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A combination of 454 pyrosequencing and Sanger sequencing was used to sample and characterize the transcriptome of the en-
tomopathogenic oomycete Lagenidium giganteum. More than 50,000 high-throughput reads were annotated through homology
searches. Several selected reads served as seeds for the amplification and sequencing of full-length transcripts. Phylogenetic anal-
yses inferred from full-length cellulose synthase alignments revealed that L giganteum is nested within the peronosporalean gal-
axy and as such appears to have evolved from a phytopathogenic ancestor. In agreement with the phylogeny reconstructions,
full-length L. giganteum oomycete effector orthologs, corresponding to the cellulose-binding elicitor lectin (CBEL), crinkler
(CRN), and elicitin proteins, were characterized by domain organizations similar to those of pathogenicity factors of plant-
pathogenic oomycetes. Importantly, the L. giganteum effectors provide a basis for detailing the roles of canonical CRN, CBEL,
and elicitin proteins in the infectious process of an oomycete known principally as an animal pathogen. Finally, phylogenetic
analyses and genome mining identified members of glycoside hydrolase family 5 subfamily 27 (GH5_27) as putative virulence
factors active on the host insect cuticle, based in part on the fact that GH5_27 genes are shared by entomopathogenic oomycetes
and fungi but are underrepresented in nonentomopathogenic genomes. The genomic resources gathered from the L. giganteum
transcriptome analysis strongly suggest that filamentous entomopathogens (oomycetes and fungi) exhibit convergent evolution:
they have evolved independently from plant-associated microbes, have retained genes indicative of plant associations, and may
share similar cores of virulence factors, such as GH5_27 enzymes, that are absent from the genomes of their plant-pathogenic
relatives.

The entomopathogenic oomycete Lagenidium giganteum is
known to infect and kill mosquito larvae and therefore has

been seen as a potential biological control agent against disease
vector mosquitoes (1). However, little is known about the patho-
logical process of L. giganteum in its mosquito host and the mo-
lecular basis underlying this process. The study of entomopatho-
genic oomycetes has yet to benefit from the tremendous advances
in oomycete research, including the sequencing of several com-
plete genomes from plant pathogens and the identification of ma-
jor groups of effectors (2–4). Oomycete effectors include RXLR
and crinkler (CRN) proteins, which are known to enter plant cells,
as well as other molecules, such as cellulose-binding elicitor lectin
(CBEL) and elicitin proteins, which have been associated with the
induction of plant defense responses (5). Complementing the
wealth of molecular data from plant pathogens, interest in animal-
pathogenic oomycetes is increasing (6). Sequencing efforts for the
fish pathogen Saprolegnia parasitica (7) and the human pathogen
Pythium insidiosum (8) have been initiated. A transcriptome proj-
ect for the mycoparasite Pythium oligandrum has also been re-
ported (9). The relationship between L. giganteum and these other
pathogenic oomycetes, including potential similarities at the mo-
lecular level, remains unclear. Genome analysis of the vertebrate
pathogen S. parasitica indicated that oomycete effectors are absent
in animal pathogens and may be restricted to plant-pathogenic
oomycetes (7). However, L. giganteum is more closely related to
Phytophthora spp. and other phytopathogens than to S. parasitica
(6), and therefore, its genome may be hypothesized to contain
similar virulence factors.

Despite a close phylogenetic relationship to Pythium and Phy-
tophthora spp., the genus Lagenidium has virtually never been as-
sociated with plants; rather, it is associated primarily with patho-

genic interactions with invertebrate hosts. Lagenidium caudatum
has been described as a nematode pathogen (10); Lagenidium cal-
linectes and Lagenidium thermophilum are pathogens of marine
crustaceans, such as crabs and shrimps (11); and L. giganteum
creates natural epizootics in mosquito populations (12, 13). Al-
though some Lagenidium sp. infections have been reported in
mammals, including dogs (14) and humans (15), these cases may
be categorized, respectively, as examples of taxonomic misclassi-
fication (16) or rare keratitis caused by an invertebrate pathogen,
similar to the cases caused by the entomopathogenic fungi Metar-
hizium anisopliae and Beauveria bassiana (17, 18). Because L. gi-
ganteum consistently behaves as a virulent pathogen of certain
mosquito species, it has been registered with the U.S. Environ-
mental Protection Agency and several states, including California
and Florida, for use as a mosquito control tool (1). It was also
briefly mass-produced and commercialized under the name
Laginex (1, 19). The release of a commercial product was preceded
by numerous safety studies that demonstrated the specificity of
the L. giganteum interactions with a narrow range of invertebrate
hosts (20–23). These studies demonstrated that plants such as
corn, rice, sorghum, onions, soybeans, tomatoes, cotton, carrots,
lettuce, sunflowers, and duckweed are not affected by prolonged
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exposure to high dosages of several developmental stages of L.
giganteum (21). This oomycete remains primarily a host-specific
pathogen of mosquito larvae that is not typically associated with
plants, although, like many other aquatic fungi and oomycetes
(24), it can also grow saprophytically on rotten vegetation (25).

