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Abstract 

Yersinia pestis, a potential biothreat agent, shows highly conserved genomic sequences between 
strains of diverse origin. Variable number tandem repeats (VNTRs) have been used in numerous 
bacteria species (e.g., Bacillus anthracis) for strain-specific discrimination. Using several VNTR 
loci in combination, a robust PCR-based typing system called MLVA or multiple-locus variable-
number tandem repeat analysis allows bacteria that are the same species to be differentiated from 
each other even if they are genetically very homogeneous. MLVA typing of Y. pestis using 42 
VNTR loci for strain discrimination was reduced to a subset of 19 polymorphic markers (MLVA-
19). The most polymorphic markers were selected because they are considered more effective for 
identifying genetic similarity on small geographic scales. DNA from nine Y. pestis strains 
analyzed using MLVA-19 generated six distinct genotypes demonstrating the YP-MLVA-19 
typing scheme was able to discriminate Y. pestis isolates from a very small sample set. 
Decreasing the number of MLVA loci did not negatively impact the resolving power of this 
typing method. The methods and cluster database that were developed in this project can be used 
to type and characterize genetic relatedness of additional Y. pestis strains in the future. 

Résumé 

Yersinia pestis, un agent de guerre biologique potentiel, affiche des séquences génomiques 
largement conservées entre les souches d’origine diverse. Le nombre variable de répétitions en 
tandem (VNTR) a été utilisé dans de nombreuses espèces de bactéries (p. ex., Bacillus anthracis) 
pour la discrimination liée à une souche spécifique. Lorsqu’on utilise plusieurs locus VNTR de 
façon combinée, un système robuste de typage fondé sur la PCR nommé MLVA, ou analyse du 
nombre variable de répétitions en tandem multilocus, permet aux bactéries de la même espèce 
d’être différenciées les unes des autres même si elles sont génétiquement très homogènes. Le 
typage MLVA de Y. pestis à l’aide de 42 locus VNTR pour la discrimination des souches a été 
réduit à un sous-ensemble de 19 marqueurs polymorphes (MLVA-19). Les marqueurs les plus 
polymorphes ont été choisis parce qu’ils sont considérés plus efficaces pour l’identification de la 
similarité génétique à petites échelles géographiques. L’ADN de neuf souches Y. pestis analysées 
à l’aide du typage MLVA-19 a produit six génotypes distincts, ce qui démontre que le schéma de 
typage YP-MLVA-19 a pu discriminer les isolats Y. pestis à partir d’un ensemble 
d’échantillonnage très petit. La réduction du nombre de locus MLVA n’a pas eu d’impact négatif 
sur le pouvoir de résolution de cette méthode de typage. Les méthodes et la base de données en 
grappe qui ont été conçues dans le cadre de ce projet pourront être utilisées plus tard pour 
effectuer le typage et la caractérisation des liens génétiques d’autres souches de Y. pestis.
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Executive Summary 

Molecular Typing of Yersinia pestis using MLVA-19 
Douglas E. Bader and Chad W. Stratilo; DRDC Suffield TM 2013-150; 
Defence R&D Canada – Suffield; December 2013.

Introduction or background: There is a need to characterize biothreat agents for biodefence and 
biosecurity purposes. Genetic typing techniques can be used to characterize biothreats and have 
the potential to determine the possible foci or origin of the agent.  Yersinia pestis, a potential 
biothreat agent, shows highly conserved genomic sequences between strains of diverse origin. 
Variable number tandem repeats (VNTRs) have been used in numerous bacteria species (e.g., 
Bacillus anthracis) for strain-specific discrimination. Using several VNTR loci in combination, a 
robust PCR-based marker typing system called MLVA or multiple-locus variable-number tandem 
repeat analysis allows bacteria that are the same species to be differentiated from each other even 
if they are genetically very homogeneous. MLVA typing of Y. pestis has been successfully 
carried out by others using 42 VNTR loci for strain discrimination.  A CRTI project (CRTI 02-
0069RD) was undertaken to establish molecular typing capabilities of Y. pestis strains in 
Canadian federal laboratories. DNA from nine Y. pestis strains was analyzed using MLVA at 19 
loci (MLVA-19). 

