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Abstract Barley isthe most sensitive among the cereals
to auminium (Al) stress and breeding for more tolerant
cultivarsis a priority. To enhance selection efficiency for
Al tolerance in barley, PCR-based AFLP and microsatel-
lite markers linked to a locus conferring tolerance to alu-
minium were identified. The study used F, progeny de-
rived from a single cross between Yambla (moderately
tolerant of Al) and WB229 (tolerant of Al) and devel-
oped hydroponic pulse-recovery screening methods to
assess tolerance of phenotypes based on root growth.
The segregation ratios of tolerant and sensitive geno-
types and F5 progeny testing suggest that a single major
gene controlled Al tolerance (Alt). In order to determine
the chromosomal location of the Alt gene, we used the
AFLP technique coupled with bulk segregant analysis.
We evaluated tolerant and sensitive bulks using 30 com-
binations of EcoRI/Msel primers, and 12 of these permit-
ted differentiation of the sensitive and tolerant bulks.
More than 1,000 amplified fragments were obtained, and
98 polymorphic bands were scored. AFLP analysis of
wheat-barley chromosome addition lines indicated that
the Alt gene was located on barley chromosome 4H.
Four chromosome 4H-specific microsatellite markers
(Bmac310, Bmag353, HVM68 and HYMCABG) were
tightly linked to Alt. The large alelic variation detected
with microsatellite marker Bmag353 allowed us to im-
plement this marker for routine marker-assisted selection
for Al tolerance, and 396 plants could be screened on a
single gel.

Communicated by B.S. Gill

H. Raman ([ ]) - J.S. Moroni - B.J. Read - B.J. Scott

NSW Agriculture, Wagga Wagga Agricultural Institute, PMB,
Pine Gully Road, Wagga Wagga, NSW 2650, Australia
e-mail: harsh.raman@agric.nsw.gov.au

Fax: +61-2-69381822

K. Sato
Research Institute for Bioresources, Okayama University,
Kurashiki, 710-0046, Japan

Keywords AFLP - Microsatellites - Bulk segregant
analysis - Linkage mapping - Aluminium tolerance -
Marker-assisted selection

Introduction

Acid soils are commonly found in various parts of the
world and include 1.5 billion hectares of cultivated lands
(Baier et al. 1996). In Australia, soil acidity affectsin ex-
cess of 90 million hectares of agricultural land and ac-
counts for economic losses between $300 and $400 mil-
lion (Watson 1998). In very acid soils (PHcyy, - <5.0),
aluminium (Al) is the dominant element of concern, and
the yield potential cannot be achieved because of Al tox-
icity caused by Al3* ions (Kochian 1995; Scott et al.
1997). The toxic ions are released into solution and in-
hibit root cell division and cell elongation and DNA syn-
thesis; this damage to roots impedes water and nutrient
acquisition, transport of essential nutrients and, as a re-
sult, grain yield and quality (Foy 1984; Scott et al.
1997). Furthermore, Al toxicity can accentuate a prob-
lem with drought even in well-managed soils. Several
approaches have been used to increase productivity on
these soils, including soil and crop improvement. Liming
can easily ameliorate soil acidity. However, while thisis
cost-effective for ameliorating acid surface sails, it is not
feasible to lime strongly acid subsoils (Foy 1992). Selec-
tion and development of varieties tolerant to Al is a less
expensive alternative or additional strategy (Foy 1996).
Among the winter cereals, barley is the most sensitive
to Al (Mugwira et al. 1976; Scott and Fisher 1993).
However, a wide range of genetic variability for toler-
ance of Al occurs (Foy et al. 1965) and has been exploit-
ed by conventional breeding (Read and Oram 1995). To
expedite the transfer and selection of gene(s) for Al tol-
erance, a number of methods of screening for Al toler-
ance have been used with varying degrees of reliability;
these methods include pot assays (Foy 1996), hydropon-
ic methods (Berzonsky and Kimber 1986; Ma et al.
1997), a chlorophyll fluorescence test (Moustakas et al.