As an entomopathogen, L. giganteum has traditionally been
amalgamated with more-common insect-pathogenic fungi, such
as Metarhizium anisopliae and Beauveria bassiana, based not only
on a shared filamentous morphology but also on a common in-
fectious strategy that involves the disruption of the insect host
exoskeleton by using germinating structures and subsequent col-
onization of the hemocoel, the nutrient-rich primary body cavity
of insects (26). In mosquito larvae, the L. giganteum infectious
cycle is initiated by zoospores specifically recognizing (21) and
binding to the host cuticle, where they swell and germinate to
penetrate the exoskeleton and reach the hemocoel (1). Once the
zoospores are in the hemocoel, mycelial growth leads to host death
and terminates with the reproduction and release of infectious
zoospores (1). Although genome sequence analyses have demon-
strated that oomycetes are phylogenetically distant from fungi,
emerging evidence gathered from phytopathogen genomes has
indicated that filamentous pathogens (fungi and oomycetes) ex-
hibit convergent evolution (27). The similarities observed at the
morphological and pathological levels are reflected at the molec-
ular level, and similar proteins, or protein motifs, are used by fungi
and oomycetes during plant host infection (28–30). Therefore, the
recent completion of the M. anisopliae (31) and B. bassiana (32)
genome sequences provides a valuable basis for analyses aimed at
identifying conserved pathogenicity factors shared by L. gigan-
teum and fungal entomopathogens, whereas comparative analyses
using the sequenced oomycete genomes may reveal infection
strategies shared by L. giganteum and all other oomycetes.

In an effort to accelerate gene discovery and better characterize
the molecular basis of entomopathogenicity, a pyrosequencing-
based transcriptome analysis was initiated for L. giganteum. The
set of full-length L. giganteum transcripts described in this study
reveals that L. giganteum expresses both canonical oomycete effec-
tors characteristic of phytopathogens and additional virulence
factors shared by invertebrate pathogens. This information may
ultimately be used to develop L. giganteum-based products into
effective and environmentally sustainable mosquito control tools.

MATERIALS AND METHODS
Microbial culture and RNA extraction. The oomycete Lagenidium gigan-
teum Couch (ARSEF 373) was obtained from the U.S. Department of
Agriculture–Agricultural Research Service Collection of Entomopatho-
genic Fungal Cultures (ARSEF, Ithaca, NY) and was grown in Sabouraud
dextrose broth plus 2% yeast extract (SDY) at room temperature. Total
RNA was extracted from liquid cultures using the Qiagen RNeasy Plant
minikit as described previously (33).

DNA sequencing and gene annotation. Double-stranded cDNA was
generated using the SMARTer PCR cDNA synthesis kit (Clontech) and
was processed for 454 Titanium GS-FLX pyrosequencing by the Univer-
sity of Florida Interdisciplinary Center for Biotechnology Research. Con-
tig assembly was performed using CAP3, with default parameters (34).
The resulting sequences were annotated in BLAST2GO (35) using
BLASTX analysis with an E value cutoff of 10�3. Selected sequences were
used for the design of gene-specific primers. Subsequent RACE (rapid
amplification of cDNA ends) PCRs incorporated the gene-specific prim-
ers and cDNA obtained using the SMARTer RACE cDNA amplification
kit (Clontech). The RACE PCR fragments were purified and sequenced

commercially using Sanger technologies. Following the generation of full-
length transcripts, predicted protein sequences were annotated through
homology (BLAST) and motif (InterProScan) searches. Selected motifs
were aligned to construct sequence logos using WebLogo, version 3 (36).

Cellulose synthase phylogenetic analyses. The Lagenidium gigan-
teum cellulose synthase 3 (CesA3) gene (GenBank accession number
KM025055) was incorporated into a previously published oomycete
CesA3 multiple-sequence alignment (TreeBASE S12300) using Clustal X
(37). The alignment was optimized manually by editing the L. giganteum
sequence to preserve the aligned nucleotide positions used previously to
infer oomycete phylogeny (38). The final data set consisted of 3,344 char-
acters for 26 taxa. The jModelTest program (39) was used to identify the
most appropriate maximum likelihood (ML) base substitution model for
this data set. The best-fit model selected by all analyses was the general
time-reversible model with an inferred proportion of invariable sites and
a gamma distribution for the variable sites (GTR�I�G). ML analyses that
incorporated the model and parameters calculated by jModelTest were
performed using PhyML, version 3.0 (40). ML bootstrap analyses were
conducted using the same model and parameters in 1,000 replicates. The
phylogenetic tree corresponding to the ML analyses was edited with
TreeDyn (41), as implemented in the phylogeny.fr workflow (42).

