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1 Introduction 

1.1 Significance of species identification in food safety and 

quality control 

Species identification plays a crucial role in safeguarding food quality and safety. As 

global food supply chains become increasingly complex, the risks associated with food 

fraud and mislabelling have escalated, posing significant threats to public health and 

economic integrity. The topic has gained increasing public interest due to scandals 

such as the “horse meat scandal” in Europe in 2013, where food products labelled as 

beef contained up to 100 % horse meat (European Parliament & Council, 2013a; 

O’Mahony, 2013). A recent report by the European commission observed that nearly 

half of the honey samples (46 %) were not complying with the provisions, e.g. by 

addition of syrups (European Parliament & Council, 2023). These findings were 

supported by an analysis commissioned by Deutsche Berufs- und Erwerbsimkerbund 

und der Europäische Berufsimkerbund, which revealed that more than 80 % of honey 

samples taken from German supermarkets were fraudulent (Koch, 2024). In addition to 

substitutions during the preparation of food products, contamination also plays an 

important role, highlighted by the outbreak of enterohaemorrhagic Escherichia coli in 

Germany in 2011 (Burger, 2012) and the outbreak of Listeria monocytogenes in Germany 

in 2018 (Robert Koch Institute, 2019). According to a report of the European Parliament, 

recent food fraud and contamination cases have damaged consumer trust in the agro-

food sector as a whole (European Parliament & Council, 2013b).
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Table 1: Overview of selected European food adulteration and species substitution over the last 15 years, classified by product category, year, declaration, analytical findings, and 
substitution pattern. 

Product 
category 

Year Declaration Detection Type of substitution Reference 

processed 
meat  

2013 cattle (Bos taurus) horse (Equus caballus) 
undeclared addition or replacement of 

horse meat in beef products 
European Parliament & Council, 

2013a 

processed 
fish 

2014 Atlantic cod (Gadus morhua) pacific cod (Gadus macrocephalus) 

species substitution with lower quality 
cod in 10.5 % of tested products; 

additional substitutions detected in 
lower frequency 

Helyar et al., 2014 

processed 
fish 

2015 
- 

2016 

dusky grouper 
(Mycteroperca marginatus), 
butterfish (Pholis gunnellus),  

pike-perch (Sander lucioperca),  
sole (Solea solea),  

bluefin (Thunnus thynnus),  
yellowfin tuna 

(Thunnus albacares) 

hake (Merluccius spp.),  
cod (Gadus spp.),  

haddock 
(Melanogrammus aeglefinus),  

swordfish (Xiphias gladius) 

species substitution of mostly high-
value fish with cheaper species; 26 % of 

total samples mislabelled 
Pardo et al., 2018 

fish fillet 2020 Atlantic cod (Gadus morhua) 
pacific cod (Gadus macrocephalus), 

haddock 
(Melanogrammus aeglefinus) 

undeclared species substitution in 
25 % of samples in France; German and 

Durch samples labelled correctly  
Feldmann et al., 2021 

herbs & 
spices 

2021 
oregano (Origanum vulgare L.),  

cumin (Cuminum cyminum),  
pepper (Piper nigrum) 

olive leaves (Olea europaea),  
peanut (Arachis hypogaea),  

almond (Prunus dulcis),  
papaya (Carica papaya) 

partial substitution: 1) shredded olive 
leaves instead of oregano, 2) nut shells 

instead of cumin, 3) papaya seeds 
instead of pepper 

Maquet et al., 2021 

honey 2023 honey sugar syrup 
addition of sugar syrups for dilution of 

honey 
European Parliament & Council, 

2023 
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Mislabelling of food products can lead to the consumption of allergens, toxins, or 

species that are otherwise unsuitable or illegal to consume (Figure 1). Ethical (e.g. halal, 

kosher) and lifestyle aspects (e.g. vegetarian, vegan, gluten-free) of nutrition must also 

be taken into account. In Germany, more than 100,000 people reportedly fall ill every 

year from foodborne infections, with the number of unreported cases being much 

higher (German Federal Institute for Risk Assessment, 2023). Food retailers and food 

control authorities must be able to verify the identity and quality of the goods supplied. 

In the interests of consumer protection and to prevent unfair competition, it is 

therefore necessary to have standardized methods available for the unambiguous 

identification of biological species. 

 

Figure 1: Commonly substituted fish species and influence on consumers (adapted from Cermakova et 
al., 2023) 

 

As a response to the increasing phenomenon of adulterated and substandard food 

products, Interpol and Europol initiated the “Operation Opson” in 2011. A key aim of 

these operations is the identification of organized criminal networks behind illicit trade 

of counterfeit food (Europol, 2014). The “Opson” operations are carried out annually 

and are assisted by the food control authorities of several countries worldwide. 

“Operation Opson V” focused on the trade of Asian fish and the risk of species 
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substitution. More than 300 tons of meat and meat products, as well as over 900 tons 

of seafood, fish and fish products have been seized during this operation (Interpol, 

2016). With a per capita consumption of 14.1 kg in 2020, fish, crustaceans, and molluscs, 

as well as products made from them, are popular foods in Germany. 89 % of the fishery 

products consumed in Germany are imported, and due to widely ramified trade routes 

and the great diversity of the products, they are particularly susceptible to possible 

fraud (Federal Office of Consumer Protection and Food Safety, 2022). Again, reliable 

species identification is thus necessary, especially for seafood species, due to the high 

commercial interest of this organismal group. 

 

1.2 Methods for species identification in food products 

Foodomics is an integrative discipline that applies molecular and computational tools 

to study food composition to enhance food authenticity, safety and health (Balkir et 

al., 2021). Within this framework, DNA-based methods have become a central pillar 

enabling precise species identification, traceability, and detection of adulteration in 

complex food matrices (Griffiths et al., 2014). As the proportion of processed and ultra-

processed foods is increasing, morphological examination is becoming less reliable and 

is replaced by molecular approaches (Böhme et al., 2019; Cermakova et al., 2023; 

Danezis et al., 2016; Iammarino et al., 2017). Thus, all analytical methods recommended 

for animal species authentication in the official collection of examination procedures 

are either protein- or DNA-based (Bundesamt für Verbraucherschutz und 

Lebensmittelsicherheit, 2014). 

DNA-based methods offer several advantages over protein-based methods: Firstly, 

these methods are independent of sample origin and developmental stage. While 

proteins are often only found in certain tissues or at a certain point in developmental 

time (Afzaal et al., 2022), DNA is universally present in all species, all tissues, and at all 
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stages (Filipa-Silva et al., 2024; Piskata et al., 2019). Secondly, DNA offers more 

information, facilitating insights about populations of origin, especially when looking 

at whole-genome information (Higgins et al., 2021; C. Zhao et al., 2023) Thirdly, DNA is 

more suitable for processed samples due to the higher thermostability of DNA in 

contrast to proteins (Prado et al., 2016; Senyuva et al., 2019; Teletchea et al., 2005).  

Fourthly, DNA offers another layer of information in the form of epigenetic DNA-

modifications: For example, tissue-specific methylation profiles allow the 

differentiation of tissue types in salmon including brain, eye, liver, and muscle, as well 

as in veal, including heart, kidney, liver, and muscle (Rodríguez López et al., 2012). 

 

1.2.1 Polymerase chain reaction-based methods 

Polymerase chain reaction (PCR) is a fundamental technique for the amplification of 

DNA sequences, and it is central to genetic analysis and species identification. The 

technique uses a DNA polymerase to synthesize a complementary DNA strand from a 

template, using primers (short synthetic oligonucleotides) that flank a target region. 

Through repeated cycles of denaturation (melting the DNA double helix), annealing 

(binding of primers), and extension (synthesis of the new, complementary DNA strand), 

PCR exponentially increases the number of copies of the targeted DNA segment 

(Figure 2). 

In food analysis, PCR is widely employed for species identification, as it allows for the 

selective amplification of species-specific markers, allowing even trace amounts of 

template DNA to yield detectable quantities sufficient for detection (Fanelli et al., 2021). 

As a targeted approach, PCR relies on the prior knowledges of DNA-sequences which 

will serve as the primer binding sites, which define the specificity and scope of 

amplification: Species-specific PCR assays are designed to detect DNA sequences 

unique to a single species. Primers in these assays target diagnostic nucleotide motifs 

that are absent in non-target species, producing a binary result: the presence of an 
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amplicon indicates the presence of the target species, while its absence suggests that 

the species is not present in the sample. Such assays are useful in authenticity testing 

where the goal is to confirm or exclude the presence of a declared ingredient, e.g., 

detection of pork DNA in kosher or halal products or identification of specific fish 

species in seafood mixtures (Muflihah et al., 2023; Ulca et al., 2013). 

 

Figure 2: Principles of PCR. Each cycle consists of three steps: (1) thermal denaturation of double-
stranded DNA, (2) primer annealing to complementary target sites, and (3) primer extension by a 
thermostable DNA polymerase. Typical reactions run for 20–40 cycles, where each cycle doubles the 
number of target molecules (adapted from Quan et al., 2018). 

 

In contrast, broad-range or generic PCR assays target conserved genomic regions 

shared across larger taxonomic groups, enabling simultaneous screening of multiple 

species. These primers amplify DNA from a wide range of organisms within a kingdom 

or phylum, allowing for subsequent differentiation of species through secondary 

analyses. A commonly used PCR target for animal species identification is the 

Cytochrome C Oxidase I (COI) gene, located on the mitochondrial genome (mtDNA; 

Figure 3A). Other potential targets are mitochondrially encoded ribosomal RNA genes 
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(rRNA), such as 12S and 16S, or Cytochrome b (CYTB) (Fernandes et al., 2021; Heller et 

al., 2018). Genes located on the chloroplast genome (ctDNA), such as Ribulose-1,5-

Bisphosphate Carboxylase/Oxygenase (RuBisCO) large subunit (rbcL), Maturase K 

(matK; Figure 3B), and Leucine-tRNA (trnL) are commonly used for the identification of 

plant species (Mallott et al., 2018). These extranuclear target genes all share common 

properties, such as the lack of introns (M. L. Blaxter, 2004; Hebert, Ratnasingham, et al., 

2003), and are highly effective for species-level identification due to their interspecific 

variability and intraspecific conservation (Hajibabaei et al., 2007). Moreover, cells 

typically contain several hundred to thousand copies of mt- or ct-genomes compared 

to only two copies of nuclear genomes in diploid organisms, with high variance 

between tissues (Masuyama et al., 2005; Miller et al., 2003), gender (Guevara et al., 2011) 

,age (Masuyama et al., 2005; Miller et al., 2003) and diet (X. Zhang et al., 2020). In 

animals, elevated mitochondrial mutation rates relative to nuclear DNA (nDNA) 

accelerate the accumulation of interspecific differences, enabling discrimination even 

among related species (Allio et al., 2017). Although chloroplast genomes usually evolve 

more slowly than nDNA, selected plastic loci still provide sufficient interspecific 

divergence for species identification (Kim et al., 2024; D. R. Smith, 2015). 16S rRNA genes 

are widely used for the identification of prokaryotes, whereas the 18S rRNA gene is 

mostly used for detecting microbial eukaryotes (Parada et al., 2016; Walters et al., 2016). 

For fungi, the internal transcribed spacer (ITS) region is commonly used as the primary 

DNA barcode marker for taxonomic identification and community profiling (Figure 2C; 

Schoch et al., 2012). 

After the initial PCR, the next step is to further analyse the amplification product in 

order to identify species present in the sample. Restriction fragment length 

polymorphism (RFLP) digests the PCR amplicon with restriction endonucleases and 

resolves the resulting fragments by gel electrophoresis. This approach can differentiate 

species based on variations in restriction sites and is useful for identifying genetically 

similar species, when diagnostic restriction-site polymorphisms are present (Haider et 



8 

 

al., 2012; Yao et al., 2020). However, it is typically most reliable for single-species 

amplicons, requires prior knowledge of the DNA sequence to select appropriate 

restriction enzymes, and can be less effective if the genetic diversity is low (Islam et al., 

2021).  

 

Figure 3: Typical DNA barcoding target regions across major organism groups. A The standard DNA 
barcode marker for animals is a fragment of the COI gene located on the mitochondrial genome. B The 
rbcL and matK genes on the chloroplast genome are commonly used in two-tier DNA barcoding 
approaches for plants. C The nuclear ITS region is the standard marker for most fungi (adapted from 
Centre for Biodiversity Genomics, 2021).  
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1.2.2 Quantitative PCR 

Quantification is required in food control because regulators and operators must 

distinguish trace-level, technically unavoidable contamination from economically 

motivated adulteration, verify declared proportions in multi-ingredient products (e.g. 

60 % cod, 40 % haddock), and check against legal thresholds for allergens, protected 

species, or genetically modified organisms. Qualitative detection alone cannot tell 

whether a contaminant correspond to dust from a previous production batch or to a 

relevant replacement of one raw material e.g. by a cheaper one. Decisions on recall, 

relabelling, or fines therefore need at least semi-quantitative evidence of how much of 

each species is present. 

Quantitative PCR (qPCR), also known as real-time PCR, is able to quantify DNA amounts 

by detecting fluorescence emitted during each amplification cycle. This fluorescence 

can originate either from intercalating dyes binding to any double-stranded DNA, such 

as SYBR Green, or from sequence-specific probes, e.g. TaqMan (Heid et al., 1996; 

Higuchi et al., 1993). In species identification assays, qPCR uses species-specific probes 

labelled with a fluorophore (reporter dye) and a quencher. When the target DNA is 

present, the probe hybridizes specifically to the target strand. During the extension 

phase, the DNA polymerase cleaves the bound probe, separating the reporter dye from 

the quencher.  This spatial distance allows the reporter dye to emit fluorescence, which 

increases proportionally with the amount of target DNA in the sample (Kubista et al., 

2006). In addition to qualitative species detection, qPCR simultaneously adds 

quantitative data on the relative abundance of each species within a sample, thereby 

offering a powerful and reliable tool for routine applications in food authenticity testing 

and regulatory control (Singh et al., 2024).  

Droplet digital PCR (ddPCR) further enhances the precision of DNA quantification by 

partitioning the PCR reaction mixture into thousands of water-in-oil emulsion droplets. 

These droplets create separate reaction chambers with the aim of obtaining only a 
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single DNA molecule per droplet and performing subsequent PCR independently in 

each droplet (Quan et al., 2018). This approach enables absolute quantification, as each 

reaction compartment is measured independently, and the number of positive 

reactions correlates directly with the original amount of template molecules in the 

sample without the need for calibration standards (Hou et al., 2023; Sidstedt et al., 

2020). ddPCR is more tolerant to inhibitors than qPCR and offers high precision at low 

copy numbers (Quan et al., 2018). The method’s analytical power was demonstrated in 

a recent study detecting seafood adulteration between closely related salmonid 

species: Atlantic salmon (Salmo salar) is often replaced by the cheaper rainbow trout 

(Oncorhynchus mykiss), which is difficult to discriminate in processed food samples. A 

duplex ddPCR assay targeting the single-copy nuclear myoglobin gene with species-

specific probes enabled absolute quantification of Salmo salar and Oncorhynchus 

mykiss DNA, which was directly converted into corresponding meat mass fractions. 

Validation on gravimetrically defined mixtures showed high accuracy and 

reproducibility unaffected by processing treatments such as cooking, freezing, or 

additive inclusion. When applied to commercial “salmon” products, the method 

revealed mislabelling with up to 100 % substitution by rainbow trout, underscoring the 

robustness of ddPCR for quantitative food authentication (X. Y. Ma et al., 2023). 

The most commonly used technique for identifying the species origin of a PCR 

amplicon is DNA sequencing of the amplified DNA, a method, which has become 

known as DNA barcoding (see below). 

 

1.2.3 DNA barcoding 

DNA barcoding was termed after the barcodes present on all products in supermarkets, 

whose pattern of black and white bars characterizes each product unambiguously. The 

same idea holds true for DNA barcodes, where the pattern of the four nucleotides as 
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components of the DNA can be assigned to the sequence of a specific species 

unambiguously (Hebert, Cywinska, et al., 2003; Hebert, Ratnasingham, et al., 2003). 

The initial step of DNA barcoding involves PCR, which is mostly targeted at a gene of 

broad phylogenetic representation like genes present in mtDNA molecules. Then, DNA 

sequencing of the amplificate is performed, with the resulting sequence representing 

the barcode of the species (Figure 4). Sequencing was traditionally performed by the 

Sanger method, but Next-Generation Sequencing (NGS) methods have become 

increasingly common (Batovska et al., 2017; Tigrero-Vaca et al., 2025). 

 

Figure 4: DNA barcoding workflow for species identification. Genomic DNA is extracted from a food 
sample and a standardized barcode locus (e.g., mitochondrial COI) is amplified by PCR and sequenced 
using Sanger technology. The resulting chromatogram is quality-checked and converted into a 
consensus sequence, which is queried against a curated reference database (e.g., BOLD Systems) to 
assign taxonomy based on sequence similarity. In routine food testing, this approach is most informative 
for products that are largely single-species or dominated by one biological component, for which a 
single, unambiguous consensus sequence can be obtained. 

 

Following DNA sequencing, the derived sequence information is compared in a 

bioinformatic analysis to databases like the Barcode of Life Data System (BOLD) or 

National Center for Biotechnology Information (NCBI) GenBank (Ratnasingham & 

Hebert, 2007; Sayers et al., 2022). These databases contain millions of DNA barcodes 

from different target genes for reference specimen, enabling an alignment of the newly 

derived DNA barcode sequence with the knowledge within those databases. Matches 

of defined quality within those databases indicate the presence of a given species in 
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the sample (Ratnasingham et al., 2024). It is important to note that this barcoding 

procedure is only successful with pure food material derived from a single species, 

because Sanger DNA sequencing cannot cope with material of mixed species origin 

(Dawan & Ahn, 2022).  

 

1.2.4 DNA metabarcoding 

Metabarcoding extends the single-specimen barcoding to mixed samples by 

modifying the steps that accommodate multiple templates in parallel. The amplification 

of a taxonomically informative locus or multiple loci from a sample is performed using 

primers that are sufficiently universal to co-amplify many species at once, while at the 

same time adding sample-specific nucleotide index tags (Ruppert et al., 2019; Taberlet 

et al., 2012). Short mini-barcode targets increase amplification success in matrices with 

degraded DNA while preserving usable taxonomic signal, which is why COI amplicons 

of about 100 to 300 bp are widely used in food authentication and biodiversity studies 

(Andronache et al., 2025; Dobrovolny et al., 2022; Preckel et al., 2021). The indexed 

amplicons from multiple samples are then pooled into a single sequencing library and 

sequenced with NGS, capable of producing tens to hundreds of thousands of reads per 

amplicon. This way, every specimen’s barcode is measured as a separate read rather 

than as a single trace chromatograms as in traditional barcoding by Sanger sequencing 

(Figure 5; Taberlet et al., 2012). During the subsequent computational taxonomic 

assignment, sequence reads are compared against reference databases, allowing 

identification of numerous species even from highly complex or processed matrices 

(Giusti et al., 2024; Staats et al., 2016). When applied to routine food surveillance, 

metabarcoding exhibits clear strengths that address long-standing bottlenecks: First, it 

enables high-throughput screening of large sample sets in a single sequencing run, 

since all taxa covered by the primer set are detected simultaneously, whereas classical 

barcoding require separate assays for each suspected ingredient or matrix (Lanubile et 
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al., 2024). Second, by combining markers with complementary taxonomic breadth, such 

as 16S rRNA, COI, and plant ITS2, the method yields multi-kingdom species profiles 

within one standardized pipeline, avoiding the need for multiple workflows (Giusti et 

al., 2024; Mottola, Piredda, et al., 2024). Third, the use of short amplicons of about 150 

– 250 bp preserves detection capacity in highly processed or heat-treated foods in 

which DNA is degraded and conventional barcoding underperforms (Gorini et al., 

2023).  

