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Abstract

Leptosphaeria maculans is a haploid outcrossing ascomycete with a genome size of about 34 Megabases
(Mb) which is predicted to have between 10,000 and 12,000 genes. The chromosomes of L. maculans are of
a size range (0.7-3.5 Mb) and number (15-16) that can be readily resolved by pulsed field gel electro-
phoresis. Chromosome length polymorphisms are generated by meiosis giving rise to size differences as high
as 57%, in the case of the ribosomal DNA-harbouring chromosome whose size varies between 1.8 and
4.2 Mb. Genetic maps are characterised by linkage groups comprising an accumulation of markers based
on retrotransposon sequences. This, along with sequencing of pericentromeric regions and stretches of
ORF-rich regions, suggest that the genome of L. maculans consists of a mosaic of GC-equilibrated coding
regions with no or few transposons, and of stretches of highly degenerated and truncated retrotransposons,
encompassing very few genes. Chromosome length polymorphisms are linked with the loss of dispensable
regions. We suggest that the degree of length polymorphism for a particular chromosome correlates to the
amount of dispensable retrotransposons, and that some gene-rich chromosomes may be less prone to
undergo chromosome length polymorphisms than other chromosomes.

Abbreviations: AFLP — amplified fragment length polymorphism; BAC — bacterial artificial chromosome;
CHEF - contour-clamped homogeneous clectric field; CLP — chromosome length polymorphism; ISSR —
inter-simple sequence repeat; LG — linkage group; LTR — long terminal repeats; RAPD — random amplified
polymorphic DNA; Rep-PCR - repetitive element-based PCR; RIP — repeat induced point mutation;
TAFE — transverse alternating field electrophoresis

class), the Pleosporales (Liew et al., 2000).
Pleosporales also encompass other important

Introduction

Leptosphaeria maculans is an ascomycete fungus,
which has historically been classified as a Locu-
loascomycete, a class comprising over 6000 species
(Silva-Hanlin and Hanlin, 1999). However, taxo-
nomic revisions now assign L. maculans to the
largest order of the Dothideomycetes class (only
partly corresponding to the Loculoascomycete

plant pathogens such as the closely related Pha-
eosphaeria (Stagonospora) nodorum (formerly
known as Leptosphaeria nodorum), and other
genera such as Cochliobolus, Pleospora, Alternaria,
Venturia and Pyrenophora (Berbee, 2001).

Due to the incidence of phoma stem canker
worldwide (Fitt et al., 2005) and the experimental



18

tractability of L. maculans, major efforts in
understanding the epidemiology and the
population genetics of the fungus, and its inter-
action with the host have been recently under-
taken (Balesdent et al., 2002; Delourme et al.,
2004; Howlett, 2004; Aubertot et al.,, 2005;
Delourme et al., 2005; Fitt et al., 2005). In addi-
tion L. maculans exemplifies Dothideomycete
infection strategies and has characteristics in its
life traits, including pathogenicity, that render it
an excellent model to address numerous issues
related to pathogen evolution, pathogenicity and
host specificity. The importance of sexual recom-
bination in the wild also renders L. maculans an
appropriate model for studying molecular evolu-
tion of genes submitted to selection pressure (avi-
rulence genes, fungicide resistance genes) (Rouxel
and Balesdent, 2005).

Numerous tools have been developed that will
allow the L. maculans scientific community to enter
the ‘genomic era’ through the use of a gene-by-gene
approach. These include efficient transformation
techniques, large collections of segregating popu-
lations (including tetrads), genetic maps, Bacterial
Artificial Chromosomes (BACs) and cosmid
libraries, Expressed Sequence Tag libraries,
including subtractive libraries of the plant patho-
gen interaction, and collections of strains tagged
with selectable markers that can mutate genes (for
a review see Rouxel and Balesdent, 2005). How-
ever, to date, like other Dothideomycetes, the
genome structure of L. maculans is poorly charac-
terised. The genome size of the fungus is about 34
Megabases (Mb) and this is predicted to contain
between 10,000 and 12,000 genes (Cozijnsen et al.,
2000). The chromosomes of L. maculans are of a
size range (0.7-3.5 Mb) and number (15-16) that
can be readily resolved by pulsed field gel electro-
phoresis (Howlett et al., 2001).

This paper presents our current knowledge on
the genome of L. maculans focusing on struc-
tural features that can be deduced from (i)
genetic maps (ii) physical maps built by hy-
bridisation of probes to electrokaryotypes, and
(iii) sequence data on clusters of coding regions
or repeats. Our data strongly suggest that, at

least for some chromosomes, the genome of

L. maculans encompasses mosaics of large cod-
ing regions and large dispensable zones, which
may be responsible for chromosome length
polymorphisms generated following meiosis.

