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Abstract.

Two subspecies of Francisella tularensis are recognized: F tularensis subsp. tularensis (type A) and F. tularen-

sis subsp. holartica (type B). Type A has been subdivided further into Ala, Alb, and A2, which differ geographically and
clinically. The aim of this work was to determine whether or not differences among subspecies and clades translate into
distinct ecological niches. We used 223 isolates from humans and wildlife representing all six genotypes (type A, B,A1,A2,
Ala, or Alb). Ecological-niche models were built independently for each genotype, using the genetic algorithm for rule-
set prediction. The resulting models were compared using a non-parametric multivariate analysis-of-variance method.
Al and A2 are ecologically distinct, supporting the previously observed geographic division, whereas ecological niches for
types A and B overlapped notably but Ala and A1b displayed no appreciable differences in their ecological niches.

INTRODUCTION

Tularemia is a widespread but uncommon disease caused
by Francisella tularensis." In animals, it is associated with sud-
den die offs of lagomorph and rodent populations. Humans
become infected in several ways, including receiving arthro-
pod bites, handling infected animal tissues, ingesting contam-
inated food or water, and inhaling contaminated aerosols.
Clinical manifestations of human infection range from indo-
lent skin ulcers to life-threatening pneumonia.>?

F tularensis has been divided into subspecies and clades
based on phenotypic and genetic features. Two subspecies are
recognized as principal causes of human tularemia: F tular-
ensis subspecies tularensis (herein referred to as type A) and
E tularensis subspecies holarctica (herein referred to as type
B).! Molecular typing methods have been used to divide type
A isolates into two clades, called A1 and A2.*° More recently,
Al isolates have been separated into two clades, Ala and Alb,
based on data from pulsed-field gel electrophoresis (PFGE)
and global single nucleotide polymorphism (SNP) analysis.”$

Although tularemia is known to occur throughout the
Northern Hemisphere, F tularensis subspecies and clades dif-
fer with respect to their geographic distribution and sever-
ity of infection. Whereas type B strains occur throughout
the Holarctic region, type A strains seem restricted to North
America."? Within the United States, A1l (Ala and Alb)
strains occur primarily in Eastern states, whereas A2 strains
have been found exclusively in Western states.*>” Human ill-
ness associated with infections caused by type B, A2, Ala, or
Alb strains differs markedly with respect to mortality: Alb
infections are associated with significantly higher mortal-
ity (24%) than infections caused by Ala (4%), A2 (0%), and
type B (7%).7

The purpose of this analysis was to compare F tularensis
subspecies (type A and type B) and clades (A1,A2,Ala, Alb)
across the United States, in terms of coarse-scale ecological
parameters, to determine whether or not the apparent differ-
ences in geographic distributions and clinical severity trans-
late into distinct ecological niches. We test the hypothesis that
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E tularensis subspecies and clades occur under distinct ecolog-
ical regimens, which may prove useful in understanding host
and environmental associations, modes of transmission, and
other dynamics.

MATERIALS

Input data. F tularensis isolates (N = 223) from 35 states
recovered during 1964-2004 (humans) and 1963-2005 (animals;
summarized in Table 1), for which case-exposure locations were
specified to the county level or finer (see below), were used
for the input occurrence dataset. Isolates were differentiated
as type A or type B by glycerol fermentation (Biolog Inc.,
Hayward, CA) and as Ala, Alb, or A2 by PFGE subtyping
with Pmel as described previously.*’

Isolate occurrence data were available at two general levels
of spatial resolution. For most isolates, the location at which
the human or animal likely acquired F tularensis was specified
only to county. For ~25% of isolates, however, more specific
locations were available (Table 1). For county-level data, the
exposure site within the county is unknown, so these data were
included in analyses by creating 25 random points within the
county.”” For the more precisely described locations, we plot-
ted a circle of a radius reflecting the approximate dimensions
of the location described and again plotted 25 random points
within that circle (Figure 1). Hence, in total, we developed
25 data sets for each of six tularemia genotypes (A, B, A1, A2,
Ala, Alb); the random points within the polygons reflected
the precision of knowledge, permitting us to take into account
uncertainty in georeferencing when developing ecological-
niche models.

