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a b s t r a c t

Plant bacterial diseases cause significant harm to agricultural production because of their frequent, in-

termittent and regional outbreaks. Currently, chemical control is still a more effective method for bacte-

rial disease. To develop new, efficient and safe antibacterial agrochemicals, we summarize the research

progress of compounds with antibacterial activities in the past ten years, classify them according to their

active skeletons, and discuss their structure-activity relationships and mechanisms of action. Finally, the

development trend of antibacterial agrochemicals was prospected. This review provides valuable informa-

tion for the development of antibacterial agrochemicals.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Plant bacterial diseases caused by bacteria pathogens are a ma-

jor constraint on crop production and cause significant losses on a

global scale [1]. Mansfield et al. listed ten plant pathogenic bacteria

that have caused great harm to agricultural production, including

Xanthomonas oryzae pv. oryzae (Xoo), Ralstonia solanacearum (Rs),

Xanthomonas axonopodis pathovars, Pectobacterium carotovorum, Er-

winia amylovora, Pseudomonas syringae pathovars, Xanthomonas

campestris pathovars, Agrobacterium tumefaciens, Xylella fastidiosa

and Dickeya [2]. For example, Xanthomonas infects about 400

plants and causes huge economic losses worldwide [3–5]. Among

them, the rice bacterial leaf blight caused by Xoo can reduce rice

production by 10%−50%, posing a significant threat to global food

security [6–8]. Another example, Rs is a “species complex” and

one of the most destructive phytopathogenic bacteria in the world

[2,9]. The host range covers >50 families and >200 species [9].

Due to the wide geographic distribution and host range of Rs, it is

difficult to quantify the economic impact of the disease it causes.

Potato alone causes about $ 1 billion in global losses [2,10].

At present, the main methods to control plant bacterial diseases

include plant host resistance, biological control and chemical con-

trol [1,11]. Current resistant varieties can effectively control bacte-

rial diseases, but resistance has deteriorated due to the diversity of

pathogenic strains and the ability of bacteria to express effectors

that inhibit certain host defense responses [12]. Biological control
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mainly uses microbial control, but live microbial preparations are

susceptible to environmental conditions and crops, showing insta-

bility of the effect [13,14]. Chemical control is a relatively quick

and effective control method (Fig. 1). Currently, copper-containing

bactericides and agricultural antibiotics are mainly used to con-

trol bacterial diseases [15]. However, reliance on copper-containing

bactericides leads to phytotoxicity, the spread of copper-resistant

strains, and soil accumulation and adverse effects on soil biota [16–

18]. The continued use of antibiotics has led to significant resis-

tance. What is more, concerns about the potential impact of an-

tibiotics on human health have led the European Union to restrict

the use of antibiotics [19–22]. Furthermore, the scarcity of other

types of antibacterial agents, unsatisfactory control effects and the

development of bacterial resistance make it greatly difficult to con-

trol crop bacterial diseases [23,24]. Therefore, it is an urgent issue

to search for new, efficient and antibacterial agrochemicals in the

field of pesticide science.

In recent years, researchers have focused on metal materials

[25,26], peptides [27,28], microbial metabolites [29,30], separation

from natural substances [31,32], and modification of lead com-

pounds in the control of plant bacterial diseases. So far, there is

no review report on structural modification of antibacterial agro-

chemicals. In this review, the antibacterial agrochemicals in re-

cent 10 years are divided into oxadiazole/thiadiazole, triazole, iso-

propanolamine, onium salts, quinazolines, flavonoids, amides, es-

ters, metal complexes, and others according to the active skeleton.

The research progress of antibacterial agrochemicals is summarized

in terms of structure-activity relationships (SAR) and mechanisms

of action. Finally, the future development trend and application of

antibacterial agrochemicals were prospected.

https://doi.org/10.1016/j.cclet.2025.111543

1001-8417/© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Fig. 1. Structures of commercial antibacterial agents.

2. Antibacterial agrochemicals, SAR and mechanism of action

2.1. Oxadiazol/thiadiazole

Oxadiazole/thiadiazole is a nitrogen-containing heterocyclic

compound that can induce the host to defend against plant

pathogens [33]. The successful commercialization of thiadiazole

compounds such as thiodiazole copper, zinc thiazole and bis-

merthiazol also proves that thiadiazole compounds have excellent

application prospects and research value in the design and synthe-

sis of new and efficient antibacterial agents. Liang et al. found that

bismerthiazol reduces the virulence of Xoo by inhibiting the his-

tidine utilization pathway and quorum sensing, thereby achieving

the purpose of antibacterial [33]. In addition, the degradation prod-

uct of bismerthiazol contains 2-amino-1,3,4-triadiazole and N,N’-

methylene bis(2-amino-1,3,4-thiadiazole), which have good an-

tibacterial activities. However, these two degradation products are

banned due to teratogenic side effects in humans and animals [34].

Recently, many compounds containing oxadiazole/thiadiazole have

been developed to study their antibacterial activities in order to

search for potential antimicrobial agents. The antibacterial activi-

ties of some representative oxadiazole/thiadiazole compounds are

shown in Table 1 [35–50]. Compounds 1, 6, 7 and 11 increase the

activities of superoxide dismutase (SOD) and peroxidase (POD) in

rice, thereby enhancing the resistance of rice to Xoo. In addition,

compounds 1 and 11 increase the chlorophyll content of rice and

inhibit the increase of malondialdehyde content in rice, thereby

reducing the damage of Xoo to rice. This suggests that the struc-

ture of oxadiazole/thiadiazole increases the content of defense en-

zymes and chlorophyll, and improves the antibacterial ability of

the host. In addition, at a concentration of 20μg/mL, the inhibitory

rates of compound 1 on the expression of extracellular polysac-

charide (EPS) related genes gumB, gumG, gumM and xanA were

94.88%, 68.14%, 86.76% and 79.21%, respectively [35]. Chen et al.

used “activity-based protein profiling (ABPP)” technology to find

that the specific target of compound 1 against Xoo and X. ax-

onopodis pv. citri (Xac) was dihydrolipoamide S-succinyltransferase

(DLST). This result was further confirmed through in vitro inter-

action analysis and Western blot experiments [36,37]. Gao et al.

used a label-free proteomics quantitative analysis method to screen

the differential protein of compound 2 that acts on citrus canker.

They found that compound 2 has a significant regulatory effect

on the metabolism of pyrimidine [39]. Compound 3 regulates the

differential proteins of the rice purine metabolism pathway, and

Table 1

Antibacterial activities of oxadiazole/thiadiazole compounds and mechanism of action.

