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Abstract Phomopsis stem blight (PSB) caused by Dia-
porthe toxica is a major disease in narrow-leafed lupin
(Lupinus angustifolius L.). The F, progeny and the paren-
tal plants from a cross between a breeding line 75A:258
(containing a single dominant resistance gene Phrl
against the disease) and a commercial cultivar Unicrop
(susceptible to the disease) were used for development of
molecular markers linked to the disease resistance gene.
Two pairs of co-dominant DNA polymorphisms were de-
tected using the microsatellite-anchored fragment length
polymorphism (MFLP) technique. Both pairs of polymor-
phisms were isolated from the MFLP gels, re-amplified
by PCR, sequenced, and converted into co-dominant,
sequence-specific and PCR-based markers. Linkage
analysis by MAPMAKER suggested that one marker
(Ph258M2) was 5.7 centiMorgans (cM) from Phrl, and
the other marker (Ph258M1) was 2.1 cM from Ph258M2
but further away from Phrl. These markers are suitable
for marker-assisted selection (MAS) in lupin breeding.
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Introduction

The fungus Diaporthe toxica Williamson et a. [an-
amorph = Phomopsis leptostromiformis (Kihn) Bubék]
infects stem tissue of narrow-leafed lupin (Lupinus angus-
tifolius L.) forming subcuticular coraloid hyphae as la
tent infection structures (Williamson and Sivasithamparam
1994). Phomopsis stem-blight (PSB) lesions develop
after mycelia grow from coralloid hyphae during stem
senescence (Shankar et a. 1998a; Williamson et al.
1991). Mycotoxins produced during saprophytic growth
can cause mycotoxicosis in grazing animals, known as lu-
pinosis (Van Warmelo et a. 1970). Selection for phomop-
sis resistance is one of the major objectives in the lupin
breeding program in Western Australia. However, reliable
screening for disease resistance requires staining and ob-
serving the subcuticular coralloid hyphae under a micro-
scope (Shankar et a. 1996, 1998b), a process which isla
bour intensive and time-consuming. Shankar et a. (2002)
identified two dominant resistance genes against PSB in
L. angustifolius by traditional genetic analysis. The ob-
jective of this study was to develop molecular markers
linked to the disease resistance gene (Phrl) in 75A:258
for marker-assisted selection (MAS) in lupin breeding.

A number of methods are available for development
of molecular markers for MAS (Gupta et al. 1999). The
most-widely used methods include restriction fragment
length polymorphism (RFLP) (Botstein et al. 1980), ran-
dom amplified polymorphic DNA (RAPD) (Williams et
al. 1990), and the amplified fragment length polymor-
phism (AFLP) (Vos et a. 1995). Recently, Yang et al.
(2001) reported the microsatellite-anchored fragment
length polymorphism (MFLP) method. MFLP combines
the concept of AFLP with the microsatellite-anchor
primer (SSR-anchor primer) technique (Wu et al. 1994;
Zietkiewicz et al.1994). Polymorphisms detected in
MFLP are SSR-Msel fragments, which contain a micro-
satellite motif sequence at one end, with an AFLP primer
sequence at the other end (Yang et al. 2001). In this
study, the MFLP technique was employed for molecular-
marker development in L. angustifolius.
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Materials and methods

Plant materials

The parents and progeny from a cross between 75A:258 (resistant
to PSB) and Unicrop (susceptible to PSB) of L. angustifolius used
in this study were from Shankar et al. (2002). A random popula-
tion consisting of 173 F, individuals were used for development of
molecular markers linked to the disease resistance gene in
75A:258. The parental plants and the F, individuals were assessed
for disease reaction by a non-destructive microscopical test
(Shankar et al. 2002). Plants were maintained in a 20 °C glass-
house. Four weeks after sowing, stems of the seedling plants were
excised above the second leaf node to encourage the regeneration
of two lateral branches. The axillary internode of one of the
branches was sprayed to run-off with a conidial suspension (1 x 107
conidia per ml) of D. toxica using an artist’s air brush (Williamson
et al. 1991; Shankar et al. 1996). The other branch was protected
from infection and maintained for seed production. The inocul ated
branch was excised 21 days after inoculation at the base, and
stored at —20 °C. The epidermal layers of inoculated stem seg-
ments were peeled, and stained with alcoholic lactophenol cottton
blue (Shankar et al. 1996). Plants were classified as resistant or
susceptible based on the size of coralloid hyphae observed under a
microscope (Shankar et a. 2002).

