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Editorial on the Research Topic 


Advances in novel natural product pesticides


Plant pests and diseases pose a serious threat to agricultural production and cause huge economic losses each year (Rosegrant and Cline, 2003; Neeraja et al., 2010; Opara, 2013; Bhattacharjee and Dey, 2014; Liu and Wang, 2021). Use of pesticides is a standard approach to plant protection, however, the frequent use of conventional chemical pesticides has led to many problems such as resistance in bacterial/fungal/pest populations, environmental contamination, and risks to human health (Guo et al., 1998; Lin et al., 2010; Patel et al., 2014). With the improvement of human living standards and health, the demand for high-quality and safe agricultural products as food necessitates limitations on the use of traditional chemical pesticides and poses a challenge to the control of plant pests and diseases. Therefore, use of natural products to control plant pests and diseases is an innovative strategy for sustainable agricultural development because they are generally safer than traditional chemical pesticides due to their rapid environmental biodegradation and low toxicity to natural enemies, humans, and other mammals (Cantrell et al., 2012; Souto et al., 2021). Thus, natural products can be used either directly for pest control or as models for the development of novel synthetic analogs with promising biological and physicochemical properties.

This Research Topic presents a collection of original research and review articles on the synthesis of novel analogs of natural product pesticides, the toxicology/bioactivity of novel natural products and analogs, and the mechanism of action of novel natural product pesticides. Overall, 23 contributions including 5 reviews and 18 original research articles comprise this Research Topic.

A mini-review paper by Quan et al. shows that Camellia seed cake contains a large number of tea polyphenols and saponins, showing anti-melanin, hypoglycemic, antibacterial, and insecticidal activitiesy. Lintz et al. briefly review the anti-rust peptides (ARPs) targeting different rust species, showing studies on ARP properties and activities mainly through in vitro assays, sometimes in planta assays, but with no explicit mode of action against rust fungi established so far. Terpenoids, one of the most prominent families among various categories of natural products, attract immense attention due to their promising physiological activities. The review by Xiao et al. summarizes recent advances toward the total synthesis of terpenoids by cobalt-mediated asymmetric catalysis, which may help direct future synthetic efforts toward natural pesticides such as celangulin, azadirachtin, etc. Abscisic acid (ABA) is an important plant endogenous hormone and plant stress resistance factor that participates in the regulation of various physiological processes in plants. Research progress on ABA analogues, including mechanism of action, signaling pathways, and ABA functional analogs, is reviewed by Liu et al.

Development of new botanical pesticides using plant active components has become an important direction. Original research by Cai et al. demonstrates that the active compounds alantolactone, dehydrocostus lactone, and costunolide from the root of Aucklandia lappa Decne (Radix Aucklandiae) have different inhibitory effects on Botrytis cinerea, Sclerotinia sclerotiorum, Colletotrichum gloeosporioides, Fusarium oxysporum, Alternaria alternata, Fusarium graminearum, and Didymella glomerata. Yi et al. report that 2,4-di-tert-butylphenol, N-acetyl-5-methoxytryptamine, and p-hydroxybenzoic acid isolated from Paenibacillus polymyxa Y-1 fermentation broth have excellent in vitro antibacterial activity against Xanthomonas oryzae pv. oryzicola and Xanthomonas oryzae pv. oryzae. Meanwhile, the work of Ren et al. demonstrates that plant essential oils and their combinations with synthetic pesticides possess good bioactivity against tobacco beetle (Lasioderma serricorne [F.]) adults, demonstrating that plant essential oils could be developed as environmentally friendly insect control agents. The work of Li et al. indicates that diamide and neonicotinoid mixtures as a corn seed treatment could be effective for control of fall armyworm (Spodoptera frugiperda) larvae over a relative long period without compromising plant growth and development. Eucommia ulmoides Oliv. (Duzhong), a valued traditional herbal medicine in China, is effective against a variety of plant pathogens. Lu et al. report that proteome and transcriptome association analyses and RT-qPCR results suggest that the response of F. oxysporum to E. ulmoides is likely related to the endoplasmic reticulum pathway.

Structural optimization of natural products is becoming one of the most effective ways to develop novel pesticides. In this Research Topic, several series of novel active compounds are reported by Tian et al., Shu et al., Xie et al., Pan et al., Lei et al., Liu et al., Luo et al., and Zhang et al. Original research by Tian et al. documents a series of novel α-aminophosphonate derivatives containing a hydrazone moiety possessing good in vivo antiviral activity against tobacco mosaic virus (TMV). Shu et al. synthesized a series of novel galactoside derivatives containing an 1,3,4-thiadiazole moiety, and their bioassays indicate that the target compounds had good in vitro antifungal activity against Gibberella zeae, Botryosphaeria dothidea, Phytophthora infestans, Thanatephorus cucumeris, and Phompsis sp. as well as in vitro antibacterial activity against Xanthomonas axonopodis pv. citri and X. oryzae py. oryzae. Two series of sulfonic acid esters with significant in vitro antibacterial activity against Pseudomonas syringae pv. actinidiae and moderate insecticidal activity against Spodoptera frugiperda are reported by Xie et al. Pan et al. prepared a series of novel pyrimidine derivatives bearing an 1,3,4-thiadiazole skeleton, and their bioassays show moderate to good in vitro antifungal activity against B. cinerea, Phomopsis sp., and B. dothidea. Liu et al. prepared a series of novel 1,2,4-triazolo[4,3-c]trifluoromethylpyrimidine derivatives bearing a thioether moiety. Their bioassays show that most compounds exhibit obvious in vitro inhibitory activity against B. cinerea, P. infestans, and Pyricularia oryzae (P. oryzae). A series of novel pyrazolecarbamide derivatives bearing a sulfonate fragment were synthesized by Lei et al, with good in vitro antifungal activity against Colletotrichum camelliae, Pestalotiopsis theae, G. zeae, and Rhizoctonia solani, as well as moderate to good in vivo antiviral activity against TMV. Luo et al. report that chalcone derivatives containing an 1,2,4-oxadiazole moiety have good nematocidal activity against Bursaphelenchus xylophilus, Aphelenchoides bessey,. and Ditylenchus dipsaci, and antiviral activity against TMV, pepper mild mottle virus (PMMoV), and tomato spotted wilt virus (TSWV). Using piperine as the lead structure, Zhang et al. synthesized a series of piperine derivatives containing a linear bisamide moiety, with good insecticidal activity against Plutella xylostella.

This Research Topic includes some research on the postharvest protection of fruit. Qu et al. show that melatonin can enhance the postharvest disease resistance of blueberry fruits by mediating the jasmonic acid (JA) signaling pathway and the phenylpropane pathway. Meanwhile, in the study of Li et al., Penicillium spinulosum, Phoma herbarum, Nemania bipapillata, and Aspergillus oryzae were first isolated from dragon fruits with postharvest disease. Their bioassays reveal that some of the tested chemical pesticides and plant extracts have potent inhibitory activity against Alternaria alternata and Fusarium proliferatum. In addition, Yan et al. report that ethylene and 1-MCP can reduce the harvested time of kiwifruit to reach the “edible window” and prolong the “edible window” of kiwifruit.

We hope this Research Topic will attract attention to this area of researcher and inspire further investigation toward the development of novel natural product pesticides.
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Tobacco beetle (Lasioderma serricorne (F.)) is one of the main storage pests that harm tobacco leaves. The current control methods mainly include physical control, chemical control, and biological control, but they all have their own disadvantages. In this study, 22 kinds of plant essential oils in grapefruit, peppermint, juniper, eucalyptus, myrrh, lemon grass, geranium, tea tree, cypress, citronella, patchouli, benzoin, rosemary, cinnamon, clary sage, bergamot, mastic, ginger, rose hydrosol, cedar, thyme, and basil, respectively, are selected to explore their behavioral responses against L. serricorne adults using a glass Y-tube olfactometer. The behavioral responses results show that 17 kinds of essential oils in eucalyptus, basil, grapefruit, cypress, mastic, peppermint, patchouli, juniper, geranium, thyme, benzoin, lemon grass, cinnamon, ginger, rosemary, clary sage, and citronella can avoid L. serricorne adults, while five kinds of essential oils in tea tree, rose hydrosol, myrrh, bergamot, and cedar can attract L. serricorne adults. Especially, essential oils in eucalyptus and grapefruit can avoid L. serricorne adults at 1 μl/L with the repellent rates of 94.67 and 94.56%, respectively. Meanwhile, 17 kinds of essential oils which can avoid L. serricorne adults are selected to determine their fumigation activity against L. serricorne adults using the Erlenmeyer flask test method, and bioassay results show that after 72 h of treatment, five kinds of plant essential oils in rosemary, eucalyptus, basil, citronella, and geranium show excellent fumigation activity against L. serricorne adults with the mortality rates of 100.00, 95.29, 95.29, 94.12, and 91.76%, respectively, and their LD50 of the contact activity against L. serricorne adults determined using the leaf-dipping method are 3.60, 3.49, 8.90, 6.70, and 7.80 μl/L, respectively. Our results show that plant essential oils could be developed as environmentally friendly insect control agents.
Keywords: plant essential oils, behavioral response, fumigation activity, contact activity, Lasioderma serricorne (F.)
INTRODUCTION
Cigarette beetle (Lasioderma serricorne (F.)), a worldwide storage pest, caused harm to stored goods in China, United States, India, and other countries (Shaymaa et al., 2019). The control of L. serricorne is great significance to reduce the loss rate of stored goods. At present, methods such as control atmosphere (Cao et al., 2015; Chaitanyam et al., 2017; Kumar et al., 2017; Xu et al., 2017; Sun et al., 2020), control temperature (Makhijani and Gurney, 1995; Yu et al., 2011; Li et al., 2018), and installation of barrier nets (Chen et al., 2013) in physical control methods, phosphine fumigation (Peng et al., 2015; Fukazawa and Takahashi, 2017; Wu et al., 2017), and pesticide methods (Xiong et al., 2014; Tang et al., 2015; Li et al., 2021) in chemical control methods, and natural enemies (such as Beauveria bassiana and Anisopteromalus calandrae) in biological control methods (Kaelin et al., 1994; Kaelin et al., 1999; Guo et al., 2021; Khanum and Javed, 2021) are more popular control methods. However, physical control is more effective inside the warehouse but has little effect on the L. serricorne outside the warehouse; the current application range and types of biological control are not extensive; chemical control methods will inevitably produce residues and lead to L. serricorne resistance (Rajendran and Narasimhan, 1994; Zettler and Keevr, 1994; Savvidou et al., 2003; Silva et al., 2017). Therefore, the development of novel and eco-friendly control agents and methods is essential for the control of L. serricorne.
Over the past few decades, the world has been studying to find alternatives to biological control, especially plant essential oils. At present, the use of plant extracts has made significant progress in the prevention and control of pests. Since the 1980s, research on plant essential oils against L. serricorne, such as the lure or avoidance (Işikber et al., 2009; Guarino et al., 2021), fumigation activity (Işikber et al., 2009; Boukaew et al., 2017), contact activity (Huang and Ho, 1998; Huang et al., 2002; Naveen et al., 2021), has been carried out. Ramadan et al. (2020) studied the avoidance of L. serricorne by carvacrol, citronella, geraniol, nootkatone, and N,N-diethyl-meta-toluamide. Kamal et al. (2019) studied the avoidance of L. serricorne by extracts of sponge gourd (Luffa aegyptiaca), ajwain/caraway seeds (Carum copticum), and turmeric (Curcuma longa). The lure effect of Capsicum spp. dried fruit odorants against L. serricorne was studied by Guarino et al., which showed that Capsicum annuum and Capsicum frutescens have an attractive effect on L. serricorne (Guarino et al., 2021). In 2016, Lü and Liu found that the citronellal and citral had attractive activities against L. serricorne at a low concentration and had repellent activity against L. serricorne at higher concentration. Meanwhile, some reported literatures also showed that some plant essential oils, such as Anethum graveolens, Azadirachta indica, Eucalyptus globulus, Mentha piperita, and Artemisia dubia, revealed good fumigation and contact activity against L. serricorne (Khemira et al., 2012; Karakoc et al., 2018; Cheng et al., 2019; Naveena et al., 2021; Yang et al., 2021).
In this study, 22 kinds of plant essential oils were selected: grapefruit, peppermint, juniper, eucalyptus, myrrh, lemon grass, geranium, tea tree, cypress, citronella, patchouli, benzoin, rosemary, cinnamon, clary sage, bergamot, mastic, ginger, rose hydrosol, cedar, thyme, and basil, respectively, and for the first time their behavioral response, fumigation activity, and contact activity against L. serricorne adults was studied.
MATERIAL AND METHODS
Insect Collection and Rearing
Samples (L. serricorne) were collected from the Guizhou Tobacco Redrying Co., Ltd., Guiyang Redrying Factory, and then placed in the Department of Guizhou Light Industrial Technical College for breeding with corn:tobacco foam:beer yeast = 90:5:5 as food. After that, L. serricorne were raised in an artificial intelligence climate box (LAC-450HPY-2, Shanghai Longyue Co., Ltd.) at a temperature, relative humidity, and photoperiod of 25 ± 1°C, 75 ± 5%, and 14L: 10D, respectively.
Behavioral Response Test
The behavioral responses of 22 kinds of plant essential oils (99% purity), provided by Beijing Maosi Trading Company (Beijing, China), against L. serricorne adults were determined using a glass Y-tube olfactometer (Yancheng Xinmingte Glass Instrument Co., Ltd., Yancheng, China) (Li et al., 2014). Each 1 μl plant essential oil was dripped in a 1 L pre-washed bottle and acetone (1 μl) served as the negative control. After turning on the air pump for 5 min, 50 two-day-old L. serricorne adults pre-starved for 8 h were placed in the middle of the straight arm of the Y-type olfactometer. Three replicates were conducted for each treatment. After 5 min of treatment, the repellent rate of each plant essential oil is calculated using the following formula, where Nc represents the number of insects in the blank arm and Nt represents the number of insects in the treatment arm.
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Fumigant Activity Test
The fumigation activities against L. serricorne adults of 17 kinds of essential oils which can avoid L. serricorne adults were studied using the Erlenmeyer flask test method (Wu et al., 2015). Each plant essential oil (15 μl) was dripped into a rectangular filter paper (1.5 cm × 4.0 cm), then the filter paper was hung vertically in the middle of a 1 L pre-washed bottle which contained 10 g Flue-cured tobacco leaves (Yunyan 85) and 30 two-day-old L. serricorne adults inside. Acetone (15 μl) served as the negative control. Each treatment was conducted three times. After 48 and 72 h of treatment, the mortality rate is determined, and the corrected mortality rate is calculated using the Abbott’s formula.
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Contact Activity Test
The plant essential oils with good fumigation activity were selected to study their contact activity against L. serricorne adults using the leaf-dipping method (Yuan et al., 2018). Five concentration gradients of each essential oil were diluted with acetone (200 ml). Flue-cured tobacco leaves (Yunyan 85) with the same growth condition were dipped into each concentration gradients of each essential oil for 30 s, and then dried in the air. After that, the Flue-cured tobacco leaves (Yunyan 85) were placed in a box (19.5 cm × 13.4 cm × 4.0 cm). 20 two-day-old L. serricorne adults were transferred to the box. Acetone served as the negative control, Pirimiphos-methyl (Actellic 50 EC®, Syngenta AG, Cape Town, South Africa) and Chlorantraniliprole (Zhengzhou Salongda Weixin Pesticide Co., Ltd., Henan, China) were selected as positive controls according to the research studies reported by Wang et al. (2011) and Han et al. (2014). Three replicates were conducted for each treatment. After 72 h of treatment, the mortality rate is determined and corrected using the Abbott’s formula.
Statistical Analysis
All data represented in this study are analyzed using SPSS version 23 software (IBM, NY, United States). The toxic regression equation and LD50 values are analyzed by the Probit model from SPSS. The p value lower than 0.05, analyzed by statistical significance, is considered to be significant.
RESULTS AND DISCUSSION
Behavioral Response
In this study, a total of 22 kinds of plant essential oils are selected to explore their behavioral responses against L. serricorne adults. Our results (Figure 1) show that 17 kinds of plant essential oils in eucalyptus, basil, grapefruit, cypress, mastic, peppermint, patchouli, juniper, geranium, thyme, benzoin, lemon grass, cinnamon, ginger, rosemary, clary sage, and citronella can avoid L. serricorne adults with the repellent rates of 20.79–94.67%. Especially, essential oils in eucalyptus and grapefruit are found to be the most successful plant essential oils that caused the maximum repellent rate (94.67 and 94.56%, respectively) against L. serricorne adults over the whole exposure period followed by basil (74.15%) and cypress (64.31%). Similar results reported by Song et al. (2018) showed that eucalyptus essential oil (500 μl) can avoid L. serricorne adults up to 67%, whereas Tampe et al. (2020) reported that eucalyptus essential oil (500 ng) was attractive for both sexes of Aegorhinus superciliosus. Meanwhile, Figure 1 also shows that five kinds of essential oils in tea tree, myrrh, bergamot, rose hydrosol, and cedar can attract L. serricorne adults with the repellent rates of −18.56– −84.98%; among them, the tea tree essential oil has the most attractive effect on L. serricorne with a repellent rate of −84.98% followed by rose hydrosol (−74.85%). Buteler et al. (2019) identified the behaviour effect of tea tree essential oil on Acromyrmex spp. ants, and the results showed that the tea tree essential oil (10 ml/L) can 69% avoid Acromyrmex spp. Ants at 30 min. Diaz–Montano and Trumble (2013) reported that tea tree essential oil (2000 μl) showed a significant repellency on potato psyllid (Bactericera cockerelli) adults.
[image: Figure 1]FIGURE 1 | Behavioral response of 22 plant essential oils against L. serricorne adults. Different uppercase letters represented in the figure indicate a significant difference through LSD among different plant essential oils against L. serricorne adults. PR (%), repellent rate (Mean ± SE).
Fumigant Activity
Base on the behavioral responses of the plant essential oils against L. serricorne adults, 17 kinds of plant essential oils, which can avoid L. serricorne adults, are selected to study their fumigation activity against L. serricorne adults at 15 μl/L. Table 1 shows that, after 48 and 72 h of treatment, some of the plant essential oils exhibit good fumigation activity against L. serricorne adults at 15 μl/L. Among of them, after 72 h of treatment, rosemary essential oil shows the best fumigation activity against L. serricorne adults with a 100.00% mortality rate. Yang et al. (2020) selected 28 kinds of essential oils to evaluate their fumigation activity against maize weevils (Sitophilus zeamais), the results showed that essential oils in cinnamon (LD50 = 0.04 mg/cm2), ylang ylang (LD50 = 0.032 mg/cm2), and tea tree (LD50 = 0.15 mg/cm2) revealed superior fumigation activity against maize weevils. Meanwhile, Trivedi et al. (2017) reported that the LD50 values of fumigation activity obtained for 24, 48 and 72 h for rosemary essential oil against the stored grain pest Callosobruchus chinensis were 3.282, 4.261, and 1.509 mg/L, respectively. In addition, Çetin and Güdek (2020) found that rosemary essential oil exhibited perfect fumigation activity against fifth instar larvae of the date moth Ectomyelois ceratoniae with the mortality rate of 100.00% at 90 μl/L after 30 days of exposure.
TABLE 1 | Fumigation activity of 17 kinds of plant essential oils against L. serricorne adults at 15 μl/L.
[image: Table 1]Contact Activity
Five kinds of plant essential oils, rosemary, eucalyptus, basil, citronella, and geranium, are selected to study their contact activity against L. serricorne adults. Table 2 shows that, after 72 h of treatment, plant essential oils in rosemary, eucalyptus, basil, citronella, and geranium exhibit good contact activity against L. serricorne adults, with the mortality rates of 5.35%–100.00%, 7.14%–100.00%, 10.71%–89.29%, 7.14%–92.86%, and 12.5%–94.64%, respectively. Especially, two kinds of plant essential oils in rosemary and eucalyptus revealed a 100% mortality rate against L. serricorne adults at 10 and 15 μl/L, respectively. Meanwhile, Table 3 shows that the LD50 of the contact activity against L. serricorne adults of plant essential oils in rosemary, geranium, citronella, basil, and eucalyptus are 3.60, 3.49, 8.90, 6.70, and 7.80 μl/L, respectively, which are even better than those of Pirimiphos-methyl (15.45 μl/L) and Chlorantraniliprole (249.77 μl/L). In recent years, many research studies on the essential oils against L. serricorne have been performed, for example, Liang et al. (2021) found that Elsholtzia densa essential oil possesses obvious contact activity (LD50 = 24.29 mg/L) against L. serricorne. Meanwhile, Zhou et al. (2018) reported that the Artemisia lavandulaefolia (Compositae) essential oil also exhibited good contact toxicity (LD50 = 13.51 μg/L) to control L. serricorne.
TABLE 2 | Contact activity of five kinds of plant essential oils against L. serricorne adults.
[image: Table 2]TABLE 3 | The LD50 values of the contact activity against L. serricorne adults of the tested plant essential oils.
[image: Table 3]CONCLUSION
In this study, 22 kinds of plant essential oils are selected to study their behavioral response, fumigant activity, and contact activity against L. serricorne adults. Our results show that five plant essential oils can attract L. serricorne adults, whereas 17 plant essential oils can avoid L. serricorne adults. Meanwhile, rosemary essential oil shows the best fumigation activity against L. serricorne adults, and eucalyptus essential oil shows the best contact activity against L. serricorne adults, supporting the interest of industrial use of plant essential oils, such as rosemary and geranium essential oils, as environmentally friendly insect control agents.
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Microbial bactericides have been a research hotspot in recent years. In order to find new microbial fungicides for preventing and treating rice bacterial diseases, Paenibacillus polymyxa Y-1 (P. polymyxa Y-1) was isolated from Dendrobium nobile in this study, and the optimal medium was selected by a single-factor experiment, and then eight metabolites were isolated from P. polymyxa Y-1 fermentation broth by bioactivity tracking separation. The bioassay results showed that 2,4-di-tert-butylphenol, N-acetyl-5-methoxytryptamine, and P-hydroxybenzoic acid have good antibacterial activity against Xanthomonas oryzae pv. Oryzicola (Xoo) and Xanthomonas oryzae pv. oryzae (Xoc), with 50% effective concentration values of 49.45 μg/ml, 64.22 μg/ml, and 16.32 μg/ml to Xoo, and 34.33 μg/ml, 71.17 μg/ml, and 15.58 μg/ml to Xoc, respectively, compared with zhongshengmycin (0.42 and 0.82 μg/ml, respectively) and bismerthiazol (85.64 and 92.49 μg/ml, respectively). In vivo experiments found that 2,4-di-tert-butylphenol (35.9 and 35.4%, respectively), N-acetyl-5-methoxytryptamine (42.9 and 36.7%, respectively), and P-hydroxybenzoic acid (40.6 and 36.8%, respectively) demonstrated excellent protective and curative activity against rice bacterial leaf blight, which were better than that of zhongshengmycin (38.4 and 34.4%, respectively). In addition, after 2,4-di-tert-butylphenol, N-acetyl-5-methoxytryptamine, and P-hydroxybenzoic acid acted on rice, SOD, POD, and CAD defense enzymes increased under the same condition. In conclusion, these results indicated that the activity and mechanism research of new microbial pesticides were helpful for the prevention and control of rice bacterial diseases.
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1 INTRODUCTION
Plant bacterial diseases caused by microorganisms lead to tremendous economic losses to crops all over the world every year. Rice bacterial leaf blight (BLB) is caused by Xanthomonas oryzae pv. oryzae (Xoo) and results in reduced rice quality and yield with up to 40–80% loss (Cao et al., 2020; Zou et al., 2021). Traditional bactericides such as long-term use of bismerthiazol and thiodiazole copper will lead to drug resistance of pathogenic bacteria, which will affect the safety of the environment and plants, while microbial bactericides such as zhongshengmycin and shenqinmycin have low field control effects (Wang et al., 2019; Wang et al., 2021). Therefore, it is essential to discover new, highly active microbial antibacterial drugs.
Dendrobium nobile (D. nobile), a medicinal and edible plant, is native to China and belongs to the Orchidaceae family, which is rich in endophytic bacteria (Cai et al., 2015). Among them, Paenibacillus polymyxa (P. polymyxa) is an important endophytic bacterium from D. nobile, which can produce a variety of active metabolites, such as polymyxins (Niu et al., 2013; Mülner et al., 2021), paenibacillin (Huang and Yousef, 2015; Campbell et al., 2021), fusaricidins (Mikkola et al., 2017; Mülner et al., 2021), cytokinins (Liu et al., 2020), auxins (Sadhana and Tabacchioni, 2009), chitinase (Belén et al., 2020), and hydrolase(Sadhana and Tabacchioni, 2009). These metabolites can promote plant growth, improve plant nutrient utilization, and induce plant systemic resistance.
In previous work, three pairs of fusaricidin compounds were isolated from P. polymyxa Y-1. In vitro and in vivo activity studies found that fusaricidin compounds exhibited good antifungal activity against Pestalotiopsis. The mechanism study showed that fusaricidin compounds could inhibit amino acid biosynthesis and energy generation of Pestalotiopsis (Yang et al., 2018). In this study, the optimum nutrient medium was selected by a single factor experiment, and then eight metabolites were isolated from P. polymyxa Y-1 by bioactivity tracking separation. 2,4-Di-tert-butylphenol, N-acetyl-5-methoxytryptamine, and P-hydroxybenzoic acid exhibited good antibacterial activity to Xoo and Xoc. In addition, the in vivo activities of 2,4-di-tert-butylphenol, N-acetyl-5-methoxytryptamine, and P-hydroxybenzoic acid were investigated. It lays a foundation for the mechanism research of new microbial bactericides.
2 MATERIALS AND METHODS
2.1 Samples, Strains, and Culture Condition
D. nobile samples were obtained from Chishui City, Guizhou Province, China. In previous work, P. polymyxa Y-1 has been isolated from D. nobile (Yang et al., 2018). Xoo and Xoc strains came from the State Key Laboratory Breeding Base of Green Pesticide and Agricultural Bioengineering, Ministry of Education, Guizhou University, China. P. polymyxa Y-1 was cultured at 28°C with nutrient broth (NB) medium and stored at –80°C in Luria-Bertani culture medium with 30% (v/v) glycerol. The Xoo and Xoc strains were cultured at 28°C with NB medium and stored at 4°C with nutrient agar medium.
2.2 Single-Factor Experiment
Single factors such as carbon source, nitrogen source, concentration, temperature, pH value, and time were selected to study their effects on the bacteriostatic ability of P. polymyxa Y-1 fermentation broth. Using 10 g/L peptone, 0.4 g/L MgSO4 and 2 g/L KH2PO4 as basal medium (PH = 7), 30 g/L lactose, glucose, maltose, fructose, glycerol, and starch carbon sources were respectively added to prepare different carbon sources culture medium (200 ml), and then P. polymyxa Y-1 strain (10 ml) was inoculated. Using 20 g/L glycerol, 0.4 g/L MgSO4, and 2 g/L KH2PO4 as basal medium (PH = 7), 10 g/L peptone, tryptone, beef extract, yeast powder, and urea nitrogen sources were respectively added to prepare different nitrogen sources culture medium (200 ml), and then P. polymyxa Y-1 strain (10 ml) was inoculated. Using 0.4 g/L MgSO4 and 2 g/L KH2PO4 as the basal medium (PH = 7), carbon source and nitrogen source were respectively added to prepare concentrations of 50, 40, 30, 20, and 10 g/L nutrient medium (200 ml), and then P. polymyxa Y-1 strain (10 ml) was inoculated. The effect of pH value showed the pH value was adjusted to 5.0, 5.5, 6.0, 6.5, 7.0, 7.5, and 8.0 with 1 mol/L HCL and NaOH in the basal medium (200 ml), and then P. polymyxa Y-1 strain (10 ml) was inoculated. The temperature effect showed that P. polymyxa Y-1 was cultured on a shaking table at 25, 26, 27, 28, 29, and 30°C, respectively. The time effect showed that P. polymyxa Y-1 was incubated on a shaker for 48, 72, 96, 120, 144, 168, 192, and 216 h, respectively. The paper disk method was used to detect the antibacterial activity of the P. polymyxa Y-1 fermentation broth to Xoo and Xoc. The experiments were all performed three times and in triplicate (Miao et al., 2012).
2.3 Antibacterial Activity Experiments
The paper disk method was used to detect the antibacterial activity of the P. polymyxa Y-1 fermentation broth to Xoo and Xoc. The turbidimetric method was used to evaluate the in vitro antibacterial activities of the metabolites from P. polymyxa Y-1 to Xoo or Xoc (Dalgaard et al., 1994; Happy, 2017). The protective and curative activities of active metabolites against BLB were measured in potted rice by Schaad’s method (Li et al., 2018). Zhongshengmycin (12% wettable powder) was used as positive controls. SPSS 17.0 software was used to calculate 50% effective concentration (EC50) values of the active metabolites. These experiments were all performed three times and in triplicate.
2.4 Extraction, Isolation, and Structural Identification of Metabolites From P. polymyxa Y-1
The metabolites were separated from the P. Polymyxa Y-1 fermentation broth by biological activity tracking separation, the separation process is shown in Figure 1. The fermentation broth was centrifuged to take the supernatant, which was placed on an Amberlite XAD-16 column and eluted with water–methanol, the eluant polarity was gradually reduced, the ratios of pure water to methanol were 100:0 (A), 75:25 (B), 50:50 (C), 20:80 (D), and 0:100 (E) in turn. The same polarity sections were combined and concentrated into a yellow solid. The solid of B (18.3 g) segment was redissolved in 1 L pure water, filtered through a 0.22 μm microporous membrane filter, and loaded onto a Sephadex LH-20 column. The column was eluted with 20% (B1), and 50% (B2) methanol in turn at a rate of 6 s per drop. Approximately, 50 ml from each of the eluant was collected, and the same segments were enriched and concentrated. The B1 (292.4 mg) sub-fractions was placed on a Phenomenex Gemini C18 (00G-4435-N0) and eluted with 0.1% trifluoroacetic acid (TFA) water–acetonitrile to obtain Y1 (32.5 mg). The B2 (167.8 mg) sub-fractions was placed in SKP-10-1800 reverse-phase resin and eluted with methanol to obtain Y2 (24.7 mg). The solid of C (876 mg) segment was redissolved in pure water (600 ml), filtered using a 0.22 μm microporous membrane filter, and loaded onto a Sephadex LH-20 column. The column was eluted with 20% (C1) and 80% (C2) methanol in turn at a rate of 6 s per drop. The C1 (187.4 mg) sub-fractions were placed in SKP-10-1800 reverse-phase resin and eluted with water–methanol to obtain Y3 (40.5 mg). The C2 (123.4 mg) sub-fractions were placed on a Phenomenex Gemini C18 (00G-4435-N0) and eluted with 0.1% TFA water–acetonitrile to obtain Y4 (26.7 mg). The solid of D (10.2 g) segment was redissolved in 800 ml pure water, filtered using a 0.22 μm microporous membrane filter, and loaded onto a SKP-10-1800 reverse-phase resin. The column was eluted with water (D1), 20% (D2) and 60% (D3) methanol in turn at a rate of 6 s per drop. The D1 (198.5 mg) sub-fractions was placed in a silica gel column and eluted with dichloromethane–methanol to obtain Y5 (26.3 mg). The D2 (273.4 mg) and D3 (123.8 mg) sub-fractions were respectively placed on a Sephadex LH-20 column and eluted with water–methanol to obtain Y6 (18.2 mg), Y7 (32.9 mg), and Y8 (16.5 mg). The structures were identified by using 1H NMR, 13C NMR and high resolution mass spectrometry.
[image: Figure 1]FIGURE 1 | Metabolites extraction, separation, and purification flow chart of P. polymyxa Y-1.
2.5 Defensive Enzyme Activity Detection
The protective activities of active metabolites against BLB were determined in potted rice by Schaad’s method, and then the samples were harvested on the 1st, 3rd, 5th, and 7th days. The activities of superoxide dismutase (SOD), peroxidase (POD), and cinnamyl alcohol dehydrogenase (CAD) were measured, according to the instructions of the enzyme assay reagent kits (Beijing Solarbao Life Sciences, China). These experiments were all performed three times and in triplicate.
3 RESULTS AND DISCUSSION
3.1 Antibacterial Activity Assay of P. polymyxa Y-1 Supernatant
The in vitro antibacterial activity of the P. polymyxa Y-1 fermentation broth against Xoo and Xoc was determined by the paper disk method, and the bioassay results showed that the bacteriostatic rates of P. polymyxa Y-1 fermentation broth against Xoo and Xoc were 34.29 and 30.16%, respectively (Supplementary Figure S1).
3.2 Single Factor Experiment Assay
The bacteriostatic rates of P. polymyxa Y-1 fermentation broth under different culture conditions were maintained to determine the optimal culture conditions.
3.2.1 Effects of Different Carbon Sources on the Resistance of P. polymyxa Y-1
As shown in Figure 2A, when glycerol, starch, fructose, maltose, glucose, and lactose were the carbon sources of the nutrient medium, different nutrient medium were used to culture P. polymyxa Y-1, the in vitro bacteriostatic rates of its fermentation broth against Xoo were 37.4, 14.2, 7.2, 24.5, 27.8, and 4.5%, respectively, the in vitro bacteriostatic rates against Xoc were 32.5, 16.3, 10.4, 21.3, 17.5, and 10.4%, respectively. The results showed that glycerol was the best carbon source, and the in vitro bacteriostatic rates of the P. polymyxa Y-1 fermentation broth to Xoo and Xoc were 37.4 and 32.5%, respectively.
[image: Figure 2]FIGURE 2 | Single factor experiment assay. (A) Effects of different carbon sources on the resistance of P. polymyxa Y-1. (B) Effects of different nitrogen sources on the resistance of P. polymyxa Y-1. (C) Effects of different concentrations on the resistance of P. polymyxa Y-1. (D) Effects of different pH on the resistance of P. polymyxa Y-1. (E) Effects of different temperature on the resistance of P. polymyxa Y-1. (F) Effects of different time on the resistance of P. polymyxa Y-1.
3.2.2 Effects of Different Nitrogen Sources on the Resistance of P. polymyxa Y-1
As shown in Figure 2B, when beef extract, peptone, yeast, urea, and tryptone were the nitrogen sources of the nutrient medium, different nutrient medium were used to culture P. polymyxa Y-1, the in vitro bacteriostatic rates of its fermentation broth against Xoo were 34.5, 1.8, 30.2, 14.9, 0%, respectively, the in vitro bacteriostatic rates against Xoc were 38.4, 6.7, 24.5, 18.6, 11.2%, respectively. The results showed that the beef extract was the best nitrogen source, the in vitro bacteriostatic rates of the P. polymyxa Y-1 fermentation broth to Xoo and Xoc were 34.5 and 38.4%, respectively.
3.2.3 Effects of Different Concentrations on the Resistance of P. polymyxa Y-1
As shown in Figure 2C, when the concentration of the beef extract was fixed and the concentration of glycerol was 50, 40, 30, 20, and 10 g/L, respectively, the nutrient medium with different carbon sources were used to culture P. polymyxa Y-1, the in vitro bacteriostatic rates of its fermentation broth against Xoo were 25.2, 34.5, 34.3, 30.4, and 26.7%, respectively, the in vitro bacteriostatic rates against Xoc were 29.3, 30.6, 34.2, 31.8, and 23.4%, respectively. When the concentration of glycerol was fixed and the concentration of the beef extract were 50, 40, 30, 20, and 10 g/L, respectively, the nutrient medium with different nitrogen sources were used to culture P. polymyxa Y-1, the in vitro bacteriostatic rates of its fermentation broth against Xoo were 19.2, 22.5, 22.3, 26.4, and 28.7%, respectively, the in vitro bacteriostatic rates against Xoc were 20.3, 19.4, 25.5, 26.4, and 30.2%, respectively. The results showed that the optimal concentration of glycerol was 30 g/L, and the in vitro bacteriostatic rates of P. polymyxa Y-1 fermentation broth against Xoo and Xoc were 34.3 and 34.2%, respectively. The optimal concentration of the beef extract was 10 g/L, and the in vitro bacteriostatic rates of P. polymyxa Y-1 fermentation broth against Xoo and Xoc were 28.7 and 30.2%, respectively.
3.2.4 Effects of Different pH Values on the Resistance of P. polymyxa Y-1
As shown in Figure 2D, when the pH values were adjusted to 5.0, 5.5, 6.0, 6.5, 7.0, and 7.5, respectively, different nutrient medium were used to culture P. polymyxa Y-1, the in vitro bacteriostatic rates of its fermentation broth against Xoo were 13.5, 16.8, 22.4, 31.4, 30.3, and 26.4%, respectively, the in vitro bacteriostatic rates against Xoc were 12.3, 17.7, 23.5, 32.1, 30.2, and 27.3%, respectively. The results showed that the optimum pH value was 6.5, and the in vitro bacteriostatic rates of the P. polymyxa Y-1 fermentation broth against Xoo and Xoc were 31.4 and 32.1%, respectively.
3.2.5 Effects of Different Temperatures on the Resistance of P. polymyxa Y-1
As shown in Figure 2E, when the culture temperature were 25, 26, 27, 28, 29, and 30°C, respectively, the in vitro bacteriostatic rates of P. polymyxa Y-1 fermentation broth against Xoo were 27.4, 26.8, 29.4, 31.4, 30.3, and 26.4%, respectively, the in vitro bacteriostatic rates against Xoc were 25.2, 29.3, 28.4, 30.1, 30.7, and 29.3%, respectively. The results showed that the optimum temperature was 28°C, and the in vitro bacteriostatic rates of the P. polymyxa Y-1 fermentation broth against Xoo and Xoc were 31.4 and 30.1%, respectively.
3.2.6 Effects of Different Time on the Resistance of P. polymyxa Y-1
As shown in Figure 2F, When the culture time were 48, 72, 96, 120, 144, 168, 192, and 216 h, respectively, the in vitro bacteriostatic rates of P. polymyxa Y-1 fermentation broth against Xoo were 0, 1.2, 6.7, 19.3, 22.4, 32.7, 29.6, and 29.4%, respectively, the in vitro bacteriostatic rates against Xoc were 0, 0, 4.8, 16.7, 23.4, 33.1, 30.5, and 29.3%, respectively. The results showed that the optimum time was 168 h, and the in vitro bacteriostatic rates of the P. polymyxa Y-1 fermentation broth against Xoo and Xoc were 32.7 and 33.1%, respectively.
3.3 Structure Identification of Metabolites
Eight metabolites were isolated from P. polymyxa Y-1 fermentation broth with bioactivity tracking separation (Figure 3); the structures of the metabolites were confirmed by using 1H NMR, 13C NMR, and HRMS data (Supplementary Material).
[image: Figure 3]FIGURE 3 | Chemical structures of eight metabolites.
3.3.1 2,4-Di-tert-butylphenol (Y1)
Light yellow solid; m.p. 53–56°C. 1H NMR (500 MHz, CD3OD) δ 7.17 (d, J = 2.44 Hz, 1H), 6.94 (dd, J = 8.30, 2.50°Hz, 1H), 6.58 (d, J = 8.29°Hz, 1H), 1.34 (s, 9H), 1.21 (s, 9H); 13C NMR (125 MHz, CD3OD) δ 153.4, 140.9, 134.8, 123.0, 122.9, 115.3, 34.4, 33.7, 31.0, 28.9. HRMS (ESI): calculated for C14H21O [M-H]-: 205.15979, found: 205.16041 (Seema et al., 2014).
3.3.2 3-(2-Aminoethyl) Indole (Y2)
Light yellow powder; m.p. 113–116°C. 1H NMR (400 MHz, DMSO-d6) δ 10.81 (s, 1H), 7.52 (d, J = 7.83°Hz, 1H), 7.34 (d, J = 8.07°Hz, 1H), 7.13 (d, J = 1.83°Hz, 1H), 7.08–7.04 (m, 1H), 6.99–6.95 (m, 1H), 2.84–2.74 (m, 4H), 1.57 (s, 2H). 13C NMR (101 MHz, DMSO-d6) δ 136.7, 127.8, 123.0, 121.3, 118.8, 118.6, 113.1, 111.8, 43.2, 30.1. HRMS (ESI): calculated for C10H11N2 [M-H]-: 159.09277, found: 159.09279 (Güngőr et al., 1994).
3.3.3 N-Acetyl-5-Methoxytryptamine (Y3)
White crystal powder; m.p. 116–118°C. 1H NMR (400 MHz, DMSO-d6) δ 10.64 (s, 1H), 7.94 (t, J = 5.24°Hz, 1H), 7.23 (d, J = 8.73°Hz, 1H), 7.10 (d, J = 2.17°Hz, 1H), 7.02 (d, J = 2.34°Hz, 1H), 6.72 (dd, J = 8.73, 2.40°Hz, 1H), 3.76 (s, 3H), 3.31 (dd, J = 16.00, 8.00°Hz, 2H), 2.78 (t, J = 7.41°Hz, 2H), 1.81 (s, 3H); 13C NMR (101 MHz, DMSO-d6) δ 169.5, 153.4, 131.8, 128.0, 123.7, 112.4, 112.2, 111.5, 100.6, 55.8, 39.9, 25.7, 23.2. HRMS (ESI): calculated for C13H15N2O2 [M-H]-: 231.11390, found: 231.11430 (Hwang and Lee, 1999).
3.3.4 2,4-Dihydroxy-5-Methylpyrimidine (Y4)
Light yellow powder; m.p. 316–317°C. 1H NMR (500 MHz, DMSO-d6) δ 11.02 (s, 1H), 10.60 (s, 1H), 7.25 (s, 1H), 1.72 (d, J = 1.1°Hz, 3H). 13C NMR (125 MHz, DMSO-d6) δ 165.5, 152.0, 138.3, 108.2, 12.3. HRMS (ESI): calculated for C5H7N2O2 [M + H]+: 127.05020, found: 127.01517 (Cadet et al., 1975).
3.3.5 Glutathione (Y5)
Yellow powder; m.p. 192–195°C. 1H NMR (400 MHz, D2O) δ 4.60 (t, J = 6.09°Hz, 1H), 4.00 (s, 2H), 3.86 (t, J = 6.37°Hz, 1H), 3.02–2.92 (m, 2H),2.61–2.56 (m, 2H), 2.20 (dd, J = 16.00, 8.00°Hz, 2H); 13C NMR (101 MHz, D2O) δ 174.9, 173.6, 173.6, 172.4, 55.6, 53.8, 41.6, 31.2, 26.0, 25.4. HRMS (ESI): calculated for C10H16N3O6S [M-H]−: 306.07653, found: 306.07667 (Fujiwara et al., 1977).
3.3.6 Mannitol (Y6)
White crystal powder; m.p. 167–170°C. 1H NMR (400 MHz, DMSO-d6) δ 4.41 (d, J = 5.48°Hz, 2H), 4.32 (t, J = 5.69°Hz, 2H), 4.13 (d, J = 7.05°Hz, 2H), 3.64–3.59 (m, 2H), 3.55 (t, J = 7.50°Hz, 2H), 3.49–3.43 (m, 2H), 3 41–3.35 (m, 2H); 13C NMR (101 MHz, DMSO-d6) δ 71.8, 70.1, 64.3. HRMS (ESI): calculated for C6H13O6 [M-H]-: 181.07176, found: 181.07159 (Tarczynski et al., 1992).
3.3.7 P-Hydroxybenzoic Acid (Y7)
Light yellow crystal; m.p. 213–215°C. 1H NMR (400 MHz, CD3OD) δ 7.84 (d, J = 8.62°Hz, 2H) 6.78 (d, J = 8.72°Hz, 2H). 13C NMR (101 MHz, CD3OD) δ 168.7, 162.0, 131.6, 121.3, 114.7. HRMS (ESI): calculated for C7H5O3 [M-H]−: 137.02442, found: 137.02449 (Hsieha et al., 2005).
3.3.8 Serine (Y8)
White powder; m.p. 239–241°C. 1H NMR (400 MHz, D2O) δ 4.06–3.96 (m, 2H) 3.91–3.88 (m, 1H). 13C NMR (101 MHz, D2O) δ 172.4, 60.2, 55.4. HRMS (ESI): calculated for C3H6NO3 [M-H]-: 104.03532, found: 104.03470 (Pogliani and Ziessow, 1981).
3.4 In vitro Antibacterial Activity Assays of Metabolites
The in vitro bacteriostatic rates of the eight metabolites and two positive control drugs against Xoo and Xoc were determined by the turbidimeter tests, and the results are shown in Table 1. The result showed that when the concentrations of the metabolites were 200 and 100 μg/ml, 2,4-di-tert-butylphenol (82.57 and 72.31%, 80.14 and 75.24%, respectively), N-acetyl-5-methoxytryptamine (51.81 and 32.43%, 50.12 and 40.37%, respectively) and P-hydroxybenzoic acid (96.72 and 95.46%, 98.13 and 96.54%, respectively) exhibited excellent in vitro antibacterial activities to Xoo and Xoc, which was better than bismerthiazol (76.48 and 60.21%, 79.24 and 59.16%, respectively) and lower than zhongshengmycin (100%).
TABLE 1 | In vitro antibacterial activity of metabolites and positive control drugs against Xoo and Xoc.
[image: Table 1]The EC50 values of 2,4-di-tert-butylphenol, P-hydroxybenzoic acid, and N-acetyl-5-methoxytryptamine are shown in Table 2. 2,4-di-tert-butylphenol, N-acetyl-5-methoxytryptamine, and P-hydroxybenzoic acid exhibited good antibacterial activity to Xoo, with EC50 values of 49.45 μg/ml, 64.22 μg/ml, and 16.32 μg/ml, respectively, which were better than bismerthiazol (85.64 μg/ml) and lower than zhongshengmycin (0.42 μg/ml). Meanwhile, 2,4-di-tert-butylphenol, N-acetyl-5-methoxytryptamine, and P-hydroxybenzoic acid also showed good antibacterial activity to Xoc, with EC50 values of 34.33 μg/ml, 71.17 μg/ml, and 15.58 μg/ml, respectively, which were better than bismerthiazol (92.49 μg/ml) and lower than zhongshengmycin (0.82 μg/ml). The results showed that 2,4-di-tert-butylphenol, N-acetyl-5-methoxytryptamine, and P-hydroxybenzoic acid had better bacteriostatic rates and could be used as new antibacterial agents.
TABLE 2 | EC50 values of the 2,4-di-tert-butylphenol, N-acetyl-5-methoxytryptamine, P-hydroxybenzoic acid, zhongshengmycin, and bismerthiazol against Xoo and Xoc.
[image: Table 2]3.5 In vivo Antibacterial Activity Assay
The In vivo antibacterial activities of 2,4-di-tert-butylphenol, N-acetyl-5-methoxytryptamine, and P-hydroxybenzoic acid are shown in Table 3 and Figure 4. Under the greenhouse conditions, when the concentration was 200 μg/ml, the protective activity of 2,4-di-tert-butylphenol (35.9%) was lower than that of positive control drugs, zhongshengmycin (38.4%), the protective activity of N-acetyl-5-methoxytryptamine (42.9%) and P-hydroxybenzoic acid (40.6%) against BLB were better than that of zhongshengmycin (38.4%). As shown in Table 3 and Figure 5, when the concentration was 200 μg/ml, the curtive activity of 2,4-di-tert-butylphenol (35.4%), N-acetyl-5-methoxytryptamine (36.7%), and P-hydroxybenzoic acid (36.8%) against BLB were similar to that of zhongshengmycin (34.4%). The results indicated that 2,4-di-tert-butylphenol, N-acetyl-5-methoxytryptamine, and P-hydroxybenzoic acid significantly reduced the occurrence of BLB disease.
TABLE 3 | Protective activity of 2,4-di-tert-butylphenol, N-acetyl-5-methoxytryptamine, P-hydroxybenzoic acid, and zhongshengmycin against BLB at different concentrations (greenhouse conditions).
[image: Table 3][image: Figure 4]FIGURE 4 | Protective activity of 2,4-di-tert-butylphenol, N-acetyl-5-methoxytryptamine, P-hydroxybenzoic acid against BLB at concentrations of 200 μg/ml.
[image: Figure 5]FIGURE 5 | Curative activity of 2,4-di-tert-butylphenol, N-acetyl-5-methoxytryptamine, P-hydroxybenzoic acid against BLB at concentrations of 200 μg/ml.
3.6 Defensive Enzyme Activities
As shown in Figure 6, the CK group was inoculated with Xoo after Tween water protection, the Y1 group was inoculated with Xoo after 2,4-di-tert-butylphenol protection, the Y3 group was inoculated with Xoo after N-acetyl-5-methoxytryptamine protection, and the Y7 group was inoculated with Xoo after P-hydroxybenzoic acid protection. The SOD activity was significantly increased in the Y1 treatment group and reached the maximum value on the 3rd day, higher than that of the CK group, and then the activity decreased. The SOD activity increased in the Y3 and Y7 treatment groups and reached the maximum on the 5th day, which was higher than that of the CK group. The POD activity was significantly increased in the Y1, Y3, and Y7 treatment groups and reached the maximum value on the 5th day, which was higher than that of the CK group, then POD activity decreases. The CAD activity was significantly increased in the Y1, Y3, and Y7 treatment group and reached the maximum value on the 3rd day, higher than that of the CK group, and then the activity decreased. These results suggest that 2,4-di-tert-butylphenol, N-acetyl-5-methoxytryptamine, and P-hydroxybenzoic acid could enhance the disease resistance of rice by inducing an enzymatic defense response.
[image: Figure 6]FIGURE 6 | Effects of 2,4-di-tert-butylphenol, N-acetyl-5-methoxytryptamine, and P-hydroxybenzoic acid on SOD (A), POD (B), and CAD (C) activities in rice leaves.
4 CONCLUSION
In this study, a series of studies were carried out on the fermentation conditions of P. polymyxa Y-1, the extraction, isolation, and structural identification of active metabolites, as well as their biological activities. The optimum nitrogen source, carbon source, concentration, temperature, time, and pH value were selected by a single factor experiment. Then eight metabolites were isolated from the fermentation broth of P. polymyxa Y-1 by biological activity tracking separation. 2,4-di-tert-butylphenol, N-acetyl-5-methoxytryptamine, P-hydroxybenzoic acid all exhibited good in vitro anti-Xoo and -Xoc activities. The protection experiments of rice plants showed that 2,4-di-tert-butylphenol, N-acetyl-5-methoxytryptamine, and P-hydroxybenzoic acid could protect rice against BLB at 200 μg/ml. Defensive enzyme activity experiments also found that 2,4-di-tert-butylphenol, N-acetyl-5-methoxytryptamine, and P-hydroxybenzoic acid could enhance the disease resistance of rice by inducing an enzymatic defense response. These results will provide important insights into the study of novel microbial pesticides for the treatment of rice bacterial diseases, especially in terms of fermentation conditions, in vitro and in vivo activities, and mechanisms of action.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, and further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
XG and WY: conceived and designed the research, XG and WY: wrote the manuscript, and CC: analyzed the data.
FUNDING
This work was supported by the National Key Research and Development Program of China (2018YFD0200100), the Construction Project of Key Laboratories from the Education Department of Guizhou Province (QJHKY(2018)001), the Subsidy Project for Outstanding Key Laboratory of Guizhou Province in China (20154004), and the Program of Introducing Talents of Discipline to Universities of China (111 Program, D20023).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
The article was written through contributions of all authors.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fchem.2022.879724/full#supplementary-material
REFERENCES
 Belén, C. R., Nadia, D. R. V., Cecilia, M. M. T., Carlos, H. A. A., Misael, M. B., María, S. V. M., et al. (2020). Paenibacillus Polymyxa NMA1017 as a Potential Biocontrol Agent of Phytophthora Tropicalis, Causal Agent of Cacao Black Pod Rot in Chiapas, Mexico. Antonie. Van. Leeuwenhoek. 114, 55–68. doi:10.1007/s10482-020-01498-z
 Cadet, J., Ulrich, J., and Teoule, R. (1975). Isomerization and New Specific Synthesis of Thymine Glycol. Tetrahedron 31, 2057–2061. doi:10.1016/0040-4020(75)80195-5
 Cai, H., Hao, Y. T., Xue, J., and Luo, W. J. (2015). Chinese Pharmacopoeia. first ed. Beijing: China Medical Science and Technology Press, 92–93. 
 Campbell, E. P., Hussein, W. E., Huang, E., and Yousef, A. E. (2021). Enhancing Titre and Production Stability of Paenibacillin from Paenibacillus Polymyxa by Sequential Drug Resistance Screening. J. Appl. Microbiol. 131, 2876–2885. doi:10.1111/jam.15165
 Cao, J., Chu, C., Zhang, M., He, L., Qin, L., Li, X., et al. (2020). Different Cell Wall-Degradation Ability Leads to Tissue-Specificity between Xanthomonas Oryzae Pv. Oryzae and Xanthomonas Oryzae Pv. Oryzicola. Pathogens 9, 187. doi:10.3390/pathogens9030187
 Dalgaard, P., Ross, T., Kamperman, L., Neumeyer, K., and McMeekin, T. A. (1994). Estimation of Bacterial Growth Rates from Turbidimetric and Viable Count Data. Int. J. Food Microbiol. 23, 391–404. doi:10.1016/0168-1605(94)90165-1
 Dharni, S., Sanchita, G., Maurya, A., Samad, A., Srivastava, S. K., Sharma, A., et al. (2014). Purification, Characterization, and In Vitro Activity of 2,4-Di-Tert-Butylphenol from Pseudomonas Monteilii PsF84: Conformational and Molecular Docking Studies. J. Agric. Food Chem. 62, 6138–6146. doi:10.1021/jf5001138
 Fujiwara, S., Formicka-Kozlowska, G., and Kozlowski, H. (1977). Conformational Study of Glutathione by NMR. Bcsj 50, 3131–3135. doi:10.1246/bcsj.50.3131
 Güngör, T., Malabre, P., and Teulon, J. M. (1994). New Synthesis of 1-Substituted 3-(2-Aminoethyl)indoles. Synth. Commun. 24, 2247–2256. doi:10.1080/00397919408019049
 Hsieh, T.-J., Su, C.-C., Chen, C.-Y., Liou, C.-H., and Lu, L.-H. (2005). Using Experimental Studies and Theoretical Calculations to Analyze the Molecular Mechanism of Coumarin, P-Hydroxybenzoic Acid, and Cinnamic Acid. J. Mol. Struct. 741, 193–199. doi:10.1016/j.molstruc.2005.02.009
 Huang, E., and Yousef, A. E. (2015). Biosynthesis of Paenibacillin, a Lantibiotic with N-Terminal Acetylation, by Paenibacillus Polymyxa. Microbiol. Res. 181, 15–21. doi:10.1016/j.micres.2015.08.001
 Hwangyy, K.-J., and Lee, T.-S. (1999). A Practical Synthesis of N-Acetyl-5-Methoxy-Tryptamine (Melatonin). Synth. Commun. 29, 2099–2104. doi:10.1080/00397919908086203
 Li, P., Hu, D., Xie, D., Chen, J., Jin, L., and Song, B. (2018). Design, Synthesis, and Evaluation of New Sulfone Derivatives Containing a 1,3,4-Oxadiazole Moiety as Active Antibacterial Agents. J. Agric. Food Chem. 66, 3093–3100. doi:10.1021/acs.jafc.7b06061
 Liu, H., Wang, J., Sun, H. M., Han, X. B., Peng, Y. L., Liu, J., et al. (2020). Transcriptome Profiles Reveal the Growth-Promoting Mechanisms of Paenibacillus Polymyxa YC0136 on Tobacco (Nicotiana Tabacum L.). Front. Microbiol. 4, 584174. doi:10.3389/fmicb.2020.584174
 Miao, L., Wang, X., Jiang, W., Yang, S., Zhou, H., Zhai, Y., et al. (2012). Optimization of the Culture Condition for an Antitumor Bacterium Serratia Proteamacula 657 and Identification of the Active Compounds. World J. Microbiol. Biotechnol. 29, 855–863. doi:10.1007/s11274-012-1240-x
 Mikkola, R., Andersson, M. A., Grigoriev, P., Heinonen, M., and Salkinoja-Salonen, M. S. (2017). The Toxic Mode of Action of Cyclic Lipodepsipeptide Fusaricidins, Produced by Paenibacillus Polymyxa , toward Mammalian Cells. J. Appl. Microbiol. 123, 436–449. doi:10.1111/jam.13498
 Mülner, P., Schwarz, E., Dietel, K., Herfort, S., Jähne, J., Lasch, P., et al. (2021). Fusaricidins, Polymyxins and Volatiles Produced by Paenibacillus Polymyxa Strains DSM 32871 and M1. Pathogens 10, 1485. doi:10.3390/pathogens10111485
 Niu, B., Vater, J., Rueckert, C., Blom, J., Lehmann, M., Ru, J. J., et al. (2013). Polymyxin P Is the Active Principle in Suppressing Phytopathogenic Erwinia Spp. By the Biocontrol Rhizobacterium Paenibacillus Polymyxa M-1. BMC. Microbiol. 13. doi:10.1186/1471-2180-13-137
 Nursyam, H. (2017). Antibacterial Activity of Metabolites Products of Vibrio Alginolyticus Isolated from Sponge Haliclona Sp. Against Staphylococcus Aureus. Ital. J. Food Saf. 6, 18–22. doi:10.4081/ijfs.2017.6237
 Pogliani, L., and Ziessow, D. (1981). 1H and13C NMR Study of Tri-L-serine in Aqueous Solution. Org. Magn. Reson. 17, 214–216. doi:10.1002/mrc.1270170317
 Sadhana, L., and Tabacchioni, S. (2009). Ecology and Biotechnological Potential of Paenibacillus Polymyxa: a Minireview. Indian J. Microbiol. 49, 2–10. doi:10.1007/s12088-009-0008-y
 Tarczynski, M. C., Jensen, R. G., and Bohnert, H. J. (1992). Expression of a Bacterial mtlD Gene in Transgenic Tobacco Leads to Production and Accumulation of Mannitol. Proc. Natl. Acad. Sci. 89, 2600–2604. doi:10.1073/pnas.89.7.2600
 Wang, Q., Zhang, C., Long, Y., Wu, X., Su, Y., Lei, Y., et al. (2021). Bioactivity and Control Efficacy of the Novel Antibiotic Tetramycin against Various Kiwifruit Diseases. Antibiotics 10, 289. doi:10.3390/antibiotics10030289
 Wang, S. B., Gan, X. H., Wang, Y. J., Li, S. Y., Yi, C. F., Chen, J. X., et al. (2019). Novel 1,3,4-oxadiazole Derivatives Containing a Cinnamic Acid Moiety as Potential Bactericide for rice Bacterial Diseases. Int. J. Mol. Sci. 20, 1–17. doi:10.3390/ijms20051020
 Yang, A., Zeng, S., Yu, L., He, M., Yang, Y., Zhao, X., et al. (2018). Characterization and Antifungal Activity against Pestalotiopsis of a Fusaricidin-type Compound Produced by Paenibacillus Polymyxa Y-1. Pestic. Biochem. Physiol. 147, 67–74. doi:10.1016/j.pestbp.2017.08.012
 Zou, L. F., Zhang, C. P., Li, Y. L., Yang, X. F., Wang, Y. Y., Yan, Y. C., et al. (2021). An Improved, Versatile and Efficient Modular Plasmid Assembly System for Expression Analyses of Genes in Xanthomonas Oryzae. Mol. Plant Pathol. 22, 480–492. doi:10.1111/mpp.13033
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Yi, Chen and Gan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 06 April 2022
doi: 10.3389/fchem.2022.872480


[image: image2]
Antimicrobial Effects and Active Compounds of the Root of Aucklandia Lappa Decne (Radix Aucklandiae)
Xuewei Cai†, Chunping Yang†,, Guangwei Qin†, Min Zhang, Yan Bi, Xiaoyan Qiu, Liya Lu and Huabao Chen*
College of Agronomy, Sichuan Agricultural University, Chengdu, China
Edited by:
Pei Li, Kaili University, China
Reviewed by:
Zhaonong Hu, Northwest A&F University, China
Hua Fang, Zhejiang University, China
Wenwen Peng, Jiangxi Agricultural University, China
* Correspondence: Huabao Chen, chenhuabao12@163.com
†These authors have contributed equally to this work and share first authorship
Specialty section: This article was submitted to Organic Chemistry, a section of the journal Frontiers in Chemistry
Received: 17 February 2022
Accepted: 03 March 2022
Published: 06 April 2022
Citation: Cai X, Yang C, Qin G, Zhang M, Bi Y, Qiu X, Lu L and Chen H (2022) Antimicrobial Effects and Active Compounds of the Root of Aucklandia Lappa Decne (Radix Aucklandiae). Front. Chem. 10:872480. doi: 10.3389/fchem.2022.872480

