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Pandora formicae is an obligate entomopathogenic fungus from the phylum Entomophthoromycota,
known to infect only ants from the genus Formica. In the final stages of infection, the fungus induces
the so-called summit disease syndrome, manipulating the host to climb up vegetation prior to death
and fixing the dead cadaver to the surface, all to increase efficient spore dispersal. To investigate this fas-
cinating pathogen–host interaction, we constructed interaction transcriptome libraries from two final
infection stages from the material sampled in the field: (1) when the cadavers were fixed, but the fungus
had not grown out through the cuticle and (2) when the fungus was growing out from host cadaver and
producing spores. These phases mark the switch from within-host growth to reproduction on the host
surface, after fungus outgrowth through host integument. In this first de novo transcriptome of an ento-
mophthoralean fungus, we detected expression of many pathogenicity-related genes, including secreted
hydrolytic enzymes and genes related to morphological reorganization and nutrition uptake. Differences
in expression of genes in these two infection phases were compared and showed a switch in enzyme
expression related to either cuticle breakdown or cell proliferation and cell wall remodeling, particularly
in subtilisin-like serine protease and trypsin-like protease transcripts.

� 2015 Elsevier Inc. All rights reserved.
1. Introduction

The great majority of fungi from the phylum
Entomophthoromycota are obligate pathogenic species that attack
arthropod hosts. This phylum forms one of the basal lineages in the
fungal tree of life (James et al., 2006). Entomophthoralean fungi
have a unique biology; most of the species have a very narrow host
range and each host–pathogen system has its own unique features
resulting from a long coevolutionary history. Generally, the life
cycle includes transmission via spores that attach and penetrate
the host cuticle, followed by growth inside the host. In many spe-
cies, manipulation of host behavior occurs prior to death, for exam-
ple some moribund hosts climb up vegetation and become fixed to
it with their mandibles or legs – these symptoms are sometimes
referred to as ‘summit disease’ (Roy et al., 2006). This host manip-
ulation promotes spore dispersal and disease transmission.
Entomophthoralean fungi are known to infect insects from all
major insect orders, including Lepidoptera, Hymenoptera, Diptera
and Coleoptera (Balazy, 1993). Pandora infections in the ant genus
Formica are the sole example of eusocial insects becoming infected
by an entomophthoralean fungus. Cases of such a fungal attack on
wood ants have been reported in Central and Northern Europe
(Boer, 2008; Loos-Frank and Zimmermann, 1976; Marikovsky,
1962). In Denmark, wood ant Formica polyctena Först infections
with Pandora formicae (Humber & Bałazy) Humber have been
observed. In all above cases, authors noted that infected individu-
als alter their behavior before dying in a similar way to many other
host insects infected with entomophthoralean fungi: moribund
adult ants start walking up and down on the low vegetation (a
grass blade or a twig), then they bite onto the vegetation above
ground and mandibles become locked in this position. Shortly
thereafter, normally in the evening or night, the ants die with a
complete ‘‘death grip’’ of the legs and mandibles to the vegetation.
Next, special fungal structures (rhizoids) equipped with sticky
holdfasts emerge from the insect cadaver from specific positions
in the ant’s ventral thorax and assist in fixing the dead host to
the substrate. Fungal conidiophores then grow out from the ant,
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typically during the course of the following night (Fig. 1).
Positioning the dead host above ground facilitates the dispersion
of fungal conidia, which are actively discharged from the fixed
cadaver.

It is assumed that the altered host behavior and fixation fol-
lowed by conidial discharge are vital for transmission of the fun-
gus. It is hypothesized that for specialist insect-pathogenic fungi,
such as P. formicae, this stage of spore dispersal determines the
overall infection success. This is because specialist fungi are pre-
sumed to have evolved mechanisms allowing them to effectively
kill the host irrespective of the individual host’s defense mecha-
nisms, provided that they achieve a certain dose of spores
(Boomsma et al., 2014). Therefore, these final infection stages are
especially interesting with regards to the life history of this fungus.

Although entomophthoralean fungi as biotrophs and obligate
pathogens are good candidates for providing insight into the
molecular basis of pathogenicity, they remain poorly studied by
advanced molecular techniques. Furthermore, most studies pub-
lished to date deal with laboratory material grown in vitro in arti-
ficial culture media, which can only partially provide us with
explanations about in vivo infection processes. Only a few studies
have examined the gene expression of entomopathogenic fungi
in natural conditions or on host-mimicking media. Examples of
gene expression studies of entomophthoralean fungi include an
expressed sequence tag (EST) library constructed for Conidiobolus
coronatus grown on insect cuticle (Freimoser et al., 2003), and
EST libraries constructed for two strains of Zoophthora radicans
grown on culture media and then screened for pathogenicity
related genes (Xu et al., 2009). The final stages of infection and
transmission were the focus of a secretome study of a fungus-
aphid system in which genes from Pandora neoaphidis and
Entomophthora planchoniana were analyzed by transposon-
assisted signal trapping (Grell et al., 2011). The aim of this secre-
tome study was to discover proteins secreted by both the fungal
pathogen and the aphid host during in vivo interaction around
the time of cuticle penetration from the inside and during initia-
tion of sporulation. However, the two stages were mixed for library
construction.

