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Abstract

Transposable elements (TEs) are viewed as major contributors to the evolution of fungal genomes. Genomic resources such as

BAC libraries are an underutilized resource for studying genome-wide TE distribution. Using the BAC end sequences and physical

map that are available for the rice blast fungus,Magnaporthe grisea, we describe a likelihood ratio test designed to identify clustering

of TEs in the genome. A significant variation in the distribution of three TEs, MAGGY, MGL, and Pot2 was observed among the

fingerprint contigs of the physical map. We utilized a draft sequence of M. grisea chromosome 7 to validate our results and found a

similar pattern of clustering. By examining individual BAC end sequences, we found evidence for 11 unique integrations of

MAGGY or MGL into Pot2 but no evidence for the reciprocal integration of Pot2 into another TE. This suggests that: (a) the

presence of Pot2 in the genome predates that of the other TEs, (b) Pot2 was less transpositionally active than other TEs, or (c) that

MAGGY and MGL have integration site preference for Pot2. High transition/transversion mutation ratios as well as bias in

transition site context was observed in MAGGY and MGL elements, but not in Pot2 elements. These features are consistent

with the effects of a Repeat-Induced Point (RIP) mutation-like process occurring in MAGGY and MGL elements. This study

illustrates the general utility of a physical map and BAC end sequences for the study of genome-wide repetitive DNA content and

organization.

� 2004 Elsevier Inc. All rights reserved.

Index Descriptors: Transposon; Transposable element; Rice blast; Magnaporthe grisea; Pyricularia grisea; BAC library; Physical

map
1. Introduction

The filamentous fungus Magnaporthe grisea is the

causal agent of rice blast disease, one of the most im-

portant pathological threats to rice supplies worldwide

(Ou, 1987). It has been the focus of intense genetic and

molecular biological studies that have increased our

understanding of the molecular determinants of patho-

genesis and biology for this and related fungi. Studies of
genetic diversity among field isolates of the fungus have
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resulted in the identification of several classes of trans-
posable elements (TEs) within the genome (Farman

et al., 1996b; Kachroo et al., 1995; Skinner et al., 1993).

These highly repeated sequences have made useful

probes for identification of restriction fragment length

polymorphisms. In addition, some TEs show a restricted

distribution among strains that follows host range

(Borromeo et al., 1993; Dobinson et al., 1993; Hamer

et al., 1989). This work has led to an interest in the study
of the role of TEs in the evolution of the genome of

M. grisea.

Repetitive DNA elements have been shown to make

up a considerable portion of eukaryotic genomes and
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have elicited a great deal of interest because of their
potential effects on genome structure and mutation

(Kidwell and Lisch, 1997). Within the genome of

M. grisea, a considerable portion of the repetitive se-

quences are transposable elements (TEs). TEs have been

implicated as a major source of genetic mutations in the

M. grisea genome. Their repetitive nature can serve as

recombination sites and their ability to transpose can

cause insertional mutations. Mutations caused by
transposons are known to affect pathogenicity and host

range of M. grisea (Kang et al., 2001).

TEs can be divided into two classes, depending on

their mechanism of transposition (Kidwell and Lisch,

1997). Class I elements transpose via an RNA interme-

diate employing reverse transcriptase. At least three

types of class I elements have been described in

M. grisea. The most commonly reported belong to the
long terminal repeat (LTR) retrotransposons group and

contain one or two genes (Gag and Pol) and terminal

repeats. Other groups of class I elements include the

long interspersed nuclear elements (LINEs) and short

interspersed nuclear elements (SINEs). SINEs typically

are less than 500 bp and contain an RNA polymerase III

promoter but lack open readings frames while LINEs

are longer and encode a reverse transcriptase. Class II
elements do not utilize an RNA intermediate, contain

terminal inverted repeats and have at least one open

reading frame that encodes a transposase.

