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Whole-genome sequence databases offer new in silico approaches for designing and validating PCR assays in the clinical micro-
biology laboratory. An article in this issue of the Journal of Clinical Microbiology (M. J. Jansen van Rensburg, C. Swift, A. J.
Cody, C. Jenkins, and M. C. J. Maiden, J Clin Microbiol, 54:2882–2890, 2016, http://dx.doi.org/10.1128/JCM.01522-16) demon-
strates the use of publicly available genomic sequence data to evaluate a PCR assay for distinguishing Campylobacter species.

Ornithologists once classified northern flickers (Colaptes aura-
tus, or beetle-eating woodpeckers) into two distinct species

on the basis of wing shaft color. Yellow-shafted flickers were found
in eastern North America, whereas red-shafted flickers were found
in the west. Later, it was discovered that the yellow and red vari-
eties interbred extensively over a wide range of territorial overlap,
with production of various intergrades (1). In this well-cited ex-
ample, a binary morphological classifier derived from a popula-
tion subset appeared to distinguish two species but broke down
when the larger population structure was more fully understood.

Though the classification of bacteria into distinct species may
rest on less firm conceptual ground than the analogue in the world
of sexually reproducing animals (2–5), the problem of optimal
target sequence selection for PCR assays designed to distinguish
bacterial taxa is fundamentally a population biology problem with
analogies to many challenges found in other areas of biologic sys-
tematics. Of the large number of published primer sets that have
been used by clinical microbiologists to make bacterial species
distinctions, many have been designed on the basis of relatively
small numbers of representative target sequences, and the targets
themselves have often been selected for idiosyncratic or historical
reasons, as opposed to an approach that employs a systematic
genome-wide search strategy. In the age of Sanger methods, avail-
able sequenced targets were comparatively limited, and in general,
it was not possible to examine even these limited targets (beyond
ribosomal genes) at the population level. Consequently, many
PCR assays have been designed without a solid understanding of
the underlying wild-type sequence diversity and how the popula-
tion is partitioned by this diversity.

The availability of a large number of sequenced bacterial ge-
nomes has made possible new approaches to the problem of op-
timal primer design for taxonomic distinctions and offers quanti-
tative answers to questions of how diversity in a set of sequence
targets is distributed in a population. Clinical microbiologists,
however, have arguably not yet made optimal use of these data,
probably for a number of underlying reasons, including lack of
familiarity with genome assemblies and the bioinformatics tools
required for analysis (6). In work published in this issue of the
Journal of Clinical Microbiology, Jansen van Rensburg and col-
leagues demonstrate one approach to species-specific primer val-
idation using whole-genome sequence (WGS) data that may be
used as a blueprint by other clinical microbiology labs (7). For this
study, the authors focused on the distinction between the related
gastrointestinal pathogens Campylobacter coli and Campylobacter
jejuni and evaluated the ability of a previously published primer-
probe set targeting the mapA gene of C. jejuni and the cueE gene of

C. coli to distinguish these species (8). The two genes are present in
both species, and the assay works by targeting conserved species-
specific sequence differences in these genes. The primers were
originally designed to be used as a duplex real-time PCR assay and
were extensively tested against clinical isolates, but the creators of
the assay did not have the advantage in 2003 of the genomic se-
quence archives that are available today (8). In the intervening
years, this assay and derivatives have been used by multiple labs for
routine isolate identification to the species level and epidemiology
(9, 10).

Jansen van Rensburg et al. began by selecting �1,700 Campy-
lobacter genomes from the public PubMLST database (http:
//pubmlst.org/campylobacter/). The Bacterial Isolate Genome Se-
quence database (BIGSdb) software within PubMLST was used to
identify the mapA and cueE gene targets, as well as multilocus
sequence type (MLST) and ribosomal MLST (rMLST) loci, in
each assembly (12–15). In this type of analysis, appropriately rep-
resented diversity in the input sequence collection is a critical pa-
rameter in performance, as in silico prediction methods work only
insofar as the sequences on which they operate are representative
of the biological populations under study. The authors ap-
proached the quantification of diversity and representation in two
ways. First, to measure the overall allelic diversity of the selected
set of genomes, they performed calculations using the bias-cor-
rected version of Simpson’s diversity index over aggregate MLST
and rMLST data (16, 17). The index was calculated as 0.972 to
0.976 (95% confidence interval [CI]) for the MLST data and 0.988
to 0.991 (95% CI) for the rMLST data, indicating a high level of
absolute diversity by this measure. Second, to demonstrate that
the diversity in their data set was reflective of the actual diversity
observed in clinical isolates, they compared the detailed distribu-
tion of MLST clonal complexes with that observed for �3,300
clinical isolates recovered from 2003 to 2009 in their geographic
region and found that almost all of the clonal clusters in their set
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demonstrated proportions similar to those found in the clinical
isolates.

