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ABSTRACT

Since 1972, the International Crops Research Institute for the Semi-
Arid Tropics (ICRISAT) has maintained a large collection of sorghum
in India. The collection size has continuously increased, and the total
number of accessions at present conserved in the gene bank has
reached about 36 000 accessions. The need to help management was
considered, and this study was conducted to establish core collections.
This sorghum collection was earlier stratified into four clusters ac-
cording to the photoperiod sensitivity. Then, considering the core
collection strategy, we used three random sampling procedures to
determine the specific accessions to be included in the core [i.e., a
constant portion (Core C), a proportional (Core P), and a proportional
to the logarithm (Core L)] of the photoperiod group size sampling
strategy. Both the Core C and L were significantly different from the
landrace collection with better representation of the smallest groups,
such as landraces insensitive to photoperiod. Despite differences be-
tween the three core collections, estimates of global diversity through
the Shannon-Weaver Diversity Indices were of the same magnitude
as the landrace collection. When compared, the Core C and L were
significantly different. Core L sampled better for the characters, the
race, and the latitudinal classes that were related to the photoperiod-
sensitive landraces. Thus, for establishing a core collection with the
widest range of adaptation to photoperiod, we propose the use of a
logarithmic sampling strategy, which identifies a broadly adapted set
of genotypes.

LARGE COLLECTION, 36 719 accessions, of sorghum

[Sorghum bicolor (L.) Moench] is conserved at
ICRISAT. This collection is made up of breeding lines
(14.5%), wild species (1.1%), and traditional varieties
(i.e.,landraces) (84.3%). The management of this collec-
tion involves acquisition of new accessions, conserva-
tion, characterization, evaluation, enhancement, and
distribution of these germplasm (Brown, 1995). To facil-
itate the management and the use of genetic resources,
the concept of a “core collection” was proposed by
Frankel in 1984 to provide efficient access to the whole
collection (Brown, 1989a). Thus, a core collection was
defined as a limited set of accessions chosen to represent
the genetic spectrum in the whole collection. Under the
sampling theory of selectively neutral alleles, Brown
(1989b) suggested a core collection size of about 10%
of the entire collection.

To establish this core collection, a number of random
sampling strategies were proposed by Brown (1989b).
The initial step would be to stratify a collection. Then
each stratum could be sampled by either a constant
number for all the clusters (C strategy), a number pro-
portional to the cluster size (P strategy), or a number
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proportional to the logarithm of the cluster size (L strat-
egy). The P strategy has been the most commonly used
to constitute a core collection (Holbrook et al., 1993;
Basigalup et al., 1995; Prasada Rao and Ramanatha
Rao, 1995; Ortiz et al., 1998). The C strategy has been
used only by Vaughan (1991) on the IRRI rice collec-
tion, and the L strategy was used by Iguarta et al. (1998)
on the Spanish barley (Hordeum L.) collection. From
these studies, two questions have arisen on the use of
these three possible sampling strategies. First, do the
different strategies retain an equivalent level of diversity
from the original collection? Second, how do the core
collections identified from these various sampling strat-
egies compare?

Previously, the world sorghum collection was strati-
fied into four clusters according to photoperiod sensitiv-
ity (Grenier et al., 2001). The landrace collection held
at ICRISAT was considered as 60 groups obtained from
the cross tabulation table between the racial member-
ship of the landraces (15 races) and their geographical
origin (four latitudinal ranges). For flowering date and
plant height, differences in the records between the two
seasons of the semi-arid tropics (the rabi with shorter
day length, and the kharif with longer day length) gave
two continuous variables. Each one was translated into
a qualitative variable by splitting into four frequency
classes using the quartiles. Then, from the frequency
distribution of landraces within race-latitudinal groups
(60 groups) and the eight photoperiod classifications
(four for flowering date and four for plant height), a K-
means clustering procedure was used to get four clusters
that pertained to the reaction to photoperiod. Thus, the
four clusters obtained described the adaptations of the
accessions due to both natural selection and farmers’
selection. In this study, we established three core collec-
tions from the three random sampling strategies applied
to this stratified landrace collection. The objectives of
this study were to (i) compare the three core collections
with each other and to the original landrace collection
for their representation of diversity, and (ii) to deter-
mine the best strategy to sample the diversity of the
entire landrace collection.

