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Abstract

:

Roe deer meat is a prized game product in many European countries. However, concerns exist regarding the accuracy of the amount of declared roe deer in processed game meat foods. This study aimed to develop a reliable method for the detection and quantification of roe deer in commercialized game meat products. A TaqMan probe-based quantitative real-time PCR (qPCR) assay was designed, targeting a single-copy 120-bp region of the roe deer agouti signaling protein (ASIP) encoding gene. The method employed the normalized ∆Cq approach to establish a calibration curve for roe deer detection and quantification within 0.05–50% (w/w) in complex raw and processed matrices. The method proved to be specific for roe deer identification, achieving limits of detection and quantification of 0.04 ng of roe deer DNA and 0.05% (w/w) of roe deer in simulated pâté. Following validation with blind samples, highlighting the precision and trueness of the approach, the assay was applied to 46 market samples from four European origins (Poland, Portugal, France, and Spain). The analysis revealed significant discrepancies between declared roe deer content and actual levels in all roe deer labeled products. The global analysis of results, combining the previous survey on red deer species with present roe deer data, identified 61% of mislabeled/adulterated samples due to the absence of deer species, substitution of roe deer with red deer, substitution of fallow deer with other deer species and red deer with pork, and undeclared addition of roe deer. This study demonstrates the effectiveness of the developed qPCR method for accurate roe deer meat authentication in foods, showing its usefulness as a tool for routine food inspection to ensure labeling compliance.






Keywords:


food authentication; game meat products; roe deer; nuclear marker; agouti signaling protein (ASIP) gene; qPCR












1. Introduction


Roe deer (Capreolus capreolus) is a highly valued game species in Europe, with an estimated population of 15 million individuals [1]. Its meat is prized for excellent flavor, texture, and nutritional value (134 calories, 21 g of protein, and 1.2 g of fat per 100 g serving portion) [2], contributing significantly to the economic value of the hunting industry in nations like Germany, the Czech Republic, Poland, France, Austria, Sweden, and Belgium [3]. In fact, roe deer hunting, combined with red deer and wild boar, results in a total economic value of more than 10 billion EUR, with substantial contributions from tourism, land management, and the sale of game meat [4]. Poland, in particular, is famous for its roe deer hunting season, in which hunters from European countries participate in ensuring the availability of roe deer venison in the Polish meat market. Despite extensive research on other aspects of roe deer, such as meat quality [2,5], population dynamics [6], and predation [7], there is a concerning lack of recent studies to verify the authenticity of roe deer meat sold in Poland. The only existing study is qualitative and dates back several years [8].



Concerns about meat product adulteration are rising globally due to potential economic fraud, violation of ethical or religious dietary restrictions, and even health risks associated with consuming undeclared species [9]. A recent inspection conducted by the Polish food inspection authority, The Inspectorate for Commercial Quality of Agricultural and Food Products (IJHARS), revealed that over 80% of inspected establishments were guilty of irregularities in declared food items. Specifically, 54% of tested popular meat-based products, such as Kebab, contained unidentified meat species [10,11]. Consequently, it is crucial to establish a reliable species-specific method for accurate quantitative detection of game meat in ready-to-eat or processed commercial products.



To address the growing concerns about food authenticity, DNA-based methods have become the preferred analytical approach for species detection in animal products due to their accuracy and reliability [12,13]. DNA contains unique species-specific information, maintaining its stability under challenging technological conditions, and setting it apart from other food components like proteins or metabolites [14]. The polymerase chain reaction (PCR)-based methods have been extensively applied for identifying meat species such as goat, chicken, turkey, pork, beef, horse, and sheep utilizing techniques like species-specific PCR, PCR with restriction fragment length polymorphisms (RFLP), multiplex PCR, real-time PCR, and digital PCR, among others [8,9,14,15,16,17,18,19,20,21].



The past two decades have witnessed significant advancements in developing reliable methods for game meat verification. These advances have mainly focused on real-time PCR methods because of the advantages of high sensitivity, specificity, and aptitude for multiplex detection and quantification [12,13]. Game meat species, including deer species (red, fallow, roe, and sika) and chamois, have been detected by real-time PCR assays [21,22,23,24,25,26,27,28,29,30,31]. Roe deer meat was also detected and quantified by a TaqMan real-time PCR assay targeting the lactoferrin gene, reaching a limit of detection (LOD) of 0.03% (w/w) and a limit of quantification (LOQ) between 0.5 and 0.125%, using serially diluted DNA extracts from a model meat mixture with 2% roe deer in pork [31]. Similarly, the same gene was targeted to detect and quantify roe deer using serially diluted DNA to achieve an LOD and LOQ of 0.1% and 0.25% of targets in non-target DNA [23,24]. Afterward, a tetraplex real-time PCR assay with MGB probes targeting nuclear genes of four deer species (roe, red, fallow, and sika) was developed, achieving an LOD and LOQ of 0.1% and 0.5% (w/w), using DNA mixtures as calibrators [25]. Despite the progress made in quantifying roe deer meat using nuclear genes and TaqMan probes, limitations remain in the design of the quantitative approaches, particularly using serially diluted DNA extracts or DNA mixtures instead of real model mixtures as calibrators to simulate food matrices. Previous studies have successfully used reference model mixtures as calibrators to estimate red deer meat in foods by real-time PCR, simulating food matrix and thermal processing, as more realistic, and at the same time, more challenging approaches [27].



