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Diverse Asian rice (Oryza sativa)germplasmhas been used to identify associationsbetween
various quantitative traits and RAPD molecular markers using multiple regressionanalysis.
This has allowed us to predict for other samplesof germplasmtheir performance for traits
such as culm length and number, days to flowering, grain width, and panicle and leaf length
using only RAPD marker data. Suchpredictive capabilityis possiblebecauseof the availability
of extensive diversity held in genebanks,and can be used in the future to facilitate the
exploitation of that biodiversity. More specifically the methodology could facilitate crop
improvement by rapid ideotype prediction. For the mapping and isolation of QTLs (genes
controlling quantitative traits) the method would provide information to guide the selectionof
parental material for hybridizationand markers expectedto showlinkage to QTLs. It may also
be possiblethat these associationscould lead the way towardsmarker-assistedselectionduring
breedingprograms.In the future, this demonstrationof associationbetweenmarkersand easily
measuredtraits could also be extendedto the study of important adaptivetraits, suchas stress
tolerance,found either within germplasmcollectionsor in natural populations.
Keywords: genebank,genetic resources,molecular markers, quantitative characters,RAPD
rIce.

Introduction

Plant genetic resources,which representcrop biodiversity, have been actively conserved for four
decades in 'genebanks' across the globe. The
Consultative Group on International Agricultural
Research(CGIAR) centres maintain about 500000
accessionsof more than 30 crops, while the United
States Plant Germplasm System stores 380000
samplesof over 8000 plant species.The reasonsfor
conserving the world's biodiversity as a global
resourceare varied. They range from the moral and
aesthetic to the practical, where future needs and
valuesare perceivedto be unpredictable,and where
the impact of the disappearanceof any component
of an ecosystemis currently uncertain. The need for
the conservationof crop biodiversityhas its basis in
agricultural demands, with priority being given to
maintaining germplasm which may enhance crop
improvementeither immediatelyor in the future.
*Correspondence.
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The genebankat the International Rice Research
Institute (IRRI) has a collection of more than
80000 samples of rice germplasm (Jackson &
Huggan, 1993)comprisingmostly landracevarieties,
breeding lines and commercial varieties of Oryza
sativa but also including landrace varieties of O.
giabemmaand all 20 wild speciesof the genusOryza.
Since 1973, over 740000 packets of rice have been
distributed throughout the world for use in applied
research, and this germplasm has contributed to
improvements in many characteristicsof new rice
varieties (Jackson, 1994). Pressure on germplasm
distribution will increase over the next 30 years as
plant scientists strive to meet the demands for
increasedrice production. The managementof such
collections is difficult simply because of their vast
size, and there is a clear requirement for the
development of procedures which utilize fast and
reliable methodsfor the measurementof diversity in
order to facilitate the organizationand prioritization
of the germplasm resources (Virk et ai., 1995b).
However, even more important is the need to be
able to identify rapidly and efficiently the most
@1996The GeneticalSocietyof Great Britain
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appropriate rice material for use in basic and
applied research,including crop improvement.
In recent years there has been an explosion of
new DNA-based marker methods utilizing the polymerase chain reaction (PCR). One of the simplest
and most widely used is Random Amplification of
Polymorphic DNA (RAPD) (Williams et ai., 1990;
Welsh & McClelland, 1990). RAPD technologyhas
been used successfullyfor measuring diversity in
plants and the patterns of variation observedhave
been shownto resemblecloselythose obtained using,
more classicalcharacters(Howell et ai., 1994;Virk et
ai., 1995a). In the present study, we have used
RAPD on highly diverse accessionsof rice in order
to determine associations between the DNA
marker(s) and quantitative traits and then we have
utilized these associationsto predict quantitative
traits in other germplasm.
Materials and methods
Quantitativeevaluation
Initially, 200 accessionsfrom the South and S~uth
East Asian germplasmcollection maintained at the
IRRI Genetic Resources Center were selected at
random. These 200 accessionswere then evaluated
at Los Banos in the Philippines in a randomiZedplot
experiment, with two replicate blocks which were
grown during the dry season(November,1993-May,
1994).Quantitative data were collected on 10 representative plants of each accessionand each plant
was scored for 10 traits; viz., culm number, culm
length (cm), culm diameter (mm), grain length
(mm), grain width (mm), leaf length (cm), leaf width
(cm), days to 50 per cent flowering, panicle length
(cm) and seedlingheight (cm), essentiallyfollowing
International Board for Plant Genetic ResourcesInternational Rice Research Institute (IBPGRIRRI) descriptors for rice (IBPGR-IRRI Rice
Advisory Committee, 1980).
In order to assemblematerial that representedthe
range of diversity found within the initial 200 accessions;the quantitative data were subjectedto cluster
analysis.Prior to analysisthe data were standardized
to zero mean and unit variance, becausevarious
traits were measured on very different scales.
Agglomerativehierarchical clusteringwas performed
on the squared Euclidean distance matrix utilizing
the unweighted pair group method using arithmetic
averages(UPGMA).
This method was chosenbecause
of its simplicity and widespreaduse, and becauseit
is the most appropriate for situations where all
accessionmeansare subjectedto the same sampling
@ The Genetical Society of Great Britain, Heredity, 76, 296-304.
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error (Rohlf, 1992).This then led to the selectionof
48 accessionswhich were extracte~ from the resultant