 

Figure 5: Overview of the metabarcoding analysis workflow. The workflow begins with PCR-based 
amplification of a selected marker locus (e.g., COI), followed by high-throughput sequencing to generate 
a set of amplicon reads. Raw reads are subsequently processed by quality filtering and either clustering 
to infer operational taxonomic units (OTUs) or denoising to infer amplicon sequence variants (ASVs), 
yielding discrete sequence features representing species entities. Subsequent to clustering or denoising, 
bioinformatics tools are employed to process the raw data into a feature table, summarizing the 
abundances of ASVs (or OTUs) across samples. Finally, taxonomic annotation is performed by comparing 
OTU/ASV sequences against curated reference databases (e.g. BOLD), enabling classification of OTUs or 
ASVs. *Amplicon Sequence Variants (ASVs): biological sequences in the sample prior to the introduction 
of amplification and sequencing errors. **Operational Taxonomic Units (OTUs): clusters of reads that 
differ by less than a fixed sequence dissimilarity thresold, most commonly 3 % (adapted from Esser et 
al., 2024). 
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In a recent survey of 62 processed seafood products from retailers in Italy, the United 

Kingdom, and Albania, DNA metabarcoding with COI and 12S rRNA was used to 

compare label claims with genetic identifications (Lorusso, Shum, et al., 2024). 

Amplification succeeded for all but one sample. The authors found 24 of 61 (39 %) 

samples were mislabelled, typically because undeclared species were present in 

addition, indicating that a substantial fraction of processed seafood circulating in 

European retail channels does not correctly represent its true biological composition. 

Although the authors argue that metabarcoding is ready for routine food control 

(Lorusso et al., 2024), several gadoids could not be resolved to species level with one 

marker alone, underscoring the need to combine loci for confident identifications. 

Moreover, relative read abundances for some taxa differed markedly between COI and 

12S, revealing marker-dependent biases that limit quantitative interpretation. These 

observations highlight a broader regulatory constraint: detection alone is insufficient if 

decisions hinge on amounts. 

 

1.2.5 Potential problems associated with targeted, PCR-based 

identification methods 

While PCR techniques are powerful tools for species identification, they come with 

several potential limitations and pitfalls: 

I. Barcoding efficiently identifies taxa in environmental or food-derived 

metagenomic samples, but often requires multiple assays to cover different 

domains of life. Because metabarcoding is marker-targeted and PCR-based, 

outcomes depend on locus selection and primer binding efficiency, and a single 

primer set can miss entire clades even with deep sequencing (Alberdi et al., 2018; 

Elbrecht et al., 2019; Ferreira et al., 2024). In processed food applications, this 

dependence on intact target loci is further aggravated by DNA fragmentation: 



15 

 

amplification of full-length barcode sequences from moderately or highly 

processed samples is often unsuccessful and can lead to PCR failure and false-

negative results (Shokralla et al., 2015). For complex matrices, complementary 

loci need to be combined, for example 12S rRNA for animals and the chloroplast 

trnL gene for plants, to expand taxonomic coverage while accepting marker-

specific bias (Mottola, Intermite, et al., 2024). 

II. PCR is an extremely sensitive technique that can amplify even minute amounts 

of DNA. This sensitivity makes it vulnerable to contamination by extraneous 

DNA, which can be introduced during sample collection, preparation, or the PCR 

process itself. In a case study, traces of sheep (Ovis aries) and pork (Sus scrofa) 

were detected in minced pure beef samples, likely due to carryover from 

inadequate Good Manufacturing Practices and/or insufficient cleaning of shared 

equipment, like knives, workbenches, meat grinders (Mottola, Intermite, et al., 

2024). Such contamination can lead to false-positives by amplifying DNA not 

intrinsic to the sample, leading to incorrect results and erroneous conclusions. 

III. Species quantification by metabarcoding is constrained primarily by primer 

targeting and amplification efficiencies across taxa: One of the main 

shortcomings of metabarcoding is targeting only DNA from species for which 

the primers bind efficiently, and binding efficiency varies across taxa (Giusti et 

al., 2024; Macher et al., 2023). In a study identifying mammalian and poultry 

species in food samples for example, fallow deer (Dama dama) was not detected 

because a commonly used 16S primer for mammalian identification shows two 

mismatches to the deer sequence  (Preckel et al., 2021). In a similar study 

analysing fish samples with 16S and COI, only four taxa were shared between 

two markers, while five and seven taxa could only be detected exclusively by 

one marker (Mottola, Piredda, et al., 2024). Additionally, quantification of 

components by barcode sequencing has proven problematic due to taxonomic 

biases induced by the varying primer binding efficiencies across taxa. In a 45-

species fish mock community tested with five primer pairs (fish-specific: 2 x 12S 
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+ 1 x COI; vertebrate-general: 1 x 12S + 1 x 16S), detections and read proportions 

shifted markedly with primer choice: fish-specific 12S sets recovered the 

community most faithfully, whereas vertebrate-general sets produced more 

false-positives and false-negatives. No single primer set was able to correctly 

detect all 45 species in the sample, and 6 species (13.3 %) could not be amplified 

at all by any tested primer pair (Macher et al., 2023). Even well-performing 

primer pairs yielded inconsistent detection among replicates, indicating that 

primer-induced variability is a key factor in incomplete species recovery. In 

addition, read proportions for each species varied widely across utilized primers 

despite identical input DNA, demonstrating that primer-efficiency bias breaks 

read-count-to-biomass relationships (Macher et al., 2023). As organellar copy 

number varies strongly across species and tissues, with mitochondrial genomes 

differing >50-fold in humans and about 200-fold in mice (Rath et al., 2024), the 

read-count-to-biomass relationship is further decoupled (Shaffer et al., 2025; 

Shelton et al., 2022). Therefore, there are indications of a shift toward nuclear 

markers, for example to discriminate hard-to-separate species pairs such as 

domestic pig and wild boar (Adenuga et al., 2025). In addition, dominant 

template species can suppress amplification signal of low-abundance 

ingredients, impairing detection and quantification (Bruno et al., 2019). 

Summarizing the existing issues, metabarcoding cannot be considered a 

quantitative analysis tool and is better suited for qualitative species screening 

(Giusti et al., 2024; Kappel et al., 2023). 

IV. DNA barcoding has limitations in resolving closely related species and 

providing information beyond species identification, which are critical for 

comprehensive food authentication (Valentini et al., 2009). Combining multiple 

DNA barcode marker genes per species must be applied to improve the 

accuracy and resolution of species identification by providing complementary 

genetic information that enhances discriminatory power and reduces 

misidentification (Hollingsworth et al., 2009). A study identifying fish species 
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using both COI and 16S markers found that a single marker was not enough to 

discriminate Gadiformes beyond genus level (Gadus sp. and Merluccius sp.), 

illustrating the limited species-level resolution single barcodes provide (Mottola, 

Piredda, et al., 2024). While the authors argue multi-marker analysis might 

enhance resolution, they also state that closely related species like the example 

of Gadiformes will probably remain challenging to resolve even when combining 

two or more markers (Mottola, Piredda, et al., 2024).  

Collectively, the limitations described above are mirrored in a systematic review 

analysing 23 metabarcoding studies on foodstuffs of animal origin, which concludes 

that “application in food authentication was proved as still very limited” (Giusti et al., 

2024). Despite its promise for identifying multiple species in complex samples, the 

review highlights that the approach suffers from a lack of standardized protocols for 

target barcode selection, primer design, and consistent quality control procedures. In 

addition, highly variable bioinformatic pipelines and heterogeneous detection 

thresholds further reduce comparability between laboratories, contribute to false-

positives and false-negatives, and increase operational complexity, restricting routine 

use in food authentication (Giusti et al., 2024). In line with these findings, several 

authors emphasize that metabarcoding is not yet suitable as a quantitative method for 

regulatory decision-making and is currently better suited to qualitative screening for 

species presence (Giusti et al., 2024; Kappel et al., 2023). Together, these limitations 

underscore the need for alternative, unbiased approaches that can deliver robust 

qualitative and quantitative information on species composition in processed, multi-

ingredient foods. 
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1.3 Whole-genome shotgun sequencing for untargeted 

species detection and quantification 

The alternative to a targeted, PCR-based approach to species identification is the 

strategy to sequence the whole genomic DNA from foodstuff and to classify the 

generated reads by their bioinformatic assignment to whole-genome sequence 

databases. This whole-genome shotgun sequencing (WGS) strategy thus circumvents 

the structural constraints by avoiding primer dependency, thereby capturing a broader 

spectrum of taxa across all kingdoms of life. WGS thus provides a more holistic view of 

the DNA representation in the sample by sequencing entire genomes or large portions 

thereof, capturing not only the marker genes, but also additional genomic regions that 

contribute valuable information for food authentication (Figure 6; Ripp et al., 2014). 

Beyond identification, WGS enables quantitative inference by counting reads for each 

reference genome, allowing robust estimation of relative abundances across taxa (Bell 

et al., 2021; Haiminen et al., 2019; Rieder et al., 2023; Ripp et al., 2014). This quantitative 

capability is directly useful for assessing contamination levels, verifying labelling claims 

(especially when close to legal thresholds), and supporting regulatory compliance 

decisions in routine testing. 

Technically, WGS involves the random fragmentation of DNA followed by high-

throughput sequencing of all DNA fragments, e.g. using the Illumina Next-Generation 

Sequencing protocol. This method enables the simultaneous detection of bacterial, 

fungal, plants, and animal DNA in a single analysis (Bell et al., 2021; Haiminen et al., 

2019; Ripp et al., 2014). This ability of WGS to provide a near-complete identification of 

species in a sample could improve the analytical process for food authentication 

authorities by streamlining the experimental steps required to obtain the same or even 

more information compared to currently applied PCR-based methods. 
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Figure 6: Conceptual comparison of metabarcoding and whole-genome shotgun sequencing (WGS) for 
food species identification and quantification. Metabarcoding relies on marker PCR and therefore 
captures sequencing information from a single targeted barcode locus, which can miss taxa that are not 
efficiently amplified. In contrast, WGS sequences all DNA fragments in the sample, enabling detection 
of both expected and unexpected species across all domains of life. Consequently, WGS is amenable to 
quantitative inference from read counts, whereas metabarcoding is generally only semi-quantitative due 
to amplification-related biases. 

 

The principle was first demonstrated by All-Food-Sequencing (AFS): The method uses 

WGS reads generated by NGS and databases with reference genomes to identify and 

quantify species in food samples (Ripp et al., 2014). In a four-species calibration 

sausage, the quantitative mode (AFS-quant) returned matches at >2 % resolution (e.g., 

54.8 % vs 55 % sheep), with absolute deviations across taxa of 0.24 - 1.79 %; the high-

specificity mode (AFS-spec) reduced false-positive assignment to closely related water 

buffalo from 0.64 % to 0.07 %. In addition, the metagenomic branch of AFS classified 

previously unmapped reads, identified microbial signals and spike-ins of 11 plants 

species, among them soy, lupine, and hazelnut, and flagged undeclared taxa (Ripp et 

al., 2014). This highlights both the methods ability to analyse all domains of life in a 

single unbiased assay, as well as to identify even minor traces of allergens. A similar 
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approach following the same principle is Food Authentication from SEquencing Reads 

(Haiminen et al., 2019). FASER utilizes BLAST with WGS reads against reference 

genomes to identify and quantify. Analysing the same data set as Ripp et al., 2014, they 

were able to achieve results comparable to as AFS. Deployed on 31 factory high-protein 

powders, FASER confirmed the labelled chicken in all samples and revealed unexpected 

pork and beef signal in three samples. A comparison of WGS and metabarcoding on 

pollen mock communities showed that WGS achieved nearly complete species 

recovery and produced quantitative estimates that correlated more strongly with the 

actual pollen grain proportions than those obtained from metabarcoding (Bell et al., 

2021), underscoring the potential of WGS for robust identification and quantification in 

mixed biological materials. Together these results show that one WGS assay can span 

all domains of life, detect undeclared ingredients, and deliver quantitative results 

without amplification bias in routine food authenticity testing. 

 

1.4 All-Food-Sequencing: state at the beginning of this 

thesis 

AFS is a WGS-based technique used for the simultaneous qualitative and quantitative 

analysis of species in complex food samples containing multiple components, first 

described by Ripp et al., 2014. The method includes DNA extraction from a 

homogenized food sample, followed by length-fragmentation and creation of an 

Illumina sequencing library. Subsequent sequencing is carried out on instruments such 

as Illumina Next-Seq or NovaSeq. 

During the bioinformatic analysis, reads are mapped to reference genome sequences 

of respective species and then quantified by read counting (referred to as the 

“Quantitative Mapping Approach”, Figure 7). AFS uses the Burrows-Wheeler Aligner 

(BWA) aln algorithm when aligning these reads to reference genomes (H. Li & Durbin, 
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2009). Employing an iterative mapping method, AFS starts with the analysis of fully 

matching sequences and classifies them into three categories: Unique reads that map 

specifically to a single reference genome, Multimapped reads that map with equal 

quality to multiple reference genomes, and Unmapped reads that cannot be assigned 

to any reference genome. Unique reads are directly attributed to the appropriate 

species. Multimapped reads originate from homologous genomic regions shared 

among multiple species, and their source cannot be definitively determined. Thus, 

these reads are allocated proportionately according to the distribution seen in the 

unique reads. Unmapped reads then undergo two additional rounds of mapping with 

a decreased requirement of sequence identity between read and reference genome 

each time (Ripp et al., 2014). 

At the end of three successive mapping runs, the final distribution of identified species 

within the sample is calculated based on all matches obtained per species. Any 

remaining unmapped reads can be identified qualitatively in a subsequent, separate 

step through computationally intensive database searches using the BLAST alignment 

algorithm (termed “Qualitative Metagenomic Analysis Algorithm”; Altschul et al., 1990; 

Camacho et al., 2009). In this procedure, all unmapped reads are compared with the 

NCBI non-redundant nucleotide collection (nr/nt) by local BLAST. This allows for the 

identification of species that were not initially included in the reference genomes 

selection. If a reference genome is available for a newly identified species, the initial 

quantitative mapping step can be repeated under inclusion of this new component. In 

cases where no suitable reference genome is available, the unmapped reads can still 

help indicate the presence of certain species in food samples qualitatively. This 

approach makes it possible to detect even small amounts of ingredients like spices, 

impurities, or allergens, and also assists in determining microbiological diversity within 

samples (Liu et al., 2017; Ripp et al., 2014). 
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Figure 7: Overview of All-Food-Sequencing workflow (Ripp et al., 2014). In the “Wet Lab” step, DNA is 
extracted from food samples, libraries are prepared, and sequencing is performed. In the second step, 
referred to as the “Quantitative Mapping Approach,” the short-read dataset is iteratively mapped against 
a predefined set of reference genomes. Reads that map uniquely to a reference are used to estimate the 
relative proportions of known species. Reads that map to multiple references are proportionally 
distributed according to initial abundance estimates, ensuring that every read contributes to the 
quantification. Any reads that cannot be aligned at progressively relaxed mapping thresholds are 
designated as unmapped. In the “Qualitative Metagenomic Approach” step, these unmapped reads 
undergo a BLAST search against a comprehensive database such as NCBI’s nr/nt. The output of this 
search is examined with metagenomic analysis tools to identify additional or overrepresented species 
that were not included in the original reference set. Newly discovered genomes can be added to the 
reference list to refine the quantitative mapping step. 

 

Despite its potential, AFS has certain limitations that need to be addressed to ensure 

its robustness and reliability in food analysis: 

I. Because regulatory decisions by food control authorities are tied to validated 

methods and defined thresholds, AFS must be benchmarked against 

established approaches. Side-by-side tests with matched samples, certified 
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reference materials, and orthogonal PCR assays quantify trueness and precision, 

establish calibration functions, and determine when genus-level reporting is 

more reliable than species-level claims. 

II. Previous validations of AFS were limited to six species in controlled mixtures, 

which is insufficient to reveal limitations that arise in larger, closely related 

species clades and complex matrices typical of routine food monitoring. A 

meaningful assessment requires extending the taxonomic spectrum to major 

product categories (mammals, poultry, fish, molluscs, and plants), including 

several closely related species per group that differ in genome size, ploidy state, 

and reference quality. 

III. Equally important, the method must be tested on real retail samples without a 

priori target selection. A survey across diverse product categories should apply 

the untargeted AFS workflow, incorporate newly discovered taxa into the 

quantitative analysis, and report concordance with labels, detection of 

undeclared ingredients, and allergen findings. 

IV. A further limitation is the method's ability to distinguish closely related 

species, which complicates the identification of taxa with high genetic similarity. 

Multimapped reads are distributed by heuristic rules based on uniquely mapped 

reads, which can inflate species present at low proportions or distribute reads 

across several close relatives even when only one species is present. This 

constrains the robustness of species-level assignments within tight clades and 

may necessitate more conservative genus-level reporting in such groups. 

V. The iterative, alignment-based workflow is computationally demanding. Each 

BWA aln pass scales with read count, with the number and size of reference 

genomes, and with the relaxed identity thresholds applied in later rounds. 

Because the reference database is held in memory throughout, RAM usage rises 

sharply for large eukaryotic genomes. Broad reference panels therefore inflate 

both runtime and memory demand, often forcing preselection of targets and 

making wide, untargeted screens impractical on typical laboratory hardware. 
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1.5 Aims of this thesis 

The objective of this thesis is to advance the methodology of DNA-based food analysis 

via AFS by directly addressing the limitations identified for the current workflow and 

proposing solutions based on experimental data. This objective is pursued through a 

series of targeted aims that encompass the comparison of AFS to established methods, 

improvement of the bioinformatic algorithm used in AFS, exploration of the method's 

limitations, and the integration of new, emerging sequencing technologies. 

A key aim of this thesis is to perform a comprehensive comparison of AFS to well-

established species identification and quantification methods such as qPCR and ddPCR 

in a validation framework that is compatible with regulatory decision-making. While 

qPCR and ddPCR have been widely adopted for species identification and 

quantification in food products due to their sensitivity and specificity, they also have 

notable limitations, particularly in terms of their dependence on prior knowledge of 

target DNA sequences. This thesis therefore conducts side-by-side tests of AFS, qPCR, 

and ddPCR on matched samples and certified reference materials, with a focus on 

regulatory decision levels. The study derives calibration functions, quantifies trueness 

and precision, and assesses under which conditions genus-level reporting is more 

reliable than species-level claims. This analysis evaluates the performance of AFS 

relative to these methods, focusing on parameters such as sensitivity, specificity, 

accuracy, and practical applicability in routine food analysis. By conducting side-by-

side comparisons, the thesis aims to highlight the strengths and weaknesses of AFS, 

potentially positioning it as a superior alternative for comprehensive food authenticity 

testing. 

A second central aim is to overcome the narrow validation scope of the original AFS 

study, which is restricted to six species in controlled mixtures. This thesis investigates 

these limitations by expanding the species database and incorporating more reference 

genomes. To evaluate performance across varied types of food products, a curated 
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species set is defined that covers major groups such as mammals, poultry, fish, 

molluscs, and plants, and incorporates several closely related species per group 

differing in genome size, ploidy state, and genome assembly quality. Structured 

calibration mixtures with varying compositions and mass fractions are used to probe 

cross-assignment within tight clades and to define reliable detection and quantification 

limits. Additionally, the research explores strategies to mitigate these limitations, such 

as optimizing read length and depth of sequencing to enhance resolution and 

discrimination power. 

