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The fungus, Magnaporthe grisea (Hebert) Barr (anamorph
Pyricularia grisea Sacc.), is the causal agent of the blast
discase which is the most destructive disease of rice (Oryza
sativa) (Rossman et al., 1990). The fungus has been inten-
sively investigated as a valuable mode! organism for study-
ing various aspects of host-pathogen interactions in recent
years {Valent, 1990; Valent and Chumtey, 1991), because it
is a well-known haploid, heterothallic Pyrenomycete fun-
gus, producing perithecia containing fusiform, curved
ascospores in unordered asci (Kang et al, 1994) and
highly fertile laboratory strains have been developed (Chao
and Ellingboe, 1991; Kolmer and Ellingboe, 1988; Leung
ct al., 1988; Valent et al, 1986). As a result, numerous
genes providing insight into mechanisms of fungal patho-
genicity have been cloned in M. grisea over the past few
years (Mitchell and Dean, 1995; Sweigard et al, 1992;
Talbot et al., 1993; Xu and Hamer, 1996; Zhu et al., 1996).
An effective transformation system has been established
{(Zhu et al., 1999) and several high-density molecular link-
age maps have been created containing RFLP and pheno-
typic markers (Nitta et al. 1997, Romao and Hamer, 1992;
Skinner et al., 1993; Sweigard et al., 1993). Extensive stud-
ies on electro-karyotyping have been reported for this hap-
loid fungus with a genome size ranging from 37 to 50 Mb
depending on strains (Orbach et al 1996; Skinner et al.
1993), Therefore, M. grisea is an ideal candidate for a
whole genome sequencing project, not only because it is a
model organism suited for genetic analysis, but also
because it has a relatively small genome size compared to
other complex eukaryotes. In this article, genome sequenc-
ing of M. grisea using BAC and shotgun libraries will be
reviewed.
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BAC library

The construction of overlapping large fragments of DNA
(contigs) and map-based cloning are most useful for gain-
ing insight into the biology of M. grisea and other eukary-
otes. Large-insert hbraries play a pivotal role in such
research. Two of the commonly available vector systems to
clone large insert DNA fragments (100 kb) are yeast artifi-
cial chromosomes (YAC) and the newer bacterial artificial
chromosomes (BAC) (Shizuya et al., 1992). In the YAC
cloning system, the size-selected large fragments of exoge-
nous DNA are cloned into a linearized YAC vector and
maintained in yeast as lincar chromosomes. In the BAC
cloning system, large fragments of DNA are cloned into an
Escherichia coli F factor-based plasmid vector and main-
tained i £. coli as circular plasmids,

The two systems are similar in that both can easily handle
large pieces (>100 kb) of DNA, maintained at low-copy
numbers in the host cells (Zhang et al., 1996). However,
compared to the YAC system, BAC libraries are refatively
easy to construct with few chimeric clones (loantou et al.,
1994; Shizuya ct al., 1992; Woo et al., 1994). It is also eas-
ier to extract a large amount of pure BAC DNA using stan-
dard plasmid DNA isolation techniques that take advantage
of the separation of supercoiled plasmid DNA from bacte-
rial genomic DNA. Large insert libraries offer a number of
advantages over cosmid libraries. For example, if the objec-
tive 1s to assemble a 1-Mb overlapping contig, 49 steps
would be required using a cosmid library with the average
insert size of 40 kb assuming 50% overlap between clones.
However, if a BAC library was used (assuming a 150 kb
average size), it would require only 13 steps with a 90%
probahbility of completing the walk (Zhang et al., 1996a).

