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Abstract
Sorghum is the third most important food crop, grown on nearly 40 million ha glob-

ally, and is known for its resilience under unfavorable conditions. Sorghum is reported

to have a strong biological nitrification inhibition (BNI) capacity in root systems,

a plant function that suppresses soil nitrifier activity, which in turn prevents the

nitrogen (N) loss by reducing nitrous oxide (N2O), nitric oxide (NO) emission, and

nitrate (NO3
−) leaching into water bodies. Sorgoleone, a major hydrophobic phyto-

chemical released from sorghum roots, provides a significant part of BNI function

in sorghum. The function of sorgoleone in suppressing nitrifying bacteria in pure

cultures has been established. In addition, sorgoleone suppresses transformation of

ammonium (NH3) to NO3
− and N2O emissions from soils. Therefore, introducing

high-sorgoleone phenotype into elite sorghum hybrids can increase nitrogen use effi-

ciency while decreasing the environmental footprint of sorghum production systems.

In recent years, significant progress has been made in identifying the mechanisms of

sorgoleone production and secretion. Moreover, studies using both wild accessions

and elite breeding materials reported significant genetic variation for sorgoleone

secretion, and sorgoleone secretion was found to be highly heritable, making it a
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good target for breeding. This review distills the current understanding of sorgoleone

release in relation to BNI function and opportunities to exploit this trait. Also, we

provide our assessment for genetic interventions of Sorgoleone biosynthesis and

secretion pathways to enhance BNI capacity in sorghum. High-BNI sorghum hybrids

can be an important component of low-nitrifying, low-N2O-emitting agricultural

production systems that are eco-friendly, productive, and sustainable.

Plain Language Summary
Nitrogen is one of the most important nutrients for plants, and its availability directly

affects the plant’s productivity. In most ecosystems, mineral nitrogen available for

plant roots is less than optimal. For this reason, many plant species evolved a mech-

anism to keep the ammoniacal nitrogen longer in the soil around their roots, termed

biological nitrification inhibition. Enhancing such a trait in modern crop plants could

increase nitrogen fertilizer efficiency and decrease nitrogen-containing pollutants

such as greenhouse gases (nitrogen oxides) and water pollutant (nitrate) released

from agricultural fields. In this review, we will focus on one such compound from

sorghum, called sorgoleone. We summarize what is known about the synthetic path-

way of sorgoleone, its function, and its potential as a reagent to increase nitrogen

use efficiency and decrease N pollution. We will also discuss the future paths for

enhancing sorgoleone secretion in commercially grown sorghum plants.

1 INTRODUCTION

Nitrogen (N) is an essential nutrient required for all life on
earth, including plants. In the modern agricultural production
environment, soil nitrogen mineralized from organic material
is usually not sufficient to support the yield levels expected in
modern production systems. For this reason, the field appli-
cations of nitrogen fertilizer are linearly correlated with yield,
and relatively cheap nitrogen fertilizer from the Haber–Bosch
process was the biggest driver of yield increase in the 20th
century (Smil, 2004).

However, after >100 years of chemical nitrogen fertilizer
use, human society recognizes the need for nitrogen but must
minimize the negative impacts of nitrogen use in agriculture.
First, the production of N fertilizers consumes a substantial
amount of energy. Approximately 2% of global energy is used
for manufacturing N fertilizers, leading to considerable green-
house gas (GHG) emissions at the stage of production (Rosa &
Gabrielli, 2023). Also, the energy-intensive nature of nitrogen
fertilizer production means that the cost of energy has a direct
impact on nitrogen fertilizer prices, and global energy price
spikes put N fertilizers out of the reach of smallholder farmers
in developing countries. Second, N fertilizers have a serious
impact on the environment. N fertilizer use in agriculture from
the last seven decades led to a near doubling of reactive N in
the environment compared to the pre-industrialization level
(Erisman et al., 2011). N fertilizer, typically applied as ammo-
nia/ammonium (NH3/NH4

+) is readily converted into nitrite

(NO2
−) and nitrate (NO3

−) through a soil-biological process
called nitrification, mediated by microorganisms (Van Huynh
et al., 2023) (Figure 1).

Unlike the positively charged NH4
+ molecule that can be

absorbed by the soil’s cation exchange capacity, nitrate anion
leaches out of farmlands and into the surface and groundwater.

F I G U R E 1 Nitrogen cycle. Reactions involved in N fixation,
nitrification, and denitrification are marked with different background
colors. Enzymes that are the main target of nitrification inhibitors are
shown in italics. amo, ammonia monooxygenase; GHG, greenhouse
gas; hao, hydroxylamine oxidoreductase.
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This has global ecological implications, leading to problems
such as eutrophication and the formation of dead zones and
contamination of groundwater with nitrates. For example, the
Gulf of Mexico is affected by a significant dead zone, fluctu-
ating in size but covering >11,000 km2 on average between
2019 and 2024 (NOAA, 2024). This dead zone is primar-
ily caused by the excessive export of N from US croplands
through rivers like the Mississippi. The fertilizers carried by
the river into the Gulf of Mexico contribute to the growth
of algal blooms, leading to hypoxia (low oxygen levels) and
the subsequent formation of dead zones where marine life
cannot survive. Moreover, nitrate that leaches into an anoxic
environment (deeper soil layer or an aquatic system) can be
reduced by various microorganisms to produce nitric oxide
(NO) and nitrous oxide (N2O) (denitrification). N2O is a pow-
erful GHG; it remains in the atmosphere for over 100 years
as there are no significant natural sinks for N2O, and it is
300 times more powerful compared to carbon dioxide (CO2)
(IPCC, 2014). In addition, N2O is the main ozone-depleting
chemical, surpassing the impact of chlorofluorocarbons in the
21st century after it was banned (USDA-NASS, 2024).

Nitrification is the first step required for the subsequent
NO3

−, NO, and N2O generation; therefore, it is consid-
ered the starting point for N pollution in the environment.
There are ways to prevent excessive nitrification from hap-
pening through agronomical practices such as precision N
application, split N application, and the use of synthetic nitri-
fication inhibitors. While these methods have proven effective
in reducing N pollution, they come with additional costs
for equipment and chemicals or additional labor (Norton &
Ouyang, 2019).

