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Highlights

The lon Torrent platform was used for species identification in dairy products.
Sequence analysis of reads from eight libraries detected expected and unexpected species.

Next generation sequencing can provide useful information for dairy product authentication.
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Abstract

In this study, we applied a next generation sequencing (NGS) technology (lon Torrent) for species
identification based on three mitochondrial DNA (mtDNA) regions amplified on DNA extracted
from dairy products. Sequencing reads derived from three libraries, obtained from artificial DNA
pools or from pooled amplicons, were used to test the method. Then, sequencing results from five
libraries obtained from two mixed goat and cow milk samples, one buffalo mozzarella cheese, one
goat crescenza cheese and one artisanal cured ricotta cheese, were able to detect all expected
species in addition to undeclared species in a few of them. Mining generated reads it was possible to
identify different dairy species mitotypes and the presence of human DNA that could constitute a
potential marker to monitor the hygienic level of dairy products. Overall results demonstrated the
usefulness of NGS for species identification in food products and its possible application for food

authentication.

Keywords: Dairy product authenticity; Food fraud; DNA analysis; mtDNA; NGS.
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1. Introduction

The identification of the species of origin of animal-derived products is an important issue in
food safety and integrity of food production chains, considering the economic impact and the
potential health problems that intentional or accidental admixture and substitutions of products
derived from different species than those declared can create (e.g. Johnson, 2014; Manning, &
Soon, 2016; Spink & Moyer, 2011). For these reasons, food labelling regulations require the precise
identification of the species of origin of commercialized products.

Dairy products are among the most important sources of proteins and fat for human nutrition
and the most important agricultural commaodity in terms of world economic value. As dairy
products could produce human adverse reactions towards protein allergens of some species, their
substitution or admixture with milk of different species than those declared could create health
problems after consumption (Hest, Jacobsen, Halken, & Holmenlund, 1995; Restani et al., 1999;
Umpiérrez et al., 1999). Moreover, substitution or admixture of cheaper milk, usually of cow origin,
in products labelled as obtained from sheep, goat or buffalo milk (or not declared admixture of milk
from small ruminant species) are the most frequent economically-driven frauds in the dairy industry
(De La Fuente & Juarez, 2005). These fraudulent behaviours are mainly due to lower value of cow
milk compared to that of other species and the seasonality of the milk productions for a few of these
species.

Many different methods have been proposed to identify the species of origin of the milk that
is used for the preparation of dairy products, targeting species-specific protein or fat-derived
biomarkers that are present in the milk using various chromatographic, electrophoretic,
immunoenzymatic and mass spectrometric techniques and approaches, among several other
analytical methods (e.g. De La Fuente & Juarez, 2005). Another species-diagnostic molecule
present in the milk is the DNA, contained in the leukocytes and desquamating epithelial cells
originated from the mammary glands of the animals that have produced the milk (i.e. somatic cells).

PCR-based methods have been developed to obtain diagnostic information from the amplification
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of several targeted sequences of mitochondrial and nuclear DNA (e.g. Mafra, Ferreira, & Oliveira,
2008). Analyses of nucleotide differences contained in the amplified fragments have been obtained
using different approaches (i.e. PCR-RFLP, DNA melting analysis, fragment length analyses,
sequencing, real-time PCR; Dalmasso, Civera, La Neve, & Bottero, 2011; Drummond et al., 2013;
Lopez-Calleja et al., 2007; Maudet & Taberlet, 2001). These methods have been proven to detect
the species of origin of the milk when the potential contaminating species were already known or
expected in advance as the discriminatory analytical methods for their identification have to be
specifically tailored for their detection. In general, PCR based approaches have a poor multiplexing
detection potential and only few studies reported the possibility to identify, at the same time, three
or more species in dairy products (Bottero, Civera, Nucera, Rosati, Sacchi, & Turi, 2003;
Gongalves, Pereira, Amorim, & van Asch, 2012). To overcome these limits, DNA-based animal
species identification methods have been designed to take advantage from microarray technologies
that, despite the commercial interests on these systems, have not extensively applied in practise
mainly due to the inherent limit determined by their construction (presence or absence of only some
species-specific probes) that cannot give the possibility to detect unexpected or unknown species
(e.g. Chisholm, Conyers, & Hird, 2008; Peter, Brunen-Nieweler, Cammann, Borchers, 2004).

Next generation sequencing (NGS) technologies have changed the way to analyse DNA by
combining sequencing and quantification of DNA in a single step (Goodwin, McPherson, &
McCombie, 2016). NGS is considered a common approach in many different studies that requires
the production and analysis of a large number of DNA sequences, including applications in food
sciences. For example, NGS approaches have been used to characterize food microbial communities
or for the identification of pathogenic microorganisms (e.g. Aldrete-Tapia, Escobar-Ramirez,
Tamplin, & Hernandez-Iturriaga, 2014; De Pasquale, Di Cagno, Buchin, De Angelis, Gobbetti,
2014; Krawczyk et al., 2015). Despite the power of NGS just few works have applied this
technology for species identification in food authentication and, to our knowledge thus far no

investigation has specifically addressed this question in dairy products. For example, DNA
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barcoding systems followed by NGS and specific bioinformatics analyses of sequenced reads have
been applied for mammalian species identification in DNA mixtures (Tillmar, Dell'’Amico,
Welander, & Holmlund, 2013). Bertolini, Ghionda, D’ Alessandro, Geraci, Chiofalo, & Fontanesi
(2015) applied a NGS approach using an lon Torrent sequencer for the identification of meat
species in DNA mixtures. Other authors reported the application of lon Torrent sequencing for
species identification in candies, as an example of highly processed food (Mufioz-Colmenero,
Martinez, Roca, & Garcia-Vazquez, 2017).

lon Torrent technology is based on a semiconductor sequencing approach that can detect
small pH modifications on a chip, occurring during the elongation steps in the sequencing process
(Rothberg et al., 2011). Peculiar characteristics of the lon Torrent platform are i) the relatively low
cost per run compared with other NGS instruments, ii) high speed of the sequencing step (a few
hours), iii) the possibility to use different chips that can allow different scales of sequencing
throughput according to the analytical needs, iv) the possibility to multiplex sequencing analyses by
barcoding different samples that can run on the same chip and v) an error rate that is sequence-
dependent with indels in poly-mononucleotide stretches (Frey et al., 2014; Quiail et al., 2012).

