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Abstract The large size of the sorghum [Sorghunz bi-col- 
or (L.) Moench] landrace collection maintained by ICRI- 
SAT lead to the establishment of a core collection. Thus, 
three subsets of around 200 accessions were established 
from: (1) a random sampling after stratification of the en- 
tire landrace collection (L), (2) a selective sampling 
based on quantitative characters (PCS), and (3) a selec- 
tion based on the geographical origin of landraces and the 
traits under farmers’ selection (T). An assessment was 

three multiplex polymerase chain reactions (PCRs) of 
five fluorescent primer-pairs each with semi-automated 
allele sizing. The average allelic richness for each subset 
was equivalent ( 16.1, 16.3 and 15.4 alleles per locus for 
the subsets PCS, L, and T, respectively). The average ge- 
netic diversity was also comparable for the three subsets 
(0.81. 0.77 and 0.80 for the subsets PCS. L. and T, re- 
spectively). Allelic frequency distribution for each subset 
was compared with a chi-square test but few significant 
differences were observed. A high percentage of rare al- 
leles (71 to 76% of 206 total rare alleles) was maintained 
in the three subsets. The global molecular diversity re- 
tained in each subset was not affected by a sampling pro- 
cedure based upon phenotypic characters. 
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Introduction 

done of the genetic diversity retained by each sampling 
strategy using the polymorphisms at 15 microsatellite lo- 

~ ci. The landraces of each subset were genotyped with 

To assist in the management of a large collection. core 
collections have been defined to target maintenance and 
evaluation on a subset that retains a large parr of the di- 
versity encompassed in the entire collection (Brown 
1989a, b). Most core collections have been established 
from random procedures applied either directly on the 
initial set or on a stratified initial set. In this latter case: 
the stratification has often been based upon biological or 
eco-geographical considerations. The degree of diversity 
in the core cdlection was essentially based on pheno- 
typic values (Diwan et al. 1994; Basigalup et al. 1995; 
Casler 1995; Charmer and Balfourier 1995; Cordeiro 
et al 1995; Hodgkin 1995: Rincon et al. 1997: Balfourier 
et al. 1998; Ortiz et al. 1998; Huaman et al. 1999). Re- 
cently, some of these core collections went through spe- 
cific evaluation procedures. For example. the core col- 
lection of US perennial alfalfa established by Basigalup 
et al. ( I  995) was assessed for acid soil tolerance (Bouton 
1996). The results demonstrated that: (1) the diversity of 
the current core collection was sufficient to initially 
identify acid soil-tolerant germplasm, and (2) that germ- 
plasm with exceptional acid soil tolerance will be diffi- 
cult to isolate from the alfalfa collection. The same alfal- 
fa core collection was assessed for forage quality varia- 
tion and it provided a wider range of variation for forage 
quality traits than present in contemporary cultivars 
(Jung et al. 1997). A core subset established from a geo- 
graphically stratified Peruvian quinoa collection. and 
with a proportional sampling was screened for salt toler- 
ance by Ruiz-Tapia et al. in 1997, for details see Ortiz 
et al. (1999). The most-tolerant accessions were found 
within a particular geographic origin and showed distinct 
morphological characteristics. From this evaluation for 
salt tolerance, the authors found that the core collection 
could serve as a starting point for further exuloitation of 
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the genetic resources available in the Peruvian quinoa 
genebank. 

For sorghum [Sorghum bicolor (L.) Moench], core 
collections of 10% size have been established with ran- 
dom procedures and assessed for their phenotypic diver- 
sity (for details see Grenier et al. 2000). Efforts were 
then concentrated on three subsets of 1% size in order to 
assess the genetic diversity retained when random vs 
non-random sampling strategies are applied. 

Comparisons between the entire landrace collection 
and the three subsets (Grenier et al. 2000) found that 
these represented the overall phenotypic diversity of the 
entire landrace collection. Furthermore, they captured 
a high level of phenotypic diversity as measured by 
Shannon-Weaver Diversity indices. 

