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The order Magnaporthales (Ascomycota, Fungi) includes devastating pathogens of cereals, such as the rice
blast fungus Pyricularia (Magnaporthe) oryzae, which is a model in host-pathogen interaction studies.
Magnaporthales also includes saprotrophic species associated with grass roots and submerged wood.
Despite its scientific and economic importance, the phylogenetic position of Magnaporthales within
Sordariomycetes and the interrelationships of its constituent taxa, remain controversial. In this study, we
generated novel transcriptome data from 21 taxa that represent key Magnaporthales lineages of different
infection and nutrition modes and phenotypes. Phylogenomic analysis of >200 conserved genes allowed the
reconstruction of a robust Sordariomycetes tree of life that placed the monophyletic group of
Magnaporthales sister to Ophiostomatales. Among Magnaporthales, three major clades were recognized: 1)
an early diverging clade A comprised of saprotrophs associated with submerged woods; 2) clade B that
includes the rice blast fungus and other pathogens that cause blast diseases of monocot plants. These species
infect the above-ground tissues of host plants using the penetration structure, appressorium; and 3) clade C
comprised primarily of root-associated species that penetrate the root tissue with hyphopodia. The
well-supported phylogenies provide a robust framework for elucidating evolution of pathogenesis, nutrition
modes, and phenotypic characters in Magnaporthales.

gens of cereals and grasses as well as saprobes on submerged wood'~. The best-studied species in

Magnaporthales is the rice blast fungus Pyricularia oryzae (=Magnaporthe oryzae), which is one of
the most devastating threats to food security worldwide**. This pathogen is better known for its Pyricularia
asexual state (fig. 1), which has been used for decades as a paradigm for fungal leaf infection studies®’. The rice
blast fungus also has the recently discovered root-infecting capability®’. Gaeumannomyces graminis (take-all
pathogen) and Magnaporthiopsis poae (summer patch pathogen), two other model species in Magnaporthales,
are root-infecting pathogens of cereals and grasses. In addition to the plant pathogens, several saprotrophic wood-
inhabiting genera (e.g., Pseudohalonectria and Ophioceras) are also placed in Magnaporthales’.

The studies of Magnaporthales date back to the late 19th century when the rice stem rot fungus Nakataea
oryzae (=Magnaporthe salvinii) and the crabgrass pathogen Pyricularia grisea were first recorded'®''. Cannon'?
established the family Magnaporthaceae to accommodate these grass-associated fungi centered on Magnaporthe.
Historically, Magnaporthaceae was placed in various orders in Ascomycota, such as Diaporthales',
Phyllachorales, and Xylariales'*, due to a lack of robust phylogenetic evidence and paucity of convincing pheno-
typic characters. A new order Magnaporthales was recently proposed for these fungi’. Molecular phylogenetic
studies indicated that Magnaporthales belongs to the subclass Sordariomycetidae (Sordariomycetes,
Ascomycota). However, consensus regarding additional phylogenetic affinities has not yet been reached. For
example, in Zhang and Blackwell’s'® 18S rDNA tree, Magnaporthales formed a sister clade with Ophiostomatales.
Huhndorf et al.'® generated a 28S rDNA tree that suggested a close relationship of Magnaporthales with
Sordariales, Chaetosphaeriales and Boliniales. In the 18S rDNA tree of Thongkantha et al.?, Magnaporthales

M agnaporthales is an order in Ascomycota within Fungi that contains over 200 species, including patho-
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Figure 1 | Maximum likelihood tree of 21 Pezizomycotina species and two Saccharomycetes used as outgroup species based on 83,616 amino acid
positions derived from 226 genes. The morphology of the sexual and asexual states for Magnaporthales and closely related species is shown
(right panel). The supporting values for each node were estimated using 1000 bootstrap replicates. The strain number and genome size for each species are

provided. The schematic drawings were prepared by co-author J. Luo.

formed a sister clade to Diaporthales and Ophiostomatales. In the
same paper, however, the 28S rDNA tree grouped it with
Chaetosphaeriales and Sordariaceae. Zhang et al.'” generated a
four-gene phylogeny and found the rice blast fungus to be most
closely related to Diaporthales; however, no other Magnaporthales
taxa were included in the analysis. Poor taxon sampling due to a lack
of genome data from Magnaporthales and phylogenetic heterogen-
eity among gene loci'*" likely explain the conflicting tree topologies
in the studies described above. Indeed, the current public availability
of genome sequences from Magnaporthales is limited to the three
model species: Pyricularia oryzae, Magnaporthiopsis poae, and
Gaeumannomyces graminis var. tritici’(www.broadinstitute.org).