Environmental data. We used global climate summaries
from the Intergovernmental Panel on Climate Change (IPCC!'),
which represent interpolations among weather stations
globally for the period 1961-1990. The following variables
were included in model development: ground frost days,
diurnal temperature range, mean annual temperature, annual
precipitation, solar radiation, wet-day frequency, maximum
temperature, minimum temperature, and vapor pressure;
native spatial resolution was 0.5°. To enrich models further, we
included variables summarizing topographic characteristics,
including elevation, slope, aspect, and compound topographic
index with a native spatial resolution of 0.05° (http://usgs
.eros.gov).!? To match resolution of the environmental data
to the resolution of the isolate occurrence data available, we
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TaBLE 1

Numbers of human and animal F tularensis isolates analyzed by gen-
otype and the precision of geographic referencing grouped by state

State A B Al A2 Ala Alb
Arkansas 11 11 7 3
Arizona 4 2(2) 4
California 5 6(5) 4 1 1 3
Colorado 33(15) 12(11) 1 32 (15) 1
Delaware 2 2 2
Georgia 3 3 1 2
Towa 1 1 1
Idaho 1 1 1
Illinois 2 1 2 2
Indiana 1 2(1) 1 1
Kansas 14(12) 1(1) 14(12) 7(7) 7(5)
Kentucky 1 6 1 1
Louisiana 6 6 2 3
Massachusetts 4(1) 4(1) 1 3(1)
Maryland 3(1) 3(1) 1 2(1)
Michigan 1 1 1
Missouri 5 1 5 5
Mississippi 2 1 2 2
North Carolina 1 1
North Dakota 1
Nebraska 3(1) 3(1) 3(1)

New Jersey 1

New Mexico 14 (6) 14 (6)

Nevada 3(1) 3(1)

New York 503) 1 503) 5(3)
Ohio 1 1 1
Oklahoma 10 10 7 3
Oregon 5 6(5) 5

Pennsylvania 1(1) 1(1) 1(1)
South Dakota 3 5(4) 3

Texas 3 3 2 1
Utah 7 7

Virginia 7 7 1 6
Washington 1

Wyoming 12 (3) 2 12 (3)

Total 175 48 97 78 50 44

Numbers in parentheses show the number of isolates with geographic localities more spe-
cific than county. Note that genotypes are not exclusive: Ala and A1b are part of the Al geno-
type, and A1 and A2 make up the A genotype.

resampled all environmental variables to an intermediate
spatial resolution of 0.1°.

METHODS

Ecological-niche modeling. We used the Genetic Algorithm
for Rule-Set Prediction (GARP) to estimate ecological niches.
This algorithm searches for non-random associations between
environmental variables and occurrence data, as contrasted
with environmental characteristics of the overall study area.!>!*
The algorithm first creates a set of rules based on four basic
types (bioclimatic rules, atomic rules, negated range rules, and
logistic regression rules), the performance of which is then
evaluated through independent subsets of presence points;
predictive accuracy is calculated for each rule, and rules with
the highest predictive accuracy are retained in the model. In
the next step, rules are perturbed randomly, and predictive
accuracy for every rule and combination of rules is reevaluated,
changes that improve rule fitness are retained as part of a next
generation of rules. This process is repeated up to a maximum
number of iterations (1,000 in this case) or until fitness values
no longer change appreciably (convergence parameter of 1%).

To take model-to-model variation into account, we devel-
oped 100 replicate models for each of the 150 datasets
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FiGure 1. Illustration of methodology used to account for vari-
able precision in geographic referencing of F tularensis isolates for
ecological-niche models. Each isolate is assigned a polygon, which may
be the irregular polygon corresponding to a county (top; Jefferson
County) or a circle representing the approximate precision of the tex-
tual description of the occurrence site (inset, bottom left). Stars indi-
cate the center of these latter sites; black dots show the random points
used to create ecological-niche models. The geographic location of the
region illustrated in the top panel is shown on the bottom right in rela-
tion to the United States.

