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a b s t r a c t

Indole is a biologically active compound formed by the fusion of benzene and pyrrole, and it is widely

found in natural products and drugs. Due to the unique structure and properties of indole, its deriva-

tives often exhibit distinctive physiological activities, which has led to widespread attention in the field

of pesticide development. Analyzing the design strategies and structure-activity relationships (SARs) of

compounds is a crucial step in developing novel pesticides. This review mainly summarizes indole com-

pounds with plant growth regulating, antiviral, fungicidal, herbicidal, and insecticidal activities, with the

aim of providing new insights into the discovery and mechanism of action of novel indole-based pesti-

cides.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Scientists are constantly working to design, synthesize, and

evaluate drug molecules with broad-spectrum biological activities

in the fields of organic chemistry and pharmaceutical research. The

biologically active core skeleton is a key component of chemical

drug structures and is widely used in the fields of drug derivation,

agrochemical product innovation, compound design, and character-

ization of structure–activity relationships (SARs) [1,2]. Therefore,

the identification and utilization of biologically active core skele-

tons are of great significance for exploring new drug structures,

optimizing drug efficacy, and reducing costs. In recent years, indole

has gained increasing attention due to its unique structure, which

results in indole derivatives possessing distinctive physiological ac-

tivities.

Indole (Fig. S1 in Supporting information) is one of the key

structural motifs in drug discovery and can serve as a scaffold

for a variety of receptor ligands [3–5]. Indole derivatives exhibit

unique properties such as mimicking peptide structures and re-

versible binding to enzymes, which provide significant opportuni-

ties for discovering novel drugs with distinct modes of action [6–

10]. Indole compounds are widely used in the field of medicine

due to their properties such as anti-tumor [11,12], antibacterial

[13–16], and antiviral activities [17,18]. In the field of pesticides,

indole compounds are mainly applied in plant growth regulation,

antiviral [19–21], and antibacterial [22–24] aspects (Fig. S1). From
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2010 to 2023, researchers have mainly focused on the antiviral

[16,23,24] and antibacterial activities [22,25–29] of indole com-

pounds, with relatively few reports on their plant growth regulat-

ing, herbicidal, and insecticidal activities [30].

While there have been reviews on the synthesis methods and

biological applications of indole derivatives, they mainly focus on

the synthesis of existing varieties and their related properties. As

far as we know, a comprehensive summary of the relationship be-

tween the structure and biological activity of indole derivatives,

as well as their design strategies, has yet to be compiled. There-

fore, we have summarized the application of biologically active

molecules containing indole structures in pesticides based on de-

sign strategies, SARs, and mechanisms of action. It is our hope that

this review will provide new insights into the discovery and mech-

anism of action of novel indole-based pesticides.

2. Plant growth regulating activity

Indole compounds with plant growth regulating activity re-

ported in recent years are mainly derived from natural products.

Indole-3-acetic acid (IAA) 1 is the most common indole compound

(Fig. 1) with plant growth regulating activity, and it plays an im-

portant role in the growth and development of plants [31–34].

Studies have found that IAA can serve as a signal between mi-

crobes and plants [35,36]. For example, secretions from roots of

Arabidopsis can induce the synthesis of IAA in Falciphora oryza,

thereby promoting the growth of lateral roots in Arabidopsis [37].

Research on the mechanism of action has found that IAA regu-

lates the transcription and expression of many genes through the

ubiquitin-proteasome system, affecting cell growth and differenti-
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Fig. 1. Indole compounds with plant growth-regulating activity.

ation. The ubiquitination complex is activated in response to the

auxin signal receptor transport inhibitor response protein 1 (TIR1),

which recruits gene transcription factors for gene transcription. At

the same time, the ubiquitination complex degrades the transcrip-

tional repressor protein (Aux/IAA), promoting the transcription of

auxin-responsive genes. However, at low concentrations of auxin,

the cell tends to suppress the transcription of genes mediated by

the Aux/IAA and auxin response factor (ARF) transcription factor

complex [38–41]. This is because at low concentrations of auxin,

cells need to control gene transcription to maintain normal growth

and differentiation. The cell tends to suppress the transcription of

genes mediated by the Aux/IAA and ARF transcription factor com-

plex to balance the action of auxin signals, ensuring normal cell

growth and development.

Indole-3-butyric acid (IBA) 2 (Fig. 1) is a plant growth hor-

mone that is structurally similar to IAA. However, the side chain

of IBA is longer than that of IAA, and it cannot directly bind to the

TIR1-Aux/IAA pocket [42,43]. Instead, IBA needs to be converted

to IAA through β-oxidation with the involvement of peroxidases

(IBR1, IBR3, IBR10, and ECH2), triggering the auxin signaling cas-

cade [44,45]. Although IBA can mimic the effects of IAA to some

extent, whether it should be considered an independent signaling

molecule from IAA requires further research and clarification, as its

signal transduction mechanism may be different from that of IAA.

