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Francisella tularensis

• Etiological agent of tularemia

• Category A select agent 

• Highly infectious

• Facultative intracellular pathogen 

• Three subspecies in the:
• subsp. tularensis
• subsp. holarctica
• subsp. novicida
• subsp. mediasiatica



• Highly complex ecology 

• Diverse in  vector, host and environmental conditions

• >250 species of wild and domestic mammals, birds, reptiles, fish, 
amphibians, protozoa

• Can persist in decaying carcasses as well as environmental matrices 
such as water, mud, and soil

• Possible fundamental differences in the ecology of genetic subtypes

• Implications for One Health approaches

Francisella tularensis





Type BType A

Keim et al 2009



”…linkage between the spatial context of ecological dynamics and 

evolutionary process, which is revealed in genetic signatures that reflect the 

underlying forces shaping evolutionary and ecological trajectories.”

Biek R, Real LA. The landscape genetics of infectious disease emergence and spread. Molecular ecology. 2010;19(17):3515-3531

Biek et al:



Pathogen Population Structure



Variable Number Tandem repeats (VNTRs)

Location of genetic repeats 
in the F. tularensis genome 

Johansson A, Farlow J, Larsson P, et al. Worldwide Genetic Relationships among Francisella tularensis Isolates Determined by Multiple-Locus Variable-Number Tandem Repeat Analysis. Journal of Bacteriology. 2004;186(17):5808-5818.
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Molecular genetic assay

Johansson A, Farlow J, Larsson P, et al. Worldwide Genetic Relationships among Francisella tularensis Isolates Determined by Multiple-Locus Variable-Number Tandem Repeat Analysis. Journal of Bacteriology. 2004;186(17):5808-5818.
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factors promoting the maintenance of tularemia foci in

North America remain largely unknown. 

We recently identified a major division within F.

tularensis subsp. tularensis (13). This division consists of

the split between the highly diverse A.I. isolates, which

include the SCHU S4 strain, and the less diverse A.II. iso-

lates, which include the F. tularensis species type strain

ATCC 6223 (13). Since this division was not previously

recognized, no studies have yet explored ecologic factors

that may serve as the basis for this structure. 

In this study, we examined genetic-spatial patterns

among North American F. tularensis isolates to better

understand how geography may shape their genetic reper-

toire. In an attempt to identify factors that may influence

the maintenance of endemic tularemia foci in the United

States, we examined correlations between observed genet-

ic groupings that were identified by using multiple-locus

variable-number tandem repeat analysis (MLVA) and biot-

ic and abiotic variables.

Methods 

Isolates of F. tularensis and MLVA Subtyping

We examined 161 F. tularensis isolates, 158 from the

United States and 3 from Canada. Subspecies analyzed

included 83 F. tularensis subsp. tularensis, 72 F. tularensis

subsp. holarctica, and 6 F. tularensis subsp. novicida. The

originating laboratories for a subset of these isolates (n =

80) is reported elsewhere (13). All additional isolates were

provided by the Centers for Disease Control and

Prevention in Fort Collins, Colorado. A detailed descrip-

tion of the MLVA typing system and its use in examining

phylogenetic relationships within F. tularensisare reported

elsewhere (13). 

Phylogenetic, Spatial, and Statistical Analyses 

A neighbor-joining dendrogram was generated by using

PAUP (Sinauer Associates Inc., Sutherland, MA, USA).

Distribution maps were generated with ArcView 3.3

(Environmental Systems Research Institute, Inc.,

Redlands, CA, USA); host and vector distributions were

based on previously published data (5,14,15). Rank Mantel

analyses were performed (16) by using PRIMER software

(Primer-E, Ltd., Plymouth, UK). Genetic group (A.I. or

A.II.) or location (California or not California) were used

as the categoric factors for analysis of similarities

(ANOSIM) (17). Spatial analyses were performed by

using county centroid data from a subset of isolates with

known county of origin. Within this subset, 1 representa-

tive was included from each set of isolates known to be

from the same host or epidemiologically linked. Isolates

examined included 49 F. tularensis subsp. holarctica, 30 F.

tularensis subsp. tularensis subpopulation A.I., and 28 F.

tularensis subsp. tularensis subpopulation A.II. A digital

elevation model (Environmental Systems Research

Institute, Inc.) was used to calculate mean elevation in

each county of occurrence.

