
[Short title + Author Name - P&H title] 17 (2024) 105480

Available online 23 November 2023
1878-5352/© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

A potential antifungal agent: Insight into the antifungal mechanism against 
Phomopsis sp 

Chunmei Yuan, Tao Zhang, Jiao Tian, Tianyu Deng, Hui Xin, Yi Liu, Yufang Zhang, Wei Xue * 

National Key Laboratory of Green Pesticide, Key Laboratory of Green Pesticide and Agricultural Bioengineering, Ministry of Education, Center for R&D of Fine Chemicals 
of Guizhou University, Guiyang 550025, China   

A R T I C L E  I N F O   

Keywords: 
Myricetin 
Thiazole 
Antifungal activity 
Mechanism of action research 

A B S T R A C T   

19 myricetin derivatives containing thiazole were designed and synthesized. Their fungicidal activities in vitro 
against ten species of plant pathogenic fungi were evaluated. Bioassay results indicated that some of compounds 
exhibited remarkable antifungal activities. Among them, Z17 showed the strongest antifungal activity against 
Phomopsis sp, with in vitro EC50 of 12.3 µg/mL, which was superior to those of the control drug azoxystrobin 
(32.2 µg/mL) and fluopyram (77.7 µg/mL). In addition, Z18 also had the inhibitory activity against the Alternaria 
brassicae, with an EC50 value of 32.5 µg/mL, which was much higher than azoxystrobin (49.3 µg/mL). Z17 
exhibited good protective activity (62.5 %) against Phomopsis sp on kiwifruit in vivo at 200 µg/mL. The results of 
in vivo experiments revealed that Z18 could effectively defend against the infestation of cabbage by Alternaria 
brassicae, and improve the protection ability of the crop. Scanning electron microscopy (SEM) and fluorescence 
microscopy (FM) demonstrated that Z17 could destroy the integrity of cell membrane of pathogen Phomopsis sp, 
thus affecting the normal growth of mycelia. The results of the mechanism research further confirmed that the 
action of Z17 changed the mycelial morphology of Phomopsis sp, affected the permeability of cells, increased the 
leakage of cytoplasm and MDA contents. Molecular docking simulation results revealed that compound Z17 
could readily bind with the active site of SDH and could be a potential SDH inhibitor. In summary, this study 
provides new ideas for effectively controlling plant fungal diseases and developing new green chemical pesticide 
products.   

1. Introduction 

Plant pathogenic fungi seriously influence the flourishing develop-
ment of world agriculture, posing a serious threat to global food secu-
rity. At the same time, they also can endanger the normal development 
and growth of crops, resulting in reducing production and significant 
losses of fruits and vegetables. Some fungal toxins produced by plant 
pathogenic fungi can even endanger the health of humans and animals 
(Gao et al., 2023; Zhang et al., 2023a, 2023b). Kiwifruit is a popular fruit 
that contains many nutrients such as vitamins, polyphenols, and pectin 
(Figiel-Kroczyńska, 2021). Unfortunately, it is easy to be infected by 
pathogenic fungi such as Phomopsis sp after picking, resulting in fruit rot, 
leaf peel necrosis and other plant diseases, which leads to a decline in 
fruit quality and yield (Zhou et al., 2023). Sclerotinia sclerotiorum 
(S. sclerotiorum) and Rhizoctonia solani (R. solani) are extremely harmful 
to rape and rice, and the economic losses caused by these two 

pathogenic fungi are as high as 80 and 50 % each year (Dey et al., 2016; 
Liu et al., 2022). Cruciferous vegetables are rich in nutrients and good 
for human health. Eating more cruciferous vegetables can prevent the 
occurrence of cancer (Zeng et al., 2023). Alternaria brassicae 
(A. brassicae) is one of the most common and destructive fungal diseases 
in cruciferous family, and spreads in different places mainly through 
seed transmission and harms the leaves and the whole plant, which leads 
to a serious decline in the quality and quantity of cabbage (Belmas et al., 
2018). At present, traditional chemical fungicides, including benz-
imidazoles, dithiocarbamates, SDH inhibitors, and azoles, are still the 
most commonly used methods for controlling various plant pathogens 
due to their high efficiency, broad spectrum, economy, and ease of ac-
cess. However, with the extensive and long-term application of fungi-
cides, an increasing number of pathogens have accelerated the 
emergence and development of drug resistance, causing serious envi-
ronmental problems. This greatly reduces the effectiveness of fungicides 
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and requires an increase in dosage during application process, leading to 
a vicious cycle (Gao et al., 2023). Therefore, it is urgent to discover and 
create efficient and low toxic green antifungal drugs by using natural 
products as the framework for structural modification. 

