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Abstract

Human plague is a severe and often fatal zoonotic disease caused by Yersinia pestis. For public
health investigations of human cases, nonintensive whole genome molecular typing tools, capable
of defining epidemiologic relationships, are advantageous. Whole genome multilocus sequence
typing (wgMLST) is a recently developed methodology that simplifies genomic analyses by
transforming millions of base pairs of sequence into character data for each gene. We sequenced
13 US Y, pestis isolates with known epidemiologic relationships. Sequences were assembled de
novo, and multilocus sequence typing alleles were assigned by comparison against 3979 open
reading frames from the reference strain CO92. Allele-based cluster analysis accurately grouped
the 13 isolates, as well as 9 publicly available Y, pestisisolates, by their epidemiologic
relationships. Our findings indicate wgMLST is a simplified, sensitive, and scalable tool for
epidemiologic analysis of Y. pestis strains.

Keywords
wgMLST; Whole genome sequencing; Yersinia pestfs, Molecular epidemiology; Plague

1. Introduction

Yersinia pestis is the etiological agent of plague, a severe and often fatal illness most
commonly transmitted to humans by the bite of an infected flea (Kugeler et al., 2015;
Stenseth et al., 2008). The bacterium can also be transmitted to humans through the handling
of tissues or fluids from a plague-infected animal or less commonly, by inhaling respiratory
droplets from infected humans, cats, or dogs (Kugeler et al., 2015; Wang et al., 2011). The
pneumonic form of plague is the most severe, and mortality rates in untreated patients
approach 100% (Kugeler et al., 2015). Because of this extreme virulence, history of
weaponization, and the possibility of person-to-person transmission, Y. pestis has been
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classified as a tier 1 priority pathogen, of highest concern with respect to an intentional event
(Inglesby et al., 2000; Register, 2012).

Y. pestisis characterized as having a monomorphic genome (Achtman, 2008). Diversity
observed among Y. pest/s strains is limited and due primarily to single nucleotide
polymorphisms (SNPs), variable number of tandem repeats (VNTRs), small insertions and
deletions (INDELS), and insertion sequence (IS)-mediated rearrangements (Achtman et al.,
2004; Auerbach et al., 2007; Colman et al., 2009; Drancourt et al., 2004; Gibbons et al.,
2012; Huang et al., 2002; Klevytska et al., 2001; Lowell et al., 2005; Morelli et al., 2010;
Motin et al., 2002; Touchman et al., 2007). Four classically defined biovars of Y, pestis exist
worldwide; however, North American strains comprise only a single biovar, orientalis, due
to a limited introduction into the continent in the early 20th century (Link, 1955; Morelli et
al., 2010; Zhou et al., 2004). SNP typing of hundreds of US Y. pestis strains confirmed that
all belong to only a single lineage (1.ORI) (Achtman et al., 2004). Among 1.0RI strains
from the United States, Canada, and Madagascar, fewer than 40 SNPs have been identified
by whole genome sequencing (WGS), and the mutation rate for ¥, pestis has been estimated
at 1079 to 1078 per site per year (Antonation et al., 2014; Auerbach et al., 2007; Gibbons et
al., 2012; Morelli et al., 2010; Parkhill et al., 2001; Touchman et al., 2007; Vogler et al.,
2013).

Molecular epidemiologic tools for Y. pestis are valuable for public health preparedness to
track the geographic origin of isolates, to define exposure sources for human cases, to
investigate outbreaks, and to distinguish between naturally occurring and intentional events.
Currently, a hierarchal approach is used for molecular typing of Y. pestis strains. These
assays are PCR based and rely on canonical SNPs (discovered from sequencing a limited
number of full genomes) to first determine phylogenetic placement followed by a higher
discriminatory secondary typing method, such as 43 locus VNTR analysis, for strain
differentiation (Riehm et al., 2015; Riehm et al., 2012; Vogler et al., 2013).

