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Abstract A high-density genetic map of the rice blast
fungus Magnaporthe grisea (Guy11]2539) was con-
structed by adding 87 cosmid-derived RFLP markers
to previously generated maps. The new map consists of
203 markers representing 132 independently segregat-
ing loci and spans approximately 900 cM with an aver-
age resolution of 4.5 cM. Mapping of 33 cosmid probes
from the genetic map generated by Sweigard et al. has
allowed the integration of two M. grisea maps. The
integrated map showed that the linear order of markers
along all seven chromosomes in both maps is in good
agreement. Thirty of eighty seven markers were derived
from cosmid clones that contained the retrotransposon
MAGGY (M. grisea gypsy element). Mapping of single-
copy DNA sequences associated with the MAGGY
cosmids indicated that MAGGY elements are scattered
throughout the fungal genome. In eight cases, the
probes associated with MAGGY elements showed ab-
normal segregation patterns. This suggests that
MAGGY may be involved in genomic rearrangements.
Two RFLP probes linked to MAGGY elements, and
another flanking other repetitive DNA elements, iden-
tified sequences that were duplicated in the Guy11
genome. Most of the MAGGY cosmids also contained
other classes of repetitive DNA suggesting that repeti-
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tive DNA sequences tend to cluster in the M. grisea
genome.
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Introduction

The filamentous ascomycetous fungus, Magnaporthe
grisea (Hebert) Barr [(Pyricularia grisea, sacc) Py-
ricularia oryzae, cavara] is a causative agent of rice
blast disease, one of the most devastating diseases of
rice (Oryza sativa). Because of its economic importance,
considerable efforts have been made to understand the
genetics and molecular biology of this fungus. Three
different genetic maps for this organism have been
reported (Romao and Hamer 1992; Skinner et al. 1993;
Sweigard et al. 1993). One map, containing 98 RFLP
markers, two isoenzymes and the mating-type locus
(Skinner et al. 1990; Budde et al. 1993; Skinner et al.
1993), was later modified to include avrCO39 (A»R1-
CO39), a locus controlling cultivar specificity to rice
cultivar CO39 (Smith and Leong 1994), and 14
telomere loci (Farman and Leong 1995). A second map
was constructed utilizing the repetitive DNA sequence
MGR586 as a genetic marker (Romao and Hamer
1992), while the third map was developed using cloned
genes, cosmid clones, various repeated DNAs and
a telomere-specific repeat, as RFLP probes (Sweigard
et al. 1993). In addition A»R2-½AMO and A»R1-
¹Sº½, two genes controlling cultivar specificity to-
ward rice, and P¼¸2, a gene conferring host specificity
to weeping lovegrass, were mapped.

In this paper we describe the addition of 87 new
markers to the map of Farman and Leong (1995) and
the integration of this map with that of Sweigard et al.
(1993). The alignment of the two molecular maps serves
to significantly increase the number of phenotypic and



molecular markers that are available to fungal re-
searchers. In this regard it is noteworthy that Zhu et al.
(1996) were rapidly able to map a gene involved in
appressorium development and identify four markers
that co-segregated fully with the app~ phenotype and
several other closely linked markers. This demonstrates
the potential usefulness of this map for mapping and
cloning additional characters related to pathogenicity.

Materials and methods

Fungal isolates

M. grisea isolates Guy11 (MA¹1-2) and 2539 (MA¹1-1) and their
61 random ascospore progeny were used to determine the segrega-
tion of RFLPs as described by Skinner et al. (1993).

Genomic DNA isolation

Mycelia from oatmeal plate cultures of M. grisea were used to
inoculate 50 ml of liquid complete medium (CM) in 250-ml Erlen-
meyer flasks. The flasks were incubated at 25—30°C with shaking at
200 rpm using an orbital shaker. After 2—3 days, the cultures were
homogenized using a sterile Waring microblender and the sheared
mycelium was shaken for 1 additional day in 50 ml of fresh medium.
Mycelia were harvested when their density reached its maximum but
before dark pigments were produced.

