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Sugar beet is one of the greatest sources for producing sugar worldwide. However, a group of bacteria grows on beets during the storage process, leading to a reduction in sucrose yield. Our study focused on identifying common bacterial species that grow on beets during manufacturing and contribute to sucrose loss. The ultimate goal was to find a potential antibacterial agent from various plant extracts and oils to inhibit the growth of these harmful bacteria and reduce sucrose losses. The screening of bacterial species that grow on beet revealed that a large group of mesophilic bacteria, such as Bacillus subtilis, Leuconostoc mesenteroides, Pseudomonas fluorescens, Escherichia coli, Acinetobacter baumannii, Staphylococcus xylosus, Enterobacter amnigenus, and Aeromonas species, in addition to a dominant thermophilic species called Bacillus thermophilus, were found to be present during the manufacturing of beets. The application of 20 plant extracts and 13 different oils indicated that the extracts of Geranium gruinum, Datura stramonium, and Mentha spicata were the best antibacterials to reduce the growth of B. thermophilus with inhibition zones equal to 40, 39, and 35 mm, respectively. In contrast, the best active oils for inhibiting the growth of B. thermophilus were Mentha spicata and Ocimum bacilicum, with an inhibitory effect of 50 and 45 mm, respectively. RAPD-PCR with different primers indicated that treating sugar juice with the most effective oils against bacteria resulted in new recombinant microorganisms, confirming their roles as strong antibacterial products. The characterization of Mentha spicata and Ocimum bacilicum oils using GC/MS analysis identified cis-iso pulegone and hexadecanoic acid as the two main bioactive compounds with potential antibacterial activity. An analysis of five genes using DD-PCR that have been affected due to antibacterial activity from the highly effective oil from Mentha spicata concluded that all belonged to the family of protein defense. Our findings indicate that the application of these pure antibacterial plant extracts and oils would minimize the reduction of sucrose during sugar production.
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1. Introduction

Sugar beet (Beta vulgaris L.) is a highly versatile root crop grown primarily for sugar production (Subrahmanyeswari and Gantait, 2022). It is a biennial plant that belongs to the family Amaranthaceae and is related to other common crops such as chard and spinach. Sugar beet is a high-yielding crop grown in temperate regions worldwide, with major producers including Africa, Europe, the United States, and Russia (Kagami et al., 2015; Tayyab et al., 2023). The production of sugar beet typically involves a series of steps, from seed selection and planting to harvesting and processing (Tayyab et al., 2023). Sugar beet seeds are usually sown in the spring, with optimal planting times depending on the local climate and soil conditions. As plants grow, they require regular watering and fertilization to produce healthy roots (Modelska et al., 2020; Peighambardoust et al., 2021; Salelign and Duraisamy, 2021). Once sugar beet plants have matured, they are harvested and transported to processing facilities, where sugar is extracted. This extraction process involves a complex series of steps, including washing beets, followed by slicing and boiling the roots to extract the juice. The juice is then purified and concentrated, with the resulting sugar typically sold to manufacturers for use in various food products. In addition to its use as a source of sugar, sugar beet is also used in the production of animal feed and biofuel. The pulp and other byproducts of sugar beet processing can be used to produce feed for livestock, while the leftover sugar beet pulp can also be used as a feedstock for producing biofuels such as ethanol (Berłowska et al., 2016; Maravić et al., 2018; Mall et al., 2021; Usmani et al., 2022).

Sugar beet (Beta vulgaris L.) is a root crop that is widely grown for the production of sucrose, which is used in a variety of food and beverage products. However, significant amounts of recoverable sucrose can be lost during the long-term storage of beetroots or during the manufacturing process (Cole, 1977; Wyse et al., 1978; Akeson and Widner, 1981; McGinnis, 1982; Field, 1992; Bugbee, 1993; Harvey and Dutton, 1993; Van Eerd et al., 2012). This loss of sucrose can occur due to a number of different factors, including storage time, root quality, type of sugar beet cultivar used, respiration of roots, pre-harvest and harvest processes, and microbial infection (Lafta and Fugate, 2009; Fugate et al., 2016; Kusstatscher et al., 2019; Madritsch et al., 2020; Kleuker and Hoffmann, 2022). One of the primary factors that can lead to the loss of sucrose during storage is the length of time that beets are stored. As beets are stored for longer periods of time, the respiration rate of the roots increases, which can lead to the breakdown of sucrose and the loss of recoverable sugar (Campbell et al., 2008; Lafta and Fugate, 2009; Strausbaugh et al., 2009; Ruan et al., 2010; Aluko et al., 2021). Similarly, the quality of the roots can also play a significant role in the loss of sucrose during storage. Poor-quality roots, which may be damaged or diseased, can be more susceptible to microbial infection and other factors contributing to sucrose breakdown (Madritsch et al., 2020; Aluko et al., 2021). The type of sugar beet cultivar used can also impact the amount of sucrose that is lost during storage or the manufacturing process. Some cultivars are more susceptible to disease or other factors that can lead to the breakdown of sucrose, while others may have a higher inherent sugar content and thus be less likely to experience significant losses (El-Geddawy and El-Rahman, 2019; Barreto et al., 2021). Pre-harvest and harvest processes can also impact the amount of recoverable sucrose in sugar beets. For example, beets that are harvested too early may have a lower sugar content, while those that are harvested too late may be more susceptible to damage and microbial infection (Selmar and Kleinwächter, 2013). The method of harvesting, such as hand harvesting vs. mechanical harvesting, can also impact the quality of the beets and thus the amount of recoverable sugar. Finally, microbial infection can be a major contributor to the loss of sucrose in sugar beets. Microbes can consume the sugar in roots, leading to a reduction in the recoverable sucrose content. Proper sanitation and storage practices can help minimize the risk of microbial infection and reduce the loss of sucrose during storage and processing (Selmar and Kleinwächter, 2013; Kumar and Kalita, 2017; Misra et al., 2020, 2022).

The discovery of antimicrobial compounds present in plants has become an interesting topic in the scientific community due to their potential to provide natural alternatives to conventional synthetic antimicrobial agents. It has been reported that more than 1,340 plants have been identified to contain such compounds, but only a fraction of them have been extensively studied. The antimicrobial activity of plant extracts and oils has been investigated by several researchers to determine their effectiveness in inhibiting the growth of microorganisms such as bacteria and fungi (Wilkins and Board, 1989; Chao et al., 2000; Burt, 2004; Vági et al., 2004; El Azab et al., 2021; Helmy et al., 2023). The use of natural compounds as antimicrobial agents is of great interest due to the growing concern over the emergence of antibiotic-resistant microorganisms. In addition, the use of synthetic antimicrobial agents has been linked to negative effects on human health and the environment. Therefore, the search for natural sources of antimicrobial agents has gained significant attention (Refat et al., 2009; Gaber et al., 2021; Amaning Danquah et al., 2022; Qadri et al., 2022). Many studies have focused on identifying plant-derived compounds with antimicrobial properties and have demonstrated their potential to inhibit the growth of various microorganisms. These compounds have been extracted from different parts of plants, including leaves, roots, stems, and fruits. Additionally, some of these compounds have been found to possess additional beneficial properties, such as anti-inflammatory and antioxidant activities (Cowan, 1999; Barbieri et al., 2016; Vaou et al., 2021).

For example, tea tree oil (Melaleuca alternifolia) has been shown to have strong antimicrobial properties against bacteria such as Staphylococcus aureus and Escherichia coli, as well as fungi such as Candida albicans. This oil is rich in terpenes, including terpinen-4-ol, which has been identified as a major component responsible for its antimicrobial properties (Cox et al., 2000, 2001; Carson et al., 2006). Another example is garlic (Allium sativum), which contains allicin, a sulfur-containing compound that has broad-spectrum antimicrobial properties against bacteria, fungi, and viruses (Ankri and Mirelman, 1999; El-Saber Batiha et al., 2020; Bhatwalkar et al., 2021; Magryś et al., 2021). In addition to these natural compounds, plant extracts have also been shown to have antimicrobial activity. For instance, extracts from grapefruit seeds (Citrus paradisi) contain flavonoids, limonoids, and other compounds that have been found to inhibit the growth of bacteria such as Staphylococcus aureus and Pseudomonas aeruginosa, as well as fungi such as Candida albicans.

Similarly, extracts from oregano (Origanum vulgare) contain phenolic compounds such as carvacrol and thymol, which have been shown to have strong antimicrobial properties against various microorganisms, including bacteria, fungi, and viruses. Singh et al. (1994) showed that Mentha spicata plant extracts possess the ability to reduce the growth of Fusarium oxysporum, while an extract of Mentha arvensis proved its ability to limit the growth of Fusarium pallidorosum (Mohamed et al., 1996). Similarly, El-Korashy et al. reported that the extract of Mentha spicata inhibited the growth of Rhizoctonia solani, Fusarium solani, and Sclerotium rolfsii (El-Korashy, 1997).

Plant-derived antimicrobial compounds are not limited to medical and pharmaceutical applications. These compounds have also been studied for their potential in food preservation as natural alternatives to synthetic preservatives. For example, essential oils such as oregano and thyme have been found to have antimicrobial properties against foodborne pathogens such as Salmonella and Listeria monocytogenes and may be used to extend the shelf life of perishable food products (Jayasena and Jo, 2013; Mith et al., 2014; Yousefi et al., 2020; Angane et al., 2022).

Our interests are directed at microbial infections that cause a great loss in the sugar production of beet. Several chemical reagents and compounds, such as formalin, glutaraldehyde, and carbamates, have been used to limit microbial infection loads and reduce sugar loss. However, they have a notorious effect on human health. Therefore, finding a natural source that can substitute for chemical use is necessary, and it should be safe and applicable (Misra et al., 2020). Therefore, our goals were to explore the most common microorganisms that could attack sugar fruits and cause the loss of sugar during storage or production. Further, we aimed to discover novel natural antibacterial products from plant extracts or oils that can be used to reduce the detrimental effects of microbial growth. Lately, we have aimed to explore the mode of action for the antibacterial activity by applying molecular tools, including RAPD and DD-PCR analysis, to identify and confirm genes that the plant extracts or oils could target.



2. Results


2.1. Isolation and identification of bacteria attacking sugar beet during storage or manufacturing

A total of 32 different isolates of mesophilic bacteria were isolated and selected from the locations of companies as eight representative isolates for each location (Supplementary Table S1). These isolates were biochemically analyzed. Microscopically, the examination of fresh cultures of these bacterial isolates divided them into two major groups: bacilli (21 isolates) and cocci (11 isolates). Moreover, 17 of them were Gram-positive, and the rest were Gram-negative.

