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Abstract

For centuries, crop improvement has served as the basis of food security of ever
increasing human population. Though vast germplasm collections are available; their
exploitation for crop improvement still depends upon efficient assessment of genetic
diversity. Genetic variability is the key element in adaptation of plants to varying
climates. While crops with narrow genetic diversity are vulnerable to stresses. The
estimation of extent and pattern of genetic variability is a prerequisite for generating
superior varieties. Genetic diversity analysis generates key information to dissect
genetic variations in crop germplasm with the help of morphometrical, biochemical
and molecular tools. Among these, DNA markers provide a reliable and detailed
insight into the similarities and differences among crops. In this chapter, we discuss
the applications of phenotypic and molecular markers to probe genetic divergence in
crops and present case studies that describe the significance of these tools to charac-
terize sorghum germplasm. Furthermore, we spotlight sorghum biodiversity explo-
ration efforts worldwide and propose future directions.

Keywords: molecular markers, Sorghum bicolor, PCR, RAPDs, SSRs, SNPs, GWAS,
association mapping, UPGMA, dendrogram

1. Introduction

The term “variability” refers to variation in one or more than one characters of
living organisms. The cumulative influence of environment and the genetic factors
brings about variations in a specific trait. Genetic variation refers to variation in
sequences of genes between individuals in a population. Allelic variation is the
building block of hereditary variation that is expressed in the form of different
phenotypes. Processes like mutation, random mating and fertilization and gene
duplication may introduce new genes and alleles thereby increasing genetic varia-
tion. Random mutations are the source of genetic variations. Mutations are either
heritable or non-heritable; the beneficial heritable mutations exert a great influence
on the genetic variations of living organisms. Likewise, gene flow is also a means of
introducing new alleles to a population and thereby broadening the genetic diver-
sity of living organisms. Genetic variability provides baseline for genetic diversity;
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a broader term that reflects the degree/amount of variation existing within a popu-
lation. Without genetic variability, populations fail to adapt to varying climatic
conditions and are prone to extinction. Genetic variability is a source of natural
selection, that is the key driver of evolution of living organisms.

Agriculture is directly influenced by environmental degradation and biodiver-
sity loss leading to compromised quantity and quality of diverse and nutritious
foods. Globally, people are relying on three major cereal crops wheat, maize and
rice to fulfill their dietary needs and in turn are adopting similar dietary plans. Due
to selective exploitation of few crops and large scale cultivation of genetically
homogeneous cultivars, other wild and more nutritious crops are wiped out of
global atlas. Not only we have compromised our health due to poor nutrition, the
resilience of our food system is also at stake due to loss of crop diversity. Such lack
of biodiversity was the root cause of Irish potato famine in the nineteenth-century.
Presence of genetic diversity is the vital element of all variety development pro-
grams. Existence of genetic diversity in crop germplasm aides in the efficient
selection of high yielding, better adapted crop plants with possible uses of direct
introduction as a variety or one of the parents in crossing scheme of breeders for
variety development programs. Since genetically diverse germplasm offers wider
tolerance to biotic and abiotic stresses; such programs extensively involve exploring
and exploiting diverse crop germplasm.

There is a continuous shift in the focus of agriculture from time to time. Agri-
culture in ancient times was focused on meeting subsistence food requirement.
While, present day agriculture is focused to maximize yields for growing
populations. That’s why breeders are utilizing crop genetic resources for targeted
and sustainable development of new high yielding and nutritious crop varieties in
order to address malnutrition and balanced diet of human population. Under
prevailing conditions of scarce water resources and escalating temperatures, devel-
opment of climate resilient crop varieties is gaining momentum. Climate smart
agriculture relies on cultivars with novel biotic/abiotic stress tolerance traits. How-
ever, depletion of natural variability persists in existing crop germplasm. Targeted
breeding to improve specific traits and repeated use of few breeding parents has
narrowed the genetic base of existing major crop varieties, raising serious concerns
about genetic vulnerability of modern crops and making breeder’s task even harder.
In this context, new sources of desirable alleles are exploited from wild as well as
closely related crop species and mutants. Hence, for ever changing breeding goals, it
is imperative to conserve genetic diversity as germplasm resource. Crop genetic
diversity is the core element of climate smart agro ecosystem to promise sustainable
food availability and thereby to alleviate hunger and poverty.

A dire need exists to brought back underutilized and forgotten crops of every
region to the canvas of agriculture for enhancing sustainable food production under
anticipated harsh climates of the planet. A huge resource of alternative crops like
sorghum, can replace the monoculture of three dominating cereal crops. Sorghum is
a grass of multiple uses including food, feed, fiber, sugar, ethanol etc. Exploiting
this and other nutritious and hardy crops is the best way to diversify present
cropping system and enhance its resilience towards climate change. We need con-
certed collective efforts to increase awareness of farmers, policy makers and con-
sumers towards benefits of diversification in agricultural systems.

2. Crop genetic diversity assessment methods

The assessment, extent and distribution of genetic divergence is the base line of
preservation and exploitation of genetic variability within and between crop
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species. Initially, morphometric, cytological and biochemical markers were fre-
quently used to evaluate the extent of similarities and differences among crop
germplasm. Genetic and molecular markers were developed in the genomics and
post genomics era and now are the widely used method for crop genetic divergence
estimation.