MATERIALS AND METHODS

From the entire collection of cultivated sorghum main-
tained at ICRISAT, only landraces assembled from the range
of latitude 40° N to 40° S with complete data for all the charac-
teristics (passport, qualitative, and quantitative) were consid-
ered. This collection represents 22 473 accessions.

Abbreviations: Core C, L, P, constant portion, logarithm, proportional
portion; C, P, L strategy, sampling strategy in which each stratum
could be samples by either a constant number for all the clusters (C),
anumber proportional to the cluster size (P), or anumber proportional
to the logarithm of the cluster size (L); FL, difference flowering (d)
between the rainy and the dry seasons; PHT, difference in plant height
(cm) between the rainy and the dry seasons.
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second cluster included 1062 accessions classified as mildly
photoperiod sensitive. The third cluster consisted of 10 630
accessions classified as photoperiod-sensitive landraces. Fi-
nally, the fourth cluster consisted of 9621 accessions classified
as highly photoperiod-sensitive landraces (Grenier et al.,
2001).

Core collections that represented 10% of the landrace col-
lection (2247 accessions) were established from three random
sampling procedures. The C strategy sampled at random a
constant number (562) of accessions from each cluster irre-
spective of its size. The P strategy sampled at random 10%
of the number of accessions within each cluster (i.e., 116, 106,
1063, and 962 accessions). The L strategy sampled at random
proportionally from the logarithm of the number of accessions
within each cluster (i.e., 488, 482, 642, and 635 accessions).

For the ten quantitative characters, comparisons between
the core collections and the landrace collection were based
upon Levene’s test of homogeneity of variance as well as
Newman and Keuls’ test for post hoc comparison of means
performed only when variances were comparable (Statsoft,
1997).

Because of the categorical nature of the qualitative charac-
ters, the passport data and the racial membership, a nonpara-
metric statistical procedure was used to evaluate and compare
the distributions. The x? test was used to compare the distribu-
tion of accessions for the nine qualitative characters, passport
data, and racial distribution in the landrace collection to those
of the core collections. In the last case, the x? test was obtained
from the racial membership determined with the Harlan and
de Wet’s race classification. Passport data were compared with
the frequency distributions for the geographical origin (i.e.,
continent and latitudinal ranges). The distributions observed
in each core were compared to the distribution expected in
the landrace collection adjusted for accession number (10%).
The X’ test was also used to compare the distributions of the
three core collections. Distributions for races and for passport
data within each core collection were considered.

For each core, global diversity was estimated by the Shan-
non-Weaver Diversity Index as presented by Poole (1974; as
cited by Li et al., 1996). This phenotypic diversity index is
based upon the frequency distributions for the nine qualitative
characters. This index also included the 10 quantitative charac-
ters transformed into four phenotypic classes defined by the
four quartiles of the landrace collection. The Shannon-Weaver
Diversity Index, H¢, was estimated using

He = =X pilog. p; (1]
i=1

where for a given character C, n was the number of phenotypic
classes (for the qualitative characters n = 2 to 13 descriptor
states, and for quantitative characters n = 4 frequency classes),
and p; was the proportion of the total number of entries in
the ith class. Due to its additive property (Poole, 1974; as cited
by Lietal., 1996), Shannon-Weaver Diversity Indices obtained
for each character were pooled for each core collection and
landrace collection. Means and standard errors were then cal-
culated from the nonstandardized indices, and the variance
was approximated by

Var(H') = [> pilog? pi — (3 pilog.p)?*]IN
+ (n — 1)2N?

where N was the number of observations (Hutcheson, 1970).
The H' indices were compared by a ¢ test

T = (H; — H;)/[Var(H]) + Var(H;)]"

with degrees of freedom

d.f. = [Var(H,) + Var(H,)]¥[Var(H,)* N,
+ Var(H,)N,]

where N, and N, were the numbers of entries in the two groups.