All collected bacterial isolates (32 isolates) were identified using MicroScan Panels (Table 1). The results of MicroScan Panels confirmed that all strains were negative for H2S production, and the remaining tests showed variable results among bacterial isolates. The results of MicroScan revealed that six isolates were identified as Bacillus subtilis, seven as Leuconostoc mesenteroides, four as Pseudomonas fluorescens, four as Escherichia coli, two as Acinetobacter baumannii, four as Staphylococcus xylosus, and three as Enterobacter amnigenus, in addition to one unidentified species called Aeromonas with two isolates. Acinetobacter baumannii was present in Dakahlia and Kafr El-Sheikh regions, as were Aeromonas species isolated from samples collected from Sharkia and Alexandria regions, while Staphylococcus xylosus, L. mesenteroides, P. fluorescens, and B. subtilis were common in the four study regions. Escherichia coli were found in samples from Dakahlia, Alexandria, and Kafr El-Sheikh regions, but Enterobacter amnigenus was isolated in Dakahlia, Sharkia, and Kafr El-Sheikh regions.


TABLE 1 A brief biochemical description of the eight identified bacterial species based on the MicroScanpanele results.
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Brief biochemical descriptions of the eight identified bacterial species based on the MicroScan panels' results are shown in Table 1. Ten thermophilic isolates were isolated from beetroot samples collected from four companies after growing on nutrient agar at temperatures ranging from 55°C to 70°C. All of them were bacilli in shape and were Gram-positive and spore-forming. The biochemical and physiological characteristics of these isolates indicated that all of them could grow on casein and could not grow in Voges–Proskauer broth medium (Table 2). Moreover, they could reduce nitrate and convert hydrogen peroxide. All isolates could hydrolyze starch except isolate 2.


TABLE 2 Characteristics of the thermophilic bacterial isolate (Bacillus thermophilus) recovered from sugar beet roots during storage or manufacturing.

[image: Table 2]



2.2. Molecular identification of thermophilic bacteria using 16S rRNA

An amplified fragment of 350 bp of the 16S rRNA gene was amplified from the selected thermophilc bacterial isolate as a representative one, which was previously identified as Bacillus themophilus using biochemical analysis. This fragment was sequenced using the forward primer previously used for amplification, and the generated sequences were submitted to BLASTN to find homology with other bacterial 16S rRNA sequences from the Gene Bank. The homology of sequence analysis identified this strain as Bacillus themophilus HMA 220 with an accession number (MW577708). The phylogenetic tree with the closest species based on the UPGMA method is shown in Figure 1 using MEGA 10.


[image: Figure 1]
FIGURE 1
 The molecular phylogenetic tree on the nucleotide sequence of Bacillus thermophilus HMA220 (MW577708) was obtained from a gene bank in yellow color. The phylogenetic tree was tested using bootstrap 2000 replications based on the UPGMA statistical method.




2.3. Assessment of the antibacterial activity of the plant extracts and oils against the growth of B. thermophilus

A total of 20 different plant extracts were examined as antibacterial substances to inhibit the growth of Bacillus thermophilus because it was a major microorganism causing sugar losses. The results revealed that 18 plant extracts effectively inhibited the growth of Bacillus thermophilus (Table 3), and this was shown by forming an inhibition zone around the growth of the microbe; however, two plant extracts (Mentha longifolia L. and Nerium oleander L.) were not effective at all. Data on plant extracts showed that the most effective plant extracts against the growth of Bacillus thermophilus were recorded with extracts of Geranium gruinum (40 mm), followed by Datura stramonium (39 mm), and Mentha spicata (35 mm) (Figure 2 and Table 3). On the contrary, the lowest inhibition effect was observed with the extract from Cymbopogon proximus (hochst) staps (15 mm) (Table 3). The rest of the other plant extracts exhibited moderate inhibition of the growth of the thermal bacterial strain (B. thermophilus), and their inhibition zones ranged from 30 to 34 mm (Table 3).


TABLE 3 Effect of different plant extracts or oils on the growth of Bacillus thermophilus.
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FIGURE 2
 Maximum inhibition zone of cells of the thermotolerant strain (Bacillus thermophilus) as a result of treatment with the two highly effective plant extracts or oils.


A total of 13 different oils were screened for their ability to inhibit the growth of B. thermophilus (Table 3). The results indicated that oils of Mentha spicata showed the highest inhibitory effect against B. thermophilus with an inhibition zone of 50 mm, followed by oils of Ocimum bacilicum with an inhibition zone of 45 mm (Figure 2). The other five oils (Cinnamomum zeylanicum, Origanum majorana, Citrus limon, Eugenia caryophyllus, and Eucalyptus rostrata) had a moderate effect on the tested strain with inhibition zones of 25, 23, 22, 20, and 20 mm, respectively, while oils from Pimpeniella anisum, Olea europaea, Thymus vulgaris, and Allium sativum were very less effective against B. thermophilus with inhibition zones of 13–19 mm (Table 3). The remaining two oils, Apium graveolens and Prunus dulcisvar, had no effect on the tested organism (Table 3).

Based on our findings, the most active antibacterial plant extracts are Geranium gruinum and oils from Mentha spicata and Ocimum basilicum against the growth of B. thermophilus. Subsequently, it was necessary to test whether the addition of these inhibitory products would affect the properties of the juice. Interestingly, it was noted that the pH of the juice increased (up to pH 5.75) compared to the control (pH 4.2), which was accompanied by an increase in the amount of sucrose (18.4%) compared to the control (15.2%). On the contrary, treatment with either Ocimum basilicum oil or the plant extract of Geranium gruinum showed no significant effect on the pH value (pH 4.2) and, subsequently, did not induce any considerable increase in the percentage of sucrose compared to the control.



2.4. Evaluation of lactic acid concentration in diffusion juice

The decrease in lactic acid concentration due to the growth of thermophilic bacteria was considered to be an indication of sucrose losses because of degradation. The highest ranges of lactic acid concentration (660 mg.L−1) were noted after 72 h of incubation. However, adding oils from Mentha spicata, Ocimum bacilicum, and Cinnamomum zeylanicum reduced lactic acid by 47.7%, 26.5%, and 35.6%, respectively.



2.5. GC/MS analysis of Mentha spicata and Ocimum basilicum

Based on these findings, Mentha spicata and Ocimum basilicum oils were selected to further investigate their phytochemical characteristics. To obtain insights into the bioactive contents of the most active oils, we conducted GC/MS analyses for Mentha spicata oil and Ocimum basilicum oils. The results of GC/MS analysis indicated that 28 compounds were recognized in Mentha spicata oil Figure 3A. The most abundant components found in the Mentha spicata oil were cis-isopulegone (12.29%), followed by 3methyl-6-(1-methylethyl)-2-cyclohexen-1- one (8.41%), α-myrcene (6.69%), limonene (6.22%), methyl acetate (6.15%), γ-terpinene (5.43%), α-farnesene (4.49%), 5-methyl-2-isopropyl-2-hexenal (4.29%), and 5-methyl-3-heptanol (3.44%) (Table 4). On the other hand, 23 constituents were detected in Ocimum basilicum, representing 98.02% of the oil (Figure 3B). Cis-13-octadecenoic acid (81.53%), followed by hexadecanoic acid (6.66%) and L-linalool (2.22%), were found as major compounds. The whole chemical composition of the oil of Ocimum basilicum, as analyzed by GC and MS, is listed in Table 5.


[image: Figure 3]
FIGURE 3
 GC/MS of Mentha spicata essential oils (A) and Ocimum basilicum essential oils (B), respectively.



TABLE 4 GC/MS data of the components of the essential oils of Mentha spicata.
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TABLE 5 GC/MS data of the components of the essential oils of Ocimum basilicum.
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2.6. Assessment of gene expression of B. thermophilus by RAPD-PCR after treatment with oils

Random amplified polymorphic DNA-polymers chain reactions (RAPD-PCR) were performed to know the genetic changes that can be present for the thermophilic strain (B. thermophilus) after treating it with different concentrations of Mentha spicata, Ocimum basilicum, and Cinnamomum zeylanicum oils in beet juice (1/25, 1/50, 1/100, and 1/200). The data presented in Figure 4A show that primer A1 provided 15 different band patterns with Mentha spicata oil treatment. Among these, 12 patterns showed polymorphic bands, while three bands were monomorphic. When treated with Ocimum basilicum oil, primer A1 generated 13 band patterns, all of which exhibited polymorphic bands except for two monomorphic bands.


[image: Figure 4]
FIGURE 4
 RAPD-PCR of bacterial cells of Bacillus thermophilus treated and non-treated with oils using primers A1 (A) and Ez351 (B); Lanes 1, 7, and 13 are DNA markers of a 100-bp ladder, Lanes 2, 8, and 14: control (non-treated bacterial cells), Lanes 3, 4, 5, and 6 were treated with different concentrations of Mentha spicata, Lanes 9, 10, 11, and 12 were treated with different concentrations of Ocimum basilicum, and Lanes 15, 16, 17, and 18 were treated with different concentrations of Cinnamomum zeylanicumoil. Lanes 3, 9, and 15 were treated with 1/25 oil, Lanes 4, 10, and 16 with 1/50 oil, and Lanes 5, 11, and 17 with 1/100 oil.


Bacterial cells treated with the oil of Cinnamomum zeylanicum produced seven polymorphic bands and three monomorphic bands. The data presented in Figure 4B show that when primer EZ351 was used with the microbe and treated with Mentha spicata oil, it resulted in 18 band patterns. Out of these patterns, 11 displayed polymorphic bands, indicating genetic variation, while seven patterns exhibited monomorphic bands that remained consistent across all samples. Similarly, treating the thermal microorganism with Ocimum basilicum oil produced eight polymorphic and seven monomorphic bands. Furthermore, the application of Cinnamomum zeylanicum yielded five polymorphic and seven monomorphic bands.

The data presented in Figure 5A show that primer RAPD 2 induced nine monomorphic and four polymorphic bands after treating B. thearothermophilus with Mentha spicata oil while using the oil of Ocimum basilicum as an antibacterial against B. thearothermophilus produced seven monomorphic and three polymorphic bands. The addition of Cinnamomum zeylanicum oil to inhibit the growth of the thermophilic Bacillus strain produced seven monomorphic and three polymorphic bands. The data presented in Figure 5B show that primer A7A10 succeeded in matching six polymorphic bands when the tested strain was treated with oil of Mentha spicata. In the case of using Ocimum basilicum oil, the primer produced seven polymorphic and only one monomorphic band.
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FIGURE 5
 RAPD-PCR of bacterial cells of Bacillus thermophilus treated and non-treated with oils using primers Rapid2 (A) and A7A10 (B); Lanes 1, 7, and 13 are DNA markers of a 100-bp ladder, Lanes 2, 8, and 14: control (non-treated bacterial cells), Lanes 3, 4, 5, and 6 were treated with different concentrations of Mentha spicata, Lanes 9, 10, 11, and 12 were treated with different concentrations of Ocimum basilicum, and Lanes 15, 16, 17, and 18 were treated with different concentrations of Cinnamomum zeylanicumoil. Lanes 3, 9, and 15 were treated with 1/25 oil, Lanes 4, 10, and 16 with 1/50 oil, and Lanes 5, 11, and 17 with 1/100 oil.




