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Histopathology of Laboulbeniales (Ascomycota: Ldbeniales): ectoparasitic fungi
on ants (Hymenoptera: Formicidae)

Simon TRAGUST, Andras RRTALLY , Xavier ESPADALER & Johan BLLEN

Abstract

Among the many associations between fungi and #rgsassociations involving the ectoparasitic furagdoulbeniales
(Ascomycota: Laboulbeniales) have remained largalgmatic even today. However, for two of the sikparasitizing
Laboulbeniales, it has been found that parasitssooirelated with diminished survival of their lpstspecially under
resource limitation. In the present study, we itigese whether these fithess impacts are linkeahtotrusion into the
body cavity by the ectoparasites. Light, scannimgj taansmission electron microscopy were useduysthe mode of
» attachment and the presence of penetrating stesctarfour of the six currently recognized ant-géizing Laboul-
beniales. No indication of penetration was foundjgesting that the reported fitness impacts ardimatd to an intru-
sion into the body cavity. A better understandiff@ast-parasite interactions involving Laboulbeegabn ant hosts is
necessary, considering that Laboulbeniales pazesjtants impact their hosts' fitness and that tooimig studies have
revealed that an infection with Laboulbeniales isshnmore common in European ants than previousiyght.
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Introduction

Ants (Hymenoptera: Formicidae) are well-known tteen
tain a variety of associations with diverse orgasigHOLL-
DOBLER & WILSON 1990). Among these organisms, fungi
cover the whole spectrum of relationships from ralism

to parasitism (¥GA & BLACKWELL 2005). While some
ant-fungus associations are comparably well stydiegl,

benia formicarunTHAXTER, 1902 but also that parasitized
colonies seemed less prosperous than non-pardsitide
onies (for similar observations, see alsoKkrRL903, MITH
1917). Recently, possible fitness effects of Labenilales
parasitizing ant hosts have been addressed molieitiyxp
Two speciesL. formicarumand Rickia wasmanniiCA-

in the tribe Attini (Hymenoptera: Formicidae: Myicimae:
Attini) (MEHDIABADI & SCHULTZ 2010), other associa-
tions, e.g., involving the fungi of the order Lalimniales
(Ascomycota: Laboulbeniales) have received lessittin.
Laboulbeniales are obligate biotrophic fungi liviag ecto-
parasites mostly on insects Bl & BLACKWELL 2005)
with currently six different species from three gemde-
scribed on ant hosts ASTAMARIA & ESPADALER 2014).

VARA, 1899 parasitizing Formicinae and Myrmicinae ant
species, respectively, have been found to reduesuh
vival of their European ant hosts £TA & al. 2014,
KONRAD & al. 2015). Furthermore, although the potenti-
ally interacting factors of individual ant age antection
level were not disentangled, mortality was founc®
more pronounced under resource limitation, i.edfand

[/ or water restriction (BTHORI & al. 2015a, KONRAD &

A common view is that Laboulbeniales have little or al. 2015).

no effect on parasitized hostsgAMIN 1971, TAVARES
1985, KAUR & MUKERJI 2006). This is likely in part due
to the existence of only few controlled studieestigating
fitness effects of Laboulbeniales A8LER 1968, SRAND-
BERG & TUCKER 1974). Early notes on Laboulbeniales
parasitizing ants also report contradictory reslts ex-
ample, WHEELER (1910) noted the behaviour bésius
neonigerEMERY, 1893 ants to be unaffected bgboul-

Generally, Laboulbeniales are believed to drawueso
ces from their hosts for growth and developmeriheei
through absorption or via contact with living tissSUSHE-
LOSKE 1969, BENJAMIN 1971, TAVARES 1985). Although
some Laboulbeniales appear to only attach to ttegin
ment of their hosts, others produce penetratiarcsires
(reviewed in 8HELOSKE 1969, BENJAMIN 1971, TAVARES
1985, see also Tab. 1). Invasion into the bodytgawithe



