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Abstract The selection of an appropriate sampling strat-
egy and a clustering method is important in the construc-
tion of core collections based on predicted genotypic
values in order to retain the greatest degree of genetic
diversity of the initial collection. In this study, methods of
developing rice core collections were evaluated based on
the predicted genotypic values for 992 rice varieties with
13 quantitative traits. The genotypic values of the traits
were predicted by the adjusted unbiased prediction (AUP)
method. Based on the predicted genotypic values, Maha-
lanobis distances were calculated and employed to mea-
sure the genetic similarities among the rice varieties. Six
hierarchical clustering methods, including the single
linkage, median linkage, centroid, unweighted pair-group
average, weighted pair-group average and flexible-beta
methods, were combined with random, preferred and
deviation sampling to develop 18 core collections of rice
germplasm. The results show that the deviation sampling
strategy in combination with the unweighted pair-group
average method of hierarchical clustering retains the
greatest degree of genetic diversities of the initial collec-
tion. The core collections sampled using predicted geno-
typic values had more genetic diversity than those based
on phenotypic values.

Introduction

With the rapid increase in the number of accessions
contained in crop germplasm collections, redundant
resources have become an obstacle to the effective
maintenance and utilization of these collections. To solve
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this problem, Frankel (1984) proposed the concept of the
core collection. The design of the core collection should
minimize repetitiveness within the collection and should
represent the genetic diversity of a crop species and its
relatives. The core collection could serve as a working
collection that could be extensively examined, and the
accessions excluded from the collection would be retained
as the reserve collection (Frankel and Brown 1984a,
1984b; Brown 1989a, 1989b). Thus, The establishment of
core collections is a helpful means by which to make
better use of plant germplasm and to assist in the
management of the entire collection.

Dozens of core collections have been successfully
developed by various criteria and sampling strategies.
Some examples are those for perennial Glycine spp.,
peanut (Arachis hypogae L.), annual Medicago spp. and
sugarcane (Saccharum spontaneum L.) (Brown et al.
1987; Holbrook et al. 1993; Diwan et al. 1995; Tai et al.
2001). The kinds of data that have been used to analyze
the genetic diversity of crops include morphological,
agronomic and ecogeographical traits as well as molec-
ular and biochemical markers (Perry et al. 1991; Joe and
Orlando, 1996; Lerceteau et al. 1997; Hokanson et al.
1998; Ortiz et al. 1998; Huaman et al. 1999; Parsons et al.
1999; Chavarriaga-Aguirre et al. 1999; Marita et al. 2000;
Upadhyaya and Ortiz 2001; Chandra et al. 2002). To date,
most core collections have been constructed using phe-
notypic values. Most traits of crop varieties are quanti-
tative traits under the control of multiple genes that are
easily influenced by environmental conditions (e.g.
weather, soil, cultural and field management). Hence,
genetic grouping based on phenotypic data may not
reflect the true genetic diversity of the initial germplasm
resources depending on the degree of environmental
effects. The core collections constructed solely on the
basis of phenotypic data might not perfectly represent the
genetic diversities of the original crop collections (Tanks-
ley and McCouch 1997).

In the investigation reported here, various methods
were proposed to construct 18 core collections of rice by
three sampling strategies and hierarchical clustering with



six amalgamation rules based on the predicted genotypic
values of 13 traits. Sampling strategies and cluster
methods were evaluated to find the best method for
determining core collections of rice. These methods were
also compared to determine the effect of using phenotypic
values instead of predicted genotypic values on the design
of core collections.

Materials and methods
Materials

The seeds of 992 varieties of rice germplasm were sown on May
25, 2001, and 27-day-old seedlings were individually transplanted
at 20x20-cm spacing at the experiment farm of Zhejiang Univer-
sity. Twenty-four seedlings of each variety were planted in plots
with two replications. Plant samples for each variety were derived
at maturity from eight plants in the middle of the plot. The
phenotypic values of 13 traits were studied: days to heading, plant
height (centimeters), number of panicles per plant, flag leaf length
(centimeters), flag leaf width (centimeters), ratio of the flag leaf
length to width, panicle length (centimeters), number of seeds per
panicle, number of fertile seeds per panicle, seed setting rate
(percentage), grain weight (milligrams), panicle weight per plant
(grams) and yield per plant (grams). The mean values from these
plant samples served as the original data for the 13 traits.

