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Abstract Sweet sorghum (Sorghum bicolor (L.) Moench) is a cultivated sorghum recognized as potential alternative source of 
bio-fuel due to its high fermentable sugar content in the stalk. It provides renewable energy products, industrial commodities, food 
and animal feed. Sweet sorghum gene pool creation has not received much attention mainly because it was not considered to be 
among important crops in Kenya, and the pedigree information is scarce and incomplete. The objective of the study was to assess the 
genetic diversity and relationship among a collection of sweet sorghum genotypes using SSR markers. Eighty six sweet sorghum 
cultivars from Argentina, Brazil, Kenya (ICRISAT and Moi University), United States of America and Zambia were genotyped with 
11 SSR markers that generated 86 alleles with an average of 8 alleles per locus. Polymorphism information content (PIC) value was 
0.53 indicating a moderate diversity with a range of 0.09~0.89. The variability among the populations was low as 3% but amounted 
to 22% and 75% within individual genotypes and among individuals respectively. Clustering analysis based on the genetic similarity 
(GS) grouped the 86 sweet sorghum genotypes into 2 distinct clusters. The study also revealed the genetic relationship of cultivars 
with unknown parentage to those with known parentage. Information generated from this study can be exploited to select parents for 
hybrid development to maximize sugar content and total biomass and for development of segregating populations to map genes 
controlling sugar content in sweet sorghum. 
Keywords Genetic distance; Genetic diversity; Simple sequence repeats (SSR) markers; Sweet sorghum 

Introduction 
Interest in exploiting sweet sorghum (Sorghum bicolor 
(L.) Moench) as a biofuel crop is growing due to its 
rich stalk sugar content (Wang et al., 2009). Many 
breeding programs are working towards development 
of high-yielding varieties and hybrids with higher 
sugar content, resistance to diseases, drought tolerance 
and good agronomic traits (Klein et al., 2008). 
Significant breakthrough has been made in developing 
and releasing sorghum hybrids and varieties for 
commercial cultivation both in India and elsewhere 
(Kumar et al., 2011). Genetic similarity estimates 
among genotypes are important in selecting parental 
combinations for creating segregating populations to 
maintain genetic diversity in a breeding programs 
(Becelaere et al., 2005), develop mapping populations 
for detecting quantitative trait loci (QTL) (Varshney, 

2011) and categorize lines into heterotic groups for 
hybrid crop breeding (Menz et al., 2004). Simple 
sequence repeats (SSR), also known as microsatellites, 
are based on tandem repeats of one to six core 
nucleotide elements. Different studies have recommended 
the use of SSR markers in analyses of genetic 
diversity due to their high degree of polymorphism 
(Geleta et al., 2006; Ali et al., 2008; Shehzad et al., 
2009). Simple sequence repeats are co dominant 
markers dispersed throughout the genome, and have 
multiple alleles that often have conserved loci between 
related species (Brown et al., 1996; Schulman, 2006). 
The SSRs are able to discriminate among closely 
related individuals, and have advantage over other 
markers in their ability to trace pedigrees in plants 
(Powell et al., 1996). In sorghum, several studies have 
been conducted involving SSR markers either alone or 
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in combination with other marker types (Casa et al., 
2005; Ali et al., 2008; Klein et al., 2008; Murray et al., 
2009). In sweet sorghum, genetic diversity has been 
successfully determined using amplified fragment 
length polymorphism (AFLP) and simple sequence 
repeat (SSR) markers. Due to their high values for 
polymorphic information content (PIC) and the 
Shannon diversity index (Geleta et al., 2006), these 
marker types were adequate for use in these species. 
Sweet sorghum gene pool creation has not received 
much attention mainly because it was not considered 
to be among important crops in Kenya, and the 
pedigree information is scarce and incomplete. The 
study was therefore undertaken to assay genetic 
diversity among a collection of sweet sorghum 
genotypes using SSR markers to identify specific 
genotypes exhibiting highest levels of polymorphism 
i.e. genotypes bearing a maximum of favourable 
alleles with the aim of improving the genetic base of the 
current cultivated sweet sorghum to support a breeding 
programme that will provide Kenyan and African 
farmers with high-yielding sweet sorghum varieties. 

