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Abstract The allelic diversity of a collection of
4046 rice accessions was assessed using 15 neutral
SSR markers distributed throughout the genome.
A total of 482 alleles were detected; the average
allelic richness was 32.1 alleles per locus. Using a
heuristic approach, an allele-mining set was success-
fully developed on the basis of SSR marker data. 162
accessions of the allele-mining set, accounting for
about 4.0% of the entire collection, captured all of the
alleles (482) retained in the entire collection, which
showed 100% coverage of alleles with minimum

Electronic supplementary material The online version of
this article (doi:10.1007/s11032-010-9400-x) contains
supplementary material, which is available to authorized users.

W. Zhao - J.-W. Chung - Y.-J. Park (IX)

Department of Plant Resources, College of Industrial
Science, Kongju National University, Yesan 340-802,
Republic of Korea

e-mail: yjpark@kongju.ac.kr

W. Zhao - J.-W. Chung - Y.-J. Park
Institute of Resource Sciences, Kongju National
University, Yesan 340-702, Republic of Korea

W. Zhao

Jiangsu University of Science and Technology,
Sericultural Research Institute, Chinese Academy of
Agricultural Sciences, 212018 Zhenjiang, Jiangsu, China

G.-T. Cho - K.-H. Ma - J.-G. Gwag
National Academy of Agricultural Science, RDA, 249,
Suwon 441-707, Republic of Korea

redundancy. As a result of validation of this heuristic
approach using another 14 SSR markers associated
with starch, 70% of the total alleles and 83% of the
restricted alleles (allele frequency > 0.05%) were
captured in this allele-mining set. The results showed
that the heuristic approach meets the condition as an
allele-mining set even when applied to another
specific set of markers related to starch synthesis in
the same entire and allele-mining set. The newly
developed methodology for developing allele-mining
sets can be used in other crop species. By retaining all
alleles of the entire collection, this allele-mining set
will be useful for future studies on introducing
unused useful alleles into elite rice varieties by
breeders in the post-genomic era.

Keywords Rice - Allele mining -
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Simple sequence repeats (SSRs)

Introduction

Rice (Oryza sativa L.), as amodel cereal species, is one
of the most important crops in the world and provides
the main energy resource for more than half the world’s
population (Yu et al. 2002). The survival of mankind in
the future will depend to a great extent on the quantity
and diversity of germplasm collections. Therefore,
many countries and organizations have established
hundreds of genebanks and have conserved millions of
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crop germplasm resources. For instance, the Interna-
tional Rice Genebank at the International Rice
Research Institute (IRRI) maintains a collection of
more than 108,925 rice accessions (http://www.cgiar.
org/pdf/newsroom_svalbard_irri_shipment.pdf); there
are also many other large rice collections in countries
such as China and India. With the rapid increase in the
number of accessions contained in crop germplasm
collections, many genebanks face the problems of
redundant resources and the cost of maintaining these
collections, which may be an obstacle for their full
exploitation, evaluation and utilization (Holden 1984).
For the convenience of management, research and
application, Frankel and Brown (1984) proposed the
concept of the core set. The design of the core set
should include the maximum possible genetic diversity
contained in the entire collection with a minimum of
repetitiveness. The information obtained from such a
core set can aid in the judicious use of the entire col-
lection. To date, most core sets have been developed on
the basis of passport data giving the geographical ori-
gin, morphological and phenotypic traits, and bio-
chemical or molecular markers in many crops (Perry
et al. 1991; Joe and Orlando 1996; 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). But most traits of crop varieties are quantita-
tively under the control of multiple genes that are easily
influenced by environmental conditions, while the
molecular markers reflect changes that have occurred
at the DNA level but not necessarily expressed in the
phenotype of the organism (Tanksley and McCouch
1997; Li et al. 2004).

A good core set should minimize redundant entries
and should be sufficiently large to provide reliable
conclusions for the entire collection (Brown 1989).
To establish a core set, the sampling proportion and
variation representation of the entire collection are
important in the construction of the core set in order
to retain the greatest degree of genetic diversity in it.
There are many different methodologies available to
build sampling strategies. These methods include
simple random sampling and stratified random sam-
pling (Peeters and Martinelli 1989; Crossa et al.
1995; Charmet and Balfourier 1995; Rincon et al.
1996; Chandra et al. 2002; Franco et al. 2003), and
other sophisticated methods. For stratified random
sampling, Brown (1989) proposed three allocation
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methods including constant (C strategy), proportional
(P strategy), and logarithmic proportional (L strat-
egy). Franco et al. (2005) proposed to use Gower’s
distance between accessions within each cluster
(D method) as the allocation criteria. Li et al.
(2004) developed a core collection using the adjusted
unbiased prediction (AUP) method based on the
predicted genotypic value of rice. The clustering
algorithm has now also been used as an important
tool to reduce redundancy and select core sets within
groups in germplasm research (van Hintum et al.
1995; Zewdie et al. 2004; Upadhyaya et al. 2006;
Mosjidis and Klingler 2006), Hu et al. (2000)
developed an stepwise clustering method for sam-
pling; the least distance stepwise sampling (LDSS)
has been proved to be a valid method for eliminating
the influence of different clustering methods (Wang
et al. 2007). A method for determining sample sizes
based on genetic distances was introduced by Franco
et al. (2005). Jansen and van Hintum (2007) further
developed a novel sampling method for obtaining a
core set using genetic distances.

