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Abstract: Just before dying, Edessa rufomarginata
(Hemiptera, Pentotomidae) individuals that are
infected with the fungus Purpureocillium cf. lilacinum
(Ascomycota: Ophiocordycipitaceae) move from the
leaves onto the stems of their Solanum sp. host and
firmly grasp the stems in ways seldom employed by
uninfected bugs. These alterations in host behavior
probably improve the chances that the subsequently
produced fungal spores will be dispersed aerially.
Purpureocillium cf. llacinum is a member of the
Ophiocordycipitaceae, a group in which other species
also modify the behavior of their hosts. As in the case
of newly distinguished relatives of Ophiocordyceps
unilateralis associated with ‘‘zombie ants’’ the discov-
ery of P. cf. lilacinum infecting bugs reveals that P.
lilacinum may be more diverse than previously
appreciated.
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INTRODUCTION

Some parasitic organisms, including fungi, alter or
manipulate the behavior of their hosts in ways that
promote the survival and reproduction of the parasite
(summaries in Libersat et al. 2009, Hughes et al.
2012). Several groups of entomopathogenic fungi
induce their hosts to occupy a position that is thought
to be advantageous for spore dispersal. Some zygo-
mycetes in Entomophthorales induce insects to move
upward on plants. Just before killing the host fly,
Scathophaga stercoraria, Entomophthora muscae induc-
es the fly to perch at unusual sites on emergent
vegetation in open fields in atypical ways: higher
above the ground than usual, at the tips of leaves or
flowers on the downwind side of the plant, facing
inward toward the plant, grasping the leaf or flower
with its legs, and lowering its wings and elevating its
abdomen from which the spores will emerge (Mait-
land 1994). Another entomophthoralean fungus may
induce a related host fly, Musca domestica, to raise its
abdomen, raise its wings and extend its mouthparts to
the substrate, allowing a strong attachment to form
(Brobyn and Wilding 1983, Krasnoff et al. 1995). Such
modifications probably increase the release and
dispersal of the spores when they are shed from the
fly.

Similar behavior by ‘“‘zombie” ants is caused by
certain ascomycetes (Evans et al. 2011). Some
members of Ophiocordyceps (= Cordyceps) spp. (Hy-
pocreales, Ophiocordycipitaceae) (Sung et al. 2007)
induce infected worker ants to seize a twig, a leaf or
another object firmly with their legs and mandibles
(Pontoppidan et al. 2009, Evans et al. 2010, Evans
2012). Infected workers of the ant Campanotus
leonards, the principal host of Ophiocordyceps unilater-
alis, grasp the undersides of leaves just before dying
(Pontoppidan et al. 2009). Ascospores escape from
perithecia embedded in an elongated stroma on the
dorsum of the ant, and they are thought to be
dispersed more successfully than if the ant had stayed
within its nest and been dumped onto the refuse pile
within its nest or had simply fallen to the ground after
death (Hughes 2012). The biting behavior of the ants
and their tendency to be in plants above the forest
floor are aberrant behaviors induced by the infection;
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uninfected ants do not normally hold leaves with their
mandibles. Biting the substrate maintains the ant in
situ after it dies, giving the fungus time to produce an
adhesive pad that more permanently binds the ant’s
body to the plant (Pontoppidan et al. 2009).

This report presents observations suggesting that
the fungus Purpureocillium cf. lilacinum modifies the
behavior of the pentatomid bug Edessa rufomarginata.
Other strains of P. lilacinum have been isolated from
soil, air and animals, including immunocompromised
humans (Saghroun et al. 2013), nematodes and
various insects, such as curculionid beetles, homop-
terans and lepidopteran larvae (Spatafora et al. 2007),
and from a related bug, Edessa meditabunda (Humber
2007); one species of Ophiocordyceps, O. pentatomae
(Koval) (MycoBank MB504321) was isolated from a
pentatomid bug in Russia (Sung et al. 2007b).
Possible effects on the host behavior were not noted.
The bug in the present study, Ed. rufomarginata, is a
large (about 1.5-1.8 cm long), widespread, herbivo-
rous Neotropical pentatomid found on plants in
several families (Silva et al. 2004, Silva and Oliviera
2010). Some species of this subfamily are pests of
cultivated plants (Silva and Oliviera 2010).