This work addresses these limitations by proposing a novel and efficient roe deer species-specific quantitative real-time PCR (qPCR) method. Compared to existing methods, it targets the nuclear gene coding for the agouti signaling protein (ASIP) and proposes a calibration model based on matrix-adapted standards for the first time. For this purpose, reference model mixtures, imitating scenarios where roe deer meat is mixed with other meat types and spices and accounting for the influence of thermal processing were prepared. Furthermore, to ensure its effectiveness in real-world situations, the method was validated using blind samples and applied to commercially available game meat products. The use of a relative standard curve method with reference materials produced under market-realistic conditions increases the practicality and reliability of product quantification. Additionally, incorporating an endogenous reference gene amplified alongside the target gene allows method normalization and ensures accurate quantification by the real-time PCR system, minimizing potential variations in DNA extraction yield or degradation [9,19,20]. Therefore, this research aims to fill the existing gap by introducing a robust and specific quantification method for roe deer meat. The developed method will contribute to the integrity of the European meat market, having the potential to be applied for global food chain authentication. By ensuring accurate labeling and preventing meat product adulteration, this method can contribute to protecting consumers, upholding ethical and religious dietary practices, and promoting fair trade practices within the meat industry.




2. Materials and Methods


2.1. Samples


Fresh meat samples from roe deer, fallow deer, red deer, pork, chicken, cattle, lamb, goat, rabbit, turkey, duck, horse, guinea fowl, pigeon, pheasant, quail, and wild boar were obtained from reliable sources in markets across Poland and Portugal. Additionally, samples from twenty plant food species (wheat, soybean, corn, pine nut, garlic, rosemary, parsley, onion, chili, white pepper, coriander, bay leaf, mustard, olive, vine, sage, fennel, oregano, ginger, and sweet chili), commonly found in meat products, were included for specificity testing (Table S1, Supplementary Materials).



Commercial meat products (46) were purchased at local markets in Portugal and Poland, as well as online stores in Spain, for evaluation in the present work. These samples comprised pâtés, sausages, hams, canned meat, and dumplings, primarily labeled with deer species in different amounts, mixed with other meats and herbs/spices. The samples underwent separate mincing/homogenization in a laboratory knife grinder Grindomix GM200 (Retsch, Haan, Germany), utilizing different materials and blender containers. Prior to processing, the equipment was treated with a DNA decontamination solution.




2.2. Reference Mixture Preparation


The reference mixtures were made to mimic roe deer pâté using meats of roe deer, pork muscles (loin), liver, and neck, as well as various spices/condiments, including salt, onion, garlic, pepper, coriander, ginger, and rosemary. The meat samples were finely chopped into smaller portions, with the outer layers discarded. Initially, a blank mixture was prepared with pork liver, neck, and loin, in equal proportions, followed by the addition of the referred spices/condiments. Subsequently, a reference mixture with 50% roe deer was prepared with the addition of 300 g of minced roe deer meat to the same amount (300 g) of the pork blank mixture. The meats were further ground and homogenized in a kitchen robot Bimby® (Vorwek, Wuppertal, Germany), where the pâtés were produced. Serial additions of blank mixture were performed to prepare the following reference mixtures 10%, 5%, 1%, 0.5%, 0.1%, 0.05%, and 0.01% (w/w) of roe deer in pork pâté. To simulate the industrial preparation of pâtés in cans or bottles, a portion of each model mixture was autoclaved at 115 °C for 30 min.



To validate the method, blind samples were independently prepared. Two sets of blind mixtures, containing 0.3%, 3%, 15%, and 30% (w/w) of roe deer in pork pâté, were produced following a similar methodology to the reference mixtures.



Reference mixtures and samples were handled and homogenized separately, using materials and containers treated with a DNA decontamination solution. The raw set of mixtures was promptly stored at −20 °C to mitigate enzymatic activity and prevent microbial growth, while the set mixtures mimicking thermal processing were immediately autoclaved at 115 °C for 30 min and later stored at −20 °C.




2.3. DNA Extraction


DNA from raw meats, reference and validation mixtures, and commercial samples was extracted with the NucleoSpin food kit (Macherey-Nagel, Düren, Germany) with a slight modification: adding 2 μL of RNase (2 mg/mL) after the cell lysis step. The NucleoSpin Plant II kit (Macherey-Nagel, Düren, Germany) was used to extract plant DNA according to the manufacturer’s instructions. DNA extractions were accomplished in duplicate (200 mg or 100 mg of each meat or plant sample, respectively) and stored at −20 °C.



The quality of DNA extracts was evaluated regarding purity and yield using a microplate UV spectrophotometry reader (SPECTROstar Nano, BMG Labtech, Ortenberg, Germany) and a reduced volume LVis plate accessory (BMG Labtech, Ortenberg, Germany). The DNA concentration was determined with the nucleic acid quantification protocol for double-strand DNA and absorbency data were assessed with the software MARS data analysis (BMG Labtech, Ortenberg, Germany).




2.4. Primers and Probe


Primers and probes were designed using publicly available resources and bioinformatic tools. The ASIP-encoding gene, which contained abundant sequences for both target and non-target species, was downloaded from the NCBI (National Center for Biotechnology Information) database for several species, including wild boar, pig, sheep, cattle, and red deer, and imported into Geneious Prime software (version 2023.2.1), where they were aligned and screened for regions with nucleotide dissimilarities among species. Primers were designed to amplify a 120-bp region of ASIP gene, tested for specificity using the PrimerBlast tool (https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi?GROUP_TARGET=on, accessed on 18 September 2023) and short sequences Blast (https://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 18 September 2023) available on the NCBI resources page. The probe was designed with the Integrated DNA technologies tool, Primer Quest (https://eu.idtdna.com/PrimerQuest/Home/Index, accessed on 18 September 2023) and labeled with FAM and BHQ1 as reporter and quencher dyes, respectively. In addition, the OligoCalc software (http://biotools.nubic.northwestern.edu/OligoCalc.html, accessed on 18 September 2023) was used to verify the absence of hairpin formation, dimerization, and self-hybridization, as well as primer properties.



