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Abstract To discover highly efficient and novel lead compounds against Thanatephorus cucumeris,

a series of novel mandelic acid derivatives containing 1,3,4-thiadiazole thioether was designed and

synthesized. The bioassay results revealed that target compound F10 exhibited excellent antifungal

activity against T. cucumeris with EC50 value of 9.7 lg/mL. Further studies found that F10 not only

significantly inhibited the growth of T. cucumeris mycelia but also effectively inhibited the forma-

tion of sclerotia, and exhibited significant in vivo protective (61.1%) and curative (67.9%) activities

at 200 lg/mL. Mechanism studies demonstrated that F10 can damage the integrity of the cell mem-

brane structure, resulting in increased permeability of the cell membrane, releasing the intracellular

electrolyte and inhibiting the growth of fungi. In general, this work is helpful for managing the for-

mation and diffusion of the infection source and provides an effective method to control rice sheath

blight disease infected with sclerotia of T. cucumeris.
� 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/).
1. Introduction

Plant diseases are an important factor that can affect agricultural pro-

duction (Ghorbanpour et al., 2018; Giray et al., 2020); in particular,

plant diseases caused by fungi are one of the most serious threats to

global crop production, food quality, and security (Chen et al.,
2019b; Li et al., 2019a; Ma et al., 2019; Yang et al., 2019a; Yin

et al., 2020; Dong et al., 2022). According to statistics, approximately

10% to 16% of the crop yield reduction in the world is caused by

pathogenic fungi each year, and the average economic losses exceeded

$220 billion (Fisher et al., 2012; Li, et al., 2019b; Yan et al., 2020; Tudi

et al., 2021; Sun et al., 2022). Among the pathogenic fungi,

Thanatephorus cucumeris (anamorph: Rhizoctonia solani) causes rice

sheath blight, which is one of the most extensive and destructive fungal

diseases in many rice-growing areas (Feng et al., 2017; Persaud et al.,

2019). Its dispersal and propagation are mediated by sclerotia, aggre-

gations of hyphae, and it can germinate a mass of hyphae under var-

ious environments (Basu et al., 2016; Lu et al., 2016; Tiwari et al.,

2017). The infection process of plants with T. cucumeris is shown in

Figure S1. Long-term persistence of the sclerotia and hyphae in the

agricultural landscape is achieved by quiescent survival on plant deb-
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ris, and T. cucumeris overwinter on straw stubble before infecting a

secondary host, leading to the outbreak of disease (Fisher et al.,

2012; Suwannarach et al., 2012). Sclerotia and hyphae play crucial

roles in the life and infection cycle. Although many attempts have been

made to treat rice sheath blight using new technology, the control of T.

cucumeris still mainly relies on the utilization of chemical fungicides

(Ashkani et al., 2015; Ke et al., 2017; Roese et al., 2018). It would

be hugely attractive to develop a fungicide with strong inhibitory

action on mycelial development, sclerotia formation or germination

of T. cucumeris in one study.

1,3,4-thiadiazole is a well-known important heterocyclic com-

pound, and its derivatives have broad-spectrum biological activities,

such as antimicrobial (Mao et al., 2021), insecticidal (Chen et al.,

2019a), antiviral (Gan et al., 2017), and antitumor activities (Chen

et al., 2019c). Mandelic acid, as a prodrug, has been used to treat uri-

nary infections and develop antithrombotic, antibiotic, and antitumor

drugs since the early 20th century (El and Gould 2016; Saeed et al.,

2017; Li et al., 2021). Mandipropamid, the only commercial mandelic

acid fungicide in the field of pesticides, was put on the market in 2001.

There are few reports on the antifungal activity of mandelic acid

derivatives in the agricultural field, which provides an opportunity

for molecular derivation.

To obtain the lead compounds as potential antifungal agents, a ser-

ies of novel mandelic acid derivatives containing 1,3,4-thiadiazole

thioether were designed and synthesized (Fig. 1). Bioassay evaluation

found that the target compounds exhibited excellent in vitro/vivo anti-

fungal activities against T. cucumeris, and the effect on the formation

and germination of T. cucumeris sclerotia after treatment with highly

active compounds was further explored. Then, the in vitro antifungal

mechanism against T. cucumeris was studied.