Results: Nine isolates generated six distinct genotypes demonstrating the YP-MLVA-19 typing 
scheme was able to discriminate Y. pestis isolates from a very small sample set.  

Significance: This project has allowed DRDC Suffield to establish the capability to perform high 
resolution subtyping of Y. pestis.  Strains were typed using single-plex PCR reactions that were 
pooled or in multiplex reactions greatly reducing reagent use while increasing throughput.  
Isolates originally screened against 42 possible VNTR loci were reduced to a subset of 19 
polymorphic markers to allow a more manageable set of markers for characterization. Decreasing 
the number of MLVA loci did not negatively impact the resolving power of this typing method. 
The methods and cluster database that were developed in this project can be used to type and 
characterize genetic relatedness of additional Y. pestis strains in the future. 

Future plans: MLVA databases will be expanded as additional strains are acquired in order to 
increase the resolving power of this technique. 
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Sommaire ..... 

Typage moléculaire de Yersinia pestis à l’aide de MLVA-19 
Douglas E. Bader et Chad W. Stratilo; RDDC Suffield TM 2013-150; Recherche 
et développement pour la défense Canada - Suffield; décembre 2013.

Introduction ou contexte : Il est nécessaire d’effectuer la caractérisation des agents de guerre 
biologique aux fins de défense biochimique et de biosécurité. Les techniques de typage 
génétique peuvent être utilisées pour caractériser les menaces biologiques et elles peuvent servir 
à déterminer le foyer ou l’origine possible de l’agent. Yersinia pestis, un agent de guerre 
biologique potentiel, affiche des séquences génomiques largement conservées entre les souches 
d’origine diverse. Le nombre variable de répétitions en tandem (VNTR) a été utilisé dans de 
nombreuses espèces de bactéries (p. ex., Bacillus anthracis) pour la discrimination liée à une 
souche spécifique. Lorsqu’on utilise plusieurs locus VNTR de façon combinée, un système 
robuste de typage fondé sur la PCR nommé MLVA, ou analyse du nombre variable de 
répétitions en tandem multilocus, permet aux bactéries de la même espèce d’être différenciées 
les unes des autres même si elles sont génétiquement très homogènes. Certains ont réussi à 
effectuer le typage MLVA de Y. pestis à l’aide de 42 locus VNTR pour la discrimination de 
souches. Un projet de l’IRTC (CRTI 02-0069RD) a été lancé pour établir les capacités de 
typage moléculaire des souches de Y. pestis dans des laboratoires fédéraux du Canada. L’ADN 
de neuf souches de Y. pestis a été analysée à l’aide du typage MLVA à 19 locus (MLVA-19).

Résultats : Neuf isolats ont produit six génotypes distincts, ce qui démontre que le schéma de 
typage YP-MLVA-19 a pu discriminer les isolats Y. pestis à partir d’un ensemble 
d’échantillonnage très petit. 

Importance : Ce projet a permis à RDDC Suffield d’établir la capacité d’exécuter le sous-
typage de haute résolution de Y. pestis. Le typage des souches a été effectué à l’aide de 
réactions PCR en monoplex qui ont été regroupées ou à l’aide de réactions en multiplex, ce qui 
a grandement réduit l’utilisation de réactifs tout en augmentant le débit d’alimentation. Les 
isolats qui ont d’abord été testés à l’aide de 42 locus VNTR potentiels ont été réduits à un sous-
ensemble de 19 marqueurs polymorphes pour obtenir un ensemble de marqueurs mieux gérable 
aux fins de caractérisation. La réduction du nombre de locus du typage MLVA n’a pas eu 
d’impact négatif sur la puissance de résolution de cette méthode de typage. Les méthodes et la 
base de données en grappe qui ont été conçues dans le cadre de ce projet pourront être utilisées 
plus tard pour effectuer le typage et la caractérisation des liens génétiques d’autres souches de 
Y. pestis.

