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Genetics - for genetic resources

The XVIIlth International Congress of Genetics was held in Beijing, China, in August 1998 under the auspices of
the International Genetics Federation, It was organized by the Chinese Academy of Sciences and the Genetics
Society of China under the slogan “Genetics - Better Life for All’ and attended by approximately 2000 scientists
from around the world.

In welcoming the delegates the President of the Congress, Prof C.C. Tan noted:

“The world - in particular the developing world - is experiencing dropping standards of living, rapid population
growth, severe food shortages, and environmental deterioration. To those working in the field, it is apparent that
new genetic theories and technologies may help solve or alleviate some of these global problems.”

Given the importance of the wise conservation and use of plant genetic resources for improving food security,
helping to eradicate poverty and protecting the environment, it was entirely appropriate that IPGRI should organize
a symposium at the XVIlIth International Genetics Congress. The aim of the symposium was to explore some of the_
developments in the genetic aspects of the conservation and use of plant genetic resources.

The very wide subject range of the papers that were presented at the symposium illustrated the many differen:
ways in which new genetic knowledge is contributing to improving conservation and use. This is especially true of
the newer molecular genetic technologies that are beginning to provide us with a direct insight into the nature and
organization of diversity at the DNA level. Several of the papers presented at the symposium showed how
important molecular methods are becoming to understanding patterns of diversity and to improving our ability tc
use diversity to improve production.

The papers presented at the symposium were of high quality and provided important insights on recent develop-
ments in the genetics of conservation. For these reasons, IPGRI proposed that they should be published in a
supplementary issue of the Plant Genetic Resources Newsletter. Both authors and journal accepted this proposal
and the papers published in this special issue were subject to the Newsletter's usual process of peer review.
Publishing in this medium has the advantage of making the information in the papers available to a wide audience
of those actively involved in plant genetic resources work.

Toby Hodgkin
Symposium organizer and Supplement editor
IPGRI
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Cytoplasmic diversity in the Triticum-Aegilops complex:
its conservation and use in wheat breeding

Koichiro Tsunewaki
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Summary

Cytoplasmic diversity in the
Triticum-Aegilops complex: its
conservation and use in wheat
breeding

The magnitude of cytoplasmic diversity
among Triticum and Aegilops species in
terms of molecular and phenotypic vari-
abilities has been demonstrated. DNA
diversity per nucleotide pair is about the
same among the nuclear, chloroplastand
mitochondrial genomes. Genetic varia-
tion in most characters, except fertility,
produced by an entire range of cytoplas-
mic variation in the Triticum/Aegilops
complex is only 5 to 30% of the variation
found among present-day common
wheat genotypes. A new strategy for the
preservation and use of cytoplasmic di-
versity, in the form of extracted organel-
lar DNA, is proposed. Also, some stud-
ies aimed at utilizing cytoplasmic varia-
tion for wheat improvement are de-
scribed. Production of high-yielding al-
loplasmic wheat for enlarging the cyto-
plasmic variability of wheat is relatively
easy by fertile alloplasmon transfer.

Key words: Aegilops, alloplasmon,
cytoplasmic diversity, cytoplasm sub-
stitution, molecular conservation, nu-
cleotide diversity, organellar DNA,
wheat, wheat breeding

Introduction

Résumé

Diversité cytoplasmique dans le
complexe Triticum-Aegilops : sa
conservation et son utilisation
dans la sélection du blé
L’importance de la diversité cytoplas-
mique chez les especes de Triticum et
d’Aegilops en termes de variabilité
moléculaire et phénotypique est bien
connue. Ladiversité del’ADN, exprimée
par paire de nucléotides, est approxima-
tivement la méme pour le génome nu-
cléaire, chloroplastique et mitochondri-
al. Pour la plupart des caractéres, ex-
cepté la fertilité, la variation génétique
produite par toute une gamme de varia-
tions cytoplasmiques dans le complexe
Triticum/ Aegilops s’éleve a 5 - 30 % seule-
ment de la variation observée entre les
geénotypes de blé courants actuels. Une
nouvelle stratégie pour la conservation
et l'utilisation de la diversité cytoplas-
mique, sous la forme d’ADN extrait des
organites est présentée. Certaines études
axées sur l'utilisation de la variation cy-
toplasmique dans I'amélioration du blé
sont également décrites. Il est relative-
ment facile de produire du blé alloplas-
mique a haut rendement par transfert
d’alloplasme fertile, afin d’accroitre la
variabilité cytoplasmique.

Resumen

La diversidad citoplasmatica en
el complejo Triticum-Aegilops:
su conservacion y uso en la
mejora del trigo

Se ha demostrado la gran diversidad
citoplasmatica entre las especies de Triti-
cum 'y Aegilops en cuanto a variabilidad
fenotipica y molecular. Ladiversidad del
ADN por cada pareja de nucledtidos es
casi la misma entre los genomas del
mitocondrio, del cloroplastio y del
nticleo. La mutacién genética de muchas
caracteristicas, con excepcion de la
fertilidad, generada por una entera gama
de mutaciones citopldsmicas en el
complejo Triticum [ Aegilops representa
solo del 5 al 30% de la mutacién
individuada entre los genotipos actuales
de trigo comtin. Se propone una nueva
estrategia para la conservacion y el uso
de la diversidad citopldsmica, en forma
de ADN organelar extraido y se
describen algunos estudios orientados a
la utilizacion de la mutacion citopldsmica
para la mejora del trigo. La produccién
de trigo alopldsmico altamente
productivo para la extencion de la
variabilidad citopldsmica se demuestra
relativamente  fdcil gracias a la
transferencia de aloplasma fértil.

This article is based on my presentation at the symposium
“Conservation and use of plant genetic resources”, held
during the 18th International Congress of Genetics, Beijing,
August 10-15, 1998, sponsored by IPGRI, Rome. Four topics
are covered, all of which relate to cytoplasmic variability in
the Triticum (wheat)/Aegilops complex: (i) cytoplasmic di-
versity shown by restriction fragment length polymorphism
(RFLP) analyses of chloroplast (ct) and mitochondrial (mt)
DNA, (ii) cytoplasmic diversity evaluated by phenotypic
variability observed among 12 sets of alloplasmic wheat
lines, (iii) a strategy for the molecular conservation of cyto-
plasmic diversity, and (iv) the use of cytoplasmic variability
in improving wheat.

In this article, an alloplasmic wheat line is indicated by
its abbreviation, the name of its cytoplasm donor being
given in parentheses (often with species name) followed by
that of the nucleus donor (with species or cultivar name)
and a hyphen between them. For example, (caudata)-’Chi-
nese Spring’ is an alloplasmic line of T. aestivum 'Chinese
Spring’ and has the cytoplasm of Ae. caudata.

Cytoplasmic diversity estimated by
RFLP of organellar DNA

Early studies of molecular diversity of cytoplasm in the
Triticum-Aegilops complex used electrophoretic analysis of
endonuclease-treated chloroplast (ct) or mitochondrial (mt)
DNA isolated from intact chloroplast or mitochondria, re-
spectively, here referred to as simple RFLP analysis (Vedel
et al. 1978, 1981; Ogihara and Tsunewaki 1982, 1988; Bow-
man ef al. 1983; Terachi and Tsunewaki 1986). This method
provided information on the diversity of the entire chloro-
plast or mitochondrial genome, but required a large amount
of purified ct or mtDNA, limiting its application to a small
number of samples. In contrast, Southern hybridization
analysis, in which small amounts of the total DNA treated
with the restriction enzyme were electrophoresed and hy-
bridized with ct or mtDNA probes after Southern transfer to
a membrane, usually gave simple band patterns and al-
lowed accurate identification of the homologous bands
(Breiman 1987; Graur et al. 1989; Miyashita et al. 1994;
Ogihara et al. 1994).
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Fig. 1. Simple RFLLP and Southern hybridization pattems of restriction
endonuclease-treated mtDNA of T. dicoccoides and T. araraticum
(Mori et al. 1988). The respective pattems on the black and white
backgrounds were obtained by simple RFLP and Southem hybridiza-
tion analysis. The restriction enzymes used are shown at the top of the
corresponding lanes. The probe in Southem hybridization was a wheat
18S-5S rRNA gene clone. MtDNA of T. dicoccoides (accession, ded)
and T. araraticum (accession, arr2) respectively are on the left- and
right-hand sides of each pair of lanes. M: Molecular size markers.

Figure 1 shows the band patterns obtained by simple
RFLP and Southern hybridization analyses of mtDNA of T.
dicoccoides and T. graraticum treated with five different 6-
base cutters (Mori et al. 1988). Patterns with a black back-
ground were obtained by simple RFLP analysis, and pat-
terns with a white background by Southern hybridization in
which a clone of the wheat 185-55 rRNA mitochondrial gene
was the probe. The two species are paired in all the patterns
with T. dicoccoides on the left and T. araraticum on the right.
They showed different simple RFLP patterns. Due to the
large number of fragments generated from each mtDNA
sample, however, it was difficult to identify fragments that
showed differences. In contrast, Southern hybridization pat-
terns revealed distinct differences between the 185-55 rDNA
regions of the two species.

Both the ct and mtDNA diversities among Triticum/
Aegilops species were studied by the two methods described.
Based on the RFLP data obtained, the genetic distances were
calculated as 1-psb (the proportion of shared bands) for all
possible pairs of the chloroplast or mitochondrial genomes.
Figure 2 shows a phylogenetic tree of the mitochondrial
genomes in 47 Triticum/ Aegilops accessions constructed by
the UPGMA method that was applied to RFLP data ob-
tained by Southern hybridization with 21 probe-enzyme
combinations (Wang et al. 1999).

A distance of less than 0.1 was obtained between closely
related accessions, e.g. between those of Ae. umbellulata, Ae.
biuncialis (2 accessions), Ae. triuncialis and Ae. trigristata (3
accessions). Moderately related accessions showed a dis-
tance of ca. 0.2-0.3, e.g. the Ae. bicornis, Ae. searsi, Ae. kotschyi,
(2 accessions), Ae. variabilis, Ae. sharonensis and Ae. longissima

accessions. Distances of ca. 0.5 or more were observed be-
tween distantly related accessions, e.g. between the acces-
sions of emmer-common wheat and Ae. speltoides-
timopheevi groups. Three groups (einkorn wheat, polyp-
loid wheats including Ae. speltoides and all other species)
were separated from each other by distances of ca. 0.7.

Nucleotide diversity is that fraction of a nucleotide pair
at a given position that differs in a comparison of two DNA
molecules. It is estimated from the genetic distance after Nei
(1987). Table 1 shows the nucleotide diversities estimated
between the chloroplast and mitochondrial genomes of dif-
ferent Triticum/Aegilops species (Terachi and Tsunewaki
1992; Miyashita et al. 1994; Wang et al. 1997, 1999) compared
with those of the nuclear genome estimated between differ-
ent wheat groups (Tsunewaki et al. 1993).

Southern hybridization of DNA amplified by polymerase
chain elongation reaction (PCR) showed mainly RFLP in the
within-gene regions, whereas for total DNA it detected RFLP
in both the within-gene and flanking regions. As for the
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Fig. 2. Phylogenetic tree of the mitochondrial genomes of 47 Triticum/
Aegilops accessions, constructed from the genetic distances by the
UPGMA method (Wang et al. 1999).
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within-gene regions,

the variability of the ~ 9enetic distance

Table 1. Nucleotide diversity estimated for different genomes based on the average

mitochondrial

gg' Source of DNAs compared No. of Nucleotide Reference

nomes (ca. 3 x 107) comparisons diversity

was only half that of made (x 100)

the ~ chloroplast %e' Chloroplast genome

nomes (ca. 8 x 107). Within Ae. spelfoides 378 0.60 Miyashita et al. 1994
This difference reflects Between Triticum/Aegilops spp. 630 0.80 Wang et al. 1997¢
the higher evolution- Between Triticum/Aegilops spp. 630 1.50 Wang et al. unpubl.

.1 . Mitochondrial genome

ary stability of mito- Between Triticum/Aegilops spp. 153 2.89 Terachi and Tsunewaki 1992
chondrial genes as Between Triticurn/Aegilops spp. 630 0.30 Wang et al. 19971
compared with chlo- Between Triticurn/Aegilops spp. 630 6.30 Wang et al. 1999
roplast . “Th Nuclear genome

op. a]j'li ge?teﬁ Tthe Einkorn vs. emmer wheat 84 6.84 Tsunewaki et al. 1993
varlability of the with- Einkorn vs. timopheevi wheat 15 6.23 Tsunewaki et al. 1993
mn-genes and their Einkorn vs. common wheat 33 7.32 Tsunewaki et al. 1993
ﬂanking regions inclu- Emmer vs. timopheevi wheat 768 4.82 Tsunewaki et al. 1993
sively, however, was Emmer vs. common wheat 308 2.26 Tsunewaki et al. 1993

X 4 Timopheevi vs. common wheat 55 464 Tsunewaki et al. 1993

four times higher in

the mitochondrial (ca.
6 x 10?) than in the
chloroplast (ca. 1.5 x 10%) genomes. This difference indicates
a higher rate of genome reorganization in the mitochondria.
In both the chloroplast and mitochondrial genomes, the
variability of the gene-flanking regions was much higher
than that of the within-gene regions.

Tsunewaki et al. (1993) also estimated the nucleotide
diversity of the nuclear genome in various wheat groups
and found similar magnitudes of diversity, 2.3 - 7.3 x 10
(Table 1). Because these values indicate the variability of
both the within-gene and flanking regions, it is concluded
that DNA diversity per nucleotide pair is almost the same
among the three genomes: nuclear, chloroplast and mito-
chondrial. It should be mentioned, however, that the num-
ber of nucleotide pairs in a single nuclear genome is about
20 000 times that in both the chloroplast and mitochondrial
genomes in wheat and its relatives.

Cytoplasmic diversity evaluated by the
phenotypic variability of the alloplasmic
wheat lines

Nuclear genes are transmitted to offspring from both par-
ents, whereas organellar genes are transferred exclusively
from the female parent in most plants, including wheat and
its relatives. Because of these different modes of inheritance
of nuclear and organellar genes, alloplasmic lines having
the same nuclear genome and different cytoplasmic ge-
nomes (or plasmons) can be produced by repeated back-
crosses as follows. When the F; hybrid between strain A (2)
and C () and its offspring are backcrossed repeatedly with
the pollen of C, a line is obtained which has the nuclear
genome of C and organellar genomes of A that is called an
alloplasmic line of C. In the same way, repeated backcrosses
of the F; hybrid between strain B (?) and C (J) and its
offspring with the pollen of the C parent gives an alloplasmic
line of C that has the nuclear genome of C and organellar
genomes of B. A comparison of the three lines (two
alloplasmic and a euplasmic line of C strain) as to pheno-

t Southern hybridization of PCR-amplified DNA regions. All others were Southern hybridization of the total DNA.

typic characters, reveals the genetic differences between the
plasmons of three strains, A, B and C.

Forty-six accessions of Triticum/Aegilops species were
used as alloplasmon donors to common wheat (Table 2).
These included 20 accessions of 14 diploid species, 18 acces-
sions of 14 tetraploid species and eight accessions of six
hexaploid species. Twelve common wheat genotypes repre-
senting T. aestivum (eight accessions), T. compactum, T.
sphaerococcum, T. spelta and T. macha (single accession each
for the last four species) were used as the recipients of all 46
alloplasmons. Most alloplasmic lines had reached the By or
later backcross generation by 1993 (Tsunewaki 1993).

In 1993, 22 characters of all 552 alloplasmic (12 nuclear
genotypes x 46 alloplasmons) and 12 euplasmic lines were
investigated in four replications, and the results obtained
analyzed statistically (Wang et al. unpubl.). Table 3 shows
the average and range of variation for the euplasmic and
alloplasmic lines for six of the 22 characters investigated.
The average of the alloplasmic lines did not differ much
from that of euplasmic lines for any of the characters, except
seed fertility which was about half the value of the euplasmic
lines. The range of variation was much greater in the
alloplasmic than the euplasmic lines for all the characters.
Four points deserve special mention; some alloplasmons
caused great delay in heading, nearly complete inviability
as indicated by very short height and small dry matter
weight, complete sterility, and a lowered seed germination
rate caused by premature sprouting.

Phenotypic variation in seven characters of common
wheat induced by 46 alloplasmons was compared with that
of the 12 nuclear genotypes in terms of variance (Table 4). In
1977, Tsunewaki et al. (1978) had made a similar investiga-
tion of 288 alloplasmic lines (the same 12 nuclear genotypes
x 24 alloplasmons, but the backcross generations of most
lines did not reach By, at that time) and the same 12
euplasmic lines. The findings of that investigation also are
shown in Table 4.
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Table 2. Triticum and Aegilops species (abbreviated species name, and
number of accessions in parentheses) used as cytoplasm donors to

alloplasmic lines of common wheat

and selfed seed fertility was affected most
by alien plasmons. Findings of the 1993

Diploid Tetraploid

Hexaploid

investigation indicated that the variance
attributable to the 47 plasmons of Triti-

Triticum
T. boeoticum (btc, 1)
T. monococcum (mnc, 1)

T dicoccoides (dcd, 1)
T. dicoccum (dem, 1)
T araraticum (arr, 2)
T timopheevi (tmp, 1)

T. aestivum (ast, 2)
T. zhukovskyi (zhk, 1)

cum [ Aegilops species was only 5-31% of
the variance attributable to the 12 nuclear
genotypes of common wheat in all the
characters, except selfed seed fertility. As

Aegilops Sect. Polyeides

Ae. umbellulata (umb, 1) Ae. triuncialis (trn, 2)
Ae. biuncialis (bnc, 2)
Ae. columnaris (cim, 1)
Ae. ovata (ovt, 1)
Ae. triaristata (trrdx, 1)
Ae. kotschyi (kts, 2)
Ae. variabilis (vrb, 1)

Ae. triaristata (trréx, 2)

for this character, the sum of the variances
attributable to the cytoplasm was almost
three-fold the variance for the nucleus.
This character, mainly determined by male
fertility (Tsunewaki et al. 1996), was ex-
tremely sensitive to alien cytoplasms.

Aegilops Sect. Cylindropyrum
Ae. caudata (cdt, 2) Ae. cylindrica (cyl, 1)

Strategy for the
conservation of
cytoplasmic diversity

Aegilops Sect. Comopyrum
Ae. comosa (cms, 1)
Ae. heldreichii (hid, 1)
Ae. uniaristata (unr, 1)

Two methods are available for the con-
servation of cytoplasmic diversity: con-
servation of living materials and preser-

Aegilops Sect. Vertebrata
Ae. squarrosa (sq, 2) Ae. ventricosa (vnt, 1)
Ae. crassa (crsdx, 1)

Ae. crassa (crséx, 1)
Ae. juvenalis (jvn, 1)
Ae. vavilovii (wi, 1)

vation in the form of extracted ct and
mtDNA. Conservation in the form of
living materials is indispensable for the
use of alloplasmons in wheat breeding

Aegilops Sect. Sitopsis
Ae. speltoides (spl, 4)
Ae. bicornis (bcr, 1)

Ae. sharonensis (shr, 1)
Ae. longissima (Ing, 1)
Ae. searsii(srs, 1)

until the development of an efficient
method of transferring alien organellar
genes. Meanwhile, both the alloplasmic
wheat lines already created and poten-
tial alloplasmon donors to wheat need

Aegilops Sect. Amblyopyrum
Ae. mutica (mtc, 2)

to be maintained. The method for their
maintenance is the same as that for ordi-
nary stocks and, therefore, is not dis-

Table 3. Averages and ranges of variation of six characters observed in
12 euplasmic and 552 alloplasmic lines of common wheat. Results of a

1993 investigation (Wang et al. unpubl.)

cussed further in this article.
Conservation of cytoplasmic diver-

sity can be achieved efficiently in the

form of extracted DNA owing to the ap-

Character Type of Average Range of propriate size of the chloroplast and mi-
lines variation tochondrial genomes, although the use
Heading date (no. of days; April 20 = 0) Euplasmic ~ 27.0 58 - 3.8  of preserved organellar DNA for actual
o s fE\IlopIﬂasmic 31.3 3.8 - 62(1) wheat breeding is not practical at
ant height (cm uplasmic 126.9 88.3 - 54. : ; ,
Alloplasmic  115.6 £ 8.1573 present and may be impossible. How
No. of spikelets per ear Euplasmic ~ 21.9 152 - 246  ever, extracted organellar DNA can be
) Alloplasmic 21.2 23 - ?92 used to screen for organellar DNA varia-
Dry weight of 2 culms, Euplasmic 6. 3.7 - 12. :
including grains (g) Alloplasmic 5.0 02 121  ton and should serve as the source of
Selfed-seed fertility (%) Euplasmic 932 824 - 983  useful organellar genes in future.
ey 5 fE\IlopIasmic 48.2 0.0- 985 I propose to achieve organellar DNA
eed germination rate (% uplasmic 92.2 855 - 97.3 ;
Allepiaamic 90.6 231 - 100.0 preservation and to use the preserved

Analysis of variance was used to estimate the variance
attributable to the nucleus, Sx% to the cytoplasm, S and to
their interaction, S7. The sum of Sc? and S? gives the variance
that is directly and indirectly attributable to the cytoplasm. Its
ratio to the variance attributable to the nucleus was similar in
the investigations of 1977 and 1993 (Table 4). Of the seven
characters shown in this table, ear length was influenced least

DNA by three steps. The first is the sepa-
rate extraction and preservation of in-
tact ¢t and mtDNA from representative variations of all
species. To do this, intact chloroplasts and mitochondria
must be fractionated separately, then the intact ct or mtDNA
is extracted and stored under deep refrigeration for an in-
definite period. The minimum fresh material required per
accession would be ca. 100 g green leaves for tDNA and ca.
500 g etiolated seedlings for mt DNA. MtDNA preparation
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Table 4. Genetic variance attributable to the nucleus
(12 wheat nuclear genotypes), cytoplasm (24 or 47
cytoplasms of Triticum/Aegilops species) and their
interaction: estimated for the same seven characters
investigated in the 1977 and 1993 studies (Tsunewaki
et al. 1978; Wang et al. unpubl.)

Character Sn? Sc? S Sc2+Si2 / Sn?

1977 investigation (288 lines = 12 nuclei x 24 cytoplasms)

Ear length 14.61 0.302 0.523 0.06
Heading date 97.03 10.36 3.69 0.14
Ear number 53.68 15.41 8.37 044
Plant height 403.9 86.2 457 0.33
Spikelet no./ear 15.69 1.52 134 0.18
Dry matter weight 593.2 447.8 168.0 1.04
Selfedseed fertility 102.3 935.1 478.9 13.82

1993 investigation (564 lines = 12 nuclei x 47 cytoplasms)

Ear length 2088 99.2 6.3 005
Heading date 16467 1776 58 0.11
Ear number 17581 1827 158  0.11
Plant height 62423 14488 634 0.24
Spikelet no./ear 1536 372 16 0.25
Dry matter weight 216.0 64.6 1.8 0.31
Selfedseed fertility 23369 60203 2390 2.68

might prove difficult for some materials because of the large
amount of etiolated material required per accession. These
DNA samples would be used in the subsequent steps of
conservation.

The second step is the preparation of complete sets of the
genome sequence-based contig clones of the wheat ct and
mtDNA. To prepare these, complete sequencing of wheat
chloroplast and mitochondrial genomes is required.
Through the collaboration of seven laboratories in Japan,
including mine, we completed the sequencing of the entire
wheat chloroplast genome in 1998 using the common wheat
‘Chinese Spring’, (Fig. 3, Ogihara et al. 1998). The ‘Chinese
Spring’ chloroplast genome was found to have 134,523 bp
and carry ca. 142 genes, of which 24 were duplicated in the
inverted repeats.

The wheat chloroplast genome can be divided into 30
sections of ca. 4.5 kb each and pairs of PCR primers are
designed for the individual sections (ref. Fig. 3). Using these
primer pairs, DNA fragments corresponding to all the sec-
tions can be separately amplified. The 30 PCR-amplified
DNA clones obtained cover the entire wheat chloroplast
genome. This contig set of wheat ctDNA clones is used as
the probe for detecting RFLP variation in the entire chloro-
plast genomes of various accessions; not only those of the
Triticum [ Aegilops species but also those of such related gen-
era as Secale, Agropyron and Hordeum. For this purpose, they
should be stocked at an appropriate institution that will be
responsible for their distribution to other researchers.

As for the mitochondrial genome, complete sequencing
of the wheat mitochondrial genome has yet to be done. It is
important that a research group carries out this work as
until this has been done the second and third steps in mito-
chondrial genome preservation for the Triticum/ Aegilops
complex cannot be carried out.

The third step is the preparation of PCR-amplified clones
for all chloroplast and mitochondrial genes of wheat, again
based on the complete sequences of ct and mtDNA. Pairs of
PCR primers must be designed for the individual genes and
their coding regions separately amplified. The PCR-ampli-
fied ct and mtDNA clones that correspond to all the wheat
organellar genes will serve as probes for the isolation of
organellar genes or to detect variation in their transcripts in
the various accessions of wheat and its relatives. These
wheat organellar gene clones should be preserved in an
appropriate institution and provided to other researchers
upon request.