Here we present the first de novo transcriptome study of an
entomophthoralean fungus. The investigated material comes from
real life interaction of the fungus and its host, at two stages of
infection, thereby providing the most accurate picture of genes
expressed during the final infection stages, and giving insight into
the expression pattern of individual genes. The focus of this study
is on gene transcripts potentially involved in fungal pathogenicity.
Specifically, our aim was to identify enzymes involved in morpho-
logical reorganization, in breaking down host cuticle from the
inside in the pre-penetration phase, and enzymes involved in fast
growth, conidiophore and spore production in the final sporulation
phase. We report on the expression of these genes in P. formicae,
the fungal pathogen in this interaction. We also analyze the rela-
tion of some of these genes to genes from other fungal pathogens.
2. Materials and methods

2.1. Field sampling

Material was sampled in a study site located in Bidstrup forest
near Kirke Hvalsø, Zealand, Denmark. All individuals were sampled
from one colony, within 15 m around a large ant nest. Control ants
were sampled and transferred to the laboratory, where they were
kept in plastic boxes with humid forest litter and fed honey water
solution. The control ants were kept in a temperature controlled
room for six days before freezing to ensure that all of the sampled
ants were healthy, and thus suitable to filter out ant transcripts
from the Pandora–Formica interaction transcriptomes. Cadavers
of F. polyctena ants killed by P. formicae were grouped into two cat-
egories: non-sporulating and sporulating (see Fig. 1). The
non-sporulating category included dead ants found biting and
holding onto a blade of grass and attached with rhizoids, which
were the only fungal structure visible outside the ant cuticle.
These ants have presumably died during the night before, which
means that up to several hours had passed from the time of death
and the time of sampling and freezing. Cadavers included in the
sporulating category showed visible outgrowth of fungal conidio-
phores on the cuticle surface, growing from the weak parts of the
exoskeleton. Sporulating cadavers were most likely on average
24 h further from the time of death than non-sporulating cadavers
as it typically takes a day and a humid night for the fungus to
develop outside the killed host and sporulate; however, this pro-
cess can take longer in very dry periods or occur over a shorter
time on a very humid day. Ants from all three categories: control,
sporulating, and non-sporulating, were frozen in liquid nitrogen
(control ants were frozen alive), transferred to Eppendorf tubes
and placed in a -80 �C freezer until further processing. The material
was used to construct three cDNA libraries: (1) Pandora-infected
Formica ants before host integument penetration, conidiophore
growth and spore release (‘‘non-sporulating’’), (2) infected ant
cadavers with fungus producing spores (‘‘sporulating’’), and (3)
uninfected F. polyctena ants (‘‘control’’).
2.2. RNA extraction

Total RNA was extracted from the samples with the Total RNA
Mini kit (A&A Biotechnology, Gdynia, Poland), following the man-
ufacturers’ protocol, and suspended in DEPC-treated water. RNA
purity and quantity was assessed with the NanoDrop 2000 spec-
trophotometer (Thermo Scientific, Wilmington, USA). Samples
were precipitated with 100% ethanol and sodium acetate, and
re-dissolved in DEPC-treated water to a concentration higher than
200 ng/ll, and sent to Beijing Genomics Institute (BGI), China.
2.3. Library preparation, transcriptome sequencing and assembly

The following steps were performed at BGI: Briefly, to construct
the three cDNA libraries (1) non-sporulating, (2) sporulating and
(3) control, poly(A) mRNA was isolated from the total RNA samples
with Oligo(dT) beads and interrupted into short fragments in frag-
mentation buffer. First strand cDNA was synthesized with random
hexamer primers, on the template of short mRNA fragments.
Buffer, dNTP’s, RNaseH and DNA polymerase I were used for sec-
ond strand cDNA synthesis. The resulting fragments were purified
with the QIAquick PCR extraction kit (Qiagen), suspended in elu-
tion buffer, and connected with sequencing adapters. Fragments
of proper length were selected through agarose gel electrophoresis
and used as templates for PCR amplification. Finally, libraries were
sequenced with the IlluminaHiSeq™ 2000.