1993) and haematoxylin staining (Polle et al. 1978;
Minellaand Sorrells 1992; Cancado et al. 1999; Gallardo
et al. 1999). Most of these methods are labour-intensive,
time-consuming, can handle only small populations and
are not able to discriminate heterozygotes. Hence, there
is a need to develop a rapid, reliable and cost-effective
screening system for large-scale screening of Al-tolerant
germplasm of barley. Molecular markers are highly re-
garded as an efficient selection tool to indirectly select
traits linked to them.

Although the inheritance of Al tolerance in barley is
reported to be under the control of a single gene (Reid et
al. 1971; Minellaand Sorrells 1992), varying segregation
ratios have been observed (Minella and Sorrells 1992).
The gene conferring tolerance to Al (Alp) from the vari-
ety Dayton has been located on barley chromosome 4H
(Minella and Sorrells 1997) and has recently been
mapped using an F, population of Dayton (tolerant)/Har-
lan Hybrid (moderately tolerant) with restriction fragment
length polymorphism (RFLP) markers (Tang et a. 2000).

Polymerase chain reaction (PCR)-based techniques
have been used to identify molecular markers associated
with various traits of agronomic importance. The ampli-
fied fragment length polymorphism (AFLP) technique
(Vos et al. 1995) has been considered to be the most
powerful in revealing the highest level of DNA polymor-
phism and is extensively being used to map qualitative
and quantitative trait loci. AFLP markers have a high
multiplex ratio as compared to other available marker
systems (Powell et al. 1996). Bulk segregant analysis
(BSA) permits efficient screening for molecular markers
on bulked DNA pools rather than using DNA from indi-
vidual plants (Michelmore et al. 1991) and has been ex-
tensively used to develop markersin various crops.

The investigations reported here were conducted to
(1) determine the genetic control of Al tolerance and its
chromosomal location in the Australian line WB229, de-
rived from an Al-tolerant New Zealand cultivar, Kaniere
and (2) to identify tightly linked molecular markers suit-
able for routine marker-assisted selection.

Materials and methods
Mapping and validation population

Two genotypes of two-row barley, Yambla (moderately tolerant to
Al) and WB229 (advanced breeding line with tolerance to Al, de-
rived from O’ Connor/Kaniere) were used to map Al tolerance. A
single Yambla/WB229 F, plant was selfed, and 67 randomly cho-
sen F, plants were used for linkage mapping. After scoring for Al
tolerance in solution culture, the F, plants were transplanted into
pots and allowed to self to produce F; families for progeny testing.
The usefulness of the microsatellite markers linked with the Al-
tolerance gene was investigated using a validation population of
98 F, plants derived from WB229/Mimosa from a single F; plant.

Screening of the mapping population for aluminium tolerance

Seedlings of both parents, WB229 and Yambla, and their F, prog-
eny were screened for Al tolerance in a solution culture system us-
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ing a modified pulse-recovery method (Berzonsky and Kimber
1986). The screening process is outlined in method 1 in Table 1.
Seeds were surface-sterilised in 1.2% sodium hypochlorite for
20 min and germinated overnight at room temperature in an aerat-
ed nutrient solution. Germinated seeds were laid on a plastic
mesh, crease down, suspended over 10 | of a complete nutrient so-
lution and were grown for 6 days at 21 °C. The nutrient solution
contained (uM): Ca, 1,000; Mg, 400; K, 1,000; NO;, 3,400; NH,,
600; PO,, 100; SO,, 401.1; Cl 78; Na, 40.2; Fe, 20; B, 23; Mn, 9;
Zn, 0.8; Cu, 0.30; Mo, 0.1. Iron was supplied as Fe-EDTA pre-
pared from equimolar amounts of FeCl; and Na,EDTA. For the
first 3 days of germination the container was covered with black
plastic. Seven days after germination, four seedlings of the parents
and 67 F, seedlings were transferred to a 45-1 tank containing the
complete nutrient solution. Each seedling was mounted with strips
of polyurethane foam on a plastic frame, which covered the tank.
The frame consisted of a 1.2-cm plastic grid covered with a thick
polyethylene sheet white on one side and black on the other. The
white surface of the plastic was facing upward, thus shielding the
nutrient solution from light to inhibit algal growth. Holes were
made on the sheet equi-distantly to accommodate each seedling
separately. Plants were grown in a heated and evaporatively
cooled greenhouse at a day/night temperature of 24/18 °C under a
16/8-h (day/night) photoperiod. Solution temperatures were main-
tained at 19 °C by immersing the tank in a common water bath,
which was being cooled by a refrigerated unit. When required,
supplementary light was provided by 4 HID high-pressure sodium
lamps located 1.3 m above the plant bases.