2. Materials and methods

2.1. Instruments and chemicals

1H, 13C, and 19F NMR spectra were obtained by a Bruker 400
NMR spectrometer (Bruker Corporation, Germany) or JEOL-

ECX 500 NMR (JEOL Corporation, Japan) using TMS as an
Fig. 1 The design strategy f
internal standard and CDCl3 or DMSO d6 as the solvent.
HRMS data were obtained on a Thermo Scientific Q Exactive
mass spectrometer (Thermo Scientific, USA). X-ray crystallo-

graphic data were collected by a Bruker Corporation diffrac-
tometer (Bruker Corporation, Germany). Melting points
were measured on an XT-4 binocular microscope melting

point apparatus and were uncorrected. The morphology of
mycelia was observed by a Nova Nano SEM450 scanning elec-
tron microscope (Thermo Fisher Scientific, USA) and an

Olympus-BX53F fluorescence microscope (Olympus-BX53F,
Olympus, Japan). Electrical conductivity was measured using
a DDS-307 conductivity meter (INESA & Scientific Instru-
ment Co., Ltd., Shanghai, China). All reagents and solvents

were commercially available with chemical or analytical purity.

2.2. Fungi

Gibberella saubinetii (G. saubinetii), Alternaria solani (A.
solani), Thanatephorus cucumeris (T. cucumeris), Verticillium
dahlia (V. dahlia), and Gibberella zeae (Schwein.) Petch (G.

zeae) were purchased from Beijing Beina Chuanglian Biotech-
nology Institute, China. Botryosphaeria dothidea (B. dothidea)
was provided by GuiYang University and identified by Sangon

Biotech (Shanghai) Co., Ltd., China. All fungi were grown on
PDA plates at 25 ± 1 �C in the dark and maintained at 4 �C.

2.3. Mycelia and cultivating conditions

Five fresh mycelial dishes (4 mm) of T. cucumeris were cut
from the PDA medium and added to PDB medium. They were
cultivated at 25 �C and 180 rpm, and the mycelia were further

treated in different ways according to the experimental require-
ments as follows:

(a) The hyphae were mixed and cultivated with different

concentrations of target compounds (50.0, 25.0, and 10.0 lg/
or the target compounds.
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mL) for 96 h and filtered (Mo et al., 2021). The hyphae were
washed 3 times with distilled water, dried at 65 �C for 12 h,
and then used in mycelial weight experiments.

(b) After cultivation for 72 h and filtering, the hyphae were
washed with distilled water 3 times, and then fresh hyphae
(2.0 g) were put into PDB medium (50 mL) with different con-

centrations of target compounds (50.0, 25.0, and 10.0 lg/mL)
and cultivated for 72 h under the same conditions and then fil-
tered (Mo et al., 2021). The hyphae were washed 3 times with

distilled water, dried at 65 �C for 12 h, and then used in myce-
lial loss ratio experiments.

(c) After cultivation for 48 h, different concentrations of F10

(50.0, 25.0, and 10.0 lg/mL) were added to the PDB medium,

and the hyphae were incubated for 24 h under the same condi-
tions and then filtered. Then, the hyphae were washed with
PBS solution 3 times (Hou et al., 2018; Wang et al., 2019;

Yang et al., 2019b) and used in the morphological study, cell
membrane permeability study and MDA content determina-
tion experiments.

In all of the above experiments, the same volume of DMSO
was used as the CK group, and the commercial agent triadime-
fon was used as a positive control.

2.4. Synthesis

2.4.1. General synthetic procedure for intermediate B

A mixture of DL-mandelic acid (A, 0.1 mol), 98% H2SO4

(1 mL), and CH3OH (30 mL) was refluxed at 100 �C, moni-
tored reacted by TLC for 3 h. Then, the solvent was evapo-

rated under reduced pressure to get crude product, and
separated by silica gel column chromatography (eluent: petro-
leum ether/ethyl acetate = 30/1) to obtain intermediate B.

2.4.2. General synthetic procedure for intermediate C

B (0.1 mol) was added in the solution of 80% NH2NH2�H2O
(0.4 mol), reacted for 2 h at r.t., then the mixture was filtered,

and the crude product was purified by recrystallized with
EtOH solution to obtain intermediate C.

2.4.3. General synthetic procedure for intermediate d

C (0.1 mol) were reacted with KOH (0.12 mol) and CS2
(0.3 mol) in C2H5OH solution for 7 h at r.t., and the solvent
was concentrated under reduced pressure. The crude product

was slowly added into 98% H2SO4 (15 mL), reacted for 6 h
at 0 �C. Then, the mixture was dropwise poured into ice water
(90 mL), filtered, and purified by silica gel column chromatog-

raphy (eluent: dichloromethane/ methanol = 100/1) to obtain
intermediate D.

