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a b s t r a c t

Rhizophlyctis rosea (Chytridiomycota) is an apparently ubiquitous, soil-inhabiting, cellulose-

degrading chytrid that is the type for Rhizophlyctis. Previous studies have revealed multiple

zoospore subtypes among morphologically indistinguishable isolates in the R. rosea com-

plex sensu Barr. In this study we analysed zoospore ultrastructure and combined nu-

rRNA gene sequences (partial LSU and complete ITS1–5.8S–ITS2) of 49 isolates from globally

distributed soil samples. Based on molecular monophyly and zoospore ultrastructure, this

group of Rhizophlyctis rosea-like isolates is designated as a new order, the Rhizophlyctidales.

Within the Rhizophlyctidales are four new families (Rhizophlyctidaceae, Sonoraphlyctidaceae,

Arizonaphlyctidaceae, and Borealophlyctidaceae) and three new genera (Sonoraphlyctis, Arizona-

phlyctis, and Borealophlyctis).

ª 2008 The British Mycological Society. Published by Elsevier Ltd. All rights reserved.
Introduction Based on fundamental differences in zoospore ultrastruc-
The genus Rhizophlyctis Fischer (1892) circumscribes chytrids

having a monocentric, eucarpic, interbiotic, inoperculate spo-

rangium with one or more discharge papillae and several un-

branched or branched rhizoidal axes of which only the tips are

endobiotic. The genus includes 36 described species (Sparrow

1960; Karling 1977; Longcore 1996; Index Fungorum http://

www.indexfungorum.org). The type is Rhizophlyctis rosea (de

Bary & Woronin) Fischer 1892 (Clements & Shear 1931), a com-

mon soil chytrid. Johanson (1944) moved the type to Karlingia,

and Blackwell & Powell (1999) have thoroughly addressed the

nomenclatural propriety of Rhizophlyctis rosea and the illegiti-

mate nature of Karlingia. To summarize, Johanson consis-

tently observed endo-operculate sporangial papillae of the

Rhizophlyctis rosea material she examined, and based Karlingia

(and K. rosea) solely on the previously and validly described ge-

nus and species, Rhizophlyctis and R. rosea, which created

nomenclaturally superfluous genus and species names (Arts).
960; fax: þ1 205 348 1786.
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ture among chytrids in the order Chytridiales, Barr (1980) delin-

eated the order Spizellomycetales, with the new family

Spizellomycetaceae to include four new genera (Spizellomyces,

Gaertneriomyces, Kochiomyces, and Triparticalcar) and Karlingia

(Rhizophlyctis), and the extant family Olpidiaceae to include

Olpidium (Rabenhorst 1868), Entophlyctis (Fischer 1892), and

provisionally, Rozella (Cornu 1872). Recent molecular studies

(James et al. 2006) indicate that Olpidium brassicae groups

among the Zygomycota, and Rozella is basal to the Chytridiomy-

cota in the earliest diverging lineage in the fungi. Longcore

et al. (1995) rejected Barr’s (1980) emended description

of Entophlyctis and described the new genus Powellomyces for

the soil inhabiting isolates with a spizellomycetalean-type

zoospore (Barr 1971; Booth 1971d; Chong & Barr 1974; Powell

& Koch 1977). Consequently, Entophlyctis, previously trans-

ferred to the Spizellomycetales, is currently recognized as

a member of Chytridiales based on zoospore ultrastructure

(Longcore 1995).
. Published by Elsevier Ltd. All rights reserved.

http://www.indexfungorum.org
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Rhizophlyctis rosea, a cellulose decomposer, is one of the most

often observed (Booth 1969, 1971a, b, c; Hassan 1993; Karling

1976; Kobayasi & Konno 1969; Letcher et al. 2004a; Sparrow

1965; Sparrow & Dogma 1973, among others) and thoroughly

studied of soil chytrids (Bernstein 1968; Cantino & Hyatt 1953;

Dogma 1973, 1974; Gleason et al. 2004; Griffiths & Jones 1963;

Haskins & Weston 1950; LéJohn & Lovett 1966; Novogrudskii &

Tepliakova 1950; Stanier 1942; Ward 1939; Weber & Webster

2000; Whiffen 1941; Willoughby 1958, 1983a,b, 1998, 2001 among

others). Dogma (1973) studied a near worldwide collection of 93

pure culture isolates of R. rosea, and because of observed mor-

phological plasticity, determined that those isolates could not

be distinguished from one another on a morphological basis.

The first ultrastructural examination of the zoospore of R. rosea

(Chambers & Willoughby 1964) was from sectioned sporangia.

Barr & Hartmann (1977) elucidated the ultrastructure of free-

swimming zoospores of two isolates of R. rosea, which differed

in the arrangement of their organelles. These zoospores were

designated as subtypes A and B in the R. rosea complex (Barr &

Hartmann 1977). In a subsequent paper, Barr & Désaulniers

(1986) examined the ultrastructure of eight additional isolates

in the R. rosea complex. In addition to isolates having zoospore

subtypes A and B, Barr & Désaulniers (1986) described two other

zoospore subtypes, designated as subtypes C and D.

In this study we analysed zoospore ultrastructure and com-

bined nu-rRNA gene sequences (LSU and ITS1–5.8S–ITS2) of 49

isolates in the Rhizophlyctis rosea complex (sensu Barr) from

globally distributed soil samples. We included ten isolates

that had been previously studied ultrastructurally (Barr &

Hartmann 1977; Barr & Désaulniers 1986), with representatives

of the four described zoospore subtypes. As well as being

a monophyletic clade sister to the Spizellomycetales (James

et al. 2006), the Rhizophlyctis clade encompasses organisms

with zoospore ultrastructure distinct from members of the

Spizellomycetales. Thus, based on molecular monophyly and

zoospore ultrastructure, this group of Rhizophlyctis rosea-

like isolates is designated as a new order, the Rhizophlycti-

dales. Within the Rhizophlyctidales are four new families

(Rhizophlyctidaceae, Sonoraphlyctidaceae, Arizonaphlyctidaceae,

and Borealophlyctidaceae) and three new genera (Sonoraphlyctis,

Arizonaphlyctis, and Borealophlyctis). The degree of genetic

variation within the order requires the establishment of

families, each with a distinct zoospore, to accommodate

hierarchical relationships. The order Spizellomycetales is not

emended, because the ordinal description for Spizellomyce-

tales (Barr 1980) did not include specific ultrastructural fea-

tures of members of the Rhizophlyctis rosea complex. Thus,

removing Rhizophlyctis from the Spizellomycetales does not

alter the ordinal diagnosis.
Materials and methods

Taxonomic sampling

We examined 49 isolates in the Rhizophlyctis clade (James et al.

2006) and two outgroup isolates: Spizellomyces punctatus (Barr

1980), a member of the sister clade Spizellomyces (Spizellomyce-

tales), and BR 097, Chytriomyces hyalinus, a member of the sister

clade Chytriomyces (Chytridiales) (James et al. 2006). DNA was
extracted from cultures maintained at the Agriculture and

AgriFood Canada, Ottawa (DAOM), Centraalbureau voor

Schimmelcultures (CBS), The University of Alabama (UA),

and the University of Maine (UM). Origins, source of isolates,

and GenBank accession numbers are listed in Table 1.