Seeds from 21 randomly selected F, plants were harvested
from regenerated and uninfected branches after disease screening.
The F; plants from each of these 21 F, plants were tested for PSB.
A F, plant was considered as homozygous resistant if all the resul-
tant F; plants were resistant to PSB. A F, plant was considered as
homozygous susceptible if al the resultant F5 plants were suscep-
tible to PSB. A F, plant was regarded as heterozygous resistant if
the resultant F; plants segregated in a ratio of 3:1 (resistant:sus-
ceptible) (Shankar et al. 2002). Leaf tissues from the parents and
from all the F, individuals were collected and stored at —20 °C
for DNA extraction. Commercial cultivars used to test the estab-
lished markers were from the Department of Agriculture Western
Australia

DNA extraction and identification of candidate molecular markers

DNA from leaf tissue was extracted as described by Raeder and
Broda (1985). Twelve representative plants, consisting of the two
parents 75A:258 and Unicrop, four homozygous resistant F,
plants, one heterozygous resistant F, plant and five homozygous
susceptible F, plants were used to generate MFLP fingerprints as
described by Yang et a. (2001). A total of 96 sets of MFLP finger-
prints were produced by using six SSR-anchor primers (Table 1)
each in combination with 16 AFLP primers (Msel-CNN) (Vos et
al. 1995). MFLP products were resolved on sequencing gels (5%
acrylamide, 7 M urea) using a Sequi-Gen GT sequencing cell
(Bio-Rad). Each gel contained 96 MFL P reactions, which consist-
ed of eight sets of MFLP fingerprints each containing the 12 indi-
vidual plants. Polymorphic DNA bands in the MFLP fingerprints,
showing evidence of correlation to disease resistance or suscepti-
bility, were regarded as candidate markers linked to the disease re-
sistance gene, and were subjected to further investigation.

Conversion of candidate markers into sequence-specific PCR markers

A piece of dried sequencing gel bearing a DNA polymorphic band
of candidate markers was excised from a MFLP fingerprint, and
heated in 50 ul of TE buffer (10 mM TrissHCI pH 8, 1 mM
EDTA) at 95 °C for 15 min. The DNA fragment was amplified in
50 ul of PCR mix containing 5 ul of the above solution as a tem-
plate, 20 pmol each of the SSR-anchor primer and the Msel-primer
(with which the original SSR-Msel fragment in MFLP was pro-
duced), 3 units of Taq polymerase (Fisher Biotec, Perth), 67 mM
of Tris-HCI (pH 8.8), 2 mM of MgCl,, 16.6 mM of (NH,),SO,,
0.09 ul of Triton X-100, 10 ug of gelatin and 0.2 mM of dNTPs.

Table1 Sequences of the six SSR-anchor primers used in MFLP
fingerprinting for generating candidate molecular markers linked
to PSB resistance in L. angustifolius

Primer name Sequence (5'-3')

MF128 DVDTCTCTCTCTCTCTC?
MF129 HVHTGTGTGTGTGTGTGP
MF51 GGGAACAACAACAAC

MF42 GTCTAACAACAACAACAAC
MF43 CCTCAAGAAGAAGAAGAAG
MF78 GGCAAGAAGAAGAAGA

aD = A+G+T,V = A+G+C
bH=A+C+T

PCR was performed using the same temperature cycles as the se-
lective amplifications in MFLP (Yang et a. 2001). Cloning and
sequencing of the amplified fragments followed standard proce-
dures (Ausubel et al. 1998).