Therefore, despite their pathogenic diversity and economic import-
ance, several key questions regarding the evolution of Magnaporthales
remain unanswered. 1) Does Magnaporthales constitute a monophy-
letic group? 2) What is the phylogenetic position of Magnaporthales
within Sordariomycetes? 3) What are the phylogenetic relationships
among key taxa in Magnaporthales? and, 4) How have pathogenicity
and phenotypes evolved among Magnaporthales taxa? In order to
address these issues, we reconstructed the Magnaporthales phylogeny
using a phylogenomic approach. Phylogenomics can often overcome
problems associated with single locus or multi-locus phylogenetic
analyses. To this end, we generated transcriptome data (~420 M
paired-end reads) from 21 species of Magnaporthales, of which five
were chosen for draft genome sequencing. Our work resulted in the
largest collection of genome data to date for this poorly studied group
and offers the opportunity to resolve the Magnaporthales phylogeny
and to understand the evolution of its constituent lineages.

Results and Discussion

Transcriptome sequencing from 21 Magnaporthales species. We
generated ~420 M paired-end reads (totaling ~65 Gbp) from the 21
targeted Magnaporthales taxa (tables S1 and S2). These data were
assembled into a total of 315 K contigs with 13-31 K contigs from
each taxon (N50 = 1.3-2.1 Kbp). To aid detection of potential gene
duplications among Magnaporthales (see Methods), five of these
taxa were subjected to complete genome sequencing, resulting in
35-43 Mbp genome assemblies that encoded ~12 K genes from
each lineage (table S3). The mRNA-seq data have been sub-
mitted to NCBI (SRP050514, Bioproject number: PRINA269089),
whereas the results of the genome sequences and assembled
contigs are presented at the project (dblab.rutgers.edu/FunGI/).
In this paper, we focused on reconstruction of the Magnaporthales
tree of life based on a set of highly conserved “core” genes. To this
end, we selected 309 individual CEGMA (Core Eukaryotic Genes
Mapping Approach; Parra et al.’®) gene markers that are largely
free of gene duplication in Magnaporthales and other Ascomycota
(see Methods).

Phylogenomics resolves the Magnaporthales tree of life. To
address the phylogenetic position of Magnaporthales among
Sordariomycetes, a maximum likelihood (ML) tree was generated
using 83,616 aligned amino acids from 226 single-copy genes
within six Magnaporthales species and 15 non-Magnaporthales
species representing the major lineages of Pezizomycotina with
two Saccharomycetes as outgroup (fig. 1, table S4). The ML tree
provided strong bootstrap support (90-100%) for all interior nodes
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in the tree except for the union of Cryphonectria parasitica,
Grosmannia clavigera, and Magnaporthales (41%). Bayesian
inference (BI) using the same dataset showed a congruent and
highly supported topology (see fig. S1). The topology of a well-
supported coalescent model-based tree using this dataset of 23
species (fig. S2) was also consistent with the results shown in fig. 1,
except for the swapping of branches containing Cryphonectria
parasitica and the Neurospora crassa-Chaetomium globosum clade.
Therefore, the phylogeny of the major Sordariomycetidae lineages
appears to be largely resolved, except for the relationships among
Sordariales, Cryphonectria parasitica, and Grosmannia clavigera.

To study in detail the relationships within Magnaporthales, a ML
tree was built using a 226-protein alignment that included 82,715
amino acids from 24 Magnaporthales and five outgroup taxa. This
ML tree provided robust bootstrap support (98-100%) for the mono-
phyly of the Magnaporthales and most interior nodes therein, except
for the branch uniting Gaeumannomyces radicicola and G. graminis
species (55%; fig. 2). The BI tree and the coalescent model-based tree
using this dataset (fig. S3 and S4) resulted in very similar topologies.
The minor differences between the multi-protein ML tree and the
coalescent tree include: 1) The poorly supported paraphyletic rela-
tionship between Gaeumannomyces graminis var. graminis and G.
radicicola in the ML tree (fig. 2), that was replaced with a monophy-
letic relationship in the coalescent tree (fig. S4); and 2) The positions
of Cryphonectria parasitica and Neurospora crassa were swapped in
the two trees.

In summary, we inferred well-supported phylogenies of
Sordariomycetes and Magnaporthales using >200 conserved sin-
gle-copy gene markers. Notably, the consistent topologies generated
using multi-protein concatenation and the concatenation-free
coalescent model suggests that our results are not biased by phylo-
genetic heterogeneity across genetic loci that may mislead multi-
protein phylogeny construction (e.g., Song et al.*”).

