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EXPERIMENTAL TULAREMIA IN WILD ANIMALS

INTRODUCTION
Recent studies on the ecology of disease agents enzootic in the
Great Salt Lake Desert of Utah have demonstrated the presence of Past-

eurella tularensis in the mammalian fauna. The first isolation of P.

tularégsis in this region was made in 1952 from ectoparasites of the

Jack rabbit, Lepus californicus®, the antelope ground squirrel, itellus

leucurus, and the deer mouse, Peromyscus maniculatus, (Woodbury and
Parker, 1954). During the period of June, 1954 to the present time,
isolations were made from a number of jJack rabbits and jack rabbit ticks,

Dermacentor parumapertus, (Stoenner, et al., 1959; and unpublished data).

However, sinqsvﬁhe 1952 isolation of P. tularensis from ectopafasites, no
further isolations have been made from rodent ectoparasites or rodent
tissues, although thousands of specimens have been examined in the past
eight years,

Under certain conditions, tularemia in North America can and does‘
become epizootic in rodent éopulations (Kartman, et al., 1958; Jellison,
Bell and Owen, 1959). The nature of the predisposing factors contributing
to the initiation of an epizootic and the maintenance of the disease agent
between epizootics is far from clear. One of the major objectives of
this study is the elucidation of some of these factors, at least in the
particular desert habitat under study.

The presence of enzootic tularemia in the rabbit -‘rabbit tick

populatibn in this region and the almost complete absence of the disease

# Scientific mammalian nomenclature follows.Hiller and Kellogg (1955).



from the extensively stﬁdied rodbni fauna presents a puzzling situ-
ation. In studying the problem, it became desirable to define as
nearly as possible the host-parasite relationship between P. tular-
ensis and the native mammalian fauna of this region. Part of this
report is the results of studies on the susceptibility of native
rodents, rabbits and carnivores to experimental tularemia, and con-
versely, the virulence of strains of P. tularensis isolated from this
and other areas.

There has been a great deal of work on the ecology of many of

the zoonoses (diseases of wild animals transmissible to man) along the

1
!

lines of classical ecology. fhgirelationships between host and para-

site, host and vector, and vector and parasite have been investigated

for many diseases, exhaustively so for some. However, there have been

few attempts to study the physiology of zoonotic agents and to use

such information to better describe and understand their distribution

and their relationship to vertebrate hosts and invertebrate vectors.
Part of the present study utilizes this latter approach in the

study of the ecology of P, tularensis. From the data obtained by class-

ical ecological studies and that obtained from physiological studies,

an attempt is made to formulate a logical picture of the geographical

and host distribution of P. tularensis.



LITERATURE REVIEW

I. Historical

Tularemia was first recognized as a specific disease entity by

McCoy (1911) in California ground squirrels, Citellus beeéhey;. It

was described as a plague~like disease of rodents differing from class-
ical plague primarily by the fact that the etiological agent could not
be cultured on any of the ordinary culture media used at that time; A
year later, however, McCoy and Chapin (1912) did isolate, on Dorset egg
medium, an organism which they called Bacterium tularense,}and subse-
quently proved it bto be the etiological agent of the new disease. In
the following two decades, tularemia was discovered in wild rodents
throughout the United States.

In 1919, Francis (1919) showed that the disease known locally in
Utah, Wyoming, Idaho, and Colorado as deer fly fever was actually tular-
emia. This disease has been endemic and epizootic in these four states
at least since 1908 (Francis, 1922}. The disease agent was apparently
maintained in jack rabbits from which it was transmitted to humans by the

blood-sucking fly, Chrysops discalis.

The first human case of tularemia in Canada was diagnosed from a

varying hare, Legus americanus columbiensis, and from ticks, Haemaphy-

salis leporis-palustris, infesting it (Parker, Hearle and Bruce, 1931).

Tovar (1944) reported the first bacteriologically confirmed case
of tularemia in Mexico in 1944. In Alaska the firs£ reported human case
occurred in 1946 (Williams, 1946}, although Philip and Parker (1938},

much earlier, had isolated P. tularensis from H. leporis-palustris col-

lected from a snowshoe hare.



According to Schmidt (1951), tularemia probably was first ob-
served in Europe in 1917 in an Austrian. However, the first documented
case was described in Russia in 1928, Thereafter, it has been reported
from most of the countries of Europe and northern Africa. The earliest
and/or most complete accounts were published from Belgium by Nelis
(1950}, from Finland by Gonroos (1939}, from Sweden by 0lin (1934),
from Norway by Thjotta (1930), from Turkey by Huseyn (1937}, and from
Tunis by Anderson (1934).

The literature on tularemia in Russia is vast and difficult to
obtain. No attempt will be made specifically to review it here other
than to mention that the first isolation of P. tularensis in that country
was from a human a human in 1926 (Sil'chenko, 1957).

Yato Byo (Ohara's Disease), as tularemia is known in Japan, was
recognized as a distinet clinical entity in rabbits and humans in 1925
(Ohara, 1925; Francis and Moore, 1926).

Interestingly enough, tularemia has not been reported from tropical
regions, nor from the southern hemisphere.

In the study area comprising a portion of the Great Salt Lake Basin

of Utah, an epizootic among jack rabbits, Lepus californicus deserticola,

was first reported by Francis (1921) to have occurred during July and
August, 1920, in Millard County. Between 1952 and 1959, P. tularensis
was isolated repeatedly from jack rabbits and their ectoparasites in
Tooele County (Woodbury and Parker, 1954; Stoenmer, et al., 1959). A
tularemia epizootic among muskrats, Ondatra zibethica, occurred in the
spring of 1950 along the shores of Utah Lake (Jellison, Kohls and Philip,
1951).



II. Natural Infection in Wild Animals
In 1945, Burroughs, et al., (1945) listed for North America, Asia,
Europe and North Africa 48 vertebrates in which natural tularemia in-
fection had been demonstrated. Today the list has grown to include 57
vertebrates in North America alone (Table 1), and it is growing longer

all the time.

ITI. Wild Animal Susceptibility

Morgan (1947) reported six species of fresh water fish (black bull-
head, black crappie, large-mouth bass, northern pike, yellow perch, and
rainbow trout) to be completely refractory to experimental infectien
with P. tularensis. On the other hand, certain amphibians can be experi-
mentally infected. The infection in Rana esculenta (frog) and Bufo viridis
(toad) tends to become chronic or latent (Novikova and Lalazarov, 1940),
whereas in R. ridibunda it is acute and results in death without formation
of macroscopic lesions (Bilal, 1939). It was shown also that infected R.
ridibunda shed P. tularensis into the water through their excretions and
other frogs could thus become infected in this way. This may also explain
some instances of P. tularensis-contaminated water.

Among the Reptilia, only the turtlé has been tested for suscepti-
bility to tularemia. Intraperitoneal inoculation of virulent P. tularensis
was fatal to young animals, but caused a chronie or latent infection in
adults (Bilal, 1939a). In this particular study, viable P. tularensis was
iselated from the liver of an adult turtle 45 days after inoculaLien. In

addition, it was found that the turtle tick, Hyalema aegyptium, could trans-

mit P. tularensis from infected to healthy turtles.



N ' ‘ " TABLE 1
Vertebrates of North America which have been shown to be naturally infécted with tularemia. Where more than
ene published record exists for a given species, the earliest and/or most camplete description only is cited.

Species Published record Diagnosis
AVES: :
Bonasa umbellus togata Ruffed grouse Green and Shillinger, 1932 culture
Pediocecetes phasianellus Sharp-tailed grouse Green and Shillinger, 1932 culture
Centrocercus uroph351anus Sage hen Parker, Philip & Davis, 1932 culture
Colinus v1rg;71anus Bob~white quail Green and Wade, 1929 culture
Bubo virginianus Horned owl Green and Evans, 1938% culture
Butee Jamalcen31 calurus Red-tailed hawk Nakamura, 1950 culture
Larus Elplecan Franklin gull Ozburn, 1944 culture #¥
Didelghis marsupialis Opossum McKeever, et al., 1958 serology
MAMMALIA ‘ ‘
" Sorex vagrans monticola Wandering shrew Kohls and Steinhaus, 1943 culture
Lepus americanus Varying hare Green and Shillinger, 1934% culture
L. californicus Black-tailed jack rabbit Francis, 1921 culture
L. townsendii White-tailed jdack rabbit Bow and Brown, 1943 culture
Sylvilagus fleridanus Cettontail rabbit Wherry, 1914, culture
Se. idahoensis Pigmy rabbit Bacon and Drake, 1958 serelogy
Marmota flaviventris Marmot Menges and Galten, 1959 serology
 Citellus townsendii (mollis}) Piute ground squirrel Francis, 1921 culture
C. richardsonia elegans Wyoming ground squirrel Burroughs, et al., 1945 culture
C. columbianus columbianus Columbian ground squirrel Burroughs, et al., 1945 culture
C. beecheyi Beechey ground squirrel McGoy and Chapin, 1912 culture
C. armatus Uinta ground squirrel Nakamura, 1950 culture
C. fisheri Simons;, et al., 1953 culture
C. douglasii Simons, et al., 1953 culture
Sciurus niger Fox squirrel McKeever, et al., 1958 serology
Eutamias sp. Chipmunk Parker, 1945 culture
E, minimus Least chipmunk Nakamura, 1950a culture
Tamiasciurus hudsonius ventorum White River pine squirrel Nakamura, 1950a culture
Castor canadensis Beaver Hammersland & Joneschild, 1940 culture




_TABLE 1 (49nt1nued)

Species

Cw

MAMMALIA (cont'd) i
Péeromyscus maniculatus rubidus

P. m. artemesiae

P. m. osgoodi

Pe me barealls

Zapus princeps

Mus ‘musculus

Neotoma fusclpes

N. albi

Microtus pennsylvanicus
M. p. modestus

M. californicus aestuarinus
H} mantanus .

H., Pe drummondi
Dlgodomxs “SPe,

Ondatra zibethica
Rattus

norvegicus . - '
Erethizon aé§§§fﬁm epizanthum .

Urocyon cenereoargenteus
Vulpes fulva.
EusEeIa vison
Taxidea taxus taxus
Procyon loter
Mephistis mephlstis
Spilogale puterius
Felis rufa

E. domestlca

Canls latrans lestes
C. familiaris

Ovies aries

Bos taurus
,Egpu§ gaballes

 .Domestic

" Published rgcord‘

Redwoods white-footed mouse
White-footed mouse

Osgood white-footed mouse
White-footed mouse
Jumping mouse

House mouse

Wood rat

Wood rat

Meadow mouse

Sawatch meadow mouse

Tule meadow mouse

Montane meadow mouse
Drummond meadow mouse
Kangaroo rat

Muskrat

Norway rat
Porcupine

Gray fox

Red fox

Mink

Badger
Raccoon
Striped skunk
Spotted skunk
Wild cat

Feral house cat
Coyote = - ;
Domestic dog
Domestic sheep
Demestic cow
horse

Diagnosis

Burroughs, et al., 1945
Ozburn; 1944

Ozburn, 1944

Humphreys and’ Campbell 1947
Nakamura, 1950a

Humphreys and Campbell; 1947
Burroughs, et al., 1945
Ecke and Holdenried, 1952
Jellison,. et al., l9h2 '
Kohls and Steinhaus, 1943
Perry, 1928 ‘

Kartmar, et al., 1958
Ozpurn, 1944

Kartman, et al., 1958
Green and Shillinger, 1934

Dieter and Rhodes, 1926
Nakamura, 1950a

Schlotthauer, et al., 1955
McKeever, et al., 1958
Nakamura, 1950a
Nakamura, 1950a
McKegqver, et al., 1958
McKeever, et al., 1958
McKeever, et al., 1958
McKeever, et al., 1958
McKeever, et al.; 1958
Philip, et al.; 1955
Ey and Daniels, 1941
Parker and Dade, 1929
Burroughs, et al., 1945

- Claus, et al., 1959 . ..

culture
culture#®
culturei®*
culture
culture
culture
culture
culture
culture
culture
culture
culture
culture¥t
culture
culture
culture
culture
culture
serology
culture
culture
serology
serology
serology
serology
serology
serology
serology
culture
culture
culture

* Cited by Burroughs, et al., 1945

##* See footnote in Burroughs, et al., 1945,

p. 118



Among birds the Hungarian partridge, Perdix perdix perdix; ruffed

grouse; Bonasa umbellus togata; and sharp-tailed grouse, Pedieecetes

phasianellﬁs, have been reported to be susceptible (Green and Wade, 1928,

1928a; Green and Shillinger, 1932}, although Theiler (1928} has question-
ed the validity and reliability of some of these experimental results.
Bob white quail, Celinus virginianus, apparently are highly susceptible
(Green and Wade, 1929; Parker, 1929), whereas the ring-necked pheasant

Phasianus colchicus tarquatus, and pigeons, are relatively resistant

(Green, Wade and Kelly, 1928; Green and Wade, 1928). -Chickens appear te
be completely resistant (Green and Wade, 1928; Theiler, 1928).

