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Genomes contain a large number of unique genes which
have not been found in other species. Although the ori-
gin of such “orphan” genes remains unclear, they are
thought to be involved in species-specific adaptive pro-
cesses. Here, we analyzed seven orphan genes (MoSPCI1
to MoSPC?) prioritized based on in planta expressed
sequence tag data in the rice blast fungus, Magnaporthe
oryzae. Expression analysis using QRT-PCR confirmed
the expression of four genes (MoSPC1, MoSPC2, Mo-
SPC3 and MoSPC?7) during plant infection. However,
individual deletion mutants of these four genes did
not differ from the wild-type strain for all phenotypes
examined, including pathogenicity. The length, GC
contents, codon adaptation index and expression dur-
ing mycelial growth of the four genes suggest that these
genes formed during the evolutionary history of M. ory-
zae. Synteny analyses using closely related fungal spe-
cies corroborated the notion that these genes evolved
de novo in the M. oryzae genome. In this report, we
discuss our inability to detect phenotypic changes in the
four deletion mutants. Based on these results, the four
orphan genes may be products of de novo gene birth
processes, and their adaptive potential is in the course
of being tested for retention or extinction through natu-
ral selection.
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Orphan genes are protein-coding regions that lack any
recognizable orthologs in other organisms (Ekman and
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Elofsson, 2010). Based on the large number of genome
sequences available, orphans are a universal feature of all
genomes (Khalturin et al., 2009). Two major models have
been proposed for the origin of new genes; the duplication-
divergence model and de novo evolution model (Tautz
and Domazet-Loso, 2011). In the first model, new genes
emerge through gene duplication followed by rapid diver-
gence leading to loss of similarity to the gene from which
it was duplicated (Domazet-Loso and Tautz, 2003). This
model has been well-supported and is considered the major
mechanism for creating evolutionary novelties. However,
within the framework of this model, it is difficult to explain
how natural selection can choose one gene for divergence
while retaining the duplicate to maintain the ancestral
function (Conant and Wolfe, 2008; Lynch and Katju,
2004). Furthermore, this model is based on the extensive
accumulation of substitutions over the entire length of the
protein during divergence to the point at which paralogous
relationships cannot be detected. This assumption rarely
holds due to the existence of functional protein domains
in many genes. The second model postulates that a new
gene can emerge directly from non-coding sequences via a
random combination of sequences, giving rise to functional
sites such as transcription initiation regions and polyad-
enylation sites (Siepel, 2009).

Although such de novo gene birth is considered very rare,
recent reports provided evidence for this type of gene birth
in a variety of organisms (Begun et al., 2007; Cai et al.,
2008; Donoghue et al., 2011; Heinen et al., 2009; Levine et
al., 2006; Li et al., 2010a; Yang and Huang, 2011; Zhou et
al., 2008). Furthermore, comparative analyses of genome
sequences revealed that orphan genes emerge at high rates
and account for 10-20% of total genes within individual
eukaryotic genomes (Domazet-Loso and Tautz, 2003;
Khalturin et al., 2009). Characteristics of orphan genes are
well-documented in diverse eukaryotes. They are relatively
short (both with respect to gene and ORF length), contain
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a low number of exons and the detectable domains and are
less expressed and evolve more rapidly than non-orphan or
old genes (Carvunis et al., 2012; Neme and Tautz, 2013).

Orphan genes are believed to be involved in species-
specific processes of adaptation (Kaessmann, 2010). A
number of studies provide examples supporting such roles
of orphan genes. In human, FLJ33706 that encodes newly
organized genes is associated with brain function (Li et al.,
2010a). In the yeast Saccharomyces cerevisiae, the newly
born BSC4 gene is suggested to be involved in the DNA
damage repair pathway during the stationary phase, where-
as another new gene, MDF I, promotes vegetative growth
and decreases mating efficiency in rich media (Cai et al.,
2008; Li et al., 2010b). The EEDI gene, which is found
only in Candida albicans, is crucial for hyphal extension
and maintenance of filamentous growth both on solid
surfaces and during the interaction with host cells (Martin
etal., 2011).

In this report, we analyzed orphan genes and determined
whether they are involved in fungal pathogenesis in a
model plant pathogenic fungus, Magnaporthe oryzae. The
fungus is a causal agent of the rice blast disease, which is
one of the most devastating global fungal diseases of culti-
vated rice (Talbot, 2003; Valent and Chumley, 1991). Leaf
infection by this fungus is initiated by landing of a conidi-
um on the leaf surface. Melanized appressorium develops
to mechanically penetrate the cuticular layer, following
conidial germination (Wilson and Talbot, 2009). Rice blast
is used as a model system to investigate host-pathogen in-
teractions due to the genetic tractability and availability of
genome sequences for both organisms (Dean et al., 2005;
Goft, 2005; Yu et al., 2002). In this study, we report for the
first time the identification and analysis of orphan genes in
M. oryzae.