DNA extraction was by the CTAB method (Manicom et al. 1987)
with modification. Lyophilized mycelium (0.2 g) was ground with
a mortar and pestle in the presence of sand. The mycelial powder
was mixed with 3 ml of hot (65°C) lysis buffer (0.5 M NaCl; 10 mM
Tris-HCl, pH 7.5; 10 mM EDTA; 1% SDS) and 0.3 ml of 10%
CTAB in 0.7 M NaCl to form a slurry, and then 3.0 ml of phenol/
chloroform/isoamylalcohol (25 : 24 : 1, vol) was added. The mixture
was incubated at 65°C for 15—30 min and centrifuged at 11500 g at
4°C for 15 min. The supernatant was treated with 10 lg/ml of RNase
A followed by extraction with an equal volume of chloroform. To
the supernatant, an 0.5 vol of 7.5 M ammonium acetate was added
and the resultant solution was left on ice for 1 h or kept at 4°C
overnight to precipitate protein, which was removed by centrifu-
gation as above. DNA was precipitated by the addition of 0.54 vol of
isopropanol, and the resulting pellet was washed with 70% ethanol,
then dried and dissolved in 2.0 ml of TE. Polysaccharides contami-
nating the DNA sample were removed by ethanol precipitation
according to the method of Michaels et al. (1994). The DNA thus
obtained was quantified using a TKO 100 Fluorometer (Hoefer
Scientific Instruments, San Francisco, Calif.). The DNA concentra-
tion was adjusted to 250 ng/ll in TE and kept at!80°C until use.

Southern-hybridization analysis

Restriction endonuclease-digested DNA was electrophoresed in
0.7% SeaKem LE agarose gels (1—1.5 lg/lane) in 0.5 TE (Maniatis
et al., 1982). The electrophoresed DNA was transferred to a nylon
membrane (Schleicher and Schuell, Keene, N.H.) by the method of
Southern (1975). Plasmid or cosmid DNA was recovered from
Escherichia coli using the alkali mini-prep method (Maniatis et al.
1982). Whole recombinant plasmids and cosmids were radiolabeled
by nick translation (Maniatis et al. 1982). Cosmids containing repeti-
tive DNA were digested by restriction endonuclease and single-copy
fragments were isolated using 0.7% SeaPlaque gel or Gene Clean
and radiolabeled by the random primer labeling technique. Hybrid-
ization conditions and removal of probe DNA were as described by
Skinner et al. (1993).

RFLP markers

A cosmid library of genomic DNA from strain 2539 cloned in
pMLF1 (Leong et al. 1994) was assayed by colony hybridization
with MAGGY internal regions as probes (Farman et al. 1997b), and
57 MAGGY-hybridizing clones were identified in approximately
3500 cosmids screened. The cosmid DNAs were purified and used as
a template to sequence 5@ and/or 3@ flanking regions of MAGGY
(Farman et al. 1997). Based on the sequence of those flanking regions
and restriction-enzyme-fragment analysis, the MAGGY cosmids
were classified into 29 subgroups. Additional cosmid clones not
hybridizing to MAGGY were randomly chosen and mapped as well.

Thirty three cosmid clones representing RFLP markers in the
map of Sweigard et al. (1993) were provided by Dr. B. Valent
(Dupont Co.). In order to identify repeated and single-copy DNA-
containing fragments in the cosmids, cosmid DNAs were digested
with restriction enzymes, electrophoresed in agarose and analyzed
sequentially by Southern hybridization with total genomic DNA of
strain 2539 and isolate Guy11 as probes. Repetitive DNA-contain-
ing fragments, which hybridized at high efficiency according to copy
number, were detected by autoradiography after only a short expo-
sure time (18 h). Single-copy bands were fractionated using low-
melting agarose and employed as probes. When repetitive DNA was
absent, the entire cosmid was labeled by nick translation and served
as a probe. In order to identify enzymes that yielded informative
DNA polymorphorisms, probes were used to survey blots of
genomic DNA of strains Guy 11 and 2539 digested with various
restriction enzymes.

Analysis of linkage

Ordered data showing the inheritance patterns of the 87 new
markers within the progeny are presented in Appendix 1. Segrega-
tion data were analyzed using MAPMAKER Macintosh V2.0 (E. I.
duPont de Nemours and Co.). Parameters for map construction
were a minimum LOD (log of the odds) of 4.0 and a maximum
recombination fraction of 0.25. The Kosambi mapping function was
employed to compute recombination distances in centimorgans
(cM). Linkage of markers separated by a recombination fraction
greater than 0.2 was validated by chi square analysis.