Sample preparation

DNA was purified and amplified for sequencing (Letcher &

Powell 2005) from pure culture isolates (Table 1). With the ex-

ception of isolate BR 429, all isolates were actively growing cul-

tures. DNA was recovered from a culture of isolate BR 429 that

had been stored in liquid nitrogen, but which did not grow

when transferred. 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 LSU analyses, partial nucleotide

sequences of the LSU rRNA gene (875–895 bp from the 50 end)

and ITS1–5.8S–ITS2 sequences (586–722 bp from the 50 end;

Table 1) were generated.

Phylogenetic analyses

Contiguous sequences were assembled and aligned (Letcher

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

were combined with complete ITS1–5.8S–ITS2 sequences. MP

analysis was conducted in PAUP 4b10 (Swofford 2002). MP

phylogenetic trees were constructed using PAUPRat (Sikes &

Lewis 2001) as described (Letcher et al. 2004b). ModelTest

(v. 3.06, Posada & Crandall 1998) was used to calculate the most

appropriate model of DNA substitution, and Bayesian analysis

used MrBayes 3.0 (Huelsenbeck & Ronquist 2001). Bayesian

tree inference with MCMC sampling used four simultaneous

Markov chains run over 1 M generations. Trees were sampled

every 100 generations, with an overall sampling of 10 001

trees. Burn-in was calculated when the average standard devi-

ation of split frequencies had declined to <0.01. A consensus

of remaining trees was used to compute a majority rule tree

to obtain estimates for PPs.

Morphology and origin of isolates

Ingroup isolates (except isolate BR 429) were grown on pep-

tone/yeast extract/glucose agar (PYG) agar (Fuller & Jaworski

1987) and examined by LM (either a Nikon Labophot-2 or Zeiss

Axioskop) to assess range and variation in thallus structural

features. Origin (geographic location) of isolates was assessed

for geographical correlation of isolates within phylogenetic

clades.

TEM

Fixation and observation of zoospores followed procedures

described in Letcher & Powell (2005). Zoospores were exam-

ined on a Zeiss 10A or Hitachi 7650 transmission electron mi-

croscope. We examined zoospore ultrastructure of 30 of the 49

ingroup isolates (Table 1).

Zoospores were examined for the presence or absence of

a fibillar rhizoplast, morphology of the fibrillar rhizoplast

when present, distribution of ribosomes in the cytoplasm,



Table 1 – Taxon sampling for phylogenetic analyses of 49 isolates in Rhizophlyctidales (Chytridiomycota)

Isolate Zoospore
subtype

Geographic origin (isolater) Source GenBank

28S ITS

AUS 13b A Australia: NSW (P.M. Letcher) UA EU379156 EU379199

AUS 33b B Australia: NSW (P.M. Letcher) UA EU379157 EU379200

BR 60 (CBS 278.76)a,b B Central America: Mexico (F.V. Ranzoni) DAOM, CBS EU379158 EU379201

Sonoraphlyctis ranzonii [ex-type]

BR 109a A USA: California (J.T. Booth) DAOM AY349078 AY349105

BR 185 (CBS 124.41)b A Europe: Croatia (G. Sörgel ) DAOM, CBS EU379159 EU379202

BR 186 (CBS 562.65)a,b A Europe: Germany (A. Gaertner) DAOM AY349079 AY349106

Rhizophlyctis rosea [epitype]

BR 187 (CBS 967.69)b A Europe: Germany (I. Persiel ) DAOM, CBS EU379160 EU379203

BR 223a A Canada: British Columbia

(D.J.S. Barr and N.L. Désaulniers)

DAOM EU379161 EU379204

BR 246a A USA: North Carolina (C.J. Lucarotti) DAOM EU379162 EU379205

BR 251 A USA: Florida (C.J. Lucarotti) DAOM EU379163 EU379206

BR 254a,b A Africa: South Africa (C.J. Lucarotti) DAOM EU379164 EU379207

BR 274a,b A Canada: British Columbia (D.J.S. Barr) DAOM EU379165 EU379208

BR 280b A Canada: British Columbia (D.J.S. Barr) DAOM EU379166 EU379209

BR 286 A Africa: South Africa (D.J.S. Barr) DAOM EU379167 EU379210

BR 287 A Canada: British Columbia (D.J.S. Barr) DAOM EU379168 EU379211

BR 292a,b A Canada: British Columbia (D.J.S. Barr) DAOM EU379169 EU379212

BR 368a,b D Canada: British Columbia (D.J.S. Barr) DAOM EU379170 EU379213

Borealophlyctis paxensis [ex-type]

BR 429a,b C USA: Arizona, USA (D.J.S. Barr) DAOM EU379171 EU379214

Arizonaphlyctis lemmonensis [ex-type]

BR 442 A United Kingdom: England (D.J.S. Barr) DAOM EU379172 EU379215

BR 453 A Canada: Ontario (D.J.S. Barr) DAOM EU379173 EU379216

BR 460 A Canada: Ontario (D.J.S. Barr) DAOM EU379174 EU379217

BR 461 A Canada: Ontario (D.J.S. Barr) DAOM EU379175 EU379218

BR 462 A Canada: Ontario (D.J.S. Barr) DAOM EU379176 EU379219

BR 509 A United Kingdom: Wales (D.J.S. Barr) DAOM EU379177 EU379220

BR 592 A Australia: NSW (D.J.S. Barr) DAOM EU379178 EU379221

CBS 124.41(Barr 185)b A Europe: Croatia (G. Sörgel ) CBS EU379159 EU379202

CBS 576.84a A United Kingdom: England (R.L. Blanton) CBS EU379179 EU379222

DAOM 226233 (Fuller 95-48)b A USA: prob. Georgia (M.S. Fuller) DAOM EU379180 EU379223

DAOM 229843b D Canada: Ontario (D.J.S. Barr) DAOM EU520517 EU520519

JEL 193 (DAOM 226233)b A USA: prob. Georgia (M.S. Fuller) DAOM, UM EU379180 EU379223

JEL 205b B USA: Colorado (C.A. Lozupone) UM EU379181 EU379224

JEL 318b A USA: Georgia (J.E. Longcore) UM DQ273787 AY997078

JEL 532 A USA: Michigan (J.E. Longcore) UM EU379182 EU379225

JM 001b A USA: Alabama (J. Mitchell ) UA EU379183 EU379226

KP 007 A Australia: NSW (K.T. Picard ) UA EU379185 EU379228

KP 015 A Africa: South Africa (K.T. Picard ) UA EU379186 EU379229

KP 016b A Australia: NSW (F.H. Gleason, BV80H) UA EU379187 EU379230

KP 018 A Africa: Mauritius (K.T. Picard ) UA EU379188 EU379231

KP 034 A United Kingdom: Scotland (K.T. Picard ) UA EU379189 EU379232

KP 035 B United Kingdom: Scotland (K.T. Picard ) UA EU520516 EU520518

KP 036 A United Kingdom: Scotland (K.T. Picard ) UA EU379190 EU379233

PL 100b A USA: Virginia (P.M. Letcher) UA EU379191 EU379234

PL 103b A USA: Georgia (M.J. Powell ) UA EU379192 EU379235

PL 131 A USA: Virginia (P.M. Letcher) UA EU379193 EU379236

PL 132b A United Kingdom: England (P.M. Letcher) UA EU379194 EU379237

PL 134b A USA: Virginia (P.M. Letcher) UA EU379195 EU379238

PL 140b A South America: Colombia (P.M. Letcher) UA EU379196 EU379239

RT 003b A USA: Alabama (R. Tolliver) UA EU379197 EU379240

Outgroup:

BR 097 Chytriomyces hyalinus DAOM AY349065 AY349119

SW 001 Spizellomyces punctatus UA EU379198 EU379241

a Isolates for which ultrastructural analysis was from published work.

b Isolates for which zoospore ultrastructure was examined in this paper.