Raw reads were filtered to exclude reads with adaptors, reads of
low quality and with a rate of unknown nucleotides higher that 5%.
The short read assembly program Trinity (Grabherr et al., 2011)
was used for de novo assembly of the transcriptome. Short
paired-end fragments were assembled into contigs and contigs
were assembled into the longest possible non-redundant unigenes,
defined as sequences that cannot be extended any further. This
Transcriptome Shotgun Assembly project has been deposited at
GenBank with accession GCRV00000000 (BioProject
PRJNA275046). The version described in this paper is the first ver-
sion, GCRV01000000. Accession numbers for individual transcripts
reffered to in this article can be found in supplementary files.



Fig. 1. Pandora formicae infection stages in F. polyctena host. (A) Dead ant before outgrowth of fungal conidiophores, with visible rhizoids (arrow). (B) Sporulating ant cadaver
with visible white, dense rings of conidiophores (arrow). (C) Approximate timeline of infection progress in one host. Fungal structures are shown in black. Ants get infected (1)
after conidia have attached to and penetrated the cuticle. The fungus later proliferates within host hemocoel (2), until nutrients are depleted and the infected ant is close to
death. At that time the behavior of the host is altered so the ant seeks an elevated position on vegetation (3), on which it will die shortly thereafter, with its mandibles now
locked on the plant surface, and with fungal rhizoids outgrowing and assisting fixation to vegetation (4). Fungal conidiophores will soon after (depending on humidity and
temperature) grow out through soft parts of ant exoskeleton to produce and actively discharge conidia (5).
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2.4. Transcriptome annotation

Sequences were annotated using the BLASTX algorithm to
search protein databases (Nr, Swiss-Prot, KEGG, and COG), with
the threshold e-value set to 10�5. The Blast2GO program (Conesa
et al., 2005) was used to provide GO-term functional annotation
to the Nr annotation. Expression levels for each sequence in the
three libraries were estimated with the FPKM (fragments per kb
per million fragments) method (Mortazavi, 2008). The annotated
dataset, as well as raw data files, were retrieved from BGI for fur-
ther work in November 2012.

2.5. Pathogenicity-related genes

The annotated dataset was used to search for specific gene func-
tions. In this study, the focus is on P. formicae sequences from this
interaction transcriptome. To identify these sequences, two types
of information were used: BLAST annotation and homology to
other fungi, and absence of a given sequence in the control library.
This was to ensure that no ant genes activated by fungal infection
were included in our further analysis. Selected sequences were
analyzed with BLASTX and translated from nucleotide sequence
to protein sequence, according to the reading frame that produced
the most significant BLAST results. Translated sequences of
selected transcripts were used to run InterProScan4 (Quevillon
et al., 2005) and SignalP 4.1 (Petersen et al., 2011) analyses. To sup-
plement these analyses, a BLASTX screen of the whole dataset
against sequences from the Pathogen–Host Interaction (PHI) data-
base (version 3.4, http://www.phi-base.org/) (Winnenburg et al.,
2008) was performed. Sequences for the screen were retrieved
from the Nr and Swiss-Prot databases, based on accession numbers
stored in the PHI database.
2.6. Phylogenetic analyses

Phylogenetic trees for selected sequences were constructed in
MEGA5.2 (Tamura et al., 2011). First, a BLASTX search of the Nr
database was conducted to select homologous sequences for anal-
ysis. Selected protein sequences were aligned with the query
sequence. We analyzed a PR1-like subtilisin sequence
(CL2169.Contig2), a trypsin-like serine protease sequence
(CL4548.Contig1), a chitinase Unigene4796 and an aspartic pro-
teinase (CL634.Contig1). A similarity threshold of 30% was used
to select sequences for comparison. Sequence alignment was per-
formed using MUSCLE (Edgar, 2004) with default settings for pro-
tein and then adjusted manually. Phylogenetic trees were
calculated using the maximum likelihood method (Whelan and
Goldman, 2001), with best amino acid substitution model selected
beforehand by MEGA5.2.

http://www.phi-base.org/


Table 1
Summary of sequencing and assembly results for the three libraries.

