
Abstract Cultivated rice is a high-volume, low-value
cereal crop providing staple food to more than 50% of
the world populace. A small group of rice cultivars, tra-
ditionally produced on the Indo-Gangetic plains and
popularly known as Basmati, have exquisite quality
grain characteristics and are a prized commercial com-
modity. Efforts to improve the yield potential of Basmati
have led to the development of several crossbred Bas-
mati-like cultivars. In this study we have analysed the
genetic diversity and interrelationships among 33 rice
genotypes consisting of the traditional Basmati, im-
proved Basmati-like genotypes developed in India and
elsewhere, American long-grain rice and a few non-aro-
matic rice using a DNA marker-based approach – fluo-
rescent-amplified fragment length polymorphism (f-AFLP).
Using a set of nine primer-pairs we scored a total of
10,672 data points over all of the genotypes in the size
range of 75–500 bp. The scored data points correspond-
ed to a total of 501 AFLP markers (putative loci/genome
landmarks) of which 327 markers (65%) were polymor-
phic. The f-AFLP marker data, which were analysed us-
ing different clustering algorithms and principal compo-
nent analysis, indicate that: (1) considerable genetic vari-
ability exists in the analysed genotypes; (2) traditional
Basmati cultivars could be distinctly separated from the
crossbred Basmati-like genotypes as well as from the
non-aromatic rice; (3) the crossbred Basmati-like culti-
vars from the subcontinent and elsewhere are genetically
very distinct; (4) f-AFLP-based clustering, in general,
conforms to the putative pedigree of the improved geno-
types. Moreover, analysis to ascertain the scope of AFLP
as a technique suggests that the polymorphism revealed
by three selective primer-pair combinations is sufficient

to obtain reliable estimates of genetic diversity for the
type of material used in this study. However, its utility to
identify group-specific DNA markers was discounted
due to a low frequency of observed group-specific dis-
crete markers.
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Introduction

Rice (Oryza sativa L.) feeds more than 50% of the tropi-
cal populace. Though a high-volume, low-value com-
modity, a class of aromatic, superfine grade premium
rice has evolved its own market niches, making rice
trade a commercial success internationally. A class of
premium rice with specific grain characteristics, tradi-
tionally grown on either side of the Indus river, is popu-
larly known as the Basmati rice. The superiority of the
Basmati cultivars over the other premium rice is due to
its superfine grains having a distinct aroma and excellent
elongation ability and the soft, flaky texture of the
cooked rice (Khush and Juliano 1985; Siddiq and
Shobha Rani 1998).

The traditional Basmati rice cultivars that command a
very high price in domestic and international markets due
to their superior grain characteristics have some agronom-
ically less desirable traits leading to a low yield potential.
Consequently, there have been extensive breeding efforts
to improve the yield potential of the Basmati by crossing
them with high-yielding, short-stature plant types. These
efforts have led to the development of many Basmati-like
high-yielding cultivars, both in India and elsewhere. It is
foreseen that more crossbred Basmati-like cultivars will
follow (Khush and dela Cruz 1998). However, for such ef-
forts to be successful, the genetic variability available to
breeders should be assessed as accurately as possible.

In addition, implications of the trade-related intellec-
tual property rights under the World Trade Organization
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agreements demand an unambiguous identification and
distinction of the crossbred Basmati types from the tradi-
tional Basmati genotypes, thereby necessitating newer
means that can effectively differentiate between the two
types. The latter is also desirable as a means to check the
possibility of trade-related malpractices wherein cross-
bred cultivars can be traded as genuine traditional Bas-
mati rice.

