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Abstract - A monophialidic species of Paecilomyces was isolated from the Antarctic

inectriaceae, Hypocreaceae

springtail Cryptopygus antarcticus in the peninsular Antarctic. The fungus emerged
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though the carapace of dead arhropods during incubation at 4°C, and produced
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colonies on agar media at botb 4 and 17°C. The fungus was morphologically similar
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to a number of existing monophialidic species of Paecilomyces, but differed in colony
pigmentation, the size of phial
ides and conidial features. Analysis of tbe ribosomal
DNA internally transcribed spacer (ITS) and l8s subunit sequences showed the fungus
to be distinct from other Paecilomyces species, and suggested a close relationship with
Cordyceps species. The new species Paecilomyces antarcticus is described.
Key words - entomogenous, Antarctica, Collembola, molecular, ribosomal DNA
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Introduction
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More than 700 species of fungi have been recorded from the sub-Antarctic and
Antarctic region (Bridge & Worland 2004, P.D. Bridge, work in progress). The great
majority of these are considered cosmopolitan, and many common filamentous genera
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and species have been reported. Several species of entomogenous fungi, including
idbook of the lichens of the
i Russ.).
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species of Beauveria, Verticilium, Conidiobolus and Neozygites have been reported
from Antarctic sites (Göttlich et al. 2003, Roddam & Rath 1997, Hughes & Lawley
2003, Tosi et al. 2002, Bridge & Worland 2004). With the exception of the report of
Neozygites sp. (Bridge & Worland 2004), these fungi have been recovered without any
discemable arhropod hosts, and their habit and ecology in the Antarctic are largely

mainly from the Arctic. Acta

tral Alaska: new records and

unknown. The true indigenous Antarctic arhropods are restricted to wingless insects
and mites, and these are widely distributed in the martime and peninsular regions, often
associated
with moss banks or other vegetation. Springtails (Collembola) largely feed
on bacteria and fungi, and have been considered potential vectors for the transmission of
entomogenous fungi (Dromph 2001, Dromph & Vestergaard 2002). There are very few
reports of natural associations between entomogenousfungi and springtails, and those
recorded from temperate regions have largely involved the generalist entomopathogens
Lecaniciflium lecanii (Zimm.) Zare & W. Gams, Beauveria bassiana (Bals.-Criv.) Vuill.,

Lecanicilium psallotae (Treschew) Zare & W. Gams and Paecilomyces farinosus
(Holmsk.) A.H.S. Br. & G. Sm. (Sitch & Jackson 1997, ARSEF 2004, CBS 2004).
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There are also reports of infection by the entomophthoralean fungi Entomophthora
variabils (Thaxt.) Sacco & Traverso, Conidiobolus coronatus (Costantin) A. Batko and

Neozygites sminthuri S. Keller & Steenb. (Balazy 1993, Steenberg et al. 1996, Dromph
et al. 2001).

The effect of entomogenous fungi on springtails is also poorly understood. Some
studies have suggested that springtails may have natural resistance to entomogenous
fungi (Broza et al. 2001), but one recent study has shown that several collembola

species can be naturally infected by entomophthoralean species, and infection levels
of 12-17% by late summer have been reported (Steenberg et al. 1996, Dromph et al.
2001). There is very limited information regarding the effect of hyphomycete fungi
on springtails, but artificial inoculations have suggested that some insect species can
survive short exposure times, and that the insects may have a role in the wider dispersal
of the fungi (Dromph et al. 2002). However this study also identified differences in
pathogenicity between different fungal isolates, with infection by individual isolates of
Beauveria brongniartii (Sacc.) Petch and M. anisopliae (Metschn.) Sorokin leading to
around 50% mortality (Dromph et al. 2002).
Reports of fungal pathogens occurring on Antarctic springtail species are limited to
those of springtail capturing Arthrobotrys species (Drechsler 1944, Onofri & Tosi 1992),

although an un-named Conidiobolus species has been isolated from moss cushions
in continental Antarctica, no host was reported (Tosi et al. 2002). This study was
undertaken to determine if culturable entomogenous fungi were present in populations,
of the Antarctic collembola Cryptopygus antarcticus Wilem.