BAC libraries have been constructed for a number of
important plant and fungal species (Woo et al., 1995; Wang
et al,, 1995; Zhang et al., 1996a; Chot ct al., 1995; Shan et
al., 1996; Diaz-Perez et al. 1996). Most recently, Zhu et al.
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{1997) constructed a high quality novel BAC library from
M. grisea strain 70-15, a strain derived from the field isolate
Guyl1! (Chao and Ellingboe, 1991; Skinner et al., 1993).
The average insert size of this BAC library is 130 kb, which
is comparable to the majority of human and plant BAC
libraries constructed to date (Cai et al., 1995; Choi et al.,
1995, loannou et al., 1994; Kim et al., 1996; Shizuya et al.,
1992; Woo et al., 1994; Zhang et al., 1996a). Assuming the
genome size of M. griseq strain 70-15 is 40 Mb, the library
represents >25 genome equivalents that statistically means
there is a >99.99% chance of finding at least one specific
BAC clone when screening with a specific sequence.
Although the insert size of the BAC library is several fold
smaller than YAC libraries, it is easier to handle and any
deficiencies can be compensated for by the construction of
several BAC libraries using different restriction enzymes.
The utility of this library is demonstrated through the isola-
tion of a gene of interest and the construction of a 550 kb
contig composed of 6 BAC clones that is anchored to M.
grisea chromosome 2 by RFLP markers (Zhu et al., 1997).
BAC clones also seem ideal for producing an accurate con-
tiguous sequence because inserts showing minimal over-
laps at each end of BAC clone are sequenced by cloning
directly into M13 or plasmid vectors (Venter et al., 1996).
Therefore, development of a novel BAC library from M.
grisea strain 70-15 will provide a key advance in sequenc-
ing works of M. grisea as a model system to study fungal
genomics, because BAC fingerprinting and BAC-end
sequence provide framework, i.e. sequence-tagged connec-
tors (STCs) to facilitate whole genome sequencing of M.
grisea (Zhu et al., 1997). BAC DNA fingerprint techniques
are constructing physical maps for the entire genome of M.

griseq.

Shotgun Library and Sequencing

Recent advances in DNA sequencing technologies have
demonstrated that whole genomes can be sequenced accu-
rately and efficiently. In spite of a number of alternative
sequencing strategies, most sequencing information about
relatively small genome organisms has been generated by
traditional shotgun sequencing (Chen et al., 1996; Fraser
and Fleischmann, 1997; Radelof et al., 1998). The whole
genome of Haemophilus influenzae was the first to be com-
pletely sequenced by shotgun method {Fleischmann et al.,
1995}, followed by whole genome sequencing of several
free-living microorganisms (Bult et al., 1996; Deckert et al.,
1998; Fraser et al., 1995; Klenk et al., 1997). However, for
larger genomes including fungi, a necessary condition for
whole shotgun sequencing is the existence of a random
library of cloned chromosomal DNA fragments (Fraser and
Fleischmann, 1997).

The random shotgun approach for sequencing is to subdi-
vide the insert from a cosmid or BAC into a large number
of short fragments by mechanical shearing and clone these
fragments into plasmid or MI3 vectors (Ahmed and
Podemski, 1997). BAC clones serve exceilent substrates to
generate a number of subclones for shotgun sequence anal-
ysis because of their large insert size and ease of DNA iso-
lation that lends itself to automation (Shizuya et al., 1992;
Venter et al., 1996). A random library is best constructed
from randomly sheared fragments of BAC library, since
any kind of enzymatic cleavage is generally somewhat non-
random but mechanical shearing is insensitive to sequence
cottext. Extraction by the usual phenol/chloroform method
mechanically shears the genomic DNA to fragments of
about 50 kb. The DNA can be further sheared into pieces
by sonication or nebulization to maximize the randomness
of the DNA fragments. Fragments with narrow range
between 1.6 and 2.0 kb in size are usually excised and
recovered to minimize variation in growth of clones after
subcloning into pBluescript vector (Fleischmann et al.,
1995). For shotgun sequencing of a 112 kb BAC clone 6J18
of M. grisea chromosome 7, a shotgun library could be
practically constructed from BAC DNA fragments nebu-
lized with N, at 6.5 psi for 3 min. The shotgun library has
an average insert size of 1.9 kb and contains 3,360 individ-
ual ciones, which show about 12 fold coverage of a 112 kb
BAC clone (Koh et al., unpublished).

Fluorescent labeling of DNA fragments generated by the
Sanger dideoxy chain termination method has been the
mainstay of almost all large scale sequencing projects since
the introduction of the first semi-automated sequencer by
Applied Biosystems in 1987 and the development of Taq
cycle sequencing in 1990 (Venter et al., 1998). Recently
new models of the sequencer that can process more sam-
ples, Taq polymerase engineered especially for sequencing,
and higher sensitivity dyes have improved throughput,
accuracy, and operating costs for sequencing.

