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Abstract

Increasing genetic variability with mutagenic agents has been broadly employed in plant breeding because it has the potential to
alter one or more desirable traits. In this study, a molecular analysis assessed by amplified fragment length polymorphisms (AFLPs)
and a morphological analysis based on seedlings subjected to aluminum stress were compared. Also, an analysis of allelic frequencies
was performed to observe unique alleles present in the pool. Genetic distances ranging from 0.448 to 0.953 were observed, suggesting
that mutation inducing was effective in generating variability. The genetic distances based on morphological data ranged from 0
(genotypes 22 and 23) to 30.38 (genotypes 15 and 29). In the analysis of allelic frequency, 13 genotypes presented unique alleles, sug-
gesting that mutation inducing was also targeting unique sites. Mutants with good performance under aluminum stress (9, 15, 18, and
27) did not form the same clusters when morphological and molecular analyses were compared, suggesting that different genomic
regions may be responsible for their better performance.

Key words: variability, molecular markers, abiotic stress, aluminum to lerance

Introduction

Acid soils having high aluminum concentrations represent a  breeding because of its small genome, the availability of genetic
serious problem for the adaptation of many important cereal  and physical maps, and the completion of its genome sequence
crops (Echart.and Molina 2001). The effects of aluminum in  (Gale and Devos 1998; IRGSP 2005; Izawa and Shimamoto
toxic concentrations are critical (Bennet and Breen 1991),  1996; ). Therefore, rice can help to elucidate the understanding
becoming a limiting factor for plant growth (Foy 1974). Its dam-  of abiotic stress tolerance, shedding light on the cloning of genes
aging effect is expressed initially on roots, which become short  linked to aluminum tolerance. Evidence for a homolog in rice
and thick with a consequent reduction in root axis elongation ~ was found (Kopp et al. 2006) and its function was detected in
(Foy 1976), causing a decrease in nutrient absorption (Freitas et  rice chromosome 3 by QTL analysis (Nguyen et al. 2003).
al. 2006; Rheinheimer et al. 1994). Some of the mechanisms by Breeding programs have relied on many tools for the identifi-
which plants tolerate aluminum have recently been elucidated  cation of genetic variability (Mohammadi and Prasanna 2003).
with the cloning of ALMTI (Sasaki et al. 2004). This aluminum  The combination of molecular markers and multivariate analysis
activated malate transporter was more highly expressed in the  has the advantage of simultaneously evaluating many characters
root apices of tolerant genotypes when near-isogenic lines  for better displaying the genetic dissimilarity (Corbellini et al.
(NILs) were compared. Also, this mechanism seems to be con-  2002; Manifesto et al. 2001; Roy et al. 2004).
served between monocots and dicots (Hoekenga et al. 2006; Marker assessments of genotype collections have been
Magalhaes 2006). Rice has been considered a model for cereal  described for sorghum (Oliveira et al. 1996), barley (Ellis et al.
1997), maize (Ajmone Marsan et al. 1998), wheat (Barret and
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among genotypes in wheat (Roy et al. 2004) and oats (Benin et
al. 2003; Marchioro et al. 2003).

The objective of the present work was to estimate the genetic
dissimilarity among rice mutant genotypes assessed with AFLP
markers and compare to the estimates obtained from differences
in morphological traits under aluminum stress.

Materials and Methods

This work was carried out at the Plant Genomics and
Breeding Center, Eliseu Maciel School of Agronomy, Federal
University of Pelotas, Pelotas, RS, Brazil. Mutant genotypes
were obtained from gamma irradiation of cultivar BRS 7 “Taim”
seeds, as previously described (Zimmer et al. 2003).

