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Abstract

The aims of this study were i) to evaluate the possibility to detect and possibly
quantify microorganisms belonging to different domains experimentally spiked in
smoked salmon at known concentrations
using shotgun metagenomics; ii) to compare the sequencing results using four
bioinformatic tools. The salmon was spiked
with six species of bacteria, including
potential foodborne pathogens, as well as
Cryptosporidium parvum, Saccharomyces
cerevisiae and Bovine alphaherpesvirus 1.
After spiking, the salmon was kept refrigerated before DNA extraction, library preparation and sequencing at 7 Gbp in paired
ends at 150 bp. The bioinformatic tools
named MG-RAST, OneCodex, CosmosID
and MgMapper were used for the sequence
analysis and the data provided were compared using STAMP. All bacteria spiked in
the salmon were identified using all bioinformatic tools. Such tools were also able to
assign the higher abundances to the species
Propionibacterium freudenreichii spiked at
the highest concentration in comparison to
the other bacteria. Nevertheless, different
abundances were quantified for bacteria
spiked in the salmon at the same cell concentration. Cryptosporidium parvum was
detected by all bioinformatics tools, while
Saccharomyces cerevisiae by MG-RAST
only. Finally, the DNA virus was detected
by CosmosID and OneCodex only. Overall,
the results of this study showed that shotgun
metagenomics can be applied to detect
microorganisms belonging to different
domains in the same food sample.
Nevertheless, a direct correlation between
cell concentration of each spiked microorganism and number of corresponding reads
cannot be established yet.

Introduction

Shotgun metagenomics has been
applied for the detection, identification and
characterisation of pathogens in foods (Aw
et al., 2016; Leonard et al., 2015, 2016) and
in the food chain environment (Yang et al.,
2016). It certainly provides an opportunity
to survey the diversity and the dynamic
abundance of microorganisms, including
pathogens, within a food sample in a less
biased manner than amplicon sequencing
(Forbes et al., 2017; Jagadeesan et al.,
2018), although there are still many drawbacks in terms of standardization and validation of this sequencing strategy.
Performing high-throughput shotgun
sequencing of total nucleic acids obtained
from foods results in a large and complex
data sets that can be used to investigate both
taxonomic composition and, potentially,
functional capacity of the entire food
ecosystem under study (Lindgreen et al.,
2015). Factors that can affect microorganism identification and abundance include
sample handling (Lewandowska et al.,
2017, Wylezich et al., 2018), nucleic acid
extraction (Knudsen et al., 2016), library
preparation (Jones et al., 2015) and
sequencing platforms (Tremblay et al.,
2015) but also sequence analyses.
Many EU and global institutions perform sequence analysis by using internal
pipelines which are not publicly available
or pipelines which are in the public domain
but combined in an unknown way. Among
the few data analysis tools public available
there are MG RAST (Keegan et al., 2016),
which is public and free (www.mgrast.org); OneCodex (Minot et al., 2015)
(www.onecodex.com) and CosmosID (Yan
et al., 2018) (https://app.cosmosid.com/)
which are public but not free for the analysis of many metagenomes; MGMapper
(Petersen et al., 2017), hosted at the CGE,
now
call
CCMetagen
1.0
(https://cge.cbs.dtu.dk/services/MGmapper/
) which is public, free but not always updated in the web version.
To contribute to assess the suitability of
shotgun metagenomics to detect a wide
range of target microorganisms in foods, a
proficiency test (PT) was organised as part
of the COMPARE project (www.compareeurope.eu) involving 11 Partners from
inside and outside the EU. The aims of the
trial were (1) to check to which extent bacteria, viruses and eukaryotes were detected
and quantified in the metagenomes obtained
by the Participants using their own wet lab
procedures for shotgun metagenomics of
smoked salmon experimentally spiked; (2)
to identify which steps in the wet lab protocols mostly affect the microorganism detec-
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tion and quantification results. In the study
described in this paper three samples of
smoked salmon obtained using the same
wet lab protocols were analysed using the
four bioinformatic tools described above to
select the best dataset to provide to the
COMPARE PT.