A large number of methodologies are available for the
assessment of genetic variability, diversity and interrela-
tionships in the germplasm, as well as for individualiza-
tion through macromolecular fingerprinting. While the
protein-based technologies are influenced by environ-
ment and more complex to analyze, the DNA-based ones
have provided reliable tools, enabling not only the as-
sessment of genetic variability but also a high-through-
put individual DNA typing (Bligh 2000). Circumventing
the limitations and drawbacks of several molecular pro-
filing and fingerprinting techniques, such as restriction
fragment length polymorphism, random amplified poly-
morphic DNA, sequence-tagged repeats, etc., Zabeau
and Vos (1993) introduced the amplified fragment length
polymorphism (AFLP) technique as a means of precise
genotyping. The technique does not need prior sequence
information of the genome being studied, is reproduc-
ible, gives the best genome-wide coverage and has the
advantage of being amenable to semi-automated geno-
typing (Zhu et al. 1998; Aggarwal et al. 1999; Sharma et
al. 2000). Therefore, AFLP has become a method of
choice in plant research for the study of genetic diversi-
ty, varietal identification, mapping, quantitative trait loci
analysis as well as gene isolation. In the investigation 
reported here, we used the fluorescence-based AFLP 
(f-AFLP) approach to compare 33 rice genotypes com-
prising the traditional Basmati and Basmati-like rice ge-
notypes for their genetic diversity and interrelationships
in order to assess the feasibility of obtaining individual
genotype-specific profiles for documentation. An at-
tempt was also made to define the minimum size of anal-
ysis needed to derive at reliable estimates of genetic di-
versity.

Materials and methods

Plant material

The 33 rice genotypes used in the study are listed in the Table 1.
These genotypes were broadly classified into six groups: the tradi-
tional Basmati rice (TB); high-yielding, crossbred Basmati-like
rice from Indian sub-continent (HYB); improved, patented, aro-
matic rice (IPR); American long-grain rice, both aromatic and
non-aromatic (AmR); non-premium japonica rice (JapR) and in-
dica rice (IndR). The seeds of the cultivars/genotypes were ob-
tained from the Directorate of Rice Research, Hyderabad, India. 

DNA extraction

Genomic DNA was isolated from green leaves of young seedlings.
Each sample comprising leaves pooled from five to eight seed-
lings (approx. 5 g) was processed as per Dellaporta et al. (1983)

until the crude-DNA precipitation step. The crude DNA mat was
then spooled-out, washed twice with 70% ethanol, dissolved in
3–5 ml TES (10 mM Tris, 1 mM EDTA, 5 M NaCl, pH: 8.0) con-
taining 20 µg/ml RNAse-A, incubated at 37 °C for 30 min and ex-
tracted with chloroform:iso-amyl alcohol (24:1, v/v); the DNA
was then re-precipitated with two volumes of chilled absolute eth-
anol. The purified DNA was finally dissolved in TE (10 mM Tris,
0.1 mM EDTA, pH 8.0) buffer and checked for its quality and
quantity.

AFLP analysis

The AFLP analysis was carried out using the fluorescent dye-
based AFLP Plant Mapping Kit from Perkin Elmer Applied Bio-
systems (Foster City, Calif.) following the manufacturer's instruc-
tions with modifications. About 0.5 µg of genomic DNA was used
for each sample. The sequences of adaptors, primers, selective
primer-pair combinations and fluorescence tags used are detailed
in Table 2. Each selective primer contained three unique nucleo-
tides at the 3′ end. The selective amplification was carried out in
10 µl volumes using the PE9600 thermocycler, as per the cycling
conditions described by the manufacturer. The amplified product
was mixed with internal lane standard GeneScan-500 TAMRA or
ROX (Perkin Elmer Applied Biosystems) and denatured at 95 °C
for 5 min. Finally, 0.5–1.0 µl from each sample was analysed on
the ABI Prism 377 automated DNA sequencer (Perkin Elmer Ap-
plied Biosystems). 

Data analysis

The AFLP electrophoretograms in the range of 75–500 bp were
analysed and compared using the software GENESCAN version 3.1
and GENOTYPER version 2.1 (Perkin Elmer Applied Biosystems),
respectively. Each fragment size was treated as a unit character for
analysis and converted to binary code (1/0 = +/–), and binary ma-
trices were generated for all of the genotypes for each primer-
combination separately. The latter were re-checked manually by
comparing them with the corresponding AFLP gel images to take
care of the doubtful data points that were apparently sized due to
noise signal. For analysing genetic diversity and testing the ro-
bustness of the AFLP marker data, we used multiple data sets; 
(1) marker data sets for individual primer-pairs; (2) data sets creat-
ed by pooling the marker data for different, randomly chosen com-
binations of 2, 3, 4, 5, 6, 7 and 8 primer-pairs; (3) whole data
pooled over all primer-pairs. In each case, the 1/0 matrix was used
to calculate the genetic (dis)similarities as Dice coefficients (Nei
and Li 1979). The resulting similarity matrices from the pooled
data set were utilized to ascertain the genetic inter-relationships
by: (1) partitioning the variance of the data sets using principal
component analysis (PCA) and plotting the first two principal
components; (2) constructing phenetic trees using UPGMA (un-
weighted pair grouping with arithmetic mean averages). Cluster
analysis to infer the phenetic relationships was also done using the
maximum likelihood method MIX employing directly the pooled
1/0 matrix. The reliability, goodness of fit and robustness of the
phenetic trees were tested by deriving the cophenetic correlations
(Sneath and Sokal 1973) and bootstrapping (Felsenstein 1985).
The similarity matrices generated from different sub-sets of AFLP
data were subjected to Mantel test (Mantel 1967) to ascertain the
size of analysis needed for deriving reliable diversity estimates.
The analyses were done using different routines available in the
software packages NTSYS-PC version 2.02i (Applied Biostatistics,
New York), WINBOOT (Yap and Nelson 1996) and PHYLIP version
3.57c (http://evolution.genetics.washington.edu/phylip.html).