Upon transfer of the seedlings, 100 uM of Al was superim-
posed over the basal nutrient solution for the pulse step. The solu-
tion was adjusted to pH 4.0, and the pulse stress maintained for 4
days. For the recovery step, 12 days after germination, the solution
was replaced with a nutrient solution containing an Al concentra-
tion of 50 uM. Except for the first day of the pulse stress, all nutri-
ent solutions were adjusted to pH 4.3 with HCI, and solutions
were constantly aerated. Nutrient solutions were adjusted periodi-
cally with deionised water to compensate for water 10ss by evapo-
ration and transpiration. Seventeen days after germination, plants
were scored three times for root recovery. The plants showing
both re-growth of seminal roots and new lateral roots were scored
as Al-tolerant (+), whereas the plants failing to show any re-
growth or new growth were scored as Al-sensitive (-). Plants hav-
ing seminal root re-growth but not new lateral roots or plants
showing new lateral roots but not re-growth of seminal roots were
designated as intermediate in tolerance to Al (+/-).

To confirm Al tolerance of the mapping population a progeny
test of F; lines derived from each selected F, plant was performed
following the methodology described above but with minor modi-
fications, as shown in method 2 in Table 1. F; seed samples from
the 17 Al-tolerant and 17 Al-sensitive F, plants selected for the
BSA were used for the progeny testing. After surface sterilisation,
the seeds were germinated overnight in a solution of the systemic
fungicide Vitavax (0.005 g I-1) to prevent fungal growth during
screening. Six days after germination, the seedlings were trans-
ferred to four 45-1 tanks containing a complete nutrient solution.
Each tank contained, randomly distributed, five seedlings of each
parent and three seedlings from each F; line. Thus, a total of 12
seedlings per F; line were tested. For the Al pulse step, 50 uM of
Al was superimposed over the basal nutrient solution and the pH
adjusted to 4.3. Four days later, a further 50 uM of Al was added,
bringing the total Al concentration to 100 uM. For the recovery
step, 12 days after germination, the solution was replaced with a
nutrient solution containing an Al concentration of 10 uM. Four-
teen days following germination, the plants were scored for Al tol-
erance using the criteria described above.

Screening of the validation population for aluminium tolerance

The WB229/Mimosa F, population consisted of 98 randomly se-
lected individuals and was screened in similar growing conditions
but with some modifications as outlined in method 3 of Table 1 to
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Table 1 Solution culture pulse-recovery screening methods

Stage Method 1 Method 2 Method 3
Day WB229/YamblaF, Day WB229/YamblaF; Day WB229/MimosaF,

population families population
Seed 0  1.2% NaOCI for 20 min 0 Asinmethod 1 0 Asin method 1
sterilisation
Germination 0  Overnight at room 0  Overnight at 18°-20 °C 0 Asin method 2

temperature (21 °C) in an aerated solution

in aerated deionised water of Vitavax (0.005 g I-%)
Pre-treatment  1-6 On mesh in contact with 1-6 Asinmethod 1 14 Onmesh in contact with complete
growth complete nutrient solution, aerated nutrient solution, at 21 °C;

at 21 °C; under black plastic under black plastic for 2 days

for 3 days
Growth 7  Transplanted to plastic frames 7 Asin method 1 Glasshouse at 16°/24 °C
conditions on tanks of complete aerated (night/day) temperature, 16/8-h
for treatment nutrient solution at 19 °C. (day/night) photoperiod. Seedlings
and recovery Glasshouse at 18°/24 °C were not transplanted

(night/day); 16/8-h (day/night)

photoperiod
Treatment 7-11 Add 100 uM Al to pH 4.0; 7-10 Add 50 uM Al and adjust 4 Add 50 mM Al and adjust
pulse on day 8 adjusted to pH 4.3 topH 4.3 topH 4.3