Universal primers targeting a conserved eukaryotic nuclear 18S rRNA gene fragment were used to assess the amplification capacity of DNA extracts. Additionally, the same primers and probe were used for real-time PCR method normalization [32].



The primers and probes were synthesized by Eurofins MWG Operon (Ebersberg, Germany), and their sequences are displayed in Table 1.




2.5. Qualitative PCR


PCR assays were run in a 25-µL total reaction volume containing 2 µL of DNA extract (100 ng), ultrapure water (Sigma-Aldrich, Steinheim, Germany), buffer (67 mM Tris-HCL (pH 8.8), 16 mM (NH4)2SO4, 0,01% Tween 20), 200 µM dNTP (Bioron, Ludwigshafen, Germany), 3.0 mM (ASIP-F/R) or 1.5 mM (18SRG-F/R) of MgCl2, 1 U of SuperHot Taq DNA Polymerase (Genaxxon Bioscience GmbH, Ulm, Germany), and 200 nM (ASIP-F/R) or 240 nM (18SRG-F/R) of each primer (Table 1). The amplifications were carried out in a MJ Mini thermal cycler (Bio-Rad, Hercules, CA, USA) with the following program: initial denaturation at 95 °C for 5 min; 40 or 33 cycles (ASIP-F/R or 18SRG-F/R, respectively) at 95 °C for 30 s, 65 °C for 30 s, and 72 °C for 30 s; and a final extension at 72 °C for 5 min.



The PCR amplicons were analyzed by electrophoresis in a 1.5% agarose gel containing 1× Gel Red (Biotium, CA, USA) for staining and carried out in 1× SGTB buffer (GRISP, Porto, Portugal) for 25–30 min at 140 V. A digital image was obtained with under a UV light tray Gel Doc™ EZ System (Bio-Rad Laboratories, Hercules, CA, USA) and Image Lab software version 5.2.1 (Bio-Rad Laboratories, Hercules, CA, USA).




2.6. Real-Time PCR


Real-time PCR assays were conducted in 20-µL reaction mixtures composed of 2 µL (100 ng) DNA extract, 160 nM of each probe (ASIP-P or 18SRG-P), 240 or 280 nM of each primer (ASIP-F/R or 18SRG-F/R) (Table 1), and 1× SsoFast Probes Supermix (Bio-Rad Laboratories, Hercules, CA, USA). Each target gene (ASIP and 18S rRNA) was amplified in parallel reactions and ran simultaneously in the fluorometric thermal cycler CFX96 real-time PCR detection system (Bio-Rad Laboratories, Hercules, CA, USA), following the temperature conditions of 95 °C for 5 min, 50 cycles at 95 °C for 10 s, and 65 °C for 45 s, with a fluorescence signal collection at the end of each cycle. The analysis output was processed using the Bio-Rad CFX Manager 3.1 (Bio-Rad Laboratories, Hercules, CA, USA). Real-time PCR assays were conducted in three independent runs, each with n = 4 replicates.



The Minimum Information for Publication of Quantitative Real-Time PCR Experiments (MIQE) guidelines [33] were meticulously adhered to, complemented with the criteria established by the European Network of GMO Laboratories (ENGL) for real-time PCR method development and validation [34]. The acceptable criteria outlined by both MIQE and ENGL, including specificity, a dynamic range covering four orders of magnitude, a coefficient of regression value ≥ 0.98, a slope ranging between −3.6 and −3.1, and a PCR efficiency between 90% to 110%, were ensured throughout the experiment. The limit of detection (LOD) was considered as the lowest quantity of the analyte in a sample that should be detected with a confidence level of 95%, safeguarding no more than 5% of false-negative results. The limit of quantification (LOQ) was established as identical to or lesser than the lowest quantity within the dynamic range [33,34].




2.7. Statistical Analysis


GraphPad Prism version 8.0.2 software (GraphPad Software, San Diego, CA, USA) was used for statistical analysis. The Shapiro–Wilk test was used to evaluate the normality of the data, meaning that data following normal distribution were analyzed by an unpaired t-test. In contrast, the non-parametric Mann–Whitney test was used for testing data following a non-normal distribution. The significance of differences was determined regarding the comparison of Cq values of raw and processed pâtés at the same concentration level for the normalized calibration method. Significant statistical differences were considered when p < 0.05.





3. Results and Discussions


3.1. Method Optimization and Specificity Evaluation


A critical aspect in method development lies in the design of species-specific primers and probes. In this work, the focus was on designing and optimizing novel species-specific primers targeting the ASIP-encoding gene, responsible for the pigmentation regulation in roe deer. This gene was selected considering the availability of sequences in the NCBI database. Moreover, it is a nuclear gene, thus having fixed copy number regardless of tissue and cell type and being more suitable for quantitative analysis, in opposition to mitochondrial DNA markers that have variable copy numbers. To enhance specificity and uniqueness, several measures were applied. Firstly, a short product length of 120 bp was ensured to restrict the hybridization site, minimizing non-specific binding. Secondly, PCR temperature conditions were methodically optimized through repeated assays to identify the optimal parameters providing the highest product yield while avoiding cross-amplification.



The addition of TaqMan probes provided extra specificity by targeting a specific region within the amplified DNA sequence [34,35]. Additionally, the incorporation of the 18SRG primers [32] as a universal marker not only confirmed the presence of amplifiable DNA in all tested samples but it also allowed the normalization of the real-time PCR system by adopting the ∆Cq (cycle quantification difference) approach for quantification [9,19,20]. This method is based on the construction of a calibration curve that involves measuring two specific DNA sequences, carefully selected with comparable efficiencies, the reference universal eukaryotic gene (nuclear 18S rRNA) and the species-specific target (ASIP), using the following expression:


∆Cq = CqASIP − Cqeuk








where CqASIP and Cqeuk represent the cycles of quantification for roe and eukaryotic systems, respectively.