Results and discussion

The assessment of genetic diversity is important not only
for crop improvement efforts but also for efficient manage-
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Table 1 Details of rice genotypes used in the present study for fluorescent-AFLP-based genetic diversity analysis

Selection Genotype Origin Putative pedigree Main characteristics
no.

Traditional Basmati genotypes (TB)
1 Basmati-370 Kapurthala (Punjab), India Native genotype Aromatic, long slender grain, 

tall plant stature
2 Karnal Local Kaul (Haryana), India Native genotype Aromatic, long slender grain, 

tall plant stature
3 Taroari Basmati Kaul (Haryana), India Selection from local Basmati Aromatic, long slender grain, 

tall plant stature
4 Ranbir Basmati R S Pura (J & K), India Selection from Basmati-370-90-95 Aromatic, long slender grain, 

tall plant stature
5 Basmati-397 (A)a Kapurthala (Punjab); Pakisatan Native genotype Aromatic, long slender grain, 

tall plant stature
6 Basmati-397 (B)a Kapurthala (Punjab); Pakisatan Native genotype Aromatic, long slender grain, 

tall plant stature
7 Basmati-433 Kapurthala (Punjab); Pakisatan Native genotype Aromatic, long slender grain, 

tall plant stature
8 Basmati-122b Kapurthala (Punjab); Pakisatan Native genotype Aromatic, long slender grain, 

tall plant stature
High yielding improved Basmati genotypes from India (HYB)

9 IET 10363 IARI, New Delhi, India Pusa167/Karnal Local Aromatic, long slender grain
10 IET 11341 IARI, New Delhi, India Pusa167/Karnal Local Aromatic, long slender grain
11 IET 12021 HAU RS, Kaul (Haryana), India IR579/Basmati-370// Basmati-370 Aromatic, long slender grain
12 IET 13162 DRR, Hyderabad, India PR109/Pakistan Basmati Aromatic, long slender grain
13 IET 13548 DRR, Hyderabad, India Pusa Basmati-1/IET-8585 Aromatic, long slender grain
14 Pusa Basmati-1 IARI, New Delhi, India Pusa 150/Karnal Local Aromatic, long slender grain, 

semi-dwarf plant stature
15 Haryana Basmati HAU RS, Kaul (Haryana), India Sona/Basmati-370 Aromatic, long slender grain,

semi-dwarf plant stature
16 Kasturi DRR, Hyderabad, India Basmati-370/CRR-88-17-1-5 Aromatic, long slender grain, 

semi-dwarf plant stature
17 Basmati-385 Kapurthala (Punjab), Pakisatan T(N)1/Basmati-370 Aromatic, long slender grain, 

tall plant stature
Improved aromatic genotypes developed and patented in USA (IPR)

18 Basmati 867 Rice Tec, Texas, USA Pakistani TRB (?)/American rice (?) Aromatic, long slender grain, 
high yielding

19 RT 1117 Rice Tec, Texas, USA Pakistani TRB (?)/American rice (?) Aromatic, long slender grain, 
high yielding

20 RT 1121 Rice Tec, Texas, USA Pakistani TRB (?)/American rice (?) Aromatic, long slender grain, 
high yielding

Long-grain rice genotypes developed and released from USA (AmR)
21 Della Crowley, Louisiana, USA Rexoro/Delitus//Century/ Aromatic, long grain, high 

Rexoro-Zenith yielding
22 Jasmine 85 Beaumont, Texas, USA IR-262/Jasmine (Khao-Dwak- Aromatic, long grain, low

