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PREFACE

In the genus Verficillinm a heterogeneous assembly of morphologically linle differentiated
anamorph g has been compiled that belong w different families and orders of
Ascomycol. We speak of verticillium-like, an expression in which “vertcillium’ is rather
a4 descriptive term than a formal genus.

While Vericillivem s. str. comprises more or kess plant-associated species related to
Comerella (7 Phyllachomles), some diverse vericilium-like fungi belong 1o the
Clavicipitacense and other families in the Hypocreales. Although being aware of this
situation. GAMS (1971 and subsequent papers) refrained from attributing them genenic
status, because of difficulties in morphological distinction. Thus the group of davici-
pitaceous anamorphs retained ils status a5 section Prostrata of Verticillinm until 2001,
With the advent of molecular technigues, fungal mxonomy is placed on a much sounder
busis and the generic sepamtion of unrelated elements can no longer be avoided,

Thanks to the assiduous work of RASOUL ZARE, a voluminous matenal of
living strains could be reexamined both from the molecular and the morphological
angles, Using only muclear ribosomal DNA fragments, we were fortunate 1o
recognize major lineages and make elear distinetions so that some additional genera and a
larger number of species could be delineated than those recognized previously. The
resulting breadth of the species concept is intermediate between the splitter approach
in many papers by PETCH (mwostly according to host organism) and the lumping
adopted so far by GAMS,

The verticillinm-like members of the Clavicipitaceae comprise many Luxa that ane
important parasites of fung (including slime mowulds), arthropods, nematodes, and even
motifers. They play imporant moles in natral contrmol of pathogenic and pest organisms and
they cun sometimes abso be applied in biological control. The importance of the
Clavicipitaceae 15 undedined in the book edited by WHITE er af. (20{)3), in which
HODGE and GAMS & ZARE comnbuted review chapters on these anamorphs, where

more ecological and applied information is included.

[
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The previous publications by ZARE & GAMS were scattered in 4 senies of articles in
Neova Hedwigia and a brief survey in Myeological Research. 1t is appropnate 1o
combine them here in one volume o make the whole text better accessible. We are
greatly ndebted o the copyright holders of these journals (E. Schweizerbart sche
WVerlagsbuchhandlung and British Mycological Society) for granting penmission to
produce this modified reprint. We also greatly appreciate the contributions of our
coauthors, G.-H. SUNG, J. W, SPATAFORA, K. HODGE and HC. EVANS, which
made the chapters 2 and 5 possible. The chapters in this book were orginally
published us:

Summary (p. 5): GAMS, W. & ZARE, R 2002, New genenc concepls in
Verticillinm sect. Prostrata. Mycol. Res, 106: 130-131.

Introduction (p. 8) and Material & Methods (p. 19): megrted pars of the 6
following papers.

Part 1 (p. 25) ZARE. R, GAMS, W. & CULHAM, A 2000, A revision of

Verticillion sect Prostrata. 1. Phylogenctic studies using ITS sequences. Nova Hedwigia
T1: 465480,

Part 2 (p. 37): SUNG. G-H.. SPATAFORA. IW.ZARE, R. HODGE KT, &
GAMS, W. 2001, A revision of Verticillium sect. Prostrata. 11 Phylogenetic analyses of
S5U and LSU nuclear DNA sequences from anamorph and teleomorphs of the
Clavicipitaceae. Nova Hedwigia 72: 311-328.

Part 3 (p. 51 GAMS, W._ & ZARE R, 2001: A revision of Vericilliin sect
Prostrata. 11, Generic classification. Nova Hedwigia 72: 329-337.

Part 4 (p. 38): ZARE, R & GAMS, W, 2001, A revision of Vericilliin sect

Prostrata. IV. The genera Lecaniciflivm and Simplicillium gen. nov. Nova Hedwigia
73: 1-50.

Part 5 (p. 110} ZARE, R, GAMS., W, & EVANS, HC. 2001, A revision of
Verticillium sect Prostrata. V: The genus Pochonia, with notes on Rotiferophthora.
MNova Hedwigia 73: 51-86.

Parl 6 (p. 146): ZARE, R. & GAMS, W, 2001, A revision of Verticillium sect.
FProstrata. V1. The genus Haptocillinm. Nova Hedwigia 73: 271-292,
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We are aware that not all taxy so far dassified in sect Prostrata huve been adequately
reclussified. The refined sudy of the groups revised here cannot be considered a complete
version. Not all available sirains have been thoroughly examined and the analysis of
additional genetic markers s also expected o yield further refinements in the taxonomic

structure. But we hope to have provided a sound basis for such fuure work.

WALTER (GAMS
Utrecht, June 2004
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SUMMARY

Section Prostrata of the genus Verticilfinm was introduced by GAMS (1971) 1w separiie
verticillinm-like anamorphs of the Clavicipitacese from other species of the genus that
were known or supposed to have affinities with other families of the Hypocreales. Other
sections of Verticillium were subsequently described by GAMS & VAN ZAAYEN
(1982). MESSNER er al. ( 1996) showed that the most imporant plant pathogens of the
genus, which stll are most frequently investigated, have affinities with the Phyllachorales.
Also the type species of the genos, Verticillion liweo-album (Le. V. tenenon) has affinities
with this order (ZARE e af. 2000 = part 1) and i comection with a “Nectria inventa’
eleomorph supposed by PETHYBRIDGE (1919 is erroneous (ZARE et al, 2004), The
inclusion of these plant pathogens wgether with the vnrelated, often viluable biocontnol
organisms of sect. Prostrara in one and the same genus Verticillinm is undesirable for
both scientific and practical reasons. Plantassociated Verticilfinum species recently been
studied wsing RFLPs of the ITS region, B-wbulin and mitochondrial DNA (ZARE 2003)
and ITS sequences (BARBARA & CLEWES 2003).

In morphological and molecular work, laid down in 2 PhD thesis (ZARE 2000)),
large numbers of solates were analysed. The stmins were first delimited according 1o
RFLF pattems of amplicons of the ITS region, P-ubulin and mitochondnal DNA, The
phylogenetic analysis of ITS sequences (ZARE eraf. 2000 - part 1) then showed that
species of section Prostrata should be divided into several genera. This conclusion
wias subsequently corroborated by the analysis of large and small subunits of the
ribosomal DNA camied out for o wider array of davicipitaceous fungi (SUNG et al. 2001
— part 2). GAMS & ZARE (2001 — pant 3), therefore. distinguished several genen,
Lecanicilfium comprises the majorty of the species of the former section Prostrata,
muinly entomogenous and fungicolows s (revised by ZARE & GAMS 20014 — part 4),
The sume phylogenetic clade also includes the morphologically distinet geners Beawveria,
Microhifien and Paecidomyces tenwipes, in relation o which Lecanicilfinm akes a
paraphyletic position. A similar genus with generally simple (e not vericillate), very
slender phialides. Simplicillium (ZARE & GAMS 2001a — part 4). type species S.

fanosonivenm, s a sister taxon and fafls outside this clade. Both genera have eleomorphs
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in Torrubiella, Lecanicillium also in Cordveeps. Pochonia (syn. Diheterospora)
comprises parasites of nematode cysts and eggs (ZARE et al. 2001 - part 3).
Haprocillinm is introduced for verticillinm-like taxa with apically adhesive conidia
which facilitate parasitisim of free-living nematodes (ZARE & GAMS 2000b — part 6). In
addition, Rotiferophthora s recognized as a distinet genus for parasites of bdefloid
rotifers, Keys o the species of this genus and of Harposporinm are provided by GAMS &
ZARE (2003),

The most important of the 19 so far recognized species of Lecanicillium (ZARE &
GAMS 2 1a - part 4) are: Lecanicillinm lecanii, which, however, is defined more
narrowly and is restocted o parasites of tropical scale msects. Most other isolates
previously identified as Verticillium fecanii, including the biocontrol sirain Mycotal, are
now classified in L. muscariion, Similar stains with considerably larger conidia are
included in L. fongispoim, which includes the biocontrol strain Venabee, Lecanicilfinm
pealfiotae s also more narmowly circumseribed, comprising isolates with small numbers of
sharply pointed faleate conidia produced on each phiatide. 1t is distinguished from the
similar and dso common L. dimorploen, which in addiion has numermes microconidia
bome on aphanocladinm-like denticles. Fast-prowing isolates that were hitherto generally
misidentified a8 Aphanocladium albwn also fall in Lecaniciflinm as L aphanocladii,
while A, album sensu stricto s unrelated with this whole group; it grows more slowly and
is known only as a pamsite of slime moulds,

The name Pochonia predates Difieterosporg; this name change is deemed
Justifisble because of the changed generic concept (ZARE ef af. 2001 — purt 3). The most
important of the six species of this genus are the well-known parmsites of nematode cysts
and eges, P. chlamydosporia and P suchlasporia, each with two vadeties. A teleomorph
of the former, Cordveeps chiomydosporia, was discovered on molluse eges in Bcuador
(EVANS in ZARE eral. 2001 - pan 5, page 117).

In Haptocillivm seven species are now distinguished and delimited more nanowly
than in former work by GAMS (1988) (ZARE & GAMS 2001b — pan 6). Haprocillinm
balanoides in the sirict sense seems o be rrer than H. sphaerosporom. The distinction of

Pochonia and Haptocillinm, necessary  for phylogenetic reasons, also reflects the
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ecological difference between parsites of free-living nematodes (and rotifers) and
nematode eggs and cysts,

1t can be expected that refined siudies of more numerous isolates from other parts
of the word will reveal a number of addinonal species in all these genera. However,
not all species of the former section Prostrata have yet found a satisfactory generic

classification.
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INTRODUCTION

Verticillium Nees is known w be a very heterogeneous genus, lo the present
classification, valuable biocontrol agents appear in one anamorph genus together
with wunrelated serious plant pathogens, such as Verticillium albo-atrum Reinke &
Berthold and V. dahficge Kleb., although they belong to different orders of
Ascomycetes. This situation s highly undesimble and, with the assistance of molecular
miethods, it is now possible to make the necessary distinetions in doubtful cases and to
delimit a series of more natural genera.

Verticillinm has been linked 1o several families of the Ascomycota including
Clavicipitaceae, Hypocreaceae, and Nectnaceae in the Hypocreales, and taxi related
o Glomerella in the Phyllachorales (GAMS & VAN ZAAYEN 1982, GAMS 1988,
SAMUELS 19858, MESSNER er af. 1996, ZARE er al. 2000 - part 1). The genus is
characterized by phialidic conidiophores produced directly from the mycelinm as
either erect or prostrale structures, The verticillate phialides are generlly aculeate and are
typically produced in whorls of three o five, Conmdia are hyaline and range in mophology
from eylindrical o ellipsoidal to falcate, according W species. In addition, some species
produce varying forms of chlamydospores that are thought bo serve as resting struchures.

Verticillinm sect. Prostrata W. Gams was introduced by GAMS (1971 for
species producing prostrate conidiophores that are often poorly differentiated from
the fine, white or yellowish mycelium. This section comprses some very frequent
and ubiguitous saprotrophic and parasitic fungi. which can attack insects and other
arthropods, nematodes and other imvertebrates, and various fungi. The fungi so far
included in Verticiflium sect. Prostrata, anamorphs of Clavidpitaceae, are only distantly
related to others accommodated in the same genus, which represent anamorphs of
Phyllachorates and other families of the Hypocreales. For this reason the distinetion
of clavicipitaceous anamorphs from plant-pathogenic and plant-associated species of

Verticillinm has become an urgent problem.
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This unrelatedness has been known for more than two decades, but the limited
morphological dif ferentiation of these anamorphs has so far not allowed a more accurale
classification reflecting phylogenete relationships. GAMS & VAN ZAAYEN (1982),
when segregating further sections within Verticillinm, were aware of this situation
but felt unable 1o distinguish genera, because the morphological boundanes were not
sufficiently clear. Even the prostrate conidiophores of Verticillinm sect. Prostrata,
which, in additon w the white fluffy colonies, were taken as mgjor cnleria charmctedzing
this section, irned out W be unrelinble, when species like V. suchfasporinm W_Gams &
Dackman were found 1o have mostly erect and well-differentiated conidiophores.
Verticiffiwm  sect. Prostatn includes the majority of entomogenous  and
nematophagous species and some fungicolous g within the genus. Hosts of the
entomogenous (5.0) species include species of Arachnida, Coleoptera, Homoptera,
Diptera, Thysanoptera and Lepidoptera (GAMS 1971). Hosts of the fungicolous
include a variety of Ascomycota and Basidiomyeota, including fleshy basidiomata of
Hymenomycetes and rusts of the Urediniomycetes (VAN ZAAYEN & GAMS 1982,
LIM & WAN 1983, GAMS et af. 2004). Nematphagous species of V. secl Prostrata
have a faidy broad host moge, bul species specialize on either adulis or cysts (BARRON
1977, GAMS 1988). Many species, however, are isolated from soil samples and
plant litter and the exact nature of their nutdtional mode and potential host affiliation
is unknown. The host range of V. sect. Prostrara is therefore quite diverse and the
pattems and processes by which this host range arose are largely unknown. Like
other fungi of the Clavicipituceae, species of V. sect Prostrata are the subject of
numerous biological control studies, including those of nematodes (IMANKAU 1980,
KERRY & CRUMP 1977), arthropods (SCHULER er af. 1991, VESTERGAARD e
al. 1995), and fungal pathogens (SAKSIRIRAT & HOPPE 1W1. VERHAAR & al
1996). A more accurale understanding of their systematics and phylogenetic affinities is
desirable for the design of biological conwrol experiments and the application and

introduction of such agents in nature.
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Recognition of monophyletic lineages within V. sect. Prostrata is also complicated by the
fact that seversl other anamorph gener, including Tolvpocladinm, Engvodontium,
Aphanocladinm, and Acremoninm, are morphologically similar to V. sect. Prosirata and
are hypothesized o be closely related, bu the exact nature of their relationships
rermains disputed (reviewed in ZARE er af. 2000 - part 1, SUNG er af. 2001 — part 2).

The type species of Verticillinm sect. Prostrata (GAMS 1971) s the anamorph
of Cordveeps militaris (L. @ Fr.) Link, with ellipsoid conidia partly adhering in chains,
and partly in slimy heads; but the core of the section is formed by the complex speties
Verticillinm lecanii (A, Zimmerm.) Viégas with eylindrical and V. psalliotae Treschow
with faleate conidia, Severl other species of V. sect. Prostrata have been linked o
entomopathogenic (e.g.. Tormbiella confragosa Mains) and fungicolows (eg.,
Cordveeps  ophioglossoides (Fr.) Link) teleomorphs of the Clavicipitaceae. The
majonty of species within the section, however, are only known from anamorphs and
their relationship o teleomorphs of the Clavicipitaceae is speculative.

Most of the synonymes listed by GAMS (1971) for V. lecanii had orginally
been placed in Cephalosporium, a genus of doubtful application (GAMS 1971),
which is usually regarded as a synonym of Acremonium Link.

The conidial heads of species of Verticilfium sect. Prostrata can be rather dry
and few-spored, and the conmdia often characteristically move inlo a transverse
position on the tip of the phialides (LA TOUCHE 1947). While most species of the
section have conidia adhering in heads, some more species were included by GAMS
(1971) that form dry conidial chains, These txa have not yet been critically
reexamined.

Onher species with white, lulfy colonies forming consistently solitary phialides,
such as Simplicilliten obclavetum (syn. Acremoninm obclavatom W, Gams) (in GAMS et
al. 1984), are obviowsly dosely related o this group but have been segregated into
Acremonium sect. Albolanosa Morgan-Jones & W, Gams (MORGAN-JONES &
GAMS 1982) because of the complele absence of verticillate branching. The
remaining  species  originally placed i that section are now classified in

Neotvphodium (GLENN er af. 1996), a genus introduced for mostly sparmsely

10
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sporulating anamorphs of Epichloé in the Balunsieae, to which the readily sporulating
A, ebelavatum 1s not closely related.

Some species that are often found as parasites of nematode eggs, produce an
additional form of pluncellular resting spores termed dictyochlamydospores (e g. Figs 5-3,
5-6). The onwgeny of these dictyochlamydospores was studied by CAMPBELL &
GRIFFITHS (1975). Species with dictyochlumydospores were accommodated by
BARRON & ONIONS (1966) in the genus Diheterospora Kamyschko. Such species
are mainly parasites of nematode cysts (GAMS 1988). However, because the
formation of dictyochlamydospores is erralic, in some species very common, in
others rare or absenl. GAMS (1971, 1988) did not consider this criterion suitable for
4 generie distinetion. Furthemmore, a wide variety of conidial shapes, mnging from
subglobose to faleate, is seen in species that produce dictyochlamydospores as well
as in species lacking them. A generic classification based on the fact of dimorphic
sporulation also appeared to be an unreliable solution.

Dictyochlamydospores were also seen by GAMS (1988) in Haptocillinm
balanoides (syn. Verticilliwm balanoides (Drechsler) Dowsett et all), but they could not be
found again in older strains from culture collections. This species was characterized by
apically truncate conidia with a thickened wall layer that facilitates external adhesion
o eelworms, o siwalion comparmble with the extreme modification seen in Dvechmeria
coniospora ( Drechsler) W, Gams & HB. Jansson (GAMS & JANSSON 1985, GAMS
20413}, which i also recognized as belonging to the Clavicipitaceae (GERNANDT &
STONE 1999); several debatable synonyms were listed for V. balanoides by Gams
{1988) and some of them are now reinstated as speciesin part 6.

Highly differentiated, often flat. dictyochlamydospores are  commonly
produced by some parasites of bdelloid rotifers. BARRON (1991} inroduced a
separate genus, Rofiferophthora, for these species. Members of this genus, in
addition, have a tendency to form intercalary phialides with o short lateral
conidiiferows neck. This group and the species around V. bafanoides comprise slow-
srowing fungi that are sometimes difficull o grow in culture. On morphological

grounds, it is easy o envisage that Rotiferophthora is derved from nematophagous

11
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species with dictyochlamydospores. The Rotiferophthora species were keyed out by
GAMS & ZARE (2003).

The genus Apfemocladion was introduced by GAMS (197 12 196) for Acremoniim
album Prewss, 8 charactenstic mould commonly found on myxomycetes. The swollen,
quickly collapsing conidiogenous cells, then called “aphanophialides’, were interpreted as
phiatides, although they only produce single conidia (GAMS 1973), Similar fungi with faster
srowing colonies, that were identified as the same species by GAMS (1971) but are more
likely o represent Aphanodadivon araneammm (Petch) W. Gams, are commonly found on
agarics and other substrta. A molecular study by O'DONNELL (in GAMS et al. 1998) and
our observations indicated that the fungi formedy included in Aphanocladiem  are
heterogeneows, some of them related 0 L psallioe, the others belonging 1o a Hypocredles
clade pear Verticimonosporizem Matsushima,

A further subdivision of Verticilfiemm has been suggested by several authors who used
miolecular, biochermical and physiological evidence (JACKSON & HEALE 1985, JUN eral.
1991, BIDOCHEA eral 1999, KOUVELIS eral. 1999, ZARE eral. 1999, without keading
i conclusive classification.

Molecular phylogenetics holds greal promise in developing more robust phvlogenetic
hypotheses through the integration of anamorphic and eleomorphic fungi in systematic
siclies (TAYLOR 1993, 1995). Broad axon sampling of representatives with diverse life
histories will not oaly result in more securmte hypotheses of relationships (BLACKWELL &
SPATAFORA 1994, but they will abso result in g better understanding of the evoluion of
morphologies and ecologies, such as host alfiliation and nutntonal mode.

In a phylogenetic smudy of ITS rDNA, ZARE et al. (2000 - part 1) revealed a least
three distinet groups of ¥ osecl Prostrata that were consistent with differences in conidium
and phidide morphology, host affilision. and, w0 a lesser extent, production of
dictyochlamydospores.  Their data also supported a phvlogenctic affinity with  the
Clavicipitaceae, but few teleomorphs were included in their analyses. ZARE e af. (2000 —
part 1) provided a thorough ingght ino the polyphyly of Voosect, Prosirame and laid the
foundation for an evenwal revision of s nomenclature. SUNG et al (2001 — part 2)
confinmed the trends recognized in the first dudy by andlysing different genome sequences
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among 8 wider ninge of e of Clavicipitacese. As 4 consequence, several genern have
been distinguished in part 3,

The genus Lecamicillinm W, Gams & Zare (GAMS & ZARE 20 - pan 3) has
been introduced o accommodate entomogenous and  fungicolous  verticillinm-like
anamorphs of Clavicipitaceae previously classified in Verticillinm section Prostrata.
It comprises the major cluster distinguished within that section in molecular analyses by
ZARE er al. (2000 — part 1) and SUNG er al. (2001 - part 2). In a selection of strains
analysed by comparing sequences of the intemal tmnseribed spacer regon (ITS), the
cluster received Y9% Jackknife suppont as a monophylum (ZARE er al. 2000 - part
L), but when more taxa were compared it appeared paraphyletic as it also includes
the genert Beauwveria Vuill, and Micreohilum H.-Y. Yip & AC. Rath and sevenil
species of Paecilomyces Bain, (now Tsaria Pers, : Fr, according to HODGE et ol in
press). These genera were so different morphologically that none of them appeared
suitable to accommodate the verticillium-like anamorphs involved. GAMS & ZARE
(2001 = part 3) therefore introduced the genus Lecanicillinm, although it is
paraphyletic in relation W the other genera of the cluster,

A muorphologically similar group consists of four species with exclusively or
predominantly solitary phialides. According w0 ITS sequences (ZARE er al. 2000 — part
L), these three species form g monophylum basal w the other wxa of Lecanicillium that
could possibly be included in the genus; according to sequences of small and lurge
subunits of abosomal DNA (85U and LSU) of a broader sample (SUNG ¢t af. 2001 -
part 23, this group falls outside the main cluster with 100% bootstrap support and is less
related w Lecanicillinm than the beanveria-like and paecilomyces-like g mentioned.
Therefore we have decided to introduce a new genus, Simplicillitm, for this group,
despite its difficult morphological distinetion (part 4).

The most representative members of Lecaniciffinm fall into two subgroups,
species related w Verticillinm lecanii (Zimm.) Vidgas with ellipsoidal—cylindrical
conidia, and those related w V. psaffiotae Treschow with more or less fusiform—
falcate conidia. This grouping is reflected in the phylogenetic cladograms (Figs 1-1,

4-1). The members of the aggregates around these two species were investigated in

13
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detail by examining large numbers of solates obtained from diverse geographical
areas and hosts. The recognized species are delineated based on an inkegmtion of
morphological observations with molecular groupings. Most species of Lecanicillinm are
clearly distinc L, both morphologically and at the molecular level.

GODDARD (1913), in the oldest description of Pochonia chiamydosporia,
the type species of this genus_ used the generic name Verticillium, He was obviously
aware of the fact that the phialidic anamorph gives more information about natural
affinities of such fungi than the chlamydosporic synanamorph. BARRON &
ONIONS (1966) used the name Dificterospora Kamyschiko (KAMYSCHEO 1962)
for this group, disregarding the fact that the genus was not validly published in 1962,
No generic type species was indicated in the original work rendering the genus
invalid { Art. 37 of the Intemational Code of Botanical Nomenclature), only BARRON
& OMNIONS (le.) designated o type, thus validating the genns. GAMS (1971)
therefore concluded that Diketerospora dated from 1966 and is predated by
Pochonia. GAMS (1971, 1988) did not regard the distinction of this genus from
Verticillinm secl. Prostrata as workable, becawse it was based only on the presence or
dhsence of dictyochlamydospores. The recent molecular studies clearly show the
Justification of a separute genus, The circumserption of this genus deviates
considerably from the previous concepl of Difieterospora and, therefore, we advocule
the change W the simpler and nomenclaturally comect name, Pochonig, rther than
proposing conservation of the name Difieterosporg (GAMS & ZARE 2001 - pan 3).
Other genenie numes wsed for representatives of this group are inappropriate:
Stemphyliopsis A L. Smith was based on an albino mutant of Stemphylinm. Dicivo-
arthrinopsis Bal. & Cif. was probably based on a fungus with litle-differentiated
chlamydospore masses, unrelated to the dictyochlamydospores of Pochonia.

In the new penus Haptocillinm we accommodate nematophagous species so
far classified in the genem Acrostalagmus Corda and Verticillinm Nees (formerly
dlso in Cephalosporivm Corda and Spicarie Harting). DRECHSLER. (1941) described
three of these species, Acrostalagmus bactrosporus, A ebovats, and Cephalos-

porium balgnoides on the nemutodes Plectus parvus und Acrobeloides buetschii; a
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fourth species that he described from nematodes, Spicaria coccospora, is of
uncertain identity (see below under H. sinense). Five yeurs later, DRECHSLER
(1946) added one more species, Acrostalagmus zeosporus. DRECHSLER. generally did
not grow his fungi in pure colwre and no type matenal s preserved from his studies (ALY
ROSSMAN, pers. comm. ), but his meticulous dmwings serve as iconotypes. BARRON
(1989 added a furher species, Verticillium coronatwon GL. Bamon, that probably
belongs w this group. But this species escaped our attention and no material could be
cxamined. This species would be unigue in the genus in having mostly five apical
adhesive buds on the ovoid conidia, which measure 3. 5-50x 2.2-2 5 nm.
SUBRAMANIAN (1977) schematically combined Acrostalagmus bactros-
porus and A obovatus into Verticillivm and Cephalosporium  balanoides into
Acremonim, DOWSETT et al. (1982) redescribed Cephalosporium balanoides
Drechsler carefully and transferred it o Verticilfinm. GAMS (1988) subsequently
revised the group of nematophagous Verriciflium species from a morphological point
of view. He compiled much ecological information on these fungi that is nol
recapitulated here. Gams recognized the close affinity of the species with adhesive
conidia and, adopting a rather broad species concepl, subsumed the four species
described by Drechsler under one name, Verticillium balanoides. GLOCKLING &
DICK (1997) contested GAMS’s wide species concept but did not provide any
concrete arguments 1o disprove it They studied some fresh isolates of similar fung
obtained from nematodes and produced a key, in which they did not distinguish
between species having adhesive conidia and species lacking them. A few isolates
studied by these authors were available w us, but unfortunately no representative
isolate was available of the new species Verticillium seriatum Glockling & Dick,
which seems o be very close 0 V. ococoosporen (Drechsler) W, Gams, GLOCEKLING &
DICK {l.¢.) identified an solale (preserved as CBS 101433) as V. bactrosporim (Drechsler)
Subram., which was reclasified by ZARE e af. (2001 — pant 5) as Pochonia microbactro-
spora becanse it lacked adhesive conidia. The original Acrostlagmus bactrosporns
Drechsler {DRECHSLER 1941) obviously is distinet from that species because
DRECHSLER clearly illustrated conidia attached o the nematode with the adhesive
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end. Another of GLOCKLING & DICK's isolates, described here as Haptocillium
rhabdosporem, differs from DRECHSLER s diagnosis of A, bactrosporus by having
larger conidia. We do not have material that exactly matches his description of A.

bactrosporus, although H. campanudatim seems o be closest wo il

KEY TO THE GENERA TREATED AND SOME RELATIVES (modified from GAMS & ZARE

2003). Genera treated here are printed in bold.

.

B

It

L

Conidiophores erect and well-differentisted (stipe usually thick-walled); dictyo-
chiamydospores absent... - - - i
.formmer Vemc'rﬂmm seclion Afb:hemc'r.u .md i.:-thL’r gruu[:rk. fm:-l erbuj hcm:jl
‘&m: alm Pochonia suchlasporia and Verticillium pseudohemipie rigenum (part 5)
Condiophores usually prostrte, sometimes wlso erect but not thick-walled, often
hardly differentisted from vegettive hyphae; (dictyo-Jchlamydospores present or

Conidiogenous cells with swollen, ofien almost globose venter and sharply delimited
slender neck........ R
Conidiogenous u:]l_~. H_UIL..lh: or wﬂ‘h m.r.'lmm:ly mlllh:d venler o i.:-f rL‘dI.l_m_i shupc .4

Phialides bearing curved phidloconidia on one or several necks; generally
parasitizing nematodes or bdelloid rotifers.... "
- Hﬂqmvpnm!m [kn:y in GAM ‘& & ZARE '7{]1'_1'?}
Fhmlldeu bi_,d.rmg glu't‘m»e Ly L}'Imdrl:.ﬂ conidiz, usually from single necks . s

Conidiophores with rather dense clusters of phialides; soilbome or entomogenous
species, rarely pssociated with nematodes. e Tolypocladium
Conidiophores with scattered terminal and lateral phinlides; on aguatie flies and
rOHFers s R R e s e Culicinomyce s

Intercatary condiogenous cells (mosty phialides) with short conidiiferous necks
commonly produced .. RERRR I -
Intercalary Lunu.'lmgcnuuu LE"b db»mt fnr rarLly furmud in Huprmpom‘.l -

Intercalary phialides mostly produced singly, frequently in verticillale end-
branches of the conidiophore ; o conspicuous oil globule present in each conidiunmg
parasites of rotifers; dictyochlumydospores present, often flattened ..
«..Rotiferophthora (Key in GAMS & ZARE '7{]1'_1'?}
‘&m-'i:ml mh:n:,.‘ilz-Lr}' Lumdu.mg:nuus cells produced below a temminal one; dictyo-
CRIAMYAOS PO S BB i it vinsonid b b bimsion i S 0 bimsion s i b oo s bbb i e i1 D

Conidiogenesis phialidic with single openings ... 1
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L.

1.

11,

1.

14.

147

. Conidia l.iLI-amg an ddhl_‘hl\-' s.LruLLurL. SOME Species pursitizing rl.:-tllcrs

Conidiogenesis p‘l)l}'bldbllL conidiy globose, with a conspicuous basal slime pad;
parasitizing rotifers... ek dntk st e b et s sk s eesesa s e o PSE T OMETIA MMC 05

Conidiophores ercct; obelavate conidia in heads, with adhesive tip; rm.ra.ﬁirjzing

nematodes or ciliated protozoa... wier i e neoe DFEChMENAQ
Conidiophores more or less pm*.-.tmu, {}h'[}"r'(}ld andu in LhLLIHS
PI eurm!’e*.mr;.s poa

Conidiogenous cells flask-shaped; discrete dictyochlamydospores absent ... 9
Conidiogenous cells hardly swollen, aculeate, ofien in whods; dictyochlumydo-

Condiogenous  cells [ﬂ'.l'uilidi:_. with a flaring collurette; conidia with  basal
appendage.... . Haptospora
{_umdmg,mu» LLIh- phmlldu_ or wum s.vl:-ll!:ir;.-l L'umdm, dpr[:un:mly bl..:LHLl.., lacking 4

discemable collarette; conidia lacking 4 basal appendage. oo i, 1]
Conidia adhenng in regular dry chains... oo Isaria ( Paecilomyces)
Conidia adhering in heads or formed singly .o 11

Conidiophores synnematous or mononermatous; conidia with a distinet, chromophilic
slime layer or covered by a finely waned epispore, ofien somewhat fusiform. . Hirsutella
Conidiophores mononematous; conidia thin- and smooth-walled . 12

. Conidiogenous cells single, with only the tips protruding from the nematode; in vitro

single swollen phialides supported by slender stalks. oo Plesiospora

. Complex conidiophores appearing outside the host animal, more or less verticillate ... 13

. Conmdia with o distal adhesive surface, appeanng as 4 wall mi_k.ming' parusites of

nematodes. Hupfumfkum

.. Toly pm_.’adr i

Conidiophores erect and with differentinted stipe (usually somewhat thick-

willed). .. ~see Pochonia suchlasporia
Lum-:imp&uxu I.I.'iudlly pl'l.}HI'.H:llfL‘ somelimes ..Jhu L[L‘LL but hardly differentiated from

17



PDF Compressor Free Version

6.

16"

18,

18"

197

20

2

s l‘.'_{:-mdu:-gmmlu phm]ldn_.

