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Abstract

Key message High transformation and gene editing efficiencies in sorghum-produced, transgene-free SDN1-edited
plants exhibit precise mutations, reduced germination stimulants, and enhanced resistance to Striga infection.
Abstract Sorghum (Sorghum bicolor L.) is a primary food staple grain for millions in Sub-Saharan Africa (SSA). It is mainly
constrained by the parasitic weed Striga, which causes up to 100% yield losses and affects over 60% of cultivable farmlands
and livelihoods. In this study, CRISPR/Cas9 technology is utilized to induce mutations in core strigolactone (SL) biosynthetic
genes, i.e., CCD7, CCDS8, MAX1, in addition to an uncharacterized gene (DUF) in the fine-mapped 400 kb Igs! region in
sorghum to develop durable Striga resistance. Two sorghum cultivars were delivered with the expression cassettes through
immature embryo-based Agrobacterium-mediated transformation. Our study demonstrated transformation and gene editing
efficiencies of ~70 and up to 17.5% (calculated based on the numuber of established plants), respectively, in two sorghum
genotypes. Subsequent analysis of homozygous E, lines in the E, generation confirmed stable integration of mutations for
all targeted genes. Loss-of-function mutations in the CCD7, CCD8, MAX1, and DUF genes led to a significant downregula-
tion of the expression of associated genes in the SL biosynthetic pathway. The phenotypic analysis of edited lines revealed
changes in phenotypic patterns compared to wild-type plants. Analysis of root exudates showed significant reductions in
SL production in edited lines compared to wild-type plants. Striga infection experiments demonstrated delayed or reduced
emergence rates of Striga in edited lines with lower SL production, highlighting the potential for genetically altering SL
production to control Striga infestations. This study provides insights into the functional roles of CCD7, CCD8, MAXI,
and DUF genes in sorghum towards reduced and/or altered SL production and improved resistance to Striga infestations.

Keywords CRISPR/Cas9 - DUF - Gene editing - Sorghum - Striga - Striglolactones - Orobanchol

Abbreviations MAX More axillary growth

CRISPR/Cas9 Clustered regularly interspaced short DUF Domain of unknown function
palindromic repeat

CCD Carotenoid cleavage dioxygenases
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Introduction

Sorghum [Sorghum bicolor (L.) Moench] is a versatile
crop cultivated for its grain, forage, and energy potential.
It plays a crucial role in food security and has numerous
industrial, economic, and nutritional applications. Sor-
ghum is a key ingredient in traditional foods, beverages,
and animal feed, and it also serves as a source of bioen-
ergy and industrial starch (Morales et al. 2024). Nutri-
tionally, sorghum is rich in carbohydrates, protein, and
micronutrients, sustaining millions. Its gluten-free nature
and health benefits, including antioxidant properties and
dietary fiber, have sparked growing global interest as a
functional food. Additionally, its adaptability to climate
change and potential for genetic improvement position it
as a vital crop for addressing future agricultural challenges
(Dossa et al. 2023).

Sorghum is an essential staple grain for millions in Sub-
Saharan Africa (SSA), facing significant challenges from
the parasitic weed Striga, which can lead to yield losses of
up to 100%. This weed impacts over 60% of arable farm-
land and livelihoods, resulting in estimated annual losses
exceeding US$ 117 million (Mandumbu et al. 2017; Mbuvi
et al. 2017; Dafaallah 2019; David et al. 2022). Among all
Striga species, S. hermonthica is most widespread in sor-
ghum, maize, millets, and rice, followed by S. asiatica,
S. aspera, and S. forbesi Benth. (Parker 2009; Matusova
et al. 2005; Nail et al. 2014; Atera and Itoh 2011: Runo
et al. 2018).

Striga belongs to the Orobanchaceae (Berner et al.
1997) and is an obligate hemiparasite that requires a host
plant during the greater part of its life cycle. This life-
cycle starts with three important physiological phases:
germination, haustorium formation, and penetration
(Yoder 2001; Yoshida and Shirasu 2012; Bouwmeester
et al. 2021). Various strategies for controlling Striga have
been demonstrated, including cultural practices, chemical
herbicides, biological agents, and combinations of these
methods as part of integrated Striga management (ISM)
(Rich and Ejeta 2008; Jamil et al. 2021; Yacoubou et al.
2021; Dossa et al. 2023). These approaches are effective
and are implemented on a small scale within smallholder
farming systems. However, they are labor-intensive and
require significant resources (Manyong et al. 2008; Dossa
et al. 2023).

The most inexpensive and feasible means to manage
Striga would be the easy accessibility and use of Striga-
resistant cultivars (Mrema et al. 2017). A promising target
for resistance is the germination of Striga, which depends
on host root-derived germination stimulants, the strigolac-
tones (SLs). Indeed, host resistance has been observed in
several crop species with altered SL production (Cardoso
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et al. 2014; Pavan et al. 2016; Gobena et al. 2017). None-
theless, natural variation for this trait is not always avail-
able, and it is therefore challenging to achieve this form of
durable resistance to Striga through conventional breeding.

In addition to their role in Striga germination, SLs also
affect plant architecture and serve as a cue for symbiotic
relationships between plants and arbuscular mycorrhizal
fungi, as well as possibly other soil microbes (Kim et al.
2022; Waters et al. 2017; Bouwmeester et al. 2007). Occur-
ring in all green lineages of the plant kingdom, SL biosyn-
thesis starts with the isomerisation of all-trans-p-carotene
to 9-cis-p-carotene by the activity of DWARF 27 (D27).
CAROTENOID CLEAVAGE DIOXYGENASES 7 (CCD7)
cleaves 9-cis-p-carotene to form 9-cis-p—apo 10'-carotenal,
which is further cleaved by CAROTENOID CLEAVAGE
DIOXYGENASES 8 (CCD8) to form carlactone (Alder
et al. 2012). Carlactone is the precursor for all known SLs,
many of which are germination stimulants for root parasites
such as 5-deoxystrigol, sorgomol, orobanchol, strigol, and
sorgolactone (Bouwmeester et al. 2021). The conversion of
carlactone to these strigolactones is catalysed by cytochrome
P450 enzymes such as MORE AXILLARY GROWTH 1
(MAXT1) (Sun et al. 2008; Aly et al. 2014; Jia et al. 2018;
Wang and Bouwmeester 2018). Other downstream enzymes,
such as MAX2, MAX3, and MAX4, also participate in SL.
biosynthesis in a range of species (Beveridge 2000; Stern-
berg et al. 2002; Sorefan et al. 2003; Wang et al. 2013,
Kaniganti et al. 2022). In addition to these well-character-
ised core SL pathway genes, the DUF gene, which is an
uncharacterised gene, has the Neprosin activation peptide
in the DUF protein located in the LGS1 QTL. LGS QTL
analysis has revealed mutant alleles at the LGSI (LOW
GERMINATION STIMULANT 1) locus on chromosome
5 that significantly correlate with reduced Striga hermon-
thica germination stimulant activity in a number of geno-
types (Satish et al. 2012). Fine mapping made it likely that
the loss of function of a sulfotransferase that is present in
this QTL results in a change in the sorghum strigolactone
blend from the normally dominant 5-deoxystrigol to oroban-
chol, thus conferring pre-germination resistance to Striga
in sorghum genotypes such as SRN39 (Gobena et al. 2017).
There are likely to be other genes located within the 1gs1
QTL region that might be involved in response to strigol-
actones and low germination stimulant response in Striga
hermonthica. Some of these genes that are located within
the sorghum 1gs1 QTL region include Sobic.005G238200,
Sobic.005G238500, Sobic.005G236200, Sobic.005G235800,
and Sobic.005G235400 are differentially expressed in
response to strigolactone treatment and may play a role in
low germination of Striga hermonthica (Satish et al. 2012).