2.7. Assessment of gene expression of B. thermophilus by differential display-PCR after treatment with Mentha spicata oil

Extracted mRNA from the bacterial cells of a selected isolate (B. thermophilus) treated with the effective oil of Mentha spicata was used to synthesize cDNA using primers RAPD1, RAPD2, RAPD3, and RAPD4 (DD-PCR). Variation in gene occurrence and density of the selected strain due to treatment with antibacterial products was carefully examined after the amplification of cDNA by comparing bands in a gel at different times of treatment (0, 8, 16, and 24 h). A number of such unique bands that were only present in treated samples and absent in non-treated samples were observed. Data presented in Figure 6A show that primer RAPD1 produced 17 different bands, primer RAPD 2 (Figure 6B) generated 16 different band patterns, and primer RAPD 3 produced 14 different band patterns (Figure 7A). Data in Figure 7B show the generated bands produced from primer RAPD4, which was produced for differentiation. The molecular weights of these bands produced from the four examined primers were between 150 bp and 950 bp. These bands were selected, cut, purified, and sequenced. Five specific genes (bands) from strain B. thermophilus, which were induced when treated with Mentha spicata oil, were selected for sequencing. The sequence analysis revealed that these genes corresponded to lipid kinase, extracellular solute-binding protein, naphthoate synthase, major facilitator superfamily, and transglycosylase (Table 6). Further search on the Internet regarding the function of each gene confirmed that they are all involved in the defense pathway mechanism.


[image: Figure 6]
FIGURE 6
 DD-PCR for the treated and non-treated bacterial cells of Bacillus thermophilus with oil using primers RAPD1 (A) and RAPD2 primer (B); Lane 1 (M): molecular weight markers of a 100-bp ladder, Lane 2 (C): control cells, Lanes 3,4, and 5 refer to cells treated with Mentha spicata oil after 8 h, 16 h, and 24 h after the start of the incubation period.
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FIGURE 7
 DD-PCR for the treated and non-treated bacterial cells of Bacillus thermophilus with oil using primers RAPD3 (A) and RAPD4 (B); Lane 1 (M): molecular weight markers of a 100-bp ladder, Lane 2 (C): control cells; Lanes 3, 4, and 5 refer to the cells treated with Mentha spicata oil after 8 h, 16 h, and 24 h from incubation time.



TABLE 6 Sequence similarities of over-expressed or new DD fragments generated from Real-time PCR of Bacillus thermophilus cells treated with Mentha spicata oil compared with known genes from BLASTx searches in NCBI.
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3. Discussion

Sugar beet is an important source of sugar production worldwide, contributing ~27% of total sugar production. The countries that produce a high amount of sugar beet are Japan, the United States, and Eastern Europe. In Egypt, it is the second main and biggest source of sugar production after sugar cane. The sugar beet industry often faces problems such as losing sucrose during the storage period or the production process. During the storage period, a large group of microorganisms infect the fruit bodies of sugar beet and cause the loss of sucrose by converting it to other sugars. Consequently, our targets were directed to know the most common microorganisms that attack fruits during storage and search for bio-antimicrobial substances from natural sources such as plant extracts (Shittu et al., 2007; Landete et al., 2008; Agatemor, 2009; Qadrie et al., 2009) or oils (Vahdati-Mashhadian and Rakhshandeh, 2005; Matos et al., 2006), which can be used to inhibit the growth of these infecting microorganisms, aiming to reduce the rate of loss. To achieve the main goals of this study, samples were collected regularly during storage time from the four big industrial sectors (Alexandria, Dakahlia, Kafr El-Sheikh, and Sharkia) that produce sugar from beet in Egypt.

Screening for the most common bacteria that attack sugar beet during storage or manufacturing was performed by both biochemical (MicroScan Panels) and molecular analysis (16S rRNA).

According to the results of biochemical assays, it was determined that Bacillus subtilis, Leuconostoc mesenteroides, Pseudomonas fluorescens, Escherichia coli, Acinetobacter baumannii, Staphylococcus xylosus, Enterobacter amnigenus, and Aeromonas were the common mesophilic bacteria found to be attacking sugar beet fruits during storage before washing samples. However, after the washing process, only five species from the previously mentioned were detected. In contrast, a thermotolerant species called Bacillus thermophilus was the dominant bacterium attacking the sugar beet at elevated temperatures of 55–60°C based on the results of the MicroScan Panels. Since this bacterial species was the most dangerous and caused a lot of sucrose loss, sequencing of the 16S rRNA gene was conducted to confirm its identification. Molecular identification (16S rRNA) confirmed the identification using MicroScan Panels. Similar results were obtained by Fredsgaard et al. who noted that Bacillus thermophilus was the common thermotolerant species present in the juice of sugar beet (Fredsgaard et al., 2017). Other reports by Strom confirmed the identification of Bacillus thermophilus as a thermotolerant bacteria from solid-waste compost (Strom, 1985).

There are a number of traditional methods, such as carbamates (McGinnis, 1971), glutaraldehyde (Eager et al., 1986), and formalin, that are followed and applied by different sugar companies to limit the reduction in the yield of sugar in both processes by reducing the growth of these contaminants. However, the use of these chemicals is always associated with health problems. Therefore, our second goal is to find another safe and friendly alternative antibacterial agent using plant extracts (Burt, 2004; Vági et al., 2004; Agatemor, 2009) or oils (Vahdati-Mashhadian and Rakhshandeh, 2005; Matos et al., 2006) to prevent microbial contamination. Several authors have used both plant extracts (Meena and Mariappan, 1993; Singh et al., 1994; El-Korashy, 1997) or oils (Ramesh et al., 2006; Hajlaoui et al., 2009) as natural bactericidal products. Consequently, a comprehensive screening was conducted to analyze 20 plant extracts and 13 oils to identify a promising source that exhibits a high ability to inhibit the growth of the common thermopilic bacterium (Bacillus thermophilus). This particular bacterium has been previously reported to cause significant losses in sugar yield. Among the 20 plant extracts and 13 oils examined in our study, 18 plant extracts and 11 oils were effective with varied abilities to inhibit the contaminants that attack beets during storage or manufacturing. Plant extracts of Geranium gruinum, Datura stramonium, and Mentha spicata and the oils of Mentha spicata and Ocimum bacilicum were the most promising natural sources to reduce the presence of B. thermophilus by forming a high inhibition zone around it, which reached 40 mm, 39 mm, and 35mm, as well as 50 mm and 45 mm, respectively. These results are in agreement with those obtained by Singh, who confirmed the ability of Mentha spicata extract to be used as an antifungal against Fusarium oxysporum (Singh et al., 1994), as well as El-Korashy (El-Korashy, 1997), who reported that the extract of Mentha spicata could inhibit the growth of Rhizoctonia solani and Fusarium solani. Velluti confirmed our findings, as they found that the oils of cinnamon could reduce the harmful effect of infecting maize with Fusarium proliferatum (Velluti et al., 2003). The useful use of Mentha spicata oil as a strong antibacterial against Bacillus thermophilus in this study with a maximum inhibition zone of 50 mm was confirmed by several authors who noted previously in different scientific articles that the oil of Mentha spicata proved to be used as an antibacterial and antifungal against a wide range of microorganisms (Meena and Mariappan, 1993; Gulluce et al., 2006; Jirovetz et al., 2006; Hajlaoui et al., 2009).

The plant extracts that proved their ability to be used as antibacterials against microorganisms contain different chemical components, such as phenolic acids and flavonoids (Fabri et al., 2009; Aragão et al., 2010; Chisté et al., 2010). Further, oils contain terpenoids and aromatic compounds (Parcha et al., 2003), which acquire plants' biological functions as bactericidal or fungicidal. Moreover, the two most important oils, Mentha spicata and Ocimum basilicum, which significantly reduced the growth of Bacillus thermophilus in the two stages of sugar manufacturing (storage and production), were subjected to analysis by GC/MS.

The results obtained from GC and MS analysis of the plant extract from Mentha spicata revealed that the major constituent present was isopulegon, which constituted 12.29% of the extract. These results are consistent with those obtained by Tayarani-Najaran et al. and Boukhebti et al., who confirmed the presence of isopulegon and pulegone as major components in the oil derived from this plant (Boukhebti et al., 2011; Tayarani-Najaran et al., 2013). Generally, the active compounds found in plant extracts, such as flavonoids, exert their antibacterial and antifungal effects by inhibiting the DNA gyrase enzyme (Cushnie and Lamb, 2005). However, terpenoids present in oils may disrupt the electron transport chain, oxidative phosphorylation, or the ability to dissolve the cytoplasmic membrane due to their lipophilic properties (Parcha et al., 2003).

The fourth goal was using the RAPD technique to detect genetic changes or recombinant DNA that can be generated after treating thermophilic bacteria (B. thermophilus) with effective oils due to the simplicity and applicability of this technique (Williams et al., 1990; Istock et al., 2001). The results of the RAPD method indicated that a number of differentiated bands (monomorphic or polymorphic) appeared due to the treatment with effective oils with the four RAPD primers used. However, the number of bands varied depending on the type of primer. The results ensure that oils contributed to changes in the genetic structure and function of the treated bacterial cells due to their antibacterial effects.

The five highly induced genes were observed in growing strain B. thermophilus on nutrient agar medium after being treated with the oil of Mentha spicata by DD-PCR and were selected for sequencing as the fifth goal. Sequencing results indicated that these five genes were similar to lipid kinase, extracellular solute-binding protein, naphthoate synthase, the major facilitator superfamily (MFS), and transglycosylase. All of these genes work together in one or different pathways to increase the defense or resistance of bacterial cells against oil, which is used to suppress the growth of microbes. These results are supported by Cain, who reported that the lipid kinase gene functioned as bacteriocin to help the bacterial cell resist the toxins through phosphorylation (Cain et al., 1993), and Tam and Saier noted that the extracellular solute-binding proteins are essential to facilitate the transport of organic solutes under different kinds of stresses (Tam and Saier, 1993). The Transglycosylase enzyme works as an exo-coenzyme in different biological processes inside cells (Beachey and Keck, 1033). The MFS proteins are known to be present as a major constituent of different microorganisms' genomes, and they are usually involved in the cycles of sugar uptake (Griffith et al., 1992).



4. Conclusion

In the present study, we screened a set of plant extracts and oils for their antibacterial activity against thermophilic bacteria (B. thermophilus) attacking sugar beet fruits during storage or production. Our findings indicated that most of the evaluated extracts possess considerable antibacterial activity to reduce the growth of thermal-resistant bacteria. Among the evaluated extracts, two oils from Mentha spicata and Ocimum bacilicum exhibited the most potent activity to inhibit the growth of Bacillus thermophilius, as indicated by inhibition zones and their ability to reduce the amount of lactic acid by 47.7% and 26.5%, respectively, indicating low sugar degradation. The characterization of Mentha spicata and Ocimum bacilicum by GC-MS analysis indicated the presence of antibacterial substances such as Linalool and isopulegone. Future studies should explore the applicability of these extracts in industry and scientific research.