Mali-105) amylose aontent, high yielding
23 Lebonnet Beaumont, Texas, USA Bluebelle//Belle Patna/Dawn Non-aromatic, traditional

southern long-grain, high
yielding

24 SkyBonnet Beaumont, Texas, USA Bluebelle//Belle Patna/Dawn Non-aromatic, traditional 
selection southern long-grain, high 

yielding
25 Texmont Beaumont, Texas, USA [(CI 9881/PI331581//L-201) Non-aromatic, long-grain, 

Selection]/Lemont high yielding, anther-culture 
derivative

Non-aromatic rice genotypes, japonica type (JapR)
26 Akihikari Aomori, Japan ? Short bold grain, low amylose

content, dwarf
27 Norin-18 Japan ? Short bold grain, low amylose

content
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ment and protection of the germplasm resources. For this
purpose, the recent DNA fingerprinting approaches capa-
ble of revealing extensive variability have become meth-
ods of choice. In the present study, we analysed a number
of premium Basmati cultivars using the powerful DNA
fingerprinting approach of AFLP, employing fluorescent
dye-labelling and semi-automated detection technology.
The present investigation and our earlier experiences with
radioactive AFLP (Aggarwal et al. 1999) clearly indicate
that the fluorescence-based AFLP technique offers signifi-
cant improvements over the original method by increasing
the scoring and typing efficiency as well as reducing the
risk of exposure to the hazardous radioactive isotopes and
probably the related costs of the analysis, an opinion
shared by Mitchell et al. (1997) and Sharma et al. (2000).

AFLP markers in the analysed rice materials

The summary of AFLP markers produced by nine 
primer-pairs and their distribution across the rice groups

are given in the Tables 3 and 4. Preliminary experiments
involving three independent attempts to amplify AFLP
markers for five genotypes with three different selective
primer-pairs revealed a high reproducibility of the data
(results not shown). The nine primer-pairs generated a
total of 501 differently sized fragments of which 327
(65%) were polymorphic over all the genotypes. In total,
10,672 marker data points could be scored with an aver-
age of 1,186 ± 116 markers per primer-pair, across the
genotypes, thereby confirming the high multiplex ratio
expected for the AFLPs (Powell et al. 1996). The fre-
quency of individual polymorphic AFLP marker ranged
from 0.033 (i.e. present only in one genotype) to 1.0
(present in all). The capability of different primer-pairs
to generate AFLP markers varied significantly, ranging
from 35 to 90 (average of 55.7±5.4) markers per primer
pair over all genotypes, and 22 to 61 (average of
35.6±3.6) markers per primer pair per genotype. None-
theless, the polymorphic information content (PIC) mea-
sured as percentage polymorphic markers for all the
primer pairs was high and varied in a relatively narrow

Non-aromatic rice genotypes, indica type (IndR)
28 Dular India Native genotype Long, bold grain
29 IR-24 IRRI, Los Banos, Philippines IR-8/IR127-2-2 Long slender grain, 

semi-dwarf plant stature
30 IR-64 IRRI, Los Banos, Philippines Complex derivative of several Non aromatic, semi-dwarf

crosses plant stature
31 Rasi DRR, Hyderabad, India T(N)1/Co29 Non aromatic, semi-dwarf

plant stature
32 MTURH-2020 ANGRAU, Hyderabad, India Heterotic hybrid of indica/indica Non aromatic, semi-dwarf plat

type stature, heterotic hybrids
33 MTURH-2048 ANGRAU, Hyderabad, India Heterotic hybrid of indica/indica Non aromatic, semi-dwarf

type plant stature, heterotic hybrids

a Two different samples obtained
b Seemingly admixture; labelled as Basmati-122

Table 1 (continued)

Selection Genotype Origin Putative pedigree Main characteristics
no.

