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Abstract

:

The Mediterranean herb oregano is one of the most frequently adulterated foods. Often morphologically similar leaf material is used as a filler, which can generally be detected using DNA-based methods. Loop-mediated isothermal amplification (LAMP) has high potential for point-of-care testing as it requires only a simple device for sample incubation and is less sensitive to inhibition by co-isolated metabolites compared to conventional PCRs (polymerase chain reactions). In this work, we have developed two LAMP assays for the specific detection of the adulterants olive (Olea europaea) and strawberry tree (Arbutus unedo). The combination with a rapid isolation protocol and LFAs (Lateral-flow assays) as a visualization technique provides a reliable indication of possible adulteration. It has also been shown that it is possible to estimate the level of contamination and to perform the LAMP/LFA assay with DNA isolation in less than 30 min. As a further option, a duplex LAMP/LFA assay was developed that allows both contaminants to be detected in parallel, making the rapid test system even more cost-effective and user-friendly.
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1. Introduction


Although historically different species have been referred to as oregano, according to ISO 7925:1999, only dried leaves of plants of the genus Origanum may be sold as oregano spice, with the exception of the herb O. majorana, which is listed as marjoram [1]. This classification is further restricted by the European Pharmacopoeia, which only allows the species O. vulgare subsp. hirtum and O. onites to be traded as oregano [2]. It is also distinguished from Mexican oregano (Lippia graveolens), which, unlike Mediterranean oregano, belongs to the Verbenaceae family [3].



As spices are high-priced, low-volume products, the addition of lower-priced fillers can maximize profit or satisfy a sudden increase in demand. Food fraud for financial gain can occur at various stages of the supply chain and is a non-negligible problem that the spice processing industry and retailers must address in the interest of consumer protection. Oregano is particularly susceptible to food fraud because the Mediterranean herb enjoys ever-increasing popularity, which leads to high demand, making fraud profitable even at relatively low levels of stretch. In a study published in 2009, it was shown that 59% of the oregano samples tested contained more than 20% foreign plant material [4]. In 2021, the European Commission published a report, “Results of an EU wide coordinated control plan to establish the prevalence of fraudulent practices in the marketing of herbs and spices”, in which 48% of 295 reviewed oregano samples were suspected of being counterfeit. The samples were taken at different points in the supply chain, but no correlation was found between the frequency of contamination and the point in the supply chain from which the samples originated. The most frequently detected contaminant were Olea europaea leaves, which were found in 80 samples [5]. According to trade representatives, leaves of the strawberry tree (Arbutus unedo) are also among the more frequently found contaminants. Both strawberry trees and olive trees are widespread plants in the Mediterranean region, and accidental cross-contamination cannot be excluded [6,7].



Current analytical methods are mainly based on microscopic identification of the plant species by experienced staff, considering morphological differences in leaf shape, structure, and color [8]. This approach is limited by the processing state of the plant material and is also characterized by high time and thus financial expenditure. Impurities in already heavily processed materials (e.g., after grinding, in spice mixtures or already prepared foods) cannot be recognized with certainty [9]. Other quality control methods recognized by the ASTA (American Spice Trade Association) and the ESA (European Spice Association) include phytochemical profile analysis. Although phytochemical profile analysis is well suited for quality assurance, it is not possible to identify added non-aromatic impurities or clearly identify a species [7]. Molecular biological approaches such as SCAR (sequence characterized amplified region) PCR have been developed for the identification of olive leaves and other plant contaminants in oregano samples and are far superior to microscopy-based authentication in terms of their selectivity and sensitivity [4,10]. The critical point for the application of the previously mentioned analyses is the need for a laboratory infrastructure suitable for molecular biology, including special equipment such as a thermocycler, which is usually not available in spice-processing plants and intermediaries along the supply chain. Hence, sample material for such an analysis has to be transferred to an appropriately equipped laboratory. Due to the associated costs and, in particular, the time required, such analyses are not feasible in routine operations.



A molecular biological method that is capable of providing analytical results in a short time, at low cost, and without the use of complicated equipment, and one that can be integrated into routine operations, would therefore be valuable to the spice processing industry. The main disadvantage of already established biotechnological methods for admixture detection such as PCR is that a thermocycler is required, making isothermal amplification methods superior for on-site analysis. By performing amplification reactions in a battery-powered temperature control device, a location-independent assay can be performed.



Since its publication by Notomi et al. in 2000, the LAMP reaction has become one of the most widely used isothermal amplification methods and is characterized by high sensitivity, specificity, and product formation rate as well as versatile strategies for result visualization [11,12]. In addition, the reaction is less sensitive to co-isolated inhibitors compared to classical PCR, allowing the use of less complex methods for DNA isolation, thus reducing time and costs [13,14]. Previously published LAMP-based rapid test systems demonstrate the suitability of the LAMP reaction for in-field analytical applications, e.g., for COVID-19 testing [15,16,17], pathogen detection in food [18,19], and food authentication [20,21,22,23]. For the LAMP reaction, four to six primers, namely F3 and B3 (Forward and Backward outer primers), FIP and BIP (Forward and Backward Inner Primers), and the optional loopF and loopB (loop forward and loop backward primers), are used. The primers anneal to an approx. 400-base-pair-long target section of the DNA and are elongated by a polymerase with strong strand displacement activity. This produces a variety of reaction products with different molecular weights [11].



