
Vol.:(0123456789)1 3

Theoretical and Applied Genetics (2021) 134:1899–1924 

https://doi.org/10.1007/s00122-021-03789-z

REVIEW

Sorghum breeding in the genomic era: opportunities and challenges

Huaiqing Hao1 · Zhigang Li1 · Chuanyuan Leng1 · Cheng Lu1,3 · Hong Luo1 · Yuanming Liu1,3 · Xiaoyuan Wu1 · 

Zhiquan Liu1 · Li Shang1 · Hai‑Chun Jing1,2,3 

Received: 12 August 2020 / Accepted: 5 February 2021 / Published online: 2 March 2021 

© The Author(s), under exclusive licence to Springer-Verlag GmbH, DE part of Springer Nature 2021

Abstract

Key message The importance and potential of the multi-purpose crop sorghum in global food security have not yet 

been fully exploited, and the integration of the state-of-art genomics and high-throughput technologies into breeding 

practice is required.

Abstract Sorghum, a historically vital staple food source and currently the fifth most important major cereal, is emerging as a 

crop with diverse end-uses as food, feed, fuel and forage and a model for functional genetics and genomics of tropical grasses. 

Rapid development in high-throughput experimental and data processing technologies has significantly speeded up sorghum 

genomic researches in the past few years. The genomes of three sorghum lines are available, thousands of genetic stocks 

accessible and various genetic populations, including NAM, MAGIC, and mutagenised populations released. Functional and 

comparative genomics have elucidated key genetic loci and genes controlling agronomical and adaptive traits. However, the 

knowledge gained has far away from being translated into real breeding practices. We argue that the way forward is to take a 

genome-based approach for tailored designing of sorghum as a multi-functional crop combining excellent agricultural traits 

for various end uses. In this review, we update the new concepts and innovation systems in crop breeding and summarise 

recent advances in sorghum genomic researches, especially the genome-wide dissection of variations in genes and alleles 

for agronomically important traits. Future directions and opportunities for sorghum breeding are highlighted to stimulate 

discussion amongst sorghum academic and industrial communities.

Introduction

A growing global population, coupled with climate change 

imposing more frequent natural disasters, renders the 

world’s food security with unprecedented pressure and chal-

lenges. The world population is expected to reach 9.7 billion 

by 2050, and about 70% more food needs to be produced 

in order to meet the food demand (Tripathi et al. 2019). A 

recent FAO report indicates that in 2020, an additional 83 to 

132 million people will be added to the ranks of the under-

nourished due to the COVID-19 pandemic, which illustrates 

the fragility of global food production and supply, and a sig-

nificant delay on the track to achieve Zero Hunger (The State 

of Food Security and Nutrition in the World, FAO 2020). 

Therefore, it is urgent to design proper crop ideotypes to 

boost more production and avoid global food insecurity.

Sorghum (Sorghum bicolor), the fifth most important 

cereal crop in terms of production and planting area, has 

attracted widespread attention in recent years as a potential 

“star” crop to tackle the challenges of global food security. 

Firstly, cultivated sorghum is remarkably unique in that it 

has a variety of end uses as food, feed, forage, fuel, bever-

age and broom (Fig. 1). It also has great potential in the 

phytoremediation of contaminated soil (Liu et al. 2020). 

Accordingly, four major groups, including grain sorghum, 

sweet sorghum, forage sorghum and broom sorghum, are in 

cultivation worldwide, and the utilisation of different types 

of sorghum varies considerably in different regions (Batey 

2017). Secondly, as a  C4 crop with low input requirements 
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and high net return, sorghum is more resilient to adverse 

environmental conditions and performs well under water and 

temperature constraints, allowing it to occupy the special 

niche of marginal land for production without competing 

with other food crops. It is estimated that there are about 

320–702 million hectares of abandoned and degraded crop-

land are available worldwide (Cai et al. 2011). Planting 

sorghum on marginal land can not only decrease the pres-

sure in cropland resources, but also improve the soil qual-

ity. Thirdly, sorghum is widely cultivated in more than 100 

countries around the world. The top 10 sorghum producers, 

the USA, Sudan, Mexico, Nigeria, India, Niger, Ethiopia, 

Australia, Brazil and China, contribute about 77% of world 

sorghum production (Aruna and Cheruku 2018; https ://apps.

fas.usda.gov). Globally, grain sorghum is a staple food for 

millions of people in arid and semi-arid regions, particu-

larly in Africa. In developed countries such as the USA, 

Canada and Australia, it is the main source of livestock feed 

and industrial uses. In 2018/19, global sorghum production 

was about 59 million tonnes, of which ~ 64% was used for 

food seed industrial (FSI), and ~ 36% for feed and residuals 

consumption (http://apps.fas.usda.gov). In addition, sorghum 

has received increasing attention as a good source of bio-

logically active compounds which can help prevent chronic 

diseases and promote human health (Stefoskaneedham et al. 

2015). Hence, sorghum is playing a growing pivotal role in 

global food supply and agro-business.

It should be noted that although great progress has been 

made in sorghum breeding in the past decades, the average 

grain yield of sorghum is still very low compared with other 

cereals. For instance, the global average yield of sorghum in 

2018/19 was only ~ 1.49 MT/ha, which is much lower than 

that of rice (~ 4.58 MT/ha), wheat (~ 3.39 MT/ha) and maize 

(~ 5.86 MT/ha) (http://www.fao.org/faost at). Moreover, there 

are serious regional imbalances in global sorghum produc-

tion. Sorghum yield levels, which are highly influenced by 

genotype and environment, vary significantly amongst dif-

ferent countries. It is typically high in developed countries, 

about three times higher than the global average (Upadhyaya 

et al. 2019). Modern breeding concepts and technologies are 

urgently needed to accelerate the breeding of sorghum varie-

ties with high genetic yield potential and stress resistance 

Fig. 1  A diagram illustrating the remarkable feature of sorghum as a 

multiple-purpose crop. Following domestication which changes the 

traits of domestication syndrome (e.g. seed shattering and gigantism), 

sorghum is further improved and diversified into various end uses 

through breeding selection. It can be used not only for forage, food, 

bioenergy and broom, but also for bioremediation of contaminated 

cropland. The utilisation of sorghum varies greatly amongst different 

regions of the word. Generally, it is mainly used for food in develop-

ing countries and for feed in developed countries

https://apps.fas.usda.gov
https://apps.fas.usda.gov
http://apps.fas.usda.gov
http://www.fao.org/faostat
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to meet diverse end uses. In this review, we first introduce 

the concepts of cutting-edge breeding technologies and 

innovation systems. We then review the recent advances in 

sorghum genetic and genomic researches. Particular focus 

is given to essential genes and allelic variations underlying 

agronomical traits with great potential in sorghum breeding. 

Additionally, we prospect the future development direction 

of sorghum molecular breeding using the emerging modern 

technologies.

State‑of‑the‑art breeding technologies and systems

Crop genetic improvement and breeding aim to increase 

genetic gain, which is defined as the amount of increase 

in performance achieved over generations through artifi-

cial selection (Xu et al. 2017). Since the invention of DNA 

technologies, plant breeding has transformed, from conven-

tional breeding which primarily relies on visual phenotypical 

selection and experience, into the era of molecular breed-

ing (Moose and Mumm 2008). Crop genetic improvement 

and breeding have been greatly advanced by harnessing and 

integrating the theories and technologies of DNA markers, 

marker-assistant selections (MAS) and genetic engineering, 

as envisaged by more precise foreground and background 

selection, discovery and utilisation of more diverse genetic 

stocks and shortening of breeding cycles (Bruce 2012; Col-

lard and Mackill 2008). Yet, agronomically important traits 

are often so-called complex traits controlled by poly- and/

or oligo-genic loci. So far, the success of molecular plant 

breeding is restricted to limited traits governed by major 

effect genes due to the intrinsic downsides of low genome 

coverage of molecular markers, difficulties in exploring a 

wider range of genetic resources and unavoidable linkage 

drag associated with selection of large segments of chromo-

somal regions (Gupta et al. 2010). Hence, breakthroughs in 

theoretic framework and technologies are required to fur-

ther speed up breeding practice. Since 2005, the invention 

of next generation (massively parallel) and third generation 

(single molecular) sequencing technologies, genome-wide 

association studies (GWAS), genome editing (GE), molecu-

lar modules (MMs), genome selection (GS), as well as non-

invasive high throughput phenomics, has revolutionised the 

scope and toolkits of crop breeding, allowing much more 

effective exploitation of historically preserved natural and/

or artificially generated variation, minor effects of poly- and 

oligo-genic genes/alleles, and phenotyping and selection of 

large scale breeding populations in an unprecedented man-

ner (Zhou et al. 2018; Chen et al. 2019; Godwin et al. 2019; 

Xue et al. 2013; Xu et al. 2020). Here we briefly elaborate 

the concepts of MMs and GS. Extensive and up-to-date 

reviews could be found for genetic engineering and GE 

(Wang and Brummer 2012; Hua et al. 2019).

Molecular modules (MMs)

In molecular genetics, reductionism has been predominantly 

employed to establish the link between biological trait and 

the behaviour of molecules, as exemplified by the pioneer 

work linking the differences in the pea seed colours and fly 

eyes to the existence and inheritance of variation in genes. 

The approach has been tremendously successful, leading 

scientists in the twentieth century to attribute biological 

phenomena to single molecules. This approach is still and 

will continue to be powerful. Yet, the facts are that living 

organisms have a big complex regulatory network with pur-

poses and many components are required to achieve perhaps 

even a relatively simple biological function. For instance, 

the perception and signalling of gas phyto-hormone eth-

ylene require multiple genes and gene families, prompt-

ing scientists to analyse cellular events through examining 

interactions.

The phage infection process of E. coli is one of the oldest 

and best-understood MM systems. The first decision-mak-

ing module in phage was discovered in 1967 (Ptashne et al. 

1967). Under different physiological and/or environmental 

circumstances, the decision-making module determines 

whether the cell enters a lysogenic or lytic state (Shao et al. 

2018) (Fig. 2a). This regulatory process involves two genes 

(cI, cro) and three promoters (pR, pL and pRM). CI dimers 

are the key factor of lysogenic state, which can inhibit the 

transcription of pR by binding to six operators (OL1, OL2, 

OL3, OR1, OR2, OR3) and form a stable closed loop, caus-

ing the phage to enter a stable lysogenic state and to replicate 

along the bacterial genome (Oppenheim et al. 2005). On the 

contrary, under conditions where the host cell is nutritious, 

the phages will be transcribed to a lytic stage through pR 

to synthesise progeny phage DNA. Cro dimers cut off the 

closed loop of CI dimers by binding to operator OR3, lead-

ing to smooth transcription to the lytic stage (Kobiler et al. 

