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Abstract

:

The problem that this study addresses is to understand how microwave radiation is able to degrade genomic DNA of E. coli. In addition, a comparative study was made to evaluate the suitability of a high-throughput automated electrophoresis platform for quantifying the DNA degradation under microwave radiation. Overall, this study investigated the genomic DNA degradation of E. coli under microwave radiation using automated gel electrophoresis. To examine the viable organisms and degradation of genomic DNA under microwave exposure, we used three methods: (1) post-microwave exposure, where E. coli was enumerated using modified mTEC agar method using membrane filtration technique; (2) extracted genomic DNA of microwaved sample was quantified using the Qubit method; and (3) automated gel electrophoresis, the TapeStation 4200, was used to examine the bands of extracted DNA of microwaved samples. In addition, to examine the impacts of microwaves, E. coli colonies were isolated from a fecal sample (dairy cow manure), these colonies were grown overnight to prepare fresh E. coli culture, and this culture was exposed to microwave radiation for three durations: (1) 2 min; (2) 5 min; and (3) 8 min. In general, Qubit values (ng/µL) were proportional to the results of automated gel electrophoresis, TapeStation 4200, DNA integrity numbers (DINs). Samples from exposure studies (2 min, 5 min, and 8 min) showed no viable E. coli. Initial E. coli levels (at 0 min microwave exposure) were 5 × 108 CFU/mL, and the E. coli level was reduced to a non-detectable level within 2 min of microwave exposure. The relationships between Qubit and TapeStation measurements was linear, except for when the DNA level was lower than 2 ng/µL. In 8 min of microwave exposure, E. coli DNA integrity was reduced by 61.7%, and DNA concentration was reduced by 81.6%. The overall conclusion of this study is that microwave radiation had a significant impact on the genomic DNA of E. coli, and prolonged exposure of E. coli to microwaves can thus lead to a loss of genomic DNA integrity and DNA concentrations.
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1. Introduction


Separation, identification, and analysis of DNA fragments play a crucial role for determining environmental microbial pollutants. Gel electrophoresis based on agarose gel is considered to be the most effective method of separating DNA fragments, and it can analyze DNA fragments of varying sizes [1]. In general, electrophoresis of DNA is used for separating DNA fragments based on DNA sizes [2,3,4]; however, conventional gel electrophoresis is limited in throughput and requires a substantial amount of time and skills to monitor DNA fragments based on their size [5,6]. In conventional gel electrophoresis based on agarose gel, the DNA sample is loaded into pre-cast wells, and a current is applied to assist DNA fragment migration in agarose gel. Due to the negative charge in the phosphate backbone of the DNA, the fragments of DNA move towards positive charge under an electric field [1,6]. The migration rate of DNA fragments in agarose gel is based on the size of DNA molecules, agarose concentration, voltage applied, presence of ethidium bromide, and buffer [1,7,8,9].



In this study, we used a high-throughput method to understand DNA degradation under microwave exposure. Recent advances in gel electrophoresis and analytical software of image analysis can provide an alternative to conventional gel electrophoresis. For example, the TapeStation is a rapid and high-throughput method for analyzing DNA fragments based on their size, and it is highly sensitive, separates different sized fragments by automated electrophoreses, and provides an option for high sensitivity and high throughput [10]. Currently, many methods such as Qubit fluorometers, conventional gel electrophoresis, qPCR, pulsed field gel electrophoresis, and bioanalyzers are used for assessing genomic DNA fragments. To quantify DNA, Qubit fluorometers determine DNA based on the fluorescence intensity of fluorescent dye that binds to double-stranded DNA [11]. Qubit fluorometers allow for the sensitive quantification of DNA [12,13]. Bioanalyzers are used to quantify DNA; however, the application of bioanalyzers requires advanced skills [14,15]. Bioanalyzer platforms are used for a rapid, accurate, and cost-efficient quantification of DNA [16,17,18]. In the TapeStation, a high-throughput method, the process of gel electrophoresis is automated, and the automation of this process provides high-quality gel images and the analysis of bands in a relatively short time [19,20].



The main objectives of this study were to determine the level and type of DNA degradation under microwave radiation. To examine the impacts of microwave exposure on DNA integrity and DNA concentrations of E. coli, a series of experiments using environmental samples were conducted, and multiple methods and exposure times were tested. Overall, the goal of this study was to develop a simplified workflow and utilize automated gel electrophoresis to determine the impacts of microwave radiation on genomic DNA integrity and DNA reduction. We isolated E. coli from dairy manure, and E. coli was exposed to microwave radiation for various exposure times. Subsequently, genomic DNA was extracted from microwave-exposed E. coli samples. Recently, there has been a substantial renewed interest in the use of microwaves for the elimination of bacteria from food products, for food safety, and for microwave-based sterilization and heating of food products. For example, attempts are made to apply a microwave-assisted sterilization process for producing pathogen-free food products; however, additional studies are needed to understand the impacts of microwaves on the viability of bacteria and bacteria DNA degradation. Further, attempts are made to apply microwave radiation for treating wastewater and waste sludge [21,22].




2. Results and Discussion


2.1. Automated Electrophoresis and Electropherograms Using Automated Electrophoresis under Various Microwave Exposure Conditions


To evaluate the impacts of microwaves on bacteria degradation and DNA quality, a set of microwave exposure conditions were created. The experiments were performed in lab conditions using environmental samples, and test results were evaluated using a series of advanced instrumentations. The results of automated electrophoresis are shown in Figure 1, which describes the genomic DNA bands of microwave-exposed samples, corresponding DNA separation, and DNA integrity. The gel image of the genomic DNA of E. coli clearly shows a shift in DNA size, DNA distribution with increasing microwave exposure time, and subsequent degradation of genomic DNA. In lane 1, ladder bands of microwaved samples are shown, and lane 2 shows undigested (without microwave exposure) E. coli DNA. Lane 2, lane 3, and lane 4 show the DNA of E. coli samples exposed to microwave radiation for 0 min, 2 min, and 5 min, respectively. In the 8 min exposure time (result shown in lane 5), E. coli was degraded completely, and extracted DNA showed no bands. In the undigested (without microwaves) E. coli sample, genomic DNA is shown in band 1 (≈15,000 bp). In the E. coli sample which was exposed for 2 min, the genomic DNA band was lighter and fainter. In the 5 min exposure time, the genomic DNA band was further fainter. After 8 min of microwave exposure time, the extracted genomic DNA of samples showed no bands. In contrast, in the first three samples (0 min, 2 min, and 5 min exposure time), genomic DNA showed up as a single band. Without microwave exposure, the genomic DNA of E. coli showed a distinct band; however, no distinct genomic DNA band was visible on samples which were exposed to microwave radiation for 8 min.