11 Al adjusted to 100 uM 5 Roots stained with haematoxylin

Recovery 12-17 Complete nutrient solution 12-14 Complete nutrient solution 5-8 Complete nutrient solution plus

plus50 uM Al at pH 4.3 plus 10 uM Al and adjusted 10 uM Al and adjusted to pH 4.3

topH 4.3

Assessment 17  Tolerant: both re-growth 14  Asinmethod 1 6-8 Daily measurements of root

of seminal roots and new
lateral roots Sensitive:

no re-growth nor new laterals
Intermediate: either re-growth
or new laterals

re-growth used to calculate relative
root growth and ranked to give
tolerance classes

optimise differences between parents. After 4 days of growth, a
24-h Al pulse step consisting of 50 uM Al was imposed on the
seedlings. This was followed by 3 days of recovery in a solution
consisting of 10 uM Al. Roots were stained with a haematoxylin
solution prior to being transferred into the recovery solution, a
procedure which enabled a better determination of the position
from which root re-growth occurred. Daily measurements of root
re-growth were taken on 3 consecutive days and used to determine
the relative root growth rate (RRG) of each individual seedling.
Ranking of RRG was used to classified genotypes as tolerant, sen-
sitive or intermediate with respect to response to Al.

DNA extraction

DNA was isolated from the young leaves (8-10 cm long) collected
from 10- to 14-day-old seedlings of each genotype in 2-ml round-
bottom Eppendorf tubes as described earlier (Raman and Read
2000). A single plant was used to represent a genotype.

Bulk segregant analysis (BSA)

To identify the molecular markers linked with the Al-tolerance
gene, we formed two DNA pools, each consisting of 17 F, plants
displaying either the tolerant or sensitive reaction to Al, and car-
ried out BSA (Michelmore et al. 1991) using the AFLP technique
(Vos et a. 1995). The bulks were made by pooling equal amounts
of 17 pre-amplified DNAs obtained from tolerant or sensitive
progeny of Yambla/WB229. Thirty primer combinations of five E-
primers with ACA, AGG, ACG, ACC and ACT and six M-prim-
erswith CAA, CAC, CAT, CTT, CTA and CTC were used to study
polymorphism between the tolerant and sensitive bulks. Twelve
primer combinations exhibiting polymorphism among bulks were
further analysed using each single plant DNA from the respective
F,s to estimate their inheritance and linkage distances.

AFLP analysis

AFLP marker analysis was conducted using the Large Genome
AFLP System 1 (Life Technologies, Gaithersburg, MD.) essential-
ly as described by Vos et a. (1995). About 200 ng DNA of each
line was digested with EcoRI and Msel enzymes, and the restric-
tion fragments were ligated with double-stranded EcoRI/Msel
adapters. Primers with one additional nucleotide (EcoRI primer +
A and Msel primer + C) were used for pre-amplification, whereas
primers with three additional nucleotides were used for selective
amplifications. The ligated DNA fragments were amplified in a
25-ul volume. EcoRI primers were end-labelled using y-[33P]ATP
(Amersham Pharmacia, UK) and T4 polynucleotide kinase
(Promega, Madison, Wis.). Selective amplifications were carried
out in a total reaction volume of 20 ul containing 6 ng labelled
EcoRI primer, 30 ng unlabelled Msel primer, 1xPCR buffer
(20 mM Tris HCI pH 8.4, 50 mM KClI), 1.5 mM MgCl, and 1 U
Taqg polymerase (Promega). Amplifications were performed in an
Omni E thermocycler with Hot-Lid using the following modified
conditions for selective amplification: one cycle at 94 °C for 30 s,
65 °C for 30 s, 72 °C for 60 s, followed by nine cycles, each de-
creasing by 1 °C; finally by 23 cycles of 94 °C for 30 s, 56 °C for
30sand 72 °Cfor 60 s.