Materials and Methods

Computational analysis. Orphan genes were identified
using BLASTP searches against the NCBI non-redundant
dataset using protein sequences of M. oryzae as queries.
The E-value threshold was set at 10°. The BLAST matrix
function embedded in CFGP 2.0 was used to visualize
the presence of the gene in M. oryzae among species with
genome sequences archived in CFGP 2.0 (Choi et al.,
2013) (http://cfgp.snu.ac.kr/). Comparison between orphan
and non-orphan genes based on gene length, GC content,
transcript abundance, and codon adaptation index was per-
formed using R (http://www.R-project.org/).

Fungal isolates and culture conditions. Magnaporthe

oryzae strain KJ201 was provided by the Center for Fungal
Genetic Resources (CFGR, http://genebank.snu.ac.kr) and
was used as the wild-type strain for this study. All strains
including mutants were grown on V8 agar [V8; 8% V8
juice (v/v) and 1.5% agar (w/v), adjusted to pH 6.0 using
NaOH] or oatmeal agar [OMA; 5% oatmeal (w/v) and 2%
agar (w/v)] at 25°C in constant light to promote conidial
production (Park et al., 2010). For conidial production,
strains were cultured on V8 juice agar medium for 7 days
or on OMA for 10 to 15 days at 25°C under continuous
light conditions. To compare mycelial growth, modified
complete agar medium (MCA) or modified minimal agar
medium (MMA) (Talbot et al., 1993) was used.

Nucleic acid manipulation and expression analysis. Two
methods were used for fungal genomic DNA isolation
based on two different purposes. A quick and easy genomic
DNA extraction method was used for PCR-based screen-
ing of transformants (Chi et al., 2009). Genomic DNA was
isolated from mycelia according to a standard protocol
for southern hybridization (Sambrook and Russell, 2001).
Southern DNA hybridization was performed with the se-
lected transformants to ensure correct gene replacement
events and absence of ectopic integration. Genomic DNA
was digested with BamHI, Pstl, Xhol and Nhel, and blots
were probed with 1-kb 5'-flanking or 3'-flanking sequences
(Fig. S1). Southern DNA hybridization was performed
using a standard method (Sambrook and Russell, 2001).
To perform expression analysis using quantitative real-
time PCR (qRT-PCR), cDNA synthesis was performed
with 5 pg of total RNA using the oligo dT primer with the
ImProm-IITM Reverse Transcription System kit (Promega,
Madison, WI, USA) following the manufacturer’s instruc-
tions. Primer pairs used in this study were listed in Table
S1.

Targeted gene deletion. Knock-out constructs of individu-
al genes were generated by double-joint PCR where ~1 kb
flanking sequences of each gene was amplified and fused
with the hygromycin resistance gene (HPH) cassette. The
knock-out constructs were transferred to wild-type proto-
plasts and the resulting transformants were primarily se-
lected by PCR-based screening using specific primer pairs
MoSPCI NF, MoSPCI1 _NR, MoSPC2 NF, MoSPC2 NR,
MoSPC3 NF, MoSPC3 NR, MoSPC7 NF and MoSPC7
NR (Table S1). Knock-outs were confirmed by Southern
blot analysis using one of the flanking sequences as a
probe.

Developmental phenotype assays. Radial mycelial growth
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was measured on modified complete agar medium (MCA)
or modified minimal agar medium (MMA) 12 days after
inoculation (DAI) with three replications (Kim et al., 2014).
Conidia were harvested from 7-day-old mycelia grown on
V8 juice agar plates and the conidial suspension was ad-
justed to 2 10* conidia/ml. For conidial germination and
appressorium formation, 40 pl of conidial suspension was
dropped onto plastic coverslips with three replicates and in-
cubated in a moistened box at room temperature. At 2 and
4 h after incubation, the frequency of conidial germination
was determined by counting at least 100 conidia per repli-
cate under a microscope. The frequency of appressorium
formation was measured from germinated conidia at 8 h
after incubation. Conidiation was determined by counting
the number of conidia using a hemacytometer under a mi-
croscope. These assay processes were performed with three
replicates in three independent experiments.