Although there are already portable real-time fluorometers for reaction monitoring available, e.g., a LAMP-based assay for the detection of COVID-19, the assays developed for this purpose require the investment in such a device as it is not yet standard equipment [24]. However, the use of different visual detection methods is sufficient to provide a clear yes/no answer to the question of the possible contamination of a sample. Among these, lateral-flow assays (LFAs) are particularly noteworthy due to their ease of use [25]. The principle of this method is based on the immobilization of a double-labeled reaction product by an antibody on the test strip with simultaneous binding of gold nanoparticles to the immobilized reaction product by a second antibody. The gold nanoparticles are responsible for the coloration of the test strip. For LFA detection in a LAMP assay, two of the oligonucleotides used as LAMP primers must be labeled with biotin or FAM/FITC (Fluorescein/Fluorescein-5-isothiocyanate), respectively. Suitable primer combinations for labeling are FIP/BIP, loopF/loopB, FIP/loopF, and BIP/loopB, while FIP/loopF and BIP/loopB are provide the highest sensitivity of all listed combinations [26,27,28]. The absence of the target sequence in the sample results in the absence of the colored test line on the test strip. Whether the LFA has worked properly can be verified by the presence of the control line.



It should be noted that the LAMP reaction has the property of generating products by non-specific amplification, and the probability of the occurrence of these products increases with incubation time [29]. Specific and non-specific amplification products differ in their molecular weight distribution as well as the time to the onset of the exponential amplification phase (time to positive). The difference in molecular weight distribution can be visualized, for example, by agarose gel electrophoresis (AGE), showing a typical ladder-like pattern for specific amplification products. In contrast, non-specific amplicons do not show clear bands. The difference in time to positive can be exploited in endpoint detection methods to distinguish specific from non-specific reaction and can be adjusted via the reaction parameters to maximize the time difference between the time to positive and the onset of non-specific amplification [21,22].



Another advantage of the LAMP/LFA system is the ability to multiplex reactions using differently labeled primer sets to distinguish between different reaction products in the same reaction tube, allowing specific detection of different targets in one assay [30,31]. Although the detection of different target products of mLAMP (multiplex LAMP) is generally more difficult and the risk of the occurrence of non-specific amplification increases with the number of primers in the reaction mixture, the development of mLAMP assays offers the possibility of making rapid test systems even more user-friendly and further reducing their costs [32,33].



To minimize the risk of workplace contamination by generated amplicons, detection methods that do not require opening of the reaction vessels are advantageous. Since a large amount of product is formed during LAMP reactions, cross-contamination of products is a commonly reported problem leading to false-positive results [34]. Colorimetric detection methods can be based, among other things, on the change in pH of the reaction solution, as one proton (and one pyrophosphate) is released for each dNTP incorporated in the amplicons. Due to the high product formation rate of LAMP reactions, a shift in the pH of the reaction medium can be followed over time if the reaction medium is only weakly buffered. This pH shift can be detected using various pH active dyes [35].



The aim of this study was to develop specific LAMP primer sets and reaction conditions for the detection of the two contaminants olive leaves and strawberry leaves in oregano. The developed method should provide a rapid qualitative answer (yes or no, true or false) to the question of contamination while saving cost and time. Ideally, the visualization method should enable an estimation of the contamination level so that a positive test result is only obtained when the relevant level of contamination in the spice is exceeded. To ensure that the method can be easily integrated into the routine analysis of the spice processing industry, the rapid tests should be applicable without laboratory infrastructure or personnel specifically trained in molecular biology techniques.




2. Materials and Methods


2.1. Sample Material


Fresh material was washed, freeze-dried for 24 h, and ground in liquid nitrogen with mortar and pestle to imitate industrial processing. Mixtures of A. unedo (1) and O. vulgare (8) and mixtures of O. europaea (4) and O. onites (6) (Table 1) were prepared in various ratios (0.1%, 1%, 5%, 10% (w/w) contamination in oregano). Oregano and admixture materials were combined based on their processing stage (see Table 1).




