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Abstract

Corynebacterium pseudotuberculosis (Actinomycetales Corynebacteriaceae) infection in horses causes three different disease
syndromes: external abscesses, infection of internal organs and ulcerative lymphangitis. The exact mechanism of infection in
horses remains undetermined, but transmission by insect vectors is suspected. The present study first determined the optimal cul-
ture media for inoculation of house flies (Musca domestica L.) (Diptera Muscidae), with C. pseudotuberculosis biovar equi and
the time required for fly inoculation. A second experiment determined the duration of bacterial survival on flies. Exposure of
house flies to 3 different preparations of blood agar supplemented with dextrose and colonized with C. pseudotuberculosis deter-
mined that a 10 minute exposure to the bacteria was enough to inoculate the flies. C. pseudotuberculosis could be recovered for
up to 24 hours after house flies were exposed for 30 minutes to a blood agar plate colonized with the bacteria and moistened with
10% dextrose. These findings support the hypothesis that the house fly is a potential vector of pigeon fever and aid in establishing
a protocol for a future experimental model to demonstrate the role of house flies as mechanical vectors in C. pseudotuberculosis

infection.

Key words: Horse, pigeon fever, vector, equine pathogen, arthropod, transmission.

Introduction

Corynebacterium pseudotuberculosis (Actinomycetales
Corynebacteriaceae) is a pleomorphic, facultative intra-
cellular, Gram-positive rod with a worldwide distribu-
tion (Quinn et al., 2011). Two biotypes of C. pseudotu-
berculosis are described and are distinguished by genet-
ic characteristics, including restriction fragment length
polymorphisms and the ability of cultured organisms to
reduce nitrate to nitrite. Nitrate-positive biovar equi is
commonly isolated from horses and cattle but nitrate-
negative biovar ovis is typically recovered from small
ruminants and cattle (Biberstein ef al., 1971; Sutherland
et al., 1996). In ruminants, C. pseudotuberculosis causes
caseous lymphadenitis, abscesses, and occasionally
mastitis (Yeruham et al., 1996). In horses, C. pseudotu-
berculosis biovar equi causes three clinical forms of
disease (Aleman et al., 1996). The most common form,
known as “pigeon fever” or “dryland distemper”, is cha-
racterized by subcutaneous abscessation of the pectoral
region; the second form causes abscesses of internal or-
gans; and the third causes ulcerative lymphangitis
(Aleman et al., 1996). Natural cross-species infection by
specific biotypes is not known to occur (Foley et al.,
2004). Human infection, although rare, is considered an
occupational zoonosis (Dorella et al., 2006).

C. pseudotuberculosis biovar equi infection is preva-
lent in the western United States (California, Utah, Col-
orado and Texas) and Brazil, but a recent increase in
case numbers and spread to regions previously consi-
dered non-endemic have been reported (Foley et al.,
2004; Pratt et al., 2005; Kilyone et al., 2014).

The routes of C. pseudotuberculosis infection in
horses remain undetermined (Pratt et al., 2005; Dorella
et al., 2006). Transmission by insects is suspected be-
cause of the seasonal occurrence patterns during fall and
early winter in the western United States (Miers ef al.,
1980). The highest annual incidences in horses have
been observed during dry months of the year following
winters with above average rainfall, which provides op-
timal breeding conditions for insects in the subsequent
summer and fall (Miers et al., 1980; Aleman et al.,
1996; Kilyone et al., 2014; Szonyi et al., 2014). Three
fly species, including the horn fly, Haematobia irritans
L., the stable fly, Stomoxys calcitrans L. and the house
fly, Musca domestica L., were reported as potential vec-
tors by PCR detection of the C. pseudotuberculosis bio-
var equi phospholipase D (PLD) exotoxin gene in field
samples of fly homogenates (Spier et al., 2002). In
house flies contaminated with C. pseudotuberculosis
biovar ovis from cattle, bacteria were isolated from the
flies’ intestine and feces, and saliva for 1-4 and 1-3 h,
respectively, post exposure (Yeruham et al., 1996;
Braverman et al., 1999).