Results 
Marker characterization and allele frequencies 
The allele sizes among the genotypes for the 11 
microsatellites varied from 98 to 244 bp (Table 1). 
Number of repeats in the SSR motif had strong 
correlation with allele number and their 
polymorphism information content (Table 2). The 11 
SSRs revealed a total of 86 alleles with a mean of 8 
alleles per marker (Table 2). The allele number ranged 
from 3 (mSbCIR 246) to 19 (Xtxp 012). All the 
markers were polymorphic (Table 2). The PIC value 
over the 11 SSR markers averaged 0.53, ranging from 
0.09 for marker Xcup 63 to 0.89 for marker Xtxp 012. 
The mean level of heterozygosity per SSR marker was 

0.17 (Table 2). Heterozygosity level ranged from 0.00 
for marker Xtxp 145 to 0.84 for marker mSbCIR 246. 
Marker Xtxp 012 had the highest gene diversity of 0.9 
while marker Xcup 63 had the lowest gene diversity 
of 0.09. The mean gene diversity per SSR marker was 
0.56 (Table 2). All the loci were polymorphic with 
Zambian population having the highest number of 
private alleles (Table 3). 

Population structure 
There was a clear genetic differentiation among 
individuals within populations, and within the 
individuals using significance tests based on 1,000 
permutations (Table 4). The variability among the 
populations was low as 3 % but amounted to 22% and 
75 % within individual genotypes and among 
individuals respectively. The FST value was 0.034. 

Genetic diversity within regions 
The allele frequency based pair-wise genetic distances 
between the countries calculated using Power- Marker 
version 3.25 revealed the relatedness of genotypes on 
a country by country basis (Table 5). Genotypes from 
Kenya and Brazil were the most distant at 0.303 
whereas genotypes from Kenya and Zambia were the 
closest at 0.070. 

Cluster analysis  
The pair-wise dissimilarity indices among the sweet 
sorghum genotypes were estimated using allelic data 
by simple allele matching followed by cluster analysis 
using unweighted neighbor-joining algorithm. All the 
86 genotypes fell into two (I and II) clusters 
corresponding mainly to their geographic origin and 
pedigree. The biggest cluster, cluster I had 83 
genotypes with cluster II having 3 genotypes (Z35, 
Z42 and K86), Figure 1. 