Recently, molecular genetic markers have been
widely used to characterize genebank collections
(Bretting and Widrlechner 1995; van Hintum and van
Treuren 2002). Schoen and Brown (1993) addressed
the issue of how to use genetic markers to sample
collections of wild crops while maximizing allelic
richness. The H strategy seeks to maximize the total
number of alleles in the core collection by sampling
accessions from groups in proportion to their within-
group genetic diversity, while the M (maximization)
strategy maximizes the number of observed alleles at
each marker locus. Bataillon et al. (1996) found by
computer simulation that the M strategy was more
effective for retaining widespread and low-frequency
neutral alleles than the other sampling strategies.
Gouesnard et al. (2001) developed the MSTRAT
algorithm by implementing the M strategy for selecting
accessions. These different approaches have been
compared by Franco et al. (2006). McKhann et al.
(2004), Ronfort et al. (2006) and Cunff et al. (2008)
developed a nested genetic core collection using the
M strategy. Kim et al. (2007) developed PowerCore
software: a program applying the advanced M strategy
with a heuristic search for establishing a core set.

Many genebanks all over the world contain
untapped resources of distinct alleles which will
remain hidden unless efforts are initiated to screen
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these alleles for their potential use and function; the
process is known as “allele mining”, which will
contribute to discovering and exploiting the hidden
diversity for many complex traits (Varshney et al.
2005). The deployment of an allele-mining set, a kind
of mini core set for finding new alleles from selected
entries using genomic tools, has been an area of much
interest for researchers, especially those working in
the field of allele mining. A representative set of rice
for allele mining, as the core set described, should
best represent the diversity present in the entire
genebank. With the rice genome sequence available
(Collard et al. 2008), allele mining provides the
avenue for the validation of specific gene(s) respon-
sible for a particular trait and mining of the most
favorable alleles from the rice genebank. Thus, in the
post-genomics era, allele mining in a large collection
of accessions will contribute to genomics research for
crop improvement (Varshney et al. 2005). These
developments will be a boon for plant breeders who
are trying to increase yields and create new varieties
which are resistant to diseases, pests, drought and
salinity and/or with improved nutritional quality
(Latha et al. 2004).

The objective of this study was to develop an
allele-mining set, a kind of mini core set, using a
heuristic approach and SSR genotype data from an
entire collection of 4046 rice accessions conserved in
the National Genebank of Rural Development Admin-
istration, Republic of Korea (RDA-genebank) and to
evaluate the allele-mining set by applying another set

of SSR markers related to starch synthesis. And the
availability of the allele-mining set was also tested.

Materials and methods
Plant materials

The RDA-genebank holds 25,604 accessions of rice
(Oryza sativa L.) from 60 countries (http://genebank.
rda.go.kr/). From this collection, 4,046 accessions
(approximately 15.8% of the total collection),
including the introduced varieties, breeding lines and
varieties, weedy accessions, and the Korean land-
races, were selected based on the passport data in this
study (Table 1). The IRRI set, a super mini-set for the
DNA polymorphism test for developing a DNA bank
at the IRRI genebank, was included to separate one
from the others. Of these, 1,065 accessions originated
from 71 countries and 2,981 accessions were from the
Republic of Korea. A description of the entire rice
collection used in this study is shown in Table 1.

SSR genotyping

The 29 SSR markers, including 15 neutral SSRs and 14
SSRs associated with starch synthesis in rice, were
analyzed in this study. All these SSR markers were
obtained from GRAMENE (http://www.gramene.
org/). Markers were chosen according to their loca-
tion on the rice genetic map, which gives good