If a candidate marker resulted from an insertion/deletion out-
side the SSR array within the SSR-Msel fragment, the polymor-
phisms were converted into a sequence-specific PCR-based mark-
er by designing two sequence-specific primers which anneal at ei-
ther end of, and internal to, the sequenced SSR-Msel fragment
(Yang et al. 2001). Primers were designed so that the annealing
temperature was approximately 52 °C calculated using the near-
est-neighbour model (Breslauer et al. 1986). Screening for the
converted marker was performed by PCR (PCR ingredients as
above except for the primers) using the two sequence-specific
primers with undigested genomic DNA as templates. One of the
two primers was labelled with y-33P as described by Vos et a.
(1995). PCR was cycled on a Hybaid DNA Express thermocycler
for 25 cycles each of 94 °C for 30's, 52 °C for 30 sand 72 °C for
1 min. The amplified products were resolved on a sequencing gel
(as described above) at 55 W for 2 h, and were detected by auto-
radiography using an X-ray film (Kodak X-Inat Blue XB-1).

If a marker resulted from variation in the number of simple se-
quence repeat units targeted by the SSR-anchor primer, one se-
quence-specific primer was designed near the Msel end of the
SSR-Msel fragment. Screening for the converted sequence-specific
marker was achieved by PCR using undigested genomic DNA asa
template with the designed sequence-specific primer in combina-
tion with the same SSR-anchor primer, with which the original
MFLP polymorphisms were produced. In this case the sequence-
specific primer was labelled with y33P to avoid the detection and
interference of the amplified SSR-SSR fragments (Yang et d.
2001).

Confirmation of linkage

The converted sequence-specific markers were tested on a random
F, population containing 173 individuals. The marker scoring data
in the F, were merged with the disease scoring data for linkage
analysis using the computer program MAPMAKER (Lander et al.
1987). The markers were also tested on 21 cultivars of L. angusti-
folius to verify the correlation of the disease phenotype and the
marker scoring data.

Results
Phomopsis stem blight resistance in 75A:258

Among the 173 F, plants from the cross 75A:258/Uni-
crop used in this study, 132 plants were identified as re-
sistant to PSB, and 41 plants were classified as suscepti-
ble. The segregation of resistant:susceptible in the F, fits
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Fig. 1A, B Identification of DNA polymorphisms associated
with phomopsis stem blight (PBS) resistance in L. angustifolius
by MFLP fingerprinting. A MFLP fingerprint produced by primer
combination of MF128 and Msel-CAA. B MFLP fingerprint pro-
duced by primer combination of MF51 and Msel-CCA. Each
MFLP fingerprint contains 12 plants, including the resistance par-
ent 75A:258 (lane 1), four homozygous resistant F, (lanes 2-5),
one heterozygous resistant F, (lane 6), the susceptible parent Uni-
crop (lane 7), and five homozygous susceptible F, plants (lanes
8-12). Arrows show the co-dominant polymorphisms associated
with PBS resistance gene Phrl

the expected 3:1 ratio (%2 = 0.156, p = 0.693), indicating
the presence of a single dominant gene for PSB resistance
in 75A:258, designated as Phrl (Shankar et a. 2002).

Identification of candidate molecular markers

Two pairs of polymorphic bands were identified as can-
didate markers linked to PSB resistance and susceptibili-
ty. The first pair was present in the MFLP fingerprint
generated by SSR-anchor primer MF128 in combination
with Msel-CAA (Fig. 1A). A common band was ob-
served in the resistant parent 75A:258 and the four ho-
mozygous resistant F,’s. The susceptible parent Unicrop
and the five homozygous susceptible F, plants showed
another common band. The heterozygous resistant F,
plant showed only one band in common with that of the
susceptible plants (Fig. 1A). Further investigation indi-
cated that a recombination occurred between this marker
and the resistance gene Phrl in this particular F, plant
(see below).
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The second pair of polymorphic bands was present in
the MFLP fingerprint produced by SSR-anchor primer
MF51 in combination with Msel-CCA (Fig. 1B). The re-
sistant parent 75A:258 and the four homozygous resis-
tant F,’s shared a common band; whereas the susceptible
parent Unicrop and the five homozygous susceptible F,
plants shared another common band. The heterozygous
resistant F, plant showed both bands (Fig. 1B).

