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Molecular analysis of repeated
DNA sequences from the rice blast
fungus Magnaporthe grisea
P. Kachroo, S.A. Leong, and B.B. Chattoo

Genome organization and distribution of repeated DNA sequences
were studied in the rice blast fungus Magnaporthe grisea. The analysis
led to the identification of an inverted repeat transposon and a short
interspersed nuclear element. Both of these elements were isolated
as insertions into unrelated repeated DNA sequences, a process
that appears to be of common occurrence in the genome of M. grisea.
The repeated DNA sequences were characterized with respect to
their fingerprinting patterns in rice and nonrice isolates of M. grisea,
dispersion in the genome, copy number, and sequence
characteristics. The close physical association of diverse repeated
DNA sequences and the genome rearrangements caused by them
indicate that they may also contribute to genome variability seen
among isolates of M. grisea.

Rice blast, caused by the filamentous ascomycete Magnaporthe grisea, is one of the
most devastating diseases of cultivated rice. This pathogen is classified into various
pathotypes or races based on the infection pattern obtained on a set of differential rice
cultivars and, like most other phytopathogenic fungi, shows a high level of variability
(Latterell 1975). The variable nature of the pathogen often leads to breakdown of host
resistance leading to widespread epidemics. Thus, breeding for durable blast resistance
is one of the major challenges faced by rice breeders (Ou 1985).

Various models and hypotheses have been proposed to explain the genetic
variability among isolates of M. grisea (Yamasaki and Niizeki 1965, Giatgong and
Frederiksen 1969, Ou 1985). However, an understanding of this phenomenon at a
molecular level is still lacking. We have initiated an analysis of the genomic architecture
of this fungus in an attempt to study the basis of variability. As a first step, we began
an analysis of repeated DNA sequences with respect to their genome organization,
since these sequences have been demonstrated to mediate DNA rearrangements in a
variety of organisms (Fedoroff 1979, Petes 1980, Coen et al 1982, Rothstein et al
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1987). Here, we report on a detailed analysis of three different repetitive elements
from M. grisea and demonstrate how these may mediate genomic rearrangements in
this fungus.

Results and discussion

A repeat element of 1.3 kb was cloned from the genome of M. grisea and studied with
respect to its fingerprinting pattern among rice and nonrice isolates. Southern
hybridization analysis of genomic DNA from 36 isolates representing different
geographical regions, when digested with PstI and probed with a 1.3-kb repeat, showed
an intense band at 1.3 kb and several higher molecular weight bands (Fig. 1). The
repeat was present at a high copy number (approximately 100) in both the subgroups
of M. grisea. Contour-clamped homogeneous electric field (CHEF) analysis carried
out with both rice and nonrice isolates showed that the repeat was dispersed in nature
and was also present on B chromosomes (Fig. 2).

Several members of this repeat family were cloned and found to have heterogeneity
in their restriction maps. Spot sequence analysis also showed heterogeneity at the
sequence level, which was due to point mutations, transitions, and transversions. The
heterogeneity and the presence of several higher molecular weight bands in a Southern
blot containing the genomic DNA digested with PstI and probed with the 1.3-kb
repeat were indicative of this repeat being prone to genome rearrangements. This
hypothesis was investigated by cloning and characterization of 5.1- and 3.2-kb PstI
fragments from isolates B101 and B157, respectively.

Analysis of the 5.1-kb repeat
Restriction mapping and Southern analysis of the 5.1-kb fragment showed that it
contained at least two other repeated DNA sequences in addition to the 1.3-kb element.
These flanked the 1.3-kb region (Fig. 3a) and also showed a different fingerprinting
pattern. Sequence analysis of the 5.1-kb fragment revealed that the 1.3-kb repeat was
truncated at the 5' end by 395 bp and that the PstI site, which marked the end of
1.3-kb repeat, had undergone a point mutation resulting in the loss of the site. Sequence
analysis of the 2.7-kb region (designated as Mg-RT; Fig. 3a) upstream of the 1.3-kb
repeat showed features typical of retroelements that include the presence of TG at the
insertion site, 4-bp inverted repeats that mark the start and end of the long terminal
repeat (LTR), and homology to the gag and pol regions. It is, therefore, likely that an
insertion element, represented by a partial length of 2.7 kb in the 5.1-kb fragment,
had inserted within the 1.3-kb repeat, thereby displacing the 395 bp at the 5' end.