A new order, Rhizophlyctidales 1033
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morphology of the nucleus, proximity of the nucleus to the ki-

netosome, orientation of the kinetosome and non-flagellated

centriole, number of lipid globules, and aggregation or dis-

persal of ribosomes in the cytoplasm.
Results

Phylogenetic analyses

The combined data had 2153 characters, with 758 parsimony-

informative sites. Of 1005 trees derived from PAUPRat, 647

most parsimonious trees (length¼ 3175 steps, CI¼ 0.517,

RI¼ 0.781) were used to compute a majority rule 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 ap-

proximated by a gamma distribution (GTRþIþG). In the Bayes-

ian analysis, the first 700 trees were discarded. A consensus of

9301 trees was used to compute a majority rule consensus

tree. MP and Bayesian tree topologies were congruent; conse-

quently, only the Bayesian tree is illustrated (Fig 1), with MP BS

support values and Bayesian PP values for all nodes.

Clade A, with 100 % support, contained 42 isolates in what

we consider to be the Rhizophlyctis rosea complex. LSU se-

quences among the isolates were >91 % similar and ITS1–

5.8S–ITS2 sequences were >60 % similar. Clade A revealed

deep phylogenetic structure, with two major and strongly

supported subclades. Within each of these subclades there

were additional clusters of isolates that were statistically sup-

ported. Clade B, with 100 % support, contained four isolates

(BR 060, JEL 205, KP 035, and PL AUS 033). Clade C contained

a single isolate, BR 429. Clade D contained a two isolates, BR

368 and DAOM 229843.
Morphology and geography

All isolates were examined with LM, and wide variation and

range were observed in thallus development (Figs 2–5). All

but one isolate was isolated from cellulose substrate (dialysis

tubing, filter paper, onion epidermis, or grass leaves). Isolate

BR 368 was isolated from pine pollen bait.

The majority of isolates (26) were from North America

[Canada: British Columbia n¼ 5, Ontario n¼ 6; USA (from

nine states) n¼ 14; Mexico n¼ 1]. Nine isolates were from

Europe (Scotland n¼ 3, England n¼ 4, Germany n¼ 2, Croatia

n¼ 1), five isolates from Australia (New South Wales), four

from Africa (South Africa n¼ 3, Mauritius n¼ 1), one from

South America (Colombia), and one from the Caribbean (Bar-

bados). BR 185 and CBS 124.41 were the same culture obtained

from different culture collections, as were isolates DAOM

226233 and JEL 193.
Zoospore ultrastructure analysis

Ultrastructural analysis indicated that zoospores of isolates

examined in this study (Table 1) had features of the Rhizophlyc-

tis rosea complex (sensu Barr & Désaulniers 1986) zoospore sub-

types, which exhibited diversity among several characters
(Fig 6A–D). Suites of zoospore ultrastructural characters and

character states defined unique zoospore subtypes (Figs 6–

10) that correlated with molecular clades (Fig 1).

Isolates examined in this study (Table 1) had: (1) ribosomes

either dispersed in the cytoplasm (Figs 6A–B, 7A, C, 8A, D)

or aggregated in the cytoplasm (Figs 6C–D, 9A, D, 10A, D);

(2) either one or two large lipid globules (Figs 6D, 10A, D) or

multiple smaller lipid globules (Figs 6A–C, 7A, 8D, 9A); (3) mul-

tiple mitochondria (Figs 6A–D, 7A, C, 8A, D, 9A, D, 10D); (4) a

single nucleus, either with a posterior extension of the

nucleus (Figs 6B, D, 8C) or without an extension (Figs 6A, C, 7A,

9A); (5) a single, lobed microbody or multiple microbodies

scattered throughout the cytoplasm (Figs 6A–D, 7A, D, 8A,

9A, F, 10A, D); (6) a Golgi apparatus in the cytoplasm (Figs

6A–D, 9B); (7) a non-flagellated centriole, the anterior end of

which was orientated at about 20–45� toward the anterior end

of the kinetosome (Figs 6A–D, 8B, 9C, 10C); and (8) a non-

flagellated centriole and kinetosome connected by fibrillar

material (Figs 6A–D, 8B, 9C, 10C). Isolates had a short (ca

0.35 mm in length) fibrillar rhizoplast (Figs 6B, 8A–B) or an

extensive (ca 1.35 mm in length) fibrillar rhizoplast (Figs 6A,

7A–B, D) between the posterior end of the nucleus or the ex-

tension of the nucleus and the anterior end of the kinetosome,

or lacked a fibrillar rhizoplast.
Taxonomy

Among chytrids generally, morphological variation often pre-

cludes lower level taxon determination, and thus molecular

and ultrastructural studies are necessary for taxonomic as

well as phylogenetic determinations. In the inferred molecu-

lar-based phylogeny (Fig 1), four monophyletic clades (Fig 1,

clades A–D) were delineated and were congruent with varia-

tion in zoospore ultrastructure (Figs 6–10). The four clades

represent four new families (Rhizophlyctidaceae, Sonoraphlycti-

daceae, Arizonaphlyctidaceae, and Borealophlyctidaceae) in a newly

circumscribed order, Rhizophlyctidales.

Rhizophlyctidales Letcher, ord. nov.
MycoBank no.: MB 511793

Thallus monocentricus, eucarpicus, sporangium intervi-

tum, inoperculatum aut endo-operculatum, cum uno aut

multi apparatus evacuationis, rhizoidea axes multi. En zoo-

sporum centriolum non flagellatum non parallum ad kineto-

soma, mitochondria multi, ribosomata per cytoplasma

dispersa aut summa, globulo lipodeo uno aut multi, microtu-

buli en cytoplasm absentia.

Thallus monocentric, eucarpic; sporangium interbiotic, in-

operculate or endo-operculate with one or several discharge ap-

paratus, rhizoidal axes multiple. In the zoospore, kinetosome at

acute (<40�) angle to the non-flagellated centriole and attached

to it by fibrillar material throughout most of the length of the

non-flagellated centriole, mitochondria numerous, ribosomes

dispersed or aggregated in the cytoplasm, lipid globules single

or multiple, cytoplasmic microtubules absent.

Rhizophlyctidaceae Letcher, fam. nov.

(Figs 1 (clade A), 2A–H, 6A, 7A–D)



Fig 1 – A majority-rule consensus phylogram of Rhizophlyctidales based on analyses of combined (LSU D ITS1–5.8S–ITS2) data

for 47 ingroup isolates. Based on molecular and ultrastructural divergence, clades A–D represent new families Rhizophlycti-

daceae, Sonoraphlyctidaceae, Arizonaphlyctidaceae, and Borealophlyctidaceae. Types indicated in boldface. Numbers above

branches or to the left of slashes (/) indicate support above 0.5 in 1K BS replicates with parsimony analysis. Numbers below

branches or to the right of slashes represent probability of nodes in Bayesian analysis.

A new order, Rhizophlyctidales 1035
MycoBank no.: MB 511794
En zoosporum ribosomata per cytoplasma dispersa, globulo
lipoideo multi, nucleus consociatus kinetosoma via [rhizoplast],
[rhizoplast] magnus, [microbody lobes] numerosus.

Typus: Rhizophlyctis Fischer 1892.

Zoospore: Ribosomes dispersed in the cytoplasm; endo-

plasmic reticulum (ER) scattered in the cytoplasm; lipid
globules numerous; nucleus helmet-shaped and associated

directly with the kinetosome and non-flagellated centriole

by an extensive striated fibrillar rhizoplast; microbody

lobes or multiple microbodies abundant around the

rhizoplast.

