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Abstract 

BACKGROUND: The use of fungicides to protect crops from diseases is an effective 

method, and the novel environmental-friendly plant-derived fungicides with enhanced 

performance and low toxicity are urgent requirements for sustainable agriculture.  

RESULTS: Two kinds of rosin-based acylhydrazone compounds were designed and 

prepared. Based on the antifungal activity assessment against Rhizoctonia solani, 

Fusarium oxysporum, Phytophthora capsici, Sclerotinia sclerotiorum, and Botrytis 

cinerea, acylhydrazone derivatives containing thiophene ring were screened, and they 

showed an inhibitory effect on rice R. solani. Among these, Compound 4n, with an 

electron-withdrawing group on the benzene ring structure attached to the thiophene 

ring, showed optimal activity, and the EC50 value was 0.981 mg/L, which was lower 

than that of carbendazim. Furthermore, it was indicated that 4n could affect the 

mycelial morphology, cell membrane permeability and microstructure, cause the 

generation of ROS in fungal cells and damage the nucleus and mitochondrial 

physiological function, resulting in the cell death of R. solani. Meanwhile, Compound 

4n exhibited a better therapeutic effect on in vivo rice plants. However, the induction 

activity of 4n on the defense enzyme in rice leaf sheaths showed that 4n stimulates the 

initial resistance of rice plants by removing active oxygen, thereby protecting the cell 

membrane or enhancing the strength of the cell wall. Through the quantitative 

structure-activity relationship study, the quantitative chemical and electrostatic 

descriptors significantly affect the binding of 4n with the receptor, which improves its 

antifungal activity.  

CONCLUSION: This study provides a basis for exploiting potential rosin-based 

fungicides in promoting sustainable crop protection. 

Keywords: rosin; acylhydrazone; thiophene ring; antifungal activity; R. solani; action 
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mechanism   
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1 INTRODUCTION 

Plant disease is a natural disaster that severely endangers the production of 

agricultural crops.1, 2 According to studies, more than 10,000 plant diseases caused by 

pathogenic fungi account for 10-30% of the total annual crop loss.3, 4 For example, 

rice Rhizoctonia solani can cause premature death of rice leaf sheaths and leaves, 

affect grain filling, form a large number of blighted grains, and even cause the whole 

rice plant to rot and die, seriously affecting rice yield.5, 6 The use of chemical 

fungicides to protect crops from diseases is an effective method of meeting the 

growing demand of humans for food.7, 8 However, with the wide application of 

fungicides, many pathogens have developed strong resistance to existing fungicides, 

and the residues of fungicides have caused serious harm to food safety and the 

ecological environment.9 Based on the above, novel fungicides with enhanced 

performance, low toxicity, and less residue are urgently required for sustainable 

agriculture.10 Natural products and their derivatives have unique biocompatibility, 

novel structural skeletons and broad biological activities and are still an important 

fountainhead of developing pesticides today.11 

Rosin, a valuable natural renewable plant resource, is mainly composed of 

resinolic acids.12 Rosin has the advantages of extensive biological activity and good 

environmental compatibility in the field of agricultural production. Since it is difficult 

to produce resistance from rosin, it is additionally a suitable precursor for the 

development of efficient botanical fungicides.13, 14 However, like other botanical 

pesticides, rosin has the disadvantages of slow efficacy and unstable active 

ingredients. In the development of rosin-based fungicides, the structural modification 

and optimization is necessary to improve its biological activity.15, 16 

The acylhydrazone molecule contains two active substructure groups of amide 
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and Schiff base (-CONHN=CH-), and performs excellent biological and coordination 

abilities in a biophilic environment.17 As an important pesticide for crop protection, 

acylhydrazone compounds exhibit excellent insecticidal, antifungal, and herbicidal 

activities.15, 18 For instance, commercialized fungicides containing acylhydrazone 

groups, like Benquinox (Figure S1), exert fungicidal activity against Pythium and 

various diseases on rice.19-22 Thiophene, as a sulfur-containing five-membered 

heterocyclic compound, plays a critical role in many biochemical processes, such as 

improving pharmacokinetic properties and reducing the pesticidal toxicity and side 

effect.23 In recent years, antifungal compounds containing thiophene structures have 

also been reported to be frequently used in the design and synthesis of pesticides.24, 25 

Based on the advantages of pine-derived botanical fungicides, two series of 

rosin-based acylhydrazone fungicides were designed and prepared based on principles 

of bioelectronic isosterization and splicing using rosin as a precursor. To enhance the 

activity, the thiophene group was introduced into a series of compounds. Moreover, 

the action mechanism of rosin-based acylhydrazone fungicides on Rhizoctonia solani 

(R. solani) was investigated by assessing the physicochemical properties related to 

antifungal activity and computational chemistry. Thus, rosin-based acylhydrazone 

fungicides with novel structures can be identified, which would enrich the synthesis 

and design of efficient botanical fungicides and broaden the application scope of pine 

resin. 