Conversion of candidate markers into sequence-specific
PCR markers

Sequencing of the first pair of MFLP polymorphisms re-
vedled that the polymorphisms resulted from an inser-
tion/deletion outside the SSR array within the amplified
SSR-Msel fragment. A pair of sequence-specific primers
(a forward primer 5'-CAGGCACATATATCTTTATACC-
3, and a reverse primer 5-TCCAGACTGACTATA-
TTCTTAG-3') were designed, and successfully convert-
ed the MFLP polymorphisms into a sequence-specific
PCR-based marker, which we designated as “Ph258M 1"
(Fig. 2A). Ph258M 1 is a co-dominant marker containing
two alelic bands: the band M1R is linked to the disease
resistance allele, whereas the band M 1S is linked to the
disease susceptibility alele (Fig. 2A).

DNA sequencing confirmed that the second pair of
MFLP polymorphisms resulted from variation in the
number of repeat units within the microsatellite sequence
targeted by the SSR-anchor primer MF51. The MFLP
band linked to the susceptibility allele contained six
units of the AAC repeat, whereas the MFLP band
tagging the resistance allele had only five units of the
AAC repeat. A sequence-specific primer (5'-GAA-
CCATTGTAACTAAATCC-3') was designed. The MFLP
polymorphisms were converted into a sequence-specific
PCR-based marker by using the designed sequence-spe-
cific primer in combination with the SSR-anchor primer
MF51 (Fig. 2B). This converted sequence-specific marker
was designated as “Ph258M2”. Ph258M2 is a co-domi-
nant marker containing two alelic bands. The band M2R
is linked to the disease resistance allele, whereas the
band M2S is linked to the disease susceptibility allele
(Fig. 2B). Ph258M2 exhibited some stutter bands
(Fig. 2B), which is the typical banding pattern of micro-
satellite markers amplified by PCR (Chin et al. 1996;
Echt et al. 1996).

Confirmation of linkage

The two allelic bands of the marker Ph258M1 scored
44:88:41 on the random population of 173 F, individuals
from the cross 75A:258/Unicrop. The two alelic bands
of marker Ph258M2 were scored 44:91:38. Both
Ph258M1 and Ph258M2 segregated to the expected
1:2:1 ratio for a co-dominant marker in the F, (Table 2).
Linkage analysis by MAPMAKER using the data of
marker scoring and the data of disease scoring from the
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Fig. 2A, B Screening of the parents 75A:258 (lane 1) and Uni- Fig. 3 Genetic linkage (in cen-
crop (lane 2), and the resulting 22 F, individuas (lanes 3-24), tiMorgans) of the two molecu-
using molecular markers linked to PBS resistance gene Phrl in  lar markers and the disease re-
L. angustifolius. A Marker Ph258M 1 amplified by PCR with apair  sistance gene Phr1 of L. an- =T~ Phr1
of sequence-specific primers (a forward primer 5-CAGGCA- gustifolius, analysed by MAP-
CATATATCTTTATACC-3, and a reverse primer 5-TCCAGA- MAKER
CTGACTATATTCTTAG-3). M1IR: a DNA band of Ph258M1
linked to the disease resistance allele; M1S: a DNA band 57
of Ph258M1 linked to the susceptiblility alele. B Marker
Ph258M2 amplified by PCR with a seguence-specific primer
(5'-GAACCATTGTAACTAAATCC-3) in combination with a
microsatellite-anchor primer MF51 (5'-GGGAACAACAACAACS)). = Ph258M2
M2R: a DNA band of Ph258M2 linked to the disease resistance 2.1
alele; M2S; a DNA band of Ph258M2 linked to the susceptiblility .
alele T~ Ph258M1
Table 2 Chi-square test ) .
on the segreg:[tqion ratios Marker name Observed segregation Expected segregation %2 P
of marker scoringon 173 F,
individuals from the cross Ph258M 1 44:88:41 43.25:86.50:43.25 0.156 0.925
75A:258/Unicrop of L. angusti- (MIRMIRMISM19)2
folius Ph258M2 44:91:38 43.25:86.50:43.25 0.884 0.643

(M2R:M2RM 25:M 25)b

aM1R = showing homozygous M1R band; M1RM1S = showing both M1R and M1S bands; M1S =

showing homozygous M 1S band

PM2R = showing homozygous M2R band; M2RM2S = showing both M2R and M2S bands; M2S =

showing homozygous M2S band

Table 3 Correlation of marker screening and disease screening on 173 F, plants from the cross 75A:258/Unicrop of L. angustifolius