Third, this thesis extends AFS beyond controlled mixtures to real-world retail products, 

thereby testing the method under conditions that reflect routine food monitoring. A 

survey across diverse product categories applies the untargeted AFS workflow without 

a priori target selection. Newly detected taxa from the qualitative metagenomic step 

are iteratively incorporated into the quantitative mapping, and the results are evaluated 

in terms of concordance with labels, detection of undeclared ingredients, allergens, 

and other mislabelled components. This provides a systematic assessment of how well 

AFS captures species compositions in complex, processed matrices and where its 

current boundaries lie. 

The initial AFS methodology employs the BWA algorithm, specifically the BWA aln 

algorithm for read mapping. This algorithm, however, is outdated, and newer 

bioinformatic approaches promise improved performance. Other algorithms like BWA 

mem or bowtie2 show decreased runtimes and improved accuracy. This thesis explores 

the bioinformatic pipeline used in AFS and improves its performance. A promising 

design trend in bioinformatics is the application of so-called k-mer based algorithms 

for read classification, which fragment sequences into shorter, overlapping sub-

sequences of length k. These approaches offer higher speeds at the same or even 

higher sensitivity compared to traditional read mapping approaches. The integration 

of a k-mer-based method is expected to enhance the efficiency and accuracy of species 

identification and quantification in complex food samples. The thesis benchmarks these 
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new algorithms against the current BWA aln to quantify improvements in 

computational speed, mapping accuracy, and overall performance. 

Advancements in sequencing technologies present new opportunities for improving 

AFS: Long-read sequencing provided by Third-Generation Sequencing (TGS) from both 

Pacific Biosciences (PacBio) and Oxford Nanopore Technologies (ONT) generate reads 

that span entire genomic regions of up to megabase levels. Offering a more 

comprehensive view of the genetic material, these methods reduce the false-positive 

mapping rates, especially in hard-to-map regions such as highly repetitive sequences. 

Thereby, they potentially improve the accuracy of species identification, especially in 

complex samples and for closely related species. This thesis evaluates the feasibility 

and benefits of integrating long-read sequencing into the AFS workflow. By comparing 

the performance of long reads to the traditional short reads used in AFS, the research 

aims to determine whether this integration can provide more accurate and reliable 

results for food analysis. 

Overall, the planned work addresses the key gaps that currently prevent AFS from 

being used as a fully established method in food analysis. Rigorous comparison with 

qPCR and ddPCR aligns AFS performance metrics with regulatory expectations, while 

the extension of the species panel and calibration designs moves validation beyond 

the original calibration sausage mixtures. The application of AFS to real-world retail 

products tests its behaviour under realistic matrix and labelling conditions, revealing 

both detection potential and practical limitations. Finally, the refinement of the 

computational workflow, with a focus on modern alignment and k-mer based 

approaches, improves scalability and resolution, thereby strengthening the case for 

AFS as a routine tool in food authenticity control. 
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Abstract 

Accurate seafood authentication and quantification protect consumers, deter fraud, 

and support regulatory enforcement. All-Food-Seq (AFS) is an untargeted whole-

genome shotgun sequencing workflow that can profile a broad range of taxa across 

domains of life, but its quantitative performance in fish-dominated processed foods 

has not been systematically assessed. Here, we applied AFS-MetaCache to defined 

“FishCal” calibration sausages containing five economically important fish species and 

to 11 commercial seafood products (fish cake, surimi, paella, and shrimp pâté). Major 

ingredients were consistently identified. Quantification improved markedly after 

genome-size scaling and further improved after applying calibration functions derived 

from FishCal to mitigate matrix-specific biases: the mean absolute deviation between 

expected and measured proportions in calibration samples decreased from 44.5 % to 

19.9 % (genome-size scaled) and to 14.2 % after calibration. In retail products, AFS 
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confirmed declared ingredients and additionally detected undeclared taxa (e.g., squid, 

celery, and Japanese threadfin bream). Species-level discrimination within closely 

related taxa remained challenging in some cases. Microbial community profiles varied 

substantially across products and were more consistent with processing and storage 

than with recipe. Overall, AFS combined with genome-size scaling enables high-

throughput, comprehensive surveillance of eukaryotic constituents and accompanying 

microbiota in processed seafood. 

 

Keywords 

Food authentication – label verification – WGS – NGS – quantitative metagenomics – 

taxonomic profiling – species quantification – calibration materials – seafood – fishcake 

– surimi 

 

Introduction 

Accurate species identification in seafood is essential for consumer protection, 

regulatory enforcement, and fraud prevention, particularly in product categories prone 

to substitution and mislabelling (Chang et al., 2016; Galimberti et al., 2013; Liou et al., 

2020). Beyond economic deception, undeclared species can violate dietary preferences 

and religious requirements and may pose health risks, for example through allergen 

exposure (Everstine et al., 2013; Huck et al., 2016). 

DNA barcoding and, more recently, metabarcoding are widely used for seafood 

authentication by amplifying defined marker loci (e.g., COI for animals) and comparing 

sequences against reference databases such as BOLD or GenBank (Galimberti et al., 

2013; Macher et al., 2023; Sayers et al., 2022). While these PCR-based approaches are 

sensitive and cost-effective, they rely on prior marker selection and primer binding, 

which constrains taxonomic scope and introduces amplification bias that can 

compromise quantitative interpretation, especially in complex or highly processed 

matrices (Kappel et al., 2023; Macher et al., 2023; Staats et al., 2016). 

Untargeted whole-genome shotgun sequencing of food DNA (All-Food-Seq, AFS) aims 

to overcome these limitations by profiling all DNA present without defining target taxa 

a priori (Hellmann, Ripp, et al., 2020; Kobus et al., 2020; Ripp et al., 2014). In AFS, 
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sequencing reads are assigned to reference genomes, and read counts are used to 

estimate relative species contributions. In practice, however, quantitative accuracy can 

be affected by matrix-dependent DNA recovery, genome size, and incomplete or 

ambiguous reference representation - factors that are particularly relevant for seafood 

products, where closely related taxa and intensive processing are common. 

Here, we evaluate AFS-MetaCache for taxonomic authentication and quantification in 

fish-dominated matrices using defined “FishCal” calibration sausages containing 

economically important fish species and a set of commercial seafood products. We 

assess qualitative identification performance and quantify the impact of genome-size 

scaling and calibration functions on agreement between expected and measured 

species proportions, providing a framework for improved quantitative AFS-based 

surveillance of processed seafood. 

 

Materials & Methods 

Sample collection and preparation 

Lophius piscatorius, Melanogrammus aeglefinus, Salmo salar, Sebastes norvegicus and 

Thunnus albacares for the preparation of calibration sausages (FishCal) were purchased 

at a local fish monger (Fisch Jackob GmbH, Mainz, Germany). DNA extraction was 

outsourced to StarSEQ GmbH (Mainz, Germany) and performed following the 

provider’s standard protocol for animal tissue. To verify the correctness of species 

identity, DNA barcoding was performed by StarSEQ GmbH (Mainz, Germany) by PCR 

amplification of a mitochondrial barcode marker COI, followed by Sanger sequencing 

and sequence comparison against BOLD database. Six calibration samples with various 

amounts of each species were prepared by weighing fish filet in proportions of 1, 4, 9, 

15, 20 and 71 %, respectively. Processed food samples (SeaFood and Surimi) were 

bought at various supermarkets in Rhinehessen (Germany). For both calibration and 

processed food samples, DNA extraction and Illumina library preparation was 

performed by StarSEQ GmbH (Mainz, Germany). Sequencing was carried out according 

to the provider’s protocols on an Illumina MiSeq instrument. 
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Bioinformatic Sequence Read Preparation 

To remove sequence adapters and low-quality sequences, all samples were pre-

processed using BBDuk from the BBTools software package v37.93 

(https://sourceforge.net/projects/bbmap/). Sequencing adapters were trimmed if a 

match with k=23 (k=11, if the matched kmer is detected at the very end of the each 

read) against a reference sequence allowing one mismatch was detected. Subsequently 

3’ bases with Phred-quality <20 were discarded. If the average Phred-quality or the 

length of a read was below 20, the entire read was discarded. Success of quality control 

was inspected visually using FastQC and MultiQC (Andrew, 2010; Ewels et al., 2016). 

 

All-Food-Seq 

All food samples were analysed using AFS-MetaCache v2.5.0 (Kobus et al., 2020) in 

multiple steps: The initial database was constructed for each sample using the 

reference genomes of all ingredients listed on the product; or in case of calibration 

samples, all species utilised for their creation. A first round of AFS-MC was performed 

using the before mentioned database with parameters “-maxcand 4” and “-hitmin 4”. 

All reads that could not be classified during the first iteration were extracted and 

matched against a “Barcoding Database” consisting of commonly used DNA-barcode 

markers from BOLD and GenBank. For all additional species identified this way, a 

reference genome was added to the initial AFS-MC database and a second round of 

AFS-MC was performed using a more defined database. 

Subsequent calibration of the main components identified with AFS-MC was 

performed to account for the variability in genome sizes across different species, a 

crucial step necessitated by the principle that larger genomes yield higher 

concentrations of DNA during extraction and thereby leading to a higher number of 

reads in sequencing. To achieve a standardized comparison across all samples, 

normalization procedures were applied based on the respective genome sizes. The size 

data for each genome were primarily sourced from two comprehensive repositories, 

the Animal Genome Size Database (Gregory, 2025) and the Plant DNA C-values 

Database (Leitch IJ et al., 2019). For species where no Genome Size data was present in 

the databases, an estimation was performed (see next section). 

 

https://sourceforge.net/projects/bbmap/
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Estimation of genome sizes 

Addressing the challenge of missing species genome sizes, we incorporated an 

estimation technique: K-mer abundance in NGS read data resemble the underlying 

genome's composition, enabling the inference of genome size through the analysis of 

their distribution and abundance patterns. Sequencing reads were processed to extract 

data for k=23 and create kmer-histograms with the number of unique 23-mers for each 

sequencing depth using bbnorm.sh from the BBTools software package v37.93. These 

histograms were then used for GenomeScope to calculate genome size estimations for 

each species no represented in c-value databases (Vurture et al., 2017). 

 

Identification of unclassified reads 

All reads that remained unclassified after the second round of AFS-MC were queried 

against the Archaea, Bacteria and Viral sequences from the NCBI RefSeq database, 

release 229, accessed March 22nd 2025, (Goldfarb et al., 2025) with “-maxcand 2” and 

“-hitmin 0”. Reads that remained unclassified even after this analysis, BLASTN v2.12.0+ 

was performed to map the reads to entries in the NCBI non-redundant nucleotide 

collection (nr/nt) database with output of Reference Taxonomic IDs (staxids). The 

results were filtered to only include a single best hit based on bit score for each read. 

The species of origin was identified for each read by matching of Taxonomic IDs with 

the NCBI taxonomy database. 

 

Results 

AFS-MC quantification of fish ingredients in calibration samples 

As shown in previous studies, AFS-MC cal. is capable of identifying and quantifying the 

species proportions of meat samples (Hellmann, Ripp, et al., 2020; Kobus et al., 2020; 

Ripp et al., 2014). Here, we tested whether the same concept transfers to fish-

dominated matrices by analysing six defined FishCal mixtures containing commonly 

consumed fish species. Quantification was evaluated for the default AFS-MC output, 

after genome-size scaling (AFS-MC norm.), and after an additional calibration step 

(AFS-MC cal.; Fig. 1). 
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With default AFS-MC, salmon was consistently overestimated across the FishCal series 

(Fig. 1, blue). Read-based proportions primarily reflect DNA contribution, not the 

weighed-in biomass fraction. Salmon is therefore expected to contribute 

disproportionately more DNA per gram tissue for two reasons: (i) aquaculture 

production frequently involves triploid salmon, and triploidy increases nuclear DNA 

content per cell (and thus per tissue mass) relative to diploids (Piferrer et al., 2009); and 

(ii) salmonids have a substantially larger genome than the other fish species in this set, 

a consequence of a salmonid-specific whole-genome duplication event (Macqueen & 

Johnston, 2014; Near et al., 2012). Together, these factors provide a coherent 

explanation for overestimation of salmon when proportions are inferred from raw read 

counts. This effect is most dominant in FishCal A, where the salmon signal exceeds the 

target by >8-fold. 

To correct this systematic bias, we normalized species-assigned read counts by 

genome size. This single step markedly improved quantitative agreement across the 

calibration series, reducing the overall deviation from the expected composition from 

44.5 % to 19.9 % after genome-size scaling (Fig. 1; AFS-MC norm., orange). Remaining 

discrepancies were further reduced by applying calibration functions (linear regression) 

to compensate residual, composition-dependent matrix effects (Fig. 1; AFS-MC cal., 

purple), lowering the overall deviation to 14.2 %. For salmon, the improvement is 

illustrated by FishCal A, where the strong overcall is reduced to ~2.3-fold after both 

corrections. Importantly, residual salmon deviations are not strictly one-directional 

after calibration (e.g., FishCal B trends slightly below the target), indicating that genome 

size explains a major, but not the only, driver of quantitative bias in these fish matrices. 
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Figure 1: Quantification of fish ingredients in calibration samples (FishCal A–F). For each sample, the 

expected (weighed-in) proportions are shown as black horizontal segments (“target”). Bars show the 

relative read abundance (%) obtained by AFS-MetaCache (AFS-MC; blue), AFS-MC after genome-size 

normalization (AFS-MC norm.; orange), and AFS-MC after genome-size normalization plus calibration 

(AFS-MC cal.; purple). 

 

Real fish product samples 

In addition to the calibration series, we analysed 11 commercial products to assess AFS 

performance in real marine food matrices: six processed “SeaFood” products and five 

“Surimi”-style products. All samples were subjected to WGS and analysed with AFS, 

followed by genome-size scaling to improve quantitative comparability. Because these 

retail foods represent highly heterogeneous matrices and lack mixture-matched 

reference material, the additional calibration step used for FishCal was not applied here. 
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Across the SeaFood set, three samples (SeaFood1, SeaFood2, SeaFood4) were fishcake-

type products (Fig. 2). SeaFood1 and SeaFood4 were declared to be primarily Alaska 

pollock; however, both profiles were dominated by a broader Gadus signal split across 

Alaska pollock (G. chalcogrammus) and other cod species (notably Atlantic cod 

G. morhua and Pacific cod G. macrocephalus). SeaFood4 additionally contained a 

substantial fraction assigned to Merluccius spp., dominated by M. productus (~31 %) 

alongside smaller Merluccius contributions and a minor pollock signal. In both fishcake 

products, low-level plant ingredients (e.g., onion; cereals such as rice or wheat) were 

detected, consistent with the expectation of binding agents in processed foods. 

 

Figure 2: Species composition of commercial SeaFood products assessed by AFS. Heatmap shows relative 

abundances (%) of detected taxa normalized for genome size. Cell color encodes abundance (0-100 %) and 

numbers indicate the corresponding percentages. The “unclassified” row denotes reads remaining 

unassigned after the eukaryotic ingredient analysis. The tree on the left shows phylogenetic relationship. 

Unlabelled ingredients are highlighted in red. 

SeaFood2 (“carp grilled sausage”) was essentially a single-species product (Cyprinus 

carpio, ~98 %), with only minor plant components. Similarly, SeaFood3 (“scallops with 

sauce”) consists of almost entirely Pecten maximus accounting for ~98 % of the 
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classified fraction (Fig. 2). By contrast, SeaFood5 (shrimp pâté) showed a more complex 

composition: two shrimp taxa (Penaeus vannamei ~27 % and P. japonicus ~2 %) co-

occurred with several fish species (dominated by pangasius Pangasianodon 

hypophthalmus ~29 %, plus carp, rohu and rose fish) and cephalopods (notably 

cuttlefish Sepia lycidas ~7 %; Fig. 2). SeaFood6 (paella-style with chicken) was treated 

by sequencing only the non-rice fraction to increase effective depth for the mixed 

ingredients; nevertheless, a small rice signal remained (~2 %), while chicken was the 

major component (~35 %) together with mussel (~20 %), peas (~17 %), and 

cephalopods (squid/cuttlefish both in the single-digit percent range). Minor signals 

from cod/pollock-related taxa were also present. 

 

Figure 3: Species composition of commercial Surimi products assessed by AFS. Heatmap shows relative 

abundances (%) of detected taxa normalization for genome size. Cell color encodes abundance (0-100 %) 

and numbers indicate the corresponding percentages. The “unclassified” row denotes reads remaining 

unassigned after the eukaryotic ingredient analysis. The tree on the left shows phylogenetic relationship. 

Unlabelled ingredients are highlighted in red. 

The Surimi products (Surimi1-Surimi5) showed both brand-to-brand variability and 

recurring patterns typical for surimi matrices. Surimi1 was dominated by North Pacific 

hake (Merluccius productus, ~47 %) and Alaska pollock (G. chalcogrammus, ~22 %), 

with additional contributions from other Gadus assignments and a notable soy fraction 

(~6 %; Fig. 3). This pattern supports the declared “pollock and/or hake”-type 
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formulation, while also illustrating that species-level assignments within closely related 

groups (e.g., Gadus/Merluccius) can distribute across multiple near neighbours in the 

reference set. Surimi2 was almost exclusively Gadus (~99 %), dominated by 

G. chalcogrammus (~60 %) with additional Gadus contributions, consistent with a 

Alaska pollock-based surimi. 

Surimi3 stood out as the most compositionally complex sample: alongside a hake-

dominated fish fraction (M. productus ~36 %), it contained substantial signals from 

squid (~12 %), vegetables (celery ~10 % and carrot ~10 %), and an unexpectedly large 

fraction assigned to the yeast Yarrowia alimentaria (~16 %; Fig. 3). Surimi4 showed a 

mixed fish composition with M. productus (~50 %) and Gadus (~37 %) plus soy (~4 %). 

Surimi5 differed markedly from the others, being dominated by Japanese threadfin 

bream (Nemipterus japonicus, ~90 %) and showing the highest “unclassified” fraction 

(~8 %), indicating incomplete reference representation in the database. 

 

Microbial communities identified 

In addition, we characterised the microbial communities for each sample at genus level. 

Across all products, Pseudomonas was detected and reached high relative abundances 

in several cases, including SeaFood2, where it represented the dominant genus (Fig. 4). 

However, most samples were dominated by other taxa in a strongly product-specific 

manner: SeaFood1 was dominated by Mycobacterium (with a substantial Lactobacillus 

fraction), SeaFood3 by Cutibacterium, SeaFood4 by Aeromonas, SeaFood5 by 

Shewanella, and SeaFood6 showed a mixed dominance of Rouxiella and Vibrio. The 

surimi products also differed markedly from each other, with dominance patterns 

shifting between Corynebacterium (Surimi1; with notable Bacillus), Xanthomonas 

(Surimi2), Periweissella (Surimi3; alongside elevated Acinetobacter), and a lactic-acid-

bacteria-dominated profile in Surimi4 (Streptococcus with high Lactobacillus and 

Limosilactobacillus). Surimi5 was dominated by Citrobacter (approaching roughly half 

of the microbial community) and additionally showed pronounced signals of 

Streptomyces, Acinetobacter and Psychrobacter. Overall, the microbial profiles were 

highly sample-specific and did not correlate to the declared main ingredients: even 

products within the same category (e.g., the surimi set or the fishcake-type samples) 

displayed clearly distinct community patterns. 
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Figure 4: Genus-level microbial profiles of SeaFood and Surimi samples. Bubbles show the relative 

abundances of the most common bacterial genera per sample; bubble size corresponds to the genus’ 

relative abundance within the microbial fraction of the respective sample. Background shading separates 

SeaFood (yellow) and Surimi (blue) products. 
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Qualitative identification 

For most samples, the fraction of reads remaining unclassified after AFS analysis was 

low, consistent with comprehensive assignment of the major ingredients. To 

investigate the origin of the residual unclassified fraction and identify species missed 

during the main analysis, we subjected these reads to large-scale BLAST searches. 

