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The fungal phytopathogen Magnaporthe grisea parasitizes
a wide variety of gramineous hosts. In the course of inves-
tigating the genetic relationship between pathogen geno-
type and host specificity we identified a retroelement that
is present in some strains of M. grisea that infect finger
millet and goosegrass (members of the plant genus Eleu-
sine). The element, designated grasshopper (grh), is present
in multiple copies and dispersed throughout the genome.
DNA sequence analysis showed that grasshopper contains
198 base pair direct, long terminal repeats (LTRs) with
features characteristic of retroviral and retrotransposon
LTRs. Within the element we identified an open reading
frame with sequences homologous to the reverse tran-
scriptase, RNaseH, and integrase domains of retroelement
pol genes. Comparison of the open reading frame with
sequences from other retroelements showed that grh is
related to the gypsy family of retrotransposons. Com-
parisons of the distribution of the grasshopper element
with other dispersed repeated DNA sequences in M. grisea
indicated that grasshopper was present in a broadly dis-
persed subgroup of Eleusine pathogens, suggesting that
the element was acquired subsequent to the evolution of
this host-specific form. We present arguments that the
amplification of different retroelements within populations
of M. grisea is a consequence of the clonal organization
of the fungal populations.

Additional keywords: filamentous fungus, intraspecific
variation, Pyricularia grisea, retrotransposon.

Intraspecific variation is a common feature of plant par-
asitic microorganisms. Many exist as composite species
comprised of morphologically indistinguishable forms that
infect different host plants. Magnaporthe grisea (Hebert
1971) Barr, a filamentous ascomycete that causes one of
the most devastating diseases of cultivated rice, provides
an interesting example of intraspecific variation. Although
in nature members of this species are found on a wide
range of monocot hosts, when tested in the laboratory
they show a limited infection spectrum, causing the most
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severe disease symptoms on their host of origin. Isolates
that cause disease on rice were once considered to be a
separate species from isolates that infect other monocots.
With the discovery of the sexual stage it was demonstrated
that isolates with different host specificity could be crossed
in the laboratory to yield viable progeny (Hebert 1971;
Yaegashi and Nishihara 1976; Yaegashi 1977; Yaegashi
and Asaga 1981; Kato and Yamaguchi 1982). Although
the fertility of field isolates is highly variable, the uniform
morphology of the various host-specific forms and their
shared sexual stage have led to their reclassification as
a single species (Rossman et al. 1990).

Despite obvious differences in host specificity, attempts
to discriminate among host-specific forms of M. grisea
have met with limited success. An analysis of enzyme poly-
morphisms at 18 putative loci in 335 M. grisea field isolates
failed to discriminate among the host-specific forms (Leung
and Williams 1986), suggesting that they were genetically
homogeneous. However, repeated DNA sequences in M.
grisea have been recently shown to have a surprising level
of variation. The genomes of M. grisea rice pathogens
contain a family of dispersed, repeated DNA sequences
called MGR (for Magnaporthe grisea repeat; [Hamer et al.
1989a]). DNA probes derived from MGR sequences hy-
bridize strongly to the DNA of all rice pathogens and
weakly to the DNA of pathogens that do not infect rice,
a dimorphism that has been observed in worldwide col-
lections of M. grisea (Hamer et al. 1989a). These data
suggest that the copy number of MGR sequences has been
highly amplified in the rice pathogens relative to other
host-specific forms. The MGR probes have also
demonstrated that the rice pathogens are organized into
a limited number of genetic lineages (Levy et al. 1991).
Thus, the rice pathogens of M. grisea appear to comprise
clonal populations that have become dispersed throughout
the world (Hamer et al. 1989a; Hamer 1991; Levy et al.
1991).

To determine if the conservation of specific repeated
DNA in M. grisea is a characteristic of host-specific
populations, we analyzed repetitive DNA sequences from
a form of M. grisea that does not infect rice. For this
analysis we chose strains that infect the Eleusine species
E. indica (goosegrass) and E. coracana (finger millet).
Representatives of this group have been used to generate
fertile laboratory strains (Valent er al. 1986; Valent and
Chumley 1991; Valent et al. 1991). In an extensive survey,
Yaegashi and colleagues demonstrated that among M.
grisea isolates obtained from 28 genera of host plants,
the Eleusine pathogens were highly fertile (Yaegashi and



Nishihara 1976; Yaegashi 1977). In contrast, isolates in-
fecting rice or other grass hosts were, with minor excep-
tions, infertile or mated only when paired with isolates
from finger millet or goosegrass. The consistently high
fertility of the Eleusine pathogens suggested that they too
may represent a genetically distinct population of M.
grisea.

We have isolated a repetitive DNA element, designated
grasshopper (grh), from the genome of the Eleusine path-
ogen G-22. This element has features characteristic of
retroviral genomes and retrotransposable elements having
long terminal repeats (LTRs) and appears to be most
closely related to the gypsy family of retrotransposons.
We have analyzed a number of Eleusine pathogens and
other host-specific forms of M. grisea, collected from
various regions of the world, for the presence of grh. Sur-
prisingly, the element was detected in Eleusine pathogens
obtained from India, Nepal, Japan, and the western
African countries of Mali and Burkina Faso but was not
present in isolates from other monocot species or from
Eleusine pathogens from other locations. In contrast, all
isolates examined contained various copy numbers of
MGR-related sequences. The conservation and distribu-
tion of grh within a subgroup of Eleusine pathogens sug-
gests that grh has been recently acquired and provides
a striking example of the differential acquisition of a retro-
element within one species. We present arguments that
the amplification of different families of retroelements
within populations of M. grisea is a consequence of the
clonal organization of this organism.

RESULTS

Structure and genomic distribution of repetitive DN A from
the M. grisea finger millet pathogen G-22.

To isolate repeated DNA specific to the Eleusine path-
ogen G-22 we used a two-step hybridization strategy to
screen a AGEMI11 library of genomic DNA from the
laboratory strain 4091-5-8 (derived from a cross between
G-22 and the weeping lovegrass pathogen G-17). Previous

analysis of M. grisea has demonstrated that complex
genomic DNA probes can be used to identify clones con-
taining sequences represented in multiple copies in the
genome (Hamer ef al. 1989a). We screened approximately
2,000 recombinant bacteriophage by hybridization with
2p_labeled genomic DNA from G-22 and isolated 21 re-
combinant clones containing repeated DNA. The clones
were subsequently screened by hybridization to **P-labeled
genomic DNA from the rice pathogen 0-135, to identify
clones containing repeated DNA sequences common to
both the rice and Eleusine pathogen. Fifteen clones hy-
bridized with both O-135 and G-22 DNA and were subse-
quently shown to contain ribosomal DNA sequences (K.
F. Dobinson, J. Romao, and J. E. Hamer, unpublished
results). The remaining clones contained repeated DNA
sequences specific to G-22. Each of these recombinant
phage contained repetitive DNA sequences and adjacent
sequences presumed to be single-copy (Fig. 1 and data
not shown). The repeated DN A sequences cross-hybridized
(data not shown), indicating we had isolated a single type
of repetitive DNA element, which we have designated
grasshopper (grh). Restriction maps of four of the clones
containing grh sequences are shown in Figure 1. Several
restriction sites within the repeated DNA, particularly the
terminal HindIIl and Kpnl sites, were highly conserved
between the four clones. A2 contains two regions of repeti-
tive DNA, oriented as an inverted repeat and separated
by approximately 2 kb of single-copy DNA. The left
element of A2 is approximately 8 kb in length and flanked
by single-copy sequences. Southern hybridization analysis
of genomic DNA probed with restriction fragments sub-
cloned from the 8-kb element demonstrated that the posi-
tions of the restriction sites mapped within the element
are highly conserved in other genomic copies of grh (data
not shown), suggesting that the 8-kb sequence represents
a full-length element.

