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KEYWORDS Abstract In the search for more efficient and versatile anti-phytopathogen agents, a series of new
1, 3, 4-oxadiazole deriva- 1,3,4-oxadiazole thioether/sulfone analogues bearing a flexible N-containing heterocyclic pattern
tives; were elaborately prepared, and their bioactivities against plant pathogenic microorganisms were
Thioether derivatives; systematically evaluated. Bioassay screening results demonstrated that compounds 32 and 33 signif-
Sulfone derivatives; icantly inhibited the growth of Xanthomonas oryzae pv. oryzae (Xo0) in vitro (32, ECso = 5.17 mg
Antibacterial activity L~': 33, ECso = 1.19 mg L"), which were significantly surpass commercial bismerthiazol (BT) and

thiodiazole copper (TC). Meanwhile, pot experiments confirmed the prospective applications of
compound 33 in managing rice bacterial leaf blight and its good safety toward rice plants. Further
studies showed that compound 33 interfered with the formation of bacterial biofilms and inhibited
bacterial virulence factors. Furthermore, an in vitro antifungal bioassay showed that compound 32
possessed remarkable growth inhibitory activity against Sclerotinia sclerotiorum (S.s., ECsy = 22.16-
mg LY and Verticillium dahlia (V.d. ECsy = 32.78 mg L™1). These results all confirmed that the
designed 1,3,4-oxadiazole compounds displayed potential for managing plant microbial diseases
through targeting dihydrolipoamide S-succinyltransferase (DLST).
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1. Introduction

Plant diseases have attracted global attention owing to the substantial
economic losses caused in agriculture (Bauske et al., 2018; Guo et al.,
2021). According to statistics, about 16 %-20 % of economic crop
losses globally are due to preharvest plant disease (Savary et al.,
2019). Notably, rice bacterial leaf blight is an intractable plant bacte-
rial disease that caused by Xanthomonas oryzae pv. oryzae (Xoo) and
leading to reducing yields in rice-growing countries as high as 10 %-—
50 % per year (Lu et al., 2014). Therefore, improving the grain yield
and quality has become a critical issue for agriculture worldwide. Dis-
ease prevention is an important measure for ensuring steady increases
in food production, with the use of agrochemicals currently being the
most important, low-cost, and effective method. However, some prob-
lems, such as environmental pollution and drug resistance have inevi-
tably developed with the long-term use and abuse of agrochemicals,
seriously restricting the production and development of modern agri-
culture (Fisher et al., 2018, Gould et al., 2018, Velema et al., 2013).
The use/overuse of commercially bismerthiazol has already leading
to the occurrence of bismerthiazol-resistant Xoo strain. Therefore, ris-
ing crisis of bactericide resistance urges the excavation of agrochemi-
cals with novel action modes.

Nitrogen-containing heterocyclic compounds are considered poten-
tial sources of natural products for the development of new drugs
(Benedik, 1998). Examples, such as oxadiazoles, triazoles, pyridines,
indoles, and their derivatives, are commonly used as medicines and
pesticides (Gan et al., 2017). Among them, 1,3,4-oxadiazole derivatives
have gained attention not only for their significant biological abilities,
including antiviral (Wang et al, 2016), antifungal, insecticidal
(Formagio et al., 2008), antibacterial (Li et al., 2013, Xu et al., 2011;
Wang et al., 2018), and antitumor activities (Huang et al., 1987), but

also for their good selectivity, high activity, and low toxicity. And rep-
resentative 1,3,4-oxadiazole derivatives were summarized and listed in
Table S1. In particular, 1,3,4-oxadiazole analogues exhibit broad-
spectrum bioactivities in agriculture, with some related commercial
pesticides successfully developed, such as herbicide oxadiazon, herbi-
cide oxadiargyl, and insecticide metoxadiazone (Tao et al., 2019).
Therefore, the 1,3,4-oxadiazole scaffold is an important pharma-
cophore group in agrochemical research and development. In our pre-
vious studies, many series of 2,5-disubstituted-1,3,4-oxadiazole
thioether/sulfone analogues with a rigid group at the 2-position of
the 1,3,4-oxadiazole were successfully synthesized, with some target
molecules showing excellent bioactivity against phytopathogens (Zhu
et al., 2019, Wang et al., 2016, Chen et al., and Xiang ct al., 2020).
Among them, commercial candidate pesticides Jiahuangxianjunzuo
and Fubianezuofeng have been developed, and valuable experience
in structural modification gained (Su et al., 2016; Wu et al., 2021).
For example, we found that sulfone derivatives increased adenosine
triphosphate (ATP) levels and acted as a covalent inhibitor in an
anti-dihydrolipoamide S-succinyltransferase (DLST) function study
(Chen et al., 2019; Chen et al., 2020).