2.2. DNA Isolation


2.2.1. High-Quality DNA Isolation


The isolation of high-quality DNA from 50 mg of dried plant material was performed using the DNeasy Plant Pro Kit according to the manufacturer’s instructions (Qiagen GmbH, Hilden, Germany). The commercial dry samples were not further processed before extraction. Cleanup was conducted with the Monarch® PCR & DNA Cleanup Kit (New England Biolabs, Inc., Frankfurt am Main, Germany). Determination of the OD260/OD280 and OD260/OD230 values was performed with a Nanodrop™ oneC (Thermo Fischer Scientific Inc., Waltham, MA, USA) for checking the quality of DNA. For good quality of a DNA isolate to be confirmed, the first value must lay between 1.9 and 1.7 and the second value between 2.3 and 2.0. The DNA concentration was determined via photometric measurement with a Quantus™ Fluorometer and Quanti-Fluor® dsDNA System (Promega GmbH, Walldorf, Germany), and each DNA sample was diluted with water to a final working concentration of 1 ng/µL. The DNA isolates were used for assays either immediately or stored at −20 °C.




2.2.2. Point-of-Care (POC)-Suitable DNA Isolation


The parameters of the DNA isolation protocol and LAMP were optimized using design of experiment (DoE) aimed at shorter time to positive for the specific amplification and effective suppression of non-specific amplification. As the starting method, the previously published DNA extraction protocol [36] with minor modifications (guanidine thiocyanate concentration reduced from 5 M to 2.5 M, sample amount reduced from 50 mg to 20 mg) was used [21] The DNA extraction published by Zhang et al. was also adapted for easier application in a laboratory setting, so that centrifuges and spin columns could be used instead of a syringe system.



To 1 mL extraction buffer (2.5 M guanidine thiocyanate, 50 mM Tris(hydroxymethyl)aminomethane hydrochloride (Tris-HCl), 20 mM Ethylenediaminetetraacetic acid (EDTA), 21.3 mM Triton X-100, pH 6.4) 15 mg tissue was added, vortexed, and incubated for 5 min at room temperature. The sample was centrifuged, and 800 µL of the supernatant was applied to a silica spin column (EconoSpin™ by Epoch Life Science Inc., Missouri City, TX, USA). After centrifugation, the column was washed with 400 μL wash buffer (10 mM Tris-HCl, 100 mM NaCl, pH 8.0) and the eluate was discarded. DNA was eluted from the column with 50 μL Millipore water (20.2 MΩ·m) and used immediately or stored at −20 °C. The DNA concentration was determined via photometric measurement with a Quantus™ Fluorometer and Quanti-Fluor® dsDNA System (Promega GmbH, Walldorf, Germany). All centrifugation steps were conducted at 12,000× g for 1 min at room temperature.





2.3. Primer Design


The open-access software PrimerexplorerV5 by Eiken Chemical Co., Ltd. (Tokyo. Japan) was used for primer design. Nucleotide sequence data were obtained from the NCBI (National Center for Biotechnology Information) database. Of the nucleotide sequences available for A. unedo and O. europaea, those with the lowest sequence similarity to the homologous sequence segments of the matrix species O. vulgare and O. onites were selected for primer design to reduce the probability of non-specific primer annealing. Subsequently, the selected nucleotide sequences were compared with all nucleotide sequence data deposited in the NCBI for the genus Origanum using the BLAST 2.15.0 software. Initially, three primer sets per species were designed, and the primer set with the best performance for O. europaea and for A. unedo in terms of experimentally tested time to positive and specificity was selected for further optimization of the LAMP assay.



The final LAMP primer set for the detection of A. unedo was designed based on the internal transcribed spacer sequence (Acc.No. AF091952.1), and the final primer set for the detection of O. europaea was designed based on the trnL-trnF intergenic spacer (Acc.No. MG255765.1). With the chosen nucleotide sequences, the design of a loopB primer for O. europaea and of loopB as well as loopF primers for A. unedo was possible.




2.4. LAMP Assay


Bst 3.0 Polymerase, associated MgSO4 solution, and 10× isothermal reaction buffer were purchased from New England Biolabs GmbH (Frankfurt am Main, Germany). Designed primers were ordered from IDT DNA Inc. (Coralville, IA, USA). Primer stocks (25×) of the respective primer sets contained 40 μM FIP, 40 μM BIP, 5 μM F3, 5 μM B3, and, if desired, 10 μM loopF and 10 μM loopB. Desoxynucleosidtriphosphates (dNTPs) were purchased from Carl Roth GmbH (Karlsruhe, Germany). Fluorescent dye Syto™ 9 by Thermo Fisher Scientific (Waltham, MA, USA) was used for reaction monitoring in real-time measurements in a final concentration of 2 µM.



To prevent an early start of the amplification, the reactions were prepared on ice. For each LAMP assay, a total volume of 25 μL was used. The concentration of DNA polymerase Bst 3.0 was 0.32 U/µL, of dNTPs 1.2 mM each, and of MgSO4 4 mM in the final assay. The reactions contained either 1 ng of purified DNA or 5 μL of the point-of-care isolate. The no-template control (NTC) contained no added DNA. Reactions were carried out for 60 min at 67 °C followed by the enzyme inactivation at 80 °C for 5 min if not stated otherwise.