The 1.4-kb region downstream of the 3'- PstI site of the 1.3-kb repeat had a DNA
fingerprint similar to that of the 1.3-kb repeat and showed an intense band at 1.4 kb in
the genomic digests and 4-12 higher molecular weight bands. A similar intensity/
pattern of the hybridization signal obtained with 1.3- and 1.4-kb repeat probes and
their association in the 5.1-kb PstI fragment prompted us to analyze if the presence of
the two elements in the 5.1 kb was a chance occurrence or whether they were parts of
a larger repeat element. Southern analysis of genomic DNA digested with 27 restriction
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Fig. 1. Southern hybridization of genomic DNA of rice and nonrice pathogens of M.
grisea probed with a 1.3-kb PstI repeat element. Genomic DNA (2 g) was digested
with PstI, electrophoresed through a 0.8% agarose gel, transferred to a nylon
membrane, and hybridized with radiolabeled pBC157.3 (1.3-kb PstI fragment from
isolate B157 cloned into vector pUC19). The lanes contain DNA from Pr342 (nonrice
pathogen, Philippines), lane 1; Pr886 (nonrice pathogen, Philippines), lane 2; Lc454
(nonrice pathogen, Philippines), lane 3; Pg 3393 (nonrice pathogen, India), lane 4;
Cb334 (nonrice pathogen, Philippines), lane 5; Ec552 (nonrice pathogen, Philippines),
lane 6; Ei476 (nonrice pathogen, Philippines), lane 7; 91-A-58 (rice pathogen, USA),
lane 8; 4360-17-1 (rice pathogen, USA), lane 9. The conserved 1.3-kb band is marked
by an arrowhead.
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Fig. 3. Restriction map of 5.1-kb (A) and 3.2-kb (B) derivatives of the 1.3-kb PstI
repeat element. Arrowhead in A denotes the 3' PstI site of 1.3 kb, which is lost due
to a point mutation. Mg-RT in 5.1 kb is a partial length clone. Triangles in B represent
the inverted repeats of Pot2. Restriction sites shown are P, PstI; B, BamHI; S, SalI;
E, EcoRI; EV, EcoRV; H, HindIII. Asterisks denote the cloning site in vector pUC19.

Fig. 2. Southern hybridization analysis of M. grisea chromosomes. Chromosome-sized
DNA molecules were separated by CHEF-gel electrophoresis as described earlier
(Kachroo et al 1994), blotted onto nylon membrane, and hybridized with the
radiolabeled 1.3-kb repeat (pBC157.3) probe. The lanes contain chromosomal DNA
from isolate A (nonrice pathogen), lane 1; B157 (rice pathogen), lane 2; B101 (rice
pathogen), lane 3. Molecular size 4.6 Mb corresponds to chromosome 6 of isolate
Guy11 (Skinner et al 1993). Arrowheads show hybridization of the 1.3-kb repeat to
the B chromosomes.
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enzymes and hybridized to the 1.3-kb repeat revealed a prominent 2-kb BamHI and
two less intense HindIII fragments of molecular weights 4 and 5.2 kb. Since both 1.3
kb and MGR583 (Hamer et al 1989) hybridized to a conserved 2-kb BamHI band in
the genomic DNA, the 1.3/1.4-kb repeat was used as a probe against MGR as well as
other available repeats (Skinner et al 1993, Kachroo et al 1994, Leong et al 1994,
Kachroo et al 1995; P. Kachroo and B.B. Chattoo, M.S. University, India, unpubl.
data). The probe hybridized strongly to MGR583 and the regions showing homology
were further narrowed down to 1.3- and 1.4-kb PstI fragments within the MGR583.
Our recent analysis has shown that both the 1.3- and 1.4-kb repeats are present as a
contiguous piece in the genome and are parts of the LINE-like region of MGR583.
Since LINE sequences require the activity of reverse transcriptase for their retroposition,
which has a lower fidelity rate as compared with DNA polymerase, it also explains
the sequence heterogeneity seen among members of the 1.3-kb repeat family.