Random shotgun sequencing requires oversampling to
ensure a minimal coverage of under-represented regions
because an unequal representation of different parts of the
sequence will be expected due to sampling effects. Com-
pleted shotgun projects show an 8-12 fold average coverage
per base sequence, which is significantly more redundant
than necessary to achieve consensus sequence data of suffi-
cient quality (Fraser and Fleischmann, 1997). Therefore,
several strategies as cost-effective and efficient approaches
have been suggested recently to reduce redundancy in
large-scale sequencing projects (Chen et al., 1996; Radelof
et al., 1998). A useful intermediate product for genome
sequencing might be obtained by 3-4 fold redundancy and
neatly complete sequence data could be obtained at 6 fold
redundancy through analysis of the quality and utility of
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random shotgun sequencing at low redundancies (Bouck et
al., 1998). Nearly complete sequence data (95% of the
complete sequence data} could be also obatined at about 5
fold redundancy by random shotgun sequencing of a 112 kb
BAC clone 6J18 of M. grisea chromosome 7 (Koh et al,,
unpublished).

Contig Assembly and Open Reading Frame Identifi-
cation

The finishing of the shotgun sequencing is done by combi-
nation of computer works, identification of major contigs
and finding the insert ends, After the resulting sequence
data are usually transferred to a UNIX SUN Sparc Worksta-
tion, contig building is initiated using the base-calling pro-
gram Phred and the assembly program Phrap (Ewing and
Green, 1998; Ewing ct al., 1998) to find overlaps among
sequences and build a framework physical map by connect-
ing groups of clenes using the pairwise relationships of
sequences from individual shotgun clones. A complete
genome sequence is obtained by sequencing across the gaps
between contigs. Usually genomes with high GC and AT
composition present special problems for sequencing and
assembly (Venter et al., 1998). Poly-G sequence makes it
difftcult to fill the gap and get good quality sequence around
the region in finishing stage. Closure of sequence gaps is
usually conducted by an appropriate oligonucleotide design
followed by a dye terminator sequence walk along the
appropriate template (Fraser and Fleischmann, 1997). Phy-
sical gaps can be closed by PCR products (both standard
and long range) generated by doing all possible reactions
with primers designed from the ends of each contig group.

Full identification and annotation of open reading frames
(ORFs) is an integral part of finishing the assembly. The
final genome sequence is searched with a set of search
algorithms incorporating BLAST (Altschul et al., 1990,
Madden et al., 1996) against both nuclectide and amino
acid databases for the identification of genes. Exon candi-
dates can be sought by the GRAIL (Gene Recognition and
Analysis Intemet Link), GenScan and WebGene programs
and also by comparison with GenBank entries for expressed
sequence tags (ESTs) (Adams et al,, 1991) and cDNAs,
Common names for genes and roles of each putative ORF
are stored in the final annotation of the sequence.

Total gene numbers and genome sizes reveal the genetic
complexity and relative amount of functional information
of organisms. The genome sizes of several ascomycetous
tungi along with the expected gene densities and gene com-
plexities are listed in Table 1 (Kupfer et al., 1997). M.
grisea genome size most likely has a gene density of 225
genes/Mb and a predicted gene number of 8500. Thirty
seven ORFs were identified by a BLAST search of the

Table 1. The genome sizes of several ascomycetous fungi along
with the expected gene densities and gene complexities

Genorne physical data®

Size  Density Total
(Mb) (genes/Mb) (complexity)

Unicellular fungi 13.7 470 6400
Saccharomyces cerevisize 13.5 430 5800
Saccharomyces pombe 14.0 500 7000

MulticeHular fungi 36 233 8400

Subclass Plectomycetidae 33 240 8000
Aspergillus nidulans 31 260 8100
Related Anamorphs
Penicillium chrysogenum 34 240 8200
Trichoderma reesei 33 235 7800
Subclass Pyrenomycetes 40 225 8900
Nectria crassa 42 230 9200
Nectria haematococca 40 220 &800
Magnaporthe grisea 37 225 8500

*Data from Kupfer et al. (1997).