MATERIALS AND METHODS

Field observations.—They were made during the day near
Silencio (elevation approximately 50 m, near the Rio
Savegre), Puntarenas province, Costa Rica (—84.0236W,
9.4165N) on 14-17 Jan 2013 and 20 Jan. 2014 along the
edges and in the interior of plantations of African oil palms
(Elais guineensis). Although this was the dry season,
substantial rains occurred nearly every afternoon and at
night. All observations of adult Edessa rufomarginata were of
individuals on the leaves or the stems of Solanum sp., an
early succession weed that prefers well illuminated sites,
where its erect and semirecumbant stems reach about 1.5 m.
We did not search for bugs on the ground below plants,
where they would have been difficult to find in the tangled
vegetation and could well have been carried off by ants.
Both adults and nymphs of the bugs were present, but no
dead nymphs were observed. A few bugs (< 5) also were
seen on a second species of Solanum but are not included
here. Specimens of the bugs with and without fungus are
deposited in the Museo de Zoologia of the Escuela de
Biologia of the Universidad de Costa Rica.

We noted the positions of all living and dead adult bugs
that we found. No plant was checked more than once, so
individual bugs were probably never observed more than
once. We noted the sites on the plant where bugs occurred
(leaf, petiole, stem) and the position of each leg: whether
the tarsi or the tibiae made contact with the plant; and (for
bugs on stems or petioles) whether any legs were flexed so
that the tarsus or tibia crossed the bug’s midline ventrally
(scored as ‘‘embraced the stem’ in the descriptions below).
Two further details were noted for a subset of bugs: whether

the legs contacted the plant on the tips of the trichomes
and spines that covered the stem or on the surface of the
stem itself; and whether the bug’s mouthparts were inserted
into the plant (with the protective labrum folded posteri-
orly). Sample sizes are not equal for all legs; in some cases it
was either not possible to check all legs without disturbing
the bug or some legs were missing.

The presence of fungus was confirmed in two dead bugs
found on the host plant that did not show visible fungal
growth externally, by dissecting one (which proved to be
tightly packed with fungal hyphae) and by keeping the
other in a humid environment for 2 d, after which fungal
hyphae emerged from its membranes. We use the term
“infected” in the descriptions below to indicate dead bugs
with fungus. We noted no differences between male and
female bugs and combine them in the descriptions. We kept
several infected bugs in closed humid chambers for up to
2 wk after collection and noted changes in the morphology
of the fungal growth on them.

Fungal isolation.—Spores from four dead individuals of E.
rufomarginata collected at Silencio, Rio Savegre, Puntarenas,
Costa Rica, were transferred from the surface of the
exoskeleton to fresh yeast extract (YM) agar plates (0.5%
yeast extract, 0.3% malt extract, 2% agar) using sterile
technique. After 3 d incubation at room temperature, the
fungal isolates were purified by multiple subculturing and
stored on YM agar plates and broth at —80 C in 15% glycerol
(Mueller et al. 2004). Cultures were deposited in the
collections of the Herbarium of the Escuela de Biologia,
Universidad de Costa Rica (accession number US] 83667),
and the CBS Fungal Diversity Centre, Utecht, the Netherlands
(accession number 2670) as Purpureocilliumsp. (isolates 1-4).

Amplification and sequencing of DNA.—Genomic DNA was
extracted from the cultures with a Wizard® Genomic DNA
purification kit (Promega). The concentration and integrity
of total extracted DNA were confirmed by gel electropho-
resis in 0.8% agarose in 0.5X Tris-Borate-EDTA (TBE)
buffer. Rapid identification was carried out by PCR
amplification and sequencing of ~ 500 bp of the internal
transcribed spacers 1 and 2 (ITS) recommend as a barcode
marker for fungi (Schoch et al. 2012). The amplification
was carried out with primers ITS1 (forward) (5'-
TCCGTAGGTGAACCTGCGG-3") and ITS4 (reverse) (5'—
TCCTCCGCTTATTGATATGC-3') and the PCR protocol
recommended by White et al. 1990. The purified PCR
products were sequenced in both directions by Beckman
Coulter Genomics (Danvers, Massachusetts) and submitted
to GenBank (TABLE I).