To evaluate the microwave exposure study results, we determined the integrity of genomic DNA using the DNA integrity number (i.e., DIN), a numerical value of the integrity of genomic DNA. During the microwave exposure study, a highly intact genomic DNA band was obtained for the sample without microwave exposure (control sample). Figure 1 shows the gel image with the DIN on the bottom of each gel lane. In general, the DIN value ranges between 1 and 10, where 10 represents highly intact genomic DNA and 1 indicates highly degraded genomic DNA. The DIN value was 6.8 for the genomic DNA of E. coli without microwave exposure. In the 2 min exposure, the integrity of genomic DNA was reduced by 8.8%, and in the 5 min microwave exposure, the integrity of genomic DNA was reduced by 13%. During 8 min of microwave exposure, the integrity of genomic DNA was reduced by 61.7%.



The electropherogram of genomic DNA of E. coli without microwave exposure is shown in Figure 2A, which reflects a well-defined peak slightly below the largest ladder peak at 48,500 bp. With increasing microwave exposure, genomic DNA was degraded, genomic DNA migrated slightly below 15,000 bp, and this shift was observed in the electropherogram shown in Figure 2 (2 min exposure time). This observation is also reflected in Figure 3, which showed electropherograms for extended microwave exposure (5 min and 8 min). The sample with the highest DNA integrity has the highest DIN value of 6.8, and increasing microwave exposure resulted in decreasing DIN. Similar observations were observed in electropherograms shown in Figure 2 and Figure 3. The right-side peak in the electropherogram (Figure 2) showed 15,653 pb in the 0 min exposure and it was reduced to 9999 in the 2 min exposure. The bp size was decreased by 36% in the 2 min exposure compared to the genomic DNA of E. coli without microwave exposure. The genomic DNA bp size was reduced from 15,653 to 8739 in the 5 min exposure. Further microwave exposure resulted in an additional reduction in bp. For example, genomic DNA of E. coli showed a 1248 pb size in samples which were exposed for 8 min. About 92% DNA bp reduction occurred in 8 min microwave exposure (Figure 3).




2.2. E. coli Enumeration and Corresponding Automated Electropherogram Analysis


During each exposure time (0 min, 2 min, 5 min, and 8 min), samples were plated using the membrane filtration technique on modified mTEC agar, and E. coli colonies were enumerated. The E. coli levels (CFU/mL) for samples are shown in Figure 4A. Results showed that the E. coli level in the sample without microwave exposure was 5.6 × 108 CFU/mL. When E. coli samples were exposed to microwaves for 2 min, the sample showed no recovery and growth of E. coli. Further, E. coli samples after 5 min and 8 min exposure were plated, and overnight incubation showed no E. coli recovery in modified mTEC agar. This reflects that 2 min microwave exposure damaged the E. coli, which resulted in no recovery in growth media. Similar observations were reflected for 5 min and 8 min exposure. Corresponding to E. coli enumeration, overlapped electropherograms are shown in Figure 4B. While the 0 min exposure sample showed a distinct peak, the 2 min exposure sample showed a slight shift in peak, which was further decreased in the 5 min exposure. In the 8 min samples, which showed no E. coli recovery, the electropherogram reflected an almost negligible peak (Figure 4B).




2.3. Comparison between Automated Electrophoresis and Qubit Fluorometer Measurements


A comparative analysis during the microwave exposure study was performed using two different methods: (1) automated electrophoresis; and (2) Qubit fluorometer measurements. Genomic DNA was quantified using both the 4200 TapeStation system and Qubit. The genomic DNA screen tape used in TapeStation uses fluorescent dye (specifically designed for double-stranded DNA). Comparative observations and results are shown in Figure 5. The Qubit method-based genomic DNA analysis of the control E. coli sample (without microwave exposure) resulted in a DNA concentration of 10.4 ng/µL. In this sample, the Qubit-based 1000 concentration was slightly higher than the TapeStation-based DIN. In the 2 min microwave exposure time, genomic DNA concentration analysis based on the Qubit method showed that the DNA concentration was reduced from 10.4 ng/µL to 5.54 ng/µL (about 46.7% reduction). In the 5 min exposure, the genomic DNA concentration (Qubit) was reduced by 80.6%. Further E. coli exposure to microwaves for 8 min resulted in genomic DNA degradation from 10.4 ng/µL to 1.91 ng/µL (81.6% reduction). The bar graph in Figure 5A shows the quantity of genomic DNA obtained from Qubit fluorometer and corresponding DIN values from TapeStation. The reduction in genomic DNA concentrations was proportional to the exposure time. At the end of 8 min of exposure time, genomic DNA was substantially low, and at this level of genomic DNA, there was no recovery of E. coli in modified mTEC agar media plates (Figure 4A). The relationship between genomic DNA integrity and genomic DNA concentrations was determined and results are shown in Figure 4B. The DINs of genomic DNA obtained from TapeStation 4200 for samples exposed to microwaves (0 min, 2 min, and 5 min) were plotted against genomic DNA concentrations obtained using the Qubit fluorometer. Results showed a strong correlation between DIN and DNA concentrations (R2 = 0.99).



