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Abstract

The objective of this study was to identify restriction fragment length polymorphism (RFLP) markers
linked to Quantitative Trait Loci (QTL) that control aluminum (Al) tolerance in maize. The strategy used was
bulked segregant analysis (BSA) and the genetic materials utilized were the F,, F, and F4 populations derived
from a cross between the Al-susceptible inbred line L53 and Al-tolerant inbred line LI327. The populations were
evaluated in a nutrient solution containing a toxic concentration of Al (6 ppm) and relative seminal root length
(RSRL) was used as a phenotypic measure of tolerance. The RSRL frequency distribution of the F, population
was continuous, but skewed towards Al-susceptible individuals. Seedlings of the F2 population with the highest
and lowest RSRL values were transplanted to the field and subsequently selfed to obtain F3 and F4 families. The
efficiency of the phenotypic index for selection was found to be greater when mean values were used instead of
individual RSRL values. F3 and F4 families were then evaluated in nutrient solution to identify those that were
not segregating. Based on average RSRL values, F3 and F4 families were chosen to construct the bulks. One
hundred and thirteen probes, with an average interval of 30 cM, covering the 10 maize chromosomes were tested
for their ability to discriminate the parental lines. Fifty four of these probes were polymorphic with 46 showing
codominance. These probes were hybridized with DNA from two F3 contrasting bulks and three probes on
chromosome 8 were found to be able distinguish the F3 contrasting bulks on the basis of band position and
intensity. DNA of families from the F3 bulks hybridized with these probes showed the presence of heterozygous
individuals. These three selected probes were also hybridized with DNA from F : individuals. Two of them
showed a significant regression coefficient with the character. However, each of these probes explained only about
10% of the phenotypic variance observed in 70 F2 individuals. One of the probes UMC 103 was hybridized with
DNA from 168 F4 families and the regression analysis of RFLP data showed a significant regression coefficient
with a determination coefficient of 4.7%. These results suggest that on chromosome 8 in maize there is a region
related to aluminum tolerance.

1. INTRODUCTION

A major constraint to maize production in the tropics is the excessive acidity in the
soils. In Brazil, acid savannas with low cation exchange capacity and high saturation of toxic
aluminum cover 205 million ha. of which 112 million ha are suitable for agricultural
production [1]. In most of this area, deficiencies of P, Ca, Mg and Zn are common and
saturation of toxic Al and fixation of P by soil particles are usually high [2].

Although technology for topsoil acidity correction is widely used in the tropics, there
is no easy way to remove the effects of toxic aluminum in the subsoil. Therefore, to exploit
the soil in aluminum-rich areas it is important to develop breeding programs aimed at
generating aluminum tolerant cultivars [3]. Maize breeders have identified genetic variability
for aluminum tolerance and germplasm suitable for selection is available [4-7].
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Several techniques based on evaluations under field conditions and in nutrient solutions
have been developed to screen for aluminum tolerance in maize [8]. Although maize breeders
have traditionally relied on evaluations in soils with high aluminum saturation, the use of
nutrient solutions with high aluminum concentrations has proven to be an effective way to
complement field tests. The nutrient solution technique is rapid, allows screening of many
progenies in small areas and allows better control of environmental variations, which is more
difficult to achieve under field conditions. Among the several criteria utilized to evaluate
maize aluminum tolerance in nutrient solutions, seminal root growth seems to be the most
reliable [7, 9, 11]. Using this criterion, several authors have shown that the trait is
quantitatively inherited, with predominanly additive genetic effects [6, 7, 11]. However, due
to its high heritability, the character is expected to be controlled by a small number of
genes [12].

Quantitative trait loci (QTL) controlling several important agronomic characters have
been successfully studied through the use of molecular markers, utilizing techniques such as
Restriction Fragment Length Polymorphism (RFLP) and random amplified polymorphic DNA
(RAPD) [13-16]. However, the commonly used strategies to map QTLs are laborious, time
consuming and require large number of individuals. Bulked segregant analysis (BSA) was
developed as an efficient technique to score molecular markers to specific regions of the
genome [17]. This methodology has been shown to be very efficient in studying traits
controlled by a small number of genes, and may also be utilized to study major QTLs with
large effects on the phenotype [18]. Considering the evidence that aluminum tolerance in
maize is a quantitatively inherited trait possibly controlled by a small number of genes, the
objective of this work was to identify RFLP markers linked to QTLs affecting this trait by
using bulked segregant analysis.

2. MATERIALS AND METHODS

2.1. Phenotypic evaluation

The genetic materials utilized in this study consisted of F2, F3 and F4 populations
derived from a cross between the maize inbred lines, L53 and LI327, developed by the maize
breeding program of the National Maize and Sorghum Research Center, CNPMS/EMBRAPA,
Brazil. These two lines have undergone more than ten generations of selfing. The aluminum
susceptible line (inbred L53) was derived from the open pollinated variety CMS11 (pool 21)
and the aluminum tolerant parent (inbred LI327) was derived from Cateto Colombia.