2.5. Optimization of LAMP Assay and Isolation Protocol with DoE


The LAMP assay and isolation procedure were optimized with DoE using real-time fluorescence measurement. The parameters sample amount, guanidine thiocyanat concentration in the extraction buffer, reaction temperature, and MgSO4 concentration in the reaction mix were refined based on the time-to-positive value and the occurrence of non-specific amplification products using a D-optimal custom design of JMP software version 16.2 from SAS Institute Inc. (Cary, CA, USA).




2.6. Lateral-Flow-Assay


5′-Biotin-labeled FIP, 5′-DIG (Digoxigenin)-labeled FIP, and 5′-6-FAM-labeled loopF-primer for A. unedo and 5′-Biotin-labeled BIP-primer and 5′-6-FAM-labeled loopB-primer for O. europaea were purchased from IDT DNA Inc.. The HybriDetect Universal Lateral-Flow Assay Kit and the HybriDetect 2T Lateral-Flow Assay Kit were purchased from Milenia Biotec GmbH (Gießen, Germany).



The respective primer stocks were prepared using the biotin and FAM-labeled primers as described in Section 2.4. For the duplex LAMP/LFA assays, the DIG-labeled FIP was used in the primer stock instead of the biotin-labeled FIP. The primer stock for the detection of A. unedo was prepared without the loopB primer. The LAMP assays were performed as described in Section 2.4, but without the final enzyme inactivation step. The reaction time varied between 7.5 and 15 min. For visual detection with LFAs, 7 µL of the obtained reaction product was added to the sample pads of the LFA strip, and the assay was carried out accordingly to the manufacturer’s instructions.





3. Results


3.1. Primer Design and Selectivity


Designed primer sets (three primer sets per adulterant) were first tested using the standard protocol for LAMP assays proposed by NEB. The alignment of the target sequence and the homologous sequences of the species oregano (O. vulgare and O. onites), thyme, marjoram, and rockrose with indicated primer binding sites, as well as the phylogenetic trees generated from the target sequences, are listed in the supporting information (Figures S1 and S2). The selectivity of the final primer sets (one primer set per contaminant) was confirmed experimentally with 1 ng of high-quality DNA (see Section 2.2.1) from the species listed in Table 1. The amplification curves of negative samples are shown in the supporting information (Figure S3). Figure 1 shows the real-time amplification curve for the final A. unedo and O. europaea specific primer set prior to the optimization of LAMP reaction conditions.



In this case, the unspecific amplification becomes detectable after an approximately 30 min reaction time for both individual primer sets. As mentioned above, non-specific amplification is a common obstacle to overcome when developing assay methods based on LAMP. This issue is addressed in Section 3.2 Optimization of isolation protocol and reaction conditions. The final primer sets were selected due to the specificity and the already initially larger time gap between specific and non-specific amplification, compared to the other primer sets developed and tested. Table 2 shows the sequence data of the final primer sets.




3.2. Optimization of Isolation Protocol and Reaction Conditions


First, reaction parameters optimized previously were transferred to the olive- and strawberry-tree-specific LAMP assays. Complete suppression of non-specific amplification was observed for both assays within the monitored time frame of 60 min as described earlier [21]. However, no amplification products could be detected when the POC isolate volume added to the LAMP reaction was increased from 2 µL to 5 µL. When using the standard LAMP protocol recommended by NEB, increasing the POC isolate volume resulted in an acceleration of the specific LAMP reaction. Consequently, the reaction conditions of the LAMP assay cannot be universally applied to DNA isolates prepared according to different extraction protocols.



Optimization of DNA isolation and amplification conditions using DoE and one factor at a time (OFAT) approaches were carried out using the olive-tree-specific assay as an example, and the resulting conditions were thereafter transferred to the strawberry-tree-specific assay. The initial conditions for the optimization were as previously described by Holz et al. [21]. The aim of optimizing reaction parameters was to suppress the occurrence of non-specific amplification and at the same time to achieve a short time-to-positive result.



The parameter values for the DNA isolation (buffer concentration of guanidine thiocyanate, washing steps, sample amount) and the LAMP assay (temperature, MgSO4 concentration) as well as the range of values for each variable parameter are listed in Table 3.



In agreement with the previous results, the optimization showed that reducing the magnesium ion concentration to 4 mM and increasing the temperature to 67 °C suppressed non-specific amplification. However, it was observed that after exceeding a temperature of 67 °C, an increase in time to positive occurred again. When optimizing the isolation method, an important aspect was to reduce the number of steps in order to make the method as user-friendly and time-saving as possible. It is therefore advantageous that the omission of the first washing step in the isolation protocol according to Zhang et al. led to equivalent amplification success [36]. Figure 2 shows the real-time fluorescence curves of the olive- and strawberry-tree-specific LAMP assays using DNA isolates obtained with the optimized POC-suitable isolation protocol from mixtures with different contaminant levels.