(i.e., 25 random representative sets x 6 genotypes). From each
set of 100 replicate models, the 10 models that omitted the low-
est number of points from the testing data set were selected.
The median proportional area predicted across these models
was calculated, and the model showing lowest deviation from
the median value was selected.”” Finally, we combined the 25
resulting models for each genotype by summing them, pixel
by pixel, to produce final estimates of potential distributions;
values 0-25 represent model agreement from complete agree-
ment in prediction of absence (value = 0) to complete agree-
ment in predicting potential for presence (value = 25).
Ecological-niche comparisons. To simplify the model-
agreement surfaces produced, we focused on areas of complete
model agreement (value = 25) as areas of predicted presence.
To permit visualization of model predictions in ecological
dimensions, model predictions were combined with the base
environmental layers (see above) for each genotype, producing
a table of unique combinations of environmental variables
with the associated prediction from the niche model. Pairs of
variables were plotted against each other and against the range
of conditions across the United States to contrast genotype
niches (i.e., A versus B, Al versus A2, and Ala versus A1b).
To test niche identity among genotypes, we implemented a
nonparametric multivariate analysis of variance (MANOVA),
in which variances between and within groups are calculated
as the sum of squares (SS, and SS,)) of distances in multi-
variate space. We then calculated a pseudo-F statistic using
earlier suggestions.!'® The pseudo-F approach incorporates
bootstrapping to produce a random selection of environmen-
tal conditions for each genotype on which to base calculations
of statistical significance; we created random subsamples of
1,000 environmentally unique combinations for each F tula-
rensis genotype, and the pseudo-F was calculated as F, =
[SS,/(a = 1)]/[SS,/(N — a)], where a is the number of groups
and N is the total number of observations. Environmental
combinations were then assigned randomly to two new groups
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of 1,000 combinations, and another pseudo-F (F, ) was cal-
culated. This random assignment was repeated 10,000 times,
and the F, values were averaged for all iterations (F*). In
total, we repeated the subsample process 30 times with 10,000
random group assignments for each subsample. Comparisons
of observed F, with the distribution of F_ , were used to esti-
mate statistical significance, and we plotted the F*/F ratio
against the corresponding F to visualize niche similarity and
difference.

RESULTS

Potential distributions for E tularensis subspecies and clades
across the United States, as predicted by ecological-niche
models (Figure 2), showed that predicted distributions of the
two subspecies (types A and B) overlap broadly and cover
much of the country. A subtle difference is that type B has
a somewhat more northerly distribution than type A. Type B
is predicted absent from the southern states of Louisiana,
Mississippi, Georgia, South Carolina, and Florida. Conversely,
type A is predicted absent from the northern states of Maine,
Vermont, and New Hampshire as well as Northern New York,
Michigan, and Minnesota. Type B is also predicted to have a
more patchy distribution in the Western compared with the
Eastern United States.

At the clade level, distributions predicted for Al and A2
contrast sharply. Al is distributed largely in the Central to
Southeastern United States with predicted areas of distribu-
tion also in California, Oregon, Northern Utah, and Western
Idaho, whereas A2 is concentrated in the Western United
States, excepting some regions of Southern Arizona, Western

California, Western Oregon, Washington, and Northern Idaho.
Finally, Ala and Alb are both predicted to occur across the
Central and Southeastern United States, plus California,
Oregon, Northern Utah, and Western Idaho.

Histograms summarizing the modeled distributions of
F tularensis subspecies and clades relative to selected environ-
mental and topographical factors (Figure 3) show broad over-
lap in most variables (annual precipitation, slope, topographic
index, diurnal temperature range, minimum temperature, and
vapor pressure) for type A and type B. Minor differences in
maximum temperature, mean temperature, solar radiation,
and wet-day frequency suggest that the more northerly type
B distribution is linked to cooler, cloudier regions compared
with type A. In contrast, the modeled distributions of Al and
A2 strains differ markedly with respect to several variables
(elevation, diurnal temperature range, frost-free days, pre-
cipitation, minimum temperature, mean temperature, and
vapor pressure). Compared with Al strains, A2 strains occur
at higher elevations (usually > 1,000 m) and in areas with less
precipitation, lower temperatures, more ground-frost days,
and lower vapor pressure. When comparing Ala and Alb
strains, no appreciable difference between modeled distribu-
tions was noted with respect to any environmental or topo-
graphic variable.

Two-dimensional visualizations of modeled distributions
with respect to environmental variables for the different sub-
species and clades painted a similar picture. Again, the most
dramatic ecological differences were between genotypes Al
and A2 (Figure 4, middle). Types A and B also showed only
minor differences in ecological space, and broad overlap was
observed between Ala and Alb.

FiGure 2. Potential distribution maps for six tularemia genotypes in the United States. White indicates predicted absence, whereas darker
shades correspond to higher model agreement in predictions of potential for presence among the 25 replicate models.