The development of new biological fungicides using plant metabolites has become an important direction for pesticide development, and previous studies found that Radix Aucklandiae had a certain inhibitory effect on plant pathogens. In this study, we systematically studied the antimicrobial activity of extracts of Radix Aucklandiae, and the active compounds were isolated, purified and structurally identified. Ethanol extracts of Radix Aucklandiae had different inhibitory effects on seven common plant-pathogenic fungi, with EC50 (concentration for 50% of maximal effect) values ranging from 114.18 mg/L to 414.08 mg/L. The extract at concentration of 1,000 mg/L had a significant control effect on strawberry grey mould and wheat powdery mildew of more than 90%. Three active compounds were isolated and purified from the extract, which were identified as alantolactone, dehydrocostus lactone and costunolide. All three compounds showed significant inhibitory effects on Botrytis cinerea, and the MIC (minimal inhibitory concentration) values were 15.63 mg/L, 3.91 mg/L and 15.63 mg/L. Dehydrocostus lactone also showed obvious inhibitory effect on Fusarium graminearum with an MIC value of 62.25 mg/L. The extract of Radix Aucklandiae has high antimicrobial activity against some common plant-pathogenic fungi, and the work lays a foundation for the development of extracts of Radix Aucklandiae as botanical fungicides.
Keywords: Radix Aucklandiae, antimicrobial activity, alantolactone, dehydrocostus lactone, costunolide
INTRODUCTION
Plant-pathogenic fungi can cause a decline in crop yield and quality directly or indirectly and secrete a variety of toxins and harmful metabolites (Guo et al., 2021). Therefore, it is necessary to control fungal diseases in agricultural production. At present, chemical fungicides are widely used to control plant diseases. However, chemical fungicide abuse has had a serious negative impact on human health and environmental safety, especially leading to prominent “3R” (Resistance, resurgence, and Residue) problems (Ju, 2011). Therefore, it is urgent to develop environmentally friendly fungicides. Botanical fungicides are pesticides used to control plant diseases with the advantages of high efficiency, low or no toxicity, easy degradation, high selectivity and a low risk of inducing drug resistance (Bhandari et al., 2021). Therefore, the development of new botanical fungicides is a hot spot in the development of new environmentally friendly pesticides. At present, many plant extracts have been proven to have antimicrobial activity. For example, extracts of Sophora flavescens have inhibitory effect on Gibberella zeae, Glomerella cingulata and Botrytis cinerea (Li et al., 2006). Extracts of Syzygium aromaticum (L.) have inhibitory effect on Colletotrichum gloeosporioides and Fusarium oxysporum f. sp. cubense (He et al., 2006).
Radix Aucklandiae (Chinese trade name: Muxiang) is the dried root of Aucklandia lappa Dence. (a perennial herb of the genus Saussurea, family Compositae), which is cultivated in Yunnan and Sichuan Provinces (Shu et al., 2015). It is widely used in clinical medicine because of its anti-inflammatory, anti-ulcer, hepatoprotective, cholagogic, antitumour and other functions (Bocca et al., 2004; Lai et al., 2008; Wang et al., 2008; He et al., 2011; Butturini et al., 2014; Sun et al., 2015). In addition, it has also been proven that Radix Aucklandiae has antimicrobial activity in agricultural production. The water extract of Radix Aucklandiae has inhibitory effect on Botrytis cinerea and Alternaria alternata (Hasi et al., 2009). Its ethanol extract also can inhibit Penicillium italicum Wehmer, Verticillium dahlia, Fusarium oxysporium, Rhizoctonia solani Kuhn and Gloeosporium piperatum (Hu et al., 2009; Liu et al., 2011; Wang et al., 2012; Jin et al., 2019). However, the antimicrobial activity compounds of Radix Aucklandiae is not clear and has not been systematically explored at present.
The inhibitory effect of extracts of Radix Aucklandiae on common plant-pathogenic fungi was systematically studied based on the above, and active compounds of extracts of Radix Aucklandiae were isolated, purified and identified, which laid a foundation for the further development and utilization of the extract as a fungicide.
MATERIALS AND METHODS
Materials
Radix Aucklandiae was purchased from Bozhou Huakai Electronic Commerce Co., Ltd. The 11 common pathogens including F. graminearum, Blumeria graminis (Bgt), B. cinerea, C. gloeosporioides, Sclerotinia sclerotiorum, F. oxysporum, Fusarium lateritium, A. alternata, Pythium aphanidermatum, D. glomerata and Phytophthora infestans were preserved and provided by the College of Agronomy of Sichuan Agricultural University. The wheat (Triticum aestivum L.) variety Chuannong 30, which is mildew and is grown at the College of Agronomy of Sichuan Agricultural University.
Preparation of Extracts of Radix Aucklandiae
Plant extracts were prepared by solvent extraction (Zhang and Wang, 2011; Chen et al., 2012). Radix Aucklandiae was dried in an electrothermal constant temperature blast drying oven at 55°C, crushed into dry powder with a tissue grinder and stored in a sealed fresh-storage bag away from light. Dry powder (2 kg) was extracted by soaking in 5 times volume ethanol while avoiding light. The extract was filtered out, and the same amount of ethanol was added after 3 days. The extract was filtered out after 2 days, and the two parts of the filtrate were combined. The filtrate was concentrated to paste at 50–60°C by a rotary evaporator and stored in a refrigerator at 4°C for later use.
Toxicity Determination of Extracts of Radix Aucklandiae
The toxicity was determined by the mycelium growth rate (Wang et al., 2014). The paste extract was dissolved in dimethyl sulfoxide (DMSO) and then prepared into 1,000 mg/L, 500 mg/L, 250 mg/L, 125 mg/L, 62.5 mg/L, and 31.25 mg/L solutions with double distilled water (contain 0.1% Tween 80). The solution (1 ml) was mixed with Potato Dextrose Agar (PDA) medium (containing 1% streptomycin sulfate) (9 ml) and then poured into a sterile Petri dish (9 cm in diameter) to make a medium-filled plate. After the medium was solidified, an agar block (with a diameter of 0.5 cm) containing pathogenic fungi to be tested was placed in each medium plane, and the side of the agar block containing fungi was placed onto the surface of the medium. Each concentration was tested using three biological replicates. Double distilled water (containing 0.1% Tween 80 and 2% DMSO) was used as the negative control. Pathogenic fungi were cultured at 25°C. The diameter of colony growth was measured by the cross method after 2–7 days, and the inhibition rate of mycelium growth was calculated. Then, the toxicity regression equation and EC50 value of the extract were obtained according to the probit analysis method for toxicity.
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where CK is the negative control colony growth diameter, and PT is the colony growth diameter under extract solution treatment.
Bioassay of Extracts of Radix Aucklandiae In Vivo
Control Effect on Wheat Powdery Mildew
The paste extract was dissolved in DMSO and then prepared into 1,000 mg/L, 500 mg/L and 250 mg/L solutions with double distilled water (contain 0.1% Tween 80). Wheat seeds were planted in a glass tube (4 cm in diameter), and the tube was sealed with parafilm. Seeds were cultured to the three-leaf stage at 20 ± 1°C and 60–70% humidity with a 16:8 h light/dark photoperiod. Then, wheat leaves were sprayed with 250 mg/L, 500 mg/L and 1,000 mg/L extract solutions with three replications at each concentration. Leaves were also sprayed with 100 mg/L prothioconazole as a positive control and with double distilled water (contain 2% DMSO and 0.1% Tween 80) as a negative control. Fresh spores of Bgt were inoculated onto the plants by shaking over the foliage of the wheat seedlings (Xie et al., 2021). The protective activity was determined by spray application of the extract solution first followed by inoculation with the pathogenic fungi 24 h later; the curative activity was determined by inoculation with the pathogenic fungi first followed by spray application of the extract solution 24 h later. Protective activity and curative activity were reflected by relative disease control efficiency (RDCE). The methods for detecting the protective and curative activities of the subsequent experiment were the same. Wheat was further cultured after treatment, and the disease incidence was investigated 7, 9 and 11 days after treatment. The disease was divided into six grades according to the percentage of lesion area to leaf area (Grade 0: 0%; Grade 1: less than 5%; Grade 3: 6–10%; Grade 5: 11–20%; Grade 7: 21–50%; Grade 9: more than 51%) (Liu et al., 2000). Then disease index and RDCE was calculated using the following formula:
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Where, CK is DI of sterile water-treatment; PT is DI of medicament treatment.
Control Effect on Wheat Head Blight
Wheat seeds were planted in pots (15 cm in diameter) and cultured to the earing and flowering stage at 26 ± 2°C and 65–75% humidity in the greenhouse. Then, wheat leaves were sprayed with 400 mg/L and 4,000 mg/L extract solutions with three replications at each concentration. Leaves were also sprayed with 100 mg/L tebuconazole as a positive control and with double distilled water (contain 2% DMSO and 0.1% Tween 80) as a negative control. A spore suspension of F. graminearum (10 μL) was injected into wheat panicles with a microinjector. Spores were observed and counted on a haemocytometer under an optical microscope (4 × 10). The method for adjusting the spore suspension in the later experiment was the same. It is advisable to adjust the spore concentration to 80–100 spores per field. Wheat was further cultured after treatment, and the disease incidence was investigated 7, 9 and 12 days after treatment. The disease was divided into five grades according to the percentage of dry ear area to ear area (Grade 0: 0%; Grade 1: less than 25%; Grade 3: 26–50%; Grade 5: 51–75%; Grade 7: more than 76%) (Zhu et al., 2007). Then the disease index and the RDCE was calculated using the formula in 4.2.1.
Control Effect on Strawberry Grey Mould
Fresh strawberry fruits of uniform size were selected, soaked in 75% ethanol for 2 min, washed with double distilled water and then dried. Then, fruits were sprayed with 500 mg/L and 1,000 mg/L extract solutions with three replications at each concentration. Leaves were also sprayed with 100 mg/L pyraclostrobin as a positive control and with double distilled water (contain 2% DMSO and 0.1% Tween 80) as a negative control. The equator of the strawberry was pricked with a sterile needle of a 1 ml injector, a 2 mm wound was formed, and then a suspension of B. cinerea was evenly spread on the fruit surface (Han et al., 2019). The fruit was placed in a culture plate and stored at 25°C and 95% humidity after treatment. The disease incidence was investigated 3, 5 and 7 days after treatment. The disease was divided into six grades according to the percentage of lesion area to fruit surface area (Grade 0: 0.0%; Grade 1: less than 5.0%; Grade 2: 5.1–15.0%; Grade 3: 15.1–30.0%; Grade 4: 30.1–50.0%; Grade 5: more than 50.1%) (Han et al., 2019), and then the disease index and the RDCE were calculated using the formula in 4.2.1.
Control Effect on Citrus Anthracnose
Fruits of Jincheng orange with consistent appearance and no mechanical damage were selected, soaked in 75% ethanol for 2 min, washed with double distilled water and then dried. Then, the fruits were sprayed with 2000 mg/L and 4,000 mg/L extract solutions. Three biological replicates were performed at each concentration with 10 fruits per treatment. Leaves were also sprayed with 86 mg/L pyraclostrobin as a positive control and with double distilled water (contain 2% DMSO and 0.1% Tween 80) as a negative control. C. gloeosporioides was inoculated by needle puncture. The depth of the pinhole was 2 mm, and a spore suspension (10 μL) was dropped at the pinhole (Tian et al., 2019). The fruits were cultured at 28°C and 95% relative humidity after treatment. The diameters of the lesions were measured by the cross method, and the mycelium growth inhibition rate 7 days after treatment was calculated using the formula in 2.3.
Data Processing and Analysis
The inhibition results of different concentrations of extracts of Radix Aucklandiae against different pathogenic fungi were recorded, and the data were statistically analysed with SPSS Statistics 23.
Isolation, Purification and Structure Identification of Active Compounds From Radix Aucklandiae
Macroporous Resin Isolation
D101 macroporous resin was soaked in absolute ethanol for 24 h. Then, it was loaded into the chromatography column after the resin was fully swollen. The resin was rinsed repeatedly with absolute ethanol until the supernatant was free of white turbidity and then rinsed with distilled water until no ethanol was available. The paste extract of Radix Aucklandiae was evenly dispersed in double distilled water. Then, the treated solution (10 L) was adsorbed statically with D101 macroporous resin (2 kg) for 48 h. Then, resin was loaded into the chromatographic column. The resin was eluted with distilled water (3 times the volume of the column), and the eluent was discarded. Then, the resin was eluted with 70% ethanol (5 times the volume of the column). The eluent was collected and concentrated under pressure to obtain the crude extract of Radix Aucklandiae.
Chromatography Isolation
The crude extract was evenly dispersed in double distilled water. The aqueous solution was extracted with petroleum ether at the same volume 4 times. The organic phase was concentrated under reduced pressure at 45°C to obtain petroleum ether extract. The extract was isolated by normal-phase silica gel chromatography and then eluted with different petroleum ether and ethyl acetate mixtures (50:0, 10:1 and 1:1 by volume). Three fractions (Fr. H1-H3) were isolated and antimicrobial active fractions were traced and selected by the spore germination method using B. cinerea as an indicator pathogen. After further silica gel column chromatography isolation, the fraction Fr.H1-1 was obtained by eluting Fr.H1 with petroleum ether: acetone (15:1 by volume) as the eluent. In addition, the fractions Fr. H2-1 and Fr. H3-1 were obtained by eluting Fr.H2 and Fr. H3 with petroleum ether and ethyl acetate mixtures (15:1, 20:1 and 1:1 by volume) as the eluent.
Preparation of High-Performance Liquid Chromatography (HPLC)
Fractions (Fr. H1-1, Fr. H2-1 and Fr. H3-1) were further isolated through a Phenomenex C18 column (250 × 10 mm, Phenomenex, Aschaffenburg, Germany) and UV detector. Fr. H1-1 was eluted with 30% acetonitrile (containing 0.1% formic acid) to obtain compounds numbered Compound 1 (20 mg), Compound 2 (20 mg) and Compound 3 (5 mg). Fr. H2-1 was eluted with 35% acetonitrile (containing 0.1% formic acid) to obtain compounds numbered Compound 4 (20 mg) and Compound 5 (20 mg). Fr. H3-1 was eluted with 35% acetonitrile (containing 0.1% formic acid) to obtain compounds numbered Compound 6 (20 mg) and Compound 7 (20 mg). The antimicrobial active compound was traced and selected by the spore germination method using B. cinerea as indicator pathogen.
Compound Structure Identification
The purity was determined by HPLC. The mass spectrum, 1H-NMR (nuclear magnetic resonance) and 13C-NMR spectra of the compounds with higher purity were determined (the 1H-NMR spectra were 400 MHz; the 13C-NMR spectra were 100 MHz; and the solvent was CDCl3). The chemical structure of the compound was identified according to spectroscopic data.
Compound Activity Identification
The MIC against the pathogen spores was determined by the microtiter method (Yang et al., 2012). The pure compound was prepared with DMSO in mother liquor at 2000 mg/L. Then, mother liquor was diluted with double distilled water to nine concentrations: 1,000 mg/L, 500 mg/L, 250 mg/L, 125 mg/L, 62.25 mg/L, 31.125 mg/L, 15.625 mg/L, 7.8125 mg/L, 3.906 mg/L, 1.953 mg/L. Compound solutions of different concentrations (5 μL) and PDA (45 μL) were added to each well of a 96-well plate and fully mixed. Spore suspension (10 μL) was added to each well after standing for 10 min, and DMSO solution (10 μL) was added as a negative control. Three biological replicates were performed per treatment. The degree of conidial germination in all wells was observed to determine the MIC value after cultivation at 28°C for 48 h.
RESULTS
Toxicity Determination of Extracts of Radix Aucklandiae
The extract of Radix Aucklandiae showed different degrees of inhibition on the mycelial growth of 10 different plant-pathogenic fungi (Table 1). Among them, the inhibitory effects of the extract on B. cinerea, S. sclerotiorum, C. gloeosporioides, F. oxysporum, A. alternata, F. graminearum and D. glomerata were significant, and the EC50 values were 114.18 mg/L, 142.40 mg/L, 251.87 mg/L, 299.34 mg/L, 315.07 mg/L, 398.74 mg/L and 414.08 mg/L, respectively. The extract had a poor inhibitory effect on P. infestans, F. lateritium and P. aphanidermatum, and the EC50 values were in the range of 500–1,000 mg/L.
TABLE 1 | Toxicity test results of extracts of Radix Aucklandiae against several plant-pathogenic fungi.
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Control Effect on Wheat Powdery Mildew
The different concentrations of extracts of Radix Aucklandiae had different effects on the control of wheat powdery mildew (Table 2). With the increase in the concentration of the extract, the control effect on wheat powdery mildew was higher, and the protective activity was better than the curative activity. When the extract concentrations were 1,000 mg/L, the RDCEs of protective and curative acivities were higher than that of the control agent (100 mg/L propiconazole).
TABLE 2 | RDCE of extracts of Radix Aucklandiae on wheat powdery mildew.
[image: Table 2]Statistical significance was determined using one-way ANOVA. Different lowercase letters in the footnote in the same column showed significant difference in the relative disease control efficiency of different treatment at each time points (p < 0.05).
Control Effect on Wheat Head Blight
Different concentrations of extracts of Radix Aucklandiae had different degrees of control effects on wheat head blight (Table 3). The higher the concentration, the better the control effect, and the protective activity was better than the curative activity, but the control effect of the extract was lower than that of the control agent (86 mg/L Tebuconazole). When the concentration of extracts was 4,000 mg/L, the protective and curative activities of wheat head blight were the best. The RDCEs of the protective activities were 56.26%, 51.98 and 11.90%, and of curative activities were 40.63, 36.39, 11.90% at 7, 9 and 12 days after treatment, respectively.
TABLE 3 | RDCE of extracts of Radix Aucklandiae on wheat head blight.
[image: Table 3]Statistical significance was determined using one-way ANOVA. Different lowercase letters in the footnote in the same column showed significant difference in the relative disease control efficiency of different treatment at each time points (p < 0.05).
Control Effect on Strawberry Grey Mould
Different concentrations of extracts of Radix Aucklandiae had different degrees of control effects on strawberry grey mould (Table 4). When the concentration of the extract was 500 mg/L, it had obvious protective and curative activitys on strawberry gray mold. The RDCEs of the protective activities were 100.00, 85.71 and 77.78%, and those of the curative activities were 100.00, 75.00, 63.64% at 3, 5 and 7 days after treatment, respectively. When the concentration of extract was 1,000 mg/L, the RDCE of protective and curative activities reached 100%, which can achieve the control effect of the control agent (100 mg/L pyraclostrobin).
TABLE 4 | RDCE of extracts of Radix Aucklandiae on strawberry grey mould in vivo.
[image: Table 4]Statistical significance was determined using one-way ANOVA. Different lowercase letters in the footnote in the same column showed significant difference in the relative disease control efficiency of different treatment at each time points (p < 0.05).
Control Effect on Citrus Anthracnose
Different concentrations of extracts of Radix Aucklandiae had different degrees of control effects on citrus anthracnose (Table 5). The higher the concentration, the better the control effect, and the protective activity was better than the therapeutic effect, but the control effect of the extract was lower than that of the control agent (86 mg/L Tebuconazole). When the concentration of the extract was 4,000 mg/L, the protective and curative activities on citrus anthracnose were the best. The inhibitory rate for the protective activity was 67.65%, and that of the protective activity was 57.5% at 7 days after treatment.
TABLE 5 | Control effect of extracts of Radix Aucklandiae on citrus anthracnose in vivo at 7 days after treatment.
[image: Table 5]CK is negative control. Statistical significance was determined using one-way ANOVA. Different lowercase letters in the footnote in the same column showed significant difference in the inhibitory rate (p < 0.05).
Chemical Structure Identification of Active Compounds From Radix Aucklandiae
Compound 2
Compound 2 was obtained as white amorphous powder. Its molecular formula was determined to be C15H20O2 based on the HRESIMS data (m/z 233.1540 [M + H]+), indicating six degrees of unsaturation. The 1H-NMR data (Table 6) showed four olefinic protons at δH 6.24 (1H, d, J = 3.6 Hz), 5.51 (1H, d, J = 3.2 Hz), 4.83 (1H, m) and 4.72 (1H, d, J = 9.9 Hz); one oxygen-bearing methine signal at δH 4.55 (1H, dd, 8.8, 9.8), a methine signal at δH 2.55 (1H, m), and two methyl proton signal at δH 1.68 (3H, d, J = 1.3 Hz), 1.40 (3H, s). The 13C-NMR spectrum (Table 6) contained fifteen carbon signals, which were assigned to one lactone carbonyl carbon (δc 170.6), six olefinic carbons (δC 141.4, 140.0, 136.9, 127.2, 127.0, 119.6), one oxy-methine carbon (δC 81.9), one methine carbon (δC 50.3), four methylenes (δC 40.9, 39.4, 28.0, 26.1), and two methyl carbons (δc 17.3, 16.0). These spectral data were elucidated to the published data of Costunolide (Kaur et al., 2017; Chacon-Morales et al., 2020). Therefore, compound 2 was identified as costunolide and its molecular formula is shown in Figure 1. MS diagrams and 1H-NMR and 13C-NMR spectra were shown in Figures S1, S2 and S3, respectively.
TABLE 6 | 1H and 13C-NMR data of Compound 2, Compound 5 and Compound 6 (CDCl3, δ in ppm, J in Hz).
[image: Table 6][image: Figure 1]FIGURE 1 | Chemical structural of costunolide.
Compound 5
Compound 5 was obtained as white amorphous powder. Its molecular formula was determined to be C15H20O2 based on the ESIMS data (m/z 233.1 [M + H]+), indicating six degrees of unsaturation. The 1H-NMR data (Table 6) showed three olefinic protons [δH 6.18 (1H, d, J = 1.9 Hz), 5.61 (1H, d, J = 1.6 Hz), 5.14 (1H, d, J = 4.1 Hz)]; one oxygen-bearing methine signal at δH 4.81 (1H, dt, 3.0, 6.5), three methine signals at δH 3.56 (1H, m), 2.43 (1H, m), and two methyl proton signal at δH 1.18 (3H, s), 1.08 (3H, d, J = 7.6 Hz),. The 13C-NMR spectrum (Table 6) contained fifteen carbon signals, which were assigned to one lactone carbonyl carbon (δc 170.6), four olefinic carbons (δc 149.2, 140.0, 121.8, 118.9), one oxy-methine carbon (δc 76.6), two methine carbons (δC 39.6, 37.7), four methylenes (δC 42.8, 41.9, 32.8, 16.9), and two methyl carbons (δC 28.7, 22.7). These spectral data were elucidated to the published data of Alantolactone (Neves et al., 1999; Yuuya et al., 1999). Therefore, compound 5 was identified as dehydrocostus lactone and its molecular formula is shown in Figure 2. MS diagrams and 1H-NMR and 13C-NMR spectra were shown in Supplementary Figures S4–S6, respectively.
[image: Figure 2]FIGURE 2 | Chemical structural of dehydrocostus lactone.
Compound 6
Compound 6 was obtained as white amorphous powder. Its molecular formula was determined to be C15H20O2 based on the ESIMS data (m/z 233.1 [M + H]+), indicating six degrees of unsaturation. The 1H-NMR data (Table 6) showed three olefinic protons [δH 6.18 (1H, d, J = 1.9 Hz), 5.61 (1H, d, J = 1.6 Hz), 5.14 (1H, d, J = 4.1 Hz)]; one oxygen-bearing methine signal at δH 4.81 (1H, dt, 3.0, 6.5), three methine signals at δH 3.56 (1H, m), 2.43 (1H, m), and two methyl proton signal at δH 1.18 (3H, s), 1.08 (3H, d, J = 7.6 Hz),. The 13C-NMR spectrum (Table 6) contained fifteen carbon signals, which were assigned to one lactone carbonyl carbon (δC 170.6), four olefinic carbons (δC 149.2, 140.0, 121.8, 118.9), one oxy-methine carbon (δC 76.6), two methine carbons (δC 39.6, 37.7), four methylenes (δC 42.8, 41.9, 32.8, 16.9), and two methyl carbons (δC 28.7, 22.7). These spectral data were elucidated to the published data of Alantolactone (Ming et al., 1989; Dereli et al., 2020). Therefore, compound 6 was identified as alantolactone and its molecular formula is shown in Figure 3. MS diagrams and 1H-NMR and 13C-NMR spectra were shown in Supplementary Figures S7–S9, respectively.
[image: Figure 3]FIGURE 3 | Chemical structural of alantolactone.
Antifungal Activity of Active Compoundsactive Ingredients
Alantolactone, dehydrocostus lactone and costunolide isolated from extracts of Radix Aucklandiae had inhibitory effects on the spore germination of F. graminearum, B. cinerea, C. gloeosporioides and F. oxysporum (Table 7). The MIC values of alantolactone against B. cinerea and F. graminearum were 15.63 mg/L and 250 mg/L, and those against C. gloeosporioides and F. oxysporum were both more than 1,000 mg/L. The MIC values of dehydrocostus lactone against F. graminearum, B. cinerea, C. gloeosporioides and F. oxysporum were 3.91 mg/L, 62.25 mg/L, 125 mg/L, 250 mg/L, respectively. The MIC values of costunolide against B. cinerea and F. graminearum were 15.625 mg/L and 1,000 mg/L, and those against C. gloeosporioides and F. oxysporum were both more than 1,000 mg/L.
TABLE 7 | MIC values of active compounds of Radix Aucklandiae against four plant-pathogenic fungi.
[image: Table 7]DISCUSSION
Radix Aucklandiae is the dried root of Aucklandia lappa Dence. (Genus Saussurea, family Compositae). There are a few reports about the antimicrobial activity of the extract in medicine and agriculture. Research has reported that the extract has antimicrobial activity against Helicobacter pylori and Streptococcus in medicine (Yu et al., 2007; Han et al., 2011). The extract also has antimicrobial activity against B. cinerea, A. alternata, Penicillium italicum Wehmer, Verticillium dahliae and F. oxysporum (Hasi et al., 2009; Hu et al., 2009; Wang et al., 2012; Jin et al., 2019). In this study, extracts of Radix Aucklandiae had significant inhibitory effects on B. cinerea, S. sclerotiorum and C. gloeosporioides, and had obvious control effects on wheat powdery mildew, wheat head blight, strawberry grey mould and citrus anthracnose. Therefore, the extract has potential development and application value as a botanical fungicide.
The chemical composition of Radix Aucklandiae is diverse. At present, there have been many reports on the chemical composition of extracts of Radix Aucklandiae. For example, more than 200 compounds, such as sesquiterpene lactones, monoterpenes, phenylpropanoids, lignans, flavonoids and volatile oils, have been isolated from Radix Aucklandiae (Mao et al., 2017). In this study, three active compounds were isolated and purified from Radix Aucklandiae, and identified as alantolactone, dehydrocostus lactone and costunolide, which are all terpenoids.
At present, the biological activities of these three compounds have mainly been reported in the context of medicine and are less known in agriculture. In medicine, it was found that these compounds had antimicrobial, antitumor, anti-inflammatory, hepatoprotective and other pharmacological effects. These compounds can inhibit Fusarium solani (Mart.) Sacc., Mycobacterium tuberculosis and Staphylococcus aureus in the human body (Wahab et al., 1979; Cantrell et al., 1999; O’Shea et al., 2009). In agriculture, recent research has also shown that alantolactone has a significant inhibitory effect on Phytophthora nicotianae (Feng et al., 2018). Dehydrocostus lactone and costunolide have inhibitory effects on Cunninghamella echinulata, Colletotrichum acutatum, B. cinerea and F. oxysporum (Barrero et al., 2000; Wedge et al., 2000). In this study, alantolactone, dehydrocostus lactone and costunolide all had different degrees of inhibitory effects on F. graminearum, B. cinerea, C. gloeosporioides and F. oxysporum. Alantolactone have inhibitory effects on F. graminearum and B. cinerea, and costunolide have inhibitory effects on B. cinerea, while dehydrocostus lactone has inhibitory effects on four plant-pathogenic fungi. Among them, dehydrocostus lactone showed the best control effect on plant fungous diseases.
Dehydrocostus lactone is a guaiane-type sesquiterpene isolated from Radix Aucklandiae. Dehydrocostus lactone is mainly extracted by solvent extraction, microwave-assisted extraction, ultrasonic-assisted extraction, and separated and purificated by column chromatography (He et al., 2009; He et al., 2010). There are still difficulties in large-scale extraction. At present, the research on the structural modification and derivation of dehydrocostus lactone mainly focuses on Michael addition reaction at C-13 site and some oxidation reactions (Qian et al., 2012). The erivatives played an important role in tumor therapy. However, whether dehydrocostus lactone can be used as a lead compound in agricultural disease control remains to be verified. This study laid a foundation for the further development and utilization of extracts of Radix Aucklandiae as botanical fungicides.
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A series of novel galactoside derivatives containing 1,3,4-thiadiazole moiety were synthesized, and the structure of them was verified by spectroscopy of NMR and HRMS, and antifungal and antibacterial activities of them were screened. The results showed that the newly synthesized compounds had good antifungal activities. Among them, Ⅲ16, Ⅲ17, and Ⅲ19 exhibited satisfactory activities against Phytophthora infestans (P. infestans), with EC50 values of 5.87, 4.98, and 6.17 μg/ml, respectively, which were similar to those of dimethomorph (5.52 μg/ml). Meanwhile, the title compounds also possessed certain antibacterial activities.
Keywords: galactoside, thiadiazole, aromatic amide, synthesis, bioactivity
INTRODUCTION
Galactoside and its derivatives are widely found in litchi, laver, seaweed, and snails (Choucry et al., 2021; Kumar, 2020) and had anticancer (Tacke et al., 2017; Oueslati et al., 2020), antiviral (Cai et al., 2006; Abu-Zaied et al., 2021), and antibacterial (Upadhyay et al., 2010) activities. In addition, it was found that novel galactoside derivatives containing a pyrimidine moiety possessed good antifungal activities against Gibberella zeae (G. zeae), Botryosphaeria dothidea (B. dothidea), Phytophthora infestans (P. infestans), Thanatephorus cucumeris (T. cucumeris), and Phompsis sp in the preliminary working of our group (Chen M. H. et al., 2021; Chen et al., 2022). Moreover, it has been reported that glycosylation can improve the properties of active lead compounds, such as solubility, stability, and bioactivity (Wu et al., 2014; Gurung et al., 2017).
It is known that nitrogen-containing heterocyclic compounds have not only a broad spectrum of biological activity and diversity of structure changes but also low toxicity to most warm-blooded animals, birds, fish, and bees (Mermer et al., 2021). 1,3,4-Thiadiazole derivatives, important nitrogen-containing heterocyclic compounds, showed a wide range of bioactivities, such as antifungal (Bhinge et al., 2015; Chudzik et al., 2019), antibacterial (Wu et al., 2021), anticancer (Abas et al., 2021; Avvaru et al., 2021), and antiviral (Yu et al., 2017) activities. In our previous working, 1,3,4-thiadiazole derivatives of glucosides showed good antibacterial and antifungal activities (Chen M. et al., 2021).
In order to find novel structure and effective biological activity of galactoside derivatives, 19 novel galactoside derivatives containing 1,3,4-thiadiazole moiety were synthesized by five reactions and were designed under the guidance of the active substructure splicing method by retaining a part of 1,3,4-thiadiazole and replacing the original glucoside with galactoside on the basis of our previous working (Figure 1). Then, the newly synthesized title compounds are tested for antibacterial and antifungal activities.
[image: Figure 1]FIGURE 1 | Synthetic route of the target compounds Ⅲ1–Ⅲ19.
EXPERIMENTAL
Materials and Instruments
All solvents and reagents were purchased from commercial suppliers and met the standards. 1H NMR and 13C NMR spectra were obtained using Bruker DPX 400 MHz and Bruker DPX 600 MHz spectrometers (Bruker, Germany) in DMSO-d6 or CDCl3 solution. High-resolution mass spectrometry (HRMS) of the title compounds was performed using an Agilent Technologies mass spectrometer (Agilent Technologies, United States).
Chemistry
General Synthesis Procedures for Intermediate Ⅱ
Intermediate Ⅰ was synthesized by referring to the method of the literature (Kamat et al., 2007; Chen M. et al., 2021). The crude product of intermediate Ⅰ is used directly for the next step of the reaction. To 2-amino-5-mercapto-1,3,4-thiadiazole (1.33 g, 10.0 mmol), 50 ml acetone and 40% sodium hydroxide solution (10 ml) were added successively into a 100-ml two-necked bottle. Then, a solution of intermediate Ⅰ (4.11 g, 10.0 mmol) in acetone (5 ml) was added and maintained under stirring for about 30 min (Scattolin et al., 2020; Chen M. et al., 2021). After the reaction was completed, the mixture was concentrated, and 30 ml of water was added and extracted with dichloromethane (3 × 20 ml), and the organic layer was concentrated and recrystallized with ethyl acetate to afford the intermediate Ⅱ (3.9 g, yield: 84%) as a white solid. 1H NMR (600 MHz, DMSO-d6) δ 7.48 (s, 2H, NH2), 5.33 (s, 1H, H-1´), 5.30–5.21 (m, 2H, H-2´, H-3´), 5.05 (t, J = 9.9 Hz, 1H, H-4´), 4.33 (t, J = 6.2 Hz, 1H, H-5´), 4.13–4.00 (m, 2H, H-6´, H-6´´), 2.14 (s, 3H, CH3), 2.07 (s, 3H, CH3), 2.02 (s, 3H, CH3), and 1.93 (s, 3H, CH3).
General Synthesis Procedures for Title Compounds Ⅲ1-Ⅲ19
Substituted benzoic acid (2.4 mmol) was added to 4 ml thionyl chloride in batches with magnetic stirring and refluxed for 2.0 h (monitored by TLC). The solvent was removed under negative pressure; dichloromethane (2 ml) was added into the residue to give a light yellow solution, which was added dropwise into a mixture of the intermediate Ⅱ (0.93 g, 2.0 mmol), 15 ml dichloromethane, and triethylamine (0.24 g, 2.4 mmol) (Chen M. et al., 2021). After the reaction was completed, 10 ml water was added into the mixture and divided, and the organic layer was concentrated to the crude product. The crude product was recrystallized with isopropanol to afford the title compounds Ⅲ1–Ⅲ19. The characterization details of the title compounds Ⅲ2–Ⅲ19 are presented in the Supplemental Material.
(2R,3S,4S,5R,6S)-2-(acetoxymethyl)-6-((5-(3-methylbenzamido)-1,3,4-thiadiazol-2-l)thio)tetrahydro-2H-pyran-3,4,5-triyltriacetate (Ⅲ1): white solid, yield 75.0%, m.p. 159–161°C; 1H NMR (400 MHz, CDCl3) δ 12.33 (s, 1H, NH), 8.01 (s, 1H, Ar-H), 7.95 (d, J = 7.3 Hz, 1H, Ar-H), 7.55–7.37 (m, 2H, Ar-H), 5.48 (d, J = 2.9 Hz, 1H, H-3´), 5.38 (t, J = 10.0 Hz, 1H, H-1´), 5.11 (dd, J = 10.0, 3.3 Hz, 1H, H-2´), 5.03 (d, J = 10.1 Hz, 1H, H-4´), 4.20 (d, J = 7.6 Hz, 2H, H-5´, H-6´), 3.99 (t, J = 6.4 Hz, 1H, H-6´´), 2.48 (s, 3H, CH3), 2.20 (s, 3H, CH3), 2.10 (s, 6H, 2×CH3), and 2.00 (s, 3H, CH3). 13C NMR (150 MHz, CDCl3) δ 172.48, 170.58, 170.45, 169.89, 169.80, 154.72, 138.62, 134.24, 131.59, 129.35, 129.11, 126.02, 83.10, 74.70, 71.16, 68.06, 67.32, 62.39, 40.41, 40.27, 40.13, 39.99, 39.85, 39.71, 39.57, 21.35, 20.90, and 20.78; HRMS [M+H]+ calculated for C24H27N3O10S2: m/z 582.1216, found 582.1210.
Antifungal Activity In Vitro
The antifungal activity of the title compounds Ⅲ1–Ⅲ19 against G. zeae, B. dothidea, Phompsis sp., P. infestans, and T. cucumeris in vitro were tested by a mycelia growth method at 50 μg/ml (Maddila et al., 2016; Chen M. H. et al., 2021; Chen M. et al., 2021; Chen et al., 2022). Dimethomorph was used as a positive control, and DMSO was used as a negative control, and each treatment was operated in three replicates. Subsequently, the title compounds Ⅲ16, Ⅲ17, and Ⅲ19 were further evaluated for their corresponding antifungal EC50 values with three replicates and used dimethomorph as the positive controls.
Antibacterial Activity In Vitro
The antibacterial activity of the title compounds Ⅲ1–Ⅲ19 against Xcc and Xoo in vitro was tested using the turbidimeter test at 200 and 100 μg/ml (Dalgaard et al., 1994; Yu et al., 2017; Chen M. H. et al., 2021; Chen et al., 2022). Thiodiazole-copper was used as a positive control, and DMF was used as a negative control, and each treatment was operated in three replicates.
RESULT AND DISCUSSION
Synthesis
The method of the synthesis for title compounds was listed as follows: Intermediate Ⅰ was synthesized by galactose acetylation and bromination, and then intermediate Ⅰ reacted with 2-amino-5-mercapto-1,3,4-thiadiazole to give intermediate Ⅱ; substituted benzoic acids were chlorinated by thionyl chloride and reacted with intermediate Ⅱ to produce the title compounds Ⅲ1–Ⅲ19. Moreover, to optimize the reaction conditions of the key intermediate Ⅱ, the influence of catalyst, temperature, and solvent were tested and are listed in Table 1. The results indicated that the catalyst, solvent, and temperature had a pronounced effect on the yield, and a maximum yield of 82% was achieved when sodium hydroxide was used as a catalyst and acetone as a solvent for 0.5 h at room temperature.
TABLE 1 | Reaction conditions for intermediate Ⅱ were optimized.
[image: Table 1]Antifungal Activity In Vitro
The antifungal activity of the title compounds Ⅲ1–Ⅲ19 against G. zeae, B. dothidea, P. infestans, Phompsis sp., and T. cucumeris are listed in Table 2. Table 2 indicated that Ⅲ1–Ⅲ19 showed good antifungal activities, with the inhibition rates of 21.5%–63.4%, 21.6%–66.0%, 23.6%–80.1%, 32.5%–58.1%, and 33.4–68.4% at 50 μg/ml, respectively. Among them, Ⅲ16, Ⅲ17, and Ⅲ19 exhibited satisfactory in vitro antifungal activities against P. infestans, with the inhibition rates of 80.1, 79.7, and 79.3%, respectively, which were equal to those of dimethomorph (78.2%). Based on the aforementioned results, the EC50 values of Ⅲ16, Ⅲ17, and Ⅲ19 were tested and are shown in Table 3. Table 3 indicated that Ⅲ16, Ⅲ17, and Ⅲ19 showed good antifungal activities against P. infestans, with EC50 values of 5.87, 4.98, and 6.17 μg/ml, respectively, which were similar to those of dimethomorph (5.52 μg/ml) (Chen et al., 2022), and which were comparable to those of the previously found inhibitory activity of glucosides derivatives containing 4-fluorobenzamido-1,3,4-thiadiazole against P. infestans (3.43 μg/ml) (Chen M. et al., 2021).
TABLE 2 | Antifungal activity of compounds Ⅲ1–Ⅲ19 in vitro (50 μg/ml).
[image: Table 2]TABLE 3 | EC50 value of antifungal activity for part of compounds against P. infestans.
[image: Table 3]Antibacterial Activity In Vivo
Moreover, the antibacterial activities of the title compounds against Xcc and Xoo were tested at 200 and 100 μg/ml and are listed in Table 4. Table 4 indicated that the title compounds Ⅲ1–Ⅲ19 exhibited certain antibacterial activities against Xoo and Xcc at 200 and 100 μg/ml, with the inhibition rates of 31.5%–64.2% and 40.8%–57.7% and 18.3%–36.2% and 19.8%–36.1%, respectively, which were lower than those of thiodiazole-copper (70.1, 43.6, and 46.1%), and which were comparable to that of the previously found novel glucoside derivatives containing 1,3,4-thiadiazole moiety with antibacterial activity (Chen M. et al., 2021). Based on the aforementioned results, it was demonstrated that the antifungal and antibacterial activities of compounds replacing the original glucoside with galactoside did not show any improvement, that is, the configuration of the third on the six-member sugar ring has little influence on the antifungal and antibacterial activities.
TABLE 4 | Antibacterial activity of compounds (Ⅲ1–Ⅲ19) in vitro.
[image: Table 4]CONCLUSION
A total of 19 novel galactoside derivatives containing 1,3,4-thiadiazole moiety were designed under the guidance of the active substructure splicing method and synthesized by five reactions. The bioactivity results indicated that the title compounds exhibited good antibacterial and antifungal activities, while some of them showed excellent antifungal activities. Therefore, it was demonstrated that the galactoside derivatives containing 1,3,4-thiadiazole moiety can be used to develop potential agrochemicals in the future.
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A series of novel α-aminophosphonate derivatives containing hydrazone were designed and synthesized based on active fragments. Bioassay results demonstrated that title compounds possessed good activities against tobacco mosaic virus. Among them, compounds 6a, 6g, 6i, and 6j were equivalent to the commercial antiviral agents like dufulin. On structure optimization-based molecular docking, compound 6k was synthesized and displayed excellent activity with values of 65.1% curative activity, 74.3% protective activity, and 94.3% inactivation activity, which were significantly superior to the commercial antiviral agents dufulin and ningnanmycin. Therefore, this study indicated that new lead compounds could be developed by adopting a joint strategy with active fragments and molecular docking.
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1 INTRODUCTION
Tobacco mosaic virus (TMV) is one of the most widely studied plant viruses that can cause deformation and stunting of the leaves, flowers, and fruits of infected plants (Ritzenthaler, 2005). Plant diseases caused by tobacco mosaic virus (TMV) are difficult to control because TMV is absolutely parasitic, and transmissibility to host cells and plants may completely suppress immune system (Bos, 1982). Although several commercial antiviral agents against TMV have been used, efficient and practical varieties are few. The widely used antiviral agent ribavirin only gave less than 50% anti-TMV effect at 500 μg/ml (Hansen and Stace Smith, 1989). The developing novel structure, remarkable effect, and environmentally friendly anti-TMV agents are needed urgently. At present, the main representative research groups are Wang Qingmin’s group and Song Baoan’s group on domestic development of anti-plant virus agents. In 2019–2021, Song Baoan’s group mainly designed and synthesized antiviral compounds based on active fragments through in vitro activity screening by microscale thermophoresis (MST) (He et al., 2019; Zan et al., 2020; Liu et al., 2021; Zhang et al., 2021). During the same period, Wang Qingming’s group mainly designed and synthesized new and efficient antiviral lead compounds based on natural products through traditional in vivo activity screening by using the half leaf dry spot method (Li et al., 2019; Hao et al., 2020a; Chen et al., 2020; Li et al., 2021). Then, the primary action mechanism of antiviral agents was studied by the vivo interaction of viral coat protein and drug molecules. These results indicated that viral coat protein was a key target protein for antiviral agents. Therefore, molecular docking could accelerate the development of antiviral agents.
α-Aminophosphonates are considered to be structural analogs of α-amino acids. Compounds bearing the α-aminophosphonate moiety play an important role in biochemical and medicinal chemistry such as antitumor activity (Liu et al., 2010; Ye et al., 2014; Fang et al., 2016; Ewies et al., 2019; Zhang et al., 2020), antivirus activity (Zhang et al., 2010; Zhang and Liu, 2016; Zhang et al., 2017; Lan et al., 2017; Poola et al., 2020; Zhou et al., 2021), antimicrobial activity (He et al., 2015), and antibacterial activity (Dake et al., 2011; Hellal et al., 2017). In recent years, Song and coworkers (Chen et al., 2009; Yang et al., 2011; Zhang et al., 2016) reported that many α-aminophosphonates with anti-TMV and anti-CMV activity were synthesized via substructural splicing. Among them, dufulin (Figure 1), a new commercially registered plant antiviral product, was developed, which belongs to the α-aminophosphonate family (Song et al., 2006). In addition, it has been highly effective in preventing infection caused by rice viruses and tobacco mosaic virus and, as a result, has obtained a national invention patent in the People’s Republic of China. It was registered by the Ministry of Agriculture of China (LS 20071280, 20071282, and 20130359) and was subsequently industrialized for large-scale field application. It has been widely used to prevent and control rice, vegetable, and tobacco viral diseases in China. This may provide some useful information for the future design of novel structural aminophosphonates.
[image: Figure 1]FIGURE 1 | Structure of dufulin.
Hydrazone derivatives are biologically interesting compounds known for their antiviral (Massarani et al., 1970; Wang et al., 2019), anticancer (Mehlika et al., 2012), insecticidal (Liu et al., 2010b), and antimicrobial (Martin et al., 2021) effects. Among them, hydrazones with promising antiviral activity have attracted our attention. In order to discover new molecules with antiviral effects, we sought to incorporate the active substructural unit hydrazone into the backbone structure of α-aminophosphonate. Based on the aforementioned facts, we designed and synthesized the title compounds by a joint strategy with active fragments and molecular docking (Figure 2). This article describes the syntheses and bioactivities of the designed compounds. The structure–activity relationships of these phosphonate–hydrazone analogs are examined in comparison with their parent aminophosphonate analogs to further the design of more effective antiviral compounds.
[image: Figure 2]FIGURE 2 | Synthetic routes of novel α-aminophosphonate derivatives with hydrazone.
2 MATERIALS AND METHODS
2.1 Chemicals
All reagents were purchased from commercial suppliers and used without further purification.
2.2 Instruments
1H NMR and 13C NMR spectra of the compounds were obtained using a Bruker DPX 400 MHz (Bruker, Germany) and Bruker DPX 600 MHzin CDCl3 or DMSO-d6 solution. HRMS was performed with a Thermo Scientific Q Exactive (Thermo Scientific, United States ). Infrared (IR) spectra were recorded on a Bruker VECTOR 22 spectrometer using KBr disks. The melting points of the compounds were measured using WRX-4 equipment.
2.3 General Procedures
2.3.1 Procedures for the Synthesis of Intermediates (4a–4h)
Aromatic aldehyde containing a hydroxyl group (1, 100 mmol) was added to a vial containing acetonitrile (50 ml) and potassium carbonate (100 mmol), and then ethyl bromoacetate (2, 110 mmol) was added in the reaction vessel. After the mixture was stirred and refluxed for 12 h, the solvent was removed in vacuo. The reaction mixture was poured into water (100 ml) and extracted with dichloromethane (50 ml×3). The dichloromethane solution was dried with anhydrous Na2SO4 and evaporated in a vacuum. The residue was recrystallized from acetonitrile to obtain the intermediates (3a∼3 h). A solution of intermediates 3 (80 mmol) and 2-amino-4-methylbenzothiazole (80 mmol) in toluene (50 ml) was refluxed for 3 h. Then, diethyl phosphite (120 mmol) was added to the reaction solution and refluxed for 6–12 h. The crude product was afforded through removing the solvent and recrystallized from acetonitrile to obtain the intermediates (4a∼4 h). Characterization data of the intermediate 4a are given as follows, and the data of other compounds are listed in Supplementary Material S1.
4a: Yield 78%, m. p. 128–130°C; 1H NMR (600 MHz, DMSO) δ 8.89 (dd, J = 9.6, 2.9 Hz, 1H), 7.43 (dd, J = 14.9, 7.5 Hz, 3H), 7.01 (d, J = 7.3 Hz, 1H), 6.96–6.84 (m, 3H), 5.58 (dd, J = 21.0, 9.6 Hz, 1H), 4.73 (s, 2H), 4.12 (q, J = 7.1 Hz, 2H), 4.08–3.96 (m, 2H), 3.94–3.86 (m, 1H), 3.84–3.76 (m, 1H), 2.41 (s, 3H), 1.16 (t, J = 7.1 Hz, 3H), 1.13 (t, J = 7.0 Hz, 3H), 1.03 (t, J = 7.0 Hz, 3H). 13C NMR (151 MHz, DMSO) δ 169.13 (s), 164.99 (d, J = 9.7 Hz), 157.67 (s), 150.92 (s), 130.76 (s), 129.91 (d, J = 5.7 Hz), 129.01 (s), 128.00 (s), 126.68 (s), 121.69 (s), 118.86 (s), 114.75 (s), 65.13 (s), 63.07 (d, J = 6.7 Hz), 62.86 (d, J = 6.8 Hz), 61.09 (s), 54.84 (s), 53.81 (s), 18.41 (s), 16.72 (d, J = 5.4 Hz), 16.53 (d, J = 5.4 Hz), 14.48 (s). IR (thin film, cm−1): 3233.5 (s), 2982.6 (s), 2928.9 (s), 1753.3 (s), 1587.9 (s), 1534.9 (s), 1446.3 (s), 1197.7 (s), 1053.1 (s), 1018.7 (s), 976.1 (s). HRMS (ESI) m/z for (C23H29N2O6PS [M + H]+ cacld. 493.1557, found 493.1553.
2.3.2 Procedures for the Synthesis of Intermediate 5a
The intermediate 4a (60 mmol) was added to the reaction flask with ethyl alcohol (50 ml), and then hydrazine hydrate (70 mmol) was added to the reaction mixture. After the mixture was stirred and refluxed for 12 h, ethyl alcohol was evaporated under reduced pressure to afford the crude product. The residue was purified by recrystallization affording acyl-hydrazine (5a) using alcohol. Characterization data of the intermediate 5a are given as follows.
5a: Yield 71%, m. p. 126–128°C; 1H NMR (600 MHz, DMSO-d6) δ: 9.29 (s, 1H), 8.92–8.85 (m, 1H), 7.49–7.38 (m, 3H), 7.01 (d, J = 7.4 Hz, 1H), 6.96–6.87 (m, 3H), 5.57 (dd, J = 21.0, 9.5 Hz, 1H), 4.44 (s, 2H), 4.32 (s, 2H), 4.08–3.95 (m, 2H), 3.93–3.87 (m, 1H), 3.83–3.77 (m, 1H), 2.40 (s, 3H), 1.13 (t, J = 7.0 Hz, 3H), 1.04 (t, J = 7.0 Hz, 3H); 13C NMR (151 MHz, DMSO-d6) δ: 167.03 (s), 165.00 (d, J = 9.8 Hz), 157.87 (s), 150.92 (s), 130.76 (s), 129.87 (d, J = 5.6 Hz), 128.94 (s), 127.99 (s), 126.68 (s), 121.69 (s), 118.87 (s), 114.88 (s), 66.74 (s), 63.07 (d, J = 6.7 Hz), 62.87 (d, J = 6.7 Hz), 56.50 (s), 54.89 (s), 53.86 (s), 19.03 (s), 18.41 (s), 16.73 (d, J = 5.2 Hz), 16.55 (d, J = 5.4 Hz). IR (thin film, cm−1): 3231.8 (s), 3037.2 (s), 2984.6 (s), 1671.9 (s), 1590.3 (s), 1536.9 (s), 1510.7 (s), 1446.6 (s), 1239.3 (s), 1050.8 (s), 1024.6 (s), 973.9 (s). HRMS (ESI) m/z for (C21H27N4O5PS [M + H]+ cacld. 479.1513, found. 479.1509.
2.3.3 Procedures for the Synthesis of Title Compounds (6a∼6 m)
The intermediate 5a (2.0 mmol) and aldehyde (2.0 mmol) were added to 5 ml of alcohol. The mixture was stirred at 80°C for 6 h. The resulting mixture was concentrated under reduced pressure to give the crude product. A total of 5 ml of water was added to the crude product and stirred for 0.5 h. The crude product was purified by column chromatography using hexane/EtOAc (1:2, v/v) or recrystallization with alcohol. The data for the title compound 6a are shown as follows, and the data of other compounds are listed in Supplementary Material S1.
6a: Yield 86%, m. p. 184–186°C; 1H NMR (400 MHz, DMSO-d6) δ: 11.56 (trans), 11.51 (cis) (s, 1H, CONH), 8.90 (d, J = 9.6 Hz, 1H, NH-Hetero), 8.30 (cis), 7.97(trans) (s, 1H, CH = N), 7.74–7.60 (m, 2H, Ar-H), 7.47–7.36 (m, 6H, Ar-H), 7.07–6.84 (m, 4H, Ar-H), 5.58 (dd, J = 21.0, 9.6 Hz, 1H, CHP), 5.10 (trans), 4.63(cis) (s, 2H, COCH2O), 4.10–3.96 (m, 2H, CH2OP), 3.95–3.87 (m, 1H, CHOP), 3.86–3.75 (m, 1H, CHOP), 2.41 (s, 3H, CH3-Hetero), 1.13 (t, J = 7.0 Hz, 3H, CH3), 1.04 (t, J = 7.0 Hz, 3H, CH3). trans:cis=(0.61:0.39); 13C NMR (151 MHz, DMSO-d6) δ: 169.03 (s), 164.61 (d, J = 9.6 Hz), 164.25 (s), 157.89 (s), 157.43 (s), 150.55 (s), 148.04 (s), 143.86 (s), 134.18 (s), 134.04 (s), 130.37 (s), 130.24 (s), 130.01 (s), 129.56 (d, J = 5.3 Hz), 129.44 (d, J = 5.3 Hz), 128.88 (d, J = 4.6 Hz), 128.72 (s), 128.12 (s), 127.60 (s), 127.21 (s), 127.00 (s), 126.28 (s), 121.28 (s), 118.47 (s), 114.54 (s), 114.35 (s), 66.63 (s), 64.84 (s), 62.66 (d, J = 6.9 Hz), 62.46 (d, J = 6.5 Hz), 54.48 (s), 53.45 (s), 18.04 (s), 16.34 (d, J = 5.2 Hz), 16.16 (d, J = 5.3 Hz). IR (thin film, cm−1): 3273.9 (s), 3106.5 (s), 2979.7 (s), 2914.9 (s), 1695.5 (s), 1612.8 (s), 1586.6 (s), 1534.4 (s), 1511.5 (s), 1430.5 (s), 1229.8 (s), 1047.5 (s), 1023.7 (s); HRMS (ESI) m/z for (C28H31N4O5PS [M + H]+ cacld. 567.1826, found. 567.1824.
2.3.4 Evaluation of Phytotoxic Activities Against Tobacco and Anti-TMV Activity
Phytotoxic activities against tobacco and anti-TMV activity were assessed according to the aforementioned method (Ji et al., 2019; Wang et al., 2012). Tobacco mosaic virus (TMV) was purified. The biological activity of the compounds against TMV was evaluated by using a half-leaf method.
2.4 Molecular Docking
Molecular docking with AutoDock 4.0 (Huey et al., 2007; Trott and Olson, 2010) between compound 6a and TMV-CP was performed. The X-ray crystal structure of TMV-CP used for the computation was downloaded from RCSB (Bhyravbhatla et al., 1998). Most of the parameters for the docking calculation were set to the default values. Each docked structure was scored by the built-in scoring function and was clustered by 1 Å of RMSD criteria. Finally, the enzyme ligand complex structures were selected according to the criteria for autodocking score.
3 RESULTS AND DISCUSSION
3.1 Synthesis and Spectroscopy
The synthetic route of the target compounds (6a∼6 m) is shown in Figure 2. 4-hydroxybenzaldehyde 1) reacted with ethyl bromoacetate, 2) in acetonitrile to give aldehyde with an ester group, and 3) compound 3 condensed with 2-amino-4-methylbenzothiazole via a Schiff base condensation to give the intermediate of imine, which was followed by phosphine hydrogenation with diethyl phosphite to afford the compound 4. Compound 4 continued to react with hydrazine hydrate in alcohol to give the intermediate compound 5. Title compound 6 was smoothly prepared by the reaction of an aromatic aldehyde with the corresponding hydrazides. The chemical structures of these compounds were identified by NMR, IR, and HRMS (Supplementary Material). In 1H NMR of the title compounds, the CH-P proton appeared at δ 5.58–5.63 as dd, the NH-Ar proton appeared at δ 8.89–8.93 as double, and the CH = N proton of cis-isomer appeared at the higher magnetic field (8.17–8.70) than trans-isomer (7.85–8.34), the ratio of which was 3:2. In the 13C NMR spectra of compound 6, the typical carbon resonance at δ169 was indicative of a carbonyl group (C═O). The IR spectra of compound C showed bands at 1684–1701 cm−1 for C═O stretching.
3.2 Phytotoxic Activities and Antivirus Activities
First, the data on phytotoxic activity against tobacco indicated that compounds 6a–6k at 500 μg·mL− showed no toxicity. Then, the tested concentration of the compounds at 500 μg/ml was chosen, and the biological activities against TMV were evaluated. The results of anti-TMV activity are shown in Table1. The intermediates (4a∼4h) exhibited lower antiviral activities against TMV in vivo. Among them, the intermediate 4a displayed moderate activities, with values of 33.2% curative activity, 45.7% protective activity, and 78.7% inactivation activity. The intermediate 5a exhibited higher activities than compound 4a, especially in curative activity. The title compounds 6a, 6g, 6i, and 6j derived from α-aminophosphonate possessed good activities, which were similar to those controls of ningnanmycin and dufulin. Compound 6k exhibited excellent activity, with the values of 65.1% curative activity, 74.3% protective activity, and 94.3% inactivation activity, which were significantly greater than those of controls. Compounds 6b, 6f, and 6h possessed slightly lower activity than these controls. Other compounds showed lower activities. The antiviral activity results of the intermediates 4a∼4i and intermediate 5a suggest that the structure of α-aminophosphonate with benzothiazole is critical for the activity, and generally, in addition, the R2 substituted phenyl series of the title compounds influenced the antiviral activity for the derivatives (6a∼6 m). The R2 substitutions at the ortho-position of the phenyl ring connected to the hydrazone moiety (6b, 6c, and 6d) showed weaker curative activity than the R2 = H of the phenyl ring. As for the para-substituted derivatives, it is clear to see that the order of the curative activity against TMV was NO2-substituted (6g) > CH3-substituted (6f) > Br-substituted (6e). When the R2 group was at the meta-position of the phenyl ring, the compounds (6h∼6j) exhibited relatively similar curative activities to compound 6a (R2 = H). Fortunately, 2-OH-5-CH3-substituted compound 6k showed the best curative activity (65.1%) against TMV, which was significantly better than that of ningnanmycin (53.3%). Considering the prior discussion, we found that the antiviral activities of our designed compounds could be increased by the introduction of 2-OH and 5-CH3 on benzene rings. The results further suggested that small differences of substituted position on the phenyl ring could lead to large differences in the overall activities, which implies further possibilities for lead compound development.
TABLE 1 | Antiviral activity of the compounds (4a∼6m) against TMV at 500 μg/mLa.
[image: Table 1]3.3 Molecular Modeling Analysis
TMV-CP is an important protein involved in plant virus infections and is being studied as a potential protein target to develop effective antivirus agents (Hao et al., 2020b; Kang et al., 2020). In order to gain more understanding of the structure–activity relationships and further structure optimization, molecular docking was performed on the binding mode of compound 6a into the binding pocket of TMV-CP using AutoDock 4.0 software. The 3D binding models of compound 6a with TMV-CP are shown in Figure 3. Results showed that the benzothiazole ring of 6a fit into the binding pocket, surrounded by the amino acid residues of SER138. Detailed analysis of the binding mode showed that the hydrazone of 6a was surrounded by the amino acid residues of ARG134 and ASP224. These docking results suggested that the benzothiazole ring in the title compound was critical for the activity and the phenyl ring of hydrazone influenced the antiviral activity. On structure optimization-based molecular docking, compound 6k was synthesized and displayed excellent activity, with values of 65.1% curative activity, 74.3% protective activity, and 94.3% inactivation activity, which were significantly superior to the commercial antiviral agents dufulin and ningnanmycin. Therefore, molecular docking could accelerate the development of lead compounds.
[image: Figure 3]FIGURE 3 | 3D mode of the interaction of compound 6a and receptor TMV-CP analyzed by AutoDock 4.0 software. Conventional hydrogen bond, carbon–hydrogen bond, and alkyl, as well as Pi–alkyl, are shown by green, light green, and pink, respectively.
4 CONCLUSION
A series of α-aminophosphonate-hydrazone derivatives were synthesized and evaluated for antiviral activities. Some derivatives showed good inhibitory activity. The SARS analysis showed that the volume and position of the substituted groups at the phenyl ring of hydrazones had significant influences on inhibitory activity. The docking studies showed that compound 6a was well bound to the TMV-CP via one hydrogen bond with SER 138, ARG 134, and ASP 224. This also indicated that the structures of benzothiazole and hydrazone play a key role in the activity of the title compound. Among them, compound 6k displayed excellent activity, with values of 65.1% curative activity, 74.3% protective activity, and 94.3% inactivation activity. Therefore, the basic motif of compound 6k can be used as a lead compound for further development.
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Camellia oleifera is a woody oil tree species unique to China that has been cultivated and used in China for more than 2,300 years. Most biological research on C. oleifera in recent years has focused on the development of new varieties and breeding. Novel genomic information has been generated for C. oleifera, including a high-quality reference genome at the chromosome level. Camellia seeds are used to process high-quality edible oil; they are also often used in medicine, health foods, and daily chemical products and have shown promise for the treatment and prevention of diseases. C. oleifera by-products, such as camellia seed cake, saponin, and fruit shell are widely used in the daily chemical, dyeing, papermaking, chemical fibre, textile, and pesticide industries. C. oleifera shell can also be used to prepare activated carbon electrodes, which have high electrochemical performance when used as the negative electrode of lithium-ion batteries. C. oleifera is an economically valuable plant with diverse uses, and accelerating the utilization of its by-products will greatly enhance its industrial value.
Keywords: camellia oil, by-products, medical value, activated carbon, applications
INTRODUCTION
Edible oil is an important food for humans that provides essential fatty acids and promotes the absorption of fat-soluble vitamins (Soussanaet 2014; Khatri and Jain, 2017). China is the world’s largest consumer and second-largest producer of edible oil (Cassiday 2019; Bai et al., 2021), and the demand for edible oil in China continues to increase with the continued growth of the economy and improvement in living standards.
Edible vegetable oils in China include rapeseed oil, soybean oil, peanut oil, cottonseed oil, sunflower oil, sesame oil, camellia oil, and linseed oil (Bai et al., 2021). Vegetable oils are rich in nutrients and provide various health benefits: camellia oil in particular shows antibacterial activity against Escherichia coli (Yang et al., 2018).
Camellia oleifera Abel. is one of the four major sources of the world’s edible oil, along with Olea europaea L., Elaeis guineensis Jacq., and Cocos nucifera L. (Ma et al., 2011). It is a perennial shrub or small arbour that grows in warm and humid hills and mountains and is mainly distributed in the southern provinces (regions) of China (Figure 1), including Zhejiang, Jiangxi, Henan, Hunan, and Guangxi Provinces; it also occurs in Thailand (Suealek et al., 2019). The varieties mainly include ordinary Camellia oleifera, Camellia yuhsiensis Hu, Camellia chekangoleosa Hu, Camellia meiocarpa Hu, Camellia vietnamensis T. C. Huang ex Hu, and Camellia reticulata Lindl (Liu et al., 2018a). Zhou et al. indicated that the germplasms of C oleifera possess high genetic diversity, as geographic isolation has affected the degree of genetic differentiation among populations (Zhou et al., 2015).
[image: Figure 1]FIGURE 1 | Distribution (A,B) of C. oleifera and images of the flowers and fruits (C,D) of C. oleifera plants.
C. oleifera trees are evergreen and highly adaptable. The benefits of planting C. oleifera can be reaped for as long as a century. The total output value of the Chinese camellia industry was 116 billion yuan in 2019, and the plantation area of C. oleifera was 4.5 million hm2; the camellia industry is a source of income for a total of 1.73 million people.
Figure 1A,B were obtained from the Global Biodiversity Information Facility (https://www.gbif.org/) and Map Bio of China (http://map.especies.cn/), respectively.
C. oleifera is an economically important tree species with high utilization value. The main product derived from C. oleifera is camellia oil, and other by-products include tea shell and tea meal. Tea meal can be further processed into tea saponin, and tea shell has been used to make furfural, xylitol, tannin extract, activated carbon, and culture medium (Robards et al., 2009).
RESEARCH ON THE BIOLOGY OF C. OLEIFERA
C. oleifera is a woody oil plant that is highly resistant to various types of stress. However, genetic and genomic information for this species is lacking (Yang et al., 2017). The large polyploid genome of C. oleifera makes genomic analyses rather challenging and hinders further molecular genetic improvement. Recently, an abundance of genomic information has been generated for C. oleifera. The published genome of Camellia lanceoleosa provides an important reference for analyzing the formation and regulation of important traits such as self-incompatibility and lipid synthesis (Gong et al., 2022). Construction of a high-quality reference genome at the chromosome level of C. oleifera has demonstrated that the alleles regulating the synthesis of C. oleifera have been under artificial selection, and this genome resource could provide new insights with implications for the genetic improvement of C. oleifera varieties (Lin et al., 2022). In addition, a high-quality, chromosome-level genome of Camellia chekiangoleosa has been published, and this has provided new insights into the adaptive evolution and oil metabolism of Camellia (Shen et al., 2022).
Wang et al. (2018) found that the total nitrogen content and dry weight accumulation of the seedlings are highest when NO3− and NH4+ (ratio 1:1) are applied. Liu et al. (2019b) found that a total of 797 miRNAs are significantly differentially expressed in the flowers and fruits of C. oleifera. miR156, miR390, and miR395 regulate the expression of carbohydrate accumulation genes, and miR477 plays a key role in fatty acid synthesis. miR156 contributes to the expression of genes regulating glycolysis and nutrient transformation.
The high rate of flower and fruit drop in C. oleifera, especially under extreme climate conditions, affects C. oleifera yields. Hu et al. (2021) studied the relationship between ethylene and fruit abscission and found that the CoACO genes (CoACO1 and CoACO2) regulate fruit abscission.
C. oleifera is highly tolerant of drought. An understanding of the molecular mechanism of drought tolerance is important. Dong et al. (2017) identified several 76,585 unigenes under drought stress using transcriptome technology and obtained functional annotations for 52,531 of the unigenes.
Other studies have examined the high-affinity Pi transporter gene and have characterized rbcL and rbcS genes from C. oleifera (Chen et al., 2015; Zhou et al., 2020). These findings are useful for identifying promising cultivars (Figure 2)
[image: Figure 2]FIGURE 2 | Diagram illustrating the various industrial uses of C. oleifera.
CAMELLIA OIL AND THE COMPOSITION OF ITS MAIN FATTY ACIDS
The oil content of the dry seeds of new cultivars and wild C. oleifera is approximately 47%; the dry seeds also possess volatile aroma components (Jia et al., 2021). The content of unsaturated fatty acids of C. oleifera oil is as high as 90%; oleic acid makes up more than 80% of these unsaturated fatty acids, and linoleic acid comprises 7–13% (Ma et al., 2011; Yang et al., 2016). Variation in the composition of unsaturated fatty acids mainly stems from differences in genotype and extraction method (Zeng et al., 2019a) (Table 1). Fatty acids can be extracted using the petroleum ether, hydrolytic, or potassium hydroxide/methanol extraction methods. The fatty acid composition of camellia oil is mainly determined using gas chromatography or gas chromatography–mass spectrometry.
TABLE 1 | Fatty acid composition of camellia oil according to studies using different extraction methods.
[image: Table 1]Oleic acid provides various health benefits (Farooqui 2013); olive oil is approximately 59–75% oleic acid (Newmark 1997), and palm oil contains 43% oleic acid (Waterman and Lockwood 2007). The main characteristic feature of camellia oil is its high oleic acid content compared with other woody edible oils.
C. OLEIFERA PRODUCTS
Medicinal Research on Camellia Oil
Camellia oil contains tocopherol, sterol, squalene, vitamin E, and flavonoids (Lee and Yen 2006; Robards 2009; Cao et al., 2017; Wang et al., 2017; Zeng and Endo 2019b), and these compounds are thought to aid weight loss and reduce the risks of cardiovascular and cerebrovascular diseases.
Camellia oil also contains large amounts of functional nutrients, such as squalene, plant sterols (e.g., β-sitosterol and campesterol), polyphenols (e.g., phenolic acid), tocopherols (α-, γ-, and δ-tocopherols), carotenoids (e.g., lycopene), β-carotene, and lutein (Wang et al., 2017; Wang et al., 2018; Yang et al., 2018). These active substances can delay the degradation of unsaturated fatty acids in camellia oil (Zhou et al., 2019), provide various health benefits (Luan et al., 2020), and show antioxidant, anti-inflammatory, and antibacterial activity (Zhu et al., 2019). These compounds can also lower cholesterol, blood sugar, and blood lipids, relieve constipation, and reduce liver and gastrointestinal damage (Table 2).
TABLE 2 | Specific medicinal uses of camellia oil.
[image: Table 2]Camellia oil can be used as a nutritional supplement and be further refined and processed into an advanced skin care product. Recently, the seed extract of camellia oil has been shown to reduce liver fat in rats (Yang et al., 2019).
The Main Nutrient Components of Camellia By-Products
Residues such as camellia seed cake, saponin, and fruit shells are widely used in the daily chemical, dyeing, papermaking, chemical fibre, textile, and pesticide industries (Liu et al., 2018b). Previous studies have shown that polysaccharides extracted from fruit shells have hypoglycemic effects (Zhang and Li, 2015; Gao et al., 2020).
The seeds remaining after oil extraction are by-products referred to as camellia seed cake (Xiao et al., 2017). Oil makes up approximately 5%–6% of the seed cake, and the remaining seed cake after extraction can be used to extract 4% of high-quality saponin (Zhu et al., 2018). Recent studies have shown that seed cakes contain large amounts of polyphenols and new saponins with antimelanogenic and hypoglycemic activity (Zhang et al., 2012; Zhang and Li 2018; Hong et al., 2019). For example, kaempferol extracted from seed cakes shows excellent scavenging activity of 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical (Zheng et al., 2019), saponins show anticancer activity (Di et al., 2017; Wang et al., 2019a), and polysaccharides show hypoglycemic activity (Zhang and Li 2018; Zhu et al., 2018; Jin et al., 2019).
Saponin from C. oleifera is a natural plant pesticide that shows potential to be used for the control of insect and fungal pests (Zhang et al., 2014). Contact toxicity tests and gastric toxicity tests have shown that saponin is an effective insecticide against Ectropis obliqua (Cui et al., 2019). Saponin mixtures can also be used as a potential plant insecticide to control Rhizoctonia damping-off in vegetable seedlings (Kuo et al., 2010).
UTILIZATION OF C. OLEIFERA SHELL
Morphological Changes of Camellia Shell
C. oleifera shell is mainly composed of cellulose, hemicellulose, and lignin; it is generally used as waste given its low utilization efficiency (Hu et al., 2015). Approximately 54% of C. oleifera fruits are shells (Zhu et al., 2013; Zhao et al., 2017). Camellia shell is thus a rich biomass resource; the shells contain rich quantities of lignin and are an ideal raw material for preparing activated carbon (Hu et al., 2018). Hu et al. (2018) and Wang et al. (2019b, 2021) showed that mature camellia shell is composed of stone cells, spiral vessels, and parenchyma, and the latter two are the main cell types (Figure 3).
[image: Figure 3]FIGURE 3 | Structural characteristics (A) and morphological changes at different stages (B) of C. oleifera fruit.
Functions and Applications of Camellia Shell
The high-quality by-products of C. oleifera shell have been used in many industries. Camellia shell contains tannins, furfural, bioactive phenolic compounds (Zhang et al., 2013), and saponins (Chen et al., 2013; Xiong et al., 2018; Yu and Yong 2018), which are used to make tannins, furfural, activated carbon, and other chemical raw materials. Zhu et al. (2013) used camellia shell to produce ethanol, vanillin, and xylooligosaccharides; camellia shell can also be used as a natural colourant for pigment printing on cotton fabrics (Nakpathom et al., 2017).
Previous studies have examined the ability of camellia shell extract to inhibit tyrosinase activity in vitro as well as the melanin inhibition of a cosmetic formula containing the extract in 30 female subjects. Camellia shell extract has been used as a skin whitening agent in cosmetic products (Liu et al., 2019a). Hu et al. (2015) investigated the resistance of camellia shell to fungi and termites; the shells appeared to be toxic to fungi and termites but did not completely eradicate them (Figure 4). This indicates that Camellia shell has the potential to be used as a green pesticide.
[image: Figure 4]FIGURE 4 | Resistance of camellia shell powder to fungi and termites. Copyright 2015 Elsevier.
Application of Camellia Shell as High-Quality Activated Carbon
Activated carbon is widely used, and its most notable features are its large surface area, porosity, highly adsorptive internal porous structure, and low cost (Sakaray and Ramirez, 2014). C. oleifera shell is composed of cellulose, hemicellulose, and lignin, and highly developed mesoporous activated carbon can be formed through various technologies. The advantages of Camellia shell activated carbon mainly include its high yield and low cost, as well as the fact that it provides a guaranteed source of raw materials; Camellia shell activated carbon also shows high electrical conductivity and can be used as electrodes. Activated carbon has been obtained from many other plant materials, and these activated carbons, such as macadamia nut shell (Wang et al., 2002), Terminalia catappa shell (Inbaraj and Sulochana, 2006), peanut shell (Wu et al., 2013), durian fruit shell (Tey et al., 2016), baobab fruit shell (Vunain et al., 2017), Aegle marmelos Correa fruit shell (Sivarajasekar et al., 2018), and Swietenia macrophylla fruit shell (Hossain et al., 2021), show high application prospects.
Camellia shell activated carbon is a porous carbon material generated through the carbonization and activation process and an economically important chemical product. It shows high selective adsorption and is widely used in decolorization and water purification. Camellia shell activated carbon has more functions compared with the conventional activated carbon, and Camellia shell activated carbon products with different adsorption characteristics can be prepared using various methods (Sun et al., 2011; Guo et al., 2016, 2018; Fan et al., 2017; Nie et al., 2019). C. oleifera shell can be used to synthesize zirconium dioxide biochar and improve the removal of fluorine in water (Lei et al., 2019).
Activated carbon produced by the steam method has many micropores, which is suitable for adsorbing small molecular impurities. The activated carbon produced by the phosphoric acid method has many mesopores and is suitable for adsorbing macromolecular impurities. The phosphoric acid method has become the main method used in the industrial production of activated carbon from husks because it generates fewer pollutants compared with other methods. C. oleifera shell carbon can remove hexavalent chromium and methylene blue from water by adsorption (Ma et al., 2019); the shell has similar burning properties to ordinary wood (Tan et al., 2020). It can also rapidly remove phenolic pollutants in water (Figure 5) (Li et al., 2016).
[image: Figure 5]FIGURE 5 | Porous carbon microspheres made from camellia shells by KOH chemical activation. Copyright 2016 Elsevier.
Activated carbon electrodes can be prepared from C. oleifera shell, and this is a particularly efficient method for using camellia resources. Zhang et al. (2012) used C. oleifera shell to prepare activated carbon electrodes using the ZnCl2 activation method. Ma et al. (2019) made a porous carbon material synthesized from C. oleifera shells via K2CO3 impregnation and pyrolysis, and this material has excellent electrochemical properties when it is used as the anode of Li-ion batteries. Porous carbon with a three-dimensional porous architecture, large surface area, and electrochemical-active oxygen functionalities has been prepared using the microwave-assisted carbonization/activation method (Liang et al., 2018).
CONCLUSION AND PROSPECTS
In this review, recent research on C. oleifera was summarized, including physiological and ecological research on C. oleifera trees, as well as research on the quality and function of camellia oil and the various uses of camellia by-products. The camellia industry has a long industrial chain, and the results of recent research have promoted the development of the entire industrial chain.
C. oleifera oil is a high-end edible oil with high medicinal value. The unsaturated fatty acid content of C. oleifera oil is greater than 80%. The oil can be used as a nutritional supplement and can also be further refined into an advanced skin care product. Camellia oil can aid weight loss and reduce the risk of cardiovascular and cerebrovascular diseases.
Camellia seed cake has high medicinal value and can be used to develop several products. The seed cake contains a large number of tea polyphenols and saponins, which show anti-melanin, hypoglycemic, antibacterial, and insecticidal activity.
Camellia shells can be used to prepare high-quality activated carbon and electrodes. The shell activated carbon is a porous carbon material generated through the carbonization and activation process that is widely used in decolourization and water purification. The shell is a residue produced during the production process and is not effectively utilized; making full use of this waste to prepare high value-added products should thus be a major focus of future research.
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Plant virus diseases, also known as “plant cancers”, cause serious harm to the agriculture of the world and huge economic losses every year. Antiviral agents are one of the most effective ways to control plant virus diseases. Ningnanmycin is currently the most successful anti-plant virus agent, but its field control effect is not ideal due to its instability. In recent years, great progress has been made in the research and development of antiviral agents, the mainstream research direction is to obtain antiviral agents or lead compounds based on structural modification of natural products. However, no antiviral agent has been able to completely inhibit plant viruses. Therefore, the development of highly effective antiviral agents still faces enormous challenges. Therefore, we reviewed the recent research progress of anti-plant virus agents based on natural products in the past decade, and discussed their structure-activity relationship (SAR) and mechanism of action. It is hoped that this review can provide new inspiration for the discovery and mechanism of action of novel antiviral agents.
Keywords: plant virus, natural products, antiviral agents, SAR, mechanism
1 INTRODUCTION
Plant viruses are a serious threat to the safe production of world agriculture, causing global economic losses as high as $60 billion every year (Bos, 2000; Barna et al., 2003; Zhao et al., 2017a). Tobacco mosaic virus (TMV), tomato spotted wilt virus (TSWV), tomato yellow leaf curl virus (TYLCV), cucumber mosaic virus (CMV), potato virus Y (PVY) are the top five most important plant viruses of the world according to science/economic importance (Scholthof et al., 2011). TMV is one of the oldest known plant viruses and ranks first among the top 10 plant viruses, causing economic losses in excess of $100 million per year. The host range of TMV exceeds 400 species, and TMV may alter the metabolism and impair the defense system of hosts (Silverman et al., 2005; Scholthof et al., 2011; Sharma et al., 2021). After the plant virus invades the host, the substances required for the life process are completely dependent on the host, and its replication may be combined with the metabolism of the host, making it difficult to prevent and control the viral diseases (Rodrigues et al., 2016; Wang D. et al., 2021). There is no antiviral agent that can completely inhibit plant viruses, and the development of high-efficiency antiviral agents still faces huge challenges (Gan et al., 2021).
Natural products have long been regarded as a source of inspiration for drug design, providing many unknown chemical scaffolds and pharmacophores (Eschenbrenner-Lux et al., 2014). In addition, natural products readily interact with biological targets, thereby exhibiting specific biological activities (Lowe, 2014; Bauer and Brӧnstrup, 2014). Identifying natural product structure and studying biological activity are of great significance for drug discovery (Chen and Song, 2021; Della-Felice et al., 2022). The discovery of anti-plant virus agents based on natural products is an important research direction in the prevention and control of plant virus diseases and has always attracted much attention (Eckert et al., 2003; Carli et al., 2012; Katayama et al., 2013; Wang et al., 2015). Ningnamycin (Figure 1A), isolated from Strepcomces noursei var xichangensisn for the first time, has broad-spectrum and excellent antiviral activity and is currently the most successful antiviral agent, playing a huge role in the control of plant virus diseases (Han et al., 2014). Ningnanmycin promotes the accumulation of pathogen-related proteins (PRs), a marker of systemic acquired resistance (SAR), by inhibiting the polymerization process of TMV coat protein (TMV-CP) (Han et al., 2014). In addition, ningnamycin can activate redox and metabolic processes in CMV-infected tobacco (Gao et al., 2019).
[image: Figure 1]FIGURE 1 | Chemical structures of commercialized (A) or under development antiviral agents (B).
In recent years, great progress has been made in the research and development of anti-plant virus agents (Carli et al., 2010; Li and Song, 2017; Park et al., 2021). The discovery of some new antiviral agents based on natural products (Figure 1B) not only reflects the important role of natural products in the discovery of antiviral agents, but also provides great help for the control of plant viruses. Special natural molecular scaffolds can serve as bridges for the derivatization of antiviral agents (Jassbi et al., 2017; Chen J. et al., 2020), which can provide innovative solutions for the discovery of novel antiviral agents. We wish to analyze the research progress of chemical antiviral agents based on natural scaffold. However, most of these references come from China in recent 10 years. From the perspective of natural products, we reviewed the latest research progress of anti-plant virus chemical active compounds in recent years and discussed their anti-viral activity, structure-activity relationship and mechanism of action, aiming to provide new insights for the discovery of new anti-viral agents.
2 ANTIVIRAL ACTIVE COMPOUNDS
2.1 Acids
2.2.1 Fatty Acids or Carboxylic Acids
Some natural fatty acids or carboxylic acids have good anti-plant virus activity (Katayama et al., 2013; Deshoux et al., 2020). For example, compound 1 (Figure 2), isolated from cottonseed sludge was able to increase the phenylalanine ammonia lyase (PAL) and peroxidase (POD) activities of tobacco, as well as the expression levels of PR-1a and PR-5 genes. Its anti-plant virus activity may be related to the expression and activation of various defense-related genes in tobacco (Zhao et al., 2017b). Compound 2, a derivative of the marine natural product essramycin, exhibited 62, 64, and 68% of TMV inactivating, curative, and protective activities at 500 mg/L, respectively. Compound 2 showed antiviral activity by inhibiting viral assembly and promoting aggregation of 20S disk proteins (Wang T. et al., 2020).
[image: Figure 2]FIGURE 2 | Structures of representative fatty acids or carboxylic acids in antiviral activities.
2.2.2 Ferulic Acid Derivatives
Ferulic acid is widely found in plants, and its derivatives have broad-spectrum biological activities (Sonar et al., 2019; Boulebd et al., 2022). Ferulic acid derivatives have good performance in antiviral activity. For example, compound 3 (Figure 3) has EC50 values of 135.5 and 178.6 mg/L for TMV and CMV. Compound 3 can significantly alter the levels of tobacco gene transcription and protein expression, and enhance the defense response of tobacco by inducing the accumulation of secondary metabolites in the biosynthetic pathway of tobacco phenylpropanoid, thereby inhibiting virus infection (Gan et al., 2021). At a concentration of 500 mg/L, the curative, protective and inactivating activities of compound 4 against TMV were 62.5, 61.8 and 83.5%, respectively. Compound 4 is not only able to cause the breaking and bending of TMV, but also has a strong binding force on TMV-CP (Wang Y. et al., 2020). The EC50 values for the curative and protective activity of compound 5 against CMV were 284.67 and 216.30 mg/L, respectively (Lan et al., 2017). The EC50 value of compound 6 for TMV inactivating activity was 36.59 mg/L (Wang et al., 2017). The derivatization of ferulic acid is mainly phenolic hydroxyl and carboxyl moieties. In the phenolic hydroxyl part, benzyl, alkyl, and carbonyl groups are mainly introduced for derivatization, and in the carboxyl part, new ferulic acid derivatives are synthesized mainly through esterification, amidation and acylhydrazone.
[image: Figure 3]FIGURE 3 | Structures of representative ferulic acid derivatives in antiviral activities.
2.2 Ketones
2.2.1 Chalcone Derivatives
Chalcone derivatives showed good antiviral activity (Sinha, et al., 2019). For example, compound 7 (Figure 4) showed 55.6, 71.2 and 92.4% of curative, protective, and inactivating activities against TMV, respectively. Compound 7 induced plant tolerance to mosaic virus by enhancing tobacco defense enzyme activity, chlorophyll content, and photosynthesis (Gan et al., 2017a). Compounds 8 and 9 not only have good passivation activities (EC50, 51.65 and 30.57 mg/L) for TMV, but also have a strong binding ability to TMV-CP (Gan et al., 2017b; Zhou et al., 2018). Compound 10 has good curative and protective activities against TMV (57.6 and 59.9%), which may trigger the breakdown of TMV by directly interacting with TMV, while also inducing plant resistance (Zhou et al., 2021). The derivatization direction of chalcone is mainly two benzene rings. The benzene ring connected to the carbonyl group mainly introduces halogen, alkoxy, alkyl, and aryl ether, while the benzene ring connected to the double bond mainly introduces halogen, alkoxy, benzyl, aryl ether and ester groups.
[image: Figure 4]FIGURE 4 | Structures of representative chalcone derivatives in antiviral activities.
2.2.2 Pentadienone Derivatives
There have been many reports on the antiviral activity of pentadienone derivatives. For example, compound 11 (Figure 5) has an EC50 value of 52.9 mg/L for TMV inactivation activity and has a micromolar affinity for TMV-CP (Chen et al., 2015). At 500 mg/L, the in vivo curative activity of compound 12 against TMV and CMV was 48.2 and 59.84%, respectively, and the inactivation activity was 82.6 and 89.8%, respectively (Han et al., 2015). The EC50 values of the protective activity against TMV and the curative activity against CMV of compound 13 were 124.3 and 365.5 mg/L, respectively (Long et al., 2015). At a concentration of 500 mg/L, the curative and protective activities of compound 14 against TMV were 52.6 and 55.4%, respectively (Wu et al., 2016). Compound 15 has a strong binding affinity to CMV-CP with a dissociation constant of 0.071 μΜ (Li et al., 2019). The EC50 value of compound 16 for TMV curative activity was 132.2 mg/L (Ma et al., 2014). The EC50 values of compound 17 for the curative, protective and inactivating of TMV were 441.3, 364.6, 243.3 mg/L, and the EC50 values for the curative, protective and inactivating activity of CMV were 533.6, 490.7 and 471.6 mg/L, respectively (Luo et al., 2013). The backbone structure of 1,4-pentadien-3-one was obtained by curcumin derivatization. The modification of the 1,4-pentadien-3-one structure is mainly at the terminal positions of the two olefinic bonds. If one of the positions is a benzene ring, halogen, alkoxy, benzyl, and ester groups are mainly introduced into the benzene ring. And another position can be benzene ring, thiophene, furan, and pyridine ring, and mainly halogen is introduced in the ring.
[image: Figure 5]FIGURE 5 | Structures of representative pentadienone derivatives in antiviral activities.
2.2.3 Quinazolinone Derivatives
Quinazolinone is the backbone structure of many alkaloids, and its derivatives have good anti-plant virus activity. For example, compound 18 (Figure 6) not only exhibited good curative activity against CMV (EC50, 146.30 mg/L), but also had micromolar binding to CMV-CP (Chen L. et al., 2016). Compounds 19 and 20 have a strong binding ability to tomato chlorosis virus coat protein (ToCV-CP), and the relative expression of ToCV-CP gene in tomato was decreased by 93.3 and 81.0%, respectively (Ran et al., 2020; Zu et al., 2020). Compound 21 not only has good inactivating activity against TSWV (EC50, 188 mg/L), but also has a strong binding force to TSWV coat protein (Liu et al., 2021). At 500 mg/L, the inactivating, curative and protective activities of compound 22 against TMV were 51, 43 and 54%, respectively. In addition, compound 22 may show excellent antiviral activity by preventing viral assembly (Hao et al., 2020). Halogen, CF3, and alkyl are mainly introduced into the benzene ring of quinazolinone. The two- and 3-positions of quinazoline are mainly introduced into thioether, ether and benzene rings, while between the two- and 3-positions, new heterocycles can be obtained by cyclization.
[image: Figure 6]FIGURE 6 | Structures of representative quinazolinone derivatives in antiviral activities.
2.2.4 Chromone Derivatives
Chromones, which are widely present in plants, have good antiviral activity. For example, compound 23 (Figure 7A) not only has good binding ability to ToCV-CP, but also reduces the relative expression of ToCV-CP gene by 67.2% (Jiang et al., 2021). The curative and protective EC50 values of compound 24 against TSWV were 124.2 and 109.3 gm/L, respectively. It may exert antiviral activity by blocking the binding of TSWV N to viral RNA (Zan et al., 2021). At a concentration of 500 mg/L, compound 25 exhibited good curative, protective and inactivating activities against TMV, which were 68.8, 58.8, and 86.0%, respectively. It may exert antiviral activity by disrupting the phenotype and integrity of TMV (Li et al., 2020). Halogen, CF3, alkyl and benzyl are mainly introduced into the benzene ring of chromone. The second-flow acetal was mainly introduced at the 3-position of the chromone, and the oxygen-containing flexible chain and the olefinic bond were derivatized.
[image: Figure 7]FIGURE 7 | Structures of representative chromone derivatives in antiviral activities (A). Discovery of novel antiviral agents xiangcaoliusuobingmi and fubianliusuoyoumi (B).
2.3 Vanillin Derivatives
Vanillin is a natural fragrance with a strong aroma and is widely used in the production of cosmetics and fragrances (Libardi et al., 2011; Kayaci and Uyar, 2011). For example, the discovery of novel antiviral agents xiangcaoliusuobingmi and fubianliusuoyoumi (Figure 7B) benefits from this. The EC50 values of xiangcaoliusuobingmi for the curative and protective activities against PVY were 217.6 and 205.7 mg/L, respectively, and the EC50 values for the curative and protective activities against CMV were 206.3 and 186.2 mg/L, respectively (Zhang et al., 2017). In addition, it can regulate the expression of defense genes and increase the activity of defense enzymes to exert antiviral activity (Shi et al., 2018).
The EC50 for the curative, protective and inactivating activities of compound 26 (Figure 8) against TMV were 329.5, 269.2 and 48.1 mg/L (Yang Y. et al., 2020). The curative, protective and inactivating activities of compound 27 against TMV were 50.9, 58.9 and 81.8%, respectively. Compound 27 can not only destroy the morphology of TMV particles, but also has a strong binding effect with TMV-CP (Wang et al., 2019). At 500 mg/L, compound 28 exhibited 51.8 and 90.1% of the curative and inactivating activities against TMV, respectively, and it was able to hinder the self-assembly of TMV (Luo et al., 2020). Compound 29 inhibited ToCV infection in the host and decreased the expression level of ToCV-mCP gene (Yang H. et al., 2020). Compound 30 has good curative and protective activities against PVY, CMV and TMV, and can improve the resistance of tobacco to viruses (Chen et al., 2018).
[image: Figure 8]FIGURE 8 | Structures of representative vanillin derivatives in antiviral activities.
The curative, protective and inactivating activities of compound 31 against TMV were 62.1, 54.5 and 94.2%, respectively, and it could disrupt the structure of TMV particles, thereby inhibiting virus infection (Zhao et al., 2020a; Zan et al., 2020). The modification sites of vanillin are mainly hydroxyl and aldehyde groups, and benzyl, alkoxy, imino, heterocyclic and carbonyl groups are mainly introduced into the hydroxyl part, while the aldehyde groups are mainly changed to dithioacetal and carbonyl. Among them, the antiviral activity was significantly improved after the aldehyde group was changed to dithioacetal, and the chain length and substituent of the acetal also significantly affected the antiviral activity of the compounds.
2.4 Indole Derivatives
Indole is the core backbone structure of many alkaloids and is widely used in the discovery of pesticides (Çokuğraş and Bodur, 2013; Ji et al., 2016; Rajasekharan et al., 2020; Dong et al., 2020). The inactivating, curative and protective activities of compound 33 against TMV were 54, 50, and 53%, respectively, and it may exert antiviral activity by preventing the movement of the virus in plants (Figure 9) (Guo et al., 2019). Compound 35 may show good anti-TMV activity by inhibiting the assembly of viral particles and the aggregation of 20S CP (Kang et al., 2020). The antiviral activity of compound 39 against TMV, CMV, and PVY was associated with an increase in chlorophyll content and defense-related enzyme activity (Wei et al., 2019). Antiviral activity of other representative indole derivatives is shown in Table 1. Halogen, alkyl and CF3 are mainly introduced into the benzene ring of indole. Benzyl, alkyl and sulfonyl groups are mainly introduced on the N atom. At the 3-position, heterocycle, benzene ring, dithioacetal, carbonyl and alkyl are mainly introduced for derivatization.
[image: Figure 9]FIGURE 9 | Structures of representative indole derivatives in antiviral activities (I).
TABLE 1 | Antiviral activity of other representative indole derivatives.
[image: Table 1]The inactivating, curative, and protective activities of the marine natural product debromohamacanthin A (Figure 10A) against TMV were 53, 51 and 56%, respectively. The inactivating, curative, and protective activities of its derivative 41 against TMV were 60, 59, and 63%, respectively, and the antiviral activity of the compound was improved through structural optimization (Wang T. et al., 2021). In addition, compound 41 can bind to TMV-CP and interfere with the assembly process of TMV-CP and RNA, thus showing antiviral resistance. The inactivating, curative, and protective activities of compound 42 (Figure 10B) against TMV were 51.2, 49.0, and 53.6%, respectively (Wang et al., 2022). The functional groups containing CF2, indole or cyano favored the antiviral activity of 3,3-helix cyclic indole derivatives. At 500 mg/L, the curative, protective, and inactivating activities of compound 43 against TMV were 47, 50, and 51%, respectively (Chen L. et al., 2020). At 500 mg/L, the inactivating, curative, and protective activities of compound 44 were 58, 55.2, and 49.7%, respectively (Chen M. et al., 2016).
[image: Figure 10]FIGURE 10 | Structures of representative of debromohamacanthin A derivatives in antiviral activities (A). Structures of representative of indole spirocycles derivatives in antiviral activities (B).
A novel antiviral agent, chloroinconazide (Figure 11A), was discovered based on the natural product harmine. Its inactivating, curative, and protective activities at 500 mg/L against TMV were 70.4, 71.5, and 64.2%, respectively (Liu et al., 2014). Chloroinconazide can also activate reactive oxygen species and antioxidant levels, induce an increase in salicylic acid content and the expression of its response gene PR2 (Lv et al., 2021). Furthermore, it can attenuate the virulence of TMV by directly changing the morphological structure of the virion and increasing the activity of antioxidant enzymes, thereby reducing the production of TMV-induced reactive oxygen species (ROS) during plant infection (Lv et al., 2020).
[image: Figure 11]FIGURE 11 | Discovery of a novel antiviral agent chloroinconazide (A). Structures of representative indole derivatives in antiviral activities (B).
At 500 mg/L, the inactivating, curative, and protective activities of compound 46 (Figure 11B) against TMV were 50.4, 43.9, and 47.9% (Song H. et al., 2014). The in vitro antiviral activity of compound 47 against TMV was 48.2% (Song H.-j. et al., 2014). The anti-TMV inactivating, curative, and protective activities of compound 48 were 59, 63 and 60% at 500 mg/L, respectively (Huang et al., 2018). Compound 49 showed excellent inactivating, curative, and protective activities against TMV with EC50 values of 127, 156, and 108 mg/L, respectively (Wang and Song, 2020c). Compound 50 not only retarded TMV proliferation, but also had a concentration-dependent effect on tobacco growth and biomass accumulation (Zhang X. et al., 2021). The inactivating, curative, and protective activities of compound 51 against TMV were 49, 50 and 52%, respectively (Xie et al., 2020).
2.5 Tylophorine Derivatives
Tylophorine has good antiviral activity, and there have been many reports on the antiviral activity of its derivatives (Figure 12) (Wang et al., 2010a). For example, the inactivating, curative, and protective activities of compound 52 against TMV were 78.1, 80.1 and 88.4%, respectively. The planarity of the molecule and the rigidity of the D-ring also have a strong effect on the activity, suggesting that the three-dimensional conformation is also very important for enhanced biological activity (Su et al., 2016). At 500 mg/L, the inactivating, curative, and protective activities of compound 53 against TMV were 67.7, 65.3, and 65.9%, respectively, and its EC50 value was 296 mg/L (Yan et al., 2021). The inactivating, curative and protective activities of compound 54 against TMV were 75.3, 76.2 and 68.4% at 500 mg/L, respectively. The methoxy group on the phenanthrene unit significantly affects the antiviral activity of the compounds (Su et al., 2014a). Antiviral activity of other representative tylophorine analogues is shown in Table 2.
[image: Figure 12]FIGURE 12 | Structures of representative tylophorine analogues in antiviral activities.
TABLE 2 | Antiviral activity of other representative tylophorine analogues.
[image: Table 2]2.6 Purine Nucleoside Derivatives
Purine nucleosides have excellent antiviral activity, and the curative and protective activities of its derivative 68 (Figure 13) against PVY and CMV were 52.5, 60.0, 60.2%, respectively. The excellent antiviral activity of compound 68 is related to its immune-inducing effect, which can regulate the activities of defense-related enzymes, defense-related genes, and photosynthesis-related proteins in plants (He et al., 2019). The EC50 values of the protective activity of compound 69 against CMV and PVY were 137 and 209 mg/L, respectively. The EC50 value of compound 69 for the inactivating activity of TMV was 48 mg/L. Compound 69 may further damage the viral structure TMV virus by binding to the coat protein of the virus, thus weakening its infectivity and infectivity (Zhang J. et al., 2021).
[image: Figure 13]FIGURE 13 | Structures of representative purine nucleoside derivatives in antiviral activities.
2.7 Esters or Lactones Derivatives
Esters or lactones have made great progress in the study of antiviral activity, which has attracted the attention of researchers (Olivon et al., 2015; Eriksson et al., 2008; Hellwig et al., 2003). At 500 mg/L, the inactivating, curative, and protective activities of compound 70 (Figure 14) were 52, 57, and 56%, respectively (Lu et al., 2014). The curative activity of compound 71 against TMV was 62.86% at 100 mg/L, and it could inhibit TMV infection by interfering with the expression of TMV-CP (Zhao et al., 2017c). Compound 72 inhibits the expression of tobacco TMV-CP with an IC50 value of 5.56 μM (Tan et al., 2018; Yan et al., 2010). Compound 73 has obvious inhibitory activity against TMV infection and replication with IC50 of 13.98 and 7.13 mg/L, respectively (Shen et al., 2008). Compound 74 inhibited gene expression of TSWV by more than 85%. Compound 74 activates the JA pathway, promotes PAL activity, induces systemic resistance, inhibits gene expression of TSWV, and defends against TSWV infection (Zhao et al., 2020b). Antiviral activity of other representative ester or lactone derivatives are shown in Table 3.
[image: Figure 14]FIGURE 14 | Structures of representative ester or lactide derivatives in antiviral activities.
TABLE 3 | Antiviral activity of other representative ester or lactone derivatives.
[image: Table 3]2.8 Berberine Analogs
The protective activity of berberine (Figure 15) against TMV was 62.8%. Berberine induces an immune response to TMV in tobacco and associated with systemic resistance through activation of salicylic acid signaling (Guo et al., 2020). At 500 mg/L, chelerythrine had obvious inactivation, proliferation inhibition, and protection effects on TMV, and the inhibition ratio were 72.67, 77.52, and 59.34%, respectively. (Guo et al., 2021).
[image: Figure 15]FIGURE 15 | Structures of representative berberine analogs in antiviral activities.
3 CONCLUSION
In recent years, great progress has been made in the research and development of antiviral agents. The discovery of some new antiviral agents has provided more options for the prevention and control of plant virus diseases. These new antiviral agents are expected to become pillar products in the future. These novel antiviral agents are obtained by structural modification of natural products as lead compounds. In the past 10 years, some important natural products or backbone structures based on natural products in the research and development of anti-plant virus agents are mainly acids (fatty acids, carboxylic acids, and ferulic acids), ketones (chalcones, pentadienones, quinazolinones, and chromones), vanilloids, indoles, silmenines, purine nucleosides, esters or lactones, and berberine analogs. Among them, the derivatives based on vanillin and indole show great application prospects. For example, xiangcaoliusuobingmi and fubianliusuoyoumi are novel antiviral agents based on vanillin, and chloroinconazide is a novel antiviral agent based on indole. Currently, the discovery methods of anti-plant viral agents mainly include natural product isolation, natural product-based structural modification, protein-based structural design, and computational-based structural optimization. The research on the mechanism of action of antiviral agents mainly focuses on the relationship between drugs and RNA, proteins, and pathways, and the in-depth mechanism of action in living host plants needs to be further explored. The design of new scaffolds and lead compounds inspired by natural products has played an important role in the development of antiviral agents and has been demonstrated in practice. With the continuous discovery of new natural products, more anti-plant virus agents based on natural products will be discovered and applied in the future.
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The crop loss caused by bacteria has increased year by year due to the lack of effective control agents. In order to develop efficient, broad-spectrum, and structurally simple agricultural bactericide, the structure of piperonylic acid was modified and a series of novel piperonylic acid derivatives containing a sulfonic acid ester moiety was synthesized. Bioassay results indicated the compounds exhibited significantly antibacterial activities. Among them, compound 41 exhibited excellent antibacterial activities against Pseudomonas syringae pv. Actinidiae (Psa), with inhibitory value 99 and 85% at 100 μg/ml and 50 μg/ml, respectively, which was higher than that of thiodiazole-copper (84 and 77%) and bismerthiazol (96 and 78%). In addition, some compounds also showed moderate insecticidal activity against Spodoptera frugiperda. The abovementioned results confirm the broadening of the application of piperonylic acid, with reliable support for the development of novel agrochemical bactericide.
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1 INTRODUCTION
Crop diseases caused by bacteria are considered as the second largest disease in agriculture, second only to fungal diseases, and cause major agricultural losses every year (Abdullahiab et al., 2020; Wang et al., 2021). Although there are some agents widely used to control bacterial diseases, such as bismerthiazol, streptomycin, and copper compounds (Chen M. H. et al., 2021), due to long-term and large-scale use for many years, it not only caused resistance in bacteria but also caused serious environmental problems. Pests were also an important culprit in reducing crop yields. In addition to fed directly on crops, pests also transmitted many viruses and bacteria during migration and feeding. Therefore, it was very necessary to develop an efficient and broad-spectrum agricultural bactericide (Wang et al., 2022).
Due to its characteristics of unique mechanism of action, novel scaffolds, and easy derivation, the natural products have always been a valuable source for lead compounds discovery in agricultural chemistry. Piperonylic acid is an aromatic acid mainly found in black pepper (Moreira et al., 2021). Lots of research results revealed members of the piperonylic acid family had a range of biological activities and were further developed into a commercial drug and widely used in the field of medicine, such as oxolinic acid (Yamazawa et al., 2021; Boycov et al., 2022; Quan et al., 2022), kakuol (Jang et al., 2020; Matsumoto et al., 2020; Sui et al., 2020), and miloxacin (Horie and Nakazawa, 1992; Ueno and Aoki, 1996; Ueno et al., 2001). In addition, piperonylic acid derivatives also showed good activity against bacteria (Umadevi et al., 2013). Sulfonic acid groups are widely used in the field of medicine mainly in the form of sulfonate derivatives. Such as apatinib mesylate (Guo Q. et al., 2020; Chen M. et al., 2021; Kou et al., 2021; Zheng et al., 2021), donafenib tosylate (Wang et al., 2017), and dabrafenib mesylate (Carlos et al., 2015; Liu et al., 2019; Rai et al., 2020) that have been widely used to treat cancer, gemifloxacin mesylate for antibacterial (Chai et al., 2019), and pradefovir mesylate for antiviral (Tuerkova and Zdrazil, 2020). However, many research results revealed that sulfonic acid ester derivatives also had very extensive and excellent biological activities, especially the antibacterial activity was impressive. Guo et al. (2019) and Guo T. et al. (2020) had reported that by splicing a sulfonic acid ester moiety into the backbone of 1,4-pentadien-3-one and chalcone, respectively, the two series of derivatives obtained showed excellent inhibitory activities against bacteria such as Xanthomonas axonopodis pv. citri (Xac), Ralstonia solanacearum (Rs), and Xanthomonas oryzae pv. oryzae (Xoo). Inspired by the results of these studies, the present work aims to incorporate a sulfonic acid ester moiety into the piperonylic acid backbone to synthesize a series of novel derivatives, and further evaluate their antibacterial and insecticidal activity, and hope to obtain piperonylic acid derivatives with good antibacterial activities.
2 EXPERIMENTAL
2.1 Chemistry
All starting materials and reagents were commercially available and used without further purification, except as indicated. The 1H NMR and 13C NMR spectra were recorded on a Bruker DPX 400 MHz (Bruker BioSpin GmbH, Rheinstetten, Germany) NMR spectrometer with CDCl3 as the solvent. The following abbreviations were used to explain the multiplicities: s, singlet; d, doublet; t, triplet; m, multiplet; and br, broadened. The melting points were determined on a WRX-4 microscope melting point apparatus (YiCe Apparatus & Equipment co., LTD, Shanghai, China). High-resolution mass spectrometry (HRMS) was conducted using a Thermo Scientific Q Exactive (Thermo Fisher Scientific, Massachusetts, America). The X-ray crystallographic data were determined on a D8 Quest X-ray diffractometer (Bruker BioSpin GmbH, Rheinstetten, German).
2.1.1 General Procedures for Preparing Compounds
The synthetic route for the final compounds 4a–4x were depicted in Scheme 1. Intermediates 1–2 were synthesized according to a previously reported method (Dam and Madsen, 2009; Zazeri et al., 2020). Intermediate 3 was prepared according to literature method (Joseph et al., 2019). Target compounds 4a–4x were synthesized by condensation of different sulfonyl chloride which contained different substituent group and intermediate 3 at room temperature condition. Intermediate 2 equivalent of triethylamine was added to the system as a catalyst to neutralize the HCl generated by the reaction so that the reaction can proceed smoothly. After approximately about 4 h, the solvent was removed, and the residue was purified by flash chromatography on silica gel with petroleum n-hexane/ethyl acetate (volume ratio 5:1) to obtain the pure product.
[image: Scheme 1]SCHEME 1 | The synthetic route of title compounds 4a-4x.
2.1.1.1 N-(2-((4-fluorophenyl)sulfonyl)phenyl)benzo[d][1,3]dioxole-5-carboxamide (4a)
Light yellow powder, yield 82%. m.p 133.4–134.7°C. 1H NMR (400 MHz, CDCl3) δ 8.32 (dd, J = 8.3, 1.6 Hz, 1H, Ph-H), 8.26 (s, 1H, -NH-), 7.87 (dd, J = 9.0, 4.9 Hz, 2H, Ph-H), 7.40 (dd, J = 8.1, 1.9 Hz, 1H, Ph-H), 7.36–7.29 (m, 2H, Ph-H), 7.21–7.10 (m, 2H, Ph-H), 7.06–7.02 (m, 1.6 Hz, 1H, Ph-H), 6.94–6.87 (m, 2H, Ph-H), 6.09 (s, 2H, -OCH2O-). 13C NMR (100 MHz, CDCl3) δ 164.4, 151.0, 148.3, 139.2, 131.5, 131.4, 128.2, 124.5, 123.3, 122.9, 122.0, 117.1, 116.8, 108.3, 107.7, 102.0. HRMS (ESI): calculated for C20H14FNO6S [M + Na]+: 438.0526, found: 438.0418.
2.1.1.2 2-(Benzo[d][1,3]dioxole-5-carboxamido)phenyl Phenyl Methanesulfonate (4b)
Light yellow powder, yield 80%. m.p 127.5–128.5°C. 1H NMR (400 MHz, CDCl3) δ 7.48 (dd, J = 7.8, 1.8 Hz, 1H, -NH-), 7.29 (s, 2H, Ph-H), 7.13–7.01 (m, 6H, Ph-H), 6.95 (dd, J = 8.2, 1.5 Hz, 1H, Ph-H), 6.83 (d, J = 8.7 Hz, 1H, Ph-H), 6.07 (s, 2H, -OCH2O-), 4.65 (s, 2H, -CH2-PH). 13C NMR (100 MHz, CDCl3) δ 164.6, 150.8, 148.1, 138.0, 131.8, 130.9, 129.6, 129.2, 128.4, 128.2, 126.8, 124.6, 123.3, 123.0, 122.1, 108.2, 107.8, 101.8, 57.8. HRMS (ESI): calculated for C21H17NO6S [M + Na]+: 434.0777, found: 434.0667.
2.1.1.3 2-(Benzo[d][1,3]dioxole-5-carboxamido)phenyl 2,5-Dichlorobenzenesulfonate (4c)
Light yellow powder, yield 83%. m.p 149.7–152.7°C. 1H NMR (400 MHz, CDCl3) δ 8.67 (s, 1H, -NH-), 8.30–7.76 (m, 2H, Ph-H), 7.69–7.33 (m, 2H, Ph-H, Ph-H), 7.21–6.74 (m, 6H, Ph-H), 6.08 (s, 2H, -OCH2O-). 13C NMR (100 MHz, CDCl3) δ 166.4 151.3, 148.8, 127.2, 125.7, 122.4, 122.3, 120.6, 119.8, 108.3, 107.9, 102.1. HRMS (ESI): calculated for C20H13Cl2NO6S [M + Na]+: 487.9732, found: 487.9705.
2.1.1.4 2-(Benzo[d][1,3]dioxole-5-carboxamido)phenyl 2-Bromobenzenesulfonate (4d)
Light yellow powder, yield 85%. m.p 130.5–132.5°C. 1H NMR (400 MHz, CDCl3) δ 8.58 (s, 1H, -NH-), 8.37 (dd, J = 8.3, 1.6 Hz, 1H, Ph-H), 8.11–8.04 (m, 1H, Ph-H), 7.78 (d, J = 7.5 Hz, 1H, Ph-H), 7.56–7.46 (m, 3H, Ph-H), 7.41 (d, J = 1.8 Hz, 1H, Ph-H), 7.31–7.29 (m, 1H, Ph-H), 7.16–6.98 (m, 2H, Ph-H), 6.90 (d, J = 8.1 Hz, 1H, Ph-H), 6.08 (s, 2H, -OCH2O-). 13C NMR (100 MHz, CDCl3) δ 164.7, 151.0, 148.2, 138.8, 135.9, 135.6, 132.6, 128.2, 128.0, 124.5, 123.3, 122.8, 122.3, 121.3, 108.2, 108.0, 101.9. HRMS (ESI): calculated for C20H14BrNO6S [M + Na]+: 497.9617, found: 497.9614.
2.1.1.5 2-(Benzo[d][1,3]dioxole-5-carboxamido)phenyl 3,5-Difluorobenzenesulfonate (4e)
Light yellow powder, yield 81.5%. m.p 152.7–153.8°C. 1H NMR (400 MHz, CDCl3) δ 8.32 (dd, J = 8.3, 1.6 Hz, 1H, Ph-H), 8.17 (s, 1H, -NH-), 7.46–7.31 (m, 5H, Ph-H), 7.17–6.82 (m, 4H, Ph-H), 6.09 (s, 2H, -OCH2O-). 13C NMR (100 MHz, CDCl3) δ 164.4, 161.6, 151.1, 148.4, 139.1, 131.2, 128.5, 128.1, 124.8, 123.6, 122.6, 121.9, 112.3, 112.0, 110.6, 108.3, 107.7, 102.0. HRMS (ESI): calculated for C20H13F2NO6S [M + Na]+: 456.0324, found: 456.0319.
2.1.1.6 2-(Benzo[d][1,3]dioxole-5-carboxamido)phenyl 4-Methoxybenzenesulfonate (4f)
Light yellow powder, yield 89%. m.p 94.3–95.2°C. 1H NMR (400 MHz, CDCl3) δ 8.34 (s, 1H, -NH-), 8.32 (d, J = 2.0 Hz, 1H, Ph-H), 7.75 (d, J = 9.0 Hz, 2H, Ph-H), 7.39 (dd, J = 8.1, 1.9 Hz, 1H, Ph-H), 7.34–7.28 (m, 2H, Ph-H), 7.01 (dd, J = 7.5, 1.6 Hz, 1H, Ph-H), 6.95–6.87 (m, 4H, Ph-H), 6.08 (s, 2H, -OCH2O-), 3.86 (s, 3H, -OCH3). 13C NMR (100 MHz, CDCl3) δ 164.6, 164.4, 150.9, 139.3, 130.8, 127.9, 125.7, 124.4, 123.1, 122.9, 122.0, 114.7, 108.2, 107.8, 101.9, 55.8. HRMS (ESI): calculated for C21H17NO7S [M + Na]+: 450.0618, found: 450.0619.
2.1.1.7 2-(Benzo[d][1,3]dioxole-5-carboxamido)phenyl 2-Chlorobenzenesulfonate (4g)
