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SUMMARY

Mutant populations are crucial for functional genomics and discovering novel traits for crop breeding. Sor-

ghum, a drought and heat-tolerant C4 species, requires a vast, large-scale, annotated, and sequenced

mutant resource to enhance crop improvement through functional genomics research. Here, we report a

sorghum large-scale sequenced mutant population with 9.5 million ethyl methane sulfonate (EMS)-induced

mutations that covered 98% of sorghum’s annotated genes using inbred line BTx623. Remarkably, a total of

610 320 mutations within the promoter and enhancer regions of 18 000 and 11 790 genes, respectively, can

be leveraged for novel research of cis-regulatory elements. A comparison of the distribution of mutations in

the large-scale mutant library and sorghum association panel (SAP) provides insights into the influence of

selection. EMS-induced mutations appeared to be random across different regions of the genome without

significant enrichment in different sections of a gene, including the 50 UTR, gene body, and 30-UTR. In con-

trast, there were low variation density in the coding and UTR regions in the SAP. Based on the Ka/Ks value,

the mutant library (~1) experienced little selection, unlike the SAP (0.40), which has been strongly selected

through breeding. All mutation data are publicly searchable through SorbMutDB (https://www.depts.ttu.

edu/igcast/sorbmutdb.php) and SorghumBase (https://sorghumbase.org/). This current large-scale

sequence-indexed sorghum mutant population is a crucial resource that enriched the sorghum gene pool

with novel diversity and a highly valuable tool for the Poaceae family, that will advance plant biology

research and crop breeding.
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INTRODUCTION

Mutants are critical and highly valuable to plant biology

research and crop breeding. Applications and deployments

of mutants have increasingly grown in conjunction with

genomics. Mutation breeding is a technique used to

develop new crop varieties by inducing genetic changes or

mutations in crops. For instance, mutations in dwarfing

genes have led to the development of high-yielding, dwarf

varieties of wheat and rice, which have significantly

increased global food production (Hedden, 2003; Peng

et al., 1999; Sasaki et al., 2002).

Ethyl methyl sulfone (EMS) has been successfully

used in various crops to generate morphological diversity

and understand the regulation of these traits (Richardson

& Hake, 2022). EMS mutagenesis drove the improvement

of many desirable traits, such as yield, fruit quality, disease

resistance, and male sterility (Greene et al., 2003; Sato

et al., 2006; Siddique et al., 2020). For example, in rice,

EMS mutagenesis has proven effective in generating

mutant lines with diverse phenotypes related to agronomic

traits, such as varied photosynthetic rates of leaves (Feld-

man et al., 2014), improved abiotic stress tolerance, such

as drought resistance based on root length and volume

parameters (Mohapatra et al., 2014), and developing heat-

tolerant mutants with higher photosystem II efficiency (Poli

et al., 2013). Furthermore, EMS-induced mutants are

exempt from genetically modified organism (GMO) regula-

tions in many countries, including the United States and

Europe, which allows them to be planted and evaluated in

fields without undergoing the same regulatory processes

as GMO. As a result, EMS mutants can be readily deployed

and tested in agricultural settings. These examples demon-

strate the potential of EMS mutagenesis to enhance yield

and manage stress resistance in various crops.

Sorghum (Sorghum bicolor L. Moench) is a highly

versatile cereal crop with significant global importance,

serving as a subsistence crop for millions of people in sub-

Saharan Africa and South Asia (Motlhaodi et al., 2017; Rit-

ter et al., 2008). With a genome size estimated to be ~730
megabyte (Mb) and a diploid species (2n = 20), sorghum is

an excellent model for studying functional genomics and

genetic improvement in the Poaceae family (Paterson

et al., 2009). Domesticated and bred for diverse uses,

including food, fodder, and bioenergy, sorghum exhibits

significant genome-level diversity (Cuevas et al., 2017;

Mace et al., 2008; Olatoye et al., 2018). Functional geno-

mics studies in sorghum have been facilitated by the avail-

ability of two sequence index mutant populations created

through EMS treatment (Addo-Quaye et al., 2018; Xin

et al., 2008). The sequencing of approximately 600 mutant

lines from one population at 59 coverage revealed muta-

tions covering about 30 285 sorghum genes, including

7979 genes with protein structure truncated mutations

(Addo-Quaye et al., 2018; Simons et al., 2022). Our mutant

population was created under the genetic background of

the reference genome line BTx623 (Xin et al., 2008). A total

of 256 mutant lines were first sequenced at an average of

169 coverage. This effort identified over 1.8 million canon-

ical EMS-induced mutations, affecting more than 95% of

the genes in the sorghum genome. Notably, most (97.5%)

of these mutations were distinct from natural variations,

demonstrating the potential for generating diverse genetic

variations using this method (Jiao et al., 2016). The second

population has been successfully employed to dissect sev-

eral important sorghum traits, including male sterility

(Chen et al., 2019), epicuticular wax (Jiao, Burow, et al.,

2018), brown midrib (Tetreault et al., 2021), root (Balasu-

bramanian et al., 2021), grain quality (Khan et al., 2023)

and inflorescence development (Dampanaboina et al.,

2019; Gladman et al., 2019; Jiao, Lee, et al., 2018; Poursare-

bani et al., 2020).

Notably, the two mutant populations reported so far

focused on mutations in the coding region of genes. How-

ever, with rapid development in genomics, the detailed

scrutiny of cis- and trans-acting genetic factors, epigenetic

factors, and environmental influences play important roles

in controlling complex, heritable traits in plants and

humans (Renganaath et al., 2020; Sun et al., 2021). Pheno-

typic diversity within and between species is often due to

variations in gene expression that are heritable (Zheng

et al., 2011) and arise from mutations in DNA sequences

encoding regulatory elements (e.g., enhancers and pro-

moters) and trans-regulatory factors (e.g., signaling mole-

cules, noncoding RNAs, transcription factors [TFs])

(Carroll, 2008; Stern & Orgogozo, 2008). Recent advances

in next-generation sequencing (NGS) technology have

accelerated research on cis-regulatory elements (CREs)

(Schmitz et al., 2022; Zhao et al., 2021). TFs typically bind

to CREs to regulate the transcription and expression of

neighboring genes (Ho & Geisler, 2019; Li et al., 2015).