Encouraged by the aforesaid observations and as a continuation of
our research efforts, three series of 1,3,4-oxadiazole thioether/sulfone
analogues bearing a flexible N-containing six-membered heterocyclic
moiety, such as piperazine, piperidine, and morpholine, at the 2-
position of the 1,3,4-oxadiazole ring were designed (Fig. 1) and synthe-
sized (Figs. 2-4). All obtained compounds were systematically investi-
gated for their in vitro anti-microorganism potency against three plant
pathogenic bacteria, namely, Xanthomonas oryzae pv. oryzae (Xoo),
Xanthomonas axonopodis pv. citri (Xac), and Pseudomonas syringae
pv. actinidiae (Psa), and six plant pathogenic fungi, namely, Gibberella
zeae (G.z.), Botryosphaeria dothidea (B.d.), Fusarium oxysporum (F.o.),
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A) The structures of some bioactive 1,3,4-oxadiazoles thioether derivatives; B) Design concept for the title molecules.



Novel 1,3,4-oxadiazole thioether and sulfone derivatives bearing a flexible N-heterocyclic moiety 3

2.5 1.0
g - [] Biofilm formation
o 2.0 —=— 0D -0.8 £
E c
=) o
S 151 L0.6 &5
S )
= <
£ 1.0 0.4 %
8 . 5
£ o5 s N L02®
S ~. o
o

0.0 r T T T 0.0

0.00 1.19 2.38 4.78

Concentrations of compound 33 (mg L)

Fig. 2 The effect of molecule 33 on bacterial biofilm by using
crystal violet assay.

Thanatephorus cucumeris (T.c.), Sclerotinia sclerotiorum (S.s.), and
Verticillium dahlia (V.d.). Furthermore, pot experiments were con-
ducted under greenhouse conditions to evaluate their control efficiency
of the most active target compounds toward rice bacterial blight
in vivo.

2. Materials and methods

2.1. Instruments and chemicals

The realted NMR data of all title compounds were docu-
mented by an JEOL-ECX-500 apparatus (JEOL, Japan).
Meanwhile, tetramethylsilane (TMS) served as the internal
standard, and CDCl3/DMSO ds used as the solvent. Parts
per million (ppm) and Hz represents chemical shifts and cou-
pling constants (J), respectively. The HRMS data were
detected by Thermo Scientific Q Exactive device (UltiMate
3000, Thermo Scientific, The United States). All chemical
materials were purchased from commercial market.

2.2. General synthetic process for intermediates and target
compounds

2.2.1. Synthesis of the compound 1

Raw material 1-methylpiperazine (0.90 g, 8.6 mmol), and TEA
(1.75 g, 17.2 mmol), were charged into a 50 mL one-neck
round-bottom flask containing 30 mL CH,Cl,. After that, this
mixture was further stirred for 10 min under ice bath. Phenyl
carbonochloridate (1.52 g, 9.4 mmol) was then added dropwise
to react at room temperature for 5 h. After the reaction was
complete, the mixture was diluted with CH,Cl, and washed
with water. The organic layer was further separated and con-
centrated by vacuum distillation. Finally, desired compound
1 was purified by silica gel chromatography using eluent (CH,-
Cl,: MeOH = 70:1-50:1, V/V).

2.2.2. Synthesis of the compound 2

The synthesis of compound 2 was prepared referring with pre-
vious literature (Tripathi et al., 2019). In a 25 mL one-neck
round-bottom flask, prepared compound 1 (0.50 g, 2.3 mmol)

and 3 mL of hydrazine hydrate were added followed by heat-
ing at 100 °C for 12 h. Upon completion of the reaction, the
mixture was diluted with CH,Cl, and washed with water.
The organic layer was separated and concentrated by vacuum
distillation. The residue was purified by silica gel chromatogra-
phy using CH,Cl, and MeOH (50:1-20:1, V/V) as eluent to
afford the compound 2.

2.2.3. Synthesis of the compound 3

Compound 3 was synthesized according to previous work
(Wang et al., 2019). To a solution of compound 2 (0.37 g,
2.3 mmol), and KOH (0.24 g, 4.4 mmol) in 20 mL of EtOH
were added. The resulting mixture was stirred for 10 min,
added CS, (0.19 g, 2.4 mmol) at 85 °C for another 24 h till
almost finished conversion of reation. After reaction comple-
tion, the mixture was concentrated, diluted with CH,Cl, and
washed with water. The organic layer was separated, concen-
trated by vacuum distillation, and further purified by silica
gel chromatography using CH,Cl, and MeOH (30:1, V/V) as
eluent to yield the compound 3.

