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Chinese chive (Allium tuberosum Rottler) is a popular food from Allium species in East and Southeast Asia. Most Allium species possess characteristic aromas and have antimicrobial activity. In this study, the antimicrobial activities of root, leaf, and scape extracts of Chinese chive at different pH levels (3.0, 5.0, 7.0, 9.0, and 10.7) were compared. The most pronounced activity was produced by the scape extract, and the greatest activity was obtained at pH 5.0. HPLC and GC–MS analysis showed that the major active ingredient was 2-amino-5-methylbenzoic acid. The mechanism of action of Chinese chive scape extracts may involve the depression or disruption of cell membrane integrity, according to our results of the leakage of electrolytes and protein, as well as scanning electron microscopy and transmission electron microscopy observations.
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Introduction

Microbial plant diseases in the field and during transport, storage, and sale are some of the most important issues facing agriculture worldwide (Toth et al., 2010; Myung et al., 2015). Chemical bactericides are used to control plant diseases, but they are often considered undesirable because of the potential environmental impact of residues (Kaur and Garg, 2014) and the appearance of resistant bacteria (Cao et al., 2021). Therefore, research is focused on efficient and effective alternatives to control fungal and bacterial diseases. Chen T. et al. (2018) conducted in vitro experiments with ginger oleoresin to confirm their use in controlling rotten disease in harvested Chinese olive caused by Pestalotiopsis microspore (Chen T. et al., 2018). Bordoh et al. (2020) found that extract of dukung anak (medicinal herb) and turmeric had antifungal effect against Colletotrichum gloeosporioides (Bordoh et al., 2020). The activity of extracts from oregano, common sage, savory, monarda and clove flower buds were tested in vitro, and their antibacterial activity toward Agrobacterium tumefaciens, Erwinia amylovora, Pseudomonas syringae and Xanthomonas arboricola were found (Kauna et al., 2021). Allium species are widely distributed throughout North America, Europe, North Africa, and Asia, and most of them possess characteristic aromas and are edible (Ozturk et al., 2012; Alam et al., 2022). Chinese chive (Allium tuberosum Rottler) is in the same family as onion (Allium cepa) and garlic (Allium sativum) and it is a very popular food in East Asia and Southeast Asia. People love the fresh taste and unique smell of its leaves and scape. It is a perennial plant that has stems, leaves, and inflorescences which are edible and have antimicrobial and antioxidant activities (Ibrahim et al., 2009), and as a mouthwash to soothe toothaches through their antiseptic effect in Thailand and Indo-China (Jannat et al., 2019). Chinese chive oil has been tested for activity against Flavobacterium columnare, which leads to fish disease (Rattanachaikunsopon and Phumkhachorn, 2009). Both the leaf and root leachates and volatiles of Chinese chive were verified to have antifungal activity against Fusarium oxysporum f. sp. cubense race 4 (FOC), which cause Panama disease of bananas in South China (Hui et al., 2013). Six plants from the Alliaceae family were made into essential oils, and the Chinese chive and onion oils were found to have the highest antibacterial activity on five bacteria, Staphylococcus aureus, Listeria monocytogenes, Salmonella Typhimurium, Escherichia coli and Campylobacter jejuni (Dima et al., 2014).

Most studies have focused on essential oils obtained by hydrodistillation of the leaves, bulbs, roots, and seeds of Chinese chive (Hu et al., 2013; Dima et al., 2014; El-Sayed et al., 2017b), but certain volatile components can be degraded by hydrodistillation (Swargiary et al., 2020). Chekki et al. (2014) found that ethanolic extract of garlic had higher anti-bacterial activity than essential oils obtained by hydrodistillation (Chekki et al., 2014), and some researchers have obtained extracts from Chinese chive using organic reagents such as ethanol, methanol, and diethyl ether (Yabuki et al., 2010; Fang et al., 2015; Jang and Yong, 2021), but this is time-consuming and expensive. Previous studies have shown there are different matters with different pH extracts. At higher pH and temperature, extracts of the brown alga Macrocystis pyrifera have better activity in promoting the growth of tomato and root of bean (Briceño-Domínguez et al., 2014). Wu et al. (2018) explored changes in the anthocyanin content of Roselle at different pH levels, and found that anthocyanins degraded quickly in low-acid environment (Wu et al., 2018). Chen T. et al. (2018) compared the antimicrobial activity constituents in garlic under different pH values, the results showed that acidic extracts had a significant inhibitory effect, while the alkaline extracts had almost no effect, which has come to our attention (Chen C. et al., 2018).

Studies have shown that extracts from different plant parts have different antimicrobial effects. It was reported that extracts of leaves, outer culm, inner culm, branches, rhizomes, knots, and roots of bamboo have different chemical compositions and antibacterial activities (Akinobu et al., 2014). Raudsepp et al. (2018) compared the antibacterial and antioxidative activities of different parts of blackcurrant (Ribes nigrum), garden rhubarb (Rheum rhaponticum), chokeberry (Aronia melanocarpa (Michx.) Elliott), and blue honeysuckle (Lonicera caerulea var. edulis) and found that the combination of dark rhubarb roots and black chokeberry berries have substantial antibacterial and antioxidative effects (Raudsepp et al., 2018). The antibacterial effect was compared between bark and leaf extracts of Eucalyptus camaldulensis, and found that crude aqueous leaf extracts show lower activity against Propionobacterium acnes than bark (Sabo and Knezevic, 2019). The purpose of our study was first to compare the antimicrobial properties of extracts from the roots, leaves, and scape of Chinese chive obtained at different pH values. Subsequently, the active ingredient with the highest antimicrobial activity was separated and concentrated by high-performance liquid chromatography (HPLC), and then determined by gas chromatography–mass spectrometry (GC–MS) and standard. Finally, the possible mechanism of action for the antimicrobial activity was explored by permeability analysis, cell-membrane integrity assays, scanning electron microscopy (SEM), and transmission electron microscopy (TEM).



