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Abstract Plant genetic mapping strategies routinely uti-
lize marker genotype frequencies obtained from progeny
of controlled crosses to declare presence of a quantita-
tive trait locus (QTL) on previously constructed linkage
maps. We have evaluated the potential of discriminant
analysis (DA), a multivariate statistical procedure, to
detect candidate markers associated with agronomic
traits among inbred lines of rice (Oryza sativa L.). A
total of 218 lines originating from the US and Asia were
planted in field plots near Alvin, Texas, in 1996 and
1997. Agronomic data were collected for 12 economi-
cally important traits, and DNA profiles of each inbred
line were produced using 60 SSR and 114 RFLP
markers. Model-based methods revealed population
structure among the lines. Marker alleles associated with
all traits were identified by DA at high levels of correct
percent classification within subpopulations and across
all lines. Associated marker alleles pointed to the same
and different regions on the rice genetic map when
compared to previous QTL mapping experiments. Re-

sults from this study suggest that candidate markers
associated with agronomic traits can be readily detected
among inbred lines of rice using DA combined with
other methods described in this report.

Keywords Association genetic mapping Æ Discriminant
analysis Æ Marker-assisted selection Æ Oryza sativa Æ
Quantitative trait locus

Introduction

Marker-assisted selection has been proposed as a com-
plementary tool in plant improvement when reliable
phenotyping and selection of complex traits is difficult or
inefficient (Xu et al. 2002; Morgante and Salamini 2003).
The initial task in this process typically requires
screening potential parents for polymorphic molecular
markers and the subsequent production of segregating
or recombinant inbred populations. Loci or intervals are
then defined on pre-existing genetic maps that are linked
with a trait of interest by single-factor ANOVA
(Jermstad et al. 2003), regression (Wang et al. 2004),
interval (Lincoln et al. 1992), or other standard mapping
procedures. For complex quantitative traits, ‡300
recombinant inbred lines are generally evaluated, which
require 3 to 4 years to develop. Moreover, relatively few
meiotic events in F2 or recombinant inbred lines limit the
power of linkage analysis to dissect traits governed by
multiple loci, and examination of genetic diversity in
diploids is restricted to only two alleles segregating per
locus (Flint-Garcia et al. 2003). Production of large
segregating or intermating populations can promote
recombination, but substantial investments in time, la-
bor, and financial resources over multiple generations
are required.

Association or linkage disequilibrium (LD) map-
ping, based on pairwise comparisons between observed
and expected haplotype frequencies, has been used
extensively in human studies (Cardon and Abecasis
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2003) and recently in maize among polymorphic pairs
of SNPs, and insertions/deletions of individual candi-
date genes for maturity and plant height (Remington
et al. 2001; Thornsberry et al. 2001). Garris et al.
(2003) characterized LD in the candidate region of
xa5, a recessive gene conferring race-specific resistance
to bacterial blight disease in rice. Thirteen segments
from a 70-kb candidate region in 114 landrace acces-
sions were sequenced along with five additional seg-
ments from an adjacent 45-kb region in resistant
accessions. The results showed significant LD up to
100 kb among sites that suggested genome-wide scan-
ning may be feasible for markers that are associated
with agronomic traits. The candidate gene approach
was recently employed in LD mapping of QTLs
for disease and maturity traits in tetraploid potato
(Gebhardt et al. 2004; Simko et al. 2004).

In the study reported here, we evaluated the
potential of DA, a multivariate statistical procedure
first developed by Fisher (1936), to identify candidate
markers associated with agronomic traits among
inbred lines of rice. This method involves the creation
of two ‘‘training samples’’ derived from, in this case,
selected inbred lines with contrasting phenotypic val-
ues. From DNA profiles of all inbred lines included in
the experiment, markers are identified by DA that best
differentiate among the training samples. An error
rate, referred to as ‘‘percent correct classification,’’ is
calculated to measure ability of the markers to cor-
rectly assign individual lines to the training samples.
With high levels of correct classification, an association
between marker and phenotype or agronomic trait is
inferred.