While several studies have characterized variation in

the distribution of TEs among strains of the fungus,

little is known about the distribution of TEs within the

genome. A growing body of evidence shows that TEs are

not distributed randomly in the genomes of many spe-
cies, and may be localized to specific chromosomal

landmarks, such as centromeres or intergenic regions

(Bartolom�e et al., 2002; Daboussi and Capy, 2003; El

Amrani et al., 2002). In the plant pathogenic fungus

Fusarium oxysporum, class II TEs appear to be arranged

in tightly packed clusters (Hua-Van et al., 2000). Evi-

dence from hybridizations studies in M. grisea suggests

that it has a similar arrangement of some TE families. In
the process of cloning and characterizing TEs in

M. grisea, several authors have noted that fragments of

other TEs often occur on the same genomic clones,

suggesting that TEs may be clustered in the genome

(Kang, 2001; Nishimura et al., 1998; Nitta et al., 1997;

Shull and Hamer, 1996). In addition, hybridization

studies using genomic libraries have shown that TEs

tend to be clustered on BAC and cosmid clones
(Nishimura et al., 1998, 2000; Nitta et al., 1997; Zhu

et al., 1997). These results suggest that TE integrations

may be subject to site specificity or site preference during

transposition.

Whole genome sequences represent the ultimate re-

source for studying the distribution of TEs within ge-

nomes. However, genomic resources such as BAC
libraries and fingerprint contigs can be better exploited
to understand TE distribution and genome organization.

In this study, we describe a technique to identify clus-

tered TE distribution using BAC end sequences and a

physical map for M. grisea. Our results show that the

three most common TEs,MAGGY,MGL, and Pot2, are

not distributed randomly among the fingerprint contigs

and appear to be clustered in distinct regions of the

chromosomes. We validated our results by identifying a
similar pattern of TE clustering in a draft sequence the

M. grisea chromosome 7. We observed in the BAC end

sequences integration patterns that suggest the presence

of the TE Pot2 prior to the invasion of MAGGY and

MGL. In addition, these data provided us with an op-

portunity to evaluate the evidence for the presence of

Repeat-Induced Point mutation (RIP) in the M. grisea

genome. Our results show evidence for the presence of
RIP in MAGGY and MGL, but not in Pot2. This study

demonstrates the utility of a BAC library and BAC end

sequences for studying genome-wide TE organization.
2. Materials and methods

2.1. Magnaporthe grisea physical map and sequences

The BAC library and other genomic resources are

derived from M. grisea strain 70–15, a domesticated

strain that is the result of a breeding program designed

to improve mating competence (Chao and Ellingboe,

1991; Lau et al., 1993). It is derived from a cross be-

tween the rice infecting isolate Guy 11 and a weeping

lovegrass isolate followed by several backcrosses to
Guy 11.

The M. grisea BAC library and physical map were

reported previously (Zhu et al., 1997). The BAC library

contains 9216 clones with an average insert size of

130 kb and represents 25� coverage of the M. grisea

genome. The BAC clones were assembled into finger-

print contigs by digesting the clones with HindIII, esti-

mating fragment sizes on agarose gels, and assembling
the resulting fingerprints into contigs using the software

package FPC (Zhu et al., 1997). By hybridizing genetic

markers (Nitta et al., 1997) to the BAC library, specific

clones and their corresponding fingerprint contigs were

assigned to chromosomes. End sequences were derived

from both ends of the clones in the BAC library. BAC

DNA preparation and sequencing was performed as

described previously (Mao et al., 2000). After base
calling using the program phred, the low quality bases

were trimmed from individual sequencing reads (Ewing

et al., 1998). Sequencing reads that did not have at least

100 bases of phred quality value 20 or higher were re-

moved from the analysis. After removing the low quality

sequence reads and vector sequences, 15,209 sequences

were retained for further analysis.
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Genomic sequences derived from end sequencing the
BAC library are limited to sites flanking HindIII sites in

the genome. Since the genome size of M. grisea is esti-

mated to be 40Mb andHindIII sites should, if randomly

distributed in the genome, be found on average every

4096 bp, then it is estimated that there are 9765.6 Hin-

dIII sites in the genome and 19,531 potential sites that

can be obtained by BAC end sequencing. Since the

cloned sites are sampled �with replacement,� the proba-
bility that any specific site was sequenced at least once

(its inclusion probability) is 1� ð1� ð1=NÞÞm ¼ 0:541
where N equals the total number of potential sites to

be sequenced in the genome and m equals the number

of samples taken. The expected number of genomic

sites present in the BAC end sequences is 0:541�
15; 209 ¼ 8228. Some sites have therefore been

sequenced multiple times and the average number of
sequences per site (depth of coverage) is 1.8.