Light yellow powder, yield 88%. m.p 101.8–103.6°C. 1H NMR (400 MHz, CDCl3) δ 8.53 (s, 1H, -NH-), 8.40 (dd, J = 8.3, 1.6 Hz, 1H, Ph-H), 7.93–7.90 (m, 1H, Ph-H), 7.73–7.67 (m, 1H, Ph-H), 7.49 (dd, J = 8.1, 1.9 Hz, 1H, Ph-H), 7.42 (d, J = 1.8 Hz, 1H, Ph-H), 7.36–7.29 (m, 2H, Ph-H), 7.24–7.16 (m, 1H, Ph-H), 7.09–7.05 (m, 1H, Ph-H), 6.91 (d, J = 8.2 Hz, 1H, Ph-H), 6.08 (s, 2H, -OCH2O-). 13C NMR (100 MHz, CDCl3) δ 164.6, 160.8, 158.2, 151.0, 148.2, 138.4, 137.5, 137.4, 131.5, 131.4, 128.4, 128.2, 124.8, 124.5, 123.0, 122.8, 122.2, 117.7, 117.5, 108.2, 107.9, 101.9. HRMS (ESI): calculated for C20H14ClNO6S [M + Na]+: 454.0210, found: 424.0146.
2.1.1.8 2-(Benzo[d][1,3]dioxole-5-carboxamido)phenyl Naphthalene-2-sulfonate (4h)
Light yellow powder, yield 83%. m.p 145.6–147.1°C. 1H NMR (400 MHz, CDCl3) δ 8.44 (s, 1H, Ph-H), 8.32 (dd, J = 8.3, 1.4 Hz, 1H, Ph-H), 8.22 (s, 1H, -NH-), 7.90 (q, J = 8.4 Hz, 3H, Ph-H), 7.75–7.58 (m, 3H, Ph-H), 7.32–7.27 (m, 1H, Ph-H), 7.24–7.16 (m, 2H, Ph-H), 6.77 (d, J = 8.1 Hz, 1H, -OCH2O-). 13C NMR (100 MHz, CDCl3) δ 164.3, 150.8, 148.1, 139.3, 135.6, 131.8, 131.6, 131.4, 130.5, 129.9, 129.5, 128.1, 128.0, 124.4, 123.1, 123.0, 122.4, 121.7, 108.1, 107.7, 101.8. HRMS (ESI): calculated for C24H17Cl2NO6S [M + Na]+: 470.0777, found: 470.6777.
2.1.1.9 2-(Benzo[d][1,3]dioxole-5-carboxamido)phenyl 2,4,6-Trimethylbenzenesulfonate (4i)
Light yellow powder, yield 84%. m.p 130.5–131.6°C. 1H NMR (400 MHz, CDCl3) δ 8.60 (s, 1H, -NH-), 8.38 (dd, J = 8.3, 1.6 Hz, 1H, Ph-H), 7.47 (dd, J = 8.1, 1.8 Hz, 1H, Ph-H), 7.41 (d, J = 1.9 Hz, 1H, Ph-H), 7.29 (d, J = 1.4 Hz, 1H, Ph-H), 7.02–6.84 (m, 4H, Ph-H), 6.67 (dd, J = 8.2, 1.5 Hz, 1H, Ph-H), 6.07 (s, 2H, -OCH2O-), 2.56 (s, 6H, -2CH3), 2.34 (s, 3H, -CH3). 13C NMR (100 MHz, CDCl3) δ 164.6, 150.9, 148.2, 144.7, 140.7, 139.1, 132.1, 132.0, 129.8, 128.7, 127.8, 124.3, 123.2, 122.5, 122.0, 108.2, 107.9, 101.8, 22.9, 21.2. HRMS (ESI): calculated for C23H21NO6S [M + Na]+: 462.0982, found: 462.0977.
2.1.1.10 2-(Benzo[d][1,3]dioxole-5-carboxamido)phenyl 4-Chlorobenzenesulfonate (4j)
Light yellow powder, yield 85%. m.p 134.6–137.0°C. 1H NMR (400 MHz, CDCl3) δ 8.31 (dd, J = 8.3, 1.6 Hz, 1H, Ph-H), 8.19 (s, 1H, -NH-), 7.77 (d, J = 8.6 Hz, 2H, Ph-H), 7.44 (d, J = 8.6 Hz, 2H, Ph-H), 7.37 (dd, J = 8.1, 1.9 Hz, 1H, Ph-H), 7.33–7.29 (m, 2H, Ph-H), 7.13–7.02 (m, 1H, Ph-H), 6.95 (dd, J = 8.2, 1.5 Hz, 1H, Ph-H), 6.90 (d, J = 8.1 Hz, 1H, Ph-H), 6.09 (s, 2H, -2CH3). 13C NMR (100 MHz, CDCl3) δ 164.3, 151.1, 148.3, 141.8, 139.2, 133.1, 131.3, 129.9, 129.8, 128.2, 124.6, 123.3, 122.9, 121.9, 108.3, 107.7, 102.0. HRMS (ESI): calculated for C20H14ClNO6S [M + Na]+: 454.0122, found: 454.0119.
2.1.1.11 2-(Benzo[d][1,3]dioxole-5-carboxamido)phenyl 4-(Trifluoromethyl)benzenesulfonate (4k)
Light yellow powder, yield 82.3%. m.p 120.8–122.5°C. 1H NMR (400 MHz, CDCl3) δ 8.31 (dd, J = 8.3, 1.6 Hz, 1H, Ph-H), 8.17 (s, 1H, -NH-), 8.05–7.66 (m, 4H, Ph-H), 7.46–7.29 (m, 3H, Ph-H), 7.10–6.86 (m, 3H, Ph-H), 6.09 (s, 2H, -OCH2O-). 13C NMR (100 MHz, CDCl3) δ 164.2, 151.1, 148.3, 139.2, 138.3, 131.2, 129.0, 128.4, 128.1, 126.6, 126.7, 124.7, 123.6, 122.8, 121.9, 108.2, 107.7, 102.0. HRMS (ESI): calculated for C21H14F3NO6S [M + Na]+: 488.0386, found: 488.0386.
2.1.1.12 2-(Benzo[d][1,3]dioxole-5-carboxamido)phenyl Benzenesulfonate (4l)
Light yellow powder, yield 86.2%. m.p 140.0–140.9°C. 1H NMR (400 MHz, CDCl3) δ 8.34 (dd, J = 8.3, 1.6 Hz, 1H, Ph-H), 8.31 (s, 1H, -NH-), 7.86 (dd, J = 8.5, 1.3 Hz, 2H, Ph-H), 7.69–7.65 (m, 1H, Ph-H), 7.52–7.48 (m, 2H, Ph-H), 7.40–7.37 (m, 1H, Ph-H), 7.35–7.28 (m, 2H, Ph-H), 7.04–7.02 (m, 1H, Ph-H), 6.95–6.86 (m, 2H, Ph-H), 6.08 (s, 2H, -OCH2O-). 13C NMR (100 MHz, CDCl3) δ 164.4, 151.0, 148.2, 139.2, 134.9, 131.4, 129.5, 128.4, 128.0, 124.4, 123.0, 122.9, 122.0, 108.2, 107.8, 101.9. HRMS (ESI): calculated for C20H15NO6S [M + Na]+: 420.0512, found: 420.0511.
2.1.1.13 2-(Benzo[d][1,3]dioxole-5-carboxamido)phenyl 2-Fluorobenzenesulfonate (4m)
Light yellow powder, yield 80%. m.p 93.7–94.7°C. 1H NMR (400 MHz, CDCl3) δ 8.58 (s, 1H, -NH-), 8.37 (dd, J = 8.3, 1.6 Hz, 1H, Ph-H), 8.05 (dd, J = 8.0, 1.6 Hz, 1H, Ph-H), 7.62–7.54 (m, 2H, Ph-H), 7.49 (dd, J = 8.1, 1.8 Hz, 1H, Ph-H), 7.41 (d, J = 1.8 Hz, 1H, Ph-H), 7.36–7.27 (m, 2H, Ph-H), 7.14–7.02 (m, 2H, Ph-H), 6.91 (d, J = 8.1 Hz, 1H, Ph-H), 6.08 (s, 2H, Ph-H). 13C NMR (100 MHz, CDCl3) δ 164.7, 151.0, 138.7, 135.7, 132.4, 131.6, 128.2, 127.4, 124.5, 123.2, 122.8, 122.2, 108.2, 108.0, 101.9. HRMS (ESI): Calculated for C20H14FNO6S [M + K]+: 454.0163, found: 454.0120.
2.1.1.13 2-(Benzo[d][1,3]dioxole-5-carboxamido)phenyl 4-(tert-butyl) Benzenesulfonate (4n)
Light yellow powder, yield 82%. m.p 107.7–109.3°C. 1H NMR (400 MHz, CDCl3) δ 8.36 (dd, J = 8.3, 1.6 Hz, 1H, Ph-H), 8.33 (s, 1H, -NH-), 7.64 (dd, J = 111.7, 8.7 Hz, 4H, Ph-H), 7.39 (dd, J = 8.1, 1.9 Hz, 1H, Ph-H), 7.33–7.27 (m, 2H, Ph-H), 7.06–6.96 (m, 2H, Ph-H), 6.90 (d, J = 8.1 Hz, 1H, Ph-H), 6.08 (s, 2H, -OCH2O-), 1.31 (s, 9H, -CH3 × 3). 13C NMR (100 MHz, CDCl3) δ 164.2, 159.2, 150.9, 148.2, 139.2, 131.5, 128.4, 128.3, 128.0, 126.5, 124.3, 123.0, 122.8, 122.0, 108.2, 107.8, 101.9, 35.4, 30.9. HRMS (ESI): calculated for C24H23Cl2NO6S [M + Na]+: 476.1144, found: 476.1138.
2.1.1.14 2-(Benzo[d][1,3]dioxole-5-carboxamido)phenyl 4-Bromobenzenesulfonate (4o)
Light yellow powder, yield 83%. m.p 122.2–125.1°C. 1H NMR (400 MHz, CDCl3) δ 8.31 (dd, J = 8.3, 1.6 Hz, 1H, Ph-H), 8.17 (s, 1H, -NH-), 7.73–7.58 (m, 4H, Ph-H), 7.43–7.30 (m, 3H, Ph-H), 7.06 (td, J = 7.9, 1.6 Hz, 1H, Ph-H), 6.96 (dd, J = 8.2, 1.5 Hz, 1H, Ph-H), 6.90 (d, J = 8.1 Hz, 1H, Ph-H), 6.09 (s, 2H, -OCH2O-). 13C NMR (100 MHz, 7.30 (m, 3H) δ 164.3, 151.1, 148.3, 139.2, 133.6, 132.9, 131.2, 130.5, 129.8, 128.2, 124.6, 123.3, 122.9, 121.9, 108.3, 107.7, 102.0. HRMS (ESI): calculated for C20H14BrNO6S [M + Na]+: 497.9617, found: 497.9612.
2.1.1.15 2-(Benzo[d][1,3]dioxole-5-carboxamido)phenyl 2,5-Difluorobenzenesulfonate (4p)
Light yellow powder, yield 88%. m.p 109.9–121.6°C. 1H NMR (400 MHz, CDCl3) δ 8.45 (s, 1H, -NH-), 8.39 (dd, J = 8.3, 1.6 Hz, 1H, Ph-H), 7.66–7.57 (m, 1H, Ph-H), 7.48 (dd, J = 8.1, 1.9 Hz, 1H, Ph-H), 7.44–7.30 (m, 3H, Ph-H), 7.24–7.17 (m, 2H, Ph-H), 7.10 (ddd, J = 8.2, 7.4, 1.6 Hz, 1H, Ph-H), 6.92 (d, J = 8.1 Hz, 1H, Ph-H), 6.08 (s, 2H, -OCH2O-). 13C NMR (100 MHz, CDCl3) δ 164.6, 151.1, 148.3, 138.4, 131.4, 128.5, 124.6, 123.2, 122.7, 122.1, 118.2, 108.3, 107.8, 101.9. HRMS (ESI): calculated for C20H13F2NO6S [M + Na]+: 456.0323, found: 456.0322.
2.1.1.16 2-(Benzo[d][1,3]dioxole-5-carboxamido)phenyl 3-Nitrobenzenesulfonate (4q)
Light yellow powder, yield 81%. m.p 116.2–127.1°C. 1H NMR (400 MHz, CDCl3) δ 8.44 (s, 1H, -NH-), 8.24 (dd, J = 8.3, 1.6 Hz, 1H, Ph-H), 7.86 (dd, J = 7.8, 1.5 Hz, 1H, Ph-H), 7.74 (td, J = 7.7, 1.5 Hz, 1H, Ph-H), 7.66 (td, J = 7.7, 1.4 Hz, 1H, Ph-H), 7.53 (dd, J = 7.9, 1.4 Hz, 1H, Ph-H), 7.43–7.29 (m, 3H, Ph-H), 7.21 (d, J = 1.9 Hz, 1H, Ph-H), 7.15 (ddd, J = 8.3, 7.5, 1.6 Hz, 1H, Ph-H), 6.86 (d, J = 8.1 Hz, 1H, Ph-H), 6.07 (s, 2H, -OCH2O-). 13C NMR (100 MHz, CDCl3) δ 164.6, 151.0, 148.0, 138.9, 135.7, 132.5, 132.1, 131.0, 128.4, 128.2, 127.8, 124.9, 124.7, 123.6, 123.2, 122.4, 108.1, 108.0, 101.9. HRMS (ESI): calculated for C20H14Cl2N2O8S [M + Na]+: 465.0363, found: 465.0362.
2.1.1.17 2-(Benzo[d][1,3]dioxole-5-carboxamido)phenyl 3-Fluorobenzenesulfonate (4r)
Light yellow powder, yield 86.6%. m.p 160.0–162.1°C. 1H NMR (400 MHz, CDCl3) δ 8.33 (dd, J = 8.3, 1.6 Hz, 1H, Ph-H), 8.23 (s, 1H, -NH-), 7.67–7.62 (m, 1H, Ph-H), 7.59 (ddd, J = 7.7, 2.6, 1.7 Hz, 1H, Ph-H), 7.50 (td, J = 8.1, 5.1 Hz, 1H, Ph-H), 7.41–7.31 (m, 4H, Ph-H), 7.05 (ddd, J = 8.9, 7.4, 1.6 Hz, 1H, Ph-H), 6.96 (dd, J = 8.2, 1.5 Hz, 1H, Ph-H), 6.91 (d, J = 8.1 Hz, 1H, Ph-H), 6.09 (s, 2H, -OCH2O-). 13C NMR (100 MHz, CDCl3) δ 164.4, 151.0, 148.3, 139.1, 131.4, 131.3, 128.3, 128.2, 124.6, 124.3, 123.3, 122.8, 122.4, 122.2, 121.9, 116.0, 115.7, 108.3, 107.7, 101.9. HRMS (ESI): calculated for C20H14FNO6S [M + Na]+: 438.0418, found: 438.0419.
2.1.1.18 2-(Benzo[d][1,3]dioxole-5-carboxamido)phenyl 2,4-Difluorobenzenesulfonate (4s)
Light yellow powder, yield 83.2%. m.p 95.6–98.4°C. 1H NMR (400 MHz, CDCl3) δ 8.46 (s, 1H, -NH-), 8.38 (dd, J = 8.3, 1.6 Hz, 1H, Ph-H), 7.97–7.87 (m, 1H, Ph-H), 7.49 (dd, J = 8.1, 1.9 Hz, 1H, Ph-H), 7.41 (d, J = 1.9 Hz, 1H, Ph-H), 7.35–7.29 (m, 1H, Ph-H), 7.21–7.14 (m, 1H, Ph-H), 7.12–6.87 (m, 4H, Ph-H), 6.09 (s, 2H, -OCH2O-). 13C NMR (100 MHz, CDCl3) δ 164.6, 151.0, 148.3, 138.5, 133.4, 133.3, 131.4, 128.4, 124.6, 123.3, 122.8, 122.1, 112.7, 108.3, 107.8, 106.3, 101.9. HRMS (ESI): calculated for C20H13F2NO6S [M + Na]+: 456.0324, found: 456.0326.
2.1.1.19 2-(Benzo[d][1,3]dioxole-5-carboxamido)phenyl 3-(Trifluoromethyl)benzenesulfonate (4t)
Light yellow powder, yield 84%. m.p 120.9–123.6°C. 1H NMR (400 MHz, CDCl3) δ 8.33 (dd, J = 8.3, 1.6 Hz, 1H, Ph-H), 8.23 (s, 1H, -NH-), 8.14 (s, 1H, Ph-H), 8.06–7.90 (m, 2H, Ph-H), 7.67 (t, J = 7.9 Hz, 1H, Ph-H), 7.43–7.31 (m, 3H, Ph-H), 7.06 (ddd, J = 9.1, 7.4, 1.6 Hz, 1H, Ph-H), 6.94 (dd, J = 8.3, 1.5 Hz, 1H, Ph-H), 6.90 (d, J = 8.1 Hz, 1H, Ph-H), 6.08 (s, 2H, -OCH2O-). 13C NMR (100 MHz, CDCl3) δ 164.3, 151.1, 148.3, 139.0, 135.9, 131.6, 131.2, 130.4, 128.4, 128.1, 125.5, 124.6, 123.5, 122.7, 121.9, 108.3, 107.7, 102.0. HRMS (ESI): calculated for C21H14F3NO6S [M + Na]+: 488.0386, found: 488.0396.
2.1.1.20 2-(Benzo[d][1,3]dioxole-5-carboxamido)phenyl 2-(Trifluoromethyl)benzenesulfonate (4u)
Light yellow powder, yield 87%. m.p 101.3–105.4°C. 1H NMR (400 MHz, CDCl3) δ 8.36 (s, 1H, -NH-), 8.34 (d, J = 4.1 Hz, 1H, Ph-H), 8.13 (d, J = 7.9 Hz, 1H, Ph-H), 7.90 (d, J = 8.3 Hz, 1H, Ph-H), 7.85–7.69 (m, 2H, Ph-H), 7.42 (dd, J = 8.1, 1.8 Hz, 1H, Ph-H), 7.35 (d, J = 1.9 Hz, 1H, Ph-H), 7.33–7.28 (m, 1H, Ph-H), 7.08–7.04 (m, 2H, Ph-H), 6.90 (d, J = 8.1 Hz, 1H, Ph-H), 6.08 (s, 2H, -OCH2O-). 13C NMR (100 MHz, CDCl3) δ 148.2, 138.8, 134.8, 132.9, 132.6, 131.4, 128.3, 124.5, 123.2, 123.0, 122.1, 108.2, 107.8, 101.9. HRMS (ESI): calculated for C21H14F3NO6S [M + Na]+: 488.0386, found: 488.0388.
2.1.1.21 2-(Benzo[d][1,3]dioxole-5-carboxamido)phenyl 3-Bromobenzenesulfonate (4v)
Light yellow powder, yield 84%. m.p 158.0–158.5°C. 1H NMR (400 MHz, CDCl3) δ 8.34 (dd, J = 8.3, 1.6 Hz, 1H, Ph-H), 8.20 (s, 1H, -NH-), 8.04 (t, J = 1.9 Hz, 1H, Ph-H), 7.80–7.71 (m, 2H, Ph-H), 7.44–7.30 (m, 4H, Ph-H), 7.09–7.05 (m, 1H, Ph-H), 6.98 (dd, J = 8.2, 1.6 Hz, 1H, Ph-H), 6.91 (d, J = 8.1 Hz, 1H, Ph-H), 6.09 (s, 2H, -OCH2O-). 13C NMR (100 MHz, CDCl3) δ 151.1, 148.4, 139.1, 137.9, 136.4, 131.3, 131.1, 130.9, 128.3, 128.2, 127.0, 124.6, 123.5, 123.3, 122.8, 121.9, 108.3, 107.8, 101.9. HRMS (ESI): calculated for C20H14BrNO6S [M + Na]+: 497.9617, found: 497.9619.
2.1.1.22 2-(Benzo[d][1,3]dioxole-5-carboxamido)phenyl 3-Chlorobenzenesulfonate (4w)
Light yellow powder, yield 86%. m.p 148.4–150.1°C. 1H NMR (400 MHz, CDCl3) δ 8.33 (dd, J = 8.2, 1.6 Hz, 1H, Ph-H), 8.20 (s, 1H, -NH-), 7.88 (t, J = 1.9 Hz, 1H, Ph-H), 7.74–7.67 (m, 1H, Ph-H), 7.61 (dd, J = 2.1, 1.0 Hz, 1H, Ph-H), 7.44 (t, J = 8.0 Hz, 1H, Ph-H), 7.39–7.30 (m, 3H, Ph-H), 7.07 (ddd, J = 9.0, 7.4, 1.6 Hz, 1H, Ph-H), 6.98 (dd, J = 8.2, 1.5 Hz, 1H, Ph-H), 6.91 (d, J = 8.1 Hz, 1H, Ph-H), 6.08 (s, 2H, -OCH2O-). 13C NMR (100 MHz, CDCl3) δ 164.3, 151.1, 148.3, 139.1, 136.3, 135.9, 135.0, 131.3, 130.7, 128.3, 126.5, 124.6, 123.3, 122.8, 121.9, 108.3, 107.8, 101.9. HRMS (ESI): calculated for C20H14ClNO6S [M + Na]+: 454.0168, found: 454.0121.
2.1.1.23 2-(Benzo[d][1,3]dioxole-5-carboxamido)phenyl 4-Methylbenzenesulfonate (4x)
Light yellow powder, yield 85%. m.p 130.0–131.1°C. 1H NMR (400 MHz, CDCl3) δ 8.33 (dd, J = 8.3, 1.6 Hz, 1H, Ph-H), 8.28 (s, 1H, -NH-), 7.72 (d, J = 8.4 Hz, 2H, Ph-H), 7.38 (dd, J = 8.1, 1.8 Hz, 1H, Ph-H), 7.32–7.27 (m, 3H, Ph-H), 7.26 (s, 1H, Ph-H), 7.02 (td, J = 7.8, 7.4, 1.6 Hz, 1H, Ph-H), 6.94 (dd, J = 8.2, 1.5 Hz, 1H, Ph-H), 6.90 (d, J = 8.1 Hz, 1H, Ph-H), 6.08 (s, 2H, -OCH2O-), 2.42 (s, 3H, -CH3). 13C NMR (100 MHz, CDCl3) δ 164.3, 150.9, 148.2, 146.3, 139.2, 131.6, 131.4, 130.1, 128.4, 128.0, 124.4, 123.0, 122.9, 122.0, 108.2, 107.8, 101.9, 21.8. HRMS (ESI): calculated for C21H17NO6S [M + Na]+: 434.0669, found: 434.0673.
2.2 Antimicrobial Assay
The antimicrobial activity of the derivatives (4a–4x) was tested using the turbidimeter test, the commercial agricultural bactericide bismerthiazol, thiodiazole-copper and lead compound piperonylic acid used as control. The test compounds were dissolved in 150 μL of dimethylformamide (DMF) and diluted with 0.1% (v/v) Tween-20 to prepare two concentrations of 100 and 50 μg/ml. One milliliter of the liquid sample was added to the 40 ml non-toxic nutrient broth medium (NB: 1.5 g of beef extract, 2.5 g of peptone, 0.5 g of yeast powder, 5.0 g of glucose, and 500 ml of distilled water, pH 7.0–7.2). Then, 40 μL of NB medium containing bacteria was added to 5 ml of solvent NB containing the test compounds or thiodiazole–copper. The inoculated test tubes were incubated at 30 ± 1°C with continuous shaking at 180 rpm for 48 h. The culture growth was monitored spectrophotometrically by measuring the optical density at 600 nm (OD600) and expressed as corrected turbidity. The relative inhibition rates Inhibition (%) were calculated as the following equation, where Ctur was the corrected turbidity value of bacterial growth on untreated NB and Ttur was the corrected turbidity value of bacterial growth on treated NB.
[image: image]
2.3 Insecticidal Activity Assay
Divide 20 second-instar larvae of Spodoptera frugiperda into 20 small cups and starve for 3–4 h. Cut the fresh corn leaves into small leaf discs of 1 cm × 1 cm with scissors, and then soak them in each test solution for 5 s, and then air dry them naturally. Then put them in a cup with Spodoptera frugiperda and keep it under the conditions of temperature of 25 ± 1°C, relative humidity of 60∼70%, and a light-dark cycle of L: D = 14 h: 10 h. Feed normal fresh corn leaf discs after 12 h and record the number of dead insects at 12, 24, and 36 h.
3 RESULTS AND DISCUSSION
3.1 Chemistry
The synthetic route for the target compounds 4a–4x was shown in Scheme 1. Intermediates 2–3 were prepared according to previously reported procedures, and the yield of all compounds was satisfactory, usually higher than 80%. In the syntheses target compounds of 4a–4x, the yield when using inorganic base, such as K2CO3 or KHCO3 as catalyst was usually only approximately 30%. When inorganic base was replaced with organic base triethylamine as the catalyst, the yield was considerably greater usually more than 80%. It was worth noting that when the intermediates 3 were synthesized using acid and 2-amino phenol the carboxyl group might have reacted with hydroxyl group to form an ester, or it may have reacted with the amino group to form an amide. These two structures of isomers were difficult to confirm through HRMS or NMR. In order to get the exact structure of the target compound, we used X-ray to confirm the structure of compound 4a, and the results are show in Figure 1 (CCDC 2131244). Crystal data of 4a indicated that target compounds were in the form of carbonamide instead of carbonate.
[image: Figure 1]FIGURE 1 | X-ray crystal structure of compound 4a.
3.2 In Vitro Antibacterial Activity
Antibacterial activities of target compounds 4a–4x against agriculturally important pathogenic bacteria Psa and Xoo were determined in vitro via the turbidimetric method, using the commercialized bismerthiazol, thiodiazole-copper, and piperonylic acid as a control agent. The bactericide which was used to make the bioassay was provided by Guizhou Tea Institute, and the results of the bioassay against Psa and Xoo are shown in Table 1 and indicated that most of the title compounds exhibited good to excellent activities in vitro. Compounds 4l, 4o, and 4v showed excellent activities against Psa at 100 μg/ml with inhibition rates of 99%, which were higher than those of thiodiazole-copper (84%), bismerthiazol (96%), and lead compound piperonylic acid (59%), respectively. In particular, even at a concentration as low as 50 μg/ml, compound 4l was found to still possess a pronounced anti-Pas efficacy of 85%. Moreover, compounds 4e, 4f, and 4j exhibited higher activities (i.e., 87, 67 and 76%, respectively) against Xoo than that of thiodiazole-copper (60%), bismerthiazol (55%), and piperonylic acid (21%) at 100 μg/ml even at a concentration as low as 50 μg/ml, compound 4e was found to still possess a pronounced anti-Xoo effifcacy of 76%, which was significantly higher than that of control agent. It is worth mentioning that whether for Psa or Xoo, the activities of almost all target compounds were significantly higher than that of the lead compound piperonylic acid. This indicated that incorporation of a sulfonic acid ester moiety into the piperonylic acid backbone could significantly improve its antibacterial activity.
TABLE 1 | In vitro antibacterial activities of the target compounds 4a–4x.
[image: Table 1]3.3 Insecticidal Activity Assay Against Spodoptera frugiperda
In view of the literature which reported that piperonylic acid has certain insecticidal activities, we also evaluated the activity of some title compounds against Spodoptera frugiperda at 50 μg/ml, The Spodoptera frugiperda used in the biological tests were collected from fields in Luodian County, Guizhou Province, China, and bred in a greenhouse. The pesticidal results are shown in Figure 2. Although most compounds exhibited certain insecticidal effect on Spodoptera frugiperda, such as the lethal rate of compound 4g, 4q, and 4w on to the second instar larvae of the insect reached 50.0, 50.0 and 62.5% at the 36 h, respectively, which was significantly higher than the lead structure piperonylic acid (37.5%), but still lower than the commercial insecticide monosultap (100%) and sulfoxaflor (87.5%).
[image: Figure 2]FIGURE 2 | Insecticidal activity against Spodoptera frugiperda of title compounds.
4 CONCLUSION
In summary, in order to seek new efficiency, broad-spectrum, and structure simple agricultural bactericide, a series of novel piperonylic acid derivatives containing a sulfonic acid ester moiety was synthesized. The structures of the title compounds were verified by 1H NMR, 13C NMR, and HRMS. The bioassay results revealed that these compounds showed good inhibition activity against Xoo and Psa, and some compounds even exhibited higher antibacterial activity than those of commercial bactericide which are widely used. The title compounds showed weaker activity against |Spodoptera frugiperda compared with commercial pesticides. Thus, we recommend these newly designed and synthesized scaffolds should be used as a bactericide lead compound rather than an insecticide lead compound for further optimization and research.
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The diamides, chlorantraniliprole (CHL) and cyantraniliprole (CYA), have been used as seed treatment agents against the fall armyworm (FAW), Spodoptera frugiperda in China. However, large-scale application of these two insecticides is prohibited because of their high cost. The neonicotinoid insecticides, clothianidin (CLO) and thiamethoxam (THI), are cheaper and widely used. In this study, we tested the efficacy of CHL + CLO and CYA + THI as seed treatment agents against FAW larvae both in laboratory and field conditions. Laboratory experiments showed that the two binary mixtures (both 240 g.a.i.100 kg−1 corn seeds) caused FAW mortality exceeded 84.00% at 14 days after seedling emergence (DAE). The mortality of the binary mixtures were similar to either CHL (300 g.a.i.100 kg−1corn seeds) or CYA (144 g a.i.100 kg−1corn seeds), but higher than CLO (120 g.a.i.100 Kg−1corn seeds) or THI (180 g a.i.100 kg−1corn seeds). Two independent field experiments showed that both binary mixtures resulted in above 68.00% control efficacy at 14 DAE, suggesting that these insecticidal combinations could effectively control FAW over a relative long period. In addition, both binary mixtures showed no negative effects on the growth and development of corn seedlings. The residues of binary mixtures in corn leave were also lower at 28 DAE as compared to residues in CHL or CYA alone. Most importantly, the costs of CHL + CLO were reduced up to 50% and CYA + THI up to 20% when compared to singly used chemical. Totally, our results indicated that CHL + CLO and CYA + THI had the same control efficacy as CHL or CYA alone, but with much lower cost.
Keywords: Spodoptera frugiperda, diamide, neonicotinoid, seed treatment, combined toxicity
INTRODUCTION
Corn is a globally-important food crop, that is, consumed by approximately 4.5 billion people worldwide (Shiferaw et al., 2011). In the field, corn yield is reduced by multiple insect pests, including Spodoptera frugiperda Smith (Lepidoptera: Noctuidae). S. frugiperda, also known as the Fall Armyworm (FAW), is a native corn pest in tropical and subtropical areas of North America (Martinelli et al., 2006). In recent years, the FAW has invaded Africa and Asia. This pest is highly destructive due to its wide host range, robust migration ability, high fecundity and resistance to insecticides (Guo et al., 2019). In China, FAW was first found in Yunnan province in December 2018 (Sun et al., 2021); it quickly spread throughout 26 provinces and damaged approximately 65.53 × 104 hm2 corn (Jiang et al., 2019). The FAW is now well-established in winter corn grown in southern China and is a dominant corn pest due to its migratory ability (Qi et al., 2020; Jiang et al., 2021).
Spraying chemical insecticides remains as the most effective measure for controlling this pest. However, there are several factors reducing the efficacy of insecticide spraying against FAW. For example, the efficacy of insecticidal sprays is largely effected by weather and subject to dilution by rain and wind (Zheng et al., 2006; Ranabhat and Wang, 2020). The efficacy of insecticides is also impacted by larval behavior; this is especially relevant for FAW since larvae hide inside the maize whorl, which reduces their exposure to insecticides (Muraro et al., 2020). A further barrier is the labor shortage, which can delay spray applications and reduce efficacy. Finally, the overuse of chemical insecticides contaminates the environment and has impacts on mammals and nontarget arthropods (Lahm et al., 2007).
Seed treatment with systemic insecticides has been used to control pests on many crops (Taylor et al., 2001). In general, treating seeds with chemicals requires less insecticide than spray application and reduces environmental contamination and exposure of nontarget organisms (Schemeer et al., 1990; Nault et al., 2004). Consequently, seed treatment is popular in integrated pest management programs (Zhang et al., 2011). Previous studies demonstrated that seed treatment with carbofuran or thiamethoxam (THI) was ineffective for controlling early larval stages of FAW on corn (Azevedo et al., 2004). Chlorantraniliprole (CHL) and cyantraniliprole (CYA) are anthranilic diamides that target insect ryanodine receptors and disrupt the functioning of calcium channels (Lahm et al., 2007). These two compounds control insect pests by directly killing individuals and inhibiting their feeding, development and reproduction (Huang et al., 2016; Lutz et al., 2018). Previous studies demonstrated that these insecticides showed excellent control efficacy, particularly when used for lepidopteran pests such as FAW (Wang et al., 2019a; Pes et al., 2020). Recently, CHL and CYA were labeled as seed treatments for the control of FAW larvae (Muraro et al., 2020; Pes et al., 2020) because of their low LogPow (octanol/water partition coefficient) and high solubility in water (Selby et al., 2017).; unfortunately, the cost of CHL and CYA is much more expensive than traditional insecticides.
The combined application of two different insecticides could improve control of target pests (Thrash et al., 2013; Carscallen et al., 2019; Muraro et al., 2020). The dual application of anthranilic diamides with other insecticides for FAW control is under-investigated but clearly needed to reduce the cost of control. Thus, the objective of this study was to compare the efficacy of corn seed treatments with CHL, CYA, clothianidin (CLO), THI and the binary mixture of CHL + CLO and CYA + THI for control of FAW larvae in laboratory and field conditions. A recent study suggested that the application of selected insecticides as seed treatments inhibited crop growth because of prolonged, high residue level (Abdu-Allah and Hashem, 2017). Thus, we also evaluated the effects of the above-mentioned chemicals on growth of corn plants and determined insecticide residue levels.
MATERIALS AND METHODS
Insects
FAW populations for laboratory experiments were collected in 2019 from corn fields located at the Guizhou Academy of Agricultural Sciences in Guizhou province, China. The larvae were reared on a corn-based artificial dietat 25 ± 1°C and 70% relative humidity (RH) with a 16:8 h (L:D) photoperiod (Wang et al., 2019b). Third instar larvae were used in the laboratory experiments.
Corn Seeds and Insecticides
Corn seeds of the cultivar Jinyu 818 were provided by Guizhou Jinlong Technology Co., Ltd. Insecticides were sourced from the following companies: chlorantraniliprole (CHL, 50% FSC), DuPont Crop Protection (United States); cyantraniliprole + thiamethoxam (CYA + THI, 60% FSC) and cyantraniliprole (CYA, 40% FSC), Syngenta AG (Switzerland); chlorantraniliprole + clothianidin (CHL + CLO, 40% FSC), Guangdong Kairuifeng Technology Co., Ltd. (China); clothianidin (CLO, 20% FSC), Hebei Lishijie Technology Co. (China); and thiamethoxam (THI, 30% FSC), Bayer Crop Science LP, Monheim (Germany).
Laboratory Experiments
Laboratory experiments were conducted from May to July in 2021 and consisted of the following seven treatments (concentrations in g a.i.100 kg−1corn seeds): 1) CHL, 300; 2) CYA, 144; 3) CHL 60 + CLO 180; 4) CYA 120 + THI 120; 5) CLO, 120; 6) THI, 180; and 7) untreated control. The concentration of each insecticide was chosen based on recommended field rates.
One day prior to sowing, seeds and pesticides were placed in plastic bags, sealed, shaken until insecticides coated the seed surface, and allowed to dry overnight. Fifty corn seeds were sown in individual containers (30 × 20 × 20 cm) containing sand (40%), clay (40%) and organic matter (20%) at 25°C, 70% RH and a 14:10 (L:D) photoperiod. Water was provided during seed emergence and growth as necessary, and the emergence rate of seeds in each treatment was recorded. At 3, 7, 14, 21, 28 days after seedling emergence (DAE), twenty newly-molted 3rd instar larvae were collected, starved for 2 h, and then transferred to corn plants. Finally, the plants together with FAW larvae were placed in nylon cages to prevent escaping. Each potting container was considered as one replication, and each treatment had four replications. Larval mortality was recorded after 3 days transferring, and larvae were considered dead if there was no response to stimulation with a moist brush.
Field Experiments
Two identical field experiments were conducted to evaluate the efficacy of six insecticidal formulations for FAW larval control on corn seedlings in Luodian county (106.63°E, 25.62°N), Guizhou province, in July and September of 2021. In the two field experiments, 28 plots were arranged in a randomized complete block design with seven treatments and four replications. Insecticide-treated corn seeds were sown on 23 June and 23 August 2021. Each plot was 30 m2 (5 × 6 m) and consisted of 10 rows separated by 60 cm of uncultivated ground. The emergence rate of corn seeds was recorded by counting the number of emerged plants in each plot. A five-point sampling method where each point consisted of 10 plants was used to record the number of FAW larvae on corn in each plot at 7, 14, 21, and 28 DAE. The damage rate caused by FAW and the control efficacy of tested insecticides were calculated by the following formulas:
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Effect of Insecticides on Fall Armyworm Emergence and Corn Growth
The emergence rate of corn seeds treated with the six insecticidal formulations were recorded at 7 DAE in both laboratory and field experiments. The impact of the six insecticides on corn grown was evaluated by random selection of 20 plants in each plot at 14 DAE. Plant height, root length, and above-ground and underground fresh weight were measured in July and September of 2021.
Determination of Residual Insecticides in Corn Leaves
Corn leaves were randomly selected from field plots at 3, 7, 14, 21, and 28 DAE in July 2021 and stored at −20°C until needed for analysis. Homogenized corn leaves (5.0 ± 0.1 g) were weighed in 50 ml Teflon centrifuge tubes, and water (5 ml) and 10 ml acetonitrile with 1% (v/v) methanol (HOAc) were added to samples. Sample tubes were shaken vigorously for 10 min, allowed to stand for 30 min, and NaCl (3 g) and MgSO4 (4 g) were added. Tubes were capped, mixed for 1 min and centrifuged for 5 min at 3216 × g. The upper acetonitrile layer (1.5 ml) was transferred into 2.0 ml tubes containing 50 mg octadecylsilane (C18), 15 mg graphitized carbon black (GCB) and 150 mg MgSO4. The tubes were vortexed for 30 s and centrifuged for 5 min at 2233 × g. The resulting supernatants were subjected to ultrafiltration (0.22 μm nylon filter) and then loaded into auto-sampler vials for UHPLC-MS/MS analysis.
Chromatographic separation of CLO, THI, CHL, CYA, and J9Z38 (metabolite of CYA) was performed using a Dionex Ultimate 3000 UHPLC system and a Syncronis C18 column (100 mm × 2.1 mm, 1.9 µm) (Thermo Fisher Scientific, United States) at 40°C with a 5 µl injection volume. The mobile phases consisted of solution A (H2O containing 0.1% v/v formic acid) and solution B (methanol); the flow rate was 0.25 ml·min−1. The elution program was: 25% solvent B from 0 to 1.0 min; 25%–85% solvent B from 1.0 to 1.5 min; 85% solvent B from 1.5 to 6 min; 85%–25% solvent B from 6 to 6.5 min; and 25% solvent B for 1.5 min. Qualitative and quantitative analysis of CLO, THI, CHL, CYA, and J9Z38 were obtained with a triple-quadrupole mass spectrometer (TSQ Vantage) equipped with an ESI interface (Thermo, San Jose, CA, United States). Nitrogen was used as the sheath and auxiliary gas at 30 and 10 PSI, respectively. The vaporizer and capillary temperatures were both 330°C, and the spray voltage was 3.2 kV. The pressure of argon in the collision cell was 1.5 mTorr. The MS/MS conditions were optimized to acquire satisfactory sensitivity and resolution using the parameters listed in Supplementary Table S1. First-order kinetic and bi-exponential models were used to analyze the dissipation curves of CLO, THI, CHL, CYA, and J9Z38. Analysis of t kinetics was performed in KinGUIIv2.1 (BASF Corporation) as follows:
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Statistical Analysis
Data associated with mortality were arcsine-transformed before statistical analysis. One-way ANOVA was used to determine statistical significance among treatments, followed by a Tukey’s HSD method. Results were considered significant at p < 0.05. Statistical analyses were performed in DPS v. 17.0 (Tang and Zhang, 2013).
RESULTS
Efficacy of Insecticidal Seed Treatments in Laboratory Experiments
In laboratory experiments, the percentage of corn seedlings damaged by FAW in CHL + CLO, CYA + THI, CHL, and CYA ranged from 15.35 to 45.13% at 3–28 DAE, and these levels were significantly lower than the untreated control where damage was 52.03%–86.70% (Figure 1). The percentage of corn seedlings with FAW damage in CLO or THI alone was generally either slightly lower or not significantly different from the untreated control (Figures 1A–E).
[image: Figure 1]FIGURE 1 | Percentage of corn seedlings damaged by FAW in laboratory experiments corn where seeds were treated with chlorantraniliprole (CHL), cyantraniliprole (CYA), clothianidin (CLO), thiamethoxam (THI), CHL + CLO and CYA + THI; CK is the untreated control. Damage is shown on corn seedlings subjected to FAW larvae at 3 panel (A), 7 (B), 14 (C), 21 (D), and 28 (E) days after emergence (DAE). Columns labeled with different letters indicate significant differences among treatments with Tukey’s HSD test at p < 0.05.
The corrected mortality of FAW larvae fed on corn plants treated with the six insecticides declined as days after seed emergence increased (Table 1). At DAE 3, 7, and 14, CHL, CYA, CHL + CLO and CYA + THI treatments resulted in similar levels of mortality and ranged from 72.00% to 94.44%; furthermore, FAW mortality in these four treatments was significantly higher than in larvae exposed to CLO and THI treatments. At 21 or 28 DAE, mortality in the CHL, CYA, CHL + CLO and CYA + THI treatments ranged from 60.00% to 72.97% and remained significantly higher than mortality in the CLO or THI treatments.
TABLE 1 | The corrected mortality (±SE) of FAW larvae fed on corn plants subjected to insecticidal seed treatments in laboratory experiments.
[image: Table 1]Efficacy of Insecticidal Seed Treatments in Field Experiments
In July 2021, the percentage of corn seedlings damaged by FAW in insecticide-treated field plots ranged from 19.50% to 63.00% at 7 DAE, which was significantly lower than the control (80.00%) (Figure 2A). At 14 DAE, the value in insecticide-treated plots showed a substantial increase but were still significantly lower than the untreated control (Figure 2B). At 21 and 28 DAE, the value in treated plots were not significantly different from the control (Figures 2C,D). The percentage of corn seedlings with FAW damage in September 2021 at all four sampling times were similar to results in July (Figures 2E–H).
[image: Figure 2]FIGURE 2 | Percentage of corn seedlings damaged by FAW in field experiments corn where seeds were treated with chlorantraniliprole (CHL), cyantraniliprole (CYA), clothianidin (CLO), thiamethoxam (THI), CHL + CLO and CYA + THI; CK is the untreated control. Damage rates (±SE) caused by FAW larvae are shown for July 2021 at 7 panel(A), 14 (B), 21 (C) and 28 (D) DAE. Damage rates in September 2021 are shown for 7 panel (E), 14 (F), 21 (G) and 28 (H) DAE. Columns labeled with different letters indicate significant differences among treatments with Tukey’s HSD test at p < 0.05.
In July, CHL, CYA, CHL + CLO and CYA + THI treatments resulted in 79.84%–87.88% control efficacy at 7 DAE, which were significantly higher than those in the CLO and THI treatments (Table 2). Furthermore, control efficacy in the CYA + THI treatment was higher than in corn treated with CYA alone. At 14 DAE, control efficacy in the CHL, CYA, CHL + CLO and CYA + THI treatments were higher than CLO and THI treatments; however, the efficacy of the CHL, CYA, CHL + CLO and CYA + THI treatments decreased dramatically at 21 and 28 DAE (Table 2). In September, CHL, CYA, CHL + CLO and CYA + THI treatments resulted in control efficacy ranging from 84.43% to 87.73% and 68.33%–74.79% at 7 and 14 DAE, respectively, and the values were significantly higher than those in the CLO and THI treatments. Similar to results obtained in July, the efficacy in CHL, CYA, CHL + CLO and CYA + THI treatments decreased at 21 and 28 DAE and were not significantly different from the CLO and THI treatments (Table 2).
TABLE 2 | Control efficacy (mean ± SE) of six insecticidal seed treatments for control of FAW on corn in the field.
[image: Table 2]Effect of Insecticides on Emergence Rates and Corn Growth
The emergence rate of corn treated with the six different insecticide formulations exceeded 90% in both laboratory and field experiments with no significant differences between treatments (Figure 3). In July 2021, corn seedlings in field plots treated with CHL + CLO and CYA + THI were significantly taller than seedlings in other treatments (Figure 4A). Root length and fresh weight of above-ground tissue were generally higher in seedlings treated with CHL + CLO and CYA + THI as compared to the other four treatments, although these differences were not always significant (Figures 4B,C). The underground fresh weights in CHL + CLO and CYA + THI treatments were significantly higher than those in CLO treatment and control (Figure 4D). In September, data points for plant height and fresh weight of above-ground and underground tissues were similar to those recorded in July for all treatments (Figures 4E,G,H). Unlike July, the root length data in September was not significantly different among treatments (Figure 4F).
[image: Figure 3]FIGURE 3 | The emergence rate (±SE) of corn seeds after treatment with chlorantraniliprole (CHL), cyantraniliprole (CYA), clothianidin (CLO), thiamethoxam (THI), CHL + CLO and CYA + THI; CK is the untreated control. Panels: (A) emergence rate of corn seeds in laboratory experiments; (B) and (C) emergence rate of corn seeds in field experiments in July and September 2021, respectively. Columns labeled with the same letter were not significantly different using Tukey’s HSD test at p < 0.05.
[image: Figure 4]FIGURE 4 | The mean plant height, root length, and fresh weight above-ground and underground of corn seedlings treated with CHL, CYA, CLO, THI, CHL + CLO and CYA + THI in the July (A–D) and September (E–H) of 2021. Columns labeled with the same letter were not significantly different using Tukey’s HSD test at p < 0.05.
Insecticide Residues in Treated Corn Plants
Residues levels of the six insecticidal formulations and their metabolites gradually decreased in corn plants throughout the sampling period (Figure 5). For example, in the CHL + CLO treatment, the CHL residues declined from 0.29 mg·kg−1 at 3 DAE to 0.02 mg·kg−1 at 28 DAE, while the CLO residues declined from 11.44 mg·kg−1 at 3 DAE to 0.12 at 28 DAE (Figure 5E). The half-life (t1/2) of CHL in corn plants treated with CHL + CLO was 2.32 days, which was shorter than that in the CHL treatment alone (4.35 days) (Supplementary Table S2). The half-life of CLO in CHL + CLO treated corn plants was 2.26 days, which was similar to that in the CLO treatment alone (2.15 days) (Figure 5A, Supplementary Table S2).
[image: Figure 5]FIGURE 5 | Dynamic changes in the concentrations of insecticides and their metabolites in CHL, CYA, CHL + CLO, CYA + THI, CLO, THI treated leaves in July corn plants. Panels: (A) CHL residue in CHL treated leaves; (B) CYA residues in CYA treated leaves; (C) J9Z38 residues in CYA treatedleaves; (D) CHL residues in CHL + CLO treated leaves; (E) CLO residues in CHL + CLO treatedleaves; (F) CYA residues in CYA + THI treated leaves; (G) J9Z38 residues in CYA + THI treatedleaves; (H) THI residues in CYA + THI treated leaves; (I) CLO residue in CYA + THI treated leaves; (J) CLO residue in CLO treated leaves; (K) THI residues in THI treated leaves; (L) CLO residues in THI treated leaves. Fitted regression lines are from the equation Ct = C0e−bt, and showed in Supplementary Table S2.
In the CYA + THI treatment, residues of CYA and its metabolite J9Z38 degraded from 1.58 to 0.04 mg·kg−1 and 0.03–0.00 mg·kg−1, respectively, during 3–28 DAE period (Figures 5F,G). Residues of THI and its metabolite (CLO) degraded from 3.23 to 0.02 mg·kg−1 and 0.68 to 0.03 mg·kg−1, respectively, during the same period (Figures 5H,I). The estimated half-life of the CYA, J9Z38, THI and CLO in CYA + THI combination were 3.07, 7.76, 1.99 and 2.67 days, respectively, most of which were low when compared to the CYA or THI treatment alone (Figures 5B,C,K,L, Supplementary Table S2).
Comparison of the Cost of the Insecticides
As shown in Supplementary Table S3, the cost of both CHL + CLO and CYA + THI were below 50.00 $ ha−1, which lead to reduced cost of 42.52 $ ha−1 and 11.34 $ ha−1 when compared to CHL (85.04 $ ha−1) and CYA (56.69 $ ha−1), respectively.
DISCUSSION
The diamide insecticides kill insect pests by targeting their ryanodine receptor channels (RyRs) that cause muscle contraction and death (Lahm et al., 2007), while the neonicotinoid insecticides kill insect pests by targeting their nicotinic acetylcholine receptors (nAChRs) (Matsuda et al., 2020). In previous laboratory studies, the diamide insecticides such as CHL and CYA were highly toxic to FAW larvae with LC50 values of 0.01 and 0.25 μg ml−1, respectively (Bolzan et al., 2019; Zhou et al., 2020). These two insecticides were recently labeled as a seed treatment for controlling FAW and exhibited a high level of control efficacy against this species (Zhang P. et al., 2016; Pes et al., 2020). Neonicotinoid insecticides such as CLO and THI have been widely used as seed treatments in multiple crops and exhibit good activity against a broad range of pests including aphids (Zhang P. et al., 2016; Zhang Z. et al., 2016), whiteflies (Zhang et al., 2011), and thrips (Reisig et al., 2012; Ding et al., 2018). To the best of our knowledge, there are no prior studies assessing the efficacy of diamides in combination with neonicotinoids for FAW larval control as seed treatments.
CHL + CLO, CYA + THI, CHL, and CYA were effective at reducing percentage of corn seedlings with FAW damage in the laboratory. The percentage of corn seedlings with FAW damage was similar among the four treatments, suggesting that CHL + CLO and CYA + THI were comparable to CHL and CYA treatment alone. Prior studies reported that CHL can rapidly inhibit the feeding of some lepidopteran pests. For example, the feeding behavior of Trichoplusia ni, Plutella xylostella and Helicoverpa zea ended within 30 min after exposure to CHL, and damage decreased by 90%–99% (Hannig et al., 2009). Therefore, diamides alone or in combination with neonicotinoid insecticides reduce damage by causing early mortality, inhibiting feeding, and disrupting larval development, which is similar to results reported elsewhere (Hannig et al., 2009; Carscallen et al., 2019).
The percentage of corn seedlings with FAW damage in our two field experiments was generally higher than in the laboratory, which may be attributed to one or more of the following reasons, Firstly, 3rd instar larvae were used in the lab studies, and this life stage is relatively stable and uniform. Secondly, the high damage rate in the field is likely related to FAW behavior and environmental conditions; for example, FAW adults randomly deposit eggs on corn and the newly-hatched larvae are disseminated by wind, thus increasing range and the damage rate of corn. Therefore, damage rates may not be a suitable index for evaluating the efficacy of insecticides when applied as seed treatments in the field. Recently, an injury score rating was used to evaluate the control efficacy of seed coatings by measuring the feeding area in some lepidopteran species (Carscallen et al., 2019; Wu et al., 2020). It is unclear whether this index is suitable for FAW and further study is needed.
Our lab experiments showed that application of CHL + CLO and CYA + THI to corn resulted in high FAW mortality (84.00%–94.44%) at 14 DAE, which indicates that the combined application of insecticides was an effective control strategy. Our results were similar to those reported for application of CHL and CYA alone in one study (Wu et al., 2020), but were much higher than results reported by Thrash et al. (2013). These disparate outcomes may be caused by variability in plant hosts, FAW populations and insecticide doses. The effectiveness of diamide insecticides alone or in combination with neonicotinoids has also been reported for Mythimna unipuncta (Carscallen et al., 2019). Furthermore, as corn plants grew larger in the present study, the corrected mortality of FAW larvae in all treatments decreased; this is likely due to the decline in insecticidal residues and increase in body size of larvae over time. We also observed that the CLO and THI treatments caused mortality from 41% to 65.28% at 14 DAE, which indicates that these two insecticides are somewhat effective in controlling FAW larvae. These data are consistent with previous results reported for Agrotis ipsilon (Zhang et al., 2019), Ostrinia nubilalis, and Plodia interpunctella (Yue et al., 2003).
To validate findings in the laboratory, we conducted two field experiments in July and September of 2021, respectively. Our results showed that CHL + CLO and CYA + THI treatments resulted in control efficacy of 79.84%–87.88% at 7 DAE and 68.93%–77.94% at 14 DAE. These results were similar to the use of diamides alone and were consistent with laboratory results. Thus, CHL + CLO and CYA + THI treatments exhibited control efficacy equivalent to CHL and CYA treatment alone; however, it is important to mention that the dosage of diamides in the combined treatments was lower than the usage of CHL and CYA alone. These results suggest that synergistic action are present when the diaminde and neonicotinoid insecticides are simultaneously used. The snyergistic effect may be caused by the following two reasons: firstly, neonicotinoid insecticides block the metabolic systems of FAW that would break down diaminde molecules; secondly, neonicotinoid insecticides interfere with the detoxication of diamindes insecticides through their action on polysubstrate monooxygenases (PSMOs) and other enzyme systems (Bernard and Philogène, 1993). Most importantly, application of CHL + CLO and CYA + THI reduce the control cost when they are used to manage FAW larvae. For example, the control cost of CHL + CLO is 42.52 $ per hectare, which reduced 42.52 $ when compared to CHL (85.04 $ ha−1). Similarly, control cost of CYA + THI is 45.35 $ per hectare, which reduced 11.34 $ per hectare when compared to CYA (56.69 $ ha−1). Therefore, this strategy is helpful for large-scale application of these insecticides as seed treatments.
Moreover, the control efficacy of the four treatments in field experiments was lower than laboratory studies, which may be attributed to the rapid degradation of insecticide residues in field-grown corn. Weather conditions, application time, insecticide characteristics, and translocation within plants can influence the persistence of insecticides and may impact efficacy (Pfeil, 2014; Teló et al., 2015). Reduced control efficacy in the field can be impacted by: 1) environmental factors such as UV irradiation and rain (Lim et al., 1990; Lanka et al., 2014); 2) translocation to plant tissues where active ingredients may be diluted (Zhang et al., 2019); and 3) insecticide resistance. In addition, we observed that the control efficacy at 21 DAE or later was lower in summer months as compared to autumn. This may be caused by higher soil temperatures or elevated moisture levels during seedling emergence in summer, which may influence microbial activity and further contribute to insecticide degradation (Zhang et al., 2019).
To evaluate the effects of CHL + CLO and CYA + THI as seed treatments in corn, we measured growth indicators and evaluated residue concentrations and dynamics. Firstly, the emergence rates of corn seeds treated with CHL + CLO and CYA + THI were not different from other treatments and the untreated control both in laboratory and field experiments, which suggests that the combined insecticides had no adverse effects on emergence. Secondly, the CHL + CLO and CYA + THI treatments had stimulatory effects on measured parameters. Our results were different from those reported by Abdu-Allah and Hashem (2017) and Huang et al. (2015) but consistent with studies showing that neonicotinoid seed treatments could promote seed germination and increase primary root length, weight, and height of corn seedlings (Horii et al., 2007; Duan et al., 2012; Zhang et al., 2015). The stimulation of growth parameters may be the result of improved activity of antioxidants and stress-related enzymes such as guaiacol peroxidase and glucose-6-phosphate dehydrogenase (Ding et al., 2018). Previous studies have shown that insecticides, especially neonicotinoids, cause a decline in natural enemies and pollinators (Moser and Obrycki, 2009; Bredeson and Lundgren, 2018). Therefore, further studies are needed to explore the effects of CHL + CLO and CYA + THI on nontarget insects in the corn field. Finally, we observed that insecticide residues in the CHL + CLO and CYA + THI treatments gradually declined, and the half-life of the combined residues was relatively low when compared that of individual, single applications. Collectively, our results suggest that CHL + CLO and CYA + THI are relatively safe insecticides when applied to seeds and had no negative effect on corn growth.
CONCLUSION
In summary, our results indicate that the application of CHL + CLO and CYA + THI as a corn seed treatment effectively controls FAW larvae on seedlings up to 14 DAE without compromising plant growth and development. Thus, CHL + CLO and CYA + THI are effective, environmentally-friendly insecticidal formulations that reduce the cost associated with single applications of CHL and CYA.
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In this study, twenty novel pyrimidine derivatives bearing a 1,3,4-thiadiazole skeleton were designed and synthesized. Then their antifungal activity against Botrytis cinereal (B. cinereal), Botryosphaeria dothidea (B. dothidea), and Phomopsis sp. were determined using the poison plate technique. Biological test results showed that compound 6h revealed lower EC50 values (25.9 and 50.8 μg/ml) on Phompsis sp. than those of pyrimethanil (32.1 and 62.8 μg/ml).
Keywords: 4-thiadiazole, pyrimidine, design, synthesis, antifungal activity
1 INTRODUCTION
Due to their structure, which is similar to their alkaloid-like structure in living organisms, nitrogen-containing heterocyclic compounds have the characteristics of high target specificity and good environmental compatibility and have become the mainstream research field for the creation of new pesticides (Li et al., 2017; He et al., 2019). Among them, 1,3,4-thiadiazoles containing both N and S elements in the heterocyclic structure are important and lead molecules for designing biologically active compounds with various biological activities (Hu et al., 2014). For the past years, a large number of studies have shown that 1,3,4-thiadiazole and their derivatives had various biological activities including herbicidal (Sun et al., 2013), bactericidal (Li et al., 2015; Zhang et al., 2019; Wu Q. et al., 2020; Wu et al., 2021), fungicidal (Zou et al., 2002; Zine et al., 2016; Wu W. et al., 2020), antiviral (Wu et al., 2016a; Gan et al., 2017), insecticidal (Dai et al., 2016; Lv et al., 2018), anticancer (Chen et al., 2019), and so on. In the field of medicine and pesticides, especially in the field of fungicides, the products that have been successfully developed at present are thiabendazole, thiabendron copper, thiazole zinc, and thiazole.
Meanwhile, in the agricultural field, pyrimidine derivatives also have good biological activities such as antiviral (Wu, et al., 2015; Zan et al., 2020), insecticidal (Liu, et al., 2017; Wu, et al., 2019; Chen, et al., 2021; Liu, et al., 2021; Sun, et al., 2021), fungicidal (Guan et al., 2017; Yan et al., 2020; Yang, et al., 2020), bactericidal (Li et al., 2020), herbicidal (Chen et al., 2019; Li et al., 2020), and anticancer (Guo et al., 2020) properties. In the last few decades, some pyrimidine derivatives have been commercialized as pesticides for controlling plant diseases and insect pests. Therefore, pyrimidine was considered an active substructure to develop promising pesticides in recent years.
Based on the biological activity of 1,3,4-thiadiazole and the pyrimidine ring, in order to find new pyrimidine lead compounds with good biological activity, this work adopts the active substructure splicing method to design and synthesize a series of novel pyrimidine derivatives containing a 1,3,4-thiadiazole moiety (Figure 1), which were evaluated in vitro with regard to their antifungal activity against Botrytis cinereal (B. cinereal), Botryosphaeria dothidea (B. dothidea), and Phomopsis sp.
[image: Figure 1]FIGURE 1 | Design of the target compounds.
2 MATERIALS AND METHODS
2.1 Chemistry
Melting points (m.p.) were obtained using a microscope apparatus (XT-4, Beijing Tech Instrument Co., China). Nuclear magnetic resonance (1H NMR and 13C NMR) was determined on a Bruker NMR spectrometer (Bruker, Germany). High-resolution mass spectrometry (HRMS) was performed on a Thermo Scientific Q Exactive Plus instrument (Thermo Fisher Scientific, United States).
2.2 The Preparation Procedure of Intermediates 1–5
Intermediates 1 and 2 were obtained by referring to the previously reported methods (Wu W. et al., 2020).
[image: Scheme 1]SCHEME 1 | Synthetic process and experimental method of the target compounds 6a−6t.
To a 100-ml three round-bottom flask, intermediate 2 (0.01 mol), ethyl 4-hydroxybenzoate (0.012 mol), Cs2CO3 (0.02 mol), and acetone (50 ml) were added. After reacting for 2–4 h at room temperature, the solvent was vacuum evaporated. The residues were recrystallized from ethanol to give pure intermediate 3.
To a solution of intermediate 3 (20 mmol) in 40 ml absolute methanol, 80% hydrazine hydrate (60 mmol) was added dropwise. After reacting for 5–7 h under reflux conditions, the reaction was quenched to room temperature. The white solids precipitated from the reaction solution were filtrated and recrystallized from ethanol to give pure intermediate 4.
To a mixture of intermediate 4 (30 mmol), KOH (45 mmol), and ethanol (500 ml), carbon disulfide (36 mmol) was added dropwise. The white precipitates were filtered, dried under vacuum, and then added to 30 ml precooled concentrated H2SO4. After stirring for 2 h at 0°C, the mixture was poured into 1,000 ml ice water and neutralized with sodium bicarbonate saturated solution (Wu et al., 2016a; Wu et al., 2016b). The filtrate was acidified with 5% hydrochloric acid, and the produced solid was filtered and recrystallized from ethanol to give the key intermediate 5.
2.3 Preparation Procedure of the Target Compounds 6a−6t
Intermediate 5 (2 mmol), NaOH (2.2 mmol) dissolved in 15 ml water, and substituted benzyl chloride (2.1 mmol) were added in a 100-ml three round-bottom flask and stirred at room temperature for 2–4 h (Scheme 1). Upon completion of reaction, the residues were filtered and recrystallized from ethanol to produce the pure target compounds 6a–6t. The physical properties, NMR, and HRMS for title compounds are reported in Supplementary Data S1, and the spectral data of 6a are shown below. 2-((2-methylbenzyl)thio)-5-(4-((6-(trifluoromethyl)pyrimidin-4-yl)oxy)phenyl)-1,3,4-thiadiazole (6a). White solid; yield 65.24%; m. p. 104–107°C; 1H NMR (600 MHz, DMSO-d6, ppm) δ: 8.99 (s, 1H, pyrimidine-H), 8.04–8.02 (m, 2H, phenyl-H), 7.86 (s, 1H, pyrimidine-H), 7.50–7.48 (m, 4H, phenyl-H), 7.42 (d, 1H, J = 5.4 Hz, phenyl-H), 7.23–7.17 (m, 3H, phenyl-H), 4.65 (s, 2H, -SCH2-), 2.41 (s, 3H, pyrimidine-CH3); 13C NMR (150 MHz, DMSO-d6, ppm) δ: 170.32, 167.66, 165.34, 159.73, 156.22 (q, J = 35.1 Hz), 154.29, 137.37, 134.12, 130.98, 130.59, 129.74, 128.65, 127.66, 126.62, 123.27, 121.80 (q, J = 272.7 Hz), 116.13, 107.07, 36.66, 19.26; HRMS (ESI) calcd for C21H15ON4S2F3 [M+Na]+: 483.05249, found: 483.05316.
2.4 In vitro Antifungal Activity Test
The in vitro antifungal activity was determined according to the mycelial growth rate method (Zhang et al., 2018; Wang et al., 2019; Wu Q. et al., 2020). Each target compound (5 mg) was dissolved in DMSO (1 ml) and added to 9 ml H2O and 90 ml potato dextrose agar (PDA) medium to prepare 9 dishes of mixed PDA plates with a concentration of 50 μg/ml. After that, a 0.4-cm diameter of each test fungus was put onto the middle of mixed PDA plates and fostered in an incubator at 28°C for 3–4 days. After the mycelia diameter of the untreated PDA plate reached 5–6 cm, the inhibition rates I (%) are calculated using the following formula, where C (cm) and T (cm) represent the fungi diameters of the untreated and treated PDA plates, respectively.
[image: image]
3 RESULTS AND DISCUSSION
3.1 Chemistry
In the 1H NMR data of compound 6a, a singlet appears at 4.65 ppm and indicates the presence of the -SCH2- group. The CH proton of the 6-trifluoromethylpyrimidine ring appeared as two singlets at 8.99 and 7.86 ppm. Meanwhile, in the 13C NMR data of compound 6a, two signals at 170.32 and 167.66 ppm indicated the presence of C proton in the 1,3,4-thiadiazole group. One quartet at 156.22 ppm indicated the presence of -CF3 in the pyrimidine fragment. In addition, compound 6a was confirmed correctly by combining HRMS data with the [M + Na]+ peaks.
3.2 In vitro Antifungal Activity
As shown in Table 1, compounds 6c, 6g, and 6h exhibited higher in vitro antifungal activity against Phomopsis sp., and the inhibition rates were 89.6%, 88.7%, and 89.2%, respectively, compared to that of pyrimethanil (85.1%). Meanwhile, Table 1 shows that the inhibitory activity values of compounds 6g, 6h, and 6q against B. cinerea were 86.1%, 90.7%, and 88.3%, respectively, which were superior to that of pyrimethanil (82.8%). In addition, compound 6h possessed similar bioactivity against B. dothidea (82.6%) to that of pyrimethanil (84.4%).
TABLE 1 | Inhibition rates of compounds 6a−6t against B. cinereal, B. dothidea, and Phomopsis sp. at 50 µg/ml.
[image: Table 1]Table 2 shows that compounds 6c, 6g, and 6h had the EC50 values of 25.4, 28.8, and 25.9 μg/ml, respectively, which were better than that of pyrimethanil (32.1 μg/ml). Meanwhile, compounds 6g (EC50 = 57.5 μg/ml) and 6h (EC50 = 50.8 μg/ml) exhibited better in vitro bioactivity on B. cinerea than pyrimethanil (62.8 μg/ml). Meanwhile, compounds 6g (EC50 = 67.8 μg/ml) and 6h (EC50 = 63.6 μg/ml) exhibited lower in vitro bioactivity against B. dothidea than pyrimethanil (57.6 μg/ml).
TABLE 2 | EC50 values of the title compounds against B. dothidea, Phomopsis sp., and B. cinereal.
[image: Table 2]Further structure–activity relationship analysis indicated that more than 80% of the title compounds showed excellent antifungal activity against Phomopsis sp. and B. cinerea. Meanwhile, changing R1 (H or CH3) did not significantly improve the antifungal activity of the compound. Only against Phomopsis sp., the number of compounds (R1 = H) with activity higher than 80% is twice that of compounds (R1 = CH3). In addition, the introduction of strong electron withdraw groups (CN and CF3) into R2 was able to enhance the activity of the compounds, while the introduction of an alkyl group (CH3) cannot obviously improve the antifungal activity of the compounds.
4 CONCLUSION
In conclusion, 20 novel 1,3,4-thiadiazole derivatives bearing a pyrimidine skeleton were synthesized and assessed for all compounds with regard to in vitro antifungal activities. Results of bioassays of the synthesized compounds showed excellent antifungal activity compared to that of pyrimethanil. Therefore, 1,3,4-thiadiazole derivatives bearing a pyrimidine skeleton can be used as candidate leading structures for discovering new fungicidal agents.
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In this study, four kinds of chemical substances (2,3,5,6-tetramethylpyrazine, β-ionone, citronellal, and paeonol), three kinds of plant essential oils (tea tree essential oil, lavender essential oil, and myrrh essential oil), and their combinations were selected to explore their synergistic effects on tobacco beetle [Lasioderma serricorne (Fabricius) (Coleoptera: Anobiidae)] adults by the behavioral test and laboratory simulation test. Behavioral test results showed that some of the combinations revealed a synergistic effect on tobacco beetle adults, especially the sexual attractant +2,3,5,6-tetramethylpyrazine + β-ionone + citronellal + paeonol (SABCD, one portion of sexual attractant, and 1 mg/L synergistic substances) combination and the food attractant +2,3,5,6-tetramethylpyrazine + paeonol (FAD, 1 ml of food attractant and 1 mg/L synergistic substances) combination showed the best behavioral effect on tobacco beetle adults with average dwell times of 120.97 and 126.74 s, respectively, compared to those of other combinations. Meanwhile, SABCD had the highest selection rate [89.47%, about 1.5 times that of the sexual attractant (S)] on tobacco beetle adults compared with those of other combinations. In addition, laboratory simulation test results showed that the SABCD combination had the highest average selection rate (37.31%, about 2 times that of S) on tobacco beetle adults at 1 mg/L. However, our results showed that there was no significant difference in the indoor simulation results of food attractant synergistic substances. Our results will provide guidance for the development of new pesticides for tobacco beetle adults.
Keywords: chemical substances, plant essential oils, behavioral response, synergistic substances, tobacco beetle adults, laboratory simulation test
INTRODUCTION
Insects are divided into pests and beneficial insects. Beneficial insects need to be developed and utilized, and pests need to be controlled. At present, the control methods for pests are mainly physical control methods (Lü et al., 2022; Sang et al., 2022), biological control methods (Cheng et al., 2022; Hu et al., 2022), and chemical control methods (Bi et al., 2022; Chi et al., 2022). The commonly used pesticides in chemical control methods cause pest resistance and environmental pollution (McCaffery, 1998; Saglam et al., 2015; Tang et al., 2022), and some pesticides are banned in many countries currently (Scholler et al., 2018). However, the products of sex attractants (Ikeda et al., 1980; Cao et al., 2020) and food attractants (Cai et al., 2018; Lu et al., 2020) rely on insect sex pheromones (Miao, 1989; Aziz et al., 1992) and plant essential oils or volatiles with attractive effects on insects (Light et al., 2001; Oliver and Mannion., 2001; Cai et al., 2018), respectively. Therefore, humans and the environment are very good and is a very popular chemical control method at present. Sex attractants rely on the principle that insects release sex pheromones to attract the opposite sex to come to mate and reproduce offspring (Miao, 1989; Li et al., 2012). Te sex attractants have been developed since the 1960s (Butenandt and Hecker, 1961; Regnier and Law, 1968) and have achieved good results in many pest control and monitoring applications, such as the Cydia pomonella sex attractant (Xiang et al., 2021), the Spodoptera frugiperda sex attractant (Huang et al., 2022), and the Conogethes punctiferalis sex attractant agent (Chen et al., 2022). Food attractants rely on the principle that herbivorous insects need to feed on plants to obtain the ability or rely on plants to synthesize some scarce substances (Knolhoff and Heckel, 2014; Cai et al., 2018), thereby attracting pests to achieve the goal of pest control. The food attractants of fruit fly pests (Shelly, 2010; Shelly et al., 2014; Gregg et al., 2016), Lepidoptera pests (Sutherland et al., 1977; Knight et al., 2015; Gregg et al., 2016), thrips pests (Niassy et al., 2011; Broughton and Harrison, 2012; Davidson et al., 2015; Mfuti et al., 2016), and beetle pests (Jackson et al., 2005; Ranger et al., 2011; Chen et al., 2014) are greatly developed and applied.
Attractants are widely used in the monitoring and control of pests. But most of the single attractants can only target male insects (Li et al., 2012) and the effect of a single attractant is not as good as the combination of different compounds (Lampman and Metcalf, 1988; Landolt et al., 2014; Knight et al., 2015). Therefore, the attractants composed of a large number of chemical substances and have attracting effects on insects are more meaningful for pest control. For example, Bactrocera dorsalis (Hendel) food attractants are composed of eugenol, matrix, and toxicant (Jang et al., 2013), and the bollworm food attractant contains 2-phenylethanol, phenylacetaldehyde, and volatiles found primarily in leaves (Gregg et al., 2010). The food attractants of Diabrotica spp. are composed of 1,2,4-trimethoxybenzene, indole, and trans-cinnamaldehyde (Lampman and Metcalf, 1987), and the M99 and G04-7 attractants of Monochamus alternatus Hope are composed of α-pinene, β-pinene, acetaldehyde, and acetone (Chen et al., 2014). In addition, FJ-MA-02, PE, PA, A-3, and SC-1 attractants, etc., of M. alternatus are composed of different chemical substances (Chen et al., 2014).
Tobacco beetle [Lasioderma serricorne (Fabricius) (Coleoptera: Anobiidae)] is a worldwide storage pest that harms tobacco (Linnie, 1994; Lü and Ma, 2015; Edde, 2019). Its sex pheromone (4S,6S,7S)-4,6-dimethyl-7-hydroxynonan-3-one (serricomine) was first isolated from female tobacco beetles in the 1980s (Chuman et al., 1979) and is still the main component of most sex pheromone traps (Papadopoulou and Buchelos, 2002; Athanassiou et al., 2018). In addition, the sex pheromone had 4,6-dimethyl-7-hydroxy-3-nonanon and 2,6-diethyl-3,5-dimethyl-2,3-dihydropyran (Mao et al., 1992), which are also slowly applied in the control of tobacco beetle. Studies on the synergistic substances of tobacco beetle sex attractants include the following: Du (2006) studied the synergistic effects of Hangbaiju, Coriander, Gongju, and Brazilian flue-cured tobacco on sexual attractants, and the combined effect of Hangbaiju and pheromone was the most effective (; Xiong (2008) studied the synergistic effect of the combination of Angelica sinensis, citronella, fennel, alfalfa, and green tea on sex attractants; and Guarino et al. (2022) studied the synergistic effect of β-ionone on tobacco beetle sex pheromone, and the best-combined effect was about 1.5 times that of sex attractant alone. However, apart from plant essential oils and plant volatiles about tobacco beetle food attractants, there are currently no specific attractant products (Lu and Liu, 2016; Cao et al., 2019; Guarino et al., 2021).
Therefore, in this study, using the chemical substances and plant essential oils with good attracting effects on tobacco beetle adults reported in the previous studies (Lü and Liu, 2016; Cao et al., 2019; Guarino et al., 2021; Zhong et al., 2021; Ren et al., 2022) as research materials, we explore their synergistic effects of four kinds of chemical substances (2,3,5,6-tetramethylpyrazine, β-ionone, citronellal, and paeonol), three kinds of plant essential oils (tea tree essential oil, lavender essential oil, and myrrh essential oil), and their combinations on tobacco beetle adults by the behavioral test and laboratory simulation test.
MATERIAL AND METHODS
Test Insects
Tobacco beetle adults were obtained from the Institute of Entomology of Guizhou University and reared at the Guizhou Engineering Research Center for Mountain Featured Fruits and Products of Guizhou Light Industry and Technical College. The feeding feed was composed of corn residue, yeast powder, and tobacco leaf powder (15: 1: 0.75). The feeding equipment was an artificial intelligence climate box. The rearing conditions were as follows: photoperiod of 16L: 8D, relative humidity of 60 ± 5%, and temperature of 28 ± 1°C. About 12 h before the experiment, tobacco beetle adults that had emerged within a week were selected and placed in a 100 ml transparent packing box.
Test Materials
Sexual attractant (S), food attractant (F), and sticky cardboard were purchased from Henan LoveTree Technology Development Co. Ltd. (Henan, China). 2,3,5,6-Tetramethylpyrazine (A) was purchased from Shanghai Aladdin Biochemical Technology Co, Ltd. (Shanghai, China). β-Ionone (B) was purchased from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). Citronellal (C) and paeonol (D) were purchased from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). Tea tree essential oil (E), lavender essential oil (G), and myrrh essential oil (H) were purchased from Beijing Maosi Trading Company (Beijing, China). The combinations of the test materials are shown in Table 1.
TABLE 1 | The combinations of the test materials.
[image: Table 1]Behavioral Test of Attractants
About 50 μL of 1 mg/L (chemical substances) or 1 μL/L (plant essential oils) of the substance (dilute with absolute ethanol) is taken and dripped onto a 2 cm × 4 cm filter paper strip. The amount of sex attractant and food attractant in the experiment is 1 portion and 1 ml, respectively, for each trap required by the product instructions. The filter paper strip and attractant were put into the test source bottle and the filter paper strip was changed every 5 times. The gas source bottle and subsequent equipment from side to side were swapped every 20 times to reduce any risk of affecting the results of the experiment. After the behavioral test for each combination, the gas source bottle and all subsequent equipment pieces were first cleaned with alcohol 2–3 times, then cleaned with ultrapure water 2–3 times, and finally, dried at 70°C for 30 min.
The research method of the synergistic effect of four chemical substances and three plant essential oils, as well as their combinations on tobacco beetle sexual attractant and food attractant, is based on the study reported by Guarino et al. (2021), and the diagram for the behavioral test on tobacco beetle adults is shown in Figure 1. The temperature of the test room was controlled at 28 ± 1°C by an air conditioner. An air pump (Aco-5505, Guangdong Haili Group Co., Ltd., all instruments are connected by rubber pipes with inner and outer diameters of 6 and 9 mm, respectively) to generate airflow. The airflow passes through 1,000 ml bottles filled with activated carbon to purify impurities and then passes through a 250 ml humidity bottle containing ultrapure water to increase air humidity. The airflow rate was adjusted through the airflow meter (flow rate: 500 ml/min); the airflow passed through the 250 ml gas source bottle to carry the smell and then entered the Y-shaped pipe (stem: 20 cm; arms: 15 cm at a 140 angle; stem internal diameter: 5.0 cm, arms internal diameter: 3.5 cm, placed in an evenly lit area). After 5 min of ventilation, one tobacco beetle adult was placed in the middle of the main stem (3–5 cm away from the Y-pipe connection).
[image: Figure 1]FIGURE 1 | The diagram for the behavioral test on tobacco beetle adults. 
The time when the tobacco beetle adult entered the experimental group (test arm) and the control group (the tobacco beetle entered the blank arm and the stem 5 cm away from the connection) was recorded and continued to observe for 300 s. The dwell time is calculated by the following formula:
[image: image]
Meanwhile, after the laboratory behavioral test, the tobacco beetle was placed in a 2 ml centrifuge tube, and then male and female identification was carried out using a stereoscopic microscope (SZ680, Chongqing Auto Optical Instrument Co., Ltd.). The abdomen was slightly squeezed with tweezers to expose the genitals. The genitals are simple in shape for females and are complex for males. Only sex attractant synergistic substance studies are conducted to identify males and females.
Laboratory Simulation Test
The blank rubber attractant core (Henan LoveTree Technology Development Co. Ltd., Henan, China) was immersed in absolute ethanol for 24 h, dried for 12 h, and then soaked in 20 ml of 0, 1, 10, and 20 mg/L (chemical substances) or 1 μL/L (plant essential oils) reagents (chemicals and plant essential oils) for 24 h. Finally, it was taken out and placed on a sticky insect board during the experiment.
After the laboratory behavior test, the synergistic substances with the longest average dwell time were selected to be used in the laboratory simulation test. The experimental method referred to the research of Li et al. (2020) and the diagram for the laboratory simulation test on tobacco beetle adults is shown in Figure 2. The test materials were divided into four concentration gradients of 0, 1, 10, and 20 mg/L or μL/L, plus one sexual attractant or 1 ml of food attractant to form four test gas sources. The temperature of the test room was controlled at 28 ± 1°C by an air conditioner, and 10 g of Yunyan 85 leaves was placed in the middle of the wooden box with the length, width, and height of 70, 70, and 50 cm, respectively, to simulate the tobacco warehouse environment (the top of the wooden box was covered with gauze to prevent the escape of tobacco armor and ensure ventilation). The sticky insect boards were put down on the four corners of the wooden box, the test source was placed in the center of the sticky insect board, and 100 tobacco beetle adults were put in the bottom center point of the wooden box. After 24 h, the sticky insect board was collected, and the number of insects was recorded. After the laboratory simulation test, the wooden box was moved to the outdoor for 24 h ventilation. A total of 12 repetitions were performed, with each repetition moving the sticky insect boards clockwise. The selection rate is calculated by the following formula:
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[image: Figure 2]FIGURE 2 | The diagram for the laboratory simulation test on tobacco beetle adults.
Statistical Analysis
Basic processing of data was performed using Microsoft Office Excel (version 2016). LSD test was conducted in SPSS (version 22), and the difference level was p < 0.05.
RESULTS
Behavioral Test of Sexual Attractants
The behavioral effects of four chemical substances and their combinations on the tobacco beetle sexual attractant were determined and shown in Figure 3. As shown in Figure 3, the chemical substance that had the best behavioral effect on sexual attractants is B; its average dwell time is 119.05 s, which is about 1.5 times that of S (80.33 s). Also, SABCD revealed a synergistic effect on tobacco beetle adults with the longest average dwell time of 120.97 s, which is about 1.5 times that of S. Meanwhile, the average dwell times of the SABCD combination for male and female adults were 170.25 and 66.22 s, respectively, which were 1.2 and 5.1 times than those of S (140.53 and 13.06 s, respectively), demonstrating that the SABCD combination also revealed a synergistic effect on male and female adults. Other substance combinations plus sexual attractants with synergistic effects are SA, SB, SD, SBC, SABC, SABD, and SBCD, while it is puzzling that the average dwell times of the combination of SC, SAB, SAC, SAD, SBD, and SCD were lower than those of S. The tobacco beetle adults remained in the experimental group of SD, SB, SABCD, SABC, SBC, SABD, etc., more than the corresponding control group.
[image: Figure 3]FIGURE 3 | An average dwell time of male adults, female adults, and adults of tobacco beetle in the combination of chemical substances and sexual attractants. Different lowercase letters in the figure represent the average dwell time of male adults, female adults, and adults of tobacco beetles with a significant difference at p < 0.05 in different combinations. Error bars shown in the figure represent mean ± SE.
The behavioral effects of three plant essential oils and their combinations on the tobacco beetle food attractant were determined and shown in Figure 4. As shown in Figure 4, each of the three plant essential oils on the sexual attractant had no obvious synergistic effect on male adults, female adults, and adults of tobacco beetle compared with S. The longest average dwell time was with SGH combination, and its average dwell time (117.84 s) was about 1.5 times than that of S (80.33 s), demonstrating that SGH combination had a synergistic effect on tobacco beetle adults. The average dwell time (158.85 s) of male adults in the SGH combination was 1.1 times that of S (140.53 s); meanwhile, the average dwell time (72.28 s) of female adults in the SGH combination was about 5.5 times that of S (13.06 s), also demonstrating that the SGH combination had a synergistic effect on male and female adults. Figure 3 also shows that the synergistic effects of SEH and SGH combinations are positive, and other plant essential oil combinations are all negative. The tobacco beetle adults remained in the experimental groups of SEH and SGH more than the corresponding control group, and SGH is about 1.7 times.
[image: Figure 4]FIGURE 4 | Average dwell time of male adults, female adults, and adults of tobacco beetle in the combination of plant essential oils and sexual attractants. Different lowercase letters in the figure represent the average dwell time of male adults, female adults, and adults of tobacco beetle with a significant difference at p < 0.05 in different combinations. Error bars shown in the figure represent mean ± SE.
Behavioral Test of Food Attractants
The behavioral effect of four chemical substances and their combinations on food attractants were determined and the results are shown in Figure 5. Figure 5 shows that the chemical substance that had the best behavioral effect on tobacco beetle adults is citronellal [average dwell time is 126.74 s, 1.3 times than F (80.33 s)]. Meanwhile, Figure 5 also shows that the FAD combination showed the best synergistic effect on tobacco beetle adults with the longest average dwell time of 146.15 s, which was about 1.5 times that of F (96.45 s). Among these combinations, nine combinations (FA, FC, FD, FAB, FAC, FAD, FBC, FBCD, and FABCD) had synergistic effects on tobacco beetle adults, while six combinations (FB, FBD, FCD, FABC, and FABD) had no synergistic effect on tobacco beetle adults.
[image: Figure 5]FIGURE 5 | Average dwell time of tobacco beetle adults in the combination of chemical substances and food attractants. Different lowercase letters in the figure represent the average dwell time of tobacco beetle adults with a significant difference at p < 0.05 in different combinations. Error bars shown in the figure represent mean ± SE.
The behavioral effect of three plant essential oils and their combinations on food attractants was determined and the results are shown in Figure 6. As shown in Figure 6, all the combinations had no obvious synergistic effect on tobacco beetle adults compared with F. FEG had the highest average dwell time (132.75 s), which is about 1.4 times that of F (96.45 s).
[image: Figure 6]FIGURE 6 | Average dwell time of tobacco beetle adults in the combination of plant essential oils and food attractants. Different lowercase letters in the figure represent the average dwell time of tobacco beetle adults with a significant difference at p < 0.05 in different combinations. Error bars shown in the figure represent mean ± SE.
Analysis of Selection Rate
From the characteristics of the sticky insect board, in reality, once the insects choose to enter the range of the sticky insect board, they cannot be re-selected. Therefore, according to the data record, we also analyzed the selection rate of S plus on different chemical substances, plant essential oils, and their combinations, respectively. As shown in Table 2, SABCD had the highest selection rate (89.47%) on tobacco beetle adults compared with those of S and other combinations. Meanwhile, the male selection rates of SD, SABCD, SEG, and SABCDGH combinations reached 100%, which was even better than those of S (84.21%) and other combinations. In addition, SC had the best female selection rate (94.74%) than those of S (35.29%) and other combinations.
TABLE 2 | The selection rates of sexual attractant (S) plus different chemical substances, plant essential oils, and their combinations.
[image: Table 2]Meanwhile, the selection rate of food attractants plus different chemical substances, plant essential oils, and their combinations, respectively, were also analyzed, and the results are shown in Table 3. As shown in Table 3, the adult selection rate of FE reached 100.00%, which was even better than F (85.00%) and other combinations. In addition, the average adult selection rate of the combination of synergistic substances and food attractants was higher than that of the combination of synergistic substances and sexual attractants (75.10% > 58.98%).
TABLE 3 | The selection rate of the food attractant (F) plus different chemical substances, plant essential oils, and their combinations.
[image: Table 3]Laboratory Simulation Test
After the laboratory behavior test, the synergistic substances of SABCD and FAD were selected to be used in the laboratory simulation test, and the results are shown in Table 4. Table 4 reveals that the average response rate of the FAD combination is 41.5%, which is equal to that of the SABCD combination (39.5%). Meanwhile, the SABCD combination had the highest average selection rate (37.31%) on tobacco beetle adults at 1 mg/L, which was 2.14 times the average selection rate at 0 mg/L, and with the increase of the concentration of the synergistic substance, the average selection rate has a tendency to decrease. In addition, Table 4 also shows that the average selection rate of FAD had no significant change with the increase in the concentration of the synergistic substances.
TABLE 4 | The average response rate and selection rate of SABCD and FAD combinations on tobacco beetle adults.
[image: Table 4]DISCUSSION
In our study, the synergy of β-ionone and other substances was better (about 1.5–2 times) than that of single β-ionone for food/sex attractants; however, the synergistic effect of Hangbaiju on the tobacco nail attractant (Du, 2006), the synergistic effect of angelica + citronella on the tobacco nail attractant (Xiong, 2008), the synergistic effect of β-ionone on the tobacco nail attractant (Guarino et al., 2022), and their synergistic effect was not more than 1.5 times. But, judging from the research on attractants of other insects, the multiplier was far more than 2 times, and the number of Mythimna separata trapped by the combination of ethyl benzoate and armyworm sex pheromone was about 4–5 times that of armyworm sex pheromone (Yang et al., 2015). The combination of (Z)-8-dodecenyl acetate, (E)-8-dodecenyl acetate, and codlemone (95: 4: 10) was found to trap Grapholita molesta adults about 5–6 times more than the commercial sex attractants with the combination of (Z)-8-dodecenyl acetate, (E)- 8-dodecenyl acetate, and (Z)-8-dodecenol (95:4:1) (Liu et al., 2021).
In addition, some combinations had a very good lure effect on tobacco beetles, but after combining these best combinations, the effect was not as good as when it was not combined or the effect does not increase significantly. Similar results were also reported in other studies. Ataide et al. (2020) studied the behavioral response of different essential oils to tobacco beetle adults, but the synergistic effect of eucalyptol and euggenol combination was not better than a single one of them. Fornari et al. (2013) found that the average number of Lobiopa insularis was caught after 7 days of exposure to different food attractants, and the mixture of ripe strawberries and combination (dairy cattle feed, granulated sugar, and water) was not as large as their individual catches. Sathiyaseelan et al. (2022) found that rice bran and rice flour alone were more effective in attracting insects such as Sitotroga cerealella, Rhyzopertha dominica, Tribolium spp., Sitophilus oryzae, and Oryzaephilus surinamensis than their combinations. Therefore, it is very necessary to study the compounding of substances that have a good attraction to tobacco beetles.
CONCLUSION
In conclusion, the synergistic effects of four kinds of chemical substances, three kinds of plant essential oils, and their combinations on tobacco beetle adults were determined by the behavioral test and laboratory simulation test. Behavioral test results showed that the SABCD combination showed the best synergistic effect and selection rate on tobacco beetle adults. Meanwhile, laboratory simulation test results showed that the SABCD combination had the highest average selection rate on tobacco beetle adults at 1 mg/L, demonstrating that the SABCD combination could be further used for the tobacco beetle adults' control. However, our results showed that there was no significant difference in the indoor simulation results of food attractant synergistic substances, providing guidance for controlling tobacco beetle adults.
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In order to develop an efficient and broad-spectrum bactericide, a series of novel capsaicin derivatives containing a sulfonic acid esters moiety was synthesized. The structure of these compounds were confirmed by nuclear magnetic resonance spectroscopy (NMR) and high-resolution mass spectrum (HRMS). The results of the bioactivities revealed that some target compounds exhibited remarkable antibacterial activity. Compound 3b exhibited the highest activities against Pseudomonas syringae pv. actinidiae (Psa), Xanthomonas oryzae pv. oryzae (Xoo), and Xanthomonas axonopodis pv. citri (Xac), and the values were 86, 54, and 92% at 50 μg/ml, respectively, which were higher than were for thiodiazole copper (87, 34, and 77%) and bismerthiazol (87, 37 and 75%). Although some compounds also showed certain activity against Spodoptera frugiperda, it was weaker than the positive controls monosultap and mulfoxaflor. Thus, the bioassay results recommend that these newly designed and synthesized scaffolds should be used as a bactericide lead compound rather than an insecticide lead compound.
Keywords: sulfonic acid esters, synthesis, antibacterial activities, insecticidal activity, capsaicin derivatives
1 INTRODUCTION
Almost every crop is affected by bacterial diseases, resulting in significant quality and yield losses. Although there are some commercially available agricultural chemicals for bacterial disease control, frequent and long-term use of these result in problems in resistance in bacteria populations, environmental contamination, and human health. Therefore, there is still a need to develop novel, effective, and environmentally friendly bactericides (Chen et al., 2021; Li et al., 2021). The plants have established an excellent chemical defense system to selectively defend against pathogens through producing some chemicals with antimicrobial properties throughout their evolution. These secondary metabolites generally have antimicrobial activity against pathogens but are safe for the environment, animals, and humans. Thus, it could be imagined that these chemicals can be further developed into bactericides, as excellent lead structures (Morant et al., 2008a; Morant et al., 2008b; Xia et al., 2014).
Capsaicinoid is originally a kind of active ingredient extracted from the ripe fruit of the nightshade plant capsicum, with more than 19 compounds having similar structures such as capsaicin, hydrocapsaicin, mocapsaicin, and nordihydrocapsaicin (Mazourek et al., 2009; Huang et al., 2013). Due to these structures being highly similar, they has almost identical biological activities, such as insecticidal, bactericidal, analgesic, anticancer, antiviral, and other such activities (Lee et al., 2007; Snitker et al., 2009; Díaz-Laviada, 2010; Liao et al., 2011). In particular, the bactericidal and insecticidal activities of capsaicinoid have been so impressive that capsaicinoid has even been developed into commercial bactericides and insecticides (Isaacs et al., 2004; Inoue et al., 2007; Claros Cuadrado et al., 2019). As a member of the capsaicinoid family, nonivamide is widely studied as a substitute of capsaicinoid in organic chemistry, analytical chemistry, and the biochemistry field, as it is easily synthesized than other capsaicinoid members (Anderson et al., 2014; Palo-Nieto et al., 2016). As the main functional group of covalent inhibitors drug, sulfonic acid groups play an important role in pharmaceutical chemistry. This is due to the sulfonic acid group easily forming covalent bonds with lysine, histidine, serine, and tyrosine of protein, which makes the parent compound better in acting on the protein target (Hatcher et al., 2018; Baggio et al., 2019; Bum-Erdene et al., 2020; Teng et al., 2020). In addition, sulfonic acid groups can also improve the physical and chemical properties of drug molecules (Guo et al., 2019; Guo et al., 2020). Inspired by the results of these studies, the present work aims to incorporate a sulfonic acid moiety into the nonivamide backbone to synthesize a series of novel derivatives and further evaluate their bactericidal and insecticidal activities (Figure 1), hoping to obtain capsaicinoid derivatives with higher activities than the existing commercial agricultural chemicals.
[image: Figure 1]FIGURE 1 | The overall design idea of research.
2 EXPERIMENTAL
2.1 Chemistry
All starting materials and reagents were commercially available and used without further purification, except as indicated. The 1H-NMR and 13C-NMR spectra were recorded on a Bruker DPX 400 MHz (Bruker BioSpin GmbH, Rheinstetten, Germany) NMR spectrometer with CDCl3 as the solvent. The following abbreviations were used to explain the multiplicities: s, singlet; d, doublet; t, triplet; m, multiplet, and br, broadened. The melting points were determined on a WRX-4 microscope melting point apparatus (YiCe Apparatus & Equipment Co., Ltd., Shanghai, China). High-resolution mass spectrometry (HRMS) was conducted using a Thermo Scientific Q Exactive (Thermo Fisher Scientific, Massachusetts, United States).
2.1.1 General Procedures for Preparing Compounds
The synthetic route for the title compounds 3a–3u is depicted in Scheme 1. Intermediates 1–2 were synthesized according to a previous reported method (Anderson et al., 2014). Vanillylammonium chloride was dissolved in deionized water, and 10 wt% NaOH aqueous solution was added to the reaction system, slowly reaching pH = 12. Then, the white precipitate was filtered out, and sodium hydroxide solution added to the filtrate until reaching pH = 5. The intermediates 1 was precipitated from the system as a white solid. 0.12 mol of intermediates 1 and 3–equivalent thionyl chloride was mixed and refluxed for 4 h. The excess thionyl chloride was removed by rotary evaporator, and the residue was dissolved by CH2Cl2. 0.1 mol vanillylamine was dissolved in 30 ml CH2Cl2, then a solution of acyl chloride/CH2Cl2 mixture was added dropwise to the reaction mixture. After stirring at 40°C for 6 h, the reaction was stopped, and intermediates 2 was obtained through chromatography. Target compounds 3a–3u were synthesized by condensation of different sulfonyl chloride, which contains different substituent groups and intermediates 2 at room temperature conditions. Two equivalents of triethylamine was added to the system as a catalyst to neutralize the HCl generated by the reaction such that the reaction can proceed smoothly. After about approximately 4 h, the solvent was removed, and the residue was purified by flash chromatography on silica gel with petroleum n-hexane/ethyl acetate (volume ratio 5:1) to obtain the pure product.
[image: Scheme 1]SCHEME 1 | Synthetic route of the target compounds 3a–3u.
2.1.1.1 2-Methoxy-4-(Nonanamidomethyl)Phenyl 4-Fluorobenzenesulfonate (3a)
White powder, yield 81.0%. m.p. 36–37°C. 1H-NMR (400 MHz, CDCl3) δ 7.89–7.81 (m, 2H), 7.15 (d, J = 8.6 Hz, 2H), 7.06 (d, J = 8.0 Hz, 1H), 6.79–6.71 (m, 2H), 6.07 (t, J = 6.0 Hz, 1H), 4.34 (d, J = 6.0 Hz, 2H), 3.50 (s, 3H), 2.18 (t, J = 7.6 Hz, 2H), 1.61 (t, J = 7.3 Hz, 2H), 1.30–1.20 (m, 10H), and 0.85 (t, J = 6.7 Hz, 3H). 13C-NMR (100 MHz, CDCl3) δ 173.3, 164.6, 151.6, 139.3, 137.2, 132.1, 131.5, 131.4, 124.1, 119.6, 116.2, 116.0, 112.1, 55.5, 43.0, 36.7, 31.8, 29.3, 29.2, 25.8, 22.6, and 14.1. HRMS (ESI): calculated for C23H30FNO5S [M+Na]+: 474.1720, found: 474.1723.
2.1.1.2 2-Methoxy-4-(Nonanamidomethyl)Phenyl 2-Bromobenzenesulfonate (3b)
White powder, yield 83.0%. m.p. 65–66.5°C. 1H-NMR (400 MHz, CDCl3) δ 7.98–7.77 (m, 2H), 7.54–7.34 (m, 1H), 7.19 (t, J = 8.6 Hz, 1H), 7.05 (dd, J = 36.6, 8.1 Hz, 1H), 6.86–6.65 (m, 2H), 5.96 (q, J = 6.3 Hz, 1H), 4.37 (t, J = 6.3 Hz, 2H), 3.54 (s, 3H), 2.20 (m, 2H), 1.72–1.56 (m, 2H), 1.45–1.16 (m, 10H), and 0.87 (t, J = 6.7 Hz, 3H). 13C-NMR (100 MHz, CDCl3) δ 173.2, 151.6, 135.5, 134.6, 132.1, 131.5, 131.4, 124.1, 119.6, 116.2, 116.0, 112.1, 55.6, 55.5, 43.0, 36.7, 31.8, 29.3, 29.3, 29.2, 25.8, 22.6, and 14.1. HRMS (ESI): calculated for C23H30BrNO5S [M+Na]+: 534.0920, found: 534.0921.
2.1.1.3 2-Methoxy-4-(Nonanamidomethyl)Phenyl 3,5-Difluorobenzenesulfonate (3c)
White powder, yield 85.0%. m.p. 85.7–86.5°C. 1H-NMR (400 MHz, CDCl3) δ 7.62–7.35 (m, 2H), 7.16–7.05 (m, 2H), 6.91–6.67 (m, 2H), 5.85 (s, 1H), 4.40 (d, J = 6.0 Hz, 2H), 3.61 (s, 3H), 2.22 (t, J = 7.6 Hz, 2H), 1.66 (dd, J = 16.1, 8.8 Hz, 2H), 1.38–1.14 (m, 10H), and 0.87 (t, J = 6.8 Hz, 3H). 13C-NMR (100 MHz, CDCl3) δ 173.2, 161.2, 151.5, 139.6, 137.2, 124.0, 119.8, 112.3, 112.3, 109.6, 55.6, 43.1, 36.8, 31.8, 29.3, 29.2, 25.8, 22.6, and 14.1. HRMS (ESI): calculated for C23H29F2NO5S [M+Na]+: 496.1627, found: 196.1633.
2.1.1.4 2-Methoxy-4-(Nonanamidomethyl)Phenyl 4-Methoxybenzenesulfonate (3d)
White powder, yield 81.0%. m.p. 78.9–80.2°C. 1H-NMR (400 MHz, CDCl3) δ 7.78 (d, J = 8.9 Hz, 2H), 7.06 (d, J = 8.7 Hz, 1H), 6.96 (d, J = 9.0 Hz, 2H), 6.76 (dd, J = 4.3, 2.4 Hz, 2H), 5.89 (s, 1H), 4.37 (d, J = 5.9 Hz, 2H), 3.88 (s, 3H), 3.56 (s, 3H), 2.21 (t, J = 7.6 Hz, 2H), 1.64 (p, J = 7.5 Hz, 2H), 1.38–1.18 (m, 10H), and 0.87 (t, J = 6.8 Hz, 3H). 13C-NMR (100 MHz, CDCl3) δ 173.2, 164.0, 151.9, 138.8, 137.6, 130.8, 127.5, 124.0, 119.6, 114.0, 112.1, 55.7, 55.6, 43.1, 36.8, 31.8, 29.3, 29.2, 25.8, 22.6, and 14.1. HRMS (ESI): calculated for C24H33NO6S [M+Na]+: 486.1921, found: 486.1927.
2.1.1.5 2-Methoxy-4-(Nonanamidomethyl)Phenyl 2-Fluorobenzenesulfonate (3e)
White powder, yield 84.0%. m.p. 54.3–56.6°C. 1H-NMR (400 MHz, CDCl3) δ 7.84–7.74 (m, 1H), 7.70–7.62 (m, 1H), 7.28 (t, J = 1.3 Hz, 1H), 7.24 (td, J = 7.6, 1.0 Hz, 1H), 7.11 (d, J = 8.0 Hz, 1H), 6.78 (d, J = 7.6 Hz, 2H), 5.93 (s, 1H), 4.37 (d, J = 5.9 Hz, 2H), 3.53 (s, 3H), 2.20 (t, J = 7.6 Hz, 2H), 1.64 (t, J = 7.4 Hz, 2H), 1.27 (d, J = 11.3 Hz, 10H), and 0.87 (t, J = 6.6 Hz, 3H). 13C-NMR (100 MHz, CDCl3) δ 173.1, 151.7, 139.1, 137.5, 136.4, 136.3, 131.2, 124.27, 124.0, 124.0, 119.7, 117.2, 117.0, 112.1, 55.6, 43.1, 36.8, 31.8, 29.3, 29.1, 25.8, 22.6, and 14.1. HRMS (ESI): calculated for C23H30FNO5S [M+Na]+: 474.1720, found: 474.1723.
2.1.1.6 2-Methoxy-4-(Nonanamidomethyl)Phenyl Naphthalene-1-Sulfonate (3f)
White powder, yield 82.0%. m.p. 52.5–54.0°C. 1H-NMR (400 MHz, CDCl3) δ 8.40 (d, J = 1.9 Hz, 1H), 8.02–7.84 (m, 4H), 7.75–7.61 (m, 2H), 7.09 (d, J = 8.2 Hz, 1H), 6.76 (dd, J = 8.2, 2.0 Hz, 1H), 6.72 (d, J = 2.0 Hz, 1H), 5.84 (s, 1H), 4.36 (d, J = 5.9 Hz, 2H), 3.39 (s, 3H), 2.25–2.14 (m, 2H), 1.62 (q, J = 7.1 Hz, 2H), 1.32–1.20 (m, 10H), and 0.86 (t, J = 6.8 Hz, 3H). 13C-NMR (100 MHz, CDCl3) δ 173.1, 151.8, 139.0, 137.6, 135.4, 133.2, 131.7, 130.3, 129.5, 129.4, 129.0, 127.9, 127.7, 124.1, 123.3, 119.6, 112.2, 55.5, 43.1, 36.8, 31.8, 29.3, 29.3, 29.1, 25.8, 22.6, and 14.1. HRMS (ESI): calculated for C27H33NO5S [M+Na]+: 506.2079, found: 506.1972.
2.1.1.7 2-Methoxy-4-(Nonanamidomethyl)Phenyl 2,4,6-Trimethylbenzenesulfonate (3g)
White powder, yield 85.0%. m.p. 62.5–64.0°C. 1H-NMR (400 MHz, CDCl3) δ 7.02–6.93 (m, 3H), 6.77 (d, J = 2.0 Hz, 1H), 6.73 (dd, J = 8.2, 2.0 Hz, 1H), 5.97 (t, J = 6.0 Hz, 1H), 4.36 (d, J = 5.8 Hz, 2H), 3.55 (s, 3H), 2.56 (s, 6H), 2.32 (s, 3H), 2.24–2.07 (m, 2H), 1.62 (q, J = 7.3 Hz, 2H), 1.46–1.21 (m, 10H), and 0.87 (t, J = 6.7 Hz, 3H). 13C-NMR (100 MHz, CDCl3) δ 173.2, 152.1, 143.5, 140.6, 138.6, 137.5, 131.6, 131.4, 123.8, 119.5, 112.2, 55.5, 43.1, 36.7, 31.8, 29.3, 29.2, 25.8, 22.8, 22.6, 21.1, and 14.1. HRMS (ESI): calculated for C26H37NO5S [M+Na]+: 498.2285, found: 498.2282.
2.1.1.8 2-Methoxy-4-(Nonanamidomethyl)phenyl 4-Nitrobenzenesulfonate (3h)
White powder, yield 80.0%. m.p. 65.0–67.0°C. 1H-NMR (400 MHz, CDCl3) δ 8.23 (dd, J = 109.8, 8.8 Hz, 4H), 7.15 (d, J = 8.2 Hz, 1H), 6.82 (dd, J = 8.3, 2.0 Hz, 1H), 6.79 (d, J = 2.0 Hz, 1H), 5.80 (s, 1H), 4.40 (d, J = 6.0 Hz, 2H), 3.53 (s, 3H), 2.26–2.16 (m, 2H), 1.65 (d, J = 3.2 Hz, 2H), 1.35–1.20 (m, 10H), and 0.87 (t, J = 6.8 Hz, 3H). 13C-NMR (100 MHz, CDCl3) δ 173.1, 151.4, 150.8, 142.0, 139.7, 137.1, 129.9, 124.1, 123.9, 119.8, 112.2, 55.5, 43.1, 36.8, 31.8, 29.3, 29.3, 29.2, 25.7, 22.6, and 14.1. HRMS (ESI): calculated for C23H30N2O7S [M+Na]+: 501.1666, found: 501.1669.
2.1.1.9 2-Methoxy-4-(Nonanamidomethyl)phenyl 4-(Trifluoromethyl)Benzenesulfonate (3i)
White powder, yield 83.0%. m.p. 87.9–89.1°C. 1H-NMR (400 MHz, CDCl3) δ 7.90 (dd, J = 87.7, 8.3 Hz, 4H), 7.14 (d, J = 8.3 Hz, 1H), 6.81 (dd, J = 8.2, 2.0 Hz, 1H), 6.76 (d, J = 2.0 Hz, 1H), 5.82 (s, 1H), 4.39 (d, J = 6.0 Hz, 2H), 3.47 (s, 3H), 2.34–2.06 (m, 2H), 1.73–1.56 (m, 2H), 1.38–1.21 (m, 10H), and 0.87 (t, J = 6.8 Hz, 3H). 13C-NMR (100 MHz, CDCl3) δ 173.1, 151.5, 139.4, 137.2, 129.1, 125.9, 125.9, 125.8, 125.8, 124.2, 119.8, 112.1, 55.4, 43.1, 36.8, 31.8, 29.3, 29.3, 29.1, 25.8, 22.6, and 14.1. HRMS (ESI): calculated for C24H30F3NO5S [M+Na]+: 524.1689, found: 524.1731.
2.1.1.10 2-Methoxy-4-(Nonanamidomethyl)Phenyl Benzenesulfonate (3j)
White powder, yield 82.0%. m.p. 71.2–72.7°C. 1H-NMR (400 MHz, CDCl3) δ 7.85 (dd, J = 8.4, 1.3 Hz, 2H), 7.71–7.60 (m, 1H), 7.51 (t, J = 7.9 Hz, 2H), 7.06 (d, J = 7.9 Hz, 1H), 6.87–6.67 (m, 2H), 6.05 (s, 1H), 4.36 (d, J = 5.9 Hz, 2H), 3.49 (s, 3H), 2.23–2.17 (m, 2H), 1.72–1.55 (m, 2H), 1.36–1.22 (m, 10H), and 0.87 (t, J = 6.8 Hz, 3H). 13C-NMR (100 MHz, CDCl3) δ 173.2, 151.8, 139.1, 137.4, 136.2, 134.0, 128.8, 128.5, 124.0, 119.6, 112.1, 55.5, 43.0, 36.7, 31.8, 29.3, 29.2, 25.8, 22.6, and 14.1. HRMS (ESI): calculated for C23H31NO5S [M–H]+: 433.1923, found: 432.1850.
2.1.1.11 2-Methoxy-4-(Nonanamidomethyl)Phenyl 2-Chlorobenzenesulfonate (3k)
White powder, yield 85.3%. m.p. 78.2–79.8°C. 1H-NMR (400 MHz, CDCl3) δ 7.97–7.78 (m, 2H), 7.50–7.33 (m, 1H), 7.19 (t, J = 8.6 Hz, 1H), 7.10 (d, J = 8.0 Hz, 1H), 7.01 (d, J = 8.1 Hz, 2H), 6.86–6.70 (m, 2H), 5.97 (s, 1H), 4.37 (t, J = 6.3 Hz, 2H), 3.54 (s, 3H), 2.20 (td, J = 7.6, 5.0 Hz, 2H), 1.75–1.55 (m, 2H), 1.35–1.18 (m, 10H), and 0.87 (t, J = 6.7 Hz, 3H). 13C-NMR (100 MHz, CDCl3) δ 173.2, 151.8, 139.2, 137.6, 134.7, 131.9, 126.6, 124.1, 119.6, 112.2, 55.6, 43.0, 36.7, 31.8, 29.3, 29.1, 25.8, 22.6, and 14.1. HRMS (ESI): calculated for C23H30ClNO5S [M+Na]+: 490.1425, found: 490.1429.
2.1.1.12 2-Methoxy-4-(Nonanamidomethyl)Phenyl 4-(Tert-Butyl)Benzenesulfonate (3l)
White powder, yield 83.0%. m.p. 81.2–83.0°C. 1H-NMR (400 MHz, CDCl3) δ 7.65 (dd, J = 105.8, 8.6 Hz, 4H), 7.11 (d, J = 8.1 Hz, 1H), 6.83–6.70 (m, 2H), 5.83 (s, 1H), 4.39 (d, J = 5.9 Hz, 2H), 3.49 (s, 3H), 2.21 (t, J = 7.6 Hz, 2H), 1.68–1.57 (m, 2H), 1.35 (s, 9H), 1.33–1.16 (m, 10H), and 0.87 (t, J = 6.8 Hz, 3H). 13C-NMR (100 MHz, CDCl3) δ 173.1, 158.0, 151.9, 138.8, 137.6, 133.2, 128.4, 125.8, 124.2, 119.6, 112.1, 55.5, 43.2, 36.8, 35.3, 31.8, 31.0, 29.3, 29.3, 29.2, 25.8, 22.6, and 14.1. HRMS (ESI): calculated for C23H30ClNO5S [M+Na]+: 512.2549, found: 512.2444.
2.1.1.13 2-Methoxy-4-(Nonanamidomethyl)Phenyl 2-Nitrobenzenesulfonate (3m)
White powder, yield 83.2%. m.p. 88.0–89.2°C. 1H-NMR (400 MHz, CDCl3) δ 8.03 (dd, J = 8.0, 1.4 Hz, 1H), 7.90–7.80 (m, 2H), 7.72 (ddd, J = 8.8, 7.3, 1.7 Hz, 1H), 7.09 (d, J = 8.0 Hz, 1H), 6.88–6.66 (m, 2H), 5.96 (s, 1H), 4.39 (d, J = 6.0 Hz, 2H), 3.54 (s, 3H), 2.26–2.18 (m, 2H), 1.63 (q, J = 7.1 Hz, 2H), 1.35–1.21 (m, 10H), and 0.91–0.84 (m, 3H). 13C-NMR (100 MHz, CDCl3) δ 173.2, 151.6, 139.6, 137.4, 134.9, 132.0, 131.6, 130.2, 124.7, 124.2, 119.8, 112.4, 55.6, 43.0, 36.7, 31.8, 29.3, 29.2, 25.8, 22.6, 14.2, and 14.1. HRMS (ESI): calculated for C23H30N2O7S [M+Na]+: 501.1666, found: 501.1668.
2.1.1.14 2-Methoxy-4-(Nonanamidomethyl)Phenyl 4-Bromobenzenesulfonate (3n)
White powder, yield 80.1%. m.p. 79.1–80.8°C. 1H-NMR (400 MHz, CDCl3) δ 7.77–7.62 (m, 4H), 7.11 (d, J = 8.1 Hz, 1H), 6.85–6.70 (m, 2H), 5.80 (d, J = 7.3 Hz, 1H), 4.39 (d, J = 6.0 Hz, 2H), 3.54 (s, 3H), 2.33–2.16 (m, 2H), 1.65 (d, J = 2.9 Hz, 3H), 1.50–1.17 (m, 10H), and 1.00–0.75 (m, 3H). 13C-NMR (100 MHz, CDCl3) δ 173.1, 151.6, 139.2, 137.3, 135.2, 132.1, 130.0, 129.3, 124.1, 119.7, 112.1, 55.5, 43.1, 36.8, 31.8, 29.3, 29.2, 25.8, 22.6, and 14.1. HRMS (ESI): calculated for C23H30BrNO5S [M+Na]+: 534.0920, found: 534.0921.
2.1.1.15 2-Methoxy-4-(Nonanamidomethyl)Phenyl Thiophene-2-Sulfonate (3o)
White powder, yield 86.0%. m.p. 83.0–85.2°C. 1H-NMR (400 MHz, CDCl3) δ 7.72 (dd, J = 5.0, 1.4 Hz, 1H), 7.61 (dd, J = 3.8, 1.4 Hz, 1H), 7.18–7.01 (m, 2H), 6.79 (d, J = 7.1 Hz, 2H), 5.91 (s, 1H), 4.39 (d, J = 5.9 Hz, 2H), 3.60 (s, 3H), 2.22 (t, J = 7.6 Hz, 2H), 1.64 (q, J = 7.3 Hz, 2H), 1.39–1.18 (m, 10H), and 0.87 (t, J = 6.6 Hz, 3H). 13C-NMR (100 MHz, CDCl3) δ 173.2, 152.0, 139.2, 137.5, 135.6, 135.2, 134.3, 127.3, 124.0, 119.6, 112.2, 55.7, 43.1, 36.8, 31.8, 29.3, 29.2, 25.8, 22.6, and 14.1. HRMS (ESI): calculated for C21H29BrNO5S2 [M–H]+: 439.1487, found: 438.1414.
2.1.1.16 2-Methoxy-4-(Nonanamidomethyl)Phenyl 3-Nitrobenzenesulfonate (3p)
White powder, yield 82.0%. m.p. 103.1–104.5°C. 1H-NMR (400 MHz, CDCl3) δ 8.77 (t, J = 2.0 Hz, 1H), 8.51 (ddd, J = 8.3, 2.2, 1.1 Hz, 1H), 8.24 (dt, J = 7.9, 1.4 Hz, 1H), 7.76 (t, J = 8.1 Hz, 1H), 7.20 (d, J = 8.2 Hz, 1H), 6.89–6.73 (m, 2H), 5.78 (s, 1H), 4.40 (d, J = 6.0 Hz, 2H), 3.55 (s, 3H), 2.29–2.13 (m, 2H), 1.71–1.62 (m, 2H), 1.34–1.23 (m, 10H), and 0.90–0.82 (m, 3H). 13C-NMR (100 MHz, CDCl3) δ 173.1, 151.3, 148.0, 139.7, 138.46, 137.0, 134.0, 130.1, 128.3, 124.2, 123.9, 120.0, 112.2, 55.6, 43.1, 36.8, 29.3, 29.3, 29.2, 25.8, 22.6, and 14.1. HRMS (ESI): calculated for C23H30N2O7S [M+Na]+: 501.1666, found: 501.1667.
2.1.1.17 2-Methoxy-4-(Nonanamidomethyl)Phenyl 3-Fluorobenzenesulfonate (3q)
White powder, yield 80.5%. m.p. 58.0–60.3°C. 1H-NMR (400 MHz, CDCl3) δ 7.68 (d, J = 7.9 Hz, 1H), 7.61 (ddd, J = 8.0, 2.5, 1.7 Hz, 1H), 7.51 (td, J = 8.1, 5.2 Hz, 1H), 7.39–7.34 (m, 1H), 7.11 (d, J = 8.0 Hz, 1H), 6.80 (d, J = 7.7 Hz, 2H), 5.80 (s, 1H), 4.39 (d, J = 5.9 Hz, 2H), 3.56 (s, 3H), 2.29–2.16 (m, 2H), 1.87–1.56 (m, 2H), 1.42–1.19 (m, 10H), and 0.87 (t, J = 6.8 Hz, 3H). 13C-NMR (100 MHz, CDCl3) δ 173.1, 151.7, 139.2, 137.3, 130.6, 124.1, 121.3, 119.7, 115.8, 112.1, 55.6, 43.1, 36.8, 31.8, 29.3, 29.2, 25.8, 22.7, and 14.1. HRMS (ESI): calculated for C23H30FNO5S [M+Na]+: 474.1721, found: 474.1721.
2.1.1.18 2-Methoxy-4-(Nonanamidomethyl)Phenyl 2,6-Difluorobenzenesulfonate (3r)
White powder, yield 82.0%. m.p. 38.2–39.1°C. 1H-NMR (400 MHz, CDCl3) δ 7.61 (tt, J = 8.5, 5.8 Hz, 1H), 7.17 (d, J = 8.8 Hz, 1H), 7.05 (t, J = 8.4 Hz, 2H), 6.81 (d, J = 6.8 Hz, 2H), 5.85 (s, 1H), 4.38 (d, J = 5.9 Hz, 2H), 3.55 (s, 3H), 2.29–2.17 (m, 2H), 1.78–1.58 (m, 2H), 1.37–1.19 (m, 10H), and 0.92–0.80 (m, 3H). 13C-NMR (100 MHz, CDCl3) δ 173.2, 151.5, 139.4, 137.4, 136.0, 124.2, 119.9, 113.0, 112.7, 112.2, 55.6, 43.1, 36.8, 31.8, 29.3, 29.2, 25.8, 22.7, and 14.1. HRMS (ESI): calculated for C23H29F2NO5S [M+Na]+: 492.1627, found: 492.1626.
2.1.1.19 2-Methoxy-4-(Nonanamidomethyl)Phenyl 3-(Trifluoromethyl)Benzenesulfonate (3s)
White powder, yield 81.0%. m.p. 84.3–85.4°C. 1H-NMR (400 MHz, CDCl3) δ 8.17 (s, 1H), 8.06 (dt, J = 8.1, 1.4 Hz, 1H), 7.91 (d, J = 7.8 Hz, 1H), 7.67 (t, J = 7.9 Hz, 1H), 7.19 (d, J = 8.2 Hz, 1H), 6.82 (dd, J = 8.2, 2.0 Hz, 1H), 6.76 (s, 1H), 5.79 (s, 1H), 4.40 (s, 2H), 3.48 (s, 3H), 2.21 (t, J = 7.6 Hz, 2H), 1.83–1.48 (m, 2H), 1.39–1.23 (m, 10H), and 0.87 (t, J = 6.7 Hz, 3H). 13C-NMR (100 MHz, CDCl3) δ 173.1, 151.4, 139.5, 137.2, 129.5, 124.3, 119.8, 112.0, 55.3, 43.1, 36.8, 31.8, 29.3, 29.2, 25.8, 22.6, and 14.1. HRMS (ESI): calculated for C24H30F3NO5S [M+Na]+: 524.1689, found: 524.1691.
2.1.1.20 2-Methoxy-4-(Nonanamidomethyl)Phenyl 3-Bromobenzenesulfonate (3t)
White powder, yield 86.2%. m.p. 57.5–59.5°C. 1H-NMR (400 MHz, CDCl3) δ 8.05 (t, J = 1.9 Hz, 1H), 7.78 (dt, J = 8.1, 2.0 Hz, 2H), 7.38 (t, J = 8.0 Hz, 1H), 7.13 (d, J = 8.1 Hz, 1H), 6.84–6.69 (m, 2H), 5.90 (s, 1H), 4.38 (d, J = 5.9 Hz, 2H), 3.55 (s, 3H), 2.32–2.16 (m, 2H), 1.65 (h, J = 7.4, 6.6 Hz, 2H), 1.40–1.20 (m, 10H), and 0.87 (t, J = 6.8 Hz, 3H). 13C-NMR (100 MHz, CDCl3) δ 173.2, 151.5, 139.3, 137.9, 137.2, 137.0, 131.4, 130.2, 127.1, 124.2, 122.6, 119.7, 112.1, 55.5, 43.1, 36.8, 31.8, 29.3, 29.2, 25.8, 22.7, and 14.1. HRMS (ESI): calculated for C23H30BrNO5S [M+Na]+: 534.0920, found: 534.0920.
2.1.1.21 2-Methoxy-4-(Nonanamidomethyl)Phenyl 3-Chlorobenzenesulfonate (3u)
White powder, yield 83.5%. m.p. 66.6–68.4°C. 1H-NMR (400 MHz, CDCl3) δ 7.90 (t, J = 1.9 Hz, 1H), 7.80–7.69 (m, 1H), 7.66–7.57 (m, 1H), 7.45 (t, J = 8.0 Hz, 1H), 7.13 (d, J = 8.1 Hz, 1H), 6.87–6.72 (m, 2H), 5.79 (s, 1H), 4.39 (d, J = 5.9 Hz, 2H), 3.55 (s, 3H), 2.40–2.01 (m, 2H), 1.79–1.52 (m, 2H), 1.35–1.21 (m, 10H), and 0.87 (t, J = 6.8 Hz, 3H). 13C-NMR (100 MHz, CDCl3) δ 173.1, 151.6, 139.3, 137.8, 137.3, 135.0, 134.1, 130.0, 128.6, 126.7, 124.2, 119.8, 112.1, 55.5, 43.1, 36.8, 31.8, 29.3, 29.2, 25.8, 22.7, and 14.1. HRMS (ESI): calculated for C23H30ClNO5S [M+H]+: 467.1553, found: 468.1604.
2.2 Antimicrobial Assay
The bacteria which was used for the bioassay was provided by the Guizhou Tea Institute. The test method which was reported by Wang et al. (2021) was adopted, and the commercial agricultural bactericide bismerthiazol and thiodiazole copper were used as the positive control. Compounds were diluted to a concentration using a small amount of dimethyl sulfoxide (DMSO) and 0.1% Tween-20 (v/v). The bacteria were first grown in nutrient broth medium (NB), and then the medium containing the bacteria was added to solvent NB containing the test compounds. The inoculated test tubes were incubated at 30 ± 1°C under continuous shaking at 180 rpm for 48 h. The culture growth was monitored spectrophotometrically by measuring the optical density at 600 nm (OD600) and expressed as corrected turbidity. The relative inhibition rates (%) were calculated according to the following equation, where Ctur is the corrected turbidity value of bacterial growth in untreated NB, and Ttur is the corrected turbidity value of bacterial growth in treated NB.
[image: image]
2.3 Insecticidal Activity Assay
Spodoptera frugiperda used in the biological tests were collected from the fields in Luodian County, Guizhou Province, China, and bred in a greenhouse. The specific test steps are as follows: 20 s instar larvae of Spodoptera frugiperda were divided into 20 small cups and starved for 3–4 h. Fresh corn leaves were cut into small leaf disks of 1 cm × 1 cm with scissors, and then soaked in each test solution for 5 s and air dried naturally. Then, they were put in the cups with Spodoptera frugiperda and kept under conditions of 25 ± 1°C, relative humidity of 60–70%, and a light-dark cycle of L:D = 14 h:10 h. Normal fresh corn leaf disks were given as feed after 12 h and the number of dead insects recorded at 12, 24, and 36 h.
3 RESULTS AND DISCUSSION
3.1 Chemistry
The synthesis of intermediates 1 and 2 was achieved according to the method reported in the literature (Anderson et al., 2014). Target compounds were synthesized by condensation of different sulfonyl chloride which contained different substituent groups and intermediates 2 at room temperature conditions. HCl was produced as the byproduct in this reaction, and it was necessary to add an alkali to neutralize the HCl in the system to make the reaction proceed smoothly. Initially, we used Na2CO3 as the catalyst to be added to the system, but because Na2CO3 was difficult to dissolve in organic systems, the reaction was slow and the product yield was also very low. Therefore, we chose organic base triethylamine as the catalyst for the reaction, which made the reaction faster, and the yield was generally higher than 80%. The structures of all title compounds were confirmed by 1H-NMR, 13C-NMR, and HRMS. Due to these compounds having similar backbones, their 1H-NMR spectra had something in common. For example, the proton signals of -OCH3 of all compounds were around 3.5 ppm, and the proton signals of acetyl were between 5.0 and 6.0 ppm. The proton signals of the alkyl chain in capsaicin were all below 4.0 ppm and were reflected in the NMR as four types of signals. These were the characteristics of the NMR spectra of these compounds.
3.2 In vitro Antibacterial Activity
As shown in Table 1, almost all title compounds exhibited antibacterial activities against Pseudomonas syringae pv. actinidiae (Psa), Xanthomonas oryzae pv. oryzae (Xoo), and Xanthomonas axonopodis pv. citri (Xac). Although many compounds exhibited comparable inhibition rates against Psa and Xac at a high concentration (100 μg/ml) as commercial bactericides, some compounds exhibited greater activity at a lower concentration (50 μg/ml). The inhibition rate of these compounds against Psa was in the range of 71–96% at 50 μg/ml. Among them, compounds 3c, 3t, and 3u showed the highest activity with inhibition rates of 89, 96, and 93%, respectively, which were better than those of commercial bactericide bismerthiazol (87%) and thiodiazole copper (87%). The inhibition rate of these compounds against Xac was in the range of 71–92% at 50 μg/ml. Among them, compounds 3b and 3p showed the highest activity with inhibition rates of 92%, which were better than those of commercial bactericide bismerthiazol (77%) and thiodiazole copper (75%). The title compounds exhibited impressive inhibition activity against Xoo, especially compounds 3a, 3b, 3c, 3d, 3f, 3g, 3i, and 3l, and the bactericidal activity at the concentration of 100 and 50 μg/ml was higher than that in the commercial bactericide.
TABLE 1 | The in vitro antibacterial activities of the target compounds 3a–3u.
[image: Table 1]3.3 Insecticidal Activity Assay Against Spodoptera frugiperda
The results of the insecticidal activity against Spodoptera frugiperda of some compounds which were tested are shown in Figure 2. In general, although these compounds showed certain insecticidal activity against Spodoptera frugiperda, their activities were lower than those of the commercial insecticide monosultap and mulfoxaflor. Compounds 3a, 3m, 3q, and 3u, which showed the highest activity among these compounds, with lethal rates of 50, 50, 56.3, and 50% at 36 h, respectively, were still far lower than the positive controls monosultap (100% at 36 h) and mulfoxaflor (87.5% at 36 h). From the structure–activity relationship analysis, the group and its substitution position on the benzene ring of the title compounds affected insecticidal activity. When the nitro group was substituted at the 2-position of the benzene ring, the compound showed enhanced insecticidal activity. When the nitro group was substituted at the 3- or 4-position, the compound showed weak insecticidal activity.
[image: Figure 2]FIGURE 2 | The insecticidal activity against Spodoptera frugiperda of target compounds.
4 CONCLUSION
In summary, in order to develop efficient and broad-spectrum agricultural chemicals, we diversified the structure of capsaicin and synthesized a series of novel capsaicin derivatives containing a sulfonic acid esters moiety. The structures of the compounds were confirmed through NMR and HRMS. The bioassay results revealed that the compounds exhibited obvious activities against Pseudomonas syringae pv. actinidiae (Psa), Xanthomonas oryzae pv. oryzae (Xoo), and Xanthomonas axonopodis pv. citri (Xac). A few of the compounds even exhibited higher activities than the commercial bactericides bismerthiazol and thiodiazole copper. Surprisingly, some compounds also showed some insecticidal activity against Spodoptera frugiperda, but the activity was far less than that of the commercial insecticides monosultap and mulfoxaflor. Therefore, further derivatives and optimization of the structure of the title compounds to improve their insecticidal activity are underway.
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Transition metal catalysis plays an essential role in the total synthesis of natural products. Cobalt-mediated asymmetric catalysis has successfully been used as a primary or a secondary step in the total synthesis of natural products, especially terpenoids. Terpenoids represent one of the most prominent families among various categories of natural products, attracting immense attention due to their promising physiological activities. This review summarizes the recent advances toward the total synthesis of terpenoids by cobalt-mediated asymmetric catalysis, which may shed some light on their future synthetic efforts toward natural pesticides such as celanguline, azadirachtin, etc.
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INTRODUCTION
Cobalt is a transition metal widely distributed on the earth. It has been used for organic synthesis in catalytic reactions for almost a century. Roelen (1938) achieved the hydroformylation alkene under Co2(CO)8-catalyzed conditions, which was a seminal work highlighting the impact of organometallic cobalt catalysts on selective organic transformations. It is worth mentioning that terpenoids are integral parts of natural products, widely distributed in plants, microbes, marine life, and some insects. The semi-synthesis and total synthesis of terpenoids gradually became one of the essential hotspots in the 20th century due to their various chemical structures and significant biological activities. In the following decades, great efforts have been made to explore novel strategies to synthesize the critical intermediates of terpenoids by catalyzing cobalt. Various studies have shown that cobalt catalysts expand the scope and range of organic methods, particularly in synthesizing small rings and enantioselective reactions. In this context, recent reviews summarized the enantioselective cobalt-catalyzed transformations (Pellissier and Clavier, 2014), catalytic activation of olefins using cobalt complex (Shigehisa, 2018), and metal-hydride hydrogen atom transfer (MHAT) reactions in natural product synthesis (Wu and Ma, 2021). However, there is a lack of a systematic and comprehensive summary of the application of cobalt catalysis in the total synthesis of terpenoids. Given the continuous progress in this research field, this review summarizes the total synthesis of terpenoids by asymmetric cobalt catalysis over the past few decades. It introduces aspects of hydration, hydrovinylation, hydroperoxidation, isomerization, and cycloaddition by cobalt-catalyzed. Partial functional group manipulation steps in the synthetic routes are omitted due to space limitations.
THE TOTAL SYNTHESIS OF TERPENOID ENABLED BY COBALT-CATALYZED
Hydration