5. Materials and methods


5.1. Isolation of bacteria from sugar beet roots and juice

To count mesophilic bacteria, 1 mL of juice was spread on the surface of tryptone soya agar medium (Scotter et al., 2000), and then, plates were incubated for three days at 37°C. Growing colonies were picked up and used to inoculate the tryptone soy broth medium. Afterward, 1 mL of this inoculated broth medium was distributed on the surface of the blood agar medium to isolate G+ve bacteria (DIFCO Laboratories Dehydrated, 1984), while the G-ve bacteria were obtained by distributing 1 mL of this culture on the surface of the MacConkey agar medium. To count and isolate the thermophilic bacteria, adopting the procedure of Sahm and Washington (Sahm et al., 1991), 1 mL of the serial dilutions was spread on the surface of the nutrient agar medium, and plates were incubated at 55°C for 48 h. Both isolated mesophilic and thermophilic bacteria were examined microscopically, and the common isolates were purified and subjected to complete identification through biochemical tests and molecular analysis.



5.2. Identification of bacterial isolates

Mesophilic bacterial isolates were subjected to complete identification using the MicroScan Dried system in the Microbiology lab at Mansoura Children's Hospital University, which is designed to identify both Gram-negative and positive bacteria using fluorogenic substrates as a pH indicator for a bacterial enzymatic reaction. Conventional MicroScan Negative and positive Combo panels were inoculated with the bacterial isolates using the standard turbidity technique. The panels were incubated for 24 h at 35°C within the MicroScanWalkAway system. All procedures were performed according to the manufacturer's instructions (Abdel-Wahab et al., 2022). It is also used for measuring several biochemical tests, including carbohydrate fermentation tests such as glucose, xylose, mannitol, sucrose, galactose, rhamnose, maltose, raffinose, sorbitol, arabinose, inulin, mannose, and lactose, in addition to other specific tests such as Voges Proskauer (VP), nitrate reduction (NIT), indole test, urease test, hydrogen sulfide production test, citrate utilization, and oxidase test.



5.3. Morphological and cultural characteristics of thermophilic bacterial isolates

Isolates were tested using classical microbiological methods such as Gram stain, spore-forming using a phase contrast microscope (Sala et al., 1995), and motility as described by Priest (Priest et al., 1988), in addition to examining their biochemical reactions such as the ability to grow under anaerobic conditions, starch hydrolysis, catalase test, Voges–Proskauer test, casein hydrolysis, and nitrate reduction. To examine the ability of strains to grow anaerobically, isolates were inoculated on nutrient agar tubes containing the following ingredients per liter: 20 g of Trypticase, 5 g of NaCl, 10 g of glucose, 15 g of agar, 2 g of sodium thioglycolate, and 1 g of formaldehyde sulfoxylate). Additionally, 1 ml of nutrient broth culture was added to each tube. Then, the growth of the strains was evaluated by the naked eye after incubating the tubes for 4 days at 55°C. The ability of strains to hydrolyze starch was tested by growing them on nutrient agar plates containing 1% starch (pH 6.5) and incubating them at 55°C for 3 days. The appearance of a clear zone around the colonies upon the addition of Lugol's iodine indicated the presence of amylase activity and the ability of starch hydrolysis. Catalase reaction strains were subjected to tests to determine whether or not they could hydrolyze hydrogen peroxide by adding drops of 3% H2O2 on the surface of the bacterial colony, and positive strains that produced bubbles were recorded against those negative strains that could not produce bubbles.

The Voges–Proskauer (VP) test is used to detect the presence of acetoin in bacterial broth cultures. The test was conducted by adding alpha-naphthol and potassium hydroxide to the Voges-Proskauer broth, which had been previously inoculated with a bacterial strain. A cherry-red color indicates a positive result, while a yellow-brown color indicates a negative result (MacFaddin, 2000). Additionally, the ability of these bacteria to hydrolyze casein was demonstrated by the production of a clearing halo zone around their colonies after they were grown on skimmed milk agar plates. The composition of the agar plates included 1.0% skimmed milk, 0.2 % yeast extract, 0.01 % KH2PO4, 0.03 % K2HPO4, 0.5% NaCl, and 2% agar (pH 6.5). The plates were incubated at 55°C for 72 h. This hydrolysis ability was described by Fujio and Kume (Fujio and Kume, 1991). A bacterial colony that gives off a red color after cultivation in a broth medium containing 5g peptone, 3g beef extract, and 1g KNO3, supplemented with naphthylamine and B sulfanilic acid, indicates positive nitrate reduction.



5.4. Molecular tools for identifying thermophilic bacteria

Bacterial genomic DNA was obtained from a bacterial isolate that was previously identified as B. thermophilius using a biochemical assay using the QIAGEN Genomic DNA Purification Kit according to the manufacturing procedure. Then, the pure DNA was evaluated under UV light after electrophoresis on a 0.8% agarose gel that had been supplemented with ethidium bromide in TBE buffer. 1 μl of pure bacterial DNA from this strain was subjected to RAPD-PCR. The RAPD-PCR method employed was described by Heikal et al. (Heikal et al., 2008). Four different primers, namely A1 (5,-GGACTGGAGTsGTGATCGC-3), Ez351 (5,-AGGAGGTGATCCAACCGCA-3), Rapid2 (5,-GTTACGCTCC-3), and A7a10 (5,-GAAACGGGTGGTGATCGCAG-3), were used. The RAPD-PCR reaction was conducted in a total volume of 25 μl, comprising 10 x buffer, 2 μl of 25 mM MgCl2, 2 μl of 2.5 mMdNTPs, 1 μl of each 10 pmol primer, 0.2 μl of Taq DNA polymerase (5 unites/μl), and 1 μl of 50 ng DNA as the template. The PCR reaction was conducted using the following program cycles; cycle at 95°C for 5 min; then, 40 cycles were performed as follows: For 1 min at 95°C for denaturation, 1 min at 30°C for annealing, 1 min at 72°C for elongation, and 10 min at 72°C for a final extension. Reaction mixtures were held at 4°C. The generated fragments were assessed on a 2% agarose gel containing ethidium bromide after electrophoresis in TBE buffer for 1 h.

To amplify the gene coding for 16S rRNA to identify the strain, primers 350F (5,-AGGTGATCCAACCGCA-3) and 350R (5,-AATGGAGGAAGGTGGGGAT-3) corresponding to the polymorphic region and conserved gene sequence of bacterial 16S rRNA (El-Hanafy et al., 2007; Mohamed et al., 2021, 2022a,b) were used to amplify ~350bp. The amplified fragment of 350 bp was assessed on a 0.8% agarose gel plus ethidium bromide after running in TBE for 30 min. After evaluating the targeted fragment of 16S rRNA, the fragment was purified using a PCR clean-up column kit (Maxim Biotech, Inc., USA).

The targeted and purified fragment of 16S rRNA was sent with the forward primer that was previously used for amplification to the Macrogen Company (South Korea) for sequencing. Sequences obtained from 16Sr RNA by the previously mentioned company were compared with the available sequences in the Gene Bank database using BLASTN searches at the National Center for Biotechnology Information site (http://ncbi.nlm.nih.gov).

Multiple DNA sequence alignments were carried out using the Clustal w program version 1.82 (http://www.ebi.ac.uk/clustalw) (Thompson et al., 1997; Abdel-Wahab et al., 2022).

Bacterial cells were lyzed in 1 mL of GS1 buffer after adjusting the cell number at a rate of 106–107 in sterile water. Then, total RNA was extracted from the treated and non-treated thermophilic bacterial strains using the GStract™ RNA Isolation kit II (GuanidiumThiocyanate) according to the manufacture's instructions, after taking into account that all the disposable plastics used in this method should be RNase-free, decontaminated, and treated with 0.1% v/v diethyl pyrocarbonate (DEPC) in water.



5.5. Collection of root beet samples

Sixty samples of sugar beet roots (10 beet roots for each sample) were collected from different companies in Dakahlia, Alexandria, Kafr El-Sheikh, and Sharkia and stored in mild conditions at Dakahlia Sugar Company for 29 days. Leaf petioles were trimmed at the base, and the terminal buds were removed. Then, the levels of sugar, Na, K, α amino-N, best quality, and inverted sugar, as well as temperature, were determined every 2 days during the storage period. Isolation, collection, and identification of the most common bacteria from all samples were achieved.



5.6. Collection of beet juice samples

Juice samples were collected from the middle extraction tower of Dakahlia Sugar Company at different time intervals (4 h), transferred to the laboratory in sterilized bottles, and kept at 4°C until further analysis. Sugar percentage cossets, sugar losses, and sugar yield were estimated for every sample.



5.7. Determination of sucrose losses

The levels of each apparent sugar (Na, K, α amino-N, beet quality, inverted sugar, and temperature) were determined every 2 days during storage. Sucrose was determined with a polar meter (sucromate), sodium (Na), potassium (K), and α-amino nitrogen were measured using the cold digestion method, while inverted sugars were detected using the Benzamidine method (Edye and Clarke, 1998; Larrahondo et al., 2006). Invert sugar percent was used as an indicator for sucrose losses. The Benzamidine method was used to estimate the reducing carbohydrate; to determine the optimal conditions of the benzamidine reaction, the reaction time, temperature, medium pH, reagent concentration, and the fluorescence spectrum have been investigated.



5.8. Determination of the sucrose losses during the manufacturing process

During beet sugar manufacturing, there are two types of losses: determined and undetermined. Determined losses were measured in the factory laboratory, and undetermined losses were calculated. Samples from pulp, mud, and molasses every day (during the campaign) were collected, and then the sugar level was determined by routine daily work. The average was determined every 10 days (period), and the undetermined losses and total losses were calculated.



5.9. Determination of lactic acid

Juice samples were collected from the BMA (Braunschweigerische Maschinenbauanstalt AG) extraction tower at Dakahalia Sugar Company. Juice samples were collected from the diffuser and incubated at 55°C. The lactic acid and pH were measured and collected using the lactic acid analyzer and pH meter (052-50910080, model 910/8) at different times. The drop in pH and increased lactic acid indicated high bacterial activity and sucrose destruction.



5.10. Preparation of plant extracts

All cultivated plants were collected from the Botanical Gardens and Ornamental Plants Department, Horticulture Research Institute (HRI) Institute, Agricultural Research Center, Egypt, while wild plants were collected and identified in the Botany Department, Mansoura University, Egypt, by Prof. Ibrahim A. Mashaly (Professor of Flora and Plant Ecology), stored in the herbarium of the Plant Department, Mansoura University, Egypt, with their herbarium ID as shown in Supplementary Table S1.

The leaves of plants Labiatae (Ocimum basilicum L.; Mentha spicata L. & Mentha longifolia L.), Rutaceae (Citrus limon L.), Lauraceae (Cinnamomum zeylanicum L.), Umbelliferae (Cuminum cyminum L.), Myrtaceae (Eugenia caryophyllus L. & Eucalyptus rostrata Schlecht.), Geraniaceae (Geranium gruinum L.), Verbenaceae (Lantana camara L.), Gramineae (Cymbopogon proximus (hochst) staps), Solanaceae (Datura stramonium L. & Nicotiana glauca R.C. Graham), Asteraceae (Silybum marianum Gaertn L. & Calendula officinalis L.), Cannabaceae (Humulus lupulus L.), Anacardiaceae (Schinus terebenthifolius Radd), Apocynaceae (Nerium oleander L.), and Zingibiraceae (Zingiber officinale L.) were collected from cultivated fields to use them for excreting the active gradients to be used as antibacterial substances against bacteria that grow on sugar beet during storage or manufacturing. Plant materials were dried at room temperature for 15 days, ground using an electric mill to obtain a fine powder, and extracted by soaking in 1:1 (w/v) methanol and shaking for 3 days. The soaker was filtered through a specific filter under strong hand pressure, and the solvent was removed under vacuum at 60–65°C to produce a crude extract using a rotary evaporator (Alade and Irobi, 1993). The crude extract was preserved in the fridge for further analysis, dissolved in dimethyl sulfoxide DMSO (1mg/mL), and diluted extract solutions were used for different analyses (Taylor et al., 1996; El-Sherbieny et al., 2002).