The findings of this study could improve our existing understanding of microwave radiation impacts on DNA integrity and the effects of microwave radiation on bacteria. The application of heat produced by microwave radiation is found to be useful in the removal of bacteria and moisture from food products. Previous studies have shown that microwave radiation is able to reduce airborne E. coli [23]. In terms of moisture removal, microwave-based heating accelerates drying and the moisture removal process. Conventional drying is relatively slower than microwave-based drying, and it has been tested in various food items including the removal of moisture from green peas [24]. The impacts of microwaves vary depending on the food items, and the drying of high-value products such as raisins by microwaves was relatively faster and efficient [25]. Results showed that microwave radiation facilitates unique heating characteristics, which creates better conditions for the removal of moisture [26]. In addition to drying, microwave-based heating produces food products which are pathogen-free, and the findings of this study substantiate previous results on the impacts of microwaves on bacteria removal. Further, previous experiments showed that aflatoxin B1 (carcinogens) could be reduced by microwave radiation [27]. In our study, we evaluated the role of microwave exposure on E. coli using a series of methods such as E. coli enumeration by a modified mTEC method and E. coli genomic DNA degradation measurement by automated gel electrophoresis and Qubit fluorometers, which is yet to be reported.



While microwave radiation reduces the viability of bacteria such as E. coli, the impacts of microwaves on DNA are yet to be fully understood. Previous studies suggested that the resonant absorption of microwave radiation occurs in DNA, which may cause damage to DNA [28]. Microwave radiation is shown to inhibit protein, DNA, and RNA, and depending upon the field strength, frequencies, wave forms and exposure time, the impacts of microwaves on DNA change [29]. In a previous study [30], results showed that exposure to a low intensity of microwaves can induce oxidative stress and lead to DNA damage.



To evaluate DNA degradation, gel electrophoresis is used often, and previous studies have observed DNA degradation under various conditions such as temperature, time, and salt concentrations using gel electrophoresis [31,32]. At an elevated temperature, DNA degrades substantially [33,34]. In addition to a warmer temperature, alkaline conditions are known to accelerate environmental DNA degradation [35]. In ambient water bodies, water temperature is known to accelerate DNA degradation [36]. Environmental DNA degrades faster in ambient conditions and warmer conditions, and results also show that the DNA degradation is slower in salty water compared to purified water [36].



In this study, we applied automated gel electrophoresis to evaluate genomic DNA integrity in environmental samples after microwave exposure. Results are promising in terms of using microwaves for controlling bacterial pollution and degrading the DNA of pathogens and pathogenic bacteria. In microbiological studies, it is reported that microbial cell death is caused by both the heat produced by microwave radiation and the microwave electric field [29,37]. During microwave radiation, genomic DNA is fragmented, which degrades DNA. On the other hand, studies have shown that microwave-based fragmentation could be useful for next-generation sequencing (NGS) shotgun library preparation [38].



This study provides in-depth insight into the impacts of microwaves on bacteria and the genomic DNA of E. coli. Because of microwaves’ ability to kill bacteria, recently, microwave-based sterilization has been seen as promising due to speed and energy efficiency [39,40]. In a sterilization study, an aqueous solution of DNA was extracted from E. coli, the solution was exposed to microwave radiation (8–12 GHz), and results showed that E. coli DNA absorbs microwaves substantially [41]. While assessing reductions in E. coli colonies, previous studies have shown that approximately a 9 log reduction in E. coli can occur, when samples are exposed to microwave radiation [42]. Microwave sterilization can be integrated with steam-based sterilization and results showed that hybrid sterilization produces a 77% higher heat efficiency [40]. Microwave-assisted thermal sterilization is also used to produce ready-to-eat meals with extended shelf-life [43]. Microwave-assisted sterilization can increase nutrient retention and reduce the undesirable effects of heat during conventional heat-based sterilization [42,44]. This study particularly focused on environmental E. coli isolated from dairy manure for evaluating the impacts of microwaves on bacterial elimination. E. coli was responsible in multiple food-related outbreaks and many of these outbreaks were linked with livestock manure E. coli [45,46,47].



Microwave-assisted electromagnetic radiation provides numerous opportunities in the field of public health, sterilization, inactivation of spores in the food industry, wastewater disinfection, DNA extraction, and high-volume biological sample processing. Previous studies concluded that microwave radiation degrades DNA including human DNA [38,48]. By the use of an ultraviolet light source, a microwave discharge electrodeless lamp, the efficient disinfection of wastewater and inactivation of bacteria (Gram-positive B. subtilis and gram-negative E. coli inactivation) can be achieved, when wastewater is exposed to microwaves [49]. Research showed that microwave irradiation has a distinctive effect on fragmentation of DNA molecules, and electromagnetic energy from microwaves degrade DNA rapidly [38,50]. In a study, human genomic DNA (50 µg/mL) from a healthy blood sample was exposed to microwave radiation, and the results showed that the use of different microwave processing methods resulted in different patterns of fragment size distribution [38]. Previous studies showed that microwave exposure causes changes to DNA, and the extracted DNA of bacteria exposed to microwaves produces new bands on electrophoresis examination. A brighter and thicker DNA banding pattern was observed in DNA extracted from bacteria that was exposed to microwaves [51]. Recently, microwave-based technologies have been investigated for microbial load reduction because of the emphasis on microbial food safety, and research showed that microwave-based processes are economically feasible at an industrial scale [51,52]. To prevent the growth of malaria parasites, recently, microwave-based equipment has been developed to inactivate parasites and reduce the risks to public health [53,54]. In another study, a microwave-assisted cartridge was designed for the rapid diagnosis of M. tuberculosis (the causative agent of tuberculosis). The direct application of microwaves to a bacteria-containing sample resulted in the release of pathogen-specific DNA, which assisted in the diagnosis process [53].



We anticipate that the findings of this study will improve our existing understanding of microwave radiation on bacteria and genomic DNA and provide additional information to explore the application of microwave radiation in pathogenic bacteria control and pathogen DNA reductions. In terms of microwaves, there are numerous applications, for example, microwave radiation is useful in analytical and environmental chemistry, pretreatment, sample processing in research, food sterilization, drug discovery, large-scale drying, mineral processing, and chemical synthesis [55,56,57,58,59,60]. Recently, the application of microwave technology has been evaluated in manufacturing technology; road construction and de-icing; catalyst production; application as an absorbent in oil shale; solidification of copper; and polymer production [61,62,63,64,65,66]. The nature of this study, however, was limited to improving our existing understanding of microwave radiation’s impacts on environmental bacteria and evaluating the impacts of microwave levels on DNA integrity. High-throughput methods such as automated gel electrophoresis were used to determine the DNA integrity of E. coli, when samples were exposed to various levels of microwave radiation. The findings are significant when evaluating the scope of microwaves’ applications for ensuring the microbial safety of food products and developing the protocols for testing the quality of DNA in post-treated samples.





