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The fungus, Entomophthora muscae (Cohn) Fresen-
ius, commonly infects house flies, Musca domestica L.,
on feedlots and dairies in southeastern Nebraska. Dur-
ing two fly breeding seasons, disease prevalence in-
creased from <1% in May, June, and July to 25 and 77%
in August and September, respectively. Effects of rela-
tive humidity (RH) and temperature were examined
with regard to infectivity and conidial yield of two iso-
lates of E. muscae. House flies were exposed to conidial
discharge at 23, 43, 75, and 98% RH. Infection rates of
a Nebraska isolate (NE) were 83—-94% regardless of rel-
ative humidity. Under constant temperature (25°C) the
NE isolate produced conidia for 15-21 h, whereas a Cal-
ifornia isolate (CA) produced conidia for 18-24 h. Tem-
peratures of 10, 20, 30, and 38°C were examined for
effects on conidial yield and duration. More conidia
were produced at 10 and 20°C for both isolates. The
duration of the conidial discharge was temperature de-
pendent. Shortest conidial discharge occurred at 38°C
for the NE and CA isolates (9 and 6 h, respectively).
Cadaver weight was correlated to spore yield at 20°C
for both isolates and at 30°C for the CA isolate. These
results suggest that E. muscae strains are suited to
unique environmental conditions and may influence
natural or induced epizootics. « 1993 Academic Press, Inc.

KEY WORDS: House fly; epizootiology; entomopatho-
genic fungus.

INTRODUCTION

Entomophthora muscae (Cohn) Fresenius epizootics
have been observed in adult Diptera since the 19th cen-
tury (Cohn, 1855; Yeager, 1939; Mullens et al., 1987).
Several agricultural pests associated with livestock may
become infected, including house flies (Musca domestica
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L.), lesser house flies (Fannia canicularis L.), and
Ophyra aenescens Wiedemann (Mullens et al., 1987). Fly
control is a growing concern for poultry and livestock
producers, particularly in areas of expanding urbaniza-
tion (Thomas and Skoda, 1993). Cultural and chemical
controls have been the primary management tools for
these filth flies. However, the importance of natural en-
emies, including E. muscae, is being reevaluated (Rutz
and Patterson, 1990). Recent studies demonstrated that
E. muscae has an impact on naturally occurring fly popu-
lations in poultry houses (Mullens et al., 1987), but little
1s known of E. muscae epizootics on midwestern feedlots
and dairies.

Mechanisms that contribute to the spread of E. mu-
scae are of particular importance to epizootiology. Typi-
cally epizootics occur in the fall of the year. In some
cases, epizootics coincided with cool, moist conditions
(Cohn, 1855; Yeager, 1939); in others, epizootics oc-
curred with relatively warm, dry conditions (Baird,
1957). These differences may indicate that E. muscae
isolates function differently under certain environmen-
tal conditions. Recent epizootiological studies have not
determined any direct relationships between wet condi-
tions and E. muscae epizootics (Wilding and Lauckner,
1974; Mullens et al., 1987; Carruthers et al., 1988), al-
though laboratory studies have demonstrated the im-
portance of cuticular moisture and ambient relative hu-
midity to the infection and transmission of this fungus
(Kramer, 1980a,b; Mullens and Rodriguez, 1985).

Temperature has a demonstrative effect on E. muscae
conidial discharge, germination, and incubation period
(Eilenberg, 1987; Carruthers and Haynes, 1986; Mul-
lens, 1990). Temperature effect is a probable factor in
field studies as well. Mullens et al. (1987) described an
epizootic in house fly populations in southern California
as a low level infection in the spring, decreasing or non-
existent in midsummer, then increasing with the arrival
of cooler fall weather. They observed decreases in the
number of infected flies in hot weather with daily aver-
ages of 25-38°C. Subsequent experiments indicated
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conidia production was reduced when temperatures
were above 27°C.