Compd Bacterial In vitro antibacterial Protective activities Mechanism of action Ref.

activities/ EC50 (μg/mL) at 200μg/mL (%)

1 Xoo 9.9 / DLST [35,36]

Rs 8.3 / [37,38]

2 Xoo 1.1 43.5 Metabolism of pyrimidine [39,40]

Xoc 7.1 /

3 Xoo 4.8 / Purine metabolism [41]

4 Xoo 5.3 44.3 CsrA and Xoc3530 [42]

Xoc 7.6 47.5

5 Xoo 1.8 51.3 Glycolysis/gluconeogenesis [43]

Xoc 2.1 45.9

6 Xoo 0.3 40.3 Interferes with proteins in the

bacterial glycolysis-gluconeogenesis

pathway

[44]

Xoc 0.6 42.0

Xac 10.4 /

7 Xoo 0.4 / Glutathione metabolism [45]

Xoc 0.2 35.4

8 Xoo 0.4 55.8 / [46]

Xac 6.7 /

Rs 5.1 /

9 Xoo 13.4 56.0 Histidine metabolism and starch and

sucrose metabolism

[47]

Rs 33.5 /

Xac 24.6 /

10 Xoo 0.8 / / [48]

Xoc 2.2 /

11 Xoo 0.6 49.4 Photosynthetic [49]

Xoc 1.6 49.7

12 Xac / / Inhibited hpa1 transcription and

hypersensitive response (HR)

[50]

Xoc: Xanthomonas oryzae pv. oryzicola, Xac: X. axonopodis pv. citri.
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Fig. 2. Structures and active skeletons of oxadiazole/thiadiazole compounds.

the down-regulated differential proteins are adenylosuccinate lyase

and N5-(carboxyamino)imidazole ribonucleotide mutase [41]. Com-

pound 4 disrupts Xanthomonas oryzae pv. oryzicola (Xoc) growth

and pathogenicity by interfering with pathways associated with

bacterial virulence. Translational regulator CsrA (CsrA) and viru-

lence regulator (Xoc3530) were identified as target proteins by

ABPP. Further knocking out the CsrA or Xoc3530 gene in Xoc re-

sulted in a significant reduction in motility and pathogenicity of

the mutant strains [42]. Compound 5 can regulate the differen-

tial proteins in the glycolysis/gluconeogenesis pathway. The up-

regulated proteins are fructose-1,6-bisphosphatase, and the dihy-

drolipoamide acetyltransferase component of pyruvate dehydro-

genase complex, dihydrolipoyl dehydrogenase, and aldehyde de-

hydrogenase ALDH2b [43]. Compound 6 obstructs the physiologi-

cal and biochemical processes of pathogenic bacteria by interfer-

ing with proteins in the glycolytic-gluconeogenesis pathway [44].

Compound 7 can regulate the differential proteins of the rice glu-

tathione metabolism pathway, and the differential proteins upreg-

ulated are glutamate-cysteine ligase A and glutathione reductase

[45]. Compound 9 regulates the metabolism of histidine, starch

and sucrose in rice [47]. Compound 11 regulates differential pro-

teins in rice photosynthetic pathways and upregulates proteins as-

sociated with photosystem II and photosystem I [49]. Compound

12 inhibited hpa1 transcription and hypersensitive response (HR)

without affecting bacterial growth [50]. These results fully indi-

cated that oxadiazole/thiadiazole structures destroy the morphol-

ogy of bacteria, reduce the EPS of bacteria, increase the perme-

ability of cell membrane, and thus reduce the pathogenic ability

of bacteria. In the study of the mode of action on the host, oxa-

diazole/thiadiazole compounds can not only enhance the activities

of SOD, POD and chlorophyll in plants, but also strengthen mul-

tiple regulatory pathways, thus enhancing the resistance to bacte-

ria. Currently, great progress has been made in the research on the

mechanism of action of oxadiazole/thiadiazole compounds in vitro.

For example, new targets such as DLST, CsrA or Xoc3530 have been

discovered. However, in the pathway of crop protection, further re-

search on the targets of their antibacterial effects in vivo is of great

significance for the development of antibacterial agents.

The modified active structural motifs of oxadiazole/thiadiazole

compounds with antibacterial activities are shown in Fig. 2. Ac-

cording to the structural characteristics, oxadiazole/thiadiazole

compounds are divided into four parts: A (aromatic ring), B (flexi-

ble chain), C (substituent) and sulfur bond. In part A, the antibacte-

rial activity of aromatic rings is generally higher than that of alkyl

or cycloalkanes. The aromatic rings are mainly heterocyclic rings

containing N atoms and benzene rings. Among them, nitrogen-

containing heterocycles are beneficial to improve water solubility,

and improve the solubility of oxadiazole/thiadiazole compounds

in water, thereby increasing antibacterial activity. Therefore, when

designing part A, we can introduce structures such as quinazo-

lines, alkaloids or phenolic acids to ensure that the activity is

enhanced on the basis of increased water solubility. In part B,

it is mainly the flexible chain connecting the aromatic ring and

oxadiazole/thiadiazole, usually the chain of 0 to 3 carbon atoms

has better antibacterial activity, and the continuous extension of

the carbon chain is not conducive to the activity. The carbon

atoms can be replaced with amide, amine, sulfonic acid and sul-

fone groups. We believe that the rational design of flexible chains

has a significant influence on the antibacterial activity of oxadia-

zole/thiadiazole compounds. Therefore, when designing the struc-

ture, structures like isopropanolamine and esters can be intro-

duced to improve the antibacterial activity. The introduction of

small alkanes and halogenated alkanes in part C is more benefi-

cial to the activity. The introduction of benzene and heterocyclic

rings generally weakens the activity. In addition, the introduction

of long-chain onium salts can also increase antibacterial activity.

The sulfur between the oxadiazole/thiadiazole and part C has a vi-

tal biological activity for the compound. The antibacterial activity

of the sulfone is significantly higher than that of the sulfoxide and

thioether. We tried to separate oxadiazole/thiadiazole from sulfone

with one or two carbon atoms, and found that the antibacterial

activity decreased, indicating that the connection between oxadi-

azole/thiadiazole and sulfone is a necessary group for antibacte-

rial activity. Although oxadiazole/thiadiazole compounds have ex-

cellent in vitro antibacterial activity, they do not have outstanding

in vivo activity. We analyzed that the possible reasons might be

the poor water solubility of oxadiazole/thiadiazole compounds and

the relatively low stability after the splicing of the sulfonyl group

and oxadiazole/thiadiazole. Therefore, when introducing the oxadi-

azole/thiadiazole structure, we should consider as much as possi-
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Table 2

Antibacterial activities of triazole compounds and mechanism of action.

Compd Bacterial In vitro antibacterial Protective activities Mechanism of action Ref.

activities at 200μg/mL (%)

13 Xoo EC50 =18.8 μg/mL 50.8 Destroyed the cell membrane structure [53]

14 Xoo EC50 =5.0 μg/mL 54.2 Downregulated the expression of related

proteins in the type III secretion system and

transcriptional activator of Xoo

[54]

15 Xac EC50 =38.2 μg/mL 61.1 Enhance the permeability of bacterial

membrane and change the morphology of

bacterial cells

[55]

16 Xoo EC50 =18.8 μg/mL 56.2 / [56]

17 Erwinia amylovora MIC=0.0004mmol/L / / [57]

Erwinia carotovora MIC=0.0004mmol/L

X. campestris MIC=0.0008mmol/L

18 Xac EC50 =10.0 μg/mL / / [58]

Xoo EC50 =7.2 μg/mL 49.5

19 Psa EC50 =4.6 μg/mL 79.4 / [59]

20 Xoo EC50 =3.4 μg/mL 53.2 Interfere with the balance of the pathogen’s

redox system

[59]

Xac EC50 =2.9 μg/mL /

Psa: Pseudomonas syringae pv. actinidiae.

ble how to increase water solubility and how to improve stability,

which is beneficial to increasing the in vivo activity.