2.1 Morphological markers

Evaluation of phenotypic traits in glasshouse or field- grown plants has long
been used for selection of diverse crop plants. Effective morphometric characteri-
zation involves field plantation of large number of plants following specific lay out
design. The morphological traits are recorded at vegetative growth (germination
percentage, number of leaves, nodes, leaf area index, leaf color, stem thickness
etc.), reproductive growth (Days to flowering, days to maturity, flower color,
morphology, brix value etc.) and maturity stage (Plant height, yield, dry biomass
and grain weight etc.). Plants express physiological and morphological changes
under biotic and a biotics stresses. Hence, phenotypic characterization is vital in the
selection of tolerant plants under stress environment.

This approach is easy, simple, inexpensive and directly measurable. However,
experienced staff is required for effective selection of promising plants. Such field-
based evaluation is directly influenced by environmental factors. Moreover, labor
and field requirements pose extra work. Morphological evaluations must be detailed
involving all growth stages of plants. Presently high throughput phenomics
approaches have refined the morphological data recording of large number of
entries in the field with precision. The growth-stage dependent physio-
morphological characterization provides a base line for breeders to develop diverse
genotypes having stress tolerant attributes. Furthermore, good quality phenotypic
data is the foundation of new genomics and molecular approaches to successfully
dissect the molecular basis of complex quantitative traits such as yield, disease
resistance etc. Morphological markers have limitation of delayed expression till the
specific developmental stage of the plant. Moreover, genotype x environmental
interactions render the morphological markers less reliable than other marker types.

2.2 Cytological markers

These markers are related to morphological variations in chromosome size,
shape, number, length, arm ratio, volume, behavior in cell divisions and DNA
content etc. These chromosomal features can be identified through microscopy and
expressed by chromosome karyotype and bands. The G, Q, R and C banding
patterns of chromosomes indicate regions of chromatin that are stained with the
help of different fluorescent dyes, viz.; Quinacrine hydrochloride (Q bands) and
Giemsa stain (G bands) [1]. The presence or absence of a chromosome band is
associated with the specific traits. A thinnest chromosome band hosts over hun-
dreds of genes. These are used to detect cytological mutations and track evolution-
ary chromosomal rearrangements. The fusion of chromosomal and molecular
biology protocols in 1990 introduced fluorescence in situ hybridization (FISH)
method. It is capable of physical mapping of nuclear content directly on the chro-
mosomes and identifying protein content of a cell. A more advanced variant of in
situ hybridization, “genomic in situ hybridization (GISH)” technique utilizes total
genomic DNA of plant as a probe. Both GISH and FISH are powerful tools to
characterize alien introgressions in crop species and dissect genetic makeup of
natural and artificial hybrids [2]. However, cytological markers have limited use in
genetic diversity estimation due to their small number and discrete detection.
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2.3 Biochemical markers

Biochemical markers have been among the most widely used markers for
assessing variations among and within crop species before the advent of molecular/
DNA markers. The alternative forms of protein (isozymes) exhibit specific banding
patterns on gel electrophoresis, owing to variations in charge- based protein mobil-
ity. Isozymes are the products of different alleles, their position can be mapped on
to chromosomes and hence are used to map other genes. Protein/isozyme analysis is
still among the simple, rapid and cheap methods and fits well in the projects where
low level of genetic diversity estimation is desired. Though protein markers are
more reliable than morphological markers, their expression is plant growth stage
dependent and is readily influenced by the environment [3, 4].

2.4 Molecular markers

Molecular markers are based on DNA sequence polymorphism and bypass the
limitations encountered in the use of morphological, cytological and biochemical
markers. These have become the preferred method for evaluating crop genetic
variations due to their simple inheritance, high reproducibility, widespread distri-
bution in plant genome and being stable, highly polymorphic with minimum pleio-
tropic effects [5]. Molecular markers are not plant stage dependent and are least
affected by environment. Large number of markers have been mapped on chromo-
somes of crop plants and livestock. Molecular markers show either dominant or co
dominant inheritance mode. The codominant markers are preferred over dominant
ones being more reliable and informative [6]. These have been extensively
exploited for variety of applications like genetic fingerprinting, hybrid identifica-
tion, functional genomics etc. In crop breeding, molecular markers help in early
identification/selection of desired genotypes thereby shortening variety develop-
ment time. These markers enhance breeders’ capability of targeted breeding. The
earlier version of hybridization- or PCR- based markers has now been upgraded to
newer types based on sequencing or array platforms. Following are the groups of
molecular markers based on principle techniques:

1.Nucleic acid hybridization- based markers: Restriction fragment length
polymorphisms (RFLPs).

2.PCR- based markers: Randomly amplified polymorphic DNA (RAPDs),
Amplified fragment length polymorphisms (AFLP), Microsatellites, or simple
sequence repeats (SSRs), Randomly amplified microsatellite polymorphisms
(RAMP), Sequence-related amplified polymorphism (SRAP), Inter simple
sequence repeat (ISSR), Target region amplification polymorphism (TRAP)

3.PCR–RFLP markers: Cleaved amplified polymorphic sequences (CAPS)

4.Retrotransposons- based markers: Inter-retrotransposon amplified
polymorphism (IRAP), Retrotransposon microsatellite amplification
polymorphisms (REMAP), Retrotransposon-based insertion polymorphism
(RBIP), Inter-primer binding site (iPBS).

5.Sequence-based markers: Single-nucleotide polymorphism (SNP)

6.Array-based platforms like Diversity Arrays Technique (DArT), restriction
site-associated DNA (RAD), single feature polymorphism (SFP), etc. [7, 8]
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7.Functional molecular markers (FMM): The term “Functional markers” was
proposed by Andersen and Lübberstedt [9] for DNA markers that arise from
sequence polymorphism among functional genes that are linked with
variations in the desired phenotypic traits. Hence, these are more reliable and
informative than all previous PCR- based markers.

