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Abstract 
 

Although quaternary ammonium salts are widely used in plant antifungal agents, their toxicity and renewability remain 
challenges. In this study, we synthesized three types of rosin-based gemini quaternary ammonium salts (Rbs): ortho- (o-Rbs), 
meta- (m-Rbs) and para- (p-Rbs) gemini salts. These salts were then tested for their in vitro antifungal activity against various 
plant pathogens, including Valsa mali, Phytophthora capsici, Fusarium graminearum, Fusarium oxysporum f. sp. niveum, 
and Alternaria solani. All three quaternary ammonium salts all exhibited significant and persistent antifungal activity against 
the tested pathogens. Of these, m-Rbs demonstrated the strongest activity against V. mali (EC50 = 2.649 μg/mL). In in 
vivo antifungal tests, m-Rbs exhibited promising protective and therapeutic effects on apples. A combination of spectroscopic 
techniques, experimental results, density functional theory (DFT), and molecular docking simulations revealed that m-Rbs 
effectively disrupts the cell membrane structure of V. mali. This disruption accelerates the leakage of intracellular contents 
and electrolytes. Additionally, acute toxicity tests in mice revealed that the median lethal dose (LD50) of m-Rbs was 6484.198 
mg/kg, classifying it as nontoxic according to standard toxicity evaluation criteria. Therefore, m-Rbs is one of the most 
promising antifungal agents for agricultural use. 
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1. Introduction 

With the rapid development of science and technology, human 

activities and globalized markets have facilitated the spread of 

fungal diseases. This has led to the decline or extinction of 

certain wild species, which can also pose a major threat to 

global food security.[1,2] Plant fungi, especially pathogenic 

ones, are now recognized as posing the greatest biological risk 

to agricultural production. In fact, crop losses due to fungal 

infections in developing countries can be as high as 50% cent 

or more. This poses a considerable risk to the global food 

supply and trade.[3] According to the most recent projections 

issued by the United Nations, the world's population is 

expected to rise to 9.5 billion by 2050, and to surpass 11 billion 

by 2100.[4] Consequently, agricultural productivity must 

increase meet the global food demand. Using fungicides to 

control plant fungal diseases has advantages, such as rapid 

efficacy and operational simplicity.[5] However, the prolonged 

and intensive application of existing fungicides has led to 

resistance development in fungal pathogens.[6,7]  

Rosin is a highly abundant and renewable forest resource, 

and large quantities of dehydroabietic acid can be obtained 

from unevenly cracked rosin.[8] Dehydroabietic amine 

(DAAm), an important derivative of dehydroabietic acid, is 

widely used in various fields.[9-12] or example, Wiemann et al. 

show that the amidation of the DAAm’s amino group can 

inhibit acetylcholinesterase activity.[13] Feng et al. prepared 

singlet surfactants using DAAm that exhibited good cleaning 

properties.[14] In addition, DAAm derivatives also exhibit 

diverse biological activities, including anti-herpes, anti-

dengue, antibacterial, and antifungal properties.[15-17] However, 

the poor water solubility of these rosin-based antifungal agents 

limits their potential applications.[18] 

Quaternary ammonium salts have positively charged 

cations and corresponding anions, making them highly soluble 
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in water.[19] Market demand for quaternary ammonium 

compounds continues to grow, reaching millions of tons 

globally each year.[20,21] Quaternary ammonium salts have been 

widely applied in antimicrobial activity research. However, 

there are few reports on the use of small-molecule quaternary 

ammonium salts in antimicrobial research, with most 

exhibiting high or moderate toxicity.[22-24] Additionally, most of 

these salts are non-renewable. Our investigation revealed that 

most of research reports focus on the using quaternary 

ammonium salts derived from modified chitosan,[25-27] 

cellulose[28,30] or lignin[31-33] for plant antifungal applications. 

Although these biomass macromolecules are renewable 

resources, they are all linked by reversible ether bonds. It is 

well known that these bonds are highly unstable in acidic 

solutions. Consequently, when these modified compounds 

enter living organisms, they may degrade into various small 

organic molecules, which could cause serious harm to the 

organisms. Therefore, there is an urgent need to develop 

renewable, non-toxic, and stable quaternary ammonium salt-

modified, small-molecule antimicrobial agents. 