The objectives of the present study were to determine
the optimal inoculation time of C. pseudotuberculosis
biovar equi, the most appropriate inoculation media, the
duration of bacterial retention in house flies after expo-
sure and the survival of flies after inoculation. The
overall goal of this project was to develop a house fly
inoculation system which could be used subsequently in
a controlled experimental model to evaluate the role of
house flies as mechanical vectors of C. pseudotubercu-
losis in horses.



Materials and methods

Bacterial identification

A field strain of C. pseudotuberculosis biovar equi
isolated from an abscess on a horse from California was
grown aerobically on 5% bovine blood agar for 24 h at
37 °C in 10% carbon dioxide and confirmed as C. pseu-
dotuberculosis biovar equi by morphology, culture cha-
racterization, and conventional biochemical testing: the
bacterium was beta-hemolytic, catalase and nitrate-
positive, and fermented glucose without gas production.

Fly rearing

Naive laboratory-bred M. domestica pupae (n = 500)
from the USDA (Gainesville, FL) M. domestica colony
were placed in cages of nylon netting 1.50 x 1.50 mm
mesh (24.5 x 24.5 x 24.5 cm) (BugDorm, MegaView
Science Co., Ltd., Taiwan), and were maintained at 37 °C
and 30% RH until emerging. Adult flies emerged in 1 to
3 days, were supplied with a mix of 2 ml of water, 5 g
of powdered milk and 5 g of sugar in a small Petri dish,
and were maintained under laboratory conditions (27 °C,
40% RH). Flies were starved for 24 h before being used
in experiments.

Experiment one: optimization of bacterial inocula-
tion of flies (n = 180)
Bacterial preparations

Three different media were used to propagate C.
pseudotuberculosis to determine if different media
preparations would affect feeding and thus recovery of
the bacterium. Preparation A consisted of overnight cul-
tures incubated at 37 °C of C. pseudotuberculosis grown
to confluence on 5% bovine blood agar. Preparation B
consisted of overnight cultures of C. pseudotuberculosis
grown to confluence on 5% bovine blood agar contain-
ing 10% dextrose. The preparation A and B plates were
inoculated with a standardized suspension of C. pseudo-
tuberculosis in saline at a high concentration of 3 x 10°
CFU/ml. The saline suspension was prepared from a
culture of C. pseudotuberculosis grown in 5% CO, for
18-24 h on 10% bovine blood agar. Prior to exposing
the flies to preparations A and B, the entire agar surface
of each plate was moistened with a sterile swab impreg-
nated with sterile 10% dextrose solution. Preparation C
consisted of 5% bovine blood agar in which the surface
was swabbed with a 10% dextrose solution containing a
suspension of C. pseudotuberculosis (3 x 10® organisms
per ml) immediately before exposure to flies. There
were 10 Petri dishes (60 mm X 15 mm height) for each
of the three preparations.
Fly feeding on the Dbacterial
preparations

To determine the exposure times necessary for inocu-
lation of the flies with the bacterium, an inverted plastic
cup (1 0z: 45 mm X% 40 mm height) (Bio-Serv, Fleming-
ton, NJ) containing 6 naive flies (3-5 days old, mixed
sexes) was placed over each of 10 agar plates of the
three preparations (n = 30 plates) (figure 1). The flies
were allowed to feed for 10 or 30 min or 1, 2, 4, 6, 8,
12, 24 or 48 h. The flies were observed for 1 min 3
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times during the first 10 min of the experiment, and the
number of individuals feeding at every time point until
termination was recorded to assess how often they fed
on the preparation. Following the period of exposure,
the number of surviving flies was recorded. Then, the
plastic cup containing the flies over the agar plate was
inverted and placed in the freezer at —20 °C for 3 min.
The cold immobilized flies fell into the cup, were re-
moved using forceps, and placed in a 2-ml sterile mi-
crocentrifuge tube. Four flies out of each group of six
flies were manually homogenized in the microcentrifuge
tubes with a sterile stick and 100 pl of phosphate buf-
fered saline (PBS). An aliquot of the homogenate was
inoculated onto a 5% bovine blood agar plate for cul-
ture. After 36 h of incubation at 37 °C, the density of
bacterial growth was semi-quantitatively scored using
standard methods. Bacterial growth was recorded based
on each quadrant to delineate numbers since the method
of plating dilutes the specimen from quadrant to qua-
drant (Tille, 2013). Heavy growth corresponded to the
presence of C. pseudotuberculosis colonies in the fourth
quadrant of the agar plate, moderate growth corres-
ponded to isolated colonies in the third and/or second
quadrant, whereas light growth was equivalent to colony
formation limited to the first quadrant and no growth
was the total absence of C. pseudotuberculosis growth.