At present, the application of natural products for drug molecular 
design in agriculture has become one of the hotspots. Myricetin is a 
natural polyhydroxy flavonoid compound that can be extracted from 
many plants, fruits, vegetables, and beverages, such as bayberry bark, 
tomatoes, onions, red wine and so on (Ong and Khoo, 1997). In the early 
research work of our group, it was found that myricetin and its de-
rivatives had a wide range of biological activities, such as antiviral (Tang 
et al., 2020), antibacterial (Rashed et al., 2014; Liu et al., 2021), and 
anticancer (Xue et al., 2015). For example, Peng et al. designed and 
synthesized a series of myricetin derivatives containing 1,3,4-oxadiazole 
sulfide, which showed good antiviral activity. Compound A (Fig. 1) 
showed obvious curative and protective effects against tobacco mosaic 
virus, with EC50 values of 195.2 ± 4.4, 189.9 ± 3.5 μg/mL, which was 
superior to that of ningnanmycin (296.4 ± 3.8, 307.6 ± 4.4 μg/mL) 
(Peng et al., 2021). Jiang et al. introduced the active groups piperidine 
and dithiocarbamate into myricetin. B (Fig. 1) exhibited the excellent 
antibacterial activity against Xac (Xanthomonas axonopodis pv. citri), 
with EC50 value of 0.1 μg/mL, which was better than that of thiazoin 
(60.0 μg/mL) (Jiang et al., 2020). Cao et al. constructed a series of 
myricetin derivatives containing isoxazole, among which C (Fig. 1) 
demonstrated good activity against S. sclerotiorum, with EC50 value of 
13.2 μg/mL, which was higher than that of the control agent azox-
ystrobin 23.0 μg/mL (Cao et al., 2023). Liu et al. introduced a myricetin 
derivative containing pyrazol piperazine amide, and D (Fig. 1) had an 
EC50 of 16.9 μg/mL against Phomopsis sp, which was better than that of 
azoxystrobin 50.7 μg/mL (Liu et al., 2023). Therefore, myricetin was 
expected to be used as the lead compound in this study to obtain some 
novel compounds with higher antifungal activity. 

Thiazole rings containing two heteroatoms N and S are a good 
pharmacodynamic molecule and are widely found in natural products 
(Rouf and Tanyeli, 2015). It has been widely used due to its antibacterial 
(Zhu et al., 2021), anticancer (Cai et al., 2016), insecticidal (Borcea 
et al., 2021), anti-inflammatory (Kamat et al., 2020), antiviral properties 
(KanagasAbapathy et al., 2023), and high bioavailability and good 
biocompatibility (Meng et al., 2022). For example, commercially 
available fungicide isothiazolinone (Silva et al., 2020), antifungal agent 
abafungin (Borelli et al., 2008), insecticide thiamethoxam (Ferreira- 
Junior et al., 2018) and the anti-cancer drug dasatinib (Bolf et al., 2023) 

all contain thiazole ring structures (Fig. 2). Therefore, the innovation of 
thiazole structure and its extensive biological activity have attracted 
widespread attention from pharmaceutical chemists. 

On the basis of these considerations, we assumed to introduce thia-
zole functional groups into the structure of myricetin through active 
splicing, and a series of myricetin derivatives containing thiazole 
structures were designed and synthesized (Fig. 3). Subsequently, the 
antifungal activity of the target compounds were evaluated and 
screened. Through antifungal activity screening and studying the 
mechanism of action, we found out the compound Z17 with broad- 
spectrum antifungal activity, which provided sufficient support for 
further development of myricetin derivatives. 

2. Materials and methods 

2.1. Instruments and chemicals 

The measurement of melting points was carried out using an XT-4 
binocular microscope without calibration (Beijing, China). The rele-
vant information for NMR was obtained by using a 500 MHz nuclear 
magnetic resonance instrument (JEOL-ECX500, Japan Electronics Co., 
Tokyo, Japan). High-resolution mass spectrometry (HRMS) used the 
Thermo Scientific Q Active mass spectrometer (Missouri, USA). SEM 
data obtained from FEI Nova Nano 450 (Oregon, USA). Observing the 
staining of cell hyphae using Olympus BX53 fluorescence microscope 
(Tokyo, Japan). The permeability of cell membranes was measured 
using a conductivity meter Leici DDSJ-3O8F (Shanghai, China). The 
content of MDA was determined by the Multiskan FC microplate reader 
assay (Shanghai, China). The release of cell contents was recorded by an 
N-5000 ultraviolet spectrophotometer (Shanghai, China). All reagents 
and solvents used in the experiment were purchased from Shanghai 
Titan Chemical Co., Ltd. (Shanghai, China) and Beijing Solarbio Tech-
nology Co., Ltd. (Beijing, China). All reagents are analytically pure and 
can be used directly. 

