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Discovery of novel piperidine-containing
thymol derivatives as potent antifungal
agents for crop protection
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Xingxing Wu®" and Yonggui Robin Chi**"

Abstract

BACKGROUND: Plant fungal diseases pose a significant threat to crop production. The extensive use of chemical pesticides has
led to growing environmental safety risks and pesticide resistance of various plant pathogens. Therefore, it is an urgent task to
explore novel eco-friendly fungicidal agents with high efficacy to combat fungal infection.

RESULTS: In this study, we rationally designed a series of novel thymol derivatives by incorporation of the sulfonamide moiety
and evaluated their biological activities against plant pathogenic fungi. The bioassay results underscored the remarkable
in vitro antifungal activity of compounds 5m and 5t against Phytophthora capsici (P. capsici), with EC5, values of 8.420 and
8.414 ug/mL, respectively. Their efficacies were superior to that of widely used commercial fungicides azoxystrobin (AZO,
20.649 ug/mL) and cabendazim (CAB, 251.625 ug/mL). Furthermore, compound 5v exhibited excellent in vitro antifungal activ-
ity against Sclerotinia sclerotiorum (S. sclerotiorum), with an ECs, value of 12.829 ug/mL, significantly outperforming AZO
(63.629 ug/mL). In vivo bioassays demonstrated the impactful activity of compound 5v against S. sclerotiorum, achieving over
98% curative and protective efficacies at the concentration of 200 ug/mL. Further mechanistic investigations unveiled that
compound 5v induced mycelial shrinkage and collapse in S. sclerotiorum, resulting in organelle damage and the accumulation
of antioxidant enzyme activity.

CONCLUSION: The significant antifungal efficacy of the prepared thymol derivatives shall encourage further exploration of
compound 5v as a promising candidate to develop novel fungicides for crop protection.
© 2024 Society of Chemical Industry.

Supporting information may be found in the online version of this article.
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high efficacy to combat fungal infection remains to be a growing
demand and of profound importance for crop protection.
Structural modification and molecular optimization on natural
products have emerged as an attractive approach for the devel-
opment of medicines and agrochemicals owing to their high effi-

1 INTRODUCTION

The control of plant fungal diseases is of continuing significance
in crop protection as these plant diseases can lead to a dramatic
decline in both crop quality and yield, resulting in global losses

of approximately 30%.' For instance, the oomycete pathogen
Phytophthora capsici (P. capsici) is susceptible to infect pepper, a
worldwide cultivated commercial crop, during both the seedling
and fruit maturation period.>*® To date, there is no satisfactory
strategy to realize highly effective control of P. capsici from
spreading once pepper was infected. Sclerotinia sclerotiorum
(S. sclerotiorum), a necrotic homologous fungus belonging to
Ascomycetes, poses a significant threat to both the production
and quality of oilseed rape.*® Various solutions, including physi-
cal, chemical, and biological strategies, have been employed to
protect crops from diverse fungi®’ In particular, the chemical
control method has notably contributed to modern plant disease
management.®'* However, the extensive use of chemical pesti-
cides has also led to increasing environmental safety risks and
resistance of various plant pathogens.'>'” Therefore, the con-
tinuing exploration of novel eco-friendly fungicidal agents with

ciency, low toxicity, and broad-spectrum biological activity.'®?®
In this context, thyme has been broadly used as a flavor in foods
and traditional herbal medicines for a long time.® It consistent

* Correspondence to: Xingxing Wu, State Key Laboratory of Green Pesticide; Key
Laboratory of Green Pesticide and Agricultural Bioengineering, Ministry of Edu-
cation, Center for R&D of Fine Chemicals of Guizhou University, Guiyang,
550025, China. E-mail: wuxx@gzu.edu.cn; or Yonggui Robin Chi, School of
Chemistry, Chemical Engineering, and Biotechnology, Nanyang Technological
University, Singapore 637371, Singapore. E-mail: robinchi@ntu.edu.sg

a State Key Laboratory of Green Pesticide; Key Laboratory of Green Pesticide and
Agricultural Bioengineering, Ministry of Education, Center for R&D of Fine Che-
micals of Guizhou University, Guiyang, China

b School of Chemistry, Chemical Engineering, and Biotechnology, Nanyang
Technological University, Singapore, Singapore

