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Introduction

Nuisance non-native species (i.e., invasive species) have 
been implicated in the extinction and endangerment of spe-
cies worldwide and were estimated to cost the global econ-
omy US$423  billion in damages and management costs 
in 2019 alone, with this annual cost tripling each decade 
(Pimentel et al. 2005; Pyšek et al. 2020; Diagne et al. 2021; 
IPBES, 2023). Despite increased efforts to improve biosecu-
rity, Early Detection Rapid Response (EDRR; Reaser et al. 
2020), and attempts to manage invasive populations (Gra-
ham et al. 2019), the global spread of invasive species is 
accelerating (Seebens et al. 2017). Control methods vary by 
species, but typically include mechanical removal, chemi-
cal pesticides, biological control, and cultural approaches 
(Simberloff 2001; Manning and Miller 2011; Jardine and 
Sanchirico 2018). Mechanical removal involves physically 
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Abstract
Nuisance species are typically managed using mechanical removal, biological, cultural, or chemical treatments, applied 
either individually or in combination. Applications of synthetic pesticides may result in significant non-target effects that 
reduce biodiversity or result in pesticide drift, and target organisms can rapidly develop pesticide resistance. Biological 
control has less physical impact on ecosystems than mechanical removal, and none of the human health concerns of 
synthetic pesticides, but relies on coevolved antagonists that are introduced to the invaded environments and can have 
non-target effects (e.g., outcompeting native species, switching to non-target native organisms, and ineffectively suppress-
ing the target organism). Due to increasing restrictions, it is becoming more difficult to import, propagate, and release 
new biological control agents. These concerns, in combination with the increased rates of species invasion and economic 
and ecological costs of existing control methods, necessitate alternative means of nuisance species control. In this review, 
we examine an alternative control approach based on the principles of allelopathy and autotoxicity. Autotoxins used in 
this manner exploit secondary metabolites produced by a target species and/or their endosymbionts to inhibit growth or 
induce mortality with reduced non-target impacts. We synthesized autotoxicity-related literature to compare plant-derived 
autotoxins to traditional biological and chemical controls and discuss how further autotoxicity research and development 
can assist with the control of nuisance plant species. Although autotoxins provide a promising new frontier for nuisance 
species control, further research is necessary to effectively develop, test, and deploy these biochemical controls for spe-
cies inhibition or mortality.
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removing or destroying invasive species in an area through 
methods such as brush cutting, digging, dredging, girdling, 
manual pulling, mowing, mulching, soil solarization, tilling, 
and others (Manning and Miller 2011; Jardine and Sanchirico 
2018). Chemical control includes herbicides, fungicides, 
insecticides, and rodenticides (Pimentel 2014). Classical 
biological control consists of importing and releasing living 
organisms (e.g., invertebrates, pathogens, vertebrates) from 
a target organism’s native range in an attempt to extermi-
nate populations of the target invasive species, though other 
types of biological control can be used, such as conserva-
tion biological control, which enhances natural habitat that 
protects and promotes native natural enemies (Eilenberg et 
al. 2001; Heimpel and Mills 2017). Cultural controls can 
consist of prescribed fire, hunting, fishing, or harvesting 
(Nuñez et al. 2012). Invasive insects and animals can also 
be controlled through trapping (El-Sayed et al. 2009), while 
some invasive plants can be suppressed by adjusting plant-
ing time and density, cover cropping, planting indigenous 
plant species, rotating crops, using competitive cultivars, 
and other methods (Schuster et al. 2018). Typically, invasive 
species suppression is most effective when multiple control 
approaches are used in combination, such as with integrated 
pest management systems (DiTomaso et al. 2017). Although 
many methods exist for managing invasive species, there 
are few recorded instances of successful invasive species 
eradication (Parkes and Panetta 2009). Most successful 
eradications have occurred for small populations in geo-
graphically isolated areas, such as small islands (Mack and 
Lonsdale 2002; Glen et al. 2013; Moon et al. 2015), indicat-
ing that new or multiple control methods may be necessary 
for successful eradication of more widespread populations.

Although they are one of the most effective invasive spe-
cies control methods, broad spectrum chemical pesticides 
(e.g., herbicides, insecticides) are being phased out glob-
ally because of their non-target impacts on other flora and 
fauna, reduced effectiveness due to adaptive resistance, run-
off and leaching within soils, and human toxicity through 
acute and prolonged exposure (Georghiou 1972; van der 
Werf 1996; Annett et al. 2014; Li and Jennings 2017). Due 
to this toxicity, individuals who want to apply pesticides are 
required to hold a pesticide applicator’s license or certifi-
cation, and frequently need specialized personal protective 
and other equipment (EPA, 2026), which can make pesti-
cides inaccessible and unaffordable to many. Further, many 
environments require repeated applications of pesticides to 
successfully control a population of an invasive species, 
which can make using chemical controls even more cost 
prohibitive (Pimentel 2005). There are also risks associ-
ated with using chemical pesticides within aquatic environ-
ments, as well as environmental bioaccumulation (Pérez 
et al. 2017). Due to these and other limitations and risks 

associated with chemical controls, the 2022 United Nations 
Kunming-Montreal Global Biodiversity framework aims to 
reduce risks from pesticides by 50% by 2030, and there is 
a trend towards increased pesticide legislation in developed 
countries (Handford et al. 2015; Möhring et al. 2025).

Other management methods can also have detrimental 
environmental effects, such as soil disturbance caused by 
tilling and other mechanical methods (Zuber and Villamil 
2016). Soil disturbance can negatively impact ecological 
communities, for example, by severing networks of ben-
eficial fungi and microfauna in the soil (Helgason et al. 
2009), compacting soil enough to reduce water infiltration 
and increase erosion (Labelle et al. 2022), and creating bare 
ground for invasive plant colonization (Kyle et al. 2007), 
as well as impact human health by aerosolizing small par-
ticulates that can cause breathing dysfunction (Weeks et 
al. 2021). There is also a history of non-target effects of 
biological control agents that have resulted in detrimental 
ecological impacts (Thomas and Willis 1998; van Driesche 
and Hoddle 2017), such as introduced biological control 
agents competing with native predators or parasitoids for 
native pest species or trophic cascades when keystone spe-
cies are involved (Simberloff and Stiling 1996), which has 
made biological control more expensive and time-intensive 
(Mason et al. 2005). The increased regulation and scrutiny 
of chemical, mechanical, and biological controls due to 
negative impacts to human health and/or the environment 
prompt the need for effective alternative invasive species 
control methods.

