, Globomycetaceae, Gorgonomycetaceae, Pateramycetaceae, and Protrudomycetaceae)

and eight new genera (Alphamyces, Angulomyces, Aquamyces, Globomyces, Urceomyces, Gorgo-

nomyces, Pateramyces, and Protrudomyces). Results of this study underscore that even more

extensive sampling from varied habitats and geographies is needed to adequately

ascertain the diversity of chytrids in the Rhizophydiales.

ª 2008 The British Mycological Society. Published by Elsevier Ltd. All rights reserved.
Introduction Traditionally, species were defined artificially, based on
The genus Rhizophydium (Chytridiomycetes, Chytridiomycota) has

long been considered a taxonomically challenging entity, with

over 220 described taxa (Sparrow 1960; Karling 1977; Longcore

1996). Members of the genus occur in soils and aquatic

habitats as saprophytes and parasites. Historically the genus

included numerous morphologically indistinct species in

which thallus characters often intergrade with those of

other genera, blurring species and generic distinctions.
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characters such as host and substrate (Sparrow 1960). How-

ever, recent studies of the monophyletic Rhizophydium clade

(James et al. 2000, 2006) using ultrastructural and molecular anal-

yses have revealed remarkable and unrealized diversity, and

highlighted the need for taxonomic revision of this group (James

et al. 2000, 2006; Letcher & Powell 2005; Letcher et al. 2004, 2006).

Barr & Hadland-Hartmann (1978) provided a foundation for

revision of Rhizophydium in an examination of the ultrastruc-

ture of 12 species in the genus. Although they fashioned
iversity of Alabama, 411 Hackberry Lane, 319 Biology, Box 870344,
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a ‘typical’ Rhizophydium zoospore, their study revealed multi-

ple character states of ultrastructural features. In more recent

research (Letcher et al. 2004, 2006) many of these character

states have been incorporated into suites of characters used

to define distinct zoospore subtypes.

In our earlier studies of a broad range of isolates from the

Rhizophydium clade (Letcher et al. 2004, 2006), we applied

molecular data, largely derived from LSUþ ITS1–5.8S–ITS2 se-

quences, and variations in ultrastructural characters to make

lower-level taxonomic decisions. As a result we circumscribed

the Rhizophydium clade as a new order, the Rhizophydiales,

which was distinguished from its sister clade, the Chytridiales,

by a unique suite of ultrastructural character states (Letcher

et al. 2005, 2006). This in turn led to the circumscription of

three new families, Rhizophydiaceae, Kappamycetaceae, and

Terramycetaceae and the delineation of two new genera, Terra-

myces and Boothiomyces (Letcher et al. 2006). Each family was

monophyletic and its zoospore ultrastructurally unique. How-

ever, it was clear that several clades in the Rhizophydiales were

undersampled and remained taxonomically unresolved

(Letcher et al. 2006).

Argentina, the second largest country in Latin America,

remains an under-explored territory for chytrid fungal diver-

sity. Reports of chytrids in Argentina are scattered (López &

MacCarthy 1985; Malacalza 1968; Marano & Steciow 2006;

Steciow 1998; Yacubson 1963) and only a few studies report

on Rhizophydium, including three commonly reported species

R. globosum, R. subangulosum (Malacalza 1968), and R. carpophi-

lum (Steciow 1998). The amphibian pathogen, Batrachochytrium

dendrobatidis, which is a member of the Rhizophydium clade

(Letcher et al. 2006) of chytrids, has recently been discovered

in Argentina among wild frog populations in eastern Buenos

Aires Province (Herrera et al. 2005).

The first objective of this study was to increase the geo-

graphic sampling of Rhizophydiales isolates, to complement

data previously obtained from North America and Australia.

Our second objective was to analyse thallus morphology, zoo-

spore ultrastructure, and ribosomal gene sequences of these

isolates. On the bases of molecular monophyly and zoospore

ultrastructure, we have expanded the concept of Rhizophy-

diales to include seven new families, eight new genera, two

new species, and six species combinations.
Materials and methods

Isolation and ecology

We analysed 73 ingroup isolates (Table 1) in the Rhizophydiales

and one outgroup isolate, a member of the Chytriomyces clade

of the Chytridiales, which is a sister clade to the Rhizophydiales

(James et al. 2000; Letcher et al. 2004). Thirty-five ingroup

isolates were from the dataset used in our recent taxonomic

circumscription of the Rhizophydiales (Letcher et al. 2006).

These isolates were selected as representatives of clades

revealed in the circumscription of Rhizophydiales. Sampling

and enrichment culture procedures for these 35 isolates

were as described (Letcher & Powell 2001). Thirty-eight

isolates were from diverse aquatic and terrestrial/aquatic in-

terface habitats in Argentina. Chytrids were isolated into
axenic cultures using the methods outlined by Fuller &

Jaworski (1987) and Longcore (1995). Pure cultures were

maintained on PmTG agar slants at 5 �C and deposited at the

Culture Collection of the Facultad de Ciencias Exactas y Natu-

rales (BAFCcult), University of Buenos Aires.

Ingroup isolates were examined by LM with either a Nikon

Labophot-2 or a Zeiss Axioskop to assess range and variation

in thallus structural features, including sporangial size and

shape, number of discharge pores, type of discharge, and

morphology of rhizoids.

Sample preparation for molecular analyses

DNA was extracted from pure cultures obtained from collec-

tions maintained at the Canadian Collection of Fungal

Cultures (CCFC), The University of Alabama (UA), Universidad

de Buenos Aires (UBA), and University of Maine (UM). Origins,

sources of isolates in culture, and GenBank accession

numbers or AFTOL numbers (Assembling the Fungal Tree of

Life, Duke University; http://www.biology.duke.edu/fungi/

mycolab/) are listed in Table 1. DNA was purified and ampli-

fied for sequencing as described (Letcher & Powell 2005)

from pure cultures of isolates (Table 1). The LROR/LR5 primer

pair (White et al. 1990) was used for amplification of LSU (28S)

nu-rDNA, and the ITS5/ITS4 primer pair (White et al. 1990) for

the ITS1–5.8S–ITS2 rDNA region. For molecular analyses, par-

tial nucleotide sequences of the LSU rRNA gene (677–823 bp

from the 50 end) and ITS1–5.8S–ITS2 sequences (563–574 bp

from the 50 end) from 71 taxa (Table 1) were generated; LSU

and ITS1–5.8S–ITS2 sequences for JEL 197 (Batrachochytrium

dendrobatidis) and JEL 317 (Rhizophydium clade) were obtained

from the AFTOL (www.aftol.org) database with permission.

Phylogenetic analyses

Contiguous sequences were assembled and aligned (Letcher

et al. 2004). For all isolates in the study, partial LSU sequences

were combined with ITS1–5.8S–ITS2 sequences and non-

alignable data were excised. Maximum Parsimony (MP) and

Bayesian analyses were as described (Letcher et al. 2006).

Transmission Electron Microscopy

We examined zoospore ultrastructure of 64 of the 73 ingroup

isolates (Table 1). Fixation and observation of zoospores

followed procedures described in Letcher & Powell (2005).

Zoospores were examined with a Hitachi 7650 transmission

electron microscope for features characteristic of the Rhizo-

phydiales (Letcher et al. 2006) and Chytridiaceae (Letcher et al.

2005). Eleven ultrastructural characters with multiple charac-

ter states were evaluated: (1) MLC (microbody–lipid globule

complex) cisterna (Powell 1978) on the side of the lipid globule

facing the plasma membrane; (2) a kinetosome-associated

structure (KAS) as an electron-opaque solid or laminated

spur adjacent to the kinetosome; (3) number of lipid globules,

(4) a vesiculated region anterior to the kinetosome; (5)

a fibrillar bridge that connects the kinetosome with the non-

flagellated centriole; (6) a microtubular root; (7) a number of

mitochondria in a longitudinal medial section; (8) a close

association of a major lobe of a mitochondrion with the

http://www.biology.duke.edu/fungi/mycolab/
http://www.biology.duke.edu/fungi/mycolab/
http://www.aftol.org


Table 1 – Taxon sampling for phylogenetic analyses of 73 isolates in the Rhizophydiales

Culture number/isolate Source GenBank accession no. habitat/substrate

28S ITS1-5.8S-ITS2

ARG 002 Aquamyces chlorogoniic UBA Capital Federal, Argentina EF585592 EF585632 aquatic/pollen

ARG 003 Alphamyces chaetiferumc UBA Buenos Aires, Argentina EF585593 EF585633 aquatic/pollen

ARG 007 Angulomyces argentinensisc UBA Buenos Aires, Argentina EF585594 EF585634 aquatic/pollen

ARG 008 A. argentinensisc [ex-type] UBA Buenos Aires, Argentina EF585595 EF585635 aquatic/pollen

ARG 009 Aquamyces cladec UBA Buenos Aires, Argentina EF585596 EF585636 aquatic/pollen

ARG 010 Aquamyces cladec UBA Buenos Aires, Argentina EF585597 EF585637 aquatic/pollen

ARG 013 Rhizophydium cladec UBA Buenos Aires, Argentina EF585598 EF585638 aquatic/pollen

ARG 014 Rhizophydium cladec UBA Buenos Aires, Argentina EF585599 EF585639 aquatic/pollen

ARG 015 Angulomyces cladec UBA Buenos Aires, Argentina EF585600 EF585640 aquatic/pollen

ARG 016 Rhizophydium cladec UBA Buenos Aires, Argentina EF585601 EF585641 aquatic/pollen

ARG 017 Aquamyces chlorogoniic UBA Buenos Aires, Argentina EF585602 EF585642 aquatic/pollen

ARG 018 A. chlorogoniic [epitype] UBA Buenos Aires, Argentina EF585603 EF585643 aquatic/pollen

ARG 020 A. chlorogonii UBA Buenos Aires, Argentina EF585604 EF585644 aquatic/pollen

ARG 024 Gorgonomyces haynaldiic UBA Corrientes, Argentina EF585605 EF585645 aquatic/pollen

ARG 025 Alphamyces chaetiferumc [epitype] UBA Corrientes, Argentina EF585606 EF585646 aquatic/pollen

ARG 026 G. haynaldiic [epitype] UBA Corrientes, Argentina EF585607 EF585647 aquatic/pollen

ARG 027 Pateramyces corrientinensisc UBA Corrientes, Argentina EF585608 EF585648 aquatic/pollen

ARG 028 A. chaetiferumc UBA Corrientes, Argentina EF585609 EF585649 aquatic/pollen

ARG 029 Gorgonomyces cladec UBA Corrientes, Argentina EF585610 EF585650 aquatic/pollen

ARG 031 P. corrientinensisc UBA Capital Federal, Argentina EF585611 EF585651 aquatic/pollen

ARG 033 Angulomyces argentinensisc UBA Capital Federal, Argentina EF585612 EF585652 aquatic/pollen

ARG 035 Rhizophydium cladec UBA Capital Federal, Argentina EF585613 EF585653 marsh/pollen

ARG 036 Gorgonomyces cladec UBA Corrientes, Argentina EF585614 EF585654 marsh/pollen

ARG 038 Urceomyces sphaerocarpumc UBA Corrientes, Argentina EF585615 EF585655 aquatic/pollen

ARG 040 Boothiomyces cladec UBA Corrientes, Argentina EF585616 EF585656 interface/pollen

ARG 046 Pateramyces corrientinensisc [ex-type] UBA Corrientes, Argentina EF585617 EF585657 aquatic/pollen

ARG 047 Protrudomyces lateralec UBA Corrientes, Argentina EF585618 EF585658 aquatic/pollen

ARG 048 U. sphaerocarpumc [epitype] UBA Corrientes, Argentina EF585619 EF585659 marsh/pollen

ARG 051 Rhizophydium cladec UBA Buenos Aires, Argentina EF585620 EF585660 floodplain/pollen

ARG 052 Rhizophydium cladec UBA Corrientes, Argentina EF585621 EF585661 aquatic/pollen

ARG 055 Rhizophydium cladec UBA Entre Rios, Argentina EF585622 EF585662 aquatic/pollen

ARG 058 Alphamyces chaetiferum UBA Corrientes, Argentina EF585623 EF585663 aquatic/pollen

ARG 063 Kappamyces cladec UBA Buenos Aires, Argentina EF585624 EF585664 aquatic/pollen