Pest Manag Sci 2024

WWW.S0Ci.org

© 2024 Society of Chemical Industry.



https://orcid.org/0000-0003-0573-257X
mailto:wuxx@gzu.edu.cn
mailto:robinchi@ntu.edu.sg
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fps.8203&domain=pdf&date_stamp=2024-05-30

WWW.S0Ci.org

X Yang et al.

Thymol

Thymus mongolicus

Lead
discovery oH Modification

antlfungal antlbacterlal and antifungal antlfungal

(b) Commercial fungicides containing piperidine or sulfonamide moieties:

N Cl i
o/\/\/,O

Cl

Br

ﬁj

Fenpropidin Piperalin Flusulfamide
(c) Our project design: Py p—— |
i (I?'HS |
il ON
‘ Tl
ﬁ /7 X
N Structural L °© | R
H splicing (o Z
5m, R = 4-jPropyl, EC5¢ = 8.420 pg/mL,;
) 5t, R = 2,5-dimethyl, EC5o = 8.414 pg/mL
OH ease of preparation against P. capsici

under mild condition

O\A/N\G
(o]
(o] N\S//

ECsq = 12.829 pg/mL against S. sclerotiorum

GH

'

U

‘

D 1

7y S — |
: ‘

5v lo} !
JizipglmL :

‘

|

|

‘

|

¢ natural product derivatization e mild reaction conditions e broad-spectrum antifungal activity 6.25 pgimL. 125 pgimL.

Figure 1. Representative bioactive molecules and fungicides containing thymol/piperidine/ sulfonamide cores and our project design.

with a large number of biologically intriguing terpenoids, glyco-
sides, flavonoids as well as various phenolic acids that offer a strik-
ing opportunity for the discovery of novel lead compounds for
pesticide development. Thymol (known as 2-isopropyl-5-methyl-
phenol) is one of the major components of thyme species that
are extracted from the Lamiaceae family plants, such as the gen-
era of Thymus, Ocimum, Origanuma and others.>® As a class of
monoterpene phenol, thymol and its derivatives feature a diver-
sity of biological activities including antimicrobial, antioxidant
and anticancer properties.>' > For instance, studies have shown
that compound A1 exhibits both antibacterial and antifungal
activities against gruesome human pathogenic bacteria and fungi
in the medical field,* while compound A2 shows 100% inhibitory
activity against Pyricularia oryzae (P. oryzae) in vitro at 50 pg/mL
(Fig. 1(a)).>* Consequently, the versatile biological activities fea-
tured by thymol derivatives underscores the vast potential for
development of novel antifungal pesticides.

On the other hand, highly effective fungicides featuring piperi-
dine fragments or sulfonamide moieties continue to emerge,>**°
as exemplified by an array of commercially available fungicides
on the market such as fenpropidin, piperalin, flusulfamide and

amisulbrom (Fig. 1(b)).*" Here, we designed a series of novel anti-
fungal chemicals by the substructural splicing of thymol, piperi-
dine and sulfonamide cores, with thymol used as the lead
structure (Fig. 1(c)). The target thymol derivatives were readily pre-
pared through a 4-step sequence under mild reaction conditions.
In vitro studies revealed that most of the compounds exhibit nota-
ble inhibition activity against a diverse array of plant pathogenic
fungi, and the structure-activity relationship (SAR) was preliminary
studied. In addition, we systematically explored the ECs, values
and in vivo antifungal activities of the highly active compounds.
Furthermore, studies by employment of scanning electron micro-
scope (SEM), transmission electron microscope (TEM), and enzyme
activity analyses shed primary insights on the inhibition mecha-
nism against S. sclerotiorum of the hit compound.