The phylogenetic position of Magnaporthales within Sordariomycetes.
Ascomycota, the largest group within Fungi includes three subphyla,
Taphrinomycotina, Saccharomycotina, and Pezizomycotina, which
are differentiated by the ascus dehiscence mechanism and fruiting
body structure*"*. The order Magnaporthales, together with other
filamentous ascomycetes, comprise the class Sordariomycetes that
belongs to subphylum Pezizomycotina. Our phylogenomic analysis
resolved relationships among the classes in Pezizomycotina included
in the study (fig. 1). The Orbiliomycetes-Pezizomycetes clade (Mona-
crosporium haptotylum and Tuber melanosporum) represents an early
diverging lineage in Pezizomycotina. The affinity between these
two classes received stronger support from our analyses when
compared to a previous study’'. This result is consistent with shared
Pezizomycotina characters such as the basic ascus type, the simple
spore dehiscence mechanism, and the exposed hymenium?®**. The
classes Eurotiomycetes (e.g., Aspergillus niger), Lecanoromycetes
(Cladonia grayi), and Dothideomycetes (Phaeosphaeria nodorum)
form a strongly supported clade. Their monophyletic relationship
was recovered in earlier phylogenetic studies, however with lower
bootstrap support than reported here*"*****. Sordariomycetes and
Leotiomycetes (e.g., Blumeria graminis) are the later diverging
lineages and their monophyletic relationship is consistent with
previous studies'®'*?"**. The shared characters between these two
lineages include unitunicate and inoperculate asci. The latter is
regarded as the advanced spore dispersal mechanism in
Pezizomycotina****. Given these results, we surmise that single-copy
CEGMA genes are useful phylogenetic markers that appear to
recapitulate and consolidate previously suggested relationships
amongst Pezizomycotina.

Although Magnaporthales formed a strongly supported mono-
phyletic clade in Sordariomycetes (fig. 1), the phylogenetic position
of this lineage relative to Ophiostomatales and Diaporthales is less

well resolved using different phylogenetic methods (i.e., compare
figs. 1, S1, S2). This was also the case in previous analyses of mor-
phological and molecular data>'**'. Nonetheless, our analyses sup-
port a sister group relationship between Magnaporthales and
Ophiostomatales; the latter is represented here by the mountain pine
beetle-associated blue stain fungus Grosmannia clavigera. This result
is consistent with the shared characteristics between the two orders of
non-stromatic perithecia and a hyphomycetous asexual state. In
contrast, Diaporthales typically have stromatic perithecia and a coe-
lomycetous asexual state (fig. 1). The grouping of Magnaporthales
and Ophiostomatales (Gromannia clavigera or Ophiostoma pili-
ferum) was also reported in two previous phylogenomic analyses that
included fewer taxa'**.

Phylogenetic relationships among Magnaporthales taxa. In our phylo-
genomic analyses, three well-supported major clades are recognized
within Magnaporthales (fig. 2). These three clades correspond to
Magnaporthaceae, Pyriculariaceae and Ophioceraceae, the recently
classified families in Magnaporthales that were identified using a 2-
locus phylogeny®”. Most species in clade C are associated with grass
roots, use a hyphopodium as the penetration structure, and have a
phialophora-like asexual state. The exceptions are Buergenerula
spartinae, Bussabanomyces longisporus, Nakataea oryzae, and
Omnidemptus affinis which are associated with the above-ground
parts of host plants. The clade B species that cause blast diseases
in Poaceae and other monocot plants use an appressorium as the
host penetration structure and have a Pyricularia asexual state. The
saprotrophic Ophioceras and Pseudohalonectria species form the
basal clade A, which are associated with submerged wood tissue.
Currently the asexual state of the majority of these species has not
yet been observed®.

Recent phylogenetic studies support the idea that terrestrial habits
and a saprotrophic lifestyle are plesiomorphies of the Sordariomycetes
fungi'”***. Our results indicate that the clade A in Magnaporthales
shifted from a terrestrial to an aquatic environment but maintained
the ancestral saprotrophic lifestyle. In addition to the Wood clade in
Magnaporthales, aquatic lineages occur in several other orders in
Sordariomycetes, including Halosphaeriales, Sordariales, Diaporthales,
and Xylariales””. Therefore, such a habit shift has apparently occurred
several times in Sordariomycetes'”*.