2005).

By analogy, complex agricultural and adaptation traits of 

crops are products of gene-to-gene and gene-to-environment 

interactions, rather than being controlled by a single gene 

or a few genes, which means that complex traits are regu-

lated by a genetic network with "modular" characteristics 

(Xue et al. 2018a). For instance, the protein–protein interac-

tome network that controls the main biological processes of 

Arabidopsis is composed of different "modules" (Arabidop-

sis Interactome Mapping Consortium 2011). In rice, starch 

synthesis-related genes (SSRGs) could cooperate with each 

other to form a fine regulating network to control the eating 

and cooking quality (ECQ), and improved varieties with the 

desired grain ECQs could be obtained by genetic modifica-

tion of selected “modules” in this network (Tian et al. 2009). 

Such MM concepts were further adopted and framed into a 

so-called “Innovative Designer Breeding System by MMs” 
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(Xue et al. 2013), and successfully exploited in rice breeding 

(Xue et al. 2018a, b). This breeding system comprehensively 

utilises molecular biology, genomics and systems biology to 

study the function of MMs controlling high yield, superior 

quality, yield stability and high efficiency; then uses com-

putational biology and synthetic biology to couple the MMs 

and finally achieves the targeted improvement in complex 

traits and breeding elite varieties (Fig. 2b). Compared with 

traditional breeding practice, this breeding system has the 

advantages of less input, higher selection accuracy and effec-

tiveness, and shorter breeding time for pyramiding desirable 

traits. Through the “Designer Breeding by MMs” strategy, 

Chinese scientists have successfully designed a series of new 

elite rice varieties, such as Jiayouzhongke and Zhongke804, 

which are characterised by high yield, superior quality and 

resistance to rice blast (Tang and Cheng, 2018).

Genome selection (GS)

GS is a newly developed selection technology, which has 

been widely used in animal breeding programme (Luan 

et al. 2009). Unlike traditional marker assistant selection 

(MAS), GS utilises information from whole genome-wide 

marker data regardless of whether they are associated with 

target traits or not (Meuwissen et al. 2001). Thus, GS has at 

least two advantages over MAS, namely no need to unearth 

the QTL related to target traits and no need to collect phe-

notypes of the breeding population, thereby reducing cost 

(Nakaya and Isobe 2012; Xu et al. 2020). By exploiting the 

genotype-to-phenotype relationship at the whole-genome 

level, major and minor gene effects can be captured, reduc-

ing cost and time by increasing genetic gain of every cycle 

(Spindel et al. 2015; Singh and Singh 2015; Guo et al. 2019). 

GS has been used in crop breeding in recent years, such 

as wheat, maize and rice (Crossa et al. 2014; Spindel et al. 

2015; Schrag et al. 2019). In sorghum, GS mainly focused on 

model training using a variety of training populations, such 

as natural population, testcross hybrids and mixed popula-

tions (Yu et al. 2016; Dos Santos et al. 2020; Habyarimana 

et al. 2020).

Over the past two decades, several different statistical 

models and machine learning methods have been proposed 

for GS, such as rrBLUP, BayesA/B, random forest and 

RKHS. Although the optimal models for different traits or 

purposes may be different, the prediction accuracy values 

were generally similar and rrBLUP seems to be more popu-

lar (Heslot et al. 2012; Arruda et al. 2015; Yu et al. 2016; 

Dos Santos et al. 2020). However, the effect of the rrBLUP 

models with peak GWAS markers on prediction accuracy 

remains controversial (Rice and Lipka 2019; Spindel et al. 

2015). A classical cultivar is the combination of many excel-

lent traits; therefore, a multi-trait GS may perform better 

than single-trait (Budhlakoti et al. 2019; Habyarimana et al. 

2020). Marker density is another important factor that affects 

prediction accuracy. In order to ensure that the maximum 

number of QTL related to trait is in strong LD with at least 

one marker, the number of markers should be sufficiently 

large (Daetwyler et al. 2010). Low-density markers may 

predict genomic estimated breeding values (GEBVs) with 

lower accuracy (Singh and Singh 2015). Depending on the 

trait, the increase in genomic prediction accuracy reaches a 

plateau as the population size and marker density increases 

(Arruda et al. 2015).

Sorghum genetic resources and populations

Sorghum germplasm

The two largest sorghum germplasm banks, the Interna-

tional Crops Research Institute for the Semi-Arid Tropics 

(ICRISAT, http://www.icris at.org) and the United States 

Department of Agriculture’s National Plant Germplasm 

System (USDA-NPGS, http://www.ars-grin.gov), house 

more than 41,000 accessions, including historic accessions, 

wild relatives, landraces and improved breeding lines. In 

addition, about 30 other institutions, such as the Austral-

ian Tropical Crops and Forages Genetic Resources Center, 

which houses the largest collection of Australian wild sor-

ghums, the National Bureau of Plant Genetic Resources in 

India with about 20,000 collections (www.nbpgr .ernet .in) 

and the Institute of Crop Germplasm Resources in China, 

which holds about 16,874 collections (http://www.icgr.caas.

net.cn). According to the shape of spikelets/panicles, these 

sorghum accessions can be classified into five basic races 

and 10 intermediate types (Dillon et al. 2007). Bicolor is the 

most primitive of the five races, including primitive forage 

sorghums with sweet stems; Caudatum is of most recent 

origin and used for beer brewery; Kafir is insensitive to pho-

toperiod and most male-sterile lines were derived from it; 

Fig. 2  Concepts of the functional module and molecular module. a 

A diagram deciphering the decision-making functional module in λ 

phage. This is the first well examined and best understood system of 

MM. After the phage invades the host cell, the decision-making mod-

ule determines whether it enters a lysogenic or lytic state in response 

to physiological environmental signals. Two genes (cI, cro) and three 

promoters (pR, pL, and pRM) are involved in this regulatory process. 

CI acts as a regulator of lysogenic state, while Cro protein is the key 

regulator of lytic state b. A schematic diagram deciphering design-

er’s breeding by molecular modules (MMs), which consists of three 

major aspects (modified from Xue et al. (2013)). 1) Mining the func-

tional MMs controlling complex traits, including high yield, superior 

quality, yield stability and high nutrient efficiency, and analysis of 

the gene regulatory network and elite allelic variation. 2) Revealing 

the effects of multi-molecular system coupling and interactions by a 

multi-module coupling assembly MMs design and breeding innova-

tion system. 3) Achieving the optimal coupling assembly of excellent 

traits and design breeding of elite varieties.

◂

http://www.icrisat.org
http://www.ars-grin.gov
http://www.nbpgr.ernet.in
http://www.icgr.caas.net.cn
http://www.icgr.caas.net.cn
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Guinea is the oldest group and mostly photoperiod sensitive; 

Durra is the most important sorghum type in Ethiopia and is 

widely used in crop-improvement programs in Asia (Cuevas 

et al. 2017).

The region of domestication and diversification of sor-

ghum is in Northeast Africa, a special area extending from 

Ethiopia to Sudan (Wendorf et al. 1992). Hence, Ethiopia 

and Sudan possess the oldest wild types and richest diversi-

ties. Among the > 41,000 accessions stored in USDA-NPGS, 

7,217 accessions were collected from Ethiopia as the larg-

est group, and 2,552 from Sudan (Dahlberg et al. 2004). 

Although the two regions are the main origins of sorghum, 

their germplasm resources are distinctively different. A 

representative Sudan core collection includes five ancestral 

populations, while the Ethiopia core set has eleven ancestral 

populations, and the pairwise genetic distance amongst the 

accessions in Sudan core set is larger than that in Ethio-

pia, suggesting that Sudan collection has genetically higher 

diversity (Cuevas et al. 2017; Cuevas and Prom 2020). With 

the strengthening of international cooperation and germ-

plasm exchange, coupled with the exploitation of regional 

genomic resources, more and more accessions are being 

utilised in sorghum breeding and genetic research, includ-

ing association panels, bi-or multi-parental populations and 

mutagenised populations.

Diversity panels

According to plant height and flowering time, accessions 

collected in ICRISAT were clustered into 4 groups, core 

collections representing 10% of the landraces were selected 

to assemble World Core Collections (WCC) which consists 

of 2247 landraces. The size of this collection was too large 

at the time, which made crop improvement programs costly 

and inefficient (Grenier et al. 2001a; 2001b). To overcome 

these difficulties, a mini-core collection (MCC) panel of 242 

accessions was further assembled by grouping WCC into 

21 clusters based on the phenotypic distance and about 10% 

of the accessions were selected from every cluster (Upad-

hyaya et al. 2009). To expedite the use of sorghum in tem-

perate-zone breeding programmes, the USDA established 

the Sorghum Conversion Programme (SCP) to introduce 

new genetic variation into modern cultivars (Stephens et al. 

1967). BTx406, which carries recessive alleles for photo-

period insensitivity and dwarfism at Ma1 and Dw1-Dw3, 

was used to convert tropical late-flowering sorghums to 

photoperiod insensitive, early maturing, and short stature 

phenotypes. SCP not only bred new grain sorghum varieties, 

but also created rich germplasm for genetic research.

With the rapid development of GWAS, hundreds of 

accessions have been collected for association mapping 

in sorghum. Sorghum Association Panel (SAP) was the 

first panel assembled for GWAS, consisting of 228 tropical 

lines of SCP and 149 breeding lines (Casa et al. 2008). To 

better understand the genetic, geographic, and morpho-

logical diversity of sorghum, Morris et al. (2013) com-

bined three different panels, including SAP, mini-core 

collection, and the sorghum reference set to construct a 

diverse panel of 971 accessions. 580 conversion lines and 

their paired exotic progenitor lines were also collected 

for sorghum adaptation analysis (Thurber et al. 2013). A 

later study on natural variation in dhurrin synthesis and 

catabolism genes established another SCP panel, consist-

ing of 700 lines (Hayes et al. 2015). Sweet sorghum is 

an important bioenergy feedstock. To facilitate the sweet 

sorghum breeding programme, several panels focusing 

only on sweet or biomass accessions have been created, 

such as sweet sorghum panel and bioenergy association 

panel (Murray et al. 2009; Wang et al. 2009; Brenton et al. 

2016). Many regional genomic resources have also been 

exploited, such as the Nigerian Diversity Population con-

sisting of 516 accessions (Maina et al. 2018), a panel of 

421 Senegalese sorghum landraces (Faye et al. 2019), a 

complex set of 1425 Ethiopian landrace accessions (Nida 

et al. 2019; Girma et al. 2019), and the Sudan core collec-

tion of 318 accessions (Cuevas and Prom 2020).