Materials and methods
Collection
Initial collections were made from a small bank of San
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AF368802
AF368799
AB 103379

AB085886
AY618240

AB080087
AB083035

AB086629
PGU30933(

ionia uncinatum (Hedw.) Loeske

moss at Rothera Point, Adelaide Island 67° 34'S, 68 ° 08'W. Moss plants were placed

PHA30934;

in sterile plastic 28ml Universal containers and shaken. The moss was then removed
and dislodged arthropods were collected. Individuals were examined under a binocular
dissecting microscope, and dead and morbid individuals were surface sterilsed by
washing in 70% ethanol for 30 seconds before being transferred to Petri dishes of

AB0995 I 1

Potato Dextrose agar (PDA), and incubated at 4 and 17°C.

PMB09327

Slides were prepared in cotton blue in lactic acid and warmed gently prior to
microscopic examination

DNA extraction
A small section of fungal mycelium was ground in a 1.5 ml Eppendorf tube using

AB099944

AB103380

AB 104884

AB070371

AB086204
AF033395

a conical grinder in 0.5 ml prewarmed (60°C) buffer containing 1 % Cetyl tiimethyl
ammonium bromide, 1M NaCI, 100mM Tris, 20 mM EDTA which had been sterilized

AF3688 I 0

and 1% polyvinylpolypyrolldone added immediately prior to use. The sample was
incubated at 70°C for 30 minutes and an equal volume of chloroform:isoamyl alcohol
(24: I) added. The tube was mixed by inversion. The two phases were separated by
centrifugation at 10000xG for S mins, and the upper aqueous layer removed to a clean
tube. The CTAB/DNA complex was precipitated by addition of 2 volumes of a buffer
containing 1 % Cetyl trimethyl ammonium bromide, SOmM Tris HCI, lOmM EDTA
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an fungi Entomophthora
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and 40 mM NaCI. The tube was then mixed by inversion for 2 minutes. The pellet was
collected by centrifugation at 13000xG, the liquid removed and the pellet resuspended
in 350 ml of 1.2M NaCl. One volume of chloroform:isoamyl alcohol was then added
and the tube mixed by inversion. Phases were separated and the upper aqueous layer
was collected as described above. DNA was precipitated through the addition of a 0.6
volume of cold iso-propyl alcohol to form 2 layers. The two layers were then mixed
by inversion and incubated at -20 °C for 15 min. The resulting pellet was collected
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centrifuged briefly, and the ethanol removed. The pellet was dried under vacuum and
re-dissolved in sterile water.

Sequence

Name

AF368802

P. cateniannulatus Z.Q. Liang
P. cateniobliquus Z.Q. Liang
P. carneus (Duché & R. Heim) A.H.S. Br. &

AF368799
AB 103379

AB085886

Reference/other details
EMBL, host=Lepidoptera
EMBL, host=Coleoptera
Yokoyamaet at. (2004)

G.Sm.

AY6l8240

P. cicadae (Miq.) Samson
Paecilomyces farinosus (Holmsk.) A.H.S. Br.

AB080087

P. farinosus

Yokoyama et at. (2004)

AB083035

P.fumosoroseus (Wize) A.H.S. Br. & G. Sm.

AB086629

P. fumosoroseus

Yokoyama et at. (2004)
EMBL

PGU309339

P. gunnii Z.Q. Liang

PHA309342

P. hawkesii Z.M. Xiao, TB. Li & Q.T Chen

AB099944

P. javanicus (Friedrchs & Bally) A.H.S. Br. &
G.Sm.
P. liacinus (Thom) Samson
P. marquandii (Massee) S. Hughes
P. militaris Z. Liu

ABI03380
AB0995 ii
PMI309327
AB 104884

&G.Sm.