. Conmdiogenesis polyblaste, with conidia either on sympodially produced denticles

of terminal conmdiogenous cells or on densely crowded, rpidly collapsing denticles
Iuh:r.illy dlong intercalary cells of prostrate fertile hyphae; dictyochlamydospores
phiulidcs aculeate, more or less persistent, each producing
severil conidia; dictyochlamydospores presentorabsent e 1T
Conidiiferous denticles persistent, mostly in terminal position, sometimes inse ned
next o discrete comdiogenous cells . =
" . SeE Bfmu e i .j.nd Mn. m.‘:d'run fi:ntumugcmm\. m.i;

Grmthlﬁnmu dLnLlLlu u_,attcrud along cells of fertile hyphae, soon collapsing
{ ‘aphanophialides™); colonies dL‘Lpl"p‘ 0] | S —

dphunLH.lddll.lm Ii_l‘-u: spﬁ. s uf lﬂmuﬂfﬁum

. Colonies slow-growing, maching 5-15 mm diam. in [0 d; para.\ilf.u of free-

living nematodes or rotifers. ... y ; s 18

" Colonies growing f.is.tLr_n:uLhmg 1‘3-4[} mm dl.im in Iﬂd growing on insects or

fungi; if attacking nematodes, then parasiizing Cysts OF 8225 o nine e 19

Parasites of bdelloid rotifers; intercalury phialides with a luteral neck nomally
present below terminal. flask-shaped or elongate phialides; conidia adhering in
heads; a conspicuous ol globuke present in cach comdivm; dictyochlamydo-
spores commonly present, often flatened ... 5c¢ Rotiferophthora
Parasites of free-living nematodes; conidia balanoid, campanulate w cylindrical,
subglobose o irregularly angular, mostly terminally adhesive (visible as a wall
thickening at the upper, more or less truncated end ), produced in heads or shon
chuins or both; sesquiphialides absent; dictyochlamydospore-like structres some-
DRTYNEE PO EIY, ooy iimiiniis o Eioeies FB S R R e Haptocilfivm

. Phialides exclusively mlit'.lr}' (if verticillate, conidia narowly acerose); dictyo-

chlamydospores absent . Sr'mpficﬁiium
Phialides at least partly in whx:-rlﬁ. e e M P e e P S Pt |

Conidia subgloybose to shod-ellipsoidal, sometimes short-falcate, often cyanophilic;
dictyochlamydospores sphenical or irregulady shaped. ofien present in the aenal
mycelivm or in the agar; mostly pamsites of nematode cysts or saprotrophic,
soilborne; crystals absent in the medium. . SRR 1 Taf 177 (7]

. Conidia short- or long-ellipsoid 1o Lyhndm.d] or ﬁiL.iL L L'xm':plLLn}usly

cyanophilic; chlamydospores or dictyochlamydospores absent; crystals abundantly
produced in the medium; sporulation with aculeate phialides predominant; denticles
with blastoconidiz, if present, densely scattered along the cells of fertile hyphae; on
varous substrata (mostly entomogenows, fungicolous, or soillborne) .o,
.............................................................................................................. Lecanicillium
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MATERIAL AND METHODS

Fungal stmins (tabulated and listed in the subsequent parts) were obtained from
diverse geographical areas and from different hosts/substrata. Strains were maintained
on potato-carrot agar (PCA) slants at 4°C. The majority of the isolates preserved at
CBS and IMI culwre collections and some fresh isolates oblained from HC EVANS
were studied, both morphologically and with molecular methods, [n this way, additional
teleomorph connections were ascentained. The large number of solates available was first

screened with RFLP methods (see ZARE et af. 2000 - part 1.

Muorphological studies

Colony growth mte and morphology (shape, colowr, height) were recorded oo streak-
inoculated cultures grown on potato-dextrose agar (PDA, Oxoid). Conidiophore structure
and branching, conidia, phialides and resting structures were recomded on PCAL
Undisturbed cultures were examined in open Petri dishes under 4 compound microscope
to observe the overall structure and branching pattern. The temperature optima for
ex-lype or representative isolates were assessed in incubators with 3°C intervals on
malt extract agar for streak-inoculated culwres growing on 2% malt extract agar
{MEA. made of malt extract from a brewery, adjusted 1o 2% sugar concentration and
pH 7) in 90 mm diam. plastic Petri dishes incubated at 21, 24, 27, 30, 36, and 40°C
for 10 days in the dade. If values reached at different temperatures did not differ by
more than 2-3 mm, the emperaiure optimum i noted as a mnge. Growth rates on
MEA were often less than those on PDA; therefore, the growth rates used in colony
descriptions can deviate somewhat from those given for temperature relationships.
The formanon of crystads could be deady seen on potato-camot agar (PCA) after 1-2
weeks, Other featres were observed and recorded on PDA plates inoculated with agar
blocks (2 % 2 x | mm) tken from [{-2{-day-old PCA plates. To recond changes with
age, PDA plates were checked 3 times at 10-day intervals. Colony diameter and height
pigmentation and pigment diffusion into the agar, were recorded each time. Unless
otherwise indicated, all colony descriptions in pans 3-6 are from colonies grown at

24 + 1°C. For microscopic exagmination, cullures on PCA were incubated at 24+ 1°Cin
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the durk. Observatons were made from the fifih day onwards. Conidiophore branching
and conidial amangement were generully observed m open Petn dishes with a 10x
objective of the compound micrscope. For this purpose colonies grown on PCA or sail
extract agar (SEA) are most suitable. Slide prepartions were mounted in lactic acid-
cotton blue. Structures were measuned from freshly prepared slides under a 100 x lens of a
BH2 Olympus microscope using a camerit lucida. Twenty or more conidia were measured
for each stmin after 10 days. Phialide length and width, hyphal width, presence and
location of resting structures, and production of crystals were also recorded. Photographs
were Liken on a Leitz microscope equipped with Nomarski differential intedference

contrast (DIC).

Molecular studies

Glucose-Yeast Mediom (GYM, MUGNAL & af 1989) was wsed to produce
mycelinm for DNA extracton (for details see ZARE er al 1999). Harvested cultures
were stored al =20°C and then Iyophilized. Biomass was prepared for extraction by
srinding up the freeze-dried material in an aleohol-sterilized monar and pestle,

DNA extraction: DNA was extracted from both dhed herbarum specimens
and live cultures, Crnde DNA extracts were prepared using the method of RAEDER
& BRODA (1985) or modified CTAB method (GARDES & BRUNS 1993,
SPATAFORA er al. 1998), To assess the quality of the extmeted DNA, the DNA
was difuted 19 in loading buffer (PATERSON & BRIDGE 1994) and loaded on 1%
{wiv) SeaKem LE agarose (FMC BioProducts, Rockland, USA) gels in TBE buffer
(0.089 M Tris-Base, pH 8.3, 0.089 M boric acid, 0.002 M EDTA in a minigel ank
(Hybaid Lid).

FPolvmerase chain reaction and DNA sequencing: ITS regions, including
parts of the small and large nuclear rDNA genes and the central 5. 88 rDNA gene,
were amplified and cleaned wsing Quisgen PCR cleanup columns (Quiagen Lid,
Crawley, UK) according to the manufacturer’s instructions. Pramers ITSIF
(GARDES & BRUNS 1993} and 1TS54 (WHITE et af. 1990) were used for PCR

amplification and sequencing, as previously described (ZARE e of 1999 A PE
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Biosystems ABI Prism 377 Automated DNA Sequencer was used, with dRhodamine
dye terminators incorporated by Amplitag DNA polymerase FS from PE Biosystems.
The dideoxy-nueleotide chain termination method of sequencing (SANGER er af,
1977 was applied. The PCR products were sequenced in both directions. Primers
ITS3 and NL4a (G. HAGEDORN, unpubl.) were applied 1o sequence ITS-2 in H.
rhabdosporum.

To iniegrate V. sect, Prostrata inlo a database of clavicipitalean fungi (pant
2y, 1150 bp of the small subunit (SSU) and 950 bp of the large subunit (S5U)
nuclear dbosomal DNA (nrDNA)Y were amplified in the conventional polymerase
chain reactions (PCR) (MULLIS & FALOONA 1987). The SS5U rDNA was
amplified with primers NS1 and NS4 (WHITE er @f. 1990). The LSU rDNA was
amplified with primerss LROR and LRS5 (VILGALYS & SUN 1994} PCRs were
performed in 50-pl reactions as follows: [94°C (1 min), 30-52°C (30 sec), 72-73°C
{1 min)] = 35-40 cyeles. Soccess of PCRs was confirmed by agarose gel electro-
phoresis of 5 pl of the reaction mix, PCR products of S5U and LSU rDNA were
purified using QlAguick PCR purification kits (Qiagen Inc., Valencia, CA). Purified
PCR products were visualized on a 1% agarose gel staned with ethidium bromide
and guantified using Gibeo-BRL low DNA Mass Ladder. The punfied product wus
sequenced using ABL Prism BigDye Terminator Cyele Sequencing chemistry with
AmpliTag DNA polymerase, FS on an ABL Prism Model 377 (version 2.1.1)
automated DNA sequencer {Perkin-Elmer) at the Central Services Labormtory of the
Center for Gene Research and Biotechnology at Oregon State University, The
template strands of punfied PCR-products were directly sequenced utilizing the
poimers NS1, SR7. NS3, NS4 for 85U rDNA and LROR, LRS for LSU MDNA
(WHITE &1 af, 1990, VILGALYS & SUN 1994).

Phvlogeneric anafyses: For ITS region the programs EditSeq and MegAlign,
parts of the DNASTAR Lasergene 1994 software package for Macintosh, were used
for editing and aligning the sequence files. The alignments were initially constructed
using the CLUSTAL option in MegAlign and adjusted manually. Gaps or indels

(nserions/deletions) were coded as extra character states wsing MacClade
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(MADDISON & MADDISON, 1992}, The indels were treated as single events and
coded as binary chameters in subsequent analyses. Parts of the sequences in which
homology could not be ascertained were excluded from further analysis. The
beginnings and ends of the 185, 285 and 585 rRNA genes and spacers were
determined according w the sequences reported by MUGHNIER (1994).

For the small and large subunits of ribosomal DNA, DNA sequences were
edited in SeqBEd Ver. 103, manually aligned using a color font, and appended to a
preexisting daty set of the Clavicipitaceae and other perthecial fungi (SPATAFORA
et al. 1998). The phylogenetic analyses were performed with PAUP* 4.0
(SWOFFORD 1998). Parsimony analyses were conducted on the combined data set
of 55U and LSU wrDNA wsing the following heuristic search options: 100 replicates
of random sequence addition, TBR (Tree bisection-reconnection) branch swapping,
and MULTRE in effect. Insertions and deletions (indels) were minimized in alignments
and gaps were treated as missing data in the analyses. Ambiguounsly aligned sequence
regions were excluded from the data matrix before analysis, Weighted parsimony
analyses were performed wsing o step-matrix to weight nucleotide tansformations
based on the reciprocal of the observed tansiton @ transversion (TNTV) ratio.
THTY ratios were estimated g-prion from an average of pairwise comparisons
caleulated in PAUP wsing the ‘PAIRWISE Buse Differences’ command. Relative
support for the resulting trees was determined by 2500 bootstup replications on
informative characters only with the previously mentioned search options except that
only one tree was retained during each replication (MONCALVO et al. 2000)), The
phylogenetic trees generated from the combined data set with S5U and LSU nrDNA
data sets were mooted with Xvlara crota and X, hypoxvlon.

To test alternative phylogenetic hypotheses for V. sect. Prostrata, 1.,
monophyly of V. sect. Prostrate, constraint opologies were  constructed  in
MacClade 30 (MADDISON & MADDISON 1992), Constraint topologies forced
the monophyly of V. sect. Prostrata, but left all other nodes of the tree as unresolved.
These wpologies were used as sianing trees in maximum parsimony andlyses; search

options were s described sbove except that maxtrees was set o LOO). The most
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parsimonious  rees recovered from  the construint analyses  were  statistically
compared o the trees recovered from the maximum and weighted parsimony
analyses  wsing the Templeton WSR  test implemented in PAUPY  4.0b3
(SWOFFORD 19498). Host affiliation was mapped in part 2 onto one of the most
parsimonions trees using MacClade 3.0 (MADDISON & MADDISON 1992) with

equal weights for all character state transformations,

R
Lid
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PART ONE:
PHYLOGENETIC STUDIES USING ITS SEQUENCES

The strains examined are summarized in Table 1-1 with additional sequences down-

loaded from GenBank in Table 1-11.

Results of I'TS analyses

Variation of amplicon fength: The wial length of 1TS- 1-5 85-1T5-2 weross Verticilliom s.
{ vaned from 476 bp in IML 130213 (V. pubifion, clade A) to 558 bp in CBS 24883 (V.
sichlasporinm var. catenamm, clade D), The 385 gene is very conserved both in
sequence and in length, ranging from 158 bp in Cephalosporium curtipes var.
weedinicola CBS 154,61 w 205 bp in V. lamellicola CBS 11625, Rotiferophthor
species, which are close to clade D, had a comparatively longer 385 gene (200-207 bp).
Size vadation was much greater in the TS region: for I[TS-1 fom 126 bp (in V.
tricorpus ) to 189 bp (in V. antillanum) and ITS-2 from 145 bp (in V. zeosporum) o
88 bp {in V. suchlasporium var, catenatum). Rotiferophthora species had relatively
long [TS-1 (204-215 bp) und ITS-2 sequences (136-1586 bp).

Sequence divergence: Sequence variations were caleulated vsing PAUP version
4.0bda (SWOFFORD, 1998). Up o 605 sequence variation was observed in the 1TS
region across Verteciflium s L, rendering alignment problematic, particulardy of the
species included in Clade A. Only the 585 gene was highly conserved (Table 1-111),
serving as a basis for the alignment. Average pairwise sequence divergence of the ITS
region within Verticillium 5. £ was 10-36% in ITS-1 and 5-43% in ITS-2. while these
values were much smaller for the 5,88 gene, ranging from 2 1o 15 (Table 1-111). The
highest differences were found between Verticiflium cade A and the remaining clades,
indicating their distant relationship, Rofiferophthora and clade D are closest weach other,

with only 8-16 and 8-2 1% sequence difference in their ITS-1 and [TS-2, respectively.
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Tuble 1-1. Strains examined. Because of unavailable binomials in more appiopriate genera, several isolates are cited under obsolete genera like
Acrostalagmus or Cephalosporiin, A. = Acremoniun. Acrost. = Acrostalagmus. Aph. = Aphanocladium, Ceph. = *Cephalosporium’. Eng. =

Engyodontivm. Plect.= Pleciosphaerella. R. = Rotiferophthora. V.= Versicill ium,
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Table 1-11. Additional sequences obtained from GenBank,

Genlbank accession  Relerence and anthor

Species

Py el al, ruapeb sl
Purk el ul tunpulishad)
Thnrivgren ot al, (2000

Alnlpaal
Al saed |
ABLAZRIS

fitibia
» i1, ¢ Fro Link

seieegering (Lt lorss

Tlavieeps garg
Caravrems o
(P

W iams

pdicreerdn ¢

e e La0640 CrTaoanctl 8 Gruy (15020
Vergicitiam dahiios Klehahn A Perton o ol ronpublihed

W UATTR AN EHAER L2sa7y Mok bamedoy el ol tunpablishadi
Loiod slvercine Schardl s Lanchim | FRANL schandl eral, 1997

o repdivea (Poso TTalo &0 Tul Lirsitus Schardl el al (1540

Table 1-111. Inter- and intra-cluster mean average distance matrix in the 585 gene, and the
ITS-1 and I'TS-2 regions. Values in bold face indicate intra-cluster distances. Values in parentheses
indicate minimum and maxdmm recorded. Distancesare in percentage difference.

a5 | 2 ] | »
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SRR ekt (A0 A 058 (17-) 20 =23 (1Z=) 1R =210 (T=1 15 i-19% 0§

Phylogeny of the ITS region: A Blast search starting with the sequence for V. chlamydo-
sperriton var. chfamydosporium, CBS 10365, led 1o a number of sequences in GenBank.
Three of these. belonging w0 the clavidpiltaceons species Claviceps  purpurea
(AJOL1591), Epichioé typhing (LT8298.1), and Epichloé glveeriae (LT8302.1), were
used as outgroups (Fig. 1-1). In another analysis some species of Cluster A were used as
outgroups (Fig. 1-2).
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Fig. 1-1. One of 240 equally parsimonious trees recovered using sequences of ITS region and
5,85 gene, hused on Epichlod and Claviceps as outgroup, Dashed lines indicate branches that
collapsed in the strict consensus tree. Plain figures indicate branch lengths and figures in

brackets show the Jackknife support values, Cl =0.52,. Hl =

length = 909,

047. BRI = 082, RC = 0,42, tree
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Figure 1-2. One of 720 equally parsimonious trees recovered using sequences of TS region
and 5,85 gene. based on species of Clade A as outgroup. Dashed lines indicate branches that

collapsed in the strict consensus tree. Plain fgures indicate branch lengths and figures in
brackets show the Jackknife support vales, Cl = 0.60, HI = 0.39, BRI = 0.83, RC = (L350, tree
length = 584,

A hewristic search with all stmins of Table 1-1 yielded 240 equally pasimonious trees
when rooted on Epiclioé and Claviceps. A stiict consensus tree of these was caleulated
(Fig. 1-1). Rooting the ree on species of Cluster A led 0 720 equally pasimonious rees
with a very similar wpology (Fig. 1-2). Four muyjor clades (A-D) were distinguished in
all these trees (Fig, 1-1).
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Clade A comprises species of Verticillinm in the most cument sense, e, the lype species
and the mamnly plant-associated species of section Nigrescentia. 1t also has 0%
Jackknife support. Long branches (59 steps) suggest some distance in the relationship of
this clade with the remaining clusters. Plectosphaerella cucnmering is placed adjacent to
Vo futeo-album. It seems that all these fungi are correctly classified in the Phyllachorales
(PALM et al. 1995, MESSNER et al. 1996).

Clade B, comprising V. fecanii and V. psalliotae. has 99% Jackknife supporl
lsolates previously identified as V. fecanii could be subdivided ini several taxa that
are referred o here with older names available in Cephalosporium. Aphanocladium
aranearum and A dimorphum we very closely related o V. psalliotae. Engvodontium
aranearum (CBS 300.83), which was included in the analysis because of some sirmilarity
with Aphanocladium dimovphum, was also found w be nested within this clade.

Clade C comprises the nematophagous species with adhesive conidia. It has
97% Jackknife support. From the tree topology it is clear that these species are no
closer o the species that often attack cysts and eggs of plant-pathogenic nematodes
(Clade D) than o the plant and insect pathogens of Clades A and B,

Clade D comprses mainly species that occur frequently as pamasites of
nematode cysts, The clade as a whole has less than 50% Jackknife support. The two
species V. chlamydosporium and V. suchlasporium are obviously distinet though
closely reluted. Species of Rotiferophthora, which are morphologically similar o this
group, form a distinet subclade. In clade D, tao species, Cephalosporium curtipes
var, wredinicola and V. psendohemipterigenum, appear wpologically close to the
nematode parasites, but their mther great banch length suggests thar they are distantly
related. These two species are fungicolous and entovmogenous, respectively, and
because of their faleate conidia they were initially expected o be closer to V. psalliotas.
The presence of scanty chlamydospores in isolates Libelled €. curtipes var, wredinicola
distinguishes them from V. psalfiotae. The comect classification of this species and V.

prendohemipterigenm cannol yel be resolved.
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Discussion
Most phylogenetic studies of fungi have used sequences from the ndbosomal RNA
genes and spacers. The ITS regions are frequently used o analyse relationships at
the species kevel (LIECKFELDT & SEIFERT 2004)). The present study was intended
i elucidate the relationships among taxa tmditionally accommodated in Verticilfim, with
particular reference 1o is section Prostrata, Lo addition, a number of stmins of plant-
associated taxa ( Verticilfium secl. Nigrescentia) and of a few other groups (e.g. section
Verticiffiron) and some species of uncertain affinities, were induded. A sound txonomy
should be bused on both morphological and molecular sequence data (possibly of several
genome fractions). In most cases, the available molecular and morphological data
supported each other. But in some cases (e.g. V. psewdohemipterigenum, Cephalosporium
crotipes var, wredinicola), because of insufficient numbers of strains and inadequate
information, no clear-cut conclusions could be drwn,

The species presently placed in Verticillium form at least four distinet clades,
A-D (Fig. 1-1). which are also sepamble on morphological grounds (Table 1-IV). It is
obvious that not all vericillium-like anamorphs of Clavicipitaceae can be accommodated
in these clusters and the similar hypocrealian anamorphs have not yet been tackled, The
ITS sequences show g great extent of vanation (up o 605%). Jackknife support
corrobomtes the distinction of at least three of the four clades. A possibility of

Table 1-1V, Summary of morphological features distinguishing molecular clades.
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retining these four groups in Verticilliion and recognizing them as sections could be
envisaged, but it appears by far preferable to us to subdivide the genus inw a number of
more natmrally circamserbed geners This is desirable because of the classification of
associated wheomorphs in different orders of ascomyeetes and great hiological differences.

The teleomorphs of clade A are probably members of the order Phyllachoriles
(PALM e al 1995, MESSNER ef ol 1996), The mmamning taxa discussed bere belong
to the Clavicipitaceae. Tormbiclla confragosa Mains is Known 1o be the teleomormph
of V. fecanii (MAINS 1949, EVANS & SAMSON 1982), the most representative
member of clade B. But Cordveeps militaris dso belongs o this cluster, showing that
the distinction between these two teleomorph gener is by no meuans shap while, on
the other hand, Cordyeeps shows consideruble heterogeneity. A species of Cordyeeps
(H.C. EVANS, pers. comm.) has been proven o be the teleomorph of V. chfamydo-
sporipm, representative of clade D.

No teleomorph is yet known for clade C, although its affinity with the Qlavici-
pitacene s probable, Many more verticillium-like anamorphs are known that are not
meluded in the present study; many of them have affinities with genera of the Hypo-
creabes, an order from which the Clavicipitaceae emerge in a nol completely resolved
manner (GLENN eral 1996, GAMS e al 1998).

The host-pathogen relationships cleady reflect the dusters distinguished: Clade B
comprises entomogenous and fungicolous species, Clade C contains endoparasites of
nematodes that attach themselves to their host by meuans of adhesive conidia, and
species of Clade D mainly pamsitize nematode cysts and eggs. All these groups differ
strongly from the plant-associated and soil-borne species of Clade A.

Morphological entena are not dways sufficient o make clearcut distinctions
between the clusters distinguished. The entena intmduced by GAMS & VAN ZAAYEN
(1982) for the distinction of sections seem Lo hold for a very crude subdivision, but
in omder o differentate clusters within the former section Prostrata, additional eritena
must be sought. The conidia provided with an adhesive upper end Wwm ol o be a
significant critedon distinguishing Clade C. Species of Clade D had already been
segregated by BARRON & ONIONS (1966) as a sepurate genws, Difieterospora, using
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the presence of dictyochlamydospores us the major criterion. Because of the unreliability
of this featre, GAMS (1971, 1988) did not recognize this genenc distimction, but now the
distinction appears to be phylogenetncally significant and points o the importance of
examining fresh and optimally preserved cultures in morphological studies. The
cluster now includes species that never form any dictyochlamydospores, and therefore
secondary criterda must be found W properdy identify it species. The range of conidial
shapes, short-oval 1o bluntly short-faleate or polyhedric differs from the eylindncal to
fusiform or faleate conidia of Clade B, Moreover, young conidia of Clade D are often
distinctly cyanophilic and erystals are usually absent.

Lnterestingly. Clade B includes species with verticillate conidiophores in addition
i some with stictly solitary phialides, so far classified ws Acremonium obclavatm W,
Gams and Cephalosporivm lanosonivewm van Beyma. The hyper-pumsites of st
fungi. identified either as Cephalosporiien aortipes var. wredinicoda Sukap. & Thirum. or
Verticilfiton epiphytom Hanst. are very similar o V. psaffiore in Clade B. They produce
scanty chlamydospores in culture and do probably not belong 1o Clade B, but are closer o
Clade D, Their classification will require further sidies using additiona] representative
isolates and more kinds of sequences,

The presence of strongly reduced, shor and swollen, evanescent conidiogenous
cells that produce only single, obovate conidia was proposed by GAMS (1971) as the
criterion for distingushing the genus Aphanocfadivm, The type species, A afbum (Preuss)
W. Gams, was onginally descrbed from myxomycetes, while other wolates identified as
that species were obtained from various, mostly fungal, substmia. These solates are
here 1dentified as A. aranearum (Petch) W, Gams, Its strains grow faster and produce
a deep, fuffy aerial mycelium, while the mycelium of A afbum shows some tendency
of undulate growth, Observaions by K. O'DONNELL (unpubl.) and the present findings
point W a sharp hipadition among these two groups of Apfanocladinm. Aphanocladium
album, CBS 401.70, from Myxomycetes appears inour study close 1o Clade D, while the
second group around A grarearm is a neighbour of Vo psalfiotae . 1L is not surprising
that A phanocladinm dimorphum 1D, Chen with its two types of conidia, faleate and

obovoid, and differentiated and evanescent conidiogenous cells links the two taxa,
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Engvodontium granearum was included in the present study becanse of its sirmilarity
to Aphanocladium dimorphum, Sequence compansons suggest that this species is
closely related w clade B as well.

The species of Clade D, consisting of parasites of pematode eysts, deserve
generic distinction. The combination of dictvochlamydospores (or at least irregulardy
swollen hyphae or solitary chlamydospores) and mther mpid growth are sufficient
evidence for this cluster. But in the absence of any resting structure, the subglobose 1o
shor-ellipsoid or blundy falcate, oftien cyanophilic conidia are indicative of this affinity.

BARRON (1991) and GLOCKLING ( 1998) presented arguments that Rotifero-
phthora s o distind genus. Members of this genus are stdctly parsitic on mtifers. Two
species, R angustisporg and B minutispora. were included in the present study.
Companson of sequences derived from the [TS region and the 555 (RNA gene suggests
a close relatdonship between Rotiferophthora and nematophagous Verticillinm species
and places the genus on a subelade within clade D

Verticillium pseudohemipterigenum with its compact whorls of phialides does
not seem o be closely related to any of the other groups distinguished here.
Sequence comparison of the ITS region including the central 5. 85 was insufficient o
resolve its position.

Species of the sections Verticiflium and Nigrescentia are apparently closely
related to each other, both using morphological and molecular crterid. Verticillium
futeo-album has so far only been reported as o saprowroph (HUGHES 1951), sometimes
in association with other fungi (PETHYBRIDGE [919, BOOTH 19539, TSUNEDA
et al. 1976). This species can be distinguished easily from the species of sect.
Nigrescentia by its brick-red colony colour. ITS sequences also cleady distinguish
this species from other taxa of secl. Mgrescentio. This species is closer 1o
Plectosphaerella cucumering. PETHYBRIDGE (1919) found it in association with
perithecia of Nectria inventa Pethybr,, a connection that appears doubtful in view of
the present molecular findings and those by MESSNER e af. (1996), which suggest
that species of Verticillinm sect. Nigrescentia and V. futeo-album (K. O DONNELL,

pers. comm. ) are related to the phyllachorlean genus Glomereffa. In summary, four

35
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distinet clusters recognizable by molecular and morphological features are identified.

These groups comelate with host range.
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PART TWO:
PHYLOGENETIC ANALYSES OF SSU AND LSU NUCLEAR RDNA
SEQUENCES FROM ANAMORPHS AND TELEOMORPHS OF THE
CLAVICIPITACEAE

The strains analysed are histed in Table 2-1.

Results

The combined S5U and LSU nrDNA dataset included 2040 aligned nucleotide
positions, with SSU DNA compnsing 1100 and the LSU rDNA comprising 940
positions. One-hundred and ten SSU rDNA positions and 128 LSU rDNA positions
were excluded due to either ambiguously aligned regions or an excess of missing
data near the 5 and 3° ends. The final data set included 1802 nocleotde positions of
which 347 position -146 from the 55U rDNA and 201 from the LSU rDNA were
identified as parsimony-informative. The alignment s available from Treebase as study
gecession mumber 5573, matrix accession number MB66. Maximum parsimony
analysis of the 93 mxa dataset yielded 329 equally most parsimonious trees of 1710
steps. For each of these wees, the consistency index (Cl) was (0.322 and the retention
index (RI) was 0.690. Although a large number of trees were recovered in these
analyses, many of the nodes amongst the major geners and groups of the
Clavicipitaceae were resolved in the strict consensus tree (Fig. 2-1). One of the most
parsimonious trees from the maximum parsimony aoalyses was chosen at random
and is shown in Fig. 2-2 for the purpose of displaying branch length and mapping
host affiliations.

Maximum parsimony analyses of the combined 55U and LSU DNA data
support the inclusion of all isolates sumpled from Vo sect Prostrata in the Clavicipilacess
except for V. incwvem However, the monophyly of the Clavicipitaceae i1s weakly
supported by bootstrap values and is chareterzed by a relatively short branch. The
clavicipitalean isolates of V. sect. Prostrata did not form & monophyletic group and were

placed in at least three separate purts of the Clavicipitaceae clade.
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Table. 2-1. List of cultures and specimens used in this study.
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To test the monophyly of V. sect. Prostrata, two wopological construint analyses were
performed. One wpological constraint that forced the monophyly of V. sect
Prostrata including V. incwrvem (constraint 1), while the second constraint foreed
the monophyly of V. sect. Prostrata withow V. incirvien (constraint 2). Maximum
parsimony analyses using construint 1 and constraint 2 wpologies as stating trees resulted
in trees that were 75 and 35 sieps longer, respectively, The most parsimonions trees
from both constraint 1 and constraint 2 were both rejected as being significantly
worse explanations of the data than the trees from both the maximum and weighted
persimony analyses (P = < 00001). This finding is consistent with the observation that the
ITS-5.85 sequences of V. incurnmem could not be aligned with the remaining taxa of

Verricillinm,

Discussion

Familial relationships of Verticiflium sect Prostrata: Verticiflinm is known 1o be
phylogenetically related to many families of perithecial ascomyecetes (GAMS 1971,
GAMS & VAN ZAAYEN 1982, SAMUELS 1988, ZARE ef af. 2000 - part 1). In
these analyses, the specimens sampled from V. sect. Prostrata grouped within the
Clavicipitacese with the exception of V. incurvem, which grouped more closely with
members of the Hypocreaceae, The clavicipitaceous affinity of V. sect Prostrata is
consistent with hypotheses from morphological studies (GAMS 1971, GAMS &
VAN ZAAYEN 1982) and phylogenetic analyses using the ITS (DNA (ZARE et af. 2000
—part 1). Although the Qavicipitacese were mferred to be monophyletic, their monophyly
was not strongly supported by the data. The davicipitaceous region of the rDNA tree is
characterized by relatively shont basal branches that received low bootstrap suppornt
(Fig. 2-2), The monophyly of the family is, however, consistent with morphology.
The Clavicipitaceae are united by the synapomorphies of long eylindrical asci with a
conspicuously thickened apex and filiform ascospores that typically disaticulale into
part-spores (DIEHL 1950, MAINS 1958, ROGERSON 1970, KOBAYASI 1982,
SPATAFORA & BLACKWELL 1993).

41
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Fig. 2-1, Strict consensus tree of 329 most parsimonious trees from the maximum parsimony
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Fig. 2-2. A phylogram of one of the 329 most parsimonious trees. Only the Hypocreales
section of the tree s shown to emphasize the Clavicipitaceae and Verticilfiwn sect. Prostrata.
Tree descriptors are as in Figure 2-1 with the exception that nodes which collapse in the strict
consensus are designated by asterisks. Host or substratum is provided to the right of species
ILTEs,
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These data are also consistent with o distant relationship between fungi of V. sect.
Prostrata and those of V. sect. Nigrescentin (ZARE et af. 2000 — part 1), In a
previous study of the S5U rDNA, the plant pathogen V. dahfiae Kleb. was shown to
be closely related to the Phyllachoraceae (MESSNER et al. 1996). This relationship
wis not strongly suppored by the data and the node in guestion was characterized by
long branch lengths. Here we included sequence data from both the 85U and LSU
rDNA and a larger sampling of perthecial ascomycetes, which may serve o disrupt
long branch attraction (FELSENSTEIN 1985, GRAYBEAL 1998). These analyses
incredsed the suppont for a close relationship between V. dahliae and Collerorrichum
glocosporioides (Pene) Pene & Sace and its teleomorph Glomerefla  cingulata
(Stonern. ) Spauld. & Schrenk and the inclusion of V. dahlice in the Phyllachomceae
(Fig. 2-1). These data also strengthened the hypothesis of the dispante relationship
between V. sect. Prostrata and V. sect. Nigrescentia (ZARE et af. 2000 — part 1),
Polyphyly of Verticillium sect. Prostrata: Although Vo secl. Prostratn was
confirmed as being included in the Clavicipitacese, the monophyly of V. sect. Prostrata
wis rejected. The most pasimonious trees from the analyses of constraint wpologies,
which forced the monophyly of V. sect, Prostrata with and withoul V. incanem, wene
rejected as significantdy worse explanations of the data (Templeton WSR 1est
P = < (L0001). These resuls suggest that V. sect. Prostrata is polyphyletic and does not
represent 4 maturl group of fung within the Clavicipitiweeae, AL least three, and possibly
six, separdte groups of Vosect. Prostratae were resolved within the Clavicipiaceae. We
emphasize groups, rather than clades, out of convenience as several of the groups were not
supported as monophyletic in the maximum parsimony analyses (Figs 2-1, 2-2), but
represent closely related sets of species. Also, certin morphological and ecological taits
are discussed in the context of these groups. We follow the convention of ZARE er al,
(2000 — part 1) and designate the groups of V. secl. Prostrata as B-D with group A
representing Vo daffiae of V. sect Megrescentic Groups B and D are not supported as
monophyletic. Group B comprises two closely related groups that are designated Bl and
B2 Group D includes three separate lineages of V. sect. Prostrata (D1-D3), 4 finding
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consistent with ZARE ¢ af . (2000 — part 1), that were part of a poordy resolved region of
the tree (Figs 2-1,2-2).

Group B 1 includes the type of V. sect. Prostrata, the anamorph of C. mifitaris,
and morphologically similar species of V. fecanii, V. psalliotae. V. fusispormm, V.
aranearum, and V. antillanm; group B2 includes V. lameflicola, *Cephalosporium’
lanosonivewm, and ‘Acremoninm’ obclavatum. Species in group B are characterized
by phialides produced on prostrate conidiophores, nonadhesive conidia that vary in
morphology from oval w eylindrical to faleate, and the lack of dictyochlamydospore
production, Group € includes the nematophagous species V. balanoides, V.
campanufatum, and V. sinense. 1t is distinguished from the other groups of V. secl.
Prostrara by the basal inflation of phialides, which are similar o Todvpocladinm, and
adhesive conidia that are balanoid and rarely elongated.