Another significant component of the method development was obtaining high-quality DNA extracts with appropriate yield and high purity levels of 1.8 (A260/A280) and 2.3 (A260/A230) for roe deer. Generally, high-quality DNA was isolated for all species. The extracted DNA was used for specificity and sensitivity testing alongside developed and optimized primers and probes.



Prior to real-time PCR method development, the attainment of high-quality DNA extract with appropriate yield and purity level was assured for all mixtures and tested species. PCR optimization was crucial for achieving a high level of method specificity and sensitivity. Temperature gradients were tested with three annealing temperatures (60 °C, 62 °C, and 65 °C) and 65 °C was identified as the optimal temperature for enhancing target amplification while minimizing non-specific binding. Furthermore, slight adjustments to MgCl2 concentration, cycle number, and stringent contamination prevention protocols were also essential for obtaining a clean specificity profile.



The method development progressed to the establishment of calibrators for quantitative analysis with two sets of reference model mixtures (raw and autoclaved pâtés) prepared by adding the target species from 50% to 0.01% of roe deer to pork pâté. Blind samples with varying proportions of roe deer meat was also produced to validate the established method before application to commercial samples.



To ensure method accuracy and avoid false positive results, primer specificity was assessed in silico against a broad range of potential cross-reactivity sources using tools such as NCBI Primer-Blast and Short Sequence Blast. Since no cross-reactivity was detected, the analysis shifted to in vitro testing of 16 animal species, namely pig and wild boar, other cervids (red deer and fallow deer), birds and poultry, cattle, rabbit, and others, as well as 20 plant species commonly found in processed meat products, including spices and crops such as soybean, wheat, corn, and herbs. The results show no reactivity with non-target species, except for red deer (Cervus elaphus) and fallow deer (Dama dama), producing the expected 120-bp fragment (Table S1, Supplementary Materials). The amplification with 18SRG primers confirmed the absence of any false negative result (Table S1, Supplementary Materials). Additionally, a hydrolysis probe was designed for real-time PCR to enhance the specificity of the assay for roe deer, avoiding the reactivity with red deer and fallow deer. Figure S1 (Supplementary Materials) shows the real-time PCR amplification curves using a TaqMan probe targeting the ASIP gene and DNA extracts of roe deer, red deer, and fallow deer, thus confirming the specificity for the roe deer.




3.2. Sensitivity


The absolute sensitivity was determined using a 10-fold serial dilution of a roe deer DNA extract, ranging from 40 ng to 0.004 ng. The serially diluted DNA was first assayed by qualitative PCR targeting the ASIP gene of roe deer, producing the expected 120-bp fragment down to 0.004 ng of DNA (Figure S2, Supplementary Materials). Afterward, the serially diluted roe deer DNA was amplified by real-time PCR with ASIP primers and a TaqMan probe. Figure 1 shows one example of a real-time PCR run, with the amplification curves (Figure 1A) and respective calibration curve (Figure 1B), with a dynamic range covering 4 orders of magnitude. As the level of 0.004 ng was not amplified in all replicates (n = 12), the absolute LOD was established as 0.04 ng to ensure a detection level of confidence above 95%. The absolute LOQ was equal to the LOD as it was within the calibration curve linearity [33]. The assay parameters of PCR efficiency (95.5%), slope (−3.424), and correlation coefficient (R2) of 0.998 complied with the acceptable criteria for real-time PCR assays (Figure 1B) [33,34].



The obtained LOD (0.02 ng/µL) was slightly higher than the previously reached value for red deer targeting the troponin I gene (0.005 ng/µL) [27] and lower than that of other reports for roe deer targeting the lactoferrin gene (0.08 ng/µL) [31]. Therefore, the obtained LOD agrees with other reports targeting nuclear genes. In opposition, much lower sensitivities for deer species and other mammal or avian species were achieved by targeting mitochondrial genes, namely the ND5 gene for red deer (0.25–0.5 pg) [30] and the cytb gene for horse (0.1 pg) [9], pork (0.01 pg) [19], pigeon (0.1 pg), and chicken (0.1 pg) [18]. This is justified by the fact that mitochondrial genes are multicopy markers that allow much-increased sensitivity, but on the other hand, this is a drawback for accurate species quantification.



The relative LOD was evaluated using reference mixtures containing the target DNA (roe deer) at various proportions (50% to 0.01%, w/w) within a complex matrix simulating commercially available pâté (both raw and autoclaved). Both real-time PCR systems effectively detected the target species down to a concentration of 0.05% (w/w) in raw and heat-treated mixtures (Table 2). The LOD was established through three independent assays with four replicates each, ensuring less than 5% false-negative results.



The relative LOD obtained in this study is lower than other previously reported for roe deer. An LOD within 0.32–0.64% (w/w) for roe deer was reported using a multiplex real-time PCR and DNA dilutions [21], while other authors achieved a relative LOD of 0.1% (w/w) also using serially diluted DNA or DNA mixtures [25]. Although an LOD of 0.03% (w/w) was obtained in another study [31], such a level was reached by analyzing serially diluted DNA extracts. Therefore, the present study reports, for the first time, a relative LOD accounting for the influence of food matrix and food processing, which is only comparable with the previously obtained LOD for red deer (0.5%, w/w) using reference model mixtures [27].