Sample Total unigene
number

Total length
(nt)

Mean length
(nt)

Control 48,202 39,763,306 825
Non-sporulating 20,134 12,855,890 639
Sporulating 16,550 12,832,413 775
All 54,964 47,933,536 872

50 J. Małagocka et al. / Journal of Invertebrate Pathology 128 (2015) 47–56
3. Results and discussion

3.1. Transcriptome general features

There were a total of 54,964 transcripts, of which 34,572
(62.9%) could be annotated (Fig. 2). Sequencing and assembly
results for the three libraries are summarized in Table 1. The anno-
tated dataset consisted of both ant and fungal sequences, based on
the species origin of the top scoring BLAST hits. The majority of the
top scoring BLAST hits were genes from the carpenter ant
Camponotus floridianus, subfamily Formicinae (same as F. poly-
ctena), followed by genes from the fungus Rhizopus delemar (sub-
phylum Mucoromycotina), then genes from three more ant
species, a solitary bee and a chytrid fungus, Batrachochytrium den-
drobatidis. These are all species to which more than 1% of the anno-
tated transcripts had the closest homology, and which had fully
sequenced genomes at the time of analysis. However, it should
be noted that due to a lack of transcriptome or genome data for
Entomophthoromycotan fungi (and limited resources for other
basal lineages of fungi), many of the fungal sequences lacked
homologs in the available databases and did not produce a signif-
icant BLAST result. When both Nr annotation and fragment
absence in control library were used as selection criteria, we con-
sidered 26% of the total transcripts to be P. formicae.
3.2. PHI-database

Screening the PHI base for pathogenicity related genes can pro-
vide some additional useful insight into the big picture of the tran-
scriptome, even though there are very few records in the database
that come from entomopathogenic interactions, and the majority
come from plant pathogens. Moreover, no records for entomoph-
thoralean fungi exist, since no studies of single gene function in
virulence have been published so far for this group of organisms.
However, many existing parallels between plant and insect fungal
pathogens render searches for gene homologies valuable (see for
example Yang et al., 2011). Of the fungal transcripts, 2011 were
homologous to PHI-base genes when the cutoff value of 1e�10

was used. Among the many gene functions included there were
transcription factors, transporters, cell cycle regulatory proteins
and hydrolytic enzymes (Fig. 3). Some examples will be discussed
in the sections below.
Fig. 2. Transcriptome annotation in different sequence databases. Total and annotated
protein sequences, NT – NCBI nucleotide collection, SwissProt – UniProtKB/Swiss-Prot re
and Genomes, COG – NCBI Clusters of Orthologous Groups of proteins database, and GO
3.3. Proteases: utilizing tissue and breeching the host integument from
the inside

Proteases are considered significant for virulence in ento-
mopathogenic fungi, as they play a crucial role in degrading the
host cuticle which is largely composed of proteins (Charnley,
2003). Proteases are also involved in nutrient acquisition from host
tissues and inactivating host immune response proteins (Monod
et al., 2002). Among the proteases, subtilisin-like enzymes have
an important and well documented role in fungal pathogenicity
and have long been considered virulence factors (St Leger et al.,
1992). In our interaction transcriptome, we found 26
subtilisin-like serine proteases of fungal origin, three of which
(CL2169.Contig1, CL2169.Contig2, CL2169.Contig3) formed a clus-
ter sharing a common sequence domain (possibly alternative splice
forms of the same gene). Many of the subtilisin-like protease tran-
scripts have different abundances in the two interaction libraries,
where some appear to be up-regulated in the sporulating library,
and some in the non-sporulating library (Table 2). A switch
between two versions can also be seen: CL2169.Contig1 is more
abundant before the bulk fungal outgrowth and sporulation, while
the expression of CL2169.Contig2 increases when the fungus is
growing out. Both these transcripts show the closest homology
to Spr2, a putative PR1-like, secreted subtilisin-like protease pre-
cursor from P. neoaphidis, isolated during the final stages of ento-
mophthoralean aphid infection (Grell et al., 2011). Extensive
studies have shown the importance of PR1-like subtilisins for the
fungal infection process. In Metarhizium, a PR1 extracellular pro-
tease is produced both at the initial stage of infection, when the
fungus is breaching the cuticle barrier for the first time, as well
as at final stages, when the fungus is growing out of the host cada-
ver and producing conidia (Small and Bidochka, 2005; St Leger
unique sequence numbers are shown. Abbreviations: NR – NCBI non-redundant
viewed, manually annotated protein database, KEGG - Kyoto Encyclopedia of Genes