DA has been used in plant research for diversity
analysis of wild emmer wheat and species of Aster
(Cammareri et al. 2004; Fahima et al. 2002) identifica-
tion of drought-tolerant Kentucky bluegrass cultivars
using morphological criteria (Ebdon et al. 1998), and to
estimate position and effects of QTLs in simulated full
and half-sib families (Gilbert and Le Roy 2003).
Microarray expression profiling studies have utilized DA
to identify genes and gene clusters associated with hu-
man diseases (DePrimo et al. 2003; Musumarra et al.
2003; Mendez et al. 2002; Kari et al. 2003) and to detect
protein-coding regions in genomic sequences (Zhang
et al. 2002; Zhang 1998). Finally, DA procedures were
used recently to accurately assign unrelated sweet potato
clones, using AFLP markers to groups defined by high
and low dry matter content (Mcharo et al. 2004).

The objective of this research was to assess the ability
of DA, coupled with other procedures described here, to
identify candidate markers associated with 12 agro-
nomic traits among US and Asian rice inbred lines.
Different training samples were created for each trait,
and the corresponding percent correct classification was
determined. The potential genetic basis of the DA-se-
lected markers was evaluated by comparing their map
locations with QTL markers previously identified by
traditional mapping approaches.

Materials and methods

Plant material

A total of 123 US lines were randomly selected from
California (34 lines), Texas (35 lines), Arkansas (28
lines), Louisiana (24 lines), Mississippi (1 line), and
Missouri (1 line). In addition, 95 rice lines from 17
countries of Asian, African, and South American origin
were included. For field studies, each rice line was
transplanted into a plot each with four rows and 32
plants at Alvin, Texas, during the summer of 1996 and
1997. Eight plants from the center of each plot were
evaluated to determine characteristic phenotypes,
including plant height (ground to tip of tallest panicle),
heading date (days from planting to 50% of plants
flowered), tiller number, panicle length, 1,000-grain
weight, grain length, grain width, grain length/width
ratio, grain thickness, flag leaf length, flag leaf width,
and stem diameter. One productive tiller of each selected
plant was taken for measurement of stem diameter, flag
leaf length, and width. From each line three typical
plants were selected as ‘‘type specimens’’ for panicle
harvesting. Three panicles from each of the three typical
plants were then evaluated for panicle length. Ten seeds
from each line were used to measure grain length, width,
and thickness. Two samples from each entry were used
to obtain data for 1,000-grain weight. Data were aver-
aged across each trait and line, and an ANOVA was
carried out (PROC MIXED, SAS Institute, version 9.0)
to detect differences among mean values of US and
Asian lines. The type specimens were used as seed
sources for molecular analysis.

Discriminant analysis and associated procedures

DNA profiles were obtained for lines, using 60 SSR and
114 RFLP markers selected randomly over the 12 rice
chromosomes at �10- to 12-cM intervals (for additional
details, see Xu et al. 2004).

To analyze phenotypic data, the following procedures
were carried out:

1. Transformed data if necessary to normal distribution
by log, square root, or other methods.

2. Used one, two, or three standard deviations of
trait distribution to create user-defined training
samples.

For molecular data analysis:

1. Transformed raw marker data to identify individual
alleles.

2. Filled in missing marker data, using the Multiple
Imputation procedure (SAS Institute ver. 9.0).

3. Performed molecular analysis of variance (AMOVA,
Excoffier et al. 1992) of marker profiles to test dif-
ferences among training samples using Arlequin
software (Schneider et al. 2002).
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4. Identified potential population structure by genetic
distance (http://www.powermarker.net) or model-
based (http://www.stats.ox.ac.uk/�pritch/home.
html) method.

5. Performed parametric discriminant analysis (PROC
STEPDISC, SAS Institute ver. 9.0, forward method,
select up to 15 alleles, minimum criteria set with de-
fault SLENTRY=0.15) to identify marker(s) that
best differentiate training samples within each sub-
population.

6. Used nonparametric method within the DISCRIM
procedure (SAS Institute ver. 9.0) to perform k-
nearest-neighbor classification of inbred lines into
pre-defined groups.

7. Calculated percent correct classification with cross-
validate option within the PROC DISCRIM proce-
dure (SAS Institute ver. 9.0).

SSR and RFLP markers were located on the
Rice–Cornell SSR 2001-1 and /or Rice–Cornell RFLP
2001–2002 genetic maps (http://www.gramene.org).
Polymorphism information content (PIC) and gene
diversity index (GDI) values were calculated using the
PowerMarker program (http://www.powermarker.net).
Linear correlations among traits were obtained using
PROC CORR (SAS Institute ver. 9.0).

