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Abstract: Focus on impoverished crops for sustainable food and nutritional security, especially sorghum, becomes
increasingly important in the changing climate regime. Grain sorghum (Sorghum bicolor L.) is a vital cereal crop that
could endure an array of biotic and abiotic stresses and is well-suited to arid ecological zones. Sorghum productivity is
hindered by intense competition with weeds. However, conventional herbicide use, particularly Acetolactate Synthase
(ALS) and Acetyl CoA Carboxylase (ACCase) inhibitors, has led to the development of herbicide-tolerant weeds. De-
veloping herbicide-tolerant sorghum offers an effective strategy to manage weeds while enhancing crop productivity.
Conventional approaches, such as utilising genetic diversity from wild relatives, germplasm screening, and induced
mutagenesis, have successfully identified and transferred tolerant traits to cultivated sorghum varieties. These methods
have produced hybrids tolerant to Acetolactate Synthase and Acetyl CoA Carboxylase inhibitors, providing new op-
tions for weed management. Commercially released herbicide-tolerant sorghum production systems include Inzen™
(2016, USA), iGrowth® (2020, Argentina), and Double Team™ (2021, USA), which benefit sorghum producers globally
in many countries. Additionally, molecular mapping techniques, including quantitative trait loci mapping and mar-
ker-assisted selection, are critical for identifying genes responsible for herbicide tolerance. Advances in gene-editing
technologies, such as Clustered Regularly Interspaced Short Palindromic Repeats, have enabled precise modificati-
ons to sorghum's genome, further enhancing the development of herbicide-tolerant varieties. Researchers worldwide
are focusing on developing tolerance to 4-hydroxyphenyl pyruvate dioxygenase (HPPD), protoporphyrinogen oxidase
(PPO)- inhibiting herbicides, Auxinic inhibitors, and Very Long Chain Fatty Acids Synthase (VLCFA) inhibitors, and
this development needs to be accelerated. This review highlights the conventional and biotechnological approaches
in developing herbicide-tolerant sorghum, underscoring the importance of integrating these strategies for sustainable
sorghum cultivation and improved global food security.
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The global population is expected to increase
by 34%, reaching around 10 bil. by 2050. To meet
the rising food demand, global grain production
must increase by 70% (FAOSTAT 2024; Godfray
et al. 2010). This challenge is intensified by climate
change, shrinking arable land, water scarcity, and
various stresses that affect crop yields (Sundstrom
et al. 2014). Grain sorghum (Sorghum bicolor L.),
the fifth most important cereal crop globally,
has emerged as a key player in addressing food
security (Baloch et al. 2023). It is highly versatile,
used for food, feed, forage, fuel, beverages and even
brooms (Batey 2017). Sorghum is grown in over
100 countries, with the top 10 producers account-
ing for about 77% of global production: the USA,
Sudan, Mexico, Nigeria, India, Niger, Ethiopia,
Australia, Brazil, and China. However, sorghum
yield is often limited by weed competition and pest
infestations (Pandian et al. 2021).

Weed damage is a major challenge in sorghum
production, as it can smother the plants at an
early stage. Weeds compete with crops for es-
sential resources such as space, water, nutrients
(45% of available soil nutrients), sunlight, and can
also directly or indirectly spread pests and diseases
(Delye 2013; Quareshy et al. 2018). This competi-
tion hinders crop growth, reduces yield by approxi-
mately 33%, and can significantly impact sorghum
crop quality (Rao et al. 2007). Currently, herbicides
are the most commonly used method for control-
ling weeds in crops due to their cost-effectiveness
and efficiency. However, the frequent and wide-
spread use of the same herbicides has led to the
rapid development of herbicide-resistant weeds
(Chauhan 2013). ALS-inhibiting herbicides are
widely used for their broad-spectrum weed con-
trol, low application rates, and minimal mamma-
lian toxicity, making them the largest mode-of-ac-
tion group in agronomic crops (Saari et al. 2018;
Beyers et al. 2002). Herbicides in this group have
a specific site of action, which can lead to the devel-
opment of resistant weed populations when used
intensively and repeatedly (LeBaron & McFarland,
1990). In addition, a large number of weed spe-
cies (176) have evolved resistance to ALS inhibi-
tors (Heap 2024). Therefore, developing new tech-
nologies to enhance crop improvement is essential
for combating herbicide resistance.

Development of herbicide-tolerant crops is an ef-
fective strategy for weed control, as crops show
tolerance to herbicides, minimising crop damage
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caused by herbicide use, broadening the range
of herbicides available, and lowering weeding costs.
According to Ofosu et al. (2023), herbicide toler-
ance in crops offers farmers a crucial tool for weed
management, especially in post-emergence ap-
plications, allowing them to choose herbicides
with preferred environmental properties, regulate
overall herbicide use, and apply herbicides only
when necessary. Developing herbicide-tolerant
grain sorghum can offer similar benefits, especially
in dryland systems where labour is scarce, and me-
chanical weed control is impractical. Efforts to de-
velop herbicide-tolerant sorghum have included
conventional breeding, chemical mutagenesis, and
transgenic approaches. Recently, the commerciali-
sation of Double Team™ sorghum, a non-GMO
trait enabling quizalofop use for post-emergence
grass control, has marked a significant milestone
(Fernandez-Escalada et al. 2019). Despite recent
progress, herbicide-tolerant sorghum technologies
still face limitations in weed control spectrum, re-
sistance management, and regulatory acceptance.
The growing crisis of herbicide-resistant weeds
highlights the urgent need for sustainable intensi-
fication of crop production. This review examines
the current status, opportunities, and challenges
in developing herbicide-tolerant grain sorghum.
It focuses on key resistance mechanisms, breed-
ing approaches, regulatory aspects, and future re-
search priorities to guide the responsible deploy-
ment of these technologies.

NEED FOR HERBICIDE-TOLERANT
SORGHUM

The development of herbicide tolerance in sor-
ghum is becoming increasingly important due
to the challenges posed by weed competition and
the limitations of current weed management strate-
gies (Mishra & Talwar 2020). Common problematic
weeds in sorghum are represented in Table 1. Weed
escapes are frequent due to narrow chemical options
and environmental stress that reduce herbicide ef-
ficacy (Dille et al. 2010). Current herbicide options
in sorghum remain limited, especially for post-
emergence control of broadleaf and grass weeds,
relying heavily on ALS-inhibitors whose efficacy is
declining due to resistant weed biotypes (Chepkoech
2021; Heap 2024) (Table 2). Sorghum's susceptibil-
ity to herbicide classes such as ACCase, PPO, and
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Table 1. Major weeds affecting sorghum cultivation
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Common name Scientific name Type Reference
Johnsongrass Sorghum halepense (L.) Pers. perennial grass Klein and Smith (2021)
Shattercane Sorghum bicolor ssp. drummondii annual grass Pandian et al. (2021)
Barnyardgrass Echinochloa crusgalli annual grass Bagavathiannan and Norsworthy (2014)
Crabgrass Digitaria spp. annual grass Chabhal et al. (2021)
Foxtails Setaria spp. (S. viridis, S. faberi) annual grass Werle et al. (2017)
Sudangrass Sorghum sudanense annual grass Jhala et al. (2023)
Velvetleaf Abutilon theophrasti broadleaf USDA (2023)
Pigweeds Amamrﬁl‘qz’fz ;’; Jelea(clisf almeri, broadleaf Ward et al. (2013)
Nightshades Solanum spp. broadleaf Godar et al. (2015)
Kochia Bassia scoparia broadleaf Geddes and Sharpe (2022)
Field bindweed Convolvulus arvensis perennial droadleaf USDA (2023)
Common cocklebur Xanthium strumarium L. broadleaf Amare et al. (2025)

auxin mimics significantly restricts the range of safe
post-emergence options (Koenning et al. 2020; Scott
et al. 2022). ACCase inhibitors (quizalofop) and aux-
inic herbicides (2,4-D) have potential utility but are
constrained by issues such as sorghum injury and
off-target volatility (Shyam et al. 2024). Promis-
ing alternatives like HPPD inhibitors (mesotrione)
and PPO inhibitors (fomesafen) are under evalua-
tion; however, successful adoption depends on crop
tolerance development to avoid phytotoxic effects

(Pandian et al. 2020; Hussain et al. 2023). Although
glyphosate offers broad-spectrum control and is
widely used in other crops, it remains unregistered
in sorghum due to the crop's natural sensitivity and
regulatory restrictions (Simpson et al. 2023). These
constraints collectively underscore the urgent need
for developing herbicide-tolerant sorghum varieties,
which would expand chemical control options, im-
prove weed management flexibility, and support sus-
tainable crop production systems.