Each marker system has its own benefits and disadvantages and variations exist
on the basis of development cost, efficiency and reproducibility.

3. Need for genetic diversity assessment of sorghum germplasm

3.1 Sorghum origin

The word sorghum originated from “Syricum” in Latin, meaning “Grain of Syria”
[10]. Sorghum (Sorghum bicolor) belongs to class Liliopsida, family Graminea, genus
Sorghum Moench and has five groups named as: Hetrosorghum, Chaetosorghum,
Spitosorghum, Parasorghum and Eusorghum. It is an ancient grain that has been
cultivated for thousands of years. It originated mainly from Sudanese and Ethiopian
grasslands more than 6000 years ago.

3.2 Global sorghum distribution and production

About 100 countries grow sorghum worldwide (Figure 1). USA is the top sor-
ghum producer with five countries viz.; Nigeria, Ethiopia, Mexico, India and China
follow in the order of production (Figure 2). The countries of Japan, Mexico, and
Philippines are the major importers of North American sorghum, while China is the
world’s largest sorghum importer.

3.3 Sorghum in Pakistan

In Pakistan, sorghum is grown for fodder and forage of livestock. It is grown as
kharif fodder in irrigated and rain fed areas of Punjab and Sindh provinces. Pro-
duction of sorghum (Sorghum bicolor) in Pakistan is 1.45 million metric tons in 2020
(www.indexmundi.com). Sorghum is the second largest fodder crop after berseem
(Pakistan Bureau of Statistics, 2016). Scarce record exists on use and adoption of

Figure 1.
Country-wise production of sorghum in the world.
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grain and sweet sorghum types as silage, fodder and bioethanol source in Pakistan.
Exploring diversity of different sorghum types is vital to develop better sorghums.

3.4 Multiple uses of sorghum

Sorghum is ranked as 5th most widely grown cereal crop of the world. It has C4
photosynthetic pathway which is useful for global food production. It is a staple
food with significant nutritional qualities for about 500 million people around the
globe. With growing world population, the demand for reliable food and feed
sources has also escalated. In the context of possible limited water supplies and high
temperatures, sorghum’s role to feed the world will increase in importance owing to
its higher adaptability. Sorghum has amazing range of multiple uses:

3.4.1 Sorghum grain as food

Sorghum grain is used for food and biofuels. Grain has an edible hull and retains
the majority of its nutrients. It contains 86% total digestible nutrients, up to 15.6%
protein and 3772 kcal/kg energy. Sorghum grain has higher levels of magnesium
that help in higher absorption of calcium and thereby contribute to bone health. It is
abundant in phenolic compounds and antioxidants that safeguard against age-onset
degenerative diseases [11]. Sorghum grain is reported to reduce the risk of many
important diseases like cancer, cardiac infarction and some neurological disorders
[12]. The grain is consumed as whole or ground to nutritious flour for baking. Most
importantly, sorghum food products are gluten free, have wide range of color,
neutral flavor and low allergenicity.

3.4.2 Sorghum grain as feed

Sorghum grain is second to maize in consumption as feed in the USA. It is a
significant component of animal feed in South America, Australia and China, and
poultry feed in India. The low-tannin high digestible sorghum (HDS) varieties are
quickly replacing corn in poultry feed.

Figure 2.
Worldwide sorghum production statistics from 2012 to 2019.
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3.4.3 Sorghum as feedstock for biofuels

Sorghum starch, sugar, and biomass are used as feedstocks for biofuel. High
biomass sorghums developed by selective breeding are used as biofuel feedstock.
Moreover, sweet sorghum has emerged as a promising contender of bioenergy. Its
stalk, seeds and syrup are used for biomass and ethanol production [13].

3.4.4 Sorghum as fodder

For livestock feed, sorghum may be utilized in a number of ways like as green
chop, grazed and made into hay or silage [14]. By adopting a combination of these
systems, sorghum sufficiently meets the year round needs of stock farmers.

3.4.5 Sorghum as a climate smart crop

Worldwide climate change forecasts suggest incidences of low rainfall with
variable distribution, flooding, extended droughts and elevated temperatures. Sor-
ghum thrives exceptionally well under low water availability, heat, salinity and low
inputs and thus is named as “the camel of crops”. It is anticipated to perform high
for food security of large number of masses with scant resources in arid zones of the
world. According to climate predictions for 2050, sorghum will remain world’s top
crop to survive coming harsh weathers across the globe [15]. The crop is set to enjoy
a relatively healthy future.

3.4.6 Sorghum as a diverse crop

Sorghum exhibits promising diversity in yield and quality traits as well as resil-
ience to different environmental conditions in dry arid, semi-arid, temperate and
tropical areas. In order to harness immense benefits of sorghum and for long term
maintenance, there is a dire need to preserve this variability in the form of germ-
plasm collections. Once this biodiversity in these collections is lost, it cannot be
brought back. A crop with narrow genetic base cannot cope with drastic climatic
stresses. Estimation of diversity among and within the species of any crop helps
identify the germplasm with maximum variability that can be exploited in devel-
oping varieties of wide genetic background to withstand biotic and abiotic stresses.