Comparative studies of differences in basic mecha-
nisms influencing disease transmission, i.e., conidial
vield and infectivity, under various abiotic conditions
may help elucidate factors affecting epizootics under
varied field conditions within a complicated taxon. En-
tomophthora muscae was characterized as a species
complex of several varieties with distinct morphology
and a varied host range (Keller, 1984, 1987). These fungi
were collectively classified as one of four forms of the
species (Keller, 1984). Form A with 4-7 nuclei per conid-
ium was revised as Entomophthora schizophorae Keller
and Wilding, a pathogen of Pollenia, Delia and Psila
species, but not house flies (Keller, 1987). In contrast,
form C with 12-16 nuclei per conidium is pathogenic to
house flies. Experiments presented herein were per-
formed using two taxa of E. muscae (form A or E. schizo-
phorae, and torm C), both of which were highly patho-
genic to house flies in our study and, in this text, are
considered E. muscae.

Our study involved both an observational field study
and a laboratory study where certain abiotic factors
could be manipulated. First, we investigated the preva-
lence of E. muscae in house flies associated with live-
stock facilities in Nebraska. To further understand the
importance of host availability and macroclimatic fac-
tors, host densities, temperature, and precipitation were
monitored. Second, we examined the effects of relative
humidity and temperature under controlled laboratory
conditions on the infection rate, conidial yield, and
sporulation dynamics of a California isolate and a Ne-
braska isolate of E. muscae.

MATERIALS AND METHODS

Field Collections

Adult house flies were collected with a sweepnet from
feedlots and dairies in southeastern Nebraska. Because
none of the facilities were alike, fly collections were
made from several similar fly aggregation sites (i.e.,
from feed bunks and spilled feed around the bunks, and
from the open front of several calf shelters which also
included areas of spilled feed and manure-soiled straw
bedding). Sampling periods were limited to 15 min/faci-
litv. Collection sites at each facility were sampled
weekly and pooled for each farm. Because moribund
flies are sedentary and cannot fly (Mullens et al., 1987),
collecting active flies minimized cross-transmission
within the holding cages. To reduce stress, collected
flies were given a water-soaked paper towel for moisture
and transported to the laboratory in an air-conditioned
vehicle.

Once in the laboratory, the flies were provided either
a 10% sugar-water solution or sugar and water sepa-
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rately. Cages were positioned on solid shelves with cloth
barriers between the cages to minimize cross transmis-
sion of the fungus from adjacent cages. The flies were
held at room temperature (22 + 2°C) and observed daily
for 7 days for patent infection (i.e., cadavers exhibiting
fungal sporulation) (Mullens et al., 1987). If E. muscae-
induced mortalities were observed during the first 2-3
days after collection, the cadavers were removed as soon
as possible and discarded. The minimal incubation pe-
riod for E. muscae at 20°C was 5 days; therefore, all
collected flies were frozen at 7 days to further reduce the
likelihood of secondarily infecting field-collected flies.
We assumed that flies infected secondarily would not
complete the sporulation process before 7 days. Freeze-
killed flies were counted and the number of patent in-
fections was determined.

Adult house flies were collected from two livestock
facilities in 1987 and 1988. In 1987 weekly collections
were made from April 23 to September 28 (24 weeks).
Both facilities were located in Seward County, Ne-
braska, on a 250-cow dairy (R1) and a 150-holstein
heifer feedlot (R2). Again in 1988, house fly populations
were sampled for 17 weeks, from May 26 to October 29.
Temperature and precipitation data were compiled
from the Climatological Data, Nebraska, USDC/NOAA
station located at Seward.

Isolation of Cultures

A culture of E. muscae was established in a colony of
laboratory-reared house flies for use in subsequent ex-
perimentation. This isolate, designated the Nebraska
(NE) isolate, was cultured from house flies collected
near Seward, Nebraska. The NE isolate is a member of
the E. muscae complex (Form A) with primary conidia
containing 4-8 large nuclei (4.15 um) per spore (Keller,
1984). The NE isolate is similar to a New York isolate
described by Kramer and Steinkraus (1981). In vivo cul-
tures of the NE isolate have been maintained by direct
fly-to-fly transmission for 5 years.