Biological nitrification inhibition (BNI) is an alternative
approach that relies on the plant’s inherent ability to suppress
nitrifying bacteria to limit nitrate production in the rhizo-
sphere. Since mineral N is scarce in the vast majority of
ecosystems, many plants have evolved sophisticated mecha-
nisms to increase the retention of nitrogen in the root zone.
One such mechanism is secreting specialized root metabo-
lites that prevent nitrification, termed BNI (Subbarao et al.,
2006, 2009). Initially predicted by the observation that the
population of nitrifying bacteria is lower in the rhizosphere
of some pasture grass species (Meiklejohn, 1968; Rice &
Pancholy, 1973; Sylvesterbradley et al., 1988), later stud-
ies established that many plant species possess this ability,
including Brachiaria (Gopalakrishnan et al., 2009; Subbarao
et al., 2006, 2009), sorghum (Di et al., 2018; Nardi et al., 2013;
Subbarao, Nakahara, et al., 2013; Tesfamariam et al., 2014),
maize (Otaka et al., 2023, 2022; Petroli et al., 2023), rice (Lu
et al., 2019; L. Sun et al., 2016; Tanaka et al., 2010), wheat
(O’Sullivan et al., 2016; Subbarao et al., 2021), Hibiscus
splendens, Solanum echinatum (Janke et al., 2018), and mul-
tiple species of weeds (O’Sullivan et al., 2017). Many of these
phytochemicals are unrelated to each other yet target the same
pathway, suggesting an evolutional benefit for nitrification

Core Ideas
∙ Sorgoleone, a specialized chemical secreted from

sorghum root hair, is a potent nitrification inhibitor.
∙ High sorgoleone secretion is associated with

decreased nitrification and reduced N2O emission.
∙ Sorgoleone secretion is a quantitative and heritable

trait, making it a good target for breeding.

inhibition. BNI, compared to synthetic nitrification inhibitors,
offers a unique advantage in that no additional input or
labor is required to suppress nitrification and subsequent N
losses, hence making the adoption of BNI-crop-varieties or
BNI-technology easier for farmers.

BNI, however, has not been an active target of breeding
efforts in any of the major crops thus far, because the yield
benefit will be undetectable under an excessive supply of N.
In addition, the inherent difficulty of phenotyping root traits
has so far hindered high-throughput approaches that facili-
tate breeding efforts. However, recent advances in genomic
marker availability and predictions, as well as advances in
genetics tools, have made it possible to target BNI specifically
in cultivar development. In this review, we will focus on sor-
goleone, the main hydrophobic BNI component secreted from
sorghum roots. Sorghum shows the strongest BNI activities
among commonly cultivated crops (Subbarao et al., 2007), of
which sorgoleone is the major compound (Di et al., 2018).
Importantly, sorgoleone secretion shows a clear negative cor-
relation with nitrification rate (Gao et al., 2022; Tesfamariam
et al., 2014). Sorgoleone is one of the best-characterized BNI
compounds in terms of biochemical pathways for production,
and the genetic tools in sorghum have advanced dramatically
in recent years. We will summarize the research on sorgoleone
BNI function using genetics and breeding approaches and will
lay out the roadmap forward for improving BNI function in
sorghum through increased secretion of sorgoleone from its
roots.

1.1 Sorgoleone biosynthesis and secretion

1.1.1 History of sorgoleone research

Sorgoleone, which is the main component of yellow/brown
droplets secreted from the root hair of Sorghum bicolor, was
first documented in 1986 (Netzly & Butler, 1986) in search of
the active allelopathic compound specific to sorghum. Shortly
after this first report, the same group identified the chemical
structures of sorgoleone and its reduced form, dihydrosor-
goleone, and also reported that dihydrosorgoleone stimulates
germination of parasitic weed, that is, Striga asiatica (Chang
et al., 1986). However, later studies found that sorgolactone,
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which belongs to the family of plant hormone strigolactone,
is active at a far lower concentration (∼10−9 M, compared
to 10−6 M for dihydrosorgoleone) (Wigchert & Zwanenburg,
1999). In addition, dihydrosorgoleone is quickly oxidized to
sorgoleone, which does not have any stimulatory activity.
Therefore, the function of dihydrosorgoleone as a Striga ger-
mination stimulant has not been investigated very actively
since then.

Sorgoleone is also known to possess allelopathic proper-
ties. Several earlier studies reported that sorghum suppresses
weed growth (Einhellig & Leather, 1988; Einhellig & Ras-
mussen, 1989; Putnam et al., 1983), and sorgoleone was iden-
tified as the major component in sorghum root exudate, which
conferred a weed suppression effect (Einhellig & Souza,
1992; Kagan et al., 2003). The target site of sorgoleone for
its allelopathic effect is not completely understood but likely
involves multiple targets, such as photosystem II (Gonza-
lez et al., 1997), mitochondrial respiratory chain (Rasmussen
et al., 1992), and root H+-ATPase (Hejl & Koster, 2004). For
further information on sorgoleone’s allelopathic functions, the
readers are referred to excellent reviews published previously
(Hussain et al., 2021; Weston et al., 2013).

BNI activity in sorghum was reported by an earlier study,
identifying sorghum as one of few commonly cultivated
cereal crops that have detectable BNI activity within the elite
germplasms (Subbarao et al., 2007). Later studies identified
sorgoleone as the main component of the hydrophobic BNI
activity secreted from sorghum roots (Subbarao, Nakahara,
et al., 2013; Tesfamariam et al., 2014). Due largely to the
interest in this compound as an allelopathic agent, the pathway
for sorgoleone biosynthesis has been elucidated (see below),
making sorgoleone one of few BNI compounds for which the
genes involved in biosynthesis are known.

1.1.2 Sorgoleone biosynthetic pathway

Sorgoleone (2-hydroxy-5-methoxy-3-[(Z,Z)-8′,11′,14′-
pentadecatriene]-p-benzoquinone) is a benzoquinone
alkylresorcinolic allelochemical synthesized exclusively in
root hair cells of Sorghum spp. (Baerson et al., 2008; Weston
et al., 2013). Sorgoleone belongs to the phenolic lipid family
of compounds, which includes alkylphenols, alkylresorcinols,
anacardic acids, and alkylcatechols. Alkylresorcinols repre-
sent the most prevalent phenolic lipid subfamily in nature and
have been identified in numerous plants, fungal and bacterial
taxa, but relatively few animal species (Kozubek & Tyman,
2005). These compounds are typically produced in plants as
homologous mixtures possessing side chains of 13–27 car-
bons with varying degrees of saturation, in contrast to fungi
and bacteria, which produce mixtures exclusively containing
saturated side chains (Kozubek & Tyman, 1999). Sorgoleone
has been shown to account for approximately 40%–90%

of the root exudate material (w/w) in various S. bicolor
accessions, with the remaining exudate consisting primar-
ily of 4,6-dimethoxy-2-[(Z,Z)-8′,11′,14′-pentadecatriene]
resorcinol (methoxy-dihydrosorgoleone) and sorgoleone
congeners (Weston et al., 2013). Many alkylresorcinolic
derivatives possess significant antimicrobial activity, which
has led to the suggestion that these compounds primarily
serve defensive roles in nature. Additionally, alkylresorcinols
typically accumulate in layers surrounding plant structures,
for example, within cuticle layers surrounding the seed coats
of some cereal grains (Landberg et al., 2008; Ross et al.,
2003), as well as in leaf cuticles (Ji & Jetter, 2008). Therefore,
they may also play a critical role in the formation of defensive
chemical barriers (Baerson et al., 2010).