In light of the aforementioned results, a non-toxic rosin-

based gemini quaternary ammonium salt (Rbs) was 

synthesized by combining dehydroabietic amine with 

quaternary ammonium salts. In this study, we synthesized 

ortho- (o-Rbs), meta- (m-Rbs) and para- (p-Rbs) substituted 

twin quaternary ammonium salts, which we then subjected to 

in vitro antifungal screening. Subsequently, these compounds 

were evaluated against five common plant pathogenic fungi to 

identify the most effective compounds, m-Rbs. We also 

compared the antifungal efficacy of these compounds with that 

of the commercially available small-molecule quaternary 

ammonium salt benzalkonium bromide (BAB).[34] The m-Rbs 

was further evaluated for its in vivo antifungal activity against 

V. mali on apple fruits to assess its potential as an agricultural 

fungicide. Additionally, the antifungal mechanism against 

Valsa mali was investigated through measurements of cell 

membrane permeability, scanning electron microscope (SEM), 

Transmission electron microscope (TEM), density functional 

theory (DFT) calculations and molecular docking. 

Furthermore, the potential toxicity of m-Rbs in humans was 

evaluated by toxicological studies in mice. 

 

2. Materials and methods 

2.1 Materials and instruments 

Materials and equipment are detailed in the supporting 

information. 

 

2.2 The synthesis of three quaternary ammonium salts 

The following are the synthesis routes for three novel rosin-

based bisquaternary ammonium salts (Scheme 1). In our 

previous work, we have successfully synthesized compound 1 

(Fig. S1 and Fig. S5).[35] 

A mixture containing 1.31 g of compound 1 (4.4 mmol, 2.2 

eq) and 1,2-bis(bromomethyl)benzene (0.53 g, 2 mmol, 1 eq) 

in 20 mL of acetonitrile and 10 mL of isopropanol was heated 

to 86 °C. After 72 h, the solvent was then removed and the 

compound was purified by ethyl acetate: methanol (10:1) 

separation to give 0.8 g of o-Rbs (yield: 43%). 1H-NMR 

(500MHz, DMSO-D6) δ 7.85 (d, J = 10Hz, 2H), 7.71 (d, J = 

5Hz, 2H), 7.13 (d, J = 5Hz, 2H), 6.97 (d, J = 10Hz, 2H), 6.87 

(s, 2H), 3.62 (s, 4H), 3.13 (s, 12H), 2.91-2.84 (m, 2H), 2.79-

2.77 (t, J = 5Hz, 4H), 2.79-2.77 (t, J= 5Hz, 4H), 2.26 (s, 4H), 

2.04 (d, J=5Hz, 4H), 1.93 (d, J = 5Hz, 4H), 1.70-1.68 (t, 

J=5Hz, 4H), 1.62 (d, J=10Hz 4H), 1.39 (d, J =5Hz, 2H), 1.27 

(s, 6H), 1.19 (s, 6H), 1.16 (d, J = 5Hz, 12H). 13C-NMR (126 

MHz, DMSO-D6) 147.5, 146.7, 136.4, 134.5, 131.34, 130.2, 

126.8, 124.2, 75.3, 67.2, 50.9, 48.2, 38.1, 37.6, 37.6, 33.4, 30.0, 

25.8, 24.4, 19.6, 19.5, 18.5 (Fig. S2). HRMS (ESI, m/z) = 

365.8104 [M]2+/2 (Fig. S6). 

The synthesis of the m-Rbs (0.89g, yield: 48%) and p-Rbs 

(0.79g, yield: 42%) followed the same procedure as the 

synthesis of the o-Rbs. m-Rbs: 1H-NMR (500MHz, DMSO-

D6) δ 7.94 (s, 1H), 7.79 (d, J = 10Hz, 2H), 7.67-7.64 (t, 1H), 

7.14 (d, J = 5Hz, 2H), 6.88 (s, 2H), 6.97 (d, J = 10Hz, 2H), 

3.72 (s, 4H), 3.13 (s, 12H), 2.93-2.88 (m, 2H), 2.79-2.76 (t, J 

= 5Hz, 4H), 2.29 (s, 4H), 2.09 (d, J = 5Hz, 4H), 1.89 (d, J = 

5Hz, 4H), 1.75-1.70 (t, J = 10Hz, 4H), 1.67 (d, J = 10Hz, 4H), 

1.39 (d, J = 10Hz, 2H), 1.28 (d, 6H), 1.15 (d, J = 5Hz, 12H). 
13C-NMR (126 MHz, DMSO-D6) 147.5, 146.7, 128.4, 126.5, 

134.5, 129.4, 126.8, 124.8, 124.7, 76.8, 69.6, 51.6, 47.8, 38.1, 

37.9, 37.5, 33.4, 29.7, 25.7, 24.4, 24.4, 19.6, 19.4, 18.6 (Fig. 