4. Case studies on morphometric and molecular characterization of
sorghum

We report morphological characterization of ten sweet sorghum genotypes from
National Agriculture Research Center, Islamabad, Pakistan [16]. Data for Plant
height (PH), Days of 50% flowering (DF), Brix value(BV), Number of leaves per
plant (NL), Leaf length (LL), Leaf width (LW), Leaf area index (LAI), Stem girth
(SG), Flag leaf width (FLW), Flag leaf length (FLL), Flag leaf area index (FLAI),
Fresh weight (FW) and Dry weight (DW) were recorded. The means and standard
error of means for each trait were calculated [17] and presented in Table 1.

Correlation for observed 14 morphological traits is presented in Table 2. Num-
ber of leaves per plant (NL) indicated positive strong correlation with BV, LL, LAI,
DW and PH. Whereas, NL showed moderate to low correlation with DTF, FLL,
FLW, FLAI and DTM. The morphological trait DW showed positive higher corre-
lation with NL, BV, SG, LL, LW, LAI and FW. Significant (p = 0.01) strong positive
correlation was obtained for Plant height (PH) with BV.
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In PCA, three PCs were selected out of nine because their Eigen value is more
than one. Selected PCs cover the character variability (Tables 3 and 4).

Bi-Plot (Figure 3) showed allocation of genotypes on the basis of performance.
The characters which were far away from origin showed more variability.

Our group previously reported RAPD- based genetic diversity evaluation of sor-
ghum germplasm of Pakistan [10]. We also performed molecular diversity analysis of
twelve sweet sorghum genotypes with 17 RAPD primers viz.; GLA03, GLB10, GLC01,
GLC 02, GLI06, GLL02, GLL05, GLL07, GLL09, GLL10, GLL12, GLL14, GLL15,
GLL16, GLL17, GLL18 and GLL19 [18]. These markers yielded 77 fragments of differ-
ent sizes and 6.41 bands per primer were produced on average (Figure 4). RAPD
primers identified 83.33% polymorphism among sweet sorghum genotypes (Figure 5).

Genetic similarity was assessed among sorghum genotypes via Nei’s similarity
indices with popgen 1.32. The genotypes MN 2363 and Dobbs showed minimum
similarity (76.92%). Whereas, Masaka and Dobbs exhibited the lowest similarity
(44.87%) and hence the maximum divergence (Table 5).

The genetic relationship among sorghum genotypes was assessed by Popgen
1.32. All twelve sorghum genotypes were clustered in two groups with the help of
Cluster analysis. Two genotypes (Malnal and Maska) were present in one group.
While the rest of the genotypes constituted the second group. A close similarity was
present among Masaka and Malnal that were clustered in Group A. Group B com-
prised of three genotypes, among these Dobbs and MN 2363 were clustered together
and MN 2109 resided separately in this group. The genotypes Chedomba,
Kamandri, Dura Huria and Juar were placed in Group C and IS12833, Juar 49 and
Early Folger constituted Group D. The highest similarity was observed among
Malnal and Masaka. On the other hand, the highest divergence was recorded
between Malnal and Early Folger exhibited (Figure 6).

In a separate study, we explored genetic divergence of 24 sorghum genotypes with
RAPD markers (OPL-7, OPL-8, OPA-13 and OPA-3) [19]. These markers produced

Variables Range Mean Std. deviation

Minimum Maximum

NL 8.55 11.89 10.00 1.17

DTF 58.33 77.56 71.45 6.02

BV 6.81 9.87 8.22 0.97

SG 1.60 5.67 3.71 1.12

LL 34.71 76.90 53.70 12.86

LW 3.33 7.23 4.97 1.15

LAI 130.71 518.36 277.51 126.90

FW 56.70 100.80 82.25 13.03

DW 32.55 52.85 41.90 6.19

FLL 21.84 33.75 27.66 4.03

FLW 2.36 3.36 2.71 0.35

FLAI 57.36 113.35 75.78 20.20

PH 158.71 230.02 191.40 22.50

DTM 106.33 124.78 117.45 5.84

Table 1.
Cumulative response of sorghum genotypes for fourteen phenotypic traits.
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Variables NL DTF BV SG LL LW LAI FW DW FLL FLW FLAI PH DTM

NL 1 0.347 0.722 0.686 0.770 0.529 0.717 0.643 0.787 0.321 0.403 0.403 0.722 0.466

DTF 0.347 1 0.753 0.755 0.640 0.699 0.642 0.123 0.466 0.550 0.340 0.479 0.753 0.958

BV 0.722 0.753 1 0.883 0.903 0.937 0.957 0.404 0.739 0.572 0.543 0.614 1.000 0.764

SG 0.686 0.755 0.883 1 0.872 0.853 0.898 0.594 0.823 0.487 0.519 0.551 0.883 0.741

LL 0.770 0.640 0.903 0.872 1 0.810 0.947 0.488 0.799 0.504 0.367 0.482 0.903 0.662

LW 0.529 0.699 0.937 0.853 0.810 1 0.946 0.245 0.569 0.579 0.638 0.670 0.937 0.678

LAI 0.717 0.642 0.957 0.898 0.947 0.946 1 0.406 0.719 0.542 0.541 0.599 0.957 0.654

FW 0.643 0.123 0.404 0.594 0.488 0.245 0.406 1 0.888 0.004 0.109 0.064 0.404 0.137

DW 0.787 0.466 0.739 0.823 0.799 0.569 0.719 0.888 1 0.279 0.299 0.319 0.739 0.470

FLL 0.321 0.550 0.572 0.487 0.504 0.579 0.542 0.004 0.279 1 0.683 0.914 0.572 0.631

FLW 0.403 0.340 0.543 0.519 0.367 0.638 0.541 0.109 0.299 0.683 1 0.920 0.543 0.396

FLAI 0.403 0.479 0.614 0.551 0.482 0.670 0.599 0.064 0.319 0.914 0.920 1 0.614 0.552

PH 0.722 0.753 1.000 0.883 0.903 0.937 0.957 0.404 0.739 0.572 0.543 0.614 1 0.764

DTM 0.466 0.958 0.764 0.741 0.662 0.678 0.654 0.137 0.470 0.631 0.396 0.552 0.764 1

*,**: Significant at 5% and 1% probability level.