Pathogenicity assay. For the pathogenicity assay by spray
inoculation, conidia were collected from 7-day-old V8
juice agar medium and 10 ml of conidial suspension were
adjusted to 1% 10’ conidia/ml containing Tween 20 (250
ppm final concentration) and sprayed onto the rice seed-
lings (Oryza sativa cv. Nakdongbyeo) of three to four leaf
stages. Sprayed rice seedlings were placed in a dew cham-
ber for 24 h under dark conditions at 25°C, then transferred
to a rice growth incubator at 25°C, 80% humidity and a
16-h photoperiod with fluorescent lights.

Results

Identification of orphan genes with transcriptional
activity in M. oryzae. To identify orphan genes in the M.
oryzae genome, we performed BLASTP searches against
the NCBI non-redundant database (NCBI nr) with an
e-value threshold of 107, This search demonstrated that
2,740 out of 12,991 genes (~21%) encode putative proteins
with no match in the NCBI nr, indicating that they are
likely orphan genes. We hypothesized that there should
be evidence of transcription of orphan genes with roles in
the host plant interaction. Thus, we utilized a previously
reported in planta EST library (Kim et al., 2010). Although
a total of 712 genes were initially reported to have in
planta ESTs, we found only 542 genes in M. oryzae ge-
nome version 8. Comparison of orphan genes and in planta
EST data showed that seven genes were shared between
the two datasets. Since these genes were specific to M.
oryzae, we named them MoSPCs (Magnaporthe oryzae
specific). These genes were typically less than 1 kb in
length (excluding MoSPC6), and MoSPC3 was predicted

Table 1. Structural characteristics of MoSPC genes

Gene Gene size No.of Longer exon Secretion

name (bp) exons (bp) possibility
MoSPCI 809 3 330 No
MoSPC2 546 2 251 No
MoSPC3 704 3 198 Yes
MoSPC4 233 2 134 No
MoSPC5 984 1 298 No
MoSPC6 1979 7 218 No
MoSPC7 777 2 222 No

to contain a signal peptide (Table 1).

Expression analysis of in planta expressed M. oryzae
orphan genes. The presence of expressed sequence tag
(EST)s is a good indication of transcriptional activity.
However, it does not provide information on differential
expression of a gene, which is associated with the gene’s
role. Therefore, we examined the transcriptional activ-
ity of seven genes during different developmental stages,
including plant infection, using qRT-PCR. Expression
profiling suggested that four genes (MoSPC1, MoSPC2,
MoSPC3 and MoSPC?7) among the seven are differentially
expressed during plant infection (appressorium formation
and invasive growth) compared to mycelial growth condi-
tions (Fig. 1). However, both MoSPC5 and MoSPC6 were
down-regulated during plant infection, and MoSPC4 was
not differentially expressed under the same conditions (data
not shown). Based on this expression analysis, we selected
MoSPC1, MoSPC2, MoSPC3 and MoSPC7 for targeted
deletion and further functional studies.

Targeted deletion of selected genes and phenotypes
analysis. To investigate the possible roles of the four se-
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Fig. 1. Transcript abundance of MoSPC genes in different devel-
opment stages of Magnaporthe oryzae. Con, conidia; Ger, ger-
minating conidia; App, appressoria; In 78, infection stage at 78 h
post-inoculation (hpi); In 150, infection stage at 150 hpi.
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Table 2. Phenotypes of wild-type, AMospcl, AMospc2, AMospc3 and AMospc7

Strain Mycelial growth (mm)"* Conidiation Conidial Appressorium
MCA MMA (x 10%/ml)® germination (%)° formation (%)°
KJ201 83.6+0.6 78.6£0.6 27.8+4.6 90.2+1.1 843+54
AMospcl 83.24+0.7 78.0+0.6 243+96 90.2+1.1 794+39
AMospc2 822+0.3 77.3+.03 283+3.3 88.9+0.9 794+39
AMospc3 81.6+£1.6 77.0+13 292+42 90.3+1.3 82.3+33
AMospc7 82.3+0.6 76.0+ 1.5 26.6+0.6 87.1+3.3 81.2+35

*Mycelial growth was measured at 12 days after inoculation (DAI) on modified complete agar medium (MCA) and minimal agar medium (MMA).
"Conidiation was measured as the number of conidia from a culture flooded with 5 ml of sterilized distilled water.
‘Percentage of conidial germination was measured on plastic coverslips under a light microscope using conidia harvested from 7-day-old V8

juice agar plates.

