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Second-generation genome sequencing and alignment of the resulting reads to in silico genomes containing
antimicrobial resistance and virulence factor genes were used to screen for undesirable genes in 28 strains
which could be used in human nutrition. No virulence factor genes were detected, while several isolates
contained antimicrobial resistance genes.

A large variety of bacteria are intentionally added to the
food supply. These include starter cultures for production of
fermented foods and probiotics in food and dietary supple-
ments. Since these bacteria are typically viable when con-
sumed, considerable characterization is required to ensure the
absence of undesirable properties (11, 13).

European Food Safety Authority (EFSA) guidelines specify
the presence of transmissible antimicrobial resistance genes
and virulence factors as undesirable (1, 3). More than 375 types
of antimicrobial resistance genes, encoding resistance to nearly
250 antimicrobials, are described in the Antibiotic Resistance
Genes Database (ARDB) (7). The Virulence Factor Database
(VFDB) (15) contains the sequences of 2,353 genes, represent-
ing 408 virulence factors and 24 pathogenicity islands.

Construction of in silico genomes. Antimicrobial resistance
gene sequences were downloaded from GenBank and im-
ported into Genomic Workbench 3 (CLC bio, Aarhus, Den-
mark) to create an in silico genome containing �250 concate-
nated gene sequences (see Table S1 in the supplemental
material). The primary sources were ARDB (7) and an online
overview of tetracycline and macrolide-lincosamide-strepto-
gramin B (MLS) resistance genes (http://faculty.washington
.edu/marilynr/), supplemented with our knowledge of antibi-
otic resistance genes in species relevant to food, previously
described genes in Gram-positive bacteria, and EFSA recom-
mendations regarding particularly undesirable antimicrobial
resistances (2).

All 2,353 DNA sequences from VFDB (15) were down-
loaded into Excel, imported into Genomic Workbench, and
converted into an artificial genome of virulence factors (see
Table S2 in the supplemental material).

RNA polymerase B subunit (rpoB) genes were included as
positive controls. The nucleotide sequences of both in silico
genomes are included in the supplemental material.

Bacterial strains are listed in Table 1; the prefix CHCC
designates strains from the Chr. Hansen Culture Collection
isolated from food and other natural sources. Bifidobacterium

animalis subsp. lactis IPLAIC4 has been described previously
(5). Taxonomic designations are based on 16S rRNA gene
sequences.

Preparation of genomic DNA and sequencing. Bacteria were
cultured overnight in M17 (Oxoid, Cambridge, United King-
dom) or MRS broth (Difco, BD, Franklin Lakes, NJ) and
harvested by centrifugation (5 min at 4,000 � g). Total
genomic DNA was purified using the DNeasy blood and tissue
kit (Qiagen Inc., Valencia, CA) according to the manufactur-
er’s instructions for Gram-positive bacteria, with one modifi-
cation: purified DNA was eluted in water and concentrated to
200 ng/�l by vacuum drying. DNA was sequenced using Illu-
mina GSII 38-bp single reads or 38-bp paired-end reads by
Source BioScience (Nottingham, United Kingdom). Results
were 2 to 15 million raw sequence reads in Fastq format,
corresponding to 20- to 300-fold genome coverage. The se-
quences of Escherichia coli strains MG1655 and TW03542
were from the NCBI Sequence Read Archive (14).

Genome assembly and analysis. The in silico genomes were
used as scaffolds to assemble the 38-bp sequence reads into
contiguous sequences. Assembly occurs only when there is
significant similarity, and a gene is detected only when many
overlapping fragments can be assembled. When a gene is pres-
ent, it is possible to assemble the complete gene with a depth
of coverage comparable to that of rpoB from the same species.
Variations in the efficiency of DNA sequencing and genome
size result in different depths of coverage. Results are consid-
ered reliable if the depth of coverage is �20. rpoB is chromo-
somal in all species studied and was used to determine the
relative copy number for any gene detected. Partial genes and
chimeric genes can also be identified. When a gene is absent,
no assembly to that part of the in silico genome occurs.

Sequence assembly was done as “Reference assembly”
using Genomic Workbench 3, with up to 4 mismatches al-
lowed per 38 bp. The specific parameters used are as fol-
lows: fast, ungapped reference assembly; mismatch cost, 2;
and limit, 8. In the case of paired-end data, the parameters
were as follows: minimum read distance, 180 bp, and max-
imum read distance, 600 bp.

Detection of antimicrobial resistance genes and virulence
factors. Figure 1 indicates the detection of tet(W) in B. anima-
lis subsp. lactis IPLAIC4 and tet(S) in Lactococcus lactis
CHCC6005. tet(S) in CHCC6005 has a coverage 12-fold higher

* Corresponding author. Mailing address: Innovation, Chr. Hansen
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than the corresponding rpoB gene and is inferred to be plasmid
borne. All other antimicrobial resistance genes detected (Ta-
ble 1) have the same coverage as the relevant rpoB gene and
are inferred to be chromosomal.