2.4.4. General synthetic procedure for intermediates E

A mixture of D (1.0 mmol), methanol (10 mL), and NaBH4

(1.1 mmol) was stirred for 30 min at r.t. Then, the solvent
was concentrated under reduced pressure, and the residue

was purified by column chromatography on silica gel (eluent:
PE/EA = 10/1 – 3/1) to obtain the Intermediates E.

2.4.5. General synthetic procedure for target compounds F1–F30

To a solution of E (1.0 mmol) in CH3CN solution (8.0 mL),
(C2H5)3N (0.5 mL) and different benzyl halides (1.2 mmol)
were added and stirred for 24 h at r.t., then concentrated in
vacuo. The residue was purified by silica gel column chro-
matography (eluent: PE/EA: 100/1 – 20/1) to obtain Fn

(Sauer et al., 2017; Yang et al., 2021).

2.5. Crystallographic analysis of target compound F16

A single crystal of target compound F16 suitable for X-ray

diffraction analysis was obtained by slow evaporation of the
solution (petroleum ether/ethyl acetate) at r.t. X-ray crystallo-
graphic data were collected by a Bruker Corporation diffrac-

tometer (Bruker Corporation, Germany). The crystal was
kept at 293.15 K during data collection. Using Olex2, the
structure was solved with the SHELXT structure solution pro-

gram using Intrinsic Phasing and refined with the SHELXL
refinement package using Least Squares minimization.

2.6. Effects on in vitro mycelial growth

In vitro antifungal activities of the key intermediates and target
compounds against six plant pathogenic fungi (G. saubinetii,
A. solani, T. cucumeris, V. dahliae, G. zeae, and B. dothidea)

were evaluated using a mycelial growth inhibition method with
some modifications (Li et al., 2019b). The initial screening con-
centration was 100 lg/mL, 1% DMSO in sterile distilled water

was used as a CK group, and the commercial fungicide tri-
adimefon served as a positive control. Mycelia were incubated
at 25 �C in the dark, and the diameters of the hyphae in the
treatment groups were measured by the cross-crossing method

when they reached approximately 6.0 cm in the CK groups.
The EC50 values of the target compounds that exhib-

ited > 50% inhibitory effects at 100 lg/mL were further deter-

mined using the method described above. A gradient of
concentrations of the test compounds of 200, 100, 50, 25,
12.5, 6.25, and 3.125 lg/mL were prepared.

2.7. Effect of treatment with F10 on the hyphae weight and loss

ratio of T. Cucumeris

The weight of the hyphae cultivated with method (a) described
above was calculated after the hyphae were dried. The loss
ratio of the hyphae cultivated with method (b) described above
was calculated with the formula: I (%) = [(W � R)/(W)]

� 100, where W represents the dry weight of the initial hyphae
and R represents the residual weight of the CK group or the
treated group (Mo et al., 2021).

2.8. Effect on sclerotia formation and germination

The hyphae were cultivated on PDA medium containing vari-

ous concentrations (25.0 and 50.0 lg/mL) of F10 in the dark at
25 �C for 14 continuous days and photographed and recorded
by SM.

The sclerotia germination inhibitory experiment was per-
formed using the method described previously with some mod-
ifications. First, T. cucumeris were incubated in the dark for 14
d to obtain sclerotia; then, PDA plates containing different

concentrations of F10 (25.0 and 50.0 lg/mL) were prepared;
finally, 15 sclerotia were picked and placed on each PDA plate.
DMSO and triadimefon were used as the CK and the positive

control, respectively. All treatment groups were cultivated in
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the dark at 25 �C for 72 h and then observed, photographed
and recorded by SM. The inhibitory effect of F10 on sclerotia
germination was calculated by the formula: I (%) = [(G �
F)/(G � d)] � 100, where G represents the diameter of sclero-
tia germination of the CK group, F represents the diameter of
sclerotia germination after treatment with F10, and d repre-

sents the average diameter of sclerotia (Hou et al., 2018;
Zhang et al., 2018).