Plans futurs : Les bases de données MLVA seront augmentées à mesure que d’autres souches 
seront acquises, et ce, afin d’accroître la puissance de résolution de cette technique.
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Introduction 

Yersinia pestis, a human bacterial pathogen, is the causative agent of bubonic, pneumonic and 
septicaemic plague [1].  It is primarily a zoonotic disease and is endemic throughout the world 
[2]. Yersinia pestis is a Gram-negative bacterium that harbors three virulence plasmids—pFra that 
encodes the anti-phagocytic capsular protein fraction 1 (F1) and the murine toxin that enables 
bacteria to survive in the flea gut; pYV that encodes V antigen and Yersinia outer proteins 
(Yops), which disrupt phagocytosis and reduce inflammation; and pPla that makes a plasminogen 
activator that allows bacteria to spread in tissues by dissolving fibrin clots [3]. Y. pestis can be 
divided into three biovariants or biovars (antiqua, medievalis, and orientalis) based on their 
ability to reduce nitrate and utilize glycerol [4].   

Antiqua (nitrate+ glycerol+), medievalis (nitrate- glycerol +) and orientalis (nitrate+ glycerol-) 
are thought to have caused the three major plague pandemics. Antiqua is associated with the 
Justinian plague which started in Africa and spread to the Mediterranean (AD 541 to 767); 
medievalis is associated with the Black Death which may have originated in central Asia and 
spread from the Caspian Sea to Europe (1346 to early 19th century); and orientalis is associated 
with modern plague (since 1894) which began in southwest China and spread globally via 
shipping routes [2, 4].  DNA sequences from ancient human remains dispute the assertion that 
different biovars were responsible for the three different pandemics and suggests that orientalis-
like Y. pestis may have been involved in all three, a suggestion that remains highly controversial 
[2].   

A fourth biovar, microtus has been proposed based on the unique pathogenic, biochemical and 
molecular features of microtus strains [5]. Microtus strains are lethal to Microtus (rodents of the 
genus Microtus belonging to the order Rodentia and family Muridae), as well as mice and other 
rodents, but are avirulent to larger mammals such as guinea pigs, rabbits, rhesus monkeys, sheep, 
and humans. There is currently no evidence that human plague can arise from microtus strains 
[5].   

Y. pestis is a clone that evolved from Y. pseudotuberculosis between 1500-20,000 years ago [4]. 
In addition to containing virulence plasmids, Y. pestis has 21 genomic islands, eighteen of which 
are found in Y. pseudotuberculosis. Three genomic islands are found only in Y. pestis strains [4].  

Yersinia pestis shows highly conserved genomic sequences between strains of diverse origin. 
Numerous typing methods have been described including repetitive element PCR [6], pulsed-field 
gel electrophoresis (PFGE) [7], insertion sequence-element probe restriction fragment length 
polymorphism analysis [8] and whole genome microarray [9] that show concordant results. 
Variable number tandem repeats (VNTRs) have been used in numerous bacteria species (e.g., 
Bacillus anthracis) for strain-specific discrimination [10]. Using several VNTR loci in 
combination, a robust PCR-based marker typing system called MLVA or multiple-locus variable-
number tandem repeat analysis allows bacteria that are the same species to be differentiated from 
each other even if they are genetically very homogeneous.  

MLVA typing of Y. pestis has been successfully carried out using 42 VNTR loci for strain 
discrimination [11]. These loci are amplified by PCR using fluorescently labeled primers. The 
PCR products can be analyzed by fragment size analysis or they can be sequenced directly.  
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This report describes MLVA typing of Yersina pestis from the DRDC Suffield collection and 
DNA samples provided by NML using 19 VNTR loci (MLVA-19).  Strains were typed using 
single-plex PCR reactions that were pooled, or in multiplex reactions which greatly reducing 
reagent use while increasing throughput.  The amplicons were able to be distinguished from one 
another using different fluorescent dyes or expected amplicon sizes, prior to capillary 
electrophoresis. 