Materials and methods


Chinese chives extracts preparation

Fresh Chinese chives were purchased from the local market in Chengdu. Data used in this study have been archived in Garden and Botanic (2019). An extraction buffer was prepared as 50 mM Tris HCl solutions in water at different pH values (3.0, 5.0, 7.0, 9.0, and 10.7). The roots, leaves, and scape of Chinese chives (Supplementary Figure S1) were rinsed with water, wiped with paper, and crushed in a mortar. Twenty grams of crushed roots, leaves, or scape was added to 40 ml of water at different pH values for 4 h at 4°C. The mixtures were centrifuged at 8,586 × g for 20 min, and the supernatants were filtered through 0.22 μm membrane filters. Finally, each 10 ml sample was obtained. The analytical samples for each pH value were prepared to give three replicates for each.



Microbial strains and culture

Bacterial strains were Pectobacterium carotovorumum (DSM 14774) and Pseudomonas syringae (DSM 1241). Fungal strains were Fusarium proliferatum (DSM 764) and Alternaria brassicicola (DSM 62008). All microbial strains were obtained from Beina Chuanglian Biological Research Institute (Beijing, China).

Bacteria were grown in nutrient broth (NB) on an orbital shaker at 28°C, and fungi were cultivated on potato dextrose agar (PDA) plates at 28°C.



Antimicrobial tests

Antimicrobial tests used Oxford cup assays (Shang et al., 2014) with some modifications. Bacteria were grown to an OD600 of 0.6 in NB agar at 200 rpm and 28°C in an orbital shaker. The NB agar medium was cooled to 50°C after autoclaving, and then agar (100 ml) was mixed with bacterial solution (1 ml) and added to the plates. Five 6 mm diameter Oxford cups were placed at equal distances on the agar surface. Chinese chive extracts (50 μl) at different pH values were added to each cup with a micropipette.

Fungal spores were washed with sterile water to 2 × 107 ml−1 in a hemocytometer and were stored at 4°C until use (Yin and Cheng, 1998). Antifungal tests were similar to the antibacterial tests, 100 ml PDA agar was mixed with 1 ml spores solution and added to the plates, 50 μl Chinese chive extracts were added to each cup with a micropipette.

The size of the inhibition zones of bacteria were observed after 24 h at 28°C, while the fungi were cultured for 2–4 days. Each treatment was repeated in triplicate.



High-performance liquid chromatography

The extracts were diluted with distilled water to 2% solutions, and an Alltima C18 column (250 × 4.5 mm, 5 μm) was injected with 20 μl of the diluted extracts and monitored at 260 nm and 25°C. The mobile phase was acetonitrile/water solution (20:80, v/v), introduced at a flow rate of 0.3 ml/min. The peaks were collected with an Agilent Zorbax Eclipse XDB-C18 (250 × 9.4 mm, 5 μm). Five kg of samples were used to obtain 2.5 l extract. The extract was evaporated in vacuo to afford 100 ml concentrated extract. Then, the concentrated extract was subjected to semipreparative HPLC. After 5 times separation and concentration, the compounds were finally obtained. The analyses were performed on a Shimadzu LC-20A liquid chromatograph with a diode array detector (CBM20A, Shimadzu, Tokyo, Japan).



Gas chromatography–mass spectrometry

The compounds were analyzed by GC–MS (GC/MS-QP2010, Shimadzu, Kyoto, Japan) using an Rtx-Wax capillary column (30 m, 0.25 mm, and 0.25 μm). The ionization voltage was 70 eV, and the carrier gas was helium flowing at 1 ml/min. The oven temperature program was 60°C for 5 min, which was then increased to 280°C at a rate of 10°C/min while the injection port temperature was maintained at 220°C. The MS data libraries NIST05.LIB and NIST05s.LIB were used to analyze the spectrum and identify the compounds.



Cell membrane permeability


Fungi (Fusarium proliferatum)

Mycelial samples were prepared according to the method of Medina-Romero et al. (2017) with some modifications. F. proliferatum was cultivated on PDA plates for 6 days, and the plates were washed with 100 ml of double-distilled sterile water to wash away the spores. Every 100 mg of moist mycelium was then mixed with 10 ml of double-distilled sterile water, and 500 μl of Chinese chive scape extracts (pH 3.0, 5.0, 7.0, 9.0, and 10.7), 50 mM Tris HCl solutions at pH 5.0 (negative control, N) or allicin (positive control, P) was added. Mycelium suspensions were shaken at 120 rpm and 28°C in an orbital shaker for 2 to 12 h.



Bacteria (Pectobacterium carotovorum)

Bacterial samples were grown to OD600 ≈ 0.6 in NB, and each 10 ml culture was treated with 500 μl of Chinese chive scape extracts, 50 mM Tris HCl solutions at pH 5.0 (negative control, N) or allicin (positive control, P), then incubated for 2–12 h.

The electrical conductivity of samples was measured using a conductivity meter (DDS-307, SPSIC-Rex Instrument Factory, China).




Integrity of the cell membrane

Fungal (F. proliferatum) mycelium and bacterial (P. carotovorum) samples were prepared in the same manner as the electrical conductivity experiments, with the bacteria incubated for 4–12 h and the fungi incubated for 4–16 h. The microbial culture media treated with Chinese chive scape extracts were centrifuged for 15 min at 3,354 × g, and the supernatants were obtained. Each 200 μl supernatant was mixed with 800 μl of Coomassie Brilliant Blue G-250 for 10 min, and then the mixtures were analyzed on a T6-spectrophotometer (Beijing Purkinje General Instrument Co., Ltd., Beijing, China) at a wavelength of 595 nm. The protein leakage could reflect the integrity of the microbial cell membrane.



Scanning electron microscopy

The P. carotovorum cells were grown in NB agar at 200 rpm and 28°C in an orbital shaker overnight. Then 10 ml bacteria culture samples were treated with 800 μl of 50 mM Tris HCl solutions at pH 5.0 (control), 400 μl of 50 mM Tris HCl solutions at pH 5.0, 400 μl of Chinese chive scape extracts (pH 5.0), and 800 μl Chinese chive scape extracts (pH 5.0). After 12 h of incubation, the mixtures were centrifuged at 3,354 × g for 15 min. The precipitated cells were washed with phosphate-buffered saline (PBS, 0.1 mol/l, pH 7.4) and fixed with 2.5% (w/v) glutaraldehyde at 4°C for 12 h. Subsequently, the samples were rinsed with PBS for 1 min and dehydrated in a graded series (30, 50, 70, 80, and 90% ethanol) for 15 min, then in 100% ethanol for 15 min twice, respectively. The samples were dried in critical-point liquid CO2 and coated with gold by cathodic spraying. A scanning electron microscope (JSM-750 0F, JEOL Ltd., Tokyo, Japan) was used to examine the final samples.