ARG 068 Globomyces pollinis-pinic [epitype] UBA Capital Federal, Argentina EF585625 EF585665 aquatic/pollen

ARG 069 G. pollinis-pinic UBA Capital Federal, Argentina EF585626 EF585666 aquatic/pollen

ARG 070 Angulomyces argentinensisc UBA Capital Federal, Argentina EF585627 EF585667 aquatic/pollen

ARG 071 Protrudomyces lateralec [ex-type] UBA Capital Federal, Argentina EF585628 EF585668 aquatic/pollen

ARG 072 P. lateralec UBA Capital Federal, Argentina EF585629 EF585669 soil/pollen

Barr 003 G. pollinis-pinia CCFC Michigan, USA DQ485532b DQ485596b aquatic/Pediastrum

Barr 004 Protrudomyces cladea CCFC Ontario, Canada DQ485533b DQ485597b aquatic/Ulothrix

Barr 089 Boothiomyces cladec CCFC British Columbia, Canada DQ485534b DQ485598b halophytic soil/pollen

Barr 100 Gorgonomyces cladec CCFC Quebec, Canada DQ485535b DQ485599b aquatic/Cladophora

Barr 102 Aquamyces chlorogoniia CCFC Ontario, Canada DQ485536b DQ485600b aquatic/Vaucheria

Barr 107 Rhizophydium cladec CCFC Ontario, Canada DQ485538b DQ485602b soil/pollen

Barr 250 Kappamyces cladec CCFC New Brunswick, Canada DQ485539b DQ485603b soil/pollen

Barr 316 Kappamyces cladec CCFC New Brunswick, Canada DQ485542b DQ485606b salt marsh/pollen

Barr 903 Angulomyces argentinensisc CCFC Kuala Lumpur, Malaysia DQ485544b DQ485608b soil/unknown

JEL 001 Kappamyces cladec UM Maine, USA DQ485545b DQ485609b soil/pollen

JEL 055 Boothiomyces sphaerothecac UM British Columbia, Canada DQ485547b DQ485611b halophytic soil/pollen

JEL 134 Protrudomyces cladec UM Maine, USA DQ485548b DQ485612b aquatic/Achlya

JEL 136 Rhizophydium brooksianumc UM Maine, USA AY349086b DQ485613b soil/pollen

JEL 150 Globomyces pollinis-pini UM Maine, USA DQ485550b DQ485615b aquatic/pollen

JEL 197 Batrachochytrium dendrobatidisa UM Washington, DC, USA AFTOL 21 AFTOL 21 keratinized amphibian cells

JEL 222 Rhizophydium globosumc [epitype] UM Maine, USA DQ485551b DQ485616b soil/pollen

JEL 291 Globomyces pollinis-pinic UM Maine, USA DQ485553b DQ485619b aquatic/Tribonema/pollen

JEL 292 Rhizophydium cladec UM Maine, USA DQ485554b DQ485620b aquatic/pollen

JEL 294 Rhizophydium cladec UM Arizona, USA DQ485555b DQ485621b soil/pollen

JEL 300 Globomyces pollinis-pini UM South Dakota, USA DQ485556b DQ485622b aquatic/pollen

JEL 317 Aquamyces chlorogoniic UM Maine, USA AFTOL 35 AFTOL 35 soil/Haematococcus

JEL 400 Protrudomyces cladec UM Maine, USA DQ485564b DQ485630b aquatic/pollen

PL AUS 021 Boothiomyces

macroporosumc [epitype]

UA NSW, Australia AY439040b DQ485642b soil/pollen

(continued on next page)
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Table 1 – (continued)

Culture number/isolate Source GenBank accession no. habitat/substrate

28S ITS1-5.8S-ITS2

PL AUS R 002 Rhizophydium cladec UA NSW, Australia DQ485571b DQ485648b soil/pollen

PL AUS R 014 Rhizophydium clade UA NSW, Australia DQ485570b DQ485647b soil/pollen

PL 003 Terramyces subangulosumc [epitype] UA Virginia, USA AY439041b DQ485653b soil/pollen

PL 042 Boothiomyces cladec UA North Carolina, USA AY439056b DQ485658b soil/pollen

PL 098 Kappamyces laurelensisc [ex-type] UA Georgia, USA AY439034b DQ485666b soil/pollen

PL 102 Terramyces cladec UA Georgia, USA AY439072b DQ485667b soil/pollen

PL 113 Boothiomyces cladec UA New Hampshire, USA DQ485578b DQ485669b soil/pollen

PL 117 Kappamyces cladec UA Virginia, USA EF585630 EF585670 soil/pollen

PL 120 Kappamyces cladec UA Virginia, USA DQ485581b DQ485671b soil/pollen

PL 127 Rhizophydium cladec UA Colorado, USA DQ485583b DQ485674b soil/pollen

PL 144 Boothiomyces cladec UA Virginia, USA DQ485589b DQ485680b soil/pollen

PL 149A Rhizophydium cladec UA Texas, USA DQ485591b DQ485682b soil/pollen

Outgroup:

ARG 041 Chytriomyces cladec UBA Corrientes, Argentina EF585631 EF585671 aquatic/pollen

a Isolates for which ultrastructural analysis was from published work.

b GenBank accession numbers from Letcher et al. (2006).

c Isolates for which zoospore ultrastructure was examined using TEM.
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kinetosome; (9) a close association of a major lobe of the

microbody with the kinetosome; (10) the location of the

nucleus; and (11) whether the microbody was extensively

branched. Additional characters evaluated included distinc-

tive vesicles and their locations, and the presence of a densely

granular cylinder in the core of the kinetosome and the non-

flagellated centriole.
Results

Phylogenetic analyses

The partition homogeneity/incongruence-length difference

test determined that LSU and ITS1–5.8S–ITS2 data did not

have significantly different signals. The combined data had

2242 characters, with 832 parsimony-informative sites. Of

1005 trees derived from PAUPRat, 223 most parsimonious

trees [length (L)¼ 3340 steps, CI¼ 0.512, RI¼ 0.877] were

used to compute a strict consensus tree. ModelTest indicated

the most appropriate model of DNA substitution was the

general time reversible model with invariant sites and rates

of substitution among sites approximated by a gamma distri-

bution (GTRþ IþG). In the Bayesian analysis, the first 700

trees were discarded (average standard deviation of split

frequencies¼ 0.01). A consensus of 9301 trees was used to

compute a strict consensus tree. MP and Bayesian tree topol-

ogies were similar; consequently, only the MP tree is illus-

trated (Fig 1), with MP BS support values for all nodes and

Bayesian PP values for major groupings.

Clade A contained nine isolates including PL 003, the epi-

type culture for Terramyces (T. subangulosum), PL AUS 021, the

epitype culture for Boothiomyces (B. macroporosum), and one

isolate from Argentina, ARG 040, which was sister to all other

isolates in Terramycetaceae.

Clade B contained five isolates, including one from North

America and four from Argentina. Isolates Barr 100, ARG 024,

and ARG 026 formed a subclade (90 % BS support) in
a polytomy with isolates ARG 029 and ARG 036. Clade C con-

tained seven isolates. Isolates grouped in two subclades, one

of which included PL 098, the type culture for Kappamyces (K.

laurelensis; Letcher & Powell 2005), and one which included

isolate Barr 316 and an isolate from Argentina, ARG 063. Clade

D contained four isolates from Argentina. Isolates ARG 003

and 058 formed a subclade with 100 % BS support, as did

isolates ARG 025 and 028.

Clade E contained six isolates, including three from North

America and three from Argentina. Two North American iso-

lates (Barr 004 and JEL 400) grouped in a subclade with 100 %

BS support, three Argentina isolates (ARG 047, ARG 071, and

ARG 072) grouped as a subclade with 100 % support, and those

five isolates were sister to isolate JEL 134. Clade F contained

eight isolates, including two from North America and six

from Argentina. Six isolates (Barr 102, JEL 317, ARG 002, ARG

017, ARG 018, and ARG 020) formed a subclade with 100 % BS

support, sister to a subclade composed of isolates ARG 009

and ARG 010, which also had 100 % BS support. Clade G con-

tained six isolates, with one from North America and five

from Argentina. One isolate from North America and four

from Argentina (Barr 903, ARG 007, ARG 008, ARG 033, and

ARG 070) formed a clade with 100 % BS support, which was

sister to isolate ARG 015. Clade H contained eight isolates,

with four from North America and four from Argentina. Six

isolates (Barr 003, JEL 150, JEL 291, JEL 300, ARG 068, and ARG

069) grouped in a subclade with 100 % BS support, which

was sister to a subclade containing isolates ARG 038 and

ARG 048, also with 100 % BS support.

Clade I contained three isolates (ARG 027, ARG 031, and

ARG 046) from Argentina. Clade I was sister to clade J. Clade

J contained 16 isolates including JEL 222, the epitype culture

for Rhizophydium (R. globosum). Fifteen of the isolates grouped

in three well-supported subclades of five isolates each, and

isolate ARG 016 was sister to the other 15 isolates. Isolate JEL

197, Batrachochytrium dendrobatidis (Longcore et al. 1999) was

sister to all other isolates in the ingroup. This organism was

not isolated from our sampling in Argentina.



Fig 1 – Strict consensustree fromMPanalysesof73ingroupisolates inRhizophydiales basedonanalyses of combined(LSU D ITS1–

5.8S–ITS2) data. Based on molecular and ultrastructural divergence, clades B and D–I represent new families Gorgonomycetaceae,

Alphamycetaceae, Protrudomycetaceae, Aquamycetaceae, Angulomycetaceae, Globomycetaceae, and Pateramycetaceae. Types (T) and

epitypes (E)are inbold. Valuesabovebranches are MP BS(1 Kreplicates), andbelow branchesareBayesianPPs.Tree length [ 3340

steps, CI [ 0.512, RI [ 0.867. Isolate ARG 041 (Chytriomyces clade, Chytridiaceae, Chytridiales) used as the outgroup taxon.
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Morphology and ecology

Wide variation and range in thallus morphological features

were observed among the 73 ingroup isolates (Figs 2–4). Major
morphological differences occurred in sporangial shape, the

number and structure of discharge openings, the complexity

of rhizoidal system, and the presence of resting spores.

Isolates were recovered from both terrestrial and aquatic



Fig 2 – Morphologies of five isolates in Rhizophydiales. (A–D) Isolate ARG 040, Boothiomyces clade, Terramycetaceae. (A)

Germling. (B) Immature thallus. (C) Mature thallus. (D) Mature thallus with cleaved zoospores. (E–I) Isolate ARG 026, Gorgo-

nomyces haynaldii, Gorgonomycetaceae. (E) Germling. (F) Young developing thallus with swollen rhizoidal axis. (G) Immature

thallus. (H) Mature thallus developing multiple discharge tubes. (I) Mature thallus with fully developed discharge tubes. (J–M)

Isolate ARG 063, Kappamyces clade, Kappamycetaceae. (J) Germling. (K) Immature thallus with basal remnant of the zoospore

cyst (arrow). (L) Mature thallus with multiple discharge papillae. (M) Mature thallus surrounded by clustered, encysted

zoospores. (N–Q) Isolate ARG 025, Alphamyces chaetiferum, Alphamycetaceae. (N) Germlings. (O) Early development of thallus.

(P) Immature thallus with hair-like sporangial ornamentation (arrow). (Q) Mature thallus with hair-like sporangial orna-

mentation. (R–U) Isolate ARG 071, Protrudomyces laterale, Protrudomycetaceae. (R) Germling. (S) Early development of thalli. (T)

Immature thallus. (U) Mature thallus with two opposing discharge pores. Bars [ 10 mm.

764 P. M. Letcher et al.



Fig 3 – Morphologies of five isolates in Rhizophydiales. (A–D) Isolate ARG 018, Aquamyces chlorogonii, Aquamycetaceae.