Morphological analyses under aluminum stress were per-
formed on 35 rice mutant genotypes at Ms generation (Table 1).
The original cultivar BRS 7 “Taim” (sensitive) and line 2-52-4
(tolerant) were used as controls, according to previous studies
from our group (Freitas et al. 2006). The aluminum dosage used
was 15 mg L', indicated as the concentration that best discrimi-
nated rice genotypes under hydroponics (Freitas et al. 2006).
The experimental design used was completely randomized
blocks with three replications, and the experimental unit consisted
of ten seeds. Treatments were O (control) and 15 mg L' Al**. The
solution pH was adjusted daily (HC1 IN or NaOH 1N), in order
to keep it within a 3.9-4.1 range. The variables analyzed were:
coleoptile length (CL), primary root length (PRL), first leaf
length (FLL), second leaf length (SLL), and first leaf insertion
(FLI). Analysis of variance was performed considering a factorial
model and Dunnett's test at 5% was used for the comparison of
means, using the software SAS (Statistical Analysis System,
2000). The results obtained from morphological analyses were
transformed to a phenotypic genetic distance matrix calculated
using the distance of Mahalanobis (D?) using the software
GENES (Cruz 1997). A dendrogram was obtained, using the
average linkage clustering procedure (UPGMA). The fitting
between the distance matrix and the dendrogram was estimated
by using a cophenetic correlation coefficient (r) (Sokal and
Rohlf 1962) through the software NTSyS pc 2.1 (Rohlf 2000).
The average genetic distance was used as a cutoff value for the
description of clusters.

For the molecular analyses, ten seed bulks from each geno-
type were processed for DNA extraction using the CTAB
method described by Saghai-Maroof (1984). DNA samples were
gel quantified in 0.8% agarose gels stained with Ethidium bro-
mide (5 pg mL") under UV light (Sambrook et al. 1989) com-
paring with Low DNA Mass Ladder (Invitrogen - Life
Technologies). AFLP reactions were performed according to the
protocol described by the manufacturer (Life technologies -
GIBCO®). Aproximately 100 ng DNA, from each genotype, was
digested with restriction enzymes (EcoRI and Msel) for three
hours at 37 °C. Specific adaptors were added to the digestion
product and incubated for two hours at 20 °C in the presence of
T4 DNA Ligase. A 1/10 dilution in TE pH 8.0 was performed
and used as a template for the pre-amplification reaction. A new
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dilution (1/50) was performed and used as stock for the selective
amplification reactions. Restriction enzyme digestions, pre-
amplifications, and selective amplifications were performed in
PTC-100™ Termocycler (MJ Research). Pre-amplifications
using primers with one selective base were performed according
to the following PCR protocol: denaturation at 94 °C for 30 sec;
annealing at 56 °C for 60 sec and extension at 72 °C for 60 sec,
carried on for 20 cycles. The final amplification reaction using
primers with three selective bases was performed as follows:
denaturation at 94 °C for 30 sec; annealing at 65 °C (- 0.7°C
feycle) for 30 sec and extension at 72 °C for 60 sec for 11 cycles,
followed by 30 cycles with denaturation at 94 °C for 30 sec;
annealing at 56 °C for 30 sec and extension at 72 °C for 60 sec. A
total of nine primer combinations were used: Cl1: M-CAA/E-
AGG: C2: M-CTA/E-ACA; C3: M-CAC/E-AAC; C4: M-
CAG/E-ACC; C5: M-CAT/E-AGC; C6: M-CTG/E-ACT; CT:
M-CAA/E-AAC; C8: M-CAA/E-AGC; C9: M-CTG/E-AGG.
The amplification products were separated on 6% polyacry-
lamide gels under denaturing conditions and silver stained
according to Briard et al. (2000).

AFLP bands were scored as presence/absence and were used
to estimate the genetic similarity among all genotype pairs. The
calculations were performed using the NTSYS pc 2.1 software
(Rohlf 2000) using Dice's coefficient (Dice 1945). Genetic simi-
larity was transformed to genetic dissimilarity according to the
following equation: Dy=1-S;, where Dy= genetic distance for
each genotype pair (i and j) and S;= genetic similarity for each
genotype pair (i and j). Based on the dissimilarity matrix gener-
ated, a dendrogram was obtained using the UPGMA
(Unweighted Pair-Group Method with arithmetic Averages)
clustering procedure. The adjustment between the dissimilarity
matrix and the dendrogram was estimated by the cophenetic cor-
relation coefficient (r), according to Sokal and Rohlf (1962).
The average genetic distance was used as cutoff value to define
genotype clusters. To estimate the correlation (association)
between the distance matrices obtained from morphological and
molecular data, Mantel's test with 1000 permutations was per-
formed (Mantel 1967), using the NTSYS pc 2.1 software (Rohlf
2000). Allele frequencies were obtained from presence/absence

of each marker on the evaluated genotypes.