3. Conclusions


In this study, automated gel electrophoresis was used to evaluate the impacts of microwave radiation on genomic DNA integrity and bacterial cells. Automated gel electrophoresis, TapeStation 4200, was used for rapid DNA quality tests. Further, genomic DNA concentrations were monitored using a Qubit fluorometer. Results showed no recovery of E. coli in modified agar growth media, when DNA integrity (i.e., DIN) was reduced by 8.8%. The reduction in DIN by 8.8% resulted in 46% genomic DNA losses monitored by the Qubit fluorometer. In 5 min of microwave exposure, DNA integrity was reduced by 13.2%; however, this level of microwave exposure resulted in 80% losses of genomic DNA concentrations. Beyond 2 min of microwave exposure, E. coli was not detectable/recoverable in agar plates. Results showed that the DIN value was highly correlated with the Qubit-based genomic DNA concentrations, and DIN can be used to determine the genomic DNA integrity and viability of E. coli in environmental and food-related samples.




4. Material and Methods


4.1. E. coli Isolation and Membrane Filtration Method


The membrane filtration method is a procedure for enumerating E. coli from fluid samples. It quantifies E. coli in fluid samples within 24 h. To isolate E. coli, we diluted 1 g of dairy manure samples with 9 mL of phosphate buffer saline (PBS) (Figure 6), and this solution was further serially diluted to 10−3 levels. The diluted sample (100 µL) was used for detecting E. coli using the membrane filtration method (Figure 7). The diluted sample was filtered through a membrane filter (0.45 µm), and the filter was placed in a modified mTEC agar plate. Modified mTEC agar is used for enumerating and isolating E. coli in liquid, and it is a selective culture medium for chromogenic enumeration of thermotolerant E. coli. The agar plate with the filter was placed in an incubator (44.5 °C) for 18–22 h, which allows for the recovery/growth of E. coli in agar plates. The magenta colonies in the agar plate (Figure 6) were enumerated as E. coli colonies using a handheld colony counter with a pen. To count colonies in agar plates, we procured an eCount colony counter from Sigma-Aldrich (St. Louis, MO, USA). To culture bacteria, BD DifcoTM (1 Becton Drive Franklin Lakes, NJ, USA) Modified mTEC Agar was obtained from Fisher Scientific (Waltham, MA, USA). Gridded membrane filters, with a 0.45 µm pore size (S-pak), were obtained from Millipore. This membrane filter is designed to give complete retention and enhanced recovery of fecal coliform bacteria in liquid samples such as water. The procedure is well accepted by U.S. EPA Standard methods [67] and meets the ASTM specification for membrane filtration in drinking water analysis.




4.2. Genomic DNA Extraction from Fecal Thermotolerant E. coli


To extract the genomic DNA, we used the Quick-DNATM fecal/soil microbe microprep kit, which was purchased from Zymo Research. This rapid kit allows for the isolation of inhibitor-free, PCR-quality DNA from Gram-positive and -negative organisms including bacteria, fungi, algae, and protozoa in soil and fecal samples. This method involves bead beating and a spin column, and the kit contains BashingBead tubes, buffer, genomic lysis buffer, genomic DNA wash buffer, DNA elution buffer, prep solution, spin filters, spin columns, and collection tubes. The DNA extraction workflow is shown in Figure 8A. This method allows for the extraction of high-quality DNA, it recovers genomic DNA up to and above 40 kb, and it recovers up to 5 µg total DNA, which can be eluted through 20 µL DNA elution buffer per sample. The extraction procedure requires a microcentrifuge, vortex, and cell disrupter. In order to extract DNA, 250 µL of sample was added to the BashingBead Lysis Tube, and it was mixed with 750 µL BashingBead Buffer. The BashingBead Lysis tube was centrifuged at ≈10,000× g for 1 min. The supernatant (400 µL) was transferred to a Zymo-Spin filter in a collection tube and centrifuged at 8000× g for 1 min. Subsequently, the Zymo-Spin filter was discarded and 1200 µL genomic lysis buffer was added to the filtrate in the collection tube. After mixing, 800 µL of the mixture was transferred to a Zymo-Spin IC column in a collection tube and centrifuged at 10,000× g for 1 min. After discarding the flow through from collection tube, 200 µL DNA pre-wash buffer was added to the Zymo-Spin IC column and centrifuged at 10,000× g for 1 min. DNA wash buffer was added to the Zymo-Spin IC column and centrifuged at 10,000× g for 1 min. The Zymo-Spin IC column was transferred to a clean 1.5 mL microcentrifuge tube and 20 µL DNA elution buffer was added directly to the column matrix. After centrifuging at 10,000× g for 30 s, the Zymo-Spin µHRN filter was placed in a clean collection tube, and 600 µL prep solution was added and centrifuged at 8000× g for 3 min. Eluted DNA was transferred to a Zymo-Spin µHRC filter in a clean 1.5 mL microcentrifuge tube and the tube was centrifuged at exactly 16,000× g for 3 min. Subsequently, the filtered DNA was used for downstream applications.