In this work, we tested the possibility of using the lon Torrent next generation semiconductor
based sequencing technology for the identification of dairy species by sequencing targeted mtDNA

fragments obtained from DNA mixtures and DNA extracted from dairy products.

2. Materials and methods
2.1. DNA isolation

DNA of four dairy species (cattle, Bos taurus; sheep, Ovis aries; goat, Capra hircus; and
buffalo, Bubalus bubalis) was isolated from blood using the Wizard® Genomic DNA Purification
kit (Promega Corporation, Madison, W1, USA), following the manufacturer’s instructions.

DNA was also isolated from: a) two milk mixtures constituted by sterilized milk of goat and

cow, 1) a mixture containing 90% cow milk + 10% goat milk in volume and 2) a mixture containing
6
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50% goat milk + 50% cow milk in volume; b) from one buffalo mozzarella (purchased from a
commercial retailer); c) from one goat crescenza cheese (purchased from a commercial retailer and
derived by an industrialized production plant); and d) from one cured ricotta cheese, derived from a
mixture of cow, sheep and goat milk ([12:1:1 volume ratio) and purchased from an artisanal
producer. DNA from goat and cow milk was extracted using the NucleoSpin® Tissue kit
(Macherey-Nagel, Diiren, Germany) following the manufacturer’s protocol for isolation of DNA in
food. For the other dairy products, DNA was isolated using the Wizard® Genomic DNA
Purification kit (Promega Corporation, Madison, W1, USA) following the manufacturer’s
instructions for DNA isolation from cell cultures and animal tissues.

Nanophotometer P-330 instrument (Implen GmbH, Minchen, Germany) assessment was used
to quantify and to evaluate the quality of the extracted DNA. DNA quality was also evaluated by
visual inspection on 1% agarose gel electrophoresis in TBE 1X buffer after staining with 1X
GelRed Nucleic Acid Gel Stain (Biotium Inc., Hayward, CA, USA).

Two artificial DNA pools were constructed using individual DNA samples extracted from
blood: 1) a DNA pool constructed from equimolar DNA content extracted from cattle, sheep, goat
and buffalo; 2) a DNA pool constructed from 10% cattle DNA + 90% buffalo DNA. As the purpose
of this study was to test the potential of the designed approach on species identification, extracted
DNA was used at different defined proportions in DNA pools considering that the mtDNA (the
target DNA in our study) content of milk somatic cells could be similar for each species. Thus,
according to this approximation, the number of reads obtained from each species from artificial
DNA pools containing different proportions of DNA (see below) could provide a preliminary semi-
quantitative estimation of the milk species composition (Ripp et al., 2014), even if this experiment
was not specifically designed to obtain a precise quantitative evaluation. It is also clear that
estimation of milk species composition based on somatic cell DNA evaluation should also assume
similar somatic cell count for each species included in the mixed dairy product (e.g. Russo et al.,

2007).
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2.2. PCR analyses

PCR amplifications were performed using three primer pairs (Table 1). These primers were
designed on 12S and 16S mitochondrial rRNA genes and were already successfully tested in many
mammalian species (Karlsson & Holmlund 2007; Kitano et al., 2007; Bertolini et al., 2015).
Amplification reactions were performed using a 2720 thermal cycler (Life Technologies, Carlsbad,
CA, USA) in a total volume of 20 pL with 2X of the Kapa HiFi HotStart ReadyMix PCR kit (Kapa
Biosystems, Boston, Massachusetts, USA), 50 ng of template DNA and 10 pmol of each primer
with the following cycling profile: initial denaturation of 3 min‘at 98 °C; then 35 cycles of 20 sec at
98 °C, 15 sec at the primer pairs specific annealing temperature (Table 1), 30 sec at 72 °C; and a
final extension of 1 min at 72 °C. PCR product quality and quantity was estimated by visual
inspection on 2.5% agarose gel electrophoresis in TBE 1X buffer after staining with 1X GelRed
Nucleic Acid Gel Stain (Biotium Inc., Hayward, CA, USA) and on a Nanophotometer P-330

instrument (Implen GmbH).

2.3. Sanger sequencing of amplified mtDNA regions and reference sequences

Sanger sequencing was carried out to validate that amplicons obtained by PCR were the
expected targeted mtDNA regions. PCR products were purified with ExoSAP-IT (USB
Corporation, Cleveland, Ohio, USA) and then sequenced with the BrightDye® Terminator Cycle
Sequencing Kit (NIMAGEN, Nijmegen, The Netherlands). Sequencing reactions were loaded on an
ABI3100 Genetic Avant capillary sequencer (Applied Biosystems, Foster City, CA, USA). All
electropherograms were visually inspected and analysed with the help of CodonCode Aligner
(CodonCode Corporation, Dedham, MA, USA). BLASTN (http://blast.st-
va.ncbi.nlm.nih.gov/Blast.cgi) was used to confirm the obtained mtDNA sequences against all other
sequences in the nucleotide collection nr/nt constituted by GenBank+EMBL+DDBJ+PDB+RefSeq

sequences (updated on the 30™ April 2017). MUItiple Sequence Comparison by Log- Expectation
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(MUSCLE) tool (http://www.ebi.ac.uk/Tools/msa/muscle/) was used to align obtained sequences

including also the corresponding regions of other mammalian species (retrieved from
EMBL/GenBank; Cervus elaphus (deer), accession number KP172593; and Dama dama (fallow
deer), accession number JN6326291) that were used for comparison and for subsequent testing
mapping analyses, as described below. To further evaluate the discriminatory potential of the
targeted reference mtDNA regions across dairy species, phylogenetic analyses were obtained using
MEGA v. 6.0.5 (Tamura, Stecher, Peterson, Filipski, & Kumar, 2013) designing Maximum
Likelihood trees (using the default options) for DNA sequences considering the three different
reference regions separately. The corresponding human mtDNA region was used as outgroup.