dendrogram

(Fig.

1)

by

strat

cation.

Table

1

showsthe countries of origin and ographicallocations of collection of theseaccessions.
DNA extraction and PCR analysis
Seedlings of the 48 accessions were raised in jiffy
pots for 2-3 weeks in order to obtain leaf material
for DNA extraction. A sample of fresh leaf (2 mg)
was taken from each of 10 randomly selected seedlings and then mixed before co-extraction to obtain
a DNA sample representative of each accession
(Virk et aI., 1995a). For the RAPD analysis, the total
reaction volume was 25 JlL containing 5 ng DNA,
200 JlM of each dNTP, 0.4 JlMdecanucleotide primer
(supplied by Operon), 1 unit of Taq polymerase,
2.25 mM MgClz and 1 x reaction buffer comprising
16 mM (N~)zSO4, 67 mM Tris-HCI (pH 8.8), and 0.1
per cent Tween 20. The miXture was overlaid by with
45 JlL mineral oil and the amplification was
performed in a thermocy\Cler (Hybaid-Omnigene)
programmed as follows: one cycle of 95°C for 2 min;
two cycles of 95°C for 30 s, 37°C for 1 min and 72°C
for 2 min; two cycles of 94°C for 30 s, 37°C for 1 min
and 72°C for 2 min; 41 cycles of 94°C for 30 s, 35°C
for.1 min and 72°C for 2 min; and finally one cycle
of 72°C for 5 min. Ten microlitres of the amplified
products were subjected to electrophoresis on a 1.4
per cent agarose gel cast in 1 x TBE and run in
0.5 x TBE at 200 V for 2.5-3.0 h. The electronic
image of the ethidium bromide-stained gel was
captured using a Flowgen IS500 imaging system and
the bands were scored from the image displayed on
the monitor. The seven Operon primers used in the
RAPD analysis were C-03, C-06, C-08, C-10,
C-14, F-13 and K-11. These primers were selected
from a survey of over 100 decamers screened with
six diverse accessions of rice, only on the basis that
they revealed a large number of polymorphic bands.
Data analysis

Associations between the RAPD markers and the
phenotypic means of accessionsfor the various
quantitative traits were establishedusing the multiple regressionapproach.Each quantitative trait was
treated as a dependent variable and the various
RAPD marker genotypes(scored as 1 for presence
and 0 for absence)as independentvariables. The
analysiswasbasedon the model:
Y=a+b1ml+b2m2+... + bjmj+... + bnmn+d+e
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Fig. 1 Dendrogramresulting from
clusteranalysisof standardized
morphologicaldata from 200accessionsof rice using SquaredEuclidean
Distanceand UPGMA
clusteringand
from which the 48 diverseaccessions
(identified by bars at root of dendrogram)were selected.

which related the variation in the dependentvariable (Y = accessionmeansfor a quantitative trait) to
a linear function of the set of independentvariables
mj, representingthe RAPD markers. The bj terms
are the partial regressioncoefficientsthat specifythe
empirical relationships between Y and mj, d represents the between accessionsresidual which is left
after regressionand e is the random error of Y that
includes environmental variation. This method
provided maximum likelihood estimatesof relationships between individual quantitative traits and
various markers which were then usedto identify the
most significant components (markers) of the best

fitting multiple regressionequation and to test its
goodnessof fit following Mather & Jinks (1982)and
Draper & Smith (1981). The maximum,z improvement (MAXR)option of the PROCREGof the SAS
statisticspackage(SAS, 1990)was usedto determine
the most appropriate model. Initially, one variable
(i.e. marker) models were assessedand the marker
with the highest ,z value was identified. Then the
secondvariable was addedand the best two-variable
model was selected using the usual criterion of the
largest,z. The model fitting was continued until all
significant variation in Y relative to replicate variation was exhausted.A further condition was imposed
@ The Genetical Society of Great Britain, Heredity, 76, 296-304.
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Table1 The locationsfrom within Southand SouthEastAsia from which
accessions
of rice were originally collected.The International ice Germplasm
Centre (IRGC) usesa unique numberto identify eachaccessi
Country