Table 2.
Correlation matrix for different traits in sweet sorghum genotypes.
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F1 F2 F3 F4 F5 F6 F7 F8 F9

Eigen value 9.292 2.103 1.154 0.604 0.381 0.281 0.114 0.054 0.017

Variability (%) 66.373 15.024 8.241 4.316 2.722 2.006 0.812 0.385 0.122

Cumulative % 66.373 81.397 89.638 93.953 96.675 98.681 99.493 99.878 100.000

Table 3.
Principle component analysis.

Variables PC1 PC2 PC3

NL 0.750 0.394 �0.248

DTF 0.768 �0.206 0.528

BV 0.970 0.032 0.104

SG 0.939 0.170 0.066

LL 0.913 0.218 0.092

LW 0.911 �0.148 0.070

LAI 0.948 0.068 0.024

FW 0.469 0.747 �0.311

DW 0.781 0.556 �0.139

FLL 0.668 �0.577 �0.189

FLW 0.632 �0.476 �0.527

FLAI 0.712 �0.568 �0.397

PH 0.970 0.032 0.104

DTM 0.796 �0.229 0.433

Eigen value 9.292 2.103 1.154

Variability (%) 66.373 15.024 8.241

Cumulative % 66.373 81.397 89.638

Table 4.
PCA factor loadings for sorghum genotypes.

Figure 3.
PCA Biplot.
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74 bands of varying sizes/intensities. On average, each primer produced 18.5 bands.
RAPD markers revealed 77.13% polymorphism among sorghum genotypes.

While, previous fingerprinting studies showed 58% [20] and 52% polymorphism
[21] among various sorghum genotypes. The primer OPL7 produced the maximum
number of fragments [22] whereas, the minimum number of fragments were
generated by OPA3 (14) (Figure 7). The low level of similarity indicated high
divergence among the sorghum germplasm under study.

More recently, we exploited sixteen SSR markers for DNA fingerprinting of fifty
sorghum genotypes [8]. The molecular analysis indicated significant polymorphism
among these genotypes.

The bands varied in size and intensity. The number of bands per primer per
genotypes also varied. Some bands showed a high level of polymorphism indicating
great variation among the sorghum germplasm (Figure 8). Marker diversity among

Figure 4.
Number of bands recorded per sorghum genotype.

Figure 5.
Number of polymorphic bands per primer in sorghum genotypes.
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pop ID 1 2 3 4 5 6 7 8 9 10 11 12

1 **** 0.6154 0.6410 0.5769 0.5769 0.5769 0.5000 0.5897 0.6795 0.5256 0.5256 0.6154

2 0.4855 **** 0.5385 0.5513 0.4487 0.4744 0.5256 0.4872 0.5256 0.5769 0.4231 0.5641

3 0.4447 0.6190 **** 0.7308 0.7564 0.7308 0.7308 0.6923 0.6538 0.7051 0.7051 0.5897

4 0.5500 0.5955 0.3137 **** 0.6923 0.6410 0.6923 0.6282 0.6154 0.6667 0.7436 0.6795

5 0.5500 0.8014 0.2792 0.3677 **** 0.7692 0.6154 0.6795 0.6154 0.5641 0.7436 0.6538

6 0.5500 0.7458 0.3137 0.4447 0.2624 **** 0.6923 0.7564 0.6154 0.7179 0.6667 0.5513

7 0.6931 0.6431 0.3137 0.3677 0.4855 0.3677 **** 0.7051 0.6154 0.6923 0.7436 0.5769

8 0.5281 0.7191 0.3677 0.4649 0.3864 0.2792 0.3494 **** 0.7308 0.6538 0.7051 0.5641

9 0.3864 0.6431 0.4249 0.4855 0.4855 0.4855 0.4855 0.3137 **** 0.5897 0.6154 0.6795

10 0.6431 0.5500 0.3494 0.4055 0.5725 0.3314 0.3677 0.4249 0.5281 **** 0.6154 0.5256

11 0.6431 0.8602 0.3494 0.2963 0.2963 0.4055 0.2963 0.3494 0.4855 0.4855 **** 0.5769

12 0.4855 0.5725 0.5281 0.3864 0.4249 0.5955 0.5500 0.5725 0.3864 0.6431 0.5500 ****

Nei's genetic identity (above diagonal) and genetic distance (below diagonal). 1: Malnal, 2: Masaka, 3: MN 2109, 4: Chedomba, 5: Dobbs, 6: MN 2363, 7: Dura Huria, 8: IS 12833, 9: Juar 49, 10:Juar 48,
11: Kamandri, 12: Early Folger
**** are symbols just to separate above diagonal and below diagonal values

Table 5.
Similarity matrix of 12 sweet sorghum genotypes.
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fifty sorghum genotypes was studied using Powermarker software. The number of
alleles per locus ranged from 2 to 3 with mean value of 2.875 alleles per locus.
Genetic relationship among sorghum genotypes was evaluated by using popgen
1.32. All genotypes were grouped in two major clusters which were further divided
into sub-groups. One small group consisted of eight genotypes (15, 39, 16, 35, 20,
22, 24, and 18) and the other large group contained remaining 42 sorghum geno-
types. Maximum genetic distance was observed between 1st and 18th genotype.

