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We developed a user-friendly program, Genome Profiler (GeP), to refine whole-genome multilocus sequence typing analysis by
addressing gene paralogy with conserved gene neighborhoods. In comparison to similar programs, GeP produced overall the
best results in terms of accuracy and is thus a useful alternative to resolve relationships of bacterial isolates.

hole-genome multilocus sequence typing (wgMLST) is a

powerful tool to resolve the relationship of especially closely
related bacterial isolates by indexing allele differences in the
shared loci in the whole-genome sequencing (WGS) data (1-3).
However, if gene paralogy is not adequately addressed, multicopy
genes that are commonly observed in the bacterial genome might
mislead the inferences of the genetic relationships (4). In closely
related bacterial isolates, orthologs have a tendency to retain the
same genome context, and synteny has been successfully used for
automated clustering of orthologous genes in the pangenomic
analysis of bacterial isolates (5, 6). Therefore, we hypothesized
that conserved gene neighborhoods (CGN) can be used in the
wgMLST to differentiate orthologs from recently duplicated para-
logs. We implemented this idea into a novel program called Ge-
nome Profiler (GeP).

A detailed overview of GeP is presented in the supplemental
material, including a flow chart of the logic of the program (see
Fig. S1 in the supplemental material). Briefly, GeP starts by gath-
ering information from the reference genomic sequence to build
an ad hoc wgMLST scheme. The information of the new allele
definitions and sequences will automatically accumulate by first
using BLASTN or, in case it fails, BLASTX to locate the ortholog of
the allele in the query genomes. For genes having multiple copies,
CGN information in the reference genome is used to separate
orthologs from paralogs. GeP assumes that the contiguity and the
distance of any given two neighboring genes should be conserved
between the reference genome and the tested genomes of the
closely related isolates (Fig. 1). Therefore, GeP defines a value for
each loci, namely, the “expected distance to the previous locus”
(expected d), which is based on the CGN information gathered
from the reference. If multiple valid BLAST hits for a given locus
are found, GeP treats the hits as potential orthologs only when

gene X gene Y

S R 2

they are located inside the range of expected d, and it automati-
cally selects the one with the smallest d value.

Afterlocatingall of the loci in the query genomes and assigning
the corresponding allele number, GeP will summarize the genetic
differences of all shared loci and write the results to several output
files, allowing the user to easily visualize allelic differences of the
isolates, as well as to perform downstream phylogenetic and pop-
ulation structure analyses. All the allele definitions and sequences
are saved in files, allowing future analyses to use them and a stan-
dardized wgMLST scheme to be built upon.

We tested the GeP program on a WGS data set of 19 related
Campylobacter jejuni isolates (see Table S1 in the supplemental
material). Ten isolates were obtained from three independent wa-
terborne outbreaks that occurred in 2000 to 2001 in Finland, and
the others were from three Finnish chicken farms. The same data
set was also analyzed using existing wgMLST programs, BIGSdb
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FIG 1 Selection in the multiple BLAST hits in the GeP pipeline when the hits satisfy the initial screening (by default, percent coverage of >50% and percent
identity of >80%). The CGN is used to select the ortholog of the gene Y from the hits. In the tested genome, BLAST hit gene Y’ is selected because the distance
to the neighboring gene X is within the range of expected d (d + 10 bp). BLAST hit 2 gene Y'’ is excluded because the distance to the neighbor gene X is outside

the expected range.
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TABLE 1 Overview of the wgMLST results of 19 C. jejuni genomes
produced by GeP, BIGSdb GC, and SeqSphere+*

TABLE 2 Summary of the error types affecting the results of BIGSdb
GC and SeqSphere+ in comparison with GeP*

No. of loci Error present in:
Type of

Loci GeP BIGSdb GC SeqSphere+  error GeP BIGSdb GC SeqSphere+ Locus tag
Shared loci 1,516 1,653 1,471 1 No Yes Yes BN867_06930
Identical shared loci 855 859 855 11 No Yes No BN867_14050
Polymorphic shared loci 661 793 616 I No Yes Yes BN867_03400
Excluded loci 182 46 227 v No Yes No BN867_09770
Excluded loci solely because of 6 1 10 \% No Yes No BN867_02990

gene duplication VI No No Yes BN867_00440

@ Using the genome of C. jejuni 4031 as a reference (total of 1,698 loci).

Genome Comparator (7) and SeqSphere+ version 1.0 (Ridom
GmbH, Miinster, Germany) (8), and compared to GeP.