The three reference sequences for each species were used to identify mitotypes (mitochondrial
haplotypes) segregating within species. Analysis was carried out using species specific BLASTN
querying targeted species against the nr/nt nucleotide collection (30™ April 2017). Variant sites
were then listed and counted according to the number of GenBank entries reporting the same

sequence. Only mitotypes already reported in GenBank were considered as reliable in this study.

2.4. lon Torrent sequencing

lon Torrent PGM (Thermo Fisher Scientific Inc.) sequencing was performed starting from
PCR products (the same amplification volumes for the different primer pair and DNA target
combinations) purified with ExoSAP-IT® (USB Corporation, Cleveland, Ohio, USA). Eight
libraries were obtained and each library included amplicons of the three primer pairs. The eight
libraries were constructed from PCR products produced as described below (see Table 2 for more
details): 1) equimolar pool of PCR products obtained separately from cattle, sheep, goat and buffalo
DNA; 2) amplicons obtained from a DNA pool containing equimolar DNA from the four dairy
species; 3) amplicons obtained from a DNA pool containing 90% buffalo DNA + 10% cattle DNA;
4) amplicons obtained from DNA extracted from the mixture containing 90% cow milk + 10% goat

milk in volume; 5) amplicons obtained from DNA extracted from the mixture containing 50% goat
9
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milk + 50% cow milk in volume; 6) amplicons obtained from DNA isolated from buffalo
mozzarella; 7) amplicons obtained from DNA isolated from the goat crescenza cheese; 8)
amplicons obtained from DNA extracted from cured ricotta cheese. For each library, 200 ng of
amplified DNA was end-repaired and ligated with a specific barcode using the lon Xpress™ Plus
Fragment Library and Ion Xpress™ Barcode Adapters 1-16 kits (Thermo Fisher Scientific Inc.).
Then, each library was quantified with the lon Library Quantitation kit (Thermo Fisher Scientific
Inc.) by qPCR using a StepOnePlus™ Real-Time PCR System (Thermo Fisher Scientific Inc.).
Finally, the eight barcodes were pooled together at the same concentration, clonally amplified by
emulsion PCR with the lon PGM™ Hi-Q™ OT2 kit and sequenced following the manufacturer’s
instructions using the lon PGM™ Hi-Q™ Sequencing kit'and a lon 318 v2 chip (Thermo Fisher

Scientific Inc.).

2.5. Next generation sequencing data analyses
Reads obtained from lon Torrent sequencing were first processed by the Torrent Suite v.4.6
on the lon Torrent Server (Thermo Fisher Scientific Inc.). Then, obtained FASTQ files were quality

checked using fastgc tool (http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc/). Reads were

subsequently separated according to their barcode and polyclonal and low quality sequences were
eliminated. Adapters and low quality 3’-ends were trimmed from the high quality grouped reads.
After the automatic processes, for each barcode, reads were then trimmed from the primer
sequences at 5” and 3’ end using the trim function of HOMER. Retained reads were 50-210 bp long
with a quality score equal or higher than Q20 for all bases. Trimmed reads were aligned to pre-built
reference sequences of the four targeted dairy species (Bos taurus, Ovis aries, Capra hircus and
Bubalus bubalis) and of the additional sequences (Dama dama, Cervus elaphus) that were used to
test the alignment algorithms and of Homo sapiens (that was used to evaluate potential
contamination). Alignments were based on bwa v.0.7.11 (Li et al., 2009) according to the aln (Li &

Durbin, 2009) and mem (http://bio-bwa.sourceforge.net/) algorithms using default parameters.

10
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Among the already tested algorithms by Bertolini et al. (2015), aln is considered appropriate to
discriminate closely homologous sequences (Li & Durbin, 2009), whereas mem has been shown to
have the best mapping rate on short reads (Bertolini et al., 2015). Bam files were obtained using
Samtools software v.0.1.16 (Li et al., 2009). Bioinformatic pipelines were run using Galaxy
platform (Goecks et al., 2010). Identification of different within-species mitotypes from the
produced reads was obtained using aln alignments with scripts to automatically retrieve different
mitotype sequence information (as detected by BLASTN analysis as described above) on the
aligned reads. Aligned reads were also visually inspected with Integrative Genomic Viewer (IGV)

(http://software.broadinstitute.org/software/igv/) to evaluate if the alignments included the correct

sequences and to calculate the error per sequenced base that was obtained for each target gene by
counting mismatches obtained in the filtered alignments and considering the total number of aligned
nucleotides obtained from Library 1. Reference sequences in these comparisons were those
obtained by Sanger sequencing (as described above) from the DNA of the animals used to construct
Library 1. Next generation sequencing data were deposited in the EMBL-EBI European Nucleotide

Archive (ENA) with the project accession number PRJIEB21951.

3. Results
3.1. Sanger sequencing data and analysis of targeted mtDNA regions

Three primer pairs designed on two mtDNA genes (Table 1) were used to amplify DNA from
animals of four dairy species (i.e. cattle, buffalo, sheep and goat). All primer pairs produced the
expected amplicons without any detectable unspecific products (data not shown). Sanger
sequencing of PCR generated products cannot identify the presence of mtDNA heteroplasmy in the
extracted DNA of the amplified animals if the level of heteroplasmy is low (Li et al., 2010). Sanger
sequences obtained for all species and primer pairs were the same as those reported in sequences
already deposited in EMBL/GenBank. Phylogenetic trees produced from the sequenced target

regions confirmed that all three selected mtDNA gene fragments contain sequence specific
11


http://software.broadinstitute.org/software/igv/

246  information useful to distinguish four dairy species included in this study (Fig. S1). The closest
247  identity was between the goat and sheep 12S_Ki sequences that differs for two nucleotides only
248  (Fig. S2 and Table S1). BLASTN analysis showed that for some of these amplified mtDNA

249  regions, within species variants exist among the database deposited sequences. That means that
250  some of the targeted regions (buffalo 12S_Ki, 16S_Ki and 16S_KH regions; sheep 12S_Kij; goat
251  16S_KH; Table S2) contain sequence information useful to identify different mitotypes segregating
252 within species (as estimated based on the number of matched database entries) in three out of four
253 dairy species.