GH5 phylogenetic analyses. Glycoside hydrolase family 5 (GH5) pro-
tein sequences were selected on the basis of a recent subfamily classifica-
tion (43) and were obtained from the CAZy (44), FungiDB (45), and
NCBI databases (GH5 subfamily 2 [GH5_2], GH5_12, GH5_20, GH5_33,
GH5_27, GH5_28, and GH5_29). Fragments corresponding to the cata-
lytic module sequences were aligned using MUSCLE, version 3.7, as de-
scribed previously (43). The resulting alignment was inspected visually
and was validated using the Pfam GH5 hidden Markov model (HMM)
(PF00150). Additional editing restricted the alignment to a block ranging
from the conserved arginine (R) to the conserved glutamic acid (E) resi-
due (PF00150 HMM positions 39 to 243). The final data set consisted of
493 characters for 51 taxa. The best-fit model for this data set was identi-
fied as WAG�I�G by the ProtTest program (46). Phylogenetic recon-
struction, bootstrap analyses (100 replicates), and tree editing were per-
formed using phylogeny.fr (42).

Sequencing of GH5_27 orthologs in additional invertebrate patho-
gens. Genomic DNA preparations from the entomopathogenic fungi Hir-
sutella thompsonii strain H3 (47), Isaria fumosorosea strain Ifr AsC (48),
and Paecilomyces reniformis strain IndGH96 (49) were obtained from
Drion Boucias. These samples were used in PCRs in combination with the
custom-designed primers FungalGH5_F (5=-AAAAGGTGAACCAGGAC
ACG-3=) and FungalGH5_R (5=-GTCRCCMAGSCCRTCAAAGT-3=). In
addition, mycelial cultures for the oomycetes Lagenidium caudatum (AR-
SEF 2003) and Leptolegnia chapmanii (ARSEF 2681) were produced in
SDY at room temperature and were processed for genomic-DNA extrac-
tion using the Qiagen DNeasy Plant minikit. These DNA preparations
were amplified by PCRs using primers GH_F3 (5=-CTGGCAGTACAAG
TTTCACGAC-3=) and GH_3R (5=-TCGCTCTTCCAGTCAATCTT-3=).
All PCRs were performed using the following pattern repeated for 30
cycles: 95°C for 30 s, 50°C for 30 s, and 72°C for 1 min. Products were
visualized on a 1% agarose gel, extracted, and sequenced commercially
(Macrogen USA).

Nucleotide sequence accession numbers. The GenBank/EMBL/
DDBJ accession numbers for the full-length transcript sequences of
Lagenidium giganteum are given in Table 1. The sequences corresponding
to GH5_27 orthologs from various invertebrate pathogens have been de-
posited in these databases under accession numbers KM025057 to
KM025061. The raw L. giganteum 454 sequences identified as effector
orthologs (4 CBEL homologs, 7 transglutaminase homologs, 17 elicitin
homologs, and 30 crinkler homologs) are available in the NCBI Sequence
Read Archive (SRA) database under accession number SRX661279 as part
of BioProject PRJNA256125.
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RESULTS
Transcriptome sequencing overview. A total of 58,931 reads
were obtained from L. giganteum. Contig assembly resulted in
11,018 unique transcripts (including 8,967 singletons) that were
subsequently processed for gene annotation through homology
searches. The average length of a transcript was 240 bp, which is
comparable to the lengths of the Pythium ultimum transcriptome
sequences obtained using a similar pyrosequencing approach
(50). The length of the assemblies (418 bp) was higher than the
average length of a singleton (199 bp), and this difference was
reflected in the annotation process: only 23% of the singletons
resulted in significant orthology matches, while 53% of the contigs
were putatively annotated on the basis of homology searches. As
expected, the vast majority of the transcript sequences generated
from L. giganteum were homologous to genes previously se-
quenced from other oomycetes (data not shown).

In agreement with previous reports (50), the length of the py-
rosequencing reads remains a limiting factor for sequence assem-
bly and annotation, and the reads may be complemented by lon-
ger sequences in order to develop more-comprehensive analyses.
The 454-based L. giganteum transcriptome-sequencing effort is
currently being supplemented by single-molecule, circular-con-
sensus (CCS) reads generated using the Pacific Biosciences
(PacBio) platform. The PacBio technology was recently validated

for transcriptome analysis (51), and the combined sequence data
will be the subject of a forthcoming article. In addition, selected
454 reads were used as seeds for RACE-PCR amplification and
traditional Sanger sequencing. Eight sequences were generated
(Table 1) and were used to initiate a full-length cDNA-based com-
parative analysis between orthologs from plant versus animal
pathogens (52). In particular, the full-length transcripts provided
a basis for establishing phylogenetic relationships between L. gi-
ganteum and other oomycetes and for contrasting the L. gigan-
teum secretome with the previously characterized Phytophthora
secretome (5, 52).