Culture controls

Bacterial viability in each of the three preparations
was evaluated by sampling C. pseudotuberculosis from
each culture at 24 and 48 h and spreading on 5% bovine
blood agar plates as described above.

Figure 1. Clear plastic cups were used to contain house
flies over the preparations.



Experiment two: bacterial survival in/on flies (n = 60)

Six naive flies (9-11 days of age, mixed sexes) were
contained in inverted plastic cups (described above)
over each of 10 agar plates containing preparation A
(5% bovine blood agar with C. pseudotuberculosis co-
lonies moistened with sterile 10% dextrose solution).
Preparation A was selected for use in this experiment,
based on the result from experiment one. After 30 min,
the number of surviving flies was recorded and then the
flies were cold immobilized at —20 °C for 3 min and the
agar plate was removed. The flies were transferred to a
sterile Petri dish at room temperature without addition
of water and food. Shortened fly survival was expected
due to starvation, but this method decreased the risk of
escape of flies carrying C. pseudotuberculosis and mi-
nimized the addition of confounding factors due to fly
interaction and contamination with other bacteria. The
retention of C. pseudotuberculosis in flies was ex-
amined at T = 10 and 30 min and 1, 2, 4, 6, 8, 12, 24
and 48 h using the same protocol as experiment one.

Negative fly controls (n = 48)

Prior to the start of experiments one and two, six addi-
tional naive flies were collected and homogenized as
described above for bacterial culture at T = 0 to verify
the absence of contamination with C. pseudotuberculo-
sis. In addition, six naive flies were contained by an in-
verted plastic cup over a Petri dish with food (milk,
sugar and water) for the duration of the experiment
(48 h). The number of surviving flies was recorded and
then the flies were cold immobilized and homogenized
for culture to confirm absence of contamination with
C. pseudotuberculosis due to physical manipulation.

Statistical analysis

Descriptive statistics was used to summarize the bac-
terial growth on the different media, fly survival and
fly feeding time. Fly survival was analyzed using lo-
gistic regression techniques as implemented in SAS®™
PROC GLIMMIX. Time after treatment was used as a
covariate and fly survival modeled as Growth Medium
+ Time (Growth Medium). Estimates for intercept and
slope were compared using linear contrasts. Least
squares means were calculated for the two experiments
at time points 0 and 48 h; the means for the media
were then compared to the negative control using
Dunnett’s test.

Results

Experiment one: optimization of bacterial inocula-
tion of flies

C. pseudotuberculosis was readily transmitted to
house flies by feeding (table 1). Heavy growth of
C. pseudotuberculosis recovered from fly homogenates
indicated that house flies could become highly inocu-
lated after an exposure of 10 min to 24 h to preparations
A and B (figure 2). After 48 h of exposure, heavy
growth of C. pseudotuberculosis was observed from
preparation A, while moderate growth was observed
from preparation B. Preparation C showed more varia-
ble bacterial growths, with moderate growth observed
after 6 h and 24 h of exposure and no growth after 48 h
of exposure. These results indicated that exposure for 10
min to the bacterium was sufficient to inoculate house
flies.