However, only one selective sampling did not affect 
the morpho-agronomic characters that were not previously 
considered in the sampling. Two hypotheses were formu- 
lated in order to explain such results and it was suggested 
that molecular markers could help in resolving such a situ- 
ation. Thus, the aims of the present study were: (1) to 
compare the genetic diversity of the three subsets using 
microsatellites, (2) to assess the impact of the sampling 
strategy at the DNA diversity level, and (3) to determine 
the rate of rare alleles retained by each procedure. 

Materials and Methods 

The logarithmic subset (L) was sampled from the ICRISAT sor- 
ghum landrace collection that had been stratified into four clusters 
of photoperiod sensitivity. This sampling gives a subset of 225 ac- 
cessions. The PCS subset is obtained using the principal compo- 
nent scoring strategy (Noirot et al. 1996) applied to a set of 2000 
randomly identified accessions. This subset includes 229 acces- 
sions. The taxbnomic subset (T) has 246 accessions selected on 
their particular characters of interest and their specific geographic 
origin (Grenier et al. 2000). 

Table 4 Multiplex primer sets 
used for the amplification of 
SSR loci in S. bicolor and the 
total number of accessions 
studied. SSR allele size ranges 
are those obtained in this study. 
The percentage of homo- 
geneous accessions is given in 
parentheses for the global set 
(GS=the three subsets together) 
and each subset (principal com- 
ponent score strategy: PCS, 
iogarithmic strategy: L, 
taxonomic strategy: T) 

and 

Genomic DNA of each accession was extracted from on aver- 
age 30 4-day old seedlings using the DNA extraction protocol de- 
scribed in Hoisington (1994). PCR-amplification was carried out 
at the USDA-ARS Plant Genetic Resources Conservation Unit’s 
laboratory, Grifin, Ga., USA. Multiplex PCR of 15 SSRs loci (see 
Table 1) was performed with fluorescently labelled primer pairs, 
as described in Dean et al. (1999). To check for repeatability be- 
tween gels, each gel run included the amplification products of a 
single-plant DNA template from the breeding line BTx623. Auto- 
mated sizing and labelled alleles were determined relative to an 
internal lane standard using ABI Genescan 672 software version 
2.1. Limits of detection for fragments were arbitrarily chosen so 
that one longer repeat band with a peak height of less than 10% of 
the highest peak was not accepted. Thus, it eliminated bands that 
were due to the slippage of the Tuq polymerase. Additionally, 
bands with one extra base that resulted from the terminal deoxy- 
nucleotidyl transferase activity of Tuq polymerase were not con- 
sidered. 

The gene diversity index per locus was calculated as 1-Zpcp,2 
where pi is the frequency of the ilh SSR allele (Nei 1973). The ef- 
fective number of alleles per locus was obtained from the number 
of alleles whose frequency was higher than 5%. On these frequent 
alleles, chi-square tests were performed between the three subsets 
and for the global set. 

Results 

The rate of homogeneity of the global set (i.e. all three 
subsets) is variable between the 15 loci (Table 1). For 
example, 57% of the accessions of the global set are ho- 
mogeneous at the locus Sb6-42, while 98% of the acces- 
sions are homogeneous at the locus Sb5-256. The rates 
observed are very similar between the three subsets; loci 
that revealed the highest or the least heterogeneity are 
the same in the three subsets. 