Results

Neighbor-joining analysis of MLVA data identified 4

major genetic groups among the 161 North American F.

tularensis isolates: F. tularensis subsp. tularensis subpopu-

lation A.I., F. tularensis subsp. tularensis subpopulation

A.II., F. tularensis subsp. holarctica, and F. tularensis

subsp. novicida  (Figures 1–5). The genetic groupings

observed are consistent with the major genetics groups we

described previously (13). In all cases, assignment of iso-

lates to these genetic groups was consistent with their exist-

ing subspecies designations, which were based upon

immunofluorescent, biochemical, and other molecular tests. 
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Figure 1. Genetic relationships among 48 North American

Francisella tularensis subsp. tularensis A.I. subpopulation isolates

based upon allelic differences at 24 variable number tandem

repeat (VNTR) markers. County, state, and year of isolation are

specified to the right of each branch or clade. G indicates number

of distinct VNTR marker genotypes, dots indicate host-linked iso-

lates, boxed designation indicates prominent F. tularensis subsp.

tularensis laboratory strain SCHU S4, and asterisks indicate iso-

lates with an unknown year of isolation.  

Genetic Resolution

The MLVA typing system provided good genetic reso-

lution (Figures 1–4). A total of 126 unique genotypes were

observed among the 161 isolates. The average pairwise

distance between isolates within the A.I. and A.II. subpop-

ulations of F. tularensis subsp. tularensis, F. tularensis

subsp. holarctica, and F. tularensis subsp. novicida was

0.324, 0.172, 0.144, and 0.310, respectively. MLVA pro-

vided complete discrimination among F. tularensis subsp.

tularensisA.I. isolates, with the exception of 3 sets of iso-

lates obtained from the same hosts (Figure 1). Among A.II.

isolates, all but 2 sets of isolates were resolved by MLVA

(Figure 2). Genetic resolution was poorest within F.

tularensis subsp. holarctica; 14 sets of isolates were unre-

solved. Among these sets, only 2 were epidemiologically

or host-linked, whereas many of the remaining 12

associated sets contain isolates from distant geographic

locations (Figure 3). 

Geographic Distributions of Genetic Groups

The 4 genetic groups exhibited unique distributional

patterns in geographic space (Figure 6). Isolates from F.

tularensis subsp. holarctica were the most widespread,

occurring in many of the lower 48 contiguous states, as

well as British Columbia. With the exception of the 1920

Utah type strain (Utah 112) and 1 isolate from California,

the other 4 F. tularensis subsp. novicida isolates were col-

lected in southeastern states (Figures 4 and 6). The human

incidence hotspot in the central United States (8) appears

to be associated with the F. tularensis subsp. tularensisA.I.

group (Figure 6). However, isolates from this group were

also collected in Alaska, British Columbia, and California

Francisella tularensis in the United States
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Figure 2. Genetic relationships among 35 North American

Francisella tularensis subsp. tularensis A.II. subpopulation isolates

based upon allelic differences at 24 variable number tandem

repeat (VNTR) markers. County, state, and year of isolation are

specified to the right of each branch or clade. G indicates number

of distinct VNTR marker genotypes, triangle indicates epidemio-

logically linked isolate, asterisk indicates isolate with an unknown

year of isolation, boxed designation indicates F. tularensis type

strain B-38, and square indicates a set of genetically identical but

epidemiologically unlinked isolates. 

Figure 3. Genetic relationships among 72 North American

Francisella tularensis subsp. holarctica B type isolates based upon

allelic differences at 24 variable number tandem repeat (VNTR)

markers. County, state, and year of isolation are specified to the

right of each branch or clade. G indicates number of distinct VNTR

marker genotypes, squares indicate genetically identical but epi-

demiologically unlinked isolates, asterisk indicates isolate with an

unknown year of isolation, dot indicates a host-linked isolate, and

triangles indicate epidemiologically linked isolates.