2 MATERIALS AND METHODS 

2.1 Materials and instruments 

The reagents and structural characterization instruments can be seen in the 

Supporting Information. 

2.2 Preparation for dehydroabietyl acylhydrazone compounds (3a-3p and 4a-4p) 
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Referring to previous methods, dehydroabietic acid (1) was prepared from rosin.14 

Then, 3.00 g (10 mmol) Compound 1 and 20 mmol sulfoxide chloride were refluxed 

in 80 mL dichloromethane for 4 h. The solvent and excess sulfoxide chloride were 

evaporated under vacuum to obtain compound dehydroabietyl chloride. Without 

posttreatment, dehydroabietyl chloride was solubilized in 50 mL tetrahydrofuran 

(THF) and then added dropwise to 2 mL hydrazine hydrate (80%) at room 

temperature. Subsequently, dehydroabietyl acylhydrazide (2) was obtained by 

recrystallization with ethanol. Compound 2 (3.14 g, 10 mmol) and 10 mmol 

substituted benzaldehyde or thiophene-2-formaldehyde were solubilized in 200 mL 

absolute ethanol and subjected to heating reflux, while thin layer chromatography 

(TLC) was used to track the reaction process. Dehydroabietyl acylhydrazone (3a-3p 

and 4a-4p) was prepared by recrystallization through anhydrous ethanol (Scheme 1). 

 

Scheme 1. Synthetic routes of rosin-based acylhydrazones (3a-3p and 4a-4p) 
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2.3 Antifungal activity in vitro 

The in vitro inhibitory activities of the dehydroabietyl acylhydrazone compounds 

against five plant pathogenic fungi, including R. solani, Fusarium oxysporum (F. 

oxysporum), Phytophthora capsici (P. capsici), Sclerotinia sclerotiorum (S. 

sclerotiorum), and Botrytis cinerea (B. cinerea), were determined by the mycelial 

growth rate method in the Supporting Information.26  

2.4 Effect of dehydroabietyl acylhydrazone (4n) on cell membrane permeability 

of R. solani 

The conductivity method in the Supporting Information was used to determine the 

increase of cell membrane permeability caused by Compound 4n.14 

2.5 Antifungal activity in vivo 

Compound 4n and the positive control carbendazim were further tested in an 

indoor pot experiment against R. solani in the Supporting Information.27  

2.6 Effect of dehydroabietyl acylhydrazone (4n) on defense enzyme induction 

activity in rice leaf sheaths 

All rice plant leaf sheaths at a similar growth stage were sprayed with water and 

Compound 4n at 500 mg/L until runoff and maintained at 25 °C with 80% humidity. 

The rice leaf sheaths were inoculated in vivo. After incubation for 1, 2, 3, 5, and 7 d, 

the levels of superoxide dismutase (SOD), catalase (CAT), phenylalanine ammonia 

lyase (PAL), and polyphenol oxidase (PPO) were determined using commercial kits 

according to the manufacturer’s instructions (Nanjing Jiancheng Bioengineering 

Institute, Nanjing, China). 

2.7 The influence of dehydroabietyl acylhydrazone (4n) on the mycelial 

morphology and microstructure of R. solani 

According to the reported method, the drug-containing medium with Compound 
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4n (EC50 value of 0.981 mg/L) and the blank control (DMSO) were first prepared, and 

then inoculated with the R. solani which activated in the potato dextrose agar (PDA) 

medium, and cultured at 25 °C for 3 days. Finally, the hyphal samples were pretreated 

separately, and the effect of Compound 4n on hyphal morphology and microstructure 

was observed by scanning electron microscopy (SEM, S-3400N, Hitachi, Ltd., Tokyo, 

Japan) and transmission electron microscopy (TEM, JEM-1230, JEOL, Ltd., Tokyo, 

Japan).14 

2.8 Confocal laser scanning microscope determination of R. solani 

According to our previously reported method, the activated R. solani were 

prepared into a 5 mm diameter mycelial disk, and incubated in potato dextrose broth 

(PDB) at 25 °C for 4 days. Then, the Compound 4n (EC50 value of 0.981 mg/L) was 

added and cultured for 2 days. The blank control was treated with DMSO. Finally, 

after staining with 2’, 7’-dichlorodihydrofluorescein diacetate (DCFH-DA), Hoechst 