Transmission electron microscopy

Transmission electron microscopy (TEM) procedure was carried out using Lesley’s method (Lesley and Jan Marc, 2007) with some modifications. F. proliferatum was cultivated on PDA plates with added treatment fluid at 28°C for 72 h (A: 200 μl 50 mM Tris HCl solutions at pH 5.0; B: 100 μl 50 mM Tris HCl solutions at pH 5.0 + 100 μl Chinese chive scape extracts, pH 5.0; C: 200 μl Chinese chive scape extracts, pH 5.0). Segments of F. proliferatum grown on the PDA plates (1 mm × 1 mm dimensions) were cut and filled with 2.5% (v/v) glutaraldehyde for 2 h and then rinsed three times with phosphate buffer (PB, 0.1 mol/l, pH 7.4) for 15 min each. Next, the samples were fixed with 1% citric acid at room temperature for 5 h and washed with PB three times (15 min each). After the samples were rinsed, they were immersed in an ethanol series (1 h each in 30, 50, 70, 80, 90, and 95% ethanol; twice for 1 h in 100% ethanol) and subsequently immersed in an ethanol/acetone series (3,1, 1:1, and 1:3, v/v, 30 min each), and in acetone for 1 h. The samples were then embedded with an acetone/Epon812 series (3, 12, 4 h; 1:1, 12 h; 1:3, 4 h). After the samples were embedded in Epon812 8 h, they were inserted into the embedding plate in an oven at 37°C for 12 h and at 60°C for 48 h. The embedded samples were sliced into 60–80 nm ultrathin slices with an ultramicrotome (EM UC7, Leica, Austria), stained with saturated uranyl acetate solution (2%) in alcohol for 15 min, and then stained with lead citrate (2%) for 15 min. After overnight drying, the final samples were observed by TEM (Hitachi-HT7700, Japan).




Results


In vitro activity of different Chinese chive extracts against plant pathogenic microorganisms

Bacterial growth (P. carotovorum and P. syringae) and fungal growth (F. proliferatum and A. brassicicola) were inhibited by extracts of different parts of Chinese chive on seeded agar plates. As shown by the results in Supplementary Table S1, the scape of Chinese chive extracts had the most significant activity. The zones of inhibition with extracts of scape at different pH was shown in Figure 1. The pH 5.0 extracts had the highest activity against the microorganisms, followed by extracts at pH 3.0, pH 7.0, and pH 9.0; the extracts at pH 10.7 had no inhibitory effect, and 50 mM Tris HCl solutions at different pH had no activity (Supplementary Figure S2).
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FIGURE 1
 Zones of inhibition caused by Chinese chive scape extracts on seeded agar plates. a: pH 3.0; b: pH 5.0; c: pH 7.0; d: pH 9.0; e: pH 10.7.




High-performance liquid chromatography analysis of Chinese chive scape extracts

HPLC-UV260nm chromatograms for Chinese chive scape extracts are shown in Figure 2. The absorption peak appearing at about 10.6 min (arrow) and 12.5 min was much stronger in the pH 5.0 and 3.0 extracts, followed pH 7.0, and 9.0, in descending order. There was no peak in this position for the pH 10.7 extracts. Interestingly, the height of the peak at 10.6 and 12.5 min was positively correlated with the size of the inhibition zone. Therefore, we speculated that the 10.6 and 12.5 min peak had an active substance, and we collected and concentrated the two peaks and performed an antimicrobial test (Supplementary Figure S3), but found that only the 10.6 min peak had activity, it showed this 10.6 peak had the active substance.

[image: Figure 2]

FIGURE 2
 High-performance liquid chromatography–UV260nm chromatograms of Chinese chive scape extracts.




Gas chromatography–mass spectrometry analysis of active constituents

In this study, the 10.6 min peak (Figure 2) isolated and purified from Chinese chive scape extracts was analyzed by GC–MS. The results identify 2-amino-5-methylbenzoic acid (CAS: 2941-78-8) as the major compounds at levels of 86.10% (Figure 3A). Further verification of the antimicrobial activity of the substance revealed that 2-amino-5-methylbenzoic acid (standard compound) has antimicrobial activity (Supplementary Figure S4), like allicin (Supplementary Figure S5).

[image: Figure 3]

FIGURE 3
 Gas chromatography–mass spectrometry analysis. (A): the peak of 10.6 min in HPLC; (B): 2-amino-5-methylbenzoic acid (standard).


In order to confirm that the compound is 2-amino-5-methylbenzoic acid, the Chinese chive scape extracts (pH 5.0) and 2-amino-5-methylbenzoic acid (standard) were tested by GC–MS and HPLC. The mass spectra of 2-amino-5-methylbenzoic acid (standard compound) was shown in Figure 3B, and the time of the 10.6 min peak and 2-amino-5-methylbenzoic acid (standard compound) in HPLC was consistent (Figure 4).

[image: Figure 4]

FIGURE 4
 High-performance liquid chromatography–UV260nm chromatograms. (A) Chinese chive pH 5.0 scape extracts; (B) the standard of 2-amino-5-methylbenzoic acid.




Cell membrane permeability of microorganisms

An assay of cell membrane permeability was used to study the effect of the Chinese chive scape extracts on P. carotovorum (Figure 5A) and F. proliferatum (Figure 5B) cell surfaces. The relative conductivity of both the negative control and pH 10.7 extracts changed little. In contrast to the negative control, the extracts at pH 3.0, 5.0, 7.0, 9.0 and positive control had varying degrees of increase after 12 h. Especially the extracts at pH 5.0, a large increase was observed at 4–6 h, followed pH 3.0, a significant increase was observed at 6–8 h.

[image: Figure 5]

FIGURE 5
 Effect of Chinese chive scape extracts on the membrane permeability. Values are mean ± SD (n = 3). (A) P. carotovorum; (B) F. proliferatum. N: negative control, 50 mM Tris HCl solutions at pH 5.0; P: positive control, allicin.