According to ESA, the recommended maximum level of foreign plant content in spice products is 1% for spices and 2% for herbs. Less than these amounts are considered inevitable, e.g., due to field contamination, and should not be considered adulterated. Therefore, our further work aimed to distinguish between oregano samples containing, for example, less than 0.1% or more than 1% of admixtures using the developed olive-tree- and strawberry-tree-specific LAMP assays. For the olive-tree-specific assay, discrimination of <0.1% and >z1% admixture was achieved using real-time LAMP (Figure 2a), allowing to estimate the relative level of contamination. In the case of the strawberry-tree-specific assay, discrimination of less than 0.1% and greater than 1% admixture level was achieved by omitting the loopB primer (Figure 2b,c). This also resulted in the very favorable suppression of non-specific amplification in the observed time frame. Therefore, the loopB primer was omitted for all further strawberry-tree-specific LAMP assays.




3.3. Lateral-Flow Assays


Mixtures with different admixture levels were initially used in duplicate in LAMP reactions to determine the shortest possible reaction time. Real-time measurements (Figure 2a,c) were used to estimate the time-to-positive result for the LAMP assay prior to LFA. Based on these figures, the time to amplicon formation for both olive- and strawberry-specific assays was set at 7.5 to 15 min. DNA isolations and LAMP assays were then performed to evaluate the reproducibility of the method and to determine the optimal reaction time for estimating the degree of mixing.



Figure 3 shows the LFA strips at different LAMP times for olive leaves (a) and strawberry tree leaves (b) as admixtures to oregano (0.1% or 5%), in 6-fold determination.



It was demonstrated that a relative estimation of the degree of impurity in oregano is possible. At reaction times of 7.5 min and 10 min, respectively, reliable positive results were obtained for admixture levels of 5% or more, while the results were negative for admixture levels of 0.1%. For samples with 1% admixture, the false-negative rate for both primer sets was 50% (supporting information, Figure S4). Therefore, the LFA method cannot be used to derive the exact contaminant level when it is between 1% and 5%. A LAMP reaction time of 7.5 min and 10 min is recommended for the detection of strawberry tree or olive leave contamination levels of more than 5% with the developed LAMP/LFA method. The total time for DNA isolation, LAMP reaction and the detection of the amplicons by LFA was less than 20 min, provided that the LAMP master mix was prepared in advance.




3.4. Duplex LAMP with LFA Detection


In order to further reduce the duration and costs of the assay and thus increase the efficiency of the test system, LFAs with the option of simultaneous detection of two different amplicon targets in a single LAMP and on one LFA strip were developed in this study. This requires that different amplicons (from specific amplification of O. europaea or A. unedo DNA) can be discriminated based on different primer affinity tags. For this reason, the FIP from the strawberry-tree-specific primer set was labeled with digoxigenin instead of the biotin tag and the primer set for the olive tree was left unchanged.



First, duplex LAMP reactions were performed and monitored in real-time to investigate whether the combination of two primer sets designed for two different target sequences in one reaction can affect amplicon formation or primer specificity. Under conditions optimized for high-quality DNA isolates, no significant changes could be observed in real-time LAMP (time to positive) or on AGE (amplicon pattern) (supporting information, Figures S5 and S6). Under the previously optimized DNA isolation and LAMP reaction conditions, non-specific amplification in the NTC sample started after a 40 min reaction time, but no effect of the additional primer set on the time to positive was observed for the analyzed samples. Therefore, using the optimized method (see Section 2.2.2), DNA was isolated from two samples, each containing only one species (either strawberry tree leaves or olive tree leaves), and from the third sample containing both in a 1:1 ratio. These three DNA samples served as templates in the duplex LAMP using both (olive and strawberry tree) primer sets in one reaction. As can be seen in Figure 4a, plain olive or strawberry tree samples resulted in staining of the corresponding bands on the LFA strip, indicating a positive reaction in each case. When isothermal amplification was carried out separately for each DNA sample and subsequently mixed prior to performing the LFA, two positive bands and the control band became visible. However, the use of the mixed composite sample initially resulted in a single positive band (A. unedo). Even when the reaction time was increased, the second positive band could not be observed for O. europaea amplicons. This effect of amplification bias is referred to as LAMP selection and can be compensated by varying the primer concentrations, as demonstrated by Liu et al. via melting curve analysis of the reaction products [37]. A plausible explanation for the phenomenon of LAMP selection, analogous to PCR selection, is the different affinity of the primer sets to the target sequences [38]. Due to the exponential nature of the reaction and competition for reagents, this ultimately leads to a suppression of amplification by the primer set with lower affinity to its target DNA. When the concentration of the A. unedo specific primer set was reduced to half of the initial value, both LAMP products could be detected within 15 min of LAMP incubation (Figure 4b). In the latter case, however, the primer set ratios had to be optimized in order to obtain a comparable signal intensity on the LFA strip and thus avoid a false-negative result.