(A) Germling and early thallus development. (B) Immature thallus. (C) Mature thallus with apophysis. (D) Mature thallus

with multiple discharge papillae. (E–H) Isolate ARG 009, Aquamyces clade, Aquamycetaceae. (E) Germlings. (F) Developing

thallus with two rhizoidal axes. (G) Immature thallus with two rhizoidal axes. (H) Mature thallus with multiple discharge

papillae. (I–L) Isolate ARG 008, Angulomyces argentinensis, Angulomycetaceae. (I) Germling. (J) Immature thallus. (K) Thallus with

multiple discharge papillae. (L) Mature thallus with cleaved zoospores. (M–P) Isolate ARG 015, Angulomyces clade,

Angulomycetaceae. (M) Germling. (N) Developing thallus. (O) Immature thallus with multiple discharge papillae. (P) Mature

thallus with multiple discharge papillae. (Q–T) Isolate ARG 068, Globomyces pollinis-pini, Globomycetaceae. (Q) Germling.

(R) Developing thallus. (S) Immature thallus. (T) Mature thallus with cleaved zoospores beginning to discharge (arrow).

Bars [ 10 mm.

Rhizophydiales in North America and Argentina 765



Fig 4 – Morphologies of five isolates in Rhizophydiales. (A–D) Isolate ARG 048, Urceomyces sphaerocarpum, Globomycetaceae.

(A) Germling. (B) Developing thallus. (C) Immature thallus. (D) Mature thallus with cleaved zoospores beginning to

discharge (arrow). (E–H) Isolate ARG 046, Pateramyces corrientinensis, Pateramycetaceae. (E) Germling. (F) Developing thallus.

(G) Immature thallus. (H) Mature thallus with cleaved zoospores beginning to discharge as a mass, and the sporangial

operculum (arrow). (I–L) Isolate ARG 013, Rhizophydium clade, Rhizophydiaceae. (I) Germling. (J) Developing thallus.

(K) Immature thallus. (L) Mature thallus with two lateral discharge papillae (arrows). (M–P) Isolate ARG 016, Rhizophydium

clade, Rhizophydiaceae. (M) Germlings. (N) Developing thallus. (O) Immature thallus. (P) Mature thallus with two prominent

discharge papillae (arrows). (Q–T) Isolate ARG 051, Rhizophydium clade, Rhizophydiaceae. (Q) Germling. (R) Developing thallus.

(S) Immature thallus. (T) Mature thallus with multiple discharge papillae at beginning of zoospore discharge (arrow). Bars

(A–J, M–N, Q–R) [ 10 mm; (K–L, O–P, T) [ 20 mm.
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habitats and from a variety of substrata, including pollen, ker-

atin, algae, and oomycetes (Table 1).
Zoospore ultrastructure analysis

Zoospores (Table 1) had a Rhizophydiales type architecture

(Letcher et al. 2006), yet exhibited remarkable diversity (Figs

5–8). Suites of zoospore ultrastructural characters and char-

acter states defined unique zoospore types that correlated

with molecular clades (Figs 1, 5). Only Kappamyces had

a densely granular cylinder in the core of the kinetosome

and the non-flagellated centriole (Figs 5C, 7A–C), and only

Terramycetaceae and Rhizophydiaceae isolates had an elec-

tron-opaque kinetosome-associated structure (KAS; Figs

5A–B, J, 7G–H, 8F). The presence of a KAS, either as a solid

(Figs 5A1, A2; 7H) or laminated (Figs 5J, 7G, 8F) spur, was

correlated with the presence of a vesiculated region anterior

to the kinetosome (Figs 5A1, A2, J; 7G, H). If the microbody

extended around only the lipid globule, its character state

was considered ‘simple’ (Fig 7A); if the microbody also

branched to mitochondria and/or ramified within the ribo-

somal mass, its character state was considered ‘lobed’ (Figs

6A, 8A). The cisterna appressed to the lipid globule also had

multiple character states, as the degree of coverage of the

lipid globule varied. If the cisterna was without fenestrations

it was considered ‘simple’ (Figs 7A, 8A); however, if the cis-

terna contained fenestrations, the fenestrations were consid-

ered either ‘conspicuous’ if readily discernable (Fig 6A, C), or

‘inconspicuous’ if observed but were difficult to discern and

only contained a few fenestra (Fig 6B, D). The fibrillar bridge

that connects the kinetosome (K) to the non-flagellated

centriole (NfC) was positioned either diagonally between

(Figs 7C, 8G) or parallel with (Fig 8D–F) the two structures.

When the fibrillar bridge was parallel with the two struc-

tures, a zone of convergence (ZC) of fibrils that either origi-

nate or terminate at the two structures was considered

‘narrow’ (0.010–0.025 mm wide; Fig 8D) or ‘wide’ (w0.075 mm

wide; Fig 8E, F).
Circumscription of new taxa in Rhizophydiales

Because morphological variation, not only in the Rhizophy-

diales, but among chytrids generally, often precludes lower

level taxon determination, molecular and ultrastructural

studies are necessary for taxonomic as well as phylogenetic

determinations. In the inferred phylogeny (Fig 1), ten mono-

phyletic clades (Fig 1, clades A–J) were delineated on the basis

of molecular support >70 % (MP BS and Bayesian PP values),

combined with variation in zoospore ultrastructure (Fig 5).

The ten clades represent seven new families and three extant

families (Terramycetaceae, Kappamycetaceae, and Rhizophydia-

ceae). Within a new family (e.g., Fig 1, clade H), genera were

established if monophyletic clades exhibited zoospores with

unique suites of characters. Clade I, although composed of

three similar isolates, was separated from the Rhizophydiaceae

because (1) it formed a monophyletic clade, (2) LSU sequence

similarity between ARG 046 (clade I) and JEL 222 (Rhizophydia-

ceae) was only 85 %, and (3) zoospores of its members

exhibited a unique suite of characters.
Taxonomy

In the following we delineate seven new families (Gorgonomy-

cetaceae, Alphamycetaceae, Protrudomycetaceae, Aquamycetaceae,

Angulomycetaceae, Globomycetaceae, and Pateramycetaceae) in

the order Rhizophydiales (Letcher et al. 2006) on the bases of

LSUþ ITS1–5.8S–ITS2 sequence analyses (Fig 1, clades B and

D–I) and zoospore ultrastructural features (Figs 5–8). The pre-

viously described families, Terramycetaceae, Kappamycetaceae,

and Rhizophydiaceae (Fig 1, clades A, C, and J), are summarized.

Gorgonomycetaceae Letcher, fam. nov. (Figs 1 clade B, 5B)

MycoBank no.: MB 511768

Sporangium globosum cum uno, duo, vel multitubus evacuatio-
nus, rhizoidia ramose. Zoospora cum uno globulo lipoideo ex parte
cum cisterna fenestra. Kinetosoma et centriolum non flagellatum
adligatum cum materio fibrato adligatum ad asserem attenuatum
medium. [KAS] absentia. Corpusculum parvum [microbody] loba-
tum. Mitochondria uno, duo, vel quinque, proxima kinetosoma.

Typus: Gorgonomyces Letcher 2008.

Sporangia at maturity are spherical with numerous elon-

gate and sinuous discharge tubes. Rhizoids are branched. Zoo-

spore contains a single lipid globule partially covered with

a fenestrated cisterna. Kinetosome and non-flagellated centriole

are parallel and connected by fibrillar material with a zone

of convergence approximately 0.010–0.025 mm in width cen-

trally located between the two structures. Kinetosome-associ-

ated structure (KAS) is absent. Microbody is lobed. Mitochondria

one to five, with a portion anterior to the kinetosome.

A new genus is described into which an existing species of

Rhizophydium is transferred.

Gorgonomyces Letcher, gen. nov.

MycoBank no.: MB 511769

Etym.: The generic name reflects the character of the head

of the Greek mythological figure, Gorgon.

Sporangium globosum cum uno ad multitubus evacuationis.
Zoospora cum cisterna fenestra in globulo lipoideo superficiae.
Corpuscular parvum [microbody] lobatum. Mitochondria uno ad
quinque.

Typus: Gorgonomyces haynaldii (Schaarschm.) Letcher 2008, figu-
rae 2E–I, 5B. Diagnosus cultura ARG 026 ex pollinis in aquacultura.

Sporangium spherical with one or two broad discharge

tubes when on an algal host, or up to 30 elongate discharge

tubes when on artificial media. KAS absent. Microbody lobed.

Mitochondria one to five, with a portion anterior and proximal

to the kinetosome.

Gorgonomyces haynaldii (Schaarschm.) Letcher, comb. nov.

(Figs 2E–I, 5B)

MycoBank no.: MB 511770



Fig 5 – Schematic drawings of longitudinal sections through the zoospore and transverse sections through the kinetosome

and non-flagellated centriole of 12 zoospore subtypes in Rhizophydiales. (A1) Terramycetaceae, Terramyces subangulosum

isolate PL 003, with a simple microbody, a solid KAS spur, a narrow zone of convergence, and a simple cisterna. (A2) Ter-

ramycetaceae, Boothiomyces macroporosum isolate PL AUS 021, with a simple microbody, a solid KAS spur, a narrow zone of

convergence, and a fenestrated cisterna. (B) Gorgonomycetaceae, Gorgonomyces haynaldii isolate ARG 026, with a lobed mi-

crobody, a narrow zone of convergence, and a fenestrated cisterna. (C) Kappamycetaceae, Kappamyces laurelensis isolate PL 098

with a densely granular core in the kinetosome and non-flagellated centriole, a diagonal fibrillar bridge, and a simple cis-

terna. (D) Alphamycetaceae, Alphamyces chaetiferum isolate ARG 025, with a simple microbody, a diagonal fibrillar bridge, and

a fenestrated cisterna. (E) Protrudomycetaceae, Protrudomyces laterale isolate ARG 071, with a lobed microbody, a narrow zone

of convergence, and a fenestrated cisterna. Below each figure is a schematic drawing of the cross-section of the kinetosome

and non-flagellated centriole, illustrating the fibrillar bridge and zone of convergence. Abbreviations used in Fig 5–8: F, fla-

gellum; FB, fibrillar bridge; FC, fenestrated cisterna; FP, flagellar plug; GC, granular cylinder; K, kinetosome; L, lipid globule; M,
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mitochondrion; Mb, microbody; Mt, microtubular root; N, nucleus; NfC, non-flagellated centriole; P, flagellar prop; R, ribo-

somes; SC, simple cisterna; Sp, spur; TP, terminal plate; V, vesicle; VR, vesiculated region; ZC, zone of convergence. (F)

Aquamycetaceae, Aquamyces chlorogonii isolate ARG 018, with a wide zone of convergence, a lobed microbody, and a fenes-

trated cisterna. (G) Angulomycetaceae, Angulomyces argentinensis isolate ARG 008, with a narrow zone of convergence, a lobed

microbody, and a simple cisterna. (H1) Globomycetaceae, Globomyces pollinis-pini isolate ARG 068, with a wide zone of con-

vergence, a lobed microbody, and a cisterna with conspicuous fenestrations. (H2) Globomycetaceae, Urceomyces sphaerocarpum

isolate ARG 048, with a wide zone of convergence, a simple microbody, and a cisterna with inconspicuous fenestrations. (I)

Pateramycetaceae, Pateramyces corrientinensis isolate ARG 046, with a narrow zone of convergence, a lobed microbody, and

a fenestrated cisterna. (J) Rhizophydiaceae, Rhizophydium globosum isolate JEL 222, with a laminated spur, a wide zone of

convergence, a simple microbody, and a cisterna with inconspicuous fenestrations.

Fig 5 – (continued)
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Fig 6 – Ultrastructural features of zoospores in the Rhizophydiales. (A) Transverse section (TS), isolate ARG 069 (Globomyces

pollinis-pini), with a conspicuous fenestrated cisterna, lobed microbody, nucleus embedded in the ribosomal mass, and

multiple mitochondria. (B) TS, isolate ARG 048 (Urceomyces sphaerocarpum), of inconspicuous fenestrated cisterna. (C) Face

view, isolate JEL 291 (G. pollinis pini) of conspicuous fenestrated cisterna. (D) Face view, isolate ARG 048, of inconspicuous

fenestrated cisterna. Bar [ 0.5 mm.
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Basionym: Phlyctidium haynaldii Schaarschm., Magyar

Növénytani Lapok. Kolozsvár 1883: 58, pl 2, figs 1–11 (1883).

Synonym: Rhizophydium haynaldii (Schaarschm.) A. Fisch.,

Rabenh. Kryptogamen-Fl. 1: 92 (1892).