Cellulose synthase 3 phylogeny of oomycetes. The 3,782-bp
full-length L. giganteum cellulose synthase transcript was anno-
tated as cellulose synthase 3 (CesA3) based on strong similarity to
previously published sequences (38) and comparison with L. gi-
ganteum paralogs (data not shown). Fragments obtained using
previously published CesA3-specific primers (38) were character-
ized by sequences identical to the sequences confirmed by RACE-
PCR (not shown). The full-length CesA3 nucleotide sequence was
used to infer the maximum likelihood phylogram presented in
Fig. 1. The topology of the tree was very consistent with previously
published oomycete phylogenies and depicted the well-estab-
lished peronosporalean and saprolegnian galaxies (38, 53–55).
Major clades corresponding to the Peronosporales (Phytophthora

TABLE 1 Primer sequences and accession numbers for the eight full-length L. giganteum transcripts

Gene name (transcript length [bp])

PCR primer

GenBank accession no.Name Sequence

Cellulose synthase 3 (3,782) CSF CTCTGGTGGGTACTGCATGG KM025055
CSR TGGCTGTACAACCTCGTCAC
CSF2 CTCAACTTCTTCCTCGGTCTGT
CSR2 TCATCGAGTACATGATCCAAGG

Elicitin (718) ELICITINF TCTTGTCCAACCCAGACCTC KF562858
ELICITINR TCGCTATTGAACGCCTTAGC
ELICITINF2 CAGGCTTGCAAGTCGACAAC
ELICITINR2 TGTTCAACTTGGCACCACTG

CBEL (1,120) CBELF GACGACTTGCAGACCGTGTA KF562859
CBELR ACCTACGGGAGACTGGCTCT
CBELF2 GGACTGTTGTGCCAAGTGTG
CBELR2 CACATCATGCATCCTACCCAATCTA

CBEL (586) CBEL2F TGGGGGTAGTTGATGGCTAC KF562860
CBEL2R GACCTTGCGCTTCTGGTTAC
CBEL2F2 ACTCTGTCGACCCTGTACGGCATT
CBEL2R2 CTTCGCTTCAGCACGCACTTT

Crinkler (DBF) (1,849) CRINKLERF GCTGTGGCCAAGAAGAGAAA KF562861
CRINKLERR CGCTACCGATCTCAACCTTC
CRINKLERF2 GTGGAAGTTGGGTGAAGTGGTTG
CRINKLERR2 CAACCACTTCACCCAACTTCCAC

Crinkler (DXX-DAB) (1,973) CRNF GACGCATCGAGTCAGTTCAA KF562862
CRNR ACTCCGACAGCATCTTCAGC
CRNF2 ACACGTGGGGTCAATCAGTT
CRNR2 ATAGCGTCATATCCGGGTTG

Crinkler (DXX-DAB) (1,854) CRN2F AATGCGTTGAATGGTTCCTTGAG KF562863
CRN2R ACTCCGACAGCATCTTCAGC
CRN2F2 TTCTGACTCGTGCAAGGGAGTTC
CRN2R2 AACAGACGGTTGATGCTTGAAGA

GH5_27 (2,075) LAGGHF ACACCATTCGTTGACGGTCT KM025056
LAGGHR GAGAACAGGTCCTGGTGGAA
LAGGHF2 TGGTTCAGCAAGACTTCGACTA
LAGGHR2 CATCAATGACTGGATGATACGG
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spp. and associated genera of downy mildews), Pythiales (Pythium
spp.), Albuginales (Albugo spp.), and Saprolegniales (Saprolegnia
and Aphanomyces spp.) were strongly supported by bootstrap
analyses (Fig. 1). All of these clades appeared as monophyletic
groups, except for Pythium spp., which have been shown to be
paraphyletic (38, 53, 55). The entomopathogen L. giganteum was
not grouped in any of the clades but appeared as a basal lineage to
a cluster containing both Peronosporales and Pythiales. This po-
sition of the genus Lagenidium in relation to Pythium and Phy-
tophthora spp. was consistent with some recent analyses (53, 55)
but contrasted with other trees where Lagenidium was depicted as
a sister taxon to a monophyletic Pythium sp. clade (6) or as a
member of the Pythiales (54). Most taxon-rich oomycete phylog-
enies have been inferred from small-subunit (SSU) rRNA se-
quences ranging from 1,000 to 1,500 characters. The tree pre-
sented in Fig. 1 confirms that cellulose synthase sequences provide
an unambiguously aligned �3,000-bp alternative phylogenetic
signal for the reconstruction of oomycete evolutionary relation-

ships. Based on the current analysis (Fig. 1), L. giganteum remains
nested within a peronosporalean galaxy containing a large major-
ity of plant-pathogenic oomycetes (Peronosporales, Pythiales,
and Albuginales) and therefore appears to have evolved from a
phytopathogenic ancestor.