The seeds were germinated for seven days in rolled paper towels moistened with tap
water. After measurements of the initial lengths of the seminal roots (ISRL), the seedlings
were transferred to plastic plates (49 seedlings per plate) and grown in a greenhouse for seven
days in eight liters of aerated nutrient solution containing 6 ppm of aluminum in the form of
KA1 (SO4)2 [7]. On each plate there were three seedlings from each of the parental inbred
lines. During harvesting, final seminal root length (FRSL) was measured and the plants
transferred back to the nutrient solution. ISRL and FSRL were used to calculate the index
value for relative seminal root length (RSRL), where RSRL = (FSRL - ISRL)/ISRL.

In order to check the efficiency of the phenotypic index (RSRL), four inbred lines, two
Al-tolerant and two Al-susceptible were evaluated in nutrient solution containing toxic
aluminum.
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The seedlings with the greatest RSRL values (Al-tolerant) and the seedlings with the
smallest RSRL values (Al-susceptible) were transplanted from the nutrient solution to field
conditions, grown and then selfed to obtain F3 families. F3 and F4 families were also grown
in nutrient solution using the same procedure describe above. The objective was to identify
F3 and F4 families breeding true for the selected trait (Al-susceptibility at one end of the
distribution and Al-tolerance at the other end) for bulking and to eliminate the heterozygous
ones.

To obtain a phenotypic index based on average values of RSRL, 168 F4 families were
also evaluated in nutrient solution.

2.2. RFLP detection

The set of 113 RFLP markers used in this study corresponds to Pstl-digested genomic
DNA cloned into pUC19 plasmids, obtained from David Hoisington (International Maize and
Wheat Improvement Center, CIMMYT, Mexico) and from Theresa Musket (University of
Missouri, Columbia). These markers have been previously shown to identify polymorphism
in maize and are available with a linkage map data as a public set of maize RFLP probes. One
hundred and thirteen probes were selected at an average interval of 30 cM in such a way as
to cover all the maize genome. These probes were then tested for their ability to identify
RFLPs between the parental inbred lines (L53 and LI 327) when their DNAs were digested
with EcoRI, BamHl or Hindm.

The probes were labeled via amplification by the polymerase chain reaction using
digoxigenin-11-dUTP (Boehringer Mannheim).

DNA was purified from lyophilized leaf tissue using the method described by Saghai-
Maroof [19]. The DNA was quantified visually on 0.8% agarose gels by comparison with
standards of known concentration, and dissolved again to a concentration of l]ig/[i\ in TE
(lOmM Tris pH 8.0; lmM EDTA). Approximately 30ug of genomic DNA was digested with
each of the three restriction enzymes using 2.5U of enzyme per |j.g of DNA for 18 hours at
37°C. Digested DNA was loaded onto 0.8% agarose gels prepared with lx TAE buffer (40mM
Tris acetate pH 8.0; lOmM EDTA) and electrophoresed overnight at 50V.

2.3. Bulk analysis

To construct the bulks, DNA was pooled from individuals from each selected F3 or F4

family. The DNAs were extracted, quantified and bulked in a such way that in each bulk all
individuals were equally represented.

Fifty four RFLP markers previously chosen for their ability to distinguish the parental
inbred lines and their F,s were used to identify polymorphism between the contrasting bulks.

3. RESULTS AND DISCUSSION

3.1. Phenotypic response to Al stress

The RSRL value frequency distribution obtained for the F2 population is shown in
Figure 1. The mean RSRL values of the parental inbred lines (L53 and LI327) were 0.15 ±
0.005 and 0.75 ± 0.028 respectively. The F2 population showed an average RSRL of 0.43 ±
0.006 and variance of 0.058. Figure 1 shows a continuous distribution, which is typical of
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quantitatively inherited traits, with a tendency toward more susceptible individuals. However,
the recovery of parental phenotypes suggest that the aluminum tolerance may not be a
complex trait and is in agreement with past evidence that tolerance to aluminum is a
quantitatively inherited trait controlled by a small number of genes [12].

1,6

Fig. 1. Histogram of RSRL values frequency distribution obtained from the F2 population
grown in nutrient solution containing toxic concentration of aluminum. 95%
confidence intervals are: 0.15 ± 0.01 (L53) and 0.75 ± 0.06 (L1327).

In order to check the efficiency of the phenotypic index (RSRL) four inbred lines, two
Al-tolerant and two Al-susceptible, were evaluated in the nutrient solution containing toxic
aluminum. The phenotypic index obtained from the tolerant and susceptible inbred lines
showed that the index efficiency was greater when mean values were used instead of
individuals RSRL values (Fig. 2).