• Genetic diversity:
• Geography

• Vectors

• Hosts

• Ecology

• Time

Farlow J, Wagner DM, Dukerich M, et al. Francisella tularensis in the United States. Emerging Infectious Diseases. 2005;11(12):1835-1841.
Johansson A, Farlow J, Larsson P, et al. Worldwide Genetic Relationships among Francisella tularensis Isolates Determined by Multiple-Locus Variable-Number Tandem Repeat Analysis. Journal of Bacteriology. 2004;186(17):5808-5818.
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correlated with other, more biologically relevant factors

that may influence host and vector distributions, such as

temperature, rainfall, and distribution of major vegetation

types (18). The A.I. and A.II. subpopulations may have

adapted to transmission and maintenance by specific vec-

tors and hosts, leading to niche separation. This idea is sup-

ported by the striking association between the respective

distributions of the A.I. and A.II. subpopulations and the

distributions of specific tularemia vectors and hosts (Figure

7). Our results indicate that S. floridanus may be an impor-

tant host for the A.I. subpopulation and S. nuttallii for the

A.II. subpopulation (Figure 7B).

The A.I. and A.II. subpopulations within F. tularensis

subsp. tularensis are associated with specific vector

species, and movement of these vectors may have dispersed

the pathogen across the United States. The distribution of

the A.I. subpopulation is spatially correlated with A. amer-

icanum and the American dog tick D. variabilis (Figure

7A). The transport of dogs and, consequently, F. tularen-

sis–infected D. variabilis may explain the lack of genetic-

spatial correlation within this group, as well as the

occurrence in California of both D. variabilis and the A.I.

subpopulation of F. tularensis subsp. tularensis. Tularemia-

infected D. variabilis could have been introduced into

California through dogs during human westward migration

in the 19th or 20th centuries. This hypothesis is consistent

with the urban distribution of D. variabilis in California

(19). Whatever the timing, A.I.  isolates from California do

not form a genetic group that is distinct from other A.I. iso-

lates, which is suggestive of multiple introductions to

California from the eastern United States. In contrast, the

information in Figure 7 suggests the primary focus of the F.

tularensis subsp. tularensis A.II. subpopulation is in the

western United States and that this focus is associated with

the vectors D. andersoni and C. discalis.

The evolutionary linkage of the A.I. and A.II. subpopu-

lations within F. tularensis subsp. tularensis may be

ancient (Figure 8A). Large MLVA distances separate these

types (13) and are equivalent to those separating other F.

tularensis subspecies (Figure 5). The current spatial distri-

bution and genetic distances distinguishing the A.I. and

A.II. subpopulations may have been shaped by Pleistocene

refugia. The greater diversity observed in the A.I. subpop-

ulation is consistent with an older age, more rapid evolu-

tion in this focus, or a historical genetic bottleneck unique

to the A.II. subpopulation that occurred after A.I.–A.II.

separation. Evolutionary rates are accelerated in certain

ecologic scenarios and retarded in others. However, if

equal evolutionary rates between the A.I. and A.II. subpop-

Francisella tularensis in the United States

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 11, No. 12, December 2005 1839

Figure 6. Spatial distribution of 125 Francisella tularensis isolates

for which information on originating county was available.

Locations (colored circles) correspond to county centroids. More

than 1 subspecies was isolated from some counties in California

(Alameda, Contra Costa, Los Angeles, San Luis Obispo, and

Santa Cruz) and Wyoming (Natrona) (see Figures 1–3). In some

cases, a single circle may represent instances where >1 sample of

a given subspecies or genotypic group was isolated from a single

county. Two isolates with county information, 1 from northern

British Columbia and 1 from Alaska, are not shown. 

Figure 7. Spatial distributions of isolates from the A.I. and A.II. sub-

populations of Francisella tularensis subsp. tularensis relative to A)

distribution of tularemia vectors Dermacentor variabilis, D. ander-

soni, Amblyomma americanum, and Chrysops discalis; and B) dis-

tribution of tularemia hosts Sylvilagus nuttallii and S. floridanus. 

Farlow J, Wagner DM, Dukerich M, et al. Francisella tularensis in the United States. Emerging Infectious Diseases. 2005;11(12):1835-1841.
Johansson A, Farlow J, Larsson P, et al. Worldwide Genetic Relationships among Francisella tularensis Isolates Determined by Multiple-Locus Variable-Number Tandem Repeat Analysis. Journal of Bacteriology. 2004;186(17):5808-5818.
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correlated with other, more biologically relevant factors

that may influence host and vector distributions, such as

temperature, rainfall, and distribution of major vegetation

types (18). The A.I. and A.II. subpopulations may have

adapted to transmission and maintenance by specific vec-

tors and hosts, leading to niche separation. This idea is sup-

ported by the striking association between the respective

distributions of the A.I. and A.II. subpopulations and the

distributions of specific tularemia vectors and hosts (Figure

7). Our results indicate that S. floridanus may be an impor-

tant host for the A.I. subpopulation and S. nuttallii for the

A.II. subpopulation (Figure 7B).