S3). HRMS (ESI, m/z) = 365.8161 [M]2+/2 (Fig. S7). p-Rbs: 
1H-NMR (500MHz, DMSO-D6) δ 7.19 (s, 4H), 1.15 (d, J = 

10Hz, 2H), 6.97 (d, J = 5Hz, 2H), 6.87 (s, 2H), 3.72 (s, 4H), 

3.11 (s, 12H), 2.93-2.88 (m, 2H), 2.79-2.76 (t, J = 5Hz, 4H), 

2.29 (s, 4H), 2.08 (d, J = 10Hz, 4H), 1.90-1.86 (t, J = 10Hz, 

4H), 1.75-1.70 (t, J = 10Hz, 4H), 1.65 (d, J = 10Hz, 4H), 1.34-

1.30 (t, J = 10Hz, 2H), 1.27 (s, 6H), 1.20 (s, 6H), 1.15 (d, J = 

5Hz, 12H). 13C-NMR (126 MHz, DMSO-D6) 147.6, 145.7, 

134.4, 133.9, 130.8, 126.8, 124.2, 76.7, 69.6, 51.7, 51.5, 47.7, 

38.1, 37.8, 37.6, 33.4, 29.8, 25.8, 24.4, 34.4, 19.9, 19.4, 18.6 

(Fig. S4). HRMS (ESI, m/z) = 365.8080 [M]2+/2 (Fig. S8). 

 

2.3 Antifungal activity assay of three quaternary 

ammonium salts 

We used the mycelium growth rate method to assess the in 

vitro antifungal activity of three quaternary ammonium salts  
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Scheme 1: Synthesis route of o-, m-, p-Rbs. 

 

against the following fungi: V. mali, P. capsica, F. 

graminearum, F. oxysporum f. sp. niveum, and A. solani.[36] 

Additionally, PDA medium without any compounds served as 

the blank control throughout the entire experimental procedure, 

while medium containing an equivalent concentration of 

bromophenylbenzylammonium bromide (BAB) served as the 

positive control. 

Preliminary in vitro antifungal tests indicated that m-Rbs 

exhibits significant inhibitory effects against V. mali. We 

therefore investigated the in vivo antifungal efficacy of m-Rbs 

against this V. mali on apple fruit.[37] More detailed operational 

support information is available. 

 

2.4 Effects of m-Rbs compound on V. mali 

First, the effect of m-Rbs on cytoplasmic cytoplasmic content 

leakage in V. mali was tested.[38,39] The procedure was as 

follows: 6 mm mycelial plugs were inoculated into potato 

dextrose (PD) liquid medium and cultured with shaking for 5 

days. Subsequently, 2 g of mycelia were suspended in 

phosphate-buffered saline (PBS), and m-Rbs was added to 

prepare solutions with final concentrations of 50, 100, and 200 

μg/mL. A compound-free PBS solution was used as a negative 

control, with three replicates prepared for each treatment. 

After 24 h of continuous shaking incubation, the absorbance 

of the solutions was measured at 260 nm and 280 nm to 

evaluate the extent of leakage of intracellular contents. 

Based on established methods in the literature, the effect of 

m-Rbs on the membrane permeability of V. mali was 

evaluated.[40-42] First, 6 mm mycelial plugs were inoculated 

into potato dextrose (PD) liquid medium and cultured with 

shaking for 5 days. Subsequently, m-Rbs was prepared at 

concentrations of 50, 100, and 200 μg/mL, with a compound-

free solution serving as a negative control. Three replicates 

were made for each treatment. Then, 0.5 g of mycelia was 

added to each solution, and the conductivity was monitored 

continuously for 12 h using a conductivity meter. The 

maximum conductivity value was determined by measuring 

the solution after boiling the mycelia. Finally, the relative 

permeability of the cell membrane was calculated using 

formula 1 to assess the extent of the effect of m-Rbs against V. 

mali on the integrity of the cell membrane. 