NAM and MAGIC populations

Nested Association Mapping (NAM) population was first 

established in maize and became popular soon due to its 

incredible power for dissecting the genomic architecture 

of phenotypic variations (Yu et al. 2008). By exploiting 

the advantages of both linkage analysis and association 

mapping, it can detect small effect loci but limit the false-

positives commonly in GWAS. To date, there is only one 

true NAM population has been reported in sorghum (Bou-

chet et al. 2017). An elite line, ‘RTx430′, which has been 

widely used in public and commercial breeding programs, 

was used as a common parent. Ten diverse lines represent-

ing global sorghum diversity were selected as alternate 

parents and 2214 lines from 10 RIL families formed the 

final NAM population.

Multi-parent advanced generation inter-cross (MAGIC) 

population was firstly reported in Arabidopsis (Kover 

et al. 2009). It offers great potential both for the dissect-

ing genomic structure and improving breeding popula-

tions. Up to now, MAGIC populations have been widely 

used in crops, such as wheat (Huang et al. 2012), maize 

(Dell’Acqua et al. 2015), and rice (Bandillo et al. 2013). 

In sorghum, the first MAGIC population was created using 

19 diverse founder lines intercrossed randomly through 

genetic male sterility system, resulting in 1000 inbred lines 

used for gene mapping and breeding (Ongom and Ejeta 

2018).
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Mutagenised populations

Targeting Induced Local Lesions In Genomes (TILLING) 

was firstly developed in Arabidopsis and has been success-

fully applied to cereal crops, including rice (Horst et al. 

2007), wheat (Slade et al. 2005), and maize (Till et al. 2004). 

In sorghum, two mutant populations were created with ethyl 

methane sulphate (EMS) mutagenic sorghum reference 

‘BTx623′ (Xin et al. 2008; Addo-Quaye et al. 2018). There 

are 1600 and 4800 mutant individuals in these two mutant 

populations, respectively. The latter population used a lower 

sequence coverage depth (average of 7 ×) from 586 inde-

pendently mutagenised individuals and detected > 5 million 

homozygous SNPs. These mutant lines provide important 

resources for forward and reverse genetic studies. At the 

same time, more mutants of different genetic background 

should be created to facilitate breeding and research.

Although USDA-NPGS, ICRISAT and other institutes 

collected thousands of accessions, most of the accessions 

lack phenotypic and genotyping data. With the decrease in 

sequencing cost and the rapid development of phenomics, 

all collections can be genotyped by resequencing and phe-

notyped. Accession redundancy is the second major prob-

lem in germplasm collections because it requires the main-

tenance and screening of accessions that do not contribute 

to collection diversity. The third one is the underutilisation 

of wild sorghums, which has excellent properties and has 

great potential in sorghum breeding for various end uses 

(Abdelhalim et al. 2019).

Genomic research in sorghum

Sorghum reference genomes

Sorghum is a diploid crop with a relatively small and non-

duplicated genome. The whole reference genome sequence 

of BTx623 was first assembled by Sanger sequencing (Pater-

son et al. 2009) and has been updated thereafter by McCor-

mick et al. (2018). It is characterised by 58.8% retrotrans-

posons and 8.7% DNA transposons and ~ 34,129 annotated 

genes. Based on the genome information of BTx623, many 

sequence variations including single nucleotide polymor-

phism (SNPs) and insertions and deletions (InDels), large 

genomic copy number variation (CNV) and the presence 

and absence (PAV) have been identified (Zheng et al. 2011; 

Mace et  al. 2013) and several sorghum SNP databases 

and microarray datasets are now available (Shakoor et al. 

2014; Luo et al. 2016; Hu et al. 2019). With the develop-

ment of sequencing technologies, other sorghum genome 

sequences have also been reported. Using an Oxford Nanop-

ore sequencing technology together with Bionano Genomics 

Direct Label and Stain (DLS) optical maps, Deschamps et al. 

(2018) generated a chromosome-scale de novo assembly of 

the genome of a grain sorghum line Tx430. Compared with 

BTx623, Tx430 is characterised by shorter median length 

and increased number of predicted genes, reaching 39,510 

genes. Subsequently, the chromosome-level sweet sorghum 

Rio genome was assembled to understand the sugar metab-

olism. The final genome size of RIO was 729.4 Mb, and 

a total of 35,476 genes were predicted, 54 of which were 

unique to Rio. Nevertheless, to further understand the under-

lying genetic mechanism of phenotypic variation during 

sorghum domestication and improvement, more reference 

genomes are needed, which may provide opportunities for 

sorghum genomic research and molecular breeding.

Genetic diversity and population structure

Population genomics is a popular approach to understand 

population structure, relatedness, linkage disequilibrium, 

migration and the genetic basis of adaptation at the genome 

level. Sorghum is an important cereal crop with a long cul-

tivation history and wide adaptability. Understanding the 

genetic basis of speciation and agroclimatic adaption of 

sorghum could facilitate molecular breeding and provide 

valuable information for other crops as well. The natu-

rally diverse resources available for sorghum, including the 

genetic (grain, forage, sweet and biofuel types) and geo-

graphical resources, provide rich materials for population 

genomic research.

Genetic diversity is an important basis for genetic dis-

section of complex traits and sorghum breeding, and popu-

lation structure is crucial for understanding the historical 

population dynamic, such as population size, geographical 

population change and genetic differentiation. To understand 

the domestication and improvement history of sorghum, 

the genetic diversity and population structure of 44 diverse 

sorghum lines were analysed by using resequencing data, 

including 18 landraces, 17 improved inbreds, 7 wild and 

weedy sorghums, 2 guinea-margaritiferums and 2 S. propin-

quum (Mace et al. 2013). There was a strong racial structure 

in the panel, and guinea-margaritiferums was separated from 

other sorghums, indicating that at least two distinct domesti-

cation events involved in the process of sorghum domestica-

tion. High LD value with LD decays to background levels 

(r2 < 0.1) within ~ 150 kb was observed, and LD of wild sor-

ghums decayed faster than those of landrace and improved 

inbred, indicating that genetic diversity decreased in both 

landraces and improved inbred.

To explore the diversity of different sorghum races, Mor-

ris et al. (2013) analysed the population structure of 971 

diverse accessions from the world germplasm collections. 

The panel can be divided into five morphological types, 

including kafir, durra, bicolor, caudatum and guinea. A 

guinea subgroup, which included guinea-margaritiferums 
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types, formed a distinct separate cluster along with wild 

genotypes from western Africa. Population structure was 

found to be associated with sorghum morphology types and 

geographic regional origins, and both agroclimatic and geo-

graphic constraints played essential roles in the sorghum 

diffusion progress within and across agroclimatic zones 

of Africa and Asia. A high LD value, which is similar to 

the previous study (Mace et al. 2013), was also observed. 

Another study of the relationship of trait fitness and deleteri-

ous mutations in a whole genome of 229 diverse accessions 

showed that sorghum racial groups accumulate considerable 

amounts of deleterious mutations, which decreased trait fit-

ness (Valluru et al. 2019). Additionally, the pattern of muta-

tion burden varied amongst different races, with caudatum 

having a significantly higher burden as compared to other 

groups.

A high level of genetic differentiation has also been found 

in populations composed of local germplasm. A core subset 

of 374 USDA-NPGS Ethiopian sorghum germplasm can be 

divided into 11 populations with pairwise Fst values ranging 

from 0.11–0.47 (Cuevas et al. 2017). Another complex set of 

1425 Ethiopian landrace accessions was also divided into 11 

subgroups with rich genetic diversity evolved under the local 

environmental conditions (Girma et al. 2019). In the NPGS 

Sudan core set of 318 accessions, there were five ancestral 

populations and the Fst values amongst these populations 

ranged from 0.17–0.39. IBS analysis showed that the pair-

wise genetic distance ranged from 0.70 to 0.95, which is 

higher than that of NPGS Ethiopian sorghum germplasm, 

indicating a higher genetic diversity in this panel (Cuevas 

and Prom 2020). Genetic diversity analysis of a diverse 

panel of 607 Nigerian accessions and 1785 georeferenced 

global accessions showed that Nigerian accessions were 

separated from the global accessions and largely clustered 

together with West African accessions with a pairwise Fst 

of 0.007. In the Nigerian germplasm, LD decayed to r2 = 0.1 

at 50 kb, while it was 100 kb in the West African germplasm 

(Olatoye et al. 2018).

Sweet sorghum with rich stem juice and sugar is of poly-

phyletic origin and there are no criteria to separate sweet 

sorghum from grain sorghum (Murray et al. 2009; Wang 

et al. 2009). To characterise the genetic diversity and origin 

of sweet sorghum, different populations consisting of sweet 

sorghum and/or grain sorghums have been extensively ana-

lysed. Although strong population structure was observed, 

sweet sorghum cannot be clearly grouped into landraces. 

And it was found that LD decayed to r2 < 0.2 between 2 

and 5 kb and to r2 < 0.1 between 5 and 20 kb (Burks et al. 

2015). A recent population genomic study of the Dry gene 

provided evidence that the stem juiciness trait has multiple 

origins and that the selection of loss-of function dry muta-

tions was an important step in the origin of sweet sorghum 

(Zhang et al. 2018).

Sorghum domestication

The site and time of sorghum domestication have been pre-

viously reviewed, most of which are based on the archaeo-

logical evidence of fossil discoveries (Larson et al. 2014; 

Winchell et al. 2017). Currently, the widely accepted view 

is that sorghum was early originated from Sudanic Savannah 

in Africa during middle Holocene, and its domestication 

took place at eastern Sudan between 6000 and 4000 B.P. 

Nevertheless, the inference of sorghum domestication events 

via fossil data suffers from obvious limitations, including 

the difficulty of evaluating the fossilised phenotypes, the 

inaccuracy of estimating the fossil’s age, and the shifts in 

the domestication syndrome altered by weak selection on 

the candidate domestication genes (Gaut et al. 2018). In 

general, the evolution of crops is a complex process involv-

ing four stages, namely pre-domestication, purposeful cul-

tivation, geographic expansion of the domesticated species 

for adapting to new environments, and deliberate breeding 

(Gaut et al. 2018; Meyer and Purugganan 2013). A candi-

date method to study the stage of crop domestication from 

their wild genotypes is population modelling, which fol-

lows some predefined evolutionary assumptions (Gaut et al. 

2018). The indirect genetic evidence for sustained periods 

of pre-domestication and purposeful cultivation for few 

crops have been deduced (Meyer et al. 2016; Wang et al. 