Aerial and root infections are two strategies employed by plant
pathogens to obtain host nutrients®. Species in clade B in
Magnaporthales have adapted to aerial infection. The reproductive
hyphae of the Pyricularia asexual state are long and erect, which
facilitates conidium dispersal. After conidia attach to the host, a
specialized structure known as an appressorium develops from
conidia and penetrates the leaf cuticle using high turgor pressure,
which is essential for fungal invasion of the host aerial parts (fig. 2)*.
However, most clade C members appear to lack aerial infection
ability and have adapted to root infection. Their asexual states are
phialophora-like, which is characterized by simple and short repro-
ductive hyphae'>*'. These taxa form lobed and swollen hyphal struc-
tures named hyphopodia to penetrate the host root tissue and obtain
nutrients (fig. 2)*.

Traditionally, ascospore morphology is the basis for genus and
species delimitation in Magnaporthales and in many other ascomy-
cetes. For example, in Magnaporthales, species that produce spindle-
shaped ascospores are placed in Magnaporthe, whereas those that
produce filiform ascospores are in Gaeumannomyces. The results of
our study indicate that morphology-based generic concepts are unre-
liable as systematic markers; e.g., Magnaporthe and Gaeumannomyces
are polyphyletic, whereas ecological and pathogenicity features corre-
spond better to the phylogenetic history of Magnaporthales. The clear
separation of the Blast clade and the Magnaporthe type species, M.
salvinii, indicates that the rice blast fungus does not belong to the
genus Magnaporthe, which was mistakenly classified in the 1970s
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Figure 2 | Maximum likelihood tree of 24 Magnaporthales species and five Sordariomycetes used as outgroup species based on 82,715 amino acid
positions derived from 226 genes. The infection sites and the morphology of sexual and asexual states for the three major Magnaporthales clades are
illustrated (right panel). The supporting values for each node were estimated using 1000 bootstrap replicates. The strain number and genome size (if
available) for each species are provided. * Buergenerula spartinae, Bussabanomyces longisporus, Nakataea oryzae, and Omnidemptus affinis are associated
with above-ground parts of host plants, which is an exception in clade C. Pyricularia oryzae is associated with both the leaf and root of the host plant,
which is an exception in clade B. Drawings were done by author J. Luo. The photos were prepared by co-authors J. Luo and N. Zhang.

based on ascospore morphology'. Pyricularia, the older asexual gen-
eric name for the rice blast fungus is informative and legitimate™, and
therefore is suggested as the correct scientific name for this model
taxon®”***, Taxonomic revision of Magnaporthe, Gaeumannomyces,
and other Magnaporthales is underway or already published in other
papers®>*.

In conclusion, our results demonstrate that Magnaporthales is a
robustly supported monophyletic order within Sordariomycetes
with its sister group provisionally being Ophiostomatales. The early
diverging lineage of Magnaporthales (clade A) is mostly aquatic and
saprotrophic on wood substrates. The pathogenicity of the remaining
lineages is likely a derived feature with the B clade evolved to infect
host aerial parts using appressoria and clade C adapted to plant root
infection with hyphopodia. Our results significantly enrich sequence
data from the order Magnaporthales and, more importantly, estab-
lish a framework for future comparative genomic and functional
studies to address the evolution and ecology of this important
lineage.

Methods

Fungal strains. Based on previously generated six-locus phylogenies™***°, we targeted
21 Magnaporthales species (table S1) for transcriptome sequencing, of which five
(Magnaporthe salvinii, Magnaporthiopsis incrustans, Magnaporthiopsis rhizophila,
Ophioceras dolichostomum, and Pseudohalonectria lignicola) were also used for
whole-genome sequencing. The sequencing, annotation, and analyses of the genome
data will be presented elsewhere (see table S3 for general information). The species

3,35,36

sampled were obtained from the American Type Culture Collection, Manassas,
Virginia (ATCC), the Centraalbureau voor Schimmelcultures Fungal Biodiversity
Centre, the Netherlands (CBS) or the Rutgers Mycological Herbarium, New
Brunswick, New Jersey (RUTPP).

Transcriptome sequencing. The transcriptomes from 21 Magnaporthales taxa (table
S1) were generated using Illumina sequencing. Total RNA was extracted using the
RNeasy Plant Mini Kit (Qiagen, CA) from 1-2 week old mycelium grown in four
different conditions: PDA under light, PDA in dark, minimal medium agar (MM;
10 gsucrose, 1 g Ca(NO;), 4H,0, 0.2 g KH,PO,, 0.25 g MgSO,4-7H,0, 0.15 gNaCl,
15 g agar in 1 liter distilled water) under light, and MM in dark. The TruSeq RNA
Sample Preparation Kit (Illumina, CA) was used to construct mRNA libraries based
on standard PCR methods. The libraries were sequenced using 300 cycle paired-end
reagents on the MiSeq (Illumina) following the manufacturer’s instructions.