Phylogenetic analyses.—Contig sequence and sequencing
manipulations were carried out using Se-AL 2.0lall
(http://tree.bio.ed.ac.uk/software/seal/) and MESQUITE
(Maddison and Maddison 2010). The chromatograms were
corrected by eye and the poor quality edges were trimmed.
The sequences (TABLE I) were aligned in the online
interface MAFFT 6.859 (http://mafft.cbrc.jp/alignment/
software/) with advanced alignment strategy with one
conserved domain (L-INS-i). All sequences not listed
individually in the tree were grouped as Purpureocillium
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TABLE I.  GenBank accession numbers of the ITS sequences used in the phylogenetic analysis. Sequences in boldface were
obtained in this study

GenBank Species GenBank Species
AB103380 P. lilacinum HQ829095 P. lilacinum
AF368804 P. lilacinum HQ842812 P. lilacinum
AM412779 P. lilacinum HQ842813 P. lilacinum
AY213666 P. lilacinum HQ842814 P. lilacinum
AY213668 P. lilacinum HQ842815 P. lilacinum
AY624189 P. lilacinum” HQ842816 P. lilacinum
DQ187953 P. lilacinum HQ842818 P. lilacinum
DQ641505 P. lilacinum HQ842819 P. lilacinum
EUb553282 P. lilacinum HQ842821 P. lilacinum
EUb553290 P. lilacinum HQ842823 P. lilacinum
EU553316 P. lilacinum HQ842824 P. lilacinum
EU553319 P. lilacinum HQ842825 P. lilacinum
EU553336 P. lilacinum HQ842826 P. lilacinum
EU828665 P. lilacinum HQ842827 P. lilacinum

FJ461773 P. lLlacinum HQ842829 P. lilacinum

FJ765019 P. lLlacinum HQ842832 P. lilacinum

F]765020 P. lilacinum HQ842833 P. lilacinum

FJ765021 P. lilacinum HQ842834 P. lilacinum

FJ765022 P. lilacinum HQ842835 P. lilacinum

FJ877138 P. lilacinum HQB842836 P. lilacinum

FJ904282 P. lilacinum HQ842837 P. lilacinum

FJ904283 P. lilacinum HQ842838 P. lilacinum

FJ973075 P. lilacinum JF824690 P. lilacinum
FN598940 P. lilacinum JF896084 P. lilacinum

FR822391 P. lilacinum JF896085 P. lilacinum
GQ229072 P. lilacinum JF896086 P. lilacinum
GQ229079 P. lilacinum JN650588 P. llacinum
GQ229080 P. lilacinum JN850995 P. lilacinum
GQ229083 P. lilacinum JN851054 P. lilacinum
GQ241282 P. lilacinum JQ627630 P. lilacinum
GQ376101 P. lilacinum JQ763398 P. lilacinum
GU130296 P. lilacinum JQ781830 P. lilacinum
GU453928 P. lilacinum JQ863231 P. lilacinum
GU453929 P. lilacinum JQ866689 P. lilacinum
GU980015 P. lilacinum JQ866690 P. lilacinum
GU980017 P. lilacinum JX969622 P. lilacinum
GU980020 P. lilacinum JX978452 P. lilacinum
GU980023 P. lilacinum KC254065 P. lilacinum
GU980024 P. lilacinum KC311490 P. lilacinum
GU980026 P. lilacinum KC524426 P. lLilacinum
GU980027 P. lilacinum KC551953 P. lilacinum
GU980030 P. lilacinum KC551961 P. lilacinum
GU980031 P. lilacinum HE792981 P. lavendulum
GU980039 P. lilacinum FR734106 P. lavendulum"®
HM032028 P. lilacinum FR734107 P. lavendulum
HM242263 P. lilacinum EU086434 Haptocillium balanoides
HM242264 P. lilacinum AJ292419 Haptocillium zeosporum
HM439952 P. lilacinum KJ577794 P. cf. lLlacinum isolate 1 on Edessa
HQ607796 P. lilacinum KJ577795 P. cf. lilacinum isolate 2 on Edessa
HQ647313 P. llacinum KJ577796 P. cf. lLlacinum isolate 3 on Edessa
HQ829056 P. lilacinum KJ577798 P. cf. lLlacinum isolate 4 on Edessa