2017). Different from rice and maize which underwent a 

single domestication event and experienced a strong in situ 

selection in the stage of purposeful cultivation (Purugganan 

2019), sorghum had a complex domestication history with 

at least two distinct domestication events (Lin et al. 2012; 

Morris et al. 2013; Mace et al. 2013). A recent study via the 

sequencing of ancient sorghum DNA showed that no obvi-

ous bottleneck appeared during the domestication process, 

instead, an overall increasing trend of deleterious mutation 

load was found (Smith et al. 2019). This scenario is probably 

related to the particular multiple end-use breeding episodes 

and hybridisation events frequently occurring amongst dif-

ferent sorghum subpopulations and even with wild relatives 

(Ohadi et al. 2017; Pedersen et al. 1998).

The domestication syndrome is commonly defined as a 

set of traits that marks a crop’s divergence from its wild 

ancestor (Purugganan 2019). In sorghum, domestication 

phenotypes are manifested as the reduction in seed disper-

sal, increase in seed retention (non-shattering) and seed 

size, loss of seed dormancy, changes in reproductive shoot 

architecture, and synchronous germination (Meyer and 

Purugganan 2013; Purugganan 2019). These are very simi-

lar to those of other cereals, it is therefore anticipated that 

common suites of genes are involved (Meyer and Purug-

ganan 2013). However, only a few sorghum domestication 

genes have been reported so far, including Sh1, SbGBSSI 

and qDor7, which control seed shattering, starch synthesis 
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and seed dormancy, respectively (Lin et al. 2012; Pedersen 

et al. 2007; Kawahigashi et al. 2013; Li et al. 2016). Other 

candidate domestication genes have also been announced 

via the large-scale variation data generated from the whole 

genome resequencing (Mace et al. 2013; Morris et al. 2013). 

Domestication genes can also be discovered through the 

parallel selection theory (Purugganan 2019; Rendón-Anaya 

and Herrera-Estrella 2018). Our recent effort shows that the 

1:1 orthologues of well-studied domestication genes across 

multiple crops could be involved in sorghum domestication 

(unpublished data).

GWAS in sorghum

GWAS, a powerful approach for unlocking the complex 

traits of crops using genome-wide single nucleotide poly-

morphism (SNPs) markers, has been successfully applied 

in the dissection of the genetic architecture of complex 

agronomical traits. In sorghum, diverse association map-

ping panels mentioned above have been used for GWAS and 

important genetic loci and genes controlling the complex 

agricultural traits have been identified. The most widely used 

panel was constructed by Morris et al. (2013) and genotyped 

by genotyping-by-sequencing (GBS), resulting in a total 

of 265,487 SNPs. This panel has been used to dissect the 

genetic basis of grain yield components (Boyles et al. 2016; 

Zhang et al. 2015b), grain quality traits (Boyles et al. 2017; 

Rhodes et al. 2014; Rhodes et al. 2017a; b; Shakoor et al. 

2016), inflorescence morphology and plant height (Zhang 

et al. 2015a; Zhao et al. 2016), cold and heat stress (Ortiz 

et al. 2017; Chen et al. 2017; Chopra et al. 2017), anthrac-

nose (Colletotrichum sublineolum) resistance (Cuevas et al. 

2018), stalk rot diseases resistance (Adeyanju et al. 2015) 

and grain mould resistance (Cuevas et al. 2019a).

Environment plays an important role in determining the 

performance of crop, and improving adaption to the environ-

ment is essential for ensuring sustainable food production. 

Therefore, in addition to the above complex agronomical 

traits, in-depth studies on genotype-by-environment (G × E) 

interaction in sorghum have also been performed. Sorghum 

has been diffused widely across diverse agroecological zones 

since domesticated, and it is a tractable system to investi-

gate the genotype-by-environment (G × E) interaction. By 

using 104,627 SNPs, the allelic associations with biocli-

matic and soil gradients in a panel of 1943 georeferenced 

sorghum landraces were analysed and the results showed 

that environmental variables could explain a substantial por-

tion of SNP variation, and genic SNPs were enriched for 

environmental (drought and Al toxicity) association (Lasky 

et al. 2015). They suggested that SNP-level knowledge on 

adaptation could be used to predict adaption traits under 

a specific environment. Another genome-wide association 

mapping analysis of precipitation parameters found a small 

but significant contribution of clinical adaption shaping 

nucleotide variation in Nigerian sorghum landraces, and 

genes underlying variation in morphology and flowering 

time play essential roles in drought adaptation (Olatoye 

et al. 2018). Using 213,916 SNPs in a set of 421 Senega-

lese sorghum landraces, Faye et al. (2019) characterised the 

population structure of genomic diversity and the genomic 

regions shaped by climate adaption. Both flora regulatory 

pathways and stay green contributed the climate adaption 

in Sahelian and Soudanian zones. Recently, the association 

analysis of seed mass variation with precipitation gradient 

in a set of 1901 georeferenced sorghum landraces showed 

that seed mass variation was adaptive to precipitation gra-

dients (Wang et al. 2020). Comprehensive genomics knowl-

edge of adaptive traits would help predict the performance 

of sorghum in different environments and genomics-based 

sorghum climate-resilience breeding.

In fact, agricultural and adaptative traits are complex in 

nature and controlled by multiple genetic and environmental 

factors. The data obtained generally demonstrate that most 

of the genetic loci mined could only explain a small part 

of phenotypic variation. We should note that GWAS relies 

mainly on statistical analysis and models, which might gen-

erate false positive or negative results. SNPs density, pheno-

typic accuracy, as well as population size and structure, may 

influence the GWAS results. Currently, most of the genetic 

variations in sorghum come from GBS, which is subject to 

generating large quantities of missing data (Annicchiarico 

et al. 2015). Therefore, larger population size and a higher 

density of SNPs are necessary. At the same time, effective 

statistical methods need to be developed to cope with high 

marker densities and increased sample sizes. Since tradi-

tional GWAS mainly focuses on the common variants with 

minor allele frequency (MAF) ≥ 0.05, while those rare vari-

ants with MAF < 0.05, which might explain the phenotypic 

variation, is often filtered out before GWAS. Thus, devel-

oping the special association study and statistical method 

of these rare variants is of great importance to explore the 

missing information.

Comparative genomics in sorghum

Comparative genomics analysis has been adopted to explore 

the genomic variation between sweet and grain sorghums. 

We previously resequenced two sweet and one grain sor-

ghum genomes and identified a large number of SNPs, 

InDels, PAVs and CNVs. In addition, we detected nearly 

1500 genes differentiating sweet and grain-type sorghums, 

and some of which are involved in starch and sucrose metab-

olism, lignin and coumarine-synthesis (Zheng et al. 2011). 

By comparing the genomics of Rio (sweet sorghum) and 

BTx623 (grain sorghum), Cooper et al. (2019) identified a 

high rate of nonsynonymous and potential loss of function 



1908 Theoretical and Applied Genetics (2021) 134:1899–1924

1 3

mutations in sugar metabolism genes. These results provide 

important clues for understanding the molecular basis of 

sweet sorghum associated-traits. So far, there are no reports 

on the comparative genomics of forage and broom types. 

In-depth study of the genetic mechanisms underlying dis-

tinct phenotypic divergence amongst different sorghums will 

provide important information for future various end-uses 

sorghum breeding.

Transcriptome analysis in sorghum

The spatio-temporal datasets derived from transcriptome 

research are essential for understanding the development 

of sorghum and its response to the environment. There are 

several sorghum transcriptomic researches focused on the 

growth and development (McKinley et al. 2016; Kebrom and 

Mullet 2016; McCormick et al. 2018) and sugar accumula-

tion (Mizuno et al. 2016; Li et al. 2019). The transcriptome 

profiles of Della stem from floral initiation to 30 days post-

grain maturity identified approximately 200 differentially 

expressed genes involved in the sorghum biomass accumu-

lation and stem composition (McKinley et al. 2016). More 

comprehensive transcriptome analysis by collecting 47 sam-

ples from roots, leaves, stems, seeds and panicles was further 

performed to annotate the v3.1 reference genome (McCor-

mick et al. 2018), which complemented the transcriptome 

data reported in previous studies (McKinley et al. 2016; 

Mizuno et al. 2016). Our comparative transcriptome analysis 

of development, salt- and dark-induced senescence in sor-

ghum found that a total of 3396 developmental senescence-

associated genes (SAGs) were enriched in 13 KEGG path-

ways, of which 507 common SAGs were found under three 

conditions (Wu et al. 2016). Gene expression profiles under 

abiotic and biotic stress have also been reported (Chopra 

et al. 2015; Marla et al. 2017; Gelli et al. 2017; Yazawa et al. 

2013). More recently, Varoquaux et al. (2019) performed a 

time-series transcriptome analysis of RTx430 (tolerant to 

pre-flowering drought but sensitive to post-flowering) and 

BTx642 (a stay-green genotype, tolerant to post-flowering 

drought). From seedling to post-anthesis, nearly 400 samples 

of leaf and root were collected and used for RNA-seq and a 

total of 3977 genes associated with drought stress in a gen-

otype-specific way were found. The two genotypes showed 

distinct differences in photosynthesis, reactive oxygen spe-

cies (ROS) scavenging pathways, and symbiotic relationship 

with AM fungi under drought stress. Another transcriptome 

analysis of 29 sorghum accessions in the presence of low-P 

stress revealed 2089 candidate genes, including plant hor-

mone signal transduction related genes and transcriptional 

factors (Zhang et al. 2019a). These results provide insights 

into the function and network of genes involved in the 

growth and development of sorghum. Further integration 

with the third-generation and single-cell RNA sequencing 

will significantly improve the accuracy and specificity of 

transcriptome sequencing.

Genetic analysis of important agronomical 
and adaptive traits in sorghum

With the rapid development of sequencing and phenotyping 

technology, a series of important genetic loci and genes con-

trolling sorghum agronomical and adaptive traits have been 

identified mainly through GWAS, QTL mapping and mutant 

analysis in the past few decades (Table 1). So far, although 

the regulation mechanism of these genes remains largely 

unknown, the knowledge gained and genetic resources 

generated are fairly good to allow for the design of super 

sorghum for various end uses (Fig. 3). Below we summa-

rise in detail the progress of the genome-wide dissection of 

important loci and genes for agronomically important traits.