Asymmetric hydration represents a powerful tool for converting alkenes into valuable and chiral building blocks for organic synthesis. It is a fundamental challenge for all hydration reactions to control the stereoselectivity of the alkene. We will systematically introduce applications of olefins hydration triggered through cobalt catalysis. One of the most widely employed cobalt radical reactions is the Mukaiyama hydration, a mild method to construct the C-O bonds across double bonds. Many reports show that cobalt-mediated Mukaiyama hydration of olefins has numerous applications due to its high regio- and chemoselectivity.
Shibasaki and Kanai (Kuramochi et al., 2005) achieved the first total synthesis of garsubellin A (5) using a cobalt-catalyzed Mukaiyama hydration. As shown in Figure 1A-I, isopropenyl ketone 2 was provided from commercially available cyclohexanone 1 in four steps. To complete the construction of the A-B rings in the later stage, the authors firstly protected the prenyl group under the conditions (Co(acac)2, PhSiH3, and O2) to obtain tertiary alcohol 3, followed by treatment of 3 with MOMCl; a second prenyl group was introduced to C-4 at the axial position to give coupling compound 4. Later, (±)- garsubellin A (5) was prepared via a sixteen-step conversion from 4.
[image: Figure 1]FIGURE 1 | Cobalt-catalyzed Hydration, Hydrovinylation, and Hydroperoxidation.
Metz (Zahel and Metz, 2013) finished the synthesis of (−)-oxyphyllol (9) by a regio- and diastereoselective Co (II)-catalyzed hydration of olefin. As shown in Figure 1A-II, the total syntheses started from (−)-photocitral A (6). By a six-step conversion, the intermediate 7 was prepared. Under Co-catalyzed Mukaiyama hydration, a diastereomeric mixture of alcohol 8a and 8b was furnished with an 82% overall yield. (−)-Oxyphyllol (9) was then synthesized from 8a in three steps.
Liu (Song et al., 2015) applied Mukaiyama hydration in the total synthesis of atisane-type diterpenoids. As shown in Figure 1A-III, their synthesis started with 12, which could be accessed by coupling epoxy geranyl bromide 10 and 1,2-dimethoxy-3-methylbenzene 11. Afterward, a seven-step conversion furnished tetracyclic 13, followed by Mukaiyama hydration reaction with Co(acac)2 as the catalyst to afford triol 14 in 65% yield. After five steps, the total synthesis of rac-crotovarin (15) was accomplished.
Sarpong (Pfaffenbach et al., 2019) synthesized indole sesquiterpenoids xiamycins A, C, F, H and oridamycin A. As shown in Figure 1A-IV, aldehyde 17 was prepared from (R)-carvone (16) after twelve steps as a common late-stage intermediate applied to synthesize several xiamycin congeners. Mukaiyama hydration of 17 with Co(acac)2 as the catalyst followed by Pinnick oxidation obtained a pair of diastereomers xiamycin C (18) and 19-epi-xiamycin C (d.r. = 1.5:1) in 64% yield over two steps, and xiamycin F (19) in 15% yield.
Trauner (Liu and Trauner, 2017) reported the synthesis of the antiviral diterpene, wickerol A (24). As shown in Figure 1A-V, with enone 20 and diene 21 as start material, tricylic enol silyl ether 22 was constructed via Diels–Alder cycloaddition. Whereafter, tetracyclic compond 23 was obtained from 22 in nineteen steps. The authors finished the total synthesis of wickerol A (24) at the last step of the Mukaiyama hydration of olefin via CpCo(CO)2 catalyst with a 31% yield.
Shenvi (Ohtawa et al., 2017) prepared neurotrophic sesquiterpenes, 11-O-debenzoyltashironin (29). As shown in Figure 1A-VI, The synthesis commenced with the construction of tetracycle 27, which was accessed through a cycloaddition between cyclopentanobutenolide 25 and butenolide 26. The seven-membered lactone 28 could be constructed in five steps containing a Dieckmann-type condensation from 27. The authors suspected that the stereochemistry of hydration products might be affected by steric shielding by the C10 alcohol. Thus, the authors applied Mukaiyama hydration via Co(acac)2 catalyst in the last stage toward the total synthesis of 11-O-debenzoyltashironin (29), followed by hemiacetalization with p-TsOH·H2O to transform the trans-hydrindane skeleton with tertiary alcocyclic in 72% yield.
Maimone (Hung et al., 2019) explored a terpene feed stock-based oxidative synthetic approach to synthesize the Illicium sesquiterpenes. As shown in Figure 1A-VII, the alkene 31 was prepared from (+)-cedrol (30) in ten steps. Under the presence of Co(acac)2, PhSiH3, and O2, 31 could be converted to 3-deoxy-pseudoanisatin (32) and its epimer 33 in a 1:1.7 ratio with a 50% yield via a radical hydration reaction.
As shown in Figure 1A-VIII, Shenvi (Crossley et al., 2020) accomplished the total synthesis of (−)-picrotoxinin (35) from dimethyl-(R)-carvone 34 in 12 steps. Under Mukaiyama hydration conditions, Co(acac)2 and PhSiH3 in i-PrOH under O2, (−)-picrotin (36) was isolated in one step and 84% yield.
Dethe (Dethe and Nirpal, 2021) described the enantiospecific total synthesis of japonicol C (41). The allyl alcohol 38 could be advanced to (R)-(+)-limonene (37) in six steps. As shown in Figure 1A-IX, treatment of 38 with Co(acac)2, PhSiH3, O2, and THF, generated the stereospecific product 39 in 68% yield. Although it was an unsuccessful synthesis of japonicol C (41), it provided (+)-iso-japonicol C (40) after deacetylation of 39 in 63% yield. The authors speculated that the stereochemical outcome of the Mukaiyama reaction could be due to the Co-H hydride approaching from a less hindered side. To overcome the obstacle, they took advantage of Pd(OH)2/C-catalyzed isomerization/hydrogenation to furnish (−)-japonicol C (41) from allyl alcohol 38.
As shown in Figure 1A-X, a divergent total synthesis of cephalotane-type nor-diterpenoids cephanolides A-D (46–49) was reported by Sarpong (Haider et al., 2021). Their synthesis commenced from the commercially available 7-hydroxy-4-methylindanone 42, which could be converted to bridge lactone 43 via a four-step sequence with intramolecular Diels–Alder cycloaddition as a critical step. The common intermediates 45 and 45a containing the A/B/C/D/E rings of cephanolides A-D were synthesized by Mukaiyama hydration under Co(thd)2, O2, Et3SiH, and TBHP from 43. In addition, it is necessary to form 44 to use NfF and excess DBU, following converting ketone to an olefine 45 with Ti(Oi-Pr)2Cl2 and Nystedt reagents, followed by Pd catalytic hydrogenation reduction to get common intermediate B (45a). In a word, the cephanolide A (46) was successfully constructed using 42 as the starting material and 45 as common intermediate in overall 14 steps; cephanolide B (47, 10 steps), cephanolide C (48, 8 steps), and cephanolide D (49, 14 steps) were accessed through late-stage oxygenation from a commercially available indanone (42) and 45 as a comm intermediate A.
Carreira (Wolleb and Carreira, 2017) reported the asymmetric total synthesis of (+)-dendrowardol C (53). As shown in Figure 1A-XI, the fused tetracyclic carbon skeleton of 51 was prepared from known ester 50 in eleven steps. They initially tried to construct the primary alcohol 53 through hydroboration-oxidation reaction with the desired configuration. However, they always gave the 1:1 mixture of diastereomers. Towards this end, treatment of 51 with chiral CoI (52) and HBpin, followed by oxidative and global deprotection, afforded the natural product (+)-dendrowardol C (53) in a diastereomeric ratio of 4:1 with 60% yield.
Hydrovinylation
Cobalt-catalyzed asymmetric hydrovinylation has the potential to control the R/S stereocentres of C–C bond formations. Moreover, the choice of the Co-catalyst enables diverse products. The method has been applied in the total synthesis of terpenoids. Co reacted as radical metal hydrides or hydrogen atom transfer (HAT) reagents, which prefer to add hydrogen to the less sterically hindered olefin position to form the most stable radical.
Schmalz (Movahhed et al., 2021) developed a new method of enantioselective cobalt-catalyzed hydrovinylation to introduce chiral olefins. As shown in Figures 1B, taking advantage of the novel method as the chirogenic step the asymmetric hydrovinylation of vinyl-arenes 54a/54b was performed utilizing Co(L*)Cl2 as a catalyst under the atmosphere of ethylene and Et2AlCl, providing vinyl-arenes 55a/55b with remarkable efficiency and excellent enantioselectivity. The total synthesis of (+)-erogorgiaene (56) was achieved in only seven steps with a 46% overall yield from 4-methyl-styrene 54a. Moreover, the iso-pseudopterosin A (57) was prepared in 12 steps with a 30% overall yield from 54b, which proved to be equally anti-inflammatory as a mixture of natural pseudopterosins.
Hydroperoxidation
As shown in Figure 1C, Maimone (Hu et al., 2019) reported the synthesis of complex guaianolide sesquiterpenes. For sinodielide A (62), treatment of (−)-linalool (58) with NaHMDS and 59 was converted into ester 60, followed by underwent smooth Pauson-Khand reaction using dicobalt octacarbonyl (Co2(CO)8) gave bicyclic lactone 61. An additional nine steps gave 62, Wieland-Miescher Ketone analogue 64 was obtained by Robinson annulation starting with (+)-carvone (63). Then 64 was converted to triol 66 by a tandem cobalt-catalyzed hydroperoxidation via bis-peroxide intermediate 65, followed by Zinc powder reduction in a respectable 50% isolated yield. At the last step, boariol (67) was prepared using a stereoselective reduction with LiAlH4 and etherification. With the same procedure and conversion, the total synthesis of notrilobolide (72) was achieved in the overall 14 steps from (+)-carvone (63) as starting material via trien 69 and triol 71 as critical intermediates. Notably, the total syntheses of slovanolide (76) and montanolide (79) via cobalt-catalyzed Mukaiyama-type hydration individually from common intermediate 73.
Isomerization of Olefins
The isomerization of double bonds has attracted attention during the last decade due to the growing importance of selectively shifting this synthetically essential functionality within a molecule. Cobalt complexes have also been utilized for the migration transposition of double bonds along a carbon chain. Hilt (Puenner et al., 2012) realized a transposition of a terminal alkene towards an internal alkene by cobalt catalyzed, and it was applied in a particular total synthesis of terpenoids later. As shown in Figure 2D-I, Metz (Wang et al., 2017) accomplished the first total synthesis of 3β-hydroxy-7β-kemp-8 (9)-en-6-one (87), which was isolated from the soldier defense secretion of the higher termites Nasutitermes octopolis. The Wieland-Miescher ketone 80 could be advanced to β-oriented alcohol 81 in multi-step transformation, giving rise to the requisite tetracyclic dienol 82 via Ru catalyzed domino metathesis. Following five steps of 82 generated the β, γ-unsaturated ketone 83. Later, desilylation and olefin isomerization with HF led to conjugated enone 84, which could be converted into the natural product in late continuous three steps. However, the byproduct of exocyclic olefin isomer 85 made the synthetic route more inefficient. Thus, they explored a cobalt-catalyzed isomerization strategy to install the β, γ-unsaturated ketone moiety from this tetracyclic compound 85 by hydrogen atom transfer with 86 as catalysis, provided the 3β-hydroxy-7β-kemp-8 (9)-en-6-one (87) in good yield.
[image: Figure 2]FIGURE 2 | Cobalt-catalyzed Isomerization of olefins, and Cycloaddition.
Last year, Puno and Li (Yan et al., 2021) synthesized immunosuppressive meroditerpenoid, (−)-isoscopariusin A (91). As shown in Figure 2D-II, the synthesis commenced with the construction of mixed olefins 89 and 90 (d.r. = 1.8:1), which was accessed from (+)-sclareolide (88) via reduction, elimination and bromination. Inspired by Shenvi’s protocol (Crossley et al., 2014) for olefin isomerization through Co(Salent-Bu,t-Bu)Br catalyzed, the exocyclic olefin 89 was converted to cycloolefin 90. Eventually, a following eight-step conversion achieved the total synthesis of (−)-isoscopariusin A (91) on a gram scale.
Cycloaddition
Cobalt catalyzed cycloaddition reaction has been used to construct polycyclic skeleton in total synthesis of terpenoids showed some case studies, such as [2+2+1] and [2+2+2] cycloaddition. The Pauson–Khand reaction is a metal-mediated [2+2+1] cycloaddition of an alkene, an alkyne, with carbon monoxide to construct an α, β-cyclopentenone skeleton.
Magnus (Exon and Magnus, 1983) employed intramolecular alkene-alkyne dicobaltocta-carbonyl mediated cyclopentenone cyclization to synthesize the antitumor sesquiterpene coriolin (95). The dicobalt octacarbonyl strategy for the stereoselective synthesis of hydroxylated bicyclo [3.3.0] enones provides a direct method of making many other natural and unnatural cyclopentanoid products. The unique ability of the [2+2+2] cycloaddition to form several new bonds within one step and thereby assemble smaller synthons to a bigger core structure predestinates this reaction to be applied to synthesize natural products. As shown in Figure 2E-I, Vollhardt (Germanas et al., 1991) employed a novel application of the cobalt-catalyzed cycloaddition to synthesize corioline (95) and stemarin (99). In the total synthesis of corioline (95), the cobalt-catalyzed Pauson–Khand reaction was used to construct the key intermediate 94. Moreover, cobalt mediated [2+2+2] cycloaddition reaction with CpCo(CO)2 played an essential role in the total synthesis of stemarin (99), in which intermediates 98 were constructed with high efficiency and stereoselectivity.
Rubriflordilactones A and B from Schisandra rubriflora have attracted increasing attention because of their intriguing structures and promising anti-HIV activity. As shown in Figure 2E-II, Anderson (Goh et al., 2015) (Chaubet et al., 2017) completed the total synthesis of rubriflordilactone A (100) via a cobalt-catalyzed [2+2+2] cycloaddition as a pivotal step to close the key aromatic C-ring. This total synthesis takes 5-OPMB-pentanoic acid 100 as the starting material; Diyne 101 was prepared after a eleven-step sequence. Meanwhile, the cyclized precursor 104 was assembled with great facility via fragment coupling by 101 and bicyclic lactone alkyne 103, which was prepared from commercially available propargyl silicon 102 via fourteen steps. With an efficient cobalt-catalyzed [2+2+2] cycloaddition, the aromatic C-ring of intermediate 105 with pentacyclic core skeleton was constructed and followed a six-step transformation toward the total synthesis of rubriflordilactone A (106).
As shown in Figure 2E-III, in the total synthesis of andrastin and terretonin meroterpenes in 2017, Maimone and Newhouse (Xu et al., 2017) employed a strategy of purely radical-based homoallyl-type rearrangement/HAT to forge protoaustinoid bicyclo [3.3.1] nonane nucleus. Cycloaddition substrate 109 could be conveniently prepared by PCC oxidation from tetracyclic block 108, which was obtained from commercially available farnesyl bromide 107 in twelve steps. As a common intermediate, 109 was converted to hydroxymethyl ether cyclopentenone 110 and iso-cyclopentenone 112 by cobalt-catalyzed intramolecular cycloaddition reaction under the action of 5% mol catalyst and 10% mol catalyst, respectively. After cyclopentenone isomerization, the total synthesis of (±)-andrastin D (111) was accomplished. On the other hand, (±)-preterrenoid (113), (±)-terrenoid (114), and (±)-terretonin L (115) were prepared by severe simple conversion processes.
As shown in Figure 2E-IV, Yang and Gong (Zhang et al., 2017) explored an approach of tandem Pauson–Khand and 6π-electrocyclization toward the total syntheses of 4-epi-presilphiperfolan-8β-ol (119) and 7-epi-presilphiperfolan-1β-ol (120). The preparation of cyclization precursor (117) was achieved from commercially available ketone (116) in a two-step. Under the condition of a catalytic amount of Co2(CO)8 and TMTU by the Pauson–Khand reaction, tricycle ketone 118 was obtained in excellent yield (94%). As a common intermediate, ketone 118 was transformed to 4-epi-presilphiperfolan-8β-ol (119) and 7-epi-presilphiperfolan-1β-ol (120) in a few steps reaction. Next year, Yang and Gong (Zhang et al., 2019) continued their previous work by the Co-TMTU-catalyzed tandem Pauson-Khand and 6π-electrocyclizationreactions, the total syntheses of three botryane sesquiterpenoids: dehydrobotrydienal (122), dehydrobotrydienol (124) and 10-oxodehydrodihydrobotrydial (125) were delivered from the common intermediate 118.
As shown in Figure 2E-V, in the synthetic studies towards astellatol (130), Xu (Zhao et al., 2018) used a cobalt-catalyzed Pauson-Khand cycloaddition to install the right-hand side scaffold of the sesterterpenoid. The cycloaddition precursor 128 could be advanced from chiral synthon 126 and the homoallylic iodide 127 as start materials in teen steps. Following [2+2+1], cycloaddition was carried out successfully with Co2(CO)8 in the toluene under the heating condition to give cyclopentenone 129. Finally, the authors accomplished the first and enantiospecific total synthesis of the rare sesterterpenoid, astellatol (130) in 25 steps (0.63% overall yield) from 126.
As shown in Figure 2E-VI, Kerr et al. (2018) accomplished the total synthesis of 2-epi-α-cedrene-3-one (134) via a cobalt-catalyzed Pauson-Khand reaction, which was isolated from the essential oil of Juniperus thurifera. Because the reaction required higher activation energy, the cycloaddition precursor 132 transformed to cyclopentenone 133 via a microwave-assisted, cobalt catalytic, Pauson-Khand reaction, which is used to construct the intriguing tricyclic core of the target molecule 134 following nine steps conversion.
As shown in Figure 2E-VII, Vanderwal (Vrubliauskas et al., 2021) systematically studied that Co-catalyzed MHAT-initiated (metal-catalyzed hydrogen atom transfer, MHAT) radical bicyclization was uniquely effective in synthesizing polycyclic terpenoids from polyene. The authors researched the utility of these reactions in synthesizing three aromatic abietane diterpenoids. A known epoxide 135 as the starting material was transformed to phosphonate 136 with different cyanophosphonate reagents in three steps. Then the cyclization precursor 138 was prepared by HWE olefination with aldehyde 137. By a Co(II)-catalyzed tandem polyene cyclization, delivered 139 with excellent stereochemical control in 75% yield. The common intermediate 140 was prepared by continuous reduction and deprotection in three steps, following severe transformations prepared (+)-2-O-deacetyl plebedipene A (141), (±)-plebedipene B (143), (+)-2-O-deacetyl plebedipene C (144) and plebedipene A (142).
As shown in Figure 2E-VIII, Luo (Fang et al., 2022) described the total synthesis of (−)-triptonide (148) based on a Co(TPP)-catalyzed hydrogen atom transfer (MHAT)-initiated radical cyclization. Starting from (R)-(−)-Taniguchi lactone (145), fragment coupling was achieved through two-step reaction to obtain conjugated alkenal (146). By Cobalt-catalyzed in the presence of the photoredox catalyst and visible light, 146 was carried out to afford cycloadduct 147 smoothly. After the subsequent four steps transformation, (−)-triptonide (148) was produced.
CONCLUSION AND OUTLOOK
Cobalt-mediated asymmetric catalysis is a powerful method to functionalize olefins. The application of cobalt catalysts in [2+2+2] cycloaddition reactions of alkynes, alkenes, and nitriles to afford substituted benzenes, cyclohexadienes, and an extensive array of derivatives has been an active field of research over the last centuries. During the last decade, the heavier group congeners also significantly impacted this research field; especially cobalt catalysis is often the first choice when planning to include a cyclotrimerisation reaction in a synthetic sequence. Many reports have shown that cobalt-catalyzed could form C-C or C-X bonds. However, many of the already explored synthetic methods still represent an unsolved challenge for isolated natural products, as they remain inaccessible by the reported strategies. Such studies will benefit the detailed investigations of the mechanism of cobalt catalyzed and the application potential of natural products. The review may shed some light on future synthetic efforts on the cobalt-mediated total synthesis of terpenoids toward natural pesticides, such as celanguline, and azadirachtin.
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Novel pyrazolecarbamide derivatives bearing a sulfonate fragment were synthesized to identify potential antifungal and antiviral agents. All the structures of the key intermediates and target compounds were confirmed by nuclear magnetic resonance (NMR) and high-resolution mass spectrometry (HRMS). The single-crystal X-ray diffraction of the compound T22 showed that pyrazole carbamide is a sulfonate. The in vitro antifungal activities of the target compounds against Colletotrichum camelliae, Pestalotiopsis theae, Gibberella zeae, and Rhizoctonia solani were evaluated at 50 μg/ml. Among the four pathogens, the target compounds exhibited the highest antifungal activity against Rhizoctonia solani. The compound T24 (EC50 = 0.45 mg/L) had higher antifungal activity than the commercial fungicide hymexazol (EC50 = 10.49 mg/L) against R. solani, almost similar to bixafen (EC50 = 0.25 mg/L). Additionally, the target compounds exhibited protective effects in vivo against TMV. Thus, this study reveals that pyrazolecarbamide derivatives bearing a sulfonate fragment exhibit potential antifungal and antiviral activities.
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INTRODUCTION
Phytopathogenic microorganisms, such as Rhizoctonia solani, Gibberella zeae, Pestalotiopsis theae, Colletotrichum camelliae, and tobacco mosaic virus (TMV) reduce the yield and quality of food and cash crops (Fisher et al., 2012). Chemical pesticides are still the most commonly used control measure for these diseases; however, the associated pesticide resistance and environmental hazards (Wei et al., 2020) impede their usage. Therefore, there is an urgent need to develop novel eco-friendly antifungal and antiviral agents agent with low toxicity and high efficiency.
Pyrazole and its derivatives have received considerable attention because of their diverse agrochemical and pharmaceutical applications. Most pyrazole derivatives exhibit a broad spectrum of biological activities, including antifungal (Kanungo and Joshi, 2014; Mu et al., 2016; Yan et al., 2018), insecticidal (Wu et al., 2012; Jiang et al., 2020), antibacterial (El Shehry et al., 2018; Wang et al., 2021), and other antimicrobial activities (Kasiotis et al., 2014; Saleh et al., 2020). Especially, pyrazole carboxamide derivatives, such as penthiopyrad, furametpyr, penflufen, isopyrazam, and bixafen, which could inhibit the succinate dehydrogenase, have been developed and commercialized as fungicides (Si et al., 2019).
Sulfonates are also widely applied in agrochemical and medical industries because of their insecticidal (Sun et al., 2013; Wang et al., 2015), antifungal (Kang et al., 2019; Zhou et al., 2022), and antibacteria (Su et al., 2021) Moreover, the heterocyclic compounds containing aryl sulfonate moiety exhibit excellent antiviral activities (Zeng et al., 2010; Huang et al., 2015; Hadházi et al., 2017).
Therefore, we designed and synthesized a series of novel pyrazolecarbamide derivatives bearing a sulfonate moiety based on the active splicing principle and used the mycelial growth rate and half-leaf blight spot methods to evaluate their antifungal and antiviral activities.
MATERIALS AND METHODS
Chemistry
The 1H and 13C NMR spectra were recorded in CDCl3 using 400 and 101 MHz spectrophotometers (Bruker BioSpin GmbH, Rheinstetten, Germany), respectively, while high-resolution mass spectrometry (HRMS) was performed using Thermo Scientific Q Exactive (Thermo Fisher Scientific, Massachusetts, America). The X-ray crystallographic data were collected and processed on a D8 Quest X-ray diffractometer (Bruker BioSpin GmbH, Rheinstetten, German). All solvents were dried using the standard methods and distilled before use.
3-(Difluoromethyl)-1-Methyl-1H-Pyrazole-4-Carboxylic Acid (4)
As shown in Scheme 1, the key intermediate 4 was synthesized using a previously published three-step procedure (Wang et al., 2020). White powder, yield 46%. m.p 201.1-201.9°C.1H NMR (400 MHz, CDCl3) δ 7.98 (s, 1H), 7.12 (t, J = 54.3 Hz, 1H), 4.02 (s, 3H). HRMS (ESI): calculated for C6H6F2N2O2 [M + Na]+: 199.02950, found: 199.02896.
2-(Difluoromethyl)-N-(2-Hydroxyphenyl)-1-Methyl-1H-Pyrazole-4-Carboxamide (6)
A mixture of 1-Ethyl-3-(3-dimethyllaminopropyl)carbodiimide hydrochloride (EDCI, 120 mmol), Intermediate 4 (100 mmol) and o-aminophenol (100 mmol), and dimethylaminopyridine (DMAP, 10 mmol) were dissolved in CH2Cl2 (500 ml) at −10°C for 1 h. Thereafter, the mixture was stirred at room temperature for 8 h, and the key intermediate 6 was purified using column chromatography. Light yellow solid, yield 62%. m.p. 181.1-182.3°C .1H NMR (400 MHz, CDCl3) δ 8.99 (s, 1H), 8.37 (s, 1H), 8.08 (s, 1H), 7.17 (td, J = 7.7, 1.6 Hz, 1H), 7.05 (ddd, J = 7.8, 6.0, 1.5 Hz, 2H), 6.91 (dd, J = 7.4,1.5 Hz, 1H), 6.88 (t, J = 54.1Hz, 1H), 3.97 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 160.74, 149.12(t, J = 26.5 Hz), 136.77, 127.62, 125.42, 122.63, 120.51, 120.10, 115.5, 112.18, 110.40 (t, J = 235.3 Hz), 39.71. HRMS (ESI): calculated for C12H11F2N3O2 [M + Na]+: 290.07170, found: 290.07126.
General Procedure for the Preparation of the Target Compounds (T1-27)
Catalytic DMAP, arylsulfonyl chloride (1.1 mmol), and Et3N (2 mmol) were added to a stirred CH3CN (20 ml) solution of the key intermediate 6 (1 mmol), and the reaction was monitored at room temperature using TLC. Thereafter, the solvent was removed by rotary evaporation, and 10 ml of water was added to the residue, followed by extraction of the aqueous layer three times (30 ml × 3) using ethyl acetate. The organic layers were then combined and dried using anhydrous Na2SO4 and later concentrated under reduced pressure to form a crude product, purified using flash chromatography to obtain the target product.
2-(3-(Difluoromethyl)-1-Methyl-1H-Pyrazole-4-Carboxamido)Phenyl Benzenesulfonate (T1)
Gray powder, yield 72%. m.p. 138.3-139.6°C .1H NMR (400 MHz, CDCl3) δ 8.33 (s, 1H), 8.27 (dd, J = 8.3, 1.6 Hz, 1H), 7.92 (s, 1H), 7.87–7.80 (m, 2H), 7.70–7.61 (m, 1H), 7.52–7.45 (m, 2H), 7.26 (dd, J = 15.7, 1.5 Hz, 1H), 7.08 (t, J = 54.1 Hz, 1H), 7.04–6.97 (m, 1H), 6.90 (dd, J = 8.2, 1.5 Hz, 1H), 4.00 (s, 3H).13C NMR (101 MHz, CDCl3) δ 159.33, 144.86(t, J = 26.5 Hz), 139.41, 134.99, 134.50, 133.41, 131.01, 129.44(×2), 128.65(×2), 128.01, 124.78, 123.27, 122.71, 116.68, 110.50 (t, J = 235.3 Hz), 39.92. HRMS (ESI): calculated for C18H15F2N3O4S[M + Na]+: 430.06490, found: 430.06531.
2-(3-(Difluoromethyl)-1-Methyl-1H-Pyrazole-4-Carboxamido)Phenyl 4-Methylbenzenesulfonate (T2)
Light yellow power, yield 79%. m.p. 126.2-126.9°C .1H NMR (400 MHz, CDCl3) δ 8.35 (s, 1H), 8.28 (dd, J = 8.3, 1.6 Hz, 1H), 7.92 (s, 1H), 7.76–7.64 (m, 2H), 7.31–7.21 (m, 4H), 7.09 (t, J = 54.1 Hz, 1H), 7.00 (td, J = 7.9, 1.6 Hz, 1H), 6.88 (dd, J = 8.2, 1.5 Hz, 1H), 4.00 (s, 3H), 2.42 (s, 3H).13C NMR (101 MHz, CDCl3) δ 159.35, 146.34, 145.05(t, J = 29.3 Hz), 139.50, 133.19, 131.54, 131.13, 130.07(×2), 128.72(×2), 127.94, 124.73, 123.20, 122.78, 116.82, 110.44(t, J = 235.8 Hz), 39.92, 21.87. HRMS (ESI): calculated for C19H17F2N3O4S [M + Na]+: 444.08055, found: 444.08109.
2-(3-(Difluoromethyl)-1-Methyl-1H-Pyrazole-4-Carboxamido)Phenyl 2-Fluorobenzenesulfonate (T3)
White powder, yield 78%. m.p. 123.9-124.5°C.1H NMR (400 MHz, CDCl3) δ 8.40 (s, 1H), 8.33 (dd, J = 8.3, 1.6 Hz, 1H), 7.96 (s, 1H), 7.89 (ddd, J = 8.3, 6.9, 1.8 Hz, 1H), 7.76–7.66 (m, 1H), 7.30 (qd, J = 7.7, 1.3 Hz, 3H), 7.26–7.19 (m, 2H), 7.12 (t, J = 54.0 Hz, 1H), 7.15 (dd, J = 8.2, 1.5 Hz, 1H), 7.10-7.02 (m, 1H), 4.02 (s, 3H).13C NMR (101 MHz, CDCl3) δ 160.92, 159.53, 158.34, 138.73, 137.67, 137.58, 132.71, 131.57, 131.09, 128.31, 125.00, 124.96, 124.88, 123.24, 122.66, 117.81, 117.60, 116.77, 112.53, 110.19, 39.97. HRMS (ESI): calculated for C18H14F3N3O4S [M + Na]+: 448.05548, found: 448.05454.
2-(3-(Difluoromethyl)-1-Methyl-1H-Pyrazole-4-Carboxamido)Phenyl 3-Fluorobenzenesulfonate (T4)
Gray powder, yield 76%. m.p. 119.3-120.9°C.1H NMR (400 MHz, CDCl3) δ 8.31–8.19 (m, 2H), 7.92 (s, 1H), 7.63–7.53 (m, 2H), 7.47 (td, J = 8.1, 5.2 Hz, 1H), 7.33 (tdd, J = 8.3, 2.5, 1.0 Hz, 1H), 7.30–7.27 (m, 1H), 7.05 (ddd, J = 8.7, 7.2, 1.5 Hz, 1H),7.02 (t, J = 54.1 Hz, 1H), 7.00 (dd, J = 8.2, 1.7 Hz, 1H), 3.99 (s, 3H).13C NMR (101 MHz, CDCl3) δ 163.61, 161.09, 159.26, 144.67, 144.40, 144.13, 139.44, 136.61, 136.53, 133.98, 131.37, 131.30, 130.85, 128.18, 124.96, 124.58, 124.54, 123.55, 122.56, 122.35, 122.14, 116.55, 116.08, 115.83, 113.16, 110.82, 108.49, 39.86. HRMS (ESI): calculated for C18H14F3N3O4S [M + Na]+:448.05548, found: 448.05454.
2-(3-(Difluoromethyl)-1-Methyl-1H-Pyrazole-4-Carboxamido)Phenyl 4-Fluorobenzenesulfonate (T5)
Light yellow powder, yield 69%. m.p. 165.2-165.9°C.1H NMR (400 MHz, CDCl3) δ 8.32–8.21 (m, 2H), 7.93 (s, 1H), 7.88–7.80 (m, 2H), 7.33–7.26 (m, 1H), 7.18–7.07 (m, 2H), 7.05 (ddd, J = 8.9, 7.4, 1.6 Hz, 1H),7.00 (t, J = 54.0 Hz, 1H), 6.98 (dd, J = 8.3, 1.6 Hz, 1H), 4.00 (s, 3H).13C NMR (101 MHz, CDCl3) δ 166.37(d, J = 259.6 Hz), 159.22, 144.15(t, J = 26.2 Hz), 144.18, 139.45, 134.24, 131.69, 131.59, 130.89, 130.69, 128.13, 124.92, 123.48, 122.78, 116.96, 116.73, 116.65, 110.90(t, J = 235.8 Hz), 105.41, 39.90. HRMS (ESI): calculated for C18H14F3N3O4S [M + Na]+:448.05548, found: 448.05454.
2-(3-(Difluoromethyl)-1-Methyl-1H-Pyrazole-4-Carboxamido)Phenyl 2-Chlorobenzenesulfonate (T6)
Gray powder, yield 70%. m.p. 116.3-117.2°C.1H NMR (400 MHz, CDCl3) δ 8.48 (s, 1H), 8.39–8.30 (m, 1H), 8.03 (dd, J = 8.0, 1.5 Hz, 1H), 7.97 (s, 1H), 7.67–7.57 (m, 2H), 7.44 (ddd, J = 8.0, 7.1, 1.6 Hz, 1H), 7.29 (ddd, J = 8.6, 5.6, 3.4 Hz, 1H), 7.11 (d, J = 54.1 Hz, 1H), 7.06–6.99 (m, 2H), 4.01 (s, 3H).13C NMR (101 MHz, CDCl3) δ 159.59, 145.46(t, J = 26.5 Hz), 139.00, 135.92, 133.48, 133.15, 132.92, 132.54, 132.50, 131.21, 128.26, 127.52, 124.89, 123.48, 122.61, 116.70, 110.23 (t, J = 236.3 Hz), 39.96. HRMS (ESI): calculated for C18H14ClF2N3O4S [M + Na]+: 464.02593, found: 464.02521.
2-(3-(Difluoromethyl)-1-Methyl-1H-Pyrazole-4-Carboxamido)Phenyl 3-Chlorobenzenesulfonate (T7)
Light yellow powder, yield 73%. m.p. 110.0-111.9°C.1H NMR (400 MHz, CDCl3) δ 8.24 (dd, J = 8.2, 1.4 Hz, 1H), 8.19 (s, 1H), 7.91 (s, 1H), 7.86 (t, J = 1.9 Hz, 1H), 7.63 (dt, J = 7.9, 1.4 Hz, 1H), 7.58 (ddd, J = 8.1, 2.1, 1.0 Hz, 1H), 7.41 (t, J = 8.0 Hz, 1H), 7.29 (ddd, J = 8.5, 6.6, 2.4 Hz, 1H), 7.11–7.02 (m, 2H), 7.01 (d, J = 54.1 Hz, 1H), 3.99 (s, 3H).13C NMR (101 MHz, CDCl3) δ 159.16, 144.30(t, J = 27.3 Hz), 139.40, 136.43, 135.79, 134.99, 134.11, 130.81, 130.70, 128.47, 128.22, 126.77, 124.98, 123.52, 122.72, 116.53, 110.90(t, J = 235.3 Hz), 39.88. HRMS (ESI): calculated for C18H14ClF2N3O4S [M + Na]+: 464.02593, found: 464.02521.
2-(3-(Difluoromethyl)-1-Methyl-1H-Pyrazole-4-Carboxamido)Phenyl 4-Chlorobenzenesulfonate (T8)
Light yellow powder, yield 79%. m.p. 185.6-185.9°C.1H NMR (400 MHz, CDCl3) δ 8.24 (dd, J = 8.2, 1.5 Hz, 2H), 8.22 (s, 1H), 7.93 (s, 1H), 7.77–7.69 (m, 2H), 7.44–7.36 (m, 2H), 7.29 (ddd, J = 8.6, 7.2, 1.8 Hz, 1H), 7.07 (td, J = 7.7, 1.5 Hz, 2H), 7.02 (dd, J = 8.2, 1.8 Hz, 1H), 6.98 (t, J = 54.1 Hz, 1H), 3.99 (s, 3H).13C NMR (101 MHz, CDCl3) δ 159.15, 143.97(t, J = 26.7 Hz), 141.62, 139.54, 134.48, 133.37, 130.80, 130.04(×2), 129.75(×2), 128.15, 125.00, 123.59, 122.89, 116.64, 111.03(t, J = 234.7 Hz), 39.88. HRMS (ESI): calculated for C18H14ClF2N3O4S [M + Na]+: 464.02593, found: 464.02521.
2-(3-(Difluoromethyl)-1-Methyl-1H-Pyrazole-4-Carboxamido)Phenyl 2-Bromobenzenesulfonate (T9)
Gray powder, yield 69%. m.p. 133.9-134.2°C.1H NMR (400 MHz, CDCl3) δ 8.48 (s, 1H), 8.36–8.28 (m, 1H), 8.04 (dd, J = 7.8, 1.9 Hz, 1H), 7.98 (s, 1H), 7.81 (dd, J = 7.8, 1.4 Hz, 1H), 7.53 (td, J = 7.6, 1.9 Hz, 1H), 7.48 (td, J = 7.7, 1.4 Hz, 1H), 7.32–7.25 (m, 1H), 7.00 (t, J = 54.0 Hz, 1H), 7.04–6.98 (m, 2H), 4.00 (s, 3H).13C NMR (101 MHz, CDCl3) δ 159.59, 145.42(t, J = 25.8 Hz), 139.06, 136.05, 135.79, 134.98, 132.99, 132.79, 131.24, 128.23, 128.07, 124.89, 123.52, 122.66, 121.38, 116.82, 110.22(t, J = 235.6 Hz), 39.94. HRMS (ESI): calculated for C18H14BrF2N3O4S [M + Na]+: 507.97542, found: 507.97227.
2-(3-(Difluoromethyl)-1-Methyl-1H-Pyrazole-4-Carboxamido)Phenyl 3-Bromobenzenesulfonate (T10)
Light yellow powder, yield 80%. m.p. 128.4-128.5°C.1H NMR (400 MHz, CDCl3) δ 8.30–8.21 (m, 1H), 8.18 (s, 1H), 8.01 (t, J = 1.9 Hz, 1H), 7.91 (s, 1H), 7.73 (ddd, J = 8.1, 1.9, 1.0 Hz, 1H), 7.66 (ddd, J = 7.9, 1.8, 1.0 Hz, 1H), 7.33 (t, J = 8.0 Hz, 1H), 7.29 (td, J = 6.1, 3.3 Hz, 1H), 7.11–7.03 (m, 2H), 7.01 (t, J = 54.1 Hz, 1H), 3.99 (s, 3H).13C NMR (101 MHz, CDCl3) δ 159.13, 144.26 (t, J = 27.3 Hz), 139.35, 137.90, 136.47, 134.16, 131.24, 130.87, 130.75, 128.23, 127.18, 125.00, 123.50, 123.38, 122.78, 116.47, 110.91(t, J = 235.3 Hz), 39.91.HRMS (ESI): calculated for C18H14BrF2N3O4S [M + Na]+: 507.97542, found: 507.97227.
2-(3-(Difluoromethyl)-1-Methyl-1H-Pyrazole-4-Carboxamido)Phenyl 4-Bromobenzenesulfonate (T11)
Light yellow powder, yield 79%. m.p. 175.8-176.4°C.1H NMR (400 MHz, CDCl3) δ 8.23 (dd, J = 8.2, 1.5 Hz, 1H), 8.20 (s, 1H), 7.94 (s, 1H), 7.68–7.61 (m, 2H), 7.60–7.50 (m, 2H), 7.29 (ddd, J = 8.5, 7.0, 1.9 Hz, 1H), 7.07 (ddd, J = 8.6, 7.1, 1.5 Hz, 1H), 7.03 (dd, J = 8.2, 1.9 Hz, 1H), 6.97 (t, J = 54.1 Hz, 1H), 4.00 (s, 3H).13C NMR (101 MHz, CDCl3) δ 159.12, 143.91(t, J = 28.8 Hz), 139.54, 134.57, 133.94, 132.73(×2), 130.77, 130.26, 130.02(×2), 128.15, 125.02, 123.60, 122.92, 116.60, 111.06(t, J = 235.02 Hz), 39.89.HRMS (ESI): calculated for C18H14BrF2N3O4S [M + Na]+: 507.97542, found: 507.97227.
2-(3-(Difluoromethyl)-1-Methyl-1H-Pyrazole-4-Carboxamido)Phenyl 2-Nitrobenzenesulfonate (T12)
Light yellow powder, yield 83%. m.p. 146.0-147.8°C.1H NMR (400 MHz, CDCl3) δ 8.31 (s, 1H), 8.26 (dd, J = 8.3, 1.6 Hz, 1H), 7.92 (dd, J = 7.9, 1.4 Hz, 1H), 7.90 (d, J = 1.2 Hz, 1H), 7.81 (td, J = 7.8, 1.4 Hz, 1H), 7.69 (td, J = 7.8, 1.3 Hz, 1H), 7.66 (dd, J = 7.9, 1.3 Hz, 1H), 7.38 (dd, J = 8.3, 1.5 Hz, 1H), 7.34–7.28 (m, 1H), 7.13 (ddd, J = 8.3, 7.4, 1.6 Hz, 1H),7.11 (t, J = 54.1 Hz, 1H), 4.00 (s, 3H).13C NMR (101 MHz, CDCl3) δ 159.55, 148.37, 146.02(t, J = 25.3 Hz), 138.50, 136.28, 132.83, 132.35(×2), 130.76, 128.57, 128.06, 125.10, 124.90, 123.43, 123.06, 116.02(t, J = 2.7 Hz), 109.75(t, J = 236.8 Hz), 39.91. HRMS (ESI): calculated for C18H14F2N4O6S [M + Na]+: 475.04998, found: 475.04948.
2-(3-(Difluoromethyl)-1-Methyl-1H-Pyrazole-3-Carboxamido)Phenyl 4-Nitrobenzenesulfonate (T13)
Gray powder, yield 79%. m.p. 160.4-160.9°C.1H NMR (400 MHz, CDCl3) δ 8.70 (t, J = 2.0 Hz, 1H), 8.42 (ddd, J = 8.2, 2.2, 1.1 Hz, 1H), 8.14 (dd, J = 8.2, 1.6 Hz, 1H), 8.11 (d, J = 4.6 Hz, 1H), 7.99 (dt, J = 8.0, 1.3 Hz, 1H), 7.88 (s, 1H), 7.66 (t, J = 8.1 Hz, 1H), 7.32 (ddd, J = 8.3, 7.5, 1.5 Hz, 1H), 7.26 (dd, J = 8.3, 1.5 Hz, 1H), 7.14 (ddd, J = 8.5, 7.4, 1.6 Hz, 1H), 6.92 (t, J = 54.1 Hz, 1H), 3.98 (s, 3H).13C NMR (101 MHz, CDCl3) δ 158.87, 148.24, 143.29(t, J = 27.7 Hz),, 139.43, 136.92, 135.14, 134.01, 130.78, 130.38, 129.07, 128.44, 125.34, 123.96, 123.77, 122.79, 116.11, 111.46(t, J = 234.2 Hz), 39.83.HRMS (ESI): calculated for C18H14F2N4O6S [M + Na]+: 475.04998, found:475.04948.
2-(3-(Difluoromethyl)-1-Methyl-1H-Pyrazole-4-Carboxamido)Phenyl 4-Nitrobenzenesulfonate (T14)
Light yellow powder, yield 80%. m.p. 198.9-199.6°C.1H NMR (400 MHz, CDCl3) δ 8.24–8.17 (m, 2H), 8.15 (dd, J = 8.3, 1.6 Hz, 1H), 8.07 (s, 1H), 7.99–7.94 (m, 2H), 7.86 (s, 1H), 7.33 (td, J = 7.8, 1.6 Hz, 1H), 7.21 (dd, J = 8.3, 1.6 Hz, 1H), 7.14 (ddd, J = 8.5, 7.3, 1.6 Hz, 1H), 6.88 (t, J = 54.1 Hz, 1H), 3.98 (s, 3H).13C NMR (101 MHz, CDCl3) δ 158.82, 151.19, 144.20(t, J = 26.5 Hz), 140.75, 139.69, 135.60, 130.30, 130.00(×2), 128.42, 125.40, 124.41(×2), 124.16, 123.00, 116.31, 111.61(t, J = 234.7 Hz), 39.81. HRMS (ESI): calculated for C18H14F2N4O6S [M + Na]+: 475.04998, found:475.04948.
2-(3-(Difluoromethyl)-1-Methyl-1H-Pyrazole-4-Carboxamido)Phenyl 2,5-Dichlorobenzenesulfonate (T15)
Light yellow powder, yield 82%. m.p. 155.6-157.3°C.1H NMR (400 MHz, CDCl3) δ 8.40 (s, 1H), 8.35–8.27 (m, 1H), 8.01 (d, J = 2.4 Hz, 1H), 7.95 (s, 1H), 7.57 (dd, J = 8.6, 2.4 Hz, 1H), 7.52 (d, J = 8.5 Hz, 1H), 7.31 (ddd, J = 8.5, 5.4, 3.5 Hz, 1H), 7.10–7.03 (m, 2H), 7.06 (t, J = 54.1 Hz, 1H), 3.99 (s, 3H).13C NMR (101 MHz, CDCl3) δ 159.52, 145.01(t, J = 26.2 Hz), 138.96, 135.74, 134.44, 133.74, 133.54, 133.36, 132.06, 131.70, 131.01, 128.43, 125.11, 123.77, 122.47, 116.62, 110.43(t, J = 235.3 Hz), 39.93. HRMS (ESI): calculated for C18H13Cl2F2N3O4S [M + Na]+: 497.98696, found: 497.98602.
2-(3-(Difluoromethyl)-1-Methyl-1H-Pyrazole-4-Carboxamido)Phenyl 3,5-Dichlorobenzenesulfonate (T16)
Gray powder, yield 78%. m.p. 128.9-129.5°C.1H NMR (400 MHz, CDCl3) δ 8.27–8.22 (m, 1H), 8.15 (s, 1H), 7.94 (s, 1H), 7.68 (d, J = 1.9 Hz, 2H), 7.56 (t, J = 1.9 Hz, 1H), 7.33 (ddd, J = 8.5, 5.7, 3.3 Hz, 1H), 7.15–7.12 (m, 2H), 7.06 (t, J = 54.0 Hz, 1H), 3.99 (s, 3H).13C NMR (101 MHz, CDCl3) δ 159.03, 143.78(t, J = 25.6 Hz), 139.33, 137.56, 136.50, 134.78, 134.76, 130.61, 128.44, 126.84(×2), 125.19, 123.82, 122.63, 116.40, 111.22(t, J = 234.9 Hz), 76.84, 39.89. HRMS (ESI): calculated for C18H13Cl2F2N3O4S [M + Na]+: 497.98696, found: 497.98602.
2-(3-(Difluoromethyl)-1-Methyl-1H-Pyrazole-4-Carboxamido)Phenyl 3,4-Dichlorobenzenesulfonate (T17)
Gray powder, yield 79%. m.p. 173.4-174.4°C.1H NMR (400 MHz, CDCl3) δ 8.18 (dd, J = 8.2, 1.5 Hz, 1H), 8.11 (d, J = 4.1 Hz, 1H), 7.92 (d, J = 2.4 Hz, 2H), 7.56–7.43 (m, 2H), 7.32 (ddd, J = 8.5, 7.0, 1.9 Hz, 1H), 7.20–7.09 (m, 2H), 6.93 (t, J = 54.1 Hz, 1H), 3.99 (s, 3H).13C NMR (101 MHz, CDCl3) δ 158.92, 143.41(t, J = 28.3 Hz), 139.81, 139.59, 135.04, 134.65, 134.32, 131.42, 130.50, 130.29, 128.31, 127.52, 125.24, 123.89, 123.05, 116.33, 111.39(t, J = 234.8 Hz), 39.84.HRMS (ESI): calculated for C18H13Cl2F2N3O4S [M + Na]+: 497.98696, found: 497.98602.
2-(3-(Difluoromethyl)-1-Methyl-1H-Pyrazole-4-Carboxamido)Phenyl 3,5-Difluorobenzenesulfonate (T18)
Gray powder, yield 86%. m.p. 143.1-144.0°C.1H NMR (400 MHz, CDCl3) δ 8.33–8.12 (m, 2H), 7.94 (s, 1H), 7.45–7.22 (m, 3H), 7.11–7.03 (m, 3H),7.00 (t, J = 54.0 Hz, 1H), 3.98 (s, 3H).13C NMR (101 MHz, CDCl3) δ 164.11, 164.00, 161.57, 161.45, 159.20, 144.23, 143.95, 143.68, 139.45, 137.91, 137.82, 137.73, 134.57, 130.68, 128.36, 125.15, 123.86, 122.38, 116.42, 113.44, 112.50, 112.41, 112.30, 112.21, 111.11, 110.83, 110.58, 110.33(t, J = 235.4 Hz), 39.84. HRMS (ESI): calculated for C18H13F4N3O4S [M + Na]+:466.04606, found: 466.04663.
2-(3-(Difluoromethyl)-1-Methyl-1H-Pyrazole-4-Carboxamido)Phenyl 2,5-Difluorobenzenesulfonate (T19)
Light yellow powder, yield 80%. m.p. 141.4-141.6°C.1H NMR (400 MHz, CDCl3) δ 8.33 (s, 1H), 8.29 (dd, J = 8.2, 1.6 Hz, 1H), 7.95 (s, 1H), 7.58 (ddd, J = 7.0, 5.2, 3.2 Hz, 1H), 7.43–7.32 (m, 1H), 7.33–7.27 (m, 1H), 7.25–7.20 (m, 1H), 7.18 (dd, J = 8.1, 1.7 Hz, 2H), 7.09 (t, J = 54.1 Hz, 1H), 7.08 (dd, J = 15.6, 1.6 Hz, 2H), 3.99 (s, 3H).13C NMR (101 MHz, CDCl3) δ 159.50, 159.06, 156.94, 156.55, 154.39, 145.44, 145.18, 144.92, 138.78, 133.15, 130.87, 128.43, 125.06, 124.42, 124.34, 124.27, 124.19, 124.10, 124.04, 123.55, 122.51, 119.42, 119.34, 119.18, 119.10, 118.33, 118.06, 116.57, 112.73, 110.39, 108.05, 39.91. HRMS (ESI): calculated for C18H13F4N3O4S [M + Na]+: 466.04606, found: 466.04663.
2-(3-(Difluoromethyl)-1-Methyl-1H-Pyrazole-4-Carboxamido)Phenyl 2,4-Difluorobenzenesulfonate (T20)
light yellow powder, yield 79%. m.p. 148.7-149.6°C.1H NMR (400 MHz, CDCl3) δ 8.36 (s, 1H), 8.30 (dd, J = 8.3, 1.6 Hz, 1H), 7.95 (s, 1H), 7.90 (ddd, J = 8.9, 7.8, 5.9 Hz, 1H), 7.30 (ddd, J = 8.5, 7.4, 1.6 Hz, 1H), 7.15 (dd, J = 8.3, 1.6 Hz, 1H), 7.10–7.05 (m, 1H),7.08 (t, J = 54.1 Hz, 1H), 7.04–6.95 (m, 2H), 4.00 (s, 3H).13C NMR (101 MHz, CDCl3) δ 159.46, 145.53, 138.87, 135.14, 133.40, 133.01, 132.81, 132.69, 130.97, 129.09, 129.00, 128.94, 128.76, 128.36, 124.93, 123.41, 123.01, 121.07, 116.49, 112.41, 110.07, 107.73, 39.90. HRMS (ESI): calculated for C18H13F4N3O4S [M + Na]+: 466.04606, found: 466.04663.
2-(3-(Difluoromethyl)-1-Methyl-1H-Pyrazole-4-Carboxamido)Phenyl 2-(Trifluoromethyl)Benzenesulfonate (T21)
Gray powder, yield 69%. m.p. 120.6-121.2°C.1H NMR (400 MHz, CDCl3) δ 8.36 (s, 1H), 8.30 (dd, J = 8.3, 1.6 Hz, 1H), 7.95 (s, 1H), 7.90 (ddd, J = 8.9, 7.8, 5.9 Hz, 1H), 7.30 (ddd, J = 8.5, 7.4, 1.6 Hz, 1H), 7.15 (dd, J = 8.3, 1.6 Hz, 1H), 7.10–7.05 (m, 2H),7.09 (t, J = 54.1 Hz, 1H), 7.04–6.95 (m, 2H), 4.00 (s, 3H).13C NMR (101 MHz, CDCl3) δ 168.62, 166.13, 166.02, 162.04, 161.91, 159.48, 159.31, 145.37, 145.11, 144.85, 138.85, 133.57, 133.46, 133.26, 130.97, 128.36, 125.00, 123.51, 122.57, 119.62, 119.49, 116.67, 112.78, 112.75, 112.56, 112.53, 110.44, 108.10, 106.65, 106.41, 106.39, 106.15, 39.92.HRMS (ESI): calculated for C19H14F5N3O4S [M + Na]+: 498.05229, found: 498.05078.
2-(3-(Difluoromethyl)-1-Methyl-1H-Pyrazole-3-Carboxamido)Phenyl 3-(Trifluoromethyl)Benzenesulfonate (T22)
Light yellow powder, yield 73%. m.p. 147.2-148.3°C.1H NMR (400 MHz, CDCl3) δ 8.27–8.15 (m, 2H), 8.12 (s, 1H), 7.92 (d, J = 7.8 Hz, 1H), 7.91 (s, 1H), 7.87 (d, J = 7.9 Hz, 1H), 7.62 (t, J = 7.9 Hz, 1H), 7.29 (ddd, J = 8.6, 5.8, 3.1 Hz, 1H), 7.13–7.03 (m, 2H), 6.96 (t, J = 54.1 Hz, 1H), 3.97 (s, 3H).13C NMR (101 MHz, CDCl3) δ 159.09, 144.17, 143.89, 143.62, 139.32, 136.04, 134.52, 132.64, 132.30, 131.96, 131.82, 131.63, 131.46, 131.43, 131.39, 131.36, 130.75, 130.30, 128.28, 125.69, 125.65, 125.62, 125.58, 125.02, 124.22, 123.59, 122.64, 121.50, 116.36, 113.43, 111.11, 108.78, 39.79.HRMS (ESI): calculated for C19H14F5N3O4S [M + Na]+: 498.05229, found: 498.05078.
2-(3-(Difluoromethyl)-1-Methyl-1H-Pyrazole-4-Carboxamido)Phenyl 4-Methoxybenzenesulfonate (T23)
Gray powder, yield 83%. m.p. 130.0-131.1°C.1H NMR (400 MHz, CDCl3) δ 8.35 (s, 1H), 8.28 (dd, J = 8.2, 1.6 Hz, 1H), 7.91 (s, 1H), 7.78–7.70 (m, 2H), 7.30–7.23 (m, 1H), 7.09 (t, J = 54.0 Hz, 1H), 7.01 (td, J = 7.8, 1.6 Hz, 1H), 6.93-6.86 (m, 3H), 4.00 (s, 3H), 3.86 (s, 3H).13C NMR (101 MHz, CDCl3) δ 164.70, 159.36, 144.97(t, J = 25.8 Hz), 139.56, 133.27, 131.15, 131.02(×2), 127.90, 125.68, 124.72, 123.18, 122.93, 116.83, 114.64(×2), 110.48(t, J = 235.4 Hz), 55.93, 39.90.HRMS (ESI): calculated for C19H17F2N3O5S [M + Na]+:460.07547, found: 460.07503.
2-(3-(Difluoromethyl)-1-Methyl-1H-Pyrazole-4-Carboxamido)Phenyl Phenylmethanesulfonate (T24)
Light yellow powder, yield 83%. m.p. 123.4-124.2°C.1H NMR (400 MHz, CDCl3) δ 8.35 (dd, J = 8.3, 1.6 Hz, 1H), 8.27 (s, 1H), 7.68 (s, 1H), 7.51–7.44 (m, 2H), 7.40 (dd, J = 5.0, 2.0 Hz, 3H), 7.31 (td, J = 7.9, 1.5 Hz, 1H), 7.20 (m, 1H),7.15 (t, J = 54.0 Hz, 1H), 7.09 (td, J = 7.8, 1.6 Hz, 1H), 7.02–6.97 (m, 1H), 4.65 (s, 2H), 3.97 (s, 3H).13C NMR (101 MHz, CDCl3) δ 159.54, 145.26(t, J = 25.8 Hz),138.25-132.95, 131.24, 131.09(×2), 129.67, 129.24, 128.23(×2), 126.88, 125.03, 123.19, 122.90,115.83,110.39 (t, J = 235.4 Hz), 57.29, 39.92. HRMS (ESI): calculated for C19H17F2N3O4S [M + Na]+:444.08055, found: 448.07975.
2-(3-(Difluoromethyl)-1-Methyl-1H-Pyrazole-4-Carboxamido)Phenyl Naphthalene-2-Sulfonate (T25)
Light yellow powder, yield 80%. m.p. 158.7-159.5°C.1H NMR (400 MHz, CDCl3) δ 8.43 (d, J = 1.9 Hz, 1H), 8.30–8.17 (m, 2H), 7.94–7.81 (m, 3H), 7.71 (ddd, J = 13.8, 8.5, 1.6 Hz, 2H), 7.65–7.58 (m, 2H), 7.31–7.21 (m, 1H), 7.04–6.99 (m, 2H), 6.98 (t, J = 54.1 Hz, 1H), 3.90 (s, 3H).13C NMR (101 MHz, CDCl3) δ 159.11, 144.39(t, J = 25.7 Hz), 139.66, 135.70, 133.52, 131.91, 131.81, 130.94, 130.72, 129.89, 129.82, 129.55, 128.15, 128.01, 128.00, 124.87, 123.32, 123.04, 122.76, 116.48, 110.66 (t, J = 234.8 Hz, 1H), 39.76. HRMS (ESI): calculated for C22H17F2N3O4S [M + Na]+:480.08055, found: 448.08005.
2-(3-(Difluoromethyl)-1-Methyl-1H-Pyrazole-4-Carboxamido)Phenyl 2,4,6-Trimethylbenzenesulfonate (T26)
White powder, yield 81%. m.p. 155.0-155.4°C.1H NMR (400 MHz, CDCl3) δ 8.56 (s, 1H), 8.35 (dd, J = 8.3, 1.6 Hz, 1H), 7.95 (s, 1H), 7.28–7.23 (m, 1H), 7.15 (t, J = 54.1 Hz, 1H), 7.01 (s, 2H), 6.91 (td, J = 7.8, 1.6 Hz, 1H), 6.52 (dd, J = 8.2, 1.5 Hz, 1H), 4.01 (s, 3H), 2.55 (s, 6H), 2.35 (s, 3H).13C NMR (101 MHz, CDCl3) δ 159.50, 145.40 (t, J = 25.3 Hz), 144.77, 140.77(×2), 139.25, 132.64, 132.05(×2), 131.52, 129.59, 127.78, 124.57, 123.25, 121.97, 116.80, 110.09 (t, J = 234.8Hz, 1H), 39.85, 22.85(×2), 21.23.HRMS (ESI): calculated for C21H21F2N3O4S [M + Na]+:472.11185, found: 472.11150.
2-(3-(Difluoromethyl)-1-Methyl-1H-Pyrazole-4-Carboxamido)Phenyl 4-(Tert-butyl)Benzenesulfonate (T27)
Light yellow powder, yield 82%. m.p.149.7-150.5°C.1H NMR (400 MHz, CDCl3) δ 8.41 (s, 1H), 8.31 (dd, J = 8.3, 1.6 Hz, 1H), 7.94 (s, 1H), 7.81–7.73 (m, 2H), 7.56–7.46 (m, 2H), 7.26 (td, J = 7.8, 1.5 Hz, 1H),7.11 (t, J = 54.1 Hz, 1H), 7.00 (td, J = 7.9, 1.6 Hz, 1H), 6.89 (dd, J = 8.2, 1.5 Hz, 1H), 4.00 (s, 3H), 1.32 (s, 9H).13C NMR (101 MHz, CDCl3) δ 159.33, 159.29, 145.04(t, J = 25.2 Hz), 139.43, 133.31, 131.48, 131.22, 128.57(×2), 127.93, 126.46(×2), 124.66, 123.12, 122.75, 116.81, 110.45 (t, J = 236.3 Hz), 39.91, 35.54, 31.05(×3). HRMS (ESI): calculated for C22H23F2N3O4S [M + Na]+: 486.12750, found: 486.12686.
In Vitro Biological Evaluation
In Vitro Antifungal Assay
The test strains were Colletotrichum camelliae (C.camelliae), Pestalotiopsis theae (P. theae) provided by Guizhou Tea Research Institute, and Gibberella zeae (G. zeae), Rhizoctonia solani (R. solani) provided by Guizhou Institute of Plant Protection. In this study, the in vitro antifungal activity of the target compounds T1-27 against four plant pathogens was screened by the mycelial growth rate method (Zhang et al., 2019). The tested compounds were dissolved in DMSO to prepare a 10 mg/ml stock solution before mixing with PDA. The PDA containing compounds at a concentration of 50 mg/L were then poured into sterilized Petri dishes for primary screening. Data Processing System (DPS, V9.50) was used for statistical analysis of test data, and Duncan’s new multiple range method was used to test the significance of differences. The EC50 values and 95% confidence limits were calculated after testing the inhibition rates, based on the above method. The inhibition rate of the potent compounds was further tested and the corresponding EC50 values were calculated by using DPS. This test method is provided in the Supporting information.
In Vivo Antiviral Activities Assay
The in vivo antiviral activities of target compounds T1-27 against TMV were tested by the half leaf blight spot method previously reported in the literature(Chen et al., 2021; Xie et al., 2018). TMV was propagated in Nicotiana tabacum cv. K326 by the Gooding method. Antiviral activities of the target compounds against TMV in vivo were at 500 mg/L. The commercial antiviral agents Ningnanmycin and Chitosan oligosaccharides were severed as the positive controls. Data is processed in the same way as that of antifungal activity.
RESULTS AND DISCUSSION
Chemistry
The reaction between the starting material, ethyl 4,4-difluoro-3-oxobutanoate 1) and triethyl orthoformate in acetic anhydride at 140°C, yielded ethyl 2-(ethoxymethylene)-4,4-difluoro-3-oxobutanoate (compound 2) (Sun and Zhou, 2015). Compound 2 was then treated with methylhydrazine to yield compound 3, which was successively hydrolyzed with lithium hydroxide and hydrochloric acid to obtain a white solid of the key intermediate 3-(difluoromethyl)-1-methyl-1H-pyrazole-4-carboxylic acid (compound 4) (Scheme 1). Thereafter, compound 6, a light yellow solid, was formed by conjugating compound 4 with 2-aminophenol in CH2Cl2 using EDCI and DMAP (Scheme 2). Finally, different substituted moieties of arylsulfonyl chloride were reacted with compound 5 to yield the target compounds (Scheme 3). The structures of all key intermediates and target compounds were confirmed via 1H and 13C NMR and HRMS, and their spectra data are shown in the Supplementary Material. The single-crystal X-ray diffraction of compound T22 showed that the compound is a sulfonate and not a sulfonamide. Figure 1 shows the crystal structure of T22, whose deposition number is CCDC 2168151.
[image: Scheme 1]SCHEME 1 | Synthesis of the key intermediate 4.
[image: Scheme 2]SCHEME 2 | Synthesis of the key intermediate 6.
[image: Scheme 3]SCHEME 3 | Synthesis of the target compounds.
[image: Figure 1]FIGURE 1 | The single-crystal X-ray diffraction of compound T22.
In Vitro Biological Evaluation
In Vitro Antifungal Assay
The preliminary in vitro antifungal activities of the 27 target compounds are presented in Tables 1, 2. Most of the target compounds exhibited some degree of antifungal activities against the four plant pathogens at 50 μg/ml (Table 1). Among the four plant pathogens, the target compounds, particularly T24, exhibited remarkable antifungal activity against R. solani. When R group was nitro group, the antifugal activity against R. solani was no more than 20%. It can be known from these data that the substituent on the benzene ring was a strong electron-withdrawing group, the antifungal activity was adversely affected. We also found that the activity of T24 against R. solani was much higher than that of T1 (Table 1). The only structural difference between these two compounds is the presence of an extra methylene group in T24, which is thought to enhance its antifungal activity. The compound T24 (EC50 = 0.45 mg/L) was superior to the commercial fungicide hymexazol (EC50 = 10.49 mg/L), but closer to bixafen (EC50 = 0.25 mg/L) in its activity against R. solani (Table 2).
TABLE 1 | Inhibition rate in vitro of target compounds T1-27 at 50 μg/ml.
[image: Table 1]TABLE 2 | EC50 values of T24 against R. solani.
[image: Table 2]In Vivo Antiviral Activities of Compounds T1-27
The phenylsulfonyl fragment has been reported to increase the antiviral activity (Hadházi et al., 2017), we synthesised novel sulfonate scaffold-containing pyrazolecarbamide and evaluated their antiviral activities.The curative, protective, and inactivation effects of the 27 target compounds against TMV were evaluated using the half leaf blight spot method (Liu et al., 2021; Zhang et al., 2021), and the commercial agents, Ningnanmycin and Chitosan oligosaccharide, served as positive controls. Compound T18 (54.2%) exhibited a close curative activity to ningnanmycin (55.3%) at 500 mg/ml. Additionally, most of the target compounds exhibited protective effects in vivo, and the protective effects of compounds T5 (50.4%) and T12 (50.2%) were similar to that of Ningnanmycin (50.7%). Although the target compounds had lower inactivation effects than ningnanmycin, most of them exhibited better inactivation activities than Chitosan oligosaccharides (Table 3).
TABLE 3 | Antiviral activity of the target compounds against TMV in vivo (500 mg/L).
[image: Table 3]CONCLUSION
In summary, 27 novel pyrazolecarbamide derivatives bearing a sulfonate fragment were synthesized and screened for their in vitro antifungal and in vivo antiviral activities against four plant pathogens (C. camelliae, P, theae, G. zeae, and R. solani). The structures of these compounds were identified using the single-crystal X-ray diffraction and spectral data obtained via 1H and 13C NMR and HRMS spectroscopy. The preliminary bioassay results showed that the target compounds exhibited certain inhibitory activities against the test fungi and TMV. Compound T24 exhibited excellent antifungal activities against R. solani compared to the commercial fungicide hymexazol, almost similar to bixafen. Moreover, the target compounds displayed protective effects in vivo against TMV. Thus, our research group is conducting further structural optimization of the target compounds for wide-scale field application.
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Pitaya, or dragon fruit, is a typical tropical fruit with an appealing taste and diverse health benefits to humans. The plantation of pitaya in Guizhou province in China has greatly boosted the income of local farmers and alleviated poverty. However, the frequent occurrence of postharvest diseases has brought large economic loss. To find a solution, we set out to identify the postharvest disease-causing agents of Guizhou pitaya. Several fungi were isolated from diseased pitaya and identified as species based on the ITS1 sequence similarity. Of them, Penicillium spinulosum, Phoma herbarum, Nemania bipapillata, and Aspergillus oryzae were, for the first time, found to cause dragon fruit disease. In consideration of their prevalence in postharvest fruit diseases, Alternaria alternata H8 and Fusarium proliferatum H4 were chosen as representative pathogens for the drug susceptibility test. Among the tested drugs and plant extracts, 430 g/L tebuconazole and 45% prochloraz were found to be the most potent fungicides against H8 and H4, respectively. The research provides insights into the mechanism and control of postharvest diseases of dragon fruits in Guizhou, China, and thus could be of economic and social significance to local farmers and the government.
Keywords: pitaya, postharvest disease, pathogen identification, drug sensitivity test, plant extracts
INTRODUCTION
Dragon fruit or pitaya (Hylocereus species) belongs to the family Cataceae, which is a typical tropical fruit. Since its introduction to Guizhou province in 2001 (Wang et al., 2018), the fruit has been shown to be quite adapted to the local climate and ecology. So far, three varieties, purple dragon, crystal red dragon, and pink dragon, have been introduced and cultivated in Guizhou, and the dragon fruit-planting area in Guizhou province has increased to be the third in China (Wang et al., 2018). With its renowned health benefits to consumers and appealing taste, the locally produced dragon fruit is widely accepted in the domestic market. Dragon fruit cultivation in Guizhou province has greatly boosted the local economy and been lifting local farmers out of poverty. With the planting history and area growing, the incidences of dragon fruit diseases are increasingly more frequent, especially the postharvest diseases, which lead to the decline of the yield and quality of marketable dragon fruits, affecting the economic benefits ultimately.
Due to the interruption of nutrient supply, the vitality of the postharvest dragon fruits was weakened, the disease resistance was reduced, and they could be infected easily by pathogenic microorganisms during storage and transportation, resulting in illness. At present, there are kinds of diseases caused by microorganisms such as anthracnose, soft rot, canker, black spot, and wilts in dragon fruit after harvest (Balendres and Bengoa, 2019). Among them, fungal diseases are more common and serious. Dragon fruit anthracnose was usually caused by Colletotrichum gloeosporioides (Masyahit et al., 2009) and C. truncatum (Guo et al., 2014). The pathogens that cause black spot disease of dragon fruit were reported to be Alternaria alternata (Castro et al., 2017) and Bipolaris cactivora (Tarnowski et al., 2010; Ben-Ze Ev et al., 2011). Dragon fruit soft rot is found to be caused by Neoscytalidium dimidiatum (Pan et al., 2021) and Gilbertella persicaria (Guo et al., 2012). However, there are few reports focusing on causative agents and control methods for postharvest diseases of dragon fruits in the Guizhou area.
In order to investigate the microbial species causing postharvest diseases on dragon fruits in Guizhou, samples of diseased dragon fruits were collected from the Luodian County of Guizhou province in China. Microbes were isolated from diseased fruit tissue and reinoculated on healthy fruits to confirm pathogenicity according to Koch’s rule. Pathogenic microorganisms were identified by rDNA-ITS sequence similarity analysis. Finally, a variety of prevention and control reagents were screened for inhibition efficacy against selected pathogens by an indoor experiment. This study provides a helpful understanding of the mechanism of postharvest diseases and control measures for dragon fruits in Guizhou province and the neighboring area.
MATERIALS AND METHODS
Sample Collection and Microbial Isolation
Samples of diseased dragon fruits were collected in Luodian County in Guizhou Province. Pathogenic microorganisms were isolated by conventional tissue isolation methods in the laboratory. The potato dextrose agar (PDA) plates were used for separation and purification. The isolated strains were stored at −20°C in 40% glycerol.
Pathogenicity Test
Healthy dragon fruits were selected and soaked in 75% alcohol for 1 min, followed by repeated washes in sterile water, and surface-dried. Mycelia “cakes” (blank agar “cakes” as control) were chopped aseptically from the culture plate and placed onto the surface (non-injury inoculation) and the stabbing wound (stab inoculation) of dragon fruits, which was then allowed to incubate at 28°C, and the status of infection was observed along during incubation.
Morphological Characterization of Pathogens
The pathogenic microorganisms were cultured on PDA and incubated at 28°C. The colony morphology was checked regularly, and the mycelia were observed under a Model EX30 inverted microscope (Ningbo Shunyu Tech. Co. Ltd., Zhejiang, China).
DNA Extraction and Molecular Identification
The fungus was cultured in potato dextrose broth (PDB) at 28°C for 3 days, and the mycelia were collected for genomic DNA (gDNA) extraction. Fungal gDNA was extracted according to the users’ instruction of the fungal genomic DNA rapid extraction kit (Sangon). The rDNA-ITS1 fragment of the gDNA was PCR-amplified using universal ITS1 primers and subjected to nucleotide sequencing. All the obtained sequences were searched for similarity against the NCBI nucleotide collection (nr) database with default parameters (https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome). The phylogenetic tree was constructed using the neighbor-joining method to determine the taxonomic status.
Preparation of Tested Fungicides and Plant Extracts
All tested fungicides are commercially available. The plant extracts were prepared as such: the plant was air-dried and milled to powder. For the procedure, 10 g of the powder was extracted with 95% ethanol and heated for 4 h with refluxing. The extract was filtered and evaporated under reduced pressure. The residue was re-dissolved with hot water, cooled, and adjusted to a concentration of 500 mg/mL as stock solution.
Indoor Screening for Control Agents
Tested fungicide or plant extracts (Tween 20 as control) with appropriate quantity was added to melted PDA and cooled to make plates. The plates were then inoculated by placing an inoculum (4 mm disc from cultures of A. alternata and F. proliferatum) at the center and incubated at the ambient temperature of 28°C. Each test was performed in triplicate. After 6 days of incubation, the colony diameter was recorded, and the inhibition rate was calculated using the following formula:
[image: image]
Furthermore, the efficacy for the tested control agent was expressed as the half-maximal effective concentration (EC50, the concentration at which the tested fungicide reduced mycelial growth by 50%) determined by regression of the inhibition rate against the log10 values of the fungicide concentrations.
RESULTS
Isolation and Purification of Pathogenic Fungi
A number of fungal isolates were separated from diseased dragon fruit tissue, and seven fungal strains were preliminarily established based on colony and mycelium morphology and labeled as H1, H2, H4, H6, H7, H8, and H9. Colony and conidia morphology are shown in Figure 1. The appearance of the H1 colony on PDA is brown with white slowly growing edges. The spores are elliptical to round with varying sizes but connected in tandem to each other. The H2 colony is whitish gray and grows fast. Its spores are rod-shaped under the microscope and distributed around the mycelia. The H4 strain colony exhibits a white appearance and grows fast with elliptical spores arranged in clusters around the top of the spore stalk. The colony of strain H6 is yellowish-brown with dense hyphae, and the spores appear round when observed under a microscope. The H7 colony is white in appearance and grows slowly on PDA. The spores are irregularly rod-shaped. The H8 colony is white with dense mycelia. The spores are oval under the microscope and densely clustered around spore stalks. The H9 colony is dark green and grows fast; the spores are spherical and connected in tandem to each other to form long chains.
[image: Figure 1]FIGURE 1 | Morphological characteristics of pathogens and pathogenicity confirmation. (A) Colony morphology on the PDA plate. (B) Microscopic image of conidia taken with ×400 magnification, (C) non-injury inoculation, and (D) injury inoculation; fruits on the right were inoculated with mycelia “cakes,” and the ones on the left are blank controls.
Pathogenicity of Isolated Microorganisms
The isolated strains were re-inoculated onto fruits in two ways, a non-injured inoculation and a stab-injured inoculation. As shown in Figure 1, all the seven strains can infect dragon fruits with or without an injury. Despite the presence of a stabbing wound, no observable infection occurred in control experiments where blank agar was used for ‘inoculation’.
Taxonomic Identification
The ITS1 segments were PCR-amplified from corresponding genomic DNA extracted from the seven pathogenic fungi. Their nucleotide sequences were used as a query for blast searches, and top hits are listed in Table 1. According to the search results, the pathogenic strains were roughly assigned as Phoma herbarum H1, Colletotrichum nymphaeae H2, Alternaria alternata H4, Aspergillus oryzae H6, Penicillium spinulosum H7, Fusarium proliferatum H8, and Nemania bipapillata H9. Phylogenetic relationships based on the ITS1 sequence similarity between the strains and selected top hits are illustrated in Figure 2.
TABLE 1 | NCBI blast results of samples.
[image: Table 1][image: Figure 2]FIGURE 2 | Molecular phylogenetic tree based on the rDNA-ITS sequence similarity. Sequence alignment and tree building were performed by MEGA5.0 using the neighbor-joining method, and phylogeny was tested by 500 bootstrap replications. The numbers on branches were calculated as bootstrap values. Accession numbers of ITS1 sequences from isolated strains were, namely, ON514545.1 (H1), ON514546.1 (H2), ON514547.1 (H4), ON514548.1 (H6), ON514549.1 (H7), ON514550.1 (H8), and ON514551.1 (H9).
Preliminary Screening of Agro-Agents for Fungicides Against Representative Pathogenic Fungi
In consideration of the prevalence of A. alternata and F. proliferatum in fruit disease, the two strains H4 and H8 were chosen as representative pathogenic microorganisms of dragon fruit and tested their susceptibility to a series of agricultural agents. As shown in Table 2, a total of 20 agro-agents were screened for indoor toxicity at concentrations of 50 μg/ml and 10 μg/ml on A. alternata H4 and F. proliferatum H8. For A. alternata H4, at 50 μg/ml concentration, 10% difenoconazole, 430 g/L tebuconazole, and 3% zhongshengmycin showed the highest inhibition rate, while at 10 μg/ml concentration, 10% difenoconazole, 430 g/L tebuconazole, 50% iprodione were the three most potent candidates. For F. proliferatum H8, 3% benziothiazolinone, 430 g/L tebuconazole, and 45% prochloraz exhibited the highest toxicity at a concentration of 50 μg/ml, while at the 10 μg/ml level, 10% difenoconazole, 50% iprodione, and 45% prochloraz were the top three candidates. Notably, three microbial preparations were included in the screening; the insecticidal Beauveria bassiana showed the highest inhibition rate at 50 μg/ml concentration, and the fungicidal Bacillus cereus was the most potent at 10 μg/ml.
TABLE 2 | Inhibitory effects of 20 agro-agents at the concentrations of 50 µg/ml and 10 µg/ml on A. alternata H4 and F. proliferatum H8.
[image: Table 2]Inhibition Effect of 10 Edible and Medicinal Plant Extracts on the Tested Fungus
The ethanol extract was obtained from 10 edible and medicinal plants, namely, Houttuynia cordata Thunb, Mentha haplocalyx, Zanthoxylum bungeanum Maxim, Lonicera japonica Thunb, Dendrobium officinale Kimura et Migo, Piper nigrum, Zingiber officinale Roscoe, Gastrodia elata, Schisandra chinensis, and Illicium verum. Some of the plants are renowned for their microbe-inhibitory activity. The inhibition rate results in this study are shown in Table 3. All 10 ethanolic extracts prepared at a final concentration of 50 mg/ml showed an inhibitory effect on the two fungal pathogens, A. alternata H4 and F. proliferatum H8. In comparison, 50 mg/ml and 80% ethylicin was included in the test. The inhibition rates of Zanthoxylum bungeanum Maxim against A. alternata H4 and F. proliferatum H8 were 68.75 and 75.12%, those of Zingiber officinale Roscoe were 70.14 and 60.48%, and those of Piper nigrum were 69.84 and 60.93%, respectively. The three extracts showed the highest inhibitory effect against both tested pathogens of dragon fruit. Notably, 80% ethylicin at the same concentration exhibited a 100% inhibition rate in both strains.
TABLE 3 | Determination of the inhibitory effect of 10 Chinese edible and medicinal plant extracts on A. alternata H4 and F. proliferatum H8.
[image: Table 3]Fungicidal Efficacy Test on Representative Fungi With Promising Candidates
Based on previousscreening results, several fungicides were selected for the efficacy test. As shown in Table 4, 430 g/L tebuconazole exhibited the smallest EC50 at 0.0133 μg/ml, suggesting the highest potency toward A. alternata H4, while 50% iprodione with EC50 at 3.6840 μg/ml showed the second highest potency. For the pathogen F. proliferatum H8, 45% prochloraz showed the smallest EC50 at 0.0122 μg/ml, and 430 g/L tebuconazole is the second smallest with EC50 at 0.0307 μg/ml. It is worth mentioning that the efficacy of the biological agent Bacillus cereus is also tested, which exhibited EC50 at 81.3915 μg/ml toward F. proliferatum H8.
TABLE 4 | Determination of the efficacy of screened fungicides to A. alternata H4 and F. proliferatum H8.
[image: Table 4]DISCUSSION
This study descripted the isolation and identification of several pathogenic fungal strains from diseased dragon fruits suffering from soft rot, anthracnose, and black spot based on field observation. The capability of the pathogens to infect healthy dragon fruits was confirmed by re-inoculation. Based on the morphological and molecular characteristics, the isolates were roughly identified to be P. herbarum H1, C. nymphaeae H2, A. alternata H4, A. oryzae H6, P. spinulosum H7, F. proliferatum H8, and N. bipapillata H9. Previous studies have suggested that a variety of Fusarium can cause postharvest soft rot disease to dragon fruit (Oeurn et al., 2015), but few studies report on F. proliferatum, which is found for the first time in the study in Guizhou province, suggesting that F. proliferatum could be a regional pathogen. C. gloeosporioides (Bordoh et al., 2020) and C. truncatum (Guo et al., 2014; Vijaya et al., 2015) of Colletotrichum genera were recognized as the pathogenic microorganisms of pitaya anthracnose. C. nymphaeae was reported to cause anthrax in other fruits such as plum (Chang et al., 2018) and blueberry (Tomoo et al., 2015), and this is the first time found in diseased pitaya. A. alternata is the main pathogen causing postharvest disease, which can cause black spot disease in dragon fruit (Castro et al., 2017), pears (Tian et al., 2006), peaches (Inoue and Nasu, 2000), and other fruits (Prusky et al., 1997; Prusky et al., 1999; Zhao and Liu, 2012) in the post-harvest preservation. This study found first that A. oryzae can cause infection on dragon fruit. Since A. oryzae is a ubiquitous environmental fungus, the infection observed in this study could be opportunistic. This research reported for the first time several pathogenic microorganisms of dragon fruit in Guizhou, indicating that the distribution of pathogenic microorganisms in dragon fruit varies with a geographical environment which on the other hand signifies the importance of the geography-specific plan for prevention and control measures.
A. alternata and F. proliferatum are two typical postharvest pathogenic microorganisms that can cause postharvest diseases in a variety of fruits (Konstantinou et al., 2011; Abd Murad et al., 2017; Castro et al., 2017; Wang et al., 2021), so we selected these two to test their susceptibility to the control agents, respectively. The results showed that A. alternata H4 exhibited the highest sensitivity to 430 g/L tebuconazole and the lowest sensitivity to 80% ethylicin, while F. proliferatum H8 showed the highest sensitivity to 45% prochloraz and the lowest sensitivity to Bacillus cereus. The results showed that 10% difenoconazole, 50% iprodione, 50% kresoxim-methyl, 80% ethylicin, and 430 g/L tebuconazole all had inhibitory effects on the two postharvest pathogenic microorganisms of pitaya to a certain degree. Natural antimicrobials obtained from plants can provide alternative materials instead of commonly used fungicides in a more sustainable and environment-friendly way (Romanazzi et al., 2012). This study demonstrated that the 10 edible and medicinal plant extracts all showed some inhibitory effects on the two representative pathogenic fungi, although they are much less potent than chemically synthesized fungicides. Chemical fungicides showing the most efficacy to tested pathogens can be good choices for field application; however, long-term single use of control agents will likely cause drug resistance of pathogenic microorganisms. Therefore, it is recommended to carry out field experiments using a combination of agents which would improve the control effect, but the study only conducted a sensitivity test indoors which may not represent the field effect.
Pathogenic microorganisms can infect fruits in many ways. For example, fungal spores can spread with the help of wind or insects to infect fruits. Therefore, cultivation and management should be strengthened at regular times, and attention should be paid to ventilation and light transmission to reduce the reproduction of fungi since the reproduction and accumulation of pathogenic microorganisms would cause more fruits to rot, aggravating microbial infections. At present, the postharvest preservation methods of dragon fruit mainly include low-temperature preservation, film preservation, chemical preservation, thermal treatments, and irradiation (Jalgaonkar et al., 2020). These preservation measures have problems such as being time-consuming and labor-intensive, high cost, chemical residues, environmental pollution, and food safety hazards. Plant extracts, especially those from edible or medicinal plants, with fungal inhibitory effects can find their use in postharvest disease prevention.
CONCLUSION
The study isolated seven strains from diseased dragon fruits, and their ability to infect healthy dragon fruits was confirmed. Of them, Penicillium spinulosum, Phoma herbarum, Nemania bipapillata and Aspergillus oryzae were for the first time found to cause dragon fruit disease. In consideration of their prevalence in postharvest fruit diseases, A. alternata H8 and F. proliferatum H4 were chosen as representative pathogens for the drug susceptibility test. Among the tested agro-agents and plant extracts, 430 g/L tebuconazole and 45% prochloraz were found to be the most potent fungicides against H8 and H4, respectively.
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The acceptance of kiwifruit by consumers is significantly affected by its slow ripening and susceptibility to deterioration. Ready-to-eat “Guichang” kiwifruit and its preparation technology were studied by the regulation of ethylene and 1-MCP. Harvested kiwifruits were treated with 100–2000 μl L−1ethylene for 36 h (20°C) and then treatment with 0–0.5 μl L−1 1-MCP. The results showed that the preservation effect of 0.5 μl L−1 1-MCP is inefficient when the soluble solid content of kiwifruit exceeded 15%. The ethylene-treated fruits reached an “edible window” after 24 h, but a higher concentration of ethylene would not further improve ripening efficiency, while the optimal ethylene concentration was 250 μl L−1. Moreover, after 250 μl L−1 ethylene treatment, 0.5 μl L−1 1-MCP would effectively prolong the “edible window” of fruits by approximately 19 days. The volatile component variety and ester content of 0.5 μl L−1 1-MCP-treated fruits were not different from those of the CK group. Principal component analysis and hierarchical cluster analysis indicated that the eating quality of fruits treated with 0.5 μl L−1 1-MCP was similar to that of fruits treated with ethylene. Consequently, ready-to-eat “Guichang” kiwifruit preparation includes ripening with 250 μl L−1 (20°C, 36 h) ethylene without exceeding the 1-MCP threshold and then treated with 0.5 μl L−1 1-MCP (20°C, 24 h). This study highlights the first development of a facile and low-cost preparation technology for ready-to-eat “Guichang” kiwifruit, which could reduce the time for harvested kiwifruit to reach the “edible window” and prolong the “edible window” of edible kiwifruit.
Keywords: instant kiwifruit, edible window, ethylene, 1-methylcyclopropene, regulation
1 INTRODUCTION
Kiwifruit production has experienced sustained growth globally, from 3.63 million tons in 2014 to 4.34 million tons in 2019. In addition, kiwifruit occupies an important position in the fruit market (Wang S. et al., 2021). Meanwhile, China is the largest kiwifruit producer in the world, with an annual output of 2.5 million tons and a planting area of 243,000 ha (Wang et al., 2021b). The Guizhou Province is located in southwest China and is one of the main production areas of kiwifruit, but also one of the world’s three major karst landscape areas, the center of east Asia. This area is suitable for the growth of kiwifruit because of its unique geographical and climatic environment. “Guichang” kiwifruit is an independent breed, and its planting area reached over 40,000 hm2 (Wang et al., 2021c) in Guizhou Province. This variety is similar to “Hayward,” with green flesh, sweet taste, and high vitamin C content, which is favored by consumers and commercialized.
Kiwifruit is a climacteric fruit, which indicates the characteristics of after-ripening. Hence, it is generally harvested at a physiologically mature stage—unripe and inedible. Consumers have to wait for 6–8 days to get the kiwifruit edible. Simultaneously, kiwifruit is sensitive to ethylene, and it produces a large amount of endogenous ethylene during the ripening stage; then, it rapidly softens and decays gradually as it reaches the “edible window” stage (Burdon et al., 2017; Tilahun et al., 2020; Wang H. et al., 2021; Huang et al., 2021). Therefore, this seriously affects the storage and consumption of kiwifruit. The aforementioned two factors affect the commodity value of kiwifruit along with reducing consumers’ experience and the likelihood of repurchase. Accordingly, it is urgent and essential to develop a facile and low-cost preparation technology for ready-to-eat kiwifruit with a shorter softening time and a longer edible window time.
Ethylene is a natural gaseous plant hormone that plays a vital role in accelerating the softening and ripening of kiwifruit, thus reducing the waiting time to eat kiwifruit and promoting better flavor. Park et al. (2006) treated “Hayward” kiwifruit with 100 μg L−1 ethylene for 24 h at 20°C, and the firmness of the ethylene-treated fruit reached a minimum after 2 days, which was 8 days earlier than that of the untreated fruits. Lim et al. (2017) treated “Jecy” green kiwifruit with 200 μl L−1 ethylene for 12 h at 20°C and found that the firmness of the ethylene-treated fruit was reduced to 10 N at 2 days, which was 3 days earlier than CK. The fruit needs at least 2 days to reach the “edible window” throughout ethylene ripening. Moreover, there has been no report on the ripening efficiency of kiwifruit treated with a higher concentration of ethylene.
1-MCP is an ethylene receptor blocker, which can inhibit endogenous ethylene production and the physiological and biochemical reactions of fruit by irreversibly binding with the ethylene receptor (Gong et al., 2020). In previous studies, the 1-MCP treatment showed the effect of inhibited endogenous ethylene production, reduced respiratory rate, upregulated the expression of key enzyme genes in the ascorbic acid synthesis pathway, and promoted ascorbic acid metabolism in kiwifruit, thus enabling to delay the deterioration of fruit quality (Di Francesco et al., 2018; Huan et al., 2020; Zhang et al., 2021). However, the effect of 1-MCP on edible kiwifruit has not yet been reported.
In this study, the concept of ready-to-eat kiwifruit was proposed for the first time. The aim of the present study is to develop a kiwifruit post-harvest technology and innovate a ready-to-eat kiwifruit technology that includes 1) the threshold of 1-MCP on kiwifruit; 2) the effect of higher concentrations of ethylene (100, 250, 500, 1,000, and 2,000 μl L−1) on the efficiency of kiwifruit ripening; 3) the preservation effect of 1-MCP on edible kiwifruit; 4) the flavor compounds of ready-to-eat kiwifruit; and 5) the eating quality of ready-to-eat kiwifruit is completely evaluated by HCA and PCA, including the Brix-acid ratio (BAR), pulp firmness, ascorbic acid (ASA), folic acid, color, and volatile components. These findings provide a technical basis for reducing the post-harvest loss of kiwifruit and improving its commercial value.
2 MATERIALS AND METHODS
2.1 Materials
Kiwifruit (Actinidia deliciosa cv. “Guichang”) was harvested in a kiwifruit garden, in Xiuwen County (106°40′14″ E, 26°57′35″ N) in 2020, and then immediately transported to a laboratory at Guiyang University. The average SSC of fruit was 7.0% (n = 18). On harvest day, all the fruits were placed at room temperature, and the callus lasted for 24 h before they were divided into three parts to study the following: 1) threshold of 1-MCP treatment; 2) effect of ethylene on fruit ripening; and 3) effect of 1-MCP on the ripe fruit. In order to simulate the kiwifruit market model in practice, a batch of fruits was stored in a controlled atmosphere container (Tianjin Lvyuan Jieneng Air Conditioning Fresh-keeping Equipment Co., LTD., LYQT-400, China) and ready to be prepared for ready-to-eat kiwifruit. The storage conditions were as follows: O2: 2%; CO2: 4.5%; 90% RH (Di Francesco et al., 2018).
2.2 Treatment and Assessments
2.2.1 Threshold of 1-MCP Treatment
To investigate the threshold of 1-MCP on kiwifruit with different maturities, 2,400 fruits were employed and divided into six groups. Logically, the kiwifruit maturity was increased with shelf time because the kiwifruit was attributable to climacteric fruit. Herein, six groups of fruit with different maturities were obtained every 3 days. Immediately, 400 fruits were treated by 1-MCP (0.5 μl L-1, 24 h), named F0, F3, F6, F9, and F12, respectively. In comparison, the group obtained at 0 day without 1-MCP treatment was called CK. After treatment, a shelf was carried out for 12 days at 20°C, and the detection was performed at 0, 3, 6, 9, and 12 days in turn.
2.2.2 Effect of Ethylene on Fruit Ripening
After 45 days of controlled atmosphere storage, 1,800 fruits were divided into six groups for the ethylene ripening experiment (300 fruits in each group). Ethylene-treated (ET) groups were placed in plastic boxes (60 L, 55*40*31.5 cm) and then injected with different volumes of ethylene (100, 250, 500, 1,000, and 2,000 μl L−1), while the control group was not treated by ethylene. These groups were named E1, E2, E3, E4, E5, and CK, respectively. The O2 and CO2 concentrations in the box were monitored by a headspace analyzer (Check Point II, Dansensor, Denmark) every 3 h. Ripening was terminated when the O2 concentration in any group was lower than 5%. After treatment, a shelf experiment was carried out for 9 days at 20°C, and the detection was performed at 1, 3, 5, 7, and 9 days. Therefore, the optimum ripening conditions were obtained.
2.2.3 Effect of Ethylene on Ripe Fruit
Based on the ethylene ripening experiment results, the ripe kiwifruits were divided into three groups (450 fruits in each group) for ethylene ripening according to the optimum conditions. Then, all the groups were treated with 0, 0.25, or 0.5 μl L−1 1-MCP for 24 h at 20°C. After the treatment, all fruits were stored at 4°C for 14 days and then shelved for 7 days at 20°C. Detection was performed for the fruit at 0 day, 14 days (4°C), 3 days (20°C), 5 days (20°C), and 7 days (20°C).
For GC-MS, the fruit was peeled and frozen in liquid nitrogen and stored at −80°C.
2.3 Physicochemical Analysis
Fruit quality was assessed for the ethylene production (EP) rate, respiration intensity (RI), decay percentage, pulp firmness, SSC, titratable acid (TA), Brix-acid ratio (BAR), h°, starch, ascorbic acid (ASA), and folic acid.
In the aforementioned three experiments, 27 fruits in each group were selected for the determination of EP and RI throughout the experiment. EP and RI were calculated for a constant nine fruits per replication. Nine fruits were placed in a 3.2 L sealed plastic box at 20°C for 2 h. A gas chromatograph was loaded with 2 ml of sample gas from the plastic box (GC-14C, Shimadzu, Tokyo, Japan). The GC condition was referred to in a previous study and was modified (Patil et al., 2019). The inlet temperature was 145°C, the cylinder temperature was 40°C, the detector temperature was 180°C, and the auxiliary heater was 235°C. The heating procedure was as follows: 40°C for 7 min, then increased to 100°C at a rate of 10°C min−1−100°C and maintained for 3 min.
Decay percentage was measured by counting the number of fruits decayed in each group by the method of Choi et al. (2019). Pulp firmness (n = 18) was measured according to Burdon et al.’s (2017) report, which used a texture analyzer (TA. XT Plus, SMS, England) fitted with a 2 mm penetrometer probe. The SSC (n = 18) and TA content (n = 3) were determined according to previous studies (Sivakumaran et al., 2016; Burdon et al., 2017). Then, BAR was calculated by SSC and TA. Pulp color (n = 18) was measured by a grating spectrophotometer (YS3060, 3nh Science and Technology Ltd., China) according to Patil et al.’s (2019) report. Starch, ASA, and folic acid content (n = 3) measurements were conducted with frozen materials, which were determined by a method based on previous studies (Johansson et al., 2005; Tavarini et al., 2008).
2.4 Sensory Evaluation
Sensory evaluation of kiwifruit was conducted by using a 9-point hedonic scale discussed by Nirmal et al. (2020). All samples were labeled with a three-digit code. Observations regarding the appearance, color, aroma, taste, and overall acceptability of each sample were performed by ten well-trained consumers.
2.5 GC-MS Analysis
Extraction of GC-MS-based volatiles was performed as described in a previous study with some modifications (Du et al., 2019). A 10 μl L−1 3-octanol internal standard was prepared with n-hexane as the solvent. An internal standard of 1 μl and kiwifruit pulp, as well as 2.0 g sodium chloride and a polypropylene cap, were sealed by a polytetrafluoroethylene/silicon septum for each sample (Agilent Technologies, United States). In addition, the prepared samples were heated in a water bath at 40°C for 30 min and then loaded into an Agilent 7890B GC system (Agilent Technologies, United States) by an Agilent 76978 headspace sampler.
The GC conditions were as follows: HP-5ms Agilent quartz capillary column (30 m × 0.32 mm, 0.25 μm; Agilent Technologies, America); helium carrier gas (99.999%), 2 ml min−1, no shunt; injector temperature of 250°C. The initial temperature was 35°C and maintained for 3 min, increased to 45°C at a rate of 3°C min−1, increased to 120°C at a rate of 2°C min−1, increased to 240°C at a rate of 6°C min−1, and maintained for 6 min. The MS conditions were as follows: electron impact ionization source; electron energy: 70 eV; ionization temperature: 230°C; quadrupole temperature: 150°C; interface temperature: 280°C; and quantity scanning range: 30–500 amu.
The identification of the unknown volatile compounds was performed by the NIST 17 L library. The volatile content relative to the internal standard was calculated according to the comparison between the internal standard content and the chromatographic peak area of the volatile and the internal standard. The formula is as follows:
[image: image]
where ωx is the concentration of the unknown volatile (µg kg−1), nis is the amount of the internal standard substance (g mol−1), Mx is the molar mass of the internal standard substance, Ax is the peak area of the unknown compound, Ais is the peak area of the internal standard substance, and mn is the sample amount (g).
2.6 Statistical Analysis
Data results were statistically processed by SPSS 21.0 software (SPSS Inc., United States), and the results were expressed as the mean ± sd. Duncan multiplicity comparison was used for significance analysis (p < 0.05), and Origin Pro 2017 software (Origin Lab Inc., United States) was used for plotting.
3 RESULT
3.1 Threshold of 1-MCP Treatment
In previous studies, kiwifruit entered the “edible window” with SSC of 14–20% and firmness of 3.1–14 N (Deng et al., 2015; Quillehauquy et al., 2020; Zhang et al., 2021). However, the fruit began to soften rapidly at this stage, so the “edible window” was shortened. Therefore, it was of great importance for ready-to-eat kiwifruit to find the preservation threshold of kiwifruit affected by 1-MCP. As shown in Figure 1A, the samples of the F0, F3, F6, and F9 groups did not decay during the shelf life. In Figures 1B and C, the fruit maturities of the CK, F0, F3, F6, F9, and F12 groups were different because they were treated separately every 3 days in turn. The CK group reached an “edible window” at 12 days (SSC: 15.11%, pulp firmness: 8.36 N). Meanwhile, the ranges of SSC and pulp firmness of F0, F3, and F6 were 12.46–13.15% and 30.12–16.55 N (Figures 1B, C), respectively. Obviously, the fruit was inedible at this stage. The F9 group was within its “edible window” from 6 days (SSC: 14.76%, pulp firmness: 13.86 N) to 12 days (SSC: 16.08%, pulp firmness: 8.98 N), with a fruit quality similar to that of the CK group at 12 days (SSC: 15.11%, pulp firmness: 8.36 N) (p < 0.05). According to the aforementioned SSC, firmness, and decay percentage, 1-MCP provided an obvious preservation effect on F0, F3, F6, and F9 groups. Although the SSC of the F12 group was the highest, its decay percentage increased gradually from 11.45 to 47.91% until 12 days (Figure 1A). The previous results indicated that 1-MCP had a poor preservation effect on the F12 group.
[image: Figure 1]FIGURE 1 | Decay percentage (A), pulp firmness (B), SSC (C), ethylene production rate (D), and respiration intensity (E) variations during fruit storage in the 1-MCP threshold experiment. Data are the means of three replicates ± standard deviation (n = 18). According to Duncan’s test, values with different letters are significantly different (p < 0.05).
The EP and RI of the CK group gradually increased to a maximum until 9 days and then sharply decreased to 4.09 ng kg−1 h−1 and 7.11 ng kg−1 s−1 at 12 days, respectively (Figures 1C, D). In contrast, the highest EP and RI of the F0, F3, F6, and F9 groups were 2.28–3.32 ng kg−1 h−1 and 3.42–4.69 ng kg−1 s−1, respectively, which were lower than those of the CK group (29.23 ng kg−1 h−1 and 12.32 ng kg−1 s−1). The EP and RI of the F12 group decreased at first and then remained basically unchanged from 3 to 12 days. Because the climacteric of the CK group occurred at 9 days, the F12 group had undergone a climacteric before treatment with 1-MCP. In addition, the EP and RI of the F12 group at 0 day were higher than those of the CK group at 12 days, which indicated that 1-MCP was ineffective in the F12 group. Altogether, it was recommended that the threshold of 1-MCP on Guichang kiwifruit be SSC: 15%.
3.2 Effect of Ethylene on Fruit Ripening
From previous studies, kiwifruit needs 2–3 days to reach the “edible window” after treatment with 100 μl kg−1, 100 μg L−1, and 200 μl L−1 ethylene (Park et al., 2006; Lim et al., 2017; Tilahun et al., 2020). To improve ripening efficiency, we attempt to directly ripen kiwifruit to an edible window, thus higher concentrations of ethylene (100, 250, 500, 1,000, and 2,000 μl L−1) and shorter ripening time were introduced. The concentrations of O2 and CO2 were monitored with a headspace analyzer every 3 h to prevent anaerobic respiration during ethylene ripening. Ripening was stopped at 36 h because the O2 concentration in the ET groups was lower than 5% (Supplementary Figure S1). From Figures 2B and C, after 36 h of ripening, the SSC of fruit was increased from 9.53 to 12.4%, and the pulp firmness of fruit was decreased from 41.1 to 14.2 N. It was closest to the edible window (SSC: 14–21%; pulp firmness: 3.1–14 N).
[image: Figure 2]FIGURE 2 | Decay percentage (A), pulp firmness (B), SSC and TA (C), BAR (D), starch (E), and h° (F) variations during fruit storage in the ethylene ripening experiment. (CK: 0 μl L−1, E1: 100 μl L−1, E2: 250 μl L−1, E3: 500 μl L−1, E4: 1,000 μl L−1, and E5: 2,000 μl L−1). Data are the means of three replicates ± standard deviation (n = 18). According to Duncan’s test, values with different letters are significantly different (p < 0.05).
After ripening, a shelf was performed under 20°C for 9 days. First, the decay percentage of all groups is presented in Figure 2A. At 5 days, the samples from ET groups began to decay. However, decay did not occur in the CK group. According to Figure 2B, the pulp firmness of ET rapidly decreased after ripening by ethylene to a nearly edible firmness at 1 day (14.2–15.7 N), while the pulp firmness of the CK group was 36.15 N at this time point. At 3 days, the pulp firmness of the ET groups (5.84–6.83 N) reached edible firmness, while the CK group was at 9 days. Although ethylene ripening accelerated fruit softening and decay, there was no difference among the ET fruits.
From Figure 2C, ethylene accelerated the increase in SSC in the ET groups, which was significantly higher than that in the CK group at 1–5 days. The SSC of the ET groups reached the edible SSC (14–20%) at 3 days (15.26–16.66%) and increased to a maximum (16.81–18.01%) at 5 days. However, the SSC of the CK group reached a maximum (15.78%) at 9 days, which was lower than that of the ET groups. According to the SSC, decay percentage, and pulp firmness of the ET groups (Figures 2A–C), the samples reached the “edible window” at 3 days, but the decay percentage exceeded 10% at 5 days. Ethylene ripening promoted TA reduction in kiwifruit. As shown in Figure 2C, the TA of the ET groups decreased sharply at first and then slowed until 9 days. However, the reduction of CK was slower and lower than ET from 1 to 7 days. BAR, calculated by SSC and TA, was used to measure fruit taste, which was an important indicator of the taste of fruit (Figure 2D). From Figures 2C and D, the BAR of samples in all groups showed an increasing trend, followed by an increase in SSC and a decrease in TA. Clearly, the changes in SSC and TA in the ET groups were more rapid than those in the CK group. When the sample was in the “edible window” before decay, the highest BARs of the CK, E1, E2, E3, E4, and E5 groups were 21.44, 18.50, 20.74, 19.28, 18.48, and 19.42, respectively. At this stage, the highest BAR of the E2 group (3 days) was closest to that of the CK group (9 days) and higher than that of E1, E3, and E4, which indicated that the taste of fruit with 250 μl L−1 ethylene ripening was the most similar to that of the CK group.
Kiwifruit provides energy for its physiological and metabolic activities through the decomposition of starch, which is eventually converted into fructose and glucose to promote the rise of SSC (Lim et al., 2017). Therefore, the maturity of kiwifruit can be evaluated by the starch content. As shown in Figure 2E, the starch content of the CK and ET groups showed a downward trend during the shelf, and ET was faster than CK. At 3 days, the starch content of the ET groups was 1.11, 5.13, 3.26, 3.85, and 1.11 g kg−1, respectively. The E2 group was higher than E1, E3, E4, and E5, which indicated that the quality of E1, E3, E4, and E5 was poorer than that of E2. Hence, the ripening effect of E2 was the best in the ET groups.
Fruit color always directly affects the shopping experience of the consumer (Xia et al., 2021). Patil et al. stated that when kiwifruit “Hort16A” was treated with 1 μl L−1 ethylene at 1.5°C for 3 weeks, the h° of the treated group was significantly lower than that of CK (Patil et al., 2019). According to a prior report on kiwifruit (Deng et al., 2015), when h° was close to 90°, the sample seemed yellow, and as h° increased, the sample appeared greener. In this study, the h° of the ET groups was significantly lower than that of CK (Figure 2F). However, there were no differences between E1, E2, E3, E4, and E5. From Figure 2F, the h° of all ET groups at 1 day (104.08–107.30) was closest to that of CK at 9 days (105.98) before decay.
All the indicator results shown in Figure 2 could be interpreted by EP and RI (Figure 3) after ripening. The EP and RI of the ET groups increased, and the maximum occurred at 5 days (28.83–33.28 ng kg−1 s−1 and 10.64–12.48 ng kg−1 s−1). While the maximum of CK appeared at 7 days (11.46 μl kg−1 h−1 and 7.74 ng kg−1 s−1), it was 60.24–65.56% and 27.25–37.98% lower than ET, respectively. In Figures 2B–F and Figure 3, the pulp firmness, SSC, TA, BAR, and h° of the ET groups changed rapidly within 1–5 days, which was consistent with the changing trend of EP and RI. In addition, when the SSC, EP, and RI (Figures 2C, 3) reached the maximum, the fruit from ET groups began to decay (Figure 2A), which indicated the fruit was in senescence. Taken together, there were no differences in pulp firmness, SSC, TA, or h° among the ET groups.
[image: Figure 3]FIGURE 3 | Ethylene production rate (A) and respiration intensity (B) variations during fruit storage in the ethylene ripening experiment. Data are the means of three replicates ± standard deviation (n = 18). Values with different letters are significantly different according to Duncan’s test (p < 0.05).
3.3 Effect of 1-MCP on the Ripe Fruit
After the 250 μl L−1 ethylene ripening, the SSC of fruits reached a high level (SSC: 14%), and it reached the edible window. Subsequently, the fruits will rapidly decay without any treatment. Therefore, we proposed to prepare ready-to-eat kiwifruit with a long edible window. In the present work, the ready-to-eat kiwifruit was prepared by ethylene ripening followed by 1-MCP preservation. Herein, 1,350 ripe fruits (SSC: 14.51%) were treated with 1-MCP. The effect of 1-MCP (0 μl L−1; 0.25 μl L−1; 0.5 μl L−1) on the shelf life of edible kiwifruit was further investigated. In order to evaluate the shelf-life of ready-to-eat kiwifruit under the supermarket condition, a shelf-life experiment was performed at 4°C for 14 days and then at 20°C for 7 days.
From Figure 4, no decay occurred in any group during the 4°C shelves for 14 days. When samples were placed on 20°C shelves, the 0 μl L−1 1-MCP group began to decay at 3 days, and the decay percentage was 11.87%. The 0.25 and 0.5 μl L−1 1-MCP groups began to decay at 5 days or 7 days, and the decay percentages were 11.88 and 14.58%, respectively.
[image: Figure 4]FIGURE 4 | Decay percentage (A), pulp firmness (B), SSC and TA (C), BAR (D), starch (E), and h° (F) variations during shelf life in the 1-MCP preservation experiment. Data are the means of three replicates ± standard deviation (n = 18). According to Duncan’s test, values with different letters are significantly different (p < 0.05).
To reduce the risk of a negative consumer experience, prior to decay, all groups underwent sensory evaluation, nutrition, and volatile component analysis. The sensory evaluation results (appearance, color, aroma, taste, overall) were presented in Table 1. With time, although the values of “color” and “appearance” decreased, “aroma” and “taste” increased, and there was no difference in the “overall” value before decay.
TABLE 1 | Sensory score of kiwifruits.
[image: Table 1]Before treatment with 1-MCP, the pulp firmness, SSC, TA, BAR, starch, and h° of ripe kiwifruit were 10.98 N, 14.5 1%, 1.03%, 13.89, 6.41 g kg−1, and 105.13 (Figures 4B–F), respectively. As expected, the pulp firmness of the 1-MCP treatment showed a slowly decreasing trend during the shelf life, and the pulp firmness of the 0.5 μl L−1 1-MCP group was higher than that of the other groups from 14 days (4°C) to 7 days (20°C) (Figure 4B). The SSC of the 0 μl L−1 1-MCP group increased rapidly until 5 days (20°C) and then decreased slowly, while the SSC of the 0.25 and 0.5 μl L−1 1-MCP groups increased much slower than that of the 0 μl L−1 1-MCP group (Figure 4C). The highest SSCs of the three groups were 16.57%, 16.70%, and 16.55% before decay (Figure 4C). For TA, there was no difference between the 0.25 and 0.5 μl L−1 1-MCP groups at 14 days (4°C), but the TA of the 0.25 μl L−1 1-MCP group was higher than that of the 0 and 0.5 μl L−1 1-MCP groups at 20°C. The BAR of the 0.5 μl L−1 1-MCP group was lower than that of the 0 and 0.25 μl L−1 1-MCP groups until 5 days (20°C) due to the highest SSC and lowest TA (Figure 4D). Because of the increased SSC (Figure 4C), the BAR of the 0.5 μl L−1 1-MCP group increased rapidly at 3 days (20°C) and reached the highest level (18.86%) at 5 days (20°C). According to the BAR and decay percentage, the quality of kiwifruit treated with 0.5 μl L−1 1-MCP was better than that of the 0 and 0.25 μl L−1 1-MCP groups.
In a previous study, the starch content was positively correlated with pulp firmness. The decreasing trend of starch content was similar to that of pulp firmness, as shown in Figure 4E, so the 0.5 μl L−1 1-MCP group was slower than the groups of 0 and 0.25 μl L−1 1-MCP from 0 to 5 days (20°C). In this study, there was a rapid decrease in starch content in the CK and M1 groups on the 4°C shelves. The starch contents of the 0, 0.25, and 0.5 0.5 μl L−1 1-MCP groups were 0.83, 0.84, and 0.70 g kg−1 before decay, respectively. As a result, 0.5 μl L−1 1-MCP treatment delayed the starch degradation of ripe kiwifruit.
According to a study on d'Anjou, 1-MCP treatment delayed the decrease in h° so that the peel color was greener than that of the control group (Guo et al., 2020). In this study, 1-MCP effectively delayed the h° decrease in ripening kiwifruit, which was higher than 0 μl L−1 1-MCP group from 14 days (4°C) to 7 days (20°C) (Figure 4F). This suggested that 0.5 L L−1 1-MCP could keep the pulp color of “Guichang” kiwifruit.
To verify the effectiveness of 1-MCP on ripening fruits, EP and RI were measured (Figure 5). The EP and RI were 6.57 ng kg−1 s−1 and 1.41 ng kg−1 s−1 at 0 day, respectively. The EP and RI of the 0, 0.25, and 0.5 μl L−1 1-MCP groups showed a similar trend: they decreased at 14 days (4°C) but rapidly increased at 3 days (20°C). Throughout the 20°C shelf life, the EP and RI of the 0.5 μl L−1 1-MCP group were lower than those of the 0 and 0.25 μl L−1 1-MCP groups. Hence, the 1-MCP treatment effectively inhibited the increase in EP and RI at both 4 and 20°C.
[image: Figure 5]FIGURE 5 | Ethylene production rate (A) and respiration intensity (B) variations during shelf life in the 1-MCP preservation experiment. Data are the means of three replicates ± standard deviation (n = 18). According to Duncan's test, values with different letters are significantly different (p < 0.05).
ASA and folic acid are important nutrients, and 1-MCP can inhibit the metabolism of ASA and folic acid in kiwifruit (Xu et al., 2019). At 0 day, the ASA and folic acid contents of the sample were 1,083.8 mg kg−1 and 918.4 μg kg−1, respectively, as shown in Figure 6. The ASA and folic acid contents gradually decreased over time. The ASA and folic acid contents of 0, 0.25, and 0.5 μl L−1 1-MCP groups were 545.1, 637.6, 750.7 mg kg−1 and 606.1, 654.5, and 764.8 μg kg−1 at 7 days (20°C), respectively. Hence, 0.5 μl L−1 1-MCP treatment effectively delayed the decline in ASA and folic acid in kiwifruit.
[image: Figure 6]FIGURE 6 | ASA and folic acid variations during shelf life in the 1-MCP preservation experiment. Data are the means of three replicates ± standard deviation (n = 18). According to Duncan’s test, values with different letters are significantly different (p < 0.05).
3.4 The Flavor Compounds of Ready-to-Eat Kiwifruit
Flavor is a fundamental field that includes volatiles and taste (sugars and acids), which are detected in the mouth and nose and affect the eating quality of kiwifruit (Civille and Oftedal, 2012; Zeng et al., 2020). Previous research finds that ethylene ripening improved kiwifruit flavor (sweetness and aroma) (Günther et al., 2015; Lim et al., 2017). However, the effect of 1-MCP on the flavor of “edible window” kiwifruit was not clear. There was no significant difference in BAR (Figure 4D) before decay, in this study, but the “fruit” aroma from the sensory evaluation (Table 1) was insufficient after 0.5 μl L−1 1-MCP treatment. Thus, the current study compared the changes in volatile components between ready-to-eat kiwifruit and kiwifruit subjected to ethylene ripening.
Figures 7 and 8 illustrate the differences in kiwifruit scent in each group. Chen et al. concluded that the volatile components of kiwifruit at lower maturity were mainly aldehydes. Then, esters were gradually formed when the fruit ripened (Chen et al., 2020). Volatile chemicals are represented by colors in the heatmap (Figure 7); the redder the color, the higher the amount. The contents of hexanal and (E)-2-hexanal were the highest in sample 0 days. In contrast, they were lowest in sample 0 μl L−1 −4°C at 14 days and lower than samples 0.25 μl L−1 −20°C at 3 days and 0.5 μl L−1 −20°C at 5 days. The content of eucalyptol was the highest in sample 0 μl L−1 −4°C at 14 days. The contents of cyclohexanol and 1-pentene-3-ketone were the highest in the sample 0.25 μl L−1 −20°C at 3 days. At 14 days, sample 0 μl L−1 at −4°C included greater concentrations of methyl butyrate, ethyl butyrate, methyl hexanoate, methyl benzoate, and ethyl hexanoate. Consequently, the 1-MCP treatment effectively inhibited the production of these ester substances. Combined with the results from Figures 7 and 8, it is clear that the aldehyde concentration declined over time, but the ester content rose. In 14 days (4°C), the proportions of aldehydes, esters, and alcohols in the 0 μl L−1 1-MCP group were 18, 64, and 18%, respectively. Meanwhile, there were 44%, 20%, and 36% in the 0.25 μl L−1 1-MCP group and 56%, 8%, and 36% in the 0.5 μl L−1 1-MCP group. This finding revealed that 1-MCP hindered the breakdown of aldehydes and alcohols or the creation of esters, which corroborated Zhang et al.’s (2009) report. On the other hand, the proportion of esters in the 0.5 μl L−1 1-MCP group (20%) was lower than that in the 0.25 μl L−1 1-MCP group (71%) at 20°C for 3 days. However, it increased to 54% at 20°C for 5 days. Hence, the inhibitory effect of 0.5 μl L−1 1-MCP on the “fruit” aroma was more obvious. This outcome was consistent with the sensory evaluation results. The aroma value of the 0.5 μl L−1 1-MCP group was lower than that of the 0 and 0.25 μl L−1 1-MCP groups before 20°C for 5 days, but there was no difference before decay (Table 1). The exact composition of the volatile component is presented in Supplementary Table S2.
[image: Figure 7]FIGURE 7 | Heatmap of volatile components.
[image: Figure 8]FIGURE 8 | Proportions of aldehyde, ester, alcohol, and ketone variations during storage at 4 and 20°C ((A) CK; (B) M1; (C) M2).
3.5 Multivariate Analysis for the Eating Quality of Ready-to-Eat Kiwifruit
To obtain a more comprehensive assessment of ready-to-eat kiwifruit eating quality, the indicators of BAR, pulp firmness, h°, “overall” of sensory evaluation, ASA, folic acid, hexenal, (E)-2-hexenal, methyl butyrate, and ethyl butyrate were selected and analyzed using PCA and HCA. Thus, the edible quality at different stages was clearly defined.
Figure 9 illustrates the PCA results. PC1, PC2, and PC3 contributed 71.26%, 18.43%, and 5.72%, respectively, to the variance, with the three principal components accounting for 95.41 percent. Color, aroma, taste, and nutrition are important sensory indicators for measuring food quality for consumers. From the results of the sensory evaluation, sample 0 μl L−1 −4°C at 14 days was used as a standard because it had the highest value of “overall” in Table 1. Clearly, sample 0.25 μl L−1 −20°C at 5 days was closest to sample 0 μl L−1 −4°C at 14 days. This indicated that the eating quality was comparable to sample 0 μl L−1 −4°C at 14 days. By contrast, sample 0 day was closer to sample 0.5 μl L−1 −4°C at 14 days and 0.5 μl L−1 −20°C at 3 days. This indicated that μl L−1 1-MCP delayed the change in eating quality. However, prior to decay, the eating quality was similar between ethylene-ripening kiwifruit and 0.5 μl L−1 1-MCP-treated kiwifruit. HCA was used to confirm the PCA results. All samples were divided into two clusters: samples 0 day, 0.25 μl L−1 −4°C at 14 days, 0.25 μl L−1 −20°C at 3 days, 20°C at 5 days, 0.5 μl L−1 −4°C at 14 days, 0.5 μl L−1 −20°C at 3 days, and 0.5 μl L−1 −20°C at 5 days in Cluster I and samples 0 μl L−1 −4°C at 14 days and 0.5 μl L−1 −20°C at 5 days in cluster II. Significantly, the Euclidean distance between 0 μl L−1 −4°C at 14 days and 0.5 μl L−1 −20°C at 5 days was minimal. The result was provided for PCA. Although the “overall” value of all groups showed no significant difference before decay (Table 1), the eating quality of 0.5 μl L−1 −20°C at 5 days was most similar to that of 0 μl L−1 −4°C at 14 days.
[image: Figure 9]FIGURE 9 | 3D projection plots of PCA are based on the three principal components of the nine samples.
4 DISCUSSION
As a climacteric fruit, kiwifruit ripens slowly under natural conditions and begins to deteriorate rapidly when climacteric production occurs, greatly affecting fresh kiwifruit sales and exacerbating post-harvest fruit loss. This trial establishes that the sequential applications of ethylene and 1-MCP to inedible kiwifruit could accelerate its after-ripening and maintain the “edible window.” However, it is necessary to first determine the threshold of 1-MCP on kiwifruit. It is attempting to avert an adverse situation that occurs when excessive fruit maturity results in 1-MCP ineffectively. 1-MCP is an ethylene receptor blocker that protects the fruit from the interference of ethylene and delays the deterioration of fruit quality (Gong et al., 2020). In this study, 1-MCP was unable to inhibit the ethylene production rate and respiration intensity of kiwifruit when SSC exceeded 15%. Meanwhile, the firmness of the fruit rapidly decreased, and the decay percentage was over 47.91%. To further improve the ripening effectiveness, this study applied higher concentrations of ethylene (100–1,000 μl L−1) to kiwifruit. As expected, the ethylene treatment had a noticeable effect. The ethylene production rate and respiration intensity of all ethylene-treated groups rapidly increased, with rapid changes in pulp firmness, SSC, BAR, h°, and starch content. However, the 1,000 and 2,000 μl L−1 ethylene treatments performed poorly in terms of ripening efficiency. When the EP and RI (Figure 3) reached the maximum, the fruit of the ET groups began to decay (Figure 2A), which indicated that the fruit was in senescence. Taken together, there were no significant differences between the ET groups in terms of pulp firmness, SSC, TA, or h°. In a previous study, in which it took at least 2 days to reach edible hardness (Park et al., 2006; Lim et al., 2017), the fruit of the 250 μl L−1 ethylene-treatment group was close to edible firmness at 1 day. The BAR of the E2 group was the highest before decay in the ET groups (Figures 2B–D). Additionally, the starch content of E1, E3, E4, and E5 was lower than that of E2 after 3 days (Figure 2E), indicating that the quality of E1, E3, E4, and E5 was lower than that of E2, despite the fact that they were within the “edible window.” As a result, it was recommended that “Guichang” kiwifruit should be treated with 250 μl L−1 ethylene. However, the edible kiwifruit must be consumed within 5 days (Figure 3A), which presents a challenge for both sellers and consumers. After ripening, it is necessary to preserve the “Guichang” kiwifruit.
After 1 day of 250 μl L−1 ethylene ripening, the maturity of the fruit did not exceed the 1-MCP threshold (SSC: 15%). In this case, 1-MCP could be used immediately to treat the fruit. As illustrated in Figure 4, 0.5 μl L−1 1-MCP treatment inhibited the decay percentage. In addition, the changes in pulp firmness, SSC, BAR, starch, ASA, and folic acid content were suppressed. 1-MCP treatment had no effect on the overall pattern of pulp firmness reduction; however, it slowed the rate of pulp firmness reduction. In the present study, the pulp firmness of 0.5 μl L−1 1-MCP-treated fruits was close to CK at 20°C for 7 days. Furthermore, the changes in SSC were the same.
While 1-MCP treatment is an effective way to delay the deterioration of fruit quality and extend its shelf life, its misuse will result in a loss of flavor (Huan et al., 2020). Flavor consists of BAR and volatile compounds. In this study, as the TA content of fruits in the 0.5 μl L−1 1-MCP treatment group was effectively maintained, BAR was at the lowest level. However, a comprehensive decay percentage analysis revealed no difference in the maximum BAR of fruits before decay between any of the two groups. On the other hand, there was no difference in the highest score of “taste” among all groups. Aldehydes and esters are important volatile components in kiwifruit that contribute to a special aroma. In this study, the predominant aldehydes were (E)-2-hexenal and hexenal, which were characteristic volatile components of kiwifruit and contributed to its “grassy” aroma (Du et al., 2019; Lan et al., 2021). The “sweetness” and “fruit” aromas in kiwifruit were attributed to esters such as methyl butyrate, ethyl butyrate, and methyl hexanoate. In addition, the typical kiwifruit aroma was produced by ethyl butyrate (Zhao et al., 2021). During late ripening, the content of ester was increased. As shown in Figure 7, the content of ester of 1-MCP-treated fruit was significantly lower than that of CK. 1-MCP did not completely inhibit the production of esters. According to Figures 7 and 8, the changing trends of fruit ester content in all groups were the same, and the rate of the 1-MCP treatment group was lower than that of the CK group solely. The percentages of aldehydes and esters in the fruits of all groups were very similar before decay.
The edible quality of 0.5 μl L−1 1-MCP-treated fruit was comparable to that of the CK group. Although the samples from the 0.5 μl L−1 1-MCP group began to decay at 20°C for 7 days, the decay percentage was the lowest (5.56%). This meant that more fruits with higher eating quality could maintain a longer “edible window” in the 0.5 μl L−1 1-MCP group. The flavor and taste of 0.5 μl L−1 1-MCP-treated fruits were worse than those of CK. However, due to the longer “edible window” of ready-to-eat kiwifruit, its flavor and taste would gradually improve. In summary, the optimal 1-MCP treatment concentration of ready-to-eat kiwifruit was 0.5 μl L−1.
Recently, the kiwifruit industry has been severely impacted by the limiting factors of slow ripening and subsequent rapid deterioration. In previous studies, kiwifruit was always treated with ethylene or 1-MCP alone. Innovatively, ethylene ripening followed by 1-MCP preservation was employed in the present study. Finally, ready-to-eat kiwifruit was prepared by the regulation of ethylene and 1-MCP. A simple and low-cost strategy was attempted and confirmed to extend the “edible window.” Ready-to-eat “Guichang” kiwifruit was prepared using 250 μl L−1 ethylene (20°C, 36 h), followed by 0.5 μl L−1 1-MCP for 24 h (20°C), resulting in a longer shelf life (4°C for 14 days, 20°C for 5 days) than the CK group (4°C for 14 days). We hope that ready-to-eat kiwifruit will be a viable alternative to traditional marketing and production patterns of the climacteric fruit industry.
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Pucciniales are fungal pathogens of plants that cause devastating rust diseases in agriculture. Chemically-synthesized pesticides help farmers to control rust epidemics, but governing bodies aim at limiting their use over the next decade. Defense peptides with antimicrobial activities may help to innovate a next generation of phytosanitary products for sustainable crop protection. This review comprehensively inventories the proteins or peptides exhibiting a biochemically-demonstrated antifungal activity toward Pucciniales (i.e., anti-rust proteins or peptides; hereafter ‘ARPs’), and also analyses the bioassays used to characterize them. In total, the review scrutinizes sixteen publications, which collectively report 35 ARPs. These studies used either in vitro or in planta bioassays, or a combination of both, to characterize ARPs; mostly by evaluating their ability to inhibit the spore germination process in vitro or to inhibit fungal growth and rust disease development in planta. Also, the manuscript shows that almost no mode of action against rust fungi was elucidated, although some might be inferred from studies performed on other fungi. This short review may serve as a knowledge and methodological basis to inform future studies addressing ARPs.
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Rust Fungi Impose a Heavy Pesticide Toll on Agriculture