This expanding knowledge on the biosynthesis and roles
of the SLs provides prospects for re-designing crop vari-
eties to eliminate signals that induce Striga germination



Plant Cell Reports (2025) 44:90

Page3of16 90

but retain the positive roles of SLs as plant hormones and
symbiotic signals. Moreover, developing durable resistance
would require combinatorial stacking of multiple resistance
genes, preferably in farmer-preferred varieties. Advances in
gene editing technologies, particularly CRISPR/Cas9, have
revolutionized crop improvement by enabling precise genetic
modifications. In the present study, we report the successful
application of CRISPR/Cas9 technology for inducing pre-
cise heritable mutations in sorghum genes involved in core
SL-biosynthesis genes viz. CCD7, CCD8, MAX1, and a new
uncharacterized candidate gene (DUF) in the fine-mapped
400 kb Igs1 region (Satish et al. 2012), successfully achiev-
ing the first step moving towards precision breeding for low
germination stimulant response in dryland crop sorghum for
Striga hermonthica.

Materials and methods
Plant materials and growth conditions

Two sorghum genotypes, BTx623 (reference genome
sequenced, short-stature and early maturing line) and
ICSR14001, Fe/Zn biofortified variety with 45 ppm iron and
32 ppm zinc in grains widely known as Parbhani Shakti (PS),
were used for generation of gene-edited plants. Sorghum
plants were grown in greenhouse conditions with 28/20 °C
Day/night temperature. Immature kernels (~ 11-14 days
after anthesis) were collected, used for embryo isolation,
and subsequently for transformation experiments.

sgRNA design and Cas9 vector construction

Single guide RNAs were designed to target the first exons
of genes such as CCD7 (Sobic.006G170300.1), CCD8
(Sobic.003G293600.1), MAX1 (Sobic.003G269500.1) and
DUF (Sobic.005G212800) using CRISPR-direct (https://
crispr.dbcls.jp/) (Naito et al. 2015), and Cas-Designer
(http://www.rgenome.net/cas-designer/) (Park et al. 2015)
web tools. The selected guide RNA's were further subjected
to off-target analysis using NCBI BLASTn (https://blast.
ncbi.nlm.nih.gov/Blast.cgi) and Cas-offinder tools, and those
with few or no off-targets were used for cloning. CRISPR/
Cas9 gene editing constructs were prepared as described by
(Anand et al. 2017). In the first step, 20 bp guide RNA was
cloned into the RV008870 (donor vector) consisting of Z.
mays U6 promoter, terminator, and gRNA scaffold through
overlapping and infusion PCR. Then, another donor vector,
RV0018194, containing the Cas9 gene fused with Z. mays
Ubiquitin promoter and Potato PINII terminator, was used
for binary vector construction. RV008870-CCD7gRNA1/
RV008870-CCD8 gRNA1/ RV008870-MAX1 gRNA1/
RV008870-DUF gRNA1 cassettes, and Cas9 cassettes were

further cloned into the RV008586 destination vector through
multisite gateway cloning. The binary plasmids contained
spectinomycin for bacterial selection, CYAN1 and NPTII as
plant reporter and selectable markers, respectively. The final
expression cassettes RV008586-CCD7gRNA1/RV008586-
CCD8gRNA1/RV008586-MAX1gRNA1/RV008586-DUF
gRNAI cassettes were confirmed by Sanger DNA sequenc-
ing before mobilizing into Agrobacterium. The ternary
vector was constructed by mobilizing the accessory plas-
mid RV008530 into an Agrobacterium auxotrophic strain
LBA4404 Thy- strain and selected on media containing
25 mg/l gentamicin. Subsequently, the binary constructs
were electroporated into Agrobacterium strain LBA4404
Thy- containing the accessory plasmid, and recombinant
colonies were used for sorghum transformation.

gRNA delivery and molecular characterization
of transformants

Two sorghum genotypes, BTx623 and ICSR 14001, were
used for gene editing experiments. The CRISPR cassettes
harboring CCD7, CCD8, MAX1, and DUF guide RNAs
were transformed into the two genetic backgrounds through
immature embryos described by Che et al. (2018). Genomic
DNA was isolated from the leaves of transformed sorghum
plants using the Nucleo Spin plant II midi kit (Macherey-
Nagel, Duren, Germany) following the manufacturer's pro-
tocol. To ascertain transgene integration, polymerase chain
reaction (PCR) analysis of the genomic DNA was carried
out using primers to detect npt Il and Cas9 gene integration
(Table S1). The genomic DNA around the sgRNA target
sites was amplified and sequenced using appropriate prim-
ers to identify the mutations in the target genes. Selected
E, plants with mutations were selfed and advanced to E,
generation. Sanger sequencing was performed to confirm
the heritability of the mutations and rule out any unusual
mutations in the target gene(s).

E, seeds derived from individual E; plants were ana-
lysed using PCR to determine the presence of Cas9 and
npt II genes. The E, plants that lacked these inserts were
sequenced to verify target mutations. Subsequently, the
absence of T-DNA and vector backbone integration was
confirmed using various PCR-based probes before proceed-
ing to the E, generation for further analysis.

The regions adjacent to the CRISPR target sites were
amplified via PCR using gene-specific primers (Table S1).
The PCR products were purified using QIAquick Spin Col-
umns (QIAGEN) according to the manufacturer’s recom-
mendations. Each PCR reaction for the edited and wild-type
(WT) plant DNA was performed simultaneously under the
same conditions. To form heteroduplexes, 6 pL of PCR
product from the putative edited plant sample was com-
bined with 6 pL from the WT plant sample. The mixture
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was denatured at 95 °C for 10 min, then cooled from 95
to 85 °C at a rate of 2 °C/s, followed by cooling from 85
to 25 °C at 0.25 °C/s and held at the final temperature of
25 °C for 60 s. The reannealed DNA was treated with SUR-
VEYOR nuclease and SURVEYOR enhancer, following the
instructions for the Surveyor Mutation Detection Kit (IDT,
706020). The digested products were resolved on 4-20%
Novex TBE polyacrylamide gels (Life Technologies) and
stained with SYBR Gold DNA stain (Life Technologies) for
30 min. Visualization was conducted using a Gel Doc gel
imaging system (Bio-Rad).