One potential approach to invasive species management 
is the development and use of allelopathic autotoxicity. 
Allelopathy is the production and release of compounds by 
an organism that inhibit the growth, survival, or reproduc-
tion of other organisms (Muller 1969; Hierro and Callaway 
2021). Allelopathic interactions influence species distribu-
tion and competition, and they are a well-known mechanism 
facilitating plant establishment, including that of rapidly 
spreading invasive plant species such as knapweeds (Cen-
taurea spp. L.) (Muller 1966; Callaway and Aschehoug 
2000; Hierro and Callaway 2003). While allelopathic sec-
ondary metabolites, in general, serve to harm or prevent 
the co-occurrence and/or competition of other species (i.e., 
interspecific impacts), autotoxins are a class of allelopathic 
secondary metabolites that can kill or inhibit the growth of 
individuals of the species that produced them (i.e., intra-
specific impacts) (Putnam 1985; Miller 1996; Singh et al. 
1999). Compared to studies of allelopathic impacts, few 
studies have investigated the role of autotoxicity in plants 
(but see Dorning and Cipollini 2006; Ervin and Wetzel 
2000; Hu and Zhang 2013). In nature, autotoxicity occurs 
when leachates from plant parts contaminate soil and act 
as a toxin to other individuals of the same species, often 
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by preventing growth and seed germination (Munther and 
Fairbrothers 1980; Singh et al. 1999; Alías et al., 2006). By 
reducing or delaying germination, autotoxicity may serve as 
a method of population regulation, helping to reduce intra-
specific competition (Picman and Picman 1984; Perry et 
al. 2005; Renne et al. 2014). This naturally occurring auto-
toxicity has both ecological and agricultural implications 
because it influences plant growth (Singh et al. 1999; Ervin 
and Wetzel 2000). Autotoxicity of some trees has been iden-
tified as being partially responsible for the replant problem 
in orchards, including in apples (Malus domestica [Suckow] 
Borkh) and pears (Pyrus spp. L.) (Singh et al. 1999; Nicola 
et al. 2016), and autotoxicity of rice prevents fields from 
being used in successive years (Chou and Lin 1976; Chou 
et al. 1977; Chou 1995). Some plants avoid autotoxicity by 
sequestering allelochemicals in specialized structures like 
trichomes or vacuoles, by producing allelochemicals that 
are only toxic after modification, by developing detoxifying 
abilities, or by only producing allelochemicals in deep roots 
or other plant parts that are far from sexually reproductive 
propagules, such as seeds (Singh et al. 1999; Sirikantaramas 
et al. 2008).

Although the study of autotoxicity itself is not new, with 
studies on the autotoxic origin of human disease dating back 
to the seventeenth century (Stern 1906), it was not until the 
last few decades that researchers recognized the potential to 
harness autotoxicity to potentially manage weeds and pests 
(Singh et al. 1999).Extensive work has been done studying 
the potential of using allelochemicals for plant management, 
but fewer studies have focused on autotoxicity specifically 
as a potential management method (Weston 1996; Jabran 
et al. 2015; Khamare et al. 2022). In plants, autotoxins 
can be classified as a type of biopesticide (i.e., a naturally 
occurring substance often produced from living organisms 
that controls typically non-related pests through non-toxic 
mechanisms; EPA, 2025a), specifically a bioherbicide, as 
they are derived from the living plants as a byproduct of 
growth (Bailey 2014). Plants have exhibited autotoxin-
dependent responses following decapitation pruning, pro-
longed seed soaking, and external applications of autotoxins 
to growth media, seeds, or directly onto the plant (Gog et al. 
2005; Xu et al. 2015; Li et al. 2016; Wang et al. 2022; Table 
S1). Decapitation pruning can increase biosynthesis of auto-
toxins as a result of induced secondary defense (Li et al. 
2010, 2016), while prolonged seed soaking can also extract 
autotoxins from within the seed and then expose the embryo 
to high concentrations resulting in decreased germination 
(Li et al. 2016). Plants can be exposed to autotoxins that 
leach out of decomposing plant tissues, autotoxins exuded 
by living plants, or, in experimental settings, autotoxins that 
have been extracted from plant tissue (Zhang et al. 2016; 
Mohler et al. 2018; Jahantab et al. 2021; Bonanomi et al. 

2022). In many plants, the mechanisms preventing autotox-
icity by secondary metabolites can also be overridden by 
extracting those secondary metabolites, concentrating them, 
and applying them to the source species (Li et al. 2010, 
2016, 2018; Kato-Noguchi et al. 2017; Su et al. 2022). 
Dosage-dependent responses to autotoxins include morpho-
logical changes (e.g., dwarfism, pleiocotyly, disturbed phyl-
lotaxis, lack of secondary roots, and changes in leaf shape), 
physiological changes (e.g., reduced chlorophyll content, 
increased cell respiration, increased peroxide and super-
oxide dismutase activity, increased malondialdehyde, and 
decreased electron transport), differential gene expression, 
inhibited growth and reproduction, decreased germination, 
and death in plants (Singh et al. 1999; Liu et al. 2013; Li et 
al. 2016; Favaretto et al. 2017; Huang et al. 2019; Zhong et 
al. 2024; Table S1). Whatever the method of exposure, Li et 
al. (2016) suggest that most organisms contain or can pro-
duce autotoxins. Autotoxic effects have been documented in 
at least 138 plant species exposed to extracts of their own 
tissues (Table S1), and autotoxicity has been documented 
in many other species exposed to autotoxins through meth-
ods other than direct extraction (e.g. exposed to decompos-
ing tissue, grown in soil where the species was previously 
grown) (Zhang et al. 2011; Mazzoleni et al. 2015; Bonanomi 
et al. 2022). Autotoxicity has also been identified in many 
invasive plants, and Li et al. (2016) found that none of the 
17 invasive plants they tested were able to tolerate autotoxic 
effects when exposed to their own extracts. A study of giant 
salvinia (Salvinia molesta D. Mitch.) identified a group of 
autotoxins termed “salvinicides” that may be useful for 
managing it in the invaded range, demonstrating compel-
ling evidence that autotoxins offer a promising new tool for 
invasive species management (Li et al. 2018).

While most species tested so far are susceptible to auto-
toxicity, some autotoxins discovered thus far appear to 
be species specific (Munther and Fairbrothers 1980; Li et 
al. 2016). Some studies have demonstrated that the same 
concentration that was toxic to the producing plant species 
was not toxic to other species, including those in the same 
family (e.g., Poaceae) (Munther and Fairbrothers 1980; Li 
et al. 2016). Though the mechanism and extent of species 
specificity is currently unknown, the potential specificity 
of autotoxins could make them a more environmentally 
friendly method of invasive species management by reduc-
ing harm to non-target organisms, with significant implica-
tions for ecosystem restoration goals. The purpose of this 
review is to: (1) compare the potential of plant autotoxins 
to traditional biological and chemical controls, (2) discuss 
implications of autotoxin research and development for the 
potential control of invasive plant species, and (3) outline 
knowledge gaps and necessary future research to develop, 
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Protection Agency to consider a new category of biopes-
ticide classification called “biochemical-like,” which con-
tains pesticides that “usually have uncomplicated structures 
and are commonly present in the environment or the human 
diet at significant levels or have been widely used for non-
pesticidal purposes” (EPA, 1997). In practice, autotoxins 
are similar to chemical controls in that both use specific 
chemical compounds to kill organisms through contact and 
uptake and thus will likely use similar application methods 
(Table 1). Although the application methods of autotoxins 
and traditional chemical controls are similar, the two are 
developed through different processes (Fig. 1). Traditional 
chemical controls are generally developed synthetically by 
identifying a biological target within the pest and design-
ing chemical compounds that disrupt the target (Umetsu and 
Shirai 2020). In contrast, autotoxins are discovered through 
extraction from the pest itself and further developed by 
fractionation to determine, rather than create, chemicals 

test, and deploy promising biochemical controls for inva-
sive plant species inhibition or mortality.

Comparing Autotoxins and Traditional 
Chemical Pesticides: Specificity, Resistance 
and Environmental Implications

While autotoxins and traditional chemical controls both 
use chemical compounds to kill invasive pests, autotoxins 
are naturally occurring chemicals that are produced by the 
target organism, while traditional chemical controls are not 
derived from the target organism and are produced syntheti-
cally (Singh et al. 1999; Umetsu and Shirai 2020). Tradi-
tional chemical controls generally fall under the umbrella 
of pesticides and include herbicides, insecticides, fungi-
cides, nematicides, and rodenticides (EPA, 2025b). Previ-
ous autotoxin research led the United States Environmental 

Attribute FORM OF CONTROL
Chemical Con-
trol Agents

Biological 
Control Agents

Biopesticides Autocides Autotoxins

Strategy for 
application

Spray target 
species

Release 
organisms 
for control of 
target species

Spray target 
species (most 
common)

Release of modified 
target species

Spray tar-
get species

Is the form of 
control living?