254

255  3.2. Analysis of lon Torrent reads: tested mapping algorithms

256 lon Torrent reads obtained from Libraries 1, 2 and 3 (prepared using amplicons of the four
257  different dairy species produced separately or from DNA mixtures from four or two species; Table
258  2) were used to assess the power of filtering and alignment of two algorithms (aln and mem). Data
259  from Library 1 might not be biased by potential unequal PCR amplification efficiency in DNA

260  pools or complex matrices (all other libraries). As all libraries were produced without any

261  fragmentation of the obtained amplicons, it is possible to consider all mapped reads on a reference
262  sequence as unbiased estimators of the number of times in which the targeted fragments are

263  detected without any adjustments, that multi-reads approaches (for long targeted regions) might
264  require (Mortazavi, Williams, McCue, Schaeffer, & Wold, 2008; Bertolini et al., 2015).

265 Performances of the aln and mem algorithms was evaluated in terms of number of mapped
266  reads and quality scores of the alignments. All mapped reads were processed without any

267  preliminary filtering step (raw or unfiltered alignments) and after filtering based on mapping quality
268  score >30 (Q,>30) that eliminated reads mapped on more than one reference sequence. Fig. 1 and
269  Table S3 report the number of mapped reads on the targeted mtDNA reference sequences (12S_Ki,
270 16S_Kiand 16S_KH) of the four dairy species and the relative proportion of the different species

271 within targeted mtDNA fragment. Raw alignments obtained with mem accounted for a larger
12
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number of mapped reads (about 22-29% larger) than those mapped with aln in all three libraries.
However, after filtering, aln retained a larger number of reads than mem in all three libraries (Table
S3). The number of filtered reads with mem were about 72%, 41% and 76% the number of
unfiltered reads for the three libraries, respectively. Using aln, almost all unfiltered reads (96-98%
in all three libraries) were retained after applying the quality score Q,»>30. Based on these results, it
seems that the best performing algorithm for closely related sequences considered in our case
studies is aln that was properly designed for the lon Torrent sequencing platform. The low
efficiency of the mem algorithm can be mainly attributed to the absence of Q>30 reads assigned to
goat and sheep for the 12S_Ki fragment. This bias is evident also from the bioinformatic results
obtained from Library 8 in which both goat and sheep DNA was present. This is due to the very
close identity of these two species in this region (Table S1 and Fig. S2) that prevented the unique
assignment of the reads to one or to the other-small ruminant species, considering the very stringent

quality mapping threshold.

3.3. Analysis of lon Torrent reads: estimation of sequencing error rates

Errors introduced by the lon Torrent sequencing system might be important to evaluate the
performances of the mapping algorithm for the assignment of the obtained reads to different
species. Sanger sequence information we obtained from the DNA of the four animals (each of
different species) used to prepare the products sequenced in Library 1 was important to correctly
calculate the error rate of the NGS-based detection system. Error rate was estimated by comparing
Sanger validated sequence data of targeted regions with aln Q,>30 aligned lon Torrent reads
obtained from Library 1. All variant positions were then counted as errors, after elimination of
spurious alignments due to the closeness of the investigated species. Error rate was calculated as
fraction of all counted errors on all matched sequence positions, excluding primer positions that
were previously trimmed (Table 3). The error rate was larger for the 16S_KH fragments (the

shortest targeted mtDNA region) for all species (ranging from 0.046 to 0.057) and lower for the
13
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16S_Ki and 12S_Ki fragments (the longest targeted mtDNA regions), in all species/region
combinations (ranging from 0.0206 to 0.0243). These errors might be due to the sum of PCR and
lon Torrent sequencing errors. Most of the errors were observed in short homo-polymeric regions
(data not shown) that are difficult to be correctly sequenced using the lon Torrent technology
(Rothberg et al., 2011). Estimated error rate for all targeted regions are below the level of
differences between the sequences of the analysed species in all comparisons apart from the sheep
and goat 12S_Ki sequences whose identity was equal to 0.989 (Table S1). Combining the results of
the mapping algorithms for the 12S_Ki sheep and goat sequences and the sequencing error rate for
this region, it is possible to understand the reason for the difficulties of the unsupervised

bioinformatic analysis to attribute reads to one or to the other species.

3.3. Identification of calling thresholds for species identification from lon Torrent reads

Table S3 report also the aligned reads to the reference sequences of other two species (deer
and fallow deer) not included in Libraries 1, 2 and 3. Alignments on these two ruminant sequences
were used to explore the paossibility to define a false positive alignment rate, considering true
sequences from closely related species. DNA of these deer species has never been analysed in the
laboratory that carried out this experiment, excluding in this way any potential DNA contamination.
Reads from the 16S_KH primer pair did not align with the reference deer and fallow deer sequences
using both raw and filtered data and both algorithms. Only fallow deer 12S_Ki reference sequences
aligned with a few unfiltered reads using mem (0.03%, 0.07% and 0.08% on the total of the 12S_Ki
reads for the three libraries, respectively) and none of these reads were retained when filtered for
alignment quality. The aln algorithm did not report any aligned reads for both deer species (for both
unfiltered and filtered reads). A larger number of unfiltered reads was aligned with both algorithms
to the deer and fallow deer 16H_Ki reference sequences. However, aligned filtered reads ranged

from 0 to 0.12% with the aln algorithm whereas the mem algorithm did not align any reads for both
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species and all three libraries. Close inspection of the alignment results confirmed that the mapped
reads could not be attributed to deer and fallow deer species.