ECOLOGICAL NICHES OF E TULARENSIS GENOTYPES

915

6000 - undFrost Davs Background 6000 Background 6000 Background
5000 LT 5000 mAL 5000 mAla
4000 "B 4000 A2 4000 Alb
3000 3000 3000
2000 2000 2000
o * ||| e 1 SR
0 ..II|||lllllmiI||I|||||I||..l.. ; ..|| il luu.mn [ v altbthf...
cnR¥aGRRERAEEEEED cuneaEa3RA388883 °2RYRGRAERATEREFS
9000 9000 9000
8000 Elevation §000 8000
7000 7000 7000
6000 6000 6000
5000 5000 5000
4000 4000 4000
3000 3000 3000
2000 I ' 2000 | 2000 |
1000 ‘ 1000 | 1000 I
g LTI oee— 5 SR [TV T— o lllih...
'm§ moaSo.n"‘Ri‘%R-’Eﬂﬁ 'wi me??a?tﬁﬁa'n’ﬂ&' ﬁ%gs 8z§2cmgglcoy
. N TN NS N . N TR 8% - ~ NT RS NS AR
LR RS ES TR suffadregdngg QIC2HQUARSERS
12000 12000 12000
Precipitation
10000 10000 10000
5000 5000 8000
6000 6000 6000
4000 4000 4000
2000 | l i 2000 | " 2000 I
5 " it it i aatnl it P wiin} |I||h||..
enwzZ258MRYgERREeARY enwzZE2Zg8dnYgasgcegARy enwZE2gsEeRYgn2ggARY
4500 4500 4500
4000 Mean Temperature 4000 4000
3500 3500 3500
3000 3000 3000
2500 2500 2500
2000 2000 2000
1500 1500 1500
1000 1000 1000
> i
. . . Al I
aTnade z25 T 2RBE2H §ToRIRIEISENEE2E
______ a5 } gas2rEg2 3 eaIdenwagn
6000 6000 6000
Vapor Pressure
5000 5000 5000
4000 4000 4000
3000 3000 3000
2000 2000 2000
" l“l““ﬂlﬂll i " “ il
0 -l.l I ” I"“- ] l| ||J. 0 ..l.il " "hlllll
L EEEE 558 ST8YRRIBILEATRESR EEEREEEFEEEER S %

Figure 3. Histograms showing three paired comparisons (first column, type A versus type B; second column, Al vs. A2; third column,
Ala vs. A1b) of the frequency distribution for five environmental variables (rows).

The MANOVA revealed similar patterns for the ecological-
niche comparisons between genotypes. Plotting F/, _and F*/F
ratios (Figure 5), similar ecological niches are expected to fall
in the upper left-hand corner of the graph, whereas more dif-
ferent ecological niches fall in the lower right-hand corner. It
was clear that subtypes Ala and Alb had the highest values
of the ratio combined with lower F  _values, indicating neg-
ligible differentiation between them. Types A and B showed
only minor differences. However, the comparison of Al and
A2 showed low values for the ratio, combined with the high-
est values of F_, pointing to highly differentiated ecological
niches for these two genotypes.

DISCUSSION

This work represents a coarse-scale ecological analysis of
F. tularensis subspecies and clades and their predicted geo-

graphic distributions across the United States. Our results
suggest that types A and B overlap broadly with respect to
ecological parameters, with only minor differences in predicted
ecological niches. In contrast, clades Al and A2 were found to
occupy distinct ecological niches, consistent with marked dif-
ferences in their known geographic distributions.*>’ We found
no appreciable differences between predicted Ala and Alb
ecological niches.

An important feature of our ecological-niche modeling is
the predicted distribution of F tularensis genotypes in regions
of the United States for which no occurrence data were
included in model development. The models predict that Al
strains, although principally distributed in the Eastern United
States, should nevertheless have the potential to occur in some
areas of the intermountain Western United States. Indeed, in
a tularemia outbreak in 2007 in North-Central Utah, a region
predicted by the models, Al strains were identified as the
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Figure 4. Scatter plots comparing distributions of F tularensis genotypes in ecological space based on pairs of environmental variables. Polygons
outline the distribution of the general environmental characteristics across the United States.