 
Table 1 The 11 SSR markers used in this study, the dyes used to label them, repeat motif, chromosome number and allele size range 
Marker Dye label Repeat motifs Chromosome number Allele size range (bp) 
Xcup 53 NED (TTTA)5 1 186~198 
Xcup 63 VIC (GGATGC)4 2 133~145 
mSbCIR 329 6-FAM (AC)9 5 109~117 
mSbCIR 246 6-FAM (CA)7 7  98~100 
Xtxp 021 PET (AG)18 4 169~199 
Xcup 14 6-FAM (AG)10 3 211~225 
Xcup 02 VIC (GCA)6 9 192~204 
Xtxp 273 NED (TTG)20 8 169~199 
Xtxp 012 6-FAM (CT)22 4 161~205 
Xtxp 145 VIC (AG)22 6 208~244 
mSbCIR 283 PET (CT)8 (GT)8 10 113~139 
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Supplementary Table 1 86 sweet sorghum genotypes used in genetic diversity study, their genotype identification (GI), genotype 
name and region of collection 
No. GI  Name Region No. GI Name Region 
1 ZM1 SDS 89426 ZAMBIA 44 BR2 MXS 5648 BRAZIL 
2 ZM2 PRGC ZAMBIA 45 BR3 MXS 5637 BRAZIL 
3 ZM3 ICSV 1089 ZAMBIA 46 BR4 MXS 5635 BRAZIL 
4 ZM4 ICSV 1090 ZAMBIA 47 BR5 MXS 5646 BRAZIL 
5 ZM5 MACIA ZAMBIA 48 BR6 MXS 5647 BRAZIL 
6 ZM6 ZSV-18 ZAMBIA 49 BR7 MXS 5639 BRAZIL 
7 ZM7 ZSV-30 ZAMBIA 50 ARG1 MALON ARGENTINA
8 ZM8 ZSV-31 ZAMBIA 51 ARG2 PAISANO ARGENTINA
9 ZM9 SDS 4378 ZAMBIA 52 ARG3 ARG 151 DP ARGENTINA
10 ZM10 SDS 1023 ZAMBIA 53 ARG4 ARG 165 BI ARGENTINA
11 ZM11 SDS 876 ZAMBIA 54 USA1 NK 7829 USA 
12 ZM12 SDS3845 ZAMBIA 55 USA2 NK 8830 USA 
13 ZM13 SDS 3846 ZAMBIA 56 USA3 KS 5989 USA 
14 ZM14 SDS2690 ZAMBIA 57 USA4 NK 8416 USA 
15 ZM15 SDS2691 ZAMBIA 58 KARI1 GADAM KENYA 
16 ZM16 KSV-10 ZAMBIA 59 KARI2 MTAMA 2 KENYA 
17 ZM17 KSV-7 ZAMBIA 60 ICR1 IESV 93046 KENYA 
18 ZM18 SDS 4380 ZAMBIA 61 ICR2 IS 2331 KENYA 
19 ZM19 ZSV-12 ZAMBIA 62 ICR3 NTJ 2 KENYA 
20 ZM20 WP-13 ZAMBIA 63 ICR4 IESV 92008 KENYA 
21 ZM21 ZM 2489 ZAMBIA 64 ICR5 IESV 93042 KENYA 
22 ZM22 ZM 2499 ZAMBIA 65 ICR6 IESV 92038 KENYA 
23 ZM23 ZM 2511 ZAMBIA 66 ICR7 IESV 91104 KENYA 
24 ZM24 ZM 2518 ZAMBIA 67 MU1 IESV 91018 KENYA 
25 ZM25 ZM 2536 ZAMBIA 68 MU2 IESV 92038 KENYA 
26 ZM26 ZM 2547 ZAMBIA 69  MU3 IS 23496 KENYA 
27 ZM27 ZM 2560 ZAMBIA 70 MU4 ICSV 700 KENYA 
28 ZM28 ZM 2562 ZAMBIA 71 MU5 ST 17 KENYA 
29 ZM29 ZM 2578 ZAMBIA 72 MU6 IESV 92099 KENYA 
30 ZM30 ZM 2580 ZAMBIA 73 MU7 S 35 KENYA 
31 ZM31 ZM 2584 ZAMBIA 74 MU8 IESV 92006 KENYA 
32 ZM32 ZM 2592 ZAMBIA 75 MU9 ICSA 38 KENYA 
33 ZM33 ZM 2602 ZAMBIA 76 MU10 IESV 92047 KENYA 
34 ZM34 ZM 2610 ZAMBIA 77 MU11 ICSB 657 KENYA 
35 ZM35 ZM 2625 ZAMBIA 78 MU12 IESV 92070 KENYA 
36 ZM36 ZM 3869 ZAMBIA 79 MU13 IESV 9202 KENYA 
37 ZM37 ZM 3935 ZAMBIA 80 MUI14 IESV 92207 KENYA 
38 ZM38 ZM 3990 ZAMBIA 81 MU15 ICSB 297 KENYA 
39 ZM39 ZM 4668 ZAMBIA 82 MU16 E 36-1 KENYA 
40 ZM40 ZM 4856 ZAMBIA 83 MU17 ICSB 502 KENYA 
41 ZM41 ZM 5750 ZAMBIA 84 MU18 ICSB 324 KENYA 
42 ZM42 Sima ZAMBIA 85 MU19 ENT 18-2  KENYA 
43 BR1  MXS 5636 BRAZIL 86 MUI20 ICSB 592 KENYA 
 