Leakage of cellular contents of microorganisms

Chinese chive scape extracts elevated protein leakage through the plasma membrane of P. carotovorum (Figure 6A) and F. proliferatum (Figure 6B). As shown in Figure 6A, leakage of proteins from the negative control, pH 10.7 and pH 9.0 bacterial was almost not observed protein leakage. The pH 7.0 extracts caused visible protein leakage after 10 h, while the positive control, pH 5.0 and 3.0 extracts caused extensive protein leakage after 8 h.

[image: Figure 6]

FIGURE 6
 Leakage of protein. Values are mean ± SD (n = 3).(A) P. carotovorum; (B) F. proliferatum. N: negative control, 50 mM Tris HCl solutions at pH 5.0; P: positive control, allicin.


Fungal leakage appeared slower than bacteria, so time was extended to 16 h. There was little change in the negative control, pH 10.7, and pH 9.0 treatments during the first 12 h, and then a slight increase was observed at 16 h. The positive control and pH 5.0 extracts led to the most obvious protein leakage as bacteria, a significant increase was observed at 8 h, followed by pH 3.0, and then pH 7.0 extracts (Figure 6B).



Scanning electron microscopy analysis of bacteria

To explain the changes in relative conductivity and protein leakage, morphological changes in the appearance of the bacteria (P. carotovorum) cells were observed by SEM. P. carotovorum were treated with 50 mM Tris HCl solutions at pH 5.0 (control) and Chinese chive scape extracts at pH 5.0 for 12 h. The SEM images in Figure 7A show the surface morphology and physical changes of the samples. The bacteria in the control group (Figure 7A1) were complete and regular, while bacteria treated with pH 5.0 extracts (Figures 7A2,A3) became deformed and broken and adhered to each other, with the changes more evident as extract concentration increased. SEM observations confirmed the damage to the structural integrity of the tested bacteria, which supported the results of the permeability and integrity tests on the bacteria cells.

[image: Figure 7]

FIGURE 7
 scanning electron microscopy (SEM) and transmission electron microscopy (TEM) images. (A): SEM images of P. carotovorum. A1: addition of 800 μl of 50 mM Tris HCl solutions at pH 5.0 per 10 ml culture; A2: addition of 400 μl of 50 mM Tris HCl solutions at pH 5.0 + 400 μl of pH 5.0 scape extracts per 10 ml culture; A3: addition of 800 μl of pH 5.0 scape extracts per 10 ml culture. (B): TEM images of F. proliferatum. B1, B4: addition of 200 μl of 50 mM Tris HCl solutions at pH 5.0; B2, B5: addition of 100 μl of 50 mM Tris HCl solutions at pH 5.0 + 100 μl of pH 5.0 scape extracts; B3, B6: addition of 200 μl of pH 5.0 scape extracts.




Transmission electron microscopy analysis of fungi

The ultrastructure of F. proliferatum was investigated by TEM to further explain the inhibitory mechanism of Chinese chive scape extracts. F. proliferatum grown without extracts showed a normal, intact cell structure, and a thick cell wall (Figure 7B1), and the filiform was regular and thick as the arrow referred (Figure 7B4). On the contrary, the pH 5.0 extract induced depressed cellular surfaces, and plenty of lipid globules beside the cell membrane (Figures 7B2,B3,B5,b6), as the arrow referred. Furthermore, the filiform became irregular (Figures 7B5,B6).




Discussion

In this work, the extracts of roots, leaves, and scape of Chinese chive at different pH values were tested as antimicrobial agents against two bacterial (P. carotovorum and P. syringae) and two fungal (F. proliferatum and A. brassicicola) strains. The results show that the scape extracts had the most significant antimicrobial effects, especially at pH 5.0. HPLC showed that the peak at about 10.6 min was consistent with the inhibition zone experiment. The microbial inhibition test and GC–MS analysis results after collection and concentration of this peak suggest that 2-amino-5-methylbenzoic acid was the inhibitor of microorganisms in Chinese chive.

Traditionally, Allium species have been considered to have antimicrobial activity. Most Allium species possess characteristic aromas and are edible. Garlic (A. sativum) has been used for centuries as a spice with important medicinal properties and has been found to be active against fungi and bacteria. Research has shown that 28 garlic cultivar extracts inhibited four different phytopathogenic fungi (Sikandar et al., 2016). Bacterial spot disease of tomato and pepper wee inhibited by aqueous garlic (Mirik and Aysan, 2005). Onion (A. cepa) is also well-known as a flavoring agent, the essential oils of which are potent inhibitors of microbial growth (Llanaruizcabello et al., 2015). Ethanol, methanol, acetone, and ethyl acetate extracts of onion were evaluated for their antibacterial activity against 15 bacterial strains, the results showed that the ethyl acetate extract had higher bactericidal effect due to the presence of high concentration of phenolic compounds (Mahomoodally et al., 2018). Many studies have shown that organic sulfur compounds provide the antimicrobial effect of Allium species, such as such as diallyl trisulfide (DTS), diallyl disulfide (DDS) in garlic (Oommen et al., 2004; El-Sayed et al., 2017a). Chinese chive share a common sulfur biochemistry as garlic and onion. Allium also contains several aromatic bioactive compounds, and some studies have demonstrated antimicrobial activity from these, such as ferulic acid and caffeic acid which have been detected in garlic, onion, and three-cornered leek (A. triquetrum; Prakash et al., 2007; Beato et al., 2011; Rabah et al., 2020). And the change of substituents on the benzene ring have been reported to be an important factor for inducing antimicrobial activity (Uyanik et al., 2010; Reddy et al., 2018). 2-Amino-5-methylbenzoic acid is also an aromatic compound, and it has also been found in the extracts of different varieties of garlic, but its antibacterial activity has not attracted attention (Chen et al., 2019).