2.9. In vivo activity against rice sheath blight

The rice plants were cultivated and used to evaluate the protec-
tive and curative activities against rice sheath blight infected

with T. cucumeris. For the protective activity, the rice plants
were treated with target compound F10 by spraying with
200 lg/mL and then inoculated with one T. cucumeris sclerotia
(2 mm) 24 h later on a leaf sheaf of each plant. However, for

the curative activity, the plants were first inoculated with T.
cucumeris sclerotia for 24 h and then sprayed with F10

(200 lg/mL). All of the treatments were replicated for the same

batch plants and maintained at 25 ± 1 �C and 90% RH with a
12 h light/12 h dark photoperiod, the same volume of DMSO
was used as the CK group, with triadimefon as a positive con-

trol. The control efficacies were calculated as follows after 7 d
of inoculation: control efficacy (%) = (D0-D1)/D0 � 100%,
where D0 and D1 are the diameters of the CK and the treat-
ment group, respectively (Zhang et al., 2018).

2.10. Morphological study of mycelia from T. cucumeris by

SEM and FM

After fixation with 2.5% glutaraldehyde at 4 �C for 24 h, the
hyphae were washed with PBS 3 times before being dehydrated
with a series of ethanol solutions (30%, 50%, 70%, 90% anhy-

drous ethanol and 100% tertiary butanol). Then, the hyphae
were observed by SEM after freeze drying and gold-spraying
(Yang et al., 2019b).

The PBS solution with hyphae in a 2 mL centrifuge tube
was removed by centrifuging at 4 �C and 6000 rpm for
5 min. A PI solution of 1/10 PBS volume (10.0 lg/mL) was
added to the centrifuge tube for staining after the supernatant

was removed. The centrifuge tube was wrapped in tin foil and
incubated in a thermostatic mixer at 37 �C and 1000 rpm in the
dark for 15 min. After coloring, the hyphae were washed with

PBS 3 times, observed and photographed by FM (Yang et al.,
2019b).
2.11. Study on cell membrane permeability

The relative permeability of the cell membrane of T. cucumeris
was evaluated according to a previous method with some mod-

ifications. The hyphae were washed with distilled water three
times and filtered. Hyphae (2.0 g) were added to a beaker con-
taining 50 mL distilled water and shaken well, and the electri-
cal conductivity of mycelia was measured at 0, 1, 2, 4, 6, 8, 10,

and 12 h (electrical conductivity at each time point). After
12 h, the beaker was placed in a boiling water bath for
5 min, and the absolute electrical conductivity was measured

and calculated with the formula: relative conductivity
(%) = electrical conductivity at each time/absolute electrical
conductivity � 100% (Wang et al., 2017; Wang et al., 2019;
Elsherbiny et al., 2021).

2.12. MDA content determination of mycelia

The hyphae were washed with distilled water 3 times and fil-
tered under vacuum for 10 min. Then, 0.1 g hyphae were added

to 1.0 mL MDA extract solution (produced by Beijing Solai-
bao Technology Co., Ltd., Beijing, China), homogenized in a
tissue morcellator, and centrifuged at 8000 g and 4 �C for

15 min. The supernatant was removed, and MDA content
was determined using an MDA detection kit (Beijing Solaibao
Technology Co., Ltd., China) (Yang et al., 2020; Mo et al.,

2021).

2.13. Data analysis

The EC50 values were calculated with Origin 2021 software by

regression equation and R2. All treatments were performed
with three replicates by conventional methods, and data in
the same groups were evaluated by the deviation value test.

The results are presented as the means ± SDs. To determine
the effects of the treatments, all the data in the study were ana-
lyzed using SPSS software version 18.0 (SPSS Inc., Chicago,

IL, USA) for statistical variances (ANOVA) between repeated
experiments to determine whether there were significant differ-
ences among the biological characteristics. A Duncan’s multi-
ple range test was used for mean separations when the

treatment effects were statistically significant (P < 0.05).

3. Results and discussion

3.1. Synthesis

The synthetic route of the target compounds is shown in Fig. 2.
Intermediate B was obtained by esterification of the raw mate-
rial DL-mandelic acid (A) and then hydrazinolysis was per-

formed to obtain intermediate C. CS2 and KOH were added
to form the transition state hydrazine salt and then cyclized
in the presence of 98% H2SO4 at 0 �C to obtain intermediate

D, reducing D obtained intermediate E, which was electrophili-
cally substituted to form E obtained the target compounds Fn.
The intermediates and target compounds were characterized

by 1H, 13C, 19F NMR and HRMS. The physical data and
copies are provided in the Supporting Information.