A new type of growth hormone, indole-3-hexanoic acid (IHA) 3

(Fig. 1), synthesized from pyridine carboxylic esters, is structurally

similar to IAA and IBA. IHA can be recognized directly or indi-

rectly by TIR1 and cause TIR1 to participate in IHA signal recep-

tion, showing similar reactions to IAA [46]. Compared to IBA, IHA

can induce higher levels of GH3.3 and ACS4, indicating that it has

a unique mechanism for regulating plant growth and development.

IHA can be further converted to IBA through β-oxidation, thereby

affecting plant growth and development. In addition, IHA can trig-

ger feedback inhibition of IBA conversion to IAA, regulating auxin

responses. Although further research and identification are needed

on the IHA signal mechanism, as a new type of growth hormone,

its unique structure and mechanism provide new ideas and possi-

bilities for studying plant growth and development [46].

4-Chloroindole-3-acetic acid (4-Cl-IAA) 4 (Fig. 1) is an IAA ana-

log with a chlorine substitution at the 4-position of the indole ring,

originally isolated from immature pea seedlings [47]. Compared to

other compounds in pea, 4-Cl-IAA has unique biological activity. It

can stimulate gibberellin biosynthesis, inhibit expression of ethy-

lene biosynthesis genes (PsACS4, PsACO2, and PsACO3) in the fruit

skin, upregulate expression of ethylene receptor and signal-related

genes (PsERS1, PsETR2, PsEBF1, and PsEBF2) in the fruit skin, and

promote fruit skin growth [48]. Additionally, 4-Cl-IAA is considered

an important signaling molecule for oat floret senescence, although

its specific mechanism of action is not yet clear [49]. In terms of

molecular structure, the distance between the aromatic ring and

the carboxylic acid end of compounds such as IAA, IBA, and 4-Cl-

IAA must be within 0.55 Å for optimal plant growth-promoting ac-

tivity [42,50]. In addition, spatial configuration is also a factor that

influences the activity of growth-promoting compounds. For exam-

ple, indole-3-butyric acid (ISA) 5 (Fig. 1) is another IAA-like com-

pound that shows better growth-promoting effects than IAA or IBA

in certain situations. ISA has two enantiomers, and the R-(−)-ISA

enantiomer has better plant growth-promoting activity than the S-

(+)-ISA enantiomer.

Indole-3-acetamide (IAM) 6 (Fig. 1) is a precursor to IAA

biosynthesis and can affect plant growth through two pathways

[51]. One pathway is the conversion of IAM to IAA by a specific

hydrolytic enzyme (AM1), which promotes plant growth. The other

pathway involves the accumulation of IAM in the plant, which

promotes the expression of the rate-limiting enzyme NCED3 in-

volved in abscisic acid (ABA) biosynthesis pathway, induces the

biosynthesis of ABA, further leading to overexpression of R2R3 MYB

transcription factor genes MYB74 either independently or directly

induced by ABA, ultimately restricting plant growth but enhanc-

ing tolerance to non-biological stress. Another important precur-

sor of plant growth hormone biosynthesis is tryptophan (Trp) 7

(Fig. 1), which is widely present in higher plants. Trp can increase

the abundance of Clonostachys rosea metabolites, thereby enhanc-

ing C. rosea’s ability to promote tomato root growth [52]. Introduc-

ing ammonium cations into the structure of tryptophan can yield a

class of ionic liquids 8 (Fig. 1) with excellent physical and chemical

properties (solubility). Lettuce application can increase biomass by

12%–20% and promote the absorption of some nutrients [53]. In ad-

dition, a class of jasmonoyl-l-tryptophan (9) can disrupt the activ-

ity of AUX1, leading to the ineffectiveness of IAA, but endogenous 9

plays a small role in regulating plant growth [54]. Tryptophan can

also be converted to melatonin (10) (Fig. 1; the biological functions

of melatonin are shown in Section S1 in Supporting information)

by the action of l-tryptophan decarboxylase (PSID) and serotonin

5-hydroxylase (CYP71P1), thereby participating in and regulating

plant growth, promoting post-germination root growth [55–58].