2-Amino-5-methylbenzoic acid is an important material that can synthesize drugs. It was mixed with chloroformate in pyridine to form cetilistat, which is a pancreatic lipase inhibitor for the treatment of obesity (Kopelman et al., 2007; Ding et al., 2015). Treatment of 2-amino-5-methylbenzoic acid with butyl isothiocyanate resulted in 2-thioxoquinazolin-4-one, which was used in vitro against the HeLa and MDA-MB231 cancer cell lines, and it exhibited significant in vitro cytotoxicity against both the cell lines (Abuelizz et al., 2017). 2-Amino-5-methylbenzoic acid could also produce 5-methyl-2-[(phenylsulfonyl)amino]benzoic acid as a potent anti-prostate cancer agent (Purushottamachar et al., 2008). A series of artemisinin-4-(arylamino)quinazolines, which are designed and synthesized from the starting material 2-amino-5-methylbenzoic acid, showed potent in vitro cytotoxic activity against colorectal cancer (CRC) HCT116 and WM-266-4 cell lines (Wang et al., 2019). It was found that 2-amino-5-methylbenzoic acid could produce 2-[(benzyloxycarbonyl) amino]-5-methylbenzoic acid, which had the ability to inhibit serine protease (Gütschow et al., 1998). It was also reported that 2-amino-5-methylbenzoic acid could form quinazolinone derivatives that are human acrosin (a serine protease) inhibitors (Weiwei et al., 2013). Serine proteases are widely found in bacteria and fungi (Lizbeth, 2002), and they have many beneficial effects on the microorganism, including degradation of misfolded proteins in the periplasm (Pallen and Wren, 2010), digestion of abnormal proteins within the periplasmic space (Tim et al., 2011), and enabling of protein–protein interactions (Backert et al., 2013). Previous studies showed that suppression of serine protease activity could sufficiently and effectively kill bacteria (Joanna et al., 2013; Tegtmeyer et al., 2016).

The antimicrobial activity of 2-amino-5-methylbenzoic acid have not been reported. In this study, 2-amino-5-methylbenzoic acid from the Chinese chive extracts may killed the test bacterial and fungal strains by depress or disrupt the cell walls and plasma membranes. Cell walls and membranes provide conditions for the selective permeation of small ions such as K+ and Na+ (Wen-Rui et al., 2014). The observed changes at high relative conductivity and protein leakage indicated that the Chinese chive scape extracts could destroy the structural integrity of the cell wall and membranes. The SEM and TEM images showed changes of cells walls and plasma membranes. The physical and morphological changes of bacterial cells were due to the effect of extracts on the permeability and integrity of membrane, result in a bacterial morphological transition from rod-shaped cells to amorphous cells (Tian et al., 2020; Efenberger-Szmechtyk et al., 2021). Li et al. (2016) found that F. proliferatum exhibited the disruption of mycelia in the presence of butylated hydroxyanisole, and cellular surfaces depressed (Li et al., 2016), which confirmed our results. These were the same as the result for the changes in membrane permeability and leakage of cellular contents. Therefore, the direct damage of 2-amino-5-methylbenzoic acid from the Chinese chive extracts to the microbial cells walls and membranes may be an antimicrobial mechanism.



Conclusion

In this study, we compared the antimicrobial properties of root, leaf, and scape extracts of Chinese chive obtained under different pH values, and we found that the scape had the most significant activity. The scape extracts were then used as an antimicrobial agent against both four test bacterial and fungal strains. We conclude that 2-amino-5-methylbenzoic acid is the main antimicrobial substance of extracts of Chinese chive, and the mechanism of action is the direct damage to the microbial cell membrane.
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SUPPLEMENTARY FIGURE S3 | The pH 5.0 HPLC-UV peaks appearing at about 10.6 min and 12.5 were collected and concentrated to test the antimicrobial activity. a & b: peak appearing at 10.6 min; c & d: peak appearing at 12.5 min.

SUPPLEMENTARY FIGURE S4 | Zones of inhibition caused by 50 μL of 2-amino-5-methylbenzoic acid. a: 6.25 μg/mL; b: 12.5μg/mL; c: 25 μg/mL.

SUPPLEMENTARY FIGURE S5 | Zones of inhibition caused by 50 μL of 2-amino-5-methylbenzoic acid and allicin. a: 25 μg/mL of allicin; b: 25 μg/mL of 2-amino-5-methylbenzoic acid; c: 50 mM Tris HCl solutions at pH 5.0.



References

 Abuelizz, H. A., Marzouk, M., Ghabbour, H., and Al-Salahi, R. (2017). Synthesis and anticancer activity of new quinazoline derivatives. Saudi Pharm. J 25, 1047–1054. doi: 10.1016/j.jsps.2017.04.022 

 Akinobu, T., Qinchang, Z., Hui, T., Hiroki, H., Koichiro, O., Yasuhiro, M., et al. (2014). Biological activities and phytochemical profiles of extracts from different parts of bamboo (Phyllostachys pubescens). Molecules 19, 8238–8260. doi: 10.3390/molecules19068238

 Alam, A., Jahan, A. A. A., Bari, M. S., Khandokar, L., Mahmud, M. H., Junaid, M., et al. (2022). Allium vegetables: traditional uses, phytoconstituents, and beneficial effects in inflammation and cancer. Crit. Rev. Food Sci. Nutr. 2036094, 1–35. doi: 10.1080/10408398.2022.2036094

 Backert, S., Boehm, M., Wessler, S., and Tegtmeyer, N. (2013). Transmigration route of campylobacter jejuni across polarized intestinal epithelial cells: paracellular, transcellular or both? Cell Commun. Signal. 11:72. doi: 10.1186/1478-811X-11-72 

 Beato, V. M., Orgaz, F., Mansilla, F., and Montaño, A. (2011). Changes in phenolic compounds in garlic (Allium sativum L.) owing to the cultivar and location of growth. Plant Foods Hum. Nutr. 66, 218–223. doi: 10.1007/s11130-011-0236-2 

 Bordoh, P. K., Ali, A., Dickinson, M., and Siddiqui, Y. (2020). Antimicrobial effect of rhizome and medicinal herb extract in controlling postharvest anthracnose of dragon fruit and their possible phytotoxicity. Sci. Hortic. 265:109249. doi: 10.1016/j.scienta.2020.109249