33258 and Rhodamine 123, respectively, the reactive oxygen species (ROS), nuclear 

morphology and mitochondrial membrane potential (MMP) of R. solani were 

determined by a confocal laser scanning microscope FV3000 (Olympus, Co., Tokyo, 

Japan).28 

2.9 Quantitative structure-activity relationship (QSAR) analysis 

According to our previously reported method, the structures of dehydroabietyl 

acylhydrazone derivatives (3a-3p and 4a-4p) were optimized according to the density 

functional theory (DFT) in Gaussian software (Gaussian, Inc., Wallingford, USA), 

and then the linear regression relationship model of the compounds and the antifungal 

activity against R. solani was established by Codessa software (Semichem, Inc., 

Shawnee, USA), and the model is verified by internal test and "leave-one-out" method. 

Meanwhile, the structural descriptors that affect the antifungal activity against R. 
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solani were screened.14 

3 RESULTS AND DISCUSSION 

3.1 The synthesis of dehydroabietyl acylhydrazone compounds (3a-3p and 4a-4p) 

Acylhydrazone is a specific kind of Schiff base. The classical method was used to 

synthesize dehydroabietyl acylhydrazone (Scheme 1).17 First, the rosin-based 

hydrazide intermediate was obtained by the reaction between dehydroabietic acid and 

hydrazine hydrate. Then, the target product was prepared by nucleophilic addition and 

dehydration elimination reaction between the intermediate and the corresponding 

aldehyde/ketone. Subsequently, the rosin-based acylhydrazone compounds included 

amide bonds, imine groups, and thiophene groups were synthesized (4a-4p). Since the 

p-π conjugate was formed by the lone pair of electrons on the N atom in the secondary 

amine group with the double bond of acyl and imino, the obtained dehydroabietyl 

acylhydrazone compounds (3a-3p and 4a-4p) were stable, did not hydrolyze easily, 

and had high yields (70–82%). 

3.2 Antifungal activity in vitro and structure-activity relationship 

The inhibitory effect of the dehydroabietyl acylhydrazone compounds (3a-3p and 

4a-4p) against R. solani was better than that of F. oxysporum, P. capsici, S. 

sclerotiorum, and B. cinerea (Table S1). The inhibitory effect of compounds (3a-3p 

and 4a-4p) on R. solani indicated medium to significant antifungal activities (Figure 

1a and Table 1). 
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Figure 1. (a) In vitro inhibitory activities of 4n on R. solani; (b) Relative conductivity 

of R. solani treated with 4n and control; (c) Therapeutic activity and protective 

activity in vivo of 4n on R. solani was tested in a greenhouse at 200 mg/L, 100 mg/L 

and 50 mg/L, respectively. SOD, CAT, PAL, and PPO activity of rice leaf sheaths 

treated with 4n; (d) SOD; (e) CAT; (f) PAL; (g) PPO 

  The antifungal activity of the dehydroabietyl acylhydrazone compounds 

containing the thiophene structure (4a-4p, the EC50 value range is 0.981–28.967 mg/L) 

against R. solani was superior to the dehydroabietyl acylhydrazone compounds 

without the thiophene structure (3a-3p, the EC50 value range is 87.686–178.156 

mg/L). Typically, Compounds 4n-4p exhibited EC50 values ranging from 0.981 to 

1.126 mg/L, which were close to the control carbendazim (EC50 = 1.045 mg/L), and 

even at 1.56 mg/L, the IR values were still > 50%. Notably, Compound 4n (EC50 = 

0.981 mg/L) showed more potent antifungal activity than carbendazim. This 

phenomenon could be attributed to the p-π conjugation effect between the secondary 

amino group and carbonyl and imino groups of dehydroabietyl acylhydrazone, and the 

acylhydrazone segment formed a large conjugation system with thiophene rings.15, 17 

In addition, the lone pair of electrons of the sulfur (S) atom in the thiophene 

heterocyclic compound increased the the electron cloud density on the thiophene ring 
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and accelerated the electron transfer rate between the thiophene heterocyclic 

compound and the target site, thus endowed Compounds 4n-4p with better antifungal 

effect.24 

In addition, the antifungal effect of dehydroabietyl acylhydrazone derivatives is 

related to the different substituents attached to the pharmacophores (acylhydrazone 

and thiophene ring). In Compounds 3a-3p, the antifungal activity of compounds, such 

as X (F, Cl, Br), CF3, NO2, with electron-withdrawing groups on the benzene ring is 

sufficient (3g-3p). The EC50 value of these compounds was less than Compound 3a 

(no group is attached to the benzene ring), and the antifungal effect of compounds 

containing halogen atom X was optimal. However, the antifungal effect of the 

compounds (3b-3f) with electron-donating groups (OH and R) attached to the benzene 

ring was weak, and the EC50 values were higher than that of Compound 3a. However, 

