234 CROP SCIENCE, VOL. 41, JANUARY-FEBRUARY 2001

associated with endosperm softness in wheat. Cereal Chem. 63:
379-380.

Jeffers, H.C., and G.L. Rubenthaler. 1977. Effects of roll temperature
on flour yield with the Brabender Quadrumat Experimental mills.
Cereal Chem. 54:1018-1025.

Jolly, C.J.,S. Raman, A.A. Kortt, and T.J.V. Higgins. 1993. Character-
ization of the wheat Mr 15000 “grain-softness protein” and analysis
of the relationship between its accumulation in the whole seed and
grain softness. Theor. Appl. Genet. 86:589-597.

Law, C.N., C.F. Young, J.W.S. Brown, J.W. Snape, and J.W. Worland.
1978. The study of grain protein control in wheat using whole
chromosome substitution lines. p. 483-502. In Seed protein im-
provement by nuclear techniques. International Atomic Energy
Agency, Vienna, Austria.

Lillemo, M., and C.F. Morris. 2000. A leucine to proline mutation in
puroindoline b is frequently present in hard wheats from Northern
Europe. Theor. Appl. Genet. 100:1100-1107.

Martin, C.R., R. Rousser, and D.L. Barbec. 1993. Development of a
single-kernel wheat characterization system. Trans. ASAE 36(5):
1399-1404.

Mattern, P.J., R. Morris, J.W. Schmidt, and V.A. Johnson. 1973. Loca-
tion of genes for kernel properties in the wheat cultivar ‘Cheyenne’
using chromosome substitution lines. p. 703-707. In E.R. Sears and
L.M.S. Sears (ed.) Proc. Int. Wheat Genet. Symp., 4th, Columbia,
MO. 1-6 Aug. 1973. Agric. Exp. Sta., Univ. Missouri, Columbia,
MO.

Morris, C.F., V.L. DeMacon, and M.J. Giroux. 1999. Wheat grain
hardness among chromosome 5D homozygous recombinant substi-
tution lines using different methods of measurement. Cereal
Chem. 76:249-254.

Morris, C.F., G.A. Greenblatt, A.D. Bettge, and H.I. Malkawi. 1994.
Isolation and characterization of multiple forms of friabilin. J. Ce-
real Sci. 21:167-174.

Morris, C.F., and S.P. Rose. 1996. Wheat. p. 3-54. In R.J. Henry and
P.S. Kettlewell (ed.) Cereal grain quality. Chapman and Hall,
London.

Ohm, J.B., O.K. Chung, and C.E. Deyoe. 1998. Single-kernel charac-
teristics of hard winter wheats in relation to milling and baking
quality. Cereal Chem. 75:156-161.

Pomeranz, Y., and R.C. Williams. 1990. Wheat hardness: its genetic,
structural, and biochemical background, measurement, and signifi-
cance. p. 471-548. In Y. Pomeranz (ed.) Advances in cereal science
and technology. Vol. 10. American Association of Cereal Chemists.
St. Paul, MN.

SAS Institute Inc. 1997. SAS/STAT Software: Changes and enhance-
ments through release 6.12. SAS Institute Inc., Cary, NC.

Satterthwaite, F.E. 1946. An approximate distribution of estimates of
variance components. Biom. Bull. 2:110-114.

Slaughter, D.C., K.H. Norris, and W.R. Hruschka. 1992. Quality and
classification of hard red wheat. Cereal Chem. 69:428-432.

Sourdille, P., M.R. Perretant, G. Charmet, P. Leroy, M.-F. Gautier,
P. Joudrier, J.C. Nelson, M.E. Sorrells, and M. Bernard. 1996.
Linkage between RFLP markers and genes affecting kernel hard-
ness in wheat. Theor. Appl. Genet. 93:580-586.

Symes, K.J. 1965. The inheritance of grain hardness in wheat as mea-
sured by the particle size index. Aust. J. Agric. Res. 16:113-123.