No Yes Yes
(e.g., targeted 
fungal pathogens) 
and No (e.g., 
nanoparticles)

Yes
(management 
occurs through 
sterilization of 
target species, for 
example)

No

Population 
eradication vs. 
suppression?

Suppression 
short term, 
eradication 
long term

Suppression 
most likely, 
eradication 
rare

Suppression most 
likely, eradication 
rare

Suppression short 
term, eradication 
long term

Suppres-
sion short 
term, 
eradication 
long term

Control 
mechanism is 
sustained after 
application?

No Possibly 
(reproduction 
and spread of 
living agents)

Possibly (repro-
duction and 
spread of living 
agents)

Possibly (mutations 
in offspring)

No

Risk of failure 
from biotic 
factors?

No Yes
(natural 
enemies of 
the biological 
control agent)

No Yes
(introduction 
of non-sterile 
individuals)

Yes, 
possibly 
(microbial 
modifica-
tion, dilu-
tion effect)

Risk of failure 
from abiotic 
factors?

Yes
(dilution or 
erosion of 
chemicals 
from precipita-
tion imme-
diately after 
application)

Yes
(biological 
control agent 
not adapted to 
climate)

Yes
(living biopesti-
cides not adapted 
to climate, non-
living biopesti-
cides impacted by 
precipitation)

Yes
(mortality of 
individuals due 
to environmental 
disturbances, such 
as drought, fire, or 
flooding)

Yes
(dilution or 
erosion of 
biochemi-
cals from 
pre-
cipitation 
immedi-
ately after 
application)

Risk of non-
target effects?

Yes Yes, possibly Yes, possibly No Low

Table 1  Broad comparison of 
traditional chemical control 
agents, biological control agents, 
biopesticides, autocides, and 
autotoxins

 

1 3

   31   Page 4 of 18



Journal of Chemical Ecology           (2026) 52:31 

Fig. 1  Comparison of development processes for autotoxins (top), biological control (middle), and herbicides (bottom)
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of allelopathic compounds used for control, some autotox-
ins have shown the potential to be species specific and have 
limited or no effect on species other than the producing spe-
cies (Munther and Fairbrothers 1980; Li et al. 2016). The 
high level of specificity of some autotoxins could poten-
tially reduce non-target effects and environmental impacts 
when compared to traditional chemical controls.

One of the other issues with traditional chemical controls 
is the potential for resistance to develop, creating pests that 
require higher amounts of pesticide or other methods to 
manage, and organisms could likely adapt or evolve resis-
tance to autotoxins in similar ways (Hawkins et al. 2019). 
Thus far, no research has been done regarding how quickly 
or if organisms can develop resistance to autotoxins, but 
resistance is well-documented for traditional chemical con-
trols, particularly in agricultural crops and weeds, and there 
is evidence of evolution by native plants of resistance to 
allelochemicals produced by invasive plants (Callaway et 
al. 2005; Bonny 2016). If resistance does occur in organ-
isms treated with autotoxins, it may be easier to combat 
because of the nature of autotoxin development. If popula-
tions of organisms evolve autotoxin resistance, specimens 
from that population could be collected to derive new, pop-
ulation-specific autotoxins to which the organisms have not 
yet developed resistance. The metabolites a plant produces 
vary based on environmental conditions, so different popu-
lations of the same species can produce different metabo-
lites, potentially allowing different autotoxins to be sourced 
from different locations (Moore et al. 2014; Goh et al. 2016; 
Labarrere et al. 2019). In this way, continual development 
of new autotoxins potentially could allow researchers and 
managers to more efficiently address autotoxin resistance 
than has been possible with traditional herbicide resistance. 
However, more research needs to be conducted to deter-
mine how quickly organisms can or will develop resistance 
to autotoxins, and whether autotoxin resistance will cause 
similarly unmanageable populations as traditional chemical 
control resistance does.

One final major difference between autotoxins and tra-
ditional chemical controls is that autotoxins are already 
present in the environment, while many synthetic chemi-
cal compounds are not. Because autotoxins are extracted 
from the species they are being used to treat, some amount 
is already present in the environment (Zhang et al. 2016). 
Research by Li et al. (2016) suggests that each organism 
may contain the amount of autotoxins needed to kill it. If 
this is true, the amount of autotoxins being added to the 
environment through control efforts would be similar to pre-
existing levels of autotoxins contained in the pest organisms 
already present. Plant metabolites also generally persist in 
the environment for a shorter amount of time than synthetic 
pesticides (Smith and Perfetti 2020). This could mean that 

or combinations of chemicals with the largest lethal effect 
(Kato-Noguchi et al. 2017; Su et al. 2022; Fig.  1). Thus, 
while traditional chemical controls are developed to target 
a group of organisms (Umetsu and Shirai 2020), autotox-
ins are developed on a species-by-species basis. Because of 
this, it may take longer to develop enough separate autotox-
ins to control multiple organisms than it would to develop 
traditional chemical controls for the same number of organ-
isms. For example, to manage three plant pests, we would 
have to develop three different autotoxins but may only 
need to develop one herbicide.

Although the development processes for autotoxins and 
traditional chemical controls differ, both require similar test-
ing and approval in the United States. Both autotoxins and 
traditional chemical controls are required to be approved by 
the Environmental Protection Agency in the United States 
under the Federal Insecticide, Fungicide, and Rodenticide 
Act (FIFRA; EPA, 2025a), and approval is contingent on 
the effectiveness of the product and the potential for it to 
cause harm to humans and the environment (Bradley et al. 
2011; Lee et al. 2024). While the approval process is the 
same, regulatory approval for autotoxic compounds (e.g., 
bioherbicides) varies by country and compound, but likely 
takes less time than approval for traditional chemical con-
trols because autotoxic compounds have reduced regulatory 
requirements (Hallett et al., 2005; Islam et al. 2024). Auto-
toxic compounds are classified as “biochemical-like,” which 
require less data and, thus, less testing time for approval 
(Leahy et al. 2014). The EPA also provides an accelerated 
approval process for biochemical-like compounds, with an 
estimated approval timeline for an autotoxin that will not be 
used on food items of seven months compared to an esti-
mated approval timeline of twelve months for a similar tra-
ditional chemical pesticide (Leahy et al. 2014).

Another area in which autotoxins and traditional chemi-
cal controls appear to differ is their level of specificity. Tra-
ditional chemical controls have a low level of specificity, 
with the most specific still targeting large groups of organ-
isms, such as broadleaf or grass-specific herbicides (Walker 
et al. 1988). The degree of specificity depends on the chemi-
cal compound and its mode of action. For example, while 
some herbicides like fluazifop are only toxic to certain types 
of plants, in this case grasses, (Walker et al. 1988), many 
non-selective herbicides, like glyphosate, are toxic to all 
plants (Duke and Powles 2008). Many allelopathic com-
pounds researched for weed management are also toxic to 
a wide variety of plant species (Khamare et al. 2022). For 
example, juglone, a compound produced by black walnut 
(Juglans nigra L.) that is commonly studied for weed man-
agement, is toxic to trees, field crops, and a variety of weed 
species (Strugstad and Despotovski 2012). In contrast to the 
low level of specificity of traditional chemical controls and 
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Mills 2017; Stenberg et al. 2021), can also be viewed as a 
method to propagate or promote the natural enemies present 
in and native to the introduced range of the target species 
(Eilenberg et al. 2001). Another approach to biological con-
trol, coined the “new associations hypothesis” by Pimentel 
(1963), also considers the propagation and release of natu-
ral enemies native to the introduced range or from regions 
separate from the native and introduced ranges of the target 
species (Schulz et al. 2019). Though these approaches do 
not rely on coevolved relationships like classical biological 
control, they can take advantage of a natural enemy of a spe-
cies closely related to the target species, which may allow 
the natural enemy to recognize the target species as a host 
while the target species may not be able to recognize and 
actively defend itself against the newly associated natural 
enemy (Hokkanen and Pimentel 1984).