Figure 6.
Dendrogram of 12 sweet sorghum genotypes based on RAPD analysis.

Figure 7.
PCR amplification of 24 sorghum genotypes with RAPD primer L-7. Lanes L: Ladder, 1–24: Sorghum
genotypes.
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This study revealed positive correlation among the allele number, gene diversity
and PIC value. The ease of using these PCR-based markers for diversity evaluation,
for allocating genotypes to heterotic groups, and for DNA fingerprinting proved
advantageous for selecting biomass- related traits and for sorghum breeding
programs.

5. Worldwide sorghum biodiversity exploration efforts

At present, extensive record is available on genetic diversity evaluation of sor-
ghum using molecular markers. A review of global research on sorghum genetic
diversity evaluation using morphological and molecular markers is presented in
Tables 6 and 7, respectively. Most of the studies analyzed vegetative and

Figure 8.
No. of bands amplified by SSR primers in fifty sorghum genotypes.

Sr. # Sorghum germplasm Morphological traits References

1 94 sorghum accessions Area, Breadth, Circularity, Major axis length,
Perimeter length and Rectangularity

Dahlberg et al. [22]

2 45 sorghum accessions
including 34 landraces,
6 elite breeding lines
and 5 improved
cultivars

Ten qualitative (Plant color, Stalk juiciness, Leaf
midrib color, Inflorescence exsertion, Panicle
compactness and shape, Awns, Glume color,
Grain covering, Grain color and Endosperm
texture) and 16 quantitative (Days 50%
flowering, Leaf number, Leaf length, Leaf
width, Leaf area, Internode length, Leaf sheath
length, Plant height, Panicle length, Panicle
width, Number of primary branches Panicle
head weight, Grain yield panicle, 1000-seed
weight, Threshing percent and Grain size) traits

Geleta et al. [23]

3 40 sorghum landraces
from Tanzania and 2
from Zambia

Five panicles average weight (g), Grain
number/panicle, Height (cm), Hundred grain
weight (g), Inflorescence length (cm),
Inflorescence width (cm), Leaf length (cm),
Number of leaves, Leaf width (cm), Leaf
senescence, Main stem diameter (cm), Tillers
diameter (cm), Number of tillers, Grain yield

Bucheyeki et al. [24]

4 320 sorghum
accessions from more
than 3500 germplasm
collection

Days to heading (DTH), Days to flowering
(DTF), Days to maturity (DTM), Culm
diameter (CD), Grain weight per panicle
(GWP), 100 grain weight (100GW), Culm
length (CL), Number of tillers (NoT), Number
of panicles (NoP), Panicle length (PL), Leaf

Shehzad et al. [25]
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Sr. # Sorghum germplasm Morphological traits References

length (LL) and Leaf width (LW), Panicle shape
(PS), Panicle type (PT), Coleoptile’s color (CC),
Quantity of lipid white powder on stem and
leaves (LWP), Color of midrib (MC), Neck
length of panicle (PNL), Awn presence (AP),
Glume color (GC), Growth in early stage (GES),
Endosperm type (ET), Aphid resistance (AR),
Number of regenerated tillers (NRT), Regrowth
(RG) and Resistance to insecticides (RI)

5 124 sorghum from
Burkina Faso

28 agro morphological traits (Vigor at
emergence 5(Ve), Coleoptile color (Cc), Leaf
anthocyanin pigmentation (Lap), Panicle
compactness (Pc), Pedicellate spikelet length
(Psl) and Persistence (Psp), Glume length (Gl)
and opening (Go), Awn (Aw), Kernel shape
(Ks), Kernel rotation (Kr), Glume color (Gc),
Kernel color (Kc), Anthocyanin spots on kernels
(Ask), Glume adherence (Ga), Seed coat or
testa (Sc) and Kernel vitreousness (Kv), Plant
height (Ph), Leaf number (Ln), Length (Ll) and
Width (Lw) of the third leaf under the panicle,
Number of effective tillers (Net), Panicle length
(Pl), Panicle weight (Pw), Harvested seed
weight (Hsw) and 1000-seed weight (1000-Sw)

Barro-Kondombo
et al. [26]

6 156 sorghum
accessions

Lowering time, Plant height, and panicle type/
inflorescence, Panicle type and glumes
coverage, grain color

Sharma et al. [27]

7 25 sorghum genotypes Seedling vigor, Number of leaves, Leaf area,
Stay-green, Peduncle exertion, Panicle length
and width, Plant height, Days to flowering and
maturity, Grain yield, Biomass and Harvest
index under Drought stress

Abraha et al. [28]

8 9 sorghum genotypes
from Sudan

Days to flowering (DF), Days to maturity
(DM), Plant height (PH) (cm), Panicle length
(PL) (cm), Panicle exertion (cm), Head weight
(HW) (g), Yield per panicle (YPP) (g),
Thousand seed weight (TSW) (g), Biomass
(BM) yield (ton/ha) and GY (kg/ha)

Sabiel et al. [29]