At present there is a single genus, Rhizophlyctis in this fam-

ily, and Rhizophlyctis rosea constitutes the type of Rhizophlyctis

(Clements & Shear 1931).



Fig 2 – Morphology of Rhizophlyctis rosea (epitype), isolate BR 186 on agar. (A) Germlings. (B–E) Developing thalli. (F) Mature

sporangium with short discharge tubes. (G) Zoospore release through a discharge tube. Arrows indicate discharge papillae.

(H) Empty sporangium. (I) The type of Chytridium roseum (redrawn from de Bary & Woronin 1865, pl.2, figs. 17– 20). (a) Zoospore.

(b) Germlings. (c) Developing sporangium. (d) Mature sporangium prior to discharge. (e) Zoospore discharge. (f) Empty

sporangium following zoospore discharge. Bar in (A) for (A–C) [ 10 mm, for (D–F) [ 25 mm, for (G– H) [ 50 mm.
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Rhizophlyctis rosea (de Bary & Woronin) A. Fisch., Rabenh.

Kryptogamen-Fl. 1 (4): 122 (1892). (Figs 2A–H, 6A, 7A–D)

Basionym: Chytridium roseum deBary & Woronin, Berichte

Verhandl. Naturforsch. Gesell. Freiburg 3: 52 (1865).

Synonyms: Rhizophydium roseum de Bary & Woronin, Berichte

Verhandl. Naturforsch. Gesell. Freiburg 3: 52 (1865)

Karlingia rosea (de Bary & Woronin) Johanson, Am J. Bot. 31: 399

(1944).

Type: de Bary & Woronin, Berichte Verhandl. Naturforsch.

Gesell. Freiburg (1865): 52, pl. 2, figs 17–20 (1865- holotype); epi-

typus hic designatus Letcher et al., Mycol. Res. 112: 1035 figs

2A–I, 1039 6A, 1040 7A–D (2008) from observations of culture
BR 186, GenBank LSU sequence AY349079, ITS1–5.8S–ITS2 se-

quence AY349106. Culture BR 186, on which the epitype is

based, is deposited at DAOM as BR 186, at CBS as 562.65, and

at ATCC as 36536.

Because no material appears to remain from de Bary and

Woronin’s original collection, we consider their illustrations

as the holotype for Chytridium roseum (Arts). The holotype illus-

trations of C. roseum are ambiguous because multiple species

with sporangia having multiple rhizoidal axes and multiple dis-

charge tubes are found on cellulose and this species cannot be

critically identified for purposes of the precise application of

the name of the taxon (Arts). Culture BR 186 demonstrated the



Fig 3 – Morphology of Sonoraphlyctis ranzonii (type), isolate BR 060 on agar. (A) Germling. (B–E) Developing thalli. (F) Zoospore

discharge. (G) Empty sporangium with discharge pores (arrows) adjacent to origins of rhizoidal axes. (H) Germinated

zoospores in vicinity of parent sporangium. Bar in (A) for (A) [ 10 mm, for (B–D, F–G) [ 25 mm, for (E, H) [ 50 mm.
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form and habitat of de Bary and Woronin’s original description

of their material from Germany, which was observed as rose-

coloured granulations on the surface of moist soil in a flower

pot. Thus, we designate observations of culture BR 186 (Figs

2A–I, 6A, 7A–D) as the epitype in support of the holotype for

C. roseum.

Specimen examined: Germany: Gottingen, 51�310480 0N–9�550300 0E,
alt. 150 m, from garden compost, probably on cellulose substrate,
1960, Alwin Gaertner [Gaertner’s isolate number A27, BR 186 (CBS
562.65)].

Characteristics in culture: On agar, isolates were mor-

phologically similar and not distinguishable based on
morphological features. Zoospores were oval to spherical,

3–5 mm diam. Germlings (Fig 2A) were spherical to

subspherical with multiple rhizoidal axes. Rhizoidal axes

(Fig 2B–E, H) were isodiametric, generally unbranched or

only slightly branched on mature sporangia. Maturing spo-

rangia developed numerous prominent papillae (Fig 2D–F),

and mature sporangia, 20–50 mm diam, had numerous short

discharge tubes (Fig 2E–H). Prior to discharge, zoospores be-

came motile within the sporangium, and upon discharge

were rapidly released as a loose mass. Figures of the type

of Chytridium roseum (de Bary & Woronin 1865) illustrate

many of the morphological features of Rhizophlyctis rosea

(Fig 2I).



Fig 4 – Morphology of Arizonaphlyctis lemmonensis (type), isolate BR 429 on agar. (A) Developing thallus. (B) Mature thallus. Bar

in (A) for (A) [ 10 mm, for (B) [ 50 mm.
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Zoospore: Zoospores (Figs 6A, 7A–D) contained multiple

lipid globules (Fig 7A), ribosomes dispersed in the cytoplasm

(Fig 7A, C), a centrally or laterally located nucleus (Fig 7A, C)

with a concavity in the posterior side (Fig 7A), numerous mito-

chondria distributed throughout the cytoplasm (Fig 7A, C), and

an extensive fibrillar rhizoplast located between the posterior

end of the nucleus and the anterior ends of the kinetosome

and non-flagellated centriole (Fig 7B). The non-flagellated cen-

triole lay at an angle of about 20� to the kinetosome, and the

two structures were connected by fibrillar material. Numerous

microbody lobes were adjacent to the fibrillar rhizoplast and

in longitudinal medial sections were apparent in the vicinity

of the nucleus concavity (Fig 7B, D).

Notes: In our phylogeny the majority of isolates (42 out of

47) comprise a monophyletic, yet highly divergent clade,

which we consider to be the Rhizophlyctis rosea species com-

plex, characterized ultrastructurally by the subtype A zoo-

spore. The subtype A zoospore has been described in detail

(Barr & Hartmann 1977; Barr & Désaulniers 1986), and our ob-

servations of the zoospores of multiple isolates in this clade

verify the correspondence of zoospore characters of the cul-

tures studied with those reported in other isolates, as well

as clarify structural details (Barr & Hartmann 1977; Barr &

Désaulniers 1986). The most recognizable characters of the

subtype A zoospore are the long fibrillar rhizoplast, the

helmet-shaped nucleus, and the dispersal of ribosomes in

the cytoplasm. We have no indication of morphological or ul-

trastructural variation among isolates in this family. Whether

the banding pattern of the striations in the fibrillar rhizoplast

differs among isolates or subclades in the R. rosea species

complex has not been revealed in our study, but should be

the subject of additional ultrastructural studies.

ITS1–5.8S–ITS2 rDNA sequences in the R. rosea species

complex diverge by as much as 40 %. This high degree of ge-

netic divergence indicates multiple taxa in the clade, but addi-

tional sampling and genetic data should be obtained prior to

delineation of additional taxa.

In our sampling, the isolates in the R. rosea species com-

plex not only defy distinction based on thallus morphology

or zoospore ultrastructure, but also based on geographical
origin. One might expect isolates with the same zoospore

type and from proximal geographic regions to have similar

genetic structure. However, in their ITS1–5.8S–ITS2 rDNA se-

quences, two isolates from the same location in Virginia,

USA (PL 100 and PL 134) were 57 % similar, and two isolates

from Ontario, Canada (BR 460 and BR 461) were 59 % similar.