Compounds 3o-3p, which contain both electron-withdrawing and electron-donating 

groups, have an antifungal activity that is similar to Compound 3a. In Compounds 

4a-4p, the antifungal effect of compounds with a benzene ring structure attached to 

the thiophene ring was higher than the compounds without the benzene ring structure 

(4l-4p > 4a-4k), and the antifungal effect of compounds with halogen atoms attached 

to the benzene ring was higher (4n-4p). This may be due to the introduction of 

aromatic ring and electron-withdrawing group to enhance the induction and 

conjugation effect of the dehydroabietyl acylhydrazone compounds, increasing the 

electron transfer rate from the donor to the acceptor, and thus improving the 

antifungal effect.29-31  

3.3 Effect of dehydroabietyl acylhydrazone (4n) on the cell membrane 

permeability of R. solani 

The relative conductivity of R. solani was increased remarkbly after treatment 
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with Compound 4n compared to control, which meant mycelium electrolyte leakage 

(Figure 1b). In addition, the relative conductivity of R. solani increased with the 

prolonged treatment time of Compound 4n. These results suggested that Compound 

4n increased the cell membrane permeability, and the cell membrane might be the 

target site of 4n on R. solani. 

3.4 Antifungal activity in vivo on R. solani 

The control effect (CE, protective activity and therapeutic activity) of Compound 

4n on R. solani was tested in an indoor pot experiment (Figure 1c and Table S2). The 

results indicated that 4n had better therapeutic activity than protective activity. The 

therapeutic efficacy value of 4n on R. solani was 77.54%, 67.05% and 56.40% at 200 

mg/L, 100 mg/L and 50 mg/L, respectively, which was better than the 75.37%, 62.09% 

and 54.07% of carbendazim. The protective efficacy value of 4n on R. solani was 

69.24%, 50.60% and 46.93%, respectively, which was lower than 71.85%, 55.24% 

and 48.26% of carbendazim. 

3.5 Effects of dehydroabietyl acylhydrazone (4n) on defense enzyme induction 

activity in rice leaf sheaths 

SOD, CAT, PAL, and PPO are the main components of the protective cell enzyme 

system against the damage caused by active oxygen.32 These compounds play a 

critical role in eliminating active oxygen, preventing or reducing the formation of 

hydroxyl radicals, and delaying plant aging.33, 34 The SOD and CAT activities in rice 

leaf sheaths decreased slightly, then increased rapidly, and finally declined at different 

rates, as shown in Figure 1d and Figure 1e. The increase in enzyme activity indicated 

that the initial resistance of the rice plant was stimulated, which helped in eliminating 

or maintaining the balance of the active oxygen, protecting the normal cells, and 

improving resistance. The enzyme activity of the treatment with 4n was lower than 
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the control that could be from the rapid accumulation of active oxygen; the enzyme 

could not eliminate the burst of active oxygen thereby causing severe damage to the 

cell membrane system of the rice plant. 

PAL and PPO are closely related to the metabolism of phenols in plants. They can 

provide a phenylpropane carbon skeleton or carbon bridge for the synthesis of plant 

defensins and lignin to kill or inhibit the propagation of pathogens or improve the 

mechanical strength of the cell wall.35 Subsequently, the PAL and PPO activities of 

the rice leaf sheaths increased rapidly and then decreased significantly after pathogen 

infection, indicating that the initial resistance period of rice plants was short (Figure 

1f and Figure 1g). However, after treatment with 4n, the PAL and PPO activity 

increased to varying degrees over a long span of time, followed by a slow decline, 

thereby demonstrating 4n as beneficial to the continuous disease resistance of rice 

plants. 

3.6 The influence of dehydroabietyl acylhydrazone (4n) on the mycelial 

morphology of R. solani 

In the control group, the mycelium grew vigorously, stretched well, and was 

smooth and full (Figure 2a and Figure 2b). However, the surface of the mycelium 

was rough, shriveled, and deformed after treatment with 4n (Figure 2c and Figure 

2d). Moreover, the growth of mycelium was disordered. The above results showed 

that dehydroabietyl acylhydrazone (4n) had an inhibitory effect on the mycelial 

morphology of R. solani. 