The physical map, genetic map, and BAC end se-

quences have been integrated into a searchable database

by Martin et al. (2002). The chromosome 7 sequence is a

draft assembly obtained from the sequencing project

that is currently underway in our laboratory. It is based

on 5X shotgun sequences of BAC clones and contigs

from the version 2 assembly of the whole genome
shotgun sequence provided by the Whitehead Institute

Center for Genome Research (http://www.broad.mit.

edu/annotation/fungi/magnaporthe). The BAC clone

sequences are available from GenBank and the draft
Table 1

Occurrence of TEs in M. grisea BAC end sequences identified by sequence s

TE Number of BAC

end sequences

Reference s

GenBank A

Class I

LTR retrotransposons

MAGGY 1277 L35053

Grasshopper 0 M77661

fosburya N/A U15189, U

Pyret 167 AB062507

MGLR-3 37 AF314096

Occan 11 AB074754

LINE like elements

MGL (MGR583) 437 AF018033

SINE like elements

Mg-SINE 167 U35313

MGSR-1 N/Ab S65049

Class II

Pot2 288 Z33638

Pot3 (MGR586) 26 U60989

Unclassified

MGR608 12 U36923 (ba

MGR619 5 U36923 (ba

aOnly fosbury LTR sequences are available, and the sequences are ident
b Based on sequence similarity to Pyret (Nakayashiki et al., 2001) and

subsequence of Pyret and removed it from this analysis. See text for details.
assembly of chromosome 7 is available at http://
www.fungalgenomics.ncsu.edu.

2.2. Transposable element identification

GenBank accessions for TEs known to occur in the

genome of M. grisea were used as reference sequences

(Table 1). Using the reference sequences as queries, we

used the FASTA version 3.4 software package (Pearson,
2000), with the -A command line parameter to utilize the

Smith–Waterman alignment algorithm, to identify BAC

end sequences containing known TEs. BAC end se-

quences that aligned to a query sequence over a length

of at least 75 bases and 80% sequence similarity were

considered matches. The match criteria were determined

empirically by manually examining the FASTA search

results. To identify novel TEs, a library of 63 known TE
sequence from filamentous fungi (Daboussi and Capy,

2003) was searched using TBLASTX (Altschul et al.,

1997) using the default parameters.

2.3. Description of the test statistic

We developed a likelihood ratio technique in order to

determine whether the frequency of TE integrations
varied among the fingerprint contigs. The observed data

was divided into fingerprint contigs comprised of BAC

end sequences that may or may not contain TEs. Let t be
the total number of fingerprint contigs and si be the total
imilarity searches

equence

ccession No. References

Farman et al. (1996b)

Dobinson et al. (1993)

15190 Shull and Hamer (1996)

Nakayashiki et al. (2001)

(bases 1121–7462) Kang (2001)

Kito et al., unpublished GenBank entry

Meyn et al, unpublished GenBank entry

Kachroo et al. (1995)

Sone et al. (1993)

Kachroo et al. (1994)

Farman et al. (1996a)

ses 202–327) Kang et al. (1995)

ses 328–406) Kang et al. (1995)

ical to MAGGY LTRs.

examination of BAC end sequences, we conclude that MGSR-1 is a

http://www.broad.mit.edu/annotation/fungi/magnaporthe
http://www.broad.mit.edu/annotation/fungi/magnaporthe
http://www.fungalgenomics.ncsu.edu
http://www.fungalgenomics.ncsu.edu
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number of BAC end sequences collected from finger-
print contig i. Among these si sequences, the number

that contain a TE can be treated as a random variable

Ni. The observed value of the random variable Ni will be

denoted by ni. To represent the probability that a ran-

domly selected BAC end sequence from fingerprint

contig i contains a TE, we will use Ri. The expected

value of Ni is Risi. Because the frequency of TE inte-

grations was low, the distribution of Ni can be approx-
imated with a Poisson distribution

P Nið ¼ xÞ ¼ e�Risi Risið Þx

x!
:

We considered the null hypothesis that postulates TE

integrations have no tendency to cluster within the ge-

nome. According to this hypothesis, R1 ¼ R2 ¼ � � � ¼ Rt

and we used R to represent the probability that is shared

among contigs. A maximum likelihood estimate of R for

this null hypothesis is

R̂ ¼
Pt

i¼1 niPt
i¼1 si

and the value of the log-likelihood at this maximum

likelihood estimate is

log L0 ¼
Xt

i¼1

log
e�R̂si R̂si

� �ni

ni!