Identifying the function of plant CREs with perturbation

(Nigam et al., 2015; Olsen et al., 2014) is crucial in deter-

mining the tissue-specific or abiotic stress response

expression patterns of the target gene. Mutations in CREs

such as promoters, enhancers, silencers, and insulators

can significantly impact gene expression by altering the

binding of TFs (Galli et al., 2020). For instance, a large

insertion in the enhancer of the teosinte branched1 (tb1)

gene has been suggested to underlie the morphological

differences between maize (Zea mays) and its wild ances-

tors (Zea mays ssp. parviglumis and mexicana) (Doebley

et al., 1995, 1997, 2006). Mutations in CREs for TFs such as

GW8/SPL16, GW7, and GW6 have the potential to improve

grain quality in rice by fine-tuning gene expression (Ding

et al., 2021; Zeng et al., 2020). Specifically, many examples

have shown that single nucleotide polymorphisms (SNPs)
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at the promoters or enhancers can lead to significant alter-

ations in plant development (Swinnen et al., 2016). For

instance, an SNP in the promoter of the tomato WRKY33

TF was found to reduce the self-transcription, resulting in

decreased cold tolerance (Guo et al., 2022). Similarly,

in wheat, an SNP located in the promoter region of the

Vrn-D1 gene has been linked to vernalization response

(Zhang et al., 2012). Despite these findings, the prevalence

and consequences of mutations in most core promoters

and enhancers in major crops, and in sorghum in particu-

lar have yet to be explored. Moreover, as noted earlier,

only a small fraction of mutations in the coding sequence

regions of two sorghum mutant populations were anno-

tated for functional genomics studies.

To create a comprehensive and large-scale sorghum

mutant resource, we conducted deep sequencing (with

~389 coverage) on 897 EMS mutants. This study analyzed

the impacts of the EMS-induced 9.5 million mutations on

gene function and physiological pathways, covering 98%

of predicted sorghum genes. For crop improvement appli-

cations, this current large-scale mutant population pro-

vides multiple alleles for most sorghum genes, allowing

for genetic testing and validation of gene function and

deployment for causal variants of interest. The mutations

identified in the core promoter and enhancer regions will

also assist in plant functional genomics research and dis-

coveries for breeding purposes. Using the large number of

mutations revealed by our sequencing efforts, we provided

new insights into the distribution of EMS-induced muta-

tions and performed comparisons with the distribution of

variations in the natural sorghum population.

RESULTS

The sequenced mutant resource covers 98% of the genes

with at least one predicted deleterious mutation

In our previous study, we reported a sorghum mutant pop-

ulation established using EMS treatment in the reference

genome line BTx623 background via a single seed descent

approach (Jiao et al., 2016; Xin et al., 2008). The initial

sequencing of 256 mutants, with an average coverage of

169, facilitated reverse genetics studies using sorghum

mutants. However, this effort only identified missense or

high-impact mutations (stop codon gains, splicing donor/-

acceptor site changes, and start codon losses) in approxi-

mately 50% of sorghum genes. Since EMS mutations

occur randomly, the relatively small size of the sequencing

population also constrained the availability of multiple

alleles for most genes.

To create a comprehensive sequence-indexed mutant

resource for gene function studies, we performed whole-

genome sequencing of 897 mutants. To cover as many

mutations as possible, 20 individual M3 plants were ran-

domly selected to represent each M2 mutant line. The

average sequencing depth was 37.439, with a range of

129 to 1129 (Figure S1a). Using our previously validated

high-accuracy pipeline (Jiao et al., 2016), we identified

9 561 298 mutations, after removing seven outlier mutant

lines with an exceptionally high number of variations

(more than 150 000 mutations). On average, each mutant

line had 12 577 mutations, equivalent to approximately 17

mutations per Mb per line (Figure S1b). In our initial

sequencing round, with an average depth of 169, we

detected 7660 mutations per line. It indicated that the

increased sequencing depth enlarged the power of muta-

tion detection. Remarkably, approximately 91% of these

mutations were unique to individual mutants (Figure S1c),

aligning with the random nature of EMS mutations.

Among these EMS-induced mutations, only 11.2% were

identified in the natural variation data from the recent

whole-genome resequencing of the SAP (Boatwright

et al., 2022). This finding underscores the potential of our

mutant population to introduce new alleles that could be

valuable for sorghum improvement efforts.

According to the annotation, approximately 15% of

the mutations were found in the genes (Figure 1a). When

combined with our previously sequenced 256 mutant lines

(Jiao et al., 2016), we discovered that 97.86% (33 388 out of

34 118) of sorghum genes have at least one mutation that

could cause an amino acid change, stop gain, start loss, or

splicing site mutations (Table 1). On average, there are 12

mutations per gene. The availability of multiple alleles will

enable the validation of gene functions through comple-

mentation tests. Approximately 46% of the sorghum genes

had at least one large effect truncated protein mutations,

including splice site acceptor, splice site donor, stop

gained, start lost, or stop lost (Figure 1b). Notably, we

observed that 14.5% of the amino acid variation can result

in a change from nonpolar to polar or acidic to basic, or

vice versa (Figure 1c). This finding is interesting since the

ratio of polar and non-polar amino acids is a critical feature

of the protein (Panja et al., 2015; Yuan et al., 2015). An

alteration in this ratio could significantly impact the protein

structure, ultimately resulting in a change in phenotype

(Jiang et al., 2020).