Materials and methods
Fungal isolates and in vitro crosses

Three crosses were used to build genetic maps at
INRA, Versailles. Cross #11 between two French
field isolates (a.2 and HS5) heterozygous at the
avirulence AvrLml locus, and cross #23 between
two isolates (v11.3.6, a progeny of the a.2 x HS in
vitro cross, and 21.3.1, a progeny of a cross
between a German field isolate and a French lab.
isolate) heterozygous at the AvrLml and AvrLm4
loci, were described by Attard et al. (2002). Cross
#30 between v23.1.2 (a progeny of the
v11.3.6 x 21.3.1 cross displaying the AvrLm7
allele) and the New Zealand field isolate Nzt 4
(virulent for this locus) was described by Balesdent
et al. (2002). Maps 11, 23 and 30 were constructed
from 98, 42 and 46 F; progeny, respectively. Iso-
lates were cultured and maintained as previously
described (Ansan-Melayah et al., 1995; Attard
et al., 2002).

Markers used to generate the genetic maps

Except for biological (mating type) and phyto-
pathological (host-specificity, i.e., avirulence) loci,
markers were mostly anonymous and PCR-
based (Table 1). These encompass RAPD
(Ansan-Melayah et al., 1995), ISSR, e.g., mark-
ers designed to amplify between microsatellites
(West et al., 2002), AFLP, and Rep-PCR mark-
ers (Jedryczka et al., 1999), i.e., mostly markers
generated by using the sequence polymorphism
of the Long Terminal Repeat (LTR) retrotrans-
poson Pholy (Attard et al., 2005) to amplify
between tandem truncated copies of Pholy (Je-
dryczka et al., 1999). Protocols for generation,
separation and visualization of RAPD, ISSR and
Rep-PCR are described in Ansan-Melayah et al.
(1995), West et al. (2002), and Jedryczka et al.
(1999), respectively.

AFLP analysis was performed according to Vos
et al. (1995) with slight modifications and ampli-
fied products run on acrylamide gels. Genomic
DNA (approx. 500 ng) from parents and F,
progeny was digested with 5 U of Msel (Invitro-
gen) (30 min digestion at 37 °C), followed by a
digestion with 10 U of EcoRI (Invitrogen) (over-
night digestion at 37 °C). Adaptors were designed
and ligated to the restriction fragments according
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Table 1. Characteristics of three genetic maps of Leptosphaeria maculans developed at INRA, Versailles

Cross number 11 23 30

Total number of markers in the map, including 443 177 266
RAPD 102 6 4
ISSR 48 6 29
Rep-PCR 35 0 1
Mini- and microsatellites 3 0 2
AFLP 235 163 229
Others 20 2 1

Major linkage groups
More than 20 ctM

41 (3-13 markers)

7 (4-9 markers) 7 (4-9 markers)

More than 6 markers 20 4 7
Doublets 17 19 27
Unlinked markers 76 (17.1%) 60 (33.9%) 54 (20.3%)
Total number of linkage groups 78 35 61
Map coverage (cM) 2129 430 867
Average physical/genetic distance (kb/cM) * 16 79 39

4As estimated on the basis of a 34 Mb genome size (Cozijnsen et al., 2000).

to Vos et al. (1995). A 3 ul part of the mix was
first amplified with a +1-Msel primer and a
+1-EcoRI primer, i.e., primers with one addi-
tional selective nucleotide, followed by a second
round of selective amplification using EcoRl + 1
and Msel + 2 primer combination. In accor-
dance with findings of Cozjinsen et al. (2000)
this combination gave rise to more resolvable
bands per lane than the other combinations and
consequently more polymorphic bands between
parents. Amplification took place in a 20 ul
volume with 1 ugM of each primer, 0.1 uM of
each dANTP, 2 mM MgCl,, 2 ul 10x Taq buffer
and 1.25 U Taq Polymerase (Applied Biosys-
tems). Amplification took place in a PE-9600
Thermal Cycler (Applied Biosystems). Cycling
conditions were as follows: first round of
amplification: cycle 1-20; 1s at 94 °C, 30 s at
56 °C, 2 min at 72 °C, with 0.01 ramp. Selective
amplification: cycle 1; 2 min at 94 °C, 30 s at
65 °C, 2 min at 72 °C. Cycle 2-9; 1 s at 94 °C,
30 s at 64 °C with a progressive drop of 1°C
annealing temperature in each cycle, 2 min at
72 °C. Cycle 10-32; 1 s at 94 °C, 30 s at 56 °C,
2 min at 72 °C. Two microlitres of the amplifi-
cation products were separated in a CastAway
Precast 5.5% Long Ranger acrylamide gel
(Stratagene) and electrophoresed in a CastAway
Sequencing Device (Stratagene) according to the
manufacturer’s recommendations. After electro-
phoresis the gel was stained with silver nitrate as
described by Chalhoub et al. (1997).