Table 1 Accessions used in this study on developing an allele mining set

Regions No. of origin  Bred Landrace = Weedy Introduced IRRI set Unknown Total

of countries
Asia 28 (17)* 1045 (13) 394 (33) 1909 (49) 232 (28) - 0 3580 (123)
America 17 (2) 0 0 0 98(2) 0 0 98 (2)
Africa 17 (5) 0 0 0 23 (5) 0 0 23 (5)
Europe 8 (5) 0 0 0 44 (10) 0 0 44 (10)
Oceania 2 0 0 0 8 0 0 8
IRRI - - - - - 53 (16) - 53 (16)
Unknown - 0 0 214 (6) 0 0 26 240 (6)
Total - 1045 (13) 394 (33) 2123 (55) 405 (45) 53 (16) 26 4046 (162)
% Entire collection® — 1.24% 8.38% 2.59% 11.11% 30.19% 0 4.00%

All 4046 rice accessions are kept in the RDA genebank of Korea (http://genebank.rda.go.kr/)

? Numbers in parenthesis are number of accessions contained in the allele-mining set

® Percentage of the allele-mining set accessions accounting for the total accessions
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coverage of the whole genome map, and their
suitability for high throughput genotyping. A three-
primer system (Schuelke 2000), including a universal
M13 oligonucleotide (TGTAAAACGACGGCCAGT)
labeled with one of the fluorescent dyes 6-FAM, NED,
and HEX, allowing PCR products to be triplexed
during electrophoresis, a special forward primer com-
posed by the concatenation of the M13 oligonucleo-
tide, and the specific forward primer, were used for
SSR PCR amplification. DNA amplifications were
performed using an MJ Research PTC-100 96 Plus
thermal cycler. PCR reactions were carried out in a
volume of 15 pL containing 10 ng of total DNA, 10x
PCR buffer, 0.25 mM of each dNTP, 8 pmol of each
primer, and 1 U of Tag polymerase using a touchdown
procedure. Information on primer sequences and PCR
amplification conditions for each set of primers are
available at http://www.gramene.org/. SSR alleles
were resolved on the ABI PRISM 3100 DNA sequen-
cer (Applied Biosystems, Foster City, CA, USA) using
GENESCAN 3.7 software and sized precisely using
GeneScan 500 ROX (6-carbon-X-rhodamine) molec-
ular size standards (35-500 bp) with GENOTYPER
3.7 software (Applied Biosystems).

Development of an allele-mining set

The advanced M strategy by a modified heuristic
algorithm implemented in the PowerCore software by
Kim et al. (2007) was used to develop the allele-
mining set. The PowerCore software maximizes the
number of alleles with the least redundancy in the
SSR data set (Kim et al. 2007), In the PowerCore
software, the A* algorithm, a heuristic algorithm that
finds the optimum path from the initial to the final
stages, was used:

f(n) =g(n) + h(n)

Here, with g(n) as the number of accessions inserted
into the frequency table and A(n) as the maximum
number of empty cells within each column, this
algorithm expands the paths that have the lowest value
for g(n) + h(n), where g(n) is the cost for the path from
the initial state to the current node and A(n) serves as an
estimate of the cost for the cheapest path from that node
to the designated node. When expanding each of the
steps, the sum of g(n) and h(n) will be evaluated and the
accession with the lowest value will be chosen. If h(n)
is admissible without overestimating the costs of
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reaching the goal, then A* will always find an optimal
solution (http://genebank.rda.go.kr/PowerCore/) (Kim
et al. 2007).

The efficiency of the sampling strategy was
assessed by comparing the total number of alleles
captured using a modified heuristic algorithm in
samples of increasing size to the number of alleles
captured in random sampling and stratified random
sampling according to geographic region and variety
type from the same entire collection (Brown 1995;
Qiu et al. 2003; Yan et al. 2007). Fifty independent
samplings were made in each case (¢ = 50).

Validating the core collection

Use of the allele-mining set may improve the
efficiency of germplasm evaluation by reducing
the number of accessions evaluated to increase the
probability of finding genes of interest. To see the
effectiveness of the allele-mining set in this study,
another set of SSR markers was tested on the entire
and the allele-mining set. The set of 14 SSR markers
was selected according to their association with
starch synthesis. The coverage of alleles was com-
pared between the entire accessions and the allele-
mining set constructed by 15 neutral SSR markers.

Data analysis

The total number of alleles per locus, the number of
rare alleles per locus (i.e. alleles with frequency lower
than 5%), the number of unique alleles per locus
(alleles occurring in only one accession), Shannon and
Weaver diversity index (/) (1949), Nei’s gene diver-
sity index (H) (Nei 1973), and the polymorphism
information content (PIC) per locus were calculated
for the entire and the core accessions using Power-
Core (Kim et al. 2007) and Powermaker 3.25 software
(Liu and Muse 2005) based on Rogers’ distance
(Rogers 1972). All the indices were calculated
independently in both the entire and the allele-mining
set to determine whether the diversity for each locus
was retained in the allele-mining set. Frequency
distributions for each locus were determined using
Microsoft Excel 2007 software. Statistical analysis
was conducted using the univariate and correlation
procedures of SPSS 14.0 (http://www.spss.com/) and
Statistica 7.0 (http://www.statsoft.com/) statistical
software.
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Nei’s gene diversity (H) was calculated based on
the formula

n ni 2
H=1- —
> (&)

where n; is the allele frequency at the ith locus, n is
the number of alleles at this locus and N is the total
number of accessions.

