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A B S T R A C T   

Replacement of high-value fish species with cheaper varieties or mislabelling of food unfit for human con-
sumption is a global problem violating both consumers’ rights and safety. For distinguishing fish species in pure 
samples, DNA approaches are available; however, authentication and quantification of fish species in mixtures 
remains a challenge. In the present study, a novel high-throughput shotgun DNA sequencing approach applying 
masked reference libraries was developed and used for authentication and abundance calculations of fish species 
in mixed samples. Results demonstrate that the analytical protocol presented here can discriminate and predict 
relative abundances of different fish species in mixed samples with high accuracy. In addition to DNA analyses, 
shotgun proteomics tools based on direct spectra comparisons were employed on the same mixture. Similar to the 
DNA approach, the identification of individual fish species and the estimation of their respective relative 
abundances in a mixed sample also were feasible. Furthermore, the data obtained indicated that DNA sequencing 
using masked libraries predicted species-composition of the fish mixture with higher specificity, while at a 
taxonomic family level, relative abundances of the different species in the fish mixture were predicted with 
slightly higher accuracy using proteomics tools. Taken together, the results demonstrate that both DNA and 
protein-based approaches presented here can be used to efficiently tackle current challenges in feed and food 
authentication analyses.   

1. Introduction 

In recent years, a significant increase in food fraud and adulteration 
has been observed (Moyer et al., 2017). Meat and fish products account 
for 27% of all reported cases and a high occurrence of mislabelled fish 
products has been recorded (Bouzembrak et al., 2018; Khaksar et al., 
2015). According to European Union (EU) (REGULATION (EU) No 

1169/2011), consumers should be properly informed about the contents 
of the food they consume. In addition to the EU law, food labelling also is 
addressed by the European Committee for standardization through 
standard: CWA 17369:2019 – “Authenticity and fraud in the feed and 
food chain – Concepts, terms, and definitions”. To ensure that regulation 
can be enforced, and standards can be followed, reliable analysis 
methods must be in place which can correctly detect any fraudulent 
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labelling of food. 
DNA based techniques are commonly used for authentication of food 

and feed materials and shown to discriminate between closely related 
taxa including fish (Ivanova et al., 2007; Sawyer et al., 2003; Shokralla 
et al., 2015; Ward et al., 2005). Targeted methods such as quantitative 
polymerase chain reaction (qPCR) have been adopted as a standard for 
identification of bovine material in feed and feed ingredients as part of 
the European effort to combat the spread of bovine spongiform en-
cephalitis (BSE) (Olsvik et al., 2017) and commonly used for species 
authentication (Sajali et al., 2020). Although well-designed qPCR assays 
have been shown to quantify as little as 0.001% (w/w) inclusion of a 
specific species in a mixture (Kim et al., 2020; Sawyer et al., 2003), 
targeted multiplex qPCR assays are restricted to detecting a limited 
number of pre-determined species at each run. DNA barcoding ap-
proaches for identification and authentication of fish species of un-
known origin have been developed by the Food and Drug 
Administration (FDA), among others, applying a combination of PCR 
amplification using degenerate primers and Sanger sequencing for final 
identification (Yancy et al., 2008). This technique enables the distinc-
tion between closely related species in a single product from any type of 
species (Ivanova et al., 2007; Ward et al., 2005; Yang et al., 2018) 
depending on the primer design. However, due to its inherent limita-
tions, Sanger sequencing cannot be applied to distinguish different 
species in mixture samples or to quantify abundance. 

Species identification using next-generation sequencing (NGS) has 
increased in popularity and surpassed the use of Sanger sequencing (Lo 
& Shaw, 2018). The continuously evolving sequencing technologies 
allow for massively parallel sequencing of individual amplicons, making 
authentication of multiple untargeted species within the same sample 
possible. This has led to the development of methods combining meta-
barcoding with NGS for accurate identification of species present in a 
mixture, still involving a PCR step (Hellberg et al., 2017; Lo & Shaw, 
2018; Shokralla et al., 2015; Xing et al., 2019). The determination of the 
relative composition of species in mixture samples such as burger meat 
or fish cakes gives rise to additional challenges. The combination of 
metabarcoding and NGS has the potential to determine the presence of 
different species in a mixture (Bruno et al., 2019; Xing et al., 2019) but 
this approach often falls short to estimate the correct relative abundance 
of individual species in the mixture (Hellberg et al., 2017; Lo & Shaw, 
2018; Ripp et al., 2014; Shokralla et al., 2015; Xing et al., 2019). The 
PCR step in the barcoding approach is prone to bias due to its de-
pendency on degenerate primers which assumes equal amplification of 
target gene from all species. Furthermore, the common use of mito-
chondrial target genes, such as cytochrome c oxidase subunit I (COI), 
though increases the sensitivity, it also increases the possibility of bias 
due to fluctuating levels of mitochondrial DNA per cell, tissue, or age 
(Nagata, 2011; Preuten et al., 2010; Robin & Wong, 1988). Although 
larger barcoding amplicons would solve some of the issues concerning 
specificity and false discoveries, larger amplicons are also more sensitive 
to DNA degradation (Hird et al., 2006). Thus, avoiding the PCR step 
altogether would be beneficial for accurately quantifying the biological 
content of mixture food products. Recent approaches using shotgun 
metagenome sequencing have successfully quantified the content of 
mixture products demonstrating the potential for this technique in food 
and feed control (Haiminen et al., 2019; Kobus et al., 2020; Ripp et al., 
2014). Due to the massive parallel sequencing of short reads, this 
approach also will be less prone to bias due to processing mediated DNA 
degradation. 