3. Antiviral activity

In agriculture, the reported antiviral activity of indole com-

pounds in recent years has mainly been targeted against tobacco

mosaic virus (TMV), cucumber mosaic virus (CMV), potato virus

Y (PVY), and others. Two indole-containing compounds discovered

in Peganum harmala [59] and Banisteriopsis caapi [60] have been

found to possess antiviral activity against TMV. At a concentration

of 500μg/mL, harmine 11 (62.3%, 55.1% and 60.3%) and tetrahydro-

harmine 12 (Fig. S2 in Supporting information) (64.2%, 57.2% and

59.5%) exhibit significantly higher TMV inactivation, therapeutic,

and protective activities than ribavirin (37.4%, 57.2% and 59.5%), re-

spectively. Song et al. used harmine or tetrahydroharmine as lead

compounds to synthesize compounds 13, 14, and 15 (Fig. S2) by

changing their saturation or introducing bromine and ester groups.
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These compounds showed better inhibitory activity against TMV

than ribavirin. SARs showed that the presence of ester groups was

crucial for the antiviral activity of these compounds. For example,

replacing the methyl formate ethyl ester structure in compound

12 with an acrylic acid structure significantly reduced its activity.

These findings provide valuable guidance for the development of

more effective TMV inhibitors.

The introduction of acylhydrazone structure can further en-

hance the antiviral activity of harmine and tetrahydroharmine

derivatives [61–63]. For example, at 50 μmol/L, compounds 16

(76%) and 17 (63%) showed antiviral activity against TMV that

was comparable to that of ningnanmycin (NNM) (65%). Mechanis-

tic studies revealed that compounds 16 and 17 (Fig. S2) could de-

lay the replication of TMV in the early stage of infection and main-

tain their high biological activity against TMV for a longer period of

time [64,65]. NK0209 (Fig. S2) is a compound with highly efficient

antiviral activity against plant viruses in this class of compounds

[66]. At 500μg/mL, NK0209 exhibited inactivation, therapeutic, and

protective activities against TMV (66.9%, 63.2% and 68.1%, respec-

tively), which were superior to those of NNM (57.3%, 54.2% and

55.0%). In the NK0209 molecule, C-1 and C-3 are its two chiral cen-

ters, and its four stereoisomers also exhibit superior antiviral ac-

tivity against TMV compared to NNM. In particular, chiral isomer

18 (1R, 3R) (Fig. S2) showed much higher inactivation, therapeu-

tic, and protective half maximal effective concentration (EC50) val-

ues against TMV (127, 108 and 156μg/mL, respectively) than NNM

(348, 392, and 373μg/mL) [67]. It can activate levels of reactive

oxygen species and antioxidants, and induce an increase in sali-

cylic acid content and expression of the responsive gene PR2. In

addition, it can weaken the virulence of TMV by directly altering

the morphology of viral particles and enhancing the activity of re-

active oxygen species enzymes, thereby reducing the production of

reactive oxygen species (ROS) induced by TMV during plant infec-

tion [65,67].

In 2019–2020, Wei et al. introduced [68] the dithioacetal struc-

ture into the indole structure to obtain compounds 21, 22 and

23 (Fig. S3 in Supporting information), which exhibit excellent

therapeutic activity against PVY with EC50 values of 282, 217,

and 288μg/mL, respectively, all of which are superior to NNM

(468μg/mL). Compounds 19, 20, 22, 23, 25 and 26 (Fig. S3) ex-

hibited protective EC50 values against TMV of 88.5, 207, 212, and

200μg/mL, respectively. Mechanism studies have shown that com-

pounds 19, 20, and 24–26 (Fig. S3) have strong interactions with

TMV coat protein (CP), thereby inhibiting the assembly of TMV.

Compound 20 can increase the expression levels of proteins that

regulate malate dehydrogenase (MDH) and the photosynthetic sys-

tem in chloroplasts, and enhance the activity of defense enzymes

superoxide dismutase (SOD), peroxidase (POD), phenylalamine am-

monia lyase (PAL), and catalase (CAT), thereby strengthening plant

defense responses and increasing resistance to plant viruses such

as PVY. SARs have shown that the presence of different thiol com-

pounds affects the antiviral activity of indole derivatives containing

dithioacetal moieties against PVY.

Compounds 27 and 28 (Fig. S3) are a class of structurally simple

indole derivatives, with an aldehyde group and a carboxyl group

present at the 3-position of the indole, respectively. At a concen-

tration of 500μg/mL, compounds 27 and 28 exhibited inactivation

and protective activities against TMV with 77.78%, 86.22%, 77.42%

and 89.00%, respectively. Mechanism studies have shown that the

application of compounds 27 and 28 can cause TMV particles to

break and force the broken particles to aggregate, thereby exerting

a preventive effect against TMV. The application of compounds 27

and 28 can increase the transcription levels of non-expressor of PR

genes (NPR1), pathogenesis-related protein 1 (PR1), PR2, PR5, and

phenylalanine ammonia lyase. They can also upregulate the activ-

ities of CAT and POD to reduce damage to membranes caused by

peroxides. In addition, compound 28 can increase the activity of

PAL and the transcription levels of ICS and PBS3, thereby promot-

ing the accumulation of salicylic acid (SA). Compound 28, on the

other hand, only promotes the accumulation of SA through the PAL

pathway [19].