2.2.4. Synthesis of the compound 11

A 50 mL three-neck round-bottom flask was charged with
piperidine-4-carboxylic acid (1.10 g, 8.1 mmol), 2-(isopropyl
thio)acetohydrazide (1.36 g, 8.9 mmol) and phosphorus oxy-
chloride (10 mL) were added successively followed by heating
at 78 °C for 2.5 h. The excess phosphorus trichloride was
removed in vacuo and the residue was diluted with ethyl acetate
and washed with water. The organic layer was further sepa-
rated and concentrated by vacuum distillation. The residue
was purified by silica gel column chromatography (CH,Cl,:
MeOH = 10: 1, V/V) to afford compound 11 as a light brown
oil 0.69 g, yield 33.66 %.

2.2.5. Synthesis of the compound 21

A reaction mixture consisted of tetrahydro-2H-pyran-4-
carboxylic acid (6.00 g, 44.0 mmol) and 2.5 mL H,SO4 in
50 mL CH3;OH. Furthermore, this misture was reacted at
80 °C for 2.5 h. After reaction completion, this mixture was
concentrated to removed excess CH3;OH, resulting in yielding
desirable residue. Moreover, this residue was further separated
by ethyl acetate, washed with water, and purified by silica gel
chromatography using eluent (CH,Cl,: MeOH = 30:1, V/V)
to abtain compound 21 with a white oily liquid.

2.2.6. Synthesis of the compound 22

A solution of compound 21 (2.00 g, 14.0 mmol), 3 mL hydra-
zine hydrate in a 2 mL of CH3OH was reacted for 20 h, the
excess CH30OH was removed by vacuum distillation and the
corresponding residue was extract by ethyl acetate. The
organic layer was washed with water, separated and concen-
trated by vacuum distillation. Finally, the compound 22 was
purified by silica gel chromatography using CH,Cl, and
MeOH (30:1, V/V) as eluent to achieve white oily liquid.

2.2.7. Synthesis of the compound 23

In a 50 mL three-neck round-bottom flask, the compound 22
(0.50 g, 3.30 mmol) and KOH (0.42 g, 6.6 mmol) were added
and dissolved in 30 mL EtOH. After the mixture was stirred
for 10 min, CS, (0.63 mL, 8.2 mmol) was added and then
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Fig. 3 Xoo biofilms formation assay after treatment with compound 33. Scale bars are 1 pm.

reacted at 85 °C for 1 d. Then, the reaction was quenched by
water and extracted by CH,Cl,. The organic layer was sepa-
rated and concentrated by vacuum distillation. The target
compound 23 was purified by silica gel chromatography with
eluent (CH,Cl,: MeOH = 30:1, V/V) to afford an well yield
of 49.18 %.

2.2.8. Synthesis of the title products 4-10

To achieve desirable target products 4-10, typical reaction
process was carried out. Briefly, appropriate intermediate 3
(0.37 g, 1.8 mmol) and KOH (0.12 g, 2.1 mmol) were added
in succession and dissolved in 5 mL DMF, and this mixture
was stirred for 10 min. After that, the CH3I (0.28 g, 1.9 mmol)
was added dropwise into this reation and subsequently reacted
for 6 h at room temperature. After reaction was complete, this
mixture was extracted with ethyl acetate. Finally, desirable tar-

get compounds 4-10 were purified by silica gel chromatogra-
phy using CH,Cl, and MeOH (70:1-40:1, V/V) as eluent to
afford the target compounds 4-10.

2.2.9. Synthesis of the target compounds 12-20

A mixture of K,CO;5 (0.23 g, 1.6 mmol) and compound 11
(0.35 g, 1.4 mmol) in 3 mL of DMF was stirred within
10 min under ice bath, 3-bromoprop-l-yne (0.18 g,
1.5 mmol) was added dropwise and then reacted at 60 °C
for 2 d. After the mixture was completed, this mixture
poured into water and extracted with ethyl acetate. Fur-
thermore, achieved organic layer was separated, concen-
trated by vacuum distillation, and further purified by
silica gel chromatography using CH,Cl, and MeOH
(100:1-50:1, V/V) as eluent to afford corresponding target
compounds 12-20.
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Fig. 4 Docking pose of compound 33 in the possible domain of XooDLST.

2.2.10. Synthesis of the target compounds 24-31

In a solution of compound 23 (0.31 g, 16.0 mmol), and K,CO;
(0.24 g, 17.6 mmol) in 10 mL DMF was stirred under ice bath
within 10 min. Then, various halogenated hydrocarbon
(17.6 mmol) was added dropwise to this mixture for reaction
with 6 h. After the completion of the reaction, the mixture
was quenched by water and extracted 3 times for ethyl acetate.
Finally, the organic layer was combined, concentrated by vac-
uum distillation, and further purified by silica gel chromatog-
raphy using a mixture of CH,Cl, and MeOH (70:1-40:1, V/V)
to give target compounds 24-31.