The California (CA) isolate of E. muscae was origi-
nally collected from infected house flies at a dairy facil-
ity near Riverside, California (Mullens, 1985). The CA
culture also was characterized as a member of the E.
muscae complex, with 12-16 small nuclei (3.5 um) per
primary conidium. The CA culture has been maintained
at the University of California, Riverside since 1982,

Laboratory Studies

A series of laboratory experiments was conducted to
obtain a better understanding of the effects of relative
humidity (RH) and temperature on E. muscae. Experi-
ments were performed to compare infectivity of both
isolates under various RHs. Specific RHs were obtained
by using the following saturated salt solutions: sodium
phosphate (Na,HPO,), 97% RH; sodium chloride
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(NaCl), 75% RH; potassium carbonate (K,CO,), 43%
RH; and potassium acetate (CH,CO,K), 23% RH
(Rockland, 1960). Solutions were placed in separate des-
iccators and the desiccators held in an incubator at 25°C
with an 18:6 (L:D) photoperiod.

Infection rates of the NE isolate were examined by
placing four, 400-ml screened (window screen) plastic

cups containing 25 newly eclosed house flies in each of

the four desiccators. One container of flies was pro-
tected from pathogen exposure by placing a clean petri
dish over the screen. The other three containers were
exposed to conidia by placing three fresh cadavers on
the screened lid of each container in the four desicca-
tors. Desiccators were sealed and placed in an incubator
for 18 h (25°C). Then each group of flies was transferred
to a separate cage with food and water. Flies were held
at room temperature (22 + 2°C) and examined daily for
patent infection. The experiment was replicated two
times, and each experiment was terminated after 7 days
to prevent secondary infection.

Similarly, we examined the effects of RH on the conid-
ial yield under constant temperature (25°C). Following
a method similar to that described by Mullens and
Rodriguez (1985), three fresh cadavers with legs and
wings removed were fixed by the head to a microscope
slide with a drop of clear fingernail polish. Each slide
supporting the cadavers was suspended 25 mm above a
clean microscope slide. Primary conidia were allowed to
shower onto the clean slide directly below the fly ca-
davers. Slides were exchanged at 3-h intervals until the
conidial discharge was complete (about 24 h). Conidia
were determined by visual count of all conidia located
within 100 fields of vision. Counts were made with the
aid of a phase contrast microscope at 200X power and a
guide scored longitudinally at 5-mm intervals to prevent
overlapping counts.

To determine the effect of temperature on conidial
yield, cadavers were weighed and randomly assigned to
treatments (temperature), with six cadavers per treat-
ment and each fly served as a replicate. Cadavers were
fixed to microscope slides as previously described and
placed in desiccators at 75% RH. Desiccators were
placed in separate incubators at 10, 20, 30, and 38°C.
Clean slides were placed directly below each cadaver at
3-h intervals until sporulation ceased. Numbers of co-
nidia were determined by counting the conidia as previ-
ously described.

Statistical Methods

Statistical comparisons of total ly number, and num-
ber of E. muscae-infected flies, between farms and years
were analyzed with ANQOVA (P <0.05). Simple and mul-
tiple regression techniques (Statview) were used to de-
termine whether the dependent variable, proportion of
E. muscae-infected house flies, was affected by indepen-
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FIG. 1. Seasonal abundance and Entomophthora muscae infec-
tion rates for house flies at two confined cattle facilities and climato-
logical data in 1987.

dent variables: temperature, precipitation, and host
density. Weights of fly cadavers were used to determine
whether larger flies produced more conidia than smaller
flies at different temperatures. Regression analysis was
performed to determine the relationship of fly weight to
conidial yield, as independent and dependent variables,
respectively. Separate analyses of covariance (AN-
COVA, P < 0.05), with fly weight as a covariate, were
performed on the total conidial yield data at various
temperatures and RHs (Minitab, 1988). Spore yield
comparisons were made between treatments within iso-
lates. Because experiments were not run concurrently,
no direct statistical comparisons between the NE and
CA isolates were possible.