14 
 

 

Figure 2. Effect of 4n on mycelial morphology in R. solani: (a, b) Control (1.00 K 

and 3.00 K times, respectively); (c, d) Treated with 4n (1.00 K and 3.00 K times, 

respectively) 

3.7 The influence of dehydroabietyl acylhydrazone (4n) on the mycelial 

microstructure of R. solani 

The mycelial microstructure of R. solani was observed by TEM (Figure 3a, 

Figure 3b and Figure 3c, Figure 3d are horizontal-vertical sections of R. solani 

fungal cells, respectively). In the control group, the cell wall of the hyphae was intact, 

the cytoplasm was distributed evenly, and the organelles were evenly distributed and 

clearly visible (Figure 3a and Figure 3c). After treatment with the EC50 concentration 

of 4n, the hyphal cells began to pyknosis, large vacuoles appeared, and the organelles 

were partially blurred (Figure 3b and Figure 3d).  
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Figure 3. Mycelial microstructure of R. solani: (a, c) Control; (b, d) Treated with 4n. 

CW, cell wall; M, mitochondria; N, nucleus; V, vesicle 

3.8 The analysis of confocal laser scanning microscope of R. solani 

Reactive oxygen species (ROS) are metabolic byproducts of oxygen, and 

mitochondria are the main target of ROS. The generation and accumulation of ROS 

can induce the opening of the permeable pores in the mitochondrial bilayer membrane 

that leads to apoptosis. The ROS determination results showed that distinct 

fluorescence was observed in the hyphae of R. solani treated with Compound 4n 

compared to the untreated hyphae (Figure 4a and Figure 4d). Compound 4n can 

induce production of ROS in fungal cells, which affects the structure or normal 

physiological function of fungal cells.36 
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Figure 4. ROS, nuclear morphology and MMP of R. solani: (a, b and c) Control; (d, e 

and f) Treated with 4n 

The results of nuclear fluorescence staining showed that different drug treatments 

had certain effects on fungal nuclei. As shown in Figure 4b, untreated hyphal nuclei 

showed uniform blue fluorescence, and distinct discrete signals could be observed. 

The nuclei of hyphal cells treated with Compound 4n decreased, and the discrete 

signal of nuclei was weak and showed dense dyeing or fragmented dyeing (Figure 

4e).37 

Mitochondria are the main sites for fungal cells to generate adenosine 

triphosphate (ATP) and are important organelles that promote cell energy conversion 

and participate in cell apoptosis. Therefore, the stability of MMP is conducive to 

maintaining the normal physiological functions of cells. As shown in Figure 4c and 

Figure 4f, the fluorescence intensity of R. solani treated with 4n decreased, indicating 

that Compound 4n could act on the mitochondria of fungal cells, which was also 

consistent with the previous ROS fluorescence analysis.38 

3.9 Analysis of QSAR 
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The correlation and the molecular descriptors of the antifungal activity of 

rosin-base acylhydrazone compounds against R. solani were analyzed by the 

established QSAR model. The best model with four structural descriptors was then 

screened out according to the breakpoint rules (Figure 5a, Table 2 and Table S3).39, 40 

The "leave-one-out" cross-validation indicate that the best model has better stability 

and the results are listed in Table S4. Finally, the antifungal activity of the 

dehydroabietyl acylhydrazone derivatives was predicted by the best model. The 

difference (less than 5%) between the predicted and the experimental results was 

small, indicating that the model has good predictive ability (Figure 5b and Table S5). 

 

Figure 5. The QSAR analysis: (a) Breakpoint rule; (b) The comparison between 

predicted and experimental results; (c, d) HOMO and LUMO maps, respectively; (e) 

MEP map; (f) Charge distribution and contour plot 

Four descriptors in the optimal QSAR model that are closely related to antifungal 

effect on R. solani were identified (Table 2). The most important descriptor is the 

energy gap (HOMO-LUMO) between the highest occupied molecular orbital (HOMO) 

and the lowest unoccupied orbital (LUMO) in the atomic unit. HOMO-LUMO is a 

quantitative chemical descriptor.41 The frontier orbital energies of Compound 4n 
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influenced significantly on the antifungal activity of R. solani according to molecular 

orbital theory (Figure 5c and Figure 5d). In addition, the electron cloud is mainly 

concentrated on the acyl ketone group. Therefore, when the donor and acceptor 

establish contact, this part of the structure of Compound 4n can stably donate 

electrons.42-44 The dipole moment (DM) can reflect the reactivity of the Compound 4n 

with the receptor, including the reaction rate and direction.45, 46 

The min net atomic charge for an N atom (qN
min) and the max net atomic charge 

(qmax) are electrostatic descriptors.47, 48 The molecular electrostatic potential (MEP) 