Gene expression studies

To further gain functional insights into edited plants, we
analyzed the quantitative expression of SL pathway genes
(CCD7, CCD8, MAXI1), DUF and downstream genes
(Cytochrome P450 CYP716B1-Sobic.002G336100 and
Cytochrome P450 CYP716A1-Sobic.008G122800) using
gRT-PCR. Total RNA was isolated using RNeasy® Plant
Mini Kit (Qiagen, GmbH, Hilden Germany), according to
the manufacturer's protocol. RNA sample concentration and
purity were determined using a NanoVue Plus Spectropho-
tometer (GE Healthcare). RNA Samples with an OD260/
0OD280 absorbance ratio between 1.9 and 2.2 were used for
cDNA synthesis. 1 pg of total RNA was reverse transcribed
using the Superscript III (Invitrogen), and samples diluted
1:10 times were used as a template. qRT-PCR analyses were
carried out in a CFX96 Real-Time System (Bio-Rad, USA)
with 0.5 pM of each primer (0.8 pL), cDNA (1.0 pL), and
Sensi Master Mix (2X) in a total volume of 10 pL. The qRT-
PCR primers were designed using Primer3 software (v.0.4.0)
(Untergasser et al. 2012) and were listed (Table S1). The
qRT-PCR reactions were carried out using a standard ther-
mal profile: 95 °C for 10 s followed by 40 cycles of 15 s at
95 °C, 15 s at 62 °C with fluorescent signal recording, and
15 s at 72 °C. After the 40th cycle, melt curves were gener-
ated to confirm specific amplification. All qRT-PCR reac-
tions were repeated independently three times, and the data
from these experiments were averaged. The generated Ct
values of the target genes were normalized with the SDEIF4a
and SbPP2A genes. The normalized expression was calcu-
lated using qBase + software (Schmidt and Delaney 2010)
with reference genes SbEIF4a and SbPP2A (Reddy et al.
2016).

Analysis of off-target mutations

E, seeds obtained from individual E plants were analysed
using PCR to detect the presence of Cas9 and npt Il marker
genes. The E,; plants, which did not contain Cas9 and npt
II genes, were confirmed to possess the intended muta-
tions. Further T-DNA integration and vector backbone

@ Springer

contaminations were ruled out through various PCR-
based assays to identify the “clean” E; plants, which were
advanced to the E, generation for further analysis. Potential
off-target sites for each designed sgRNA were identified
using Cas-offinder and the NCBI blast web-based tools.
Sequences containing PAM sequences (NGG) with at most
six nucleotides mismatched to the target sequence were
selected as potential off-target sites, and their probability
scores were determined. The genomic DNA flanking the
potential off-target loci was amplified using specific primers
(Table S1) and analysed through Sanger sequencing.

Morphological analysis

Homozygous clean E; plants with edits and wild-type parent
(WT) plants were used for morphological, phenotypic, and
biochemical analysis. The plants were grown in greenhouse
conditions with 28/20 °C Day/night temperature. Morpho-
logical and phenotypic characters, such as plant height, leaf
area, and tillering, of edited plants were recorded along with
wild-type plants.

Strigolactone analysis of root exudates

To evaluate the consequences of the gene editing for SL
production, seeds were surface sterilized by agitating in a
solution containing 4% sodium hypochlorite bleach and
0.2% Tween-20 (v/v) for 30 min followed by 3 alternate
washes with 70% ethanol (v/v) and sterile water. The dis-
infected seeds were thoroughly rinsed five times with ster-
ile water and germinated on wet Whatman glass fibre filter
paper (GF/A) upon incubation at 28 °C for 48 h in the dark.
Germinated seeds with similar radicle size were transferred
to a 50 mL Falcon tube filled with river sand and perforated
bottom to allow drainage. The Falcon tubes were covered
with aluminium foil to prevent roots from being exposed to
light. Four to five replicates for each genotype were grown
for 14 d at 28 °C (day, 14 h) and 25 °C (night, 10 h), with
70% relative humidity and a 450 mol/m?/s light intensity.
For the first 4 days, the seedlings were watered with a half-
strength Hoagland nutrient solution. After 4 days, 50 mL
phosphorus-deficient half-strength Hoagland’s nutrient
solution was used to flush the sand and initiate phosphate
starvation. The plants were grown for an additional 10 days
under phosphorus deficiency to enhance SL production.
Root exudates were collected by flushing the tubes with
5% ethanol (v/v) in water, and the first 35 mL of the flow-
through was collected as the root exudate. The root exu-
date was cleaned using solid phase extraction (SPE) with
C18 Discovery® cartridges (bed wt. 500 mg, volume 6 mL,
Merck). Cartridges were activated using 5 mL acetone and
washed with 5 mL distilled water. Twenty millilitres of the
sample were loaded onto the cartridge and washed with
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5 mL of distilled water. Subsequently, strigolactones were
eluted using 3 mL acetone. The acetone of this eluent was
evaporated using a SpeedVac (Scanvac, Labgene), and resid-
ual water was removed using freeze drying (Heto Powerdry
LL1500, Thermo). The residue was reconstituted in 150 pL.
25% acetonitrile in water and filtered using a micropore filter
(0.22 pm, 0.75 ml, Thermo Scientific) prior to ultra-high
performance liquid chromatography-tandem mass spectrom-
etry (UHPLC-MS/MS) analysis as described in Flokova
et al. (2020) and using GR24 as internal standard.

Striga infection

To assess the effect of gene editing on Striga infection, the
gene-edited lines were grown in 10 L pots containing 6L
of substrate. The substrate was a mixture of low-nutrient
greenhouse soil and sand (ref) (1: 3 (v/v)) to guarantee phos-
phate deficiency, to which 33 mg of Striga seeds had been
added. The pots were watered and kept in the greenhouse
at 28 °C for 10 days to condition the Striga seeds. Subse-
quently, 3 pregerminated sorghum seeds were planted in the
pots. Seedlings were thinned to 2 plants per pot 1 week after
planting. The plants were grown for 14 days at a temperature
of 28 °C (day, 14 h) and 25 °C (night, 10 h) at 70% relative
humidity and light intensity of 450 mol/m?/s. The watering
was done with water twice during the first 10 days and twice
a week for the remainder of the experimental period. Emerg-
ing Striga seedlings were counted as described by Mohemed
et al. (2018). Briefly, the number of emerged Striga seed-
lings was assessed every 3 days for the first 4 weeks, after
which counting was done at weekly intervals for another
10 weeks. Successive Striga counts were then used to cal-
culate the “Area under Striga Number Progress Curve”
(ASNPC) (Haussmann et al. 2000)

ASNPC = Z i=0n—1Y;,+Y@i+ D2(ti+ 1) —1,)

where n is the number of Striga assessment dates, Y; the
Striga count at the ith assessment date, ¢; the days after
sowing at the ith assessment date, ¢, is 0, and Y|, is 0. Low
ASNPC means values indicate resistance and high values
are susceptible to Striga.

Statistical analysis

Statistical analysis was performed using SPSS (version 20,
IBM, Chicago, IL, USA). Significant differences were deter-
mined according to the analysis of variance at the 5% prob-
ability level, and mean comparisons using a protected LSD
test. All data are presented as means + standard error (SE)
of at least three biological replicates. The box plots were
developed using R packages ggpubr and the comparison
of means between the parent lines and p values was made

with method ="anova", label = "p.signif", and method ="t.
test" for Infestation and ASNPC values. The line graphs
were developed using R packages ggplot2 with the function
mean and geom_line is used as stat_summary (fun="mean',
geom ="line’), a summary of the replicates in RStudio (Ver-
sion 4.1.2).