Results and discussion

The US and Asian lines exhibited a wide range of phe-
notypic diversity for all 12 traits measured under Texas
field-plot conditions (Table 1). Mean values for flag leaf
width, panicle length, and 1,000-grain weight were not
significantly different between US and Asian lines. The
US material produced greater grain length and grain
length/width ratio than the Asian germplasm, while
plant height, heading date, flag leaf length, tiller number,
stem diameter, grain width, and grain thickness showed
greater mean values in Asian versus US lines. Heading
date was weakly to moderately correlated with plant
height, stem diameter, and flag leaf length (r=0.38, 0.31,
and 0.36, respectively, P<0.001 for all). Plant height
was moderately correlated with panicle length, stem
diameter, and flag leaf length (r=0.58, 0.61, and 0.51,
P<0.001 for all). While productive tiller number was
not correlated with any character, 1,000-grain weight as
a component of grain yield was associated with grain
width and thickness (r=0.61 and 0.66, P<0.001 for
both). The high level of trait diversity across the US and
Asian germplasm was reflected in high levels of mole-
cular variation, with 1,153 alleles detected across the 60
SSR and 114 RFLP sampled loci. When all lines were
combined, the average number of alleles per locus, allele
frequencies, and PIC values were similar to those pre-
viously reported by Xu et al. (2004). Greater diversity in
the Asian versus US material was observed in all com-
parisons. For example, the mean PIC value for Asian
lines was greater (0.499, range 0–0.913) than the US

germplasm (0.269, range 0–0.882), and the mean number
of Asian alleles per locus of 6.3 (range 1–29) was greater
than the US accessions with a mean of 4.20 and a range
of 1–25. The 12 monomorphic loci observed across all
US and Asian lines (RZ386, CDO328, CDO524, RZ69,
CDO244, RZ495, CDO89, RZ593, CDO544, CDO412,
RZ900, and CDO1338) were produced using cDNA
probes during the RFLP analysis. The markers
CDO118, CDO395, CDO962, RZ2, RZ14, RZ87,
RZ103A, RZ166, RZ499, RZ599, RZ783, and RZ836
were monomorphic in the Asian lines, but not in the US
or combined material. The number of detected US
monomorphic loci was the same as the combined anal-
ysis plus six additional markers (BCD349, CDO36,
CDO127A, CDO686, RZ141A, and RZ141B). Popula-
tion structure analysis revealed three subpopulations,
where subpopulation 1 consisted of 159 individuals, of
which 136 (86%) were classified as japonica lines, and
117 (74%) were US lines. Subpopulations 2 and 3 were
composed of 16 and 43 individuals, respectively, with
6/16 (37%) and 11/43 (25%) classified as japonica
accessions and 3/16 (19%) and 3/43 (7%), respectively,
were of US origin. The remaining individuals were
classified as indica accessions. The range of phenotypic
values overlapped for all traits among the three sub-
populations (data not shown) as well as the US, Asian,
and combined lines (Table 1). Mean values across sub-
populations were similar for most traits except for the
grain measurements, where subpopulation 1 produced
greater grain length, width, and weight values than those
of subpopulation 2 and 3. GDI values of 0.29, 0.50, and
0.34 were observed for the three respective subpopula-
tions, indicating that population 2, which is the smallest,
is also the most diverse. A similar trend in mean PIC
values for subpopulations 1, 2, and 3 showed moderate
values of 0.26, 0.46, and 0.31, respectively, that brack-
eted the PIC value for the 236 US and Asian lines re-
ported by Xu at al. (2004). Mean frequencies across all
alleles within each subpopulation were nearly identical
with each other (0.22, 0.24, and 0.26), but when the US
material was compared with the Asian material, the
mean frequency of alleles in the combined US group
(0.24) was larger than in the Asian (0.16) or in the
combined dataset (0.15). Overall, these results suggest
that the extent of phenotypic and molecular diversity of
each of the subpopulations was comparable to all lines
combined, but that the Asian material was considerably
more diverse that the US accessions.