Across all samples, a consistent pattern emerged. First, a subset of reads matched 

species that were already detected by AFS, indicating that part of the unclassified 

fraction reflects reads from known ingredients that were not assigned by the classifier. 

Second, BLAST revealed additional microbial sequences that were not captured in the 

initial AFS profiling, demonstrating that the unclassified fraction also contains low-

abundance microbiota. Third, BLAST recovered traces of declared plant ingredients that 

fell below the AFS reporting threshold of 0.01 % (e.g., parsley in Surimi3) and were 

therefore omitted from the main results. Finally, some BLAST hits pointed to taxa that 

cannot be represented in the primary AFS workflow because suitable reference 

genomes are missing (e.g., Trachurus trachurus detected in Surimi5).  

 

Discussion 

Quantification Accuracy of AFS for Fish Ingredients 

AFS has shown promising capabilities in the accurate quantification of species 

proportions in mixed meat samples as reported in prior studies. Our current 

investigation expands these findings by exploring the potential of AFS in quantifying 

fish ingredients within complex food matrices. For an initial test of the method, we 

created calibration sausages from commonly consumed fish species, before 

undergoing AFS analysis. 

Across FishCal A–F, default AFS-MC systematically overestimated salmon, reaching >8-

fold in the most extreme case. This bias is mechanistically plausible because read 

proportions primarily reflect the relative amount of recovered DNA rather than 

biomass. Salmonids carry an unusually large genome due to a salmonid-specific whole-

genome duplication, and aquaculture salmon can additionally be triploid in some 

production contexts; both factors increase nuclear DNA content per unit tissue and 

therefore inflate read-based abundance estimates if uncorrected (Macqueen & 

Johnston, 2014; Near et al., 2012; Piferrer et al., 2009). Genome-size scaling directly 

targets this source of bias and substantially improved quantitative agreement in 
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FishCal, reducing the average per-sample deviation from the expected composition 

from 44.54 % to 19.90 %. After scaling, salmon estimates moved much closer to the 

targets, while a smaller residual overestimation remained for tuna (generally <2-fold), 

and the remaining species showed mixture-dependent over- and underestimation. 

However, genome-size scaling is not a universal “always improves” correction; its 

usefulness depends on whether genome size is the dominant driver of bias in the 

specific matrix. In our earliest AFS work, a similar c-value-based normalization did not 

improve overall quantification in mixed meat sausages (Ripp et al., 2014), likely because 

tissue composition introduced strong, opposing biases (e.g., low-DNA lard vs. higher-

DNA skin), which can outweigh genome-size effects (Cai et al., 2014; Köppel et al., 2011). 

In contrast, FishCal was prepared only from fish fillet, reducing tissue-type 

heterogeneity and making genome-size differences a major, correctable determinant. 

Nevertheless, even within fillets, DNA yield per gram can vary with biological and 

processing factors (e.g., muscle structure, fat content, age, and handling), which can 

propagate into extraction efficiency and thereby affect any DNA-based quantification 

approach (Kirpičnikov, 1987; Rehbein & Oehlenschläger, 2009).  

To address residual, composition-dependent effects beyond genome size, we 

additionally applied calibration functions to correct matrix effects, such as species-

specific differences in DNA recovery during extraction (Cankar et al., 2006; Josefsen et 

al., 2015). This further reduced the remaining deviation (to 14.20 % on average) and 

strongly dampened the salmon bias (e.g., the average overcall decreased from ~3.7-

fold to ~1.3-fold). However, this step requires either prior knowledge of the mixture or 

suitable calibration materials, which are typically unavailable for routine retail 

surveillance. For that reason, calibration is best viewed as a performance upper bound 

and a tool for method characterization, whereas genome-size scaling provides a 

broadly applicable correction that already captures a large fraction of the systematic 

bias observed in fish matrices. 
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Level of Discrimination of closely related species 

The extension of the AFS-MC method from controlled calibration samples to real-world 

processed marine food products provides a critical validation of its practical utility. We 

therefore analysed eleven products from local supermarkets to unravel their ingredient 

composition. 

Across all products that contained Gadus spp. (SeaFood1, SeaFood4, SeaFood6, Surimi1, 

Surimi2 and Surimi4), reads were consistently split between Alaska pollock (Gadus 

chalcogrammus), Pacific cod (Gadus macrocephalus), and Atlantic cod (Gadus morhua) 

(Fig. 2&3). While the absolute proportions varied between recipes, a strikingly recurrent 

~4:2:1 pattern emerged for G. chalcogrammus : G. macrocephalus : G. morhua. This 

stable ratio across otherwise different products strongly suggests that the signal is not 

simply reflecting three independent ingredients, but rather a systematic read-

allocation ambiguity within a very closely related species group. The three taxa 

diverged only around ~5 MYA, so extensive sequence conservation is expected 

(Hughes et al., 2018; Kumar et al., 2017; Y. Ma et al., 2022), and a classifier that assigns 

reads to the “best matching” reference can repeatedly distribute reads across near-

neighbour genomes in a characteristic way. In other words, even if a sample contains 

predominantly Alaska pollock, conserved genomic regions can still be assigned 

reproducibly to Pacific cod and (spuriously) to Atlantic cod, yielding the observed 4:2:1 

split. The fact that G. chalcogrammus is consistently the largest fraction is compatible 

with pollock being the true main ingredient, but the presence of Pacific cod cannot be 

excluded on sequence evidence alone. 

Catch-area metadata provide an additional plausibility check. The products are stated 

to originate from the Northeast Pacific (FAO 67), where Alaska pollock and Pacific cod 

share habitat, whereas Atlantic cod does not occur (Thünen Institute of Fisheries 

Ecology). We therefore interpret the recurring G. morhua signal as the most likely false-

positive species assignment driven by sequence similarity, while G. chalcogrammus is 

most plausibly driving the dominant component of the pattern; G. macrocephalus 

could represent either spillover or a true co-ingredient, and cannot be resolved 

confidently from these data. Consequently, for these products the most defensible 

taxonomic statement from AFS alone is Gadus spp., rather than a fully reliable species-

level confirmation. 

A similar limitation was observed for hake in Surimi1, Surimi3, Surimi4, and SeaFood4. 

In each case, multiple Merluccius spp. were reported, but assignments were strongly 
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skewed toward Pacific hake (Merluccius productus), which exceeded the other 

Merluccius signals by approximately 7- to 70-fold (Fig. 2&3). Several hake species in 

the dataset are closely related (e.g., divergence times around ~4 MYA), whereas 

M. productus is reported as more distantly related (~17 MYA; Kumar et al., 2017; 

Rabosky et al., 2018). Despite this increased divergence, many genomic regions remain 

conserved within the genus, which can still lead to ambiguous read assignment and 

low-level false-positive detections of congeners. Importantly, when we analysed a 

control sample consisting of 100 % Pacific hake, we observed a similar low-level 

redistribution of reads to other Merluccius species (Supplement), supporting the 

interpretation that these minor signals can arise from classifier ambiguity rather than 

true additional ingredients. As the labelling lists Pacific hake as the ingredient and no 

other hakes are expected for the stated Northeast Pacific origin (Thünen Institute of 

Fisheries Ecology), M. productus is the most plausible true contributor. Nevertheless, as 

for cod, the conservative conclusion remains Merluccius spp. unless additional 

orthogonal evidence (e.g., targeted markers or catch documentation) is available. 

Overall, the recurring structured splits (e.g., the 4:2:1 pattern within Gadus) highlight a 

practical boundary of untargeted WGS-based ingredient profiling: for very recently 

diverged taxa with high sequence similarity, AFS read assignment can be reproducibly 

biased across near-neighbour references, and genus-level reporting is the robust 

interpretation even when one species dominates the assignments. 

 

Identification of Species substitutions 

Surimi5 illustrates a different, regulatory-relevant ambiguity: it was marketed using the 

term “whitefish”, which is a culinary label rather than an unambiguous taxonomic 

group. In Germany, the Federal Office for Agriculture and Food lists a defined set of 

species that may be marketed under this designation (German Federal Office for 

Agriculture and Food, 2025). Our AFS profile, however, was dominated by Japanese 

threadfin bream (Nemipterus japonicus; ~90 %). This species is commonly used as a 

“whitefish” in parts of Asian cuisine (Guo et al., 2020), but it is not included in the 

German list for marketing as such and would therefore likely be challenged in official 

control. Given that the product was imported from Asia and that “whitefish” is used 

differently across culinary contexts, this pattern is most consistent with mislabelling 

driven by differing naming conventions, rather than deliberate substitution for 

economic gain. 
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Beyond taxonomic ambiguity, several retail samples raise clear labelling and consumer-

protection issues. Surimi3 contained a substantial celery signal (~10 %) without 

declaration. In contrast to the Gadus/Merluccius cases, celery is taxonomically distant 

from the main ingredients, making a classification artefact due to close relatives 

unlikely; while the exact proportion may still be imperfect, the presence of celery is 

plausible and relevant. This is particularly problematic because celery is a regulated 

allergen that must be declared to protect consumers (European Parliament & Council, 

2011; Köppel et al., 2014; Worm et al., 2014). Similarly, the “paella-style with chicken” 

product (SeaFood6) contained additional seafood components, including mussels and 

cephalopods, and also showed a cod signal. Even if these ingredients are common in 

paella-style dishes, they need to be declared clearly to avoid consumer deception and 

to mitigate potential health risks. 

 

Trace identification 

Many of the low-abundance plant detections can be plausibly explained by culinary 

additives and spices, including basil, garlic, parsley, and mustard, which were typically 

present at <0.1 %. Such ingredients are generally used in small quantities because of 

their strong flavour. Across all surimi products, paprika was consistently detected at 

low levels (~0.01-0.09 %). This is consistent with its common use as a colouring agent 

to impart the characteristic red appearance associated with crab-like surimi products. 

SeaFood3 provides a useful example of how processing can decouple DNA-based 

estimates from ingredient mass. This product consisted almost exclusively of great 

scallop, but we also detected traces of cattle DNA. SeaFood3 is marketed as “Deluxe 

scallops filled with creamy white wine sauce” and contains dairy ingredients (e.g., 

clarified butter, skimmed milk powder, crème fraîche), which plausibly explain the cattle 

signal. Because these dairy components are highly processed and often fat-rich, they 

contain comparatively little recoverable DNA per unit weight. Consequently, their 

contribution can be substantially underestimated by a DNA-based quantification 

approach, and the true mass fraction of milk-derived ingredients in the filling is likely 

higher than the ~0.04 % indicated by read-based estimates. 

Wheat was detected in several products, mostly at low levels, and its presence is 

consistent with typical processing aids. In the fishcake-type products SeaFood1 and 

SeaFood4, wheat-associated signals (~0.7-1.8 %) likely reflect added bread-like 
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components or binders used in the recipe. In the surimi products, wheat occurred only 

in trace amounts (~0.07-0.18 %), consistent with the use of wheat-derived starch. 

Starches are widely applied in processed foods due to their functional properties as 

thickeners and stabilizers, and may again be underestimated by DNA-based 

quantification because they contribute relatively little DNA. 

 

Databases as limitations for quantification 

Unclassified reads varied between samples. To better understand their origin, we 

analysed the unclassified read fraction by BLAST. Across all products, a substantial 

share of these reads matched taxa that were already identified in the main AFS analysis. 

This indicates that “unclassified” does not necessarily imply “unknown ingredient”, but 

often reflects technical and reference-related limitations of read assignment. Three 

factors likely contribute. 

First, most reference genomes represent only one (or a few) individuals and therefore 

do not capture the full spectrum of intraspecific variation; reads originating from 

divergent haplotypes or structural variants may fail to match the reference sufficiently 

and remain unassigned (Gui et al., 2022; Sherman et al., 2018). Second, reference quality 

and completeness vary widely. Fragmented assemblies, misassemblies, or missing 

sequence can reduce mappability and thus classification success, particularly for short 

reads (Park et al., 2023). Third, some genomic regions are intrinsically difficult for short-

read–based assignment, including repetitive or duplicated (“camouflaged”) regions 

that lead to ambiguous mapping and conservative filtering (Ebbert et al., 2019; Ryan & 

Corvin, 2023). These limitations are expected to diminish as pangenome resources 

expand and more high-quality reference assemblies become available, but they 

currently contribute measurably to the residual unclassified fraction. 

Long-read sequencing offers a plausible route to mitigate parts of this problem. Longer 

reads span repetitive elements and provide more unique context, improving mapping 

robustness and potentially supporting better discrimination of closely related taxa in 

complex mixtures (Albertsen, 2023; Kovaka et al., 2023; Nurk et al., 2022). While long 

reads do not eliminate reference bias, they can reduce ambiguity in regions that are 

problematic for short-read workflows. 

In addition to imperfect assignment to known taxa, BLAST also indicated the presence 

of organisms for which suitable reference genomes are not available in the AFS 
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reference set. For example, the unclassified fraction was comparatively high (~8 %) in 

Surimi5, and BLAST results suggested Trachurus trachurus as a potential additional fish 

component. Without an appropriate reference genome, such taxa can at best be 

detected qualitatively by similarity search, but they cannot be quantified within the 

standard AFS read-count framework. This limitation is inherent to reference-based 

metagenomic quantification and will gradually become less restrictive as genome 

coverage in public databases increases. 

 

Detection of potentially lacking hygiene standards 

Pseudomonas spp. was detected in every sample (Fig. 4) and reached high relative 

abundances in several products. This is consistent with its ecology as a ubiquitous 

environmental genus and with its well-established role as a psychrotolerant spoilage 

organism in fish that can grow at refrigeration temperatures (Andreani & Fasolato, 

2017; Streeter & Katouli, 2016). In addition, several genera frequently associated with 

marine habitats occurred repeatedly across the dataset, including Vibrio, Shewanella, 

Acinetobacter and Flavobacterium (Egerton et al., 2018). Their presence supports the 

interpretation that the initial microbial load of raw seafood material contributes to the 

communities observed in the final products. 

At the same time, microbial profiles were highly sample-specific and did not track the 

declared main ingredients: even products within the same category (e.g., the surimi set) 

showed distinct dominance patterns. This points to processing-related factors: 

handling, equipment hygiene, and storage conditions as major determinants shaping 

the microbial community structure beyond the ingredient list alone. 

Two samples showed particularly pronounced dominance of taxa that can be 

informative from a hygiene perspective. Surimi4 was dominated by Streptococcus, a 

genus commonly found in the mucosal microbiota of humans and animals and 

frequently used as an indicator group in contamination contexts; this pattern is 

compatible with post-processing introduction via personnel or contact surfaces, 

although sequencing alone cannot prove the contamination route (Byappanahalli et 

al., 2012; Iwamoto et al., 2010). Likewise, Surimi5 was dominated by Citrobacter, which 

may reflect contamination and/or growth during processing and storage, and warrants 

attention as a potential hygiene-related signal (Andeta et al., 2018).  
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In addition to the bacterial profiles, Surimi3 contained a conspicuous yeast signal 

assigned to Yarrowia alimentaria (syn. Candida alimentaria), accounting for ~16 % in 

the Surimi3 profile. Yarrowia spp. are aerobic, salt-tolerant yeasts that are repeatedly 

reported from protein-rich, processed and/or fermented foods, where they can either 

contribute to desirable ripening reactions or act as spoilage organisms depending on 

the product and storage conditions (Nielsen et al., 2008). Their metabolism is well 

suited to such matrices because many Yarrowia strains can utilise lipids and proteins 

and can generate volatile compounds and other metabolites that influence odour and 

flavour, which is why they are frequently discussed in the context of quality changes in 

processed foods (Zinjarde, 2014). Although Y. alimentaria itself has, to our knowledge, 

not been reported for surimi products, its close relative Y. lipolytica has been linked to 

spoilage of high-fat fish products, supporting the plausibility that a Yarrowia signal in 

surimi could reflect unintended growth during processing or refrigerated storage 

(Nielsen et al., 2008). 

At the same time, Yarrowia spp. are also relevant as industrial production organisms. 

They are known producers of enzymes and food-relevant metabolites (e.g., organic 

acids, aroma compounds, emulsifiers/surfactants), which makes them attractive in 

biotechnological and food-processing contexts (Zinjarde, 2014). The use of Y. lipolytica 

biomass as a dietary supplement has been described, and defatted yeast preparations 

can be protein- and fibre-rich and contain notable micronutrients (Gottardi et al., 2021; 

Turck et al., 2019). Recent work also discusses Y. alimentaria in the context of 

proteolytic activity and protein hydrolysis, highlighting potential applications where 

proteases are desirable (Liu et al., 2025). Therefore, two scenarios remain plausible for 

Surimi3: (i) unintended contamination and growth (spoilage-associated), or (ii) 

deliberate or incidental technological use (processing-related). Distinguishing these 

explanations would require targeted follow-up, such as culture-based confirmation, 

strain typing, and/or time-series testing during storage to determine whether Yarrowia 

increases post-production. 
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3 Discussion and future directions 

3.1 Preparing AFS for official surveillance: achievements in 

method design and evaluation  

In recent years, the field of foodomics has increasingly recognized the importance of 

accurate and comprehensive species identification to ensure food safety, prevent fraud, 

and comply with stringent regulatory standards. The rapid advancement of high-

throughput DNA sequencing technologies has revolutionized the ability to assess food 

authenticity and safety (Billington et al., 2022; Haiminen et al., 2019; Haynes et al., 2019; 

Imanian et al., 2022; Ripp et al., 2014). The All-Food-Seq (AFS) method provides a 

powerful, PCR-free, whole-genome metagenomic approach that overcomes many of 

the inherent limitations of traditional targeted assays (Liu et al., 2017; Ripp et al., 2014). 

By enabling the unbiased detection and quantification of species across complex 

biological matrices, AFS offers significant improvements in sensitivity, accuracy, and 

scope of application for food screening and fraud detection. 

This thesis has presented a series of studies that apply the AFS approach to diverse 

sample types, including multiple calibration datasets, real meat and seafood products, 

and processed foods, with the overarching goal of validating and refining the method 

for practical use in food safety and quality assurance. The calibrated datasets provided 

a controlled environment to evaluate the fundamental quantitative precision of AFS, 

demonstrating its capacity to achieve absolute deviations and to reliably detect even 

trace amounts of unexpected species. 

Chapter 2.1 and chapter 2.4 describe an evaluation of the potential of AFS as 

a robust tool for identifying and quantifying food ingredients. The method was 

tested for detecting and quantifying species composition proportion using 

calibration samples, both for sausage- and sea food-style food matrices. In 
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addition, the method was applied to “real-world” consumer samples by 

analysing both Doner Kebab-style foods (Hellmann, Ripp, et al., 2020) and 

processed sea foods (Chapter 2.4). 

A review of the method with its advantages and challenges can be found in 

chapter 2.2. This section was published at The Bavarian Health and Food Safety 

Authority (Bayerisches Landesamt für Gesundheit und Lebensmittelsicherheit, 

LGL) to directly address German food control authorities, and hence it is in 

German language (Hellmann, Kobus, et al., 2020). 