3-Hydroxy-2-oxindole is also a class of compounds with good

antiviral activity. Compound 29 (Fig. S3) isolated from Strobilanthes

cusia showed certain inhibitory activity against TMV. Mechanistic

studies revealed that compound 29 was an inducer of systemic ac-

quired resistance in plants via a salicylic acid-mediated signaling

pathway. Wei et al. introduced [69] a sulfonamide moiety into the

3–hydroxy-2-oxindole structure to obtain compound 30 (Fig. S3),

which exhibited curative and protective activities against PVY of

55.9% and 57.3%, respectively, at a concentration of 500μg/mL. This

was superior to compound 29 (49.5% and 50.5%) and NNM (51.2%

and 52.6%). Mechanistic studies revealed that compound 30 could

induce the activities of four defense-related enzymes (SOD, POD,

PAL, and CAT), upregulate the expression of some genes related

to photosynthesis, and inhibit the systemic infection of PVY in to-

bacco.

Topsentin alkaloids are a group of indole derivatives isolated

from marine sponges such as Mediterranean Topsentia genitrix, Car-

ribbean or Korean Spongosorites sp. These compounds contain an

imidazole ring in their structure, which can exist in two different

levels of saturation [70]. For example, in compounds 31, 32, 33 and

34 (Fig. S3), the substitution of the indole ring at position 7 with

bromine or methoxy was found to be favorable for enhancing an-

tiviral activity [71]. Guo et al. used [72] Topsentin alkaloids as lead

compounds and synthesized compounds 35 and 36 (Fig. S3) by re-

placing the imidazole ring with thiazole and oxazole rings. At a

concentration of 500μg/mL, compounds 35 and 36 showed thera-

peutic, protective, and inactivation activities against TMV of 50%,

53%, 54% and 59%, 52%, 54%, respectively. Studies have shown that

compound 36 exerts antiviral effects by aggregating viral particles

and restricting their movement in plants, thus slowing down the

spread of TMV.

Marine natural product 37 (Fig. S3) belongs to the class of in-

dolopyrroloketone compounds, which differ from topsentin alka-

loids only in the structure of the two heterocycles at the 3-position

of the indole ring. At a concentration of 500mg/mL, the therapeu-

tic, protective, and inactivation activities against TMV were 51%,

56% and 53%, respectively. Wang et al. used this compound as a

template and introduced a thiourea and a phenyl ring into the

pyrroloketone moiety to obtain a class of compounds with good

antiviral activity. Compounds 38, 39 and 40 (Fig. S3) exhibit an-

tiviral activity similar to or better than NNM. Mechanistic stud-

ies have shown that compound 41 (Fig. S3) has a strong affinity

for TMV CP and can interfere with the assembly of TMV CP and

RNA by binding to TMV CP. SARs have shown that introducing a

phenyl group at the 5- or 6-position of the pyrroloketone moi-

ety can enhance the antiviral activity of these indolopyrroloketone

compounds against TMV. In addition, when the substituent on the

thiourea moiety is a phenyl group, electron-donating substituents

at the ortho position and electron-withdrawing substituents at the

para and meta positions are favorable for enhancing the antiviral

activity against TMV [73]. Afterwards, Lu et al. synthesized [74] a

series of simpler indole compounds 42, 43 and 44 (Fig. S3) as ana-

logues of topsentin alkaloids using gramine as a lead compound.

These compounds exhibited better anti-TMV activity than NNM.

The assembly of TMV was inhibited by cross-linking its CP.

Some indole compounds containing spirostructures also exhibit

good antiviral activity. These compounds generally introduce a

cyclic structure at the 3-position of the indole to generate a spiro-

compound [75]. Compounds 45, 46 and 47 (Fig. S4 in Supporting

information) reported [73] by Wang et al. have shown better an-

tiviral activity than ribavirin. SARs have shown that anti-TMV activ-
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ity can be improved by modifying the skeleton, changing the spa-

tial configuration, and increasing the electron-withdrawing capac-

ity of the substituent on the quinolone benzene ring. Compounds

50–57 (Fig. S4) showed better anti-TMV protection activity than

NNM. SARs have shown that the introduction of acyl hydrazide is

beneficial in modifying the indole skeleton [75–82].

4. Fungicidal and bactericidal activity

Indole-containing compounds with fungicidal and bactericidal

activity are mainly derived from natural products. Although many

compounds with highly effective antifungal and antibacterial activ-

ity have been reported, there are still few studies on the specific

mechanism of action of these compounds [83].