IRGC numbersof accessions

Rangeof latitudes (N)

Indonesia

1°7' to 5°0'

Malaysia

5°2' to 6°6'

Sri Lanka
Philippines
Thailand

6°59' to 7°32'
14°15'
14°8'to 19°9'

Vietnam
Bangladesh

20°60'
22°40' to 25°38'

India
Pakistan
Bhutan

26°22'

on the model, wherebya new variable was retained
in the model only if it was significant at the 5 per
cent level.
The multiple regressionanalyseswere carried out
on 40 accessions,after we had randomly removed
eight from the original 48 which were to be used for
testing the efficiency of the predictions. The larger
samplewas used in the multiple regressionanalysis
so that the regressionequations could attain sufficient statistical accuracy. Regression parameters
thus estimatedwere used to predict the mean score
of eachof the eight accessionsand the observedand
expected values were compared using Student's
[-test.
Although the above analysis demonstrates the
predictive power of the model unambiguously,the
efficiency of utilizing the information that is available from the data can be improved with the use of
the 'leave out one at a time' method where multiple
regressionanalysisis applied to 47 of the 48 accessions at a time and the 48th is predicted.This procedure allowed for the fitting of 48 models for each
trait, one for eachaccession,and the variance of the
48 residualdeviationsprovided the standard error of
the difference betweenthe observedand predicted
values,as shownin Table 6.
Results

Altogether 63 polymorphic RAPD bands which
showedconsistentresults over two independentruns
@ The Genetical Society of Great Britain, Heredity, 76, 296-304,

22°50'to 26°10'
27°30'to 27°48'

were scored for the purposesof the presentanalysis
(see Table 2 for further details). Figure 2 shows
examplesof the marker bandsobtained by following
the protocol presentedin the Materials and methods
section.
Analysis of variance revealed that the variation
betweenthe accessionswas highly significant for all
the quantitative traits (results not shown). Six of the
10 traits (culm number, culm length, daysto 50 per
cent flowering, leaf length, panicle length and grain
width) which represented different facets of
morphological variation in rice were selected for
further analysis and a summary of some useful
statistics on these traits is presented in Table 3.
Tests of non-normality revealed that the mean
scoresof the 48 accessions
were normally distributed
for all the traits. Correlations betweenthe accession
meanswere significant for sevenpairs of traits and
all of thesecorrelationswere positive exceptthe one
betweenculm numberand grain width (Table 3).
The number of bands that showed significant
associationswith the six traits varied from 12 for
culm number and culm length to 32 for grain width
(Tables 4a,b). Further, the multiple regression
accountedfor all the significantvariation (r varied
from 0.89-0.99) in all the quantitative characters
and only a negligible portion (d) of the quantitative
variation remained unassociatedwith the markers.
Various characterswere observedto show marked
differences in their association with the RAPD
markers. For example,five of the 63 markers (nos 1,

L
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Table2 Key to polymorphicRAPD markersand the
oligonucleotidesused in the presentstudyon rice
Polymorphic
markers
Primer
OPC-O3

Size

Primer

Key

Size

1

325
350
375
475
775
2500
340
355
460
600
1020
1600
280
340
350
500
625
950
1050
1000
2200
350
400
500
520
600
625
700
750
720
950
490
1450
2200
2800

OPC-14

36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63

325
390
410
460
520
530
600
650
950
1150
1500
1350
360
400
420
340
530
690
880
1000
220
480
520
650
1200
1500
2100
2800

3
6

OPC-O8

OPC-IO

7

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
2930
31
32
33
34
35

~

10

15

Polymorphic
markers

Key
2

OPC-O6

1

OPF-13

OPK-J

7, 35, 52 and 56 in Table 2) did not associatecritically with any of the six quantitative traits. At the
other extreme, only one marker (OPC-O8-950,
marker no. 18) was critically associatedwith all the
traits except culm number. Of the 57 remaining
markers, 18 showed correlation with one, 19 with
two, 16 with three and 4 with four traits,
respectively.
The multiple regression analysis is capable of
identifying those markers which show particularly
strong associationswith QTLs and for further study
to demonstrategenetic linkages.However, to mini-

