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Abstract
Sorghum’s ability to exhibit allelopathy is linked to the secretion of lipophilic exudates from its roots. Sorgoleone, a 
member of the quinone class, constitutes a substantial part of these exudates. While studies typically focus on testing 
the exudate or crude extract, other compounds are also present, although in lesser quantities. Initially suspected molecu-
lar target sites affected by sorgoleone include photosynthetic and mitochondrial electron transport processes, along with 
p-hydroxyphenylpyruvate dioxygenase. Despite acting as a Photosystem II inhibitor in isolated chloroplasts, its impact on 
overall photosynthesis remains uncertain. Proposed mechanisms suggest inhibition of root  H+-ATPase activity and water 
uptake, but questions persist regarding sorgoleone’s absorption, transportation to the shoot, and entry into chloroplasts. The 
spatial separation between sorgoleone exudation and its presumed site of action presents a notable challenge. This review 
delves into the characteristics and effects of sorgoleone, critically assessing its role in allelopathy. Furthermore, it explores 
the role of sorgoleone in signaling to facilitate the establishment of a symbiotic relationship between plants and arbuscular 
mycorrhizal fungi, as well as its impact on the microbiota. However, key questions regarding its mode of action, specific 
activity and selectivity, bioactive concentration, persistence and release in the rhizosphere, as well as its absorption and 
translocation, remain to be fully elucidated.
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1 Introduction

The allelopathic potential of sorghum is attributed to the 
release of phytotoxic lipophilic exudates from its roots. 
Sorgoleone, a compound found in the exudate produced by 
sorghum root hairs, is believed to play a role in the observed 
allelopathic effects. However, the majority of studies assess-
ing the allelopathic potential of sorghum species typically 
test the exudate or crude extract. While sorgoleone makes 

up a significant portion of this extract, constituting up to 
90%, the exudate also contains lipid benzoquinone, along 
with a resorcinol analogue, and several other compounds, 
albeit in much lower quantities (Netzly et al. 1988; Erickson 
et al. 2001; Czarnota et al. 2003; Dayan et al. 2003; Kagan 
et al. 2003).

The initial suspected molecular target sites affected by 
sorgoleone were the photosynthetic and mitochondrial elec-
tron transport processes (Rasmussen et al. 1992; Einhellig 
and Souza 1992; Nimbal et al. 1997; Rimando et al. 1998), 
as well as the enzyme p-hydroxyphenylpyruvate dioxyge-
nase (Meazza et al.2002). Although sorgoleone acted as an 
inhibitor of PSII in isolated chloroplasts, the photosynthesis 
of 7 to 10-day-old plants did not seem to be affected (Hejl 
and Koster 2004). Subsequently, it was proposed that sorgo-
leone’s mode of action involved inhibiting root  H+-ATPase 
activity and water uptake. However, a crucial aspect that 
remains to be clarified is the mechanism by which sorgole-
one is absorbed by roots, transported to the shoot, and enters 
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the chloroplast to inhibit PSII in the thylakoid membrane 
(Hejl and Koster 2004).

Thus, while sorgoleone disrupts various physiological 
and biochemical processes in vitro, its primary mechanism 
of action in plants remains unclear. One significant chal-
lenge is the spatial separation between where sorgoleone 
is exuded (soil) and its presumed site of action (foliage) as 
a PSII inhibitor, a question that has not been adequately 
addressed so far. In this review, we will present the charac-
teristics and impacts of sorgoleone and critically examine 
its role in allelopathy. However, there are essential questions 
that still need further clarification.

2  Chemical structure and discovery 
of sorgoleone

Sorgoleone, a constituent of sorghum exudate, falls within 
the quinone class and is known for its biological activity 
(Chang et al. 1986; Netzly et al. 1988; Weston and Czarnota 
2001; Weston et al. 2013; Pan et al. 2018). This secondary 
metabolite is exuded through the root hairs of sorghum roots 
(Weston and Czarnota 2001; Weston et al. 2013; Jesudas 
et al. 2014; Wang et al. 2021) (Fig. 1).