RESULTS AND DISCUSSION

Field Studies

Based on sweepnet sampling, peak fly numbers in
1987 occurred between mid-August and mid-September
at R1 and R2 (Fig. 1). The weekly mean (+SE) number
of house flies collected was 1577 = 221 and 1009 + 206
for R1 and R2, respectively (F = 2.75, df = 45). Fly pro-
duction was variable throughout the 1988 season, and
peak fly populations occurred during the same period at
both facilities (Fig. 2). Weekly mean numbers of flies
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FIG. 2. Seasonal abundance and Entomophthora muscae infec-

tion rates for house flies at two confined cattle facilities and climato-
logical data in 1988.

collected in 1988 were 1265 + 233 and 727 + 182 on R1
and R2, respectively (F = 3.16, df = 33). F statistics for
these means (between sites and within years) were not
significant (ANOVA P < 0.05). Accordingly, site-spe-
cific means between years were not significantly differ-
ent (F =0.99 and F = 1.41) for R1 and R2, respectively
(df = 39, ANOVA P < 0.05). Despite this fact, flies were
less abundant in 1988 than in 1987, with sweepnet col-
lections vielding an average of 312 fewer house flies/
week at R1 and 283 fewer flies/week at R2 in 1988 than
in 1987. We suspected that the reduction in overall fly
production was attributable to dry conditions and there-
tore, less fly breeding habitat was available (West,
1951). Summaries of the climatological data (NOAA
1987-1988) indicated the precipitation for Seward
County was lower in 1988 (7.2 mm less rainfall/week)
than in 1987, while the 1988 average temperature was
higher (2.7°C) (Figs. 1 and 2).

Entomophthora muscae infections were first observed
in the house fly collections in mid-June 1987. The preva-
lence of disease was <1% during much of the summer
but increased to 25 and 76% by late September at R1
and R2, respectively {Fig. 1). The seasonal pattern of E.
muscae activity was similar in 1988 (Fig. 2). Again <1%
of the house flies collected in May and June was infected
with F. muscae. Few infected flies were collected during
July and early August and on some dates no infected
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flies were found. The prevalence of infected flies in-
creased in late August and continued to a high of 77% at
R1 by mid-October, and a high of 71% at R2 1 week
later. As the proportion of infected house flies in-
creased, an apparent decrease in the total number of
flies was observed for both years (Figs. 1 and 2). It was
difficult to discern whether this effect was due to E.
muscae or whether it was part of the natural seasonal
population flux. Entomophthora muscae did not re-
spond immediately to the increase in available hosts ob-
served in June but demonstrated a lag period and dis-
ease prevalence remained below 1% throughout most of
the summer. The number of infections appeared to in-
crease in response to host density and favorable temper-
atures about 6 weeks after abundant house fly popula-
tions were reached. Although E. muscae prevalence in-
creased, there was no apparent impact on the host
population, until perhaps late September, when there
was a slight reduction in the numbers of hosts. Mullens
et al. (1987) also noted that peak house fly numbers were
attained about 3 months before E. muscae infections
were found under favorable field conditions. A similar
lagging density-dependent disease response was ob-
served in onion flies and may be common to E. muscae
epizootics {Carruthers et al., 1985).

Differences between site and year were elucidated
with analysis of variance (ANOVA, P < 0.05). Mean
percentage infection between R1 and R2 (3.0 = 1.4 and
9.8 + 3.7, respectively, F = 4.93, df = 17) were signifi-
cantly different in 1987 but were not in 1988 (12.4 *+ 6.0
and 12.6 + 5.7, respectively, F = 2.2, df = 17) (Figs. 1 and
2). Although inoculum was low in May, June, and July
1988, disease prevalence increased rapidly in Sep-
tember, exceeding those observed in 1987 at R1, but not
R2. Based on these observations, the dynamics of E.
muscae appeared to be associated with certain macrocli-
matic conditions, e.g., decreasing temperatures and, al-
though less apparent, increasing precipitation (Figs. 1
and 2).

Irrespective of these trends, few significant correla-
tions between fly densities and infection rates were ob-
served from season-long data (May through Sep-
tember) except when E. muscae infection was weakly
correlated with fly density at R1 in 1988 (R? = 0.337,
slope 0.363 + 0.132, P < 0.05). Significant negative
correlations were observed between temperature and E.
muscae infections collected from August through Sep-
tember on R1 (R? = 0.367, slope —26.02 + 12.92, P <
0.05) and R2 (R? = 0.717, slope —64.63 + 15.36, P < 0.05)
in 1987, Examining the combined effects of tempera-
ture, precipitation, and host density on E. muscae infec-
tion strengthened the R* values on all facilities studied,
but not significantly (Table 1).