3.3. Normalized Calibration Curve


In the present work, a quantitative method based on reference model mixtures was proposed to determine the amount of roe deer in meat products. The method used two sets of DNA extracts of reference model mixtures within 0.01–50% (w/w) of roe deer in simulated pâté, as raw and thermally processed. The real-time PCR amplification results targeting the ASIP gene of roe deer are displayed in Table 2, exhibiting very good linearity within 0.05–50% for both raw (R2 = 0.9975) and thermally processed mixtures (R2 = 0.9964). Regarding the slope and PCR efficiency of calibration curves, the obtained values are within the criteria of acceptance for the raw pâté calibrators (slope = −3.5834 and efficiency = 90.1%), but slightly below the recommended level for the autoclaved pâté calibrators (slope = −3.7120 and efficiency = 86.0%). Consequently, as an attempt to improve the real-time PCR quantitative performance, the parallel amplification of an endogenous reference gene was performed to normalize the calibration models (Table 2). This approach considers eventual amplification differences owing to variable DNA recovery, purity, and integrity because of food matrix and processing [9,19,20]. Figure 2 presents the normalized calibration curves using the ΔCq values of reference mixtures of 50% to 0.05% (w/w) of roe deer meat in simulated pâté, raw and after thermally processed. As verified, the obtained curve parameters met the acceptance criteria regarding the correlation coefficient (R2 > 0.99), slope (−3.5099 and −3.4939 for raw and autoclaved mixtures, respectively) and PCR efficiency slope (92.7% and 93.3% for raw and autoclaved mixtures, respectively). Therefore, normalization improved considerably the performance of both calibration models as inferred by their enhanced PCR efficiency. Both calibration plots are very similar, particularly regarding slope, exhibiting a small intercept deviation of nearly 0.6 cycles (Figure 2). This difference was quite reduced with method normalization, shifting from 1.3 to 0.6 cycles (Table 2), indicating that this process effectively attenuated the influence of thermal processing. Nonetheless, statistical differences were observed between raw and processed model mixtures for all levels of amplification, except for the 5% and 0.05% of roe deer in pâté (Figure 2). Differences between raw and severely processed matrices, such as autoclaved meats, are expected to occur due to the loss of DNA integrity, with consequent delayed amplification [9,19]. Therefore, the construction of a calibration curve accounting for the influence of autoclaving is crucial in the case of pâté samples. However, the same is not expected to occur for cured or mildly thermally treated products owing to their stabilized enzymatic activity because of the low water activity or thermal treatment, respectively. This was previously observed for the quantification of soybean material in meat products, where the normalized calibration curves for raw and mildly processed mixtures (66–68 °C for 5 h) were practically overlapping [32]. The feasibility of method normalization using the ΔCq method was previously demonstrated in the quantification of other meat species such pork [19,20] and horse [9] in food products, as well as plant species such as soybean [34].



The LOQ, established as the lowest amount of the analyte that can be reliably measured, was established in this study at 0.05% (w/w) of roe deer meat in pork pâté for both raw and heat-treated mixtures. This study achieved a significant improvement compared to previous research attaining LOQ values between 0.125% and 0.5% (w/w) for roe deer [23,25,31]. Furthermore, an interlaboratory ring trial involving 14 European laboratories employed meat mixtures ranging from 2% to 49.4% for roe deer content [26], highlighting the widest quantitative range of the proposed method targeting roe deer herein.



The present study reports, for the first time, a normalized calibration curve prepared with matrix-adapted standards for the quantification of roe deer, accounting for the influence of food matrix and food processing, which is only comparable with the previously obtained calibration curve targeting red deer [27].




3.4. Validation


Method validation is required to establish the reliability, consistency, and accuracy of the developed novel method, confirming its fitness for quantification and its easy adoption in different laboratories [36]. Accordingly, four blind sample pairs were prepared with varying proportions (30%, 15%, 3%, and 0.3%, w/w) of roe deer meat incorporated into both raw and autoclaved pork pâté and used to assess the effectiveness of the quantitative real-time PCR assay. The roe deer contents of raw and thermally treated blind samples were estimated using the respective normalized calibration models of Figure 2 and compared with the actual values displayed in Table 3. Key parameters such as coefficient of variation (CV) and bias were considered in this evaluation to assess the method’s precision and trueness, respectively. The CV data, expressing the relative standard deviation of the results obtained under repetitive conditions, were within 8.1–23.0% and 7.0–17.5% for raw and processed samples, respectively. The bias data, expressing the proximity between the actual and estimated roe deer contents, varied from −21.9 to 1.9% and from −12.1 to 13.6%, for raw and processed samples, respectively. Therefore, both CV and bias data meet the acceptance criteria (CV ≤ 25% and bias ±25%) for quantification by real-time PCR assays [34].




3.5. Applicability of the Method to Commercial Products


In total, 46 marketed meat products originating from four European countries, Poland (28 samples), Spain (8 samples), Portugal (6 samples), and France (4 samples), were tested to verify labeling compliance. These products encompassed various types of processed foods, including loin, canned meat, ham, terrine, pâté, salami, and sausages. Product labeling indicated the following meat species: 28 red deer, 14 roe deer, 2 fallow deer, and the remaining 2 wild boar or pig meat (Table 4). This diverse selection of products and game species served three purposes: (i) validation—final method validation through its application to commercial deer-containing products; (ii) labeling compliance—to assess the accuracy of manufacturer claims and ensure product labeling reflects the actual ingredients; and (iii) adulteration survey—to estimate the level of mislabeling or adulterations in roe deer meat products in several European countries. The results of the roe deer determination in the 46 commercial samples are summarized in Table 4, complemented with the red deer contents obtained in our previous study [27].