An algorithmic enhancement of the AFS pipeline is described in the chapter 2.3: 

The introduction of a computationally efficient, alignment-free k-mer-based 

approach called MetaCache-AFS represents a significant improvement in 

metagenomic analysis for food testing and bio-surveillance. This approach 

makes AFS faster and more scalable, while retaining accuracy and precision 

(Kobus et al., 2020).  

Chapter 2.5 advances AFS to a third-generation sequencing platform. 

Performing Oxford Nanopore Technologies (ONT) long read sequencing on the 

established calibration sausages reveals a significant increase in accuracy 

compared to short read NGS technology (Müller et al., 2025). 

 

3.1.1 Quantitative performance: accuracy, sensitivity, and comparison to 

qPCR and ddPCR 

Building on the initial calibration sausage experiments presented by Ripp et al., 2014, 

the quantitative evaluation of AFS was systematically extended to additional taxonomic 

groups and more complex matrices, using an expanded series of reference sausages 

prepared in the same controlled manner. In the original work, only two mixed-meat 
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calibration sausages containing defined proportions of several mammalian species 

were used to demonstrate that read counting on WGS data can recover gravimetric 

proportions with good precision, with discrimination down to roughly 0.5 - 1 %.  

In subsequent calibration sausage studies, all reference mixtures that had previously 

been used to benchmark qPCR and ddPCR (Kal, KGeflLyo, and Kylo; Eugster et al., 2009; 

Köppel et al., 2011, 2019) were re-analysed with AFS, allowing a direct method 

comparison on exactly the same materials. For each sausage, the deviation between 

measured and gravimetric species proportions was summarised as the total absolute 

percentage error across all components. AFS already produced errors in the same 

range as qPCR, and reliably quantified components across the full range of tested 

proportions, including the regulatory relevant low-percentage range of 1 %. After 

applying matrix-specific calibration functions, AFS showed the lowest total deviation 

from the ground truth in two-thirds of all sausages: in 8 of 13 recipes, calibrated AFS 

outperformed both qPCR and ddPCR, whereas ddPCR was clearly best in only one case 

and only marginally better in three further samples (Hellmann, Ripp, et al., 2020). 

A second series of calibration mixtures, the FishCal samples, extended this evaluation 

to fish matrices, which introduced a different set of biases than those observed in meat 

sausages. Most species showed deviations that depended on the sample composition; 

however, salmon stood out as a clear exception, being consistently and markedly 

overestimated of up to eight-fold. This bias is explained by its unusually large genome 

relative to the other fish species and by the potential use of triploid aquaculture 

specimen, which are commonly applied in farming because triploids are sterile and 

show improved growth rates over wildtype diploid salmon (Murray et al., 2018). 

Accordingly, genome-size normalization followed by matrix-specific calibration was 

required to obtain realistic proportions. In FishCal, the mean total quantification error 

across mixtures decreased from roughly 45 % in the raw AFS output to about 20 % 

after genome-size correction and further to about 14 % after matrix calibration 

(Chapter 2.4), demonstrating that these systematic biases can be effectively mitigated.  
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Genome sizes among food items exhibit substantial variability, ranging from species 

with relatively small genomes, such as rice and fugu (387 and 391 Mb, respectively), to 

those with intermediate genome sizes, exemplified by chicken and cattle (1.2 and 

3.5 Gb, respectively), and extending to species with very large genomes, such as wheat 

and onion (16.9 and 17.5 Gb, respectively; Gregory, 2025; Henniges et al., 2023). Larger 

genome sizes and higher DNA content per cell can lead to substantial 

overrepresentation in sequencing data, if read counts are not properly normalized to 

genome size and ploidy levels (see Chapter 3.2.1). This work demonstrates that c-values 

obtained from public databases like Animal Genome Size Database and Plant DNA c-

values Database (Gregory, 2025; Henniges et al., 2023) can be used to mathematically 

correct for errors caused by genome size inequalities. For species where no c-value is 

available, a closely related species may be used as an approximation, although 

substantial differences can persist, particularly in lineages such as teleost fishes, where 

whole-genome duplication events and lineage-specific accumulation of transposable 

elements have generated pronounced variation in genome size (Volff, 2004). In such 

situations, genome size can instead be inferred directly from species-specific k-mer 

frequency profiles, i.e. from the characteristic distribution of short sequence motifs in 

the raw reads, which provides a data-driven estimate of genome size and thus 

circumvents the uncertainties associated with proxy C-values (Vurture et al., 2017), as 

described in Chapter 2.4. 

Consequently, genome-size normalization is necessary to correct for major differences 

in DNA yield per gram of tissue. Across different food matrices and preparation 

protocols, our studies showed that AFS quantification reliably detects species at 

approximately 0.5 % proportion (Chapter 2.1, 2.4, 2.5). Applying genome-size 

corrections substantially reduces residual quantification error, supporting the 

robustness of read-count-based WGS quantification. These results indicate that, 

accounting for matrix-specific factors that equally impact all DNA-based methods, AFS 

achieves quantitative performance that is systematically superior to conventional qPCR 
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and broadly equivalent to ddPCR. In practical terms, AFS reaches the same order of 

accuracy and sensitivity as current digital PCR assays for calibrated matrices, but does 

not require multiple target-specific assays and prior assumptions about which taxa are 

present. 

 

3.1.2 Integrated trace-level allergen detection and emerging spoilage 

signals 

Beyond the detection of main components, the Kal A-E samples also contain trace-

level spike-ins of 11 allergenic plant species. At proportions below 0.1 %, empirical data 

shows that quantitative estimates are often unreliable and may be difficult to 

distinguish from false-positive findings. However, the presence of the respective plant 

taxa could be identified qualitatively with high confidence (Hellmann, Ripp, et al., 2020; 

Ripp et al., 2014). From a regulatory perspective, a legally binding threshold for 

undeclared ingredients does not exist, so decisions must be made on a case-by-case 

basis (European Parliament & Council, 2011). However, ingredients present at low levels 

may be tolerated as technically unavoidable traces. In the case of a harmful or 

allergenic component, the qualitative detection by AFS alone can therefore serve as an 

early-warning signal that prompts follow-up analyses with complementary methods to 

verify the finding. 

In addition to these allergenic spike-ins, AFS also revealed signals that are informative 

for emerging spoilage processes, AFS detected high read counts of the meat-spoilage 

bacterium Brochothrix thermosphacta together with its specific phage BL3, with an even 

genome coverage that is consistent with an actively growing population rather than 

spurious database hits (Kobus et al., 2020). Brochothrix spp. are psychrotrophic spoilage 

organisms of chilled meat and seafood, where their growth causes off-odours and 

quality loss (Illikoud et al., 2019), indicating an early microbiological signal of beginning 
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spoilage. In contrast to the present samples, where the detected phages are most likely 

of natural origin, bacteriophages targeting B. thermosphacta and other spoilage or 

pathogenic bacteria are increasingly utilized as biotechnology tools for food bio-

preservation: in pork tissue, application of B. thermosphacta phages reduced bacterial 

counts by approximately two orders of magnitude, delayed off-odour development 

and extended the sensory shelf life from 4 to 8 days (Greer & Dilts, 2002). 

Comprehensive reviews further highlight that such phage-based interventions are 

being developed as targeted bio-preservation and bio-sanitisation strategies across 

meat, dairy and other food matrices (Garvey, 2022; Gildea et al., 2022). The European 

Food Safety Authority has evaluated several bacteriophage applications in foods and 

processing environments and concluded that appropriately characterised phage 

preparations can be considered safe for use as processing aids when directed against 

specific bacterial targets and used under defined conditions (European Food Safety 

Authority, 2009, 2016). Within this regulatory framework, the concurrent detection of 

B. thermosphacta and its phage in AFS datasets not only informs on emerging spoilage 

processes but also exemplifies how similar phage-host systems may be harnessed for 

future bio-preservation strategies in complex, processed foods.  

Taken together, these examples illustrate that untargeted WGS-based assays such as 

AFS offer the opportunity to move beyond static label verification towards a more 

integrated assessment of composition and product quality. While current applications 

demonstrate that a single AFS analysis can simultaneously address ingredient 

authenticity, undeclared allergens and early microbiological deterioration, the same 

framework offers substantial potential for future expansion into comprehensive, 

routine quality assessment of complex foods. 
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3.1.3 Unexpected and mislabelled ingredients in real-world doner kebab 

and seafood products 

A central component of the AFS approach is its capacity to reveal unexpected 

ingredients in real-world food products. In addition to the controlled calibration 

sausages, AFS was therefore applied to a set of retail products to assess its performance 

under realistic conditions with heterogeneous matrices and potentially imperfect 

labelling. In our studies, two major groups of food samples were analysed: meat-based 

doner kebab samples and commercial seafood items, containing multiple surimi-style 

foods. In five doner kebab samples collected from snack bars in the Rhine-Main area 

(Hellmann, Ripp, et al., 2020), the analysis revealed heterogeneity in species 

composition within the dissected meat components: two samples contained 

predominantly beef, whereas three samples showed a mixture of mostly turkey (>70 %) 

with minor parts of beef. This is noteworthy because doner kebab sold in Germany are 

legally expected to consist solely of turkey or beef and must be labelled 

correspondingly. In the context of products marketed as beef-based, the high turkey 

proportions are clear deviations from the labelling. The detected non-compliances are 

consistent with mislabelling rates reported from other surveys: Systematic DNA-based 

audits of kebab and similar meat products have found high frequencies of undeclared 

poultry and mixed species, often exceeding 50 % of tested items (Di Pinto et al., 2015; 

Omran et al., 2019; Szyłak et al., 2023). Furthermore, the AFS analysis uncovered minor 

quantities of other non-declared ingredients: Three samples showed measurable levels 

of soybean DNA (ranging from 0.5 % to 0.8 %), and one sample contained maize DNA 

(1.8 %). These unexpected findings suggest potential issues such as cross-

contamination during production or intentional adulteration, which may potentially be 

of critical concern given health risks (e.g., allergenic reactions) and ethical implications 

associated with mislabelling. 

A seafood sample sold as “paella-style dish with chicken” contained the expected 

chicken and rice, but also substantial proportions of mussel and cod, together with pea, 
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paprika, onion, and minor amounts of several spices and yeast. Against the declaration, 

we identified kisslip cuttlefish (6.9 %) and longfin inshore squid (3.9 %) to be present 

in significant amounts. On the level of eukaryotes alone, the sample already covers 

about 1.6 billion years of evolutionary divergence (Figure 8), and this complexity is 

further amplified by the additional contribution of prokaryotic lineages. Identifying this 

broad spectrum of species within a sample, barcode-based methods would require at 

the very least four assays to cover this phylogenetically diverse taxonomic groups: 16S 

for bacteria, ITS for fungi, COI/12S for metazoa, and trnL/rbcL for plants. However, it is 

very unlikely that this limited marker set offers the resolution required to distinguish 

all taxa at genus or even species level. Many of these lineages either share barcode 

regions that are too conserved to separate closely related species (Hollingsworth et al., 

2009; Raclariu et al., 2017), or they are assayed with very short mini-barcodes because 

of degraded DNA and short-read sequencing, which both truncate the marker and 

reduce the number of informative sites (Fontes et al., 2024; Shokralla et al., 2015; Staats 

et al., 2016). For example, a single marker assay is not sufficient to discriminate within 

the order of Gadiformes (Mottola, Piredda, et al., 2024), so that confident species-level 

assignments across all domains of life cannot be guaranteed.  Consequently, achieving 

sufficient discriminatory power would require a substantially expanded marker panel 

and other studies indeed resort to using up to 12 markers for complex samples 

(Arulandhu et al., 2017). 
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Figure 8: Time-calibrated phylogenetic context of taxa detected by AFS in paella sample. The tree shows 
the species identified by AFS taxonomic assignments and places them on a divergence-time scale (time 
before present, million years ago; mya). Symbols indicate interpretation relative to the declared recipe: 
◼ detected and declared ingredient, ▣ detected but not declared ingredient, and ◻ false-positive 
detection (phylogenetic data based on Gregory, 2025). 

 

The analysis of surimi samples disclosed complex ingredient profiles: Despite having 

similar recipe profiles, the presence of unexpected species like Japanese threadfin 

bream Nemipterus japoncus, Atlantic horse mackerel Trachurus trachurus and yeast 

Yarrowia alimentaria highlight the comprehensive nature of the WGS approach, 

capable of uncovering both overt and subtle discrepancies between declared and 

actual contents. In one surimi sample imported from the Asian market, Japanese 

threadfin bream was identified as the main component, accounting for nearly 90 % of 

the product. The product was generically labelled as “whitefish” and commonly 

marketed as such in Asia. However, the species is not covered by the authorised 

“whitefish” categories in Germany (German Federal Office for Agriculture and Food, 

2025), suggesting a case of mislabelling linked to regional differences in trade 

nomenclature rather than intentional adulteration. Such discrepancies between broad 
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commercial labels and the actual species used mirror findings from large-scale seafood 

barcoding campaigns across Europe, which report mislabelling rates of roughly 25 to 

50 % in catering and retail, particularly for high-value or morphologically similar taxa 

(Feldmann et al., 2021; Filonzi et al., 2023; Haynes et al., 2019; Pardo et al., 2018). The 

same sample also contained signatures of T. trachurus, detectable only through BLAST 

of previously unclassified reads due to the absence of a reference genome. While its 

presence can be confirmed qualitatively, it cannot be quantified with confidence. 

However, the fraction of about 8 % unclassified reads provides an upper bound for its 

possible contribution, but cannot be interpreted as a precise quantitative estimate. This 

demonstrates both the sensitivity of the method to find unexpected species and its 

dependency on the completeness of reference databases (see Chapter 3.2.2). Another 

Surimi exhibited an unexpected dominance of nearly 16 % of the yeast Yarrowia 

alimentaria. This non-pathogenic, aerobic yeast is associated with high-protein, high-

salt fermented and processed foods, where it can contribute to fermentation as well as 

spoilage (Liu et al., 2025; Nielsen et al., 2008). Y. alimentaria has not previously been 

reported for surimi or comparable seafood products. In the broader food sector, 

Yarrowia spp. are used as production hosts for aroma compounds, organic acids, 

polyalcohols, emulsifiers and surfactants (Zinjarde, 2014), and their biomass is explored 

as a protein- and fibre-rich dietary supplement with relevant vitamin and mineral 

content (Gottardi et al., 2021; Turck et al., 2019). Y. alimentaria cultures further achieve 

substantial protein hydrolysis, making this species a promising source of proteases with 

potential applications as meat tenderisers (Liu et al., 2025). Both an unintended 

occurrence as a food spoiler and a deliberate addition to modulate product properties 

are plausible explanations for this finding. Distinguishing between unintended spoilage 

and deliberate technological use would require targeted follow-up analyses; e.g. 

quantitative cultivation and qPCR across multiple batches or review of process 

documentation and manufacturer information. 
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These real-world case studies show that AFS not only recovers the declared main 

ingredients, but also systematically detects undeclared animal and plant components, 

including allergens, and revealed mislabelling in multiple cases. At the same time, the 

paella and surimi products indicate that AFS can uncover technologically or 

microbiologically relevant signals, such as process- or spoilage-associated yeasts, that 

inform on product quality and processing history. These examples also present 

interpretative limits, including dependence on incomplete reference databases, 

restricted quantitative confidence for low-abundance taxa, and the challenge of 

distinguishing technically unavoidable carry-over or environmental contamination 

from economically motivated adulteration. 

 

3.1.4 k-mer minhashing and classification at scale 

At the beginning of this thesis, the AFS method established a conceptional framework 

for species identification and quantification in complex biological mixtures by mapping 

short sequencing reads to a set of reference genomes using the alignment-based, 

Burrows-Wheeler transformation algorithm BWA aln (H. Li & Durbin, 2009). Although 

this approach provided a robust means of distinguishing between species, it was 

constrained by relatively long runtimes and a limited capacity to incorporate large or 

diverse reference databases, particularly when faced with the growing availability of 

newly sequenced genomes. 

A pivotal enhancement in these updated methodologies was the replacement of BWA 

aln with the modern BWA mem and Bowtie2 as the primary mapping algorithms 

(Langmead & Salzberg, 2012; H. Li, 2013). This change led to a significant reduction in 

mapping time due to the more efficient algorithmic design. In addition, using Kal, KLyo 

and KGeflLyo calibration samples for reference, the newly implemented algorithms 

maintained a comparably or even higher sensitivity in read alignment (Table 2).  
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Table 2: Comparison of quantification performance of AFS mapping algorithms. 
Absolute errors summarized over all species components are shown for each sample. 
The lowest error for each sample is highlighted in bold. 

 

AFS with 
BWA aln 

BWA mem Bowtie2 

Kal A 1.32 1.41 1.25 

Kal B 1.80 1.37 1.31 

Kal C 1.55 1.25 0.85 

Kal D 1.50 2.22 2.00 

Kal E 0.87 1.49 1.56 

KGeflLyo A 5.30 5.28 5.08 

KGeflLyo B 6.97 7.70 7.61 

KGeflLyo C 5.90 4.95 5.12 

KGeflLyo D 3.07 2.37 2.51 

KLyo A 1.85 2.42 2.38 

KLyo B 2.03 1.22 1.04 

KLyo C 2.73 3.71 3.66 

KLyo D 1.02 1.36 1.30 

Sum Deviation 2.76 2.82 2.74 

 

While the change of mapping algorithm reflects a minor improvement in both speed 

and precision, the transition to AFS-MetaCache represents a substantial paradigm shift 

(Kobus et al., 2020). Although the classical approach allowed for accurate species 

quantification through iterative mapping, it was inherently constrained by several 

limitations. First, the computational demand scaled linearly with the number of 

reference genomes, rendering the method less practical as genomic databases expand. 

Second, the necessity for iterative mapping rounds to accommodate mismatches and 

the reliance on heuristics for resolving multi-mapped reads often resulted in 

suboptimal handling of conserved genomic regions. Moreover, the subsequent use of 

BLAST-based metagenomic searches for unmapped reads further added to the 

computational overhead, while limiting the quantitative accuracy for unexpected 

species regions (Ripp et al., 2014). 
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Figure 9: AFS-MetaCache workflow. 1) Build Phase (blue arrows): During database construction, each 
reference genome is divided into overlapping windows. Hash values for each k-mer are calculated and 
the smallest k-mers of each window are inserted into the database. 2) Query Phase (green arrows): For 
each read, hash values of each k-mer are calculated and the smallest are matched against the database. 
The returned numbers are used to count the number of this within each window. Target reference 
genomes are identified by high scores in the window count statistics. In case of tie between multiple 
genomes, the lowest common ancestor is returned. 

 

In contrast, AFS-MetaCache capitalizes on an alignment-free, k-mer-centric framework 

that leverages minhashing techniques (Chapter 2.3). By reducing the dimensionality of 

the sequence data through subsampling of k-mers, the method achieves an order-of-

magnitude decrease in processing requirements. The core innovation lies in 

constructing compact “sketches” of reference genome windows, which approximate 
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the full k-mer space via a representative subset (Figure 9). This accelerates read 

classification by enabling rapid comparisons based on Jaccard index, resulting in 

increased query speeds of over 400-fold (0.04 vs 17.1 mio reads/min). 