Results

Targeted mutagenesis in sorghum using CRISPR/
Cas9 components

Three main SL-pathway genes, CCD7
(Sobic.006G170300.1), CCDS (Sobic.003G293600.1),
and MAX]I (Sobic.003G269500.1), and Igs! QTL located
gene with unknown function, DUF (Sobic.005G212800)
were targeted using the CRISPR/Cas9 tools. Highly spe-
cific gRNA sequences were designed to target the first
exons of CCD7, CCD8, MAX1, and DUF were cloned along
with a Cas9 expression cassette (Figs. 1a, 2a, 3a, 4a). The
recombinant Agrobacterium strain LBA4404 Thy- cultures
with RV008586-CCD7gRNA1/RV008586-CCD8gRNA1/
RV008586-MAX1gRNA1/RV008586-DUF gRNAI1 cas-
settes (Figs. 1b, 2b, 3b, 4b) were introduced into two sor-
ghum cultivars, i.e., BTx623 and ICSR 14001, through Agro-
bacterium-mediated transformation (Fig. S1li—viii). Hereto,
a total of ~2000 immature embryos from each sorghum
genotype were co-cultured with A. tumefaciens LBA4404
Thy- containing the expression cassettes and incubated at
25°C for 4-7d in the dark. Following their transfer to resting
media, the embryo-derived calli were selected on media sup-
plemented with 250 mg/ml G418 for 2 weeks. Around 85%
of G418-resistant embryogenic calli exhibited fluorescence
and developed shoots within 2-3 weeks. ~75% of the resist-
ant shoots developed roots on the rooting medium within
2 weeks. Once the plantlets reached a height of 5-8 cm,
they were transferred to pots filled with soil in a greenhouse
and used for subsequent molecular and phenotypic analy-
sis. Barring a few exceptions, approximately 70-73% of the
rooted shoots successfully hardened and survived after being
transferred to pots in the containment greenhouse.

The presence of the transgene was confirmed by PCR
amplification of Cas9 and npt 11 using gene-specific primers
(Table 1). Overall, 70% of the established plantlets showed
integration of Cas9 and npt II transgenes. To detect the
mutations induced by the Cas9 nuclease in E plants, the
flanking regions of the amplified target region were sequence
confirmed, revealing mutation efficiencies of about 8 to
17.5% across CCD7, CCD8, MAX1, and DUF.

The homozygous E lines were advanced to the E;
generation, and the inheritance of the targeted mutations
induced by CRISPR/Cas9 was studied for all types using
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Fig. 1 Identification of targeted editing events induced by CRISPR/
Cas9 for sorghum CCD7 gene. a The schematic drawings of the gene
structures show sgRNA target sites in black color; the PAM regions
are red and underlined, the arrows indicate the primer positions used
for PCR amplification, and the blue arrows indicate the location of
sgRNA target sites. b Schematic representation of the CCD7 gRNA
expression cassette. ¢ Detection of mutations in E; sorghum trans-
genic plants using the surveyor assay. Homozygous (S1 and S2) and
heterozygous (S3 and S4) mutations, along with a 1 kb marker (M),
wild-type (WT), and positive control (P). The positive control was
supplied with a kit containing control DNA (without mutations) and
mutated DNA. The control and mutated PCR products were mixed
in equal concentrations and treated with surveyor nuclease alongside

PCR and surveyor assays followed by Sanger sequenc-
ing (Figs. lc, 2c, 3c, 4c). DNA sequencing analysis of E;
plants confirmed stable transmission of mutations for all
gene targets (data not shown).

Among the CCD7 edited plants, A insertion in lines
75-7 occurred at 539 bp, leading to a premature stop codon
at bp 1639; deletion of G at the same position in lines 55-4
led to an immediate stop codon (Fig. 1d, e).

Likewise, among the CCD8 E,, edits, both A or T inser-
tion at bp 118 led to a frameshift until 162 bases, followed
by a stop codon formation (Fig. 2d, e). A few E, edits
upon sequencing showed multiple peaks in their chromato-
graphs and, when advanced to E,, revealed new mutations
characteristic of chimeric mutations in the E, plant. For
instance, mutant CCD8-34 -10 in E, showed a deletion of
26 bp (Fig. 2d, e).
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the test samples (S1, S2, S3 and S4), following the manufacturer’s
instructions. d DNA sequence chromatogram of the CCD7 targeted
region shows homozygous G deletion/A insertion of four bases
upstream to the PAM sequence. e G deletion and A insertion muta-
tions (in blue) in E, CCD7-55-4 and CCD7-75-7 homozygous lines
resulted in premature truncation. PAM sequences are underlined, and
the stop codon is highlighted in red. f CCD7 transgene-free edited
plants show phenotypic characteristics such as high leaf area and
tiller numbers compared to wild-type plants. Wild-type plants show-
ing normal phenotype. g Expression of SL biosynthesis-related genes
in E, transgene-free edited lines. Error bars represent means+SE
(n=3 biologically independent plants) (color figure online)

All MAX1 E plants had A or T insertion at the 4th base
from the PAM motif, resulting in a frameshift mutation after
156 bp, causing premature peptide truncation (Fig. 3d, e).

The DUF E, edits possessed A insertion at position 4 in
the PAM motif in lines 11-8, leading to stop codon forma-
tion, whereas lines 26-1 had a T insertion at the same posi-
tion, causing a frameshift and subsequently protein trunca-
tion (Fig. 4d, e).

DNA sequencing analysis of the target regions from E
lines showed differential mutation patterns, including no
edits, mutations, multiple peaks due to biallelic or heterozy-
gous, and homozygous mutations (Fig. 5a, b). The E, edited
events for CCD7 showed two types of mutations: A insertion
(50%) and G-Deletion (50%) (Figs. 1, 5b). The events with
CCD8 mutations showed A insertion (26%) and T inser-
tion (4%), hetero (9%), and 41% plants showing multiple
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Fig. 2 Identification of targeted editing events induced by CRISPR/
Cas9 for sorghum CCDS8 gene. a The schematic drawings of the gene
structures show sgRNA target sites in black color; the PAM regions
are red and underlined, the arrows indicate the primer positions used
for PCR amplification, and the blue arrows indicate the location of
sgRNA target sites. b Schematic representation of the CCD8 gRNA
expression cassette. ¢ Detection of mutations in E; sorghum trans-
genic plants using the surveyor assay. Homozygous (S1 and S2) and
heterozygous (S3 and S4) mutations, along with a 1 kb marker (M),
wild-type (WT), and positive control (P). The positive control was
supplied with a kit containing control DNA (without mutations) and
mutated DNA. The control and mutated PCR products were mixed
in equal concentrations and treated with surveyor nuclease alongside

peaks (Figs. 2, 5b). Similarly, the edits for MAX1 revealed
A insertion in 41% of edited plants, in addition to 17% with
T insertion and multiple peaks and heterozygous mutations
in 34% and 7% of plants, respectively (Figs. 3, 5b). The DUF
targeted events showed A and T insertion in 52% and 8% of
edited plants, respectively, having heterozygous mutations in
8% and multiple peaks mutations in 32% of the regenerated
plants (Figs. 4, 5b).