2.2.11. Synthesis of the target compounds 32-34

The synthesis of target compounds containing sulfone moiety
was prepared referring with previous literature (Chen et al.,
2019; Li et al., 2018). Briefly, In a mixture of ammonium
molybdate (0.12 g, 0.19 mmol) in 30 % hydrogen peroxide
was stirred at ice bath for 10 min. Then, the compound 24—
26 (1.1 mmol) in ethanol (2 mL) were added dropwise and
reacted at room temperature for 8 h. After that, the mixture
was poured into water and extracted by ethyl acetate. After
that, the organic layer was concentrated by vacuum distilla-
tion. Moreover, achieved residue was further purified by silica
gel chromatography using a mixture of CH,Cl, and MeOH
(70:1-40:1, V/V) to successfully yield the target compounds
32-34.

2.3. Experimental section

The methods for antibacterial bioassay in vitro and in vivo were
reported in our previously works (Zhou et al., 2017). The typ-
ical mycelium growth rate technique was used for in vitro anti-
fungal bioassay from our reported method (Zhou et al., and
Zheng et al., 2017, Zeng et al., 2020).

2.4. Plant toxicity test of compound 33 in rice

Rice plant (variety: Xiangliangyou) growth about eight weeks
were used in this experiment. Rice leaves were sprayed evenly
with 200 mg/L of compound 33 solution or the equivalent
DMSO was used as blank control. Then, all the treated rice
plants were grown in a plant growth incubator (Light: 28 ‘C
for 16 h; Dark:25 °C for 8 h) with 90 % RH. Finally, the results
were assessed at 14 days after spraying.

2.5. Biofilm inhibition assay

According to literature report (Yang et al., 2016; Zhao et al.,
2021), Xoo cells were cultured to reach ODs9s = 0.2 in nutrient
broth medium, and further treated with compound 33 to
afford final concentrations of 0, 1.19, 2.38 and 4.78 mg/L.
The bacteria-containing/without compound solution was
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added to sterile 96-well plate and cultured at 28 °C for 72 hin a
digital biochemical incubator (Bazargani et al., 2016; Kang
et al., 2020). After incubation, the 96-well plates were cleaned
with sterile water, and the residual bacterial solution was
removed and dried at 37 °C. Fixed with Carnot’s fixative solu-
tion for 30 min, then washed with sterile H,O. The dried sam-
ples were treated with 1 % crystal violet The dried samples
were stained with 1 % crystal violet for 30 min. After that,
these samples were further cleaned with H,O. Finally, 95 %
ethanol was used to dissolve the previously stained sample.
ODs;9 was determined with a microplate reader to evaluate
the quantification of biofilm formation.

2.6. Biofilm imaging assay

Biofilm study was carried out according to previous work
(Milling et al., 2011, Zhou et al., 2019; Kakkar et al., 2015).
Xoo cells were cultivated to ODsgs = 0.1, transferred to six-
well polystyrene plates and then covered with round glass. After
5 days of treatment with compound 33 at different dosages (0,
1.19 mg/L, 2.38 mg/L, or 4.78 mg/L), Xoo cells were rinsed
gently with phosphate-buffered saline media, and these samples
were further post-fixed in situ in 2.5 % glutaraldehyde solution.
After that, these samples were then gradually dehydrated with
increasingly concentrated ethanol. At last, these samples were
observed with scanning electron microscopy (SEM) after under-
going steps such as freeze-drying and gold plating.

2.7. Molecule docking

For the docking study, according to previous work (Zhu et al.,
2022), the three-dimensional model of XooDLST was obtained
by using Swiss-Model: the protein sequence of XooDLST was
AOAOKO0GL90, which achieved in Uniprot, and the template
of DLST (PDB code:7b9k.1.A) was used. Then, the theoretical
model of XooDLST was further assessed, and result was pro-
vided in Support Information. Finally, docking outcomes were
achieved by Sybyl X 2.0, and further displayed by Discovery
Studio 2020 and PyMol software. Docking accuracy was certi-
fied as root-mean-square deviation (RMSD) by Sybyl X 2.0
software.
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3. Results and discussion