Although the complete nucleotide sequence of wheat
mtDNA is not yet available, some wheat mitochondrial
genes have been isolated and sequenced (Bonen et al. 1991;
Bonnard and Grienenberger 1995; Vaitilingom et al. 1998).
For those genes PCR-amplified DNA for their coding re-
gions should be prepared for the purpose described above.

Use of cytoplasmic variability in wheat
breeding

Systematic investigations of genetic effects on various wheat
characters of the alloplasmons present in the Triticum/
Aegilops complex suggested the following possibilities for
the practical use of alloplasmons in improving wheat
(Tsunewaki 1988): (i) male sterility for hybrid wheat breed-
ing, (ii) delayed heading for breeding wheat with a pro-
longed growth period, (iii) parthenogenesis for haploid
breeding, and (iv) enlarging cytoplasmic variability in wheat
by the creation of new genotypes adaptive for fertile
alloplasmons. The third point has been treated in detail
elsewhere by Tsunewaki and Mukai (1990), therefore, I dis-
cuss the other points briefly.

Use of cytoplasmic male sterility for hybrid wheat
Hybrid wheat breeding using the T. timopheevi cytoplasm
has yet to be realized in spite of the intensive efforts made in
many institutions, including private seed companies, for
nearly 40 years (Wilson 1968). Subsequently, use of chemical
hybridizing agents for male sterility induction has been
tested (e.g. Brears ef al. 1987). In 1997, an F, hybrid ‘Jinhua 1
was released to farmers in China (Zhang 1998). I pointed out
three new sources of male sterile cytoplasm in 1988. These
are a D? type cytoplasm of Ae. crassa, an S’ type cytoplasm of
Ae. kotschyi and an N type cytoplasm of Ae. uniaristata,
which should be considered as substitutes for the G type
cytoplasm of T. timopheevi (Tsunewaki 1988). Since then
some progress has been made toward the use of D? S" and
N type cytoplasms.

Murai made a series of investigations on the use of the
D? type cytoplasm (Murai et al. 1991). In certain Japanese
cultivars, such as ‘Norin 26’, this type of cytoplasm in-
duced complete pistillody of all three stamens, resulting
in male sterility when the daylength at the time of floral
initiation was longer than 15 h. The F; seeds were pro-
duced at a high latitude on Hokkaido Island between
(crassa)-"Norin 26, which became male sterile there, and a
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few other cultivars as pollinator. These seeds were sown
in an experimental field at a lower latitude on Honshu
Island and the agronomic characters of the F; hybrids
investigated. Some F;s gave better yields than the check
cultivar, but this work was discontinued when Murai
moved to another institute in 1993.

As for the use of the S' type cytoplasm, there are two
possibilities based on findings that it caused complete male
sterility in two spelt-type wheats and deep male sterility in a
wheat line carrying a 1BL-1RS translocation chromosome
that consists of the long arm of chromosome 1B of wheat
and the short arm of the 1R chromosome of rye. I attempted
to utilize the complete male sterility induced in a spelt
wheat because it has the normal complement of wheat chro-
mosomes. Unfortunately, all my attempts to cotransfer the
male sterile gene(s) of the spelt wheat and the S" type cyto-
plasm of Ae. kotschyi to ordinary wheat cultivars failed. The
reason for this failure is still not clear.

The other approach was to utilize the male sterility in-
duced by the interaction between the S" type cytoplasm and
a 1BL-1RS chromosome. This approach was adopted by He

Wheat chloroplast DNA

(Triticum aestivum

'Chinese Spring')

134,523 bp

Fig. 3. A complete genetic map of the chloroplast genome of Triticum aestivum ‘Chinese Spring’ (Ogihara et
al. 1998), and a postulated set of 30 contig clones of its ctDNA in the outer circle, each ca. 4.5 kb in size.

Peiru of the Northwestern Agricultural University, Shaanxi
Province, China, as well as by two groups in Japan. He
successfully bred a spring-type F; cultivar Xinong 901’ that
outyielded by 16-28% the local check cultivar in a 3-year
trial. It has been under cultivation by farmers since 1995
(He, pers. comm.). The two Japanese groups have yet to
succeed in producing any commercial F; hybrid (Ikeguchi et
al. 1994; Ushiyama ef al. 1996).

As for the use of the N type cytoplasm, like the S" type
cytoplasms, this induces nearly complete male sterility in
interaction with a 1BL-1RS chromosome. Except for the work
of Zhu et al. (unpubl.) at the Northwestern Agricultural
University, China, little has been done so far with this cyto-
plasm. They showed that the N and S” type cytoplasms are
almost the same as a source of cytoplasmic male sterility.
Their findings indicate that fertility restoration is slightly
more difficult for the N type as compared to the S'type
cytoplasm, but seed quality is a little better. Further investi-
gation of the usefulness of this cytoplasm as the source of
cytoplasmic male sterility for hybrid wheat breeding would
be worthwhile.

Delayed heading for
breeding wheat

lines with prolonged
growth periods

At high latitudes, where
summers are short and
the day length very
long, ordinary photope-
riod-sensitive wheat cul-
tivars do not have a
growth period sufficient
to produce high yields.
One such area is found
in Hokkaido Island, Ja-
pan. A possible solution
is to breed cultivars with
prolonged basic vegeta-
tive growth periods, but
no nuclear genotypes
suitable for this purpose
have been found. The M’
plasmon of Ae. ovata
caused severe male ste-
rility but no further seri-
ous effects other than
delayed growth
(Tsunewaki 1988). In ad-
dition, a dominant fer-
tility-restoring ~ gene
(Rfel) to this cytoplasm
is available that origi-
nated from Ae. caudata
and was translocated
onto a wheat chromo-
some 1D (Kihara 1959;



8 Plant Genetic Resources Newsletter, 1999, No. 119 Supp.

Tahir and Tsunewaki 1971). Nagasawa and Tsunewaki
(1983) introduced both the M® plasmon and RfcI gene into
four Hokkaido winter-wheat cultivars by repeated back-
crosses. Fertility restoration showed clear monofactorial in-
heritance during the backcrosses. In the B;S; generation, the
lines fixed for the Rfc1 gene were selected and tested for two
years at the Kitami Agricultural Experiment Station,
Hokkaido (Makita ef al. unpubl.). As expected, both heading
and maturity were delayed from 10 days to two weeks, but
the grain yield per unit area was reduced 10-30%, mainly
due to the reduction (20-40%) in the 1000 kernel weight.
There was no difference in grain and flour appearance or
noodle quality between the euplasmic and alloplasmic lines.
These results indicate that a delay in heading is not neces-
sarily favourable as expected for grain filling. For further
improvement of these lines, the unfavourable genes of Ae.
caudata that are linked to Rfcl must be eliminated by dis-
rupting their linkages.

Enlarging cytoplasmic variability in wheat by
creation of new genotypes adaptive to fertile
alloplasmons

Cytoplasmic variability in a given crop species may be de-
sirable because there is always the danger of new races of
pathogens appearing that are virulent to cultivars with a
particular type of cytoplasm, as happened in the late 1960s
to hybrid corn with the T type male sterile cytoplasm. It is
reasonable, however, to assume that for all crops their
present-day nuclear genotypes are better adapted to their
own cytoplasms than to any alien cytoplasms. Therefore, it
is best to create new nuclear genotypes that collaborate
better with fertile alloplasmons than with their own cyto-
plasms in order to broaden cytoplasmic variability.

To achieve this goal in wheat, we attempted to select
new genotypes with high-yielding potential from the prog-
enies of crosses between four fully fertile alloplasmic lines
of ‘Norin 26" and a euplasmic line of the most widely
adapted cultivar "Norin 61’ among the Japanese common
wheat cultivars (Tsunewaki et al. 1985; Yonezawa et al. 1987).
The alloplasmons used were the D type cytoplasm of Ae.
squarrosa, D* type cytoplasm of Ae. crassa, S type cytoplasm
of Ae. speltoides and Sv type cytoplasm of
Ae. kotschyi.

Segregation patterns in four pairs of
the alloplasmic and euplasmic F, popu-
lations were investigated for several

ing Fys as well as some transgressive high-yielding Fs
(Tsunewaki et al. 1985).

In the F, and F; generations of all the crosses, a limited
number of individuals that exceeded both parents in one or
another yield-related character were selected, and their F; or
F, lines were selected based on their yields. All the lines
with the D? cytoplasm were selected out at this stage. The
number and percentage of the F, or F; lines that outyielded
both parents are shown in Table 5 (Yonezawa et al. 1987).
Clearly, the percentage of lines with yields higher than
those of both parents was the same or greater in all three
alloplasmic populations than in the euplasmic control, with
the exception of the D* cytoplasm.
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Summary

Evaluation of genetic diversity
in Chinese soyabean
germplasm by AFLP

Amplified Fragment Length Polymor-
phism (AFLP) was used to evaluate ge-
netic diversity among 61 Chinese
soyabean accessions, including 41 culti-
vated (Glycine max) and 20 wild soyabean
(Glycine soja), from four main cultivation
regions. Eight AFLP primer pairs de-
tected a total of 569 fragments with an
average of 71 fragments per primer per
accession. A large number of fragments
(273), representing 48% of total frag-
ments, were polymorphic, 172 in G. max
and 249 in G. soia. The primer combina-
tions differ widely in their ability to de-
tect polymorphism. The range of poly-
morphic bands detected by individual
primer combinations was from 16 to 51.
The E-aag/M-ctc primer pair is particu-
larly informative, detecting 51 polymor-
phic fragments, which differentiated all
61 accessions. As expected, the genetic
diversity present in wild accessions is
higher than that present in cultivated ac-
cessions, confirming that wild soyabean
preserves a larger genetic variation. Clus-
ter analysis based on an unweighted
pair-group method using arithmetic av-
erage (UPGMA) clearly separated the
two species as does present taxonomy
and, to some extent, the different sowing
types of G. max, particularly the spring-
sowing accessions, independent of their
geographic origin.

Key words: AFLP, China, genetic di-
versity, Glycine max, polymorphism,
soyabean

Introduction

China is recognized as being the native country of soyabean
(Glycine max), one of the most important oil and protein crops,
which has been cultivated in China for more than 5000 years.
Glycine soja is believed to be the ancestor of soyabean and is
cross-compatible with it; therefore, it is considered to be a
natural source of genetic diversity for soyabean improvement
(Kiang et al. 1992). Although during the past decade, nearly

Résumé

Evaluation de la diversité
génétique dans un germoplasme
de soja chinois par AFLP

La technique d’AFLP (Amplified Frag-
ment Length Polymorphism) est utilisée
pour évaluer la diversité génétique dans
61 accessions de soja chinois, y compris
41 sojas cultivés (Glycine max) et 20 sojas
de type sauvage (Glycine soja), provenant
de quatre régions de culture principales.
Huit paires d’amorces AFLP permettent
de détecter un total de 569 fragments,
soit une moyenne de 71 fragments par
amorce et par accession. Un grand nom-
bre de fragments (273), représentant 48 %
du total des fragments, sont polymor-
phes, 172 chez G. max et 249 chez G. soia.
Il existe une trés grande différence dans
I'aptitude des combinaisons d’amorces a
détecter du polymorphisme. La gamme
des bandes polymorphes détectées par
des combinaisons d’amorces particu-
lieres va de 16 a 51. La paire d’amorces
E-aag/M-ctc apporte notamment beau-
coup d’informations, mettant en évi-
dence 51 fragments polymorphes, qui
permettent de différencier les 61 acces-
sions. Comme on pouvait s’y attendre, la
diversité génétique observée dans les ac-
cessions sauvages est plus grande que
celle présente dans les accessions cul-
tivées, ce qui confirme que le soja de type
sauvage conserve une plus grande varia-
tion génétique. Une analyse de groupes
(cluster analysis), basée sur la méthode
des groupes de paires non pondérées
avec moyenne arithmétique (Unweight-
ed Pair Group Method with Arithmetic
Average, UPGMA), distingue nettement
les deux especes a l'instar de la taxon-
omie actuelle et, dans une certaine
mesure, les différents types de cultivars
de G. max, en particulier les accessions
de semis de printemps, quelle que soit
leur origine géographique.

Resumen

Evaluacién de la diversidad
genética en el germoplasma

de la soja china mediante el
AFLP

El AFLP (Polimorfismo dela longitud de
los fragmentos amplificados) se ha uti-
lizado para evaluar la diversidad genéti-
cade 61 accesiones de soja china, 41 culti-
vadas (Glycine max) y 20 silvestres (Gly-
cine soja), de cuatro regiones principales
de cultivo. Ocho pares iniciadores de
AFLP individuaron un total de 569 frag-
mentos con una media de 71 fragmentos
por iniciador en cada una de las acce-
siones. El 48% de los fragmentos (273),
eran polimorfos, 172 en G. max y 249 en
G. soja. Las combinaciones de iniciadores
se diferenciaban mucho debido a la ca-
pacidad de individuacion del poliform-
ismo. La serie de bandas poliformias in-
dividuadas porlas combinaciones de ini-
ciadores de individuos se extendia de 16
a 51. La pareja de iniciadores E-aag/M-
ctc es particularmente interesante ya que
ha individuado 51 fragmentos polifor-
mios que representan la caracteristica de
diferenciacion delas 61 accesiones. Como
era de esperar, la diversidad genética
presente en las accesiones silvestres es
mas alta que la de las accesiones cultiva-
das confirmando, de esta manera, que la
soja sivestre presenta una variacion
genética mayor. Algunos andlisis con-
juntos, basados en un método de grupos
de pares sin peso en que se utiliza una
media aritmética (UPGMA), separaban
claramente las dos especies como sucede
con la taxonomia actual y, hasta cierto
punto, los diferentes tipos de siembra de
G. max, especialmente las accesiones
sembradas en primavera, independiente-
mente de su origen geografico.

30000 accessions have been collected and documented, few
investigations have been carried out to evaluate the genetic
diversity of Chinese germplasm, in spite of the good character-
ization carried out on other genepools of the species, such as
germplasm found in the USA. It is worth emphasizing that
assessing genetic diversity is one of the key tools of crop im-
provement and germplasm conservation.
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Table 1. Soyabean accessions used for AFLP analysis

and Random Amplified Polymor-

phic DNA (RAPD) (Williams et al.

- . _ .
Code Accession Name Species Origin Sowing 1990; Vierling and Nguyen 1992;
tvee K l g993 hlgllllyd

azan et al. 1993), which detects a
1 D4429 Tai xing hei duo G. max il SPR :
2 D6027 Wilinadus e i 2PR larger number of markers but is not
3 D5979 Wu yue bai G. max 1l SPR always as reproducible as RFLP
4 D21 Heinong 26 G. max' | SPR (Cooke 1995). The RAPD system has
5 D13839 Zhe chun No 1 G. maxt 1] SPR R £ e f
6 D13840 Zhe chun No 2 G. max' i SPR e advantage of being a fast assay,
4 814510 éiangchun No 10 g maxt 1l g;g requiring only nanograms of ge-
8 13842 ingbai duo . max v : et aa
9 D13832 Liuyue duo G. max v SPR nomic DNA and. R e
10 81 3836 Chengdongmeiduo G. max v SEE ment. Therefore, it has been used to
1 261 Hailunduludue G. max I 1 h neti i
12 D4918 Wanbei 4918 G. max' I SUM ERELEE WP SAsiie SRl ih
13 D13882 Tiananduo G. max IV SUM several crop species (Chalmers et al.
1; %g;is ?\flanhuansg3 ;lc% ; g max: ”1 ggm 1992; Koller et al. 1993; Zhu et al.

annong . max
16 X534 Luhei duo No 2 G. max' 1 SUM 1997). However, both RFLP and
{7 D2573 Qihuang 2 G. maxt I SUM RAPD revealed a low level of DNA
18 D6332 Mao pen ging G. max v AUT i i _pollinati
19 D6066 Cu huang duo G. max I SUM pagvepiea T jedipalinfling
20 AB007 Xiang giu No 1 G. maxt \Y, AUT species such as soyabean, (Apuya et
g; 35002 Teda rt‘iuobNO 1 g max' I:I gggﬂ al. 1988; Williams et al. 1990; Keim et
594 Kan shanbai max i

23 AB6020 Zaoshuhuangpi G. max v SUM ﬂl.‘ 1992) AFLP (VOS et al. 1995) and
24 D6217 Qingpigingren G. max il SUM microsatellites proved to be the most
25 A6019 Zaoshuhuangpi G. max v SUM g
% AB029 ¥ e b - frienet v AUT powerful and rell‘able markers and
27 D14207 Changtingingpi G. max IV AUT revealed a much higher level of poly-
28 A6035 Yanging G. max v AUT morphism in soyabean than RAPD
29 D498 Heitiejia G. max i SPR ]
30 D537 Heigi G. max | SPR and RFLP (Becker et al. 1995,
3; 8622 Toggmaoduo g max I SEE Maughan ef al. 1995; Maughan et al.
3 745 induo 33 max | %
33 D781 Huanggitiejia G. max | SPR 1996; Meksem ef al. 1995). As AFLP
34 D823 Huangke G. max [ SPR is simpler and quicker it is particu-
35 D1832 Fupingdahuangduo G. max I SUM 1 ful f i
36 D2013 Baiheiduo G. max I SPR 1arhi};hu§e v ot fgtﬁrmplasm St‘;dlesg
37 D2024 Dahuangduo G. max I SPR which in view of the large number o
38 D3146 Shengiuniumaohuang G. max I SUM samples are time-consuming; it can
41 D403 G. maxt il .
42 D404 B ik i also detect a higher level of poly-
43 D405 G. maxt Il morphism than RAPD and RFLP.
44 wo622 G. soja v
pr- Woeod G som i Th(.e purpose of the present study
46 Wo627 G. soja v was to investigate, through the use of
47 WQS?S G. soja v AFLP markers, the genetic diversity of
jg nggg g: :gj‘: :H Chinese soyabean germplasm from
50 wgeﬂ 9 G. soja 1l different places of origin.
51 9623 G. soja v
52 w9632 G. soja I =
53 W9633 G. sof'a i Material and methods
54 W9638 G. soja i The samples represented 41 Chinese
55 W9640 G. soja v ;
56 W9607 G. soja i soyabean accessions (G. max) from
57 W9608 G. soja Il four main cultivation regions, includ-
gg nggg g ggj.: :{ ing three accessions formerly classi-
60 W9611 G. soja I fied as G. gracilis and 20 G. soja acces-
g; ng}g g zg/.: :[ sions (Table 1). Most of the accessions
63 Wo614 G soj’a | were kindly provided by Chang
el Ru;heng from _the Cr_op Germplasm
*Formerly classified as G. gracilis. Institute of Bequ.‘g' China.
SPlaces of origin: |, Northeast Region; Il, stream of Yellow River; Ill, downstream of DNA was isolated from a P001

Yangtze River; IV, Southeast Region.

DNA markers have been used to evaluate genetic diver-
sity in different crop species (Cooke 1995). The most-used
markers have been Restriction Fragment Length Polymor-
phism (RFLP) (Cox et al. 1986), a highly reproducible assay
which, however, detects only a few loci for each experiment

of five plants for each accession ac-

cording to Dellaporta et al. (1983)
and its concentration estimated through agarose gel elec-
trophoresis by comparison with known amounts of lamb-
da DNA. AFLP experiments were carried out as described
by Vos and associates (1995) with a few modifications: (1)
250 ng of DNA were initially digested with two enzymes,
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(2) digestion reaction was incubated for two B -
hours to obtain a complete digestion, (3) liga- € £
tion was carried out for two hours, and (4) o G. max ’ G. soja -
the pre-amplification products were diluted & e 5
40-fold instead of 10-fold. Samples were ran- = et | R S AR .‘-, in-
domly selected to be run in duplicate experi- ~ *** " % LRcoRSRRe F::::i o
ments aimed at checking the reproducibility 3 "‘" i
of the amplification patterns. & s ::::—::::::-::-: --E

A total of eight primer combinations 267—4 1T T e L (= AR R j_ =4 —267
(Gibco) were used for AFLP assay inall ac- 55, | = S=SSEEESUSSsas """'"_::'_’::!:E!!i - —234
cessions. After excluding monomorphic s Zoie- 2 am-aace un-:: Emawas Ei?i:
bands, polymorphic fragments were scored 5 ZEER3 BN RERRRS "i““ “”“ i e

184— o o e ---'-—-ﬁ--h ShEEEEE e ‘..___

as 1 for presence and 0 for absence of the
band. Measurement of genetic similarity for =
pair-wise accessions was based on the simple it
matching coefficients (Gower 1985). A simi- -
larity matrix was constructed and subjected i
to cluster analysis following the UPGMA

method by computer program NTSYS-pc -
version 1.8 (Rohlf 1993). \
Ll
Results and discussion e
AFLP polymorphism in all samples "
AFLP markers proved to be very informative -

in monitoring, with very high reproducibil- 64—
ity, the genetic diversity present in a sample |
of 61 cultivated and wild soyabean acces- =
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sions. The fragment sizes, determined by
comparing the amplicons with standard
DNA, ranged from about 40 to 600 bp. An
example of atypical AFLP pattern is shown
in Figure 1. Analysis of the 61 accessions with eight primer
combinations revealed a total of 569 bands, with an average
0f 71 bands per primer combination among which 273 frag-
ments (47.9%) were polymorphic across the whole set of
samples (Table 2). The total number of fragments detected
by individual primer pair ranged from 40 to 109 while the
number of polymorphic fragments varied from 14 to 44
(Table 2). Different primer combinations detected different
levels of polymorphism ranging from 37%, detected with the
primer combination E-aag/M-ctt to 53% for the combi-
nation E-aac/M-ctc. This combination proved to be particu-
larly informative as it detected
51 polymorphic fragments able
to differentiate afl 61 acces-

Fig. 1. AFLP patterns obtained with primer pair E-aag/M-cta of G. maxand G. soja
accessions. Amplified fragments were resolved on a standard DNA sequencing gel
and detected by autoradiography.

Comparison of AFLP polymorphism between G.
max and G. soja

Among the 274 polymorphic fragments, 146 (53.3%) were
shared by both G. max and G. soja accessions. The frequency
of polymorphism was 33.7% for G. max and 44.9% for G. soja;
31 fragments (11.4%) were uniquely associated with a single
accession while 25 (9.1%) were dispersed among 14 wild
soyabean accessions. Interestingly, 24 polymorphic frag-
ments were observed only in G. max and among these 14
were present only in cultivated soyabean, while 103 were
polymorphic only in G. soja and of these 65 were present

Table 2. Number of AFLP fragments detected at eight AFLP loci in soyabean

sions. This result shows the

Primer No. of polymorphic fragments Total no. of % of )
ability of AFLP to discriminate =~ combination fragments polymorphism
among genotypes and suggests G. max G.soja shared Total G.max G. soja
their application for cultivar e =
identification. In comparison, E:ggg/M:ggg %2 ?i 12 ?g 38 Z ggg
the majority of soyabean RFLP E-aac/M-cat 22 34 21 35 62 70 50.0

E-aac/M- 1 2 13 24 40 45 53.3
probes detectedonlyonepoly- - £299NRS 18 B 3 % 5 56 429
morphiclocus (Keimetal. 1989,  E-aagM-cta 28 41 25 44 79 88 50.0
1992), while RAPD assay gen- E-aag/M-ctc 30 44 23 51 67 81 62.9

]1) Ted il 0 g gl E-aag/M-ctt 23 37 19 41 97 109 37.6
erally revealed about 0.5 poly- Total 170 249 146 273 504 555
morphic loci per primer (Will- Average 21:3 31.1 183 345 63 69.4

% polymorphism 33.7 44.9 479 479

iams et al. 1990).
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only in wild soyabean. Therefore, 79 more
polymorphic bands were amplified in G.

13

0.7 0.8

L

soja than in G. max, possibly due to the
genetic erosion of cultivated accessions
during the process of evolution. However,
the reduced number of bands present in
cultivated samples could also be due to
breeding selection, which is known to re-
sult in the narrowing of the genetic base
as a result of the loss of specific DNA
sequences. The utilization of wild species
in breeding programmes can be used to
restore part of the diversity lost. It would
be interesting to analyze in more detail
the DNA sequences presently missing in
cultivated species in order to have a bet-
ter understanding of genetic erosion.

Genetic similarity

Based on the simple matching coeffi-
cients, a genetic similarity matrix was
constructed using the AFLP data to as-
sess the genetic relatedness among the
61 accessions. The similarity coefficients
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ranged from 0.606-0.945 for all acces-
sions; the minimum genetic similarity
was between a cultivated and a wild
accession (accessions 22 and 57) and the
greatest similarity between two wild ac-
cessions, 49 and 55. As expected, the
genetic similarity present in most wild
accessions is lower than that in culti-
vated accessions, confirming that wild
soyabean preserves a larger genetic
variation with which to increase genetic
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Fig. 2. Dendrogram generated by UPGMA cluster analysis based on simple matching

Clusteranalysis

The similarity coefficients were used as
input data for cluster analysis performed
by the NTSYS-pc program. The resulting dendrogram is
shown in Figure 2. Glycine max and G. soja clustered sepa-
rately with the three semi-wild accessions (41, 42 and 43
classified as G. gracilis before the species merged with G.
max) grouped with G. max at the lowest level of similarity
present in the group, showing the complete concordance
with Hermann’s revision (Hermann 1962). Accession 47 was
isolated singly from both groups in the dendrogram. This
accession, however, has several agronomic characteristics of
semi-wild soyabean: it develops main stem, and has ovate
leaf shape and bigger seeds than wild soyabean. It possibly
represents an intermediate evolutionary stage between G.
sojaand G. max.