Benchmarking AFS-MetaCache against other k-mer-based profilers such as Kraken2 

(Wood & Salzberg, 2014), Kraken2+Bracken (J. Lu et al., 2017) and CLARK (Ounit et al., 

2015) on the calibrator sausages confirmed that the algorithmic redesign not only 

increases speed and scalability but also improves classification quality. Across all 

calibrator sausages, AFS-MetaCache consistently produced the lowest sums of false-

positive assignments (on average 0.7 - 1.1 % per sample vs. 1.3 - 4.4 % for CLARK, 

Kraken2 and Kraken2+Bracken), which was especially pronounced for closely related 

species pairs such as cattle vs. water buffalo and sheep vs. goat, where false-positives 

were reduced by up to almost an order of magnitude. Deviations of quantification 

between expected and measured meat proportions were lowest in about half of the 

samples and on-par with the other methods in the other half of the samples (Kobus et 

al., 2020). In addition, the method introduces an efficient partitioning scheme: By 

dividing large collections of reference genomes into manageable subsets, peak 

memory usage can be drastically reduced. As there is no maximum number of subsets, 

any number of reference genomes can be analysed in an AFS-MetaCache analysis, 

allowing our method to scale with the constantly growing availability of genomic 

reference data. To our knowledge, there is currently no other method capable of 

combining all available genomes into a single analysis. Therefore, AFS-MetaCache has 

a unique advantage over other existing methods and is setting a new standard for 

metagenomic screening in complex biological samples. 
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3.1.5 Can longer reads improve sensitivity? Advantages of third 

generation sequencing for taxonomic resolution and false-positive 

control 

Long-read sequencing technologies, such as those offered by ONT and PacBio, provide 

significant advantages over Illumina short-read platforms in resolving complex 

genomic architectures (Albertsen, 2023; Hu et al., 2021; Kovaka et al., 2023; Nurk et al., 

2022). These technologies facilitate advantages in the mapping of reads to difficult 

genomic regions (Ebbert et al., 2019), including repetitive elements (Nurk et al., 2022), 

structural variants (De Coster et al., 2019; Romagnoli et al., 2023), and regions with high 

heterozygosity (T. Zhang et al., 2022), which historically posed significant challenges 

for assembly and mapping with short-read data like Illumina reads. The ability to 

generate reads spanning tens to hundreds of kilobases enhances the resolution of 

these challenging regions, thereby overcoming longstanding limitations in genomic 

analysis (Ebbert et al., 2019; Ryan & Corvin, 2023). Although long-read platforms were 

initially characterized by high error rates, recent advancements in sequencing 

chemistry and the development of robust error-correction algorithms have reduced 

these rates for both PacBio and ONT to about 1 % (Table 3; Espinosa et al., 2024; 

Scarano et al., 2024). 

  



133 

 

 

Table 3: Overview of short- and long-read sequencing technologies and platforms: An exploration of 
distinctive features and advantages for use in AFS (based on Espinosa et al., 2024; Scarano et al., 2024). 

 Illumina Pacific Biosciences 
Oxford Nanopore 

Technologies 

Sequencing 
principle 

sequencing by synthesis, 
fluorescence 

sequencing by synthesis, 
fluorescence 

nanopores,  
eletrical current 

Accuracy >99.9 % >99 % 99 % 

Direct methylation 
detection 

no yes yes 

Platform 
NextSeq 

2000 
NovaSeq X 

series 
Sequel II / 

IIe 
Revio GridION PromethION 

Data type paired-end paired-end HiFi HiFi long read long read 

Read length 
up to 

2x300 bp 
up to 2x150 

bp 
>20 kb 15-20 kb >100 kb >100 kb 

Maximum 
throughput per 

flow cell 
60-180 Gb up to 8 Tb 30 Gb 90 Gb 48 Gb 50-200 Gb 

Sequencing cost 
per Gb (USD) 

30/20 2 43-86 11 72 10-25 

Equipment cost 
(USD) 

335,000 985,000 525,000 779,000 69,000 436,400 

 

Already at an early stage during development of AFS, we observed that repetitive 

sequences could lead to false read mapping. For instance, bovine reads originating 

from repetitive regions were found to map not only to the bovine genome but also to 

genomes of closely related species such as buffalo, sheep, and goat. These reads, 

derived from Mammalian-wide interspersed repeats (MIRs) of approximately 260 bp, 

are highly conserved across the mammalian clade (Jurka et al., 1995; Krull et al., 2007; 

Smit & Riggs, 1995), and resulted in false-positive mapping and species identifications, 

thereby skewing the quantification process of the AFS analysis (Ripp et al., 2014).  

By employing ONT long reads, we were able to extend the read length, thereby 

increasing taxonomic profiling resolution and reducing the overall false-positive 
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detection rate for all species over all samples (Chapter 2.5). The average read lengths 

achieved in this study was only 500 bp on average, primarily due to the highly 

fragmented nature of the input DNA extracted from boiled sausage samples (Dolch et 

al., 2020; Köppel et al., 2012). This degradation is inherent to the calibration samples 

and precludes the possibility of generating substantially longer reads. Despite only 

moderate increase in fragment length compared to short read sequencing, this 

translated into systematically better profiling outcomes: for all tested but one tested 

sample, ONT datasets achieved lower mean deviations from the known ingredient 

proportions than the corresponding Illumina datasets (Figure 10). In addition, ONT 

consistently produced markedly lower number of false-positive classifications, despite 

the much higher error rate of 2.6 %.  

 

Figure 10: Comparison of quantification accuracy between Illumina short read sequencing and Oxford 
Nanopore Technologies long read sequencing across calibration samples. For each sample, the sum of 
absolute deviations from target (in %) is shown, where lower values indicate closer agreement with the 
known ingredient proportions. Points denote platform specific results (blue: short reads; orange: long 
reads), and the labels report the absolute difference between platforms. 
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Mechanistically, longer reads provide more independent discriminative sequence 

features per molecule, resulting in more k-mers across more windows, which stabilizes 

candidate ranking and reduces ambiguous matches driven by conserved or repetitive 

regions shared among related eukaryotic genomes. Even with read lengths that were 

“only” a few-fold longer (reflecting degradation in processed food), the added context 

was sufficient to reduce misclassification and to improve abundance estimates. This 

limitation of fragmented input DNA, often originating from harsh processing 

conditions during food production, poses a general challenge to all DNA-based 

identification methods (Dolch et al., 2020; Mano et al., 2017; Piskata et al., 2019), which 

can be mitigated to some extent by long read sequencing. 

 

3.2 Limits of confidence: controlling false findings across 

matrices, taxa, and databases 

The real-world samples demonstrate that, although AFS reliably quantifies declared 

main ingredients, reveals undeclared taxa across broad phylogenetic ranges and 

highlights cases of possible mislabelling or quality issues, key challenges remain before 

these capabilities can be used directly for routine enforcement decisions. The 

subsequent sections examine the main methodological and practical constraints that 

need to be addressed for AFS to be integrated into standard control workflows. 

 

3.2.1 Why do read counts not equal biomass? Tissue DNA content, matrix 

dependence and ploidy as confounders 

Matrix effects represent a critical challenge for all DNA-based identification methods 

by introducing biases during DNA extraction, amplification, and sequencing from 

complex food matrices. They arise when a sample’s inherent biological, chemical, and 
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physical properties interfere with the quality and yield of extracted DNA (Andronache 

et al., 2025; Shokralla et al., 2015). The food matrix is formed by a complex mixture of 

diverse tissue types, comprising proteins, lipids, polysaccharides, polyphenols, and 

other secondary metabolites, and may compromise multiple species, each with its own 

characteristics. This complicates the recovery of high-quality DNA, which in turn 

introduces biases that can skew the downstream quantification of species proportions, 

e.g. by inhibiting enzymatic reactions (Lo & Shaw, 2018; Shokralla et al., 2015). 

Understanding these effects is essential because even minor discrepancies in DNA 

extraction or sequencing library preparation efficiency may lead to significant errors in 

species detection, potentially resulting in the over- or underestimation of ingredients, 

which in turn affects both authenticity verifications and food safety assessments. 

Lipid-rich food matrices, such as fatty meat and fish or dairy products, often 

compromise DNA extraction by physical partitioning effects. During homogenization 

and cell lysis, lipids promote stable emulsions and poor phase separation, which can 

trap DNA at interphases and increase contaminant carry-over (Pirondini et al., 2010). In 

silica column and magnetic bead workflows, residual lipids may additionally impair 

binding and washing steps, thereby reducing yield and purity (Pirondini et al., 2010). By 

contrast, starch and other polysaccharides, common in flours, seeds, and many plant-

derived foods, tend to persist as co-precipitants or high-molecular-weight 

contaminants. This increases viscosity, complicates pipetting and quantification, and 

can inhibit multiple downstream enzymes (Buljevíc et al., 2025; Rezadoost et al., 2016). 

Notably, the inhibitory strength varies among polysaccharides, and even comparatively 

neutral carbohydrates such as starch can cause practical failures, for example by 

forming compact pellets that are difficult to resuspend (Inglis Id et al., 2018). A common 

countermeasure is the use of high-salt lysis and precipitation conditions, which can 

reduce polysaccharide carry-over and facilitate removal (Rezadoost et al., 2016). 

Polyphenol-rich matrices, including herbs and spices and some fruits and vegetables, 

are dominated by oxidation-related mechanisms. Upon tissue disruption, phenols can 
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oxidize and form reactive products that covalently bind to DNA, forming complexes 

that are lost during cleanup and resulting in strongly reduced yields (Schenk et al., 

2023). Polyvinylpyrrolidone is therefore frequently included to sequester phenolic 

compounds and limit these reactions (Schenk et al., 2023). Beyond these intrinsic 

matrix-derived inhibitors, food processing itself can further reduce DNA accessibility. 

Conditions such as elevated temperatures, extreme or fluctuating pH, and the presence 

of cross-linking agents can promote covalent cross-links between DNA and proteins 

or polysaccharides (Nayak et al., 2024; Ou et al., 2020). Such cross-linking can impede 

cleanup and reduce the availability of intact DNA during sequencing library preparation 

(Nayak et al., 2024), which can lead to systematic underestimation of affected species. 

In practical food samples, all the factors discussed frequently co-occur and can interact: 

Taking the paella-style dish from (Chapter  ) as an example, the food typically 

combines a starch-rich matrix from rice with substantial amounts of proteins and lipids 

from fish, seafood, and added oils, while bell pepper, spices and other plant-derived 

ingredients can contribute polyphenolic compounds. This combination can couple 

polysaccharide-driven viscosity and co-precipitation with lipid-driven emulsion 

formation and phase separation issues, and with polyphenol-related DNA loss and 

enzymatic inhibition. Such a composite food matrix generally necessitates multiple, 

complementary modifications to standard extraction workflows, including strong 

mechanical and enzymatic lysis, CTAB-based high-salt chemistry with phenolic-binding 

reagents to mitigate polysaccharides and polyphenols, and inhibitor-targeted clean-

up; nonetheless, differential extractability between ingredients can persist and 

influence downstream quantification. 

However, these chemical and physical factors do not fully explain the observed 

variability. Additionally, biological qualities of food matrices further enhance the 

complexity of reproducible DNA extraction. Food samples often exhibit heterogeneous 

textures and variable viscosities, which can lead to inconsistent cell lysis and uneven 

distribution of target DNA within the sample. A poorly homogenized sample may yield 
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DNA that is not representative of the entire matrix, resulting in sampling biases that 

affect quantification accuracy (Ripp et al., 2014, Chapter 1). Rigid cell walls can further 

limit lysis efficiency and thereby constrain DNA recovery (Schenk et al., 2023). 

Moreover, intrinsic differences in tissue architecture and cellular composition add 

another layer of variability: various tissues such as muscle, liver, adipose, and 

connective tissues differ significantly in cell density, nuclear DNA content, ploidy and 

mitochondrial abundance (Picard, 2021; Siuta et al., 2023). This is evident even within a 

single edible species when different tissues are compared: for Atlantic cod, DNA 

content measured in raw white muscle (478 µg/g wet weight) is markedly lower than 

in raw red muscle (870 µg/g), and far lower than in kidney (4,757 µg/g) or spleen (9,040 

µg/g). A similar gradient is reported for common carp, where raw white muscle (672 

µg/g) < raw red muscle (1,177 µg/g) < liver (4,221 µg/g) and reaches very high values 

in both kidney and spleen (>18,400 µg/g, respectively; Rehbein & Oehlenschläger, 

2009). Consequently, when a food sample contains a mixture of tissues, the DNA 

contribution of each tissue does not necessarily correlate with its weight or volume in 

the final product. We observed this effect during the analysis of the calibration samples 

Kal A-E (Hellmann, Ripp, et al., 2020; Ripp et al., 2014), where pork was added both in 

form of lean meat and high-fat lard and rind (Eugster et al., 2009). As the latter are 

tissues rich in lipids, the DNA content per weight was reduced compared to muscle 

tissue and therefore resulting in a constant underestimation, both by AFS (Chapter 1 & 

3) and PCR-based detection methods alike (Eugster et al., 2009; Köppel et al., 2012).  

A third layer of complexity arises from tissue- and species-specific ploidy, which directly 

changes the amount of nuclear DNA per cell and can therefore bias read-count–based 

quantification if uncorrected. For example, wild-caught salmon are diploid, but in 

aquaculture triploidy is sometimes induced to produce sterile animals with enhanced 

growth rates; both beneficial traits for production management (Murray et al., 2018) 

This results in higher DNA amounts per weight of tissue for triploid salmon, which in 

turn leads to a bias in read counting-based quantification, if ignored. Polyploidy is also 
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widespread across crop plants, where it directly affects nuclear DNA content per cell. 

Prominent examples include hexaploid wheat (Triticum aestivum), tetraploid potato 

(Solanum tuberosum), and octoploid cultivated strawberry (Fragaria × ananassa) (Edger 

et al., 2019; Levy & Feldman, 2022; Xu et al., 2011). Their larger genome size and higher 

DNA content per cell can lead to substantial overrepresentation in sequencing data, if 

read counts are not normalized to genome size and ploidy levels, thereby rendering 

precise quantification impossible (Chapter  ). For this normalization, information about 

ploidy for each species is required; for most food-relevant species, such information is 

available (Gregory, 2025; Henniges et al., 2023). In missing cases, it can be estimated 

from WGS data: ploidy can be inferred from allele-frequency histograms at biallelic 

SNPs in single-copy, nuclear loci, where expected peaks differ by ploidy: ~0.5 for 

diploid, ~0.33/0.67 for triploid, and ~0.25/0.5/0.75 for tetraploid (Viruel et al., 2019). 

This signal can be formally modelled and ploidy estimated using tools like nQuire (Weiß 

et al., 2018), which evaluates diploid, triploid, and tetraploid models from mapped short 

reads. To implement such an approach in a food-mixture context, two prerequisites 

must be met: (i) the inference operates on single-species data, requiring a read binning 

step after an initial AFS analysis; and (ii) the target species must reach sufficient nuclear 

coverage, typically >20x (Viruel et al., 2019). In cases of unfulfilled requirements, ploidy 

has to be determined using complementary methods, for example PCR-based 

genotyping of highly polymorphic short tandem repeat (STR) markers (Jacq, 2021). 

Read-count-based quantification, as employed by AFS, is inherently matrix-dependent 

rather than a straightforward reflection of ingredient mass. Extraction yield, DNA 

integrity, and library-conversion efficiency can vary systematically between ingredients 

and thereby shift apparent species proportions. Importantly, this dependence is not 

unique to AFS: targeted DNA-quantification approaches such as qPCR and ddPCR 

likewise rely on matrix-adapted calibrators and/or conversion factors to translate DNA 

signals into weight-to-weight statements in complex foods (Köppel et al., 2012, 2019). 

Similarly, DNA metabarcoding read proportions are well-known to deviate from 
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biomass because amplification efficiencies are primer- and taxon-specific, and because 

tissue-dependent mitochondrial copy number can systematically skew read 

abundances (Giusti et al., 2024; Krehenwinkel et al., 2017; Piñol et al., 2019). 

Consequently, quantitative interpretation should be framed as DNA contribution under 

the applied workflow, not as direct biomass composition, unless calibration data or 

correction factors are available. In practice, robust AFS quantification benefits from 

standardized homogenization and extraction, calibration using relevant reference 

materials, and normalization by genome size and ploidy. In difficult matrices however, 

results near regulatory or decision thresholds should be interpreted conservatively and 

ideally supported by controls and orthogonal confirmation. 

 

3.2.2 How reliable is species-level calling for close relatives? Influence of 

read length, genome relatedness, and cross-assignment 

Detection of non-declared species is essential for identifying mislabelling. At the same 

time, the sharing of conserved regions across related reference genomes and resulting 

misassignment of sequence reads shows that species-level interpretation is in some 

cases prone to misinterpretation. This issue of taxonomically ambiguous hits caused by 

closely related species within the same genus or among recently diverged lineages was 

already evident in AFS validation work on meat reference materials, where near 

relatives were intentionally included to probe false-positive assignment. In these 

datasets, low-level spillover between closely related pairs such as sheep and goat as 

well as cattle and water buffalo can occur even when the true composition is known, 

reflecting the fact that a subset of short reads lacks sufficient discriminatory signal to 

be assigned unambiguously at species level (Ripp et al., 2014). In practice, such patterns 

can represent genuine multi-species content, but they can also arise as a systematic 

artifact of read classification when reference genomes share extensive conserved 

regions or repetitive sequences. Under routine analysis conditions, such false-positive 
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misassignments could result in false findings of non-compliance und unjustified 

rejections of the products by authorities. 

In reference sausages, up to 1.7 % false-positive goat reads were observed in a sample 

containing 55 % sheep. To investigate this effect, in silico read mixtures were generated 

with known proportions and the related species absent, showing that false-positive 

reads scaled linearly with the real ingredient proportion and that shorter reads 

substantially increased classification errors (Hellmann, Ripp, et al., 2020). For example, 

a 100 % sheep dataset yielded 5.1 % false-positive goat assignments at 50 bp but only 

2.7 % at 150 bp. In consequence, the limit of detection (LoD) in AFS is influenced by 

both genome relatedness in the reference database and sequence read length; with 

closely related genomes (e.g., sheep vs. goat and cattle vs. buffalo) included using 

150 bp reads, the LoD was reported as 1.6 %, compared to 1.0 % when only distant 

species were tested (Hellmann, Ripp, et al., 2020). Because closely related species share 

conserved and low-complexity regions, short reads frequently map equally well to 

multiple reference genomes, forcing AFS to distribute evidence and thereby generating 

cross-assignments. Increasing read length reduces this ambiguity: longer reads are 

more likely to include species-informative variants and to span out of conserved or 

repetitive sequence into unique flanking regions, increasing classification by widening 

the score gap between the best and second-best matches (Pearman et al., 2020; 

Treangen & Salzberg, 2011). 

The seafood case studies (Chapter  ) illustrate the same mechanism in a taxon complex 

where recent divergence makes cross-assignment particularly pronounced. In multiple 

foods marketed as containing Alaska pollock, AFS reported both signals for Atlantic 

cod and Pacific cod in addition. However, several observations indicate that these 

secondary signals are largely a classification artifact rather than evidence of a multi-

species ingredient mixture: Firstly, the same three-species constellation recurred across 

independent products and recipes. Secondly, the declared catch area (FAO 67) makes 

an Atlantic cod ingredient implausible as bycatch because it is absent from the 
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Northeast Pacific (Thünen Institute of Fisheries Ecology). Thirdly, both Pacific and 

Atlantic cod are more expensive than Alaska pollock, rendering economically 

motivated substitution unlikely (Pardo et al., 2018). Finally, the read distribution 

technically observed by AFS was consistently skewed to approximately a 4:2:1 ratio for 

Alaska pollock:Pacific cod:Atlantic cod; and the same pattern is observed for pure 

Alaska pollock samples. Consequently, at least the Atlantic cod fraction must represent 

cross-assignment among closely related reference genomes. The remaining 

partitioning within the Gadus complex cannot be interpreted robustly at species level. 

However, the recurrence of the same pattern in pure Alaska pollock samples and the 

lower price of this fish together support interpretation of the Atlantic and Pacific cod 

signals as a false-positive cross-assignment rather than a true ingredients. 