To proceed with roe deer detection and quantification, the commercial products were split into two groups based on their production methods: uncooked/mildly cooked up to 71 °C/cured samples (sausages #1–#24) and thermally treated samples (pâtés #25–#46). The appropriate calibration models, for raw and autoclaved mixtures, respectively, were then employed to each group. All products underwent an initial test to detect amplifiable DNA by qualitative PCR targeting of a universal marker of the nuclear 18S rRNA gene and by discarding any false negative result. Subsequently, the roe deer-specific ASIP primers were used to qualitatively determine the presence of roe deer DNA (Table 4). As summarized in Table 4, of the 14 products labeled as containing roe deer meat, the target species was detected by both qualitative PCR and real-time PCR in 9 of them. The analysis of those samples, declaring roe deer contents of 7.2% to 100% (w/w), revealed a significant discrepancy between estimated and labeled values for roe deer. All of them contained a substantially lower amount of roe deer than what was declared, with estimated values falling between 0.07% and 19.23% (w/w) (Figure S3, Supplementary Materials). Sample #34, with the least significant difference between declared and quantified roe deer content, only contained half the labeled amount. Sample #15 had the lowest quantified value at 0.07%, and roe deer DNA was undetectable or below the detection limit in samples #11–#14, and #37. Other samples (#16, #31-#33, #35, #42, and #44) suffered high reductions within 70–90%. These results suggest that all roe deer labeled samples were adulterated by total and substantial substitution in 6 and 8 samples, respectively. This is a serious issue of product mislabeling for consumers, particularly concerning a product that typically commands a higher price compared to regular meat products.



For samples labeled as containing other game species, namely red deer (28), fallow deer (2), and pork/wild boar (2), roe deer DNA was quantified in 8 red deer samples (#1, #2, #7, #17, #18, #25, #26, and #29) and one fallow deer/game product (#19). In samples #1, #2, and #29, the estimated trace levels of roe deer (0.10–0.36%) might be attributed to contamination rather than adulteration, though sample #29 also declares roe deer. The remaining samples showed contents within 1.40–6.53% of roe deer. Interestingly, all these samples, except for sample #1 with 0.49% of red deer, also exhibited high or considerable contents of red deer. This result suggests that undeclared roe deer addition was performed to increase the proportion of deer species rather than replacing red deer.



The complementary analysis of both roe deer and red deer contents highlights that in samples #1, #11, and #30, the deer species were probably fully substituted with pork. The contents of samples #12–#15 and #37 suggest full substitution of roe deer with red deer, while samples #16 and #35 indicate partial replacement of roe deer with red deer. Fallow deer meat was replaced with red deer/roe deer and red deer in samples #19 and #36, respectively. Samples #20–#23, #25–#26, #30–#34, #38–#40, and #42–#44 indicate reduced proportions of red or roe deer, suggesting its substitution with pork. Moreover, undeclared roe deer was added in samples #2, #7, #17, and #18. Therefore, the results of roe deer detection and quantification improved the previous survey on red deer in game meat products that indicated an adulteration/mislabeling level of 48% [27], which was further complemented and increased to 61%. This increase was also due to considering the partial reduction in labeled species in the present analysis.



Summarizing the analysis of all 46 products by country of origin and type of mislabeling/adulteration, the data revealed that 100% of samples from Portugal had their red deer content reduced, suggesting its partial substitution with pork. The same type of adulteration was observed in 50% of samples from France. In 87.5% of samples from Spain, two types of mislabeling/adulterations were noted, namely the addition of undeclared roe deer and species substitution of fallow deer with other deer species and red deer with pork. The samples of Poland accounted for the most representative group, but they were also diverse regarding the identified mislabeling/adulterations (57%), which were due to the absence of deer species, reduced deer content, substitution of roe deer with red deer, and undeclared addition of roe deer.



The results underscore the importance of routine testing for meat products, particularly to identify adulteration through addition, substitution, and mislabeling. The results showed significant mislabeling across various game meat products. Roe deer meat was detected at trace levels in products labeled as containing other species, also suggesting contamination within the game industry. Furthermore, undeclared roe deer content in some products highlights major discrepancies in labeling, raising concerns about transparency and potential consumer deception. The reduced amount of the labeled roe deer species as well as the presence of undeclared red deer in roe deer-labeled products can indicate economically motivated adulteration practices. However, it is important to emphasize that these findings may not necessarily reflect the general food safety practices within these countries, but rather the specific samples included in this study. The mislabeling detected is likely caused by species misidentification due to their close evolutionary relationship belonging to the Cervidae family and, therefore, non-malicious mistakes made in the addition of meat from deer species by less skilled workers. The second highly probable reason may be differences in the price of deer meat sold by hunting districts and the fact that red deer meat is, in general, half the price of roe deer. Finally, the third reason may be the difference in the availability of fresh game meat throughout the year, i.e., roe deer meat is much more expensive but available for processing for more months of the year compared to red deer, approximately nine months versus six months.



Overall, the high prevalence of mislabeled or adulterated products underlines the need for stricter regulations and more rigorous monitoring to ensure consumer trust and adherence to labeling standards. The present results highlight the need to extend the study to a wider range of game meat products in EU-consuming countries, such as Italy, Germany, Czechia, the United Kingdom, and Sweden. The diversity of products should also be enlarged, including traditional products like stew/goulash and dumplings, as well as wild boar products considering their high relevance.





4. Conclusions


This research successfully addressed the issue of roe deer meat adulteration by developing a novel real-time quantitative PCR system targeting the roe deer ASIP-encoding gene. The method utilizes well-designed reference model mixtures that accurately reflect commercially available products. Two quantitative real-time PCR systems, one suitable for raw/mildly treated products and another for severely processed (autoclaving) meat products, were successfully developed using the normalized ΔCq method. Both systems achieved absolute and relative LOD and LOQ of 0.04 ng of DNA and 0.05% (w/w) of roe deer in simulated pâté, respectively. Following validation with eight blind samples, which highlighted the precision and trueness of the approach, the method was applied to commercial products. The analysis of 46 game meat samples from Poland, Portugal, Spain, and France revealed a high level of discrepancies between manufacturers’ claims and the actual presence of roe deer in some products. All the 14-roe deer labeled samples were mislabeled/adulterated by total or partial species substitution. A global analysis of all samples, combining the results of our previous study surveying red deer species, identified 61% of mislabeled/adulterated samples due to the absence of deer species, reduced deer content, substitution of roe deer with red deer, substitution of fallow deer with other deer species and red deer with pork, and undeclared addition of roe deer. This highlights the effectiveness of the method in detecting/quantifying meat adulterations.