The Shannon-Weaver diversity index (/) as pre-
sented was estimated using

I==Y pilog,p;
i=1

where p; is the frequency of the phenotypic class.
The PIC for each marker was calculated based on
the formula

DIPIE

i=1 j=it1

PIC = 1 —ip?
i=1

where P is the relative frequency of the jth pattern for
SSR marker i (Botstein et al. 1980).

Results
Allele mining of 4046 rice accessions

The allelic diversity of a collection of 4046 rice
accessions was assessed using 15 neutral SSRs
distributed throughout the genome and the resulting
statistics are summarized in Table 2. A total of 482
alleles were detected ranging from 15 (RM246) to 61
(RM206) with an average allelic richness of 32.1

Table 2 Total number of alleles, number of rare alleles and genetic diversity index for 15 neutral SSR loci in the entire accessions

and allele-mining set

Marker Chromosome No. Entire collection HCC?
Band range (bp) Allele Rare allele® [ HY  PIC°  Allele I H'  PIC®

RMO21 11 123-197 26 21 2700 0.945 0.8537 26 2.199 0.898 0.9273
RMO044 89-293 36 31 3.035 0.944 0.8846 36 2.476  0.905 0.9360
RMO048 109-247 44 37 2944 0950 09170 44 2497 0.946 0.9330
RM206 11 119-239 61 55 3.526 0971 0.9305 61 2.929 0.948 0.9649
RM214 7 101-223 36 32 2.698 0.948 0.8623 36 2.175 0922 0.9215
RM228 10 93-193 35 29 2550 0.928 0.7882 35 1.935 0.856 0.8956
RM231 110-196 18 13 2.161 0.888 0.7338 18 1.645 0.822 0.8525
RM232 101-187 34 31 2936 0950 0.8041 34 2263 0.842 0.9371
RM235 12 87-137 25 21 2325 0.871 0.7401 25 1.801 0.811 0.8416
RM241 88-164 29 23 2.906 0.940 0.8698 29 2.401 0.892 0.9329
RM246 90-120 15 9 2.083 0.909 08132 15 1.89  0.878 0.8599
RM247 12 107-199 37 33 2.854 0.938 0.7857 37 2.032 0.84 09212
RM249 5 107-207 33 25 2815 0.944 09021 33 2362 0936 0.9274
RM253 106-148 21 14 2428 0.898 0.8529 21 2.116 0.88 0.8803
RM257 9 116-200 32 24 2757 0.949 0.9333 32 2719 0.948 0.9300
Total 482 398 482

Mean/locus 321 265 2716 0932 0.8448 321 2231 0.888 0.9108
Mean/max 0.53 077 096 091 0.53 0.76 094 0.94

All these SSR markers were available from GRAMENE (http://www.gramene.org/)

* Allele-mining set constructed using heuristic approach
" Alleles with frequency lower than 5%

¢ Shannon-Weaver diversity index

4 Nei’s genetic diversity

¢ Polymorphic information content
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alleles per locus. The total number of rare alleles
(398) represented about 82.6% of the total number of
alleles, showing that most alleles are at low frequency
(Supplementary Fig. 1). The mean Shannon—-Weaver
diversity index and Nei’s gene diversity were 2.716
and 0.932, respectively. The PIC ranged from 0.7338
to 0.9333 with an average of 0.8448 (Table 2).

Development of an allele-mining set

The 482 alleles detected at 15 neutral SSR loci were
used to develop the allele-mining set using the Power-
Core software (http://genebank.rda.go.kr/PowerCore).
The basis of developing an allele-mining set using
PowerCore is the nominalization of variables, leading
to a decrease in the number of accessions in the allele-
mining set, which was considered necessary in per-
forming the heuristic search through its evaluation
function using the given data (Kim et al. 2007).
Figure 1 showed that, in this case, the sampling
efficiency (i.e. the ability to capture allelic diversity)
implementing a modified heuristic algorithm was
always better than other strategies. Furthermore, the
relative efficiency of this advanced M (maximization)
strategy was highest for smaller allele-mining set
samples; for instance, the heuristic approach outper-
formed a stratified random sampling by about 50%
when sample sizes were in the range of 50-150

600

= SO00f
o B
-

2 #

& 400t /

(X} B

w 4 -

R / . aa —a——

& 300f i

= o o

G e

o )

W 200+ /

L F

E " —+—FRCC

1ot

z — SRC

—a—HCC
o ; ; ; : X
50 150 250 350 450

Sample size

Fig. 1 Number of alleles captured with respect to accession
sample size in three sampling strategies generated using
PowerCore software. HCC, SRC and RCC represent the total
number of alleles captured using a modified heuristic
algorithm, stratified random sampling and random sampling
method, respectively. Redundancy curves obtained using
PowerCore software (fifty independent samplings)
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(i.e. an allele-mining set size is 1.2-3.7% of the entire
sample size).