Table 2 Summary of allele frequency, allele number and diversity indices of 86 sweet sorghum genotypes 
Marker name Major allele frequency Genotype number Allele number Gene diversity Heterozygosity PIC 
Xcup 53 0.90 6 4 0.19 0.03 0.18 
Xcup 63 0.95 5 5 0.09 0.01 0.09 
mSbCIR 329 0.38 16 9 0.75 0.14 0.72 
mSbCIR 246 0.43 4 3 0.65 0.84 0.57 
Xtxp 021 0.49 12 9 0.68 0.07 0.64 
Xcup 14 0.54 13 10 0.64 0.25 0.60 
Xcup 02 0.54 8 7 0.64 0.01 0.60 
Xtxp 273 0.73 8 7 0.43 0.10 0.39 
Xtxp 012 0.19 32 19 0.90 0.35 0.89 
Xtxp 145 0.73 6 6 0.44 0.00 0.41 
mSbCIR 283 0.36 10 7 0.75 0.06 0.71 
Mean 0.57 11 8 0.56 0.17 0.53 
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Table 3 Table of genetic diversity for each sweet sorghum populations analyzed in this study 

Population Sample size Polymorphic loci (%) Private alleles Na (SE) He (SE) Ho (SE) 
Zambia 42 100 2 5.909 (0.576) 0.564 (0.076) 0.166 (0.082) 
Kenya 29 100 1 3.636 (0.650) 0.511 (0.074) 0.151 (0.071) 
Brazil 7 72.7 0 2.727 (0.469) 0.348 (0.088) 0.176 (0.071) 
Argentina 4 72.7 0 2.000 (0.270) 0.330 (0.074) 0.182 (0.076) 
USA 4 81.8 0 2.273 (0.273) 0.431 (0.072) 0.242 (0.092) 
Overall mean 17 85.4  3.655 (0.374) 0.437 (0.035) 0.183 (0.034) 

Note: He=Expected heterozygosity; Na=No. of different alleles; Ho=Observed heterozygosity; SE=Standard Error 

 
Table 4 AMOVA partitioning SSR variation, among populations, among individuals within populations, and within individuals in 86 
sweet sorghum genotypes 

Source d.f Sum of squares Variance components P-value Percentage of variation Fst 

Among Populations 4  38.10 0.12  0.03   3.4  

Among Individuals within populations 81 497.58 2.68 <0.001  75.0 0.034

Within Individuals 86  66.50 0.77 <0.001  21.6  

Total 171 602.18 3.58  100.0  

 
Table 5 Genetic distance matrices between countries calculated according to Nei (1987) for the 86 sweet sorghum genotypes 

Country Zambia Brazil Argentina United States of America Kenya 

Zambia 0.000     
Brazil 0.223 0.000    
Argentina 0.156 0.203 0.000   
United States of America 0.188 0.185 0.196 0.000  
Kenya 0.070 0.303 0.203 0.228 0.000 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 Dendogram (radial axis) of 86 sweet sorghum 
genotypes revealed by cluster analysis of genetic similarity 
estimates generated by Nei coefficient based on 11 SSR markers 
 
Discussion 
With the availability of complete sorghum genomic 
sequence (Paterson et al., 2009) simple sequence 
repeats (SSRs) have become the preferred markers of 
choice for studying genetic diversity of sorghum 
owing to their co-dominance, multi-allelic nature, ease 

of use and repeatability. Eight alleles per marker 
shown in Table 2 was higher than the average of 5.9 
previously reported in elite sorghum lines (Smith et al., 
2000) but lower than the average reported in the inbreds 
of sorghum (Menz et al. 2004) who reported 8.7 
alleles per locus. The average number of alleles 
revealed per SSR locus detected was higher to that 
detected by Schloss et al. (2002), Thudi and Fakrudin, 
2011). This could be due to levels of polymorphism of 
SSR markers, the diversity of genotypes and the 
sensitivity of DNA fragment separation systems. 
Mean level of heterozygosity per SSR marker of 0.17 
in table 2 is similar to what was reported by Ngugi 
and Moraa (2012). PIC provides an estimate of the 
discriminatory power of a locus or loci by the 
number of alleles expressed and the relative 
frequencies of those alleles. According to PIC values, 
2 markers (Xcup 53 and Xcup 63) were slightly 
informative (PIC<0.25 with mean=0.095), 2 markers 
(Xtxp 273 and Xtxp 145) were reasonably informative  
(0.25<PIC<0.5, mean PIC=0.42), 5 markers (mSbCIR 
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246, Xcup 14, Xcup 12, mSbCIR 283 and mSbCIR 
329) were highly informative (0.5<PIC>0.75, mean 
PIC=0.64). The SSR Xcup 63 has been identified as 
rare in an earlier study (Ali et al., 2008). The FST value 
of 0.034 in Table 4 indicates negligible genetic 
differentiation among the population analyzed. FST 
values up to 0.05 indicate negligible genetic 
differentiation whereas >0.25 means very great 
genetic differentiation within the population analyzed. 
This demonstrates that sweet sorghum cultivars from 
Argentina, Brazil, Kenya, United States of America and 
Zambia, are very closely related. Efforts to widen 
genetic variability and improve sweet sorghum through 
exchange of cultivars for breeding within these 
countries are unlikely to yield useful results. Similar 
observation had also been made by Geleta et al. (2006) 