To some extent, cultivated accessions were sub-clus-
tered according to their sowing type, e.g. most of the
spring-type accessions were clustered together, while
four autumn accessions formed an independent group in

coefficients using 273 AFLPs among 61 cultivated and wild soyabean accessions.
The scale indicates genetic similarity.*Formerly classified as Glycine gracilis.

spite of their different origin. These two types of soyabean
were well separated in the dendrogram, showing a rela-
tive large genetic distance between them. Soyabean
spring-types have the highest genetic similarity com-
pared to the other types, with little genetic distance
within accessions, while summer-type accessions were
clustered in several groups and four (12, 16, 35 and 38)
were isolated. This type of soyabean seemed to have
larger intra-type genetic variations than the other two. In
contrast, accessions with close geographic or pedigree
relationships such as accessions 23 and 25, which are
from the same village (they have even the same name),
and accessions 6 and 14, where the latter is the male
parent of the former, clustered together. The differences
in genetic diversity among ecotypes provide valuable
information for genebank curators on collecting and con-
structing core collections.
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Conclusion

The repeatibility of AFLP banding patterns was very
high. Compared to that obtained with conventional DNA
markers, these markers displayed a high rate of polymor-
phism. The observed level of polymorphism is basically
the result of two major components: primer combinations
and diversity of accessions under study. In fact, Maughan
and associates (1996) reported, in a sample of 23 acces-
sions of cultivated and wild soyabean, a number of poly-
morphic loci detected per AFLP primer pair ranging from
9 to 27. This study revealed, in a broad range of 61
soyabean accessions analyzed with eight primer combi-
nations, a much higher number of polymorphic loci rang-
ing from 14 to 44. The primer combinations used in the
two studies differ completely although the data suggest a
larger genetic diversity in the Chinese genepool than in
the American genepool. It would be very interesting to
carry out a global comparison of the genetic diversity
among different soyabean genepools in order to obtain
further information on the species.
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Summary

Sample size and variance
effective population size for
genetic resources

conservation

Despite the great genetic complexity of
most plant populations it is possible to
derive general guidelines for appropri-
ate sampling strategies and sample sizes
for maintaining genetic resources.
Sample size is affected more by low al-
lele frequency than by the number of
aileles or number of loci. To maintain
alleles at 3% frequency with 0.9999 prob-
ability, assuming unknown association
between genes within individuals, the
required sample sizes are between 177
and 564 individuals for two to 20 alleles
per locus and for five to 1000 loci. For
retaining alleles at 5% frequencies 105 to
335 individuals are required. For acces-
sion regeneration and for any level of
accession loss, or in cases where ail plants
are used as male and female parents but
only a portion of them are harvested,
results indicate that full-sibs with female
gametic control is a better system than
half-sibs with female gametic control or
random pollination and an unequal
number of seeds taken from each polli-
nated parent. Accession losses increase
drift due to sampling parents but con-
trolling female and male gametes should
decrease drift due to sampling of ga-
metes and, therefore, help to control
overall drift. The advantage of the half-
sib system is that it does not require
hand-pollination because pollen from ail
plants in the field can be used.

Key words: Effective population size,
female gametic control, male gametic
control, sample size

introduction

Genetic resources conservation programmes and genebanks
around the world have received and stored hundreds of
thousands accessions of different cultivated species, and
their wild and weedy relatives, collected in their centres of
origin or elsewhere. Accessions stored in genebanks must
represent a wide spectrum of population diversity. Further-
more, regeneration protocols must consider the species (in-

Résumé

Taille de I’échantillon et taille
de la population générant la
variance nécessaire a la
conservation des ressources
génétiques

Malgré la grande complexité génétique de
la plupart des populations végétales, il est
possible d'établir des regles générales des-
tinfes a élaborer des stratégies
d’échantillonnage et des tailles
d’échantillon afin de conserver les ressou-
rces génétiques. La taille de I'échantillon est
davantage affectée par la faible fréquence
allélique que par le nombre d'alleles ou le
nombre de loci. Pour maintenir une
fréquence allélique de 3 % avec une proba-
bilité de 0,9999, en admettant une associa-
tion inconnue entre les geénes chez les indi-
vidus, les tailles d'échantillon requises sont
comprises entre 177 et 564 individus pour2
a 20 alleles par locus et pour 5 a 1000 loci.
Pour maintenir une fréquence allélique de
5 %, il faut 105 a 335 individus. En ce qui
concerne la régénération des accessions et
tout niveau de perte d'accessions, ou dans
les cas ot toutes les plantes sont utilisées
comme parents males et femelles, mais
seule une partie d’entre elles sont récoltdes,
deux systemes sont utilisables. Les résul-
tats indiquent que des descendances bipa-
rentales avec controle gamétique femelle
donnent de meilleurs résultats que les de-
scendances uniparentales avec contrdle
gamétique femelle ou pollinisation aléa-
toire et un nombre inégal de graines
prélevées sur chaque parent pollinisé. Les
pertes d’accessions augmentent la dérive
due al'échantillonnage des parents, mais le
contrdle des gametes males et femelles
devrait réduire la dérive due a
I'échantillonnage des gameétes et, dong, con-
tribuer a la maitrise de la dérive globale.
L'avantage du systeme a descendances un-
iparentales est qu'il ne nécessite pas une
pollinisation manuelle parce que le pollen
de toutes les plantes dans le champ peut
étre utilisé.

Resumen

Tamanos de las muestras y
dimension de la variaciéon
efectiva de la poblacion para la
conservacién de recursos
genéticos

No obstante la gran complejidad genética
de la mayoria de las poblaciones vegetales,
se pueden obtener guias generales sobre
adecuadas estrategias de muestreo y
tamarios de muestras para la conservacién
de los recursos genéticos. El tamario de las
muestras depende mds dela baja frecuencia
de los alelos que de su nimero o de la
cantidad de sitios que se toma en
consideracién. Se necesitan muestras de
entre 177 y 564 individuos para una
cantidad de alelos que va de dos a 20 por
sitioy de cincoa 1000 sitios para mantener a
los alelos a una frecuencia del 3% con una
probabilidad del 0,9999, suponiendo una
relacion desconocida de genes con los
individuos. Se necesitan de 105 a 335
individuos para conservar alelos a una
frecuencia del 5%. Para la regeneracién de
la accesion y para cada nivel de accesién
perdido, o0 en el caso en que todas las
plantas se usen como progenitores
masculinos y femeninos pero sdlo una
parte de ellas se coseche, los resultados
indican que los hermanos completos con
control gamético femenino representan un
sistema mejor respecto al de medios
hermanos con control gamético femenino o
a la polinizacién aleatoria y presentan un
numero desigual de semillas escogidas de
cada progenitor polinizado. Las pérdidas
de las accesiones aumentan la deriva
genética a causa del muestreo de los
progenitores, pero controlandolos gametos

. masculinos y femeninos deberia disminuir

dicha deriva a causa del muestreo de los
gametos y, por consiguiente, contribuir en
el control de la deriva genética en su
conjunto. La ventaja del sistema de medios
hermanos es que éste no requiere
polinizacion manual porque se puede
utilizar el polen de cualquier planta del
campo.

cluding allogamous, partially allogamous, autogamous and
the type of material being regenerated) to ensure sample
integrity and representativeness of the population. The great
genetic complexity of most plant populations, and the many
possible ways that genetic resources may be used in the
future, makes it difficult to provide simple and efficient
sampling schemes and optimal sample sizes for the mainte-
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nance of all species (Namkoong 1986). Nevertheless, it is
possible, based on probability theory and population ge-
netic models, to derive general guidelines for appropriate
sampling strategies and sample sizes despite the complex
factors that influence sampling designs.

Stochastic changes in allele frequency caused by sam-
pling error in small populations (random genetic drift) lead
to a continuous fixation and loss of alleles, and reduce the
proportion of heterozygous individuals in the population
(Wright 1931; Crow and Kimura 1970). These random chang-
es in allele frequency, that occur in finite populations sub-
ject to sampling error, affect the genetic representativeness
of the population. In a large mating population of N individ-
uals, the reduced number of progenitors whose offspring will
constitute the next generation causes random genetic drift,
which is quantified and predicted using the parameter called
“effective population size” (N,).The effective population size is
the size of an ideal population that has the same amount of drift
in allele frequency or the same rate of decrease in heterozygos-
ity as the actual population. Historically, there have been two
main approaches to quantify N,. The first is related to the
inbreeding that occurs in a breeding population and is called
“inbreeding effective population size” [N, (]. The second is
concerned with the sampling variance of allelic frequency in
a breeding population and is called “variance effective pop-
ulation size” [N, )]. Several factors affect the effective size of
a population, including the number of parents per genera-
tion, the number of corresponding offspring, the number of
male and female gametes contributed per individual in the
parental population, the mating system of the species, and so
on. The effective population size, taken as a measure of the
genetic representativeness of a seed sample, can be adapted to
specific aspects of plant breeding and genetic resources conser-
vation such as seed regeneration and collection.

During the process of collecting, storing, regenerating
and restocking germplasm, genetic drift occurs and affects
the genetic integrity of the population in a number of ways.
First, when collecting germplasm in the field, an appropri-
ate sampling strategy should be used to avoid, as much as
possible, dramatic reduction in the size of the population
(bottleneck). Second, when the accession is stored, different
survival rates of genotypes and the accumulation of muta-
tions effect the genetic integrity of the accessions. Third,
when seed of an accession is drawn for regeneration, the
sample needs to be optimum to avoid genetic drift due to
sampling or due to differential survival (germination) or
fecundity, leading to changes in the genetic constitution of
the accession. Fourth, when plants of accessions are in the
field for regeneration, insects, diseases or other environ-
mental factors can affect plant stand and, therefore, limit
their gametic (offspring) contribution to the next genera-
tion. Since we do not know which alleles will prove to be
useful in the future, it is essential that sampling be done
efficiently and that populations be of sufficient size to main-
tain as much genetic diversity as is practical. Large samples
are expensive and difficult to manage, but if samples are too
small, genetic diversity may be affected by the loss of valu-

able alleles through random changes in allele frequency.
Maintaining allelic diversity during regeneration depends
on factors such as sampling procedures, seed viability and
mating systems. These factors cause random genetic drift.

Probabilistic treatment of the problem of sampling alle-
les originates from the theory of genetic drift in finite popu-
lations. In general, most of the emphasis on sampling an
accession for regeneration is on cross-fertilizer species. How-
ever, several of the problems discussed earlier also affect
mixed self- and random-mating species and self-fertilizer
species, especially if gene diversity of accessions is high.

One of several reviews of theoretical and practical as-
pects of the sample size required for genetic conservation of
cross-fertilizer species may be found in Crossa (1989) and
for regenerating maize genebank accessions in Crossa et al.
(1994). Several authors have recommended that an appro-
priate strategy for seed regeneration should be to equalize
the number of progeny per family. This would increase the
effective population size and, therefore, prevent the loss of
genetic variation. A recent simulation study on evolution
has shown that the practice of equalizing the number of
progeny per family during 25-50 regeneration cycles allows
the number of mildly deleterious mutations to build up in
the germplasm accession more rapidly than when the seed
is bulked (Schoen et al. 1998). This potentially affects the
viability and fitness of the germplasm held in genebanks.
However, the authors used a genetic model that did not
allow for natural selection and different mutation effects.

Statistical genetic models used by Crossa et al. (1993)
indicate that for maintaining germplasm accessions for seed
regeneration, sample sizes of 160-250 plants are required for
capturing alleles at frequencies of 0.05 or higher in each of
150 loci, with 90-95% probability. These formulas consid-
ered the sample size for conserving at least one allele per locus,
but they do not quantify the probability of conserving two,
three or more alleles per locus. Gregoruis (1980) developed a
general formula for the probability that not all the alleles present
in a population are represented in a sample of diploid individu-
als. The genetic diversity of a population depends on the num-
ber and frequency of alleles at a locus and across loci. Sample-
size determination depends on whether estimates of allele fre-
quencies are available (Hernandez and Crossa 1993). For more
than one independent locus, the probability of including at
least one of each allele at each locus in a sample of 1 gametes is
the product of the probabilities for each locus.

Crossa et al. (1994) recommended specific practical pro-
cedures for regenerating and maintaining genetic resources
in maize to minimize the loss of alleles and maintain genetic
diversity. Vencovsky (1978) proposed the variance of the
number of female and male contributed gametes for ran-
dom-mating species based on a two-stage sampling model.
Crossa and Vencovsky (1994; 1997) developed manageable
computation procedures for deriving the variance of the
number of contributed gametes [V ] and thus computing
the variance effective population size [N, ,)]. They sug-
gested sampling procedures and mating systems that could
increase the effective population size for seed regeneration.
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Vencovsky and Crossa (1999a) extended the two-stage sam-
pling model for random-mating monoecious species to esti-
mate V(k) and N, ) for species with mixed self- and random-
mating systems of reproduction. The authors considered differ-
ent values of the natural rate of self-fertilization (s) and natural
level of inbreeding (f) and illustrated results for the case of
regeneration and collection of genetic resources of species.

Lindgren et al. (1996, 1997) have defined the status
number (N,) as a suitable measure for describing the
diversity of a pedigree population. The status number is
half the inverse of the average co-ancestry of the group of
individuals to which N, refers. The average co-ancestry is
the probability that two random genes sampled from the
group are identical by descent. The status number is re-
lated to the variance effective number given by
Cockerham (1969) as a function of the group co-ancestry.
While Lindgren’s N, admits an arbitrary co-ancestry
structure within a group of individuals, Cockerham’s
definition assumes a random model such that individuals
of a group have all the same pedigree history. When
compared with the N, () theory and formulas given by
Vencovsky and Crossa (1999a), Lindgren’s and
Cockerham’s measures correspond to a situation in which the
reference population is of infinite size as may be assumed in
germplasm collection. For this specific situation, however,
Lindgren’s N; is more general because it does not require a
regular pedigree structure and thus is particularly suited to
quantify the degree of representativeness of groups of indi-
viduals in breeding programmes. Under a random model and
sampling from infinite populations all three approaches are
identical. The N, (,) theories given by Crossa and Vencovsky (1997)
and Vencovsky and Crossa (1999a), on the other hand, also accom-
modate a situation in which sampling is from a finite reference
population, as may be assumed in accession regeneration.

In this paper we use the theory and equations devel-
oped earlier and demonstrate their use for answering
practical questions that a genetic resources conservation
manager may pose when regenerating species. Practical
examples are shown for: (1) computing the required
sample sizes for maintaining at least one copy of each
allele at independent loci present in the accession to be
regenerated with certain probability, (2) assessing practi-
cal procedures involving crossing systems such as full-
sibs (FS) and half-sibs (HS) that will tend to decrease the
variance of the number of contributed gametes [V (k)] and
thus increase the variance effective population size [N, @)
of random-mating populations, and (3) calculating V(k)
and N, ;) for species with mixed self- and random-mating
systems of reproduction with different levels of natural
rate of self-fertilization (s).

Probability models for determining
sample size for regeneration

We are interested in finding a sample size n such that the
probability of detecting at least one allele of each allele class
is greater than a quantity 1-o or P(n)>1-a (for small o). In
probability theory this is referred to as the coupon problem.

Crossa (1989) gave the probability that each of the k allele
classes at a locus will be represented at least once in the
sample and Crossa et al. (1993) extended the expression to m
independent loci. Hernandez and Crossa (1993) developed a
computer program to evaluate mathematical expressions
leading to estimates of the required sample size (1) for
values of o, number of alleles classes (k) and number of loci
(m). Since diploid individuals are sampled (not gametes) the
following assumptions underlying the model should be con-
sidered: (i) seeds are sampled regardless of the genotype of
the parents, (ii) linkage equilibrium (no associations among
genes from different loci), (iii) if there are no associations
between genes within individuals at any locus, the required
sample size is half the sample size reported by the program
[#9n], (iv) if there is a perfect association between genes
within individuals at any locus, the required sample size
equals the sample size reported by the program (1), (v) if the
association between genes within individuals at any locus is
unknown, the required sample size is between (}2)n and 7.

Except for the case of synthetics derived from inbred
lines, in real situations allele frequencies are unknown,
therefore, simplification of the original equations is re-
quired. Making the assumption that k-1 alleles occur at an
identical low frequency of p, and that the k" allele occurs
at a frequency 1-[(k-1)p,], Crossa et al. (1993) showed that
the sample size (1) required to retain, with probability
P=1-0, at least one copy of each of the k allelic classes in
each of the m loci should be larger than

1
n> Igg[i(f),m] —log(k-1)
Iog(l—po)

For loci with two, three or four alleles, each with p =0.05,
at least 89 to 110 individuals are required if at least one allele
at each of 10 loci is to be retained with a P=1-04=90% prob-

Table 1. Sample size required to retain at least one
copy of each allele with k-1 alleles at frequencies
p.=0.05, 0.03, and 0.01 for several alleles (k) per locus
with 0.9999 probability [ P=(1-a)=0.9999]

Number Number of loci

of alleles

per locus 5 10 100 1000
p.=0.05

2 21 224 269 277

4 232 246 291 299

10 254 267 312 320

20 268 282 327 335
p=0.03

2 355 378 454 467

4 391 414 490 503

10 427 450 526 539

20 452 475 550 564
p=0.01

2 1077 1146 1375 1415

4 1186 1255 1484 1524

10 1295 1364 1593 1634

20 1370 1438 1668 1708
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ability. If 100 loci are involved, at least 134 to 155 individuals
are required. For two, three or four alleles at p,=0.003 and 10
loci, at least 150 to 180 individuals are required; for 100 loci,
225 to 255 individuals are needed. Sample sizes of at least 160 to
210 individuals are required to retain alleles at frequencies of p,
=0.05 in each of 150 loci, with a 90-95% probability.

However, when the required probability (1-a) in-
creases or the frequency of the alleles drops to 1%
(p,=0.01), larger sample sizes than those specified above
are required. For example, Table 1 shows sample sizes
required for achieving P=1-0= 0.9999 probability of re-
taining at least one allele for different number of allele
classes at different frequencies and for various numbers
of loci. For unknown association between genes within
individuals and p,=0.001, sample sizes between 533 and
1708 individuals will retain, with probability of 0.9999, at
least one allele from each class considering a wide range
of allele classes (k=2 to 20) and number of loci (m=5 to
1000). Table 1 clearly indicates that sample size is affected
more by low allele frequency than by the number of alleles
or number of loci. To maintain alleles at 3% frequency
(p.=0.03) with 0.9999 probability, assuming unknown asso-
ciation between genes within individuals, the required
sample sizes are between 177 and 564 individuals for 2 to 20
alleles per locus and for 5 to 1000 loci. For retaining alleles at
5% frequencies 105 to 335 individuals are required (Table 1).

For the case of 6 alleles per locus with frequencies be-
tween 0.03 and 0.10 and for 1 to 20 000 loci, sample size
between 84 to 750 individuals will preserve at least one copy
of each allele class in each locus with a probability of
0.9999999 (data not shown). Assuming two alleles at each of
the 20 000 loci and one of them at a 0.05 frequency, 186
individuals will preserve this allele at each locus with a 95%
probability. This is similar to the 172 individuals suggested
by Lawrence et al. (1995). However, our results indicate that
sample sizes of 172 individuals will only retain an allele at
5% frequency assuming no association between genes within
individuals at any locus; however, it does not seem to be
sufficient if associations between genes within individuals
exist at some loci and/or if maintaining alleles between 3%
and 1% frequencies are required. General recommendations
and/ or guidelines concerning sample sizes should be given
within ranges (or intervals) depending on model assump-
tions and biological considerations such as number of alle-
les, loci, genetic linkage, etc.

Note that assuming that k-1 alleles occur at an identical
low frequency for all loci makes the required sample size
shown in Table 1 conservative, because it is likely that some
alleles will have higher frequencies at least in some loci. The
assumption of independence of loci is unrealistic and ge-
netic drift may cause non-random associations between
linked loci. If the population is under random mating (cross-
pollinated species), linkage equilibrium can be assumed for
all possible pairs of loci so that it is expected, for each pair of
loci, that similar number of coupling and repulsion combi-
nations occur. Evidently this does not hold for self-polli-
nated species or species with mixed self- and random-mat-

ing systems of reproduction. Between 20% to 30% gametic
disequilibrium is obtained for effective populations sizes of
50 to 100 (Crossa 1989); 20% to 30% of the gametes will
contain linked loci and for smaller effective sizes the linkage
disequilibrium approaches the maximum value. However,
if loci are in linkage equilibrium larger population sizes are
required to break linkage groups such that gametic disequi-
librium approaches 0 (gametic equilibrium).

It should be pointed out that computations for determin-
ing the sample size for retaining at least one allele from each
allele class at each locus with certain probability offer ap-
proximate guidelines on range of sample sizes, which, as
previously mentioned, are greatly dependent on the fre-
quency of the rare alleles. Furthermore, as stated in the assump-
tions of the model, sampling n=2N gametes is equivalent to
sampling %2 n=N individuals (diploid zygotes) only for panmic-
tic populations (i.e, idealized random-mating population of
infinite size with no association between any two genes within
individuals); in this case the number of diploid individuals
needed to be sampled is exactly half the number of gametes (1).

The range of sample sizes discussed above are based
solely on probability models and do not consider the genetic
structure of the population or specify how well a particular
sample represents the reference population in terms of ge-
netic parameters such as variance of allele frequency, in-
breeding, random genetic drift due to sampling error, ge-
netic linkage, etc. Furthermore, by themselves probability
models do not specify appropriate matings and reproduc-
tion systems such as panmixia, mixed self- and random-
mating, self-fertilization, and so forth that could, under specific
circumstances, maximize genetic representativeness of the
sample. To illustrate the point, consider the probability (P)
of including at least one allele of class 4, in a random sample of
size N, individuals taken from a large panmictic population as

N, 2N,

P=1-(p})"° =1-p|
(a sample of N, individuals corresponds to a sample of 2N,
genes). If the base population is in inbreeding equilibrium, with
a certain amount of natural self-fertilization, the probability is
2 Nf
P=1_[P1 +.ﬁ71(1_p1)]

where f is the inbreeding coefficient for the group of indi-
viduals and N;is the new sample size that can be written as
N¢=bsN,. Assuming the same probability value (P) in both
cases and solving for byit is obtained that by =2/ (1+C;) where
Cr={Infp,+f(1-p))]} /In(p,) for any probability value P and 0<
p1<1. Quantity by represents how much larger Ny should be
than N, for attaining the same probability P as attained with
a sample of size N,. Values of by range between 1 and 2
depending on the level of f; for /=0, by=1 and for f=1, b;=2. To
maintain a given value of P, Nyincreases with f, relative to N,

Now introduce the variance effective population size for
the sampling situation described above such that

n
New) =13 f
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(Vencovsky and Crossa 1999a) or  n=(1+f )N,(,, where 7 is
the required sample size. Using the previous notation N =
(14f) Neyand for /=0 Ny=n=N,. Thus, N*/=(1+¢)N,=b*N,

where b* = (1+f ) ranges between 1 and 2 as the previous by

for /=0 and f=1, respectively but for 0 < f <1, b* > by. For
example, for f=0.2,0.4, 0.6 and 0.8 and p,=0.05, b;=1.11, 1.26,
1.44, 1.67 and b*f =1.20, 1.40, 1.60, 1.80, respectively. Factor
b* is more conservative (it provides larger sample sizes)
thanby (except for /=0 and f~1) and has the advantages that
it provides larger probability of retaining allele 4, than that
obtained using factor by and also assures fewer changes in
allele frequencies due to sampling (less genetic drift). The
same holds also for other values of p; such as p,;=0.03 or 0.01.
These considerations may be especially useful when defin-
ing appropriate sample size () for collecting germplasm.

The effect of inbreeding in regenerating small accessions is
also important. Frankel and Soulé (1981) have suggested that
for seed regeneration, the rate of inbreeding (f) should be kept
below 1%. For two alleles per locus, the rate of inbreeding can
be approximated by f=1/(2N,) (Wright 1931). In general, the
level of inbreeding when changing from x alleles to x-1 alleles is
f=x(x-1)/ (4N,) (Kimura 1955) and thus, N, = x(x-1)/(4f). There-
fore, if N, 2 N is required, N=150 individuals will restrict in-
breeding to less than 1%. However, in non-ideal populations
(e.g., accession regeneration), it is very likely that N,< N . For
studying factors that will make N, > N, it is necessary to incor-
porate aspects of population genetics theory into probability
models that will facilitate estimation of parameters such as the
mean and variance of male and female contributed gametes
and the mating systems that would facilitate control of male
and female gamete contributions.

Variance effective population size for
regenerating genetic resources

Concepts and a basic model

The concept of effective population size N, is useful when
studying the breeding structure and genetic representative-
ness of an actual population as related to an ideal popula-
tion in which individuals mate at random with no variation
in fertility; the number of progeny per parent has a Binomial
distribution (that approaches Poisson for large sample size)
and its size is kept constant through time (Wright 1931). The
effective population size determines the amount of sam-
pling error between generations that causes random fluc-
tuations of allele frequency. However, as opposed to the
ideal population, natural and breeding populations fluctu-
ate in size from one generation to another and some of the
individuals may not produce gametes and may have differ-
ent natural levels of inbreeding and natural rates of self-
fertilization than others. Thus, measures of effective size
often deviate from the size of the actual population.