Rust fungi (Pucciniales) are fast-evolving plant pathogens that can infect key crops and threaten global food security (Aime et al., 2018; Figueroa et al., 2020; Duplessis et al., 2021). Farmers notably rely on the use of chemically-synthesized fungicides to control rust epidemics (Oliver and Hewitt, 2014; Cook et al., 2021). Due to the suspected or proven toxicity of those products, governing bodies aim at rapidly limiting their use in agriculture. For instance, the European Commission “Farm to Fork” (F2F) strategy aims at reducing by 50% the use of chemically-synthesized pesticides by 2030 (European Commission, 2020). Therefore, modern agriculture urgently seeks alternatives to chemically-synthesized pesticides. In this context, research and innovation actors aim at developing new tools and solutions for sustainable crop protection, notably by exploiting both our knowledge of the plant immune system and naturally-occurring antimicrobial molecules (Dangl et al., 2013; Moscou and van Esse, 2017; Schwinges et al., 2019; Chen et al., 2021).



Defense Proteins and Peptides are Effective Microbe Killers

Some proteins or peptides can directly kill microbes; mostly thank to their cationic property which leads to an interaction with negatively charged membranes of microbes (Tam et al., 2015). For instance, plants possess large protein families referred to as ‘pathogenesis-related’ (PR), whose members exhibit consistent antimicrobial activities (Van Loon and Van Strien, 1999; Van Loon et al., 2006). Such proteins and peptides may provide innovators with molecular chassis to develop active substances for the next generation of biopharmaceuticals and phytosanitary products (Haney et al., 2019). In agriculture, optimized and vectorized anti-microbial proteins or peptides may assist the development of biological pesticides (aka biopesticides) (Montesinos et al., 2012; Schwinges et al., 2019; Li et al., 2021). Such amino acid-based biopesticides would have the advantage of being residue-free and less likely to display harmful effects towards consumers and ecosystems (Kumar et al., 2021). In such a context, we need to better understand the diversity of defense proteins and peptides and how they function.