Table 2 Details of the primers and flourophores used in the AFLP analysis

Pre-selective amplification primers
EcoR-1 specific primer core sequence + A: Eco-A 3′
Mse-1 specific primer core sequence + C: Mse-C 3′

Selective amplification primer over-hangs (+3 b on 3′ end)
EcoRI specific Eco-AGG Eco-ACA Eco-ACC Eco-ACT
MseI specific Mse-CTC Mse-CAG Mse-CTT Mse-CAA

Nine primer combinations used
Eco-AGG+Mse-CTC Eco-ACA+Mse-CAC Eco-ACA+Mse-CAG
Eco-ACA+Mse-CTT Eco-ACC+Mse-CAA Eco-ACT+Mse-CTA
Eco-ACT+Mse-CTC Eco-ACT+Mse-CTC Eco-AGG+Mse-CAA

Fluorescent tags of selective primers
Eco-AGG: JOE (green) Eco-ACA: FAM (blue)
Eco-ACT: FAM (blue) Eco-ACC: TAMRA (yellow)



range of 57% (for Eco-ACA:Mse-CAG) to 73% (for
Eco-ACA:Mse-CAC), with an average of 65±2%, sug-
gesting that despite large variations in the marker index
there is a near-uniform distribution of AFLPs (polymor-
phisms) across the genome, which is a desirable attribute
for their utility in diversity analysis. 

An advantage of AFLP fingerprinting is its potential
to expose large genetic polymorphism, thereby providing
broader genome coverage. In the present study, a very
large number of markers were generated, with an aver-
age of 320±2.7 markers per genotype over all nine 
primer-pairs and 35.6±3.6 markers per genotype per
primer pair. These multiplex marker indices are compa-
rable to the ones reported earlier for diploid rice culti-
vars/species using the radioactive AFLP approach 
(Aggarwal et al. 1999). In comparison to a recent AFLP
map of the rice with 208 markers spanning approximate-
ly 1,500 cM of genome (Maheshwaran et al. 1997), the
AFLP markers scored in the present study would be
equivalent to more than 320 nuclear loci per genotype
with all nine primer-pairs, thus providing extensive cov-
erage of the whole genome. Accordingly, the genetic
groupings inferred from the present data were supported
by the high bootstrap and cophenetic values (see below),
indicating the robustness of the data for this purpose.

A perusal of the marker data for their group-wise dis-
tribution revealed that while the average number of
markers scored per genotype in different rice groups
over all the primers were almost similar (ranging be-
tween 34.8 and 36.7 markers), the level of diversity dis-
cernible from percentage polymorphic markers varied
extensively from a low of 29% for IPR to a high of
61.4% for the IndR group (Table 4). These results sug-
gest that the patented aromatic rice group is the least ge-
netically diverse one, whereas the IndR group is the most
diverse. Indeed, the IndR group has genotypes from di-
verse origins and derivations. In addition, heterotic hy-
brid rice entries MTURH-2020 and MTURH-2048 are
also included, adding to the variation. On the other hand,
the IPR genotypes studied herein are supposed to have
been derived from a closely related gene pool (Sarreal et
al. 1997), depicting the least divergence. The above
demonstrates that the AFLP analysis can provide reliable
indices that are proportional to the genetic base of the
germplasm collections and thus has great potential in
biodiversity studies.

Genotype-specific profiles and fingerprinting

The data revealed a considerable number of polymorphic
markers within each rice group (Table 4). Group-wise,
the number of such differentiating AFLP markers ranged
from a minimum of 32 in the JapR group comprising on-
ly two entries to 199 in the most diverse IndR group
comprising six entries. The occurrence of such a large
number of polymorphic markers within each group sug-
gests the potential of the AFLP approach to generate
genotype-specific fingerprints useful for germplasm reg-
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istration and protection. The perusal of the marker pro-
files of different genotypes reveals them to be genotype-
specific with a difference of at least nine AFLP markers
between the two closest entries – Pusa Basmati-1 and
Taroari Basmati. Although our results validate the utility
of AFLP-based fingerprinting for the identification and
authentication of genotypes, it should be mentioned that
caution should be exercised if the number of genotypes
being compared are large or the entries are closely relat-
ed. In such cases, the number of unique differentiating
polymorphic markers may become a constraint, and one
may need to resort to either a lower +3/+2 nucleotide se-
lection strategy, as suggested by Zhu et al. (1998), in
place of the +3/+3 strategy employed in the present work
to increase the level of detectable AFLP polymorphism
or utilize additional marker techniques, such as se-
quence-tagged repeats or the DNA microsatellite loci.
Further, the possibility of identifying AFLP marker(s)
that can be diagnostic of the group as a whole is dis-
counted in the present study.