For highly processed food materials (e.g. thermally and acid-treated 
samples), species identification using protein-based methods represent a 
suitable alternative to established DNA-based methods (Carrera et al., 
2013a). Different proteomics approaches have been developed for ac-
curate species identification from processed food and feed products and 
mixtures; currently, several laboratories are developing 
proteomics-based tools and analysis protocols for quality assessment 
and food safety analyses (Belghit et al., 2019; Carrera et al., 2013b; 

Lecrenier et al., 2021; Nessen et al., 2016; Ohana et al., 2016; Rasinger 
et al., 2016; Wulff et al., 2013). Standard bottom-up proteomics 
commonly involves gel-based or gel-free separation of proteins and 
identification of proteins with specific mass spectrometry profiles of 
marker peptides or proteins (Rasinger et al., 2016; Wulff et al., 2013). 
Current methods used for food and feed authentication rely on 
species-specific peptide markers for which sequence information is 
available (Carrera et al., 2013b; Lecrenier et al., 2016, 2021; Steinhilber 
et al., 2018). However, targeted mass-spectrometry (MS) methods are at 
times difficult to implement, as reference proteomes of non-model spe-
cies are not readily available (Belghit et al., 2019; Rasinger et al., 2016). 
Therefore, alternative approaches based on proteome-wide tandem 
mass spectrometry and spectral library matching (SLM) for the identi-
fication of species have been developed and implemented by several 
laboratories for food and feed fraud detection in processed meat, sea-
food, and processed animal proteins (PAPs), respectively (Belghit et al., 
2019; Carrera et al., 2013b; Ohana et al., 2016; Rasinger et al., 2016; 
Wulff et al., 2013). 

Non-targeted database-agnostic proteomics approaches have been 
used previously for fish species authentication; a total of 47 fish samples 
were correctly identified in both fresh and processed samples derived 
from 22 different species of fish (Wulff et al., 2013). Applying the SLM 
proteomics method on closely related flatfish species were correctly 
identified species in both processed and fresh samples (Nessen et al., 
2016), demonstrating that MS is a promising tool for species 
authentication. 

In the present study, based on shotgun DNA sequencing data of seven 
teleost fish species (Melanogrammus aeglefinus, Oreochromis niloticus, 
Gadus morhua, Salmo salar, Esox lucius, Pangasianodon hypophthalmus, 
Xiphophorus maculatus), a bioinformatic pipeline and a condensed 
reference library for quantification of relative abundance of fish species 
in fish mixture samples were developed. In addition, high resolution 
(HR) MS data were generated, a spectral library collection was compiled 
and it was tested if previously developed proteomics-based methods 
(Nessen et al., 2016; Ohana et al., 2016; Wulff et al., 2013) also allow for 
differentiation of individual species and abundance estimates of a 
complex fish mixture. Based on the genomics and proteomics data ob-
tained, the strengths and weaknesses of these two complementary ap-
proaches when screening for food fraud in fish mixtures were discussed 
and a combined strategy of analyses to tackle current seafood authen-
tication challenges is introduced. 

2. Materials and methods 

2.1. Sampling and animals 

A total of seven teleost species were analyzed; namely, Atlantic cod 
(Gadus morhua), Atlantic haddock (Melanogrammus aeglefinus), Nile 
tilapia (Oreochromis niloticus), Northern pike (Esox lucius), Atlantic 
salmon (Salmo salar), platyfish (Xiphophorus maculatus) and pangasius 
(Pangasianodon hypophthalmus) which will hereafter be referred to as 
cod, haddock, tilapia, pike, salmon, platyfish, and pangasius, respec-
tively. Individual fish species were purchased from a commercial vendor 
except for a pike, which was donated by a local recreational fisherman. 
Species assignations of fish were validated through visual inspection by 
a trained ichthyologist in addition to genetic verification. Prior to DNA 
and protein extraction, fish were frozen and stored at − 20 ◦C. For the 
fish mixture, muscle tissues from platyfish, tilapia and cod were weighed 
and mixed in the following ratios: platyfish 1/6, tilapia 2/6 and cod 3/6, 
forming a mixed tissue sample (“fish mixture”). The tissue samples were 
flash-frozen on dry ice and ground to a fine powder using a mortar and 
pestle. The mortar was kept on dry ice during the entire grinding and 
homogenization process. 
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2.2. DNA sample preparation 

2.2.1. DNA extraction 
DNA from individual fish were extracted from 40 to 50 mg of muscle 

tissues using the DNeasy Blood & Tissue kit (Qiagen) according to the 
manufacturer’s instructions. The DNA concentration was determined at 
260/280 nm (DNA-50) using a Nanodrop ND-1000 spectrometer and 
Qbit dsDNA BR assay kit (Invitrogen, ThermoFisher). For visual vali-
dation of DNA integrity, 500 ng of DNA were run on a 1% (w/v) agarose 
gel. DNA from 50 mg of grinded fish mixture tissue sample was extracted 
from three replicate samples using DNeasy Blood &Tissue Kit, Qiagen, 
according to the manufacturer’s instructions. 