Chemically, sorgoleone is a polyunsaturated fatty 
acid with a benzoquinone ring, specifically 2-hydroxy-
5-methoxy-3-[(8-Z,11-Z)-8,11,14-pentadecatriene]-p-
benzoquinone [CAS 105018-76-6] (Głąb et al. 2017; Fig. 2). 
Alongside sorgoleone, sorghum root exudate contains vari-
ous structurally related lipophilic p-benzoquinones pre-
sent in small quantities, as well as a comparable amount of 
non-quinoid lipid resorcinols. These compounds vary in the 
length or degree of saturation in the aliphatic side chain and 
in the substitution pattern of the quinone ring (Erickson et al. 

2001; Kagan et al. 2003; Rimando et al. 2003; Dayan et al. 
2009, 2010; Pan et al. 2018).

3  Sorgoleone biosynthesis

The exclusive site for the biosynthesis of the biologically 
active benzoquinone sorgoleone is the root hairs of sorghum 
(Weston and Czarnota 2001; Yang et al. 2004; Dayan et al. 
2007; Pan et al. 2007; Baerson et al. 2008). Within mature 
sorghum root hairs lies the complete genetic material and 
biochemical machinery necessary for the production of this 
bioactive benzoquinone (Czarnota et al. 2003; Dayan et al. 
2007; Pan et al. 2007; Baerson et al. 2008). Root hairs, spe-
cialized cells abundant in mitochondria, rough endoplasmic 
reticulum, and vesicles, play a crucial role in sorgoleone 
synthesis (Weston and Czarnota 2001). Sorgoleone can be 
visualized through transmission electron microscopy as 
densely osmiophilic globules within the cytoplasm of root 
hair cells, deposited between the plasmalemma and the cell 
wall (Weston and Czarnota 2001).

The process of sorgoleone biosynthesis has been clarified 
using retrobiosynthetic nuclear magnetic resonance (NMR) 
analysis (Fate and Lynn 1996; Dayan et al. 2003). The exu-
date production from root hairs remains consistent regard-
less of the root development stage (Dayan 2006), resulting 
in an accumulation of up to 20 μg of exudate per milligram 
of root dry weight (Weston and Czarnota 2001; Dayan et al. 
2009). The production of sorgoleone can be halted and then 
restarted after gently rinsing the roots with water. However, 
although the biosynthesis of lipid benzoquinones and resor-
cinols is a dynamic process (Dayan et al. 2009), the regula-
tory mechanism governing root exudate production remains 
unknown.

The expression of enzymes involved in sorgoleone bio-
synthesis is induced in a specific root zone, indicating that 
the secretion is developmentally regulated. Preceding the 
peak of sorgoleone biosynthesis and secretion, there is an 

Fig. 1  Sorgoleone droplets on root hairs of sorghum (CMSXS 206 B 
genotype) grown for seven days in the dark. Magnification 80x

Fig. 2  Chemical structures of a sorgoleone and b dihydroquinone of 
sorgoleone (Głąb et al. 2017)
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accumulation of internal vesicles, suggesting that these 
vesicles are involved in precursor storage rather than secre-
tion (Maharjan et al. 2023). Plant hormones play a role in 
regulating sorgoleone production; for instance, abscisic acid 
(ABA) was found to increase sorgoleone production, while 
gibberellic acid (GA) decreased it (Bais et al. 2006). This 
indicates that ABA and GA are part of the signaling pathway 
that regulates sorgoleone production. Moreover, sorgoleone 
production was observed to be higher in plants grown under 
conditions of drought stress or nutrient deficiency (Wen 
et al. 2019; Abdelhalim et al. 2019; Oliveira et al. 2020; 
Sarr et al. 2021; Wang et al.2021). This suggests that envi-
ronmental stresses can trigger sorgoleone production as a 
defense mechanism.

Understanding the regulatory mechanism of sorgo-
leone production holds significant value for various rea-
sons. Firstly, it could facilitate the development of novel 
approaches to manipulate sorgoleone production in sorghum 
plants, enabling enhancement or reduction of sorgoleone 
levels. This modulation could be instrumental in bolstering 
sorghum’s resistance against pests and diseases or amplify-
ing its allelopathic effects. Secondly, it may shed light on 
the regulation of other root exudates, offering opportuni-
ties to optimize plant nutrition and enhance overall crop 
productivity.

Sorgoleone exudation is subject to variation based on 
sorghum genotype and specific cultivation conditions. The 
optimal temperature range for sorgoleone production is typi-
cally between 25 and 35 °C, with significantly reduced pro-
duction observed at lower temperatures, potentially dropping 

by as much as 95% (Dayan 2006). Additionally, the presence 
of other plants appears to stimulate sorgoleone production 
(Dayan 2006).