In the development of novel indole-based antifungal and an-

tibacterial drugs, the indole-containing β-carboline or tetrahydro-

β-carboline structure is often used as the core structure for fur-

ther modification. Zhang et al. incorporated [84] a urea structure

at position 3 of the β-carboline scaffold to obtain compound 58

(Fig. S5). At a concentration of 100mg/L, this compound showed a

74.66% inhibition rate against Rhizoctonia solani (R. solani), with an

EC50 value of 0.131mmol/L against R. solani.

Although the above two classes of indole compounds exhibit

excellent antifungal activity, the poor flexibility of the β-carboline

scaffold often results in low solubility of the derived compounds.

Xi et al. further modified [85] the C-ring of the β-carboline scaf-

fold by altering saturation and inserting heteroatoms to obtain

compound 60 with excellent antifungal activity. This compound

showed an EC50 value of 2.35 μg/mL against R. solani. Compounds

59 and 60 (Fig. S5, SARs see Section S2 in Supporting information)

have similar mechanisms of action. They can disrupt the mitochon-

drial membrane potential (MMP) and affect mitochondrial func-

tion, leading to accelerated cell death. They can also disrupt cell

membrane permeability, cause accumulation of ROS, and interfere

with DNA synthesis by inhibiting topoisomerases I and II.

The β-carboline derivatives 61 (Fig. S5, SARs see Section S2),

obtained by introducing the acylhydrazone moiety into the β-

carboline structure, exhibited broad-spectrum antifungal activity

against various plant pathogens. At a concentration of 50mg/kg,

compounds 61 showed inhibitory rates of over 88% against P. piri-

cola, Sclerotinia sclerotiorum (S. sclerotiorum), and Rhizoctonia cere-

alis (R. cerealis) [86]. In the same year, they introduced an imida-

zole structure at position 3 of the β-carboline scaffold and ob-

tained compound 62 (Fig. S4), which showed an EC50 value of

4.2 μg/mL against R. solani [87].

Compounds with good Antifungal activity can also be obtained

by introducing some heterocyclic rings at the 3-position of the in-

dole ring. For example, indole derivatives 63 (Fig. S5) with a 1,2,4-

triazole ring structure exhibited high antifungal activity against

Cercospora arachidicola (C. arachidicola). Compounds 64 (Fig. S5)

showed activity against C. arachidicola, P. piricola, and R. cerealis,

while compound 65 (Fig. S5) exhibited activity against C. arachidi-

cola, R. cerealis, and watermelon anthracnose. The antifungal ac-

tivity of these compounds was higher than that of carbendazim

[88]. Ouyang et al. introduced [89] a disulfide group into the

1,2,4-triazole ring structure to obtain compounds 66–68 (Fig. S5),

which exhibited excellent antifungal activity. At a concentration of

50μg/mL, compound 66 exhibited 81.43% inhibition activity against

Burkholderia glumae, while compounds 67 and 68 showed over 80%

inhibition activity against Ralstonia solanacearum. Compounds 66

and 68 exhibited inhibition activity of 68.05% and 67.68%, respec-

tively, against Xanthomonas citri. Replacing the 1,2,4-triazole ring

with an imidazole ring in such compounds has led to some com-

pounds showing good antifungal activity [89]. For example, com-

pounds 69 and 70 (Fig. S5) exhibited inhibition rates of 88.78% and

100%, respectively, against tobacco bacterial wilt disease. However,

the overall antibacterial activity of these compounds decreased sig-

nificantly.

Pimprinine is a natural indole alkaloid found in Aspergillus fungi

[90,91]. Compounds 71–73 (Fig. S5) synthesized based on pimpri-

nine showed inhibition activity of 57%, 67%, and 63%, respectively,

against C. arachidicola at a concentration of 50μg/mL, which were

higher than carbendazim (50%) [90]. Gao et al. replaced [91,92] the

oxazole ring in the pimprinine structure with an imidazole ring

to obtain compounds 74 and 75 (Fig. S5) with good antifungal

activity. At 50μg/mL, they exhibited inhibition rates of 97.5% and

90.3% against Alternaria Leaf Spot and R. solani, respectively. In this

class of imidazole-substituted indole compounds, the introduction

of halogen atoms on the imidazole ring can further enhance their

antifungal activity. Substitution of the oxazole ring with oxadiazole

or thiadiazole resulted in a significant reduction or even loss of

antibacterial activity for this class of compounds [90].

Nortopsentins are a class of compounds with a bis-indole struc-

ture isolated from the sponge Sorites ruetzleri, which exhibit mod-

erate antifungal activity against Candida albicans [93]. Guo et al.

replaced [72] the imidazole moiety in bis-indole alkaloids with a

thiazole moiety to obtain compounds 76 (Fig. S5) (active against A.

solani), 77 (Fig. S5) (active against A. solani and Fusarium gramin-

earum), and 78 (Fig. S5) (active against P. capsica), all of which ex-

hibited higher antifungal activity than that of streptomycin. Intro-

duction of the thiazole ring has a more positive effect on the im-

provement of antifungal activity compared to the imidazole ring.

