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Abstract A genetic linkage map of the fungal plant path-
ogen Mycosphaerella fijiensis, causal agent of black leaf
streak disease of banana was developed. A cross between
the isolates CIRADS86 (from Cameroon) and CIRAD139A
(from Colombia) was analyzed using molecular markers
and the MAT locus. The genetic linkage map consists of
298 AFLP and 16 SSR markers with 23 linkage groups,
containing five or more markers, covering 1,879 cM. Mark-
ers are separated on average by around 5.9 cM. The MAT
locus was shown to segregate in a 1:1 ratio but could not be
successfully mapped. An estimate of the relation between
physical size and genetic distance was approximately
39.0 kb/cM. The estimated total haploid genome size was
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calculated using the genetic mapping data at 4,298.2 cM.
This is the first genetic linkage map reported for this impor-
tant foliar pathogen of banana. The great utility of the map
will be for anchoring contigs in the genome sequence, evo-
lutionary studies in comparison with other fungi, to identify
quantitative trait loci (QTLs) associated with aggressive-
ness or oxidative stress resistance and with the recently
available genome sequence, for positional cloning.

Keywords Ascomycete - Mycosphaerella fijiensis -
Black leaf streak disease of banana - Genetic mapping -
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Introduction

The haploid, hemibiotrophic ascomycete fungus Mycosp-
haerella fijiensis Morelet [anamorph Paracercospora fiji-
ensis (Morelet) Deighton] causes black leaf streak disease
(BLSD) (commonly known as black Sigatoka), the most
economically important disease of banana (Musa spp.) in
tropical and subtropical areas (Marin et al. 2003). BLSD
causes leaf necrosis and plant defoliation, resulting in yield
losses and poor-quality fruit, which is prone to premature
ripening. Fungicide control of the disease can contribute up
to 40% of the direct costs of production, and these costs are
beyond the means of many smallholders (Marin et al.
2003). M fijiensis is a heterothallic, filamentous fungus,
which can be easily cultured on both liquid and solid
media; in addition, sexual crosses can be made under
laboratory conditions (Mourichon and Zapater 1990). Both
anamorphs and teleomorphs are present on infected leaves.
Ascospores, produced during the sexual stage, play
an important epidemiological role through wind-borne
dispersal.
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The analysis of M. fijiensis population structure has been
undertaken using different types of molecular markers (Car-
lier et al. 1996; Neu et al. 1999; Rivas et al. 2004). Genetic
diversity in populations from other geographical regions
outside South East Asia (South America, Africa and the
Pacific Islands) have been considered to indicate founder
events, since alleles in common with populations from
Papua New Guinea and the Philippines were identified but
lower levels of genetic diversity in general were also
observed (Carlier et al. 1996). Analysis of gene flow and
dispersal processes of M. fijiensis at the continental scale
from population structure analysis in recently invaded
regions was carried out by Rivas et al. (2004), who showed
that founder effects accompanied the recent invasion of M.
fijiensis in the African and Latin America-Caribbean
regions, suggesting stochastic spread of the disease at the
continental level.

In order to study the location and inheritance of impor-
tant genes of interest such as those for avirulence, toxins,
intersterility, vegetative compatibility, host specificity and
the mating type, genetic linkage maps of fungal genomes
have been constructed using restriction fragment length
polymorphism (RFLP), random amplified polymorphic
DNA (RAPD) amplified fragment length polymorphisms
(AFLP), simple sequence repeat (SSR) markers and diver-
sity array technology (DATrT). Genetic linkage maps have
been constructed in fungal Ascomycetes (Cozijnsen et al.
2000; Jurgenson et al. 2002; Zhong et al. 2002; Pedersen
et al. 2002; Luo et al. 2005; Kubisiak and Milgroom 2006;
Luna-Martinez etal. 2007), in fungal Basidiomycetes
(Muraguchi et al. 2003; Lind etal. 2005; Forche et al.
2000; Marra et al. 2004) and in Oomycetes (May et al.
2002; Van der Lee et al. 1997, Sicard et al. 2003).

Knowledge of the genome organization of M. fijiensis
should provide an insight into the high phenotypic variabil-
ity observed among isolates, specifically, the variability in
pathogenicity and aggressiveness (Fullerton and Olsen
1995). Electrophoretic karyotyping of 10 Mexican isolates
resolved between 8 and 13 chromosomes giving a genome
size ranging from 27 to 35 Mb (Rodriguez-Garcia et al.
2006). At present the only genetic linkage map available
within the Mycosphaerellaceae is from Mycosphaerella
graminicola (Kema et al. 2002; Goodwin et al. 2007). Both
M. fijiensis (http://genome.jgi-psf.org/Mycfil/Mycfil.info.
html) and M. graminicola (http://jgi-psf.org/Mycgrl/
Myecgrl.info.html) were selected for whole-genome
sequencing within the DOE-JGI Community Sequencing
Program. The sequence of M. fijiensis isolate CIRADS86
became available in August 2007 and is one of the parents
of the mapping population reported in the present work.
The genetic map of M. fijiensis will be useful for anchoring
contigs for sequence assembly, for map-based cloning and
for the identification of genomic regions of interest for
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comparative genomic studies with other species. The objec-
tives of this study were (1) to perform crosses under in vitro
conditions between isolates of M. fijiensis from different
continents and from different cultivars, for the development
of F, populations, (2) to analyze an F, population with
AFLP, SSR markers and the MAT locus in order to generate
a genetic linkage map of M. fijiensis and (3) to estimate the
genome size of this organism based on the mapping data.