The biosynthetic pathway leading to the formation of sor-
goleone involves several key enzymatic steps. It begins with 
the production of an alkylresorcinole intermediate, SbARS2, 
which utilizes a fatty acyl-CoA starter unit generated from 
consecutively catalyzed palmitoleoyl-CoA by Sorghum 
bicolor fatty acid denaturases, SbDES2 and SbDES3. This 
intermediate undergoes methylation by O-methyltransferase 
SbOMT3. In the final step of the sorgoleone biosynthesis 
pathway, a cytochrome P450 enzyme (CYP71AM1) cata-
lyzes the formation of dihydrosorgoleone, using 5-penta-
decatrienyl resorcinol-3-methyl ether as a substrate. Once 
released into the soil from the rhizosphere as a chemically 
unstable hydroquinone, dihydrosorgoleone undergoes auto-
oxidation in vivo to produce sorgoleone, a more stable ben-
zoquinone (Pan et al. 2018, 2021). All identified and func-
tionally characterized genes (SbDES2, SbDES3, SbARS2, 
SbOMT3, CYP71AM1) in this process encode enzymes that 
facilitate every biosynthetic step leading to the production 
of dihydrosorgoleone, the precursor of sorgoleone (Pan et al. 
2018; 2021) (Fig. 3). However, the regulation of genes in 
this pathway remains incompletely understood. A recent 
question has emerged regarding whether the simultaneous 
expression of all genes associated with the sorgoleone bio-
synthesis pathway could produce dihydrosorgoleone, the 
precursor of sorgoleone. Additionally, there is interest in 
understanding how heterologous host cells would respond 
physiologically to the synthesized compound and how the 

Fig. 3  Sorgoleone is syn-
thesized through a series of 
enzymatic reactions, commenc-
ing with palmitoleoyl-CoA. The 
process leads to the formation 
of dihydrosorgoleone, which, 
when released into the soil, 
undergoes auto-oxidation to 
yield sorgo-leone, a more stable 
benzoquinone. The key enzymes 
involved are cytochrome P450 
(CYP71AM1), alkylresor-
cinol synthase (SbARS), fatty 
acid desaturase (SbDES), and 
O-methyltransferase (SbOMT) 
(Pan et al. 2021)
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expression of the host gene would be affected (Pan et al. 
2021).

4  Stimulatory effect of water extracts 
of sorghum (Sorgaab)

Sorgoleone, categorized as a phytotoxin, represents a class 
of biodegradable and environmentally safe molecules with 
potential for enhancing crops in both controlled and field 
conditions. Research examining weed control using water 
extracts of sorghum (also know as Sorgaab) has shown a 
significant increase in crop yield post-treatment with plant-
released phytotoxins (Cheema et al. 2001, 2003; Ashraf 
and Akhlaq 2007; Jamil et al. 2009; Khan et al.2015). This 
increase may stem from effective weed control, reducing 
competition between weeds and crops, or from hormetic 
growth stimulation in crop plants. Consequently, applying 
phytotoxins during vulnerable weed stages, aligning with 
optimal crop growth periods, could offer both crop protec-
tion and enhancement. Abbas et al. (2017) suggested that 
the optimal timing for weed control coincides with peak of 
crop growth stimulation.

While few studies have explored the stimulatory 
responses of plant-released phytotoxins, research on the 
inhibitory effects of various plant phytotoxins indicates 
that the response of tested plants depends on the type of 
phytotoxins involved (Manandhar et al. 2010; Farooq et al. 
2011a,b). The extent of growth inhibition varied among 
toxic compounds, with some showing no significant impact 
on growth (Abbas et al. 2017). In a study by Kamran et al. 
(2016), a 3% water extract of sorghum, maize, rice, and mor-
inga, applied alone or in combination, was used to enhance 
maize growth. Results revealed that the phytotoxins released 
by these crops differed in their ability to initiate stimulatory 
responses in morphological and yield traits. The variance in 
the potential of plant phytotoxins to induce crop stimulation 
(hormesis) likely relates to the mechanisms underlying the 
production of growth stimulants.