In addition to the heterocyclic ring strategy mentioned above,

introducing a small, electron-withdrawing substituent at the 4-

position of the indole ring can significantly enhance the antifun-

gal activity of indole derivatives. Introducing a small, electron-

withdrawing substituent at the 4-position of the indole ring can

significantly enhance the antifungal activity of indole compounds,

due to the reduced steric hindrance of the substituent. For exam-

ple, compounds 79 and 80 (Fig. 2) showed 100% inhibition activ-

ity against R. solani at a concentration of 10μg/mL. Their EC50 val-

ues against R. solani were 0.62 and 1.25μg/mL, respectively, which

were much better than that of indole (25.56μg/mL) [94]. Mecha-

nism studies have shown that compound 79 can affect MMP, dis-

rupt normal mitochondrial function, and reduce the DNA content

and number of nuclei in R. solani mycelia, thereby interfering with

DNA synthesis. Unlike compounds 59 and 60, compound 79 in-

hibits the accumulation of ROS and has no effect on cell membrane

permeability [94].

Some indole derivatives containing a spiral ring structure also

exhibit highly efficient antifungal activity [95,96]. The spiroin-

dolinone compounds 81 and 82 (Fig. 2) exhibit good inhibitory ef-

fects against S. sclerotiorum and Rhizoctonia cereadis [79,97]. Specif-

ically, compound 83 showed an inhibition rate of 65.7% against

R. solani at 50mg/L. This may be closely related to the presence

of fluorine atoms. In addition, some spiroindole compounds have

broad-spectrum antifungal activity. For example, compounds 81–

83 (Fig. 2) exhibit good inhibitory effects against plant pathogenic

fungi such as P. capsica, R. cerealis, and Colletorichum lagenerium

[98,99].

In 2022, Li et al. reported [100] a class of indole deriva-

tives containing a pyridine structure linked through diacetyl hy-

drazide, which exhibit good antibacterial activity against Xan-

thomonas oryzae pv. oryzicola (Xoc) and X. oryzae pv. oryzae (Xoo).

At a concentration of 5 μg/mL, compounds 84–87 (Fig. 2) exhib-

ited inhibition rates of 96.3%, 99.2%, 99.1% and 98.8%, respectively,

against Xoo. The EC50 values of compounds 84–87 against Xoo were

5.8, 2.2, 5.6, and 1.0 μg/mL, respectively. SARs have shown that hy-

drophobic, electrostatic, and steric effects play important roles in

the Xoc inhibition activity of this class of compounds. The mecha-

nism of action shows that compound 87 can regulate the conver-

sion of sugar metabolism in rice to produce pyruvic acid, which
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Fig. 2. Indole compounds with antifungal and antibacterial activity.

is further decarboxylated to produce acetyl-coenzyme A (CoA) and

then enters the tricarboxylic acid cycle, where NAD+ (oxidation

state of NADH) is reduced to nicotinamide adenine dinucleotide

(NADH). The NADH generated in this process is then fed into

oxidative phosphorylation. The two closely linked pathways ulti-

mately result in the production of usable chemical energy for the

plant, thereby enhancing the plant’s disease resistance.

5. Herbicidal activity

Compared to their applications as antiviral and antifungal

agents, indole derivatives are less commonly used as herbicides.

The main reported targets of indole-derived herbicides are proto-

porphyrinogen oxidase (PPO) and p-hydroxyphenylpyruvate dioxy-

genase (HPPD). Additionally, some indole derivatives can also in-

duce weed death by affecting photosynthesis, thus achieving her-

bicidal effects.

Thaxtomins is a family of plant toxins with a unique 4-

nitroindole and dione–pyridazinone structure. Thaxtomin A (TA)

(Fig. S6 in Supporting information), isolated from natural sources,

exhibit pre- and post-emergence herbicidal activity of over

60% against Brassica campestris (B. campestris) and Amaranthus

retroflexus (A. retroflexus) seedlings [101]. SARs have shown that the

presence of a benzyl group has a significant impact on the herbi-

cidal activity. For example, compounds 88, 89 and 90 (Fig. S6) ex-

hibit pre-emergence herbicidal activity (≥85%) against B. campestris

and A. retroflexus. Furthermore, the benzyl moiety and hydroxyl

groups on the dione–pyridazinone structure have a significant im-

pact on the crop selectivity of this class of compounds. Mechanistic

studies have found that compounds TA, 88, 89 and 90 exhibit cer-

tain inhibitory activity against PPO [102].