2 MATERIALS AND METHODS

2.1 Chemicals and instruments

Commercially available materials and solvents were purchased
from Energy Chemical, Aladdin, and J&K, which were used directly
without additional purification. NMR spectra were acquired using
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a Bruker ASCEND (AVANCE IIl HD 400 MHz) spectrometer. High-
resolution mass spectrometer (HRMS) analysis was conducted
with the Thermo Fisher Q Exactive mass spectrometer (QTOF
mass analyzer). Melting points were determined on an uncor-
rected Beijing Tech Instrument X-4 digital display micro-melting
point apparatus.

2.2 General procedure for the synthesis of compounds
5a-5y

According to the previous reports, the target compounds 5a-
5y were synthesized from thymol through a four-step sequence.
The detailed synthetic procedures were provided in the Support-
ing Information.

42,43

2.3 In vitro antifungal bioassays

The in vitro antifungal activity of the target compounds 5a-5y
against six plant pathogens was assessed with the mycelial
growth inhibition method** at the concentration of 50 ug/mL.
The studied plant pathogens included Phytophthora capsici
(P. capsici), Aspergillus flavus (A. flavus), Rhizoctonia solani
(R. solani), Sclerotinia sclerotiorum (S. sclerotiorum), Botryosphaeria
dothidea (B. dothidea), Pyricularia grisea (P. grisea). The ECso (50%
maximal effective concentration) values were calculated based
on the antifungal activities of the target compounds at concentra-
tions of 50, 25, 12.5, 6.25 and 3.125 ug/mL, respectively. For
detailed experimental procedures, please refer to the Supporting
Information.

2.4 Invivo antifungal bioassays

According to the previous studies,* the curative and protective
effects of compound 5v against S. sclerotiorum on oilseed rape
leaves were assessed at concentrations of 200 and 100 ug/mL,
respectively. Azoxystrobin (AZO) was employed as the positive
control. For comprehensive testing methods, please refer to the
details provided in the Supporting Information.

2.5 Scanning electron microscopy (SEM)

SEM observations on the hyphae of S. sclerotiorum were con-
ducted following established procedures.***” The hyphae of
S. sclerotiorum were treated with DMSO or compound 5v
(50 and 100 ug/mL) to prepare the testing samples. The scanning
electron microscope (Hitachi, SU8100, Japan) was used for obser-
vation. The detailed preparing methods were provided in the Sup-
porting Information.

2.6 Transmission electron microscopy (TEM)

TEM observations on the morphology of S. sclerotiorum were car-
ried out according to the reported methods.'®*® The morphology
of S. sclerotiorum were treated with DMSO or compound 5v
(13 pg/mL) to prepare the testing samples. The transmission elec-
tron microscope (Hitachi, HT7800/HT7700, Japan) was used for
observation. The detailed preparing methods were provided in
the Supporting Information.

2.7 Enzyme activity assays

The test boxes for peroxidase (POD), superoxide dismutase
(SOD), and catalase (CAT) were procured from Suzhou Comin
Biotechnology Company, China. Following previously reported
procedures,**>° ten new mycelial blocks (diameter = 5 mm) of
S. sclerotiorum were cultured in 100 mL PDB medium at 24
+ 1°C and 130 rpm for 3 days. Subsequently, these samples
were respectively treated with compound 5v (dissolved in

DMSO) at concentrations of 50, 25, 12.5, 6.25, and 3.125 ug/
mL, with three parallel treatments for each concentration. The
resulting cultures were then continued under the same condi-
tions for an additional 72 h. Afterward, the mycelium of
S. sclerotiorum was extracted, washed three times with sterile
water, and then dried with filter paper. Subsequently, 0.10 g of
mycelium was weighed for the subsequent experiments. The
enzyme activity of compound 5v was measured following the
kit instructions.