5.11. Selection of a strong antibacterial product to inhibit the growth of B. thermophilus

After obtaining the diluted extracts from 20 medicinal plants that were dissolved in DMSO, which proved its neutral effect on the growth of tested microorganisms, as it did not make an inhibition zone for growing B. thermophilus, aliquots of these extracts with a concentration of 50 μg/ml were used as an antimicrobial product to reduce the growth of the tested microbe using the agar diffusion technique, as previously explained by Hili (Hili et al., 1997). To test each extract, 50 μl containing 50 μg/ml of active ingredients (in nutrient broth inoculated with microbes) was added to the well made by a cork borer on the surface of nutrient agar medium, and plates were incubated for 18h at 55°C (Burt, 2004; Holley and Patel, 2004). The inhibition of growth due to the addition of antibacterial products was recorded by eye compared to the control, and the diameters were measured. Similarly, 13 oils from Labiatae (Origanum majorana L.; Ocimum bacilicum L.; Thymus vulgaris L.&Mentha spicata L.), Myrtaceae (Eucalyptus rostratas chlecht; Eugenia caryophyllus L.&Cinnamomum zeylanicum Blume), Alliaceae (Allium sativum L.), Oleaceae (Olea europaea L.), Umbelliferae (Apium graveolens L.), Umbelliferae (Pimpinella schweinfurthii Asch), Asteraceae (Prunus dulcisvar L.), and Rutaceae (Citrus limon L.) that purchased from local Egyptian Market were examined against the growth of the tested bacteria.



5.12. GC/MS analysis of the oil composition of Mentha spicata and Ocimum basilicum

The two effective oils of Mentha spicata and Ocimum basilicum against the growth of thermophilic bacteria were analyzed using Gas Chromatography and Mass Spectrometry (GC/MS) at the National Research Center, Dokki, Cairo, Egypt, using a Varian 3400 GC equipped with a DB-5 fused silica capillary column (30m X 0.25 mm; i.d. μm film thickness). The multi-step temperature program used for analysis was raised from 60°C (held for 3 min) to 260°C (held for 10 min) every 5°C min−1. Helium was the carrier gas used at a flow rate of 1 ml min−1, and the sample size was 1 μL (injector temperature was 250°C). A mass spectrometer version of the Varian-Finnigan SSQ7000 was used to determine each peak's mass with an ionization voltage of 70 eV. Scan time and mass range were 5 s and 40–400 m/z, respectively. Different oil peaks were nominated by matching their recorded mass spectra with those stored in the Wiley/NBS mass spectral library of the GC/MS data system and other published mass spectra (Adams, 2001).



5.13. Reverse transcription-polymerase chain reaction of mRNA

Reverse transcription (RT), or first-strand DNA, was obtained after converting the mRNA to complementary DNA (cDNA) in the presence of dNTPs and reverse transcriptase. The components were combined with a DNA primer in a reverse transcriptase buffer for 1 h at 42°C. The exponential amplification via reverse transcription was conducted using a polymerase chain reaction (a highly sensitive technique), where a very low copy number of RNA molecules can be detected. A reverse transcription reaction was performed using an oligodT primer (5′-TTTTTTT -TTTTTTTT-3′). Each 25 μl reaction mixture contained 2.5 μl (5x) buffers with MgCl2, 2.5 μl (2.5 mM) dNTPs, 1 μl (10 pmol) primer, 2.5 μl RNA (2 mg/ml), and 0.5 units of reverse transcriptase enzyme. The PCR reaction was conducted using PCR programs at 42°C for 1 hr. and 72°C for 10 min (enzyme killing), and the product was stored at 4°C until use.



5.14. Differential display PCR and sequencing of targeted fragments

Primers RAPD1 (5′-TGCCGAGCTG-3′), RAPD2 (5′-ATGCCCCTGT-3′), RAPD3 (5′-AGCCACCGAA-3′), and RAPD4 (5′-CCTTGACGCA-3′) were included to conduct differential display analysis to examine genetic changes that occur due to the antibacterial effect (obtained as a result of oil addition) against the common microorganism that attacks sugar beet during storage or manufacturing (Bacillus thermophilus). The reaction of DD-PCR was carried out in 25μl containing 2.5 μl 10x buffer with MgCl2, 2μl (2.5 mM) dNTPS, 1 μl of 10 pmol primer, 1.5μl cDNA, and 0.2 μl (5 units/μl) Taq DNA polymerase. PCR is programmed as follows: 1 cycle at 95°C for 5 min, then 40 cycles for 30 sec at 95°C, 1 min at 30°C for annealing, and 1min at 72°C for elongation. The reaction was incubated at 72°C for 10 min for a final extension before being stored at 4°C until further use. Afterward, 10 μl of the differential PCR products were mixed with 2 μl of loading dye and electrophoresed at 80 volts in 0.5 x TBE running buffer. The gel was stained with 0.5 μg/cm3 (w/v) ethidium bromide and checked under UV light. Separated DNA bands of DD-PCR representing upregulated and downregulated genes were cut from the gel, purified using a gel extraction kit from Promega, USA, and sent with the primer to the same company mentioned before for sequencing.




Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding authors.



Author contributions

Conceptualization and writing—original draft preparation: MY, A-NZ, AD, EH, and ES. Validation: MY, A-NZ, SK, AA, RB, and MJ. Investigation: AD, AS, AA, HA, RB, MJ, and EH. Resources: MY, A-NZ, AA, RB, MJ, and EH. Data curation: MY, AD, AS, RB, HA, EH, and ES. Writing—review and editing: MY, A-NZ, AD, AS, SK, AA, RB, MJ, HA, EH, and ES. Visualization: MY, AD, HA, EH, and ES. Supervision: EH. Project administration and funding acquisition: HA, RB, and MJ. Methodology: All authors. All authors read and agreed to the published version of the manuscript.



Funding

The authors extend their appreciation to Princess Nourah bint Abdulrahman University for funding this work through the Researchers Supporting Project number (PNURSP2023R304), Princess Nourah bint Abdulrahman University, Riyadh, Saudi Arabia.



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.



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.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2023.1219823/full#supplementary-material



References

 Abdel-Wahab, B. A., Abd El-Kareem, H. F., Alzamami, A., Fahmy, C. A., Elesawy, B. H., Mostafa Mahmoud, M., et al. (2022). Novel exopolysaccharide from marine bacillus subtilis with broad potential biological activities: insights into antioxidant, anti-inflammatory, cytotoxicity, and anti-alzheimer activity. Metabolites 12, 715. doi: 10.3390/metabo12080715

 Adams, R. P. (2001). Identification of Essential Oil Components by Gas Chromatography/Quadrupole Mass Spectroscopy 3rd ed. Carol Stream, Ill: Allured Pub. Corporation. ISBN 978-0-931710-85-8.

 Agatemor, C. (2009). Antimicrobial activity of aqueous and ethanol extracts of nine nigerian spices against four food borne bacteria. Elect. J. Environ. Agri. Food Chem. 8, 195–200.

 Akeson, W. R., and Widner, J. N. (1981). Differences among sugarbeet cultivars in sucrose loss during storage. J. Am. Soc. Sugar Beet Technol. 21, 80–91.

 Alade, P. I., and Irobi, O. N. (1993). Antimicrobial activities of crude leaf extracts of Acalypha Wilkesiana. J. Ethnopharmacol. 39, 171–174.

 Aluko, O. O., Li, C., Wang, Q., and Liu, H. (2021). Sucrose utilization for improved crop yields: a review article. Int. J. Mol. Sci. 22, 4704. doi: 10.3390/ijms22094704

 Amaning Danquah, C., Minkah, P. A. B., Osei Duah Junior, I., Amankwah, K. B., and Somuah, S. O. (2022). Antimicrobial compounds from microorganisms. Antibiotics. 11, 285. doi: 10.3390/antibiotics11030285

 Angane, M., Swift, S., Huang, K., Butts, C. A., and Quek, S. Y. (2022). Essential oils and their major components: an updated review on antimicrobial activities, mechanism of action and their potential application in the food industry. Foods. 11, 464. doi: 10.3390/foods11030464

 Ankri, S., and Mirelman, D. (1999). Antimicrobial properties of allicin from garlic. Microbes Infect. 1, 125–129. doi: 10.1016/S1286-4579(99)80003-3

 Aragão, D. M. O., Guarize, L., Lanini, J., Costa, d. a., Garcia, J. C., Scio, R. M. G., et al. (2010). Cecropia Pachystachya in normal and alloxan-induced diabetic rats. J. Ethnopharmacol. (2010) 128, 629–633. doi: 10.1016/j.jep.01008

 Barbieri, R., Coppo, E., Marchese, A., Daglia, M., Sobarzo-Sánchez, E., Nabavi, S. F., et al. (2016). Phytochemicals for human disease: an update on plant-derived compounds antibacterial activity. Microbiol. Res. (2017) 196, 44–68. doi: 10.1016/j.micres.12003

 Barreto, L. C., Martínez-Arias, R., and Schechert, A. (2021). Field detection of rhizoctonia root rot in sugar beet by near infrared spectrometry. Sensors. 21, 8068. doi: 10.3390/s21238068

 Beachey, E. H., and Keck, W. (1033). de PEDRO, M.A., Schwarz, U. Exoenzymatic activity of transglycosylase isolated from Escherichia Coli. Eur. J. Biochem. (1981) 116, 355–358. doi: 10.1111/j.1432-1033.1981.tb05342.x

 Berłowska, J., Pielech-Przybylska, K., Balcerek, M., Dziekońska-Kubczak, U., Patelski, P., Dziugan, P., et al. (2016). Simultaneous saccharification and fermentation of sugar beet pulp for efficient bioethanol production. Biomed Res. Int. 2016, e3154929. doi: 10.1155/2016/3154929

 Bhatwalkar, S. B., Mondal, R., Krishna, S. B. N., Adam, J. K., Govender, P., Anupam, R., et al. (2021). Antibacterial Properties of organosulfur compounds of garlic (Allium Sativum). Front. Microbiol. 12, 24. doi: 10.3389/fmicb.2021.613077

 Boukhebti, H., Chaker, A. N., Belhadj, H., Sahli, F., Ramdhani, M., Laouer, H., et al. (2011). Chemical composition and antibacterial activity of Mentha Pulegium L. and Mentha Spicata L. Essential Oils. Der Pharmacia Lettre. 3, 267–275.