This study aimed at building a knowledge and methodological basis to assist future studies addressing proteins or peptides that exhibit an antifungal activity against rust fungi (i.e., anti-rust peptides or proteins; hereafter ARPs). To this end, we first performed a systematic analysis of the literature to build a comprehensive list of ARPs. Importantly, this analysis considered only the studies that used the exogenous application of a purified ARP on a rust fungus in vitro or in planta to evaluate its anti-rust activity (i.e., direct anti-rust evidence); it thus disregarded the studies that used non-biochemical approaches (e.g., genetic approaches using protein over-expression in planta). Then, we analyzed the bioassays used to characterize ARPs, in order to build a portfolio of methods and approaches that could be used in future studies, and surveyed the limited information available about the ARP modes of action. The review ends by discussing key peptide features that should be considered in future studies.



A Catalog of 35 ARPs with Noticeable Properties

To identify ARPs, we performed a systematic literature survey on the Web of Science by performing searches with combinations of key words such as “exogenous peptide”, “antimicrobial activity”, “Pucciniales”, “rust”, or “inhibition germination”. This survey identified sixteen papers, published between 1996 and 2021 (Table 1). Collectively, these papers explicitly reported 35 different ARPs with an antimicrobial activity towards eleven Pucciniales species (Table 1; Figure 1A). Three rust species served as models in more than three papers: the Asian soybean rust fungus Phakopsora pachyrhizi (Phakosporaceae; five papers, twelve ARPs reported) (Fang et al., 2010; Vasconcelos et al., 2011; Brand et al., 2012; Lacerda et al., 2016; Schwinges et al., 2019), the white pine blister rust fungus Cronartium ribicola (Cronartiaceae; three papers; six ARPs reported) (Jacobi et al., 2000; Zamany et al., 2011; Liu et al., 2021) and the wheat leaf rust fungus Puccinia triticina (Pucciniaceae; three papers; seven ARPs reported) (Barna et al., 2008; Alfred et al., 2013; Wang et al., 2020) (Figure 1A). The eight remaining rust species were addressed in less than two papers, and belong either to the Pucciniaceae or to the Melampsoraceae families (Corrêa et al., 1996; Mathivanan et al., 1998; Rauscher et al., 1999; Dracatos et al., 2014; Petre et al., 2016).


Table 1 | An overview of plant anti-rust peptides (ARPs).






Figure 1 | Overview of known anti-rust peptides (ARPs) and bioassays. (A) Sunburst phylogenetic tree of Pucciniales taxa and species used to evaluate ARPs activities. The inner and outer circles indicate Pucciniales families and species, respectively. The genus names are Phakopsora, Cronartium, Melampsora, Puccinia, or Uromyces. (B) Classification of the ARP according to their length in amino acid (aa: linear scale). Predicted isoelectric points (pI: color gradient) and known signal peptides for secretion (hatched area) are indicated. ARPs were i) purified by chromatographic purification from proteinaceous cellular extracts, ii) chemically synthesized or purchased (*), or iii) phage-displayed (**). Amino acid sequences for EC 3.2.1.14 and Pr-1a were not indicated in the original publications. (C) For in vitro bioassays, spores are treated with 0.01 to 0.1 mg/mL purified ARP and spread onto water agar media, and the percentage of germination or the germling morphology and development is assessed 6 to 8 hours post inoculation (hpi) (see Supplementary Figure S1 for more details). For in planta bioassays, host plant (whole plant, detached leaf, or leaf disc) are treated with 0.1 to 1 mg/mL purified ARP prior to inoculation (dotted line), concomitantly with inoculation (solid line), or after inoculation (dashed line). Disease symptoms are assessed using a visual scoring system 1 to 3 weeks post inoculation (wpi). Typically, the scoring system assessed uredinia size, uredinia distribution, necrosis, or chlorosis.



In total, 18 ARPs originate from plants, 10 derive from animals or fungi, and 7 are synthetic peptides (Table 1). Overall, the 35 ARPs grouped into two categories: small and large ARPs; comprising less or more than 50 amino acids, respectively (Figure 1B). ARPs globally display variable predicted isoelectric points, ranging from 4.95 to 12.6. The nine large ARPs carry an N-terminal signal peptide for secretion, and all but two belong to a well-defined plant pathogenesis related (PR) protein family (Van Loon and Van Strien, 1999). Small ARPs were obtained by chemical synthesis (performed in house or by a company to which the peptide was purchased), and large ARPs were obtained via the chromatographic purification of protein extracts from fungal, yeast, or bacterial cultures (Figure 1B).

Among the 35 ARPs, some present noticeable properties or activities that could be exploited for crop protection. For instance, RISP (Rust Induced Secreted Protein), a large ARP from poplar, showed a targeted activity that inhibits Pucciniales growth without affecting the growth of other fungi and bacteria (Petre et al., 2016). RISP could thus represent an active compound that controls rust epidemics without altering beneficial microbe communities, which may help achieve sustainable, integrated crop protection (Hacquard et al., 2017). Also, some ARPs display high stability that may be critical to withstand harsh field conditions (such as UV exposure, light and temperature variations, rain washing, and interaction with microflora and microbiota). Indeed, four ARPs are thermostable (PuroA; PuroB, RISP and chitinase EC 3.2.1.14); meaning that they remain stable and functional despite being exposed to high temperatures (Mathivanan et al., 1998; Alfred et al., 2013; Petre et al., 2016). Furthermore, some ARPs could effectively protect leaves from rust infection for weeks by stably remaining on the leaf surface (Petre et al., 2016; Schwinges et al., 2019).



ARP Studies Combine In Vitro and in Planta Approaches

To better understand the approaches used to evaluate ARP properties and activities, we analyzed the material and method sections of the sixteen studies reported in the Table 1. The studies used two main approaches: in vitro or in planta (Table 1, Figure 1C). In vitro approaches mostly evaluate the ability of purified peptides to inhibit the spore germination process, as the obligate biotrophic nature of most Pucciniales prevents the use of in vitro growth inhibition assays commonly used with cultivable fungi. In planta approaches evaluate the ability of peptide treatments to reduce the growth of the fungus on the host plant (most often on leaves). Amongst the sixteen publications, eight used only in vitro approaches, one used only an in-planta approach, and seven combined both (Table 1).

The most common in vitro assay (used in eleven studies) assesses the ability of a peptide to inhibit spore germination (‘inhibition of germination assay’). In such an assay, the experimenter classically spreads spores onto an agar medium with peptides at a concentration usually ranging from 0.01 to 0.1 mg/mL, and evaluates afterward the germination rate. In addition, ten studies used in vitro assays to evaluate the inhibition of the elongation of germ tubes or hyphae, the development of infection structures (e.g., appressoria), or the altered morphology of fungal structures. In planta assays assess the ability of a peptide to inhibit fungal growth on a leaf (‘infection assay’). In such an assay, the experimenter classically inoculates the rust fungus onto its host plant (or on detached leaves or leaf discs) before, during, or after treatment with purified peptides at a concentration usually ranging from 0.1 to 1 mg/mL, and evaluates afterward the appearance of disease symptoms by using a visual scoring system. Such scoring classically evaluates uredinia size and distribution, necrosis, and chlorosis depending on each pathosystem (Roelfs and Martens, 1988; Godoy et al., 2006). Noteworthy, for both in vitro and in planta approaches, two papers used electron microscopy to assess the alteration of fungal cellular structures (Rauscher et al., 1999; Lacerda et al., 2016). Such an approach reveals in detail the structural outcome of ARP treatment, but is arduous and costly to implement, explaining its seldom use.



ARP Modes of Actions Remain Mostly Unknown

To better understand how ARPs function, we screened the literature to identify reported modes of actions. This screen identified only two publications that reported information pertaining to the mode of action. Firstly, Fang and colleagues (2010) reported that Sp2 and Sp39 bind to a protein with an apparent size of 20 kDa from germinated urediniospores of P. pachyrhizi; though the paper did not evaluate the biological relevance of that observation (Fang et al., 2010). Secondly, Mathivanan and colleagues (1998) used light microscopy to show that treatment with a chitinase altered the cell wall appearance of P. arachidis urediniospores (Mathivanan et al., 1998). The purified peptide also displayed a chitinase activity, suggesting that it exhibits its anti-rust activity by degrading polysaccharides on the spore surface. For all the other ARPs, the literature reports no known modes of action against rust fungi. However, for some ARPs, a mode of action was proposed, or could be inferred, based on assays performed with other phytopathogenic fungi that are not Pucciniales. For instance, NaD1 binds to the cell wall of Fusarium oxysporum hyphae and permeabilizes the plasma membrane (Van Der Weerden et al., 2008; Van Der Weerden et al., 2010) (Supplementary Figure S1). To conclude, ARP modes of action remain vastly unknown, though knowledge gained via other fungi may be relevant.



Conclusion and Outlook: Key Things to Consider for Future ARP Studies

Overall, this short review inventoried sixteen papers that collectively reported 35 anti-rust peptides (ARPs) targeting in total 11 different rust species. It showed that the studies mainly used in vitro assays, sometimes complemented by in planta assays, to evaluate ARP properties and activities. The study also highlighted a clear knowledge gap regarding ARP modes of actions, since no explicit mode of action against rust fungi has been reported so far.