0
@

1
A:

The alternative hypothesis postulates that each contig
can have its own value of Ri. For the alternative hy-

pothesis, the maximum likelihood estimate of Ri is

R̂i ¼
ni
si
:

The value of the maximum log-likelihood for the alter-

native hypothesis is

log LA ¼
Xt

i¼1

log
e�ninnii
ni!

� �
:

As a test statistic, we adopted L ¼ logðLA=L0Þ ¼
log LA � log L0.

The distribution of the test statistic under the null

hypothesis of no tendency for clustering can be ap-
proximated via a parametric bootstrap approach in

which 1000 data sets are simulated. For each simu-

lated data set, the �observed� number of BAC end

sequences in contig i that contain a TE was sampled

from a Poisson distribution with mean R̂si. Following
simulation of each of the 1000 data sets, the test

statistic value corresponding to that data set was

computed. By comparing the observed value of the
test statistic to its simulated null distribution, the null

hypothesis of no clustering can be evaluated. A Perl

script to implement the test statistic calculations and

parametric bootstrap approach is available upon re-

quest from the authors.
2.4. Multiple sequence alignments and phylogenetic anal-

ysis

Sequences were aligned with ClustalW (Thompson

et al., 1994) and Jalview (http://www.ebi.ac.uk/jalview/)

was used to manually inspect and edit the alignments. We

computed percent similarity and transition/transversion

(t=v) ratios using PAUP* version 4.0.0 included in the

Wisconsin Package version 10 (Genetics Computer
Group, Madison, WI) using the default parameters.
3. Results

3.1. TE content of BAC end sequences

We obtained reference sequences of 11 known TEs in
the genome of M. grisea from GenBank (Table 1) and

verified their identity by investigating the relevant liter-

ature and by performing BLASTN searches to the

GenBank non-redundant nucleotide database, nt. Sev-

eral of the GenBank entries contained genomic se-

quences flanking the repetitive elements but only the

regions annotated in the GenBank entries as the repet-

itive element were used in this analysis. During this in-
vestigation, we found that the SINE-like element

MGSR-1 was over 91% similar to the retrotransposon

Pyret suggesting that either MGSR-1 is, in fact, a frag-

ment of Pyret, or that the sequence of Pyret in GenBank

contains an insertion of MGSR-1 (Nakayashiki et al.,

2001). To test the first of these two hypotheses, we at-

tempted to identify copies of MGSR-1 in the BAC end

sequences that do not have flanking Pyret sequences.
Using MGSR-1 as a query sequence in a FASTA search

of the BAC end sequences, we identified 12 BAC end

sequences with significant matches. However, after

comparing them to the Pyret reference sequence, we

concluded that all 12 BAC end sequences were derived

from Pyret and not from independent insertions of

MGSR-1. Thus, MGSR-1 appears to be a fragment of

Pyret and not a SINE element. We also found that the 30

end of the SINE element Mg-SINE and the 30 end of the

LINE element MGL are over 99% similar, suggesting

that these two elements comprise a LINE–SINE pair.

Such pairings have been described in several other or-

ganisms and has lead to the hypothesis that the reverse

transcriptase encoded by the LINE element is also active

in reverse transcribing its partner SINE (Okada et al.,

1997).
We utilized the FASTA program to search 15,209

M. grisea BAC end sequences using the set of reference

sequences as queries and identified 2427 (15.9%) BAC

end sequences with significant similarity to the known

TEs (Table 1). Over 52% of these (1277 sequences)

matched the retrotransposon MAGGY, which was the

most abundant. The LTR regions of MAGGY are over

http://www.ebi.ac.uk/jalview/


M.R. Thon et al. / Fungal Genetics and Biology 41 (2004) 657–666 661
99% similar to the LTRs of fosbury (Shull and Hamer,
1996). Because a full length sequence of fosbury has not

been reported, we were not able to distinguish sequences

belonging to fosbury. The second and third most

abundant TEs were the LINE element MGL (437 BAC

ends) and the class II element Pot2 (288 BAC ends),

respectively. Together, these three elements made up

over 82% of all the TE occurrences that we identified in

our study. It should be noted that the occurrences of
TEs identified among the BAC end sequences cannot be

directly used as an indication of TE copy number in the

genome. TE length, and number of HindIII sites within

each element can greatly affect the observed number of

TEs.