Disease-like effector families of Lagenidium giganteum.
Gene annotations revealed Lagenidium giganteum transcripts or-
thologous to effectors catalogued for plant-pathogenic oomycetes
(5). The RXLR motifs associated with Phytophthora spp. (2) and
the YXSL motifs recently proposed for Pythium spp. (9) were not
detected in L. giganteum sequences. Similarly, transcripts corre-
sponding to Kazal-like serine protease inhibitors and cystatin-like
cysteine protease inhibitors (5) have yet to be identified. However,
a total of 58 transcript fragments showed significant similarity to
cellulose-binding elicitor lectin (CBEL), elicitin, transglutami-
nase, and crinkler (CRN) proteins. The short pyrosequencing
reads (342 � 90 bp) were used to initiate RACE-PCR amplifica-
tions and to generate the six full-length cDNA sequences that are

FIG 1 Maximum likelihood phylogram inferred from oomycete cellulose synthase 3 nucleotide sequences (3,344 characters). The tree is consistent with
previously published oomycete phylogeny reconstructions and shows the entomopathogen L. giganteum (in boldface) as a member of the strongly supported
peronosporalean galaxy clade, which contains principally plant pathogens. In accordance with the hypothesized acquisition by peronosporaleans of the ability to
infect vascular plants (indicated by the shaded arrow), L. giganteum appears to have evolved from a plant-pathogenic ancestor. The numbers at the nodes
represent ML bootstrap values (1,000 replicates). For purposes of clarity, bootstrap values are indicated only for the most significant nodes. The bar indicates the
number of substitutions per site.
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illustrated in Fig. 2. These six sequences include two CBEL, one
elicitin, and three crinkler orthologs, ranging from 586 to 1,973 bp
(Table 1; Fig. 2). Motif annotations demonstrated that the full-
length L. giganteum effectors have structures similar to those of
proteins described for various plant-pathogenic oomycetes. The
predicted CBEL proteins are characterized by PAN/APPLE do-
mains (InterPro IPR000177) paired with CBM1 domains (Inter-
Pro IPR000254), repeated either once or twice (Fig. 2). This orga-
nization, and the difference in motif pair numbers, has also been
reported for the plant pathogen Pythium ultimum (56). Signal
peptides were predicted for both CBEL sequences, suggesting that
these effectors are secreted by L. giganteum (Fig. 2). A signal pep-
tide was also identified directly preceding the elicitin domain
(InterPro IPR002200). The putative crinkler proteins are longer
molecules and are characterized by the modular organization pre-
viously described for Phytophthora infestans and other oomycetes
(57). As shown in Fig. 2, the conserved LxLYLA(R/K) and HVLVxxP
motifs previously described for Pythium spp. (9) were common to
all N termini, whereas the C terminus included either the DBF
(GenBank accession number KF562861) or the DXX-DAB

(KF562862, KF562863) domains (57). The crinkler proteins were
not associated with signal peptides, although, as previously re-
ported for Pythium ultimum (56), the SignalP score for the N
terminus of the DBF-bearing CRN protein was very close to the
threshold associated with predicted secretion (Fig. 2). Signifi-
cantly, the identification of Pythium-like effectors in the L. gigan-
teum transcriptome reveals that canonical CBEL and CRN pro-
teins are expressed by an oomycete known principally as an
animal pathogen.

Candidate virulence factor (GH5_27) present in L. gigan-
teum and other invertebrate pathogens. A 496-bp pyrosequenc-
ing read (singleton) was selected based on the lack of homology
with any oomycete sequences. However, homology searches dem-
onstrated that this sequence was similar to those of genes identi-
fied in the entomopathogenic fungi Metarhizium anisopliae and
Beauveria bassiana (data not shown). Following RACE-PCR am-
plification of both 5= and 3= ends, a 2,075-bp transcript was ob-
tained (Table 1) and was translated in silico. The resulting L. gi-
ganteum protein sequence was demonstrated to contain both a
signal peptide and a glycoside hydrolase family 5 (GH5) domain

FIG 2 Schematic representation of the six full-length Lagenidium giganteum effector orthologs. Numbers indicate predicted amino acid positions. All orthologs
are characterized by the motifs and the modular organization previously described for phytopathogenic oomycete effectors (5). The signal peptides are shown in
gray, whereas the InterPro domains are color-coded blue for elicitin and white and green, respectively, for the CBM1 and APPLE domains characteristic of
canonical oomycete cellulose-binding elicitor lectin (CBEL) proteins. The predicted L. giganteum crinkler (CRN) proteins include the conserved N-terminal
LYLA and DWL motifs (in yellow and orange, respectively), which were aligned to create the logos highlighting the conserved LxLYLA(R/K) (LYLA) and
HVLVxxP (DWL) sequences previously recognized for oomycete CRN proteins (5). In contrast to the smaller proteins (CBEL and elicitins), the predicted L.
giganteum CRN proteins do not include a signal peptide, although the striped area denotes a N-terminal sequence close to the threshold associated with signal
peptides.
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(IPR001547). Although GH5 proteins are commonly referred to
as cellulases, a recent study indicated that these enzymes can be
divided into several functionally different subfamilies (43). As
shown in Fig. 3, phylogenetic analyses identified the putative L.
giganteum protein as a GH5_27 (GH5 subfamily 27) protein. The

phylogenetic tree is rooted with true cellulases (GH5_2). It is con-
cordant with the original GH5 classification (43) and depicts sev-
eral GH5 subfamilies as strongly supported monophyletic groups
(Fig. 3). Deeper nodes, indicative of relationships between the
different subfamilies, are characterized by weaker support, as