-=-CMS36(X=Q.62a)

•*- L1143(X=(X53b)

— L 53 (X=0.25 c)

— L19(X=0.10d)

0,08 0,24 0/41 0,57 0,73

FBJOTYPIC CLASSES (RSRL)

1,06 1,22

Fig. 2. Frequency distribution of RSRL values of Al-susceptible inbred lines (LI 9 and
L53) and A l-tolerant inbred lines (LI 143 and CMS36). Means followed by the
same letters are not statistically different at 5% significance level by the Tukey
test.
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3.2. RFLP analysis

Of the 113 selected probes, 54 were able to distinguish the parental lines and their F,,
with 46 probes showing codominance and eight showing a more complex pattern. Some
probes were polymorphic with more than one enzyme, thus a total of 73 RFLP marker loci
were identified. This number of polymorphic probes was not sufficient to provide the desired
genome coverage since they were not uniformly distributed along the 10 maize chromosomes.

From the 54 markers used to analyze the contrasting bulks three markers on
chromosome 8 (UMC48, UMC103 and CSU 155) revealed polymorphisms between them, as
a result of differences in band position and intensity as shown in Figure 3.

M

UMC103

CSU155

UMC48

56.3 cM

88.7 cM

135 cM

Fig. 3. Southern blots of parental and bulked DNA samples digested with EcoRI and probed
with UMC103 (A), CSU 155 (B) and UMC48 (C). Lane 1, L53 (Al-susceptibleparent);
lane 2, LI327 (A l-tolenmt parent); lane 3, F,; lane 4 (A l-susceptible bulk); lane 5 (Al-
tolerant bulk), lane M molecular weight marker. (<—) Arrows indicate the polymorphic
regions. (D) Schematic representaiton of polymorphic markers location on chromosome
8 [20].

Hybridization of DNA from individual members of the F3 bulks with the 3
polymorphic markers showed that about 50% of the members in each bulk were heterozygous
as shown in Figure 4. In the Al-susceptible bulk, the individuals 1 and 4 were consistently
homozygous for the 3 markers, the individuals 3, 5 and 6 were heterozygous and the
individual 4 varied. In the Al-tolerant bulk, individual 7 did not present a good resolution for
interpretation and therefore was not used. Individuals 9 and 10 were consistently homozygous;
individual 11 was heterozygous for the three markers and the individual 8 varied from one
marker to another.
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Fig. 4. Southern blots of bulked DNA samples and individual members of the bulks digested
with EcoRI and probed with UMC103 (A), CSU155 (B) and UMC48 (C). SB, Al-
susceptible bulk; TB, Al-tolerant bulk; 1 to 6, Al-susceptible individuals; 7 to 11, Al-
tolerant individuals; M, molecular weight marker. (<—) Arrows indicate the
polymorphic regions.

Explanations for the presence of heterozygous individuals in the bulks could be that
the phenotypic evaluation has not been efficient in identifying contrasting homozygous
individuals because of the trait complexity, failures in the methodology or both. Other
possibilities are the occurrence of recombination between the QTL(s) and the region where
the markers are located.

To confirm that these three probes were linked to the character, an RFLP analysis of
70 F2 individuals was carried out as shown in Figure 5. Two of the selected probes showed
a significant regression coefficient with the character. However, the determination coefficient
for each probe was low, explaining only about 10% of the phenotypic variance observed in
the 70 F2 individuals evaluated.

A further analysis using the probe UMC 103 hybridized with DNA of 168 F4 families,
digested with ZicoRI, showed a significant regression coefficient (P=0.5%) and a determination
coefficient of 4.7%.

Although the F3 and F4 bulks identified heterozygous individuals, as shown in Figures
4 and 6, the regression analysis of F2 individuals and F4 families showed that the UMC 103
marker on chromosome 8 is associated with the trait. These results agree with the findings of
Reiter et al. [14] who reported that there is a region on chromosome 8 that is highly correlated
with root growth when maize is subjected to low-phosphorus stress.
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RFLP ANALYSIS OF F2
IHSHVIPUALS

5. Southern blots of bulked DNA from Al-susceptible (BS) and Al-tolerant (BT) R3

families and from 18 F2 individuals with lowest and highest RSRL values. The DNA
was digested with EcoRI and probed UMC103. Numbers above the lanes refer to
RSRL values of the F2 individuals.

F/g. 6. Southern blots of DNA from parentals genotypes, (Susceptible - PS, Tolerant - FT),
bulked DNA from F4 families (Susceptible bulk - BS and Tolerant Bulk - BT) and
DNA from 16 F4 families with lowest RSRL means and 16 with highest RSRL means.
DNA was digested with EcoRI and probed with UMC103. Numbers above the lanes
refer to RSRL mean values of the F4 families.
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