4. Discussion


4.1. Primer Design and Uniplex LAMP/LFA Assays


The aim of this research project was to develop rapid test systems that enable a qualitative yes/no determination of potential adulteration of oregano samples directly at the point of care without the need for laboratory equipment. Established PCR-based methods for testing spice contaminants require significantly more time and laboratory equipment than the approaches developed here. Typically, PCR-based methods require much more highly pure DNA (up to 20 ng). Isolation of plant DNA using classical precipitation and adsorption methods can easily require more than 2 h [39,40]. A SCAR-PCR assay developed by Marieschi et al [10]. showed sensitivity for the determination of the O. europaea admixture that was comparable to that observed in this study, but took at least 1.5 h, depending on the heating rate of the thermocycler. If the amplicons are analyzed by AGE, additional time must also be allowed for the separation of the DNA [10]. Real-time PCR methods are time- and resource-efficient, but still require at least 1.5 h before the results are available and require sophisticated equipment, i.e., a thermocycler, that can perform fluorescence measurement.



Species-specific LAMP primers for olive and strawberry trees were designed for rapid DNA test development. The DNA isolation protocol and LAMP reaction conditions were then optimized using DoE to suppress non-specific amplification and ensure that target DNA could be amplified in the shortest possible time (compare Figure 1 and Figure 2). Both developed primer sets allow amplification of target DNA within 10 min.



An olive-specific LAMP was recently published by Sheu et al. for olive oil authentication [41]. Like the O. europaea specific primer set shown in our work (Table 2), the oleosin gene- specific LAMP primer set used by Sheu et al. included one loop primer. The authors described the appearance of specific LAMP products after 60 min when 20 ng of isolated genomic DNA was added to the reaction [41]. In comparison with the results published by Sheu et al., specific LAMP products were detectable in less than 10 min after reaction initiation in the course of this work when POC-optimized parameters for DNA isolation and LAMP were used. DNA isolates from olive leave samples used in this study (see Section 2.2.2) had an average DNA concentration of 0.02 ng/µL, so 0.1 ng of target DNA (5 µL of DNA isolate) was added per LAMP reaction with a total volume of 25 µL. It is obvious that the lower the proportion of olive leaves in the starting material, the lower the absolute content of target DNA in the isolates. The difference in the published time-to-positive values and those presented in this study can be explained by the nucleotide sequence data used for primer design. In this work, the olive-specific primer set was developed based on the trnL-trnF intergenic spacer, which is localized on the chloroplast DNA, and therefore is present in high copy numbers in the cell (up to 120 plastids per cell with an average of 15 copies cpDNA per chloroplast) [42]. In contrast, the sequence encoding oleosin in diploid O. europaea is present only twice in the nucleus, which can explain the increased time-to-positive value when the latter target DNA was used for the primer design [6,43].



Real-time fluorescence measurement was used during the development of the LAMP assay and isolation method to detect the successful amplification of the target DNA (olive or strawberry trees) or lack thereof. However, this detection method is not suitable for point-of-care detection, as conventional real-time fluorescence measuring devices are not portable. Portable devices for isothermal amplification that can measure fluorescence in real-time are already available for a few commercial LAMP-based test systems, i.e., the Doctor Vida SARS-CoV-2 assay [24]. Test systems with LFA detection represent a cost-effective alternative that is also attractive for consumers with a limited sample throughput.



In the present study, LFA detection was successfully established and evaluated for the point-of-care detection of amplicons. As part of the development of the LAMP/LFA method, we investigated whether it is possible to adjust the detection limit, i.e., the proportion of contamination in the oregano sample that results in a positive test line on the LFA after the LAMP, via the LAMP reaction time. This has already been shown in the publication by Holz et al. using the example of turmeric and safflower in saffron [21]. In the current study, it was shown that this is also possible for the detection of olive or strawberry tree leaves.



The suggested threshold for obtaining a positive result within 10 min is 5% olive leaves in the oregano sample. Within this reaction time, samples containing 0.1% olive leaves remained negative, and samples containing 1% were positive in 50% of cases; therefore, it is not possible to distinguish between 1% and 0.1% or 1% and 5% based on the reaction time. For the strawberry-tree-specific assay, a shorter time to positive was already determined in the preliminary real-time experiments than for the olive-specific assay. This was confirmed in the LAMP/LFA assays, where a reaction time of 7.5 min was found to be optimal. A reaction time of 7.5 min leads to analogous results as a reaction time of 10 min in the olive-specific LAMP/LFA assay. From this observation, it can be concluded that the LAMP reaction does not have to be complete in order to detect LAMP reaction products with LFAs. The termination of the reaction shortly after the start of the exponential phase already provides sufficient product for detection by LFA. However, to verify these results, further biological replicates and mixtures need to be examined before the method can be considered validated.