Our results tend to support observations that correla-
tions of E. muscae epizootics to environmental condi-
tions are often weak or inconclusive (Carruthers and
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TABLE 1

Multiple Regression to Determine the Relationships of En-
tomophthora muscae Infections to the Combined Effects of
Temperature, Precipitation, and Host Density

Year/location Coetticient SE P
1987

R1 (R? = 0.508)
Intercept 879.12 330.34 0.25
Temperature ~29.24 13.06
Precipitation —2.54 2.23
Host density -0.28 0.06

R2 (R? = 0.743)
Intercept 1860.86 421.67 0.10
Temperature —66.37 17.48
Precipitation -1.95 2.85
Host density -0.02 0.08

1988

R1 (R? = 0.415)
Intercept 586.16 2378.78 0.25
Temperature —33.43 90.82
Precipitation —7.25 11.80
Host density —0.33 0.26

R2 (R? = 0.319)
Intercept 647.50 379.33 0.25
Temperature —24.24 16.81
Precipitation ~1.78 1.88
Host density -0.02 0.05

Soper, 1987). However, certain similar trends were ap-
parent. Increased E. muscae prevalence was associated
with relatively cool and/or wet weather conditions, ap-
propriate host densities, and sufficient inoculum. Simi-
lar observations were made by Kramer (1980a), Mullens
et al. (1987), and Carruthers and Soper (1987).

Epizootics in house fly populations in California were
described as low levels of infection in the spring, de-
creasing or nonexistent during midsummer, and then
increasing with the onset of cooler fall conditions (Mul-
lens et al., 1987). Although significant relationships be-
tween certain abiotic factors and two springtime and
summer-autumn pests, F. canicularis and (. aenescens
were found, Mullens et al. (1987) could not attribute E.
muscae infections in house flies, a mid- to late summer
pest, to temperature and precipitation. These authors
found that when weekly mean temperatures were above
25°C, infection rates declined. In our study weekly
mean temperatures exceeded 25°C for 4 weeks in 1987,
and 6 weeks in 1988. Because high temperatures are
unfavorable to the development of fungal infections
(Carruthers et al., 1992; Watson et al., 1993) extreme
conditions in the field probably affect E. muscae epizo-
otics as well.

Epizootics are generally density-dependent and,
therefore, a population density threshold must be at-
tained before epizootics can proceed (Brown, 1987).
Graphically, epizootics are depicted as a sharp decline in
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host numbers shortly after the epizootic threshold is
reached. In Nebraska the seasonal increase of E. muscae
infection in the fly population occurred from August
through September and was disrupted by a killing frost
which decimated the host population and possibly that
of E. muscae. Characteristic of our data was the absence
of a springtime peak common to other E. muscae studies
(Mullens et al., 1987; Carruthers et al., 1985; Carruthers,
1981). The absence of E. muscae in the spring reflects an
unknown means of overwintering. No resting conidia
were observed, and house fly numbers most likely were
below the epizootic threshold level (Brown, 1987). We
suspect that if favorable environmental conditions were
sustained, a more complete seasonal cycle may have
been observed in house flies and E. muscae.

Laboratory Studies

Relative humidity effects. House flies were infected
with the NE E. muscae under all RHs examined, and no
untreated insects developed the disease (Table 2).
Under the conditions of this experiment, infection rates
ranged between 83 and 94%, regardless of RH. Mullens
and Rodriguez (1985) established that the CA isolate
sporulated well at 20, 50, and 80% RH. Subsequently,
Mullens (1986) observed infection rates near 100% from
RHs of 30-60%.