2.2.2. DNA sequencing 
The sequencing service was provided by the Norwegian Sequencing 

Centre (www.sequencing.uio.no). TruSeq PCR free library kit (Illumina 
Inc., CA, USA) was used to construct DNA libraries from each of the fish 
mixture and individual DNA samples following the manufacturer’s 
protocol. For DNA library prep, 1.5 μM of DNA was used for the con-
struction of each individual library. All libraries were tested using qPCR 
for quantification prior to sequencing on Illumina HiSeq 2500 (Illumina 
Inc.) using V4 clustering and sequencing reagents according to the 
manufacturer’s instruction. Library preparation and sequencing were 
done by the Norwegian Sequencing Centre, Oslo, Norway. Image anal-
ysis and base calling were both performed using Illumina’s RTA software 

Fig. 1. Workflow of bioinformatics pipeline used for DNA sequencing analyses before calculating percentages. (A) Reference genome masking was conducted by 
generating a set of simulated reads from each genome followed by cross-mapping against all other reference genomes. Any identification of cross-mapping was 
masked (characters replaced by N’s) to avoid cross-matching between species, leaving a masked genome with unique sequences for each species. This process was 
repeated three times in cases of the presence of duplicated regions and gene families. (B) Prior to the mapping of QC-controlled fish samples, a digital normalization 
was conducted to account for uneven sequence coverage throughout the length of the genome (as reflected by the peaks in the figure), which could be a major 
artefact considering extensive reference masking due to closely related species. (C) The last step is to calculate abundance estimation of read counts using RPMM 
(reads per million bp of reference genome per million reads sequenced) followed by a scaling process in order to account for the reduction in genome size after 
masking and the residual cross-mapping observed in the simulated genomes. 
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version 1.18.66.3. Low-quality reads were removed using Illumina’s 
default chastity criteria. Compressed base call files (.bcl) were demul-
tiplexed and converted to fastq files using the bcl2fastq software version 
2.17.1.14. The quality of each library/fastq file was assessed using fastqc 
embedded in the bcl2fastq software. Between 8 and 11 M paired-end 
125 bp reads were obtained from each sample (individual fish or fish 
mixture). Raw reads have been deposited to the SRA library 
(https://www.ncbi.nlm.nih.gov, BioProject accession number 
PRJNA716500). 

2.2.3. Raw data cleanup and reference genomes retrieval 
Paired-ends were cleaned for adapter contamination and low-quality 

bases (phred score below 20) using Trimmomatic (version 0.38 (Bolger 
et al., 2014),) with default parameters and a minimum length of 50. All 
reads with the presence of N’s were removed to guarantee the quality of 
the sequences employed. In order to map and quantify the sequenced 
reads, the latest versions of the available fish reference genomes were 
retrieved (Supplementary Table 1). 

For pangasius, no reference genome was available. Therefore, 
sequencing data generated in the present work were used to assemble a 
draft genome. SPADES (version 3.9.0 (Bankevich et al., 2012),) with 
default parameters was used for assembling. The resulting genome as-
sembly together with the other retrieved reference genomes was 
checked for completeness and contamination using BUSCO (version 
3.0.2 (Seppey et al., 2019, pp. 227–245),). 

2.2.4. Reference genome de-replication and generation of simulated 
datasets 

To avoid cross-mapping between reference genomes the conserved 
regions among related genomes were removed, generating a set of de- 
replicated reference genomes. For this, first, a set of simulated data-
sets was generated from the genome sequences by extracting sequence 
fragments of 100bp along the genome with a sliding window of 60bp 
(Fig. 1). Thus, every part of the genome had at least a 3x coverage. The 
set of simulated reads were mapped against all other reference genomes 
using bowtie as described below (2.2.5); any regions with positive 
mapping were masked using Bedtools (version 2.25.0 (Quinlan & Hall, 
2010),). This procedure was repeated two additional times until the 
number of cross-mappings among the simulated genomes was minimal. 

2.2.5. Mapping of raw reads and normalization 
All simulated and generated sequencing reads were mapped using 

bowtie 2 (version 2–2.2.4 (Langmead & Salzberg, 2012),) with default 
parameters in the very fast and global alignment setup. The reads were 
mapped in paired-end mode keeping only the best match hit and only 
the number of matching pairs mapped were used for follow-up calcu-
lations in order to reduce potential false-positive mapping of single 
reads. 

To account for potential variation when sequencing real samples, in 
which commonly not all regions of a genome are evenly sequenced, a 
digital normalization to an average coverage of 2x was implemented in 
the present study. To do so, BBNorm (version 37.57 (Bushnell et al., 
2017),) was run with the prefilter option set to true and with target 
coverage set to 2. Fastq files for paired-end reads were normalized 
simultaneously using the paired-end functionality of BBNnorm. The 
resulting number of normalized reads were used as the library size for 
the RPMM normalization (see the following section). 

2.2.6. Final mapping counts cleanup 
After mapping the digitally normalized samples against the de- 

replicated genomes using the same procedure described above (see 
section 2.2.5), the RPMM (reads per million bp of reference genome per 
million reads sequenced; i.e. the abundance was normalized to the depth 
of sequencing and the variation in the length of the reference genomes) 
counts for each fish were calculated after subtracting the estimated re-
sidual cross-mapping among the reference genomes, thus considering 

potential false-positive mapping. Furthermore, the RPMM counts were 
adjusted for masked genomes and the genome size scaled to only the 
mappable nucleotide count, i.e., discarding the N’s. Finally, a conver-
sion factor was used to scale from the RPMMs obtained on the de- 
replicated genomes to the ones from the original reference genomes. 
This process was performed using a custom Perl script available upon 
request. 

2.2.7. Skmer comparisons 
To estimate genomic distances from the mappings and identify their 

closest match in the reference genomes, Skmer (version 3.0.2 (Sar-
mashghi, 2019),) was run using default parameters. 