With the exceptien of wild and laboratery strains of Rattus ner-
vegicus, which are relatively resistant (McCoy, 1911; Dieter and Rhodes,
1926; Downs, et al., 1946}, all North American rodents tested have proved
to be very susceptible to experimental tularemia. McCoy's (1911) initial

experiments showed that gophers, Thomemys bottae, were lethally suscep-

tible to parenteral inoculatien of P. tularensis. McCoy and Chapin (1912),
a year later, demonstrated the susceptibility of desert ground squirrels,

Ammespermophilus citellus leucurus, to high doses of organisms administered

via the subcutaneous and the oral routes. In rather limited experiments,
Stagg, Tanner and Lavender (1956} showed that deer mice, P. maniculatus
soneriensis, and kangaroo rats; D. ordii and D. microps, were very suscep-
tible to tularemia infection administered by both the subcutaneous and the
respiratory routes. In additien, antelepe ground squirrels,; C. leucurus

leucurus, and long-tailed pecket mice, Perognathus fermesus incolatus,

were shown te be very susceptible to respiratory infection. Rapidly fatal

infections were produced by parenteral inoculation of P. tularensis inte



muskrats, Q. zibethicus (Green, Wade and Dewey, 1929}, white-tailed

prairie dogs, Cynemys leucurus {(Davis, 1935}, beavers, Castor canaden-

sis (Green, 1937}, and montane meadow mice, M. mentanus (Kartman, Prince
and Quan, 1958).

Although redents are undeubtedly lethally susceptible te parenter-
ally administered virulent P. tularensis, they seem te be less suscep-
tible to infection by the oral route (Quan, 1954; Dunaeva and Olsuf'ev,
19513 Tereschenke, 1951;)° The potential rele that carnivorism and can-
nibalism may play in the transmission of tularemia among rodents has been
demonstrated by Vest and Marchette (1958).

Cottontail rabbits, Sylvilagus spp., are extremely susceptible to
natural and experimental tularemia infection (Bell and Green, 1939; Bell
and Chalgren, 1943; Jellisen and Parker, 1945; Yeatter and Thompsen, 1952;
McGinnes, 1958),

On the basis of extensive epizoelogical evidence, Bell and Green
(1939) considered the snowshoe hare, L. americanus, to be "usually highly
resistant" cempared te cottontails. Théy reported tularemia in the snow-
shee hare te be a symptomless infection characterized by chrenic focal
lesions. Alse, a high prepertion of hares trapped in highly enzootic
and epizootic areas possessed agglutinins against P. tularensis, indica-
ting recovery from iﬁfectien (Green, Larson and Bell, 1938; Bell and
Green, 1939). The natural occurrence of tularemia agglutinins in cotton-
tails is extremely rare,. The only published reperts are those of
McKeever, et al., (1958}, and Bacon and Drake (1958).

Stagg, Tanner and Lavender (1956} induced fatal tularemia infection

in jack rabbits, L. californicus, by expesure to an aeresol of virulent
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P. tularensis. Philip, Bell and Larsen (1955) killed four jack rabbits
with subcutaneous inoculatiens of appreximately lO6 viable organisms,
but twe rabbits ineculated with approximately 102 organisms survived.
'Hewever, these same authors suggest that the general lack of agglutinins
against P. tularensis in jack rabbit sera collected in enzootic and
epizoetic areas indicates that ne rabbits survive natural infectien with
tularemia. This thesis is supported by Lechleitner (1959} whe ceuld
find ne tularemia agglutinins in jack rabbits in Califernia. Hewever,
Bacon and Drake (1958) reported finding tularemia agglutinins at a titer

of 1/320 in twe jack rabbits frem which ne organisms could be iselated,

Investigating an epizeootic in gray foxes, Urocyon cinereeargentatus,
Schlotthauer, Thompson and Olsen (1955) found a number dead or dying of
tularemia, and suggested that this proved them te be susceptible. Lillie

and Francis (1936) reported red foxes, Vulpes fulvus, to be at least

partially susceptible te per os and subcutaneous infectien, and Olsuflev
and Dunaeva (1951) reported the Russian species te be campletely re-
fractory, as is the skunk, and te a lesser extent the weasel. Mink,
Mustela visen, were shown to contract fatal infectiens by feeding en in-
fective rabbit carcasses (Gorham, 1949: Shmuter and Abramova, 1956).
Coyote pups were shown by Parker and Francis (1926) te be lethally
susceptible to massive oral infectien. However, Stagg, Tanner and lLav-
ender (1956) found coyete pups to develep nen-lethal, subacute infectiens
after exposure te aerosols; and Lundgren, Marchette and Smart (1957}
found a similar situation in adults expesed te massive deses of P, tul-

arensis by both eral and subcutaneous routes.
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Dogs appear te be almost entirely immune (Green, 1942; Ey and
Daniels, 1941; Jehnsen, 1944; McCoy, 1911; McCoy and Chapin, 1912); al-
theugh Downs, et al., (1946) were able te infect them by inoculatien of
a highly virulent strain, and in general a good immunolegical respense
was elicited. Cats possess a high degree of resistance (McCoy, 1911;
McCoy and Chapin, 1912}, but it is pessible te induce fatal infections by
feeding them infected meat (Downs, et al., 1946; Green and Wade, 1928).

Calhoun, Mehr and Alford (1956) demonstrated the presence of
tularemia agglutinine in the sera of racceens and epessums, indicating
recovery of these animals frem natural infectiens.

In farm animala,’tﬁlaremigﬁhas been demenstrated mest frequently in
sheep (Gwatkin, Painter and Meynihan, 1942; Jellisen and Kehls, 1955;
McArthur and Brown, 1950; Parker and Butler, 1929; Parker and Dade, 1929,
1929a; Philip, Jellisen and Wilkins, 1935). In all cases the infectien
in bands of sheep is asseciated with infected ticks. Rodents and/or
rabbits usually are feund dead of tularemia in the regiens through which
the sheep have grazed. In general, the younger sheep, lambs and yearlings,
are much more susceptible to natural tularemia infectien than are the
older members of a band (Jellisen and Kehls, 1955).

Cattle appear to be not as often invelved in tularemia epizeootics
as do sheep, and they are, in geperal, much less susceptible to natural
infectien, (Geiger, 1931; Vail and MgKenny, 19433 Calhoun, 1954).

While nething is known about tularemia infectien in hogs, Bell
(1944) has reported a case of tularemia in man which was definitely asse-
ciated with these animals.

Finally, Kamil and Gelem (1938) have reperted that the water buffale

develops an acute infectien after inoculation with virulent P. tularensis,
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IV. Virulence and Variatien
The virulence of wild and laberatery strains of P. tularensis has
been investigated by & number of werkers. Sﬁrains of lowered viru-
lence have been iselated in nature frem ticks (Davis, Philip and Parker
1934; Philip and Davis, 1935}, snowsheoe hares (Bell and Green, 1939},
mice (Humphreys and Campbell, 1947), meadew mice (Jellisen, Bell and
Owen, 1959}, and frem a number of other redents, rabbits and carnivores

(Nakamura, 1950a)*., Green (1943) observed that natural passage of P.
tularensis through birds tended te lower its virulence. Ransmeier (1943)

obtained similar results by serial passage of a virulent strain through
chick embryes. However, Davis (1940) demenstrated that.mergypersistence
of the organism in ticks for as leng as 70l days did not decrease its
virulence.

The results of the recent cemparisen ef virulent American and
Russian strains of P. tularensis by Olsuf'ev (1959) are of considerable
interest. Tularemia in Russia appears te be primarily a disease of re-
dents, with rabbits seldem;, if ever, involved. The Russian stragins ef
B. tulareésis are avirulent fer white rabbits. The American strains, of
course, are extremely virulent fer white rabbits. In Nerth America,
tularemia is "primarily" a disease of wild rabbits, altheugh redents are
often fmplicated. Another interesting observatien (eriginally suggested
by Franéis, 1942) is that the Russian strains de net ferment glycerin,
whereas the vast majority ef American strains de. Hewever, there secems

to be ne correlatien between the ability teo ferment glycerin and virulence.

# There is some questien that the organism iselated from these animals
was actually P. tularensis. ‘The published descriptien ef the organism, its
iselation, and method of identification leave a great deal to be desired.
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This apparently is an inherent difference between the Old World and the
New World strains of P. tularensis. This is reminiscent of the classical
metabolic differences in strains of P. pestis from different geographical
areas (Pollitzer, 1954). Olsuf'ev (1959) suggested changing the name of

B. tularensis to Francissella tularensis tularensis for the New World

strain and to F. t. palearctica for the Old World strain. There is a
great deal of merit in this suggestion.

Using laboratory strains of P. tularensis, Foshay (1932) was able te
alter the virulence of a highly virulent strain by passage on coagulated
egg-yolk media. The virulence of various o£her strains has been modi{?ed
by serial passage through animals and subculture on various artificial
media (Bell, OWéﬁ and Larson, 1955; Owen, Bell, Larson and Orﬁsbee, 1955;
Shertinsky, 1951; Yaniv and Avi-Dor, 1953; Tomaszunas, 1959; Mashkov, 1958).
The tendency of antibiotics to lower the virulence of P. tularensis was
demonstrated by Ianiv, AvifDor ana Olitski (1953). The development of re-
sistance to streptomycin in vitfo tended to decrease the yirulence of the
strain. However, it is possible that avirulent cells in the population
were naturally more resistant to streptomycfn and were thus selected. That
the latter explanation mlght be the more correct one is suggested by the
experiments of Chapman, et al., (l9h9), in which they were able to isolate
resistant strains from mice treated with subcurative doses of streptomycin.
Since thevavirulent%cqlls do not multiply in vivo, they could not be ré-
covered. Only fully virulent, non-streptomycin resistant cells were recovered.

Eigelsbach, Braun and Herring (l§5l); Avi-Dor ‘and Yaniv (1953), and
Moody and Downs (1955) were able to correlate virulence with colonial morph-

ology; electrokinetics of cell walls, growth rates, inhibition of growth of
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virulent cells by avirulent cells, immunogenic potency and/or sensitiv-
ity to antibiotics. ~'However, Owen, Larson ana Ormsbee (1955) were
unable to verify the above work in every detail in their laboratory.

Using visible light microscopy, Hesselbrock and Foshay (1945)
could find no morphological features diffgrentiating Qirulent from aviru-
lent forms of P. tularensis. They discount the axperimeﬁts of Ohara,
Kobashi and Kudo (1935} which indicated a positive correlation between
pleomorphism, "motility", and virulence. On the other hand, Ribbi
(personal communication) has been able to correlate virulence with cell
wall structure as shown by the electron microscope. This difference
between the cell wall structure of virulent and avirulent cells is defi~
nitely not determined by the age of the culture when it is sampled,
although there is a change in cell wall characteristics with age (Ribbi
and Shepard, 1955).

The ability of P. tularensis to grow and multiply in vivo has
been investigated by Downs, Buchele and Edgar (1949), and Yudenich (1956).
They showed that the invasiveness and distribution of the organism in the
infected body did not depenpd y~on the virulence of the culture. The be-
havior of the attenuated strains varied in degree, but not in kind, from
virulent strains.

Fleming and Foshay (1955) have demonstrated that the highly viru-
lent Schu, Scherm, and Holt strains of‘g; tularensis possess a citrulline
ureidaselenzyme system capable of degrading citrulline to ornithine,

COz and NH3. This system is lacking in the low virulent Jap, and SMR-1
strains and the avirulent 38 and 176 strains. This is the only qualita-

tive metabolic difference between the strains of different virulence that
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has been found to date. However, the relationship of this enzyme sys-—
tem to virulence is completely unknown. Indeed, its relationship to
the overall metabolism of the organism is obscure. Fleming and Foshay
(1955) were unable to demonstrate_degradation of ornithine; and no
arginine desimidase system was demonstrable, although most other bac-
teria capable of degrading citrulline to ornithine, CO2 and NH3 centain
this enzyme (Knivett,Vl952; Korzenovsky and Werkman, 1952; Oginsky and
Gghrig,'l952; Schmidt, Logan and Tytell, 1952; Slade, 1953). However,
arginine is reqﬁired for the growth of P. tularensis in defined media
(Traub, Mager and Grossowicz, 1955).