Grain yield

The development of non-shattering crop is an essential step 

to improve sorghum yield. Sh1, encoding a YABBY tran-

scription factor, is the first gene discovered to control seed 

shattering in sorghum. Non-shattering sorghum harbours 

three recessive haplotypes of Sh1. Variants in the promoter 

and intronic region lead to a low expression level of Sh1, a 

2.2 kb deletion including exons 2 and 3 results in truncated 

Sh1, and a GT-to-GG splicing variant in the intron 4 causes 

the removal of the exon 4 of Sh1 (Lin et al. 2012). SpWRKY 

is another gene cloned that confers seed shattering in Sor-

ghum propinquum, which was only 300 kb apart from Sh1. 

SpWRKY is 44 amino acid residues longer than recessive 

SbWRKY due to the ATG to ATT substitution at the start 

codon. Besides, there is also a substitution of histidine (H) 

to glutamine (Q) in amino acid 136, but no amino acids 

are changed in the WRKY domain. Both Sh1 and SbWRKY 

might regulate the formation abscission zone in the seed-

pedicel junction, but more evidence is necessary to demon-

strate the hypothesis (Tang et al. 2013). Besides seed shatter-

ing, grain weight, the number of grains per panicle and tiller 

number are three major factors that influence grain yield. In 

sorghum, about 340 QTL associated with grain yield have 

been identified (Mace et al. 2019). qGW1, one important 

locus for grain weight was fine mapped to a 101 kb region 

on the short arm of chromosome 1, and the causal gene 

was Sobic.001G038900, which can be used as a molecular 

marker for sorghum breeding (Han et al. 2015). Nine hot-

spots related to seed mass have been identified in a panel of 

354 accessions with 265,487 SNPs (Zhang et al. 2015b). 

Two candidate genes, Sb10g018720 and Sb06g033060, 

encoding a fibre protein Fb34 and a member of the major 

facilitator superfamily, respectively, are related to grain 

size control. Both single SNP allelic variants of these two 
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Table 1  Major QTL/genes for important agronomical and adaptive traits in sorghum

Trait Quantitative trait locus 

(gene)

Gene ID Phenotype Encoding protein References

Grain yield Sh1 Sobic.001G152901 Seed shattering YABBY transcription 

factor

Lin et al. (2012)

SbWRKY Sobic.001G148000 Seed shattering WRKY transcription 

factor

Tang et al. (2013)

qGW1 Sobic.001G038900 Grain weight Expressed protein Han et al. (2015)

Unknown Sb10g018720 Grain size Similar to putative 

fibre protein Fb34

Zhang et al. (2015b)

Unknown Sb06g033060 Grain size Similar to 

H0801D08.10 

protein

Zhang et al. (2015b)

KS3 Sb06 g028210 Seed number Ent-kaurene synthase Zhao et al. (2016)

MSD1/SbTCP16 Sobic.007G135700 Grain number per 

panicle

TCP (Teosinte 

branched/Cycloidea/

PCF) transcription 

factor

Jiao et al. (2018)

MSD2 Sobic.006G095600 Grain number per 

panicle

Lipoxygenase Gladman et al. (2019)

MSD3 Sobic.001G407600 Grain number per 

panicle

ω-3 Fatty acid desatu-

rase

Dampanaboina et al. 

(2019)

Grain quality Unknown Sobic.005G193000 Seed protein α-Kafirin protein Wu et al. (2013)

Unknown Sobic.009G001600 Seed protein β-Kafirin protein Chamba et al. (2005)

Unknown Sobic.002G211700 Seed protein γ-Kafirin protein de Freitas et al. (1994)

Unknown Sb10g013050 Seed protein δ-Kafirin protein Izquierdo and Godwin 

(2005)

Wx Sobic.010G022600 Endosperm texture Granule-bound ADP-

glucose-glucosyl 

transferase

McIntyre et al. (2008); 

Sattler et al. (2009)

AMY3 Sb02g023790 Fat and protein content Alpha-amylase 

debranching enzyme

Rhodes et al. (2017b)

DGAT1 Sobic.010G170000 Crude fat Diacylglyceroal 

O-acyltransferase 1

Boyles et al. (2017)

Tannin1/B2 Sobic.004G280800 Testa WD40 protein Wu et al. (2012); Morris 

et al. (2013b)

y1 Sobic.001G398100 Pericarp color MYB domain protein Boddu et al. (2005)

Flowering and height Ma1/SbPRR37 Sb06g014570 Maturity Pseudoresponse regu-

lator protein 37

Murphy et al. (2011)

Ma3 Sobic.001G394400 Maturity Phytochrome B Childs et al. (1997)

Ma6 Sb06g000570 Maturity CCT-domain protein Murphy et al. (2014)

SbSUC9 Sb06g000520 Maturity Sugar transporter Upadhyaya et al. 

(2013a)

SbMED12 Sb01g050280 Maturity Flowering regulator Upadhyaya et al. 

(2013a)

LD Sb03g045030 Maturity Flowering-time protein Upadhyaya et al. 

(2013a)

Dw1/SbHT9.1 Sobic.009G229800 Plant height Membrane protein Hilley et al. (2016)

Dw2 Sobic.006G067700 Plant height Protein kinase Hilley et al. (2017)

Dw3 Sobic.007G163800 Plant height Auxin efflux trans-

porter

Multani et al. (2003)

RAP2-7 Sobic.009G024600 Plant height Ethylene responsive 

transcription factor

Girma et al. (2019)
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candidate genes can change the encoding amino acids and 

lead to an increase in grain size. Boyles et al. (2016) identi-

fied 36, 53, 19 significant SNPs, which are associated with 

grain yield per primary panicle, grain number per primary 

panicle and 1000-grain weight, respectively. More impor-

tantly, there were no overlapping loci for grain number and 

Table 1  (continued)

Trait Quantitative trait locus 

(gene)

Gene ID Phenotype Encoding protein References

Brown midrib and 

stem texture

bmr2 Sb04g005210 Brown midrib 4-Coumarate: coen-

zyme A ligase

Saballos et al. (2012)

bmr6 Sobic.004G071000 Brown midrib Cinnamyl alcohol 

dehydrogenase

Saballos et al. (2009)

bmr12 Sobic.007G047300 Brown midrib Caffeic O-methyltran-

ferase

Sattler et al. (2012)

Dry Sobic.006G147400 Dry stem and midrib NAC transcription 

factor

Zhang et al. (2018)

SbTST1 Sb01g030430 Sugar accumulation Tonoplast sugar trans-

porters

Bihmidine et al. (2016)

SbTST2 Sb04g008150 Sugar accumulation Tonoplast sugar trans-

porters

Bihmidine et al. (2016)

SbVIN1 Sobic.004G004800 Sugar accumulation Vacuolar invertase McKinley et al. (2016)

SbSWEET8-1 Sobic.008G094000 Sugar accumulation Sugar transporters Mizuno et al. (2016)

SbSWEET4-3 Sobic.004G136600 Sugar accumulation Sugar transporters Mizuno et al. (2016)

Tillering tb1 Sobic.001G121600 Tillering Transcription factor Kebrom et al. (2006; 

2010)

Cytoplasmic male 

sterility

Rf1/SbPPR13 Sb08g019750 Fertility Pentatricopeptide 

repeat protein

Klein et al. (2005)

Rf2 Sobic.002G057050 Fertility Pentatricopeptide 

repeat protein

Madugula et al. (2018)

Rf6 Sobic.004G004100 Fertility Pentatricopeptide 

repeat protein

Praveen et al. (2015)

Stress tolerance AltSB Sobic.003G403000 Aluminium tolerance 

and P deficiency

Multidrug and toxic 

compound extrusion 

(MATE) transporter

Magalhaes et al. (2007); 

Leiser et al. (2014)

blmc Sobic.010G001900 Waxy bloom Long chain acyl coA 

oxidase

Burow et al. (2009)

Unknown Sobic.05G172300 Anthracnose resist-

ance

F-box domain Cuevas et al. (2018)

YELLOW SEED1 (Y1) Sobic.001G398100 Grain mould resist-

ance

Putative R2R3 MYB 

transcription factor

Nida et al. (2019)

YELLOW SEED3 (Y3) Sobic.001G397900 Grain mould resist-

ance

Putative R2R3 MYB 

transcription factor

Nida et al. (2019)

glossy 15 Sb10g025053 Shoot fly resistance Similar to Glossy15 Satish et al. (2009); 

Aruna et al. (2011)

NBS-LRR disease 

resistance gene

Sb10g025283 Shoot fly resistance NBS-LRR protein Satish et al. (2009); 

Aruna et al. (2011)

NAC1 Sb10g027100 Shoot fly resistance NAC domain protein 

NAC1

Satish et al. (2009); 

Aruna et al. (2011)

ARS1 Sobic.008G036800 Sorgoleone Alkylresorcinol syn-

thases

Cook et al. (2010)

ARS2 Sobic.005G164200 Sorgoleone Alkylresorcinol syn-

thases

Cook et al. (2010)

SbOMT3 Sobic.006G007900 Sorgoleone O-Methyltransferase Baerson et al. (2008)

LGS1 Sobic.005G213600 Striga Sulphotransferase Gobena et al. (2017)
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weight, indicating that these traits can be manipulated inde-

pendently to increase grain yield. Another GWAS analy-

sis of grain and biomass-related plant architecture traits in 

sorghum identified 101 SNPs associated with at least one 

of the nine traits, and KS3, a GA biosynthetic gene, which 

located in a significant genetic locus on chromosome 6, was 

associated with seed number (Zhao et al. 2016). Recently, 

a large-scale GWAS of a panel of 837 sorghum accessions 

and a BC-NAM population of 1421 individuals dissected 81 

QTL related to grain size (Tao et al. 2019). Since the agro-

nomical traits of cereal crops have a similar physiological 

basis, further comparative studies of different cereal crops 

can facilitate the research of the genetic basis of sorghum 

grain yield.

The inflorescence architecture, which affects the num-

ber of grains per panicle, is of major importance for sor-

ghum breeding and is more susceptible to environmental 

influences (Zhang et al. 2015a). Three genes, MSD1, MSD2 

and MSD3 have been found to be involved in inflorescence 

development. They encode a plant-specific transcription fac-

tor with a TCP domain, a lipoxygenase, and an ω-3 fatty 

acid desaturase that catalyses the conversion of linoleic acid 

(18:2) to linolenic acid (18:3), respectively (Jiao et al. 2018; 

Dampanaboina et al. 2019; Gladman et al. 2019). MSD1 can 

bind to the upstream sequences of the transcriptional start 

site of itself and MSD2 to control the expression. Recessive 

alleles of MSD1, MSD2 and MSD3 can promote the develop-

ment of pedicellate spikelets in panicle and make them set 

grain, resulting in doubling the number of grains per panicle. 