Crow and Kimura (1970) derived models for studying
the genetics of finite populations and assessed the relation-
ship between the actual size of a population, N, and the
distribution of progeny among parents by estimating its
mean and variance. They derived an expression N, when a
random sample of individuals is taken from an original

population of size N assuming that all the individuals poten-
tially contribute with male and female gametes. The equation is

2
Ne(v) = 2 %

"k (4)+(1-5)
k

Eq.1

where f measures the departure from Hardy-Weinberg equi-
librium in generation £1; n is the number of offspring in gen-
eration f (or total number of seeds collected from the parents); k
is the number of gametes contributed by a particular parent
that can be considered a Binomial random variable in the case
of random sampling of gametes and no variation in fertility;

7_2n

k==t

2o N
2 and 52= 20 vik

are the mean and variance of the gametes contributed by the
parents, respectively. For large N, s% = V(k) = k (Poisson).

Two-stage sampling model for random-
mating species

As previously mentioned, Crow and Kimura (1970) assumed
that all N individuals in the parental generation contribute
potentially with gametes to the next generation. However,
this is not a realistic assumption in many practical situations
that arise in plant breeding, regeneration and collection of
plant genetic resources [where some plants may fail to pro-
duce gametes (offspring) due to external factors such as
poor seed viability or seed germination, insects and diseases
in crossing blocks, etc.]. Therefore, a more realistic model
should consider that the overall effect of sampling on allele
frequency drift is the summation of drift occurring at two
stages: (i) when sampling parents from the original popula-
tion (first stage), and (ii) when sampling gametes from these
parents (second stage). The effect of the first stage on drift is
reduced by increasing the number of randomly selected
parents, whereas the influence of the second stage on drift is
reduced by controlling male gametes through hand-pollina-
tion and by controlling female gametes by taking equal
numbers of seeds per pollinated parent.

Vencovsky (1978) was the first to outline the theory,
procedures and models for computing V(k) and N, for the
two-stage sampling model for monoecious species that con-
siders that some plants may not contribute gametes to the
next generation. The model was adapted to specific aspects
of selection and germplasm collection and regeneration.
Crossa and Vencovsky (1994) provided approximate equa-
tions for computing V(k) and N,(,, for germplasm collection
and regeneration with and without control of contributed
male and female gametes. Crossa and Vencovsky (1997)
provided the theoretical development of the two-stage
model, gave an alternative derivation based solely on the
theory of random sampling within finite population, and
demonstrated practical procedures involving full-sibs and
half-sibs crossing systems.

A brief description of the two-stage sampling model
follows. Consider an initial set of N diploid monoecious
plants (reference population) and that P plants contributing
male and female gametes are randomly selected (0 <P < N).
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From the remaining N-P plants, R are additionally sampled
at random contributing only male gametes [0 < R < (N-P)].
Therefore, M=P+R plants contribute male gametes, P plants
contribute female gametes, and N-M plants do not contribute
any gametes at all. Thus, the proportion of functional seed
parents is u=P/N (or P=uN) (where 0 < u < 1) and the
proportion of functional pollen parents is v=(P+R)/N=M/N
(or M=0N) (0 < v< 1). With these proportions it is possible to
simulate several important practical situation that arise in
breeding selection, regeneration and the collection of genetic
resources. For example, the condition given by Crow and
Kimura (1970) when developing Eq. 1 that all N individuals
potentially produce male and female gametes, is achieved by
considering P=M=N or u=v=1, that is, a perfect stand of plants
in the field. For seed regeneration this means that all
plants in the field are used as male and female parents.

On the other hand, if P<N, M<N such that u<1, v<1 some
plants fail to produce gametes due to poor germination,
poor seed viability, or due to a poor stand of plants in the
field because of insects, diseases or other environmental
factors. If it can be assumed (for seed collection of random-
mating species or mixed self- and random-mating species)
that the number of pollen plants (M) is very large, then
potentially M =N and v = 1. This is an oversimplification but
is considered for calculating an upper limit for N,. Also,
the number of seed parents can be considered much smaller
than N, P<<N, and u = 0. For complete self-fertilizer species
P=M and u=v, necessarily.

Vencovsky (1978) and Crossa and Vencovsky (1994, 1997)
adapted the variance of the number of contributed gametes
V(k) of Eq. 1 for the two-stage sampling model for random-
mating species (natural rate of self-fertilization, s = 0) for
regeneration and collection of genetic resources. V(k) was
partitioned in such a way that it reflects the concept of total
drift being the summation of drift when sampling the par-
ents (first stage), plus drift when sampling gametes from the
parents (second stage).

Table 2. N
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For germplasm regeneration of N (finite) plants in the
field, assuming that population size is kept constant, that is,
n=N, equations can be adapted for different cases and mat-
ing designs for monoecious species. Two general cases are
considered here.

Case 1. The integrity of accession is affected (u=P/N<1),
that is, there is a loss of seeds of the original accession, but
pollen and seeds are contributed by all remaining plants
(P=M). Then P= uN , M= uN (P =M; u = v). This case
resembles loss of seed accessions due to environmental
causes during storage in the genebank or while accession
plants are growing in the field.

Case 2. The integrity of accession is not affected, that is,
pollen come from all plants (M=N), but seed is collected
from only P= uN plants. Then, M=N, v=1, but P= uN. This
case simulates the situation when only a portion of the total
number of pollinated plants in the field are harvested.

For each case three mating designs based on different
gametic control are considered:

a) female and male gametic control which represents a
full-sibs mating system,

b) female gametic control only which represents a half-
sibs mating system, and

c) without female and male gametic control, that is, open
pollination is at random and an unequal number of seeds
are randomly taken from the set of P parent.

For Case 1, male and female gametic control involves full-
sib crosses and taking an equal number of seeds from P=M=
uN plants, whereas for Case 2, male gametic control in-
cludes full-sibs among the M=P=N plants, but seeds are
collected from only P= uN plants with female gametic con-
trol. Furthermore, for Case 1, random pollination involves
half-sibs among P=M= uN plants and female gametic con-
trol implies taking an equal number of seeds from P= uN
plants, whereas for Case 2, random pollination includes
half-sibs among all plants (M=P=N), but female gametic
control implies taking seeds from only P= uN pollinated

for germplasm regeneration of monoecious species for Cases 1 and 2 with and without gametic

(male ande(f’?emale) control, constant population size (n=N=1000) and different proportion of parents contributing

with male and female gametes to the next generation (u)

Case 1 Seed P=uN Pollen M=uN

Case 2 Seed P=uN Pollen M=N

u M2u/(2-u)]t Nau/(4-u)] * Nus Mau(1+d)]t  Mau(+2u)]t  Mau(1+3u)]8
0.1 105 103 100 364 333 308
0.2 222 211 200 667 571 500
0.3 353 324 300 923 750 632
04 500 444 400 1143 889 727
0.5 667 571 500 1333 1000 800
0.6 857 706 600 1500 1091 857
0.7 1077 848 700 1647 1167 903
0.8 1333 1000 800 1778 1231 941
0.9 1636 1161 900 1895 1286 973
1.0 2000 1333 1000 2000 1333 1000

fFemale and male gametic control.
*Female gametic control and random pollination.
SNo gametic control.
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plants. For the purpose of comparing results, it should be
pointed out that Case 1 with female and male gametic con-
trol, and Case 1 with random pollination and female ga-
metic control correspond to the full-sibs (FS) and the half-
sibs with only P parents intercrossed (HS') of Crossa and
Vencovsky (1997), respectively. Case 2 with random polli-
nation and female gametic control corresponds to the half-
sibs system (HS) of Crossa and Vencovsky (1997). Case 2
with female and male gametic control was not considered
by Crossa and Vencovsky (1997).

Equations for N, ;) expressed in term of the proportion of
functional parents (u) for Case 1 and 2 and for the three
mating systems are given in Crossa and Vencovsky (1994,
Table 1). Here, in Table 2 (for n=N=1000), we showed the
evaluation of these six expressions considering a range of
accession losses from 90% (u=0.1) to 0% (4=1.0, full stand of
plants in the field). For Case 1 and 2, with a perfect stand of
plants (4=1.0), taking an equal number of seeds per polli-
nated plant (female gamete control), and using hand-polli-
nation (full-sibs) (male gametic control) produces Newy =2N;
with only female gametic control and random pollination
(half-sibs), N,y =(4/3)N, and without male and female ga-
metic control Ny, =N.

Values of N, for Case 2 (last three columns of Table 2)
are always larger than their corresponding columns for Case
1 (first three columns of Table 2) due to the larger pollen
pool existing in the case where M=N as compared to M= uN.
A question of interest is how male and female gametic
control can help overcome the loss of seed or plant acces-
sions. In other words, how can a genebank manager regen-
erate an accession from a monoecious species that has lost,
for example, 20% or more of its seeds or plants and still be
able to attain N,(,, =N? For Case 1, a loss of 30% (#=0.7) of the
plant accessions can be recovered by male and female ga-
metic control (N, =1077) (Table 2), whereas a loss of 20%
(u4=0.8) can be recovered by simply taking an equal number
of seeds from the 800 randomly pollinated plants that re-
mained in the field (N, =1000) (Table 2). It is interesting to
note that for Case 2, where initially all 1000 plants are used
to form full-sibs, an equal number of seeds taken from only
400 of them (u=0.4 or 60% of accession loss), produces val-
ues of Ny, slightly larger than N [N,;) =1143). Furthermore,
if all 1000 plants are left to pollinate randomly (half-sibs), but
an equal number of seeds are taken from only 500 (u=0.5) of
them, N,y =N (1000). This indicates the importance of control-
ling female gametes as a mechanism for recovering the magni-
tude of Ny due to the possible loss of seed and/or plant
accessions before or during the growing cycle (Case 1) [or the
possible problems encountered by harvesting only a portion of
the total number of pollinated plants in the field (Case 2)].

It should be pointed out that N, is larger for female
gametic control with the half-sibs of Case 2 (second col-
umn of Table 2) than for female gametic control with the
full-sibs of Case 1 (first columns of Table 2) up to an
accession loss equal to or greater than 30% (u <0.7) (1167
vs 1077 for u=0.7). When accession loss is smaller than
30% (u>0.7), female gametic control with full-sib families

from P=M= uN plants (Case 1) is superior to that of half-
sib families from M=N plants, but female gametic control
ononly P=uN families (1333, 1636 and 2000 vs 1231, 1286,
and 1333 for u=0.8, 0.9, and 1.0, respectively). Results of
Table 2 are presented graphically in Figure 2 of Crossa
and Vencovsky (1997) where it is seen that half-sib is the
best option for recovering a large loss of accessions
(smaller values of u) through increasing N, in contrast
to the full-sibs alternative that becomes important only
for smaller loss of accessions (#20.8). On the other hand,
the female gametic control with the full-sib system of
Case 2 (first column of Table 2) is always superior to the
female gametic control with the half-sib system of Case 1
(second column of Table 2) for all values of accession loss
as well as for the situation of no gametic control (third
columns of Table 2). This is due to the larger pollen pool
of Case 2 as compared to Case 1.

For any level of accession loss (Case 1), or in the case
where all N plants are used as male and female parents but
only a portion are harvested (Case 2), results indicated that
full-sibs with female gametic control is a better system than
half-sibs with female gametic control or random pollination
and unequal number of seeds taken from each pollinated
parent. An exception was found when comparing {HS with
female gametic control of Case 2} vs {FS with gametic con-
trol of Case 1}; the former is preferred when deterioration of
the accession is intermediate to severe (0 <u < 0.7). Acces-
sion losses of Case 1 increase drift due to sampling parents
(first stage of sampling) but controlling female and male
gametes should decrease drift due to sampling of gametes
(second stage of sampling) and, therefore, helps to control the
overall drift. The advantage of the half-sib system is that it does
not require hand-pollination because pollen from all plants in
the field can be used. It is a valuable alternative for decreasing
the contribution to drift due to sampling parents (first stage).

Two-stage sampling model for mixed self- and
random-mating species

Classifying plant species strictly as self-fertilizer or cross-
fertilizer is a very superficial. Many self-compatible species
may have a high natural rate of self-fertilization (s) so that
they can be considered to have a mixed self- and random-
mating reproduction system. Evidently the genetic struc-
ture of a mixed self- and random-mating species is complex
because not all plants have the same level of natural in-
breeding (f). Furthermore, progenies of a population with a
mixed self- and random-mating species will have a mixture
of selfed seed (S,) with proportion s and half-sibs or out-
crossed seeds with proportion 1-s. The proportion s can be
artificially manipulated by hand-pollination so that s=1
when selfing all plants or s=0 when crossing all plants.
However, in natural populations s varies from 0 to 1 (0<s<1)
and they are assumed to be in inbreeding equilibrium when
they reproduce naturally. In that case the relationship be-
tween s and fis given by

__5_ el
~ag 0o 1+f)
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Inbreeding equilibrium can be also assumed in germplasm
collection and regeneration in which the natural mating
system of the species is not disturbed by hand-pollination or
other factors.

Vencovsky and Crossa (1999a) extended the two-stage
sampling models for random-mating species to the case of
mixed self- and random-mating species (0<s<1) and devel-
oped estimates and direct expressions for computing V(k)
and N, with applications to specific aspects of germplasm
regeneration and collection. The authors considered an ini-
tial set of N diploid plants where P plants, contributing with
male and female gametes, are randomly sampled from N
and subsequently R plants, contributing with only male
gametes, are randomly sampled from N-P. Proportions u
and v are defined as in the two-stage sampling for random-
mating monoecious species. The model allows correlation
between number of female and male gametes contributed
per individual within the set of P plants (assumed to be zero
for the case of random-mating species). Therefore, the natu-
ral or artificial rate of self-fertilization (assumed constant
over parents) is s, the proportion of crossing is 1-s, and n is
the total number of seeds collected from the set of P parents.
Then, 2ns is the expected total number of female and male
gametes contributed from selfing and 2n(1-s) is the expected
total number of male and female gametes contributed from
crossing. The overall total of contributed gametes is
2ns+2n(1-s)=2n.

The basic mathematical expressions derived by
Vencovsky and Crossa (1999a) for estimating V(k) and N,
are general and cover specific cases previously developed
and studied by several other authors. However, these ex-
pressions are restricted to the case of binomial variance
when the number of seeds can be considered a random
variable. For example, with specific restrictions, it led to the
same N, that was: (1) obtained by Cockerham (1969) using
intraclass correlations, (2) used by Gale and Lawrence (1984)
when discussing effective population size and rate of self-
fertilization, and (3) developed by Lindgren et al. (1996,
1997) called the status number (N;). The basic expressions
developed by Vencovsky and Crossa (1999a) considered
different mating situations and inbreeding status. They con-
sidered random sampling of seeds (RS), female gametic
control (GC), unrestrictive inbreeding (UI) and inbreeding
equilibrium (IE). For the cases of RS-IE, and GC-IE the
general equations are as follows:

B n(2-s)

[RS-IE] N ev) = Eq 2
(1+s)2[n(1-u)-1] " (1-s)[n(1-v)(3+s)-1] +2
2P 2M

and

i 2n (2-5)
[GC-IE] Newy= > Eq.3

(1+s) [11)1(1-11)] 4 (1-s)[n(11-vzl))(3+s)-1] +(3+s)(1-s)

It can be observed that N, increases linearly with the
size of the sample (n) if the accession is regenerated prior to
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Fig. 1. Plot of the N, against the proportion of functional parents
(u) for three values of the natural rate of self-fertilization (s=0.0, 0.5
and 1.0) under random sampling (RS) and inbreeding equilibrium
for Case 1 (seed parents: P=Nu and polien parents: M=Nu) for
n=N=1000.

5000 -

- |
o il . H T T T T T T lj

01 02 03 04 05 06 07 08 09 10
u

Fig. 2. Plot of the N, against the proportion of functional parents
(u) for three values of the natural rate of self-fertilization (s=0.0, 0.5
and 1.0) under female gametic control (GC) and inbreeding equilib-
rium for Case 1 (seed parents: P=Nu and pollen parents: M=Nu) for
n=N=1000.

any loss of plants in the field and all original plants contrib-
ute with male and female gametes to the offspring. The
equations are unrestricted with respect to values of s and
can be adapted to cases where gametes are manipulated
through hand-pollination.

Egs. 2 and 3 can be adapted to germplasm regeneration
(and collecting) considering the effect of: (1) an arbitrary
level of natural rate of self-fertilization (s), and (2) random
sampling of seeds or female gametic control. We will exam-
ine the same two cases we studied when considering the
two-stage model for random-mating species, that is, Case
1: loss of accessions given by u<1, with seed parents



Plant Genetic Resources Newsletter, 1999, No. 119 Supp. 23

4000 -

3000 -

oMe(v)

1000 - T

0

¥

01 02 03 04 05 06 07 08 09 1.0
u

Fig. 3. Plot of the Ny, against the proportion of functional parents
(u) for three values of the natural rate of self-fertilization (s=0.0, 0.5
and 1.0) under random sampling (RS) and inbreeding equilibrium
for Case 2 (seed parents: P=Nu and pollen parents: M=N) for
n=N=1000.
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Fig. 4. Plot of the Ny, against the proportion of functional parents
(u) for three values of the natural rate of self-fertilization (s=0.0, 0.5
and 1.0) under female gametic control (GC) and inbreeding equilib-
rium for Case 2 (seed parents: P=Nu and pollen parents: M=N) for
n=N=1000.

P=uN, and pollen parents: M=uN, and Case 2: no loss of
accessions but seeds taken from uN pollinated plants,
that is, seed parents: P=uN and pollen parents: M=N. We
will also consider an additional effect given by the fact
that the number of seed parents (number of collected
seeds) that can be taken is equal to N (constant n=N) or
arbitrary (n#N).

Figures 1 to 4 show results after adapting Eq. 2 (RS-IE)
and Eq. 3 (GC-IE) to Case 1 and Case 2 for n=N=1000 (con-
stant n) and different levels of natural rate of self-fertiliza-
tion (s) and accession loss (). In these Figures, N, is plot-
ted against u for three values of s (0.0, 0.5, and 1.0). In

general, it is observed that GC gave higher values of N, as
compared to RS. Female gametic control combined with
adequate levels of u (4>0.7) becomes an effective combina-
tion for maintaining values of N, equal or higher than N
(Figs. 2, 4), whereas with RS, values of N, are always
smaller than N (Figs. 1, 3).

For Case 1 and Case 2, RS of cross-fertilizer species
(s=0.0) is less affected by accession deterioration than
more self-fertilized species (s=0.5 and s=1.0) (Figs. 1 and
3) at any level of accession deterioration (u). However,
for Case 1 and Case 2, GC of cross-pollinated species gave
slightly higher values of N, than more self-fertilized
species only for severe values of accession deterioration;
the reverse is true for mild accession loss (Figs. 2 and 4).
Difficulties for maintaining N,,=N for RS are clearly
shown in Figures 1 and 3 where it is seen that N, =N is
only achieved for high values of # and when the species
approaches panmixia (s=0.0).

Case 1 with GC (Fig. 2) produces a rapid increase in
N, for autogamic species (s=1) when u>0.6; for Case 2
(Fig. 4) this happens at #>0.7. Note that N, values of
Case 2 tend to always be higher that those for Case 1 due
to the larger pollen pool existing in Case 2 where M=N as
compared to M=uN of Case 1. For Case 1 and Case 2,
when seeds are taken randomly, (Figs. 1 and 3) accession
regeneration is more efficient for panmictic species than
for autogamic ones, under any level of accession deterio-
ration. This is also true with female gametic control and
severe deterioration loss (Figs. 2 and 4). Autogamic (and
polymorphic) species with GC, on the other hand, lead to
much higher N,,’s in regeneration than allogamic mate-
rials, when deterioration of accession is mild (Figs. 2 and
4). Here, it is interesting to mention the findings of
Vencovsky and Crossa (1999a) for germplasm collecting
as opposed to germplasm regeneration. They found that,
for attaining adequate N,,'s, assuming inbreeding equi-
librium and even with GC, it is much more difficult to
collect seed from an autogamic (and polymorphic) spe-
cies than to regenerate accessions of this type of species
when deterioration of accessions is avoided (#>0.8). The
reverse is true for panmictic species.

In summary, the positive effect of female gametic control
for achieving large vatues of Ny is clearly observed in
Figures 1-4. Under GC, autogamic species largely benefit
from keeping values of u as high as possible.

Egs. 2 and 3 can also be adapted for clarifying questions
about the required sample size (1) for maintaining N,=N
when seed germination drops below a certain level or when
studying possible advantages of GC vs RS systems under
Cases 1 and 2. For this situation we consider any arbitrary
value of n (n#N). Values of N, for regenerating a hypo-
thetical population of N=500 plants in the field for Cases 1
and 2 under RS and GC for various values of accessions loss
(u), natural rate of self-fertilization (s), and sample size (i)
are shown in Table 3.

In general, results agreed with those previously de-
scribed, that is, values of N, for Case 2 are always equal to,
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Table 3. Nﬁv) when regenerating N=500 plants and harvesting an arbitrary number of seeds (n) for different values
of accession loss or proportion of functional parents (u) and natural rate of self-fertilization (s). Cases 1 and 2
with random sampling of seeds (RS), female gametic control (GC) and inbreeding equilibrium (IE)

Case 1 (Seed P=uN; Pollen M=uN)

Case 2 (Seed P=uN; Pollen M=N)

u s n RS-IE GC-IE RS-IE GC-IE
0.5 0.0 500 250 286 400 500
0.5 0.0 1000 334 364 667 800
0.5 0.0 3000 429 445 1201 1334
0.8 0.0 500 400 500 47 616
0.8 0.0 1000 667 800 890 1144
0.8 0.0 3000 1201 1334 2184 2668
0.9 0.0 500 450 581 487 643
0.9 0.0 1000 819 1029 948 1242
0.9 0.0 3000 1801 2118 2574 3275
0.5 0.5 500 188 261 240 I75
0.5 0.5 1000 250 308 353 481
5 0.5 3000 322 350 515 590
0.8 0.5 500 300 546 329 649
0.8 0.5 1000 501 800 586 1044
0.8 0.5 3000 901 1161 1221 1756
0.9 05 500 338 684 353 750
0.9 0.5 1000 614 1137 668 1334
0.8 0.5 3000 1351 2038 1638 g770
0.5 1.0 500 125 250 125 250
0.5 1.0 1000 167 250 167 250
0.5 1.0 3000 214 250 214 250
0.8 1.0 500 200 1000 200 1000
0.8 1.0 1000 334 1000 334 1000
0.8 1.0 3000 601 1000 601 1000
0.9 1.0 500 225 2250 225 2250
0.8 1.0 1000 410 2250 410 2250
152 1.0 3000 901 2250 901 2250

or higher than, those obtained for Case 1. For small acces-
sion loss (large u), it is easier to regenerate more autogamic
species (larger N, are attained), whereas for large acces-
sion loss (small u), it is easier to regenerate more panmictic
species. For an autogamic species (s=1.0) values of N, for
Case 1 and Case 2 are equal.

It is interesting to note that collecting n=N=500 seeds
from 250 plants (u=0.5) by taking two seeds per plant
(GC) of a panmictic species (s=0), but using pollen from
all M=N=500 plants (Case 2), the required condition
N,=N =500 is achieved. On the other hand, collecting
n=500 seeds from 250 plants (#=0.5) by taking 2 seeds per
plant (GC) of an autogamic species (s=1) (Case 1=Case 2)
the required condition is never achieved because N, is
only (¥2)N=250. As expected, this result indicates that
severe accession deterioration has more impact on
autogamic species than on panmictic species. If pollen
from all 500 plants from a panmictic species (s=0) is used
and 12 seeds (GC) are taken from only 250 plants (4=0.5)
(n=3000) (Case 2) N,,j=2.67N=1335 and N,,=2.4N=1200
with RS (Table 3). For Case 1, where the pollen pool is
smaller than for Case 2, with GC the condition N, ;2N is
only achieved for smaller accessions loss, #=0.8, than that
allowed for Case 2, u=0.5.

For Case 1, a 10% accession loss (#=0.9) and 3000 seeds
collected under GC from a panmictic species (s=0),
N,@=2118>4N. For Case 2, a 20% accessions loss (#=0.8) of a
panmictic species (s=0) and collecting 3000 seeds using GC
will produce N,,=2668>5N. The combination of female ga-
metic control with the possibility of having a larger pollen
pool, as in Case 2, produces important increases in N, for
u=0.8 and 0.9.
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Summary

Use of molecular markers to
increase understanding of
plant domestication and to
improve the management of
genetic resources; some
examples with tropical species
Large germplasm collections are often
available for use by plant breeders to
improve most cultivated species. How-
ever, a very small percentage of geno-
types are actually used. There are many
reasons for the under-exploitation of ge-
netic resources, one of which is a lack of
characterization of plant material in the
collection. Molecular markers could aid
in the management of genetic resources
and could lead to greater benefits being
obtained from them. Even if molecular
markers are not directly involved in the
selection for traits of interest, they in-
crease knowledge of domestication, the
structure of variability within and be-
tween species, the relationships between
populations, and the geneflow between
wild and cultivated species. They can
also provide a tool for early screening of
genetic resources. These aspects are il-
lustrated by examples taken from the use
of molecular markers for tropical crops.
However, there is a need to simplify the
use of molecular markers in order to fa-
cilitate their transfer to tropical countries.
These countries possess the greatest
range of genetic resources and the avail-
ability of molecular markers near to the
places where collections are maintained
would be an important tool in optimiz-
ing the conservation and use of genetic
resources.