Materials and methods
Fungal isolates and growth conditions for crosses

Twelve isolates of M. fijiensis from different countries and
cultivars of bananas were used as parentals (Table 1). Iso-
lates from different continents and with differing levels of
aggressiveness were used in order to maximize the genetic
variation between parental isolates. Crosses were made fol-
lowing the method previously described by Mourichon and
Zapater (1990). To constitute F1 populations, all ascosp-
ores were isolated from different pseudothecia and thus
were from distinct meioses. The F; progeny population
chosen for mapping was derived from isolates CIRAD86
(from Cameroon, isolated in 1988, MATI-1; this same iso-
late has been wused for genome sequencing) and
CIRAD139A (from Colombia, isolated in 1990, MATI-2).
The F, progeny population consisting of 61 isolates was
used for genetic map development. The mating type of both
parents and the 61 F, isolates was determined by PCR
(polymerase chain reaction) with specific primers based on
the sequence of the mating type idiomorphs (Conde-Fer-
raez et al. 2007).

DNA extraction

The parental isolates (CIRAD139A and CIRAD 86) and F,
progeny population were grown in PDA medium for
8-12 days at 25°C; the mycelia were harvested and dried
for 1day in an oven at 50°C. Total genomic DNA was
extracted following a cetyltrimethyl ammonium bromide
(CTAB)-based procedure (Carlier et al. 1996).

AFLP analysis

Restriction, ligation, and preamplification reactions were
performed essentially as described in the original AFLP
protocol of Vos etal. (1995). A total of 48 EcoRI + 2/
Msel + 2 primer combinations (Table 2) were analyzed.
The AFLP genotyping protocols using primer combinations
EcoRI + AX/IM + YX (where X =A, T,G,orCand Y = A,
T or G) were carried out essentially as described by Vos et al.
(1995). All Msel + 2 selective primers were synthesized by


http://genome.jgi-psf.org/Mycfi1/Mycfi1.info.html
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Table 1 Lev.el of mating Isolate Mating  Country Host Aggressiveness Successfully  Production
between 13 single ascospore type of origin crossed with  of pseudothecia
isolates of Mycosphaerella
fijiensis CIRAD86  MAT I-1 Cameroon ND High CIRADI139a A
CIRAD1229 C
CIRAD1231 B
CIRADg9 MAT 1-2 Cameroon ND High CIRAD138 B
CIRAD1233 C
CIRADG1  MAT 1-2 Philippines ND Low CIRAD138 A
CIRAD1233 A
CIRADI1240 MAT 1-1 Cameroon Yangambikm 5 ND CIRADI229 C
CIRADI1231 B
CIRADI139a MAT 1-2 Colombia French plantain Medium CIRADS6 A
CIRADI1229 MAT 1-2 Mexico Grand Naine ND CIRADS86 C
CIRAD1231 MAT 1-2 Mexico Grand Naine ND CIRADS6 B
A high production of CIRADI1240 B
pseudothecia, B medium CIRAD138 MAT I-1 Colombia Figue Suc Medium CIRADS9 B
production of pseudothecia, CIRADGI1 A
€ low producion of CIRADI233 MAT I-1 Mexico  Grand Naine  ND CIRADS9  C
pseudothecia, not CIRADGI A

determined

SIGMA GENOSYS (The Woodlands, TX) and IRDye™-
700 and IRDye™-800 labeled Eco RI + 2 primers were
purchased from LI-COR (Lincoln, NE). AFLP fragments
were resolved on gels prepared with 6% KB Plus Poly-
acrylamide Gel Matrix (LI-COR, Lincoln, NE). Electro-
phoresis and detection of the AFLP fragments were
performed on a 4200 LI-COR IR2 automated DNA
sequencer and gel AFLP images were scored using SAG-
AMX software (LI-COR, Lincoln, NE) and saved as TIF
files for further analysis.

SSR markers

Twenty-seven SSR markers were used (Table 3). Seven
and 18 were published by Neu et al. (1999) and Zapater
et al. (2008), respectively. Two other markers MfSSR058.3
and MfSSR175.2 were developed in this study (GenBank
Accession number EU200694 and EU200695, respec-
tively). The corresponding sequences overlap the locus
MfSSRI175 previously published by Neu et al. (1999). Char-
acteristics of all the markers used are summarized in
Table 3. Isolates were genotyped with all these SSR mark-
ers using an automated infrared fluorescence technology of
a LI-COR IR2 sequencer (LI-COR, Lincoln, NE) as
described in Zapater et al. (2008).