Selection of transgene-free events

In addition to tracking the gene mutations, the progenies
of primary edited lines (E,) were screened for T-DNA and
vector backbone contamination. Several E, lines for each
target gene were identified as lacking one or more T-DNA
components, including Cas9, Ubi AX1G, PLTP, LTP2,
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the test samples (S1, S2, S3 and S4), following the manufacturer’s
instructions. d DNA sequence chromatogram of the CCDS targeted
region showed homozygous T/A insertions and 26 bp deletion in the
guide RNA sequence. e T/A insertions and 26 bp mutations in E,
CCD8-5-4, CCD8-23-3, and CCD8-34-10 showing 26 bp indel termi-
nates the protein translation, PAM sequences are underlined in black
and stop codon formed are in red and underlined. f CCDS transgene-
free edited plants show phenotypic characteristics such as high leaf
area and tiller numbers compared to wild-type plants. Wild-type
plants showing normal phenotype. g Expression of SL biosynthesis-
related genes in E, transgene-free edited lines. Error bars represent
means+SE (n=3 biologically independent plants) (color figure
online)

and U6 promoters, ODP2 and WUS genes, and selectable
and reporter genes (npt 11, AmCyanl marker, respectively),
indicating that these were segregated out in the subsequent
generation (Fig. S2). Edited plants free of transgenes were
selected for further advancement (Table S2). To identify
off-target mutations other than the intended target site, the
complete coding region of the target genes was amplified,
and the sequence was confirmed. To assess the genome-
wide potential off-targets, the top 5 predicted putative off-
target sites based on NCBI Blast and Cas-offinder were
characterized for each target. The genomic DNAs flanking
the predicted off-target locus were amplified using specific
primers (Table S1), and the sequence was confirmed to
rule out any unintended changes (Figs. S3—S6). We did not
find mutations in any of the predicted off-target sites, indi-
cating that the CRISPR/Cas9 system was highly accurate.
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Fig.3 Identification of targeted editing events induced by CRISPR/
Cas9 for sorghum MAX]/ gene. a The schematic drawings of the gene
structures show sgRNA target sites in black color; the PAM regions
are red and underlined, the arrows indicate the primer positions used
for PCR amplification, and the blue arrows indicate the location of
sgRNA target sites. b Schematic representation of the MAX1 gRNA
expression cassette. ¢ Detection of mutations in E; sorghum trans-
genic plants using the surveyor assay. Homozygous (S1 and S2) and
heterozygous (S3 and S4) mutations, along with a 1 kb marker (M),
wild-type (WT), and positive control (P). The positive control was
supplied with a kit containing control DNA (without mutations) and
mutated DNA. The control and mutated PCR products were mixed
in equal concentrations and treated with surveyor nuclease alongside

Loss of function mutations in CCD7, CCD8. MAX1
and DUF genes affect SL biosynthetic genes

To further assess the effects of mutagenesis of CCD7,
CCD8, MAX1, and DUF, gene expression analysis was
performed in transgene-free homozygous lines using quan-
titative real-time PCR. In edited ccd7 (Ps-ccd7-55 and Ps-
ccd7-75) lines, the targeted gene CCD7 expression levels
were decreased significantly by 2.6 folds, followed by a
decrease in CCDS8 expression by around 2.2 folds, MAX1
expression by 3.1 folds when compared to WT-PS (Fig. 1g).
The expression levels of downstream genes CYP716A1 and
CYP716B1 decreased significantly by 2.5-3.3-fold compared
to WT (PS). In edited sorghum ccd8 lines Ps-ccd8-23 and
Ps-ccd8-34-10, the target gene CCDS expression levels were
decreased significantly by 1.3 folds followed by a decrease
in MAX]I expression by around 2.3 folds, and the expres-
sion levels of downstream genes CYP716A1 and CYP716B1

@ Springer
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the test samples (S1, S2, S3 and S4), following the manufacturer’s
instructions. d DNA sequence chromatogram of MAXI1 targeted
region shows homozygous A/T insertions of four bases downstream
to the PAM sequence (negative strand). e A and T mutations in E,
MAXI1-5 and Max1-27 homozygous lines resulted in premature
truncation, PAM sequences are underlined in black, and stop codon
formed are in red and underlined. f MAX1 transgene-free edited
plants showed phenotypic characteristics such as high leaf area and
tiller numbers compared to wild-type plants. Wild-type plants show-
ing normal phenotype. g Expression of SL biosynthesis-related genes
in E, transgene-free edited lines. Error bars represent means+SE
(n=3 biologically independent plants) (color figure online)

decreased significantly by 1.35-1.4-fold when compared to
WT (PS) and Null lines (Fig. 2g). Among the mutants in
the BTx623 background, Btx-ccd§8-5-4 showed a significant
decrease in expression levels of CCDS8 by 4.8-fold, followed
by a 5.2-fold decrease in MAX] expression. In addition, the
expression levels of downstream genes CYP716A1 and
CYP716BI decreased significantly by 5.4—18.6-fold com-
pared to their WT (BTx623) and Null counterparts. Simi-
larly, in Btx-maxI-18 and Btx-maxI-g6 mutants, the rela-
tive expression levels of SL pathway genes and downstream
genes revealed decreased MAXI expression by 5.9-fold,
followed by a decrease in expression of downstream genes
CYP716A1 (3.6-fold) and CYP716B1 (6.9—-12.2-folds) when
compared to WT(BTx623) and Nulls (Fig. 3g). Similarly,
MAX]1 expression was reduced by 2.1 folds, and the expres-
sion levels of downstream genes CYP716A1 and CYP716B1
too decreased significantly by 1.37-2.4-fold when compared
to wild type (PS, BTx623 and Null counterparts (Fig. 4g).
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Fig.4 Identification of targeted editing events induced by CRISPR/
Cas9 for sorghum DUF gene. a The schematic drawings of the gene
structures show sgRNA target sites in black color, the PAM regions
are in red and underlined, the arrows indicate the primer positions
used for PCR amplification, and the blue arrows indicate the loca-
tion of sgRNA target sites. b Schematic representation of the CCD7
gRNA expression cassette. ¢ Detection of mutations in E;, sorghum
transgenic plants using the surveyor assay. Homozygous (S1 and
S2) and heterozygous (S3 and S4) mutations, along with a 1 kb
marker (M), wild type (WT), and positive control (P). The posi-
tive control was supplied with a kit containing control DNA (with-
out mutations) and mutated DNA. The control and mutated PCR
products were mixed in equal concentrations and treated with sur-
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veyor nuclease alongside the test samples (S1, S2, S3 and S4), fol-
lowing the manufacturer’s instructions. d DNA sequence chromato-
gram of DUF targeted region shows homozygous A/T insertions of
four bases upstream to the PAM sequence. e A and T mutations in
E()-DUF-26 and DUF-11 homozygous lines resulted in premature
truncation, PAM sequences are underlined in black, and stop codon
formed are in red and underlined. f DUF transgene-free edited plants
showing phenotypic characteristics such as high leaf area and tiller
numbers compared to wild-type plants. Wild-type plants showing
normal phenotype. g Expression of SL biosynthesis-related genes in
E, transgene-free edited lines. Error bars represent means +SE (n=3
biologically independent plants) (color figure online)

Table 1 The study utilized

; o Gene No. of *Elongated shoots  Plants established  No. of cas9 positives #No. of edits

transformation and editing explants

efficiencies in sorghum cultivars infected

BTx623 and ICSR 14001
CCD7 450 305 (67.7%) 161 (35.7%) 112 (69.5%) 17 (10.5%)
CCD8 734 498 (67.8%) 272 (37.05%) 190 (69.8%) 22 (8.08%)
MAX1 640 435 (67.9%) 237 (37%) 165 (69.6%) 29 (17.5%)
DUF 535 363 (67.8%) 197 (35.8%) 137 (69.5%) 23 (11.6%)

*The number of established elongated shoots and plants is calculated from the embryos infected

#The number of Cas9 positives and edits are calculated from the number of plants established

In edited duf mutants (Ps-duf-26-1, Ps-duf-19-7 and Btx-duf
11-8), the DUF expression levels decreased significantly by
3.6 folds, followed by a decrease in CCD7, CCD8 expres-
sion by around 1.2 folds. Interestingly, all the key SL path-
way genes are downregulated in the edited duf mutant lines

(Fig. 4g).