Genetic map construction

Polymorphic bands were recorded as pres-
ent/absent in the progeny and monogenic segre-
gation was checked with a Chi-squared test
(P = 0.05). Monogenic markers were submitted to
multipoint linkage analysis using the Mapmaker/
Exp 3.0 software (Lander et al., 1987) set for F,
backcross segregating population, with log of the
likelihood ratio (LOD) value of 3.0, a maximum
distance of 20 cM. Linkage groups were drawn
with the Mappit version 1.3 software (L. Gian-
franschi and B. Koller, Swiss Federal Institute of
Technology, http://www.pa. ipw.agrl.ethz.ch/).

Cloning and characterization of markers

AFLP bands were isolated from the acrylamide
gels as described by Chalhoub et al. (1997) and
fragments ligated into vector pGEM-T Easy
(Promega). Cloning and sequencing was as de-
scribed previously (Attard et al., 2001). Minisat-
ellites were obtained as described by Eckert et al.
(2005). Chromosomal DNA was prepared
according to Plummer and Howlett (1995) and
resolved by contour-clamped homogeneous elec-
tric fields (CHEF) electrophoresis using the con-
ditions described by Morales et al. (1993).
Chromosomal DNA was vacuum blotted on nylon
N* membranes and hybridized as described pre-
viously (Leclair et al., 1996).
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Results and discussion

Genetic linkage maps of L.maculans

Genetic linkage maps have been developed for L.
maculans by Pongam et al. (1998), Cozijnsen et al.
2000) and by the INRA-PMDYV group (this study).
The more detailed one is presented in Figure 1.
The map developed by Pongam et al. (1998)
comprised 56 AFLP markers on 67 progeny from

a cross between the Australian isolate PHW1223
and the French isolate PHW1245 (IBCN74) that
segregated for an avirulence gene that the authors
named alml. This gene probably corresponds to

AvrLm4 (Delourme et al., 2004). Nine linkage
groups and five pairs of markers were assigned
with a total genome size of 340 ¢cM and an average
distance between loci of 6.1 cM. Cozijnsen et al.
(2000) constructed a genetic map comprising 155
AFLP markers, three RAPD markers, the mating
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Figure 1. The linkage map of Leptosphaeria maculans cross #11. (a) shows the major linkage groups (LG) (5 markers or more, and
more than 30 cM) (b) shows LG harbouring 5 markers or more, with accumulation of markers over a small genetic distance. The
map was derived by analysis with Mapmaker/Exp 3.0 software set for F, backcross segregating population (LOD = 3.0, maxi-
mum distance = 20 cM). The marker names are shown to the left of the LG and the distance between markers (cM) is indicated
on the right of the LG. AFLP markers are indicated with an ‘a’ followed by the additional 3’ nucleotides of the primer combina-
tion (e.g., A_TA) and the number of the polymorphic band on the AFLP gel. ISSR markers are indicated as the name of the re-
peat used as primer (e.g., TG8 or GAGS5) followed by the number of the polymorphic band on the agarose gel. RAPD markers
are indicated as the name of the primer (as per Operon Technology; e.g., L12, U14 or AH13) followed by the size (kb) of the poly-
morphic band. Rep-PCR markers are indicated in the FxRy form (some are LmxEXy or LmxRy) followed by the size (kb) of the
marker band. MAT denotes the mating type locus, AvrLmx corresponds to avirulence loci, ITSEco6 to the rDNA locus, and Min-
Lmx to minisatellite loci.
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Figure 1. (Continued).

type locus, and a B. juncea host specificity locus.
The cross was between Australian isolates C13 and
MI (IBCN17 and 18, respectively) (Figure 2) and
the mapping was performed on 58 F; progeny.
Twenty-one linkage groups, five pairs, and 18
unlinked markers were assigned, and the coverage
was 1520 cM.

The L. maculans INRA maps comprised between
177 and 443 markers, mainly including anonymous
PCR-based markers (Table 1). The most detailed
map (from cross #11) was obtained using a F,
segregating population of 98 progeny. This map

had 15 major groups (comprising 5 markers or
more, and covering more than 30 cM) (Figure 1a).
Its overall coverage (2129 cM), and physical to
genetic ratio is comparable to the most detailed
linkage maps currently available for other fungal
species (Table 2). However, 14 additional groups
that could be considered as major groups in terms
of number of markers, were characterised by an
accumulation of markers in a very small genetic
distance (Figure 1b). This was also the case for the
less detailed genetic maps developed from crosses
#23 and #30, with each map showing seven linkage
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groups again with several markers in a small ge-
netic distance (data not shown). The mating-type
locus, MAT, and the avirulence AvrLml locus
mapped to these linkage groups (Figure 1b).