The amplified products were equally mixed with formamide
loading buffer [98% formamide, 10 mM EDTA pH 8.0, 0.25%
bromophenol blue and 0.25% xylene cyanol FF (w/v)] and dena-
tured at 90 °C for 3 min. The denatured PCR products (3 ul) were
loaded on the gels (0.4 mm). Electrophoresis was carried out at a
constant temperature and wattage (50 °C, 120 W) for 90-120 min
using 1x TBE buffered 6% polyacrylamide gels (19:1 acryl-
amide:bis acrylamide; Bio-Rad, Hercules, Calif) containing 7 M
urea, 1x TBE buffer (Maniatis et a. 1982). The gels were trans-
ferred onto Whatman 3 MM filter paper and dried at 85 °C for 2 h
on a gel-drier (Bio-Rad). The dried gels were exposed at room
temperature for 16-20 h to X-ray sheets (Biomax-MR, Kodak) us-
ing alow-energy screen (Integrated Science) and developed.



Microsatellite analysis

Since Minella and Sorrells (1997) mapped the Alp gene on chro-
mosome 4H, we decided to test 4H as a potential source of alu-
minium tolerance genes from WB229. Microsatellites already
mapped on barley chromosome 4H (Liu et al. 1996; Ramsay et al.
2000) were synthesised by Life Technologies (Gibco-BRL, Aus-
tralia) from published sequences and analysed as follows. The for-
ward primer of each pair was end-labelled using 1,850 Bq of y-
[33P]ATP (Amersham-Pharmacia). Amplifications were performed
in 12.5-ul reactions, each containing 50 ng DNA, 6 pmol of both
primers, 200 uM each dNTP, 1.5 mM MgCl,, 1x PCR buffer A
(Promega) and 0.5 U Tagq DNA polymerase (Promega) in 0.5-ml
thin-walled microfuge tubes (Integrated Science). The PCR prod-
ucts were analysed on denaturing 6% polyacrylamide gels (Bio-
Rad; 19:1, acrylamide:bis acrylamide) in 1x TBE buffer (Maniatis
et a. 1982). We employed multiple loadings of PCR products onto
the sequencing gel allowing 396 samples to be analysed concur-
rently. The gels were run at a constant temperature and wattage
(50 °C, 120 W) for 90 min. Drying of the gel and autoradiography
was performed as described previously.

Linkage mapping and statistical analysis

AFLP and microsatellite markers were scored manualy either as
“A” (homozygous, for WB229 allele) “B” (homozygous, Yambla
alele) or “H” (heterozygous), and missing data were scored as “-".
Linkage analysis was performed on F, segregation data using
MAPMANAGER QTX07 (Manly and Olson 1999). Genetic distances
were calculated using the Kosambi function. The closely linked
AFLP markers were mapped onto specific chromosomes using
wheat-barley disomic addition lines (kindly supplied by Dr. A. K.
Islam, University of Adelaide, Australia and by CSIRO, Canberra)
for chromosomes 2H, 3H, 4H, 5H, 6H, 7H and ditelosomic addi-
tion lines for 1H, 4H (Islam et a. 1981; Shepherd and Islam
1981). The relative distance between the gene conferring Al toler-
ance and the markers was further estimated using microsatellites.
A Chi-square test was performed to check for goodness of fit be-
tween the expected Mendelian ratio and observed AFLP and mi-
crosatellite segregation data. Markers showing distorted segrega-
tion for dominant and co-dominant loci (not 3:1 or 1:2:1) were ex-
cluded from the linkage mapping. Two loci were considered
linked if the likelihood ratio statistic was greater than 30 using
linkage criterion P = 0.0001.

Validation and routine marker assisted selection for Al tolerance

To expedite routine simple sequence repeat (SSR) analysis suit-
able for marker-assisted selection (MAS), we used two approach-
es. (1) radiolabelled primers were used for PCR amplifications
and multiple (four) loadings were performed on a sequencing gel,
and (2) unlabelled primers (6 pmol of each primer pair) were used
for PCR amplifications and the PCR products were either separat-
ed on 6% denaturing acrylamide gels at 300 V for 120-150 min or
on 3% TAE buffered agarose gels (2% low-melting, high-resolu-
tion agarose and 1% norma DNA grade agarose; Progen Indus-
tries, Australia). The gels were stained with ethidium bromide
(0.5 ug mi-1), visualised under a UV transilluminator and photo-
graphed with Polaroid type 667 film.