9 Recombinant inbred
line of Sorghum bicolor

made by crossing E-
Tian, a sweet sorghum
accession with Ji2731

Biomass and Biofuel traits Mocoeur et al. [30]

10 Diallel set of 10
parents and their 90
crosses including
reciprocals of sorghum

Days to flowering, Days to maturity, Plant
height, Grain yield per plant, Panicle length,
Number of tillers per plant, Panicle weight,
Panicle exsertion, Thousand seed weight, Grain-
filling period

Mohammed et al.
[31]

11 40 accessions of
sorghum from Tamil
Nadu

Days to 50% flowering, Days to maturity, Plant
height, Panicle length, Panicle width, Leaf
length, Leaf breadth, Number of leaves per
plant, Stem girth, Number of primary branches
per panicle, Hundred-seed weight, Yield per
plant, Panicle weight and Dry matter
production

Sinha and
Kumaravadivel [32]

12 267 sorghum
genotypes from
Ethiopia

Leaf rolling, Head compactness, Glume cover,
Glume color, Leaf orientation, Midrib color,

Amelework et al.
[33]
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Sr. # Sorghum germplasm Morphological traits References

Panicle exsertion, Head shape, Grain color,
Stay-green, Leaf color, Head orientation

13 315 sorghum
accessions

Plant height and Seed number Jing Zhao et al. [34]

14 Two overlapping sets
of RILs of sorghum

Grain yield, Flowering time, and Stay-Green
traits

Sivakumar
Sukumaran et al.
[35]

15 100 sweet sorghum
accessions

Bioenergy traits, Protein content and Ethanol
yield

Da silva et al. [36]

16 Populations of sweet
sorghum F4 families
made by crosses
between 11 tall sweet
sorghum cultivars
(used as males), and 3
short grain sorghums
as females

Relationship between Sugar content and Plant
height

Shukla et al. [37]

17 30 sorghum accessions Days to 50% anthesis, Plant height, Flag leaf
area, Brix percentage, Panicle length, Grain
weight and Grain yield

Mumtaz et al. [38]

18 54 introgressed
sorghum breeding
lines

Drought stress imposed at pre-flowering and
post-anthesis developmental stages, Panicle
area, Width, Percent green leaf, Total above
ground, Dry biomass and Dry panicle weight

Emendack et al. [39]

19 75 sorghum lines
including 74
indigenous cultivars
and 1 exotic cultivar

Glume color, Neck of panicle, Length of flower
with pedicel, time of panicle emergence, color
of dry anther, panicle length of branches,
panicle shape and caryopsis color

Prajapati et al. [40]

20 196 sorghum
accessions

Seedling vigor, Days to flowering, Days to
maturity, Days to grain filling period, Plant
height, Panicle exertion, Number of green leaf
at physiological maturity, Panicle length,
Panicle weight, Thousand seed weight, Panicle
yield, Grain yield, Above ground dry matter,
Harvest index

Derese et al. [41]

21 453 diverse photo-
period sensitive
sorghum lines

Moisture, Plant height Fernandes et al. [42]

22 194 Sorghum bicolor

and S. bicolor sudanese

genotypes

Root system architecture Parra-Londono et al.
[4]

23 93 sweet grain
sorghum accessions

Sweet grains in pasty stage Sawadogo et al. [43]

24 329 accessions of
sorghum

Seed morphology Sakamoto et al. [44]

25 200 Sweet sorghum
accessions from Serbia

Plant height, Plant biomass, Stem leaves, Panicle
length and Yield of crude biomass

Bojović et al. [45]

26 98 accessions of South
African sorghum

Genetic variability, Plant height, Panicle length,
Width and exsertion, Rachis number, Panicle
weight, Seed weight, Grain yield Per panicle

Mofokeng et al. [46]

27 12 Sorghum bicolor

genotypes (5 sweet, 4
grain and 3 forage
sorghums)

Green leaf area (cm2), Plant height (cm), Leaf
number, Fresh biomass yield (t/ha), Cane yield
(t/ha), Bagasse yield (t/ha), Brix degree and
Juice yield (kl/ha)

Kanbar et al. [47]

16

Genetic Variation



Sr. # Sorghum germplasm Morphological traits References

28 Seven groups of 44
parental lines of
sorghum

Mid-season drought tolerance, Mid-season
drought susceptibility, Stay green lines,
Terminal drought tolerance, Saline-tolerance,
Saline-susceptibility, High Fe–Zn lines

Pandian et al. [48]

29 Recombinant inbred
line derived from a
cross between an elite
U.S. common parent
RTx430 and 10 diverse
founders

Inflorescence morphology Olatoye et al. [49]

30 3 recombinant inbred
line mapping
populations of sweet
sorghum

Stem lodging resistance, Mechanical stability
analysis

Gomez et al. [50]

31 210 Ethiopian
genotypes of grain
sorghum

Days to flowering, Days to maturity, Plant
height, Grain yield per plant, Panicle length,
Number of tillers per plant, Panicle weight,
Panicle exsertion, Thousand seed weight, Grain-
filling period

Birhan et al. [51]

32 55 sorghum accessions
comprising 11 Bicolor
accessions, 15
Caudatum, 10 Durra, 9
Guinea and 10 Kafir

Inflorescence architecture Li et al. [52]

33 21 diverse sorghum
accessions

Transpiration efficiency, the ratio of plant
carbon produced to water transpired and carbon
isotope discrimination of leaf dry matter

Henderson et al. [53]

Table 6.
Studies on assessment of genetic variations using morphological markers in sorghum.