Tab. 1: Overview of current literature indicatirigetpresence of penetration structures in speciestoparasitic Laboul-
beniales (Ascomycota) together with arthropod Bpsties that were examined, the type of evidenendphotographs,

histological sections, drawings, reports or indireddence through staining) and reported fitheggaict (yes, no, un-

known, together with type of evidence given andtesd literature reference). Superscript small igttedicate:® de-
scribed agParacoreomyces thaxtefidescribed aslerpomyces tricuspidatusee BENJAMIN (1971: p. 33)¢according to
TAVARES (1979) the structure could also simply be crackthe cuticle® described aSunius prolixus® Orifice is the
passage for the penetration structure on the tabe doot of the thallug, described aMenopon pallidum? described
asGoniocotes abdominali§ Herpomycespp. onParcoblatta lata’ Trenomycespp. on unspecified host§cheloske
(1969) reported this species in the geHaspalus

Laboulbeniales | Host species Reference Evidence Fitnessimpact
species (Order)

Arthrorhynchus | Penicillidia conspicua| BLACKWELL (1980) Fig. 2: photograph of unknown
nycteribiae (Diptera penetration structu

Arthrorhynchus | Cyclopodia macrura | THAXTER (1896) Plate XLVIII Fig. 2: drawing | unknown
cyclopodiar (Diptera of penetration striture

Coreomyces Stenocorixa protrusa | Poisson(1929) reports penetration structure unknown
thaxter?® (Hemiptera

Coreomyces Corixa affinis Poisson(1929) reports penetration structure unknown
corisae (Hemiptera

Dimeromyces
rhizophoru:

unknownspecies
(Diptera

THAXTER (1908)

Plate XXVIII Figs. 6, 7: draw
ing of penetration struct

yes: report of injury to abdo-
minal tissuesSTHAXTER 1908

Gloeandromyce
nycteribiidarun

sPterellipsi aranea
(Diptera

THAXTER (1931)

Plate XX Fig. 16: drawing of
penetration structu

unknown

ed

Herpomyces Blattella germanica | TAVARES (1985) Plate 10 b, c: histological segyes: higher mortality (EvENO
ectobiat (Blattodea tions of penetration structt | & al. 2004"
Herpomyces Blattella germanica | RICHARDS & SMITH reported as similar tHl. yes and no: report of unaffect
ectobiae (Blattodea) (1956) stylopygaeon B. orientalis motility, reproduction and lon
gevity, but damage of the ep
dermis (RCHARDS & SMITH
1956
Herpomyces Blatta orientalis RICHARDS & SMITH Figs. 16 - 23: histological secsee above (RHARDS & SMITH
stylopygae (Blattodea) (1956) tions of penetration structure 1956)
(Btypes: 30.1-03,815-2
and @ 2-5 pm,
Herpomyces Blaberus cranifer RICHARDS & SMITH reported as similar tBl. see above (RHARDS & SMITH
paranensi® (Blattodea (1956 stylopyga on B. orientalis 1956
Herpomyces Blaberus cranifer TAVARES (1979) Fig. 9.3: histological sectionssee above (RHARDS & SMITH
paranensi (Blattodea of penetration structu 1956
Hesperomyces | Chilocorus bipustulatus KAMBUROV & al. Plate 2, Plate 4b: photographges: reduced survival @-
virescens (Coleoptera) (1967) of penetration structures (@ |BUROV & al. 1967, RobICK
2.5-3um) 2010)
no: unaffected metabolism
(ApPLEBAUM & al. 1971
Hesperomyces | Cycloneda sanguinea TAVARES (1979) Fig. 9.4: histological sectionsunknown
virescen (Coleoptere of penetration structur
Hesperomyces | Cycloneda sanguinea TAVARES (1985) Plate 16 a - c: histological seanknown
virescen (Coleoptere tions of penetratin structur
Hesperomyces | Adalia bipunctata WEIR & BEAKES Figs. 17, 18: photograph of peunknown
virescens (Coleoptera) (1996) netration pore on cuticle (& 3 ym
with @ 1 pm penetration po
Hesperomyces |Olla v-nigrum WEIR & BEAKES unknown
virescen (Coleoptere (1996

Hydrophilomyces
reflexu:

sPhaenonotum
extriatun (Coleoptere

TAVARES (1985)

Plate 31e: photograph of pen
tration structur

emnknown

Laboulbenia

Aulonogyrus

gyrinidarurr

concinnus(Coleoptere

THONGHINI (1913)