Our data indicate that the other two avirulence
loci AvrLm4 and AvrLm7 mapped in crosses #23
and #30 are also in a region with many markers in
a small distance (Figure 3). Such a location of
avirulence/virulence loci in linkage groups with
many markers in a small genetic distance, and/or
clustering of avirulence loci so that they form a
separated linkage group, seems to be a usual fea-
ture of fungal genetic maps, as noted for Blumeria
graminis (Pedersen et al., 2002) and for the two

(Kema et al.,, 2002) and Cochliobolus sativus
(Zhong et al., 2002). In addition, for our L. mac-
ulans maps, there was a difference between these
two types of linkage groups in terms of the major
markers that defined them. Groups that had many
markers over a small genetic distance were rich in
Rep-PCR markers, i.e. markers based on the
Pholy retrotransposon (23 Rep-PCR markers out
of 113), whereas these markers were almost
absent from the major linkage groups displayed on
Figure la (5 markers out of 108). The opposite
situation was observed for ISSR markers (10.2%
in the major groups compared to 4.4% in groups
showing accumulation of markers) (Figure 1).
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Figure 2. Schematic diagram of chromosomes of isolates M1, C13, a.2 and H5 showing estimated sizes (Mb) and location of
probes corresponding to identified genes or minisatellites of L. maculans. The pattern is a synthetic representation based on separa-
tions done on gels run under several conditions to resolve the whole karyotype. In addition, the number of cloned markers_ origi-
nating from the genetic maps and allocated to a given chromosome is indicated in bold in parentheses. Bands that stain brightly
with ethidium bromide (indicated by diagonal striping) probably comprise more than one chromosome. The smallest chromosome
(sized 0.63-0.85 Mb) is thought to be a dispensable ‘B’ chromosome (Leclair et al., 1996), with no single-copy sequence detected to
date. Probes used for hybridisation are: MinLml-5, minisatellite loci (Eckert et al., 2005); LmGA1, G protein alpha subunit, physi-
cally linked to psdl, phosphatidyl serine decarboxylase; sodl, superoxide dismutase 1; ufdl, ubiquitin fusion degradation protein 1;
anpl, similar to ANP1 protein; fat2, fatty acid transporter 2; hhk7, histidine kinase 7 (this study); Btub, B-tubulin (Cozijnsen et al.,
2000; this study); rDNA, ribosomal DNA (Howlett et al., 1997; this study); niaD, nitrate reductase, physically linked to niid, ni-
trite reductase (Williams et al., 1994, 1995; this study); pgl, polygalacturonase 1; Cell, cellulase 1; Cel2, cellulase 2 (Sexton et al.,
2000); ops, opsin (Idnurm and Howlett, 2001); M ATI-2, mating-type locus, physically linked to GAP, GTPase activating protein,
and DNA-L, a DNA-Lyase homologue (Cozijnsen and Howlett, 2003); ic/1, isocitrate lyase physically linked to prs5, ribose phos-
phate pyrophosphokinase (Idnurm and Howlett, 2002); znrl and maal, physically linked to multidrug facilitator 1 (mfsl), elonga-
tion factor (ef1bh), heat shock protein (isp78), DNA mismatch repair protein (msh5) (Idnurm et al., 2003a); nthl, neutral trehalase
1, physically linked to ade3, C1 tetrahydrofolate synthase; ugz51EI, UDP-glucose:sterol glucosyltransferase, physically linked to
MAP kinase (Idnurm et al., 2003b); Cht, cyanide hydratase (Sexton and Howlett, 2000); lop-B, loss of pathogenicity B (Idnurm
and Howlett, 2003); sp1, secreted protein 1, physically linked to chpl, conserved hypothetical protein (Wilson et al., 2002). Minisat-
ellites MinLmli, MinLm2, and MinLm5 map to LG2, LG9 and LG38 of the cross #11 genetic map, respectively (see Figure 1).
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Figure 3. An example of co-linearization between the three L. maculans maps developed at INRA. The maps were constructed
with Mapmaker/Exp 3.0 software set for F, backcross segregating population (LOD = 3.0, maximum distance = 30 cM). Com-
mon AFLP markers between the three maps are indicated with a plain line. Marker name nomenclature and distances are as in
Figure 1, except that names of AFLP markers do not begin with a lowercase ‘a’ in maps #23 and #30.