2.2. Triazole

Triazole compounds are five-membered aromatic compounds

containing three nitrogen atoms, which have broad-spectrum and

high-efficiency biological activities, and are one of the current re-

search hotspots [51]. Similarly, triazole compounds have made re-

markable achievements in agricultural fungicides, and their mecha-

nisms of action are to inhibit the 14α-demethylase involved in the

biosynthesis of fungal sterols [52]. In contrast, triazole compounds

have only begun to develop in agrochemical antibacterial applica-

tions. Table 2 and Fig. 3 show the antibacterial activity of some

representative triazole structures [53–59]. Compounds 13 and 15

destroyed the cell membrane structure of Xoo and Xac, respec-

tively, and achieved the effect of inhibiting Xoo and Xac, respec-

tively. In addition, compound 13 affects bacterial growth by inter-

fering with bacterial EPS and membrane permeability [53]. Com-

pound 14 significantly downregulated the expression of Xoo’s type

III secretion system and transcription activator-like effector-related

proteins [54]. Compound 20 may trigger the pathogen’s apopto-

sis and interfere with the balance of the pathogen’s redox system,

thereby inhibiting its normal growth and reproduction [59]. This

suggests that the triazole structure interferes with the type III se-

cretion system and redox system, reduces EPS, disrupts cell mor-

phology, and ultimately reduces the pathogenic capacity of bacte-

ria. However, the mechanism of the current compounds with tria-

zole structures is limited to the phenotypic analysis of pathogens

by the agents and the detection of physiological and biochemical

indexes. Their molecular targets and regulatory mechanisms have

not yet been elucidated.

In the design of triazole antibacterial agents, the triazole part

can be combined with hydrogen bonds, which is conducive to

binding biomolecular targets and increasing solubility. Therefore, it

is usually used as an active fragment to be spliced with natural

products or lead structures with antibacterial activity. For exam-

ple, compound 15 was obtained by concatenating oxadiazole and

triazole, and compounds 16 and 18 were obtained by introduc-

ing quinazoline. Both carbon and nitrogen atoms of triazole can be

structurally derived. The introduction of sulfur atoms and flexible

chains such as isopropanolamine on the carbon atoms may help

improve the antibacterial activity. At the same time, when design-

ing new structures, the addition of triazole or triazole-containing

condensed ring structures can be considered to improve antibac-

terial activity and water solubility. In addition, it is also a good

choice to introduce triazole skeleton with antifungal activity into

the structure of antibacterial activity. For example, compounds 19

and 20 introduce triazole containing isopropyl alcohol into car-

bazole, and the antibacterial activity is significantly increased.

2.3. Isopropanolamine

Structures containing isopropanolamine are easy to be deriva-

tized and are a kind of advantageous lead structures. Especially in

the field of antifungal research, in-depth studies have been car-

ried out, and commercial drugs such as the pharmaceutical flu-

conazole (Diflucan) and the pesticide triadimefon have been de-

veloped. In recent years, compounds containing isopropanolamine

have attracted wide attention due to their good antibacterial ac-

Fig. 3. Structures and active skeletons of triazole compounds.
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Fig. 4. Structures and active skeletons of isopropanolamine compounds.

tivity against plant pathogenic bacteria. The structures of the iso-

propanolamine compounds with antibacterial activities are shown

in Fig. 4, and antibacterial activities are shown in Table 3 [60–

71]. At 25μg/mL, compound 21 can wrinkle or rupture cell mem-

branes and interact with Xoo’s DNA. Through proteomics technol-

ogy, it is found that compound 21 mainly affects Xoo’s starch and

sucrose metabolic pathways and biotin metabolism [60]. Studies

have shown that compounds 23 and 24 may disrupt the balance

of the bacterial redox system, thereby inducing different apoptotic

behaviors on the pathogens Xoo and Xac [62,63]. Compound 25 in-

hibits diffusion signaling factor (DSF) biosynthesis, biofilm forma-

tion, EPS, and related quorum sensing (QS) pathway proteins. In

addition, compound 25 reduces bacterial flagella aggregation, lead-

ing to decreased swimming performance [64]. Compound 26 in-

hibits swimming motility, flagella assembly, and T3SS induced HR.

It is further speculated that the RpfF protein in the QS pathway

may be its potential target. The results of molecular docking show

that the compound is embedded in the pocket of the RpfF protein

Table 3

Antibacterial activities of isopropanolamine compounds and mechanism of action.

Compd Bacterial In vitro antibacterial Protective activities Mechanism of action Ref.

activities/EC50 (μg/mL) at 200μg/mL (%)

21 Xoo 1.3 48.7 / [60]

Xac 2.0 /

Psa 3.8 /

22 Xoo 5.0 48.2 / [61]

Xac 4.7 /

Psa 8.5 /

23 Xoo 1.7 51.9 / [62]

Xac 4.1 /

Psa 2.4 65.5

24 Xoo 4.8 51.8 / [63]

Xac 3.2 /

25 Xoo 6.8 43.6 Inhibit DSF biosynthesis and related QS

pathway gene expression

[64]

Xoc 8.9 /

Xac 3.1 /

26 Xoo 1.5 48.7 RpfF [65]

Xac 2.0 /

Psa 5.7 /

27 Xoo 0.8 52.0 Destroy cell morphology, and interacts with

DNA in a groove binding mode

[66]

Xac 4.8 /

Psa 2.3 80.0

28 Xoo 9.9 42.6 RpfF [67]

Xac 7.0

29 Xoo 1.3 43.3 Interferes with genes involved in fatty acid

synthesis and damages the integrity of bacterial

cell membranes

[68]

Xac 1.4 /

Psa 8.5 /

Cmm 8.2 /

30 Xoo 1.8 48.9 Inhibit the formation of biofilms, alter cell

membrane permeability, reduce the production

of EPS, and decrease bacterial motility

[69]

31 Xac 1.9 81.4 Destruction of cell membrane [70]

32 Xoo 2.0 50.8 Destroy cell membrane and inhibit EPS

production

[71]

Cmm: Clavibacter michiganense subsp. michiganse.
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Fig. 5. Structures and active skeletons of onium salts compounds.

and binds to Thr A: 243, Ile C: 180, and Cys B: 177 [65]. Com-

pound 27 acts on the bacterial cell membrane and interacts with

DNA in a groove binding mode [66]. The results of fluorescence

titration indicate that compound 28 has excellent binding affinity

with the potential target protein RpfF. Its binding constant (KA)

with Xoo RpfF protein is 104.87 L/mol. Molecular docking further

demonstrates that compound 28 is embedded in the pocket of the

RpfF protein and binds to Glu A: 161, Gly A: 138, Gly A: 86, and

Tyr A: 106. In addition, compound 28 can affect the synthesis of

DSF signal, biofilm formation, EPS production, cellulase and amy-

lase activities, as well as motility of Xoo, thus achieving antibacte-

rial effects [67]. Compound 29 interferes with the mRNA expres-

sion levels of acetyl-CoA carboxylase, acyl carrier protein and fatty

acid biosynthesis family genes related to fatty acid synthesis pro-

cess, reduces the lipid content of membrane, increases the perme-

ability of membrane, and finally destroys the integrity of bacterial

membrane [68]. At a concentration of 7.08 μg/mL, the supramolec-

ular nanospheres containing compound 30 exhibited an inhibition

rate of 55.85% against the biofilm of Xoo. In addition, this material

can alter the membrane permeability of Xoo and disrupt the redox

system, leading to the leakage of bacterial electrolytes, oxidative

stress and cellular dysfunction, as well as reducing the production

of EPS, bacterial motility, extracellular cellulase and amylase activ-

ities and bacterial pathogenicity. Moreover, at a concentration of

15μg/mL, the supramolecular nanospheres containing compound

30 were safe for non-target organisms such as zebrafish and earth-

worms [69]. The supramolecular antibacterial material containing

compound 31 had a significant destructive effect on the mature

biofilm of Xac. After the Xac cells had aged for 24h, at a concen-

tration of 25μg/mL, the eradication rate was as high as 91.9% [70].