The A.I. and A.II. subpopulations within F. tularensis

subsp. tularensis are associated with specific vector

species, and movement of these vectors may have dispersed

the pathogen across the United States. The distribution of

the A.I. subpopulation is spatially correlated with A. amer-

icanum and the American dog tick D. variabilis (Figure

7A). The transport of dogs and, consequently, F. tularen-

sis–infected D. variabilis may explain the lack of genetic-

spatial correlation within this group, as well as the

occurrence in California of both D. variabilis and the A.I.

subpopulation of F. tularensis subsp. tularensis. Tularemia-

infected D. variabilis could have been introduced into

California through dogs during human westward migration

in the 19th or 20th centuries. This hypothesis is consistent

with the urban distribution of D. variabilis in California

(19). Whatever the timing, A.I.  isolates from California do

not form a genetic group that is distinct from other A.I. iso-

lates, which is suggestive of multiple introductions to

California from the eastern United States. In contrast, the

information in Figure 7 suggests the primary focus of the F.

tularensis subsp. tularensis A.II. subpopulation is in the

western United States and that this focus is associated with

the vectors D. andersoni and C. discalis.

The evolutionary linkage of the A.I. and A.II. subpopu-

lations within F. tularensis subsp. tularensis may be

ancient (Figure 8A). Large MLVA distances separate these

types (13) and are equivalent to those separating other F.

tularensis subspecies (Figure 5). The current spatial distri-

bution and genetic distances distinguishing the A.I. and

A.II. subpopulations may have been shaped by Pleistocene

refugia. The greater diversity observed in the A.I. subpop-

ulation is consistent with an older age, more rapid evolu-

tion in this focus, or a historical genetic bottleneck unique

to the A.II. subpopulation that occurred after A.I.–A.II.

separation. Evolutionary rates are accelerated in certain

ecologic scenarios and retarded in others. However, if

equal evolutionary rates between the A.I. and A.II. subpop-

Francisella tularensis in the United States
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Figure 6. Spatial distribution of 125 Francisella tularensis isolates

for which information on originating county was available.

Locations (colored circles) correspond to county centroids. More

than 1 subspecies was isolated from some counties in California

(Alameda, Contra Costa, Los Angeles, San Luis Obispo, and

Santa Cruz) and Wyoming (Natrona) (see Figures 1–3). In some

cases, a single circle may represent instances where >1 sample of

a given subspecies or genotypic group was isolated from a single

county. Two isolates with county information, 1 from northern

British Columbia and 1 from Alaska, are not shown. 

Figure 7. Spatial distributions of isolates from the A.I. and A.II. sub-

populations of Francisella tularensis subsp. tularensis relative to A)

distribution of tularemia vectors Dermacentor variabilis, D. ander-

soni, Amblyomma americanum, and Chrysops discalis; and B) dis-

tribution of tularemia hosts Sylvilagus nuttallii and S. floridanus. 

Spatial correlation
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Spatial correlation

tick vectors Epidemiology?

Ecology?
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Risk assessments?
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Environmental
drivers?

Farlow J, Wagner DM, Dukerich M, et al. Francisella tularensis in the United States. Emerging Infectious Diseases. 2005;11(12):1835-1841.



factors promoting the maintenance of tularemia foci in

North America remain largely unknown. 

We recently identified a major division within F.

tularensis subsp. tularensis (13). This division consists of

the split between the highly diverse A.I. isolates, which

include the SCHU S4 strain, and the less diverse A.II. iso-

lates, which include the F. tularensis species type strain

ATCC 6223 (13). Since this division was not previously

recognized, no studies have yet explored ecologic factors

that may serve as the basis for this structure. 