Table 2. Herbicides recommended for weed control in grain sorghum

Mode of action

Herbicide Application timing Target weeds (group) Notes on use References
Tembotrione early post-emer- broadleaves, HPPD inhibitor bggtseer gfizzgrrlltyoaésﬂz‘:;r Santos
+ Atrazine gence (V3-V7) some grasses (27) + PS1I (5) 18 . et al. (2024)
common in Brazil

Ubeniq low-rate new product
+ Starane post-emergence broadleaf Auxin mimic (4) razine safe Australia-specific Corteva
advanced (early vegetative) (caltrop) + PSII (5) & & rogram P (2025)
(+ Atrazine) prog
i/lzst(r);;liirelze pre-emergence broadleaves HPPD (27) + PS 11 Effecu\;i)ﬁige—zfgg ?12econtml
+ S-metolachlor + residual grasses  (5) + VLCFA (15) recommended
Saflufenacil re-emergence broadleaves PPO inhibitor (14) good on sandy soils
+ Outlook P & + residual grass + VLCFA (15) long residual with Outlook

used up to 30 cm crop height 5 .- (2025)
Prosulfuron post-emergence broadleaves ALS inhibitor (2) often mixed with dicamba or

atrazine
Dicamba / 2,4-D pcl;st;emergence broadleaves Auxi .. tank-mix with atrazine
/ Fluroxypyr (before 25 cm Ipomoea spp, uxin mimics (4) fluroxypyr safer on crop
height) Bassia scoparia

Pyrasulfotole HPPD (27) + PSII rescue option added

post-emergence broadleaf weeds

+ Bromoxynil

inhibitor (6) adjuvants enhance effect
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Figure 1. Benefits of herbicide-tolerant sorghum in inte-
grated weed management

Considering these limitations, there is a clear
and urgent need to develop new herbicide-tolerant
traits in sorghum that can expand the available
chemical toolbox, enable effective post-emergence
weed control, and support conservation tillage
and integrated weed management practices (Endo
& Toki 2013). Incorporating grain sorghum toler-
ance to broad-spectrum or site-specific herbicides
through conventional breeding, metabolic detoxi-
fication, or gene editing holds promise for enhanc-
ing sorghum productivity, reducing yield losses
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from weed competition, and improving the crop's
compatibility with modern agronomic systems
(Pandian et al. 2022) (Figure 1).

COMMERCIAL DEVELOPMENTS

As a grass species, sorghum poses significant
challenges for grassy weed control due to its physi-
ological and morphological similarities with target
weeds. To address this, non-GMO herbicide-toler-
ant sorghum hybrids have been developed and com-
mercialised, enabling the safe application of post-
emergence (POST) herbicides without damaging
the crop. Notable commercial traits include iG-
rowth®, which confers tolerance to ALS-inhibiting
herbicides (Germany) (Tuinstra & Al-Khatib 2007),
Inzen™ (Germany), which provides tolerance
to HPPD inhibitors (Bowman et al. 2021) and Dou-
ble Team™ (USA), which utilises a trait-based tol-
erance to quizalofop, an ACCase inhibitor, although
sometimes incorrectly associated with PPO inhibi-
tors (USA) (Bean 2025) (Table 3). These technologies
offer expanded options for selective weed control,
especially in regions facing herbicide weed resist-
ance and limited labour availability. However, each
system presents specific agronomic and stewardship
challenges, including potential gene flow, herbicide
carryover, and the need for resistance management
protocols to prevent weed adaptation.

Table 3. Comparison of different herbicide-tolerant systems and their limitations in sorghum

Inzen™ iGrowth® Double team™
;l::)ifer?l;litci des Nicosulfuron ALS Imazamax ALS Quizalofop ACCase
(sulfonylurea group) (imidazolinones group) (Phenoxy group)

and mode of action

Digitaria spp, Cenchrus spp,
Echinochloa crusgalli,
Panicum miliaceum
var. ruderale

Weeds controlled

Launched

Dose

2022
34.75 g/ha

Time of application Post-emergence only

Approved formulated

™
product Zest

Partner companies  Pioneer/ Corteva agrisciences

Adoption is limited by seed
availability and stewardship
challenges

Limitations

Digitaria sanguinalis,
Setaria spp, Sorghum
halepense, Sorghum bicolor,
Bassia scoparia, Solanum spp,
Amaranthus spp, Helianthus annus,
Abutilon theophrasti

2021
630.17 g/ha
Both pre-emergence
and post-emergence

Imiflex™

UPL/Advanta seeds
Effectiveness is limited
by widespread ALS-inhibitor
resistance in weeds

Sorghum bicolor subsp.
drummondii,
Digitaria sanguinalis

2022
1470.48 g/ ha

Post-emergence only

FirstAct™

ADAMA/S&W seed
Requires strict gene flow
management and resistance
stewardship
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Figure 2. Emerging technologies and trends in herbicide-tolerant crop commercialisation

These innovations are well-suited for major
sorghum-growing regions in Africa, Asia, and
the Americas, where they enhance weed control,
crop competitiveness, and profitability. They also

Table 4. Opportunities in new herbicide groups for grain sorghum

support the effective integration of sorghum into
Integrated Weed Management (IWM) systems
(Bean 2025). Continued collaboration among
breeders, biotech firms, extension experts, and

Group Mode of action Herbicides Target weeds Apphc‘atlon Notes on use / crop References
timing safety
Risk of crop injury;
PPO . Fomesafen, Broadleaf weeds, P'S “M¢T8ENCC 00 with safeners or Dayan and Duke
14 (Protoporphyrinogen - . and early post- .
. L Flumioxazin  Amaranthus spp transgenic tolerance (2010)
oxidase) inhibitors emergence .
strategies
HPPD (4-Hydroxy- Good crop
27 phenylpyruvate Tolpyralate, Grasses ost-emereence selectivity in maise; Gaines
dioxygenase) Bicyclopyrone and broadleaves P & potential in sorghum et al. (2020)
inhibitors with trait integration
Small-seeded Resistance common;
5 ALS (Acetolactate Imazamox, broadleaves ost-emergence useful when combined Heap (2024)
synthase) inhibitors Florasulam some rasse; P & with other MOAs P
& or detoxification
VLCFA (Very Long Annual grasses, I;/igirset:ﬁetcﬁgfjlréder Kaur
15 Chain Fatty Acid) Pyroxasulfone  small-seeded pre-emergence % 15 herbicid tal, (2024)
synthesis inhibitors broadleaves roup erbieices etak
like metolachlor
Halauxifen- Reduced drift
Synthetic Auxins potential; under
4 methyl, Broadleaf weeds post-emergence . Corteva (2025)
(growth regulators) . evaluation
Florpyrauxifen f
or sorghum use
ACCase (Acetyl-CoA Quizalofop-p- Grass weeds F;%?;fslrrinieg:nrice Zen
1 carboxylase) ethyl (Double (Sorghum post-emergence © Od ¢ OD ﬁ)lc ’ ) € 2%25
inhibitors Team™) halepense) approveciin Liouble etal. ( )

™
Team = system
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regulators is crucial for the responsible and sus-
tainable deployment of biotech. Together, these
advancements reinforce sorghum's role in resilient
cropping systems and contribute to sustainable ag-
ricultural intensification (Figure 2).

The exploration of new herbicide groups for grain
sorghum is critical due to increasing herbicide re-
sistance in key weeds such as Amaranthus, S. ha-
lepense and Echinochloa, largely driven by overreli-
ance on ALS and ACCase inhibitors (Heap 2024).
Sorghum also lacks effective post-emergence her-
bicide options compared to crops like maise, lim-
iting control of grasses and broadleaves unless
novel traits such as PPO or HPPD tolerance are
introduced (Zeng et al. 2025). Conservation ag-
riculture practices further necessitate herbicides
with residual activity and crop safety, such as py-
roxasulfone or tolpyralate (Kaur et al. 2024). Cur-
rent HT sorghum systems, such as Double Team™,
focus narrowly on ACCase inhibitors, underscor-
ing the need for MOA diversification, including
glufosinate and synthetic auxins (Dayan & Duke
2010; Gaines et al. 2020). Additionally, many older
herbicides face environmental and regulatory limi-
tations due to leaching and toxicity risks (Corteva
2025). Therefore, integrating new herbicide groups
offers not only enhanced weed control but also

https://doi.org/10.17221/181/2024-PPS

supports resistance management, trait stacking,
and sustainable sorghum production across diverse
agroecologies (Table 4).

MOLECULAR MECHANISM
OF HERBICIDE TOLERANCE IN GRAIN
SORGHUM

The main herbicide tolerance mechanisms are
Target-site resistance mutations and non-target-
site mutations (Palma-Bautista et al. 2023) (Fig-
ure 3). Target-site mutations can increase activity
or modify the target protein to reduce herbicide
binding (Ghanizadeh et al. 2024). Non-target-site
tolerance involves herbicide detoxification, de-
creased herbicide absorption, or reduced herbicide
translocation in the plant (Zhan et al. 2024). Un-
derstanding the herbicide's mechanism of action
is necessary to comprehend the tolerance mecha-
nism to it fully. "According to the Herbicide Re-
sistance Action Committee (2020), over 260 com-
mercially available herbicides' active ingredients
target 26 distinct molecular sites associated with
herbicide resistance in weeds." Figure 3 provides
the molecular mechanism of herbicide tolerance
in sorghum.

Figure 3. Target site and non-target site resistance mechanisms
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TARGET SITE RESISTANCE

Single-nucleotide mutations or small deletions
in the gene encoding the herbicide target protein
can impair herbicide binding. Such changes often
involve the substitution of key amino acids, which
can restore enzyme function, confer resistance,
or, in some cases, reduce catalytic activity (Gaines
et al. 2020). Similar molecular mechanisms under-
lie and confer commercialised resistance to differ-
ent herbicide classes, as represented below.

ALS INHIBITOR

ALS, also known as acetohydroxyacid synthase
(AHAS), catalyses the first step in the biosyn-
thesis of the branched-chain amino acids valine,
leucine, and isoleucine (Zhao et al. 2020). ALS-
inhibiting herbicides, including sulfonylureas,
imidazolinones, and related classes, inhibit this
enzyme, thereby halting plant growth. In ALS-
tolerant grain sorghum, specific point mutations
in the ALS gene lead to amino acid substitutions
in the enzyme, which block herbicide binding with-
out affecting its normal enzymatic function. This
allows the crop to survive ALS-inhibiting herbicide
applications while susceptible weeds are controlled
(Heap 2024). Widespread use of ALS-inhibiting
herbicides has led to a rapid evolution of resistant
weeds (Tranel & Wright 2002). The first herbicide-
tolerant grain sorghum Inzen™ is resistant to nic-
osulfuron. Another technology, iGrowth®, confers
tolerance to imazamox, expanding POST herbicide
options. Despite their utility, excessive reliance
on ALS inhibitors can rapidly select for resistant
weed biotypes, especially in areas already affected
by ALS-resistant johnsongrass (Bagavathiannan
& Norsworthy 2014).