2.3. Proteomics analysis 

2.3.1. Extraction, solubilization and quantification of proteins 
Fish muscle tissue (100 mg) were weighed into test tubes of the 

PlusOne Sample Grinding kit (GE Healthcare Life Science, 80648337, 
Piscataway, NJ, USA) and solubilized with 1 mL lysis buffer (4% SDS, 
0.1 M Tris-HCl, pH 7.6). Samples were kept on ice, homogenized and 1 
M Dithiothreitol was added to obtain a final concentration of 0.1 M. 
Samples were centrifuged for 10 min at 15,000 g to remove resin and 
other debris. Supernatants were collected, heated at 95 ◦C for 5 min, 
centrifuged once again. The remaining supernatants were eventually 
collected into new tubes and stored at − 20 ◦C until further processing. 
Protein concentrations of extracted samples were determined using a 
Pierce 660 assay (ThermoFisher Scientific) following the vendor’s in-
structions. Fish mixture sample was prepared using extracted proteins in 
the following ratios: platyfish 1/6, tilapia 2/6 and cod 3/6. 

2.4. In-solution digestion of proteins 

Protein extracts were prepared for mass spectrometric analysis as 
described in Belghit et al. (2019). In short, following a Filter Aided 
Sample Preparation (FASP) digestion protocol (Wísniewski, 2016), 40 
μg of extracted proteins were diluted with 200 μL of 8 M urea solution 
prepared in Tris-HCl (100 mM, pH 8.5) and transferred to ultrafiltration 
spin column (Microcon 30, Millipore, Burlington, MA, USA). Proteins 
were alkylated with 50 mM of iodoacetamide (C2H4INO) for 20 min in 
the dark at room temperature. Subsequently, protein mixtures in the 
column were washed with 200 μL of 8 M urea solution along with 100 μL 
of 50 mM ammonium bicarbonate (NH4HCO3). Trypsin was added to 
the filters (1:50 enzyme to protein ratio), and tubes were incubated for 
16 h at 37 ◦C. Filters were centrifuged and washed (40 μL of 50 mM 
ammonium bicarbonate solution followed by 0.5 M NaCl). Following a 
final centrifugation step, peptide concentration in the eluates was 
determined using a Nanodrop (Thermo Scientific). Subsequently, elu-
ates were vacuum dried and stored at − 20 ◦C. 

2.5. Mass spectrometry 

Digested peptide samples were analyzed at the Proteomics Unit at 
the University of Bergen, Norway (PROBE) as described in Bernhard 
et al. (2019). In short, dried peptides were dissolved in 2% acetonitrile 
(ACN) and 0.1% formic acid (FA). Samples were injected into an Ulti-
mate 3000 RSLC system (Thermo Scientific, Sunnyvale, California, USA) 
connected to a linear quadrupole ion trap-orbitrap (LTQ-orbitrap Elite) 
mass spectrometer (Thermo Scientific, Bremen, Germany), equipped 
with a nanospray Flex ion source (Thermo Scientific). Raw data obtained 
in data-dependent-acquisition (DDA)-mode was analyzed as described 
below. 

2.6. Proteomics bioinformatics 

Using msConvert (version: 3.0., ProteoWizard (Kessner et al., 2008),) 
Thermo. raw files were converted to. mgf and. mzXML formats. Raw and 
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processed mass spectrometry data were deposited in an online re-
pository (MSV000087017 (massive.ucsd.edu/ProteoSAFe)). For molec-
ular phylogenetic analyses using compareMS2 (Palmblad & Deelder, 
2012),.mgf files containing the top 500 most intense tandem mass 
spectra were created using msConvert (version: 3.0., ProteoWizard 
(Kessner et al., 2008)). The output of compareMS2 was used to create 
distance matrices and UPGMA trees in MEGA (version 10 (Palmblad & 
Deelder, 2012; Wulff et al., 2013)). For identification of peptides, tan-
dem mass spectra were searched against UniProt Danio rerio reference 
proteomes (UP000000437 accessed on January 2021) using Comet (Eng 
et al., 2013) as implemented in the Trans-Proteomic Pipeline (TPP) 
(version 5.2.0 (Deutsch et al., 2015)) and shown in Fig. 2. In all searches, 
precursor mass tolerance was set to 20 ppm, trypsin was selected as a 
digestive enzyme (allowing for two non-enzymatic termini), and car-
bamidomethylation of carbon and oxidation of methionine were set as 
fixed and variable modification, respectively. Generated pepXML files 
were further analyzed using PeptideProphet (Keller et al., 2002). Based 
on mzXML and pepXML files, spectral libraries were created for each of 
the seven fish species using SpectraST (version 5.0 (Lam, 2011)). Sub-
sequently, spectra from all fish species in the set were cross-matched 
against all spectral libraries created and dot products were calculated 
(Lam, 2011); a dot product of one indicates that spectra are identical 
whereas a dot product of zero indicates that spectra are mismatching 
(Belghit et al., 2021). Matching spectra with dot products above 0.8 
were considered to be valid matches and the unique identifiers of these 
spectra were extracted and exported into a text file (spectra counts as 
given in Supplementary Table 6 A and Table 4). Using these text files, 
original mzXML files were filtered to remove contaminant-, common 
peptide- or non-peptide-spectra; filtered files were then searched against 
the UniProt Danio rerio reference proteome (UP000000437 accessed on 
January 2021) using Comet, as mentioned above. Based on these filtered 
data, the second set of masked spectral libraries were created using 
SpectraST (version 5.0 (Lam, 2011)). The fish mixture sample was 
matched against both raw and masked spectral library of each fish 
species for relative quantification of the percentage contribution of fish 
species to the mixture as shown in Fig. 2. Dot products above 0.9 or 

higher were considered valid matches and used for quantification. The 
percentage of fish in the mixture was calculated using R (version 3.6.1). 
Outputs were recoded using tidyverse functions (version 1.3.0 (Wick-
ham et al., 2019)) and UpSetR (version 1.4.0). All R code is available on 
request from the authors. 