To isolate bioinformatic ambiguity from sample-derived biases, in silico generated read 

mixtures were also used in this thesis to benchmark the intrinsic quantitative 

performance of the AFS pipeline under near-ideal conditions. Reads were simulated 

from the reference genomes of the respective species, so that the true input 

composition was exactly known. These datasets approximate an experimental scenario 

in which biological sources of bias, such as matrix effects, differences in DNA extraction 

efficiency, and intraspecific genetic variability, are deliberately excluded. This approach 

enables a focused examination of conserved genomic regions among closely related 

species and deviations between the known input composition, and the inferred 

proportions therefore provide a direct assessment of the classification performance 

and quantitative accuracy of AFS in taxonomically challenging scenarios. Under these 

conditions, the observed deviations in estimated proportions were as low as 

0.25 ± 0.30 % across all species (Table 4). This level of agreement represents excellent 

quantitative performance, particularly because the mixtures contained three closely 

related Gadidae species, Gadus morhua, Gadus chalcogrammus, and Melanogrammus 

aeglefinus, which are difficult to discriminate on species level even with targeted 

methods (Filonzi et al., 2023). These findings highlight the potential of WGS based AFS 
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to deliver highly accurate species quantification once sample derived challenges are 

minimized experimentally or are adequately addressed through calibration 

experiments and appropriate normalization strategies. 

 

3.2.3 Interpretation in the sub-percent grey zone: separating true traces 

from low-level artifacts 

Signals in the sub-percent range lie in a grey zone where true trace content and 

methodological artifacts can no longer be cleanly separated. While the preceding 

section addresses systematic cross-assignment among recently diverged taxa, 

interpretational ambiguity at low levels remains even beyond such taxon complexes, 

because several independent error sources can generate small but reproducible read 

fractions. This is consequential in routine food control, where an interpretation of weak 

signals may trigger false non-compliance decisions. At the same time, dismissing them 

categorically however can obscure genuine traces, which is especially important in 

cases of allergen addition, where even admixtures well below 0.1 % can have harmful 

consequences for the consumer. 

AFS relies on a reference database that contains multiple genomes. During analyses, 

this has the practical consequence that reads are not only assigned to the true 

ingredients present in a food, but also to numerous additional species represented in 

the database, all at low levels. To keep such background noise manageable, results are 

often filtered using a cutoff of 0.1 %, discarding all taxa below this threshold. However, 

this strategy can also remove true-positive detections when a real trace ingredient 

contributes fewer than 0.1 % of reads. Thus, low-level results require contextual 

interpretation rather than automatic filtering. 
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Table 4: Validation of AFS quantification on simulated fish datasets. For each simulation, predefined target species proportions were compared to the corresponding 
AFS-derived estimates (%). Columns list the investigated fish species; rows represent independent simulated mixtures covering single-species samples and multi-
species compositions with varying relative abundances. Empty cells indicate species not included in the respective simulation. 

 
Gadus  

morhua 
Gadus 

chalcogrammus 
Pollachius  

virens 
Melanogrammus 

aeglefinus 
Oncorhynchus 

mykiss 
Salmo  
salar 

Thunnus 
albacares 

 target AFS target AFS target AFS target AFS target AFS target AFS target AFS 

simulation 
1 

0 0.01 100 99.99           

simulation 
2 

100 99.98 0 0.02           

simulation 
3 

        50 49.98 50 50.02   

simulation 
4 

        33.33 33.31 33.33 33.33 33.33 33.36 

simulation 
5 

25 24.77   25 24.78   0 0.01 50 50.44   

simulation 
6 

25 25.8 25 24.09   50 50.11       

simulation 
7 

25 25.83 25 24.1 25 25.01 25 25.06       

simulation 
8 

12.5 12.98 25 24.19 12.5 12.43 12.5 12.44   12.5 12.64 25 25.32 

simulation 
9 

12.5 12.83 12.5 11.96 12.5 12.42 25 24.87 6.25 6.31 25 25.28 6.25 6.33 
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Real-case screening data illustrate ambiguities at low levels. In doner kebab samples 

dominated by cattle, 0.1 - 0.4 % reads assigned to sheep/goat could be interpreted as 

candidate false-positives driven by shared conserved elements within Bovidae. 

However, comparison to expected false-positive background values suggested that in 

at least two samples the measured sheep/goat fractions were slightly higher than 

expected for an almost pure cattle matrix, so true trace amounts could not be excluded. 

Conversely, low chicken signals of 0.2 - 0.3 % in turkey-dominated samples were 

considered consistent with false-positive assignment. Overall, these examples show 

that observed values must be judged relative to empirically expected misassignment 

rates, rather than in isolation. The applied interpretation strategy benchmarks low-level 

detections against empirically expected cross-assignment rates arising from closely 

related taxa, to distinguish plausible trace content from background misclassification. 

Another approach to detect more true trace ingredients is to reduce background by 

building the reference database more selectively using a two-step approach: First, the 

sample is screened qualitatively against an AFS database composed of mitochondrial 

genomes to identify candidate species present. Mitochondrial references are well 

suited for this initial step because (i) their small genome size (~14 – 20 kb) for animals 

(Boore, 1999) enables rapid searches across very large databases and (ii) mitochondria 

occur at high copy number per cell (Rath et al., 2024), which can improve detectability 

even when a species is present at low abundance. Based on this qualitative screen, a 

second AFS run is then performed using a custom nuclear-genome database 

containing only the species detected in the first step. By restricting the search space, 

this can markedly reduce background assignments and may increase sensitivity for 

trace-level components. This targeted approach can therefore lower spurious low-level 

hits, although it cannot fully eliminate them. In addition, this approach is more 

challenging for plant ingredients, as their often enormous mitochondrial genome can 

be up to three orders of magnitude higher than that of animals (Huang et al., 2024). At 

the same time, mitochondrial sequences can be highly conserved among taxa. 
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Therefore, even this two-step strategy does not guarantee reliable detection of very 

low-level ingredients, and ambiguous assignments at trace abundance may persist.  

Very low percentage detections should often be treated as hypotheses that require 

contextual validation, rather than precise findings. Practical mitigation includes: (i) 

conservative taxonomic reporting where ambiguity is expected (as discussed under 

“close relationship”); (ii) the use of study- or run-specific false-positive expectations 

derived from simulations for relevant species pairs; and (iii) for results near decision 

thresholds, confirmation by orthogonal methods or re-analysis under stricter filtering 

and curated reference databases before drawing compliance conclusions. 

 

3.2.4 Why deeper sequencing cannot fix missing references: limitations of 

reference-based screening  

AFS is fundamentally reference-based and analytical results are therefore constrained 

by database composition and by the correctness and completeness of included 

reference genomes. Consequently, uncertainty in database coverage and reference 

quality propagates into both qualitative detection and quantitative read-fraction 

estimates.  

A core constraint of whole-genome, reference-based food metagenomics is that 

detection is conditional on representation: the availability and quality of reference 

genomes are prerequisites that define the practical measurement limits of AFS. If a 

taxon is absent from the database, it cannot yield a taxon-specific signal. Reads from 

such taxa remain unclassified or, in worst case, are assigned to related taxa due to 

cross-assignment. Non-detection is therefore conditional on database coverage and 

cannot be interpreted as evidence of true absence. This dependence was observed in 

surimi analyses: in one sample, the main components could be classified, but a 

substantial read fraction remained unclassified. Subsequent qualitative analysis of 
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these reads suggested Atlantic horse mackerel (Trachurus trachurus) as an additional 

ingredient. Because no suitable T. trachurus reference genome was available for AFS, 

the finding had to remain qualitative and was reported as probable presence rather 

than a quantified ingredient fraction. 

Unclassified reads should therefore be treated as an interpretable readout, not as 

residual noise. In AFS, any read that cannot be assigned reflects a mismatch between 

the observed data and the available reference database. At least four non-exclusive 

causes can contribute to unclassified reads: (i) the sample contains DNA from a taxon 

that is not present in the database , for example unexpected ingredients, non-food taxa 

(e.g. microorganisms, parasites), or missing reference genomes; (ii) the correct species 

is present in the database, but its reference assembly lacks parts of the genome (e.g. 

gaps, miss- or collapsed assemblies; Asalone et al., 2020; Peona et al., 2021), which leads 

to an underestimation of the species coupled with an elevated unclassified fraction; (iii) 

the correct species is present in the database, but the sample’s genotype differs beyond 

recognition by the algorithm from the reference (e.g. high intraspecific diversity, 

different populations or breeds, or haplotypes and structural variants not represented 

in the reference Asalone et al., 2020; Bohling, 2020; Garrison et al., 2018) , which is 

indistinguishable from (ii), but originates from biological rather than technical 

properties; and (iv) reads are hard to map because of technical issues like elevated error 

profiles (Schirmer et al., 2016), fragmentation (W. Li & Freudenberg, 2014), index 

swapping (Costello et al., 2018), or residual sequencing adapters (Bolger et al., 2014). 

The final category is workflow-dependent and may be unavoidable to some extent, 

whereas (i) – (iii) primarily reflect database composition and completeness. For 

reporting, unclassified fractions should be stated and interpreted: elevated unclassified 

fractions are a diagnostic signal that can indicate missing taxa, unsuitable references, 

or overly stringent parameters. They can motivate follow up steps such as qualitative 

screening against alternative reference sets, parameter reassessment, or targeted 

database augmentation. 
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Beyond missing taxa and mismatched references, errors within reference genomes 

themselves can generate false-positive detections. During AFS analysis of a calibration 

sausage, several hundred reads were initially assigned to Neisseria gonorrhoeae, 

yielding an apparent fraction of approximately 0.04 % when the reference genome for 

strain TCDC NG08107 was included. Subsequent inspection indicated that the signal 

was inconsistent with true Neisseria: Some regions showed strong similarity to 

ruminant sequences, suggesting that this reference record contains bovine derived 

sequence and should be treated with caution (Ripp et al., 2014). An independent 

analysis found that this record comprises segments attributable to cattle and sheep 

(Merchant et al., 2014). Such issues occur at scale: (Breitwieser et al., 2019) reported 

human derived sequence in more than 2000 bacterial and archaeal assemblies, often 

enriched for high copy repeats such as Long interspersed nuclear elements (LINEs), Alu 

and other Short interspersed nuclear elements (SINE), and satellite sequences. In a read 

classification setting, these contaminants can yield recurrent low-level, false-positive 

signals that appear technically well supported. 

A further example is the presence of Illumina adapter sequence in the reference 

genome of the common carp Cyprinus carpio. This artefact is attributed to insufficient 

quality control during assembly and subsequent deposition in public repositories. This 

issue has been reported in independent analyses (Etherington, 2014; S. Huang, 2021; 

Mann et al., 2023). Adapter-containing reads, which are commonly found within 

Illumina data sets, can therefore yield high scoring but biologically implausible matches 

to carp during analysis. The broader implication is that errors in public references can 

propagate through downstream pipelines and yield reproducible artefacts. Unexpected 

low-abundance hits should therefore be evaluated for plausibility, including inspection 

of read coverage distribution across the reference, identification of clustering in 

anomalous regions, and assessment of alternative explanations such as conserved 

elements or adapter-related matches. 
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Even in the absence of explicit contamination, public genomes differ in completeness 

and correctness, and this heterogeneity can bias both detection and quantification. 

Incomplete references reduce the fraction of assignable reads and can change the 

observed read fraction for a species. These effects are not resolved by deeper 

sequencing of the food samples: if sequence is missing from the reference, reads 

originating from that sequence remain unassigned or are diverted to other taxa 

regardless of coverage. In addition, genomes in databases usually represent a single 

assembly derived from one individual or strain. Intraspecific variation can therefore 

reduce classification confidence, particularly in regions affected by structural variation, 

and can contribute to unclassified reads that still show the target species among top 

hits in follow-up taxonomic analyses. 

Reference quality should therefore be treated as a controlled variable. In this sense, the 

database becomes part of the measurement model: reference availability defines which 

hypotheses are testable, unclassified reads often reflect database mismatch, 

heterogeneous reference quality introduces systematic bias in detection and 

quantification, and contaminated references can generate reproducible false-positive 

findings. Database curation, transparent versioning, and conservative interpretation are 

therefore required, particularly for low-abundance signals. 
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3.3 From reference-limited to decision-ready: future 

directions for AFS in food control 

The preceding sections highlight that AFS already delivers broad screening power, but 

that routine decision use is still constrained by reference availability, low abundance 

ambiguity, and database related artefacts. The following perspective therefore outlines 

practical development paths that can progressively increase interpretability and 

robustness toward decision ready workflows in food control. 

 

3.3.1 Towards reference-complete AFS: reducing unclassified reads 

through reference expansion and high-quality assemblies 

AFS can in theory detect any species’ DNA present in a sample, but it requires that 

species’ genome to be represented in reference databases. This is a critical limitation: 

public DNA barcode repositories (e.g. BOLD) contain sequence records for over 1.3 

million species (Ratnasingham et al., 2024), whereas the number of species with whole-

genome assemblies is only on the order of tens of thousands (Goldfarb et al., 2025). In 

practical terms, some food-relevant species still lack a reference genome sequence, 

especially minor crops, regional ingredients, or less-studied taxa. With roughly ~1.5 

million described eukaryotic species in total (M. Blaxter et al., 2025), the coverage of 

genomic databases remains limited. If an ingredient or contaminant in a food sample 

has no genome available, WGS methods cannot confidently quantify it - the DNA reads 

either remain unclassified or may falsely match to the closest related genome present, 

as it was seen in the surimi case with Atlantic horse mackerel.  

Despite this dependence on reference representation, the situation is improving rapidly 

because genome sequencing and assembly have become substantially cheaper and 

more scalable in recent years. Declining costs per unit of sequence data (Table 3), 
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higher platform throughput, and routine multiplexing enable a growing number of 

projects to generate whole-genome resources for an increasing number of species 

(Figure 11, blue), which for AFS translates directly into improved database coverage and 

a reduced fraction of unclassified reads. In parallel, reference quality is improving: long-

read sequencing, combined with modern scaffolding approaches like Hi-C, linked reads 

and optical mapping and more mature assembly and polishing pipelines, now yields 

chromosome-level and haplotype-resolved assemblies rather than fragmented drafts 

(Figure 10, yellow; Kovaka et al., 2023; T. Zhang et al., 2022). For AFS, such improvements 

are practically important because higher contiguity and completeness reduce biases 

from missing sequence content, and haplotype resolution can mitigate reference bias 

in taxa with low interspecific divergence, thereby stabilizing read assignment and 

abundance estimates. 

Large, international genome initiatives exemplify this shift toward systematic, high-

quality reference generation. The Earth BioGenome Project provides the overarching 

framework, aiming to produce chromosome-level assemblies for all described 

eukaryotic species over a decade (M. Blaxter et al., 2025; Lewin et al., 2018). Beyond 

generating genomes, the Earth BioGenome Project establishes shared standards for 

sampling, ethical governance and benefit-sharing, and coordinates interoperable data 

infrastructures across participating nodes - and, critically, it reflects a broader trend 

toward reference quality management as an explicit objective rather than an implicit 

by-product of assembly production. This quality-management trend includes specimen 

validation and vouchering, harmonized metadata, transparent provenance, and 

increasingly routine screening for contamination and technical artefacts prior to public 

deposition. For AFS, these practices are not cosmetic: they reduce the probability that 

erroneous references propagate into false-positive detections, and they increase the 

interpretability of both assigned and unclassified read fractions by improving 

traceability to specific databases and specimen lineages. Within this umbrella, the 

Vertebrate Genomes Project (Rhie et al., 2021) and others demonstrate what is 
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technically achievable: by applying long-read sequencing, Hi-C scaffolding and 

stringent assembly quality criteria, the projects produce near-error-free, haplotype-

resolved genomes that serve as methodological benchmarks and training sets for 

assembly, annotation, structural-variant analysis and comparative genomics. At the 

regional level, initiatives like the Darwin Tree of Life (M. L. Blaxter, 2022) and African 

BioGenome Project (Ebenezer et al., 2022) illustrate how national and continental 

efforts can scale biodiversity genomics. These consortia integrate genome sequencing 

with upstream activities such as specimen validation, vouchering and biobanking, and 

with downstream efforts including data standardisation, open-access dissemination 

and the development of community workflows. Together with taxon-focused efforts 

(e.g., large-scale plant and arthropod genome programmes), these initiatives do not  

 

 

Figure 11: Decline in DNA sequencing cost and growth of public eukaryotic genome resources (2001–
2025). Cost per Gb in USD (black triangles, left y-axis), cumulative number of eukaryotic species 
represented by at least one publicly available genome assembly (blue circles, right y-axis), and the 
cumulative number of species with chromosome-level or complete assemblies (orange squares, right  
y-axis) are shown. Vertical dotted lines mark the introduction of major sequencing technology eras (NGS: 
Illumina; TGS: PacBio; TGS: Oxford Nanopore Technologies).  
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merely increase the number of available genomes, but also establish reproducible 

pipelines and quality criteria that directly strengthen the reliability of reference-based 

analyses such as AFS. 

Coordinated genome initiatives and the parallel rise of explicit reference quality 

management are shifting both the scale and reliability of available resources. As 

coverage expands and assembly quality improves, AFS is expected to yield fewer 

unclassified reads, reduced systematic misassignment to nearest-neighbour genomes, 

and more stable quantitative estimates. Ongoing expansion in reference coverage and 

continued maturation of quality-management practices are expected to progressively 

shift AFS from a method limited by references toward one primarily limited by 

biological signal characteristics and sample complexity. 

 

3.3.2 From read counts to multi-layer genomic evidence: resolving close-

relative ambiguity 

Because eukaryotic genomes contain extensive conserved and repetitive sequence, 

computational read partitioning across multiple candidate references inevitably 

produces systematic low-abundance false-positives. To disentangle true multi-species 

signals from purely bioinformatic ambiguity, this thesis therefore processed in silico 

datasets generated from single species, 100 % samples and processed them with the 

AFS pipeline. Despite the absence of any second species in the input, low-level 

assignments to closely related genomes consistently emerged as systematic read 

cross-assignment. Simulations showed that false-positive assignments scale 

approximately linearly with the true proportion of the present ingredient (Hellmann, 

Ripp, et al., 2020).  

As an additional, independent plausibility check, genome-wide coverage profiles (read 

depth along the reference) can be inspected to discriminate true-positives from false 
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classifications: genuine organisms typically exhibit broadly distributed, comparatively 

even coverage across their reference genome, whereas false-positive matches driven 

by conserved regions shared between genomes tend to produce sparse, highly 

localized coverage peaks (Figure 12). An example is provided by the microbiota signal 

in the KLyo C sample, where Brochothrix thermosphacta shows an even coverage 

pattern consistent with a true-positive, while Actinoalloteichus sp. displays a highly 

uneven profile with distinct peaks consistent with a false-positive assignment. This 

criterion can only be applied however, when sequencing depth is sufficient to cover a 

substantial fraction of the candidate genome. For illustration, rice (Oryza sativa) has a 

genome size of 387 Mb, which is comparatively small among food-relevant eukaryotic 

genomes. Even modest genome-wide depth of 5× mean coverage would require >12 

million 150 bp reads for rice alone. In routine AFS, by contrast, typically less than 5 

million reads are generated for an entire sample and are additionally partitioned across 

multiple ingredients, such that eukaryotic ingredients rarely reach the genome-wide 

depth required for coverage-profile-based discrimination. Consequently, coverage-

based true-/false-positive discrimination is primarily practical for microorganisms with 

genomes on the order of only a few Mb, where comparable read numbers cover the 

genome sufficiently. 