GenBank database as a result of shotgun sequencing of a
112 kb BAC clone 6J18 which was selected for its feature
of high gene density on chromosome 7 of M. grisea based
on cDNA hybridization study (Koh et al., unpublished).
The distribution of all the ORFs along 112 kb sequence are
shown in Fig. 1 as drawn mainly according to GenScan
image. Sixteen ORFs predicted by GenScan reveal signifi-
cant homologous sequences with known genes (Table 2),
but it is likely that twenty one ORFs with no significant
homology to any entries in public databases represent indi-
vidual potential genes, pseudogenes, e¢xons, or a transpos-
able elements.

Functional Analysis

The complete genontic sequence is a tremendous asset in
the study of M. grisea. It is quite likely to reveal essentially
all the predicted coding regions as well as a variety of other
features, such as ribosomal RNA operons, IS elements,
repeat regions, G-C content, origin{s) of replication, operon
structure, genome polarity, etc. Currently, genomic sequence
analysis primarily involves the identification of the pre-
dicted coding regions followed by the assignment of a ten-
tative gene name and functional role based upon a sequence
similarity search. The use of sequence similarity as a
method for gene identification will at best provide us with
functional information for perhaps 50% of the predicted
coding regions. The remainder often appear to match genes
identified as hypothetical from other organisms or appear to
have no match in the existing databases. The inability to
identify these genes can rest in two areas, the sequences are
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Fig. 1. The distribution of ORFs in BAC clone 6J18 of Magnapo¥the grisea. A schematic view of the distribution of 37 ORFs predicted
by GenScan, Each arrows indicate the direction of translation. Black-filled arrows ( ®) indicate ORFs with no homology to other known
genes, and open arrows (1> ) indicate a presence of homologs in other organisms. The length of the gene products are shown in bracket in

the number of amino acids

Table 2. Sequence homology-based assignment of 16 open reading frames in a 112 kb BAC clone 6J18 of Magnaporthe grisea

chromosome 7

ORF Coding region Size (aa} The most significant sequence homelogy®
6J18.06 1814418174 10 58 ribosornal RNA gene [Neurospora crassa)
6J18.08 22449<23121 155 Hypothetical protein [Syrechaocystis sp.]
6318.09 2424724905 169 Peroxisomal-like Protein [Aspergillus fitmigatus]
6J18.10 25386<26279 159 60S ribosomal protein [Shizosaccharomyces pombe]
6J18.11 2688228402 492 Adenosine deaminase [S. pombe]
6J18.12 28890<29425 136 Transcription factor [S. pombe]
6J18.13 40259>45532 1754 ZipA [Dictyostelium discoideum]
6J18.16 50410<52370 622 Acetylcoenzyme A transporater [Homo sapiens]
6J18.19 60031<61638 536 pot3, Transposase [Magnaporthe griseq)
6J18.20 6385165844 482 Tetracyeline transporter-fike protein mRNA {#. sapiens]
6J18.22 68597>70165 490 Probable membrane protein [Saccharontyces serevisiae]
6J18.23 70854>72173 440 Hypothetical protein [S. serevisiae]
6J18.24 72411<74155 581 Putative amidase [Streptomyces coelicolor)
6J18.24 74560<75607 427 krev-] [N. crassa]
6J18.29 93133<93504 99 raci, GTP-binding protein [H. sapiens]
6J18.37 110728<111398 223 Putative ubiquinone biosynthesis protein [S. pombe)

* ORFs were predicted by Genscan. The approximate coding regions were determined also with reference to the Blastn and Blastx results.

dissimilar enough so as to score poorly by the commonly
used sequence comparison algorithms, or they encode pro-
teins that represent new biclogy. Identifying the functional
significance of these unknown genes remains a challenge,
and developing methods of doing so in high-thrqughput
ways will be important for keeping pace with the large
amount of genomic data that will be amassed in the next
few years. While elucidating the fimction of an encoded
protein may remain the province of the biochemist for quite

some time, the attachiment of additional information to each
predicted coding region will provide knowledge of its
potential role if not its actual function. This knowledge may
take the form of identifying whether a gene's expression is
essential for viability as well as quantitative differences in
its temporal expression, under a variety of environmental
stresses, with respect to differentiation, and pathology
(Fraser and Fleischmann, 1997).