2.2. Synthesis 

2.2.1. Synthesis of intermediates 1–5 
Intermediates 1 and 2 were synthesized by referring to the literature 

(Chen et al., 2019). The intermediates 3 to 5 were prepared according to 
the methods reported in the literature and slightly modified (Das et al., 
2006; Zhou et al., 2022; Zhang et al., 2023a, 2023b). Firstly, 5.73 mmol 

Fig. 1. Structures of myricetin derivatives previously reported by our group.  
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4-tert-butoxypiperazine, 5.73 mmol K2CO3, and 9.98 mL acetonitrile 
solvent were added to the round-bottom flask, heated at 80 ℃ for 0.5 h, 
and then adding intermediate 2. The reaction was monitored by TLC 
(dichloromethane:methanol = 30:1). After the reaction was completed, 
the reaction system was poured into ice water and white solid was 
precipitated to obtain intermediate 3. With methanol as the solvent, 
intermediate 3 (1.59 mmol) was added into a 100 mL round-bottomed 
flask, stirring at 80 ℃ for 10 min, then slowly adding 0.59 mL of HCl 
to the reaction vessel using a pipette, and continue refluxing for 2 h to 
gain intermediate 4. The different substitutions of 2-aminothiazole 
(8.76 mmol), 0.92 mL pyridine and 9.15 mL acetonitrile were succes-
sively added into the round-bottom flask and stirred at room tempera-
ture for 0.5 h, after adding 0.84 mL chloroacetyl chloride under the 
condition of ice bath. At the end of the reaction, the intermediate 5 was 
obtained by vacuum concentration and filtration. 

2.2.2. Synthesis of target compounds Z1-Z19 
The synthetic steps of the target compounds Z1-Z19 referred to the 

methods reported in the literature (He et al., 2020; Peng et al., 2023). 
6.75 mL DMF was used as solvent, 3.54 mmol K2CO3 as acid binder, 
0.88 mmol intermediate 4 was added to a round-bottom flask, stirred at 
room temperature for 45 min until solid dissolution, and then 1.77 mmol 
intermediate 5 was added to the reaction system and heated at 80 ℃ for 
12 h. After the reaction was complete, the system was poured into ice 
water. The oil was extracted by dichloromethane and dried with anhy-
drous Na2SO4, then concentrated under reduced pressure. The obtained 
oil was further purified by column chromatography (ethyl acetate: 
methanol = 30:1 v/v). 

2.3. Antifungal activity assay in vitro 

The inhibitory effect of Z1-Z19 on fungi in vitro was tested with 
mycelium growth rate method (Fang et al., 2022). In addition, com-
pounds with better activity were selected for further determination of 
the half effective concentration (EC50). The commercial agents azox-
ystrobin and fluopyram were used as positive controls. Each experiment 
was repeated three times. 

2.4. Antifungal bioassay in vivo 

According to the methods reported in the literature (Zhou et al., 
2023), the inhibitory activity of Z17 against Phomopsis sp on kiwifruit 
was evaluated at 200 and 100 μg/mL with azoxystrobin as the positive 

control. The effect of Z18 against A. brassicae on cabbage was evaluated 
by using the azoxystrobin as positive control, and the disease degree was 
graded as follows. There is grade 0, there is no disease. At grade 1, the 
lesion area accounted for less than 5 % of the leaf area. At grade 2, the 
lesion area accounted for 6–10 % of the leaf area. At grade 3, the lesion 
area accounted for 11–25 % of the leaf area. At grade 4, the lesion area 
accounted for 26–50 % of the leaf area. At grade 5, the lesion area 
accounted for more than 50 % of the leaf area, with azoxystrobin as the 
positive control (He et al., 2021; Zhang et al., 2022). Each experiment 
was repeated three times. 

2.5. Scanning electron microscope and fluorescence microscope 

With reference to the previous literature (Fang et al., 2022; Xie et al., 
2022), Z17 was tested by scanning electron microscope and fluorescence 
microscope to observe the morphological changes of mycelia, with the 
aim of studying the inhibitory effect of Z17 on Phomopsis sp further. 

2.6. Formation of sclerotia 

The experiment of Z17 on sclerotia formation was performed by 
previously reported in the literature (Zhang et al., 2018). 

2.7. Permeability of cell membranes 

According to previous reports, the permeability of cell membranes 
was analyzed by measuring the relative conductivity of mycelium 
(Wang et al., 2020). 

2.8. Release of cellular contents 

Ultraviolet spectrophotometer was used to measure the absorbance 
of the supernatant at 260 and 280 nm, respectively, thereby to judge the 
degree of cytoplasmic release (Cao et al., 2023). 

2.9. Determination of malondialdehyde content 

The content of malondialdehyde (MDA) reflects the degree of lipid 
peroxidation of animal and plant cell membranes. The higher the con-
tent of MDA is, the higher the degree of lipid peroxidation of cell 
membranes is, and the more serious the damage to cell membranes is. 
According to the methods reported in the literature, the content of MDA 
in Z17 was studied (Chen et al., 2023; Hu et al., 2023). 

Fig. 2. Thiazole active group fragment.  