ACCASE INHIBITORS

ACCase catalyses the conversion of acetyl-CoA
to malonyl-CoA, a key step in fatty acid biosynthe-
sis. ACCase-inhibiting herbicides block this path-
way, disrupting cell membrane formation in grass-
es. In ACCase-tolerant sorghum, specific point
mutations in the ACCase gene reduce herbicide
binding affinity. These mutations preserve enzyme
function, allowing the crop to survive herbicide
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applications. ACCase-inhibiting herbicides such
as diclofop-methyl and quizalofop target fatty acid
biosynthesis, leading to loss of membrane integrity
and cell death (Dayan 2019). ACCase inhibitors
are particularly valuable in managing glyphosate-
resistant grasses (Takano et al. 2020). Quizalofop-
tolerant grain sorghum enables over-the-top her-
bicide applications to manage both annual and
perennial grass weeds effectively (Pinkerton 2020).

HPPD INHIBITORS

HPPD inhibitors, such as mesotrione and tem-
botrione, block the biosynthesis of plastoquinone
and tocopherol, leading to chlorophyll degradation
and plant death (Lee et al. 1998). Tolerance can be
engineered by: Overexpressing HPPD transgenes,
introducing microbial genes to enhance substrate
levels, and using cytochrome P450-mediated de-
toxification pathways (Jhala et al. 2023). Pandian
et al. (2020) screened the Sorghum Association
Panel (SAP). They identified genotypes with nat-
ural tolerance to tembotrione, attributed to en-
hanced metabolic detoxification by Cytochrome
P450 monooxygenases, a mechanism also seen
in maise (Ma et al. 2013). Abit et al. (2009) showed
that early post-emergence application of mesotri-
one in sensitive hybrids caused yield reductions
of up to 43%; hence, late application (which had no
effect) is preferred.

GLYPHOSATE-TOLERANT SORGHUM

Glyphosate-tolerant sorghum represents a sig-
nificant advancement in weed control, especially
in dryland systems where grass and broadleaf weeds
reduce yield. Glyphosate targets the EPSPS enzyme
in the shikimate pathway, and tolerance has been
conferred through transgenic cp4-epsps insertion
or CRISPR/Cas9-mediated editing of native EP-
SPS genes (Green 2009; Wang et al. 2019). These
technologies enable post-emergence application,
offering broad-spectrum control and compatibility
with conservation tillage (Dill 2005; Duke & Powles
2008). Adoption has the potential to reduce input
costs and simplify management, as seen in maise
and soybean. However, excessive glyphosate use
can accelerate the evolution of resistant weeds such
as Amaranthus palmeri and Conyza canadensis
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(Gaines et al. 2020; Heap 2023). Gene flow to com-
patible wild/weedy relatives like S. halepense and
S. bicolor ssp. drummondii poses ecological risks,
with feral resistant populations already reported
in Spain (Ohadi et al. 2017; Vazquez-Garcia et al.
2020). These populations often resist glyphosate
via reduced translocation, not EPSPS mutation or
metabolism. Regulatory barriers remain high, par-
ticularly in regions where sorghum is a staple food,
and public acceptance varies by country (USDA
2023). While transgenic methods face tight over-
sight, genome editing may offer a faster, lower-cost
alternative with fewer regulatory constraints (Liu

https://doi.org/10.17221/181/2024-PPS

on soil biology and non-target species remain de-
bated (Benbrook 2016). Responsible deployment
with robust resistance management is essential
to preserve glyphosate efficacy. Integrated weed
control and stewardship are critical for the sustain-
able adoption of glyphosate-tolerant sorghum.

NON-TARGET SITE RESISTANCE

Non-target site resistance in plants involves
complex genetic pathways, often regulated by gene
families such as cytochrome P450 monooxyge-

et al. 2024). Nonetheless, environmental impacts nases and glutathione S-transferases (Loubet

Figure 4. Development of herbicide tolerant variety in sorghum through conventional breeding and biotechnological
approaches

(A) The conventional breeding approach to developing herbicide-tolerant sorghum. It involves selecting naturally toler-
ant lines and using cross- and backcross-breeding techniques. Tolerant varieties are crossed with high-yielding lines,
and progeny are selected for improved herbicide tolerance and agronomic traits over multiple generations to stabilize
the tolerant trait (B). The Genetic engineering to develop herbicide tolerance in sorghum includes identifying specific
target genes, followed by gene editing with CRISPR or the insertion of tolerance genes into the sorghum genome. Trans-
formed sorghum lines are evaluated for herbicide tolerance and agronomic performance to confirm stable expression

of the tolerance trait
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et al. 2023). These gene families confer herbicide
tolerance through mechanisms that do not alter
the herbicide's target site (Zhan et al. 2024). NTSR
mechanisms include enhanced metabolic degrada-
tion, reduced uptake or translocation, and seques-
tration of herbicides. NTSR is polygenic and influ-
enced by gene redundancy, developmental stages,
and environmental conditions (Delye 2013). This
complexity makes it difficult to pinpoint specific
genes responsible for tolerance. Conventional se-
quencing methods often fail to detect all relevant
gene family members or account for expression
variability. NTSR now accounts for a substantial
portion of herbicide weed resistance in the field
and is a key focus of current research. Research on
glyphosate-resistant weeds in North America illus-
trates the complexity of NTSR (Kreiner et al. 2021).
However, its broader applicability across other
herbicides and species remains uncertain. Because
of its complex nature and frequent involvement
in field-evolved resistance, NTSR is now a major
focus in herbicide resistance studies.

ENGINEERING HERBICIDE TOLERANCE
IN SORGHUM: MOLECULAR TOOLS AND
TRAIT DEPLOYMENT STRATEGIES

Conventional approaches. The identification
and mapping of herbicide tolerance in sorghum
involve several key steps aimed at locating the ge-
netic regions responsible for tolerance traits, using
both conventional and biotechnological approach-
es, as shown in Figure 4. These processes enable
the development of herbicide-tolerant sorghum
varieties.

Wild relatives. Wild and weedy sorghum spe-
cies, including S. bicolor subsp. drummondii and
sudangrass (S. sudanense) have contributed valu-
able resistance alleles: Werle et al. (2017) showed
that a Trp-574-Leu mutation in the ALS gene, in-
trogressed from S. bicolor subsp. Drummondii, con-
ferred resistance to sulfonylurea and imidazolinone
herbicides. Kershner et al. (2012) identified a Bo-
livian S. sudanense biotype with the Trp-2027-Cys
mutation in ACCase, used to develop lines toler-
ant to quizalofop-P and fluazifop-P. Tuinstra and
Al-Khatib (2007) demonstrated successful intro-
gression of nicosulfuron tolerance from S. bicolor
subsp. drummondii into elite germplasm. Weera-
sooriya et al. (2021) reported 186 grain sorghum
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hybrids exhibiting tolerance to ALS and ACCase
inhibitors, opening avenues for herbicide-spe-
cific weed control systems. Despite the potential
of these wild gene pools, challenges in accessibility,
conservation, and linkage drag remain significant
(Castaneda-Alvarez et al. 2016; Oreja et al. 2024).

SCREENING OF GERMPLASM

Breeders utilise genetic resources to develop new
sorghum lines that support sustainable agriculture
(Crozier et al. 2024). Sorghum germplasm har-
bours diverse traits, including plant height, grain
colour and quality, inflorescence, and stress toler-
ance. Due to the high cost of transgenic trait devel-
opment (Lassoued et al. 2019) and concerns over
gene flow with wild relatives like S. halepense (L.)
Pers. and S. bicolor subsp. drummondii, breeding
efforts have shifted toward conventional methods.
Several valuable traits in sorghum remain under-
exploited (Cuevas & Prom 2020). Pandian et al.
(2023) identified mesotrione-tolerant genotypes
G-1 and G-10, controlled by a single major and sev-
eral minor genes. Similarly, tembotrione-tolerant
genotypes G-200 and G-350 were identified, show-
ing polygenic, partially dominant inheritance (Pan-
dian et al. 2020). CYP-inhibitor assays confirmed
cytochrome P450-mediated detoxification of tem-
botrione. Crosses between GL-1 and BTx623 re-
sulted in a 20-fold increase in chlorsulfuron toler-
ance, controlled by a dominant gene (Pandian et al.
2021). Jacob et al. (2017) demonstrated herbicide
tolerance in sunflower via germplasm screening.
Tadesse (2022) and Teka (2014) identified sorghum
accessions resistant to Striga through phenotypic
screening. Bowman et al. (2021) found that the
Inzen™ trait conferred cross-tolerance to multiple
ALS-inhibiting herbicide classes, expanding POST
weed control options.