3 RESULTS AND DISCUSSION

3.1 Synthesis

The target compounds 5a-5y were synthesized from thymol
through a four-step reaction sequence (Scheme 1). The synthetic
pathway involved the following steps: (i) Substitution reaction of
thymol (1) and 1,3-dibromopropane in the presence of K,COs to
yield  2-(3-bromopropoxy)-1-isopropyl-4-methylbenzene  (2);
(i) Substitution reaction between 2-(3-bromopropoxy)-1-isopro-
pyl-4-methylbenzene (2) and tert-butyl 4-(methylamino)piperi-
dine-1-carboxylate under basic conditions, resulting in the
formation of tert-butyl 4-((3-(2-isopropyl-5-methylphenoxy)pro-
pyl)(methyl)amino)piperidine-1-carboxylate (3); (iii) Deprotection
of the intermediate (3) under acidic condition to provide N-(3-
(2-isopropyl-5-methylphenoxy)propyl)-N-methylpiperidin-4-
amine hydrochloride (4); (iv) Final substitution reaction of (4) with
various sulfonyl chlorides to yield the target compounds 5a-5y.
The structures of all final products were characterized by NMR
and HRMS, and the corresponding characterization data was pro-
vided in the Supporting Information.

3.2 Invitro antifungal activity and SAR analysis

The in vitro antifungal activities of target compounds 5a-5y
against six plant pathogens at the concentration of 50 pg/mL
were evaluated and summarized, as presented in Table 1. Bioas-
say results revealed that most of the prepared thymol derivatives
exhibit notable antifungal activities. Particularly, compounds 5b,
5h, 5i and 5v showed notable in vitro antifungal activities against
P. capsici, A. flavus and S. sclerotiorum. Moreover, compounds 5¢
and 5t displayed good in vitro antifungal activities against
A. flavus, R. solani, and B. dothidea. Noteworthily, compounds 5h,
5m and 5t exhibited excellent in vitro antifungal activities against
P. capsici at the concentration of 50 xg/mL, with inhibition rates of
90.1, 91.5 and 92.1%, respectively, which were superior to the
commercial fungicides AZO (63.7%) and CAB (19.6%). Meanwhile,
compounds 5L, 5n and 5v also showed good inhibition rates
(84.9, 84.3 and 82.6%, respectively) against P. capsici at 50 ug/
mL. It is worth noting that the reaction intermediates including
2-4 were also evaluated for their in vitro antifungal activities
against six plant pathogens. Interestingly, with the introduction
of piperidine group, the antifungal activity of these compounds
was improved to varying degrees. However, the in vitro antifungal
activities of the intermediates 2-4 were inferior to those of most
of the target compounds.

Based on the preliminary bioassay results, the ECso values of
several target compounds with notable in vitro antifungal activi-
ties were determined (Table 2). The ECsq values for compounds
5m and 5t against P. capsici were 8.420 and 8.414 ug/mL, respec-
tively, outperforming the positive controls AZO (20.649 ug/mL)
and CAB (251.625 ug/mL). Additionally, the ECs, values of com-
pounds 5h, 5q, and 5t ranged from 8.853 to 21.954 ug/mL, dem-
onstrating effective in vitro antifungal activities against A. flavus
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Scheme 1. General synthetic routes of target compounds 5a-5y. Reagents and reaction conditions: (a) 1,3-dibromopropane, K,COs, acetone, reflux;
(b) 1-Boc-4-methyl-laminopiperidine, K;CO3, CH5CN, rt; (c) HCl, CH3OH, rt; (d) RSO,Cl, EtsN, CH,Cl, rt.

compared to CAB (28.283 ug/mL). Noteworthy, the ECsq value of
compound 5v against S. sclerotiorum was 12.829 ug/mL, which
was significantly better than that of AZO (63.629 ug/mL). The
experimental results indicated that compounds 5m and 5t exhib-
ited the best in vitro antifungal activities against P. capsici, while
compound 5v demonstrated the best antifungal activity against
S. sclerotiorum.