Defense proteins and peptides are growingly viewed as new active substances that can be leveraged to implement a next generation of sustainable biopesticides. In the case of ARPs, the research community crucially needs to better understand their mode of action in order to reach technology readiness levels aligned with phytosanitary implementation. Future studies could leverage the methods and technologies used in model fungi to decipher ARP modes of actions. Notably, assays that use fluorescent labels may help track ARPs and identify their binding sites on spores. Also, structure-function analyses that use truncated or site-directed mutagenized ARPs may help identify functional domains and residues important for anti-rust activity, stability, and specificity.
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Crop disease caused by fungi seriously affected food security and economic development. Inspired by the utilization of fungicide containing 1,2,4-triazole and trifluoromethylpyrimidine, a novel series of 1,2,4-triazolo[4,3-c]trifluoromethylpyrimidine derivatives bearing the thioether moiety were synthesized. Meanwhile, the antifungal activities of the title compounds were evaluated and most compounds exhibited obvious antifungal activities against cucumber Botrytis cinerea, strawberry Botrytis cinerea, tobacco Botrytis cinerea, blueberry Botrytis cinerea, Phytophthora infestans, and Pyricularia oryzae Cav. Among the compounds, 4, 5h, 5o, and 5r showed significant antifungal activities against three of the four Botrytis cinerea, which indicated the potential to become the leading structures or candidates for resistance to Botrytis cinerea.
Keywords: pyrimidine, synthesis, fungicidal activity, 1, 2, 4-triazol, Botrytis cinerea
1 INTRODUCTION
Crop disease caused by fungi seriously affected food security and economic development (O’Brien, 2017; Yang et al., 2021). The application of existing antifungal agents was limited, due to the high resistance and security caused by fungicide abuse (Wei et al., 2021). It is increasingly urgent to develop new antimicrobial agents with high antimicrobial performances and good environmental friendliness.
Triazole fungicides are vital five-membered nitrogen-containing heterocycles, which are one of the largest categories of fungicides in the world, and they are widely used in agriculture field. The listed triazole fungicides include Cyproconazole, Epoxiconazole, and Prothioconazole (Figure 1). And there are also triazolopyrimidine fungicides ametoctradin. 1,2,4-Triazole derivatives have been extensively applied in antifungal (Sun et al., 2021), antitumor (Abdelrehim, 2021), antibacterial (Pathak et al., 2021), antiviral (Shao et al., 2021), herbicidal (Yang et al., 2022), and insecticidal (Fan et al., 2019) agents.
[image: Figure 1]FIGURE 1 | The structure of the sterilizing agent and triamcinolone.
Pyrimidine is an essential part of DNA and RNA in living system (Kumar and Narasimhan, 2018). Pyrimidine derivatives exhibited diverse biological properties, such as antineoplastic (Kesari et al., 2021), anti-inflammatory (Abdel-Aziz et al., 2021), antiviral (Abu-Zaied et al., 2021), and antimicrobial (El-mahdy and Farouk, 2021) activities. In addition, fused pyrimidine systems, such as pyrrolo [3,2-d]pyrimidine and 1,2,4-triazolo[1,5-a]pyrimidine, also possess extensive biological activities (Cawrse et al., 2018; Wang et al., 2019; Baillache and Unciti-Broceta, 2020; Basyouni et al., 2021; Wang R.-X. et al., 2021; Fayed et al., 2022). For example, Abulkhair (El-Shershaby et al., 2021) developed a set of triazoloquinazoline derivatives and screened the most potential compound against four human cancer cell lines. Since the invention of ethirimol, a series of pyrimidine fungicides were commercialized including ethirimol, dimethirimol, azoxystrobin, and fenarimol (Figure 1).
Moreover thioether is generally recognized as a linking structure which is able to reduce the lipophilicity. Meanwhile, the linker is beneficial to enhance the drug likeness of bioactive molecules (Ding et al., 2021).
Based on the aforementioned consideration, we constructed a fused pyrimidine structure similar to ametoctradin. Furthermore, referring our previous works (Wu W. et al., 2019; Yu et al., 2021), trifluoromethyl was introduced into the pyrimidine scaffold and thioether linker was promoted. Finally we designed and synthesized a novel series of thio-1,2,4-triazolo[4,3-c]pyrimidine derivatives on account of the molecular hybridization strategy (Figure 2).
[image: Figure 2]FIGURE 2 | Design of the target molecules.
2 MATERIALS AND METHODS
2.1 Chemistry
All solvents were dried by standard methods in advance and distilled before use. The melting points of the products were determined on a XT-4 binocular microscope (Beijing Tech Instrument Co., China). 1H NMR and 13C NMR (solvent DMSO-d6) spectral analyses were performed on a Bruker Avance NEO 600 NMR spectrometer (1H, 600 MHz; 13C, 150 MHz) at room temperature. TMS was used as an internal standard. Mass spectrometry (MS) data were obtained on a Thermo Scientific Q Exactive Focus instrument. The following abbreviations were used to label chemical shift multiplicities: s = singlet, d = doublet, t = triplet, and m = multiplet. Analytical TLC was performed on silica gel GF-254.
2.2 General Procedure for the Preparation of Intermediates 1–2
Intermediates 1 and 2 were synthesized by the methods of our previous work (Wu W.-N. et al., 2019).
2.3 General Procedure for the Preparation of Intermediates 3
2-Methyl-4-chloro-6-trifluoromethylpyrimidine (20 mmol) and absolute ethanol (50 ml) were weighed, added into a three-necked flask, and stirred under ice bath conditions, and hydrazine hydrate (30 mmol) was added dropwise slowly to the reaction system; after the addition was completed, the reaction was carried out in an ice bath, and the reaction was followed by TLC until the raw material was completed. Then water was added to obtain a yellow solid. The solid was purified by column chromatography, eluting with petroleum ether: ethyl acetate 20:1, which gave a pale yellow solid.
4-Hydrazinyl-2-methyl-6-(trifluoromethyl)pyrimidine (3): Pale yellow solid; yield 40.6%; m.p.113.4–114.8°C; 1H NMR (600 MHz, DMSO-d6) δ 8.45(s, 1H, pyrimidine-H), 7.14(s, 1H, pyrimidine-NH-), 4.60(s, 1H, -NH2), 2.86(s, 3H, -CH3).
2.4 General Procedure for the Preparation of Intermediates 4
Intermediate 3 (50 mmol) and triethylamine (75 mmol) were placed in a three-necked flask of 250 ml, anhydrous ethanol was added to dissolve. CS2 (75 mmol) was slowly added dropwise, stirred for 30 min, and then heated to reflux for 3 h; the reaction was detected by TLC. After the reaction was completed, the solvent was rotary-evaporated and water was added to suction filtration to remove insoluble matter. The filtrate was adjusted to pH 3 with 10% hydrochloric acid, placed in a refrigerator, and left to stand overnight, suction-filtered, and dried to obtain intermediate 4.
5-Methyl-7-(trifluoromethyl)-[1,2,4]triazolo [4,3-c]pyrimidine-3-thiol (4) White solid; yield 53.4%; m.p.143.7–144.2°C; 1H NMR (600 MHz, DMSO-d6) δ 8.42(s, 1H, pyrimidine-H), 2.91 (s, 3H, CH3-); 13C NMR (150 MHz, DMSO-d6) δ 165.31, 152.96, 152.82, 142.23(q, J = 35.1 Hz), 142.23(q, J = 272.25 Hz), 108.16, 20.11; MS (ESI) m/z: 233.1 ([M-H]-).
2.5 General Procedure for the Preparation of the Target Compounds 5a-5s
Intermediate 4 (10 mmol) was added into a triethylamine (15 mmol) aqueous solution, and after stirring at room temperature for 0.5 h, benzyl chloride (11 mmol) with different substituent was added, the reaction was carried out at room temperature, and the reaction was detected by TLC. After completion, the system was filtered to obtain the solid mixture. The mixture was purified by column chromatography to obtain the target compounds 5a–5s.
3-[(2,4-dichlorobenzyl)thio]-5-methyl-7-(trifluoromethyl)-[1,2,4]triazolo[4,3-c]pyrimidine (5q): White solid; yield 69.49%; m.p.72.1–74.6°C; 1H NMR (600 MHz, DMSO-d6) δ 8.32(s, 1H, Pyrimidine), 7.69(d, 1H, J = 7.8 Hz), 7.67(d, 1H, J = 1.8 Hz), 7.34(dd, 1H, J1 = 1.8 H, J2 = 6.6 Hz), 4.64(s, 2H, SCH2), 2.93(s, 3H, CH3); 13C NMR (150 MHz, DMSO-d6) δ 167.00, 152.58, 152.23, 141.98 (q, J = 35.5 Hz), 134.81, 134.32, 133.62, 133.27, 129.44, 127.95, 122.44 (q, J = 271.5Hz), 109.41, 32.75, 20.11; MS (ESI) m/z: 393.0([M + H]+), 415.0 ([M + Na]+).
2.6 In vitro Antifungal Activity Test
The mycelial growth rates method (Du et al., 2021; Wang S. et al., 2021) was selected to evaluate the antifungal activities of the compounds 5a–5r against six phytopathogenic fungi, including cucumber Botrytis cinerea, tobacco Botrytis cinerea, blueberry Botrytis cinerea, Phytophthora infestans, strawberry Botrytis cinerea, and Pyricularia oryzae Cav. The tested compounds were dissolved in 0.5 ml dimethyl formamide (DMF) and then added 9.5 ml sterile water to prepare the test liquids. The test liquids were poured into 90 ml potato dextrose agar (PDA) to maintain the concentrations of the compounds, 50 μg/ml. Each treatment was replicated three times. The inoculated plates were fostered at 25 ± 1°C for 3–4 days. Tebuconazole and pyraclostrobin were acted as positive controls. The cross method was utilized to measure the diameter of the mycelium. The inhibition rate I (%) was calculated through the following formula, where C (cm) represents the average diameter of fungi growth on untreated PDA and T (cm) represents the average diameter of fungi on treated PDA.
[image: image]
3 RESULTS AND DISCUSSION
3.1 Chemistry
The general synthetic route for the target compounds 5a–5s is depicted in Scheme 1. Acetamidine hydrochloride and ethyl trifluoroacetoacetate were used as raw materials. The target compounds 5a–5s were synthesized in five steps, including cyclization, chlorination, hydrazinolysis, cyclization, and thioetherification. The synthesized compounds were confirmed by 1H NMR, 13C NMR, and mass spectrometry.
[image: Scheme 1]SCHEME 1 | Synthetic route for 5a-5s.
In the 1H NMR data of compound 5q, a singlet appeared at 8.32 ppm indicated the presence of CH proton of the 8-trifluoromethylpyrimidine. A dd peak presented at 7.34 ppm signified the presence of CH proton in 3-phenyl. A singlet appeared at 4.64 ppm indicated the presence of CH of -SCH2- group. The singlet at 2.93 ppm indicated the CH3 proton in pyrimidine ring. Meanwhile, in the 13C NMR data of compound 5q, two quartets at 141.98 and 122.44 ppm indicated the presence of -CF3 in the pyrimidine fragment. Signals at 32.75 and 20.11 ppm indicated the presence of carbon in the -SCH2- and CH3. In addition, compound 5q was further confirmed by MS data with the ([M + H]+) and [M + Na]+peaks.
3.2 Antifungal Activity Test in vitro
The antifungal activity of key intermediate 4 and target compounds 5a–5s was evaluated through the mycelial growth rates method. Most compounds exhibited some activity towards Botrytis cinerea (Table 1). As cucumber Botrytis cinerea, the inhibition rates of compounds 4, 5b, 5f, 5h, 5m, 5n, 5o, and 5r were 75.86, 77.78, 71.97, 72.31, 75.63, 76.58, 80.38, and 73.57%, respectively. Moreover, compounds 4, 5g, 5h, 5i, 5j, 5k, 5l, 5o, 5p, 5q, 5r, and 5s showed good antifungal activities against strawberry Botrytis cinerea and, the inhibition rates were 82.68, 72.89, 74.37, 76.35, 77.85, 77.32, 76.66, 75.31, 70.60, 71.52, 79.85, and 73.75%, respectively. In particular, four compounds 4, 5h, 5o, and 5r presented obvious activity to three of the four Botrytis cinerea. This also indicated the potential of these four compounds as leading structures or candidates against Botrytis cinerea.
TABLE 1 | The antifungal activities of the compounds 4 and 5a–5s against plant pathogens of cucumber Botrytis cinerea, strawberry Botrytis cinerea, tobacco Botrytis cinerea, blueberry Botrytis cinerea, Phytophthora infestans, and Pyricularia oryzae Cav. in vitro at 50 μg/ml.
[image: Table 1]Further structure–activity relationship analysis signified that the introduction of halogen atom could improve the antifungal activities against Botrytis cinerea. Especially for strawberry Botrytis cinerea, it was more obvious. Moreover, the introduction of electron withdrawing group, such as -CN, -CF3, and -NO2, could increase the activity of compounds to a certain extent. For example, compounds 5i, 5j, 5k, and 5l appeared a good activity against strawberry Botrytis cinerea. In addition, most compounds represented ordinary activities towards Phytophthora infestans and Pyricularia oryzae Cav., which indicated these compounds were not favor to the inhibition of these two fungi.
4 CONCLUSION
In summary, a novel series of 1,2,4-triazolo[4,3-c]trifluoromethylpyrimidine derivatives bearing the thioether moiety were designed, synthesized, and characterized. The antifungal activities of the target compounds were also evaluated. Most compounds exhibited obvious antifungal activities against cucumber Botrytis cinerea, strawberry Botrytis cinerea, tobacco Botrytis cinerea, blueberry Botrytis cinerea, Phytophthora infestans and Pyricularia oryzae Cav. Notably, four compounds 4, 5h, 5o, and 5r were selected and showed significant antifungal activities against three of the four Botrytis cinerea. This indicated that these compounds are expected to become the leading structures or candidates for resistance to Botrytis cinerea.
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Abscisic acid (ABA) is an important plant endogenous hormone that participates in the regulation of various physiological processes in plants, including the occurrence and development of somatic embryos, seeddevelopment and dormancy. ABA is called “plant stress resistance factor”, while with the limitation of the rapid metabolic inactivation and photoisomerization inactivation of ABA for its large-scale use. Understanding the function and role of ABA in plants is of great significance to promote its application. For decades, scientists have conducted in-depth research on its mechanism of action and signaling pathways, a series of progress were achieved, and hundreds of ABA analogues (similar in structure or function) have been synthesized to develop highly active plant growth regulators and tools to elucidate ABA perception. In this review, we summarize a variety of ABA analogues, especially the ABA receptor analogues, and explore the mechanisms of ABA action and catabolism, which will facilitate the development of novel ABA analogues with high biological activities.
Keywords: abscisic acid (ABA), analogues, biological activity, mechanism of action, research progress
INTRODUCTION
The environment that plants depend on for survival is constantly changing, and some adverse conditions, such as extreme temperature, drought, salinization and other abiotic stresses, can seriously affect the growth and development of plants (Young, 2007). Future climate change will lead to a gradual increase in the frequency (Guo et al., 2021). Therefore, it is important to improve the adaptability of plants to these abiotic stresses, especially drought.
Plant hormones play an important role in regulating plant adaptation to abiotic stresses (Waadt et al., 2022). Abscisic acid (ABA) synthesis is one of the fastest responses to stresses in plants (Zhao et al., 2018). ABA is a phytohormone which is named for its function in inhibiting plant growth and promoting leaf shedding. Subsequently, more and more studies show that ABA is also involved in regulating other growth and development processes of plants, such as seed germination, dormancy and stomatal closure. Moreover, ABA has been reported to control the expression of many stress-responsive genes and involve in many kinds of stress responses in plants (Hoth et al., 2002; Seki et al., 2002; Nemhauser et al., 2006).
The studies on the function and application for ABA have made remarkable achievements in the past 20 years. The synthesis, perception and transduction of ABA signals have been summarized (Young, 2007; Fidler et al., 2015; Zhang, et al., 2015), Asghar, Ma and co-workers had surveyed the advances from the functions of ABA (such as the effects on osmotic stress or on the seed dormancy, germination, and plant resistance to transpiration), respectively (Ma et al., 2018; Asghar et al., 2019). However, few summaries for ABA derivatives and structural analogues (especially studies after 2014), biosynthesis, transport and catabolism have not been made. Therefore, this article summarizes the research overview for the ABA based on the following aspects: Firstly, the discovery of ABA receptor structure and signal transduction mechanism, as well as the regulation of ABA on plants under abiotic stress is introduced. Secondly, the current discovery of ABA analogues and their functions are summarized. Finally, the existing challenges are discussed. This brief article gives an overview on the progress for the ABA analogues in the past decades and introduces the latest progress. The aim for this briefly article provides readers with a convenient route to touch this topic, and hopefully serve some educational purpose for graduate students and assist further research in related fields.
ABA BIOSYNTHESIS, TRANSPORT AND CATABOLISM
As shown in Figures 1A,B, ABA is a sesquiterpenoid phytohormone containing 15 carbon atoms. ABA is synthesized in plants mainly using the C40 indirect pathway (also known as the carotenoid pathway), which is initiated from the cleavage of a C40 precursor known as β-carotene (Izquierdo-Bueno et al., 2018.; Takino el al., 2018). After cyclization and hydroxylation, β-carotene is converted to zeaxanthin (C40), which is catalyzed by zeaxanthin epoxidase (ZEP) to form all-trans-violaxanthin (C40). This pathway then bifurcates into two pathways. All-trans-violaxanthin can be further converted to 9′-cis-neoxanthin (C40) through all-trans-neoxanthin (C40), or it is converted to 9′-cis-violaxanthin (C40) directly by an unknown isomerase (North et al., 2007). Then, 9′-cis-violaxanthin and 9′-cis-neoxanthin both can be catalyzed by 9-cis-epoxycarotenoid dioxygenase (NCED) to produce xanthoxin (the C15 precursor of ABA), which can also act as a growth inhibitor (Anstis et al., 1975; Schwartz et al., 1997). Xanthoxin is presumed to migrate from the plastid to the cytosol (Nambara and Marion-Poll, 2005), where it is converted to abscisic aldehyde. Then abscisic aldehyde is eventually oxidized to ABA by abscisic aldehyde oxidase (AAO3) (Bittner et al., 2001; Cheng et al., 2002).
[image: Figure 1]FIGURE 1 | ABA biosynthesis, transport and catabolism (A,B). Biosynthetic pathway of abscisic acid (Izquierdo-Bueno et al., 2018; Takino et al., 2018). (C) Transport form of abscisic acid (Kuromori et al., 2010; Kang et al., 2015). (D) The catabolic pathway of abscisic acid (Nambara and Marion-Poll, 2005).
Recent studies showed that stress-induced ABA biosynthesis primarily occurs in vascular tissues and leaves, but ABA functions in various cells (Kuromori et al., 2010; Zhang et al., 2018). Therefore, it is important for ABA to transport among different organs, especially in the systemic stress responses of the whole plant. The active transport of ABA is mediated by many factors, such as ATP-binding cassette (ABC) transporters (Kuromori et al., 2010; Kang et al., 2015), ABA-IMPORTING TRANSPORTER1 (AIT1, which is also known as low-affinity nitrate transporter NRT1.2) (Kanno et al., 2012), DTX type/multidrug and toxic compound extrusion (MATE) transporters (Yu et al., 2014), and AWPM 19 family proteins (OsPM1) (Yao et al., 2018). These ABA transporters have been increasingly shown to be involved in stress responses, which are shown in the Figure 1C.
The catabolism of ABA in plant is controlled via two pathways: hydroxylation and conjugation, as shown in Figure 1D (Nambara and Marion-Poll, 2005). ABA can be hydroxylated via oxidation at three positions of the ring structure, C-7′, C-8′, and C-9′, triggering further inactivation steps, of which C-8′ is the primary site in plants (Cutler and Krochko, 1994). The unstable 8′-hydroxy ABA is converted to phaseic acid (PA) (Kushiro et al., 2004; Nambara and Marion-Poll, 2005), and PA has been reported to selectively activate a subset of ABA receptor PYLs (Weng et al., 2016). PA is then converted to dihydrophaseic acid (DPA), which is further catalyzed to DPA-4-O-β-D-glucoside (DPAG) (Weng et al., 2016). ABA conjugation is another pathway to regulate cellular ABA amounts under both normal and dehydration conditions (Lee et al., 2006; Xu et al., 2012). ABA and hydroxy ABA are conjugated with glucose for inactivation, forming different conjugates. The ABA-glucose ester (ABA-GE) is the predominant form of these conjugates and stored in vacuoles and the apoplast (Dietz et al., 2000; Liu et al., 2015). When the environment changes such as dehydration, ABA-GE is rapidly transformed to active ABA by β-glucosidases (Lee et al., 2006; Xu et al., 2012). The conjugation/deconjug-ation cycle enables plants to phenotypically adapt to their environment through ABA-mediated responses by activating and inactivating ABA rapidly (Chen et al., 2020).
ABA SIGNAL TRANSDUCTION AND THE ROLE OF ABA PATHWAYS IN STRESS SIGNALING
The ABA signaling pathway has been studied for several decades, and the core ABA signaling components including three protein classes: ABA receptors, negative regulators and positive regulators (Danquah et al., 2014). ABA functions in plants through cellular recognition by the intracellular receptor. Many ABA receptors have been reported so far, such as H subunit of Chloroplast Mg2+-chelatase, G-protein coupled Receptor 2, GPCR-type G protein, and Pyracbactin Resistance/Pyracbactin resistance-like/Regulatory Component of ABA Receptor (PYR/PYL/RCAR) (Guo et al., 2011).
PYR/PYL/RCARs are the most important among these receptors, the discovery of which basically elucidates the ABA signaling pathway (Ma et al., 2009; Park et al., 2009). Most plants encode more than one PYR/PYL/RCAR proteins, and they are differentially expressed in multiple organs, cells during different growth stages (Antoni et al., 2013; Dittrich et al., 2018). Genetic evidences showed that a high level of functional redundancy exists in this gene family, but they are essential for ABA perception, signal transduction and response to stress in plants. PYR/PYL/RCAR mutants displayed impaired ABA responses (Miao et al., 2018; Zhao et al., 2018), while overexpression of PYR/PYL/RCARs enhanced ABA responses to impact abiotic stress tolerance (Santiago et al., 2009; Mega et al., 2019).
As shown in Figure 2A, Protein Phosphatase 2Cs (PP2Cs) and SNF1-related protein kinase 2s (SnRKs) are major negative regulators and positive regulators of ABA signaling, respectively. PYR/PYL/RCARs show conformational change upon binding of ABA, which exposes the interaction surface allowing for favorable binding of some PP2Cs (Cutler et al., 2010). Consequently, the activities of PPC2s are inhibited, allowing activation of SnRK2s. Then SnRK2s activate downstream target proteins, including basic-domain leucine zipper (bZIP) transcription factors, anion channels and NADPH oxidases, to induce ABA responses. In the absence of ABA, PP2Cs are unable to bind to PYR/PYL/RCARs and they inactivate SnRKs by dephosphorylation (Soon et al., 2012). ABA is commonly known as the “stress hormone” that responds to variety of environmental stresses, especially for abiotic stresses (Kanchan et al., 2017). When plants encounter various abiotic stresses, such as salinity, extreme temperature, heavy metal, drought, UV-B, water stresses, endogenous ABA levels increase rapidly due to the increase of ABA biosynthesis and inhibition of ABA degradation. Then the downstream specific signaling pathways are activated and gene expression levels are modified (Kanchan et al., 2017).
[image: Figure 2]FIGURE 2 | ABA signal transduction and the role of ABA pathways in stress signaling (A) The working model of ABA-dependent recognition and inhibition of PP2Cs by PYLs (Cutler et al., 2010; Soon et al., 2012). (B) The role of abscisic acid pathways in stress signaling (Shinozaki and Yamaguchi-Shinozaki, 2000; Finkelstein et al., 2002).
As shown in Figure 2B, osmotic stress caused by environmental stresses, such as high salinity, drought and cold, results in dehydration and inhibition of water uptake in plants. ABA accumulates under osmotic stress conditions and plays an important role in the stress responses and tolerance of plants (Shinozaki and Yamaguchi-Shinozaki 2000; Finkelstein et al., 2002). ABA promotes short-term responses like stomatal closure to maintain water balance (Agurla et al., 2018). For example, under salt stress, ABA is accumulated in plant roots and transported to the leaves, which leads to the decrease of leaf expansion rate and stomatal closure. As a result, the reduced transpiration rate and increased salt transportation in the root cap alleviate the damage causing by salt stress. ABA also stimulates longer-term growth responses through regulation of stress-responsive genes, the products of which may function in dehydration tolerance. Silva-Ortega et al., reported that ABA can regulate the expression of P5CS, which promotes the production and accumulation of osmotic adjustment substances like proline, betaine, and soluble sugar (Silva-Ortega et al., 2008).
Excepting mediating stomatal closure and osmotic regulation, ABA also involves in the balance of ion concentration under abiotic stresses. ABA participates in the modification of ATPase in plasma membrane and vacuolar membrane to provide more driving force for Na+/H+ antiporter, which strengthens Na+ efflux and ion regionalization to alleviate the damage of salt and alkaline stress (Janicka-Russak and Kłobus, 2007; Khadri et al., 2007). Three major pathways involved in the heavy metal detoxification can be triggered by ABA, inhibiting the uptake, altering the translocation from root to shoot, and promoting the conjugation with chelators (Hu et al., 2020). In addition, the decrease of photosynthesis caused by salt, heavy metal, alkaline and cold stress can be effectively relieved by ABA (Saradhi et al., 2010). The addition of exogenous ABA can accelerate the recovery of plant photosystem II, restore the photosynthetic inactivation state of the core complex to normal, maintain the stability of photosynthetic organs, and enhance the photosynthetic efficiency of leaf light capture and conversion (Saradhi et al., 2010). Moreover, ABA can interact with other stress resistance elements, such as antioxidant defense system and the MAPK cascades, to help plants resist environmental stresses (Danquah et al., 2014; Shu et al., 2016; Yang and Guo, 2018).
CHEMICAL MANIPULATION OF ABA SIGNALING STRUCTURAL ANALOGUES
Considering the importance of ABA signaling in many processes, including stress tolerance, seed germination, root growth and development, and senescence, small molecule chemicals can manipulate ABA signaling showing potential applications in agricultural production. Among them, the most extensively studied are the analogues of ABA receptor (Bari and Jones, 2009). Up to date, many compounds have been identified as significant ABA-agonist/antagonist and can be employed to reverse the excessive/moderate ABA action, which is shown in Figure 3.
[image: Figure 3]FIGURE 3 | The development of abscisic acid structural analogues.
In 1997, Rose synthesized compounds 1 and 2 (Rose et al., 1997), and carried out a series of anti-stress experiments, officially started the research on the application of ABA analogues in plants. They found that both compounds 1 and 2 could stimulate the radial conduction of water in maize roots just like ABA. In subsequent studies, analogues 1 and 2 were found to reduce chloride ion concentration and ethylene content in plants. More importantly, they can delay the consumption of CO2 assimilation under adverse conditions. The activity of compound 2 was better than that of abscisic acid, as the activity of compound 1 was similar to that of ABA. Oxidative hydroxylation of 8′- and 9′-methyl is the key to the metabolic inactivation of abscisic acid in plants. Therefore, modification of 8′- and 9′- methyl groups to obtain more stable ABA analogues has become the research direction of many scientists.
Nicholas M. Irvine et al. synthesized an anthracenone analogue of ABA (3) (Irvine et al., 2000), and Takahiro Inoue synthesized new ABA analogues (4 and 5) (Inoue and Oritani, 2000) by regioselective hydrocyanation and possessed a cyano or methoxycarbonyl group at the 6′α-position. Bioactivity tests were performed separately, and the results show that all the compounds were less than ABA, but raised the possibility of structural modification at the 6′α-position. In the same year, Cutler found that compounds (+)-8′-acetylen-ABA (1) and (+)-9' -propargyl-ABA (6) (Cutler et al., 2000) showed better activity than ABA in inhibiting arabidopsis seed germination. Among them (+)-8′-acetylene-ABA (1) can inhibit not only arabidopsis seed germination, but also maize cell growth and wheat embryo germination.
Ueno found that compounds 7 and 8 (Ueno et al., 2005) had no inhibitory effect on cytochrome P450 monooxidase, which might be caused by the fact that the C-8 group was too large to bind with 8' -hydroxylase. When C-8′ methyl hydrogen is replaced by methyl and ethyl groups, 8' -methyl abscisic acid (9) and 8' -ethyl abscisic acid (10) were obtained (Ueno et al., 2005). The results showed that compound 9 was a competitive inhibitor of 8' -hydroxylase, while compound 10 had no inhibitory activity. This may be due to the fact that methoxyl and ethyl have similar stereoscopic sizes and are similarly unable to bind to the active site, so it is thought that methyl group may be the largest group tolerated by the active binding site.
Nyangulu and co-workers (Nyangulu et al., 2006) synthesized tetrahydronaphthone ABA analogue 11 by substituting benzene ring of aromatic hydrocarbon for planar propylene group structure on six rings. When the concentration was 0.33 μmol/L, the inhibition rate of ABA was about 40%, while the inhibition rate of compound 11 was less than 10%. The R configuration of compound 11 was similar to that of S configuration. Compound 12 showed a highly activity in inhibiting germination of Arabidopsis thaliana seeds (Nyangulu et al., 2006). Compounds 13 and 14 were synthesized on the basis of improved compounds 1 and 2 (Nyangulu et al., 2006). They suggested that when the 8' -hydroxylase oxidizes 11 to 13, it inhibited further cyclization of compound 13 to PA analogue due to instability. Suspension culture of maize cells showed that the metabolic rate of compound 11 was similar to ABA. Compounds 13 and 14 exhibited similar activity to ABA at high concentrations. The biggest defect of ABA in practical application is poor photostability.
In order to obtain more stable ABA analogues, Liu has synthesized a photostable cis-2, 3-cyclopropanated abscisic acid analogue. They described the effect of ABA analogue isomers on activity. The photoisomerization study showed that compounds 15 and 16 (Liu et al., 2013) reached cis and inverse equilibrium in 44 and 36 h, respectively under 254 nm UV light, which was much longer than ABA (12 h) and thus had better photostability. The biological activities of compounds 15 and 16 under two modes of seed germination and seedling growth were tested. The results showed that at high concentrations (3 μmol/L and 5 μmol/L), both compounds had better inhibitory effects on seed germination than ABA did. But its inhibitory effect was lower than ABA at low concentration. The inhibitory effect of the two target compounds on the growth of Arabidopsis thaliana seedlings was lower than that of ABA at each concentration. Overall, compound 15 showed higher activity than compound 16. However, in most cases, the biological activity of the cis structure is lower than that of the trans structure, and the difference of the results provides an important basis for further study of the structure-activity relationship of ABA.
Han et al. developed a new ABA analogue named (+) 2′,3′-iso-PhABA (17 and 18) in order to overcome its oxidative inactivation. In vivo experiments, the activity of (+) - iso -PhABA (17) was significantly higher than that of (+)-ABA, including inhibition of lettuce and Arabidopsis seed germination (the inhibititory activity on arabidopsis thaliana seed germination is about 14 times of (+)-ABA), wheat embryo germination and rice seedling elongation. Protein phosphatase 2C (PP2C) activity showed that (+) - iso - PhABA (23) was an effective and selective ABA receptor agonist, which could better bind to PYL10 (Tan et al., 2013).
With the discovery of ABA receptor proteins and the application of chemical genetics in agriculture, Chantel L. Benson synthesized a series of ABA analogues as chemical probes to understand functional redundancy in the ABA receptor family (Benson et al., 2015). In PBI 352 (19), the substitution of hydrogen on C-10 by methyl group for OH induced stomatal closure, but did not affect the selectivity of analogues in Arabidopsis seedling germination or root growth. This selectivity has potential utility in practical applications where temporary drought protection can be provided to plants without reducing concomitant root growth. For all tested RCARs, the analogue PBI 352 (19) significantly reduced its receptor-binding activity compared with (S)-ABA (1), and PBI 352 (19) binds RCAR8 to inhibit ABI2.
Rajagopalan et al., developed a library of ABA analogues containing 240 compounds that are structural variants of the basic molecule S-(+)-ABA. These molecules were synthesized primarily for specific structural activity studies, and one antagonist PBI686 (20), was identified to be active on both RCAR receptors (Rajagopalan et al., 2016). Analogues PBI686 (20) and PBI664 (21) have no agonist activity by themselves, but are effective antagonists of ABA receptors blocking phosphatase binding to receptors.
In 2019, Wan et al., designed and synthesized five analogues of an earlier 2′,3′-iso-PhABA (Wan et al., 2019). Bioassay results showed that the number and position of methyl groups and the substitution of hydrogen atoms on methyl groups have great influence on the activity. Compared with 2′,3′-iso-PhABA, dimethyl-PhABA (22) showed slightly decreased inhibitory activity on seed germination and seedling growth of rice. However, it significantly reduced the ability to inhibit wheat embryo germination. Both demethyl-iso-PhABA (23) and demethyl- PhABA (24) showed weak inhibitory activity, and 11′-methoxy- PhABA (25/26) were more potent than their isomers 30/31 in all bioassays. These results suggested that the preservation of quaternary carbon at the 2′ or 3′ position is necessary for the maintenance of ABA-like biological activity, and the demethylation at the 3′ position is more significant. Among them, 25/26 showed good inhibitory activity and different binding selectivity to ABA receptor PYR1 and PYL2/PYL5.
Che et al., described a class of ABA agonist/antagonist probes, APAn (29) that regulate either agonist or antagonist activity according to the length of the 6′-alkoxy chain (Che et al., 2020). With the extension of alkoxy chain, the receptor binding potential increased gradually, and the inhibitory activity of HAB1 decreased. Theoretical analysis based on molecular docking and molecular dynamics simulations showed that some factors outside the ligand binding pocket in the receptor also affected ligand binding to the receptor. Van der Waals interaction between alkyl chains in APAn made the ligand binding to the ABA receptor tighter. This enhanced binding makes it an antagonist rather than a weakened agonist.
Recently, Wan et al., synthesized a series of ABA analogues and tested their activities (Wan et al., 2022). The results showed that the hydroxyl group of 1′-OH is an important functional group for seed germination and development. Therefore, compound 31 and 33 can inhibit seed germination, but which is not related to stomatal movement and response to drought stress regulated by ABA and its analogues. Methylation of 1′-OH significantly reduced their ability to bind to single receptor PYL5 and slightly enhanced their ability to bind to dimer receptor PYL2. The decreased inhibitory activities of 30, 32, and 34 on seed germination may be related to the decreased affinity of PYL5, which is caused by the destruction of hydrogen bond network. This suggests that PYL5 is a selective receptor closely related to plant growth.
The above section summarized 34 representative ABA analogues, and some have regulatory activity and some have inhibitory activity of P450 oxidase in the decomposition process, which can be used to study the molecular mechanism of ABA action and catabolism. Through the analysis of the activity or enzyme inhibitory activity of different analogues, it is known that there is a certain difference between the ABA active group and the structure inhibited by ABA 8′-hydroxylase, and this difference will help the development of new ABA analogues (An ideal enzyme inhibitor should have the ABA structural features required for substrate specificity, but not the structural features required to activate the ABA signaling pathway). Overall, the modification of site 1 (Figure 4), the spatial size and saturation will directly affect the binding ability of the compound to the target. The difference of the groups on site 2 (Figure 4) may block the binding ability of the downstream phosphatase to the receptor. The modification of site 3 (Figure 4) is to improve the high stability provides a new design idea. The modification (methylation) of site 4 (Figure 4) changes the binding ability of the analogue to the receptor by changing the hydrogen bond network.
[image: Figure 4]FIGURE 4 | Modification sites of abscisic acid structural analogues.
ABA FUNCTION ANALOGUES
In recent years, scientists have screened many ABA functional analogues (Figure 5) using chemical genetic methods, their structures are very different from the structure of ABA. Among which, the most representative structures are sulfonamides and amide derivatives.
[image: Figure 5]FIGURE 5 | Abscisic acid functional analogues
Pyrabactin, a naphthalene-sulfonamide derivative, is the first synthetic ABA mimic (Park et al., 2009). Pyrabactin displayed several ABA-like activities, such as inhibition of seed germination (Park et al., 2009), induced stomatal closure (Puli and Raghavendra, 2012) and enhanced root hydraulic conductivity (Fan et al., 2015). It could be used to improve the drought tolerance of crop plants. Several structural analogues of pyrabactin have been screened and the structure-activity relationship revealed that pyridyl nitrogen is important for binding affinity biological activity (Helander et al., 2016). Studies also discovered that pyrabactin exhibits distinct responses towards PYL-subtypes. It strongly activates PYR1/PYL1 but acts as an antagonist for PYL2 and PYL3 (Melcher et al., 2010; Miyakawa and Tanokura, 2011).
Okamoto et al., identified sulfonamide AM1 (also named as quinabactin), through a yeast two-hybrid screen (Okamoto et al., 2013). Quinabactin showed a broader spectrum of PYL activity with enhanced bioactivity as compared to pyrabactin. Quinabactin treatments inhibited seed germination, prevented leaf water loss, and promoted drought resistance (Cao et al., 2013). Cao et al. developed a series of AM1 fluorine derivatives (AMFs) by progressively substituting fluorine atoms on the benzyl ring. The fluorine atoms in AMFs increase the plasma membrane permeability and hydrogen bonding network. Among these derivatives, AMF4 was proved to be a better agonist than AM1 or ABA (Cao et al., 2017). Overtveldt et al. designed phosphonamide analogues of pyrabactin, which given a different physiological response by selectively stimulating ABA-signaling pathways (Van Overtveldt et al., 2015). Further efforts exploited the structure of cyanabactin, which has a nitrile and isopropyl substituted monocyclic ring system instead of the bicyclic ring system in pyrabactin and quinabactin (Park et al., 2009; Cao et al., 2013). Using a wheat cell free-based drug screening approach, Nemoto et al. identified two novel ABA receptor agonists with bioactivity, in which JFA1 and JFA2. JFA2 was demonstrated to induce drought tolerance without affecting root growth (Nemoto et al., 2018). Cyanabactin has superior ABA-like activity in vegetative tissues and is highly effective to control plant water use (Vaidya et al., 2017). Recently, Vaidya et al. developed opabactin by a combination of virtual screening, x-ray crystallography, and structure-guided design. Opabactin is the most potent ABA agonist developed, which showed approximately sevenfold increase in receptor affinity relative to ABA and up to 10-fold greater activity in vivo (Vaidya et al., 2019).
As a known fungicide, mandipropamid (Figure 5) was reported to interact with a hextuple PYR1 mutant (PYR1MANDI) and induced stomatal closure and inhibited seed germination in transgenic plants with PYR1MANDI (Park et al., 2015).
CONCLUSION AND OUTLOOKS
In this brief review, the research progress of ABA analogues including mechanism of action, signaling pathways, and ABA functional analogs is reviewed. the representative 34 structural analogs and 8 functional analogs are summarized, and the differences in biological activity and catabolism of ABA analogues are systematically analyzed. we conclude that the C-5,, C-6,, C-8,, C-9, space size (functional group size) and saturations could directly affect the binding ability of the compound to the target, methyl may be the largest group that can be accepted. Differences in groups on C-2,, C-3,, C-7, may block the ability of downstream phosphatases to bind to receptors. The improved photostability of C-2, C-3, C-6 provides a new design idea (cyclopropyl). Methylation of C-1, alters the binding capacity of the analogues to the receptor by altering the hydrogen bonding network. Activity analysis of sulfonamide-based ABA functional analogues revealed that pyrabactin exhibits distinct responses towards PYL-subtypes. It strongly activates PYR1/PYL1 but acts as an antagonist for PYL2 and PYL3, and AM1 showed a broader spectrum of PYL activity with higher bioactivity compared to pyrabactin. Opabactin, the most potential ABA agonist to date, showed an approximately sevenfold increase in receptor affinity relative to ABA and up to 10-fold greater activity in vivo.
Currently, studies have revealed that PYLs can be divided into dimer receptors (PYR1, PYL1 to PYL3) and monomeric receptors (PYL4 to PYL13). However, the specific functional differences between them in the ABA signaling pathway are unclear. Utilizing chemical genetics to clarify these differences is an important means for understanding the function of PYLs proteins and an important measure to discover novel ABA functional analogues. Furthermore, on the basis of the predecessors, the in-depth research on the structure-activity relationship of ABA analogues are expected to discover ABA analogues with novel structure, higher activity and better selectivity. Foreseeably, novel ABA functional analogues will play an important role in agriculture.
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In this study, to investigate the physiological and molecular mechanisms of melatonin inhibiting the postharvest rot of blueberry fruits, blueberry fruits were dipped in 0.3 mmol L−1 melatonin solution for 3 min and stored at 0°C for 80 days. The results indicated that melatonin did not significantly (p > 0.05) inhibit the mycelial growth or spore germination of Alternaria alternata, Botrytis cinerea, and Colletotrichum gloeosporioides. In addition, an in vivo study revealed that melatonin treatment increased the enzymatic activities of phenylalanine ammonia lyase (PAL), cinnamate 4-hydroxylase (C4H), 4-coumarate-CoA ligase (4CL), cinnamyl alcohol dehydrogenase (CAD), polyphenol oxidase (PPO), and peroxidase (POD) in fruits. Furthermore, genes related to jasmonic acid synthesis were upregulated (VaLOX, VaAOS, and VaAOC), as were those related to pathogenesis-related proteins (VaGLU and VaCHT) and phenylpropane metabolism (VaPAL, VaC4H, Va4CL, VaCAD, VaPPO, and VaPOD), which promoted the accumulation of total phenols, flavonoids, anthocyanins, and lignin in the fruits. These results suggest that melatonin enhances the postharvest disease resistance of blueberry fruits by mediating the jasmonic acid signaling pathway and the phenylpropane pathway.
Keywords: blueberry, melatonin, jasmonic acid signaling pathway, phenylpropanoid metabolites, disease resistance
INTRODUCTION
Blueberries (Vaccinium sp. in the Ericaceae family) produce small fruits that are rich in nutritional and health-promoting components such as anthocyanins, flavanols, and polyphenols, which have been suggested to have antiaging, immune-enhancing, and memory-improving functions (Gong et al., 2014; Ji N. et al., 2021.). However, blueberries are susceptible to microbial pathogens during storage and sale because of their thin skins and high moisture contents. Infestation by microbial pathogens causes rapid fruit softening, water loss, rot, and nutrient loss (Wang et al., 2010), which severely reduce the commercial value of the fruit. A wide range of microbial pathogens can cause the postharvest rot of blueberries, mainly Alternaria alternata, Botrytis cinerea, and Colletotrichum gloeosporioides (Wang et al., 2010). Recently, it has been reported that exogenous substances such as ethanol (Ji Y. et al., 2021), natamycin (Saito et al., 2022), sodium nitroprusside (Ge et al., 2019), and jasmonic acid methyl ester (Wang et al., 2020a) can minimize the postharvest rot of blueberries. The effects of these substances are mainly attributed to the inhibition of the growth of microbial pathogens via their action as fungicides or to the induction of disease resistance in fruits via their action as exogenous inducers.
Jasmonic acid (JA) is an important phytohormone that regulates plant growth and development and induces resistance to biotic and abiotic stresses (Liu et al., 2019). In plant defense responses, plants can not only activate the JA signaling pathway by transmitting the systemic proteins produced by pathogenic microorganisms as signal molecules to adjacent parts through apoplast and phloem but also activate JA signaling by using exogenous inducers and transmit the corresponding signal molecules to adjacent parts for defense response (Truman et al., 2007). In addition, the secondary metabolites of phenylpropane, such as total phenols, flavonoids, and lignans, are closely related to plant defense functions, and the synthesis and accumulation of these metabolites are regulated by phenylalanine ammonia lyase (PAL), cinnamate 4-hydroxylase (C4H), 4-coumarate-CoA ligase (4CL), cinnamyl alcohol dehydrogenase (CAD), polyphenol oxidase (PPO), peroxidase (POD), and other key enzymes (Ren et al., 2020; Ji N. et al., 2021.). However, on the ripening and senescence of the fruit, the activity of these enzymes gradually decreases, and the accumulation of phenylpropane metabolites slowly decreases, resulting in the loss of fruit defenses against biotic and abiotic stresses (Bennett and Wallsgrove, 1994). However, the treatment of fruits with exogenous inducers, such as salicylic acid (Zhang H. et al., 2021), terpinen-4-ol (Li et al., 2020), and sodium nitroprusside (Ge et al., 2019), can effectively regulate the enzymatic activities of phenylpropane metabolism in fruits and promote the accumulation of the secondary metabolites of phenylpropane, thus improving the postharvest disease resistance.
Melatonin (MT) is an endogenous bioactive molecule with multiple regulatory functions involved in various physiological processes, such as ripening, aging, and defense in fruits and vegetables (Li et al., 2017). In recent years, MT has been shown to not only improve the postharvest fruit quality but also enhance fruit resistance to pathogenic microorganisms (Moustafa-Farag et al., 2020). Shang et al. (2021) found that MT induction promoted the accumulation of total phenols, flavonoids, and anthocyanins in blueberry fruits and enhanced the antioxidant capacity of fruits. It was also found that the accumulation of polyphenols, flavonoids, and anthocyanins could effectively enhance the antioxidant capacity of fruits and delay the softening and senescence of fruits (Lin et al., 2018; Lin et al., 2020.). In addition, MT treatment has been shown to induce the enhanced postharvest disease resistance in jujube fruit (Ziziphus jujuba) (Zhang et al., 2022), cherry tomatoes (Liu et al., 2019), and grapes (Gao et al., 2020), and this is mainly attributed to the role of MT in scavenging reactive oxygen radicals, improving the antioxidant capacity, maintaining the metabolic energy balance, and promoting the accumulation of secondary metabolites of phenylpropane. MT can also mediate disease-resistance signaling pathways, such as those involving JA, NO, and salicylic acid, to improve the fruit disease resistance (Shi et al., 2015.; Liu et al., 2019.; Bhardwaj et al., 2022). However, the physiological and molecular mechanisms by which MT enhances the postharvest disease resistance in blueberries remain unclear.
Therefore, we investigated the potential physiological and molecular mechanisms by which MT maintains the blueberry quality and reduces the postharvest rot, focusing on 1) the effect of MT on the postharvest pathogenic microorganisms (B. cinerea, A. alternata, and C. gloeosporioides) in blueberries, 2) the effect of MT on the fruit JA signaling pathway, and 3) the effect of MT on the metabolites of phenylpropane.
MATERIALS AND METHODS
Fruits and Treatments
Rabbiteye blueberry (Vaccinium ashei cv. Powder blue) fruits were harvested in July 2021 from a blueberry plantation in Majiang, China. Fully ripe fruits were selected and picked by hand. Fruits were placed in plastic boxes and immediately returned to the laboratory of the Guizhou fruit processing engineering technology research center. Next, fruits of uniform size that were free from mechanical damage, plant diseases, and insect pests were selected for the experiment. First, the blueberries were treated with 0, 0.1, 0.3, and 0.5 mmol L−1 MT and stored at 0 ± 0.5°C for 80 days. The preliminary test results showed that 0.3 mmol L−1 MT treatment significantly inhibited blueberry rot. Therefore, 0.3 mmol L−1 MT was used for further study. The fruits were randomly divided into two groups, 150 boxes of fruits in each group, immersed in MT solution (0.3 mmol L−1) or distilled water (control) for 3min. Subsequently, the fruits were removed and allowed to dry naturally at room temperature. Finally, all the blueberries were packed in plastic boxes (120 fruits per box), in polyethylene (PE20) bags, and precooled at 0 ± 0.5°C for 48 h and, then, the bag was tied. Every 20 days, some of the fruits were removed from storage at 0 ± 0.5°C, cut into small pieces, frozen in liquid nitrogen, and immediately stored at -80°C. The enzyme activity, gene expression, and phenylpropane metabolites in the fruits were subsequently analyzed.
Preparation of Spore Suspensions and Determination of Mycelial Growth and Spore Germination
A. alternata, B. cinerea, and C. gloeosporioides were isolated from the diseased blueberries. The purified pathogenic fungi were inoculated into potato dextrose agar (PDA) medium and incubated at 25°C for 7 days. Then, 10 ml (containing 0.01% Tween 80) of sterile water was added to the Petri dishes, and the spore solution was diluted with sterile water by light scraping with a sterilized applicator, followed by the filtration of the solution through four layers of sterile gauze. The spore suspension was adjusted to 1 × 106 spores/mL by using a hemocytometer.
The inhibitory effect of MT on the mycelia of A. alternata, B. cinerea, and C. gloeosporioides was determined using the method reported by Pan et al. (2022). MT was dissolved in a small volume of ethanol and mixed with sterile water. The colonies of A. alternata, B. cinerea, and C. gloeosporioides were punched with a sterile punch (5-mm diameter) from the edge of the colonies cultured for 5 days and placed in the center of the medium containing 0 (blank control) or 0.3 mmol L−1MT in PDA (containing 0.05% ethanol by volume). The colonies were incubated at 25°C for 6 days, and the colony diameters were measured every 3 days. Each treatment was repeated three times.
The spore germination assay was slightly modified from the method described by Olmedo et al. (2017). Sterilized slides were placed in PDA medium containing 0 or 0.3 mmol L−1 MT, and after the medium had solidified, 5 μL of A. alternata, B. cinerea, and C. gloeosporioides spore solutions were placed in the center of the slides. The slides were placed in sterile Petri dishes and incubated at 25°C with 80–85% relative humidity (RH) for 8 h. Spore germination was observed at different times (after 4 and 8 h) using a CX21 light microscope (Olympus Co., Ltd., Tokyo, Japan), and each treatment was repeated three times. The spores were considered to have germinated when the length of the spore germination tube was greater than the diameter of the spore itself, and 100 spores were observed for each treatment to calculate the germination rate. The germination rate was given by the number of germinated spores divided by the total number of spores.
Determination of PAL, C4H, 4CL, CAD, PPO, and POD activities.
The PAL activity in the blueberries was determined using the method described by Zhang W. et al. (2021) with appropriate modifications. Briefly, 0.5 ml enzyme solution, 0.5 ml of 20 mmol/L l-phenylalanine solution, and 3.0 ml of 50 mmol L−1 borate buffer (pH 8.8, containing 5 mmol L−1 β-mercaptoethanol, 2 mmol L−1 of ethylenediaminetetraacetic acid (EDTA), and 40 g L−1 polyvinylpyrrolidone (PVP)) were added to the reaction tubes. After placing the reaction tube in a water bath heated to 37°C for 60 min, 0.1 ml of 6 mol L−1 HCl was added to terminate the reaction, and the absorbance value of the reaction solution was measured at 290 nm. A change in the optical density (OD, 0.01 h−1) was taken as a unit of the enzyme activity, which is expressed in U g−1, where U = 0.01ΔOD290 h−1.
The C4H and 4CL activities in the blueberries were determined using the method described by Li et al. (2019) with appropriate modifications. For C4H, 50 μL of enzyme solution, 100 μL of 0.5 mmol L−1 d-glucose-6-phosphate disodium salt, 1 ml of 2 mmol L−1 trans-cinnamic acid, 100 μL of 0.5 mmol L−1 oxidized disodium coenzyme II, and 2 ml of 50 mmol L−1 extraction buffer (pH 7.5, containing 2 mmol L−1 of β-mercaptoethanol) were added to the reaction tube. After heating the reaction tube in a water bath at 37°C for 1 h, the reaction was terminated by adding 200 μL of 6 mol L−1 HCL, and the absorbance of the reaction solution was measured at 340 nm. The change in the OD value (0.01 min−1) was used as a unit of enzyme activity, which was expressed in U g−1, where U = 0.01ΔOD340 min−1.
For 4CL, the reaction system was 0.1 ml of enzyme solution, 0.3 ml of 50 μmol L−1 adenosine triphosphate (ATP), 0.3 ml of 5 μmol L−1 coenzyme A (CoA), and 0.15 ml of 0.3 μmol L−1 p-coumaric acid. The reaction solution was heated in a water bath at 40°C for 10 min, and the absorbance of the reaction solution was measured at 333 nm. The change in the OD value (0.01 min−1) was used as a unit of the enzyme activity, which is expressed in U g−1, where U = 0.01ΔOD333 min−1.
The CAD activity in the blueberries was determined by using the method of Li et al. (2017) with appropriate modifications. Briefly, 0.5 ml of enzyme solution, 1.4 ml of 1 mol L−1 trans-cinnamic acid, and 1 ml of 2 mmol L−1 nicotinamide adenine dinucleotide phosphate (NADPH) were added to the reaction tube. The reaction tube was kept in a water bath at 37°C for 1 h, and then, the reaction was terminated by adding 0.2 ml of 1 mol L−1 HCl. The absorbance of the reaction solution was measured at a wavelength of 340 nm. The change in the OD value (0.01 min−1) was used as a unit of the enzyme activity, which is expressed in U g−1.
The method of Lin et al. (2013) with slight modifications was used to determine the PPO activity in the blueberries. First, 3 ml of the enzyme extract was added to 3.9 ml of the 0.05 mol L−1 sodium phosphate buffer solution and 1 ml of 0.1 mol L−1 catechol solution. The reaction solution was kept in a water bath at 37°C for 10 min, and 2 ml of 20% trichloroacetic acid was then added to terminate the reaction. The absorbance of the reaction solution was recorded at a wavelength of 420 nm. One unit of the PPO activity was defined as the amount of enzyme required to increase the OD value by 0.01 min−1, and the results are expressed in U g−1.
The POD activity in the blueberries was determined using the method of Wang et al. (2021). Briefly, 0.5 ml of the enzyme extract was added to 3.0 ml of a mixture of 25 mmol L−1 guaiacol and 200 μL of 0.5 mol L−1 H2O2, and the change in absorbance at 470 nm was immediately recorded. The change in the OD value (1 min−1) was used as a unit of the enzyme activity, which is expressed in U g−1.
Determination of the Contents of Phenylpropanol Metabolites
The total phenolic content of the blueberries was determined using the forintanol method (Liu et al., 2018). Briefly, a sample (2 g) was homogenized with 70% ethanol, centrifuged at 4°C and 10,000 rpm for 15 min, and the supernatant was collected. The supernatant (1 ml) and 3 ml of 0.25 mol L−1 of Folin phenol were added to a 25-ml volumetric flask and shaken. After allowing it to stand for 30 s, 6 ml of 12% sodium carbonate solution was added, and distilled water was added to make the solution up to the scale line. It was then left for 1 h. Then, the absorbance was measured at 765 nm. The total phenol content is expressed as milligrams per gram.
The flavonoid content of the blueberries was determined using the method of Wang et al. (2020b). Fruit pulp (1 g) was homogenized with the precooled 1% HCI–methanol solution and transferred to a 20-ml graduated tube to ensure a constant volume. The filtrate was stored at 4°C for 20 min, filtered, and collected. The absorbance was measured at 325 nm, and the flavonoid content is expressed as milligrams per gram.
The anthocyanin content in the blueberries was determined according to the method reported by Chen et al. (2017) with slight modifications. Each sample (2 g) was homogenized by grinding with a small amount of 60% ethanol and made up to 50 ml with 60% ethanol. After incubation in a water bath at 50°C for 60 min, the solution was filtered, and the filtrate was collected. Two test tubes were taken, one of which is added with 1 ml of filtrate and 9 ml of pH KCl buffer solution, and the other is added with 1 ml of the filtrate and 9 ml of pH 4.5 sodium acetate (NaAc) buffer solution. The absorbance values were measured at 510 and 700 nm after standing for 40 min. The anthocyanin content is expressed as milligrams/100 g of the fruit.
The method described by Zhang et al. (2020) with slight modifications was used to determine the lignin content of the blueberries. A sample of 1 g was homogenized by grinding with 5 ml of 95% ethanol, and the precipitate was collected by centrifugation at 4°C and 1,000g for 15 min. The precipitate was washed three times with ethanol and hexane (1:2, v/v) and collected. Subsequently, the precipitate was dried in an oven at 60°C. Then, 1 ml of a 25% acetyl bromide–glacial acetic acid solution was added to the dried precipitate, and this mixture was held in a water bath at 70°C for 30 min. Afterward, 1 ml of 2 mol L−1 NAOH was added to terminate the reaction. Then, 2 ml of glacial acetic acid and 0.1 ml of 7.5 mol L−1 hydroxylamine hydrochloride were added to the reaction solution, which was centrifuged again to collect the supernatant. The absorbance was measured at 280 nm. The lignin content is expressed as OD280 g−1 fresh weight (FW).
Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) Analysis
Blueberry memory RNA (mRNA) was extracted using a Total Plant RNA Extraction Kit (TIANGEN Biotech Co., Ltd., Beijing, China). The mRNA concentration and purity were determined using a NanoDrop2000 ultra-micro spectrophotometer (Thermo Scientific, United States), and its integrity was examined by 1% agarose gel electrophoresis. Copy DNA (cDNA) was generated by the reverse transcription of RNA using the Servicebio® RT First Strand cDNA Synthesis Kit (Servicebio, United States) and subjected to fluorescent qRT-PCR. The primer sequences used are listed in Table 1, and VaMET was used as the internal reference gene (Wang et al., 2021). The relative gene expression was calculated using the 2−Δ Δ Ct method (Naik et al., 2007).
TABLE 1 | Primer sequences for fluorescence qRT-PCR.
[image: Table 1]Statistical Analysis
All the experiments were repeated three times, and the data are expressed as the mean ± standard deviation (SD). Duncan’s multiple range test was used for the analysis, and significance was set at p < 0.05. Origin 2018 was used to plot the data.
RESULTS
Effects of melatonin treatment on growth inhibition and spore germination of A. alternata, B. cinerea, and C. gloeosporioides in vitro.
As shown in Figures 1A,B, there was no significant difference (p > 0.05) in the diameters of the colonies of A. alternata, B. cinerea, and C. gloeosporioides after MT treatment compared to the control group after 3 and 6 days. Furthermore, the spore germination rates of the three fungi after MT treatment were not significantly different (p > 0.05) from those of the control group. In addition, there was no significant difference in the spore germination rates of the three fungi after MT treatment compared to the control group after 4 and 8 h (p > 0.05) (Figure 1C). As shown previously, MT showed no inhibitory activity against A. alternata, B. cinerea, and C. gloeosporioides.
[image: Figure 1]FIGURE 1 | Effects of MT on in vitro growth inhibition and spore germination of A. alternata, B. cinerea, and C. gloeosporoides: (A) Photographs of cultures, (B) colony diameters, and (C) spore germination rates. Significant differences between the MT-treated and control groups were compared for the same strain. Different letters represent significant differences (p < 0.05). Data are presented as the mean ± SD.
Effect of melatonin treatment on gene expression related to the JA signaling pathway.
As shown in Figures 2A,B, the relative expression of key genes related to JA synthesis, VaLOX, and VaAOS (which are related to lipoxygenase (LOX) and allene oxide synthase (AOS)) in the MT-treated fruits first increased and then decreased, reaching the highest relative expression after 60 days (p < 0.05), and these were 2.65 and 3.69 times higher than those of the control group, respectively. The relative expression of VaAOC in the control fruit was relatively stable in the first 60 days but increased rapidly after 60 days. The relative expression of VaAOC (related to allene oxide cyclase (AOC)) in the MT-treated fruit increased gradually from 0 to 80 days and was significantly higher than that in the control group at 40, 60, and 80 days (p < 0.05).
[image: Figure 2]FIGURE 2 | Effects of MT treatment on the gene expressions of VaLOX(A), VaAOS(B), and VaAOC (C) of blueberry fruits during the postharvest storage at 0°C. Here, symbol * indicates significant differences (p < 0.05). Data are presented as the mean ± SD.
Effect of Melatonin Treatment on the Activities of Defense Enzymes
As shown in Figures 3A,C,E,F, the activities of PAL, 4CL, PPO, and POD in the MT-treated fruits increased and then decreased from 0 to 80 days. The PAL and 4CL activities were the highest after 60 days (p < 0.05), being 1.14 and 1.26 times higher than those of the control group, respectively. The activities of PPO and POD were the highest after 40 days (p < 0.05), being 1.30 and 1.16 times higher than those of the control group, respectively.
[image: Figure 3]FIGURE 3 | Effects of MT treatment on PAL (A), C4H (B), 4CL (C), CAD (D), PPO (E), and POD(F) activities of blueberry fruits during the postharvest storage at 0°C. Here, symbol * indicates significant differences (p < 0.05). Data are presented as the mean ± SD.
As shown in Figure 3B, the C4H activity decreased slightly during the first 20 days. After 40 and 60 days, the C4H activity in the MT-treated group was significantly higher than that in the control group (p < 0.05), being 1.10 and 1.11 times higher than that in the control group, respectively. The CAD activity of both the MT-treated and control fruits gradually increased from 0 to 80 days (Figure 3D). In particular, MT treatment significantly increased the CAD activity after 40, 60, and 80 days (p < 0.05), and these values are 1.25, 1.40, and 1.14 times higher than those of the control group, respectively.
Effect of Melatonin Treatment on the Expression of Genes Related to Defense Enzymes
As shown in Figures 4A–D, the relative expressions of VaPAL and VaC4H in the MT-treated fruits were not significantly different from those of the control group during the first 20 days (p > 0.05). After 60 days of storage, the relative expressions of VaPAL and VaC4H reached the highest levels (p < 0.05), which are 1.70 and 1.34 times higher than those of the control group, respectively. In contrast, the relative expressions of Va4CL and VaCAD in the MT-treated fruits reached the highest level after 80 days: 1.04 and 2.19 times higher than that of the control group, respectively. Compared with the control group, the relative expression of Va4CL in the MT-treated fruits was significantly higher (p < 0.05) after 20, 40, and 60 days, whereas the relative expression of VaCAD was significantly higher (p < 0.05) after 40 days. In contrast, the relative expressions of VaPPO (Figure 4E) and VaPOD (Figure 4F) in the MT-treated fruits increased and then decreased. After 40 days of storage, both VaPPO and VaPOD expressions were significantly upregulated after MT treatment (p < 0.05).
[image: Figure 4]FIGURE 4 | Effects of MT treatment on the gene expressions of VaPAL (A), VaC4H (B), Va4CL (C), VaCAD (D), VaPPO(E), VaPOD (F), VaGLU (G), and VaCHT (H) during the postharvest storage at 0°C. Here, symbol * indicates significant differences (p < 0.05). Data are presented as the mean ± SD.
Concerning the pathogenesis-related proteins, the relative expression of VaGLU in the MT-treated group and the control group decreased and then increased during storage (Figure 4G). Overall, the relative expression of VaGLU was low but was significantly increased after MT treatment (p < 0.05). Throughout the storage period, the relative expression of VaCHT in the MT-treated fruits was significantly (p < 0.05) higher than that in the control (Figure 4H), specifically, 1.71, 2.13, 6.40, and 1.56 times higher than that in the control group after 0, 20, 40, 60, and 80 days, respectively.
Effects of Melatonin Treatment on the Total Phenol, Flavonoid, Anthocyanin, and Lignin Contents in the Blueberry Fruit
As shown in Figure 5, MT treatment promoted the accumulation of total phenols, flavonoids, anthocyanins, and lignin in the blueberries. After 60 days of storage, the total phenolic content of the MT-treated fruits reached the highest level (p < 0.05), which is 1.34 times higher than that of the control group (Figure 5A). The initial flavonoid content of the fruit was 1.16 mg g−1, which gradually increased from 0 to 60 days and slightly decreased after 80 days of storage. The flavonoid content of the MT-treated fruit was significantly higher than that of the control group after 60 and 80 days of storage (p < 0.05) (Figure 5B). Throughout the storage period, the anthocyanin and lignin contents increased and then decreased, and after 20 days of storage, the anthocyanin content of the MT-treated fruits was significantly higher than that of the control group (p < 0.05): 1.04, 1.05, 1.02, and 1.09 times higher than that of the control group (Figure 5C), respectively. The lignin content of the MT-treated fruits reached the highest level after 40 days (p < 0.05), and this was 10.00% higher than that of the control group, decreasing to a lower level after 80 days. Therefore, MT treatment promoted the accumulation of polyphenols, flavonoids, anthocyanins, and lignin in the fruit and delayed their decay in the late storage period, suggesting improvement in the disease resistance of the blueberries.
[image: Figure 5]FIGURE 5 | Effects of MT treatment on the total phenol (A), flavonoid (B), anthocyanin (C), and lignin (D) contents of blueberry fruits during postharvest storage at 0°C. Here, symbol * indicates significant differences (p < 0.05). Data are presented as the mean ± SD.
DISCUSSION
JA is a signaling molecule that activates plant defenses to counter pathogen infestation and is synthesized in plants mainly through the octadecenoic acid pathway (Ruan et al., 2019). In this pathway, LOX are the key enzymes that convert linolenic acid to 13(S)-hydroxylinolenic acid, which is further converted by AOS and AOC to 12-oxo-phytodienoic acid. This product is then reduced and β-oxidized to produce JA (Ruan et al., 2019). It has been shown that JA enhances the defenses of peaches against Penicillium expansum by inducing NO production and, thus increasing the PAL, GLU, and CHT enzyme activities (Yu et al., 2012). In addition, JA induces the upregulation of PAL and CHT gene expressions and promotes phenolic product accumulation in tobacco plants (Keinnen et al., 2001). The results of this study showed that MT treatment upregulated VaLOX, VaAOS, and VaAOC gene expressions (Figure 2) and promoted JA synthesis, which in turn induced the accumulation of disease resistance–inducing substances in the blueberry fruits (Figure 5). This result is consistent with the study of Liu et al. (2019), who applied exogenous MT to induce improved resistance to B. cinerea in tomatoes.
When plants are exposed to biotic or abiotic stresses, a series of defense reactions are initiated. Phenylpropane metabolism is an important defense response pathway in the plant body (Wei et al., 2017). PAL is a key rate-limiting enzyme in the metabolism of phenylpropane and catalyzes the formation of cinnamic acid from phenylpropane, which is further converted to p-coumaric acid by C4H (Hu et al., 2014). POD and CAD are involved in lignin synthesis, whereas PPO is closely associated with plant resistance to pathogenic microbial invasion, specifically by catalyzing the oxidation of phenolic substances to produce antimicrobial substances (Hu et al., 2019). Li et al. (2019) found that MT treatment increased the activities of enzymes related to phenylpropane metabolism and enhanced the resistance of tomato fruits to B. cinerea. Zhang H. et al. (2021) demonstrated that salicylic acid induces the elevated expression of genes for enzymes related to phenylpropane metabolism, promotes the accumulation of phenylpropane secondary metabolites, and reduces the postharvest rot in Lycium barbarum fruit. Liu et al. (2022) showed that methionine treatment promotes lignin accumulation and enhances the resistance of jujube to A. alternata. In this study, MT treatment increased the activities of enzymes related to phenylpropane metabolism (PAL, C4H, 4CL, CAD, PPO, and POD) (Figure 3), the expressions of related genes (VaPAL, VaC4H, Va4CL, VaCAD, VaPPO, and VaPOD) (Figure 4), and the accumulation of polyphenols, flavonoids, anthocyanins, and lignin (Figure 5), thereby improving the postharvest disease resistance in blueberries.
GLU and CHT are pathogenesis-related proteins in plant tissues that can induce resistance to further invasion by pathogenic bacteria, disrupt the cell walls of fungi, and reduce fungal viability, thereby enhancing disease resistance (Hu et al., 2019). Huang et al. (2021) found that MT treatment upregulated GLU and CHT gene expressions and enhanced the resistance of ginger rootstocks to Fusarium oxysporum and Penicillium compactum. In our study, we found that MT treatment upregulated the expression of the pathogenesis-related proteins, VaGLU and VaCHT (Figures 4G,H), which is consistent with the abovementioned results. In addition, we found that MT did not significantly inhibit the colony diameter or spore germination of A. alternata, B. cinerea, and C. gloeosporioides (Figure 1). This result is consistent with the results of Li et al. (2019), who used MT treatment to induce resistance to B. cinerea in tomatoes, and Zhang et al. (2022), who applied MT treatment to induce resistance to A. alternata in jujube fruit. In summary, MT had no inhibitory activity against A. alternata, B. cinerea, and C. gloeosporioides, suggesting that it reduced the postharvest rot of blueberries by inducing the activation of the JA signaling pathway and regulating the accumulation of phenylpropane metabolites.
CONCLUSION
In summary, the results of this study showed that MT treatment promoted the accumulation of polyphenols, flavonoids, anthocyanins, and lignans. In addition, MT treatment increased the enzymatic activities of PAL, C4H, 4CL, CAD, PPO, and POD and upregulated the expression of genes related to JA synthesis (VaLOX, VaAOS, and VaAOC), pathogenesis-related proteins (VaGLU and VaCHT), and genes related to phenylpropane metabolism (VaPAL, VaC4H, Va4CL, VaCAD, VaPPO, and VaPOD). These results suggest that MT treatment of blueberries may induce the activation of JA signaling and phenylpropane pathways as defense responses, thus effectively controlling blueberry rot during storage. Therefore, the application of MT could be an effective strategy for preserving blueberries after harvest.
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To discover a lead compound for agricultural use, 34 novel chalcone derivatives containing an 1,2,4-oxadiazole moiety were designed and synthesized. Their nematocidal activities against Bursaphelenchus xylophilus, Aphelenchoides besseyi, and Ditylenchus dipsaci and their antiviral activities against tobacco mosaic virus (TMV), pepper mild mottle virus (PMMoV), and tomato spotted wilt virus (TSWV) were evaluated. Biological assay results indicate that compounds A13 and A14 showed good nematocidal activities against B. xylophilus, A. besseyi, and D. dipsaci, with LC50 values of 35.5, 44.7, and 30.2 μg/ml and 31.8, 47.4, and 36.5 μg/ml, respectively, which are better than tioxazafen, fosthiazate, and abamectin. Furthermore, compound A16 demonstrated excellent protective activity against TMV, PMMoV, and TSWV, with EC50 values of 210.4, 156.2, and 178.2 μg/ml, respectively, which are superior to ningnanmycin (242.6, 218.4, and 180.5 μg/ml).
Keywords: plant-parasitic nematodes, chalcone, 1, 2, 4-oxadiazole, nematocidal activity, antiviral activity
INTRODUCTION
Plant-parasitic nematodes (PPNs) are a very important group of pests that include more than 60 regulated species. These pests are extremely difficult to prevent and cause annual global agricultural losses of roughly $157 billion (Abad, et al., 2008; Bernard, et al., 2017; Abd-Elgawad, 2020; Kantor, et al., 2022). At present, the application of chemical nematicides is the most reliable and effective method to control PPNs. However, these treatments are mainly based on highly toxic organophosphorus and carbamate nematocides, such as fosthiazate, cadusafos, fenamiphos, dazomet, aldicarb, oxamyl, and so on. The long-term use, overuse, and misuse of these nematicides have not only led to poor control effect and serious resistance but have also seriously harmed the environment (Ntalli and Caboni, 2012; Chen, et al., 2020). Meanwhile, plant virus disease, as a “plant cancer,” can lead to considerable crop loss (Chen, et al., 2016). Although Ribavirin is widely used to prevent plant virus disease, its inhibitory effect to a virus is less than 50% at 500 mg/L (Wang, et al., 2012). To date, we still lack effective and low toxicity nematicides and antiviral agents for use in agricultural production. In addition, a combined infection of PPNs and viruses will significantly increase the loss of agricultural production. Hence, the discovery of new, environmentally friendly, and efficient nematicides and antiviral agents is key to controlling plant nematode and virus diseases.
Natural products have often been the source of new drug discovery and have the benefits of low toxicity, easy decomposition, and are environmentally friendly (Leonard and Stephen, 2007; Qian, et al., 2010; Chen, et al., 2020). As one of the most important natural products, chalcone is widely found in plants (Du, et al., 2013) and has various biological activities, including anticancer (Kim, et al., 2013; Wang, et al., 2015), antibacterial (Wei, et al., 2016), antifungal (Lahtchev, et al., 2008) and antiviral (Park, et al., 2011) effects in medicine. In addition, chalcone and its derivatives have insecticidal (Thirunarayanan, et al., 2010), nematicidal (Attar, et al., 2011; Nunes, et al., 2013; Caboni, et al., 2016), antiviral (Du, et al., 2013), and other agricultural activities. In our previous work, we reported that chalcone derivatives containing 1,3,4-oxadiazole/thiadiazole, purine, and ferulic acid moieties have excellent antiviral activities (Gan, et al., 2017a; Gan, et al., 2017b).
As an important heterocyclic compound, 1,2,4-oxadiazole has been widely studied by pesticide scientists with a wide range of biological activities, such as herbicidal (Hang, et al., 2014), antibacterial (Karad, et al., 2017), antifungal (Yang, et al., 2021), and insecticidal activities (Fernandes, et al., 2020), among others. Tioxazafen, which is one of the 1,2,4-oxadiazole compounds, was designed by Monsanto as a new type of seed treatment agent to control nematodes in soybean, corn, and cotton (Slomczynska, et al., 2015). However, Tioxazafen has not formally been used on a large scale in agricultural production. To enhance the flexibility of the structure of Tioxazafen and discover the high activity 1,2,4-oxadiazole compound, some 1,2,4-oxadiazole derivatives containing 1,3,4-oxadiazole/thiadiazole and amide moieties with good nematocidal, antibacterial, and antifungal activities have been synthesized (Zhu, et al., 2020; Liu, et al., 2022).
Based on the biological activity of chalcone and 1,2,4-oxadiazole derivatives, the current study aims to further improve the nematocidal activity, and to extend the biological activity of chalcone and 1,2,4-oxadiazole moieties. In particular, a 1,2,4-oxadiazole fragment is introduced to the chalcone skeleton to obtain 34 novel chalcone derivatives containing 1,2,4-oxadiazole moiety (Figure 1). Their nematocidal activities against Bursaphelenchus xylophilus, Aphelenchoides besseyi, and Ditylenchus dipsaci and their antiviral activities to tobacco mosaic virus (TMV), pepper mild mottle virus (PMMoV), and tomato spotted wilt virus (TSWV) were then evaluated.
[image: Figure 1]FIGURE 1 | Design of the target compounds.
MATERIALS AND METHODS
General Information
The melting points of the compounds were determined on an X-4B microscope melting point apparatus and were uncorrected (Shanghai Electrophysics Optical Instrument Co., Ltd., Shanghai, China). The 1H NMR and 13C NMR spectra data of the compounds were recorded on a Bruker DPX-400 spectrometer (Bruker, Billerica, MA, United States), using DMSO-d6 as solvents and tetramethylsilane as an internal standard. The high-resolution mass spectrometer (HRMS) data of the compounds were obtained with a Thermo Scientific Q-Exactive (Thermo Scientific, Missouri, MOThermo, United States). Reactions were detected by thin-layer chromatography (TLC) and visualized under UV light at 254 nm. Chromatography was conducted on silica gel 200–300 mesh.
Synthesis
Preparation Procedure for Intermediates 2 and 6
As shown in Schemes 1 and 2, the chalcone intermediates 2 and 6 were obtained according to our previously reported methods (Gan, et al., 2017c). First, 0.2 M aqueous sodium hydroxide solution (22 mmol) was added to a solution of 4-hydroxyacetophenone or 4-hydroxybenzaldehyde (20 mmol) and various substituted benzaldehyde or acetophenone (20 mmol) in 20 ml ethanol, and then stirred at room temperature for 12 h. Second, upon reaction completion (monitored by TLC), the mixture was poured into ice-water and acidified to a pH value of 2‒3 by dropwise addition of aqueous HCl, filtered, washed, and dried to obtain intermediates 2 and 6.
[image: Scheme 1]SCHEME 1 | Synthetic process and the experimental method of the target compounds A1−A21.
[image: Scheme 2]SCHEME 2 | Synthetic process and the experimental method of the target compounds B1−B13.
Preparation Procedure for Intermediate 4
An aqueous solution of sodium hydroxide (50 mmol) was added to a solution of hydroxylamine hydrochloride (50 mmol) in 30 ml ethanol and stirred at room temperature. Various benzonitriles (50 mmol) were then added to the mixture. The mixture was heated to reflux and monitored with TLC. After completion of the reaction, the precipitated product was filtrated and the filtrate was concentrated under reduced pressure. The residue was dissolved with toluene and chloroacetyl chloride (50 mmol) was added dropwise into the mixture in an ice bath, and then refluxed for 10 h. The solvent was removed and the residue was dissolved with dichloromethane and washed with brine. The organic layer was then dried and further purified by column chromatography to afford intermediate 4.
Preparation Procedure for the Target Compounds A1−A21 and B1−B13
A solution of intermediate 4 (2.0 mmol) in 5 ml DMF was added to a solution of intermediate 2 or 6 (2.0 mmol), K2CO3 (2.2 mmol) in 5 ml N,N-dimethylformamide (DMF) and warmed to 40°C for 4 h. Upon completion of reaction, the mixture was poured into ice-water, filtered, and recrystallized from methanol to give the pure target compounds A1−A21 and B1−B13. The physical properties, 1HNMR, 13CNMR, and HRMS for title compounds are reported in the Supplementary Data. The spectral data of A1 and B1 are shown below.
(E)-3-(2,4-dichlorophenyl)-1-(4-((3-phenyl-1,2,4-oxadiazol-5-yl)methoxy)phenyl)prop-2-en-1-one (A1). White powder; m.p. 154–155°C; yield 89%; 1H NMR (400 MHz, DMSO-d6): δ 8.02 (d, J = 6.4 Hz, 2H), 7.79 (d, J = 8.8 Hz, 2H), 7.77 (d, J = 1.6 Hz, 1H), 7.59–7.58 (m, 5H), 7.40 (d, J = 16.0 Hz, 1H), 7.17 (d, J = 9.2 Hz, 2H), 7.16 (d, J = 15.6 Hz, 1H), 5.70 (s, 2H); 13C NMR (101 MHz, DMSO-d6): δ 192.83, 175.99, 168.85, 160.07, 147.02, 138.07, 135.90, 132.31, 131.63, 131.50, 131.50, 131.10, 130.12, 129.84, 129.84, 128.38, 128.10, 127.56, 127.56, 126.20, 124.95, 115.80, 115.80, 61.39. HRMS (ESI) m/z for C24H17O3N2Cl2 [M+H]+ calcd: 451.06107, found: 451.05978.
(E)-1-(2,4-dichlorophenyl)-3-(4-((3-phenyl-1,2,4-oxadiazol-5-yl)methoxy)phenyl)prop-2-en-1-one (B1). Faint yellow powder; m.p. 126–127°C; yield 56%; 1H NMR (400 MHz, DMSO-d6): δ 8.33–8.27 (m, 3H), 8.12–7.98 (m, 4H), 7.79 (d, J = 1.6 Hz, 1H), 7.67–7.59 (m, 4H), 7.33 (d, J = 8.8 Hz, 2H), 5.82 (s, 2H); 13C NMR (101 MHz, DMSO-d6): δ 187.54, 175.87, 168.27, 161.79, 137.19, 135.98, 135.57, 132.31, 131.92, 131.67, 131.67, 131.65, 130.30, 129.95, 129.84, 129.84, 128.39, 127.57, 127.57, 126.20, 125.72, 115.39, 115.39, 61.51. HRMS (ESI) m/z for C24H17O3N2Cl2 [M+H]+ calcd: 451.06107, found: 451.05972.
Nematocidal Activity Test
B. xylophilus, A. besseyi, and D. dipsaci were bred with potato dextrose agar–Botrytis cinerea provided from the Fine Chemical Research and Development Center of Guizhou University (Guizhou, China). The nematocidal bioassays of these target compounds was tested based on the previous reported methods with minor modification (Wei, et al., 2021). The compound was dissolved with 50 μl DMF, and was then diluted with 1% Tween-80 to obtain 50 and 10 μg/ml concentrations. Meanwhile, fosthiazate and tioxazafen were used as positive controls at the same concentrations and without compounds solution as a negative control group. Then, 10 µl of nematode suspension with 50 nematodes and 300 µl of the solution were added to the corresponding hole of 48-well plates, each treatment was repeated three times, and they were then placed in a biochemical incubator at 27°C for dark light culture. After 48 h, the dead nematodes were counted and the corrected mortality was calculated with the following formula:
[image: image]
Antiviral Activity Test
Nicotiana tabacum cv. K326, Nicotiana benthamiana, and Nicotiana glutinosa L. plants were cultivated in a greenhouse. N. tabacum cv. K326 was used to determine systemic TMV infection, and N. benthamiana was used to determine systemic PMMoV and TSWV infection. N. glutinosa L. was used as a local lesion host to evaluate the antiviral activity against TMV, PMMoV, and TSWV when the plants grew to 5–6 leaf stages. TMV, PMMoV, and TSWV were purified by the Gooding method (Gooding and Hebert, 1967) and the curative, protective activities of compounds were performed with the reported methods at 500 μg/ml (Song, et al., 2005; Zan, et al., 2021; Shi, et al., 2022). The EC50 values of the antiviral activity at concentrations of 500, 250, 125, 62.5, and 31.25 μg/ml were then calculated. The positive controls included ribavirin and ningnanmycin. Measurements were performed in triplicates.
RESULTS AND DISCUSSION
Chemistry
The influence of the catalyst, temperature, and solvent for preparation compound A1 was tested and evaluated to obtain the facile, high efficiency, and yield synthetic method of the target compound; the results are given in Table 1. The results indicate that the yield of compound A1 was affected by the catalyst, solvent, and temperature. The optimum synthesis condition is catalyst as K2CO3/KI, DMF as solvent, and reaction for 6 h at 80°C. Under this condition, the yield of compound A1 achieved 89%. The other compounds were then prepared with the same condition. The structures of all of the compounds were identified with 1H NMR, 13C NMR, and HRMS. Two doublets appear in the 1H NMR data of compound A1, 7.40 (J = 16.0 Hz) ppm and 7.16 (J = 15.6 Hz) ppm, which indicate the presence of the HC=CH group. The proton of CH2 appears as a singlet at 5.70 ppm. Meanwhile, the 192.83 ppm peak of the 13C NMR data indicates the presence of the C=O group, and the 170.32 and 167.66 ppm peaks indicate the presence of C proton in the 1,2,4-oxadiazol group. The 61.39 ppm peak indicates the presence of the C proton of the CH2 group. Furthermore, compound A1 was confirmed correctly with HRMS data of the [M+H]+ as 451.05978, the calculated value was 451.06107.
TABLE 1 | The reaction conditions for compound A1 were optimized.
[image: Table 1]Nematocidal Activity Test
The results of nematocidal activities of compounds are given in Table 2. As shown in Table 2, compounds A13, A14, and B3 exhibited higher nematocidal activity against B. xylophilus at 50 μg/ml, the corrected mortalities were 100%, 100%, and 51.8%, respectively, which are superior to those of tioxazafen (34.3%), fosthiazate (43.9%), and abamectin (49.4%). Meanwhile, compounds A13, A14, B6, and B12 showed good nematocidal activity against A. besseyi at 50 μg/ml, with corrected mortalities of 100%, 100%, 70.8%, and 59.6%, which are better than tioxazafen (40.0%) and abamectin (42.3%). In addition, compounds A13, A14, and B11 possessed desired nematocidal activity against D. dipsaci, with corrected mortalities of 100%, 100%, and 41.0%, respectively, which are superior to tioxazafen (29.0%), fosthiazate (33.3%), and abamectin (33.6%). However, there was dissatisfactory nematocidal activity of all compounds against B. xylophilus, A. besseyi, and D. dipsaci at 10 μg/ml.
TABLE 2 | Nematicidal activity of compounds A1−A21 and B1−B13.a
[image: Table 2]To further confirm their nematicidal activities of compounds A13 and A14, the LC50 values of compounds A13 and A14 against B. xylophilus, A. besseyi, and D. dipsaci were evaluated as tioxazafen, fosthiazate, and abamectin for positive controls; the results are given in Table 3. As shown in Table 3, compounds A13 and A14 had LC50 values of 35.5, 44.7, and 30.2 μg/ml and 31.8, 47.4, and 36.5 μg/ml against B. xylophilus, A. besseyi, and D. dipsaci, respectively, which are superior to tioxazafen, fosthiazate, and abamectin. In addition, the results indicate that A series compounds have better nematocidal activity than the B series compound. However, there is no obvious regularity between activity and structure.
TABLE 3 | The LC50 values of nematicidal activity of compounds.
[image: Table 3]Antiviral Activity Test
The antiviral activities of the target compounds were performed with the half leaf blight spot method and the results are given in Tables 4 and 5. As shown in Table 4, compounds A4, A11, A16, A18, and A20 exhibited better curative activity against TMV at 500 μg/ml, with values of 49.8%, 53.6%, 57.2%, 52.3%, and 51.2%, respectively, which are superior than those of ribavirin (39.9%) and ningnanmycin (49.8%). These compounds also showed good protective activity to TMV, the inhibitory was 64.5%, 67.9%, 68.6%, 65.2%, and 67.1%, respectively, which are better than those of ribavirin (51.2%) and ningnanmycin (61.3%). Meanwhile, compounds A4, A11, A16, A18, and B11 showed desirable curative action against PMMoV, the values were 52.3%, 53.6%, 56.5%, 55.6%, and 52.9%, which are better than those of ribavirin (31.6%) and ningnanmycin (51.8%). Furthermore, compounds A4, A11, A16, A18, A20, and B11 showed excellent protective activity against PMMoV, with values of 67.1%, 65.6%, 71.8%, 70.2%, 68.1%, and 63.7%, respectively, which are superior to ribavirin (48.8%) and ningnanmycin (63.3%). Unfortunately, the curative effect of compounds to TSWV was dissatisfactory. However, compounds A16 (69.5%) and A18 (65.6%) showed better protective activity against TSWV than ribavirin (46.2%) and ningnanmycin (65.1%). The results of the EC50 values (Table 5) indicate that compounds A16 and A18 showed excellent curative and protective activities against TMV and PMMoV, with EC50 values of 368.7 and 210.4 μg/ml, 310.8 and 156.2 μg/ml, 410.5 and 251.2 μg/ml, and 345.6 and178.2 μg/ml, respectively, which are superior to ningnanmycin (420.5 and 242.6 μg/ml, and 415.8 and 218.4 μg/ml, respectively). In addition, compound A16 (178.9 μg/ml) showed better protective activity against TSWV than ningnanmycin (180.5 μg/ml).
TABLE 4 | Antiviral activities of compounds A1−A21and B1−B13 at 500 μg/ml.a
[image: Table 4]TABLE 5 | The EC50 values of the compounds against TMV, PMMoV, and TSWVa.
[image: Table 5]Structure-activity relationship analysis based on protective activity against three viruses indicates that A series compounds have better antiviral activity than B series compounds, which is consistent with the trend of nematicidal activity. Further structure-activity relationship analysis demonstrated that the compound with R1 as OCH3 showed better antiviral activity than that of the compounds with other groups, such as A13 (R1 = 4-OCH3, R2 = H) > A21 (R1 = 4-Br, R2 = H), A10 (R1 = 4-CH3, R2 = H), A5 (R1 = H, R2 = H), and A1 (R1 = 2,4-diCl, R2 = H). In particular, the compound with 2-OCH3 of R1 had the best antiviral activity; for example, A16 (R1 = 2-OCH3, R2 = H) > A13 (R1 = 4-OCH3, R2 = H) > A14 (R1 = 3-OCH3, R2 = H). Compared with the electron-donating group (CH3), the introduction of strong electron withdraw group (F) into R2 can favor antiviral activity, such as A18 (R1 = 2-OCH3, R2 = 4-F) > A17 (R1 = 2-OCH3, R2 = 4-CH3) and A11 (R1 = 4-OCH3, R2 = 4-F) > A12 (R1 = 4-OCH3, R2 = 4-CH3), A4 (R1 = 2,4-diCl, R2 = 4-F) > A2 (R1 = 2,4-diCl, R2 = 4-CH3).
CONCLUSION
In the present work, 34 novel chalcone derivatives containing an 1,2,4-oxadiazole moiety were synthesized and assessed for the nematocidal and antiviral activities of all of the compounds. The results show that compounds A13 and A14 have excellent nematocidal activities against B. xylophilus, A. besseyi, and D. dipsaci and are superior to tioxazafen, fosthiazate, and abamectin. Furthermore, compound A16 has better protective activity against TMV, PMMoV, and TSWV than that of ribavirin and ningnanmycin. Therefore, chalcone derivatives containing an 1,2,4-oxadiazole moiety can be considered as candidate leading structures for the development of new pesticides.
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Structural optimization of natural products has become one of the most effective ways to develop novel pesticides. In this study, 30 novel pesticide derivatives containing a linear bisamide were synthesized. Then, their insecticidal activities against P. xylostella were evaluated. Results indicate that different bisamide substitutes show different larvicidal structure–activity relationships. At the same time, 2-trifluoroethyl is the most efficient substituent. The bioactivity results showed that most of the desired compounds exhibited better insecticidal activity against P. xylostella than piperine. Among them, compound D28 resulted in 90% mortality at 1 mg/ml concentration. This study provides a novel protocol for the discovery of new insecticides. The molecular docking results indicated that compound D28 could act on γ-aminobutyric acid receptors.
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1 INTRODUCTION
Plutella xylostella, also known as “dangling silkworm” or “diamondback moth,” is a pest commonly found on vegetables, causing damage by larvae feeding on the leaves of cruciferous vegetables. In recent years, the damage of Plutella xylostella has become increasingly serious, with significant adverse effects on the yield and quality of cruciferous vegetables (Wang et al., 2011; Zhao et al., 2022). The primary commercial agents used to control Plutella xylostella are traditional insecticides such as emamectin. However, long-term use of these insecticides results in moderate to high resistance (Lima Neto et al., 2021; Shen et al., 2017). Consequently, developing novel insecticides is an important endeavor (He et al., 2016; Liu et al., 2020; Xia et al., 2022). During the past few decades, natural product structural optimization has been a promising way to develop high-efficiency pesticides (Swain, 1977; Sun et al., 2013). In agricultural pest prevention, natural products have unique advantages (Tang et al., 2012; Roman, 2016; Liu et al., 2018), such as 1) it is relatively safe for higher mammals and natural enemies of pests; 2) it is environmentally friendly (Tong et al., 2018); 3) it has a new insecticidal mode of action (Gaur and Bao, 2021); and 4) it reduces pesticide resistance (Chen et al., 2017). For example, Neemaceae showed broad-spectrum insecticidal activity against many plant pests. Euonymus has been successfully commercialized to control rice pests, stored grain pests, and tree pests (Wu et al., 2001; Tang et al., 2004).
Piperine, as a cinnamon amide alkaloid (Parmar et al., 1997), shows a broad range of bioactivities such as antiobesity (Sunila and Kuttan, 2004), antiparasitic (Ribeiro et al., 2004.; Franklim et al., 2013), and lipid-lowering effects (Kimura et al., 2006; Park et al., 2012). In addition, piperine and its derivatives exhibit effective insecticidal properties against various agricultural pests. For example, Barbosa et al. reported a series of piperine derivatives by modifying the piperidine ring of piperine, which showed effective insecticidal activity against Ascia monuste orseis (Paula et al., 2000). Ribero et al. (2004) designed a series of piperine derivatives with effective insecticidal activity against Trypanosoma cruzi. Xu and Yang, (2017) found that piperine derivatives show stomach toxicity activity against agricultural pests with effects comparable to the commercial botanical pesticide toosendanin (CN107892685A). Han et al. (2021) designed a series of compounds that combined the benzo[d][1,3]dioxole moiety of piperine, which showed effective insecticidal activity against Ostrinia furnacalis.
Bisamide compounds show effective biological activities for agricultural pest control. However, the use of linear bisamides in the development of insecticides is still in its infancy. In contrast, linear bisamides are significant structural motifs in some veterinary drugs (for example, fluralaner, lotilaner, and afoxolaner) (Figure 1). Due to the novel action mechanism and viable activity of linear bisamides and the piperine skeleton, this study designed and synthesized a variety of piperine bisamide derivatives. The target compounds’ insecticidal activities against P. xylostella were systematically investigated.
[image: Figure 1]FIGURE 1 | Overall design idea of this work.
2 MATERIALS AND METHODS
2.1 Chemical part
2.1.1 General information
Most of the chemicals were purchased from Aladdin, energy-chemical, TCI, or Alfa Aesar. NMR spectra were recorded on Bruker Avance 600 spectrometers. Chemical shifts (ppm) were given relative to the solvent. Melting points of the target molecules were determined using a Shanghai Yice WRX-4 melting point meter. High-resolution mass spectrometry data were determined on a Thermo Scientific (UHPLC-Q-Orbitrap).
2.1.2 Preparation of compound A
A solution of 20% KOH–EtOH (44 ml) was added to 5.7 g (20.0 mmol) of piperine at room temperature. The mixture was stirred at 80 C for 20 h. Then, 10% hydrochloric acid was added to adjust the pH of the mixture to 3. The mixture was filtered under reduced pressure, washed with water, and recrystallized in ethanol to obtain intermediate A in 81% yield (3.5 g).
(2E,4E)-5-(Benzo[d][1,3]dioxol-5-yl)penta-2,4-dienoic (A): brown solid, 3.5g, yield 81%, mp: 163.4–166.5°C, 1H NMR (600 MHz, DMSO-d6) δ = 7.32–7.23 (m, 1H, Ar-H), 7.19 (s, 1H, Ar-H), 7.03–6.83 (m, 4H, -CH = CH-), 6.01 (s, 2H, -CH2), 5.90 (d, J = 15.1 Hz, 1H, Ar-H). 13C NMR (151 MHz, DMSO-d6) δ = 168.02, 148.52, 148.40, 144.97, 140.15, 130.96, 125.27, 123.42, 121.58, 108.91, 106.20, 101.77. HRMS (ESI) calcd for C12H11O4 [M + H]+: 219.06519, found 219.06514.
2.1.3 General procedure for preparing compound C
A mixture of intermediate A (10.0 mmol, 2.18 g), glycine methyl ester hydrochloride (9.0 mmol, 1.13 g), HOBt (10.0 mmol, 1.35 g), DIEPA (10.0 mmol, 1.29 g), and 20 ml of DCM was stirred at 0°C for 15 min. Then, EDCI (10 mmol, 1.92 g) was added. The reaction was stirred at 25°C for 18 h. After the reaction was completed, the solvent was removed under reduced pressure, and the crude product was purified by column chromatography to obtain intermediate B. Then, a mixture of intermediate B (10.0 mmol, 2.88 g) and KOH (20.0 mmol, 1.12 g) was added in 30 ml of H2O/CH3OH/THF(v:v:v = 1:1:1) and stirred at room temperature for 12 h. Then, 10% of HCl solution was added until the solid no longer formed, and the crude product was purified by column chromatography to obtain intermediate C.
((2E,4E)-5-(Benzo[d][1,3]dioxol-5-yl)penta-2,4-dienoyl)glycine (C): brown solid, 2.56 g, yield 93%, mp: 214.5–216.7°C, 1H NMR (600 MHz, DMSO-d6) δ = 8.35 (s, 1H, -NH), 7.26–7.09 (m, 2H, Ar-H), 6.96 (d, J = 7.8 Hz, 1H, Ar-H), 6.92–6.65 (m, 3H, -CH = CH-), 6.13 (d, J = 15.0 Hz, 1H, -CH = CH-), 5.99 (s, 2H, -CH2), 3.82 (d, J = 5.5 Hz, 2H, -CH2). 13C NMR (151 MHz, DMSO-d6) δ = 171.72, 166.21, 148.33, 148.19, 140.49, 138.70, 131.18, 125.53, 124.22, 123.06, 108.88, 106.13, 101.67, 41.21. HRMS (ESI) calcd for C14H14O5N [M + H]+: 276.08665, found 276.08572.
2.1.4 Preparation of target compounds D1–D28
A mixture of intermediate C (1.0 mmol, 275 mg), amine (1.2 mmol), HOBt (1.2 mol, 162.14 mg), DIEPA (1.2 mol, 155.1 mg), and 10 ml of DCM was stirred at 0°C for 15 min. Then, EDCI (1.2 mol, 230.0 mg) was added, and the reaction mixture was stirred at 25°C for 18 h. After the reaction was completed, the solvent was removed under reduced pressure to give the crude product, and the target compounds were obtained via recrystallization using ethyl acetate and petroleum ether as the solvent.
(2E,4E)-5-(Benzo[d][1,3]dioxol-5-yl)-N-(2-oxo-2-(Phenylamino)ethyl)penta-2,4-dienamide (D1): brown solid, 81.2 mg, yield 23.2%, mp: >250.0°C, 1H NMR (600 MHz, DMSO-d6) δ = 9.99 (s, 1H, NH), 8.39 (t, J = 5.8 Hz, 1H, -NH), 7.57 (d, J = 7.8 Hz, 2H, Ar-H), 7.28 (t, J = 7.9 Hz, 2H, Ar-H), 7.24 (d, J = 1.1 Hz, 1H, Ar-H), 7.19–7.15 (m, 1H, Ar-H), 7.02 (t, J = 7.4 Hz, 1H, Ar-H), 6.98–6.83 (m, 4H, Ar-H and -CH = CH-), 6.19 (d, J = 15.0 Hz, 1H, -CH = CH-), 6.02 (s, 2H, -CH2), 3.96 (d, J = 5.9 Hz, 2H, -CH2). 13C NMR (151 MHz, DMSO-d6) δ = 168.24, 166.12, 148.37, 148.19, 140.24, 139.33, 138.57, 131.28, 129.14, 125.66, 124.56, 123.66, 123.06, 119.61, 108.86, 106.15, 101.68, 43.33. HRMS (ESI) calcd for C20H19O4N2 [M + H]+: 351.13393, found 351.13257.
(2E,4E)-5-(Benzo[d][1,3]dioxol-5-yl)-N-(2-oxo-2-(o-tolylamino)ethyl)penta-2,4-dienamide (D2): red solid, 88.0 mg, yield 24.1%, mp: >250.0°C, 1H NMR (600 MHz, DMSO-d6) δ = 9.32 (s, 1H, -NH), 8.43 (s, 1H, -NH), 7.40 (d, J = 7.4 Hz, 1H, Ar-H), 7.25–7.11 (m, 4H, Ar-H), 7.05 (d, J = 6.9 Hz, 1H, Ar-H), 6.98–6.84 (m, 4H, Ar-H and -CH = CH-), 6.19 (d, J = 15.0 Hz, 1H, -CH = CH-), 6.01 (s, 2H, -CH2), 4.00 (d, J = 4.5 Hz, 2H, -CH2), 2.17 (s, 3H, -CH3). 13C NMR (151 MHz, DMSO-d6) δ = 168.32, 166.25, 148.37, 148.20, 140.32, 138.63, 136.51, 131.83, 131.26, 130.71, 126.39, 125.64, 125.53, 125.00, 124.50, 123.07, 108.86, 106.15, 101.68, 43.24, 18.13. HRMS (ESI) calcd for C21H21O4N2 [M + H]+: 365.14958, found 365.14801.
(2E,4E)-5-(Benzo[d][1,3]dioxol-5-yl)-N-(2-oxo-2-(m-tolylamino)ethyl)penta-2,4-dienamide (D3): red solid, 148.1 mg, yield 40.6%, mp: 225.6–226.1°C, 1H NMR (600 MHz, DMSO-d6) δ = 9.90 (s, 1H, -NH), 8.37 (s, 1H, -NH), 7.42–7.32 (m, 2H, Ar-H), 7.24 (s, 1H, Ar-H), 7.18–7.14 (m, 2H, Ar-H), 6.97 (d, J = 7.9 Hz, 1H, Ar-H), 6.95–6.82 (m, 4H, Ar-H and -CH = CH-), 6.18 (d, J = 15.0 Hz, 1H, -CH = CH-), 6.01 (s, 2H, -CH2), 3.94 (d, J = 5.1 Hz, 2H, -CH2), 2.24 (s, 3H, -CH3). 13C NMR (151 MHz, DMSO-d6) δ = 168.17, 166.13, 148.36, 148.19, 140.26, 139.23, 138.60, 138.32, 131.26, 128.99, 125.64, 124.53, 124.38, 123.09, 120.13, 116.80, 108.87, 106.12, 101.68, 43.32, 21.60. HRMS (ESI) calcd for C21H21O4N2 [M + H]+: 365.14958, found 365.14841.
(2E,4E)-5-(Benzo[d][1,3]dioxol-5-yl)-N-(2-oxo-2-(p-tolylamino)ethyl)penta-2,4-dienamide (D4): red solid, 116 mg, yield 31.5%, mp: 178.8–180.7°C, 1H NMR (600 MHz, DMSO-d6) δ = 9.90 (s, 1H, -NH), 8.37 (t, J = 5.5 Hz, 1H, -NH), 7.44 (d, J = 8.2 Hz, 2H, Ar-H), 7.24 (s, 1H, Ar-H), 7.16 (m, 1H, Ar-H), 7.08 (d, J = 8.1 Hz, 2H, Ar-H), 6.99–6.81 (m, 4H, Ar-H and -CH = CH-), 6.18 (d, J = 15.0 Hz, 1H, -CH = CH-), 6.02 (s, 2H, -CH2), 3.94 (d, J = 5.7 Hz, 2H, -CH2), 2.22 (s, 3H, -CH3). 13C NMR (151 MHz, DMSO-d6) δ = 167.98, 166.09, 148.37, 148.19, 140.21, 138.55, 136.81, 132.58, 131.28, 129.51, 125.66, 124.59, 123.06, 119.64, 108.86, 106.15, 101.68, 43.28, 20.84. HRMS (ESI) calcd for C21H21O4N2 [M + H]+: 365.14958, found 365.14871.
(2E,4E)-5-(Benzo[d][1,3]dioxol-5-yl)-N-(2-((4-(tert-butyl)phenyl)amino)-2-oxoethyl)penta-2,4-dienamide (D5): red solid, 198.3 mg, yield 48.7%, mp: 124.4–125.1°C, 1H NMR (600 MHz, DMSO-d6) δ = 9.92 (s, 1H, NH), 8.38 (t, J = 5.3 Hz, 1H, -NH), 7.47 (d, J = 8.3, 2H, Ar-H), 7.29 (d, J = 8.4 Hz, 2H, Ar-H), 7.23 (s, 1H, Ar-H), 7.17 (m, 1H, Ar-H), 7.00–6.84 (m, 4H, Ar-H and -CH = CH-), 6.19 (d, J = 15.0 Hz, 1H, -CH = CH-), 6.01 (s, 2H, -CH = CH-), 3.95 (d, J = 5.6 Hz, 2H, -CH2), 1.22 (s, 9H, -CH3). 13C NMR (151 MHz, DMSO-d6) δ = 168.01, 166.13, 148.36, 148.19, 146.06, 140.24, 138.57, 136.71, 131.27, 125.72, 124.57, 123.05, 119.45, 114.17, 108.86, 106.15, 101.67, 43.24, 34.41, 31.62. HRMS (ESI) calcd for C24H27O4N2 [M + H]+: 407.19653, found 407.19501.
(2E,4E)-5-(Benzo[d][1,3]dioxol-5-yl)-N-(2-((3,5-dimethylphenyl)amino)-2-oxoethyl)penta-2,4-dienamide (D6): yellow solid, 73.4 mg, yield 19.4%, mp: >250.0°C 1H NMR (600 MHz, DMSO-d6) δ = 9.81 (s, 1H, -NH), 8.36 (t, J = 5.5 Hz, 1H, -NH), 7.24 (s, 1H, Ar-H), 7.21–7.12 (m, 3H, Ar-H), 6.98–6.83 (m, 4H, Ar-H and -CH = CH-), 6.66 (s, 1H, Ar-H), 6.18 (d, J = 15.0 Hz, 1H, -CH = CH-), 6.01 (s, 2H, -CH2), 3.92 (d, J = 5.7 Hz, 2H, -CH2), 2.20 (s, 6H, -CH3).13C NMR (151 MHz, DMSO-d6) δ = 168.08, 166.13, 148.37, 148.19, 140.22, 139.15, 138.57, 138.09, 131.27, 125.65, 125.22, 124.56, 123.06, 117.43, 108.86, 106.14, 101.68, 43.37, 21.51. HRMS (ESI) calcd for C22H23O4N2 [M + H]+: 379.16523, found 379.16409.
(2E,4E)-5-(Benzo[d][1,3]dioxol-5-yl)-N-(2-((3-ethynylphenyl)amino)-2-oxoethyl)penta-2,4-dienamide (D7): red solid, 59.8 mg, yield 15.9%, mp: 203.5–205.5°C, 1H NMR (600 MHz, DMSO-d6) δ = 10.10 (s, 1H, -NH), 8.40 (t, J = 5.5 Hz, 1H, -NH), 7.76 (s, 1H, Ar-H), 7.55 (d, J = 8.2 Hz, 1H, Ar-H), 7.30 (t, J = 7.9 Hz, 1H, Ar-H), 7.24 (s, 1H, Ar-H), 7.19–7.12 (m, 2H, Ar-H), 6.99–6.96 (m, 1H, Ar-H), 6.94–6.90 (m, 1H, -CH = CH-), 6.89–6.86 (m, 2H, -CH = CH-), 6.18 (d, J = 15.0 Hz, 1H, -CH = CH-), 6.02 (s, 2H, -CH2), 4.13 (s, 1H, CH≡), 3.96 (d, J = 5.8 Hz, 2H, -CH2). 13C NMR (151 MHz, DMSO-d6) δ = 168.58, 166.15, 148.37, 148.20, 140.28, 139.54, 138.61, 131.28, 129.63, 126.92, 125.65, 124.50, 123.08, 122.47, 122.44, 120.19, 108.86, 106.15, 101.68, 83.79, 80.90, 43.37. HRMS (ESI) calcd for C22H19O4N2 [M + H]+: 375.13393, found 375.13269.
(2E,4E)-5-(Benzo[d][1,3]dioxol-5-yl)-N-(2-oxo-2-((3,4,5-trimethoxyphenyl)amino)ethyl) penta-2,4-dienamide (D8): red solid, 183.3 mg, yield 41.6%, mp: 189.3–192.9°C, 1H NMR (600 MHz, DMSO-d6) δ = 9.92 (s, 1H, -NH), 8.36 (t, J = 5.7 Hz, 1H, -NH), 7.24 (s, 1H, Ar-H), 7.18–7.14 (m, 1H, Ar-H), 6.99–6.94 (m, 3H, Ar-H), 6.93–6.84 (m, 3H, -CH = CH-), 6.18 (d, J = 15.0 Hz, 1H, -CH = CH-), 6.01 (s, 2H, -CH2), 3.92 (d, J = 5.8 Hz, 2H, -CH2), 3.70 (s, 6H, -CH3), 3.59 (s, 3H, -CH3). 13C NMR (151 MHz, DMSO-d6) δ = 168.08, 166.14, 153.15, 148.36, 148.19, 140.28, 138.61, 135.43, 131.25, 125.62, 124.50, 123.09, 108.87, 106.13, 101.68, 97.52, 60.54, 56.17, 43.32. HRMS (ESI) calcd for C23H25O7N2 [M + H]+: 441.16563, found 441.16418.
(2E,4E)-5-(Benzo[d][1,3]dioxol-5-yl)-N-(2-((2-fluorophenyl)amino)-2-oxoethyl)penta-2,4-dien-amide (D9): white solid, 122.4 mg, yield 33%, mp: 185.5–188.9°C, 1H NMR (600 MHz, DMSO-d6) δ = 9.77 (s, 1H, -NH), 8.41 (t, J = 5.7 Hz, 1H, -NH), 7.85 (d, J = 6.6 Hz, 1H, Ar-H), 7.32–7.06 (m, 5H, Ar-H), 6.99–6.82 (m, 4H, Ar-H and -CH = CH-), 6.18 (d, J = 15.0 Hz, 1H, -CH = CH-), 6.02 (s, 2H, -CH2), 4.03 (d, J = 5.8 Hz, 2H, -CH2). 13C NMR (151 MHz, DMSO-d6) δ = 168.74, 166.19, 154.01 (d, 1JC-F = 246.1 Hz), 148.37, 148.21, 140.36, 138.64, 131.27, 126.36 (d, 2JC-F = 12.1 Hz), 125.64, 124.78, 124.76, 124.44, 123.08, 115.95, 115.82, 108.86, 106.15, 101.68, 43.16.19F NMR (564 MHz, DMSO) δ = -124.94. HRMS (ESI) calcd for C20H18O4N2F [M + H]+: 369.12451, found 369.12305.
(2E,4E)-5-(Benzo[d][1,3]dioxol-5-yl)-N-(2-((3-fluorophenyl)amino)-2-oxoethyl)penta-2,4-dien-amide (D10): red solid, 67.1 mg, yield 18.2%, mp: 226.0–227.5°C, 1H NMR (600 MHz, DMSO-d6) δ = 10.22 (s, 1H, -NH), 8.41 (s, 1H, -NH), 7.56 (d, J = 11.6 Hz, 1H, Ar-H), 7.30 (dt, J = 17.2, 7.9 Hz, 2H, Ar-H), 7.24 (s, 1H, Ar-H), 7.18–7.14 (m, 1H, Ar-H), 6.97–6.83 (m, 5H, Ar-H and -CH = CH-), 6.18 (d, J = 15.0 Hz, 1H, -CH = CH-), 6.01 (s, 2H, -CH2), 3.96 (d, J = 5.6 Hz, 2H, -CH2). 13C NMR (151 MHz, DMSO-d6) δ = 168.66, 166.19, 162.57 (d, 1JC-F = 241.6 Hz), 148.37, 148.20, 141.04 (d, 2JC-F = 12.1 Hz), 140.34, 138.64, 131.26, 130.8 (d, 3JC-F = 9.1 Hz), 125.63, 124.43, 123.08, 115.31, 110.12 (d, 2JC-F = 21.2 Hz), 108.87, 106.37 (d, 2JC-F = 27.2 Hz), 106.15, 101.68, 43.36.19F NMR (564 MHz, DMSO) δ = -112.05. HRMS (ESI) calcd for C20H18O4N2F [M + H]+: 369.12451, found 369.12344.
(2E,4E)-5-(Benzo[d][1,3]dioxol-5-yl)-N-(2-((4-fluorophenyl)amino)-2-oxoethyl)penta-2,4-dien- amide (D11): white solid, 120.0 mg, yield 32.6%. mp: 251.8–253.6°C 1H NMR (600 MHz, DMSO-d6) δ = 10.05 (s, 1H, -NH), 8.40 (t, J = 5.8 Hz, 1H, -NH), 7.59–7.57 (m, 2H, Ar-H), 7.24 (d, J = 1.2 Hz, 1H, Ar-H), 7.14 (dt, J = 17.7, 9.8 Hz, 3H, Ar-H), 6.98–6.84 (m, 4H, Ar-H and -CH = CH-), 6.18 (d, J = 15.0 Hz, 1H, -CH = CH-), 6.02 (s, 2H, -CH2), 3.94 (d, J = 5.8 Hz, 2H, -CH2). 13C NMR (151 MHz, DMSO-d6) δ = 168.19, 166.11, 159.43 (d, 1JC-F = 240.1 Hz), 148.28 (d, 2JC-F = 27.3 Hz), 140.25, 138.59, 135.71, 131.27, 125.65, 124.53, 123.07, 121.38, 115.70 (d, 2JC-F = 22.7 Hz), 109.99, 108.86, 106.14, 101.68, 43.25.19F NMR (564 MHz, DMSO) δ = -119.48. HRMS (ESI) calcd for C20H18O4N2F [M + H]+: 369.12451, found 369.12338.
(2E,4E)-5-(Benzo[d][1,3]dioxol-5-yl)-N-(2-((3-chlorophenyl)amino)-2-oxoethyl)penta-2,4-dien-amide (D12): yellow solid, 82.5 mg, yield 21.5% mp: 223.8–225.7°C, 1H NMR (600 MHz, DMSO-d6) δ = 10.19 (s, 1H, -NH), 8.41 (t, J = 5.7 Hz, 1H, -NH), 7.77 (s, 1H, Ar-H), 7.43 (d, J = 8.2 Hz, 1H, Ar-H), 7.31 (t, J = 8.1 Hz, 1H, Ar-H), 7.24 (s, 1H, Ar-H), 7.18–7.14 (m, 1H, Ar-H), 7.08 (d, J = 8.0 Hz, 1H, Ar-H), 6.98–6.83 (m, 4H, Ar-H and -CH = CH-), 6.18 (d, J = 15.1 Hz, 1H, -CH = CH-), 6.02 (s, 2H, -CH2), 3.95 (d, J = 5.8 Hz, 2H, -CH2). 13C NMR (151 MHz, CDCl3) δ = 173.45, 170.92, 153.12, 152.95, 145.52, 145.07, 143.39, 138.25, 136.02, 135.62, 130.39, 129.19, 128.14, 127.84, 123.80, 122.72, 113.62, 110.90, 106.43, 48.12. HRMS (ESI) calcd for C20H18O4N2Cl [M + H]+: 385.09496, found 385.09415.
(2E,4E)-N-(2-((3-Acetylphenyl)amino)-2-oxoethyl)-5-(benzo[d][1,3]dioxol-5-yl)penta-2,4-dien-amide (D13): brown solid, 137 mg, yield 35.0%, mp: >250.0°C, 1H NMR (600 MHz, DMSO-d6) δ = 10.20 (s, 1H, -NH), 8.40 (s, 1H, -NH), 8.15 (s, 1H, Ar-H), 7.83 (d, J = 7.6 Hz, 1H, Ar-H), 7.64 (d, J = 7.4 Hz, 1H, Ar-H), 7.45 (t, J = 7.8 Hz, 1H, Ar-H), 7.24 (s, 1H, Ar-H), 6.97 (d, J = 7.4 Hz, 2H, Ar-H), 6.90–6.83 (m, 3H, Ar-H and -CH = CH-), 6.19 (d, J = 15.0 Hz, 1H, -CH = CH-), 6.02 (s, 2H, -CH2), 3.98 (d, J = 5.3 Hz, 2H, -CH2), 2.53 (s, 3H, -CH3).13C NMR (151 MHz, DMSO-d6) δ = 198.01, 168.62, 166.16, 148.37, 148.20, 140.29, 139.70, 138.62, 137.82, 131.27, 129.60, 125.64, 124.50, 124.09, 123.72, 123.08, 118.84, 108.86, 106.15, 101.68, 43.37, 27.11. HRMS (ESI) calcd for C22H21O5N2 [M + H]+: 393.14450, found 393.14301.
(2E,4E)-5-(Benzo[d][1,3]dioxol-5-yl)-N-(2-((4-(methylthio)phenyl)amino)-2-oxoethyl)penta-2,4-dienamide (D14): brown solid, 54.5 mg, yield 13.7%, mp: 208.9–211.3°C, 1H NMR (600 MHz, DMSO-d6) δ = 10.01 (s, 1H, -NH), 8.39 (t, J = 5.7 Hz, 1H, -NH), 7.53 (d, J = 8.6 Hz, 2H, Ar-H), 7.23 (s, 1H, Ar-H), 7.22–7.18 (m, 2H, Ar-H), 7.17–7.10 (m, 1H, Ar-H), 6.99–6.95 (m, 1H, Ar-H), 6.89 (m, 3H, -CH = CH-), 6.18 (d, J = 15.0 Hz, 1H, -CH = CH-), 6.01 (s, 2H, -CH2), 3.95 (d, J = 5.8 Hz, 2H, -CH2), 2.41 (s, 3H, -CH3). 13C NMR (151 MHz, DMSO-d6) δ = 168.16, 166.14, 148.37, 148.19, 140.26, 138.58, 136.87, 132.24, 131.27, 127.67, 125.64, 124.54, 123.05, 120.33, 108.86, 106.15, 101.68, 43.31, 16.05. HRMS (ESI) calcd for C21H21O4N2S [M + H]+: 397.12165, found 397.12054.
(2E,4E)-5-(benzo[d][1,3]dioxol-5-yl)-N-(2-((3-(benzyloxy)phenyl)amino)-2-oxoethyl)penta-2,4-dienamide (D15): red solid, 99.2 mg, yield 21.7%, mp: 191.0–192.0°C, 1H NMR (600 MHz, DMSO) δ = 9.97 (s, 1H, -NH), 8.37 (t, J = 5.5 Hz, 1H, -NH), 7.41 (d, J = 7.6 Hz, 2H, Ar-H), 7.36 (t, J = 6.8 Hz, 3H, Ar-H), 7.30 (t, J = 6.8 Hz, 1H, Ar-H), 7.24 (s, 1H, Ar-H), 7.17 (dt, J = 15.2, 9.2 Hz, 2H, Ar-H), 7.10 (d, J = 7.9 Hz, 1H, Ar-H), 6.97 (d, J = 8.1 Hz, 1H, Ar-H), 6.95–6.78 (m, 4H, Ar-H and -CH = CH-), 6.69 (d, J = 8.0 Hz, 1H, -CH = CH-), 6.18 (d, J = 15.0 Hz, 1H, Ar-H), 6.02 (s, 2H, -CH2), 5.04 (s, 2H, -CH2), 3.95 (d, J = 5.8 Hz, 2H, -CH2). 13C NMR (151 MHz, DMSO-d6) δ = 168.31, 166.10, 159.06, 148.37, 148.19, 140.53, 140.25, 138.59, 137.49, 131.28, 129.97, 128.84, 128.21, 128.01, 125.65, 124.53, 123.09, 112.15, 109.97, 108.87, 106.38, 106.13, 101.68, 69.60, 43.34. HRMS (ESI) calcd for C27H25O5N2 [M + H]+: 457.17580, found 457.17459.
(2E,4E)-5-(Benzo[d][1,3]dioxol-5-yl)-N-(2-((4-(benzyloxy)phenyl)amino)-2-oxoethyl)penta-2,4-dienamide (D16): yellow solid, 97.6 mg, yield 21.3%, mp: 231.4–233.5°C, 1H NMR (600 MHz, DMSO) δ = 9.86 (s, 1H, -NH), 8.37 (t, J = 5.6 Hz, 1H, -NH), 7.47 (d, J = 8.9 Hz, 2H, Ar-H), 7.41 (d, J = 7.4 Hz, 2H, Ar-H), 7.35 (dt, J = 7.1, 5.0 Hz, 3H, Ar-H), 7.29 (t, J = 7.1 Hz, 1H, Ar-H), 7.24 (s, 1H, Ar-H), 6.97 (d, J = 7.7 Hz, 1H, Ar-H), 6.95–6.85 (m, 5H, Ar-H and -CH = CH-), 6.18 (d, J = 15.0 Hz, 1H, -CH = CH-), 6.01 (s, 2H, -CH = CH-), 5.03 (s, 2H, -CH2), 3.92 (d, J = 5.8 Hz, 2H, -CH2). 13C NMR (151 MHz, DMSO-d6) δ = 167.76, 166.11, 154.75, 148.36, 148.19, 140.21, 138.55, 137.63,132.69, 131.27, 128.81, 128.06, 125.65, 124.60, 123.05, 121.16, 116.24, 115.35, 108.87, 106.15, 101.68, 69.89, 43.21. HRMS (ESI) calcd for C27H25O5N2 [M + H]+: 457.17580, found 457.17438.
(2E,4E)-5-(Benzo[d][1,3]dioxol-5-yl)-N-(2-((4-((2,6-difluorobenzyl)oxy)phenyl)amino)-2-oxoethyl)penta-2,4-dienamide (D17): yellow solid, 89.7 mg, yield 18.2%, mp: 203.9–206.5°C, 1H NMR (600 MHz, DMSO-d6) δ = 9.89 (s, 1H, -NH), 8.38 (s, 1H, -NH), 7.49 (d, J = 8.9 Hz, 3H, Ar-H), 7.24 (s, 1H, Ar-H), 7.17–7.13 (m, 3H, Ar-H), 6.97 (t, J = 7.9 Hz, 3H, Ar-H), 6.92–6.84 (m, 3H, -CH = CH-), 6.19 (d, J = 15.0 Hz, 1H, -CH = CH-), 6.02 (s, 2H, -CH2), 5.04 (s, 2H, -CH2), 3.94 (d, J = 5.7 Hz, 2H, -CH2). 13C NMR (151 MHz, DMSO-d6) δ = 167.83, 166.08, 162.49, 160.84, 154.46, 148.28 (d, 2JC-F = 28.3 Hz), 140.21, 138.56, 133.17, 132.05, 131.28, 125.66, 124.59, 123.09, 121.10, 115.92 (d, 1JC-F = 199.3 Hz), 115.42, 112.18 (dd, J = 21.2, 4.5 Hz), 108.86, 106.13, 101.68, 58.38, 43.21.19F NMR (564 MHz, DMSO) δ = -115.17. HRMS (ESI) calcd for C27H23O5N2F2 [M + H]+: 493.15695, found 493.15533.
(2E,4E)-5-(Benzo[d][1,3]dioxol-5-yl)-N-(2-oxo-2-((4-((4-(trifluoromethyl)benzyl)oxy)phenyl)-amino) ethyl) penta-2,4-dienamide (D18): brown solid, 118.5 mg, yield 22.5%, mp: 200.6–202.7°C, 1H NMR (600 MHz, DMSO-d6) δ = 9.90 (s, 1H, -NH), 8.39 (s, 1H, -NH), 7.72 (d, J = 7.4 Hz, 2H, Ar-H), 7.63 (d, J = 7.5 Hz, 2H, Ar-H), 7.50–7.46 (m, 2H, Ar-H), 7.24 (s, 1H, Ar-H), 7.19–7.13 (m, 1H, Ar-H), 6.96 (t, J = 8.7 Hz, 3H, Ar-H), 6.91–6.83 (m, 3H, -CH = CH-), 6.19 (d, J = 15.0 Hz, 1H, -CH = CH-), 6.02 (s, 2H, -CH2), 5.16 (s, 2H, -CH2), 3.94 (d, J = 5.6 Hz, 2H, -CH2). 13C NMR (151 MHz, DMSO-d6) δ = 167.81, 166.09, 154.39, 148.37, 148.19, 142.54, 140.21, 138.56, 132.96, 131.27, 128.38, 125.68 (t, 4JC-F = 4.53 Hz), 124.59, 123.08, 121.15, 115.37, 108.85, 106.12, 101.68, 68.96, 43.21.19F NMR (564 MHz, DMSO) δ = -60.97. HRMS (ESI) calcd for C28H24O5N2F3 [M + H]+: 525.16318, found 525.16119.
(2E,4E)-5-(Benzo[d][1,3]dioxol-5-yl)-N-(2-oxo-2-((4-(pyridin-2-ylmethoxy)phenyl)amino)ethyl)-penta-2,4-dienamide (D19): brown solid, 95.2 mg, yield 20.8%, mp: 211.2–214.5°C 1H NMR (600 MHz, DMSO-d6) δ = 9.86 (s, 1H, -NH), 8.54 (d, J = 4.1 Hz, 1H, -NH), 8.36 (t, J = 5.5 Hz, 1H, Ar-H), 7.80 (td, J = 7.7, 1.7 Hz, 1H, Ar-H), 7.48 (d, J = 8.9 Hz, 3H, Ar-H), 7.33–7.29 (m, 1H, Ar-H), 7.24 (d, J = 1.2 Hz, 1H, Ar-H), 7.18–7.14 (m, 1H, Ar-H), 7.00–6.79 (m, 7H, Ar-H and -CH = CH-), 6.18 (d, J = 15.0 Hz, 1H, -CH = CH-), 6.02 (s, 2H, -CH2), 5.11 (s, 2H, -CH2), 3.93 (d, J = 5.8 Hz, 2H, -CH2). 13C NMR (151 MHz, DMSO-d6) δ = 167.79, 166.07, 157.25, 154.51, 149.49, 148.37, 148.18, 140.20, 138.56, 137.34, 132.88, 131.28, 125.66, 124.60, 123.32, 123.08, 122.05, 121.17, 115.30, 108.86, 106.13, 101.68, 70.95, 43.20. HRMS (ESI) calcd for C26H24O5N3 [M + H]+: 458.17105, found 458.16992.
(2E,4E)-5-(Benzo[d][1,3]dioxol-5-yl)-N-(2-((3-(benzyloxy)phenyl)amino)-2-oxoethyl)penta-2,4-dienamide (D20): brown solid, 110.4 mg, yield 24.8%, mp: 182.9–185.0°C 1H NMR (600 MHz, DMSO-d6) δ = 10.02 (s, 1H, -NH), 8.39 (t, J = 5.6 Hz, 1H, -NH), 7.58 (d, J = 8.8 Hz, 2H, Ar-H), 7.33 (t, J = 7.9 Hz, 2H, Ar-H), 7.24 (s, 1H, Ar-H), 7.18–7.14 (m, 1H, Ar-H), 7.07 (t, J = 7.3 Hz, 1H, Ar-H), 7.02–6.82 (m, 8H, Ar-H and -CH = CH-), 6.19 (d, J = 15.0 Hz, 1H, -CH = CH-), 6.02 (s, 2H, -CH2), 3.95 (d, J = 5.7 Hz, 2H, -CH2). 13C NMR (151 MHz, DMSO-d6) δ = 168.08, 166.12, 157.78, 152.22, 148.37, 148.19, 140.24, 138.58, 135.24, 131.28, 130.36, 125.66, 124.56, 123.40, 123.06, 121.31, 119.85, 118.32, 108.86, 106.15, 101.68, 43.28. HRMS (ESI) calcd for C26H23O5N2 [M + H]+: 443.16015, found 443.15891.
(2E,4E)-5-(Benzo[d][1,3]dioxol-5-yl)-N-(2-(benzylamino)-2-oxoethyl)penta-2,4-dienamide (D21): red solid, 62.2 mg, yield 17.1%, mp: 173.6–175.8°C, 1H NMR (600 MHz, DMSO-d6) δ = 8.38 (t, J = 5.3 Hz, 1H, -NH), 8.33 (t, J = 5.6 Hz, 1H, -NH), 7.29 (t, J = 7.4 Hz, 2H, Ar-H), 7.26–7.07 (m, 5H, Ar-H), 6.97 (d, J = 7.9 Hz, 1H, Ar-H), 6.94–6.82 (m, 3H, -CH = CH-), 6.15 (d, J = 15.0 Hz, 1H, -CH = CH-), 6.01 (s, 2H, -CH2), 4.27 (d, J = 5.8 Hz, 2H, -CH2), 3.81 (d, J = 5.7 Hz, 2H, -CH2). 13C NMR (151 MHz, DMSO-d6) δ = 169.42, 166.04, 148.37, 148.18, 140.10, 139.80, 138.50, 131.28, 128.64, 127.63, 127.15, 125.66, 124.73, 123.04, 108.86, 106.13, 101.68, 42.72, 42.52. HRMS (ESI) calcd for C21H21O4N2 [M + H]+: 365.14958, found 365.14828.
(2E,4E)-5-(Benzo[d][1,3]dioxol-5-yl)-N-(2-((2-chlorobenzyl)amino)-2-oxoethyl)penta-2,4-dienamide (D22): red solid, 182 mg, yield 45.6%, mp: 180.1–183.0°C, 1H NMR (600 MHz, DMSO-d6) δ = 8.40 (s, 1H, -NH), 8.36 (t, J = 5.4 Hz, 1H, -NH), 7.40 (d, J = 7.6 Hz, 1H, Ar-H), 7.35–7.21 (m, 4H, Ar-H), 7.18–7.14 (m, 1H, Ar-H), 6.97 (d, J = 8.0 Hz, 1H, Ar-H), 6.95–6.79 (m, 3H, -CH = CH-), 6.15 (d, J = 15.0 Hz, 1H, -CH = CH-), 6.01 (s, 2H, -CH2), 4.32 (d, J = 5.7 Hz, 2H, -CH2), 3.84 (d, J = 5.8 Hz, 2H, -CH2). 13C NMR (151 MHz, DMSO-d6) δ = 169.72, 166.10, 148.37, 148.18, 140.14, 138.54, 136.66, 132.36, 131.27, 129.46, 129.18, 128.98, 127.53, 125.65, 124.67, 123.08, 108.86, 106.12, 101.68, 42.72, 40.43. HRMS (ESI) calcd for C21H20O4N2Cl [M + H]+: 399.11061, found 399.10913.
(2E,4E)-5-(Benzo[d][1,3]dioxol-5-yl)-N-(2-oxo-2-(phenethylamino)ethyl)penta-2,4-dienamide (D23):white solid, 147.5 mg, yield 38.9%, mp: 166.5–168.4°C, 1H NMR (600 MHz, DMSO-d6) δ = 8.26 (t, J = 5.4 Hz, 1H, -NH), 7.93 (s, 1H, -NH), 7.27–7.23 (m, 3H, Ar-H), 7.21–7.09 (m, 4H, Ar-H), 7.00–6.82 (m, 4H, Ar-H and -CH = CH-), 6.15 (d, J = 15.0 Hz, 1H, -CH = CH-), 6.01 (s, 2H, -CH2), 3.73 (d, J = 5.8 Hz, 2H, -CH2), 3.29–3.25 (m, 2H, -CH2), 2.69 (t, J = 7.3 Hz, 2H, -CH2). 13C NMR (151 MHz, DMSO-d6) δ = 169.23, 165.96, 148.37, 148.18, 140.11, 139.83, 138.51, 131.28, 129.03, 128.75, 126.50, 125.65, 124.69, 123.07, 108.86, 106.12, 101.68, 42.69, 40.66, 35.62. HRMS (ESI) calcd for C22H23O4N2 [M + H]+: 379.16523, found 379.16385.
(2E,4E)-5-(Benzo[d][1,3]dioxol-5-yl)-N-(2-oxo-2-((3-phenylpropyl)amino)ethyl)penta-2,4-dienamide (D24): white solid, 161.9 mg, yield 44.6%, mp: 166.5–168.4°C, 1H NMR (600 MHz, DMSO-d6) δ = 8.29 (t, J = 5.5 Hz, 1H, -NH), 7.90 (d, J = 4.9 Hz, 1H, -NH), 7.30–7.22 (m, 3H, Ar-H), 7.20–7.09 (m, 4H, Ar-H), 6.98–6.94 (m, 1H, Ar-H), 6.94–6.77 (m, 3H, -CH = CH-), 6.16 (d, J = 15.0 Hz, 1H, -CH = CH-), 6.01 (s, 2H, -CH2), 3.74 (d, J = 5.8 Hz, 2H, -CH2), 3.08–3.04 (m, 2H, -CH2), 2.57–2.51 (m, 2H, -CH2), 1.73–1.63 (m, 2H, -CH2). 13C NMR (151 MHz, DMSO-d6) δ = 169.20, 165.95, 148.36, 148.17, 142.15, 140.05, 138.47, 131.28, 128.70, 128.68, 126.12, 125.66, 124.75, 123.05, 108.86, 106.12, 101.68, 42.71, 38.60, 32.89, 31.30. HRMS (ESI) calcd for C23H25O4N2 [M + H]+: 393.18088, found 393.17938.
(2E,4E)-5-(Benzo[d][1,3]dioxol-5-yl)-N-(2-(naphthalen-2-ylamino)-2-oxoethyl)penta-2,4-dienamide (D25): brown solid, 93.3 mg, yield 23.31%, mp: 141.9–144.2°C 1H NMR (600 MHz, DMSO-d6) δ = 10.01 (s, 1H, -NH), 8.50 (s, 1H, -NH), 8.07 (d, J = 6.8 Hz, 1H, Ar-H), 7.91 (d, J = 6.7 Hz, 1H, Ar-H), 7.75 (d, J = 7.5 Hz, 1H, Ar-H), 7.58–7.46 (m, 3H, Ar-H), 7.24 (s, 1H, Ar-H), 6.92 (dt, J = 37.5, 12.0 Hz, 6H, Ar-H and -CH = CH-), 6.23 (d, J = 14.8 Hz, 1H, -CH = CH-), 6.01 (s, 2H, -CH2), 4.15 (s, 2H, -CH2). 13C NMR (151 MHz, DMSO-d6) δ = 169.14, 166.35, 148.37, 148.20, 140.32, 138.62, 134.15, 133.80, 131.27, 128.52, 128.21, 126.46, 125.98, 125.66, 124.59, 124.05, 123.17, 123.07, 115.91, 108.87, 107.96, 106.15, 101.69, 43.37. HRMS (ESI) calcd for C24H21O4N2 [M + H]+: 401.14958, found 401.14816.
(2E,4E)-5-(Benzo[d][1,3]dioxol-5-yl)-N-(2-(benzo[d][1,3]dioxol-5-ylamino)-2-oxoethyl)penta-2,4-dienamide (D26): black solid, 110.4 mg, yield 27.9%, mp: 198.5–201.9°C 1H NMR (600 MHz, DMSO-d6) δ = 9.91 (s, 1H, -NH), 8.37 (s, 1H, -NH), 7.28–7.21 (m, 2H, Ar-H), 7.18–7.14 (m, 1H, Ar-H), 6.99–6.91 (m, 3H, Ar-H), 6.90–6.86 (m, 2H, -CH = CH-), 6.83 (t, J = 5.8 Hz, 1H, -CH = CH-), 6.18 (d, J = 15.1 Hz, 1H, -CH = CH-), 6.02 (s, 2H, -CH2), 5.95 (s, 2H, -CH2), 3.92 (d, J = 5.7 Hz, 2H, -CH2). 13C NMR (151 MHz, DMSO-d6) δ = 167.88, 166.08, 148.37, 148.19, 147.47, 143.33, 140.22, 138.56, 133.74, 131.28, 125.65, 124.57, 123.06, 112.44, 108.86, 108.44, 106.14, 101.82, 101.68, 101.37, 43.24. HRMS (ESI) calcd for C21H19O6N2 [M + H]+: 395.12376, found 395.12210.
(2E,4E)-5-(Benzo[d][1,3]dioxol-5-yl)-N-(2-((1-methyl-1H-indol-5-yl)amino)-2-oxoethyl)penta-2,4-dienamide (D27): yellow solid, 142.8 mg, yield 35.4%, mp: 218.4–221.1°C, 1H NMR (600 MHz, DMSO-d6) δ = 9.81 (s, 1H, -NH), 8.38 (t, J = 5.6 Hz, 1H, -NH), 7.84 (s, 1H, Ar-H), 7.33 (d, J = 8.8 Hz, 1H, Ar-H), 7.28–7.22 (m, 2H, Ar-H), 7.19–7.15 (m, 1H, Ar-H), 7.00–6.82 (m, 4H, Ar-H and -CH = CH-), 6.34 (d, J = 2.8 Hz, 1H, -CH = CH-), 6.20 (d, J = 15.0 Hz, 1H, -CH = CH-), 6.02 (s, 2H, -CH2), 3.97 (d, J = 5.8 Hz, 2H, -CH2), 3.73 (s, 3H, -CH3).13C NMR (151 MHz, DMSO-d6) δ = 167.62, 166.07, 148.37, 148.18, 140.15, 138.52, 133.78, 131.47, 131.30, 130.56, 128.26, 125.69, 124.70, 123.06, 115.24, 111.42, 109.87, 108.86, 106.14, 101.68, 100.65, 43.33, 32.92. HRMS (ESI) calcd for C23H22O4N3 [M + H]+: 404.16048, found 404.15900.
(2E,4E)-5-(Benzo[d][1,3]dioxol-5-yl)-N-(2-oxo-2-((2,2,2-trifluoroethyl)amino)ethyl)penta-2,4-dienamide (D28): yellow solid, 70.5 mg, yield 19.7%, mp: 154.2–156.1°C 1H NMR (600 MHz, DMSO-d6) δ = 8.52 (t, J = 5.9 Hz, 1H, -NH), 8.32 (t, J = 5.6 Hz, 1H, -NH), 7.23 (s, 1H, Ar-H), 7.17–7.13 (m, 1H, Ar-H), 6.97 (d, J = 7.9 Hz, 1H, Ar-H), 6.91–6.87 (m, 3H, -CH = CH-), 6.14 (d, J = 15.0 Hz, 1H, -CH = CH-), 6.01 (s, 2H, -CH2), 3.90–3.86 (m, 2H, -CH2), 3.83 (d, J = 5.8 Hz, 2H, -CH2). 13C NMR (151 MHz, DMSO-d6) δ = 170.38, 166.05, 148.37, 148.19, 140.25, 138.59, 131.26, 125.62, 124.52, 123.07, 108.86, 106.13, 101.68, 42.33.19F NMR (564 MHz, DMSO) δ = -70.71. HRMS (ESI) calcd for C16H16O4N2F3 [M + H]+: 357.10567, found 357.10431.
2.1.5 Preparation of intermediates F1 and F2
A mixture of intermediate E (10.0 mmol), glycine methyl ester hydrochloride (9.0 mmol, 1.13 g), HOBt (10.0 mmol, 1.35 g), DIEPA (10.0 mmol, 1.29 g), and 20 ml of DCM was stirred at 0°C for 15 min. Then, EDCI (10 mol, 1.92 g) was added, and the mixture was stirred at 25°C for 18 h. After the reaction was completed, the solvent was removed under reduced pressure. Then, a mixture of KOH (20.0 mmol, 1.12 g) and 30 ml of H2O/CH3OH/THF (v:v:v = 1:1:1) was added to the crude products, and the reaction mixture was stirred at room temperature for 12 h. Then, 10% of HCl solution was added until a solid precipitate formed. The solvent was removed under reduced pressure, and the crude product was purified by column chromatography to obtain intermediates F1 and F2.
Cinnamoylglycine (F1): white solid, 1.75 g, yield 85%, mp: 198.4–201.5°C, 1H NMR (600 MHz, DMSO-d6) δ = 8.42 (s, 1H, -NH), 7.55 (d, J = 7.4 Hz, 2H, Ar-H), 7.47–7.28 (m, 4H, Ar-H and -CH = CH-), 6.71 (d, J = 15.8 Hz, 1H, -CH = CH-), 3.87 (d, J = 5.1 Hz, 2H, -CH2). 13C NMR (151 MHz, DMSO-d6) δ = 171.64, 165.77, 139.63, 135.25, 129.95, 129.35, 127.99, 122.17, 41.30. HRMS (ESI) calcd for C11H12O3N [M + H]+: 206.08117, found 206.08066.
(E)-(3-(3,4-Difluorophenyl)acryloyl)glycine (F2): white solid, 1.98 g, yield 82%, mp: 210.0–213.1°C, 1H NMR (600 MHz, DMSO-d6) δ = 8.38 (s, 1H, -NH), 7.72–7.62 (m, 1H, Ar-H), 7.49–7.27 (m, 3H, Ar-H and -CH = CH-), 6.68 (d, J = 15.6 Hz, 1H, -CH = CH-), 3.87 (d, J = 3.0 Hz, 2H, -CH2). 13C NMR (151 MHz, DMSO-d6) δ = 171.58, 165.39, 151.07 (dd, J = 46.8, 12.1 Hz), 149.47 (dd, J = 45.3, 12.1 Hz), 137.52, 133.21 (dd, J = 6.0, 4.5 Hz), 125.19 (dd, J = 7.6, 4.5 Hz), 123.52, 118.42 (d, 3JC-F = 18.1 Hz), 116.69 (d, 3JC-F = 16.6 Hz), 41.31.19F NMR (564 MHz, DMSO) δ = -136.97, -138.11. HRMS (ESI) calcd for C11H10O3NF2 [M + H]+: 242.06233, found 242.06166.
2.1.6 Preparation of target compounds J1 and J2
A mixture of intermediate F (1.0 mmol), amine (1.2 mmol), HOBt (1.2 mol, 162.14 mg), DIEPA (1.2 mol, 155.1 mg), and 10 ml of DCM was stirred at 0°C for 15 min. Then, EDCI (1.2 mol, 230.0 mg) was added, and the reaction mixture was stirred at 25°C for 18 h. After the reaction was completed, the solvent was removed under reduced pressure to give the crude product. Then, the target compounds J1 and J2 were obtained via recrystallization using ethyl acetate and petroleum ether as the solvent.
N-(2-oxo-2-((4-Phenoxyphenyl)amino)ethyl) cinn-amamide (J1): white solid, 58.2 mg, yield 15.6%, mp: 213.4–217.5°C, 1H NMR (600 MHz, DMSO-d6) δ = 10.07 (s, 1H, -NH), 8.45 (t, J = 5.5 Hz, 1H, -NH), 7.59–7.55 (m, 4H, Ar-H), 7.47–7.30 (m, 6H, Ar-H), 7.07 (t, J = 7.4 Hz, 1H, Ar-H), 6.97–6.93 (m, 4H, Ar-H), 6.76 (d, J = 15.8 Hz, 1H, -CH = CH-), 4.01 (d, J = 5.8 Hz, 2H, -CH2). 13C NMR (151 MHz, DMSO-d6) δ = 167.96, 165.88, 157.76, 152.24, 139.54, 135.28, 135.19, 130.37, 129.95, 129.37, 128.00, 123.42, 122.31, 121.34, 119.87, 118.32, 43.31. HRMS (ESI) calcd for C23H21O3N2 [M + H]+: 373.15467, found 373.15344.
(E)-N-(2-((4-(benzyloxy)phenyl)amino)-2-oxo-ethyl)-3-(3,4-difluorophenyl)acrylamide (J2): white solid, 49.5 mg, yield 11.7%, mp: 246.2–248.3°C, 1H NMR (600 MHz, DMSO-d6) δ = 9.90 (s, 1H, -NH), 8.39 (t, J = 5.6 Hz, 1H, Ar-H), 7.69–7.65 (m, 1H, Ar-H), 7.51–7.39 (m, 7H, Ar-H), 7.35 (t, J = 7.5 Hz, 2H, Ar-H), 7.29 (t, J = 7.2 Hz, 1H, Ar-H), 6.94 (d, J = 8.9 Hz, 2H, Ar-H), 6.75 (d, J = 15.8 Hz, 1H, -CH = CH-), 5.03 (s, 2H, -CH2), 3.98 (d, J = 5.6 Hz, 2H, -CH2). 13C NMR (151 MHz, DMSO-d6) δ = 167.53, 165.45, 154.77, 151.12 (dd, J = 43.8, 12.1 Hz), 149.48 (dd, J = 40.8, 13.6 Hz), 137.48 (d, 2JC-F = 39.3 Hz), 133.29 (dd, J = 6.0, 3.0 Hz), 132.64, 128.81, 128.32 (d, 1JC-F = 117.8 Hz), 128.18, 128.06, 125.15 (dd, J = 6.0, 3.0 Hz), 123.77, 121.16, 118.45 (d, 2JC-F = 18.1 Hz), 116.68 (d, 2JC-F = 18.1 Hz), 115.35, 69.87, 43.25.19F NMR (564 MHz, DMSO) δ = -137.01, -138.10.
2.2 Bioactivity assay against P. xylostella
The biological activity was evaluated using the leaf dipping method. The stock solution of insecticides was diluted using an aqueous solution of 0.05% Triton X-80. Cabbage leaf discs were dipped in solutions with the insecticide concentration (0.2 mg/ml) for 15 s and allowed to dry for 2 h. Control discs were treated with a 0.05% Triton X-80 solution. All the dipped leaf discs were dried at room temperature before being placed in Petri dishes (10 cm in diameter). Each set of concentrations was replicated three times. Next, 10 s-instar larvae were transferred to each Petri dish. The dishes were then stored in an incubator at 25 ± 2°C, 70 ± 20% RH (relative humidity) and kept under a 14:10 h light/dark photoperiod. Larvae mortality was recorded at 48 h.
2.3 Docking
A bioinformatics analysis for the molecular docking of D28 with GABAA receptor was conducted according to the method used by Sun et al. (2021). A homology model of GABAA was constructed using the online server SWISS-MODEL (https://swissmodel.expasy.org/). Molecular docking of D28 with GABAA receptor was performed using Autodock software (version 4.2) (Bajaj et al., 1996). The energetically minimized three-dimensional structure of AITC was constructed using Chem 3D ultra 2010. The pdb files of D28 and GABAA receptor were set as the ligand and the receptor, respectively, followed by sequenced procedures using Autogrid and Autodock. Docking results with minimized reaction energy were selected, and binding sites were analyzed with PyMOL software (Seeliger and de Groot, 2010).
3 RESULTS AND DISCUSSION
3.1 Chemistry
The synthetic routes of compounds D1–D28, J1, and J2 are outlined in Figure 2. The pathway started from the reaction of piperine and NaOH in EtOH under 85°C for 12 h, which produced intermediate A. Then, intermediate A reacted with methyl glycinate to produce intermediate B in the presence of HOBt, DIPEA, and EDCI using CH2Cl2 as the solvent. Next, intermediate B reacted with KOH in H2O/CH3OH/THF (v:v:v = 1:1:1) to produce intermediate C. The target compounds D1–D28 were obtained via a condensation reaction between intermediate C and different amines. The compounds J1 and J2 were prepared using E1 and E2 as the starting materials that was followed by two condensation reactions to form the target compounds J1 and J2. All desired products were confirmed by 1H-NMR, 13C-NMR, 19F-NMR, and HRMS.
[image: Figure 2]FIGURE 2 | Synthesis route of the target compounds. Reaction conditions: (i) NaOH and EtOH, 85°C, 12 h; (ii) HOBt, DIEPA, EDCI, glycine methyl ester hydrochloride, and DCM, 0–25°C, 18 h; (iii) NaOH and EtOH, 85°C, 12 h; (iv) amine, HOBt, DIEPA, EDCI, and DCM, 0–25°C; (v) HOBt, DIEPA, EDCI, glycine methyl ester hydrochloride, and DCM, 0–25°C, 18 h; (vi) NaOH and EtOH, 85°C, 12 h; (vii) amine, HOBt, DIEPA, EDCI, and DCM, 0–25°C.
3.2 Insecticidal biological activity
The results of the insecticidal activity against P. xylostella are shown in Table 1. These compounds showed better insecticidal activities against P. xylostella than piperine, although most of the target compounds had low insecticidal activities with a mortality rate of less than 20% at a concentration of 0.2 mg/ml. Compounds D12, D23, and D28 showed the highest activity among these compounds, with a mortality rate of 26.7, 26.7, and 43.3% at 48h, respectively. To further compare the difference in insecticidal activities of compound D28 and piperine, the mortality rates of these two compounds were tested at 1 mg/ml (Table 2), and compound D28 showed 90% mortality. From the structure–activity relationship, R showed significant effects on the insecticidal activities of the target compounds. When R was trifluoroethyl, compound D28 showed the best insecticidal activities, followed by arenethyl. When chlorine was substituted at the 3-position of the benzene ring, compound D12 showed higher insecticidal activity. When the substituent R was CH3, compounds with CH3 at the meta-position showed higher activity, for instance, D3 (3-CH3) > D2 (2-CH3) ≈ D4 (4-CH3). Meanwhile, when R was benzyloxy-substituted phenyl, it seemed to have higher activity than alkyl-substituted phenyl. For instance, D18 (4-CF3-Benzyloxy-Ph) > D8 (3,4,5-triCH3-Ph) > D21 (Bn).
TABLE 1 | Insecticidal activity of piperine and target compounds against P. xylostella on larvae (mortality (%) ± SD) (48 h).
[image: Table 1]TABLE 2 | Insecticidal activity of piperine and D28 against P. xylostella at 1 mg/ml on larvae (mortality (%) ± SD) (48 h).
[image: Table 2]3.3 Molecular docking of compound D28 with GABAA receptor
To identify the binding affinity of D28 and GABAA receptor, we determined the molecular docking of D28 and GABAA receptor using Autodock software (Figure 3). Figure 3A and b indicate that D28 binds at ARG180, GLN246, and LEU182 within the GABAA receptor by hydrogen bonds, of which distances were 1.927, 2.026, and 2.058 Å, respectively. The molecular docking results indicated that compound D28 could act on the GABAA receptor.
[image: Figure 3]FIGURE 3 | Molecular docking results of D28 with GABAA receptor analyzed using PyMOL software. (A) Protein surface view for docking of D28 with GABAA receptor with the interaction of a hydrogen bond; (B) picture of the docking of D28 with GABAA receptor, with binding sites at ARG180, GLN246, and LEU182.
4 CONCLUSION
In summary, 30 novel piperine derivatives containing linear bisamide were designed and synthesized. The structures of these compounds were confirmed via 1H-NMR, 13C-NMR, and HRMS. The insecticidal activities of these compounds were evaluated, and all of them have better insecticidal activities against P. xylostella than piperine. In addition, compound D28 displayed good insecticidal activity. The insecticidal mechanism of compound D28 was studied using molecular docking, and the results indicated that compound 34 may act on GABAA receptors. These findings indicated that these piperine derivatives have the potential to be a promising lead compound for further study.
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Eucommia ulmoides Oliv. (Duzhong), a valued traditional herbal medicine in China, is rich in antibacterial proteins and is effective against a variety of plant pathogens. Fusarium oxysporum is a pathogenic fungus that infects plant roots, resulting in the death of the plant. In this study, transcriptomic and proteomic analyses were used to explore the molecular mechanism of E. ulmoides counteracts F. oxysporum infection. Transcriptomic analysis at 24, 48, 72, and 96 h after inoculation identified 17, 591, 1,205, and 625 differentially expressed genes (DEGs), while proteomics identified were 66, 138, 148, 234 differentially expressed proteins (DEPs). Meanwhile, GO and KEGG enrichment analyses of the DEGs and DEPs showed that they were mainly associated with endoplasmic reticulum (ER), fructose and mannose metabolism, protein processing in the ER, type II diabetes mellitus, the ribosome, antigen processing and presentation, and the phagosome. In addition, proteome and transcriptome association analysis and RT-qPCR showed that the response of E. ulmoides to F. oxysporum was likely related to the unfolded protein response (UPR) of the ER pathway. In conclusion, our study provided a theoretical basis for the control of F. oxysporum.
Keywords: transcriptome, proteome, Eucommia ulmoides, Fusarium oxysporum, endoplasmic reticulum
INTRODUCTION
Eucommia ulmoides Oliv. (Duzhong) is a traditional Chinese herbal medicine and is recorded in the ancient pharmacy classics, Shen Nong’s Herbal Classic and Compendium of Materia Medical (Anderson, 1982). It is the only existing species of the family Eucommiaceae (Tokumoto et al., 2016). The leaves and bark of E. ulmoides have been listed in the Chinese Pharmacopoeia (Qian et al., 2010), and its medicinal components have attracted extensive attention. It has been used to treat hypertension, hyperlipidemia, obesity, diabetes, inflammation, and other conditions. In addition, it also has antiviral, antibacterial, antioxidant, antitumor, and other activities (Qian et al., 2010; Fujiwara et al., 2016; Hussain et al., 2017; Cho et al., 2018; Lee et al., 2018).
Fusarium oxysporum is a widespread plant pathogenic fungus, belonging to the imperfect fungi. It is a soil-borne parasite and produces large numbers of sickle-shaped conidia through asexual reproduction after infecting the plant (Gordon and Martyn, 1997; Michielse and Rep, 2010). It infects the plant roots and causes deterioration of the vascular bundles, damages the functioning of the ducts, and may cause the death of the plant through damage at all stages of the plant growth (Pietro et al., 2010). Fusarium infection affects a large number of crops with important economic value, such as the Musaceae, Rosaceae, Cucurbitaceae, Brassicaceae, Solanaceae, and Fabaceae (Gordon and Martyn, 1997; Edel-Hermann and Lecomte, 2019), which has brought serious losses to agricultural production. Our laboratory’s previous research found that the total protein extracted from E. ulmoides had a significant inhibitory effect on F. oxysporum (Liu et al., 2007). However, the molecular mechanism of E. ulmoides counteracts F. oxysporum infection was not clear yet.
With the development of high-throughput sequencing technologies, “omics” analyses have been widely applied to the study of plant-microbe interactions, especially in the study of plant responses to pathogen stress. The transcriptome represents the sum of all transcripts produced by a particular tissue or cell of a species at a specific time (Guo et al., 2021). Transcriptome sequencing can determine the expression of all genes during a particular period, which provides an important reference for gene transcription (Wilhelm and Landry, 2009). Transcriptome sequencing has been used extensively to study biotic and abiotic stresses in plants, and the technology can provide a comprehensive picture of gene expression in target biological tissues under specific stress conditions. Comparative transcriptome analysis can identify changes in the expression of genes associated with specific physiological or pathological conditions (Shi et al., 2020). Proteomics is used to identify and quantify the overall protein content of cells, tissues, or organisms. It is an effective complement to other omics analyses, such as genomics and transcriptomics. It provides a useful basis for elucidating the structure and function of proteins, resolving cellular signaling pathways (Wasinger et al., 1995; Mann et al., 2001; Monti et al., 2005), and understanding pathogenic mechanisms (Saleh et al., 2019).
With the development of biological information, in this study, we explore to study the molecular mechanism of E. ulmoides in response to F. oxysporum using transcriptome and proteome methods. This study will provide a theoretical basis for the control of F. oxysporum.
MATERIALS AND METHODS
Materials
The seeds of E. ulmoides were collected from E. ulmoides trees that had been established for over 10 years in the Key Laboratory of Mountain Plant Resource Protection and Germplasm Innovation, Institute of Agricultural Bioengineering, Guizhou University. F. oxysporum was isolated from Passiflora edulis Sims according to the method of Sarwar et al. (2005) showing characteristic symptoms of wilt and identified by the Tea Biotechnology Laboratory of Tea College of Guizhou University. Plants of P. edulis Sims showing characteristic symptoms of wilt were collected with fibrous tertiary roots on the basis of visual observations and brought in the laboratory for isolation of F. oxysporum.
Sample preparation
The peels of the mature seeds of E. ulmoides were removed and the seeds surfaces were thoroughly cleaned using sterile water. Then the seeds were soaked in sterile water for 12 h and rinsed with tap water. After disinfection with 75% alcohol for 60 s, the seeds were washed several times with sterile water, followed by soaking in NaClO solution with 10% available chlorine for 15 min. After several further washes with sterile water, the seeds were dried on sterile water-absorbing paper. The seed coat was then cut using a scalpel and inoculated on solid Murashige and Skoog (MS) basal medium with vitamins (cultured in a glass incubator containing 50 ml MS medium with a diameter of 5.5 cm and a height of 12 cm) and cultured under a light/dark cycle of 16/8 h at 25°C. After 15–20 days when the cotyledons were fully expanded, the roots of E. ulmoides seedlings with 2-4 true leaves were inoculated with F. ulmoides. The inoculated seedlings were cultured in dark at 25°C. After inoculation for 0, 24, 48, 72, and 96 h, the naked eye fungal infection and necrotic part were removed and the samples for subsequent experiments were collected from the tissue 1 cm above the removed tissue. Then, the collected samples were snap-frozen in liquid nitrogen and stored at -80°C.
RNA extraction and transcriptome sequencing
The collected samples (100 mg) were ground with liquid nitrogen. Total RNA was extracted using the Plant RNA Extraction Kit (ComWin Biotech Co., Ltd., Beijing, China) according to the supplied method, and three replicates were prepared for each treatment. Poly-A tailed mRNA was enriched using Oligo dT magnetic beads. The RNA was then fragmented and reverse-transcribed using random N6 primers. After synthesis of double-stranded DNA, the ends were flattened and phosphorylated at the 5′ end, while the 3′ end had a protruding “A” sticky end. The ligated product was amplified by PCR with specific primers (forward primer: 5′-GAA​CGA​CAT​GGC​TAC​GA-3′ and reverse primer: 5′-TGT​GAG​CCA​AGG​AGT​TG-3′), the PCR product was heat-denatured to single-stranded DNA and then cyclized with a bridge primer to obtain a single-stranded circular DNA library and sequenced using DNBSEQ platform.
The raw sequencing data contains reads with low quality, splice contamination, and high contents of unknown base N. These reads need to be removed before data analysis to ensure the reliability of the results. The filtering software SOAPnuke version 1.4.0 was used for analysis and filtering was performed using Trimmomatic v0.36 to remove the reads containing the connector, those with unknown base N contents greater than 5%, and low-quality reads with mass values of less than 10 accounting for more than 20% of the total base number of the reads. The clean reads were then used for subsequent analysis and were mapped to the Eucommia reference genome (https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA357336) (Chen et al., 2022) using HISAT 2.1.0 (Kim et al., 2015). The clean reads were also compared with reference gene sequences using Bowtie 22.2.5 (Langmead and Salzberg, 2012) and RSEM 1.2.8 (Li and Dewey, 2011) was used to calculate the expression levels of the genes and transcripts. All the programs were used with default parameters. The data that support the findings of this study have been deposited into CNGB Sequence Archive (CNSA) of China National GeneBank DataBase (CNGBdb) with accession number of CNP0003469.
Protein extraction and mass spectrometry analysis
The total protein of E. ulmoides was extracted according to the method of Yu et al. (2018) and analyzed by Nano LC-1DTM plus system (Eksigent, Dublin, CA, United States) combined with Triple TOF5600 MS (Foster City, CA, United States).
Max Quant version 1.5.2.8 (Cox et al., 2011) was used for processing the LC-MS/MS data. The E. ulmoides protein database downloaded from NCBI was used for MS/MS identification. The results of the Max Quant analysis, including the initial search for the precursor mass with a tolerance of 20 μl/ml, were used for mass recalibration (Cox and Mann, 2008). The false discovery rate (FDR) for peptide and protein identification was set at 0.01. Label-free quantification with a minimum of two ratio counts was used for normalization and the sum of two ratio counts was used to determine the normalized protein levels for comparison between samples (Cox and Mann, 2008). The IBAQ algorithm was used to calculate the absolute abundance of different proteins in a single sample (Luber et al., 2010), and the proteins were filtered to eliminate common contaminants and the interference of opposite databases. The data that support the findings of this study have been deposited into CNGB Sequence Archive (CNSA) of China National GeneBank DataBase (CNGBdb) with accession number of CNP0003469.
Functional annotation and enrichment analysis
To annotate unigenes which were assembled by Stringtie, sequences were searched by BLASTx against the NCBI non-redundant protein (nr) database and other databases, including the Swiss-Prot protein database, the Kyoto Encyclopedia of Genes and Genomes (KEGG) and the Gene Ontology (GO) databases. KEGG enrichment scatter plots and GO enrichment bar plots were constructed using the OmicStudio tools at https://www.omicstudio.cn/tool.
Identiﬁcation of differentially expressed genes and differentially expressed proteins
The DESeq2 R package (https://genomebiology.biomedcentral.com/articles/10.1186/s13059-014-0550-8, accessed on November 2020) was used to analyses the differential expression between groups; it uses a model based on the negative binomial distribution to provide statistical routines for determining differential expressions in digital gene expression data. The resulting p-values were adjusted by using Benjamini and Hochberg’s approach to control the false discovery rate (FDR < 0.01). Genes with an adjusted p value < 0.01 by DESeq2 were assigned as differentially expressed genes (DEGs). The protein differences between two groups were analyzed by t-tests. Proteins with p values ≤ 0.01 were considered to be differentially expressed proteins (DEPs).
Protein-mRNA correlation analysis
To correlate transcript and protein expression profiles, accession numbers from the proteome were extracted and compared with the annotated RNA-Seq libraries. A protein-mRNA correlation analysis was performed using the regularized-logarithm transformation (rlog) value of the spectral counts and the normalized log2 probe intensity for mRNAs. Briefly, we calculated the global Spearman correlation coefficient, rho, for protein-mRNA pairs within all DEPs and DEGs, similar regulatory patterns of DEPs and DEGs and opposite regulatory patterns of DEPs and DEGs, respectively. Adjusted p values based on the analysis of DEPs and DEGs were computed by the Benjamini-Hochberg procedure (Benjamini and Hochberg, 1995). The KEGG enrichment analysis and Advanced Heatmap Plots were performed using the OmicStudio tools by R version 3.6.3 (https://www.omicstudio.cn).
Analysis of the relative gene expression
Total RNA was extracted from powdered E. ulmoides samples using the Plant RNA Extraction Kit (ComWin Biotech Co., Ltd., Beijing, China). The RNA was reverse-transcribed using a Goldenstar™ RT6 cDNA Synthesis Kit (Tsingke Biotechnology, Beijing, China) according to the manufacturer’s instructions. Real-time quantitative polymerase chain reaction (RT-qPCR) was performed using the reaction sample (10 μl) with SoFast EvaGreen® Supermix (Bio-Rad, Hercules, CA, United States) and the RT-PCR assay was completed using the CFX ConnectTM Real-Time PCR System (Bio-Rad, Hercules, CA, United States), each sample was run in triplicate with appropriate negative controls, under the same condition used in previous studies: 95°C for 3 min, then 39 cycles of 95°C for 10 s, 65°C for 20 s, and 72°C for 10 s. Fluorescence data were collected at the end of the second step and, following cycling, the melting curve was determined in the range of 65–95°C with an increment of 0.05°C/s. Gene expression was normalized using elongation factor-1 alpha as an internal control. The specific primers used in RT-qPCR were designed by the RNA Folding Form (http://www.unafold.org/mfold/applications/rna-folding-form.php) and Primer Quest™ Tool (https://sg.idtdna.com/pages/tools/primerquest) and listed in Table 1. The 2−∆∆Ct method was used to calculate the relative expression levels. Each treatment was analyzed for three times.
TABLE 1 | List of primers used in this study.
[image: Table 1]RESULTS
Morphological observations
The roots morphology of E. ulmoides seedlings inoculated with F. oxysporum was observed. As shown in Figure 1, after 24 h of inoculation, no mycelia were observed on the MS basal medium and the roots of E. ulmoides seedlings, while small numbers of new mycelia of F. oxysporum were visible after 48 h; no obvious lesions or necrosis were seen on the roots at either time. After 72 h of inoculation, large numbers of new mycelia of F. oxysporum were apparent, although there was no evidence of lesions or necrosis. After 96 h of inoculation, the root of E. ulmoides was eroded by F. oxysporum, with clear signs of necrosis and finger sheath-like detachments.
[image: Figure 1]FIGURE 1 | The roots morphology of E. ulmoides seedlings after 0, 24, 48, 72, and 96 h of inoculation with F. oxysporum.
RNA-Seq data analysis
A total of 15 samples (label as ck-1, ck-2, ck-3, 24h-1, 24h-2, 24h-3, 48h-1, 48h-2, 48h-3, 72h-1, 72h-2, 72h-3, 96h-1, 96h-2, 96h-3) were tested using the DNBSEQ platform. The quality indicators of the filtered reads are shown in Supplementary Table S1. The results showed that a total of 95.99 GB high-quality reads were obtained from the RNA-Seq transcriptome sequencing. Each sample had three independent biological replicates and each sample produced an average of 6.40 GB of data. The Q20 and Q30 of each sample were over 96.04% and 87.42%, respectively. The block diagram of the FPKM values for each sample was shown in Supplementary Figure S1, which showed that the data are accurate and could be used directly for further analysis. The average comparison rate between the samples and the genome was 68.49%. A total of 5177 new genes were predicted and the expression of 28,604 genes was detected, of which 23,478 were known genes and 5,126 were possibly new genes. A total of 57,545 new transcripts were detected, of which 15,439 belonged to new variable splicing subtypes of known protein-coding genes, 5,177 were transcripts of new protein-coding genes, and the remaining 36,929 were long non-coding RNAs.
Bioinformatic analysis of differentially expressed genes
After 72 h of inoculation with F. oxysporum, the Venn diagram (Figure 2A) showed that the greatest number (1205) of DEGs in E. ulmoides were present, and the DEGs are visually represented in the volcano plot (Supplementary Figure S2) with the numbers of up- and downregulated genes being 292 and 913, respectively. Meanwhile, after 72 h of inoculation, the annotation of genes using the GO database indicated that the total number of genes (TB) and the significantly DEGs between the inoculated and uninoculated treatments (TS) with F. oxysporum were 23,802 and 1,013, respectively. The top four DEGs annotations in the biological process (BP) category were found to be cellular process, metabolic process, organic substance metabolic process, and cellular metabolic process, with the numbers of S genes (the number of significantly DEGs annotated in the designated database) were 296, 274, 231, and 211, respectively. In the cellular components (CC) category, DEGs were enriched in the membrane, membrane part, intrinsic component of membrane, and integral component of membrane categories, with S gene numbers of 403, 382, 371, and 370, respectively. The CC categories of cell, cell part, intracellular, intracellular part, intracellular organelle, and organelle were also enriched, and the numbers of S genes were 312, 300, 249, 249, 218, and 218, respectively. In the molecular functions (MF) category, the DEGs were enriched in catalytic activity, binding, ion binding, heterocyclic compound binding, organic cyclic compound binding, and transferase activity. The numbers of genes were 542, 478, 310, 309, 309, 212, and 212, respectively (Figure 2B; Supplementary Figure S3). KEGG pathway enrichment (Figure 2C; Supplementary Figure S4) showed that there were 12,550 TB genes and 600 TS genes. DEGs were significantly enriched in metabolic pathways, biosynthesis of secondary metabolites, plant-pathogen interaction, MAPK signaling pathway-plant, fructose and mannose metabolism, phosphatidylinositol signaling system, and protein processing in ER, with the gene numbers of 288, 174, 56, 55, 12, 10, and 9, respectively.
[image: Figure 2]FIGURE 2 | (A) Venn diagram of DEGs in E. ulmoides compared before (ck) with 24, 48, 72, and 96 h of inoculation with F. oxysporum, respectively. (B) GO analysis of DEGs in E. ulmoides between 0 and 72 h of inoculation with F. oxysporum. (C) KEGG enrichment analysis of DEGs in E. ulmoides between 0 and 72 h of inoculation with F. oxysporum.
Proteome annotation analysis
After the component analysis (Supplementary Figure S5) and cluster analysis (Supplementary Figure S6) of the DEPs, the data from three biological replicates obtained after 0, 24, 48, 72, and 96 h of inoculation with F. oxysporum were analyzed, indicating that both the samples and the data were reliable and could be further analyzed. A total of 1,595 peptides were obtained by searching and analyzing the peptides in the total proteomic library of E. ulmoides obtained before and after inoculation with F. oxysporum. Overall, 1397, 1268, 1206, 1220, and 1166 peptides were obtained after 0, 24, 48, 72, and 96 h of inoculation, respectively.
The Venn diagram (Figure 3A) showed that the number of DEPs was highest at 96 h after inoculation with F. oxysporum. The DEPs were visualized using a volcano plot (Supplementary Figure S7), indicating that eight proteins were up-regulated and 226 were downregulated after 96 h of inoculation compared with their expression before inoculation. The GO database indicated that the significant DEPs were enriched in small-molecule metabolic process, translation, carbohydrate metabolic process, protein folding, response to stress, and other BP. The number of DEPs in these categories were 50, 30, 27, 17, and 14, respectively. In the CC category, DEPs were enriched in cytoplasm, membrane, ribosome, chloroplast, and chloroplast, with 77, 27, 26, and 15 proteins in the respective categories. In terms of MF, the numbers of DEPs enriched in ion binding, oxidoreductase activity, hydrolase activity, structural molecule activity were 84, 45, 35, 28, and 27, respectively (Figure 3B; Supplementary Figure S8). KEGG pathway analysis (Figure 3C; Supplementary Figure S9) showed the most significant enrichment in the ribosome, carbon metabolism, biosynthesis of amino acids, glycolysis/gluconeogenesis, pyruvate metabolism, protein processing in ER, phagosome, antigen processing and presentation, and type II diabetes categories. The number of DEPs in each of these pathways was 18, 15, 10, 9, 7, 6, 5, 4, and 2, respectively.
[image: Figure 3]FIGURE 3 | (A) Venn diagram of DEPs in E. ulmoides compared before (ck) with 24, 48, 72, and 96 h of inoculation with F. oxysporum, respectively. (B) GO analysis of DEPs in E. ulmoides between 0 and 72 h of inoculation with F. oxysporum. (C) KEGG enrichment analysis of DEPs in E. ulmoides between 0 and 72 h of inoculation with F. oxysporum.
Analysis of the association between the proteomic and transcriptomic data
To correlate the transcript and protein expression profiles, the DEPs from the proteomic analysis were compared with the annotated RNA-Seq library. The results showed that 153 of the 326 proteins were expressed in the same pattern as their mRNAs, indicating that the expression of almost half of the proteins was regulated directly at the transcriptional level. Cluster analysis on these 326 DEGs and DEPs (Supplementary Figure S10) indicated that both DEGs and DEPs were reliable and could be further analyzed. Figure 4 showed 153 and 158 genes with similar and opposite regulatory patterns at the transcriptional and protein levels were analyzed for correlations, obtaining the pearson correlation coefficients (r) of 0.718 and -0.677, respectively. The red boxes in the KEGG pathways (Figure 5) highlight the pathways in which both DEPs and DEGs were common enriched in transcription, translation, and folding, sorting and degradation.
[image: Figure 4]FIGURE 4 | Correlation analysis based on the proteomics and transcriptomics. (A) Correlation analysis of differentially expressed proteins and genes with the same tendency of change. (B) The correlation analysis of significant differential expression of proteins and genes with opposite trends.
[image: Figure 5]FIGURE 5 | Pathway enriched in both the proteome and transcriptome. The red boxes represent in the pathways that are enriched in both protein and mRNA. (A) KEGG enrichment bar plot of Protemics. (B) KEGG enrichment bar plot of Transcriptome.
RT-qPCR results
The relative expression level of the DEPs and DEGs enriched in the ER pathway (ID: ko04141) were further analyzed using RT-qPCR method. The results showed that the relative expression level of translation initiation factor eIF-2B subunit alpha after 24, 48, 72, and 96 h of inoculation with F. oxysporum was 0.05, 0.15, 0.61, and 0.24 times lower than that of ck group (Figure 6A). The relative expression level of BCL2-associated athanogene 1 was 5.75 and 16.53 times higher at 48 and 72 h after inoculation, respectively, than ck group (Figure 6B). The ER contains at least three types of molecular chaperones of protein folding. The first of these includes the heat shock molecular chaperones such as HSP20, HSP70, and HSP90, the second includes the lectin molecular chaperones calcium-linked protein and calcium network protein, while the last category comprises enzymes related to protein processing and Ca2+ homeostasis, such as protein disulfide isomerase (PDI). The results of this study (Figures 6C–J) showed that, except for calreticulin, whose expression was suppressed after inoculation with F. oxysporum, the expression of all other molecular chaperones, including ER chaperone BiP, HSP20 family protein, heat shock 70 kDa protein 1/2/6/8, heat shock protein hsp70-hsp90, PDI A6, and calnexin, increased significantly at 72 h after inoculation, with the relative expression of hypoxia upregulated 1 increased 65.53 times more than before inoculation. During ER stress, the ER-associated degradation (ERAD) is activated at the transcriptional level to remove misfolded proteins, increasing their degradation by the ubiquitin-proteasome system. Figures 6K-L showed that the expression of the ubiquitin-binding enzyme E2 and ubiquitin-ligase F-box increased significantly at 72 h after inoculation, which were 10.07 and 75.26 times higher than those before inoculation, respectively.
[image: Figure 6]FIGURE 6 | Gene relative expression analysis of the ER pathway-related genes. Data are shown as the mean of three biological replicates ± SD. The * represents significant difference (**p < 0.01, ***p < 0.001, Student’s t-test). (A) Translation initiation factor eIF-2B subunit alpha. (B) BCL2-associated athanogene 1. (C) Endoplasmic reticulum chaperone BiP. (D) HSP20 family protein. (E) Heat shock 70 kDa protein 1/2/6/8. (F) Hypoxia upregulated 1. (G) Heat shock protein hsp70-hsp-90. (H) Protein disulfide-isomerase A6. (I) Calnexin. (J) Calreticulin. (K) Ubiquitin-conjugating enzyme E2. (L) F-box and WD-40 domain protein 1/11.
DISCUSSION
F. oxysporum is an important pathogenic fungus, which can cause skin and eye lesions in mammals through infection of breaks in the skin, and also causes fusarium wilt in many crops through soil transmission, leading to serious economic losses in agricultural production. The control of F. oxysporum in agricultural production relies mainly on chemical fungicides which pose a major risk to the environment and food safety (Mukhtar, 2007; Jahanshir and Dzhalilov, 2010; Swarupa et al., 2014). It is, thus, important to investigate the antimicrobial mechanisms of traditional Chinese herbal medicine for the development of plant immune inducer (Dewen et al., 2017) and antimicrobial drugs with high efficacy and low toxicity. E. ulmoides is a traditional Chinese medicinal plant, recorded in The Classic of Herbal Medicine, that has proven antifungal property against Botrytis cinerea in our previous study (Liu et al., 2008).
In our present study, transcriptomic and proteomic analyses results showed that the KEGG pathway mainly concentrated in protein processing in ER, fructose and mannose metabolism, phosphatidylinositol signaling system, ribosome, protein processing in ER, phagosome, and antigen processing and presentation. Some previous studies (Malhotra and Kaufman, 2007; Wen and Wei, 2015; Ma, 2019; Zhang and Wei, 1997) had demonstrated that these pathways were related to the ER and ER misfolding. Therefore, our results demonstrated that E. ulmoides responds to F. oxysporum infection by mechanisms related to ER. The ER is an important organelle in the secretion pathway of eukaryotes and participates in the coordination of a variety of cellular activities such as protein processing and calcium homeostasis. It is also one of the important hubs for plant responses to various stresses (Martinez and Chrispeels, 2003; Helenius and Aebi, 2004; Kamauchi et al., 2005; Chen and Brandizzi, 2013; Doblas et al., 2013; Howell, 2013; Mishiba et al., 2013; Pollier et al., 2013; Cai et al., 2014; Williams et al., 2014). When plants are stressed by pathogenic infections, there is an accumulation of large numbers of unfolded or misfolded proteins in the ER lumen, leading to ER stress and adversely affecting the normal functioning of the organelle (Howell, 2013). If the protein accumulation exceeds the ER capacity, the cell responds by upregulating specific ER-associated genes and enzymes to restore homeostasis. This process is termed the ER stress response (Howell, 2013; Jing and Wang, 2020). Plant ER stress sensors can recognize ER stress and trigger the ER stress response, also called the unfolded protein response (UPR). The UPR has been shown to play an important role in interactions between plants and microorganisms (Wan and Jiang, 2016). The ER stress signaling pathway is closely related to plant immunity and represents an important part of the plant’s resistance to pathogen infection (Zhang et al., 2016; Qiang et al., 2021; Zhou et al., 2021). However, there is a lack of information on how plants respond to pathogen infection and activate ER stress-mediated immunity (ERSI).
The RT-qPCR results showed that the gene relative expression of ER chaperone protein BiP was significantly up-regulated after 48 and 72 h of inoculation with F. oxysporum. Upregulated expression of BiP is often considered to be a marker for ERS and UPR activation (Pobre et al., 2019). Meanwhile, the gene relative expression of translation initiation factor eIF-2B subunit alpha was inhibited after inoculation with F. oxysporum. It is possible that this could be the result of incorrect folding or wrong assembly of the protein, leading to binding by BiP to retain its unfolded state and prevent further misfolding. These reactions can lead to the phosphorylation of protein kinase R (PKR)-like ER kinase (PERK) protein dimer and cytoplasmic domain and eIF2. Phosphorylation of the latter at serine 51 blocks the binding of eIF2 to ATP and reduces the translation of its downstream mRNA (Harding et al., 2002; Ni et al., 2009). These reactions reduce the translation and synthesis of proteins, reduce the influx of new proteins to the ER, and thus prevent further increases in the numbers of unfolded proteins, thus lowering ERS (Harding et al., 2002; Ni et al., 2009). Combining the results of the analysis of BiP and eIF2α in this study with reported results, we speculate that the activation of the UPR in the E. ulmoides response to F. oxysporum is likely to be via the PERK/ATF4 of the ER pathway. This would prolong ERS and prevent the restoration of intracellular homeostasis and apoptosis would be induced by activation of the apoptosis regulator B lymphocyte 2 gene family (Marciniak et al., 2004). In this study, we also observed a significant increase in the expression of the BCL2-associated athanogene, further suggesting that the PERK/ATF4 of the ER pathway may play an important role in E. ulmoides response to F. oxysporum. At present, most of the studies on the UPR in plants have focused on IRE1-X box binding protein, transcriptional activator 6, and site-2 proteases (S2P) (Celli and Tsolis, 2015). However, the PERK/ATF4 of the ER pathway has only been studied in animals and has not been reported in plants (Zhang et al., 2021). Both the proteomic and transcriptomic association analysis and RT-qPCR verification indicated that the response of E. ulmoides to F. oxysporum is likely to be associated with the PERK/ATF4 of the ER pathway.
The UPR can coordinate transcriptional and translational changes in cells, up-regulate the expression of molecular chaperones involved in folding and stabilizing the proteins in the ER lumen, and induce the expression of stress proteins in the ER. In this study, the expression of ER molecular chaperones such as HSP20, HSP70, HSP90, protein disulfide isomerase (PDI), and calnexin (CNX) was significantly increased at 72 h after inoculation. It has been reported that HSP chaperones such as BIP and HSP90 can recognize misfolded proteins (Park and Seo, 2015; Usman et al., 2017; Ul Haq et al., 2019). The lectin molecular chaperones calnexin (CNX), calreticulin (CRT), and CRT are proteins related to protein processing and Ca2+ homeostasis, including PDI, CNX, and CRT, which could help localize unfolded proteins in the ER lumen to prevent unfolded/misfolded proteins from being exported. In ERS, the ERAD is activated at the transcriptional level to remove and degrade misfolded proteins. This process restores protein homeostasis (Harding et al., 1999; Balch et al., 2008). In addition, CNX links misfolded proteins through transmembrane domain interactions, activating protein degradation by the ubiquitin-proteasome system and signal transduction associated with phagocytosis, thus accomplishing the degradation of unfolded or misfolded proteins. The role of protein ubiquitination in plant growth and development and stress response has been widely recognized (Belknap and Garbarino, 1996). In this study E2 and F-box protein were significantly increased at 72 h after inoculation. These results suggest that molecular chaperones in the ER pathway (ko04141) are also involved in the response of E. ulmoides to F. oxysporum.
ER stress response plays an important role in plant response to pathogen infection and other stresses, extensive evidence shows that the ER pathway contributes to plant immunity in various ways (Li et al., 2009; Nekrasov et al., 2009; Saijo et al., 2009). There is also evidence that the ER pathway is manipulated by microbes to lead to successful colonization. For example, the symbiotic fungus Piriformospora indica establishes successful symbiosis by inducing plant ER stress but inhibiting the adaptive UPR, which eventually results in ER-PCD mediated by vacuolar processing enzymes (VPEs) (Qiang et al., 2012). In our study, we found the response of E. ulmoides to F. oxysporum was likely related to the unfolded protein response of the ER pathway. Some studies have shown that the process of apoptosis is contrary to the expression of CRT (Xu et al., 2014). Our study showed that when E. ulmoides was infected by F. oxysporum, the increased expression of ER chaperone proteins makes the protein fold correctly and causes ubiquitination and ERAD reaction, while the inhibition of CRT and EIF2 expression increases the expression of BCL2 and causes apoptosis, so as to protect plants (Figure 7). In addition, we also observed that the relative expression of the hypoxia upregulated 1 gene of the HSP70 family and the F-box and WD-40 domain protein 1/11 gene of the ERAD were highest at 72 h after inoculation, being 65.53 and 75.26 times greater, respectively, than before inoculation. It is speculated that these two genes may be key to the E. ulmoides infection response in the activation of ER pathway.
[image: Figure 7]FIGURE 7 | The protein processing in the ER pathway in E. ulmoide response to F. oxysporum. Red color represents up-accumulated genes or proteins in this pathway, while the green color represents down-accumulated.
CONCLUSION
In this study, proteome and transcriptome association analysis and RT-qPCR results showed that the response of E. ulmoides to F. oxysporum was likely related to the ER pathway. In the future, we will study the genes functions in the ER pathway through model plant transgenic technology to further explore the role of these genes in the response of E. ulmoides to F. oxysporum.
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GWHTAAAL010245
GWHGAAALO08628
GWHGAAALO12002
GWHPAAALO09648
GWHGAAALO05471
GWHGAAAL020098
GWHGAAALO10874
GWHPAAALO13860
GWHPAAALO19641
GWHPAAAL025197
GWHPAAALO08473
GWHGAAAL023146
GWHGAAAL022038