Fig. 10: drawing of penetra-
tion structur®

unknown
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Laboulbenia

Demetrias monostigm

aCEPEDE(1914)

Plate VI, Figs. 4, 5, 7, 8, 10,

unknown

blanchardii (Coleoptera) 11: drawing of penetration

structure (@ 0.- 6 um
Laboulbenia Leistus fulvibarbis Poisson(1929) reports penetration structure unknown
fasciculate (Coleoptere
Laboulbenia unknownspecies CoLLA (1926) Fig. 2c: drawing of penetra- | unknown
vulgaris (Coleoptere tion structur
Laboulbenia Harpalus affinis SCHELOSKE (1969) reports penetration structure unknown
macrothec (Coleoptere
Laboulbenia Pseudoophonus rufipesScHELOSKE (1969) infers penetration structure | unknown
coneglanens (Coleoptere from successful staini
Laboulbenia Ophonus puncticollis | SCHELOSKE (1969) infers penetration structure | unknown
ophon (Coleoptere from successful staini
Laboulbenia Ophonus rupicula SCHELOSKE (1969) infers penetration structure | unknown
ophon (Coleoptere from successful stainil
Laboulbenia Brachinus crepitans | SCHELOSKE (1969) infers penetration structure | unknown
rougetii (Coleoptere from successful stainii
Microsomyces |Psammoechus THAXTER (1931) Plate XXXIX Figs. 1, 2: drawunknown
psammoecl! orbicollis (Coleoptere ing of penetration struct.
Moschomyces | Astenus prolixus THAXTER (1896) Plate Xl Fig. 16: drawing of | unknown
insignis (Coleoptere penetration structu
Rhizomyces Diopsis thoracica THAXTER (1908) Plate IV Fig. 3: drawing of | unknown
ctenophoru (Diptera penetration structu
Rhizomyces Diopsissp (Diptera) | THAXTER (1908) Plate LIl Fig. 23: drawing of | unknown
gibbosu penetration structu
Stigmatomyces | Scaptomyza graminumDAINAT & MAINER Figs. 1 - 6: histological sectionanknown
scaptomyzae | (Diptera) (1974) of penetration structure (& 2|5

-4 um with @ 1 pm penetra-

tion pore) and of orific®
Stigmatomyces | Fannia canicularis BOEDIIN (1923) Figs. 6, 7: drawing of penetrainknown
baerii (Diptera tion structure and of orifi¢
Stigmatomyces | Fannia canicularis WHISLER (1968) Figs. 2 - 4: photograph of orino: survival experiments

ceratophorus

(Diptera)

fice® and penetration pore on
cuticle

(WHISLER 1968)

Stigmatomyces

Fannia canicularis

TAVARES (1985)

Plate 16 d: histological

unknown

ceratophorus | (Diptera) sections of penetration
structur
Trenomyces Menoponsp TAVARES (1979) Fig. 9.7: photograph of yes: report of fat body reduc

histophtoru

(Phthiraptere

penetration structu

tion (EICHLER 1951

Trenomyces
histophtoru

Menopon gallinak
(Phthiraptere

CHATTON & PicARD
(1909

report of penetration structur

e yes: report obfady reduc-
tion (CHATTON & PicARD 1909

Trenomyces
histophtoru

Goniodes gigds
(Phthiraptere

CHATTON & PICARD
(1909

report of penetration structur

e yes: report obfady reduc-
tion (CHATTON & PicArRD 1909

Trenomyces
histophtorus

Menopon gallinae
(Phthiraptera)

MEOLA & DEVANEY
(1976)

Figs. 5 - 7: histological sec-
tions of penetration structure
(2 3.5um

yes: loss of fat body and
skeletal muscle (MoLA &
DEVANEY 1976

Trenomyces
histophtoru

Lipeurus caponis
(Phthiraptere

MEOLA & DEVANEY
(1976

report of penetration structur

e see above

Trenomyces
histophtorus

Menacanthus
stramineus
(Phthiraptere

MEOLA & DEVANEY
(1976)

report of penetration structur

e see above

Trenomyces
histophtorus

Menacanthus
stramineus
(Phthiraptere

MEOLA & TAVARES
(1982)