FIG 3 Maximum likelihood phylogram depicting various GH5 subfamilies as strongly supported monophyletic clades. The GH5_27 proteins (shaded) are
putative virulence factors shared by filamentous entomopathogens (fungi and oomycetes) and underrepresented in nonentomopathogens. Accordingly, L.
giganteum GH5_27 (in boldface) (GenBank accession number KM025056) is the only GH5_27 representative found in oomycetes. Sequences corresponding to
GH5 from plant-pathogenic oomycetes (e.g., Phytophthora sojae) cluster in three other subfamilies: GH5_12, GH5_20, and GH5_33. ML bootstrap values of �50
(1,000 replicates) are indicated by numbers at the nodes, whereas nodes that were not supported by bootstrap analysis (values of �50) are indicated by minus
signs. For purposes of clarity, the bootstrap values representative of the support for nodes within each subfamily are not shown. The bar indicates the number of
substitutions per site.

Quiroz Velasquez et al.

6432 aem.asm.org Applied and Environmental Microbiology

http://aem.asm.org


reported previously (43). Importantly, oomycete GH5 proteins
group into three distinct clades—GH5_20, GH5_33, and
GH5_12—revealing that L. giganteum GH5_27 is unique among
oomycetes (Fig. 3). GH5 subfamily 20 has been referred to previ-
ously as family 5 endo-(1-4)-beta-glucanase (58) and, along with
GH5 subfamily 33, appears to be specific to Stramenopiles (43). In
contrast, GH5_12 enzymes are present in both fungi and oomy-
cetes (Fig. 3). GH5 subfamily 27 also contains fungal homologs in
addition to the L. giganteum sequence and other broadly distrib-
uted orthologs (Fig. 3). Genome mining using the FungiDB da-
tabase indicated that GH5_27 not only is absent in plant and
vertebrate pathogenic oomycetes but also appears to be under-
represented in Fungi. GH5_27 orthologs were detected in the Fus-
arium sp. and Aspergillus sp. genomes but were absent from the
majority of the most prevalent phytopathogens, including Mag-
naporthe oryzae, Botrytis cinerea, Puccinia graminis, Gibberella
zeae, and Ustilago maydis (59), as well as common fungal models
such as Candida spp., Saccharomyces spp. and Neurospora spp.
(not shown). In contrast, homology searches revealed that
GH5_27 orthologs are present in all sequenced entomopatho-
genic fungi (Fig. 3), including M. anisopliae and Metarhizium ac-
ridum (31), B. bassiana (32), and Cordyceps militaris (60). In en-
tomopathogenic fungi, these proteins are currently annotated as
cellulases, but based on this study and the original classification of
GH5 subfamilies (43), they appear to be misannotated. Biochem-
ical characterization of GH5_27 in animals revealed that these
enzymes were endoglycosylceramidases (EC 3.2.1.123) and were
capable of hydrolyzing the glycosidic linkage between oligosac-
charides and ceramides in various sphingolipids (61). Enzymes
with similar functions have also been detected in prokaryotes and
are clustered in GH5 subfamilies 28 and 29 (43). Overall, the com-
bined data-mining and phylogenetic analyses (Fig. 3) indicate that
cuticle-degrading filamentous entomopathogens secrete pre-
dicted endoglycosylceramidases (EC 3.2.1.123) and that these
proteins, while not completely absent from nonentomopatho-
genic organisms, are predominantly represented, or preferentially
retained, in entomopathogenic genomes.

Providing support for this hypothesis, genomic sequences or-
thologous to GH5_27 were obtained for five additional inverte-
brate pathogens (three fungi and two oomycetes). The fungal se-
quence lengths were 586 bp for Hirsutella thompsonii and Isaria
fumosorosea and 600 bp for Paecilomyces reniformis. Multiple se-
quence alignments identified the presence of an intron at a con-
served location within the predicted GH5 active site, and this in-
tron was shown to be primarily responsible for the observed
length polymorphism in the gene fragments (not shown). Homol-
ogy searches demonstrated that the deduced amino acid se-
quences corresponded to the N termini of the predicted proteins.
The sequence fragments generated for Hirsutella thompsonii and
Isaria fumosorosea were 94% and 91% identical, respectively, to
the published B. bassiana sequence, whereas the P. reniformis frag-
ment was more similar to the Metarhizium sp. sequences (79%
and 81% identity to M. acridum and M. anisopliae, respectively).
In contrast to the polymorphic fungal sequences, the oomycete
GH5_27 fragments generated from Lagenidium caudatum and
Leptolegnia chapmanii were 100% identical to the L. giganteum
sequence. These fragments (721 bp) corresponded to the C ter-
mini of the predicted proteins and contained an 82-bp intron at a
conserved location (not shown). The direct amplification and se-
quencing of GH5_27 orthologs in phylogenetically diverse inver-

tebrate pathogens contrast with their absence in nonento-
mopathogens (see above) and support the hypothesis that this
gene may play a role during the infectious process.