 Bugbee, W. M. (1993). Storage. In The Sugar Beet Crop; Cooke, D.A., Scott, R.K., Eds., (London, UK: World Crop Series; Chapman and Hall), pp. 551–570.

 Burt, S. (2004). Essential oils: their antibacterial properties and potential applications in foods—a review. Int. J. Food Microbiol. (2004) 94, 223–253. doi: 10.1016/j.ijfoodmicro.03022

 Cain, B. D., Norton, P. J., Eubanks, W., Nick, H. S., and Allen, C. M. (1993). Amplification of the BacA gene confers bacitracin resistance to Escherichia Coli. J. Bacteriol. 175, 3784–3789. doi: 10.1128/jb.175.12.3784-3789.1993

 Campbell, L. G., Klotz, K. L., and Smith, L. J. (2008). Postharvest storage losses associated with rhizomania in sugar beet. Plant Dis. 92, 575–580. doi: 10.1094/PDIS-92-4-0575

 Carson, C. F., Hammer, K. A., and Riley, T. V. (2006). Melaleuca alternifolia (Tea Tree) oil: a review of antimicrobial and other medicinal properties. Clin. Microbiol. Rev. 19, 50–62. doi: 10.1128/CMR.19.1.50-62.2006

 Chao, S. C., Young, D. G., and Oberg, C. J. (2000). Screening for inhibitory activity of essential oils on selected bacteria, fungi and viruses. J. Essent. Oil Res. 12, 639–649. doi: 10.1080/10420009712177

 Chisté, R. C., Mercadante, A. Z., Gomes, A., Fernandes, E., Lima, J. L. F. d. a. C., Bragagnolo, N., et al. (2010). In vitro scavenging capacity of annatto seed extracts against reactive oxygen and nitrogen species. Food Chem. (2011) 127, 419–426. doi: 10.1016/j.foodchem.12139

 Cole, D. F. (1977). Effect of cultivar and mechanical damage on respiration and storability of sugarbeet roots. J. ASSBT. 19, 240–245.

 Cowan, M. M. (1999). Plant products as antimicrobial agents. Clin. Microbiol. Rev. 12, 564–582.

 Cox, S. D., Mann, C. M., Markham, J. L., Bell, H. C., Gustafson, J. E., Warmington, J. R., et al. (2000). The mode of antimicrobial action of the essential oil of melaleuca alternifolia (Tea Tree Oil). J. Appl. Microbiol. 88, 170–175. doi: 10.1046/j.1365-200000943.x

 Cox, S. D., Mann, C. M., Markham, J. L., Gustafson, J. E., Warmington, J. R., Wyllie, S. G., et al. (2001). Determining the antimicrobial actions of tea tree oil. Molecules 6, 87–91. doi: 10.3390/60100087


 Cushnie, T. P. T., and Lamb, A. J. (2005). Antimicrobial activity of flavonoids. Int. J. Antimicrob. Agents 26, 343–356. doi: 10.1016/j.ijantimicag.09002


 DIFCO Laboratories Dehydrated (1984). Culture Media and Reagents for Microbiology 10. ed. Detroit, Michigan: DIFCO Laboratories. ISBN 978-0-9613169-9-0.

 Eager, R. G., Leder, J., and Theis, A. B. (1986). Glutaraldehyde: factors important for microbiocidal efficacy. In Proceedings of the 3rd Conference on Progress in Chemical Disinfection. Binghamton, NY, pp. 32–49.

 Edye, L. A., and Clarke, M. A. (1998). Sucrose loss and color formation in sugar manufacture. Adv. Exp. Med. Biol. 434, 123–133. doi: 10.1007/978-1-4899-1925-0_12

 El Azab, I. H., Saied, E. M., Osman, A. A., Mehana, A. E., Saad, H. A., Elkanzi, N. A., et al. (2021). Novel N-Bridged Pyrazole-1-carbothioamides with potential antiproliferative activity: design, synthesis, in vitro and in silico studies. Future Med. Chem. 13, 1743–1766. doi: 10.4155/fmc-2021-0066

 El-Geddawy, M-. A. M. A., and El-Rahman, M. A. M. A. (2019). Effect of storage conditions on the sugar recovery, sucrose loss in wastes and juice purity during sugar beet manufacture. Suez Canal University J. Food Sci. 6, 65–73. doi: 10.21608/scuj.2019.67839


 El-Hanafy, A. A., Abd-Elsalam, H. E., and Hafez, E. E. (2007). Fingerprinting for the lignin degrading bacteria from the soil. J. App. Sci. Res. 3, 470–475.

 El-Korashy, M. (1997). Effect of some plant extracts against damping off disease of peanut plants. J. Agricult. Sci. Mansoura University. 22, 1921–1929.

 El-Saber Batiha, G., Magdy Beshbishy, A., Wasef, G., Elewa, L., Al-Sagan, A., Abd El-Hack, M. E., et al. (2020). Chemical Constituents and Pharmacological Activities of Garlic (Allium Sativum L.): a review. Nutrients 12, 872. doi: 10.3390/nu12030872

 El-Sherbieny, S. N., Zakey, W. H., and Abdel-Ghafor, S. M. (2002). Antifungal action of some essential oils against fungi causing cotton seedling damping-off disease. Annals Agricult. Sci. Ain-Shams Univ. 47, 1009–1020.

 Fabri, R. L., Nogueira, M. S., Braga, F. G., Coimbra, E. S., and Scio, E. (2009). Mitracarpus frigidus aerial parts exhibited potent antimicrobial, antileishmanial, and antioxidant effects. Bioresour. Technol 100, 428–433. doi: 10.1016/j.biortech.05053

 Field P. I. Chemical and Microbiological Loss and Control; Technical Meeting. Brussels: Sugar Industry Technologists, Inc. (1992).

 Fredsgaard, C., Moore, D. B., Chen, F., Clark, B. C., and Schneegurt, M. A. (2017). Prevalence of sucretolerant bacteria in common soils and their isolation and characterization. Antonie Van Leeuwenhoek. 110, 995–1005. doi: 10.1007/s10482-017-0873-z

 Fugate, K. K., Ribeiro, W. S., Lulai, E. C., Deckard, E. L., and Finger, F. L. (2016). Cold temperature delays wound healing in postharvest sugarbeet roots. Front. Plant Sci. 7, 56. doi: 10.3389/fpls.2016.00499

 Fujio, Y., and Kume, S. (1991). Characteristics of a highly thermostable neutral protease produced from bacillus stearothermophilus. World J. Microbiol. Biotechnol. 7, 12–16.

 Gaber, A., Refat, M. S., Belal, A. A. M., El-Deen, I. M., Hassan, N., Zakaria, R., et al. (2021). New mononuclear and binuclear Cu(Ii), Co(Ii), Ni(Ii), and Zn(Ii) thiosemicarbazone complexes with potential biological activity: antimicrobial and molecular docking study. Molecules 26. doi: 10.3390./molecules26082288

 Griffith, J. K., Baker, M. E., Rouch, D. A., Page, M. G. P., Skurray, R. A., Paulsen, I. T., et al. (1992). Membrane transport proteins: implications of sequence comparisons. Curr. Opin. Cell Biol. 4, 684–695. doi: 10.1016/0955-0674(92)90090-Y

 Gulluce, M., Sahin, F., Sokmen, M., Ozer, H., Daferera, D., Sokmen, A., et al. (2006). Antimicrobial and antioxidant properties of the essential oils and methanol extract from Mentha Longifolia L. Ssp. Longifolia. Food Chem. (2007) 103, 1449–1456. doi: 10.1016/j.foodchem.10061


 Hajlaoui, H., Trabelsi, N., Noumi, E., Snoussi, M., Fallah, H., Ksouri, R., et al. (2009). Biological activities of the essential oils and methanol extract of tow cultivated mint species (Mentha Longifolia and Mentha Pulegium) used in the tunisian folkloric medicine. World J. Microbiol. Biotechnol. 25, 2227–2238. doi: 10.1007/s11274-009-0130-3


 Harvey, C. W., and Dutton, J. V. (1993). “Root quality and processing,” in The Sugar Beet Crop, eds Cooke, D.A., Scott, R.K., Eds., (London, Chapman and Hallpp: World Crop Series.), pp. 571–618.

 Heikal, A. H., Abdel-Razzak, H. S., and Hafez, E. E. (2008). Assessment of genetic relationships among and within cucurbita species using RAPD and ISSR markers. J. App. Sci. Res. 4, 515–525.

 Helmy, Y. A., Taha-Abdelaziz, K., Hawwas, H. A., Ghosh, S., AlKafaas, S. S., Moawad, M. M. M., et al. (2023). Antimicrobial resistance and recent alternatives to antibiotics for the control of bacterial pathogens with an emphasis on foodborne pathogens. Antibiotics 12, 274. doi: 10.3390/antibiotics12020274

 Hili, P., Evans, C. S., and Veness, R. G. (1997). Antimicrobial action of essential oils : the effect of dimethylsulphoxide on the activity of cinnamon oil. Lett. Appl. Microbiol. 24, 269–275. doi: 10.1046/j.1472-765X.1997.00073.x

 Holley, R. A., and Patel, D. (2004). Improvement in shelf-life and safety of perishable foods by plant essential oils and smoke antimicrobials. Food Microbiol. (2005) 22, 273–292. doi: 10.1016/j.fm.08006


 Istock, C. A., Ferguson, N., Istock, N. L., and Duncan, K. E. (2001). Geographical diversity of genomic lineages in bacillus subtilis (Ehrenberg) Cohn Sensu Lato. Organ. Div. Evolut. 1, 179–191. doi: 10.1078/1439-6092-00017


 Jayasena, D. D., and Jo, C. (2013). Essential oils as potential antimicrobial agents in meat and meat products: a review. Tren. Food Sci. Technol. (2013) 34, 96–108. doi: 10.1016/j.tifs.09002


 Jirovetz, L., Eller, G., Buchbauer, G., Schmidt, E., Denkova, Z., Stoyanova, A., et al. (2006). Chemical composition, antimicrobial activities and odor descriptions of some essential oils with characteristic floral-rosy scent and of their principal aroma compounds. Recent Res.h Develop. Agron. Horticult. 2, 1–12.