On a quantitative basis, virulent strains of P. tularensis were
shown to possess more glutaminase activity than low or avirulent strains
(Fleming and Fbshay, 1955). Conversely, avirulent strain 38 possessed

higher aspartic acid alanine transaminase activity than did the virulent

Schu strain (Fleming and Foshay, 1956).
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VATERTALS AND METHODS
I. Cultures

The 18 strains of P. tularensis* used in this study are listed in
Table 2. All stock cultures were grown on glucose cysteine blood agar
(GCBA) and stored at 4°C with routine moﬁthly transfers to fresh media.
Suspensions for ﬁhe ineculation of animals were prepared either from
L8=hour aerated cultures in modified casein partial hydrolysate (MCPH)
broth (Mills, et al., 1949; Mills, 1954), or from a 24-48-hour GCBA
culture. The 48-hour MCPH cultures regularly contained 1x109 to 5x109
viable organisms per ml, as determined by viable counts, using the method
recammended by Snyder (1947).

The GCBA cultures were washed down with normal saline (0.85% NaCl)
and adjusted to 24% light transmittance on a Bausch and Lemb Spectronic
20 spectrophotometer set at 525 mu. These suspensions regularly contained
1x109 to 5x107 viable organisms per ml.

Serial 10-fold dilutions were routinely made in normal saline con-
taining 0.2% gelatine., Viable counts were always made immediately prior
te animal inoculatien.

In certain cases, described in a later section, broth cultures

were also prepared in Snyder's peptone media (Snyder, et al., 1946).

% The Schu A, Japh, 38, and NIIEG strains were obtained originally frem
Dr. H. T. Eigelsbach, Fort Detrick, Md.; the 425 F)G and Kf-473 strains
were supplied by Dr. Cora Owen of the Rocky Mountain Laboratory, Hamilten,
Montana; H-8859 was obtained from Dr. K. D. Claus, Veterinary Research
Laboratory, Bozeman, Mont.; DPG-1, 2, 3, 4, 5, and 6 were obtained from
Dr. H. G. Stoenner of the Rocky Mountain lLaboratory, Hamilton, Mont., whe
originally isolated them from rabbits and rabbit ticks collected in Utahj;
SKV-1, 2 and 3 were isolated by the author; 9K-161 was furnished by the
Epizoology Laboratory, University of Utah.



- TABLE 2

- Isolated Date of

Strain Source Location by Iselation Pertinent Reference
Schu A -Hxman U. s. Foshay 1941 Bell, Owen and Larson, 1955
Jap,, Human Japan Ohara - 1926 Moody and Downs; 1955 -
38 Human , S U. S? Francis 1920 Hesselbrock and Foshay, 1945
425 F),G ~ Dermacentor andersoni U, Se RML #* Bell, Owen and Larson, 1955
Kf-473 = Microtus montanus Oregon RML~ 1957 Jellison, Bell and Owen, 1959
H-8859 Horse Montana Claus 1958 Claus, Newhall and Mee, 1959
NIIEG-BLUE *? Russia ? ? Anon. 1944~46; Fairbich and
: o . . Rumar:x.na, l9h6

NIIEG-GRAY "7 Russia B A ¢ Ibid.
DPG-1 D. parumapertus Utah Stoenner 1956 Stoenner, et al., 1959
DPG-2 L. californicus Utah Stoenner 1956  Ibid.
DPG-3 D. parumapertus Utah Stoenner 1956 Ibid.
DPG-4 L. californicus Utah Stoenier 1956  Ibid.
DPG=5 D. parumapertus Utah -Stoenner 1956  Ibide .
DPG-6 D. parumaperfus == Utah ‘Steermer = 1956  Ibid. B o
SKV=-1 Sylvilagus audubom.l Utah Ecol. Res. 1958 Ecol. Res. Ann. Rept. 1958-59

3 Laboratory ‘ T
SKV-2 I__n_ calﬂomi¢u$ Utah Eéol. Res. 1958 Ibid. : B
SKV=3 L. californicus - Utah Ecol. Res. 1959  Ecol. Research Ann. Rept., 1959-60

Ibid.

9K-161

Jack rabbit ticks

Utah

Ecol. Res.

1959

# TRocky Mountain Laboratory, Hamilton, Montana

LT
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II. Experimental Animals
The following five rodent species#* used in this study were reared
by Mr. Harold J. Egoscue in the Ecological Research Faunal Colony

(Egoscue, 1956); Peromyscus maniculatus sonoriensis (Le Conte),'deer

mouse; P. crinitus pergracilis Geldman, canyon mouse; Microtus montanus

nexus Hall and Hayward, Montane meadow mouse; Neotoma lepida lepida

Thomas, desert wood rat (Egoscue, 1957); Onychamys leucogaster utah-

ensis Geldman, Northern grasshopper mouse (Egoscue, 1960). The animals
used were 2«4 generatiéns removed from the wild parent stock,

Six additional rodent species #* were live-trapped by Mr. John B.
Bushman and associates, of Ecological Research Laborateries; Citellus

leucurus leucurus Merriam, antelope ground squirrel; Eutamias minimus

pictus (Allen), least chipmunk; Perognathus formesus incolatus Hall,

long-tailed pocket mouse; Dipodomys ordii utahemsis (Merriam), Ord kang-

aroo rat; D. microps bonnevillei Geoldman, chisel-toothed kangaroo rat;

Reithrodontomys megalotis megalotis (Baird, Western harvest mouse.

Auduben cottontails, Sylvilagus audubonii arizomae (Allen), and

black-tailed jack rabbits, Lepus califernicus deserticola Mearns, were
also live-trapped by Mr. Bushman and associates.
Jack rabbits of the subspecies L. ¢. texianus (Waterhouse) were

obtained from the Conrad D. Durant Animal Ces, Ft. Sumner, New Mexice.

# All mammal identificatiens are based upon descriptions of Durrant,
(1952).

#¥% The subspecific identifications may not be accurate in all cases,
for they are often based primarily on the published range of each
(Durrant, 1952; Shippee and Egoscue, 1958).
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Coyotes, Canis latrans lestes Merriam, were supplied as

pups by the U. S, Fish and Wildlife Service, Predator Control
Unit. They were used when 6-12 weeks old.
All animals obtained by live-trapping were held in quaran- .

tine for at least two weeks before being used.

III. Techniques

A. Wild Animal Susceptibility

Experimental Infection: The standard laboratory strain of

P. tularensis, Schu A, was used to determine the susceptibility
of the 15 species of wild mammals listed above. ’

Some of the coyotes were exposed toktularemia by allowing
them to feed on infective rodent carcasses. All other animals,
and the remainder of the coyote pups, were inoculated subcutan-
eously in the flank or in the cervical region, with 0.2 or 0.5
ml of an appropriate suspension.

After inoculation, deer mice and canyon mice were caged
in groups of 2-10 animals per cage. Animals of all othe;
species were caged individually. The exposed rodents and rabbits
were observed daily for 14-2]1 days depending upon the estimated
susceptibility as determined by preliminary experiments. Carni-
vores were observed for periods up to thirteen weeks fol-

lowing exposure to experimental tularemia infection. Deaths
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were recorded daily. All carcasses were autopsied and spleens cultured
on GCBA. Routinely, all animals surviving the observation period were

bled for serological study, autopsied, and the spleen of each cultured

on GCBA.

Al]l bacterial growth obtained from sPleen'cultures on GCBA were
- examined and the identification of P. tularensis made on:the basis of:
colonial morphology, reaction of the Organisms with the Gram stain, and
with specific high titer tularemia antiserum. The antiserum was pre-
duced against the homologous strain in geats. The antiserum with an
agglutinin titer of 1/1280 was diluted 1/3 with normal saline when used
‘to identify cultures of suspect organisms.

Animals dying within 2l hours after inoculétion were discarded
and are not included -in the results. Likewise,'only animals dying of
proven tularemia infection are ihcluded.‘ |

In addition to the above procedures, the carniveres were bled at
intervals and aliqueots inoculated intraperitenea}ly inte deer mice and
onte GCBA plates for the detection of a bactéremic*cendition° Serum was
alse collected for serological examinatien.

At autepsy of all carniveres, portions of the maxillary gland,
spleen, liver, kidney, mesenteric lymph gland, lung, heart muscle, bone
marrow and brain were homogenized in a mortar with sterile sand, sus-
pended in normal saline, and inoculated intraperitoneally inte normal
deer mice and opto GCBA plates.,

Standard tube agglutination tests were carried out on all sera,
using formalin-killed P. tularensis strain Schu A cells suspended in

normal saline with 0.5% phenol as a preservative. The suspension was
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adjusted to LO% lightltransmittance at 525 mu in a Bausch and Lemb
Spectronic 20 spedirophotometer.

Complement fiiati@n tests were carried out on some serum samples,
using a polyéaccharide extract of Schu A cells (Nicholes, 1946; Alex-

ander, Wright and Baldwin, 1950) supplied by Dr. Nicholes.

B. Virulence of enzootic and laboratory strains of P. tularensis

ps

The virulence of variéua P. tulafensis strains was tested ?y
subcutaneous inoculation of aliquots of serial dilutions of fresh GCBA,
MCPH, or peptone breth.culture inte one or more species of laboratory
or wild animal. The ability te kill or to preoduce a detectable in-
fectien as determined by serolegical or skin-testing techniques were the
criteria used to assess the virulence of each strain. Whenever possible,
the 50% lethal dose or organisms for one or more species was calculated,

using the method of probit analysis (Finney, 1952).

C. Assay of Citrulline Ureidase Enzyme Activity
Cultures of P. tularensis were prepared in MCPH “or Snyder's pep-

tone broth at'pH 6.8. After 48 hours incgbétien at 35-37°C on a recipro-
cating shaker, tpe cultures were checked for purity by microscopic
examination, washed twicekin normal saline and-$uspended in minimal
amounts of de-ionized water. The ceil sﬁSpensions were then lysed by
sonic vibration in a Ratheon Sonic Oscillator, Model S-102 (50 watt,
9 Ke/s). The cell lysates were kept at de‘ép freeze temperature (-20°C)
unﬁil used. | |
Bacterial nitrogen determinations were made on each lysate accord-

ing to the method of Lang (1958).



Citrulline ureidase enzyme activity of sonic lysates was assayed
by measuring the amount or ornithine produced from the breakdown of
citrulline. The reaction mixture containing an aliquot of sonic lysate
containing 1.50 mg bacterial nitorgen and DL-Citrulline was buffered
at pH 6.5 with phosphate buffer and incubated at 30°C according to the
procedure described by Fleming and Foshay (1956)}. Aliguots were removed
at various intervals, applied to washed Whatman No. 1 filter paper and
chromatogrammed at room temperature in n-butanol-pyridine-water sol-
vent system for 3-4 hours, followed by drying for 20 minutes at 65°C,
The chromatograms were Sprafed with 0.5% alkaline solution of ninhydrin
in 7l$ ethyl alcohol and the optical density of the solution determined
at 575 mu in a Spectronic 20 spectrophotometer according to the method
of Kay, et al., (1956).

The amount of ornithine produced was calculated by referring to
a previously determined sﬁandard curve relating uM of ornithine to

optical density of the eluates.
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EXPERIMENTAL RESULTS

I. Susceptibility of Wild Animals to Experimental Tularemia

A. Contact Transmission of P. tularensis

Natural tularemiagis generally transmitted by arthropod vectors,
pfimarily ticks, although other biting or blood sucking arthropods
may at times be implicated. Occasionally other modes of transmission
a&ssume local ﬁnportaﬁce, €. 8., ingesting of infective flesh or con-
taminated water. Although wild animals are susceptible to experimental
respiratory infection with P. tularensis (Stagg, et al., 1956), it is
very doubtful if this mode of infection is of any significance in nature.
Nonetheless, it has to be considered when non-infectg? animals are held
in contact with, or near, experimentally‘infe;ted animals in the labora-
tory.