map reflects the size of the electron charge density of the compound (Figure 5e). The 

red color indicates a high energy level and large number of electrons. When the drug 

molecules exert their efficacy, they mainly provide electrons to acceptor.49-51 

Furthermore, the charge distribution and contour plot of 4n showed that the charge 

density of carbonyl oxygen in the acylhydrazone group was high (Figure 5f), 

indicating that the electron is given mainly by this part in the binding reaction with the 

receptor. Conversely, the blue color on the thiophene ring is shown on the MEP plot 

that indicates the abundant positive charge on the thiophene ring.52, 53 

4 CONCLUSION 

Two series of dehydroabietyl acylhydrazone compounds (3a-3p and 4a-4p) were 

synthesized and their antifungal effect on R. solani, F. oxysporum, P. capsici, S. 

sclerotiorum, and B. cinerea were evaluated. The dehydroabietyl acylhydrazone 

derivatives containing a thiophene ring (4a-4p) showed a better inhibition effect on R. 

solani than those without the thiophene structure (3a-3p). Among these compounds, 

4n exhibits the optimal activity. The primary action mechanism of 4n on rice R. solani 

demonstrated that it could affect the mycelial morphology and microstructure, cause 

the generation of ROS in fungal cells and mitochondrial dysfunction, and damage the 
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fungal nuclei. The antifungal activity in vivo results indicated that 4n presented a 

better therapeutic effect on rice plants. Moreover, 4n can also improve the activities of 

defense enzymes (SOD, CAT, PAL, and PPO) in rice leaf sheaths to enhance the 

resistance of rice plants. The QSAR analysis suggested that the descriptors of 4n 

(HOMO-LUMO, DM, qN
min, and qmax) were notably related to the antifungal activity 

against R. solani. 
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Table 1 Antifungal activity of dehydroabietyl acylhydrazone derivatives (3a-3p and 4a-4p) against Rhizoctonia solani 

compound 
IR (%) at a concentration of (mg/L) ± standard deviation (SD; n ≥ 3) 

EC50 y=a+bx R2 log EC50 
500.00 200.00 100.00  50.00  25.00  12.50  6.25  3.13 1.56 0.78        

3a 100.00 ± 0.00 a 67.00 ± 1.12 c 32.00 ± 0.72 c 14.50 ± 0.15 d 8.50 ± 0.05 f 3.80 ± 0.03 d  / / / / 154.225 y=-3.054+0.209x 0.953 2.188 

3b 100.00 ± 0.00 a 62.00 ± 0.99 c 28.00 ± 0.37 d 13.10 ± 0.17 d 7.20 ± 0.08 f / / / / / 165.644 y=-3.334+0.230x 0.986 2.219 

3c 100.00 ± 0.00 a 61.50 ± 1.08 c 27.80 ± 0.25 d 13.00 ± 0.16 d 7.10 ± 0.07 f / / / / / 166.587 y=-3.340+0.231x 0.986 2.222 

3d 99.00 ± 1.96 a 59.50 ± 1.10 c 30.00 ± 0.37 c 13.80 ± 0.09 d 7.20 ± 0.08 f / / / / / 171.826 y=-2.907+0.221x 0.994 2.235 

3e 99.00 ± 2.33 a 58.50 ± 0.98 d 29.90 ± 0.34 c 13.50 ± 0.12 d 7.10 ± 0.04 f / / / / / 173.674 y=-2.915+0.222x 0.994 2.240 

3f 99.00 ± 2.52 a 56.50 ± 0.92 d 28.80 ± 0.27 d 12.80 ± 0.20 d 6.90 ± 0.05 f / / / / / 178.156 y=-2.953+0.224x 0.994 2.251 

3g 100.00 ± 0.00 a 73.10 ± 1.28 c 38.00 ± 0.56 b 19.25 ± 0.18 d 11.80 ± 0.15 e 5.30 ± 0.06 d / / / / 138.178 y=-2.763+0.190x 0.954 2.140 

3h 100.00 ± 0.00 a 73.20 ± 1.55 c 38.10 ± 0.61 b 19.45 ± 0.20 d 11.88 ± 0.09 e 5.40 ± 0.05 d / / / / 137.843 y=-2.752+0.189x 0.955 2.139 

3i 100.00 ± 0.00 a 73.00 ± 1.26 c 37.90 ± 0.42 b 19.15 ± 0.21 d 11.70 ± 0.08 e 5.25 ± 0.04 d / / / / 138.467 y=-2.769+0.190x 0.954 2.141 