 Kagami, H., Kurata, M., Matsuhira, H., Taguchi, K., Mikami, T., Tamagake, H., et al. (2015). Sugar beet (Beta Vulgaris L.). Methods Mol Biol. 1223, 335–347. doi: 10.1007/978-1-4939-1695-5_27

 Kleuker, G., and Hoffmann, C. M. (2022). Causes of different tissue strength, changes during storage and effect on the storability of sugar beet genotypes. Postharvest Biol. Technol. 183, 111744. doi: 10.1016/j.postharvbio.2021.111744


 Kumar, D., and Kalita, P. (2017). Reducing postharvest losses during storage of grain crops to strengthen food security in developing countries. Foods. 6, 8. doi: 10.3390/foods6010008

 Kusstatscher, P., Zachow, C., Harms, K., Maier, J., Eigner, H., Berg, G., et al. (2019). Microbiome-driven identification of microbial indicators for postharvest diseases of sugar beets. Microbiome 7, 112. doi: 10.1186/s40168-019-0728-0

 Lafta, A. M., and Fugate, K. K. (2009). Dehydration accelerates respiration in postharvest sugarbeet roots. Posth. Biol. Technol. (2009) 54, 32–37. doi: 10.1016/j.postharvbio.05008


 Landete, J. M., Curiel, J. A., Rodríguez, H., de las Rivas, B., and Muñoz, R. (2008). Study of the inhibitory activity of phenolic compounds found in olive products and their degradation by lactobacillus plantarum strains. Food Chem. (2008) 107, 320–326. doi: 10.1016/j.foodchem.08043


 Larrahondo, J. E., Briceño, C. O., Rojas, M., and Palma, M. (2006). An assessment of after harvest sucrose losses from sugarcane field to factory. Sugar Tech. 8, 233–238. doi: 10.1007/BF02943562


 MacFaddin, J. F. (2000). Biochemical Tests for Identification of Medical Bacteria; 3rd ed. Philadelphia: Lippincott Williams and Wilkins. ISBN 978-0-683-05318-0.

 Madritsch, S., Bomers, S., Posekany, A., Burg, A., Birke, R., Emerstorfer, F., et al. (2020). Integrative transcriptomics reveals genotypic impact on sugar beet storability. Plant Mol Biol. 104, 359–378. doi: 10.1007/s11103-020-01041-8

 Magryś, A., Olender, A., and Tchórzewska, D. (2021). Antibacterial properties of Allium Sativum L. against the most emerging multidrug-resistant bacteria and its synergy with antibiotics. Arch. Microbiol. 203, 2257–2268. doi: 10.1007/s00203-021-02248-z

 Mall, A. K., Misra, V., Santeshwari, Pathak, A. D., and Srivastava, S. (2021). Sugar beet cultivation in india: prospects for bio-ethanol production and value-added co-products. Sugar Tech. 23, 1218–1234. doi: 10.1007/s12355-021-01007-0

 Maravić, N., Šereš, Z., Vidović, S., Mišan, A., Milovanović, I., Radosavljević, R., et al. (2018). Subcritical water hydrolysis of sugar beet pulp toward production of monosaccharide fraction. Ind. Crops Prod. (2018) 115, 32–39. doi: 10.1016/j.indcrop.02014


 Matos, L. C., Pereira, J. A., Andrade, P. B., Seabra, R. M., and Oliveira, M. B. P. P. (2006). Evaluation of a numerical method to predict the polyphenols content in monovarietal olive oils. Food Chem. (2007) 102, 976–983. doi: 10.1016/j.foodchem.04026


 McGinnis, R. A. (1971). Beet-Sugar Technology. 2nd ed. Beet Sugar Development Foundation.

 McGinnis, R. A. (1982). “Beet storage,” in Beet-Sugar Technology. (Beet Sugar Development Foundation: Fort Collins, Colo), pp. 81–99.

 Meena, S. S., and Mariappan, V. (1993). Effect of plant products on seed borne mycoflora of sorghum. Madras J. Agricult. 80, 383–387.

 Misra, V., Mall, A., Solomon, S., and Ansari, M. I. (2022). Post-Harvest biology and recent advances of storage technologies in sugarcane. Biotechnol. Rep. 33, e00705. doi: 10.1016/j.btre.2022.e00705

 Misra, V., Solomon, S., Mall, A. K., Prajapati, C. P., and Ansari, M. I. (2020). Impact of chemical treatments on leuconostoc bacteria from harvested stored cane/stale cane. Biotechnol. Rep. 27, e00501. doi: 10.1016/j.btre.2020.e00501

 Mith, H., Duré, R., Delcenserie, V., Zhiri, A., Daube, G., Clinquart, A., et al. (2014). Antimicrobial activities of commercial essential oils and their components against foodborne pathogens and food spoilage bacteria. Food Sci. Nutr. 2, 403–416. doi: 10.1002/fsn3.116

 Modelska, M., Binczarski, M. J., Dziugan, P., Nowak, S., Romanowska-Duda, Z., Sadowski, A., et al. (2020). Potential of waste biomass from the sugar industry as a source of furfural and its derivatives for use as fuel additives in Poland. Energies 13, 6684. doi: 10.3390/en13246684


 Mohamed, D. I., Abou-Bakr, D. A., Ezzat, S. F., El-Kareem, H. F. A., Nahas, H. H. A., Saad, H. A., et al. (2021). Vitamin D3 prevents the deleterious effects of testicular torsion on testis by targeting MiRNA-145 and ADAM17: in silico and in vivo study. Pharmaceuticals 14, 1222. doi: 10.3390/ph14121222

 Mohamed, D. I., Alaa El-Din, D., Nabih, E. S., El-Kharashi, O. A., Abd El-Kareem, H. F., Abo Nahas, H. H., et al. (2022a). Acetylsalicylic acid suppresses alcoholism-induced cognitive impairment associated with atorvastatin intake by targeting cerebral MiRNA155 and NLRP3: in vivo and in silico study. Pharmaceutics. 14, 529. doi: 10.3390/pharmaceutics14030529

 Mohamed, D. I., Ezzat, S. F., Elayat, W. M., El-Kharashi, O. A., El-Kareem, H. F. A., Nahas, H. H. A., et al. (2022b). Hepatoprotective role of carvedilol against ischemic hepatitis associated with acute heart failure via Targeting MiRNA-17 and mitochondrial dynamics-related proteins: an in vivo and in silico study. Pharmaceuticals 15, 832. doi: 10.3390/ph15070832

 Mohamed, S., Saka, S., El-Sharkawy, S. H., Ali, A. M., and Muid, S. (1996). Antimycotic screening of 58 Malaysian plants against plant pathogens. Pestic. Sci. 47, 259–264. doi: 10.1002/(SICI)1096-9063(199607)47:3<259::AID-PS413>3.0.CO;2-N


 Parcha, V., Gahlot, M., and Bajaj, B. K. (2003). Antimicrobial activity of essential oil of dysoxylum malabaricum. Indian Perfumer. 47, 183–187.

 Peighambardoust, S. H., Jafarzadeh-Moghaddam, M., Pateiro, M., Lorenzo, J. M., and Domínguez, R. (2021). Physicochemical, thermal and rheological properties of pectin extracted from sugar beet pulp using subcritical water extraction process. Molecules 26, 1413. doi: 10.3390/molecules26051413

 Priest, F. G., Goodfellow, M., and Todd, C. A. (1988). Numerical classification of the genus bacillus. Microbiology 134, 1847–1882.

 Qadri, H., Haseeb Shah, A., Mudasir Ahmad, S., Alshehri, B., Almilaibary, A., Ahmad Mir, M., et al. (2022). Natural products and their semi-synthetic derivatives against antimicrobial-resistant human pathogenic bacteria and fungi. Saudi J. Biol. Sci. 29, 103376. doi: 10.1016/j.sjbs.2022.103376

 Qadrie, Z. L., Jacob, B., Anandan, R., Rajkapoor, B., and Ulla, M. R. (2009). Anti-bacterial activity of ethanolic extract of indoneesiella echioides (L) nees. evaluated by the filter paper disc method. Pak. J. Pharm. Sci. 22, 123–125.

 Ramesh, S. Y., Sandeep, K., and Anupam, D. (2006). Antifungal properties of essential oil Mentha Spicata L. Var. MSS-5. Indian J. Crop. Sci. 1, 197–200.

 Refat, M. S., Ibrahim, H. K., Sowellim, S. Z. A., Soliman, M. H., and Saeed, E. M. (2009). Spectroscopic and thermal studies of Mn(II), Fe(III), Cr(III) and Zn(II) complexes derived from the ligand resulted by the reaction between 4-acetyl pyridine and thiosemicarbazide. J. Inorg. Organomet. Polym. 19, 521. doi: 10.1007/s10904-009-9296-2


 Ruan, Y. L., Jin, Y., Yang, Y-. J., Li, G-. J., and Boyer, J. S. (2010). sugar input, metabolism, and signaling mediated by invertase: roles in development, yield potential, and response to drought and heat. Mol Plant. 3, 942–955. doi: 10.1093/mp/ssq044

 Sahm, D. F., Washington, J. A., Balows, A., Hausler, W. J. Jr., Herrmann, K. L., Isenberg, H. D., et al. (1991). “Antibacterial susceptibility test: dilution methods,” in Manual of Clinical Microbiology. ISBN 978-1-55581-029-0.

 Sala, F. J., Ibarz, P., Palop, A., Raso, J., and Condon, S. (1995). Sporulation temperature and heat resistance of bacillus subtilis at different PH values. J. Food Prot. 58, 239–243.

 Salelign, K., and Duraisamy, R. (2021). Sugar and ethanol production potential of sweet potato (ipomoea batatas) as an alternative energy feedstock: processing and physicochemical characterizations. Heliyon 7, e08402. doi: 10.1016/j.heliyon.2021.e08402

 Scotter, S., Aldridge, M., and Capps, K. (2000). Validation of a method for the detection of E. Coli O157:H7 in foods. Food Control. 11, 85–95. doi: 10.1016/S0956-7135(99)00065-1


 Selmar, D., and Kleinwächter, M. (2013). Stress enhances the synthesis of secondary plant products: the impact of stress-related over-reduction on the accumulation of natural products. Plant Cell Physiol. 54, 817–826. doi: 10.1093/pcp/pct054

 Shittu, L. J., Bankole, M., Ahmed, T., Bankole, M. N., Shittu, R. K., Saalu, C. L., and Ashiru, O. A. (2007). Antibacterial and antifungal activities of essential oils of crude extracts of sesame radiatum against some common pathogenic microorganisms. Iranian J. Pharmacol. Therap. 6, 165–170.

 Singh, J., Dubeyd, A. K., and Tripathi, N. N. (1994). Antifungal activity of mentha spicata. Int. J. Pharm. 32, 314–319. doi: 10.3109/13880209409083009


 Strausbaugh, C. A., Eujayl, I., Rearick, E., Foote, P., and Elison, D. (2009). Sugar beet cultivar evaluation for storability and rhizomania resistance. Plant Dis. 93, 632–638. doi: 10.1094/PDIS-93-6-0632

 Strom, P. F. (1985). Effect of temperature on bacterial species diversity in thermophilic solid-waste composting. App. Environ. Microbiol. 50, 899–905. doi: 10.1128/aem.50.4.899-905.1985

 Subrahmanyeswari, T., and Gantait, S. (2022). Advancements and prospectives of sugar beet (Beta Vulgaris L.) biotechnology. Appl. Microbiol. Biotechnol. 106, 7417–7430. doi: 10.1007/s00253-022-12226-0

 Tam, R., and Saier, M. H. (1993). Structural, functional, and evolutionary relationships among extracellular solute-binding receptors of bacteria. Microbiol. Rev. 57, 320–346. doi: 10.1128/mr.57.2.320-346.1993

 Tayarani-Najaran, Z., Talasaz-Firoozi, E., Nasiri, R., Jalali, N., and Hassanzadeh, M. (2013). Antiemetic activity of volatile oil from mentha spicata and mentha × piperita in chemotherapy-induced nausea and vomiting. Ecancermedicalscience 7, 290. doi: 10.3332/ecancer.2013.290

 Taylor, R. S. L., Edel, F., Manandhar, N. P., and Towers, G. H. N. (1996). Antimicrobial activities of southern nepalese medicinal plants. J. Ethnopharmacol. 50, 97–102.