Table 1. Number of flies alive at the end of each experiment out of 6 initial flies and culture scores of C. pseudotu-
berculosis recovered from homogenates of flies after 10 different exposure times to three experimental prepara-
tions. Negative controls were evaluated before (T = 0) and after the experiment (T = 48). Viability cultures were
evaluated after 24 and 48 h. Bacterial preparation: A) overnight cultures of C. pseudotuberculosis grown to conflu-
ence on 5% bovine blood agar; B) overnight cultures of C. pseudotuberculosis grown to confluence on 5% bovine
blood agar containing 10% dextrose; C) 5% bovine blood agar in which the surface was swabbed with a 10% dex-
trose solution containing a suspension of C. pseudotuberculosis.

Bacterial preparations

Exposure times A Flies B Flies C Flies
alive alive alive
10 min Heavy growth 6 Heavy growth 6 Heavy growth 5
30 min Heavy growth 6 Heavy growth 6 Heavy growth 5
lh Heavy growth 6 Heavy growth 6 Heavy growth 4
2h Heavy growth 6 Heavy growth 6 Heavy growth 5
4h Heavy growth 6 Heavy growth 6 Heavy growth 5
6h Heavy growth 5 Heavy growth 6 Moderate growth 6
8h Heavy growth 6 Heavy growth 6 Heavy growth 4
12h Heavy growth 6 Heavy growth 6 Heavy growth 6
24 h Heavy growth 5 Heavy growth 4 Moderate growth 6
48 h Heavy growth 4 Moderate growth 6 No growth 4
Neg control T =0 No growth 6 No growth 6 No growth 6
Neg control T = 48 No growth 6 No growth 6 No growth 4
Viability culture 24 h Heavy growth 6 Heavy growth 6 Moderate growth 6
Viability culture 48 h Heavy growth 6 Heavy growth 6 No growth 4
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Figure 2. Heavy growth of C. pseudotuberculosis pure
culture observed in a blood-agar plate recovered from
fly homogenates after a 10-min exposure to prepara-
tion A.

Table 2. Number of flies alive at the end of each expe-
riment out of 6 initial flies and culture scores of C.
pseudotuberculosis growth at 10 post-exposure inter-
vals from homogenates of flies exposed for 30 mi-
nutes to preparation A and from a negative control.

Post-exposure times Culture scores Fl.l °s
alive
0 min Heavy growth 6
10 min Heavy growth 5
30 min Heavy growth 6
lh Heavy growth 6
2h Heavy growth 5
4h Heavy growth 4
6h Heavy growth 4
8h Moderate growth 5
12h Moderate growth 4
24 h Moderate growth 4
48 h No growth 2
Negative control TO No growth 6
Negative control T48h No growth 2
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Figure 3. Fly survival estimates, 95% CI(p), and con-
trast P-values reflect the contrast of the C. pseudotu-
berculosis medium A versus the negative control at
time T =0 and T = 48 h in experiment 2. No differ-
ence in survival was detected between the exposed
and the control groups. However a decrease in surviv-
al was observed at the end of the experiment, which
was attributed to the long period of starvation.
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The flies were assessed by subjective observation to
feed more often on preparations A and C than on prepa-
ration B, in which they expended more time resting on
the wall of the cup.

The negative controls evaluated at T=0and T =48 h
were culture-negative for C. pseudotuberculosis. The
positive culture controls yielded heavy growth of
C. pseudotuberculosis confirming bacterial viability.

Preparation A was selected as the ideal medium for
the remainder of experiments because of its simplicity
of preparation, the consistency of bacterial growths, and
the subjective observation of higher feeding frequency
of the flies. Overnight bacterial culture on 5% blood
agar is also a standard culture method.

One or two out of the six flies exposed to the prepara-
tions died during the experiment in some of the groups
due to manipulation or contact of the wings with the
preparation. These flies were not included in the four
flies sampled per group. The mortality of flies during
the experiment is shown in table 1. The survival of flies
was not statistically different among groups whether
exposed or non-exposed to the bacteria at the beginning
or end of the experiment, indicating that exposure to the
bacteria did not increase fly mortality.

Experiment two: bacterial survival in/on flies

Inoculated flies continued to harbor viable C. pseudo-
tuberculosis for at least 24 h following exposure (table 2).
C. pseudotuberculosis was not detected in samples from
negative controls. The growth scores of C. pseudotuber-
culosis recovered from homogenates of exposed flies
were heavy growths from T = 0 to T = 6 h and moderate
growths from T = 8 to 24 h. No growth of C. pseudotu-
berculosis was obtained from flies sampled at T = 48 h.