3. Results 

3.1. Genomic relatedness analysis of pure samples 

In order to establish if the fast-genomic comparison could help 
identify relatedness between muscle tissue samples obtained from seven 
different fish species, Illumina sequencing reads of individual samples 
were compared in a pair-wise fashion among all possible comparisons 
using Skmer. Results show that very high similarity obtained between 
forward and reverse reads from the same samples; additionally, samples 
that were generated from closely related species such as cod and 
haddock appear closer together in the obtained dendrogram (Fig. 3A). 
Furthermore, comparisons of the samples against the reference genomes 
also show a high similarity and clustering with their corresponding 
reference genomes (Fig. 3B). 

To identify and calculate the relative abundance from each of the 
different species present in individual and fish mixture samples, avail-
able reference genomes for each fish species of interest were retrieved 
(Supplementary Table 1). In the case of the pangasius, no reference 
genome was available; thus, an assembled draft version using SPADES 
was used. However, comparing the completeness of the different ge-
nomes (Supplementary Table 1) it was clear that the assembled pan-
gasius genome resulted in very low completion, likely due to the very 
low sequencing coverage. The genomes of the remaining six species, 
even though not perfectly assembled, had metrics of high enough quality 
that allowed for comprehensive mapping. Of note, salmon showed a 
high level of duplicated genes (34.98%), which was found to be in 
agreement with a recent genomic duplication that occurred in the 
ancestor of this species 80 million years ago (Lien et al., 2016). In 
addition, it was noted that the haddock genome was the most 

Spectral
library

Masked
Spectral
library

Trans - proteomics  pipeline (TPP) Pipeline: SpectaST

Pipeline: SpectaST

Search spectra with TPP Comet in R Create mode

Matching spectra to 
each fish library

Generate list of common spectra matching to 
the library and subtract matched spectra 
from library    

Create mode

Output for identification and 
quantification processed in R 

Matching with 
SpectraST

Mix sample matched 
against library 

Fig. 2. Representation of proteomics bioinformatics methods used for calculation of percentages in the fish samples using spectral library workflow, where Trans- 
Proteomic Pipeline (TPP) was used for searching spectra and creating libraries as well as searching against the libraries. 
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fragmented one of all genomes obtained online; it comprised only ~60% 
complete and ~32% fragmented genes. 

Using the simulated reads generated from each reference genome, 
the cross-mapping was evaluated among reference genomes, which 
provided an estimate of the closeness and redundancy presented among 
the targeted fish genomes. As it can be seen in Table 1, the genomes of 
cod and haddock displayed the highest rate of cross-mapping, with close 
to 50% of the reads from one genome mapping to the other genome. By 
comparison, the cross-mapping among other genomes was relatively 
low; in general values of less than 1% were observed. To increase the 

accuracy of quantification, three rounds of masking for each reference 
genome present in the set were performed. 

When mapping simulated reads against masked reference genomes 
(Mask-3), a significant reduction in the cross-mapping can be observed 
(Supplementary Table 2 C). A normalization step was performed in 
order to consider potential coverage variation on the real datasets, 
where certain regions of the genome could have more coverage than 
others, likely affecting the quantitation of the mapping. A digital 
normalization using k-mers to a 2x expected normalization was per-
formed. Using the simulated dataset, it was possible to observe that the 
digital normalization had no effect on the raw datasets (Supplementary 
Table 2 A and B) but had minor variation in the masked genomes 
(Supplementary Table 2 C and D). Thus, it was needed to apply a final 
scaling factor to take into consideration the subtraction for the estimated 
cross-mapping and the re-scaling to the unmasked genome size; with this 
scaling, it was possible to obtain minimal cross-mapping counts while 
retaining the un-masked original mapping counts (Supplementary 
Table 2 E and F). Eventually, a final mapping and counting strategy was 
developed, which could be applied to all samples investigated in the 
present study. For this final strategy the reported numbers were 
normalized to the sequencing effort and the genome size, thus, are re-
ported in RPMM (Reads Per Million bp of reference genome per million 
sequenced reads), see Supplementary Table 3 for equivalent results to 
Supplementary Table 2 but in RPMMs. 

Following quality filtering and digital normalization, the reads of 
muscle tissues of seven individual fish species were mapped to the 
masked reference genomes and quantified according to the strategy 
described above. As can be seen in Table 2, despite several rounds of 
masking, a small degree of residual cross-mapping between closely 
related fish species was observed; in particular between cod and 
haddock. This observation is likely due to either (i) intra-species varia-
tion between the reference genome and the samples used or (ii) 
incompleteness of the reference genomes, as observed by the fact that 
the haddock reference genomes had a high amount of fragmented single- 
copy orthologs identified. Some low negative values were obtained due 
to the normalization effect; however, those counts were always very 
close to zero (Table 2). 

3.2. Quantitation of fish mixture -DNA method 

In addition to the fish mixture samples created by mixing muscle 
tissues of three fish; (N = 4), an additional set of samples was generated 
by mixing defined proportions of DNA post-extraction (N = 3). The 
quantitation of such fish mixtures revealed that mixing the DNA was 
able to recover the expected mixture ratio with minor divergence from 
expected values (Table 3, for RPMM counts see Supplementary Tables 4 
and 5), demonstrating the accuracy of the method. Despite taking great 
care in homogenizing the samples, the observed variation within the 
tissue mixture group could be result of incomplete homogenization. This 
highlights the importance of the sample preparation step for obtaining 
reliable data. 

3.3. Proteomic relatedness analysis of individual fish muscle samples with 
compareMS2 

Using compareMS2, a phylogenetic tree was constructed based on 
the top n = 500 tandem mass spectra obtained from muscle samples of 
the seven fish species. All fish species were separated and branched 
according to their respective phylogeny (Fig. 4). In accordance with 
DNA data, a strong relatedness of cod and haddock was observed, which 
were placed on the same branch, while pangasius was placed on a 
different branch of the obtained tree. 