DISCUSSION

The large-scale Lagenidium giganteum sequencing effort provides
a strong basis for the inclusion of invertebrate pathogens in the
growing field of oomycete comparative genomics. Importantly,
sequences orthologous to the oomycete CBEL and CRN effectors
were detected in the L. giganteum transcriptome, demonstrating
that canonical effectors associated with plant pathogenicity are
present in the genome of an oomycete known principally as an
animal pathogen. CBEL and CRN proteins have demonstrated
cytotoxic activities in plant cells (5). Therefore, these proteins rep-
resent promising candidates for investigations on the molecular
basis of oomycete-mosquito interactions and suggest that the L.
giganteum transcriptome may contain additional potential viru-
lence factors, even though it was generated from in vitro cultures,
with no insect interactions. The identification of L. giganteum ef-
fectors similar to the pathogenicity factors of phytopathogens is
highly concordant with the phylogenetic analysis presented in Fig.
1, suggesting that L. giganteum has evolved from a plant pathogen
ancestor. The putative elicitin, CBEL, and CRN proteins may re-
flect the evolution of L. giganteum from a plant to an insect patho-
gen and may indicate that L. giganteum can establish symbiotic
and/or pathogenic interactions with plants. This hypothesis is re-
markably similar to the recent analyses indicating that ento-
mopathogenic fungi evolved from plant pathogens and endo-
phytes and have retained the ability to establish endophytic
relationships (62–64). Combined evidence from the filamentous
entomopathogens Metarhizium anisopliae and L. giganteum sug-
gests that entomopathogenicity has evolved from plant-associated
microbes in two independent and phylogenetically distant eu-
karyotic lineages.

It remains unclear if the oomycete effectors identified in the L.
giganteum transcriptome represent remnants from a phytopatho-
genic ancestor, indicate endophytic or pathogenic abilities, or play
a role in mosquito infection. Tripartite interactions with both
mosquitos and plants have yet to be reported for L. giganteum.
This oomycete is known to grow saprophytically on rotten vege-
tation (25), and it has been isolated from insect larvae collected in
leaf axils, suggesting close proximity to plant tissues (65). Al-
though it is possible that L. giganteum is a plant pathogen, the
recurrent observations of natural epizootics in mosquito popula-
tions, with infection rates of �85% (12, 13), and the ability to
control mosquito populations with an artificial formulation (66)
strongly suggest that mosquito larvae represent the main host for
L. giganteum. Therefore, our primary hypothesis links the L. gi-
ganteum elicitin, CBEL, and CRN proteins with pathogenicity for
the insect host. Effector motifs from Phytophthora infestans have
been used to demonstrate that eukaryotic pathogens share strate-
gies, regardless of their hosts (67). The alternating CBM1 and
APPLE modules in CBEL (Fig. 2) have been associated with at-
tachment to plant or animal host tissue through protein-carbohy-
drate interactions (5) and therefore may mediate the attachment
of L. giganteum to the chitin-based host cuticle. Although oomy-
cete CBM1 domains are routinely associated with binding to cel-
lulose, a recent study demonstrated that they bind to glycopro-
teins through galactose or N-acetylgalactosamine residues (68). In
addition, CBM1 domains are also known to bind to chitin and
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have been detected in M. anisopliae (associated with GH18/chiti-
nase motifs). The hypothesis that L. giganteum CBEL proteins
interact with molecules present on mosquito cuticles is under in-
vestigation. Similarly, studies have been initiated to functionally
characterize the predicted elicitin and CRN proteins and to exam-
ine their roles during mosquito infection. Both elicitin and crin-
kler effectors have been associated with plant cell death (5). In
contrast to CBEL and CRN proteins, elicitin-like proteins have
been reported for animal-pathogenic oomycetes and may repre-
sent a core arsenal of secreted, active molecules that is shared
among pathogens (7, 69). They are known to induce tissue necro-
sis, by which pathogenic oomycetes can thrive (69), and thus may
play a role during oomycete-mosquito interactions. Arguments
that the L. giganteum CRN proteins are crucial to the pathogenic-
ity process include not only the strong cytotoxic activities of these
proteins in plants, especially for the DBF motif (70), but also re-
cent evidence that oomycete CRN genes have been horizontally
transferred to the emerging frog pathogen Batrachochytrium den-
drobatidis, suggesting that these proteins may impact animal tis-
sues (71). Alternatively, the absence of detectable signal peptides
in the CRN proteins (Fig. 2) may indicate that these effectors are
no longer secreted and involved in pathogenic interactions with
plant cells, supporting the hypothesized transition from phyto-
pathogenicity to entomopathogenicity.