Table 2 shows that the DA procedure correctly
classified the rice lines into early or late heading groups,
using 5–10 markers. For the remaining traits, 86–100%
correct classification was obtained with 1–15 markers,
using the 1 standard deviation (SD), 2SD, or 3SD
training samples. Accuracy did increase in all cases, with
increasing numbers of markers used within each defined
group or training sample. Population structure appeared
to have little impact on accuracy of classification for
heading date (Table 2), most likely due to similar char-
acteristics among subpopulations and combined lines
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discussed above and to a relatively large proportion of
individuals (73%) occurring within subpopulation 1
used for analysis. The same trend was observed for the
remaining traits.

Data from Table 3 and Fig. 1 show that DA-selected
markers were detected in the same or nearby regions for
agronomic traits as previously identified QTLs. For
example, in a comparison of 23 previous papers reporting
the position of rice QTLs for similar traits, DA-selected
allele RM263_156_2 mapped within the 7.2-cM QTL
qHD-2 (Zou et al. 2000) on chromosome 2 for heading
date, and RM250_170_11 mapped within the 22.1-cM
unnamed QTL reported by Brondani et al. (2002), near
the bottom of chromosome 2. Three DA alleles,
RM204_120_9, RM204_166_26, and RM204_104_2,
were found on chromosome 6 for heading date within the
12-cMQTLHd6c (Xing et al. 2001), the 31.4-cM hd6 (Yu
et al. 2002), and the 20.4-cM dtm6.1 (Xiao et al. 1998).DA
alleles RM248_102_12 and RM248_84_5 were detected
within the 14.1-cMQTLDTF1 (Brondana et al. 2002) for
heading date, located on the bottom half of chromosome
7. The same two DA alleles were also found associated
with this trait within the 12.9-cM QTL Hd2 (Yamamoto
et al. 2000; Lin et al. 1998; Ishimaru et al. 2001) andwithin
the 59.4-cM interval Qhd7 (Mei et al. 2003).

For plant height, DA allele RM259_158_7 mapped to
chromosome 1 within the 15.9-cM QTL Ph1-1 reported
by Cao et al. 2001a (Fig. 1). DA-selected allele
RM212_136_7 was located 4.3 cM from the 24.3-cM
QTL PHT1 (Brondani et al. 2002), 4.8 cM from the 33-
cM ph1 (Yu et al. 2002), and 7.3 cM from the 48.6-cM
Ph1-2 (Cao et al. 2001a), all on the bottom half of
chromosome 1. The RM263_156_2 allele selected by DA
mapped within the 24-cM unnamed QTL for plant
height reported by Mei et al. (2003) on chromosome 2.
Allele RZ53_22_1 was found within the 15.5-cM interval
ph4.1 (Moncada et al. 2001) on chromosome 4.
RM255_151_7 and RM255_143_3 mapped within four
overlapping intervals on chromosome 4 for plant height:
the 2.7-cM Ph4-2 (Cao et al. 2001a), the 42-cM ph4 (Yan
et al.1999), the 58.6-cM ph-4 (Lu et al. 1997), the 42 cM

Fh4-2 (Cao et al. 2001b), and within the 11.8-cM un-
named QTL reported by Fang and Wu (2001). The
CDO580-6-1 allele was detected 1.3 cM from the 6.6-cM
QTL Ph5-1 (Yan et al. 1998a) located at the bottom of
chromosome 5. DA allele CDO405_140_3 mapped
within the 9.7-cM interval Ph7-2 (Cao et al. 2001a),
5 cM from an unnamed 7.6-cM QTL reported by Ishi-
maru et al. (2001), and 6.8 cM from the 5.8-cM Ph7
(Yan et al. 1998a), all on chromosome 7. Allele
RZ404_97_5 was detected 7.5 cM from the 0.16-cM
Fh9-2 (Cao et al. 2001b) on chromosome 9. DA allele
RZ424B_26_1 mapped within an 18.5-cM unnamed
QTL (Mei et al. 2003) on chromosome 11. DA allele
RM235_136_15 was found within the 6.9-cM qPHT12-1
(Hemamalini et al. 2000), near the bottom of chromo-
some 12.