It was found that the allele-mining set (162
accessions) (Supplementary Table 1), accounting for
about 4.0% of the entire collection, captured all of the
alleles (482) of the markers presented in the entire
collection, which showed 100% coverage of alleles
with minimum redundancy (Table 2). Compared with
other conventional sampling methods, the heuristic
approach showed the highest capturing efficiency
(Table 5).

Genetic diversity of the allele-mining set

To fully realize the advantages of an allele-mining
set, the allele-mining set should include most of the
genetic diversity in the entire collection and be
closely correlated with the entire collection (Yan
et al. 2007). The allele-mining set of this study
represented all SSR alleles of the entire rice collec-
tion. As shown in Table 2, the correlation coefficients
(r) of mean diversity index between the allele-mining
set and the entire collection were highly significant
(Table 3; Supplementary Fig. 2). In this allele-min-
ing set, all the alleles were covered and highly
significant correlations were recorded for all param-
eters studied, which indicated that the allele-mining
set effectively represented the genetic diversity of the
entire collection. We also compared allele frequen-
cies of the SSR markers in the allele-mining set with
the frequencies observed in the entire collection. The
frequency of alleles between them was very signif-
icantly correlated (r = 0.87; P < 0.01) (Fig. 2),
indicating that not only were the same alleles
represented but also similar frequencies were
represented.

Validation of the allele-mining set

The construction of a so-called “allele-mining set”
from a large germplasm collection is a situation
where allelic richness is a relevant measure of
diversity (Schoen and Brown 1993; Bataillon et al.
1996), because as many alleles as possible should be
retained in the allele-mining set, where they would be
available for phenotypic screening and breeding
programs. To validate the heuristic approach, the
same accessions in this study were assessed in a set of
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Table 3 r-test results between the entire collection and the allele-mining set

Index Mean Standard Difference Difference standard t value Sig. r
deviation mean deviation (2-tailed)

r Entire collection 2.716 0.3682 0.485 0.0950 3.445 0.000 0.860%**
Allele mining set 2.231 0.3477

H® Entire collection 0.932 0.0275 0.043 0.0327 2.877 0.002 0.725%%*
Allele mining set 0.888 0.0465

PIC® Entire collection 0.8448 0.0649 0.0660 0.0441 5.358 0.001 0.762%%*
Allele mining set 0.9108 0.0362

** Correlation is significant at the 0.01 level (2-tailed)
% Shannon-Weaver diversity index
® Nei’s genetic diversity

¢ Polymorphic information content

0.35

0.30

025 Y=0.01256+0.59636X
r=0.86569 . .
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Allele frequency in the entire collection

Allele frequency in the allele mining set

Fig. 2 Frequency distribution of the 482 alleles recovered
with the allele-mining set (162 individuals) versus the entire
collection (4046 individuals) after analyzing 15 SSR loci using
STATISTCA 7.0 software

14 additional SSR markers related to starch synthesis
between the same entire and allele-mining sets. These
markers are different from the markers used to build
the allele-mining set. Statistics describing the allelic
diversity of these 4046 accessions for 14 additional
SSR markers are summarized in Table 4. 214 alleles
were detected with the 14 SSR markers in the entire
collection. The number of alleles per locus ranged
from 4 to 34 with an average of 15.3. Compared with
the neutral SSRs, the SSRs related to quality had
smaller polymorphism (Fig. 3) and the distributions
of frequency of alleles per locus were different
between them (Fig. 4). For these 14 markers, PIC
ranged from 0.3423 to 0.8923, with an average of
0.6249. Table 5 summarizes the total number of

alleles detected for the two types of markers. For the
second set of 14 markers, 70% of the alleles observed
in the 4046 accessions were captured in the allele-
mining set. For association studies, Malysheva-Otto
et al. (2006) thought that rare alleles occurring in
more than 0.5% of investigated accessions should be
referred to as widespread or often occurring alleles,
since markers with low allele frequencies would need
to have a very strong effect to be detected. There are
29 unique alleles in the second set of SSRs (only 3
unique alleles were kept in the allele-mining set), but
the allele-mining set represented 83% diversity of the
176 restricted alleles (frequencies > 0.05%, corre-
sponding to two out of the entire accessions of the
set) retained in the entire accessions (Cunff et al.
2008). Even if not all alleles of useful genes were
captured, the heuristic approach also does better than
other sampling strategies (Table 5). Given the nature
of the allele-mining set, it is impossible to guarantee
the complete capture of all alleles for each gene
(McKhann et al. 2004). However, the allele-mining
set using the heuristic approach here eliminated the
redundancy in the rice collection and succeeded in
capturing most of the alleles in some genes of
interest.