Materials and Methods

A total of 0.2 g of cold-smoked salmon
were cut in very small pieces and transferred to Nunc screw cap tubes.
Subsequently, each tube was kept on ice and
spiked with 50 µL of a mock community
consisting
of
bacteria
(i.e.,
Propionibacterium
freudenreichii,
Staphylococcus aures, Bacteroides fragilis,
Escherichia coli, Fusobacterium nucleatum
and Salmonella enterica) as well as
Cryptosporidium parvum, Saccharomyces
cerevisiae and the heat-inactivated Bovine
alphaherpesvirus 1 (Table 1). After the
spiking, each tube was vortex-mixed and
placed at refrigeration temperature. The
DNA was extracted using PowerFood®
Microbial DNA Isolation kit (MoBio) and
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then fragmented and tagged with sequencing indexes and adapters using Nextera XT
DNA Library Preparation Kit (Illumina, San
Diego, CA). Sequencing was performed
using NextSeq500 (Illumina) at 2 ×150 bp,
in paired-end mode. The metagenomes
were characterized by an average output of
7 Gbp. Filtering and trimming of raw reads
and taxonomic classification were performed using four different web data analysis tools represented by MG-RAST,
OneCodex, CosmosID and MGMapper. In
MG-RAST, the taxonomic classification
was performed using the RefSeq reference
database (Pruitt et al., 2005) as well as Silva
LSU, Silva SSU, RDP and Greengenes. In
OneCodex, the One Codex database was
used and in CosmosID the GenBook database. Finally, for MGMapper the database
selected was Silva. The results of abundance of each taxonomic level for each
sample were analyzed using the Statistical
Analysis of Metagenomic profile Software
v 2.0.9 (STAMP) (Parks et al., 2014). The
statistical differences between the outputs
of different bioinformatics tools were not
assessed because only three samples were
available for each combination of tool/database. The metagenomes of this study are

public available in MG-RAST under the
study FOOD METAGENOMIC RING
TRIAL 2018 with the codes M30, M31 and
M32.

Results and Discussion

Ni et al. (2013) state that the genome of
a single species can be accurately assembled from a complex metagenomic dataset
when it shows roughly at least 20-fold coverage, meaning that there are 20-fold
sequence data covering that specific
genome. According to their calculation at
least 7 Gbp of sequencing output is required
to enumerate the gene contents of prokaryotes with relative abundance of more than
1% in a microbiome. Therefore, 7 Gbp has
been selected as sequencing depth in this
study with the aim to correlate the concentration of spiked microorganisms with the
abundance of their reads.
The MG-RAST outputs represented by
the percentage abundances obtained for
each microorganism of the mock community using the databases available in the software tool are summarised in Table 2.
According to Petersen et al., 2017, within a

dataset obtained by shotgun metagenomics,
the taxonomic classification of a microorganism can be considered correct when the
ratio between the number of reads associated to that microorganism and the total number of reads in the metagenome is >0.1%.
Using the RefSeq database, all the bacteria
of the mock community were identified and
those spiked at higher concentrations were
quantified with percentage abundances
>10% (Table 2). Nevertheless, the bacteria
spiked at the concentration of 50,000,000
cells showed different percentage abundances, ranging between 9.41 and 1.62%
(Table 2). Percentage abundances >10%
were obtained for Propionibacterium
freudenreichii also by Silva SSU, RDP and
Greengenes. However, using these databases, S. aureus, which was also spiked at
500,000,000 as Propionibacterium freudenreichii, was quantified at lower abundances,
ranging between 2.32 and 6.23% (Table 2).
As for RefSeq, using Silva LSU, Silva SSU,
RDP and Greengenes the bacteria spiked at
the concentration of 50,000,000 cells were
quantified with percentage abundances
ranging between 6.95 to 0.16% (Table 2).
Both C. parvum and S. cerevisiae were
detected using RefSeq, although at abun-

Table 1. Composition of the mock community used to spike the samples of cold smoked salmon and concentration of each microorganism.
Taxon

Amount per subsample (cells/virus gene copies)