The SAR analysis revealed a significant impact of different sub-
stituents on the antifungal activity. Initially, compounds 5a-5e
were synthesized, demonstrating that electron-donating groups
(CHs, 5b) at the 2-position of the phenyl ring, exhibited superior
antifungal activity compared to electron-withdrawing groups
(5¢, 5d, 5e) and hydrogen atom (5a). Subsequently, we investi-
gated the influence of substituents at the 3-position of the ben-
zene ring on antifungal activity. The experimental results
indicated that an electron-withdrawing group (F, 5g) at 3-position
of benzene ring exhibited higher antifungal activity than an elec-
tron-donating group (CHjs, 5f). Despite these findings, the antifun-
gal activity did not meet our desired levels, prompting the
synthesis of target compounds with different substituents on
the benzene ring (5h-50). The antifungal activity was improved
when a Cl atom was installed on the 4-position of benzene ring
(5 h). Additionally, when the R substituent was the electron-
donating isopropyl group (5m), its antifungal activity surpassed
that of the tert-butyl group (5n) and OCHj; (50), although it was
lower than that of compound 5h (Cl). Further exploration focused
on the antifungal activity of multiple substitution sites on the ben-
zene ring, leading to the synthesis of compounds 5p-5u. Notably,
the antifungal activity peaked when electron-donating groups
were present at the 2- and 5-positions of the benzene ring (2,5-
dimethyl, 5t), outperforming other substitution sites and elec-
tron-withdrawing groups. Considering the potential for enhanc-
ing antifungal activity, we explored the substitution of the
benzene ring with alternative aryl or heterocyclic rings, resulting
in the synthesis of compounds 5v-5x. Remarkably, R substituents
with 2-naphthyl (5v) demonstrated outstanding antifungal

activity, surpassing 2-thienyl (5w) and 3-pyridyl (5x). Lastly,
inspired by the sulfa structure of commercial fungicides like ami-
sulbrom, we synthesized compound 5y (N,N-dimethylamino).
Unfortunately, this compound exhibited low antifungal activity.
In brief, when the R substituent is a benzene ring, antifungal
activity was optimal with an electron-donating substituent at
the 4-position, surpassing both electron-donating substituents
at the 3- and 2-positions, as well as electron-withdrawing substit-
uents at the same positions. Moreover, the benzene ring with a
2,5-dimethyl (5t) substituent showed the highest antifungal activ-
ity. When the R substituent is 2-naphthyl (5v), the antifungal
activity was better than that of other aryl and heterocyclic groups.
Future studies will be carried out for in-depth exploration of the
antifungal activities of different naphthyl substituted derivatives.

3.3 Invivo antifungal activity

We selected the compound 5v with the best in vitro antifungal
activity to explore the control efficiency against S. sclerotiorum
on the leaves of oilseed rape. As shown in Table 3 and Fig. 2, com-
pound 5v exhibited outstanding curative and protective efficacies
against rape sclerotinia stem at the concentration of 200 ug/mL,
with inhibition rates of 99.2 and 98.3%, respectively. These results
were comparable to the performance of the commercial fungi-
cide AZO, which exhibited 100% inhibition for both curative and
protective activities. Good curative and protective activities (78.8
and 72.9%, respectively) were still observed when the concentra-
tion of the compound 5v was decreased to 100 ug/mL, wherein
the commercial fungicide AZO maintained high efficacy in both
categories. Therefore, compound 5v could be considered as a
promising candidate in the development of new class of fungi-
cides for protection and curation of S. sclerotiorum on
oilseed rape.