Discussion
Studies on allelic diversity have been proved to be
fruitful in understanding the genetic basis of complex

traits (Szalma et al. 2005). The sequencing of the
complete genome of rice makes it possible to access
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Table 4 The number of alleles, number of rare alleles and genetic diversity index for 14 SSR loci related to starch in the entire
accessions and allele-mining set

Marker Entire collection (4046 accessions) HCC (162 accessions)?
Band range  Allele  Number of rare alleles® I¢ H° pIC’ Allele [ H® pIC'
(bp) (unique alleles®)
SBE 140-268 15 13 (3) 1.827  0.881 0.4784 11 1.747 0862  0.6754
SSS 191-219 13 9 1.616  0.842  0.4060 11 1.847  0.891 0.6028
WxOligo 98-218 17 14 1.977 0913  0.6471 14 2.052 0905  0.7951
RM310 132-208 34 28 (2) 2967 0943  0.8645 24 2873 0941 0.8923
RM3322 100-138 19 15 (3) 2.049 0832  0.5552 11 1.823  0.786  0.6079
RM3718 136-182 12 8 (1) 1.731 0.794  0.5415 7 1.519 0747 05768
RM3857 112-164 27 20 (5) 2.609 0915 0.8252 13 2.147 0869  0.8485
RMG6144 117-141 0 1.131 0.702  0.5422 4 0978  0.587  0.4591
RMG6165 158-203 8 6(2) 1.024  0.629  0.2833 3 0.792 0578  0.3423
RM6629 59-272 10 6 (1) 1.664  0.804  0.4804 7 1.681 0.827  0.6654
RM12676 202-308 12 10 (4) 1.165  0.611 0.3859 3 0.586  0.361 0.3563
RM16427 271-289 6 3 1.322 0747 04787 6 1.336 0714 0.5898
RM19159 155-203 24 20 (3) 2.561 0.899  0.6265 19 2535  0.895  0.7986
RM23455 290-318 13 10 (5) 1.465  0.74 0.4007 8 1.517 0772 0.5389
Total 214 162 (29) 149
Mean/locus 15.3 1.7934  0.8037 0.5368 106 1.6738 0.7668 0.6249
SSR markers associated with starch synthesis were available from GRAMENE (http://www.gramene.org/)
? Allele-mining set constructed using heuristic approach
" Alleles with frequency lower than 5%
¢ Alleles were considered to be unique if they occurred in only one accession
4 Shannon-Weaver diversity index
¢ Nei’s genetic diversity
T Polymorphic information content
all the genes of this species and increases the chances different populations: the allelic richness was

of exploiting the natural genetic diversity through
association genetics (Varshney et al. 2005; Collard
et al. 2008). However, our basic knowledge of the
extent of allelic variation within the species is still not
sufficient. Considering the huge numbers of acces-
sions that are held collectively by genebanks, germ-
plasm collections are thought to harbor a wealth of
undisclosed allelic variants. Mining alleles will
improve the efficiency of conservation and use of
genetic resources (Kresovich et al. 2002; Varshney
et al. 2005). The allelic richness of 32.1 observed in
our study was much higher than previously reported
by Garris et al. (2005) (mean 11.8) using 169 SSRs
and 234 rice accessions, and Ebana et al. (2008)
(mean 7.7) using 23 SSRs and 236 Japanese rice
landrace accessions, indicating higher levels of allelic
diversity. We also compared the alleles within

@ Springer

weedy>introduced>landrace>bred>IRRI accessions
(Supplementary Table 2). After comparing allelic
richness with the respective index of genetic diver-
sity, we found that allelic richness was significantly
associated with the genetic diversity index, the
correlation coefficients (r) between allelic richness
and Shannon—Weaver diversity index, Nei’s gene
diversity and PIC were 0.903, 0.748 and 0.560,
respectively. Furthermore, the high proportion
(82.6%) of rare alleles found in our sample indicated
that, conversely, there exist many informative alleles
to be mined in the rice collection (Table 2).