– gene ontology.
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et al., 1996). 21 out of the 26 subtilisin-like protease transcripts
have homologs in the Pathogen–Host Interaction database
(PHI-base). 19 of these subtilisin-like protease transcripts were
homologous to PHI:2117 Spm1, a subtilisin-like protease from
the rice blast fungus (Saitoh et al., 2009). This protease is secreted
to the vacuole, and has a function in autophagy in many stages of
infection including germination, formation of appresoria, and
growth after invasion. It is a virulence factor with pleiotropic
effects related to morphogenesis of the fungal pathogen. The other
two transcripts were homologous to a KEX2 from Candida albicans,
a proprotein convertase essential for secretion of other proteases
and correct formation of hyphae, and therefore affecting fungal
pathogenicity (Newport and Agabian, 1997; Newport et al.,
2003). Subtilisin gene family expansion has been shown in fungi
that utilize animal tissue as food, either as pathogens or sapro-
bionts (Muszewska et al., 2011), and is hypothesized to be an
important evolutionary adaptation in these fungi. In
Entomophthoromycota, subtilisin secretion during host tissue uti-
lization has been shown for C. coronatus, P. neoaphidis, and E. plan-
choniana (Freimoser et al., 2003; Grell et al., 2011). The ability to
quickly respond to substrate related changes with production of
different types of subtilisins in different stages of the infection pro-
cess has been shown for M. anisopliae, an entomopathogenic fun-
gus with a very high number of subtilisin genes in its genome
compared to other fungi (Gao et al., 2011). Thus, subtilisins seem
to be one of the significant adaptations for an entomopathogenic
lifestyle.

Trypsin-like serine proteases have also been proposed as
pathogenicity markers in fungi (Dubovenko et al., 2010). In
Entomophthoromycota, trypsins have been shown to play a role
in the virulence of Z. radicans strains, and different variants of
Fig. 3. Top 15 gene ontology (GO) terms associated with records from the PHI datab
associated with each term is shown.
the enzymes have been expressed depending on nutrient sources
(Xu et al., 2006). In our dataset, we found 32 different transcripts
representing fungal trypsin-like serine proteases, many of which
were significantly differentially expressed in the two final infection
stages that were compared. Trypsins are also among the few tran-
scripts found only in the non-sporulating library (Table 2). This
indicates that the fungus is able to quickly adjust expression of
these proteases, in a substrate specific response to changes in the
substrate composition throughout the various stages of infection.
The entomophthoralean genes identified from sequencing the
transcriptome include homologs of a SP1 trypsin-like serine pro-
tease from Z. radicans, involved in and expressed throughout the
infection process in lepidopteran larvae hosts (Xu et al., 2006)
and a homolog of P. neoaphidis trypsin Try1 secreted during aphid
infection (Grell et al., 2011). PHI-base entries with detected
homologies include BcNma (PHI:2334), a protein from the plant
pathogen Botryonia fuckeliana, involved in apoptosis (Finkelshtein
et al., 2011), and PHI:1127 Snp1, a trypsin-like protease from
Stagonospora nodorum, a dothideomycete plant pathogen. Snp1 is
most likely involved in degradation of host (wheat) cell walls
(Carlile et al., 2000).

Furthermore, we have detected transcripts homologous to
MEP1, a zinc-dependent metalloprotease from Z. radicans (Xu
et al., 2006). Metalloproteases from the fungalysin family are
expressed by many dermatophytes (Monod, 2008), and have been
shown, for example in Aspergillus fumigatus, to digest polymeric
proteins such as elastin and collagen (Fernández et al., 2013). It
can be suggested that these enzymes are also involved in breaching
elastic proteins in the ant host integument, especially as P. formicae
is growing out through the soft, elastic intersegmental membranes
and not through the sclerotized exocuticle. This is concurrent with
ase that had homologies in Pandora formicae transcriptome. Number of unigenes



Table 2
Selected protease transcripts. Abundance in interaction libraries, best BLAST hit and PHI database entry are shown.

Internal ID Length
(bp)

Non-sporulating
librarya

Sporulating
librarya

Best BLAST hit species Accessionb PHI database gene PHI database
ID

Subtilisin-like proteases
Unigene4808 1481 20,385 37,025 Actinomucor elegans ADB92602.1 SPM1 Magnaporthe

grisea
PHI:2117

CL2169.Contig2 1222 747 6737 Pandora neoaphidis ADK37841.1 SPM1 Magnaporthe
grisea

PHI:2117

CL2169.Contig1 1193 8116 4627 Pandora neoaphidis ADK37841.1 SPM1 Magnaporthe
grisea