The coding sequences were further analyzed to identify

mutations that could have a significant impact, and they

were classified based on different types of mutations, such

as stop gain/loss, splicing donor/acceptor, and start loss

(Table 1). Out of the 416 503 amino acid change mutations,

64% were predicted to be deleterious, with a SIFT score

(Vaser et al., 2016) of less than 0.05 in 33 202 genes

(Figure 1d). Additionally, we identified 21 918 cases of stop-

gain mutations in 13 098 genes, accounting for 38.4% of the

sorghum genes. A total of 6495 splice site donor mutations

were identified in 4937 genes (14.5%) and 718 instances of

start-lost mutations in 666 genes (2%) (Table S1). These find-

ings suggested that the sorghum mutant population can be
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Figure 1. A summary of the mutations.

(a) Distribution of ethyl methane sulfonate (EMS)-induced mutations in different genomic regions of the Sorghum Genome. The abundance is plotted in

percent.

(b) Distribution of the number of large effect mutations in genes.

(c) Amino acid changes caused by EMS. The diagonal matrix shows the percent change (%) from one amino acid to another amino acid. The biochemical prop-

erty of every amino acid is on the top.

(d) A pie chart (upper panel) showing the distribution of high impact mutations in coding regions i.e., non-synonymous, stop-gained, splice-site donor/or accep-

tor, and start lost. The bar graph shows the frequency of the predicted deleterious mutations (SIFT score < 0.05) deleterious amino acid variation. The dotted

line depicts a confidence interval of 99%.
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used for further gene functional and genetic research, given

the availability of multiple alleles.

This comprehensive mutant library provides an excel-

lent resource to bridge the gap between model plants and

grass cereals in gene functional studies. For instance,

according to our analysis of the KEGG database, our EMS

mutations are likely to affect approximately 95% of the

genes in 17 identified metabolic pathways (Figure S2;

Table 1). This insight can be leveraged to deepen our

understanding of metabolic pathways and drive improve-

ments in crop production for the future.

Mutations in the cis-regulatory regions

Mutations in cis-regulatory sequences can disrupt the

interaction between cis and trans elements, affecting tran-

scriptional initiation and gene expression, and ultimately

leading to phenotypic changes (He et al., 2021). As men-

tioned above, SNP in the promoters and enhancers also

have the potential to change the phenotypes (Swinnen

et al., 2016). To provide resources to investigate the func-

tion of CREs, we first predicted promoters and enhancers

for 23 501 and 17 212 genes, respectively (Figure 2a). A

total of 375 372 and 234 948 mutations were identified in

the promoters and enhancers of 18 000 and 11 790 genes

respectively (Figure 2a). The occurrence of TATA-less (�)

promoters is significantly higher (P < 0.0001) than that of

TATA-containing (+) promoters (Figure 2b). Previous stud-

ies reported a significant GC-compositional strand bias

around the transcription start sites (TSSs) in plant genes

(Lis & Walther, 2016; Tatarinova et al., 2003). Our GC-Skew

analysis (Gao & Zhang, 2006) of the region encompassing

the TSSs revealed a distinct strand bias in GC composition,

with the highest values precisely at the TSSs (Figure S3).

The GC-Skew diminished rapidly downstream of the TSSs.

Furthermore, two prominent GC-Skew peaks emerge in the

TATA promoter, specifically at positions �25 bp and

+15 bp relative to the TSS, respectively (Figure S3a).

Importantly, these peaks exhibit more significant GC-Skew

values. In contrast, the AT-Skew does not display a signifi-

cant bias, except for two minor peaks observed at posi-

tions �15 bp. It also suggested that TATA-less promoters

exhibited GC-Skew bias, but the peaks were not as pro-

nounced as in the TATA promoter (Figure S3b).

Since the binding of TFs to the promoter and

enhancer regions regulates gene expression, we also ana-

lyzed mutations in the transcription factor binding sites

(TFBSs) based on the TF binding motifs obtained as

described in the method (Figure 2c). We found that EMS

mutations affected a total of 1238 and 1712 TFBSs in pro-

moter and enhancer regions, respectively. The most promi-

nent perturbed TFs were bHLH, NAC, ERF, bZIP, MYB,

C2H2, WRKY, and MYB-related factors (Table S2). Our sys-

tematic identification of mutations in CREs and TFBSs pro-

vides a valuable resource for understanding gene

expression regulation in grasses. Although further work is

required to establish the causal relationship between muta-

tions in regulatory regions to gene expression and pheno-

types, our mutation data provide a much-needed

foundational resource for such research.

EMS-induced mutations happened randomly in the

sorghum genome

Both natural and induced mutations have been reported to

exhibit high and low mutation rates in populations with lim-

ited size (Monroe et al., 2022; Yan et al., 2021). For instance,

the sequence context and chromatin structure biases of

EMS-induced mutations were observed in rice using 17 397

EMS-induced SNPs from 52 mutants (Yan et al., 2021). Our

previous studies have shown that GC methylation did not

affect the distribution of sorghum EMS mutations (Jiao

et al., 2016). With the advantage of our new deep sequenc-

ing of 897 mutant lines, we further assessed whether EMS

induced mutations differently at specific genic sites within

particular motifs. We analyzed the nucleotide frequencies

10 bp upstream and downstream flanking the 9.5 million

identified SNPs. Remarkably, no preferred genic motif or

bases upstream or downstream of the mutated site were

identified (Figure 3a).