Relative electrical conductivity (%) = (D1-D0)/(D2-

D0)  100 
(1) 

D0 represents the conductivity of each solution at 0 h, D1 

denotes the conductivity of each sample at a given time, and 

D2 corresponds to the conductivity after boiling the mycelia.  

 

2.5 Calculation of DFT 

The geometric optimization of the m-Rbs, and the calculation 

of the single-point energy, were performed using the 

B3LYP/6-311+G level of theory in Gaussian 09.[43,44] We have 

taken into account the solvation (water) effect of adsorbent by 

using the solvation model based on density (SMD). 

 

2.6 Molecular docking 

In this study, molecular docking was performed using Auto 

Dock Vina software (version 1.1.2). The crystal structures of 

the target proteins CYP51 (1CBJ), SOD (1TGU), POD (2X08), 

and CAT (6CR2) were obtained from the RCSB Protein Data 

Bank.[45] After initial docking, the binding free energy of each 

complex was first calculated using Vina, followed by 

interaction analysis and visualization using PyMOL and 

Discovery Studio 2019 software. 

https://www.espublisher.com/


Research article                                                                                                                                                                                Engineered Science 

 

4 | Eng. Sci., 2025, 38, 1917                                                                                                                                                                 Engineered Science Publisher 

2.7 Acute toxicity study in mice 

This study evaluated the median lethal dose (LD50) of m-Rbs 

using acute oral toxicity testing.[46] The feeding as well as 

experimental requirements in the ARRIVE guidelines were 

met. In initial tests, concentration gradients of m-Rbs were 

established at 0, 3125, 6250, 12500, and 25000 g/mL. Forty 

ICR mice of similar body weight (40±2 g), equally divided by 

gender sex, were randomly assigned to five experimental 

groups. Treatment groups received 800 µL of the 

corresponding m-Rbs solutions by oral gavage daily, while the 

control group received an equivalent volume of normal saline. 

Survival rates were monitored daily during the 7-day 

observation period, and complete necropsies and organ 

photographs were performed immediately after mortality. 

 

3. Result and discussion 

3.1 In vitro antifungal activity analysis 

Fig. S9 and Table 1 show the results of the antimicrobial tests 

on three quaternary ammonium salts and BAB (the positive 

control) against five plant-pathogenic fungi. The results 

demonstrate that o-Rbs, m-Rbs and p-Rbs exhibit significant 

broad-spectrum antifungal activity. At high concentrations, the 

inhibition rates of the three quaternary ammonium salts 

against the five plant pathogenic fungi were slightly lower 

than those of the positive control. However, at low 

concentrations, the inhibition rates of the three quaternary 

ammonium salts were generally higher than those of the 

positive control. For example, at 6.25 μg/mL, the inhibition 

rates of the o-Rbs against the aforementioned pathogens were 

23.27%, 12.59%, 35.28%, 23.72%, and 11.39%, respectively. 

The m-Rbs showed inhibition rates of 73.41%, 31.98%, 

45.79%, 51.64%, and 12.95%, respectively. The p-Rbs 

showed inhibition rates of 30.90%, 8.71%, 26.87%, 23.12%, 

and 23.92%, respectively. In comparison, the BAB showed 

inhibition rates of 51.70%, 8.18%, 18.75%, 9.92%, and 

12.95%, respectively. Notably, except for the slightly lower 

inhibition rates of o-Rbs and p-Rbs against V. mali compared 

to BAB, the three quaternary ammonium salts outperformed 

the positive control in inhibiting the other plant pathogenic 

fungi.  

The EC50 values were calculated based on the inhibition 

rates at different concentrations. The ortho-substituted 

quaternary ammonium salt (o-Rbs) showed EC50 values of 

9.25, 20.984, 16.960, 17.060, and 21.719 μg/mL against V. 

mali, P. capsica, F. graminearum, F. oxysporum f. sp. niveum, 

and A. solani, respectively. The m-Rbs showed EC50 values of 

2.649, 8.998, 7.025, 3.809, and 21.848 μg/mL against the 

aforementioned pathogens, respectively. The p-Rbs showed 

EC50 values of 7.374, 19.490, 15.358, 14.734, and 12.631 

μg/mL against the same pathogens, respectively. In 

comparison, the BAB showed EC50 values of 5.982, 15.777, 

25.545, 32.747, and 31.000 μg/mL, respectively. The EC50 

values of o-Rbs and p-Rbs against F. graminearum, F. 