4.3. Automated Genomic DNA Integrity Evaluation of E. coli


Automated genomic DNA extraction was performed using the Agilent 4200 TapeStation system (Figure 8B), which provides DNA quantification, qPCR work flow, and quality control for next-generation sequencing. The system separates nucleic acids by means of electrophoresis and provides a fully automated analysis of DNA quality, gel images, and electropherogram. The system can detect fluorescently stained double-stranded DNA and cell-free DNA. Based on the analysis, the system provides the DNA integrity number (DIN), as a measure of genomic DNA integrity, and DNA base pair (bp) size and distribution. The method requires 1–2 µL of DNA samples for high-sensitivity analysis. TapeStation-based analysis requires screen tape (Figure 8C), 2 µL DNA sample, 2 µL DNA sample buffer, the ladder, and vortexer. To prepare the sample for the analysis, we used 2 µL of a genomic DNA sample, which was mixed with 1 µL of sample buffer in a well plate. Similarly, the ladder well was prepared by mixing 2 µL of ladder and 1 µL of sample buffer. After preparing well tube for the ladder and samples, the well tube strip cap was closed to seal the wells, the well strip was spun at 2000 rpm for 2 min, and subsequently the well tube/plate was placed in the TapeStation. Caps of the tube strip were removed before loading the well strip in the machine. We used genomic DNA ScreenTape (Figure 8C) for analyzing genomic DNA from 200 to >60,000 bp. Data analysis was conducted using TapeStation 4200 Analysis Software, which provided gel images and electropherograms.




4.4. Microwave Experiment for E. coli DNA Degradation and Genomic DNA Monitoring


To conduct microwave-based degradation experiment, 10 mL of E. coli culture was exposed to microwaves. This culture was grown overnight at 36 °C (Figure 1), and E. coli was extracted from dairy manure collected from three dairy farms located in California. The experiment was conducted in triplicate (3 beakers). All three beakers were kept in the microwave cavity, which receives microwaves generated by a magnetron (4.5 kW). The magnetron generates microwaves using the interaction of the electron stream with the magnetic field. These microwaves produced by the magnetron heat the liquid. The first sample was collected prior to microwave radiation exposure. The second sample was collected after 2 min of microwave exposure. The third sample was collected after 5 min of microwave exposure, and the fourth sample was collected after 8 min of microwave exposure. After exposing E. coli culture samples to microwaves, DNA was extracted from the sample and DNA testing was conducted using an automated TapeStation 4200 (Figure 8) and Qubit 4 fluorometer (Figure 9).








Author Contributions


A.P., O.M. and P.P. formed the idea. A.P. and P.P. were involved in collecting and processing the data. A.P. and P.P. produced the first draft, and O.M. and P.P. helped in structuring and finalizing the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


Authors thank support from the UC Davis Science Translation and Innovative Research (STAIR) Grant. This is a technology proof-of-concept program managed by Venture Catalyst in collaboration with Innovation Access, UC Davis.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are contained within the article.




Acknowledgments


Authors thank Prachi Pandey (graduate student, UC Davis) for DNA extraction and sample collection; and Tracee Da Silva and Dennis Da Silva, Da Silva Dairy Farms, Escalon, California, for helping to conduct manure sample collection and the dairy farm visit. In addition, the authors thank Navneet Rai (Post-doctoral Scholar, UC Davis) for providing feedback on DNA1extraction.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Lee, P.Y.; Costumbrado, J.; Hsu, C.Y.; Kim, Y.H. Agarose gel electrophoresis for the separation of DNA fragments. JoVE 2012, 62, e3923. [Google Scholar]

	



Sowersby, D.S.; Lewis, L.K. SURE gel electrophoresis: A method for improved detection and purification of dilute nucleic acid samples. Anal. Biochem. 2024, 684, 115373. [Google Scholar] [CrossRef] [PubMed]

	



Terabayashi, T.; Tokumaru, A.; Ishizaki, T.; Hanada, K. Analysis of chromosomal DNA fragmentation in apoptosis by pulsed-field gel electrophoresis. In DNA Electrophoresis: Methods and Protocols; Humana: New York, NY, USA, 2020; pp. 89–99. [Google Scholar]

	



Wang, Z.; Wang, P.; Tao, C.; Zhang, D.; Li, Z.; Yamaguchi, Y. Capillary electrophoresis of DNA with high resolution based on copoly (pentaerythritoltetra succinimidylcarboxypentyl/aminopropyl polyoxyethylene) hydrogel. Anal. Chim. Acta 2021, 1178, 338811. [Google Scholar] [CrossRef] [PubMed]

	



Dangerfield, T.L.; Huang, N.Z.; Johnson, K.A. High throughput quantification of short nucleic acid samples by capillary electrophoresis with automated data processing. Anal. Biochem. 2021, 629, 114239. [Google Scholar] [CrossRef] [PubMed]

	



Green, M.R.; Sambrook, J. Polyacrylamide gel electrophoresis. Cold Spring Harb. Protoc. 2020, 2020, pdb-rot100412. [Google Scholar] [CrossRef] [PubMed]

	



Smith, S.B.; Aldridge, P.K.; Callis, J.B. Observation of individual DNA molecules undergoing gel electrophoresis. Science 1989, 243, 203–206. [Google Scholar] [CrossRef]

	



Aaij, C.; Borst, P. The gel electrophoresis of DNA. Biochim. Et Biophys. Acta (BBA)-Nucleic Acids Protein Synth. 1972, 269, 192–200. [Google Scholar] [CrossRef]

	



Helling, R.B.; Goodman, H.M.; Boyer, H.W. Analysis of endonuclease R–EcoRI fragments of DNA from lambdoid bacteriophages and other viruses by agarose-gel electrophoresis. J. Virol. 1974, 14, 1235–1244. [Google Scholar] [CrossRef] [PubMed]

	



Elliott, C.I.; Stotesbury, T.E.; Shafer, A.B. Using total RNA quality metrics for time since deposition estimates in degrading bloodstains. J. Forensic Sci. 2022, 67, 1776–1785. [Google Scholar] [CrossRef] [PubMed]

	



Nakayama, Y.; Yamaguchi, H.; Einaga, N.; Esumi, M. Pitfalls of DNA quantification using DNA-binding fluorescent dyes and suggested solutions. PLoS ONE 2016, 11, e0150528. [Google Scholar] [CrossRef] [PubMed]

	



Masago, K.; Fujita, S.; Oya, Y.; Takahashi, Y.; Matsushita, H.; Sasaki, E.; Kuroda, H. Comparison between fluorimetry (Qubit) and spectrophotometry (NanoDrop) in the quantification of DNA and RNA extracted from frozen and FFPE tissues from lung cancer patients: A real-world use of genomic tests. Medicina 2021, 57, 1375. [Google Scholar] [CrossRef]