Alternatively, one might expect isolates from disparate and

geographically distant sites of origin to have divergent ge-

netic structure. However, ITS1–5.8S–ITS2 rDNA sequences

of two isolates from Germany and California (BR 187 and

BR 109) were >99 % similar, the sequences of two isolates

from Australia and England (BR 442 and BR 592) were iden-

tical, and sequences of two isolates from South Africa and

Ontario, Canada (BR 268 and BR 460) were >99 % similar.

Within a subclade containing the epitype of R. rosea (BR

186) and with relatively minimum ITS1–5.8S–ITS2 sequence

divergence (>97 %) occurred isolates from the distant and

geographically dispersed locations of Europe (Germany),

North America (British Columbia and Ontario, Canada and

California) and Africa (South Africa). The range of genetic

variation from a single geographic locality often was as di-

verse as variation between localities.

Sonoraphlyctidaceae Letcher, fam. nov.

(Figs 1 (clade B), 3A–H, 6B, 8A–E)
MycoBank no.: MB 511795
En zoosporum ribosomata per cytoplasma dispersum, globulo lip-
odeo multi, nucleus consociatus kinetosoma via [rhizoplast], nu-
cleus cum extensum, [rhizoplast] brevis, [microbody lobes]
numerosus.

Typus: Sonoraphlyctis Letcher 2008.

Zoospore: ribosomes dispersed in the cytoplasm; lipid

globules numerous; nucleus with a nuclear extension, and

associated directly with the kinetosome and non-flagellated

centriole by two short, striated fibrillar rhizoplasts; micro-

body lobes or multiple microbodies abundant and associ-

ated with the rhizoplasts and the anterior portion of the

nucleus.

A new genus is described to accommodate a new

species.



Fig 5 – Morphology of Borealophlyctis paxensis (type), isolate BR 368 on agar. (A, C). Germlings with a single rhizoidal

axis. (B, D–E). Germlings with multiple rhizoidal axes. (F–H). Developing thalli. Arrows (F–G) indicate discharge pores,

(H) indicate discharge tubes. (I) Zoospores being released through a discharge tube (arrow). (J) Zoospores discharged as

a loose mass. Bar in (A) for (A–E) [ 10 mm, for (F–J) [ 25 mm.

A new order, Rhizophlyctidales 1039
Sonoraphlyctis Letcher, gen. nov.

MycoBank no.: MB 511798

Etym.: The generic name reflects the state of Sonora, Mexico,

geographic origin of isolate BR 060, the first known isolate in

this clade.

Zoospora cum ribosomata aggregatum, nucleus porrigo, [rhizo-
plast] praesens.

Typus: Sonoraphlyctis ranzonii Letcher 2008, figurae 1, 3A–H,
6B, 8A–E. Diagnosus cultura BR 060 ex cellulosum in aquacultura.
Zoospore: Ribosomes dispersed in the cytoplasm; nucleus

with a short posterior nuclear extension; a compact (0.35 mm

in length) striated fibrillar rhizoplast between the nucleus

and kinetosome.

Sonoraphlyctis ranzonii Letcher, sp. nov.

(Figs 3A–H, 6B, 8A–E)

MycoBank no.: MB 511801

Etym.: The specific epithet acknowledges F. V. Ranzoni, who

isolated the type.



Fig 6 – Schematic drawings of longitudinal sections through the zoospore of the four zoospore subtypes in Rhizophlycti-

dales. (A) Subtype A, isolate BR 186, Rhizophlyctis rosea. Ribosomes are dispersed in the cytoplasm, lipid globules are

multiple, the nucleus has a concavity in the posterior side, and an extensive fibrillar rhizoplast extends from the nucleus

to the kinetosome and non-flagellated centriole. (B) Subtype B, isolate BR 060, Sonoraphlyctis ranzonii. Ribosomes are

dispersed, lipid globules are multiple, there is a nucleus extension on the posterior side of the nucleus, and a short

fibrillar rhizoplast extends from the nucleus extension to the kinetosome and non-flagellated centriole. (C) Subtype

C, isolate BR 429, Arizonaphlyctis lemmonensis. Ribosomes are aggregated, lipid globules are multiple, and there is no

apparent connection between the nucleus and the kinetosome and non-flagellated centriole. (D) Subtype D, isolate BR 368,

Borealophlyctis paxensis. Ribosomes are aggregated, there is usually a single lipid globule, there is a nucleus extension

on the posterior side of the nucleus that extends to a point near the kinetosome. Abbreviations used in Figs 6–10: CV,

cored vesicle; ER, endoplasmic reticulum; F, flagellum; FB, fibrillar bridge; G, Golgi apparatus; K, kinetosome; L, lipid

globule; M, mitochondrion; Mb, microbody; MvB, multi-vesicular body; N, nucleus; NEx, nucleus extension; NfC, non-

flagellated centriole; P, flagellar prop; Rh, rhizoplast.
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Fig 7 – Ultrastructure of Rhizophlyctis rosea, isolate BR 186, zoospore subtype (A) A. Longitudinal section (LS). (B) LS through

kinetosome and fibrillar rhizoplast. (C) Transverse section (TS). (D) LS illustrating microbodies at anterior end of fibrillar

rhizoplast. Bar in (A) for (A,C) [ 1 mm, for (B, D) [ 0.5 mm.
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Zoospora cum ribosomata aggregatum, nucleus porrigo, [rhizo-
plast] praesens. Sporangium elongatum aut angulatum. Rhizoidea
multis. Poro evacuationis multis.

Typus: Letcher et al. 2008, Mycol. Res. 112: 1035 figs 3A–H, 1039
6B, 1041 8A–E (2008) from observations of culture BR 060–holoty-
pus, GenBank LSU rDNA sequence EU379158, ITS1–5.8S–ITS2
rDNA sequence EU379201. Culture BR 060–holotypus, on which
the type is based, is deposited at DAOM as BR 060 and at CBS
as 278.76.
Specimen examined: Mexico: Sonora: near Hermosillo, 29�050240 0N–
110�560420 0W, alt. 150 m, from desert soil, probably on cellulose
substrate, collection date unknown, F. V. Ranzoni [culture BR 060
(CBS 278.76)].

Characteristics in culture: On agar, germlings were elongate

to angular (Fig 3A–B) usually with two rhizoidal axes arising

on opposite sides of the sporangium. During development,

sporangia with two or three axes with branching rhizoids



Fig 8 – Ultrastructure of Sonoraphlyctis ranzonii, isolate BR 060, zoospore subtype B. (A) Longitudinal section (LS). (B) LS

through kinetosome and non-flagellated centriole. (C) LS, illustrating nuclear extension at posterior end on the nucleus. (D)

Transverse section (TS). (E) TS, layered smooth endoplasmic reticulum in cytoplasm. Bar in (A) for (A, D) [ 1 mm, for (B–C,

E) [ 0.5 mm.

1042 P. M. Letcher et al.
were typical (Fig 3B–C). At maturity sporangia were spherical,

20–80 mm diam, with abundant long, tapering, and finely

branched rhizoids (Fig 3D–E). Upon discharge, zoospores

were rapidly released from the sporangium as a loose mass
(Fig 3F) from discharge pores adjacent to the origins of rhizoi-

dal axes at the sporangial wall (Fig 3G). Zoospores often

encysted and germinated in the vicinity of the parent sporan-

gium (Fig 3H).