Isolates originally screened against 42 possible VNTR loci were reduced to a subset of 19 
polymorphic markers to allow a more manageable set of markers for characterization. In Y. pestis, 
those markers with the highest number of tandem repeats showing the highest degree of 
polymorphism across the isolates were tested. The most polymorphic markers were selected 
because they are considered more effective for forensic analysis and for identifying genetic 
similarity on small geographic scales. Nine isolates from the collection generated six distinct 
genotypes demonstrating the YP MLVA-19 typing scheme was able to discriminate Y. pestis 
isolates from a very small sample set. 
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Materials and Methods 

The strains typed in this study are part of the DRDC Suffield strain collection and Public Health 
Agency of Canada – National Microbiology Laboratory (PHAC-NML) strain collection (Table 
1). DRDC Suffield strain DNA was isolated in the BSL3 bacterial suite using MasterPure™ DNA 
& RNA Purification Kit (Epicentre Biotechnologies, Madison, WI, USA.), Phase lock gel® 
(Eppendorf, Westbury, NY, USA) or GNOME® DNA Isolation Kit (QBiogene, Irvine, CA, 
USA.).  Concentrations of approximately 60 ng/µL were obtained from each strain tested.  Sterile 
DNase-, RNase-free water (NFW) was used as a negative control. PHAC-NML strain DNA was 
provided to DRDC Suffield by PHAC-NML. 

PCR amplification of the 19 variable loci was carried out as follows: 2 mM MgCl2, 1× PCR 
buffer, 2 mM dNTPs, 0.5 U Taq polymerase (Life Technologies, Inc., Rockville, Md.), 1.0 µL of 
template DNA, 0.5 µM forward primers, 0.5 µM reverse primer and filtered sterile water to a 
volume of 25 µL. PCRs were either carried out with individual primer pairs or as multiplex PCRs 
(8 primer pairs per reaction). The primers that were used, as well as the 5’ phosphoramidite 
fluorescent dyes used with each primer, are listed in Table 2. The nature of each VNTR is listed 
in Table 3.   

The PCR reaction mixtures were incubated at 94 °C for 5 min and then cycled at 94 °C for 30 s, 
60 °C for 30 s and 72 °C for 30 s for 35 cycles with a final incubation of 72 °C for 5 min using an 
ABI 9700 thermocycler. PCR reagents were obtained from Life Technologies, Inc. or Applied 
Biosystems Inc.  PCR products (2 µL) were pooled as described in Table 3 unless performed as 
part of a multiplex in which pooling was not necessary. The reactions were diluted with NFW to a 
final volume of 80 µL. One µL of the diluted pooled PCR products was combined with 8 µL of 
HiDi Formamide and 1 µL of the combined size standard from BioVentures Inc., Murfreesboro, 
TN. (0.5 µL Rhodamine-X MapMarker (70 to 400 bp)  and 0.5 µL CST ROX (420-800 bp). 

The PCR amplification products were sized using the Applied Biosystems 3100 Genetic Analyzer 
with a 36 cm capillary using filter set D for fragment analysis. Allele names were established by 
direct sequencing of PCR amplicons by PHAC-NML and DRDC Suffield. The bin sets for Y. 
pestis alleles are found in Table 4. 

Phylogenetic analysis was carried out using Unweighted Pair Group Method with Arithmetic 
Mean (UPGMA). 
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Table 1. Y. pestis Strains Tested 

Strain Name Source 

1. PP65BC PHAC-NML 
2. PP2868 PHAC-NML 
3. PX14-3 PHAC-NML 
4. PP1967 PHAC-NML 
5. PP2321 (1966) PHAC-NML 
6. PP2321 (1970) PHAC-NML 
7. GB DRDC Suffield 
8. CO92 DRDC Suffield 
9. C12 DRDC Suffield 
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Table 2. Primers Used for Amplification of VNTR Loci 

Locus 
Name 

Primer name and 
 5’ modification 

Primer Sequence 5’-3’ 