These three genes are important members in jasmonate (JA) 

synthesis and can modulate JA pathway during sorghum sex 

organ development, demonstrating the importance of JA in 

grain yield. Morris et al. (2013) identified a series of candi-

date genes homologous to other crops, such as ID1, GDD1 

and APO1, which are involved in the transition to flowering 

in maize (Colasanti et al. 1998), cell elongation (Li et al. 

2011), and vegetative and reproductive development (Ikeda 

et al. 2005) in rice, respectively. In another study, Zhou et al. 

Fig. 3  Tailor design of super sorghum with important genes control-

ling the complex traits. These genes have been previously reported 

to be associated with grain yield and quality, fertility, plant height 

and maturity, juicy and sugar accumulation, tillering, brown midrib, 

and stress resistance. On the basis of increasing resilience to stress 

tolerance, super sorghum for various end uses could be accurately 

designed by pyramiding the super alleles of important genes
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(2019) identified 35 unique trait-associated SNPs (TASs) 

associated with inflorescence architecture and nine sorghum 

homologs of maize and rice candidate genes. The results of 

Fst and genotype frequencies analysis suggested that chro-

mosomal regions surrounding the TASs might have been 

targets of breeding selection.

Grain quality

The components of sorghum grain mainly include protein, 

starch, fat, phenolic compounds and minerals. The propor-

tion of these components directly influences the nutritional 

value and end use of sorghum grain. Kafirin is the major 

seed protein in sorghum which can form a tight matrix with 

starch granules to reduce the digestion of kafirin and starch. 

α-, β-, γ-, and δ-kafirin are the four subclasses of kafirin. A 

multigenic family of 20 genes clustered on chromosome 5 

are responsible for the synthesis of α-kafirin. A single-point 

mutation in the signal peptide of α-kafirin renders kafirin 

the resistance to signal peptide processing and leads to the 

formation of irregular protein bodies, which significantly 

promotes protein digestibility and indirectly increase the 

lysine content (Wu et al. 2013). There are single or low copy 

number loci for the synthesis of β-, γ-, and δ-kafirin (de Frei-

tas et al. 1994; Chamba et al. 2005; Izquierdo and Godwin 

2005). Starch is another important component in sorghum 

grain. In contrast to normal starch, waxy starch contains lit-

tle or no amylose and is more digestible. The gene confer-

ring waxy starch, Wx, encodes a granule-bound ADP-glu-

cose-glucosyl transferase. There are three recessive alleles of 

Wx, of which waxya (wxa) with a large insertion in the third 

exon, waxyb (wxb) with a missense mutation that results in 

the conversion of glutamine to histidine at amino acid 268 in 

the conserved domain, and waxyc(wxc) with a point mutation 

within the splicing site at the exon–intron boundary (McIn-

tyre et al. 2008; Sattler et al. 2009; Kawahigashi et al. 2013). 

A GWAS of protein, starch and fat in a panel of 390 SAP 

accessions identified 4 and 41 significant SNPs associated 

with protein and fat, respectively. AMY3 (Sb02g023790), 

encoding a putative homolog of alpha-amylase 3, is associ-

ated with fat and protein variation (Rhodes et al. 2017b). 

Sobic.010G170000, which encodes an important maize 

DGAT1 homologue gene, is involved in lipid biosynthesis 

pathway (Boyles et al. 2017). Tannin plays an important role 

in preventing grain mould and bird predation, but it also has 

an anti-nutritional effect by reducing the availability of pro-

teins, starch and minerals (de Morais Cardoso et al. 2017). 

It has been found that orthologue of maize Pr1, homologues 

of Arabidopsis transparent testa genes, TT4, TT10 and TT16 

are related to sorghum polyphenols synthesis (Rhodes et al. 

2014; 2017a). Tannin1 (Tan1), which controls the synthe-

sis of anthocyanin and proanthocyanins, encodes a WD40 

repeat protein. Haplotype analysis shows that there are two 

recessive alleles of Tannin1. tan1-a has a 1 bp deletion in 

an exon and tan1-b has a 10 bp insertion in exon that results 

in frame shift (Wu et al. 2012). Further research shows that 

WD40 can form a complex with MYB and bHLH, and pro-

mote the expression of GL2, a key negative regulator of fatty 

acid biosynthesis, thus reducing the level of volatile organic 

compounds and then resisting the birds attack (Xie et al. 

2019). By analysing the natural variation in grain quality in a 

diversity panel of 196 sorghums, 14, 14, and 492 genetic loci 

were found to be associated with tannins, starch and amino 

acids in sorghum, respectively (Kimani et al. 2020). Besides 

previous known genes associated with grain quality, includ-

ing Tan1, orthologues of Zm1 and TT16, sucrose phosphate 

synthases, opaue1 and opaue2, several novel candidate loci 

were also found, which may be potentially useful for future 

sorghum breeding.

A Myb gene yellow seed1 (y1), which is homologous to 

maize p1 gene, determines the pericarp colour in sorghum. 

In the non-functional alleles of y1 gene (y1-ww), there is a 

3218 bp deletion, which corresponds to the 5′ non-coding, 

putative promoter, exon1, intron1, exon2 and part of the 

intron 2. Correspondingly, sorghum lines with y1-ww show 

no detectable accumulation of flavan-4-ols or visible phloba-

phenes in the pericarp (Boddu et al. 2005).

Flowering and plant height

Sorghum varies extensively in flowering time and photo-

period sensitivity. Six loci, Ma1 to Ma6, are responsible 

for flowering time and photoperiod sensitivity and domi-

nant alleles at each locus contribute to late flowering in 

long days. Ma1, the major repressor of sorghum flowering 

in long days, encodes the pseudoresponse regulator protein 

37 (PRR37). SbPRR37 expression is regulated by the circa-

dian clock and light in a manner consistent with the exter-

nal coincidence model (Murphy et al. 2011). Ma3 encodes 

phytochrome B (Childs et al. 1997), and Ma6, as SbGhd7, is 

a floral repressor regulated by the circadian clock and light 

signalling (Murphy et al. 2014). SbPRR37 and SbGhd7 act 

in the additive fashion to downregulate the expression of 

the floral activator Ehd1 and SbCNs, thereby delaying the 

floral transition in long days (Murphy et al. 2014). Due to the 

critical importance of photoperiod sensitivity to crop yield 

and hybrid seed production, the photoperiod sensitivity loci 

have been widely used in sorghum breeding. Historically 

important sorghum accessions, such as SM100 and BTx406, 

which possess recessive alleles of Sbghd7 and Sbprr37, have 

been exploited in the SCP to convert the late-flowering pho-

toperiod-sensitive sorghum germplasm to early-flowering 

photoperiod-insensitive accessions. Genes such as SbSUC9, 

SbMED12, and LD have also been reported to be related to 

maturity (Upadhyaya et al. 2013a).
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Four loci, Dw1, Dw2, Dw3 and Dw4, which control sor-

ghum height by modifying the internode length have been 

reported (Quinby and Karper 1954). Dw1 encodes a puta-

tive membrane protein of unknown function with highly 

conserved function in plants (Hilley et al. 2016), and Dw2 

encodes a protein kinase that is homologous to the AGCVIII 

protein kinase KIPK (Hilley et al. 2017). The dw1 allele and 

dw2 allele have been fully exploited in sorghum breeding, of 

which dw1 allele could be traced to Dwarf Yellow Milo, the 

progenitor of grain sorghum, and dw2 allele has been exten-

sively used in U.S. grain sorghum breeding programs and 

the Sorghum Conversion Program to reduce the length of 

stems of sorghum genotypes, such as IS3620c and BTx642. 

Dw3, encoding an ABCB1 auxin efflux transporter, was the 

first dwarf gene to be cloned in sorghum. Due to the direct 

duplication in exon 5 of the dw3 allele, dw3 can revert back 

to Dw3 by unequal crossing-over. However, mutant dw3-sd1 

with the disrupted reading frame of DW3, has a stable dwarf 

phenotype and is expected to be used in sorghum breeding 

(Multani et al. 2003). For Dw4, although some progress has 

been made, the corresponding gene has not been cloned yet. 

In addition, ETHYLENE RESPONSIVE TRANSCRIPTION 

FACTOR (RAP2-7), which confers flowering time delay, 

is significantly associated with plant height (Girma et al. 

2019).

Brown midrib and stem texture

The brown midrib phenotype has been used to identify 

mutants that impair lignin content and component, which 

can improve sorghum biomass for conversion. At least 

four allelic classes of sorghum bmr mutants, bmr2, bmr6, 

bmr12, and bmr19, have been identified. bmr2 class leads to 

a reduction in G-unit and S-unit (Saballos et al. 2008, 2012). 

bmr6 class results in decreased lignin content, low G-units 

amount and increased cinnamaldehydes level (Pillonel et al. 

1991). bmr12 class causes reduced lignin and positive effect 

to bioconversion and digestion efficiency (da Silva et al. 

2018), and bmr19 class has insignificantly reduced lignin 

content (Saballos et al. 2008). Among these four allelic 

classes, bmr6 and bmr12 have been widely used in breeding 

programs. Genes for Bmr2, Bmr6, and Bmr12 have been 

reported to encode 4-coumarate coenzyme A ligase, cinna-

myl alcohol dehydrogenase, and caffeic O-methyltranferase, 

respectively (Saballos et al. 2009, 2012; Sattler et al. 2012).

Identifications of genetic loci controlling renewable 

energy-related traits in sorghum have been developed sig-

nificantly. The sugar-rich juicy stem is one of the major traits 

of sweet sorghum. Through an association analysis of sugar 

yield-related traits, including midrib colour, juice volume, 

moisture and sugar yield with a total of 42,926 SNPs, Burks 

et al. (2015) found a significant association at ~ 51.8 Mb on 

chromosome 6, a region contains a Dry midrib locus. Dry 

gene, which controls dry versus juicy stems, may affect grain 

size and drought tolerance in sorghum. It encodes a plant-

specific NAC transcription factor, and its loss-of-function 

mutations in sorghum led to altered stem secondary cell 

wall composition (Zhang et al. 2018). However, it has not 

been fully exploited in sorghum breeding due to the lack 

of information. Dry has 23 different haplotypes in 42 wild 

sorghums and one S. propinquum, two haplotypes (exactly 

same with two haplotypes in wild sorghum) in landraces, 

four haplotypes in improved sorghum. Therefore, it is a good 

example to study the domestication and improvement in sor-

ghum (Fujimoto et al. 2018; Zhang et al. 2018). The sugars 

in the juice mainly include sucrose, glucose and fructose, 

and their content varies significantly amongst different geno-

types. Sugar accumulation involves multiple genes, among 

which SbSWEETs 8–1 and SbSWEETs 4–3 are key sweet 

genes for sugar transport, respectively, responsible for the 

efflux of sucrose from leaf and the unloading of sucrose 

from phloem to stem (Mizuno et al. 2016). tonoplast sugar 

transporters (SbTST1 and SbTST2) also play essential roles 

in substantial sugar accumulation (Bihmidine et al. 2016). 