Results and Discussion

Results from the analysis of variance are shown in Table 2.
The F test (5%) detected significant effects for genotype, alu-
minum dose, and genotype vs. dose interaction, with an excep-
tion for the dose effect on variables coleoptile length (CL), first
leaf length (FLL), and first leaf insertion (FLI). These results
indicate that mutation inducing was effective in generating vari-
ability for the character aluminum tolerance, since the genotypes
presented differential responses when subjected to the treatment
levels used in this work.

The clustering analysis based on morphological data dis-
played genotypes with a range from very similar (22, 23, and
21) to very distinct (26, 29, and 15) responses (Fig. 1). The
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cophenetic matrix (r) (Rohlf and Sokal 1962), obtained from
comparing the dissimilarity matrix and the dendrogram was 0.79,
reflecting the high accuracy by which the dendrogram is dis-
playing the dissimilarity data. A determination coefficient (1) of
0.62 was obtained, indicating that 38% of the variation is at random.
Based on the average genetic similarity (5.55) as a cutoff value,
five clusters can be observed (Fig. 1): one major, two small, and
three clusters formed by only one genotype. The major cluster
included 27 genotypes (1, 8, 3, 30, 13, 31, 5, 19, 20, 21, 22, 23,
35,11, 18, 2, 33, 12, 6, 10, 7, 17, 14, 25, 36, 34, and 24) which
includes 72.97% of the genotypes (Group I). On the second
group, families 9, 28, 27, 16, and 32 presented higher similarity
(Group III ), a smaller group was formed by families 26 and 37
(Group V ). The remaining genotypes (4, 29, and 15) did not
cluster with any other genotype, suggesting that mutations gen-
erated very dissimilar regions in their genomes. The control
genotypes formed different clusters, I for 36 and V for 37, con-
firming their different morphological responses to aluminum.
Based on genetic distance values calculated by the Mahalanobis
(D?) method, the closest genotypes were 22 and 23 with a dis-

Table 1. List of rice mutant and control genotypes used for this study. Plant
Genomics and Breeding Center, UFPel,Pelotas-RS, 2005.

Number Composition
1 CGF-Z-M05-435
2 CGF-Z-M05-437
3 CGF-Z-M05-78 ARS1
4 CGF-Z-M05-243
5 CGF-Z-M05-45
6 CGF-Z-M05-188
7 CGF-Z-M05-42
8 CGF-Z-M05-44
9 CGF-Z-M05-79
10 CGF-Z-M05-121 ARS
1 CGF-Z-M05-303 CD
12 CGF-Z-M05-282
13 CGF-Z-M05-22 P
14 CGF-Z-M05-328
15 CGF-Z-M05-62 ARS2
16 CGF-Z-M05-440
17 CGF-Z-M05-436
18 CGF-Z-M05-79 ARS
19 CGF-Z-M05-280
20 CGF-Z-M05-205
21 CGF-Z-M05-260 P1
22 CGF-Z-M05-189
23 CGF-Z-M05-167
24 CGF-Z-M05-417 ARP
25 CGF-Z-M05-336
26 CGF-Z-M05-192
27 CGF-Z-M05-168
28 CGF-Z-M05-31 ARSP
29 CGF-Z-M05-65
30 CGF-Z-M05-59
31 CGF-Z-M05-444 P1
32 CGF-Z-M05-204
33 CGF-Z-M05-41
34 CGF-Z-M05-295
35 CGF-Z-M05-32
36 2-52-4*
37 TAIM*

*36: line 2-52-4; 37: cultivar BRS 7 “Taim"; tolerant and sensitive controls, respectively.
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Fig. 1. Dendrogram of 35 mutant plus two control genotypes evaluated at 15 mg/L"
aluminum, obtained from the analysis of morphological data using the Mahalanobis
(D?) genetic distance and UPGMA clustering procedure. The cutoff value used was
5.55. Plant Genomics and Breeding Center, UFPel, Pelotas-RS, 2006.

tance value of 0 and the most distant genotypes were 29 and 15
with a value of 30.38. The genotypes used as control presented a
distance value of 3.81.