 Briceño-Domínguez, D., Hernández-Carmona, G., Moyo, M., Stirk, W., and Staden, J. V. (2014). Plant growth promoting activity of seaweed liquid extracts produced from Macrocystis pyrifera under different pH and temperature conditions. J. Appl. Phycol. 26, 2203–2210. doi: 10.1007/s10811-014-0237-2

 Cao, D., Wang, F., Yu, S., Dong, S., and Yu, Y. (2021). Prevalence of azole-resistant Aspergillus fumigatus is highly associated with azole fungicide residues in the fields. Environ. Sci. Technol. 55, 3041–3049. doi: 10.1021/acs.est.0c03958 

 Chekki, R. Z., Snoussi, A., Hamrouni, I., and Bouzouita, N. (2014). Chemical composition, antibacterial and antioxidant activities of Tunisian garlic (Allium sativum) essential oil and ethanol extract. Mediterr. J. Chem. 3, 947–956. doi: 10.13171/mjc.3.4.2014.09.07.11

 Chen, C., Cai, J., Liu, S. Q., Qiu, G. L., Wu, X. G., Zhang, W., et al. (2019). Comparative study on the composition of four different varieties of garlic. PeerJ 7:e6442. doi: 10.7717/peerj.6442 

 Chen, T., Kang, B., Ding, L., Zhang, L., Chen, S., and Lin, H. (2018). Antifungal activity andaction mechanism of ginger oleoresin against Pestalotiopsis microspora isolated from chineseolive fruits. Front. Microbiol. 9:2583. doi: 10.3389/fmicb.2018.02583 

 Chen, C., Liu, C. H., Cai, J., Zhang, W., and Yang, Y. (2018). Broad-spectrum antimicrobial activity, chemical composition and mechanism of action of garlic (Allium sativum) extracts. Food Control 86, 117–125. doi: 10.1016/j.foodcont.2017.11.015

 Dima, M., Anne-Sylvie, F. T., Emmanuel, P., Tayssir, H., Nancy, N., Christine, F., et al. (2014). Chemical composition, antibacterial and antioxidant activities of six essentials oils from the Alliaceae family. Molecules 19, 20034–20053. doi: 10.3390/molecules191220034

 Ding, H. X., Leverett, C. A. Jr., Robert, E. K., Liu, K. C., Fink, S. J., Flick, A. C., et al. (2015). Synthetic approaches to the 2013 new drugs. Bioorg. Med. Chem. 23, 1895–1922. doi: 10.1016/j.bmc.2015.02.056 

 Efenberger-Szmechtyk, M., Nowak, A., Czyowska, A., Niadowska, M., Otlewska, A., and Yelewicz, D. (2021). Antibacterial mechanisms of Aronia melanocarpa (Michx.), Chaenomeles superba Lindl. and Cornus mas L. leaf extracts. Food Chem. 350:129218. doi: 10.1016/j.foodchem.2021.129218 

 El-Sayed, H. S., Chizzola, R., Ramadan, A. A., and Edris, A. E. (2017a). Chemical composition and antimicrobial activity of garlic essential oils evaluated in organic solvent, emulsifying, and self-microemulsifying water based delivery systems. Food Chem. 221, 196–204. doi: 10.1016/j.foodchem.2016.10.052 

 El-Sayed, H. S., Chizzola, R., Ramadan, A. A., and Edris, A. E. (2017b). Chemical composition and antimicrobial activity of garlic essential oils evaluated in organic solvent, emulsifying, and self-microemulsifying water based delivery systems. Food Chem. 221, 196–204. doi: 10.1016/j.foodchem.2016.10.052 

 Fang, Y. S., Cai, L., Li, Y., Wang, J. P., Xiao, H., and Ding, Z. T. (2015). Spirostanol steroids from the roots of Allium tuberosum. Steroids 100, 1–4. doi: 10.1016/j.steroids.2015.03.015 

 Garden and Botanic (2019). Allium tuberosum Rottler ex Spreng. (BR0000005609512). Zenodo. doi: 10.5281/zenodo.2670401

 Gütschow, M., Neumann, U., Sieler, J., and Eger, K. (1998). Studies on 2-benzyloxy-4H-3, 1-benzoxazin-4-ones as serine protease inhibitors. Pharm. Acta Helv. 73, 95–103. doi: 10.1016/S0031-6865(98)00003-X 

 Hu, G., Lu, Y., Wei, D., Sheng, C., and Mao, R. (2013). Essential oil composition of Allium tuberosum seed from China. Chem. Nat. Compd. 48, 1091–1093. doi: 10.1007/s10600-013-0476-5

 Hui, Z., Azim, M., and Sen, Z. R. (2013). Control of Panama disease of banana by rotating and intercropping with Chinese chive (Allium tuberosum Rottler): role of plant volatiles. J. Chem. Ecol. 39, 243–252. doi: 10.1007/s10886-013-0243-x

 Ibrahim, S., Tse, T. S., Alani, S., and Fraser, A. (2009). Antibacterial activity of a crude chive extract against salmonella in culture medium, beef broth, and chicken broth. Food Prot. Trends 29, 155–160.

 Jang, S. J., and Yong, I. K. (2021). Effects of biostimulants on primary and secondary substance contents in lettuce plants. Sustainability 13:2441. doi: 10.3390/su13052441

 Jannat, K., Rahman, T., and Rahmatullah, M. (2019). Traditional Uses, Phytochemicals and Pharmacological Properties of Allium tuberosum Rottler ex spreng. Delhi: Aki Nik Publications, 214–220.

 Joanna, S. G., Dorota, Z. J., Tomasz, K., Miroslaw, J., Donata, F., Przemyslaw, G., et al. (2013). Htr A protease family as therapeutic targets. Curr. Pharm. Des. 19, 977–1009. doi: 10.2174/1381612811319060003

 Kauna, M., Sobiczewski, P., Dobreva, A. M., Baeva, G. S., Dzurmanski, A. G., Dimkova, S. D., et al. (2021). Preliminary in vitro tests on inhibitory activity of distinct plant extracts toward bacterial pathogens of fruit and nut trees. J. Plant Pathol. 103, 635–642. doi: 10.1007/s42161-021-00781-w

 Kaur, H., and Garg, H. (2014). “Pesticides: Environmental impacts and management Strategies,” in Pesticides-Toxic Effects. eds. M. L. Larramendy and S. Soloneski Vol 8, 187–230.