Therefore, the developed real-time PCR assay proved to be an effective tool for detecting and quantifying roe deer, demonstrating its potential as a reliable method for food authenticity testing. This method significantly contributes to the existing knowledge on roe deer meat authentication and demonstrates its usefulness as a tool for food inspection to ensure effective labeling compliance. Consequently, it will contribute to valorizing the game meat products, while promoting consumer trust and transparency, as well as fair trade among producers.
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Figure 1. Amplification (A) and standard (B) curves obtained by real-time PCR with a TaqMan probe targeting the agouti signaling protein-encoding gene (roe deer DNA 40–0.004 ng, n = 4 replicates). 
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Figure 2. Normalized calibration curves achieved by TaqMan real-time PCR targeting the agouti signaling protein-encoding gene using the ∆Cq method (∆Cq = Cq ASIP − Cq euk) and reference mixtures of 50% to 0.05% (w/w) of roe deer meat in simulated pâté, raw (●), and thermally processed forms (▲) (n = 12 replicates). * Mean statistical differences (p < 0.05) following an unpaired t-test or Mann–Whitney test. 
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Table 1. Primers and probes used in this study.
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Species

	
Target Gene

	
Primer

	
Sequence (5′-3′)

	
Amplicon

	
NCBI Accession/Reference






	
Capreolus capreolus

	
Agouti signaling protein

	
ASIP-F

	
GAGTCCATTTTCCAGGGCCG

	
120 bp

	
NC_057828.1




	
ASIP-R

	
GGGACTTAGGCCTGCAGTTT

	

	




	
ASIP-P

	
FAM-ACTCTCTGCTCTCTGTCTCTGGCT-BHQ1

	

	




	
Eukaryotes

	
18S rRNA

	
18SRG-F

	
CTGCCCTATCAACTTTCGATGGTA

	
113 bp

	
[32]




	
18SRG-R

	
TTGGATGTGGTAGCCGTTTCTCA

	

	




	
18SRG-P

	
FAM-ACGGGTAACGGGGAATCAGGGTT CGATT-BHQ1

	

	











 





Table 2. Real-time PCR results using reference mixtures of roe deer in simulated pâté (raw and autoclaved) targeting a reference gene (18S rRNA) and an agouti signaling protein (ASIP)-encoding gene of roe deer.
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Model Mixtures Containing Roe Deer (%, w/w)

	
Raw Pâté Mixtures

	
Autoclaved Pâté Mixtures




	
Cq ± SD a (18S rRNA)

	
Cq ± SD

(ASIP)

	
Replicates

(Positive/

Total)

	
Cq ± SD (18S rRNA)

	
Cq ± SD

(ASIP)

	
Replicates

(Positive/

Total)






	
50

	
16.46 ± 0.46

	
25.67 ± 0.10

	
(12/12)

	
17.74 ± 0.48

	
26.81 ± 0.42

	
(12/12)




	
10

	
16.49 ± 0.39

	
27.77 ± 0.08

	
(12/12)

	
18.34 ± 0.30

	
29.24 ± 0.38

	
(12/12)




	
5

	
16.74 ± 0.24

	
29.30 ± 0.06

	
(12/12)

	
18.20 ± 0.49

	
30.37 ± 0.47

	
(12/12)




	
1

	
16.97 ± 0.25

	
31.94 ± 0.17

	
(12/12)

	
19.09 ± 0.45

	
32.90 ± 0.51

	
(12/12)




	
0.5

	
16.62 ± 0.33

	
32.88 ± 0.21

	
(12/12)

	
19.08 ± 0.51

	
34.50 ± 0.47

	
(12/12)




	
0.1

	
16.81 ± 0.31

	
35.28 ± 0.21

	
(12/12)

	
18.40 ± 0.35

	
36.36 ± 0.53

	
(12/12)




	
0.05

	
16.60 ± 0.33

	
36.20 ± 0.37

	
(12/12)

	
18.48 ± 0.44

	
38.09 ± 1.10

	
(12/12)




	
0.01

	
NA

	
NA

	
(0/12)

	
NA

	
NA

	
(0/12)




	
R2

	

	
0.9975

	

	

	
0.9964

	




	
Slope

	

	
−3.5834

	

	

	
−3.7120

	




	
Intercept

	

	
31.698

	

	

	
33.031

	




	
PCRefficiency (%)

	

	
90.1

	

	

	
86.0

	








a Mean quantification cycle (Cq) ± standard deviation (SD).













 





Table 3. Validation data determined by quantitative real-time PCR applied to blind mixtures.
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Blind

Samples

	
Actual Value (%)

	
Estimated Value (%) a

	
SD b

	
CV (%) c

	
Bias (%) d






	
Raw mixtures




	
A

	
30

	
30.57

	
5.93

	
19.4

	
1.9




	
B

	
15

	
13.44

	
1.08

	
8.1

	
−11.6




	
C

	
3

	
2.46

	
0.22

	
8.8

	
−21.9




	
D

	
0.3

	
0.29

	
0.07

	
23.0

	
−2.2




	
Processed mixtures




	
E

	
30

	
34.29

	
5.99

	
17.5

	
12.5




	
F

	
15

	
13.88

	
2.30

	
16.5

	
−8.0




	
G

	
3

	
3.47

	
0.24

	
7.0

	
13.6




	
H

	
0.3

	
0.27

	
0.05

	
17.9

	
−12.1








a Mean values of replicate assays (n = 12). b SD—standard deviation. c CV—coefficient of variation. d Bias = ((mean estimated value − true value)/true value × 100).