Natural mutations have been observed to exhibit non-

random biases towards non-essential genes and are influ-

enced by DNA methylation in Arabidopsis (Monroe

et al., 2022). However, it is unclear how natural mutations

behave in crops that are subject to strong breeding selec-

tion. To address this, we compared our large EMS mutant

population to the sorghum association panel (SAP). As

described earlier, our mutant population represents muta-

tions with less selective pressure, while the SAP is a popu-

lation with strong selection due to the substantial number

of breeding lines present. Furthermore, the sequencing

depth of SAP (~389) is comparable to ours, enabling a

direct comparison. We compared the mutation/variation

density of the two populations across different genomic

regions (coding sequence, intron, 50 and 30 UTRs, 5 kb

upstream and downstream of genes, and intergenic

regions) (Figure 3b). Our mutant population exhibited the

highest mutation rate in intergenic regions, consistent with

the low likelihood of mutations in the intergenic regions

Table 1 Summary of the impacts of the mutations on the genes in
the large-scale sequenced sorghum mutant population

Mutation
effect Effect classic

No. of
mutations

No. of
genes

Moderate NON_SYNONYMOUS_CODING 416 503 33 202
High STOP_GAINED 21 918 13 098
High SPLICE_SITE_DONOR/

ACCEPTOR
6495 4937

High START_LOST 718 666
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Figure 2. The impact of ethyl methane sulfonate (EMS) mutations on cis-regulatory elements.

(a) Distribution of EMS-Mutations on promoters and enhancers: This bar plot showcases the distribution of EMS-induced mutations across the genome’s pro-

moters and enhancers. The purple bars represent the total number of identified promoters, while the yellow bars signify the total number of identified

enhancers. The gray bar represents the cumulative count of EMS-induced mutations detected within both cis-regulatory elements.

(b) Categorization of promoters into TATA-Containing and TATA-Less Categories. Promoters with TATA-box motif in their regulatory regions are shown in black,

representing TATA-containing promoters. Those devoid of the TATA-box motif are also visualized in black, symbolizing TATA-less promoters. The gray bars cor-

respond to the quantity of EMS-induced mutations identified in each promoter category. Statistical significance regarding the disparity in mutation rates

between TATA-containing and TATA-less promoters was assessed via a chi-square test, with the P-value provided (denoted with **).
(c) Impacts of EMS mutations on transcription factor binding sites (TFBSs). TFBSs located within promoters are depicted in purple, while those within enhancers

are represented in yellow. The number of EMS-induced mutations affecting TFBSs is specified for each cis-regulatory element.
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causing phenotypic changes. Additionally, if a mutation in

the coding sequence region led to lethality or sterility, the

homozygous mutant of that gene would not be conserved

in the mutant population, which can reduce the frequency

of this mutation in the population. The standard deviation

of mutation rates in different genomic regions was much

smaller in our mutant population (0.0048) compared to

SAP (0.013) (Figure 3c), indicating stronger non-uniform

selection pressures on variations in different regions of the

genome in the natural population than in the EMS mutant

population. We also observed that coding sequences had

the second-highest mutation rate in the mutant population,

but the lowest in SAP (Figure 3b), suggesting that breeding

selection in SAP eliminated mutations in coding sequences

that could cause unfavorable traits. Finally, we compared

the ratio of nonsynonymous to synonymous mutations

(Ka/Ks) in the two populations, finding that our EMS

mutant population had a Ka/Ks ratio of 1, while SAP had a

Ka/Ks ratio of about 0.57 (Figure 3d). The lower proportion

of nonsynonymous variations in SAP indicates stronger

Figure 3. The unbiased distribution of ethyl methane sulfonate (EMS) mutations and the comparison with the natural sorghum population.

(a) The comparison of the frequency of the base pairs within 10-bp flanking region encompassing the EMS mutations and all the GC pairs of the sorghum

genome (**P ≤ 0.01).

(b) The comparison of the mutation/variation rate in the EMS mutant populations and sorghum association panel (SAP) crossing different genomic regions. In

the EMS mutant population, only the number of GC base pairs in the genome was used for the calculation of the mutation density.

(c) The deviation of mutation/variation rate crossing different genome regions in the two populations. The chi-square P-value was calculated to measure the dif-

ference in their standard deviation.

(d) Comparison of the Ka/Ks between the EMS mutant population and SAP, where Ka is nonsynonymous substitutions and Ks is synonymous substitutions.
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selection against nonsynonymous mutations during breed-

ing. In summary, our analysis suggested that EMS-induced

mutations occur randomly without bias, and selective pres-

sure causes uniform variation density across different

regions of the genome.

EMS mutations changed codon usage bias and amino acid

dynamics

The GC content and codon usage bias (CUB) of a genome

can vary greatly among different species, due mainly to

differences in mutational pressure (Lagerkvist, 1978).

To investigate this feature further, we analyzed the impact

of nonsynonymous mutations on different types of amino

acids (Figure 4; Data S2), As shown in Figure 4(a), the

codons with high G/C content are more likely to be

mutated by EMS treatment. Additionally, we found that

amino acids with the same number of codons had varying

mutation rates. For example, alanine (Ala), glycine (Gly),

proline (Pro), threonine (Thr), and valine (Val), which are

all encoded by four codons, exhibited different mutation

rates. Similarly, even though asparagine (Asn), aspartic

acid (Asp), lysine (Lys), and phenylalanine (Phe) have two

codons each, codons encoding for amino acids such as

Asn, the codons of Lys (AAG) and Phe (TTC) were more

frequently mutated than Asp (Figure 4a; Data S2). A similar

pattern was also observed in arginine (Arg), leucine (Leu),

and serine (Ser), which have six codons each. The fre-

quency of codon usage in the reference genome and the

mutant population was compared using the Kolmogorov–
Smirnov test (Massey, 1951), which showed a statistically

significant difference (P-value = 8.832e-7) with a test-

statistic D of 0.2375 (Figure 4a, left panel). We also com-

pared the overall frequencies of various amino acids

before and after EMS mutagenesis in the population

(Figure 4b). As shown in Figure 4(b), Asn, Lys, and Phe

showed a significant increase following mutagenesis in the

whole population, while Ala, Gly, and Pro were signifi-

cantly reduced. For example, EMS-induced GC ? AT

mutations cannot change the two codons of Lys (AAA and

AAG) to another amino acid. But other codons, such as

AGA, Arg and GAA, Gly, could be mutated into the Lys

codons. We have measured the amino acid content in the

seeds of 256 mutants (Khan et al., 2023). Increased lysine

content was observed in most of the measured mutant

lines, which agreed with the changed codon usage fre-

quency in the mutant population (Figure 4c).