Statistical models

In the single environment experiment with two replications, the
observed values could be expressed asy; = u+ G; + ¢;, where
yi; is the jth replication’s observed values of the ith variety; u is
the population mean; G; is the genotypic effect of the ith variety,
which was predicted by the adjusted unbiased prediction (AUP)
method with phenotypic values (Zhu 1993; Zhu and Weir 1996),
G~ (0,0%)7 =1, 2, 3, ... . & ej is the residual effect, e; ~
SO, 02). On the basis of the predicted genotypic values, the genetic

istances among different varieties could be calculated and used for
classifying the accessions.

Cluster analysis and sampling strategies

Mabhalanobis distance (Mahalanobis 1936) can eliminate the scalar
difference between traits and account for correlations among traits
(Hu et al. 2000). It was, therefore, applied to calculate the genetic
distance among the different accessions. The single linkage, median
linkage, centroid, unweighted pair-group average, weighted pair-
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group average and flexiable-beta methods were used for grouping
the accessions. Based on the clustering in the dendrograms,
random, preferred and deviation samplings were employed to
construct core collections (Hu et al. 2000), and the sample size was
15% (Perry et al. 1991).

Evaluation of the core collection

A homogeneity test (F-test) for variance and a t-test for means
(a=0.05) were applied to test for significant differences between the
means of each trait for the core collection and the initial collection.
The following parameters were used to evaluate the properties of
the core collections in terms of the initial collection: VD%
[percentage of significant difference (=0.05) between core col-
lection and the initial collection for variances of traits], MD%
[percentage of significant difference (a=0.05) between core col-
lection and the initial collection for means of traits], CR% (the

m
coincidence rate, CR% = #Z};—f x 100) and VR% (the variable
j=1

m

rate, VR% = #X:l % x 100), where R is the range of each trait
=

for the core collection, R; is the range for initial collection, CV¢ is

the coefficient of variation of trait for the core collection, CV; is the

coefficient of variation of trait for the initial collection and m is the

number of traits.

Core collections were considered to well represent the genetic
diversity of the initial collection if the two following criteria were
met: (1) no more than 20% of the traits had different means
(significant at ¢=0.05) between the core collection and the initial
collection and (2) CR% was retained by the core collection in no
less than 80% of the traits (Hu et al. 2000).

Results

Phenotypic means and predicted genotypic values
for 13 traits of rice

The phenotypic means, predicted genotypic values and
their ranges for 13 traits of rice are listed in Table 1. The
results show that there was a large variation among
materials studied. The genotypic values predicted by the
AUP method with phenotypic means also showed abun-
dant genetic diversity among these rice varieties, but the
ranges were smaller. Consequently, the initial germplasm
collections of rice could be used to construct core
collections, and the genetic distances among different

Table 1 Phenotypic means and
predicted genotypic values for
13 traits in rice (SE standard

error)

Traits Phenotypic means Predicted genotypic value
Mean * SE Range Mean * SE Range
Days to heading time 72.09+10.78  57.00~116.00  72.08+10.49 57.41~114.81
Plant height (cm) 86.16+12.78  54.25~153.11 86.16+12.42  55.17~151.19
Number of panicles per plant 7.39+1.56 3.23~20.00 7.39£1.27 4.00~17.67
Flag leaf length (cm) 29.89+5.60 18.02~54.98 29.89+5.16 18.95~53.00
Flag leaf width (cm) 1.51+0.21 0.79~2.31 1.51+0.20 0.83~2.26
Flag leaf length/width ratio 20.08+3.83 11.57~37.02 20.08+3.48 12.35~35.47
Panicle length (cm) 20.28+2.11 11.78~27.76 20.28+1.97 12.35~27.26
Number of seeds per panicle 104.59+£29.42  44.82~245.15 104.59+27.63  48.44~236.62
Number of fertile seeds per panicle 68.92+21.06 17.11~156.62 68.92+18.80 22.69~147.19
Seed setting rate (%) 65.99+9.97 13.38~91.07 65.99+7.83 24.65~85.70
Grain weight (mg) 21.65+3.25 11.57~44.73 21.65+3.16 11.84~44.10
Panicle weight per plant (g) 12.52+3.03 3.48~30.50 12.52+2.42 5.29~26.90
Yield per plant (g) 10.49+2.74 2.33~25.92 10.49+2.16 4.05~22.66
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Table 2 Comparison of the Core collections VD%* MD%P CR%* VR%* Number of entries