Genetic similarity and inter-relatedness

The genetic similarity estimates, calculated as the Dice
coefficient using the entire dataset (excluding the 
Pakistan Basmati-122, the sample of which seems to be
an admixture), ranged from 0.737 to 0.980, which is
comparable to earlier reports on cultivated rice germ-
plasm (Mackill et al. 1996). In general, within-group es-
timates of genetic variation corroborated well with the
type and number of cultivars that comprised different
groups (Table 5). Accordingly, the IndR group was re-
vealed as being the most diverse having the least within-
group average similarity (0.862±0.009) but with the
broadest range (0.809–0.945). In contrast, the JapR
group represented by only two cultivars showed the least
variation with the highest within-group average similari-
ty of 0.949. Similarly, the IPR group showed a high av-
erage similarity (0.901) within itself, ranging from 0.894
to 0.908. The low variation in the JapR and IPR groups
can be due to the lesser number of genotypes; in the 

latter, a low variation was also expected due to the relat-
ed and/or overlapping pedigrees. The remaining three
groups – TB, HYB and AmR – exhibited similar levels
of genetic variation (average genetic similarity of 0.88). 

Furthermore, between-group genetic variation was
found to be informative about the possible origin/
pedigree of the analysed cultivars. The average between-
group genetic similarity was observed to be highest
(0.884) between the IPR and AmR groups, suggesting
that some member(s) of the latter group may be involved
in the derivation of the patented lines analysed. It was
noteworthy that the patented aromatic rice Basmati-867
showed a maximum relatedness of 0.876 with the tradi-
tional Ranbir Basmati, which happens to be from the
Jammu and Kashmir region of India, geographically ad-
joining Pakistan. This would suggest that the unidenti-
fied Pakistani traditional Basmati used in the develop-
ment of Basmati-867 could either be Ranbir Basmati it-
self or one of its closely related cultivars. The patented
RT1117 was the closest to Della (aromatic AmR), with a
similarity of 0.918. All of these similarity estimates
strongly suggest that the IPR genotypes analysed are de-
rivatives from crosses involving the traditional Basmati
and the American long-grain cultivars.

The aromatic American long-grain cultivar Jasmine-
85 showed a higher similarity with the crossbred HYB
and the IndR groups than with the AmR group. This
was not unexpected as Jasmin-85 is a derivative of a
cross between IR-262 (a non-aromatic indica type from
IRRI, Philippines) and Khaw Dawk Mali-105, also
known as Jasmine (an aromatic indica type from Thai-
land). Similarly, the higher genetic similarity of AmR
to JapR (with an average of 0.884) than with the IndR
(average similarity of 0.796) is substantiated by the fact
that most of the American rice are japonica types (Rut-
ger et al. 2000). The traditional Basmati as a group was
equidistant from the HYB and IPR groups (approx.
0.86 similarity). This was expected as there is a definite
involvement of some members of the traditional Bas-
mati group in the development of both the crossbred
Basmati-like HYB as well as the IPR rice cultivars 
(Table 1).

Table 5 Average genetic similarities calculated as Dice coefficients for different groups of rice genotypes based on AFLP markers (SD
standard deviation)

Group Genetic similarity between the groupsa Within the group

TB HYB IPR AmR JapR IndR Mean±SEM SD (n)

TB 0.035 (63)b 0.018 (21) 0.031 (35) 0.018 (14) 0.021 (42) 0.914±0.006 0.030 (21)
HYB 0.864±0.004 0.015 (27) 0.020 (45) 0.014 (18) 0.027 (54) 0.877±0.005 0.029 (36)
IPR 0.871±0.004 0.836±0.003 0.053 (15) 0.011 (6) 0.016 (18) 0.901±0.004 0.007 (3)
AmR 0.845±0.005 0.822±0.003 0.884±0.014 0.066 (10) 0.033 (30) 0.882±0.030 0.094 (10)
JapR 0.834±0.005 0.793±0.003 0.872±0.005 0.875±0.021 0.014 (12) 0.949
IndR 0.805±0.003 0.853±0.004 0.800±0.004 0.796±0.019 0.758±0.004 0.862±0.009 0.036 (15)

a Data for Basmati-122 that is seemingly an admixture is not in-
cluded in the summary statistics
b Figures in parenthesis are the number of pair-wise comparisons;
values above diagonal are standard deviation of similarity coeffi-

cient; values below diagonal are average similarity coefficients
with standard error of mean (SEM)
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Principal component analysis