 Kopelman, P., Bryson, A. R., Rissanen, A., Rossner, S., Toubro, S., and Valensi, P. (2007). Cetilistat (ATL-962), a novel lipase inhibitor: a 12-week randomized, placebo-controlled study of weight reduction in obese patients. Int. J. Obes. 31, 494–499. doi: 10.1038/sj.ijo.0803446 

 Lesley, G., and Jan Marc, O. (2007). Processing tissue and cells for transmission electron microscopy in diagnostic pathology and research. Nat. Protoc. 2, 2439–2450. doi: 10.1038/nprot.2007.304

 Li, T., Jian, Q., Chen, F., Yong, W., Liang, G., Duan, X., et al. (2016). Influence of Butylated Hydroxyanisole on the growth, Hyphal morphology, and the biosynthesis of Fumonisins in Fusarium proliferatum. Front. Microbiol. 7:1927. doi: 10.3389/fmicb.2016.01038 

 Lizbeth, H. (2002). Serine protease mechanism and specificity. ChemInform 34, 4501–4524.

 Llanaruizcabello, M., Maisanaba, S., Gutiérrezpraena, D., Prieto, A. I., Pichardo, S., Jos, A., et al. (2015). Cytotoxic and mutagenic in vitro assessment of two organosulfur compounds derived from onion to be used in the food industry. Food Chem. 166, 423–431. doi: 10.1016/j.foodchem.2014.06.058 

 Mahomoodally, F., Ramcharun, S., and Zengin, G. (2018). Onion and garlic extracts potentiate the efficacy of conventional antibiotics against standard and clinical bacterial isolates. Curr. Med. Chem. 18, 787–796. doi: 10.2174/1568026618666180604083313 

 Medina-Romero, Y. M., Roque-Flores, G., and Macías-Rubalcava, M. L. (2017). Volatile organic compounds from endophytic fungi as innovative postharvest control of Fusarium oxysporum in cherry tomato fruits. Appl. Microbiol. Biotechnol. 101, 8209–8222. doi: 10.1007/s00253-017-8542-8 

 Mirik, M., and Aysan, Y. (2005). Effect of some plant extracts as seed treatments on bacterial spot disease of tomato and pepper. J. Turkish Phytopathol. 34, 9–16. doi: 10.1007/s10327-012-0380-z

 Myung, I. S., Yoon, M. J., Lee, J. Y., Kim, Y. S., Kwon, J. H., Lee, Y. K., et al. (2015). Bacterial spot of hot pepper, caused by Xanthomonas euvesicatoria, a new disease in Korea. Plant Dis. 99:1640. doi: 10.1094/PDIS-02-15-0229-PDN

 Oommen, S., Anto, R. J., Srinivas, G., and Karunagaran, D. (2004). Allicin (from garlic) induces caspase-mediated apoptosis in cancer cells. Eur. J. Pharmacol. 485, 97–103. doi: 10.1016/j.ejphar.2003.11.059 

 Ozturk, M., Gucel, S., Altay, V., and Altundag, E. (2012). Alliums, an underutilized genetic resource in the East Mediterranean. Acta Hortic. 969, 303–309. doi: 10.17660/ActaHortic.2012.969.39

 Pallen, M. J., and Wren, B. W. (2010). The Htr A family of serine proteases. Mol. Microbiol. 26, 209–221. doi: 10.1046/j.1365-2958.1997.5601928.x

 Prakash, D., Singh, B. N., and Upadhyay, G. (2007). Antioxidant and free radical scavenging activities of phenols from onion (Allium cepa). Food Chem. 102, 1389–1393. doi: 10.1016/j.foodchem.2006.06.063

 Purushottamachar, P., Khandelwal, A., Vasaitis, T. S., Bruno, R. D., Gediya, L. K., and Njar, V. C. O. (2008). Potent anti-prostate cancer agents derived from a novel androgen receptor down-regulating agent. Bioorg. Med. Chem. 16, 3519–3529. doi: 10.1016/j.bmc.2008.02.031 

 Rabah, S., Kouachi, K., Ramos, P., Gomes, A. P., Almeida, A., Haddadi-Guemghar, H., et al. (2020). Unveiling the bioactivity of Allium triquetrum L. lipophilic fractions: chemical characterization and in vitro antibacterial activity against methicillin-resistant Staphylococcus aureus. Food Funct. 11, 5257–5265. doi: 10.1039/D0FO00769B 

 Rattanachaikunsopon, P., and Phumkhachorn, P. (2009). Potential of Chinese chive oil as a natural antimicrobial for controlling Flavobacterium columnare infection in Nile tilapia Oreochromis niloticus. Fish. Sci. 75, 1431–1437. doi: 10.1007/s12562-009-0171-4

 Raudsepp, P., Koskar, J., Anton, D., Meremäe, K., and Püssa, T. (2018). Antibacterial and antioxidative properties of different parts of garden rhubarb, black currant, chokeberry and blue honeysuckle. J. Sci. Food Agric. 99, 2311–2320. doi: 10.1002/jsfa.9429 

 Reddy, G. M., Garcia, J. R., and Zyryanov, G. V. (2018). Pyranopyrazoles as efficient antimicrobial agents: green, one pot and multicomponent approach. Bioorg. Chem. 82, 324–331. doi: 10.1016/j.bioorg.2018.09.035

 Sabo, V. A., and Knezevic, P. (2019). Antimicrobial activity of Eucalyptus camaldulensis Dehn. Plant extracts and essential oils: A review. Ind. Crops Prod. 132, 413–429. doi: 10.1016/j.indcrop.2019.02.051 

 Shang, R. F., Wang, G. H., Xu, X. M., Liu, S. J., Zhang, C., Yi, Y. P., et al. (2014). Synthesis and biological evaluation of new pleuromutilin derivatives as antibacterial agents. Molecules 19, 19050–19065. doi: 10.3390/molecules191119050 

 Sikandar, H., Cheng, Z., Husain, A., Muhammad, A., Chen, X., and Wang, M. (2016). Garlic, from remedy to stimulant: evaluation of antifungal potential reveals diversity in Phytoalexin Allicin content among garlic cultivars; Allicin containing aqueous garlic extracts trigger antioxidants in cucumber. Front. Plant Sci. 7:1235. doi: 10.3389/fpls.2016.01235

 Swargiary, G., Rawal, M., Singh, M., and Mani, S. (2020). “Molecular approaches to screen bioactive compounds from medicinal plants” in Plant-Derived Bioactives: Production, Properties and Therapeutic Applications. ed. M. K. Swamy (Singapore: Springer Singapore), 1–32.