Fig. 3. The design ideas of target compounds.  
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2.10. Molecular docking 

To further investigate whether SDH is a potential target for action, 
we conducted molecular docking of Z17 and fluopyram (Succinate de-
hydrogenase inhibitor) with SDH (Liu, et al., 2023). Discovery studio 
2019 tools and PyMOL Win software were used to simulate and verify 
the binding ability of Z17 to SDH active proteins (PDB: 2FBW). 

3. Results and discussion 

3.1. Chemistry 

The Z1-Z19 were synthesized according to the designed route of 
Scheme 1. All the compounds were characterized by NMR and HRMS, 
the detailed data are in the Supporting material. 

3.2. In vitro antifungal activity 

Z1-Z19 were tested for in vitro inhibitory activities against 10 plant 
fungi at 100 μg/mL. The test results were shown in Table 1 that Z17 had 
a certain inhibitory activity on all the test strains. Z17 possessed the best 
inhibitory effect on Phomopsis sp, with an inhibition rate of 94.3 %, 
which was significantly higher than those of the azoxystrobin (65.2 %) 
and fluopyram (51.9 %). Besides, Z17 also exhibited good inhibitory 
effects on R. solani, S. sclerotiorum, Fusarium graminearum, Botrytis cin-
erea, and A. brassicae, with inhibition rates of 80.3, 83.3, 69.5, 75.8, and 
69.0 %, respectively, which were superior to those of azoxystrobin 74.5, 
62.4, 60.9, 68.8, and 59.5 %. At the same time, Z6 also had good 
inhibitory effects on S. sclerotiorum and Phomopsis sp, with inhibition 
rates of 80.8 and 91.7 %, which were better than the those of azox-
ystrobin 62.4 and 65.2 %. The inhibition rates of Z4 on Phomopsis sp and 
Phytophthora capsici were 70.4 and 80.2 %, which were better than the 
those of azoxystrobin 65.2 and 71.2 %. The inhibitory rate of Z18 on 

A. brassicae was 72.0 %, which was higher than the control drug azox-
ystrobin 59.5 %. 

As shown in Table 1, we could see that the introduction of a thiazole 
moiety with antifungal activity into myricetin can significantly enhance 
its inhibitory effect. Therefore, we studied the control effects of different 
substituents on plant pathogens by changing the structure of thiazole 
and analyzed their structure–activity relationships. When the R = 4-C 
(CH3)3 and R = 4-Ph substituents, their in vitro antifungal activities were 
better than that of R = 5-Br and R = 4-F-Ph, such as Z17 (n = 3, R = 4-C 
(CH3)3) > Z6 (n = 3, R = 5-Br), Z9 (n = 3, R = 4-Ph) > Z16 (n = 4, R = 4- 
F-Ph). This indicates that when the R group was an electron donating 
group, myricetin derivatives have better antifungal activities. In addi-
tion, we have found that brominated alkanes with a carbon atom 
number of 3 have better antifungal activity than those with a carbon 
atom number of 4, such as (Z17, n = 3, R = 4-C(CH3)3 > (Z18, n = 4, R 
= 4-C(CH3)3), (Z11, n = 3, R = 4-Cl-Ph) > (Z12, n = 4, R = 4-Cl-Ph), 
which indicated that shortening the carbon chain can make the binding 
between compounds closer and have better antifungal effects. 

In summary, when the number of C atoms in brominated alkanes was 
3 and the R group on the thiazole group was an electron donating group, 
the antifungal activities increase significantly. In order to further verify 
the antifungal efficacy, EC50 test was conducted on some compounds. As 
shown Fig. 4 and Table 2, Z17 had the optimal EC50 value for Phomopsis 
sp (12.3 µg/mL), which was superior to those of azoxystrobin (32.2 µg/ 
mL) and fluopyram (77.7 µg/mL). The EC50 value of Z18 against 
A. brassicae was 32.5 µg/mL, which was better than the that of azox-
ystrobin (49.3 µg/mL). 

3.3. Z17 in vivo fungicidal activities resist Phomopsis sp 

The results of in vivo experiments showed that Z17 had good pro-
tective and curative effects (Fig. 5, Table 3) on kiwifruit infected with 
Phomopsis sp at 200 µg/mL. The protective effect of Z17 was 62.5 % on 

Scheme 1. Synthetic route of compounds Z1-Z19.  
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kiwifruit, superior to that of the azoxystrobin 40.7 %. The curative effect 
of Z17 (31.4 %) was close to that of azoxystrobin (31.1 %). Therefore, 
we can draw the following conclusion that Z17 could reduce the 
diameter of the lesion significantly, thereby inhibiting Phomopsis sp 
growth and exhibiting good in vivo antifungal activity. As shown in 
Fig. 5, Z17 showed no obvious toxicity to kiwifruit at a high 
concentration. 