oxysporum f. sp. niveum, and A. solani were lower than those 

of BAB, while their EC50 values against V. mali and P. capsica 

were higher than those of BAB. Notably, m-Rbs exhibited 

lower EC50 values than BAB against all five plant pathogenic 

fungi, with an exceptionally low EC50 value of 2.649 μg/mL 

against V. mali, indicating superior antifungal activity. A 

comprehensive comparison of the EC50 values of the three 

quaternary ammonium salts against the five plant pathogenic 

fungi revealed that the m-Rbs, exhibited the most potent 

broad-spectrum antifungal activity with particularly 

remarkable efficacy against V. mali. This finding provides an 

important theoretical basis for the development of novel and 

highly effective fungicides. 

Table 1: Inhibition rates and EC50 of three quaternary ammonium salts and benzalkonium bromide against five plant pathogenic 

fungi. 

Average Inhibition Rate (%) ± Standard Deviation (SD, n = 3) 

Compound 
Concentration 

(µg/mL) 
V. mali P. capsici 

F. 

graminearum 

F. oxysporum 

f. sp.niveum 
A. solani 

o-Rbs 

200 100.00±0.00 93.91±1.04 74.03±0.23 86.79±0.40 81.98±1.70 

100 99.55±0.10 85.93±0.82 72.51±0.19 83.48±0.80 78.45±1.67 

50 96.75±0.22 82.78±0.18 66.66±0.29 81.98±0.60 74.51±0.33 

25 94.53±0.72 68.52±0.14 55.64±1.51 64.86±1.80 69.41±0.24 

12.5 68.60±1.76 24.23±1.30 46.52±0.63 39.04±0.80 37.66±1.09 

6.25 23.27±0.32 12.59±0.40 35.28±1.59 23.72±0.40 11.39±1.93 

https://www.espublisher.com/


Engineered Science                                                                                                                                                                                Research article        

 

Engineered Science Publisher                                                                                                                                    Eng. Sci., 2025, 38, 1917 | 5  

 

To further evaluate the antifungal persistence of m-Rbs, its 

sustained inhibitory effects against the five plant pathogenic 

fungi were investigated (Fig. 1 and Fig. S10). A blank control 

group of V. mali, P. capsica, and F. graminearum grew 

throughout the medium on four day (Fig. S10A, Fig. S10B and 

Fig. S10C). During this period, at 6.25 μg/mL, the inhibition 

rate of m-Rbs against V. mali decreased from 73.41% on the 

second day to 59.49% on the fourth day, while the inhibition 

rates against P. capsica and F. graminearum decreased from 

31.98% to 19.41% and from 45.79% to 40.19%, respectively. 

At the rest of the concentrations, relatively stable inhibition 

rates against these three fungi were maintained over the four-

day period. A blank control group of F. oxysporum f. sp. 

niveum and A. solani grew throughout the medium on seven  

Average Inhibition Rate (%) ± Standard Deviation (SD, n = 3) 

Compound 
Concentration 

(µg/mL) 
V. mali P. capsici 

F. 