Type: Schaarschmidt, Magyar Növénytani Lapok. Kolozsvár

(1883): 58, pl 2, figs 1–11 (1883dholotype) d epitypus hic des-

ignatus Letcher et al. 2008, Mycol. Res. 112: 764 figs 2E–I, 768 fig

5B (2008) from observations of culture ARG 026, GenBank LSU

rDNA sequence EF585605, ITS1-5.8S-ITS2 rDNA sequence

EF585645. Culture ARG 026, on which the epitype is based,

is being deposited with CCFC and CBS.

Because no material appears to remain from Schaarsch-

midt’s collection of Rhizophydium haynaldii, we consider

Schaarschmidt’s illustrations the holotype (Art. 9.1; Art. 37.4).

The holotype illustrations of P. haynaldii are ambiguous because

multiple species with sporangia having one to multiple

discharge tubes are found on algae and this species cannot be

critically identified for purposes of the precise application of

the name of the taxon (Art. 9.7). Culture ARG 026 demonstrated

the form and habitat of Schaarschmidt’s original description,

and thus we designate observations of this culture (Fig 2E–I)

as the epitype in support of the holotype for P. haynaldii.

Specimen examined: Argentina: Corrientes Province: Cambá Cuá
stream, 30�3203400S–57�5805400W, alt. 47 m, Mar 2006, culture ARG
026 collected by Susana Pereira and isolated by Carlos G. Vélez
on pollen.

Characteristics in culture: On PmTG agar, the sporangia of

ARG 026 were spherical (Fig 2F–I), up to 50 mm in diameter

at maturity. The rhizoidal system was sparingly branched

with thread-like rhizoids arising from a cylindrical or knob-

like extension of the sporangium base (Fig 2F–G). At maturity

discharge tubes were numerous (10–30), elongate (30–45 mm),

and sometimes bifurcated (Fig 2H–I). On pollen, discharge

tubes were generally short. Resting spores were not

observed.

Zoospore: The zoospores of isolates examined in clade B

were similar (Fig 5B). The zoospore of ARG 026 contained mul-

tiple mitochondria, of which a portion of one was anterior and

proximal to the kinetosome, a single, large lipid globule par-

tially covered with a fenestrated cisterna and a microbody

with lobes that extended into the ribosomal mass and were

adjacent to portions of mitochondria, a microtubular root,

a nucleus embedded in the ribosomal mass, and a fibrillar

bridge with a narrow zone of convergence.

Notes: The family Gorgonomycetaceae contained a single

genus, Gorgonomyces, with the epitype species G. haynaldii



Fig 7 – Ultrastructural features of zoospores in the Rhizophydiales. (A) Longitudinal section (LS), isolate PL 098 (Kappamyces

laurelensis), with a simple cisterna and simple microbody appressed to a single lipid globule, a single mitochondrion,

a portion of which is adjacent to the kinetosome, and a kinetosome with a granular core. (B) Transverse section (TS), isolate

PL 098, illustrating the granular core in the kinetosome. (C) TS, isolate PL 098, with a granular core in the kinetosome and

non-flagellated centriole, a diagonal fibrillar bridge, and vesicles adjacent to the kinetosome. (D) Isolate ARG 007 (Angulo-

myces argentinensis), vesicle in peripheral cytoplasm. (E) Isolate JEL 291 (Globomyces pollinis-pini), vesicle in peripheral cyto-

plasm. (F) Isolate PL 098, vesicle adjacent to the kinetosome. (G) LS, isolate PL 149A (Rhizophydium clade), with a KAS as

a laminated spur. (H) LS, isolate PL AUS 021 (Boothiomyces macroporosum) with a KAS as a solid spur. (I) LS, isolate ARG 028

(Alphamyces chaetiferum), with vesicles adjacent to the kinetosome. Bar [ (A–C, G, H) 0.5 mm, (D–F, I) 0.25 mm.
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declared from isolate ARG 026. Because the ITS1–5.8S–ITS2

sequences of Barr 100 and ARG 024 were >99 % similar to

that of ARG 026 (G. haynaldii, epitype), they are considered

the same species (but not type isolates). ARG 029 and ARG

036 were 95 % similar to ARG 026, which perhaps represent

species or population differences.

The North American isolate, Barr 106, was identified (Barr

1973) as Rhizophydium haynaldii (Schaarschmidt 1883), and its

morphology is similar to that which was illustrated by

Schaarschmidt. Barr (1973) illustrated the sporangium on

pollen, with up to eight discharge tubes. Isolates ARG 024,

ARG 026 (Fig 2E–I), ARG 029, and ARG 036 from Argentina

had morphological features similar to those of isolate Barr

106. As opposed to isolate ARG 026, the epitype of G. haynaldii,

isolate ARG 029 produced resting spores that were epibiotic,
spherical to clavate or drop-shaped, vacuolated, and with

a layer of tiny oil droplets under the cell wall; it was the only

isolate in the clade for which resting spores were observed.
Alphamycetaceae Letcher, fam. nov. (Figs 1 clade D, 5D)

MycoBank no.: MB 511771

Sporangium globosum, uniporis evacuationis, rhizoidia diversa.
Zoospora cum uno globulo lipoideo ex parte cum cisterna fenes-
tra. Kinetosoma et centriolum non flagellatum adligatum cum
materio fibrato diagonale. [KAS] absentia. Corpusculum parvum
[microbody] simplece, mitochondrion unum. Vesiculis lata mem-
brana circumdatis, intus opacis moderatus.

Typus: Alphamyces Letcher 2008.



Fig 8 – Ultrastructural features of zoospores in the Rhizophydiales. (A) Longitudinal section (LS), isolate ARG 007 (Angulomyces

argentinensis), with a simple cisterna, a lobed microbody, a portion of which is adjacent to the kinetosome, a nucleus outside

the ribosomal mass, and multiple mitochondria. (B) LS, isolate ARG 069 (Globomyces pollinis-pini), of microtubular root. (C) LS,

face view, isolate JEL 291 (G. pollinis-pini), of microtubular root. (D) LS, isolate PL AUS 021 (Boothiomyces macroporosum), of

narrow zone of convergence in fibrillar bridge between the kinetosome and non-flagellated centriole. (E) Transverse section

(TS), isolate JEL 291, of wide zone of convergence. (F) LS, isolate ARG 016 (Rhizophydium clade) of wide zone of convergence.

(G) TS, isolate ARG 025 (Alphamyces chaetiferum), of diagonal fibrillar bridge. Bar [ (A) 0.5 mm, (B–G) 0.25 mm.
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Sporangium spherical with a single discharge pore; rhi-

zoids branched. Zoospore contains a single lipid globule par-

tially covered with a fenestrated cisterna. Kinetosome and

non-flagellated centriole are parallel and connected by a band

of fibrillar material situated diagonally between the two

structures. Kinetosome-associated structure (KAS) is absent.

Microbody is simple. Mitochondrion single, a portion of which

is anterior to the kinetosome. Moderately and uniformly

electron-dense, thin-membraned vesicles occur in the cyto-

plasm adjacent to the kinetosome. From aquatic habitats,

saprophytic on pollen.

A new genus is described into which an existing species of

Rhizophydium is transferred.
Alphamyces Letcher, gen. nov.

MycoBank no.: MB 511785

Etym.: The genus is named for the Greek letter Alpha, for

the first letter in the name of the country Argentina, from

which the epitype culture was isolated.

Sporangium globosum cum uniporis evacuationis, cum pilis
longis tenuibus ramosis vel simplicibus. Rhizoidia diversa.
Zoospora cum cisterna fenestra in globulo lipoideo superficiae.
Mitochondrion unum. Corpuscular parvum [microbody] simplex.

Typus: Alphamyces chaetiferum (Sparrow) Letcher 2008, figurae
2N–Q, 5D. Diagnosus cultura ARG 025 ex pollinis in aquacultura.

Sporangium spherical with a single discharge pore, the up-

per two thirds of the sporangial wall covered with long slender

branched or unbranched hairs up to 30–50 mm in length. Rhi-

zoids branched. Zoospore contains a single, rather small lipid

globule partially covered with a fenestrated cisterna. Mitochon-

drion single, a portion of which lies above and proximal to the

kinetosome. Moderately electron-dense walled vesicles occur

in the cytoplasm adjacent to the kinetosome.

Alphamyces chaetiferum (Sparrow) Letcher, comb. nov.

(Figs 2N–Q, 5D)

MycoBank no.: MB 511786

Basionym: Rhizophydium chaetiferum Sparrow, Occ. Papers Bos-

ton Soc. Nat. Hist.: 8: 295 (1937).

Type: Sparrow, Papers Mich. Acad. Sci., Arts, Letters 1939: 24,

pl. 2, figs 1–13 (1939dholotype) d epitypus hic designatus

Letcher et al., Mycol. Res. 112: 764 fig 2N–Q, 768 fig 5D (2008)
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from observations of culture ARG 025, GenBank LSU rDNA se-

quence EF585606, ITS1–5.8S–ITS2 rDNA sequence EF585646.

Culture ARG 025, on which the epitype is based, is being

deposited in CCFC and CBS.

Because no material appears to remain from Sparrow’s

collection of Rhizophydium chaetiferum, we consider Sparrow’s

illustrations the holotype (Art. 9.1; Art. 37.4). The holotype illus-

trations are ambiguous because multiple species with spheri-

cal, ornamented sporangia are found on algae and this

species cannot be critically identified for purposes of the pre-

cise application of the name of the taxon (Art. 9.7). Culture

ARG 025 demonstrated the form and habitat of Sparrow’s orig-

inal description, and thus we designate illustrations from ob-

servations of this culture (Fig 2N–Q) as the epitype in support

of the holotype for R. chaetiferum.

Specimen examined: Argentina: Corrientes Province, Cambá Cuá
stream, 30�3203400S–57�5805400O, 47 alt. 47 m, Mar 2006, Culture
ARG 025 collected by Susana Pereira and isolated by Carlos G.
Vélez on pollen.

Characteristics in culture: On PmTG agar, mature sporangia

were spherical (Fig 2Q), 15–22 mm diam, with abundant slender,

branched or unbranched hairs 30–50 mm in length that ema-

nated from the sporangial wall (Fig 2P, Q). Spores were released

through a single, wide apical to subapical discharge pore (see

Chen & Chien 1995, Fig 1C, F). Upon discharge, zoospores usu-

ally germinated in clusters. Germlings developed a rhizoidal

axis 1.5–2 mm diam and 5–8 mm in length (Fig 2N), which

branched into a delicate but extensive rhizoidal system (Fig 2P).

Zoospore: The zoospore contained a single mitochondrion,

a portion of which was anterior to the kinetosome, a single,

small lipid globule partially covered with a fenestrated

cisterna and a simple microbody, and a microtubular root.

The fibrillar bridge that connects the kinetosome to the non-

flagellated centriole was positioned diagonally between the

two structures and lacked a zone of convergence. One or

two morphologically distinct vesicles having uniformly and

moderately dense cores were adjacent to the kinetosome

and non-flagellated centriole.

Notes: Sparrow (1937, 1939) described Rhizophydium chaetife-

rum, a small, spherical chytrid from aquatic habitats that was

saprophytic on Cladophora and Oedogonium. The sporangium

of R. chaetiferum is recognizable due to an abundance of long

slender, branched, or unbranched hairs that emanate from

the sporangial wall. Sporangial morphology of the Argentina

isolates in this clade was similar to that of R. chaetiferum. How-

ever, as Sparrow (1939) pointed out, Phlyctochytrium chaetiferum

Karling (1937) has a sporangium that resembles that of R. chae-

tiferum, but is distinctive because the rhizoidal axis forms

a sub-sporangial apophysis and the sporangium has a promi-

nent discharge papilla. Because an apophysis may be a variable

character, and spherical, ornamented sporangia on the surface

of algae or pollen are not adequate for critical identification and

‘precise application of the name of the taxon’, it was necessary

to designate an epitype (isolate ARG 025, Alphamyces chaetife-

rum) that supports the holotype and corresponds to the limited

discernable characters that exist for R. chaetiferum.
In our phylogeny Alphamycetaceae was sister to Kappamyce-

taceae, and although the zoospores types representative of

the two families were ultrastructurally distinct, they had fea-

tures that indicate a close phylogenetic relationship. Both

zoospores have distinctive vesicles adjacent to the kineto-

some, although the morphology of the vesicles differs. In

Kappamycetaceae the vesicles have reniform, extremely elec-

tron-dense contents, whereas the vesicles of Alphamycetaceae

have uniform, moderately electron dense contents. Both zoo-

spore types have a single large mitochondrion, a portion of

which lies anterior and proximal to the kinetosome. Both

zoospore types also have a diagonal fibrillar bridge between

the kinetosome and non-flagellated centriole, a character

state known only for isolates in these two families of

Rhizophydiales.