To devise plant breeding strategies for crop
improvement, a breeder would ideally like to know
the relative value of all alleles for genes of interest in
the primary germplasm, an unlikely prospect. How-
ever, information can be gathered by establishing the


http://www.gramene.org/

Mol Breeding (2010) 26:639-651

647

Fig. 3 Comparison of (a) (b) Sharmon-Weaver diversity index
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12r this paper, we successfully developed an allele-
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—_ =5 B Sopstanch redundancy in rice. The heuristic method imple-
5 3 mented in PowerCore software captured 100% of the
oy allelic diversity existing in the entire collection (Kim
O g et al. 2007). There are now many methods for
E developing an allele-mining set in different plants;
5 4 Franco et al. (2006) demonstrated that one of the best
= strategies is the M (for maximization) strategy
o developed by Schoen and Brown (1993), maximizing
o allelic richness at each marker locus. Kim et al.
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Fig. 4 Distributions of frequency of alleles per locus for two
types of SSRs

allele-mining set (Varshney et al. 2005). So the
development of an allele-mining set, which repre-
sents the genetic diversity of a crop with minimal
redundancy and increases utility of the collection as a
whole, is especially important as the funding for
germplasm collections decreases (Marita et al. 2000).
Many core sets were successfully developed after
Frankel proposed the theory of the core set in 1984,
but the selection of an appropriate sampling strategy
is still important in the construction of a core set. In

(2007) also found that MSTRAT was the best method
compared with the other conventional methods in the
rice accessions, but the coverage rate was only 88.9%
for SSRs. In this paper, the allele-mining set devel-
oped using PowerCore showed the highest diversity
and coverage compared to those allele-mining sets
developed using other sampling strategies (Table 5).
The basis for the development of an allele-mining set
using PowerCore is the nominalization of categorical
variables, a step efficiently decreasing the number of
accessions selected while capturing the maximum
variation and minimizing redundancy. This lies in its
capability to select entries without the comparison of
relative characteristics within accessions. Instead it
fills all diversity cells with the least number of entries
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Table 5 Capturing total number and proportion of alleles in the same entire accessions and allele-mining set by two types of markers

Collection set of markers Entire collection HCC? (162 SRC® (405 RCC* (405
(4046 accessions) accessions) accessions) accessions)
15 neutral SSRs 482 482 342 158
Percent of total® 100% 100% 71% 33%
Capturing efficiency® One allele per 8.4 One allele per 0.3 One allele per 0.8 One allele per 2.6
14 SSRs for starch 214 149 142 74
Percent of total 100% 70% 66% 35%

Capturing efficiency 1 allele per 18.9

1 allele per 2.6

1 allele per 2.9 1 allele per 5.5

4 Allele-mining set constructed using heuristic approach
b

c

d

¢ The accession number of capturing one allele

taking into account all the possible combinations of
alleles that exist through an advanced maximization
strategy (M strategy) (Kim et al. 2007).

Developing an allele-mining set has been proposed
as a means of increasing the use of germplasm more
economically (Frankel 1984). Brown et al. (1987)
recommended that the number of collections in the
core set should account for 5-10% of the base
collection, and that the core set should represent at
least 70% of the genetic diversity in the base
collection. Diwan et al. (1995) indicated that core
set sampling should always be greater than 10%. Van
Hintum (1995) suggested that the sampling propor-
tion should depend on the particular objective of the
core set and should vary between 5 and 20% of the
base collection. In establishing a core set of rice
germplasm, Li et al. (2000) found that 5% of the base
collection represented 96% of the phenotypic varia-
tion, Yan et al. (2007) represented approximately
10% of the 18,412 accessions with 88% certainty,
Ebana et al. (2008) established that a 20% core set
represented 87.5% diversity using SSR markers.
Therefore, ascertaining the best threshold value for
group numbers in an allele-mining set has not yet
been fully resolved. The current study showed that
the heuristic method implemented in PowerCore
software successfully captured all of the alleles
existing in the entire collection, with a threshold
value of only about 4% having the highest capturing
efficiency (Table 5). Agrama et al. (2009) established
that the 12% mini-core represented 100% diversity on
the basis of 26 phenotypic traits and 70 SSR markers
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Allele-mining set constructed using random sampling approach

Allele-mining set constructed using stratified random sampling approach

Percent of total alleles captured in the allele-mining set/alleles in the entire accessions

using the same software. From the above results, we
found that in order to retain maximum genetic
diversity in the core set, with the increase of the
SSR markers, especially the allele number, the size of
the core set will also increase correspondingly.
Therefore, the 208 accessions of the allele-mining
set were developed if we used all 29 SSRs to
construct the core set.