 





Table 4. Analyzed of commercial game meat products by qualitative PCR and quantitative real-time PCR using the normalized ΔCq method targeting a reference gene (18S rRNA) and the agouti signaling protein (ASIP) gene of roe deer.
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Code

	
Sample Description

	
Relevant Label Information

	
Origin

	
Qualitative PCR a

	
Real-Time PCR

	
Estimated Red Deer Content

(Mean ± SD, % w/w) [29]




	
18SRG-F/18SRG-R

	
ASIP-F/ASIP-R

	
18S rRNA

(Cq ± SD) b

	
ASIP

(Cq ± SD) b

	
Estimated Roe Deer Content

(mean ± SD, % w/w)

	
CV c (%)






	
Uncooked/cured




	
#1

	
Salami with red deer

	
10% red deer meat

	
Poland

	
+

	
+

	
18.08 ± 0.11

	
37.21 ± 0.43

	
0.10 ± 0.00

	
3.61

	
0.49 ± 0.05




	
#2

	
Red deer and pork kabanos

	
51% red deer meat

	
Poland

	
+

	
+

	
16.54 ± 0.26

	
33.69 ± 0.42

	
0.36 ± 0.02

	
5.53

	
>50




	
#3

	
Dry mysliwska sausage with red deer

	
25% red deer meat

	
Poland

	
+

	
−

	

	

	

	

	
20.37 ± 1.61




	
#4

	
Red deer sausage

	
70% red deer meat

	
Poland

	
+

	
−

	

	

	

	

	
>50




	
#5

	
Red deer sausage Wild grill

	
30.6% red deer meat

	
Poland

	
+

	
+

	
15.53 ± 0.09

	
35.99 ± 0.69

	
< LOD

	

	
>50




	
#6

	
Juniper sausage

	
>50% red deer meat

	
Poland

	
+

	
−

	

	

	

	

	
>50




	
#7

	
‘Swojska’ sausage

	
<50% red deer meat

	
Poland

	
+

	
+

	
15.73 ± 0.17

	
30.04 ± 0.16

	
2.18 ± 0.25

	
11.54

	
>50




	
#8

	
Red deer salami

	
100% red deer meat

	
Poland

	
+

	
−

	

	

	

	

	
>50




	
#9

	
Red deer ‘kindziuk’

	
70% red deer meat

	
Poland

	
+

	
−

	

	

	

	

	
>50




	
#10

	
Tender red deer sausage

	
35.5% red deer meat

	
Poland

	
+

	
−

	

	

	

	

	
>50




	
#11

	
Roe deer kabanos

	
100% roe deer meat

	
Poland

	
+

	
−

	

	

	

	

	
−




	
#12

	
Roe deer sausage

	
70% roe deer meat

	
Poland

	
+

	
+

	
16.46 ± 0.17

	
37.91 ± 1.65

	
< LOD

	

	
19.85 ± 0.98




	
#13

	
Roe deer sausage

	
>50% roe deer meat

	
Poland

	
+

	
−

	

	

	

	

	
44.55 ± 3.64




	
#14

	
Roe deer sausage

	
<50% roe deer meat

	
Poland

	
+

	
-

	

	

	

	

	
>50




	
#15

	
Roe deer kabanos

	
100% roe deer meat

	
Poland

	
+

	
+/-

	
16.62 ± 0.31

	
36.20 ± 0.82

	
0.07 ± 0.01

	
13.15

	
>50




	
#16

	
Roe deer sausage

	
<50% roe deer meat

	
Poland

	
+

	
+

	
16.32 ± 0.22

	
29.53 ± 0.21

	
4.29 ± 0.27

	
6.23

	
>50




	
#17

	
Red deer sausage

	
60% red deer meat

	
Spain

	
+

	
+

	
17.48 ± 0.15

	
30.07 ± 0.40

	
6.53 ± 0.65

	
9.92

	
>50




	
#18

	
Red deer sausage

	
60% red deer meat

	
Spain

	
+

	
+

	
16.92 ± 0.12

	
31.98 ± 0.49

	
1.40 ± 0.35

	
24.72

	
>50




	
#19

	
Spicy fallow deer sausage

	
60% game meat

	
Spain

	
+

	
+

	
17.16 ± 0.26

	
30.11 ± 0.41

	
5.17 ± 0.31

	
6.06

	
>50




	
#20

	
Red deer sausage

	
60% red deer meat

	
Portugal

	
+

	
−

	

	

	

	

	
3.85 ± 0.20




	
#21

	
Red deer sausage with fine herbs

	
60% red deer meat

	
Portugal

	
+

	
−

	

	

	

	

	
18.68 ± 2.22




	
#22

	
Red deer sausage with sesame seeds

	
60% red deer meat

	
Portugal

	
+

	
−

	

	

	

	

	
29.73 ± 0.91




	
#23

	
Red deer sausage with pepper

	
60% red deer meat

	
Portugal

	
+

	
−

	

	

	

	

	
7.52 ± 0.42




	
#24

	
Red deer loin

	
100% red deer meat

	
Spain

	
+

	
−

	

	

	

	

	
>50




	
Thermally treated




	
#25

	
Baked red deer polish pâté

	
70% red deer meat

	
Poland

	
+

	
+

	
17.50 ± 0.32

	
30.31 ± 0.59

	
3.81 ± 0.14

	
3.58

	
20.48 ± 0.15




	
#26

	
Red deer polish pâté (canned)

	
70% red de