nl Eppendorf tube using

AF033395

P. nostocoides M.T Dunn
P. tenuipes (Peck) Samson
P. tenuipes
P. variotti Bainier

ining 1 % Cetyl trimethy1
which had been sterilized

AF368810

Acremonium implicatum (J.C. Gilman & E.Y

AB07037i

AB086204

Yokoyama et at. (2004)
Vasiliauskas et al. (2004)

EMBL, teleomorph
Cordyceps gunnii
EMBL, teleomorph
Cordyceps hawkesii
EMBL
Yokoyama et at. (2004)
EMBL
EMBL, teleomorph
Cordyceps militaris
Yokoyama et at. (2004)
Yokoyama et at. (2002)
Yokoyama et at. (2003)
Peterson (2000)

EMBL

Abbott) W. Gams

to use. The sample was
loroform:isoamyl alcohol
ihases were separated by
layer removed to a clean
of 2 volumes of a buffer
Tris HCI, lOmM EDTA

DNA amplification
DNA was PCR amplified by the fungal optimised ITS procedure with primers ITS IF
and ITS4 (Gardes & Bruns, 1993; White et al., 1990) and universal 18s primers
(vanJIannen et aI, 1999). The PCR products were shotgun cloned into the pGEM-

TEasy vector (Promega) and transformed into XL- 10 Gold ultracompetent cells

'"
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(Stratagene). Positive colonies were picked into lOjtl sterile distilled water and 1jtl of
this used for PCR amplification using limiting dilutions of dNTPs and primers (SP6
and T7) according to http://fugu.hgmp.mrc.ac.uk/Protocols/ Biology/fugu_section2.

html#2.1. Products were sequenced directly from the PCR products using a long T7
primer (5' TAATACGACTCACTATAGGGCGA 3'), DYEnamic ET Dye termnator
mix (Amersham) and a two stage PCR cycle (95"C, 20 secs; 6Q°C, 2mins 20 secs;
repeated 25 times). Sequences were run on an Amersham MegaBACE 1000 sequencer
according to manufacturer's instructions for 100 mins.

Sequence analysis
The final DNA

sequences were initially screened through the

.
1

entire EMBLDNAsequence

database with the BLAST-WU programme (Altschul, et al., 1997) run interactively
through the EBI website (www.ebi.ac.uk). The sequences were then screened with

the FASTA utility (Pearson, 1990) against the EMBL Fungi subset library. Eighteen
reference ITS sequences of Paecilomyces species included in the EMBL data base were
downloaded (Table 1). These sequences were aligned in CLUSTALW (Thompson et al.,
1994) and checked manually. The final alignments were compared through PHYLIP in
a consensus average distance tree constructed by Neighbour-joining from 100 bootstrap
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replicates (Felsenstein, 1989) with an ITS sequence from Acremonium implicatum as
the outgroup.
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Initial examination

respectIvel~

Twelve springtails were found to be dead or morbid in the initial collection, and these
were identified as Cryptopygus antarcticus. There were no visible fungal conidia or
mycelium on the external surfaces of these individuals.

at EMBL ¡
Paecilomyc
from Paec;

were largel

Culture

Beau\'eria

After 8 weeks incubation at 4°C fungal mycelium was evident on one insect. This

scores, the
search diffe
species witl
matches. TI

appeared as cottony mycelial growth breaking through the carapace on the back of

the individual, and initially this resulted in a strongly fasciculate colony directly on
the insect. The insect was dissected into four sections and these were placed on fresh
PDA and Malt agar (MA) plates that were incubated at 4°C and 17°C. After 2 weeks
the fungus produced white colonies that grew out radially from the initial inoculum.
Colonies on MA were initially white and cottony and became strongly velvety and
darkened to a light flesh colour with age. The lower par of the colonies extended into
the medium causing splitting and buckling of the agar. Colonies reached a diameter of

with I 8 IT~
sequence fi

bootstrap s
group of Pc

30mm after 2 months at 4°C, or 5 weeks at 17°C.