The allele-mining set here included 100% of the 482
observed SSR alleles; among them, germplasm from
Korea predominated in the allele-mining set (76
entries) due to a large number of germplasm lines
(2981 accessions), followed by germplasm from the
IRRI (16 entries) where many entries were acquired
from the IRRI collection, followed by China having 12
entries. All germplasm types, such as introduced
accessions, breeding lines, weedy types, and the
Korean landraces, were included in the allele-mining
set. The entire accessions originated from 72 countries,
but only 29 different geographical origins were repre-
sented in the allele-mining set (Table 1); this might be
because the definition of the true geographical origin of
rice is sometimes difficult due to many human
migration events. This could be explained by differ-
ences in allelic richness between germplasm from
different geographical areas and by the status of the
accessions (Supplementary Table 1). For instance,
landrace accessions have more alleles than bred
accessions. From Table 1 and Supplementary Table 1,
we also found no relationship between allelic richness
and sample number in the allele-mining set. Some
were under or over-represented compared to the total
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sample; for example, the total number of alleles in
IRRI was 205, 16 accessions were sampled from a total
of 55 accessions, a high proportion (30.19%) of
accessions were kept in the allele-mining set, but the
correlation coefficient (r = 0.983) of the mean allele
number per sample between the entire and the allele-
mining set was significant at the P = 0.01 level, giving
a reasonable explanation for the phenomenon. The
result was very valuable for sampling in constructing
an allele-mining set, because the higher the mean
allele number per sample in the group, the more
accessions in the allele-mining set. In addition, the
IRRI accessions are a super mini-set for DNA
polymorphism at the IRRI genebank, and the high
proportion in the allele-mining set showed indirectly
that our heuristic approach is reasonable, feasible and
reliable.

In order to assess the robustness of the allele-mining
set, the genetic diversity index is used in genetic
studies as a convenient measure of both allelic richness
and allelic evenness. Although significant correlation
coefficients (r = 0.725-0.860) were found between
the entire and the allele-mining set (Table 3), the total
genetic diversity revealed by Shannon—Weaver diver-
sity index (/) and Nei’s gene diversity (H) was higher
in the entire collection than in the allele-mining set
while PIC in the allele-mining set was higher than in
the entire collection, due to the fact that they were of
unequal size. So sometimes the use of indices such as /
and H may be disputed (Hennink and Zeven 1991).
Hennink and Zeven (1991) proposed relative indices,
defined as H' = Hpean/Hmax and I = Lyean/Imaxs
respectively. By comparison, we found that H', I'
and PIC' (=PIC ,can/PIC,0x) in the allele-mining set
was similar to the entire set (Supplementary Fig. 3),
indicating that H’, I' and PIC' indices of genetic
diversity can be better used as parameters evaluating
the quality of the allele-mining set.

The property of starch in rice is a very important
determinant for rice quality. The method used to build
the allele-mining set was validated by a second set of
independent markers associated with starch synthesis
in rice on a larger sample of accessions. As shown in
Fig. 3, the 14 SSR markers related to starch synthesis
generally showed lower diversity indices (allelic
richness and all genetic diversity indices) than the 15
neutral SSRs. This could be explained by the fact that
SSRs related to starch are probably more conserved
than the DNA segments containing neutral SSRs. So,

with the lower allelic richness and fewer rare alleles,
the use of such a set of SSR markers to validate the
method may have diminished the effectiveness of the
validation of the allele-mining set (Balfourier et al.
2007). Maximizing the diversity of a first set of
markers (15 neutral SSRs) at the same time should
maximize useful gene diversity, here expressed by a
second set of markers. A complete cross-validation of
the method required the total sample of 4046 acces-
sions to be tested with the second set of markers
(Table 5). Cunff et al. (2008) thought that estimating
the unlinked diversity within the entire collection
would have been very fastidious; here the allele-
mining set represented 70% of the total alleles and
83% of the restricted alleles (alleles with frequencies
higher than 0.05%) observed in the 4046 accessions.
This meets the accepted standard of an allele-mining
set (10% of the base accessions representing more than
70% of the genetic diversity). Moreover, the allele
coverage per locus is higher than with other sampling
strategies, with the highest efficiency for small size
cores. The results showed that the allele-mining set
based on 15 neutral SSRs minimized redundancy and
successfully captured the majority of the target gene
alleles. Therefore, this heuristic approach can be used
as an allele-mining set to uncover the loci with useful
alleles and greatly facilitate the identification of useful
genes, and can incorporate them into advanced
breeding materials for testing and further selection
(Tanksley and McCouch 1997).

In conclusion, an allele-mining set of 162 acces-
sions (only about 4% of the entire collection) was
successfully developed by a heuristic approach based
on SSR markers using PowerCore software. This
allele-mining set captured all of the alleles present in
the entire collection and will be useful for future
studies of rice gene mining to introduce unused useful
alleles into elite rice varieties by breeders. Moreover,
the newly presented methodology for an allele-mining
set with the least allelic redundancy and maximum
allelic diversity from a large germplasm collection of
rice can be used in other crop species in the post-
genomic era.
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