Propionibacterium freudenreichii subsp. freudenreichii DSM 20271
Staphylococcus aureus subsp. aureus NCTC 8325
Bacteroides fragilis NCTC 9343 / DSM 2151
Fusobacterium nucleatum subsp. nucleatum ATCC 25586 / DSM 15643
Escherichia coli ATCC 25922
Salmonella enterica subsp. enterica serovar Typhimurium str. ATCC 14028S / DSM 19587
Cryptosporidium parvum IOWA II isolate
Saccharomyces cerevisiae S288C
Bovine alphaherpesvirus 1 (ds DNA virus)

500,000,000
500,000,000
50,000,000
50,000,000
50,000,000
50,000,000
1,000,000
5,000,000
1,20E+10

Table 2. Abundance values (%) obtained for the microorganisms of the mock community by MG-RAST with the databases RefSeq, Silva
LSU, Silva SSU, RDP and Greengenes.
Species
P. freudenreichii
S. aureus
B. fragilis
F. nucleatum
E. coli
S. Typhimurium
C. parvum
S. cerevisiae
B. alphaherpesvirus

RefSeq

SILVA LSU

SILVA SSU

RDP

GREENGENES

23.08
10.13
9.41
1.62
4.79
8.72
0.15
0.01
ND

3.82
2.32
1.54
1.59
2.07
1.25
0.01
<0.01
ND

14.91
6.23
4.49
1.60
4.32
1.52
0.13
<0.01
ND

19.14
3.33
6.95
2.80
0.63
0.16
ND
ND
ND

24.25
3.10
6.92
2.03
1.51
1.34
ND
ND
ND

ND: not detected
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data interpretation. The CosmosID databases are organized phylogenetically and contain hundreds of millions of marker gene
sequences. The markers represent both coding and non-coding sequences uniquely
identified by taxon and/or distinct nodes of
phylogenetic trees. This means that the tree
structure was created based on genomic
relatedness of organisms rather than predetermined taxonomy based on phenotype.
This allows CosmosID to have a high
degree of accuracy in identifying microorganisms based on their DNA in metagenomic samples. It also helps identify the
closest match to genomes that do not have
strain level references in the database (if,
for example, they have never been
sequenced before). However, as far as quantification results are concern, the high percentage abundances detected using
CosmosID for the microorganisms of the
mock community are due to the fact that the
abundance analysis is done for each domain
separately. Therefore, an abundance of
88.74% for C. parvum it does not mean that
the parasite reads represent the majority of
the reads of the metagenome but the majority of the reads assigned to eukaryotes.
One Codex identifies microbial
sequences using a “k-mer based” taxonomic
classification algorithm as CosmosID and
MG-RAST, but it is built on a web-based
data platform, using a reference database
that currently includes approximately
40,000 bacterial, viral, fungal, and protozoan genomes. Quantitative evaluation of
several published microbial detection methods shows that One Codex has the highest
degree of sensitivity and specificity (AUC =
0.97, compared to 0.82-0.88 for other methods), both when detecting well-characterized species as well as newly sequenced,
“taxonomically novel” organisms (Minot et
al., 2015).
Besides the facility of use and also
speed of analysis of both CosmosID and
OneCodex, MG-RAST include data analy-

dance values very close to the cut off level
for correct taxonomic classification. The
same result was obtained using Silva LSU
and Silva SSU for the parasite, which was
not detected using RDP and Greengenes.
Similar results were observed for the yeast,
which was detected at very low abundances
by Silva LSU and Silva SSU. Finally, the
DNA virus was not identified by MGRAST with any database (Table 2).
Since the MG-RAST outputs achieved
using RefSeq corresponded to the higher
percentage abundances of the microorganisms of the mock community they were
compared with the results obtained by
MGMapper, CosmosID and OneCodex
(Table 3). All these data analysis tools are
reference based because the data collected
in a well performed metagenomic project
are sufficient to characterize the major functions of the microbial communities as well
as to identify their taxon (Nielsen et al.,
2014). The percentage abundances of
Propionibacterium freudenreichii quantified by CosmosID and OneCodex were
45.65 and 63.34%, respectively, whereas
those of other bacteria never exceeded 20%
neither for S. aureus spiked at a concentration of 500,000,000 cells (Table 3). For the
bacteria spiked at the concentration of
50.000.000 cells the detected values were
very diverse either within the same bioinformatic tool as well as between them.
MGMapper provided the lower percentage
abundances for all species of bacteria,
whereas CosmosID produced the higher
percentages. Besides, it performed very
well also for the parasite and the DNA
virus. Nevertheless, it was not able to detect
the yeast. Both the parasite and the DNA
virus were also detected using OneCodex,
although at lower abundances in comparison to CosmosID. Besides, OneCodex was
not able to detect the yeast neither.
Among the tested bioinformatic tools,
OneCodex and CosmosID are the most user
friendly in terms of sequence upload and