Key words: Banana, cocoa, domesti-

cation, genetic resources, molecular
markers, sugar cane

Introduction

Over several centuries of plant cultivation and domestica-
tion, farmers have played an important role in maintaining
the genetic diversity of cultivated plants. Although farmers
used mass selection they often maintained genetic mixing

with neighbouring wild species and so a certain diversity
- among cultivated varieties was perpetuated and voluntar-

ily maintained (Pernes et al. 1993).

Résumé

Utilisation des marqueurs
moléculaires pour mieux
comprendre la domestication
des plantes et gerer les
ressources génétiques.
Quelques exemples pris chez
les plantes tropicales

Les sélectionneurs disposent souvent de
larges collections pour améliorer la plu-
part des especes cultivées. Malgré cela,
un tres faible pourcentage de plantes is-
sues de ces collections sont réellement
utilisées. Une des raisons qui expliquent
cette sous exploitation des ressources
génétiques est une mauvaise caractérisa-
tion du matériel végétal en collection.
Les marqueurs moléculaires peuvent re-
présenter un outil de choix pour aider &
gérer et a mieux exploiter les ressouces
génétiques: s'ils n‘ont pas un interét di-
rect en sélection, ils permettent, en re-
vanche, une meilleure compréhension
des processus de domestication, de la
structuration de la variabilité au sein de
ou des especes, des apparentements en-
tre populations ou des flux de génes en-
tre especes sauvages et cultivées. Ces as-
pects sont illustrés par des exemples pris
chez les plantes tropicales. La simplifica-
tion et le transfert possible des méthodes
de marquage génétique en régions tropi-
cales sont discutées. En effet, ces régions
détiennent la majorité des ressources
génétiques et la mise a disposition de
Poutil moléculaire pour les sélection-
neurs de tous les pays représente un en-
jeu important pour la conservation et
I'utilisation optimum des ressources
génétiques.

Resumen

Uso de marcadores moleculares
para una mayor comprension de
la domesticacion de las plantas
y una mejora del manejo de los
recursos genéticos; algunos
ejemplos con especies
tropicales

Muy a menudo se dispone de grandes
colecciones de germoplasma que los fito-
mejoradores utilizan para mejorar las es-
pecies mas cultivadas. Sin embargo, se
usa realmente un porcentaje muy limita-
do de genotipos. Una de las principales
causas de la escasa explotacion de los
recursos genéticos es la falta de caracter-
izacion del material vegetal en la colec-
cién. Los marcadores moleculares
pueden ser ttiles para el manejo de los
recursos genéticos aportando mayores
beneficios. Si bien los marcadores molec-
ulares no estan comprometidos directa-
mente con la seleccién de los rasgos de
mayor interés, ellos aumentan los cono-
cimientos sobre la domesticacién, la
estructura de la variabilidad en y entre
las especies, las relaciones entre las po-
blaciones y el flujo de genes entre espe-
cies silvestres y cultivadas. Asimismo
pueden representar un instrumento fun-
damental para el control precoz de los
recursos genéticos. Ejemplos del uso de
los marcadores moleculares para culti-
vaciones tropicales ilustran tales aspec-
tos. Sin embargo, hay que simplificar el
uso de dichos marcadores para facilitar
su traslado a los paises tropicales. Estos
poseen una gama mas amplia de recur-
sos genéticos y el hecho de tener marca-
dores moleculares cerca de los lugares
donde se mantienen las colecciones seria
un instrumento importante para optimi-
zar la conservacion y el uso de los recur-
s0s genéticos.

The 20th century has been marked by the development of
high-yielding monocultures, which together with increasing
populations and reduced amounts of arable land and forest, has
contributed greatly to the loss of biodiversity. Thus, a 1996 FAO
report stated that in the United States, many of the crop variet-
ies described between 1804 and 1904 are no longer in existence;

for example, only 14% of apple varieties still exist, 5% of cab-
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bage varieties, 9% of maize varieties, 6% of pea varieties and
19% of tomato varieties. In order to prevent further genetic
erosion and preserve biodiversity, the international commu-
nity has organized plant collections that contain increasing
numbers of economically important plants. FAO (1996) re-
ported a total of 5554 505 accessions held in national and
international collections; of these 593 000 accessions are held in
the CGIAR Centres. The National Genebank of China alone
houses 358 000 accessions (Li ef al. 1998). Plant breeders now
have available large collections of most cultivated species and
these are constantly being enriched with new specimens. In
spite of this, the genetic diversity actually used by breeders is in
general quite restricted. In China, only 3 to 5% of conserved
accessions are used in breeding programmes (FAO 1996).

There are many possible reasons for this under-exploitation
of genetic resources. One is probably the poor characterization
of the plant material in the collections and alack of understand-
ing of the relations existing between plant populations. More-
over, some genotypes or related wild species are difficult to use
although they could constitute an important reservoir of genes.
Using a few tropical plants as examples, we will see how
molecular markers can supply basic information that can help
to better manage and exploit genetic resources.

Strategies employed
Modern varieties are sometimes the result of hundreds or
thousands of years of domestication of plants that either no
longer exist or have evolved so much that they can no longer be
recognized by using only morphological analyses. Sometimes
ancestors are even more difficult to identify because presently
cultivated varieties can be the result of often poorly understood
inter-specific crossings, as is the case for banana.

Banana isanimportant economic food crop throughout tropical
regions. The different varieties of banana have many uses and can
be eaten raw or cooked or used to make textiles and beer, as in East
Africa. Most of the plantations that grow bananas for export culti-
vate only one variety. At the turn
of the century, the variety ‘Gros
Michel’ was used, then with the

M. acuminata

(BB genome) (Simmonds and Sheferd). Musa acuminata is itself
constituted of subspecies differentiated by their chromosomal
organization (Sheferd 1987). Most wild bananas are fertile,
produce gametes and are diploid. Bananas would have been
domesticated initially by hybridization between several of these
subspecies and by the acquisition of both the parthenocarpy
and sterility favoured by the structural heterozygosity of these
diploid cultivars (Fig. 1). The appearance and domestication of
more vigorous triploid forms arose from the subsequent polli-
nation of the diploid cultivars, which often produce non-re-
duced gametes. Pollen could have come from M. acuminata
itself or from M. balbisiana with which it co-exists, particularly
in India and Burma. Triploid cultivars were then dispersed
around the world, particularly into Africa where some arrived
in Madagascar and the Comoros.

The triploid nature of current cultivars makes them diffi-
cult to improve. One strategy for widening their narrow
genetic base would be to create new triploid varieties start-
ing from wild diploids or diploid M. acuminata cultivars
(Bakry et al. 1990). The genetic origins of the current culti-
vars have been investigated using molecular markers to
obtain a better idea of which genetic resources to use while
retaining the same commercial characters in new varieties.

For this, nuclear or cytoplasmic RFLP probes were used
to analyze the diversity of wild and cultivated AA, BB or AB
diploids and the various AAA, AAB or ABB triploid culti-
vars. Banana has the particularity of possessing chloroplas-
tic DNA inherited from the female parent and mitochon-
drial DNA inherited from the male parent (Fauré et al. 1993).
This enables more precise information to be obtained on
both the maternal and paternal contribution and history.

The nuclear diversity of the wild M. acuminata (Aaw)
can be arranged into four groups within which the dip-
loid cultivars can be replaced (Fig. 2) (Carreel et al. 1994).
These are distributed in continuous fashion between the
four groups, which shows that their formation involved

M. balbisiana M. Australimusa

appearance of Panama disease in whid - M. schizocarpa
around 1950, due to Fusarium spaciei
oxysporum, farmers changed to @
Cavendish, a dlosely related but re-
sistant VarietY' Cavendish clones e Interspecific or intersubspecific crosses
are at present coming under attack e Domestication for parthenocarpy and sterility
from a new strain of Panama dis- dinloid
; i
case and plant improvement (LRSS
Progr = g PP & ¢ production of reduced and non reduced gametes
7 : roduction n
deal with this and other pests such ’ . pCrosses between diploid cultivars and wild species
as Cercosporiose and nematodes. e Crosses between diploid cultivars
Banana cultivars originated e
triploid AAB * ~ABB CAASD CAAT
in Southeast Asia and are mainly cultivars I. g
inloi ieti Gros Michel Plantain Bluggoe Ungota aroina
triploid varieties. Some of them Cavendish  Silk Awak Umbubu
have a multi-specific origin; this Lujugira Popoulou Pelipita
involved principally two species UL Tosh  asare

of the genus Musa - M. acuminata
(AA genome) and M. balbisiana

Fig. 1. Schematic representation of banana domestication.
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Fig. 2. Nuclear structura-
tion of wild M. acuminata
subspecies (AAw), diploid
(AAcv) and triploid culti-
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Jacquard distances. The
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the axis 2, has been also
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hybridization between different subspecies of M. acuminata.
A great number of them are found around the focus of
banksii/microcarpalerrans, which emphasizes the importance
of these subspecies in the first stages of domestication.

In the same way, the triploid cultivars can be replaced on
this diagram to investigate their relation with the diploids. We
were thus able to see that cultivars of the plantain group AAB,
which produce the cooking bananas widely consumed in Af-
rica, are closely related to the banksii and errans groups. This
suggests that their A genome could come from these subspe-
cies. In general, the cultivars close to the banksii focus have more
starchy fruits and those close to the malaccensis focus have sweet
fruits, which might suggest that these two subspecies groups were
involved in the domestication of these characters (Carreel 1994).

Further information on the maternal and paternal origins of the
cultivars can be obtained by comparing the highly variable cyto-
plasmic profiles of wild subspecies with those of diploid and trip-
loid cultivars (Carreel 1994). Thus, the cytoplasm of plantains is
associated with that of wild bananas of the banksii subspecies. This
confirms the involvement of this subspecies, and with those of
around twenty diploid cultivars, including certain AB’s probably
originally linked to these cultivars. In general, the two subspecies
banksii and errans have cytoplasm associated with the majority of
cultivars and could have played an important role in their genesis
and in their domestication for parthenocarpy.

More precise identification of the ancestors of cultivars
is sometimes possible. This was done to identify the origin
of the AAA triploid cultivar ‘Gros Michel’, which is used to
produce dessert bananas, and to look for potential donors of
non-reduced and reduced gametes (Raboin et al. unpublished).

First, the diploid ancestor that provided the non-reduced
gamete was looked for. The diploids sharing the most bands
with ‘Gros Michel’ were looked for by comparing the RFLP
profiles of 36 nuclear probes mapped and distributed over the
whole genome. Three clones were thus identified which came
from Indonesia. These have similar RFLP profiles and have the
totality of their genome in common with ‘Gros Michel’ (Fig. 3).
Moreover, for one of these clones, these results were confirmed

reported on this figure (ac-
cording to Carreel 1994).

e M a malaccenszs

by enzymatic data and by variations of the IDNA IGS, showing
profiles totally incorporated in those of the triploid cultivar.
Next, the diploid ancestor that provided the reduced gamete
was investigated. This done should bring additional bands to the
triploid cultivar. Two clones from Thailand fulfilling this criterion
and which had the same genotype were identified. Therefore, 'Gros
Michel’ can be entirely explained by the fusion of a non-reduced
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Fig. 3. Genotype representation of diploid ancestors of the triploid
“Gros Michel” banana cultivar. The rectangles represent the sev-
eral alleles present in the diploid and triploid clones.
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gamete from an Indonesian

diploid done, and a reduced AAB type
gamete from a diploid Thai plantain
clone. This exercise was carried towards
out on other important culti- West Africa
vars and enabled possible an- India

cestors to be identified, or at B

least those in the collections

that were closest.

Taken together, all this in- M. a. microcarpa
formation increases under- S W
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triploid bananas became do-
mesticated. According to Car-
reel (1994), the primary centre

A AAA type
of domestication would have Lujugira
been located in Papua New towards
Guinea and/ or the Philippines; East Africa

then, the first domesticated
genotypes would have been
transported to neighbouring
regions where they met other M. acuminata subspecies or other
species similar to M. balbisiana. Hybrid forms appeared, corre-
sponding to the diploid and triploid cultivars that were later to
become widespread in Africa and in all the world (Fig. 4).

This information allows us to better target the subspecies or
diploid cultivars for use in breeding programmes to create new
improved triploid varieties from an enlarged genetic base. The
information obtained jointly from the genetic diversity study
and the genome analysis can also be used to generate tools for
making better use of genetic resources for targeted characters.
With the development of genetic maps, which has progressed
rapidly in the last ten years, it has become possible to identify the
regions of the genome (QTLs) involved in the characters of interest
and to evaluate their importance, stability and diversity (Paterson et
al. 1988; Stuber et al. 1992; Tanksley et al. 1996; Young 1996). The
markers that closely delimit these QTLs enable the presence of
these characters to be checked, either during the selection stages
or directly in certain populations if the genetic mixing has re-
mained insufficient to break the genetic links between the markers
and the characters (Jannoo et al., in press).

This favourable situation could occur for the selection of
quality characters in the cocoa tree, whose fruits contain the
cocoa beans, which after fermentation, drying and roasting
are used to make chocolate. Indeed, the Maya in Central
America began the domestication of the cocoa tree over 2000
years ago. It was used not to make chocolate but in a mix
with corn and pepper to make a high-energy food (Paradis
1979). A very particular type of cocoa tree — the Criollo — has
long remained the only variety cultivated throughout Cen-
tral America. Criollo varieties are currently used to make
the finest chocolate. Other wild populations originate from
the Amazon, Orinoco and Guyana regions. These South
American populations (Forastero group), possess agronomic
characters that are often more interesting than those of Cri-
ollo, in particular for disease resistance, although they gen-
erally produce a lower quality chocolate. Over the last few
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1
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Fig. 4. Hypothesis of domestication of banana cultivars proposed by Carreel (1994).

decades Criollo has been replaced in many plantations by
Trinitario - a hybrid between Criollo and Forastero — which
is more vigorous and productive. Considerable genetic mix-
ing has taken place between these two groups.

A diversity study, using RFLP and RAPD molecular mark-
ers, was carried out on 300 clones representing most of the
populations present in the international collections (Laurent et
al. 1994; N'Goran et al. 1994). The Criollo group particularly is
represented by cultivated varieties or those selected in the last
few decades. Diversity was dlearly structured into Forastero as
one group and Criollo as the other, with considerable genetic
diversity within the two groups (Fig. 5). More recently, a new
study of Criollo diversity has been developed (Motamayor et al.
1997) and a very narrow genetic base at the origin of actual
cultivars can be identified. The current, recently selected variet-
ies of Criollo, of which most are partially heterozygous, are
variable and probably resulted from more or less important
introgressions of Forastero genes in an ancestral Criollo type. In
this case, the quality characters, widespread in the Criollo and
Trinitario groups, would be of a nearly unique origin.

These results have important consequences for the selection
of Criollo quality characters. A saturated genetic map of T. cacao
L. has been produced (Lanaud et al. 1995) and analysis of
quality QTLs is in progress. Given the small number of genera-
tions leading to the hybrid forms, the markers very close to the
QTLs should enable us to identify the hybrid forms that carry
the quality characters in homozygous or heterozygous form.
This could greatly facilitate the use of genetic resources from the
Trinitario and Criollo groups for the selection of these characters.

Sometimes the complexity of plant genomes is such that
only the use of markers can lead to significant progress in
the understanding and exploitation of genetic resources for
plant improvement. This is the case for sugar cane. The first
interspecific hybrids, similar to those presently cultivated,
were created at the beginning of the century. This was
achieved by successive hybridization and backcrossing between
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two species - Saccharum officinarum (2n = 80), the noble sweet
species and S. spontaneum (2n = 40 to 128), a wild species.

The genome of these cultivars is highly complex; it contains
over 100 chromosomes, of which a minority, less than twenty, come
from S. spontaneum (Bremer 1961). Chromosomes of S. spontaneum
are particularly important because they confer vigour, adaptation
and resistance to disease in these modern, interspecific varieties. In
the last decades, new cultivars have continued to be produced
through crossings between existing varieties, but a yield plateau
seems to have been reached. Current improvement programmes
are again using wild species of the Saccharum genus or related
genera such as Erianthus to enlarge the genetic basis. However, as in
classical analysis, genetic analysis of the characters is very difficult.
In order to gain better control of the construction of new varieties,
where only a small number of chromosomes from the wild species
need be conserved, current strategies are based on several different
aspects of genetic marking; in situ hybridization and the search for
specific repeated sequences, genetic diversity studies, genome map-
ping and exploitation of the synteny. In situ hybridization enables
the chwomosomes of each species present in the hybrids to be
visualized. It also enables analysis of the genome structure of the
varieties by identifying both the chromosomes of each species and
the recombinations between them (D’Hont et al. 1996). By associat-
ing the hybridization of probes specific to certain chromosomes, as
itis the case for the ’IDNA probes (185 or 55) which hybridize only
on a single base chromosome, it becomes possible to decipher the
structure of these complex genomes by counting very precisely the
number of examples of each of these chromosomes provided by the
two species (O'Hont et al. 1998).

In addition, genetic marking of these chromosomes, as
well as location of the genome regions involved in the
characters of interest (QTLs), has begun. Genetic diversity
studies carried out on species of the genus Saccharum

&
] IR
a
a
» *
a * * *
*
a ba
2 *
* o *
o al & * *
. 4 % *
- *
* % *
a * *
*
* *
& . *
o o
a
&
;7 L L - —
o
3
o
&l & oe® o ,
o © =) . -
© H - .
| (2 o b . . ° e
o . .
° - b o ©
L]
&
- o - - .
Ld L]
|
®  Upper amazon Forastero
o Forastero from Lower Amazonie and french Guyana
*  Criollo

& Trinitario

Fig. 5. Structuration of diversity in Theobroma cacaol.. Plan 1-2 ofa FAC
(Factorial Analysis of Comespondance) based on RAPD data provided by 49
polymorphic bands (N'‘Goran etal, 1994).

reveal a clear differentiation of the different species (Lu et
al. 1994) and have shown the possibility of identifying
specific markers for these species. These specific markers
were used to map the chromosomes present in the culti-
vars. Thus, by studying the self-fertilization of one vari-
ety, 99 linkage groups were obtained. The homologous
chromosomes could be identified using RFLP probes lo-
cated simultaneously on several groups and a composite
map has been constructed (Grivet ef al. 1996). In most
cases, the use of markers specific to each of these species
enabled the identification of the S. spontaneum or S.
officinarum origin of each cosegregation group, as well as
the recombinations possible between the two species. Re-
search is currently being carried out to find the QTLs for
the characters of principal interest for plant improvement.
Because of the complexity of the genome and the redun-
dancy of the alleles in S. officinarum, the QTLs will be
more easily detected on the part of the genome corre-
sponding to S. spontaneum, where each chromosome has a
small number of copies and can be located by specific markers.

Marking of characters of interest in sugar cane is also based on
information obtained by analysis of the simplest genomes making
use of the phenomenon of synteny (Grivet et al. 1994; Dufour ef al.
1997). Sugar cane belongs to the family Poaceze, tribe Andropogonae,
to which maize and sorghum also belong. Other species such as rice
or wheat are more distant but still belong to the same family. The
genomes of these species are of variable size, although less complex,
and possess a certain degree of conservation between themselves.
This will enable the information that they provide to be used
separately and to be transposed to related species. More than 80% of
maize RFLP probes hybridize well on sugar cane and sorghum,
thus it is possible to compare their genome structures and to locate
the homologous zones. In particular, a very good homology canbe
observed between the genomes of sugar cane and sorghum (Dufour
et al. 1997). This phenomenon of synteny has been used directly, for
example, to saturate a region of the sugar cane genome where a
major gene controlling resistance to rust had already been identified
(Daugtois et al. 1996). Indeed, localized markers in homologous
regions of other species have been used in sugar cane to delimit this
gene.

In this complex species, where only molecular markers
enable us to truly tackle the analysis of character genetics,
all this information taken together can be used to exploit
existing genetic resources more effectively and to monitor
the construction of new varieties by introgressions made
from wild species in a controlled manner.

Discussion and conclusion
Molecular markers have provided powerful tools to analyze
the genetics of cultivated species and to decipher the ge-
nome structure even for plants with a complex genome.
Therefore; they can help to solve problems for which classic
selection was inefficient. They have also allowed the domes-
tication processes to be traced and have focused the use of
genetic resources on the improvement of new varieties.
Tropical regions constitute an important genetic reservoir for a
very large number of plants cultivated around the world, including
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those cultivated in temperate regions. Despite the local and interna-
tional collections that have been built up, it is in these regjons that
most of the genetic resources useful to the whole planet are held. It
is, therefore, necessary for these countries to have effective tools
available on site to manage and exploit genetic resources, and to
complement morphological observations. Up to the present, mo-
lecular markers have been essentially developed and used in north-
ern countries. Their possible transfer to tropical countries, near to
the places where collections are maintained, has now became an
important issue. This transfer implies the development of simple
and reproducible markers.

Despite the fact that these techniques have already been hugely
simplified, notably with the development of PCR, progress remains
to be made in providing plant breeders with easy-to-use tools.
Consensus targeted PCR markers could provide such markers. To
date, such consensus primers have been developed in most cases to
amplify chloroplastic and mitochondrial DNA (Demesure et al.
1995) and only a few, such as the primers developed to amplify
rDNA 55 (D'Hont et al. 1995), have been defined in the nucleus.
Such universal markers have to be developed in order that they
become available for all plant studies. The growing number of
sequences presented in databases, notably for model species such as
Arabidopsis and rice, should enable location of the conserved regjons
where such universal markers could be defined for a great number
of these genes.

With the new objectives of agriculture: creating varieties
that are more diversified, more resistant to disease, requiring
fewer inputs and compatible with the local ecology, a facilitated
access to genetic resources becomes of utmost importance. The
progress that can be made with molecular markers for the
characterization and exploitation of genetic resources justifies
the efforts that must still be made so that they can be truly
integrated into the toolbox of the plant-improvement scientist.
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Summary

Organellar molecular markers
applied for determination of
genetic diversity of selected
crop species

The usefulness of organellar markers in
determination of genetic diversity in dif-
ferent species, lines and hybrids of
Lupinus, as well as in lines and hybrids
of Brassica napus, was analyzed. The 2D-
PAGE pattern of proteins isolated from
mitochondria and chloroplasts of
Lupinus showed the presence of species
specific polypeptides. In mitochondria
we found a different number of specific
protein isoforms with the same molecu-
lar weight of about 35 kDa. In chloro-
plasts, the main differences in the distri-
bution of polypeptides are observed in
the 26-42 kDa region in two pl: one about
5.5-6 and the other eight. PCR and gel
blot analysis of mitochondrial and total
DNA isolated from Lupinus and Brassica
revealed the usefulness of tRNA-like se-
quences for detection of mitochondrial
DNA polymorphism. The presence and
copy number of Lupinus albus mitochon-
drial plasmid-like DNAs were tested in
different genotypes and hybrids. In gen-
eral, the absent DN A molecules were ob-
served to be those found in mitochon-
dria in a smaller number of copies.

Key words: Brassica napus, DNA
analysis, Lupinus, 2D-PAGE proteins

Introduction

Résumé

Marqueurs moléculaires
d’organites utilisés pour la
détermination de la diversité
génétique de certaines
espéces cultivées

L'utilité des marqueurs spécifiques
d’organites cellulaires dans la détermi-
nation de la diversité génétique dans dif-
férentes especes, lignées et hybrides de
Lupinus, ainsi que dans des lignées et des
hybrides de Brassica napus, a été analysée.
Le profil en électrophorése bidimension-
nelle (2D-PAGE) des protéines isolées de
mitochondries et de chloroplastes de Lu-
pinus indique la présence de polypep-
tides spécifiques a I'espece. Dans les mi-
tochondries, on trouve un nombre dif-
férent d'isoformes de protéines spéci-
fiques avec le méme poids moléculaire
d’environ 35 kDa. Dans les chloroplas-
tes, les principales différences dans la
distribution des polypeptides sont ob-
servées dansla région de 26-42 kDa pour
deux pl : I'un d’approximativement 5,5-
6etVautre de 8. L’étude par PCR et anal-
yse de Southern de I’ADN mitochondial
et de I’ADN total isolés a partir de Lupi-
nus et de Brassica révele l'utilité des
séquences de type ARNt pour la détec-
tion du polymorphisme de ' ADN mito-
chondrial. La présence et le nombre de
copies d’ADN mitochondriaux de type
plasmidique de Lupinus albus ont été
évalués dans différents génotypes et hy-
brides. En général, on note que les molé-
cules d’ADN absentes sont celles que 'on
trouve en un plus petit nombre de copies
dans les mitochondries.