3.4. Z18 in vivo fungicidal activities resist A. brassicae 

According to Fig. 6 and Table 4, it was observed that the negative 
control produced a large number of spot lesions and leaf necrosis and 
wilt, while the leaves treated with Z18 only formed a small number of 
scattered spot lesions regardless of curative or protective, and the 
number of spots was less than that of the control drug azoxystrobin. At 

Table 1 
In vitro antifungal activities of Z1–Z19 at 100 μg/mL.  

Compounds Inhibition rates (%) a 

Ps Ss Bd Rs Fg Pc Bc Ab Cg Fo 

Z1 47.4 ± 0.9 41.6 ± 2.9 22.7 ± 2.2 58.6 ± 1.9 34.8 ± 1.9 63.9 ± 1.4 59.2 ± 2.7 36.2 ± 2.4 22.7 ± 2.2 18.7 ± 3.4 
Z2 66.5 ± 0.9 59.6 ± 2.3 29.3 ± 2.3 58.2 ± 2.3 30.9 ± 2.7 59.7 ± 1.2 61.3 ± 1.2 33.2 ± 2.3 29.3 ± 2.3 21.8 ± 1.6 
Z3 49.6 ± 2.4 60.8 ± 2.4 24.8 ± 1.8 54.0 ± 3.0 33.9 ± 1.9 73.8 ± 1.7 60.0 ± 2.0 33.6 ± 4.3 24.8 ± 1.8 19.8 ± 7.2 
Z4 70.4 ± 1.2 66.5 ± 1.8 33.1 ± 2.6 57.7 ± 1.7 36.5 ± 3.7 80.2 ± 2.4 65.8 ± 2.3 41.4 ± 1.2 33.1 ± 2.6 19.8 ± 4.8 
Z5 28.3 ± 3.5 5.3 ± 3.8 13.2 ± 1.4 54.8 ± 2.0 16.7 ± 4.2 30.5 ± 2.9 50.8 ± 1.1 22.4 ± 2.0 13.2 ± 1.4 7.1 ± 5.0 
Z6 91.7 ± 1.7 80.8 ± 1.6 26.4 ± 2.3 63.2 ± 1.8 43.8 ± 1.7 57.5 ± 1.2 65.8 ± 1.1 62.1 ± 3.1 26.4 ± 2.3 30.6 ± 6.5 
Z7 65.7 ± 0.9 60.0 ± 3.3 19.8 ± 2.7 49.8 ± 1.4 37.3 ± 1.9 58.4 ± 0.9 51.7 ± 5.0 37.1 ± 1.9 19.8 ± 2.7 26.6 ± 1.6 
Z8 73.5 ± 0.9 62.0 ± 2.3 26.4 ± 2.3 45.2 ± 2.2 37.8 ± 1.7 60.9 ± 3.4 52.1 ± 2.2 37.5 ± 1.7 26.4 ± 2.3 27.0 ± 1.7 
Z9 53.5 ± 2.7 60.8 ± 2.0 24.8 ± 1.1 39.7 ± 2.0 27.5 ± 3.7 37.8 ± 3.4 62.1 ± 0.9 37.1 ± 2.8 24.8 ± 1.1 26.2 ± 3.3 
Z10 69.1 ± 3.7 62.4 ± 1.1 23.6 ± 0.9 45.2 ± 0.9 32.2 ± 1.9 38.6 ± 0.9 65.0 ± 2.8 49.1 ± 1.2 23.6 ± 0.9 16.3 ± 5.9 
Z11 53.9 ± 3.5 64.9 ± 2.6 18.6 ± 1.7 51.5 ± 4.4 38.6 ± 1.7 56.2 ± 1.4 66.7 ± 2.3 35.3 ± 1.4 18.6 ± 1.7 24.6 ± 5.5 
Z12 34.3 ± 1.7 45.7 ± 1.6 24.8 ± 1.1 49.8 ± 1.4 38.2 ± 2.9 30.0 ± 3.7 66.3 ± 2.7 34.1 ± 4.7 24.8 ± 1.1 13.9 ± 5.9 
Z13 50.0 ± 2.7 43.3 ± 1.6 12.8 ± 0.9 58.6 ± 3.7 36.5 ± 3.1 37.3 ± 2.8 55.0 ± 2.4 30.6 ± 3.9 12.8 ± 0.9 10.7 ± 3.2 
Z14 20.4 ± 1.3 32.7 ± 1.2 7.9 ± 3.8 57.7 ± 1.7 29.2 ± 3.5 54.1 ± 3.4 58.8 ± 3.1 29.3 ± 1.2 7.9 ± 3.8 1.2 ± 2.2 
Z15 40.4 ± 3.7 53.9 ± 1.6 16.1 ± 3.2 51.5 ± 1.8 39.5 ± 2.4 45.1 ± 1.2 63.8 ± 4.2 43.1 ± 2.0 16.1 ± 3.2 19.8 ± 3.7 
Z16 30.9 ± 2.8 50.6 ± 4.2 14.0 ± 1.1 47.3 ± 1.4 35.6 ± 3.2 28.8 ± 2.4 62.1 ± 3.3 45.3 ± 0.9 14.0 ± 1.1 21.0 ± 4.7 
Z17 94.3 ± 0.9 83.3 ± 2.1 58.7 ± 2.3 80.3 ± 1.7 69.5 ± 3.7 66.5 ± 1.4 75.8 ± 2.3 69.0 ± 0.0 56.2 ± 3.0 53.6 ± 2.2 
Z18 19.1 ± 1.5 16.7 ± 1.4 61.2 ± 3.3 53.6 ± 3.9 37.3 ± 4.0 36.5 ± 7.7 43.8 ± 3.1 72.0 ± 1.7 61.2 ± 3.3 7.1 ± 3.6 
Z19 78.7 ± 1.7 61.2 ± 4.7 25.2 ± 3.2 54.0 ± 3.4 47.6 ± 4.0 54.9 ± 1.2 58.8 ± 1.9 44.0 ± 1.9 25.2 ± 3.2 27.0 ± 2.6 
YMr. 40.4 ± 0.1 29.0 ± 2.1 24.4 ± 1.8 26.2 ± 1.9 33.0 ± 3.2 29.2 ± 1.9 43.8 ± 1.2 7.4 ± 2.4 33.9 ± 1.8 17.1 ± 5.9 
Azb 65.2 ± 2.4 62.4 ± 1.1 66.1 ± 1.1 74.5 ± 1.7 60.9 ± 2.2 71.2 ± 0.9 68.8 ± 2.7 59.5 ± 1.2 66.1 ± 1.1 51.2 ± 1.8 
Fl b 51.9 ± 1.6 – – – – – – – – –  