markers (53.7% in the major groups compared to
50% in groups showing accumulation of markers)
or for RAPD markers (24.1% in the major groups
compared to 23% in groups showing accumula-
tion of markers) (Figure 1). Again, accumulation
of specific types of markers, particularly anony-
mous or retrotransposon-based markers, is com-
monly observed in fungal genetic maps (Table 2).
For example, retrotransposons such as those of the
MAGGY Gypsy-type are clustered at specific
locations in the Magnaporthe grisea integrated
genetic map as are other types of repetitive DNA
(Nitta et al., 1997). However, markers based on
repeats are still uncommon in fungal genetic maps
and clustering of markers is often attributed to the
use of AFLP markers whereas RAPD, and mainly
RFLP markers or microsatellites are less prone to
such clustering (e.g. Kema et al., 2002; Jurgenson
et al.,, 2002a, 2002b; Zhong et al., 2002). As

emphasized by Jurgenson et al. (2002a), the most
likely explanation for clustering of AFLP markers
is the map saturation that can be attained with
such markers. Accordingly, the relatively low
number of AFLP markers used here in the L.
maculans genetic map could explain the lack of
specific clustering of these markers. Other expla-
nations for clustering of such markers suggested
by Jurgenson et al. (2002a) include non-random
distribution of AT-rich regions in the genome,
which would contain a higher number of EcoRI
and Msel restriction sites, and/or recombination
suppression in some genomic regions.

AFLP markers common between the three
INRA maps were investigated and cloned in order
to co-linearize the three maps. Forty-three markers
out of 98 tested (43.8%) common between map
#11 and map #23 were obtained; 64 common
markers out of 187 tested (34.2%) were obtained



between map #11 and map #30; and 16 markers
out of 80 tested (20.0%) were common between
map #23 and map #30. This latter low number of
common markers between map #23 and'map #30
led to only eight markers being common to the
three maps. Using standard MapMaker settings
(LOD 3.0, max distance 20 cM), the co-lineariza-
tion strategy was unable to combine linkage
groups. When maximum distance was increased to
30 cM, several previously unlinked groups were
combined for some maps (Figure 3). This exten-
sive mapping showed that, even though the
markers were scattered throughout the genome,
increasing the number of markers usually in-
creased the size of given linkage groups without
reducing their number. Accumulation of markers
in some linkage groups further suggested that Rep-
PCR, ISSR, and to a lesser extent that AFLP or
RAPD markers, could specifically target some re-
gions of the genome whereas other genomic re-
gions are extremely poor targets for these markers,
therefore leading to gaps in the maps, and to many
more linkage groups than chromosomes. This can
also be illustrated by similar findings in the linkage
map of the Dothideomycete C. sativus, with
chromosomes encompassing up to three linkage
groups, one of which is characterized by accumu-
lation of markers in a small genetic distance
(Zhong et al., 2002). In this respect, the recent
development of new types of markers, i.e., locus-
specific minisatellites, were able to target parts of
the genome not covered by other markers, as
exemplified by the MinLm6 minisatellite which
allowed two previously unlinked minor LGs to be
joined (LG24, Figure 1a).

Cloning of markers and their assignment to
physical maps

Cozjinsen et al. (2000) cloned three polymorphic
RAPD bands and 18 polymorphic AFLP bands of
their map to provide anchoring markers for
chromosomes. These AFLP and RAPD markers
were hybridised to Southern blots of chromosomal
DNA of parent isolates, but only the three RAPD
markers and eight of the AFLP markers were
chromosome-specific. The remaining 10 AFLP
markers bound to all chromosomes. Eight of these
were sequenced; two (GenBank AF293766 and
AF293768) corresponded to portions of the Copia
LTR retrotransposon Pholy (previously named
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LMRI1; Cozijnsen et al., 2000) whereas the six
other markers did not have any match in the
database until recently. Here, we have shown that
three of these (6 unknown AFLP markers) (Gen-
Bank AF293767, AF293769 and AF293770) cor-
respond to various parts of the recently identified
Gypsy-like LTR retrotransposon Polly, and an-
other one (GenBank AF293771) correspond to
part of the recently identified Gypsy-like LTR
retrotransposon Rolly (Gout, 2005). Single-copy
minisatellites identified in L. maculans by Eckert
et al. (2005) were also assigned to chromosomes. A
schematic representation of the chromosomes of
the two parents of the Cozijnsen et al. (2000) map
(of isolates M1 and C13) and of map #11 of the
present study (of isolates a.2 and HS5) is shown in
Figure 2, where the letters and numbers next to
each band refer to chromosome-specific markers,
corresponding to known genes or to minisatellites.
The number of anonymous RAPD or AFLP
markers per chromosome is also indicated. Most
chromosomes have several markers. In contrast, as
exemplified by the most extensive physical map
available, that of isolate M1 (Figure 2), six (or
seven, if including the minichromosome) chromo-
somes do not possess any marker from the genetic
maps. However, as mentioned above, many
anonymous RAPD and AFLP markers tested
bound to all chromosomes.