Fig. 2 Amplification productsobtainedusing rice genomic
DNA and primer OPF-13. Lanes1 and 16 are 100bp
molecularweight markers,and the remainderare amplification products from DNA of rice accessionsfrom
Malaysia,as follows: 71515,lanes2-3; 71517,lanes4-5;
71537,lanes6-7; 71544,lanes8-9; 71545,lanes10-11;
71578,lanes 12-13; 71596,lanes14-15. The results show
the reproducibilityof the PCR for eachaccessionand
diversitybetweenaccessions.
The bandsarrowed
(OPF-13-400 and OPF-13-340) are markerswhich, as
shownby subsequentregressionanalysis,explainedthe
variation in performancefor quantitativetraits (seeTable

5).

mize the detection of false positives more stringent
criteria had to be employedin determiningthe level
of correlation between marker(s) and the quantitative traits. For example, the significance of a
marker association was tested conservatively by
multiplying its observed probability by k, the total
number of markers from which the one is selected.
Marker(s) with adjusted probability of P<0.05 were
identified for this purpose and are presented in
Table 5. Interestingly, one marker (OPF-13-400)
explains about 24 per cent of the variation for both
culm length and daysto 50 per cent flowering which
in turn showedsignificantpositive correlation (0.67),
suggestingthat thesetwo traits might involve one or
more QTLs in common (QTLs with pleiotropic
effects).
More interesting,however,were the results of our
predictions of the quantitative scoresof eight accessions which were excludedfrom the multiple regression analysisfor this purpose (Table 6). Out of the
48 trait/accessioncombinations for which we have
made predictions, in four casesthe observedscores
@ The Genetical Society of Great Britain, Heredity, 76, 296-304.
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Table3 Overall mean,standarddeviation,the maximumand minimum scores
and correlationsamongthe famly meansof the 48 accessions
of rice used in the
pre~ent.study.M~asurementsof culm,panicleand leaf lengthsr~regivenin cm;
gramwIdths are m mm
Ii
Culm Culm Days to 50% Panicle Leaf
no. length flowering length length
Characters
Mean
32.00 101.59 83.69
SD
11.92 22.79 16.86
Max. score
71.70 145.00 124.44
Min. score
11.20 47.70 56.00
Correlations
Culm number
0.05
0.02
Culm length
0.66**
Days to 50% flowering
Panicle length
Leaf length
Grain width

Grain
width

25.77 53.88

3.03

3.94
9.92
32.10 77.00
17.00 25.10

0.41
4.20
2.41

-0.16
0.69**
0.62**

0.10
0.78**
0.51**
0.53**

-0.44**

0.04
0.01

0.26
-0.07

**P<O.Ol.

Table4a Regressioncoefficients,Fisher's test of the goodnessof fit of the
model and,z value for culm number,culm length and leaf length of rice
accessions
Culm number

Markert

Regression
coefficient

Culm length (cm)
Marker

4.97
6.09
-16.27
-6.62
-12.79
-5.61
26.43
-11.01
-29.98
5.82
-10.81
-12.59

Intercept: 95.97

F

0.63 (27,47:1:)

,z

0.90

2
6
18
19

20
26
28
30
48
49
61
63

Regression
coefficient
-17.33
-16.78
10.56
27.96
18.63
-27.47
8.39
-16.85
-25.28

15.92
-26.23
-24.55

147.50
1.16 (27,47)
0.91

Leaf length (cm)
Marker
14
15
18
19
20
26

28
30
32
33
39
41
43
44
49
61

Regression
coefficient
4.47
8.04
8.55
10.61
10.59
-13.93
10.52
-8.33
8.77
-4.56
9.18
18.60
6.80

9.20
12.84
-5.86
30.03
1.04(23,47)
0.89

Each regressioncoefficientis significantat the P < 0.05level.
tSee Table 1 for key to markers.
:l:Theanalysiswasperformed on 40 accessionsbut the replication x accession
meansquaresof the whole experimentwasusedas error in the F-test and
therefore has 47 d.f.
@The GeneticalSocietyof Great Britain, Heredity,76, 296-304.
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Table4b Regressioncoefficients,Fisher's test of the goodnessof fit of the
model and r value for daysto 50 per cent flowering,panicle length and grain
width of rice accessions
Days to 50% flowering