In the recombinant lambda clones we characterized, the
grh sequences appeared to be interspersed with different
single-copy sequences. In addition, a subclone of A2 con-
taining sequences from one end of the 8-kb element
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Fig. 1. Restriction maps of recombinant lambda clones containing repetitive DNA spec1ﬁc to the Magnporthe grisea-Eleusine pathogen G-
22. Single-copy sequences (narrow line) and regions of repetitive DNA (thickened line) in the clones were delimited by hybridization to
2p_labeled genomic DNA. Abbreviations for restriction enzymes are: R, EcoRIL; H, Hindlll; K, Kpnl; 8, Sall; Sc, Sacl. The Sacl sites
could not be accurately placed on the map of A10 and therefore have been omitted. Astcnsks denote the cloning sites in AGem11. Hybridization
probes used in this study are indicated below the map of A2; the arrowhead indicates a Smal site used in the construction of plasmid pDH1000.
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(pDH1000; see Fig. 1) hybridized to a large number of
different-sized restriction fragments of genomic DNA (see
below). Taken together, these data suggest that the grh
elements are dispersed about the genome. To investigate
the distribution of grh on the chromosomes of G-22 and
the laboratory strain 4091-5-8, we hybridized the grh
subclone pGRH2 to chromosome-sized DNA molecules
separated by pulsed-field gel electrophoresis. Previous
studies showed that laboratory strains of M. grisea have
five to six chromosomes, ranging in size from approxi-
mately 5-12 Mb (Hamer er al. 1989a). Under the electro-
phoresis conditions used in this study (see Materials and
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Fig. 2. Hybridization of grh sequences to electrophoretically separated
chromosomes of Magnaporthe grisea. Chromosomal DNA was pre-
pared from strains G-22 and 4091-5-8 and electrophoresed through
a 1% agarose gel, as described in Materials and Methods. A, Ethidium
bromide-stained gel. Lane 1, G-22; lane 2, 4091-5-8; lane 3,
Saccharomyces cerivisiae. B, The gel in A was blotted and hybridized
to pGRH2. C, Hybridization with the rDNA probe Arrn8.
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Methods), we were able to resolve four chromosome-sized
DNA molecules in both G-22 and the laboratory strain
4091-5-8 (Fig. 2A; partially degraded DNA, of lower
mobility than the Saccharomyces cerivisiae DNA, is also
apparent in lane 1). Figure 2B shows that the grh probe
hybridized to all resolvable chromosomes, as would be
expected for a dispersed, repeated sequence. A ribosomal
DNA probe hybridized to only one or two chromosomes
(Fig. 2C), demonstrating that the pattern of grh hybrid-
ization was not an artifact caused by chromosome de-
gradation. From genomic reconstruction experiments,
assuming a genome size of 38 Mb (Hamer es al. 1989a),
we estimate there to be approximately 65 copies of grh
in the genome of strain 4091-5-8 (K. F. Dobinson and
J. E. Hamer, unpublished results).

grh is an LTR-class retroelement.

Hybridization analysis of the 8-kb element from A2
indicated that the element was terminally redundant (data
not shown), suggesting that grh might be related to a family
of transposable elements having long terminal repeats.
DNA sequencing confirmed that the element terminates
in 198 base pair (bp) perfect direct repeats (Fig. 3A). The
direct repeats contain the 5" and 3’ terminal sequences (5’
TG...CA 3') and short, inverted terminal repeats that are
hallmarks of retroviral and most retrotransposon LTRs
(see Varmus and Brown 1989; Bingham and Zachar 1989
for review of LTR features). In addition, sequencing of
the single-copy DNA adjacent to the 8-kb element showed
that the LTRs are flanked by a short, direct repeat
(ATAAA; see Fig. 3B), as is characteristic of a target site
duplication generated during transposition.

—_—

atttaaaattaaactttggagtttataaattttaaacaatataaalGTTACGGATTCGTGCTGATTGCACGTATCCCCG
TATATAGATAGCAGCGGGGACCACGTGATAAGTTGCATTGTATATAAGGGAGGAAGGGTCGCCAAGACCTTTTCCGCALC
CCTTTCTTCTCCTTTTCCTTAGCGATAATAATAACTCCTTTCGGGTACCCAACCGTTGTATGATCGTTGGCCTACCCTAT

ARCAtttattatcgctcattattctte

Right LTR

g9taggggaggaagggggct aIGTTACGGATTCGTGCTGATTGCACGTATCCCCGTATATAGATAGCAGCGGGGACCAC
GTGATAAGTTGCATTGTATATARGGGAGGAAGGGTCGCCAAGACCTTTTCCGCACCCCTTTCTTCTCCTTTTCCTTAGCG
ATABRTAATAACTCCTTTCGGGTACCCAACCGTTGTATGATCGTTGGCCTACCCTATAAGAAt aaaatat

—

Fig. 3. Restriction map of grh and sequences at the 5° and 3’ termini of the element. A, Restriction map of the 8-kb grh element from
A2. The direct terminal repeats (darkened areas at each end) and the 3.3-kb internal region that was sequenced (black band in center) are
indicated. Abbreviations for restriction enzymes are as for Figure 1. B, Nucleotide sequence of the 198-bp long terminal repeats (LTRs)
from the element shown in A. The LTR sequences are capitalized, with the 5-bp terminal inverted repeats in bold type and the 5 TG...CA
3’ nucleotides characteristic of retroviral LTR termini underlined. A potential transcriptional initiation signal (¢r box) in the left LTR and
polyadenylation signal in the right LTR are underlined. Single-copy sequences flanking the LTRs are in lowercase plain type; arrows indicate
the 5-bp direct repeat at the borders of the left and right LTR. Sequences within grh are italicized, with the polypurine tract immediately

upstream of the right LTR underlined.
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cagctcct cgtcggeggecy tgatggt ggaggttgtgegtggactatagggccctgaatagcattactatg
S S S S AAAPVLMVRIKASGS® GU®WH®RILCVDYZRALNSTITM
Reverse transcript.