Transcriptome assembly and protein prediction. Transcriptome data from the five
Magnaporthales taxa for which we generated whole-genome data (table S3) were
trimmed to remove adaptors and assembled using Trinity with guidance of the
corresponding in-house genome assemblies®”. The mRNA-seq data from each of the
16 remaining Magnaporthales taxa (table S1 and S2) were cleaned and then
assembled using CLC workbench 7 (http://www.clcbio.com/) under the default
settings. Briefly, reads were cleaned to remove low-quality regions followed by
adaptor sequence trimming. The resulting reads were used for de novo assembly. The
reads were mapped to resulting contigs and the consensus contig sequences were
optimized during the mapping procedure. The contig sequences were split at regions
with <2X coverage and the consensus sequences (length = 200 bp) were exported for
further analyses.

Protein sequences from the five Magnaporthales species with whole-genome data
were predicted using a combination of three gene prediction programs (i.e., SNAP,
Augustus, and the self-training GeneMark-ES). The predicted protein sequences were
used to build a local database that included complete proteomes from 20 other
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Ascomycota that are available in the public domain (table S4). The assembled contig
sequences for the remaining 16 taxa were used as a query to search the local database
using BLASTx (e-value = 1e-10). The translated protein sequence from each query
contig was derived from the BLASTx output.

Selection of gene markers. We chose the CEGMA (Core Eukaryotic Genes Mapping
Approach) gene set™ as markers to reconstruct the phylogeny. CEGMA proteins
represent 458 KOGs (eukaryotic orthologous groups) that are conserved among
eukaryotes®. To avoid misleading effects caused by gene duplication (e.g., Qiu

et al.*’), we limited the analyses to single-copy CEGMA genes. To this end, we
downloaded the seven whole-proteome datasets that are annotated in the KOG
database (http://www.ncbi.nlm.nih.gov/COG/), including those from nematode
(Caenorhabditis elegans), common fruit fly (Drosophila melanogaster), human
(Homo sapiens), mouse-ear cress (Arabidopsis thaliana), baker’s yeast
(Saccharomyces cerevisiae), fission yeast (Schizosaccharomyces pombe) and
microsporidian parasite (Encephalitozoon cuniculi). We mapped a total of 25
complete proteomes, including those from the five in-house Magnaporthales taxa
(table S3) and 20 other Ascomycota taxa (table S4), to these seven KOG-annotated
proteomes based on the top hit from BLASTp (e-value = le-5) searches. KOGs with
more than one gene in two or more mapped Ascomycota taxa were removed, leaving
309 single-copy CEGMA KOG genes that were used for downstream analyses.

Construction of single-protein alignments. We identified the genes corresponding
to the 309 single-copy CEGMA genes in each of the tested taxa using a reciprocal-
best-hit strategy. Ascomycota proteomes or proteins translated from EST contigs
were used as query to search a local database comprising all CEGMA proteins using
BLASTYp (e-value = 1e-5) and vice versa. For each CEGMA gene, sequences from
different taxa were collected and aligned using MAFFT version 6.923b (--auto)*'. The
alignments were trimmed using Gblocks (-b4 = 5, -b5 = h)**. The resulting
alignments were then processed with T-COFFEE version 9.03* to remove poorly
aligned residues (conservation score = 5) within conserved sequence blocks.
Columns with missing data (>80%) were removed and short alignments (<100
amino acids) were discarded. The remaining alignments were used for phylogenetic
tree reconstruction. We generated a Pezizomycotina dataset (226 genes) including six
Magnaporthales species and 15 other species representing major lineages in
Pezizomycotina with two Saccharomycetes as outgroup (fig. 1), and a
Magnaporthales-focused dataset (another 226 genes) including 24 Magnaporthales
taxa and five closely related Sordariomycetes species (fig. 2).

Phylogenetic reconstruction using concatenated multi-protein alignments. For
each multi-protein alignment, we first inferred the best protein evolutionary model
using Prottest version 3.2**. The LG + I + F model was identified as the top model
for both multi-protein alignments (i.e., those used to infer the trees shown in figs. 1
and 2). Maximum likelihood trees were built using RAXML version 7.2.8* under the
selected model with branch support inferred using 1000 bootstrap replicates.
Bayesian trees were built using MrBayes version 3.2.2*. Because MrBayes does not
include LG model”’, we modified the source code ‘model.c’ to incorporate it and then
compiled the MPI-version executable. For each alignment, the analyses were
performed with two independent runs each with one million generations. Trees were
sampled every 100 generations. Consensus trees were built and the posterior
probability values for all branches were calculated after removing 25% of the trees as
burn-in (figs. S1 and S3).