Yp-M06 Yp-M06-f1-6-FAM 
Yp-M06-r1 

GATAGATCTCCGAAGGCAGATCGCAATAGGTC  
GGGCGATAGGATAGCTTGATGCGTTGTTTTAC 

Yp-M09 Yp-M09-f1-6-FAM  
Yp-M09-r1 

GACCTCGATCTGCTTAGAACCTTTGTAGCTGTTGC  
GTTGCATTTGTTGGCTAACTGCTGACTGAGTTC 

Yp-M12 Yp-M12-f1-6-FAM  
Yp-M12-r1 

GAAGCGGCAACAATTTACCGTTATTTATGCT  
TTTATTCGCCTCCCCTTCGAACTTGAA 

Yp-M18 Yp-M18-f1-HEX  
Yp-M18-r1 

GGGGTGTTAATTGTGAGGCGTGTTGTC  
CCCTACCCGCCACTCTCTTGGTAGC 

Yp-M19 Yp-M19-f1-NED  
Yp-M19-r1 

TTTCGTTCAATTCAGTCACCGCTTTCTC      
GTCCTGCCCGTTTTCCTTGCCTTCTC 

Yp-M21 Yp-M21-f1-6-FAM  
Yp-M21-r1 

GATTTATGAATGGCTACAACGTCGTCGCA 
GTAGTGATACAGGCAAATCCAAGAGCGCA 

Yp-M22 Yp-M22-f1-NED  
Yp-M22-r1 

GCGTGATACCAAAGGCTGGCTCACC 
GGCACTTTGGGTACGGAACGTCATCAC 

Yp-M23 Yp-M23-f1-HEX  
Yp-M23-r1 

GTTAAAACTTAATTAACCAACTTAAGAGTCGCCATATC 
GTTATCAGATTTCGCTTGAAGTAGGTTTAACGATGAC 

Yp-M25 Yp-M25-f1-6-FAM  
Yp-M25-r1 

GTTTAGCTGTAAATAGATTTAGAAGCCTCGTCTTTTGAC 
GATATAAATGAGTTGATTCAGGTGTTCATATTTAACGAAAC 

Yp-M27 Yp-M27-f1-HEX  
Yp-M27-r1 

GTCTAACTGGCGCGGCATTCTTGC 
GGGTGTTCTTATGTCATCCGCCAACAAAC 

Yp-M28 Yp-M28-f1-6FAM  
Yp-M28-r1 

GTTTGGCGGTTGGGCGTACCTTGGTA 
AGCGCCCGTAGACGCTTTCGAAATAGC 

Yp-M29 Yp-M29-f1-HEX  
Yp-M29-r1 

GAGCGGCGGGTTCTCATGCTGAT 
GTTTAAGCAGTAGATCTAAAGCGTTATGAATATTGGTGTTA 

Yp-M31 Yp-M31-f1-HEX 
Yp-M31-r1 

GGTTTGCAGGTTTTTGTTGTGGATTATGGACTTAGAT 
GGCGGGATGGCGTATCGGTTGC 

Yp-M33 Yp-M33-f1-HEX  
Yp-M33-r1 

AGCAACCTGTGCCGCCTCGATATAAG 
GAGACGGGCGAAATTGAAGCACAGTTAT 

Yp-M34 Yp-M34-f1-6FAM  
Yp-M34-r1 

GAATCGCGGGTTGACGCTGTTGAGC 
GCTGAACAGCCCCATAAAACCGGAGC 

Yp-M37 Yp-M37-f1-6FAM  
Yp-M37-r1 

GCCACAGGAAGAGGACATTTCAGAGAAAAC 
GTTGCTAAAACGATACCGCTACGATCAGC       

Yp-M58 Yp-M58-f1-6FAM  
Yp-M58-r1 

GCGATAACCCACATTATCACAATAACCAACAC 
GCTGATGGAACCGGTATGCTGAATTTGC 

Yp-M59 Yp-M59-f1-6FAM  
Yp-M59-r1 

GCTTAGCCGCCAGAAAAGGTGAGTTGGC 
GATAATGGCGGTAGCCGGAATCTGATAATCATC 

Yp-M79 Yp-M79-f1-NED  
Yp-M79-r1 

GCCCTTATCTACTGGGCCAAGCTAACGC 
GCCATGGCGGGATGTAATGGCAC 
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Table 3. VNTR and PCR Product Characterization 

VNTR 
Marker Repeat Motif Repeat 

Size Pool Range 
(bp) 

Repeat 
copy # Allele no. 