Fig 9 – Ultrastructure of Arizonaphlyctis lemmonensis, isolate BR 429, zoospore subtype C. (A) Longitudinal section (LS). (B) LS,

Golgi apparatus in cytoplasm. (C) LS, kinetosome and non-flagellated centriole connected by fibrillar material. (D) Transverse

section (TS). (E) TS, multivesicular body in cytoplasm. (F) TS illustrating lobes of microbody between nucleus and

a mitochondrion. Bar in (A) for (A, D) [ 1 mm, for (B–C, E–F) [ 0.5 mm.
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Zoospore: Zoospores (Figs 6B, 8) contained multiple lipid

globules (Fig 8D), ribosomes dispersed in the cytoplasm (Fig

8A–D), a centrally to posteriorly located nucleus (Fig 8A) with

an extension of the nucleus orientated towards the kineto-

some (Fig 8C), numerous mitochondria distributed throughout

the cytoplasm (Fig 8A, D), and a short fibrillar rhizoplast lo-

cated between the extension of the nucleus and the anterior
ends of the kinetosome and non-flagellated centriole (Fig

8A–B). The non-flagellated centriole lay at an angle of about

30� to the kinetosome, and the two structures were connected

by fibrillar material (Fig 8B). Microbody lobes or numerous

microbodies were adjacent to the fibrillar rhizoplast and in

longitudinal medial sections were apparent in the vicinity of

the extension of the nucleus (Fig 8B).



Fig 10 – Ultrastructure of Borealophlyctis paxensis, isolate BR 368, zoospore subtype D. (A) Longitudinal section (LS). (B) LS,

portions of endoplasmic reticulum adjacent to the lipid globule. (C) LS, kinetosome and non-flagellated centriole connected

by fibrillar material. (D) TS, two large lipid globules and aggregated ribosomes. Bar in (A) for (A, D) [ 1 mm, for (B–C) [ 0.5 mm.
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In longitudinal sections the peripheral cytoplasm is

highly vacuolated (Fig 8A). This could give the erroneous ap-

pearance of ribosomes being aggregated in the core area in

the type B zoospore. In transverse sections of the zoospore

(Fig 8D) the ribosomes are clearly dispersed in the peripheral

cytoplasm.

Notes: Within our sampling were four isolates, and the two

examined ultrastructurally (BR 060 and PL AUS 033) had sub-

type B zoospores (Barr & Désaulniers 1986). Two isolates (BR 060

and JEL 205) were genetically similar (0.998 % similar LSU
sequences; >0.99 % similar ITS1–5.8S–ITS2 sequences). Both

isolates were from western North America, although there

may be as much as 1000 km distance between their locations

of origin. Isolate BR 060 was isolated from desert sand, northern

Mexico, while JEL 205 was isolated from a northern Colorado

short grass prairie steppe ecosystem (Lozupone & Klein 2002).

Both regions of origin are rather arid with ca 25–30 cm annual

rainfall. Sampling from such regions on a broader geographic

scale may produce additional isolates.

Isolates KP 035, and PL AUS 033 were more divergent than

BR 060 and JEL 205, with 91–93 % similar LSU sequences, and
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61–94 % similar ITS1–5.8S–ITS2 sequences. This divergence

may be a result of a long history of continental isolation.

Arizonaphlyctidaceae Letcher, fam. nov.

(Figs 1 (clade C), 4A, B, 6C, 9A–F)

En zoosporum ribosomata per cytoplasma aggregatum, globulo
lipoideo multi, nucleus non consociatus kinetosome.

Typus: Arizonaphlyctis Letcher 2008.
MycoBank no.: MB 511796

Zoospore: Ribosomes aggregated in the cytoplasm; ribo-

somal aggregation partially surrounded by ER; multiple lipid

globules; nucleus with no nuclear extension and not proximal

to the kinetosome; microbody lobes or multiple microbodies

abundant and associated with the nucleus and mitochondria.

A new genus is described to accommodate a new species.

Arizonaphlyctis Letcher, gen. nov.

MycoBank no.: 511799

Etym.: The generic name acknowledges the geographic ori-

gin of the single isolate in this clade.

Zoospora cum ribosomata aggregatum, nucleus non porrigo,
[rhizoplast] absentia.

Typus: Arizonaphlyctis lemmonensis Letcher 2008, figurae 4, 6C,
9A–F. Diagnosus cultura BR 429 ex cellulosum in aquacultura.

Zoospore: Ribosomes aggregated; nucleus without a nuclear

extension; striated fibrillar rhizoplast absent.

Arizonaphlyctis lemmonensis Letcher, sp. nov.

(Figs 4, 6C, 9A–F)

MycoBank no.: MB 511802

Etym.: The specific epithet acknowledges Mount Lemmon,

Arizona, the geographic origin of this isolate.

Zoospora cum ribosomata aggregatum, nucleus non porrigo,
[rhizoplast] absentia. Sporangium elongatum aut angulatum. Rhi-
zoidea multis. Poro evacuationis multis.

Typus: Letcher et al. 2008, Mycol. Res. 112: 1037 figs 4A, B, 1039 6C,
1042 9A–F (2008) from observations of culture BR 429–holotypus,
GenBank LSU rDNA sequence EU379171, ITS1-5.8S-ITS2 rDNA
sequence EU379214. Culture BR 429, on which the type is based,
is deposited at DAOM.

Specimen examined: USA: Arizona: Mount Lemmon, 32�270N–
110�450W, from a soil sample from a dried stream bed, under
oaks, on cellulose substrate, elevation and isolation date un-
known, D.J. S. Barr (BR 429).

Characteristics in culture: On agar, germlings were elongate

to angular (Fig 4A) with multiple rhizoidal axes arising at op-

posite sides of the sporangium. At maturity sporangia were

subspherical to spherical, 20–80 mm diam, with abundant

long, tapering, and finely branched rhizoids (Fig 4B).
Zoospore: Zoospores (Figs 6C, 9) contained multiple lipid

globules (Fig 9A), ribosomes aggregated in the cytoplasm (Fig

9A, D), a centrally or laterally located nucleus (Fig 9A, D), nu-

merous mitochondria (Fig 9A, D), and occasional multivesicu-

lar bodies (Fig 9E) distributed throughout the cytoplasm. The
non-flagellated centriole lay at an angle of about 45� to the ki-

netosome, and the two structures were connected by fibrillar

material (Fig 9C). Microbody lobes or numerous microbodies

were adjacent to mitochondria and the nucleus (Fig 9F). A

Golgi apparatus (Fig 9B) occurred in the cytoplasm in the lat-

eral/posterior portion of the zoospore.

Notes: This clade is composed of a single isolate (BR 429). Mt

Lemmon, Arizona, the geographic origin of this isolate, is the

highest point in the Santa Catalina Mountains on the north-

eastern edge of the Sonoran Desert. Rainfall averages ca

30 cm in a typical year. The habitat and low annual precipita-

tion predict this to be a taxon that may be found in additional

sampling in desert regions.

Borealophlyctidaceae Letcher, fam. nov.

(Figs 1 (clade D), 5A–J, 6D, 10A–D)

MycoBank no.: MB 511797
En zoosporum ribosomata per cytoplasma aggregatum, globulo

lipoideo uno, nucleus consociatus kinetosoma via [rhizoplast], nu-
cleus cum extensum.

Typus: Borealophlyctis Letcher 2008.

Zoospore: Ribosomes aggregated in the cytoplasm; ribo-

somal aggregation partially surrounded by ER; usually a single

lipid globule; nucleus with a nuclear extension proximal to the

kinetosome; microbody lobes or numerous microbodies abun-

dant and associated with the anterior portion of the nucleus

and lipid globule.

A new genus is described to accommodate a new species.

Borealophlyctis Letcher, gen. nov.