The 28S sequences of the four isolates in Alphamycetaceae

are >98 % similar. Because the ITS1–5.8S–ITS2 sequence of

ARG 028 was 100 % similar to that of ARG 025 (A. chaetiferum,

epitype) it is considered the same species (but not a type iso-

late). The 28S sequences of ARG 003 and ARG 058 were 99.8 %

similar, and their ITS1–5.8S–ITS2 sequences were 100 %

similar. However, ITS1–5.8S–ITS2 sequences of ARG 025 (A.

chaetiferum) and ARG 003 (Alphamyces clade) were only 60 %

similar; thus they are not considered the same species.

Protrudomycetaceae Letcher, fam. nov. (Figs 1 clade E, 5E)

Sporangium globosum, anatropum, oligoporus evacuationus;
rhizoidia diversa. Zoospora cum uno globulo lipoideo ex parte
cum cisterna fenestra. Kinetosoma et centriolum non flagellatum
adligatum cum materio fibrato adligatum ad asserem attenuatum
medium. [KAS] absentia. Corpusculum parvum [microbody] loba-
tus, mitochondria numerosus.

Typus: Protrudomyces Letcher 2008.

Sporangia spherical to anatropous with one to three prom-

inent discharge papillae. Rhizoids peg-like on algae or

branched on agar. Zoospore contains a single lipid globule par-

tially covered with a fenestrated cisterna. Kinetosome and

non-flagellated centriole are parallel and connected by fibrillar

material with a zone of convergence approximately 0.010–

0.025 mm in width centrally located between the two struc-

tures. Kinetosome-associated structure (KAS) absent. Mitochondria

are numerous. Microbody is lobed around mitochondria proxi-

mal to the lipid globule.

A new genus is described into which an existing species of

Rhizophydium is transferred.

Protrudomyces Letcher, gen. nov.

Etym.: The generic name reflects the prominent protruding

lateral discharge papillae.

Sporangium globosum, anatropum, cum oligoporus evacuatio-
nus. Zoospora cum cisterna fenestra in globulo lipoideo superficie.
Mitochondria numerosus. Corpusculum parvum [microbody]
lobatus.

Typus: Protrudomyces laterale (Braun) Letcher 2008, figurae 2R–U,
5E. Diagnosus cultura ARG 071 ex pollinis in aquacultura.
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Sporangium spherical to anatropous with one to three pro-

truding discharge pores. Zoospore contains a single lipid globule

partially covered with a fenestrated cisterna. Kinetosome-associ-

ated structure (KAS) absent. Mitochondria numerous. Microbody

lobed around mitochondrion proximal to lipid globule.

Protrudomyces laterale (A. Braun) Letcher, comb. nov.

(Figs 2R–U, 5E)

Basionym: Chytridium laterale A. Braun, Abhandl Berlin Akad.: 41

(1855).

Type: A. Braun, Abhandl Berlin Akad. 1855: 44, pl. 2, figs

20–21, 23–26 (1855–holotype); Letcher et al., Mycol. Res. 112:

764 fig 2R-U, 768 fig 5E (2008) d epitypus hic designatus from ob-

servations of culture ARG 047, GenBank LSU rDNA sequence

EF585628, ITS1–5.8S–ITS2 rDNA sequence EF585668. Culture

ARG 071, on which the epitype is based, is being deposited in

ATCC and CBS.

Synonyms: Rhizophydium laterale (A. Braun) Rabenh., Fl. Eur. Alg.

3: 281 (1868).

Phlyctidium laterale (A. Braun) Sorok�ın, Arch. Bot. Nord France 2:

20 (1883).

Rhizophydium karlingii Sparrow, Aquatic Phycomycetes, 2nd edn:

243 (1960).

Type: Because no material appeared to remain from Braun’s

original collection (Sparrow 1973), we consider Braun’s illus-

trations of Chytridium laterale as the holotype (Art. 9.1; Art.

37.4). The holotype illustrations of C. laterale are demonstrably

ambiguous because multiple species with multipapillate spo-

rangia are found on algae and this species cannot be critically

identified for purposes of the precise application of the name

of the taxon (Art. 9.7). Culture ARG 047 demonstrated the

form and habitat of Braun’s original description, and thus

we designate illustrations from observations of this culture

as epitype in support of the holotype for C. laterale.

Specimen examined: Argentina: Corrientes Province: small lake at
the Biological Station of the Museo Argentino de Ciencias Natu-
rales ‘Bernardino Rivadavia’, 27�3301000S–58�4004800W, alt. 55 m,
Jun 2006, Culture ARG 071 collected and isolated by Marı́a E. Bar-
rantes and Carlos G. Vélez on pollen.

Characteristics in culture: On PmTG agar, sporangia were

spherical to obpyriform (Fig 2T, U), sometimes roundly triangu-

lar, 12–25 mm diam� 15–25 mm in length, with 1–3 apical, sub-

apical or lateral, blunt, protruding discharge papilla (Fig 2U).

The rhizoidal system was composed of 1–2 rhizoidal axes with

branched rhizoids that were scarcely to moderately extensive.

Zoospore: Zoospores contained a single lipid globule par-

tially covered with a fenestrated cisterna, a lobed microbody,

and multiple small mitochondria. A microtubular root was

present. The zone of convergence in the fibrillar bridge that

connects the kinetosome to the non-flagellated centriole

was narrow (0.01–0.025 mm wide).

Notes: Barr & Hadland-Hartmann (1978) described the

zoospore of isolate Barr 004, identified as Rhizophydium
laterale. Zoospore morphology of other isolates in Protrudo-

mycetaceae that we examined was similar to that of

Barr 004.

Braun (1855) described Chytridium laterale, a chytrid found

on living and dead cells of algae (primarily Ulothrix), with

spherical, ovoid, or anatropous sporangia 10–16 mm diam,

with one to three blunt, conical discharge papillae. The rhi-

zoid was an unbranched, peg-like or bulbous structure.

Rabenhorst (1864–68) placed the organism in Rhizophydium,

and Sorokin (1883) moved it to Phlyctidium. Phlyctidium has

been merged with Rhizophydium (Karling 1977, p. 64), thus

placement in Phlyctidium is moot. There is neither a type

specimen nor type material remaining from Braun’s original

collection of Chytridium laterale except for line drawings

(Braun 1855), which we consider the holotype for C. laterale.

Because spherical sporangia, with one or more discharge pa-

pillae, on the surface of algae are not adequate for critical

identification and ‘precise application of the name of the

taxon’, it was necessary to designate an epitype that sup-

ports the holotype and corresponds to the limited discern-

able characters that exist for C. laterale (Art. 9.7). Within

Protrudomycetaceae we designate our illustrations from obser-

vations of the culture ARG 071 as the epitype of Chytridium

laterale.

Because ITS1–5.8S–ITS2 sequences of isolates ARG 047 and

ARG 072 were 100 % similar to that of ARG 071 (Protrudomyces

laterale, epitype), they are considered the same species (but

not type isolates). However, divergence of ITS1–5.8S–ITS2

sequences among isolates within the clade, with Barr 004

and JEL 134 sequences being only 72 % similar, indicate that

multiple species exist in Protrudomyces.

Aquamycetaceae Letcher, fam. nov. (Figs 1 clade F, 5F)

MycoBank no.: MB 511773

Sporangium globosum, oligoporus aut multiporus evacuatio-
nus; rhizoidia diversa. Zoospora cum uno globulo lipoideo ex parte
cum cisterna fenestra. Kinetosoma et centriolum non flagellatum
adligatum cum materio fibrato adligatum ad asserum crassum
medium. [KAS] absentia. Corpuscum parvum [microbody] lobo-
sum, mitochondrion typice unum et lobum, vicinum proximal
ad kinetosoma.

Typus: Aquamyces Letcher 2008.

Sporangium spherical with few or many discharge pores;

rhizoids branched. Zoospore contains a single lipid globule

partially covered with a fenestrated cisterna. Kinetosome

and non-flagellated centriole are parallel and connected by

fibrillar material with a zone of convergence approxi-

mately 0.075 mm in width centrally located between the

two structures. Kinetosome-associated structure (KAS) ab-

sent. A microtubular root is present. Mitochondria single

or few, with a portion anterior to the kinetosome. Micro-

body lobed around a portion of a mitochondrion. The

zone of convergence in the fibrillar bridge that connects

the kinetosome to the non-flagellated centriole is wide

(ca 0.075 mm wide).

A new genus is described into which an existing species of

Rhizophydium is transferred.
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Aquamyces Letcher, gen. nov.

MycoBank no.: MB 511778

Etym: The generic name reflects the natural habitat of this

chytrid.

Sporangium globosum cum oligoporus aut multiporus evacua-
tionus. Rhizoidia diversa. Zoospora cum cisterna fenestra in glob-
ulo lipoideo superficie, corpusculum parvum [microbody] lobatus,
mitochondrion unum, propinquus kinetosoma.

Typus: Aquamyces chlorogonii (Serbinow) Letcher 2008, figurae
3A–D, 5F. Diagnosus cultura ARG 018 ex pollinis in aquacultura.

Sporangium spherical with one to several raised discharge

pores or short discharge tubes. Rhizoids branched and compact

on agar. Zoospore contains a single lipid globule partially

covered with a fenestrated cisterna. Kinetosome-associated

structure (KAS) absent. Mitochondrion usually one or few, with

a portion anterior to the kinetosome. Microbody lobed around

a portion of the mitochondrion adjacent to the lipid globule.

Aquamyces chlorogonii (Serbinow) Letcher, comb. nov.

(Figs 3A–D, 5F)

MycoBank no.: MB 511784

Basionym: Phlyctidium chlorogonii Serbinow, Scripta Bot. Horti

Univ. Imper. Petro. 24: 156, plate 5, figs 11–17 (1907).

Synonym: Rhizophydium chlorogonii (Serbinow) Jacz., Opredelitel

Gribov. Sovershennye Griby (Diploidnye Stadii). I. Fikomitsety:

38 (1931).

Type: Serbinow, Scripta Bot. Horti Univ. Imper. Petro. 1907: 24,

pl. 5, figs 11–17 (1907dholotype) d epitypus hic designatus

Letcher et al., Mycol. Res. 112: 765 figs 3A–D, 769 fig 5F (2008)

from observations of culture MR 018, GenBank LSU rDNA se-

quence EF585603, ITS1–5.8S–ITS2 rDNA sequence EF585643.

Culture MR 018, on which the epitype is based, is being

deposited with CCFC and CBS.

Because no material appears to remain from Serbinow’s

collection of Phlyctidium chlorogonii, we consider Serbinow’s

illustrations as the holotype (Art. 9.1; Art. 37.4). The holotype

illustrations of P. chlorogonii are ambiguous because multiple

species with spherical, singular or multipored sporangia are

found on algae and this species cannot be critically identified

for purposes of the precise application of the name of the

taxon (Art. 9.7). Culture MR 018 demonstrated the form and

habitat of Serbinow’s original description, and thus we desig-

nate illustrations (Fig 3A–D) from observations of this culture

as the epitype in support of the holotype for P. chlorogonii.
Specimen examined: Argentina: Buenos Aires Province: semi-per-
manent roadside pond, 34�2901300S–59�1205300W, alt. 39 m, Jan
2006, Culture ARG 018, collected and isolated by Carlos G. Vélez
on pollen.