3.4. Quantitation of fish mixture -proteomics method 

Using SpectraST, tandem mass spectra of a representative fish 

Fig. 3. Sample relatedness based on DNA sequencing using Skmer. (A) Analysis 
of pure samples with Skmer; note that forward (R1) and reverse (R2) reads from 
each sample are used, strong relatedness is identified from the corresponding 
paired sample. (B) Comparison of pure tissue samples against all the reference 
genomes shows the clustering of the samples with their reference genome. Note 
that scale bars are different for A and B, in both cases, they represent distances 
as determined by Skmer. 
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Table 1 
Percent cross-mapping between species.  

Reference genome Mapping before the first masking 

Sim-Cod Sim- Haddock Sim- Pike Sim- Platyfish Sim- Salmon Sim-Tilapia Sim- Pangasius 

RG_ Cod NA 46.15 1.41 0.18 1.39 0.21 0.04 
RG_ Haddock 49.68 NA 2.00 0.19 2.83 0.26 0.04 
RG_ Pike 0.94 2.22 NA 0.14 4.35 0.25 0.09 
RG_ Platyfish 1.30 2.74 0.74 NA 1.42 0.74 0.03 
RG_ Salmon 1.36 3.14 3.94 0.17 NA 0.27 0.09 
RG_ Tilapia 0.84 1.77 0.80 0.88 1.60 NA 0.05 
RG_ Pangasius 0.49 0.84 1.21 0.03 1.68 0.85 NA 

aRG: Reference Genome; Sim: Simulated reads from the reference genome. Mapping simulated reads against individual whole-genome sequences; before any masking 
was performed. NA indicates perfect matching between library which is invalid as the sample inside the library is the same as the matching samples. 

Table 2 
Cross-mapping between species following genome masking.  

RPKM Cod Haddock Pangasius Salmon Pike Tilapia Platyfish 

Cod 0.64 0.04 0.00 0.00 0.00 0.00 0.00 
Haddock 0.02 0.66 0.00 0.00 0.00 0.00 0.00 
Pangasius 0.00 0.00 2.41 0.00 0.00 0.00 0.00 
Salmon 0.00 0.00 0.00 0.38 0.00 0.00 0.00 
Pike 0.00 0.00 0.00 0.00 1.05 0.00 0.00 
Tilapia 0.00 0.00 0.00 0.00 0.00 0.96 0.00 
Platyfish 0.00 0.00 0.00 0.00 0.00 − 0.01 1.48 

aValues are stated as reads per kilobase million (RPKM). 

Table 3 
Quantitation of fish mixture (N = 4) and DNA mixture in percentage (N = 3), data are presented as means ± SD.    

Cod Tilapia Platyfish Haddock Pangasius Pike Salmon  

Expected (%) 50 33 17 – – – – 

Fish fillet mixture Match (%) 53 ± 17 27 ± 13 16 ± 4 3 ± 1 0 ± 0 0 ± 0 0 ± 0 
Divergence 3 − 3 1 − 3 0 0 0 

Fish DNA mixture Match (%) 45 ± 1 39 ± 1 13 ± 0 4 ± 0 0 ± 0 0 ± 0 0 ± 0 
Divergence − 5 6 − 4 0 0 0 0 

aFish fillet mixture - muscle tissues from platyfish, tilapia and cod were weighed and mixed; Fish fillet mixture - fillet from platyfish, tilapia and cod were mixed; Fish 
DNA mixture - DNA from platyfish, tilapia and cod were mixed; Expected (%) - platyfish 1/6, tilapia 2/6 and cod 3/6, forming a mixed tissue sample or DNA samples; 
Divergence - represents divergence from the expected percentages values in the mixture (% expected - % match), values were calculated for both fish fillet and DNA 
mixtures. 

0.6

Salmon

Platyfish

Cod

Pike

Pangasius

Tilapia

Haddock

Fig. 4. Phylogenetic tree built from compareMS2 with top 500 spectra, which agrees with the phylogeny of the selected fish species. Scientific names of the species 
are as given here: Haddock (Melanogrammus aeglefinus), Tilapia (Oreochromis niloticus), Cod (Gadus morhua), Salmon (Salmo salar), Pike (Esox lucius), Pangasius 
(Pangasianodon hypophthalmus), Platyfish (Xiphophorus maculatus). 
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mixture sample comprising three different fish species (platyfish 1/6, 
tilapia 2/6 and cod 3/6) were matched against spectral library reference 
collection built from the seven fish species analyzed in the present study. 
Using a dot product cut off of 0.9, the percentage of each fish species in 
the mixture was determined (example matches reported in Supple-
mentary Table 7). The results suggest that the fish mixture sample 
contained 23% (w/w) cod, which is lower than the nominal relative 
amount added to the fish mixture. The fish mixture sample also was 
found to contain 24% (w/w) tilapia and 18% (w/w) platyfish, which, 
when compared to the relative nominal concentrations of these fish in 
the fish mixture samples, represent an under- and overestimation, 
respectively of fish muscle tissues in the mixed sample (Table 5). On a 
taxonomic scale, cod and haddock belong to the same family, the ga-
doids. When quantifying protein data on the taxonomic family level, the 
data predicts a 47% inclusion level of gadoids (cod + haddock) in the 
sample, very close to the expected 50% of a gadoid fish added to the fish 
mixture. An example output of is given in Supplementary Table 7. 