“Percentage of appressorium formation was measured on plastic coverslips using conidia harvested from 7-day-old V8 juice agar plates.
Data are presented as means + standard deviation from three independent experiments.

lected genes in M. oryzae, we generated deletion mutants
of individual genes. Gene deletion constructs were pre-
pared through double joint PCR (Yu et al., 2004), in which
the HPH cassette was combined with ~1-kb 5'/3" flanking
regions of the target gene (Fig. S1). The gene deletion con-
structs were used directly for transformation with wild-type
protoplasts. The resulting hygromycin-resistant transfor-
mants were screened by PCR and correct gene replace-
ment, and the resulting transformants were confirmed using
Southern hybridization analysis (Fig. S1).

When examining the phenotypes of the deletion mutant
in each of the four genes, we found that deletion mutants
of MoSPCs were comparable to the wild-type with respect
to mycelial growth and conidiation (Table 2). Conidia of
all mutants were capable of germinating and developing
appressorium on a germ tube tip. The morphology of ap-
pressoria formed by the four mutants was indistinguishable
from the wild-type. Furthermore, when conidial suspen-
sions of the mutants were spray-inoculated onto rice plants
of a susceptible cultivar, Nakdongbyeo, all mutants showed
virulence similar to the wild-type strain (Fig. 2A and 2B).
These results suggested that MoSPCs are not required for
the traits examined, including mycelial growth, conidiation,
conidial germination, appressorium formation, and patho-

genicity.

Genome-wide analysis of orphan genes in M. oryzae.
In parallel to the targeted deletion of the four selected
genes, we analyzed orphan genes at the genome scale by
comparing the features of orphan and non-orphan genes,
including gene length, GC contents, transcription and co-
don adaptation index. Our analysis showed that orphan
genes including MoSPCs (excluding MoSPC6) were
relatively short (Fig. 3A), showed a low GC content (Fig.

3B), low transcription (Fig. 3C) and less-biased codon
usage (Fig. 3D) than their non-orphan counterparts. Gene
length is positively associated with both GC content and
gene expression (Jansen and Gerstein, 2000; Pozzoli et al.,
2008). We also observed such a positive correlation among
gene features. The differences between orphan and non-
orphans in our analysis are in concordance with the results
of previous studies on de novo emergence of orphan genes
from model organisms (Cai et al., 2008; Carvunis et al.,
2012; Li et al., 2010b; Neme and Tautz, 2013).

Synteny analysis of orphan genes. The most stringent
criterion for involvement of de novo processes in explain-
ing orphan genes requires that syntenic blocks spanning
an orphan gene are present in outgroup organisms as non-
coding sequences that are not transcribed (Cai et al., 2008;
Knowles and McLysaght, 2009). To further support de
novo gene birth of the four selected genes, we performed
synteny analysis with phylogenetically closely related
fungal species, including Gaeumannomyces graminis (a
member of the Magnaporthaceae family) (Table S2). Our
synteny analysis demonstrated that the selected genes
(excluding MoSPC2) were present in the well-conserved
synteny block (Fig. 4). We did not detect a synteny block
containing MoSPC2, even by expanding the number of
fungal species included in the analysis. Based on our analy-
sis, MoSPC3 was the orphan gene that best fit our stringent
criterion. In synteny blocks harboring MoSPC1 and Mo-
SPC7, predicted ORFs (GGTG_00636 and GGTG_00730)
of G. graminis were found in a region corresponding to the
location of MoSPC1 and MoSPC?7. However, these two
ORFs did not have any similarity to MoSPCI or MoSPC7
(data not shown). BLASTP searches against the NCBI nr
database showed that GGTG_00636 and GGTG_00730
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Fig. 2. Pathogenicity assay of wild-type, AMospcl, AMospc?2,
AMospc3 and AMospc7. (A) Disease development after spray-
ing conidial suspension onto rice leaves. Conidial suspension
(1x10°/ml) was sprayed onto the leaves and diseased leaves
were harvested 7 days after inoculation. (B) Disease score
measurement was performed on 7-day diseased leaves of all
strains, as described by Valent et al., 1991. The data are the mean
+ standard deviation of three independent experiments and all
data are statistically analyzed using Tukey test (p<0.05).

were also likely orphan genes in the G. graminis genome.
Based on our observations, at least one of the selected or-
phan genes (MoSPC3) originated de novo during the evo-
lutionary history of M. oryzae.

Discussion

De novo gene birth is an important mechanism in species-
specific adaptation processes (Cai et al., 2008; Kaessmann,
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Fig. 3. Genomic features of new born genes in M. oryzae. (A)
Gene length, (B) GC content in coding DNA sequence (CDS)
level, (C) expression pattern and (D) codon adaptation between
new and old genes using the Mann-Whitney Wilcoxon test
(p<2.2e-16).