Resumen

Marcadores moleculares de
organelos aplicados en la
determinacion de la diversidad
genética de los cultivos
seleccionados

Se ha analizado la utilidad de marcadores
de organelo en la determinacién de la
diversidad genética de distintas especies,
lineas e hibridos del Lupinus, asi como
también en las lineas e hibridos de la Bras-
sica napus. El modelo 2D-PAGE de
proteinas aisladas de mitocondrios y
cloroplastios del Lupinus ha evidenciado la
presencia de polipéptidos especificos en
las especies. En los mitocondrios se han
encontrado cantidades distintas de
isoformas protéicas especificas con el
mismo peso molecular, 35 kDa. En los
cloroplastios, las diferencias principales en
la distribucién de los polipéptidos se
encuentran en un dmbito de 26 a42 kDaen
dos plL: uno cerca de 55-6 y otro igual a
ocho. Los andlisis mediante reaccion en
cadena de la polimerasa (RCP) y los
analisis del gel trasferido a membranas
realizados sobre el ADN mitocondrial y
total aislado del Lupinus y de la Brassica,
revelaron la utilidad de las secuencias
parecidas al tRNA para la individuacién
del polimorfismo del ADN mitocondrial.
Se han analizado la presencia y la cantidad
de copias de los ADN mitocondriales como
el plasmidio del Lupinus albus en varios
genotipos e hibridos. En general, se ha
observado que las moléculas de ADN
ausentes eran las que se individuaron en
los mitocondrios en un nimero infe-
rior de copias.

The identification and conservation of genetically diverse
germplasm (nuclear as well as cytoplasmic) are considered
essential for breeding programmes. In the assessment of
genetic variation by plant breeders the evaluation of cyto-
plasmic variation has been largely neglected. A growing
number of studies have demonstrated the usefulness of
organellar markers in determining plant genetic diversity,
even though the number of organellar markers known to
date is relatively small. They include mostly the sequences
of genes, intergenic sequences and repeated sequences.
We are interested in the elaboration of organellar mo-
lecular markers to enable the monitoring of particular cyto-
plasm in germplasm material and in hybrids. In addition,
we expect to be able to distinguish fragments coming from
mitochondrial or chloroplast DNA, and to determine to

what extent and at what developmental stage they may
interfere with data obtained by very common methods such
as RAPD or RFLP (Lorenz et al. 1994; Aagaard et al. 1995;
Dumolin et al. 1995; Jack et al. 1995)

This study characterized the lupin and rape cytoplasms
with regard to the presence and expression of important
organellar genes. Its objectives were to examine mitochon-
drial and chloroplast polypeptide variability in Lupinus spe-
cies. The usefulness of other organellar sequences, such as
mitochondrial repeats (tRNA-like) in characterization of
various genotypes of Lupinus as well as Brassica napus, was
also checked. Lupinus genotypes and hybrids were also
tested for the presence and copy number of mitochondrial
plasmid-like minicircular DNAs - K1 and K2 (Goraczniak
and Augustyniak 1991).
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Materials and methods

Plant material including different species, lines and hybrids
of Lupinus as well as lines and hybrids of Brassica napus were
used. Lupinus: L. albus, L. luteus, L. angustifolius L. termis, L.
vavilovii and L. mutabilis represented by genotypes XM-5,
LM-34, LM-13 and mutant line Mut 45 and its interspecific
hybrids with species of the section Albus were obtained
from the collection of E. Sawicka-Sienkiewicz at the Depart-
ment of Plant Breeding and Seeds Production, University of
Agriculture, Wroclaw, Poland. Brassica napus: cv. POLO, cv.
MAR, cv. Samuraj (CMS line) and hybrids 9232 (CMS Ogura
x POLO) 9234 (CMS Ogura x MAR) were from the Oil Crop
Department, Plant Breeding and Acclimatization Institute,
Poznan Poland.

Organellar proteins were extracted as described by
Hurkman and Tanaka (1986). Two-dimensional polyacryla-
mide gel electrophoresis (2D-PAGE) was performed accord-
ing to the procedure of Hochstrasser et al. (1988). Proteins
were silver-stained as described by Heukeshoven and
Dernick (1985). Gels, after staining, were read on Image 2-D
Elite LKB-Program.

Total DNA for PCR analyses was extracted from 3-day-
old seedlings by Floraclean Kit (Bio 101, Inc.) for lupin
plants, and from 20-day-old plant leaves by Nucleon
Phytopure Kit (Amersham) for Brassica napus. Brassica napus
plants were grown on Murashige-Skoog medium supple-
mented with micro and macroelements, vitamins and proper
organic compounds.

The PCR analyses with matrix DNA concentration rang-
ing from 25 to 75 ng were carried out in a Biometra thermal
cycler. EtBr and silver staining quantified DNA. Digestion
with restrictases and labelling by the Feinberg method as
well as hybridization analysis were performed according to
established procedures (Sambrook ef al. 1989)

Purified mitochondria and chloroplasts were isolated
from lupin plants essentially as described by Karpiniska and
Augustyniak (1989) and Bookjans et al. (1984).

Results and discussion

There are many reasons for the rather limited use of
genetic resources, one of which is the lack of proper
characterization of plant material. Characterization
should concern the genetic information stored in the
nucleus and the cytoplasm. The latter has a share in all
kinds of genetic diversity. Molecular markers could fa-
cilitate the characterization of genetic resources. In the
case of developing organellar markers it should be real-
ized that the contribution of organellar genomes to total
cellular DNA varies among species. In the present study
we characterized representatives of two families:
Cruciferae - Brasica napus and Fabacae — Lupinus.

This investigation is also intended to be a preliminary
study towards a better understanding of barriers to the
crossing of lupin species. To this end, protein and DNA
polymorphism of chloroplasts and mitochondria were stud-
ied, thereby obtaining data for two different sets of molecu-
lar markers. The 2-D PAGE pattern of proteins isolated from
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Fig. 1. 2-D PAGE pattern of (A) chloroplast and (B) mitochondrial
polypeptides. The black arrows indicate marker polypeptides. a)
Lupinus albus, b) L. Luteus, ¢) L. angustifolius. Chloroplast polypep-
tide useful for distinguishing species is indicated with a light arrow

mitochondria and chloroplasts shows the presence of spe-
cies-specific polypeptides. In mitochondria (Fig. 1) it can be
seen that the polypeptide patterns of L. angustifolius and L.
luteus are more similar to each other than to those of L. albus.
The presence of “marker proteins”, characteristic of the par-
ticular lupin species with pI > 7.0 and molecular weight of
about ~35 kDa, is also observed. Lupinus albus shows the
presence of two isoform polypeptides: L. luteus - 3 and L.
angustifolius - 4.

For chloroplasts (Fig. 1), the main differences in the
distribution of polypeptides are observed in the 26-52 kDa
region in two pl: one about 5.5-6 and the other about eight.
Marker polypeptide of L. angustifolius has pl 5.5-6.0 and ~30
kDa; L. albus about 29 kDa (pI 5.0), and L. luteus - of about 56
kDa polypeptide (pl 6.5).

The usefulness of the mitochondrial tRNA-like sequence
that represents direct repeats surrounding mainly the 185
rRNA genes of lupin species (Karpiriska et al. 1994) in detec-
tion of polymorphism was also checked in Brassica napus
plants. Figure 2 shows the result of this investigation in
Brassica and other Lupinus genotypes. The presence of addi-
tional bands beside the expected 138 bp indicates that the
sequence in those regions of the genome is different. To
investigate whether the tRNA-like sequence undergoes re-
arrangements in crosses, we analyzed some interspecific
hybrids between L. mutabilis and lupins from the section
Albus (Table 1). The crosses were also analyzed for the
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Fig. 2. PCR analysis of the mitochondrial tRNA-like repeated
sequences in some Brasica napus (A) and L. mutabilis genotypes
(B). Arrows indicate the proper length amplified fragment.

(A) 1 = cv MAR; 2 — cv POLO; 3 — cv SAMURAJ (CMS line); 4 —
CMS Ogura x Polo; 5 — CMS Ogura x MAR.

(B) 1 — L. vavilovii; 2-L. mutabilis Mut 45; 3 — L. albus x L. mutabilis
LM34; 4 — L. vavilovii x L. mutabilis Mut 45,

Table 1. Presence (+) or absence (-) of the plasmid like
DNAs (K1 and K2) and the tRNA-like repeated
sequences in DNA of L. mutabilis Sweet and its F1
interspecific hybrids — PCR analysis

Plant material Molecular markers

K, K, tRNA-
like

Female parent
L. albus 520 + + +5s
L. termis 518 + i +8
L. vavilovii 519 + + +s
Male parent of L. mutabilis
Mut 45 +8 +5 +8
LM 34 +s +s +8
XM 5 - +8 +s
LM 13 + + +s
Interspecific hybrids
L. termis 518 x L. mutabilis LM 13 + - +5s
L. vavilovii 519 x L. mutabilis XM5 - + +5s
L. vavilovii 519 x L. mutabilis Mut45 + - +5s
L. albus 520 x L. mutabilis LM 34 + - +5s

s = detection of bands by silver staining.

presence of the K1 and K2 plasmid-like DNA molecules in
our search for PCR fragments of 343 and 374 bp, respec-
tively (Table 1).

Figure 3 shows the variation in the presence and copy
number of two mitochondrial plasmid-like DNAs. This
could indicate that the differences in the sorting of mito-
chondria (which influences the copy number) or mutations
in the sequence may be responsible for the observed vari-
ability of plasmid-like DNAs.

Conclusions

1. The mitochondrial proteins contain specific marker pro-
teins in lupin species.

2. 2-D PAGE of chloroplast proteins can be useful in deter-
mining the cytoplasmic variability of different plant species.

A

Fig. 3. Hybridization of the L. albus K; and K, plasmid like-DNA
with Xho | digested DNAs from different lupin genotypes 1 - control
DNA; 2 - L. vavilovii x L. mutabilis XM-5; 3 - L. vavilovii, 4. — L.
albus; 5 — marker DNA. A — EtBr stained gel of the digested DNAs.
B - autoradiogram of Southern blot of digested K; DNA. C -
autoradiogram of Southern blot of digested K, DNA.

3. The mitochondrial repeated tRNA-like sequence pro-
vides a new possibility of detecting DNA polymorphism.
4. Molecular analyses of mitochondrial plasmid-like DNA
enabled the determination of the mitochondrial variability
in interspecific hybrids.
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Summary

Assessment of genetic diversity,
stratification of germplasm
accessions in diversity groups
and sampling strategies for
establishing a core collection of
Indian sesame (Sesamum

indicum L.)

Diversity in the Indian sesame collection
(3129 accessions), which represents all
ecogeographic regions, was studied for a
range of morphological and agronomic char-
acters. A detailed multivariate analysis was
performed on a set of 100 selected accessions
representing different agro-ecological zones.
The accessions were classified into seven dis-
crete clusters and the entire collection was
allocated to different clusters. Representation
of various zones in seven clusters gave the
opportunity of forming distinct diversity
groups, making combined use of glassport
and characterization data. Twenty diversity
groups were finally formed and used for
sampling accessions to build up a core collec-
tion. Various stratified random sampling
strategies were compared for developing a
core collection of indigenous sesame acces-
sions. The Shannon Diversity Index pooled
over 19 descriptors was used as the measure
of diversity. Simple random sampling and
six stratified random sampling strategies,
were compared for varoymé sample fractions
ranging from 5 to 30%. Stratified random
sampling was always superior to simple ran-
dom sampling. Of the six stratified sampling
strategies, a genetic diversity dependent
strategy with sampled accessions from vari-
ous strata directly pro(fortional to the prod-
uct of the diversity and logarithm of the size
of the strata (GL strategy) appeared to be the
best strategy. Invariably a %2’0 sample frac-
tion was determined as the suitable sample
fraction for all sampling strategies and served
the objectives of both germplasm manage-
ment and use.

Key words: Core collection, genetic diver-
sity, germplasm, Sesame, Sesamum
indicum L., Shannon Diversity Index, strati-
fied sampling

introduction

Sesame (Sesamum indicum L. syn. S. orientale L.) is consid-
ered to be the oldest of the oilseed plants and has been
cultivated in Asia for over 5000 years. In India, the antiquity
of sesame is known from the use of its seeds in religious

Résumé
Evaluation de la diversité
génétique, stratification des
accessions de germoplasmes
dans des groupes de diversité et
stratégies d’échantillonnage pour
I’établissement d’une collection
représentative du sésame indien
(Sesamum indicum L.)
Ladiversité au sein de la collection de sésame
indien (3129 accessions), qui représente
toutes les régions écogéographiques, a été
étudiée par rapport a une gamme de car-
acteres morphologiques et agronomiques.
Une analyse multivariée approfondie a été
réalisée sur un ensemble de 100 accessions
choisies, représentant différentes zones agro-
écologiques. Les accessions ont été réparties
en sept groupes distincts et l'appartenance
de I'ensemble des membres de la collection
aux différents groupes a été déterminée. La
répartition des diverses zones en sept
iroupes a permis de constituer des groupes
e diversité distincts, en utilisant a la fois des
easseports et des données de caractérisation.
ingt groupes de diversité ont finalement été
formés et utilisés pour échantillonner les ac-
cessions afin de constituer une collection de
référence. Différentes stratégies
d'échantillonnage aléatoire stratifié ont été
comparées afin de constituer une collection
de reférence d’accessions de sésame indigéne.
L'index de diversité de Shannon établi a
partir de 19 descripteurs a été utilisé pour
mesurer la diversite. Un simple échantillon-
nage aléatoire et six  stratégies
d’échantillonnage aléatoire ont été comparés
our différentes fractions de I'échantillon al-
ant de 5230 %. Un échantillonnage aléatoire
stratifié donne toujours de meilleurs résul-
tats qu'un simple échantillonnage aléatoire.
Sur les six stratégies d'échantillonnage strati-
fi¢, 1a meilleure est une stratégie dépendant
de la diversité génétique avec des accessions
provenant de différentes strates, qui est di-
rectement proportionnelle au produit de la
diversité et du lo§arithme de la taille des
strates (stratégie GL). Invariablement, une
fraction de 10% de l'échantillon est déter-
minée comme la fraction d'échantillon ap-
propriée  pour toutes les stratégies
d’échantillonnage et répond a la fois aux
soins de gestion des germoplasmes et a leur
utilisation.

Resumen
Valoracioén de la diversidad
genética, estratificacion del
germoplasma de las accesiones
en los grupos de diversidad y
estrategias de muestreo para
establecer una coleccion nicleo
del sésamo de la India (Sesamum
indicum L.)
Sobre la base de caracteristicas agricolas
morfoldgicas se ha estudiado la diversidad
en las colecciones de sésamo de la India (3129
accesiones), que representan todas las re-
giones ecogeogrdficas. Se ha realizado un
analisis variado y detallado sobre un conjun-
to de 100 accesiones seleccionadas que repre-
sentaban diferentes zonas agro-ecoldgicas.
Las accesiones se clasificaron en siete grupos
distintos y la coleccion entera se asigno a
grupos separados. La represen-tacion de las
zonas en siete grupos dio la posibilidad de
formar grupos con distinta diversidad, utili-
zando conjuntamente los datos de caracter-
izacién y pasaporte. Al final se formaron 20
pos de diversidad y se usaron para el
muestreo de las accesiones con el fin de crear
una coleccion niicleo. Se compararon varias
estrategias de muestreo aleatorio estratifi-ca-
das para desarrollar una coleccién nticleo de
accesiones de sésamo autdctono. Como me-
dida de la diversidad, se ha utilizado el Shan-
non Diversity Index que acomuna més de 19
descriptores. Se compararon muestreos alea-
torios simples y seis estrategias de muestreo
aleatorio estratificadas para la variacién de
fracciones simples que van de un cinco a un
30%. El muestreo aleatorio estratificado se
demos-traba siempre superior al simple. De
las seis estrategias de muestereo aleatorio
estrati-ficadas, la estrategia que se basa en la
diveridad genética con muestreos de acce-
siones de varios estratos directamente pro-
rcional al producto de la diversidad y al
ogaritmo del tamario de los estratos (estrate-
gia GL) demostré ser la mejor estrategia a
seguir. Una fraccién de muestra del 10% re-
sultaba (sin variar) adecuada para todas las
estrategias de muestreo y cumplia con los
objetivos de manejo y uso del germoplasma.

ceremonies and its mention in old Hindu literature. It is
commonly known as #il (Hindi), tal (Gujarati), tili (Punjabi),
nuvoulu (Telugu), ellu (Tamil) and rasi (Oriya), and also as
gingelly in different parts of the country. Approximately 36
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species (Kobayashi 1981) are said to be in existence and
these wild species are located mainly in Africa, with only a
few in India. Ethiopia is said to be the original home of this
crop (Hilterbrandt 1932). However, India is rich in diversity
of cultivated sesame (Joshi 1961; Nayar and Mehra 1970;
Simmonds 1976).

De Candolle (1836) suggested that India might have
received sesame from Malaya and Indonesia in pre-Aryan
times, prior to 1500 BC. Vavilov (1926) considered sesame to
be of polytypic origin and India and Abyssinia the main
centres of origin together with central Asia. China was con-
sidered to be a secondary centre of origin for a special group
of dwarf varieties. According to van Rheenen (1981), Africa
is poor in different forms of the cultivated S. indicum but
rich in other species of the genus Sesamum. The opposite
holds true for India. In Africa, 18 endemic species have been
found, of which only two species are reported in India and
four in Sudan. Hilterbrandt (1932) observed little variation
in African material while considerable diversity was ob-
served in Indian material. However, he still considered Af-
rica to be the centre of diversity owing to the richness of
wild species. Bedigian (1981) feels that it is appropriate to
consider Africa as the primary centre of origin owing to the
wide genetic diversity to be found and that India may be
considered a secondary centre.

India ranks first in the world in land area devoted to
sesame (approximately 2.47 million ha annually — 40% of
total area) and in production (0.74 million tonnes, 27% of
total world production). It is the third major oilseed crop
after groundnut and rapeseed mustard. Sesame is grown in
different seasons in various regions of the country and cov-
ers practically all agro-ecological zones (Sharma 1994).

At the national level the National Bureau of Plant Genetic
Resources (NBPGR) has the main responsibility for the sustain-
able management and safe conservation of diverse germplasm
of crop plants and their wild relatives. The NBPGR maintains
6658 accessions of sesame including 4136 indigenous and 2522
from exotic sources. Much of this diversity was augmented
during 1991-93 and the existing collections were enriched
through a programme supported by the IBPGR (now IPGRI),
and the receipt of the world collection from Israel and some
exotic accessions/representative material from various coun-
tries grown during the Asian Workshop on Sesame Evaluation
and Improvement held in India (Rana ef al. 1994). In the past,
accessions have been characterized and evaluated at two
NBPGR centres: Jodhpur in a semi-arid location and Akola
located in a subhumid agroclimate. Based on these past evalua-
tions, three crop catalogues were brought out in phases (Chopra
and Thomas 1982; Umesh Chandra et al. 1983; Loknathan et
al. 1993).

Large collections of plant germplasm have accumulated
in genebanks over time and have led to a serious concern
among the scientific community as to whether the full range
of genetic diversity they contain can be effectively managed
and utilized. Developing procedures for reducing the size of
a collection to a manageable and accessible level (a core size)
is becoming one of the more important issues in the man-

agement and utilization of plant germplasm collections
(Frankel 1984; Brown 1989a, 1989b; Marshall 1990).

For the efficient conservation and exploitation of genetic
diversity it is important to know its nature and structure.
This becomes even more important if the objective is to
maximize the amount of useful genetic diversity in a
germplasm collection such as a core collection. The work
carried out so far clearly indicates that it is possible to
develop a core collection using existing data on the acces-
sions in a collection. The basic issues that are to be ad-
dressed for developing a core collection are (i) stratification
of the collection into homogenous (diversity) groups, (ii)
optimum sample size, i.e. number of accessions to be
sampled from the whole collection, and (iii) sampling strat-
egies, i.e. how to select core entries from groups.

The grouping approaches described and used in most of the
core collection studies are mainly hierarchical. Taxonomic, geo-
graphical, agro-ecological, morphoagronomic, biochemical and
molecular markers have often been used individually or in
combination for hierarchical grouping of accessions. Data from
genetic markers can also be used in a variety of ways to create a
representative (core) collection (Brown and Schoen 1994; Gepts
1995; Bataillon et al. 1996). The issue on optimum sample frac-
tion was addressed by Brown (1989a, 1989b) and a sample size
of 10% of the whole collection was suggested based on a theo-
retical model put forward by Ewens (1972). However, in prac-
tice situations may differ markedly from the assumptions of the
model. For sampling within groups, two techniques are mainly
employed: (i) random sampling and (ii) use of principal com-
ponents score strategy. Brown (1989a), Charmet and Balfourier
(1995), Hintum (1995) and Yonezawa et al. (1995) proposed a
stratified random sampling strategy. Different strategies viz.
constant (C), proportional (P), logarithmic (L) by Brown (1989b);
genetic diversity dependent (G) by Yonezawa et al. (1995); and
M and H by Schoen and Brown (1995) were proposed for
random selection of entries from groups. Principal components
score strategy has been used in common bean (Singh ef al. 1991),
okra (Hamon and Van Sloten 1989; Mahajan et al. 1996), coffee
(Hamon et al. 1995) and mungbean (Bisht ef al. 1998).

A project was undertaken at the NBPGR to build up a
core collection of Indian sesame germplasm accessions with
the financial assistance of IPGRI. The objective of this study
is to describe the diversity pattern in the Indian sesame
collection and the relevant multivariate methods and to
illustrate their use in forming groups that would facilitate
the choice of accessions with maximal diversity within each
group in order to develop core collections and help promote
utilization of germplasm. Estimates of diversity using quali-
tative and quantitative descriptors were compared for vari-
ous stratified random sampling allocation strategies and the
optimum sample size determined for developing a core
collection of Indian sesame accessions.

Material and methods

Diversity in Indian sesame accessions

A total of 4136 indigenous accessions from diverse
ecogeographic regions were grown during the 1996 crop-
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ping season at the NBPGR regional station Akola
(Maharashtra). The material included maximum represen-
tation from Maharashtra, Madhya Pradesh, Rajasthan, Uttar
Pradesh, Andhra Pradesh, Orissa, Bihar and Gujarat fol-
lowed by a fair representation from Tamil Nadu, Kerala,
Kranataka, Punjab, Himachal Pradesh, West Bengal and
parts of northeastern India.

To classify environments in a region, data must be uni-
formly comparable across the region. While for some areas
some detail is available this is not universally true with regard
to altitude, mean temperature, rainfall, soil characteristics, ex-
pected phenology during the growing season, moisture stress
and photoperiod at flowering. Therefore, the material was
broadly categorized into seven main groups: Group I - north-
ern region (including accessions from Uttar Pradesh, Himachal
Pradesh, Punjab, Jammu & Kashmir), Group II - central region
(accessions mainly from Madhya Pradesh and Maharashtra),
Group HI - southern region (comprising accessions from
Andhra Pradesh, Tamil Nadu, Karnataka and Kerala), Group
IV - eastern region (accessions from Bihar, West Bengal and
Orissa), GroupV - northeastern region (accessions from parts
of northeastern India), Group VI — western region (including
parts of Maharashtra and Gujarat) and Group VII - arid region
(accessions from Rajasthan and parts of Gujarat). The acces-

sions were grown in two-row plots of 3 m row length with a
row-to-row spacing of 50 cm and plant-to-plant spacing of 15
cm in an augmented block design. The material was grown in
83 blocks of 50 accessions each with two controls, replicated
and randomized throughout the blocks. Final analysis was
performed on a set of 3129 accessions (including 1207 acces-
sions from the central region, 640 accessions from arid regions,
465 accessions from northern regions, 351 accessions from
southern regions, 131 accession from western regions, 233 ac-
cessions from eastern regions and 102 from northeastern re-
gions) after eliminating apparent duplicates and certain other
accessions with incomplete passport data.

Data were recorded for a set of 19 distinct descriptors
(Table 1) on five randomly selected plants per accession.
The adjusted treatment (accession) means from the aug-
mented design analysis were standardized to mean 0 and
standard deviation 1. A range of variation for both qualita-
tive and quantitative descriptors, and correlations between
pairs of various quantitative and qualitative descriptors
were studied.

A set of 362 accessions was randomly selected from the
whole collection, with proportionate representation from
different zones. From these 362 accessions, a set of 100
accessions with maximal diversity was finally selected us-

Table 1. Range of variation in quantitative characters and predominance of qualitative descriptor states of the

whole sesame collection

Variables Min. Max. Mean cv Skewness
1 Days to flower 31.00 70.00 41.94 11.83 1.49**
2 Days to maturity 69.00 130.00 98.62 8.38 -0.07*
3 Plant height 22.30 120.30 82.47 19.66 -0.67
4 Capsules per plant 2.00 84.00 18.81 50.08 1057
5 Seeds per capsule 10.00 98.00 57.57 20.67 -0.34**
6 100-seed weight 0.07 0.47 0.32 15.62 -0.52**
7 Yield per plant 0.05 8.00 1.10 68.18 1.89*
8 Branching habit Predominantly with moderate

habit (83.72%)

9 Stem hairiness Predominantly sparse (96.09%)
10 Flower colour Predominantly white with deep

violet/purple shading (66.78%)

followed by white with light

violet/purple shading (22.52%)

11 Corolia hairiness Predominantly hairy (58.69%)
followed by glabrous to light
hairy (31.81%)

12 Intemode length Medium (68.90%), low (31.00%)

13 Capsule shape Broad oblong (58.73%), narrow
oblong (41.27%)
14 Density of capsule hair Predominantly hairy type (83.15%)
15 Number of capsule One(68.08%), more than
per leaf axil one (31.92%)
16 Number of locules Predominance of four loculed
per capsule capsules (92.36%)
17 Capsule length Small (60.04%), medium (47.08%)
18 Seed colour Predominantly white (55.14%)
followed by brown (17.70%), red
(17.37%) and black (10.30%)
19 Incidence of Predominance of moderate to

Phyllody disease

high susceptibility

P (<0.01).
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ing principal components score strategy (Hamon et al. 1995;
Mahajan et al. 1996; Bisht et al. 1998). We ensured that these
100 accessions were, to a large extent, representative of the
whole spectrum of diversity of the entire collection from
different zones. The accessions were grown at two NBPGR
locations, Delhi and Akola, and a detailed multivariate
analysis was performed. Different hierarchical clustering
techniques viz. single linkage, complete linkage,
unweighted pair group arithmetic averaging (UPGMA) and
Ward’s minimum variance technique were tried to classify
the accessions into discrete clusters (Romesburg 1984). Or-
dination of the accessions was carried out by using principal
components analysis (PCA). The INDOSTAT statistical
package developed at INDOSTAT Services, Hyderabad, In-
dia was used for classification and ordination analysis.