The early attempts of McCoy (1911) to transmit tularemia to guinea
pigs by placing them in contact with infected squirrels were not success-
ful. However, in a more recent paper, Owen and Buker (1956) demonstrated
contact transmission of tularemia from experimentally infected white mice
to healthy cage mates.

In order to investigate the possibility that contact tularemia
transmission might occur among caged deer mouse populations, in the pres-
ent study varying proportions of infected and non-infected mice (total
of eight per cage) were confined in standard mouse cages. The non-
infected mice were marked with dyes to distinguish them from their in-
fected cage mates. Although the laboratory-reared deer mice used were
almost completely free of ectoparasite infestation, they were at first

dusted with rotenocne powder to rule out transmission by vectors. This was
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not done in later experiments. In no case was it possible to demon-
strate transmission of tularemia by contact of infected mice with
healthy cage mates, even in experiments in which respiratory infections
were induced in the "infected mice® by intranasal instillation of P,
tularensis broth cultures. To investigate this problem further, the
experiments outlined below were conducted.

A cylindrical wire cage 8 x 10 inches, containing six healthy
deer mice, waé“placed inside a larger wire and metal cage (24 x 24 x 24
inches), containing 12 experimentally infected mice. Thus, there could
be no cannibalism of infected mice by non-infected mice. The inoculated
mice were removed as soon as poséible,after death, which occurred by
the 4th or 5th day. The healthy mice were checked daily for lé days and
dead animals removed and autopsiéd. On the third day, 7 éf the 12 in-
oculated mice, and one of the six uninoculated mice were dead. The
latter had been almost campletely devoured by its cage mates and no
attempt was made to diagnose the dause of death. However, on the 8th
day, three more uninoculated mice were dead and a positive diagnosis of
death by{tularemia was made in each case. These presumably had contrécted
infection by ingestidh of the first dead mouse, thus indicating that the
first mouse had contracted tularemia ffom the inoculated Qice in the outer
cage. However;, the possibility exists that the last fhrse micevactually
contracted tulareﬁia from the inoculated mice.

This experiment was repeated three times but no additional un-

inoculated mice contracted tularemia fram their infected cage mates.
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In the second experiment, 16 healthy deer mice were placed in a
wire and metal cage (24 x 24 x ?h inches) and allowed a week to estab-
lish themselves. Then, every day for 60 days, one healthy deer mouse
and one marked mouse, inoculated intraperitoneally with a léthal dose
of P. tularensis, strain Schu A, were added to the cage, Food and water
were provided ad libidum. The inoculated deer mice died 2-4 days after
being placed in the cage. Their carcasses were removed as soon after |
death as possible. On the 20th day the cage contained 34 uninoculated
mice, and one dead and three live inoculated gice. The dead mouse had
been almost completely devoured. Four days‘létér, uninoculated mice be-
gan dying of tularemia infection and deaths wererrecorded over a period
of 18 days. Evidence of cannibalism of the carcasses was’observed through~
out this period. From the 42nd day through the 60th day no cannibalism
was noted, and no uninoculated mide died after the 46th day. On the 6lst
day, cannibalism was again noted and on the 66th day one uninoculated
mouse was found dead of tularemia.

This experiment was repeated, adding three healthy and three inocu=-
lated deer mice per day, five days per week, with essentially the same
results. In both cases, death of uninoculated mice from tularemia occurr-
ed only after evidence of cannibalism of infected mouse carcasses was
noted. Although the cage population in the second experiment reached 80
mice on the 65th day, it was not possible to demonstrate tularemia trans-
mission by any means other than by cannibalism.

Several experiments were also conducted in which infected and non-

infected deer mice were placed together inwrying proportiens in arti-
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cial burrows constructed in damp sand. Again, in no case was it possi-
ble to demonstrate transmission by contact.

All mice surviving thése esperiments were challenged with low
doses of virulent P. tularensis (Schu A) to determine if they may have
acquired a non-fatal infection and recovered. In no case was the sur-
vival rate of these mice different from that of normal mice controls
inoculated with the same doses of P. tularensis.

" The results of these experiments indicate that under laboratory
conditions, contact transmission of tularemia from infected geer mice
to healthy cage mates does not readily occur. The single case of death |
of an uninoculated mouse in contact with infected cage mates, described
in the first experiment above, was the only instance of apparent trans-

mission by centact.

B. Susceptibility of Wild Rodents to Experimental Tularemia.

Eleven species of wild rodents were tested for susceptibility te

experimental infection with the highly virulent Schu A strain of P.

tularensis. The organisms were administered subcutaneously as described

préviously. All rodents tested were extremely susceptible to infection
with this strain and readily succumbed with massive invasion of all
tissues by the organism, Table 35% Only one animal out of 145 survived
inoculation of 500 organisms; 18 out of 169 survived inoculatien of 50
organisms. There@is no indicatien that any of the species tested is
more or less susceptible than any other. There was no indication of

difference in.susceptibility due to sex.
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TABLE 3
Susceptibility of wild rodents te subcutaneous tularemia infectien
(Pasteurella tularensis strain Schu A). The data are presented as
the ratio of the number of deaths in a li-day period te the total
‘ number of animals used.

ke ' A

Number of Organisms Ineculated (+10%)

_Species , - 5000 500 50 5 0.5
Citellus leucurus# .

Antelope ground squirrel 8/8 8/8 8/16 8/16 0/8
Eutamias minimus : '

Least chipmunk 8/8 /7 3/8
Perognathus formosus#

Long-tailed pocke® mouse 8/8 8/8 14/15 15/16 8/8
Dipodomys ordii

Ord kangaroo rat '16/16  16/16 11/11 9/16
D. microps

Chisel-toothed kangaroo rat 8/8 8/8  2/8
Reithrodontomys megalotis

Western harvest mouse 8/8 7/8 o/8
Peromyscus crinitus

Canyon mouse 8/8 8/8 L/8
P. maniculatus * ' '

Deer mouse 10/10  50/50 52/56 47/62  10/38
Onychomys leucogaster : :

Northern grasshopper mouse 8/8 8/8 13/16 5/16
Neotoma lepida

Desert wood rat 10/10 22/23 14/19 20/27 0/16
Microtus montanus

Montane meadow mouse 8/8 8/8 8/8  5/8

# Combined results of two or more experiments

Fifty-four per cent of the rodents dying from acute tularemia in-
fection were dead by the 4th day after inoculation; 97% were dead by
the 7th day. The size of the dose (in the range given) appeared te have
little effect upon the course of infection and the time of death. How-
ever, in other experiments in which much larger doses were administered,
most of the animals died between the second and feurth day after inocu-

lation.
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In no case was there any pathological, cultural, or serolegical
evidence that any of the l4~-day survivors had become infected and recov-
ered, or continued teo harbor the organism in a latent state. In the
rodents tested, infection with the highly virulent Schu A strain appear-
ed invariably te result in death. The animals surviving these experi-
ments represent those receiving ne viable organisms.

Five species of wild rodents were tested for susceptibility to the
low virulent Japj stfain of P. tularenéis, Table 4. The grasshopper
mouse was found to be fatally susceptible to infection with this strain
(LD5p 12.3 organisms), whereas both species of wood rats tested sur-
vived doses as high as 2 x 108 viable cells. The LD50 in kangaroo rats
and deer mice was between these two extremés (1.4 x 1055 and 7.4 x 106,
respectively).

In contrast te infection with strain Schu A, rodents exposed te
Jap, strain reacted muqh more slowly. Only nine per cent of those dying
over ' a 2l-day pe_riod~ were dead by the 5th day, 61% by the 9th day, 8%
by the 13th day, and 97% by the 17th day after inoculation.

While none of the rodents tested survived proven infection with
the Schu A strain, many recovered from acute or.subacute infection with
Jap, strain. This wés demonstrated by pesitive skin reactions elicited
by survivors tested with specific antigen (Ecological Research Annual
Report 1957-58), and/or by the presence of strong agglutinating and

complement fixing antibody titers (Tables 5 and 6).



TABIE L -

........................

Number of Organlsms (+ lO%) ‘A’;' » 'ii »;‘ LD50 and 95%

5x108 5x107 5x106 5x105"5x10h 5x103 5x102 5x101 5x100 Confldance limits

Digbdogxé‘érdii“ - : ST S ‘hxl°5
Ord kangaroo rat 9/10  5/9 2/10 s/e 1/ (2 0x104 to 3. by

Peramyscus maniculatus® - 7 S ' 7. 4x1

‘Deer mouse 7/16 10/14 29/53 28/54 20/69 8/54 7/h2 . (1-63-106 te l-7x108)
Onychomys™ leiigegaster® SR A A T 123
~ Grasshopper mouse B 18/18 15/18 19/28 22/29 16/25 8/10 3/9 (1.0 te 3.2x103)
Neotoma ”Iép" ida e T o ' ’ : :

Desert wood rat 0/16 0/16 0/16 0/8  0/8 5x108
K. cinérea

_ Bushy—talled wood Tat  O/3 .. .. . ... . o3 o B . 5#108

# Combined results of two er more experiments.
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Agglutinating antibody titer£A%¥Epgeled serun samples from rodents
surviving infection with the Jap, strain of Pasteurella tularensis.
Titers shown as the reciprocal o% the highest serum dilutien
agglutinating standard P. tularensis antigen te +2 er greater.

Number of organisms originally ihdculated

Rodent, _ 5x108 5x107 5x100 5x105 5x;gﬁ_2§;93 5x10% 5x101
Dipodomys ordii - (1* (W) (8 (5 (7)
-Fﬁangardo rat 320 1280 640 640 320
Peromyscus maniculatus# (6 (6} (8)  (9) (10)

Deer mouse 1280 320 1280 2560 640
| (8) (). (1) (8)
- 640 160 640 1280
Onychemys leucogaster -3 @) (3 (5)
Grasshopper meuse 320 320 160

neg
(6) @) ) (2) (6)
160 '80 320 160 320

Neotoma lepida (8) (8 (8) (8) (8)
Desert wood rat 320 160 160 160 160
- (8) (8} (8)

320 160 160 t
# Numbers in parentheses indicate number of serum samples in pool tested.
## Serology dene in twe experiments only.

TABLE 6
Complement fixing antibody titers of pooled serum samples frem
redents surviving infectien with the Jap, strain eof Pasteurella
tularensis. Titers shown as the reciprocal of the highest serum dilu-
tion showing 50% lysis of sensitized shéep red bleod cell suspensien.

" Number of orgag;ams'originallz ineculated

Rodent _ 5108 5x107 5x106 5x105 5x10% 5x103 5x102 5x10l
Dipodemys ordii (1y¢ (&) (8) (5) (7) |

Kangaroo rat ‘ 640 40 160 320 320
Peromyscus maniculatuss# 6y (&) (8 (9) (10)
Deer mouse 640 320 320 1280 1280
Onychomys leucogaster (3 ) () (5)
- Grasshopper mouse 640 160 320 40

(6) (1) (&) (2) (6)
70 640 640 640 320

Neotoma lepida Co(8) (8) qi(8) (8 (8)
Desert wood rat 20 20 LO " neg L0
(8) (8) (8)
160 20 20
# Numbers in parentheses indicate number of serum samples in pool tested.
##* Serology done in one experiment only.
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Table 7 irdicates the susceptibili;y of grasshopper mice, wood
rats, and/or deer mice to an additienal 13 wild strains and 3 laboratory
strains of P. tulareneis. These results were established using 30-60
deer mice and 6-20 wood rats or grasshopper mice per strain. Inoculatien
was by the subcutaneous route. It is clear that these species are
lethally susceptible to all the naturally iselated rodent, rabbit, rabbit
tick, and horse strains. Strain 38, which is typically avirulent for all
animals in which it has been tested, and NIIEG (gray variant) failed te
kill any of the rodents tested, even when given in massive doses. The
NIIEG (blue variant) resembled the Jap, strain in its virulence feor deer
mice.,

‘TABLE 7

Susceptibility of deer mice, wood rats and grasshepper mice to sixteen
laboratery and wild strains of Pasteurellsa tularensis.