Linkage analysis and genetic map construction

The gel images (for AFLP and SSR markers) were scored
using a binary scoring system that recorded the presence
and absence of bands as 1 and 0, respectively. AFLP mark-
ers were denominated by the primer combination used for
the amplification and the approximated length of the gener-

ated fragment. The length of each AFLP marker was esti-
mated on the basis of a fluorescently labeled 700-bp ladder
(LI-COR, Lincoln, NE) and data analysis was performed
using SAGAMX (LI-COR, Lincoln, NE) software. Mono-
morphic markers common to both parents were not scored.
For the AFLP markers, the prefix A or B indicates the ori-
gin of each marker, the former corresponds to parent
CIRADS86, while the latter prefix corresponds to parent
CIRADI139A,; this prefix is followed by the primer combi-
nation used and the molecular size (in base pairs). For
example, BEAAMAG372 represents an AFLP marker orig-
inating from the isolate parent CIRAD139A and amplified
by primer pairs Eco RI + AA and Msel + AG, and showing
a molecular size of 372 bp. The SSR markers are identified
by MfSSR followed by the locus number and finally by the
letter a or b, corresponding to Zapater et al. (2008) or Neu
et al. (1999), respectively. Segregation ratios of all markers
were analyzed with JoinMap 3.0 software (Van Ooijen and
Voorrips 2001). Map construction was carried out essen-
tially as described in Luna-Martinez et al. (2007).

The population type was coded as HAP, i.e., a haploid
population derived from a heterozygous diploid parent.
Markers with segregation ratios significantly different from
the expected 1:1 ratio (;52 <17.7; P<0.01) were set aside
because initial mapping analysis showed that they may
cause erroneous grouping of unlinked markers. Linkage
analysis was performed on the remaining markers with
P > 0.01. Initial assignment to linkage groups (LG) was
based on the logarithm of the odds (LOD) ratio for each
possible marker pair. In this study we used LOD values of
3.0-9.0, but the final assembly of LG was determined by
using a minimum LOD value of 3.0 with a maximum
recombination fraction of 0.4 (LOD > 0.8) and a threshold
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Table 2 Segregation and mapping data for AFLP markers generated for the construction of the genetic linkage map of Mycosphaerella fijiensis

AFLP primers Polymorphic bands obtained Distorted Unlinked Mapped markers
combination markers® markers®
CIRADS86 CIRAD139 Total CIRADS6 CIRAD139 Total

1 E + AAM + AA 8 15 0 10 2 3 5
2 E + AAM + AC 7 15 2 9 3 1 4
3 E + AAM + AG 16 7 23 3 12 6 2 8
4 E + AA/M + AT 2 6 1 3 2 0 2
5 E + AAM + GA 5 3 8 1 3 2 2 4
6 E + AA/M + GC 13 6 19 0 7 8 4 12
7 E + AAM + GG 10 6 16 1 4 7 4 11
8 E + AAM + GT 6 14 3 5 4 2 6
9 E+ AA/M +TA 6 12 3 2 4 3 7
10 E + AAM +TC 9 17 1 4 5 7 12
11 E + AA/M + TG 1 15 16 2 6 1 7 8
12 E+ AAM+TT 12 6 18 1 3 9 5 14
13 E + AC/M + AA 3 6 9 0 7 0 2 2
14 E+ AC/M + AC 4 6 10 0 4 2 4 6
15 E + AC/M + AG 4 2 6 0 5 1 0 1
16 E + AC/M + AT 2 3 5 0 5 0 0 0
17 E + AC/M + GA 6 3 9 0 3 4 2 6
18 E + AC/M + GC 2 11 13 1 4 0 8 8
19 E + ACM + GG 12 6 18 1 5 8 4 12
20 E+ AC/M + GT 6 9 15 1 8 2 4 6
21 E+AC/M +TA 12 6 18 1 4 9 4 13
22 E+AC/M +TC 10 7 17 0 7 7 3 10
23 E+AC/M + TG 7 7 14 0 3 6 5 11
24 E+ACM+TT 9 6 15 1 6 5 3 8
25 E + AG/M + AA 5 8 13 2 7 1 3 4
26 E + AG/M + AC 7 5 12 0 5 4 3 7
27 E + AG/M + AG 4 6 10 0 3 3 4 7
28 E + AG/M + AT 2 4 6 0 4 1 1 2
29 E + AG/M + GA 6 4 10 2 3 3 2 5
30 E + AG/M + GC 10 7 17 2 11 3 1 4
31 E + AG/M + GG 8 7 15 2 7 2 4 6
32 E + AG/M + GT 7 4 11 1 2 5 3 8
33 E+AG/M +TA 7 9 16 1 8 3 4 7
34 E +AG/M + TC 10 8 18 1 6 4 7 11
35 E + AGM + TG 5 6 11 1 6 1 3 4
36 E+AGM+TT 7 9 16 0 4 5 7 12
37 E + AT/M + AA 5 9 14 1 5 3 5 8
38 E+ AT/M + AC 4 10 14 1 1 4 8 12
39 E + AT/M + AG 3 4 7 0 1 3 3 6
40 E + AT/M + AT 8 5 13 0 3 5 5 10
41 E + AT/M + GA 11 4 15 1 9 3 2 5
42 E + AT/M + GC 9 9 18 0 9 3 6 9
43 E + ATM + GG 12 9 21 0 3 9 9 18
44 E + AT/M + GT 4 3 7 0 3 3 1 4
45 E + AT/M + TA 15 6 21 3 6 9 3 12
46 E +AT/M + TC 12 15 27 4 11 4 8 12
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Table 2 continued
AFLP primers Polymorphic bands obtained Distorted Unlinked Mapped markers
combination markers® markers®