 Tegtmeyer, N., Moodley, Y., Yamaoka, Y., Pernitzsch, S. R., Schmidt, V., Traverso, F. R., et al. (2016). Characterisation of worldwide helicobacter pyloristrains reveals genetic conservation and essentiality of serine protease HtrA. Mol. Microbiol. 99, 925–944. doi: 10.1111/mmi.13276 

 Tian, L., Wang, X., Liu, R., Zhang, D., and Gong, G. (2020). Antibacterial mechanism of thymol against Enterobacter sakazakii. Food Control 123:107716. doi: 10.1016/j.foodcont.2020.107716

 Tim, C., Markus, K., Robert, H., and Michael, E. (2011). HTRA proteases: regulated proteolysis in protein quality control. Nat. Rev. Mol. Cell Biol. 12, 152–162. doi: 10.1038/nrm3065

 Toth, I. K., Bell Ksholeva, M. C., and Prj, B. (2010). Soft rot erwiniae: from genes to genomes [review]. Mol. Plant Pathol. 4, 17–30. doi: 10.1046/j.1364-3703.2003.00149.x

 Uyanik, A., Öktemer, A., and Loğoğlu, E. (2010). Antimicrobial and antifungal activity study of poly substituted benzene derivatives. Curr. Sci. 55, 017–022.

 Wang, L. L., Kong, L., Liu, H., Zhang, Y., Zhang, L., Liu, X., et al. (2019). Design and synthesis of novel artemisinin derivatives with potent activities against colorectal cancer in vitro and in vivo. Eur. J. Med. Chem. 182:111665. doi: 10.1016/j.ejmech.2019.111665 

 Weiwei, N., Ju, Z., Canhui, Z., Xuefei, L., Yunlong, S., Youjun, Z., et al. (2013). Fragment-based design of novel quinazolinon derivatives as human acrosin inhibitors. Chem. Biol. Drug Des. 81, 437–441. doi: 10.1111/cbdd.12106

 Wen-Rui, D., Liang-Liang, Z., Sai-Sai, F., and Jian-Guo, X. (2014). Chemical composition, antibacterial activity, and mechanism of action of the essential oil from Amomum kravanh. J. Food Prot. 77:1740. doi: 10.4315/0362-028X.JFP-14-014

 Wu, H. Y., Yang, K. M., and Chiang, P. Y. (2018). Roselle Anthocyanins: antioxidant properties and stability to heat and pH. Molecules 23:1357. doi: 10.3390/molecules23061357 

 Yabuki, Y., Mukaida, Y., Saito, Y., Oshima, K., Takahashi, T., Muroi, E., et al. (2010). Characterisation of volatile Sulphur-containing compounds generated in crushed leaves of Chinese chive (Allium tuberosum Rottler). Food Chem. 120, 343–348. doi: 10.1016/j.foodchem.2009.11.028

 Yin, M. C., and Cheng, W. S. (1998). Inhibition of Aspergillus niger and Aspergillus flavus by some herbs and spices. J. Food Prot. 61, 123–125. doi: 10.4315/0362-028X-61.1.123 



OPS/images/fmicb-13-1028627-g005.jpg
otimeh)

W

—
—

\

AR
5 8 8 & = 8 % < a 8 © o ° o
(%001) (%001)

AuAonpuoa eaneley

Aunyonpuod aAnejey






OPS/images/fmicb-13-1028627-g006.jpg
Protein (ug/mL)

Protein (ug/mL)

~time(h)

Lfime(h)





OPS/images/fmicb-13-1028627-g003.jpg
6
P77 s 105 9

151

e 179 193 18 33
o P b e e
130 160 190 220
n 3
104 Bt
B A A2
] 7
A
51
4 § & | 8 | 162 177 193206 225 2
Uik g G A L i W
10 40 70 100 130 160 190 220





OPS/images/fmicb-13-1028627-g004.jpg
300

200+

100

pH=5.0

I
Nl

i~

T T
10 15 20






OPS/images/fmicb-13-1028627-g007.jpg





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Antimicrobial activity, chemical composition and mechanism of action of Chinese chive (Allium tuberosum Rottler) extracts



		Introduction



		Materials and methods



		Chinese chives extracts preparation



		Microbial strains and culture



		Antimicrobial tests



		High-performance liquid chromatography



		Gas chromatography–mass spectrometry



		Cell membrane permeability



		Fungi (Fusarium proliferatum)



		Bacteria (Pectobacterium carotovorum)









		Integrity of the cell membrane



		Scanning electron microscopy



		Transmission electron microscopy









		Results



		In vitro activity of different Chinese chive extracts against plant pathogenic microorganisms



		High-performance liquid chromatography analysis of Chinese chive scape extracts



		Gas chromatography–mass spectrometry analysis of active constituents



		Cell membrane permeability of microorganisms



		Leakage of cellular contents of microorganisms



		Scanning electron microscopy analysis of bacteria



		Transmission electron microscopy analysis of fungi









		Discussion



		Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary material



		References



















OPS/images/fmicb-13-1028627-g001.jpg
P syringae





OPS/images/fmicb-13-1028627-g002.jpg
pH=3.0

:

B W [ ® ]

pH=5.0
M
T 3 3 ® F
&

PH=7.0
J\JJ\J M
7 W 3 ® £

PH=9.0
M \\}M
T W 3 B ]
&

pH=10.7

3






OPS/images/cover.jpg
’ frontiers | Frontiers in Microbiology

Antimicrobial activity, chemical

composition and mechanism of

action of Chinese chive (Allium
tuberosum Rottler) extracts









OPS/images/crossmark.jpg
(®) Check for updates






OPS/images/logo.jpg
’ frontiers Frontiers in Microbiology