In addition to the evaluation obtained using deer and fallow deer reference sequences, as
Library 3 was derived only from cattle and buffalo amplified DNA, we used mapped reads on goat
and sheep reference sequences to determine the level of spurious alignments due to the
unsupervised performances of the two tested algorithms in addition to true alignments derived by
amplification of potential contaminating DNA. As goat and sheep DNA are currently analysed in
the laboratory that performed the lon Torrent sequencing experiment, alignments on the goat and
sheep reference sequences coming from Library 3 might be useful to test the problem derived by
potential contaminating DNA from these sources. Both algorithms aligned from 0.0 to 0.05% reads
to the sheep and goat 12S_Ki and 16S_KH reference sequences (Qm>30). For the 16S_K:i region,
mem and aln aligned 0.17% and 0.14% of reads on the goat reference sequence and 0.01% and
0.01% of reads to the sheep reference sequence (Qn>30). These results are in line with the spurious
alignment rates obtained with the deer and fallow deer sequences even if slightly higher than those
obtained with the two previously tested species. If we consider the aln algorithm, that seems the
best performing algorithm for closely related sequences, and comparing the true spurious results
obtained for deer and fallow deer sequences, it could be possible that the contribution of the
environmental laboratory contamination derived by goat and sheep DNA could account for about
0.01-0.05% of reads mapped to the reference sequences of these two species. Close inspection of
the aligned reads confirmed that only part of the mapped reads could be attributed to goat or sheep
sequences (data not shown).

Based on these evaluations we set as threshold for declaring the presence of a species in a
sequenced library the number of reads matching the species-specific sequence of at least 0.2% of
the total number of reads matching a reference sequence of the same targeted region. Moreover, to
account for potential undisclosed factors causing false positive results from one hand and possible

amplification biases due to different PCR efficiencies in DNA mixtures from the other hands, we
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declared the presence of one species if at least two out of three targeted mtDNA fragments
accounted for at least 0.2% of the aligned reads on its corresponding species-specific reference
sequence. This level for at least two regions might account for the problem of un-supervised
spurious alignments, environmental laboratory contamination and might consider the need of an
internal confirmation of the results. This threshold of 0.2% defined in the evaluated case studies

should be further validated in other NGS runs.

3.4. Evaluation of the aligned reads from Libraries 1, 2 and 3 on dairy species reference
sequences

The largest number of reads obtained from Library 1 was mapped on the 16S_K:i reference
sequences using both algorithms (Table S3). In Library 3, the largest number of reads mapped with
Qm>30 was obtained from the 12S_Ki fragment. In Library 2, mem reported the largest number of
mapped reads for the 16S_Ki fragment whereas aln showed the largest number of reads mapped on
the 12S_Ki region. The 16S_KH mtDNA targeted fragment accounted for the lowest number of
matched reads in all libraries. The lowest number of reads obtained with this primer pair could be
due to a lower amplification efficiency compared to the other two primer pairs (considering that all
libraries were generated by pooling the same amplification volumes for the different primer pair and
DNA target combinations). However, we cannot completely exclude a lower sequencing efficiency
in the sequencing processes for the 16S_KH reads.

Reads produced from all three libraries matched the expected dairy species even if the
proportion of mapped reads was not exactly according to the expected ratios derived by the
constitution of the three libraries (Fig. 2). Reads produced from Library 1 showed the closest
expected proportion according to the equal contribution among species of the amplified fragments
that were included in the sequenced pool of amplicons that originated this library. This proportion is
maintained if reads are counted separately for each targeted region or considering the sum of reads

for each species across the three targeted fragments (Fig. 2). Amplification biases of the sheep DNA
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seems a possible reason for the overrepresentation of reads of this species observed from Library 2
results. A similar problem might explain the overrepresentation of buffalo reads over cattle reads

reported from Library 3.

3.5. Analysis of lon Torrent reads produced from dairy products

All other libraries (Libraries 4, 5, 6, 7 and 8) were obtained from amplified products derived
by extracted DNA from dairy products (two artificial mixtures of goat and cow milk: Libraries 4
and 5; buffalo mozzarella cheese: Library 6; goat crescenza cheese: Library 7; and cured ricotta
cheese: Library 8; Table 2).

Results obtained from the two “mixed milk” libraries confirmed the presence of DNA from
goat and cattle (Figs. 1 and 2; Table S3). In particular, results obtained from Library 4 derived by
mixing 90% of cow milk with 10% of goat milk showed about 72-84% of reads of the three targeted
regions mapped on cattle reference sequences and 16-28% of reads attributed to the goat species.
Apart from potential amplification biases that could interfere with the expected 90:10 proportion of
the two species (as in part observed in Libraries 2 and 3) the larger number of goat reads than those
expected could be attributed to different somatic cell count (causing differences in DNA
proportions) of the milk obtained from the two species (higher in goat and lower in cattle). This
latter hypothesis seems confirmed analyzing the results obtained in Library 5 (50:50 of goat and
cattle milk volume) that reported a larger number of goat reads than cattle reads. Moreover, reads
obtained from this library matched sheep mtDNA reference sequences with a proportion for two
targeted regions that trespassed the 0.2% threshold (defined above) suggesting the presence of
sheep milk probably mixed in the original goat milk. The presence of sheep milk could be
confirmed also from the results of Library 4 that reported the presence of 0.25% of 12S_Ki reads
(above the 0.2% threshold) matching the sheep reference sequence. However, as none of the other

two amplified regions accounted for more than 0.2% of mapped reads on the sheep reference
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400  sequences (only the 16S_Ki accounted for 0.1% of sheep mapped reads) it could not be possible to
401  have an internal confirmation of the results obtained for the 12S_Ki region.

402 lon Torrent reads obtained from mozzarella cheese confirmed that this product derived only
403  from buffalo milk as no other species trespassed the 0.2% threshold of matched reads (Figs..1 and
404  2; Table S3).

405 Goat crescenza cheese produced the vast majority of reads matching the three targeted goat
406  mtDNA fragments (Figs. 1 and 2; Table S3). However, it seems that this product could contain

407  traces of sheep DNA probably derived by accidental mixture of sheep milk in goat milk. Two out of
408  three targeted mtDNA regions showed a number of matched reads on the sheep reference sequences
409  that trespassed the 0.2% threshold (Table S3).