4. Discussion 

Predicting the relative species composition of complex food and feed 
mixtures remains a major challenge for regulatory scientists and food 
authorities. The present study shows that, for single-species analysis, 
both the novel shotgun DNA sequencing approach based on masked 
reference libraries and recently introduced MS-based proteomics ap-
proaches can distinguish between closely related fish species within the 
same taxonomic infraclass (Teleostei), clade (acanthomorphata) and 
within the same family (gadidae), respectively. 

DNA has traditionally been used for the taxonomic classification of 
animal species, either by whole-genome sequencing or relying on 
mitochondrial genomes (Kahlke & Ralph, 2019). MS-based proteomics 
approaches based on collection and analysis of tandem mass spectra 
were applied successfully for species- and tissue-specific classification of 
both raw and heavily processed samples (; Belghit et al., 2019, 2021; 
Nessen et al., 2016; Ohana et al., 2016; Rasinger et al., 2016; Steinhilber 
et al., 2018; Wulff et al., 2013). While authentication of pure fish muscle 
samples using either DNA or MS-based proteomics already has been 
reported on in literature (Nessen et al., 2016; Ward et al., 2005; Wulff 
et al., 2013; Yancy et al., 2008), in the present study, for the first time, 
both approaches are applied on the same sample set. In addition to in-
dividual pure fish muscle tissue, mixtures of fish samples were analyzed 
to test the applicability of both approaches in the context of authenticity 
testing of fish mixtures such as fish cakes and other seafood products 
commonly sold in Norwegian markets. 

Shotgun DNA sequencing and mapping towards a masked reference 
library gave an approximate estimate of the percent inclusion of each 
species in mixed fish tissue samples and samples of fish-DNA mixed in 
the same ratio as the tissues (Table 3). Although some deviation from the 
expected ratio was observed, DNA shotgun sequencing in combination 
with masked reference libraries demonstrated its usefulness for 
disclosing species substitution and adulteration in a mixed seafood 
product. This implies that the DNA-based workflow presented here also 
could be applied to identify species in other mixed food products. 

Commonly, for authentication and relative abundance estimation of 
species in mixtures metabarcoding in combination with NGS has pre-
viously been applied (Bruno et al., 2019; Leonard et al., 2015; Voo-
rhuijzen-Harink et al., 2019). While metabarcoding approaches, in 
general, has been shown to predict species combinations with relatively 
high accuracy, it tends to fall short in predicting relative abundances 
(Xing et al., 2019). This shortcoming is mainly due to PCR bias and other 
method-intrinsic challenges as listed in the introduction. One advantage 
of the metabarcoding approach when compared to both methods pre-
sented here (i.e. shotgun DNA sequencing based on masked reference 
libraries and untargeted MS-based proteomics), is the availability of 
reference material sequences in public databases. At the time of writing, 
321 k species were listed in the BOLD database (https://www.boldsys 
tems.org/), a cloud-based analysis platform developed to support the 
generation and application of DNA barcode data. However, the number 
of publicly accessible whole-genome assemblies has been increasing 
exponentially in the recent past, paving the way for analytical ap-
proaches utilizing whole-genome data; currently, 599 fish genomes are 
available for download (https://www.ncbi.nlm.nih.gov/, 2021). 

Previously reported shotgun sequencing approaches such as the all- 
food-seq (AFS) and the FASTER pipelines have shown great potential 
for estimation of species abundances in mixtures of land animals, 
showing high accuracy and low false discovery rates (Hellmann et al., 
2020; Kobus et al., 2020; Ripp et al., 2014). However, the AFS was 
restricted to comparisons of only 10 complex genomes. Whereas, 
another k-mers based approach showed accuracy comparable to the 
workflow presented in the present study and also has the potential to be 
applied to an unlimited number of genomes (Kobus et al., 2020). 

In short, all of the studies listed above, highlight the usefulness of 
DNA-based tools for the identification and quantification of species from 
a variety of taxonomic kingdoms and phyla, including animals, plant 
and bacteria, in one single mixture sample (Hellmann et al., 2020; Kobus 
et al., 2020; Ripp et al., 2014). Combining DNA sequencing with masked 
reference libraries offers the possibility to analyse mixed samples with 
high accuracy using limited computational resources and small refer-
ence libraries. This, in combination with the nano-sequencing approach 
e.g. miniaturized DNA sequencing devices such as MinION developed by 
Oxford Nanopore Technologies or Sequel II by PacBio (Huo et al., 2021), 
in the near future, open the possibility for rapid on-site analyses of a 
fixed set of targets (Voorhuijzen-Harink et al., 2019). 

The MS-based proteomics spectral library matching (SLM) approach 
also yielded promising results (Table 5) when estimating the relative 
abundance of fish species in a mixture; especially, on the family level. 
Since protein and water constitute the bulk of muscle tissue in terms of 
mass, one would expect a higher accuracy in predicting species contri-
bution of mixed tissue samples using SLM approach compared to DNA. 
In terms of accuracy, the calculated relative abundance of platyfish was 
in accordance with the relative amount added to the protein fish mixture 
while the concentration of tilapia was underestimated. When summa-
rizing the results on the taxonomic (family) level SLM predicted a 47% 
inclusion of gadoids (cod and haddock in this case), which is very close 
to the expected 50% cod protein added to the fish mixture. As cod and 
haddock belong to the same family, highly conserved proteins and 

Table 4 
Matching of fish species against each spectral library.  