percentages for the differences

between the core collection and  GCoreC1S1 100 385 96.0 134.4 133

the initial collection in rice GCoreC2S1 46.2 0 88.3 112.2 119
GCoreC3S1 23.1 7.7 77.8 108.8 145
GCoreC4S1 69.2 0 86.2 112.8 129
GCoreC5S1 30.8 0 79.6 112.7 112
GCoreC6S1 76.9 0 87.4 117.0 114
GCoreC18S2 100 46.2 100 133.6 146
GCoreC2S2 84.6 0 100 120.0 134
GCoreC3S2 84.6 7.7 100 120.1 125
GCoreC4S2 92.3 0 100 120.2 137
GCoreC5S2 84.6 15.4 100 120.5 119
GCoreC6S2 84.6 0 100 119.7 120
GCoreC1S3 100 38.5 98.1 140.1 137
GCoreC2S3 100 0 93.1 127.4 130
GCoreC3S3 100 15.4 95.3 131.1 130
GCoreC4S3 100 0 94.7 131.5 137
GCoreC5S3 100 15.4 92.2 129.5 133
GCoreC6S3 100 7.7 94.2 131.1 123

*VD%, Percentage of significant difference (a=0.05) between core collection and the initial collection

for variance of traits

> MD%, Percentage of significant difference (a=0.05) between core collection and the initial collection

for means of traits
¢ CR%, Coincidence rate
4VR%, Variable rate

varieties could be calculated for classifying the accessions
based on the predicted genotypic values.

Construction of 18 core collections

Eighteen core collections were constructed by six clus-
tering methods, including the single linkage method (C1),
the median linkage method (C2), the centroid method
(C3), the unweighted pair-group average method (C4), the
weighted pair-group average method (C5) and the flex-
ible-beta method (C6), combined with random sampling
(S1), preferred sampling (S2) and deviation sampling (S3)
of a 15% sample size. The 18 core collections were
named using these descriptors (Table 2). Each of these
core collections was established based on the genotypic
values predicted by the AUP method from the mean
phenotypic values.

The results show that there was no significant differ-
ence (a=0.05) in the means of all traits between 15 core
collections and the initial collections and that there were
16 core collections with CR% larger than 80%. When we
considered all those that met both conditions, 13 core
collections remained, and these 13 are useful in deter-
mining appropriate rules for building core collections.

Evaluation of the core collection with 13 traits

The effects of different cluster methods under the
condition of the same sampling strategy are listed in
Table 2. When the random sampling strategy was
employed for the six core collections, three cores did
not satisfy the established rules: the MD% of GCoreC1S1
had significant differences (MD% >20%) compared with

the initial collections, while GCoreC3S1 and GCoreC5S1
had small CR% (less than 80%). When the remaining
three core collections were compared, GCoreC6S1 was
found to have the highest VD% and VR% and the same or
similar MD% and CR%. Consequently, the flexible-beta
method (C6) was the best clustering strategy when
random sampling was employed.

Six core collections were developed using the pre-
ferred sampling strategy combined with six cluster
methods. Each of these six core collections had a CR%
of 100%. The MD% of GCoreC1S2 showed significant
differences (MD% >20%) compared with the initial
collections, so GCoreC1S2 was excluded. With respect
to the remaining five core collections, GCoreC4S2 had
the highest VD% and VR% and the lowest MD%.
Therefore, when the sampling strategy was preferred
sampling, the best way of clustering was the unweighted
pair-group average method (C4).

The last set of six core collections was constructed by
combining the deviation sampling strategy with the
different clustering methods. GCoreC1S3 did not show
the diversity of the initial collection since its MD% was
more than 20% (38.5%). Among the other five core
collections, GCoreC4S3 had the highest VD%, CR% and
VR% and the lowest MD%. Consequently, the unweight-
ed pair-group average method (C4) would be the best
clustering method if deviation sampling was used to
develop the core collections.

The six hierarchical cluster methods applied in this
study have their own characteristics when combined with
these sampling strategies. The single linkage method (C1)
always had the highest MD% regardless of the sampling
strategy it was combined with. The MD% of the weighted
pair-group average method (C5) was 15.4% when com-
bined with preferred sampling and deviation sampling,
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Table 3 Comparison between core collections based on genotypic and phenotypic values of 13 traits in rice

Statistical parameter® PcoreC6S1 GCoreC6S1 PcoreC4S2 GCoreC4S2 PCoreC4S3 GCoreC4S3
VD% 69.2 76.9 84.6 92.3 100 100

MD% 0 0 0 0 0 0

CR% 83.5 87.4 100 100 93.8 94.7

VR% 115.4 117.0 119.2 120.2 130.7 131.5
Number of entries 106 114 135 137 130 137