Annotation names

Elongation factor-1 alpha

Translation initiation factor elF-2B subunit alpha

BCL2-associated athanogene 1
Endoplasmic reticulum chaperone BiP
HSP20 family protein

Heat shock 70 kDa protein 1/2/6/8
Hypoxia up-regulated 1

Hsp70-Hsp90

Protein disulfide-isomerase A6
Calnexin

Calreticulin

Ubiquitin-conjugating enzyme E2

F-box and WD-40 domain protein 1/11

Forward primer (5°-3')

TGATTGAGAGGTCCACAAACC
CAACGTGTTGCTCGGAAAAG
AGGAAATGGGAATAAGGTGGC
GGTCACATTTGAAGTCGATGC
TTCCCTCTCCTATCCTCTTCC
AGCAGAGAAATACAAGTCAGAGG
GGTTGAATTCTACTGGGCTCC
AGAAACCAGAGCGGCAAC
GTCCTAGTGGAATTCTATGCTCC
AAAAGACGATTCCCGACCC
GAAGAGGATGGAATATGGAGAGC
ATGGCTCCGAGAAAATACGTC
ATCCGACAGCAAGAACATCC

Reverse primers (5°-3")

CCAATCTTGTAGACATCCTGGAG
GGTGAACCTTCATTCGTGGG
AGCATGTGATTCTCCATCGG
TCAATCTCCTCTTGGCTCAAC
CTGCCTCTGTCCTGATTATGAG
TGGCCTGATCAATAGCATCC
CAGATGTAGGTATTGAAGACGAGG
CTTTGGTATAATGCTGAATCGCTG
GTGTCGGCATCAACATTGG
GCATCCTCATCCCAGTCATC
CTTCAACACATAGAGGTCGGG
CATACACCAATCGCCAAGTTG
AACACGAACCTTACCATCCTG
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Concentration (mg/L) Curative (%) Protective (%) Inactivating (%)

55 500 69.6 727 722 ‘Wang et al. (2012a)
56 500 3656 395 424 Wang et al. (2012b)
57 500 67.9 63.7 57.8 Wang et al. (20120)
58 500 81 84 - Wang et al. (2010b)
59 500 374 708 714 Wang et al. (2014a)
60 500 65.8 69.2 703 Su et al. (2021)

61 500 586 54.1 558 Su et al. (2014b)
62 500 68.1 693 632 Wu et al. (2014)

63 500 56 53 57 Yu et al. (2016)

64 500 821 776 766 Han et al. (2018)
65 500 49.4 553 526 Wang et al. (2014b)
66 500 66 7 68 Lietal. (2018)

67 500 44 423 405 Wu et al. (2013)
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Mechanism

Compound 75 can delay transmission of pepper mottle virus
(PepMoV) in host plants and protect host plants from PepMoV
infection

Can inhibit the accumulation of TMV CP in vitro
Inhibiting viral replication

“The epidermal protein levels of TMV were significantly reduced, and its
replication might be inhibited

Ref
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(Nietal.,
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2018)

(Chen et al.,
20200)
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36

37

38

39

Anti-TMV Activity

Concentration

(mg/L)
500

500
500

500

Curative Protective
) )
50 53
56 52
65 66
55.1 57.2

Inactivating
(%)

54
55
68

80.3

Mechanism

Possibly inhibiting viral assembly by cross-iinking TMV-CP.

Not only destroys the TMV particle morphology, but also has a strong
interaction with TMV-CP.

Ref

Jietal.
(2018)
Liuetal.
(2019)
Luetal
(2019)
Wei et al.
(2020)
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Combination abbreviations Average response rate Concentration of synergistic
(+SE) (%) substances (mg/L)

SABCD 39.50 (£3.95)° 0
1
10
20

FAD 41.50 (£3.10 o
F
10
20

Average selection rate
(£SE) (%)

17.41 (£2.07°
37.31 (+1.91°
23.47 (+1.55)°
21.81 (+1.63)>

21.71 (:3.42)°
32.28 (+3.40°
20.01 (£4.21)°
26,00 (:4.78)"

The average response rate uses an independent-sample t-test. Different lowercase letters in the figure represent the average respones rate or average selection rate of tobacco beetle

adults with a significant difference at p < 0.05 in different combinations.
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Combination abbreviations

FA
FB

FC

FD
FAB
FAC
FAD
FBC
FBD
FCD
FABC
FABD
FBCD
FABCD
FE

FG

FH
FEG
FEH
FGH
FEGH
FADEG

Adults’ selection rate (%)

Test Control

86.00 70.00
80.00 75.00
50.00 85.00
73.68 68.42
70.00 75.00
90.00 65.00
75.00 75.00
80.00 50.00
80.00 70.00
50.00 70.00
40.00 75.00
47.37 78.95
76.47 88.24
81.08 59.46
96.00 70.00
100.00 55.56
94.74 68.42
84.21 57.89
95.00 50.00
75.00 65.00
61.76 41.18
90.00 70.00
52.94 70.59
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Combination
Abbreviations

S

SA
sB
sC
sD
SAB
SAC
SAD
SBC
SBD
SCD
SABC
SABD
SBCD
SABCD
SE
SG
SH
SEG
SHE
SGH
SEGH
SABCDGH

Adults selection rate (%)

Male selection rate (%)

Test

61.11
52.94
78.956
33.33
77.78
55.56
38.89
61.11
66.67
33.33
38.89
63.16
66.00
68.43
89.47
30.77
47.06
60.00
61.11
69.44
73.68
56.25
73.68

Control

88.89
70.59
47.37
88.89
61.11
77.78
88.89
94.44
61.11
94.44
88.89
52.63
65.00
78.95
78.95
69.23
64.71
60.00
58.33
66.67
73.68
75.00
68.42

Test

84.21
87.50
95.00
58.82
100.00
80.00
63.16
88.89
89.47
44.44
64.71
95.00
90.00
90.00
100.00
58.33
87.50
94.12
100.00
95.00
80.00
82.35
100.00

Control

78.95
50.00
25.00
82.35
40.00
60.00
78.95
88.89
52.63
88.89
76.47
30.00
35.00
70.00
63.16
41.67
25.00
29.41
30.00
65.00
55.00
64.71
40.00

Female selection rate (%)

Test

35.29
2020
61.11
94.74
50.00
25.00
11.76
33.33
41.18
2222
15.79
27.78
40.00
44.44
78.95
23.53
1.1
15.38
12.50
37.50
66.67
26.67
44.44

Control

100.00
88.89
7222
63.16
87.50
100.00
100.00
100.00
70.59
100.00
100.00
77.78
96.00
88.89
94.74
94.12
100.00
100.00
93.75
68.75
94.44
86.67
100.00
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Full name

Sexual attractant
Sexual attractant +2,3,5,6-tetramethylpyrazine

Sexual attractant +f-onone

Sexual attractant + citronelial

Sexual attractant + paeonol

Sexual attractant +2,3,5,6-tetramethylpyrazine + B-lonone
Sexual attractant +2,3,5,6-tetramethylpyrazine + citronelial
Sexual attractant +2,3,5,6-tetramethylpyrazine + paeonol
Sexual attractant + f-ionone + citronellal

Sexual attractant + B-ionone + paeonol

Sexual attractant + citronellal + paeonol

Sexual attractant +2,3,5,6-tetramethylpyrazine + p-onone +
citronellal

Sexual attractant +2,
paeonol

Sexual attractant + f-ionone + citronellal + paeonol

Sexual attractant +2,3,5,6-tetramethylpyrazine + f-ionone +
citronellal + paeonol

Sexual attractant + tea tree essential of

Sexual attractant + lavender essential o

Sexual attractant + myrh essential ol

Sexual attractant + tea tree essential ol + lavender essential oil
Sexual attractant + tea tree essential oi + myrth essential ol
Sexual attractant + lavender essential oil + myrh essential oil

6-tetramethylpyrazine + B-ionone +

Sexual attractant + tea tree essential oil + lavender essential oil +

myrrh essential oil
Sexual attractant +2,

6-tetramethyipyrazine + B-ionone +

citronellal + paeonol + tea tree essential il + lavender essential oil +

myrrh essential oil

Abbreviation

s
SA
SB
sC
sD
SAB
SAC
SAD
SBC
SBD
SCD
SABC

SABD

SBCD
SABCD

SE
SG
SH
SEG
SEH
SGH
SEGH

SABCDGH

Full name

Food attractant
Food attractant +2,35,6-tetramethylpyrazine

Food attractant + f-ionone

Food attractant + citronelal

Food attractant + paeonol

Food attractant +2,35,6-tetramethylpyrazine + f-ionone
Food attractant +2,3,5,6-tetramethylpyrazine + citronellal
Food attractant +2,35,6-tetramethylpyrazine + paeonol

Food attractant + -ionone + citronellal

Food attractant + f-ionone + paeonol

Food attractant + citronelal + paeonol

Food attractant +2,35,6-tetramethylpyrazine + p-ionone +
citronellal

Food attractant +2,35,6-tetramethylpyrazine + p-ionone +
paeonol

Food attractant + f-ionone + citronelal + paonol

Food attractant +2,3,5,6-tetramethylpyrazine + f-ionone +
citronelal + paeonol

Food attractant + tea tree essential oi

Food attractant + lavender essential oi

Food attractant + myrrh essential oi

Food attractant + tea tree essential oil + lavender essential o
Food attractant + tea tree essential oil + myrth essential oil
Food attractant + lavender essential oil + myrh essential oil
Food attractant + tea tree essential ol + lavender essential ol +
myrh essential oi

Food attractant +2,3,5,6-tetramethylpyrazine + f-ionone +

citronellal + paeonol + tea tree essential oil + lavender essential oil +

myrrh essential oil

Abbreviation

E
FA
B
FC
FD
FAB
FAC
FAD
FBC
FBD
FCD
FABC

FABD

FBCD
FABCD

FE
FG
FH
FEG
FEH
FGH
FEGH

FADEG
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Compound

T
T2

T3

T4

TS

T6

7

T8

T9

T10

T

T12

T13

T4

T15

T16

7

T18

T19

T20

T21

T22

123

T24

T25

126

127

Chitosan oligosaccharides
Ningnanmycin

Curative effect(%)

309 £24fg
352:16f
3283219
408:29e
424 £45de
42520 de
43817 de
459 +25 cde
362£27f
322:23fg
338+40f
419+20de
43037 de
445+ 3.1 de
40807 e
429:31de
415+37e
542+ 36ab
469 +3.4cd
49.8 39 be
284:29g
4122208
338+ 1.7f
359:25f
338+ 1.7f
459 £ 25 cde
309£171g
546:27a
553:12a

Protective effect(%)

40.1 £ 2.2 ghi
43.1 £ 1.4 defghi
49.8+23b
438 x 2.6 cdefgh
504+ 15b
42.4 1 2.4 efghi
435 + 1.4 defghi
47.2 £ 30 bode
41.1 £ 32 ghi
42.5 + 2.4 defghi
498+ 19b
502+36b
45.4 3.5 bedefg
430 + 3.9 defghi
4952440
48.0 = 3.0 bed
41.1 + 4.2 fghi
491 £ 4.4 bc
401 £32ghi
45.8 + 4.6 bodef
40.3 £ 1.5 fghi
324 18]
386 26hi
379310
456 + 1.7 bedefg
43.2 2.8 defghi
402 £ 2.9 fghi
576:22a
507 £1.1b

Inactivation effect(%)

54632k
532+ 1.3 K
633 + 2.3 efgh
62.6 + 4.2 efghi
59.5 + 1.7 ghilk
57.6 2.5 hik
565+ 3.0 ik
62.8 £ 2.2 efghi
505 3.9 Imn
55.1 3.4 hik
57.3+85K
60.6 + 2.4 fghi
585 = 4.7 hik
49.6 + 4.5 Imn
465 £3.7 no
728 +49bc
676 4.3 de
70.2 + 4.6 bed
746:42b
686+ 3.9 cde
653 + 2.1 defg
58.7 3.8 hik
663 + 3.9 def
428370
575 + 1.9 hik
49.8 £ 2.9 Imn
57.8 = 2.1 hik
47.9 £ 1.5 mno
981:10a

Noie: Data in the itable are mean + SD., Different lowercase letfers i the same column indicate significant difference at p < 0.05 fevel by Duncan's new muliiple range tast.
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Compound Regression Equation ECso (mg/L) R 95% confidence Interval

(mg/L)
T24 y =5.7941 + 1.3307x 045 0.9588 0.32-0.61
hymexazol y = 3.9940 + 0.9863x 10.49 0.9949 6.35-17.33

bixafen y =5.7941 + 1.3307x 0.25 0.9976 0.13-0.47
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Compounds Inhibition Rate (%)

R. Solani (36 h) C.camelliae (120 h) P. Theae (120 h) G.Zeae (120 h)
T 29.37 £ 1.02 k 2030 + 1.22 30.30 + 0.42 30.20 £+ 1.33
T2 5159 131e 41.00 = 1.10 de 31.60 + 1.69 hi 4250 +1.23d
T3 30.95 + 1.19k 26.90 + 1.09 i 33.75+0.19fg 26.88 + 2.09 k
T4 1014+ 024 q 11.74 + 0.260 12.04 + 1.04r 18.21 + 1.04 no
T5 13.23 £ 0.97 op 16.20 £ 0.27 n 18.23 £ 1.08 p 1969 £ 0.97 n
T6 4497 £092g 3447 £ 0,12 40.02 £ 0.42 d 3067 £ 062
7 62.96 + 127 d 12.90 £ 1.160 32.16+0.17 gh 36,16+ 1.36h
T8 6138+ 1.39d 3018+ 1.00h 2908 +0.19 jk 4138 + 2.49 de
T9 2302 106m 21.02 £ 0.76 k 20.19  0.460 25.02 = 1.16Kl
T10 3056 + 1.42 k 2066 +1.02K 2851+ 0.2k 2560+ 1.02K
TH 3677 1211 30.07 £ 0.41h 337104219 3827 = 1.411g
T12 1243+ 1.01p 19.73 £ 0.70 K 17.40 + 0.80 p 16.43 £ 1.210
T13 13.46 = 1.09 op 19.40 £ 117 Im 12,66+ 0,191 10.26 + 1.49p
T14 20.45 £ 091 n 2325078 22,05  0.88 mn 2245071 m
T15 2434 =108 m 21.06 + 098 k 23,04 +0.13Im 26,64 = 1.00 k
T16 4815126 1 28050161 33.18 £ 0.19 fgh 43192026d
TI7 3013 1.10] 2403£1.01] 29.03  1.00 33030161
T18 8148+ 1.06C 40.40 = 1.78 de 35980766 40.08 = 0.96 ef
T19 457451029 3504 £ 1.121 34.74 £ 0.92 f 3887 +0.46
T20 44.18 £1.00g 4001 £0.90 ¢ 2418 £0.101 3658 + 0.90 gh
T21 14.81  0.980 17.80  0.68 mn 14810789 24.73 £ 0.88K
T22 27.25 £ 0931 23.15 £ 0.63 17.25 £ 013 p 26.35 £ 0.73Kl
123 20.11£095n 2071 £ 036K 13.05+ 0,651 24.41 £ 0651
T24 100.00 £ 0.00 a 4531 +0.47 ¢ 62.40 + 051 ¢ 48,00 £ 1.10¢
T25 29.37 + 040 k 3107 + 069 g 20.30  0.160 39.07 £ 064
126 30.69 + 0.73 k 32.19+033¢g 21.30 + 0.44 no 3264 £ 091 i
To7 4021 £0.98h 4212 +1.84d 2020 + 061" 26.26 = 0.68KI
hymexazol 84.28 £ 0.96 b 5491+ 1.80b 66.11£320b 67.3322.19b
bixafen 100.00 = 0.00 a 79.49 = 1.36 a 93401772 100.00 + 0.00 a

Note: Datain the table are mean = SD., Diflerent lowercase letters in the same column indlicate significant difference at p < 0.05 level by Duncan’s new multiple range test. The meaning of
boid ic onfy to amphatize the good activity of the two compounds.
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L
Compounds Cx Pseudomonas syringae pv. Xanthomonas oryzae pv. Xanthomonas axonopodis

AM,IU:I“ actinidiae (Psa) oryzae (Xoo) pv. citri (Xac)

R 100 pg/ml 50 pg/mi 100 pg/mi 50 pg/ml 100 pg/mi 50 pg/mi

3a -4Ph 100+ 3.0 83423 %8 +24 4013 99+ 11 81410
3 2-8Ph 100 = 1.4 86430 94:28 54426 100416 92433
3 -3,5:2FPh 98 +09 89+27 84x24 46517 ®8+16 7711
3d -4-CH,0Ph 100 = 6.4 83439 %0+34 43127 %8 +25 7a21
e “2-FPh 100+ 0.4 83429 61517 48422 %917 81413
3t -2-Naphthalene 100+ 22 74512 88+39 52419 100216 a7
3 -2,4,6-3CHPh 100 1.7 78516 216 49423 %+15 73427
3h -4-NO,Ph 100+ 02 77522 59525 32423 100229 77434
3i ~4-GFoPh 97405 79528 83+14 50417 95+23 80413
3j -Ph 100 + 3.4 84120 76+24 4213 99 +18 8116
3k “2-FPh 100+ 22 80424 81+31 42422 9:15 76430
3l -4-tBu Ph 100+ 7.1 78+26 84+24 56+16 98 +25 7929
3m 2-NO,Ph 100+ 13 79426 79515 39512 100422 81438
3n -4-BrPh 100 + 2.1 75+22 82+29 2515 99+ 16 80+19
%0 -2-Thiophene 100+ 29 75423 86+15 2414 105+ 1.1 75421
3p -3-NO,Ph 100 + 4.6 85+ 27 66+ 1.7 54+28 100 + 6.0 92 +36
3 3PN 98+05 7519 67406 45510 %9+12 71419
3r -2,6-2FPh 97 £ 0.4 71£18 78+23 33+04 100 + 4.0 65+28
3s -3-CFaPh 100 408 84423 6513 37415 10034 80421
3t -3-BrPh 100 £ 0.7 96+25 79+1.1 3817 100 £ 2.7 Bledil
3u -3-0Ph 100+ 2.7 93419 85+23 34425 100+ 3.3 8416
Bismerthiazol 100 £ 2.9 87+26 758 £26 3412 100 + 5.2 w1

Thiodiazole copper 100 + 4.4 87 £3.4 794 26 31+£18 100 £7.2 75+25
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Serial number

om0 BRI sk e =K

Metabolite

2,4-di-tert-butylphenol (Y1)
3-(2-aminoethy) indole (Y2)
N-acetyl-5-methoxytryptamine (Y3)
2,4-dihydroxy-5- methylpyrimidin (Y4)
Glutathione (Y5)

Mannitol (Y6)

P-hydroxybenzoic acid (Y7)

Serine (Y8)

Zhongshengmycin

Bismerthiazol

Xoo (Ininbition rate %)

Xoc (Ininbition rate %)

100 pg/mi

72.31 +4.06
1217 +1.26
3243 +4.25
4.81 £051
21.37 £ 0.22
5.41 £0.73
96.46 + 5.32
2216 + 1.91
100 +5.21
60.21 +2.78

200 pg/mi

82.57 +2.45
22.54 + 4.23
51.81 £ 2.30
16.54 + 1.94
3542 + 1.61
6.22 + 0.91
96.72 + 3.81
3223 +4.26
100 +3.18
76.48 + 1.64

100 pg/ml

75.24 317
15.62 + 2.67
40.37 + 6.12
324 £0.22
12.35 + 0.44
4.92 + 0.50
96.54 + 4.47
1211 +2.40
100 + 2.37
59.16 + 3.72

200 pg/mi

80.14 £ 1.29
27.45 +1.74
50.12 £ 3.44
8.42 +0.70
3241 £1.12
5.47 + 0.60
98.13 + 3.53
22,54 +1.43
100 + 3.24
79.24 + 2.53
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Serial number

i o S

Metabolite

2,4-ditert-butyiphenol (Y1)
N-acetyl-5-methoxytryptamine (¥Y3)
P-hydroxybenzoic acid (Y7)
Zhongshengmycin

Bismerthiazol

Xoo ECso (ug/ml)

49.45 + 0.07
64.22 £ 2.16
16.32 + 0.04
0.42 +0.08
85.64 + 3.24

Xoc ECso (ug/ml)

3433 +0.12
7147 £1.37
15.58 + 0.06
082 +0.05
9249 +3.72
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Treatment

2,4-di-tert-butylphenol (Y1)
N-acetyl-5-methoxytryptamine (Y3)
P-hydroxybenzoic acid (¥7)
Zhongshengmycin

CK

Protection activity (200 yg/mi)

Curative activity (200 pig/mi)

Infection index (%)

50.2 +2.1
4715
465+2.7
482 +1.2
783+ 1.4

Control efficiency (%)

35916

42917

406+ 16

384 +1.7
Y

Infection index (%)

506 34
49614
49525
51421
78314

Control efficiency (%)

36427

36.7+1.7

368+ 1.9

34424
/
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Shelf time

0d
4cC
14 days

20°C 3 days

20°C 5 days

Treatment

oplL™"
oplL”
025 L
05uL!
oplL’
0.25pL"
os5pL"
oplL”
025 L
o5pL!

Sensory Attribute

Appearance

84+06
74106
8.1£04%
82+04°%
72105
78x07%

73+03

Color

75+05
7.1 05
7205
7206
7005
7106

6.7+05

Aroma

56+06
6.6+ 06%
5.7+ 05%
5.7 +04%
6.6+ 05°
6.0+ 05%

62+06

Taste

52£04
6.8 +0.4%
6905
55+ 0.6°

6.7 05
6.4 06"

76+05

Overall

57+05
7.7+04°
6.3+ 0.6°
6.2+ 04°
7.1205°
6.7£05°

73+06

Data are the means of nine replicates + standard deviation. In columns, different superscript letters at the same time indicate significant differences according to Duncan'’s test (p < 0.05).
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52.14 £ 2.40 56.36  2.58 4671 £ 2.91 38.08 £ 293
7368 £ 278 84.05 = 356 54.44 £ 2.80 4654 = 138
1061 £ 2.33 12.49 £ 2.56 496+ 2.80 601 = 169
7025 = 163 7432 £ 279 56.37 = 367 67.54 £ 2.79
39.78 + 1.61 56.12 £+ 2.78 526 +2.70 16.561 + 1.75
76.09 + 2.85 82.54 +2.24 54.11 £ 2.00 61.64 + 2.41
82.90 + 3.64 75.74 £ 2.54 2991+120 27.04 £ 2.01
54.32 £ 3.01 68.67 + 1.89 4844 £ 2.89 49.20 £ 2.07
30.25 + 1.46 19.27 + 1.04 793 +244 3.58 +2.19
42.98 = 1.42 5210 £ 127 2429 2221 35.12£222
25.62 + 2.81 18.96 + 2.33 11.84 £ 277 8.49 +2.86
1310 £ 1.16 32,64 + 264 535+ 1.02 521257
82.47 £+ 1.92 68.79 + 2.63 4747 £1.39 64.79 + 2.63
94.26 + 301 95.46 + 1.18 8472+ 361 7546+ 1.78
63.25 + 2.51 98.79 + 1.73 10.26 + 1.85 84.26 + 1.42
48.00 £ 2.06 4261 +2.94 17.19. 2.83 2060 + 1.84
51.76 + 2.99 78.96 + 3.01 6.14+228 373 £2.39
2882 +1.70 17.18 2212 614264 12.25 = 2.60
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Strains

H1
H2
H4
HE
H7
H8
H9

Taxonomy

Phoma herbarum
Coletotrichum nymphaeae
Alternaria alternata
Aspergilus oryzae
Penicilium spinulosum
Fusarium prolferatum
Nemania bipapilata

Sequence similarity (%)

99
100
100
9%
100
99
99

Top hit

MT367635.1
MW217266.1
MN944587.1
MH345908.1
JQ639057.1
MG543763.1
JQ341104.1
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Compound Curative activity® (%) Protective activity® (%) Inactivation activity® (%)

4a 332+26 45.7 £ 2.1 787 +22
4b 21231 356+27 486+ 18
4c 263 +33 1228 522 +24
4d [ 9.1+34 0

de [ 0 0

4f 236+28 43321 57.4+23
49 275+82 441£16 67.6 21
4h 222 +24 346+19 51.3+28
5a 503+ 16 497 £19 83.1£26
6a 513+ 14 541+ 1.7 903413
6b 47621 35833 49327
6c 41619 34835 61331
6d 39128 533 +1.4 77619
6e 293+ 36 32527 453 £ 2.4
6f 486 +23 31.3£3.1 43.1£29
6g 56.7 + 1.3 385 +29 493 £26
6h 481+ 21 450 £23 77323
6i 542+ 18 56.6 + 1.3 81.5+1.7
6 555+ 1.8 60.0 £1.2 88.7 £27
6k 661 1.2 74315 943 £ 1.1
6L 32233 354 £3.7 60.1+18
6m 31429 33.7 £3.4 57321
Dufulin ® 503 + 26 54319 876£22
Ningnanmycin © 53323 58317 923+ 1.4

“Average of three replicates.
“Dufulin was also used as the control.
eNingnanmycin was used as the control.
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Compound Xoo Xec
200pg/ml 100 pg/ml 200 pg/mi 100 ug/mi

I 476 £25 201 16 454 + 14 285+1.2
2 435+12 23113 422+ 23 292+15
n3 46.7 £1.2 254 2.0 443+ 21 241 +£13
4 455 1.1 231 12 480+ 23 292 +1.4
s 353£20 18324 421:15 247:21
e 415£23 215+31 451+21 24814
nz 362 £28 192+ 30 57713 36.1£1.7
e 454 +£23 265+ 2.1 535+ 21 348+25
s 373+18 191+1.0 550+ 1.8 270+1.4
o 434£26 24312 531:14 26212
1 442£15 275+27  400£17 19820
nz 526 +24 268+ 1.8 412+ 1.0 204 1.4
3 562+ 1.1 26.5 +3.1 48.1+25 257+25
14 57.6+20 290+1.0 452+ 1.1 12210
s 642 £12 303 + 1.4 54.1+29 26017
ne 586 +12 23221 551+ 18 278 1.1
mz 628 1.1 345+ 0.9 57022 289 +20
s 542412 330+ 13 49.0+ 1.0 294 £27
9 530+14 36.2+22 454+ 26 23825

Thiodiazole-copper ~ 70.1 +2.3* 436+ 15" 802+ 15" 46.1+1.3°

“Refer to the previous articles of our group (Chen et al., 2022).
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Compounds Inhibition Rate (%)
Cucumber Botrytis ~ Tobacco Botrytis ~ Blueberry botrytis  Phytophthora  Strawberry Botrytis  Pyricularia oryzae

cinerea cinerea cinerea infestans cinerea Cav.
4 75.86 + 1.80 64.35 £ 2.31 58.68 + 2.15 45.62 +1.12 82.68 + 1.69 50.34 + 1.26
5a 61.36 + 1.56 36.66 + 1.42 45.28 + 2.61 16.27 + 2.64 66.02 +1.27 26.85 + 1.94
5b 77.78 £1.35 36.69 +1.73 57.65 + 1.09 24.40 £1.17 65.05 + 2.60 37.65 + 1.36
5¢c 61.01 +2.47 2379 +2.28 57.01 +1.69 16.96 + 1.05 47.57 +1.19 33656 + 1.14
5d 55.80 £ 3.12 34.07 + 1.80 43.33 £ 1.07 20.78 + 3.38 63.75 + 1.44 2346 +2.26
5e 45.46 + 2.59 36.37 +£1.29 44.30 + 2.67 13.26 + 2.07 69.57 +1.13 25.61 + 1.67
5f 71.97 £1.35 35.65 + 1.16 5472 +1.18 26.50 +1.18 60.53 + 3.03 30.56 + 1.63
59 62.38 + 3.05 48.54 + 2.32 57.34 + 2.68 17.46 + 1.66 72.89 +1.04 26.24 +1.81
5h 72.31£2.05 38.26 + 1.34 60.23 +2.26 2351 +£2.13 74.37 £ 375 36.18 + 3.80
5i 53.29 + 1.84 2475 +2.35 50.17 + 1.08 12.94 + 1.29 76.36 + 3.16 32.41 +2.46
5 65.15 + 1.61 34.40 £ 125 56.68 + 2.01 20.48 + 1.08 77.85 +3.28 31.80 + 3.08
5k 67.47 + 1.64 38.26 + 3.18 52.21 +1.64 16.96 + 3.66 77.32 + 3.46 2593 +2.20
51 53.03 + 3.01 28.28 +225 47.24 +1.98 15.96 + 2.51 76.66 + 3.32 2931 £ 271
5m 75.63 £ 2.17 30.85 + 1.10 65.04 £ 1.15 2162 £ 2.11 63.19 £ 2.65 34.37 £2.19
5n 76.58 + 2.26 39.37 + 1.90 59.70 + 2.38 31.26 +1.24 68.71 + 2.81 38.22 +3.07
50 80.38 £ 2.41 46.93 £2.34 64.12 £ 1.10 38.60 + 1.87 7531 £1.78 46.97 + 1.68
5p 5308 +1.95 29.58 +1.17 42.36 +1.84 14.15 + 1.39 70.60 + 1.28 27.46 +2.49
5q 63.89 £ 1.15 72.99 £ 3.09 42.02 £1.20 19.26 + 1.35 71.52 £ 1.69 26.54 + 3.05
51 7357 +2.94 78.68 + 2.31 46.12 + 3.84 2365 + 3.12 79.85 + 2.87 30.26 +2.18
5s 55.80 + 1.68 33.11 £ 1.49 33.56 + 3.37 17.46 + 3.79 7375+ 1.34 27.46 +2.14
Tebuconazole 100.00 + 1.37 100.00 + 1.32 100.00 + 2.23 100.00 + 1.17 100.00 + 1.06 81.25 +2.28

Pyraclostrobin 100.00 + 1.13 100.00 + 2.24 100.00 + 1.12 100.00 + 2.08 100.00 + 2.26 83.34 + 1.18
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References Number of ARP reported ARPs belong ~ ARP originate  Targeted rust Purified ARP In vitro In planta

(ARP IDs) to plant from plants species (rust obtention method approach approach
pathogenesis- disease) used [ARP used [ARP
related (PR) concentration  concentration
gene families range] range]

Alfred et al., 4 (PuroA*; Pina-R39G; no yes (wheat; Puccinia striiformis f. chemical (solid-phase  yes (1, 3) yes (4, 6)
2013 PuroB*; GSP-5D) Triticum sp. tritici (wheat yellow  synthesis) [0.01-1 mg/mL] [0.01-1 mg/mL]
aestivum) rust or wheat stripe

rust); Puccinia triticina
(wheat leaf rust)

Barnaetal,, 1 (PAF; Penicilium antifungal no no (fungus Puccinia triticina cellular yes (1;2) yes (4, 6)
2008 protein) Penicillium (wheat leaf rust) (chromatographic [0.001-0.1 mg/  [0.1-1 mg/mL]
chrysogenum) purification of P. mL]
chrysogenum culture
extract)
Brand etal., 7 (IAPs: P61458; A5LDUO;  no yes (soybean; Phakopsora pachyrhizi  chemical (solid-phase  no yes (5)
2012 Gm0025x0067; Glycine max); no  (asian soybean rust) synthesis) or [0.001-1 mg/
Gm0026x00785; ASKLWO; (various animals commercial mL]
Q7YRIO; QOXEY7) species) (purchased peptides)
Corréa et al., 5 (RGD; GRGDGSPK; no no (synthetic Uromyces NA yes (1;2; 3) no
1996 RGDSPC; RGDS; GRGD) peptides) appendiculatus (bean [0.01-2 mM]
rust)
Dracatos 2 (NaD1 & NaD2; Class Il & | yes (PR-12) yes (tobacco; Puccinia coronata f. cellular yes (1;2; 3) yes (4)
etal, 2014  defensins, respectively) Nicotiana alata) sp. avenae (crown (chromatographic [0.0001-0.1 [0.1-1 mg/mL]

rust); Puccinia sorghi  purification following mg/mL]
(maize common rust)  heterologous
expression in the yeast

Pichia pastoris)
Fang et al., 2 (Sp2 & Sp39; random 12-  no yes (soybean; Phakopsora pachyrhizi  viral (phage-display) yes (1;2) yes (5)
2010 mer peptides) Glycine max) (asian soybean rust) [0.5- 1.5x10"®  [1.5x10%
virions/mL] virions/mL]
Jacobi et al., 4 (Cecropin B; (Ala®'3'8)- no no (animal or Melampsora medusae ~ commercial yes (1) no
2000 magainin Il amide; D2A21 & synthetic (conifer-aspen leaf (purchased peptides)  [0.0001-0.1
D4E1 synthetic membrane peptides) rust); Cronartium mg/mL]
interactive peptides) ribicola (white pine
blister rust)
Lacerda 1 (Drr230a; defensin) yes (PR-12) yes (pea; Pisum  Phakopsora pachyrhizi  cellular yes (1) yes (5)
etal., 2016 sativum) (asian soybean rust) (chromatographic [1-10 mg/mL] [1-10 mg/mL]
purification following
heterologous
expression in the yeast
Pichia pastoris)
Liu et al., 1 (PmPR10-3.1; Pinus yes (PR-10) yes (white pine;  Cronartium ribicola cellular yes (2) no
2021 monticola pathogenesis- Pinus monticola)  (white pine blister rust)  (chromatographic [0.1-1 mg/mL]
related protein 10-3.1) purification following
heterologous
expression in the
bacteria Escherichia
coli)
Mathivanan 1 (EC 3.2.1.14; chitinase*) no no (fungus Puccinia arachidis cellular yes (1) no
etal., 1998 Fusarium (peanut rust) (chromatographic [0.1-1 mg/mL]
chlamydosporum) purification from P.
chrysogenum culture
extract)
Petre etal, 1 (RISP*; rust-induced no yes (poplar; Melampsora larici- cellular yes (1; 2) vyes (5; 6)
2016 secreted protein) Populus populina (poplar leaf (chromatographic [0.1-1 mg/mL]  [0.1-1 mg/mL]
trichocarpa) rust) purification following
heterologous
expression in the
bacteria Escherichia
coli)
Rauscher 1 (Pr-1a; pathogenesis- yes (PR-1) yes (broad bean;  Uromyces fabae cellular yes (1) no
etal, 1999  related 1a) Vicia faba) (broad bean rust) (chromatographic (unknown)
purification from bean
leaf extracts)
Schwinges 1 (DSO1*; dermaseptin 01) no no (frog Phakopsora pachyrhizi  cellular yes (3) yes (4)
et al., 2019 Phyllomedusa (asian soybean rust) (chromatographic [0.01-0.1 mg/  [0.1-1 mg/mL]
genus) purification following mL]
heterologous
expression in the
bacteria Escherichia
coli)
Vasconcelos 1 (XIP; chitinase-like yes (PR-8) yes (coffee; Phakopsora pachyrhizi - cellular yes (1) no
etal, 2011 xylanase inhibitor protein) Coffea arabica) (asian soybean rust) (chromatographic [1-10 mg/mL]
purification following
heterologous
expression in the yeast
Pichia pastoris)
Wang et al., 2 (TaTLP1 & TaPR1; yes (PR-1 & yes (wheat; Puccinia triticina cellular yes (2) no
2020 Triticum aestivum thaumatin-  PR-5) Triticum (wheat leaf rust) (chromatographic [1-10 mg/mL]
like protein 1 & Triticum aestivum) purification following
aestivum pathogenesis- heterologous
related protein 1, expression in the
respectively) bacteria Escherichia
col))
Zamany 1 (Pm-AMP1; Pinus no yes (white pine; Cronartium ribicola cellular yes (2; 3) no
etal, 2011 monticola antimicrobial Pinus monticola)  (white pine blister rust)  (chromatographic [0.01-0.1 mg/
peptide 1) purification following mL]
heterologous
expression in the
bacteria Escherichia
col))

(*) ARP with specific properties, which are detailed in the main text.

(1) the study evaluated the ARP-mediated inhibition of spore germination by calculating germination rates.

(2) the study evaluated ARP-mediated inhibition of the growth or differentiation of germ tube or hyphae assay by calculating elongation or branching reduction.
(3) the study measured ARP-mediated alteration of fungal structure morphology or infection structure development by microscopy.

(4) the study performed ARP treatment prior to rust inoculation.

(5) the study performed ARP treatment concomitant to rust inoculation.

(6) the study performed ARP treatment after rust inoculation.
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Materials

Camelia
seed
Cameliia oil

Cameliia oil
Cameliia oil

Cameliia oil
Camelia ol

Camelia oil
Camellia
seed
Camellia
seed
Camellia
seed
Camelia ol
Camelia oil

Experimental Model
Male Wistar rats
Male Sprague-Dawley rats

Male BALB/c mice
Four-week-old male BALB/c mice

Human Int-407 cells; Female Sprague-Dawley rats
Hamsters

Female ovariectomized mice
Five human cancer cell lines

Male ICR mice
Wistar rats
Male Sprague-Dawiey rats

2,2-dliphenyl-1-picrylhydrazyl (DPPH) scavenging activity and
Trolox equivalent antioxidant capacity

Specific Medicinal Use

Repair nonalcoholic fatty liver disease
Repair oxidative damage in the stomach and intestine

Ameliorate ethanol-induced acute gastric mucosal injury
Repair gastrointestinal mucosal damage

Mitigate Alzheimer's disease (AD)
Reduce fat

Reduce fat

Anticancer: saporin OSC is a potential therapeutic agent
for the treatment of cancer

Anticancer: a new glycoprotein (COG2a) has anticancer
action.

Hepatoprotective effects

Alleviates coltis
Free radical scavenging: two compounds isolated exhibit
antioxidant activiy.

References

Yeh et al. (2019)

Cheng et al.
(2014)

Tuetal. (2017)
Wang et al.
(2019)

Weng etal. (2020)
Suealeket al.
(019)

Tung et al. (2019)
Zong et al. (2016)

Lietal. (2019)
Ko et al. (2019)
Lee et al. (2018)

Lee and Yen,
(20086)
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Analytical Method

Petroleum ether extraction and gas
chromatography (GC)

gas chromatography-mass spectrometry
(GC-MS)

GC-MS

Hydrolytic extraction and GG

GC

Methanol extraction and GC-MS

Main Fatty Acids
(% of the
Total Fatty Acids)

82-84% unsaturated fatty acids (UFA),68-77% monounsaturated fatty acids (MUFA), 7-14%
polyunsaturated fatty acids (PUFA).
90% UFA, 66.54-83.24% oleic acid, 8.15-9.70% palmitic acid, 5.64-7.96% linoleic acid

87.45-90.17% UFA, 77.08-82.78% MUFA, 5.17-11.27% PUFA.
10-10.4% SFA, 89.55-90.00% UFA, 79.35-81.60% MUFA, 8.40-10.20% PUFA.
12.65-12.40% SFA, 79.16-81.05% MUFA, 8.19-8.04% PUFA.

87.85-91.44% UFA, 80.53- 86.18% oleic acid, 6.72-9.26% palmitic acid, 4.19-8.95%
linoleic acid, 0.84-1.65% stearic acid, 0.09-0.26% eicosenoic acid

References

Ma et al. (2011)
Yuan et al. (2012)

Yang et al. (2016)
Cao et al. 2017)
Zhang et al.
(2019)

Liu et al. (2021)
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Compound Insecticidal activity against
Plutella xylostella®

1 mg/ml (%)
Piperine* 0
D28 90.0 £ 0

"Average of three rephicates.
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Compound Insecticidal activity against
Plutella xylostella®

0.2 mg/ml (%)

Piperine” 0

D1 138+ 19
D2 35419
D3 172£33
D4 3539
D5 360
D6 690
D7 0

D8 133 %39
D9 133 %19
D10 20:0
D11 6933
D12 267 %19
D13 3519
D14 35+ 19
DI5 3319
D16 36+0
D17 207 £19
D18 207 %19
D19 2000
D20 3519
D21 10319
D22 3319
D23 267 19
D24 35£19
D25 6933
D26 6933
D27 6933
D28 43319
i 35+19
2 138% 19

*Average of three replicates.
bPiperine was used as control.
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Treatment

Extracts of Radix Aucklandiae

Tebuconazole
CK

Concentration (mg/L)

4,000

2000

1,000
86

Protective activity

Curative activity

Average diameters of
lesions (cm)

0.55
0.80
1.12
052
1.70

Inhibitory rate (%)

67.65b
52.94c
34.31d
69.61a

Average diameters of
lesions (cm)

0.68
093
117
054
1.60

Inhibitory rate (%)

57.50b
38.54c
27.08d
66.15a
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No.

"Recorded at 400 MHz, for 'H and 100 MHz, for °C.

Compound 2° Compound 5° Compound 6°
O dc O o O dc
4.83 (m) 127.1 2.89 (m) 477 2.03 (m) 419
2.08 (m) 281 1.89 (m) 327 2,07 (m) 169
1.81 (m) 411 251 (m) 304 2.43 (m) 3238
- 140.2 - 1514 2.23 (m) 377
472(d, 9.9) 127.4 289 () 521 - 149.2
455 (dd, 88, 9.8) 820 396 (,9.2) 85.4 5.14(d, 4.1) 1189
255 (m) 505 289 () 452 356 () 396
1.70 (m) 263 215 (m); 1.41 (m) 311 481 (dt, 3.0, 6.5) 766
1.46 (m) 395 2,51 (m); 2.23 (m) 36.4 2.56 (m) 4238
- 137.1 - 149.4 - 1400
- 1416 - 1399 - 3238
- 1706 - 1704 - 1706
6.24 (d, 3.4), 551 (d, 3.4) 1198 621 (d3.3): 5.48 (433) 1203 6.18 (0,1.8); 5.61 (d, 1.8) 1218
1.40 (5) 16.2 526 (d, 1.3); 506 (d, 1.3) 1097 1.08 (d, 7.6) 287
168 (d, 13) 17.4 489 (5); 4.81 (5) 1127 1.185) 227
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Plant-pathogenic fungi Toxicity regression equation Correlation coefficient ECsolmg/L) Confidence intervals (mg/L)

F. graminearum y = 1.0107x+5.4036 0.9839 398.74 210-750
B. cinerea 3.6591x+8.4484 0.9800 11418 90-140
C. gloeosporioides 0.7907x+5.4735 09786 251.87 80-800
S. sclerotiorum 3.8796x+8.2840 09927 142.40 120-170

F. oxysporum 1.7997x+5.9428 0.8997 299.34 230-400
F. lateritium y = 0.7094x+5.1638 0.9081 587.69 310-1,120
A. alterata 2.0376x+6.0220 0.9503 315.07 250-400
P. aphanidermatum y = 1.3650x+5.645 09018 757.71 530-1,090
D. glomerata 1.6341x+5.6257 08786 414.08 260-670

1.0780x+5.2852 0.9804 543.82 350-830

P. infestans
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Treatment

Extracts of Radix Aucklandiae

Prothioconazole

Concentration (mg/L)

1,000
500
250
100

Protective activity

Curative activity

7d (%)

96.86ab
86.15¢c

61.19d

92.31b

9d (%)

91.69b
84.29¢c
57.89d
84.53¢c

11d (%)

90.53b
83.42c
56.07d
80.32¢

7d (%)

90.53b
83.42c
56.07d
88.62bc

9d (%)

78.28b
70.85¢
35.04d
76.35b

11d (%)

57.11c
55.81c
32.56d
70.48b
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Treatment

Extracts of Radix Aucklandiae

Tebuconazole

Concentration (mg/L)

400
4,000
86

Protective activity

Curative activity

7d (%)

37.51c
56.26b
71.88a

9d (%)

11.96c
51.98b
81.99a

12d (%)

4.76c
11.90b
88.10a

7d (%) 9d (%) 12d (%)
34.38¢ 27.30¢ 2.38¢
40630 36390 11.90b

54.56a 87.50a 80.95a
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Treatment

Extracts of Radix Aucklandiae

Pyraclostrobin

Concentration (mg/L)

1,000
500
100

Protective activity Curative activity
3d (%) 5d (%) 7d (%) 3d (%) 5d (%) 7d (%)
100.00a 100.00a 100.00a 100.00a 100.00a 100.00a
100.00a 85.71b 77.780 100.00a 75.000 63.64b
100.00a 100.00a 100.00a 100.00a 100.00a 100.00a
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Compd. ™V PMMoV TSwv

Curative activity ~ Protective activity ~ Curative activity ~ Protective activity ~ Curative activity ~Protective activity
A4 501.4 63 2895+ 48 4827 £ 79 1965 = 5.8 601.4 £ 95 3121 284
A1 4895 9.0 2258+ 9.1 4913 +58 2196 £ 49 5853 7.4 3542 9.0
A16 368.7 £33 210.4 £ 88 3108 +9.1 1562 £ 8.1 576.9 £ 3.7 1789 £ 3.1
A18 410559 2512 7.1 3456+ 34 1782+ 36 610.4 =38 2152262
A20 4902 =85 3015+ 62 411.9 £ 57 2703 £ 47 505252 3805 + 9.1
B11 5602 + 4.9 3189+ 66 4263+ 9.1 2805 + 36 610.4 £ 58 368.1 =46
Ribavirin® 6905275 505.1 % 46 7805 = 86 5686 = 56 810.7 £ 9.2 650.2 = 45
Nlngnar\myc\nn 4205+ 6.5 242677 4158 + 49 2184 £ 6.3 408.8 + 8.1 180.5 + 3.9

“Average of three repicates.
bThe commercial antiviral agents ribavirin and ningnanmycin were used for comparison of activity.
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Compd. ™V PMMoV TSwv

Curative activity Protective activity Curative activity Protective activity Curative activity Protective activity
(%) (%) (%) (%) (%) (%)
A1 45619 60325 395+ 1.1 56.1+18 27830 465£22
A2 38929 49.8x 1.1 45325 57214 35710 45623
A3 36.1£23 47226 40617 49318 32927 48019
A4 49811 64534 52325 67.1£23 467 £1.9 631£28
AS 23626 54219 39819 60.2+22 31213 54829
A6 37821 54129 43831 59.2+31 33317 51225
A7 30618 495+ 25 36312 506+ 19 298+ 1.1 556+ 1.9
A8 318£26 51618 36612 48913 30329 459£1.7
A9 408+23 59219 452218 61.4£25 37911 548+19
A10 389112 54931 433224 572£19 35620 517 £22
A11 536+26 67918 536 +3.1 656+25 472227 63819
A12 34828 49.7 £14 309 2.1 565+18 33114 439513
A13 38915 62125 40816 57.6+23 36524 56.5 + 2.1
A14 33818 43717 31328 465+ 09 337 £20 40008
A15 43321 51928 401£22 63.1£33 330+1.1 43619
A16 57224 68216 56519 71829 48316 69.5+28
A17 39319 61222 M2221 60.5+3.1 38927 542519
A18 52326 65219 55612 702£29 47914 656+ 2.5
A19 36817 53124 31910 51817 29015 437519
A20 51327 67.1:23 51124 68126 48719 62813
A21 473£22 600+ 1.9 50.3+3.0 61713 45328 552+26
B1 31518 453 2.1 28613 462125 27319 375241
B2 304£25 489+ 23 29318 435+ 09 31115 418:12
B3 32819 46713 35632 45117 339:24 44618
B4 36.7£23 52126 38519 584£22 32814 46.9 +3.1
BS 40817 43.4:39 36321 506 +33 330+ 16 42618
B6 26419 491.9x23 28117 43522 23928 43021
B7 42912 43112 41209 50118 366+ 1.2 52924
B8 20526 467+ 27 38114 436+3.1 289+21 396+ 1.1
BY 42419 54.1x31 45115 58.8+28 38018 52134
B10 406£25 51432 38522 41811 30317 439£16
B11 43610 589+ 19 52937 63719 42820 60513
B12 20814 468+ 25 3212 491 £20 32817 499£22
B13 401526 51911 30516 554 +21 36.1+28 481529
Ribavirin® 39923 51212 35616 48819 37810 46.2+21
Ningnanmycin® 498518 62325 51.8+3.1 63317 49128 65217

“Average of three repicates.
bThe commercial antiviral agents ribavirin and ningnanmycin were used for comparison of activity.
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Compd. LCso (ug/mi)°

B. xylophilus A. besseyi B. cinerea
A13 35535 44754 302+20
A14 31809 474£25 36507
Tioxazafen® >200 >200 >200
Fosthiazate” >200 >200 >200
Abamectin® 1038+ 15 >200 106.2 + 2.1

“Average of three replicates.
“The commercial antiviral agents tioxazafen, fosthiazate, and abamectin were used for
comparison of activity.
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A1l

A3
A4
A5
A6
A7
A8
A9
A10
A1l
A12
A13
A14
A15
A16
A17
A18
A19

A21
B1
B2

&GRE

B6

B7

B8

BY

B10

B11

B12

B13
Tioxazafen®
Fosthiazate®
Abamectin®

*Average of three repicates.

°The commercial antiviral agents tioxazafen, fosthiazate, and abamectin were used for comparison of activity.
No activity or corrected mortality <20%.

Corrected mortality +SD (%)®

B. xylophilus A besseyi D. dipsaci
50 pg/ml 10 pg/mi 50 pg/mi 10 pg/mi 50 pg/ml 10 pg/mi
26638 - 32065 - - -

- - - - 224229 -
37.7+39 - - - - -
38849 - 32065 - 23113 -
30658 - 21224 - 20652 -

- - 24653 205£22 24704 -

- - 21523 - 22680 -
48974 26957 - - 30735 242£59
26952 - - - 30753 -
207 +47 - 24186 - 220£28 -
41069 235 4.1 - - 27782 -

100 258 4.9 100 258+59 100 258+ 19

100 25156 100 100 24116
47957 321277 - - - -
21515 - - - - -
36595 25410 - - 25410 -
44961 23367 - - - -
25555 - - - - -
23045 - - - 23462 -
29965 - 25271 - 22460 -
37767 - 21833 - 28812 -
51858 - 266+ 4.0 - 25538 -
28178 - 25033 - 24990 -
311:58 - 20528 208+73 332:15 233 £27
370x 1.1 - 708+ 18 - 209:62 207 + 66
27863 = = - 21644 —

— - - - 253:59 -

- - - - 203:34 -

- - 229:28 - 22447 -

- - 31543 - 410:74 222141

- - 596492 = - i
25111 - 35817 - 33065 -
343:77 - 400 6.1 20125 200+37 -
43952 23298 - - 33316 -
49463 31942 42320 22232 336+13 202 £33
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Isolated vield.

Catalyst

K4C05
Na,CO;
NaOH
KzCOa/KI
KoCOxKI
KoCOs
KoCO/KI
K>C0s3
KzC0s3
KoCOs
K,C0/KI

Solvent

CH{CN
CH,CN
CH{CN
CH,CN
CH,CN
DMF
DMF
DMF
(CH3).CO
DMF
DMF

Temperature/'C

rt
rt
rt
rt
80
rt
rt
60
56
80
60

Yield® (%)

32
16
21
38
ul
39
56
85
48
83
89
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Compound Toxic regression equation R ECso (ng/ml)

e y = 0.63x + 4.51 096 58715
7 y=061x +4.57 099 498 2.1
19 y = 067x + 4.47 098 61718
Dimethomorph ¥ =0.94x + 4.30 0.99 552:12°

efer to the previous articles of our group (Chen M. et al., 2021).
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Gene

VaMET
VaPAL

VaC4H
VadCL

VaCAD
VaPPO
VaPOD
VaGLU
VaCHT
VaLOX
VaAOS
VaAOC

Forward primer (5'3)

ACCCTGACATGAGCTTCTCG
AGTCATCCGATCATCGACAAAG
GCCGTTTCTCAGAGGGTATTTG
TCTTACTCCGACAAACCCGC
AGGGATAAACTTGGAGGGTTTG
GCCATTCTGGAACTGGGACTC
GACCTGAAGTCCCATTCCATC
GCCGTTGGGAATGAAGTGAAT
GGTAGCAACTGACCCAACCATT
GGAAAGCCACAGTGGAAGCA
GATCAAGCCGCGTTCAATT
ACTCAGAGCCATCTCCTCCG

Reverse primer (5'~3)

ACCCAAATCTCTGCTTGCTG
TTGTCCATCGAGACTCCAATG
CATTTCAGACTGTTGTTGTCCATC
TGATACCCAGTTGGTTGATGAAG
TTGAAGCCTTGAGCATTGGAAC
GGTTGCTGTTTATTCGTGCCTT
ATCCAGAACGCTCCTTGTGG
GGAATGGGTTGCTTACGAGTG
GATCCCACCGTTGATTATGTTAGT
AGAGTCGTGAGCGAGGACATG
CGGAGGGATACGGAAGGTGT
TTCTGTTGGGGTGCTCTGG
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Corrected mortality %
- ((mortality of treatment % ~ mortality of negative control %)
(1 - mortality of negative control %)] x 100
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Catalyst

NaHCOs
Na;COs
NaOH
EtaN
NaOH
NaOH
NaOH
NaOH
NaOH
NaOH
NaOH

Solvent

CH.Cl
CH.Cl
CH.Cl
CH.Cl
THF
CHCl
CH,CN
(CH),CO
(CHy),CO
(CHy),CO
(CHy),CO

Temperature/'C

rm.
rm.
rm.
rm.
rm.
rm.
rm.
rm.
0C
50°C
Reflux

Yield® (%)

18
30
72
55
66
70
66
82
72
78
81
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Compound Inhibition rate (%)

G. zeae B. dothidea P. infestans Phompsis sp. T. cucumeris
i 28813 245+ 20 23628 492126 452217
2 345:16 320+ 10 281217 36334 33414
3 376+ 20 31.0:18 256+ 20 325:15 56.3+2.1
m 454 +26 258+ 1.2 247215 36218 42617
s 401 £ 2.1 268+ 26 25326 475219 475218
lne 362+ 1.1 216+28 564 +1.4 34221 43415
g 470£13 332:23 567 x 3.2 556 1.4 46315
g 342:16 485+ 2.1 56.1 £ 1.2 352124 357224
o 38615 548+ 1.7 508+ 2.1 33522 45618
10 43013 516+ 20 57530 373:23 554114
i1 45408 507+ 1.2 57.627 45119 43012
2 63.4£ 1.0 505+ 23 735+ 2.1 345221 50.7 £2.2
3 538+ 1.2 464+16 731:16 481213 68.3: 18
4 52318 66.4 .+ 1.2 775 % 2.1 426212 565+ 2.1
15 610+ 24 653+ 26 75.1£22 452215 56313
6 522x 2.1 66.0: 2.5 80.113 58.1x14 56516
7 45216 54324 79712 432215 58.7: 10
s 55.4 %20 552+ 20 780:23 445222 65320
9 57216 547£25 793+ 2.1 48214 68.4:19
Dimethomorph 743 £20° 72316 782 1.1° 693 = 16" 683+ 16°

“Refar o the previous articles of our group (Chen M. et al., 2021)
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Uslony growth dlameter(mm) = Average of messured diameters
(diameter of agar block)
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Mycelium growth inhibition rate (%) = %100
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Treatments

Alantolactone
Dehydrocostus lactone
Costunolide
Pyraclostrobin

MIC value (mg/L)

F. graminearum

250
62.25
1,000

40

B. cinerea

15.63
391
15.625

C. gloeosporioides

>1,000
250

>1,000
125

F. oxysporum

>1,000
1256

>1,000
25