In this study, we examined genetic-spatial patterns

among North American F. tularensis isolates to better

understand how geography may shape their genetic reper-

toire. In an attempt to identify factors that may influence

the maintenance of endemic tularemia foci in the United

States, we examined correlations between observed genet-

ic groupings that were identified by using multiple-locus

variable-number tandem repeat analysis (MLVA) and biot-

ic and abiotic variables.

Methods 

Isolates of F. tularensis and MLVA Subtyping

We examined 161 F. tularensis isolates, 158 from the

United States and 3 from Canada. Subspecies analyzed

included 83 F. tularensis subsp. tularensis, 72 F. tularensis

subsp. holarctica, and 6 F. tularensis subsp. novicida. The

originating laboratories for a subset of these isolates (n =

80) is reported elsewhere (13). All additional isolates were

provided by the Centers for Disease Control and

Prevention in Fort Collins, Colorado. A detailed descrip-

tion of the MLVA typing system and its use in examining

phylogenetic relationships within F. tularensisare reported

elsewhere (13). 

Phylogenetic, Spatial, and Statistical Analyses 

A neighbor-joining dendrogram was generated by using

PAUP (Sinauer Associates Inc., Sutherland, MA, USA).

Distribution maps were generated with ArcView 3.3

(Environmental Systems Research Institute, Inc.,

Redlands, CA, USA); host and vector distributions were

based on previously published data (5,14,15). Rank Mantel

analyses were performed (16) by using PRIMER software

(Primer-E, Ltd., Plymouth, UK). Genetic group (A.I. or

A.II.) or location (California or not California) were used

as the categoric factors for analysis of similarities

(ANOSIM) (17). Spatial analyses were performed by

using county centroid data from a subset of isolates with

known county of origin. Within this subset, 1 representa-

tive was included from each set of isolates known to be

from the same host or epidemiologically linked. Isolates

examined included 49 F. tularensis subsp. holarctica, 30 F.

tularensis subsp. tularensis subpopulation A.I., and 28 F.

tularensis subsp. tularensis subpopulation A.II. A digital

elevation model (Environmental Systems Research

Institute, Inc.) was used to calculate mean elevation in

each county of occurrence.

Results

Neighbor-joining analysis of MLVA data identified 4

major genetic groups among the 161 North American F.

tularensis isolates: F. tularensis subsp. tularensis subpopu-

lation A.I., F. tularensis subsp. tularensis subpopulation

A.II., F. tularensis subsp. holarctica, and F. tularensis

subsp. novicida  (Figures 1–5). The genetic groupings

observed are consistent with the major genetics groups we

described previously (13). In all cases, assignment of iso-

lates to these genetic groups was consistent with their exist-

ing subspecies designations, which were based upon

immunofluorescent, biochemical, and other molecular tests. 
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Figure 1. Genetic relationships among 48 North American

Francisella tularensis subsp. tularensis A.I. subpopulation isolates

based upon allelic differences at 24 variable number tandem

repeat (VNTR) markers. County, state, and year of isolation are

specified to the right of each branch or clade. G indicates number

of distinct VNTR marker genotypes, dots indicate host-linked iso-

lates, boxed designation indicates prominent F. tularensis subsp.

tularensis laboratory strain SCHU S4, and asterisks indicate iso-

lates with an unknown year of isolation.  

Genetic Resolution

The MLVA typing system provided good genetic reso-

lution (Figures 1–4). A total of 126 unique genotypes were

observed among the 161 isolates. The average pairwise

distance between isolates within the A.I. and A.II. subpop-

ulations of F. tularensis subsp. tularensis, F. tularensis

subsp. holarctica, and F. tularensis subsp. novicida was

0.324, 0.172, 0.144, and 0.310, respectively. MLVA pro-

vided complete discrimination among F. tularensis subsp.

tularensisA.I. isolates, with the exception of 3 sets of iso-

lates obtained from the same hosts (Figure 1). Among A.II.

isolates, all but 2 sets of isolates were resolved by MLVA

(Figure 2). Genetic resolution was poorest within F.

tularensis subsp. holarctica; 14 sets of isolates were unre-

solved. Among these sets, only 2 were epidemiologically

or host-linked, whereas many of the remaining 12

associated sets contain isolates from distant geographic

locations (Figure 3). 