Tranquilli, G., D. Lijavetzky, G. Muzzi, and J. Dubcovsky. 1999.
Genetic and physical characterization of grain texture-related loci
in diploid wheat. Mol. Gen. Genet. 262:846-850.

Core Collection of Sorghum: I. Stratification Based on Eco-Geographical Data

C. Grenier,* P. J. Bramel-Cox, and P. Hamon

ABSTRACT

ICRISAT conserves a large (36 719 entries) collection of sorghum
[Sorghum bicolor (L.) Moench] accessions in India. This collection
comprises cultivated and wild sorghums acquired over the past 25
years from 90 countries. However, it is difficult to characterize and
assess a large collection with limited time and resources. To facilitate
maintenance, assessment, and utilization of the collection, we consid-
ered the establishment of a core collection using stratified sampling
strategies. Results from a study of the morpho-agronomic diversity
were used to describe the genetic structure of the collection. Morpho-
logical traits, including days to flowering and plant height, can be
affected by daylength variation. These two characters were highly
correlated with latitudinal and racial distributions of landraces. Thus,
stratifying the entire collection for response to photoperiod, estimated
by flowering date and plant height, was indicative of a major source
of specific adaptation within the collection. This stratification resulted
in four clusters, which described the sensitivity of genotypes to photo-
period within the latitudinal range where selection was carried out
by farmers. These four clusters may serve as the basis for a random
stratified sampling to establish cores in this collection.

SORGHUM is the fifth most important cereal crop in
the world based on total grain production and is an
essential component of the cropping systems of subsis-
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tence farmers and the diets of millions of people in the
semiarid tropics. The continued improvement of this
important crop depends upon the utilization of genetic
variability in landraces originally maintained by tradi-
tional agricultural practices. Taxonomically, Sorghum
bicolor (L.) Moench subs. bicolor has 15 races: the 5
basic races of bicolor, durra, caudatum, kafir, and
guinea, and their 10 intermediates (Harlan and de Wet,
1972). The large set of cultivated sorghums, presently
maintained at ICRISAT Asia Center (IAC), Patanch-
eru, India, has been assembled from 40 countries in
Africa, 24 in Asia, 11 in Europe, 13 in the Americas,
and several entries from Russia and Australia.

To facilitate the use of such a large collection, estab-
lishing core collections is recommended in order to pri-
oritize maintenance and evaluation on subsets that re-
tain a large part of the diversity encompassed in the
entire collection (Brown, 1989a). Different sampling
strategies are proposed including sampling based on
random procedures applied on a stratified collection
(Brown, 1989b). The choice of criterion to stratify the
collection depends on the data set available and the
objectives for establishing a core. Several studies have
shown that phenotypic divergence among and within
landrace populations is related to geographical distance
between countries of origin (Spagnoletti Zeuli and
Qualset, 1987; Peeters and Martinelli, 1989; Schoen and
Brown, 1993; Spagnoletti Zeuli and Qualset, 1993).

Abbreviations: FL, days to 50% flowering; IAC, ICRISAT Asia Cen-
ter; PHT, plant height.
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Therefore, eco-geographical information can be used to
stratify the phenotypic diversity of the entire collection.
Sorghum landraces are known to respond differently
to daylength and temperature according to their specific
geographical adaptation. Temperature and photoperiod
responses have often formed the basis for traditional
cropping systems (Chantereau et al., 1998). Several stud-
ies have reported the impact of photoperiod on the
development of tropical sorghum genotypes (Quinby,
1966; Miller et al., 1968a; Miller et al., 1968b; Caddel
and Weibel, 1971; Major et al., 1990; Vaksmann et al.,
1998). Accessions that originated from different photo-
thermal environments show variation in the growing-
degree-days required for floral initiation due to differ-
ences in inherent earliness rather than responsiveness
to temperature (Craufurd et al., 1998). Moreover, a
genetic component in floral initiation and panicle differ-
entiation of the sorghum plant in response to photope-
riod variation was observed by Miller et al. (1968b).
During the long-day season, flowering was reported to
be under the control of a few major genes, while a
different set of genes controlled flowering under tropical
conditions with short daylengths. An experiment based
on a variable set of maturities indicated that sorghum
varieties tend to flower at about the same time in short
days, but not in long days (Miller et al., 1968b).
Farmers from West Africa preferentially sow highly
adaptive landraces to match the diversity of local envi-
ronmental conditions (Kouressy et al., 1998). They se-
lect landraces that will guarantee a maturity correspond-
ing to the end of the rainy season, thereby limiting
damage from predatory birds and weather-induced
pathological conditions (Trouche et al., 1998). Thus,
photoperiod sensitivity in the sorghum crop has been
subjected to selective pressure through natural and arti-
ficial means. Adaptation of sorghum to diverse environ-
ments is determined largely by maturity differences and
photoperiod sensitivity based on latitude (daylength)
(Craufurd et al., 1999). For tropical areas, the calendar
year is divided into two major seasons defined by the
monsoons. Days are longer during the rainy season than