The PCA is one of the multi-variate approaches of group-
ing based on the similarity coefficients or variance-cova-
riance values of the component traits of the entities. It is
expected to be more informative about differentiation
among major groups, while the cluster-analysis provides
higher resolution among closely related populations (Liu
et al. 2001). In our PCA analysis, more than 90% of the
variation in the estimates of genetic similarity was ex-
plained by the first three components, indicating the suit-
ability of the AFLP approach for genetic clustering. The
first principal component explained a significant variation
(approx. 82%) and could clearly separate all of the aro-
matic/Basmati rice genotypes from the non-aromatic rice
types. These two broad groups could further be resolved
into relatively distinct clusters corresponding to different
rice types by the second principal component that ex-
plained approximately 4% variation of the data.

Overall, six distinct clusters were revealed by the first
two principal components (Fig. 1). Cluster 1 included in
addition to all of the members of the IndR group, three
genotypes from the other groups, Basmati-122 (from 
Pakistan), IET-11341 and Jasmin-85. Among these ex-
ceptions, the inclusion of TB genotype Basmati-122 in
the IndR group cluster is seemingly due to it being an
admixture with some indica genotype, as was indicated
in an independent study using rice-specific DNA micro-
satellite markers (data not shown). On the other hand,
the grouping of Jasmine-85 in the IndR cluster was 
rather expected as it is derived from indica type parents
(see above), whereas in the case of IET-11314 (a deriva-
tive of indica/TB genotypes) it could be due to a strong-
er selection bias for the indica traits/genetic background
during its development. 

The second cluster comprised HYB cultivars that are
derivatives of traditional Basmati cultures crossed with
modern high-yielding indica types. Accordingly, it was
placed between the clusters I and III comprising IndR
and TB genotypes, respectively. Interestingly, the tradi-
tional Pakistan Basmati-433 clustered along with the IPR
genotypes, suggesting its close genetic affinity with the
patented aromatic rice analysed. This is supported by the
US Patent document (no. 5663484) on the patented aro-
matic rice, which shows it as one of the parents used
(Sarreal et al. 1997). Cluster IV of the patented aromatic
rice, similar to cluster II, was placed between cluster III
of TB and cluster V of the AmR genotypes, in line with
their parentage. Similarly, cluster V comprising AmR
genotypes was found to be nearest to cluster VI of 
the JapR genotypes, suggesting their origin from the
japonica types (Rutger et al. 2000). All these observa-
tions amply demonstrate the utility of AFLP data in de-
ducing the genetic lineage(s) of the crossbred genotypes.

The UPGMA cluster analysis

The cluster analysis using UPGMA and MIX, based on
similarity coefficients, was done to resolve the closer
phenetic relationships between the analysed rice geno-
types. Both approaches produced similar phenograms,
with the exceptions of minor variations in the branch
lengths and the positioning of some genotypes on the ter-
minal branches (data not shown). In general, the phenetic
clusters of genotypes were supported with high bootstrap
values (Fig. 2), indicating the reliability and stability of
the inferred relationships as well as the robustness of the
AFLP data used for diversity analysis. The goodness of
the AFLP data for cluster-analysis was also supported by

Fig. 1 Two-dimensional plot
of genetic diversity among
the 33 rice genotypes as re-
vealed by the PCA based
on AFLP markers obtained
with nine primer-pairs.
The first two co-ordinates ex-
plain more than 87% of the di-
versity
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high (>0.82) cophenetic correlation coefficients (Rohlf
1992). 

The UPGMA cluster analysis provided a better reso-
lution of the relationships among the rice genotypes,
which were broadly clustered into three major groups
(Fig. 2). It was interesting to note that all of the tradi-
tional and some of the crossbred Basmati types com-
prised Group 1 which was distinctly separated from
Group 2, the latter including all of the genotypes of
AmR, IPB and JapR except Jasmine-85. Both these
groups were distinct from the relatively more diffused
Group 3 that consisted of diverse IndR and a couple of
crossbred Basmati genotypes. Within Group 1, the geno-
types were distinctly separated into the HYB and the TB
types, sharing a genetic similarity of around 87%. Simi-
larly, within Group 2, three well-defined sub-clusters
were observed corresponding to the AmR, IPR and JapR
types, resolving from each other around at the 92%,
89.5% and 88% genetic similarity levels, respectively.
While Group 3 was separated from the other two groups
at around 80% genetic similarity, Group 1 shared slightly
more genetic similarity – around 84% – with Group 2.
The latter was expected as some of the Group 1 TB ge-
notypes have contributed to the development of IPR ge-
notypes of Group 2. These results, in general, are in
agreement with what was observed in terms of similarity
coefficients and the PCA analysis.