PHI:2117

Unigene5921 2693 1959 3369 Trichoderma atroviride EHK39724.1 - -
Unigene8031 1999 1761 2074 Rhizopus delemar EIE79597.1 - -
Unigene4894 2173 934 1216 Rhizopus delemar EIE79597.1 - -
Unigene2814 1890 1069 1192 Neurospora tetrasperma EGZ77422.1 - -
Unigene279 1467 1256 278 Batrachochytrium

dendrobatidis
EGF76010.1 - -

Unigene40855 647 1 225 Entomophthora
planchoniana

ADK37839.1 SPM1 Magnaporthe
grisea

PHI:2117

Unigene7522 1440 2961 127 Batrachochytrium
dendrobatidis

EGF76010.1 SPM1 Magnaporthe
grisea

PHI:2117

Unigene5478 1035 502 34 Pandora neoaphidis ADK37841.1 SPM1 Magnaporthe
grisea

PHI:2117

Unigene4588 896 739 32 Pandora neoaphidis ADK37840.1 SPM1 Magnaporthe
grisea

PHI:2117

Trypsin-like proteases
Unigene40723 1048 5 2023 Zoophthora radicans AAW31593.1 SNP1 Stagonospora

nodorum
PHI:1127

Unigene1710 730 104 1089 Pandora neoaphidis ADK37838.1 SNP1 Stagonospora
nodorum

PHI:1127

Unigene7916 1406 791 924 Batrachochytrium
dendrobatidis

EGF81147.1 BcNMA Botrytis cinerea PHI:2334

Unigene9526 1931 338 699 Rhizopus delemar EIE88919.1 BcNMA Botrytis cinerea PHI:2334
CL4548.Contig1 827 8463 581 Zoophthora radicans AAW31593.1 SNP1 Stagonospora

nodorum
PHI:1127

Unigene9181 779 366 500 Zoophthora radicans AAW31593.1 SNP1 Stagonospora
nodorum

PHI:1127

Unigene41204 849 2 108 Zoophthora radicans AAW31593.1 SNP1 Stagonospora
nodorum

PHI:1127

Unigene4459 427 31 89 Rhizopus delemar EIE88919.1 BcNMA Botrytis cinerea PHI:2334
CL474.Contig2 1812 100 78 Rhizopus delemar EIE86790.1 BcNMA Botrytis cinerea PHI:2334
Unigene7130 775 633 62 Pandora neoaphidis ADK37838.1 SNP1 Stagonospora

nodorum
PHI:1127

Unigene39866 505 272 1 Zoophthora radicans AAW31593.1 SNP1 Stagonospora
nodorum

PHI:1127

Unigene39867 538 285 0 Zoophthora radicans AAW31593.1 SNP1 Stagonospora
nodorum

PHI:1127

Metalloproteases
Unigene8977_All 2056 17,811 6953 Zoophthora radicans AAW31592.1 – –
Unigene8435_All 882 37 109 Zoophthora radicans AAW31592.1 – –
Unigene2744_All 1477 350 695 Zoophthora radicans AAW31592.1 – –

a Raw fragment count.
b For the best BLAST hit.
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the fact that the metalloprotease Unigene8977 transcript is highly
abundant in the non-sporulating library but decreased in abun-
dance with fungal outgrowth (Table 2).

3.4. Chitin metabolism: self-remodeling and host escape

The ability to degrade chitin-rich substances is a common fea-
ture of entomopathogenic fungi (Humber, 2008). We detected 22
chitinase transcripts of fungal origin in our dataset. Chitin is an
important constituent of both fungal cell wall and the insect cuti-
cle; therefore, chitin metabolism related transcripts are expected
to be found in both interaction libraries. Chitinases are expected
to be important for the fungus when it is in the process of penetrat-
ing through host cuticle and when it undergoes morphological
reorganization from the hyphal body type of growth within the
insect hemocoel into spore releasing conidiophores on the host
surface. It has been shown for mycoparasitic Trichoderma species,
that the same chitinases are active both in mycoparasitic stages
and in the process of own cell wall restructuring (Gruber and
Seidl-Seiboth, 2012). There were no significant differences in abun-
dance of chitinase transcripts in our interaction libraries, which
suggests that also in our system the same enzymes could facilitate
own cell wall modifications as well as ant host penetration. Within
the chitinase set, 8 transcripts were found to be homologous to
PHI:144 cht42 chitinase from the mycopathogen Trichoderma
virens. This extracellular endochitinase has been shown to play a
vital role in biological control of Rhizoctonia solani by T. virens by
breaking down host cell walls (Baek et al., 1999). Among the
PHI-base hits, there were also many chitin synthases (Table 3),
which shows the complexity and intensity of cell wall reorganiza-
tion that the pathogen is undergoing. 10 transcripts were homolo-
gous to Umchs5, a class IV chitin synthase from the maize
pathogen Ustilago maydis (Xoconostle-Cázares et al., 1997). This
enzyme was shown to be involved in pathogenicity of U. maydis



Table 3
Selected chitin synthase transcripts with best BLAST hit and PHI database entry.