Microscopy

PaecilollJ

was formed. Conidiophores were absent and conidia were formed on
single erect phialides. Philaides were 25-35jtm in length, tapering from 2-3 jtm at the
base t61-1.5 jtm at the tip. Conidia (2 x 6.5-8jtm) were hyaline, smooth and baciliform
with truncate, slightly rounded ends. Conidia were plentiful and easily liberated from
the ends of the phialides (Figures 1 & 2).
Septate mycelium
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Figure 1. Single phialide Figure 2. Conidia and phialides

Molecular
Amplification with universal 18s primers gave an unambiguous sequence of 565bp
at the immediate 5' termnus of the 18s gene. This sequence is deposited at EMBL as
AJ879114. A FASTA search gave the best match of Cordyceps brongniartii Shimazu at
98.1 %. However the first 50 best matches contained 43 sequences from Hypocreales or
Hypocrealean anamorphs, including 26 from Cordyceps species, all of which showed
greater than 97% homology.

the initial collection, and these
re no visible fungal conidia or

Amplification with primers ITS IF and ITS4 gave an unambiguous sequence
of 591bp that included 3' and 5' fragments of the small and large subunit genes
respectively, and the entire ITSl, 5.8s and ITS2 regions. This sequence is deposited
at EMBL as AJ879113. A FASTA search gave the best match to a sequence from
Paecilomyces fumosoroseus at 85.5%. Three of the first 4 best matches were sequences
from Paecilomyces species, the fourth being to an unidentified sequence. Other matches
were largely to ITS sequences from Hypocrealean anamorphsincluding Metarhizium,

as evident on one insect. This

Beauveria and Verticilium species. However overall the matches were fairly low

;h the carapace on the back of
fasciculate colony directly on
it 4°C and 17°C. After 2 weeks
ially from the initial inoculum.
:: became strongly velvety and

scores, the best 50 ranging from 75.6 to 85.5% identity. The results of the BLAST- WU
search differed in that the best matches contained further sequences from Paecilomyces
species with 5 sequences from P. fumosoroseus and one from P. javanicus in the best 12
matches. The best matches in the BLAST search gave 86% identity. The ITS alignment
with 18 ITS sequences from Paecilomyces species placed the springtail fungus with a
sequence from P. fumosoroseus and P. javanicus (Figure 3). This grouping had high

Lrt of the colonies extended into

bootstrap support in consensus trees, as did the placement of the sequence within a

Colonies reached a diameter of

group of Paecilomyces sequences.

and these were placed on fresh

Taxonomic description
;ent and conidia were formed on
~th, tapering from 2-3 pm at the

hyaline, smooth and baciliform
:ntiful and easily liberated from

Paecilomyces antarctic

us Bridge, M.S. Clark & D.A. Pearce, sp. novo

Coloniae in extracto malti, albae dein carne

us, velutinus, reverso albidus dein

icterinus. Conidiophora absentia, cellulis conidiogenis monophialidicis, hyalin

is, 25-

35/lm longis, baso 3-4/lm, apice 2/lm latitudo. Conidia hyalina, baciliforme, aseptata
6.5-8 x 2/lm.

Typus Herb. K(M) 124154
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Agar. Initially cottony, becoming strongly velvety to slightly fasciculate
with age. Lower par of colony growing into medium, causing buckling and splitting of
agar. Colony white when young, darkening to flesh coloured. Reverse white, darkening
with age to grey/brown. Diffusing yellow pigment seen in Malt Agar after 4 months at
4°C, absent on PDA. Growth rate at 4°C slow, colonies reaching 30mm after 2 months.
Growth rate moderate at 17°C, colonies reaching 20mm in 3 weeks. Mycelium septate,
conidiophores lacking, with phialides occurring singly along the length of the hyphae.
Growth on Malt

8

Hyphae occasionally terminating in a single phialide. Phialides, tapering from 2-3j1m at

base, occasionally swollen, to 1-1.5 jlm at tip. Conidia produced abundantly from apices
of phialides. Conidia hyaline, smooth and bacilliform with slightly rounded ends, nonseptate 2 x 6.5-8j1m, very easily liberated.
Specimen examined: Herb. K(M) 124154 (Type) and culture K(C) 1684. Isolated from
Cryptopygus antarcticus collected at Rothera Point, Adelaide Island, Antarctica in
December 2003