3.1. Synthesis of target compounds 4-10, 12-20 and 24-34.

The synthetic routes of target compounds 4-10, 12-20, and
24-34 were displayed in Schemes 1-3, respectively. Three series
of 1,3,4-oxadiazole thioether derivatives with a thioether group
at the 5-position and a piperazine/piperidine/morpholine moi-
ety at the 2-position were synthesized, and three 1,3,4-
oxadiazole sulfone derivatives were successfully constructed
with a morpholine ring at the 2-position. Analysis of the struc-
ture—activity relationships in these compounds was limited
owing to the long synthetic route, complex raw materials,
and different synthetic conditions. First, using 1-
methylpiperazine as the starting material, compound 3 was
prepared in a three-step sequence, comprising acylation,
hydrazinolysis, and cyclization, then derivatized with differ-
ently substituted halogenated compounds to obtain target
compounds 4-10 in moderate yields. Second, 1-
methylpiperidine-4-carboxylic acid and 2-(isopropylthio)
acetic acid were reacted using phosphorus oxychloride as sol-
vent at 78 °C to obtain compound 11, and a subsequent sub-
stitution reaction in DMF proceeded promptly to afford
target compounds 12-20 in higher yields. Finally, tetrahydro-
2H-pyran-4-carboxylic acid was used as raw material to yield
compound 22 by undergoing substitution and acylation steps,
then ring-closed with CS, and derivatized with differently sub-
stituted halogenated compounds to obtain target compounds
24-31. Sulfone compounds 32-34 were then prepared by oxi-
dation of 24-26, respectively, using H,O, as oxidant and
ammonium molybdate as catalyst (referenced by Li et al.,
2018; Chen et al., 2019). These title compounds were con-
firmed by NMR and HRMS (Corresponding data could be
shown in the supporting information Figure SI-Figure S91).

3.2. In vitro bioassay results of compounds 410, 12-20, and 24—
34.

The in vitro bioassay results of the synthesized title compounds
towards Xoo, Xac, and Psa were assayed by introducing tur-
bidimetric method, with positive controls pesticides [commer-

o
NH,NH,.H,0 (\NJ\N’NHZ CS,, KOH
= — =
100 °C H CH,CH,OH
/N\) 32

2

8 9 10

Synthetic route for the title molecules 4-10,
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cialized bismerthiazol (BT) and thiodiazole copper (TC)].
Notably, the preliminary screening results (Table 1) suggested
that most of the designed 1,3,4-oxadiazole thioether deriva-
tives possessed weak antibacterial ability, with only 5, 14, 15,
and 16 exhibiting an inhibition activity of >50 % at 100 mg
L~!. In addition, thioether compounds substituted with a
piperidine structure at 100 mg L™', such as 14, 15, and 16,
showed good anti-Xac ability, with inhibition rates of
56.46 %, 55.62 %, and 86.96 %, respectively. Pleasingly, the

anti-Xoo ability was greatly improved when thioether deriva-
tives (24-26) were oxidized to sulfone derivatives (32-34).
The designed sulfone derivatives showed distinct selectivity
for the tested bacterial strain and excellent bioactivity against
Xoo, with inhibition rates of > 95 % at both 100 and 50 mg
L~!. However, they possessed poor antibacterial ability
against Xac and Psa, with inhibition rates of < 50 % at
100 mg L™, Furthermore, ECs, values of the partially active
compounds against Xoo were further evaluated, with the
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Table 1 Antibacterial activity of compounds 4-10, 12-20, and 23-34 against Xoo, Xac, and Psa in vitro.

Compounds Xoo Xac Psa
100 mg/L 50 mg/L 100 mg/L 50 mg/L 100 mg/L 50 mg/L

4 0 0 0 0 0 0

5 18.53 £ 1.51 0 73.83 £ 1.03 40.74 + 8.25 48.35 + 6.23 34.88 £ 5.68
6 0 0 36.22 + 4.11 25.79 £ 6.78 34.80 £ 2.98 2891 £ 2.17
7 55.24 + 0.99 32.11 £ 0.57 31.11 £+ 9.90 0 59.70 £+ 1.46 33.74 £ 0.66
8 58.58 £ 1.06 15.78 + 1.44 0 0 0 0

9 3475 + 1.08 0 0 0 37.83 £ 2.72 19.41 + 2.20
10 44.89 £+ 0.69 28.79 £ 3.65 0 0 40.05 + 2.31 10.88 + 1.79
12 33.83 £ 1.05 27.03 + 1.49 3524 £ 5.05 22.74 + 5.52 14.34 + 1.78 0

13 16.42 + 2.29 10.85 £ 1.29 43.83 £+ 3.11 33.15 £ 6.26 0 0

14 41.47 + 2.48 2591 + 3.69 56.46 £ 1.75 41.02 + 3.63 0 0

15 16.37 + 7.48 0 55.62 + 5.74 39.19 £ 5.97 0 0

16 48.74 + 2.40 0 86.96 £ 0.67 68.38 £ 1.72 16.29 + 1.69 0

17 21.80 £ 1.54 15.23 £ 1.63 18.20 £+ 4.61 0 0 0

18 0 0 16.04 £ 1.76 0 13.29 + 2.1 0

19 0 0 19.09 £ 1.57 0 0 0

20 32.08 + 4.20 23.38 £+ 3.56 3791 + 6.79 0 0 0

23 100 96.72 + 4.47 3543 £ 5.64 0 28.59 £+ 0.64 23.28 + 1.83
24 40.31 + 4.42 16.71 £ 0.55 15.57 + 3.02 0 16.72 + 3.37 10.96 £+ 2.57
25 36.68 + 4.19 19.29 £ 0.39 0 0 0 0