t tgccgttaatt acgttettt tt gt t
Q DRY P L P LI XETTIRTSILTGA AR ®EWTFTIKUVDVRAATFIEIKIL
transcript
t g tacagcgttcagaactcgcttcggattatt gtgcccgtteggact
R I A E GDEUHLTAFRTRTEFGILT FEWILVCEPTFGILAGHATPA
Reverse transcript

qacctttcncqtnacqccaacqgcqtqttaqchatacqtquqqgaccatqca:cagccc-tttqqacqacatcctutctattcttcaqqctccaaa
F Q R Y VNGV L VDT G DY A S A Y LDDTIULTI Y S S G S K
------------ Reverse transcript ----

t tggtcgaaagt ggtgct t taatttggacct cgat tcgeggt ca
S DH WS KVTRVLDEKLAAAGLNTLDILDEKSATFAVKEVK
rse transcript.

ag’ ttattgtcaagg ttcgagatt ccgggy
YLGFIVKAGZGVQADPEKIKAXRDHEA?TRLI\G

.ctccchgqtntcggqutcgcnatuctacogoquu:ataqaagq:uc:c.uc-::ncggccccgc:gu.gogccnoguangqqgacc
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Sac 1
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PFRI’T)‘.ELEGAFI’.ALKEAFLQA?ILAQHDDAKDT

cgaggatggaaactgact gttccggagcggegttagggggctgectttog atggcgcceggt egogtt ccattegg

R M ETODC S G AL G G L S Q KGTDGTLWREPV ATFHSAK
at tat t ccatg: tgct cgeggttatageatgect gegtcegt
L TDAOQHRNTYTTIHTDEKTETLTLAVYVTIATCTLTKTA A WDATETLTRSVR
cggccctttnntatr tggagtattett gcgtt ttcga
R F L I LTDUBKHT KA ATLTESTYTFSZKTPRTEV s E R QMRHNAETLS K

- - -RNaseH

aattcaattacaatttacgctt gacgcgttatct taac
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gaccgtgtt 9g gccgg tat gccgegg tttte
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AQAELARLHDZALSKDDLYQIRLDAVQGDBRRFP

tgtggtt
PEABTKAQVADCAVNRLGALQ‘{lG\lLNLPNWI:P

att ttcgetat accattgg

LTTAVLQITHESPMVGHSGlDGTPAILARDYBH
Integr

gacggtatgg ttcgt gtgatatatgt "

DGMAEHVRRPVRNCDICIRTKPSkkAl\QGLLQPL
Integrase

tacccat tee tttcgatcgactttat gacccctcggtatttaatggtgataac

P I PDRTF W KOQTI S I1DTFMTHUDOTLUZPGNGTEVT?®P?PRYLMYUV

Integra:

ggacagactttccaaatacgtacagctagaggcgatgcact fcctqtcctcctqqtggcquttccqngt

RLSKYVQL!‘.AHHSHKAZDCAARPLSSNN

Integras

ttccccagtcagattatttccgatagaggctccgattggg ttet gt actttcaacct

F P S QI 1 S DRGSDW®WVGGFWTETILTGCRU QTG GVESGQLTUL S
Integr

ctt tagggett tt g
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Integr.
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t tcgatta tcgtggecgt :.cggtuagttggnc

R N I R T N R P C R K L D Y V VAV EPTZPLTV
gtcccgegaggaat ccat cccacctt ccacgtagaattgg taccgtct caaatt cgaaccgact cceggeccgace

VPRGIBPTFHVBLVEIAASDPLPSQIRTDSRPDP
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Fig. 4. Nucleotide sequence of a 3.3-kb region from the grh element shown in Figure 3. The amino acid sequence of the open reading
frame is shown below the DNA sequence in the one-letter amino acid code. The asterisk denotes the termination codon. Regions with similarity
to the reverse transcriptase, integrase, and RNaseH domains of LTR retroelement pol polyproteins are indicated.
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We have identified several conserved sequences in the
element, including potential transcriptional initiation and
polyadenylation signals within the LTR. In particular, the
LTR has a 25-nucleotide C+T-rich region (underlined in
Fig. 3B) that strongly resembles the ¢z box immediately
upstream of the transcription initiation site of the Asper-
gillus nidulans gpdA gene promoter (Punt et al. 1990).
Similar C+T-rich sequences have been identified in the
promoter regions of other genes from filamentous fungi
(see Ballance 1986; Gurr et al. 1988 for review). Deletion
of these sequences results in decreased gene expression
and abnormal transcription initiation, indicating that the
ct box may determine the transcription start point
(Ballance 1986; Hamer and Timberlake 1987; Gurr et al.
1988; Punt et al. 1990).

Two other sequences that are conserved in retroviruses
and can be found in many LTR retrotransposons are the
primer-binding sites for reverse transcription (Varmus and
Brown 1989). A potential tRNA primer-binding site for
minus-strand DNA synthesis, located immediately 3’ to
the 5" LTR of most Drosophila retrotransposons (Bingham
and Zachar 1989) and characterized by a highly conserved
5" TGG, could not be identified in the grh sequence. How-
ever, a polypurine-rich sequence, that could correspond
to the primer-binding site for plus-strand DNA synthesis,
is located immediately upstream of the grh 3’ LTR. The
conservation of characteristic LTR sequences, and the fact
that the two LTRs we have sequenced are identical implies
that the LTRs of the 8-kb element are intact and could
be functional. In addition, the presence of the target site
duplication suggests that multiple copies of grh have
accumulated via transposition.

Figure 4 shows the DNA sequence of a 3.3-kb internal
region of grh. Computer analysis identified only one exten-
sive open reading frame (ORF), of 1,107 amino acids. Three
regions of the ORF have similarities to polyprotein se-
quences encoded by pol genes from Drosophila retro-
transposons (Toh er al. 1985; Marlor et al. 1986; Yuki
et al. 1986; Lankenau et al. 1988), the del element of lily
(Smyth et al. 1989), the recently described CfT1 element
from the filamentous fungus Cladosporium fulvum
(McHale et al. 1992) and the Schizosaccharomyces pombe
element Tfl (Levin et al. 1990). The grh sequences have
most similarity to the putative reverse transcriptase,
RNaseH and integrase domains from CfT-1 and Tfl.
Figure 5 shows the alignment of the grh sequences with
the corresponding sequences from the CfT-1 and Tfl
polyproteins. A 182-amino acid (aa) region of the grh ORF
contains the seven domains characteristic of reverse
transcriptase sequences (Xiong and Eickbush 1988; Xiong
and Eickbush 1990) and the highly conserved YXDD
sequence that has been proposed to be part of the reverse
transcriptase active site (Berg and Howe 1989). Down-
stream from the putative reverse transcriptase is a 150-
aa sequence homologous to the RNaseH domains of CfT-
1 and Tfl. This sequence has 39% identity and 57% overall
similarity with the Tfl sequence and contains amino acid
residues that are essentially invariant in the RNaseH se-
quences of other retroelements (Doolittle et al. 1989). The
putative integrase (endonuclease) region is a 250-aa
sequence that shares 30% identity with the integrase