We observed a diurnal periodicity in E. muscae-in-
fected flies collected from the field which was main-
tained in the in vivo laboratory culture. Infected flies
routinely died in the late afternoon. Fly cadavers
started to discharge conidia about 3 h after death and
continued to produce conidia through the night and
early morning hours of the next day. The NE isolate
exhibited a similar periodicity as that described by Mul-
lens and Rodriguez (1985) for the CA isolate. Further-
more, diurnal periodicity was observed under natural
conditions when infected flies routinely died in the late
afternoon (Mullens, 1985). In our RH experiments, pri-
mary conidia production began soon after 9 pm for all
treatments, approximately 3 h post mortem. The dura-
tion of conidial discharge for the NE isolate was 15-21 h
(Table 2). Essentially all cadavers ceased primary co-
nidia production in 15 h at 23, 43, and 75% RH for the
NE isolate. Five cadavers produced conidia for 18 h, and
one cadaver produced primary conidia after 21 h at 97%
RH. Mullens and Rodriguez (1985) studied sporulation
dynamics from fly cadavers held at 20, 50, and 80% RH.
Humidities of 50% and 80% extended the duration of
the conidial discharge beyond those observed at 20%
RH, but cadavers held at 20% RH still produced a large
number of conidia.

The duration of the conidial discharge for the CA iso-
late was 21-24 h (Table 2). Responses were similar for
all four treatments. Generally, sporulation of the ca-
davers was well synchronized, indicating initial infec-
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TABLE 2

Mean Primary Conidia Production of Two Isolates of Entomophthora muscae (Nebraska and California) during a 24-h Period
at Four Relative Humidities (% RH)

Mean (SE) number of conidia (x10% at 3-h intervals post mortem?®

¢ RH 0 3 6 9 12 15 18 21 24 Mean®
Nebraska
23 0 2.1 4.6 1.7 0.3 0.3 0 0 0 8.8
(2.0) (1.9) (1.7) {0.8) 0.7) (3.7
43 0 2.1 4.3 1.1 0.1 0.001 0 0 0 7.8
0.4) (1.6) (1.3) 0.1) (2.6)
75 0 2.8 4.8 3.0 0.5 0.002 0 0 0 11.3
(1.3) 0.8) (2.2) (0.8) (2.6)
97 0 2.3 1.2 3.1 0.6 0.3 0.04 0.002 0 105
(1.1) (0.8) (1.1) 0.9) (0.6) (2.2)
California
23 0 0.2 0.9 1.0 0.7 0.3 0.3 0.01 0.003 3.5
0.3) 0.4) 0.6) (0.5) (0.3) (0.3) (1.9)
43 0 0.4 0.8 0.8 0.6 0.4 0.05 0.06 0.01 3.1
(0.5) (0.5) (0.5) (0.5) 0.4) (1.8)
75 0 0.5 08 0.5 0.4 0.01 0.04 0 0 2.4
(0.6) (0.8) (0.3) (0.4) (1.3)
97 0 0.4 0.8 0.6 0.5 0.2 0.06 0.02 0.005 2.6
(0.3) (0.5) 0.6) (0.5) (0.2) (1.9)

% Values are means for six cadavers.
& Mean/fly.

tions were consistent. However, one cadaver held at
97% RH ceased sporulation within 18 h while the re-
maining five cadavers continued to produced conidia for
24 h.

Secondary conidia production also was determined in
this experiment. The relative abundance of these co-
nidia for both isolates indicated secondary conidia pro-
duction peaked 12-15 h postmortem, 6-9 h after the
peak primary conidia production (Fig. 3). Mullens and
Rodriguez (1985) suggested that secondary conidial dis-
charge coincides with early morning fly aggregation pe-
riods and, therefore, secondary conidial discharges were
considered important to disease transmission. Experi-
ments conducted by Mullens (1986) indicated that sec-
ondary conidia are highly infective and primary conidia
were less infective and probably served as a dispersal
mechanism for the secondary conidia. Subsequently,
the infectivity of primary conidia of a Denmark strain of
E. muscae (similar morphologically to the NE strain)
was significantly greater than the primary conidia from
the CA strain (Bellini et al., 1992). Furthermore, the
secondary conidia of the CA E. muscae were more infec-
tive than primary conidia from either strain.

The NE isolate produced the greatest mean number
of primary conidia (11,260 and 10,521) at 75 and 97%
RH, respectively (Table 3). Fewer conidia were pro-
duced at 23 and 43% RH (8791 and 7872, respectively).