In addition to putative virulence factors that are shared by
sister taxa, the entomopathogenic arsenal of L. giganteum is ex-
pected to include insect-specific molecules that are not present in
phytopathogenic oomycetes. The GH5_27 genes identified in this
study represent strong potential candidates for pathogenicity de-
terminants shared by filamentous entomopathogens, suggesting
that the recent genome annotations of entomopathogenic fungi
may be refined by comparative genomic analysis of phylogeneti-
cally distant but morphologically similar organisms. The phyloge-
netic analyses (Fig. 3) demonstrated that GH5_27 proteins are
shared by entomopathogenic fungi and oomycetes, and additional
evidence indicated that these enzymes are likely to be active on
insect carbohydrates. An expressed sequence tag (EST) homolo-
gous to the GH5_27 sequence (GenBank accession number
JK742380) was reported for the entomopathogenic fungus M. ac-
ridum growing on locust wings (72), suggesting that the GH5_27
proteins may play a role in the early stage of infection, during
cuticle penetration. Although they have never been formally char-
acterized in fungi, these proteins are predicted to function as en-
doglycosylceramidases (EC 3.2.1.123) and may participate in dis-
rupting the association between carbohydrates and lipidic
residues in the top layer of the host cuticle. It is now well estab-
lished that entomopathogenic organisms that penetrate the insect
cuticle, such as the fungi M. anisopliae and B. bassiana and the
oomycete L. giganteum, do not rely solely on chitinases and pro-
teinases but also secrete active molecules that are thought to target
the mixture of lipids that forms the upper exoskeleton layer (73).
In agreement with the hypothesis that GH5_27 enzymes are active
against the insect cuticle, no orthologous genes were found in
the genome of the fungal bee pathogen Ascosphaera apis (74) or
the insect-pathogenic alga Helicosporidium sp. (75), both of which
are known to initiate their infectious cycles by germinating within
the host digestive tract. In contrast, some orthologous gene frag-
ments were readily amplified and sequenced from other cuticle-
degrading fungi and oomycetes, including Hirsutella thompsonii,
Isaria fumosorosea, Paecilomyces reniformis, and Leptolegnia chap-

manii. The presence of GH5_27 extends to the nematophagous
oomycete Lagenidium caudatum (this study) and the nematode-
trapping fungi Drechslerella stenobrocha, Dactylellina haptotyla,
and Arthrobotrys oligospora (GenBank accession numbers
EWC43853, EPS43100, and EGX50094, respectively). Phyloge-
netic analyses inferred from full-length sequences may shed light
on the evolutionary relationship between fungal and oomycete
GH5_27 proteins and indicate if oomycete GH5_27 genes have
been acquired by horizontal gene transfer or from a vertical an-
cestor. In addition, functional analyses may clarify the function of
these enzymes during the pathogenicity process and explain why
GH5_27 orthologs can be episodically detected in the genomes of
fungi that are not normally associated with insects, such as Asper-
gillus oryzae or Fusarium fujikuroi (Fig. 3). The entomopathogenic
ability and mosquito specificity displayed by L. giganteum likely
involve more than just the presence of GH5_27. Other potential
virulence factors active on the insect cuticle were recently identi-
fied through a proteomic analysis of the M. anisopliae secretome
(76), providing candidate targets for further genomic exploration
in L. giganteum. Interestingly, these proteomic analyses also re-
lated lipolytic activities on the cuticle with ceramidases (76).

In conclusion, the L. giganteum transcriptome provides robust
evidence that the convergent evolution hypothesis proposed for
entomopathogenic fungi should be extended to the phylogeneti-
cally distant oomycetes (73). A phylogenetic analysis inferred
from cellulose synthase sequences (Fig. 1) and a genome content
analysis revealing effectors similar to the pathogenicity factors of
phytopathogens (Fig. 2) strongly suggest that L. giganteum has
evolved from a plant-pathogenic ancestor. In addition, the iden-
tification of GH5_27 transcripts that are shared among cuticle-
degrading organisms but are largely absent in nonentomopatho-
gens (Fig. 3) provides additional support for a convergent
evolution hypothesis for oomycetes and fungi and indicates that
the two lineages may express a common core arsenal of patho-
genic determinants targeting the host surface chemistry. The
emergence of this convergent evolution hypothesis, combined
with a deeper sequencing effort for L. giganteum, offers a strong
basis for initiating comprehensive comparative genomic analyses
for plant and invertebrate pathogens, and for fungi and oomyce-
tes, in order to identify and functionally characterize additional
virulence factors with potential insecticidal activities. Additional
sequence information may establish L. giganteum not only as a
source of bioactive compounds against mosquitoes but also as an
invaluable model in which to detail the molecular events associ-
ated with the transition from plant pathogen to invertebrate
pathogen.
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