3.2. Crystal structure of target compound F16

As shown in Fig. 3, the crystal structure of F16 was confirmed
via X-ray diffraction analysis. Crystallographic data of com-
pound F16: C17H16N2O2S2 (M = 344.44 g/mol): monoclinic,

space group P21/c (no. 14), a = 9.5745(12) Å, b = 7.6138
(10) Å, c = 23.623(3) Å, b = 92.271(5)�, V = 1720.7(4) Å3,
Z = 4, T = 293.15 K, l(CuKa) = 2.890 mm�1, and

Dcalc = 1.330 g/cm3; 11,899 reflections were measured
(7.49� � 2H � 144.152�), and 3279 reflections were unique
(Rint = 0.1979, Rsigma = 0.1657) and were used in all calcula-
tions. The final R1 was 0.1532 (I > 2r(I)), and wR2 was 0.5971

(all data). The crystallographic data of target compound F16

were deposited in the Cambridge Crystallographic Data Cen-



Fig. 2 Synthetic route of the target compounds F1–F30.

Fig. 3 Single crystal structure of F16.
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tre (CCDC) under deposition number 2159799. The detailed
crystallographic data are provided in Table S1 in the Support-

ing Information.

3.3. Effects of mycelial growth treated with target compounds

Preliminary in vitro antifungal activity results of target com-
pounds against six pathogenic fungi are provided in Table S2
in the Supporting Information, and revealed that most target
compounds exhibited better antifungal bioactivities against

G. saubinetii and T. cucumeris. As shown in Table 1, the
EC50 value of F15 against G. saubinetii was 11.4 lg/mL, similar
to that of triadimefon (14.8 lg/mL); the EC50 values of F4, F9,

F10, and F11 against T. cucumeris were 15.3, 11.8, 9.7, and
18.7 lg/mL, respectively, similar to that of triadimefon
(11.0 lg/mL). Structure-activity relationship (SAR) analysis



Table 1 EC50 values of partial target compounds against five pathogenic fungi.a

No. EC50 value ± SDs (lg/mL) a

G. saubinetii A. solani V. dahlia G. zeae T. cucumeris

F3 102.8 ± 3.5 91.9 ± 2.0 – – 31.3 ± 0.6

F4 84.2 ± 0.6 119.0 ± 4.7 – – 15.3 ± 0.8

F9 86.8 ± 0.8 62.5 ± 1.6 – 87.3 ± 1.7 11.8 ± 0.1

F10 23.3 ± 0.1 50.0 ± 1.4 88.4 ± 0.8 63.0 ± 1.8 9.7 ± 0.1

F11 28.0 ± 1.1 45.9 ± 1.9 89.2 ± 0.7 54.9 ± 1.3 18.7 ± 0.8

F13 43.3 ± 0.5 42.3 ± 3.1 58.7 ± 1.3 104.0 ± 1.2 35.4 ± 1.1

F14 52.2 ± 2.4 37.1 ± 0.3 73.4 ± 0.8 112.7 ± 4.1 27.7 ± 0.4

F15 11.4 ± 0.2 36.6 ± 1.5 69.6 ± 2.4 167.5 ± 10.9 46.1 ± 0.7

F16 92.7 ± 1.0 37.0 ± 1.8 – – –

F17 90.1 ± 1.4 63.8 ± 0.2 – 108.1 ± 1.4 25.7 ± 1.7

F19 47.6 ± 2.3 56.4 ± 1.1 66.2 ± 1.1 55.3 ± 2.0 51.2 ± 1.2

F20 37.6 ± 1.6 42.1 ± 0.9 72.1 ± 0.8 49.1 ± 0.5 20.0 ± 0.4

F21 23.6 ± 1.1 41.2 ± 1.8 72.9 ± 1.5 33.7 ± 1.3 24.3 ± 0.3

F22 69.2 ± 1.0 70.5 ± 0.5 – – –

F23 37.1 ± 1.3 49.6 ± 1.3 110.6 ± 4.6 81.4 ± 2.6 34.9 ± 1.0

F24 47.7 ± 0.6 76.4 ± 1.4 102.9 ± 1.1 119.9 ± 2.5 32.7 ± 1.1

F25 43.9 ± 0.3 35.8 ± 1.6 – 93.8 ± 2.4 60.6 ± 3.4

F26 31.4 ± 0.8 47.1 ± 1.3 95.8 ± 0.8 86.3 ± 3.9 32.3 ± 1.0

F28 49.2 ± 2.6 53.2 ± 2.1 175.8 ± 4.7 92.3 ± 4.0 116.4 ± 3.8

F29 91.0 ± 3.8 48.2 ± 1.8 – 122.9 ± 7.0 53.9 ± 0.1

triadimefon 14.8 ± 0.5 45.3 ± 0.6 2.9 ± 0.2 16.9 ± 0.1 11.0 ± 0.7

a Values are the mean ± SDs of three replicates; ‘‘�” not tested.
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indicated that compounds exhibited better antifungal activities
when substituted group were introduced to 1,3,4-thiadizazole-