The greatest number of conidia for the CA isolate was
produced at 23% RH (3515) and 43% RH (3037) and
fewer conidia were produced at 75% (2250) and 97% RH
(2594). Although cadaver weight was suspected to influ-
ence the number of conidia produced (Mullens and Rod-
riguez, 1985), adjusting for cadaver weight did not im-
pact the analysis in this study (ANCOVA, P < 0.05) for
either isolate (/' = 0.05,df = 23; F = 0.01, df = 23, CA and
NE, respectively).

Temperature effects. Temperature had a greater ef-
fect on sporulation of the NE isolate than did RH (Ta-
ble 3). The duration of the conidial discharge was tem-
perature dependent (Fig. 4a). Peak sporulation oc-
curred 3 h after the cadavers were fixed to the glass slide
for all treatments. Conidial discharge was as shortas9h
at 38°C. The lowest mean spore count occurred at 38°C
(313 * 280/cadaver). Cadavers held at 30°C produced a
mean of 1116 =+ 230 conidia in a 12-h period. All but one
cadaver ceased sporulation 9 h after the experiment be-
gan. At 20°C cadavers discharged conidia for 24 h with a
mean of 9931 * 2503 conidia/cadaver. Primary conidia
production reached a peak 12 h after the cadavers were
fixed to the slide. At 10°C a mean of 2520 * 405 conidia
was produced. The sporulation curve was bimodal at
10°C, because sporulation had all but ceased within the
first 6 h of the experiment and then increased to a sec-
ond smaller peak 33 h later. This was probably a slowed
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FIG. 3. Efiect of relative humidity on the dynamics of secondary

sporulation of two isolates of Entomophthora muscae. a, Nebraska; b,
California.

developmental response after cadaver transfer to the
low temperature. The duration of the conidial shower at
10°C was 41 h, almost twice as long as at 20°C. One
cadaver produced 2115 conidia, ceased sporulation after
6 h, and did not resume sporulation.
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Temperature effects on sporulation of the CA isolate
were similar to those of the NE isolate (Table 3 and Fig.
4b). The shortest sporulation period occurred at 38°C
for 6 h and the longest at 10°C for 48 h. Cadavers held at
38°C produced only 201 conidia with most sporulation
occurring 6 h after the experiments began.

At 30°C cadavers produced a mean of 1430 *+ 366 co-
nidia over a 15-h period. Peak conidial production oc-
curred 9 h post mortem. At 20°C the CA isolate pro-
duced 2818 + 893 conidia over a 24-h sporulation period.
Peak sporulation occurred 9 h into the conidial shower.

Cadavers held at 10°C produced conidial discharge
for 48 h and mean conidial yield was 3559 + 1326 co-
nidia. This was more than the number of conidia pro-
duced by the NE isolate at the same temperature. Peak
sporulation occurred 12 h post mortem. The dynamics
of the conidial discharge did not produce the bimodal
curve observed with the NE isolate. Conidial production
for both isolates was greater at cooler temperatures
than at warm temperatures. For the NE E. muscae,
79,284 conidia were counted, and 19.1 and 70.1% were
produced at temperatures of 10°C and 20°C, respec-
tively (Table 3). Fewer conidia were produced at 30 and
38°C (8.4 and 2.4%, respectively). Of the 60,783 conidia
counted for the CA isolate, 10°C produced the most
(57.7%), followed by 20°C (27.8%). Fewer conidia were
produced at 30 (14.1%) and 38°C (0.3%). These results
suggest that the CA isolate may be better adapted to
cooler temperatures, unlike the NE isolate, which pro-
duced most conidia at 20°C.