Characteristics in culture: On PmTG agar, sporangia were

spherical, up to 35 mm diam, with up to ten raised, dome-

shaped discharge papillae (Fig 3D), and zoospores emerged
singly through the discharge pores. The rhizoidal system

most commonly was composed of short, robust, sometimes

bifurcate rhizoidal axes from which rhizoids branched (Fig

3C). At maturity rhizoids were strongly branched but compact

(Fig 3D). On pollen, sporangia were angular and the discharge

papillae more prominent than when on PmTG agar. Resting

spores were not observed.
Zoospore: The zoospore (Fig 5F) contained several mito-

chondria, of which a portion of one was anterior to the

kinetosome, a single lipid globule partially covered with

a fenestrated cisterna and a lobed microbody, a microtubular

root, and a fibrillar bridge between the kinetosome and non-

flagellated centriole with a wide zone of convergence.
Notes: Isolates in Aquamycetaceae were strictly from aquatic

systems. Morphological studies indicate two taxa among the

isolates, which we have designated Aquamyces chlorogonii

and Aquamyces clade. With <4 % ITS1–5.8S–ITS2 sequence dif-

ferences among the A. chlorogonii isolates, the molecular data

indicate two populations (Barr 102/ARG 002 and JEL 317/ARG

017/ARG 018/ARG 020). ITS1–5.8S–ITS2 sequence similarities

(ca 81 %) between A. chlorogonii and Aquamyces clade (ARG

009 and ARG 010) offer evidence for two distinct taxa in the

clade.

Barr & Hadland-Hartmann (1978) examined the zoospore of

isolate Barr 102, and its zoospore is similar to isolates

examined in this clade. Isolate Barr 102 had small clusters of

ribosome-like bodies around the kinetosome-associated

microtubules (Barr & Hadland-Hartmann 1978, figs 22, 23).

We did not observe these bodies in zoospores of other isolates

in the clade.

Isolate Barr 102 has been described (Barr 1973), and iso-

lates ARG 002, ARG 017, ARG 018, and ARG 020 had thallus

morphology similar to that of Barr 102. The description of

ARG 018 (Fig 3A–D) is as follows: On PmTG agar sporangia

were spherical to slightly angular (Fig 3A–D), up to

40 mm diam with multiple dome-shaped papillae (Fig 3D).

The rhizoidal system was branched, moderately extensive,

and rhizoids were isodiametric (Fig 3B–C), arising from

a knob-like to shortly cylindrical basal apophysis (Fig 3B–C).

Zoospores were spherical, 1.5–2.5 mm diam, with a single lipid

globule, and emerged singly through the discharge pores. On

pollen the resting spore was spherical, 5–25 mm diam, with

a smooth, light brown wall, with none, one, or several large

lipid globules and always with a layer of tiny lipid droplets

underlying the cell wall. Thallus morphology of isolates

ARG 009 (Fig 3E–H) and ARG 010 was similar to that of other

isolates. Morphology of isolates ARG 009 and ARG 010 dif-

fered in several aspects from morphology of other isolates

in the clade.
Angulomycetaceae Letcher, fam. nov. (Figs 1 clade G, 5G)

MycoBank no.: MB 511774

Sporangium globosum cum multis porus evacuationis, rhizoi-
dia ramosa, compacta. Zoospora cum uno globulo lipoideo ex
parte cum cisterna simplece. Kinetosoma et centriolum non
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flagellatum adligatum cum materio fibrato adligatum ad asserem
attenuatum medium. [KAS] absentia. Corpusculum parvum
[microbody] lobatus, proximus kinetosoma. Vesiculis lata mem-
brana circumdatis, intus opacis reticulatus. Mitochondria
numerosus.

Typus: Angulomyces Letcher 2008.

Sporangium spherical with few to numerous discharge

papillae. Rhizoids branched, extensive, and compact. Zoospore

contains a single lipid globule partially covered with a simple

cisterna. Kinetosome and non-flagellated centriole are parallel and

connected by fibrillar material with a zone of convergence ap-

proximately 0.01–0.025 mm in width centrally located between

thetwostructures.Kinetosome-associatedstructure (KAS) isabsent.

Microbody is lobed with a portion anterior to the kinetosome.

A new genus is described to accommodate a new species.

Angulomyces Letcher, gen. nov.

MycoBank no.: MB 511779

Etym: The generic name reflects the angulation of the

sporangium due to numerous raised discharge pores.

Sporangium globosum cum multis poris evacuationis. [KAS]
absentia. Rhizoidia ramosa. Corpusculum parvum [microbody]
lobatus, proximus kinetosoma. Vesiculis lata membrana circum-
datis, intus opacis reticulatus. Mitochondria numerosus.

Typus: Angulomyces argentinensis Letcher 2008, figurae 3I–L, 5G.
Diagnosus cultura ARG 008 ex pollinis in aquacultura.

Sporangia spherical with multiple discharge pores. Rhizoids

branched. In the zoospore, a KAS is absent. Microbody is

lobed, a portion of which is anterior to the kinetosome. Mito-

chondria are numerous. Thick-membraned vesicles with

electron-opaque, reticulated contents occur in the peripheral

cytoplasm.
Angulomyces argentinensis Letcher, sp. nov. (Figs 3I–L, 5G)

MycoBank no.: MB 511787

Etym: The specific epithet acknowledges the geographic

origin of isolates in this clade.

Latin diagnosis not required (Art. 42.1 Ex. 2)

Type: Letcher et al. 2008, Mycol. Res. 112: 765 figs 3I–L, 770 fig

5 G (2008) from observations of culture ARG 008, GenBank LSU

rDNA sequence EF585595, ITS1-5.8S-ITS2 rDNA sequence

EF585635. Culture ARG 008, on which the type is based, is

being deposited in CCFC and CBS.

Specimen examined: Argentina: Buenos Aires province: Paichı́
stream at the Paraná River floodplain, 34�1404400S–58�4405100W, alt.
8 m, Jan 2006, Culture ARG 008 collected and isolated by Carlos G.
Vélez on pollen.

Characteristics in culture: On PmTG agar, sporangia of isolate

ARG 008 (Fig 3I–L) were spherical to angular, up to 35 mm diam,
with numerous raised discharge papillae (Fig 3K, L). Rhizoids

were moderately extensive, profusely branched, and isodia-

metric (Fig 3I–K). Zoospores were 3 mm diam, and emerged sin-

gly through the discharge pores. Resting spores were not

observed. On pollen, sporangia were angular and discharge

papillae more prominent then when on PmTG agar. Sporangia

of ARG 015 (Fig 3M–P) on PmTG agar were spherical to angular,

up to 30 mm diam, with numerous well-developed protruding

discharge papillae (Fig 3P). The rhizoidal system was com-

posed of one or two rhizoidal axes with gradually tapering

and branched rhizoids (Fig 3M–P). Zoospores were 3–

4 mm diam, and emerged singly through discharge pores. On

pollen, resting spores were spherical with a smooth, colour-

less wall with a peripheral layer of lipid globules.

Zoospore: The zoospore contained several small mito-

chondria, a single lipid globule partially covered with a sim-

ple cisterna and a lobed microbody, of which a portion of

one was anterior to the kinetosome, a fibrillar bridge be-

tween the kinetosome and non-flagellated centriole with

a narrow zone of convergence, and vesicles with morpho-

logically distinct matrices in the cytoplasm peripheral to

the ribosomal core, but not in the vicinity of the

kinetosome.

Notes: With the exception of isolate Barr 903 isolated from

soil from Malaysia, the isolates in Angulomycetaceae were in-

habitants of aquatic systems. Morphological studies indicate

two taxa among the isolates, which we have designated Angu-

lomyces argentinensis (Barr 903, ARG 007, ARG 008, ARG 033, and

ARG 070) and Angulomyces clade (ARG 015). With <4 % ITS1–

5.8S–ITS2 sequence differences, two populations (Barr 903

and ARG 007/ARG 008/ARG 033/ARG 070) are indicated among

the Angulomyces argentinensis isolates. ITS1–5.8S–ITS2 se-

quence similarities (ca 81 %) between Angulomyces argentinen-

sis and Angulomyces clade isolates offer evidence for two

distinct taxa in Angulomycetaceae.

Globomycetaceae Letcher, fam. nov. (Figs 1 clade H, 5H1, H2)
MycoBank no.: MB 511775

Sporangium globosum cum uno porus evacuationis, rhizoidia
ramosus sparsus. Zoospora cum uno globulo lipoideo ex parte
cum cisterna fenestra. Kinetosoma et centriolum non flagellatum
adligatum cum materio fibrato adligatum ad asserem crassum
medium. [KAS] absentia. Corpusculum parvum [microbody] sim-
plece aut lobosum. Vesiculis lata membrana circumdatis, intus
opacis. Mitochondria multus.

Typus: Globomyces Letcher 2008.

Sporangium spherical with a single discharge pore. Rhizoids

sparingly branched. Zoospore with a single lipid globule par-

tially covered with a fenestrated cisterna. Kinetosome and

non-flagellated centriole are parallel and connected by fibrillar

material with a zone of convergence approximately 0.075 mm

in width centrally located between the two structures. Kineto-

some-associated structure (KAS) is absent. Microbody is simple or

lobed. Distinct thick-membraned spherical vesicles with
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uniformly electron-dense contents occur in the peripheral

cytoplasm.

Two new genera are described into which two existing

species of Rhizophydium are transferred.

Globomyces Letcher, gen. nov.

MycoBank no.: MB 511780

Etym: The generic name reflects the spherical nature of the

sporangium.

Sporangium globosum cum uno porus evacuationis. Zoospora
cum cisterna fenestra conspicua in globulo lipoideo superficiae.
Corpuscular parvum (microbody) lobosum.

Typus: Globomyces pollinis-pini (A. Braun) Letcher 2008, figurae
3Q–T, 5H1. Diagnosus cultura ARG 068, ex pollinis in aquacultura.

Sporangium spherical with a single discharge pore. Zoospore

contains a single lipid globule partially covered with a promi-

nent fenestrated cisterna. Microbody is lobed.

Globomyces pollinis-pini (A. Braun) Letcher, comb. nov.

(Figs 3Q–T, 5H1)

MycoBank no.: MB 511788

Basionym: Chytridium pollinis-pini A. Braun, Abhandl. Berlin

Akad.: 40 (1855).

Synonyms: Chytridium vagans A. Braun, Monatsber. Berlin Akad.:

588 (1856).

Phlyctidium vagans (A. Braun) Rabenh., Fl. Eur. Alg. 3: 278 (1868).

Rhizophydium pollinis-pini (A. Braun) Zopf, Abhandl. Naturforsch.

Gesell. Halle: 17 (1887).

Type: A. Braun, Abhandl.. Berlin Akad. 1855: 40, pl. 3, figs 1–15

(1855dholotype) d epitypus hic designatus Letcher et al., Mycol.

Res. 112: 765 figs 3Q–T, 770 fig 5H–1 (2008) from observations of

culture ARG 068, GenBank LSU rDNA sequence EF585625, ITS1-

5.8S-ITS2 rDNA sequence EF585665. Culture ARG 068, on which

the epitype is based, is being deposited in CCFC and CBS.

Because no material appeared to remain from Braun’s

original collection (Sparrow 1973), we consider Braun’s illus-

trations of Chytridium pollinis-pini as the holotype (Art. 9.1;

Art. 37.4). The holotype illustrations of C. pollinis-pini are am-

biguous because multiple species with single-pored sporangia

are found in aquatic habitats on algae and this species cannot

be critically identified for purposes of the precise application

of the name of the taxon (Art. 9.7). Culture ARG 068 demon-

strated the form and habitat of Braun’s original descriptions,

and thus we designate illustrations (Fig 3Q–T) from observa-

tions of this culture as the epitype in support of the holotype

for C. pollinis-pini.

Specimen examined: Argentina: Buenos Aires city: Regatas Lake at
Palermo Woods, 34�3301900S–58�2600600W, alt. 6 m, Oct 2006, Culture
ARG 068 collected by Carlos G. Vélez and isolated by Marı́a E. Bar-
rantes on pollen.

Characteristics in culture: On PmTG agar, sporangia were

spherical, up to 25 mm diam, with a single broad apical or lat-

eral papilla (Fig 3T), which became evident a few minutes be-

fore zoospore release. Zoospores 3–4 mm in diameter emerged

in an evanescent vesicle (Figs 3T, 4D), and the sporangial wall

at the edge of the discharge pore was recurved after discharge.