Results
Phenotype of F,s derived from Yambla/WB229
The pulse-recovery method discriminated between Al-

tolerant, -sensitive and -intermediate genotypes. Root
growth of all plants ceased during the pulse stage. Dur-
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Fig. 1 Root growth of Yambla, WB229 and their F,s in the nutri-
ent solution after the recovery from Aluminium stress. A Yambla,
B WB229, C F, tolerant, D F, sensitive

ing the recovery stage, however, the Al-tolerant WB229
showed seminal root re-growth as well as growth of lat-
eral roots, while the moderately Al-tolerant Yambla did
not show any root growth (Fig. 1). Thus, WB229 was
scored as Al-tolerant, while Yambla was scored as Al-
sensitive at this concentration of Al. Among the 67 F,
plants of Yambla/\WWB229 screened, 17 were scored as
Al-tolerant, 33 as intermediate in tolerance and 17 as
sensitive to Al, when seminal and lateral re-growth was
used as criteria for selection. This distribution fitted a
1:2:1 Mendelian ratio for monogenic segregation and
suggested that a single gene controlled Al tolerance in
the F, progeny from the Yambla/WB229. However, Al
tolerance was found to vary with the parameters of scor-
ing. When seminal root re-growth was taken as the sole
criterion, the F, progeny segregated into 3:1 ratio, as
seminal roots of intermediates grew to the same degree
of those of the tolerants.

To confirm Al-tolerance gene expression in the F,s of
the Yambla/WB229 population, F; progeny testing was
conducted. Root growth of all plants ceased during the
pulse stage. During the recovery stage, the Al-tolerant
WB229 showed consistent seminal root re-growth as
well as growth of lateral roots, while the Al-sensitive
Yambla did not show any root growth. Significant dis-
crimination between tolerant and sensitive response to
Al stress was observed between parents and F5 lines. The
F, families did not exhibit significant segregation within
themselves (%2 = 0.006, P > 0.995). Among the 17 Al-
tolerant F, lines, only one showed a 1:1 segregation ratio
in F; for Al-tolerant and Al-sensitive plants, indicating
that the F, parent was wrongly classified as tolerant in-
stead of intermediate. Despite this mis-classification, the
segregation data clearly showed that a single gene con-
trolled Al tolerance in WB229.
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Table 2 Chi-sguare test for the segregation of AFLP markers
in F, population of Yambla/WB229 (E EcoRI, M Msel)

Primer combination Bands Polymorphica
amplified segregating
(no.) bands (%)
E-ACC/M-CAA 115 6.1
E-ACC/M-CAC 77 13
E-ACC/M-CTA 104 29
E-ACC/M-CTC 104 29
E-AGG/M-CTT 83 24
E-AGG/M-CTC 70 4.3
E-ACG/M-CAA 89 34
E-ACG/M-CAC 85 5.9
E-ACG/M-CAT 82 37
E-ACG/M-CTT 57 53
E-ACA/M-CTC 103 4.8
E-ACT/M-CTA 82 6.1

aNon-significant at P < 0.05

I dentification of AFLP markers linked
to the Al-tolerance locus

Among 30 EcoRIl and Msel primer combinations, 98
polymorphic loci were found between bulks of tolerants
and sensitives. Twelve different primer combinations en-
abled differentiation of tolerant and sensitive bulks, and
1,068 selectively amplified fragments were obtained (Ta-
ble 2). All the polymorphic loci exhibited normal Men-
delian segregation. Forty-three loci were found to be
linked with Al tolerance. However, eight AFLP markers
— E-ACC/M-CAAa, E-ACC/M-CAAc, E-ACC/M-CAAfT,
E-ACC/M-CAAg, E-AGG/M-CTTa, E-AGG/M-CTTh,
E-ACG/M-CATa and E-ACT/M-CTAb — were tightly
linked with the Al-tolerant locus as no recombination be-
tween the markers and Al tolerance was detected. The
alleles E-AGG/M-CTTa, E-AGG-M/CTTh, E-ACC/
M-CAAa, E-ACC/M-CAAe and E-ACC/M-CAATf were
linked with sensitivity to Al. However, the other markers
E-ACC/M-CAAc, E-ACG/M-CAAa, E-ACT/M-CTAD,
E-ACG/M-CACc were linked with the allele associated
with Al tolerance. These AFLP markers were associated
in cis (coupling phase) with the dominant Al-tolerance
allele and no co-dominant AFL P bands were detected.