Marker name No. of F, plants scored by No. of F, plants by disease phenotype Matching rate
the markers (resistant:susceptible) (%)

Ph258M 1 Showing homozygous M 1R band: 44 44:0 100.02
Showing heterozygous M1RM 1S bands: 88 82:6 93.2b
Showing homozygous M 1S band: 41 6:35 85.4¢

Ph258M2 Showing homozygous M 2R band: 44 44:0 100.02
Showing heterozygous M2RM2S bands: 91 85:6 93.4p
Showing homozygous M2S band: 38 3:35 92.1¢

aExpressed as the number of F, plants showing the expected dis-
ease reaction (resistant) for plants having the homozygous M1R
(or M2R) band/the total number of F, plants showing homozygous
M1R (or M2R) band x 100%

b Expressed as the number of F, plants showing the expected dis-
ease reaction (resistant) for plants having the heterozygous bands

M1RM1S (or M2RM2S)/the total number of F, plants showing het-
erozygous bands M1RM 1S (or M2RM 25) x 100%

¢ Expressed as the number of F, plants showing the expected dis-
ease reaction (susceptible) for plants having the homozygous M 1S
(or M25) band/the total number of F, plants showing homozygous
M 1S (or M2S) band x 100%



Table4 Correlation of marker scoring and disease phenotype
of 21 commercia cultivars of L. angustifolius

Cultivars Disease phenotype2 ~ Ph258M 1P Ph258M2¢
Unicrop S M1s M2s
Uniharvest S M1s M2s
Uniwhite S M1s M2s
Marri S M1s M2s
Illyarrie S M1s M2s
Yandee S M1S M2s
Chittick S M1s M2s
Danja S M1s M2s
Geebung S M1s M2s
Gungurru R M1R M2R
Yorrel R M1R M2R
Warrah R M1R M2R
Merrit R M1R M2R
Belara R M1R M2R
Moonah R M1R M2R
Quilinock R M1R M2R
Myallie R M1s M2s
Kalya R M1S M2s
Wonga R M1s M2s
Tallerack R M1s M2s
Tanjil R M1s M2s

aR =resistant to PSB; S = susceptible to PSB

bM1R = showing homozygous M 1R band; M 1S = showing homo-
zygous M 1S band

¢M2R = showing homozygous M2R band; M2S = showing homo-
zygous M2S

173 F, plants suggested that Ph258M2 was 5.7 centiM-
organs (cM) from the disease resistance gene Phrl.
Ph258M1 was 2.1 cM from Ph258M2, but further away
from Phrl (Fig. 3). The log-likelihood for this linkage is
—-105.32.

The heterozygous resistant F, individual used in the
MFLP fingerprinting (Fig. 1, lanes 6) showed heterozy-
gous M2RM 2S bands by Ph258M 2, but exhibited the ho-
mozygous M 1S band by Ph258M1 (Fig. 1A and B, lanes
6; Fig. 2A and B, lanes 5). The results indicated that a
recombination occurred in the region between Ph258M 1
and Ph258M2 in this particular F2 plant.

For the marker Ph258M1, all the F, plants showing
the homozygous M 1R band were resistant; 93.2% of the
F, plants showing heterozygous M1R M1S bands were
resistant, and 85.4% of the F, plants showing homozy-
gous M1S band were susceptible (Table 3). Marker
Ph258M2 showed the same trend as Ph258M1 in that F,
plants showing the homozygous M2R band had the high-
est correlation rate (100%) between disease scoring and
the marker scoring; while F, plants showing the homo-
zygous M2S band had the lowest matching rate (92.1%)
between marker scoring and disease scoring (Table 3).