Sparsely branched, isodiametric rhizoids developed from

a slender, delicate main axis (Figs 3R–T). On pollen, sporangia

were sessile or pedicellate and spherical or urceolate when

empty. Resting spores were not observed.
Zoospore: Zoospores contained several mitochondria, a sin-

gle lipid globule partially covered with a fenestrated cisterna

and a microbody, a microtubular root, a fibrillar bridge be-

tween the kinetosome and non-flagellated centriole with

a wide zone of convergence, and vesicles with morphologi-

cally distinct cores in the cytoplasm peripheral to the ribo-

somal core, but not in the vicinity of the kinetosome. The

zoospore had a conspicuous fenestrated cisterna and a lobed

microbody, a portion of which ramified within the ribosomal

mass (Fig 5H1).
Notes: Rhizophydium pollinis-pini was originally observed in

water cultures from aquatic habitats as a saprophyte of pollen

grains (Braun 1855), but later was reported from soil samples

(Remy 1948; Sparrow 1952). Isolate Barr 003, originally isolated

by Paterson (1963, ‘Rhizophydium sp. 2’) on pine pollen from

water samples, resembled Sparrow’s concept (Sparrow 1960)

of R. pollinis-pini in growing on pollen and having a spherical

sporangium with zoospore discharge through an apical pore.

It differed from R. pollinis-pini in the mode of zoospore

discharge. In R. pollinis-pini the zoospores emerged singly,

whereas in Rhizophydium sp. 2 spores were discharged in a ves-

icle. Paterson deposited Rhizophydium sp. 2 as R. pollinis-pini

(Braun) Zopf (CCFC 15717), with a designation of R. sphaerocar-

pum (Zopf) Fischer var. sphaerocarpum as the teleomorph,

although sexuality has not been reported for R. pollinis-pini.

Barr (1975) reported that this isolate discharged its zoospores

in a ‘loose, non-vesicular mass’. Barr & Hadland-Hartmann

(1978) subsequently considered isolate Barr 003 as R. pollinis-

pini. The holotype illustrations of C. pollinis-pini are ambiguous

because multiple species with single-pored sporangia are

found in aquatic habitats on algae and this species cannot

be critically identified for purposes of the precise application

of the name of the taxon. Culture ARG 068 exhibited the

form and habitat of Braun’s original descriptions, and thus

we designate illustrations from observations of this culture

as the epitype in support of the holotype for C. pollinis-pini.

Because the ITS1–5.8–ITS2 sequence of isolate ARG 069 was

100 % similar to that of ARG 068, it is considered the same spe-

cies (but not a type isolate). Resting spores were not observed

with our isolates of Globomyces pollinis-pini.
Urceomyces Letcher, gen. nov.

MycoBank no.: MB 511781



778 P. M. Letcher et al.
Etym: The generic name reflects the urn-like shape of the

discharged sporangium.

Sporangium globosum cum uno porus evacuationis. Zoospora
cum cisterna fenestra inconspicua in globulo lipoideo superficiae.
Corpuscular parvum [microbody] simplece.

Typus: Urceomyces sphaerocarpum (Zopf) Letcher 2008, figurae
4A–D, 5H2. Diagnosus cultura ARG 048 ex pollinis in aquacultura.

Sporangium spherical with a single discharge pore. Zoospore

contains a single lipid globule partially covered with an incon-

spicuous fenestrated cisterna. Microbody is simple.

Urceomyces sphaerocarpum (Zopf) Letcher, comb. nov.

(Figs 4A–D, 5H2)

MycoBank no.: MB 511789

Basionym: Rhizidium sphaerocarpum Zopf, Nova Acta Acad.

Leop.-Carol. 47:202 (1884).

Synonym: Rhizophydium sphaerocarpum (Zopf) A. Fisch.,

Rabenh. Kryptogamen-Fl. 1: 95 (1892).

Type: Zopf, Nova Acta Acad. Leop.-Carol. 47: 202, pl 19, figs

16–27 (1884dholotype); Letcher et al., Mycol. Res. 112: xxx figs

4A–D, xxx fig 5H2 (2008) d epitypus hic designatus from obser-

vations of culture ARG 048, GenBank LSU rDNA sequence

EF585619, ITS1–5.8S–ITS2 rDNA sequence EF585659. Culture

ARG 048, on which the epitype is based, is being deposited in

CCFC and CBS.

Because no material apparently remains from Zopf’s

original collection, we consider Zopf’s illustrations of Rhizi-

dium sphaerocarpum as the holotype (Art. 9.1; Art. 37.4). The

holotype illustrations of R. sphaerocarpum are ambiguous be-

cause multiple species with single-pored sporangia are

found in aquatic habitats on algae and this species cannot

be critically identified for purposes of the precise application

of the name of the taxon (Art. 9.7). Culture ARG 048 demon-

strated the form and habitat of Zopf’s original descriptions,

and thus we designate illustrations (Fig 4A–D) from observa-

tions of this culture as the epitype in support of the holotype

for R. sphaerocarpum.

Specimen examined: Argentina: Corrientes province: small lake at
the Biological Station of the Museo Argentino de Ciencias Natu-
rales ‘Bernardino Rivadavia’, 27�3301000S–58�4004800W, alt. 55 m,
Jun 2006, Culture ARG 048 collected and isolated by Marı́a E. Bar-
rantes and Carlos G. Vélez on pollen.

Characteristics in culture: On PmTG agar, sporangia were

spherical, up to 25 mm diam, with a single broad apical or

lateral papilla (Fig 4D), which became evident a few minutes

before zoospore release. Zoospores 3–4 mm diam emerged in

an evanescent vesicle (Fig 4D), and the sporangial wall at

the edge of the discharge pore was recurved after discharge.

Sparsely branched, isodiametric rhizoids developed from

a slender, delicate main axis (Fig 4B, C). On pollen, sporan-

gia were sessile or pedicellate and spherical or urceolate

when empty. Resting spores formed on pollen but not in

agar cultures. Resting spores were spherical, 12–18 mm diam,
with a smooth colourless wall and contained a single large

lipid globule. The wall became rugose and light brown in

age.

Zoospore: Zoospores contained several mitochondria, a sin-

gle lipid globule partially covered with a fenestrated cisterna

and a microbody, a microtubular root, a fibrillar bridge between

the kinetosome and non-flagellated centriole with a wide zone

of convergence, and vesicles with morphologically distinct

cores in the cytoplasm peripheral to the ribosomal core, but

not in the vicinity of the kinetosome The zoospore had an in-

conspicuous fenestrated cisterna and a simple microbody (Fig

5H2).

Notes: The eight isolates in the clade were isolated from

aquatic habitats. Thallus morphology among isolates in Globo-

mycetaceae was similar.

Confusion over accurate identification of two morphologi-

cally similar aquatic chytrids, Rhizophydium pollinis-pini and R.

sphaerocarpum, is apparent in the literature (Sparrow 1960;

Paterson 1963; Barr 1970). Both species have relatively small,

spherical, single-pored sporangia, with delicate rhizoidal sys-

tems. Our molecular and ultrastructural analyses indicate

that isolates we consider to be the two taxa are indeed closely

related.

Rhizophydium sphaerocarpum was originally observed in

water cultures on algae (Zopf 1884), and like R. pollinis-pini,

also has been reported from soil samples (Reinboldt 1951;

Gaertner 1954). Rhizophydium sphaerocarpum has small,

spherical sporangia with a single apical discharge papilla,

from which zoospores are discharged in an evanescent ves-

icle. The holotype illustrations of R. sphaerocarpum are am-

biguous because multiple species with single-pored

sporangia are found in aquatic habitats on algae and this

species cannot be critically identified for purposes of the

precise application of the name of the taxon. Culture ARG

048 demonstrated the form and habitat of Zopf’s original de-

scriptions, and thus we designate illustrations from observa-

tions of this culture as the epitype in support of the holotype

for R. sphaerocarpum. Our cultures of Urceomyces sphaerocar-

pum had resting spores.

The zoospores of Globomyces and Urceomyces are similar.

Both have a ribosomal core in which the nucleus is embed-

ded, multiple mitochondria outside the ribosomal mass,

a single lipid globule with a microbody and fenestrated cis-

terna, a microtubular root, a wide zone of convergence in

the fibrillar bridge, and distinct thick-membrane bound ves-

icles with uniformly electron-dense contents in the periph-

eral cytoplasm. They differ in character states of two

features: Globomyces has a conspicuous fenestrated cisterna

and a lobed microbody, whereas Urceomyces has an incon-

spicuous fenestrated cisterna and a simple microbody.

Thus, the two genera have been delineated on the bases of

molecular divergence and differences in zoospore

ultrastructure.

Pateramycetaceae Letcher, fam. nov. (Figs 1 clade I, 5I)

MycoBank no.: MB 511776
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Zoospora cum uno globulo lipoideo ex parte cum cisterna fenes-
tra. Kinetosoma et centriolum non flagellatum adligatum cum
materio fibrato adligatum ad asserem attenuatum medium.
[KAS] absentia. Mitochondrion unum, proxima kinetosoma. Cor-
puscular parvum [microbody]lobosum. Vesiculis lata membrana
circumdatis, intus opacis moderatus. Sporangium globosum,
uno poris evacuationis operculatus, rhizoidia diversa.

Typus: Pateramyces Letcher 2008.

Zoospore contains a single lipid globule partially covered

with a fenestrated cisterna. Kinetosome and non-flagellated cen-

triole are parallel and connected by fibrillar material with

a zone of convergence approximately 0.010–0.025 mm in width

centrally located between the two structures. Kinetosome-

associated structure (KAS) is absent. Mitochondrion single,

a lobe of which lies above and proximal to the kinetosome.

Microbody lobed. Walled, moderately electron-dense vesicles

occur in the peripheral cytoplasm, often proximal and lateral

to the kinetosome. From aquatic habitats, saprophytic on

pollen.

A new genus is described to accommodate a new species.

Pateramyces Letcher, gen. nov.

Etym.: The generic name reflects the shallow dish or

saucer-shape of the operculum.

Sporangium globosum cum uno poris evacuationis opeculatus.
Zoospora cum cisterna fenestra in globulo lipoideo superficiae.
Mitochondrion unum. Vesiculis lata membrana circumdatis, intus
opacis moderatus.

Typus: Pateramyces corrientinensis Letcher 2008.

Sporangium spherical with a single discharge pore. Zoospore

contains a single lipid globule partially covered with a fenes-

trated cisterna. Mitochondrion single.

Pateramyces corrientinensis Letcher, sp. nov. (Figs 4E–H, 5I)

Etym: The specific epithet acknowledges the geographic

origin of isolates in this clade.

Latin diagnosis not required (Art. 42.1 Ex. 2)

Type: Letcher et al. 2008, Mycol. Res. 112: 766 figs 4E–H, 770

fig 5H–I (2008) from observations of culture ARG 046, GenBank

LSU rDNA sequence EF585617, ITS1–5.8S–ITS2 rDNA sequence

EF585657. Culture ARG 046, on which the type is based, is

being deposited in CCFC and CBS.

Specimen examined: Argentina: Corrientes Province: a small lake at
the Biological Station of the Museo Argentino de Ciencias Natu-
rales ‘Bernardino Rivadavia’, 27�3301000S–58�4004800W, alt. 55 m,
Jun 2006, Culture ARG 046 collected and isolated by Marı́a E. Bar-
rantes and Carlos G. Vélez on pollen.

Characteristics in culture: On PmTG agar, sporangia were

spherical (Fig 4F, G), up to 30 mm diam, with a single broad

apical or subapical papilla. Zoospores were spherical, 3–4 mm

in diam, and emerged from the sporangium in a vesicle

through a discharge pore formed by the dehiscence of
a circular operculum (Fig 4H). The operculum was completely

separated and pushed away from the sporangium by the

expanding discharge vesicle (Fig 4H). The rhizoidal system

consisted of a rhizoidal axis and extensive, branched, isodia-

metric rhizoids (Fig 4F–H). Resting spores not observed.

Zoospore: The zoospore contained a single mitochondrion,

a portion of which was anterior to the kinetosome, a single

lipid globule partially covered with a fenestrated cisterna

and a lobed microbody, a microtubular root, a fibrillar bridge

between the kinetosome and non-flagellated centriole with

a narrow zone of convergence, and vesicles with morphologi-

cally distinct cores adjacent to the kinetosome.

Notes: Pateramycetaceae is composed of three isolates from

Argentina.Isolates in Pateramyces were characterized by spo-

rangia that were spherical at maturity, with a single discharge

pore and branched, extensive rhizoids. Zoospores were dis-

charged in a vesicle following circumsessile dehiscence of

an operculum. Because ITS1–5.8S–ITS2 sequences of isolates

ARG 027 and ARG 031 were 100 % similar to that of ARG 046,

they are considered the same species (but not type isolates).