Chromosomal location and mapping
of Al-tolerance locus

To determine the chromosomal location of the Al-toler-
ance locus, we mapped the linked AFLP fragments on
di-telosomics and wheat-barley addition lines. Among
the 43 AFLP markers linked to Al tolerance, only three
loci detected with E-ACG/M-CAAa, E-ACC/M-CAAf
and E-ACT-CTAb could be mapped on the 4H chromo-
some of barley. To find markers associated in the repul-
sion phase with the Al-tolerance locus and suitable for
routine MAS, we employed co-dominant microsatellite
markers and sequence-tagged site (STS) markers already
mapped on barley chromosome 4H to study polymor-
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Fig. 2 Linkage map of aluminium-tolerance locus on 4H in Yam-
bla/WB229

phisms. Among 15 microsatellites markers, ten markers
— HVM3, HVM67, HVM68, HVM77, HVRCABG,
Bmac84, Bmag353, Bmac310, EBmac906 and GM S89 —
were polymorphic for Yambla and WB229 and showed
norma Mendelian segregation (3:1). However, the mi-
crosatellites HVM 77, EBmac906, GMS89, HVRCABG
showed small variations in alele size. The other markers
— HVM13, Bmac30, Bmac181, WMS6 and Bmag384 —
were not polymorphic. The three STS markers, ABG472,
WG464 and ABG319, also did not yield any polymor-
phisms. The HVM67 microsatellite did not show any
linkage with the Al-tolerance gene in WB229 but has
been mapped previously on the linkage map of Step-
toe/Morex on the distal end of 4H (Liu et al. 1996).
However, the other microsatellite markers HVMGE8,
Bmag353, Bmac310 and HVRCABG were closely
linked with Al tolerance. All eight AFLPs and microsat-
ellite markers Bmac310 and HVRCABG co-segregated
with Al tolerance and map in a cluster. On the basis of
available data on AFLP and microsatellite markers, the
order of markers around the Al-tolerance gene was deter-
mined as: Bmac84 (3.1+1.6)-HVM77 (1.6£1.1)-HVM3
(1.6£1.1)-E-ACT/M-CTAD//E-AGG/M-CTTal/E-AGG/M-
CTTh//E-ACC/M-CAAg//Bmac310//Al-tolerance genel/
HVRCABGI//E-ACC/M-CAAC/E-ACC/IM-CAAT (1.6
1.1)-Bmag353/HVM68-(9.8+2.9)-E-ACG/M-CTTa 1.6+
1.2)-E-ACC/M-CAAe (10.0£3.0)-E-ACG/M-CAAc. All
of the microsatellite markers linked to the Al-tolerance
locus in this investigation map near the centromere of
4H and cluster within 2-5 cM (Fig. 2). Unlike previous
reports, we have found that the microsatellites HVM68,
EBmac906, GMS89, HVM67, HVRCABG, HVMS3,
Bmag353, Bmac310 and Bmac0084 were dominant and
unable to distinguish heterozygous genotypes in the F,
population of Yambla/WB229. Among the heterozygous
genotypes, primers were observed to have the tendency
to amplify the microsatellite alele associated with Al
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Table 3 Prediction of geno-

types of F, plants based Marker Genotype2 Marker-assisted selection  Solution culture  Prediction accuracy
on the flanking microsatellite (Plant no.) (plant no.) (%)
markers for the Al-tolerance |o-
cus in the WB229/Mimosa Bmag353 ;'__' ég 1212 ggg
population s 24 24 100.0
Bmac310 T 24 24 100
aT, Tolerant; H, heterozygote; g gg gg %88
S, sensitive
M1 23 456 7 8 910111213 ers linked to Al tolerance clearly demonstrate that these
ah markers can be used in different genetic backgrounds.
== o Bulk segregant analysis proved to be an efficient method
k to identify molecular markers especialy linked with
gualitative genes. The microsatellite markers HVM3,
i HVM77, Bmac310 and HVRCABG have been reported
'5—'_:‘._"-______ = ' to be localised near the centromere of chromosome 4H
- . . --. on linkage maps of barley in Steptoe/Morex, Igri/Franka