MycoBank no.: MB 511800

Etym.: The generic name acknowledges the forest ecosys-

tem from which the single isolate in this clade was isolated.

Zoosporum cum ribosomata aggregatum, nucleus porrigo, [rhi-
zoplast] absentia.

Typus: Borealophlyctis paxensis Letcher 2008, figurae 5A–J,
6D, 10A–D. Diagnosus cultura BR 368 ex cellulosum in
aquacultura.

Zoospore: Ribosomes aggregated; nucleus with a nuclear ex-

tension proximal to the kinetosome; striated fibrillar rhizo-

plast absent.

Borealophlyctis paxensis Letcher, sp. nov.

(Figs 5A–J, 6D, 10A–D)

MycoBank no.: MB 511803

Etym.: The specific epithet acknowledges the Peace River

district of British Columbia, Canada, the geographic origin of

this isolate.

Zoosporum cum ribosomata aggregatum, nucleus porrigo, [rhi-
zoplast] absentia. Sporangium globosum aut subglobosum. Rhi-
zoidea multis. Poro evacuationis multis, elongatum.

Typus: Letcher et al. 2008, Mycol. Res. 112: 1038 figs 5A–J, 1039 6D,
1043 10A–D (2008) from observations of culture BR 368–holotypus,
GenBank LSU rDNA sequence EU379170, ITS1-5.8S-ITS2 rDNA se-
quence EU379213. Culture BR 368, on which the type is based, is
deposited at DAOM.
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Specimen examined: Canada: British Columbia: Peace River District,
near Charlie Lake, 56�170N–120�590W, elevation ca 700 m, from as-
pen-spruce forest soil, on pollen substrate isolation date ca 1983,
D.J. S. Barr (culture BR 368).

Characteristics in culture: On agar, germlings were spherical

to subspherical (Fig 5A, B) usually with one rhizoidal axis (Fig

5A, C) or occasionally two rhizoidal axes (Fig 5B) arising near

each other on the sporangium. During development, sporan-

gia with two or three axes with branching rhizoids were typi-

cal (Fig 5D–E). At maturity sporangia were spherical, 25–80 mm

diam, with abundant long, robust, and branched rhizoids (Fig

5F–H). As they matured, sporangia initially developed multiple

discharge pores or low papillae (Fig 5G), which further devel-

oped into elongated discharge tubes (Fig 5H–I). Upon discharge,

zoospores were rapidly released through the discharge tubes

(Fig 5I) as a loose mass (Fig 5J).

Zoospore: Zoospores (Figs 6D, 10) contained a single, or oc-

casionally two, large, laterally located lipid globules (Fig 10A–

B, D), ribosomes aggregated in the cytoplasm (Fig 10A, D), a lat-

erally located nucleus (Fig 10A, D) with an extension of the nu-

cleus on the posterior side of the nucleus, numerous

mitochondria distributed throughout the cytoplasm (Fig

10D), and a Golgi apparatus in the cytoplasm. The non-flagel-

lated centriole lay at an angle of about 40� to the kinetosome,

and the two structures were connected by fibrillar material

(Fig 10C). Numerous microbody lobes or microbodies were

present in the posterior region of the nucleus, and adjacent

to the lipid globule (Fig 10A). We were not successful in detect-

ing clearly a nucleus extension in our examination of BR 368,

but did see profiles similar to those in Barr & Désaulniers’

(1986) figs 24 and 25.

Notes: This clade is represented by two isolates (BR 368 and

DAOM 229843), both from Canada. Annual rainfall in the Peace

River District of British Columbia, where isolate BR 368 origi-

nated, is 30–55 cm. Thus, this isolate, like isolates of Sonora-

phlyctis and Arizonaphlyctis, is derived from soils with

relatively low moisture content.
Taxonomic key to families and genera of Rhizophlyctidales

1 Ribosomes dispersed in cytoplasm....................................................................................................................................................2

Ribosomes aggregated in cytoplasm. ................................................................................................................................................3

2 (1) Straited fibrillar rhizoplast between nucleus and kinetosome w1.35 mm in length.Rhizophlyctidaceae, Rhizophlyctis

(subtype A zoospore)

Straited fibrillar rhizoplast between nucleus and kinetosome ca 0.25–0.35 mm in length.Sonoraphlyctidaceae,

Sonoraphlyctis (subtype B zoospore)

3 (1) Zoospore with multiple lipid globules ......................................... Arizonaphlyctidaceae, Arizonaphlyctis (subtype C zoospore)

Zoospore with a single (occasionally two) lipid globule............. Borealophlyctidaceae, Borealophlyctis (subtype D zoospore)
Discussion

Although Barr (1980) included Rhizophlyctis rosea in the Spizello-

mycetales when he delineated the new order from the Chytri-

diales, the Rhizophlyctis type zoospore is remarkably different
from the zoospore of the spizellomycetalean genera Spizello-

myces, Kochiomyces, Gaertneriomyces, Triparticalcar, and Powello-

myces. In particular, two of the four described zoospore

subtypes in Rhizophlyctidales [subtype A (Rhizophlyctidaceae)

and subtype B (Sonoraphlyctidaceae)] have a striated fibrillar

rhizoplast, composed of minute fibrils, that bridges the region

between the nucleus and kinetosome. This character is absent

in all zoospore types in Spizellomycetaceae genera. Additionally,

none of the four zoospore subtypes in Rhizophlyctidales have

cytoplasmic microtubules or microtubular roots, while zoo-

spores of Spizellomycetaceae genera have microtubules that

originate from a microtubule organizing centre adjacent to

the kinetosome (Barr 1980; Longcore et al. 1995). Based on dif-

ferences in zoospore morphology, Barr suggested the delinea-

tion of species having the Rhizophlyctis-type zoospore as a new

order (Barr 1978, 1980), but felt it premature at that time be-

cause of limited knowledge of related taxa. His foresight into

systematics of the Chytridiomycetes based on zoospore ultra-

structure is reinforced with molecular data presented here.

In our assessment, the Rhizophlyctis clade (James et al. 2006)

is monophyletic and composed of the Rhizophlyctis rosea spe-

cies complex (zoospore subtype A), as well as additional

monophyletic clades represented by zoospore subtypes B, C,

and D (Barr & Désaulniers 1986).

In the broad-based molecular analysis of zoosporic fungi

by James et al. (2006), two additional isolates were reported

in the Rhizophlyctis clade, Entophlyctis sp. isolate Du DC1 and

Catenomyces persicinus isolate JEL 342, the first with an endobi-

otic holocarpic thallus and the second with a polycentric thal-

lus. We have not included them in our establishment of a new

order because these isolates are not available for morpholog-

ical and ultrastructural studies. Report of these isolates in this

clade, however, suggests that thallus forms in the Rhizophlyc-

tidales may be more diverse than presently circumscribed.

The clade we have designated as the Rhizophlyctis rosea spe-

cies complex, with a subtype A zoospore, contains the major-

ity of isolates in our study, and as Barr & Désaulniers (1986)

noted, indicate this species complex to be widely distributed

in temperate regions of the world. Although thallus morphol-

ogy is conserved, as is zoospore ultrastructure, genetic diver-
sity is apparent. Members of this species complex are

commonly found in agricultural soils, a highly perturbed hab-

itat. The cosmopolitan distribution of isolates in the R. rosea

species complex may be a result of wind dispersal or other

transport of soil particles from agriculturally perturbed
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habitats, resulting in dissemination over great distances of

a common chytrid known to be able to withstand desiccation

(Gleason et al. 2004).