Eilenberg et al. (2001) distinguishes these biological 
control strategies from other, newer pest management strat-
egies that encompass biological factors, such as autocidal 
control and biorational chemical agents. These strategies 
were largely undeveloped until the 1970s when integrated 
pest management and genetic engineering began to overlap. 
Biorational chemical agents, or biopesticides, are a control 
strategy that makes use of biological materials derived from 
animals, plants, bacteria, or nanoparticles of biological ori-
gin, usually for the control of a pest in a different species 
(Ayilara et al. 2023) (Table 1). For example, microbial pes-
ticides (e.g., Bacillus thuringiensis Berliner for control of 
spongy moth [Lymantria dispar dispar L.]; Reardon et al. 
1994) and botanical extracts (e.g., use of neem [Azadirachta 
indica A.Juss] extracts as an insecticide; Regnault-Roger 
and Philogène 2008) are common biopesticides that can be 
found on the market for general use. This control strategy 
often takes advantage of plant defensive compounds, which 
are individual or cocktails of secondary metabolites which 
arose as a result of coevolution between plants and their 
herbivores (Regnault-Roger and Philogène 2008), similar 
to classical biological control. Autocidal control mecha-
nisms, which use the organism to control itself and result 
in the release of modified organisms into the environment, 
have been largely used to combat invasive insect pests of 
humans or agricultural commodities (Bartlett and Staten 
2009) (Table 1). In particular, the species’ genome is often 
altered in a way that would induce mutations and control the 
species (Gould and Schliekelman 2004), radiation is used to 
induce sterility in individuals within a species that are then 
returned to the environment and cannot breed (Bartlett and 
Staten 2009), or byproducts can be used to eliminate pests 
(Debnath et al. 2022). These strategies, such as the “sterile 
insect technique,” and Wolbachia-induced “incompatible 
insect technique,” are used to manage pests on an area-wide 

autotoxins will not have the same problems with accumula-
tion and environmental toxicity as some chemical controls 
do (Ansari et al. 2024) because no significant amount of 
persistent new chemicals are being introduced to the envi-
ronment. Thus, autotoxins may be a new frontier for inva-
sive species management and ecosystem restoration efforts 
of plants, wildlife, and ecosystem services as compared to 
traditional chemical controls, as they may result in reduced 
non-target effects.

Comparing Autotoxins and Biological Control 
Agents: Discovery Method and Control Duration

Biological control is the exploitation of living agents to 
directly or indirectly combat pest organisms using one of 
four methods depending on whether biological control 
agents are added for permanent or temporary establish-
ment, such as with classical and augmentative biological 
control, or native agents are utilized with or without human 
intervention, such as with conservation and natural bio-
logical control (Stenberg et al. 2021). The overall concept 
of biological control is not particularly novel, as humans 
have manipulated natural enemies in agricultural systems 
through trial and error for millenia (Gurr et al. 2000a). As 
a scientific practice, however, biological control is still a 
fairly modern development, with “The Classical Era” of 
biological control beginning around 1880 (van den Bosch 
et al. 1982; Gurr et al. 2000a). Since then, several forms of 
biological control have been developed. Classical biological 
control, also known as traditional or importation biologi-
cal control, requires identification and collection of natural 
enemies from the pest species’ native range (Hoddle et al. 
2021). This form of biological control takes advantage of 
the coevolved relationship between the natural enemy and 
target pest species, which drives the natural enemy’s pur-
ported ability to search for, identify, and attack the target 
species (assuming the absence of host switches), thus driv-
ing biological control success (Eilenberg et al. 2001).

Augmentative biological control is a practice that spe-
cifically focuses on the identification and release of natural 
enemies without the intention of establishment and repro-
duction of the biological control agent and long-term con-
trol of the target species (Eilenberg et al. 2001; Stenberg 
et al. 2021). Conservation biological control is an approach 
that is aimed at maximizing the impact of the natural enemy 
by providing the specific resources necessary to preserve 
or protect the natural enemy population, with the intent 
of promoting long-term control (Gurr et al. 2000b). These 
approaches can be used for the propagation and release of 
classical biological control agents with a coevolved rela-
tionship with the target species, though conservation bio-
logical control and natural biological control (Heimpel and 
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target a single species would greatly advance the field and 
the toolbox for invasive species management.

Current autotoxicity research shows potential for some 
level of species specificity. Research by Li et al. (2016) 
showed that autotoxic extracts of six plants were less toxic 
or non-toxic to non-origin species by applying the extracts 
to other species at the same dosage or a slightly higher 
dosage than was toxic to the producing species. Salvinia 
molesta, a water fern, contained autotoxins that were toxic 
to other plants in the family Salviniaceae (common salvinia 
[Salvinia minima Baker] and eastern mosquito fern [Azolla 
caroliniana Wiild.]), but were not toxic to any other organ-
ism tested, including other ferns in the same class (Polypo-
diosida) (Table 2) (Li et al. 2016). Autotoxins from hogwort 
(Croton capitatus Michx. var. lindheimeri) and Brazilian 
peppertree (Schinus terebinthifolia G. Raddi) did not affect 
any of the other species they were tested on, including those 
within the same family as their producing species (Li et al. 
2016). Munther and Fairbrothers (1980) also found that the 
autotoxic extracts of interrupted fern (Osmunda claytoniana 
L.), did not affect spore germination in either of the other 
species tested (hay-scented fern [Dennstaedtia punctilobula 
(Willd.) J.Sm.] and cinnamon fern [Osmunda cinnamomea 
L.]), providing another example of potentially species-spe-
cific autotoxins. However, autotoxic extracts of Dennstaed-
tia punctilobula and Osmunda cinnamomea reduced spore 
germination in all three species tested, indicating that these 
species did not have species-specific autotoxins (Munther 
and Fairbrothers 1980).

While some autotoxicity studies show a promising level 
of species-specificity, many others have not found similar 
levels of species-specificity. Though many autotoxicity 
studies only test for non-target effects on a few species, most 
of these studies have shown negative effects of autotoxins 
to both the producing species and other species (Table S1). 
In some cases, the negative effects observed in other species 
were smaller than in the producing species. Ervin and Wet-
zel (2000) demonstrated that while common rush (Juncus 
effusus L.) extracts decreased seedling mass, chlorophyll 
content, and shoot development intraspecifically to Juncus 
effusus, these extracts also decreased chlorophyll content but 
did not impact seedling mass in blunt spikerush (Eleocharis 
obtusa [Willd.] Schult.). In other studies, similar effects are 
seen on both the producing plant and on other species (Chou 
and Lin 1976; Baldwin and Callahan 1993; Li et al. 2010). 
For example, Baldwin and Callahan (1993) observed a simi-
lar reduction in photosynthetic capacity under hydroponic 
exposure to nicotine in both plants that produce nicotine 
(flowering tobacco [Nicotiana sylvestris Speg. & Comes] 
and tree tobacco [Nicotiana glauca Graham]) and those that 
do not (jimsonweed [Datura stramonium L.] and tomato 
[Lycopersicon esculentum L.]), though the plants that did 

basis by reducing their ability to produce viable offspring 
(Klassen 2005; Marec and Vreysen 2019; Gong et al. 2023).