graminearum 

F. oxysporum 

f. sp.niveum 
A. solani 

EC50 (µg/mL) 9.525 20.984 16.960 17.060 21.719 

m-

Rbs 

200 100.00±0.00 99.43±0.01 95.23±3.18 82.39±0.65 93.12±2.25 

100 100.00±0.00 98.30±0.02 89.15±2.04 79.41±0.43 82.33±1.04 

50 97.51±1.75 96.97±0.23 81.56±0.80 75.54±1.76 80.17±0.46 

25 93.58±0.21 95.06±0.45 75.28±1.16 68.67±1.53 69.23±1.00 

12.5 91.38±0.19 62.56±0.93 64.45±2.21 65.80±1.13 23.48±0.60 

6.25 73.41±2.68 31.98±2.71 45.79±2.14 51.64±0.21 12.95±0.51 

EC50 (µg/mL) 2.649 8.998 7.025 3.809 21.848 

p-Rbs 

200 97.52±0.20 93.53±0.48 77.08±0.37 81.08±0.00 77.60±0.15 

100 96.81±0.32 87.05±0.95 75.11±0.14 79.58±0.40 75.99±0.45 

50 95.74±0.06 86.48±0.22 73.15±1.23 78.68±0.40 73.61±0.44 

25 91.32±0.86 76.11±0.18 65.73±0.96 69.97±0.40 69.61±0.51 

12.5 84.68±1.32 27.04±1.02 50.01±0.87 50.15±0.80 60.80±1.53 

6.25 30.90±2.12 8.71±1.80 26.87±1.46 23.12±1.40 23.92±0.52 

EC50 (µg/mL) 7.374 19.490 15.358 14.734 12.631 

BAB 

200 100.00±0.00 100±0.00 88.13±1.42 94.89±0.76 100.00±0.00 

100 100.00±0.00 98.64±0.22 79.89±1.28 85.55±0.49 95.25±2.47 

50 100.00±0.00 95.73±1.30 66.35±0.66 69.89±1.35 66.54±2.10 

25 92.65±2.77 86.13±0.92 48.75±0.50 30.43±0.70 46.41±0.99 

12.5 79.57±3.05 26.78±1.49 34.53±0.98 19.57±0.70 10.99±1.12 

6.25 51.70±1.43 8.18±1.46 18.75±0.92 9.92±1.06 0.95±0.63 

EC50 (µg/mL) 5.982 15.777 25.545 32.747 31.000 
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Fig. 1: Antifungal persistence of compound m-Rbs against V. mali (A), P. capsica (B), F. graminearum (C), F. oxysporum f. sp. 

niveum (D) and A. solani (E). 

 

day (Fig. S10D and Fig. S10E). At this stage, m-Rbs showed 

an inhibition rate of 6.25 μg/mL against F. oxysporum f. sp. 

niveum, which remained largely unchanged. Slight decreases 

were observed at other concentrations. Notably, the inhibition 

rates of m-Rbs against A. solani remained stable or even 

slightly increased at all concentrations. These results 

demonstrate that m-Rbs has significant sustained inhibitory 

activity against the pathogenic fungi tested, providing 

important experimental evidence for the development of long-

lasting antifungal agents. 

 

3.2 In vivo antifungal activity analysis of m-Rbs 

The protective and curative effects of m-Rbs on apple fruits 

following inoculation with V. mali were further investigated, 

with comparative evaluation against the positive control, BAB. 

As shown in Fig. 2C, both m-Rbs and BAB exhibited 

significant protective and curative effects on apples. 

Specifically, at concentrations of 50, 100, and 200 μg/mL, the 

protective efficacy (PE) of m-Rbs was 78.04%, 67.81%, and 

52.14%, respectively (Fig. 2A), which was slightly lower than 

that of BAB (79.04%, 74.65%, and 61.91%). Similarly, the 

curative efficacy (CE) of m-Rbs at the same concentrations 

was 78.12%, 71.48%, and 58.61%, respectively (Fig. 2B), 

comparable to that of BAB (75.00%, 69.93%, and 62.69%). 

These results underscore the promising potential of m-Rbs for 

practical crop protection applications. 

 
Fig. 2: The antifungal activity of m-Rbs and BAB against V. mali on apple: protective efficacy (A) and curative efficacy (B). The 

effect of the m-Rbs and BAB on the fungus V. mali on apples (C). Leakage content of the contents of V. mali after treatment with m-

Rbs: 260 nm (D) and 280 nm (E). The effect of m-Rbs on the relative conductivity of V. mali (F). 
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3.3 Cytoplasmic content leakage analysis 

The content of nucleic acids and proteins can be measured by 

their absorbance at 260 nm and 280 nm, respectively, which 

allows the assessment of cytoplasmic leakage.[47] As shown in 

Fig. 2D and 2E, the absorbance values at 260 nm were 0.130 

for the blank control group and 0.202, 0.314, and 0.490 for the 

groups treated with 50, 100, and 200 μg/mL m-Rbs, 

respectively. At 280 nm, the absorbance values were 0.058 for 

the blank control group and 0.072, 0.107, and 0.132 for the 

groups treated with 50, 100, and 200 μg/mL m-Rbs, 

respectively. The absorbance values increased significantly 

with higher concentrations of m-Rbs, indicating a significant 

increase nucleic acids and proteins content in the solution. 

This phenomenon confirms that m-Rbs disrupts the integrity 

of the cell membrane, accelerates the leakage of intracellular 

contents, and leads to a reduction of nucleic acids and proteins 

inside the cells, thereby affecting their normal physiological 

functions. 