410 The cured ricotta cheese was declared to be derived from cow, sheep and goat milk in a ratio
411 of 2:1:1. The producer processes also buffalo‘milk in his plant. lon Torrent results confirmed the
412 presence of milk of the three declared species that accounted for [157%, 25% and 17% of the reads
413  (considering together all targeted mtDNA fragments) closely matching the declared proportions.
414  Moreover, traces of buffalo milk were identified from the 12S_Ki and 16S_Ki reads that matched
415  these buffalo reference sequences (0.27% and 0.6% of the total reads of the corresponding regions,
416  respectively) suggesting a possible accidental inclusion of buffalo milk (Table S3).

417

418  3.6. Identification of dairy species mitotypes from lon Torrent reads

419 Sequences obtained from mtDNA could reveal within species mitotypes. BLASTN analysis
420  of the GenBank database using our reference sequences obtained by Sanger sequencing showed that
421  afew mtDNA region/species combinations could be useful to retrieve information on mitotypes

422  from sequences produced by other studies. Buffalo 12S_Ki, 16S_Ki and 16S_KH regions showed a
423  total 2, 3 and 2 different buffalo mitotypes from sequences already deposited in GenBank (with

424  different occurrence determined by the number of GenBank entries reporting the same sequence;

425  Table S2). These mitotypes differed from each other in 2, 2 and 2 nucleotide positions, respectively
18
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(Table S2). The most frequent mitotype reported in GenBank for the three amplified regions was
also the mitotype sequenced using the Sanger approach in our study. Sheep 12S_Ki and goat
16S_KH identified each 2 types of entries distinguishable by one nucleotide position whereas the
bovine mtDNA sequences did not disclose any cattle mitotype. To further reduce the problem
derived by the NGS error rate, we considered informative mitotypes only those that could be
identified by at least two polymorphic sites. In this way, we could define the false positive detection
threshold as the product of the lon Torrent sequencing error rate determined for each nucleotide
position calculated for each amplified region. Therefore, only Bubalus bubalis mtDNA sequences
were considered informative in our study. For example, for the buffalo 16S_Ki mitotypes that could
be distinguished by two nucleotide positions, its false positive rate (see Table 3) could be defined as
0.022% = 0.000484 or 0.0484% of the total number of reads matching the buffalo 16S_Ki fragment.
Based on these evaluations, we reanalyzed the corresponding buffalo reads identified with aln from
Libraries 1, 2 and 3, 4 and 8 that reported the presence of buffalo DNA. Reads matching the buffalo
12S_Ki fragments could be attributed to the two different haplotypes. The less frequent mitotype
(reported in GenBank from only one entry; and detected with 0.18% of the aligned reads from all
libraries from which buffalo read were reported) might be due to mtDNA heteroplasmy present in
the original buffalo sample that was used in Libraries 1, 2 and 3 and then detected with a similar
level from reads of Libraries 4 and 8 derived from dairy products. Only one mitotype (the most
frequent deduced from the number of GenBank entries) was identified for the 16S_Ki and 16S_KH

fragments in all buffalo containing libraries.

3.7. Evaluation of human accidental contamination

The universal primers designed on vertebrate mtDNA sequences amplify also human mtDNA
(Karlsson & Holmlund 2007; Kitano et al., 2007; Bertolini et al., 2015). Therefore, alignments of
lon Torrent reads, obtained from Libraries 1, 2 and 3 on the corresponding human mtDNA

sequences, were used to evaluate the level of accidental human contamination in the laboratory
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environment. Next generation sequencing analyses are considered very sensitive to this potential
problem and the quantification of human mtDNA matched reads is important to define the quality
of the laboratory procedures (Tillmar et al., 2013). The number of reads matching the three human
targeted sequences ranged from 0 to 4 using unfiltered reads and from 0 to 1 using filtered reads
(out of a total of about 40,000-160,000 aligned reads) for both algorithms (Table S3)..That means
that human DNA contamination in the laboratory environment in which this study was carried out
can be considered almost absent or below the detection limit of the system.

Therefore, it could be possible to test the level of human contamination on the investigated
dairy products. Among these products, it seems clear that the cured ricotta cheese showed the most
evident signs of human contamination, as deduced from the 0.6% and 1.82% of reads matching the
12S_Kiand 16S_Ki corresponding human reference sequences. Buffalo mozzarella cheese reported
0.07% and 0.1% of human matched reads for-the two regions respectively. Even if this level might
not trespass the threshold for declaring the presence of a species (that actually was not defined using
human sequences), we could consider this information for further considerations. Milk mixtures and
goat crescenza cheese samples did not show any human contamination as the number of reads
matching the human corresponding regions were similar to those reported for Libraries 1, 2 and 3.

Following a similar approach reported for the identification of dairy species mitotypes, it was
possible to trace back the ethnicity of the human DNA contamination in the cured ricotta cheese and
buffalo mozzarella cheese. Human mtDNA sequences corresponded to subgroups of mitotype H,
thatis known to be the most frequent mitotype in Mediterranean human populations (Brotherton et
al., 2013). Therefore, as the original production regions of the cured ricotta cheese and of the
buffalo mozzarella cheese are from the South of Italy, the human mtDNA information is compatible
with the origin of human contaminations derived from local people working in the production
chains of these two dairy products. This information could be useful for forensic evaluation of the

analysed products.
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4. Discussion

Few other studies applied NGS technologies for species identification in food products. For
example, Park et al. (2012) compared GS Junior Titanium Sequencing with microarray analysis for
fish species identification in fish cake samples. A whole DNA sequencing approach without any
PCR based preselection step was simulated and then applied for species detection in sausages using
[llumina HiSeq 2000 and MiSeq generated data (Ripp et al. 2014). Bertolini et al. (2015) used the
lon Torrent platform for meat species identification in DNA mixtures testing different species
combinations and proportions. In this study, following the approach of Bertolini et al. (2015), we
applied the lon Torrent semiconductor based sequencing technology for species identification in
dairy products by sequencing targeted mtDNA fragments amplified with universal primers. One
advantage of NGS approaches for species identification is that it is possible to detect at the same
time all species that are present in a food matrix, including also unexpected species that were not
supposed to contribute to the analysed product. As dairy products are usually derived from milk of a
few species (actually, the most important ones are cattle, buffalo, sheep and goat), NGS for dairy
species identification might be of practical interests if it could be possible to identify other
information in addition to the presence of these species that could be done also using other
approaches. We demonstrated that it is possible to identify, at the same time, other information
useful to further characterize the products, by mining sequence data using different bioinformatic
analyses. In addition, as dairy products are usually not very complex in terms of possible species of
origin of the milk, they can be used as simple case studies for the real application of novel NGS
approaches.