The biosynthesis of phenolic lipids occurs through a con-
vergence of fatty acid and polyketide synthase pathways,
involving specialized type III polyketide synthase enzymes
utilizing fatty acyl-CoA starter units, referred to as alkylre-
sorcinol synthases (ARSs) (Austin & Noel, 2003; Miyanaga
& Horinouchi, 2010). Initial labeling studies indicated that
the aromatic moiety within sorgoleone’s structure was likely
derived from an ARS utilizing a 16:3D9,12,15 fatty acyl-CoA
precursor (Fate & Lynn, 1996). This hypothesis was later con-
firmed with the functional characterization of two root hair-
specific ARSs, SbARS1 and SbARS2 (Cook et al., 2010).
To date, all of the enzymes required for the biosynthesis of
dihydrosorgoleone from the precursor palmitoleoyl-CoA have
been identified through the analysis of sequences expressed
in root hair cells isolated from S. bicolor genotype BTx623
(Baerson et al., 2008; Yang, Owens, et al., 2004).

Sorgoleone biosynthesis initiates with the generation of
the hexadecatrienyl moiety (16:3D9,12,15) from the ubiq-
uitous precursor palmitoleoyl moiety (16:1D9). Two root
hair-specific fatty acid desaturases, designated SbDES2
and SbDES3, were found to sequentially introduce double
bonds at the Δ12 and Δ15 positions, respectively, yielding
16:3D9,12,15 (Z. Q. Pan et al., 2007) (Figure 2). Both SbDES2
and SbDES3 are highly specific to root hairs (Z. Q. Pan
et al., 2007; Yang, Owens, et al., 2004). The work involved
heterologous co-expression of the two S. bicolor desaturase
sequences in S. cerevisiae, as SbDES2 was found to convert
endogenous palmitoleic acid (16:1D9) to hexadecadienoic
acid (16:2D9,12), thus providing a substrate for the genera-
tion of hexadecatrienoic acid (16:3D9,12,15) by co-expressed
recombinant SbDES3 (Z. Q. Pan et al., 2007). Interestingly,
the Δ15 desaturation performed by SbDES3 produces an
unusual terminal double bond, thus identifying a potentially
commercially valuable property for this enzyme.

The hexadecatrienyl-CoA (16:3D9,12,15) intermediate gen-
erated through SbDES2 and SbDES3 activities is subse-
quently used as a starter substrate by the root hair-specific
ARSs SbARS1 and SbARS2 (Cook et al., 2010) (Figure 2). As
mentioned, plant ARSs are members of the type III polyketide
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F I G U R E 2 Proposed biosynthesis pathway of sorgoleone.
Previously published enzymes are indicated in bold. The step for which
the enzymes are unidentified is shown in gray. The figure has been
modified from previously published work (Maharjan et al., 2023).

synthase (PKS) plant family of enzymes, which typically use
malonyl-CoA extender units and perform iterative conden-
sation reactions, followed by cyclization, for the generation
of aromatic moieties. Enzymes from different sources may
differ in the types of starter substrates utilized, the number
of condensations performed, and the type of intramolec-
ular cyclization mechanism used, all contributing to the
great diversity of polyketide-derived compounds produced
by plants. ARSs, which produce 5-n-alkylresorcinols utilize
a stilbene synthase-type cyclization mechanism involving a
C2→C7 aldol condensation, in contrast to chalcone synthase-
type cyclization occurring via a C6→C1 Claisen condensation
(Austin & Noel, 2003; Cook et al., 2010). With specific acyl-
CoA starters, ARSs may also generate pyrone by-products
via intramolecular C5 oxygen→C1 lactonization (Funa et al.,

2007, 2006; Funabashi et al., 2008; Goyal et al., 2008).
Recombinant enzyme studies demonstrated the ability of
both SbARS1 and SbARS2 to generate 5-n-alkylresorcinols
using a variety of short-, medium-, and long-chain acyl-
CoA starter molecules when provided with malonyl-CoA as
an extender. Importantly, both recombinant enzymes gener-
ated the 5-pentadecatrienyl resorcinol, sorgoleone pathway
intermediate, when provided with the proposed physiological
substrate hexadecatrienyl-CoA (16:3D9,12,15). Further evi-
dence for their role in the sorgoleone biosynthetic pathway
was obtained from RNA interference experiments directed
against SbARS1 and SbARS2, which resulted in multiple inde-
pendent transformant events exhibiting dramatically reduced
sorgoleone levels (Cook et al., 2010). At present, information
on higher plant ARSs is quite limited, with several enzymes
characterized from Oryza sativa exhibiting similar substrate
profiles as SbARS1 and SbARS2 (Cook et al., 2010; Mat-
suzawa et al., 2010), and more recently, an ARS enzyme has
been identified from Secale cereale, which accepts long-chain
and very long-chain acyl-CoA starters and is proposed to play
a role in cuticle formation (Y. L. Sun et al., 2020). Type
III PKS enzymes producing 5-n-alkylresorcinols or alkylre-
sorcilic acids have also been identified from soil-associated
microbes, including Azotobacter vinelandii, Streptomyces
griseus, and Neurospora crassa (Funa et al., 2006; Funabashi
et al., 2008; Goyal et al., 2008), as well as from cyanobacteria
(Costa et al., 2019). A 2′-oxoalkylresorcinol synthase has also
been characterized from the moss Physcomitrella patens, pro-
posed to contribute to the development of the gametophytic
and sporophytic cuticle layers (Aslam et al., 2022).

Subsequent steps in sorgoleone biosynthesis involve a
series of aromatic ring modification reactions, beginning
with an O-methylation occurring at the 3′ position within
the ring moiety (Baerson et al., 2008). A root hair-specific
O-methyltransferase (OMT) identified within the S. bicolor
Btx623 data set (designated SbOMT3) was shown to pref-
erentially utilize alkylresorcinolic substrates among a panel
of diverse phenolic substrates tested (Figure 2). Signifi-
cantly, SbOMT3 was also shown to be capable of generating
the 5-pentadecatrienyl resorcinol-3-methyl ether, sorgoleone
pathway intermediate, when provided with the proposed phys-
iological substrate 5-pentadecatrienyl resorcinol, strongly
suggesting a role for this enzyme in the biosynthesis of sor-
goleone (Baerson et al., 2008). To our knowledge, other
AdoMet-dependent alkylresorcinol OMTs have not been
described in plants to date; however alkylresorcinol-utilizing
OMT enzymes have been identified in bacteria (Costa et al.,
2019) as well as in Dictyostelium (Ghosh et al., 2008).