A second clustering analysis based on the morphological data
was performed considering only the two variables that were sig-
nificant in discriminating the genotypes (MRL and SLL). The
analysis shows a better display of morphological responses of
control and mutant genotypes. From the 35 mutant genotypes,
again the most similar were 22 (CGF-Z-M05-167) and 23 (CGF-
Z-M05-417 ARP). The cophenetic coefficient value (r) (Rohlf &
Sokal 1962) obtained was 0.65. This value is considered moderate
for the graphical display of distances. A determination coeffi-
cient (r°) of 0.42 was obtained, indicating that 0.58% of the vari-
ation is at random. Based on the average genetic distance (2.53),
one can observe the formation of five groups (Fig. 2). One major
group, two small groups, and two groups formed by only one
genotype were observed. The major group includes 26 geno-
types (1, 5, 3, 29, 8, 4, 31, 6, 18, 11, 13, 15, 19, 35, 20, 22, 23,
30,21, 2, 36, 14, 25, 34,7, and 17) representing 70.27% (Group
I). Group III was formed by genotypes 9, 10, 28, 12, 33, 16, and
32. A small group was formed by genotypes 26 and 37 (Group
V). The remaining groups were formed by only one genotype:
Group II formed by genotype 24 and Group VI formed by geno-
type 27. These two genotypes were isolated likely due to a higher
dissimilarity caused by a higher number of detectable mutations.
Based on the genetic distance values calculated by the method of
Mahalanobis, the closest genotypes were 22 and 23 with a zero
distance and the most distant genotypes were 26 and 27, show-
ing a distance value of 16.86. The control genotypes clustered in
different groups: group I, and group V for the sensitive (37) and
tolerant (36) genotypes, respectively. The distance obtained for
this genotype pair (sensitive/tolerant ) was 2.76.

Based on the above results, it was possible to confirm the
similarity among genotypes with good performance in the 15 mg
L" aluminum stress (3, 15, and 18). These genotypes clustered
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Fig. 2. Dendrogram of 35 mutant plus two control genotypes evaluated at 15 mg/L’
aluminum, obtained from the analysis of morphological data considering only the
most informative variables (MRL and SLL) using the Mahalanobis {D?) genetic dis-
tance and UPGMA clustering procedure. The cutoff value used was 2.53. Plant
Genomics and Breeding Center, UFPel, Pelotas-RS, 2006.

with the tolerant genotype, showing small dissimilarity values:
0.14 between genotypes 3 and 15; 1.12 between genotypes 3 and
18. The genotypes 15 and 18 showed a dissimilarity value of
0.46. From these three genotypes, two (15 and 18) present
unique alleles in the allele frequency analysis, showing the
potential of using these genotypes in marker-assisted breeding.
The nature of the unique alleles are under investigation. The
genotype 3 presented the highest relative performance under the
stress for the five variables analyzed. The genotype 15 showed a
mean value superior to the tolerant control under stress and
together with genotype 18 was highly ranked in the relative per-
formance analysis. The genotype 2 was the genotype that
showed the closest distance to the tolerant control (0.026), sug-
gesting a similar response to the stress. The genotype used as sen-
sitive control clustered again with genotype 26, showing a dis-
tance of 0.31. Among the genotypes that formed single clusters,
24 was one of those showing unique alleles at the frequency
analysis and performed better than the control genotype at 15
mg L' aluminum.

In the molecular analysis, nine primer combinations were
used, amplifying a total of 206 markers, from which 184
(89.32%) were polymorphic among the 35 studied genotypes
and 22 (10.68%) were monomorphic. The combinations producing
more polymorphic bands were C3, C7, and C6 revealing 30, 26,
and 25 polymorphic markers, respectively. The combination C9
was the one that evidenced the smallest number of polymorphic
markers with only ten. The high number of polymorphic bands
observed for some combinations indicates a great potential of
AFLP markers to detect genetic variability present in this collec-
tion of genotypes and the high effect of mutation in creating
variability. Among the 35 genotypes analyzed molecularly, the
closest families were 19 and 21 (Fig. 3). The cophenetic matrix
value, obtained from the comparison of similarity matrices and
the dendrogram, was 0.65. This value is considered representa-
tive and reflects the accuracy of the dendrogram in graphically
displaying the dissimilarity among the genotypes. The determi-
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Fig. 3. Dendrogram of 35 mutant plus two control genotypes obtained form AFLP
analysis using the DICE's similarity index (Dice, 1945) and UPGMA clustering proce-
dure. The cutoff value used was 0.74. Plant Genomics and Breeding Center, UFPel,
Pelotas-RS, 2006.