Autotoxins appear to have some similar, yet different, 
characteristics compared to traditional biological control 
agents (Heimpel and Mills 2017), biopesticides (Glare et 
al. 2012), and autocides (Gould and Schliekelman 2004) 
(Table  1). While traditional biological control agents and 
some biopesticides are living organisms capable of repro-
ducing and sustaining control after an initial application or 
release, autocides consist of the sterilization or manipulation 
of living organisms that can then pass on genetic mutations 
to offspring (Heimpel and Mills 2017; Teem et al. 2020; 
Debnath et al. 2022). Conversely, autotoxins are non-living 
biochemicals that are derived, isolated, and potentially con-
centrated from living organisms and applied directly to the 
target living organism to initiate control (Fig. 1). Biopesti-
cides can also include non-living materials (e.g., nanopar-
ticles) or non-living materials that are derived from living 
organisms. Thus, autotoxins can be considered a type of 
biopesticide, though they differ because they have intraspe-
cific impacts versus the interspecific impacts of most other 
biopesticides that have been developed. Like biological con-
trol agents and autocides, autotoxins could be impacted by 
biotic factors, such as microbial modification or degradation 
of the extract or leachate (Pellerin et al. 2010) or a dilution 
effect of phytotoxicity in high density populations (Weiden-
hamer et al. 1989). Like synthetic pesticides and biological 
control agents, autotoxins may not provide sustained con-
trol in situ, requiring reapplication for a desired level of tar-
get species control. Though only roughly comparative, past 
research of autotoxicity in agricultural crops, such as alfalfa 
(Medicago sativa L.), has demonstrated short-term effects 
of autotoxicity that reduce alfalfa density and yield a few 
months to a couple of years after killing the previous stand, 
but density and yield return to expected levels after that time 
(Chon et al. 2006).

How Species-Specific are Autotoxins?

One of the more enticing aspects of autotoxins is their 
reported potential for only being toxic to the producing spe-
cies and possibly, closely-related species, such as conge-
nerics (Li et al. 2016). Control methods that harm only the 
targeted species are the ideal management option because of 
their reduced risk to other organisms, but they are difficult 
to identify and/or develop. Biological control agents and 
autocides generally have a higher level of species specificity 
than chemical controls, but non-target effects can still occur 
and are a concern with biological control (van Driesche 
and Hoddle 2017). Finding a management method that can 
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Table 2  List of autotoxic plant extracts tested on other taxa. Only studies that demonstrated autotoxicity and tested the biologically active autotoxic 
extracts on other taxa were included. If extracts were tested on a congener, the congeners were not included in the “Family” column; only taxa that 
are in the same family but not congeners were included. Growth impacts include both decreased and increased growth in response to extracts, the 
letters detail which specimens experience impacts (C = congeners, F = specimen in the same family, E = extra-familial taxon), and numbers detail 
how many taxa in each category experienced impacts. For more details on taxa tested, methods, and growth impacts, see Table S1
Plant Taxa (as listed in the corresponding 
Citation)

Family Con-
geners 
Tested?

Family 
Tested?

Extra-
familial 
Tested?

Growth 
impacts?

Citation

Actinidia deliciosa (Chev.) Liang & 
Ferguson

Actinidiaceae No No Yes (6) Yes (6E)  Okada and Kato-Nogu-
chi 2021

Amygdalus scoparia Spach Rosaceae No No Yes (5) Yes (5E)  Jahantab et al. 2021
Amaranthus palmeri S.Wats. Amaranthaceae No No Yes (2) No  Li et al. 2016
Ambrosia artemisiifolia L. Asteraceae Yes (1) No No Yes (1 C)  Su et al. 2022
Ambrosia trifida L. Asteraceae Yes (1) No No Yes (1 C)  Su et al. 2022
Anastatica hierochuntica L. Brassicaceae No Yes (2) Yes (3) Yes (2 F, 3E)  Hegazy et al. 1990
Asparagus officinalis L. Asparagaceae No No Yes (6) Yes (6E)  Kato-Noguchi et al. 2017
Atriplex canescens (Pursh) Nutt. Amaranthaceae No No Yes (5) Yes (5E)  Jahantab et al. 2021
Brachiaria mutica (Forssk.) Stapf Poaceae No Yes (2) Yes (1) Yes (1 F, 1E)  Chou 1989
Camptotheca acuminata Decne. Nyssaceae No No Yes (1) Yes (1E)  Li et al. 2010
Celosia argentea L. Amaranthaceae No No Yes (3) Yes (3E)  Liang et al. 2018
Cistus albidus L. Cistaceae No No Yes (1) Yes (2E)  Robles et al. 1999
Citrullus lanatus (Thunb.) Matsum. & 
Nakai

Cucurbitaceae No Yes (1) No Yes (1 F)  Yu et al. 2000

Croton capitatus Michx. Euphorbiaceae No Yes (1) Yes (2) No  Li et al. 2016
Dennstaedtia punctilobula (Willd.) J.Sm. Dennstaedtiaceae No No Yes (2) Yes (2E)  Munther and Fairbroth-

ers 1980
Digitaria decumbens Stent Poaceae No Yes (3) Yes (1) Yes (2 F, 1E)  Chou 1989
Humulus lupulus L. Cannabaceae No No Yes (3) Yes (3E)  Zhang et al. 2011
Hyptis suaveolens (L.) Poit. Lamiaceae No No Yes (2) Yes (2E)  Kumari and Prasad 2018
Jacobaea vulgaris Gaertn. Asteraceae No Yes (2) Yes (7) Yes (2 F, 7E) Mohler et al. 2018
Juncus effusus L. Juncaceae No No Yes (2) Yes (1E)  Ervin and Wetzel 2000
Lilium brownii F.E.Br. ex Miellez Liliaceae No No Yes (1) Yes (1E)  Zhong et al. 2024
Medicago sativa L. Fabaceae Yes (1) No No Yes (1 C)  Wang et al. 2022
Medicago truncatula Gaertn. Fabaceae Yes (1) No No Yes (1 C)  Wang et al. 2022
Nicotiana glauca Graham Solanaceae Yes (1) Yes (2) No Yes (1 C, 2 F)  Baldwin and Callahan 