Fig. 3 Segregation pattern of microsatellite marker Bmag353
among F, derivatives of YambladWB229. Lanes: 1-7 F, deriva-
tives of Yambla/WB229, 8 heterozygote of Yambla/WB229,
9 Yambla (sensitive to Al), 10-11 WB229 (tolerant to Al), 12 Mi-
mosa, 13 heterozygote of WB229/Mimosa

tolerance and not the allele associated with sensitivity.
This observation was confirmed by template mixing of
genotypes of known tolerants and sensitives (data not
shown). However, the microsatellite marker Bmag353
detected the heterozygous genotypes in the validation F,
population of WB229/Mimosa (Fig. 3). Furthermore,
heterogeneity between individual loci within Al-tolerant
genotypes was also found among derivatives of Yam-
bla/WB229 and WB229/Mimosa (Fig. 3).

Validation of microsatellite markers for Al tolerance

To validate the usefulness of the developed markersin a
different genetic background, an F, population derived
from WB229/Mimosa was used. The microsatellite
markers allowed selection of individuals on the basis of
their genotypes and correctly predicted the Al-tolerance
phenotypes of the seedlings (Table 3).

Discussion

Conventional methods for Al-tolerance screening such as
field evaluation, soil/pot assay and solution culture as-
says are resource demanding. The molecular markers
that we have developed are very efficient and can handle
large populations in a limited time and space. Further-
more, these markers are PCR-based and can employ leaf
tissue or sap as template for allele detection (Raman and
Read 1999), thus avoiding the high cost of DNA extrac-
tion. Our results on the validation of microsatellite mark-

and Lina/Canada Park (Liu et a. 1996; Perovic et al.
2000; Ramsay et al. 2000). Heterogeneity between indi-
vidual loci within Al-tolerant genotypes was also found
among derivatives of Yambla/WB229 and WB229/Mi-
mosa, which may be attributed to mutations. Variable
mutation rate has been reported in some SSRs (Mahtani
and Willard 1998).

Our results reveal that a single gene controls Al toler-
ance in WB229 and that it is probably derived from the
Al-tolerant line Kaniere from New Zealand. Monogenic
inheritance of Al tolerance has also been reported in
Dayton barley, but the expression of tolerance was re-
ported to be dependent upon Al concentration and allele
dose (Minella and Sorrells 1992). We determined that the
Al-tolerance gene in WB229 is located on the long arm
of chromosome 4H. Minella and Sorrells (1997) mapped
the Alp gene on 4H and Tang et al. (2000) confirmed this
location. Likewise, Stoelen and Andersen (1978) have
also mapped the gene (Pht) for tolerance to acid soils,
possibly the same gene, on chromosome 4H. These stud-
ies indicated that the Al-tolerance gene(s) are conserved
on the 4H chromosome. Aluminium tolerance in wheat
(AltBH; Riede and Anderson 1996) was located on wheat
chromosome 4DL and Al tolerance in rye (Alt3; Aniol
and Gustafson 1984) was located on chromosome 4R.
These chromosomal regions are homoloeogous and,
hence, it is possible that these cereals may have derived
from a common ancestor and have conserved genes asso-
ciated with Al tolerance. Recently, Tang et al. (2000) re-
ported that Alp is orthologous to the wheat AltBH gene
as the relative position of Alp and AltBH isidentical with
respect to a common set of molecular markers.

The understanding of different alleles/genes associat-
ed with Al tolerance will allow the development of
breeding strategies for manipulating and improving Al
tolerance in barley germplasm. Furthermore, efficient
screening of barley for Al tolerance and the subsequent
selection of tolerant genotypes using tightly linked mark-
ers may also provide a means of extending its cultivation
on to acid soils.
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