For sorghum, heterogeneity within an accession could 
reflect heterozygosity at a locus and/or seed mixture. In 
this study it would be difficult to distinguish between 
these cases; thus hereafter we will only consider homo- 
geneous accessions. With this condition, a total number 

Locus Repeat 8 Allele , GS PCS L T 
size (bp) 

Multiplex set 1 
Sb4-15 (AG)16 118-134 562 (86) 208 (85) 196 (87) 158 (87) 
Sb4-121 (AC),, 213-229 609 (85) 221 (80) 220 (86) 168 (91) 
Sb4-32 (AG),, 167-235 575 (82) 201 (80) 219 (79) 155 (87) 
Sb5-236 (AG),, 158-208 621 (76) 227 (70) 219 (81) 175 (75) 
Sb6-342 (AC),, 268-294 555 (86) 211 (87) 201 (85) 143 (85) 
Multiplex set 2 
Sb6-36 (AG) 19 

Sbl-10 (AGI27 

Sb6-84 (AG) 14 

Sbl-1 (AG)16 

Sb5-256 (AG), 

Multiplex set 3 

162-200 
242-300 I 

252-496 
166-182 
178-222 

1 66-2 12 

186-208 

182-212 

284-320 

104-156 

624 (58) 
616 (74) 
594 (75) 
537 (98) 
611 (80) 

614 (57) 
607 (72) 
619 (86) 
605 (76) 
618 (83) 

226 (61) 
223 (70) 
220 (69) 
203 (100) 
219 (74) 

224 (52) 
223 (68) 
223 (83) 
219 (78) 
225 (83) 

224 (55) 
219 (80) 
209 (81) 
198 (97) 
223 (87) 

219 (71) 
217 (84) 

212 (85) 
218 (87) . 

222 (89) 

174 (59) 
174 (70) 
165 (77) 
136 (97) 
169 (77) 

171 (46) 
167 (61) 
174 (86) 
174 (63) 
175 (78) 
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Table 2 Molecular diversity 

richness (No.=total number of 
alleles) and with the genetic No. @I) No. (DI) No. (DI) No. (DI) 
diversity [DI=l-C(pi2>, where 
pi is the frequency of the i* Sb415 9 (0.80) 8 (0.81) 9 (0.76) 9 (0.77) 
allele (Weir 1989)] for the Sb4-121 9 (0.84) 9 (0.84) 9 (0.82) 8 (0.84) 
global set (GS=the three sub- 34-32 33 (0.91) 21 (0.91) 26 (0.89) 27 (0.91) 
sets together) and each subset Sb5-236 24 (0.86) 19 (0.87) 19 (0.81) 19 (0.88) 
(principal component score Sb6-342 14 (0.79) 14 (0.80) 14 (0.77) 13 (0.79) 
strategy: PCS, logarithmic Sb6-36 20 (0.85) 17 (0.84) 19 (0.83) 18 (0.86) 
strategy: L, and taxonomic Sbl-1 28 (0.86) 22 (0.83) 20 (0.88) 21 (0.85) 
strategy: T) considering only Sb1-10 31 (0.82) 26 (0.89) 20 (0.69) 23 (0.82) 
homogeneous accessions Sb5-256 7 (0.27) 5 (0.30) 7 (0.23) 5 (0.28) 

Sb6-84 23 (0.86) 21 (0.84) 20 (0.88) 16 (0.82) 

Sb6-57 16 (0.81) 12 (0.81) 15 (0.81) 11 (0.80) 
Sb6-34 Il (0.74) 11 (0.76) 9 (0.71) 8 (0.74) 
Sb5-206 26 (0.93) 25 (0.93) 24 (0.92) , 23 (0.93) 
Sb4-72 15 (0.71) 9 (0.72) 12 (0.66) 11 (0.75) 
Total 289 241 244 23 1 
Mean 19.3 (0.80) 16.1 (0.81) 16.3 (0.77) 15.4 (0.80) 

assessed with the allelic Locus GS PCS L T 

Sb6-42 23 (0.93) 22 (0.93) 21 (0.92) 19 (0.90) 

Table 3 Number of frequent alleles (A) and ~2 test used to com- 
pare the distribution of frequent alleles between the three subsets 
(principal component score strategy: PCS, logarithmic strategy: L, 
and taxonomic strategy: T) and to the global set (GS=the three 
subsets together) considering homogeneous accessions only. One 