Tree reconstruction using the coalescent model. For the Pezizomycotina dataset, we
reconstructed a maximum pseudo-likelihood tree (fig. S2) using a coalescent model
that does not require the concatenation of multiple single-gene alignments*®.
Statistical support was estimated using 100 multilocus replicates generated using
Seo’s method®. For each replicate, we randomly sampled 226 genes with replacement.
For each sampled gene, a pseudo-alignment was generated by random sampling of
amino acid site from the corresponding original alignment with replacement. A ML
tree was built for each pseudo-alignment using IQtree®® under the best amino acid
evolutionary model selected on the fly. The ML trees were rooted using Yarrowia
lipolytica or Monacrosporium haptotylum (in case of missing data in Y. lipolytica) as
outgroup. The rooted trees were then used for maximum pseudo-likelihood tree
construction using MP-EST*® under the default settings. The resulting 100 maximum
pseudo-likelihood replicate trees were summarized following a majority rule using
‘Consense’ function in the Phylip package (http://evolution.genetics.washington.edu/
phylip.html). The coalescent model-based tree for the Magnaporthales-focused
dataset was generated following a similar procedure (fig. $4). The single gene trees
were rooted using Verticillium dahliae or Botrytis cinerea (in case of missing data in V.

dahliae).

1. Besi, M. I, Tucker, S. L. & Sesma, A. Magnaporthe and its relatives. In:
Encyclopedia of Life Sciences (John Wiley & Sons, Chichester, 2009).

2. Thongkantha, S. et al. Molecular phylogeny of Magnaporthaceae
(Sordariomycetes) with a new species Ophioceras chiangdaoense from Dracaena
loureiroi in Thailand. Fungal Divers. 34, 157-173 (2009).

3. Zhang,N., Zhao, S. & Shen, Q. A six-gene phylogeny reveals the evolution of mode
of infection in the rice blast fungus and allied species. Mycologia 103, 1267-1276
(2011).

1

1

—

12.

13.

14.

15.

16.

17.

1

19.

20.

2

—_

22.

23.

2

'

2

[}

26.

2

2

29.

30.

3

—

3

33.

34.

35.

36.

I

®

N

*®

N

Ou, S. H. Rice diseases (Kew, Surrey, UK: Commonwealth Mycological Institute,
1985).

Couch, B. C. & Kohn, L. M. A multilocus gene genealogy concordant with host
preference indicates segregation of a new species, Magnaporthe oryzae, from M.
grisea. Mycologia 94, 683-693 (2002).

Valent, B. Rice blast as a model system for plant pathology. Phytopathology 80,
33-36 (1990).

Dean, R. A. et al. The genome sequence of the rice blast fungus Magnaporthe
grisea. Nature 434, 980-986 (2005).

Sesma, A. & Osbourn, A. E. The rice leaf blast pathogen undergoes developmental
processes typical of root-infecting fungi. Nature 431, 582-586 (2004).

Shearer, C. A. Pseudohalonectria (Lasiosphaeriaceae), an antagonistic genus from
wood in freshwater. Can. J. Bot. 67, 1944-1955 (1989).

Cattaneo, A. Sullo Sclerotium oryzae, nuovo parasita vegetale che ha devastato nel
corrente anno molte risaje di Lombardia e del Novarese. Rendic. R. Lombard.,
Milano, 2 ser., 9, 801-807 (1876).

. Saccardo, P. A. Fungorum extra-europaeorum Pugillus. Michelia 2, 136-149

(1880).

Cannon, P. F. The newly recognized family Magnaporthaceae and its
interrelationships. Syst. Ascomycetum 13, 25-42 (1994).

Krause, R. A. & Webster, R. K. The morphology, taxonomy, and sexuality of the
rice stem rot fungus, Magnaporthe salvinii (Leptosphaeria salvinii). Mycologia 64,
103-114 (1972).

Barr, M. E. Magnaporthe, Telimenella, and Hyponectria (Physosporellaceae).
Mycologia 69, 952-965 (1977).