2010). Examples of newborn genes have shown that they
quickly become essential and play pivotal roles during
development, reproduction and survival (Ding et al., 2010;
Li et al., 2010a). However, there have been no fully docu-
mented cases in plant pathogenic fungi regarding de novo-
originated genes, although it is possible that such novel
genes contribute to fungal pathogenesis, host specificity
and host jumping.

To identify orphan genes in M. oryzae, we performed
BLASTP searches against the NCBI nr database. To char-
acterize orphan genes, it is important to understand whether
a gene is absent in other species or whether the observed
absence is the result of technical limitations of the methods
used. This concern was addressed by a recent study show-
ing that BLAST is sufficiently sensitive to detect the ma-
jority of remote homologues (Alba and Castresana, 2007).
Furthermore, the NCBI nr database includes a variety of
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Fig. 4. Synteny relationships of MoSPC genes with other fungal
species. Protein sequences from the upstream and downstream
flanking regions of MoSPC genes were used for BLASTP
searches with a cutoff e-value of 107 to identify homologous
genes in other organisms. Gene birth of M. oryzae is shown in the
upper region.

sequences, including those from metagenomic studies
(Pruitt et al., 2007). A gene is considered to be absent in
the genomes of other species if there is no match to the
corresponding gene product in a BLASTP search against
the NCBI nr database. Using this approach, we identified
~2,700 orphan genes that account for ~21% of genes an-
notated in the genome. Considering that orphan genes ac-
count for approximately 10-20% of total genes in other or-
ganisms (Khalturin et al., 2009), the observed proportion of
orphans in the genome of M. oryzae was reasonable. Our
analysis of orphan versus non-orphan genes showed that
orphan genes of M. oryzae possess typical characteristics of
genes formed via de novo evolution; namely, short length,
low GC contents, low transcriptional activity, and less bias
in codon usage.

In this report, we targeted four orphan genes of M. ory-
zae among ~2,700 orphan genes prioritized by in planta
EST data and qRT-PCR to explore the involvement of
orphan genes in fungal pathogenesis. Synteny analysis of
these four genes indicated that at least one of these genes
(MoSPC3) has a de novo origin. Our data suggest that the

other three genes may have originated de novo. It is highly
likely that homologous genes of MoSPC?2 flanking genes
are spread in other organisms during evolution, in contrast
to M. oryzae in which these genes remain linked. Predicted
ORFs of G. graminis (GGTG_00636 and GGTG_00730)
are present in the corresponding location of MoSPCI and
MoSPC7 without sequence similarities, which is suggestive
of two possibilities. First, the two genes are orthologous
between M. oryzae and G. graminis but underwent rapid
divergence after the speciation event. Second, each gene
emerged de novo from non-coding sequences indepen-
dently in both species. We argue that the second possibility
is more parsimonious than the first considering the small
amount of time since speciation events and that the di-
vergence is significant enough to be undetectable using a
BLAST search.

Deletion of individual genes (MoSPC1, MoSPC2, Mo-
SPC3 and MoSPC?7) did not result in phenotypic changes
for traits we examined in this study. This suggests that
these four genes are not required for fungal develop-
ment and pathogenesis. It is also possible that assays we
performed to examine phenotypes were not sufficiently
sensitive to detect subtle differences that exist between the
mutants and wild-type. The absence of phenotypes in dele-
tion mutants of an orphan gene was reported previously in
M. grisea. The authors investigated a gene called MIRI,
which is unique to M. grisea (Li et al., 2007). Deletion
of MIRI did not cause changes in phenotypes examined.
Based on its upregulation during plant infection, MIR1
may be important for the fitness and virulence of M. grisea
under field conditions, although it is dispensable for plant
infection under laboratory conditions. This may also be
true for the four orphan genes investigated in this study.

Alternatively, the absence of phenotypes could be related
to evolutionary processes through which orphan genes are
gained and retained in the genome. The de novo evolution
model of orphan genes suggests a balance between gene
emergence and gene loss over time (Palmieri et al., 2014).
These genes can be retained if they confer selective advan-
tages, otherwise they are quickly lost. Thus, we may have
observed orphan genes that are being selected for retention
or extinction through natural selection. In addition, orphan
genes present in the majority of field isolates are more
likely to have an impact on the fungal life cycle.

In summary, we investigated the role of orphan genes
during pathogenesis of M. oryzae through gene deletions.
Our data demonstrated that none of these genes are impor-
tant for fungal development and pathogenicity, despite their
upregulation during plant infection processes. We con-
firmed that at least one of the genes has a de novo origin
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based on our analyses, including synteny comparison.
These results suggest that a significant proportion of the
fungal genome is comprised of orphan genes. These genes
should be examined to determine their origin and increase
our understanding of fungal pathogenesis and evolution.
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