Where coverage-based diagnostics are impossible, ambiguity at low abundance must 

be addressed by locus-restricted evidence rather than by genome-wide read-depth 

patterns. The untargeted WGS approach inherently provides additional information 

that can be utilized in those taxon complexes where proportion estimates are limited 

by sequence similarity and cross-assignment. A plausible strategy is therefore a 

marker-based confirmation that tests for discriminative features expected only under 

true multi-species content. Genome-wide single nucleotide polymorphisms (SNPs) are 

abundant, stable markers that can support cultivar/breed discrimination and 

provenance inference when representative population reference panels exist (Vignal et 

al., 2002). In food authentication, this is particularly relevant for high-value ingredients 
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in which the analytical objective often shifts from species identification to inference of 

variety/breed and population background, as illustrated by cacao origin assignment 

using population-specific genetic signatures (Bhattacharjee et al., 2023). Importantly, 

the same diagnostic SNP logic can be repurposed to resolve sister-species pairs that 

remain ambiguous under genome-wide analysis. Conceptually, SNP-based inference 

in AFS might be more robust for distinguishing close relatives than whole-genome 

analysis, because it can be restricted to explicitly diagnostic loci rather than relying on 

all sequence, including conserved regions that drive ambiguity. However, reliable SNP-

based assignment typically requires sufficient coverage at informative loci and 

population-aware reference datasets, which currently do not exist for all food relevant 

species pairs. 

 

Figure 12: Genome-wide coverage profiles to distinguish true-positives from bioinformatic 
misassignment. Read depth per genomic window is shown along each reference. Brochothrix 
thermosphacta (top) exhibits distributed, comparatively even coverage across the genome, consistent 
with a genuine presence, whereas Actinoalloteichus sp. (bottom) shows near-zero background coverage 
with a few sharp peaks only, indicative of a false-positive assignment driven by conserved regions 
(adapted from Kobus et al., 2020). 

Highly polymorphic repeat-based markers provide a complementary method. Simple 

sequence repeats (SSR) or short tandem repeats (1-6 bp repeats; STR) mutate 
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predominantly via repeat-number changes and thus exhibit high polymorphism 

among individuals and populations, enabling compact genetic fingerprinting panels 

for traceability and breed/cultivar assignment (Ellegren, 2004; Vieira et al., 2016). For 

example, multiplex SSR genotyping for cattle-breed traceability reported 180 alleles 

across 16 loci in six breeds; using the six most polymorphic loci, differentiation between 

all breeds was achievable, while the full 16-locus panel provided individual-level 

resolution (J. Zhao et al., 2017). Because WGS enables genome-wide SSR discovery, AFS 

reads can, in principle, be mapped to pre-validated loci to challenge closely related 

species calls and to flag assignments that lack marker support.  

Taxon-specific repeats and Transposable Element (TE) insertions add a further 

presence/absence-style marker layer. As many TE families undergo lineage- or species-

specific expansions, insertion patterns can serve as sensitive “fingerprints” when targets 

are screened (Konkel et al., 2010; Kramerov & Vassetzky, 2005). This principle is 

routinely exploited in targeted assays; for instance, a porcine SINE-based qPCR assay 

combines high copy number (sensitivity) with species specificity through locus 

screening (C. Zhang et al., 2015). In AFS, this information can be used for screening 

against e.g. an species-specific repeatome database, to confirm true-positive and 

identify false-positive classifications. 

Collectively, these marker layers (SNPs, SSR/STRs, taxon-specific repeats and TE 

insertions) can operationally function as an orthogonal confirmatory tier in AFS 

analysis: in case of low-level close-relative assignments, explicit tests for discriminative 

features can be applied. This could include (i) defining diagnostic SNP panels for sister-

species pairs and evaluating allele support at these loci, (ii) exploiting highly variable 

SSR/STR loci as compact fingerprints whose concordant allele patterns would be 

difficult to explain by diffuse mapping ambiguity alone, and (iii) using screened taxon-

specific repeats and TE insertion targets as sensitive presence/absence evidence. 

Operationally, such marker layers would not replace AFS, but could act as an additional 

layer of information on species pairs where genome-wide read classification has a 
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limitation based on sequence similarity. However, the extent to which these approaches 

improve specificity without sensitivity losses, how they behave across matrices, 

processing states, and mixture complexities, needs targeted validation before they can 

be considered reliable components of an AFS decision framework. 

 

3.3.3 Beyond sequence: modification as decision support for AFS 

Beyond nucleotide sequence, long-read platforms (PacBio and ONT) provide the 

capability to detect DNA base modifications directly, without prior chemical treatment. 

These techniques thereby enable exploitation of epigenetic information as an 

additional layer in modification-enhanced AFS. DNA methylation, predominantly 5-

methylcytosine (5mC) at CpG dinucleotides, is central to genome integrity and 

transposable-element silencing (Bird, 2002; Deniz et al., 2019; Yoder et al., 1997). 

Furthermore, DNA methylation plays a pivotal role in the regulation of numerous 

biological processes such as cell differentiation (Reik et al., 2001), development (Z. D. 

Smith & Meissner, 2013), and the maintenance of cellular identity (Fisher, 2002). 

Additionally, this epigenetic mechanism has been implicated in an organism's response 

to environmental influences (Feil & Fraga, 2012) and in speciation (Jablonka & Raz, 

2009). In addition to differences between species, every tissue and cell type within a 

species possesses a unique methylation exhibiting unique differentially methylated 

regions (DMRs) specific to these cells (Drouilhet et al., 2022; Rivera & Ren, 2013; 

Roadmap Epigenomics Consortium et al., 2015; Zhou et al., 2020). Numerous studies 

have shown that samples of the same tissue type from different individuals tend to 

cluster more closely than those of different tissues from the same individual, showing 

that DNA methylation is tissue-specific (Baker et al., 2023; Drouilhet et al., 2022; Ju et 

al., 2023; A. T. Lu et al., 2023; Schultz et al., 2015). As these DMRs represent an epigenetic 

fingerprint of an individual tissue of a species, they can in principle also be utilized as 

biomarkers for discrimination of even closely related species in food matrices. 
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Proof-of-concept for leveraging methylation as a discriminative signal has been 

demonstrated outside the food domain. A human array-based methylation assay was 

adapted to non-human primates and mouse and showed that genome-wide 

methylation profiles are highly reproducible and can separate samples by biological 

class, distinguishing tissue types within and between species; in the same study, 5- 

hydroxymethylcytosine (5hmC) measurements in brain tissue revealed species-specific 

levels with a consistent hierarchy (human > rhesus ≫ mouse), underscoring that 

modified-base landscapes can encode robust species-dependent patterns (Chopra et 

al., 2014). Comparable conclusions arise from evolutionary plant epigenomics, where 

whole-genome methylomes across Brassicaceae showed that interspecific methylation 

differences are strongly influenced by genome organization, in particular by lineage-

specific expansion or contraction of repeats and transposable elements; notably, many 

between-species differences cluster in hypervariable, repeat-rich regions (Seymour et 

al., 2014), which can diverge rapidly, even among relatively closely related taxa. 

In food-related applications, the most robust progress to date has primarily concerned 

methylation-derived fingerprints for tracing geographic origin, whereas species-level 

identification was of secondary interest. Single-base resolution methylomes compiled 

across different livestock have demonstrated separable, context-associated signatures, 

including population- or location-associated patterns in clonal marbled crayfish, 

producer-associated signatures in shrimp, river-origin and rearing-environment 

associations in salmon, and farm-dependent patterns in chicken (Venkatesh et al., 

2023). Collectively, these results support the premise that methylation carries 

structured, application-relevant information for traceability. At the same time, partial 

environmental and time dependence implies that routine deployment would require 

control of confounders and appropriate reference designs. 

For modification-enhanced AFS, a concrete implementation strategy would be the 

construction of curated reference databases of methylation signatures for multiple 

food-relevant tissues per species. Such reference methylomes would capture the 
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distribution of 5mC across CpG-rich regulatory regions, repetitive elements, and other 

genomic domains and could draw on public resources like MethBank and NGSmethDB 

(Lebrón et al., 2017; R. Li et al., 2017) and on experimental methylome datasets  

(Klughammer et al., 2023; Meissner et al., 2005), while likely requiring targeted curation 

for the specific sister-species pairs that are problematic at the sequence level. 

Operationally, a two-fold logic is plausible: (i) conventional AFS read classification 

provides primary assignments and estimates, and (ii) for ambiguous near-relative 

assignments, methylation profiles derived from long reads are queried against the 

reference methylation signature database to test whether diagnostic methylation 

patterns support the presence of the candidate species. This approach is conceptually 

attractive because it introduces an orthogonal signal that is not identical to nucleotide 

sequence similarity, and could therefore add specificity in cases where sequence-level 

discrimination is ambiguous. 

Beyond species discrimination, DMRs further offer a potential tissue-identity layer that 

could address matrix-effect-driven quantification biases. If tissue identity could be 

inferred from methylation fingerprints, organ-specific differences in DNA yield (e.g., 

lower yields in adipose relative to muscle) could, in principle, be incorporated into 

downstream interpretation to mitigate tissue-driven distortions of proportion 

estimates. A proof-of-principle has shown that tissue identity can be inferred from 

methylation fingerprints using methylation-sensitive profiling, enabling robust 

discrimination of multiple organs in both salmon and cattle; specifically, methylation-

sensitive amplified polymorphism (a restriction-fragment-based approach 

conceptually related to RFLP) supported discrimination of brain, eye, heart, kidney, 

liver, and muscle, indicating that between-organ methylation differences can be 

sufficiently strong to act as diagnostic signals (Rodríguez López et al., 2012). 

Accordingly, modification-enhanced AFS could, in principle, provide not only species 

evidence but also information on which tissues contributed DNA to a processed 

sample. Complementing epigenetic fingerprints potentially provide the necessary 
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information for the identification of the tissues present in a sample. In turn, with this 

information available, it could in principle be possible to correct the differences in DNA 

amounts per weight of tissue, which would serve as an invaluable improvement 

towards solving quantification issues caused by matrix effects. 

 

3.3.4 Perspective and near-term roles for AFS 

AFS provides an untargeted, primer-independent view of the DNA present in a sample 

and thereby avoids primer-driven amplification bias. In a single workflow, AFS analyses 

nuclear and organellar DNA alongside microbial and viral nucleic acids, enabling 

simultaneous screening of animals, plants, fungi, protists, bacteria, archaea, and viruses 

and facilitates the discovery of undeclared ingredients and potential contaminants. 

Despite this breadth, three factors currently limit large-scale deployment of AFS for 

routine screening. First, AFS is reference-dependent. Species can only be identified and 

quantified if suitable genomes are present in the database; missing references increase 

unclassified reads and misassignment to close relatives and may require qualitative 

follow-up. Second, per-sample costs remain higher in many settings, as WGS 

approaches typically require more sequencing depth than marker-based 

metabarcoding. Third, routine use requires bioinformatic capacity for standardised 

processing, quality control, and interpretation. 

However, these constraints are dynamic rather than fundamental. Reference collections 

are expanding rapidly and assembly quality continues to improve; sequencing costs 

are declining; and laboratory protocols and pipelines are becoming more efficient, 

collectively reducing database- and cost-related bottlenecks. The bioinformatic 

requirements are broadly comparable to those already established for metabarcoding 

in many laboratories and can be further enhanced by training programmes for 

regulatory laboratories and competent authorities. Interpretation, however, will 
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continue to require conservative decision rules: read fractions are not direct biomass 

proxies because matrix effects persist, a limitation that also affects other DNA-based 

assays. As reference resources become more comprehensive and sequencing becomes 

more affordable, the balance is likely to shift further towards AFS as a scalable option 

for broad food surveillance. 

A pragmatic near-term implementation is therefore a staged evidence workflow in 

which AFS provides broad, untargeted screening, complemented by orthogonal 

confirmation where consequences warrant it. Challenging authenticity questions are 

most robustly addressed by converging evidence from complementary strategies, so 

that method-specific weaknesses are compensated and the resulting conclusions 

remain defensible under scrutiny. 
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4 Summary 

All-food-sequencing (AFS) is a non-targeted, whole-genome DNA-based screening 

method for simultaneous qualitative and quantitative species diagnosis in complex 

foods. No a priori knowledge or primers are required, and a single analysis can 

potentially detect animal and plant components as well as fungi, bacteria, and other 

accompanying microbiota. 

Quantitative performance of AFS was evaluated using controlled calibration samples, 

including defined meat and fish mixtures. In direct comparison with established assays, 

AFS delivered quantification that outperformed conventional qPCR and matched 

ddPCR, while retaining a key practical advantage: broad, primer-independent screening 

and quantification of multiple ingredients within a single workflow, rather than many 

separate target specific assays. The calibration series also identified two systematic 

factors that influence quantitative accuracy. First, differences in genome size can shift 

read proportions, but this bias was shown to be correctable by genome size 

normalization. Second, matrix effects of the food composition can alter DNA extraction 

yield between ingredients, so the highest quantitative agreement is achieved with 

matrix-specific calibration - a constraint shared by all DNA-based methods.  

Application for real food products showed how AFS behaves under practical conditions 

with regard to heterogeneity and incomplete or inaccurate labelling of species 

components. Doner kebab samples showed significant deviations and several cases in 

which the predominant meat type did not correspond to the advertised expectation. In 

addition, other ingredients were detected that suggest unintentional admixture or 

deliberate substitution. In the case of seafood and surimi products, the declared main 

ingredients were generally confirmed. In addition, the analysis revealed undeclared 

taxa, including additional seafood and plant components in mixed dishes, some with 

potential allergen relevance. Beyond the main ingredient composition, AFS provided 
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early warning signals, including allergen-relevant plant admixtures and microbial 

patterns that indicate incipient spoilage.  

The analysed samples also revealed practical limitations of AFS that are crucial for 

regulatory surveillance: ambiguous classification within closely related species, 

dependence on reference genomes, and the need to interpret low-level findings 

conservatively and verify them with targeted follow-up measures. Specificity of read 

classification was improved by both algorithm choice and sequencing technology.  

K-mer-based classification and database partitioning enabled screening against 

significantly larger genome reference collections. In a comparison between Illumina 

short reads and Oxford Nanopore long reads on calibration sausages, long-read 

sequencing improved quantification accuracy and reduced the number of false-

positives despite higher error rates in long read, as longer reads provide more 

discriminative information for resolving conserved regions that otherwise drive 

ambiguous classification. 

AFS shows the potential to provide reliable formulation information and cross-domain 

early warning signals as a universal, primer-free WGS screening method, provided that 

reference dependency and taxonomic ambiguity are recognized as current limitations 

and integrated into the decision on verification or follow-up measures. Therefore, it is 

promising for routine screening in official food monitoring in the future.  
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5 Zusammenfassung 

All-Food-Sequencing (AFS) ist ein ungezieltes, gesamt-genomisches DNA-basiertes 

Screeningverfahren zur gleichzeitigen qualitativen und quantitativen Artendiagnose in 

komplexen Lebensmitteln. Es sind weder a priori Kenntnisse noch Primer erforderlich 

und eine einzige Analyse kann potenziell tierische und pflanzliche Bestandteile ebenso 

wie Pilze, Bakterien und weitere begleitende Mikrobiota erfassen. 

Die quantitative Leistung der AFS wurde anhand kontrollierter Kalibrierungsproben 

bewertet, darunter definierte Fleisch- und Fischmischungen. Im direkten Vergleich mit 

etablierten Verfahren erzielte AFS eine Quantifizierung, die herkömmliche qPCR 

übertraf und mit ddPCR gleichauf lag, mit einem wichtigen praktischen Vorteil: ein 

breites, Primer-unabhängiges Screening und eine Quantifizierung mehrerer 

Inhaltsstoffe in einer einzigen Analyse anstelle vieler separater, spezifischer Assays. Die 

Kalibrierungsserie identifizierte auch zwei systematische Faktoren, die die quantitative 

Genauigkeit beeinflussen. Zum einen können Unterschiede in der Genomgröße die 

Read-Anteile systematisch verschieben; aber diese Verzerrung erwies sich durch 

Normalisierung der Genomgröße als korrigierbar. Zum anderen können Matrixeffekte 

der Lebensmittelzusammensetzung die DNA-Extraktionsausbeute zwischen den 

Inhaltsstoffen verändern, sodass eine exakte Quantifizierung von einer 

matrixspezifischen Kalibrierung profitiert – eine Einschränkung, die alle DNA-basierten 

Methoden gemeinsam haben.  

Die Anwendung mit realen Lebensmittelprodukten zeigte, wie sich AFS unter 

praxisnahen Bedingungen hinsichtlich Heterogenität und unvollständiger oder 

ungenauer Kennzeichnung der Zutaten verhält. Die Döner Kebab-Proben wiesen 

erhebliche Abweichungen und mehrere Fälle auf, in denen die vorherrschende 

Fleischsorte nicht der beworbenen Erwartung entsprach. Zusätzlich wurden weitere 

Bestandteile nachgewiesen, die den Verdacht unbeabsichtigter Beimischung oder 

gezielter Substitution nahelegen. Bei den Meeresfrüchte- und Surimi-Produkten 
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wurden die deklarierten Hauptbestandteile im Allgemeinen bestätigten. Darüber 

hinaus machte die Analyse wiederholt nicht deklarierte Taxa sichtbar, darunter 

zusätzliche Seafood-Anteile in Mischgerichten sowie pflanzliche Signale mit 

potenzieller Allergenrelevanz. Über die reine Rezeptur hinaus lieferte AFS noch 

zusätzliche Hinweise. Es wurden Spurenbefunde detektiert, die als Frühwarnsignale 

dienen können, darunter allergenrelevante Pflanzenbeimischungen sowie mikrobielle 

Muster, die auf beginnenden Verderb hindeuten. 

Diese Proben zeigten auch praktische Limitierungen der Methode auf, die für eine 

behördliche Überwachung entscheidend sind: uneindeutige Zuordnung innerhalb nah 

verwandter Spezies, die Abhängigkeit von Referenzgenomen sowie die Notwendigkeit, 

Befunde im Spurenbereich konservativ zu interpretieren und gezielt mit 

Folgemaßnahmen zu verifizieren. 

Die Spezifität der Read-Klassifizierung wurde dabei sowohl durch die Wahl des 

Algorithmus als auch durch die Sequenzierungstechnologie verbessert. Die  

K-mer-basierte Klassifizierung und Partitionierung der Datenbank ermöglichte ein 

Screening gegen deutlich größere genomische Referenzsammlungen. Im Vergleich 

zwischen Illumina Short-Reads und Oxford Nanopore Long-Reads bei 

Kalibrierungswürsten verbesserte die Long-Read-Sequenzierung die 

Quantifizierungsgenauigkeit und reduzierte die Anzahl falsch-positiver Befunde trotz 

höherer Fehlerraten bei den Long-Reads, da längere Reads mehr diagnostische 

Unterschiede für die Auflösung konservierter Regionen liefern, die andernfalls zu einer 

mehrdeutigen Klassifizierung führen würden. 

AFS zeigt das Potenzial, als universelles, Primer-freies WGS-Screening sowohl 

verlässliche Rezepturhinweise als auch domänenübergreifende Frühwarnsignale zu 

liefern, sofern Referenzabhängigkeit und taxonomische Mehrdeutigkeit als 

gegenwärtig vorhandene Limitierungen anerkannt und in die Entscheidung über 
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Verifikation oder Folgemaßnahmen integriert werden, wodurch es künftig für Routine-

Screenings in der amtlichen Lebensmittelüberwachung interessant werden kann.
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