Stratification of germplasm accessions in groups of
diversity

A computer programme was developed to allocate the entire
collection (3129 accessions) in different clusters (obtained on
the basis of 100 selected accessions). The distribution pattern of
accessions from various zones in different clusters based on
major character associations was studied and used for stratifi-
cation (grouping) of germplasm accessions for sampling the
entries for developing a core collection.

Computation of population Shannon Diversity Index
Data on 19 characters, both qualitative and quantitative,
were used to estimate the SDI (Shannon and Weaver 1963).
Quantitative characters were converted into qualitative de-
scriptors by making frequency classes for computation of a
diversity index.
Consider a population of N accessions spread over dif-
ferent descriptor states of each of the d qualitative descrip-
tors. Let there be k, (i=1,23,....,d) states for the it descrip-
tor. Denote N, for the number of accessions associated with
jtt descriptor state of the ith descriptor such that X N, =NVi.
Then P;;= N, /N denote the proportion of accessions {Jelong-
ing to the jth descriptor state of the ith descriptor. Thus the
population Shannon Diversity Index (SDL) for the ith de-
scriptor is
SDIL = - %, P; log, Py

and the population diversity index is
SDI =%, SDI,
= 221 Pij log, b

Estimation of SDI
Simple Random Sampling Without Replacement (SRSWOR). A
simple random sample of size n is drawn by SRSWOR from
N accessions. The frequency distribution of these n units
over descriptor states for each of the descriptors is com-
puted. Let py (i=123,...d; j=12,...k;) denote the sample
proportion of accessions for jth state of the ith descriptor.
Then an estimate of SDI is
sdi =- %3 pj log. p;

Due to the complex nature of sdi, it is difficult to judge

its unbiasedness. However, sdi is a consistent estimate of

SDL. For computation of E(sdi) and V(sdi), 100 repeated
independent random samples of size n by SRSWOR were
drawn from the population and sdi, average sdi and vari-
ance among sdi values were computed. Then mean square
error (MSE) of sdi is

MSE (sdi) = V(sdi) + bias? (sdi)
where bias (sdi) = E(sdi) - SDI
and then 95% confidence interval (CI) can be computed.

Stratified random sampling. Let the population of N units be
grouped into k strata with size {Ng}, s =1,2,...k for the sth
stratum such that YN, =N. Samples of sizes {n,} are drawn
independently by SRSWOR from the sth strata such that ¥
n, = n. Assuming the accessions in a stratum constituting the
entire population, SDI is computed for the sth stratum. Then
SDIst, the pooled SDI, over different strata, is defined as
SDIst =¥, W, SDI,
Where W is the weight attached to the sth stratum and SDI
is the SDI for the sth stratum. The weights W, are to be
selected such that SDIst = SDI. The weights Wy are chosen by
the researcher on the basis of past experience. In the absence
of any idea about the weights, the following three set of
weights were considered:
Equal weights: equal weights being attached to each of the k
strata, i.e. Ws =1/k V's.
Proportional weights: weights being proportional to the size
of the strata, i.e. W o< N, = W, = N,/N for the sth stratum.
Proportional to stratum diversity: weights being proportional
to diversity in the sth stratum, i.e. Wy« SDI, = W, =SDI,/
Y. SDL.

The set of weights for which SDIst = SDI was considered
for estimation of population diversity. Let it be W’ for sth
stratum. Let (sdi)g, be the sample diversity index for the sth
stratum, then the estimator of SDI is

(sdi ) & =2 s W'y (sdli)gss

The researcher may select another set of weights on the
basis of his past experience about the importance to be
attached to different strata. In situations where it is not
possible to choose W, (sdi)s; will be an unbiased estimate of
SDIst but a biased estimate of SDL

Allocation strategies

Assuming that the sampling fraction (5, 10, 15, 20, 30%) is
fixed in advance, the following six allocation strategies were
compared.

Strategy I (P strategy). The number of accessions sampled
from different strata are directly proportional to the size of
the strataie. n o N_ .

Strategy II (C strategy). Equal number of accessions i.e., ny =
ny=ng../; = n/k are selected from each stratum

Strategy III (L strategy). The number of accessions sampled
from different strata are directly proportional to the loga-
rithm of the size of the strata, i.e. n = log . N,

Strategy IV (G strategy). The number of accessions sampled
from different strata are directly proportional to the diver-
sity in the stratai.e, ng < SDI

Strategy V (GP strategy). The number of accessions sampled
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from different strata are directly proportional to the product
of size and diversity in the strata i.e., nge< Ny SDI
Strategy VI (GL strategy). The accessions from different strata
are directly proportional to the product of diversity and
logarithm of the size of strata i.e., (SDI) g log . N

For obtaining the expectation, MSE of (sdi); and the
corresponding CI the procedure adopted was the same as in
SRSWOR with bias being given by
Bias((sdi)s; ) = E((sdi)s;) - SDIy

Results
Studies on the whole collection revealed significant differ-
ences for all the quantitative variables except yield per plant.
Block differences were also found to be significant for all
other variables except yield. Therefore, the treatment means
were adjusted for the block effects for further analysis.

The range of variation with regards to seven quantita-
tive descriptors and predominance of descriptor states (fre-
quencies) for 12 qualitative descriptors are presented in

Table 2. List of selected accessions with source

S.no Accessiont State S. no. Accession State

1 NIC-16245 (1) Andhra Pradesh 51 1C-132090 (7) Maharashtra
2 NIC-16227 (3) Andhra Pradesh 52 IC-132033 (1) Maharashtra
3 NIC-08009 (4) Andhra Pradesh 53 IC-131798 (6) Maharashtra
4 NIC-07934 (3) Andhra Pradesh 54 IC-131783 (5) Maharashtra
5 NIC-07929 (3) Andhra Pradesh 55 IC-132449 (5) Maharashtra
6 NIC-07925 (5) Andhra Pradesh 56 NIC-08874 (2) Maharashtra
7 NIC-07921 (3) Andhra Pradesh 57, IC-132541 (5) Maharashtra
8 NIC-16153 (7) Andhra Pradesh 58 IC-132128 (6) Maharashtra
9 IC-096222 (1) Andhra Pradesh 59 IC-006168 (6) Maharashtra
10 IC-132293 (2) Arunachal Pradesh 60 NIC-09972 (1) Maniipur

11 NIC-14723 (2) Assam 61 NIC-09985 (3) Nagaland

12 NIC-14726 (1) Assam 62 NIC-09986 (2) Nagaland

13 NIC-14833 (2) Assam 63 NIC-09999 (1) Nagaland

14 NIC-14829 (2) Assam 64 NIC-09998 (1) Nagaland

15 NIC-14714 (1) Assam 65 NIC-09980 (4) Nagaland

16 NIC-14729 (2) Assam 66 NIC-09982 (1) Nagaland

17 NIC-10618 (6) Bihar 67 NIC-09995 (2) Nagaland

18 NIC-10628 (5) Bihar 68 NIC-17386 (1) Orissa

19 IC-096127 (5) Bihar 69 NIC-17354 (3) Orissa

20 IC-096128 (4) Bihar 70 NIC-17363 (1) Orissa

21 1C-043203 (5) Gujarat 71 NIC-17384 (4) Orissa

22 IC-043135 (5) Gujarat 72 IC-056151 (5) Orissa

23 NIC-08579 (3) Gujarat 73 IC-096021 (5) Orissa

24 NIC-08528 (7) Gujarat 74 IC-131496 (7) Punjab

25 NIC-08543 (7) Gujarat 75 IC-014130 (6) Rajasthan

26 NIC-17281 (5) Himachal Pradesh 76 NIC-08388 (7) Rajasthan
27 NIC-09840 (1) Karnataka 77 IC-131986 (1) Rajasthan

28 NIC-09845 (1) Karnataka 78 NIC-08481 (4) Rajasthan
29 NIC-09861 (3) Kerala 79 NIC-08356 (5) Rajasthan

30 NIC-09866 (4) Kerala 80 iC-043230 (6) Rajasthan

31 NIC-09874 (3) Kerala 81 NIC-08380 (7) Rajasthan
32 NIC-09863 (2) Kerala 82 NIC-17846 (3) Rajasthan
33 NIC-09868 (3) Kerala 83 NIC-17494 (7) Rajasthan
34 IC-052619 (4) Madhya Pradesh 84 NIC-17886 (6) Rajasthan

35 IC-052594 (1) Madhya Pradesh 85 NIC-17857 (7) Rajasthan

36 IC-063608 (1) Madhya Pradesh 86 NIC-17880 (7) Rajasthan

G IC-052573 (1) Madhya Pradesh 87 NIC-17847 (1) Rajasthan

38 1C-021699 (1) Madhya Pradesh 88 NIC-17472 (4) Rajasthan

39 IC-041961 (1) Madhya Pradesh 89 NIC-13601 (3) Tamil Nadu
40 iC-023340-1 (5) Madhya Pradesh 90 IC-073517 (5) Tamil Nadu
41 iC-023314 (1) Madhya Pradesh 91 IC-132262 (6) Tripura

42 IC-132669 (5) Maharashtra 92 NIC-07831 (5) Uttar Pradesh
43 IC-132584 (6) Maharashtra a3 NIC-16345 (5) Uttar Pradesh
- IC-132139 (7) Maharashtra 94 NIC-07786 (7) Uttar Pradesh
45 1C-019247 (5) Maharashtra a5 NIC-16355 (1) Uttar Pradesh
46 IC-131604 (1) Maharashtra 96 NIC-07819 (5) Uttar Pradesh
47 NIC-08242 (4) Maharashtra 97 NIC-07785 (6) Uttar Pradesh
48 NIC-08291 (7) Maharashtra 98 NIC-09886 (3) West Bengal
49 IC-132126(7) Maharashtra 99 NIC-09897 (4) West Bengal
50 IC-000498-1 (6) Maharashtra 100 NIC-09899 (4) West Bengal

T Numerals in parenthesis represent the cluster numbers.
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Table 1. Wide variation was found for all the quantitative
variables. The coefficient of variation was more than 20% for
yield per plant, capsules per plant and seeds per capsule,
indicating skewed distribution both positive and negative.
Accessions differed in height and the extent and number of
branching. In some types, the basal branches appeared very
low on the stem and the branches produced numerous later-
als and the plants appeared bushy. In other types, the sec-
ondary branches appeared high up on the stem and did not
form any laterals, therefore, the plants looked open in habit.
Some types, particularly those from arid zones with three
flowers in the axil, had few or no branches. Greater height
was observed inlate, single flowered, many branched forms.
Hairy stems in accessions from south zones and very pro-
fusely hairy stems and leaves in accessions from northeast-
ern regions were recorded. The flowers exhibited a fair
range of colour and are solitary in the majority of cases.
However, two to three flowers in a leaf axil were observed
in accessions from arid zones, and also from central and
northwestern regions. Accessions from northeastern regions
and a few from eastern and southeastern zones flower and
fruit late in the season and showed photoperiodic response.
They tend to produce excessive vegetative growth while
reproduction is suppressed.

The capsules vary in their shape, size and number in the
axil of a leaf and were hairy in the majority of cases. In a
capsule, the number of locules ranged from four to eight,
sometimes even more. Accessions from northeast and south-
ern regions were invariably four loculed. A fair representa-
tion of four, six and eight-loculed capsules, usually borne
singly in the leaf axil, was recorded mainly in accessions
from arid, central and eastern regions. Relatively larger
sized capsules were recorded in accessions from central,
arid and northwestern regions. Accessions from northeast
and south had narrow oblong capsules.

Seed colour varied from white to various shades of
brown and grey to black or red. Seeds in accessions from the
northeast were predominantly black, from eastern regions
brown to black and from the south predominantly red or
reddish brown. Accessions from other regions were pre-
dominantly white seeded. Seed size also varied from small
tolarge. Accessions from the northeast were invariably small
seeded. A low incidence of phyllody was observed in collec-
tions from the northeast whereas from other regions suscep-
tibility varied from medium to high.

A significantly high and positive correlation was observed
between days to flowering and maturity. Days to flowering
were negatively correlated with plant height, capsules per plant,
seeds per capsule, 100-seed weight and yield per plant. Plant
height was positively and significantly correlated with cap-
sules per plant, seeds per capsule, 100-seed weight and yield.
Capsules per plant were significantly and positively correlated
to seeds per capsule, 100-seed weight and yield and mean seed
weight was also positively correlated with yield per plant.
High and significant correlations between various qualitative
descriptors viz. branching habit, capsule characteristics, seed
colour, etc. were recorded. Accessions with a non-branching
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Fig. 1. Ward's minimum variance dendrogram of 100 accessions.
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habit were early maturing, had a low number of capsules/
plant, were broad oblong in shape, and had two to three cap-
sules per leaf axil with predominantly white seed colour and
bold seeds.

Clustering of 100 selected accessions (Table 2) revealed
that Ward’s minimum variance technique was found to be
most suitable in classifying accessions in discrete and well-
defined clusters. The dendrogram of 100 accessions is pre-
sented as Figure 1. Table 3 summarizes the number of clus-
ters in different ranges of average Euclidean distance coeffi-
cients in order of decreasing width of the range. We had a
choice of three, five and seven clusters as the wide range
indicates that clusters are well separated in the attribute
space. The tree was cut at the range of 15.25 < d < 16.70 to
produce classes that are maximally related to other specific
variables of interest and served our purpose better. The
accessions were, therefore, grouped into seven clusters.

Table 3. Number of ciusters for different ranges of
average euclidean distance coefficients (d) for the
dendrogram shown in Fig 1

Number of Range Width of
clusters the range
3 19.25 < d<21.75 2.00

5 17.00< d< 18.75 1.76

7 15.25 < d < 16.70 1.45

10 13.70 < d< 15.00 1.30

4 18.75 <d< 19.75 1.00

6 16.70 < d< 17.00 0.30

8 15.00 < d< 15.25 0.25

Critical examination of the clusters revealed that clusters
were homogenous within themselves and heterogeneous
between each other based on major character associations.
Cluster I contained maximum accessions (23) followed by
cluster V (19), VII (14), III (13), IV (11), VI (11) and II (9).
Table 4 gives cluster means for various quantitative descrip-
tors and predominant qualitative descriptor states for each
cluster. The clusters were characterized as follows:

Cluster I: Cluster I comprises accessions with low plant
height, late maturity, small seeds, low number of seeds per
capsules, predominantly black in colour, highly pubescent
corolla and stem.

Cluster II: Cluster I was mainly characterized by accessions
with a high branching habit, very small seed predominantly
black, highly pubescent stem and corolla, low internode
length and low incidence of phyllody.

Cluster III: Accessions in cluster III were characterized with
light purple flowers, relatively more capsules per piant,
highly branched stems, early flowering and maturity, and
red seed colour.

Cluster IV: Cluster IV was mainly characterized by acces-
sions with a highly hairy corolla, moderate branching habit,
small capsules broad oblong in shape, and a predominance
of red and brown seeds.

Cluster V: Accessions with a light purple flower, narrow
oblong capsules highly hairy; mainly one capsule per leaf
axil, fair representation of four, six and eight locules per
capsule, capsules medium to long in size, bold seeds, a large
number of seeds per capsule black/brown in colour and a
high incidence of phyllody.

Tabie 4. Means of various quantitative descriptors and predominance of qualitative descriptor states for various

clusters of 100 selected sesame accessions

Variable Cluster i Cluster 1l Cluster Ill Cluster IV Cluster V Ciuster VI Ciuster Vii
Days to flowering 49.95 48.00 4223 42.82 40.21 38.55 40.07
Days to maturity 103.61 96.33 92.39 94.36 96.84 101.09 98.36
Plant height 61.09 70.70 83.78 78.06 84.93 101.09 98.36
Number of capsules 12.44 16.22 23.23 16.18 18.95 28.82 12293
per plant
Number of seeds 48.87 53.11 54.85 52.36 58.90 67.36 47.85
per capsule
100-seed weight 0.26 0.23 0.30 0.28 0.33 0.34 0.34
Branching habit Moderate High High Moderate Moderate Low Low
Stem hairiness Sparse Very hairy Sparse Sparse Sparse Hairy Sparse
Corolla hairiness Light hairy  Hairy Light hairy ~ Very hairy Hairy Hairy Hairy
Flower colour White with  White with ~ White with ~ White with ~ White with ~ White with ~ White with
deep purple deep purple light purple  deep purple light purple  deep purple deep purple
shading shading shading shading shading shading shading
internode length Medium Low Medium Medium Medium Low Low
Capsule shape Narrow Narrow Narrow Broad Narrow Broad Broad
oblong oblong oblong oblong oblong oblong oblong
Density of capsule hair High High Low Sparse High High Sparse
Capsules per leaf axii  One One One One One Two to three Two to three
Locules per capsule Four Four Four Four Four Four Four
and more and more and more and more
Capsule length Smali Small Smali Small Medium Long Medium
Seed colour Black Black Red Red/brown  Brown/black White White
Incidence of phyllody Low to Low Low to High High High High
medium medium




groups. In some cases the pairs of ac-
cessions originating from the same lo-
cation fall into tight groups within
clusters whereas in other cases, al-
though they are from the same loca-
tion, they are far apart in ordination.
Cluster VI and VII, and 1 and II fall
close together in ordination. Cluster I1I
formed a distinct group. Accessions in
clusters IV and V were well dispersed

42 Plant Genetic Resources Newsletter, 1999, No. 119 Supp.
2
15 +
1
05 l
H
§ o
E
3
% 05+ s
E
=1

o u-" T\

-3 -2 -1 0 1
Principal Component 1

Fig. 2. Principal components analysis ordination of 100 accessions. The encircled
accessions indicate the groups (clusters) obtained through cluster analysis (Fig.1).

Table 5. Representation of entire accessions from different zones in
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in the two-dimensional space and
showed overlapping.

An almost similar pattern was re-
vealed when the whole collection was
allocated to different groups (Table 5).
Cluster V, VII and I comprised the
maximum number of accessions i.e.
1062, 965 and 555 accessions, respec-
tively, with the majority of the acces-
sions from north, central, west and arid
zones. Cluster III and IV had maxi-
mum representation from south and

2 3

various clusters east. Cluster II had major representa-
Clusters North Central South East Northeast = West Arid iy fesr Ko Yotthesst. Clsten ¥ veas
represented from almost all zones.
I 68 333 34 28 18 10 64 Based on major character associations,
I 5 3 2 2 38 = = accessions from north, central, arid and
4 5 5 > e 19 ' 3 west zones were grouped mainly in
v 8 6 190 85 12 5 7 :
v 239 478 51 49 10 55 180 clusters I, V and VII. Accessions from
Vi 21 8 7 12 4 2 12 these zones show a high degree of ge-
Vi 124 374 8 23 ) 59 372

Cluster VI: Accessions very early in flowering, predomi-
nantly tall non-branching and indeterminate, relatively
more capsules per plant, two to three capsules per leaf axil
and white seed colour.

Cluster VII: Accessions early flowering, fairly good repre-
sentation of non-branching types, low internode length,
medium to tall plant height, capsules broad oblong in shape,
predominance of two to three capsules per leaf axil, cap-
sules medium-long in size and bold seeds predominantly
white in colour.

The clustering pattern on 100 selected accessions re-
vealed that accessions from northeast, east and southern
zones formed distinct groups. Cluster Il contained the ma-
jority of the accessions from the northeast. Accessions from
the south were grouped in clusters III and IV while acces-
sions from the eastern region were grouped in cluster IV.
Accessions from all other zones did not form distinct groups
and showed overlapping mainly in clusters I, V, VI and VIL

The use of Principal Components Analysis (PAC) re-
vealed that only the first three principal components (PC)
had Eigen values of more than 1 and accounted for 26.18,
15.10 and 14.90% of total variation individually and 56.18%
altogether. Fig 2 presents the scatter plot of PC scores for the
first two PCs. In general the PCA result confirmed those
obtained by cluster analysis, though it did not form robust

netic similarity and overlapping.
Therefore, three major diversity
groups and 12 groups altogether could be formed from
these four zones. While adopting a subjective approach cer-
tain minor groups were readjusted /merged and finally 20

Table 6. Diversity group size and their Shannon
Diversity indices (SDI)

Diversity group No. of accessions SDI

1 333 11.65
2 59 12.00
3 60 11.76
4 142 12.00
5 50 13.82
6 66 14.43
7 211 9.43
8 65 13.83
9 100 12.31
10 235 9.26
Lk 470 10.81
12 200 11.92
13 65 10.78
14 37 10.07
15 66 13.36
16 124 10.62
17 395 11165
18 402 11.89
19 28 1175
20 22 8.58
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Table 7. Shannon Diversity Index and its statistical parameters for simple random sampling and other allocation

strategies
Sample Statistical Simple Stratified sampling allocation strategies
size parameters random
sampling | I m v Y Vi

5% SDI 9.66 7.55 9.60 9.59 9.62 7.83 9.87

%SDIt 68.23 51.68 65.66 65.59 65.82 53.61 67.51

MSE 29.60 8.20 4.90 4.94 4.78 7.62 412

Cl 1.00-20.32  1.94-13.16 5.26-1393 5.23-13.94 5.33-13.90 2.42-13.24 5.88-13.86
10% SDi 11.34 9.66 10.75 10.65 10.99 9.71 11.05

%SDI 80.15 66.14 73.58 72.82 75.24 66.47 75.58

MSE 12.86 4.59 1.12 1.35 1.02 437 0.95

Gl 4.31-18.37 5.47-13.86 8.68-12.83 8.38-12.93 9.02-12.97 5.61-13.81 9.14-12.96
15% SDI 12.59 10.35 - 11.12 11.18 10.41 11.28

%SDI 86.12 70.80 - 76.07 76.49 71.24 77.15

MSE 5.88 213 - 0.47 0.39 1.96 0.29

Cl 7.84-17.34 7.49-1321 - 9.77-12.47 9.92-12.41 7.66-13.15 10.23-12.33
20% SDI 12.88 10.71 - 11.38 11.37 10.79 11.58

%SDI 88.12 73.96 - 77.90 77.83 73.81 79.21

MSE 3.13 1.21 - 0.18 0.19 1.04 0.14

Cl 11.15-18.09 8.55-12.86 - 10.55-12.22 10.52-12.23 8.78-12.79 10.85-12.31
30% SDI 13.70 11.16 - 11.55 11.56 11.19 11.62

%SDI 93.72 76.36 - 79.03 79.10 76.62 79.48

MSE 1.00 042 - 0.07 0.06 0.37 0.05

Cl 11.74-15.66 8.82-1243 - 11.04-12.06 11.08-12.03 10.00-12.39 11.18-12.06

T SDI expressed as percentage of population SDI.

distinct groups were formed using information primarily
on passport data (Table 6).

The population SDI was recorded to be 14.62. The SDI
from stratified sampling with weights proportional to (i)
size of strata, (ii) equal weights and (iii) diversity in the
strata was found to be 11.36, 11.59 and 11.82, respectively.
SDI with weights proportional to diversity was the highest
but not very close to the population SDI. In the absence of
any knowledge of W, the weights proportional to diversity
were used to compare alternative sampling allocation strat-
egies in stratified sampling.

SDI of different strata are presented in Table 6. From this
it is evident that diversity in different strata is not uniform
but ranges from 8.58 to 14.43. Diversity was at a maximum
in stratum 6 (14.43) followed by stratum 8 (13.83) and 15
(13.36). It varied from 10 to 12 in the remaining strata except
7,10 and 20 where the SDI was observed to be 9.43, 9.26 and
8.58, respectively. SDI was comparatively higher in small
groups than in large groups.

Comparison of different sampling strategies is presented
in Table 7. In strictly random sampling, the diversity varied
from 68.23 to 93.72% for a sample size of 5 to 30%. The mean
square error (MSE) varied from 1.00 to 29.60. The width of
the confidence interval decreased with increase in sample
size. There was considerable increase in %SDI for all sam-
pling strategies from 5 to 10% sample fraction. Thereafter,
there was no substantial increase in the %SDI with increas-
ing sample size. A comparison of MSE clearly indicates that
the genetic diversity dependent strategy, particularly IV
and VI, always performed better in comparison to all other

strategies. For equal allocation strategy it was not possible
to go beyond 10% sample size. Strategy VI was consistently
superior to other strategies with least MSE and a narrow
95% confidence interval for different sample sizes consid-
ered. Strategy I with %SDI ranging from 51.68 to 76.36% was
a poor performer with highest MSE for different sampling
fractions. A 10% sample fraction was, therefore, found ap-
propriate for the development of the sesame core set as it is
likely to serve both the objectives of germplasm manage-
ment and utilization.