nation coefficient (r*) was 42, indicating that 58% of the varia-
tion is at random. Based on the average value of genetic dis-
tances (0.74) one can observe eight clusters: two major, two
small, and four clusters formed by only one family. The major
cluster includes 24 genotypes (1, 2, 17, 19, 21, 10, 15, 16, 27,
24,25, 26,3, 6, 14,5, 7, 11, 23, 22, 29, 28, 31, and 34) which
represents 64.86% (Group I - Fig. 2). On the second cluster,
genotypes 4, 9, 12, 18, and 20 were grouped (Group II - Figure
2). The remaining genotypes did not present a distinctive cluster.
Four clusters are represented by only one family (IV, V, VI, and
VIII) each, suggesting that the mutation inducing was higher in
these genotypes. The cultivar BRS 7 “Taim” (37) which gave
origin to the mutant genotypes was isolated in cluster IV, sug-
gesting that all mutant genotypes studied had acquired molecular
differences that were detected by the AFLP technique. In the
molecular analysis, the control genotypes, as expected, did not
cluster together, since genotype 2-52-4 (36) grouped with geno-
type 30 on cluster VII and the cultivar BRS 7 “Taim” (37) was
the only genotype on cluster IV. These two clusters showed a
genetic distance of 0.827, indicating that these two genotypes
were more dissimilar than the average (0.74). Based on the
genetic distance values calculated by DICE's method, the most

Table 2. Summary of analysis of variance, means and coefficient of variation (CV) for
the traits coleoptile length (CL), main root length (MRL), first leaf length (FLL), second
leaf length (SLL) and first leaf insertion (FLI) of 35 rice M5 genotypes, cultivar BRS 7
"Taim" and line 2-52-4, subjected to two levels of aluminum. Plant Genomics and
Breeding Center, UFPel,Pelotas-RS, 2005.

Mean Squares
D.F.

S.V.

CL MRL FLL SLL FLI
Genotype 36 0.418* 16.516*  2.155*  9.180*  6.495*
Dose 1 0.754  1310.79* 0.508 3260 0.535
Gen x Dose 36 0.253* 13.766* 1.064*  4912*  3.804*
Error 144 0.079 2.588 0.267 1.647 1.257
Mean 2.073 8.536 4.208 15108 6.560
C.V. 13.622 18.84 12.295 8.495 17.095

*Significant at 5% probability by the F test.
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similar genotypes were 19 and 21 with a distance of 0.448, and
the most distant were 33 and 9 showing a distance of 0.953.

Regarding the small association detected between molecular
and morphological data (r: 0.046), Souza and Sorrells (1991)
suggested that this small correlation could be caused by an
insufficient representation of the genome when morphological
data are used and a lack of association between the loci controlling
the morphological traits and the molecular sequences studied.
Another factor that contributes for the lack of association comes
from the fact that most of the variation detected by molecular
markers is non-adaptive and, therefore, not subjected to selection,
as opposed to the morphological traits which are subjected to
artificial and natural selection pressures, besides the great influence
they suffer from environmental factors. In the analysis of allelic
frequency, from the total number of markers evaluated (186),
the highest frequencies (0.648) were observed for two markers,
that were present in 24 out of 37 genotypes and the lowest fre-
quencies (0.027) were observed for 13 markers that were present
in one out of 37 genotypes. These unique markers were present
in genotypes 9, 12, 13, 15, 16, 18, 17, 20, 22, 23, 25, 27, and 28.
From the genotypes that presented unique markers, 27 and 15 had
also mean values statistically superior to the tolerant control in the
comparison of means test when evaluated at 15 mg Lalu-
minum. Although this is just a correlation, it could mean that
these markers are potentially good for marker assisted selection
for aluminum tolerance. Sequencing efforts are being performed
in order to develop co-dominant markers from these sequences
for further proof of their potential use.
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