To compare indices obtained for different characters, a
standardized index SDI¢ (values range from 0-1) was calcu-
lated as

SDI. = H¢/log.n

RESULTS

Considering the ten quantitative morphological char-
acters, comparisons between the core collections and
the landrace collection were based upon tests for homo-
geneity of variances and, when possible, means compari-
sons (Table 1). The results indicated that for Core Col-
lection P, none of the ten traits had a significantly
different variance from the landrace collection. Further-
more, means were not significantly different from those
of the landrace collection. For both the Core C and the
Core L, homogeneous variances were found for two
traits, days to flowering in kharif and panicle width;
however, compared with the landrace collection, only
Core C did not have a significantly different mean for
panicle width.

The x> compared observed (in the core collection) vs.
expected (obtained for 10% of the landrace collection)
distributions calculated for the nine morphological qual-
itative characters (Table 2). For all these characters in
the Core Collection P, the distribution was not signifi-
cantly different from the observed in the landrace collec-
tion. Conversely, for nearly all characters, Core C and
L were significantly different from the distributions ex-
pected in the landrace collection. Core C and Core L
exhibited similar frequencies for leaf pigmentation, and
only Core L did not differ from the landrace collection
for grain lustre. Thus, when the qualitative and quantita-
tive characters were considered, Core Collection P rep-
resented a similar pattern of diversity as the landrace
collection while Core C and Core L exhibited differ-
ent distributions.

The Shannon-Weaver Diversity Indices for the land-
race collection and the three core collections were calcu-
lated from the nine qualitative characters and the ten
quantitative characters. The variance of the Shannon-
Weaver Diversity Indices was used to compare these
diversity estimates. Statistically similar morpho-agro-
nomic diversity levels were obtained in the comparison
of the landrace collection and the core collections (H' =
1.261 = 0.111 for the landrace collection, and 1.258 =+
0.111, 1.237 = 0.106, and 1.231 = 0.106 for the core
collections P, L and C, respectively). Based upon the
standardized Shannon-Weaver Diversity Indices, rela-
tively high levels of diversity were found (SDI¢ = 0.853
+ 0.053,0.851 = 0.052, 0.840 = 0.050, and 0.835 = 0.050,
for landrace collection, Core P, L and C, respectively).
While Core C and Core L had a different pattern of
distribution from the landrace collection for most of the
morpho-agronomic characters, the overall diversity was
maintained in relation to the landrace collection.
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The diversity of core collections was also compared
for their deviation from the original distribution of ac-
cessions for the continent of origin, the latitudinal class,
and the race classification through a x? test (Table 3).
Classes in the whole collection at a frequency lower
than 1% were grouped together; such was the case for
the American, European and Oceanic continents of ori-
gin, and kafir intermediates in the race classification.
Passport information and racial distribution in the Core
P and the landrace collection were not significantly dif-
ferent. As with the morpho-agronomic traits, the Core
P gave a faithful image of the landrace collection for
geographical and racial distribution. Conversely, Core
C and Core L differed significantly from the landrace
collection for latitudinal, continental (except Asia for
the Core L) and racial distributions (except caudatum,
guinea-bicolor, and guinea—durra for Core C, and
guinea-bicolor, guinea—durra, and durra—caudatum for
Core L).

The three core collections were compared for qualita-
tive characters, quantitative characters, passport data
and racial distribution (Table 4). From the previous
comparison of Core P and the landrace collection, no
significant difference was found. Thus, Core P is as-
sumed to adequately represent the landrace collection
in its comparisons with Core C and L. As both Core C
and Core L differed from the landrace collection, an
assessment was made only on the differences between
these two core collections. Core C and Core L did not
differ significantly for the qualitative characters. Core
C and Core L differed significantly for days to flowering
in kharif, plant height in the two seasons, and 100-seed
weight (Table 4). Core C and Core L were not statisti-
cally different in their distribution over the continents;
however, significant differences were observed for the
distribution of landraces in the tropical and temperate
latitudinal classes (LR-2 and LR-3) and for the distribu-
tion of the race guinea.