As discussed previously, cadaver weight did not affect
conidial yield in this study (Table 3), but regression anal-
ysis suggests an interplay between cadaver weight and
temperature on the pathogenicity ot E. muscae. Cadaver

TABLE 3

Relative Humidity and Temperature (°C) Effects on Conidial Yield from Two Isolates (Nebraska and California)
of Entomophthora muscae

Nebraska California
Relative Mean (SE) Mean (SE) number of Mean (SE) Mean (SE) number of
humidity cadaver wt. E. muscae conidia cadaver wt. E. muscae conidia
97% 31.2 (4.8)a 105621 (903)a 23.2 (h.3)a 2593 (990)a
75% 31.0 (4.9)a 11259 (1056)a 23.0 (5.3)a 2249 (53T)a
43% 34.3 (h.4)a 7872 (1072)b 25.3 (4.9)a 3036 (621)a
23% 32.5 (6.0)a 8790 (1534)ab 23.3 (3.7)a 3515 (781)a
Temperature
38 25.5 (4.N)a 313 (280)a 23.2 (4.T)a 34 (20)a
30 26.2 (2.4)a 1116 {(230)b 20.5 (4.1)a 1430 (366)b
20 26.8 (3.1)a 9931 (2503)c¢ 21.5 (4.6)a 2818 (893)b
10 . 24.8 (3.4)a 2520 (405)d 20.2 (2.Na 3559 (1:326)b

Note. Means within treatment columns (relative humidity or temperature) followed by the same letter are not significantly different.

ANCOVA P < 0.05.
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weight and conidial yield were correlated at 30°C (R? =
0.840) and, with one outlier removed, at 20°C (R? =
0.842) for the CA isolate (Table 4). Cadaver weight and
conidial yield were correlated for the NE isolate at 20°C
(R?% = 0.878). Cadaver weight and conidial yield were not
correlated at 10°C for either isolate. Mullens and Rodri-
guez (1985) observed that cadaver weight and conidial
vield were correlated under temperature conditions be-
tween 20 and 26°C and variable RH for the CA isolate.
These results indicate that although RH was constant
(75%), larger cadavers produced more infective conidia
only within *‘favorable” temperature ranges.

Conclusions

Although E. muscae is a common disease of house
flies in Nebraska its impact on the house fly population
is limited. Despite the increasing number of potential
hosts during the warm summer months, E. muscae prev-
alence declined to near nonexistent levels. Increased
prevalence of disease only occurred with the onset of
cooler fall conditions and the impact on the house fly
populations was not fully demonstrated because the
epizootic cveles were disrupted by frost.

Abiotic conditions in the field were not strongly
correlated to increased prevalence of disease. Labora-
tory studies examining the effects of temperature and
relative humidity indicated that temperature was per-
haps the most important factor influencing conidial
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FIG. 4. Effect of temperature on the dynamics of primary sporu-
lation of two isolates of Entomophthora muscae. a, Nebraska; b, Cali-
fornia.
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TABLE 4

Regression Analysis of Conidial Yield and Cadaver Weight at
Four Temperatures

Isolate
Nebraska California

Temperature
(°C) R? Slope + SE R? Slope + SE
10 0.259 147048.1 (954.7)  0.055 258176.9 (3505.7)
20 0.878* 1877612.1 (2391.2) 0.842* 409581.5 (977.2)
30 0.332 135046.2 (514.1) 0.840* 198929.8 (401.6)
38 0.263 —30721.5 (268.7) 0.114 —3517.6 (51.2)

* P < 0.05.

yield. Thus, temperature probably influences the trans-
mission of disease under natural conditions.

Comparisons of two isolates of E. muscae indicate
that they differed in this response to temperature and
RH. The CA isolate appeared to function better at low
RH and low temperature by producing relatively more
conidia, especially the highly infective secondary co-
nidia compared with the NE isolate. In light of these
results, macroclimatic conditions probably play an im-
portant role in the transmission, infection, and mainte-
nance of E. muscae in the house fly population. Efforts
directed toward monitoring these factors and host be-
havior may provide a more complete view of E. muscae
epizootics in house fly populations.

This study contrasts the biology of two members of
the Entomophthorales taxa once thought to be a species
complex (E. muscae). However, the taxonomy of the NE
isolate remains in question. Based on the revision of the
E. muscae complex by Keller (1987), the NE isolate re-
sembles E. schizophorae in all characteristics except the
host range. If the description of E. schizophorae is appli-
cable to the NE isolate, this study demonstrates an ex-
panded host range for E. schizophorae on the North
American continent.
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