Figs. 1 - 9: histological sec-
tions of penetration structure

yes: report of degeneration @
host cells (MOLA & TAVARES
1982
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Fig. 1: Overview of Laboulbeniales parasitizing #rgsLasius neglectugA), Myrmica scabrinodigB), Camponotus
sylvaticus(C, showing mid- and hindlegs) aMkssor wasmanniD) seen under scanning electron microscopy. The
fungal thalli of the Laboulbeniales appear as lerike structures attached to the cuticle.

latter species can be more or less pronounced. Buade
the cuticle only superficially (fONGHINI 1913, ®LLA
1926), while others form a bulb in the epidermail leger
without further intrusion into the body cavity I(fRIARDS

& SMITH 1956). Distinct Laboulbeniales even completely
intrude into the body cavity, e.dgdesperomyces virescens

THAXTER, 1891 parasitizing coccinellids @&BUROV &
al. 1967, RVARES 1979, WEIR & BEAKES 1996) orTreno-
myces histophtoru6HATTON & PICARD, 1909 parasitiz-
ing lice (MEOLA & DEVANEY 1976, BACKWELL 1980).
Although tentative, so far, a clear link betwees it
trusion of Laboulbeniales into the body cavity ahd
degree of impact on their hosts has not been éstebl
(Tab. 1). In light of recent evidence that Labouiiades
negatively affect the survival of ant hosts, esggcunder
resource limitation, in the present study we ingasé the
attachment and presence of cuticular penetrati@ntn
fungus associations involving Laboulbeniales. Histh-
ological studies were performed on four Europeaoli
beniales that parasitize ants, nanieipoulbenia formica-
rum parasitizing the invasive garden &misius neglectus
VAN LOON, BOOMSMA & ANDRASFALVY, 1990,Rickia
wasmanniiparasitizing differenMyrmica LATREILLE, 1804
specieslLaboulbenia camponoBATRA, 1963 on the ant
Camponotus sylvaticU©LIVIER, 1792) ancRickia lenairii
SANTAMARIA , 2015 onMessor wasmanni{RAUSSE 1910.
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M aterials and methods

Workers of four European ants parasitized by Ldiwenil
ales were comparetasius neglectuparasitized by a-
boulbenia formicaruncollected in Gif-sur-Yvette, near
Paris, France (48° 42' 19.70" N, 2° 07' 56.30IhE)012,
Myrmica scabrinodisNYLANDER, 1846 parasitized Hyickia
wasmanniicollected near Meszes, Hungary (48° 27' 08.39"
N, 20° 49' 25.18" E) in 201&amponotus sylvaticysara-
sitized bylLaboulbenia camponotiollected in La Selva del
Camp, Terragona, NE Spain (41° 13' 07" N, 1° 68'B)

in 2012 andVessor wasmanrparasitized byRickia le-
noirii collected in Greece, Aegina Island (37° 45' N, 23°
26'E) in 2009.

For light microscopy (LM) and transmission electron
microscopy (TEM), anterior head, anterior and poste
thorax, and posterior abdomen parts were fixechdutR h
in cold 2% glutaraldehyde, buffered at pH 7.3 viiehmM
Na-cacodylate and 150 mM saccharose. One hourpaiser
fixation in 2% osmium tetroxide in the same buffessues
were dehydrated in a graded acetone series, emth@ude
Araldite and sectioned with a Leica EM UC6 microtom
Serial semithin Jum sections were stained with methy-
lene blue and thionin and viewed in an Olympus BIX-5
microscope, double stained 70 nm ultrathin sectioei®



Fig. 2: Attachment of the Laboulbeniales on anfg: Rickia wasmannion Myrmica scabrinodis(B) Laboulbenia
formicarumon Lasius neglecty§C) Laboulbenia camponotin Camponotus sylvaticusind (D)Rickia lenoirii on
Messor wasmanni he fungi attach to the cuticle of their hosis @ihoof-like thallus foot structure (tf).

examined in a Zeiss EM900 electron microscope. iBue 3D, E; Fig. S1 as digital supplementary materighte ar-
the inability to get fresh material necessary ftd bnd  ticle, at the journal's web pages; confirmed uratdeast
TEM sample preparation, LM and TEM was only per- three dislodged thalli from eight neglectusworkers,
formed for the ant hostsasius neglectuandMyrmica  threeM. scabrinodisworkers, fourC. sylvaticusworkers
scabrinodis For scanning electron microscopy (SEM), we and twoM. wasmannivorkers). Examination of host in-

examined both untreated infected ants and antshachw
fungal thalli had been removed using a Minutien ipin
order to see whether the ant integument was madifie
derneath the attachment site of the thalli. Theentfor

tegument underneath removed fungal thalli using SEM

revealed that the micro-sculpture of the integunagnt
peared in all cases completely intact and unaffectpart
from two distinct remnants of the fungal foot stuwre.