The indole derivative 92 produced by the endophytic fun-

gus Chaetomium globosum from Ginkgo biloba exhibits signifi-

cant inhibitory activity against carrot seedlings, with an inhibi-

tion rate over 60% at a concentration of 50μg/mL. He et al. treated

[103] compound 92 with diethylamine and sulfur trifluoride to ob-

tain a fluorinated indole derivative 93 (Fig. S6), which showed sig-

nificantly reduced phytotoxicity but increased toxicity against hu-

man colon cancer cells.

Indole derivatives 94 and 95 (Fig. S6) substituted at the 8-

position with nitro groups reduced the dry biomass of Ipomoea

grandifolia and Senna alata weeds by 40%, 37% and 50%. These

compounds can block the electron transfer of light and photosys-

tem II (PSII), which further affects the redox process. This leads

to a reduction in ATP synthesis and CO2 fixation in plants, thus

interfering with plant development [104]. SARs have shown that

the presence of strong electron-withdrawing groups, such as NO2,

is closely related to herbicidal activity, as the presence of such

groups is important for the interaction between the ligand and

the binding pocket of protein D1 on PSII [104,105]. However, the

unsubstituted tetrahydrocarbazole compound 96 (Fig. S6) showed

an inhibition rate of 22% on seed germination and 49.6% on root

growth. This may be because the methylene group on the in-

dole structure in compounds 94 and 96 increases their lipophilic-

ity, which promotes their better penetration through the plant

cell wall, thus exhibiting better herbicidal activity than compound

95. In addition, electron-withdrawing groups on the aromatic ring

of the indole skeleton can also increase the activity of the com-

pound [105]. Dong et al. introduced a pyrimidine ring into the

tetrahydrocyclopyrazole structure and obtained a class of com-

pounds with good herbicidal activity, including compound 97 (Fig.

S6). At 750 g/ai, compound 97 showed broad-spectrum herbici-

dal activity. However, the specific mechanism of action is still

unknown.

Compound 98 (Fig. S6, SARs see Section S2), which was ob-

tained by introducing a methyl ketone structure at the 3-position

of the indole, exhibits strong inhibitory effects on the seed ger-

mination and shoot growth of Amaranthus retroflexus. It can com-

pletely inhibit the germination of Amaranthus retroflexus seeds at

concentrations of 400–800 μmol/L. Mechanism studies have found

[106] that compound 98 has a certain inhibitory effect on HPPD,

which hinders the conversion of hydroxyphenylpyruvate to uro-

canic acid, resulting in the inability to synthesize tocopherols

and plastoquinones, thus affecting the biosynthesis of carotenoids

in the target organism. This promotes the appearance of chloro-

sis in meristematic and newly formed tissues of the plant, ulti-

mately leading to plant death. The auxin-like α-substituted indole-

3-carboxylic acid derivatives 99 and 100 (Fig. S6, SARs see Section

S2) showed high inhibition rates of 96% and 95%, respectively, on

the root growth of Brassica napus at 100mg/L, and even at 10mg/L,

they still maintained inhibition rates of 92% and 93%, respectively.

6. Insecticidal activity

Evodiamine is a class of indole-containing compounds obtained

from the fruit of Tetradium ruticarpum. It exhibits good insecticidal

activity against Mythimna separata (M. separata), Plutella xylostella

(P. xylostella) and Helicoverpa armigera (H. armigera) [107]. Liu et
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al. used [108] evodiamine as a lead compound to synthesize com-

pounds 101–103 (Fig. S7 in Supporting information) by introduc-

ing fluorine. Compounds 101 and 102 showed insecticidal activity

against M. separata at 90% and 80% respectively at a concentra-

tion of 2.5mg/L. Compounds 101–103 showed over 90% insecticidal

activity against P. xylostella at a concentration of 1.0mg/mL. Com-

pound 101 showed 60% insecticidal activity against H. armigera at

50mg/L. The mechanism of action studies found that compound

101 acts on the endoplasmic reticulum Ca2+ channel protein of in-

sects, releasing stored [Ca2+]i from the endoplasmic reticulum into

the cytoplasm.

Indole exhibits insecticidal activity at concentrations greater

than 1.0mmol/L [109]. Lee et al. introduced halogens into the

indole ring to obtain compounds 5-iodoindole (104) and 4-

fluoroindole (105) (Fig. S7), which showed 100% mortality against

Bursaphelenchus xylophilus (B. xylophilus) at a concentration of

1mmol/L. Especially compound 104 showed significantly better ac-

tivity than avermectin, with 100% mortality against B. xylophilus

at concentrations of 0.1 and 0.5mmol/L, respectively (compared

to avermectin) [110,111]. Mechanism studies have found that 5-

iodoindole induces death of nematodes through different mech-

anisms at different concentrations [112]. At a concentration of

50mg/L, compound 104 induces rapid death of nematodes by in-

teracting with glutathione S-transferase (GST), leading to GST in-

activation, accumulation of ROS, and subsequent death of the ne-

matodes. At a concentration of 20mg/L, compound 104 induces

the formation of several large vacuoles that fuse and gradually

lead to death of the nematodes. Cheng et al. introduced the halo-

genated indole structure into matrine to obtain compound 106

(Fig. S7), which exhibited excellent insecticidal activity against

the Spodoptera frugiperda (S. frugiperda). When X is Br, the lethal

concentration 50 (LC50) value of compound 106 against the S.

frugiperda is 0.00001mg/mL, while matrine has an LC50 value of

only 0.0075mg/mL.