Among the crossbred Basmati genotypes from the
subcontinent, there were two distinct sub-groups – one
(IET-10363, 13548, Pusa Basmati-1) nearer to the tradi-
tional Basmati in Group 1 and the other (IET-12021, 

Haryana Basmati-1, Kasturi) to the non-aromatic indica
genotypes in Group 3. The genotypes of the former sub-
group invariably have the traditional Basmati Karnal Lo-
cal as one of the parents, whereas those of the latter sub-
group involved traditional Basmati-370 in their pedigree.
This apparent genetic affinity towards a specific parent is
probably the result of the selection bias for a particular
plant type and/or differences in the general combining
ability of the parents involved. Accordingly, it is a possi-
bility that the traditional Basmati Karnal Local genotype
may have a better combining ability than the traditional
Basmati-370, with the elite indica genotypes involved in
the Basmati improvement programmes.

Size of AFLP analysis for reproducible 
biodiversity estimates

In most diversity studies, one important point of consid-
eration is how many markers one must analyse to rightly
mirror the variations representative of the whole genome
in order to derive reliable estimates of biodiversity. To
date, there are no set rules except the realization that
analysis should ideally provide wide genome coverage.
In the present study, the average numbers of AFLP
markers scored per genotype were more than the total
number mapped on the AFLP linkage map of rice 
(Maheshwaran et al. 1997), suggesting that the number
was probably in excess of what may optimally be needed
for the diversity estimation. Furthermore, the earlier
mapping studies suggest that the AFLP markers generat-

Fig. 2 UPGMA clustering of 33 
rice genotypes based on AFLP
markers obtained with nine se-
lective primer-pairs. The num-
bers shown at different nodes
represent the bootstrap values
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ed by each primer combination are more or less random-
ly distributed throughout the genome and thus represent
random subsets of the full dataset (Zhu et al. 1998).
Therefore, we attempted to determine the minimum
number of AFLP markers needed for reliable grouping
of the test materials. For this purpose, the Mantel test
and cluster analysis were carried out on 72 sub-datasets
of AFLP markers generated by combining the basic data-
set for individual primer-pairs in different combinations
(see Materials and methods). The results revealed that, in
general, sub-datasets comprising two or more basic sets
produced genotype clusters similar to the one produced
by the dataset pooled over all the nine primer pairs.
Also, the clusters were supported by reasonably high co-
phenetic correlation values of greater than 0.8, indicating
a good fit of the data for diversity analysis (Table 6).
Similarly, the results of the Mantel test show highly sig-
nificant correlations between the similarity matrices gen-
erated from different sub-datasets, suggesting further
that the data generated by the use of two or three primer-
pairs are rather sufficient to obtain the reliable estimates
of genetic similarities among the genotypes tested in the
study (Table 6). These results are significant, as our anal-
ysis involved the comparisons of a large number of or-
thogonal datasets, and they by and large substantiate the
inferences of Zhu et al. (1998) that in rice the AFLP data
generated from two or at the most three primer combina-
tions appear to be sufficient for robust estimates and that
there is little advantage in generating data from four or
more primer combinations. 

In conclusion, the present investigation demonstrates
the potential of f-AFLP in exposing extensive genetic
polymorphism useful for diversity analysis and genotype
individualization. Most interestingly, the analyses not
only distinguished the traditional Basmati genotypes
from the crossbred Basmati-like genotypes, but they also
revealed that the latter genotypes from the Indian sub-
continent are genetically very different from the ones de-
veloped elsewhere. Furthermore, the analyses clearly in-

dicated the involvement of the traditional Basmati geno-
type(s) in the derivation of the patented, aromatic geno-
types. To a large extent, the observed clustering corre-
sponds well with the available pedigree information,
suggesting that AFLP is also a good genetic tool for
identifying genetic lineages. The results of the Mantel
tests suggest that the analysis with only two to three
AFLP primer-pair combinations (with +6 selective 
bases) is more than sufficient for reliable estimates of
genetic diversity in closely related germplasm like the
rice material analysed herein.
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