3.4 Scanning electron microscopy (SEM)
To further investigate the impact of compound 5v on the mycelial
morphology of S. sclerotiorum, SEM observations were conducted
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Table 1. In vitro antifungal activities of target compounds 5a-5y at 50 pg/mL*

Inhibition rate (%) + SD (n = 3)
Compounds Pc Af Ss Bd Pg
5a 718+ 18 51.8 +34 385+ 05 195+ 1.1 19.1+19 36.0 +0.8
5b 633 + 04 759 + 0.3 61.0+ 1.0 65.0 + 3.2 329+18 514 +03
5¢ 35+09 70.7 + 04 430+ 04 780+ 22 66.9 + 2.5 47.7 +0.2
5d 776 +15 275 +04 312+ 06 134 + 2.1 31.8 +24 252 +05
5e 523 + 3.1 752 +0.8 48.7 + 04 55.0 +29 719 +0.7 655+ 14
5f 320+ 22 36.7 +24 127 + 26 554 +18 324 +26 10.1 + 0.3
59 575+ 15 536+ 36 329+ 19 221 +37 392+ 34 354+ 14
5h 90.1 + 0.5 99.5 + 0.1 18.0 + 2.5 65.2 + 49 73.5 + 0.3 473 + 04
5i 741 + 1.1 63.8 +04 469 + 2.6 836+ 1.0 392+18 49.5 + 0.5
5j 307 +1.8 222 +03 6.1+13 16.5 + 0.7 210+ 1.7 154 + 0.5
5k 342 +09 128 + 0.8 38+ 25 60.7 + 0.5 320+6.3 11.1 + 06
5L 849+ 15 412 +33 400+ 14 779 £ 05 30.2 + 3.1 430+ 0.3
5m 915+ 0.1 619+ 09 526+ 15 10.7 + 3.8 346 +16 66.6 + 0.3
5n 843 + 0.6 153+ 1.7 221 +20 276 + 2.7 284 + 42 518+ 04
50 584 + 09 747 £1.0 45.1 £ 0.5 478 +33 515+1.7 314+ 03
5p 349+28 28.7 + 0.1 150+ 1.0 589+ 1.0 277 +03 326+ 1.2
5q 524 +64 94.4 + 0.1 327 +44 09 +4.7 544 + 09 282 +05
5r 20.8 + 0.8 443 + 25 50.5 + 0.7 174 + 2.8 558 +1.8 18.0 + 0.3
5s 678 +14 20.6 + 04 173 + 46 67.4 + 0.5 255+ 14 494 + 2.5
5t 92.1 + 0.9 86.6 + 0.5 67.1 + 1.0 39.1 +26 70.6 + 0.8 49.8 + 0.6
5u 375+19 368+ 038 66.0 + 0.3 59.1+16 532+ 16 444 + 0.9
5v 82.6 + 0.1 69.7 + 3.6 572+23 87.7 + 0.3 457 +2.2 51.6 + 0.2
5w 124 +19 345+ 0.8 30.0 + 0.9 295+ 04 106 + 1.2 175+ 0.2
5x 0.0 + 0.0 54+08 94 + 38 245+ 04 9.5+ 25 71 +05
5y 9.2+27 73+26 0.0 +0.0 95+ 1.0 398 + 1.1 39+ 0.1
thymol 108 +1.9 378+27 59.0+ 0.7 0.0 + 0.0 664 + 1.6 133 +03
2 0.0+ 0.0 119 +0.7 176 £1.9 0.0 + 0.0 6.8 + 2.1 11.8 +0.9
3 13.5+ 0.8 20.1 + 0.3 244 + 26 126 +1.2 192 +15 132 + 0.6
4 18.1 +0.2 321 +1.0 384+ 18 143 + 0.1 285 + 3.1 16.7 + 0.3
AzO' 63.7+13 349 +0.2 46.7 + 3.5 372+ 16 88.6 + 0.7 258 +14
CAB' 19.6 + 0.2 52.1 +05 100 + 0.0 100 + 0.0 427 +14 453 + 0.7
*Pc (P. capsici), Af (A. flavus), Rs (R. solani), Ss (S. sclerotiorum), Bd (B. dothidea), Pg (P. grisea); activity data with prominent are presented in bold.
TAZO (azoxystrobin), CAB (cabendazim).