An overview of the wgMLST results of the 19 C. jejuni genomes
produced by the three programs using the genome of C. jejuni
4031 as a reference is presented in Table 1. The allele number of
each locus in each genome, a summary of the pairwise allele dif-
ferences, and the output.txt file from GeP can be found in Data
Sets S1, S2, and S3, respectively, in the supplemental material. The
topologies of the split graph generated by GeP and SeqSphere+
are identical and similar to the one produced by BIGSdb GC, with
the exception of a visible netlike structure in the center of the
graph (see Fig. S2 in the supplemental material). These results
revealed that the core genomes of C. jejuni belonging to the same
outbreak or isolated within the same farm were highly similar and
separated from each other, confirming the results of our previous
studies (2, 3). Despite the general similarity in the split graphs, the
numbers of identical and polymorphic shared loci found by the
three programs were different (Table 1), which affected pairwise
allelic differences of the isolates (see Data Set S2). We manually
inspected the loci differences between GeP and BIGSdb GC or
SeqSphere+, and we classified the reasons for the observed dis-
similarities into six categories, for simplicity here referred to as
error types (Table 2).

Error type I consists of cases failing to choose the orthologous
gene from the paralogous gene. GeP found, in 306 cases, 34 loci
containing possible paralogous genes in the tested genomes (see
Table S2 in the supplemental material). GeP was able to use CGN
to differentiate orthologs from the paralogs in 222 of these cases
(see Data Set S3 in the supplemental material). SeqSphere+ failed
in the identification of the duplication in several cases, which re-
sulted in the omission of one locus (see Table S2). BIGSdb GC was
more prone to error type I by including in the analysis 15 loci
excluded by GeP.

The second error type consists of assigning the missing locus as
an allele number. This strategy is implemented in BIGSdb GC and
explains 83 out of 132 extra shared loci detected by the program
than by GeP. It also explains the visible netlike structure in the
BIGSdb GC split graph (see Fig. S2 in the supplemental material).
The use of draft genome sequences limits the ability to recognize if
a missing locus is a consequence of gene loss or simply a misas-
sembly and might result in an incorrect estimation of the pairwise
allele differences.

Error type III consists of the inability of both BIGSdb GC and
SeqSphere+ to correctly assign allele numbers to the loci due to
high sequence divergence at the nucleotide level. An example is
the BN867_03400 locus (cmeB), the second unit of the RND efflux
system (9), which was undetected by both programs in the ge-
nomes of three C. jejuni isolates. However, the complete crneABC
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“ An example of a locus affected by the error type is shown. Error type I, failing to
choose the orthologous locus from the paralogous locus; error type II, treating a
missing gene as a special allele; error type III, failing to identify an orthologous locus
due to high nucleotide sequence divergence; error type IV, failing to exclude a sequence
containing nucleotide ambiguity; error type V, allele sequence overlapping the
neighboring locus; error type VI, failing to recognize a sequence containing simple
sequence repeat variation as a new allele.

operon was annotated by RAST (10) in all C. jejuni genomes and
correctly identified by GeP, indicating that the implementation of
BLASTX in the GeP pipeline allowed a more accurate wgMLST
analysis.

In addition, BIGSdb GC frequently failed in filtering out loci
with nucleotide ambiguity (error type IV), and in some cases it
forced the alignment, resulting in erroneous alleles composed by
overlapping loci (error type V). Moreover, SeqSphere+ wrongly
excluded from the analysis all loci containing homopolymeric
tracts, which is commonly observed in C. jejuni genomes (3, 11), if
the lengths of the tracts differ from that of the reference genome
(error type VI). GeP takes homopolymeric tracts of different
lengths into account by assigning different allele numbers. The
user can later easily inspect the sequence alignment in the GeP
output files and make a decision whether to include these loci.

In conclusion, we showed that GeP, by using CGN informa-
tion, performed better overall in terms of accuracy in determin-
ing pairwise allelic differences in the wgMLST of genomes than
BIGSdb GCand SeqSphere+. GeP is an open source program. It is
easy to use even for unsophisticated users. It can also be easily
integrated into bioinformatics workflow management systems,
such as Galaxy (12). Here, we show only the test results of C. jejuni
isolates; however, in principle, GeP could be applied to any other
bacterial species. The accuracy and flexibility of GeP are thus a
useful alternative for public health and clinical microbiologists
and researchers who want to apply wgMLST in the investigation of
bacterial infectious disease outbreaks.
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