Results and discussion

Genetic map

As shown in Fig. 1 (see also Table 1), mapping of
the additional 87 RFLP markers (indicated in bold
in Appendix 1) resulted in the generation of seven
contiguous linkage groups representing the seven
known chromosomes of M. grisea. Only telomere 6 re-
mained unlinked. The distance between the terminal
RFLP marker CH5-176H and telomere 6 was approx-
imated as *40 cM by Farman and Leong (1995).
Therefore the current genetic map spans approximately
860 cM. Thus, the estimated size of the mapped genome
of M. grisea is about 900 cM. This value is in good
agreement with the map sizes of 802 cM and 840 cM
reported by Romao and Hamer (1992) and Sweigard
et al. (1993), respectively.

Markers in the region between CH5-176H and
telomere 6 are also absent in the map of Sweigard et al.
(1993). The distance between marker CH5-176H and
telomere 6 was determined to be approximately 580 kb
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Fig. 1 Genetic map of a cross between M. grisea isolates Guy 11
and 2539. Only one marker representing each independently seg-
regating locus is shown. Additional co-segregating markers are
listed in Table 1. Markers derived from the map of Sweigard et al.
(1996) are in shaded boxes

in the Guy11 genome and 530 kb in that of 2539 (Far-
man and Leong 1995). This region of chromosome 3 is
clearly subject to an unusually high level of recombina-
tion. As a comparison, marker 11 and telomere 1 are
separated by 1.8 Mb and are genetically linked (Far-
man and Leong 1995). This finding, along with the lack
of RFLP markers in the region, may indicate that this
region is highly homologous in the parental genomes.

While constructing the original map, distorted segre-
gation (approximately 2 : 1) was observed for one
marker, CH5-58H (Skinner et al. 1993). Mapping of
telomeres identified a similar bias at telomeres 9 and 14
(Farman and Leong 1995). Two-dimensional analysis
of telomeric restriction fragments suggested that the
bias was caused by skewed inheritance rather than by
the segregation of two loosely linked loci (Farman and
Leong 1995). In the present study, this was confirmed
by the identification of linked markers sharing the same

bias and by the ability to place these markers on the
map without having to infer double crossovers between
them and existing linkage groups. In the case of
markers near telomere 9, the distortion was progress-
ively resolved towards the internal markers with
marker cos58 showing no bias at a level of significance
P"0.05 (Appendix 1). Similarly, the three markers
at the tip of chromosome 7 showed statistically signi-
ficant distortion, which also affected linked markers
extending 80 cM in from the telomere. Neither region
showed segregation bias in the cross used to con-
struct the Sweigard map (J. Sweigard, personal
communication).

Placement of RFLPs identified by cosmid markers
provided by Dr. B. Valent on the genetic map construc-
ted in our laboratory enabled complete integration of
the two maps (Skinner et al. 1993; Sweigard et al. 1993).
The integrated map, shown in Fig. 2, potentially con-
tains over 200 independently segregating loci, with an
average resolution of 4.5 cM. The identification of
markers that map close to a target gene will now enable
cross-referencing between maps, possibly leading to the
discovery of other closely linked markers. In this man-
ner, a region containing a gene involved in appres-
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Table 1 Additional markers
mapping to locations represented
on the M. grisea genetic map
(Fig. 1)

CHd! Marker Co-segregating markers
indicated
on map

1 CH4-116H 40-12-H
21 3-5-E
G34R 4-145
G137R LDH3
cos23 50
CH5-131H 1-7-C
CH5-120H 1.2H

2 4-22 4-10 52
CH2-54H1 CH4-112H CH4-137H
13-4-A 43-6-GA
CH3-2H CH3-87H

3 G39R CH3-125H 7-12H 37-2-H
cos133 CH2-59H CH5-153H CH3-73H A1A2
A11F9 A14B9 A14D5 A16C12
CH3-62H CH5-196H CH5-67H 37-10-G
A12G1 18 CH3-91H

4 TEL7 4-181 4-194 42-4-F3
cos250 4-183 4-183 G121R

5 TEL9 22-2-D
CH3-98H A2D2

6 TEL11 47-12-G
43-6-GB CH4-173H
CH4-121H CH5-191H
cos248 CH3-132H CH4-131H CH4-133H CH5-185H
CH4-68H CH5-181H
CH2-57H CH3-113H CH4-60H CH4-161H CH5-167H
CH4-5H CH5-61H 37-11-F

7 21-3-E 39 4-146
CH3-85H CH4-537H

! Chromosome number

sorium development was using a map-based approach
within six months (R. Dean, personal communication).