Timing of plant phytotoxin application is crucial for 
achieving increased harvest yields. Early application may 
not sustain stimulatory responses over an extended period. 
Utilizing plant-released phytotoxins as growth promoters is 
preferable to herbicide hormesis due to their environmental 
safety, biodegradability, and absence of residual effects on 
food quality (Petroski and Stanley 2009). Exogenous appli-
cation of plant-released phytotoxins via foliar spray can 
effectively enhance crop growth directly or indirectly. For 
instance, Jahangeer (2011) demonstrated that a foliar spray 
containing 3% aqueous extracts of moringa, sorghum, and 
brassica increased maize grain yield by 52%, 42%, and 42%, 
respectively.

5  Allelopathy effect of sorghum root extract

In recent years, extensive research has been dedicated to 
exploring the allelopathic effects of sorghum root extract, 
with a particular emphasis on sorgoleone (Einhellig and 
Souza 1992; Nimbal et al. 1997; Weston and Czarnota 
2001; Erickson et al. 2001; Kagan et al. 2003; Rimando 
et al. 2003; Dayan et al. 2009; Dayan et al. 2010; Uddin 
et al. 2010; Uddin et al. 2014; Sabahie et al. 2014; Pan 
et al. 2018; Campos et al. 2020; Besançon et al. 2020; 
Naby and Ali 2021; Tibugari et al. 2021; Gomes et al. 
2023).

Allelopathy refers to the production and release of one 
or more biologically active compounds, termed allelo-
chemicals, which affect the growth, survival, and repro-
duction of other organisms (Pan et al. 2018). Evidence 
suggests that allelopathic activity results from the collec-
tive action of mixtures of allelochemicals rather than a sin-
gle allelochemical. For example, pure artemisinin demon-
strates less inhibition of redroot pigweed growth compared 
to an annual wormwood leaf extract (Lydon et al. 1997).

Allelochemicals have been identified in economically 
significant cereals like wheat, rice, and sorghum (Bertin 
et al. 2003; Duke 2003; Inderjit and Duke 2003). In sor-
ghum leaves, phenolic compounds serve as the primary 
allelochemicals. Although Vaughan and Ord (1991) ini-
tially expressed skepticism regarding the allelopathic 
activity of phenolic acids in nature, subsequent studies 
have demonstrated that, under appropriate concentrations 
and conditions, certain phenolic acids can indeed be con-
sidered allelochemicals (Blum 1995, 1996; Inderjit 1996; 
Blum et al. 1999; Dalton 1999).

The allelopathic properties of sorghum have been a 
subject of study for many years. Among the initial inves-
tigations into the biologically active elements of sorghum 
root exudates, it was revealed that these exudates hindered 
the growth of lettuce (Lactuca sativa) seedlings as well as 
invasive weed species (Netzly and Butler 1986). The pri-
mary component of these exudates, sorgoleone, has been 
pinpointed, constituting approximately 40% to 90% (w/w) 
in various sorghum accessions (Nimbal et al. 1997; Wes-
ton and Czarnota 2001; Dayan et al. 2009).

Three sorghum varieties, namely Dhlakama, Shiri-
kure, and Macia, exhibit autotoxicity in sorghum. The 
extent of toxicity varies based on the genotype (Tibugari 
et al. 2021). However, in Tibugari et al. (2021) study, the 
researchers utilized the total sorghum exudate instead of 
purified sorgoleone. Another research using a formulation 
containing 4.6% of sorgoleone demonstrated its effective-
ness in inhibiting weed growth (Uddin et al. 2014). Sor-
ghum root extract displays significant inhibitory effects 
on various plant species, including Abutilon theophrasti, 
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Datura stramonium, Amaranthus retroflexus, Setaria vir-
idis, Digitaria sanguinalis, and Echinochloa crusgalli 
(Einhellig and Souza 1992), as well as on caruru germi-
nation rate and percentage (Sabahie et al. 2014), early 
development of canola plants (Campos et al. 2020) and 
weed growth in wheat fields (Naby and Ali 2021). These 
findings highlight that sorghum exudate exhibits biologi-
cal activity even at very low concentrations, suggesting a 
significant contribution to sorghum allelopathy.

The impact of allelopathic effects on crops succeeding 
sorghum cultivation or under sorghum straw, and the optimal 
duration of fallow straw before introducing a new crop, has 
been a subject of prolonged study. In a greenhouse study, 
the allelopathic effects on soybean establishment and bio-
mass production were evaluated at various time intervals 
between sweet sorghum harvest and soybean sowing (Silva 
et al. 2016). Differences were observed in both culture estab-
lishment and biomass; however, while the authors attributed 
these effects to sorgoleone, no subsequent research was con-
ducted to conclusively establish sorgoleone as the causative 
agent.