sis options not available for the other software. Besides in this study MG-RAST was
able to detect Saccharomyces cerevisiae
although the DNA virus was neither detected nor quantified. Using MG-RAST the
RefSeq provided the best results. The
NCBI’s Reference Sequence (RefSeq) collection is a freely accessible database of
naturally occurring DNA, RNA, and protein
sequences. It is a unique resource because it
provides a large, multi-species, curated
sequence database representing separate but
explicitly linked records from genomes to
transcripts and translation products (Pruitt
et al., 2012). Unlike the sequence redundancy found in the public sequence repositories, the RefSeq collection aims to provide,
for each included species, a complete set of
non-redundant, extensively cross-linked,
and richly annotated nucleic acid and protein records (Pruitt et al., 2012).
Even though current computational
analysis strategies for metagenomic data
rely largely on comparisons to reference
genomes, they represent only a fraction of
what we know and therefore limit our ability to segregate metagenomic data into
coherent biological entities and fail to
describe previously unknown species,
phages and modules of genetic variation
within microbial species (Nielsen et al.,
2014). A possible alternative is the de novo
assembly (i.e., assembly without a reference) of genomes from complex metagenomic data, although it is inherently difficult due to many sequence ambiguities that
confuse the assembly process. Hence, a typical metagenomic assembly will result in a
large set of independent contigs that are not
easily aggregated into biological entities.
Yang et al., 2016 acknowledge that
given appropriate sequencing depth, shotgun metagenomics has great utility for
investigating the ecology of foodborne
pathogens. Nevertheless, it cannot currently
be used for identification and quantification
of pathogens for regulatory purposes due to

Table 3 Abundance values (%) obtained for the microorganisms of the mock community by MG-RAST, MGmapper, CosmosID and
OneCodex.
Species
P. freudenreichii
S. aureus
B. fragilis
F. nucleatum
E. coli
S. Typhimurium
C. parvum
S. cerevisiae
B. alphaherpesvirus

MG-RAST RefSeq

MGMapper Silva

CosmosID GenBook

OneCodex

23.08
10.13
9.41
1.62
4.79
8.72
0.15
0.01
ND

4.61
0.46
1.21
0.11
1.19
0.90
0.01
<0.01
<0.01

45.65
20.01
18.26
6.59
0.38
9.73
88.74
ND
7.14

63.34
6.51
8.51
2.29
7.80
7.15
0.08
ND
1.43
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limitations of the available technology and
the incompleteness of bacterial genome
databases. Specifically, the misclassification, that is inherent to the read length, the
inability to get deep coverage of the
pathogenic organisms in the sample due to
the existence of other prokaryote and
eukaryote DNA within the sample, and the
impossibility of obtaining a comprehensive
database containing all possible pathogenic
organisms of interest invalidates the use of
this approach for regulatory purposes.

Conclusions

All in all, our results demonstrate that
MG-RAST with the database RefSeq,
OneCodex and CosmosID can be used as
data analysis tools to detect microorganisms
belonging to different domains experimentally spiked in smoked salmon analysed by
shotgun
metagenomics
sequencing.
Nevertheless, a direct correlation between
cell concentration of each spiked microorganism and number of corresponding reads
is still not possible, although bacteria were
identified with higher abundances than C.
parvum, S. cerevisiae and Bovine alphaherpesvirus.
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