All the mutants are publicly available

To provide access to the sorghum EMS mutant resources

to the plant biology and sorghum breeding community, all

the mutations are searchable through the Sorghumbase

(Gladman et al., 2022) (https://www.sorghumbase.org/) and

the search page ‘SorbMutDB’ (https://www.depts.ttu.

edu/igcast/SorbMutDB.php). SorghumBase is an emerging

genomic resource for the sorghum research community

and is under rapid development with a rich suite of com-

prehensive views and tables for variation data, enabling

integration of mutant’s genomic context, gene and regula-

tion effect, genotype frequency, and sample genotypes.

The SorbMutDB search page allows users to rapidly search

their interested genes using both v1 and v3 sorghum refer-

ence gene IDs and identify mutations along with the SIFT

scores in their target gene(s). The mutation summary for

all the accessions can be downloaded from the download

data option in the database. The seeds of the mutant lines

can be requested as described on the website.

DISCUSSION

Harnessing the sorghum mutant population for functional

genomics studies

The sequence-indexed sorghum mutant population, and

its remarkable phenotypic diversity, serve as an excellent

platform for investigating gene functions within the grass

family. Notably, the Sorghum bicolor genome has not

undergone significant whole-genome duplication events,

resulting in a predominance of single-copy genes. This

characteristic facilitates the observation of phenotypes

without the necessity of generating double or triple

mutants in duplicated gene sets. Given the substantial size

of this mutant population, which comprises over 6400

independent M2 lines, comprehensive phenotyping across

various traits, such as root architecture and responses to

abiotic stresses, will require collaborative efforts from the

broader plant biology community. So far, we have isolated

hundreds of lines with phenotypes related to important

traits, such as plant height, the production of epicuticular

wax, tiller, inflorescent structure, grain quality, and so on

(Khan et al., 2023; Xin et al., 2021). To enhance the utility

of this mutant population, we have developed both for-

ward and reverse genetic pipelines, along with accompa-

nying protocols, to facilitate gene function studies. (Jiao,

Burow, et al., 2018; Wang et al., 2021).

This mutant population has proven to be a valuable

resource for exploring the gene functions related to impor-

tant traits via the reverse genetics approach. For instance,

we have confirmed the involvement of four genes in epicu-

ticular wax biosynthesis by identifying orthologs of Arabi-

dopsis genes and subsequently validating them through

co-segregation tests in F2 populations (Jiao et al., 2016).

The mutant in the ortholog of the barley COMPOSITUM 1

gene has been used to study the inflorescence evolution in

the grass family (Poursarebani et al., 2020). In our efforts

to capture as many mutations as possible, we adopted a

strategy of pooling 20 M3 individual plants derived from

the same M2 parent for sequencing. The variation calling

tool indicated the zygosity of the sequencing data for each

mutation. However, it is important to note that it did not

� 2023 The Authors.
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reflect the zygosity of a mutation in a specific mutant line.

To address this, we implemented Competitive allele-

specific PCR (Myakishev et al., 2001) as an efficient method

to screen the M3 pools, enabling the identification of muta-

tions of interest as the initial step in our reverse genetics

studies.

The accuracy of mutation calls from the sequencing

data is pivotal for the effective utilization of the mutant

population in reverse genetics studies. The bioinformatics

pipeline employed in this study was developed and rigor-

ously validated during our initial sequencing phase. Within

our mutation detection pipeline, we have implemented

several key steps to mitigate the influence of random varia-

tions stemming from the sequencing and read alignment

processes, as well as background mutations. Background

mutation is a major cause of the false positive in the EMS

mutation calling. In this context, background mutations

refer to the variations in the parental seeds utilized during

Figure 4. Statistics of the change of codon usage and amino acid in the EMS mutant population.

(a) The change of the codon usage in the EMS mutant population compared to the reference genome. Black bars represent the frequencies of the codons in the

mutant population. The red dashed line shows the percentages of each codon in the Sorghum reference genome. The Smirnov test is shown the upper right

side of the graph.

(b)The alteration in the frequency of amino acids within the mutant population compared to the reference genome. The star signs refer to the significant differ-

ences (P value < 0.001) in the frequency of the amino acid.

(c) The statistical significance of these mutations’ impact on amino acid frequency was evaluated through a chi-square test, resulting in a P-value of <0.001.

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
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EMS treatment when contrasted with the reference

genome sequence. We employed two strategies to elimi-

nate the background mutations: First, we conducted

sequencing of our parental line, BTx623, achieving a 30X

coverage (Jiao et al., 2016). This analysis revealed 359 980

variations, potentially encompassing background muta-

tions and locations prone to alignment errors. To mitigate

false positives, any mutations overlapping with these iden-

tified variations were excluded. Mutations exhibiting a

high allele frequency in the population may be classified

as background mutations, given that EMS-induced muta-

tions occur randomly. Through our Sanger sequencing of

1000 mutations randomly chosen, our initial sequencing

round achieved a 98.7% accuracy rate (Jiao et al., 2016).

With the average sequencing depth of this study having

risen from 169 to 389, we anticipate a corresponding

increase or similar in the accuracy of mutation calling

within the new dataset. Furthermore, additional published

in-depth investigations on calling EMS mutations from

short-read sequencing data (Simons et al., 2022) further

supported the reliability of our pipeline.