1993
Nicotiana sylvestris Speg. & Comes Solanaceae Yes (1) Yes (2) No Yes (1 C, 2 F)  Baldwin and Callahan 

1993
Oryza sativa L. Poaceae No No Yes (2) Yes (2E)  Chou and Lin 1976
Osmunda cinnamomea L. Osmundaceae Yes (1) No Yes (1) Yes (1 C, 1E)  Munther and Fairbroth-

ers 1980
Osmunda claytoniana L. Osmundaceae Yes (1) No Yes (1) No  Munther and Fairbroth-

ers 1980
Parthenium hysterophorus L. Asteraceae No No Yes (2) Yes (2E)  Kumari and Prasad 2018
Picea schrenkiana Fisch. & C.A.Mey Pinaceae No No Yes (5) Yes (5E)  Ruan et al. 2011
Quercus shumardii Buckland Fagaceae Yes (1) No No Yes (1 C)  Li et al. 2016
Saccharum spp. L. Poaceae No Yes (2) Yes (2) Yes (2 F, 1E)  Viator et al. 2006
Salvinia molesta D.Mitch. Salviniaceae Yes (1) Yes (1) Yes (15) Yes (1 C, 1 F)  Li et al. 2016
Schinus terebinthifolia G. Raddi Anacardiaceae No Yes (1) Yes (2) No  Li et al. 2016
Scutellaria baicalensis Georgi Lamiaceae No No Yes (3) Yes (3E)  Zhang et al. 2010
Senna uniflora (Mill.) H.S.Irwin & Barneby Fabaceae No No Yes (1) Yes (1E)  Kumari and Prasad 2018
Solidago canadensis L. Asteraceae Yes (2) No Yes (1) Yes (2 C, 1E)  Karpavičienė et al. 2019
Triadica sebifera (L.) Small Euphorbiaceae No No Yes (3) No  Li et al. 2016
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al. 1999). Li et al. (2018) found that releasing autotoxins 
from trichomes onto the surface of the plant led to damage 
in Salvinia molesta, showing that the plant surface was vul-
nerable to autotoxins. Gog et al. (2005) similarly found that 
wild parsnip (Pastinaca sativa L.), parsley (Petroselinum 
crispum [Mill.] Fuss), and rough lemon (Citrus jambhiri 
Lush.) experienced cell damage when they were exposed 
to autotoxins either by slicing open the oil tubes where the 
autotoxins were sequestered or by dropping the autotoxins 
into a pinprick in the leaf. This indicates that while plants 
are able to limit toxicity by sequestering the autotoxins they 
produce, toxicity can still occur when these compounds are 
applied exogenously or released from sequestration. Recent 
studies have also investigated the effect of autotoxins on 
plant roots, suggesting that roots may be more sensitive to 
autotoxins than other plant parts (Xin et al. 2019; Zhang et 
al. 2020). Plants that do not produce a given autotoxin but 
commonly encounter that autotoxin exogenously may have 
evolved methods for dealing with externally encountered 
autotoxins, leading to reduced toxicity.

In addition to not having effective methods of dealing 
with externally applied autotoxins, producing species may 
also be more vulnerable to autotoxins because their cell 
membranes and/or cell walls may be more permeable to the 
autotoxin, allowing it to quickly travel through cells of the 
producing organism and cause damage in tissues that are 
already saturated with the autotoxic compounds (Li et al. 
2016). Species that produce and use a given autotoxin gen-
erally have mechanisms to internally transport the autotoxin, 
and the presence of these transport mechanisms may lead to 
more swift damage when autotoxins are applied externally, 
especially if the autotoxins are present in high enough levels 
to overwhelm sequestration or detoxification mechanisms. 
For example, Chi et al. (2013) found that several genes 
in rice (Oryza sativa L.) were upregulated in response to 
exposure to ferulic acid, an endogenously produced auto-
toxin that generates reactive oxygen species. However, 
these genes did not upregulate in response to juglone, an 
allelochemical that also generates reactive oxygen species 
but is not produced by rice. These results provide some 
support for the hypothesis of differential reaction to endog-
enously produced and externally encountered compounds. 
After more autotoxic compounds have been identified, more 
research should be conducted to determine their mechanism 
of toxicity to the producing species and how other species 
avoid toxicity.

While some autotoxins seem to show a level of species 
specificity, the potential for non-target effects has not been 
tested thoroughly or in a manner similar to other control 
methods. Many studies have not tested autotoxins for spe-
cies-specificity, and those that have only did so on a few 
species (Table 2, S1). Some autotoxicity studies have tested 

produce nicotine exhibited a larger decrease in biomass than 
non-producing plants did. Even in studies that do not directly 
test the autotoxic compounds on other species, some of the 
identified autotoxic compounds have been shown to have 
negative effects on other species. Of the six compounds 
that were identified as being autotoxic to patchouli (Pog-
ostemon cablin [Blanco] Benth.), four have been identified 
as common allelopathic chemicals in other plants (Bachheti 
et al. 2020). It is unclear if some methods, such as those 
used by Li et al. (2016), are more successful at isolating 
species-specific compounds than other autotoxicity studies, 
if only some plants produce species-specific autotoxins, or 
if studies showing species-specificity happened to test spe-
cies combinations that were not toxic to each other. Further 
research is needed to confirm the species-specificity seen by 
Li et al. (2016) and to determine why species-specific auto-
toxic compounds are less common in the broader literature.

Further research is also needed to determine if there is a 
mechanism of species specificity, as there are many types 
of compounds that could be autotoxic that may all have dif-
ferent modes of action. Denyer (1990) hypothesized that 
autotoxic impacts may be the result of physiochemical 
interaction or reaction with microbial structures or biologi-
cal molecules, or some disturbance of metabolic processes. 
Autotoxins, like most substances, follow the notion of the 
Paracelsus Axiom and have a dosage-dependent mode of 
action in which they cause no effects at low levels but cause 
stress or death at higher levels (Wu et al. 2015; Hickman 
et al. 2021; Jahantab et al. 2021). Species that produce a 
given autotoxic compound already contain a base amount of 
that autotoxin, so a smaller amount of exogenous autotoxin 
is needed to reach toxic levels. Many species have mecha-
nisms of avoiding autotoxicity, including storage in special 
compartments (e.g., vacuoles, trichomes, etc.) and modify-
ing or metabolizing the autotoxin (Wink 1993; Inderjit and 
Duke 2003; Li et al. 2021). However, the uptake of extra 
autotoxins in addition to those already produced by and con-
tained in the plant could overwhelm these toxicity avoid-
ance mechanisms. In species that do not produce a given 
autotoxin, higher doses need to be applied for the total 
autotoxin amount to reach the level at which it is toxic or 
at which toxicity avoidance mechanisms are overwhelmed. 
This dosage dependency hints at a mode of action and could 
potentially explain the species-specificity seen for some 
autotoxins (Li et al. 2016).

Alternatively, the methods that autotoxin-producing 
plants use to avoid autotoxicity may not be able to deal 
with externally applied autotoxins, as these plants more 
commonly encounter the autotoxins endogenously (Gog 
et al. 2005; Li et al. 2016). For example, plants commonly 
avoid autotoxicity by storing toxic compounds in special-
ized structures, such as trichomes or oil glands (Singh et 
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responses, as well as toxic to plants, fungi, bacteria, and 
other naturally occurring, living organisms within an envi-
ronment (Bamal et al. 2024). Though autotoxins likely do 
not have the same active ingredients as synthetic herbicides, 
studies of the impacts of autotoxins on living organisms 
that could get exposed to the autotoxin after application, 
as well as how the autotoxin moves through an ecosystem, 
will likely be necessary to approve use of autotoxins for the 
control of invasive species. Autotoxins will primarily be 
spread via human application, though there is a potential for 
residual autotoxin to drift, run off, or volatilize and impact 
adjacent areas. These same processes also affect herbicides, 
so it could be useful to model autotoxin testing after herbi-
cide testing.

Knowledge Gaps and Challenges for Future 
Research

Current research suggests that there is a great potential 
for autotoxins to be used in invasive species management. 
However, there are still many knowledge gaps that need to 
be addressed before autotoxins are actively used in man-
agement efforts, and there are some challenges for future 
research and development of autotoxins. Below, we outline 
some of the knowledge gaps and challenges related to: (1) 
sources of autotoxins, (2) resistance and tolerance to auto-
toxins, (3) environmental effects, (4) species specificity, (5) 
ethical and regulatory considerations, and (6) production 
and cost of autotoxins.