cause of the infections.”” Similarly, a tularemia epizootic in lag- cal parameters became marked when comparisons were per-
omorphs caused by A2 strains occurred in Presidio, Jeff Davis, formed at an intermediate phylogenetic level (A1l versus A2).
and Potter counties in Texas in 2006 (Centers for Disease A2 strains were found to occur at higher elevations (usually
Control, unpublished data), regions predicted by the mod- > 1,000 m) and in areas with less precipitation, lower tempera-
els, but for which isolates were not included in the data set tures, more ground-frost days, and higher vapor pressure than
on which the models were based. Finally, although type B iso- Al strains. In addition, comparison of ecological parameters
lates from Michigan, Minnesota, and North Dakota were not for type B versus Al or A2 strains paints a different picture
included in the data set, the model strongly predicted distribu- than a comparison of type B strains versus all type A strains.
tion of type B in these areas; indeed, both human and animal Type B and A2 showed similarity with respect to the ground-
infections caused by type B have previously been documented frost days and mean temperature, whereas type B and Al
from these regions of the upper Midwest.’ showed similarity with respect to elevation and precipitation,
This study highlights the importance of considering strain- suggesting that type B strains share some ecological features
differentiation data (subspecies and clades) with respect to with A1 strains and some features with A2 strains (Figure 3).
ecological-niche modeling. Although predicted ecological Differences in clinical severity among F tularensis subspe-
niches were found to be overlapping at the subspecies level cies and clades were not obviously correlated to differences

for F tularensis (type A versus type B), differences in ecologi- in ecological niches. Human mortality rates differ significantly
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FIGURE 5. Scatter plot of the values of the F*/F  ratio and the
F, calculated from the non-parametric MANOVA. Values toward the
lower right corner show greater differentiation between the compared
genotypes, and values toward the upper left corner show more eco-
logical similarity.

between infections caused by Al and A2 strains at 14% and
0%, respectively, with these two clades predicted to occupy
distinct ecological niches. However, no differences in pre-
dicted ecological niches were observed between Ala and Alb
strains, despite even greater differences in mortality rates (4%
and 24 %, respectively). In addition, despite no significant dif-
ferences in mortality between A2 (0%) and Ala (4%) infec-
tions, these two clades occupy distinct ecological niches. Thus,
no clear ecological differences that could translate into epi-
demiologic parameters (e.g., transmission modes associated
with differing vectors or hosts) could be readily attributed to
F tularensis subspecies and clades.

Our findings are subject to several limitations. First, type
B strains were modeled only at the subspecies level, because
PFGE does not provide discrimination of type B strains to
a finer level. Because genetic substructuring into subpopu-
lations among type B strains has been shown recently using
SNPs and multilocus variable number of tandem repeat anal-
yses,!'® ecological-niche models based on these clades will be
important for future studies. Second, because of intercor-
relations among environmental factors, we cannot ascribe
differences among genotypes definitively to any particular
environmental dimension; therefore, correlated dimensions
exist that could confound associations—this confounding, of
course, reflects the complexity of environmental landscapes.
In addition, the niche models are relevant only in the environ-
mental dimensions over which the models were trained (i.e.,
climate and topography) and cannot speak to environmen-
tal features that were not considered in the analyses (e.g., soil
characteristics).

The methods applied in this paper, combining ecological-
niche models with detailed statistical comparisons in eco-
logical dimensions, offer insights into disease ecology.”” The
niche concepts on which niche modeling is based conceptually
depend on a dual-space manifestation of species’ geographic
distributions; ecological tolerances and constraints determine
a potential distribution that is then further constrained by geo-
graphic features.* The MANOVA test used herein resembles

closely the randomization-based approaches recently pro-
posed by Warren and others;?! the latter approaches “ran-
domize” more deeply, to the point of generating new replicate
randomized models, whereas our comparisons depend on post
hoc comparisons of already generated models. Clearly, meth-
ods for comparing and contrasting modeled ecological niches
are only beginning to be explored, and considerable testing
and exploration are still needed.

In conclusion, we show lack of coarse-resolution differen-
tiation in ecological dimensions among the deepest and finest
phylogenetic divisions of F tularensis but dramatic differentia-
tion in intermediate phylogenetic divisions. These intermedi-
ate divisions A1l and A2 are ecologically distinct. Because this
differentiation is reflected in geographic differences as well,
the question of if geographic or ecologic differences came first
needs further consideration. Future analysis should attempt
to discern causal associations more precisely, including use
of more diverse suites of environmental variables and local-
scale niche parameters in model development and study of the
biological associations between the different strains and their
host species.
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