CIRADS86 CIRAD139 Total CIRADS6 CIRAD139 Total
47 E+ AT/M + TG 5 7 12 2 1 4 5 9
48 E+ATM+TT 5 6 11 2 3 5 8
Total 346 317 663 48 249 185 181 366
Percent 522 47.8 100 50.5 49.5 100
Average 13.8 1.0 52 7.6

2 Number of markers from the primer combination with a segregation distortion deviating from the assumed 1:1 ratio (3> > 7.7, P > 0.01)

b Number of markers from the primer combination not linking to any other marker

of 5.0 for the removal of loci with respect to jumps in
goodness-of-fit during the calculation of a linear order of
loci within a linkage group. The Kosambi mapping func-
tion was used to compute recombination distance in centi-
morgans (cM). Genome length and coverage was
determined essentially as described in Luna-Martinez et al.
(2007).

Results
Mating between isolates

Among 38 pairs evaluated for crosses under in vitro condi-
tions, only nine (Table 1) produced mature pseudothecia
within 25-35 days following the confrontation of the poten-
tial parental strains. Each of the pairs produced different
numbers of pseudothecia, indicating variable levels of fer-
tility. Of the nine fertile pairs, the following three produced
the greatest number of pseudothecia: CIRADS86 (from
Cameroon) x CIRAD139A (from Colombia); CIRAD138
(from Colombia) x CIRADG1 (from Philippines); and
CIRADI1233 (from Mexico) x CIRADGI1 (from Philip-
pines). Isolates CIRAD282, CIRAD 1241, CIRAD1239,
CIRADI1231 and CIRADI1235 were completely sterile
(produced no pseudothecia) when crossed with either mat-
ing type MATI-1 or MATI-2 (Table 1). The cross between
isolates CIRAD139A x CIRAD86 was chosen to consti-
tute a first F; population since isolate CIRAD86 was used
recently for genome sequencing. In total, 61 progeny were
obtained from this cross.

AFLP and SSR analysis of the mapping population

Forty-eight AFLP primer combinations produced in total
663 AFLP bands, which were polymorphic between the
parents; 346 were present in the parent CIRAD86, and 317
fragments were present in the parent CIRADI39A
(Table 2). The number of polymorphisms between the par-

ents ranged from 5 (for primer pairs Eco RI + AC and
Msel + AT) to 27 (for primer pairs Eco RI + AT and
Msel + TC) with an average of 13.8 polymorphic markers
per primer pair (Table 2). There was no evidence of a rela-
tionship between the composition of the selective nucleo-
tides and the number of polymorphic fragments obtained.
Of the 27 SSR markers that were analyzed, all were poly-
morphic between the parental isolates CIRADS86 and
CIRADI139A, and were used for genotyping the progeny
and linkage analysis.

Linkage analysis and map construction

A total of 691 loci were analyzed (663 AFLP markers, 27
SSR markers and the MAT locus) using the JoinMap 3.0
software (Van Ooijen and Voorrips 2001). Forty-eight
AFLP markers (6.8%) showed significant distortion in
segregation from the expected 1:1 ratio (y*>>7.7;
P < 0.01) and they were excluded from the linkage analy-
sis. Of these markers, 32 were identified in CIRAD86 and
16 in CIRADI139A, therefore 643 (93%) markers had
P > 0.01 (615 AFLP, 27 SSR markers and the MAT locus)
and were included in the linkage analysis. Of these 643
markers, 10 were significantly different from a 1:1 ratio at
P =0.01, 48 markers were significantly different from a
1:1 ratio at P =0.05, and 585 markers were not signifi-
cantly different from a 1:1 segregation ratio. Nevertheless,
258 (40%) markers with P > 0.01, including the MAT
locus did not show linkage and only 385 markers (19 SSR
and 366 AFLP) showed linkage with another marker
(60%).

A total of 298 AFLP markers and 16 SSR markers were
assigned to 23 LGs containing five or more markers with
minimum LOD values of 3.0 (Tables 2, 3). The map cov-
ered a total length of 1,879 cM (Fig. 1) with an average dis-
tance between markers of 5.9 cM. The largest LG had 31
markers and was 192 cM in size (LG 1), and the smallest
LG contained seven markers and was 35 cM in size (LG
23). Analysis of the genetic linkage map showed that 161
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% EEHM 3 BEAGMTC141 34 BEAGMTC325 3 AEATMTA451 STTTTAEMAMIAZ e BEAMMIGSST 3/ AEATUITTS BEAGMT
§ : g?ﬂ_BEATMAg!SZ 4 BEACMTA157 47—H— AEAAMTG387 45— T—BEATMGAS509 4 AEAGMIAZ80 4 AEAAMTA391
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7\
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& BEATMAT183 46 BEAGMTC333 44—\ —AEAGMAG434 38— —BEACMGC485
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Fig. 1 The genetic linkage map of Mycosphaerella fijiensis. A total of
298 AFLP markers and 16 SSR markers are included in the 23 larger
linkage groups analyzed with LOD threshold values minimum of 3.0.
Marker distance derived using the Kosambi function is reported in cM
and indicated on the left of each linkage group. AFLP and SSR markers
were denominated as in “Materials and Methods”. The numbers be-

markers originated from the parental isolate CIRAD86 and
153 markers from CIRAD139A. The largest mapped dis-
tance between two markers was 21cM (between
AEACMTAL177 and BEACMTTI191) on LG 13. The
general features of the map are summarized in Table 4.