In another greenhouse experiment, two sweet sorghum 
cultivars (BRS 506 and BRS 511) were utilized to investi-
gate the optimal timing for sowing soybeans after sorghum 
(Garcia and Sutier 2016). The analyses were conducted at 
65 days after emergence and 15 days after plant cutting, 
assessing sorgoleone levels. The findings indicated that a 
nine-day interval between sorghum management and soy-
bean sowing was sufficient to mitigate the negative effects. 
Soybeans sown on the day of sorghum management exhib-
ited symptoms of leaf bleaching at stage V2, which were 
absent in soybeans sown 15 days after management.

In a separate greenhouse study, Olibone et al (2006) 
investigated the impact on early soybean growth and root 
system development in the presence of guinea sorghum and 
forage residues. The presence of guinea sorghum straw led 
to a reduction in soil base saturation, and both types of straw 
hindered soybean growth.

In field conditions, Biesdorf (2017) explored the allelo-
pathic impact of sorghum on soybeans planted at various 
intervals after sorghum harvesting, and its influence on the 
infesting plant community. The study revealed that sorghum 
cultivation influenced the phytosociology and reduced weed 
incidence. Regarding soybeans, planting within 40 days after 
sorghum harvest had a negative impact on initial develop-
ment, although it did not affect overall productivity. In a 
related study, Paixão (2019) investigated the allelopathic 
effect of sorghum regrowth on succeeding soybean crops at 
different intervals after sorghum desiccation in the field. The 
analysis did not observe significant alterations in the evalu-
ated parameters. The research concluded that soybean devel-
opment was enhanced in the presence of regrowth straw, 
possibly due to in-creased nutrient availability, indicating the 

absence of a toxic allelopathic effect under the experimental 
conditions.

In sorghum-cultivated areas, a substantial amount of plant 
material remains after harvest, especially with no-tillage 
and minimum tillage practices. This straw can serve as an 
effective tool for weed control. However, it may also have a 
detrimental impact on the establishment and growth of suc-
ceeding crops. Allelopathic chemical substances identified 
in sorghum include chlorogenic acid, m-coumaric acid, and 
caffeic acid (Cheema et al. 2009); p-hydroxybenzoic acid, 
p-coumaric acid, ferulic acid, vanillic acid, serpidric acid, 
and p-hydroxybenzaldehyde (Sene et al. 2020); and gallic 
acid, p-coumaric acid, and syringic acid (Alsaadawi and 
Dayan 2009), as well as p-hydroxybenzoic acid (Alsaadawi 
et al. 2007).

Notably, the allelopathic effect may not solely be attrib-
uted to sorgoleone. Sorgoleone is a phenolic compound 
exhibiting allelochemical properties, but sorghum also syn-
thesizes other chemicals that inhibit the growth of neigh-
boring plants (Shehzad and Okuno 2020). Further studies 
focusing on the absorption of substances released by sor-
ghum straw and their mechanisms of action are crucial to 
comprehend their behavior. Understanding how these sub-
stances are diluted, incorporated into the soil volume, and 
their concentration is vital, as the intensity of allelopathic 
effects is contingent on the concentration of allelochemicals.

6  Differences in exudation and composition 
of sorghum extracts among genotypes

In recent years, research has been focused on understand-
ing the variability in extract production among sorghum 
genotypes, exploring the composition of these extracts, 
and delving into the biochemical interactions between the 
compounds. The hydrophobic crude root extracts from 41 
sorghum genotypes were quantified, revealing a variability 
ranging from 0.35 to 2.98 mg per 100 rootlets (Trezzi et al. 
2005). Within this range, researchers selected five geno-
types, purified sorgoleone using column chromatography, 
and confirmed its presence through H-NMR analysis. Chro-
matograms showed five distinct peaks with varying areas, 
with sorgoleone being the most predominant compound, 
constituting 73 to 82% of the total extract.