during the post-rainy season except at equatorial lati-
tudes. Consequently, when introduced into other areas
during the long days of the rainy season, equatorial and
tropical landraces adapted to shorter daylength may
experience delayed flowering or may fail to flower be-
cause of a non-optimal photoperiod. Photoperiod-sensi-
tive landraces attain flowering earlier during the post-
rainy season when days are shorter, and consequently
have a reduced plant stature. Therefore, photoperiod
sensitivity could be defined both by days to flowering
and plant height in both rainy and post-rainy seasons.

To improve access and use of the sorghum genetic
resources maintained at ICRISAT, core collections are
being established. As a first step in this process, we
conducted a study of the morpho-agronomic diversity,
including days to flowering and plant height, to stratify
the collection before sampling. Thus the objective of
this study was to use photoperiod sensitivity as a means
for hierarchical stratification of accessions of sorghum
landraces to form a core collection representing the
ICRISAT germplasm collection.

MATERIALS AND METHODS

Initially, the entire ICRISAT sorghum collection was re-
duced to landraces from a latitude range of 40° N lat to 40°
S lat, with complete passport information and characterization
data. Beyond this geographical range, few accessions were
expected to be original landraces but introduced material.
This reduced collection consisted of 22 473 landraces from
76 countries, constituting 62% of the collection conserved at
ICRISAT. Geographical groups were established by strati-
fying the latitudes into four ranges of 20° lat each: latitude
range 1 (LR-1) = 10° S lat to 10° N lat; latitude range 2 (LR-
2) = 20° S lat to 10° S lat and 10° N lat to 20° N lat; latitude
range 3 (LR-3) = 30° S lat to 20° S lat and 20° N lat to 30° N
lat; latitude range 4 (LR-4) = 40° S lat to 30° S lat and 30° N
lat to 40° N lat. For proper interpretation of our results, we
designated LR-1 and LR-2 to the latitudinal range of equato-
rial and tropical areas, respectively. A two-way table was con-
structed that placed the landraces into 60 groups according
to their taxonomic race classification (row entries in Table 1)
and latitudinal range (column entries in Table 1).

Table 1. Percentage of sorghum landraces cross-classified according to race (rows) and latitudinal range (columns).

Latitudinal range

LR-2: LR-3: LR-4:
20° S lat to 10° S lat 30° S lat to 20° S lat 40° S lat to 30° S lat
LR-1: and and and
Race 10° S lat to 10° N lat 10° N lat to 20° N lat 20° N lat to 30° N lat 30° N lat to 40° lat All
%