A large reciprocal translocation had previously been
identified between the parental strains 4224-7-8 and
6043 used in the Sweigard cross (1993). In the present
study, the chromosomal associations of markers map-
ping on each translocated arm indicated that it was the
4224-7-8 parent that had suffered the translocation
event (Fig. 3). This was not surprising as 6043 is an F

1progeny of Guy11 and 2539, whose genomes show near
perfect synteny.

A group of markers that co-segregated in the map
constructed by Sweigard et al. (1993) was divided by
a single crossover which occurred in one of the
Guy11]2539 progeny. The mapping resolution was,
therefore, slightly improved in this apparently recombi-
nation deficient region of chromosome d2.

Skinner et al. (1993) reported that marker CH2-54H
was located on chromosome 2 in 2539 (designated as
marker CH2-54H2) but was tightly linked to a telomere
of Guy11 chromosome 5 (designated as marker CH2-
54H1). In this study, cos229 showed two polymorphic
patterns; one was a strong hybridization signal that
co-segregated with CH2-54H2 and the other yielded

a faint signal mapping at CH2-54H1 (data not shown).
This result indicates that cos229 most likely overlaps
with a breakpoint of the translocated sequences con-
taning the CH2-54H probe.

One marker, 42-4-F, only hybridized strongly with
the 2539 genome. As this is a laboratory strain derived
from crosses between rice and grass pathogens, this
marker appears to contain grass pathogen-specific
DNA sequences.

Distribution of the retrotransposon MAGGY

The copy number of MAGGY in 2539 was determined
to be approximately 42 by counting bands in a South-
ern blot (data not shown). This figure is lower than that
(<50) found in most rice-infecting strains (Shull and
Hamer 1994; Farman et al. 1996; Tosa et al. 1995)
because 2539 is a laboratory strain developed by cross-
ing isolates from rice with a grass pathogen which lacks
MAGGY (Shull and Hamer 1994). Fifty eight cosmids
representing 29 distinct MAGGY loci (some of which
contained more than one MAGGY element were iden-
tified in a genomic library of 2539 DNA. Twenty eight
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Fig. 2 Integration of two genetic maps of M. grisea. The synteny
relationships between chromosomes in the genetic map shown in
Fig. 1 (shaded backbone) and that published by Sweigard et al. (1993)
(unshaded backbone) are indicated by comparative map locations of
markers highlighted in bold type

of the elements, representing approximately 75% of the
MAGGY insertions in the 2539 genome, were mapped
to unique locations (Fig. 4) indicating that MAGGY is
dispersed throughout the genome of 2539. It was not
possible to map the final cosmid, as linked single-copy
DNA did not hybridize well to M. grisea genomic DNA
(data not shown). The genomic distribution of
MAGGY elements resembles that of the inverted re-
peat transposon MGR586 (Romao and Hamer 1992;
Farman et al. 1996) which also maps to dispersed
locations.

Genomic duplications and rearrangements in regions
associated with MAGGY probes

In the present study, we used co-dominant, single-copy
probes flanking the repeated MAGGY element to
identify RFLP markers. This proved to be very in-
formative with respect to identifying rearrangements
and duplications. When using dominant markers, such
as repeated DNAs, telomeric RFLPs, RAPDs, AFLPs,
etc., it is not possible to identify rearrangements asso-
ciated with the recessive allele. Similarly, it is not easy
to determine from which marker a new allele is derived.
Another advantage of mapping repeats by associated
single-copy probes is that they provide a single-copy
DNA-based frame of reference for element dispersion.