INDUCED MUTAGENESIS AND
SELECTION

Mutation breeding using ethyl methanesulfonate
(EMS) is a traditional, non-GMO technique that in-
duces random point mutations, primarily G/C-to-A/T
transitions. It has been widely used to develop traits
such as stress tolerance, altered plant height, and
herbicide resistance. The iGrowth® sorghum system
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Table 5. Herbicide tolerant mutants developed by hybridisation, mutagenesis and selection in sorghum

Donor Mutant/genotype Am1r}oa§1d Herbicide Method References
parent source substitution
Chlorsulfuron,
Nicosulfuron,
P2-205 Ala30-Gly Primisulfuron,
CK60 , Prol197-Leu Imazethapyr, Introgression Ismail et al. (2022)
P9-102, P8-30 . .
Trp574-Leu Bispyribac,
Penoxsulam:
(Group 2/B)
. Hybridisation
Fluazifop-P
Bol-15, Bol-45, . between BTx623, Kershner
BTx623 and Bol-71 Trp-2027-Cys ?éliiﬂOff})Af Tx430 etal. (2012)
P and 00MN7645
Commercial Pioneer 84G62/ B Mesotrione lefezefr;gz;\ell;fsgonse Abit
hybrids Dekalb DKS35-70 (Group 27/F2) of herbicides et al. (2009)
. Hybridization be- .
Mesotrione Pandian
S-1 G-200, G-350 - tween S-1
(Group 27/F2) and G-200 or G-350 et al. (2020)
Hybridization .
BTx623 GL-1 - C(}élféflulfzu/%")“ of GL-1 . tI; “i“(dz‘ggl)
P with BTx623 :
TX4308S, N223S, - q Q“‘Zﬁlf"fof’ D‘fferefn“al "eSPONSE Abit and Al-Khatib
TX430R and N223R X430 and N223 - Rimsulfuron of spraying (2013)
(Group 1/A) of herbicides
Sulfosulfuron
RTX430 Japanese brome Pro-197-Thr Mesosulfuron
P84G62 (Sorghum) (R,, R, and pR,) Pyroxsulam Mutagenesis Adari (2023)
2 3 Pro-197-Ser
DKC59-82RIB Imazamox
(Group 2/B)
Fluazifop
TamArk™ h .
Johnsongrass X TamArk™ 2248 (Clethodim Mutagenesis Piveta

Grain sorghum

on the ACCase gene and Sethoxydim)

et al. (2020)
(Group 1/A)

by Advanta was developed through EMS mutagenesis
without transgenes. EMS is low-cost, simple, and ideal
for breeding in resource-limited areas. When com-
bined with Targeted Induced Local Lesions (TILL-
ING) in Genomes and genomic tools, it enables faster
gene discovery and trait improvement. In addition,
some sorghum mutations confer tolerance to ACCase-
or ALS-inhibiting herbicides and have been patented
for altered AHAS proteins tolerant to imazapyr, ima-
zethapyr, and sulfonylureas (Uriarte et al. 2019). Nd-
ungu (2009) developed an EMS-mutagenised sorghum
population (Seredo variety) and, after screening over
four million M, plants with sulfosulfuron, identified
five lines (hb46, hb12, hb462, hb56, hb8) exhibiting up
to 170-fold resistance. When seed-coated with herbi-
cide, these mutants dramatically reduced Striga emer-
gence, flowering, and seed set in infested fields. Rizwan
et al. (2017) reported that seeds treated with chemical
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mutagens such as EMS, sodium azide, and hydrazine
hydrate showed potential for sulfonylurea tolerance
in M, progeny. Dweikat et al. (2023) identified a Trp-
574-Leu mutation in the ALS gene of S. bicolor ssp.
drummondii biotypes, resulting in 4—12-fold tolerance
to primisulfuron. The Inzen" sorghum line carries
a double ALS mutation (Val560lle and Trp574Leu)
that offers broad ALS herbicide tolerance in grain sor-
ghum (Werle et al. 2017). Similarly, EMS-induced rice
mutants with Gly-654-Glu mutation have been used
to develop widely adopted imazethapyr-tolerant vari-
eties (Burgos et al. 2008) (Table 5).

TRANSGENIC APPROACH

The CP4 EPSPS gene from Agrobacterium tu-
mefaciens is commonly used to confer glyphosate
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tolerance by producing an EPSPS enzyme variant
unaffected by the herbicide. This gene is central
to glyphosate-tolerant cropping systems in trans-
genic crops such as soybean, maise, and cotton.
A recent study demonstrated the successful intro-
duction of CP4 EPSPS into eucalyptus, providing
glyphosate tolerance without yield or biomass loss
under herbicide stress (Wang et al. 2025). Con-
structs typically include chloroplast transit pep-
tides to ensure proper localisation and enzyme
function. However, regulatory barriers and public
acceptance continue to limit the adoption of trans-
genic glyphosate-tolerant crops in several regions.

GENETIC MAPPING OF HERBICIDE-
TOLERANT SORGHUM

Genetic mapping plays a vital role in identifying
genes and quantitative trait loci associated with
herbicide tolerance in sorghum. Advanced molecu-
lar markers such as SNPs and SSRs are widely used
to locate resistance-associated genomic regions.
Mapping studies help in understanding the inher-
itance and molecular mechanisms underlying her-
bicide tolerance. Identification of candidate genes
facilitates marker-assisted selection and accelerates
breeding programs. QTL mapping and genome-

https://doi.org/10.17221/181/2024-PPS

wide association studies have improved the preci-
sion of detecting tolerance-related loci. Integration
of genomics and molecular breeding approaches
supports the development of herbicide-tolerant
sorghum cultivars for sustainable weed manage-
ment. These advances contribute significantly to
enhancing sorghum productivity under weed stress
conditions-include this context (Table 6).

GENETIC ENGINEERING TECHNIQUES

Transgenic techniques have significantly ad-
vanced crop improvement in recent decades, par-
ticularly with the rise of herbicide-tolerant crops.
However, the introduction of foreign genes has led
to restrictions on genetically modified products
(Weldemichael et al. 2024). Gene editing offers
a precise, non-transgenic approach to develop
herbicide-tolerant traits in crops, including sor-
ghum (Dong et al. 2021; Villiger et al. 2024). More
recently, Clustered Regularly Interspaced Short
Palindromic Repeats/Cas9-based genome editing
has opened new frontiers in precise trait engineer-
ing. Unlike traditional GMOs, it avoids introduc-
ing foreign DNA, addressing regulatory concerns
(Weldemichael et al. 2024). In sorghum, CRISPR/
Cas9 editing of the LGS1 gene reduced strigolac-

Table 6. Genetic dissection of herbicide tolerance in sorghum through QTL mapping and gene characterization

Crop Herbicide Site of action Gene symbol/QTL References
. 4-hydroxyphenyl
Sorghum bicolor Mesotn_o ne pyruvate dioxygenase Three QTL 2,4,8 Pandian et al. (2020)
tembotrione o
inhibitors
. Fluazifop-P Acetyl coenzyme A car-  Mutated ACCase .
S. bicolor quizalofop-P boxylase inhibitors (Trp-2027-Cys) Pinkerton (2020)
S. bicolor,
S. halepense Sorgoleone
and S. bicolor subsp. (HPLC analysis) SOR1 Yang et al. (2004)
drummondii
. . I Photosynthesis Qrcc.uwa.2AS, Qrec.

Triticum aestivum Metribuzin inhibitors uwa.5AL, Qrec.uwa.6AL Xu et al. (2020)

. R Mutated ALS Papapanagiotou
S. halepense Nicosulfuron ALS inhibitors (Trp -574- Leu) et al. (2022)

Sulfonylureas, ALS mutated gene
Inzen™ grain sorghum pyrimidinylthiobenzoics, ALS inhibitors Val-560-Ile Bowman et al. (2021)
triazolopyrimidines and Trp-574-Leu
. Protoporphyrinogen PPXI o
S. bicolor Fomesafen oxydase inhibitors (Sobic.003G137100) Adhikari et al. (2020)
QTLO1, QTLO02, QTLO6,
i Tadesse (2022

S, bicolor Backcross breeding QTLO5,, QTLO, ( )

QTL Mapping

Lgs, HR2, Ihf, HR1  Haussmann et al. (2004)
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Table 7. Mutants developed for specific herbicide using gene editing tool

Crop Mutant Herbicide used Target protein Target gene Method References
This mutant
developed .
. . 5-deoxystrigol LGS1 Gobena
SRN38  for striga resistance ' 1o hol  (Sobic005G213600)  C2S0GI™MA a1 (2017)
and not herbicide
Sorghum tolerance
bicolor
This mutant CCD8
Tx 430 developed for striga  (Carotenoid SbCCD8a Two Cas9-gRNA Hao
resistance and not cleavage SbCCD8b (gene knockout)  etal (2023)
herbicide tolerance  dioxygenase8)
W548L . . CRIPSR
P171S Imidazolinones ALS Prime editing Xu et al. (2020)
Q6K2ES Wang
- an
312'/5: G628W Imazamox 0s02g0510100 Cas9 base editing et al. (2021)
. B-Triketone Fe (II)/2-Oxoglu- HP.PI? Inhibitor ‘ Wild Shimatani
his1 herbicides tarate dependent Senistive 1(HIS1)  nipponebare et al. (2017)
oxygenase 0s02g0280700  lacked deletion ’
GATIPS- CRIPSR-Cas9
Zea mays K-65 Glyphosate mZmEPSPS ZmEPSPS base editing Kaul et al. (2024)
. 11879V, ACC inhibitor - .
Oryza sativa W21255 herbicides B9FK36 ACCase2 Cas9 base editing Li et al. (2020)

tone exudation, conferring resistance to Striga spp
(Gobena et al. 2017). Similarly, knockout of SbC-
CD8a and SbCCD8b genes influenced strigolactone
biosynthesis, improving plant growth and tolerance
(Hao et al. 2023). These targeted edits show promise
for developing herbicide and parasitic weed toler-
ance in sorghum without the need for transgenic in-
terventions. Similarly, using CRISPR-Cas9 technol-
ogy, a Pro-171-Phe mutation was introduced into
the rice variety Nangeng 46, which is tolerant to the
ALS-inhibitor herbicide bispyribac-sodium (Kuang
et al. 2020). Although direct PPO-targeted edits
have not yet been reported in sorghum, the suc-
cessful application of multiplex CRISPR strategies
in cereals like wheat indicates strong translational
potential. Editing of PPO or ALS genes in sorghum
could create novel herbicide-tolerant lines with
clean, transgene-free profiles, thereby bypassing
regulatory hurdles associated with GMOs (Li et al.
2024). These three gene-editing approaches collec-
tively provide a comprehensive toolkit for expand-
ing herbicide tolerance in grain sorghum (Table 7).