The final enzyme-mediated reactions involve the
di-hydroxylation of 5-pentadecatrienyl resorcinol-3-
methyl ether at the two ortho positions (C4 and C6)
relative to the aliphatic side chain, resulting in the con-
version of the intermediate into dihydrosorgoleone (a
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hydroquinone: 5-methoxy-3-((8Z,11Z)-pentadeca-8,11,14-
trien-1-yl)benzene-1,2,4-triol), the direct precursor to
sorgoleone (Z. Q. Pan et al., 2018). This chemically unstable
hydroquinone rapidly oxidizes upon rhizosecretion to the
bioactive benzoquinone sorgoleone, which can persist in
soil for extended periods (Weston et al., 2013). A root
hair-specific bifunctional cytochrome P450 (CYP) monooxy-
genase has recently been identified, which can convert
5-pentadecatrienyl resorcinol-3-methyl ether to dihydrosor-
goleone when heterologously expressed in S. cerevisiae,
performing hydroxylation at both the 4′ and 6′ positions
within the aromatic moiety. RNAi-mediated repression of the
corresponding sequence in S. bicolor transformants resulted
in decreased sorgoleone contents in multiple independent
events, thus strongly suggesting a role for this P450 enzyme
in sorgoleone biosynthesis (Z. Q. Pan et al., 2018). This P450
enzyme is positioned within a subfamily of the plant-specific
CYP71 clan and has been designated CYP71AM1 (Figure 2).
CYP71 members comprise the largest CYP clan, repre-
senting more than half of all higher plant CYPs (Nelson &
Werck-Reichhart, 2011; Nelson et al., 2004). Biochemically
characterized CYP71 members include CYP71BL1 and
CYP71DD6, shown to be involved in the biosynthesis of
eupatolide and inunolide, respectively (Frey et al., 2018).
Importantly, the predicted reaction sequence for sorgoleone
biosynthesis, wherein 3′O-methylation of the aromatic ring
precedes 4′,6′-di-hydroxylation by CYP71AM1, is further
supported by the detection of the proposed 5-pentadecatrienyl
resorcinol-3-methyl intermediate in S. bicolor root hair tissues
(Baerson et al., 2008).

Identification of sorgoleone biosynthesis enzymes enabled
the assessment of cellular compartments that are involved in
sorgoleone biosynthesis. The subcellular localization study
of enzymes involved in the biosynthesis of sorgoleone
showed that SbARS1 and SbOMT3 localize in the cytosol,
whereas SbDES2, SbDES3, and SbCYP71AM1 localize in
the ER (Maharjan et al., 2023). Furthermore, ARS1 interacted
with DES2 and 3, supporting the formation of a multi-
enzyme complex on the ER surface. This interaction likely
explains why sorgoleone is disproportionally derived from
16:3Δ9,12,15, whereas recombinant ARS1 does not discrimi-
nate between fatty acid CoA with different chain lengths or
unsaturated bonds (Cook et al., 2010).

1.1.3 Cellular secretion of sorgoleone

The results above identified the endoplasmic reticulum (ER)
as the site of sorgoleone biosynthesis. Transmission electron
micrograph of sorghum root hair showed extensive layers of
smooth ER adjacent to the plasma membrane, also suggest-
ing their involvement in sorgoleone biosynthesis (Czarnota
et al., 2003). From the ER, the compound will need to be

transported to the plasma membrane and then secreted to the
extracellular domain. The molecular mechanisms involved in
this process are unknown. Earlier studies reported droplet-like
inclusions inside the sorghum root hair cells and hypothesized
that these vesicles contain dihydrosorgoleone/sorgoleone on
the path to be secreted from the plasma membrane through
the exocytotic pathway (Czarnota et al., 2003; Weston et al.,
2013). However, temporal analysis of the intracellular vesi-
cles and the expression of sorgoleone biosynthesis enzymes
revealed that these vesicles likely contain sorgoleone pre-
cursors rather than sorgoleone themselves (Maharjan et al.,
2023).

While the results above do not exclude exocytotic path-
ways where sorgoleone could be packaged directly from the
ER membrane and brought to the plasma membrane, these
data suggest that alternative pathways might be in play for
sorgoleone secretion. One such alternative proposed pathway
comes from molecular dynamics simulation of sorgoleone
and selected precursors, which found that sorgoleone and
its related molecules can readily transit from one membrane
leaflet to the other and are highly lipophyllic (Raza et al.,
2023). Thus, if the final biosynthesis enzymes are cytoso-
lic and ER-localized, which has been found via confocal
microscopy (Maharjan et al., 2023), there exists the possibil-
ity that sorgoleone biosynthesis can be completed in the outer
leaflet of the ER prior to export.

Regardless of the mechanism by which sorgoleone or its
precursors make their way to the cell surface, at some point
sorgoleone needs to leave the membrane to create organic
droplets that can be released into the soil. These droplets have
been measured to be on the multi-micrometer scale (Dayan
et al., 2009) and have mixed dihydrosorgoleone/sorgoleone
compositions. Simulations have demonstrated that these
droplets can be stable above a lipid bilayer if they are large
enough and have shown that there is a minimal energy differ-
ence between sorgoleone in the membrane and sorgoleone in
an organic phase (Raza et al., 2023). Thus, once a nascent
droplet is established, the expectation is that the droplet
could continue to grow via passive means without invoking
an energy-intensive transport process. However, the initial
extraction of sorgoleone or its precursors from a lipid bilayer
is energetically unfavorable (Raza et al., 2023) and may
require an active transport mechanism to nucleate an initial
droplet. At this stage, a specific protein for sorgoleone droplet
nucleation has not been determined. ATP-binding cassette
transporters, many of which are involved in exporting lipidic
compounds (Bessire et al., 2011; Pighin et al., 2004; Xu et al.,
2010; Yadav et al., 2014), could be involved in this process.
Alternatively, MATE efflux family proteins (Kuk et al., 2019)
and Major Facilitator Submfamily proteins (Saier & Paulsen,
2001) involved in xenobiotic extrusion could also be involved.
Once discovered, these genes can also be targets for genetic
manipulation and haplotype discovery.
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OKUMOTO ET AL. 7 of 19Crop Science

F I G U R E 3 (a) Structures of sorgoleone and dihydrosorgoleone. (b) Benzoquinones involved in membrane electron transport. (c) Other
benzoquinones with nitrification inhibition activities.