Locus GS PCS L T 

letter (a, b or c) shared by two sets indicates non-significant differ- 
ences while different letters mean significant differences in allelic 
distribution between the subset and the global set at P<0.05. The 
number of rare alleles in GS (B) and the number of alleles that 
were rare in the GS and present in each subset (C) are given 

(A) x2 (BI (A) x2 (Cl , (A) ' x 2  (Cl (A) x2 (Cl 

Sb4-15 6 a 3 6 a 2 5 b 3 ' 6  a 3 
Sb4-121 7 a 2 7 a 2 7 a 2 8 a 1 
Sb4-32 8 a 25 8 a 11 8 b 18 8 a 19 

Sb6-342 6 a 8 7 a 8 5 a 8 6 a 7 
Sb6-36 5 a 15 5 a 12 4 a 14 4 a 12 
Sbl-1 5 a, b 23 4 a 17 . 6 a, b 15 4 b 16 

28 3 b 23 3 C 17 3 a, b, c 20 Sbl-10 3 a 
Sb5-256 2 a 5 2 a 3 < 2  a 5 2 a 3 
Sb6-84 6 a, b 17 6 a 15 7 b 12 6 a 10 
Sb6-42 9 a, b 14 9 a 13 9 a, b 12 7 b 10 
Sb6-57 4 a, b 12 6 a, b 8 4 b 11 4 a 7 
Sb6-34 4 a 7 4 a 7 4 a 5 .  4 a 4 
Sb5-206 7 a 19 7 a 18 8 a 17 7 a 15 
Sb4-72 6 a, b 9 6 a 3 4 a, b 5 5 b 5 
Total 83 206 85 157 81 158 80 146 
Mean 5.5 5.7 5.4 5.3 

Sb5-236 5 a, b 19 5 a 13 5 b 14 6 a, b 14 

1 

of 289 alleles was recorded for the 15 loci (Table 2). In ues are found (0.23, 0.28 and 0.3 for the L, the T and the 
the global set, the mean allelic richness is 19.3 alleles PCS subsets, respectively). 
per locus, and ranges from seven alleles at the locus When only the frequent alleles are considered, mean 
Sb5-256 to 33 alleles at the locus Sb4-32. The gene di- allelic richness for the global set is 5.5 alleles per locus, 
versity ranges between 0.71 and 0.93, except for the lo- with a range of two (locus Sb5-256) to nine alleles (lo- 
cus Sb5-256 that has a gene-diversity value of 0.27. cus Sb6-42) (Table 3). Once again, for each subset, the 

Comparisons between the three subsets reveal similar mean allelic richness is of same magnitude (5.7, 5.4 and 
tendencies. The mean allelic richness is of the same 5.3 for PCS, L and T subsets respectively). The chi- 
magnitude (16.3, 16:l and 15.4 alleles per locus for the square tests between the three subsets and relative to the 
L, the PCS and the T subsets, respectively). The genetic global set were performed only on the frequent alleles. 
diversity is high in all three subsets. It ranges for 14 of When compared to the global set, the T subset does not 
the 15 loci from 0.72 to 0.93 (mean of 0.81) in the PCS have a significantly different allelic distribution at any of 
subset, 0.66 to 0.92 (mean of 0.77) in the L subset, and the 15 loci. The PCS subset differs only at one locus 
0.74 to 0.93 (mean of 0.80) in the T subset. For one lo- (Sbl-10). The L subset has three loci (Sb4-15, Sb4-32 
CUS, Sb5-256, low and comparable genetic diversity val- and Sbl-10) with a significantly different allelic distri- 

. .  