With rapidly decreasing costs for WGS, a single approach that captures multiple types of
sequence features could be advantageous for molecular epidemiologic investigations. Whole
genome multilocus sequence typing (wgMLST) is an appealing approach as it captures
various types of nucleotide differences (SNPs, VNTRs, and INDELS) for every open reading
frame (ORF) of an organism, thereby allowing genome-wide comparisons by expanding
upon the traditional 7-10 gene multilocus sequence typing (MLST) (Jolley and Maiden,
2014; Maiden, 2006; Perez-Losada et al., 2013). A benefit of wgMLST is the designation of
alleles for each ORF in the genome, which transforms millions of base pairs of nucleotide
sequence into character data for each gene. This in turn reduces the computing power
necessary for whole genome comparisons. The usefulness and sensitivity of wgMLST for
strain tracking and outbreak investigations has recently been demonstrated for several
bacterial pathogens (Cody et al., 2013; Jolley et al., 2012; Jolley and Maiden, 2013;
Sheppard et al., 2012).

The genome of the North American Y. pestis reference strain, CO92, encodes 3979 protein-
coding genes which are located on the 4.6 Mb main chromosome and the 3
extrachromosomal plasmids, pMT1, pCD1, and pPCP1 (96 kb, 70 kb, and 9 kb,
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respectively) (Parkhill et al., 2001). To test the usefulness of wgMLST for identification of
epidemiologic relationships among Y. pestis strains, sequence diversity across all 3979
ORFs (4,046,060 bp) was assessed for 13 North American Y. pestis isolates with
connections to one another representative of those encountered in public health
investigations.

2. Materials and methods

2.1. Bacterial isolates and growth

Thirteen banked Y. pestis isolates, comprising 4 unrelated groups of isolates, with known
epidemiologic relationships (Table 1), were chosen for analysis (Centers for Disease Control
and Prevention, Division of Vector-Borne Diseases, Fort Collins, CO). Links between
isolates were determined by epidemiological investigations of human cases and from field
collections in which isolates were obtained from associated environmental samples (animals,
fleas, and soil) (Table 1). All isolates were originally recovered from diagnostic specimens
by either direct culture on sheep blood agar (SBA) or by passage of the original specimen
through laboratory mice, followed by culture of infected tissues on SBA (Table 1). Isolates
were streaked from frozen glycerol stocks to SBA and incubated at 35 °C for 48 hours,
followed by subculture and incubation for an additional 24 hours at 35 °C. Multiple colonies
were picked, pooled, and DNA extracted using the QlAamp DNA Mini kit and associated
tissue protocol (Qiagen, Valencia, CA, USA). DNA concentrations were measured using the
Nanodrop 2000 (Fisher Scientific, Pittsburgh, PA, USA).

2.2. WGS, contig assembly, and quality assessment

WGS was performed using the Roche 454 platform (Roche, Indianapolis, IN, USA) by the
Biotechnology Core Facilities Branch, Genomic Sequencing Laboratory (Atlanta, GA,
USA). Sequencing libraries were prepared per manufacturers protocols. Contigs were
assembled de novo using either Newbler 2.5.3 (Roche) or CLC Genomics Workbench 7.0.3

(Qiagen).

Raw sequence reads were imported into CLC Genomics Workbench 7.0.3 and sequencing
QC, raw read mapping, and alignments performed. Sequencing QC reports were to ensure
raw read files for each strain had equivalent read length distribution, GC content,
overrepresentation of sequence reads, and individual 5-mer distribution. Read mapping
parameters included a mismatch cost of 2, insertion cost of 3, deletion cost of 3, length
fraction of 0.5, and similarity fraction of 0.8. Reads that mapped to more than 1 region of the
reference were allowed to map randomly.