Bicolor, B 0.9 1.2 0.3 0.8 32
Caudatum, C 14.6 5.6 0.8 0.8 21.8
Durra, D 5.9 11.7 2.3 0.3 20.2
Guinea, G 7.0 9.7 0.4 0.2 174
Kafir, K 0.0 0.3 0.9 1.1 23
Caudatum-bicolor, CB 0.9 1.6 0.4 0.5 34
Durra-bicolor, DB 2.8 2.2 0.5 0.1 5.6
Guinea-bicolor, GB 0.6 0.3 0.0 0.0 1.0
Kafir-bicolor, KB 0.0 0.1 0.1 0.0 0.2
Durra-caudatum, DC 3.0 8.3 0.6 0.3 12.1
Guinea-caudatum, GC 3.7 53 1.1 0.5 10.7
Kafir-caudatum, KC 0.0 0.2 0.4 0.2 0.9
Guinea-durra, GD 0.1 0.4 0.1 0.0 0.6
Kafir-durra, KD 0.0 0.2 0.2 0.1 0.5
Guinea-kafir, GK 0.0 0.0 0.1 0.0 0.1
All races 39.7 47.1 8.2 5.0 100.0
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Morpho-agronomic data were collected on accessions
grown on vertisol soils at Patancheru, India (17°25" N, 78° E).
Data were collected for several years from 1975 to 1996 in
both the kharif (rainy, higher average daily temperature of
27°C, long-day) and the rabi (post-rainy, lower average daily
temperature of 22°C, short-day) seasons. Kharif typically ex-
tends from June to December, while rabi usually extends from
September to April. These two different environmental condi-
tions are typical of most of the semiarid tropics (Appa Rao
etal., 1996). Data were recorded on the following quantitative
characters: days to 50% flowering (days), plant height (cm),
peduncle exertion (cm), panicle length (cm), panicle width
(cm), number of basal tillers, grain size (mm), and 100-seed
weight (g). To stratify the sorghum collection according to
photoperiod sensitivity, we based our analyses on days to
flowering and plant height data collected during two crop
seasons. Days to 50% flowering were recorded as the date
when 50% of the plants had started flowering (i.e., 15 of the
30 plants per row per accession). Plant height was observed
at maturity and recorded as the length (cm) of the main stalk
recorded on 10 random plants from the base of the stalk to
the tip of the panicle. These two characters were recorded in
both kharif and rabi seasons. Photoperiod response was de-
fined by the relative differences in number of days to 50%
flowering (FL) and plant height (PHT) during the long-day
rainy season and the short-day post-rainy season. Days to 50%
flowering was calculated as the difference in days to flowering
between kharif (FLK) and rabi (FLR), whereas PHT was
calculated as the difference in plant height between kharif
(PHTK) and rabi (PHTR). Methods for measuring other
quantitative characters used for data validation and principal
component analysis are as described in Appa Rao et al. (1996).

Before using the data recorded during the 21 yr of character-
ization held at IAC, data validation was performed with 642
accessions selected to represent all 15 races and 43 countries.
From 1996 to 1998, field trials were conducted on these 642
accessions plus a check (IS 1054) that was replicated within
each field trial and between seasons and years. For quantita-
tive characters, the records from 1996 to 1998 showed positive
and significant (P < 0.05) correlations with those found in
the database (data not shown).

Thus, from the original data file on 22 473 landraces, FL
and PHT data were calculated and the collection was divided
into four classes of the same size according to their quartiles
(Table 2). A character scored as FL1 or PHT1 corresponded
to one-quarter of the collection where landraces have the
smallest reaction to the daylength variation and were classified
as photoperiod-insensitive. In the same manner, FL2 and
PHT?2, FL3 and PHT3, and FL4 and PHT4 corresponded to
mildly photoperiod-sensitive, photoperiod-sensitive, and highly

Table 2. Ranges and quartiles established for differences in mea-
surements between rainy (kharif) and post-rainy (rabi) seasons
for flowering date (FL) (days), and for plant height (PHT)
(cm) in the sorghum landrace collection.

Quartiles established

Flowering Plant height
Ranges (FL = FLK — FLR%}) (PHT = PHTK — PHTRS)
d cm
Min-Q1 [—58,4] = FL1 [—170, 65] = PHT1
Q1-Q2 [4, 23] = FL2 [65, 130] = PHT2
Q2-Q3 [23, 43] = FL3 [130, 180] = PHT3
Q3-max [43, 139] = FL4 [180, 425] = PHT4

T Q1, Q2, Q3 are the first, second, and third quartiles.