SEM was mounted on stubs, gold coated and exanined These remnants consisted of a horseshoe shapediongte

a JEOL JSM-6360 scanning microscope.
Results

All Laboulbeniales on the antsasius neglectysvlyrmica
scabrinodis Camponotus sylvaticuandMessor wasmanni
(Fig. 1) attach to the host integument via a hdaf-foot
structure (Fig. 2). Light microscopy and transnuestlec-
tron microscopy observations of sectioned parasitiz

neglectusandM. scabrinodisants never gave any trace of

structures penetrating the integument (Figs. 3ARn-
ber of ant parts examinet: neglectussix heads, one
posterior thorax and four abdomen; scabrinodis three
heads, one anterior thorax, one posterior thoraxcare
abdomen). The absence of penetration structureceovas
firmed by the absence of a fungal penetration poder-
neath dislodged fungal thalli from all four hosts(Figs.

that corresponded in size to the hoof-like footisture
(see Fig. 2A and Fig 3D for comparison; imprint mea
surements oRickia wasmannion M. scabrinodis mean
* s.e. length along a line halving the shape symicadly:

6.58 + 0.32 um; mean = s.e. width along a line inglthe
shape asymmetrically: 5.8 + 0.35 um; N = 6) andcue
lar inner ring (mean + s.e. length and width: 2£1@.19
and 1.88 £ 0.13 um, respectively; N = 5). No intima
was found in any case that the fungal foot strestuvere
placed above particular features of the intequrseah as
duct openings of gland cells or pores from wax cleds

Discussion

This study found no evidence that four of the autfyesix
recognized ant-parasitizing fungi Laboulbenialesdpice
penetration structures into the body cavity of itingists.
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Fig. 3: Examination of sectioned parasitized ants unddat I{g, B) and transmission electron microscopy @@ not

reveal any indication of penetration structuregiodting from the thallus foot structure (tf) atiad to the cuticle (ct).
The absence of fungal penetration is confirmeduthinathe experimental removal of fungal thalli fréime cuticle (D, E).
The cuticle under dislodged thalli only revealsyieec imprints consisting of a horseshoe shapeéraig (or) and a

circular inner ring (ir), but without any indicatiof a fungal penetration pore.

This is evidenced through the artificial removalfafgal
thalli from the cuticle of parasitized ant hosts &l four
investigated Laboulbeniales (Figs. 3D, E, S1) damdugh
histological sections of ants parasitized witboulbenia
formicarumandRickia wasmanni{Figs. 3A - C). That
penetration structures do exist but were missetidrpre-
sent study is unlikely for the following reasongst even
minute penetration structures should have leftegaaf a
penetration pore under dislodged fungal thallitdad only
superficial, horseshoe shaped imprints were visithiat
resembled the hoof-like foot of the thalli. Impsnaccur
frequently on cuticles beneath dislodged germ twbes
appressoria of many arthropod pathogenic fungiared
believed to be remnants of fungus secreted muctlaae
help the fungi to attach to the cuticle of hoste(BIAS

ales range from 0.1 um to 6 pm (see also Tab.Hi}. i
well within the range we could detect with our aggarh
(section thickness 0.07 um for TEM, 1 um for LM).