The supramolecular antibacterial material containing compound 32

possessed excellent biofilm eradication ability against Xoo. After

the Xoo cells had aged for 48h, the antibacterial material achieved

a biofilm eradication rate of 82.8 % at 15.68 μg/mL. Furthermore,

this material also inhibited the production of EPS, the transcription

of swimming-related genes, bacterial quorum sensing and cellulase

and amylase activities [71]. In summary, isopropanolamine com-

pounds can achieve antibacterial effects through various pathways,

such as disrupting cell morphology, influencing bacterial DNA, the

redox system, the biosynthesis of DSF, biofilm formation, EPS syn-

thesis, QS pathway proteins, T3SS, extracellular enzymes, fatty acid

synthesis, and reducing the aggregation of bacterial flagella. In

terms of target discovery, phenotypic experiments have suggested

that the possible potential targets of compounds 26 and 28 are the

RpfF protein in the QS pathway. However, more experiments are

needed to verify these targets.

In the design of isopropanolamine antibacterial agents, the in-

troduction of small groups on the hydroxyl group of isopropanol

will not affect the antibacterial activity to a certain extent, such

as using a tetrahydrofuran ring for the hydroxyl group, introducing

a halogenated alkane at the hydroxyl group or replacing the hy-

droxyl group with an amino group. The introduction of thioether

or amine group into one end of isopropyl alcohol has good an-

tibacterial activity, among which the amino site is generally a

nitrogen-containing heterocyclic ring with better biological activ-

ity, while the amino alkyl chain is less active. In addition, the other

end of the isopropanolamine can be introduced into the nitrogen-

containing heterocyclic ring, and ester groups, oxygen atoms or

alkyl chains can also be introduced. The carbon chain of the iso-

propanolamine can also be introduced with alkyl chains or halo-

genated alkyl groups. Compounds containing isopropanolamine

have S and R isomers, and there is insufficient evidence to show

whether there is a difference in activity between the S and R iso-

mers. In addition, when designing isopropanolamine antibacterial

agents, we can draw on the isopropanolamine structures with an-

tibacterial properties in medicine or the isopropanolamine struc-

tures with antifungal properties in pesticides, which will help us

to discover compounds with higher activity more easily.

2.4. Onium salt

Onium salts are composed of a hydrophilic part and a hy-

drophobic part. This structure enables the cations to be electrostat-

ically attracted to the negatively charged cell membranes of mi-

croorganisms, and then incorporate their hydrophobic chains into

the phospholipid molecular layer to interact with the negatively

charged phospholipids, thereby achieving the purpose of antibacte-

rial action [72]. The hydrophilicity and lipophilicity of onium salts

are one of the templates for the production of biologically active

compounds especially for their excellent activity in bacteria and

fungi, which has attracted the attention of researchers [73,74]. The

structures of onium salts with antibacterial activities are shown

in Fig. 5 and Table 4 [75–80]. Compound 33 reduces the guano-

sine triphosphatase activity of recombinant FtsZ (the filamentous

temperature-sensitive protein Z). The results of Western blot assays

showed that compound 33 decreased the expression of FtsZ, pre-

venting binary fission. The KA between compound 33 and FtsZ was

calculated to be 103.46 L/mol through fluorescence titration. Molec-

ular docking shows that compound 33 had strong interaction with

ASN34, GLN193 and GLN197 residues in the α-helix region of FtsZ

[75]. At 15.62μg/mL, the cell viability of compound 34 on BHK-21

cells (Baby hamster Syrian kidney cells) also exceeded 96%, indi-

cating that it has low toxicity to mammalian cells. What is more,

at 3.91 μg/mL, compound 34 has no inhibitory effect on the seed

germination rate of turnip and wheat, indicating that compound

34 does not inhibit plant growth [76]. At 200μg/mL, compound

35 has good activity in vivo against rice bacterial leaf blight, and

its curative and protective activities are 48.5% and 51.5%, respec-

tively. It was further discovered that the down-regulation of Xoo

ribosomal differential proteins triggered by compound 35 disrupts

the pathway of ribosome assembly and subsequently synthesizes a

large number of functional proteins essential for normal life, even-

tually leading to the death of bacteria [77]. Compound 36 destroys

the complete morphology of cells, and it may be that the protons

of the imidazole cation promoted the interaction with the bacterial

membrane. It is further speculated that the compound will be pro-
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Table 4

Antibacterial activities of onium salts compounds and mechanism of action.

Compd Bacterial In vitro antibacterial Protective activities Mechanism of action Ref.

activities (μg/mL) at 200μg/mL (%)

33 Xoo EC50 =1.0 63.2 FtsZ [75]

34 Rs MIC= 3.9 / / [76]

Ps MIC= 3.9 /

35 Xoo EC50 =0.1 51.5 Disrupt the ribosome assembly pathway [77]

Rs EC50 =9.6 /

Xac EC50 =14.6 /

36 Xoo EC50 =0.3 / Destroy cell morphology [78]

Rs EC50 =0.6 /

37 Xoo EC50 =0.6 42.6 / [79]

38 Xoo EC50 =0.2 55.3 The activities of POD and phenylalanine ammonia-lyase

(PAL) defense enzymes and proteins related to pyruvate

metabolic pathway were increased

[80]

Xoc EC50 =1.1 /

Xac EC50 =0.8 /

 

Fig. 6. Structures and active skeletons of quinazoline compounds.

tonated and deposited through electrostatic interactions between

cell components, and the hydrophobic fragments will penetrate the

bacterial membrane, resulting in the chaos of cell membranes and

material leakage [78]. Compound 38 increased the activity of alde-

hyde dehydrogenase ALDH2b, malate dehydrogenase, pyruvate ki-

nase, acetoacetyl-CoA thiolase and lactoylglutathione lyase in the

pyruvate metabolic pathway, and enhanced the resistance of rice

to bacterial infection [80].

When designing an onium salt structure with an antibacterial

compound, it is necessary to consider the type of onium salt, the

length of the alkyl group, bridging atom, the position of the sub-

stituent, and the type of halogen. For the type of onium salt, the

introduction of substituted pyridine and imidazole, or the intro-

duction of quaternary amine and phosphonium structures can be

considered. The length of the alkyl chain of the onium salt has

a great influence on antibacterial activity. When the alkyl chain

length is 6–12, the antibacterial activity is usually higher than the

alkyl chain length of 0–6.

2.5. Quinazoline

The quinazoline skeleton consists of two fused six-membered

aromatic rings (benzene rings and pyrimidine rings). Due to its

excellent biological activity, it has been rapidly developed, and

then commercial drugs have been successfully developed, such

as the fungicides tebufloquin and quinoxyfen [81–83]. In recent

years, the quinazoline skeleton has also been introduced into the

field of antibacterial agents. The structures and antibacterial activ-

ities of some quinazolines with antibacterial activities are shown

in Fig. 6 and Table 5 [84–92]. The ABPP experiment was used

to label the specific proteins of compound 39. After identifica-

tion, it was determined that its target in Xoo is β-ketoacyl-ACP

synthase II (FabF). Molecular docking showed that 39 covalently

bound to the Cys151 residue of FabF. Furthermore, through phys-

iological and biochemical experiments, it was demonstrated that

39 inhibited the biosynthesis of fatty acids and disrupted the in-

tegrity of cell membranes [84]. Proteomics showed that compound

41 may affect the metabolic pathways of d-glucose and biotin.

It is further speculated that compound 41 can regulate and de-

stroy the d-glucose and biotin synthesis pathways, affect the en-

ergy metabolism in Xoo, and cause the death of bacteria. Further-

more, compound 41 also can destroy the integrity of bacteria and

increase membrane permeability [86]. Compound 44 disrupts bac-

terial morphology and induces ROS accumulation in Xac. Further

proteomic results show that 44 acts on the T2SS and T4SS secre-

tion system of Xac [89]. Compound 47 can reduce the swimming

motility of Xoc to exert its antibacterial effect, and further pro-

teomic also shows that 47 can down-regulate the protein related

to the biosynthesis of bacterial flagella and reduce the motility of

flagella [92]. In summary, quinazoline compounds may exert an-

tibacterial effects through multiple pathways, including inhibiting

fatty acid synthesis, affecting the synthesis and transport of riboso-

mal proteins, influencing proteins associated with bacterial flagel-

lar biosynthesis, interfering with energy metabolism pathways, dis-
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Table 5

Antibacterial activities of quinazoline compounds and mechanism of action.