2-thiol part. Compared the antifungal activities against six
pathogenic fungi (A. solani, G. saubinetii, V. dahlia, G. zeae,
T. cucumeris and B. dothidea) between E and Fn in Table S2,

we found that most compounds with substituted group exhib-
ited better antifungal activities than that with thioether group,
especially when benzyl and substituted-benzyls were intro-

duced to 1,3,4-thiadizazole-2-thiol part. In addition, as shown
in Table S2 to S4, among ‘R’ groups, most compounds with
benzyl and substituted-benzyls group exhibited better antifun-
gal activities than that with alkyl group, especially when ben-

zyl, 2-methylbenzyl, and 4-trifluoromethyl benzyl were
introduced to 1,3,4-thiadizazole-2-thiol part. Moreover, the
antifungal activity of the most title compounds with the meta-

substituted were generally better than that of the compounds
with para-substituent, such as F11, F23, and F26 (the EC50 val-
ues were 28.9, 37.1, and 31.4 lg/mL, respectively), which were

better than that of F12, F24, and F27 against G. saubinetii; F11,
F14, F17, F20, and F26 (the EC50 values were 18.7, 27.7, 25.7,
20.0, and 32.3 lg/mL, respectively) were better than that of
F12, F15, F18, F21, and F27 against T. cucumeris. When

R = methylbenzyl, the activity of title compounds with the
ortho- and meta-substituted were mostly better than that of
the compound with para-substituent, such as the EC50 values

of F10 (9.7, 50.0, and 23.3 lg/mL), and F11 (18.7, 45.9, and
28.9 lg/mL) against T. cucumeris, A. solani, and G. saubineti
both better than the para-substituent F12. When R = tri

fluoro-methoxybenzyl, the activity of title compound with
the para-substituent was mostly better than that of the com-
pound with ortho-substituted, such as F21 (24.3, 33.7, 41.2,

and 23.6 lg/mL) was better than that of F19 (51.2, 55.3,
56.4, and 47.6 lg/mL) against T. cucumeris, A. solani, G. zeae,
and G. saubinetii. The regression equations and R2 are pro-
vided in Tables S3 and S4 in the Supporting Information.
As shown in Fig. 4A, compared with the dry weight of the
hyphae in the CK group (310.7 mg), the dry weights of the

hyphae of T. cucumeris treated with different concentrations
of F10 (50.0, 25.0, and 10.0 lg/mL) were 5.7, 13.3, and
56.7 mg, respectively, which were less than those treated with

triadimefon (47.7, 82.7, and 100.7 mg, respectively). The
weight of hyphae was significantly decreased after treatment
with different concentrations of F10 (50.0, 25.0, and 10.0 lg/
mL), and the loss rates were 82.8%, 79.7% and 72.9%, respec-
tively, which were all higher than those of triadimefon (74.1%,
68.1% and 60.5%, respectively) (Fig. 4B).

The dry weight of the hyphae of T. cucumeris gradually

decreased with increasing F10 concentration, which was consis-
tent with the result shown in Fig. 4C, revealing that the target
compound F10 can effectively inhibit the growth of T. cuc-

umeris hyphae. The loss rates of T. cucumeris reflected the
weight loss of hyphae, and we speculated that target com-
pound F10 may disrupt the structure of mycelium, leading to

the leakage of substances in the hyphae, such as soluble sugars
and proteins. Experiments for further verification were as
follows.
3.4. Sclerotia formation and germination of T. cucumeris treated
with F10

The sclerotia of T. cucumeris are an important primary infec-

tion source that can cause the disease of rice sheath blight,
and the formation of sclerotia can be divided into three stages:
sclerotia initial (SIs), sclerotia developing (SDs), and sclerotia

mature (SMs) (Georgiou et al., 2006; Dong et al., 2018). As
shown in Fig. 5, a small amount of sclerotia was formed after
treatment with F10 at a concentration of 25 lg/mL from 7 d to

14 d, but the sclerotia were hardly formed after treatment with
F10 at 50 lg/mL. In contrast, sclerotia can be formed under tri-



Fig. 4 A: The dry weight of hyphae treated with F10 and triadimefon; B: The loss rate of hyphae treated with F10 and triadimefon; C:

Effect of treatment with F10 at different concentrations on the mycelial growth process. Error bars denote the standard error of the mean

for three independent experiments. Different lowercase letters denote statistically significant differences at P < 0.05.