Geographic Distributions of Genetic Groups

The 4 genetic groups exhibited unique distributional

patterns in geographic space (Figure 6). Isolates from F.

tularensis subsp. holarctica were the most widespread,

occurring in many of the lower 48 contiguous states, as

well as British Columbia. With the exception of the 1920

Utah type strain (Utah 112) and 1 isolate from California,

the other 4 F. tularensis subsp. novicida isolates were col-

lected in southeastern states (Figures 4 and 6). The human

incidence hotspot in the central United States (8) appears

to be associated with the F. tularensis subsp. tularensisA.I.

group (Figure 6). However, isolates from this group were

also collected in Alaska, British Columbia, and California

Francisella tularensis in the United States
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Figure 2. Genetic relationships among 35 North American

Francisella tularensis subsp. tularensis A.II. subpopulation isolates

based upon allelic differences at 24 variable number tandem

repeat (VNTR) markers. County, state, and year of isolation are

specified to the right of each branch or clade. G indicates number

of distinct VNTR marker genotypes, triangle indicates epidemio-

logically linked isolate, asterisk indicates isolate with an unknown

year of isolation, boxed designation indicates F. tularensis type

strain B-38, and square indicates a set of genetically identical but

epidemiologically unlinked isolates. 

Figure 3. Genetic relationships among 72 North American

Francisella tularensis subsp. holarctica B type isolates based upon

allelic differences at 24 variable number tandem repeat (VNTR)

markers. County, state, and year of isolation are specified to the

right of each branch or clade. G indicates number of distinct VNTR

marker genotypes, squares indicate genetically identical but epi-

demiologically unlinked isolates, asterisk indicates isolate with an

unknown year of isolation, dot indicates a host-linked isolate, and

triangles indicate epidemiologically linked isolates.

Farlow J, Wagner DM, Dukerich M, et al. Francisella tularensis in the United States. Emerging Infectious Diseases. 2005;11(12):1835-1841.
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• Transmission network 

• variant tracing 

• environment-vector-animal-

human transmission chain

• Epidemic investigation 

• ID genetic variants

• pathogen population structure

• high resolution molecular markers

• epidemic dynamics

• environmental factors/ecological 
niche

Subtyping Applications

• Research on  One Health-oriented disease 
dynamics
• inform public and veterinary health 

systems

• Sustainable robust long term local level 
diagnostics



• Spatio-temperal patterns 

• Pathogen distributions

• Distribution of genetic subtypes

• Human case positives, vector, animal hosts or carriers, and environmental 
variables

• Phylogeography data

• Reveal biotic and abiotic factors that may inform interrelated disease 
dynamics needed for One Health approaches

Spatial-genetics





Figure 3.

Phylogenetic and spatial analyses of a plague outbreak within a single prairie dog town in

Arizona, 2001. (A) Unrooted phylogeny of plague isolates based on maximum-parsimony.

(B) Individual genotypes are represented by colored symbols and spatially mapped by using

ARCVIEW. Genotypes observed only once are represented by squares and are numbered.

More common genotypes are represented by colored circles and defined in the legend.

Reprinted from Girard et al. (2004) with permission based on Copyright (2004) National

Academy of Sciences, U.S.A.
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Figure 3.

Phylogenetic and spatial analyses of a plague outbreak within a single prairie dog town in

Arizona, 2001. (A) Unrooted phylogeny of plague isolates based on maximum-parsimony.

(B) Individual genotypes are represented by colored symbols and spatially mapped by using

ARCVIEW. Genotypes observed only once are represented by squares and are numbered.

More common genotypes are represented by colored circles and defined in the legend.

Reprinted from Girard et al. (2004) with permission based on Copyright (2004) National

Academy of Sciences, U.S.A.
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Temporal-spatial genetics: 
A example from the plague pathogen Yersinia pestis



• Transmission: wild animals and arthropods infections sources

• Ecological niche and landscape selection

• Patterns in endemicity and persistence

• Risk assessments, hotspots and high risk zones

• Outbreaks dynamics, prevention, response and control

• Biosurveillance - exposure risk

Spatial-genetics and ecological models



Evolutionary scales of subtyping molecular markers



Vogler AJ, Keim P, Wagner DM. A review of methods for subtyping Yersinia pestis: from phenotypes to whole genome sequencing. Infect Genet Evol. 2016; 37:21–36.
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