Quantification of crude extract production from 50 sor-
ghum accessions revealed a variation between 1.88 and 
8.55 mg per gram of fresh root mass (Franco et al. 2011). 
The analysis exhibited three to ten peaks with retention 
times falling within 1.3 to 17.5 min. Sorgoleone stood 
out with the highest absorption peak and a retention time 
between 8.4 and 8.7 min, constituting 60.3 to 89.9% of 
the crude extracts. Notably, 68% of the evaluated geno-
types showed production ranging from 1.0 to 2.0 mg per 
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gram of fresh root mass (Franco et al. 2011). However, 
the production of sorgoleone exhibits variance based 
on the cultivar studied. May et al (2016) reported this 
variance, where crude extract production ranged from 
5.03 mg  g−1 to 10.60 mg  g−1 and sorgoleone production 
ranged from 32.64 mg  g−1 to 615.31 mg g −1, depending 
on the cultivar. Uddin et al (2009) also observed a range 
of sorgoleone production between 0.41 µg −1 and 6.98 µg 
−1 of fresh root mass.

Several other works observed variations in the produc-
tion of sorgoleone (Hess et al. 1992; Ferreira et al. 1999) 
with values ranging from 11 to 32 mg 100  rootlets−1. 
Nimbal et al (1997) found differences of 96% between the 
highest and lowest sorgoleone content per root dry mass, 
among the 25 sorghum genotypes evaluated. An impor-
tant piece of information observed in all these works is 
that the variation in the amount of extract and sorgoleone 
produced did not have a direct relationship with the sor-
ghum quality (biomass, saccharine, grain), indicating that 
this trait is dependent both by genetic and environment 
interactions.

In recent research, the quantification of three sorghum 
root extracts using high-performance liquid chroma-
tography (HPLC) revealed a production range of 43.36 
to 67.8 mg per gram of root dry mass, with sorgoleone 
production ranging from 20.56 to 28.67 mg per gram of 
fresh root mass (Gomes et al. 2023). Interestingly, geno-
types with longer and denser root hairs were found to 
exude more and produce higher amounts of sorgoleone. 
The chromatographic profiles displayed five to six dis-
tinct substances with varying peaks and areas. Moreo-
ver, when allelopathy evaluations were conducted using 
extracts with standardized sorgoleone amounts; different 
results were observed, suggesting that other compounds 
within the extract play a significant role in influencing 
the outcomes (Gomes et al. 2023).

The majority of studies assessing the allelopathic 
potential of sorghum species utilize sorghum extract, 
often attributing its effects to sorgoleone, which can 
constitute up to approximately 90% of these extracts. 
However, gaining a deeper understanding of the specific 
effects of sorgoleone compared to the whole extract is 
essential for assessing allelopathic effects accurately. 
Another crucial aspect is identifying the compounds pre-
sent in sorghum root extracts. Weston et al (2013) con-
ducted a chemical analysis using HPLC on extracts from 
two sorghum cultivars and identified several phenolic 
compounds, including protocatecheic, hydroxybenzoic, 
vanillic, syringic, p-coumaric, ferulic, and sinapic acids, 
along with four unidentified compounds. However, fur-
ther research is needed to comprehend the relationship 
between extract production, composition, and their allelo-
pathic effects.

7  Potential allelopathic effect of sorgoleone

The allelopathic activity of substances can be elucidated 
through various modes of action and by targeting multiple 
molecular components affected by these allelochemicals. 
An example is observed in a freshwater microphyte called 
Myriophyllum spicatum (Haloragaceae), which releases 
thelymagrandin II, a compound with algaecidal and cyano-
bactericidal properties (Gross 1999). Leu et al (2002) fur-
ther elucidated that thelymagrandin II operates through 
two distinct modes of action: inhibition of Photosystem II 
and inhibition of microalgal exoenzyme formation, dem-
onstrating a combined action involving these pathways. 
Understanding such multifaceted modes of action is criti-
cal in comprehending the mechanisms underlying allelo-
pathic effects (Leu et al. 2002).

The suggested allelopathic activity of sorgoleone is 
primarily linked to its ability to inhibit photosynthesis in 
higher plant systems. It achieves this by competing for 
the plastoquinone binding site in Photosystem II, a key 
component of the photosynthetic machinery (Dayan et al. 
2003). Moreover, sorgoleone has been shown to hinder 
electron trans-fer reactions integral to mitochondrial respi-
ration and to inhibit the enzyme p-hydroxyphenylpyruvate 
dioxygenase, a crucial enzyme for plastoquinone synthesis 
(Rasmussen et al. 1992).