Fig. 3 Detail of a translocation occurring in strain 4224-7-8. Chro-
mosome arms of each parent are represented as follows: Guy11
("2539) — shaded backbone; 6043 — open backbone; 4224-7-8 — black
backbone
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Fig. 4 Map positions of the MAGGY retrotransposon in the
genome of 2539, and MAGGY-associated rearrangements and du-
plications. Locations of MAGGY retrotransposon insertions are
denoted by the ‘MAGGY’ descriptor followed by the corresponding
cosmid identification number. Duplicated markers are displayed in
boxes and a translocated marker is highlighted with a rounded box.
Two sites of rearrangement identified in progeny isolates are in-
dicated by black boxes on the affected chromosome segments

During the course of mapping the MAGGY ele-
ments, aberrant segregation patterns were observed
with some probes in some progeny (Fig. 5 and Table 2).
Skinner et al. (1993) also reported finding a number of
aberrant hybridization patterns in progenies using ran-
domly isolated single-copy RFLP probes; however, the
frequency and significance of these events was much
more limited. Twenty eight percent (8/28) of the
MAGGY-associated markers showed evidence of re-
arrangements, while only 2% (5/189) of the other (non-
repeat associated) markers produced aberrant progeny
genotypes (Table 2).

In this study, the MAGGY-associated markers 29-2-
H and 20-7-H revealed non-parental alleles in several
progeny and the new allele was common to all aberrant
progeny (Fig. 5). The two loci were only loosely linked
and the affected progeny were different for each probe,
indicating that these events were independent. Molecu-
lar characterization of the 29-2-H locus of 2539 re-

vealed three tandemly arranged MAGGY elements
each separated by lone LTRs, all oriented in the same
5@-3@ direction relative to the orientation of the internal
ORFs (Fig. 6).

In the case of 29-2-H, analysis of the genotype of
surrounding markers indicated that the Guy11 locus
had rearranged to produce the new allele. This, to-
gether with the observation that the rearrangement did
not occur in a second cross, implies that it occurred
within a sector of the Guy11 colony prior to mating.
We suspect that Guy 11 may also contain MAGGY
elements at the 29-2-H location which may have rec-
ombined to produced the new allele. This is not an
unreasonable assumption as Guy 11 was found to
contain at least two MAGGY elements at or near the
same integration site as the MAGGY associated with
32-5-E in 2539; and this MAGGY was also shared by
three other rice pathogenic isolates (Farman et al.
1996).

In contrast to the rearrangement identified by
marker 29-2-H, that revealed by marker 20-7-H ap-
peared to have occurred in the 2539 colony. Interest-
ingly, 29-2-H and 20-7-H are linked (16.2 cM distance,
Fig. 1) yet the markers between them segregate normal-
ly, ruling out the occurrence of an intermarker genomic
deletion in the aberrant progeny. Moreover, other
probes derived from cosmids 29-2-H and A3B did not
reveal non-parental RFLPs (Appendix 1).
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Fig. 5A–C Segregation patterns of markers showing unusual in-
heritance of RFLPs. Autoradiograms of representative Southern
blots are shown. The positions of the parental DNA samples are
indicated and progeny DNA samples were loaded in between. A Pat-
tern observed for probe 29-2-H showing a rearrangement which
produced a new allele. B Pattern observed for probe 20-7-H showing
a rearrangement which also produced a new allele. C Pattern ob-
served for duplicated probe 22-9-C

Table 2 Aberrantly segregating RFLP markers!

Chromosome Marker" No. of progeny
exhibiting new
RFLP#

d1 38-7-A (repetitive) 2/61
d2 35-12-A(MAGGY) 2/61

A12B5 (repetitive) 1/61
CH3-87H 1/61
CH2-90H 1/61

d3 CH3-91H 1/61
31-6-G(MAGGY) 2/61
7-12-A(MAGGY) 1/61
cos125 1/61

d4 21-1-G 1/61
29-2-H(MAGGY) 7/61
20-7-H(MAGGY) 8/61
40 1/61

d5 cos58 1/61
d6 47-12-G(MAGGY) 2/61

43-6-GB(MAGGY) 1/61
d7 23-9-G(MAGGY) 1/61

cos156 1/61

!Markers producing new alleles that were different from either
parental allele are represented
"Where known, additional features of cosmid clones are provided
#Number of aberant progeny/total progeny

Three markers, 22-9-C, 23-9-G and 38-7-A, which
were all associated with repetitive DNAs, are duplicated
in the Guy 11 genome. These loci are indicated in Fig. 4
by marker numbers with suffixes 1 and 2. Interestingly,
For each of the duplicated and translocated sequences
found in the Guy11 genome, at least one copy was
located at a telomere and, in each case, only one copy of
these sequences was present in the 2539 genome. In this
context it is worthwhile to note that Guy 11 harbors the
largest number of MAGGY elements that we have ob-
served among collections of rice-infecting strains of M.
grisea (Farman et al. 1996). Further experiments will be
required to determine whether MAGGY is contributing
to these genomic alterations.