All the nine cultivars susceptible to PSB were homo-
zygous for the M1S and M2S bands by Ph258M1and
Ph258M2 (Table 4). Among the 12 resistant cultivars,
seven showed the homozygous bands M1R and M2R. The
other five cultivars exhibited the homozygous bands
M1S and M2S (Table 4).
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Discussion

The development of molecular markers linked to the
PSB resistance gene Phrl in L. angustifolius in this
study illustrates the advantages of MFLP over some oth-
er DNA fingerprinting techniques used for MAS. Similar
to AFLP, MFLP produces a much larger number of DNA
polymorphisms than RAPD or RFLP. However, each
band detected in MFLP contains a microsatellite motif
sequence. MFLP generates many co-dominant polymor-
phisms, and a large proportion of MFLP polymorphisms
can easily be converted into sequence-specific PCR
markers (Yang et a. 2001). Both Ph258M1 and
Ph258M 2 reported here were identified as co-dominant
polymorphisms in the MFLP fingerprints. Each of them
was easily converted into a sequence-specific PCR
marker. The ease of conversion of these markers is be-
cause all the sequence-specific primers were derived
from DNA sequences internal to the SSR-Msel frag-
ments amplified by MFLP (Yang et a. 2001). In con-
trast, most of AFLP polymorphisms are from variations
in restriction sites. When the internal sequences of the
AFLP fragments are used to design primers for PCR
they rarely identify the polymorphisms (Gupta et al.
1999; Shan et al. 1999).

L. angustifolius is a diploid plant species with 20
pairs of chromosomes in a genome. The accuracy of
marker screening for predicting the disease resistance
phenotype on the F, plants is greatly influenced by the
homozygosity and heterozygosity of the marker aleles,
as well as by the genetic distance. All of the F, plants
homozygous for M1R bands were resistant to PSB. This
is because a F, plant homozygous for M1R will only be
susceptible if recombination occurs at both chromo-
somes (genotype phrlphrl), and the probability of such
an event in the F, population is only 0.6% (7.8% x 7.8%).
The percentage of F, plants showing heterozygous
M1RM 1S bands being susceptible (6.8%) reflects the re-
combination rate in one chromosome between the M1R
sequence and the Phrl gene (equivaent to the genetic
distance, 7.8%). In contrast, a F, plant homozygous for
the M1S band will be resistant if recombination occurs
on either or both of the two chromosomes, and the prob-
ability of such an event is 15.6% (7.8% + 7.8%).

The commercial cultivars of L. angustifolius tested in
this study were bred in Western Australia. All nine com-
mercial cultivars susceptible to PSB showed the homo-
zygous M 1S and M 2S bands by Ph258M 1 and Ph258M 2,
which is consistent with the fact that these susceptible
cultivars do not possess the resistance gene Phrl. In ad-
dition to Phrl, there are other resistance genes confer-
ring resistance to PSB in L. angustifolius (Shankar et al.
2002). Among the 12 resistant cultivars, seven were ho-
mozygous for the M1R and M2R bands. The other five
resistance cultivars were homozygous for the M1S and
M2S bands, indicating that M1R and M2R are specific to
the Phr1 gene. It should be noted that the presence of the
M1R and M2R bands in a cultivar does not necessarily
imply that the cultivar contains the Phrl gene. A good
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example is cv Merrit, which showed the homozygous
M1R and M 2R bands. However, traditional genetics anal-
ysis revealed that Merrit contains a single dominant re-
sistance gene other than Phrl against PSB (Shankar et
a. 2002). Therefore, it is of paramount importance that
the presence of the Phrl gene and the linkage to the
markers of the resistant parental line in a cross must be
verified before these phomopsis resistance markers are
used for screening the progeny for MAS in a lupin
breeding program.

The two molecular markers linked to PSB resistance
gene Phrl in L. angustifolius established in this study
are useful for MAS. Both markers are co-dominant,
which offers the benefit for breeders selecting F, indi-
viduals with a high proportion homozygous for the resis-
tance gene (Phr1Phrl). Thisis impossible to achieve by
traditional glasshouse screening, which can not distin-
guish between genotypes Phr1Phr1 and Phrlphrl in the
F,. Screening using these markers is less tedious than
glasshouse tests. Since both markers are on the same side
of the resistance gene Phrl, and Ph258M2 is closer to
Phrl than Ph258M1, we recommend that Ph258M2 be
implemented in practical MAS in lupin breeding. How-
ever, Ph258M 1 has the advantage over Ph258M?2 that it
does not produce stutter bands and is therefore easier to
score.
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