Compd Bacterial In vitro antibacterial Protective activities Mechanism of action Ref.

activities/EC50 (μg/mL) at 200μg/mL (%)

39 Xoo 13.2 μmol/L 49.6 FabF [84]

40 Xoo 26.0 / / [85]

41 Xoo 7.1 / Affect the metabolic pathways of d-glucose and biotin [86]

Xac 18.6 /

42 Rs 2.7 / Destructive bacterial morphology [87]

43 Xoo 1.5 46.7 Affects ribosomal protein synthesis and transport, energy

metabolism pathway and glutathione metabolism

disorders

[88]

44 Xac 0.8 / Interferes with the T2SS and T4SS secretory systems of

Xac

[89]

Xoo 1.3 /

Psa 15.5 /

45 Xoc 19.5 / Inhibit the formation of EPS, change the permeability of

membrane and destroy the morphology of bacteria

[90]

Xoo 4.1 47.6

46 Xac 0.3 / Interferes with the T4SS secretory systems of Xac [91]

Xoo 1.9 /

Psa 18.0 /

47 Xoc 7.1 50.5 Down-regulating proteins associated with bacterial

flagellar biosynthesis

[92]

rupting the T2SS and T4SS, suppressing the formation of EPS, alter-

ing membrane permeability, and destroying bacterial morphology.

In the structural design of quinazoline with antibacterial com-

pounds, the structural modification of quinazoline is usually at the

substituents of the benzene ring and the 2-, 3- and 4-positions.

The introduction of a benzene ring, aniline, pyridine or amide

structure at the 2-position of quinazoline has no apparent effect on

the antibacterial activity. The 2-position of quinazoline is not con-

sidered to be necessary to affect the activity. Similarly, introduc-

ing a benzene ring at the 3-position of quinazoline into a sulfur-

containing, nitrogen-containing or amide-containing alkyl chain

has no obvious effect on the antibacterial activity. The antibacte-

rial activities increase after introducing a nitrogen-containing alkyl

chain or piperazine at the 4-position of quinazoline. The sub-

stituents on the benzene ring of quinazoline are also more obvi-

ous to the antibacterial activity, and the introduction of some small

groups may increase the activity.

2.6. Flavonoids

Flavonoid compounds exist in the leaves, stems, roots, flowers

and seeds of almost all plants. They have a wide range of biologi-

cal activities. For bacteria, they can achieve antibacterial effects by

means of inhibiting energy metabolism, destroying the cytoplasmic

membrane and inhibiting nucleic acid synthesis, etc. [93,94]. With

regard to plant bacterial diseases, the structures and antibacterial

activities of some representative flavonoids are shown in Fig. 7 and

Table 6 [95–100]. Current flavonoid research primarily focuses on

compounds isolated from natural products. There is relatively little

literature on the structural modification of flavonoids, and the re-

search on their modes of action is extremely scarce. Compound 51

enhances the activities of catalase (CAT) in rice, thereby increasing

the anti-Xoo ability. Compounds 48–53 cause the bacteria to de-

form and even rupture. Whether flavonoids can inhibit the energy

metabolism and nucleic acid synthesis of plant bacteria to achieve

antibacterial effects, as well as the search for their targets, remains

to be further investigated by researchers.

At present, the structural modification of flavonoids is mainly

on the hydroxyl group at the 3-position of flavonoids. Introduc-

ing phosphate or sulfonate to improve antibacterial activity. The

reason may be that the structure of flavonoids is relatively large

and can be modified with alkyl chains. Alkyl chains containing

amino groups have more advantages in antibacterial activity, which

may be due to increased solubility. We suggest introducing iso-

propanolamine or ethylenediamine as bridge chains. In addition,

we need to consider that the solubility of flavonoids is poor, and

the bioavailability is not high. Retaining the hydroxyl groups on the

flavonoids may improve antibacterial activity.

2.7. Amide

Amide derivatives have achieved great success in pesticides

[101,102]. For example, among bisamide insecticides, flubendi-

amide and chlorantraniliprole act as ryanodine receptor mod-

ulators, while cytochrome bc1 complex inhibitors include pyr-

aclostrobin and kresoxim-methyl. In recent years, many amide

derivatives have been designed for the study of antibacterial ac-

tivities. For example, the commercial drug niclosamide hinders the

formation of biofilms by disrupting membrane permeability, and

significantly affects xanthoside, EPS synthesis and quorum sens-

Table 6

Antibacterial activities of flavonoid compounds and mechanism of action.

Compd Bacterial In vitro antibacterial Protective activities Mechanism of Ref.

activities/ EC50 (μg/mL) at 200μg/mL (%) action

48 Psa 28.1 / Destroy cell

morphology

[95]

Xac 16.9 /

Xoo 20.4 /

49 Xoo 11.9 47.0 [96]

Rs 17.1 /

50 Xoo 4.7 63.3 [97]

51 Xoo 1.6 60.1 [98]

52 Xoo 8.2 48.6 [99]

53 Xoo 2.7 64.2 [100]

Xac 7.1 /

8
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Fig. 7. Structures and active skeletons of flavonoids compounds.

Fig. 8. Structures and active skeletons of amide compounds.

ing signals in Xoo [103]. Fig. 8 and Table 7 show antibacterial

activities of some representative amide compounds [104–118]. At

10μg/mL, the inhibitory effect of compound 54 on hpa1 promoter

activity is 98.05%. What is more, compound 54 reduces hypersen-

sitive response (HR) of Xoo without affecting the growth or survival

of bacteria [104]. At 75 g a.i./ha, the control effect of compound

55 against Ps (Pseudomonas syringae) was 39.2%. Furthermore, the

control effect of compound 55 (35 g a.i./ha), prothioconazole (50 g

a.i./ha) and tebuconazole (50 g a.i./ha) can reach 59% after being

mixed [105]. The MIC of compound 57 designed and synthesized

with FabH as the target on Xoo KACC10331 is 0.49 μg/mL, while

compound 57 showed no inhibitory effect on FabH-deficient mu-

tants, indicating that FabH can be used as a target for compound

design [107]. Proteomic results show that compound 59 affects gly-

oxylate and dicarboxylate metabolism and galactose metabolism

in rice to achieve the purpose of disease resistance [109]. Based

on the excellent antibacterial activity of compound 64, 35 spe-

cific target proteins were screened by ABPP. Western blot assay

and enzyme activity test identified the target as pyruvate kinase.

Transcriptomic and pathogenicity test showed that the deletion

of pyruvate kinase gene caused the downregulation of genes re-

lated to the flagellar assembly and two-component regulatory sys-

tem pathway of Xoo, and weakened the flagellar formation abil-

ity, swimming ability and infection ability of rice. The target pro-

teins interacting with pyruvate kinase protein were screened by

Co-IP method. Finally, the interacting protein Clp (CRP-like pro-

tein Clp, Pxo_04006) and RegR (Two-component system regulatory

protein, Pxo_00797) of pyruvate kinase were screened by bacterial

two-hybrid and GST pull-down methods [114]. By ABPP and mass

spectrometry, it was found that the target protein of compound 65

for Xoo was Clp. The microscale thermophoresis (MST) test showed

that compound 65 had a high affinity with Clp protein, and the Kd

value was 0.52 μmol/L. The binding value constant of compound

65 and Clp protein was positively correlated with the antibacte-

rial effect. In addition, the results of qRT-PCR showed that com-

pound 65 could inhibit the expression of Clp gene in Xoo. The re-

sults of pathogenicity tests indicated that compound 65 treatment

and Clp gene deletion equally reduced the pathogenicity of Xoo.