TType species.
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Fic. 1. Edessa rufomarginata bugs (Pentatomidae, Hemiptera) and P. cf. lilacinum (Ophiostomataceae). a. A living
uninfected bug on a stem, showing the tarsi contacting the plant (arrows); the legs are not embracing the plant. b. An early
stage of fungal growth with white mycelium visible at antennal and leg articulations and abdominal spiracles (arrows). One leg
(IIT) is embracing the stem (dotted arrow) (note also the antennae deflected ventrally compare with a). c. A late stage of
fungus infection. The bug is covered with hyphae and developing synnemata with gray conidia at maturity; the hyphae extend
and adhere (solid arrow) to the plant stem. d. An early intermediate growth stage with mycelium protruding from the leg
joints with synnemata developing (solid arrow). One leg (II) is embracing the stem. e. Late intermediate stage in which the
fungus has begun to form synnemata and has conidia darkening at some sites (e.g. the abdominal spiracles), an indication of
conidial maturity; sites where hyphae emerged later (e.g. the thoracic pleura) are still white. f. Higher magnification of
synnemata at a late stage of growth.

lilacinum s.s. Maximum likelihood (ML) phylogenic infer- living bugs, 149 (61.8%) were on leaves, 84 (34.9%),
ence was performed in RaxML 7.2.6 (Stamatakis 2006) on stems and 8 (3.3%) on petioles. Mating pairs were
using a partitioned dataset (partitions for ITSI, 5.8S, ITS2) seen on both leaves and stems. Of the 15 infected

under a general time reversible model with a gamma bugs in 2013 and seven additional infected individuals

distribution of site rate variation (GTRGAMMA) with ML found in 2014, 19 (86.4%) were on stems, 2 (9.1%)

support estimated with 1000 bootstrap replicates. Align- . .
ments and trees were deposited in TreeBASE (accession were on ?petlole and 1 (4.5%) embraced the tip (?fa
leaf (Chi® = 27.0, df = 1, P < 0.001 comparing

number $15527). Tree editing was done with FigTree 1.3.1 ) ) o .
software (http://tree.bio.ed.ac.uk/software/figtree/). homogeneity of proportions of living and infected
bugs on leaves versus rounded structures that the bug

could embrace) (stems and petioles). Among 73
living bugs that were checked for feeding while on
Fungal infection.—Of the 256 bugs we observed in stems, 30 (41.1%) had their mouthparts inserted into
2013 (F1G. 1la—e), 15 (5.9%) were infected. Of the 241 the plant; in contrast none of the 17 infected bugs in

RESULTS AND DISCUSSION
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Purpureocillium cf. lilacinum isolate 4 on Edessa

Purpureocillium lilacinum s.s.

FiG. 2. Consensus ML tree based on 106 ITS sequences of Purpureocillum spp. using a dataset of 528 characters. Outgroups
are denoted with branches in gray. The final ML optimization likelihood is 1600.36.

which the mouthparts were visible (e.g. not covered
by fungal growth) had their mouthparts inserted into
the plant (Chi* = 10.5, df = 1, P = 0.0012). When
feeding bugs were disturbed, they often tugged
against their mouthparts, which seemed to anchor
them briefly to the plant. Bugs on leaves were not
checked for mouthpart insertion; they were difficult
to observe for this detail in that they moved readily
when approached, suggesting that they were usually
not feeding.

Of the 84 living bugs on stems whose leg positions
were noted, only three individuals had even a single
leg embracing the stem; in total, only three of 300 legs
(1.0%) that were scored embraced the stem. The
corresponding number for infected bugs was 21 of
116 legs (18.1%) in 22 bugs (Chi* = 45.0,df =1, P <
0.001) (Fic. 1b, d). Thirteen of 22 infected bugs
(59.1%) embraced with at least one leg, as compared
with only three of 84 living bugs (3.6%) (Chi* = 45.8,
df = 1, P < 0.0001).

Fine white fungal growth first emerged from
membranes between segments of dead bugs (e.g.
between leg and antennal segments and somewhat
later from the spiracles and at the lateral edges of the
abdominal tergites (FIG. 1b, d). Later white mats of
fungus emerged along the lateral edges of the bug’s
abdomen and other parts of its body (FIG. 1c, €) and

synnemata developed from the mycelium (FIG. 1f);
different parts of the same bug sometimes had
different stages of fungal growth (FIG. le). In a few
cases the fungus reached the surface of the plant stem
where it adhered (FIG. 1c). As the fungus matured
and covered the bug more completely, it appeared
gray rather than white (FIG. 1c), due to conidium
maturation. A gray cloud of spores floated in the air
when a bug with mature growth (FIG. 1c) was jarred.
Observations in the field and in humid chambers in
captivity indicated that the progression of the fungal
infection occurred over the space of several days; we
estimate that older infected bugs in the field probably
been dead for a week or more.