1.2 The activity of sorgoleone as a BNI
compound

1.2.1 Structure of sorgoleone and potential
mode of function

The structure of sorgoleone is similar to other biologi-
cally essential benzoquinones such as ubiquinones and
plastoquinones (Figure 3). Ubiquinone-8 is required for
the electron transfer to ammonia monooxygenase (AMO)
during nitrification, as well as for mediating the mem-
brane electron transfer required for energy production from
nitrification (Hooper et al., 2004; Whittaker et al., 2000).
Therefore, it is tempting to hypothesize that sorgoleone
inhibits the binding of ubiquinone or its reduced form to
proteins that utilize them as the electron donor or acceptor.
Indeed, other benzoquinones and related compounds such
as p-benzoquinone, 2,6-dirnethylbenzoquinone, 1,4 naphto-
quinone, and 4,6-di-tert-butyl-o-benzoquinone show potent
nitrification inhibition activities (Mishra & Flaig, 1979;
Rodgers & Ashworth, 1982; Suarez-Ojeda et al., 2010).

Since AMO structure is still largely unknown due to the
inherent difficulties in isolating this membrane protein, it is
not clear whether sorgoleone indeed binds to AMO (Lan-

caster et al., 2018). Sorgoleone-induced inhibition, unlike
more specific inhibitors of AMO such as allylthiourea (AT),
is not recovered by adding hydroxylamine, suggesting that
sorgoleone’s inhibitory activity acts upon hydroxylamine oxi-
doreductase (HAO) rather than AMO (Subbarao, Nakahara
et al., 2013). Since HAO structure has been resolved (Ceder-
vall et al., 2013; Igarashi et al., 1997; Maalcke et al., 2014)
and a relatively easy assay for HAO inhibition is now avail-
able (Nishigaya et al., 2016), it would be interesting to clarify
whether sorgoleone directly binds HAO to inhibit the reaction.

Aside from AMO and HAO, completion of nitrification
requires intricate transfer of electrons harvested from HAO,
then AMO, to the electron transport chain via the membrane
ubiquinone pool (Whittaker et al., 2000). One of the acceptors
of electrons through ubiquinone/ubiquinol is the cytochrome
bc1 complex, a vital component of not only nitrification but
also respiration found in mitochondria and the vast majority
of aerobic bacteria. In this context, it is interesting to note that
sorgoleone disrupts mitochondrial electron transport. From
pharmacological and spectroscopic studies, it was suggested
that sorgoleone inhibits electron flow between cytochrome b
and c1 within complex III, the step also targeted by other
respiratory inhibitors that are quinones (Rasmussen et al.,
1992). Also considering the fact that photosystem II inhibition
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8 of 19 OKUMOTO ET AL.Crop Science

by sorgoleone likely occurs at the plastquinone binding site
(Gonzalez et al., 1997), sorgoleone might represent a general
membrane electron transport inhibitor that interferes with the
binding of endogenous benzoquinones. Further experiments,
such as those using photoaffinity probe to label the protein
directly interacting with the compound (Kroll et al., 2023),
would be necessary to narrow down the functional target of
sorgoleone.

1.2.2 The impact of sorgoleone on soil
nitrifier microbiome, nitrate formation, and
N2O emissions

In vitro studies involving soil microcosm laboratory incu-
bation studies suggest substantial reductions in nitrification
rates (about 50% reduction) in soils amended with sorgoleone
(Tesfamariam et al., 2014) and in the rhizosphere soil of
high-sorgoleone genotypes (Gao et al., 2022). Also, simi-
lar studies showed a reduction of N2O emissions (>50%) in
sorgoleone-amended soils (M. Zhang, Gao, et al., 2023). Fur-
ther studies suggested reduced N2O emissions were observed
from root-zone soils collected from field-grown plants of
sorghum; higher levels of suppression in N2O emissions
were observed in high-sorgoleone-producing sorghum genetic
stocks compared to low-sorgoleone producing genetic stocks
from glasshouse experiments involving pot-grown plants
(Gao et al., 2022). This suggests that breeding for higher
amounts of sorgoleone release from roots can lead to low-
N2O-emitting sorghum varieties in the future. Soil nitrifier
populations of both ammonia-oxidizing archaea (AOA) and
ammonia-oxidizing bacteria (AOB) were suppressed in the
root zone of sorghum (Subbarao, Nakahara et al., 2013);
however, sorghum appears to inhibit AOA populations more
strongly compared to AOB populations (Gao et al., 2022).
This is in conformity to what has been reported in other crops
such as wheat and Brachiaria pastures, where BNI function
has strongly suppressed AOA populations compared to AOB
populations in the root zone (Subbarao et al., 2021, 2009).

1.2.3 Modification of sorgoleone secretion
by the soil environment and management

It is well documented that BNI activities are often enhanced
by NH4

+ in different plant species, including sorghum (Pari-
asca Tanaka et al., 2010; Subbarao et al., 2009; Subbarao,
Nakahara et al., 2013; Zakir et al., 2008; Zeng et al., 2016).
Part of the stimulatory effect of NH4

+ can be due to root zone
acidification through NH4

+ uptake and/or H+-ATPase acti-
vation, but an experiment using a pH-stat system to stabilize
the root zone pH showed that in sorghum, NH4

+ stimulates
secretion of BNI activity independent of the change in pH

(Subbarao, Nakahara et al., 2013). However, while the secre-
tion of hydrophilic BNI activity is clearly induced by NH4

+,
secretion of sorgoleone did not change with either the exter-
nal NH4

+ concentration (Subbarao, Nakahara et al., 2013)
or pH (Di et al., 2018). Therefore, sorgoleone-mediated BNI
is expected to be relatively stable across different environ-
ments and management systems (i.e., the type of N fertilizer
applied). On the other hand, the contribution of sorgoleone
to the total root BNI likely changes depending on the soil
environment and management due to the altered contribution
from other BNI compounds. Therefore, evaluating BNI activ-
ities in multiple production environments will be critically
important.

1.3 Value of sorgoleone in production
environments

High surgeon genotypes could offer substantial production,
environmental, and economic benefits by reducing fertilizer
needs, as well as lowering N2O emissions and nitrate leaching
from croplands. The BNI trait in sorghum can improve nitro-
gen use efficiency (NUE), potentially allowing for reduced
fertilizer application without compromising yield. Studies by
He et al. (2018) showed that N fertilizer rates in wheat could
be reduced by 25% without affecting grain yield when a nitri-
fication inhibitor was used. This led to a 16.7% increase
in NUE in wheat compared to full N application treatment.
If sorgoleone in sorghum achieves similar results, it could
significantly reduce fertilizer use and improve NUE.