To identify novel TEs among the BAC end sequences,

we created a database of 63 known TE sequences from

filamentous fungi (including those from M. grisea listed
in Table 1) as reported by Daboussi and Capy (2003) and

searched the database using TBLASTX. In addition to

the known M. grisea TEs already identified using the

FASTA algorithm, this strategy allowed us to identify

several novel TEs. Using an e value cutoff of 1e) 20, we

found 6 BAC end sequences with similarity to REAL, a

retrotransposon from the genome of Alternaria alter-

nata. Closer examination of these BAC end sequences
using BLASTN searches revealed that they were nearly

identical to RETRO6 and RETRO7, novel retrotrans-

posons from the genome of M. grisea recently identified

by Farman (unpublished results). Twenty-five BAC end
Fig. 1. Distribution of the three most common TEs among fingerprint contig

that match the TE. Fingerprint contigs are listed on the horizontal axis and
sequences were found with similarity to grasshopper

(grh), a retrotransposon identified from M. grisea but

not from rice-infecting strains. These too, when more

closely examined, were found to be copies of RETRO6

and RETRO7. A single BAC end sequence with simi-

larity to Hop was also identified, consistent with the re-

sults of Chalvet et al. (2003) who report a single

degenerate copy in the genome sequence of M. grisea.

3.2. TEs are not randomly distributed in the M. grisea

genome

Our initial examination of the distribution of TEs

among the fingerprint contigs (Fig. 1) revealed that

there was considerable variation in the proportion of

BAC end sequences containing TEs among the finger-

print contigs. This suggests that the frequency of TE
integration is not the same at all points in the genome

and that some regions, represented by the fingerprint

contigs, have a higher frequency of TE integration than

others. To test this hypothesis, we developed a likeli-

hood ratio method that compares the frequency of TE

integrations in each fingerprint contig. The total

number of BAC end sequences and the number that

contain each of the three most frequently occurring
TEs were computed for each fingerprint contig. In each

of the three cases, the test statistic (L) was very high,

strongly favoring the alternative hypothesis that the

frequency of integration differs among the fingerprint
s. Vertical axis represents percent of BAC end sequences in the contig

are subdivided into their assigned chromosomes.



Table 2

Test statistics calculated from observed data and 1000 bootstrap

simulations

TE Observed

test statistic

(L)

Summary of test statistics from

1000 bootstrap simulations

Mean Min Max

Fingerprint contigs

MAGGY 383 119 97 150

MGL 160 103 83 129

Pot2 165 105 85 131

Chromosome 7 sequence

MAGGY 50 21 10 30

MGL 53 20 11 31

Pot2 41 21 11 30
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contigs (Table 2). The test statistic was validated by

generating 1000 parametic bootstrap replicates that

conform to the null hypothesis. For each dataset, the

mean frequency of TE observations (R) was computed.

Then, for each contig in the dataset, a random sample

was drawn from a Poisson distribution where param-

eter x is equal to the expected number of contigs with

TE in contig i (ni). A summary of the test statistics
computed from the bootstrap replicates is shown in

Table 2. In each case, the observed value of L was
Fig. 2. Distribution of TEs on chromosome 7. Upper graph represents the ch

bars below the graph indicate the locations of fingerprint contigs within the se

sequences assigned to the fingerprint contigs.
higher than the mean and maximum values of L found
in the bootstrap replicates, providing support that the

observed values of L were not likely to have been

obtained by chance.

We performed a second validation of this dataset by

examining a draft assembly of theM. grisea chromosome

7 sequence, which was obtained from the chromosome

7 sequencing project presently underway in our labora-

tory. For this analysis, TEs in the chromosome sequence
were identified with RepeatMasker (A. Smit and P.