A further 68 AFLP markers and three SSR markers were
assigned to smaller LGs linked to just one other marker.
These markers formed another 26 smaller LGs; 6 groups of
4 markers, 7 groups of 3 markers and 13 LGs containing
just 2 markers, the proportion of mapped markers in both
parents, CIRAD86 and CIRADI39A, were 34 and 37
markers, respectively.

The genome size of M. fijiensis in terms of map units
calculated considering all LGs consisting of two mark-
ers or more was 2,581 cM in total (Table 4). Using spe-
cific PCR primers based on the sequence of the mating
type idiomorphs (Conde-Ferrdez et al. 2007), 25 isolates
amplified MATI1-1 and 36 isolates amplified MAT1-2.
Both idiomorphs were present in nearly equal frequen-
cies (¢*=2.0; P=0.159). The most tightly linked
marker to the MAT locus was BEACMTGS503 at LOD
2.0; this value is below the LOD of 3.0 threshold used to
construct the map.

tween parentheses indicate markers, which link at the same locus on
the linkage groups 3 and 5. Markers with distorted segregation ratios
are identified by asterisks to the right of the marker’s name are marked
with “**” (P = 0.05) and “***”(P = 0.01). The total length of the ge-
netic linkage map was 1,879 ctM

Segregation analysis reveals segregation distortion
of mapped markers

The initial analysis showed 48 (at P = 0.05) and 10 markers
(at P =0.01) with segregation distortion from the expected
1:1 ratio. They were included in the analysis and some of
them were successfully mapped. Of the 385 linked markers
that showed the expected 1:1 Mendelian segregation ratios
in the progeny mapping population, 57 (6.2%) markers
included in 18 of 23 LG showed segregation distortion: 27
markers with a significance level of 95% and 10 markers
with 99% (Fig. 1). The numbers of markers with distortion
by LG varied between 1 (on LG 15, LG 17, LG 21, and LG
23) to 10 markers (on LG 2). The five LG with no distorted
markers were LG 10, LG 11, LG 16, LG 19 and LG 20.

Haplotype analysis

Distortion in the segregation ratios may be caused by skew-
ing of markers, where the proportion of alleles from a sin-
gle parental strain is much greater than expected. In order
to visualize this skewing in the markers analyzed in this
study, for each of the 61 F, progeny, the allelic frequency
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Table 4 Length of linkage

Linkage Length Number of Average marker Largest

group, number of markers, . .

. groups (cM) markers spacing (cM ) distance (cM)

average spacing between

markers, largest genetic distance 1 192 31 6.1 18.79

of the genetic linkage map of ’ ’

Mycosphaerella fijiensis 2 177 33 53 2089
3 139 32 4.4 17.24
4 116 32 3.6 14.15
5 111 27 4.2 10.33
6 110 14 8.4 18.31
7 108 17 6.3 16.43
8 98 14 7.0 18.89
9 92 17 54 16.99
10 74 10 74 18.11
11 62 5 12.4 20.43
12 61 8.7 14.16
13 61 5 12.2 21.04
14 60 9 6.6 17.00
15 55 10 55 9.88
16 54 5 10.8 15.99
17 50 7 74 16.90
18 48 5 9.6 14.81
19 48 5 9.6 14.63
20 46 5 9.2 15.21
21 44 9 4.8 9.64
22 38 8 4.7 7.57

# Total of all major linkage 23 35 7 5.0 7.86

groups 1,879% 314¢ 5.97¢

® Total of all minor linkage b b b

g 24-49 702 2,3 and 4 (=71) 9.89 25.29
roups
aroup Total 2,581.5¢ 385°¢ 6.68

¢ Total of all linkage groups

(AF) of each marker was calculated following the equation
AF=[a+ (p/2))/(a+ b +p), where a=alleles from
CIRADSG6, b = alleles from CIRAD139A and p = missing
alleles (Luna Martinez 2007), and plotted against the distal
location (in cM) of the marker on the 23 linkage groups; an
AF of 0.5 denoting independent segregation (Forche et al.
2000). An overall even distribution of parental alleles was
observed, but some of the skewed markers are located at
the ends of LGs. For the 61 F, progeny, at all 643 loci, there
were 18,359 alleles from CIRADS6, 19,254 alleles from
CIRADI139A and only 1,610 missing data points (4.1%)
(data not shown). Nonetheless, some of the LGs show a
slight, though insignificant bias toward one or the other par-
ent. The LGs 3, 10, 12, 21 and 22 are skewed slightly
toward parent CIRAD139A, while LG 2 is slightly skewed
toward parent CIRADS86 as shown in Fig. 2.

Genome length and coverage

To estimate genome length, a combination of different
methods based on mapping data and chromosome number
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was used (Hulbert etal. 1988; Remington etal. 1999;
Chakravarti et al. 1991). A total of 4,373 linked marker
pairs were detected using a LOD threshold of 2.0, letting n
represent 643 markers with a level of significance less than
0.01 used in linkage analysis.