Number of erganisms necessafy te kill

Strain of at least 50f of the animals tested
Pasteurella tularensis Deer mouse  Wood rat ‘Grasshopper mouse
38 109 109 >109
425 F,G 1 1 1
KEf<47 1 1 1
SKV=1 1 1
SKV-2 1 1l 1
SKV-3 1
H-R859 1
DFG=1 1
DPG&; 1
DPG=3 1l
DPl 1
DPG; 1.
P !
9K-161 1
NIIEG (Blue variant} 1.2x103 10°
} (1.0 te é.leo y*
NIIEG (Gray variant) 10 >10°

* LDsg and 95% confidence limits calculated by methed of probit analysis
(Finney.1952).
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C. Susceptibility of Wild Rabbits te Experimental Tularemia

Cotteontails, Sylvilagus audubonii, and jack rabbits of the sub-

species Lepus calif@rnigus'gggertic@la, that were tested were lethally
susceptible te low deses of P, tularensis strain Schu A, Table 8., Deaths
occurred over a 4-12 day period after ineculatien. On the other hand, in
one experiment, jack rabbits of the subspecies L. ¢. texianus (from New
Mexico) resisted tularemia infection. All six ineoculated with 5x104 org-—
anisms died of tularemia infectien, but enly feﬁr out ef 20 animals in-
oculated with doses of P. tularensis ranging from 1 te 1x10% viable cells
died of tularemia. All of the 16 suéviving rabbits had negétive agglu=-
tinin titers Zl‘dayS/after inoculatien. However, the twe rabbits sur-
viving ineculation of 10,000 cells each had a camplement fixing antibody
titer of 1/160; the one surviving the 1,000 cell inoculum had a titer of
1/640; the one surviving the 100 cell inoculum had a titer of 1/160; one
of tﬁe five surviving the 50 cell ineculum had a‘titer of 1/80; the other
four had no demonstrable titer. The'fabbits that had received less than
50 viable cells had no'demonstrable cemplement fixing antibody titer. Ne
P. tularensis was isQIated from any of these rabbits at auteopsy 21 days

after ineculatione.

TABLE 8
Susceptibility of wild rabbits te subcutaneous tularemia infectien. Data
are presented as the ratie of the number of deaths at 21 days to the total

number of an;ggls used ‘ . .

Species‘ 50,000 10,000 5, OOO 1,000 500 100 50 - 5
Sylvilagus audubonii ‘ :
Auduben  cottentail ‘ L/4 6/6 5/6
Lepus californicus deserticola
Black-tailed jack rabbit 5/5 3/3

L. ¢. texianus :
Black-tailed jack rabbit 6/6 1/3 /2 2/3  0o/5 0/7

T—
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D. Susceptibility of Coyote Pups te Experimental Tularemia
Infectien. ‘ '

Three groups of coyote pups were used in this series of experi-

ments:

Group 1 consisted of 4 pups, 2-4 months old

Group 2 consisted of 8 pups, 2-5 months old

Group 3 consisted of 7 pups, 1-2 months old
All of these animals were given 2-3 ml of canine distemper antiserum
(Fort Dodge Laboratory, Inc., Ft. Dodge, Iowa; or Pitman and Moore,
Indianapolis, Ind.), within a day or twe after capture. Groups 1 and
2 were obtained and used in the spring of '1957; Group 3 in the spring
of 1958, They were all held for 1-2 weeks before expesure te experimen-
tal infection. P. tularensis, Schu A, was used ekclusively in these
experiments.
Greup 1: Two of the four pups were inoculated subcutaneousl&
with l.3xlO6 fully virulent organisms; and two Qere fed a total of 2,200
grams of infective rodent carcasses over a lh-day period. All the car-
casses were of rodents that had been inoculated with lethal doses of
P. tularensis and had died within a short time before being fed to the
pups.

Approximately 2.0 ml of bleood were taken from each pup at O, 1,

2, 3 and 4 weeks after exposure, and for an additional twe weeks from
the two which were fed infective redent carcasses. Approximately 0.2 ml
of each bleoed sample was inoculated intraperitoneally inte each of the

three deer mice, 0.2 plated on GCBA, and the remainder centrifuged te

obtain serum fer agglutinating antibody determinations. At the end of
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four weeks after their last expesure te tularemia infectien, the pups
were anesthetized by intraveneus injection of 200 mg of nembutal
(sodium pentebarbital), exsanguinated by severance of the caretid ar-
tery, and autopsied.

Significant agglutination antibedy titers appeared one week after
subcutaneous infection and two weeks after oral infectien, Table 9.
Titers of 1/80 and 1/160 persisted until all the animals were sacri-
ficed at L-6 weeks. Ne P. tularensis was iselated from the bloed of
any of these animals. All the tissues were sterile when tested 4-6 weeks

after initial expesure to infection.

Group 2: In #n attempt te repeat the above experiment, and verify
the results, eight mere coyote pups were obtained and tested. One pup
was ineculated subcutaneously with l.5xlO6 organisms, and ene fed 100
grams of infective redent carcasses. Blood was drawn at O, 9, 10, 11,

12 and 13 weeks for determinatien of agglutinating antibedy titers.

Antibody persisted in low titer fer 11-13 weeks, Table 9. Ne bac-
teremia could be demenstrated. The pup receiving sulicutaneous inecula-
tien presﬁmably had been expesed previeusly te tularemia, as evidenced
by its pre-inoculatien agglutinating antibedy titer of 1/80. At autepsy,
13 weeks after exposure te experimental tularemia, all tissues examined
were sterile,

Of the six remaining pups in this group, two were ineculated sub-

cutaneously with l.leO3 viable organisms; one with l.5xlO6 organisms;



L TABIE9 : ‘
Agglutinating antibedy respense ef six ceyete pups (Greups 1l and 2) exposed te tularemia
by the oral er subcutaneeus reute. Titers are shewn as the rec:.precal of the highest

P

Group No. 1 Group No. 2#
Weeks Inoc. with Inoc. wigh Fed 2,200 gms Fed 2,200 gms Inoc. with Fed 100 gms
after 1.3 x10 1.3 x 10 infect.ed ] mfected 1e5 x X infected
" Exposure organisms = organisms carcasses carcasses organisms carcasses
0 neg neg neg neg 80 : neg
1l 40 - 40 neg neg ' ' neg
2 160 160 4LO 320 '
3 320 160 160 640
4 go - 80 160 160
5 80 160
é 20 80
1 20 40
1 neg 80
12 neg 40
13 neg neg

# Six pups from this gr contracted distemper and died. The two that did not
contract distemper areﬁesented here. .
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one was fed 100 grams of infective rodent carcasees; and twe were fed
330 grams of infective rodent carcasses, over a four-day peried. Within
4=5 days after exposure, all six pups appeared te be suffering from an
acute infectien. However, the symptoms did net resemble these cemmon-
ly exhibited by ether wild animals suffering from acute tularemia.
There was a general lassitude, refusal of feed, excessive lachrymation
and nasal discharge, fellewed by apparent central nervous system im-
pairment expressed as a partial paralysis of the hind limbs. The
animals died within 2-3 days after these symptoms were noticed. At
autopsy, the internal organs appea:ed normal and there was ne gress
pathological picture of tularemia.

Since the clinical symptoms suggested canine distemper, samples
of brain, bladder, kidney, liver, and spleen were preserved in 10%
formalin and sent te Dr. A. F. Alexander at Coleorade A and M Cellege,
Boulder, Cele., for examinatien. Based on the clinical syﬁptems and
the finding ef inclusion bodies in the brain, the cause of death was di-
agnosed as canine distemper. It was alse pessible te culture P. tular-
ensis frem the spleen, liver, kidney, mesenteric lymph gland, and brain
of the pups infected erally; and from the spleen, liver, and brain of
the subcutaneeusly infected pups.

Group 3: The seven coyete pups in this greup were 1-2 months
younger than those in the other twe groups previeusly used. Three were

inoculated subcutaneously with l,7x109 organisms. One of these died en

the third day after ineculatien; one died on the 7th day; and the third

lived until sacrificed 33 days after ineculatien. P. tularensis was
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readily isolated from the heart blood and various organs of each of the
pups that died. The tissues of the surviving pup were all sterile at
autopsy 33 days after inoculation.

Attempts to detect P. tularensis in the blood stream at 3, 5, 6,
10, 12 and 14 days were successful in only one case. On the third day
after inoculation, P. tularensis was isolated from the pup which subse-
quently died on the 7th day.

The antibody response of the pup surviving the infection is shown
in Table 10, Measurable agglutination antibody appeared by the sixth
day and developed to ; peak between the 10th and 17th day, after which
it diminished slightly. The complement-fixing antibody was nor measur-
able until the 10th day, after which it was at a maximum titer on the
17th day (1/1024) and persisted at a high level until the 33rd day, when
the animal was killed.

A fourth pup in this group was inoculated subcutaneously with
1.5x107 organisms. If failed to develop a bacteremic condition at 2, 3,
or 6 days after inoculation. All tissues were sterile at autopsy 28
days after inoculation. The antibody response, Table 10, was similar
to that elicited by the previous pup inoculated with l.7xlO9 organisms.

The final three pups (age approximately 2 months) in this group
were each fed tularemia-infected deer mice (approximately 60 grams of in-
fective flesh}. No bacteremic condition was detectable at 3, 5, 6, 10,
12 or 14 days after exposure to oral tularemia infection. At autospy on
the12§§h533rd day, all tissues were sterile. The antibody response,

Table 10, was similar to that in the previously described pups.



TABLE 10
Agglutinating and complement fixing antibody titers of five coyote pups (Group 3 exposed to sub-
cutaneous or oral infection with Pasteurella tularensis (Schu A)}. Titers.shown as reciprocal of
highest serum dilution giving a-positiverreaction (+2 agglutination. or 50% hemolysis),

i

) | = —

Dose and route of infechion

Days Subcutaneous ~ Subcutaneous Per Os Per Os Per Os
after 1.7x10 ﬂ 1.5x10 ___ 60 grams#* 60 grams¥* __60 grams*
_Exposure Agg. CF Agg. CF Agg. CF...L Agg. CF_  Agg. CF
0 neg neg | ‘neg neé neg neg = neg neé neg neg
3 neg neg neg neg . neg neg 20- neg neg
6 80 neg 160 16 neg neg 160 neg 20 neg

8 6 160 64 6

10 1280 2 20 128 2 128 20

12 1280 5%2 40 120 5f2 3§O %ig 2%28 %%é

14 1280 512 ' 160 25 1280 :

19 1280 1024 320 512 320 256 640 1024 1280 256

20 320 512 640 512 320 256 320 512 640 128

24 320 512 80 256 640 256 640 128

28 320 512 320 1024 160 128 640 256 640 256
.33 4 160 64 ' 640 256

# Infective rodent carcasses

8¢
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II. Virulence and Citrulline Ureidase Enzyme Activity of Labora-
and Wild Strains of Pasteurella tularensis.

The presence of citrulline ureidase enzyme activity in P. tular-
ensis strains of high virulence, and its absence in strains of low or
no virulence was reported by Fleming and Foshay (1955). This was the
fitst reported qualitative physiological difference between strains of
high and low virulence. However, the relationship between this enzyme
system and virulence is still obscure.

In the present study the citrulline ureidase system was used
initially as a tool, along with virulence titrations in rodents and
rabbits, to further characterize and compare strains of P. tularensis
isolated from nature with laboratory strains of known virulence and
pathogenicity. Thirteen wild strains of P. tularensis were compared with
five laboratory strains on the basis of virulence for deer mice, rabbits
and/or guinea pigs, and the presence of citrulline ureidase activity,
Table 11l. The virulence titrations were done, using 30-60 deer mice,

2-6 rabbits, and/or 4-40 guinea pigs for each strain tested. The number
of deaths occurring over a 2l-day period was recorded, and where possible
LD5p determinations were made according to the method of Finney (1952).

According to the studies of Bell, Owen and Larsom (1955}, the
virulence of tularemia strains can be determined most accurately by esti-
mation of the number of organisms administered subcutaneously which are
necessary to cause 50-100% mortality of mice, guinea pigs, and rabbits.
On this basis, it is evident from Table 11 that the Schu'A strain and all

the wild isolates except strains Kf-473 and 425 FiG, are fully virulent —-
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very low numbers kill all three species. Strains Kf-=473 and 425 FAG
are moderately virulent -- very few organisms are réquired to kill mice,
but 104 or higher are required to kill guinea pigs ahd rabbitg. Strains
Jap, and NIIEG (blue variant) are of low virulence. They are avirulent
for rabbits, but can kill guinea pigs with higﬁldoses, and mice with
somewhat lower doses. Strains 38 and NIIEG (gray variant) are com-
pletely avirulent for all three species,

Only those strains fully virulent for all three species possessed
any citrulline ureidase enzyme activity, Table 11.