Group D is grossly parmphyletic in these analyses and includes three lineages
that are part of an unresolved region of the tree (Fig. 2-1). Group D1 consists of the
rust parasite V. epiphyiem, which produces faleate conidia that are morphologically
similar to V. psafliotae, but differs from the latter species in its sparse production of
thick-walled, cyanophilic chlamydospores, Group D2 comprises the species V. chfamydo-
sporinm, V. suchiasporinm, V. of. bactrosporum, and V. gonioides. It is not resolved
as monophyletic, largely due to the numemus placements of V. cifamydosporium
among the most pursimonious trees (Figs 2-1, 2-2) These species oceur primarnily on
nematode cysts and eggs and are characterized by the often prominent prodoction of
dictyochlamydospores and nonadhesive conidia that are oval 1o subglobose o truncate.
Verticillinm suchlasporinm 1s unusual among V. sect. Prostrata i that it forms erect
conidiophores. Group D3 consists of the homopleran pathogen V. psendofiemipterigenton,
which produces o compact whortd of phialides on erect conidiophores that distinguishes
it from other species of the group (HYWEL-JONES et of, 1997). The consideruble
morphological differences that exist among the fungl of group D may serve o divide them
inw more ot groups in future analyses (ZARE er al 2000 - part 1), however, the

data presented here do not obustly address this issue.
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Discrepancies exist whether some species of Vosect. Prostrata (e.g., V. balanoides)
are capable of dictyochlamydospore production, and considerable debate exists over
the: taxonomic utlity of dicyyochlamydospore production among species of Vericillium,
Because of its inconsistent formation in culture, GAMS (1971, 1988) regarded the dictyo-
chlamydospore 4s a poor twonomic charcter, unsuitable for a subdivision of V. secl
FProstrata. In contrast, KAMYSCHEO (1962) erected Difwterospora and BATISTA &
FONSECA (1965) Pochonia, largely on the basis of dictyochlamydospores with type
species that wmed out w be identical with V. chlamwlosporinm. This taonomy was
follwed by BARRON & ONIONS (1966) and BARRON ( 1983) who considered the
dictyochlamydospore s a valuable character in the txonomy of nematophagons fungi and
parasites of rotifers (e.g. Rofiferophthora). These analyses suggest that while production
of dictvochlamydospores may distinguish some taxg, e, group D2, their production may
be polymorphic for some verticilliate fungi of the Clavicipitaceae and the ability to
produce such strueires may have been lost and gained several times. A more accurate
charagter stale reconstruction of this trait is not possible until its distribution is confirmed
for more anamorphs of the Clavicipitaceae.

Relationships of V. sect. Prostrata with anamorphs and leleomorphs of the
Clavicipitacene: kobies of Vo sect. Prostrata integrate with anamorphs and teleomorphs
of the Clavicipitaceae at several points in the rDNA phylogeny. Importantly, not only
wis Verticillinm revealed o be polyphyletic, but Cordyeeps was also inferred not to
be monophyletic. It consisted of two separate clades; one that included C militaris
and relatives and will be referred to as Cordveeps semsu stricto, and one that
included the pamsites of Elaphomyces (e.g.. C. ophioglossoides) and pathogens of a
diversity of arthropods and will be referred v as the C ophioglossoides clade.
Furthermore, the grass endophytes of the Clavicipitaceae did not form a monophyletic
sroup, although their monophyly could not be rejected by parsimony analyses of
constraint topologies that forced their monophyly (Templeton WSR, P ==0.03).
Verticillium sect. Prostrata group B is included with teleomorphs of Cordveeps s 5.
and the closely related anamorphic species of Beauveria, Engvodontium, Microhifum,

and Paecilomyces (Isaria). The teleomorphs of the clade include C mifitaris, the
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type species of Cordveeps, and morphologically similar and closely related Cordyceps
species that are pathogens of Lepidoptera (eg., C. bifusispora OE. Erikss.) and
Coleoptera (e.g. O scarabaeicola Y, Kobay.). Of particular interest are the isolates
of Verticillinm that are known o be linked with teleomorphs of Tormbiella, a genus
hypothesized  as closely melated w0 Cowdveeps becawse of s ecology as an
entomopathogen and its ascus and ascospore morphology (MALINS 19409, KOBAYAS]
1982). Verticillium fecani (isolate IMI 304807 was established from an solae of
Tormbiella confragosa pathogenic on scale insects (JUN e af. 1991). Vericilfium
aranearim hus also been linked v Tormibiella (T, alba Petch), although the culture
sgympled here was not isolated from g teleomorphic specimen. Another link to
Tormbiella muy exist in V. sect. Prostrata group B2, the most closely relaed clade
to Cordyeeps 5.5 Cephalosporium’ lanosonivewm CBS 740 86 was isolated from a
teleomorph tentatively identified as Tormbiella sp. (H.C. EVANS, pers. comm.).
These results suggest that Tormbiella may display is closest phylogenetic affinity
among the brightly pigmented, fleshy stromatic species of Cordveeps 5. s.

In the stnel consensus tree (Fig, 2-1), V. secl Prostrata group C s resolved as
being related 1o leleomormphs of the C. ophioglossoides cade. (e.g., C. capitata, C. gunnii)
and the closely redated anamorphs of Hirswella, Harposporium, and Paecilomyees (Figs
2-1, 2-2). Teleomorphs of this clade are represented by darkly pigmented, stromatic
species that show considerable diversity in morphology and host affiliation o the point
thut two isolates, Cordveepioidens bisporne and Atricordyveeps harposporioides, are not
currently classified in Cordveeps. The €. ophioglossoides clade 15 not strongly supported
by the data (Fig. 2-2) and the current sampling certainly undenepresents the phylogenetic
diversity of teleomorphs of the Clavicipitaceae. However, C. gumnii, an Australian
parssite of lepidopteran larvae (KOBAYASL 1941, 1982), is well suppored as a
teleomorph closely related 1o V. sect. Prostrata group C (Fig. 2-2). An anamorph has not
been established by culture methodology for C gunnii and these data do not establish that
C. gunnii is the eleomoph of any member of this group of V. sect Prostrata. Rather,
these results provide predictive value for future sampling of teleomorphs that may furher

illuminute teleomorph-anamorph relationships and connections within the Clavicipitaceae,
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Production of Vesticillinm anwmorphs is known for C ophioglossoides, a pansite of
Elaphomyees, but the phialides lack the basal inflation as in V. sect. Prostrata group C and
these data do not confidently establish a dlose relationship berween . aphicglossoides and
V. sect. Prostrata group C.

Although V. sect. Prostrata group D is confinmed as a member of the Clavici-
pitaceae, its relationships o teleomorphs and other anamorphs of the family are poody
resolved (Figs 2-1, 2-2). Group D1 (V. epiphivim) is included in the clade containing the
teleomorphs and anamorphs of Epichioé and group D3 (V. peendohemipterigenum),
along with the nematophagous species and Rotiferophthora angustispora, grouped
most closely with the teleomorphs of Atkinsoneffa, Bafansia and laviceps. None of
these relutionships were stongly supported by the daa (Fig 2-2) All of these
teleomorphs are symbionts of the Poaceae (ROGERSON 1970, CLAY [958) and some
are linked w0 anamorphs that are morphologically similar to V. seer Prostrata (e.g.,
Acremonium, Neptyphodinm) (DIEHL 1950, MORGAN-JONES & GAMS 1982,
GLENN et af. 1996, SCHARDL & af. 1991, 19973 The simifanty in anamorphs,
however, exists for many eleomorphs of the Clavicipitaceae and is by itself not proof
of a close relationship. Group D2 of V. sect Prostrata and  Metarhizinm, an
entomopathogenic anamorph, are also placed in this poody resolved region of the tree,
but again their relutionship s not strongly supported by the daa (Fig, 2-2) and remains
speculative.

Evolution of host association: In the classification of V. sect. Prostrate and
Clavicipitaceae, host affiliation has been regarded as an important taxonomic charmcler
(DIEL 1950, GAMS & VAN ZAAYEN 1982 ZARE eraf. 2000 — part 1). In an attempt
i better understand the evolution of host-jumping, host association was muapped onto one
of the most parsimoniows trees (Fig, 2-2). Becawse of the lack of support for much of the
basal nodes of the Clavicipitacese, and the presence of multiple most pasimonious rees,
we present these results as working hypotheses and emphasize only the more strongly

supported resolutions (Fig. 2-2).
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Verticillium sect. Prostrata group Bl includes pathogens of insects, mites, and fungi.
lts placement within Cordyceps 55 expands the host mnge of this clade beyond that
of Lepidopters and Coleoptera and bolsters arguments that the inclusion of
anamorphic taxa in phylogenetic analyses improves our understanding of the
evolution of host affiliation and life histories. Pathogens and parasites of fungi are
located in four regions of the ONA tree of the Clavicipitaceae (Fig. 2-2), o pattem
consistent with multiple origins of fungal pathogens on distantly related groups of fungi,
e, homobasidiomycetes, rusts, and ascomyeetous tuffles. However, these data also
support independent origins of fungal pathogens on the same host (Hemileio
vastatrix), as two clides (B2 and DIy of rust pathogens are resolved in these
anulyses (Fig. 2-2). NIKOH & FUKATSU (2000) proposed thut the parasites of
Elaphomyees originated from g host-jump from arthropods onto truffles. While these data
are consistent with their finding, they do not provide unequivocal support for the polarity
of a single arthropod o Elaphomyces host-jump (Fig. 2-2).

AL least two separate groups of nematophagous fungi exist among the species
of Verticillium, suggesting that two independent origins of parasitism of nematodes may
have occurred within the Clavicipitaceae (Fig. 2-2). However, the poody resolved basal
nodes of the Clavicipitaiceae and the paraphyly of V. sect. Prostrata group D3 do not
allow s to distinguish between the hypotheses of two independent ongins of pamsitism
of nematodes and 4 single origin followed by multiple losses or host-jumps. Furthermore,
many isolaes of nematophagows Verticiffien species are isolated from plant or fungal
mitterial and the extent o which they may exist suprotrophically in nature is unknown,
Conclusion: The data presented here illustrate the need for the inclusion of anamorphs
and teleomorphs in common phylogenctic analyses. Gene phylogenies provide testable
phylogenctic hypotheses of anamorph—teleomorph relationships and their evoluionary
history, despite disparate momphologies and ecologies. These dam suppored the
inclusion of most isoldtes of V. sect. Prostrata in the Clavicipitaceae, but rejected the
monophyly of these fungi within the family. The Verticiflivm morphology is disiributed
throughout much of the Clavicipitacene, but differences in phidide and conidium

morphology., and o o lesser extent dictyochlamydospore production are consistent with
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certain groups of Vo secl. Prostrata. Finally, many of the basal nodes m the rfDNA
phylogeny of the Clavicipitaceae were characterized by short branch lengths and poor
support. Molecular anabyses that include increased sampling of addinonal loci and 1axa of
the Clavicipitaceae and their anamorphic fungi are needed 10 more confidently resolve

these nodes and better define monophyletic, infrafamilial clades.
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PART THREE:
GENERIC CLASSIFICATION

Resulls
In both phylogenctic analyses presented in parts 1 & 2, a myjor dade becomes evident
that comprises most of the entomogenous species. According 1o SUNG etal, (2001 - pan
2), this cluster not only includes the majonty of species previously classified in
Verticilliton sect. Prostrata but also the genws Beauveria with polyblastic conidiogenesis,
the enomogenous species generdly classified in Paccifomyces (now Garia, HODGE ¢t
al. 2004) charsctenized by swollen phialides and catenate conidi, and the unmspecific
genus Microhilum with polyblastic conidiogenesis. The species of Venticillium sect.
Prostrata with catenate condia (GAMS 1971) have not yet been characterized with
molecular methods and cannot be considered here. Within group B 1 of SUNG et al.
{2001 = part 2) the morphologically most similar species, Vo fecanii and “Cephalosporium’
fongispoyien CBS 12627 appear not o be very closely phylogenetically related, but they
roughly span the array of species that we would include in one genus (with the
exclusion of Beawveria and Microhifum). Our main concern is 10 delineate workable
and reasonably natural genera that can also be recognized on morphological grounds.
A genus s needed o accommodate the mostly entomogenous species with slender
phizlides. To faclitte practical usage, this genus will have to exclude the three groups
mentioned, and possibly others, even though they are probably denved from i We
therefore ke the risk of introducing a new, obviously paraphyletic genus, Lecanicillim.
Based on the ITS-3.85 sequences, the species compnrsed in Lecanicillivm form a
monophyletic cluster with 99% Jackknife support, as evidenced in the cladogram of Fig
3-1 (ZARE ef al. 2000 - part 1.

It is somewhat surprsing that no other available generic name was found among
the numerous synonyms of the included mxa most of which were odginally described in

Cephalosporiem Cordy, 8 geperic name of doubtful application that is now abandoned.
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Fig. 3-1. One of 240 equally parsimonious trees recovered using sequences of ITS region and
585 pgene (adapted from ZARE ef al. 2000 — part 1) Dashed lines indicate branches that
collapsed in the strict consensus tree. Plain figures indicate branch lengths and figures in
brackets show the Jackknife support values, Cl = 52, HI = 047, Rl = 0.82, RC = 0.42, tree
length = 909, (V. = Vepticilliom, Plect, = Plectosphaerella, L. = Lecanicillinm, Eng.
Engyyedomtivm, H, = Haptocillivm, P. = Pochonia, Aph, = Aphanocladivm, Ceph, o
Cephalosporivm curtipes var. R, = Rotiferophthora). The relevant new combinations are
given in pats 4-6.
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A swprising finding from molecular work was the heterogeneity of fungi elassified in
Aphanocladivm W.Gams (GAMS et of . 1998, ZARE ¢t af. 2000 — pant 1), Many strains
hithero msidentfied as A alfwen (Prepss) W, Gams were reclassified as A aranecarum
(Petch) W. Gams (ZARE er al. 2000 - part 1), These strains form exclusively short,
carly collapsing conidiogenous cells, often with a swollen base, or just minute
conidiiferouws  dentides, scattered laterally along the cells of aeral hyphae, termed
‘aphanophialides” by GAMS (1971). Such strains are linked w0 V. psalliotae Treschow by
an intermediale twon, identified thus far as Aphanocladium dimorphum 100 Chen,
Therefore this group of species, with the exclusion of A afbum s stricto, 1s included in
Lecanicillivm.

Microhifum oncoperae H-Y. Yip & AC. Rath (YIP & RATH 1989) 1s o member
of the same clade. It seems morphologically sufficiently distinct from the species here
included in Lecanicillinm, because of s polyblastic conidiogenesis on mostly discrete,
terminal or laerdl conidiogenous cells with persistent, graduddly narmowing denticles.
These denticles are reminiscent of those seen in Beanveria, though they are less
sharply separated from the supporting venter and not diverted in a zig-zag manner,
Microhilum is also similar o the unrelated Spiceffum rosenm Nicol & Rogueben
(SEIFERT et al. 1997), which has less conspicuous denticles.

Engvodontivm aranearm (Cavara) W. Gams et al, which is charactenzed by
partially polyblaste conidiogenesis, obviously forms part of the Lecanicillium clade.
The type species of this genus, E parvisporm (Petch) de Hoog, of which no living
culure s avallable, has a different kind of dense polyblastic conidiogenesis and is
probably not congeneric. However, before more species of Engvodontitm are examined,
no nomenclawral conclusions can be drawn on species of this genus.

An unsupported  branch within (according W ITS) or pext W Lecanicilfinm
(according to other nbosomal sequences) comprises two species with exclusively solitary
phiclides (Acremonivm obclavatum  and  “Cephalosporinm®  fanosonivenm) and V.
famellicofa with sometimes verticillate phiglides. Their separation from the remaining
species atthe generic level is hardly defensible on morphological grounds and no decision

about therr status 1s tiken at the moment.
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Verticilfiton epiphytum Hanst, despite its similanty with V. psalliotae, appears on another
subclade near species of Pochonia. This species deviates from Lecanicillium by its
thick-walled eyanophilic chlamydospores, 8 feature not seen in any Lecanicilfinm species.
Therefore V. epiphytum s not ncluded either in Lecanicillinm orin Pochonia.

More verticillium-like anumorphs, fommedy placed in sect. Prostrata, remain that
do not properly fit into these genern and still await a reliable redlassification. For the time

being, they are sill referred to as species of Verticiflium.

LECANICILLIUM W.Gams & Zare, Nova Hedwigia 72: 332, 2001,

Conidiophores commonly  arising from  aerial hyphuae, usually  prostmae and  linde
differentiated from the subtending hyphae. Conidiogenous cells discrete aculeate phialides
andfor aphanophialides, verticillue or soliary, Conidia adhenng in slimy heads or
fascicles, sometimes inserted transversely on the tip of the phialide, sometimes
forming straight or imbricate chains, shor- o long-ellipsoida 1o faleate with pointed ends,
not conspicuously cyanophilic.  Chlamydospores,  dictyochlamydospores or swollen
hyphal portions ahsent. Octahedral or prismatic crystals commonly present in the agar
medium, Colonies usnally fast-growing, reaching 15-30 mm diam. in 10 d on PDA or
MEA. Species mostly entomogenous or fungicolous.

Type species: Lecanicillivm lecanii (Zimmerm, ) Zare & W, Gums.
Lecanicillivm lecantl (Zimmermn.) Zare & W. Gams, Nova Hedwigia 72: 333, 2001,

= Cephalogporium lecanii Zimmenn., Over een schimmele pidemie der groene luizen. korte
berichten uit *s Lands Plantentuin, Teysmania 9 343, 1899 (basionym).
= Verricillivm lecanii (Zimmerm,) Viégas, Rev, Inst. Café S50 Paulo 14: 754, 1939,

MNeotype: IMI 331550, designaed by GAMS & ZARE (2001), derived from a single

ascospore of Torubiella confragosa Mains isolated from Cocens viridis in Indonesia.

Teleomorph: Tormbiella confragosa Muains, Mycologia 41: 303-310, 19449,
Adetailed account of the species and the necessary new combinationsis given in

part 4,
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POCHONIA Batsta & OM. Fonsecd, Publ. Inst. Micol. Recife 462: 5, 19635,

= Dihererosporg Kamyschko ex Gl Bawron & Onions, Canad, J. Bot 44: 866, 1960
| Dikererospora Kannyschko, Botan, Mater, (Not, Svst. Sect. Crvpt. Inst. Bot. Acad. Sci. USSR) 15:
138, 1962, nom. imval, At 37.1].

Colonies rather fast-growing, reaching 13- mm diam. in 10 days. Conidiophores
wsually prostrate and lite differentisted from vegetative hyphae, sometimes erecl
Conidiogenous cells phialides, verticillate or solitary. Conidia subglobose, ellipsoidal 1o
rod-shaped, sodiametric-polvhedral, or fulcare with blunt ends, adhering in globose heads
or chains. Didyochlamydospores often produced on the surface of the colony or
submergedin the agar, Crystals absent.

Type species: Pochonia humicola Batista & OM. Fonseca = P chfamydosporia
(Goddard) Zare & W. Gams.

Species accommodated under Pochonia mainly parasitize nematode cysts and mostly
produce dictyochlamydospores or at least some imegulady swollen hyphae. The species
cin be more or less easily disinguished from each other on the basis of conidial shupe. A

detailed account of the species is given in part 5.

Pochonia e hlamydosporia (Goddard) Zare & W. Gams, var. chlamydosporia. Nova
Hedwigia 72: 334_ 2001,
= Verticilliwm clamydosporum Goddard, Bot, Guzette 56: 275, 1913 (basionyim ).

= Diketerespora chlamyvdosporia (Goddardy G.L. Bawon & Onions, Canad, J, Bot. 44 866,
1966,

Neotype: CBS 10365 = ATCC 16289, isolated from soil under Brassica napus in
Germany by W, Gams, designated by GAMS (1988),

Pochonia eldamydosporia var, catenuleta (Kamyschko ex GL. Barron & Onions) Zare
& W. Gums, Nova Hedwigia 72: 334, 2001,

= Diheteropora caterndeta Kamyschko |Botan, Mater. (Not. Syst. Sect. Crypt. Inst. Bot, Acad.
Sci. USSR} 15: 138, 1962 | ex G.L. Baron & Onions, Canad. J. Bot. 44: 868, 1966 (hasionym),
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= Verticilliem  catenlation (Kamyschko ex GLo Baron & Onions) W, Gams,
Ceplialosporinm-artige Schimmel pilze, p. 190, 1971,

= Verticillivm chlamydesporiun var. caterudaton (Kanyschko ex GL. Barron & Onions) W,
Ciams, Netherlands 1. PL Pathol. 94: 134, 1984,

Contrary o the statemnent in BARRON & ONIONS (1966), KAMYSCHEO (1962) did
not designate o type species for the genos; therefore her deseription of the genus was not
recognized as valid by GAMS (1971). The genus was validated only by BARRON &
ONIONS (1966) and is therefore predated by Pochonia, The most important species, P.
chlamydosporia, is in recent literature generally referred to as 4 species of Verticillium
and the name Diheterospora is not very widely used. Therefore we do not propose it for
conservation. Changing the name is also defensible w emphasize the changed genus
concept, in which the dictyochlamy dospores are subordinate in importance.,
Aphanodadivm album Prewss 5. st a species that is morphologically similar 1o
Aphanocladium aranearmm, appears closely related o P el suchlasporia CBS 464 88
according o the ITS sequences. Other ribosomal sequences do not support it inclusion
in Pochonia (GAMS et al. 1998, SUNG & al 2000 - part 2). Therefore the genus

Aphanocladium is retained for this parasite of slime moulds for the time being.

HAPTOCILLIUM W. Gams & Zare, Nova Hedwigia 72: 334, 2001.

Colonies slow-growing, reaching 5-15 mm diam. on PDA after 10 days. Conidiophores
erect or prostre, beanng verticillate or solitary phialides which are more or less swollen
near the base, Conidia balanoid, campanulate o cylinddesl, subglobose o irregularly
angular, mostly emminaly adhesive (adbesive element visible as o wall thickening at the
upper, more-or-less  tmincate end), produced in heads or short chains or both
Dictyochlamydospores sometimes present. Mostly parasites of free-living nematodes, to
which the conidia adbere. A detailed account of severl more species 1o be distinguished

is given in part 6.

Type species: Haprocillium balanoides (Drechsler) Zare & W. Gams.
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Haptocillivm balanoides (Drechsler) Zare & W Gams, Nova Hedwigia 72: 335, 2001,

= Cephalosporinm balanoides Drechsler, Phytopathology 31: 786, 1941 (bastomym ).
Acremoniim balanoides (Drechsler) Subramanian, Kavaka 3: 98, 1978 (*1977 ")
Verticillium balaneides (Drechsler) Dowsett, Reid & Hopkin, Mycologia 74 690,

1982,
= Tolvpociadivm balanoides { Drechslery ). Bissett, Canad. J. Bot. 61: 1313, 1983,

Neotype and ex-neotype culuure: CBS 250,82, isolated from nematodes in soil by J.
Reid in Wimnipeg, Canada, Designated by GAMS (1988).

ROTIFEROPHTHORA G.L. Barron, Canad. J. Bot. 6%: 495, 1991,

The genus is chameterized by its specialized pamsitic lifestyle on bdelloid mtifers,
frequent production of intercalary phialides, mostly applanate dictyochlamydospores, and
the presence of one or more oil doples in the conidia (BARRON 1985, 1991,
GLOCELING 1995, The colonies of the included species grow very slowly.

Unclassiflied species

Among the species of sect. Prostrata charictenzed by DNA sequences, Verticillium
epiphyion Hansf. (HANSFORD 1943) s not included either in Pochonia or in
Lecamicilfium, see above. Verticillinm psendohemipterigennm H.C. Evans & Y. Jun (in
HYWEL-JONES eral. 1997) is of uncertain affinity and therefore is not placed under any
of the above genera. AL the end of the chapter you may enter: For an expanded key to the
seneri see page 16,
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ParTFOUR:
THE GENERA LECANICILLIUM AND SIMPLICILLIUM

Species of Lecanicillim form slender acubeate phialides, mostly from procumbent or
prostrate aerigl hyphae, singly or in terminal and intercalary whords. Erect conidiophores
with one or several whorks of phialides may also occur, but the stipes are not differentiated
from the subtending hyphae in wall thickness. Contrasting with Acremonium species, the
phialide base is wsudlly narmower than the subtending hypha Occasionally an aculeate cell
(onginally differentiated as a phialide) becomes septate and produces secondary phialides.
Conidig are generally elongaie, adberng in heads or fascicles at the tips of the phialides,
often at nght angles o the phiglide at matnty (LA TOUCHE 1947). Conidia adherng in
fascickes at rght angles to the phialide tip are seen only in Lecanicillinm and
Simplicillivm; when present, they distinguish these genera from other verticillinme-like
anamorphs. In g few species or 1solates, solitary conidia are formed on each phialide.
Primary elongate conidia are occasionally septate, but this feature seems to have linle
taxonomic significance, Conidia are sometimes dimorphic. This can have two reasons:
either the primary conidia are longer than those formed subsequently on the same
phiclide tip, or the smaller conidia are formed singly on 4 different kind of conidiogenous
cells, These conidiogenous cells are either scattered laterally along the cells of fertile
hyphae, they wre short with g swollen base and narow dp and soon collapse ine
inconspicuows denticles (gphanophialides in the sense of GAMS 1971, or short
conidiiferons  denticles appear on nodes of conidiogenous cells as they occur in
Lecanicilfium tenuipes (syn. Engvodontinm aranearum (Cavar) W. Gams et af.)
{GAMS er al. 1984). Dimorphic modes of sponilation are thus displayed by this species
and by L dimorpfum, which both have in addition falcae phidloconidia borne on
verticillate aculeate phialides. Lecanicillium dimorphum thus forms o link between
L psalliotae and L aphanocladii (the former Aphanocladium aranearum), which
only forms microconidia Dictyochlamydospores chametenstic of Pochonia and related

geners and simple chlamydospores are absent in Lecanicillium.
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The delimitation of Lecanicillinm against mononematous wxa of Hirsutella (MINTER et
al. 1983) is not sharp and species of Hirsutefla have not yel been included i the
phylogenetic studies. But species of this genus usnally show a more sigmoid tapering
of the phialides and the conidia are mosdy enclosed in conspicuous slime masses.
Many more isolates of the genera studied should be examined morphologically and
with sequences of additional DNA elements. But we believe that this study can serve
as a basis for further refinement of the xonomy.

A cladogram based on sequences of ITS5-1-585-ITS-2 of the dbosomal DNA,
obtained using PAUP version 4.0bda (SWOFFORD 1998) is shown in Fig 4-1. The

RFLP patterns of the isolates examined are summarzed in Table 4-1.
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Fig. 4-1. One of the two equally parsimonious trees recovered using sequences of ITS region
and 585 gene. Dushed lines indicate branches that collapsed in the strict consensus tree, Plain
numbers above lines indicate branch lengths, and numbers in brackets show the Jackknife
support values (C1 = 067, HI = 0.32, BRI = 069, RC = 0.46), tree length = 545, L =
Lecanicillivm, 8. = Simplicillivn, C. = Cordveeps, V. = Vesticillium, B = Rotiferophihora.,
H. = Haptocilliim,
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Table 4-1. RFLP patterns of the taxa of Lecanicillim (L) and Simplicillicens (8.) investigated. Symbols for different patterns in the second columm:
ITS patterns = Capital letters. miDNA = Arabic figures, f-tubulin gene = Roman figures.
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KEY TO THE SPECIES OF LECANICILLIUM AND SIMPLICILLIUM

¥

Conidiogenous cells at least partly aphanophialides . ovnncninnnn 2
Conidiogenous cells only phialides .. ooinnniniinin w3

Conidiogenous cells only aphanophialides; conidia oval o Llllpmlddl

. - L .uphmmdﬂdu
Euﬂl ph.ld] u.’u-. a.nd dphﬂnﬂphlﬂ] H.'u_-. Fran Lurudni lum‘l:d on aphanvphialides
ellipsoidal, those on phialides in heads, more or less faleate 9. L. dimorphum
If microconidia borne laterally slong geniculate conidiogenous cells, | see 11, L tenuipes

Conidia subglobose, ellipsoidal to cylindrcal or obelavate (never fusiform,
falcate or curved); wsually in globose heads or fascicles (often at rght angle 1o

the phialide tip), sometimes in dry imbricate chains oo e 4
Conidia at least partly faleate or fusiform, stmight or curved (sometimes also partly

subglobose to subeylindrical); solitary or in heads. i 10
Phialides always solItary oo ein i i i i b sl oot 8
Phialides at least partly vcmulldu, A O N S

Conidia obelavate, held in imbncate chains, 2.5-35 = 1.0-1.2 m... .
IU J‘b nb:.!umrrun
Gmldlu 3hurtvi:lllpu.ud.j] hle in smull gluhm.c hl_‘l-l.dh | _':-—3 * [} F-1.3 pum..

18 5 ftmrmmnmm

Conidia subglobose w shon-ellipsoidal, large numbers adbering in heads or iregular
chuins; hyphal portions sometimes with conspicuously thickened walls . .
................................................................................................. G. Cﬂrdlf‘fp.! mu’!mrn
[other verticillium-like species with catenate conidia not treated |
Thick-walled hyphal portions and chain formation absent . oonncinnnnn 7

Conidia eylindrical with tpenng base, wsually solitary, sometimes up w 2—4 per

phialide... ceieeiieeees 3. L atfenuwatim
Conidia L’"IFM}Id.i] L L}]Indl.'l.,ﬂ] 'mth tjmm:l:rwllv nundﬂd t.r.u’.h~ u.uuully formed
10 Barge AUMBEES I 5) . it enie b shms e pm enbe ket shns e sm e bt fh b pe et brnt b e pe bt s O

Conidiophores bearing up w0 six phialides in whorls from nodose swellings; hyphae
stout {up o 4 pm wide), diminishing w0 2 pm and becoming inflated at intervals
into globose swellings; conidia dlipsoidal, 2 5-4.5 % 12-15 pm.........4. L nodulosum
[If synnemata form on PDA, see Hirsutella fiberiana Mains I‘J4‘:J|

Hyphae not stout (< 2 [um wide) or nOAOSE ..o i b e St et b it ottt 9
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9. Phialides short, 11-20 % 1.3-1.8 pm, stongly taperng, secondarily produced
phialides refatively common; conidia short-ellipsoidal o subeylindrical, 2.5-3.5
¥ 1=1.5 pm, usually very homogeneows in shape . wivensivennene b I lecanii
47 Phialides longer, 2035 x 1 1-1.7 pm, moderately manng m{md.ml} produced
phialides uncommeon; conidia ranging from short ellipsoidal to narrowly cylindrical,

of varying sizes, 2.5-55(-6) = 1-1.5(-1.8) pm... veenssinneseeerenes 2 Lo THUSCOFTLM
97, Phialides 2040 x 1 2-2 7 um moderately L.ipq:rmg, suundu.rll} pﬂ.ﬂtuxiphld]ldu
uncommon; conidia eylindrical, 50-105% 1.5-25 um............ 3. L longisporm

LO(3). Phialides wsually solitary, rather long (25-60 pm); conidia usually only of one
type, slightly falcate (of varying sizes) with rather blunt ends, forming globose heads;
terminal and thick-walled chlamydospores vsually present (sometimes scanty );
colony reverse usually yellow on PDA; mainly tropical and fungicolous on leaf-
inhabiting fungi ... < NVerticillium epiphyium (see part 3)

1", Phialides at least puutl:, w,rtlullau, genuu]ly ~-.I:1i.:-r'|:u'~ in some species shightly
flask-shaped: chlamydospores absent; colony reverse not yellow. ... 11

11. Dense single (or double) whorls of somewhat flusk-shaped phialides borne on
shorl, erect conidiophores, bearng unilaterally curved solitary conidia in the shape
of an omnge segment, (3.5-4.5-65 x 1 5-2 pm...
ST p.serm’ahemr;:—mrrgmum ['?-fl'_"L pd.l’[ ‘i}l
[[fmnnjl.i ulmtﬁti_l.n.m: v.rlth i th-l.[]'ﬂ} pumu:d end, produced singly or in pairs ..
ceenneeenen Torrruthielly Iiemrprengemil
fu:n: H"l""\-"r EL-JONES er al. 1997)

[1°. Phialides scattered over more or less prostrate conidiophores; besides macroconidia

AlS0 MICTOCOMIAIA PICEBIL 2y s s sion riebnd ot eiop bt b b b s P b R 12
12. Macroconidia longer than 10 [ oo i i i i et 13
127, Macroconidia shorter than 10 Jme. o e e veeee. 14

13, Macroconidia sharply pointed, stright, rarely dightly curved., very long. 15.5-20 x
1.5-2.2 pum; microconidia eylindrical with mther pointed ends, 4 5-7 5% 1L0-1.5 uml7. L acerosum
137, Macroconidia curved or flexuous, gradually tapenng at both ends, 11-16 x (L8~

1.5 pm; microconidia ellipsoidal, 23-3.5 < 0.8-1.2 um....ooooo..... 15, L. antillanum
14, Conidia stright to slightly curved. ..o i i e s resecsi e i 15

5. Colones with pink o vinaceous-red reverse; conidia solitary or few on each

phialide, hwsiform, straight, 3-5 % L 3-20 me i 160 L fusisporum
157, Colonies with yellowish cream to brown reverse; conidia numerous on each phialide,
usually straight to shightly ewrved ..o 1B
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16, Colonies usually with brown reverse, rather slow-growing, reaching 10-15{=30))
mm diam. in 10 d; phialides nwrow and delicate, 15-50 x .71 [im; macro-
Lunidia narrowly acerose, 4.5-9.0 x (L5-12 pm, uspally straight, microconidia

~3 % 0.7-1.0) un, with rather pointed ends coeiieit e 200 8 lamellicola

16" f_:[:-lumeu with creamish brown reverse, gmmnu laL‘aLLr mm_hlng '55—'53 mim diam. in
10 days; phiglides (14-)17-25(-20%< 0.7-12 pm; macroconidin  fusiform,
{T0-085-105-125) x 1.0-15 pm, microconidia (30-4.0-55(-6.5) = (0.7-1.2
LLITL.... N e e ceerenrmsnsneeeer 2 Lo . W aCEI

lﬁ".f_ulumcs. 'l.wth credm Lo yelluwu.h CTCLIN TeVEerse, r.iﬂ']f:r fast-growing, reaching
24-28 mm diam. in 1) d; phialides wider, 18-30x 1-1.5 pm; macroconidia straight
to slightly curved, some with blunt, others with pointed ends, wsually 1-celled,
occasionally 1-septate, 6-9 % 15-22 UM niin s e 8. Lecanicillinm sp. 1

7. Colonies high (4—8 mm); conidia fasciculate at right angles to the phialide tip,
often apparently solitary, curved, with pointed ends, 5-10 % 12-1.7 pm............. 1§

17°. Colonies thin (2—4 mm); conidia in globose w subglobose heads, curved and of

18, Ellipsoidal microconidia not prominently present and not produced on different
conidiogenous cells; mostly red 1o purple pigment diffusing into the agar; mostly
vccwrring in soil or associated with Agaricns species ..o 7. L pralliotae

187, Microconidia prominently present, formed on different conidiogenous cells ... 19

9. Microoonidia produced on aphanophialides scatiered among fedile aedal hyphae;
reverse brownish cream (rarely pinkish); on yvadous substrata... -
.......................................................................................................... ‘:1 L .r.l'rmnqﬂmm

197, Microconidia produced on dentides along nodes of somewhat geniculate conidio-
genous cells; reverse uncolowred; om spiders.oovnnvninnen L L tenuipes

2(). Conidia curved with blunt ends and very short, 2.3-335 x (0.7-1.2 pm...