118 / Molecular Plant-Microbe Interactions

Reverse transcriptase
I II
grh 92 MMDKGWIRASSSSAAAPVLMVRKASGGWRLCVDYRALNSITMODRYPLPL
CfT-1 344 KLAKGWIRRSTSSAGTPCMFVPKANGKLALVQDYRKLNEITIKNRYPLPN
Tf1 423 LKSGIIRESKAINACPVMFVPKKEGTLRMVVDYKPLNKYVKPNIYPLPL
LR 1 * *  x * * % * %k * ok ok ok
III v
grh 142 IKETIRSLTGARWFTKVDVRAAFHKLRIAEGDEHLTAFRTRFGLFEWLVC
CfT-1 394 IEEAQDRLTGSDWYTKIDLRDAFYAIRMAEGEEWKTAFRTRYGLYEFLVM
Tf1l 472 IEQLLAKIQGSTIFTKLDLKSAYHLIRVRKGDEHKLAFRCPRGVFEYLVM
* * *k  x * * * K * ok X * *  kk
v vI
grh 192 PFGLAGAPATFQRYVNGVLGDTLGDYASAYLDDILIYSSGSKSDHWSKVT
CfT-1 444 PMGLTNAPASCQDLVNETLRDLLDVCVVAYMDDILVYTKGSLOEHTKQVQ
Tf1 522 PYGISTAPAHFQYF INTILGEAKESHVVCYMDDILIHSK.SESEHVKHVK
LI * ok ok * * * o eekk * *
VII
grh 242 RVLDKLAAAGLNLDLDKSAFAVKEVKYLGF IV
CcrT-1 494 DVFERLTKSGFKTAPEKCEFHKKEVKFLGFII
Tf1 571 DVLOKLKNANLIINQAKCEFHQSQVKFIGYHI
* * * * * ok *
RNaseH
grh 342 EGAFEALKHAFLQ AP ILAQWDDAKDTRMETDCSGAALGGCLSQKGT
CfT-1 590 KEQTEAFKRLKEQCA SAPTLRLFDGSKEVHIETDASDMAIGACLTQTHD
Tf1 680 TQAIENIK QCLVSPPVLRHFDF SKKILLETDASDVAVGAVLSQKHD
* * * * kK * * koo * LI * Kk
grh 388 DGLWRPVAFHSAKLTDAQRNYTIHDKELLAVIACLKAWDAELRSVRRPFL
CfT-1 639 GKRH PVAYYSRKMTTAEQNYDIHDKELLAIVAAMQHWRVYVE GPPKLT
TE1 726 DDKYYPVGYYSAKMSKAQLNYSVSDKEMLAIIKSLKHWRHYLEST IEPFK
Kk ok kA Kk kke ee X
grh 438 ILTDHKALEYF SKPREV SERQMRWAETLSKFNYNLRFRPGRLAGVPDA
crr-1 687 ILSDHKNLTYF TTTKEL TRRQARWSELLGQYKFEIKYTPGTENGPADA
TE1 776 ILTDHRNLIGRITNESEPENKRLARWQLFLQDFNFEINYRPGSANHIADA
Ak e ke * x oAk k% xxe .
grh 486 LSRREQD
CfT-1 735 LSRRSDY
Tf1 826 LSRIVDE
Integrase
A A
grh 590 RGRLWLPNWEPLTTAVLQRTHESPMVGHSGRDGTFAILARDYHWDGMAEH
cfT-1 788 KYQV PKDREEEC IRQHHDEPTYGHPGTSKTVDLIQRSFSFPQMRLK
Tf1 897 KDQILLPNDTQLTRTIIKKYHEEGKLIHPGIELLTNTILRRFTWKGLRKQ
. . % P
A A
grh 640 VRRFVRN CDICRRTKPSRRARQGLLOPLP IPDRFWKQISIDFMTDLPGN
CfT-1 834 VLRYIKKCVHCQONKAARHAKYGHLQFRTPPTKPWDEVTMDF ITKLPRSK
Tf1 947 IQEYVQN CHTCQINKSRNHKPYGPLHPIPPPERPWESLSMDFITALPES
. . * * % * * hk ok kk
grh 689 GEVT  PRYLMVITDRLSKY.VQLEAMHSMKAEDCAARFLSSWWRFRGF
cfT-1 884 DRVTGQAYDMILVMVDRLTKYAHF IPASEIYTAEQLGYLVLDRLIRYHGF
Tf1 996 SGYNA LLVVVDRFSKMAILLPCTKS ITAEQTARMFDQRVIAYFGN
* ok * * Kk *
grh 736 PSQIISDRGSDWVGGFWTELCRQTGVEQLLSTSYHPETDGGTERANQEVQ
CfT-1 934 PEVFITDRDKLFTSNYWKTLMGTIGIKHKLSTAYHPETDGQTERTNQTLE
Tf1 1040 PKEIIADNDHIFTSQTWKDFAHKYNFVMKFSLPYRPQTDGQTERTNQTVE
k. . Kk ok KKK sek Kk
grh 786 QYLRAYIAFDQGDWPDHLGAAQLALNNRNSSVTGTSPNKLLLGFDIEAVP
CfT-1 984 QYLRHYINYAQDNWVSLLPMAQIALNNHKSETTSTTPFMRTLA RTLTYP
TE1 1090 KLLRCVCSTHPNTWVDHISLVQQSYNNAIHSATQMTPFEIVHRYSPALSP

* % * * * * * *

Fig. 5. Amino acid alignment (single-letter amino acid code) of
putative reverse transcriptase, RNaseH, and integrase domains from
grh, with homologous sequences from the Schizosaccharomyces
pombe element Tfl (Levin et al. 1990) and the Cft-1 element from
Cladosporium fulvum (McHale et al. 1992). Amino acids common
to grh, Cft-1, and Tfl are indicated below the Tfl sequence with
an asterisk. Bullets denote amino acids that are highly conserved
among grh and other gypsy family retrotransposons (Johnson et al.
1986; Doolittle et al. 1989). Conserved domains within the reverse
transcriptase are indicated. Amino acid residues corresponding to
the conserved zinc-binding motif in the integrase domain (Johnson
et al. 1986) are indicated by triangles.



sequence from Tfl (see Fig. 5). Including conservative
amino acid changes, the similarity of the two sequences
is 50%. All of the highly conserved amino acids of the
gypsy family integrase proteins, including the putative zinc-
binding domain proposed to function in binding the inte-
grase to the DNA substrate (Johnson et al. 1986), are
also present in the grh sequence. The similarity of the
grh sequences to domains of the putative polyproteins from
CfT-1 and Tfl is comparable to the level of similarity
between other gypsylike retrotransposons (see Doolittle
et al. 1989 for review) and strongly suggests that grh is
a member of this family.

The presence of a single, uninterrupted reading frame
encoding putative reverse transcriptase, RNaseH, and
integrase proteins suggests that the 8-kb grh element of
A2 could produce functional pol proteins. The cloned
element in A2 is also of sufficient size to encode a gag
gene 5’ to the pol sequences and, like the Drosophila retro-
transposons gypsy, 297 and 17.6, could encode another
polypeptide 3’ to the pol region (see Varmus and Brown
1989 for review). Further sequencing and characterization
of the 8-kb grh element are in progress to determine the
relationship of grh to other fungal retroelements and to
examine the overall protein coding capacity of the element.