 

3.4 The effect of m-Rbs on cell membrane permeability of 

V. mali 

The cell membrane is a vital component of cells that provides 

a relatively stable environment and plays a critical role in 

cellular functions.[48,49] Fig. 2F illustrates the changes in the 

relative conductivity of V. mali cells, which were treated with 

50, 100, and 200 μg/mL m-Rbs Eq. (1) The results show that 

m-Rbs treatment induces a distinct three-phase change in 

solution conductivity: a sharp increase within the first 2 h, 

followed by a gradual increase between 2-6 h, and finally a 

stabilization after 6-12 h. Furthermore, the conductivity 

increases more significantly at higher concentrations of the 

compound. These observations suggest that m-Rbs disrupts 

cell membrane integrity, increases membrane permeability, 

and causes substantial leakage of intracellular electrolytes, 

thereby interfering with normal cellular activities. The degree 

of damage increases with increasing concentration of the 

compound. 

 

3.5 Surface morphology and ultrastructural analysis of 

cells 

The effects of m-Rbs on the surface morphology of the 

mycelia were observed by scanning electron microscopy 

(SEM). Mycelia in the blank control group (Fig. 3A and 3B) 

showed regular and robust growth with uniform thickness, 

smooth surfaces, and no apparent wrinkling, twisting, or 

damage. In contrast, m-Rbs-treated mycelia (Fig. 3C and 3D) 

exhibited irregular and sparse growth, uneven thickness, rough 

surfaces, and significant dehydration-induced shrinkage and 

distortion. These observations suggest that m-Rbs disrupts the 

normal growth of mycelia. The effects of m-Rbs on cellular 

ultrastructure were further investigated using transmission 

electron microscopy (TEM). Cells in the blank control group 

(Fig. 3E and 3F) showed intact cell membranes and cell walls, 

clear borders, abundant cytoplasmic contents, and well-

defined organelles, including nuclei and mitochondria, 

without large vacuoles or obvious cavities. In contrast, m-

Rbs-treated cells (Fig. 3G and 3H) showed plasmolysis, 

blurred cell borders, dissolved plasma membranes, 

disintegrated and unrecognizable organelles, and the presence 

of numerous vacuoles and cavities. These ultrastructural 

changes suggest that m-Rbs is likely to disrupt normal cellular 

physiological functions by compromising the integrity of cell 

membranes and organelles. 

 

3.6 DFT analysis 

The electronic properties of m-Rbs were investigated by 

density functional theory (DFT) calculations. The energy gap 

between the highest occupied molecular orbital (HOMO) and 

the lowest unoccupied molecular orbital (LUMO) was 

determined to be 3.01 eV (Fig. 4A), indicating significant 

chemical reactivity. In addition, the DFT-derived molecular 

electrostatic potential (MEP) mapping (Fig. 4B) revealed that 

the strongest electrostatic potentials localized in the 

quaternary ammonium group and bromine atom regions. in m-

Rbs structure would preferentially form hydrogen bonds with 

either the hydrogen atoms of amino groups or carboxyl groups. 

It is hypothesized that these interactions could potentially 

disrupt protein synthesis and compromise membrane integrity. 

 
Fig. 3: Surface morphology of mycelium at 1.00k and 3.00k: blank control group (A, B); m-Rbs treated group (C, D). Ultrastructure 

of mycelium at 15.0k and 30.0k: blank control group (E, F); m-Rbs treated group (G, H). 
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Fig. 4: The energy levels of m-Rbs are matched by the HOMO and LUMO orbitals (A); Molecular electrostatic potential of 

m-Rbs (B3LYP+6311G) (B); Molecular docking of m-Rbs with 1CBJ, 1TGU, 2X08, and 6CR2: three-dimensional structural 

diagrams (C-F) and two-dimensional interaction plots (G-J). 

 

3.7 Molecular docking analysis 

CYP51 serves as the core enzyme in the ergosterol 

biosynthetic pathway and plays an indispensable regulatory 

role in fungal metabolism. Meanwhile, superoxide dismutase 

(SOD), peroxidase (POD), and catalase (CAT) collectively 

form the intracellular antioxidant defense system, which is 

primarily responsible for scavenging reactive oxygen species 

(ROS) generated during metabolic processes.[3,45] Molecular 

docking analysis revealed that compound m-Rbs exhibits 

strong binding affinity with four target proteins (1CBJ, 1TGU, 

2X08, and 6CR2), with binding free energies of -5.4, -8.2, -8.5, 

and -12.4 kcal/mol, respectively. 