The scale of this potential impact is significant when con-
sidering the extent of sorghum production in the U.S. and
around the globe. According to the National Agricultural
Statistics Service (NASS), 25,940 km2 of sorghum were
planted in the United States in 2024 (USDA-NASS, 2024),
making it the largest producer of sorghum in the world. Given
this large area under production, even modest improvements
in NUE could translate into substantial reductions in fer-
tilizer use. According to a 2019 agricultural chemical use
survey by NASS, 89% of sorghum-planted acres in the United
States received N fertilizer, amounting to 163,293 metric
tons of N applied. A reduction in this input of N fertiliz-
ers could lead to meaningful economic savings for farmers,
while also mitigating the environmental footprint of sorghum
production.

In tandem with these agronomic benefits, the rise of ecosys-
tem service markets in the United States in recent years
offers a new avenue for providing incentive payments to agri-
cultural producers who adopt practices that achieve GHG
emission reductions, enhance water quality, promote biodiver-
sity, and sequester soil carbon (Biggs et al., 2021; Lichtenfels
et al., 2021; Reed, 2020). Evidence from other crops suggests
that these benefits are achievable in BNI-based production
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OKUMOTO ET AL. 9 of 19Crop Science

systems. For example, studies conducted with Brachiaria
humidicola, a tropical forage grass known for its BNI prop-
erties, have shown significant reductions in N2O emissions
compared to fields planted with other crops (Byrnes et al.,
2017; Lichtenfels et al., 2021; Subbarao, Rao et al., 2013).
Since N2O is produced during nitrification and denitrifica-
tion processes, the natural suppression of nitrifying microbes
by high sorgoleone levels in sorghum could result in similar
reductions in emissions. This would not only provide envi-
ronmental benefits but also position sorghum growers to take
advantage of financial incentives offered through ecosystem
service markets.

However, to fully realize the potential of BNI as a source
of supplemental income for farmers, it will be necessary
to conduct comprehensive studies that integrate sorghum
management practices with GHG reduction strategies. These
studies should aim to quantify the reductions in emissions
and water quality improvements associated with sorgoleone-
based BNI traits, ensuring that these outcomes can be credibly
measured and translated into marketable ecosystem ser-
vices. In addition, for BNI-based ecosystem services to gain
widespread adoption among US sorghum growers, substan-
tial outreach efforts will be required. Farmers will need to be
informed about the economic opportunities available through
ecosystem service markets through the planting of BNI crops
on their farms.

1.4 Improvement in sorgoleone secretion

The above studies collectively indicate that increasing sor-
goleone secretion could help mitigate N2O emission and
NO3

− leaching from sorghum fields. However, current elite
hybrids have not been selected for this trait, and there is
minimal knowledge regarding sorgoleone secretion in high-
yield sorghum germplasm and its impact on N2O emission
and NO3

− leaching. In this section, we discuss the two
approaches (breeding and biotechnology) that can increase
sorgoleone secretion, given the currently available knowledge
and resources.

1.4.1 Breeding

Multiple groups reported variations in sorgoleone secre-
tion among different accessions, and recent studies further
demonstrated that the trait is moderately to highly heritable,
suggesting that this trait can be increased through breeding
(Besançon et al., 2020; Czarnota et al., 2001; Maharjan et al.,
2024; Sarr et al., 2020; Subbarao et al., 2015; Tesfamariam
et al., 2014; Tibugari et al., 2019; Uddin et al., 2013). The
current state of knowledge on the natural variation and heri-
tability of sorgoleone, as well as the future paths for increasing
sorgoleone secretion, is summarized below.

F I G U R E 4 Frequency distribution for sorgoleone quantity across
348 genotypes from Southern African countries. Histogram was drawn
using means as reported in Tibugari et al. (2019).

Genetic variation for sorgoleone production
Previous studies have shown that most sorghum accessions
and some related species (e.g., johnsongrass and shattercane)
secrete sorgoleone to varying degrees (Table 1) (Czarnota
et al., 2001; Tibugari et al., 2019; Uddin et al., 2013).
In the most comprehensive study for grain sorghum (S.
bicolor) so far, 348 sorghum genotypes from Africa were
phenotyped to reveal a wide range of sorgoleone produc-
tion (0–584.69 μg/mg root fresh weight [RFW]) (Tibugari
et al., 2019). Only seven genotypes had no measurable lev-
els of sorgoleone. The frequency distribution of the same
dataset shows continuous variation for the trait (Figure 4),
with 84% of the genotypes (293) reporting sorgoleone con-
centration <100 μg/mg RFW. All of the 60 genotypes that
reported ≥100 μg/mg RFW were landraces except two geno-
types (IBS731 and IBS738). Given the wide variation found
in landraces and wild accessions, studies using a mapping
population or genome-wide association are likely to be effec-
tive in identifying genetic regions underlying the difference
in sorgoleone secretion. Integration of such regions from
wild accessions to elite lines provides a path to increasing
sorgoleone secretion in elite germplasms.

Sorgoleone secretion in adapted/commercial varieties
A comprehensive screening of elite hybrids and inbred par-
ents for sorgoleone secretion was not completed until recently.
Using a structured set of 158 sorghum hybrids produced from
42 parental inbred lines, Marharjan et al. (2024) documented
substantial variation (∼8- and ∼20-fold difference among
the parental lines and hybrids, respectively) for sorgoleone
secretion from 7-day-old seedlings. Sorgoleone secretion had
high broad-sense heritability (H2 = 0.87) and moderate to
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10 of 19 OKUMOTO ET AL.Crop Science

T A B L E 1 Reported concentrations of sorgoleone from sorghum roots at different growth stages.

Species
Number of
genotypes

Specific sorgoleone (µg/mg
root DW)

Specific sorgoleone (µg/mg
root FW)

Reference5–7 days 25 days 5–7 days 10–14 days
S. bicolor 2 1.6–2.4 1.5 – 5.0 N/A N/A Tesfamariam et al. (2014)

S. bicolor 36 N/A N/A 0.06–0.75 N/A Besançon et al. (2020)

S. halepense 1 N/A N/A N/A 0.64 Besançon et al. (2020)

S. bicolor ssp. drumondii 8 N/A N/A N/A 0.27–1.46 Besançon et al. (2020)

S. bicolor 17 N/A N/A 0.33–6.98 N/A Uddin et al. (2009)

S. bicolor ssp. drumondii 1 N/A N/A 0.5 N/A Czarnota et al. (2003)

S. halepense 1 N/A N/A N/A 14.75 Czarnota et al. (2003)

S. bicolor 5 N/A N/A 1.33–1.85 N/A Czarnota et al. (2003)

S. bicolor 348 N/A N/A 0.0–584.69 N/A Tibugari et al. (2019)

S. bicolor 3 5.6–19.1 N/A N/A N/A Sarr et al. (2020)

S. bicolor 200 1.14–24.5 N/A N/A N/A Maharjan et al. (2024)

high narrow-sense heritability (h2 = 0.76) equally divided
among seed (hf

2 = 0.39) and pollinator (hm
2 = 0.35) parents.