The fact that one family in Rhizophlyctidales (Rhizophlycti-

daceae) encompassed the majority of isolates in our study,

and that two of the families in Rhizophlyctidales were

represented by one or two isolates (Arizonaphlyctidaceae and

Borealophlyctidaceae) and one family by four isolates (Sonora-

phlyctidaceae) indicates significant genetic diversity in the

order, which is also reflected by variation in zoospore ultra-

structure characters and character states among the isolates.

Our sampling distribution among zoospore subtypes is con-

sistent with that of Barr & Désaulniers (1986), in which seven

of their ten isolates examined had a subtype A zoospore,

whereas subtypes B, C, and D zoospores were each repre-

sented by a single isolate. Our study has clarified ultrastruc-

tural details of the subtype B zoospore, revealing that

ribosomes are dispersed and not aggregated as suggested

in earlier studies (Barr & Hartmann 1977; Barr & Désaulniers

1986). At this time our sampling in three of the four families

is minimal, but that appears to be a consequence of the scar-

city in nature of isolates with zoospores other than subtype

A. However, increased sampling in forest and desert soils

would likely yield additional isolates in these underrepre-

sented clades. The rarity of isolates in these clades rein-

forces the concept that a few chytrids are common and

perhaps ubiquitous, whereas most are uncommon and infre-

quently encountered (Letcher & Powell 2001; Letcher et al.

2004a). However, the great degree of genetic variation within

the order requires the establishment of families, each with

a distinct zoospore, to accommodate hierarchical relation-

ships in the new order.

None of the isolates examined in this study had. (1) an elec-

tron-opaque plug in the base of the flagellum, a hallmark

character of zoospores in the order Chytridiales; (2) either cyto-

plasmic microtubules or a microtubule organizing centre,

characters found in zoospores in the order Spizellomycetales;

or (3) the kinetosome and non-flagellated centriole with

nearly parallel alignment in both longitudinal and transverse

sections, a character state in zoospores of Chytridiales and Rhi-

zophydiales. Molecular analyses in this study have confirmed

the monophyletic relationship of organisms with four zoo-

spore types that Barr & Désaulniers (1986) proposed 20 y ago

based on ultrastructure.
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LéJohn HB, Lovett JS, 1966. Ribonucleic acid and protein synthesis in
Rhizophlyctis rosea zoospores. Journal of Bacteriology 91: 709–717.

Letcher PM, Powell MJ, 2001. Distribution of zoosporic fungi in
forest soils of the Blue Ridge and Appalachian Mountains of
Virginia. Mycologia 93: 1029–1041.

Letcher PM, McGee PA, Powell MJ, 2004a. Zoosporic fungi from
soils of New South Wales. Australasian Mycologist 22: 99–115.

Letcher PM, Powell MJ, Chambers JG, Holznagel WE, 2004b. Phy-
logenetic relationships among Rhizophydium isolates from
North America and Australia. Mycologia 96: 1339–1351.

Letcher PM, Powell MJ, 2005. Kappamyces, a new genus in the
Chytridiales (Chytridiomycota). Nova Hedwigia 80: 115–133.

Longcore JE, 1995. Morphology and zoospore ultrastructure of
Entophlyctis luteolus sp. nov. (Chytridiales): implications for
chytrid taxonomy. Mycologia 87: 25–33.

Longcore JE, 1996. Chytridiomycete taxonomy since 1960. Myco-
taxon 60: 149–174.

Longcore JE, Barr DJS, Désaulniers N, 1995. Powellomyces, a
new genus in Spizellomycetales. Canadian Journal of Botany 73:
1385–1390.

Lozupone CA, Klein DA, 2002. Molecular and cultural assessment
of chytrid and Spizellomyces populations in grassland soils.
Mycologia 94: 411–420.

Novogrudskii DM, Tepliakova ZF, 1950. Rhizophlyctis rosea, a mi-
cochytrid capable of destroying soil cellulose (in Russian).
Mikrobiologiia 19: 317–325.
Posada D, Crandall KA, 1998. Modeltest: testing the model of DNA
substitution. Bioinformatics 14: 817–818.

Powell MJ, Koch WJ, 1977. Morphological variations in a new
species of Entophlyctis. I. The species concept. Canadian Journal
of Botany 55: 1668–1685.

Rabenhorst L, 1868. Flora Europaea Algarum Aquae dulcis et Sub-
marinae, vol. 3, E. Kummer, Leipzig, (1864–1868).

Sikes DS, Lewis PO, 2001. Beta Software, Version I. PAUPRat: PAUP*
implementation of the parsimony ratchet. Distributed by the
authors. Department of Ecology and Evolutionary Biology,
University of Connecticut, Storrs, CT.

Sparrow FK, 1960. Aquatic Phycomycetes, 2nd edn. University of
Michigan Press, Ann Arbor.

Sparrow FK, 1965. The occurrence of Physoderma in Hawaii, with
notes on the other Hawaiian phycomycetes. Mycopathologia et
Mycologia Applicata 25: 119–143.

Sparrow FK, Dogma IJ, 1973. Zoosporic phycomycetes from His-
paniola. Archiv für Mikrobiologie 89: 177–204.

Stanier RY, 1942. The cultivation and nutrient requirements of
a chytridiaceous fungus, Rhizophlyctis rosea. Journal of Bacteri-
ology 43: 499–520.

Swofford DL, 2002. PAUP*: phylogenetic analysis using parsimony
(*and other methods). version 4.0b4a. Sinauer Associates,
Sunderland, MA.

Ward MW, 1939. Observations on Rhizophlyctis rosea. Journal of the
Elisha Mitchell Scientific Society 55: 353–360.

Weber RWS, Webster J, 2000. Teaching techniques for mycology:
9. Olpidium and Rhizophlyctis (Chytridiomycetes). Mycologist 14:
17–20.

Whiffen AJ, 1941. Cellulose decomposition by saprophytic chy-
trids. Journal of the Elisha Mitchell Scientific Society 57: 321–330.

White TJ, Bruns T, Lee S, Taylor JW, 1990. Amplification and direct
sequencing of fungal ribosomal RNA genes for phylogenetics.
In: Innis MA, Gelfand DH, Sninsky JJ, White TJ (eds), PCR Pro-
tocols: a guide to methods and applications. Academic Press, San
Diego, pp. 315–322.

Willoughby LG, 1958. Studies on soil chytrids. III. On Karlingia ro-
sea Johanson and a multioperculate chytrid parasitic on Mucor.
Transactions of the British Mycological Society 41: 309–319.

Willoughby LG, 1983a. A new kind of antagonistic association,
between bacteria and aquatic fungi. Transactions of the British
Mycological Society 80: 91–97.

Willoughby LG, 1983b. The bacterial antagonist of Karlingia rosea:
further observations, from Spain and Cyprus. Nova Hedwigia
38: 113–126.

Willoughby LG, 1998. A quantitative ecological study on the
monocentric soil chytrid Rhizophlyctis rosea, in Provence.
Mycological Research 102: 1338–1342.

Willoughby LG, 2001. The activity of Rhizophlyctis rosea in soil:
some deductions from laboratory observations. Mycologist 15:
113–117.


	Rhizophlyctidales-a new order in Chytridiomycota
	Introduction
	Materials and methods
	Taxonomic sampling
	Sample preparation
	Phylogenetic analyses
	Morphology and origin of isolates
	TEM

	Results
	Phylogenetic analyses
	Morphology and geography
	Zoospore ultrastructure analysis

	Taxonomy
	Discussion
	Taxonomic key to families and genera of Rhizophlyctidales
	slink1

	Acknowledgements
	References