A3 Lec'm:rc'rﬂrmn hp

20, f_:[:-mdlu LI.In-'L‘d mth Fdlhl:r Immh:ﬂ L‘[ﬂ\- .md Iungt:r &!.m 4 |.Lm RN |

21. Macroconidia slightly curved, #.J.rj'ing in size, 53-8 x 0.7-1.5 pm; ellipsoidal or
subglobose conidia absent. oo . cerrennenneennee 1 Vo Ao @rG@REQIM

21°. Conidia distinetly curved, 'l.d.r}mg in size ['rum |'d]uil'.i: mz-u_rl.kumdlu, 4.5-75 %

(.8-12 pm., o ellipsoidal microconidia, 2.0-30 x 0.8-12 pm.......... 12, L. evansii
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PECANICILLIUM W. Gams & Zare, Nova Hedwigia 72: 332, 2001,

= Verticillium sect. Prosirea W, Gams. Cephalosporiur-artige Schimmelpilze, p. 173, 1971 {(pro
pirie).

Teleomorphs: Torrubiella, Cordyeeps.

Etymology: feqani-, meferring 1o the major component, Verticillion lecanit, -cilliem,
suffix taken from Verdcillinm.,

Conidiophores  commonly  arising  from  aeral  hyphae, wsually  prostrte and  linde
differentiated from the subtending hyphae. Erect short condiophores bearng one or 1wo
whors of phialides, in prostmie conidiophores numbers of phialide whords or single phialides
practcally unlimited. Phislides discrete, aculeale, fe, lapedng W0 a namow lip, in which
collarette and periclingl wall thickening are hardly visible, veriallate or solitary; some taxa
also forming short, hasally swollen, mpidly collapsing aphanophiatides which bear single
conidia, Conidia adbenng in <limy heads or fascicles (often positioned ot o nght angle with
the phialide tips), sometimes forming chains, short- to long-eflipsoidal 1o faleate with pointed
ends, not conspicnoudy cyanophilic. Chlamydospores, dictyochlamydo-spores or swollen
hyphal portions absent, Octabedl (sometimes also prismatic ) erystals commonly present in
the agar medium, Colonies wsually fas-growing, reaching 15-30 mm diam. in 10 d at 20°C
on PDA ar MEA . Species mostly entomogenous or fungicolous,

Type species: Lecanicillivm fecanii (Zimmerm, ) Zare & W, Gams,

GAMS (1971) histed many names as synonyms under V. lecani. PETCH (1925,
1931, 1932, 1939) was particulady productive in distinguishing taxy of this complex
on minor details of host or morphology, as reviewed by BAEAZY (1973). Cubtural work
on oumerows isolates made it particularly difficult to distinguish species within a
broad amay of varable solates, Nevertheless, among the strains previously subsumed
under V. fecanii four consistent clusters could be discemed with molecular methods,
which can also be recognized mormphologically with some degree of confidence, They are
distinguished here as the species, L lecanii, L muscarinm, L fongisporum, and L
nodufosum. The former Cephalosporinm fanosoniveum was found distinet from L

fecanii even al geous level. Strains formedy dassified as Vo psalliotae form at least three
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clusters, L psalliotae, L dimorphum and Verticilfion epiphvium Hunst. (or Cephalo-
spewinm cratipes var weedinicofg Sukap. & Thium.), Because of the scanty presence of
thick-walled chlamydospores, and a high degree of sequence divergence compared with the
remaining Lecaniciflien species, V. epipfoptm and similar isolates obtuined from rost fung

do not seem 1o belong w this genus (see also parts 1, 2 and 5).

| Lecanicillinm lecanii (Zimmerm.) Zare & W. Gams, Nova Hedwigia 72: 333, 2001
(part 3, p. 54}, Figs 4-2, 4-3

= Cephalosporinm lecanii Zimmerm., Over een schimmelepidemie der groene luizen,
korte berichten uit "s Lands Phintentuin, Teyvanania @ 243, 1899 {hasionyn).
= Verticilliwm lecanii (Zimmerm.) Viggas, Rev, Inst. Café 530 Paulo 14: 754, 1939,

Teleomorph: Terrubietls confragosae Mains, Mycologia 41: 305, 1949,

Among the synonyms cited by GAMS (1971), the following selection can be associated
with the present species with some confidence. Only Hirsutella confragosa s so far
convincingly connected with this species.
= Acrosialagmus cocoidicela Guéguen, Champignons paras. de Phomme: 252 Paris, 1904,

= Cephralosporium cocoidicelim (Guéguen) Petch, Trans, Br. Mycol Soc, 100 162, 1025,
= Hyalopus ywonis Dop, Bull. Scient. Fr. Belg. 39: 135, 1905: Rev. Mycol. (Toulouse) 28:
18, 1906,
U= Cephalosporivom cocconm Petch, Trans. Br, Mycol, Soc, 100 175, 1925,
= Hirsutella confragosa Mains, Myecologia 41: 303, 1949 (described for the anamorph of
Torrubiella confragosa).
Colonies reaching 15-25 mm diam. in 10 days, mther compact, vellowish white, with
deep yellow reverse. Phialides relatively short, 11-200=-30) = 1.3-1.8 jun, aculeate and
strongly tpenng, produced singly or in whords of up to 6 directly on prostrate hyphae, or
on short, more or less ereet conidiophores, sometimes also produced secondarily on
previous phialides, Conidia formed in heads at the apex of the phialides, typieally short-
ellipsoidal, 2 5-3.5(-4.2) x 1-1.5 pm, homogeneous in sze and shape. Octahedral erystals
present. Temperuure optimum: 21-24°C(13-15 mm diam. ). No growth at 33°C.
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Fig. 42, Lecanicillium lecanii. a, b, Conidiophores and conidial heads, ¢ conidia. a~¢. IMI
304817, DIC.

Fig. 4-3. Lecanicillium fecanii, o, IMI 317441, b, Conidia of IMI 33 1554, both 8 days on PCAL
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Distribution mainly tropical: W. Indies, Dominican Republic, Peru, Jamaica, USA,
Sri Lanka, Indonesia, Turkey (see also ZARE & GAMS 2003 d).

STRAING EXAMINED | for type specimens see Gams 197 1)

IMI 07900, ex Pulvinaria floccifera (Coceidae), Turkey, 1960, O, Ozbas,

IMI 255033, ex Cocoens viddis, Sii Lanka, 1981, Kanagaratnam.

InI 2EB980, ex scate msect (Coccidae), USAL 1984, BT, Mimillan.

IMT 304807 = CBS 101247, together with teleomorph T, confragosa, ex Cooruy viridis, W,
Indies, 1985, C. Prior,

IMI 304817, ex scale insect {Coccidae), W, Indies, 1986, C, Prior, single-ascospore isolate of
T confragosr.

InL 317441, ex Coccns viridis, Jamaica. 1987, C. Prior.

IMI 331550 = CBS 102067, together with teleomorph T. confragesa. ex Coccus vividis,
Indonesia. Sulawest, H.C. Evans, ex-neotype.

IMI 331588 = CBS 101246, together with teleomorph T, confragos. ex forest scale (Coccidae ).
Dominican Republic, 1984, H.C. Evans, single-ascospore isolate,

197-10209a = CBS 101283, ex Coceus viridis, Peru, 1997, H.C. Evans.

1 97-1032, ex Covcus viridis (Coccidae), Peru, 1997, H.C, Evans, single-ascospore isolate of
I confragos,

Ten strains of this species were examined that accurately match the descriptions
given by ZIMMERMANN (1899), VIEGAS (1939), and PETCH (1925) for isolates
obtained from Coccus viridis in Indonesia and Brazil, respectively. A dned culture
of IML 331550 = CBS 102067, a single-ascospore isolate of Torrubiella confragosa,
isolated by H.C. EVANS from Coccus viridis in Indonesia, that perfectly fits the orginal
descripton, was designated by GAMS & ZARE (2001 — part 3) as neatype and deposited
in 1M1

BAEAZY (1973) provided a key o the numerous species formerly distinguished
by PETCH and others around this taxon, He proposed Cephalosporinm subgenus
Proverticilfinm for strains with verticillale conidiophores, with the type Cephalosporium
fecanii Zimmerm., whereas he retained stmins with predominantly single phialides in
Cephalosporium subgenus *Eu-Cephalosporium’ . GAMS (1971) examined a large
number of specimens and isolates oblained from insects and various other sources. He
listed some 20 names as synonyms for V. lecanii, being aware that the adopted species
concept might be too broad. Several clusters were noticed that could hardly be
distinguished morphologically, Among these numerous synonyms, we assume that mainly

those refemng to fungi found on scale insects and having relatively small comdia and
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strongly tupering phialides might belong to this species, while most of the others are
more likely o refer w Lo musoariton. An accurate identification would only be possible
after molecular examination of these specimens, PETCH (1925) reported Verticillium
fecanii as a common species in S0 Lanka on Coccus viridis, especially on coffee.
EVANS & HYWEL-JONES (1997) listed nineteen species of soft scales on which
Verticillivmm lecanii had been reported and almost certainly these belong o L fecanii
since the species appears 1o be specific t soft scale insects, Coceidae or Lecaniidae.

Until recently, the teleomomph of V. fecani was considered w0 be unknown
(GAMS 1971, BRADY 1979), MAINS (1949) described the anamorph of T, confrugosa
as 8 species of Hirsutella. He described short synnemata on the host with 14-20 im
long, sculeate phialides that taper from 1.5 pm to a pointed tip in the fungus thut was
onginally found on scale insects in Rio Grande do Sul, Brazil. EVANS & SAMSON
(1982) linked T. confiagosa with V. fecanii, based on matenal collected on soft scale
insects (Saissetia sp.) on various plant hosts in the Galipagos Islands, and, afler an
examination of MAINS's type material, synonymized Hirsutella confragosa. Subsequent
in vitre studies have confirmed this association (EVANS & SAMSON 1984, YUN er
al, 1991). Earlier, PARKIN (1906) recorded the presence of Torndiclla perithecia on
insects in 5o Lanka parsitized by V. fecanii, whilst JOHNSTON (1918) gave a brief
descnption in Spanish of a new species, Torndriella lecanii, associated with V. fecanii on
the soft scale Saisseria hemispherica in Cuba, Thus, although T fecanii probably is
the eadiest recorded name of the teleomorph of V. fecanii, it has not been possible o
confirm the species since the ype cannol be located. Moreover, the illustmtion
(JOHNSTON 1918, po 83) shows an ascus conmining numerows small, ovoid o
eylindrical spores. As stated by MAINS (1949) and EVANS & SAMSON (1952),
the filiform ascospores do not break into part-spores, Thus H. confragosa is regarded
as o confirmed synonym of L lecanii and the comnection is firmly established by the
proposed neotypification, Five out of the 11 strains listed have been associated with T

confragosa.
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2. Lecanicillivan muscaritm (Peich) Zare & W, Gams, Nova Hedwigia 730 13-15, 2001 Figs 4-4, 4-5

= Cephalosporinm muscarion Petch, NMaturalist 1931 102, Apr, 1931 ( basionym),
= Cephiaiosporivm aphidicela Petch, Trans. Br. Mycol. Soc. 16: 71, Sept. 1931,
U= Oospora mecans Sscc. & Trotter, Ann. Mycol. 3: 514, 1905,
= Cepleelosporinn lefeoyvi Home, Gud, Chron, 57: 139, 1915, Trans. Brit. Mycol. Soc. 5: 241, 1915,
= Cephalosporivm thripidiem Petch, Trans, Br. Myeol. Soc. 16: 234, 1932,
%= Ceplialosporimm subclavatum Petch, Trans, Br. Mycol. Soc. 25: 262, 1942,
= Verticillin fenrilefze Bouriguet & Bassino, Rev, Mycol, 31: 323, 1966 |Bouriquet, Rech,
Systém. sur les Maladies des Plantes Cultivées & Madagascar. p. 66-73, Paris 1939 Encyel.
Mycol. 120 6673, 1947 (*1946°) (nom. inval.. Art. 363

Colonies reaching (14-125-30 mm diam. after 100 days, mther compact, white, with
cream-coloursd o pake yellow (rarely yellow) or uncoloured reverse, Phialides produced
directly on prostrate hyphae or on secondary branches. Secondary branches less frequent
than in L fecani. Phialides generdly longer than those of L fecanii and less tapering,
measudng {15-20-35 % 1017 um. Conidia produced in globose heads, ellipsoidal 1o
subcylindrical, more inegular in size and shape, longer and narmower than in L fecanii,
measuing (2-2.5-55(=06) ® [-1.5(-1.8) pwn. Octashedral crystals commonly present
Temperaure optimum: (21-24-27°C, depending on the strain (14-21 mm diam.). No
erowth at 33°C.
Distribution mainly temperate: UK, Ialy, ete. (ZARE & GAMS 2003 ).

STRAING EXAMINED | for specimens see Gams 1971):

IMI (68689 = CBS 14362 = ATCC 28300 = MUCL 9713, ex Tralenrodes vaporariorin
{Homoptera). LR 1957, NW. Hussey, dried culture in herb. CBS (epityvpe. designated in Nova
Hedwigia 73: 15, 2001},

IMI 179173, ex Brachyeaudus helicheysi (Aphididae), UK, 1973, R.A. Hall

IMI 235048 =CBS 101375, ex Cecidophyopsis vibis (Acart, Arachniday, UK, 1979, B.A. Hall,
IMI 246427, ex peat. UK, 1980, C. Mathews.

IMI 2683 16, ex Theips tabaci (Thysanopteray, UK, 1982, N. Hall.

IMI 268317, ex Theips tabaci, UK, 1982, R, Pickford.

IMI 270376, ex contaminated pesticide solution, UK, 1982, A, Machon,

IMIT 272211, ex Previdivem aguilinus (Previdophyta), UK, 1982, G, Cuff.

IMI 282532 ex Cossus cossus (Lepidoptera), ltaly, 1984, A, Kovacs,

IMI 2909535, ex water from domestic supply. England, 1985,

IMI 293226, ex laboratory glyphosate solution, UK, 1985, D, Park.

L0B. ZGE, and XG39. ex Zyginidia pullula, laly, 1982, P. Piatti.

Isolates “Vertalec™, 957, T2, C30, K19, Al, T16, ex insects, without defails of origin.

19.79 = CBS 102071, ex Tralenrodes vaporariorunt, England. 11979 ( Mycotal).

CBS 413.70C = LCP 1052, ex Hemileia vastarriv, New Caledonia, J. Nicot.
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Fig. 44, Lecanicillism musearun, o Conidia of IML 270376.b. Conidiophore of IM1 2909534,

DI,

Fig. 4-5. Lecanicilliun muscarivm. a. IML1T9173, 8 days on PCA, b. CBS 102071, 9 days on

MEA.
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In view of the extant herbarum type specimen (in K, see GAMS 1971, 4 living cullure,
IMI (68689 = CBS 143,62, isolated by N.W, Hussey, is dried w serve as epitype for this
taxon (herb. CBS). Among the synonyms listed, Cephalosporinm muscarium is not
the oldest but it is the oldest well-documented name available for this fungus. We
therefore chose deliberately for reactivating this name by epitypification because it is
well-documented by PETCH s (193 1) descnption and his specimens. This name predates
the equally well-documented C. aphidicofa by o few months. In the cladograms of ZARE
et al (200 = part 1) and GAMS & ZARE (2001 - part 3). this species i< referred w as ©
aphidicola and L aphidicola, respectively.

The very similar L. lecanii can be distinguished from L muscarium oo the basis of
its shorter, broader and more homogeneous conidia, shorer, broader and more aculeate
phialides; more frequent secondary branches; and deep yellow colour of the colony
reverse {see also ZARE & GAMS 2003 d, f). The two L are distinet in ITS sequences
{Fig. 41) and RFLP patterns (Table 4-1). Lecanicilliom fongispornon is easily
distinguished from L miscarium by its Jonger and broader conidia (see alo ZARE &
GAMS 2003 e).

Two strains of V. fecanii s fato have been developed as biological control agents
of glasshouse pests under the names Mycotal and Verlee (HALL & BURGES 1979,
HALL 1981, 1982, QUINLAN 1988). Stuin 1979 (Mycotal), here classified as L
mugscarim, i used for the control of whitefly, Trialenwrodes vaporariornmm Westwood,
and strain 1.72 (Veralec ), classified as L fongisporum, for the control of aphids such
as the chrysanthemum stem aphid, Macrosiphoniella sanborni Gillene. A mixture of these
two strains has been used as pant of a biological control programme for pests of
chrysanthemum (HELYER ¢ of. 1992). In bioassay expedments, CHANDLER et al
(1993) noticed differences in the hostEmonality mtios of the fungal strains and regarded
strain 1979 as less host-specific than stmin 1,72, MILLER & GUBLER (1988)
introduced *V. feconii® as a biological control agent for Sphaerotheca macularis £ sp.
Sfragariae, cansal agent of powdery mildew on strawberry. JACKSON & HEALE (1985)
found that 16 wolates of *V. fecanid’ , originating from insect and non-insect hosts and from

soil, exhibited 1 wide range in conidial volumes, from 2.18 to 1825 pum” as reconded by
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Coulter counter analysis, and they all were haploid. All these observations probably relawe
oy Lecanicilliton muscavium, Lecanicilfiom muscarinm has not yet been connected 1o a
teleomorph. It has been isolated from a mnge of substrata, mainly insects and fungi,

while L. fecanii has been isolated mainly from soft scale insects.

3. Lecanicillivm longisporum (Pewch) Zare & W.Gams, Nova Hedwigia 73: 16, 2001,
Figs 4-6. 4-7

= Cephalosporivm fongisgporum Petch, Trans, Br. Mycol. Soc. 10: 166, 1925 (hasionym)
[ron Verricilfim long isperum {Sturk ) Karapappa ef al.].
U= Acrostala gy apliidiem Oudem,. Nederl, Kruidk. Arch. 3(2)% 759, 1902 [no type found in
L. only a drawing which does not allow a definite conclusion].
= Cephalosporivm dipterigenim Petch, Naturalist 19310 102,
Colonies reaching 10-30 mm diam. in 10 days on PDA, rather high, white, then
becommg sulphur-yellow, with cream-coloured 10 pale yellow reverse, Phialides rather
long, 2040 % 1 2-2.7 pm, tapering towards the apex (sub-aculeate), ofien produced
singly on prostate hyphae or up o0 5-6 4 each node, or on secondadly produced
phialides. Conidia produced in globose heads, 50-105 x L.5-25 pm, ellipsoidal o
oblong-oval, mostly l-celled, rarely 1-septate. Octahedral or prismatic crystals commonly
present. Temperature optimum: 21-24°C (15-20 mm diam. ). No growth at 33°C.

Distribution: UK, Sri Lanka, Peru (ZARE & GAMS 2003 ).

STRAING EXAMINED:

IMI 021167 = ATCC 46578 = CBS 12627 = MUCL 9702, ex feerya prerchasi (Coccidae ),
Sri Lanka, 1924, T, Petch. ex-type.

IMI 115197 = CBS 317.70b, ex Myzus persicae ( Aphididae b, UK, 1965, Q. McGarvie,

IMI 179172, ex Mae rosiphoniclla sanborni (Aphididae), UK, 1973, R.A. Hall,

1.72 = ATCC 46578 = CBS 102072 { Vertalec), ex Macrosiphoniella sanborni, England, D,
Chandler, 1972,

1 97-1028, ex Citrus aphid, Peru, 1997, H.C. Evans.

GAMS (1971) synonymized Cephalosporium fongisporum with V. lecanii, while
SUKAPURE & THIRUMALACHAR (1966) considered them distinet based on
conidial size. The wmxa are alsodistinet in ITS sequences (see Fig 4-1) and LSU+55U
sequences of MONA (SUNG e al. 2001 — part 2). No consistent differences could be
found in the RFLP patterns of the ITS, but those of the B-tubulin gene and miDNA
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dlso differentiate the two taxa. Among the available names we chose the oldest that is
sufficiently documented by herbanum matenal. Acrostalagmus aphidum was descabed
as having conidia 7-14 = 2.3 wm. In QOUDEMANS's herbarinm (L) only a somewhat
artistic drawing showing large globose conidial heads is preserved but no specimen.

Fig. 3-0. Lecanicilliwm losgisporam. a, b, Conidiophores and conidia. a b, 197- 1028, DIC.

The original strain of the commercial product Vertalee (1.72), isolated from the aphid
Macrosiphoniella sanbomi (CHANDLER ¢r al. 1993), belongs to this species. Another
strain also received as Vertalee (*Vertalee” see under L muscarinm) with small conidia is
here identified us L muscarinn. This muy indicate that Vertalee was first developed from
strain 1.72, but later the struin was chunged or mixed with other strans (see HELYER et
al. 19923, or in other countries different strains are being wsed under the sume nume,
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Strain 1 97- 1028, wolated from a Citrus aphid by H.C. EVANS in Peru in 1997, produced
conidia of vadous sizes (3-8 x 1L.5-2.5 pm), generlly smaller than the average, but
deviates only slightly in the RFLP of the Brwbulin gene and miDNA (see also ZARE &
GAMS 2003 ¢).

Fig. 4-7. Lecanicil lium longisporum. CBS 317,708, 14 days on PCA.
Fig. 4-8. Lecanicillion nodilosm. a, CBS 387 85, 30 days on MEA: b, IMI 338014, 14 days

on PCA,
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4, Lecanicillivm nodwlosum (Petch) Zare & W, Gams, Nova Hedwigia 73: 18,
20411 Figs 4-8, 4-9

= Cephalosperivm nodiclosum Petch., Trans. Br. Mycol. Soc. 23: 144, 1939 (basionym).

Colonies reaching 12-24 mm diam. in 10 days, white, with cream-coloured reverse:
Aerial hyphae sout, 4 pm wide, diminishing © 2 pm and inflaed at intervals oo 3 pm
wide swellings, These swellings may give tise to up 0 6 phialides or to a hypha, or a
mixture of both, Phialides simple, subulate, 10-20 % 1.5 pm. Conidia produced in
heads of about 10 pwm diam., hyaline, oval, 2,545 x 1.2-1.5 wm. Octahedral erystals
present. Temperuture optimum: 21-24°C (7=12 mm diam. ). No growth at 33°C; i
CBS 745.73 no growth at 30°C.

Distribution: Papus-New Guinea, Mexico, Ghana, France and the Netherands,
STRAING EXAMINED:
| Type material in Herb. Missouri Bot, Garden: fraction in BP examined by Gams 1971],
CBS 745.73, ex Lepidopteran pupa, Ghana, 1973, H.C. Evans. epitype, dried culture in herb.
CBS, designated in Nova Hedwigia 73: 19, 2001 .
CES 387.85, ex Varroa mite, Netherlands, CBS 1983, G.5. de Hoog.

IMI 338014, ex scale insect (Coccidae) Mexico, 1988,
CBS 192.97, ex decaying wood and Datroria mollis, France, 1996, W, Gams,

Fig. 34-9. Lecanicillivem rodicdesim. Conidiophores and conidia. a. IM1 338014, b, CBS 192,97,
DicC.

76



PDF Compressor Free Version

This species wis onginudly collected by T. PETCH in New Guinesd from 4 Pyralid moth
(PETCH 1939). Although GAMS (1971) merged this species with Verricillium
fecanii, it can be distinguished from this species and L muscanem by its swellings (nodules)
and very short conidia. This species produced two unigque types of [TS-RFLPs; one for grin
IMI 338014 and the other for CBS 19297, CBS 745.73 and CBS 38785, The four strains
had four different mIDNA-RFLP patlems. A similar fungus is Hirsutella liberiana
Mains (MAINS 1949) which has 4 tendency 1w form synnemata on PDA (CBS
72273 A and B, CBS 102068).

3. Lecanicillinm attenuatum Zare & W, Gams, Nova Hedwigia 73: 19, 2001,
Figs 4-10, 4-11

Colonies reaching 16 mm diam, in 10 days on PDA, high, white, reverse yellowish white.
Phialides produced on prostmte hyphae or on secondary branches up to 3-5 per node,
measuing Y-155 % 1-2 pm. Ope conidium is wsually produced at the end of the
phialides, but sometimes up to 4 in dry clusiers. Conidia cylindrcal with attenuate hase,
occasionally Z-celled, 4.5-6.5 % 1.5-2.0 pm, homogeneows in size and shape. Octabedral
crystals present. Tempentture optimum: 24(-273°C (1215 mm diam,). No growth at
33°C.

Distribution: USA, Poland.
STRAINS EXAMINELY
CBS 170,76, ex caterpillar of Carmpocapsa pomonella, Poland, 1975, 5. Balazy, ex-type
(Type: herb. CBS).
CES 402 .78, ex leaf litter of Acer saccharim, USAL 1978, G.A, Kuter,
This species is close w L fecanii, L muscarium and L longisporum on the basis of conidial
shape, but it 18 distinet from them by the prodoction of few, basaily apiculate conidia on each
phialide, and by s ITS (Fig 41) and SSU+LSU sequences (SUNG e al. 2000 - part 2, as
Verticillinm sp. next to L fongisporion). CBS 402,78 15 indistinguishable from CBS 17076
on morphological grounds and TS and frwbulin RFLPs, but it differed slightly in s
miDNA-RFLF.
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Fig. 4-10. Lecanicilliven attenuarinn. Conidia, CBS 402 .78, DIC,

103 jum

Fig. 411, Lecanicilliun artemugim. Conidia, a. CBS 170.76, b, CBS 402,74,
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6. Cordyceps mifitariy (L. : Fr.) Link, Handb. Erk. nutzbr. hiinfigsten Gewiichse, Berlin
32347, 1833,

Anamorph: Lecanicillium sp. (Cephalosporium militare Y. Kobay ., Sci. Rep. Tokyo
Bunrika Daig., Sect. B, 5: 113, 1941, sine diagn.).

Introducing 4 formal binomial for the anamorph seems unnecessary as this fungus
is normally encountered as a teleomorph,

For description of the anamorph see GAMS (1971).

SEQUENCES ORTAINED FROM GENBANK:

AF153264.1 (based on EFCC-CT 38, deposited by LE. Park, G.Y. Kim. M.G. Ha and J.[). Lee
in Korea, unpublished) was included in sequence comparison (Fig, 4-1).

ITS sequences of AF199591.1 (strain KACC 300171). AF1995%). 1 {strain KACC 500161),
AF153265.1. AF153266.1 showed 98-100% homology with AF153264.1 (deposited by the
same @t hors .

7. Lecanicillivm psalliotae ( Treschow) Zare & W . Gams, NovaHedwigia 73:21, 2001 Figs 4-12, 4-13

= Verticillivm pealliotae Treschow, Dansk Bot, Avk. 11137, 1941 (basionyim).
= Verticillim sakserae Kushwaha, Curr, Sci. 49945, 1980 [published as “sabsenii’ ).

Colonies reaching 2447 mm diam. in 10 days on PDA, high, white, with red. reddish
cream o cream-coloured reverse, Red to purple pigment usnally diffusing inw the agar,
particularly on PDA. Phialides rather long, aculeate, arsing from undifferentiated
prostrate conidiophores, solitary or more ofien 3-4(-6) in whords on each node, measuring
25-35 % 10-15 pm. Conidia typically solitary or few fasciculate at right angles o the
phialide tip, commonly faeale; in fascicles the first-formed conidinm wsually fileate and
stubsequent ones oval w ellipsoidal; faleate macroconidia curved, wsually with sharply
pointed ends, l-celled, exceptionally 2-celled, 5-10 x 12-1.7 pm; subsequently formed
microcomdia, if present, oval or ellipsoidal, 27-3.7 x 1-1.5 pm. Ocwhedral crystals
present. Temperare optimum: 21-24-27)°C (2438 mm diam., depending on the
strain). No growth at 33°C (with exception of CBS 19479, which showed optimal growth
at27%0c0.
Distribution: USA, Cuba, Ghang, Spain, UK, India (ZARE & GAMS 2003 g).

74



PDF Compressor Free Version

L
X
I_.u "

LR Y
s ) e

R

"

Fig. 4-13 a-b. Lecanicillium paatliotae. Conidia. a. CBS 50548, b. CBS 194.79, § dayson PCA. .

Lecanicillive sp. 1. conidia of CBS 716,95, 14 days on PCA,

Fig. 4-12. Lecanicillium psallioree, Conidiophores and conidia, a. CBS 36786, b. CBS
Fig

505 .48, DIC.

414, Type material of Verricillium deflectans with septate conidia,
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STRAINS EXAMINEL:

CBS 50548 = IMI 0920906 = MUCL 9800, ex casing soil in mushroom culture, England,
1947, L.C. La Touche, ex-neotype.

IMI 163640 = CBS 101270, ex soil, UK, 1972, LE. Appleton.

CBS 19479, ex Agaricus bitorguis, England, 1979, 1T, Fletcher,

IMI 179841 = CBS 532,81 = ITCC 1890, ex forest soil. India, 1981, 5.C. Agrawal. ex-type
of Verticillinm saksenae.

CBS 30786 = INIFAT C86/63-2, ex Puccinia graminis, Cuba, 1986, B, F. Castafieda (rather
short, less pointed conidia),

CBS 100171 and 100172, ex nymph of fuedes (tick), USA, 1997, (G, Samuels.

Somewhat deviating strains:

CBS 724,73, ex Cicadellidae on leaf of Theobroma cacae, CGhana, 1973, H.C. Evans {1-2
slender, gently curved macroconidia on each phialide).

CBS 171.97 = INIFAT C90/1 44, ex desd insect, Spain, 1996, B.F. Castafiada (slender, gently
curved macroconidia in heads, slow- growing).

Strain CBS 30548 = ML 092016, isolated from casing soil of Agaricus bisporus in
England in 1947 by 1.C. La Touche, comes closest o TRESCHOW s description (with
mostly solitary conidia, red pigment, and association with A bisporus). The dried culture
of IML (92016 was therefore designated in Nova Hedwigia 73: 23, 2001 as neolype
(ZARE & GAMS 2001a).

TRESCHOW (1941) descrbed the production of single falcate macroconidia
on each phialide in o tansverse position. He also reported the presence of irregular
generally 2-celled chlamydospores, an observation not confirmed by any author
since. DAYAL & BARRON (1970) redescribed the species with two types of
hyaline conidia (falcate and oval). In the case of production of solitary conidiy, the
conidium is very stable on the phialide and still attached even afier several weeks.
GAMS (1971) characterized this species rather broadly by the presence of fusiform,
shightly curved comdia with a wide range of conidial sizes, 3.0-95 = 1-2 pm, This
concepl requires cormeclion.

A diffusing pigment, nomally produced afier 10 days, gives the agar medium a
pinkish red or purplish red appearance; the pigment was chameterized as a dibenzo-
quinone, named oosporein, by WAINWRIGHT e al. (1986). This compound was found
i be a wesk mycotoxin. Ln one strain (CBS 171.97), macroconidia were krger { 10.5-16 x
[.7-2.7 wm); nevertheless, this deviating strain, which did not produce red pigment in the
agr, is still placed under this species. Except for its Msp | digestion patterns of the ITS
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region and it miDNA RFLPs, it matches with the rest of the struins examined. Lis
temperiure optimum was at 21°C, and it had the showest growth of any of the strains
examined (21 mm diam.).