Morphological variations in edited mutants

The edited sorghum plants in the E; generation displayed
altered characteristics, such as reduced plant height and
leaf area, compared to the wild-type plants. Among the
edited mutants in BTx623 background, max/, and ccd8

@ Springer



90 Page100f16

Plant Cell Reports (2025) 44:90

a) 70.00% 1

b)

@
=1

. 71.9
60.00% 3 70
" &
c 60 b
50.00% o b
%50 k
40.00% - S ;
3 40 333 [
30.00% = %
’ w 30 Q I
20.00% 1 ° \ #
-00% g2 N2 125 % 2
10.00% > 10 b
: N7 N
0.00% A S : e 0
ccos cco7 DUF
@Homo W Hetero OMultiple peaks Genes
Ainsertion [T insertion G deletion @& Indel
C) 35 d) 35
3 3
2.5 25
© ©
3
E g 2
s x
815 E 15
1 1
0.5 05
A [ G = e 0 mrﬁ cxem [T @@ el
PS-CCD7-554 PS-CCD7-75-7 PS-CCD8-23-3 PS-DUF-26-1 Null WT_PS BTX-MAX1-G6-5 BTX-MAX1-18-6 BTX-DUF-11-8 WT_BTX

&5-DS ®Strigol

Fig. 5 Mutation frequencies, types, and their effects on strigolactone
biosynthesis in gene-edited sorghum plants. a E; lines showed dif-
ferential mutation patterns, including no edits, mutations, or multiple
peaks due to biallelic or heterozygous and homozygous mutations.
b The bar chart illustrates the percentages of various mutation types
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(A insertion, T insertion, G deletion, and Indel) in the four targeted
genes. ¢ Peak intensity of individual strigolactones measured in the
exudates of 2-week-old sorghum lines with Btx623. d peak intensity
of individual strigolactones measured in the exudates of 2-week-old
sorghum lines with ICSR background

Table 2 Phenotypic data

observed in edited sorghum

plants shown altered

morphological characteristics

@ Springer

Gene Genotype Lines Leaf area (Cm?) Plant height No. of tillers
CCD7 Parbhani Sakthi CCD7-55 208.30+£13.26 ***  27.90+1.73 **¥*  2.56+0.47 **
CCD7-75 269.51+21.01 31.85+1.31 ** 1.60+0.34 **
BTx623 No edits
Max1 Parbhani Sakthi ~ No edits
BTx623 MAX1-18 95.92+7.81%%* 25.78 +1.54 **#*%  0.33+0.24
MAX1-G6 199.28 +£17.14%* 30.44+0.88 **  0.44+0.44
MAX1-21 140.26 +£20.71 ***  29.56+1.09 ***  (0.00+0.00
MAX1-14 76.91 +9.54 sk 26.20+1.32 ##*%  0.33+0.24
CCD8 Parbhani Sakthi CCD8-23 210.84 +25.72* 37.20+1.37 4.00+0.26 ***
CCD8-34 209.34+19.67 * 56.31+4.34 **  0.50+0.27
CCD8-186 183.73£51.91***  31.55+3.44 091+0.41
BTx623 CCD8-5a 67.62 +11.95%%* 18.81+£1.04 *#*+  1.28+0.38
CCD8-5b 83.12+36.87%** 20.25+1.75 ***  1.00+0.00
DUF Parbhani Sakthi DUF-26 241.43 +£30.37 * 52.50+2.24 ***  0.00+0.00
BTx623 DUF-11 129.34+21.30 ***  34.56+3.16 0.75+0.37
Controls BTx W1 246.49+8.75  38.99+1.45 0.00+0.00
LSD 39.97 4.73 0.83
PS W1 311.50+13.33  38.40+0.94 0.00+0.00
LSD 61.55 4.14 0.92

Means displaying a significant difference compared to the control using the Student's T test at p < 0.05 rep-

resented by *, at p < 0.01 by **, and at p < 0.001 by *** respectively
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mutants displayed significant reduction in the plant height
and leaf area compared to the WT parent, whereas duf
mutants differed significantly only in leaf area (Table 2)
significantly higher tillers. In contrast, several ccd7 and
ccd8 mutant plants in the PS (ICSR14001) had reduced
leaf area and plant height and produced significantly
higher tiller numbers than the WT-PS parent. Duf mutants
in both backgrounds, such as Ps-duf-26-1 and Bix-duf
11-8, were at par or higher in terms of their plant height
than their WT counterparts.

Strigolactone composition in root exudates

To evaluate the influence of the gene editing on the exuded
strigolactones, the root exudates of 2-week-old plants
of selected homozygous mutants (Ps-ccd7-55-4, Ps-
ccd7-75-7, Ps-duf-26-1, Ps-ccd8-23-3, Btx-maxI-18-6 and
Btx-max1-g6-5) and heterozygous mutant (Ps-ccd8-34-10)
of the E, generation were collected and analyzed. Three
different SLs were detected in the wildtype backgrounds,
with BTx623 exuding 5-deoxystrigol, sorgomol and str-
igol, and ICSR14001 (PS) exuding 5-deoxystrigol and
strigol. The CCD7 and CCDS edits (Ps-ccd7-55-4, Ps-
ccd7-75-7, Ps-duf-26-1, Ps-ccd8-23-3 and Ps-ccd8-34-10)
in ICSR/PS background, produced between 41- and
102-fold lower strigolactone amounts. The mutants Birx-
max1-18-6 and Btx-maxI-g6-5 exuded 2.4- and 34-fold
less SLs than wildtype BTx623 (Fig. 5c—f).
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Fig.6 Time course of Striga emergence in the greenhouse pot experi-
ment on sorghum gene edited lines. Each point represents the aver-
age number of emerged Striga per pot during 63 days in ICSR back-

Striga infection

To investigate the effect of the observed differences in the
strigolactone production, a Striga infection experiment in
the greenhouse with the E, edited progenies was carried
out. The wild-type (WT) controls in the ICSR14001 (PS)
background had the first Striga emergence at 29 Days After
Sowing (DAS), which was around six weeks after plant-
ing. On average, a count of 25 Striga plants was observed
after 63 days, which was around nine weeks after planting
(Fig. 6a). In contrast, the E, progenies of several gene-
edited lines (Ps-ccd7-55-4, Ps-ccd7-75-7, Ps-ccd8-23-3,
Ps-duf-26-1) showed no Striga emergence until 63 days
after sowing (Fig. 6a). Similarly, the edited Bzx mutants Btx-
duf-11-8, Btx-max1-18-6, and Btx-max1-g6-5) also showed
slower emergence rates, with up to 86% reduced Striga count
at the end of the experiment compared to their wild-type and
null counterparts (Fig. 6b).