Distribution of grh in Eleusine pathogens of M. grisea.

The grh elements of the Eleusine pathogen G-22 were
first identified as DNA sequences that were present in
multiple copies in the G-22 genome but that were not
repeated in the genome of the rice pathogen O-135.
However, it was not clear if the elements were absent from
or simply present in low copy number in the genomes
of rice pathogenic strains and other forms of M. grisea.
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To further investigate the extent to which grh sequences
are conserved in M. grisea, we compared the distribution
of MGR and grh sequences in various host-specific forms
of the fungus.

Although the rice pathogen-specific repeated DNA is
collectively designated MGR (Hamer et ql. 1989a), several
distinct MGR elements have recently been identified. One
MGR sequence encodes a putative protein similar to the
reverse transcriptases of the poly(A) retrotransposable
elements known as long interspersed nuclear elements
(LINEs; Valent and Chumley 1991). Two MGR-LINE
specific probes, pCB583 and pCB607, have been used in
the experiments described below. Figure 6A shows the
hybridization of pCB583 to genomic DNA from various
host-specific forms of M. grisea. This probe detected
conserved restriction fragments of 2.0 and 1.1 kb in all
M. grisea isolates, although hybridization to DNA from
the rice pathogens is typically more intense (Hamer et al.
1989a). Hybridization to the DNA of the weeping lovegrass
pathogen G-17 (lane 5) was more apparent upon longer
exposures of the blots (data not shown).

Sall restriction digests were prepared from the same
set of genomic DNAs and hybridized with the grh-specific
probe pGRHI. Figure 6B shows that pGRHI detected
a conserved 1.7-kb restriction fragment (corresponding to
a Sall fragment spanning the probe; see Fig. 1) in pathogens
of finger millet and goosegrass (E. coracana and E. indica;
lanes 4,9, and 10). Neither pGRH 1 nor other grh sequences
hybridized detectably to genomic DNA of other host-
specific forms of M. grisea, even upon prolonged exposures
of the blots (Fig. 6B). Nine additional isolates from our
collection (six rice pathogens, two pearl millet pathogens,
and one isolate obtained from the weed Rotboellia exal-
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Fig. 6. Southern blot analysis of genomic DNA from Magnaporthe grisea field isolates. The origins of the field isolates are described in
Table 1. A, Genomic DNA was digested with BamHI and hybridized with the MGR probe pCB583. The lanes contain DNA from: I, VO-
4; 2, VO-110; 3, 0-137; 4, G-22; 5, G-17; 6, PM-1; 7, PM-3; 8, VO-107; 9, G-50; 10, G-51. B, Genomic DNA was digested with Sal/l and
hybridized with pGRHI. The lanes are loaded as in A. Molecular size standards (kb) are indicated to the right of A and B. C, Genomic
DNA was digested and hybridized as in B. The lanes contain DNA from: 1, G-22; 2, G-13; 3, G-14; 4, G-18; 5, G-19; 6, G-20; 7, G-21;
8, G-23; 9, G-50; 10, G-15; 11, G-26; 12, G-51. The conserved 1.7-kb Sall fragment of grh is indicated by an arrowhead.
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tata), were tested and also found to be lacking the grh
element (data not shown).

We have analyzed a collection of Eleusine pathogens
from Japan and, as shown in Figure 6C, all contained
sequences homologous to grh. It was possible that the
distribution of strains bearing grh could be geographically
limited. Alternatively, the element could have accumulated
in an ancestral population of Eleusine pathogens that has
since been dispersed throughout the world. To distinguish
between these possibilities, we analyzed a collection of

Table 1. Magnaporthe grisea field isolates

Isolate Host species Origin
0-135 Oryza sativa (rice) Taiwan 1985*
0-137 0. sativa Taiwan 1985*
VO-4 0. sativa Louisiana, U.S.A. 1964°
VO-110 0. sativa Texas, U.S.A. 1965"°
VO-107  Digitaria sanguinalis Texas 1981°
(crabgrass)
G-13 Eleusine coracana Japan 1975¢
(finger millet)
G-14 E. coracana Japan 1975°¢
G-15 E. indica (goosegrass) Japan 1975¢
G-17 Eragrostis curvula Japan 1976¢
(weeping lovegrass)
G-18 E. coracana Japan 1975¢
G-19 E. coracana Japan 1975°¢
G-20* E. coracana, E. indica Japan 1977¢
G-21 E. coracana Japan 1977°¢
G-22%¢ E. coracana Japan 1977¢
G-23 E. coracana Japan 1977¢
G-26 E. indica Japan 1982°
G-50* E. coracana Japan 1982°
G-51 E. indica Japan 1990°
PM-1 Pennisetum americanum Georgia, U.S.A. 1990
(pearl millet)
PM-3 P. americanum Georgia 1990
BF-15* E. indica Burkina Faso 1990f
BR-62*  E. indica Brazil 19917
BR-76* E. indica Brazil 19911
CD-155% E. indica Ivory Coast 1989¢
GD-1* E. indica Guadeloupe 1991°
IN-1 E. coracana India 1985'
MD-110* E. indica Madagascar 1990°
ML-27* E. indica Mali 1990f
NP-7* E. coracana Nepal 1985°
0G-1* E. coracana Uganda 1985'
0G-2 E. coracana Uganda 1985'
0G-3 E. coracana Uganda 1985°
0G-4* E. coracana Uganda 1985°
0G-5 E. coracana Uganda 1985'
0G-6 E. coracana Uganda 1983f
PH-37*  E. indica Philippines 1983
PH-42 E. indica Philippines 1983°
PH-43 E. indica Philippines 1990°
PH-44 E. indica Philippines 1990°
PH-48*  E. indica Philippines 1990'
PH-57 E. indica Philippines 1990f
Ph-58 E. indica Philippines 1990f
RW-18*  E. coracana Rwanda 1990"
RW-20*  E. indica Rwanda 1990

“Isolates provided by B. Valent and F. Chumley, DuPont, Wil-
mington, DE.

®M.A. Marchetti (USDA, Beaumont, TX).

¢ Isolates collected by H. Yaegashi.

¢ Asterisk indicates that host specificities were confirmed by inocu-
lating goosegrass seedings with between 0.8-5.0 X 10° conidia/ml,
essentially as described (Heath er al. 1990; Valent er al. 1991).