Forward genetics is a potent method for uncovering

unique gene functions specific to sorghum or those not

extensively explored in other plant species. For instance,

the multisided (MSD) mutants represent a distinctive

group characterized by the fertility of both sessile spikelet

(SS) and pedicellate spikelet (PS). In contrast, in the wild-

type sorghum, only SS can set seeds. Through a bulk

segregant analysis (BSA) of the msd1 mutant, we identi-

fied a TCP transcriptional factor responsible for regulat-

ing PS fertility via the modulation of jasmonic acid levels

(Jiao, Lee, et al., 2018). It’s worth noting that this TCP

gene lacks an ortholog in Arabidopsis and was not previ-

ously studied before our investigation in the msd1

mutant. This highlighted the effectiveness of our sor-

ghum mutant as a valuable platform for uncovering novel

gene functions in grass crops. Our highly efficient BSA

pipeline is now publicly accessible via SciApps (Wang

et al., 2021).

EMS predominantly induced G/C to A/T transition in

sorghum

Studies have shown that EMS primarily induces G/C to A/T

transitions in sorghum via guanine alkylation, which can

cause incorrect pairing during DNA replication (Sega, 1984).

However, EMS can also induce non-GC to AT transitions,

typically not induced by alkylating agents. One proposed

mechanism for EMS-induced non-GC to AT transitions

involves replicating damaged DNA templates. It has been

suggested that EMS induces DNA damage, which can

cause replication forks to stall and subsequently bypass

the damaged site through an error-prone mechanism, lead-

ing to mutations, including non-GC to AT transitions

(Seplyarskiy et al., 2019).

We identified the non-GC to AT mutations potentially

induced by EMS by applying all the filtration steps except

for the one exclusively retaining GC to AT variations. Our

analysis revealed 462 561 non-GC to AT point mutations,

representing 4.6% of all mutations detected by our pipe-

line. Among these mutations, 4.33%, 0.15%, and 0.13% are

point mutations, insertions, and deletions, respectively

(Table S3). Notably, approximately 42% of the non-typical

G/C to A/T mutations were transitions from A/T to G/C that

resulted in changes to the coding sequence of up to 7650

genes. Different studies have reported a wide variation in

the frequency of non-G/C to A/T mutations, with 1% in Ara-

bidopsis thaliana (Greene et al., 2003), 30% in rice (Till

et al., 2007), and 20.3% in maize (Lu et al., 2018). The

whole-genome sequencing of EMS-treated MicroTom lines

revealed 39–76% G/C to A/T transitions (Shirasawa

et al., 2016), while the sequencing of 95 tomato mutants

through whole-exome sequencing displayed 20.7% G/C to

A/T transitions (Yano et al., 2019). The significant variation

in the frequency of G/C to A/T transitions among different

species is likely a species-specific phenomenon that may

be linked to differences in DNA repair efficiency. The per-

centage of GC to AT mutations discovered in different

studies has varied from 99% in Arabidopsis (Greene

et al., 2003) to 58% in rice (Yan et al., 2021), depending on

EMS treatment protocols, sequencing depth, population

size, and data analysis approaches.

Some of the non-GC to AT mutations identified in this

large-scale mutant population may have occurred sponta-

neously as the sorghum plants grew in the field. For

instance, exposure to ultraviolet radiation in the natural

environment can cause various types of mutations in

plants, such as thymine dimers, base substitutions, dele-

tions, and insertions (Frohnmeyer & Staiger, 2003; Naka-

mura et al., 2021). Since we sequenced the M3 generation,

the average mutation rate of non-GC to AT mutations in

each line was calculated to be 2.37 9 10�7 mutations per

generation. The spontaneous mutation rates of maize and

rice have been estimated to be 10�8 per site per generation

(Li et al., 2014; Yang et al., 2017), which is lower than the

non-GC to AT mutation rate in our mutant population.

Therefore, we conclude that EMS predominantly induced

GC to AT transitions in sorghum, with a rate of over 95%.

Sorghum genes not covered by mutations are

predominantly short genes

Another sorghum EMS mutant population has recently

become available (Addo-Quaye et al., 2018; Simons

et al., 2022). However, this resource was generated from

low-depth sequencing (average coverage of 79) of 589

mutant lines with truncated protein mutations (splice site

acceptor, splice site donor, stop gained, start lost, and stop

lost) that only covered 7979 sorghum genes. In contrast,

our sequencing effort resulted in knock-out mutations for

� 2023 The Authors.
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over 15 000 sorghum genes. Merging with this sorghum

mutant population revealed that 517 sorghum genes

lacked mutations that could at least cause the amino acid

change. These genes had a shorter coding sequence than

the average length of the entire genome, while no signifi-

cant difference was observed in the GC content

(Figure S4a,b). This suggests that the shorter length of

these genes may explain the lower likelihood of mutation

caused by EMS treatment. Gene ontology analysis

revealed an enrichment of 64 genes associated with

mitochondria and chloroplast-related processes, suggest-

ing that mutants in these genes with essential functions

may not be viable. For instance, the gene

Sobic.002G044500 was annotated as chloroplast 30S

ribosomal protein S16, but no mutant is available for its

Arabidopsis ortholog ATCG00050 according to The Arabi-

dopsis Information Resource (TAIR, https://www.

arabidopsis.org/servlets/TairObject?id=500229539&type=

locus). Another gene, Sobic.001G110701, is the ortholog of

Arabidopsis gene AT3G01480 cyclophilin 38, which is cru-

cial for the assembly and maintenance of photosystem II.

In Arabidopsis, the mutant of this gene fails the dynamic

greening process of etiolated leaves (Sirpi€o et al., 2008),

which explains the absence of a mutant in this gene in sor-

ghum. Taken together, these findings suggest that these

517 sorghum genes that are not covered by any of the

EMS mutant populations may also be involved in main-

taining essential plant functions, in addition to being small

in size.