Interestingly, the heterozygous ccd8 mutants (Ps-
ccd8-34-10) did not reveal significant differences in the
final Striga count compared to their WT_PS(ICSR-14001)
and null counterparts. However, a 2-week delay in emer-
gence resulted in significantly less Striga numbers at week
6 (Fig. 6a).

In summary, the results suggest that the differences in
strigolactone production observed in the edited lines influ-
ence Striga emergence rates. Interestingly, the duf-edited
lines also showed a lower production of strigolactones. The
lines with lower strigolactone production had delayed or
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ground (a) and BTx623 background (b). ¢, d Box plots comparing the
overall means of area under Striga number progress curve (ASNPC)
of the wild- type and edited lines in the pot trials

@ Springer



90 Page120f16

Plant Cell Reports (2025) 44:90

reduced Striga emergence, while the lines with higher str-
igolactone production had a higher rate of Striga emergence.
These findings provide further evidence for the role of str-
igolactones in Striga parasitism and highlight the potential
for genetic manipulation of strigolactone production as a
strategy for controlling Striga infestations.

In the WT controls, the first Striga emerged at 29 Days
(around four weeks) After Sowing (DAS) in ICSR14001
(PS) background, and on an average, a count of 25 Striga
plants was observed after 63 days (around 9 weeks) (Fig. 6a).
In contrast, E, progenies of several gene-edited lines (Ps-
ccd7-55-4, Ps-ccd7-75-7, Ps-ccdS8-23-3, Ps-duf-26-1showed
no Striga emergence until 63 days after sowing (Fig. 6a).
Similarly, the edited Btx623 mutants (Btx-duf-11-8, Btx-
maxlI-18-6 andBitx-maxI-g6-5) displayed slower emer-
gence rates with up to 86% reduced Striga count at the end
of the experiment than their wild-type WT-BTX and null
(Fig. 6b). Interestingly, in the heterozygous CCDS8 mutants
(Ps-ccd8-34-10), while they did not reveal significant dif-
ferences in the final Striga count compared to their WT-PS
(ICSR-14001) and null counterparts, a 2-week delay in
emergence resulted in significantly less Striga numbers at
week 6 (Fig. 6a).

In addition to the greenhouse experiment, we conducted
pot trials to compare the area under the Striga number pro-
gress curve (ASNPC) of wild-type and edited lines. The
results, presented as box plots in Fig. 6¢, d, showed that the
E, progenies of CCD7 and CCD8 mutants (Ps-ccd7-55-4,
Ps-ccd7-75-7, Ps-ccd8-23-3) as well as Btx-max1-18-6 had
significantly lower ASNPCs compared to the wild-type con-
trols. This suggests that these edited lines have a reduced
susceptibility to Striga infection and are potentially useful in
controlling Striga infestations. Interestingly, the DUF edited
lines in both backgrounds showed significantly slower emer-
gence rates and reduced Striga count, but their ASNPC score
was not significantly different from the wild-type controls.

These findings suggest that the effect of genetic manipu-
lation on Striga infection is complex and multifaceted. While
some edited lines may have a reduced Striga count, their
overall susceptibility may not be significantly different from
the wild-type controls, as measured by the ASNPC score.
This underscores the importance of using multiple measures
to evaluate the effectiveness of genetic manipulation in con-
trolling Striga infestations.

Discussion

The role of strigolactones (SL) on Striga resistance has been
extensively studied (Haussmann et al. 2000; Timko et al.
2012) and conserved throughout the plant kingdom. Our
study is an effort in sorghum to underpin the functional role
of key SL core pathway genes using CRISPR-induced gene
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editing and studying the effect of loss-of-function muta-
tions in these genes to rapidly bring about precision genetic
changes that are beyond the reach of conventional breeding
techniques. This study aims to tackle challenges in tradi-
tional breeding through precision gene editing.

Breeding cultivars that can withstand parasite infection
is central to integrated approaches for subsistence farmers
to adopt (Ejeta 2007; Menkir and Kling 2007; Wilson et al.
2000). Our study demonstrates that genetic resistance to
parasitic weeds can be created by editing CCD7 and CCD8
genes from the carotenoid pathway that are involved in the
synthesis of carlactone, a precursor for all known SLs, many
of which are germination stimulants for root parasites such
as 5-deoxystrigol, sorgomol, orobanchol, strigol and sorgo-
lactone (Alder et al. 2012; Bouwmeester et al. 2021). Down-
stream enzymes such as MORE AXILLARY GROWTH 1
(MAX1), MAX2, MAX3, and MAX4 also play a role in
SL biosynthesis across various species (Beveridge 2000;
Stirnberg et al. 2002; Sorefan et al. 2003; Wang et al. 2013).

We also characterized DUF (a gene of unknown func-
tion; Sb05g026510), which is co-located on the 1gs1 locus
on chromosome 5 in sorghum (Gobena et al. 2017), for its
role in SL secretion and Striga resistance. Interestingly,
DUF gene function has yet to be characterised in plant
species, including sorghum (Table S3). The fine-mapped
interval revealed several characterized genes closest to
the tightly linked markers, including an epoxide hydrolase
(Sb05g026560), a pectin methylesterase (PME) inhibi-
tor (Sb05g026520), and several genes coding for enzymes
with cytochrome P450 functional domains (Sb05g026580,
Sb05g026600 and Sb05g026610; Rani et al. 2008). While
considerable progress has been made by the identification
of underlying mutant alleles in sorghum at the 1gs1 locus,
resulting in both quantitative and qualitative alterations in
the SL levels and greatly reduced Striga hermonthica ger-
mination (Ellis et al. 2019). This is the first report on vali-
dating the effect of the knock-out of a co-localized gene on
germination signals to Striga hermonthica. This research
presents an opportunity to examine the effects of simultane-
ously targeting Igs/ and duf genes on strigolactone exudation
in sorghum, as well as their influence on pre-germination
resistance to Striga.

Our study deployed an immature-embryo-based Agrobac-
terium-mediated transformation method for editing selected
target genes based on the protocol of Che et al. (2018).
Genotype dependence is a major limitation of an immature
embryo-based transformation system currently observed in
the cereals (Hiei et al. 2014; Que et al. 2014). Our study
reports overall transformation and editing efficiencies of ~70
and 17.5%, respectively (Table 1) (calculated based on the
established plants) in the background of an otherwise known
recalcitrant variety BTx623 and ICSR14001, confirming
the previous success with this method in Tx430 and several
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African sorghum lines (Che et al. 2018). Over 85% of events
showed point mutations in the target sites, and a lower num-
ber showed large deletions because of simultaneous cleav-
age of both target sites by Cas9. All edited events showed
mutations in the targeted sites in ORFs, resulting in defects
in gene transcription or mRNA translation. Further, our
results confirmed stable inheritance of induced mutations
in all four target genes. Furthermore, our results revealed no
off-target site mutations, demonstrating precise and efficient
mutagenesis in sorghum using the CRISPR system. These
results align with a report from Che et al. (2018), where
no off-target mutations used ternary-based vector systems
for Cas9-mediated genome editing in sorghum and other
cereals (Figs. S3-S6). Our study also reports decreased tran-
script levels of the respective SL pathway genes (CCD?7,
CCD8, MAX1) and downstream genes (Cytochrome P450
CYP716B1; Sobic.002G336100 and Cytochrome P450
CYP716A1; Sobic.008G122800) in the edited mutants.