Chromosome length polymorphisms

Large variation in chromosome sizes is a feature of
many fungal electrokaryotypes (Table 2). Chro-
mosome Length Polymorphisms (CLPs) were ob-
served between natural isolates of L. maculans
firstly using TAFE (transverse alternating field
electrophoresis) and then CHEF (contour-
clamped homogeneous electric fields) separation of
chromosomal DNA (Taylor et al., 1991; Morales
et al., 1993). Morales et al. (1993) also hybridised
chromosomal DNA with conserved heterologous
sequences, such as B-tubulin, and thus suggested
that homologous chromosomes may have very
different sizes. As for other Dothideomycetes
species (Tzeng et al., 1992; Zhong et al., 2002;
Kema et al., 2002), major chromosome length
polymorphisms were shown to be generated by
meiosis (Plummer and Howlett, 1993, 1995) with
significant karyotype variation linked with the
assortment of parental homologues of different
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sizes. However, in some cases, novel-sized homo-
logues were observed that varied in size from those
of the parents (Plummer and Howlett, 1995; Le-
clair et al., 1996). Zolan (1995) suggested that size
changes in chromosomes represented gain or loss
of non-essential sequences. In L. maculans, large
CLPs generated by meiosis were described partic-
ularly for the chromosome harbouring ribosomal
DNA (rDNA) sequences (Howlett et al., 1997).
Ribosomal DNA probes hybridised to chromo-
somal DNA ranging between 2.5 and 4.2 Mb
(Figure 2), and rDNA was shown to be borne by a
1.8 Mb chromosome in the Canadian isolate Ler-
oy (Morales et al., 1993). However, significant size
polymorphism was also observed for the smallest
chromosome (Leclair et al., 1996), and in the
present study for other putative homologues, such
as the chromosome harbouring MinLmli, which
ranged in size from 2.15 to 2.8 Mb or the chro-
mosome harbouring MinLm3 which ranged in size
from 1.15 to 2.5 Mb (Figure 2).

In contrast, other chromosomes only show a
smaller degree of CLP, as illustrated here by the
chromosome harbouring B-tubulin which ranged
between 1.95 Mb and 2.3 Mb, and was previously
described to range between 1.6 and 2.0 Mb in a
series of Canadian isolates (Morales et al., 1993).
This chromosome is characterised by the numer-
ous genes that it is currently thought to contain
and by the lack of genetic markers from the maps
that could be hybridised to it (Figure 2). Leclair
et al. (1996) suggested that a dispensable ‘B’
chromosome was present and that this was com-
posed of repetitive sequences. Until now, no gene-
coding sequences have been identified on this
chromosome. Here, neither ORF-based nor re-
peat-based single-copy probes (e.g., minisatellites)
hybridised to the minichromosome (Figure 2).
Finally, mitochondrial DNA, as diffuse bands
sized 100 to 150 kb, and linear plasmids (sized 9
and 10 kb) can also be resolved (Howlett, 1997).

L. maculans genome structure as a mosaic of
gene-rich and repeat-rich regions

As yet, few regions of the genome of L. maculans
have been sequenced and only about 300 gene se-
quences and Expressed Sequenced Tags (ESTs) are
available on GenBank and COGEME databases
(http://www.cogeme.man.ac.uk/). A 184 kb contig
sequence has been obtained through the INRA-

PMDV-Genoscope collaboration (Attard, 2001;
Attard et al., 2002; Attard et al., 2005). Sequence
data have also been obtained and analysed exten-
sively for three gene-rich regions: 10 kb encom-
passing the mating type locus in two isolates
(Cozijnsen and Howlett, 2003); the sirodesmin
cluster region (68 kb) (Gardner et al., 2004); a
38 kb region with genes possibly involved in sec-
ondary metabolism (Idnurm et al., 2003a). This
research, along with studies on particular genes or
randomly mutated genes (Idnurm and Howlett,
2002; Idnurm and Howlett, 2003; Idnurm et al.,
2003b; Meyer et al., 2004) has resulted in addi-
tional annotated genes published on international
databases e.g. opsin, isocitrate lyase, cyanide
hydratase, neutral trehalase, secreted proteins spl
and sp2, G, subunit (Idnurm and Howlett, 2001;
Sexton and Howlett, 2000; Idnurm and Howlett,
2002; Wilson et al., 2002; Idnurm et al., 2003b;
Wilson and Howlett, 2005; M. Meyer, this study)
(Figure 2).