, 
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bution at R0.05; one locus (Sb6-84) has a limit of sig- 
nificance of 5%. Comparisons between subsets show sig- 
nificant differences between the PCS and L subsets 
for allelic distribution at five loci (Sb4-15, Sb4-32, 
Sb5-236, Sbl-10 and Sb6-84). Also, the PCS and T 
subsets have three loci (Sbl-I, Sb6-42 and Sb4-72) 
with significantly different allelic distributions. The al- 
lelic distribution in the L and T subsets is significantly 
different for four loci (Sb4-15, Sb4-32, Sb6-84, and 

In the global set, 206 alleles have a frequency lower 
than 5%. From these 206 rare alleles, 157 are present in 
the PCS subset from which 16 are found specifically in 
this subset. An equivalent number of rare alleles (158) is 
maintained in the L subset and 13 of them are specific. 
In the T subset, 146 of the rare alleles are maintained, 
and 17 of them are specifically present in this subset. 
Some of the rare alleles are also specifically lost in the 
subset: 31 in the taxonomic subset, 19 and 15 in the PCS 
and logarithmic subsets, respectively. 

Sb6-57). 

Discussion 

The efficiency of ex situ conservation and its use could 
be improved with greater genetic information on the 
germplasm. The study of 15 SSRs markers on three sub- 
sets of the sorghum landrace collection held at ICRISAT 
found that the homogeneity rate varied between 46 and 
100% depending on the subset and the locus considered. 
The origin of heterogeneity in landraces of self-pollinat- 
ed species needs to be considered for their secure man- 
agement. Although sorghum is a preferentially autoga- 
mous crop, the out-crossing rate can range between 5 
and 30% (Ollitrault 1987; Pedersen et al. 1998). As a re- 
sult, some landraces could still represent traditional pop- 
ulations, although the possibility of seed mixtures either 
at the harvest or in the seed stocks cannot be excluded. 
Accession heterogeneity is a key point and needs to be 
considered in a meaningful way. For genebank manage- 
ment, much care is necessary during the regeneration 
and evaluation process. 

Molecular markers have an important role to play in 
many aspects of conservation (Karp et al. 1997). For in- 
stance they can be used for assessing genetic diversity in 
a large collection. However, their uses need to be consid- 
ered in terms of both their cost and the status of the col- 
lection. For a well-characterized collection, with as ex- 
tensive and valuable data set, morpho-agronomic charac- 
ters can be considered as efficient tools to assess genetic 
diversity., In this case too, molecular markers can be 
important tools for fine-resolution questions on plant 
genetic resource conservation (Kresovich et al. 1993). 
However, when collections are not fully characterized, or 
if genetic information provided by the characters is con- 

’ founded by association or bias, then the molecular mark- 
ers can be helpful for genetic diversity assessment. In 
any event, molecular studies should be considered as 
complementary to phenotypic characterization. 

In comparison with other markers, SSRs can be very 
appropriate tools to assess the genetic diversity in sor- 
ghum. Between two to four alleles per polymorphic lo- 
cus were found with isozymes, RFLP, or RAPD markers 
(Morden et al. 1989; 0llitrault.and Noyer 1989; Deu 
et al. 1994; de Oliveira et al. 1996; Deu et al. 1999). The 
15 SSRs markers developed by Brown et al. (1996) re- 
vealed from two to six fragment sizes per polymorphic 
locus and a diversity index from 0.21 to 0.73 on 17 tem- 
perately and tropically adapted lines of sorghum (Brown 
et al. 1996). Moreover, the 15 microsatellite loci are 
widely spread on the sorghum genome and 14 of them 
have been mapped for nine of the ten sorghum linkage 
groups (Dean et al. 1999). With the same SSR set, Dean 
et al. (1999) assessed diversity among 95 Orange acces- 
sions and found from three to 11 alleles per locus and a 
genetic diversity ranging from 0.16 to 0.77 (Dean et al. 
1999). In our study, using this SSR set, from seven to 33 
alleles per locus and a genetic diversity range of 0.71 to 
0.93 (one locus at 0.27) were found. These differences 
between molecular markers in the number of alleles per 
locus are in concordance with what is known about the 
mechanisms that generate variability for these different 
categories of markers, e.g. punctual mutation, inser- 
tioddeletion for all the markers, plus polymerase slip- 
page andor unequal crossing-over for microsatellite 
markers. 