a Average of three replicates, b The commercial antifungal agent Azoxystrobin. (Az) and Fluopyram (Fl). 

Fig. 4. In vitro antifungal effects of Z17 against Phomopsis sp at different 
concentrations. 

Table 2 
EC50 values of some of the target compounds against fungi.  

Compounds Phytopathogen Regression equation r EC50(μg/ 
mL)a 

Z6 Ss y = 2.6288x +
0.9667 

0.9569 34.2 

Z17 Ss y = 1.4578x +
3.0769 

0.9732 20.9 

Az Ss y = 0.8128x +
3.7499 

0.9812 34.5 

Z6 Ps y = 1.5401x +
3.3079 

0.9960 12.6 

Z8 Ps y = 1.6356x +
2.4724 

0.9836 35.1 

Z17 Ps y = 1.8964x +
2.9318 

0.9857 12.3 

Z19 Ps y = 1.0323x +
3.5524 

0.9347 25.3 

Az 
Fl 

Ps 
Ps 

y = 0.6440x +
4.0290 
y = 1.5210x +
2.1242 

0.9903 
0.9808 

32.2 
77.7 

Z4 Pc y = 1.1789x +
3.2549 

0.9923 30.2 

Az Pc y = 0.7478x +
3.8068 

0.9809 39.4 

Z17 Rs y = 2.1291x +
1.6775 

0.9853 36.4 

Az Rs y = 0.5320x +
4.7451 

0.9936 3.0 

Z17 Fg y = 1.2113x +
3.0195 

0.9918 43.2 

Az Fg y = 0.5534x +
4.4612 

0.9986 9.4 

Z17 Bc y = 1.6081x +
2.2809 

0.9708 49.1 

Az Bc y = 1.2816x +
2.7232 

0.9987 59.8 

Z17 Ab y = 1.9509x +
1.7919 

0.9833 44.1 

Z18 Ab y = 1.7018x +
2.4278 

0.9829 32.5 

Az Ab y = 0.3965x +
4.3289 

0.9853 49.3  

a Average of three replicates. 
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200 μg/mL, the protective and curative effects of Z18 against 
A. brassicae on cabbage were 84.4, 81.9 %, which were superior to that 
of azoxystrobin 57.9, 43.5 %. In conclusion, Z18 exhibits excellent 
protective and curative activities against A. brassicae. 

3.5. Observations on the morphology of Phomopsis sp 

3.5.1. Scanning electron microscope (SEM) experiment of Z17 
The mechanism of Z17 on Phomopsis sp was further studied by using 

SEM, which is consistent with the previous experimental conclusions. 
The mycelia morphology of Phomopsis sp treated with Z17 changed 
significantly. As shown in Fig. 7, the mycelium of group A without drug 
treatment was smooth and full in morphology, good in extension and 
uniform in thickness. When Z17 was 50 μg/mL (group B), the mycelium 
began to flatten, the surface was depressed, and the growth was obvi-
ously inhibited. When the concentration of the compound increased to 
100 μg/mL (group C), the surface damage of the mycelium was aggra-
vated, severe atrophy occurred, and the morphological folds were 
shriveled. In conclusion, with the increase of compound concentration, 

the degree of damage to mycelia intensified, which indicated that Z17 
could destroy the mycelia morphology of Phomopsis sp and inhibit its 
normal growth. 