The occurrence of repeats in the L. maculans
genome has been investigated via hybridisation of
High-Density spotted BAC libraries with ran-
domly labelled whole genomic DNA. This ap-
proach showed that 20% of the BAC clones
contained high amounts of repeated DNA (Attard
et al., 2005). The 184 kb contig sequence appears
to be a pericentromeric region and contains the
inactive Long Terminal Repeat (LTR)-retrotrans-
poson ‘Pholy’, also present in 17.1% of the geno-
mic BAC clones (Attard et al., 2005). Comparative
analysis of the two largest regions currently se-
quenced showed a marked difference between
these two genomic regions. The sirodesmin gene
cluster had 18 genes within a 55 kb region flanked
by genes involved in other aspects of metabolism
of L. maculans, very few non-coding sequences,
and short intergenic regions. The sirodesmin gene
cluster appears to be ‘protected’ from repetitive
elements, although Pholy fragments flanked one
end. In contrast to the sirodesmin gene cluster, the
184 kb region was AT-rich with many diverse and
repeated elements, and only 11 open reading
frames clustered within 32 kb. This mosaic of
transposons was characterised by the occurrence
of numerous truncated copies, including solo-
LTRs, and large-scale degeneracy of the retro-
transposons by Repeat Induced Point mutation
(RIP) phenomenon, a mechanism by which
repeated sequences are inactivated following



meiosis. This process was recently shown to be
active in L. maculans whereby copies of an intro-
duced selectable marker (hygromycin resistance
gene) were inactivated (Idnurm and Howlett,
2003). In addition to Pholy (Copia-type), at least
two other Gypsy-type degenerate and truncated
LTR-retrotransposons were clustered within this
region, amounting to up to 70% of the sequence
(Figure 4). Finally, preliminary data from the
on-going sequencing of 1.3 Mb of the 2.8 Mb-
chromosome of isolate JN3 suggest that up to
80% of the sequence consisted of large arrays of
degenerate and composite repetitive elements
(Gout and Ross, unpublished data; Gout, 2005).

Concluding remarks

Genetic linkage maps are still the primary tool for
genome knowledge in a series of plant and animal
models. For plants they also are a basic tool for
positional cloning and breeding for agronomically
desirable traits, including quantitative traits,
eventually leading to marker-assisted selection.
Due to their small genome size and laboratory
tractability, fungal models such as the ascomycete
yeast Saccharomyces cerevisiae, and the filamen-
tous ascomycete Neurospora crassa, have been

Olly

Figure 4. Sequence analysis of a 184 kb L. maculans genomic
region (GenBank accessions AL732383, AL732384 and
AL732385) expressed as the number of basepair correspond-
ing to one given class of repeated element or ‘unique’ se-
quences (Gout, 2005). The region comprises numerous copies
of more or less truncated copies of the Copia retrotransposon
Pholy, and of the two recently identified Gypsy retrotranspo-
sons Olly and Polly. ‘U’ denotes non-repeated sequences
either corresponding to ORFs or to other repeats of which
only one copy is present in this region. Other repeats are
present and correspond to a minor proportion of the se-
quence (minor unlabelled segments).
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pioneers in the process of building genetic maps
(Arnold, 1997; see also http://www.yeastgenome.
org/; http://www.broad.mit.edu/annotation/fungi/
neurospora_crassa_7/markers.html). This has led
to maps containing hundreds of gene-based
markers at a time when anonymous markers just
began to emerge to be used for other models. In
this respect, the development of genetic linkage
maps has been very slow for other fungal species,
being very often slowed down by the impossibility
of achieving fertile crosses in laboratory conditions
(or the lack of a sexual stage), the difficulty to
visualize fungal chromosomes and the lack of ge-
netic markers. By the beginning of the 1990s, both
the development of high-throughput anonymous
molecular markers and the assignment of linkage
groups to chromosomes separated by pulsed field
gel electrophoresis were instrumental for genetic
mapping in fungi (Table 2). Genetic maps associ-
ated with physical assignment to chromosomes
were developed to analyse genome structure, and
to target and clone genes of interest such as avi-
rulence/pathogenicity genes of pathogenic fungi,
or quality genes for edible mushrooms, and now-
adays, to prepare the numerous genome initiatives
underway for numerous fungal species.