Down-regulation of vacuolar invertase (SbVIN1) expres-

sion has been proved to be inversely associated with sucrose 

accumulation (McKinley et al. 2016).

To further understand the genetic controls of sorghum 

bioenergy-related traits, Brenton et al. (2016) performed a 

GWAS on 390 diverse sorghums composed of sweet and 

biomass types, and found that a cellulase enzymes and a 

vacuolar transporter are associated with the non-fibrous 

carbohydrates accumulation. In the case of forage quality-

related traits, Li et al. (2018) analysed the crude protein, 

neutral detergent fibre, acid detergent fibre, hemicellulose 

and cellulose contents of 245 sorghum lines, and identified 

42 SNPs and 14 candidate genes. More recently, a GWAS 

of 206 forage sorghum accessions further identified 9 QTLs 

for lignin content, covering 184 genes. Importantly, 13 of 

184 sorghum lignin-related loci were found to have high 

collinearity with previously reported gene families in other 

crops (Niu et al. 2020). These studies would facilitate future 

genetic breeding of sorghum as bioenergy and forage.

Tillering

Tillering is an important agronomical trait which can affect 

the production and quality of sorghum. The sorghum ortho-

logue of maize domestication gene tb1(Sobic.001G121600), 

encoding a putative transcription factor, is involved in the 

regulation of tillering in sorghum and its expression can be 

affected by phytochrome B (phyB) (Kebrom et al. 2006). 

Moreover, it might be specifically involved in the shade-

mediated repression bud outgrowth (Kebrom et al. 2010). 

However, its detail function and regulatory mechanism need 

to be further studied. tin1 has also been reported to control 
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the retention of maize tillering and its function remains con-

served among different cereal crops (Zhang et al. 2019b). 

Thus, its 1:1 orthologue (Sobic.002G036500) might play 

an important role in in sorghum tillering, which deserves 

further investigation.

Stress tolerance

Abiotic stress mainly includes drought, extremes of tem-

perature, salinity and heavy metal, and biotic stress mainly 

refers to disease and pests that may affect the growth and 

end products of sorghum. Dhurrin, heat shock proteins and 

antifreeze proteins are associated with drought tolerance 

(Hayes et al. 2015; Spindel et al. 2018). As a crop of tropi-

cal origin, sorghum is sensitive to cold temperatures and 

increasing the chilling tolerance would help expand sorghum 

into colder regions. It has been reported that carotenoids, 

phytohormones, thioredoxin, components of PSI and anti-

oxidants play important roles in chilling tolerance (Ortiz 

et al. 2017). Another study of cold tolerance identified eight 

regions associated with final emergence percentage (FEP) 

and seedling survival (SR) on chromosomes SBI-01, -02, 

-03, -06, -09 and -10 (Parra-londono et al. 2018b). Colo-

calisation of chilling tolerance loci with grain tannin and 

dwarfing genes further indicated that selection for nontannin 

and dwarfing alleles in early grain sorghum breeding inad-

vertently resulted in chilling sensitivity (Marla et al. 2019). 

Similarly, heat stress affects sorghum growth and photosyn-

thesis. Transport proteins, transcription factors, and heat 

shock proteins are all involved in heat stress (Chen et al. 

2017; Chopra et al. 2017).

AltSB is an aluminium-activated citrate transporter identi-

fied in sorghum, which can enhance root citrate exudation 

to form non-toxic complexes with rhizosphere aluminium 

(Magalhaes et al. 2007). Further research shows that there 

is a concerted cis–trans interactions mechanism to regulate 

AltSB expression. Two transcription factors SbWRKY1 and 

SbZNF1 can bind the MITE repeats of AltSB promoter to 

regulate its expression. The number of MITE repeats is asso-

ciated with transactivation activity SbWRKY1 and SbZNF1, 

and the expression of AltSB. SbWRKY1 and SbZNF1 display 

different responses to  Al3+ toxicity. The expression levels of 

SbWRKY1 and SbZNF1 in Al-tolerant lines are higher than 

that in Al-sensitive lines. Fine-tuning the cis–trans interac-

tions will pave the road to enhance plant Al tolerance and 

crop yield on acidic soils (Melo et al. 2019).

Phosphorus (P) is a vital component of many macromole-

cules in plant cells. It is an essential nutrient for crop growth 

and major limiting factors for crop productivity. So far, stud-

ies regarding phosphorus assimilation in sorghum are lim-

ited. SbMATE, an important gene involved in Al toxicity, is 

associated with grain yield production under P-limitation, 

indicating its pleiotropic role in Al toxicity and P deficiency 

(Leiser et al. 2014). Another study further characterised 19 

root-system architecture-related traits of a sorghum panel 

(n = 194) grown under low and high phosphorus availability 

and identified a list of genetic loci controlling root develop-

ment on chromosomes SBI-02, SBI-03, SBI-05 and SBI-09 

(Parra-Londono et al. 2018a). Knowledge of the candidate 

genes might be useful for the breeding of new sorghum cul-

tivars with high phosphorus acquisition.

Anthracnose is one of the major economic constraints 

restricting sorghum production, especially under warm and 

humid conditions. Disease resistance-related genes, includ-

ing two NB-ARC classes of R genes and two hypersensi-

tive response-related genes, have been reported in different 

panels (Cuevas et al. 2018, 2019b; Cuevas and Prom 2020; 

Upadhyaya et al. 2013b). In the case of stalk rot diseases, the 

causal genes included chalcone and stilbene synthase, ROP 

GTPase, AP2 transcription factor, and pentatricopeptide 

repeat-containing proteins (Adeyanju et al. 2015). Impor-

tantly, the resistant alleles are mainly enriched in durra sub-

populations, which is characterised by drought tolerance, 

indicating that drought tolerance is closely related to stalk 

rot diseases resistance. As for head smut resistance, Girma 

et al. (2019) discovered 17 significant SNPs, which can only 

explain 2% of phenotypic variance. Another GWAS study of 

1425 Ethiopian sorghum lines showed that two R2R3 MYB 

transcription factors, YELLOW SEED1 (Y1) and YELLOW 

SEED3 (Y3) played essential roles in grain mould resistance 

(Nida et al. 2019). Shoot fly is one of the most destruc-

tive pests in Asia, Africa and the Mediterranean Europe. It 

can attack sorghum at seedling stage and ultimately reduce 

the final grain yield (Dhillon et al. 2005). Several candidate 

genes, such as glossy 15, NBS-LRR disease resistance gene 

and NAC1 are correlated with sorghum shoot fly resistance 

(Satish et al. 2009; Aruna et al. 2011).

In Africa and parts of Asia, the parasitic weed Striga 

is the major biological constraint to sorghum production. 

The strigolactone is the most potent chemical which can be 

detected by Striga and results in its germination at the proper 

time. LGS1 encodes an enzyme annotated as a sulphotrans-

ferase and its loss-of-function changed strigolactone chem-

istry, from 5-deoxystrigol, a highly active Striga germination 

stimulant, to orobanchol with opposite stereochemistry. In 

lgs1-1, lgs1-2 and lgs1-3 with low Striga germination stimu-

lant activity, LGS1 gene was completely deleted. In lgs1-4, 

a 421 bp sequence in the second exon was deleted and in 

lgs1-5, a 10 bp sequence locating 18 bp upstream of the 

deleted area in lgs1-4 was deleted. Both lgs1-4 and lgs1-5 

caused frame shifts and severely truncated peptides (Gob-

ena et al. 2017). Sorghum breeders can design molecular 

markers within this gene and introduce into existing lines to 

effectively control Striga.

Sorghum can produce sorgoleone which confers 

sorghum the allelopathic properties against many 



1915Theoretical and Applied Genetics (2021) 134:1899–1924 

1 3

agronomically important weed species. Significant pro-

gress has been made in the identification of genes involved 

in the biosynthetic pathway of sorgoleone. SbDES2 and 

SbDES3 can catalyse palmitoleic acid (16:1∆9) fatty acyl-

CoA into hexadecadienoic acid (16:3∆9, 12, 15) fatty acyl-

CoA (Pan et al. 2007). With this long-chain fatty acyl-CoA 

starter units, ARS1 and ARS2 can produce 5-alkylresorcin-

ols via iterative condensations with malonyl-CoA (Cook 

et al. 2010). SbOMT3 is capable of catalysing the forma-

tion of the 5-pentadecatrienyl resorcinol-3-methyl from 

5-pentadecatrienyl resorcinol (Baerson et al. 2008). P450 

monooxygenases are likely to catalyse 5-pentadecatrienyl 

resorcinol-3-methyl into dihydrosorgoleone, which can 

be converted to the benzoquinone sorgoleone thorough 

autooxidation, but the gene for P450 monooxygenases 

have not been cloned (Baerson et al. 2008). Moreover, 

sorghum can produce epicuticular wax and less permeable 

cuticle on its culm and leaves, which help itself to toler-

ate abiotic stress. The BLOOM-CUTICLE (BLMC) locus 

associated with this phenotype was narrowed down to 

153,000 bp region in Chr 10. Sobic.010G001900, encoding 

the long chain acyl coA oxidase. It is the most significant 

and interesting candidate gene for profuse wax, but its bio-

logical function needs further study (Burow et al. 2009).

Cytoplasmic male sterility

Sorghum is one of the pioneering cereal crops where 

cytoplasmic genetic male sterility (CMS) is success-

fully exploited for mass production of  F1 hybrid seed. Of 

the available sorghum cytoplasmic sterility systems, A1 

cytoplasm is primarily exploited worldwide, and due to 

some default of A1 cytoplasm, A2 cytoplasm is the only 

acceptable alternative to the A1 cytoplasm for commercial 

hybrid seed production in sorghum. In order to elucidate 

the molecular mechanisms of fertility restoration, several 

Rf genes, such as Rf1, Rf2 and Rf6 have been cloned. All 

the genes encode proteins with a mitochondrial transit pep-

tide and numerous pentatricopeptide repeat (PPR) motifs. 

Rf1 and Rf2 can restore pollen fertility restoration ability 

on A1 cytoplasm, and Rf6 controls pollen fertility restora-

tion ability on A1 and A2 cytoplasm in sorghum (Klein 

et al. 2005; Praveen et al. 2015; Madugula et al. 2018).