FUTURE PERSPECTIVES AND RESEARCH
GAPS IN HERBICIDE-TOLERANT GRAIN
SORGHUM

Herbicide-tolerant (HT) grain sorghum repre-
sents a transformative technology for weed man-
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agement in dryland agriculture. Despite develop-
ments such as the Double Team'" system, future
innovation requires both technical advancements
and holistic stewardship.

1. Expansion to new herbicide modes of action

The tolerance mechanisms currently deployed
in sorghum are largely limited to ACCase and
ALS inhibitors. Expanding to herbicides such
as HPPD inhibitors (e.g., mesotrione, tembotrione)
or protoporphyrinogen oxidase (PPO) inhibitors
could enable broader and more sustainable weed
control (Patton 2023).

Research gap: Limited studies have optimised
sorghum genotypes for metabolic resistance
to these herbicides, although metabolic tolerance
to tembotrione via cytochrome P450 enzymes
has been identified (Ma et al. 2013).

2. Mechanistic understanding of metabolic re-
sistance

Metabolic detoxification by enzymes such as cy-
tochrome P450s, glutathione S-transferases, and
UDP-glucosyltransferases plays a critical role
in herbicide resistance in crops like maise and rice.
However, similar mechanisms in sorghum remain
only partially elucidated (Ghanizadeh & Har-
rington 2017).

Research gap: Detailed transcriptomic and me-
tabolomic studies comparing tolerant and suscep-
tible lines under herbicide exposure are lacking,
impeding functional gene discovery.
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Figure 5. Pathway of resistance gene transfer from cultivated sorghum to wild relatives

1. A herbicide-resistant variety (either genetically modified or selected) possessing herbicide tolerance traits is cultivated

alongside 2. weedy relatives of sorghum, which are wild or feral types capable of hybridizing with cultivated forms. 3.

Through pollen flow, herbicide tolerance genes are transferred from the resistant crop to weedy relatives. 4. This results

in introgression, where the resistance genes become stably incorporated into the genomes of wild/weedy sorghum through

repeated hybridization and backcrossing. 5. Subsequent herbicide spray in the field applies selection pressure, eliminat-

ing susceptible individuals. 6. Only those surviving resistant weeds, carrying the herbicide resistance alleles, persist and

reproduce. 7. Over time, this process leads to the development of herbicide-resistant weeds, establishing persistent and

difficult-to-control populations in agroecosystems

3. Stacking of multiple resistance traits

Stacked resistance traits can provide broad-spec-
trum and multi-site herbicide tolerance, delaying
resistance evolution (Green & Owen 2011). Tech-
nologies such as CRISPR/Cas9 and site-directed
mutagenesis hold promise for precise stacking
in sorghum (Mishra et al. 2025).

Research gap: Efficient transformation and re-
generation protocols for elite sorghum lines remain
a challenge, and there is limited work on compat-
ibility between stacked genes.

4. Gene flow and environmental safety

Sorghum readily outcrosses with weedy relatives,
such as Sorghum halepense, raising concerns about
transgene escape (Ohadi et al. 2017). Such gene flow
could inadvertently create herbicide-resistant weedy
sorghum, complicating management (Figure 5).

Research gap: Risk assessments for pollen-medi-
ated gene flow, hybrid fitness, and ecological mod-
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elling remain underdeveloped for HT sorghum
(USDA 2023).

5. Weed resistance evolution and stewardship

Repetitive use of single-site herbicides in HT
systems promotes rapid weed resistance devel-
opment, as observed with glyphosate-resistant
Amaranthus spp. (Heap 2023) (Table 8). As of
2024, 532 cases of herbicide-tolerant weeds have
been reported globally across 72 countries and
101 crops (http://weedscience.org, accessed on
Nov 5, 2024). These involve resistance to 168 her-
bicides across 21 of 31 known modes of action
(Ngow et al. 2020).

Research gap: Long-term field experiments and
modelling studies to evaluate resistance develop-
ment under HT sorghum scenarios are scarce. In-
tegration of cultural and mechanical control with
HT traits is underexplored.

6. Breeding strategies and marker development
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Table 8. Herbicide-resistant weeds of sorghum and their origin (http://weedscience.org 2024, accessed on Jun 15, 2025)

Weeds Site of action Country
Echinochloa colona PSII inhibitors (Group 5) Australia
Urochloa panicoides Inhibition of Enoylpyruvyl Shikimate Phosphate Australia
Synthase (Group 9)
Inhibition of Acetolactate synthase (Group 2),
PSII -Serine binders 264 (Group 5)
and Hydoxylphenyl Pyruvate Dioxygense (Group 27),
Amaranthus palmeri Enoylpyruvyl Shikimate Phosphate Synthase United States

(Group 9),PS II- Histidine binders (Group 6),
Protoporphyrinogen Oxidase (Group 14) and Auxin

Mimics (Group 4)

Kochia scoparia

Amaranthus tuberculatus

Sorghum bicolor

Amaranthus retroflexus

Inhibition of Enoylpyruvyl Shikimate Phosphate
Synthase (Group 9) and Auxin Mimics (Group 4)

PSII -Serine 264 binders (Group 5) and Acetolactate
synthase (Group 2)

Inhibition of Acetolactate synthase (Group 2)
PSII -Serine 264 binders (Group 5)

United States

United States

United States
United States

Breeding for HT traits without compromising ag-
ronomic quality requires robust markers for selec-
tion. However, marker-assisted breeding is underu-
tilised for non-transgenic herbicide tolerance traits
in sorghum (Choudhary et al. 2022).

Research gap: Development of tightly linked
molecular markers, gene-specific assays, and
genomics-enabled prediction models for HT traits
is urgently needed.

7. Farmer adoption and regulatory hurdles

Adoption of HT technologies in sorghum may be
limited by regulatory uncertainty, market accept-
ance, and farmers' access to stewardship knowl-
edge (Fernandez-Cornejo et al. 2014).

Research gap: Studies examining the socio-eco-
nomic feasibility, extension pathways, and public-
private partnerships specific to HT sorghum are
limited.

REGULATORY CONSIDERATIONS

In the EU, herbicide resistance is mainly viewed
as a weed management issue, with less emphasis on
herbicide-tolerant crops (Heap 2024). Regulatory
focus centres on resistance mitigation and cautious
evaluation of GM crops (European Commission
2021). In contrast, countries such as the U.S., Bra-
zil, Argentina, and Canada support the widespread
adoption of herbicide-tolerant crops through es-
tablished biosafety frameworks (Heap 2023). These
regulatory disparities shape the global develop-
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ment, deployment, and trade of herbicide-tolerant
technologies.

CONCLUSION

The development of herbicide-tolerant grain sor-
ghum presents a practical solution to modern agri-
cultural challenges, particularly in managing weed
pressure and improving land-use efficiency. Building
on foundational work such as germplasm screening,
induced mutagenesis, and selection, commercially
available hybrids like Inzen ", iGrowth®, and Dou-
ble Team™ have already demonstrated the potential
of ALS and ACCase-inhibitor tolerance systems.
However, the widespread use of herbicides with lim-
ited modes of action has led to crop injury and weed
resistance issues. To address this, current research
is expanding toward developing tolerance to addi-
tional herbicide classes, including HPPD inhibitors,
PPO inhibitors, auxinic herbicides, and glyphosate,
which will broaden weed control options and reduce
resistance risks. Advanced biotechnological tools,
particularly CRISPR/Cas9 and other gene-editing
technologies, offer a pathway for precise, transgene-
free development of herbicide-tolerant traits. These
approaches are especially valuable in regulatory en-
vironments that restrict genetically modified organ-
isms. Complementing these efforts, ongoing mo-
lecular mapping and investigations into target-site
and non-target-site tolerance mechanisms are facili-
tating the identification of specific genes associated



Review

Plant Protection Science, 62, 2026 (3): 210-228

with herbicide tolerance. This knowledge underpins
the development of robust, high-performing sor-
ghum cultivars suited for integrated weed manage-
ment. Moving forward, the successful commer-
cialisation and sustainable use of herbicide-tolerant
sorghum will depend on coordinated efforts between
public and private sectors, investment in resistance
stewardship strategies, and engagement with farmers
to ensure effective deployment and long-term viabil-
ity of these technologies.

REFERENCES

Abit M.J.M., Al-Khatib K., Regehr D.L., Tuinstra M.R.,
Claassen M.M., Geier P.W., Currie R.S.(2009): Differential
response of grain sorghum hybrids to foliar-applied meso-
trione. Weed Technology, 23: 28-33.

Abit M.J.M., Al-Khatib K. (2013): Metabolism of quizalofop
and rimsulfuron in herbicide resistant grain sorghum. Pes-
ticide Biochemistry and Physiology, 105: 24—27.