Markert
2

3
5
9

10
16
17
18

19
21
22
24
25
26
27
28
31
32
33
34
37

39
42
45

49
54
55
57
61

Intercept:
F

r

Regression
coefficient

Panicle length
Marker

-7.23
-8.86
-7.14
-9.91
11.50
-18.97

5.20
3.54
16.43
-10.97

25.60
-4.69
-15.28
-28.51
33.54

7.14
-3.75
-6.29
13.31
-8.17
-22.54
14.66
10.09
-16.63

21.90

Regression
coefficient

Grain width
Marker

2
6
8

-0.62

3

-3.36

4

-0.48

6

-0.21

10
11
12
17
18
21
23
24
26
27
29
31
37
38
40
50
53
54
55
61
62
63

-5.73

8
9

-0.13

11
14
16
17
18
20
21

-1.23

-0.31

22

-0.31

24
25
29
31
34
36
37
38
39
42
44
47
48
49
51
53
54
58
59

-0.44

5.07
-5.46

-2.64
-5.23

3.63
-4.31

4.65
-1.81
-2.67
5.96
-8.29
1.87
-3.00
-2.27
0.52
-1.47
-1.13
-2.37
-6.59
-3.77
-3.28
-2.60

-19.65
-20.25
-27.18
-22.16

150.15
0.32 (10,47:1:)

0.99

Regression
coefficient

53.01
0.83 ( L4,47)

0.98

-0.18

-0.49

0.13
-0.38
-0.52
-0.07
-0.26

0.42
-0.63
0.30
0.58
-0.46

0.22
-0.72
-0.24
-0.45
-0.19
-0.33
-0.33
-0.12
-0.20

0.24
-0.09
0.21
-0.53

7.25
0.11 (7,47)
0.99

Each regressioncoefficientis significantat P < 0.05.
tSee Table 1 for key to markers.
:l:Seefootnote to Table 4a.

differed significantly from the predicted. But, in
these four casesthe significancewas marginal and
the rank correlation between the observed and
predicted values of each trait was high (meancorrelation = 0.85), the lowest being 0.74 for culm
number and the highest 0.95 for grain width. In
other words, association of quantitative variation
with molecular markers has provided good predictions of the performance of these accessions.This is

ideal for the purpose of identifying useful accessions
prior to assessingtheir phenotypic performance in
the field. Moreover, the regressionmodel was even
able to predict the number of culms of accession
IRGC 78275,whose score actually falls outside the
range observed among the 40 accessionsused in
makingthe predictions.
In the case of 'leave out one at a time' analysis,
altogether seven predictions differed significantly
@ The Genetical Society of Great Britain, Heredity, 76, 296-304.
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tions, then one benefit of obtaining information
about molecular markers and quantitative traits
could be for use in more efficiently selectingputative parents for producingpopulationsto map QTLs
for a particular trait. As an examplefrom our data,
if we wanted to map QTLs for culm length, two
accessions(namelyIRGC 71646and 74720)not only
representphenotypic extremesfor this trait but are
also polymorphic for the key target bands and
belongto diversegroupingsbasedon data from both
molecular(63 markers)and all 10 quantitative traits
scored(data not shown).
The procedure can also be used as an initial
screening method for the identification of QTLs.
The establishedmethod for this is the selection of
two parents that differ markedly in a particular
quantitative character, and then the determination
of associationsbetweenmarkers and that character
in F2or backcrossprogeny.The apparentadvantages
of using diverse germplasminstead are (i) that this
could allow the detection of QTLs that vary acrossa
wide spectrum of biodiversity rather than just
betweentwo parental lines, and (ii) that QTLs for
any quantitative trait can be studied in the same
investigation.
Regardless of the underlying causes of the
associationswhich we have detected, the use of
molecular markers such as RAPD, which are more
or less randomly distributed across the genome
(Kurata et ai., 1994), coupled with multiple regression analysiscould substantiallychangeand improve
the way in which crop biodiversity is used in the
future. The combination of techniquesshould allow
us to predict what a plant will look like in terms of
quantitative agronomictraits prior to elaboratefield
trials. If a diverse test array of rice germplasmis
scored for important traits requiring specialized
assessmentconditions (such as stress tolerances)
then marker data can provide an efficient meansof
predicting the value of additional germplasm for
such characteristics,and even identifying suitable
material amongstgermplasmin situ.
Our results therefore demonstratethe value of ex
situ plant germplasmcollections not just as repositories of useful genes,but also as sourcesof information about phenotypic characters.One of the major
criticisms which has regularly been levelled at
genetic resource conservationistsover the last 40
years is that they have frequently been unable to
provide appropriate material for crop improvement
programmes. However, with appropriate organization of conserved material and the application of
current DNA-based marker technology, genebanks
can more easilycounter thesecriticisms and become

muchmore valuableinterfacesbetweenthe activities
of conservationists on the on~ hand and those
wishing to exploit germplasm rr the benefit of
humankind on the other.
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