Marker series Xtxp 012, Xtxp 021 which were of 
genomic origin were highly polymorphic compared to 
gene-based marker series Xcup 53 and Xcup 53 (table 
2). Genic SSRs have been reported to be less 
polymorphic compared with genomic SSRs in crop 
plants because of greater DNA sequence conservation 
in transcribed regions (Schloss et al., 2002). 

SSRs with di-nucleotide repeats are the most 
polymorphic marker class followed by tri-, tetra- and 
penta-repeat units. A direct relationship exists 
between marker information content and the number 
of repeat units (Weber 1990; Innan et al., 1997; 
Schloss et al., 2002). The observed inbreeding 
coefficient (FIS=0.77) was high probably as a 
consequence of self fertitilization. Ellstrand and Foster 
(1983) reported similar level of selfing. The gene 
diversity observed in this study (Mean PIC=0.53) is 
closer to the diversity value (0.40, 0.46, 0.62, 0.58) 
reported by Ali et al.(2008), Schloss et al. (2002), 
Agrama and Tuinstra (2003) and Smith et al. (2000), 
respectively. The SSR loci mSbCIR 329, Xcup 14 and 
Xcup 12 were rich in allelic diversity exhibiting (9-19) 
alleles with highest PIC of 0.89. Thus, these primers 
could be of great use in DNA fingerprinting to 
characterize sweet sorghum genetic stocks in view of 
the emerging needs for Distinctiveness, Uniformity 
and Stability (DUS) characterization and plant varietal 
registration.  

Conclusion 
Pairs of genotypes, which can be exploited to select 
parents for hybrid development to maximize the sugar 

content and total biomass and for development of 
segregating populations to map genes controlling 
sugar content in sweet sorghum, were identified. The 
results presented here demonstrate that sweet sorghum 
cultivars from Argentina, Brazil, Kenya, United States 
of America and Zambia, are very closely related. 
Efforts to widen genetic variability and improve sweet 
sorghum through exchange of cultivars for breeding 
within these countries are unlikely to yield useful 
results. Similar observation had also been made by 
Geleta et al. (2006) suggesting improvement of sweet 
sorghum varieties should access additional new genes. 
It may therefore be necessary the future breeding 
strategies are directed at crossing sorghum with some 
of its close relatives.  

Materials and Methods 
Germplasm collection 
A set of 86 cultivars of sweet sorghum genotypes were 
selected as follows: Four from Argentina, seven from 
Brazil, 29 from Kenya (ICRISAT and Moi University), 
four from United States of America and 42 from 
Zambia. 

DNA extraction 
Total genomic DNA was extracted from young leaves 
(12 days old) of five plants of each line planted in the 
green house at Biosciences eastern and central Africa 
(BeCA) ILRI hub in Nairobi, Kenya. Five (5) plants 
per genotype were harvested and pooled into 
microtubes tubes. DNA was extracted from leave 
samples using a modified CTAB protocol (Mace et al. 
2003). Two steel beads were put in each well of strip 
tubes (Greentree Scientific, USA) that were processed 
in a Geno Grinder 2000. The samples were placed in 
microtubes and then, 450 μL preheated (65ºC) 
Extraction Buffer (EB) (3% (w/v) CTAB, 1.4 M NaCl, 
0.2% (v/v) β-Mercapto-ethanol and 20 mM EDTA) 
was added and ground using the Geno-grinder. The 
quantity and quality of the DNA were checked using a 
Nano-drop spectrophotometer.  