For tiller number, RM1_95_9 mapped 5 cM from the
14.1-cM tn1-1 (Yan et al. 1998b), near the top of chro-

Table 2 Percent correct classification of 218 inbred rice lines as-
signed to defined groups of early and late heading date as training
samples using a k-nearest neighbor algorithm, with and without
consideration of population structure, 1996–1997, Alvin, Texas.
DA Discriminant analysis

Training
samples for
selection

No. lines Early/late
heading
groups

No. of DA-selected
alleles and % correct
classification

1 5 10 15

Assuming
no structure

218 1SDa 66 86 79 95
2SD 73 93 98 100
3SD 84 99 100 NDb

Assuming structure
Subpopulation 1c 159 1SD 71 86 93 94

2SD 78 94 100 ND
3SD 88 100 ND ND

a1SD One standard deviation between early and late groups,
2SD two standard deviations, 3SD three standard deviations
bNo data obtained, because all discriminating markers were
selected
cOnly subpopulation 1 was evaluated because remaining two
subpopulations contained insufficient size (n=16, 43) for analysis

Table 1 Mean values of agronomic traits of US and Asian lines, 1996–1997, Alvin, Texas

Trait US + Asian lines US lines Asian US vs Asian
P-valuea

Mean±SD Range Mean±SD Range Mean±SD Range

Plant height (cm) 106.54±20.64 63.00–185.40 101.76±16.69 71.80–138.40 112.72±23.54 63.00–185.40 0.001
Heading date (d) 95.79±9.17 75.00–129.00 94.01±7.00 82.00–119.00 98.11±11.01 75.00–129.00 0.001
Flag leaf length (cm) 34.04±6.03 20.40–53.60 33.13±5.49 20.40–48.60 35.23±6.51 23.20–53.60 0.011
Flag leaf width (cm) 1.49±0.26 1.00–2.40 1.47±0.21 1.10–2.10 1.50±0.31 1.00–2.40 0.339
Tiller number 12.03±8.33 4.20–50.20 7.76±2.42 4.20–16.20 17.57±9.89 5.40–50.20 0.001
Stem diameter (mm) 5.05±0.91 2.90–8.30 4.93± 0.75 3.40–7.20 5.22±1.07 2.90–8.30 0.021
Panicle length (cm) 22.87±2.99 15.90–31.00 22.62±2.93 15.90–29.20 23.21±3.05 16.20–31.00 0.150
Grain length (L) (mm) 8.94±1.05 6.80–12.20 9.14±0.95 7.20–11.10 8.67±1.12 6.80–12.20 0.001
Grain width (W) (mm) 2.95±0.41 2.20–4.00 2.88±0.42 2.20–4.00 3.05±0.39 2.30–3.80 0.003
Grain L/W ratio 3.11±0.70 1.89–4.83 3.27±0.70 2.00–4.32 2.91±0.64 1.89–4.83 0.001
Grain thickness (mm) 2.09±0.15 1.80–2.50 2.07±0.14 1.80–2.50 2.12±0.15 1.80–2.40 0.017
1,000-grain weight (g) 25.73±3.53 14.30–36.70 25.35±3.26 14.30–33.30 26.23±3.82 17.20–36.70 0.070

aP-values calculated from PROC MIXED, SAS Institute, version 9.0
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mosome 1, and RM14_187_7 was found 3.5 cM from
the 8.3-cM tp1 (Hua et al. 2002) at the bottom of the
same chromosome (Fig. 1). Allele RM212_116_4 was
found within a 45.5-cM unnamed QTL reported by
Lafitte et al. (2002) on chromosome 1, and allele
RM262_141_1 mapped within the 22.9-cM unnamed
QTL detected by Shen et al. (2001) on chromosome 2.
RM240_132_5 was observed within the 4.9-cM tn2-2
(Yan et al. 1998b), the 0.6-cM ppl2.1 (Xiao et al. 1998),
and within an 8-cM unnamed QTL reported by Lafitte
et al. (2002) at the bottom of chromosome 2. Alleles
RM204_140_16 and RM204_168_27 were detected
within the 25-cM QTL tp6a (Hua et al. 2003) on chro-
mosome 6. DA-selected allele RZ404_33_2 was found
within the 12.9-cM tp9 (Hua et al. 2003) and within an
11.8-cM unnamed QTL (Liao et al. 2001), near the
bottom of chromosome 9. Finally, DA allele RZ400
_15_2 mapped 8.3 cM from an 8-cM unnamed QTL
reported by Liao et al. (2001), near the bottom of
chromosome 10. Figure 1 shows seven loci (RM259,
RM263, RM212, RM255, RM204, RM248, and RZ404)
on chromosomes 1, 2, 4, 6, 7, and 9 associated with more
than one trait, which suggests that these markers may be
associated with pleotropic or closely linked genes for the
corresponding characters. DA-selected markers associ-
ated with the remaining nine traits also mapped within
or nearby previously reported QTLs (data not shown).