Yp-M06 AT 2 3 146-148 5-6 2 
Yp-M09 TGC 3 1 109-112 6-7 4 
Yp-M12 CAAA 4 2 212-232 8-12 7 
Yp-M18 TCATCC 6 1 181-127 4-13 9 
Yp-M19 CTTTTA or CCTTTA 6 2 311-551 29-62 9 
Yp-M21 ACACCCA 7 1 172-179 3-4 3 

Yp-M22 
TTCATTGTTCATTG or 
CTCATTGCTCATTG  or 

CTCATTGTTCATTC 
14 1 214-361 4-15 9 

Yp-M23 AGCAAAT 7 2 162-232 5-19 9 

Yp-M25 CAACCTA or CCACCTA or 
ACCACCT or GTCACCT 7 2 251-386 7-23 10 

Yp-M27 TTATTGAC 8 3 173-325 5-18 11 
Yp-M28 GTTAATTG 8 1 188-220 5-8 7 
Yp-M29 CTTTCTAT 8 1 191-263 3-12 9 
Yp-M31 TGATTAGT 8 2 310-390 6-16 7 

Yp-M33 TGTGGCTTG or TGCGGTTTG or 
TGTGGTTGG or TGGCTTGTG 9 1 339-375 6-20 9 

Yp-M34 GTTGAAGAA 9 3 207-351 4-20 11 

Yp-M37 TGGTGATAGT or TGGTGATAGT 
or CGGTGATAGT 10 1 309-339 2-7 5 

Yp-M58 TTGTTTATCTATCTATG or 
TTGTTTAGCTATCTATG 17 1 344-412 3-7 6 

Yp-M59 CCCATATCAGTAATTAG or 
TCCATATCAGTAACTAG 17 1 279-296 6-7 4 

Yp-M79 TGCTCAAC 8 3 220-324 6-19 10 
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Table 4. Y. pestis Bin Set Panels. 

Marker 
Name 

Bin 
Parameters 

Allele 
1 

Allele 
2 

Allele 
3 

Allele 
4 

Allele 
5 

Allele 
6 

Allele 
7 

Allele 
8 

Allele 
9 

Allele 
10 

Yp-M06 
Sequence (bp) 146 148 

Location 141.38 143 
Offset(left/right) 1/1 0.5/0.94 

Yp-M09 
Sequence (bp) 109 

Location 105.13 
Offset(left/right) 0.5/0.5 

Yp-M12 
Sequence (bp) 212 216 220 224 228 232 

Location 207.43 211 215 218 222.19 226.28 
Offset(left/right) 1/1 0.5/1.05 0.5/0.5 0.5/1.74 0.5/1.55 0.5/0.5 

Yp-M18 
Sequence (bp) 127 139 145 151 169 181 

Location 125.71 137 143.37 149.81 168.01 179 
Offset(left/right) 0.5/0.5 0.5/1.4 0.5/0.5 1/1 1/1 0.5/1.34 

Yp-M19 
Sequence (bp) 210 311 317 347 353 365 371 389 497 

Location 211 311 317.42 348 354.02 366.59 372.82 390.86 503 
Offset(left/right) 0.5/0.5 0.5/0.64 1/1 0.5/0.86 1/1 1/1 1.43/1 1/1 0.5/0.5 

Yp-M21 
Sequence (bp) 172 179 

Location 168 175.38 
Offset(left/right) 0.5/0.82 0.5/0.5 

Yp-M22 
Sequence (bp) 214 228 235 242 256 249 361 270 276 284 

Location 212.5 227 234 241.12 255 247.95 361 268.89 276.5 283.53 
Offset(left/right) 1/1 0.5/0.5 0.5/0.5 1/1 0.5/0.5 1/1 0.5/1.42 1/1 0.5/0.5 1/1 

Yp-M23 
Sequence (bp) 162 169 176 182 197 204 211 232 218 267 

Location 157 164 171.59 179.16 193 200 214.82 263.07 
Offset(left/right) 0.5/1.13 0.5/1.32 1/1 0.5/0.5 0.5/0.5 0.5/1.1 0.5/0.5 1/1 