Antimicrobial sensitivity testing was done using Etest strips
(AB Biodisk, Solna, Sweden) as described previously (6). B.
animalis subsp. lactis strains CHCC13471, ATCC 27536, and
IPLAIC4 show low-level resistance to tetracycline, which has a
MIC of 16 �g/ml for these strains. L. lactis CHCC6005 shows
high-level resistance to tetracycline (MIC � 256 �g/ml). Guei-

monde et al. (5) showed by molecular techniques that
IPLAIC4 indeed contains tet(W). The presence of tet(S) on a
plasmid in CHCC6005 was confirmed by Southern hybridiza-
tion and DNA sequencing (12). None of the MICs of the
antimicrobials tested (ampicillin, streptomycin, kanamycin,
gentamicin, chloramphenicol, tetracycline, erythromycin, qui-
nupristin-dalfopristin, vancomycin, trimethoprim, ciprofloxa-
cin, linezolid, and rifampin) for the other strains were above
the breakpoints described previously for the various species (4,
6, 10).

TABLE 1. List of strains analyzed and results of in silico analyses

Species or subspecies Strain name Antimicrobial resistance
gene detected

No. of virulence factor
genes detected

Lactobacillus delbrueckii subsp. bulgaricus CHCC8942 None None
Lactobacillus delbrueckii subsp. bulgaricus CHCC769 None None
Lactobacillus delbrueckii subsp. bulgaricus CHCC5213 None None
Streptococcus thermophilus CHCC2136 None None
Streptococcus thermophilus CHCC2222 None None
Streptococcus thermophilus CHCC3047 None None
Lactobacillus fermentum CHCC10568 None None
Lactobacillus johnsonii CHCC5774 None None
Lactobacillus paracasei CHCC3136 None None
Lactobacillus paracasei CHCC2115 None None
Lactobacillus paracasei CHCC10665 None None
Lactobacillus acidophilus CHCC3777 None None
Lactobacillus rhamnosus CHCC5366 None None
Lactobacillus rhamnosus CHCC3402 None None
Lactobacillus rhamnosus CHCC5150 None None
Lactobacillus reuteri CHCC12039 None None
Lactobacillus plantarum CHCC2365 None None
Lactobacillus plantarum CHCC10668 None None
Lactobacillus plantarum CHCC10672 None None
Bifidobacterium longum CHCC2182 None None
Bifidobacterium longum CHCC8879 None None
Bifidobacterium longum subsp. infantis CHCC2228 None None
Bifidobacterium animalis subsp. lactis ATCC27536 tet(W) None
Bifidobacterium animalis subsp. lactis CHCC13471 tet(W) None
Bifidobacterium animalis subsp. lactis IPLAIC4 tet(W) None
Lactococcus lactis CHCC6005 tet(S) None
Lactococcus lactis CHCC2350 None None
Lactococcus lactis CHCC1182 None None
Escherichia coli MG1655 ampC 63
Escherichia coli TW03542 ampC 12

FIG. 1. Reference assembly of DNA sequence reads against the in silico antibiotic resistance (AR) genome. The vertical scales for the two
strains differ. Only a subset of genes in the in silico genome is shown.
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Only the two E. coli strains contain any of the virulence
factor genes (Table 1).

Advantages of the screening method. In contrast to pheno-
typic methods, this screening method is independent of growth
conditions. Detection of newly discovered genes does not re-
quire laboratory work; a simple in silico analysis is sufficient.
False-positive results will not occur, as a complete gene cannot
be assembled, at a depth of coverage similar to that for rpoB,
if the gene is absent from the strain. False-negative results are
also unlikely, especially for well-known genes, of which many
variants are included in the in silico genome. This type of
analysis can be used for the detection of any gene of interest.

Screening is done without gap filling, generation of a com-
plete circular genome sequence, or annotation. While some
sequences may be missing, it is unlikely that, with a depth of
coverage of �20, any gene will be completely absent from the
sequence data. Assembly of the sequence reads for Lactoba-
cillus johnsonii CHCC5774 to the published genome sequence
of Lactobacillus johnsonii NCC 533 (9) reveals many single-
nucleotide differences but only four small deletions (�200 bp).
Thus, use of raw sequencing reads is unlikely to lead to unde-
sirable genes escaping detection.

Safety considerations. We have tested 28 strains for the
presence of �250 antimicrobial resistance genes and �400
toxin and virulence factor genes. L. lactis CHCC6005 carries
the tet(S) gene on a medium-copy-number plasmid, of which
this strain should be cured before use. All three B. animalis
subsp. lactis strains contain tet(W). This determinant is wide-
spread in B. animalis (5); no naturally occurring B. animalis
subsp. lactis strain lacking tet(W) has been described. Transfer
of tet(W) from B. animalis subsp. lactis to other bacteria has
never been demonstrated (5, 8); thus, tet(W) is not considered
to be transmissible.

Conclusions. We show here that second-generation genome
sequencing can be used to screen strains for unwanted genetic
content and provide a conceptual framework for querying any
collection of genes assembled into an in silico genome. This
screening supports, but does not replace, normal safety assess-
ment of new strains.

Masoumeh Taremi, Jannie Schnabl, and Karin Schlichter are
thanked for technical assistance.
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