We first tested the system by sequencing artificially pooled DNA fragments obtained from
separated species-specific amplifications or from amplicons generated from artificially pooled
whole DNA (Libraries 1, 2 and 3). These artificially controlled mixtures made it possible to
evaluate the efficiency of the bioinformatic pipeline based on different algorithms to map obtained

reads to the corresponding reference sequences. Bertolini et al. (2015) evaluated the performances
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of three algorithms. As one of them (SW) worked similarly to mem, in this study we tested two
different algorithms (mem and aln) that have different procedures for mapping reads. For dairy
species, considering the closeness of a few species (sheep and goat but also cattle and buffalo), aln
performed better than mem. This latter algorithm discarded at Q,>30 a lot of goat and sheep
sequences belonging to the 12S_Ki fragment for which these two species are different in only two
nucleotide positions. Therefore, we selected aln for all subsequent analyses and-data interpretations.
Bertolini et al. (2015) selected mem instead of aln as it performed better in the specific tested
hypotheses. That means the choice of the better bioinformatic approachto analyse NGS data for
food species identification might be according to the problems under investigations, the compared
regions and the closeness of the species-specific sequences. Other algorithms or bioinformatic
approaches could be evaluated (i.e. Pabinger et al., 2014) and this will be a matter of further
investigations. The used NGS technology also conditions the use of the data analysis approach that
is also related to the sequencing error rate.

We evaluated the error rate of the lon Torrent sequenced amplicons, that, according to what
we previously reported (Bertolini et al., 2015), is quite variable and depends on the sequenced
fragment/region. The shortest fragments showed the highest error rate but this might depend also by
the chemistry and kit specificities. Therefore, it is difficult to compare results and performances
across studies. Error rate might affect the bioinformatic detection noise that we estimated
empirically by testing the match rate against reference sequences of species that may not
contaminate the laboratory environment in which the NGS experiment was carried out (deer and
fallow deer) and that, at the same time, are quite close to the ruminant dairy species for which we
expected matches. This is an innovative approach that differentiated the background noise derived
by true DNA contamination of the laboratory environment. The definition of a background noise is
important to identify thresholds that can be used to confidentially declare the presence of a species
in a food product. Next generation sequencing technologies coupled with PCR amplification are

very sensitive in detecting the presence of contaminating DNA and laboratory procedures should be
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designed to minimize this problem (Tillmar et al., 2013). Our evaluation excluded the presence of a
level of contaminating DNA that prevented the identification of a species from the analysed
libraries and case studies. The limit of detection was defined based on the presence of at least 0.2%
of reads for at least two amplified regions. The use of more than one amplified fragment to attribute
the presence of a species is important to prevent false positive results. An internal confirmation
based on concordance of at least two out of three targeted regions (and not just three out of three) in
the tested case studies is also useful to overcome the problem derived by PCR failure or low
efficiency in the multiplex amplifications or partial inhibitions due to'PCR inhibitors that could be
present in food products and that might remain after DNA extraction (i.e. Demeke & Jenkins, 2010;
Hellberg, Kawalek, Van, Shen, & Williams-Hill, 2014).

Species identification with the NGS approach tested in our study is not quantitative. The
number of reads attributed to the different species only roughly respect the proportions derived by
the sequenced DNA of Libraries 1, 2 and 3 (derived by the three artificial DNA pool samples).
Different DNA quality of the original samples and quantification precision might be sources of
technical errors. In addition, the sequencing platform could be very sensitive and additional
sequencing biases might be introduced. An extensive evaluation of all variable factors might be
needed to better define the limits for quantitative analysis of the lon Torrent sequencing data, that
on the other hand seems quite repeatable as correlations of results between runs has been estimated
to be very high (Bertolini et al., 2015).

It is well known, however, that quantitative identification of milk of different species based
on DNA analyses is largely affected by somatic cell counts of the mixed milk samples that
contributed to produce the final dairy product. This seems quite evident also from the lon Torrent
results obtained from Libraries 4 and 5 derived by different volume ratios of cow and goat milk.
Another potential source of quantitative variability in DNA content of the analysed matrixes might
derive by the different number of mtDNA copies contained in the analysed cells (Robin, & Wong,

1988).
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Even if we could not have a precise evaluation of the original milk samples (sterilization of
the purchased milk largely prevents a precise evaluation of somatic cell count) obtained results are
compatible with higher somatic cell count in the goat milk than in the cow milk used in the
constructed case studies. However, we could not completely exclude other technical problems that
might be derived by the PCR step or by the sequencing procedure.

Analysing the results we obtained from the investigated dairy products (the same mixed milk
samples, the buffalo mozzarella cheese, the goat crescenza cheese and ricotta cheese) interesting
information could be obtained. We detected the presence of sheep DNA'in the milk mixtures,
probably derived by its presence in the goat milk. This is mainly evident from the 50:50 volume of
goat and cattle milk library preparation. The level of sheep DNAis low (just above the 0.2%
thresholds for two out of three targeted mtDNA fragments) and could be due to accidental
contamination of sheep milk in the goat production chain or milk processing plant. We carefully
checked the aligned sheep reads and we confirmed that these reads are not due to misalignments of
closely related sequences coming from goat DNA. In this specific case, both the 12S_Ki (the closest
region between goat and sheep among the three analysed regions) and the 16S_Ki (quite different
between sheep and goat) fragments confirmed this result. A similar low level of sheep DNA was
detected in the goat crescenza cheese for which the same two amplified regions confirmed the
presence (probably accidental) of sheep milk in the analysed dairy product.