Green, unpublished results, http://ftp.genome.washing-

ton.edu/RM/RepeatMasker.html) using the reference

sequences described here as the repeat database. The

sequence was divided into 100 kb intervals and each in-

terval was treated in the same fashion as the fingerprint

contigs. Since the draft sequence still contains gaps, si

was computed as 100 kb minus the number of gap
characters. The resulting test statistics derived from the

chromosome 7 sequence dataset also supports the alter-

native hypothesis that the frequency of TE integrations is

not the same among all intervals (Table 2). As shown in

Fig. 2, when the fingerprint contigs were aligned to the

chromosome 7 draft sequence, there was a strong cor-

relation between the occurrence of TE-rich fingerprint

contigs and sequence intervals.
romosome 7 draft sequence divided into intervals of 100 kb. Horizontal

quence. Lower graph represents the occurrence of TEs within BAC end

http://ftp.genome.washington.edu/RM/RepeatMasker.html
http://ftp.genome.washington.edu/RM/RepeatMasker.html
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3.3. TE integration site analysis

The threemost commonTEs tended to co-occur on the

same fingerprint contig. A striking example of this shown

in chromosome 7 (Fig. 2) where contigs 31 and 60 contain

high levels of all three TEs. This close clustering suggested

that TEs may also co-occur in individual BAC end se-

quences. Observations of two different TEs occurring on

one BAC end sequence were rare and only 58 sequences
that contain more than one type of TE were identified

(Table 3). We selected the 3 most common pairings,

MGL-Pot2, MGL-Pyret, and MAGGY-Pot2, for closer

examination to identify instances where a TE integrated

into a preexisting TE. Since the average number of BAC

end sequences per genomic site is 1.8 (see Section 2), we

expected that not all of the sequence listed in Table 3

represent unique integration events. We examined the
BAC end sequences and the corresponding BAC finger-

prints in order to identify those that potentially represent

multiple sequences of the same site in the genome. Based

on the evidence available to us, we concluded that the 25

sequenceswe examined represent 17 unique genomic sites.

This corresponds to an average depth of coverage of 1.47

sequences per site, which is very close to the expected

value of 1.8. Upon examination of the 11 sequences that
contain both Pot2 and MGL, we could distinguish 7 un-

ique sites in the genome, one having been sequenced 3

times. Interestingly, all 7 sites suggest the integration of

MGL into a preexisting Pot2 element. Five unique ge-

nomic sites were evident among the 8 sequences that

contain both MGL and Pyret. Four of these suggest that

MGL integrated into preexisting Pyret elements while the

fifth was not readily distinguishable. The 7 sequences that
contain both MAGGY and Pot2 comprise 4 unique ge-

nomic sites, all of which suggest thatMAGGY integrated

into preexisting Pot2 elements.

3.4. Sequence diversity of MAGGY elements

Multiple sequence alignments of the most abundant

TE, MAGGY, were performed to characterize sequence
diversity among them. Since the BAC library was pre-

pared from HindIII digested DNA, the three HindIII
Table 3

Number of BAC end sequences that contain each TE pair

Pyret MGLR-3 occan MGL M

MAGGY 1 0 0 0 0

Pyret 1 0 8 5

MGLR-3 0 1 1

occan 0 0

MGL �

Pot2

Pot3

MGR608

*Mg-SINE and MGL have sequence similarity. See text for details.
sites within the reference MAGGY sequence were
identified. We searched the BAC end sequences using

FASTA and identified sequences that correspond to

each of the six regions delineated by the HindIII sites.

The number of BAC end sequences identified in each

region ranged from 82 to 448. This variation may be due

to mutations at the HindIII sites among the copies of

MAGGY in the genome and/or the presence of incom-

plete copies of MAGGY. The overall sequence similar-
ity among the aligned sequences within each region

ranged from 95 to 99%.

Inspection of the multiple sequence alignments re-

vealed what appeared to be an unusually high rate of

nucleotide transitions. The average transition/transver-

sion (t=v) ratio over all six sequence alignments was 6.8,

while the average t=v ratio that we calculated in actin, b-
tubulin, and calmodulin genes among M. grisea isolates
reported by Couch and Kohn (2002) was 2.2. We per-

formed multiple sequence alignments of the MGL and

Pot2 sequences using the same procedures used for

MAGGY. The average t=v ratio for MGL and Pot2

were 4.2 and 2.3, respectively. This unusually high t=v
ratio among the MAGGY elements is consistent with a

phenomenon known as Repeat-Induced Point mutation

(RIP), originally described in Neurospora crassa (Cam-
bareri et al., 1989). Since its discovery in the Neurospora

genome, RIP-like mutations have been described in

Podospora (Graia et al., 2001), Magnaporthe (Ikeda

et al., 2002), Fusarium (Daboussi et al., 2002), and

several other fungi.