4 VD%, Percentage of significant difference (a=0.05) between core collection and the initial collection for variance of traits; MD%,
percentage of significant difference (¢=0.05) between core collection and the initial collection for means of traits; CR%, coincidence rate;

VR%, variable rate

while its CR% would be less than 80% when combined
with random sampling. As to the centroid method (C3), its
MD% was markedly larger than those of the other three
clustering methods. It can then be concluded that these
three cluster methods (C1, C3 and C5) were not suitable
to construct core collections of rice. The unweighted pair-
group average method (C4) always had the lowest MD%
and relatively high VD%, CR% and VR% when com-
bined with all three sampling strategies. Hence, it would
be the best clustering method to construct a core
collection of rice because of this stability.

The results also suggest that better representations of
the initial collection could be obtained for GCoreC6S1 by
random sampling, for GCoreC4S2 by preferred sampling
and for GCoreC4S3 by deviation sampling. If we consider
the parameters of the 18 core collections overall, the
GCoreC4S3 had the highest VD% and VR%, a relatively
high CR%, and the lowest MD%; therefore, it would be
the optimal choice on the basis of the 18 core collections.
The deviation sampling strategy combined with the
unweighted pair-group average method of hierarchical
clustering could retain the greatest degree of genetic
diversity of the initial rice collection.

Comparison between core collections based on genotypic
and phenotypic values of 13 traits in rice

The best clustering methods and sampling strategy
combinations were selected to compare differences be-
tween core collections based on genotypic values and
those based on phenotypic values. The core collec-
tions based on phenotypes (PcoreC6S1, PcoreC4S2 and
PcoreC4S3) were constructed using the same approaches
and sample size as the core collections derived from
genotypes (GCoreC6S1, GCoreC4S2 and GCoreC4S3)
(Table 3).

The results show that in PcoreC6S1, PcoreC4S2 and
PcoreC4S3 MD% were all smaller than 20% and CR%
were larger than 80%. The core collections based on
phenotypic values also retained the genetic diversity of
the initial collections. However, the VD%, CR% and
VR% of PcoreC6S1, PcoreC4S2 and PcoreC4S3 were
less than or equal to those of GCoreC6S1, GCoreC4S2
and GCoreC4S3. Therefore, with respect to rice germ-
plasm, the core collections based on predicted genotypic

values better represented the genetic diversity than the
core collections based on phenotypic values.

Discussion

Many core collections were successfully developed after
Frankel proposed the theory of the core collection in
1984. The criteria by which core collections are estab-
lished have intrinsic advantages and disadvantages for
evaluating the genetic diversity of an entire collection.
While molecular markers have been used to assess genetic
diversity at the DNA level in crop collections (Lerceteau
et al. 1997), studies at this level applied to entire
collections using molecular or other biochemical analysis
would be laborious and costly. Morphological, agronomic
and ecogeographical data based on the phenotypic values
have generally been used to develop core collections
(Holbrook et al. 1993; Diwan et al. 1994; Huaman et al.
1999). Because of the environmental effects, the same
phenotype might be achieved by different genotypes
(Singh et al. 1991), and some accessions having different
genotypes might be excluded from the core collections.
Therefore, the core collections based on the phenotypic
values are not the perfect representation of the initial
collection. It is necessary to employ suitable genetic
models that can be used to reduce the environment effects
and experimental errors and allow the prediction of
genotypic values of the crop traits. Core collections based
on the predicted genotypic values would be better than
those based on phenotypic values because the environ-
mental effects have been reduced.

In crop germplasm collections, the genetic resources
are usually not equably collected. Some varieties are
usually overrepresented while others are deficient, and
this leads to an imbalance in the genetic diversity. Hence,
a reasonable sampling strategy is required that would
reduce these imbalances without bias. In general, the
deviation sampling strategy could select accessions with a
larger value of standard bias degree for traits (s7), and the
variances and the coefficient of variation in the core
collection should be larger. The core collections con-
structed by this sampling strategy always had the highest
VD% and VR% regardless of the clustering method it was
combined with. The core collections that were construct-
ed with deviation sampling strategy were able to retain a
larger genetic variability of the initial collection.



1176

As a result, the deviation sampling strategy, combined
with the unweighted pair-group average method of
hierarchical clustering, might be the best way to retain
the genetic diversity of the initial collections. This
sampling strategy and the clustering method proposed in
this experiment based on the predicted genotypic values
may be used for other crops to construct core collec-
tion(s).
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