26 39.25 + 1.03 0 0 0 0 0

27 49.47 + 5.24 15.67 £ 4.78 41.24 £+ 1.09 16.02 £ 2.69 39.44 £ 0.76 26.27 £ 3.55
28 31.67 + 3.62 12.23 £ 1.72 32.05 £ 2.56 22.57 + 2.44 24.24 £+ 6.75 15.82 + 1.13
29 24.66 + 3.49 0 0 0 0 0

30 15.82 £ 1.82 10.62 + 0.47 0 0 0 0

31 20.97 + 1.31 10.26 £ 1.92 0 0 0 0

32 100 100 49.52 + 2.01 37.20 £ 1.94 29.98 + 1.69 0

33 100 99.19 £+ 0.70 41.36 + 3.01 0 0 0

34 100 97.24 + 2.13 45.78 + 1.98 16.59 + 1.38 31.98 + 2.01 11.09 £ 1.79
BT 100 53.90 + 0.39 42.8 + 0.58 24.70 £ 0.58 27.90 £+ 0.17 10.50 £+ 0.48
TC 40.1 £+ 0.19 26.30 + 0.38 34.8 £ 0.39 18.90 + 0.78 15.20 + 0.15 0

results (Table 2) showing that compounds 32-34 displayed
excellent anti-Xoo activity, with corresponding ECs, values
of 5.18, 1.20, and 8.26 mg L respectively, which were much
surpass to commercialized BT (35.04 mg L~') and TC
(>100 mg L™"). These outcomes displayed that the integration
of two bioactive components can facilitate the discovery of
highly effective, biologically active alternatives.

3.3. Antifungal activity

Furthermore, the most recognized mycelium growth rate
method was carried out to achieve their antifungal properties
toward G. zeae, F. oxysporum, B. dothidea, S. sclerotiorum,
V. dahlia, and T. cucumeris. Commercial agents fluopyram

Table 2 Assessment of ECs, values of compounds 23, 32, 33,
and 34 toward Xoo in vitro.

compounds Xoo

Regression equation R? ECso (mg L)
23 y = 6.544x-2.467 0.985 13.84 £ 1.17
32 y = 4.158x + 2.030 0.992 5.18 + 0.30
33 y = 3.892x + 4.698 0.999 1.20 £+ 0.09
34 y = 3.873x + 1.447 0.975 8.26 + 0.68
BT y = 4.182x-1.459 0.919 35.04 £ 0.77
TC y = 3.405x-1.821 0.994 100.6 £+ 0.89

(FP) and boscalid (BS) served as positive controls pesticides.
As shown in Table 3, all thioether derivatives displayed no
activity against the tested fungi, with only sulfone derivative
32 showing relatively good fungicidal activity, with inhibition
rates of 53.83 %, 45.64 %, 51.32 %, 98.86 %, 99.42 %, and
52.13 %, respectively. Furthermore, the ECs, values of com-
pound 32 against S. sclerotiorum and V. dahlia were measured
as 22.16 and 32.78 mg L™!, respectively. SAR analysis showed
that the fungicidal ability was not present when a piperazine/
piperidine/morpholine ring was introduced at the 2-position
and different sulfur moieties were introduced at the 5-
position of the 1,3,4-oxadiazole ring. Furthermore, the
potency was significantly improved when thioether derivatives
were oxidized to sulfone derivatives. For example, the fungici-
dal activities of sulfone derivatives 32-34 were much better
than those of corresponding thioether derivatives 24-26,
respectively. Furthermore, introducing a methyl group (com-
pound 32) onto the sulfone moiety resulted in more broad
fungicidal potency compared with introducing a multi-
carbon group (compounds 33 and 34). This outcome indicated
that an increasing chain length hampered the antifungal ability
of the designed sulfone compounds (see Tables 3 and 4).

3.4. Effects of various dosage of compound 33 on biofilm

Bacterial biofilm is a crucial virulence factor for phy-
topathogenic bacteria, and provides crucial physical barriers
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Table 3 The in vitro antifungal properties of title compounds 4-10, 12-20, and 23-34 at 100 mg/L towards six plant fungal strains.

Compounds G.z. F.o. B.d.

S.s. V.d. T.c.