Library Coda Haddocka Pangasiusa Pikea Platyfisha Salmona Tilapiaa 

Cod NA 27.2 11.2 12.0 0.126 12.2 10.6 
Haddock 25.9 NA 12.6 13.3 15.0 13.2 12.3 
Pangasius 9.9 12.1 NA 16.3 15.2 12.4 12.9 
Pike 10.7 12.4 13.9 NA 13.7 22.5 10.7 
Platyfish 12.3 14.8 15.5 14.4 NA 12.3 16.1 
Salmon 12.3 13.5 12.0 21.4 12.2 NA 9.9 
Tilapia 10.8 14.0 14.9 12.5 18.1 11.3 NA  

a Percent sequencing reads mapped against the libraries. Represents library and each species matched against this library; NA indicates perfect matching between 
library which is invalid as the sample inside the library is same as the matching samples. 
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peptides are present in the muscles, i.e., similar tandem mass spectra 
will be recorded, which will affect spectral library matching. Possibly 
due to the conserved nature of proteins decreasing species specificity, 
the accuracy of DNA approach was higher for the closely related species. 
Thus, the results indicate that the SLM approach displayed higher ac-
curacy than the DNA approach for 1 out of 3 cases at species level and 2 
out of 3 cases at taxonomic family level. 

The SLM approached used in the present study is independent of 
annotated genomes and simple to implement. It has been used suc-
cessfully in earlier studies for accurate identifications of fish species in 
both raw and processed samples (Nessen et al., 2016; Wulff et al., 2013). 
Even battered and deep-fried fish were correctly identified using SLM 
and spectral hits were proportional to the amount of cod (10%) added to 
the sample (Nessen et al., 2016). SLM also has been applied for quan-
tification of horse in cow meat mixture with reasonable accuracy; it was 
highlighted that method precision can be improved by removing 
non-peptide spectra from the spectral reference libraries (Ohana et al., 
2016). The method was also applied recently to detect presence of 
bovine haemoglobin (1–10%) in the black solider fly (BSF) larvae fed on 
contaminated substrates with accuracy (Belghit et al., 2021). In the 
present study, it is shown for the first time that SLM also can be applied 
to more complex mixtures. Moreover, it was found that no masking of 
MS data is necessary, since masked and raw MS data yielded comparable 
quantification predictions, both very close to nominal values. 

In terms of specificity and false-positive signals, SLM had a clear 
disadvantage compared to the DNA approach predicting 23% cod and 
24% haddock in the fish mixture (Table 5). In addition, 3–5% spectra 
were matched to other species absent in the fish mixture. By comparison, 
mapping shotgun DNA sequence reads against masked and normalized 
reference libraries resulted in less than 3% hits against haddock 
(Table 2), and negligible hits against other species that were not 
included in the fish mixture. Similar results have reported by shotgun 
sequencing approaches demonstrating the discriminating power of 
shotgun DNA sequencing (Haiminen et al., 2019; Hellmann et al., 2020; 
Kobus et al., 2020; Ripp et al., 2014; Voorhuijzen-Harink et al., 2019). 

Results from the present study highlighted the challenges arisen 
when analysing closely related species within the same family. The DNA 
analysis shows almost 50% overlap between the cod and haddock DNA 
read libraries. Similar results were obtained for the proteomic analysis 
with a spectral overlap between cod and haddock of ~27% (Table 4). 
Much less overlap was observed between the other species such as platy 
and tilapia as these species are distantly related and belong to different 
superorder i.e., Protacanthopterygii, Ostariophysi, and Osteichthyes. 

The results confirm that distantly related species can be easily 
separated and quantified from the fish mixtures using SLM (Nessen 
et al., 2016; Ohana et al., 2016). It also was found that it is challenging 
to quantify the percentage inclusion of very closely related species in 
fish-mixtures, most probably due to the large degree of similarity in 
amino acid sequences of the respective peptides. If well-annotated 
reference proteomes were available for fish, further work could be 
done to target the analysis of very closely related species using a set of 
highly distinctive mass spectra representative of species-specific 

peptides. However, at the time of writing, only scaffold reference pro-
teomes are available for download from online repositories (Supple-
mentary Table 8). Once comprehensively annotated reference 
proteomes from more species become available, spectra identification 
using specific peptides will be attempted for accurate separation and 
abundance estimates as was recently proposed for PAP (Marbaix et al., 
2016; Rasinger et al., 2016). 

Only non-processed frozen material was used in the present study. 
Future studies applying the present analytical pipelines should investi-
gate the effect of processing on the analytical outcome. However pre-
vious studies predicting the content of processed materials using 
shotgun DNA sequencing and proteomics indicate that processing, such 
as cooking (heat treatment), does not affect the predictive result (Hai-
minen et al., 2019; Kobus et al., 2020; Nessen et al., 2016; Ohana et al., 
2016; Ripp et al., 2014). In comparison, metabarcoding approaches 
using large amplicon can be sensitive to DNA degradation following heat 
treatment (Hird et al., 2006). Therefore, the presented approaches 
should also be suitable for cooked fish samples even if they contain other 
ingredients such as flour or oil. 

5. Conclusions 

Food and feed scandals are breaching food safety legislation and 
violating consumer rights which have economic impacts (Moyer et al., 
2017). Thus, efficient tools for fraud detection are needed. In the present 
study, for the first time, shotgun DNA sequencing and mass 
spectrometry-based proteomics were applied in parallel on the same 
samples to estimate the relative abundance of fish species in mixed 
samples. Both approaches show promise for use in future food control 
applications for species identification and authentication of mixed 
samples. While the untargeted SLM-based proteomics workflow showed 
some limitations in differentiating closely related species in comparison 
to shotgun DNA sequencing in combination with masked reference li-
braries, the data indicate that at the taxonomic family level, SLM dis-
plays a higher accuracy in predicting relative abundances of fish in 
mixtures. In practice, possibly a tiered approach taking advantage of the 
specificity of DNA sequencing and the abundance accuracy of prote-
omics would be best suited for tackling current food authentication 
challenges. 
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