2.3. Genome-wide identification of MLST alleles

Contig files from the assembly of each isolate were converted into individual BLAST
databases and queried using nucleotide sequences for 3979 ORFs representing the protein
coding genes of the Y/ pestis CO92 reference genome in fasta format available at http://
www.nchi.nlm.nih.gov/genome/153?project_id=57621. All database creation and BLAST
queries were performed using the standalone BLAST 2.2.29+ for UNIX available at http://
blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=BlastDocs&DOC_TYPE&equals;Download
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(Camacho et al., 2009). Each BLAST output file was parsed into a list containing the top hit
for each CO92 ORF and the percent identity score. SNPs were defined as any single variable
nucleotide at a given position, VNTRs were defined as any adjacent repetitive sequence
greater than or equal to 2 nucleotides, and INDELSs were defined as any nucleotide gain or
loss greater than or equal to 1 nucleotide with no adjacent repetitive sequence. Mutations
adjacent to or within homopolymeric tracks were ignored due to the likelihood of
sequencing errors at these loci. For all 13 isolates, SNPs, VNTRs, and INDELSs were verified
by inspecting raw reads mapped to the CO92 reference to ensure atleast 8x coverage and
90% of the base calls confirming the mutation. One instance of low SNP coverage (3x) was
observed for the NM02-4452m isolate. The SNP was retained in the dataset because all
other strains in group 2 demonstrated 100% agreement at this position. Mutations in ORFs
annotated as phage-associated or a transposase were ignored due to the potential for
ambiguous mapping. ORFs with verified mutation/s were assigned unique allele
designations (sequential whole integers) based on comparison to the CO92 reference. Alleles
were assigned and analyzed based on all mutation types (SNPs, VNTRs, and INDELS) as
well as separately by individual mutation type.

2.4, wgMLST using publicly available Y. pestis genomes

Contig sequences corresponding to genomes of 9 Y/ pestis strains from New Mexico were
downloaded from GenBank (accession: PRINA72923) in fasta format (Gibbons et al.,
2012). Contig sequences for each strain were converted into individual BLAST databases
and then queried with the 3979 ORFs from C0O92 as described above. ORFs with percent
identity less than 100% were determined for each strain and converted to allele designations.
Mutations identified in the contig sequences could not be verified at the raw read level, as
these data were not publicly available.

2.5. Cluster analysis

3. Results

Clustering of isolates was performed using BioNumerics 7.1 (Applied Maths, Austin, TX,
USA). Character data (whole integers) were used as an input for each allele and isolates
clustered by categorical coefficients and unpaired group weighted means of averages.
Isolates were clustered using allele assignments encompassing all mutation types (SNPs,
VNTRSs, and INDELS) as well as by individual mutation types.

3.1. WGS of US V. pestis isolates

Thirteen human, animal, flea, and environmental Y, pest/s isolates originating from 3 US
states, New Mexico, Colorado, and Arizona, were subjected to WGS. This sample set
included 4 groups consisting of 2—4 isolates with known epidemiologic relationships (same
transmission chain, same outbreak/epizootic, or an environmental investigation associated
with a human plague case); none of the 4 groups of isolates had known connections to one
another (Table 1). Group 1 included 3 linked isolates from Arizona recovered in 2007 from a
mountain lion (AZ07-7301), a human who necropsied the mountain lion, and blood
contaminated soil collected at the site where the mountain lion was found dead (AZ07-7298
and AZ07-7462, respectively) (Eisen et al., 2008; Wong et al., 2009). The soil was collected
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~3 weeks after the mountain lion was found dead at the site. Group 2 included 4 linked
isolates from New Mexico in 2002: 1 isolate from a human plague case (NM02-4452h), the
same isolate passaged in the laboratory through a mouse (NMO02-4452m), and isolates from
2 fleas recovered from the infected individual’s yard 4 days after symptom onset in the
patient (NM02-4476-306 and NM02-4477-309) (Colman et al., 2009). Group 3 was
composed of 4 linked isolates recovered from 4 squirrels (Sciurus niger) over the course of a
3-month plague epizootic that occurred in a localized area of Denver, Colorado (Denver
county) in 2007 (April: CO07-2003, CO07-2014, CO07-2015; June CO07-3070). Group 4
included 2 linked isolates from Moffatt county, Colorado, in 2007: an isolate from a rabbit
(CO07-6570) and another from a flea collected from the rabbit (CO07-6570-120). Denver
and Moffat counties are separated by approximately 403 km and are located on the eastern
and western slopes of the Rocky Mountains, respectively.

To determine genome coverage for all 13 strains, raw reads were individually mapped to the
CO092 reference genome. Average coverage ranged from 16 to 59x (mean 31x) for the 13
genomes, and average read length was 387 bp. De novo assembly of contigs resulted in
contig N50 values ranging from 18 to 32 kb with maximum contig lengths from 60 to 100
kb long. Contig N50 values were equivalent for de novo contig assembly using Newbler or
CLC Genomics Workbench.