100 mg/L 100 mg/L

100 mg/L

100 mg/L 100 mg/L 100 mg/L

[IEN B U I N

10

13
14
15
16
17
18
19
20
23
24
25
26
27
28
29
30
31 0
32 53.83 £ 1.94 45.64 + 1.46 51.32
33 11.33 £ 1.88 0 0

34 3587 £ 1.99 30.15 £ 1.17 54.32
BS 98.23 + 1.95 88.44 £+ 2.27 91.59
FP 100 90.38 + 1.1 57.59

[=leelelel-elclsRelel =R Re el =R el e R el el =l el ]
[=NeloleE-Relel =l ==Relelelelelelelele e Rel =R =i
S OO — OO OO OO0 OO0 oo o000

+ 1.65

+ 1.41

+ 1.73
+ 2.17
+ 11.19

542 + 1.94

[=NeloBeNeoNolol-l=Relolo oo ool oo e Ra =) =N =Ko
(==l — ==l e oo el lele ool =R el =) = N ]

[=NeloleE-ReoRsl=- =Rl le oo leleoloRel=Rele oMo Re]

0 0
98.86 + 1.08 99.42 £+ 1.17 52.13 £ 1.94
49.04 + 1.87 16.03 £ 1.15 0

24.85 £ 1.07 29.43 + 2.64 60.13 £+ 3.05
60.01 £ 1.17

85.01 £ 2.06

to delay of plant defense responses as well as reduce bacterici-
dal potency. Therefore, to further confirm the inhibitory
potency of compound 33 on biofilm, biofilm experiments were
carried out, and evaluated using crystal violet staining. The
measured optical density value (ODs7) of compound 33 on
biofilms is displayed in Fig. 2. In the absence of compound
33 (control sample), the amount of biofilm formation was lar-
gest (2.15), and decreased with an increasing concentration of
33. Biofilm formation was clearly decreased by 12.7 %,
21.3 %, and 30.4 % after cotreatment with compound 33 at
various concentrations (1.19, 2.38, and 4.78 mg LY
respectively).

3.5. Biofilm formation imaging assay through using scanning
electron microscopy (SEM)

To further verify the biofilm disruption effects of compound
33, SEM was conducted to visualize the bacterial biofilm for-
mation of Xoo. As shown in Fig. 3, unbroken intact biofilms
and Xoo were observed in control samples. Meanwhile, in
the absence of compound 33, Xoo cells were tightly covered
in the extracellular matrix. However, after treatment of Xoo
cells with compound 33, a broken extracellular matrix was
observed, and numerous Xoo cells emerged on the biofilm sur-
face. At a compound dosage of 2.38 mg L', part of the cell
biofilm was completely destroyed and some cells had died.

More interestingly, when the dosage was upgraded to
4.78 mg L', all cells were dead. Above-mentioned results
showed that treatment with compound 33 (1.19-4.78 mg
LY inhibited not only the Xoo cell membrane, but also the
formation of a large number of biofilms, and thereby further
inhibiting bacterial virulence factors.

3.6. Molecular docking

To account for the most profiling compound 33 against phy-
topathogen, molecular docking was conducted to investigate
their possible interactions with the XooDLST. The theoreti-
cal model of XooDLST from section 2.6 was utilized in all
docking simulations. As displayed in Fig. 4, the core scaf-
fold of compound 33 was engaged in the binding pocket
of XooDLST through interaction with Lys 164 residue. In
particular, we found that N atom on 1,3,4-oxadiazole ring
of compound 33 could interact with amino group of Lys
164 residue via hydrogen bonding, the O atom on 1,3,4-
oxadiazole ring of compound 33 interacts with other resi-
dues through alkyl, and van der Waals interaction. More
interestingly, lysine was found, and certified as the crucial
amino acid for succinylation modification. Suggesting that
compound 33 might inhibit the succinylation modification
of Lys 164 residue, and thereby resulting in disrupting the
function of DLST.
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Table 4 Assessment of ECsy values of compound 32 against
S. sclerotiorum and V. dahlia in vitro.

Compounds  Pathogens  Regression equation ~ ECsy (mg L)
32 S.s. y = 2.289x + 1.919 22.17 + 0.73
32 V.d. y = 4.659x-2.062 32.78 + 0.70
BS S.s. y = 8.725x-11.712 82.28 + 2.14
FP S.s. y = 2.357x + 1.287 37.56 + 1.57

In general, binding modes was called “well-docked”, that
the RMSD value was < 2.0 A with respect to the minimized
reference structure. Both the “turned” and “nonturned” com-
pound 33’s poses were used for evaluating the RMSD value.
The parameters (Similarity: 9.461; RMSD: 0.427) were pro-
vided by Sybyl X 2.0 software. Thus, the results declared that
the predicted poses seem reasonable due to the RMSD of 0.427
was lower than 2.0.

Above-mentioned outcomes indicated that the morpholine
ring was favor to target the XooDLST to a certain extent.