Zhang, N. & Blackwell, M. Molecular phylogeny of dogwood anthracnose fungus
(Discula destructiva) and the Diaporthales. Mycologia 93, 355-365 (2001).
Huhndorf, S. M., Greif, M., Mugambi, G. K. & Miller, A. N. Two new genera in the
Magnaporthaceae, a new addition to Ceratosphaeria and two new species of
Lentomitella. Mycologia 100, 940-955 (2008).

Zhang, N. et al. An overview of the systematics of the Sordariomycetes based on a
four-gene phylogeny. Mycologia 98, 1076-1087 (2006).

Fitzpatrick, D. A., Logue, M. E,, Stajich, J. E. & Butler, G. A. fungal phylogeny
based on 42 complete genomes derived from supertree and combined gene
analysis. BMC Evol. Biol. 6, 99 (2006).

Ebersberger, I. et al. A consistent phylogenetic backbone for the fungi. Mol. Biol.
Evol. 29, 1319-1334 (2012).

Song, S., Liu, L., Edwards, S. V. & Wu, S. Resolving conflict in eutherian mammal
phylogeny using phylogenomics and the multispecies coalescent model. Proc.
Natl. Acad. Sci. USA 109, 14942-14947 (2012).

. Spatafora, . W. et al. A five-gene phylogeny of Pezizomycotina. Mycologia 98,

1018-1028 (2006).

Zhuang, W. & Liu, C. What an rRNA secondary structure tells about phylogeny of
fungi in Ascomycota with emphasis on evolution of major types of ascus. PLoS
One 7, e47546 (2012).

Kumar, T. K., Healy, R., Spatafora, J. W., Blackwell, M. & McLaughlin, D. J. Orbilia
ultrastructure, character evolution and phylogeny of Pezizomycotina. Mycologia
104, 462-476 (2012).

. Robbertse, B., Reeves, J. B., Schoch, C. L. & Spatafora, J. W. A phylogenomic

analysis of the Ascomycota. Fungal Genet. Biol. 43, 715-725 (2006).

. Hibbett, D. S. et al. A higher-level phylogenetic classification of the Fungi. Mycol

Res. 111, 509-547 (2007).

DiGuistini, S. et al. Genome and transcriptome analyses of the mountain pine
beetle-fungal symbiont Grosmannia clavigera, a lodgepole pine pathogen. Proc.
Natl. Acad. Sci. USA 108, 2504-2509 (2011).

Klaubauf, S. et al. Resolving the polyphyletic nature of Pyricularia
(Pyriculariaceae). Stud. Mycol. 79, 85-120 (2014).

Vijaykrishna, D., Jeewon, R. & Hyde, K. D. Molecular taxonomy, origins and
evolution of freshwater ascomycetes. Fungal Divers. 23, 351-390 (2006).
Schoch, C. L. et al. The Ascomycota tree of life: a phylum-wide phylogeny clarifies
the origin and evolution of fundamental reproductive and ecological traits. Syst.
Biol. 58, 224-239 (2009).

Marcel, S., Sawers, R., Oakeley, E., Angliker, H. & Paszkowski, U. Tissue-adapted
invasion strategies of the rice blast fungus Magnaporthe oryzae. The Plant Cell 22,
3177-3187 (2010).

. Gams, W. Phialophora and some similar morphologically little-differentiated

anamorphs of divergent ascomycetes. Stud. Mycol. 45, 187-199 (2000).
McNeill, J. et al. eds. International Code of Nomenclature for algae, fungi and
plants (Melbourne Code). Adopted by the 18th International Botanical Congress,
Melbourne, Australia, Jul 2011. (Regnum Veg, Koeltz Scientific Books, Germany,
2012).

Zhang, N. et al. Impacts of the International Code of Nomenclature for algae,
fungi and plants (Melbourne Code) on the scientific names of plant pathogenic
fungi. Online. APSnet Feature. American Phytopathological Society, St. Paul,
MN. (2013) (Date of access: 01/11/2014).

Tosa, Y. & Chuma, . Classification and parasitic specialization of blast fungi.

J. Gen. Plant Pathol. 80, 202-209 (2014).

Luo, J. & Zhang, N. Magnaporthiopsis, a new genus in Magnaporthaceae.
Mycologia 105, 1019-1029 (2013).

Luo, J., Walsh, E. & Zhang, N. Four new species in Magnaporthaceae from grass
roots in New Jersey Pine Barrens. Mycologia 106, 580-588 (2014).

| 5:9448 | DOI: 10.1038/srep09448


http://www.ncbi.nlm.nih.gov/COG
http://evolution.genetics.washington.edu/phylip.html
http://evolution.genetics.washington.edu/phylip.html

37. Grabherr, M. G. et al. Full-length transcriptome assembly from RNA-Seq data
without a reference genome. Nat. Biotech. 29, 644-652 (2011).