CBS 53281, the ex-type sirain of Verticilfiton saksenae, was indiginguishable from
V. praflictas on morphological grounds and also in its ITS and Bwbulin gene RFLPS, but
had slightly different miDNA BH P and also differed in 11 positions of s ITS
sequences (8 in ITS-1, 2 in ITS-2, and 1 in 585). Red colomtion of the agar was
dhsent. Conidia were produced in fascicles at right angles 1o the phialide tip, not
solitadly, contrry to what was reported by KUSHWAHA (1980). Uspally the first-
formed conidiy are faleate, l-celled, mrely l-septate, 3.5-8 % 13-2.5 pm, and the
subsequent ones oval to short-ellipsoidal o subglobose, 25-3.5 = 1.2-15 pm.
KUSHWAHA (19800 found the species originally on feathers and reported the
production of kertinase by this sirain and mentioned that the fungus utilized autoclaved
feathers and human nails as substrates. When we grew this strain and several other
species of Lecanicillivm on autoclaved feathers placed on water agar, all showed
equally Tuxwriows growth on this substrate without cansing noticeable decrease in stability
of the feathers within 15 days. This criterion therefore does not help 1o distinguish
species. Consistently 1-seplate conidia are deseibed for Verticilfium deflectans (Bres.)
de Hoog, van Ourschot & W. Gums (Fig. 4- 14, DE HOOG & VAN OORSCHOT [985),
of which no living stmin s available.

CBS 367 86 s noleworthy as atropiead parsite of rust fungt which s confirmed as
a member of the L psalfiotae aggregate, while similar fungi from the same origin were
otherwise identified as the unrelated V. epiphivium. The two topical strmins CBS 724.73
and CBS 17197 had slightly different ITS (Msp 1) and miDNA RFLPs, but their B-wbulin
RFLPs were identical with those of the rest of the strains examined. Therefore they are

alen classified under this mxon (see also ZARE & GAMS 2003 g),
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8. Lecanicillium sp. 1 Figs 4-13¢. 4-15

Colonies reaching 24-28 mmdiam. in 10 days, cottony, high, white, with cream-coloured
i yellowish cream-coloured reverse, without discoloration of the agar. Phialides arising
from prostrate hyphae, solitary or up to 5 per node, measuring 18-30 % 13-15 pm.
Macro- and microconidia produced in globose o ellipsoidal heads; macroconidia ((-1)-
septaie, varying in size and shape, with pointed W mounded ends, measuring 5.5-10x 1.5~
3 pm; microconidia ellipsoidal to fusiform, sometimes rounded at one end and pointed at
the other, measuring 3.5-3 % 1.3-1.5 pm. Octahedril crystals present,

Fig. 415, Lecanieillinm sp. 1, a. Conidiophore and conidial heads, b. Conidia. CBS 716,95,
DIC. %3
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STRAINS EXAMINED:

CBS 039,85, ex rhizosphere of Psewdotsuga menziesii, Germany, 1985, H, Schnhar.
CBS 716,95, ex myxomycete, Netherlands, 1995, W, Gans.

CBS 1008%), contaminant in nushroom spawn, USA, 1988, ). Kremser.

This speciesis distinet from L. psalliotae o its RFLP patterns. It can be distingunished
from L. pxafliotae by its broader conidia, which are somewhat rounded at one or both
ends. Because of limited material available and the difficult morphological distinction,
we refrain from a formal description at this point.

Struin CBS 100890 devidtes from the other two in having L-celled, long (9.5-13.5
1.5=1.7 pm) macroconidia, straight with pointed ends; microconidia ellipsodal, 3540 %
1O pume

9. Lecanicillivm dimorphum (1.D. Chen) Zare & W. Gams, Nova Hedwigia 73: 24,
20K} Figs 4-16, 4-17

= Aphanoctadivm dimorphion 1D, Chen, Acta Mycol. Sin. 40 230, 1985 (basiomymn ).

Colonies reaching 24-42 mm diam. in 10 days on PDA, high, white, with cream 1o
brownish cream or, exceptionally, red reverse. None of the available strains produced any
diffusing pigment. Conidiogenous cells of two Kinds: (1) aculeate, persistent phialides and
(2) short, inflated, caducous sphanophialides, with intermediates frequently observed as
secondarily branching philides (Fig. 4-17). Phialides produced on prostrate hyphae;
solitary or up o 4-3 in terminal whorls, wpering gradudly wwards the apex. measuring
14-30 % 1.0~1.5 pm. Conidia on true phidides generally held together in fascicles at dght
angles 1 the phidide np. Macroconidia falcate with sharply pointed ends, usually evenly
curved, with more or less poinied ends, measuring 611 x 1.5-2.5 pm. Aphanophialides
512 % (17-15 wm, wsually collapsing soon, forming small and hardly visible denticles
producing only solitary conidia. Macro- and microconidia can be formed on phialides
and only single microconidia are produced on aphanophialides; microconidia oval to
ellipsoidal, 2.5-4.5 = 1015 pm. Octabedral erystals commonly produced. Temperature
optimum: 24-27°C {according to CHEN er af 1985, 26°C) (27-32 mm diam.). No
growth at 33°C (ZARE & GAMS 2003 ¢).
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Fig, 4-16. Lecanicillivm dimorphum. s—c. Phialides and aphanophialides, d. Conidia. a-c.
CBS 57377, DIC.,

STRAING EXAMINED:

CBS 34537 = ATCC 22608, ex Puccinia corendata, Germany, 1937, F.H. van Beyma.

CBS 504 48 = MUCL 9782, ex Agaricus bisporus. England, 1947, 1.C. La Touche.

CBS 465370 = ATCC 22098, ex Agaricus bispomis, lsrael, B, Kenneth.

CBS 57377, ex leaf litter of Acer saccharum, USA, 1977, G.A, Kuter.

CBS 15482, ex sandy soil, Netherlands, 1951,

CBS 36386 = AS 34483 = NRRL 26542 = 1AM 14706, ex Agaricus bispors, China, )0, Chen,
ex-type.

This species is close o L psalliotae and L aphanocladii. Strains of this species were
emoneowsly wdentified as Verticillim psaffiome by GAMS (1971) and GAMS ¢r al.
(1998), The species differs from L psalliotae by possessing aphanophialides, and from L
aphanocladii by its macroconiduy. Lecanicillinm dimorphum seems 1o link L psalliotae
and L aphanocladic as it prodoces two kinds of conidia chameteristic of either species; in
colony features and growth rate is very close w0 both of them (see also ZARE & GAMS
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M3 b, e, g) According to TS sequences, it dso akes an intermediate position between

thirse e soecies.
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Fig. 4-17. Lecamicillium dimorplien. a. Conidiophores with secondarily produced phialides
and conidia of CBS 15482, 14 days on MEA.
0. Lecamicillivm aphanocladii Zare & W, Gams, Nova Hedwiga 73: 27, 2001,

Figs 4-18, 4-19

= Acremonium aranearum Petch, Trans. Br. Mycol. Soc, 16: 342, 1932 (replaced
synonyin) [non Cephalosporium aranearanm Petch = Lecanicillivm aranpearim (Petch) Zare

& W, Gams|.
= Aphanociadinm aranearam (Petch) W, Gams, Cep il osporinm -artige Schivmmel pilze,
p. 198, 1971,

= Aphanociadivm avaneaon var, sinense C.D, Chen, Acta Mycol, Sin, 3: 96-101, 1934,
= Acremonium fimicodin Massee & Salm., Aon, Bot. 16: 79, 19402,
U= Sporotrichum roseclum Oudem. & Beijerinck, Ned. Kruidk. Arch.. Ser. 3. 2: 910, 1903,

Colonies reaching 3050 mm digm. after 10 days on PDAL very high, white, with red,
reddish white w cream-coloured reverse. The diffusing red pigment is the same as that in

L psalliotae. Aphanophialides produced singly, in pairs. verticillate. or in dense rregular
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clusters on prostrate hyphae, flask-shaped in the beginning, tpenng into o thread-
like neck, but soon collapsing and becoming redoced to very fine denticles with

sofitary conidia still remaining at the apex. Aphanophialides varying in size from very

smull denticles w larger stnuctures, measuring 4.5-11 = 1.0-1.8 pm. Conidia solitary,

oval o sub-globose, measuring 274 % 1.5-22 pm. Octahedral erystals present.
Temperature optimum: 24-27°C (28-36 mm diam.). No growth at 33°C (ZARE &

GAMS 20{3 b).

Fig. 418, Lecanicillivon aphancecladii. a, b, Aphanophistides of CBS 16545, in situ and

mounted, ¢, conidiaof CBS 797 .84, b, c. DIC,

v {7 _:G' o | S—

10

Fig. 419, Lecanicillivm aphanociadii. a. More or less collapsed aphanophialides of CBS

451,93, 4 days on PCA.
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STRAINS EXAMINED { for specimens see GAMS 1971 )

CBS 16545 = MUCL 9794, ex Agaricus bisporis, Netherlands, 1945, P, Bals,

IMIT 960000 = CBS 101286, ex Agaricus bispeins, UK, 1962, EW. Mason,

CBS 581,66, ex leaf litter of Avacia karroo, S, Africa, 1966, M.C. Papendorf,

CBS 274 76, ex Abelmoschus esculentus, Bulgaia, 1976, E, Mitkova,

CBS 370.77. ex Agaricus bitorguis, Netherlands, 1977, Fransman.

CBS 458 .82 = NRRL 28027, ex Sphaerothera fidiginea, Metherlands. T. Hipwegen.

CBS 774 .83, ex Agaricus bitorguis, Netherlands, CBS 1983, Rutjens,

CBS 79784 = AS 34419 ex Agaricuy bisporus, China, 1980, 1.0, Chen, ex-epitype designated in
Mova Hedwigha 73: 29, 2001, ex-type of A araneanon var, sinense. The type spechimen (HMAS
43734y and a living culture (AS 34419) of A. arareanun var. sinense, and hence the epitype of L
aplianocladii, we preserved at the Institute of Microbiology, Academia Sinica, Beijing. China
(CHEM e ol 1984),

CBS 798,84 = A8 34421, ex Agaricus bispones, China, 1980, 1.D, Chen.

CBS 451,93 = NRRL 206544 ex skin and egg of Trialewrodes vaporariorim, laly, 1993, F,
Clocarese.

GAMS (1971) identified many isolates of this species as Aphanocladiton album, The type
and other authentic herbarium specimens of A aranearmm could not be sharply defimited
from such culures, but showed very dense aphanophialides. Additional abundant material
seen subsequently showed that the erterion of more or less dense aphanophialides does
not hold to distinguish species. Molecular work (GAMS e al 1998, this study)
stubsequently mude it dear that solates of A albon from the ongingd subsmtum, shme
moulds, were phylogenetically quite unrelated to others oblained from diverse substrata. The
genere name Aphanocladiom s ted o A album, whose phylogenetic position is not yet
sufficiently resolved. Sequences of the small and large subunits of DNA suggest its
classification basal o the Nectdaceae (SUNG et af. 2001 - part 2). The main chamcter
found to differentiate L aphanocladii from A album is the growth mie, as A album
has much slower and thinner colonies and often undulate aenal fertile hyphae (sec
also ZARE & GAMS 2003 b).

As shown here, the fast-growing solates identified @ Aphanodadinm belong o
Lecanicillinm, in the close vicinity of L psalfiotae. To distinguish them from A album
sensu stricto, ZARE et al. (2000 - part 1) identified these wolates as Aphanocladium
argnearnm, 4 species that must be renamed Lecanicillinm aphanocladii in order 1o avoid

homonymy with L armearnm (Petch) Zare & W, Gams, The identity of Acremonium

[fimicolum and Spovotrichum roseolum with the present species is more than unlikely
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aecording o GAMS  (1971), Therefore none of these names is reactivated by
neotypilication.

Lecanicillivm aphanociadii has mainly been reported from fungi, particularly
the genus Agaricus, bul A albion s stricto 18 so far only known from myxomyeetes. The
mujority of L. aphanocladii (seven out of 10 isolates examined in this study)
produced red pigments in the agar, while none of the A afbum stmins (CBS 401,70,
CBS 892.72) produced such pigments.

Aphanocladium aranearum var, sinense C.D. Chen (CHEN er al. 1984) was
supposed 1o deviate from the type vadely by a structwre called prophialides, ie.
occasionally produced conidiogenous cells with a short stalk cell. The oceasional
presence of short stalks bearing the conidiogenous cells was not regurded by GAMS
(GAMS et al. 1998) as a significant difference, nor do the molecular results support

asegregaton.

11, Lecanicilfivm tenuipes (Peich) Zare & W, Gams, Nova Hedwigia 73: 292001,

= Spovot vichunt ararearam Cavara, Fungh Longeb, exsice, 5: fasc. 240, 1895,

= Acvemonium fenuipes Petch, Trans, Br, Mycol, Soc, 210 64, 1937 [non Acremonivn
areeariim Petch |

= Verticillivm tenuipes (Petch) W. Gams, Cephalosporium-artige Schimmelpilze: 176,
1971,

= Engyodontium argeearun (Cavara) W, Gams, de Hoog & Samson, Persoonia 12: 138,
1984,
= Cephalosporium falcatm Petch, Trans, Br. Mycol. Soc, 11: 259, 1924

= Verticillium falcatum (Petch) W. Gams. Cephalosporium-artige Schimmelpilze: 187,
1971,

Description and discussion in GAMS eraf. (1984).

Temperuture optimum 21-24°C (diam. 19 mm). No growth at 30°C.

STRAIN EXAMINED:
CBS 309 85, ex spider, Spain, E. Descals, 1985,

Other strins documented in GAMS e al. (1984). A specimen collected by T. PETCH on
4 spider in Holthouse Wood 1931 and preserved under A tenuipes in K, contains a

different fungus probably belonging to Acrodontinm.
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In order w avoid homonymy with L aranearm, the next younger available epithet,
tenuipes, must be chosen, which was mtroduced for the same species, as PETCH (1937)
also had to avoid homonymy. The remaining species of Engvodontiion still require a
molecular analysis, in order o assess their proper affinities. Other species of
Engvodontium (including the type species. E parvisporum (Petch) de Hoog) are
probably closer o Beawveria. Engvodontium sp. (Fig. 8 in GAMS er al. 1984) is

very similar o Microhilum oncoperae H-Y. Yip & A.C. Rath,

2. Lecanicillium aranearum (Peich) Zare & W, Gams, Nova Hedwigia 73: 30,
20001, Figs 4-20), 4-21

= Cephalosporii arnearim Petch, Trans. Br. Mycol, Sec. 16: 226, 1932 (basionym).

= Ventfeillium aranearin (Petch) W, Gams, Cepladosporim-artige Schimmelpilze, p. 186,
1971,

= Engyedontivm arachnephiifiom H. C.Evans & Samson, Persoonia 12: 143, 1984 [non
E. aramearam (Cavara) W, Gams o1 al. |

Teleomorph: Terrubiella alba Pewch, Trans. Br. Mycol. Soc. 16: 226, 1932,

Colonies reaching 40 mm diam. in 10 days on PDA, mther thin, white, with
yellowish cream reverse, slow-growing, No pigment diffusing into the agar.
Phialides 2030 x 1.2-1.5 pm. tapering towards the apex. Conidia shightly pointed at
one or both ends, straight or curved, vsually asymmetrcally namrowed or subacute at
the ends, measuring 5-8 x 0.7-1.5 pwm. Octahedrul crystals present. Temperature
optimum: 21-24°C (23 mum diam.). No growth at 30°C.

Distribution: Ghana, India.
STRAIN EXAMINED:
CBS T2 73A. ex Araneida, Ghana, 1973, H.C. Evans.
Because only one living strin of this species, CBS 726,734, is available, and we cannot
judge the variation of the species, we refrain from designating an epitype for it. GAMS
(197 1) documented several specimens of this species collected by PETCH.
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Fig. 4-20. Lecanicillium avareamon, a. b, Conidiophores, ¢. conidia. CBS 726.73a, DIC.
Fig. 423, Lecanicillivm evansii. a. Conidiophores. b, conidia. CBS 726.73h, DIC.
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Fig, 4-21. Lecanicillium araneanon. Conidia of CBS 726.73A, 14 days on PCA,
Fig. 4-22. Lecanicillium evansii, a. Phialides and conidia of CBS 621.82, 11 days on OA, b,
conidia of CBS 726.73B. 14 days on PCA.
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This species can be distinguished from L psafliotae by its small conidia and from L.
evansii by slightly less curved conidia. Evans & Samson (in GAMS et af. 1984)
described a polyblastic mode of conidiogenesis for this species, which they therefore
classified under Engyodontinm. Such conidiogenesis was seen by GAMS (1971, unpubl, )
in 4 specimen R 371, but not in the others of this species, induding the lectotype specimen
R 214, designated by GAMS (197 1). This complex will require further studies to resolyve

the conflicting views,

13, Lecanicillivm evansii W . Gams & Zare, Nova Hedwigia 73: 32, 2001,
Figs 4-22_ 4.-23

Colonies reaching 17-25 mm diam. i 10 days, white, thin, with creamy, brownish
cream to brown reverse, without discoloration of the agar. Phialides solitary or up 1o
34 per node, 2045 x 1.0=12 pm at the tip. Conidia in globose 1w ellipsoidal heads
and of wo types; macroconidia 1-celled, 4.5-7.5 % 0.8-1.2 pm, shightly falcate with
pointed ends; microconidia ellipsoidal with pointed ends, sometimes slightly curved,
20-3.0 % 0.8-1.2 pum. Octahedml crystals present. Temperature optimum: 21-24%C
(12—-19 mum diam.). No growth at 30°C.

Distribution: Ghang, Germany, Belgium and Denmark.
STRAINS EXAMINEL
CBS 726.73B. ex Coccidae, Ghana, 1973, H.C. Evans, ex-type {Type: herb. CBS).
CBS 621 .82, ex Marasmiellis ramealis, Belgium, 1982, W, Gams,
CBS 713,88, ex Sistorrema brinkmarni, Germany. 1988, H. Grosse-Braockmann,
CBS 268,89, ex needle litter of Finus sylvestris, Germany, Berlin, 1989, G, Kraepelin,
CBS 100550, ex compost of Miscantins and pig slurry, Denmark, 1998, C. Jakobsen.
Lecemicillivm evansii is close o L aranearm, but differs from it by the presence of
microconidia and mare strongly curved conidiz, The distinction is supported by 1TS
sequences (Fig, 4-1) and RFLPs of the ITS region, the B-wbulin gene and miDNA. All
the strains had identical RELP patterns of ITS and B-wbulin gene, but strain CBS
726.73B differed from the rest in three out of five miDNA bands, This species has smaller
conidia than L psalliotae. The equally similar 8 Jamellicofa has straight and very narrow

macroconidia and a brown colony reverse.
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Fig. 4-24. Lecanicillivm sp, 2, a. Conidiophores, b, erystals, ¢, conidia. CBS 35277, DIC.

14. Lecanicillium sp. 2 Fig. 4-24

Colonies reaching 27 mm diam. in 10 days, compact, yellowish white, with centrally
brown and marginally cream-coloured reverse, without discolomtion of the agzar. Phialides
solitary or up to 4 per node, 25-35 = 1 wm at the tip. Conidia short, curved, with
moderately poinied ends, produced in globose heads, measuring 2.3-35 % 07-12 pm.
Prismatic crystals present,

STRAIN EXAMINED:
CBS 352,77, substrate unknown, Turkey, 1977, T. Nemli.
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This 1solate s close to L aranearom and L evansii, but it is readily distinguished by its
short and corved comdia. Until more matenal becomes available, we refrain from the

formal descrption of a new taxon,

15, Lecanfcillivm antillanwm (RF. Castafeda & G, Amold) Zare & W. Gams, Nova
Hedwigia 73: 34, 2001, Figs 4-25, 4-26

= Verticillivem antillanum B.F, Castafieda & G, Amold, Feddes Repert. Spec. Nov. Reg.
Veg. 98: 411, 1987 (hasionym),

Colonies reaching 18 mm diam. in 10 days on PDA, with irregular margin, white, with
cream-colowred reverse, without pigment dif fusing into the agar. Phislides developing on
prostrte hyphae, singly or up to 6 in verticils, subulate, measuring 18-31 % 1 pm (at
the tip). Conidia solitary and of two types; primary conidia fusiform, sigmowdally curved
with very narrow and pointed ends; l-velled, hyaline, messunng 1118 x 08-15 pm;
secondary  conidia ellipsoidal, 3-4 x (0512 pm. Oaabedral crysils present
Temperature optimum: 21-24°C (18-20 mm diam. ). No growth at 33°C.

STRAIN EXAMINELD:

CBS 35085 = INIFAT C84/90.1, ex aguric, Cuba, 1985, R.F. Castafieda. ex-ty pe.

This spedies resembles L acerosum in conidial size, but the Tatter is easily distinguished
by its straight conidia, The two species also have wotally different RFLP patiems of the
ITS region, B-ubulin gene and mDNA.

6. Lecanicillinm fusisporum (W. Gams) Zare & W. Gams, Nova Hedwigia 73: 34,
20001, Figs 4-27, 4-28

= Verricillium fiesispomms W, Gans, Cephalosporinm-artige Schivmmelpilze, p. 182, 1971
(s ionyim),

Colonies reaching 24-29 mm diam. in 10 days, high, white, with red reverse and pigment
diffusing into the agar, mther fast-growing. Phialides produced solitanly on undifferentiated
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Fig. 4-26. Lecanieillivm anilianimn . Conidiophore and conidia, CBS 350,85, 21 days on PCA,
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Fig. 4-27. Lecanicillium fusispormm. o, Conidiophores and conidia of CBS 164,70, 14 days
on O,

Fig. 4-28. Lecanicillium fusisporwn. a. Conidia, b, Phialides and conidial heads, a, b, CBS
16470, DIC.
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prostote hyphae or up o 5 in whorls, 16-26 % 1.0-1.5 pum, producing solitary or very
few in Fascicles at right angles 0 the phidlide tip. Conidia uniformly fusiform, stright and
rather broad, measuring 3-5 x 1520 pm. Octohedral crysials present. Temperture
optimum: 21°C (CBS 162.70) or 24°C (CBS 163.70) (23-24 mm diam.). No growth at
30°C.

STHAING EXAMINED:

CBS 162,70 = MUCL 1193, ex leaf litter of Fagus sylvatica, Belgium, 1960, G.L. Hennebert,
CBS 163.70 . ex soil under Pins resinosa, Canada, 1967, C.G. Bhatt,

CBS 16470, ex Caltricia perennis. Netherlands, 1968, W, Gans. ex-ty pe,

Lecamicillim fusssporion is dosest w L psalfiotme. I is distinguished by its straight
rather broad conmdia and the lack of microconidia. The three sirains examined had unigue,
identical RFLP patterns of ITS region, Bubulin gene and mDNAL TS sequences (Fig, 4-1)
and S5U + LSU sequences of rDNA (SUNG er al. 2001 — pant 2) suppornt its distinetness
from other species of Lecanicilliwm.

Lecanicillium  fusisporum has been reponed o be pathogenic o insects by
EEKBOM & AHMAN (1980) and STEENBERG & HUMBER {1999); figures i the
latter publication suggest that the authors did not work with the correet taxon as they

reported macro- in addiion to microconidia

17, Lecanicillium acerosum W, Gams, H C, Evans & Zare, Nova Hedwigia 73: 37,
20001, Figs 4-29, 4-30

Colonies reaching 50 mm diwm. in 10 days, thin, white, with yellow reverse, without
discoloraton of the agar, Phialides ansing from prostrale hyphae, solitary or up to 4-5 at
eich node, pradually tapering wowards the apex, measuring 30-32 = 1 8-2 2 pm. The first-
formed conmidium is 4 macmoconidium posiioned at a right angle o the phialide tip, and
subsequent ones are microconidia. Macroconidia 1-celled, fusiform, straight 1o slightly
fabeate with acute ends, measuring 15-20x 1.6-2 2 pm, microconidia fusiform with acute
ends, 4.5-75 = 1L0-15 pm. Octahedral erystals present, Temperature optimam: 24°C (43

mm diam, ), maximum 30°C. No growth at 33°C

97



PDF Compressor Free Version

|

.
...n

Lecanicillium acerosum resembles L. antillanum, but it has straight comdia compared
with sigmoidally curved conidia of L antiflanim. This species is so conspicuous that its

distineiness s raised beyond all doubt,

CBS 418.81 = ODA 727, ex Crinipellis pemicios: on Theobroma cacao, Brazil: Amazon, 1981,

H.C. Evans. ex-type (Type: herb. CES).

STRAIN EXAMINED:
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Fig. 4-29, Lecanicillivm aeerosm, n—. Conidiophores and conidia. CBS 418 81, DIC,
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Fig. 30, Lecanicillium acerrsim, Conidiophores and conidia, CBS 41881, 14 days on PCA,

SIMPLICTLLIUM W. Gams & Zare, Nova Hedwigia 73: 38, 2001,

Similar to Lecanicillim, but with mostly solitary phiglides adsing from aedal hyphae,
usually prostrte and linke differentaed from the subtending hyphae, Phidlides discrete,
aculbeate and narrow, with o very namow tip i which collarette and penclinal wall
thickening are not visible. Conidia adbering in globose slimy heads or imbricate chains,
shor-ellipsoidal o subglobose or obclavate, not eyanophilic. Colonies mther fast-
growing. reaching (10-)24-34 mm diam. in 10 d on PDA or MEA. Crystals commonly

present inthe agar. Fungicolows and on vanous other substrtic

Type species: Simplicilfivm lanosoniveum (FH. van Beyma) Zare & W, Gams

Erymology: Lat simplex = simple and suffix -cilfium from Verticilfium, refernng 1o the

unbranched conidiophores.
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L8, Simplicillivm lanosoniveum (F.H. van Beyma) Zare & W. Gams, Nova Hedwigia,
T3:39, 2001, Fig.4-31

= Cephalosperium lanosonivenn van Beyvma, Antonie van Leeuwenhoek 8 121, 1942
{basionym),
= Cephalosporium sivinige BT, Jones & L. Frederick, Mycopath Myecol. appl. 43: 195, 1971
[published as ‘salvinae|.

Teleomorph: Tormbiella sp.

Colonies reaching 24-34 mm diam, in 10 days on PDA, high, white; with cream-coloured,
brownish cream w pale yellow reverse. Phialides always solitary and rather long and
parow, 15-33 % (07-1.5 pm. Conidia in small globose heads at the apex of the phialides.
Conidia very small, 1.5-3 % 0.7-1.3 pm, but mther varable in size and shape, from
subglobose, oval or ellipsoidal o subeylindrical. Octabedral crystals present, Phialides
exclusively solitary, sometimes appearing 1o form opposite pairs, but under higher
miagnification it is clear that the two phiglides dre not actually guite opposite. Temperature
optimum: (2 1-24=27)°C, depending on the strain (27-34-38) mm diam.), No growth
at 33°C.

Distobution: Venezoela, Peru, Colombia, USAL Jamaica, So Lanka, Austna, the
MNetherdands and the Philippines.
STRAING EXAMINED:
CBS 12342, ex hair of Cibatiin schieded in greenhouse, Metherlands, 1942, F.H. van Beyma,
ex-type.
IMI 255034 = CBS 101895, ex Cocens viridis, Sri Lanka, 1981, P, Kanagaratnam,
IMI 303103b, ex Hemileia vastatriv, Colombia, 1986 (deviating by longer conidia).
CBS 531,72 = ATCC 22503 = AU 1147, ex Salvinia rotendifolia, USA, ex-type of C
salviniae,
CBS 70486, ex Hemileia vasiateiy, Venezueln, 1986, B. Eskes, forming immature ascomats of
Towrubiella sp., i vitee,
IMI 317424 =CBS 101282 ex Hemileia vastarreiv, Jamaica, 1987,C. Prior (conidia subglobose),
IMI 317442 = CBS 101267, ex Memilefn vastateix, Jamaica, 1987, C, Prior, associated with
teleomorph, Terrubiella sp.
IMI 317451 = CBS 101241, ex Hemileia vastatrix, Jamaica. 1987, C. Prior, single-ascospore
isolate of teleomorph, Termibiella sp.
IMI 331542 = UBC 1855 = CBS 101245, ex pupa of Penthocrares styx (Lepidoptera).
Philippines, H.C. Evans, 1985, single-ascospore isolate from teleomorph, Terrubiella sp.

CBES 405 .89, from unknown substratiuom, Austrin, Graz, 1989, 1 Panzenbiick,
19710260, ex Hemilein vastarriv (coffee rust), Peru, 1997, H,C. Evans.
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Simplicillium lanosoniveum somewhat resembles L fecanii and L muescarium, but it
can be distinguished from them by its shortellipsoidal and smaller conidia and complets
lack of vertcillae branches and its somewhat faster growth mte, Simplicillivm obclavatum
is distinet in prodocing obelavate conidia in imbrcate chains,

Ome strain, [IMI 303103b with longer comidia, 3,240 0.8 pm, neady cylindrical in
shape, and two strains (IMI 255034, TMI 317424) with very small, 1.5-2.0 % 1,0-1.7 pm,
almist globose conidia deviate morphologically from the type. In RFLP studies, the isolates
examined evinced three ITS subgroups, four Prubulin types, and six miIDNA types But
these differences  were  considered  insignificant,  especially  with  the ITS  uand
Brtubulin gene RFLPs, where minor polymorphisams were geoerated by one o bwo enzymes
only. Therefore, considering the morphological similanties and 4 strong homogeneily in
the ITS sequences of the mwo swains (Fig. 4-1) with the highest degree of RFLP

distinction, all these subgroups wre classified under S lanosoniveron.

i

SO0 pm

10

Fig. 4-31. Simplicillivm lanososivewn. a. Phialides and conidia of CBS 123,42, 5 days on
CMA. b, conidia and immatire ascoma of CBS 704,80, 14 days on PCA
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This species has been found mainly associated with mists, i particular the coffee
rust, Hemileig vastatrix. Four strains were received as single-ascospore isolates of a
Torrubiella sp. Another strain, CBS 70486, produced immature ascomata in cullure. But the
miterial is not yet sufficient to formally descobe the wleomorph taxon in Tormbiella.
JONES & FREDERICK (1971) reporied the observation of terminal and
intercalary chlumydospores in the ex-type strain (CBS 531.72) of Cephalosporium
salvinige BT, Jones & L. Frederick. We examined this stmin carefully and found no
chlarmydospores, This species is therefore considered us a synonym for 8. lanosonivenm;
its RFLP pattern of the ITS region matches that of the majorty of the strins, including the
ex-type stirin, CBS 12342 miwchondral DNA and B-wbulin patterns fall in the mnge

of vanation of other isolales,

19, Simplicillinvm obclavatum (W. Gams) Lare & W. Gams, Nova Hedwigia 73: 41,
20M}1. Fig 4-32

= Acremonin obelavation W, Gams, Persoonia 12: 135- 147, 1984 {basionym),

Colonies reaching 30-32 mm diam. in 10 days on PDAL high, white, with brownish cream
reverse, rather high, Phialides always solitary, long and slender, 30-52 = {(L5-1.2 pm
Conidiz produced obliguely, forming short imbricake chains, obelavate 1o ellipsoidal,
2535 % 1-2 pm. Octahedrl erysiuls present. Tempergure optimum: 27-30°C (25-24
mm diam. ). Good growth at 33°C,

Distribution: India, Saoudi Arbia,
STRAINS EXAMINELY
CBS 311,74 = IMI 185383, ex air above sugarcane field, India, Kanal, ex-type.
CBS 25076, ex soil, India, 5.C. Agrawal.
CBS 580.81, ex tannin-bearing bark, Tamil Nadu, India, C. K. Rao.
CBS 51082, ex rust pustules on Amchis hypogaed, Tamil Nadu, India, B, P, R, Vittal,
CBS 101713, ex human nail, Saudi Avabia, AA. Al-Khanfur,
GAMS er af (1984) placed this species in Acremonion section Albolanosa, being aware
of its digtant relation with other sections of Acremoniton. The remaining members of this
secion have been randerred w0 Neotyphoditen (GLENN er ol 1996), o genus

gecommodating anamorphs of Epichled that 1s not suitable for 8 obclowatom and
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8 lanosonivenmn. Simplicillium obdavatim has the highest cardinal temperatures among the
taxa studied here.

Fig. 4-32. Simpalicillivn ebelavatum. a, Conidiophores with imbricate conidial chains, b, conidia.
CBS 250.76. DIC.

20. Simplicilfivm lamellicols (FEW. Smith) Zare & W. Gams, Nova Hedwigia: 73:
42, 2001, Fig. 4-33

= Cephalosporium lamellicola FEW, Smith, Trans. Br. Mycol. Soc, 10: 93, 1924 [as
‘el fnecola”|.

= Verticillins lanellicoda (F.EW. Smith) W, Gans, Cephalosporivm-artige Schimmel-
pilze. p. 183, 1971,
Colonies reaching 10-30 mm diam. in 10 days, thin but compact, white, reverse light- 1o
dark-brown, wsually with yellow pigment diffusing into the agar, mther slow-growing,
Fhialides produced on prostrate and very narmow by phae (0.7-1.2 1wm wide), solitary or up
o 4 in whorls, very delicate and narmow, measunng 15-50 % 0.7-1.0 pm. Conidial heads
varying from subglobose w ellipsoidal with pointed ends, then positioned at 4 right
ungle 1o the phialide tip. Uspally the first-formed conidium s a4 macroconidium and
the subsequent ones wre microconidin. Macroconidin narowly spindle-shaped. mostly
straight to dightly curved, 1-celled, measuring 4.5-9.0 3 0.8-1.2 pm; microconidia oval to
ellipsoidal, sometimes with shizhily pointed ends 20-3.0 = 0.7-1.2 pm. Octahedral crystals
usually abundant, Temperature optimum: 21-24°C (12-19 mm diam.), with CBS 150,82
exceeding all other strains in growth rte with 30 mm diam. No growth a 33°C.
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Distribution: Probubly worldwide, with records from Germany, Austrig, Denmurk,
the Netherlands, England, Scotland, Indonesia.