Clustering of repetitive DNAs

MAGGY elements present in 29-2-H, 32-5-E and
23-9-G were mapped by using probes derived from
single-copy regions immediately flanking the 3@ LTR.
Other MAGGYs, however, were impossible to map
using this strategy because the flanking region was also
found to be repetitive. This finding was unusual be-
cause approximately 80% of the cosmid clones of 2539
have few or no repetitive DNA-containing fragments
(data not shown). When total genomic DNAs of Guy11
and 2539 were used as hybridization probes to detect
repetitive DNAs on Southern blots of digested
MAGGY cosmid DNAs, most clones were found to
possess additional fragments containing other
repetitive DNA species. These Southern blots were
rehybridized with probes derived from characterized
repetitive elements from M. grisea including the in-
verted repeat transposons Pot2 (Kachroo et al. 1994)
and MGR586 (Hamer et al. 1989, Farman et al. 1996)
and the SINE elements, MgSINE and Ch-SINE (Kach-
roo et al. 1996). Solo-LTRs of MAGGY were also used.
Skinner et al. (1993) reported on the occurrence of nine
classes of repeated DNA in the M. grisea genome, one
of which was derived from MAGGY (Farman et al.
1996). Some representatives of these nine repeat classes
were also used as probes to the MAGGY-containing
cosmids.

As shown in Table 3, MAGGY cosmids often hy-
bridized with other types of repetitive DNA. In particu-
lar MAGGY was frequently associated with MGR586,
Pot2 and the Mg-SINEs. Based on the estimated copy
numbers of these elements, it appeared that they were
associated with MAGGY more frequently than would
be expected by chance. This was tested statistically for
MGR586 (Hamer et al. 1989) and Pot2, by comparing
the observed frequency of association with the expected
frequency based on their copy numbers, the genome
size, and the average cosmid insert size.

It was necessary to make an adjustment to the esti-
mated genome size of 38 Mb (Hamer et al. 1989) as
strain 2539 (Leung et al. 1988), from which the library
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Table 3 Repetitive elements hybridizing with MAGGY-cosmids and overlapping cosmids

MAGGY-
cosmid

Overlapping
cosmids

Ch.d Solo-
LTR

POT-
2

SINE
A

SINE
B

MGR
586

SK3 SK12 SK31 SK36

33-8-H 1
32-5-E 20-10-E, 40-12-H # #

36-7-E 5-7-C, 32-1-B 2 # # # # # #

35-12-A # #

46-12-C 3 # # # # # #

7-12-A #

37-2-H
31-6-G # #

44-8-B 40-5-H # # # #

22-9-C 23-7-H 4 # #

29-2-H 24-6-H, d3B ##! # #

20-7-H
5-8-E # # # #

22-4-C # #

28-6-E 41-6-D 5 # #

24-1-C
7-3-B 42-1-B # # # # # #

22-4-A 4-8-G, 4-12-E # # # # #

47-12-G 35-2-A, 43-6-H 6 # # # #

43-6-GB 20-3-B # # #

23-4-D 7 ## # # #

10-6-B 13-8-B, 25-11-A # #

33-2-B # #

21-3-E
23-9-G 22-6-C # # #

32-8-A
40-12-H 40-10-D #

55-1-E 13-4-H # # # # #

39-10-E 41-7-D, 47-12-C ? #

!There are two copies of solo LTRs in this cosmid contig

Fig. 6 Restriction map of a genomic region affected by a rearrange-
ment event. Locations of a Pot2 element, MAGGY elements and
solo-LTRs are indicated