Both the tendency of infected bugs to rest on stems
and to embrace them anchored the bug more firmly
to the plant and probably reduced the chances that it
would fall to the ground. This could aid in dispersing
the dry, aerial fungal spores during the long period of
sporulation. These changes in bug behavior would
qualify as manipulation, because they are likely to be
advantageous for the fungus.

Observations of living bugs indicate that feeding
bugs were physically anchored to the plant by their
mouthparts. Nevertheless, unlike the ants infected
with the related fungus Ophiocordiceps unilateralis and
the Musca flies infected with Entomophthora muscae
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FIG. 3. Purpureocillium sp. on YM agar after 3 d. a. Verticillate conidiophores and chains of ovoid conidia. b. Acremonium-
like conidiophores and chains of ovoid conidia. c. Detached ovoid conidia. d. Hyphae with abundant lipid droplets. e. Chain

of conidia. Bars = 10 um.

fungus, the infected bugs whose mouthparts were
checked did not have their mouthparts extended or
inserted into the plant. Thus the fungus P. cf.
lilacinum differs from these other fungi in failing to
affect the host’s use of its mouthparts, even though
insertion of the mouthparts would have provided a
further anchor to the plant.

Our data may overestimate the relative frequency
with which infected bugs died on stems rather than
leaves. If bugs were killed while they were on leaves
but then fell to the ground, we would have missed
them. Nevertheless our substantial sample of dead
infected bugs, the nearly total absence of dead
infected bugs on leaves and the absence of dead
bugs without fungi on either stems or leaves make it
likely that the fungus biases the site where the bug will
die in favor of stems and increases the likelihood that
it will embrace the stem just before death.

Our interpretation that the fungus manipulates the
bug’s behavior depends on the assumption that the
fungal infection precedes the bug’s death, an
assumption that needs to be tested in further studies.
In addition, we observed living bugs only during the
day. We cannot rule out the possibility that they may
frequently be located on stems rather than leaves
more frequently during the night. If this were true
(we have no evidence one way or the other) and if the
bugs died at night but not during the day (again we
have no evidence), the bias to die on stems rather
than leaves could be achieved by killing the bugs at

night without actively influencing the bug’s behavior.
Nevertheless the additional manipulation we docu-
mented regarding the positions of the bug’s legs,
especially embracing the stem, cannot be easily
explained in this way.

Fungal characterization.—Based on evidence from
morphological and molecular characters, the pure
cultures obtained from the four E. rufomarginata
specimens are identical strains of P. cf. llacinum
(FiGs. 1-3b, ¢, d, e). The colonies were pinkish-
lilaceous on YM media, and verticilate conidiogenous
structures arose from hyphae to produce ovoid
conidia (FIG. 3a); other dry conidia were produced
in sympodial succession from Acremoniumlike conid-
iophores (FIG. 3b), distinguishing this strain from
other members of the species. Neither synnemata
production nor spore germination at 37 C was
observed in culture. Based on a BLAST query of
sequences in GenBank, 22 nucleotide differences
separated the ITS sequences of P. cf. lilacinum and
sequences of the closest strains, all identified as P.
lilacinum (Luangsa-ard et al. 2011).

Only two species of Purpureocillium have been
described, P. lilacinum (the type species of the genus)
(Luangsa-ard et al. 2011) and P. lavendulum (Per-
domo et al. 2013). Many insect- and nematode-
associated isolates of P. lilacinum have been reported
from widespread localities in the Americans, Europe
and Asia, both in the literature (Luangsa-ard et al.



EBERHARD ET AL.:

2011, Perdomo et al. 2013) and in the USDA-ARS
Collection of Entomopathogenic Fungal Cultures
(ARSEF) (Humber 2007). Although our strains were
nested among other strains identified as P. lLlacinum,
differences among the strains, including habitat,
geographical distribution and especially the ITS
sequence divergence indicate that P. llacinum is
more diverse than is presently recognized. Unfortu-
nately, because of permit problems and time con-
straints, we were unable to obtain DNA from key
cultures to test this hypothesis and we have not
described new species in this report.