(Fig. 3). The experimental findings revealed that the hyphal sur-
face of S. sclerotiorum appeared smooth and normal in the control
group (Fig. 3a,b). In contrast, treatment with compound 5v at con-
centrations of 50 and 100 ug/mL led to observable changes in the
mycelial morphology. The hyphae of S. sclerotiorum exhibited
signs of dehydration, slight wrinkling (Fig. 3c,d), and increased
roughness (Fig. 3e,f). These alterations revealed that compound
5v exerts a discernible inhibitory effect on the mycelia of
S. sclerotiorum.

3.5 Transmission electron microscopy (TEM)

We further conducted transmission electron microscopy
(TEM) study to elucidate the influence of compound 5v on the
morphology of S. sclerotiorum, as depicted in Fig. 4. In the control
group, the cell wall (CW), cell membrane (CM), nucleus (N), and
vacuole (V) appeared intact (Fig. 4ab). However, when
S. sclerotiorum was subjected to treatment with compound 5v at
the concentration of 13 ug/mL, notable changes were observed
(Fig. 4c,d): (a) the cell wall exhibited signs of breakage and separa-
tion from the cell membrane; (b) the vacuoles showed

enlargement; (c) most organelles appeared to be absent. These
findings strongly suggested that compound 5v induced substan-
tial toxicological damage to the cellular structure of
S. sclerotiorum.

3.6 Enzyme activity assays

Peroxidase (POD), superoxide dismutase (SOD), and catalase
(CAT) stand as pivotal antioxidant enzymes within living organ-
isms. Intracellular antioxidant enzymes, along with other redox
molecules are important to preserve the equilibrium of intracel-
lular reactive oxygen species (ROS) production. When microor-
ganisms are affected by external adversity, living cells will
generate reactive oxygen species. Concurrently, the antioxidant
defense system including antioxidant enzymes will work to pre-
vent excessive levels of reactive oxygen species within cells. As
shown in Fig. 5, compound 5v increased the activities of POD,
SOD and CAT in S. sclerotiorum across various concentration
gradients (50, 25, 12.5, 6.25, and 3.125 pg/mL). In comparison
to the control (CK) group, the activity of POD enzyme increased
at concentrations ranging from 50 to 3.125 ug/mL for both
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Table 2. The ECs, values of several target compounds against plant pathogens*

Compounds Phytopathogen Regression Equation r ECso (ug/mL) 95% CI*
5h Pc y=3.1112x + 1.8176 0.999 10.943 7.83-15.29
5L Pc y =3.3250x + 1.2263 0.980 23.221 13.91-38.76
5m Pc y =3.6262x + 1.4847 0.985 8.420 5.41-13.10
5n Pc y =3.2032x + 1.5750 0.990 13.831 9.64-19.84
5t Pc y=3.3041x + 1.8334 0.992 8.414 5.76-12.28
5v Pc y =2.8283x + 1.8274 0.989 15.432 11.12-21.41
AZO' Pc y =4.1809x + 0.6229 0.964 20.649 8.11-52.56
CAB' Pc y = 2.7864x + 0.9221 0.988 251.625 237.23-263.30
5h Af y=27105x + 24174 0.986 8.853 6.61-11.87
5q Af y=1.1297x + 2.8850 0.978 21.954 16.15-29.83
5t Af y =2.0261x + 2.2369 0.987 21.353 15.40-29.59
AZO Af y =4.8149x + 0.3326 0.991 3.603 0.19-5.65
CAB Af y =4.3581x + 0.4423 0.977 28.283 16.58-33.35
5i Ss y =1.9410x + 2.0532 0.968 30.895 20.10-47.48
5v Ss y =3.2320x + 1.5954 0.980 12.829 9.07-18.15
AZO Ss y =29203x + 1.1531 0.986 63.629 55.84-70.12
*Average of three replicates; Pc (P. capsici), Af (A. flavus), Ss (S. sclerotiorum); activity data with prominent are presented in bold.