Internal ID Length
(bp)

Non-sporulating
librarya

Sporulating
librarya

Best BLAST hit species Accessionb PHI database gene PHI
database ID

Unigene3879 1750 418 2981 Batrachochytrium
dendrobatidis

EGF76987.1 GCS1 Cryptococcus neoformans
var. grubii

PHI:693

CL1129.Contig1 1791 634 2169 Rhizopus delemar EIE87765.1 CHS3 Candida albicans PHI:31
Unigene3777 1444 2383 1734 Sporisorium reilianum CBQ67873.1 CgCHSI Colletotrichum

graminicola
PHI:1054

CL248.Contig3 2444 104 1411 Batrachochytrium
dendrobatidis

EGF77057.1 CHS7 Magnaporthe grisea PHI:2040

CL3142.Contig2 3640 322 1368 Aspergillus nidulans P78611.4 UmCHS5 Ustilago maydis PHI:98
CL1122.Contig2 4329 1685 1043 Rhizopus delemar EIE86454.1 WdCHS5 Exophiala dermatitidis PHI:390
Unigene7272 1281 937 613 Rhizopus delemar EIE89977.1 UmCHS6 Ustilago maydis PHI:389
Unigene5236 1859 335 579 Rhizopus delemar EIE86914.1 CgCHSV Colletotrichum

graminicola
PHI:1056

Unigene9951 778 293 399 Piriformospora indica CCA68984.1 WdCHS2 Exophiala dermatitidis PHI:236
Unigene2121 1359 168 149 Rhizopus microsporus var.

oligosporus
P30594.1 CHS2 Fusarium oxysporum f. sp.

lycopersici
PHI:336

a Raw fragment count.
b For the best BLAST hit.

Table 4
Selected lipase transcripts with best BLAST hit and PHI database entry.

Internal ID Length
(bp)

Non-sporulating
librarya

Sporulating
librarya

Best BLAST hit species Accessionb PHI database gene PHI database
ID

Unigene5944 3835 2285 3474 Rhizopus delemar EIE83606.1 Pld1 Candida albicans PHI:373
Unigene2842 2225 1647 1291 Penicillium marneffei XP_002148809.1 HDL1 Magnaporthe

oryzae
PHI:2025

Unigene3790 875 1415 587 Tetrahymena
thermophila

XP_001032127.1 FGL-1 Gibberella zeae PHI:432

Unigene8949 1059 238 1884 Pandora neoaphidis ADK37852.1 FGL-1 Gibberella zeae PHI:432
Unigene4118 736 189 40 Pandora neoaphidis ADK37852.1 FGL-1 Gibberella zeae PHI:432
Unigene5835 949 153 437 Pandora neoaphidis ADK37852.1 FGL-1 Gibberella zeae PHI:432
Unigene4352 983 38 1541 Pandora neoaphidis ADK37852.1 FGL-1 Gibberella zeae PHI:432
Unigene40738 956 14 815 Pandora neoaphidis ADK37852.1 FGL-1 Gibberella zeae PHI:432
Unigene40928 836 4 183 Pandora neoaphidis ADK37852.1 FGL-1 Gibberella zeae PHI:432

a Raw fragment count.
b For the best BLAST hit.
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and although it is non-essential for host invasion, it is essential for
the correct development of morphological pathogenic structures
(Weber et al., 2006).

3.5. Lipases: nutrition and morphological reorganization

There is accumulating evidence for the crucial role lipases play
in fungal pathogenicity, as they can disrupt host membranes
and exploit host nutritional resources (Ghannoum, 2000).
Extracellular phospholipases have been shown as key players for
fungal virulence (Cox et al., 2001). Numerous fungal lipase genes
are represented in the P. formicae transcriptome. We have detected
transcripts similar to a secreted triacylglycerol lipase Lip2 from P.
neoaphidis (Grell et al., 2011) that were expressed to a higher level
in the sporulating library than in the non-sporulating library
(Table 4). These transcripts are also closely related to FGL-1 extra-
cellular lipase from the cereal pathogen Gibberella zeae, a virulence
factor most likely involved in nutrient acquisition (Voigt et al.,
2005). In both interaction libraries Unigene5944, a phospholipase
homologous to PHI:373 Pld1, a secreted virulence factor of C. albi-
cans, was highly expressed (Table 4). Pld1 plays a role in transition
from yeast to hyphal type of growth in Candida, a process that is
essential for invasion of host cells (Hube et al., 2001; Phan et al.,
2000). Pld1 is most likely part of one of the signaling pathways reg-
ulating morphogenesis. Candida hyphae developed by mutants
deficient in this gene are not fully virulent and are unable to colo-
nize host cells (Dolan et al., 2004). Morphological reorganization is
also crucial for P. formicae in the final stages of infection and host
escape. High levels of expression of a Pld1 homolog could be seen
in this context. Also, a homolog of PHI:2025, a HDL1
hormone-sensitive intercellular lipase, expressed in the rice blast
fungus Magnaporthe grisea conidia, was detected (Unigene2842).
HDL1 plays a role in lipid mobilization (Wang et al., 2007).