STRAINS EXAMINED

CBS 11625, ex Agarfcus bisporus, UK, 1925, FEY. Smith, ex-type.

CBS 13837 = ATOC 22602 = MUCL 9740, ex Puceinia gl Germany, 1937, K. Hassebrank
InI 0934 39, Leo Pharmaceuticals, Denmark, 1962,

CBS 302704, ex Polyporus varius, Denmark., 1965, W, Gums,

CBS 302.70B. ex Hypowvlon desstimn, Austria, 1970, W, Gams,

CBS 302,700 = 1M1 103732, ex mouldy hay, England. 1960, M.E. Lacey.

CBS 412.70A. ex Agaricus bisporus, Netherlands, 1970, W. Gams.

CBS 596,71 = IMI (51463 = 1AM 14701 ex spove of Preridium aguifinen, Scotland, S.A.
Hutchinson,

IMI 204793, ex wushrooms, UK, 1976, S.E. Ogilvy.

I 2344 110, ex Azedla sp. UK. Roval Bot. Gardens Kew. 1979, M. Coode.

CBS 150,82, ex Agaricus bitorguis, Netherlands, 1982, A, van Zaayen.

IMI 339421, ex tissue of adog. 1990, C.K. Campbell,

This wxon is mather homogeneous in molecular features; morphologically it is variable,
particularly in the proporion of macro- and microconidid and the shape of the
macroconidia. SMITH (1924 reported the production of only one type of conidiz, which
were 1-celled, but a certain dimorphism is quite commonly observed in all isolates
available. This species can be distinguished from Lecanicillium psalliotae by its
staller and less curved macroconidia and absence of red pigment diffusing into the
agur. Besides, in L. psalliotae colonies are usually much higher and never brown in
reverse. Strain CBS 302 706G differs from the rest of the stmins in two oot of five
miDNA bands.

The species was originally described as causing ‘gill mildew” on cultivated
Agaricus bisporus, a disease that does nol seem o be of any mportance. GAMS & VAN
ZAAYEN (1982) found it to canse occasionally small brown spots on Agaricus
bitorguis. GAMS (1988) reporied occurence of this species as a parasite on cysts of
Hetevodern glycines and eges of Meloidogyne arenaria. Simplicillinm lamelficola 1s also

one of the many parasites of rust fungi.
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Fig. 4-33, Simplicillisen famellicola, a. Conidiophove and conidia of IML 234410, 8 duys on
PCA. b. conidia of IMI 204793,

21, Simplicillivm wallacei H.C. Evans, Nova Hedwigia 73: 43, 2001,

Figs 4-34¢. d, 4-35. 4-36a
Colonies high, white, reverse cream-coloured W creamish broswn, reaching 35-38 mm
diam. after 10 days on PCA; older colonies with o distinetive earthy odour. Phialides
produced on murow, aerdal hyphae (1.7-2.2 pm wide), solitary or up w 3—4 in a whorl,
delicate, aculeate, narmow, { 14=)17-25(-29) x(1.7-1 2 pm. Conidia adhering in ellipsoidal

o subglobose heads and of two types, with the first formed macroconidium forming o
right angle with the phialide tip. Macroconidia aseptate, puttulate, fusiform to falcate,
often with acute ends, (70-)85-105(-125) x 1.0-15 pm; microconidia aseptate,

ellipsoidal w shightly faleate. (3.0 0-5.5(-6.5) % (1.7-1.2 pm. Immatwe perithecia may
oceur in older cultures.

MATERIAL EXAMINED:

IMI 331549, ex lepidopteran larva on palm leaf, Dumoga Bone forest, Sulawesi. Indonesia
Mar. 1985, H.C. Evans (holotvpe in herb. IMI living culture CBS 101237),

Etymology: This species is named in honoar of Alfred Russell Wallace, the great

Wictonan naturalist and after Wallacea the unigue biogeogruphical zone from where the
type specimen wis collected.
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Fig. 4-34. Torrubiclla wallacei, IML 331549, ex host. a. Perithecia: b. asci and ascospores,
Simiplic i wallaced, ex PCA 7 days, ¢, phialides: d. macro- and microconidia
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Fig. 4-35. Simpdic i wellaeet, IML331549, 7 days on PCA. a and b. Phialidesin verticils.
bar =6 gm: c. and d. macro- and microconidia, with solitary phislides {arvow); bar = 10 pm.

Strain IMI 331549 was grouped initially within Simplicillivm famellicola since this
species is morphologically heterogeneous, However, based on the following criteri, it is
now considered that separation at the species level is justified: enomogenous and
tropical habit; presence of a teleomorph; larger conidia, and differing RFLP patterns of the
ITS megion and mDNA. Earlier, YUN & al (1991) included this isolake in their
chemotaxonomic study of verticillioid fungi and concluded that it probably represented
an undescribed taxon,
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The type specimen consists of 4 white pupal case (4 mm long) with the remains of the
larval stage above, attached to o palm leaf. A thin, white mycelium {1.7-2.5 pm) is
present on the larva which bears typical phialides and dimormphic conidia. Perithecia are
confined w the upper part of the pupal case. The association was confirmed by ascospore

psolations.

Teleomorph: Torrubiells wallacei H.C. Evans, Nova Hedwigia 73: 46, 2001,
Figs 4-34u & b, 4-36b—c

Perthecia produced directly on a white mycelium that sparsely covers the pupal host
hyaline, delicate, smooth, very thin-walled, obelavite to naviculate, 150-320 » (45-)60-90
pm, with a prominent ostiole. Ascl 8—spored, with a prominent cap, narmowly cylindncal with
an inflated base, B0-110 % (2.5 34 pm. Ascospores hyaline, fliform, spirally twisied in
the ascus, approximately the same length as the ascus and less than 1O pm wide, septa
indistinet. not bresking into part spores,

Holotype IMI 331549 on lepidopteran pupa, Dumoga Bone, Sulawesi, Indonesia, 1985, H.C,
Evans {in lerb. IM1).

This is the second species of Tormbiella associated with a Simplicillinm anamorph.
An anamorph close o 8 obclavatm s associated with a Cordyeeps (H.C. EVANS,
unpubl. ), which will be studied further. The teleomorph of 8. lanosoniveum appears
to be similar but it cannot yel be formally described until more material becomes
available o serve as type. The weleomomphs of Simpliciffivm differ from the more
robust, strongly pigmenied and thick-walled T confrugosa-type leleomorphs in having
hyaline or lightly pigmented, delicate, thin-walled perithecia
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Fig. 4-36. Torrabiella wallacei, IML 331549, 5. Lepidopteran host attached to palm leaf,
c. asci emerging from perithecial squash: d. bmmature asci with prominent caps; e.

consisting of larval remains on white pupal case, white delicate Simpdicillinm ananorph on

larva and hyaline perithecia on pupa (arrows), bar

40 pmg
mature ascus showing apical cap and inflated base, with narrow ascospores; bar
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PART FIVE:
THE GENUS POCHONIA, WITH NOTES
ON ROTIFEROPHTHORA

The species of this genus mainly parasitize cyst nematodes (except P. microbactro-spora,
which was solated from a rotifer), P chlamydosporia var. chlamydosporia and its
teleomorph also grow onslug eggs. Most species produce dictyochlamydospores or at
keast some 1regularly swollen vegetative hyphae. However, dictyochlamydospores may
be wotally absent in some strains, while they occur also in the other diserete genera
Haptocillinem (GAMS 1988, SUNG et af. 2001 — part 2, GAMS & ZARE 2001 — part 3.
ZARE & GAMS 2001b - part 6) and Rotiferophthora GL. Bamon (BARRON 194915,

The term dictyochiamydospore is wsed by all authors working on these fungi 1o
desipnate 8 unigue feature with a stalked, hyaline, thick-walled, multicellular resting stage,
that can be formed either in large numbers in the aedal mycelivm or submerged in the
agar. In the later case, they are more or less scanty and ofien showing o roughened
surface. But the theme of dictyochlumydospores is viriable; the shape need not be
subglobose or sodiametric with cells shightly bulging oul They can be more iregular in
shape and less differentiated, and stalks may be absent. Many species of Rotiferophthora
have flattened dictyochlamydospores. Pochonia bulbillosa has a strong tendency 1o form
intercalary swollen hy phal cls mther than well-differentiated dictyochlamydospores. In
some isolates the capacity o form dictyochlamydospores is lost due o degeneration; in
some others they have never been seen at all. GAMS (1988) save o full reatment of four
species and two varieties of the genus including ecological observations, which is not
repeated in extense here.

A reconstruction of the phylogeny of the species distinguished is given in Fig, 5-1. A

syslemitic representation of RFLP pattermns is shown in Table 5-1
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Fig. 51. One of the three equally parsimonious trees recoverad using sequences of ITS
region and 5.85 gene. Dashed lines indicate branches that collapsed in the strict consensus
tree, Plain numbers above lines indicate branch lengths. and numbers in brackets show the
Jackknife support values, Cl=079 HI =0.20, BRI =072, RC =0.57, tree length=483. L. =
Lecanicillive, P. = Pochonia, K. = Rotiferophihorna, V. = Verticillium, H. = Hapitocillim.

POCHONIA Batista & OM. Fonseca, Publ. Inst. Micol. Recife 462: 4, 1965,

= Dikererospora Kamyschko |Bot, Mater. Otd, Sporov, Rast. Bot Inst. Komarova Akad,
Mauk 5.5.5. R, {Mot. syst. Sect. Crypt. Inst. bot, Akad, Sci. USSR) 15: 137, 192 (nom. inval.,
Art. 37,13 ex G.L, Barron & Onions, Canad, J. Bot, 44! 861, 1966,

Type species Pochonia fhuemicols Batista & OM. Fonseca = P chlamydosporia (Goddard)
FLare & W, Gams|.

Teleomorph: Cordveeps.
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Table 5-1. RFLP pattzrns of the ITS region, mtDNA and fubulin gene in species of Pochania (P.), Retiferophthora (R.) and residula species of
Vertieillinm (V.). Symbols for different partemns in the second column: ITS patterns = Capital letiers, miDNA = Arabic figures, f-tubulin gene =
Roman figures.
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Colonies rather fad-prowing, reaching 1 5= mm diam. i 10 days, Conidiophores wsually
prostrate and litde differentiated from the vegetative hyphae, but sometimes erect and
differentiated. Conidiogenous cells phialides, aculeate, e, tapenng to a namrow tip, in which
collarette and perclina wall thickening are hardly visible, verticillate or solitary. Conidia
adhering in globose heads or chains, subglobose, ellipsoidal o rod-shaped. sodiametrie-
polyhedne. or fadeate with blunt ends. Dictyochlamydospores produced on the surface of
the colony or submerged in the agar, three-dimensional, pluncellular, thick-walled

struetures, usually formed on short stalks, Crystals mostly absent,

Species accommodated in Pocheonia mainly parasitize nematode cysts and all
of them produce dictyochlamydospores or at least some irregulady swollen hyphae,
The species can be rather easily distinguished from each other on the basis of conidial
shape and the position and abundance of dictyochlamydospores. The relative affinity

of the taxa distinguished by GAMS (1988) is confirmed here by molecalar studies.

KEY TO THE SPECIES OF POCHONIA

1. Atleast part of the conidia crescent-shaped or faleate oo 7. P Bulhillosa
[1f chlamydospores [-celled and moderately thick-walled, parasites of epiphylious fungi
in the tropics, e V. epipfoenen at the end of this paper]

I°. Conidia not crescent-shaped or FAICAE .. ooniin i et o st i o 2
2. Conidia imdiﬂm:uii:-pulyh:dri:: dkt}'trhhmyd}s}ﬂm present, uswally on the agar
surface ... coeirnenn s 0. P gonioides
27 Conidia md »hdpcd Hﬂ'll]'llﬂ'] 1.=.|Lh truncale cnr.is, ._hﬂ-—"‘j ® DH lﬂ lm; dictyo-
chlamydospores sparse, submerged inthe agar................ 8 P. microbactrospora
2%, Comdia of other shapes, oval, subglobose w subeylindrcal, smooth; dictyo-
chlamydospores above orinthe agar ..o oioiiiiia e 3

3. Dictyochlamydospores, at keast in fresh isolates, abundant, pa.r!iuul.'lrly i the aenal

mycelium; conidiophores typically prostrate. .. .4
3. Dictyochlamydospores, if present, mostly au]:muguj in th: agr; L'xmuimpmn,u
PUOSIEANE IOF BEBCE .. 1k rmrsris sk sk oo en B sk sk b 5868 55k R SRS a4 bS8 B0 i R SR Stk b )

4. Conidia only in heads, never in chains ... 1, P. ;..hfmmd:.‘rspmiﬂ VAL c'hfnm}'dmpmiﬂ
4" Conidia mostly in chains; some heads may be present ...
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3. Colony reverse developing red shades on PDA; u}nidiq:-hi.m prostrle, verticillate;
dictyochlamydospores scanty or absent. .. =30 P rubescens

5% Colony reverse yellow 1o cream (not ru_ijl on PDA Lumdluphum purtly erect,
richly verticillate; dictyochlamydospores partly submerged in the agar ... 6

6. Conidia only in heads, never in chains . a2 _I.uc'!ifmpmfﬂ vir. suc flasporia

6. Conidia mostly in chains, some heads m.iy hvl: present ...
ik P i, F:fﬂ.i.prmﬂ var, cafenata
l. Pochonia chilamydosporia (Goddard) Zare & W, Gams, var. elfamydosporia

Mova Hedwigia 72: 334, 2001, Figs 5-3-5-5. 5-6 4. b

= Verticilliwm ehlamydosporien Goddord, Bot, Gazette 56: 275, 1913 (basionyim).

= Diketeraspora cflamyvdosporia (Goddard)y GL. Bamron & Onions. Canad, J. Bot. 44: 866,
1966,
= Stenipfidiopsis ovonon Petch, Trans, Br, Mycol. Soc, 23 146, 1939,
= Diheterospora heterospora Kamyschko, Bot Mater, Otd, Sporov, Rast. Bot. Inst
Komarova Akad. Nauk 5.5.5.R. (Not. Syst. Sect. Crypt. Inst. Bot. Acad. Sci. USSR) 15: 135,
1962 (generic nom. inval., Art. 37.1).
= Pochonia huosicola Batista & QM. Fonseca, Publ. Inst. Micol, Recife 462: 5, 1965,
= Diryoarthrinepsis kelleyi Dominik & Majchrowicz, Mycopathol, Myeol. Appl. 28: 214,
1966,

Teleomorph: Cordyeeps chlamydosporia HC. Evans (see below)

Colomies reaching 20-38 mm diam. in 10 days white, later becoming cream-coloured,
appearing powdery with age due w the prodoction of dictvochlamydospores; in fresh solates
appearing finely granular due o abundant dictyochlamydospores produced on the sudace of
the colony; reverse cream-colowred, pae yellow w omnge, Conidiophores prostrte aeral
hyphae, producing solitary phialides or 2-3 phialides per node abong the condiophore or
termina whorls of 4-5 phialides. Phiglides slender subulate, 12-26 % | 0-1.5 pm. Comdia
formed in globose heads, subglobose o ovoid or ellipsoidal, snooth-walled, (LE-) 254 5%
(101222 pm. Dictyochlamydospores produced in the aertal mycelium,  stalked,
messuring (10.5-)15-25 (=300 x 1425 pm, becoming thick-walled with age. Young
dictyochlamydospores staining blue when mounted in lactic acd-cotton blue, later often
turning reddish or remaining unstained. Crystals absent. Temperature optimum: 24-27{=300°C
(23-40 mm diam., depending on the strain). No growth at 33°%C. GAMS ( 1988) reported a
rmini e termperature for growth of both vaneties near 10°C (ZARE & GAMS 2003 h),
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STRAINS EXAMINED:
CBS 42964 = MUCL 9880, ex soil, Brazil, 1964, Oliveira da Silva. ex-type of P. hiemicola,
CBS 103.65 = ATOC 16289, ex soil under Brassica mapues (rape sead), Germany. 1965, W.Gams,
ex-nestype (designated by GAMS 1988),
InI 113169, ex soil, Cannda, 1963, LW, Carmichael,
CBS 594.06, ex soil. Africa, T. Domintk & 1. Majchrowicz, ex-type of Dictveartieinepsis kelleyi,
IMI 156157, ex root of Piper berle. India, 1971, P.D. Wangikar.
CBS o). 88. ex Heterodera avenae, Sweden, 1982, C. Dackman.
IMI 321351, ex cyst nematode on Solanun tuberosm, 1988, DUH, Crump,
IMI 359233, ex gall of Meloidogyne, Chile, 1993, B.A. Latorne.
CBS 292,95, ex soil under Arawcaria, S50 Paulo, Brazil, 1995, L. Pfenning, deviating by absence of
dictyochbamados pores,
GAMS (1988) subsumed the former species Verticillinm catemlarmm (Kamyschko ex
GL. Bamom & Onmons) W, Gams as a4 varety of this species, creating var
chlamydosporiem for the type vanety. The vanetal ranking of strmilar taxa differing only
in conidial armngement seems w0 be supported by our molecular observations (Fig: 5-1).
RFLF paterns of the ITS region were identical, those of miDNA were vanable, those of
the P-tubulin gene were less variable, but these variations were not comrelated with
the varieties disinguished.
Strain CBS 29295 though it failed w0 prodoce any dictyochlamydospores, had
ITS and P-wbulin RFLP patiems identical w the rest of the strains placed under this mxon,
Some authors considered V. chlamvdosporium 1w be a complex showing
continuous vanation in morphology and physiology (IRVING & KERRY [986;
KERRY er al. 1986), but with the segregution of V. suchlasporium by GAMS (1988)
the species was rendered more homogeneous. ARORA et af, (1996) found some variation
in RFLP patierns generated with [TS and 1GS amplicons and in ERIC-RAPD patterns
among 28 isolates identified as V. chfamydosporiiom. Unforunately, except that of P.
mbescens (CBS 646.88). no ex-type strins or other comparable isolates of the taxa

presented here were included in that study.
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The vaneties of Pochonia suchlasporia are distinguished by their taller, mainly erect
and more densely verticillate conidiophores and scanty dictyochlamydospores which
are mostly bured in the agar (see also ZARE & GAMS 2003 h, 1).

Biochemical and molecular studies by CARDER er al. (1993) did not confirm
the distinction between P. suchlasporia and P. chlamydosporia and their varietics. These
authors partly examined the same strains as those used by ZARE e al. (2000 - part 1),
Our results do not support their conclusions but mther confirm the classification proposed

by GAMS ( 198E).

Teleomorph: Cordveeps chlamydosporia H.C. Evans, Nova Hedwigia 73: 59, 2001,
Figs 5-2, 5-4, 5-5

Mycelium white to pale yellow, densely covering the egg mass. Stromata single, unbranched,
white 0 pale ornge, narow eylindrcal, 12-16 = 0.5-1.25 mm, widening wwards the up.
Ferile area terminal, 20-3.5 mmoin length, white i pake orange. Perithecia enowded, mitially
mmmersed in the myedium, becoming erumpent and superficial; smooth, pale yellow,
occasionally brownish orange. broadly flask-shaped, (300-)600-630 » 250300 [un, with a
prominent ostiole and a long neck region, 150-200 = B0- 120 pm, lined with periphyses.
Asci Bspored, eylindacal, (160-200-500 x (2-)3-H—4.35) pm, with a4 prominent cap.
Ascospores hyaline, filiform, two fascicles of four somewhat distended in the ascus, septa
indistinet, not frigmenting into part-spores, 1 30-350x 1.0 pm.

Holotype IMI 380125, on molluse eggs in forest liter, Pichilingue, Los Rios Province,
Ecuador, Apr. 1974, H.C. Evans therb. IMI).

MATHIAL EXAMINED {paratypes):

IMI 380126, on molluse eggs in forest soil. Pichilingue, Los Rios Province., Ecuador, May
1974, H.C. Evans.

IMI 380127 (380128). on molluse eggs in forest log, Guamd, Pard State, Brazil, Sep. 1977 (Jan.
1980, H.C. Evans.

ML 380129, on molluse eggs in forest soil, Ouro Preto do Oeste, Rondonia State, Brazil, May 1985,
H.LC. Evans jculture deposited as IMI 331547 = CBS 101244,

IMI 380130, on molluse eggs in forest soil, Rio MNapo, Mapo Provinee, Ecusdor, July 1987, T,
Liesspe,

The type specimen comprises three ege dluiches, up o 7.0 x 4.5 mm, two beaing Condveeps
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stromaty and the other producing five brnched synnemata, 1418 % 0508 mm, white to
pake tan, compact at the base, becoming broader towards the tip due to a loose mass of aenal
hyphae bearing phialides and pale yellow dictyochlamydospores imparting o yellow
powdery appearance o the synnematy. The holotype, with abundant dieryochlamydospores,
not only on the egg masses but also on well-defined synnemata, provided circumstantial
evidence of the teleomorph-anamorph conpection. However, it wias ot until typical
cultures were oblained from the ascospores of a specimen from Brazil (1ML 331547 =
CBS 101244) that the association was confirmed.

The perithecis of C. chlamdosporia are buned initially but become semicrumpent
and later superficial us they mamre; possbly due w the ranstion from the anamorph
(synnemata) to the teleomorph (stromata). The latter in IMI 380127 and 380130 are
well developed, with little evidence of the anamorph remaining, and up 1o 4 ¢m in
kength. The holotype and severul pamtypes possess perithecia with a distinet palisade of
eyvlindrical cells composng the outer kaxyer of the perithecial neck, whilst this is ill-defined in
others, In IM1 380126, the old stomaty bear yellow to mddish brown penthecia
MNevertheless, this vanation is considered 10 be acceptable within such geographically-
separated populations, stretching from coastal Ecuador w the ower Amazon in Brazl

The last major revision of the genus Cordyceps was undertaken by MAINS
(1958), for NMorth American species only, in which he recognized four subgeners,
based primarily on the presence or absence of an apical cap in the ascus and the
degree of immersion of the perithecia on the stroma. Those species with superficial
or free perithecia were assigned w the subgenus Racemella, and all six descnbed
species possess filiform ascospores which either do not form partspores or separate
only wdily. Cordveeps chlamydosporia falls readily into this grouping, together
with C. atewensis Samson, H.C. Evans & Hoekstra, described on an homoplemn
insect from Ghana (SAMSON e af. 1982). The germinating ascospores of this
species were reported 1w produce o Hirsuteffa stuge and a remoant palisade of
hirsutella-like conidiogenous cells occurs on the stromata of both 1M1 380128 and
380130, 1t is possible that severl synanamorphs exist in the life-cycle and that the
strategy in 4 forest habitat with dispersed host populations would be for local spread
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by rain-splashed slime-spores, with long-distunce dispersal being provided by the foreibly-
discharged, senal ascospores, and the dictyochlamydospores serving for long-lenm survival,
Their abundant production on welldefined synnemata, paricularly in the type. suggests that
they are also actively-dispersed propagules.

Fig. 5-2. Cordveeps chilamydesporia, holotype IMI 380125, u. Perithecia on strona; b, asci

and ascospores.
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Fig. 5-3. Pochonia chlamvdosporia var, chlamydosperia, 1ML 331547, SEM of spore
structures, 10 days on PCA. a. Phialides and dictvochlamydospores. bar = 3 g b, phiatides
and conidial leads. bar = 2 jum: ¢. details of solitary phialide and conidial head. bar = 1.5 jum:

d. dictvochlamydospore; bar =2 pm.
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N

caps: e, mature asci showing

7 jum for d and e,

120 pm: d. immature asci with prominent

bar
ascospores pushing into the cap region {arow); bar

mature. erumpent perithecia, bar = 1 mm; b. perithecium superficially embedded in stromatal

Fig. 54, Condveeps chlamydosporia, holotype IM1 380125, a. Apical region of stroma with
tissue. showing palisade of cylindrical cells in neck region {arrow), bar = 60 pm: c.
perithecial neck, showing palisade laver (short arrow) and asci emerging from ostiole (long

AITOW b,
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Fig. 5-53. Cordveeps cllanvdosporia, macromorphology, a. Holotype, IMI 380125 in siti,
showing voung stroma with semi-erumpent perithecia (small arrows), arising from molluse
egg sac (lorge arrow), bar = 30 wmm for a and b b, holotype in situ, showing synnemata
arising from two molluse egg sacs (large arrows), the upper region is swrrounded by a loose
mveelial covering producing phislides and powdery dictvochanmydospores (small arrows); c.
upper region of mature stroma with pale (vellow) perithecia, bar = 1.5 mm: d. 1M1 380127,
showing erumpent, pale (vellow) perithecia on mature stroma; e. IM1 380126, showing dark
{reddish brown b perithecia on old stroma: bar = 0.5 mm for d and e).
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Fig. 5<6a. Pochonia chlamydosperia var, chlamydesporia. Phialides, conidia and dictyo-
chlamydospores of CBS 361.64 on PCA.
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Fig. 5-6b. Pochonia chlamydoesporia var, catenidata, phialides and dictyochlamydospores of
CBS 504.66 on PCA.
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Thus, many of the records of this fungus are from soil, but there is no doubt that P.
chlamydosporia s o primary pathogen of molluse eges, as well as of cyst nematodes
(KERRY 1995). Whether or not distinet ecotypes or pathotypes of this extremely
wide-ranging species exist, remains o be proven. However, given the increasing
importance of molluse pedts in agnculture, especially of dien or non-indigenous species
(COWIE 2001 ), the potential of P. chlamydeosporia as a biocontol agent warrants funher
investigntion. PETCH (1939 reported this fungus (as Stemphwiopsis overtim) as g problem
in breeding units of the giam Afican uil (Acharing fulica Bouw ., Achatinidae) in Sn
Lanka in the 1920s, which was then being spread amound the tropics as 4 potential
food source. lronically, this snail has sionce become a major pest wherever it wis
introduced, and unfortunately, ill-conceived, non-scientific and, therefore, ecologically
disastrous attempts have been made to control it through the importation of predatory
snails (COWIE 2001,

Pochonia chlamydosporia has been reported as o parasite of cysts and eges of
Heterodera (bul only exceptionally of Globoders) species (WILLCOX & TRIBE 1974,
BURSNALL & TRIBE 1974, KERRY & CRUMP 1977 TRIBE 1977, MORGAN-
JONES et af. 1981, GINTIS er al. 1983) and occasionadly of Meloidogwe species
(GODOY eral. 1982, MORGAN-JONES ¢r af. 1983). It is a potential biocontrol agent of
Heterodera cyst nematodes (DELEL & KERRY 1991, DE LEL 1992 GAMS & ZARE
20035, The species 15 also listed as ovicidal o eggs of Ascaris lumbricoides, penelrating
the eggs and destroying the embryo (FASSATIOVA & LYSEK 1982); it was already
reported from snail eges (GAMS 1971), The ieleomomph specimens and strain 1M
331547 examined in this study were obtained from slug eges (Mollusea). More data on the
digabution of the species are given by DACKMAN & NORDBRING-HERTZ (1985).

2. Pochonia chlamydosporia var. catenulata (Kamyschko ex GL. Barron & Onions)
Fare & W Gams, Nova Hedwigia 72: 334, 2001, Fig. 56 ¢, d

= Dieteraspora catendata Kanmschko, [Bot Mater, Otd. Sporov. Rast. Bot. Inst. Komarova
Akad. Mok S.5.5.K. (Mot. Syst Sect. Crypt. Inst. Bot. Acad, Sci. USSR) 150 140, 1962 nom. gener.
inval., A 37,1 ex GLL. Baron & Onions, Cansd. J, Bot, 44 868, 1966 (hasionyim),

= Verticillivm catenglatom (Kamyschko ex GL Baron & Onions) W, Gams,
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Cephialosporicm-artige Schimmelpilze, p. 190, 1971,
= Verticillivm chlamydosporitn var, caterudation (Kamyschko ex GL. Bamwon & Ounions) W,
Ciams, Metherlsnads . P Pathol, 94: 134, 1988,

Teleomorph: Cordveeps sp.. similar to C chlanwlosporia. It differs from O chfamyvdo-
sporia by peritheci which are never enumpent but always buried in o more organized strome.
Because of insufficient meteral, we cannot yet formally deserbe this new species

Colonies similar 10 P. dilamydosporia var, chlamydosporia, reaching 22—4) mm
diam. in 10 days. Phialides ansing from proswrate hyphae, solitary or up to 3 per node.
Conidia produced in chains, partly also in heads, globose 1o subglobose, with slightly
apiculate base, mepsuring (1.5-2.0-35 x 1530 pm. Dictyochlamydospores as in
P . var. chlamydosporia. Crystals ghsent. Temperature optimum: 24-27°C (27-36 mm
diam.). Very litthe growth at 33°C (ZARE & GAMS 213 h).

STRAINS EXAMINEL:

IMIT 113172, ex hair bait buried in garden soil, UK, 1956, P.M. Stockdale.

IMI1 076422, ex soil, Trinidad, 1959, 1D, Firman.

IMIOB0555, ex soil. Australia, 1960, LW, Carmichsel & G.L. Barron,

IMI 080356, ex soil, Australia, 1960, Durie & Frey.

CBS 5466 =1MI 113164, ATOC 16683, OAC 10250, ex soil, Canada, 1963, G.L. Baron, ex-type.
CBS 397.69 = MUCL 15018, ex soil, Canada, 1969, G.C. Bhatt,

IMI 331575 and 338017, ex beetle larva (Coleoptera), Ecuador, 1974, H.C. Evans, single-
ascospore isolates of the Condyeeps teleomorph.

CBS 49 90, ex leaf litter, Cuba, 1996, B.F. Castafiedn.

Drctyochlamydospores are indisinguishable o the two vaneties, Stain ML (080356
consistently produced smaller dictyochlamydospores, 145 x 105 pm. Struins IM1 331575
and IMI 338017, single-ascospore isolates of a Cordyweeps sp., are indistinguishable from
other strains siudied under this wxon.

The difference in anangement of the conidia in chains or heads is again found 0 be
of limited significance, and strains showing either of the amangements are therefore only
digtinguished al variet] rank. Conidia in P. o var. catennlatn are genenlly more globose 1o
subslobose, while those of var. chlamydosporia are more ellipsoidal. RFLPs of ITS region,
Frtubulin gene and miDNA do not consistently separate the o vaneties, bul parsimony
analysis using sequendes from [TS regions distinguished them (Fig, 5-1, also pant 1),
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Fig. 53-7. Pochonia chlamydosporia var, catenubara, a. Dictyochlamydospores, b, conidial chains. a,
IMI331575, b, IMI 338017, DIC.

3, Pochonia sichlasporia (W, Gums & Dackman) Zare & W. Gams, var, suchlasporia,
Nova Hedwigia 73: 67, 2001, Fig. 5-8

= Verrieilliven suchlasperiom W, Gans & Dacloman, Metherlands 1, PL Pathol. 94: 136, 1988
{bas ko),
Cobonies reaching 10-12 mm diam. in 10 days, high, woolly, white W yellow, reverse yellow
i brownish cream, rather slow-growing, Conidiophores mostly erect but also prostrate,
rather thick-walled, up 0 4-3 pm wide at the base, pering apically 1o 1.5-2.5 pm, beanng
up to 3 whords of 3—4 phialides. Phialides 15-30 x 1.2-2.0 pm. sometimes swollen near the
base 10 2.5 m. Conidia in dry heads, subglobose, chromophilic, measurnng 2 3-4 % | 5-
2.5 L. Dictyochlamydospores usually scanty, submerged in the agar. rarely near the
surfuce, sumunded by a slimy layer, 15-25 = 10=2) pm, Crystals absent. Temperature
optimum: [8-21°C (17-18 mm diam.). No growth at 27°C (ZARE & GAMS 2003 i),
STRAINS EXAMINEL:
CBS 251.83, ex epgs of Heterodera avenae, Sweden, 1983, C. Dackman, ex-type.

CBS 816,83, ex eggs of H. avemae, Denmark, 1983, M. Juhl. More strains documented in
GAMS {1988).

GAMS (1988) noticed another, uncommon form of sporulation in which phialides give
rise 1o 4 few elongate conidia measuring 5-12 % 1.5-2 pum (Fig. 53-8 ¢).

Pochonia suchlasporia s rather widely sepurated from P chlamydosporia i
molecular analyses (ZARE ef af. 2000, SUNG ef af, 2001, but it forms a tight
cluster with the remaining species of the genus in its LSU + 55U sequences, with
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8% bootstrap support (SUNG et al. 2001), The RFLP putterns of the ITS region and
the B-tubulin gene are identical in all isolates of both vaneties of either species but
different between the species.

Like in P. chlamydosporia, both varietes of P. suchlasporia had wdentical
RFLP patterns of the ITS region and the B-tubulin gene: the more variable patterns
of mDNA did not consistently separate the two vareties; bul pasimony analysis
using sequences from the TS regions distinguished them (Figs 1-1 and 5-1).

The two vadeties of P. suchlasporia form a significant portion of egg and cyst
parasites of Heterpdera species in Sweden (DACKMAN & NORDBRING-HERTZ
1985), Denmark (JUHL 1982) and the MNethedands (GJ. BOLLEN & F. Z00N, pers.
comm.). They are at an ecological advantage over P. chlamydosporia because of the
lower cardinal temperatures (GAMS 1988).

4. Pochonia suchlpsporia var. catenata (W. Gams & Dackman) Zare & W. Gams, Nova
Hedwigia 73: 69, 2001, Fig. 59

= Venricillivm suchlasporinm var, cateration W, Gams & Dacloman, Metherlands J. PL
Pathol. @4: 140, 1988 (basionym).