3.7. The control efficiency of compound 33 toward rice bacterial
leaf blight

To achieve a potential control efficiency for managing plant
bacterial diseases, compound 33 was selected based on its supe-
rior bioactivity (anti-Xoo potency, ECso = 1.19 mg L™") to
evaluate the control efficiency toward rice bacterial leaf blight.
As displayed in Table 5, compound 33 exhibited good activity
toward rice bacterial leaf blight, providing corresponding
acceptable curative (53.63 %) and good protective activities
(50.00 %) at 200 mg L~'. These were slightly superior than
commercial BT (curative activity: 39.09 %; protective activity:
38.18 %) and TC (curative activity: 39.54 %; protective activ-
ity: 37.27 %), respectively. Furthermore, 0.1 % of orange peel
essential oil (OPO) and organic silicon (SI) were used as aux-
iliaries, which are expected to enhance the physical and chem-

Table 5 The control efficiency of compound 33 toward rice bacterial blight at 200 mg/L in vivo.

Treatment  Protective activity (14 days after spraying) Curative activity (14 days after spraying)
Morbidity (%)  Disease index (%)  Control efficiency (%) Morbidity (%) Disease index (%)  Control efficiency (%)
33 100 40.74 50.00 100 37.77 53.63
33-S1 100 38.27 53.03 100 29.91 60.66
33-0PO 100 36.29 55.45 100 31.48 61.36
BT 100 50.37 38.18 100 49.62 39.09
TC 100 51.11 37.27 100 49.25 39.54
CK 100 81.48 100 81.48
I
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Fig. 5 Hypothetical model of compound 33 inhibiting DLST function of Xoo and resulting in disruption of Xoo’s invasion process.
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ical properties of the compound, to obtain better potency.
Therefore, pot experiments were conducted concurrently, with
the addition of auxiliaries shown to significantly enhance the
control efficacy of compound 33 (200 mg L") toward rice bac-
terial blight. Improved curative and protective activities of
60.66 % and 53.03 % (organic silicon), and 61.36 % and
55.45 % (orange oil), respectively, were obtained, which were
superior to these of compound 33 alone.

3.8. Phytotoxicity of compound 33 at 200 mg L™ toward rice
plants after seven days under greenhouse conditions

To further verify the safety of our designed compounds toward
plants, the most bioactive compound against Xoo, 33, was
selected and assessed for its phytotoxicity toward rice plants,
and providing an equivalent amount of DMSO used as the
blank control. The results showed no adverse impact on the
rice leaf and haulm at 7 days after treatment with compound
33 at 200 mg L' (Figure S92), which proved that compound
33 was safe toward rice. All experiments suggested that the
designed molecular skeleton showed potential application
prospects as an antibacterial agent in agriculture.

4. Conclusions

An array of 1,3,4-oxadiazole thioether/sulfone derivatives bearing a
piperazine/piperidine/morpholine group were elaborately prepared,
and their antibacterial potency toward three phytopathogenic bacteria
and six phytopathogenic fungi were systematically evaluated. The pre-
liminary antibacterial screening outcomes showed that these com-
pounds possessed broad-spectrum bioactivities toward the tested
bacterial strains. Compounds 32 and 33 showed significant antibacte-
rial potency toward Xoo, with ECsy values of 5.17 and 1.19 mg L,
respectively, which were surpass to commercialized BT and TC. Pot
experiments indicated that 200 mg L™! of compound 33 exhibited good
efficiency toward rice bacterial blight, with acceptable curative effi-
ciency (53.63 %) and protective efficiency (42.72 %), which were
slightly better than commercialized BT (39.09 % and 38.18 %) and
TC (39.54 % and 37.27 %). Interestingly, adding organic silicon or
orange peel essential oil as 0.1 % auxiliaries significantly enhanced
the control efficacy of compound 33 toward rice bacterial blight,
resulting in improved curative and protective activities of 53.03 %
and 63.28 % (organic silicon), and 55.45 % and 61.36 % (orange peel
essential oil), respectively. Meanwhile, compound 33 showed low phy-
totoxicity toward rice plants at 200 mg L~'. Furthermore, antifungal
bioassay outcomes demonstrated that newly designed 1,3,4-
oxadiazole sulfone derivative 32 exhibited broad-spectrum activity
against the tested fungi, especially S. sclerotiorum and V. dahlia, pro-
viding ECs values of 22.16 and 32.78 mg L', respectively. Further-
more, a hypothetical model (Fig. 5) of compound C;; targeting
DLST was proposed by using SEM, biofilm assay, and molecular
docking study. Considering these merits of title compounds (e.g., sim-
ple molecular frameworks and significant bioactivities), these types of
sulfone compound can be served as promising antimicrobial alterna-
tives through targeting DLST, and further structural modification is
underway in our laboratory.
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