In the buffalo mozzarella cheese, the presence of cattle DNA was below the defined
thresholds and might be derived by spurious sequence alignments. Interestingly, buffalo DNA could
be detected in the cured ricotta cheese for which its presence, even if not declared, could not
represent a surprise due to the artisanal production in a processing plant that uses also buffalo milk.
Its level is however low and probably due to accidental mixture. This artisanal product showed also
another interesting signature derived by quite a high level (0.6%-1.8%) of reads assigned to two
human mtDNA regions. As we excluded that this result could be derived by accidental laboratory

contamination from human DNA, we could use these indicators as a possible source of information
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of hygienic conduction of this artisanal production. Among the other investigated dairy products,
only the buffalo mozzarella cheese showed a certain level of human reads. The identification of
human mtDNA sequences could be useful to define the level of hygienic conditions in processed
dairy products. In our study, we were able to distinguish the level of human DNA contamination
derived by laboratory procedures from that derived by dairy production contaminated environments.
As human DNA contamination in laboratory practices might depend by many factors that cannot be
controlled always, it is important that NGS experiments are properly designed to evaluate this
potential problem that might prevent the possibility to use information of human DNA for other
monitoring purposes.

Another interesting information that is possible to obtain by analyzing dairy species reads is
the presence of different mitotypes. Mitochondrial haplotypes segregating within species or derived
by individual heteroplasmy (Li et al., 2010) can add another level of signature to the obtained dairy
products. For example, the different mitotypes identified from the mozzarella cheese DNA could be
derived by the contribution of different animals to the buffalo milk that was used to produce the
analysed sample, providing a sort of mtDNA fingerprinting of the product. Therefore, milk
produced by different animals or obtained from some animal populations can be disclosed by

detecting mitotypes:

5. Conclusions

This study reports several methodological aspects on the use of the lon Torrent semiconductor
based sequencing for species identification in dairy products and tested this technology in a few
case studies based on real dairy products for which we knew in advance few information or that we
disclosed by analyzing data contained in thousands of sequenced reads. The bioinformatic mining
of the generated reads constitutes a key part of this NGS approach, in particular when sequences are
very similar between species. By using universal primers to amplify several regions, it is possible to

obtain an internal validation of the results derived by the concordance of the assigned reads to a
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species. The sensitivity of the platform needs to define the appropriate level of background signal of
the analytical steps. However, results we have obtained are promising and might constitute a first
step to design of robust analytical systems that could become a reference method for species
identification not only for dairy products but for many other food products for which this

information is important to identify or prevent frauds and for food authenticity.
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Figures’ legends

Fig. 1

Number of mapped reads assigned to different species by aln in the eight libraries and for the three

amplified mtDNA fragments.

Fig. 2

Proportion of reads of the three mtDNA fragments (12S_Ki, 16S_Ki and 16S_KH) presented

separately and combined, obtained from the eight libraries, assigned to different species with the aln

algorithm. Precise information is presented in Table S3.
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Table 1

Primer pairs used for DNA amplification.

Primer pair Primers (5' to 3'): forward and An?eallng Amplified - References
T (°C) fragment

name reverse (bp)*

125 Ki CCCAAACTGGGATTAGATACCC (59 215-219 Kitano et al.
- GTTTGCTGAAGATGGCGGTA (2007)

165 Ki GCCTGTTTACCAAAAACATCAC (62 244-245 Kitano et al.
- CTCCATAGGGTCTTCTCGTCTT (2007)

165 KH GACGAGAAGACCCTATGGAGC | 12N [ Rarisson &
- TCCGAGGTCGCCCCAACC (2007)

! The size of the amplified regions is different in the considered species. The range is reported.
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Table 2

Libraries sequenced with the lon Torrent Personal Genome Machine prepared including fragments

obtained with all primer pairs. The total number of mapped reads obtained with the algorithm aln

and considering 30, that performed better in this study, is reported for each library.

Library ID | Original source/product of sequenced DNA Total no. of mapped
reads (aln_g30)
1 Equimolar pool of PCR products obtained separately | 58670
from cattle, sheep, goat and buffalo DNA
2 DNA pool containing equimolar DNA content from | 70589
cattle, sheep, goat and buffalo
3 DNA pool containing 90% buffalo DNA + 10% 67876
cattle DNA
4 DNA extracted from a mixture containing 10% goat | 151874
milk + 90% cow milk in volume
5 DNA extracted from a mixture containing 50% goat | 80815
milk + 50% cow milk in volume
6 DNA isolated from buffalo mozzarella cheese 116842
7 DNA isolated from goat crescenza cheese 97590
8 DNA extracted from artisanal cured ricotta cheese 76784

(derived from cow milk, goat milk and sheep milk;
volume ratio: [12:1:1)
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Table 3

Error rate of the lon Torrent sequencing calculated for the three amplified regions of the four dairy
species obtained from reads generated from Library 1 and aligned with aln algorithm.

Species MtDNA region Total no. of aligned Error rate
nucleotides
Capra hircus 12S Ki 7513135 0.0206
Capra hircus 16S_KH 497965 0.0577
Capra hircus 16S_Ki 10742381 0.0236
Ovis aries 12S Ki 4498431 0.0243
Ovis aries 16S_KH 105773 0.0461
Ovis aries 16S_Ki 5769484 0.0239
Bos taurus 12S Ki 6222102 0.0220
Bos taurus 16S KH 112704 0.0461
Bos taurus 16S_Ki 9279828 0.0210
Bubalus bubalis 12S Ki 4871864 0.0203
Bubalus bubalis 16S KH 416016 0.0486
Bubalus bubalis 16S_Ki 6876920 0.0224

38