Sources of Autotoxins  One of the knowledge gaps surround-
ing autotoxins is whether all species produce autotoxins. 
Autotoxicity can benefit species by preventing intraspecific 
competition (Singh et al. 1999), and can be regulated so 
the toxin is only produced in response to an environmen-
tal stimulus (Newman 1978) and at a quantity that results 
in a beneficial effect. For example, Picman and Picman 
(1984) and Duke et al. (1987) documented that autotoxins 
can inhibit germination to reduce competition within Santa 
Maria feverfew (Parthenium hysterophorus L.) and annual 
wormwood (Artemisia annua L.), respectively. Given these 
benefits, it could be hypothesized that all plants should be 
capable of producing autotoxins (Li et al. 2016), but that 
natural checks and balances exist to prevent production of 
strong autotoxins that would result in significant species 
mortality (Paramanik et al., 2008; Colautti and Antunes 
2025). In the context of invasive plants, the novel weapons 
hypothesis was developed to support the idea that invasive 
species have novel biochemical weapons that can help them 
overcome interspecific competition in the novel range (Cal-
laway and Ridenour 2004). For invasive plants to develop 

the effects of autotoxins on co-occurring species (e.g., Ervin 
and Wetzel 2000; Zhang et al. 2011), but these tests are gen-
erally done on a small number of species, if they are done 
at all (Table S1). In some cases, only species of agricul-
tural importance are tested (e.g., Chou and Lin 1976; Li et 
al. 2010). Few studies have tested autotoxins on congeners 
or species in the same family, so if species specificity does 
exist, it is unclear how closely related species can be before 
effects are seen (Table 2). Because invasive organisms can 
co-occur with a wide range of species based on the spe-
cific area of invasion, it is crucial that autotoxins undergo 
thorough testing to determine if they are harmful to species 
other than the producer. Direct effects on non-target organ-
isms could include growth reduction, reduced reproductive 
capacity (e.g., producing no or fewer seeds), or mortality of 
a species. Indirect effects could include promotion of other 
invasive species as a result of reducing populations of the 
target species, thus opening a niche for other invaders to 
fill. Future testing of the potential non-target effects of auto-
toxins should be more comprehensive, potentially following 
the framework used for testing biological control agents or 
herbicides.

Identification and quarantine testing of biological control 
agents considers how easy it is to collect and rear the bio-
logical control agent, as well as the ability of the agent to 
suppress the target pest with little to no other impacts to 
non-target species (Meurisse et al. 2022). Non-target spe-
cies risks that are assessed may include direct and indirect 
effects to non-target species, changed relationships between 
an agent and a native species as a result of environmental 
changes, or human-assisted or self-dispersal of the agent to 
a new area (Simberloff 2012). Using a similar framework 
to test non-target effects of autotoxins may help prevent 
unforeseen consequences. Other factors related to biological 
control agent testing, such as phenology matching between 
biological control agents and the target and non-target spe-
cies, may not be directly relevant to autotoxin applications, 
though it would potentially be important to determine which 
season(s) or environmental conditions would be most ideal 
for autotoxin application given the phenology of the target 
species. This is to be expected as chemical pesticide appli-
cations also often rely on a prescription of timing for the 
most impactful reduction of the target invasive/nonnative.

Though they are rarer or typically only focus on non-tar-
get impacts on a single desirable species (e.g., agricultural 
studies aimed at maximizing yield of a single species while 
killing all other species), studies of the non-target impacts of 
herbicides could also be valuable to understand some of the 
direct and indirect effects of autotoxins (Smith et al. 2006). 
For example, some herbicides have been documented to also 
be toxic to terrestrial and aquatic animals, causing behav-
ioral changes, reproductive disorders, and immunological 
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et al. 1999). Autotoxicity can be avoided by sequestering 
autotoxic compounds in specialized organelles, producing 
them in small amounts, or through detoxification pathways 
(Sirikantaramas et al. 2008). Picman and Picman (1984) 
found that water soluble autotoxins can inhibit germination 
in Parthenium hysterophorus, but germination and growth 
reductions were only temporary, potentially due to leach-
ing of the water soluble autotoxins or tolerance to the auto-
toxins. While external application of high concentrations of 
autotoxins seems to overcome pathways preventing auto-
toxicity (Paramanik et al., 2008), there is likely variation in 
how quickly some populations could evolve a tolerance to 
externally applied autotoxins. Lankau (2011) demonstrated 
that garlic mustard (Alliaria petiolata [M.Bieb.] Cavara & 
Grande) reduced investment in allelopathic compounds and 
soil microbial communities adapted resistance to the com-
pounds over time. Such interactions and feedbacks with 
endophytes or soil or plant microbiomes could also lead to 
autotoxin tolerance over time that may only be observed in 
natural settings and are more difficult to test for in a con-
trolled environment. Organisms being treated with autotox-
ins will need to be monitored to determine if organisms can 
develop autotoxin tolerance, and how quickly this occurs.

Environmental Effects  Even if autotoxins are extremely 
specific, it is unclear if autotoxins will have other non-target 
effects. The specificity of autotoxins could make people less 
concerned about strictly applying autotoxins only to the 
target species, potentially opening the door for increased 
non-target effects. As with other chemicals, there could be 
potential for accumulation in the environment. There is also 
potential for bioaccumulation to occur after prolonged auto-
toxin use, as seen in pesticides such as dichlorodiphenyltri-
chloroethane (DDT) (Kesic et al. 2021). Autotoxins that are 
species-specific at low doses may be toxic to a wider range 
of organisms at high doses, and bioaccumulation could lead 
to organisms experiencing these high doses of autotoxins 
even if they are applied in low doses (Isensee 2024). Bioac-
cumulation potential should be investigated in autotoxins, 
and the amount of autotoxin required for toxicity in off-tar-
get species should be identified, even if this amount is well 
above the dose required for target species toxicity.

Depending on their chemistry, autotoxins could also linger 
in water or soils, potentially altering ecosystem chemistry. 
For example, many autotoxins identified thus far are acids 
(e.g., P-coumaric acid, salicylic acid, malonic acid, cin-
namic acid, and benzoic acid) and adding large amounts of 
acidic autotoxins into the environment could change soil 
chemistry (Table S1). Soil acidity affects what plants can 
grow, what microbes are present, and nutrient cycling (Rob-
son 1989). Thus, autotoxins could have indirect off-target 

more potent allelopathic chemicals, they would also have 
to evolve low energetic production costs and adaptations to 
the allelopathic toxin (Colautti and Antunes 2025). Whether 
invasive plants are producing autotoxins or allelopathic tox-
ins to overcome intraspecific or interspecific competition, 
these toxins could potentially be harnessed to turn back on 
the invasive plant in need of control. However, it is unclear 
(1) which species produce autotoxins, (2) the mechanisms 
for extracting and amplifying the toxins, and (3) the dos-
age that would be necessary to effectively induce growth 
reduction or mortality. Paramanik et al. (2008) and Li et al. 
(2018) are just two examples of studies that have found that 
high concentrations of an autotoxin can effectively reduce 
growth and/or induce mortality of plant species, though 
more research needs to be conducted to fully explore the 
sources of and mechanisms behind autotoxins. It may be 
difficult to discover autotoxins in organisms that only pro-
duce them under certain conditions, as preliminary extracts 
may not contain any autotoxin depending on environmental 
conditions. Organisms that only produce autotoxins under 
certain conditions may also require higher doses of autotox-
ins to reach toxic levels if the organisms being treated are 
not already producing the autotoxin themselves. If autotox-
ins are only produced under certain conditions, this could 
make the discovery and use process of autotoxins more 
complicated.