While expected, a differential phenological response
was observed in the mutants generated in the two genotypic
backgrounds. The homozygous edited plants in the BTx623
background, which have mutations in MAX1, CCD7, and
CCD8, showed significantly altered physiology, particularly
a reduction in plant height (up to 52%) and leaf area (up to
73%) compared to their wild-type counterparts (Table 2).
This severity was much less in the edited plants of ICSR-
14001 (up to 28% for plant height and up to 33% for leaf
area). Intriguingly, the number of tillers was higher only in
some CCD7 and CCDS8 edited plants in the PS background.
Strigolactones play a central role in repressing tiller out-
growth through the crosstalk among multiple hormones
and key transcription factors. Mutants in SL biosynthesis
and signaling pathways show repression of tiller outgrowth
as observed in Arabidopsis, rice, pea, sorghum and tomato
(Hao et al. 2023; Till et al. 2006; Umehara et al. 2010; Zou
et al. 2005; Kulkarni et al. 2014; Butt et al. 2018; Stirnberg
et al. (2002); Booker et al. 2005; Wang et al. 2015; Kohlen
et al. 2012). In rice, the genetic and physiological analyses
have revealed the relationship between OsTB1 and SL, the
former negatively regulating axillary bud elongation during
tiller formation (Tanaka et al. 2023). However, the absence
or less severity of tillering observed in most of the sorghum
mutants in our study could be possible due to an uncoupled
Teosinte branchedl (Tbl) regulation from SL signalling, a
phenomenon too observed in maize, where Th1 functions
in an SL-independent subnetwork that profoundly alters
the balance between conserved roles of strigolactones in
branching and diverse aspects of plant architecture result-
ing in absence of tillering (Guan et al. 2012). More recently,
TIS108, a MAXI1-specific inhibitor, has been shown to
decrease the synthesis of 4DO and orobanchol, providing
resistance to Striga without significantly altering the mor-
phology of rice (Ito et al. 2022).

The reduced expression of downstream SL pathway
genes in the mutants also manifested in their root exudate’s
biochemistry. The mutants exuded negligible amounts of
5-deoxystrigol and strigol, the major stimulants for Striga
germination in sorghum (Fig. 5c, d). Previous reports sug-
gested that in sorghum, the susceptibility to Striga is asso-
ciated with the production and/or exudation of more stable
non-hydroxy strigolactones, that is, 5-deoxystrigol and str-
igol, rather than the more unstable strigolactone alcohols
such as sorgomol (Yoneyama et al. 2010). Also, Mohemed
et al. (2018) showed no correlation between sorgomol level
in sorghum and germination-inducing capacity, but in our
study, susceptible WT lines exuded a high level of sorgo-
mol. While orobanchol is considered a weak stimulant of S.
hermonthica germination in sorghum (Gobena et al. 2017),
the deployment of /gs/ mutants for durable resistance to
Striga poses challenges due to high sensitivity of several S.
hermonthica genotypes to orobanchol (Bellis et al. 2020).
Editing two CCD8 genes in the Sorghum bicolour var Tx430
abolished the orobanchol production, and additionally,
CCD8b mutants reduced the grain yield due to the altered
shoot and root architecture (Hao et al. 2023).

To analyze the biological consequences of the different
SL profiles, mutant lines were selected for Striga germi-
nation and infection assays (Fig. 6). The root exudates of
both WT background lines had high proportions of 5-deox-
ystrigol, strigol, and sorgomol and induced significantly
higher Striga germination than most of the mutants in both
ICSR-14001 (Ps-ccd7-55-4, Ps-ccd7-75-7, Ps-ccd8-23-3,
Ps-duf-26-1) and BTx623 (Btx-max1-18-6, Btx-max1-g6-5),
which had significantly low to non-detectable levels of these
germination stimulants. In Striga infection assays, these
edited lines displayed no or slower rates of Striga germina-
tion, implying that altering the activity of core strigolactone
biosynthetic enzymes in sorghum can reduce SL exudation
and confer resistance. In addition, lower ASNPC, as meas-
ured quantitatively using “area under Striga number progress
curve” (ASNPC) (Haussmann et al. 2012; Abate et al. 2017),
also complemented the Striga emergence rates in the edited
mutants. The stereochemistry and the structural diversity of
SLs influence the host biological activities and define the
pre-and-post emergence host resistance levels (Yoneyama
2020). Our study confirms the previous reports that impaired
SL biosynthesis following CRISPR/Cas9-mediated knockout
resulted in resistance to the root parasitic weeds (Bari et al.
2019; Hao et al. 2023).

In addition, this is the first report on the functional role
of DUF, the only other candidate gene thus far studied in the
lgs QTL region besides the reported 1gs1 gene that encodes
for sulfo-transferase functional loss which results in altered
stereochemistry of 5-deoxystrigol, to orobanchol which
is not a germination stimulant in sorghum (Gobena et al.
2017; Mbuvi et al. 2017). Interestingly, the data from gene
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expression studies and root exudate analysis demonstrated
a correlation/network associated with the SL pathway, as
we could see in the complete downregulation of all key SL
pathway genes and the reduced amount of Striga germina-
tion stimulants. This DUF gene is probably located upstream
of the SL pathway and transcriptionally tightly linked with
the major SL genes. While this study could not elucidate
its biological role in strigolactone biosynthesis, the results
point to the contribution of DUF to pre-germination resist-
ance to Striga.

Future work on functional characterization of the DUF
gene, its transcriptional regulation, and its interaction with
other candidate genes may provide deeper insights into its
role in pre-germination resistance mechanisms to Striga. By
identifying and developing molecular markers associated
with the tested SL pathway genes and DUF genes linked
to Striga resistance for marker-assisted selection (MAS),
and validating their effectiveness, breeding programs can
be expedited to enable the efficient development of Striga-
resistant cultivars.

These findings can accelerate the development of Striga-
resistant sorghum and millet varieties, which are crucial for
farming systems reliant on rainfall and limited resources. By
reducing strigolactone exudation, these crops can prevent
Striga germination, leading to higher yields and more con-
sistent production. This approach aligns with the emphasis
in semi-arid regions on enhancing crop resilience to biotic
stresses, thus contributing to food security in Striga-affected
areas.

To conclude, this is the first report of genome-editing
in sorghum mutants without “foreign-DNA” that exhibited
pre-attachment genetic resistance to Striga hermonthica by
decreased SL production and reduced germination. Creat-
ing a range of allelic variations for optimal knock down of
these genes might offer promise for achieving desirable lev-
els of Striga resistance without any associated metabolic
costs. This study offers a translational approach to breed for
durable Striga resistance in sorghum and other cereals as
a component in an integrated management strategy. These
genetic solutions will not only tackle the challenges posed by
the high costs and effectiveness of pre-attachment resistance
strategies, such as chemically induced suicidal germination
methods in the typical rain-fed conditions of Striga-affected
areas, but will also offer sustainable and effective approaches
to address the Striga issue in the most vulnerable regions of
Sub-Saharan Africa.
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