Adari M.D. (2023): Investigation of herbicide resistance
in Japanese brome (Bromus japonicus) and responses
of grain sorghum (Sorghum bicolor) and corn (Zea mays)
to multiple herbicides at high-temperature stress [Ph.D.
Thesis]. Manhattan, Kansas State University.

Adhikari P, Goodrich E., Fernandes S.B., Lipka A .E., Tranel P,
Brown P, Jamann T.M. (2020): Genetic variation associated
with PPO-inhibiting herbicide tolerance in sorghum. PloS
one, 15: 0233254.

Amare T., Tessema T., Bekeko Z., Mesfine T. (2025): Com-
mon cocklebur (Xanthium strumarium L.) interference
in grain sorghum [Sorghum bicolor (L.) Moench]: the influ-
ence of weed and crop density. Pest Management Science,
81:415-426.

Bagavathiannan M.V,, Norsworthy J.K. (2014): Do roadside
herbicide applications select for resistance in johnson-
grass populations. In: Proceedings of 67™ Southern
Weed Science Society, Jan 27-29, 2014, Birmingham,
Alabama, 67: 105.

Baloch ES., Altaf M.T., Liaqat W., Bedir M., Nadeem M.A.,
Comertpay G., Hatipoglu R. (2023): Recent advancements
in the breeding of sorghum crop: Current status and future
strategies for marker-assisted breeding. Frontiers in Genet-
ics, 14: 1150616.

Batey I. (2017): The diversity of uses for cereal grains.
In: Arendt E.K., Zannini E. (eds): Cereal Grains. Woodhead
Publishing, Cambridge: 41-53.

Bean B.W. (2025): Weed control a must with sorghum.
High Plains Journal, Apr 25. Available at: https://hpj.
com/2025/04/25/weed-control-a-must-with-sorghum

224

https://doi.org/10.17221/181/2024-PPS

Benbrook C.M. (2016): Trends in glyphosate herbicide use
in the United States and globally. Environmental Sciences
Europe, 28: 3.

Beyers].T., Smeda R.J., Johnson W.G. (2002): Weed manage-
ment programs in glufosinate-resistant soybean (Glycine
max). Weed Technology, 16: 267-273.

Bowman H.D,, Barber T., Norsworthy J.K., Roberts T.L., Kel-
leyJ., Gbur E.E. (2021): Resistance of Inzen™ grain sorghum
to multiple PRE and POST applied acetolactate synthase—
inhibiting herbicides. Weed Technology, 35: 57—64.

Burgos N.R., Norsworthy J.K., Scott R.C., Smith K.L. (2008):
Red rice (Oryza sativa) status after 5 years of imidazoli-
none-resistant rice technology in Arkansas. Weed Tech-
nology, 22: 200—208.

Castaneda-Alvarez N.P.,, Khoury C.K., Achicanoy H.A.,
Bernau V., Dempewolf H., Eastwood R.]J., Toll J. (2016):
Global conservation priorities for crop wild relatives. Na-
ture Plants, 2: 1-6.

Chahal G.S., Jhala A.J., Knezevic S.Z. (2021): Weed control
with PPO-inhibitors and crop safety in grain sorghum.
Weed Technology, 35: 527-535.

Chauhan B.S. (2013): Strategies to manage weedy rice
in Asia. Crop Protection, 48: 51-56.

Chepkoech E. (2021): Evaluation of Selected Herbicides
for Weed Control in Sorghum [Sorghum bicolor (L) Mo-
ench] [M.Sc. Thesis]. Kenya, Egerton University.

Choudhary J.R., Get S., Tripathi A., Kaldate R., Rana M.,
Mehta S., Wani S.H. (2022): Breeding efforts for crop
productivity in abiotic stress environment. In Augment-
ing crop productivity in stress environment. Springer
Nature: 63—-103.

Corteva Agriscience (2025): New herbicide option to con-
trol caltrop in sorghum. Corteva Australia News Release.
Available at: https://www.corteva.com.au/media-center/
New-herbicide-option-to-control-Caltrop-in-sorghum.
html (accessed on Aug 20, 2024)

Crozier D., Beechinor K.A., Young B., Bagavathiannan M.,
Rooney W.L. (2024): Applying unoccupied aerial systems
to assess genetic gain from MAss selection for tembotrione
tolerance in sorghum (Sorghum bicolor). Plant Breeding,
143: 320-333.

Cuevas H.E., Prom L.K. (2020): Evaluation of genetic diversity,
agronomic traits and anthracnose resistance in the NPGS
Sudan Sorghum Core collection. BMC Genomics, 21: 1-15.

Dayan E.E. (2019): Current status and future prospects in her-
bicide discovery. Plants, 8: 341.

Dayan E.E., Duke S.O. (2010): Protoporphyrinogen oxidase-
inhibiting herbicides. In: Krieger R.I., Doull J., Hodgson E.,
Maibach H., Reiter L., Ross J., Slikker W.J., Van Hemmen J.
(eds): Hayes Handbook of Pesticide Toxicology, Academic
Press: 1733-1751.


https://hpj.com/2025/04/25/weed-control-a-must-with-sorghum
https://hpj.com/2025/04/25/weed-control-a-must-with-sorghum
https://www.corteva.com.au/media-center/New-herbicide-option-to-control-Caltrop-in-sorghum.html
https://www.corteva.com.au/media-center/New-herbicide-option-to-control-Caltrop-in-sorghum.html
https://www.corteva.com.au/media-center/New-herbicide-option-to-control-Caltrop-in-sorghum.html

Review

Plant Protection Science, 62, 2026 (3): 210-228

Delye C. (2013): Unravelling the genetic bases of non-tar-
get-site-based resistance (NTSR) to herbicides: A major
challenge for weed science in the forthcoming decade. Pest
Management Science, 69: 176-187.

Dill G.M. (2005): Glyphosate-resistant crops: History, status
and future. Pest Management Science, 61: 219-224.

Dille J.A., Stahlman P.W., Bean B.W., Soltani N., Shoup D.E.
(2010): Weed interference in sorghum. Agronomy Journal,
102: 1478-1483.

DongH., Huang Y., Wang K. (2021): The development of her-
bicide resistance crop plants using CRISPR/Cas9-mediated
gene editing. Genes, 12: 912.

Duke S.O., Powles S.B. (2008): Glyphosate: A once-in-a-
century herbicide. Pest Management Science, 64: 319-325.

Dweikat I.M., Gelli M., Bernards M., Martin A., Jhala A.
(2023): Mutations in the acetolactate synthase (ALS)
enzyme affect shattercane (Sorghum bicolor) response
to ALS-inhibiting herbicides. Hereditas, 160: 28.

Endo M., Toki S. (2013): Creation of herbicide-tolerant crops
by gene targeting. Journal of Pesticide Science, 38: 49-59.

European Commission. (2021): Reports2021 — Plant Health Rules
and Plant Health and Biosecurity. Online. Available at: https://
food.ec.europa.eu/plants/plant-health-and-biosecurity/plant-
health-rules/reports-2021_en (Accessed: Jun 30, 2025).

FAOSTAT (Food and Agriculture Organization of the United
Nations) (2024): Agriculture and climate change — chal-
lenges and opportunities at the global and local level — col-
laboration on climate-smart agriculture. Available at www.
fao.org/faostat (Accessed: Aug 2024).

Fernandez-Escalada M., Zulet-Gonzalez A., Gil-Monreal M.,
Royuela M., Zabalza A. (2019): Physiological performance
of glyphosate and imazamox mixtures on Amaranthus
palmeri sensitive and resistant to glyphosate. Scientific
Reports, 9: 18225.

Fernandez-Cornejo J., Wechsler S., Livingston M., Mitchell L.
(2014): Genetically engineered crops in the United States.
USDA-ERS Economic Research Report, 162.

Gaines T.A., Duke S.O., Morran S., Rigon C.A., Tranel P.].,
Kupper A., Dayan EE. (2020): Mechanisms of evolved
herbicide resistance. Journal of Biological Chemis-
try, 295: 10307-10330.

Geddes C.M., Sharpe S.M. (2022). Crop yield losses due to kochia
(Bassia scoparia) interference. Crop Protection, 157: 105981.

Ghanizadeh H., Buddenhagen C.E., Griffiths A.G., Har-
rington K.C., Ngow Z. (2024): Target-site and non-target
site resistance mechanisms are associated with iodosulfu-
ron resistance in Lolium perenne L. New Zealand Journal
of Agricultural Research, 67: 40-53.

Ghanizadeh H., Harrington K.C. (2017): Non-target site
mechanisms of resistance to herbicides. Critical Reviews
in Plant Sciences, 36: 24—34.

225

https://doi.org/10.17221/181/2024-PPS

Gobena D., Shimels M., Rich PJ., Ruyter-Spira C., Bouw-
meester H., Kanuganti S., Ejeta G. (2017): Mutation in sor-
ghum low germination stimulant 1 alters strigolactones
and causes Striga resistance. Proceedings of the National
Academy of Sciences, 114: 4471-4476.

Godfray H.CJ., Beddington J.R., Crute LR., Haddad L., Law-
rence D., Muir J.E,, Toulmin C. (2010): Food security: The chal-
lenge of feeding 9 billion people. Science, 327: 812-818.

Godar A.S., Varanasi V.K,, Nakka S., Prasad P.V.V,, Thomp-
son C.R., Jugulam M. (2015): Resistance mechanisms
in sorghum (Sorghum bicolor) to ALS-inhibiting herbicides.
Weed Technology, 29: 544—-553.