Fig. 5 Sclerotia formation of T. cucumeris treated with F10 and triadimefon.
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adimefon treatment at concentrations of both 25 lg/mL and

50 lg/mL.
As shown in Fig. 6, the sclerotia germination rates all

reached 100% after treatment with F10 and triadimefon at con-

centrations of 50 and 25 lg/mL. However, treatment with 50
and 25 lg/mL F10 slowed the speed of sclerotia germination,
and the rates of slowdown were 38.5% and 24.2%, respec-

tively, which were greater than those of triadimefon (28.8%
and 22.5%, respectively).

After the target compound F10 treated the T. cucumeris, the

number of formed sclerotia decreased or hardly formed. Com-
pound F10 displayed excellent inhibitory activity. These results



Fig. 6 Sclerotia germination of T. cucumeris treated with F10 and triadimefon.
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revealed that compound F10 can effectively inhibit the sclerotia
formation of T. cucumeris but had no obvious inhibitory activ-

ity against sclerotia germination. Combining the antifungal
activity results, we found that F10 effectively inhibited the
growth of hyphae and the formation of sclerotia, and hyphae

were selected for further mechanism studies of F10 against T.
cucumeris.

3.5. In vivo protective and curative activities treated with F10

As shown in Table 2 and Fig. 7, compound F10 exhibited sig-
nificant in vivo curative (67.9%) and protective (61.1%) activ-
ities on rice plants leaf after inoculating with T. cucumeris

sclerotia 7 d, which better than triadimefon (61.9% and
46.8%). And the results indicated that F10 exhibited excellent
in vivo protective and curative activities against T. cucumeris,

which could be used to control rice sheath blight.

3.6. Morphology study of the mycelia of T. cucumeris treated
with F10

As shown in Fig. 8A and 8B, the mycelia of the CK group were
regular in shape, uniform in thickness and complete in struc-

ture. However, the mycelia treated with F10 and triadimefon
at different concentrations (50.0, 25.0, and 10.0 lg/mL)
appeared uneven, wrinkled, irregularly shrunken, collapsed,
and destroyed in a dose-dependent manner. Comparing the
Table 2 In vivo curative and protective activity of the F10 and tria

Curative activity

Compound Lesion lengtha (cm) Control efficacy

F10 0.43 ± 0.10 67.9 ± 7.3

triadimefon 0.51 ± 0.14 61.9 ± 6.7

CK 1.34 ± 0.35 –

a Values are the mean ± SDs of 3 replicates, each replicate was inocu
morphological changes of the hyphae under the treatment at
the same concentration, we found that compound F10 had a

more obvious effect than triadimefon.
PI is a fluorescent dye used to identify the membrane integ-

rity of cells, and it can enter cells across damaged cellular

membranes and emit red fluorescence (Yang et al., 2019b;
Yang et al., 2020; Mo et al., 2021). Rather than passing
through normal and intact cell membranes, the nucleus can

be stained by a fluorescent dye that passes through damaged
cell membranes (Mo et al., 2021; Xiao et al., 2021). As shown
in Fig. 8C and 8D, no fluorescence was observed in the CK
group, which indicated that the hyphae were intact and

unharmed. The hyphae showed different degrees of fluores-
cence after treatment with F10 and triadimefon for 24 h at dif-
ferent concentrations. A small amount of red fluorescence was

observed in the hyphae after the treatment at a low concentra-
tion (10 lg/mL), while greater fluorescence was observed at a
high concentration (50 lg/mL), which indicated that as the

concentration of the compounds increased, the hyphal break-
age became more severe, consistent with the results observed
by SEM.

Comprehensive analysis of the results of morphological

studies demonstrated that F10 can obviously damage the myce-
lial shape of T. cucumeris and structural integrity. We specu-
lated that F10 may affect the permeability of the cell

membrane, and experiments for further verification were car-
ried out.
dimefon against T. cucumeris at 200 lg/mL.