These results indicate that selection for increased sorgoleone
exudation in elite germplasm should be successful, presum-
ing that sufficient numbers of progeny can be phenotyped.
Consequently, the development of commercially viable high-
sorgoleone hybrids might not require extensive efforts to
introgress the trait from wild relatives.

Challenges in phenotyping
One significant challenge in breeding for sorgoleone secre-
tion is the difficulty in phenotyping. Currently, the stan-
dard method involves growing the sorghum lines in semi-
hydroponic culture, followed by extraction with organic sol-
vents and quantification with chromatography. This process
provides a throughput of roughly ∼50 lines per week/person,
which is sufficient for obtaining data from the target popula-
tions, such as genome-wide association study (GWAS) panels,
nested association mapping, or recombinant inbred lines pop-
ulations. The limitation of this lab-based assay is that it can
only be performed for relatively young plants, and phenotyp-
ing at later stages becomes technically challenging due to the
requirement for a hydroponic or semi-hydroponic method to
harvest intact roots. Nevertheless, there is some documen-
tation of high-secreting cultivars found in seedling screens
showing high sorgoleone secretion and BNI activities in field
conditions (Gao et al., 2022; Subbarao, Nakahara et al., 2013).
Therefore, the lab assays provide a good entry point to assess
the potential for different lines (Sarr et al., 2020).

However, the method described above is not practical for
screening thousands of lines that might be found in a breeding
program or a large germplasm collection. Some phenotypes
that can be either remotely sensed or processed at a higher
throughput would be useful as a proxy for sorgoleone secre-
tion. For example, BNI is expected to promote N retention

and N use efficiency, which will positively affect the plant’s
N content and performance at low-N conditions (Sarr et al.,
2021). Multispectral indices acquired by unmanned aerial
vehicle can be used to estimate aboveground N content (Dal
Lago et al., 2024; Patel et al., 2024). Alternatively, leaf nitrate
reductase activity and nitrate concentration might be useful
criteria, since they are negatively correlated with BNI activity
(Karwat et al., 2019). However, these suggested alternatives
have only been tested with limited genetic stocks, and it is not
clear whether a correlation between nitrate reductase activity
and BNI is significant in a larger population. To evaluate the
usefulness of these proxies, it would be valuable to test the set
of lines and cultivars for which laboratory-based sorgoleone
secretion amounts are available, such as those established in
recent studies (Maharjan et al., 2024).

Genomic selection
Given the challenges of phenotyping the trait, selection for
increased sorgoleone exudation will require alternative meth-
ods to direct selection. While the biosynthetic pathway of
sorgoleone has been documented (Baerson et al., 2008; Cook
et al., 2010; Z. Q. Pan et al., 2018, 2007), no markers have
been used to facilitate selection. Further, given the quanti-
tative variation observed in several studies (Maharjan et al.,
2024; Sarr et al., 2020; Tesfamariam et al., 2014; Tibugari
et al., 2019; Uddin et al., 2013), it is unlikely that individual
molecular markers per se will be effective at further increases,
especially given the length of time and costs associated with
phenotyping.

An alternative approach to the improvement of sorgoleone
exudation is the use of genomic selection. Originally applied
in animal breeding programs, genomic selection evolved as
a mechanism to predict the breeding values of genotypes
for quantitative traits that are expensive or time-consuming
to phenotype (Crossa et al., 2017; Georges et al., 2019).
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Genomic prediction is based on the use of 1000 of genetic
markers (typically single-nucleotide polymorphism [SNP]
markers) distributed throughout the genome and develop-
ing a predictive breeding value for an individual based
on a previously developed training model that integrated
both genotypic and phenotypic data. The ability to gener-
ate genomic-estimated breeding values of new and existing
breeding lines reduces the need to phenotype every new
genotype in a selection nursery.

To breed for sorgoleone exudation using genomic predic-
tion requires the development of genomic prediction models.
Training models are developed by phenotyping a set of lines
and hybrid for sorgoleone exudation and merging that phe-
notypic data with genotypic SNP data to build a prediction
model using one of the myriads of statistical approaches to
build the models. One method, genomic best linear unbi-
ased prediction, is a process by which the genetic relationship
between individuals can be used to estimate the performance
of individuals prior to collecting data (Hayes et al., 2009;
VanRaden, 2008).

Genomic prediction models have been developed in
sorghum for several different traits, including grain yield, days
to anthesis, plant height, and grain composition. Initial stud-
ies on genomic prediction models in sorghum indicated that
genomic selection could be effective (de Oliveira et al., 2018;
Hunt et al., 2018; Sapkota et al., 2020), but these studies
focused on breeding value of lines. Given that sorghum is
grown as a hybrid crop, more recent reports have focused on
predicting general combining ability and specific combining
ability values of both inbred lines and hybrids (Crozier et al.,
2024; Fonseca et al., 2021; Winans et al., 2023). Initial efforts
to build genomic prediction models for sorgoleone exudation
are now underway.

1.4.2 Biotechnology approaches

Breeding efforts described above will likely provide the fastest
path to increased BNI in sorghum, due to well-established
pipelines from the germline development to commercial
licensing. However, the breeding approach is limited to
the genetic diversity of the sorghum and its wild relatives.
Biotechnology offers an alternative approach in targeted
genome editing, which allows the creation of polymorphisms
that do not exist in natural sources. The regulatory landscape
around genome editing is rapidly evolving, but in many coun-
tries, plants carrying single nucleotide deletion or insertion
will not be treated as traditional transgenic plants, removing
a considerable burden for deregulation. Therefore, genome
editing approaches provide a plausible pathway for increasing
BNI. In this section, we summarize the potential target genes
and the techniques that can be used to increase sorgoleone
secretion.

Targeting sorgoleone biosynthesis pathway genes
Since biosynthetic pathway genes for sorgoleone are already
known (Table 2), these genes are obvious targets for manipu-
lation through conventional transgenic approaches or genome
editing. Therefore, natural or induced variations in these
genes and their cis-elements might result in a difference
in sorgoleone secretion. Also, once discovered, transporters
involved in sorgoleone secretion will be a target for increased
BNI. In addition, most of the sorgoleone biosynthesis
enzymes are root hair-specific (Baerson et al., 2008; Cook
et al., 2010; Z. Q. Pan et al., 2018, 2007) and developmentally
induced (Maharjan et al., 2023), suggesting that they might
be co-regulated by a few common regulatory elements. Such
regulatory elements will be interesting targets to improve
sorgoleone synthesis and secretion. Taking advantage of cell-
type specificity of this pathway, root-hair RNA-seq from
either cultivars with varied sorgoleone secretion or loss-of-
function mutants (Cook et al., 2010; Z. Q. Pan et al., 2018),
followed by a subsequent gene network analysis, might reveal
promising targets. In addition, if a negative regulator for
biosynthesis and secretion can be found, a simple loss-of-
function might be sufficient for creating a high BNI line.