The mortality of flies during the experiment is shown
in table 2. Fly survival was not statistically different be-
tween group A and control at the beginning or end of
the experiment (figure 3).

Discussion

The results of this study show that adults of M. domesti-
ca can be experimentally inoculated with C. pseudotu-
berculosis in an exposure as short as 10 min and under
the conditions of this experiment the flies harbored the
bacteria for up to 24 h post-exposure. Of the three prepa-
rations used to investigate the optimal technique for in-
oculation of adult house flies, two preparations (A and
B), were overnight incubated cultures of C. pseudotu-
berculosis and one (preparation C), was freshly swabbed
with a suspension of C. pseudotuberculosis. Blood agar
was used in all three preparations and a 10% dextrose
solution was applied to the surface of all three prior to
their exposure to the flies to increase the attractiveness
for the flies and to moisten the surface of the agar thus
providing a water source to the flies during the experi-
ment. All 3 preparations were successful in allowing in-
oculation of the flies, and therefore any of these prepara-
tions could be used in future experiments. However
greater growth was observed when flies were exposed to
the overnight incubated cultures of C. pseudotuberculo-



sis, and flies appeared to feed more readily on prepara-
tion A despite the fact that the blood agar in preparation
B also contained dextrose. Because of the consistent
heavy growth on preparation A at all exposure times, the
maintenance of a heavy growth in the viability controls
performed from the media, the simplicity of preparation
and the subjective feeding time of the flies, preparation
A was selected for use in experiment 2.

In the present study, C. pseudotuberculosis was recov-
ered from the flies for up to 24 h following 30 min of
exposure to the bacteria. Thirty minutes of exposure was
chosen as the feeding time for this second experiment
due to operational convenience. These results contrast
with previous studies. Braverman et al. (1999) recovered
C. pseudotuberculosis from the intestine of house flies
only between 1-4 h after feeding for 2-4 h on contami-
nated milk. Similar results were obtained in another
study, in which C. pseudotuberculosis was recovered
from house flies for up to 4 h after they fed on contami-
nated milk (Yeruham et al., 1996). The strain used by
Braverman et al. (1999) and Yeruham et al. (1996) was
nitrate-negative, which is commonly isolated from rumi-
nants (Biberstein et al., 1971). In contrast, a C. pseudo-
tuberculosis nitrate-positive strain was investigated in
this study, which has been previously isolated from
house flies recovered from horses with ulcerative lym-
phangitis (Addo, 1983); this strain may have characteris-
tics different from the ruminant strain that allow it to
survive longer in mechanical vectors or our experimental
methods may have been more successful at fly inocula-
tion and /or microbiological culture. In addition, the in-
oculation method of these studies included contaminated
milk or sugar cubes, which differed from the method
used in the present study. Our results showed that M.
domestica could be more easily inoculated with C. pseu-
dotuberculosis and that the length of bacterial survival
was 6 times as long as previously reported (Braverman
et al., 1999; Yeruham et al., 1996).

Exposure to C. pseudotuberculosis did not affect mor-
tality of the flies, however a higher mortality of flies
was observed at the end of experiment 2 in both the ex-
posed and the control groups. This could be attributed to
the starvation time of 48h at the end of that experiment.

There are several important limitations to this study.
Firstly, ten minutes of exposure to C. pseudotuberculo-
sis was chosen as the shortest feeding time due to opera-
tional management reasons. The homogenates of flies
exposed for only 10 min to the inoculated blood agar
preparations produced heavy growth scores when plated
on sterile blood agar. The shortest time of exposure to
the C. pseudotuberculosis investigated in previous expe-
riments was 1 hour (Braverman et al., 1999). In our ex-
periments the house flies were confined in plastic cups
over the inoculated preparations, and it is unlikely that
flies fed or walked continuously on the blood agar dur-
ing the entire exposure time, however due to the pre-
vious starvation the flies fed on the blood agar to some
degree. Thus inoculation was likely achieved in less
than the specified time intervals. House flies in nature
will rarely have the opportunity to feed undisturbed on
infected abscesses for 10 min, thus additional research
is needed to determine the minimum exposure period

required to enable a house fly to become contaminated.
Our results indicated how easily house flies became in-
oculated in the laboratory with C. pseudotuberculosis,
however replication of the experiments would have
been beneficial to demonstrate the reproducibility of the
inoculation protocol.