During the qualitative analysis of citrulline ureidase activity in

these 18 strains of P. tularensis, it became evident that there were

further quantitative differences among them. Consequently the enzyme
activity in lysates of each strain was quantitated as previously de=-
scribed by determining the amount of ornithine produced from a standard
amount of citrulline per hour per mg of bacterial nitrogen in the lysate.
The results of these determinations are shown graphically in Figs. 1, 2,
and 3. In each figure, strains Schu A and H-8859 are plotted for com-
parative purposes. It is quite evident from these results that two dis-
tinct populations of P. tularensis exist on the basis of citrulline urei-
dase enzyme activity. Strains Schu A and H 8859 showed the greatest
activity, reaching equilibrium after approximately 2-4 hours incubation
at 30°C. The activity of all the DPG, SKV, and 9K-161 strains was very
low. Equilibrium wds not reached until 48 hours or longer. The activity

in the latter 10 strains was nearly identical.



TABLE 11
Virulence and citrulline ureidase activity of five laboratory and
thirteen wild strains of Pasteurella tularensis

Citrulline

’ Virulence# ureidase
Strain Deer mice Guinea pigs Rabbits activity**
~ Laboratory Strains
Schu A l6 1l 1l +
Jap, 100 103 7107 -
38 | 10 >10 5107 -
NIIEG (blue variant) 100 7109 -
NIIEG (gray variant) 7108 7109 5107 -
Wild Strains
425 F),G 1 105 107 -
Kf-47 1 1 104 -
H-8859 1l 1 ' 1 +
DPG-1 1 1l 1 +
DPG~2 1 +
DPG-3 1 +
DPG-4 1 1 1l +
DPG-5 1l 1 1 +
DPG-6 1 1 1 +
SKV-1 1 1 21 +
SKV-2 1 : +
SKV-3 1 +
9K-161 1 1 1 +

# Approximate numbers of subcutaneously inoculated organisms necessary
to kill50«100% of the animals indicated.
¥ Activity assayed qualitatively by demonstration of the enzymatic
breakdown of citrulline to ornithine by sonic lysates during 2-4
" hours incubation at 30°C. (-) indicates no sonic activity.

When citrulline ureidase activity of different concentrations
of Schu A lysate (in terms of bacterial nitpogemn) was determined, it was
found that Schu A lysate containing 0.24 mg N were comparable to lysates
of the less active strains containing 1.50 mg N, Fig. 4. In other words,
the difference in activity of these strains can be exﬁlained by the
lower concentrations of enzyme in the less active strains. The Schu A

lysates were approximately 6-fold more active in the breakdown of cit-

R Y
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Citrulline ureidase enzyme activity of five strains of P. tularensis.
Schu Ae—y ; H-8859+- —; DPG-1x—x; DPG-24—a ; DPG-3 e
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- Figure 2. Citrulline ureidase enzyme activity of five strains of Pasteurella tularensis.

Schu Ae— ; H-885%_ - »; DPG-4x—x; DPG-54 -A; DPG-6 0—p.
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Citrulline ureidase enzyme activity of six strains of P. tularemsis.
Schu Ae—-vs , H-885%- —» ., SKV-1x—yx, SKV-2 &-4, SKV-3 o0, 9K-161p—a .
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Figure 4. Ornithine production from a standard amount of citrulline (52uM) as

a function nitrogen concentration of Schu A cell lysate compared to
strain SKV-l with a nitrogen concéntration of 150 mg. /his strain
is taken as representative of all the SKV, DPG, and 9K-161 strains.
Schu 1.92 mg N&o—a . Schu 0.96 mg No—o. Schu 0.48 mg Nx—x,

Schu 0.24 mg Ne—e , SKV=1 - -,
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rulline to ornithine than were the lysates of the other strains under the
standard set of conditions used.

In order to further characterize and compare the citrulline urei-
dase enzyme system in the different strains, the Michaelis Menten equi-
librium constant (Km) was determined for 3 strains, Schu A, H-8859, and
9K-161, from the Lineweaver-Burk plots (Lineweaver and Burk, 1934) accord-
ing to the following equation:

/v = (&/V)(1/P) + (1/V)
where, v is the rate of the reaction
V is the maximum velocity
P is the amount of product formed at maximum velocity
K is the eguilibrium constant

The production of ormithine from varying concentrations of citrul-
line was determined at l5-minute intervals under the standard conditions
already described, except that the concentration of lysate used was 2.50
mg of bacterial nitrogen instead of 1.50 mg N. The rate of reaction was
measured for each citrulline concentration by plotting the production of
ornithine against time and calculating the velocity of the reaction along
the steepest part of the curve (maximum velocity). Thus:

v = Pl - PZ
T2 -t

where, P; is the amount of ornithine produced at timej; and
P, is the amount produced at t,

When the reciprocal 6f the velocity is plotted against the recip-
rocal of the product formed, the intercept of the line on the 1/v axis is
1/V, and the slope of the line is K/V. Thus, from the above equation:
K= (slope) (V).

The reciprocal plots for Strains Schu A, H-8859, and 9K-161 are

shown in Figs. 5, 6, and 7 respectively. From these data:
K

Schu A = 1.55 x 10~
%—8859 = 2.00 x 10~%M
9K-161 = 1.60 x 10~
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Figure 5. Reciprocal plot for the calculation of the equilibrium constant
(K} for the citrulline ureidase enzyme system of P. tularensis
strain Schu A.
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Reciprocal plot for the calculation of the equilibrium constant

(Kp) for the citrulline ureidase enzyme system of P. tularensis
strain H-8859.
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Figure 7. Reciprocal plot for the calculation of the equilibrium constant (Kp)

for the citrulline ureidase enzyme system of P. tularemsis strain
9K-161
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JII. Relationship between Citrulline Ureidase Enzyme Activity
and Virulence

It has been demonstrated that only those strains of P. tularensis
which are fully virulent (kill mice, guinea pigs and rabbits after low
doses adhinistered subcutaﬁeouSly) possess an enzyme system capable of
degrading citrulline to ornithine, NH3 and COp. The question arises
whether there is any causal relationship between this enzyme system and
virulence. One approach towards testing this hypothesis is to attempt
to alter the virulence of a étrain which possesses this system and of
a strain which does not, and then determine the effect of virulence
change on citrulline ureidase enzyme activity.

In one series of experiments, attempts were made to enhance the
virulence of the low virulent Japh strain by serial passage through re-
éistant deer mice, and through susceptible grasshopper mice. Heart
giood from deer mice or grasshopper mice dead or dying of tularemia in-
fection was passed intraperitoneally into healthy deer mice or grass=
hopper mice, respectively. At the end of six such serial passages in
grasshopper mice, the organism was isolated from Heart blood and tested
for virulence for deer mice. Doses as high as l.2x10h viable organisms
inoculated subcutaneously failed to kill any deer mice.

After 15 serial passages, a culture was isolated from each species
and its virulence for deer mice via the subcutaneous route tested. All
deer mice receiving one or more viable organisms died of tularemia
within 12 days after inoculation. Thus the virulence for deer mice had
inereased approximately a million-fold. (The LD5p of the parent strain

in deer mice by the subcutaneous route is approximately 106),
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Neither of these strains had developed the capacity to metabolize
c¢itrulline.

Each strain was then serially passed an additional 15 times
through each species of mouse via the subcutaneous route. Then the
virulence of each was titrated in deer mice and wood rats. ‘The latter
species is completely resistant to the parent strain. One organism of
each strain was capable of killing deer mice. Most wood rats survived
doses as high as 107 viable organisms inoculated subcutaneously, but
a few died at doses as low as 105, Table 12. This indicates that the
virulence for_wood rats had increased somewhat over that of the parent
strain.

Neither of these strains had developed the ability to metabolize
citrulline. |

The efféct of suboptimal growth media on virulence and ¢itrulline
ureidase acbivity was next tested by serially subculturing strains
Schu A, DPG-5, SKV-1, and Kf-473 on regular blood agar without cysteine
or glucose. Each strain was subcultured at 3-4 day intervals for 60
serial transfers. These cultures were then maintained at 4°C in the
stock culture collection and subcultured on blood agar slants every 4-6
weeks,

6nly the Schu A blood agar passage strain was tested for viru-
lence iﬁ‘deer mice and white rabbits. In each case one viable organism
inoculated subcutaneously was sufficient to cause death within 10 days.

All four strains were tested for citrulline ureidase activity
after 60 blood agar passages. There was no detectable change in enzyme
activity of any of the four strains, Fig. 8. Strain Kf-473 still

possessed no enzyme activity.
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Figure 8. Citrulline ureidase enzyme activity of P. tularensis strains after
60 serial passages on blood agar compared with the enzyme activity
of strains maintained on GCBA. Schu-~blood agarse- -, Schu-GCBA
-, -, SKV=l-blood agar » -, SKV~1-GCBA»—>x, DPG=5-blood agar
o——+3 DPG=5-GCBAo—vo .
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TABLE 12
Virulence for wood rats of Pasteurella tularensis strain Jap (parent),
Jap), -Pm-30 (30 serial passages in deer mice}, and Jap,~0l-30 %30 serial
passages in grasshopper mice}. Data shown as the ratio of the number of
animals dying of tularemia over a 21-day period to the total number used.

L

Japh | Nuﬁber of érgaﬁiams

sub-strain 108 107 106 105 104 103
Parent 0/8 0/8 0/8 0/8 0/8 o/8
Pm-30 2/ 1/4 1/4

01-30 2/8 0/8 0/5 o7 0o/8

Having failed either to alter the virulqnce appreciably or change
the enzyme activity of these strains by animal passage or by subculture
on artificial‘media, it was decided to attempt to induce variation more
directly. Eigelsbach, Braun and Herring (1951) were able to produce a
high percentage of &ariants of the Schu A stra£n by utilizing the method
of Stakman, et al., (1948}. Peptone broth (pH 6.8) contgining 0.01%
uranium acetate was inoculated with a heavy suspension of P. tularensis
Schu A cells and incubated at 37°C without aeration for 15 days. Ali-
quots were then subcultured on peptone agar plates (pH 7.2). The
isolated colonies obtained were observed under oblique light (Henry, 1933),
and after staining with 1/1000 solution of crystal violet (White and
Wilson, 1951). Approximately 99.9% of the colonies were translucent,
"bluish® colored under oblique light illumination, stained a deep violet-
red with 1/1000 crystal violet, and were nonsmooth in appearance. The
remainder of the colonies were smooth, gpaque and "whitish" colored under

oblique light, and stained blue with crystal violet. ®ach colony form
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was isolated in pure culture and subcultured for several passages on
peptone agar or GCBA without either reverting to the parent type.

Each variant was cultured in Snyder's peptone broth (pH 6.8} for
48 hours at 35-37°C on a reciprocal shaker. An aliquot of each was re-
moved for virulence titrations in deer mice and rabbits. The remainder
was washed and lysed according to the standard procedure and tested
quantitatively for citrulline ureidase enzyme activity.

The nonsmooth (NS) variant failed to kill any deer mice in doses
up to Axlo5 viable organisms. Rabbits survived doses as high as 1x108
organisms, Table 13, None of the deer mice or rabbits developed agglu-
tinin antibody titers. The rabbits surviving the lxlO8 inoculum of the
NS strain survived challenge with a normally lethal dose of the virulent
Schu A parent strain. The other two rabbits died within 10 days after
challenge.,

The smooth variant (S) was partially viruleﬁt for deer mice, but
avirulent for rabbits, Table 13. The agglutinin titers in deer mice
surviving 21 days after inoculation ranged from 1/80 to 1/640. The
three rabbits had agglutinin titers of negative, 1/80, and 1/640, re-
spectively, depending upon the number of orgamisms inoculated. The one
with agglutinin titer of 1/640 survived challenge with the virulent
Schu A strain which readily kills normal rabbits in 5-7 days. The rabbit
which had developed no agglutinating antibody succ;mbed to challenge
with Schu A,

The citrulline ureidase enzyme activity of both smooth and non-

smooth variants was the same as that of the parent strain, Fig. 9.
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TABLE 13

Virulence of smooth (S) and nonsmooth (NS) variants of Pasteurella
tularensis strain Schu A for deer mice and rabbits. Data shown as
the ratio of the number of animals dying of tularemia in a 2l1-day
period after subcutaneous inoculation to the total number used.