Compound m-Rbs primarily forms single hydrophobic 

interactions with VAL-5 and LYS-9 residues of receptor 

protein 1CBJ, while establishing dual hydrophobic 

interactions with VAL-146. For protein 1TGU, it exhibits 

single hydrophobic interactions with residues ALA-380, HIS-

413 and GLN-414, and dual hydrophobic interactions at VAL-

382. In the case of 2X08, m-Rbs forms single hydrophobic 

contacts with LYS-59, GLU-267 and LYS-268, complemented 

by dual hydrophobic bonds at TRP-57. With receptor 6CR2, 

the compound exhibits extensive single hydrophobic 

interactions with residues LEU-125, PHE-130, LEU-143, 

LYS-147, ALA-303, ALA-307, ILE-464 and LEU-503, while 

forming dual hydrophobic bonds with residues TYR-122, 

TYR-136, PHE-234 and PHE-504. 
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Table 2: Toxicity analysis of m-Rbs. 

m-Rbs (g/mL) 

Number of deaths per day 

Number of dead animals 
Mortality 

(%) 

LD50 

(mg/kg) 

Equivalent to the lethal 

dose of a 

person 
1d 2d 3d 4d 5d 6d 7d 

Male 

25000 0 0 0 2 2 - - 4 100 

6484.198 500 g/person 

12500 0 0 0 1 1 1 0 3 75 

6250 0 0 0 0 0 0 1 1 25 

3125 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 

Female 

25000 0 0 1 2 1 - - 4 100 

12500 0 0 0 1 2 0 0 3 75 

6250 0 0 0 0 0 1 1 2 50 

3125 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 

 
Fig. 5: Microscopic images of various organs in mice following oral administration of m-Rbs at different concentrations are shown 

here. 

 

3.8 The toxicity of m-Rbs in mice 

Evaluation of m-Rbs toxicity in humans based on mouse 

toxicity assessment, the experimental results in Table 2 

showed that m-Rbs exhibited extremely low toxicity in mice, 

with a median lethal dose (LD50) of 6484.198 mg/kg. 

According to the GB 15193.3-2014 standard, m-Rbs is 

classified as practically non-toxic, and the estimated lethal 

dose for an average human is approximately 500 g/person. 

When administered by oral gavage at 3125 μg/mL for 7 days, 

no mortality was observed in mice, with only body weight 

reduction but normal activity levels. In contrast, 

administration of 25000 μg/mL for 7 days resulted in 100% 

mortality. Fig. 5 shows anatomical images of organs from the 

blank control group and from the group receiving two 

concentrations of m-Rbs. The results showed that in the 3125 

μg/mL group, only the liver, spleen, and heart showed slight 

darkening in color, while other organs showed no significant 

color changes or pathological lesions. The 25000 μg/mL group 

displayed more pronounced darkening in all organs except the 

heart, although no obvious pathological lesions were observed. 

These results indicate that m-Rbs can be safely used as an 

agricultural fungicide. 

 

4. Conclusion 

The three rosin-based quaternary ammonium salts (o-Rbs, m-

Rbs and p-Rbs) exhibited excellent in vitro antifungal activity 

against five plant-pathogenic fungi. Their efficacy was 

comparable to or superior to that of BAB. Among these rosin-

based quaternary ammonium salts, m-Rbs exhibited 

significant and persistent antifungal activity against all five 

test fungal pathogens. In vivo experiments demonstrated that 

m-Rbs significantly inhibit V. mali growth on apples. In 

addition, spectroscopic techniques, cellular content leakage, 

cell membrane permeability, DFT calculations and molecular 

docking revealed that m-Rbs disrupts normal hyphal growth 

by compromising membrane integrity and organelle structure. 

This leads to increased membrane permeability, triggering the 

leakage of intracellular substances and electrolytes, as well as 

interfering with cellular physiological activities. Additionally, 

by interfering with the activity of SOD, POD and CAT, m-Rbs 

disrupts the scavenging of reactive oxygen species, ultimately 

impairing normal cellular function. Mouse toxicological 
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assessment revealed an LD50 of 6484.198 mg/kg for m-Rbs, 

indicating its non-toxicity to humans and full compliance with 

safety standards. Taken together, these findings provide 

crucial evidence for developing novel, highly effective and 

non-toxic quaternary ammonium antifungal agents. 
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