£ FLK and FLR: Flowering date recorded in the kharif and the rabi
season, respectively.

§ PHTK and PHTR: Plant height recorded in the kharif and the rabi
season, respectively.

photoperiod-sensitive sorghum groups, respectively. A dis-
junctive table was obtained with the 22 473 accessions and
the eight variables (four variables for FL and four variables
for PHT). Then the frequency distribution within the 60 race-
latitudinal groups for each of the eight variables was calcu-
lated. The matrix formed by the 60 groups and the eight
variables was subjected to a cluster analysis using Ward’s
linking procedure based on the Euclidean distance between
clusters (StatSoft, 1997). Once the number of clusters was
determined, we used the K-means procedure (StatSoft, 1997)
to define the clusters and their constitution. The K-means
method is compared to an ANOVA in reverse, which mini-
mizes within-cluster variability while maximizing variability
between clusters, and requires an a priori number of clusters
before classifying the accessions into clusters. Thus the cluster-
ing of the sorghum collection performed on variables relating
to photoperiod reaction provides a number of clusters that
stratified the entire landrace collection and gives a biological
meaning to the structure.

In addition, the diversity of the entire landrace collection
was assessed by a principal component analysis of the stan-
dardized data of the 10 same variables recorded during the
21 yr of field observations at IAC. Scores were calculated
for individual landraces from the first two components. Fifty
landraces were taken at random within each of the four clus-
ters. These were plotted according to their first two principal
component scores.

RESULTS AND DISCUSSION

Classification of the landrace collection into four lati-
tudinal origins (Table 1) grouped the greatest number
(86.8%) of accessions into equatorial and tropical areas,
that is, LR-1 and LR-2. Classification of the landrace
collection into the 15 taxonomic races resulted in 82.2%
of the accessions assigned to caudatum, durra, guinea,
durra-caudatum, and guinea-caudatum forms.

Ranges and quartiles established for the differences
in FL and PHT between seasons are described in Table
2. The distribution of the landraces within the latitudinal
classes and the four frequency classes of FL. and PHT
are shown in Fig. 1. For the lower latitudes (LR-1, i.e.,
equatorial areas), the distribution of the accessions was
skewed toward the highly photoperiod-responsive class
for both variables. Close to one-half (47.1%) of the
landraces from the total collection belonged to LR-2
and was evenly distributed over the four frequency
classes for both variables. Conversely, a higher fre-
quency of accessions from the LR-3 and LR-4 belonged
to FL1 and PHT1, where 25% of the total collection
was photoperiod-insensitive.

Similar results were found for the distribution of FL
and PHT within the 60 groups (Fig. 2). These results
illustrate the relationship between racial classification,
geographical adaptation, and photoperiod response.
Generally, the frequency of photoperiod-insensitive ac-
cessions increased with the latitudinal class from equato-
rial (LR-1) to temperate (LR-4). The proportion of pho-
toperiod-insensitive landraces was about 9% for LR-1
and more than 70% for LR-4, based on both flowering
and plant height. However within the same latitudinal
class, races reacted differently to daylength variation.
Both for FL and PHT, the frequency distributions of
guinea and its intermediate forms within any latitudinal
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Fig. 1. Frequency distribution according to latitudinal ranges (LR) for differences between the kharif and rabi in (A) flowering date (FL), and
(B) plant height (PHT) in the ICRISAT sorghum landrace collection. Variables were divided according to their quartiles (Table 1). Each
variable representing 25% of the total collection characterizes a photoperiod-sensitive class.

class were skewed toward the most photoperiod-sensi-
tive response, even at the temperate latitude (LR-4).
Less than 5% of the landraces showed high sensitivity
to daylength variation in LR-4. Among these highly
sensitive accessions, a fairly high frequency belonged to
the guinea race and its intermediates (35.7% based on
FL and 22.0% based on PHT). These results agree with
other studies defining West African guinea landraces
as having highly sensitive photoperiod reactions (Chant-
ereau et al., 1998; Trouche et al., 1998; Vaksmann et
al., 1998).