Green J.M. (2009): Evolution of glyphosate-resistant crop
technology. Weed Science, 57: 1-5

Green J.M., Owen M.D. (2011): Herbicide-resistant crops:
Utilities and limitations for herbicide-resistant weed
management. Journal of Agricultural and Food Chemistry,
59: 5819-5829.

Hao J., Yang Y., Futrell S., Kelly E.A., Lorts C.M., Nebie B,
Schachtman D.P. (2023): CRISPR/Cas9-mediated mu-
tagenesis of carotenoid cleavage dioxygenase (CCD) genes
in sorghum alters strigolactone biosynthesis and plant
biotic Interactions. Phytobiomes Journal, 7: 339-351.

Haussmann B.I.G., Hess D.E., Omanya G.O., Folkertsma R.T.,
Reddy B.V.S., Kayentao M., Geiger H.H. (2004): Genomic
regions influencing resistance to the parasitic weed Striga
hermonthica in two recombinant inbred populations of sor-
ghum. Theoretical and Applied Genetics, 109: 1005-1016.

Heap 1. (2023): The International Survey of Herbicide Re-
sistant Weeds. Available at: http://www.weedscience.org
(Accessed: Jun 2025).

Heap 1. (2024): The International Herbicide-Resistant Weed
Database. Available at: www.weedscience.org (Accessed:
Nov 2024).

Hussain M., Pandian B.A., Yu Q. (2023): Inheritance and
metabolic basis of HPPD-inhibitor tolerance in sorghum.
Pest Management Science, 79: 1012-1020.

Ismail A., Gajjar P., Park M., Mahboob A., Tsolova V., Sub-
ramanian J., El-Sharkawy 1. (2022): A recessive mutation
in muscadine grapes causes berry color-loss without
influencing anthocyanin pathway. Communications Biol-
ogy, 5:1012.

James C. (2003): Global review of commercialised transgenic
crops. Current Dcience, 84: 303-309.

Jacob J., Sujatha M., Varaprasad S.K. (2017): Screening
of cultivated and wild Helianthus species reveals herbicide
tolerance in wild sunflowers and allelic variation at Ahasl1
(acetohydroxyacid synthase 1 large subunit) locus. Plant
Genetic Resources, 15: 421-429.

Jhala A.J., Kumar V., Yadav R., Jha P, Jugulam M., Wil-
liams M.M., Norsworthy J.K. (2023): 4-Hydroxyphe-


https://food.ec.europa.eu/plants/plant-health-and-biosecurity/plant-health-rules/reports-2021_en
https://food.ec.europa.eu/plants/plant-health-and-biosecurity/plant-health-rules/reports-2021_en
https://food.ec.europa.eu/plants/plant-health-and-biosecurity/plant-health-rules/reports-2021_en
http://www.fao.org/faostat
http://www.fao.org/faostat
http://www.weedscience.org
http://www.weedscience.org

Review

Plant Protection Science, 62, 2026 (3): 210-228

nylpyruvate dioxygenase (HPPD)-inhibiting herbicides:
past, present, and future. Weed Technology, 37: 1-14.

Kaul T., Thangaraj A., Jain R., Bharti J., Kaul R., Verma R.,
Agrawal P.K. (2024): CRISPR/Cas9-mediated homol-
ogy donor repair base editing system to confer herbicide
resistance in maise (Zea mays L.). Plant Physiology and
Biochemistry, 207:108374.

Kaur M., Oberoi H.K., Gangaiah B. (2024): Evaluation of new
generation pre-emergence herbicides in forage sorghum
(Sorghum bicolor L.). Phytoparasitica, 52: 50.

Kershner K.S., Al-Khatib K., Krothapalli K., Tuinstra M.R.
(2012): Genetic resistance to acetyl-coenzyme A car-
boxylase-inhibiting herbicides in grain sorghum. Crop
Science, 52: 64-73.

Klein P., Smith C.M. (2021): Invasive Johnsongrass, a threat to
native grasslands and agriculture. Biologia, 76: 413—420.

Koenning S.R., Jordan D.L., Everman W.]., Seagroves R.W.,
Eure P.M., Stewart A.M. (2020): Evaluating herbicide
sensitivity in commercial sorghum hybrids. Agronomy
Journal, 112: 1341-1350.

Kreiner J.M., Tranel P.J., Weigel D., Stinchcombe J.R.,
Wright S.1. (2021): The genetic architecture and population
genomic signatures of glyphosate resistance in Amaranthus
tuberculatus. Molecular Ecology, 30: 5373-5389.

Kuang Y., Li S, Ren B., Yan F, Spetz C,, Li X., Zhou H.
(2020): Base-editing-mediated artificial evolution of Os-
ALS1 in planta to develop novel herbicide-tolerant rice
germplasms. Molecular Plant, 13: 565-572.

Lassoued R., Phillips P°W., Smyth S.J., Hesseln H. (2019):
Estimating the cost of regulating genome edited crops:
expert judgment and overconfidence. GM Crops and
Food, 10: 44-62.

Lee D.L., Knudsen C.G., Michaely W.]J., Chin H.L., Nguy-
en N.H., Carter C.G., Fraser T. (1998): The structure—
activity relationships of the triketone class of HPPD
herbicides. Pesticide Science, 54: 377—-384.

LeBaron H.M., McFarland J. (1990): Herbicide resistance
in weeds and crops: an overview and prognosis. In:
Green B.M., LeBaron H.M., Moberg W.K. (eds): Manag-
ing Resistance to Agrochemicals. ACS Publications, Los
Angeles: 336-352.

LiH,, LiJ, Chen]J., Yan L., Xia L. (2020): Precise modifications
of both exogenous and endogenous genes in rice by prime
editing. Molecular Plant, 13: 671-674.

LiM., CaiQ,, Liang Y., Zhao Y., Hao Y., Qin Y., Qiao X., Han Y.,
etal. (2024): Mapping and screening of candidate gene regu-
lating the biomass yield of sorghum (Sorghum bicolor L.).
International Journal of Molecular Sciences, 25: 796.

Liu Z., Guo D., Wang D., Zhou J., Chen Q., Lai J. (2024):
Prime editing: A gene precision editing tool from inception
to present. The FASEB Journal, 38: €70148.

226

https://doi.org/10.17221/181/2024-PPS

Loubet I., Meyer L., Michel S., Pernin F,, Carrere S., Barres B.,
Delye C. (2023): A high diversity of non-target site re-
sistance mechanisms to acetolactate-synthase (ALS)
inhibiting herbicides has evolved within and among field
populations of common ragweed (Ambrosia artemisiifo-
lia L.). BMC Plant Biology, 23: 510.

Ma R., Kaundun S.S., Tranel P.J., Riggins C.W., McGin-
ness D.L., Hager A.G., Hawkes T., McIndoe E., et al. (2013):
Distinct detoxification mechanisms confer resistance to me-
sotrione and tembotrione in a population of Amaranthus
tuberculatus from Illinois. Plant Physiology, 163: 363-377.

Mishra J.S., Talwar H.S. (2020): Weed management in sor-
ghum. In: Tonapi V.A., Talwar H.S., Are A.K.,, Bhat B.V,,
Reddy C.R., Dalton T.J. (eds): Sorghum in the 21st Century:
Food — Fodder — Feed — Fuel for a Rapidly Changing World.
Springer, Singapore: 495-512.

Mishra S., Sahoo S.P,, Swain S., Pati L., Dhaarani V., Tripa-
thy S., Tripathy S.K. (2025): Plant stress memory rewrite
by CRISPR/Cas-mediated approaches. In: Chen J.-T.
(ed.): Genome and Epigenome Editing for Stress-Tolerant
Crops. Hoboken, Wiley Genome and Epigenome Editing
for Stress-Tolerant Crops: 127-1309.

Ndungu P.K. (2009): Development and characterisation
of herbicide-resistant sorghum mutants for Striga man-
agement [PhD Thesis]. University of KwaZulu-Natal,
Pietermaritzburg.

Ngow Z., Chynoweth R.J., Gunnarsson M., Rolston P,,
Buddenhagen C.E. (2020): A herbicide resistance risk
assessment for weeds in wheat and barley crops in New
Zealand. PLoS One, 15: €0234771.

Ofosu R., Agyemang E.D., Marton A., Pasztor G., Taller J.,
Kazinczi G. (2023): Herbicide resistance. Managing weeds
in a changing world. Agronomy, 13: 1595.

Ohadi S., Littlejohn M.D., Ahrens C.W., Tranel P.J., Rig-
gins C.W. (2017): Management of herbicide-resistant
shattercane (Sorghum bicolor ssp. drummondii). Weed
Technology, 31: 275-284.

Oreja FH., Moreno N., Gundel PE., Vercellino R.B., Pan-
dolfo C.E., Presotto A., Vila-Aiub M. (2024): Herbicide-re-
sistant weeds from dryland agriculture in Argentina. Weed
Research, 64: 89-106.

Palma-Bautista C., Belluccini P., Vazquez-Garcia J.G.,
Alcantara-de la Cruz, R., Barro F,, Portugal J., De Prado R.
(2023): Target-site and non-target-site resistance mecha-
nisms confer multiple resistance to glyphosate and 2,
4-D in Carduus acanthoides. Pesticide Biochemistry and
Physiology, 191: 105371.