Yp-M25 
Sequence (bp) 251 258 265 349 356 363 377 386 

Location 249.2 255.83 263 348 354.61 
Offset(left/right) 1/1 1/1 0.5/0.73 2.05/0.5 1/1 

Yp-M27 
Sequence (bp) 173 181 205 213 221 237 261 277 285 325 

Location 170 178.98 203.0 212 219 236.28 260.54 276 285.03 326.75 
Offset(left/right) 0.5/0.5 1/1 1/1.51 0.5/0.5 0.5/1.28 1/1 1/1 0.5/1.3 0.5/0.5 1/1 

Yp-M28 
Sequence (bp) 188 196 204 212 220 

Location 187.93 195 203.83 213.1 220.59 
Offset(left/right) 1/1 0.5/0.85 0.5/0.5 1.52/0.5 1/1 

Yp-M29 
Sequence (bp) 191 199 207 223 231 239 243 247 255 263 

Location 188.29 196 204 220.86 229 236 240.92 245.21 253.14 261.08 
Offset(left/right) 1/1 0.5/0.81 0.5/0.05 0.5/0.5 0.5/0.5 0.5/1.61 0.5/0.5 1/1 1/1 0.5/0.5 

Yp-M31 
Sequence (bp) 310 315 326 334 358 390 

Location 307.74 315.73 323.5 332.59 357.42 390.32 
Offset(left/right) 1/1 1.11/0.81 0.5/1.23 1/1 1/1 1/1 

Yp-M33 
Sequence (bp) 339 348 357 375 

Location 343.52 352 362.83 380.61 
Offset(left/right) 1/1 0.5/1.69 1.72/0.5 1/1 

Yp-M34 
Sequence (bp) 207 225 234 252 261 270 279 315 324 351 

Location 204.85 222.87 231 249 258.65 267.84 276.6 312 321.55 348 
Offset(left/right) 1/1 1/1 0.5/1.0 0.5/1.04 1/1 0.5/1.12 0.84/1.12 0.5/0.89 1/1 0.5/1.47 

Yp-M37 
Sequence (bp) 309 319 329 339 

Location 309 319.52 329 340.36 
Offset(left/right) 0.5/0.91 0.5/0.74 0.5/1.13 1/1 

Yp-M58 
Sequence (bp) 344 361 378 395 412 

Location 343.98 360.65 377 396 412.61 
Offset(left/right) 0.95/0.5 1/1 0.5/1.62 0.81/0.14 

Yp-M59 
Sequence (bp) 279 296 

Location 276.53 293.63 
Offset(left/right) 0.99/0.5 1.08/0.5 

Yp-M79 
Sequence (bp) 220 236 244 252 260 284 324 

Location 219.43 235 244 251.46 260 285.5 323.65 
Offset(left/right) 1/1 0.5/1.3 0.7/0.5 1/1 1.25/0.5 1/1 1/1 
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Results and Discussion 

The nature and extent of variability of the 19 VNTR loci are described in Table 3. Direct 
sequencing of the 19 loci allowed for sizing of the alleles present at those loci.  Allele names were 
based on amplicon sizes established by direct sequencing (Table 4). The size of the amplicons 
during fragment analysis are also listed (Table 4).  The differences between amplicon length 
established by fluorescent primer fragment length analysis and direct sequencing can be 
determined by comparison between the allele name established by direct sequencing, and the 
location of the allele established by fragment length analysis (Table 4). The difference between 
length established by sequencing and length determined by fragment analysis is <+/- 4 bp 
although there may be no difference at a particular locus or allele. This discrepancy may be 
attributable to the type of phosphoramidite fluorescent dye used in 5’ labelling for fragment 
analysis. Thus the name of the allele for a given locus is based on the size of the VNTR amplicon 
as determined by sequence analysis as opposed to fragment size analysis.  

The results of the MLVA-19 analysis are presented in Table 5.  Four of the 19 loci (M06, M09, 
M21, and M33) were unable to distinguish the nine strains while five of the 19 loci (M22, M23, 
M27, M34, M79) generated the highest number of alleles among the nine strains (4 alleles each). 