Table 3. Chi-square test (x*) comparing the frequency distribu-
tion observed in the core collections with those expected in
10% of the sorghum landrace collection for the passport data
[continents of origin and latitudinal range (LR)] and the race
classification (the five basic races plus the intermediates).

x*Core P x*Core C  x?Core L
Africa 0.50 NS 5.25 6.14
Asia 0.41 NS 8.21 1.50 NS
America + Oceania + Europe 283 NS 53843 337.26
LR-1: 10°S-10°N 0.03NS 144.60 116.83
LR-2: 20°S-10°S, 10°N-20°N 0.19NS  214.59 121.23
LR-3: 30°S-20°S, 20°N-30°N 0.41NS 1024.72 589.98
LR-4: 40°S-30°S, 30°N-40°N 0.93NS  1426.27 1093.69
Bicolor = (.00 NS 131.48 74.66
Caudatum 0.92NS 2.43 NS 8.17
Durra 0.09NS  104.19 80.65
Guinea 1.40NS 75.54 37.88
Kafir 1.92NS  693.90 549.37
Caudatum-bicolor 1.60 NS 41.22 35.60
Durra-bicolor 0.30NS 13.47 10.96
Guinea-bicolor 0.41NS 291 NS 1.63 NS
Durra-caudatum 0.10NS 13.44 3.84 NS
Guinea-caudatum 0.43NS 21.62 22.30
Guinea-durra 0.35NS 3.75 NS 0.74 NS
Intermediate kafir 1.53NS 310.52 165.71

NS = non-significant difference at P < (.05 probability level.

DISCUSSION

As suggested by Brown (1989b), the stratification of
the base collection has often been the first step to consti-
tute core collections (Brown, 1989b; Erskine and Muehl-
bauer, 1991; Spagnoletti Zeuli and Qualset, 1993; Basi-
galup et al., 1995; Diwan et al., 1995; Cordeiro et al.,
1995; Crossa et al., 1995; van Hintum et al., 1995; Pra-
sada Rao and Ramanatha Rao, 1995; Tohme et al., 1995;
Balfourier et al., 1998; Iguarda et al., 1998; Ortiz et
al., 1998; Huaman et al., 1999; Skinner et al., 1999).
In sorghum, Prasada Rao and Ramanatha Rao (1995)
stratified the base collection from a principal component
analysis based on seven morphological traits. In our
study, the base collection was stratified according to
photoperiod sensitivity and such clustering was dis-
cussed in Grenier et al. (2001). In the second step, either
only one sampling strategy was applied (Prasada Rao
and Ramanatha Rao, 1995), or comparisons between
random sampling strategies were reported (Brown,
1989b; Erskine and Muehlbauer, 1991; Spagnoletti Zeuli
and Qualset, 1993; Cordeiro et al., 1995; Diwan et al.,

Table 4. Differences between the three random stratified sor-
ghum core collections when compared for the ten quantitative
characters, the nine qualitative characters, the passport data,
and the racial distribution. Different letters were used when
the comparisons between the core collections were significantly
different at P < (.05 probability level. Letter A indicates a
similar distribution as the sorghum landrace collection. Letters
B and C indicate significantly different distributions than the
landrace collection.

Traits Core P Core C Core L

Days to flowering in rabi
Days to flowering in kharif
Basal tillers

Plant height in rabi
Plant height in kharif
Peduncle exertion
Panicle length

Panicle width

Grain size

100-seed weight

Leaves pigmentation
Midrib color

Panicle compactness
Glume color

Glume covering

Grain color

Endosperm texture
Grain lustre

Subcoat presence

Africa

Asia

America + Oceania + Europe
LR-1: 10°S-10°N

LR-2: 20°S-10°S, 10°N-20°N
LR-3: 30°S-20°S, 20°N-30°N
LR-4: 40°S-30°S, 30°N-40°N
Bicolor