©J. Wilson, USDA, Tifton, GA.

fJ.-L. Notteghem, CIRAD, France.
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Eleusine pathogens from other geographic locations (see
Table 1 for origins of strains). Genomic DNA from these
isolates was digested with BamHI or Sall, blotted, and
hybridized to the MGR-LINE probe pCB607 or the grh-
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Fig. 7. Southern blot analysis of genomic DNA from Magnaporthe
grisea-Eleusine pathogens. Genomic DNA was digested and hy-
bridized with MGR or grh probes as described for Figure 6, except
that the MGR-LINE element probe was pCB607. After hybridization,
the probes were stripped from the blots and each blot was hybridized
with the ILVI-specific probe pCB573. The MGR and grh probes
hybridize to 2-kb BamHI and 1.7-kb Sall fragments, respectively.
The ILV1 probe hybridizes to a 9.5-kb BamHI fragment and a 6.4-
kb Sall fragment. Countries from which isolates were obtained are
indicated above the lanes. Abbreviations for the countries are as
follows: BF, Burkina Faso; BR, Brazil, CD, Ivory Coast; GD,
Guadeloupe; IN, India; MD, Madagascar; ML, Mali; NP, Nepal;
RW, Rwanda. A, Lanes: 1, G-22; 2, G-50; 3, IN-1; 4, NP-7; 5, PH-
37; 6, PH-42; 7, PH-43; 8, PH-44; 9, PH-48; 10, PH-57; 11, PH-
58; 12, GD-1; 13, BR-62; 14, BR-76. B, Lanes: 1, G-22; 2, G-50;
3, BF-15; 4, CD-155; 5, ML-27; 6, OG-1; 7, OG-2; 8, 0G-3; 9, OG-
4; 10, OG-5; 11, OG-6; 12, RW-18; 13, RW-20; 14, MD-110. Blots
were exposed for the following lengths of time: MGR, 72 hr; grh
24 hr; ILVI, 96 hr. Due to different specific activities of the
hybridization probes and the different lengths of time for which the
blots were exposed, only the relative amounts of repeated DNA in
different isolates can be compared.
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Fig. 8. Southern blot analysis of genomic DNA from Magnaporthe
grisealaboratory strains. All strains are derived from crosses involving
G-22 (see Table 1). Laboratory strains 4091-5-8 and 4136-4-3 are
pathogens of weeping lovegrass. Strains 4360-R-12 and 4375-R-26
are pathogens of rice. Genomic DNA was digested with HindIII and
hybridized with the plasmid pDH1000. Lane I, G-22; lane 2, 4091-
5-8; lane 3, 4136-4-3; lane 4, 4360-R-12; lane 5, 4375-R-26.

specific probe pGRHI1, respectively. To control for the
relative amounts of DNA loaded in each lane, each blot
was subsequently stripped of the MGR and grh probes
and rehybridized with a single-copy gene probe (ILVI).

Figure 7A shows the hybridization of pGRH1 and the
MGR probe pCB607 to Eleusine pathogens from Asia,
the West Indies, and South America. Two Eleusine path-
ogens from Japan were also included as positive controls
(lanes 1 and 2). The MGR probe detected a 2-kb BamHI
restriction fragment in all isolates. Apparent differences
in the LINE copy number appeared to be due to differences
in the amount of DNA in each lane, as demonstrated by
hybridization to 7LV1. Surprisingly, grh sequences were
detectable only in the isolates from Japan, Nepal, and
India, even after prolonged exposure of the blots. The
hybridization of MGR, grh and ILVI probes to genomic
DNA of Eleusine pathogens from various African countries
is shown in Figure 7B. Again, all isolates contained MGR
homologs, although the copy number appeared to vary
considerably between isolates (compare /LVI and MGR
hybridization in lanes 5 and 6, for example). In contrast,
the grh sequences were detected only in the isolates ob-
tained from the western African countries of Mali and
Burkina Faso. Of the 36 Eleusine pathogens analyzed in
this study, 16 carried grh sequences. Thus, on the basis
of presence or absence of grh, the Eleusine pathogens can
be divided into at least two genetically distinct subgroups.

Distribution of grh sequences in laboratory strains of M.
grisea.

The Eleusine pathogen G-22 has been interbred with
weakly fertile rice pathogens in an effort to produce labora-
tory strains that are pathogenic to rice and sufficiently
fertile for genetic studies of pathogenicity and cultivar
specificity (Valent et al. 1986, 1991; Valent and Chumley
1991). In addition, laboratory strains that are pathogenic
to other grasses have also been derived from interbreeding
with G-22 (Valent et al. 1986; Valent and Chumley 1987).
Although all of the laboratory strains contain a number
of copies of grh, the rice pathogens (Fig. 8, lanes 4 and
5) are more distantly related to G-22 and thus contain
fewer copies of the element. It has been demonstrated that
at least some genes that determine rice cultivar specificity
in these strains must have been derived from the non-
rice pathogen parent (Yaegashi and Asaga 1981; Valent
and Chumley 1991; Valent et al. 1991). grh sequences may
thus provide convenient genetic landmarks for the mapping
and subsequent cloning of these cultivar specificity genes.
The presence of grh in laboratory strains further demon-
strates that these strains differ in genetic makeup from
field isolates in that they contain composite genomes de-
rived from genetically distinct forms of M. grisea.

Restriction fragment length polymorphisms associated
with families of transposable elements have been inter-
preted as evidence for the presence of mobile elements,
in a variety of organisms (Adams and Oeller 1986; Mar-
schalek er al. 1989; Moerman and Waterson 1989; Wyman
and Blackburn 1991). Similarly, we have detected grh asso-
ciated RFLPs in clonally related isolates of M. grisea.
We surveyed a number of strains derived from 4091-5-8
by UV mutagenesis or spontaneous mutation (see Table
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2), for changes in the array of grh sequences. Genomic
DNA was digested with HindIIl and hybridized with an
LTR-specific probe, to generate a DNA fingerprint for
each strain. Figure 9 shows the grh fingerprints of three
auxotrophic mutants, a melanin biosynthesis mutant, and
four morphological mutants. The fingerprints of the mu-
tants were highly similar but not identical to the 4091-
5-8 fingerprint. With the exception of the his mutant strain
CP3502 (lane 5), at least one polymorphism was detected
in each mutant.

In addition to individual differences between the mutant
strains and 4091-5-8, a 2.2-kb band in strain 4091-5-8 was
absent in all of the mutants and a 1.7-kb band in 4091-
5-8 and the smo mutants was absent from the other strains.
It seemed unlikely that these sequences would have been
systematically lost or altered in the mutants. Additional
fingerprint analysis demonstrated that the 2.2- and 1.7-
kb bands were not present in genomic DNA prepared from
original stocks of strain 4091-5-8 (data not shown), sug-
gesting that these polymorphisms were acquired during
the recent clonal propagation of 4091-5-8. In contrast,
MGR polymorphisms are rarely observed in clonally prop-
agated laboratory strains (J. E. Hamer, unpublished
results). The polymorphisms we have detected could have
been generated by transposition or by genetic rearrange-
ment of grh sequences. The availability of M. grisea strains
lacking grh provides the opportunity to identify by
functional studies an active element that subsequently
could be modified for gene tagging purposes.