Number.of organisms¥*

Variant of Schu A 107 105 103 101
Smooth |
Deer mice S L/8 3/8 2/8
Rabbits 0/1 /1 0/1
Non-smooth
Deer mice 0/8 0/8 o/8
Rabbits 0/1 0/1 o1

% Number of organisms x 3 for the smooth variant
Number of organisms x 10 for the mom=smooth variant.
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Figure 9. Citrulline ureidase activity of smooth

and non-smooth variants of P. tularensis
strain Schu A compared to that of the
parent strain. Schu (parent) e,

Schu (S)x-- x. Schu (NS)v--—<.
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DISCUSSION

Although no investigators have actually tested the susceptibility
of wild rodents to tularemia on a strietly quantitative basis, the
general consensus of opinibnfis that North American rodents are gen-
erally very susceptible to infection with P. tularensis. The wild
rat, R. norvegicus, seems to be the only exceptionf(McCoy, 1911;

Dieter and Rhodes, 1926). In the present study, none of the 11 species
of wild rodents tested survived infection with the virulent Schu A
strain of P. tularensis. Subcutaneous inoculation of as few as one
viable organism invariably resulted in death of the animal in a few days.

vThé lethal&ty for deer mice of 13 strains of P. tularensis various-
ly isolated from ticks, rabbits, rodents, and a ho:;e was also demon-
strated. Wood rats and/or grasshopper mice were shown to be lethaliy
susceptible to experimental infection with very low doses of four
strains.

No chronic or latent infections were detected in any of the ani-
mals tested, although every effort was made to demonstrate such in-
fections. This is in contrast to the situation in Russia where ground
squirrels, Citellus spp., (Gorokov and Kozantseva, 1940) and water rats,

Arvicola amphibius, (Dunaeva and Olsuf'ev, 1958) are reported to have

a chronic form of tularemia as well as showing an acute form. However,
this is most probably due to a difference in strains of P. tularensis
enzootic in Russia and North America (Olsuf'ev, 1959), rather than to

a difference in susceptibility of the rodents.
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That rodents can survive infection with some strains of tularemia
organisms has been demonstrated in this study in the case of deer mice,
kangaroo rats, and wood rats inoculated with infective doses of the
Jap, and NIIEG (blue variant) strains. There are also at least two
oagsg; in which apparently healthy rodents (fox squirrel and Marmot}),
with significant agglutinin titers have been collected, indicating
recovery from tularemia infection (McKeever, et al., 1958; Menges and
Galton, 1959). It is possible that in reports of rodents surviving ex-
perimental infection, less virulent sirains comparable to the Jap, or
Russian strains may have been involved.

As expected, the cottontails tested were highly susceptible to
virulent tularemia. Tularemia epizootics occur frequently in these
rabbits in many areas. However, there is very little evidence that they
develop a chronic form of infection, or that they recover from natural
infections (Jellison and Parker, 1945; Bell and Chalgren, 1943; Bell and
Green, 1939). McKeever, et al., (1958) report an agglutinin titer of
1/320 from an apparently healthy cottontail, S. floridanus, indicating
that even these highly susceptible animals may on occasion survive
tularemia infection in nature.

In contrast to cottontails, jack rabbits and other rabbits of the
genus Lepus are suspected to be resistant or only moderately susceptible
to tularemia. Various field studies have reported the presence of P.
tularensis agglutinins in rabbits collected for one purpose or another
(MacLulich, 1937; Larson and Bell, 1938; Bell and Green, 1939; Jellison

and Parker, 194%; Bacon and Drake, 1958; Msnges and Galton, 1959).



59

Philip, Bell‘and Larsoa (1955) report the survival of two black-tailed
jack rabbits, L. c. deserticola, after injection of approximately
100 P. tularonéis ceils, without any detectéble agglutinating anti-
bodies appearing after 34 days. Four rabbits inoculated with 106 org-
anisms all died on the sixth day after injection.

Other investigators have reported the absence of tularemia agglu-~
tinins in Jjack rabbits collected from several tularemia epizootic
areas (Lechleitner, 1939; Philip, Bell and Larson, 1955). In additiom,
a total of approximately 1500 serum samples from jack rabbits collected
in Tooele County, Utah, have been examined serologically over the past
six years without finding a single positive sample (Stoenner, et al., 1959;
and unpublished data), even though P. tularensis has been isolated
repeatedly from these rabbit populations and their ectoparasitic ticks.

In the present study, jack rabbits survived experimental tular-
emia infection under some conditions, and yet the survivors had no
detectable agglutinating antibody when tested 21 days after inoculation
with virulent P. tularensis. However, they did possess high complement
fixing antibody titers. Unfortunately, these animals are very diffi-
cult to obtain and maintain in captivity. Consequently, it has not
been possible to conduct further satisfactory experiments to confirm or
clarify this rather puzzling situation. Certainly some strains of jack
rabbits can and do survive tularemia infection at least under certain
conditions ‘n nature and in the laboratory. The probable intimate
connection of jack rabbits with the maintenance and transmission of tu-

laremia justifies further work on this species, difficult as it may be.
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Carnivores, in general, appear to be resistant to natural tular-
emia infection. However, there are reports that, under certain con=
ditions, some carniv@rcs can and do contract fatal tularemia. An
actual "epigqotic" has been reported among gray foxes in Minnesota in
which ten animals were involved (Schlotthauer, Thompson and Olson,1935).
Lillie and Francis (1936) state that red foxes are susceptible to both
per os and subcutaneous infectiomn. Commercially important fur-bearing
foxes and mink raised on fur farms have been reported to be lethally
susceptible to tularemia contracted by eating infective rabbit car-
casses (Gorham, 1949; Shmuter and Abramova, 1956). On the other hand,
Olsuf'ev and Dunaeva (1951) were unable to kill Russian foxes or
skunks with injections of 108 organisms, although a weasel did die after
sﬁch an injection. Here again the difference between Russian and North
American strains of P. tularensis must be considered.

Other evidence of the resistance of carnivores to tularemia is
presented by McKeever, et al., (1958) ﬁho showed that tularemia agglu-
tinins are not uncommon among Georgia and Florida carnivores —- red
foxes, gray foxes, raécq;ns, striped and spotted skunks, wildcats, and
feral house cats,

Parker and Francis (1926} showed coyote pups to be lethally sus-
ceptible to oral tularemia infection. However, Stagg, Tanner and
Lavender (1956} found them to be resistant to aérosol exposure. Lundgren,
Marchette and Smart (1957) were unable to kill full grown adults by

either oral or subcutaneous infection.
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The present experiments indicate that coyote pups are easily in-
fected by both oral and subcutaneous exposure to virulent P. tularensis
as determined by a four-fold or greater rise in tularemia antibodies.
The course of the disease is usually mild and recovery spontaneous and
uneventful. However, fatal infections were induced in very young pups
with massive doses of P. tularensis inoculated subcutaneously. Animals
surviving infections are probably not carriers since they readily clear
their tissues of the infecting organisms.

The carnivores investigated in this study responded to experiment-
al tu%aremia infection with the rapid production of both agglutinating
and cgmplement fixing antibodies. Although no attempts were made to
determine the persistence of these antibodies, significant agglutinin
titers did not persist beyond the 10th to 12th week in the two pups
tested. If tpis is generally the case, then wild carnivores which poéf
sess tularemia antibodies can be assumed to have been recently exposed
to tularemia infection.

Tularemia in the Great Salt Lake Dese;t of Utah appears to be
principally a disease of the desert Jack rabbit, L. ¢. deserticola.

These animals and their ectoparasitic ticks, D. parumapertus, apparent-

ly are able to maintain the disease in restricted foci over long periods

of time, On the other hand, the associated rodent fauna have not been

shown to be involved in the maintenance or transmission of tularemia.
The existence of E&%tularensis in the rabbits, and its absence

from the rodent populati;n of this regiop of the Great Basin is diffi-

cult to explain from an ecoiogical stagépoint. The main arthropod

vector of rabbit tularemia, D. parumapertus, is commonly found on many



s cies of rodent. It has been shown that this tick can carry P. tular-
ensis throughout its life and transmit it after each molt to susceptible
hosts, including rodents (unpublished data). At least some and probably
all of the indigenous rodents are lethally susceptible to the native
strains of P. tularensis that have been tested. In addition, under lab-
oratory conditions, rodents are able to transmit the disease to other
rodents through ectoparasites or by carnivorism. Everything seems to

be present for the involvement of rodents in natural tularemia. However
under ordinary circumstances, the natural populations of rodents in this
region are not very dense(Ecol. Res. Annual Reports), and there is prob-
ably not a sufficient amount of eontact between rodents to support an

epizootic or maintain the agent in the population. Among colonial ro-

dents such as the muskrat, Ondatra zibethicus, there is sufficiently
close contact among the animals to support epizootic outbreaks, and such
outbreaks have been recorded (Jellison, Kohls and Philip, 1951).

On the other hand, one cannot rule out the possibility that the par-
ticular strain or strains of P. tularensislenzootic in this region are
peculiarly adapted to the wild rabbit populationgJ The organisms may noﬁ
be able to maintain themselves in the rodent populations because of their
extreme virulence for the nati%e rodents, or they may not be transmitted
to these animals because of some factor(s) in the ecology of the rabbits,
rabbit ticks and/or rodents which has notiyet been elucidated.

There is very little evidence to support the above hypothesis; but
there is no doubt that strains of varying virulence do exist in nature

(Davis, Philip and Parker, 1934; Philip and Davis, 1935; Bell and Green,
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1939; Humphreys and Campbell, 1947; Jellison, Bell and Owen, 1959);
Unfortunately, virulence is the only characteristic that has been sys-
tematically checked. ‘There is no reason to believe that these and/or
other strains may not differ in any number of less obvious, but no
less important, characteristics. More complete characterization of
P. tularensis strains isolated from different sources as well as more
detailed ecological studies are needed to clarify this complex relation-
ship between host and parasite,

Recently, studies have been made on the comparative physiology of
a few laboratory strains of P. tularensis. A survey of transaminase
activity of two virulent and one avirulent strain revealed no qualita-
tive strain differences (Fleming and Foshay, 1956). However, quantita=-
tively the avirulent strain showed a markedly higher reaction velocity
in the &spartic acid-alanine system compared to that of the two virulént
strains. The same workers also showed earlieér that the same avirulent
strain possesses less glutiaminase activity than the virulent Schu strain
(Fleming and Foshay, 1955). However, they made no attempt to assess the
significance of these probably minor differences in metabolic activity.

Of considerably more interest was the demonstration by Fleming and
Foshay (1955) of a citrulline ureidase enzyme system in three virulent
strains of P. tularensis, and its complete absence in two low virulent
and two avirulent laboratory strains. The correlation of this enzyme
system with high virulence was striking, but the relationship was not

elucidated.
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The results of the present study indicate that the relationship be-
tween citrulline ureidase activity and virulence is merely coincidental
and is probably not of a causal nature. It is true that, on a qualita-
tive basis, the only naturally occurring strains teste& which possessed
the ability to metabolize citrulline were those which are fully viru-
lent. That is, small numbers of organisms inoculated subcutaneously
are lethal for mice, guinea pigs and rabbits.

None of the strains which are avirulent or of attentuated virulence
for rabbits possessed any demonstrable e¢itrulline ureidase activity.
Thus, strain Kf-h73 and 425 FAG, although highly virulent for mice, do
not kill rabbits except when large numbers of organisms are injected.
Neither of these strains possessed any citrulline ureidase activity.

These data would lead one to postulate the correlation of ability
to metabolize citrulline with virulehce for rabbits. This hypothesis
was tested by inducing and selecting variants of the virulent-citrulline
ureidase positive Schu A strain. Itﬁﬁas relatively easy to obtain puﬁe
cultures of a smooth and a non-smooth variant of the pafent strain. The
virulence of each of these variants;'Table 13, was considerably less than
that of the parent strain. Neither variant was virulent for rabbits in
doses as high as 107 organisms. The smooth variant was avirulent also for
“'deer ‘mice,:- However, the ability ﬁo metabolize citrulline had not dim-
inshed in either strain, Fig. 9.

Thus, it appears that the possession of a citrulline ureidase enzyme

system per se is not related to virulence.
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Other evidence supporting this conclusion is the quantitative diff-
erence in the citrulline ureidase enzyme activity demonstrétedvin the
local rabbit and rabbit tiek strains of P. tularensis, compared to human
(Schu) and the horse (H-8859) strains. All these strains are fully viru-
lent for mice, guinea pigs, and rabbits, yet the loecal strains possessed
only about one sixth the citrulline ureidase activity of the Schu and
H-8859 strains.