Indole acylation also yields a class of compounds, bioactive 107

and 108 (Fig. S7, SARs see Section S2), with good insecticidal ac-

tivity against P. xylostella. Their LC50 values against P. xylostella

are 1.00 and 0.42 μg/mg, respectively, which are better than that

of Deltamethrin (1.19 μg/mg). Mechanistic studies have shown that

compound 66 has minimal negative effects on non-target species

such as Apis mellifera. This compound acts by blocking the conver-

sion of indoxacarb (a neurotoxic metabolite) to a more stable com-

pound, which leads to motor dysfunction and paralysis, resulting

in the immediate death of P. xylostella [113].

In 2022, Zhang et al. introduced [114] a class of mesoionic pyri-

dine ring structures at the 3-position of the indole ring to obtain

compounds 109–111 (Fig. S7), which exhibit excellent insecticidal

activity against Sogatella furcifera (S. furcifera) and Aphis craccivora

(A. craccivora). Compound 111 (SARs see Section S2), in particu-

lar, has LC50 values of 0.86 μg/mL and 0.85μg/mL against S. fur-

cifera and A. craccivora, respectively, and exhibits better insecticidal

activity against A. craccivora than triflupyrad (LC50 =3.67μg/mL),

which is noteworthy. The mechanism study reveals that com-

pound 111 can inhibit the activity of acetylcholinesterase (AchE)

and Ca2+Mg2+-ATPase in S. furcifera, thereby achieving the purpose

of pest control.

Indole derivatives containing a spiroring structure also exhibit

excellent insecticidal activity [78,115,116]. For example, compound

112 (Fig. S7) has good mortality rates of 100% against M. sepa-

rata and Culex pipiens pallens (C. pipiens pallens). Spiro indole com-

pounds containing an acylhydrazone fragment, such as compound

113 (Fig. S7), still exhibit a 60% mortality rate against C. pipiens pal-

lens at a concentration of 0.25mg/kg. Spiro oxindole ethylthiourea

compounds 114 and 115 (Fig. S7) exhibit a mortality rate of 100%

against C. pipiens pallens larvae at 5mg/mL, especially compound

114 with an LC50 value of 0.32mg/mL.

7. Summary and outlook

In recent years, research has highlighted the indole ring as a

promising active scaffold with unique structural and property ad-

vantages. Its derivatives exhibit broad-spectrum biological activ-

ity with diverse modes of action. The biological activity of indole

compounds is significantly impacted by the expansion of the in-

dole ring, substituents, and spatial configuration. Indole deriva-

tives with plant growth regulating activity are primarily natural

products, which make it difficult to perform structure-activity re-

lationship analysis. For fungicidal, antiviral, and herbicidal activity,

introducing structures such as acylhydrazine, pyridine carboxylic

acid, acetyl, and methyl into the indole ring can enhance the bi-

ological activity of its derivatives. Although indole compounds are

not widely used as insecticides, studies have incorporated the in-

dole structure into commercial insecticides, producing unexpected

derivatives with good biological activity. Furthermore, compounds

with good insecticidal activity have been synthesized by introduc-

ing structures such as spirorings, heterocycles, and halogens into

the indole ring, providing new avenues for discovering bioactive

compounds.

During the period from 2010 to 2020, reports on the biolog-

ical activity of indole compounds were mainly focused on their

antibacterial and antiviral activities. However, since 2020, an in-

creasing number of indole compounds have been studied as po-

tential antiviral agents, which may become a research hotspot in

the future. So far, the relationship between the substitution po-

sition on the indole ring and its biological activity is not very

clear, and the mechanism of action of most indole compounds is

also unknown. To some extent, these facts have limited the deep

optimization of the substructures of indole compounds. There-

fore, future research on indole compounds needs to utilize tech-

niques such as metabolomics, proteomics, photoaffinity probes, and

molecular simulation in bioinformatics to clarify the mechanism,

targets, and action sites of active compounds, in order to rationally

design and optimize indole compounds. It is foreseeable that these

technologies will accelerate the development of new indole class

pesticides.
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