TAZO (azoxystrobin), CAB (cabendazim).

*95% confidence interval.

Curative effect

Table 3. Curative and protective activities of target compound 5v against S. sclerotiorum*

Protective effect

Concentration Lesion length Controlling Lesion length Controlling
Compounds (ug/mL) (mm + SD) efficacy (%) (mm + SD) efficacy (%)
5v 200 52+0.1 99.2 54+02 98.3
100 11.3+0.2 78.8 11.1+0.7 729
AzO' 100 50+ 0.0 100.0 5.0+ 0.0 100.0
Control 0 30.1 £ 0.1 - 275+ 09 -

*Values are mean + SD of three replicates.
TAZO (azoxystrobin).

Curative activity

AZO 5v
100 pg/mL 200 pg/mL 100 pg/mL

Protective activity

AZO Y 5v

100 pg/mL 200 yg/mL 100 pg/mL

Figure 2. In vivo curative and protective effects of compound 5v against S. sclerotiorum.

compounds 5v and AZO. However, the activities of SOD and
CAT enzymes for compound 5v were greatly increased at lower
concentrations than the CK group, followed by a decline at
higher concentrations and lower than the AZO group. This phe-
nomenon arises because the treatment with compound 5v

prompts the production of a substantial amount of antioxidant
enzymes in the living cells to combat the detrimental effects,
resulting in an augmented enzyme activity when compared to
the CK group. Nevertheless, as the concentration of compound
5v escalates, the living cells reach a point where they cannot

______________________________________________________________________________________________________________|
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Figure 3. Effects of compound 5v on the mycelium morphology of S. sclerotioruma by SEM. (a, b) Negative control. (c, d) Treatment with compound 5v at
50 ug/mL. (e, f) Treatment with compound 5v at 100 pg/mL.

Figure 4. Effects of compound 5v on the cellular structure of S. sclerotioruma by TEM. (a, b) Negative control. (c, d) Treatment with compound 5v at
13 ug/mL. CW, cell wall; CM, cell membrane; N, nucleus; V, vacuole.

withstand excessive damage, leading to heightened harm in 4 CONCLUSION

the 'high—concentrati.on treatment group and subsequently | summary, a series of novel thymol containing derivatives were
causing a decrease in enzyme activity compared to the CK  gegigned and synthesized for antifungal applications against six
group. plant pathogens by using the mycelial growth inhibition method.
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Figure 5. Effects of compound 5v on antioxidant enzymes. (a) peroxidase (POD), (b) superoxide dismutase (SOD), (c) catalase (CAT). All experiments were
executed in three replicates to obtain the mean and standard deviation. Different lowercase letters indicate values with significant differences among

different treatment groups according to one-way ANOVA (P < 0.05).

Preliminary bioassay results revealed that several target com-
pounds exhibited notable antifungal effects against P. capsici,
A.flavus, and S. sclerotiorum at the concentration of 50 ug/mL. Sig-
nificantly, the antifungal activities of compounds 5m and 5t
against P. capsici surpassed that of the commercial fungicides
AZO and CAB. Additionally, compound 5v demonstrated superior
antifungal activity against S. sclerotiorum compared to AZO and
CAB. In vivo bioassays confirmed the excellent curative and pro-
tective activity of compound 5v against S. sclerotiorum. Prelimi-
nary mechanism studies revealed that compound 5v induced
contraction and collapse of S. sclerotiorum mycelium, resulting in
organelle damage and the accumulation of antioxidant enzyme
activity. These findings suggested that compound 5v is a promis-
ing candidate scaffold for development of potent antifungal
agents. Further exploration to search for novel fungicides with
remarkable efficiency from naturally occurring thymol derivatives
could be anticipated and is currently in progress in our laboratory.
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