While much work remains to document evolution
of behavioral manipulation by different parasitic
groups, one possible emerging pattern is the follow-
ing. The more distantly related zygomycete (Ento-
mophthora muscae) produces behavioral modifications
that in some respects resemble more closely the
effects produced by P. cf. lilacinum (perching on
certain parts of plants, embracing the plant with the
legs) than do those of the much more closely related
Ophiocordyceps spp. despite the likely independent
evolutionary origins of these effects. This evolutionary
flexibility in manipulation, which exploits host
behavior and natural history, echoes a similar pattern
in ichneumonid polysphinctine wasps that manipu-
late the web construction behavior of their web-
building spider hosts (Gauld and Dubois 2006,
Korenko et al. 2013). The phylogeny of these
parasites also seems not to be a good predictor of
the effects that they have on their hosts’ behavior
(Eberhard 2013). The mechanisms of host manipu-
lation remain to be determined in both wasps and
fungi, but the behavioral details they elicit do not
appear to be especially constrained by phylogeny in
either group.

ACKNOWLEDGMENTS

We are indebted to the late Jorge Gomez Laurito for
identifying the plant, Jim Lewis for identifying the bug and
Emilia Triana for photos. The project was carried out
during the Organization for Tropical studies course
“Ecologia tropical y conservacién 2013-2"" coordinated by
Alejandro Farji and Federico Chinchilla. The molecular
part of the study was supported by a National Science
Foundation award (DEB-0732671) to M.B. A Radcliffe
Institute Fellowship provided M.B. with an unencumbered
opportunity to write.

LITERATURE CITED

Aquino RS, Silveira SS, Pessoa WF, Rodriguez A, Andrioli JL,
Delabie JH, Fontana R. 2013. Filamentous fungi
vectored by ants (Hymenoptera: Formicidae) in a

ZOMBIE BUGS? 1071

public hospital in northeastern Brazil. ] Hosp Infect
83:200-204, doi:10.1016/j.jhin.2012.11.022

Brobyn PJ, Wilding N. 1983. Invasive and developmental
processes of Entomophthora muscae infecting houseflies
(Musca domestica). Trans Br Mycol Soc 80:1-8,
doi:10.1016,/S0007-1536(83)80157-0

Cavello IA, Chesini M, Hours RA, Cavalitto F. 2013. Study of
the production of alkaline keratinases in submerged
cultures as an alternative for solid waste treatment
generated in leather technology. J] Microbiol Biotech-
nol 23:1004-1014, doi:10.4014/jmb.1211.11016

Deng JX, Paul NC, Sang HK, Lee JH, Hwang YS, Yu SH.
2012. First report on isolation of Penicillium adamet-
zioides and Purpureocillium lilacinum from decayed
fruit of Cheongsoo grapes in Korea. Mycobiology 40:
66-70, doi:10.5941/MYCO.2012.40.1.066

Eberhard WG. 2013. The polyspinctine wasps Acrotaphus
tibialis, Eruga ca. guifreundi, and Hymenoepimecis
tedfordi (Hymenoptera, Ichneumonidae, Pimplinae)
induce their host spiders to build modified webs. Ann
Entomol Soc Am 106:652-660, doi:10.1603/AN12147

Evans HC, Elliot SL, Hughes DP. 2011. Hidden diversity
behind the zombie-ant fungus Ophiocordyceps unilater-
alis: four new species described from carpenter ants in
Minas Gerais, Brazil. PLoS ONE 6:€17024, doi:10.1371/
journal.pone.0017024

Gauld ID, Dubois J. 2006. Phylogeny of the Polysphincta
group of genera (Hymenoptera: Ichneumonidae; Pim-
plinae): a taxonomic revision of spider ectoparasitoids.
Syst Entomol 31:529-564, doi:10.1111/j.1365-3113.
2006.00334.x

Hughes DP. 2012. Parasites and the superorganism. Host
manipulation by parasites. In: Hughes DP, Delago A,
Gal R, eds. New York, Oxford: Oxfor Univ. Press. p 140-
154.