Carry-over contamination, i.e., re-amplification of amplicons from previous LAMP reactions leading to false-positive results, is a significant problem for the use of LAMP in routine analysis [34]. However, this obvious disadvantage of the LAMP/LFA test system can be compensated by using dUTP instead of dTTP and uracil DNA glycosylase (UDG) in the reaction mix. This procedure is already well known for the conventional PCR [44] and LAMP [45]. During amplification, the incorporation of dUTP results in amplicons that are digestible by the GDP and therefore cannot be amplified in a subsequent LAMP when a digestion step is performed beforehand. If a thermolabile UDG is used, the two steps (digestion and amplification) can be carried out without opening the reaction vessel [46]. Moreover, the optimal buffer capacity for the LAMP reaction can be used for LFA detection. In contrast, a weak buffer capacity is necessary to utilize a pH shift for detection [34].



With the LAMP/LFA rapid test, the time required to perform the test includes 5 min for DNA isolation, 10 min for the LAMP reaction, and a further 5 min for analyzing the amplicons using LFAs. This means that only 25 min are required to perform the test. However, this time estimation is only valid if the LAMP master mix has already been prepared and only the DNA isolate needs to be added. For the development of rapid test systems, it is therefore essential to find a way to transport and store the mastermixes at room temperature. To date, several approaches to freeze-drying and storing mastermixes have been pursued. In this context, Carter et al. were able to demonstrate the storage stability of lyophilized LAMP mastermixes at an ambient temperature over a period of 55 days with a minimal increase in time to positive [47]. Storage stability tests were also successfully carried out for the WarmStart® Colorimetric LAMP 2X Master Mix [48].




4.2. Duplex LAMP/LFA


Since user friendliness is a high priority in the development of LAMP/LFA tests, the combination of the two LAMP reactions into a one-pot reaction is desirable. Due to the complexity of the LAMP reaction products, a visualization method is required that can specifically distinguish between LAMP reaction products. Colorimetric detection or real-time detection using non-specific intercalation dye is not suitable for this purpose, as it only detects the formation of amplicons, but cannot distinguish between specific amplicons. Liu et al. showed that LAMP reaction products can be specifically distinguished by their melting curves [37]. Furthermore, it is possible to monitor multiplex LAMP reactions in real-time using probe-based approaches [49,50]. These techniques are not suitable for point-of-care use due to the laboratory equipment needed. A much simpler approach is the use of LFAs with two or more test lines to which specific LAMP reaction products can be bound.



The results presented show that the duplex LFA and the duplex LAMP work in principle with the primer sets developed but are unfortunately not suitable for the intended application in their current state of development. The fact that the ratio of the specific primer sets must be adapted to each other is problematic, as the test will otherwise not be able to identify both impurities, if present, in a sample of unknown composition. Even an optimization of the primer sets to achieve an equivalent affinity to the respective targets would not lead to the desired result if the levels of both contaminants in the oregano sample in question were very different. In this case, the LAMP selection leads to a false-negative response for the less concentrated target. If the requirements for the test system are limited to the question of possible contamination, further development of the test into a multiplex system with other known potential contaminants such as rockrose would be an interesting option [4]. Another possible modification of the application would be to carry out the LAMP reactions in different reaction vessels and then use a duplex LFA. This would lead to a reduction in the cost of the test system compared to using two LFAs.



Nevertheless, the fact that LAMP can be used in duplex, and possibly also in multiplex variants, is an encouraging result. Our results confirmed the general applicability of the developed LAMP primer sets for duplex LAMP and demonstrate that duplex LAMP reactions in combination with LFAs together form a promising tool for on-site analysis of spice samples, as they reduce resources and the time required to perform the analysis to a conceivable minimum.





5. Conclusions


In this work, two LAMP primer sets specific for the olive tree (O. europaea) or strawberry tree (A. unedo) were designed and their applicability for the development of point-of-care rapid test systems was demonstrated. Both assays, coupled with visualization through LFAs, reliably detected impurities as low as 0.1%. By using LFAs, it was possible to estimate the level of admixture content by varying the LAMP reaction time so that cases with a contamination level of 0.1% or less could be confidently distinguished from cases with a contamination level of 5% or more. The LAMP/LFA method cannot be used to derive the exact contaminant level when it is between 1% and 5%, as the false-negative rate for 1% samples is 50%.