DISCUSSION

We have identified in the genome of M. grisea, a
retroelement that is related to the gypsy class of LTR-
containing transposons and that could potentially be used
to enhance genetic and molecular approaches to studying
fungal-plant interactions in M. grisea. Repeated DNA
sequences in M. grisea have proven useful for genetic
mapping. The MGR sequences common to rice pathogens
have been used to map pathogenicity genes (Hamer and
Givan 1990; Orbach er al. 1991; Valent et al. 1991),
construct a genetic map for M. grisea and develop marked

Table 2. Laboratory strains of Magnaporthe grisea

Strain

(genotype)* Reference or source

4091-5-8 Valent ef al. 1986

4136-4-3 Valent and Chumley 1987
4360-R-12 Valent and Chumley 1991
4375-R-26 Valent and Chumley 1991
CP270 (ilv3) F. G. Chumley and B. Valent®
CP435 (ilv3) F. G. Chumley and B. Valent
CP48S5 (rsyl-1) Chumley and Valent 1990
CP502 (his8) F. G. Chumley and B. Valent
CP777 (smol-4) Hammer et al. 1989

CP778 (smol-5) Hammer et al. 1989

CP785 (smol-9) Hammer et al. 1989
CP787 (smol-10) Hammer et al. 1989

* All strains designated CP, except CP785, were derived from 4091-
5-8 by UV mutagenesis. CP785 was a spontaneous mutant. Strains
4360-R-12 and 4375-R-26 are pathogenic on rice.

® Dupont, Wilmington, DE.
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strains for mapping new mutations (Romao and Hamer
1992). Given the distribution of grk in fertile laboratory
strains it is obvious that grh could be used for similar
purposes. In addition, promoters from M. grisea genes
have not been characterized and thus transformation vec-
tors currently rely on Neurospora and Aspergillus pro-
moters (Parsons et al. 1987; Parsons 1988; Leung et al.
1990). The LTRs from grh are a convenient source of
transcription initiation signals that could potentially
enhance the expression of drug resistance genes on trans-
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Fig. 9. Southern blot analysis of genomic DNA from mutant strains
derived from Magnaporthe grisea laboratory strain 4091-5-8.
Genomic DNA was digested with HindIIl and hybridized with the
LTR-specific probe pDH1000. The lanes are as follows: 1, CP270
(ilv mutant); 2, CP435 (ilv mutant); 3, 4091-5-8; 4, CP485 (rsy mutant);
5, CP502 (his mutant); 6, 4091-5-8; 7, CP777 (smo mutant); 8, CP778
(smo mutant); 9, CP785 (smo mutant); 10, CP787 (smo mutant).
Open circles indicate the restriction fragment polymorphisms acquired
during propagation of 4091-4-8. Closed circles indicate individual
polymorphisms between 4091-5-8 and each of the mutants. Identical
restriction fragments were generated in three separate experiments,
using a single DNA preparation from each strain.



forming plasmids and thus improve transformation effi-
cencies.

LTR-class retroelements that have been previously iden-
tified in fungi include the well-characterized S. cerevisiae
Ty elements (reviewed in [Boeke 1989]), the Tf families
of elements from S. pombe (Levin et al. 1990) and the
Cft-1 element from the tomato pathogen C. fulvum
(McHale et al. 1992). In each of these fungi the associated
retroelements are widely distributed in the strains examined
thus far, although the copy number of the elements in
different strains can vary substantially. Similarly, the MGR
sequences of M. grisea, although amplified in rice path-
ogens, can be detected in isolates that infect other host
species (Hamer e al. 1989a; see also Figs. 6 and 7). In
contrast, we observed an exclusive distribution of grh in
a subgroup of M. grisea- Eleusine pathogens. These results
suggest that grh was acquired more recently than MGR
sequences. Our current hypothesis is that the element was
acquired by an interspecific horizontal transfer event,
subsequent to the emergence of this particular host-specific
form of M. grisea.

The distribution of Eleusine pathogens harboring grh
is unusual. An analysis of Eleusine pathogens from geo-
graphically diverse regions demonstrated the presence of
grh in isolates collected from Japan, India, Nepal, and
the west African countries of Bukina Faso and Mali, while
other isolates lacked the element. It would seem unlikely
that the introduction of grh into the Eleusine pathogens
occurred more than once in several geographical locations,
or that all copies of the element have been systematically
lost from some Fleusine pathogens. The most straight-
forward explanation is that isolates that contain grh are
members of a clonal population that has been dispersed
throughout the aforementioned countries. We speculate
that this dispersal occurred with the transport of finger
millet germplasm between these countries, in much the
same manner that the M. grisea rice pathogens have be-
come dispersed throughout the rice-growing regions of the
world (Levy et al. 1991). Broader sampling of the grh
containing and grh-deficient groups of FEleusine pathogens
will be needed to determine if these populations coexist
or are strictly geographically limited.

By many criteria the host-specific forms of M. grisea
constitute a single species. At the microscopic level they
are morphologically indistinguishable (Rossman et al.
1990). Although culture morphology of field isolates can
be highly variable, these differences are not correlated with
host specificity and likely reflect subtle physiological
differences between isolates. An exhaustive analysis of
isozyme polymorphisms also failed to reveal significant
differences between isolates that infect different hosts
(Leung and Williams 1986). In light of our findings, an
important feature of the repetitive elements of M. grisea
is that they provide insight into the evolution of the host-
specific forms of this fungus. For example, on the basis
of having amplified copies of MGR, the rice pathogens
have been shown to represent a genetically distinct group
descendent from a single ancestral founder population
(Hamer et al. 1989a). MGR probes have also demonstrated
the clonal organization of these rice-infecting populations
(Levy et al. 1991). Our study demonstrates that at least

one other population of M. grisea has recently acquired
aretrotransposable element. A summary of the distribution
of known repeated DNA elements in M. grisea is shown
in Figure 10. Given the relative ease with which repeated
sequences were identified in rice and finger millet
pathogens, it seems likely that other repeated DNA exists
in M. grisea and may mark different populations and/
or host-specific forms.

The amplification in M. grisea of specific retroelements
and the acquisition of novel elements is reminiscent of
the patterns of genome evolution observed in animals. For
example, the amplification of specific retroelements has
been documented in members of the order Salmonidae
(Kido et al. 1991). Similarly, LINE elements found in
extant murine species appear to have arisen by amplifi-
cation of an ancestral LINE homolog at or near the time
of murine species radiation (Pascale et al. 1990). It has
been suggested that the accumulation of different elements
within populations may result in changes in genome
organization and structure that are prerequisites for the
emergence of new species. Despite the differences we have
observed in the distribution of retroelements within popu-
lations of M. grisea, the intrusion and amplification of
different families of elements in the genome of this or-
ganism have not resulted in the evolution of separate
species.