Humber RA. 2007. USDA-ARS collection of enthomopatho-
genic fungal cultures (ARSEF) catalog of strains.
Ithaca, New York, x + 545 p. http://www.ars.usda.gov/
Main/docs.htm?docid=12125

Kepler RM, Kaitsu Y, Tanaka E, Shimano S, Spatafora JW.
2011. Ophiocordyceps pulvinata sp. nov., a pathogen of
ants with a reduced stroma. Mycoscience 52:39-47,
doi:10.1007/510267-010-0072-5

Kobmoo N, Mongkolsamrit S, Tasanathai K, Thanakitpi-
pattana D, Luangsa-Ard JJ. 2012. Molecular phyloge-
nies reveal host-specific divergence of Ophiocordyceps
unilateralis sensu lato following its host ants. Mol Ecol
21:3022-3031, doi:10.1111/j.1365-294X.2012.05574.x

Korenko S, Michalkova K, Zwakhals K, Pekar S. 2011. Host
specificity and temporal and seasonal shifts in host
preference of a web-spider parasitoid Zatypota percon-
tatoria. ] Insect Sci 11:101, doi:10.1673/031.011.10101

Krasnoff SB, Watson DW, Gibson DM, Kwan EC. 1995.
Behavioral effects of the entomopathogenic fungus,
Entomophthora muscae on its host, Musca domestica:
postural changes in dying hosts and gated pattern of
mortality. ] Insect Physiol 41:895-903, doi:10.1016/
0022-1910(95)00026

Libersat F, Delago A, Gal R. 2009. Manipulation of host
behavior by parasitic insects and insect parasites. Ann


http://dx.doi.org/10.1016%2Fj.jhin.2012.11.022
http://dx.doi.org/10.1016%2FS0007-1536%2883%2980157-0
http://dx.doi.org/10.1016%2FS0007-1536%2883%2980157-0
http://dx.doi.org/10.4014%2Fjmb.1211.11016
http://dx.doi.org/10.5941%2FMYCO.2012.40.1.066
http://dx.doi.org/10.1603%2FAN12147
http://dx.doi.org/10.1371%2Fjournal.pone.0017024
http://dx.doi.org/10.1371%2Fjournal.pone.0017024
http://dx.doi.org/10.1111%2Fj.1365-3113.2006.00334.x
http://dx.doi.org/10.1111%2Fj.1365-3113.2006.00334.x
http://www.ars.usda.gov/Main/docs.htm?docid=12125
http://www.ars.usda.gov/Main/docs.htm?docid=12125
http://dx.doi.org/10.1007%2FS10267-010-0072-5
http://dx.doi.org/10.1007%2FS10267-010-0072-5
http://dx.doi.org/10.1111%2Fj.1365-294X.2012.05574.x
http://dx.doi.org/10.1673%2F031.011.10101
http://dx.doi.org/10.1016%2F0022-1910%2895%2900026
http://dx.doi.org/10.1016%2F0022-1910%2895%2900026

1072 MYCOLOGIA

Rev Entomol 54:189-207, doi:10.1146/annurev.ento.
54.110807.090556

Luangsa-Ard J, Houbraken ], van Doorn T, Hong SB,
Borman AM, HywelJones NL, Samson RA. 2011.
Purpureocillium, a new genus for the medically impor-
tant Paecilomyces lilacinus. FEMS Microbiol Lett 321:
141-149, doi:10.1111/§.1574-6968.2011.02322.x

Maddison W, Maddison D. 2010. MESQUITE 2.74: a modular
system for evolutionary analysis. (Available from http://
mesquiteproject.org/mesquite/mesquite.html)

Maitland DP. 1994. A parasitic fungus infecting yellow dung
flies manipulates host perching behavior. Proc Roy Soc
Lond B 258:187-193, doi:10.1098/rspb.1994.0161

Mueller GM, Bills GF, Foster MS, eds. 2004. Biodiversity of
Fungi. Inventory and monitoring methods. Elsevier
Academic Press. xiii+777 p.

Oggerin M, Tornos F, Rodriguez N, del Moral C, Sanchez-
Roman M, Amils R. 2013. Specific jarosite biominer-
alization by Purpureocillium lilacinum, an acidophilic
fungi isolated from Rio Tinto. Environ Microbiol 15:
2228-2237, doi:10.1111/1462-2920.12094

Perdomo H, Cano ], Gené |, Garcia D, Hernandez M,
Guarro J. 2013. Polyphasic analysis of Purpureocillium
lilacinum isolates from different origins and proposal
of the new species Purpureocillium lavendulum. Myco-
logia 105:151-161, doi:10.3852/11-190

Pontoppidan M-B, HimamanW, Hywel-Jones NL, Boomsma
JJ, Hughes DP. 2009. Graveyards on the move: the
spatio-temporal distribution of dead Ophiocordyceps-
infected ants. PLoS ONE 4:e4835, d0i:10.1371/journal.
pone.0004835