The activity of sorgoleone can be attributed to both 
direct and indirect effects, given its multiple modes of 
action (Netzly and Butler 1986; Einhellig and Souza 
1992; Nimbal et al. 1997; Rimando et al. 1998; Czarnota 
et al. 2001; Bertin et al. 2003; Duke 2003). Studies on 
the translocation of carbon-14-labeled sorgoleone in vel-
vet plants (Abutilon theophrasti) suggested uncertainty 
regarding whether sorgoleone exuded from sorghum roots 
is absorbed and translocated to its foliage, where it should 
enter the chloroplast and inhibit Photosystem II (Dayan 
et al. 2009). Experiments in this domain revealed that 
the inhibitory activity of sorgoleone on photosynthesis is 
strongly contingent on the age of the leaf tissue, inhibiting 
photosynthesis in germinating seedlings but not in older 
plants. Sorgoleone’s mode of action may involve inhibit-
ing photosynthesis in young seedlings while also affecting 
other molecular targets in older plants (Dayan et al. 2009).

Apart from sorgoleone, sorghum root extract contains 
smaller analogues with various substitutions in the quinone 
moiety and different configurations of carbon atoms and 
double bonds in the aliphatic side chain. Through high-
performance chromatography coupled with mass spec-
trometry and 1H nuclear magnetic resonance, researchers 
have isolated sorgoleone and three other quinone com-
pounds. These compounds share the p-quinone fraction 
with sorgoleone but exhibit distinctions in the number of 
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double bonds or carbon atoms in the aliphatic side chain. 
These compounds are collectively termed sorgoleones and 
include sorgoleone-358, sorgoleone-360 (with two dou-
ble bonds in the C15 side chain), sorgoleone-362 (with a 
double bond in the C15 side chain), and sorgoleone-386 
(with three double bonds in a C17 side chain) (Netzly and 
Butler 1986).

Examination of the sorghum root extract using gas chro-
matography coupled with mass spectrometry reveals peaks 
in the chromatogram with molecular ions not only at 358, as 
expected for sorgoleone, but also at 359, 360, 362, 363, 364, 
365, and 366. This indicates the presence of sorgoleone-
like compounds with varying degrees of unsaturation in the 
side chain (Erickson et al. 2001). These findings support 
the notion that these analogues of sorgolene may collec-
tively contribute to the overall allelopathic effects observed 
in sorghum.

It was hypothesized that the biosynthesis of sorgoleone 
and related compounds is the outcome of the convergence 
of two pathways: the fatty acid biosynthetic pathway for 
creating the aliphatic tail and the activity of polyketide syn-
thase-type enzymes for forming the quinone fraction of the 
molecule (Dayan et al. 2003). Although this convergence of 
pathways has been confirmed for aflatoxin biosynthesis in 
fungi, similar examples in plants have not been fully clari-
fied, relying on assumptions that have not been conclusively 
demonstrated for these compounds (Dayan et al. 2003). For 
sorgoleone, exogenous acetate labeled with isotopes is inte-
grated into the quinone head instead of the tail (Fate and 
Lynn 1996). This finding implies that the allelopathic effect 
attributed to sorgoleone might be specifically linked to the 
quinone fraction of sorgoleone. In an investigation involv-
ing the synthesis and assessment of eight resorcinol lipid 
derivatives and ten quinones with varying side chain sizes 
identified from sorghum root extracts, the results revealed 
that quinones possess phytotoxicity, while resorcinolic lipids 
do not. This suggests that different fractions constituting the 
chemical structure of the sorgoleone molecule can exhibit 
distinct effects (Mizuno et al. 2010).

8  Influence of sorgoleone on the soil 
microbial community

Plants employ a diverse array of mechanisms to absorb and 
transport bioactive compounds to the rhizosphere (Wen et al. 
2019). The rhizosphere is a critical zone where extensive 
microorganism-plant-soil interactions take place, encom-
passing both agricultural and natural systems (Wang et al. 
2021). The unique physical, chemical, and biological proper-
ties of molecules exuded into the rhizosphere can influence 
the growth and proliferation of specific groups of micro-
organisms while inhibiting others. Microbial populations, 

given their versatile metabolic capabilities, can exhibit 
variability from one cultivar to another due to differences 
in root exudation and significant metabolic modifications, 
influencing the interactions between plants and microor-
ganisms. Even with the same isolate and plant genotype, 
alterations in the plant’s exudation pattern can lead to dif-
ferent interactions. Root exudation not only determines the 
microbial community residing in the rhizosphere but also 
confers physical and chemical advantages to plants, such 
as those observed in sorghum (Vejan et al. 2016; Wen et al. 
2019; Liu et al. 2017).