Along with the knowledge gaps that still exist regarding 
autotoxin sources and mechanisms, there are also many 
challenges that could hamper eventual use of autotoxins for 
invasive species control. The first challenge is that autotox-
ins are reactionary by nature. Specifically, autotoxins will 
have to be sourced after a species is an identified problem or 
management priority, and this lag time for autotoxin devel-
opment could allow species to gain a stronger foothold in 
the introduced range, making them more difficult to man-
age later on. Thus, while autotoxins are a promising fron-
tier for invasive species control, their reactive rather than 
proactive nature may mean that they are more useful for 
managing established invasions rather than preventing new 
ones. However, if used in a holistic paradigm of concurrent 
prevention and intervention, invasive species management 
may succeed in some areas where extant approaches with 
chemical intervention are currently failing.

Resistance and Tolerance to Autotoxins  In addition to the 
knowledge gaps associated with sources and mechanisms 
of autotoxins, there are knowledge gaps regarding what 
adaptations the species have to resist or grow tolerant to 
autotoxins or allelopathic toxins. It is hypothesized that 
many organisms that contain autotoxic compounds have 
evolved ways to avoid autotoxicity (Newman 1978; Singh 
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production extends beyond plants, there is potential for 
them to be developed and used as biological weapons to 
destroy agricultural crops or other living commodities that 
humans and other animals rely on for survival. Once there 
is more knowledge of the capabilities of autotoxins, regu-
lations may be required to limit their development beyond 
invasive species control. Research and development of 
autotoxins should have a defined scope that is specific and 
within the approvals of appropriate governing bodies.

Autotoxins may also be met with the same skepticism faced 
by herbicides. Though autotoxins are naturally derived, 
their similarities to better-known and more infamous her-
bicides may lead to public distrust of their safety, or lead to 
increased regulation that stymies their development. To pre-
vent public distrust, autotoxins will need to be thoroughly 
tested, and researchers should be open with governing and 
regulating bodies, stakeholders, and the public during the 
development process to ensure maximal adoption of this 
new approach with advancing technology.

On the other side of the coin, autotoxins may also face 
skepticism over their efficacy, which could slow uptake 
(Cordeau et al. 2016). Natural pesticides, including bio-
herbicides and autotoxins, are often viewed as less effec-
tive than synthetic pesticides, which have a more extensive 
record of success (Fusar Poli et al. 2025). Bioherbicide 
effectiveness is often more dependent on environmental 
conditions and the quality of the source of the compounds 
than synthetic herbicides are, and some bioherbicides that 
demonstrate sufficient toxicity under laboratory conditions 
have inconsistent toxicity when applied in the field (Cordeau 
et al. 2016). In order to reduce skepticism and ensure effi-
cacy, autotoxins will need to be tested extensively in the 
field under a variety of conditions.

Production and Cost of Autotoxins  Another challenge of 
using autotoxins in management is that they may not be 
cost effective to produce or use. Few bioherbicides are cur-
rently on the market, and even fewer are derived from plant 
compounds, partially due to inconsistent control under field 
conditions (Cordeau et al. 2016). Because autotoxins are 
intended to be species-specific, it may not be cost effective 
to mass produce them. Furthermore, there is speculation 
that specific autotoxins may only be effective on certain 
genotypes, meaning that autotoxins would have to be devel-
oped separately for different populations. While this small-
scale, tailored approach will be useful in limiting non-target 
effects, it would also make it difficult to scale up autotoxin 
production (Ash 2010). The more specific autotoxins are, 
the more it may cost to develop and produce them, reduc-
ing their cost-effectiveness. Some autotoxins may also be 
more difficult to extract and purify than others, which could 

effects on the environment by modifying soil chemistry 
rather than through direct toxicity.

Autotoxins can be varying types of biological molecules, 
from lipids to water-soluble compounds, so it is imperative 
to be cognizant of the types and stereochemistry ratios of 
molecules in autotoxins and how they will interact with the 
environment. Abiotic factors such as salt stress, cold, and 
drought cause changes in the types and amounts of second-
ary metabolites that plants produce (Akula and Ravishan-
kar 2011), and infections or insect damage can also alter or 
induce the production of some secondary metabolites (Ben-
nett and Wallsgrove 1994). If autotoxins are being directly 
extracted from plants rather than synthesized in a laboratory, 
all of the different compounds and stereochemistry ratios 
present in extracts should be studied for off-target effects.

Species Specificity  One of the major knowledge gaps is 
how species-specific autotoxins are compared to other con-
trols. Thus far, some autotoxins have shown no toxic effects 
on other species (Munther and Fairbrothers 1980; Li et al. 
2016), but the majority of autotoxins tested on other species 
have shown some negative effects (Table 2). Autotoxins of 
some species seem to only affect congeners or species in 
the same family (e.g., Salvinia molesta), but most autotox-
ins have negative effects on plants both within and outside 
their family (Table  2). Extensive research will be needed 
to determine the specificity of autotoxins, especially those 
being developed for use in management of invasive organ-
isms that are spread across a variety of habitats. For exam-
ple, autotoxins developed to control cogongrass (Imperata 
cylindrica [L.] P. Beauv.), an invasive grass that is now 
present on six continents (MacDonald 2004), would need 
to be tested extensively to determine whether these auto-
toxins would impact any of the other organisms found near 
cogongrass invasions, especially other grasses in Poaceae. 
Most autotoxins have been tested only on plants outside 
the family of the producing species, and tests on congeners 
have been done for autotoxins produced by only ten spe-
cies (Table 2). How closely related a species can be before 
being negatively affected by autotoxins remains an impor-
tant knowledge gap, as some non-native species have native 
congeners in the introduced range (e.g., native coral honey-
suckle [Lonicera sempervirens L.] and non-native Japanese 
honeysuckle [Lonicera japonica Thunb.] both occur in the 
southeastern United States). Examining autotoxin impacts 
based on phylogenetic relatedness should be considered 
during research and testing.

Ethical and Regulatory Considerations  If all organisms 
produce autotoxins, there could be ethical questions that 
arise regarding how far researchers should go when uti-
lizing autotoxins to combat invasive species. If autotoxin 

1 3

Page 13 of 18     31 



Journal of Chemical Ecology           (2026) 52:31 

uct names is for descriptive purposes only and does not imply endorse-
ment by the U.S. Government.
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increase production costs. For example, ailantone is an 
allelochemical produced by tree of heaven (Ailanthus ali-
tissima (Mill.) Swingle) that is toxic to many plants, but it 
has not been adopted as a bioherbicide partially because of 
how expensive it is to produce (Khamare et al. 2022). It 
is possible that autotoxins will not turn into a marketable 
product, which could slow their uptake and accessibility for 
managers.

Conclusions

Existing research shows some potential of autotoxins to act 
as a more species-specific tool in the fight against invasive 
plants, but much more research is needed before autotoxin 
use becomes a reality. Though autotoxins have been inves-
tigated preliminarily for a variety of plants, more research 
is needed to determine how many target organisms can 
produce and are susceptible to autotoxins, and how spe-
cific autotoxins will be (i.e., ensure no non-target effects). 
Because autotoxins have similar production methods and 
use as current chemical and biological control methods, 
frameworks for testing chemical and biological controls 
can be used to thoroughly test for non-target effects of auto-
toxins. Future testing of autotoxins should focus not only 
on refining the development process, but also on elucidat-
ing the full range of potential non-target effects, including 
those on closely related and co-occurring species, sublethal 
impacts, and effects on humans and other animals. With 
thorough research, autotoxins could become an important 
tool in invasive species management efforts.
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