In many scenarios, gain-of-function (i.e., increase in the
activity of enzymes and transporters) will be of interest. Tech-
niques such as root hair-specific expression of additional
copies of these genes leading to the gain-of-function can
be used to increase the biosynthesis and/or secretion and
might lead to the increase in sorgoleone secretion. Alter-
natively, RNA-guided, clustered regularly interspaced short
palindromic repeats/deactivated CRISPR-associated protein
9 (CRISPR/dCas9)-delivered transcriptional activators could
be used to increase the expression of the target genes (Casas-
Mollano et al., 2023; Gentzel et al., 2020; Z. X. Li et al.,
2017). Although plants resulting from these approaches will
be considered traditional transgenic plants and hence will be
subject to substantial hurdles for commercialization, these
approaches at least validate gene function in the laboratory.
Another path for gain-of-function is through cis-regulatory
element (CRE) editing. Techniques that allow precise mod-
ification of the target sequence (H. Y. Li et al., 2020; Lin
et al., 2020) and insertion of additional CRE through homolo-
gous recombination (Shi et al., 2017) would help achieve these
goals. Small transcriptional enhancers can also be inserted in
the promoter to increase gene expression, as has been demon-
strated in rice and maize (Claeys et al., 2024; Yao et al., 2024).
Depending on the local governmental regulatory framework
for genome-edited plants, some of these edits could be consid-
ered non-transgenic as long as the editing enzymes have been
segregated out, providing a faster path for commercialization.
Previously, the main bottleneck in these approaches was the
low efficiency of sorghum transformation and regeneration,
but recent advances in using morphogenic regulators, such as
baby boom, Wuschel2, and Growth Regulator Factor 4-GRF
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T A B L E 2 Potential targets for genome editing for increasing sorgoleone.

Gene name Gene ID (v3.3.1) Chromosome Coordinate (v3.3.1)
Biosynthesis genes
SbDES2 Sobic.004G260600 4 60,583,495–60,585,071

SBDES3 Sobic.005G002700 5 207,067–209,446

SbARS1_1 Sobic.005G164200 5 63,964,679–36,995,963

SbARS1_2 Sobic.005G164300 5 63,975,290–63,976,997

SbARS2 Sobic.008G036800 8 3,476,907–3,478,489

SbOMT3 Sobic.008G007900 6 1,183,919–1,185,746

SbCyp71AM1 Sobic.004G139300 4 39,976,163–39,978,076

Root hair genes
BHLH transcription factor (TaRSL4 homolog) Sobic.002G359200 2 72,143,256–72,144,550

BHLH transcription factor (TaRSL4 homolog) Sobic.008G147800 8 58,125,269–58,125,397

BHLH transcription factor (TaRSL4 homolog) Sobic.005G195400 5 67,966,643–67,967,122

BHLH transcription factor (TaRSL4 homolog) Sobic.001G166700 1 13,856,223–13,856,595

ZmTIP1 homolog Sobic.010G205800 10 54,888,680–54,896,125

ZmTIP1 homolog Sobic.004G068100 4 5,538,725–5,545,216

Interacting Factor 1, have led to improved transformation effi-
ciencies in sorghum (J. P. Li et al., 2024; Nelson-Vasilchik
et al., 2022; N. Wang et al., 2023). Moreover, the CRISPR-
Combo technique can combine the activation of endogenous
morphogenic regulators with CRISRP/Cas9 modifications for
more efficient gene editing (Pan & Qi, 2023; Pan et al., 2022).

Targetting genetic variation for root hair traits
It is well documented that sorgoleone is produced exclusively
in the living root hair cells (Czarnota et al., 2003). Fittingly,
manipulation of root hair growth directly impacted sorgoleone
production (Yang, Owens, et al., 2004). Therefore, it is con-
ceivable to achieve a higher secretion of sorgoleone through
an increase in root hair abundance and/or morphology. Root
hair abundance and morphology will also influence the
acquisition of diffusion-limited nutrients (e.g., phosphorous,
ammonium, and potassium) since they represent the major site
of uptake (Rongsawat et al., 2021; Saengwilai et al., 2021).

Genetic factors determining root hair length (RHL) and
density have been studied extensively in model plant Ara-
bidopsis (Balcerowicz et al., 2015; Cui et al., 2018; Y. Zhang,
Yang, et al., 2023). The mechanisms involved in root hair ini-
tiation versus elongation have some common genes (Jones
et al., 2002), yet the network of genes involved is largely inde-
pendent of each other (Y. Zhang et al., 2023). Fittingly, results
from quantitative trait loci (QTL) and GWAS analyses from
rice and maize suggest a complex and likely independent con-
trol for RHL and root hair density (Hanlon et al., 2023; Zhu
et al., 2005; Xuhui et al., 2023).

Although many genes involved in root hair traits were iden-
tified in Arabidopsis, reports of genes responsible for root
hair traits in crop plants are limited. Okano et al. (2020)
reported a QTL on chromosome 2A of Spanish spelt that

co-localized with the wheat homolog of Root Hair Defective6-
Like 4 (TaRSL4-2AS), a gene whose overexpression resulted
in increased RHL (Han et al., 2016). Another study identified
ZmTIP1, an S-acyltransferase that facilitates the localiza-
tion of calcium-dependent protein kinase to the membrane,
which determines the RHL in maize (Zhang et al., 2020).
Sorghum genes homologous to those identified in these other
crops are potential targets for an indirect sorgoleone secretion
modification due to the reported similarities in the root sys-
tem architecture (RSA) genetic control across the two crops
(Zhang et al., 2020). Corresponding genes are summarized in
Table 2. Among these, those that are expressed in root hairs
would be good candidates for genome editing.

2 CONCLUSION

Current understanding of sorgoleone biosynthesis and secre-
tion offers immediate targets for manipulating sorgoleone
secretion and BNI activity. In addition, recent remarkable
progress in genetic tools such as well-annotated genomes from
multiple breeding and association panel lines (Boatwright
et al., 2022; Deschamps et al., 2018; McCormick et al., 2018;
Tao et al., 2021; B. Wang et al., 2024) and sequenced ethyl
methanesulfonate mutant collection (Jiao et al., 2016) provide
opportunities for further gene discovery. Recent results on the
variation and heritability of sorgoleone secretion also indi-
cate that the trait can further be enhanced through breeding,
especially with high-density genomic markers and genomic
modeling capabilities.

New sorghum lines, either produced through biotechnology
or breeding, will serve as precious model cases. Introducing
this trait into elite hybrids will allow for assessing the impact
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of BNI at scale under commercially relevant production
practices.
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