In the present study, the moderately dense
genetic map presented along with preliminary
assignment to chromosomes suggest that the
genome of L. maculans consists of a mosaic of
GC-equilibrated coding regions with no or few
transposons, and of stretches of degenerate and
truncated retrotransposons, encompassing very
few ORFs. Here, we confirm that each chromo-
some contains stretches of degenerate retrotrans-
posons, such as Pholy. We also suggest that, at
least for some chromosomes, degenerate retro-
transposons are clustered together, and often
constitute a very large part of the chromosome
whereas ORF-rich regions seem to be ‘protected’
from retrotransposon invasion. Apart from partial
sequence data, this is substantiated by the obser-
vation that 20% of BAC clones are rich in repeats
whereas other BAC clones did not hybridise to
repeats, and by the fact that the genetic maps have
linkage groups with clustered rep-PCR markers
that are absent from larger linkage groups. In
addition, the two minisatellites which resulted
from sequencing of the BAC-end, chosen so that
the corresponding BAC did not hybridize to re-
peated elements, MinLm5 and MinLm6 (Eckert
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et al., 2005), were genetically mapped here to
major LG, poor in rep-PCR markers. It remains to
be seen whether large clustered arrays of repeats
are a peculiarity of the L. maculans genome since,
regardless of potential gaps in the genomic se-
quences, such arrays of repeats are generally not
observed in the currently fully sequenced genomes
of model fungi such as S. cerivisiae or N. crassa, or
phytopathogenic fungi such as M. grisea or Fusa-
rium graminearum (see www.broad.mit.edu/anno-
tation/fungi/). The present study, along with
previously published work also suggests large
chromosomal length polymorphisms are linked
with the loss of dispensable retrotransposon-rich
regions. The dispersed nature of this repetitive
DNA may play a role in generating chromosomal
length polymorphisms (Plummer and Howlett,
1993, 1995) and homologues of varying sizes may
be due to the presence of different numbers of
repetitive sequences spaced between coding se-
quences, arising from unequal pairing of chromo-
somes. During meiosis these sequences would act
as sites for reciprocal recombination, leading to
production of chromosomes of novel sizes in the
progeny (Plummer and Howlett, 1995). This was
recently demonstrated by Gout (2005) who
showed that up to 600 kb (i.e. 25% of the corre-
sponding chromosome) consisted of mosaics of
retrotransposons and other repeats, and that these
regions were absent from homologues when a
range of isolates was compared. This has led to the
hypothesis that chromosomes may have a minimal
functional size where they mainly consist of coding
regions (Gout, 2005). The present study is consis-
tent with this hypothesis and suggests that some
chromosomes may be less prone to large CLP than
others, suggesting they reach a minimal functional
size, and are rich in ORFs. In addition, this pos-
tulate can probably be expanded to other fungal
models such as C. sativus, where significant CLPs
are noticed for the chromosome harbouring the
VHvl virulence locus (size ranging between 2.2
and 2.8 Mb) whereas other chromosomes may
show only limited size polymorphism (Zhong
et al., 2002).

In most fungal genome initiatives that are
currently underway, a high priority is given to the
construction of integrated genome maps encom-
passing (i) high-resolution genetic maps, (ii)
physical maps, (iii) complete genomic sequence
and (iv) annotation with special reference to the

genes (Xu et al., 2003). Such an integrated genetic
map, initiated for L. maculans here, is a pre-
requisite to understand genome structure, func-
tion and evolution of fungal genomes. The
economic importance of the L. maculans-B. napus
interaction, the properties of this interaction as a
model host-pathogen system, and the need to
better characterise the genome structure of the
fungus has led to the establishment of the
L. maculans genome sequence initiative. This
whole-genome sequencing project is led by
INRA-PMDV (T. Rouxel and M.H. Balesdent)
and The University of Melbourne (B. Howlett)
and will be done by the French sequencing agency
Genoscope (www.cns.fr) in 2006. The objective of
the project is to attain a 12-x coverage of the
L. maculans genome, using isolate JN3 (v23.1.3)
(Attard et al., 2002). The sequencing strategy will
include the three following steps: (1) shot gun
sequencing of chromosomal DNA of isolate
v23.1.3, (2) sequencing of both ends of 12,500
BAC clones, in order to facilitate the assembly of
small contigs generated by shot-gun sequences,
(3) sequencing of cDNA libraries (25,000 reads),
in order to facilitate and validate the automatic
annotation of the sequences (Rouxel and Bales-
dent, 2005). Only such a large-scale sequencing
project will allow us to generate the ultimate
integrated maps for L. maculans, and enable us to
validate the hypotheses on genome structure dis-
cussed in this paper based on current genetic and
physical map information.
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