EXPERIMENTAL PROCEDURES

Generation of the sorghum EMS mutants

The EMS treatment was achieved as previously described (Xin
et al., 2008). Briefly, dry S. bicolor BTx623 seeds in batches of
100 g (�3300 seeds) were soaked with agitation for 16 h at 3724g
on a rotary shaker in 200 ml of tap water containing 0.1–0.3%
EMS (v/v). The treated seeds were carefully washed in � 400 ml of
tap water for 5 h at ambient temperature, wash water was chan-
ged every 30 min. Mutagenized seeds were air-dried and prepared
for planting. The air-dried seeds were planted at a density of
120 000 seeds per hectare. Before the anthesis, each panicle was
covered with a 400-weight rainproof paper pollination bag (Law-
son Bags) to prevent cross-pollination. Each bag was injected with
5 ml Chlorpyrifos (Dow AgroSciences) at 0.5 ml L�1 to control
maize earworms that might hatch within the bag and destroy the
seeds. sorghum panicles were harvested manually and threshed
individually, and M2 seeds were planted in one row per head. To
ensure high mutagenesis efficiency, only panicles that set 10% or
fewer seeds were allowed to propagate. Three panicles from each
M2 head row were bagged before the anthesis. Only one fertile
panicle was used to produce the M3 seeds. For DNA extraction,
duplicate leaf samples were collected from the same fertile plant,
and both the leaf samples and the panicle were barcoded. Seeds
from the barcoded M2 plants were harvested as M3 families of
seeds. For phenotypic evaluation, each M3 family of seeds was
planted as one row in the field. Many of the mutant lines exhibited
diminished seed production during the M3 generation.

Consequently, 10 panicles were bagged for each M3 head row
and pooled as M4 seeds, which will be distributed to end users
upon request.

DNA sample preparation and sequencing

The DNA extraction method described by Jiao, Lee, et al. (2018)
was used to prepare genomic DNA. Due to a lack of M3 seeds
from many lines and the extended storage of genomic DNA
extracted from the original M2 plants, fresh genomic DNA was
obtained from pooled M3 plants to ensure high-quality fresh DNA.
To capture most mutations present in the original M2 plants,
young leaf tissue samples from 20 random individual plants were
pooled for each M3 family. These pooled leaf samples were
freeze-dried for 2 days using a Labconco freeze dryer to prepare
genomic DNA.

The Hamilton Vantage robotic liquid handling system and
the Kapa Biosystems HyperPrep library preparation kit (Roche)
were used to prepare plate-based DNA libraries for Illumina
sequencing. Genomic sample DNA (100–200 ng) was sheared to
500 bp using a Covaris LE220 focused-ultrasonicator. The result-
ing DNA fragments were size-selected using double-SPRI with
TotalPure NGS beads (Omega Bio-tek, Nocross, GA, USA), and
then end-repaired, A-tailed, and ligated with Illumina-compatible
unique dual-index sequencing adaptors (IDT, Inc., Coralville, IA,
USA). The prepared libraries were quantified using the KAPA Illu-
mina library quantification kit (Roche, Indianapolis, IN, USA) and a
LightCycler 480 real-time PCR instrument (Roche). The quantified
libraries were then multiplexed and prepared for sequencing on
the Illumina NovaSeq 6000 platform using NovaSeq XP v1.5
reagent kits (Illumina, San Diego, CA, USA) with an S4 flow cell,
following a 2 9 150 indexed run recipe.

Identification of EMS-Induced SNPs

All high-quality reads were first aligned to the sorghum reference
genome v3.1 (McCormick et al., 2018) using BWA (Li & Dur-
bin, 2009). The resulting alignment files were converted to BAM
format and sorted using Samtools (Li et al., 2009). Variations were
called using Bcftools version 1.9 (Li, 2011) from unique reads with
both sequencing and alignment quality >20. The filtration process
to identify high-confidence EMS-induced mutations followed the
same steps as our previous study. First, any variations with more
than one alternative allele were discarded. Although the parental
line utilized for the EMS treatment was the reference genome line,
it is important to note that there were still some variations due to
the spontaneous mutations and the potential low content of the
heterozygosity. These variations were defined as background
mutations in this study. The parental BTx623 were sequenced to
30X coverage using Illumina sequencing in our previous study
(Jiao et al., 2016). The variations between our parental line
BTx623 and the reference genome BTx623 were called using the
same pipeline described above. In addition to eliminating muta-
tions that overlapped with variations identified in the parental line,
we also applied a filter to exclude mutations detected in more
than 10 lines. This step is based on the fact that the likelihood of
EMS-induced mutations occurring at the same genomic location
in multiple independent lines is low. After removing the back-
ground variations, high-confidence SNPs were selected based on
the following criteria: (i) the SNP is supported by at least three
reads or two complementary reads; and (ii) the sequence change
is from G/C to A/T. We performed functional annotation of SNPs
using SnpEff (Cingolani et al., 2012) based on the sorghum
genome annotation v3.1 (McCormick et al., 2018) and used SIFT
4G to predict deleterious mutations (Vaser et al., 2016).

� 2023 The Authors.
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Mutations in the metabolism pathways

The sorghum genes from the BTx623 reference genome annota-
tion v3.1 were classified into various metabolic pathways catego-
ries using the KEGG database (Kanehisa et al., 2022). To
determine the extent to which our EMS mutations affect each met-
abolic pathway or category, we further conducted an overlap anal-
ysis. The chi-square test was conducted to assess the significance
of each metabolic category and filter criteria were set as P ≤ 0.05.
The metabolic network was visualized by Cytoscape version 3.9
(Shannon et al., 2003).