Pandian B.A., Varanasi A., Vennapusa A.R., Sathishraj R.,
Tunnell M., Tesso T., Jugulam M. (2020): Characterisation,
genetic analyses, and identification of QTLs conferring
metabolic resistance to a 4-hydroxyphenylpyruvate dioxy-



Review

Plant Protection Science, 62, 2026 (3): 210-228

genase inhibitor in sorghum (Sorghum bicolor). Frontiers
in Plant Science, 11: 596581.

Pandian B.A., Sathishraj R., Prasad PV,, Jugulam M. (2021): A sin-
gle gene inherited trait confers metabolic resistance to chlorsul-
furon in grain sorghum (Sorghum bicolor). Planta, 253: 1-12.

Pandian B.A., Sexton-Bowser S., Prasad P.V., Jugulam M.
(2022): Current status and prospects of herbicide-resistant
grain sorghum (Sorghum bicolor). Pest Management Sci-
ence, 78: 409-415.

Pandian B.A., Varanasi A., Vennapusa A.R., Thompson C.,
Tesso T., Prasad P.V., Jugulam M. (2023): Identification and
characterisation of mesotrione-resistant grain sorghum
[Sorghum bicolor (L.) Moench]: A viable option for post-
emergence grass weed control. Journal of Agricultural and
Food Chemistry, 71: 1035-1045.

Papapanagiotou A.P., Loukovitis D., Ntoanidou S., Elefthero-
horinos I.G. (2022): Target-site cross-resistance to ALS
inhibitors in johnsongrass originating from Greek corn-
fields. Weed Technology, 36: 276-282.

Patton B.A. (2023). Control of Annual Grasses Using New
Sorghum Herbicides [PhD Thesis]. Texas Tech University,
Lubbock.

Pinkerton S. (2020): Advanced cropping solutions for sor-
ghum coming soon. Plant Protection Science, 56: 123—130.

Piveta L.B., Norsworth J.K., Bagavathiannan M.V. (2020):
Evaluation of ACCase-resistant grain sorghum to fluazifop
at different growth stages. In: Proceedings of 73" Southern
Weed Science Society, Jan 27-30, 2020, Biloxi, USA: 21.

Quareshy M., Prusinska J., Li J., Napier R. (2018): A chem-
informatics review of auxins as herbicides. Journal of Ex-
perimental Botany, 69: 265-275.

Rao S.S., Regar P.L., Jangid B.L., Singh Y.V. (2007): Effect
of nutrient and weed management on forage sorghum
(Sorghum bicolor) under rainfed condition. Indian Journal
of Agronomy, 52: 139-142.

Rizwan M., Aslam M., Asghar M.]., Abbas G., Shah T.M.,
Shimelis H. (2017): Pre-breeding of lentil (Lens culinaris
Medik.) for herbicide resistance through seed mutagen-
esis. Plos one, 12: e0171846.

Saari L.L., Cotterman J.C., Thill D.C. (2018): Resistance
to acetolactate synthase inhibiting herbicides. Chapter 4.
In: Powles S.B., Shaner D.L. (eds): Herbicide Resistance
in Plants. CRC Press, Boca Raton: 83-140.

Santos W.E, Caldas J.V.D.S,, Silva A.G.D., Procépio S.D.O.,
Braz G.B.P, Jakelaitis A. (2024): Selectivity of tembotrione +
atrazine herbicides for grain sorghum. Revista Ceres, 71: €71041.

Scott R.C., Norsworthy J.K. (2022): Herbicide Options and
Limitations in Sorghum. University of Arkansas Extension
Publication, Arkansas.

Shimatani Z., Kashojiya S., Takayama M., Terada R., Ara-
zoe T., Ishii H., Kondo A. (2017): Targeted base editing

227

https://doi.org/10.17221/181/2024-PPS

in rice and tomato using a CRISPR-Cas9 cytidine deami-
nase fusion. Nature Biotechnology, 35: 441-443.

Shyam C., Patel R.K., Meena R.K., Verma A., Sharma V.
(2024): Developing ACCase inhibitor-tolerant sorghum
using point mutation strategies. Crop Science, 64: 105-116.

Simpson T.D., Farris R.L. (2023): Glyphosate tolerance in ce-
real crops: Prospects and challenges in sorghum. Field
Crops Research, 297: 108920.

Sundstrom J.F., Albihn A., Boqvist S., Ljungvall K.,
Marstorp H., Martiin C., Magnusson U. (2014): Future
threats to agricultural food production posed by environ-
mental degradation, climate change, and animal and plant
diseases — a risk analysis in three economic and climate
settings. Food Security, 6: 201-215.

Tadesse Y.H. (2022): Identification of Striga Resistance in Sor-
ghum Landraces from Eritrea Using Molecular and in vitro
Methods [Ph.D. Thesis]. University of Nairobi, Kenya.

Takano H.K., Ovejero R.E.L., Belchior G.G., Maymone G.P.L.,
Dayan F.E. (2020): ACCase-inhibiting herbicides: mecha-
nism of action, resistance evolution and stewardship. Sci-
entia Agricola, 78: €20190102.

Teka H.B. (2014): Advance research on Striga control: A re-
view. African Journal of Plant Science, 8: 492-506.

Tranel PJ., Wright T.R. (2002): Resistance of weeds to ALS-
inhibiting herbicides: what have we learned. Weed Sci-
ence, 50: 700-712.

Tuinstra M.R., Al-Khatib K. (2007): New herbicide tolerance
traits in sorghum. In: American Seed Trade Association
(ed.): Proceedings of the 2007 Corn, Sorghum and Soybean
Seed Research Conference and Seed Expo. American Seed
Trade Association, Chicago: 1144—1149.

USDA (United States Department of Agriculture reports)
(2023): Available at https://www.nass.usda.gov (Accessed:
Aug 20, 2024).

Uriarte V.T., Zambelli A.D., Kaspar M., Pardo P.A.
(2019): Herbicide tolerance genes in plants. US Patent,
10.485.195.

Vazquez-Garcia J.G., Palma-Bautista C., Rojano-Delga-
do A.M.,, De Prado R., Menendez J. (2020): The first case
of glyphosate resistance in johnsongrass (Sorghum ha-
lepense (L.) Pers.) in Europe. Plants, 9: 313.

Villiger L., JoungJ., Koblan L., Weissman J., Abudayyeh O.O.,
GootenbergJ.S. (2024): CRISPR technologies for genome,
epigenome and transcriptome editing. Nature Reviews
Molecular Cell Biology, 25: 464—487.

Wang Y., Cheng X., Shan Q., Zhang Y., LiuJ., Gao C., QiuJ.L.
(2019): Simultaneous editing of three homoeoalleles
in hexaploid bread wheat confers heritable resistance
to powdery mildew. Nature Biotechnology, 32: 947-951.

WangF,, XuY., Li W., Chen Z., WangJ., Fan F,, YangJ. (2021):

Creating a novel herbicide-tolerance OsALS allele using


https://www.nass.usda.gov

Review

Plant Protection Science, 62, 2026 (3): 210-228

CRISPR/Cas9-mediated gene editing. The Crop Journal,
9:305-312.

Wang X., Wei H., Zhang S., Gao J., Zeng B., Fan C. (2025).
Transgenic Eucalyptus urophylla x Eucalyptus grandis
superior clone DH3229: achieving glyphosate resistance
through genetic modification. Plant Cell, Tissue and Organ
Culture, 160: 43.

Ward S.M., Webster T.M., Steckel L.E. (2013): Pigweed
resistance and management. Weed Science, 61: 276-283.

Weerasooriya D., Gobena D., Bandara A., Dowell E,, Peiris K.,
Bean S., Tesso T. (2021): Performance of grain sorghum
hybrids resistant to acetolactate synthase and acetyl
coenzyme-A carboxylase inhibitor herbicides. Crop Sci-
ence, 61: 896-916.

Weldemichael M.Y., Gebremedhn H.M., Teklu T.H. (2024):
Advances in genome editing and future prospects for Sor-
ghum improvement: A review. Plant Gene, 39: 100464.

Werle R., Tenhumberg B., Lindquist J.L. (2017): Modeling
shattercane dynamics in herbicide-tolerant grain sorghum
cropping systems. Ecological Modelling, 343: 131-141.

228

https://doi.org/10.17221/181/2024-PPS

XuL., Liu H, Kilian A., Bhoite R., Liu G., Si P, Yan G. (2020):
QTL mapping using a high-density genetic map to identify
candidate genes associated with metribuzin tolerance
in hexaploid wheat (Triticum aestivum L.). Frontiers
in Plant Science, 11: 573439.

Yang X., Scheffler B.E., Weston L.A. (2004): SORI, a gene
associated with bioherbicide production in sorghum root
hairs. Journal of Experimental Botany, 55: 2251-2259.

ZhanY,, LiuH., Cao Z., Qi]J., Bai L., Pan L. (2024): Target-site
and non-target-site resistance mechanisms confer meso-
sulfuron-methyl resistance in Alopecurus aequalis. Plant
Physiology and Biochemistry, 210: 108597.

Zhao N., Yan Y., Du L., Zhang X., Liu W., Wang J. (2020):
Unravelling the effect of two herbicide resistance mutations
on acetolactate synthase kinetics and growth traits. Journal
of Experimental Botany, 71: 3535-3542.

Zeng Y., Liu M., Qian H., Zhao H., Fang Y., Yu Q., Pan L.
(2025): Investigating non-target site resistance to pyrox-
sulam in a glyphosate-resistant Lolium rigidum population.
Pest Management Science, 81: 2751-2758.

Received: September 25, 2024
Accepted: December 10, 2025
Published online: July 21, 2026



	_Hlk202532566
	_Hlk202532871
	_Hlk202533027
	_Hlk202533298
	_Hlk202533328