As an avenue to understand how sorghum and its root 
microbiome may be connected through root exudates. Oda 
et al (2023) identified the molecular determinants of micro-
bial sorgoleone degradation and the distribution of this trait 
among microbes. They isolated and studied from sorghum-
associated soils, three bacterial strains classified as Acineto-
bacter, Burkholderia, and Pseudomonas species that grow 
with sorgoleone as a sole carbon and energy source.

In a recent study involving five Bacillus isolates, it was 
observed that sorgoleone strongly inhibited the growth of 
three isolates, while stimulating the growth of two. Among 
the inhibited isolates, two were identified as B. safenensis 
and one as B. cereus. On the other hand, the two isolates 
that showed growth stimulation were classified as B. flexus 
(Wang et al. 2021).

Additionally, the role of root exudation as a signaling 
mechanism for establishing effective symbiosis between 
plants and arbuscular mycorrhizal fungi (AMF) has been 
established in various plant species, including maize, soy-
bean, and sorghum (Yoneyama et al. 2015; Kobae et al. 
2018; Abdelhalim et al. 2019). Recent research has demon-
strated sorgoleone’s ability to influence mycorrhizal colo-
nization in sorghum plants (Oliveira et al. 2020; Sarr et al. 
2021). Furthermore, sorgoleone has shown potential to sig-
nificantly enhance plant biomass and phosphorus (P) content 
in mycorrhizal plants compared to non-mycorrhizal ones, 
especially when grown under low P (Oliveira et al. 2020; 
Sarr et al. 2021). Importantly, sorgoleone has been found 
to affect the microbial community structure in the sorghum 
rhizosphere soil (Wang et al. 2021; Ortas and Bilgili 2022).

The concentration of P in the soil significantly influ-
ences AMF colonization (Kobae et al. 2018). This is due 
to the impact on root exudation of fungal signaling com-
pounds, a key aspect of the symbiotic response. Low-P 
concentrations in the soil promote increased root exuda-
tion and subsequent mycorrhizal colonization. Conversely, 
high-P concentrations suppress exudation, reducing the 
level of plant-fungus signaling during symbiosis and hin-
dering colonization (Chiu and Paszkowski 2019). In cases 
of P deficiency, plants deficient in root exudate biosynthe-
sis exhibit lower levels of colonization (MacLean et al. 
2017; Lanfranco et al. 2018). When soil P availability is 
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abundant and comparable to what a non-mycorrhizal plant 
can absorb, rendering the fungus an energy burden for 
the plant with no additional nutritional benefit in terms 
of P absorption, it can lead to a depressive effect on plant 
development in the presence of AMF (Pedersen and Sylvia 
1996; Siqueira et al. 1998; De Novais et al. 2014).

9  Final considerations and perspectives

Since its discovery, sorgoleone has emerged as a pivotal 
secondary metabolite with extensive applications. Under-
standing the hormesis of this plant-released phytotoxin is 
crucial for comprehending its role in microorganism-plant-
soil interactions. It is crucial to focus efforts on identifying 
compounds within sorghum root extract and understanding 
the chemical characteristics of sorgoleone-related analogs 
found in the extract. The practical application of post-
emergence sorgoleone through leaf spraying, a common 
field practice, presents challenges. There is a lack of evi-
dence demonstrating the translocation of sorgoleone from 
leaves to roots, where it is subsequently exuded into the 
soil. Exploring genes and functional genomics becomes 
imperative to unravel the role of transcriptional modula-
tion of genes and regulatory factors involved in sorgoleone 
biosynthesis. This foundational work is essential before 
advancing technologies aimed at reducing dependence on 
synthetic herbicides. Ongoing research in this field holds 
promise in unveiling the intricacies of sorgoleone’s bio-
synthesis and function, with potential applications in agri-
culture and ecology. This continual exploration contributes 
to a deeper understanding of plant biology, enabling us to 
leverage it to enhance agricultural productivity.
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