The maximum distance associated with a value of LOD
of 2.0 was 49.19 cM. The results using our data suggest a
genome length (G) of 4,643.6 Kosambi cM employing
Chakravati’s method 3, whereas using the modified estima-
tor reported by Remington etal. (1999), 4,437.7 and
4,298.2 Kosambi cM were estimated, considering 8 and 13
chromosomes, respectively, based on the data of Rodri-
guez-Garcia etal. (2006). Based on an estimation of
2,581 cM for the genetic linkage map generated in this
study (considering all the LGs), the map spans about 60%
of the total length of the genome of M. fijiensis if this is
considered to be 4,298.2 cM. The average map distance of
1 cM in kb of DNA is usually estimated by comparing the
size of a physical map (in kb) to the length of its genetic
map (in cM). To derive this calculation from the genome
sequence we were able to find only three SSR markers
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Fig. 2 Segregation ratios for 0.67

LGs 2,3, 10, 12,21 and 22. The —e—LG2y
y axis describes the segregation —+—LG3
skewed toward the CIRADS6 0.62 ——LG10
parent (0.5-1) or the CI- ——LG12
RAD139A parent (0-0.5). —o—LG21
Boundaries for the 95% (at —x—LG22

0.374 and 0.625) and 99% 0.57

(0.335 and 0.664) confidence
interval around the null hypothe-
sis of Mendelian segregation
(1:1) are indicated by dotted

0.52

lines. The x axis describes the
distance between the markers of
each linkage group and is in cM

% CIRAD86

0.47

0.42

0.37

0.32

which occurred on the same linkage group (small LG33)
and also the same supercontig and therefore could be used
for checking physical and genetic distances. We found val-
ues of 42.96, 52.58 and 45.57 kb/cM. The physical order of
the markers was congruent with the genetic map order.

Because the karyotype analysis estimated for M. fijiensis
genome was approximately 35 Mb in size (Rodriguez-
Garcia et al. 2006), but the sequencing now indicates a
genome size of 73.4 Mb (http://genome.jgi-psf.org/Mycfil/
Mycfil.info.html) then this estimation of the genetic map
length, considering only the large 23 LGs, gives an average
of 39.0 kb/cM which is similar to values found in LG 33. In
comparison, the genome size of M. graminicola is 41.2 Mb
(http://genome.jgi-psf.org/Mycfil/Mycfil.info.html), or
1,322 cM, which includes the smallest linkage groups
(Goodwin etal. 2007) where the physical to genetic
distance is 31.2 kb/cM.

We evaluated the degree of map coverage using the for-
mula ¢ = ¢ 2%C (Lange and Boehnke 1982) and using the
lowest estimate of genome size G = 4,298.2 Kosambi cM,
an estimated 70.4% of the genome is within 6.8 cM of one
of the 385 linked markers. To obtain an average interval of
10.0 cM for coverage of 95% of the genome of M. fijiensis,
all 644 markers are required to be on the map.

Discussion

In this study, we used AFLP and SSR markers and the MAT
locus to construct the first genetic linkage map of M. fijiensis.
This genetic linkage map was constructed using 314

75 90 105
CentiMorgans

markers; it comprises 23 large LGs and covers a length of
1,879 cM with an average interval of 5.9 cM between
markers. In comparison, the M. graminicola genetic linkage
map comprises 23 LGs containing a total of 280 markers,
the MAT locus and the avirulence locus, giving a total
length of 1,216 cM with an average of 5.3 cM between
markers (Kema et al. 2002). An updated map of M. gra-
minicola by Goodwin et al. (2007) gives information indi-
cating that the total map length, including the smallest LGs,
is 1,322 cM. The number of LGs in the M. fijiensis genetic
linkage map was close to those found in Leptosphaeria
maculans with 21 LGs containing 160 loci (Cozijnsen et al.
2000), Ascochyta rabiei with 28 LGs containing 126 loci
(Phan et al. 2003), Cochliobolus sativus containing 27 LGs
with 134 loci (Zhong et al. 2002) and Cryphonectria par-
asitica with 24 LGs and 144 loci (Kubisiak and Milgroom
2006).

The number of LG was considerably higher than the esti-
mated number of 8—13 chromosomes reported for Mexican
strains of M. fijiensis (Rodriguez-Garcia et al. 2006). How-
ever the exact size and number of the largest chromosomes
in this study was not certain; probably because their large
size was beyond the resolving power of PFGE and there are
no molecular markers available for PFGE above 5.7 Mb.
Undoubtedly, when more markers are placed on the map,
several linkage groups will be expected to merge,
especially in the case of the smaller groups. This could be
due to an underestimation of the number of chromosomes
of the parents and may be resolved when additional mark-
ers are added to the map. The discrepancy between chromo-
some numbers and LGs could also be accounted for by the
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possibility of co-migration of similar sized chromosomes
(Lind et al. 2005). Indeed, the differential banding intensity
of the autoradiograph for small chromosomes probably
indicated that co-migration was likely, and therefore total
genome size of the small chromosomes was probably
underestimated. To associate LG and DNA markers with
chromosomes, at least one AFLP or SSR marker from each
LG could be used as a probe to hybridize with CHEF blots.
In this regard, the genome sequence of M. fijiensis is avail-
able now at (http://genome.jgi-psf.org/Mycfil/Mycfil.info.
html) and indicates that the genome size is 73.4 Mb which
is double the estimated size obtained by electrophoretic
karyotyping of chromosomal DNA.