In the future, we need to identify more key genes by 

using modern molecular biology, and examine sorghum 

orthologues of important genes cloned in other cereals to 

clarify their roles in sorghum. For cloned genes, exploiting 

their regulatory mechanism will be helpful to understand 

their functions. Besides, we should find the elite alleles 

of cloned genes and arrange them in a more reasonable 

manner for sorghum breeding.

Future development of sorghum breeding

Global demand for food, feed and energy is increasing. It is 

urgent to explore and develop sustainable food and bioen-

ergy sources. Sorghum is an important versatile crop with 

a great potential. Compared with other major cereal crops, 

sorghum breeding has been lagging behind. In the future, 

genomics should be encouraged or employed as the cor-

nerstone of sorghum breeding programmes. As shown in 

Fig. 4, genomics could be used to understand the genetic 

and genomic dynamics of sorghum from wild progenitors 

to landraces and improved breeding lines by examining the 

broadness of genetic diversity possessed in the wild species 

and/or conserved in global germplasm collections, the ero-

sion and decline during domestication and diversification 

following breeding selection. Such studies of domestication 

and diversification processes could help identify the “holes” 

or genomic regions in the designated improved lines and 

elite varieties contributing negatively to the agronomic per-

formance. Thereafter, populations for functional genomics, 

either natural diverse panels, structured artificial mapping 

populations (e.g. the NAM population and its derives) or 

mutagenised populations, could be compiled to dissect and 

edit genes and/or functional modules controlling specific 

traits through GWAS, MM analysis and GE. Simultaneously, 

populations could be compiled for GS, in which both train-

ing and selection populations are constructed and analysed. 

Both functional genomics and genomic selection will screen 

for candidate genetic stocks/ breeding lines, either with 

clearly identified MMs or best Genomic Estimated Breed-

ing Values (GEBVs), which can be used to replace the target 

genes/alleles/genomic regions in the elite varieties through 

breeding selection and introgression.

Despite great progress of sorghum genomics and molec-

ular breeding during the past decades, considerably more 

work is still needed to holistically design sorghum as a 

multipurpose crop. Firstly, we should pay more attention 

to the genetic analysis of sorghum complex agronomical 

traits, especially the identification and validation of impor-

tant genes and MMs, which are the most important topics in 

the post-genomic era. For example, plant height and flow-

ering time have been already considered in grain sorghum 

production at temperate altitude, and major QTL loci and/

or genes controlling plant height and flowering have been 

identified, but the relationship between plant height, photo-

period response and sorghum development is poorly under-

stood. Furthermore, the complex inheritance of juiciness 

accumulation in sorghum is also far from understanding. 

Although Dry can control the juicy content in sorghum, its 

regulation network is unknown yet. Grain sorghums that 

have juicy stems usually vary in their final grain yields, but 

it is not clear whether this is related to Dry. There might 

be a physiological trade-off between juiciness and grain 
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yield. In addition, stay green has been an essential trait in 

sorghum breeding, and B35, SC56, and E36-1 are gener-

ally recognised stay-green sorghums (Reddy Sanjana et al. 

2018). Although many stay-green genetic loci including the 

major four stay-green QTL (Stg1, Stg2, Stg3 and Stg4) have 

been identified (Xu et al. 2000; Rama Reddy et al. 2014), 

the causal genes have not been cloned yet. More recently, 

Kiranmayee et al. (2020) identified seven QTL and several 

candidate genes controlling stay-green trait in a fine-map-

ping population, which provides a reliable experimental and 

theoretical basis for understanding the mechanism of stay 

green. In the future, in-depth investigations should be per-

formed in terms of unravelling the phenotypic variations and 

genetic variations, as well as characterising the novel alleles 

of important genes, MMs and the functional networks con-

ferring important agronomic traits. Further target incorpora-

tion of these super alleles of specific genes and functional 

MMs into superior lines could potentially develop improved 

varieties.

Secondly, more sorghum genome sequences are needed. 

Compared with rice and maize, the current exploitation and 

utilisation of sorghum are far from enough. More genome 

sequencing of wild, landraces and improved sorghums will 

provide new genomic variations for the study of sorghum 

domestication and diversification, as well as pan-genomes of 

various end-uses. It is suggested that the early domesticated 

race was bicolor, which then spread to other agroclimatic 

zones, such as South Asia and Niger Basin (Fuller and Ste-

vens 2018). However, relatively little is known in terms of 

the origin and evolutionary history of sorghum, which needs 

more interspecific and intraspecific molecular information. 

As a unique form of crop species evolution, domestication 

is a good model for studying the evolutionary processes due 

to the recent evolution and available archaeological and 

historical data (Meyer and Purugganan 2013). During this 

process, dramatic domestication traits are obtained due to 

the strong selection pressure on the genetic variations. After 

domestication, crops are subjected to continuously selection 

and improvement to obtain valuable agronomic traits, such 

as high yield and quality (Tanksley and McCouch 1997). 

Both domestications and genetic improvement are evolution-

ary processes in which the genetic diversity reduction and 

population expansion occurred, the genetic makeup of wild 

species was fundamentally altered and complex traits were 

Fig. 4  Breeding scheme for sorghum improvement using the state-of-

the-art genomics-based breeding strategies. The breeding programme 

consists of four key components. Part I: Diagnosis of changes in 

genetic diversity during domestication and diversification; Part II: 

Discovery and characterisation of genetic and genomic variation; Part 

III: Selection of pre-breeding materials through genome selection; 

Part IV: Genomics-assistant introgression and improvement in elite 

varieties. See texts for details
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dramatically improved to meet human needs (Shi and Lai 

2015). Thus, genomic variations are of great importance for 

revealing the genetic diversity, history of domestication, the 

process of crop speciation, adaptation to local environments, 

and can facilitate the dissection of key genes and crop breed-

ing. In comparison with other major cereal crops, knowl-

edge of the genomic variation during the domestication and 

genetic breeding of sorghum is limited. Thus, more wild 

and cultivated sorghums are necessary for comprehensive 

analyses of genomic variation, which will provide insights 

into the basic laws of genetic variation under specific selec-

tion conditions, and help us in reconstructing the domestica-

tion and improvement events of sorghum and breeding new 

sorghum varieties.

Understanding the genetic basis of complex agronomic 

traits is essential for various end-uses sorghum improve-

ment. Nevertheless, a single genome sequence does not 

adequately represent the entire genomic architecture of a 

species. Pan-genome analysis, which can collect all the 

genes at the clad level, provides an opportunity to identify 

the complete genetic variations within the entire genome 

repertoire by sequencing multiple individuals of a species. 

Pan-genome of a species usually includes a core genome 

and a dispensable genome. The dispensable genome pos-

sesses a greater variation than the core genome, and it may 

be a major contributor to phenotypic variation, plasticity, 

environmental adaption, organismal interactions and domes-

tication (Hirsch et al. 2014; Li et al. 2014). Progress in pan-

genomes of maize, soybean, rice, wheat, Brassica napu and 

other plants have been recently reviewed (Khan et al. 2019). 

However, to date, no pan-genome study in sorghum has been 

reported. Pan-genomic analysis by sequencing and de novo 

assembling diverse sorghums is of great importance to com-

prehensively capture the genetic diversity of sorghum gene 

pool. Further integration of pan-genome analysis and GWAS 

will significantly improve the characterisation of target genes 

and genetic variations underlying complex quantitative traits 

and offer the possibility to develop ideal sorghum varieties 

for diverse end uses.

Finally, it is urgent to integrate the genome-based tech-

nologies and tools into various end-uses sorghum breed-

ing. The genome-based technologies provide the possibil-

ity for the development of “tailored super sorghum” with 

ideal traits. The common main input traits are to improve the 

resistance to biotic and abiotic stresses, including drought, 

high and temperature, lodging, diseases and insect pests, 

while the output traits are to improve grain and biomass 

yield, grain quality and utilisation efficiency. In fact, sor-

ghum is a climate-smart crop which can be used as food 

and nonfood uses. Precision molecular breeding of sorghum 

should be carried out according to different end uses; espe-

cially, grain sorghum is characterised by slow digestibility, 

low cholesterol, antioxidant and other healthy properties and 

can provide people with rich nutrients. The goal of future 

breeding is to increase protein (especially lysine) and starch 

(especially amylopectin) contents and reduce tannins. For 

energy sorghum, the target traits in breeding programs are 

to improve its biomass, energy conversion efficiency, sugar 

content, juicy quality and photosensitivity. At present, low 

crude protein content, high content of lignin and tannin are 

the main constraint factors for the end use of sorghum as for-

age. Improvement in low crude protein, reduction in lignin 

and tannin content is the main target for forage breeding. 

And increasing the tillering capacity, quick growth, multicut 

potential and reducing cyanogenic potential should also be 

considered in the breeding program.

Although modern approaches can accelerate the breeding 

cycle of sorghum and assist breeders to develop super-vari-

eties, their application in sorghum breeding is in its infancy 

and there is still a long way to go. In terms of MM, how to 

effectively identify and pyramid the super alleles that control 

the important agronomic traits at the genome-wide level is 

still a great challenge for sorghum breeding. Some impor-

tant aspects should be considered according to the end-use 

of sorghum, such as the number of target genes, population 

size and choice of parents. GS in sorghum also needs to pay 

attention to the accuracy of genotyping and phenotyping, the 

choice and improvement in the model according to differ-

ent populations and gene-environment interactions. Genome 

editing plays an essential role in identification of gene func-

tion and crop genetic improvement. However, its application 

heavily depends on the transformation efficiency. Although 

much progress has been made in Agrobacterium-mediated 

transformation of sorghum, the transformation efficiency is 

still much lower than those of other crops. Further optimisa-

tion of the transformation system is necessary to promote the 

application of CRISPR/ Cas9 system in sorghum breeding.

Conclusion

Although great progress has been made in the identifica-

tion the genetic loci underlying important agronomical and 

adaptive traits, high-throughput sequencing, phenotyping, 

pan-genomes, epigenomes and other disciplines should be 

integrated to identify the genetic diversity, superior alleles 

and the functional regulation network underlying the com-

plex agronomical traits and the stress resilience of sorghum. 

Meanwhile, standards for the management, integration and 

sharing of growing bioscience data should be developed to 

realise the rational use of data and avoid waste of resources. 

In addition, efficient breeding strategies are also necessary 

to effectively combine new breeding approaches to develop 

new varieties with improved target traits. We believe that 

these will bring desirable changes to the genetic breeding 

of sorghum.
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