Discussion
Molecular - The l8s data placed P. antarcticus in the Clavicipitaceae as an anamorph of
a Cordyceps species. This is unsurprising in that many of the common fungal pathogens
of invertebrates have been described with Cordyceps teleomorphs. The analysis of

the

ITS sequence confirms the placement in the Clavicipitaceae, and suggests that the
fungus is a Paecilomyces species.
The tree constructed from the ITS sequences from other Paecilomyces species gave
high bootstrap support to this placement, and to the separation of these species from
Acremonium (Figure 3). ITS sequences are very variable within Paecilomyces, and
this is illustrated by the long branch length between all of the sequences used and the
type species P. variotti. Similar analyses undertaken with sequences from Verticilium,
Hirsutella and Beauveria repeatedly recovered the P. antarcticus ITS sequence within
groups of Paecilomyces sequences (data not shown). The two ITS sequences that gave
the best matches were from P.fumosoroseus (AB086629) and P. javanicus (AB099944),
and the P. antarcticus ITS sequence grouped with these in the consensus tree. However
the P. fumosoroseus sequence that was the closest match is anomalous in that it shows
only an average 71.9% identity to the 12 other P.fumosoroseus sequences deposited in
EMBL, whereas these show 94.3% homology with each other (data not shown). The P.
javanicus sequence is the only one available for that species, and shows 98% identity
to the anomalous P. fiimoroseus sequence, a finding that suggests that the anomalous
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Figure :
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sequence may be from a mis-identified strain of P. javanicus. Although these two
sequences were the closest to the sequence from P. antarcticus, the matches were low
(85.5%), and the new species is clearly similar to, but distinct from, P. javanicus.
The morphological features of the fungus are generally unremarkable, and are similar
to those observed for a number of anamorphic genera in the Clavicipitaceae. The lack
of a conidiophore, together with conidiogenous cells tapering to give a long neck, are
features of several genera including Hirsutella, Acremonium, some Verticillum species
and monophialidic Paecilomyces species. Phialides were very variable in shape and
siz~, ranging from flask shaped with distinct necks to very elongated cells (see Figure
1). Conidia were dry, produced singly or in short chains, and were easily liberated,
features that further reduce the number of available genera. The genus Paecilomyces

genus ii
with To

species
conidiai
resultini
(Onions
invertet
Z.Q. Lii
1995, L

y
L..~.._ .

".

219

i\ \

igly velvety to slightly fasciculate
causing buckling and splitting of
loured. Reverse white, darkening
~n in Malt Agar after 4 months at
s reaching 30mm after 2 months.
m in 3 weeks. Mycelium septate,
y along the length of the hyphae.

AF368810 Acremonium implicatum

(j.
:...\1".
-'¡

AF033395 Paecilomyces variotii

Paecilomyces antarcticus

80

,¡ii

ABOB662' Paecilomyces fumosoroseus"

li\.

Phialides, tapering from 2-3¡im at

AB099944 Paecilomyces javanicus

produced abundantly from apices
with slightly rounded ends, non-

AF368799 Paecilomyces cateniobliquus

.':.iI.1i.'
Ii
1!
~i.

AF368802 Paecilomyces cateniannulatus

100

ulture K(C) 1684. Isolated from
Adelaide Island, Antarctica in

11\

Paecilomyces fumosoroseus

~.

Paecilomyces cicadae
t¡!

AB070371 Paecilomyces tenuipes
AB08620' Paecilomyces tenuipes

~lavicipitaceae as an anamorph of
of the common fungal pathogens
teleomorphs. The analysis of the

Paecilomyces farinosus

AB103380 Paecilomyces liacinus

it)

AB099511 Paecilomyces marquandii

70

AB103379 Paecilomyces carneus
PGU309339 Paecilomyces gunnii
PHA309342 Paecilomyces hawkesii
0,1