	



Robin, J.D.; Ludlow, A.T.; LaRanger, R.; Wright, W.E.; Shay, J.W. Comparison of DNA quantification methods for next generation sequencing. Sci. Rep. 2016, 6, 24067. [Google Scholar] [CrossRef] [PubMed]

	



Bronkhorst, A.J.; Ungerer, V.; Holdenrieder, S. Comparison of methods for the quantification of cell-free DNA isolated from cell culture supernatant. Tumor Biol. 2019, 41, 1010428319866369. [Google Scholar] [CrossRef]

	



Oswald, J.A.; Allen, J.M.; LeFebvre, M.J.; Stucky, B.J.; Folk, R.A.; Albury, N.A.; Morgan, G.S.; Guralnick, R.P.; Steadman, D.W. Ancient DNA and high-resolution chronometry reveal a long-term human role in the historical diversity and biogeography of the Bahamian hutia. Sci. Rep. 2020, 10, 1373. [Google Scholar] [CrossRef]

	



Brena, R.M.; Auer, H.; Kornacker, K.; Hackanson, B.; Raval, A.; Byrd, J.C.; Plass, C. Accurate quantification of DNA methylation using combined bisulfite restriction analysis coupled with the Agilent 2100 Bioanalyzer platform. Nucleic Acids Res. 2006, 34, e17. [Google Scholar] [CrossRef]

	



Panaro, N.J.; Yuen, P.K.; Sakazume, T.; Fortina, P.; Kricka, L.J.; Wilding, P. Evaluation of DNA fragment sizing and quantification by the agilent 2100 bioanalyzer. Clin. Chem. 2000, 46, 1851–1853. [Google Scholar] [CrossRef] [PubMed]

	



Vitale, D. Comparing the Agilent 2100 Bioanalyzer Performance to Traditional DNA Analysis Techniques; Agilent Technologies Publication: Santa Clara, CA, USA, 2000. [Google Scholar]

	



Naphade, S.; Bhatnagar, R.; Hanson-Smith, V.; Choi, I.; Zhang, A. Systematic comparative analysis of strand-specific RNA-seq library preparation methods for low input samples. Sci. Rep. 2022, 12, 1789. [Google Scholar] [CrossRef] [PubMed]

	



Trinidad, E.M.; Juan-Ribelles, A.; Pisano, G.; Castel, V.; Cañete, A.; Gut, M.; Heath, S.; Font de Mora, J. Evaluation of circulating tumor DNA by electropherogram analysis and methylome profiling in high-risk neuroblastomas. Front. Oncol. 2023, 13, 1037342. [Google Scholar] [CrossRef] [PubMed]

	



Mudhoo, A.; Sharma, S.K. Microwave irradiation technology in waste sludge and wastewater treatment research. Crit. Rev. Environ. Sci. Technol. 2011, 41, 999–1066. [Google Scholar] [CrossRef]

	



Remya, N.; Lin, J.G. Current status of microwave application in wastewater treatment—A review. Chem. Eng. J. 2011, 166, 797–813. [Google Scholar] [CrossRef]

	



Wang, C.; Song, L.; Zhang, Z.; Wang, Y.; Xie, X. Microwave-induced release and degradation of airborne antibiotic resistance genes (ARGs) from Escherichia coli bioaerosol based on microwave absorbing material. J. Hazard. Mater. 2020, 394, 122535. [Google Scholar] [CrossRef] [PubMed]

	



Kipcak, A.S.; Doymaz, I. Mathematical modeling and drying characteristics investigation of black mulberry dried by microwave method. Int. J. Fruit Sci. 2020, 20, S1222–S1233. [Google Scholar] [CrossRef]

	



Lewicki, P.P. Design of hot air drying for better foods. Trends Food Sci. Technol. 2006, 17, 153–163. [Google Scholar] [CrossRef]

	



Schiffmann, R.F. Microwave and dielectric drying. In Handbook of Industrial Drying; CRC Press: Boca Raton, FL, USA, 2020; pp. 345–372. [Google Scholar]

	



Zhang, Y.; Li, M.; Liu, Y.; Guan, E.; Bian, K. Degradation of aflatoxin B1 by water-assisted microwave irradiation: Kinetics, products, and pathways. LWT 2021, 152, 112310. [Google Scholar] [CrossRef]

	



Davis, M.E.; VanZandt, L.L. Microwave response of DNA in solution: Theory. Phys. Rev. A 1988, 37, 888. [Google Scholar] [CrossRef] [PubMed]

	



Banik, S.B.; Bandyopadhyay, S.; Ganguly, S. Bioeffects of microwave—A brief review. Bioresour. Technol. 2003, 87, 155–159. [Google Scholar] [CrossRef] [PubMed]

	



Alkis, M.E.; Akdag, M.Z.; Dasdag, S. Effects of low-intensity Microwave Radiation on Oxidant-antioxidant Parameters and DNA Damage in the Liver of rats. Bioelectromagnetics 2021, 42, 76–85. [Google Scholar] [CrossRef] [PubMed]

	



Pajares, M.J.; Palanca-Ballester, C.; Urtasun, R.; Alemany-Cosme, E.; Lahoz, A.; Sandoval, J. Methods for analysis of specific DNA methylation status. Methods 2021, 187, 3–12. [Google Scholar] [CrossRef] [PubMed]

	



Tozzo, P.; Scrivano, S.; Sanavio, M.; Caenazzo, L. The role of DNA degradation in the estimation of post-mortem interval: A systematic review of the current literature. Int. J. Mol. Sci. 2020, 21, 3540. [Google Scholar] [CrossRef] [PubMed]

	



Abdulla, J.M.; Gomaa, R.; Attalla, S.M.; Nader, L.M. Investigation of DNA degradation in forensic blood samples after exposure to different environmental conditions. Int. J. Med. Toxicol. Leg. Med. 2021, 24, 66–74. [Google Scholar] [CrossRef]

	