To study the species structure of the genomic data set, the
authors examined rMLST data to define ribosomal sequence type
(rST) sets (18). The sequences from each unique rST were concat-
enated, aligned, and used to generate a phylogenetic tree from
which species designations were inferred. Consistent with findings
of previous Campylobacter population studies (19–22), almost all
of the isolates fell cleanly into the C. jejuni or C. coli category by
this analysis, and C. coli was best described as three clades, a fea-
ture that relates to certain results described below. It is important
to note the comprehensive approach the authors took to establish-
ing an accurate taxonomic classification of the starting sequences,
which is particularly important in light of known problems with
misidentified genomes deposited in public databases (23).

Sequence alignments were then constructed from unique
mapA and cueE alleles. The regions corresponding to the primer
and probe binding sites for each gene were extracted and concat-
enated, and gene phylogenies were generated. Analysis of mapA
primer and probe sequences (designed originally for specific C.
jejuni identification) demonstrated conservation among C. jejuni
isolates with relatively limited variation relative to the published
sequences, whereas mapA primer and probe binding sites in C. coli
isolates demonstrated significant variation (up to 18 nucleotides)
from the published sequences. Consistent with prior work (5, 24,
25), some C. coli isolates were observed that carried C. jejuni-
specific mapA alleles or composites of the two, to be discussed in
more detail below. Analysis of cueE primer and probe sequences
(designed originally for specific C. coli identification) demon-
strated conservation among C. coli strains and similarity to pub-
lished sequences and poor matches for C. jejuni, as expected. In
contrast to mapA sequences, all cueE sequences were species spe-
cific.

Overall, species designations based on in silico analysis of
mapA/cueE sequences were 100% concordant for C. jejuni and
96.9% concordant for C. coli, compared with rMLST-based des-
ignations, indicating excellent in silico performance of the assay.
For in vivo confirmation of their findings, the authors had access
to archived isolates and extracted DNA corresponding to the as-
semblies they used, demonstrating one of the powerful uses of
isolate biorepositories paired with a genomic sequence database.
A subset of isolates representing the genetic diversity of the data
set was selected, and each unique primer-probe combination was
tested at least once. Results were as predicted by the in silico anal-
ysis for all isolates, including the C. coli isolates carrying complete
C. jejuni mapA sequences, which gave mixed amplifications
(mapA positive/cueE positive). These genomic findings are ex-
plained by introgression— horizontal transfer of C. jejuni mapA
sequences into the C. coli genome—with whole-allele replace-
ment. Indeed, the original 2003 study had found a small number
of isolates in which both gene targets were present, but the full
nature and extent of the phenomenon were difficult to study at
that time (8).

Introgression, or recombination between the genomes of two
bacterial species occupying the same niche and resulting partial or
full gene replacement, is a well-studied phenomenon, particularly
in C. jejuni and C. coli (5, 24, 25). Introgression in this data set was
analyzed with the Structure software package (26), and mixed
mapA ancestry was found in 8.9% of the C. coli isolates tested,
including two complete mapA allele transfers; mixed alleles result-

ing from partial transfers accounted for the remaining cases of
introgression. As a consequence of the low frequency of complete
gene transfer and the location of recombination breakpoints for
partial transfers, the assay performance was, in fact, not signifi-
cantly compromised by mapA introgression. Interestingly, no
mixed ancestry was observed in the cueE gene. Similar to the case
with shaft color in the northern flicker, introgression in binary
gene pairs chosen for discrimination of “interbreeding” bacterial
species (those linked by horizontal gene transfer) may lead to in-
correct assumptions about species identity that are appreciated
only when the larger population structure and degree of introgres-
sion are understood. Sequence analysis also demonstrated that a
small number of isolates that could not be classified because of
poor amplification of cueE corresponded to members of the C. coli
third clade, mentioned above, and contained a cueE gene that was
divergent from that of other C. coli isolates. Again, understanding
of the larger population structure allowed in silico prediction of
this finding.

The authors conclude that the high specificity of the assay is the
consequence of high interspecies diversity and intraspecies con-
servation of the target genes. The rare instances of lack of specific-
ity in C. coli isolates are explained as a consequence of introgres-
sion, and the instances of failure of the cueE primers to amplify a
product in C. coli are explained as a consequence of clade diver-
gence. This study both demonstrates the substantial contributions
that WGS data can make to the evaluation and validation of tra-
ditional lab-developed PCR assays and provides one step-by-step
approach using publicly available resources that another lab may
follow. The next conceptual step beyond this work involves ap-
proaches to optimal primer selection from genome-wide analyses
of potential targets. Though this study dealt with the particular
problem of distinguishing bacterial species, the approach would
find general application in the field of outbreak epidemiology,
where distinctions between strains and clones are needed, as the
same considerations apply. And as WGS databases continue to
grow, these methods are sure to find countless other applications
in clinical microbiology.
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