Pot2: an inverted repeat transposon
Pot2 (Pyricularia oryzae transposon) was isolated as an insertion within a member of
the 1.3-kb repeat family. Restriction mapping and sequencing of a 3.2-kb derivative
showed that the increase in size was due to the presence of an additional 1.8-kb DNA
within the 1.3-kb repeat element (Fig. 3b). This extra piece of DNA (named Pot2) had
43-bp perfect inverted repeats at the end and 16-bp direct repeats within each inverted
repeat (Kachroo et al 1994). Computer analysis showed the presence of a single open
reading frame (ORF) coding for a putative protein of 535 amino acids. Analysis of the
empty site, which corresponded to the insertion site of Pot2 within the 3.2-kb repeat,
showed a duplication of dinucleotide TA at the target site. A target site analysis carried
out by sequencing 12 random insertions revealed that TA dinucleotide was common
to all. The insertion sequence Pot2 resembled the inverted repeat transposons from
Drosophila (Mariner) and Caenorhabditis elegans (Tc1) in showing inverted repeats
at the ends, duplication of dinucleotide TA at the target site, and the presence of a
large OFR.

Data base comparison of the putative protein from Pot2 showed 40% identity to
Fot1, an inverted repeat transposon from Fusarium oxysporum. The identity was
maximum toward the middle of the protein. The two elements showed a high level of
organizational similarity (Table 1). At the DNA level, a high degree of similarity was
seen between the inverted repeats of Pot2 and Fot1, which were aligned into three
domains of perfect identity. Both of these elements showed the presence of direct
repeats within the inverted repeats, which appears to be a unique feature of this group
of elements.

A very high level of conservation seen between Pot2 and Fot1 at the protein level
and within TIRs indicate the presence of a new family of transposable elements that
may be dispersed among fungi. The distribution of transposable elements among closely
related or diverse species could be explained on the basis of vertical or horizontal
transmission of genetic material. These mechanisms are not mutually exclusive and
could account for the high level of sequence identity. This may represent parallel
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Table 1. Comparison between the inverted repeat transposons Pot2
and Fot1.

Pot2 Fot1

Size of the element 1.861 kb 1.928 kb
ORF, size of putative 535 aa 542 aa

protein
Inverted repeats 43 bp 44 bp (imperfect

by 1 bp)
Direct repeats 16 bp 13 bp
Copy number ~100 ~100
Amino acid homology 39.3% identity to 39.3% identity to

Fot1 Pot2
Target site Duplicate TA at Duplicate TA at

target site target site

evolution of the two species, and in this context, it will be interesting to see if this
group of elements is present in other closely related genera.

Isolation and characterization of another inverted repeat transposon, Impala, from
F. oxysporum has revealed that, like retroelements, the inverted repeat transposons
may also form multiple families in the filamentous fungi. Interestingly, Impala does
not show any significant similarity with Fot1 either at the nucleotide level, particularly
in the termini of the TIRs or at the amino acid level. This element also differs from
Fot1 in a number of structural features although it appears to follow a similar
mechanism of transposition leading to duplication of TA at the target site. In yet another
study, another inverted repeat transposon has been recently characterized from M.
grisea, which unlike Fot1 and Impala, shows a number of structural features similar
to Pot2 (Farman et al 1996a).

Mg-SINE: short interspersed nuclear element
Mg-SINE (M. grisea short interspersed nuclear element) was identified as an insertion
within the inverted repeat transposon Pot2 (Kachroo et al 1995; Fig. 4a). Sequence
analysis revealed the presence of both A and B box sequences with a perfect match
with the tRNA polymerase III consensus. Mg-SINE showed the characteristic features
of a generic SINE element that includes the presence of an RNA polymerase III
consensus binding site, duplication of the target site, and an A-rich 3' end (Fig. 4b).
The target site duplication of Mg-SINE elements was found to vary from 1 to 16 bp,
as is also seen in the mammalian SINE elements. The A-rich region of Mg-SINE was
represented by from five to nine copies of trinucleotide repeat TAC. Data base
comparison showed a significant homology to tRNA of Drosophila and yeast, which
was predominantly due to the conserved A and B box sequences.