Lozano-Peral, D.; Rubio, L.; Santos, I.; Gaitán, M.J.; Viguera, E.; Martín-de-Las-Heras, S. DNA degradation in human teeth exposed to thermal stress. Sci. Rep. 2021, 11, 12118. [Google Scholar] [CrossRef] [PubMed]

	



Jo, T.; Tsuri, K.; Hirohara, T.; Yamanaka, H. Warm temperature and alkaline conditions accelerate environmental RNA degradation. Environ. DNA 2022, 5, 836–848. [Google Scholar] [CrossRef]

	



Saito, T.; Doi, H. Effect of salinity and water dilution on environmental DNA degradation in freshwater environments. bioRXiv 2021, 2021-05. [Google Scholar]

	



Sato, S.; Takesono, S.; Imada, G. Inactivation of bacteria in water by pulsed power injection. IEEJ Trans. Electr. Electron. Eng. 2020, 15, 1400–1402. [Google Scholar] [CrossRef]

	



Wang, X.; Son, A. Effects of pretreatment on the denaturation and fragmentation of genomic DNA for DNA hybridization. Environ. Sci. Process. Impacts 2013, 15, 2204–2212. [Google Scholar] [CrossRef] [PubMed]

	



Fan, X.; Lv, X.; Meng, L.; Ai, M.; Li, C.; Teng, F.; Feng, Z. Effect of microwave sterilization on maturation time and quality of low-salt sufu. Food Sci. Nutr. 2020, 8, 584–593. [Google Scholar] [CrossRef] [PubMed]

	



Hock, T.K.; Chala, G.T.; Cheng, H.H. An innovative hybrid steam-microwave sterilization of palm oil fruits at atmospheric pressure. Innov. Food Sci. Emerg. Technol. 2020, 60, 102289. [Google Scholar] [CrossRef]

	



Swicord, M.L.; Davis, C.C. Microwave absorption of DNA between 8 and 12 GHz. Biopolym. Orig. Res. Biomol. 1982, 21, 2453–2460. [Google Scholar] [CrossRef] [PubMed]

	



Shaw, P.; Kumar, N.; Mumtaz, S.; Lim, J.S.; Jang, J.H.; Kim, D.; Sahu, B.D.; Bogaerts, A.; Choi, E.H. Evaluation of non-thermal effect of microwave radiation and its mode of action in bacterial cell inactivation. Sci. Rep. 2021, 11, 14003. [Google Scholar] [CrossRef] [PubMed]

	



Patel, J.; Parhi, A.; Al-Ghamdi, S.; Sonar, C.R.; Mattinson, D.S.; Tang, J.; Yang, T.; Sablani, S.S. Stability of vitamin C, color, and garlic aroma of garlic mashed potatoes in polymer packages processed with microwave-assisted thermal sterilization technology. J. Food Sci. 2020, 85, 2843–2851. [Google Scholar] [CrossRef] [PubMed]

	



Soni, A.; Smith, J.; Thompson, A.; Brightwell, G. Microwave-induced thermal sterilization-A review on history, technical progress, advantages and challenges as compared to the conventional methods. Trends Food Sci. Technol. 2020, 97, 433–442. [Google Scholar] [CrossRef]

	



Heiman, K.E.; Mody, R.K.; Johnson, S.D.; Griffin, P.M.; Gould, L.H. Escherichia coli O157 outbreaks in the United States, 2003–2012. Emerg. Infect. Dis. 2015, 21, 1293–1301. [Google Scholar] [CrossRef]

	



Rangel, J.M.; Sparling, P.H.; Crowe, C.; Griffin, P.M.; Swerdlow, D.L. Epidemiology of Escherichia coli O157: H7 outbreaks, United States, 1982–2002. Emerg. Infect. Dis. 2005, 11, 603–609. [Google Scholar] [CrossRef] [PubMed]

	



Marshall, K.E.; Hexemer, A.; Seelman, S.L.; Fatica, M.K.; Blessington, T.; Hajmeer, M.; Kisselburgh, H.; Atkinson, R.; Hill, K.; Sharma, D.; et al. Lessons learned from a decade of investigations of Shiga toxin–producing Escherichia coli outbreaks linked to leafy greens, United States and Canada. Emerg. Infect. Dis. 2020, 26, 2319–2328. [Google Scholar] [CrossRef] [PubMed]

	



Rahi, G.S.; Lodhi, K.; Grier, R.; Adams, J.; Torrez, A. Effects of microwave radiation on human DNA degradation. World Res. J. Appl. Phys. 2012, 3, 36–40. [Google Scholar]

	



Wang, J.J.; Zhou, Y.Y.; Xiang, J.L.; Du, H.S.; Zhang, J.; Zheng, T.G.; Liu, M.; Ye, M.Q.; Chen, Z.; Du, Y. Disinfection of wastewater by a complete equipment based on a novel ultraviolet light source of microwave discharge electrodeless lamp: Characteristics of bacteria inactivation, reactivation and full-scale studies. Sci. Total Environ. 2024, 917, 170200. [Google Scholar] [CrossRef]

	



Mori, I.; Ozaki, T.; Tabuse, K.; Utsunomiya, H.; Taniguchi, E.; Kakudo, K. Microwave cell death: Molecular analysis using DNA electrophoresis, PCR amplification and TUNEL. Pathol. Int. 2009, 59, 294–299. [Google Scholar] [CrossRef] [PubMed]

	



Pratiwi, N.; Pramila, C.; Safitri, F.; Namidya, S.K.; Putri, D.H. The Effect of Micro Radiation on Microbial DNA. J. Serambi Biol. 2023, 8, 74–78. [Google Scholar]

	



Prudhvi, P.V.; Kar, S.; Sharma, P.; Patel, J.; Nayak, S.P. Synergistic effect of sonication and microwave for inhibition of microorganism. In Ultrasound and Microwave for Food Processing; Academic Press: Cambridge, MA, USA, 2023; pp. 189–216. [Google Scholar]

	



Wilson-Garner, S.; Alzeer, S.; Baillie, L.; Porch, A. High-volume biological sample processing using microwaves. J. Appl. Phys. 2024, 135, 044901. [Google Scholar] [CrossRef]