Seventy-one markers (68 AFLP and 3 SSR) were found
on small LGs suggesting that some parts of the genome still
have a low marker density. When all the small LGs are
taken into account, the genome size expanded to a total
length of 2,581.5 cM, which is similar to the genetic link-
age map of Heterobasidion annosum with 2,252 ¢cM, which
contains 39 LGs (Lind et al. 2005) and Blumeria graminis
with 2,114 cM containing 34 LGs (Pedersen et al. 2002).

The genome length of M. fijiensis was estimated using
the method of Hulbert et al. (1988) taking into account the
modifications in method 3 of Chakravarti et al. (1991) and a
modified estimator proposed by Remington et al. (1999).
When the first method was applied, a genome size of
4,643.6 cM was obtained, while the second method gave a
genome size between 4,298.2 and 4,437.7 cM. The genome
sizes of most filamentous Ascomycetes lie within 1,500—
2,000 cM (Beadle et al. 2003; Kupfer et al. 1997). How-
ever, larger estimates have been obtained for A. nidulans
(4,000 cM; Swart 1996), C. lindemuthianum (3,470 cM,;
Luna Martinez et al. 2007) and C. parasitica (3,356 cM;
Kubisiak and Milgroom 2006). The estimated genome size
obtained for M. fijiensis is therefore exceptionally large but
this is in agreement with a recent estimation of the physical
size of the M. fijiensis genome (73.4 Mb), which is signifi-
cantly larger than the estimates of the closely related
M. graminicola of 41.2 Mb and 1,322 cM (Goodwin et al.
2007).

In our study 1-5 markers with distorted segregation
were observed on 15 different LG; these markers were
found on different regions of individual LG, indicating that
no particular LG or large segments of a particular LG
showed distortion (Fig. 1). No clustering of skewed segre-
gating markers could be found in our analysis. The level of
distortion accepted in this study was determined at
P > 0.01, this value compares well with those taken for the
construction of other fungal genetic linkage maps. In other
studies some markers with a significantly distorted
segregation were included on the LG forming the genetic
linkage map. In H. annosum this included all 19 large LG
of (Lind et al. 2005), on 7 of the 11 LG in P. ostreatus
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(Larraya et al. 2000), and in B. lactucae on 7 of the 12 LG
(Sicard et al. 2003).

Several genomic processes could be responsible for this
phenomenon; the expression of linked lethal genes, the
development of the progeny from parents with different
genome sizes and chromosome complements leading to
non-disjunction during meiosis (Bert et al. 1999), and an
accidentally biased selection of the ascospores used for the
development of the segregating population (Kerrigan et al.
1992; Larraya et al. 2000).

The physical size to genetic distance of the large 23 LGs
was estimated to be approximately 39.0 kb/cM and is simi-
lar to 31.2 kb/cM of M. graminicola (Goodwin et al. 2007).
Linking the genome sequence information and the genetic
map position of three SSRs we obtained a mean of
47.00 kb/cM, which is close to 39.0 kb/cM. So, we
obtained similar results with both methods. These results
are similar to those of maps developed for other ascomyce-
tes, for example 32 kb/cm in G. fujikuroi (Xu and Leslie
1996), 50 kb/cM in L. maculans (Cozijnsen et al. 2000),
48.5 kb/cM in A. bisporus (Kerrigan et al. 1992), 27.9 kb/
cM in C. cinereus (Muraguchi et al. 2003), 27 kb/cM in
L. edodes (Kwan and Xu 2002) and 36.3 kb/cM in P. ostre-
atus (Park et al. 2006). If an average of 70 kb/cM is favor-
able for map-based cloning (Sicard et al. 2003), then the
map generated in this study is well suited for the mapping
of genes associated with aggressiveness or oxidative stress
resistance.

The segregation ratio for MATI-1:MATI-2 (25:36;
%> =2.0; P = 0.159) among the progeny of M. fijiensis used
for the development of the genetic linkage map is similar
(35:26; }52 =2.20; P=0.5-0.3) to that reported for the
M. graminicola map (Kema et al. 2002). However on the
M. fijiensis map the MAT locus could not be located; simi-
lar results have occurred in other studies, for example, in
H. annosum (Lind et al. 2005) and B. lactucae (Hulbert
et al. 1988). This is probably due to the large genome size,
small segregating population analyzed or that the MAT
locus is localized in a difficult to map region of the genome
and should be solved by using markers generated by the
analysis of expressed sequence tags (EST) and the genome
sequence of M. fijiensis.