was constructed, was derived by crossing rice-patho-
genic strains which possess many copies of MAGGY
and MGR586 with other strains which lack these ele-
ments entirely. Consequently, only a fraction of the
genome of 2539 contains these elements and it is impor-
tant to consider only this portion when calculating the
expected number of cosmids possessing MAGGY and
MGR586. The three final crosses in the pedigree of
strain 2539 involved two backcrosses of a strain lacking
these elements to a rice pathogenic isolate which pos-
sesses them (Leung et al. 1988; Farman and Leong
1996). Therefore, approximately 75% of the genome of
2539 should be derived from the rice pathogen, which
equates to approximately 28.5 Mb. This fraction would

be represented by 805 non-overlapping cosmids (aver-
age insert size"35.4 kb). The expected number of cos-
mids containing both MAGGY and MGR586 is then
calculated as the product of the proportion of cosmids
containing each element multiplied by the number of
cosmids. The observed number of six cosmids is in
six-fold excess of the expected number (1.0) and the
probability of this degree of association occurring by
chance is 0.002 as determined by a Fisher’s exact test. It
should be noted that the corrected genome size is an
estimate. The test was also performed by underestimat-
ing the proportion of the 2539 genome contributed by
the rice pathogen (50%). Using a corrected genome size
of 19 Mb, the probability of random association was
determined to be 0.015. Similar tests for MAGGY
and Pot2 returned probabilities of 5.6]10~8 and
6.7]10~6 for estimated contributions from the rice
pathogen genome of 75% and 50%, respectively. This

27



f1

confirms the conclusion that these three families of
elements tend to cluster in the genome.

The pattern of hybridization observed with some of
the uncharacterized repeats identified by Skinner et al.
(1993) indicated that SK3 and SK12 most likely con-
tain parts of Pot2 and Mg-SINE, respectively (Table 3).
Other repeats remain uncharacterized. In the case of
MAGGY cosmid 41-6-D, the Eleusine-pathogen-speci-
fic retroelement grasshopper (grh) (Dobinson et al.
1993) was also found. This was unexpected as these two
elements are exclusive to rice and grass pathogen
genomes, respectively. This indicates that a recombina-
tion between rice and grass pathogen genomes most
likely occurred in this region during the crosses used to
develop 2539. Alternatively, one element may have
transposed into the vicinity of the other.

The apparently clustered distribution of repeated
DNAs in the M. grisea genome is intriguing. In the
present study, the MAGGY elements appear to be
frequently associated with one another and with other
transposable elements; three of the 29 MAGGY loci
analyzed herein possessed two or more copies of the
MAGGY element. In previous studies we have identi-
fied a MAGGY element inserted into another (Farman
et al. 1996), a Pot2 element inserted into a LINE
element (Kachroo et al. 1994), and a SINE in Pot2
(Kachroo et al. 1996). It appears that certain chromo-
somal regions may be sinks for transposable elements.
This parallels the finding that intergenic regions of
maize are riddled with retrotransposons inserted into
one another (SanMiguel et al. 1996). As MAGGY, Pot2
and the Mg-SINE elements are all found embedded in
AT-rich DNA regions (Farman et al. 1996; Kachroo
et al. 1994, 1996), it seems plausible that element clus-
tering results from a tendency to integrate preferen-
tially into these regions due to better accessibility for
recombination.

In conclusion, the addition of more markers to the
existing genetic map of M. grisea resulted in a clearer
picture of genome organization and evolution in M.
grisea. In particular, mapping of markers associated
with the repetitive MAGGY element enabled the
documentation of several interesting genomic re-
arrangements and duplications that would otherwise
have gone unnoticed.
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Appendix 1

Chromosomal molecular marker constitutions of 61
progeny from a single cross of M. grisea isolates Guy 11
and 2539. All markers from the present study and those
of Skinner et al. (1993), Smith and Leong (1994), and
Farman and Leong (1995) and ordered as they appear
on the map (co-segregating markers may not be in
order). New markers from this study are highlighted in
bold. Markers followed by (M) contain MAGGY. Each
column of data represents a single progeny. A, allele
inherited form Guy 11; C, allele inherited from 2539; m,
polymorphic band was missing; d, polymorphic band
different from either parent; b, allele shows inheritance
from both parents; ( ), blank space indicates data not
acquired. Only data representing the parental pheno-
types were used for construction of the genetic map
(Fig. 1)
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