Our result challenges the general notion that presu
ably all species of Laboulbeniales produce at Isiasple
and minute penetration structures to derive regsufrom
hosts (8HELOSKE 1969, BENJAMIN 1971) and raises ques-
tions on how and what nutrients might be gaineahdoy-
penetrating Laboulbeniales on ant hosts. Apart fdinect
contact with living tissues via penetration stroes, it has
been proposed that Laboulbeniales might absorlentgr
through the hosts' cuticle RXTER 1896). Insects are com-
pletely enveloped by their cuticle with the excaptof tiny
apertures above chemosensory cells and the poths at
tips of canals for the extrusion of wax. Howevég tu-

& PENDLAND 1991). Second, serial semithin sections withticle is part of the metabolic pool and not an irerdy

a thickness of 1 um of the various body parts ¢ arere
prepared for light microscopy. This ensured thaeptal
penetration structures can be discovered irresgeofithe
plain of sections through the cuticle and irrespeatf the
plain of penetration structures in the cuticle.riihthe re-
ported sizes of penetration structures in othemou#ieni-
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armour and thus transport of resources to its sarfa
thinkable (Locke 2001). Absorbance of nutrients through
the cuticle could also explain the successful #hgjrof
Laboulbeniales parasitizing carabid beetles byimdgitesh-

ly excised integument on a Nile blue staining solut
(SCHELOSKE 1969).



Another hypothesis advanced to explain nutrition of
non-penetrating Laboulbeniales is the use of reszsur
available on the cuticle @ARA 1899, RCARD 1908). A
complex of components from plants, substrate, fexst|
material or from microbial flora can frequently tetected
on the cuticle of insects (BICIAS & PENDLAND 1991) and
quickly accumulates if not regularly cleanedczky
& al. 2013). On the other hand, in ants, secretfoos
numerous exocrine glands might provide needed ressu
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grooming behaviours frequently seen in ants. Istargly,

it has been found thafsius neglectuparasitized by.a-
boulbenia formicarunandMyrmica scabrinodidy Rickia
wasmanniincrease the frequency of grooming upon infec-
tion (CSATA & al. 2014, KONRAD & al. 2015). Whether
this is a form of parasite manipulation to gaindegkre-
sources or simply up-regulated hygienic behaviquoru
infection remains to be determined.

Nutritional resources might also be derived from th
environment by Laboulbeniales. Although spore tn@ias
sion of Laboulbeniales is mainly achieved by diremh-
tact between related hostsgRESEL 1993, 1995), there
is evidence that Laboulbeniales are capable ofiishifo
unrelated hosts as long as they share the sam@thd
KESEL & HAELEWATERS 2014). Experimental infections
of typical and atypical hosts showed that, althotiuh
host is essential, successful establishment of Wakeoi-
ales was not fully accounted for by the host phggjp
or cuticular characteristics, but also dependeninuge
environment under which the hosts were reareel KB
SEL 1996). The importance of the environment as nutrit
onal resource is also highlighted by the fact thatoul-
benia ecitonisBLuM, 1924 parasitizing army ants also
can additionally infect a histerid beetle and aentiting
within the ant colony (Bum 1924). Whether the environ-
ment as nutritional resource is equally importantgene-
trating and non-penetrating Laboulbeniales remairse
investigated. Attempts to grow Laboulbeniales difiar
cial media and on exuviae of hosta{RARDS & SMITH
1954, 1955, 1956, WISLER 1968) have so far been unsuc-
cessful and limited to only a few Laboulbenialest thro-
duce penetration structures.

Overall our study did not find penetration struetir
in Laboulbeniales parasitizing ant hosts. Thusnigee-
ported fithess impacts of Laboulbeniales parasgirasius
neglectusand Myrmica scabrinodisant hosts (6ATA &
al. 2014, KONRAD & al. 2015), are not linked to an intru-
sion into the body cavity. Future comparative stsdin
a range of hosts involving different Laboulbenialgth
and without penetration structures will have taabish
the validity of this finding for Laboulbeniales general.
A better understanding of host-parasite interastioxolv-
ing Laboulbeniales on ant hosts is necessary dilvah
(I) Laboulbeniales impact their ant hosts fitng$lg,re-
cent monitoring studies revealed that infectionghwia-
boulbeniales are much more common among ants DpEur
than previously thought BRTALLY & al. 2007, BZDECKA
& BEZDECKOVA 2011a, b, BPEVA-GIONOVA & SANTA-
MARIA 2011, HRELEWATERS 2012, BATHORI & al. 2014,
2015b), and (Ill) parasites have the ability to fyodom-
petition of ant communities BENER2000).
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