 Tayyab, M., Wakeel, A., Mubarak, M. U., Artyszak, A., Ali, S., Hakki, E. E., et al. (2023). Sugar beet cultivation in the tropics and subtropics: challenges and opportunities. Agronomy 13, 1213. doi: 10.3390/agronomy13051213


 Thompson, J. D., Gibson, T. J., Plewniak, F., Jeanmougin, F., and Higgins, D. G. (1997). The CLUSTAL_X Windows interface: flexible strategies for multiple sequence alignment aided by quality analysis tools. Nucl. Acids Res. 25, 4876–4882.

 Usmani, Z., Sharma, M., Diwan, D., Tripathi, M., Whale, E., Jayakody, L. N., et al. (2022). Valorization of sugar beet pulp to value-added products: a review. Bioresou. Technol. 346, 126580. doi: 10.1016/j.biortech.2021.126580

 Vági, E., Simándi, B., Suhajda, Á., and Héthelyi, É. (2004). Essential oil composition and antimicrobial activity of origanum majorana l. extracts obtained with ethyl alcohol and supercritical carbon dioxide. Food Res. Int. (2005) 38, 51–57. doi: 10.1016/j.foodres.07006

 Vahdati-Mashhadian, N., and Rakhshandeh, H. (2005). Antibacterial and antifungal effects of nigella sativa extracts against S. Aureus, P. Aeroginosa, and C. Albicans. Pakistan J. Med. Sci. 21, 47–52.

 Van Eerd, L. L., Congreves, K. A., and Zandstra, J. W. (2012). Sugar beet (Beta Vulgaris L.) storage quality in large outdoor piles is impacted by pile management but not by nitrogen fertilizer or cultivar. Can. J. Plant Sci. 92, 129–139. doi: 10.4141/cjps2011-054


 Vaou, N., Stavropoulou, E., Voidarou, C., Tsigalou, C., and Bezirtzoglou, E. (2021). Toward advances in medicinal plant antimicrobial activity: a review study on challenges and future perspectives. Microorganisms 9, 2041. doi: 10.3390/microorganisms9102041

 Velluti, A., Sanchis, V., Ramos, A. J., Egido, J., and Marin, S. (2003). Inhibitory effect of cinnamon, clove, lemongrass, oregano and palmarose essential oils on growth and fumonisin B1 production by fusarium proliferatum in maize grain. Int. J. Food Microbiol. 89, 145–154. doi: 10.1016/S0168-1605(03)00116-8

 Wilkins, K. M., and Board, R. G. (1989). “Natural antimicrobial systems,” in Mechanisms of Action of Food Preservation Procedures. Elsevier Applied Science Publishers Ltd, pp. 285–362 ISBN 1-85166-293-6.

 Williams, J. G. K., Kubelik, A. R., Livak, K. J., Rafalski, J. A., and Tingey, S. V. D. N. A. (1990). Polymorphisms amplified by arbitrary primers are useful as genetic markers. Nucl. Acids Res. 18, 6531–6535. doi: 10.1093/nar/18.22.6531

 Wyse, R. E., Theurer, J. C., and Doney, D. L. (1978). Genetic variability in post-harvest respiration rates of sugarbeet roots1. Crop Sci. 18, 264–266. doi: 10.2135./cropsci1978.0011183X001800020017x


 Yousefi, M., Khorshidian, N., and Hosseini, H. (2020). Potential application of essential oils for mitigation of listeria monocytogenes in meat and poultry products. Front Nutr. 7, 577287. doi: 10.3389/fnut.2020.577287



OPS/images/fmicb-14-1219823-t006.jpg
Biological Similarity
function microorgani %
204 Lipid kinase Pseudomonas mendocina 32%
618 Extracellular Streptomyces 48%
solute-binding himastatinicus
protein
633 Naphthoate Actinomyces coleocanis 29%
synthase
553 Major facilitator Bacillus cereus 67%
super family
543 transglycosylase Lactobacillus 28%






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Exploring the antibacterial potential of plant extracts and essential oils against Bacillus thermophilus in beet sugar for enhanced sucrose retention: a comparative assessment and implications



		1. Introduction



		2. Results



		2.1. Isolation and identification of bacteria attacking sugar beet during storage or manufacturing



		2.2. Molecular identification of thermophilic bacteria using 16S rRNA



		2.3. Assessment of the antibacterial activity of the plant extracts and oils against the growth of B. thermophilus



		2.4. Evaluation of lactic acid concentration in diffusion juice



		2.5. GC/MS analysis of Mentha spicata and Ocimum basilicum



		2.6. Assessment of gene expression of B. thermophilus by RAPD-PCR after treatment with oils



		2.7. Assessment of gene expression of B. thermophilus by differential display-PCR after treatment with Mentha spicata oil







		3. Discussion



		4. Conclusion



		5. Materials and methods



		5.1. Isolation of bacteria from sugar beet roots and juice



		5.2. Identification of bacterial isolates



		5.3. Morphological and cultural characteristics of thermophilic bacterial isolates



		5.4. Molecular tools for identifying thermophilic bacteria



		5.5. Collection of root beet samples



		5.6. Collection of beet juice samples



		5.7. Determination of sucrose losses



		5.8. Determination of the sucrose losses during the manufacturing process



		5.9. Determination of lactic acid



		5.10. Preparation of plant extracts



		5.11. Selection of a strong antibacterial product to inhibit the growth of B. thermophilus



		5.12. GC/MS analysis of the oil composition of Mentha spicata and Ocimum basilicum



		5.13. Reverse transcription-polymerase chain reaction of mRNA



		5.14. Differential display PCR and sequencing of targeted fragments







		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		Supplementary material



		References

















OPS/images/fmicb-14-1219823-t005.jpg
Peak Compone RT
No. Name.
1 2,4-dimethyl 7.09 020 CsHys
hexane
2 (Z)-4-Heptenal 12.33 0.25 CH,0
3 1,8-Cineole 14.84 0.52 CioH 50
4 Linalool oxide 16.17 0.10 CioH 50,
5 L-Linalool 17.02 222 CyoH, 50
6 a-Terpinenyl 19.85 0.06 Ci2Hy0,
acetate
7 Estragole 20.03 0.72 CioHlo
8 (Z)-2-Decenal 21.78 0.41 CioHis0
9 Bornyl acetate 22.55 0.19 C12H0,
10 (E, 22.69 029 CioH;60
E)-2,4-Decadienal
13 (E, 23.32 0.55 CioHi60
Z)-2,4-Decadienal
12 a-Elemene 25.46 025 CisHay
13 (Methyleugenol) 25.65 0.19 CnHuO,
14 (Z, E)-a-farnesene 26.55 0.96 CisHay
15 1,2,3,4,4a,5,6,8-aoct 28.61 0.41 CisHag
ahydro-7-methyl
Naphthalene
4-methylene-1-(1-
methylethyl)-,
(1a,4a4,8a3)
16 23- 2881 0.11 Ci3H140,
Dihydro3methyl-2-
(2propenyl)-4-H1b
enzopyrandone
17 8-Cedren-13-ol 30.20 0.10 CisHpO
18 Caryophyllene 3035 0.15 CisHyO
oxide
19 Cubenol 31.04 0.10 C1sHp0
20 Tau.Cadinol 31.62 0.85 C15Ha0
21 Junipene 31.94 0.10 CysHay
22 Hexadecanoic acid 38.40 6.66 CisH3,0,
23 Cis-13- 42.04 81.53 CisH302

Octadecenoic acid






OPS/images/fmicb-14-1219823-t004.jpg
Component

Name.

1 y-Terpinene 1168 543 CioHis
2 Delta-3-Carene 11.78 247 CioHie
3 Cyclofenchene 1197 0.44 CioHis
(CAS)
4 Z-6-nonenal 12.15 0.35 CoH 60
5 o-Myrcene 13.21 6.69 CyoHie
6 Linalyl acetate 13.37 0.38 Ci2Hy 0,
7 a-Myrcene 1355 0.90 CioHis
8 Smethyl - 13.92 344 CsH 50
3-Heptanol
9 Limonene 14.93 6.22 CioHie
10 1,8-Cineole 15.19 1.41 CioHy50
11 5-methyl-2-isopr 18.98 429 CioHy50
opyl-2-hexenal
12 2(5-Hexenyl) 19.98 1.05 CiHis0
cyclopentanone
13 Hexyl alcohol 21.29 412 CeH10
14 Carveol 1 2176 2.74 CioH160
15 Cis-isopulegone 2221 12.29 CioH150
16 3-methyl-6-(1- 2262 8.41 CioH150
methylethyl)-2-
cyclohexen-1-one
17 Menthyl acetate 2322 6.15 Ci2H2202
18 Isomenthyl acetate 2373 1.01 CpaHy0,
19 Isopulegol acetate 23.79 0.75 C1yHyp0,
20 3-(4-methyl-3- 2451 0.66 CioH140
pentenyl)-Furan
21 o Bourbonene 25.64 3.40 CisHay
22 Longifolene 2594 1.48 CsHy60,
23 a-Farnesene 2656 4.49 CysHy
24 Longiborn-9- ene 26.96 0.37 CisHay
25 Sabinene 27.33 1.46 CioHis
26 y-Muurolene 2837 1.86 CisHay
27 é-Cadinene (CAS) 2891 172 CisHay
28 Caryophyllene oxide 3044 0.84 Cy5Hy0
Total 85.98

RT, retention time; M.F., molecular formula.
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zone (mm) zone (mm)
Control DMSO (negative control) ND DMSO (negative control) ND
1 Ocimum basilicum L. 33 Mentha spicata L. 50
2 Citrus limon L. 34 Ocimum bacilicum 45
3 Cinnamomum zeylanicum L. 22 Cinnamomum zeylanicum Blume 25
4 Cuminum cyminum L. 25 Citrus limon 23
5 Eugenia caryophyllus 1. 33 Origanum majorana 22
6 Mentha spicata L. 35 Eugenia caryophyllus 20
7 Eucalyptus rostrata Schlecht. 33 Eucalyptus rostrata Schlecht. 20
8 Geranium gruinum L. 40 Pimpinella schweinfurthii Asch. 19
9 Lantana camara L. 25 Olea europaea 18
10 Cymbopogon proximus (Hochst) staps. 15 Thymus vulgaris L. 14
11 Datura stramonium L. 39 Allium sativum 13
12 Nicotiana glauca R.C. Graham 23 Apium graveolens L. ND
13 Silybum marianum L. Gaertn 30 Prunus dulcis L. ND
14 Mentha longifolia L. ND
15 Humulus lupulus L. 33
16 Schinus terebenthifolius Radd 26
17 Nerium oleander L. ND
18 Zingiber officinale L. 33
19 Caltrops procera L. 23
20 Calendula officinalis L. 25
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