The high values of allelic richness and genetic diver- 
sity found in the global set quantify the degree of genetic 
diversity in the entire landrace collection. These results 
suggest that the high phenotypic diversity of the sor- 
ghum landrace collection is associated with a high level 
of diversity at the DNA level. It is also possible to use 
such markers for further genotyping and the elimination 
of redundancies as reported by Hokanson et al. (1998) on 
apple, by Chavarriaga-Aguirre et al. (1999) on cassava, 
and Dean et al. (1999) on the Orange sorghum acces- 
sions. The high values for genetic diversity reported here 
support the hypothesis that in sorghum none these alleles 
have a selective advantage. For frequent alleles the allel- 
ic frequencies are well-distributed in the global set. 

Comparisons between the three subsets highlighted 
the similar genetic diversity retained by each sampling. 
From the previous comparison of the three subsets with 
morpho-agronomic data, we found the same global phe- 
notypic diversity, as measured by the Shannon-Wearer 
Diversity index. However, two hypotheses were consid- 
ered to explain the discrepancy in morpho-agronomic 
distribution between the three sampling strategies, i.e. 
bias introduced during the sampling and bias due to the 
specific constitution of the subsets (Grenier et al. 2000). 
Our present results of equal global molecular genetic di- 
versity between the three subsets indicate a similar effi- 
ciency of the three strategies to retain genetic diversity. 
However, allelic frequencies are found significantly dif- 
ferent for some loci between the three subsets. Interest- 
ingly, the L subset differs from the PCS and T subsets, 
for the same three loci. These results would support the 
hypothesis that the phenotypic characters that are influ- 
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enced by the sampling are not affected because of a bias 
during the sampling. Indeed, in such a case, a different 
allelic distribution would have been expected for the 
three subsets at any of the loci; for two pair-wise com- 
parisons the probability that subsets share three random 
modified loci out of the 15 is less than 5%. By contrast, 
our results suggest that phenotypic characters, like mole- 
cular markers, could be affected as a result of their asso- 
ciations with the characters used for the constitution of 
the specific core collections. For example, if the stratifi- 
cation of the entire landrace collection was based on ra- 
cial or geographic considerations, it would have been ex- 
pected that the sampling does not affect the same charac- 
ters as in Grenier’s et al. (2000) study, nor the same loci 
as in this study. Thus, could molecular markers be used 
to constitute a core collection that would retain the best 
sample of the agro-morphological diversity? This case 
could be considered for collections that have not yet 
been evaluated and for which the cost of field analyses is 
much higher than for molecular analyses. In the case of 
large collections,. such as the ICRISAT sorghum collec- 
tion, it is not feasible to assess molecular markers for the 
entire collection because of the cost. To assess the poten- 
tial in a limited manner, we considered the global set 
evaluated in this study as the target set and the five mi- 
crosatellite loci for which data were the most complete 
(Sb4-121, Sbl-1, Sb6-84, Sb6-34 and Sb4-72) as the 
sampling criteria. Then a selective sampling strategy on 
an initial set of 521 accessions with maximization of the 
molecular diversity (PCS strategy ‘corequal’ obtained 
from htpp://www.mpl.ird.fr/genetrop/rg/pcss/index.htm) 
was applied in order to establish a subset that represents 
10% of the size of the target set. This subset includes 
52% of total variability (data not shown). Comparisons 
of the phenotypic diversity between the subset and the 
target set based on the same characters as those used by 
Grenier et al. (2000) found that molecular PCS sampling 
does not induce chan’ges in the distribution of the 
morpho-agronomic characters, except for flowering days 
in the rainy season. In these conditions, it would be in- 
teresting to consider an initial set that represents the en- 
tire landrace collection as well as others sets of microsat- 
ellite loci. Furthermore, any association should be as- 
sessed with an investigation of the relationship between 
molecular markers, the specific morpho-agronomic char- 
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