Colonies, condiophomes and phialides as in P s, var, sucilasporia, Conidia subglobose 1o
ovoid, chromophilic, measuring 2-3.7 % 1.7-2 3 pum, cohering in chains or partly in dry
heads. Dictyochlamydospores scanty, 16-28 % 14-25 pm, submerged in the agar. Crystals
dhsent. Temperare optimum: 21°C { 14-21 mm diam. ). No or very litde growth at 27°C
(ZARE & GAMS 2003 1),
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Fig. 5-8. Pochonia sucldasporia var. suchlasporia. a. Dictyochlamydospores of CBS 228828
on SEA. b, conidiophore and conidia of CBS 228 82C on OA. c. conidiophore, conidia and
elongate submerged conidia of CBS 228828 on PCA.
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Fig. 5-9. Poclhonta sichlasporia var, catepata, o, conidiophore and conidia of CBS 876,85
on MEA, b. conidia of CBS 24883,

STRAING EXAMINED:

IMI 113078 = CBS 101265, ex millipede droppings. UK. 1965, T.F. Hering.
CBS 383.70a, ex garden soil, Netherlands, 1970, H A, van der Aa.

CBS 248 83, ex eggs of Heterodera avenae, Sweden, 1983, C. Daclonan, ex-type.
CBS 817.83. ex egps of H. avenae, Sweden, C. Dackman.

CBS 789 .85, ex eggs of Lymantria dispar (gipsy moth ), USA. G.C. Carroll.
CBS 495 9. ex soil. Canada, G. Thom.

CBS 41693, ex worm on dead leaf of Rovsionia regia, Cuba, 1994, B F. Castafieda.

No dictyochlamydospores were observed in strains [ML 113078, CBS 817 83 and CBS

THU B3, but these strains otherwise conform well with the taxon, and have RFLP patterns
identical with those of dictyochlamydosponc isolates.
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3. Pochonia rabescens Zare, W. Gums & Lopez-Llorea, Nova Hedwigia 73: 69, 2001,
Fig. 5-10

Colonies rather fastgrowing, reaching 25-29 mm diam. in 10 days, thin, while, reverse
red (at least on PDA), with a reddish pigment diffusing into the agar after 1) days.
Conidiophores wsuadly prosirate, ravely erect but not thick-walled. Phialides solitary or up Lo
24 per node, 18-25 x 0.7-10 pum. Conidia formed in dry heads, globose 1o subglobose,
smooth-walled, measuring 2 5-3.35 x 20-3.0 pm. Dictyochlamydospores scanty, scattered
in chains or loosely beld wgether forming imegular shapes, wsually deeply submerged in the
agar, sometimes otally absent or very difficult W detect. Crysals absent. Temperature
optimum: 24°C (3032 mm dizm. ). No growth at 33°C (see also ZARE & GAMS 2003 1),
STRAINS EXAMINELY

CBS 352.70. ex soil from Thuja-Abies bog, USA, 1967, W.F. Whittingham.

CBS 405.70. ex agricultural soil, Netherlands, 1968, 1. W. YVeenbaas-Rijks.

CBS 425 80a. ex cysts of Heterodera schachii, 1980, G.J. Bollen.

IMI 293009 = CBS 101238, ex egps of Heterodens avenae, UK, 1985, J.M. Duncan.

CBS 464.88 = ATOC 76547, ex eggs of Heterodera avenae, UK, Scotland. 1985, L. Lopez-Llorca,
ex-type {Holotype: herh. CBS).

Conidig of this species resemble those of P suchlasporia. Pochonia mibescens s distinet
miinly by its red pigment on the colony reverse and also the reddish yellow pigment
diffusing into the agar. Dictyochlumydospores ane very rare in P, rubescens; they appear as
single cells or loosely compacted cell aggreguies composed of irreeulir shapes or scatiered
chains; sometimes they are totally absent {see ZARE & GAMS 2003 1),

Five strains represent this taxon, three of which were isolated either from
cysts of Heterodera schachtii or eggs of the cereal cyst nematode, H avenae. The
other two were obtained from soil. The ex-type stmin was repored as an ege parasile
on H avenae (LOPEZ-LLORCA & DUNCAN 1988, LOPEZ-LLORCA 1990). GAMS
(1988) placed this stmin under V. suchlasporium. The species has a distinet 1'TS RFLP
pattern, that of the B-tubulin gene is the same as in P. suchlasporia and miDNA i oo

vanable 1o draw any conclusion.
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Fig. 5-10. Pochenia rubescens. b, Conidiophores, c. conidia, d. submerged dictyvochlamydo-
spores, a. b, ¢ CBS 3532.70; d. CBS 425 80A; a-d. DIC. d. stained in ¢otton biue.

The characterstic red pigment, most abondantly produced on acidic media, was also noted
by LOPEZ-LLORCA et al. (1994) and LOPEZ-LLORCA & OLIVARES-BERNABEU
(1998) in sirain CBS 464,88, These authors extracted the pigment in chlomiorm/methanol
and proved s mhibitory effect (mycotoxicity) on the growth of Cladosperinm
crcwmerinum, They also showed that the extract had nematicidal effect on the potato
rool cyst nematode, Globodera rostochiensis.,
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Fig. 5-11. Pochonia gonioides. o, b, Conidiophores and conidia of CBS 611,89 and 241.80
on PCA and MEA. ¢. voung and d. old dictvochlomydospores of CBS 241 80 on SEA.

6. Pochonia gonioides (Drechsler) Zare & W. Gams, Nova Hedwigia 73: 72, 2001,
Fig 5-11

= Acrostala grius gonicides Drechsler, ). Washing ton Acad. Sci. 32 3471942 {basionym).
= Verricillivm gonipides { Drechsler) W, Gams & Stalpers, Netherlands 1. PL Pathol. 94:

143, 1988,
Colonies reaching 1416 mm diam. in 10 days, white, with brownish cream reverse,
moderately show-growing. Phialides ansing mostly in whords of 2-5 on prostrte hyphae,
mieasudng 13-30 = 1-2 pm, wperng distally w0 0.5 pm. Conidia held wgether in heads,
LE-25 pm diam., with imegulady  polybedml to wberculite outine. Dictyo-
chlamydospores irre gular, mostly submerged, formed as lateral branches with swollen

cells, Crystals absent. Temperature optimum: 18°C (CBS 611,89 with 4-3 mm diam.) or
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21%C (CBS 891.72 with 21 mm diam.). No growth at 27°C (CBS 61 189 or 30°C (CBS
BUL.72).

STRAINS EXAMINED!

CBS 891,72, ex Pulchervicium caerilewm, Germany, 1972, LA, Stalpers, ex-neoty pe (GAMS

1988).
CBS 611.89, ex litter of Pinus svlvestris, Germany, 1989, G, Kraepelin.

DRECHSLER (1942 found this fungus atacking eysts and eges of Heterodera species
and a5 an endoparasite of Rhabdins terricola. No living strain solated from nematodes is
available at the moment.

The species can be distinguished from all other wxa of the genus by its
isodiametric-polyhedral and smaller conidia. The two isolates vary in the degree of
lobulation of the condia and differ stongly in growth mie, but have identical RFLP
pattemns of the ITS region and the P-mbulin gene.

7. Pochonia bulbillosa (W . Gams & Malla) Zare & W . Gams, Mova Hedwigia 73: 73,

2001. Fig. 5-12
= Veticillivn ol billosun W, Gams & Malla, Cephalosporiim-artige Schimmelpilze, p.

189, 1971 {basionymy).

= Vertivillim cephalosporum W, Gams, ibid., p. 180, 1971,

Colonies reaching 2035 mum diam. in 10 days, conidiophores and phialides similar 1o those

of P. dilamydosporia var. chlamvdosporia. Conidia produced in globose heads, of two

types: falcate with blunt ends, 4-63 % 15-2.0 pm, and subglobose to ovoid, 2.2-3(0) x

1.3-20 pm. Dictyochlamydospores more or less scanty, produced on the agar surface,

irregular or sometimes forming chains or reduced w imegulardy swollen hyphae. Crystals

ahsent. Temperature optimum: 21-24%C (21-30 mm diam.). No growth at 30°C,

STHAING EXAMINED:

CBS 247.068. ex agricultural soil, Germany. 1964, W, Gams, ex-type of V. cephalosporim,

CBS 145.70. ex root of Ficea abies, Denmark. 1970, D.8. Malla, ex-type.

CBS 57878, ex plant material, Mew Zealand, 1978, G.F. Laundon.

CBS 426.81, ex paramo soil, Colombia, 1981, sample taken by T. van der Hammen & R,
Jaramillo, isol. W. Goums,
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This taxon cun be readily distinguished from all other taxa of Pochonia by its faleawe
conidia. They are generally shorter and blunter than those of Lecanicillium psalliote and
related species, in which the conidia pypically sit ransversely on the phialide tip. The
synonymy of V. ceplalosporum (at keast for the ex-type stmin) was demonstrated by
GAMS (19EE).
Pochonia bulbillosa s commonly isolated from forest soils, Synthetically produced
mycorhizae of Picea abies with Loacoaria laccatn were damaged by woxic metabolites and

miycoparusitism,  but myeorrhizae formed  with Hebeloma  crustdingforme were not
(MARCHETTI & VARESE 1997).
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Fig. 5-12. Pochonia budbillosa, a. Conidiophore and conidia of PD 8232, b, irregular dictyo-
chlamydospores and conidia of CBS 145.70 an OA, c. phialides and conidia of CBS 145.70
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8. Pochonia microbactrospora W, Gams & Zare, Nova Hedwigia 73: 73, 2001,
Figs 5-13. 5-14

Colonies reaching up o 15 mm digm. in W days, thin, pade yellow w white, reverse
yellow, rather slow-growing. Phialides solitary or verticillate up 1 2-3 per node, swollen
atthe base and narowed in the middle, Conidin produced m small slimy heads, ellipsoidal

o rod-shaped, 2-2.5 % (0.7-1.0 pm. Dictyochlmydospores of imegular shape, in chains or
loosely ageregated cells, Octahedral erystals present. Temperature optimum: 21%C (7 mm
diam.). No growth at 33°C.

STRAIN EXAMINED:

CBS 101433, solated by S.L. Glockling, ex rotifers in pine litter, Japan. 199, ex-type
{Holotype: herls. CBS).

GLOCELING (19984 identified this sirain as Verticillinm bactrospornm {Drechsler)
Subram., but becawse of s smaller and non-adhesive conidia, and also based on
mobecular evidence (see Fig. 3-1). we considered this identification inagppropriate and
descrbed the very distindt fungus as 4 new species of Pochonia, This species resembles
Verticlliten campanufation GLOCKLING & DICK (1997), but it has conidia that are
only of one type and are smaller than those of V. campanulatom. DRECHSLER (1941)
descrbed and illustrated Acrostalagmus bactrosporus with an intermediale siee (2-3 %
1.3-1.6 wm) of adhesive conidin, That species is currently unavailable but obviously
belongs o Haprocilfinm.
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Fig, 5-13, Pochonia ndcrobactrospora. Incipient dictvochlamydospores, phialides and conidia of
CBS 101433 on PCA and SEA,
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Fig. 5-14. Pochonia micvobactrospora. s, Conidial heads, b, conidia. . phialides. d, e. dictvochlanmdo-
spores stained incotton blue. a-e, CBS 101433 DIC.

Table 5-11. Differences between Pocfionia and Rotiferophthora,

Pearcre Pachoser Motelerapllozn
T laasis npv s e e eaga arly ratideo
| Yicrparkliavpeasmeea e o s glabise vealle Far
il phoalide b daduclly capuriog T o e s aban paally Hack-shaped.
Lo s wrth v sweller zase and @ narmew
_ wuliodrical vk
Loy phidides abisen, przsen
L wirnlie misnid skeirk or el crapler Feld in a mazzond sheatk with o large 2
g
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ROTIFEROPHTHORA G.L. Barron, Canad. 1. Bot. 69: 495, 19491,

Colonies very slow-growing. Conidiophores simple or sparingly branched; phialides either
discrete, single, paired or in whorls, and fask-shaped, or intercalary, with shon namow
fertile necks, and overtopped by a terminal phialide. Conidia globose, short-ellipsoidal o
fusiform, clavale or lunate, contining one or more conspicuous oil droplets which are viable
in water and lactic acid mounts Dictyochlamydospores wsually sbundant, more or less
applanate.

Type species: Rotiferophthora globispora G.L. Barron.

The genus Rotiferophithora was ntrodoced by BARRON (1991) 1w include pamsites of
bdelloid motfers. A few species had previously been classified in Acrostalagmus or
Diheterospora. Over 23 species have been desenbed, mostly based on minute differences
in conmdial shape (DRECHSLER 1942, BARRON 1973, 1980, 1985 1991,
GLOCKLING & DICK 1997, GLOCKLING [998h). Very few of them have been grown
in pure cultwre and at the moment only g small number of species are available in culture
collecions. Representatives of Rotiferophthora are exclusively known s specialized
endoparasites of bdeflloid rotifers, mainly Adineta species (BARRON 1985). Conidia and
chlamydospores are produced ouside the host body (GLOCKLING 1998b). All species
produce dictyochlamydospores. Conidia adbering in heads are prodoced from flask-
shaped or dongate phialides and often also from shon eylindrical conidiogenous necks of
mntercalary phialides (BARRON 1991, GLOCKLING 19984). The animals become
infected by ingesting the conidia (BARRON 1980, 1985).

Rotiferophthora and Pochonia are considered closely related. The differences
between the two genern are summarized in Table 5-11 (extracted from BARRON 1985,
GLOCKLING & DICK 1997, GLOCKLING 1998h),

Strains of two species received from Dr 5L GLOCKLING were included in this
study . For a key to all species deseribed we refer o GAMS & ZARE (HN3).
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Rotiferophthora angustispora (GL. Banon) G Banon, Canad. J, Bot, 69: 495, 1991

= Diketerpspora angustispora G.L. Baron, Canad. ). Bot, 63: 214, 1985,

Colonies reaching 15 mm diam. in 10 days, cream-coloured, with pale-brown reverse.
Conidiophores more or less ereet, up to 200 pm tall, 2.5-4 pm wide, bearing lateral
branches in whords, espeaally near the base. Phialides solitary or up w0 5 on each node.
13-22 % 2.0-2.5 pim, swollen pear the base and tapering gradually © anamow apex which
is often rregulady reflexed upwards. Intercalary phialides with o shon neck, infrequent, appr.
6 x 08-13 um Conidia narmowly eylindrical or sausape-shaped, 6.5-8 % 10-13 pm,
Becawse of the namow conidia, the oil droplet 4 the distal end is difficult 0 see
Drctyochlamydospores flat, 15-25 % 10-12 pm. Temperture optimum  18-21°C (1012
i diam, ). Mo growth at 27°C.

STRAIN EXAMINED:

CBS 101437, isolated by 5.L. Glockling from a rotifer in decaying straw, England, 1997,
This species was onginally recovered from bdelloid rotifers in fammyard soil in Guelph,
Cunada { BARRON 1985),

Rotiferophthora minutispora 5.1 Glockling. Mycol. Res. 102: 1145, 1998,

Colonies very slow-growing, reaching & mm diam. in 10 days, pinkish red, with dark
cream-colowed reverse. Conidiophores up w 300 pm wll, with wp w0 6 whods of
phialides, which are elongate and tapering, measurng 16 = 2 pm. Conidia produced in
heads, sphedcal, 20-22 pm diam. Dictyochlamydospores 14-16 um diam., bulbous.
Temperature optimum: 2 1-24°C (about 6 mm diam ), No growth at 33°C.

STRAIN EXAMINED:
CBS 101436 = IMI 372229, isolated by 5.L. Glockling from a rotifer in Japan, ex-type.
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RESIDUAL GROUP

Verticillium incurvemm W. Helfer, Libri Bot, 1: 77, 1991, Fig. 5-15

Colonies very slow-growing, reaching 3 mm diam. in 10 days, white, with brownish-
cream reverse, Phialides in whorls, measuring 16-26 x 10-17 um, producing single
conidia at the apex. Conidia faleate, gently curved and blunt-ended. (M=1)-septate.
9-15 % 1.53-20 pm. Chlamydospores produced abundantly in the myeelivm, of iregular
shape. consisting of small globose cells, each cell 811 pm dinm.

STRAIN EXAMINED:

CBS 460,88, isolated by L Muss from Ganederma lipsiense, Baverischer Wald, Germany,
1987, ex-type.

These ohservations are very dose o HELFER s (1991) original descoption, who would
have classified the species in sect Albo-erectn of Vericilliion if he had nol seen
‘dictyochlamydospores”. Therefore we compared this species with Pochonia species. Lis
monomorphic conidia are much longer than those of P dbilfosa. s abundant catenate
chlumydospores differ from the dictyochlumydospores of Pochonia. The TS sequences
of this species were so different from Pochonia species that they could not be aligned and
analysed together. According to LSU + 55U sequences of rDNA, the species is classified

in the Nectnaceae (SUNG et af. 2001), thus Verticilliten secl. Albo-erecta.

Verticillium epiplytium Hansford, Proc, Linn. Soc, Lond, 155: 41, 1943,
Figs 5-16, 5-17

= Cephalosporium cuitipes var, uredinicola Sukap, & Thirum., Bull. Torrey Bot. Club 93:
307, 1966,

Colonies rather fast-growing, reaching 15-30 mm diam. in 10 days, thin, while, reverse
yellow to yellowish cream, with brownish tinges. Mod strains producing a yellow pigment
diffusing into the agar. Hyphae hyaling, septate, 10-15 pm wide. Phialides relatively
long, 30-60 x 1L0-25 pum, wsaally solitary, ansing from prostrte hyphae, forming globose o
ellipsoidal conidial heads. Conidia falcate with blunt ends, always 1-celled, memsunng 35—

5 = 1-2 pwm Microconidia absent. Chlamydospores mostly present (though scanty),
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Fig, 5-15, Verticilliswm incuarvan, a. Conidiophore. b, chlomydospores, ¢. conidia, DIC, b, ¢
stained in cotton blue, d. chiamydespores and conidia, a~d, CBS 460,88,
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termina, generdly 1—velled, globose o subglobose W reniform or slightly constricted in
the middle, sometimes slightly curved and sppearing [-septate with a small second cell,
hyaline, thick-walled with a rough chromophilic surface, measuring 4-12 x 35-11.5 pm.
Crystals present or absent. Temperature optimum: 24(-27)°C ( 16 mm diam., CBS 384 81,
or 26 mm dizm., CBS 1534.61). No growth at 33°C.

STRAING EXAMINEL:

CBS 154.61 = IMI0W246 = ATCC 14494 = HACC 105, isolated by M. Thirmmalschar from India
fromurediniaof s rustin 1961, ex-type of Cephalosporiun curtipes var. weedinicole.

IMIE 071315 = CBS 38481 = ATCC 22593, isolated by EF. Vestal from the coffee rust. Hemileia
veestarriy, in Thailand in 1957, the only authentic strain of V. epipfvtion,

IMI 2861 86 = CBS 101285, ex Phakopsora pachyehizi, Thailand, 1984,

CBS 65085 = ATOC 16541 = HACC 184, India, 1985, deposited a8 Cephulosporion pingering
Thinmm. ined.. producer of antiamoebin.

IMI 338015, ex Hemileia vastatrix, Uganda. 1990, C. Prior.
IMI 346243 = CBS 10129, ex rust pustules. India, 1991, D.H. Smith.

HERBARILM MATER AL

Type material of V. epplivinen, nombered 771, collected by Hansford in Kampala, Uganda, on
Hetmiinshosporion  miungdenae on Trhmfera sp, 1926 (K) A specimen numbered 1187, on
Cladosporivm herterum, collected by Hansford on Lartiana reifolia in 1930, Kampala, Uganda(K),

Conidin of the type specimen were slighily shrunken and smaller than in CBS 384 81, The
specimen s not in good condition and we could not find any chlamydospores. On
HANSFORD s specimen | 187 from Uganda it was almost impossible to find the fungus.

Cephalosporiien curtipes var. wredinicofa could not elearly be separated from V.
epiphvim using morphological and molecular (sequences of dbosomal RNA genes and
spacers) featres. Although Leaaniciffivm psalliotae has also been isolated from st
fung, it seems that most foliicolous verticillinme-like mycoparasites from ropical countoes
belong o this xon,

SUKAPURE & THIRUMALACHAR (1966) did not mention the thick-walled
chlamydospores in Cephalosporion curtipes var, wedinicola; however, the ex-type of this
taxon does produce them. The strains showed some vanation: (M1 346243 has larger conidia
than the average. Strains IMI 346243 and IMI 338015 did not produce any chlamydospores,
and no crystals were observed in CBS 650085 and M1 338015,
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Fig. 5-16. Venicillins epiphvion. a. ¢, Conidia, b, phialides. d. e. chlamydospores. a. b, e
CBES 384 81, c. d. CBS 65085, a-e. DIC,

GAMS (197 1) placed this species under Verticillivm psalliote. Verticillium epiphyium is,
however, distingt in its blunt-ended conidia held in globose heads, wider hyphae and
phialides, longer phialides, presence of ermingl chlamydospores and the lack of red
pizgment diffusing intw the agar. The sume features differentiate this fungus from all other
previously descnbed species.

Verticillinm epiphivium appeuared close o Pochonia in o phylogeny inferred from
ITS sequences (see pat 1), According w sequences of LSU + SSU (see part 2), it is
sulficiently distinet from Pochenia and not monophyletic with 1L Becauwse we have not
seen much material and the phylogenetic position 15 so far poorly resolved, we refrin
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from o formal classification. This may be one of the muny venicillinm-like taxa that ane
very difficult to distinguish generically and can be left, for the time being, in an informal

ageregate of Verticilfim.
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Fig. 5-17. Verticillium epipfoptuny . Phialides and conidia of CBS 154,61 on PCAC b, chlamydospores
and conidia of CBS 65085 on PCA, c-e. conidia of CBS 101296, CBS 38481 and IMI

338015 on various media,

Verticillivmm pyeudoliemipterigenum HOC, Evans &Y, Jun, Myeol. Res. 101: 1245, 1997,
Figs 5-18, 5-19

Colonies reaching 25 mm diwm. in 10 days, compact, white, with cream i brownish
cream reverse, without discolomtion of the agar. Phialides almost exclusively in whords of

4-8(—10) on erect comdiophores, hydine, smooth-walled, (8-)10-160-20) % 2-5 pm,
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often influted at the base, wpering 10 4 needle-like, bess than 0.3 fm wide, 410 pm long
neck. Solitary phialides awl-shaped scanty, up 10235 pm in kength, mpering gradually from
1-1.5 w 0305 pm. Conidia produced singly, hyaline, aseptae, smooth, namowly
fusiform o ellipsoidal, often in the shape of an orange segment (3.5-4.5-6.5x 1.5-2 um.
Teleomorph unknown. Temperature optimum: 24-27°C (24-26 mm diam.). No growth at
33%C (but 2 days at this lemperaiure are survived),

STRAINS EXAMINELY

I 331563 =196-1013 = CBS 102069, isolated by C, Prior from Cracens vividis (coffee green scale)
in Trinidad. 1985, ex-type.

1961014 = CBS 102070, ex insect. Surinam, 1996, H.C. Evans.

This taxon is not closely related Lo any other axa i this goup. s posiion could not be
resolved wsing morphology and sequences of ITS regions and 585 gene. Therefore, the
species s retgined in its onginal genus for the time being. [t resembles Verticillinum
hemipterigenum Petch (PETCH 1932), especially in the shape and amrangement of
phialides and solitary producton of comdia, but it s distinguished by is asymmetrically
faleate condia, The two species were studied in detail by HYWEL-JONES e of, (1997),
Verticilliion hemipterigenm has not been studied with molecular methods.

Fig. 5-18. Vericillinm psendobemipterigesum, Conidiophores and conidia, IMI 331563, 8
days on PCA.
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Fig. 5-19. Venicillium pseidofenipterigeruon, o, b, Conidiophores, ¢ conidia in cotton hlue. M1
331563, DIC.
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PART S1X:
THE GENUS HAPTOCILLIUM

Cluster C in Fig. 1-1 1s particularly distinet and monophy letic. It was named Heaptocrffiien W,
Gums & Zare and typified by H. balancides (Drechsler) Zare & W. Gams (GAMS &
ZARE 2001 - pant 3), The generc distinction of Haprocillivm s supporied by 97%
Juckknife value as a monophyletic group bused on parsimony analysis of ribosomal RNA
sequences (see parts 1 & 2) It is regarded as belonging w the Cordveeps ophinglossoides
clade (SUNG eraf. 2001 — part 2). A cladogram (Fig. 6-1), based on sequences of the ITS
regions and the 5.85 gene of the nuclear dbosomal DNA, shows the relationships of the

seven recognized species.
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Fig. 6-1. One of three equally parsimonious trees recovered using sequences of ITS regions
and the 5.8% gene. Dashed lines indicate the branches that collapsed in the strict consensus
tree, Figures above branches indicate the Jackknife support values, CI=082 HI=0.17, Rl =
062, RC= 051, vee length =251, H. = Haptocillium, L. = Lecaricilliven, P = Pochonia, The position
of H. dhaldbsporin could be ascertained only from its ITS-2 sequence.
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The adhesive nematophagous conidia are similar to the moe differentisted adhesive conidia of
Dvechmeria W, Gams & H-B. Jansson (GAMS & JANSSON 1985, GAMS 2003),
which are produced on mostly intercalary phialides. That this fungus is a close relative of
Haptociflien was shown by GERNANDT eral (1997).

To resolve controversies around the species concepl, molecular methods were
mvoked. The results cleady indicate the distineiness of severu] txa that are now included
in Haptocilfivm. The exact number of species W be distinguished is not yet setted, Our
treatrment kes a rather conservative approach in recognizing seven species so far, and
more my turn out to be distinet in the future.

A systematic epresentation of RFLP pattens is shown in Table 61 A reconstruction of the

phylogeny of the species distinguished here, bused on ITS sequences, is given m Fig, 6-1.

Table 6-1, RFLP fragment sizes and patterns of the ITS region and mtDNA of Haprocillivn
species. Symbols for different pattemns in the second column: I'TS patterns = Capital letters,
mtDNA = Arabic figures,
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Phialides of Haprocillinm species are verticillute or solitury, skenderly aculeate or flask-
shaped with an inflated basal part. The morphology of the phialides can vary with the
mediom, GAMS (1988) noticed in stain CBS 52280, which s now classified as H
sphaerosporon, o predominance of solitary, swollen phialides on water agar with added
nematodes, while verticillate aculeate phialides dominated in the same isolate on oameal
or cormmeal agars, Similar observations were made Tor H. balanoides by DOWSETT & al,
(1982). Sympodially poliferting polyphialides have aliesdy been descrbed and llusirated by
DRECHSLER (1946) for Acrostalagmus zeosporus, bul we observed them in several
other species as well, In cenain species like H. zeasporm they seem 1o be more frequent
than in others. Conidia ware typically acom-shaped (balanoid) e subglobose, but they can
dlso be more dongate and conoid. Conidia have typically 4 flatiened top that becomes
conspicuously thick-walled; this is the adbesive surface with which the conidia are fastened to
their prey. Conidia are either monomorphic or dimorphic. In the later case, the second conidial
type s an elongate or otherwise larger form that does not show the apical wall thickening. The
distally thickened poition of the wall shows a chamctenstic vertical stnation in ransmission
electron microscopy (DUEKSTERHULS 1993, SIOLLEMA e @, 1993), This structure is
characteristic of the adhesive [ayer seen inseveral other fungi that attach thenwselves to nematodes,
eg. Dreclmeria (SATKAWA 1952). The shupe and size of conidia and their amangement
on condiophores are wsed for specific distinction.

Dictyochlamydospores similur 0 those seen in Pochonig but morphologically
simpler were observed by GAMS (1988) in isolates now classified in H. sphasrosporum
and H zeosporm grown on waler agar with nematodes. DOWSETT ef af, (1982) saw
intercalary swollen cells suggestive of chlamydospores in Verticillinm  balanoides on
unspecified agar medin. None of the strains examined in this sudy was seen 1o produce
structures similar o detyochlumydospores (as are mostly produced by the species of
Pochonia), under the conditions used here, although some of these strains had been shown
i produce them in the past on water agur with nematodes (GAMS 1988). None of the
species described under this genus is known w produce crystals,
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HAPTOCILLIUM W, Gams & Zare, Nova Hedwigia 72: 334, 2001,

Colonies sbow-growing, reaching 5-15 mm diam. on PDA afier 10 days at 20°C.
Conidiophores erect or prostmte, bearnng vericillate or solitry phislides, which are
usually swollen npear the base and taper into a narmow peck inowhich collaretie and
periclinal wall thickening are hardly visible, Conidia balanoid, campanulate to eyvlindncal,
subglobose w iregulady anpular, mostly with a disial flatened adhesive surface (visible
as awall thickening), produced in heads or shon chains or both. Crystals ahsent. Species
known as endoparasites of free-living nematodes, which they penetrule stuting from

externully adhering conidid.

Type species H. balanoides (Drechsler) Zare & W. Gams
Teleomorph unknown,

Erymology: Greek haptein = w attach, and -ciflivm, suffix taken from Verticiffium.

The seven species described in this genus, apart from M sinense and H
gloddingiae, are mlerrelated and pot sharply differentiated from each other. RFLP
patterns of the ITS region and miDNA {Table 6-1) do not offer much more information
than the ITS sequences (Fig. 6-1). The species are rather easily distinguished from each
other morphologically. The commonest and not guite sharply delimited species, H
sphaerosporion, hus small balanoid conidia, while those of H. glockfingiae ure similar but
larger, Conidia of H. balanoides wre more tnangular and elongate conidia are paniculardy
frequent in this species. Haproctllinm zeosporum has larger batanoid conidia, which are
terminally broader than in the other speaes. Haptocifliion campaudamm produces two
types of conidia: small conidia are campanulate w eylindrical, produced in heads. and
large conidia are subglobose, sometimes produced in chains, Haptocilliven vhabdospormim
produces monomorphic, eylindrical conidiy, larger than those of B companudanim, and
his wnuspally broad vegetative hyphae. Haptocilliim sinense produces small conidia that

are irregularly anpular and are amanged inchains and heads.
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KEY TO THE SPECIES OF HAPTOCILLIUM

I+

Conidia at least partly in chains, sometimes in heads i i 2
Conidia always in heads, neverinchains ... niniimdinmmmine 3

Conidia 5Iig’hﬂ}' irregulardy angular, small, 1 3-20 x 1.0-1.7 pm. in heads and short
chains. .. werermreenen 0 L SiRENSE
Conidia uf two Lypﬂ_-. L'ampu.nul.m: o L}lmdrm 2 ’?--? [} * 13 15 |.l.m, in heads,
and globose o sul:rglul:nm 424 5% 3-3.5 pm, often calenale .
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AV covonatum GUL. E.irrun I':JH‘J]
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47 Conidig cylindrical, 3.8-4.0x 13=15 pm. oo 7. B vhabdosporum
3. Conidia tnangular w elongate-balanoid, measuring 3040 x 1.7-2.0 pwm; elongute
conidia ahsent, balanoid conidia with inconspicuous terminal wall thickening ..
A4 H. zeosporim
3% B.ilmuui l::UElIdI.l flﬂ—& 5x 1 '*—-"i '[l |.l.m}| m[}hﬂjp' mm pmmum_ﬂd terminal wall-
thickening, elongate conidia (3.5-6.5 x 2.0-2.2 um) scarce or frequent................. 6
6. Balanoid to mangular conidia mostdy 25-340 x 1520 pm; elongate conidia
frequent; phialides slender, aculeate on OA; polyphialides absent... 1. H. balanoides
6. Balanowd to subglobose conidia 2,.2-3.2 = 1 3-23 lum; elongate conidia scaree
(if present); phialides slender or swollen on OA; polyphialides usually absent .
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|. Haptocillium balanotdes (Drechslery Zave & W. Gams, Nova Hedwigia 72: 335, 2001,
Fig. 6-2

= Cephalosperim balanoides Drechsler, Phytopathology 310786, 1941 (hasionym ).
= Acremoniim balanoides (Drechsler ) Subramanian, Kavaka 3: 98, 1978 (*1977 7).
= Venicillium balanaides (Drechsler) Dowsett, J. Reid & Hopkin, Mycologia 74: 63, 1952,
= Todvpoctadim balanofdes | Drechslery Bissett, Canad. J. Bot, 61: 1313, 1953
=1 Verticill it sphaerospern var, bispen T, Watanabe, Ann. Phyvtopathol. Soc. Japan 46: 600,
1980,

Colonies thin, cream 0 whitish-cream, reverse uncoloured. slow-growing, reaching 6-13
mim diam. in 10 days on PDA Vegetative hyphae normally 1.3-25 pm, sometimes up Lo 4—
5.6 pum wide, staining purple in lactic acid-cotton blue. Phialides usually slender, aeuleate
and diverging, on PCA sometimes more inflated, 14-18 x 1.5-20 pm in the lower parl,
eradually wpenng o about 1 pm; inflated phidides up 0 3 pm wide in the lower part.
Conidia almost triangular with thin or shightly thickened apical wall, 2.0-3.0 % 1.5-1.8 pm,
clongate conidia rather frequent, 5. 0-7 .5 % 1.5-20 pm, lacking an apical wall thickening.
Dictyochlamydospores not observed, but chlamydospore-like thickened cells reponted by
DOWSETT eral. (1982). Temperature optimum: 21°C (6 mm diam. ). No growth at 27°C
(see dlso ZARE & GAMS 2003 a),

STRAIN EXAMINED:

CBS 250,82, ex nematode in soil, Winnipeg, 1982, ), Reid, ex-neoty pe, designated by GAMS
[(1D88)

Haptociflivon balanoides differs from H sphaerosporum by somewhut more riangular
short and rather frequent elongate conidin. Phialides are mostly mther skender and diverge
broadly. In the ITS sequence the species s placed weether with H campanudatem on a
branch different from H. sphaerosporum. The RELP patierns of H. balanoides differ
considerably from those of H sphaerosporan.