9
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Table 7

Antibacterial activities of amide compounds and mechanism of action.

Compd Bacterial In vitro antibacterial activities In vivo antibacterial activities Mechanism of action Ref.

54 Xoo 98.05 % inhibitors of Xoo

T3SS at 10 μg/mL

/ Inhibit T3SS [104]

55 Ps / 39.2 % at 75 g a.i./ha / [105]

56 Xoo EC50 = 11.6 μg/mL 47.0 % at 200 μg/mL / [106]

57 Xoo MIC= 0.5 μg/mL / FabH [107]

58 Erwinia

carotorora

EC50 = 2.7 μg/mL / / [108]

59 Xoo EC50 = 4.2 μg/mL 53.7 % at 200 μg/mL Affects glyoxylate and dicarboxylate

metabolism and galactose metabolism

in rice

[109]

60 Xoo EC50 = 28.6 μg/mL 51.3 % at 200 μg/mL Destroy cell morphology [110]

Rs EC50 = 55.3 μg/mL /

61 Cmm EC50 = 4.1 μg/mL 71.8 % at 100 μg/mL Causes peroxidation damage and

leakage of electrolytes and proteins

from the bacterial cells

[111]

62 Xoo EC50 = 5.7 μg/mL 55.7 % at 200 μg/mL Disrupt the balance of the redox system [112]

Xac EC50 = 6.6 μg/mL /

Psa EC50 = 9.1 μg/mL

63 Xcc 77.5 % inhibitors of Xcc T3SS

at 20 μg/mL

/ Inhibit T3SS [113]

64 Xoo EC50 = 0.4 μg/mL 50.0 % at 200 μg/mL Pyruvate kinase [114]

Xoc EC50 = 3.1 μg/mL /

Xac EC50 = 2.9 μg/mL

65 Xoo EC50 = 0.6 μg/mL 45.3 % at 200 μg/mL Clp [115]

Xoc EC50 = 0.8 μg/mL 51.7 % at 200 μg/mL

66 Xoo EC50 = 1.1 μg/mL / Up-regulated expression of genes

OsBIPP2C1, OsPYL/RCAR5 and OsABF1

activated ABA signaling pathway

[116]

Xoc EC50 = 0.9 μg/mL 70.3 % at 200 μg/mL

Xac EC50 = 1.8 μg/mL 64.4 % at 200 μg/mL

67 Xoo EC50 = 5.1 μg/mL / 50S ribosomal protein L2 [117]

Xac EC50 = 5.2 μg/mL

68 Rs / / Fucose-binding protein (PDB ID: 4CSD) [118]

Fig. 9. Structures and active skeletons of esters compounds.

The results showed that compound 65 inhibited the expression of

Clp gene in Xoo by binding to Clp protein [115]. The target of com-

pound 67 on Xoo was identified by drug affinity responsive target

stability (DARTS) method as 50S ribosomal protein L2. In addition,

the excellent in vitro interaction between compound 67 and 50S

ribosomal protein L2 was demonstrated by MST and fluorescence

quenching spectra [117].

In the design of the amide structure with antibacterial com-

pounds, in addition to the aromatic ring, one end of the carbonyl

group in the amide can also be connected to an alkyl chain or

heteroatoms, such as introducing Schiff bases and thioethers. Us-

ing amide as a bridge, introducing alkenyl, cyclopropane, or chang-

ing the amide to thioamide may improve the antibacterial activ-

ity. When we design antibacterial compounds, the introduction of

amide backbone is often beneficial to improve antibacterial activity

in vivo.

2.8. Ester

The structure containing esters is an important skeleton in the

development of pesticides. At present, pyrethroid insecticides, car-

bamates insecticides, methoxyacrylates, and carbamate fungicides

have been successfully developed. The phenolic acid structure has

excellent antibacterial activity in nature, and the further derivati-

zation of the leading structure based on phenolic acid into ester

has attracted the attention of researchers. In recent years, many

ester derivatives have been designed to study their antibacterial

activities. Fig. 9 and Table 8 show the antibacterial structures of

some representative ester compounds [119–126]. Compounds 69–

71 and 73 can reduce the mRNA level of hrpG and hrpX. Moreover,

it was found that compounds 69–71 and 73 can affect the mRNA

level of hrcT by a fluorescence-activated cell sorting system. It indi-

cates that these compounds may play a role in the regulatory path-

way to affect the expression of the T3SS gene, possibly through

the HrpX-HrpG pathway to reduce the expression of hrp/hrc genes

[119–121,123]. At 200μg/mL, compound 72 has excellent in vivo

antibacterial activities against rice bacterial leaf blight, and its cu-

rative and protective activities are 40.9 % and 48.9%, respectively.

What’s more, compound 72 can regulate the oxidative phospho-

rylation pathway of rice, upregulate cytochrome c oxidase subunit

6b, Os08g0556600 protein, ETC complex I subunit conserved re-
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Table 8

Antibacterial activities of esters compounds and mechanism of action.

Compd Bacterial Concentration Antibacterial activities Mechanism of action Ref.

69 Xoo 100mmol/L 99.0 % inhibitors of Xoo T3SS Inhibit T3SS [119]

70 Xoo 200 μg/mL 58.1 % [120]

71 Xoo 200 μg/mL 63.8 % [121]

72 Xoo / EC50 =35.8 μg/mL Regulate the oxidative

phosphorylation pathway of rice

[122]

73 Xoo 10 μg/mL 65.2 % inhibitors of Xoo T3SS Inhibit T3SS [123]

74 Rs 50 μg/mL 88.2 % [124]

75 Xoo 100 μmol/L 48.6 % (the FtsZ GTPase activity) FtsZ [125]

76 Xoo / EC50 =5.8 μg/mL DHPS (dihydropteroate synthase) [126]

gion family protein differential protein, and enhance rice disease

resistance [122].

According to the differences in physical and chemical proper-

ties, esters are classified into lactones and aliphatic esters. When

designing lactone structures with antibacterial activity, natural

product structures such as coumarins and terpene-containing lac-

tones can be considered for introduction. Introducing conjugated

groups such as alkenyl or aromatic rings to the carbonyl moiety of

the ester group may help enhance antibacterial activity.

When designing aliphatic ester structures with antibacterial ac-

tivity, phenolic acids can be introduced into the acid moiety, as

they play a key role in initiating the symbiotic relationship be-

tween plants and beneficial microorganisms. Additionally, pheno-

lic compounds exhibit broad-spectrum antibacterial activity due to

their ability to disrupt cell membrane integrity and decouple res-

piratory proton gradients [127].