Second, the variability of the individual flies feeding
behavior was not evaluated in this study. Each fly could
have ingested a variable quantity of C. pseudotuberculo-
sis. The ability or need to feed can be related to several
factors such as the age, sex of the fly, or the egg devel-
opment stage for female flies. Another confounding fac-
tor would be the potential cross-contamination among
the 6 flies kept in the same cup. Differentiation of indi-
vidual fly feeding behaviors was beyond the scope of
this study. Additional research would be required to de-
termine how much C. pseudotuberculosis growth could
be attributable from an individual fly of a particular sex
or life stage. By homogenizing 4 flies some of these in-
dividual variations were averaged out, which is more ref-
lective of a field situation where a large number of flies
are likely to feed on an abscess or wound on a horse.

Third, the experimental conditions of this study differ
substantially from the natural conditions that are present
during the potential transmission of C. pseudotubercu-
losis between horses. Our results show M. domestica
was inoculated under the laboratory conditions dis-
cussed above, however further research is needed to in-
vestigate inoculation under natural conditions from a
horse abscess.

A fourth limitation of this study is that the mechanism
of transmission was not investigated. Yeruham et al.
(1996) demonstrated excretion of C. pseudotuberculosis
biovar ovis in M. domestica feces for up to 4 h and in
saliva for up to 3 h post infection, but the bacteria sur-
vived on the external organs of house flies for no longer
than 10 min post exposure. Several factors including the
time of exposure, environmental conditions, competi-
tion with other bacteria in the fly digestive tract flora or
the immune response of the house fly may affect the
survival time of pathogenic bacteria (Fleming, 2012).
Further research is needed to determine the potential
mechanism of transmission of C. pseudotuberculosis
and the survival of the bacterium within the fly.

Flies and other mechanical vectors may play an im-
portant role in the transmission of C. pseudotuberculosis
among horses, as indicated by the recent emergence and
spread of the disease in previously non-endemic areas.
Although three main muscoid fly pests have been sus-
pected as mechanical vectors of C. pseudotuberculosis,
the house fly likely has the highest potential because of
its tendency to readily move between locations and feed
on numerous materials (Hogsette et al., 2000). House
flies can fly 8 km/h (Hogsette et al., 1989) and disperse
20 km or more in one day (Bishopp et al., 1921). Our
experiments indicate that C. pseudotuberculosis can
survive in/on house flies for at least 24 h. Therefore,
flies could potentially spread the disease over a wide
geographic area, making the house fly a plausible me-
chanical vector for dissemination of C. pseudotubercu-
losis and transmission among horses. More research is
needed to better define the role of M. domestica in C.
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pseudotuberculosis transmission to emphasize the need
for effective fly management as a means of limiting
host-to-host C. pseudotuberculosis transmission.

Conclusions

The results obtained from this study will be essential in
developing a house fly inoculation system for further
investigating the role of M. domestica as a mechanical
vector of C. pseudotuberculosis biovar equi in horses.
Results show that house flies can become contaminated
within 10 min and continue to harbor live bacteria up to
24 h following a 30 min exposure. Although not demon-
strated experimentally, this is indicative of the possible
duration of the mechanical transmission following a
single exposure. Flies have been implicated as vectors
of C. pseudotuberculosis biovar equi (Spier et al.,
2002), however, this is the first experiment to demon-
strate actual contamination of M. domestica. Transmis-
sion studies are needed to demonstrate a causative rela-
tionship between M. domestica inoculated with C. pseu-
dotuberculosis biovar equi and abscess development in
horses.
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