In addition, a duplex method with LFA detection was introduced to visualize the test results for the samples containing both admixtures. Duplex LAMP reactions in combination with LFAs together form a promising tool for on-site analysis of spice samples, as they reduce resources and the time required to perform the analysis to a conceivable minimum. Due to the phenomenon known as LAMP selection, the method will provide a false-negative result for the lower concentrated contaminant, at the current state of development.
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Figure 1. Real-time fluorescence curves of final primer sets with 1 ng target DNA added, either specific for A. unedo or O. europaea, with corresponding NTC (no-template control). 
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Figure 2. Real-time fluorescence curves of the (a) olive-specific LAMP under POC-optimized conditions and strawberry-tree-specific LAMP assays under POC-optimized conditions with (b,c) without the added loopB primer. 
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Figure 3. Detection of admixture levels 0.1% or 5% in oregano with LAMP/LFA. (a) Olive or (b) strawberry tree; admixture content 0.1% or 5%; LAMP reaction time 10 min or 7.5 min. (c) Detection of admixture levels of 0.1% after LAMP incubation time of 15 min. All tests were performed in 6-fold determinations. 
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Figure 4. Detection of O. europaea and A. unedo admixtures using the elaborated duplex LAMP/LFA technique after 15 min LAMP reaction time and with varying primer set concentration ratios (O. europaea to A. unedo): (a) 1:1 (b) 1:0.75, 1:0.5, 1:0.25. 
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Table 1. Origin and condition of plant material used in this study.
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	No.
	Species
	Origin/Supplier
	Processing Stage





	1
	Arbutus unedo
	Botanical Garden, University of Hamburg
	Freeze dried 24 h, ground



	2
	Cistus creticus
	Botanical Garden, University of Hamburg
	Freeze dried 24 h, ground



	3
	Olea europaea
	Botanical Garden, University of Hamburg
	Freeze dried 24 h, ground



	4
	Olea europaea
	Local drug store
	Dried, rubbed



	5
	Origanum majorana
	Husarich GmbH
	Dried, rubbed, germinated



	6
	Origanum onites
	Husarich GmbH
	Dried, rubbed, germinated



	7
	Origanum onites
	Hela GmbH
	Dried, rubbed, germinated



	8
	Origanum vulgare
	Botanical Garden, University of Hamburg
	Freeze dried 24 h, ground



	9
	Thymus vulgaris
	Botanical Garden, University of Hamburg
	Freeze dried 24 h, ground



	10
	Carthamus tinctorius
	Botanical Garden, University of Hamburg
	Freeze dried 24 h, ground



	11
	Ocimum basilicum
	Local retail
	Freeze dried 24 h, ground



	12
	Brassica oleracea var. italica
	Local retail
	Freeze dried 24 h, ground



	13
	Crocus sativus
	Husarich GmbH
	Dried, ground



	14
	Curcuma longa
	Hela GmbH
	Dried, rubbed, germinated



	15
	Apium graveolens
	Local retail
	Freeze dried 24 h, ground



	16
	Salvia officinalis
	Local retail
	Freeze dried 24 h, ground










 





Table 2. Nucleotide sequences of the primer sets and labeled primers used for species-specific DNA detection by lateral-flow assay. The nucleotide sequences are shown in 5′ → 3′ direction.
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Primer Set I: 5′-3′ Species: Olea europaea, Locus: trnL-trnF Intergenic Spacer






	
F3

	
CACATGTGATATATAATACACATCC




	
B3

	
CATTCCCAATGTAACATTAACATC




	
FIP (F2 + F1C)

	
GGATCTTCAAAAAGACGACTTTGTC-TTAAGCAAGGAATCCCCAT




	
BIP (B2 + B1C)

	
ATTCCAGGACTTGGAGAAAACTTTG-CCATCCTCATTTTATTAGATGACT




	
loopB

	
CCCCCCTTGTCCTTTTAATTGACAT




	
6-FAM/loopB

	
6-FAM/CCCCCCTTGTCCTTTTAATTGACAT




	
Biotin/BIP

	
Biotin/ATTCCAGGACTTGGAGAAAACTTTG-CCATCCTCATTTTATTAGATGACT




	
Primer Set II: 5′-3′ Species: Arbutus unedo, Locus: Internal Transcribed Spacer




	
F3

	
CCTCCGGGAACAATTGAGC




	
B3

	
AACACAGCCCACGAATGG




	
FIP (F2 + F1C)

	
GAACACGTTTCCCGAAGGACCG-CCAGTTGTCGCCTTCCATT




	
BIP (B2 + B1C)

	
GTGAAATAACGAAACCCGGCGC-TGGGAGACGTGCATCTGTT




	
loopF

	
ACCCGCTCGAGGAGGAA




	
loopB

	
AACCGCGCCAAGGAAACT




	
6-FAM/loopF

	
6-FAM/ACCCGCTCGAGGAGGAA




	
Biotin/FIP

	
Biotin/ATTCCAGGACTTGGAGAAAACTTTG-CCATCCTCATTTTATTAGATGACT




	
DIG/FIP

	
DIG/ATTCCAGGACTTGGAGAAAACTTTG-CCATCCTCATTTTATTAGATGACT











 





Table 3. Parameters of DNA isolation method (buffer concentration of guanidine thiocyanate, washing steps, sample amount) and of the LAMP assay (temperature, MgSO4 concentration) prior and after optimization using the olive-tree-specific assay.
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Parameter

	
New England Biolabs (NEB)

	
Value Range for the Parameter

	
Holz et al. 2023 [21]

	
POC-Optimized




	
Parameters of DNA isolation optimized 