In nature, the predominant mode of reproduction in
M. grisea appears to be asexual. Two observations support
this hypothesis: First, many field isolates are infertile;
second, the sexual stage has not been observed in the field.
In sexually reproducing eukaryotes, intraspecific genomic
differentiation is difficult to document. In a clonal
eukaryotic organism like M. grisea, in which genetic
exchange is likely to be minimal or nonexistent, changes
in genome structure, such as the acquisition and ampli-
fication of different transposable elements, would persist
and be observed only within descendant clones. Recently
it has been suggested that many eukaryotic microor-
ganisms, including some known to have functional sexual
stages, may exist in nature as clonal populations (Tibayrenc
et al. 1991). Thus, we speculate that population-specific
repeated elements, which have not been documented in
sexually reproducing eukaryotes, may be acommon feature
of other clonal organisms.

Clonal lineages

1 1 T t T Eleusine pathogens

Rice pathogens

* grh

MGR amplification Other host-specific forms

1 f
MGRJ

Magnaporthe grisea

Fig. 10. Proposed clonal history of host-specific forms of Magna-
porthe grisea, based on the distribution and amplification of the
dispersed repeated sequences MGR and grh.
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MATERIALS AND METHODS

Strains and recombinant DNA.

The origins of M. grisea field isolates used in this study
are shown in Table 1. The analysis included 36 Eleusine
pathogens (collected from 12 countries between 1975 and
1991), four rice pathogens, two isolates from pearl millet,
and one isolate each from crabgrass and weeping lovegrass.
Strain 4091-5-8 is a progeny from a cross between two
field isolates, G-22 (WGG-FA40) and G-17 (K76-79). Pro-
cedures and media for growing M. grisea axenically have
been described previously (Crawford ez al. 1986).

Plasmid pCBS583 carries a 5-kb Sall fragment of M.
grisea repetitive DNA, cloned into the vector pUCI18. The
Sall fragment hybridizes to a highly conserved 2-kb BamHI
fragment in the genomes of M. grisea rice pathogens and
contains sequences encoding a putative LINE-like reverse
transcriptase (Hamer ez al. 1989a; Valent and Chumley
1991). Plasmid pCB607 contains the conserved 2-kb
BamHI fragment, cloned into pUC18 (Hamer et al. 1989a).
Arrn8 contains M. grisea ribosomal DNA sequences,
cloned into A\GEMI11 (K. F. Dobinson, J. Romao, and
J. E. Hamer, unpublished results). Plasmids pGRHI,
pGRH2, and pDH1000 contain restriction fragments from
A2 (see Fig. 1), cloned into the phagemid vector pBluescript
II KS+ (Stratagene, Inc., La Jolla, CA). Plasmid pCB573,
obtained from F. G. Chumley and B. Valent (DuPont,
Wilmington, DE), contains a 6.4-kb Sa/l fragment from
the M. grisea ILVI gene, cloned into pBR322. Escherichia
coli strain KW251 (Promega Corporation, Madison, WI)
was used for propagation of bacteriophage lambda; strains
DH5a (BRL Life Technologies, Inc., Gaithersburg, MD)
and XLI1-Blue (Stratagene, Inc., La Jolla, CA) were used
for propagation of plasmids.

Construction and screening of M. grisea genomic DNA
library.

Genomic DNA was isolated from purified nuclei of M.
grisea strain 4091-5-8, as previously described (Hamer et al.
1989a). The DNA was partially digested with the restriction
enzyme Sau3Al and cloned into A\GEM11 Xhol half-site
arms (Promega Corporation), using procedures suggested
by the supplier. The library was screened by plaque hybrid-
ization with **P-labeled genomic DNA as described pre-
viously (Hamer et al. 1989a). Hybridization probes were
labeled by the random primer method (Feinberg and Vogel-
stein 1983) using the Stratagene Prime-It kit. Hybridi-
zations were done at 65 C in 6X SSPE (1X SSPE is 0.18
M NaCl, 10 mM NaH,PO,, pH 7.4, | mM EDTA), 5X
Denhardt’s buffer, 0.5% sodium dodecyl sulfate (SDS).
Blots were washed at 65 C, with the final wash in 0.2X
SSPE, 0.1% SDS, 0.1% sodium pyrophosphate.

Nucleic acid analysis.

Genomic DNA was isolated from M. grisea protoplasts
by the procedure of Sweigard er al. (1990) with modifi-
cations previously described (Hamer and Givan 1990), or
from frozen mycelia using a CTAB (hexadecyltrimethyl-
ammonium bromide) lysis procedure (K. Zeller and M.
Levy, Purdue University) modified from Murray and
Thompson (1980) and Zolan and Pukkila (1986). Briefly,
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the mycelia were frozen in liquid nitrogen and ground
to a fine powder with a mortar and pestle. The powder
was suspended in 4 ml of 65° C CTAB lysis buffer (2%
CTAB [Sigma Chemical Co.], 0.1 M Trizma base, 10 mM
EDTA, 0.7 M NaCl) with 1% 2-mercaptoethanol,
incubated at 65° C for 30 min and extracted twice with
an equal volume of chloroform/iso-amyl alcohol (24:1).
The DNA was precipitated from the aqueous phase with
1 volume isopropanol and resuspended in 10 mM Tris-
HCIl pH 8.0, ] mM EDTA. DNA was digested to com-
pletion with the appropriate restriction enzymes, frac-
tionated in 0.8% agarose gels, and transferred to nylon
membranes (Hybond-N, Amersham Corporation, Arling-
ton Heights, IL) using conditions suggested by the manu-
facturer. DNA was fixed to the membranes by ultraviolet
irradiation and hybridizations with radioactively labeled
probes were carried out as described above.

DNA sequences were determined from double-stranded
templates by the dideoxy chain termination method
(Sanger et al. 1977), using Sequenase (United States Bio-
chemical Corporation, Cleveland, OH) or Taq polymerase
(Promega). Restriction fragments from A2 were subcloned
into pBluescript II KS+ and sequence data from one strand
were obtained from nested deletions generated by Exo-
nuclease I1I digestion (Henikoff 1984). The sequence from
nucleotide positions 1025 to 3348 was confirmed by se-
quencing the opposite DNA strand with primers syn-
thesized by the Laboratory for Macromolecular Structure
at Purdue University. Amino acid alignments were done
by eye or with the University of Wisconsin Genetics Com-
puter Group BESTFIT and ALIGN programs (Devereux
et al. 1984) made available by the Aids Center Laboratory
for Computational Biochemistry at Purdue University.

Protoplasts were prepared for pulsed-field gel electro-
phoresis from hyphal fragments of M. grisea, as previously
described (Parsons et al. 1987, Hamer et al. 1989a). Puri-
fied protoplasts were washed, embedded in agarose, and
prepared for pulsed-field gel electrophoresis as described
by Orbach e al. (1988). Chromosome-sized DNA mole-
cules were fractionated in 19 agarose gels prepared from
FastLane agarose (FMC). Contour-clamped homogeneous
electric field (CHEF) gel electrophoresis was carried out
for 120 hr at 45 V, with a switch time of 90 min. The
DNA was subsequently transferred to nylon membranes
and hybridized with radioactive probes, as described
above.

Nucleotide sequence accession numbers.

The nucleotide sequence data reported in this paper have
been submitted to GenBank and assigned the accession
numbers M77661 and M77662.
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