Bias in the sequence context of RIP-mutated sites has

frequently been observed and the preferred sequence

context reported for M. grisea is (A/T)pCp(A/T) (Na-
kayashiki et al., 1999a,b). We analyzed the multiple se-

quence alignments of the BAC end sequences to identify

whether the preferred sequence context is recognizable.

The multiple sequence alignments were scanned for sites

that contain transition mutations (C–T or G–A) be-

tween any two sequences in the alignment, indicating

that site had been mutated in at least one copy of the

sequence. The nucleotides 50 and 30 of the mutations are
reported in Table 4. No bias in the composition of

the nucleotides flanking the transition mutations was
g-SINE Pot2 Pot3 MGR608 MGR619

7 0 0 0

1 1 1 1

1 0 3 2

0 0 0 0

11 1 5 0

2 0 0

0 0

5



Table 4

Sequence context of transitions in multiple sequence alignments

50 30

A T C G AT to CG ratio A T C G AT to CG ratio

BAC end sequences

MAGGY 72 110 94 138 0.784 81 115 132 100 0.845

Pot2 193 247 151 159 1.419 194 229 182 145 1.294

MGL 89 129 109 152 0.835 97 148 126 102 1.075

Chromosome 7

MAGGY 35 55 15 29 2.045 42 64 15 13 3.786

Pot2 61 69 54 44 1.327 57 84 51 35 1.64

MGL 32 68 39 46 1.176 58 86 22 17 3.692

Values represent the number of times each nucleotide was observed flanking a transition mutation. G–A transitions are reported as the

complementary C–T transition.
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identified among the BAC end sequences, possibly be-

cause of sequencing errors inherent in single pass se-

quences. We created a second set of multiple sequence

alignments comprised of full-length copies of MAGGY

(10 copies), MGL (7 copies), and Pot2 (30 copies)

identified in the draft chromosome 7 sequence. As is

shown in Table 4, there was a bias toward A/T 50 and 30

of the mutated C nucleotide in the sequences derived
from the chromosome 7 sequence. The strongest bias is

evident in the 30 nucleotide of transitions in the MAG-

GY and MGL sequences where A and T were 3.8 and

3.7 times more likely to be observed than C or G.
4. Discussion

As in other organisms, the TEs of M. grisea do not

appear to be distributed randomly in the genome. By

comparing the proportion of BAC end sequences as-

signed to fingerprint contigs, we found that the three

most common TEs, MAGGY, MGL, and Pot2 are not

randomly distributed among the contigs. Instead, each

chromosome appears to have one or more regions that

contain an unusually high density of TEs. By hybridiz-
ing TE probes to genomic libraries of strain 2539, Nitta

et al. (1997) also found that several families of TEs often

hybridized to the same cosmids. Likewise, Nishimura

et al. (1998, 2000) found a much higher than expected

number of clones from a BAC library that contain more

than one family of TE and proposed that ‘‘transposon

islands’’ appear to occur on M. grisea chromosomes.

Indeed, it appears that this arrangement might be
common among TE-containing fungal genomes since

TEs in the F. oxysporum genome appear have a similar

arrangement (Hua-Van et al., 2000). These observations

are consistent with the experimental results of Raina

et al. (2002) who found that Ds transposons in Arabid-

opsis thaliana tend to integrate near the donor site and

with Singleton and Levin (2002) who found that the Tf1

element of Schizosaccharomyces pombe targeted specific
sites in intergenic regions.
Several possible models may be used to describe the

observed TE distribution. Since the A. thaliana retro-

transposon Ds tends to integrate near the donor site, the

TEs of M. grisea may also integrate near their donor

site, leading to a cluster of TEs near the original inte-

gration. TEs may rarely integrate at more distant loci,

leading to the formation of new TE clusters. If this

scenario were true, then there would likely be higher
sequence similarity within clusters than between clusters.