3j 100.00 ± 0.00 a 98.50 ± 2.13 a 49.60 ± 0.95 b 33.00 ± 0.50 c 17.90 ± 0.17 e 9.50 ± 0.06 d 5.30 ± 0.04 d / / / 87.686 y=-2.508+0.184x 0.974 1.943 

3k 100.00 ± 0.00 a 95.30 ± 1.84 a 49.20 ± 0.91 b 30.10 ± 0.41 c 16.00 ± 0.13 e 8.50 ± 0.06 d 5.00 ± 0.06 d / / / 93.877 y=-2.539+0.183x 0.978 1.973 

3l 100.00 ± 0.00 a 93.50 ± 1.79 b 41.00 ± 0.73 b 30.00 ± 0.43 c 15.00 ± 0.14 e 9.00 ± 0.07 d 5.00 ± 0.05 d / / / 102.081 y=-2.525+0.180x 0.968 2.009 

3m 100.00 ± 0.00 a 90.10 ± 1.66 b 41.90 ± 0.69 b 28.00 ± 0.27 c 15.20 ± 0.15 e 9.50 ± 0.08 d 5.00 ± 0.04 d / / / 106.450 y=-2.461+0.175x 0.967 2.027 

3n 100.00 ± 0.00 a 84.00 ± 1.84 b 40.50 ± 0.55 b 25.10 ± 0.43 c 14.00 ± 0.10 e 8.90 ± 0.05 d / / / / 117.903 y=-2.606+0.182x 0.988 2.072 

3o 100.00 ± 0.00 a 69.10 ± 1.13 c 34.05 ± 0.44 c 15.00 ± 0.17 d 9.55 ± 0.08 f 3.95 ± 0.02 d / / / / 149.238 y=-2.991+0.205x 0.950 2.174 

3p 100.00 ± 0.00 a 69.00 ± 1.08 c 33.90 ± 0.41 c 14.99 ± 0.13 d 9.50 ± 0.07 f 3.90 ± 0.03 d / / / / 149.514 y=-2.996+0.205x 0.950 2.175 

4a 100.00 ± 0.00 a 100.00 ± 0.00 a 98.30 ± 2.01 a  79.80 ± 1.48 b 56.90 ± 0.85 d 41.90 ± 0.87 c 33.00 ± 0.45 c 19.00 ± 0.13 b / / 25.386 y=-1.837+0.129x 0.986 1.405 

4b 100.00 ± 0.00 a 100.00 ± 0.00 a 95.00 ± 1.95 a 77.10 ± 1.42 b 54.33 ± 0.92 d 39.50 ± 1.05 c 31.00 ± 0.41c 17.50 ± 0.19 b / / 28.949 y=-1.799+0.126x 0.963 1.462 

4c 100.00 ± 0.00 a 100.00 ± 0.00 a 95.00 ± 1.89 a 77.30 ± 1.40 b 54.00 ± 0.83 d 39.00 ± 0.72 c 31.20 ± 0.58 c 17.80 ± 0.26 b / / 28.967 y=-1.800+0.126x 0.965 1.462 

4d 100.00 ± 0.00 a 100.00 ± 0.00 a 95.30 ± 2.11 a 77.20 ± 1.40 b 54.00 ± 0.82 d 39.10 ± 0.81 c 31.00 ± 0.60 c 17.50 ± 0.12 b / / 28.859 y=-1.814+0.126x 0.967 1.460 

4e 100.00 ± 0.00 a 100.00 ± 0.00 a 100.00 ± 0.00 a 98.00 ± 1.97 a 69.00 ± 1.28 c 51.50 ± 0.89 c 42.00 ± 0.65 b 32.25 ± 0.62 a 24.00 ± 0.27 b / 14.011 y=-1.450+0.126x 0.979 1.146 

4f 100.00 ± 0.00 a 100.00 ± 0.00 a 100.00 ± 0.00 a 97.49 ± 2.02 a 68.10 ± 1.10 c  51.00 ± 0.91c 41.20 ± 0.83 b 32.00 ± 0.71 a 23.80 ± 0.30 b / 14.385 y=-1.453+0.126x 0.982 1.158 

4g 100.00 ± 0.00 a 100.00 ± 0.00 a 100.00 ± 0.00 a 96.49 ± 1.96 a 67.20 ± 1.05 c  50.00 ± 1.02 c 40.14 ± 0.72 b 31.00 ± 0.48 a 22.50 ± 0.29 b / 15.050 y=-1.479+0.126x 0.984 1.178 