There were six discrete MLVA-19 genotypes for the nine strains tested.  Three pairs of strains 
had identical MLVA-19 genotypes (PP65BC/PP1967, PP2321-1966/1970, and CO92/C12). 
Three strains had unique MLVA-19 genotypes (PP2868, PX14-3 and GB) with the latter two 
being more closely related.  All three of the Yersinia pestis strains in the DRDC Suffield 
collection belong to the biovar orientalis [12, 13].  Y. pestis CO92 was originally isolated from 
the sputum of a human patient who was apparently exposed to a plague-infected cat in Colorado 
and who later died of primary pneumonic plague [14].  Y. pestis C12 is an F1ˉ isogenic strain 
derived by site-directed mutagenesis of the F1 structural gene from the CO92 strain [12].  Based 
on their history, it is not surprising that CO92 and C12 had the same MLVA-19 genotype. Y. 
pestis GB was isolated from a fatal human case [15] but it had a different MLVA-19 genotype 
from CO92 and C12, having differences at 10 of 19 loci.  

The MLVA typing method presented in this report is a robust and well accepted approach to 
characterizing Y. pestis isolates.  The use of fragment analysis allows for quick and reproducible 
results.  Analysis of strains between laboratories world wide is convenient and easily converted 
into simple numerical data unlike amplified fragment length polymorphisms (AFLP) or pulsed-
field gel electrophoresis.  Decreasing the number of MLVA loci used from 42 to 19 increased the 
throughput but did not negatively impact the resolving power of this typing method.   

Discrepancies between the allele calls used in this paper and those found in other publications are 
due to designations adopted based on fragment sizing analysis as opposed to sequence data. 
Although the choice of allele name also takes into account the repeat size, it may be beneficial in 
the future to move away from allele names that are based on amplicon or sequence size but rather 
adopt a scheme that uses a letter or number designation based on the repeat structure and length. 

Y. pestis is a category A biological threat agent and could be used against the CAF or as a 
bioterrorist threat against Canadians.  This project has allowed DRDC Suffield to establish the 
capability to perform high resolution subtyping of Y. pestis.  The methods and cluster database 
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that were developed in this project can be used to type and characterize genetic relatedness of 
additional Y. pestis strains in the future.   
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Table 5. Results of MLVA-19 Analysis 

Y. pestis Strains M06 M09 M12 M18 M19 M21 M22 M23 M25 M27 M28 M29 M31 M33 M34 M37 M58 M59 M79 
PP65BC 148 109 224 139 347 179 235 204 349 221 212 215 326 357 315 319 378 296 244 
PP1967 148 109 224 139 347 179 235 204 349 221 212 215 326 357 315 319 378 296 244 
PP2321 (1966) 148 109 224 139 347 179 235 204 349 221 212 231 326 357 315 319 378 296 244 
PP2321 (1970) 148 109 224 139 347 179 235 204 349 221 212 231 326 357 315 319 378 296 244 
CO92 148 109 224 139 353 179 235 169 335 245 212 215 326 357 225 329 395 296 252 
C12 148 109 224 139 353 179 235 169 335 245 212 215 326 357 225 329 395 296 252 
PP2868 148 109 224 139 347 179 249 182 370 277 204 207 315 357 279 319 395 296 220 
PX14-3 148 109 232 145 497 179 276 218 370 285 212 215 326 357 270 319 395 279 236 
GB 148 109 236 145 497 179 269 218 335 285 212 215 334 357 270 319 395 279 236 

Alleles 1 1 3 2 3 1 4 4 3 4 2 3 3 1 4 2 2 2 4 

Allele sizes (measured in base pairs) were determined by sequence analysis and used as the allele name for each locus (M06 through M79). The predominant 
allele among the nine test strains is highlighted in yellow for each locus. Alleles that differ from the predominant allele are highlighted in a different color for 
visual differentiation. The total number of alleles for a given locus among the nine strains tested is provided at the bottom of the table (black, boldface type). 
Strains having the same MLVA-19 type have matching font colors. 
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