	



Sharma, P.; Venugopal, A.P.; Sutar, P.P.; Xiao, H.; Zhang, Q. Mechanism of microbial spore inactivation through electromagnetic radiations: A review. J. Future Foods 2024, 4, 324–334. [Google Scholar] [CrossRef]

	



Zlotorzynski, A. The application of microwave radiation to analytical and environmental chemistry. Crit. Rev. Anal. Chem. 1995, 25, 43–76. [Google Scholar] [CrossRef]

	



Kostas, E.T.; Beneroso, D.; Robinson, J.P. The application of microwave heating in bioenergy: A review on the microwave pre-treatment and upgrading technologies for biomass. Renew. Sustain. Energy Rev. 2017, 77, 12–27. [Google Scholar] [CrossRef]

	



Santagada, V.; Perissutti, E.; Caliendo, G. The application of microwave irradiation as new convenient synthetic procedure in drug discovery. Curr. Med. Chem. 2002, 9, 1251–1283. [Google Scholar] [CrossRef] [PubMed]

	



Lovás, M.; Znamenáčková, I.; Zubrik, A.; Kováčová, M.; Dolinská, S. The application of microwave energy in mineral processing—A review. Acta Montan. Slovaca 2011, 16, 137–148. [Google Scholar]

	



Proestos, C.; Komaitis, M. Application of microwave-assisted extraction to the fast extraction of plant phenolic compounds. LWT-Food Sci. Technol. 2008, 41, 652–659. [Google Scholar] [CrossRef]

	



Whittaker, A.G.; Mingos, D.M. The application of microwave heating to chemical syntheses. J. Microw. Power Electromagn. Energy 1994, 29, 195–219. [Google Scholar] [CrossRef]

	



Baghel, P.K. Application of microwave in manufacturing technology: A review. Mater. Today Proc. 2023, in press. [Google Scholar]

	



Zhang, L.; Zhang, Z.; Yu, W.; Miao, Y. Review of the Application of Microwave Heating Technology in Asphalt Pavement Self-Healing and De-icing. Polymers 2023, 15, 1696. [Google Scholar] [CrossRef] [PubMed]

	



Strekalova, A.A.; Shesterkina, A.A.; Kustov, A.L.; Kustov, L.M. Recent Studies on the Application of Microwave-Assisted Method for the Preparation of Heterogeneous Catalysts and Catalytic Hydrogenation Processes. Int. J. Mol. Sci. 2023, 24, 8272. [Google Scholar] [CrossRef] [PubMed]

	



Pan, Y.; Lou, X.; Wang, Y.; Yang, S.; Li, Z.; Zhang, X.; Yan, Y.; Xin, H. A Review on the Application of Microwave Absorbents in Oil Shale. Ind. Eng. Chem. Res. 2023, 62, 19402–19426. [Google Scholar] [CrossRef]

	



Luo, S.; Ge, Y.; Zhao, M.; Yang, L.; Ren, J. Application of microwave hydrothermal synthesis for the solidification of copper: Effect of heavy metal content and microwave time. Process Saf. Environ. Prot. 2023, 173, 765–774. [Google Scholar] [CrossRef]

	



Kabir, E. Application of microwave heating in polymer synthesis: A review. Results Chem. 2023, 6, 101178. [Google Scholar] [CrossRef]

	



EPA/821/R-97/004; Improved Enumeration Methods for the Recreational Water Quality Indicators: Enterococci and Escherichia coli. United States Environmental Protection Agency (US EPA): Washington, DC, USA, 2000.








[image: Gels 10 00242 g001] 





Figure 1. Results of automated gel electrophoresis image analysis using TapeStation 4200 under various levels of microwave radiation exposure time. Bands of the ladder are shown in the extreme left, and bands shown afterward (right side) are for different exposure times (0 min, 2 min, 5 min, and 8 min). 
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Figure 2. The analysis of electropherograms of the microwave exposure study using TapeStation 4200: (A) electropherogram of DNA sample without microwave exposure; (B) electropherogram of DNA under 2 min of microwave exposure. The reduction in DNA bp size is compared (0 min and 2 min). The genomic DNA bp size at 2 min was reduced from 15,653 to 9999 (36% lower than bp of genomic DNA of E. coli without microwave exposure). 
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Figure 3. The results of the microwave exposure study by analyzing electropherograms using TapeStation 4200: (A) electropherogram of DNA sample for 5 min microwave exposure; (B) electropherogram of DNA for 8 min microwave exposure. Degradation of genomic DNA is compared between 5 min and 8 min. The genomic DNA bp size was reduced from 15,653 to 8739 in 5 min exposure (44% reduction), and it was further reduced from 15,653 to 1248 in 8 min (reduction by 92% compared to sample without microwave exposure). 
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Figure 4. Results of E. coli enumeration and corresponding DNA intensity of microwave-exposed samples. Left figure (A) shows results of E. coli enumeration using modified mTEC agar, and right-side figure (B) shows corresponding DNA concentrations using TapeStation 4200. The comparative results are shown for multiple exposure times (0 min, 2 min, 5 min, and 8 min) in (A,B). 
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Figure 5. Results of the microwave exposure study using Qubit and TapeStation tests. Comparison of DNA degradation measurements between Qubit and TapeStation is shown: (A) shown DIN values were obtained from TapeStation; and DNA concentration in ng/µL was obtained from Qubit. (B) Shows linear relationships between DIN- and Qubit-based DNA concentrations. 
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Figure 6. The isolation of E. coli from fecal samples and subsequent detection of E. coli levels using modified mTEC agar. 
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Figure 7. The enumeration of E. coli using the membrane filtration method and incubation–based viable cell detection in modified mTEC agar. 
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Figure 8. The extraction of genomic DNA of E. coli (A) and the application of automated gel electrophoresis for evaluating the integrity of DNA of E. coli (B,C). 
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Figure 9. Mixing of fluorescent dye and genomic DNA and the application of the Qubit fluorometer for the quantitative analysis of the genomic DNA of E. coli. 
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