Discussion

Assessment of genetic diversity gives the breeder an oppor-
tunity to take up a hybridization programme for specific
agro-ecological conditions and situations, keeping in mind
the appropriate plant type for the situation. A plant form
with medium height, short internodes, good branching at
acute angles starting at lower height on stem, synchronous
flowering, and multicapsular and multilocular habit should
be arrived at (Sharma 1994). Knowledge of photo- and
therm-sensitivity is also important and will permit incorpo-
ration of sesame in multiple cropping systems. Genotypes
with good emergence ability, seedling vigour, resistance to
seed and seedling rot diseases and ability to to combat
diseases and pests late in the season are desirable. As the
world production of sesame has to be maintained and even
expanded, several key breeding objectives must be main-
tained These are yield potential and harvest index, seed
retention, uniform maturation through determinate habit,
and resistance to diseases. By utilizing genetic diversity, it is
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possible to improve productivity of existing sesame culti-
vars. Earlier studies conducted by Kashi Ram (1930),
Hiltebrandt (1932), Ali Mohammad & Alam (1932), Sen
Gupta and Payne (1947), Sen Gupta and Sen (1947) and
Ghosh (1955) give a detailed account of variability in mor-
phological characters of sesame.

Clustering of selected 100 accessions using Ward’s method
placed the accessions into seven major groups. Accessions from
the northeastern, southern and eastern regions of India formed
distinct groups and the results indicated that the accessions had
distinct morphological and agronomic traits. On the other hand,
accessions from other zones did not seem to contribute a sepa-
rate set and had a relatively high degree of genetic similarity or
overlapping. Distinct subgroups within the main groups could,
however, be identified based on microclimatic differences
within zones. The distinctness of these subgroups is more
prominently reflected in the PCA ordination. Cluster I formed
one big tight group and the rest of the accessions revealed
overlapping with clusters Il and IV in the two dimensional
space. Accessions in cluster IT were relatively more dispersed in
ordination. Cluster III formed two distinct subgroups in ordi-
nation. Cluster IV formed one major group and other acces-
sions were well dispersed and showed overlapping with clus-
ters I and V. Cluster V also formed two major groups far apart
in ordination. Clusters VI and VII formed one major group each
and were close to each other in ordination. The PCA, in general,
confirmed the groupings obtained through cluster analysis. We
cannot, however, expect robust groupings as the accessions are
representative of the whole range of diversity of the entire
collection. Consequently the variation explained by the first
principal component axis are capsule shape, capsule per leaf
axil and seed colour. Traits that separate accessions along the
first principal component axis are capsule shape, capsule per
leaf axil and seed colour. Traits that separate accessions along
the second component are density of capsule hair, flower colour
and corolla hairiness. Traits separating accessions along the
third principal components axis are internode length, capsule
length and locules per capsule.

A good core collection needs to define genetic diversity
groups precisely. To build up the core collection of Indian
sesame collection we used the database with passport and
characterization data. Passport data are systematic and in-
clude mainly the origin, site and type of collected material.
Charaterization data include mainly morphological and ag-
ronomic data. Combined use of agro-ecological and charac-
terization datahave also been reported to establish the CIAT
Phaseolus vulgaris core collection (Tohme et al. 1995). Charac-
terization data have also been used to develop a core collec-
tion of Sorghum vulgare (Prasada Rao and Rao 1995).

Allocation of the entire collection (3129 accessions) in
seven clusters based on a clustering pattern of 100 selected
accessions (representing different zones) results in group-
ing the accessions based on major character associations.
Depending upon the size of the accessions representing
various zones in different clusters, we had the opportunity
to form distinct diversity groups making use of both pass-
port and characterization data, and to select accessions from

these groups to build up the core collection using suitable
sampling strategies. In the present study, both agro-ecologi-
cal passport data on origin of accessions and clustering
technique based on phenetic analysis of individual acces-
sions have been used to stratify accessions in diversity
groups (Bisht ef al. 1998).

To obtain a core sample the sampling strategy should
maximize the diversity in the sample while attempting to
reduce the redundancy of identical genotypes (Frankel and
Brown 1984). Genetic diversity, however, is not randomly
distributed over plant populations. It has a structure that
can generally be summarized in a hierarchical model (van
Hintum 1995).

A commonly used measure of diversity is the Shannon
Diversity Index and this, pooled over different descriptors,
has been considered as a measure of diversity. It gives larger
values when more descriptor states are present, and other
things being equal, it gives larger values when descriptor
states are common than when some are common and others
are rare. However, it is rarely affected by inclusion or exclu-
sion of rare descriptor states in the sample (Emlen 1973).
This is a desirable attribute in some contexts but in a core
collection rare descriptor states are of considerable impor-
tance and need to be included with a subjective approach
wherever possible.

In stratified sampling, weights are required to be at-
tached to different strata in view of their relative importance
over one another based on the degree of diversity in the
different strata. All the weights are equal when the strata
have equal variability and then stratification is as good as
random sampling. Stratification is done when sampling
units are heterogeneous with regards to characters of inter-
est. Pooling of results over different strata is done so that the
resulting SDI is approximately equal to the population SDIL
In development of SDI for stratified sampling, unweighted
estimates are considered. Due consideration for suitable
weights is a practical necessity. Therefore, weights are con-
sidered here on the basis of closeness of pooled estimates to
the population value. As with weights proportional to di-
versity the SDI; is closer to population SDI, these weights
formed the basis of comparison of different sampling strate-
gies in stratified sampling.

In the present study, sampling through stratification
based on well-identified diverse groups was more efficient
than simple random sampling. To overcome the problem of
giving undue higher weights to large groups, likely to con-
tain a higher level of genetic redundancy, Growth and Roelfs
(1987) and Brown (1989b) suggested that the number of
accessions drawn should be in proportion to the logarithm
of the frequency in each group (L strategy). The C strategy
gives each group equal weighting and biases the core in
favour of small groups. The P strategy considers a fixed
proportion of each group so that the group is represented in
the core in proportion to the frequency in the group. Clearly
this strategy is biased towards large groups (Brown 1989b).
The P strategy is likely to perform better when diversity is
distributed according to the size of groups, which in prac-
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tice rarely occurs. The C strategy is likely to perform better
than the P strategy when diversity is concentrated in smaller
groups. In other situations, constant allocation can be infe-
rior to simple random sampling.

The genetic diversity dependent (G) strategy proposed by
Yonezawa et al. (1995) takes into consideration the diversity in
different groups irrespective of their sizes. It has been empha-
sized that this strategy is always better when the diversity in
different groups is known. This directed us towards the devel-
opment of some other intermediate strategies. Therefore, in the
present study two more probable diversity dependent strate-
gies, GL and GP, were also considered to take care both of
group sizes and the level of diversity (Mahajan ef al. 1999). We
find that the GL strategy performed better than the G and GP
strategies. The GL strategy is more appropriate when one en-
counters situations with different levels of diversity and suffi-
ciently large strata sizes, while GP is likely to perform better in
situations where groups are small and diversity is unevenly
distributed within groups. In the last three strategies, we come
across situations where the diversity in certain strata is very
large and the corresponding strata size is small enough. Then
ny is likely to be greater than N,. In such situations we take n,=
N,. Apart from the above-suggested strategies, other sampling
strategies could be applied to develop a core collection but their
performance will depend upon the species, the composition
and distribution of diversity in a collection, and the type of
characters of interest (Spagnoletti Zeuli and Qualset 1993).

While comparing various sampling strategies on durum
wheat, Spagnoletti Zeuli and Qualset (1993) found that the
three strategies: (i) random stratified by geographic origin
with P strategy, (ii) random stratified by geographic origin
with L strategy, and (iii) random stratified with canonical
variables, produced the desired effect of increasing frequen-
cies from the less representative countries of origin. Diwan
et al. (1994) proposed random sampling and classified the
accessions of annual Medicago species-wise and accessions
within species countrywide. Sampling within species was
done by cluster analysis on agronomic and morphological
traits. Basigalup et al. (1995) classified accessions of peren-
nial Medicago plant introductions according to country of
origin and eight sampling strategies were compared.

Two methods, combined cluster analysis based on princi-
pal components within each geographical group with random
selection of entries within each cluster and direct selection of
entries within each geographical group, were judged to be the
best strategies for designating the core collection. Charmet and
Balfourier (1995) compared SDI averaged over 200 samples
generated by computer simulations using various proportions
for sampling methods. The clustering method based on agro-
nomic traits with geographic contiguity constraints was better
than others. A random sample of 5% of accessions maintained
86% of diversity while a clustering method based on
geostatistics gave the best results with 92% of the variation
being maintained in 5% of the core sample.

Considerable increase in %SDI was observed when the
sample fraction increased from 5 to 10%. No substantial
increase was observed beyond a 10% sample fraction. Brown

(1989a) also proposed an optimum sample size of 10%. Ap-
plying Ewen’s theory, Brown (1989a) showed that the frac-
tion of alleles retained from a population increased rapidly
as the sample fraction increased to 0.1, but rather slowly
after it surpassed 0.1. This is similar to the findings in the
present study in all the sampling strategies tested.

On the basis of the theoretical model, Yonezawa ef al.
(1995) showed that the optimum sample fraction depends
upon various genetic and resource parameters, primarily on
the degree of genetic redundancy among accessions com-
prising the whole collection and the amount of resources
available for maintenance of the core collection. The opti-
mum sampling fraction was large, with a lower redundancy
among accessions or a lower initial allelic diversity within
accessions, indicating that a large sample fraction is better in
species with a large selfing rate. A 20-30% sample was esti-
mated to be appropriate in situations where accessions in
the collection are neither very heavily nor very lightly re-
dundant in terms of diversity.

The establishment of patterns and classification of genetic
diversity within the germplasm surveyed through the employ-
ment of uni-, bi- and multivariate analysis has enabled clear
groupings to be identified. The resulting information is useful
in improving understanding of the diversity within the collec-
tion and how it is structured. Morphometric characters under-
lying these groups provide a useful aid in helping to target the
search for new germplasm in order to augment the genetic base
for breeding programmes required for future crop improve-
ment. Also, the stratification of germplasm accessions into dis-
tinct diversity groups will enable curators to select accessions
for forming a core collection. Based on the above discussion, it
is evident that a suitable choice of weights and the selection of
an appropriate sampling allocation strategy, together with an
optimum sampling fraction, are essential in capturing the maxi-
mum diversity.

In the present study, the weights proportional to diver-
sity in various strata, sampling allocation strategy with
sample size directly proportional to the product of diver-
sity, and logarithm of the strata size and 10% sample frac-
tion are appropriate for the development of a sesame core
set which can serve both the objectives of germplasm man-
agement and utilization.
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Summary

Estabiishment and development
of sesame germplasm core
collection in China

A core collection was established from
the whole collection of sesame germ-
plasm resources in China. Sets of 50 ac-
cessions were randomly selected from
the 4251 accessions. Different hierarchi-
cal clustering procedures were used with
data on 14 traits and the accessions were
grouped into seven ecotypes. The whole
collection was then divided into 14
groups according to three levels of strat-
ification: origin, varietal type and
ecotype. In this way 884 accessions were
pre-selected from the whole collection
and planted in three ecological experi-
ment sites. The results showed that
97.85% of the values obtained were the
same as the original data from previous
trials. Re-clustering identified 453 core
accessions for the core collection with
good representativeness, confirmed by
zymogram characteristics. The traits se-
lected have high heritability and distinct
characteristics among the collected ma-
terials, making it possible to undertake
an all-round, systematic and thorough
study of sesame germplasm resources
and to enhance identification and evalu-
ation work.

Key words: China, cluster analysis,
core collection, genetic diversity,
sesame, Sesamum indicum

introduction

Résumé

Etablissement et
développement d’une
collection représentative de
germopiasmes de sésame en
Chine

Une collection représentative a été con-
stituée a partir de I’ensemble de la collec-
tion des ressources en germoplasmes de
sésame en Chine. Des ensembles de
50 accessions ont été sélectionnés au
hasard a partir de 4251 accessions. Dif-
férentes méthodes de groupement
hiérarchisé (hierarchical clustering) ont
été utilisées avec des données concer-
nant 14 caracteres et les accessions ont
été groupées en sept écotypes.
L’ensemble de la collection a ensuite été
divisé en 14 groupes selon trois niveaux
de stratification : origine, type variétal et
écotype. De cette maniere, 884 accessions
ont été pré-sélectionnées a partir de
I'ensemble de la collection et plantées
dans trois sites écologiques expérimen-
taux. Les résultats montrent que 97,85 %
des valeurs obtenues sont les mémes que
les données originales des essais précé-
dents. Un nouveau regroupement a per-
mis d’identifier 453 accessions représen-
tatives pour la collection de référence, et
e regroupement est confirmé par les car-
actéristiques des zymogrammes. Les car-
acteres sélectionnés ont un taux élevé
d’héritabilité et des caractéristiques dis-
tinctes parmi le matériel récolté, permet-
tant ainsi de réaliser une étude complete,
systématique et approfondie des ressou-
rces en germoplasmes de sésame et de
faire progresser le travail d’identification
et d’évaluation.

Resumen

Establiecimiento y desarrollo
de la coleccién nucleo del
germoplasma de sésamo en
China

Del total de las colecciones de los recur-
sos de germoplasma de sésamo en China
se ha establecido una coleccién ruicleo.
De las 4251 accesiones, se han selecciona-
do, de manera aleatoria, conjuntos de 50
accesiones. Para agrupar a las accesiones
en siete ecotipos, se utilizaron distintos
procedimientos jerdrquicos con los datos
sobre 14 caracteristicas. Luego, se divid-
i6 la coleccion en 14 grupos segiin tres
niveles de estratificacién: origen, tipo de
variedad y ecotipo. De esta manera se
preseleccionaron 884 accesiones de la
coleccién total que se plantaron en tres
lugares de experimentacién ecoldgica.
Los resultados demuestran que un
97,85% de los valores resultantes eran
iguales a los datos originales de pruebas
precedentes. Una ulterior agrupacion
identific 453 accesiones niicleo para la
coleccién bdsica con un buen cardcter
representativo, confirmado por las car-
acteristicas del zimograma. Los rasgos
seleccionados son altamente heredables
y tienen caracteristicas distintas entre los
materiales recolectados, todo ello per-
mite emprender un estudio global,
sistemdtico y completo de los recursos
de germoplasma de sésamo para una
mejora del trabajo de identificacion y
evaluacion.

Sesamum indicum L. is the only cultivated species in the
genus Sesamum. Sesame has been grown for over 2200 years
in China and is one of the four major oil crops (rapeseed,
soyabean, peanut and sesame) with an oil content up to
60%. In China, the sesame production area was 800 000-
900 000 ha with an average production of 568 400 t/ year for
the years 1994-96. China’s sesame exports account for 10-
15% of the world sesame trade.

Extensive collecting and studies on the conservation,
evaluation and utilization of sesame germplasm genetic
diversity have been conducted in China. In the 1950s,
following the collecting of more than 3000 Chinese

landraces, a group of good resources such as Shangcai
Zihuaye 23, Nanyang Badacha and Wuchang Jiugentou were
identified and used both for sesame production and for
crossbreeding to produce cultivars with high yield, good
quality, resistance to diseases and tolerance to waterlog-
ging. As a result, good-quality cultivars such as ‘Zhongzhi
7', ‘Zhongzhi 8, ‘Zhongzhi 10’, “Yuzhi 2’, "Yuzhi 4, 'Zhuzhi
1’ and ‘Jizhi 1’ were released. During the last 10-15 years,
the government has provided much support. So far about
4500 sesame accessions have been collected which origi-
nated from 29 provinces of China and more than 20 other
nations. Both long-term (30-40 years) and medium-term (10-
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15 years) conservation of this material has been carried out.
Using this material 27 basic traits were identified including
ecogeographic origin, agronomic traits, quality traits, and
resistance to pests and diseases. A computer database with
more than 110 000 important trait data was established and
three volumes of The Catalogue of Varietal Germplasm Re-
sources of Sesame in China were published in 1981, 1992
and 1997, respectively (Anon. 1981, 1992, 1997).

The ultimate objective of collecting, conservation and
evaluation of crop germplasm resources is to use them. The
establishment of a core collection in sesame is one of the
effective approaches for utilization. Frankel (1984) first pro-
posed the idea of developing core collections, i.e. collections
which contain, with a minimum of repetitiveness, the maxi-
mum possible genetic diversity of a crop species and its wild
relatives. Substantial research progress on core collections
has been achieved in some crops such as peanut in the USA
(Holbrook et al. 1993), perennial Glycine species and wheat
in Australia and barley and okra in some international orga-
nizations (Hodgkin et al. 1995). During 1995-97, funded by
IPGRI, we conducted a project on the establishment of a
sesame germplasm core collection in China. The investiga-
tion included analysis of ecogeographic origins of the acces-
sions and of the variation of important traits in the total
sesame collection in China. A procedure for establishing a
sesame germplasm core collection was systematically stud-
ied and a core collection established representing over 4000
accessions of sesame germplasm genetic diversity.

Research methods and resulits

Selection of clustering method

Sets of 50 accessions were randomly selected from the 4251
accessions which constituted the whole collection of sesame
germplasm resources in China. Different hierarchical clus-
tering procedures were used with data on 14 traits (plant
type, no. of capsules/axil, no. of locules/capsule, hairiness
on stem, flower colour, seed colour, capsule dehiscence,
tolerance to waterlogging, resistance to Fusarium wilt, resis-
tance to charcoal rot, growth period, 1000-seed weight, oil
content and protein content). The dendrograms and dis-
tances of eight methods were obtained for the 50 accession
sets tested and compared. Based on the comparison the
Ward method was considered as the best for sesame
germplasm resources as it had good evenness of distribu-
tion and expansion with little overlap between accessions
from different ecological regions or with different traits.

Grouping and pre-selection of core collection
Out of the 4251 sesame accessions, 4073 originated from 29
provinces of China and 178 were introduced from 16 nations
including Bulgaria, the USA and Japan. The 4073 accessions
from China were grouped into seven ecotypes (Fig. 1). The
whole collection was thus divided into 14 groups according
to three levels of stratification: origin, varietal type and
ecotype (Table 1).

The sesame germplasm materials of each of the 14 groups
were clustered by the Ward method using data on the 14

traits listed above. A pre-selected core was identified using
three criteria: the selection of 20% of the total collection, the
maximization of diversity differences between groups, and
one accession was randomly selected from each cluster. In
this way 884 accessions were pre-selected from the whole
collection as a pre-selected core.

In 1995 and 1996, the pre-selected core collection was
planted in three ecological experiment sites: North China
(Shijiazhuang), Central China (Wuhan) and South China
(Nanning) and data on qualitative and quantitative traits were
compared with those obtained in previous trials. Plant type,
no. of capsules/axil, no. of locules/ capsule, hairiness on stem,
flower colour and seed colour were investigated. The result
showed that 97.85% of the values obtained were the same as the

Table 1. Grouping of sesame collection in China

Origin Varietal type Ecotypes Groups
China Landrace Ecotype 1 1
Ecotype 2 2
Ecotype 3 3
Ecotype 4 4
Ecotype 5 5
Ecotype 6 6
Ecotype 7 T
Improved 8
European zone 9
American zone 10
Landrace East Asia zone 11
Southeast and 12
Overseas South Asia zone 13
African zone
Special genetic 14
material

Fig. 1. Seven ecological regions of sesame in China: 1. Northeast
and northwest spring sesame region with one crop in a year; 2.
Northern spring sesame region with one crop in a year; 3. Huanghuai
summer sesame region with two crops in a year; 4. Jianghan summer
sesame region with two crops in ayear; 5. Middle and lower reaches of
Yangtze River summer intercropping and interplanting sesame region with
two crops in a year; 6. South-central and southern spring, summer and
autumn sesame region with two or three crops in a year; 7. Southwest
plateau summer with partly spring and autumn sesame region.
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original data from previous trails. Three quantitative traits, i.e.
total growing period, plant height and 1000-seed weight for
five groups (3,4,5,6, 7) were also measured. Four correlations
were analyzed: mean of two years and the original data; 1995
and the original data; 1996 and the original data; 1996 and 1995.
All correlations were positive and significant in the range of 60-
100%. Means, ranges and variances of trait performance data
also showed that the pre-selected core represented the diversity
in the whole collection.

Final selection of core collection

Re-clustering was undertaken of the 14 selected qualitative
and quantitative traits. The clusters were delimited using
Ward’s method and a final core collection and were identi-
fied by taking one accession at random from each cluster.
Finally, 453 core accessions were identified for the core
collection (Table 2).

Representative analysis of sesame germplasm
core collection in China

Six values including maximum (Max), minimum (Min),
range, mean, standard derivation (SD) and coefficient of
variation (CV) of 14 traits of the 884 accessions pre-selected
by the above procedure were similar to those of the whole
collection. The pre-selected core collection generally repre-
sented the whole collection in genetic variation of the 14
traits. The percentages of 35 phenotypes in 10 qualitative
traits such as plant type, no. of capsules/ axil, no. of locules/
capsule, flower colour, etc. of the final core collection were
statistically analyzed and were similar to those of the pre-
selected core. Six values (max, min, range, mean, SD and
CV) of four quantitative traits including oil content, protein

Table 2. Number of accessions in different groups and
in the core collection.

Group No. No. in No. in final
accessions pre-selected selected

core core

i 462 93 42

2 910 178 78

3 543 114 55

4 691 145 69

5 463 104 56

6 i 110 57

7 378 81 47

8 89 23 18

9-13 153 29 24

14 25 7 T

Total 4251 884 453

content, 1000-seed weight and total growing period in the
final core collection were also similar to those of the pre-
selected core. These results indicated that both the pre-
selected core and the final core collection had good repre-
sentativeness (Zhang Xiurong et al. 1998).

Isozyme studies on the core collection

The pre-selected core and final core collection were com-
pared using esterase isozyme diversity on a small set of 18
accessions from 3 groups (1,4,6). Both included eight zymo-
gram types and had band polymorphisms both among and
within accessions. Similar percentages were found for each
of seven bands in zone B. Overall the results indicated that
the zymogram characteristics of the pre-selected core repre-
sented that of the reserve collection well (Table 3).

Table 3. Percentages of zymogram types of sesame esterase isozyme

Group Source Access. Zymogram type and percentage
no.
| ] 1 v Vv Vi Vil Vil
1 Pre-selected core 1 0 98.3 0 0 0 0 1.7 0
2 23.3 43.4 0 20 3.3 10 0 0
3 3.3 65 10 0 0 21.7 0 0
Reserve collection 4 5 10 30 0 0 46.7 0 8.3
B 0 0 58.3 0 0 36.7 1.7 3.4
6 0 36 30 0 35 0 0 0
4 Pre-selected core Fi 26.7 0 31.6 35 5 1.7 0 0
8 6.7 25 60 0 5 0 0 3.3
9 13.3 65 15 5 0 0 1.7 0
Reserve collection 10 35 38.3 5 18.4 5 0 0 0
11 6.7 0 85 0 0 0 0 3.3
12 95 0 B 0 0 0 0 0
6 Pre-selected core 13 68.3 0 0 1.7 0 0 0] 0
14 31.7 3.3 0 61.7 s B 0 0 0
15 0 0 0 0 0 90 10 0
Reserve collection 16 53.4 13.3 0 13.3 0 0 20 0
17 60 3.3 0 36.7 0 0 0 0
18 25 58.3 0 5 8.4 0 0 B
Average 25.2 25.5 18.3 12.6 3.5 11.5 1.9 15
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Conclusions and future research needs
The material in collections of many plant genetic resources
is not only plentiful but also possesses substantial repeti-
tions of genetic diversity (up to 60% duplication has been
reported in some collections). In this research, the core col-
lection was selected by cluster analysis, which groups ge-
netically similar material into the same clusters. The traits
which are selected for this analysis should have high herita-
bility and distinct characteristics among the collected mate-
rials. In determining the number of accessions selected
using a cluster analysis one needs to ensure that a certain
proportion is included and that differences in the distribu-
tion of diversity between groups and within a group are
considered. Cluster distances can be used for this modifica-
tion and the number of samples in the group with larger
genetic difference can be increased or, when distances are
small, reduced.

The Chinese sesame germplasm core collection will be
provided with long-term and medium-term storage and
regenerated together with the reserve collection. A cata-
logue and the accessions will be distributed where re-
quested. It is intended that the core collection be relatively
stable, providing a working sample set for genebank man-
agers and other users.

The major objective of establishing the sesame
germplasm core collection is to use it effectively. In this
research, 10.7% of the whole collection has been selected out
which makes it possible to undertake an all-round, system-
atic and thorough study of sesame germplasm resources
and to enhance identification and evaluation work. With
this number of accessions the polymorphism of DNA mo-
lecular markers can be used to analyze genetic diversity at
the molecular level. Combining the conventional character-
ization and evaluation with molecular marker technology,
sesame germplasm genetic diversity can be studied to deter-
mine the extent, distribution regularities, and relations be-
tween ecogeographical differences and genetic back-
grounds. These studies can provide technical guidance and
a theoretical basis for further collecting, effective protection
and rational use of sesame genetic resources in breeding.
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