3.6. Differential gene expression in two infection stages

In each of protein groups discussed above: proteases, lipases,
chitinases and chitin synthases, we detected differences in expres-
sion levels with progressing infection. Transcripts with the highest
FPKM fold-change between the two infection stages are shown in
Fig. 4. Among the top up-regulated transcripts in the
non-sporulating phase are serine proteases (subtilisin- and
trypsin-like), some transporters and a catalase. In this phase the
fungus needs specific proteases able to digest the protein matrix
in the host cuticle. Catalase, a detoxifying enzyme able to degrade
hydrogen peroxide, plays an important role both in stress tolerance
(protection against host oxidative defenses) and growth of ento-
mopathogenic fungi (Morales Hernandez et al., 2010).

During the sporulation phase, up-regulated protein functions
reflect intensive cell proliferation, with signal transduction, tran-
scription, transport and cell wall remodeling among the top repre-
sented; the highest fold changes in FPKM can be seen for GTPases,
Myb transcription factor, some lipases, transporters and a chitinase
(Fig. 4). These patterns of differential expression show a switch in



Fig. 4. Comparison of selected transcript expression levels in ant in non-sporulating and sporulating infection stages. Transcript level is expressed in fragments per kilobase
per million fragments (FPKM) values. Top ten differentially expressed transcripts (with highest FPKM fold change) for both libraries are listed, followed by examples of gene
groups related to pathogenicity. Color gradient is for FPKM between 0 and 1500, values above 1500 are marked with darkest blue. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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the fungal metabolism from the within-host focus on digestion to
outside-host focus on proliferation.

3.7. P. formicae: relationships with other pathogenic fungi

Until recently, fungi from the Entomophthoromycota have been
included in the phylum Zygomycota sensu lato, a group with ques-
tionable monophyly, and taxonomic and phylogenetic status
uncertain (White et al., 2006). However, recent studies based on
housekeeping and ribosomal genes have shown that the special-
ized entomopathogenic entomophthoralean fungi should be
recognized as a separate evolutionary unit (Gryganskyi et al.,
2012). This provided a basis for erecting the new phylum
Entomophthoromycota (Humber, 2012). Crucial functional genes,
such as genes related to pathogenicity, are much more prone to
directional selection pressures. We however show that the unity
of the Entomophthoromycota is apparent also using some of
these genes. In the phylogenetic trees constructed, sequences from
entomophthoralean fungi formed a unique, well supported clade,
like in the case of PR1 subtilisin-like protease (see Fig. 5 and sup-
plementary figures). This indicates that in addition to the con-
served, housekeeping genes routinely used for phylogenetic
inferences, functional, pathogenicity-related genes also support
Entomophthoromycota as a unique entity.



Fig. 5. Phylogenetic tree of subtilisin-like proteases. Tree was constructed with Maximum Likelihood method for Pandora formicae PR1-like subtilisin protease sequence
CL2169.Contig2 against its homologs from the Nr database (taxon name and sequence accession number are shown). The analysis was done in MEGA5 program. Branch
support (bootstrap values in percentage) is shown for values greater than 75. The bar shows the number of substitutions per site. Vertical bar indicates the position of
Entomophthoromycota branch.
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4. Summary

In this study, we confirm the expression of homologs of many
known fungal pathogenicity-related genes in a real life interaction
of an entomophthoralean fungus, P. formicae and its ant host. We
document the plethora of genes involved in final stages of infec-
tion. However, the role of specific genes remains to be elucidated.
Also, more detailed analysis of the transcriptome will be possible
as genomic and transcriptomic data become available for more
species from Entomophthoromycota and other basal fungal lin-
eages. It can nonetheless be stated that P. formicae employs an
arsenal of enzymes and other proteins to rapidly transform from
growth within the host body to the production of deadly conidia.
This requires going through intensive morphological reorganiza-
tion, effective and quick digestion of host integument, intensive
growth and finally, reproduction. Particularly, we hypothesize that
expression of different sets of serine proteases in two infection
stages we compared plays and important role for this transition.
This ability to carefully orchestrate enzyme production indicates
a hidden potential for discovery of new genes and mechanisms
in the final stages of infection in entomopathogenic fungi.
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