3.5.2. Fluorescence microscope (FM) imaging experiment of Z17 
The Fig. 8 showed the situation of Z17 treated with Phomopsis sp at 0, 

50, 100 μg/mL and stained with PI. As can be seen from Fig. 8 - A and 
A1, untreated (0 μg/mL) mycelium was thin and could not be stained by 
PI. When Z17 was 50 and 100 μg/mL (Fig. 8 - B and B1, C and C1), the 
mycelia had a strong shape, uneven surface, emitted strong red fluo-
rescence obviously, and the fluorescence became stronger and stronger 
with the increase of drug concentration. In short, Z17 could damage the 
integrity of mycelial cell membranes and have a strong impact on 
mycelial morphology. 

3.6. Inhibition effect of Z17 on the formation of sclerotia of Phomopsis sp 

As shown in Fig. 9 and Table 5, Z17 had a certain inhibitory effect on 
the formation of Phomopsis sp sclerotia. At a concentration of 100 μg/mL, 
the inhibition rate of Z17 reached 98.0 %, which was better than that of 
azoxystrobin (96.5 %). It can be seen that the number of sclerotia was 
almost completely inhibited. And when the concentration was 50 μg/ 
mL, a small amount of sclerotium was produced. With the reduction of 
the concentration of the drug, the number of sclerotia increased, but 
both were better than the commercial drug azoxystrobin. This indicated 
that Z17 had a good effect on inhibiting the formation of Phomopsis sp 
sclerotia. 

3.7. Effect of Z17 on the cell membrane permeability of Phomopsis sp 

Cell membranes are important for maintaining the integrity of cell 
structures and normal life activities. As shown in Fig. 10, compared with 
the blank control group, the relative conductivity of the mycelium 
increased with time after being treated with Z17. And when the con-
centration of Z17 was at 25, 50, 100 μg/mL, the relative conductivity 
also increased gradually. In particular, when Z17 was 50 and 100 μg/ 
mL, the rising trend was more evident and increased in a concentration 

Fig. 5. The protective and curative effect of Z17 and azoxystrobin against Phomopsis sp on kiwifruit.  

Table 3 
Curative and protective activities of Z17 against Phomopsis sp in vivo.  

Compound Concentrations 
(μg/mL) 

Curative effect Protective effect 

Lesion 
length 

Control Lesion 
length 

Control 

(mm ±
SD) 

effeicacy 
(%)a 

(mm ±
SD) 

effeicacy 
(%)a 

Z17 200 28.6 ±
0.5 

31.4 16.2 ±
0.7 

62.5 

100 35.5 ±
0.9 

14.8 28.2 ±
0.8 

35.7 

Az 200 28.7 ±
0.4 

31.1 25.6 ±
1.0 

40.7 

100 36.0 ±
0.0 

13.6 35.3 ±
0.5 

18.3 

Control 0 41.7 ±
0.8 

– 43.2 ±
0.9 

–  

a Average of three replicates. 
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gradient. In conclusion, Z17 could change permeability of cell mem-
brane and promote cell death of Phomopsis sp. 

3.8. Effect of Z17 on the cytoplasmic leakage of Phomopsis sp 

As can be seen from the Fig. 11, the absorbance value of the Z17 
treatment group was significantly higher than that of the blank control. 
Especially, when the concentration was 50 μg/mL, the permeability of 
cytoplasmic contents increased significantly. Therefore, we could spec-
ulate that Z17 could destroy cell membrane structure of the mycelia, 

thereby promote the release of intracellular contents. It was consistent 
with the results of SEM. 

3.9. Determination of MDA content by Z17 

The results of Z17 on the content of MDA was shown in Fig. 12. 
Compared with the control group (0 μg/mL), the content of MDA in the 
mycelia treated with different concentrations of Z17 (12.5, 25, 50, 100 
μg/mL) increased significantly with the increase of concentration, which 
suggested that Z17 can seriously damage the cell membrane of 

Fig. 6. The protective and curative effect of Z18 and azoxystrobin against A. brassicae on cabbage.  
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Phomopsis sp, and the damage degree was proportional to the concen-
tration of the compound. 

3.10. Molecular docking of Z17 with SDH 

The molecular docking simulation results indicated that Z17 and 
fluopyram (SDHI) dock into the active protein pocket of SDH in a similar 
mode of action. As shown in Fig. 13 A-a, Z17 and SDH active protein had 