2.9. Metal complex

The successful development of commercial agents such as thi-

azole copper, oxine-copper, copper abietate, zinc thiazole encour-

aged countless researchers to study the antibacterial activity of

metal complexes [128–130]. The antibacterial mechanism of metal

is usually achieved by interfering with the expression of vari-

ous bacterial virulence factors, affecting the signal transduction in-

volving the metal sensing system and the metal absorption sys-

tem to achieve antibacterial. In addition, metals can also pro-

tect plants from infection [16]. Metals can be used alone or in

the form of inorganic salts for antibacterial activity studies, or as

complexes. At present, the research of metal complexes with an-

tibacterial activity mainly focuses on metal ions such as copper,

zinc, silver, manganese, nickel, tin, cobalt, selenium and magne-

sium [131–138]. Kouris et al. complex cobalt with 2,2′-bipyridine,
1,10-phenanthroline, and 2,2′-bipyridylamine. The SAR shows that

the cobalt complex of 1,10-phenanthroline shows excellent antibac-

terial activity against X. campestris, and its MIC is 0.125μg/mL

[131]. Naz et al. complexed 2-phenylbutyric acid derivatives with

organotin, and obtained products with excellent antibacterial ac-

tivity. The MIC for Xanthomonas vesicatoria and Erwinia carotovora

can reach 0.0001μg/mL [132]. Chen et al. combined selenium and

lenized polylactic acid as Se@PLA, which showed excellent antibac-

terial activity against Xoo with an EC50 value of 13.4 μg/mL. The

results of acute toxicity showed that Se@PLA did not cause earth-

worm death at 3400μg/g, 14 days after treatment. In addition, at

24h, the LC50 value for zebrafish was 3836.5 μg/mL. The mecha-

nism of action showed that Se@PLA destroyed the complete mor-

phology of Xoo cells and induced the overproduction of ROS [138].

When designing metal complexes, binding metal ions in the form

of phenolic acids or alkaloids can be more considered.

2.10. Others

Some structures with good antibacterial activity cannot be clas-

sified according to the active framework because of the few ar-

ticles. Fig. 10 and Table 9 show some representative structures

[139–153]. Chen et al. modified acetophenones and synthesized

α-haloketone compound 77. The EC50 values of anti-Xoo and Xac

were 0.09 and 0.16μg/mL, respectively. The type of halogen atom at

the α-position has a significant effect on the activity. At 50μg/mL,

compound 77 has excellent in vivo antibacterial activity against

rice bacterial leaf blight, and its curative and protective activ-

ities are 48.9% and 52.1%, respectively [139]. Liu et al. modi-

fied the insecticide triflumezopyrim structure and found that the

mesoionic compound 78 also has good antibacterial activity. At

Fig. 10. Structures of other compounds.
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Table 9

Antibacterial activity of other compounds and mechanism of action.

Compounds Bacterial In vitro antibacterial Protective activities Mechanism of action Ref.

activities (μg/mL) at 200μg/mL (%)

77 Xoo EC50 = 0.1 52.1 at 50 μg/mL Inhibit the formation of extracellular

polysaccharide and biofilm of Xoo, and change

the permeability of cell membrane

[139]

Xac EC50 = 0.2

78 Xoo EC50 = 1.1 75.1 / [140]

Xac EC50 = 12.4

79 Xoo EC50 = 36.8 49.2 Enhance SOD, PAL, CAT and oxidative

phosphorylation pathways in rice

[141]

Xoc EC50 = 47.6 39.7

80 Xoo EC50 = 26.4 / / [142]

81 Xoo EC50 = 11.4 51.7 / [143]

82 Xoo EC50 = 8.3 57.4 / [144]

Xoc EC50 = 25.9 /

83 Rs MIC=3.9 / / [145]

Psa MIC=7.8

84 Xoo EC50 = 26.7 45.1 Increased POD and CAT in rice, upregulated ATP

synthase subunit d and NADH dehydrogenase

iron-sulfur 6

[146]

Xoc EC50 = 30.8 43.7

Xac EC50 = 65.4

85 Xoo EC50 = 10.0 49.2 Inhibition of extracellular enzymes, EPS, biofilm,

T3SS effector virulence factors

[147]

Xac EC50 = 13.3

86 Xoo EC50 = 7.3 52.7 Destroy the redox system of Xoo, causing ROS

accumulation

[148]

Xac EC50 = 4.9

87 Xoo MIC=3.1 55.9 Destroy cell morphology and inhibit the

production of EPS

[149]

Xac MIC=3.1

88 Xoo EC50 = 6.6 37.5 Destroy cell morphology [150]

89 Xoo 83.4 % inhibitors of hpa1 at

10 μg/mL

/ Inhibit the transcription of hpa1, hrpG, hrpX and

hrcT in the T3SS

[151]

90 Xoo 84.8 % at 100 μg/mL / / [152]

91 Xoo EC50 = 9.4 μg/mL 48.1 Inhibit the transcription of hrpG, hrpX, hrpE and

hrpF in the T3SS

[153]

200μg/mL, the curative and protective activities of compound 78

against bacterial leaf blight were 72.04% and 75.12%, respectively

[140]. Based on the structure of mesoionic compound 78, Liu et al.

further modified the structure to obtain mesoionic compound 79.

At 200μg/mL, the curative and protective activities of compound

79 against rice bacterial leaf blight and bacterial leaf streak are

38.2%, 49.2 % and 35.1%, 39.7 %, respectively. Further, compound

79 is found to enhance SOD, PAL, CAT and oxidative phosphoryla-

tion pathways in rice, thereby improving disease resistance [141].

It shows that the mesoionic compound is a potential antibacterial

agent structure. Yu et al. used antidesmone and maltol as leading

structures to synthesize compound 80 with antibacterial activity.

At 200μg/mL, the curative and protective activities of compound

80 against bacterial leaf blight were 52.42% and 52.70%, respec-

tively. It shows that pyridine-4(1H)-one may be a skeleton with

antibacterial activity [142]. Sun et al. modified the structure of de-

hydrozingerone to obtain excellent antibacterial compounds 81 and

82. At 200μg/mL, the protective activities of compounds 81 and 82

against rice bacterial blight can reach 51.7% and 57.4%. It shows

that introducing the trifluoromethyl group at the α position of the

carbonyl group can improve the antibacterial activity [143,144]. Li

et al. modified the structure of the broad-spectrum antibiotic yan-

glingmycin and introduced a sulfur atom into the oxazole ring to

obtain compound 83. The MICs of Rs and Pseudomonas syringae

pv. actinidiae (Psa) were 3.91 and 7.81μg/mL, respectively. Based

on the relationship between structure and activity, oxazole rings

containing hydroxyl groups are presumed to be the backbone of

antibacterial activity [145]. Wu et al. found that compound 84 in-

creased the SOD and CAT defense enzyme activities in rice, in ad-

dition, proteomics explains that compound 84 is resistant to Xoo

invasion by upregating the photosynthetic pathway ATP synthase

subunit d and the NADH dehydrogenase [ubiquinone] iron-sulfur

6 [146]. At a concentration of 10μg/mL, compound 89 can inhibit

the hpa1 of the T3SS at an inhibition rate of up to 86.4%, and it

does not affect the growth of bacteria. In addition, the compound

89 can also effectively reduce the HR caused by Xoo in tobacco and

decrease the pathogenicity of Xoo in rice [151]. The multifunctional

supramolecular material containing compound 91 can effectively

reduce the transcription of hrpG, hrpX, hrpE and hrpF in the T3SS,

thereby resulting in the inhibition of the pathogenic ability of Xoo

[153].