4h 100.00 ± 0.00 a 100.00 ± 0.00 a 100.00 ± 0.00 a 96.09 ± 1.89 a 67.00 ± 0.92 c  50.10 ± 0.84 c 40.14 ± 0.67 b 30.80 ± 0.72 a 22.00 ± 0.36 b / 15.204 y=-1.479+0.126x 0.984 1.181 

4i 100.00 ± 0.00 a 100.00 ± 0.00 a 100.00 ± 0.00 a 95.09 ± 1.91 a 66.00 ± 1.21 c  49.50 ± 0.88 c 39.64 ± 0.54 b 29.00 ± 0.52 a 21.50 ± 0.35 b / 15.823 y=-1.498+0.125x 0.984 1.199 

4j 100.00 ± 0.00 a 100.00 ± 0.00 a 100.00 ± 0.00 a 100.00 ± 0.00 a 89.00 ± 1.53 b   73.00 ± 1.36 b 50.60 ± 0.92 b 37.10 ± 0.59 a 24.50 ± 0.42 b / 8.414 y=-1.498+0.141x 0.952 0.925 

4k 100.00 ± 0.00 a 100.00 ± 0.00 a 100.00 ± 0.00 a 100.00 ± 0.00 a 86.00 ± 1.81 b  70.44 ± 1.13 b 46.30 ± 0.75 b 32.00 ± 0.40 a 23.50 ± 0.38 b / 9.470 y=-1.573+0.141x 0.947 0.976 

4l 100.00 ± 0.00 a 100.00 ± 0.00 a 100.00 ± 0.00 a 100.00 ± 0.00 a 100.00 ± 0.00 a  87.60 ± 1.53 a 72.12 ± 1.26 a 46.08 ± 0.66 a 37.30 ± 0.52 a 27.18 ± 0.33 b 3.730 y=-0.994+0.147x 0.962 0.572 

4m 100.00 ± 0.00 a 100.00 ± 0.00 a 100.00 ± 0.00 a 100.00 ± 0.00 a 99.00 ± 2.11 a  85.00 ± 1.66 a 67.00 ± 1.20 a 40.00 ± 0.54 a 26.00 ± 0.37 b / 5.529 y=-1.790+0.169x 0.988 0.743 

4n 100.00 ± 0.00 a 100.00 ± 0.00 a 100.00 ± 0.00 a 100.00 ± 0.00 a 100.00 ± 0.00 a 98.21 ±1.98 a 90.92 ± 1.83 a 71.32 ± 1.23 a  56.94 ± 0.92 a 45.62 ± 1.00 a 0.981 y=-0.400+0.173x 0.984 -0.008 

4o 100.00 ± 0.00 a 100.00 ± 0.00 a 100.00 ± 0.00 a 100.00 ± 0.00 a 100.00 ± 0.00 a 96.82 ± 2.11 a 89.64 ± 1.73 a 69.32 ± 1.06 a 54.74 ± 1.30 a 43.81 ± 0.91 a 1.103 y=-0.405+0.166x 0.963 0.043 

4p 100.00 ± 0.00 a 100.00 ± 0.00 a 100.00 ± 0.00 a 100.00 ± 0.00 a 100.00 ± 0.00 a 96.52 ± 1.89 a 89.35 ± 1.79 a 69.12 ± 1.06 a 54.24 ± 1.15 a 43.52 ± 0.83 a 1.126 y=-0.405+0.165x 0.959 0.052 

carbendazim 100.00 ± 0.00 a 100.00 ± 0.00 a 100.00 ± 0.00 a 100.00 ± 0.00 a 100.00 ± 0.00 a 97.37 ± 1.91 a 90.12 ± 1.78 a 70.02 ± 1.02 a 56.14± 0.98 a 44.22 ± 0.79 a 1.045 y=-0.398+0.168x 0.971  

Values in columns followed by similar letters were not significantly different according to Fisher’s protected LSD test (P < 0.05)
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Table 2 QSAR model with four descriptors 

descriptor No. X ± ΔX t-test descriptor 

0 1.3715e+01 2.7521e+00 4.9836 intercept 

1 -5.9544e-02 7.1897e-03 -8.2818 HOMO-LUMO † 

2 -6.3093e-01 4.1510e-02 -15.1993 qNmin ‡  

3 -4.3352e+00 1.2512e+00 -3.4649 H § 

4 1.3946e+01 7.2922e+00 1.9124 DM ¶ 

† Energy gap between HOMO and LUMO. ‡ Mix net atomic charge for a N atom. § Max net atomic 

charge . ¶ Dipole moment. 
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Summary: The rosin-based acylhydrazone fungicides were prepared and their 

putative modes of action on rice Rhizoctonia solani was investigated by physiological 

and biochemical determination and computational chemistry analysis. 
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