The feawre of dimorphic conidin that gave rise to the vadety bisporum T,
Wamnabe oceurs in several xa distinguished here and does not seem specific for any of
them, but it i particulardy frequent in the ex-neotype of H. balanoides. Unforunately, no
type material could be obtained from the author and the identity of the vadety remains

uncertain.
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Mot of the ecological data o be compiled under this name (see also GAMS 1988, ZARE
& GAMS 2003 o) may equally apply o H sphaerospormm, becanse the identity of the
miterial siudied by various authors cannot be assessed with centainty. The species has also
been reported as a parmsite of Dirvlenchis dipsac in white clover in New Zealand (HAY
19495). Contrasting with Hirsutella vhossiliensis Minter & Brady, whose conidia are
nfectious only while attached to a conidiophore ( McINNIS & JAFFEE 1989), the conidia
of Haptocillinm species are equally infections after libermtion and bind w o mther wide
range of nematode species. Consequently, H balanoides, when spplied as o suspension of
conidia and hyphal frugments, had a much greater effect than H. rossiliensis in
controlling I dipsaci and promoting growth of clover, both under gnotobiotic conditions
(HAY & REGNAULT 1995) and in pot cultwes (HAY & BATESON 1997). According
iy Lhese authors, the fungus has a low saprophytic ability and does not survive in the soil
for prolonged penods without added nematodes. SIOLLEMA e af. (1993) sudied the
penetration of hyphae from germinating conidia into the nematode body wsing rnsmission
electron-microscopy. ATKINSON & DURSCHNER-PELZ (1995) inoculated the fungus
onto severil species of pematodes: Ditvienchus dipsaci, Globodera rostochiensiy, and
Panagrellus redivivis. Conidin adbered 1o dl species; some of them were removed while
the animals moved through a laver of wet sand. Colonized individuals produced different
quantities of comdia, viz. appr. 16000, 11,700, and 840 for the above species, in the order
mentioned. WATANABE (20000 found the spedies (or possibly H. zeaspornen, but no
polyphialides were mentioned ) on dead peedles of Pinws densifforg m Tsukuba, Japan,

2. Hapiocillin sphaerosporum (J.B. Goodey) Zare & W. Gams, Nova Hedwigia 73: 278,
20M}1. Figs 6-3, 6-4

= Verticillivm sphaerospormom 1B, Goodey, Trans. Br. Mycol. Soc. 34: 272, 1951
(hasionyimn).
= 1 Acrostalagmis ebovatus Drechsler, Phytopathology 31: p. 784, 1941,

= Verticillivm obevatim (Drechsler) Subramanian, Kavaka 5: 98, 1978 (*1977°).
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Colonies thin, cream o whitish-cream, reverse brown o pale brown, slow-growing,
reaching 6-15 mm diam. m 10 days on PDA. Vegetative hyphae 13-2.5 um wide, often
swollen up to 5 m, thick-walled and somewhat roughened. Conidiophores maore or less
erect, bearng phidlides singly or 2-4 in whords Phislides on water agar with nematodes
miostly solitary with a strongly swollen base, on deher agar media more regularly subulate
and more densely verticillate, sometimes sympodidly proliferating (polyphialides),
measuing 7-19 » 1.7-3.2 pm. Conidia acom-shaped (balanoid), at least partly truncate
and thick-waulled at the tip, measuring 2.2-32 = 13-23 pum. Elongate conidia marely
present, 6.0-735 x 22-25 pm. Dictyochlamydospores recently nol observed, but
deseribed for severad solates by GAMS (1988) in cultures on water agar with Panag rellus
redivives. Temperature optimum: 18°C in CBS 787.96, otherwise 21-24°C (5-9 mm diam. ).
Mo growth a 30°C, except that CBS 38184 grew moderately and CBS 25783 grew

minimally. No isolate grew at 33°C.
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Fig. 6-2. Hapiocillin balaneides. CBS 25082, Conidiophores, balaneid and elongate conidia,
Slender phialides drawn from colonies grown on OA and PCA, two swollen phialides from colony

on PCA,
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STRAINS EXAMINED:

CBS 52280, ex Dinvlenchues frifoemis, Germany, 1980, U, Dirschner, epitype, designated in Nova
Hedwigia 73: 279, 2001 (herb. CBS).

CBS 614,82, ex nematodes, Sweden, 1982, H.B. Jansson.

CBS 257 83, ex nematodes, Germany, 1983, A -R. Fritsch,

CBS 381.84. ex nematodes. California, 1984, B, Munkau.

CBS 889 .85, ex Panagrelliy redivives, Germany, 1983, M. Hashem.

CBS 58992, ex nematodes, Metherlands, 1992, H. Velvis.

CBS 787.90. ex soil, Russia, 1996, B, Bergero & A. M. Luppi-Musca.

The seven strains fall into three subgroups according o their [ITS RFLP patterns, among
which five miDNA RFLP patterns. Each of the remaining species had unigue 1TS and
miDNA RFLP patemns (Table 6-1).

GAMS (1988) synonymized V. sphaerosporum with V. balanoides. When
comparing DRECHSLER s { 194 1) descrption with that miven by GOODAY (1951) for
V. sphaerosporum and afier examination of GOODAY s type matenal, this synonymy
seemed guite obwious, The neotypification of H balanoides with the solae preserved as
CBS 25082 by GAMS (1988). however, necessitales a redisposition, becanse that isolate
cleady differs from all others available,

The synonyms listed above might equally refer w H sphasrosporum or H
balanoides. Acrostalagmis obovaris seems o be o fungus with predominantly more
elongate conidia and mconspicuous apical wall thickening, as exemplified by CBS
381.84. Stuins CBS 614 82 and CBS 25783 formed some broad hyphae (4-5.6 un
wide), swmining purple in lactic acidcolton blue, To evaluale the imponance of these
differences, more numerous  isolates will have w be compared with sequences of
additional DNA portions.
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Fig. 6-3. Haprocillium sphaerosporune s-e. Balanoid conidia, phialides and conidiophores, d.
elongate conidia. a. CBS 522 80; b.c. CBS 61482: d e. CBS 381.84: 4. in cotton blue, a—e. DIC:
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Fig. G-4. Haptocilliun sphaerospornne . From type material, b, CBS 838985, drawn from
nemmutode muterial on water agar, ¢, CBS 381,84, from cultures on MEA and OA, d. CBS 589,92,

dense conidiophomes on OA, less dense on PCA,
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3. Haptoelllium glocklingiae Zare & W, Gums, Nova Hedwigia 73: 281, 2001,
Figs 6-5, 6-6

Colonies thin, cream-coloured, reverse cream-colourad, without discolormtion of the agar,
reaching 8 mm diam. in 10 days on PDA. Vegetative hyphae 1.5-2.5(=3.0) pm wide.
Phidlides rather long, 17-21 = 20-25 um, slightly swollen at the base and tapering
eradually o the apex, frequently producing dichoomons ends and sometimes proliferating
sympodially and producing another conidiogenous opening at the end (polyphiatides).
Conidia of two types, balanoid and elongate. Balanoid comdia measunng 32-3.5 % 25-310)
lum, with upper sudace visibly thick-walled, often adbering in ound, rosette-like
ageregates; elongate conidia 5.7-6.5 x 2022 pm. Dictyochlamydospores not observed.
Temperaure optimum: 21-24°C (4 mm diam. ). No growth at 30°C.

STRAIN EXAMINED:

CBS 101434, ex nematode in rabbit dung, Japan. 1996, 5, Glockling. ex-type (Type: in herb.
CBS},

The strain qudied here of Hoprocillinm glockiingiae was mentioned and illustated by
GLOCKLING & YAMADA (1997) as V. balanoides. The species is close to H balanoides
in the shape of balanoid conidia but has larger balanoid conidia which characteristically
adhere 1o each other in a kind of rosetie. The presence of elongale conidia as well as
frequent polyphialides also distinguishes this species.

This species is distinet from other Haprocillium species i its [TS sequences and
RFALPs (Fig. 6-1, Table &-1).

4. Hapmocilliv zeosporum (Drechsler) Zare & W, Gums, Nove Hedwigin 73 282,
2001, Figs 6-7, 6-8

= Acrostalagnins zeosporus Drechsler, Phvtopathology 36: 216, 1945 (basionym).
= Verrigillivm zeosporum (Drechsler) Glockling, Nordic J. Bot. 17: 6538, 1997,

Colonies thin, white, with brown reverse, without discoloration of the agar, very slow-
growing, reaching 5 mm diam. in 10 days on PDA. Vegetative hyphae 1.5-2 5(=3.0) un
wide. Phialides solitary or mrely up to 2-3 atl each node. Phialides measunng 6.5-7 1) =
2328 Lun, constrcted at the base and swollen immediately above, becoming very
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narrow towards the apex, prodocing small numbers of conidia in small heads. Conidia
acom-shaped o triangular, measuring 3.0-40 x 1.7-20 pm at the broadest parl
Dictyochlamydospores not observed, bul seen by GAMS (1988). Temperature optimum:
21%C (4-5 mmdiam. ). No growth at 30°C.

Fig. 63, Hapiocillium glocklingiae. a. b, Conidiophores and phialides, c. halanoid and elongate
conidia. CBS 101434, DIC,
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Fig. 66, Hapiocillinm glocklingiae, Comdiophomes, often with polyphialides. sdhesive conidia. often in
rosettes, and elongate conidia, CBS 101434, grown on PCA, phialides and conidia bottom left on OAL

STRAIN EXAMINED:
CBS 33580 = IMI 239515, isolated from nematode in soil by 1S, Damirdagh in Iraq (dried culfure
as neotype in Herb. CBS. designited in Mowva Hedwigia 73: 283, 2001),

Longer and terminally broader conidiadistinguish H zeosporum from H. balanoides.
5. Haptoctllivom campanudation (Glockling) Zare & W, Gums, Nova Hedwigia 73 285,
20431. Figs 6-9, 6-10

= Verticillivm campandgrm Glockling, Moedic ). Bot, 17: 655, 1997 {basionn),

Colonies compact, cream-coloured above and in reverse, without discolormton of the agar,
reaching 15 mm diam, in 10 days on PDA, Vegetative hyphae 1.3-2.0(=2.5) pum wide.
Phiddides flask-shaped. prodoced singly, in pais or whods, tapering wwards the apex.
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Fig. 6-8. Haptocill i zecsporus, Conidiophores and conidia. CBS 33580, grown on MEA and
PCA
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conidia  produced on different phialides. c-e. mono- and  polyphialides. £ campanulste and
subglobose conidia. a<f, IMI 356051, DIC.
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Fig. 6-10. Haprocillivm campandation, Conidiophores and adhesive conidia, in a, some larger
ovoid conidia. CBS 101240 (IMI 356051 ), drawn from PDA culture.

4.0-45 % 1 5-2.0 pm. Conidia of two types: smaller conidia campanulate, eylindrcal 1o
obovate, 2.7-30 % 1.3-1.5 pm, with adhesive wall thickening at the slightly broader end,
produced i beads, and larger conmidia, broadly obovate, peardy broadly ellipsoid 1o
subslobose, measudng 4.2-4.5 % 3035 pm, produced in heads and chains. Temperature
optimum: 21-24°C (7-8 mum diam. ). No growth a 33°C.

STRAIN EXAMINED:
IMI 356051 = CBS 101240, ex nematode excretions, England, 1992, 5.L. Glockling, ex-ty pe.

GLOCKLING & DICK (1997 mepored two types of conidia produced on different
conidiogenous cells. Production of small campanulate w0 obovate conidia in combination
with large subglobose conidia in chains and in heads is diggnoste for this taxon. The
smaller, campanulate o almost eylindrical conidia are close w those descrbed by
DRECHSLER (1941) for Acrostafagmus bactrosporus, and the delimitation of the
present species against DRECHSLER s will remain uncertain until additionud strains from
nemutodes become available,

This species s very close w H balanoides on the basis of ITS sequences, but has
unigue RFLP patterns (Fig. 6-1, Table 6-1).
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The wolae CBS 101433 that GLOCKLING & DICK (1997) wdentified as Acrostalagmus
bactrospories, was identified by ZARE et al. (2001 ) as Pochonia micrbactrospora. Among
similar species with cylindrcal comdia, this species has the smallest conidia, 20-2 5 x (0.7-
L0 pm; Haptocilfium vhabdospomm CBS 101432 has the largest conidia among species
with eylindrical conidia, messuring 38-40 % 13-15 pm. The conidiad size of H
campennfation matches that described for A bactrosgporns (2-3 % 13- 16 pm) most dosely.

6. Haptocillitnn sinense (F.G. Zhang, L. Cao & Z.0Q). Liang) Zare & W, Gams, Nova
Hedwigia 73: 287, 2001, Figs 6-11, 6-12

= Vemicillium sinense KOG, Zhang, L Cao & 2.0 Liang Mycol. Res. 100: 1481, 1996
(baasionym).
Colonies whitish, thin, with brown reverse, without discolomtion of the agar, slow-growing,
reaching Y=12 mm diwm. m 10 days on PDA. Vegetative hyphae 15-2.0(=2.5) [im wide,
often with some swollen parts. Conidiophores erect, hyaline, beanng phialides angly or in
whords of 2-6. Phialides swollen in the lower part, measuning 5-12 % 1527 pm, tpernng
wwards the apex o 0507 pm. Conidia formed in heads o shont  chains,
l-celled, hyaline, ascorneshaped W imegulady angular, measudng 1.3-20 = 10=-1.7 pm.
Dictyochlamydospores unknown, Temperature optimum (18-) 21-24%C (36 mm diam.).
Mo growth ar M°C,
STRAINS EXAMINEL:

CBS 56795 = GALLZ 412, ex nematode near root of Actinidia deliviose, China, 1991, KO, Zhang, ex-
tvpe.

CBS 131,95, ex bark near root of Actinidia deficiosa, China, 1991, KO, Zhang,

CBS 282 9 ex hucteriovorous nematode from soil, Nethertands, CBS 1990, P.H.F. van den Boogert.
CBS 101431, ex nematode on rotten twhers, Japan, 1995 8, Glockling, ariginally identified as V.
COCTOS T,

This species is known o destroy nematodes of the species Meloidogyne jevanica (ZHANG
et al. 1996). Haptocilfivm sinense s diginet from H balanoides by producing small,
iregulady angular conidia both in heads and short chains. Strain CBS 101431 was identified
by GLOCKLING & SHIMAZLU (1997) as Verticilliem cocoasportean { Drechsler) W Gams.
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Fig. 6-11. Hapiocillium sinense. a. Conidial heads, b, conidial chain. ¢. conidia and phialides. a. CBS
101431 b, . CBS 282.90; a-<. DIC.

Fig. 6-12, Haprecillium sinense. Conidiophores and conidia. a. CBS 28290, b CBS 13195, ¢ CBS
56795, fromcolonies on PCA and O
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The present taxon seems indeed the most likely candidate for V. coccosporum, while the
isolates identified as this species by GAMS (1988) had lrger conidia and are now
ientified as Pochonia suchfasporia var. catenata, We retain here the name H. sinense
which is propedy typified and seems 1o deviate from the diggnosis of V. coccasporm by
the somewhat imegular shape of the conidia. Verticillinm coccosporim was described as
having perfectly regular mounded conidia, 1.3-1.7 pm diam., adhering in chains of up w 20
conidin, Verticillivm seviatum Glockling {in GLOCKLING & DICK 1997) also has long
conidial chains, with conidia given as measuring 1.6-19 % 1.4-1.5 pm. Unfortunately,
informaton dbout whether these conidia are adhesive s missing, and the species cannol be
identified o genus,

The straing of H sinense studied here had identical ITS- and miDNA-RFLP
patterns, but the Dutch isolate CBS 282 90 had a different mDNA RFLP (Table 6-1).

7. Haptocillivm riabdosporum Zare & W. Gams, Nova Hedwigia 73: 288, 2001.
Figs 6-13. 6-14

Colonies whitish, thin, with brown reverse, reaching 8 mm diam. in 10 days on PDA,
Wegetative hyphae generally 2.0-3.0 pumwide, in some parts widened to 4,045 Lum, siaining
purple when mounted in lactic acid-cotton blue, purticulardy at the septa. Phialides sofitary or
verticillate up 0 3-4 at each node, rather wide, swollen i the base and tapering owards the
apex, megsunng [10-14.5 »x 2027 pm. Conidia produced in small heads; rod-like with
tuncate ends, wsually one end shghily broader, messunong 38540 x 1.3-15 pum
Dictyochlamydospores not observed, Temperure opimum: 21-24°C (5-7 mim diam. ). No
erowth at 30°C.

STRAIN EXAMINED:

CBS 101432, isolsted by S.L. Glockling from nematodes in cow dung, in England in 1997 (ex-
type}, originally identified as V. cf. bactrosponin. (Type in herl. CBS).

Muorphological Features (presence of broad hyphae, eylindrcal, tuncate conidia with one
end broader thun the other) chameterze this fungus as a distinet species of Haptocilliom.
RFLP patems of ITS region and mtDNA were unigue (Table 6-1). Attempts Lo sequence
the whole ITS region of struin CBS 101432 failed and only the ITS2 region could be
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sequenced (AF3TS050). According o this sequence, the species is dosedt W B balanoides
(Fig. 61},

Fig. 6-13, Hamocillivm shabdospornim. o, Conidial heads, b, conidia, ¢, d. mycelium. s—d. CBS
101432, DIC.
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1 jein

Fig. 6-14. Haptocillism rhabdospornm, Conidiophores and conidia, CBS 101432, Drawn from
cultures on SEA and PCA.
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Note: Bolded page numbers indicate main entries, those with an asterdse refer o

illustrations. [ahcized numbers indicate synonyms.

Abelmoschus exculentus, 88
Acacia karroo, B8
Acari, 70
Acer saccharum, 77, 85
Achatina fulica, 124
Acremonium, 10, 12,15, 34, 45,48,
53, 57.58, 80, 88, 89, 102 157
section Afbolanosa, 10, 102
albin, 12
aranearum, 86, 89
bafanoides, 57, 151
Simicolum, 86, 88
obclavaiem, 10, 1T, 34,45, 53,
102
tenuipes, 8Y
Acrobeloides buetschlii, 14
Acrodontinm, 89
Acrostalagmus, 14, 15, 66, 73, 74,
132, 135, 137, 148, 152, 154, 157,
a2, 163, 188
aphidum, 73, 74_ 168
bactrospors, 14, 15, 16, 135,
a2, jo3
coccidicola, 66
gonioides, 132
ofrovais, T4, 15, 152, 154
seospors, 15, 148, 157
Adintdia deliciosa, 163
adhesive conmidia, 33, 147
Adineta, see rolifers
Agaricus, 64, 81, 85, B8, 8Y, 104
bisporus, 81, 85, 88, 104
bitorguis, 81, 88, 104
anamorph, 5. 10, 11, 13, 32,33, 37,
45,47, 48,49, 69,79, 108, 118
Aphanocladium, 6. 1), 12, 31, 34, 35,
53,56, 538, 84, 85, 88, &9
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afbum. 6. 34, 53, 56, 88, 89
aranearim, [2, 31, 34, 53, 56, 58,
S0, 88, 89
var. sinense, 86, S8, 89
dimorphum, 31, 35, 33, 84
aphanophialide, 12, 18, 58, 62, 86, 88
Aphididae, 70, 73
Arachis hypogaea, 102
Anuchmda {Araneida), 9, 70, 90
Araucaria, 116
Ascaris lumbricoides, 124
ascomycetous truffles, 449
Atkinsonella, 48
Atricordveepy harposporioides, 47
Azolla, 104
Balansia, 48
Balansieae, 11
Beanveria, 13, 18,46, 51, 53,90
Brachveandus helichirysi. 70
Brassica napus, 116
Carpocapsa pomonella, 77
Cecidophvopsis ribis, 70
Cephalosporinm, 10, 14, 15, 31, 32,
34,45, 47,51, 53, 54, 57,65, 66,
68, 70, 72, 73,76, 79, 86, 89, 90,
I, 102, 103,139, 141,151
subgenus En-Cephalosporium, 68
subgenus Proverticillinm, 68
aphidicola, 70, 72
daranearin . 8o, W
balanoides, 14, 15,57, 151
coccidicolum. 66
cocoorm, 66
curtipes, 25, 31, 32, 34, 66, 139,
141
var. nredinicola, 25, 31, 32, 34,
O, 139, 747
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dipterigenum, 73
Jalcatum, 89
famellaecola, 103
lamellicofa, 103
fanoyonivenm, 34, 45, 47, 53, 65,
T
lecanii, 54, 66, 68
lefroyi, 70
fongisporum. 51, 73
militare, 79
muscarinm. 70, 72
nodulosum, 76
pimpring, 47
salvinae, [0
safvinige, 10, 102
subclavatum, 70
thripidum, 70
chrysanthemum, 72
Cibetinm schiedei. 1TOD
Cicadellidae, 81
Citrus, 73, 75
Cladosporinm, 131, 141
crcumennum, 131
herbarum, 141
Claviceps propurea, 28, 30, 48
Clavicipitaceae, 2, 5. 8,9, 10, 11, 12,
13,22, 28, 32, 33, 37,41, 44, 46,
47, 48, 49,50
Coceidae, 68, 69, 76, 92
Cocons viridis, 54, 68, 69, 104, 144
coffee green scale, see Cocons
coffee st see Hemileia
Coleoptera, 9. 47, 49
Colletatrichum glocosporioides, 44
Coltricia perennis, 97
conidiferows denticles, 18
coniditferous neck, 11
Cordveepioidens bisporus, 47
Cordyeeps, 6, 10, 33, 46, 47, 49, 62,
65, 79, 108, 111, 115, 117, 118,
125, 146
subgenus Racemella, 118
atewensis, 118
Bifusispora, 47
capitata, 47
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chlamydosporia, 6, 115, 117_ 118,
L19% 121% 122% |25
gunnii, 47
militaris, 10, 33, 45, 46, 62,79
aphioglosseides, 10, 46, 47_ 48,
146
scarabaeicola, 47
Cossus cossuy, 70
Crinipellis pemiciosa, 98
Crlicinomyces, 16
cyanophilic, 18, 34, 45, 54, 63
cyst nematode, see Heterpdera
Datronia moflis, 76
Dictvoarthrinopsis kelfevi, 14, 115
dictyochlamydospore, 11, 18, 34, 110
Diheterospora, 6, 11, 14, 33,46, 55,
56,111, 115,124, 137,138
angustispora, 138
catenulata, 35, 124
chlamydosporia, 35, 115
heteraspora, 115
Diptera, 9
Ditdenchus, 152, 154
Dyrechimeria confospora, 11, 17, 147,
[48
Efaphomyces, 46, 48, 49
Engvodontinm, 10, 31, 35, 46, 53, 5§,
89 00, 92
arachnophilum, 90
arancarum, 31, 35, 53, 58, 89_90)
parvisporum, 33,90
entomogenows, 5.9, 10, 15, 31, 33,
48,51, 107
Epichloé, 11, 28, 30, 48, 102
ghvceniae, 28
typhinga, 28
epiphylious, 114
evolution, 48, 49
Fagus sylvatica, 97
fungicolons, 5,9, 10, 31, 33
CGranoderma lipsiense, 139
gill mildew, 104
gipsy moth, 124
Cilobodera rostochiensis, 124, 131,
152
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Clomerella, 2. 8, 35, 44
Haptocillivm, 6, 11, 14, 16, 17, 18,
56,57, 110, 135, 146167, 149
balanoides, 6, 11, 536, 57, 146,
148, 149, 151, 152, 153%, 154,
157, 159, 162, 163, 166
campanulatum, 16, 149, 150, 151,
159, 161%, 162% 163
glocklingiae, 149, 150, 157, |58%,
1 54%
rhabdosporum 16, 21, 149, 15()
163, 165, 166%™, 167*
sinense, 15, 149, 150, 163, 164%,
165
sphaerosporem, 6, 148, 149, 150,
151, 152, 154, 1535%, 156*
zeosporum, 148, 149, 150, 152,
157, 159, 160*
Haptospora, 16, 17
Harposporium, 6. 16, 47
Hebeloma crstudiniforme. 134
Helminthosporium triwmfettae, 141
Hemileia vastatric, 49, 70, 100, 102,
141
Heterodera, 104, 116, 124-133
avenae, 116, 126, 129, 130
glveines, 104
schachtii, 130
Hivsutella, 17, 47, 59, 62, 66, 69, 77,
118, 152
confragosa, 66, 64
fiberiana .62, 77
rhossiltensis, 152
Homoptera, 9, 45, 70
Hyalopus yvonis, 66
Hypoxvlon dewstum, 104
Isaria, 13, 17, 46, 51
fvodes, 81
Laccaria laccata, 134
Lantana trifolia, 141
Lecanicillinm, 5.6, 13, 14, 18, 51,
53,54, 57, 5899 104, 134, 141
acerostm, 63, 94, 97 98, 9y
antillanum, 63, 94, U5% 98
aphanociadii, 6, 538, 62, 85, 86,

B7*, BE. 89
aranearmm, 64, 86, 88, 9, 91*,
42, 94
attenuatum, 62, 77, T8+
dimorphum_ 6, 58, 62_ 64, 84, 85%,
He*
evanxii, 64, 91%, 92, 94
fiesisporum, 63, 94, 96%, 97
frcanii, &, 54,63, 65, 66, 67573,
77, 101
longisporum, 6, 63, 65,72, 73,
T4%, 75% 17
muscarinm, 6, 63, 65,69, 70, 71%-
T4, 77, 11
nodufosnm, 62, 63, 753% 76
paalliotae 6, 12, 58, 64, 66, 79,
BO*, B2-86. 88, 92, 97, 1M,
134, 141
sp. 1. 80%, 83+
sp. 2, 93#
tenuipes, 58, 62, 64, 89
Lecaniidae, 69
Lepidoptera, 9, 47, 49, 70, 100
Lymantria dispar, 129
Macrosiphoniella sanbomi, 72,73,
T4
Marasmiellus ramealis, 92
Melpidogwe, 104, 116, 124, 163
arenaria, 104
Jovanica, 163
Metarhizinm, 48
Micreshilum oncoperae, 5. 13, 18, 46,
1,53, 90
millipede, 129
Miscanthus, 92
motluse, 6, 117, 124
Mycotal, 6, 72, 168
Myxomyeetes, 12, 34, 84, 89
Myzus persicae, 73
Nectria inventa, 3, 35
Mectriaceas, &, 88, 139
nemaltodes, 2,6, 7.9, 11, 18, 31, 33,
45,49, 116, 151, 154, 157, 139,
162-165
nematophagous, 9, 15, 31, 45, 48, 49,
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147
Neotvphodium, 10, 48, 102
Oaspora necans, 70
oosporein, 81
FPaectlomyees tennipes, 5, 13, 17, 46,
47, 51
Panagrellus vedivivus, 152, 1533, 154
Penthocrates stvx, 10
FPhakopsora pachyrlizi, 141
Phyllachorales, 2, 5.8, 31, 33, 36, 44
FPicea abies, 133, 134
Pinns, 92,97, 133, 152
densiflora, 152
rexingosa, 97
sylvestris, 92, 133
Piper betle, 116
Plectosphaerella cucumerina, 31, 35
FPlectus parvus. 14
FPleswspora, 17
Pleurodesmospora, 17
Poaceae, 48
Pochonia, 6, 14, 15, 16, 17, 15, 46,
54, 55,56, 57, 58, 110-137, 111,
139, 142, 148, 163, 165
frdbillosa, 110, 114, 133, 134%,
134
chlamydosporia, 6, 14, 55, 56,
110, 111, 114, 115, 117, 124~
127, 133
viur, catennlfara, 55, 114, 123%,
124-126%
var. chlamydosporia, 85, 110,
114, 115, 120 123%, 125,
133
gonioides, 114, 132%
fuimiceda, 55, 111, 115
microbactrospora, 15, 110, 114,
135+ 136% 163
rmibescens, 115, 116, 130, 131#
suchiasporia, 6, 16, 17, 36, 115,
117, 126, 127, 130. 165
var. catenata, 115, 127, 129%,
165
var. suchlasporia, 1135, 126,
127, 128%

186

FPolyporus varins, 104
protozog, 17
Piendomeria mucosa, 17
Psendotsuga menziesii, 84
Preridium aeguilinum, 70, 104
Penidophyta, 70
Puccinia, 81, 85, 104
covonata, 83
elumaren, 104
sraminis, 81
Pulcherricinm caendenm, 133
Pulvinaria floccifera, 68
Rhabditts terricofa, 133
mitifers, 2. 6.7, 18, 137, 138
Rotiferophthora, 6, 11, 12, 16, 18, 25,
31,35 46,48, 57, 110, 137-138
angustispora, 35, 48, 138§
globispora, 137
minutispora, 35, 138
Roystonia regia. 129
rust fungi, 9, 34, 45, 66, 82, 102_ 104,
141
Saissetia hemispherica, 69
Salvinia rotundifolia, 100
scake insects, 6, 47, 68, 69, 73
Simplicillinvm, 3, 10, 13, 18, 58, 99—
1w
famellicola, 64, 92, 103, 104,
105*, 107
lanosonivenm, 5, 62,99, 104,
101%*, 103, 108
obclavatum, 10,62, 101, 102,
103*%, 108
wallacei, 64, 1058, 106%, 1(7#*
Sistotrema brinkmannii, 92
Slug, see molluses
snail, see molluscs
Sclanum tuberosum, 116
Sphacrotheca, 72, 88
filiginea, B8
Spicaria coccospora, 14, 15
Spicelfum rosenm, 53
spider, see Arachnuda
Sporotrichim, 86, 88, &Y
araneaimm, 84
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rosecfum, 86, 85
Stemphyliopsis ovorum, 14, 115, 124
Stemphylium, 14
sugarcane, 102
eleomorph, 3, 6, 10, 33, 37, 46, 47—
49, 54, 6569, 90, 104, 108, 115,
118. 124, 125
Theobroma cacao, 81, 98
Thrips tabact. 70
Thysanoptera, 9, 70
tick, see Iodes
Tohpocladien, 10, 16, 17, 45, 57,
151
balanoides, 57, 157
Tormbiella, 6, 10, 33, 47, 54, 65-69,
Of), 104, 102, 108
alba, 47, 90
confragosa, 10, 33, 47, 54, 66, 68,
69, 108
hemipterigena, 63
fecanii, 649
wallacei, W08, 1065, 104*
Trialenrodes vaporariornm, 70, 72,
HE
Trinmgetta, 141
Urediniomycetes, 9
Varma mite, 76
Vertabeo, 6. 70, 72, 73, 74, 168
Verticillinm. 2, 5.6, 8.9, 12-16, 25,
31-35. 41, 4651, 54-57.63-7),
T3, 7770, 81, 82, 85, 89, 9, B,
O, 103, 115, 116, 124-127, 132~
135, 139, 42144, [48-152, I57.
159, [63. 165
section Afbo-erecta, 16, 139
section Nigrescentia, 35, 44
seclion Prostrata, 4, 5, 7. 8.9, 10,
12,21, 22,32, 33, 37,41, 44,
43, 46, 47, 48, 49, 51, 57, 65
section Verticillinm, 32, 35
residual group, 139
albo-atrmm, 8
antillanum, 25, 45, 94
aranearum, 45, 47, %)
bactrospowum, 15, 45,135, 165
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balanoides, 11, 15,45, 46, 57,
148, 151, 154, 157

bulbiflosm, 133

campanulatm, 45, 135, 159

catenwlatmm, 56, 116, 124

cephalosporm, 133, 134

chlamydosporium, 28, 31, 33, 43,
46, 55,56, 115, 116, 125
var. catennlfatum, 56, 125
var. chlamydosporinm, 28, 116

coccosporum, 15, 163, 165

covonatm, 15, 150

dehliae, 8, 44

deflectans, 80, 82

epiphvinm, 34,45, 48, 5457, 63,
66, 82, 114, 139, 141, 142%,
143%

Jalcatum, 89

Jusispornim, 45, 94

ponioides, 45, 132

fiemileiae, 700

hemipte rigenum, 63, 144

incurvam, 37, 41, 44, 139, 140+

lamellicoda, 25, 45, 53, 103

lecanii, 6, 10, 13, 31, 33, 45, 47,
51, 54, 65, 60, 68,69, 72, 73,
77

fongispomm, 73

futeo-album, 5. 31, 35

muhifim, 25

obovatum, 152

pealliotae, 10, 13, 31, 34, 4553,
54,65, 7Y, 82, 85, 142

pseudohemipterigenum, 16, 31,
32,35, 45, 48, 57, 63, 143,
144%, 145%

saksenae, 79, 81, 82

seriatur, 13, 150, 165

sinense, 45, 163

sphaerosperum, 151, 152, 154
var. bispoimam, 151

suchlasporium, 9, 25, 31 45_116,
126, 127, 130
var. catenatum, 25, 127

tenerim, 5
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tenuipes. 89
triconpus, 25
zeosporum, 25, 157
Verticimonosporium, 12
Xylarta curta, 22
fvpoxyvlon, 22
Zyginidia pullufa, 70
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