38. Parra, G., Bradnam, K. & Korf, I. CEGMA: a pipeline to accurately annotate core
genes in eukaryotic genomes. Bioinformatics 23, 1061-1067 (2007).

39. Koonin, E. V. et al. A comprehensive evolutionary classification of proteins
encoded in complete eukaryotic genomes. Genome Biol. 5, R7 (2004).

40. Qiu, H., Yang, E. C,, Bhattacharya, D. & Yoon, H. S. Ancient gene paralogy may

mislead inference of plastid phylogeny. Mol. Biol. Evol. 29, 3333-3343 (2012).
. Katoh, K. & Standley, D. M. MAFFT: iterative refinement and additional methods.
Methods Mol. Biol. 1079, 131-146 (2014).

42. Talavera, G. & Castresana, J. Improvement of phylogenies after removing
divergent and ambiguously aligned blocks from protein sequence alignments. Syst
Biol. 56, 564-577 (2007).

43. Notredame, C., Higgins, D. G. & Heringa, J. T-Coffee: A novel method for fast and
accurate multiple sequence alignment. J. Mol. Biol. 302, 205-217 (2000).

44. Darriba, D., Taboada, G. L., Doallo, R. & Posada, D. ProtTest 3: fast selection of
best-fit models of protein evolution. Bioinformatics 27, 1164-1165 (2011).

45. Stamatakis, A. RAXML-VI-HPC: maximum likelihood-based phylogenetic
analyses with thousands of taxa and mixed models. Bioinformatics 22, 2688-2690
(2006).

46. Ronquist, F. et al. MrBayes 3.2: Efficient Bayesian phylogenetic inference and
model choice across a large model space. Syst. Biol. 61, 539-542 (2012).

47.Le, S. Q. & Gascuel, O. An improved general amino acid replacement matrix. Mol.
Biol. Evol. 25, 1307-1320 (2008).

48. Liu, L., Yu, L. & Edwards, S. V. A maximum pseudo-likelihood approach for
estimating species trees under the coalescent model. BMC Evol. Biol. 10, 302
(2010).

49. Seo, T. K. Calculating bootstrap probabilities of phylogeny using multilocus
sequence data. Mol. Biol. Evol. 25, 960-971 (2008).

4

—_

50. Minh, B. Q., Nguyen, M. A. & von Haeseler, A. Ultrafast approximation for
phylogenetic bootstrap. Mol. Biol. Evol. 30, 1188-1195 (2013).

Acknowledgments

This work was supported by a grant from the National Science Foundation (DEB 1145174)
awarded to N. Zhang and D. Bhattacharya. We thank Udi Zelzion (Rutgers University) for
assistance in assembling the transcriptome data.

Author contributions

J.L. and G.C. conducted most of the experiments in collaboration with N.E.-W. who was in
charge of Illumina DNA sequencing. H.Q. and G.C. completed data analysis. N.Z. and D.B.
conceived and directed the project. J.L., H.Q,, G.C,, D.B. and N.Z. wrote and reviewed the
manuscript.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
scientificreports

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Luo, J. et al. Phylogenomic analysis uncovers the evolutionary
history of nutrition and infection mode in rice blast fungus and other Magnaporthales. Sci.
Rep. 5, 9448; DOI:10.1038/srep09448 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International
[ License. The images or other third party material in this article are included in the

article’s Creative Commons license, unless indicated otherwise in the credit line; if

the material is not included under the Creative Commons license, users will need

to obtain permission from the license holder in order to reproduce the material. To
view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

| 5:9448 | DOI: 10.1038/srep09448


http://www.nature.com/scientificreports
http://www.nature.com/scientificreports
http://creativecommons.org/licenses/by/4.0/

	Phylogenomic analysis uncovers the evolutionary history of nutrition and infection mode in rice blast fungus and other Magnaporthales
	Introduction
	Results and Discussion
	Transcriptome sequencing from 21 Magnaporthales species
	Phylogenomics resolves the Magnaporthales tree of life
	The phylogenetic position of Magnaporthales within Sordariomycetes
	Phylogenetic relationships among Magnaporthales taxa

	Methods
	Fungal strains
	Transcriptome sequencing
	Transcriptome assembly and protein prediction
	Selection of gene markers
	Construction of single-protein alignments
	Phylogenetic reconstruction using concatenated multi-protein alignments
	Tree reconstruction using the coalescent model

	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