3.2. Identification of MLST alleles

Of the 3979 predicted protein-coding ORFs (4,046,060 bp) encoded in the Y. pestis CO92
reference strain, allelic diversity among the 13 Y/ pestis genomes was confined to 39
(0.98%) of the ORFS. A total of 81 different alleles were assigned. The majority of sequence
diversity within ORFs was present in the form of SNPs (n = 30), followed by VNTRs (n = 5)
and INDELs (n = 5); 25 of which are newly described here (Table 2). Sequence ambiguity at
mutation sites was not evidenced; base calls for all identified mutations showed >99%
agreement for raw read data. Of the 30 SNPs identified, 7 caused synonymous mutations,
and 23 resulted in nonsynonymous mutations. Two of the nonsynonymous SNPs resulted in
premature stop codons in the YPO0442 and YP0O2948 genes. Only 1 of the 30 SNPs was
identified in an extrachromosomal plasmid; this honsynonymous SNP was located within the
plasminogen activating protease (p/g) ORF encoded in the pPCP1 plasmid. Of the 5 VNTRs
identified, none disrupted the reading frame, and repeat lengths varied from 6 to 18 bp. The
5 identified INDELSs ranged in size from a single nucleotide deletion to an 18-bp insertion.
Two of the INDELSs were 9 bp (deletion) and 18 bp (insertion) in size and did not disrupt the
coding frame of the respective corresponding genes, YP0O1989 and YPO1236. The
remaining 3 INDELSs, 1 insertion and 2 deletions, involved a single nucleotide resulting in a
frameshift in the corresponding gene sequence.

Of the 39 ORFs, YPOO0776 displayed the highest amount of diversity with 4 different alleles
observed among the 4 groups of linked isolates. YPO1397 had 3 allele calls among the 4
groups of linked isolates; all other ORFs had only 2 allele calls. Among the mutation types,
VNTRs showed the most sequence diversity between linked groups and thus the most allele
calls for a single ORF; no VNTR variability was observed between isolates within the same
transmission chain.

Diagn Microbiol Infect Dis. Author manuscript; available in PMC 2017 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kingry et al. Page 6

3.3. wgMLST-based cluster analysis of V. pestis isolates

Cluster analysis based on allele designations encompassing all mutation types (SNPs,
VNTRs, and INDELSs) for the 3979 ORFs accurately grouped the 13 Y/ pestis isolates into 4
main groups (Fig. 1A; Table 1). Groups 1-4 were separated by 18, 6, 2, and 9 unique alleles,
respectively. Four alleles were shared among all sequenced isolates as compared to CO92
and included an 18-bp insertion in YP0O1236, 2 nonsynonymous SNPs in YP0O2029 and
YPO4060, and a synonymous SNP in YPO3352. These 4 allele differences were also
present in all 9 of the New Mexico Y. pestis sequences retrieved from NCBI and may
represent strain specific alleles unique to CO92 or sequencing errors in the CO92 genome.
No sequence differences in ORFs were observed among linked isolates within groups 1, 3,
and 4 (isolates in the same transmission chain and isolates from the same epizootic). In
contrast, among group 2 isolates, differences in 2 alleles separated the Y. pestis isolate
recovered from the human (NM02-4452h) and the same isolate passaged through a mouse
(NMO02-4452m) from the 2 flea isolates recovered from the individual’s yard 4 days after
onset of the patient’s illness (NM02-4476-306 and NM02-4477-309) (Fig. 1A and B). The
differences were due to 2 SNPs, 1 synonymous SNP in YPO1638 and a nonsynonymous
SNP (C to T transition) in the p/a gene encoded on the pPCP1 plasmid.

To compare the relative sensitivity of allele designations incorporating all mutation types
with those based on a single mutation type, data for only SNPs, VNTRs, or INDELSs were
extracted in silico, and cluster analyses were conducted (Fig. 1A-D). Clustering of the
isolates based on SNPs (Fig. 1B) was essentially identical to that observed using SNPs,
VNTRs, and INDELSs, but with lower resolution between the 4 groups (Fig. 1A). Utilizing
only INDELs or VNTRs (Fig. 1C and D), cluster analysis accurately separated all the
groups; however, the isolates within group 2 were not differentiated as compared to cluster
analysis using SNPs.