Protective activity

(%) Lesion lengtha (cm) Control efficacy (%)

0.49 ± 0.13 61.1 ± 7.9

0.67 ± 0.13 46.8 ± 4.1

1.26 ± 0.20 –

lated with 10 leaves.



Fig. 7 In vivo curative and protective activities of F10 and triadimefon against T. cucumeris at 200 lg/mL.

Fig. 8 Morphological observation of T. cucumeris treated with F10 and triadimefon. A and B: Observed by SEM; C and D: observed by

FM; C: bright field; D: fluorescence field.
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3.7. Cell membrane permeability of T. cucumeris treated with
F10

The conductivity changes of hyphae can reflect alterations in cell
membrane permeability (Zhang et al., 2018). As shown in

Fig. 9A, compared with the CK group, after treatment with
F10 at different concentrations (50.0, 25.0, and 10.0 lg/mL),
the relative electric conductivities of the hyphae were rapidly

raised in a dose-dependent manner in the first 4 h, from 42.4%
to 70.4%, from 41.6% to 65.9%, and from 38.7% to 58.9%,
respectively. Then, the electrical conductivity increased slowly

in each group from 4 h to 8 h, and the increases were 3.1, 6.0,
and 11.5%, respectively. The increase tended to be mild from
8 to 12 h, at<2.0%. The relative electrical conductivity data

indicated that F10 may cause the leakage of substances (soluble
sugars andproteins) in the hyphae and increase the ionic concen-
tration. The results revealed that after F10 treatment, cell mem-

brane permeability was obviously affected (Xin et al., 2020;
Elsherbiny et al., 2021; Yang et al., 2021).

3.8. MDA content for mycelia of T. cucumeris treated with F10

The MDA assay is an evaluation of membrane structure and
one of the important indicators of integrity. The higher the



Fig. 9 A: Cell membrane permeability of the hyphae of T. cucumeris treated with F10 at different concentrations and times; B: MDA

content of hyphae treated with F10 and triadimefon at different concentrations (50.0, 25.0, and 10.0 lg/mL). Error bars denote the

standard error of the mean for three independent experiments. Different lowercase letters denote statistically significant differences at

P < 0.05.
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MDA content is, the more serious the damage is to the cell
membrane (Yang et al., 2019b; Yang et al., 2021). As shown
in Fig. 9B, the MDA content of hyphae after F10 treatment

for 24 h was obviously higher than that of the CK group,
and the MDA content was increased by 368.1%, 322.9%
and 236.8% after treatment with different concentrations of
F10 (50.0, 25.0, and 10.0 lg/mL, respectively), which were all

greater increases than those with triadimefon treatment. Com-
bining the results of morphology, cell membrane permeability
and MDA content studies, we found that target compound F10

can obviously damage the cell membranes of mycelia from T.
cucumeris at lower concentrations (10 lg/mL).

The sclerotia and mycelia are both important infection

sources for plant diseases. In this work, target compound F10

with high antifungal activity against T. cucumeris was further
studied, and the results revealed that F10 can inhibit the sclero-
tia formation of T. cucumeris and break the cell membranes of

mycelia, which affects the growth of mycelia, and exhibited
excellent in vivo protective and curative activities. All results
of this study demonstrated that this series of compounds with

high activity can be used to effectively control rice sheath
blight which infected with T. cucumeris.

4. Conclusion

In summary, thirty novel mandelic acid derivatives containing 1,3,4-

thiadiazole thioether were designed and synthesized. Bioassay evalua-

tion revealed that most target compounds exhibited excellent antifun-

gal activities against T. cucumeris; among them, the EC50 value of F10

was 9.7 lg/mL. Further studies found that F10 not only significantly

inhibited the growth of T. cucumeris mycelia but also effectively inhib-

ited the formation of sclerotia in T. cucumeris. Morphology studies of

the mycelium showed that F10 can obviously affect the mycelium shape

and structural integrity of T. cucumeris. Further mechanism studies

demonstrated that this series of target compounds can damage the

integrity of the cell membrane structure, resulting in increased perme-

ability of the cell membrane, release of intracellular electrolytes and

inhibition of fungal growth. In general, target compounds can signifi-

cantly inhibit the growth of T. cucumeris hyphae and the formation of

sclerotia in vitro and effectively control the diseases caused by T. cuc-

umeris in vivo, which is helpful for managing the formation and
diffusion of the infection sources and provides an effective method

to control rice sheath blight disease.
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