Conversely, more than 90% of the accessions of the

kafir race were photoperiod-insensitive (FL1 and PHT1).

While equatorial landraces are generally highly photo-
period-sensitive, a large proportion of kafir landraces

was photoperiod-insensitive (83.3% based on FL and
66.7% based on PHT). In LR-4, about 30% of the land-
races showed insensitivity to daylength variation, and
22.7% of these accessions belonged to the kafir race
and its intermediates. Other studies have shown the
same photoperiod insensitivity of accessions of the kafir
race originating from temperate areas (Chantereau et
al., 1998). This distribution of race-latitudinal groups
into different classes for photoperiod response suggests
that photoperiod sensitivity represents a complex inter-
action between environmental and genetic components.

With the K-means clustering, 95 % of the race-latitudi-
nal groups was classified similarly to the Ward’s cluster-
ing, validating the partitioning of the 60 groups into
four clusters. The constitution of each cluster is given
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Fig. 2. Photoperiod-sensitivity distribution of frequencies for days to flowering (FL) or plant height (PHT) classes according to latitudinal range
and racial classification for the ICRISAT sorghum landrace collection. Races are designated by the first letter of their names: B for bicolor,
C for caudatum, D for durra, G for guinea, K for kafir; and intermediate races are coded with two letters, for example, CB for caudatum-
bicolor. A number preceding the letter race name indicates the latitudinal range: 1, LR-1; 2, LR-2; 3, LR-3; and 4, LR-4. FL1 and PHT1 are
represented with lozenges, FL2 and PHT2 with blank, FL3 and PHT3 with dashes, FL4 and PHT4 with pattern of squares.
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Table 3. Constitution of each cluster of photoperiod reaction de-
fined from the K-means clustering performed on the sorghum
landrace collection.

Photoperiod reaction

Mildly
Insensitive sensitive Sensitive Highly sensitive
Latitudinal range and racef

1GK 1K 1D 1B
1KD 1KC 1CB 1C
2GK 2KB 1KB 1G
2K 3B 2B 1DB
3C 3DC 2C 1GB
3K 3GC 2D 1DC
3CB 3GD 2CB 1GC
3KB 4B 2DB 1GD
3KC 4C 2DC 2G
3KD 4DB 2GC 2GB
3GK 4GB 2GD
4K 4DC 2KC
4CB 4GC 2KD
4KB 4GD 3D
4KC 4GK 3G
4KD 3DB

3GB

4D

4G

T For latitudinal ranges, 1 = 10° S lat to 10° N lat, 2 = 20° S lat to 10° S
lat and 10° N lat to 20° N lat, 3 = 30° S lat to 20° S lat and 20° N lat to
30° N lat, 4 = 40° S lat to 30° S lat and 30° N lat to 40° N lat; for races,
B = bicolor, C = caudatum, D = durra, G = guinea, K = kafir, CB =
caudatum-bicolor, DB = durra-bicolor, GB = guinea-bicolor, KB = kafir-
bicolor, DC = durra-caudatum, GC = guinea-caudatum, KC = kafir-
caudatum, GD = guinea-durra, KD = kafir-durra, GK = guinea-kafir.