Figure 3. Neighbour joining tree for Paecilomyces ITS sequences rooted with Acremonium
implicatum. Numbers are bootstrap values for major groupings in consensus. trees.
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common soil fungi and several species are entomogenous. Samson (1974) divided the
genus into two sections and placed P. javanicus together with the entomogenous species
with Torrubiella and Cordyceps perfect states in the section Isaroidea. Paecilomyces
species are frequently characterised by long slender flask-shaped phialides borne on
conidiophores (Samson 1974). However in several species the conidiophore is absent,

ally unremarkable, and are similar
1 in the Clavicipitaceae. The lack
tapering to give a long neck, are
ionium, some Verticillium species

resulting in the production of Acremonium or Cephalosporium-like solitar phialides

were very variable in shape and
) very elongated cells (see Figure

invertebrates, such as P. odonatea Zuo Y. Liu, Z.Q. Liang & A. Y. Liu and P. loushanensis

hains, and were easily liberated,
genera. The genus Paecilomyces

Z.Q. Liang & A.Y. Liu are reported to have some monophialidic structures (Liu et al.
1995, Liang et al. 1997).

(Onions & Baron, 1967). Some species of Paecilomyces previously obtained from
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The closest match for the ITS sequence was P. javanicus, although P. antarcticus
differs from this and other Cordyceps associated species in being entirely monophialidic.
The morphology does not closely match any of the monophialidic species described by

The author;
review.

Onions and Barron (1967) as the phialides are generally longer than in these species,
and the conidia are distinctly baciliform. These features are very similar to the species
P. bacilisporus Onions & G.L. Barron, a species transferred to Acremonium by Gams
(1971) although again phialides and conidia are larger than described for this species.
The colonial morphology is also similar, but colony morphology is not a reliable
diagnostic character in this group as several species have similar features, and the
colonial morphology can be very dependant on age and growth medium used.
Species of Paecilomyces are generally classified as mesophilic to thermothilic, but
isolates have been reported to grow at reduced temperatures, and have been isolated
from wintering insect larvae (ARSEF, 2004). In the current study the fungus grew out
from and colonised the body of the insect at 4°C, but growth at 17°C was faster than
at 4°C. Conversely, growth could not be initiated at above 20°C and it would therefore
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seem likely that this species is psychrophilic rather than psychrotolerant (Kirk et al.
2001).
In general, Cordyceps species are host specific, this specificity ranging from a single

host species, to a particular group of insects (Nikoh & Fukatsu, 2000; Samson et aI.,
1988). It has been suggested that this host specificity can be affected by "host-jumping",
whereby a Cordyceps species specific to one organism may colonise a different taxon
under certain environmental conditions (Niko & Fukatsu, 2000). If this process does
occur in Cordyceps, the association between the springtail and the Paecilomyces

anamorph could be due to either a long established co-evolution, or an opportunistic

host shift. We are only aware of one previous report of Paecilomyces species on a
springtail (ARSEF, 2004), and this was identified as Paecilomyces farinosus, a
relatively common soil species that has also been reported from Antarctic soil and moss
(Del Frate & Caretta 1990, Tosi et al. 2002). The exact role of the springtail fungus in
the Antarctic is unclear. The collection described here was found from only one of 12
morbid individuals at mid-summer. A subsequent survey of morbid individuals in early
autumn recovered the fungus from approximately 1 in 4 individuals (work in progress).
This situation could arise if the fungus was a true pathogen, where its presence in the
population would be expected to increase as the insect population increased. However
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it is also possible that the fungus is an opportunistic organism that is better able to
colonise older, possibly stressed, individuals. Detailed pathogenicity tests and field

Kirk PM. (

collections wil be required to elucidate this.
In view of the unique morphology, habitat, host and rDNA sequences the fungus is
described as the new species Paecilomyces anatarcticus. Antarctic invertebrates have
been studied for many years, and although there are many anecdotal reports of mycelial
growth on them, there are no reports of recognisable fruiting bodies on cadavers (P.
Convey, pers. comm.). The molecular analysis suggests that if a teleomorph is produced
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it is likely to belong in the genus Cordyceps, although the size of the host and the
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extreme environment may prevent the production of fruiting bodies.
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