3. Summary and outlook

Plant bacterial diseases have caused substantial economic losses

to agriculture worldwide and have seriously threatened the sus-

tainable development of modern agriculture. Chemical control re-

mains the most effective control method in the future. However,

there are currently significant problems such as outdated varieties

of agricultural antibacterial agents, low control efficacy, enhanced

bacterial resistance, excessive pesticide residues, and a shortage

of alternative varieties. To develop new, efficient and safe agricul-

tural antibacterial agents, this article classifies antibacterial agro-

chemicals into oxadiazole/thiadiazole, triazole, isopropanolamine,

onium salt, quinazoline, flavonoids, amide, ester, metal complex

and others according to their active skeletons, and reviews the

research on the SAR and action mechanisms of agricultural an-

tibacterial agents in recent years. Summary the mechanisms of ac-

tion of antibacterial agrochemicals was shown in Fig. 11. Oxadi-

azole/thiadiazole compounds can not only enhance the activities

of SOD, POD and chlorophyll in plants but also enhance various

regulatory pathways, thereby enhancing resistance to bacteria. In

addition, oxadiazole/thiadiazole compounds destroy the morphol-

ogy of bacteria, enhance the permeability of cell membranes, and

achieve the purpose of antibacterial. Exciting results have also been

achieved in the discovery of targets. Song et al. found through

proteomics that compound 4 affects the motility and virulence of

Xoc. Subsequently, the ABPP technique was further employed to

screen out the target proteins CsrA and Xoc3530. Moreover, using

the ABPP technique, the target protein DLST of Xoo and Xac was

also identified for compound 1. Triazole compounds also disrupt

the morphology of bacteria and enhance the permeability of cell

membranes. What is more, triazoles may downregulate the bac-

terial type III secretion system and transcription activator-like ef-

fector related proteins, and interfere with bacterial redox system.

However, the understanding of the mechanism of action of tri-
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Fig. 11. Schematic diagram of the mechanism of action of agricultural antibacterial agents.

azole compounds is mainly based on the phenotypic analysis of

pathogenic bacteria and the detection of physiological and bio-

chemical indicators. Their action targets and regulatory mecha-

nisms remain unclear. Isopropanolamine compounds can achieve

antibacterial effects through various pathways, such as disrupting

cell morphology, influencing bacterial DNA, the redox system, the

biosynthesis of DSF, biofilm formation, EPS synthesis, QS pathway

proteins, T3SS, extracellular enzymes, fatty acid synthesis, and re-

ducing the aggregation of bacterial flagella. In terms of target dis-

covery, phenotypic experiments have suggested that the possible

potential targets of compounds 26 and 28 are the RpfF protein

in the QS pathway. Onium salts are electrostatically attracted to

the negatively-charged bacterial cell membranes. Then, their hy-

drophobic chains interact with the negatively-charged phospho-

lipids, thereby disrupting the bacterial morphology. Additionally,

onium salts may also affect bacterial FtsZ and ribosomal proteins.

In terms of target discovery, based on the approach of similar

structures having similar mechanisms and the determination of

GTPase activity, it was found that the target of compound 33 is

FtsZ. The target was further verified through phenotypic observa-

tion, binding constant testing, circular dichroism, and Western blot.

Quinazoline compounds may exert antibacterial effects through

multiple pathways, including inhibiting fatty acid synthesis, affect-

ing the synthesis and transport of ribosomal proteins, influencing

proteins associated with bacterial flagellar biosynthesis, interfering

with energy metabolism pathways, disrupting the T2SS and T4SS,

suppressing the formation of EPS, altering membrane permeabil-

ity, and destroying bacterial morphology. In terms of target dis-

covery, the ABPP technique was used to identify that the target of

compound 39 against Xoo is FabF. The results of molecular dock-

ing show that compound 39 binds covalently to the Cys151 site in

FabF. Flavonoid compounds disrupt the morphology of bacteria and

enhance the CAT activity of the host. However, research on their

mechanism of action is limited. It remains unknown whether these

compounds can inhibit the energy metabolism, nucleic acid syn-

thesis, and other pathways of plant bacteria. Moreover, the targets

of flavonoids against plant bacterial diseases have not been dis-

covered yet. Amide compounds have different antibacterial mech-

anisms. For example, compound 54 can reduce the HR of Xoo

without affecting bacterial growth, while compound 61 can dis-

rupt the bacterial cell morphology, leading to the leakage of elec-

trolytes and proteins, thus killing the bacteria. In terms of targets,

Song et al. used the ABPP technique to screen out that the tar-

get of compound 64 against Xoo is pyruvate kinase, and verified

the target through Western blot and enzyme activity assays. The

Co-IP method, bacterial two-hybrid assay, and GST pull down as-

say were used to screen the interacting proteins of pyruvate ki-

nase, which were identified as Clp and RegR. Similarly, Song et al.

used the ABPP technique to screen out that the target of compound

65 against Xoo is Clp, and verified it through MST experiments,

qRT-PCR, and experiments on constructing knockout mutants. Yang

et al. used the DARTS method to screen out that the target of com-

pound 67 acting on Xoo is the 50S ribosomal protein L2, which was

confirmed by MST and fluorescence quenching spectroscopy. More-

over, compound 57, which was designed and synthesized based on

FabH as the target, exhibits excellent antibacterial activity against

Xoo. Ester compounds may affect the expression of bacterial T3SS

genes, thereby reducing virulence. Compounds 75 and 76 with ex-

cellent antibacterial activity were virtually screened based on the

targets FtsZ and DHPS. Metal complexes not only interfere with a

variety of bacterial virulence factors, affect signal transduction, in-

volve metal sensing systems and metal uptake systems, but also

protect plants from infection.

Despite the rapid development of antibacterial agrochemicals at

present, there are still some issues that need further research and

exploration in the future:

(1) Currently, there is a lack of structural diversity in commercially

available agricultural antibacterial agents, which restricts the

further development of structural modification of agricultural

antibacterial agents. To continue the search for promising an-

tibacterial active skeletons, we can draw on the active skele-

tons of antibacterial drugs, veterinary drugs, or natural prod-

ucts with antibacterial activity as lead compounds for struc-

tural modification. Through high-throughput screening technol-

ogy, lead compounds with novel structures and unique action

mechanisms can be screened. In addition, Artificial Intelligence-

assisted screening of new, efficient and low-toxicity agricultural

antibacterial agents is also a future development trend.

(2) Developing the structures of agricultural antibacterial agents

based on targets. Currently, potential targets that have been

discovered include pyruvate kinase, DLST, CsrA, Xoc3530, RpfF,

FabF, 50S ribosomal protein L2, fucose-binding protein, FtsZ, Clp

and XooDHPS, etc. However, there is a lack of research on tar-

get verification and regulatory pathways, as well as the screen-

ing of agricultural antibacterial agents targeting these targets. In

addition, virulence factors such as the type III secretion system

that do not affect bacterial growth are ideal targets. However,

the targets and action mechanisms of most inhibitors are still

unclear at present, and there is a lack of reports on field appli-
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cations and registrations. This prompts us to further verify the

targets, analyze the structures and functions of the targets, and

with the aid of computer-aided design platforms, use methods

such as molecular docking and virtual screening to screen an-

tibacterial agent structures that can bind to the targets and pos-

sess activity from the compound database.

(3) Currently, research on the antibacterial mechanisms of com-

pounds is mainly limited to observing the phenotypic changes

of pathogenic bacteria, physiological and biochemical indica-

tors, and the regulatory pathways related to the pathogenic-

ity/resistance of bacteria or plants through proteomic or tran-

scriptomic experiments; predicting the targets of combined ef-

fects by detecting changes in pathogenic factors and gene ex-

pression. However, there is a lack of more in-depth explana-

tions for the target proteins of bacteria or plants and their reg-

ulatory functions. Fortunately, with the continuous progress of

molecular biology techniques, we can use techniques such as

ABPP, drug affinity responsive target stability (DART), cellular

thermal shift assay (CETSA), combinatorial functional genomics,

proteomics, structural biology, bioinformatics, and big data to

further explore the target proteins of highly active molecules.

Identifying the targets of antibacterial compounds can guide

the design of new antibacterial compounds and lay the foun-

dation for solving the problem of antibacterial agent resistance

and the research and development of multi-targeting.
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