PCR and SSR assay 
Eleven SSR primers from a reference microsatellite 
kit used to assess genetic diversity of Sorghum bicolor 
(Billot et al., 2012) were selected based on their clear 
polymorphic patterns and on their position in the 
sorghum genome, covering ten linkage groups or 
chromosomes. Upon dilution of DNA samples to 20 
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ng/μL, a 10 μL PCR mix consisting of 20 ng of DNA, 
10× reaction buffer, 2 mM MgCl2, 0.2 mM dNTPs, 2 
pmols of forward and reverse primers, 0.5 U Taq 
polymerase was prepared for each genotype. 
Temperature cycling was carried out using the 
GeneAmp PCR systems 9700 (PE-Applied Biosystems), 
using a program with an initial denaturation at 94°C 
for 60 s followed by 35 cycles at 94°C for 60 s, 55°C 
for 60 s, and 72°C for 60 s with a final hold at 72°C 
for 20 min. After the PCR, a few accessions in each 
primer were randomly selected and their PCR products 
(3 uL) run on agarose (2%) gel electrophoresis stained 
with gel red (2.5 uL) at a voltage of 100 V for 30 
minutes. Genotyping was carried out by capillary 
electrophoresis using the ABI PRISM 3730 (Applied 
Biosystems). DNA fragments were denatured and 
size-fractioned using capillary electrophoresis. The 
SSRs used in the study represented di-, tri-, tetra- 
and penta- nucleotide repeat units. The peaks were 
sized and the alleles identified using Gene-Mapper 
software and the internal GS500 (-250) LIZ size 
standard. 

Cluster analyses  
Dissimilarity indices were estimated using allelic data 
by simple allele matching and cluster analysis based 
on unweighted neighbor-joining (Gascuel, 1997) were 
carried using DARwin 5.0 dissimilarity analysis 
software (Perrier et al., 2003). To ascertain the 
statistical strength of genetic relationships identified 
through this analysis, bootstrapping of the data 
(10,000 permutations) was performed. The total 
number of alleles detected, the number of common 
alleles with allelic frequencies of at least 5%, the 
observed size range (in base pairs; bp), the allele size 
differences (in bp), the polymorphism information 
content (PIC) values (Smith et al., 2000), and 
frequencies of unique alleles were calculated for each 
SSR marker using PowerMarker Version 3.25 (Liu 
and Muse, 2005). 

Data analysis 
Alleles were called and identified using Gene-Mapper 
version 3.7. Data was subjected to Allelobin software 
to check the quality of the SSR markers. Data 
generated from Allelobin was analyzed using 
Power-Marker version 3.25 to calculate the 
Polymorphic Information Content (PIC), heterozygosity, 
number of alleles for each marker, percentage of 

polymorphic loci estimates, and genetic diversity 
among the genotypes and their genetic distances. 
Allele and genotype frequencies were scored using 
haplotype diversity values with PowerMarker version 
3.25 (Schenider et al., 2000). Darwin Version 5.0 
software was used to calculate the principle 
coordinate analysis (PoCA) and clustering among 
the genotypes. To determine the genetic relationships 
and differentiation; the 86 sweet sorghum accessions 
were clustered based on the matrix of genetic 
similarities using the Un-weighted Pair Group Method 
using the Arithmetic Averages (UPGMA) algorithm. 
Dissimilarity Index was calculated from allelic data by 
simple matching. The distances were computed for 
microsatellite data (11 loci) and trees constructed 
using the neighbour-joining method with DARwin 
Version 5.0 software. The genetic distance between 
genotypes was subjected to sequential agglomerative 
hierarchical nested (SAHN) with un-weighted, 
pair-group analysis (UPGMA) using Dice’s indices as 
provided in DARwin 5.0. Major clusters were 
generated from Nei (1987) genetic distance matrices. 
Analysis of molecular variance (AMOVA) (Excoffier 
et al., 1992) was used to partition SSR variation 
among groups. Significance levels for variance 
component estimates were computed by a non-parametric 
permutation procedure using 100 permutations. 
AMOVA and Fst indices were calculated using the 
GenAlEx program, version 6.5 (Peakall and Smouse, 
2012). 
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