Pradeep S, Faseela P, Sarath MK, Balachandran S, Sudha R,
Benjamin S. 2013. Fungal biodegradation of phthalate
plasticizer in situ. Biodegradation 24:257-267,
doi:10.1007/510532-012-9584-3

Saghrouni F, Saidi W, Ben Said Z, Gheith S, Ben Said M,
Ranque S, Denguezli M. 2013. Cutaneous hyalohyphomy-
cosis caused by Purpureocillium lilacinum in an immuno-
competent patient: case report and review. Med Mycol 51:
664—668, doi:10.3109/13693786.2012.757656

Schoch CL, Seifert KA, Huhndorf S, Robert V, Spouge ]JL,
Levesque CA, Chen W, Fungal Barcoding Consortium.
2012. Nuclear ribosomal internal transcribed spacer
(ITS) region as a universal DNA barcode marker for
Fungi. P Natl Acad Sci USA 109:6241-6246,
doi:10.1073/pnas.1117018109

Silva EJ, Fernandes JA, Grazia J. 2004. Variacoes morfolo-
gicas em FEdessa rufomarginata e revalidacao de E.
albomarginata e E. marginalis (Heteroptera, Pentato-
midae, Edessinae). Theringia 94:261-268, doi:10.1590/
S0073-47212004000300006

Silva EJE, Oliveira. 2010. Field biology of Edessa rufomargi-
nata (Hemiptera: Pentatomidae): phenology, behavior
and patterns of host plant use. Environ Entomol 39:
1903-1910, doi:10.1603/EN10129

Spatafora JW, Sung G-H, Sung J-M, Hywel-Jones NL, White
JF Jr. 2007. Phylogenetic evidence for an animal
pathogen origin for ergot and the grass endophytes.
Mol Ecol 16:1701-1711, doi:10.1111/j.1365-294X.2007.
03225.x

Stamatakis A. 2006. RAXML-VI-HPC: maximum likelihood-
based phylogenetic analyses with thousands of taxa
and mixed models. Bioinformatics 22:2688-2690,
do0i:10.1093/bioinformatics/btl446

Sung GH, HywelJones NL, Sung JM, Luangsa-ard JJ,
Shrestha B, Spatafora JW. 2007b. Phylogenetic classifi-
cation of Cordyceps and the clavicipitaceous fungi. Stud
Mycol 57:5-59, doi:10.3114/s5im.2007.57.01

, Sung JM, HywelJones NL, Spatafora JW. 2007a. A
multigene phylogeny of Clavicipitaceae (Ascomycota,
Fungi): identification of localized incongruence using
a combinational bootstrap approach. Mol Phylogenet
Evol 44:1204-1223, doi:10.1016/j.ympev.2007.03.011

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



http://dx.doi.org/10.1146%2Fannurev.ento.54.110807.090556
http://dx.doi.org/10.1146%2Fannurev.ento.54.110807.090556
http://dx.doi.org/10.1111%2Fj.1574-6968.2011.02322.x
http://dx.doi.org/10.1098%2Frspb.1994.0161
http://dx.doi.org/10.1111%2F1462-2920.12094
http://dx.doi.org/10.3852%2F11-190
http://dx.doi.org/10.1371%2Fjournal.pone.0004835
http://dx.doi.org/10.1371%2Fjournal.pone.0004835
http://dx.doi.org/10.1007%2Fs10532-012-9584-3
http://dx.doi.org/10.1007%2Fs10532-012-9584-3
http://dx.doi.org/10.3109%2F13693786.2012.757656
http://dx.doi.org/10.1073%2Fpnas.1117018109
http://dx.doi.org/10.1073%2Fpnas.1117018109
http://dx.doi.org/10.1590%2FS0073-47212004000300006
http://dx.doi.org/10.1590%2FS0073-47212004000300006
http://dx.doi.org/10.1603%2FEN10129
http://dx.doi.org/10.1111%2Fj.1365-294X.2007.03225.x
http://dx.doi.org/10.1111%2Fj.1365-294X.2007.03225.x
http://dx.doi.org/10.1093%2Fbioinformatics%2Fbtl446
http://dx.doi.org/10.1093%2Fbioinformatics%2Fbtl446
http://dx.doi.org/10.3114%2Fsim.2007.57.01
http://dx.doi.org/10.1016%2Fj.ympev.2007.03.011

	6.cover
	Zombie bugs