3.4. Application of Y. pestis wgMLST to previously sequenced US isolates

To demonstrate the scalability of the method, wgMLST was performed using the 3979
predicted protein-coding ORFs and genome sequence data publicly available from NCBI for
9 Y. pestisisolates from New Mexico (Fig. 2) (Gibbons et al., 2012). The isolates were
recovered from June through August 2009 in and around Santa Fe (AGJS01.1, AGJUO1.1,
AGJIV01.1, AGJY01.1, AGJZ01.1, AGKAOL.1), Las Vegas (AGJT01.1), and Edgewood
(AGJWO01.1, AGJX01.1), New Mexico, and sources included 4 humans, 1 feline, 1 rabbit,
and 3 prairie dogs (Gibbons et al., 2012). For 1 set (AGJW01.1, AGJX01.1), there was a
known epidemiologic relationship between the source isolates (2 patients with the same
exposure source), while the remaining 7 source isolates had only geographic and temporal
information available.

Comparison of all 3979 ORFs across the 9 Y. pestis genomes identified 29 ORFs with allelic
diversity. Sixteen of the allelic ORFs were unique to the 9 genomes, while 13 allelic ORFs
were shared with the 13 US strains genome sequenced in this study. Sequence diversity
within the 16 unique ORFs was present solely in the form of SNPs; all of which were
described previously (Gibbons et al., 2012). When cluster analysis was performed based on
allele designations for the 3979 ORFs, the 2 epidemiologically linked isolates (AGJW01.1,
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AGJIX01.1) were accurately clustered, displaying no sequence difference across 4,046,060
bp of analyzed genome sequence. Additionally, 3 isolates from Santa Fe (AGJY01.1,
AGJZ01.1, AGKAO01.1) recovered from animals over a 1.5-month period grouped together
and differed from one another by only a single VNTR.

4. Discussion

wgMLST represents an appealing epidemiological tool for public health investigations as the
vast majority of the genome can be interrogated in a straightforward manner. By analyzing
3979 predicted protein-encoding ORFs in Y. pestis and assigning alleles based on mutational
differences, wgMLST was used to compare 83.7% (4,046,060 bp) of the entire Y, pestis
genome sequence. As expected, sequence diversity was limited with allelic diversity among
the 13 Y. pestis genomes sequenced in this study confined to <1% of the analyzed ORFs.
Three different types of mutations, SNPs, INDELs, and VNTRs, were identified across the
13 US Y, pestis genomes. Because wgMLST alleles were assigned irrespective of mutation
type, all genetic differences were readily combined and simultaneously analyzed by cluster
analysis. For the 13 Y. pestis isolates sequenced in this study, the highest resolution between
isolates with no relationship to one another was observed when alleles were assigned using
all mutation types.

In this study, we chose to interrogate Y. pestis isolates where epidemiological linkages were
known in order to gain information from expected results and to inform interpretation of
these data. Isolates were analyzed from human, animal, flea, and soil sources 1) with a
known chain of transmission, 2) from a localized epizootic, and 3) from a routine
environmental investigation of a human plague case with an uncertain exposure source.
Notably, exact sequence matches across 83.7% (4,046,060 bp) of the Y. pestis genome were
demonstrated for 1) isolates recovered from blood contaminated soil and the animal that
contaminated it as well as isolates from the infected animal and the individual who
necropsied it (group 1); 2) an isolate recovered from a human case and the same isolate
recovered post amplification in laboratory mice (group 2); 3) isolates from 4 animal hosts
recovered during a geographically localized epizootic (group 3); 4) isolates recovered from
an animal host and a flea which fed on this host (group 4); and 5) isolates from 2 patients
with exposure to the same point source (AGJWO01.1, AGJX01.1). These findings suggest that
Y. pestiswgMLST alleles are not rapidly changing and perfect allele matches may be the
norm for Y. pestisisolates with direct links to one another.