In addition to the DA alleles that pointed to the same
or nearby regions as previously reported QTLs, Fig. 1
shows several DA-selected markers not found by tradi-
tional methods. For example, the following alleles se-
lected for heading date were not found associated with
previously reported QTLs: RM84_110_3 on chromo-
some 1, RM255_153_8 on chromosome 4, RG716_96_3
on chromosome 6, RM10_163_1 and RM10_179_12 on
chromosome 7, RM38_259_13 on chromosome 8,
RZ596 _200_3 on chromosome 9, RM202_180_10 on
chromosome11, and RM247_154_12 on chromosome
12. Similarly, DA alleles not associated with reported
QTLs for plant height include RM18_159_4 and
RM248_80_3 on chromosome 7 and RM20B_207_1 on
chromosome 11. For tiller number, DA-selected alleles
RM259_162_11 on chromosome 1, RZ599_78_5 on
chromosome 2, and RM226_193_1 on chromosome 4
were found at positions other than the corresponding
QTLs reported in the literature. These markers identified
by DA may therefore represent new loci associated with
plant height, maturity, and vigor. Similar results were
obtained for the remaining nine agronomic traits eval-
uated in this study (data not shown).

Conclusions

Results from this study indicate that marker alleles
associated with all traits were identified by DA among
inbred rice lines at high levels of correct percent classi-
fication within subpopulations and across all lines.
Cross-validation results and a comparison of DA- andT
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QTL-selected markers on the rice genetic map suggest
that this approach can efficiently identify markers from
multiple germplasm sources. The DA statistical model is
built upon various assumptions, including normality of
data and homogeneity of covariance matrices that ap-
pear to be poorly satisfied by SSR/RFLP marker data in
this study. However, Lachenbruch (1975) and Klecka

(1980) point out that even with modest violations of
these assumptions, DA is relatively robust when using
categorical data such as the molecular profiles from this
study. Therefore, our conclusions of marker–trait asso-
ciations based on DA analysis should not be adversely
affected, which is supported by our DA–QTL genetic
map comparisons.

Fig. 1 Chromosomal locations of markers identified by discrimi-
nant analysis (DA) and quantitative trait locue (QTL) mapping for
plant height, maturity, and tiller number. Solid, empty, and striped
boxes represent QTLs detected in previous research using standard
IM/CIM methods for plant height, heading date, and tiller number,

respectively. DA-selected SSR or RFLP markers associated with
plant height are underlined. DA-selected SSR or RFLP markers
associated with heading date are labeled with an asterisk. DA-
selected SSR or RFLP markers with no label are associated with
tiller number
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Relatively high levels of molecular and phenotypic
diversity of the US and Asian lines, compared with
typical progeny from a single cross, most likely con-
tributed to the ability of DA to identify putative alleles
associated with the agronomic characters. Population
structure appeared to have minimal impact on the ability
of DA-selected markers to correctly assign individuals in
this study to predefined phenotypic groups or to map to
regions identified in previous QTL experiments. How-
ever, population structure has been shown to have a
dramatic effect on DA analysis of other rice populations
(Aluko and Oard, unpublished results), so this step
should always be included as part of the DA procedure
described here. Because the level of linkage disequilib-
rium, i.e., the nonrandom association of loci, can be
affected by breeding history, additional DA studies of
this issue will be required.

The potential advantages of the DA approach re-
ported here include the ability to simultaneously evalu-
ate numerous loci with multiple alleles across a wide
range of inbred lines for association with simple or
complex agronomic traits. Additional genetic analysis of
the DA-selected markers in segregating populations
derived from controlled crosses will be required to
confirm the putative association of the alleles identified
in this research with the agronomic traits.
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