in Table 3. In general, each cluster was associated with
a particular latitudinal class. Landraces that originated
from LR-3 and LR-4 mainly belonged to clusters that
included the photoperiod-insensitive and mildly photo-
period-sensitive groups, respectively. The third cluster,
mostly composed of groups from tropical latitudes (LR-
2), was designated as photoperiod-sensitive. The fourth
cluster of highly photoperiod-sensitive groups consisted
of landraces mainly from equatorial latitudes (LR-1).
Race groups from the same latitude mainly clustered
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together. Nevertheless, some exceptions were noted.
Equatorial groups that contained landraces known to be
highly photoperiod-sensitive were sometimes clustered
with photoperiod-insensitive temperate landraces. This
was the case for accessions from the kafir race and its
intermediate forms and was consistent with the results
shown in Fig. 2. As an example, the guinea-kafir inter-
mediate from equatorial latitudes (1GK) was clustered
with the kafir race from temperate latitudes (4K) (Table
3). Within the entire landrace collection, 16 race-latitu-
dinal groups (1160 accessions) were classified as photo-
period-insensitive. A second cluster with 15 race-latitu-
dinal groups (1062 accessions) was classified as mildly
photoperiod-sensitive. The third cluster (10 630 acces-
sions) included 19 race-latitudinal groups of photope-
riod-sensitive landraces. Finally, the fourth cluster (9621
accessions) consisted of 10 race-latitudinal groups of
highly photoperiod-sensitive landraces. Generally, the
accessions in the ICRISAT sorghum landrace collection
can be classified according to photoperiod sensitivity
into clusters consistent with the evolution of the crop
and the fit of landraces in cropping systems of the semi-
arid tropics.

Principal component analysis of the 10 morpho-agro-
nomic variables explained 48.8% of the variance with
the first two axes. The first axis accounted for 29.6%
of the variance and the principal component scores were
positively influenced by days to flower and plant height
in the rainy season (factor loading 0.84 and 0.85, respec-
tively) and in the post-rainy season (loading 0.70 for
both variables). The second axis explained 19.2% of the
variance and was positively correlated with grain size
(loading 0.85) and 100-seed weight (loading 0.80). Fifty
landraces were randomly chosen within each cluster and
the first two principal component scores were plotted
(Fig. 3). Although four well-differentiated and non-
overlapping clusters were obtained from the race-latitu-
dinal groups, great intra-cluster diversity was found. The
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Fig. 3. Principal component analysis for 10 morpho-agronomic variables in the ICRISAT sorghum landrace collection. Bi-plot is shown for the
rotated (Varimax) factor-scores for 50 accessions randomly selected within each cluster of photoperiod sensitivity. Cluster membership was
defined from the eight photoperiod variables using the K-means procedure.
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photoperiod-sensitive and highly photoperiod-sensitive
landraces had a wider distribution of morpho-agro-
nomic diversity, as described by the first two component
scores. There was variability for the characters that de-
scribed the first two components, although the distribu-
tion of the accessions within the photoperiod-insensitive
and mildly photoperiod-sensitive clusters was reduced.
For example, there were accessions within these two
clusters that flowered early and had a shorter plant
height with both small and large seed size. Conversely,
large-seeded accessions had a smaller range of days to
flowering and plant height. Thus there was no evidence
of sharply reduced diversity within the two clusters and
their value for breeding in the temperate regions was
not limited. This result meets the objectives of the study
since a stratification of the entire landrace collection
was found that maintained morpho-agronomic diversity
within each cluster. Hence, random sampling could be
performed within each cluster to establish a core col-
lection.

In conclusion, with the analysis of photoperiod re-
sponse, race classification, and latitudinal range, we
found clear structure to the diversity within the landrace
collection of sorghum maintained at ICRISAT. For es-
tablishing a core collection, stratification according to
photoperiod sensitivity is most efficient for sampling
strategies, especially since the clusters are of unequal
size (the largest cluster represents about 1/10 of the
smallest one). Such unbalanced representation of clus-
ters will prevent loose or defective sampling of small
clusters. The use of a hierarchical stratification based
upon an estimate of photoperiod sensitivity simplified
the diversity among the entire landrace collection into
four well-defined clusters. There was evidence that both
natural selection for adaptation to environment and
farmers’ selection for specific use or specific cropping
systems accounted for most of the morpho-agronomic
diversity. The results of this study should enhance utili-
zation of the sorghum landrace collection by allowing
breeders to concentrate their evaluation on variation
within the clusters as an initial focus. This will also
assist in establishing core collections that can be used
to facilitate the maintenance, evaluation, and use of the
collection by curators, breeders, and farmers, respec-
tively.
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