Notably, isolates collected during an environmental investigation of a human plague case did
not demonstrate an exact match by wgMLST to the patient isolate (group 2). The 2 Y. pestis
isolates were derived from fleas collected in the patient’s yard 4 days after onset of the
patient’s symptoms and included in this analysis as the patients’ yard was previously
implicated as the most likely source of infection based on a 43 loci VNTR analysis (Colman
etal., 2009). By wgMLST, the patient isolate differed by 2 SNPs as compared to the 2 flea
isolates. Neither of the 2 SNPs has been described previously. For both isolates, coverage for
these 2 SNPs was 10x (1,864,049) and 198x (7431, pCP1) with 100% agreement.
Additionally, an independent full genome sequence of the patient isolate (NM02-4452;
BioProject PRINA224116), recently deposited in NCBI, verified the presence of both SNPs
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(Johnson et al., 2015). A difference of 2 SNPs between Y, pest/s strains appears to be
significant. Only 2 SNPs separated unrelated Y. pestis strains in this study recovered 2 years
and 628 km apart in Santa Fe, New Mexico (AGJU01.1, AGJV01.1), and Denver, Colorado
(group 3). Based on the perfect matches observed for other linked isolates and the
differences among group 2 strains resulting from SNPs, opposed to more rapidly changing
VNTRSs, we hypothesize that multiple strains were circulating in the area at the time of the
patient’s exposure. Indeed, Santa Fe County, New Mexico, has been shown to produce
multiple Y. pestis genotypes in a single year (Gibbons et al., 2012), a phenomenon that has
also been noted in both China and Madagascar (Riehm et al., 2015; Zhang et al., 2009).
wgMLST of additional Y. pestisisolates derived from fleas collected in the patient’s yard
will be important for determining if an exact match to the patient isolate can be identified.

The ORF showing the highest level of allelic diversity between the Y/ pestis isolates was
YPOO0776, which encodes a siderophore biosynthesis protein. Four different alleles, due to
both VNTR and SNP differences, were assigned for the 4 groups of nonlinked isolates. The
VNTR in YPOOQ776 has been described previously (M33) (Klevytska et al., 2001; Vogler et
al., 2007). Compared against CO92, the differences in YPOO0776 included 1 repeat gain in
group 1, a 2 repeat loss in group 4, and a 1 repeat loss and a nonsynonymous SNP (T to G,
845,495) in group 3. lron acquisition is a requirement for growth of Y. pestis, and knockouts
in genes required for iron acquisition and utilization cause growth defects and affect the
ability of the bacterium to cause disease in mice (Bearden and Perry, 1999). It is unknown
whether YPOOQ776 is required for growth of Y/ pestis as there are no functional
characterizations of this gene in the literature. Potentially, the repeat changes within the
YPOO0776 VNTR may allow the bacteria to grow under conditions with differing iron
availability.

Use of wgMLST as a molecular epidemiologic tool for Y, pestis lends itself to de novo
discovery of novel mutations and alleles with each new strain that is sequenced. Thirty-nine
allelic ORFs containing 18 new SNPs and 4 new INDELS were discovered among the 13 Y/
pestis genomes sequenced in this study and analysis of 9 publicly available Y. pestis
genomes identified 16 additional ORFs with allelic diversity (Gibbons et al., 2012). While
this study focused only on ORFs, intergenic regions can easily be incorporated into
wgMLST analyses. In the case of the 13 Y/ pestis genomes sequenced in this study,
preliminary analyses identified 14 extragenic SNPs that differed between each of the 4
groups of isolates, whereas no extragenic SNP differences were identified between linked
isolates in each of the 4 groups. As more Y. pestisisolates are analyzed by wgMLST,
comparison of alleles based on SNPs (extragenic, intragenic, or both) or all mutation types
will be important for determining which are the most useful for identification of
epidemiologic relationships between isolates.

The findings presented here suggest that wgMLST shows promise as a single-platform,
high-resolution method for investigation of plague cases in the United States. Establishing
interpretative criteria for defining epidemiologic relationships and identifying newer next
generation platforms and a standardized bioinformatic approaches are important next steps.
Addition and analysis of wgMLST alleles from isolates outside the 1.0RI lineage will be
important for ascertaining the utility of this approach on a global level. Finally, beyond
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wgMLST alleles, the use of WGS for molecular typing has the added benefit of capturing
and storing other sequence information, such as foreign DNA, which may be informative in
unusual cases or outbreaks of disease.
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CIQL’Jster analysis using wgMLST allele data composed of SNPs, INDELSs, and VNTRs (29
ORFs, 54 alleles) derived from publicly available sequence data for 9 Y, pestisisolates from
New Mexico in 2009. The single set of isolates with a known epidemiological link is
indicated by the asterisk.
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