" A number of high-throughput methodologies, developed
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Table 3. Strategies for gene identification and functional analysis

Methodology Comrments

Expressed sequence tags (ESTs)

High-throughput gene identification. Provides ten of thousands of sequence-based tags for

gene identification, tissue distribution, abundance, and gene family analysis. Requires moder-
ate to large-scale DNA sequencing facility. Unique tags require oligo(dT) pnming.

Serial analysis of gene expression (SAGE) High-throughput technique for measuring transeript abundance based on position and content
of small sequence tags. Requires onty small DNA sequencing facility to produce thousands of
tags. Dependent on polyadenylated mRNA.

Differential display methods

Methods for displaying differences in gene expression levels. Especially valuable when there

is no a priori knowledge of gene content. Has not been widely used for bacteria.

cDNA microarray analysis

Technology for high-throughput characterization of mRNA population based on hybridization

0 cDNA microarrays. Potentially valuable for whole genome characterization.

Gene disruption and DNA chip

graphic techniques.

Technology for high-throughput analysis of uncharacterized ORFs by combining gene disrup-
tion with DNA molecular bar coding to be read by DNA chips synthesized by photolitho-

Sumimary from Fraser and Fleischmann (1997).

over the past few years and under current development,
provide resources for gene identification and functional
analysis (Table 3). ESTs provide a rapid method for gene
identification by combining sequence-based tags with in
silico methods of sequence comparison (Adams et al.,
1991). ESTs have been applied to eukaryotic organisms
where polyadenylated mRNA provides a unique 3' tag,
although in principle, randomly primed cDNA could pro-
vide a means for rapid gene identification in nonpolyadeny-
lated messages. Most recently, Choi et al. (1998) have
initiated an EST project to tdentify and analyze all possible
genes expressed during appressorium formation in M.
grisea. Serial gene analysis (SAGE) is a rapid method for
quantitative mRNA expression level analysis (Velculescu et
al., 1995). However, the method has been limited in appli-
cation to polyadenylated message. Differential display
methodologies alone, or in combination with subtractive
methods, can provide gene expression data (Liang and Par-
dee, 1992). While these methods have the advantage that
they are not truly high-throughput and require extensive
follow-up work to characterize the differentially displayed
bands. Methodologies based on DNA chip technology may
represent the most promising advances in quantitative gene
expression and functional analysis for microbial organisms
(Shoemaker et al., 1996). Advances in arraying technology,
combined with fluorescent hybridization and sensitive
detection methods, make this technology the most robust
for moving forward, especially as the sequence of dozens of
microbial organisms becomes available in the near future
{DeRisi et al,, 1996)

medicine and have ushered in a new era of genomic sci-
ence, the study of genes and genomes (Fraser and Fleis-
chmann, 1997). These new technologies have had an
impact on many areas of research, including the association
between genes and disease, in DNA-based diagnostics, and
in the sequencing of genomes from human and other model
organisms. The demonstration in 1995, that automated
DNA sequencing methods could be used to decipher the
entire genome sequence of a free-living organism, Haemo-
philus infuenzae, was a milestone in both the genomics and
microbial fields (Fleischmann et al., 1995). Since the first
report of the complete sequence of H. influenzae, these
methodologies have been adopted by laboratories around
the world. The complete genomic sequences of several
have been reported in recent years. It is likely that in the
next few years we will'see the complete sequence of per-
haps as many as 30-40 microbial genomes.

Until now the 112 kb BAC clone 6J18 of M. grisea chro-
mosome 7 was completely sequenced using a random shot-
gun library as a pilot project towards the completion of
whole genome sequencing of M. grisea. This covers only
less than 1/40 of chromosome 7 (4.2 Mb) and 1/400 of the
whole genome of M. grisea. However, the cornplete
genome sequence will be obtained in the next few years
with a high quality novel BAC library of M. griseq and a
coordinated effort within the Magnaporthe genome com-
munity. The outcome of such an effort would produce valu-
able information not only in the genetical and biological
studies of M. grisea, but also in the arcas of fungal biology
and plant pathology.

Conclusion

The introduction of automated DNA sequence analysis
nearly a decade ago, together with more recent advances in
the field of bioinformatics, have revolutionized biology and
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