Among all isolates observed in this study, members of

Pateramyces are morphologically distinct in having an opercu-

late sporangium. Another member of the Rhizophydiales clade,

isolate JEL 223, is also operculate (James et al. 2006; Letcher

et al. 2006). However, the LSU sequence similarity between

JEL 223 and ARG 046 is 85 %, and ITS sequence similarity is

62 %, and they do not group in the same clade (unpublished

results).

Terramycetaceae Letcher (Letcher et al. 2006)

(Figs 1 clade A, 2A–D, 5A1–A2)

Terramycetaceae contained nine isolates including PL 003,

the epitype culture for Terramyces (T. subangulosum), PL AUS

021, the epitype culture for Boothiomyces (B. macroporosum),

and one isolate from Argentina, ARG 040, which was sister

to all other isolates in Terramycetaceae.

Morphology of eight isolates in this clade has been previ-

ously described (Letcher et al. 2006). Isolate ARG 040 (Fig 2A–

D) is described as follows: on PmTG agar, mature sporangia

were spherical, 40–48 mm diam (Fig 2D), with multiple slightly

raised dome-shaped papillae and an extensive rhizoidal

system (Fig 2B–C). On pollen, sporangia were angular and

the papillae more prominent than when on PmTG agar (see

Letcher et al. 2006, Fig 2E–G). A resting stage was not observed.

The zoospores of the two genera of Terramycetaceae

[Terramyces (Fig 5A1) and Boothiomyces (Fig 5A2)] have been pre-

viously described (Letcher et al. 2006). The zoospore of isolate

ARG 040 was similar to that of Boothiomyces (Fig 5A2). Briefly,

the zoospore contained multiple mitochondria, a single lipid

globule partially covered with a fenestrated cisterna and

a simple microbody, a microtubular root, a vesiculated region

adjacent to the kinetosome, a kinetosome-associated struc-

ture as a solid spur, and a fibrillar bridge with a narrow zone

of convergence.

Terramycetaceae is a family composed primarily of soil-

inhabiting chytrids that are saprotrophs of pollen grains. It

is not surprising that among the 38 ingroup isolates in this
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study from aquatic habitats in Argentina, only one (ARG 040)

grouped with Terramycetaceae. Although uncommon, recov-

ery of a member of Terramycetaceae from an aquatic habitat

is not unknown. For example, the epitype of Terramyces, T.

subangulosum, is found both in aquatic habitats on Oscillatoria

and in soil as a saprotroph of pollen grains (Letcher et al.

2006).

Kappamycetaceae Letcher (Letcher et al. 2006)

(Figs 1 clade C, 2J–M, 5C)

Kappamycetaceae contained seven isolates. Isolates grouped

in two subclades, one of which included PL 098, the type cul-

ture for Kappamyces (K. laurelensis; Letcher & Powell 2005),

and one which included isolate Barr 316 and an isolate from

Argentina, ARG 063.

The morphology of the six North American isolates in this

clade is described in Letcher et al. 2006 and Letcher & Powell

2005. Isolate ARG 063 (Fig 2J–M) from Argentina was a member

of this clade, and is described as follows. On PmTG agar the

immature sporangia were laterally umbonate at the origin of

the rhizoids (Fig 2K). Immature sporangia appeared to have

developed and enlarged from a portion of the zoospore cyst

(the umbo) at the base of the developing sporangium. Mature

sporangia were spherical to slightly subspherical and 20–

30 mm diam, (Fig 2L–M), with up to 12 blunt, conical discharge

papillae (Fig 2L). Rhizoids were branched, and arose from

a main axis (Fig 2K–M). Upon discharge, zoospores often

remained clustered in the vicinity of the discharge pores and

germinated in situ.

The zoospore of the single genus of Kappamycetaceae

(Kappamyces), including the six isolates from North America

included in this study, is described in Letcher et al. 2006 and

Letcher & Powell 2005. The zoospore of isolate ARG 063 was

similar to that of Kappamyces (Fig 5C). The zoospore contained

a single mitochondrion, a portion of which was adjacent to the

terminal end of the kinetosome, a single lipid globule partially

covered with a simple cisterna and a simple microbody, all

within the ribosomal mass. The kinetosome and non-

flagellated centriole were parallel, or the terminal end of the

non-flagellated centriole was slightly angled toward the kinet-

osome, and contained a densely granular core located cen-

trally in each structure. The fibrillar bridge that connects the

kinetosome to the non-flagellated centriole was positioned

diagonally between the two structures and lacked a zone of

convergence. One to five vesicles with morphologically dis-

tinct, reniform-shaped matrices clustered around the kineto-

some and non-flagellated centriole.

Kappamyces is distinguishable from all other members of

Rhizophydiales in morphology, zoospore ultrastructure, and

molecular constitution. Members of Kappamycetaceae are pri-

marily soil inhabiting chytrids that are saprotrophs of pollen

grains. Among the Argentina isolates, ARG 063 was the only

isolate to group with Kappamycetaceae isolates. ARG 063 was

isolated from a roadside pond in a floodplain, a habitat that

cycled between wet and dry and might be considered an

aquatic/terrestrial interface. Within Kappamycetaceae, ARG

063 was grouped with isolate Barr 316, identified as Rhizophy-

dium patellarium Scholz (1958) which was isolated from a salt

marsh (DJS Barr, pers. comm.) on pine pollen bait. Thus both

of these isolates are from habitats not considered purely
aquatic. Isolates ARG 063 and Barr 316 (Barr 1971) are not

morphologically similar, and thus may represent additional

species in Kappamyces.

Rhizophydiaceae Letcher (Letcher et al. 2006)

(Figs 1 clade J, 4I–T, 5J)

Rhizophydiaceae contained 16 isolates including JEL 222, the

epitype culture for Rhizophydium (R. globosum). Fifteen of the

isolates grouped in three well-supported subclades of five iso-

lates each, and isolate ARG 016 was sister to the other 15

isolates.

The 16 isolates in this clade were morphologically di-

verse (Fig 4I–T). Sporangial size varied, and most sporangia

were subspherical to spherical at maturity (Fig 4L, P, T). Rhi-

zoids were slightly branched or robust and extensive (Fig

4K, O). Zoospores swarmed in the sporangium prior to dis-

charge, then emerged singly, as a loose mass, or in a trans-

parent vesicle through one or more discharge pores (Fig 4T).

Resting spores, when observed, were spherical. Isolates

were from aquatic or terrestrial habitats, and were cultured

on pollen.

The zoospores of the single genus of Rhizophydiaceae (Rhi-

zophydium), including the seven isolates from North Amer-

ica and two isolates from Australia in this clade, have

been previously described (Letcher et al. 2006). The zoo-

spores of the Argentina isolates examined were similar to

that of Rhizophydium (Fig 5J). Briefly, the zoospore contained

multiple mitochondria, a single lipid globule partially cov-

ered with a fenestrated cisterna and a simple microbody,

a microtubular root, a vesiculated region adjacent to the

kinetosome, a kinetosome-associated structure (KAS) as

a laminated spur, and a fibrillar bridge between the kineto-

some and non-flagellated centriole with a wide zone of

convergence.

Rhizophydiaceae Letcher (Letcher et al. 2006) is presently

composed of a single genus, Rhizophydium Schenk (1858).

Members of this family express significant morphological

and ecological divergence, and occur both in aquatic habi-

tats as algal parasites and saprophytes, and in terrestrial

habitats as saprobes of refractory material such as chitin,

keratin, cellulose, and pollen grains. Of the 38 isolates

from Argentina, seven grouped in Rhizophydiaceae, more

than in any other family in Rhizophydiales. The seven iso-

lates exhibit morphological diversity, but are conserved in

zoospore ultrastructure. Of interest, no Argentina isolates

grouped with the type of Rhizophydium, R. globosum (JEL

222). Three Argentina isolates (ARG 051, ARG 052, and

ARG 055) formed a clade with isolate PL 149A, which was

isolated from soil at the aquatic/terrestrial interface of

a spring-fed lake. ITS1–5.8S–ITS2 sequences among these

isolates were >0.996 % similar. Two other isolates from

Argentina (ARG 013 and ARG 014) grouped with two isolates

from Australia (PL AUS R 002 and PL AUS R 014), and ITS1–

5.8S–ITS2 sequences among these isolates were >0.91 %

similar.

Although Rhizophydiaceae is a monophyletic clade, sup-

port for subclades within the family indicates that it may

be composed of multiple genera. Delineation of additional

taxa in the family will require additional ultrastructural

and molecular analyses.



Taxonomic key to families and genera of Rhizophydiales

1 Kinetosome and non-flagellated centriole each with a densely granular core...........................Kappamycetaceae: Kappamyces

Kinetosome and non-flagellated centriole each without a densely granular core.......................................................................2

2 (1) Fibrillar bridge between kinetosome and non-flagellated centriole diagonal between the two structures. ...........................

.................................................................................................................................................................Alphamycetaceae: Alphamyces

Fibrillar bridge between kinetosome and non-flagellated centriole parallel to and centrally located between the two structures.3

3 (2) Zone of convergence in fibrillar bridge connecting kinetosome to non-flagellated centriole wide (approximately

0.075 mm). ......................................................................................................................................................................................... 4

Zone of convergence in fibrillar bridge connecting kinetosome to non-flagellated centriole narrow (approximately

0.01–0.025 mm). ................................................................................................................................................................................7

4 (3) Kinetosome-associated structure (KAS) as a spur present.........................................................Rhizophydiaceae: Rhizophydium

Kinetosome-associated structure (KAS) absent. .............................................................................................................................5

5 (4) Mitochondrion lies above and anterior to the kinetosome. ........................................................... Aquamycetaceae: Aquamyces

Mitochondrion does not lie above, nor is anterior to, the kinetosome. .......................................................................................6

6 (5) Fenestrated cisterna conspicuous, microbody lobed. .....................................................................Globomycetaceae: Globomyces

Fenestrated cisterna inconspicuous, microbody simple. ................................................................Globomycetaceae: Urceomyces

7 (3) Cisterna appressed to the lipid globule is simple .............................................................................................................................8

Cisterna appressed to the lipid globule is fenestrated. ..................................................................................................................9

8 (7) Microbody lobed, with a portion anterior to the kinetosome..................................................... Angulomycetaceae: Angulomyces

Microbody simple, not anterior to the kinetosome. ........................................................................ Terramycetaceae: Terramyces

9 (7) Mitochondrion lies above and anterior to the kinetosome..........................................................................................................10

Mitochondrion does not lie above, nor is it anterior to, the kinetosome.....................................................................................11

10 (9)Distinct vesicles adjacent to the kinetosome. ...............................................................................Pateramycetaceae: Pateramyces

No distinct vesicles adjacent to the kinetosome.....................................................................Gorgonomycetaceae: Gorgonomyces

11 (9) Kinetosome-associated structure (KAS) as a spur present. ........................................................Terramycetaceae: Boothiomyces

Kinetosome-associated structure (KAS) absent ....................................................................... Protrudomycetaceae: Protrudomyces
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Discussion

The purpose of this study was to reveal the biodiversity of

chytrid isolates in the Rhizophydiales from two continents

joined by the Central American land bridge, to explore

whether isolates are cosmopolitan or endemic to regions

or continents. In our phylogenetic studies, only two new

families (Alphamycetaceae and Pateramycetaceae) were com-

posed exclusively of Argentina isolates. Within the families

Terramycetaceae, Gorgonomycetaceae, Protrudomycetaceae, Aqua-

mycetaceae, and Angulomycetaceae there were subclades

composed exclusively of isolates from Argentina, and within

the families Terramycetaceae, Kappamycetaceae, Protrudomyce-

taceae, Globomycetaceae, and Rhizophydiaceae there were

subclades composed exclusively of isolates from North

America. Although this is indicative of evolutionary diver-

gence, it also may be a manifestation of sampling size.

Thus, through broader studies of isolates and additional ge-

netic data in each family, new genera and species may be

determined.
The gene sampling in our study is adequate to resolve

family relationships, and those family relationships are

congruent with zoospore morphology. However, as has

been repeatedly shown, multiple genes are necessary to

resolve phylogenetic relationships. Thus, both molecular

and ultrastructural data are informative for delineation of

families in Rhizophydiales, but clearly greater sampling is

needed to resolve phylogenetic relationships among families

in the order.
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