Sr.

No

Sorghum germplasm Molecular

markers

Reference

1 25 accessions of sorghum Microsatellites Djè Y et al. [54]

2 415 sorghum accessions consisting of 391
landraces, 8 standard varieties and 16 introduced
elite breeding lines

Allozymes and
RAPD markers

Ayana, [55]

3 94 sorghum accessions RAPDs Dahlberg et al. [22]

4 100 accessions from a core collection of 293
sorghum

SSR markers Folkertsma et al. [56]

5 45 sorghum accessions SSRs and AFLP Geleta et al. [23]

6 1 sorghum accession SSRs Wu et al. [57]

7 46 sorghum lines AFLP and SSRs Perumal et al. [58]

8 42 grain sorghum landraces SSRs Bucheyeki et al. [24]

9 40 sorghum genotypes SSRs Assar et al. [59]

10 320 sorghum accessions SSR markers Shehzad et al. [3]

11 124 sorghum landraces from Burkina Faso Microsatellite
markers

Barro-Kondombo et al.
[26]

12 156 sorghum germplasm accessions SSRs Sharma et al. [27]
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Sr.

No

Sorghum germplasm Molecular

markers

Reference

13 Three populations of backcross-derived lines of
sorghum

EST SSRs Mohamed et al. [60]

14 160 plants of sorghum SSR markers Adugna et al. [61]

15 Recombinant Inbred Line of sorghum bicolor made
by crossing E-Tian x Ji2731

PAV markers and
SSRs

Mocoeur et al. [30]

16 Sorghum population derived from a cross between
two sorghum landraces, Red Kafir and Takakibi

SSRs Shehzad et al. [62]

17 Recombinant sorghum line (hugurtay x N-13
(resistance donor)

SSRs Yohannes et al. [63]

18 Set of 1108 sorghum diverse collections Microsatellite
markers

Salih et al. [64]

19 22 sorghum accessions (landraces) Microsatellites Motlhaodi et al. [65]

20 267 genotypes from Ethiopia SSRs Amelework et al. [33]

21 Two overlapping sets of RILs of sorghum SNPs Sukumaran et al. [35]

22 A random collection of 44 genotypes of sorghum SPAR - (ISSR,
RAPD, DAMD)

Satish et al. [66]

23 315 sorghum accessions SNP, SQNM Zhao et al. [34]

24 100 sweet sorghum accessions SNPs Da silva et al. [36]

25 80 sorghum accessions Microsatellites Sifau et al. [67]

26 300 diverse accessions of sorghum SNPs Chopra et al. [68]

27 93 sweet grain sorghum accessions from Burkina
Faso

Microsatellites Sawadogo et al. [43]

28 194 Sorghum bicolor and S. bicolor sudanese

genotypes
SNPs Parra-Londono et al.

[69]

29 41 sorghum accessions 22 SSRs Danquah et al. [70]

329 accessions of sorghum germplasm collection SNPs analysis Sakamoto et al. [44]

30 Seven groups of 44 parental lines of sorghum ISSRs, RAPDs,
DAMD

Pandian et al. [48]

31 46 accessions of Sorghum bicolor RAPD Ruiz-Chutan et al. [71]

32 214 sorghum accessions SNPs Afolayan et al. [72]

33 12 Sorghum bicolor genotypes (5 sweet, 4 grain and
3 forage sorghums)

RAPDs, ISSRs Kanbar et al. [47]

34 150 accessions of Broomcorn Sorghum SSRs Zhu et al. [73]

35 20 sorghum accessions SSRs Joshi Akansha et al. [74]

36 10 sorghum bicolor genotypes collected from USA
(Texas)

SSRs Jessup et al. [75]

37 3 RIL mapping populations of sweet sorghum
genotypes

SNPs Gomez et al. [50]

38 Recombinant Inbred Line derived from a cross
between an elite U.S. common parent RTx430 and
10 diverse founders

SNPs Olatoye et al. [49]

39 21 diverse Sorghum accessions SNPs Henderson et al. [53]

Table 7.
Studies on assessment of genetic variations using molecular markers in sorghum.

18

Genetic Variation



morphological traits for characterizing sorghum followed by maturity characters.
Plant height is the most researched trait in these studies. Majority of efforts related
to DNA fingerprinting of sorghum employed SSRs, followed by SNP and RAPD
markers.

6. Conclusions

Most of the modern cultivated crops exhibit narrow genetic base due to domes-
tication, selection of few desired traits and repeated use of genetically similar
varieties as breeding parents. Climate change poses a serious threat to agricultural
communities with possible forecast of high temperature, water scarcity and altered
pattern of showers round the globe. Climate variations and shift will be a key driver
of crop production especially in arid and semi-arid rain fed areas of the world. Such
effects will vary among crops depending upon their physiology and climate resil-
ience traits of particular crop. Sorghum is a C4 grass cultivated in diverse regions of
the world for variety of uses. It stands tall among other cereal crops owing to
inherent biotic/abiotic stress tolerance and wider adaptability. It is among few
climate smart crops with potential to withstand future harsh environmental condi-
tions. Hence, development of high yielding sorghum varieties will contribute
towards ensuring global food security. Breeders are exploiting high throughout
phenotyping platforms as well as omics- assisted variability evaluation of sorghum
germplasm to identify/select highly diverse types that will serve as a base line for
breeding of broad genetic base sorghum varieties. So, dissecting phenotypic and
molecular diversity of sorghum germplasm is strongly justified.
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