a strong hydrogen bond interaction between the amide bond and the key 
amino acid residue LEU 63, and the distance between the amide bond 
and LEU 63 was 1.45 Å. In addition, amino acid residues PRO 64 (2.54 
Å) and LEU 62 (2.67 Å) interacted with the piperazine ring and methoxy 
group of Z17 through conventional hydrogen bonding. LEU 61 (2.2 Å) 
forms Pi-Sigma bonds with aromatic rings. PHE 86 (5.86 Å) and TYR 85 
(5.44 Å, 5.82 Å) bind with S element and benzene ring through Pi-Sulfur 
and Pi-Pi T-shaped bonds. ALA 60 (4.12, 4.41 Å) formed Alkyl in-
teractions and Pi-Alkyl hydrophobic with thiazole ring and tert-butyl 
groups. In Fig. 13 B-b, fluopyram was connected to amino acid residues 
VAL 53 (2.55 Å) and GLY 52 (2.70 Å) by a conventional hydrocarbon 
bond. And PHE 56(3.66 Å) formed the Pi-Pi Stacked interaction. LEU 83 
(5.42 Å), ILE 93(4.75 Å), LEU 91(4.83 Å), LEU 55(5.21 Å) form Alkyl 
interactions and Pi-Alkyl hydrophobics. In summary, Z17 formed mul-
tiple interactions with the amino acid residues of SDH, making it tightly 
bound to SDH. Meanwhile, the binding energy of Z17 was − 89.3 kcal 
mol− 1, which was slightly higher than that of flupyram (-− 51.9 kcal 
mol− 1). It was further proved that SDH may be one of the action sites of 
Z17. These results suggested that Z17 may destroy the mitochondrial 
tricarboxylic acid cycle, thus leading to the death of pathogens. 

4. Conclusions 

19 myricetin derivatives containing thiazole were designed and 
synthesized. The antifungal activity test results indicated that Z17 and 
Z18 had good inhibitory activities. The EC50 value of Z17 against 

Table 4 
Curative and protective activities of Z18 against A. brassicae in vivo.  

Compound Concentrations 
(μg/mL) 

Curative effect Protective effect 

Lesion 
length 

Control Lesion 
length 

Control 

(mm ±
SD) 

effeicacy 
(%)a 

(mm ±
SD) 

effeicacy 
(%)a 

Z18 200 1.8 ±
0.5 

81.9 1.7 ±
0.0 

84.4 

100 6.3 ±
0.4 

36.9 4.7 ±
0.4 

56.6 

Az 200 5.6 ±
0.5 

43.5 4.6 ±
0.3 

57.9 

100 7.3 ±
0.1 

26.5 7.1 ±
0.1 

35.3 

Control 0 10.0 ±
0.5 

– 11.0 ±
0.4 

–  

a Average of three replicates. 

Fig. 7. SEM images of the hyphae of Phomopsis sp after treatment with Z17. (A) 0 μg/mL, (B) 50 μg/mL, (C) 100 μg/mL. Scale bar for (A-C) are 20 μm.  

Fig. 8. Morphological observation by FM of Phomopsis sp treated with Z17. (A-A1) 0 μg/mL, (B-B1) 50 μg/mL, (C-C1) 100 μg/mL.  
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Phomopsis sp was 12.3 µg/mL, which was superior to those of the control 
drug azoxystrobin (32.2 µg/mL) and fluopyram (77.7 µg/mL). The in 
vivo experiment results indicated that Z17 had the good protective ac-
tivity against Phomopsis sp (62.5 %) on kiwifruit, which was better than 
that of azoxystrobin (40.7 %) at 200 µg/mL. Z18 possessed an excellent 
protective and curative activity against A. brassicae (84.4, 81.9 %) on 
cabbage, which was superior to that of azoxystrobin (57.9, 43.5 %) at 
200 µg/mL. The mechanism studies, such as molecular docking, SEM, 
FM, sclerotium formation, cell membrane permeability, cell content 
release, and MDA content were all consistent with the preliminary 

Fig. 9. The inhibitory effect of Z17 on the formation of sclerotia of Phomopsis sp.  

Table 5 
Inhibition rate of Z17 on Phomopsis sp sclerotia formation.  

Compound Concentrations (μg/ 
mL) 

Number of 
sclerotia 

Inhibition ration 
(%)a 

Z17  12.5 57.3 ± 1.3 14.4  
25.0 20.0 ± 0.7 70.1  
50.0 8.3 ± 0.5 87.6  

100.0 1.3 ± 0.5 98.0 
Az  12.5 67.0 ± 2.1 –  

25.0 49.0 ± 0.8 26.9  
50.0 10.0 ± 0.6 85.1  

100.0 2.3 ± 0.6 96.5 
Control  0.0 67.0 ± 0.8 –  

a Average of three replicates. 

Fig. 10. Changes in cell membrane permeability of Z17 against Phomopsis sp.  

Fig. 11. Release of cellular contents from Phomopsis sp after treatment 
with Z17. 

Fig. 12. MDA content of Phomopsis sp after treatment with Z17.  
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screening results, which further indicated that Z17 possessed the 
excellent antifungal activity. In view of this, we could affirm that Z17 
exhibited excellent antifungal activity, which also confirmed that the 
myricetin derivatives containing thiazole can be further developed as 
potential fungicides. As a result, the current work provides a new 
research direction and some theoretical basis for the creation of green 
pesticides. 
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