Caudatum

Durra

Guinea

Kafir

Caudatum-bicolor
Durra-bicolor
Guinea-bicolor
Durra-caudatum
Guinea-caudatum
Guinea-durra

Intermediate kafir

=

=

=

=
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1995; Galwey, 1995; van Hintum et al., 1995). In the
latter case, the main conclusions drawn from these stud-
ies were that a better representation of the pattern of
variation present in the total collection was obtained
with the proportional sampling. The range of variation
present in the whole collection was maximized when
constant or logarithmic sampling were used. In the simu-
lation studies of Schoen and Brown (1993), Schoen and
Brown (1995), and Bataillon et al. (1996), and in the
hypothetical populations of Yonezawa et al. (1995), pro-
portional sampling appeared as the optimal strategy,
although differences between it and logarithmic sam-
pling were small.

Differences in representation between core collec-
tions could result from differences in the stratification
of the base collection as it partitioned the total diversity.
Stratification can lead to near equal or unequal cluster
sizes. When group sizes are equal, the three random
sampling procedures will probably be equivalent. For
unequal group size, Brown (1989b) found in the Glycine
tomentella (Hayata) core collection that when the rarest
variants were classified in the smaller groups, then the
constant strategy sampled the highest number of types
or alleles per locus. Conversely, if the rarest variants
occurred in the largest groups, the proportional sam-
pling identified the best core. Brown (1989b) concluded
that the logarithmic strategy was a good compromise
that both lowered the representation from the largest
clusters and sampled the rare variants. In addition, for
the Brazilian cassava collection, where areas of high
diversity were poorly represented in the whole collec-
tion, the logarithmic strategy was recommended (Cor-
deiro et al., 1995). In a similar manner, the logarithmic
strategy better sampled the underrepresented countries
in the durum wheat (7Triticum durum Dest.) collection
(Spagnoletti Zeuli and Qualset, 1993). The logarithmic
strategy seems to reduce the weight given to the larger
groups, which probably have a high level of genetic
redundancy. Also, it could be used to increase the proba-
bility of sampling rare alleles that confer wide or lo-
cal adaptation.

In fact, the choice of the sampling strategy greatly
depends on the objectives given to the core collection.
When the objective of defining a core collection and
the properties of the three random sampling strategies
are considered, two options are possible. If the mainte-
nance of a collection has become unmanageable because
of its increasing size, the main objective of the core is
to concentrate efforts on a smaller set that faithfully
represents the diversity of the entire collection. In this
situation, and when characterization data are not avail-
able, the P strategy would be the best to give a reliable
image of the landrace collection. If the core is to be
used by the breeders for genetic enhancement, it should
contain the maximum amount of the diversity present
in the base collection and facilitate access to specific
traits underrepresented in the base collection. For this
objective, the C or L strategy would be the best ap-
proach. In particular situations, L sampling is preferred
to C sampling. For example, the logarithmic sampling
is recommended to better sample the rarest variants

from the smaller groups (Brown, 1989b on perennial
wild relatives of soybean; Spagnoletti Zeuli and Qualset,
1993 on durum wheat; Cordeiro et al., 1995 on Brazilian
cassava; Galwey, 1995 on beans).

In the present work, the constant and logarithmic
core collections had different patterns of diversity when
compared to the landrace collection. For sorghum
breeders, photoperiod-insensitive landraces are impor-
tant for short-term genetic enhancement in the temper-
ate latitude. Furthermore, photoperiod sensitivity is an
important trait for tropical breeding programs. Indeed,
it ensures yield stability both for quantity and quality
traits particularly for cultivars grown under climatic con-
straints such as in western Africa (Chantereau et al.,
1998; Kouressy et al., 1998; Trouche et al., 1998). Thus,
there is a need to keep the widest range of photoperiod
sensitivity to retain a wide range of adaptation to specific
ecogeographical zones in a core collection. The logarith-
mic core retained an increased number of the photope-
riod-insensitive landraces and highly photoperiod-sensi-
tive landraces that would serve as an important source
of broadly adapted genetic backgrounds for breeding
programs.
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