Southern hybridization analysis of 35 isolates (Fig. 5; data shown for 12) obtained
from different geographical regions showed that Mg-SINE is present in both rice and
nonrice pathogens of M. grisea. Mg-SINE represents the third highly repetitive element
characterized in the present study (including Pot2 and 1.3-kb repeats), which is
ubiquitous in its distribution among different host-specific forms of M. grisea. This
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Fig. 4. Schematic representation of Mg-SINE insertion in Pot2 (A) and the structure
of the element (B). The sequence in A represents the 16-bp target site, which
undergoes duplication upon retroposition of Mg-SINE. The target site is A/T rich
consisting of 13 A/T residues. The sequence flanking the target site contains four
consecutive rows of three or more Ts in a span of 40 bp, which can serve as potential
terminators of RNA polymerase III. The open triangles in B represent direct repeats
formed as a result of target site duplication. Dark boxes represent A and B box RNA
polymerase III consensus sequence. Shaded box with vertical bars represents
trinucleotide repeat region of Mg-SINE, each bar representing a single repeat unit.

result further strengthens our hypothesis of a common origin among rice and nonrice
isolates. CHEF and quantitative dot blot analysis revealed that Mg-SINE, like Pot2
and 1.3-kb repeat elements, is dispersed at approximately 100 copies per haploid
genome in both rice and nonrice isolates.

Both in vivo and in vitro studies, carried out with Alu and other related SINE
families from the mammalian genome, have shown that the SINE elements are
transcribed into an RNA by RNA polymerase III (Fuhrman et al 1981, Slagel and
Deininger 1989). As proposed earlier (Deininger 1989), the retroposition of SINE
elements depends on synthesis of cDNA by reverse transcriptase and, since these
elements do not possess any ORFs, the reverse transcriptase function should be
available in trans. Mg-SINE appears to be a functional element as judged by the
presence of a transcript of approximately 0.5-kb size observed in Northern blot
hybridization analysis. The presence of a functional retroelement Maggy in the genome
of rice-infecting isolates has already been shown (Farman et al 1996b; M.H. Lebrun,
B. Valent, F. Chumley, V. Shull, J.E. Hamer, unpubl. data) and it is likely that Mg-
SINE uses the reverse transcriptase function of this retroelement to generate a copy of
cDNA. The retroelement Maggy is present in all the rice-infecting pathogens analyzed
and has a variable copy number in nonrice-infecting pathogens of M. grisea (Farman
et al 1996b). A low copy number of Maggy in most nonrice pathogens makes it very
likely that these pathogens possess an additional source of reverse transcriptase
function, which would have assisted in amplification and dispersion of Mg-SINE.
The presence of a retroelement Grh in Eleusine pathogens of M. grisea and a partial
sequence of a repetitive DNA from rice pathogens, which shows identity to
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retroelements, is supportive of the above hypothesis (Dobinson et al 1993, Sone et al
1993).

The consensus transcription terminator of RNA polymerase III transcription is a
sequence of four or more consecutive Ts, which have been shown to reside in the
sequence flanking the SINE elements (Jagadeeswaran et al 1981, Deininger 1989).
Analysis of the sequence flanking the Mg-SINE insertion in Pot2 revealed the presence
of four blocks of Ts in a span of 40 bp downstream of the trinucleotide repeat at the 3'
end (Fig. 4A). However, since different Mg-SINE elements would have a different

Fig. 5. Southern hybridization analysis of genomic DNA of rice
and nonrice pathogens of M. grisea probes with Mg-SINE.
Genomic DNA (2 g) was digested with EcoRV, electrophoresed
through a 0.8% gel, transferred to MSI-nylon membrane, and
hybridized with Mg-SINE. EcoRV does not have any site within
Mg-SINE. The lanes contain DNA from: B101 (India), lane 1;
B157 (India), lane 2; F (India), lane 3; 102 (Philippines), lane
4; Pr342 (Philippines), lane 5; Pr886 (Philippines), lane 6;
Pg3393 (India), lane 7; 4360-17-1 (USA), lane 8; JMB840610
(Philippines), lane 9; 104 (Philippines), lane 10; B (India), lane
11; Ei 476 (Philippines), lane 12. RP and NRP designate rice
pathogens and nonrice pathogens, respectively.
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sequence flanking the 3' end, it is possible that these elements would result in transcripts
of different lengths. This, in turn, would depend upon how far the poly T stretch is
from the 3' end of Mg-SINE. Sequence analysis of various Mg-SINE elements revealed
a high level of sequence conservation, suggesting that these may be generated by
transcription of a master element as has been hypothesized for Alu members (Deininger
et al 1992). Alternatively, various heterogeneous transcripts generated by Mg-SINE
elements distributed throughout the genome may be processed to a uniform size
followed by cDNA synthesis and integration within the genome. The self-priming
reverse transcription process hypothesized for Alu elements (Jagadeeswaran et al 1981,
Deininger 1989) cannot be used to explain the cDNA synthesis of Mg-SINE and
other similar SINE elements whose 3' end sequence consists of di tri or tetra nucleotide
repeats (Deininger 1989). However, its also likely that the poly U sequence of the
RNA Pol III transcript forms a partial loop upon base pairing with A and G residues
(Wyatt et al 1989) of trinucleotide repeats of Mg-SINE. The position where the loop
formation takes place could also result in generation of variable number of trinucleotide
repeats as seen in Mg-SINE.