It is possible that different enzymes are involved in these two
varieties of P. tularensis. The equilibrium constants for the Schu A
and H-8859 strains are almost identical, being of the order of 10‘6M. The
equilibrium constant for the one rabbit strain tested, 9K-161, is some-
what higher, being of the order of lO'AM.

Attempts to increcase the virulence of the low virulent Jap, strain
by serial passage through a susceptible and a resistant host were only
partially successful. Strains of full virulence for deer mice were ob-
tained, but the virulence for wood rats, which are completely resistant
to infection with the parent strain, was only slightly altered. No abil~
ity to metabolize citrulline had developed.

The significance of this enzyme system in terms of the overall meta-
bolic activity of P. tularensis is still obscure. @itrulline is not an
essential nutrilite in completely defined media (Fleming and Foshay, 1955:
Mager, Traub and Grossowicz, 1954; Nagle, Anderson and Gray, 1960). Arg-
inine is essential, but there is no direct evidzﬁee _indicating that it is
metabolized to citrulline by P. tularensis. However, no definitive work

has been reported on this particular aspect of the problem.
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An arginine desimidase enzyme system is present in all other org-
anisms possessing a citrulline ureidase system that have been studied:

Streptococcus faecalis (Oginsky and Gehrig, 1952; Knivett, 1952; Slade,

1953), S. lactis (Korzenovsky and Werkman, 1953), Clostridium perfring-

ens (Schmidt, Logan and Tytell, 1952}, and Pseudomonas sp. (Slade,
Doughty and Slamp, 1954). Further work may demonstrate such a system
in P. tularensis. However, the citrulline ureidase system of P. tular-
ensis differs somewhat from that found in these other organisms and may
not be the same enzyme at all (See Fleming and Foshay, 1955, for a dis-
aussion of these differences}.

Likewise, P. tularensis has not been shown to be able to metabolize
or utilize ornithine, nor is it necessary for growth and reproduétion in
defined media.

What then is the significance of the citrulline ureidase enzyme sys-
tem in P. tularensis? It has been demonstrated that there exist in nature
strains of P. tularensis which possess a citrulline ureidase system of a
high order of activity, strains whieh possess activity of a low order, and
strains which completely lack this enzyme system. It has also been shown
that this system is not directly correlated with virulence. It is there-
fore suggested that the presence or absence of the citrulline ureidase
system (and possibly its level of activity) are characteristics which de-
fine varieties of P. tularensis. Thus, one can distinguish three distinct
varieties on the basis of this characteristic alone: 1) strains possessing
citrulline ureidase enzyme activity of a high order (Schu A and H-8859};
2) strains with a low order of activity (DPG, SKV, and 9K-161); and 3)

strains lacking this system entirely (Kf-473 and 425 FLG).
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If additional study shows this scheme to be essentially correct,
how can it be explained in terms of the ecology of P. tularensis? Or
conversely, can it shed some light on the ecology of P. tularensis? It
is possible that strict geographical isolation has led to the evolution
of three distinct varieties. However, there is at present no evidence
for or against this hypothesis.

What little evidence exists (and meager it is) suggests that each
of these varieties may have become adapted to a particular mammalian
host-ectoparasite reservoir complex. Thus, the two non-citrulline urei-
dase possessing strains, Kf-473 and 425 F,G, were isolated from a rodent
(M. montanus) and a tick which is commonly found on rodents (D. andersoni)
respectively. All the strains possessing citrulline ureidase activity of
a low order were isolated from rabbits or rabbit ticks (D. parumapertus}.
On the other hand, the only two strains possessing enzyme activity of
a high order, H-8859 and Schu A were isolated from a horse and a human,
respectively. Since these latter two creatures are probably only acci-
dental hosts of P. tularensis (certainly they play no significant role in
the ecology of this agent}, it is possibl§ ;hat these two strains are
actually derived from rabbit strains. Paésage through these "unnatural"
hosts may have served to induce citrulline ureidase enzyme activity of
a higher than normal order. Ifjthis is the case, then only two wild
varieties are probably present ;n nature -- rodent strains lacking this
system and the rabbit strains possessing it.

The data presented here are certainly not sufficient to prove the

existence of different natural varieties of P. tularensis. However,
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they do suggest the presence of a variety of P. tularensis which has
evolved in rodents and is distinet from the variety which is found

in rabbits. Only extensive sampling and testing of natural isolates
can prove or disprove this hypothesis. However, if this is the case,

its significance in the study of the ecology of P. tularensis would

be considerable.
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SUMMARY

1. Eleven species of wild rodents and one species of cottontailvn
were found to be extremely susceptible to subcutaneous infection with
the virulent Schu A strain of P. tularensis. In addition, grasshopper
mice, wood rats, and/or deer mice were very susceptible to subcutaneous
infection with any of the 12 strains of P. tularensis isolated from
rabbits, rodents or ticks, and one strain isolated from a horse. All
three spacies were completely resistant to inoculation with the aviru-
ient 38 stiain. Deer mice and wood rats were completely resistant to
the Russian NIIEG (gray variant) and partially resistant to NIIEG (blue
variant).

2. Jack rabbits of the subspecies L. c. deserticola were highly sus-
ceptible to subcutaneous infection with the cha A strain, whereas the
fﬁ&species L. ¢. texianus showed some resistance. Complement fixing,
but not agglutinating, antibodies were demonstrated in the sera of
L. e texianus surviving experimental infectionm.

‘3. Of five species of rodents exposed to subcutaneous infection with
the moderately virulent Jap, strain of P. tularensis, only the grass-
hopper mouse was very susceptible. Wood rats were completely resistant,
while deer mice and kangarco rats were lethally susceptible only to high

doses.
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Y. Tularemia infection in young coyote pup; caused death when
massive doses were inoculated. However, subcutaneous apd oral infection
usually resulted only in production of antibody. The disease followed
a mild, subacute course and was ‘completely resolved within 2-3 weeks.
No carrier state or chronic infection resulted. |

§. The presence of citrulline ureidase enzyme system in P. tular-
ensis strains of high virulence and its absence in avirulent strains
and strains of low virulence has been confirmed.

£. The only wild strains of P. tularensis tested which lacked a
citrulline ureidase system were the two isolated from rodents or ro-
dent ticks. All the strains isolated from rabbits, rabbit ticks, a
human, and a horse, that were tested, possessed this system.

7. The citrulline ureidase system has been shown to be not direct-
ly related to virulence.

¢. The existence of two North American strains of P. tularensis
has bgen postulated on the basis of the presence or absence of a cit-
rulline ureidase enzyme system. It has been further postulated that the
strains lacking this enzyme system may have evolved in rodents and the
strains possessing the ability to metabolize citrulline may have evolved

in rabbits.
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The susceptibility to experimental tularemia infection of thirteen
species of wild animals native to the Great Salt Lake Desert of Utah

was tested. Eleven species of rodents, Citellus leucurus, antelope

ground squirrelj Eutamias minimus, least chipmunk; Perognathus formosus,

long-tailed pocket mouse; Dipodomys ordii, Ord kangaroo rat; D.

microps, Chisel-toothed kangaroo rat; Reithrodbntomys megalotis,

western harvest mouse; Peromyscus crinitus, canyon mouse; P.maniculatus,

deer mouse; Onychomys leucogaster, northern grasshopper mousej Neotoma

lepida, desert wood rat; and Microtus montanus, montane meadow mouse,

were all lethally susceptible to subcutaneous inoculation of as few

as one viable organism of the Schu A strain of Pasteurella tularensis.

Cottontails, Sylvilagus auduboni, and jack rabbits, Lepus californicus

deserticola,were as susceptible as the rodents tested., However, a
subspecies, L. c. texianus from New Mexico survived subcutaneous
inoculation of more than 10° times the number of P, tularensis
organisms necessary to kill the Utah subspecies, L. c, deserticola,
Massive doses (109 viable organisms or greater) of P. tularensis

strain Schu A inoculated subcutaneously into coyote pups, Canis latrans

lestes, caused the death of two out of the three tested, Inoculation
of lower doses or exposure to oral infection caused only a mild, sub-
acute infection in other pups of this species. No chronic infection or
carrier state was detectable in the survivors,

The Jap), strain of P. tularensis, which is moderately virulent
for laboratory albino mice, was found to be highly virulent for
grasshopper mice, moderately virulent for deer mice and kangaroo rats,

and avirulent for wood rats.
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Twelve strains of P. tularensis isolated from wild rabbits, rodents,
or ticks, and one strain isolated from a horse were highly virulent for
grasshopper mice, wood rats, and/or deer mice. The 38 strain and the
Russian NITEG (gray var.) strains were avirulent for these rodents,

The blue variant of the NITEG strain, however, was moderately virulent
for deer mice and wood rats.

In order to further characterize strains of P, tularensis in terms
of a physidlogical parameter, five laboratory and 13 wild strains of
varying virulence were tested for the ability to metabolize the amino
acid citrulline, Only those strains which were of high virulence for
mice, guinea pigs, and white rabbits were found to possess a citrulline
ureidase enzyme system which converts citrulline to ornithine, NH3 and
002, This enzyme system was absemt. from all avirulent strains and
strains of low virulence for rabbits that were tested. The only wild
strains of P, tularensis tested that lacked a citrulline ureidase
enzyme system were two that had been isolated from a rodent (gg montanus)

and rodent ticks (Dermacentor andersoni) respectively, These strains

were also of low virulence for rabbits,

waéver, it was possible to demonstrate that there is no direct
cause and effect relationship between the presence of a citrulline
ureidase enzyme system and virulence of P. tularensis for rabbits.
Colonial variants of the virulent-citrulline ureidase enzyme possessing
Schu A strain were produced by culture of the parent strain for two
weeks or longer in a peptone broth containing 0.0l% uranium acetate
followed by plating onto peptone agar., Under oblique light illumination,
two distinct colonial variants, one smooth (S) in appearance and the

other non-smooth (NS) were detected and isolated in pure culture.
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Neither of these variants were virulent for white rabbits in doses as
high as 107 organisms inoculated subcutaneously., However, both variants
possessed citrulline ureidase enzyme activity equal to that of the
parent organism,

Attempts to increase the virulence of low virulent strains of P,
tul arensis by passage through susceptible and resistant hosts were only
partially sucessful. In no case was their virulence for rabbité
increased, nor had they developed the ability to metabolize citrulline.

On the basis of the presence or absence}of a citrulline ureidase
enzyme system, it is postulated that there are two distinect varieties
of P, tularensis in North America. The present study suggests, although

it does not prove, the presence of a variety of P, tularensis which

has evolved and is being maintained in the rodent and associated
érthropod fauna, and one which has evolved and is maintained in the
rabbit and its associated arthropod fauna, The rodént variety lacks

a citrulline ureidase enzyme system and is avirulent or of low virulence
for rabbits. The rabbit variety possesses a citrulline ureidése enzyme

system and is highly virulent for rabbits,



RESEARCH PROPOSALS

1, To determine if a citrulline ureidase erzyme system can be

induced in strains of Pasteurella tularensis lacking this system,

and if so, to determine thé effect on virulence,

2, To determine the geographic and host distribution of the two
varieties of P, tularensis postulated to exist on the basis of virul-
ence and the presence or absence of a citrulline ureidase e: zyme system,

3. To determine if the citrulline ureidase enzyme system present
in some strains of P, tularensis functions in the metabolism of arginine.

Lk, To determine what metabolic differences besides ability to
metabolize citrulline exist between the two postulated varigties of P,
tularensis, v

5. To test, by use of simulated natural wild populations, the
hypothesis that there is a variety of P. tularensis peculiarly adapted
to rodents and one peculiarly adapted to rabbits.

g, To compare the pathogenicity in wild rabbits of a rodent
strain and a rabbit strain of P, tularenmsis,

7. To determine if there is a physiological basis (in the host)
for the resistance of rabbits to some strains of P, tularensis and
their susceptibility to others.

8. To determine the serological response of wild jack rabbits
to sublethal infection with P, tularensis. 4

9. To determine what effect passage through natural and un-natural
hosts has on the virulence and physiology of various strains of P, tularensis,

10. To determine how rodent tularemia is transmitted and maintained

in nature.