Examination of pairwise sequence similarities and phy-

logenetic trees revealed no such pattern (data not

shown), however, the high overall degree of sequence

similarity among the sequences and the fact that we

utilized single pass sequences that could contain se-

quencing errors may obscure such patterns in our data

set. Several alternative scenarios are also presented by
Singleton and Levin (2002), including subnuclear local-

ization of chromosomes, chromatin composition within

chromosomes, and variation in the timing of chromo-

some replication during meiosis. Selective pressures, too,

have been implicated in driving TEs toward clustered

distribution patterns (Bartolom�e et al., 2002; Charles-

worth et al., 1994). In this scenario, selective pressure

from insertions may lead to the accumulation of TEs in
regions of low gene density. Alternatively, it has been

proposed that deleterious ectopic chromosomal rear-

rangements induced by the presence of repetitive DNA

may lead to the accumulation of TEs in regions of low

recombination. Further experimental evidence will likely

be required to determine if direct site specificity or se-

lective pressures play a role in determining the distri-

bution of TEs in fungal genomes.
Close examination of individual BAC end sequences

provides clues that help to understand the evolution of

TEs in the genome. We found four independent occur-

rences of MAGGY integrations that occurred within a

previously existing Pot2 element, while in MGL, seven

integrations occurred within a previously existing Pot2

element. Kachroo et al. (1995) also reported the cloning

of Mg-SINE as an insertion into a Pot2 element, sug-
gesting that other TEs have integration site preference
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for Pot2. MAGGY elements have previously been found
embedded in AT-rich sequences (Farman et al., 1996b),

suggesting that AT content may play a role in integra-

tion site specificity. The AT content of the Pot2 refer-

ence sequence is 59%, slightly higher than the 50% AT

content of the BAC end sequences overall, lending cre-

dence to this hypothesis. However, the relatively small

number of MAGGY–genomic DNA junctions observed

in the BAC end sequences in this study and by Farman
et al. (1996b) prevents us from making definitive con-

clusions as to the role of AT content in integration site

preference. Transposable element integration site pref-

erence has been described in TEs of various families

from both plants and fungi (El Amrani et al., 2002;

Singleton and Levin, 2002) suggesting that this may be a

general characteristic of TEs. A second hypothesis is

that Pot2 is less transpositionally active than MAGGY
and MGL, leading to few occurrences of a Pot2 element

integrating into another TE. While this may also be a

valid explanation of the apparent TE integration pat-

terns, there is little evidence to support or refute this

theory. A third possibility is that the presence of Pot2 in

the genome may predate the presence of MAGGY and

MGL. If Pot2 is an ancient component of the M. grisea

genome then it could serve as integration sites for more
recent invaders, such as MAGGY and MGL. This view

is supported by host range information for these ele-

ments (Farman et al., 1996b; Kachroo et al., 1995).

Since Mg-SINE and MGL have sequence identity at

their 30 ends, and the hybridization probe used by

Kachroo et al. (1995) overlaps this region of identity, the

data from the genomic Southern blots can be used to

infer the host range of both Mg-SINE and MGL. Thus,
both MAGGY and MGL have a restricted host range

within M. grisea, suggesting either selective loss of both

of these elements in certain populations of M. grisea, or

a more recent origin, through horizontal transfer, in

certain populations. The host range information, and

the integration patterns described here are consistent

with the view that MAGGY and MGL were horizon-

tally transferred into the M. grisea genome after the
introgression of Pot2.

We identified an unusually high t=v ratio among the

MAGGY sequences that suggests the presence of a RIP-

like process similar to the process that has been exten-

sively studied in N. crassa and reported in several other

fungi, including M. grisea (Ikeda et al., 2002; Irelan and

Selker, 1996). The t=v ratio among the MAGGY se-

quences was 3� higher than the reference genes, and the
t=v ratio of the MGL sequences are nearly 2� higher,

which would be expected if RIP were occurring. There

was also a corresponding bias in preferred sequence

context of transitions observed in the MAGGY and

MGL sequences. The bias was strongest in the nucleo-

tide 30 of the transition mutation, which tended to be A

or T, consistent with the report of (Nakayashiki et al.,
1999a,b). No bias in t=v ratio or in transition sequence
context was found for transitions in the Pot2 align-

ments, suggesting that RIP is either not active in Pot2 or

was active in ancestral populations but is no longer

functioning.
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