Identification of mutations in the promoter and enhancer

regions

In-house Perl and Python scripts were used to extract the promoter
regions for each gene from the sorghum reference genome (Singh
et al., 2015). We examined several promoter properties, including the
presence of a TATA boxmotif, CpG sites, and islands in the promoter
region, which were expected to affect mutational variability. These
properties were selected based on their diverse range of effects, as
shown in previous studies by Landry et al. (2007) and Hornung
et al. (2012). The detailed parameters are below. For TSS prediction
in the upstream regions of selected genes, we used the TSSPlant
program (Shahmuradov et al., 2017). The program predicted TSSs
within the range of sequence extending from �1000 to +250 bp rela-
tive to the start codon of the gene. The average length of the selected
promoter’s sequences was >100, while for enhancers, it was
>200 bp. TSSPlant utilizes the expectation–maximization algorithm
and neural networks to estimate 17 features for predicting TATA pro-
moters and 15 for predicting TATA-less promoters. TATA
promoters were characterized by a conserved TATA box sequence at
the �25 position relative to the TSS, while TATA-less promoters typi-
cally exhibit other distinct features. To extract the possible TSS pre-
diction for each gene, we used the probability density function (Dai
et al., 2006) and selected the start site with the best score (P-value cut
off 0.01). The GC-content profiles, including GC-skew and AT-skew,
of both TATA-containing and TATA-less promoter sequences were
analyzed by our in-house Python script. GC-Skew was used as an
index for plant promoter prediction (Fujimori et al., 2005). The analy-
sis followed the prescribed parameters, with a halting parameter set
at 100 and a minimum segment length of 3000 bp (Gao &
Zhang, 2006). Accessible Chromatin Regions were mapped to SNP
locations using previously published data (Zhou et al., 2021), and
enhancers were identified and verified using iEnhancer-2L (Liu
et al., 2016). iEnhancer-2L is a method that classifies both enhancers
and their potency based solely on sequence information and has
become increasingly popular in genomics analysis.

Identification of the mutations affected TFs and their

binding sites

We obtained the sorghum TF genes from the PlantTFDB (Jin
et al., 2017). To further evaluate TFBSs, we utilized the Plant Pro-
moter Analysis Navigator (Chow et al., 2019) (PlantPAN3.0,
http://plantpan.itps.ncku.edu.tw/). This tool allowed us to identify
TFBSs and the corresponding TFs within a promoter or a group of
promoter sequences. In this analysis, sorghum was selected as
the background database, and the motifs of sorghum TFs from
the output of the PlantPAN3.0 analysis were utilized.

Flanking sequences of the induced mutations

The flanking sequences of the induced mutations and all the back-
ground GC base pairs in the sorghum genome were extracted by

Bedtools (Quinlan & Hall, 2010). The preferential base pair fre-
quency of 10-bp flanking was calculated using k-mer probability
logo (kpLogo), a tool for the sensitive discovery, and representa-
tion of position-specific sequence motifs from a set of sequences
with precisely defined positions (Wu & Bartel, 2017).

Measurements of codon usages and amino acid

preferences

The change of the codon and amino acid frequency in the mutant
population was predicted by SnpEff. The numbers for each codon
and the corresponding original amino acid and substitution amino
acid were counted for the calculation of their ratio to the total
amino acids. The percentage of each codon and corresponding
amino acid in the sorghum reference genome was calculated based
on the annotation of genes. To assess the statistical significance of
the disparity between two cumulative distributions of mutated codon
frequency before and after EMS mutagenesis, we employed the D-
statistic of the two-sample Kolmogorov–Smirnov test (Massey, 1951).
The D-statistics were calculated using the R function ks.test, enabling
quantification of the dissimilarity (Lopes et al., 2007).
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online ver-
sion of this article.

Table S1. Summary of the genes covered by the mutant popula-
tion in the major metabolism pathways.

Table S2. Prediction of the mutations in the TF binding sites.

Table S3. The number of different types of mutations identified in
the sequenced sorghum mutant population.

Figure S1. Summary of the mutation identification in 879 sorghum
EMS mutant lines. (a) Distribution of the sequencing depth. (b)
Distribution of the number of mutations identified in the popula-
tion. (c) Distribution of the number of lines the mutations
appeared in the population. A total of 91% of mutations were only
in one independent mutant.

Figure S2. Hub of enriched metabolic pathways in EMS-mutants
and mutation coverage. The study investigated the hub of
enriched metabolic pathways in the EMS mutants, and their muta-
tion coverage was evaluated. The KEGG database was used to
examine the enrichment of various metabolic processes, and 17
clusters were identified based on the chi-square test (P ≤ 0.05).
G/C to A/T mutation coverage was then examined for these clus-
ters. Circular nodes represent distinct categories of metabolic pro-
cesses, while edges indicate connectivity within each category.
The size of the node is proportional to its significance, with larger
nodes indicating a more significant metabolic activity in EMS
mutants. The P-value was categorized as ≤0.05 and <0.01, and 17
categories (C1 to C17) were filtered based on this criterion and
illustrated with different colors. Finally, the percentage mutation
coverage was evaluated.

Figure S3. GC/AT skew in upstream and downstream regions of
the transcription start site (tss) for the sorghum promoters. The
GC skew is visualized in black, and the AT skew is illustrated as a
dotted red line. The vertical blue dotted line marks the precise
location of the TATA motif at �25 bp relative to the TSS.

Figure S4. Characterization of genes without mutant available in
any sorghum mutant populations. (a) A density plot showing the
length of the Coding sequences (CDS) derived from 517 non-
mutant genes in comparison to the whole genomic average level.
(b) The cumulative GC content of 517 non-mutant genes com-
pared to the whole genome.

Data S2. (Excel spreadsheet). Codon usage bias in EMS mutants.

Sheet 1. Codon usage in the sorghum reference genome.

Sheet 2. Codon change in EMS population.

Sheet 3. Codon changes in EMS population comparing with the
reference sorghum genome.

Sheet 4. Amino acid change and comparison.
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