The size of the progeny population is an important factor
in the development of a genetic linkage map. The 61 prog-
eny used in this study is a similar number to that of the 61
progeny used to generate the genetic linkage maps of
M. graminicola (Kema et al. 2002); the 61 progeny used in
M. grisea (Nitta et al. 1997) and the 60 progeny in Magna-
porthe oryzae (Luo et al. 2005) and is larger than the map-
ping populations used to create the maps for Agaricus
bisporus with 52 haploid offspring (Kerrigan et al. 1992),
the 58 single spore progeny used for L. maculans,
(Cozijnsen et al. 2000), the 40 progeny of Coprinus cinereus
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(Muraguchi et al. 2003) and for Fusarium oxysporum f. sp.
lycopersici 32 parasexual fusion products were analyzed
(Teunissen et al. 2003).

A relatively relaxed minimum LOD value of 3.0 was
applied. However many of the LG determined were based
on LOD’s between 3.0 and 9.0. The LOD values and the
maximum recombination frequency of 0.4 used in this study
are similar to values reported in previous studies in fungi
(Cozijnsen etal. 2000; Pedersen etal. 2002; Phan et al.
2003; Luo et al. 2005) and Oomycetes (May et al. 2002).

AFLP markers have been found to cluster due to the
methods of likelihood used to detect SNP’s, which often
occur in repetitive DNA regions (Qi et al. 1998). Only three
pairs of AFLP markers were found to map to exactly the
same position, one pair on linkage group 3 indicated as
BEACMGT162(2) and two pairs on linkage group 3 indi-
cated as BEAAMGC422(2) and BEACMGAS510(2).

In this study the markers are relatively evenly spread
over the LG, spaced at an average of 7.0 cM between mark-
ers. The non-clustering of AFLP markers is similar to that
found in a similar work (with an average distance between
markers of 8.9—-15.1 cM), for example, C. neoformans (For-
che et al. 2000), H. annosum (Lind et al. 2005), A. rabiei
(Phan et al. 2003) and L. maculans (Cozijnsen et al. 2000).
Whereas in M. graminicola (Kema et al. 2002), G. zeae
(Jurgenson et al. 2002) in B. lactucae (Sicard et al. 2003)
such clustering has been seen (the maps showed an average
distance between markers of 2.8-5.3 cM), the clustering
phenomenon of AFLP markers seems to be associated with
high density maps, hence addition of more AFLP markers
might reveal clustering in M. fijiensis as well. Clustering
has also been found to be associated with the use of the six-
base cutter Eco R, as used in this work; in future AFLP
mapping this may be avoided by replacing Eco RI with
Pstl. For example, Powell et al. (1997) reported that meth-
ylation sensitive PstI, when used with Msel in AFLP anal-
ysis provided markers in the recombinationally active,
distal regions of barley chromosomes, while the methyla-
tion insensitive EcoRI/Msel restriction endonuclease com-
bination provided a high frequency of markers clustered
near the barley centromere.

In our study 27 SSR markers were used to analyze the
segregation among the 61 F, progeny; some SSR markers
from M. graminicola and M. grisea were analyzed using
the parental isolates (CIRAD86 and CIRADI139A), how-
ever, these were not informative (data not shown). The
genomic sequencing of M. fijiensis, including 40,000
ESTs is now complete and manual annotation is in pro-
gress (http://genome.jgi-psf.org/Mycfil/Mycfil.home.html).
This will provide a valuable resource of non-anonymous
DNA markers to increase the density of markers on the
genetic linkage map and to assemble contiguous clones
(contigs).

The use of SSR markers for the construction of genetic
linkage maps in fungi includes M. graminicola, where 23
SSR markers were integrated into an established genetic
linkage map (Goodwin et al. 2007); Magnaporthe grisea,
where 23 SSR markers were integrated (Kaye et al. 2003);
A. rabiei, where 10 SSR markers were added to the map
(Phan et al. 2003); C. neoformans where 63 SSR markers
were included in the map (Marra et al. 2004) and recently
Ma et al. (2006) developed a total of 121 SSR markers,
which are evenly distributed over the whole genome of M.
grisea. M. fijiensis is a major foliar pathogen of banana and
the understanding of the molecular and genetic basis of
aggressiveness and pathogenicity in the banana—M. fijiensis
pathosystem is an important research objective.

A genetic linkage map is essential to investigate the
genetics underlying complex or quantitative trait loci
(QTL). For example, in H. annosum, two of the three QTL
for mycelial growth rate were shown to be tightly linked to
the intersterility genes S and P (Olson 2000); in P. ostrea-
tus, QTLs controlling growth rate and some important
industrial production traits have been found (Larraya et al.
2003). In Gibberella zeae Cumagun et al. (2004), identified
a QTL associated with pathogenicity and aggressiveness on
wheat. The genetic linkage map of the M. fijiensis genome
may be useful to identify QTL associated with aggressive-
ness, for example, the parents of the cross used in the pres-
ent work differ in levels of aggressivity (Table ).
Furthermore, this genetic linkage map provides a frame-
work for the recently initiated Mycosphaerella genome
sequencing project. It will help to assign sequence contigs
to chromosomes and guide their ordering and orientation.
For future mapping the DArT technology has proven its
usefulness in the recent creation of two high-density
genetic maps of M. graminicola (Wittenberg 2006); 1,793
new polymorphic markers were developed which were eas-
ily sequenced. Together with new SSR markers, DArT
markers will enable high-density future maps to be con-
structed with more precision including gaining knowledge
on the fate of dispensable chromosomes.
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