The secondary structure analysis of Mg-SINE showed a tRNA related, a tRNA
unrelated, and an AT-rich region that is typical of mammalian SINE elements (Fig. 6).
The 73 bp at the 5' end of Mg-SINE folds into a tRNA-like structure that terminates
with nucleotides CCA, a characteristic feature of tRNA. The predicted secondary
structure folds into D and TC loops corresponding to the A and B boxes of Mg-SINE,
while the anticodon loop forms the middle arm, suggesting that Mg-SINE originated
from a precursor tRNA. The absence of a short arm between the anticodon loop and
the B box could be explained by sequence divergence. However, it appears likely that
the precursor tRNA belongs to class I tRNAs, which have five nucleotides in the short
arm as compared with class II which have a long extra loop region (Sakagami et al
1994).

Analysis of various cosmid clones, which hybridized to Mg-SINE, revealed that
the ones hybridizing weakly to the probe contained a chimeric structure (Ch-SINE),
which showed sequence homology to a 242-bp region at the 3' end of Mg-SINE while
the 452-bp region at the 5' end was dissimilar to Mg-SINE. Alignment of the Ch-
SINE and Mg-SINE sequence showed point mutations, insertions, and deletions of
one or more bases in the SINE-like region of Ch-SINE, which have contributed to
sequence divergence. The type II Galgo SINE family resembles Ch-SINE in being a
chimeric element composed of sequences related to monomer family in its left half
and sequences identical to Alu in the right half and has been proposed to have arisen
as a result of fusion between a monomer family member and an Alu family member.
The Ch-SINE does not contain the A and B box consensus sequence of RNA
polymerase III promoter or direct repeats at the ends although it possesses the
trinucleotide repeats at their 3' ends. Southern hybridization analysis carried out with
DNA of both rice and nonrice pathogens of M. grisea shows that Ch-SINE is a
moderately repetitive element present in both subgroups. Sequence analysis of two
Ch-SINE elements showed that both contained a variable number of trinucleotide
repeats at their 3' end. Whether this could be due to many such fusion events taking
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place in the genome followed by their amplification or this element having a function
similar to the SINE element, which generates a variable 3' end during their retroposition
process, still remains an open question. Our recent studies have shown the presence
of yet another LINE-like element in the genome of M. grisea which was isolated as an
insertion into Mg-SINE and Ch-SINE elements indicating that such events may be of
common occurrence in the genome of M. grisea (P. Kachroo, M. Ahuja, S. Leong,
B. Chattoo, unpubl. data).

SINE elements occupy an important place among all the known groups of
transposable elements. In addition to causing insertions and genomic rearrangements,
these have been speculated to have a variety of other functions including organization
of chromatin structure, RNA processing/stability, and a role in replication and
transcription (Deininger 1989). Their ability to mobilize other sequences in the genome
by undergoing fusion with them is also a unique feature known only for SINE elements
(Weiner et al 1986). Most studies on SINE elements have been carried out in
mammalian systems although their presence has been shown in tobacco (Yoshioka et
al 1993), rice (Mochizuki et al 1992) and Drosophila (Weiner et al 1986). Our present
study clearly demonstrates that these elements share a high level of structural similarity,
irrespective of their phylogenetic position. The presence of repetitive DNA having
SINE-like properties in obligate parasite Erysiphe graminis (Rasmussen et al 1993)
further indicates that SINE elements may be of common occurrence in the genome of
phytopathogenic fungi. A detailed study involving elucidation of their role in genome
rearrangements will therefore be helpful in understanding the molecular basis of
genome variability among phytopathogenic fungi.
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