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ABSTRACT Larvae of the secondary screwworm, Cochliomyia macellaria (F.), feed on carrion and
may sometimes cause animal myiasis. They have been reared in the laboratory on various animal tissues
to study their growth and development because of their importance in forensic science. We use
secondary screwworms in our laboratory for preliminary experiments as a model for the primary
screwworm,Cochliomyia hominivorax (Coquerel), which has been eradicated from the United States.
C. macellaria larvae reared on animal tissues produced a putrid odor, an unfavorable condition in the
laboratory, and variable pupal size and weight, bringing into question the validity of use as a model
for C. hominivorax. Therefore, studies were conducted to develop a less odiferous artiÞcial diet with
reduced variability in resulting pupae by comparing three diets: 1) an artiÞcial diet prepared from
spray-dried blood, spray-dried poultry egg, dry milk substitute, and solidiÞed with a polyacrylate
polymer gel; 2) a fresh blood-based diet prepared similarly, except fresh bovine blood was used in place
of spray-dried blood; and 3) a beef liver diet. Data from seven life-history parameters of resulting
insects were collected and analyzed. Larval and pupal weights ofC. macellaria reared on both the dry
and fresh blood-based diets were signiÞcantly higher than those reared on the liver diet. Numbers of
pupae and percentage of adult emergence were also signiÞcantly higher from both dry blood and fresh
blood-based diets than those reared on the liver diet. Female ßies developing from larvae reared on
dry and fresh blood-based diets laid signiÞcantly more eggs than females developing from larvae reared
on the liver diet. Results show that C. macellaria larvae developed and grew normally in the dry and
fresh blood-based diets, indicating that an artiÞcial diet can effectively replace the liver diet commonly
used for rearing C. macellaria.
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The secondary screwworm, Cochliomyia macellaria
(F.), feeds primarily on carrion and may act as a
secondary agent for myiasis in animals. Adults are
attracted to various decaying organic matters for food
and reproduction, including animal and human feces,
carcasses, and wounds (Hall 1948, Zumpt 1965). Be-
cause of its necrophagous (feeding on corpse) behav-
ior, C. macellaria is considered to be an important
species in forensic entomology on which to base post-
mortem interval estimations (Amendt et al. 2004).
This blow ßy is valuable as a forensic tool because its
succession and occurrence on decomposing cadavers
have been well deÞned. C. macellaria is considered a
facultative parasite, sometimes present as a secondary
invader in myiasis cases, generally feeding on the edge
or surface of a wound (Harrison and Pearson 1968).

The secondary screwworm has been reared in the
laboratory by using various animal tissues, including
horse meat, beef liver, porcine tissue, and various
other tissue components (Byrd and Butler 1996, Agui-
larÐCuelho and MilwardÐde-Azevedo 1998, Boatright
and Tomberlin 2010). Byrd and Butler (1996) re-
ported that 80% of the adults and larvae preferred lean
porcine meat. In some of the experiments in our lab-
oratory, we have been using C. macellaria as a model
insect in place of the primary screwworm, Cochlio-
myia hominivorax (Coquerel), which has been erad-
icated from the United States and cannot be reared in
the laboratory in the United States without proper
bio-secure facilities. C. hominivorax larvae are cur-
rently reared on an artiÞcial diet in our laboratory in
Panama. In our laboratory in Lincoln, NE, we have
been rearing C. macellaria larvae by using beef or
chicken liver. However, this method of rearing has not
been suitable for several reasons, including produc-
tionofvariablepupal sizeandweight aswell as the foul
odor in the insectary emitted from the decomposing
liver. Consequently, we conducted a series of exper-
iments toward developing an artiÞcial larval rearing
medium that can support larval growth and develop-
ment, resulting in homogeneous and high-quality in-
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sects without objectionable odor from the rearing
system.

Unlike C. macellaria, C. hominivorax feeds on living
animal tissue, and successful artiÞcial diets have been
developed for primary screwworm by using spray-
dried blood, spray-dried poultry eggs, and powdered
milk (Taylor et al. 1991, Chaudhury et al. 1999, Chaud-
hury and Skoda 2007). A gelling agent is used to so-
lidify the diet to provide desired viscosity and texture.
Harris et al. (1984, 1985) tested several gelling com-
pounds to solidify the larval rearing medium. Among
these compounds, the gelling agent Water-Lock G-400
(Grain Processing Corporation, Muscatine, IA) was
found most suitable and was later used in the larval
diet for mass rearing (Taylor and Mangan 1987, Taylor
et al. 1991). The consistency of the diet mixed with
Water-Lock remains relatively constant over a wide
range of humidities, the diet remains semisolid, emits
little odor, and is acceptable to screwworm larvae for
a longer time before becoming contaminated by toxic
waste products (Taylor 1988).

We report here the development of a gel-based
artiÞcial diet for C. macellaria, prepared from spray-
dried bovine blood, spray-dried poultry eggs, and a dry
milk substitute, and compared it with the commonly
used beef liver diet with respect to several life-history
parameters, including larval and pupal weight, adult
emergence and longevity, fecundity, and fertility over
six generations. Comparisons were also made between
the artiÞcial diet and another diet where spray-dried
blood was replaced with fresh bovine blood.

Materials and Methods

Insects and Dietary Ingredients. The C. macellaria
colony maintained in the U.S. Department of Agricul-
tureÐAgriculture Research Service (USDAÐARS) lab-
oratory, Lincoln, NE, originated from pupae obtained
from a laboratory colony developed in the USDAÐARS
laboratory, Fargo, ND. Dietary ingredients used for
preparing the artiÞcial diet were obtained from Nu-
trient Concepts, Stockton, CA (spray-dried whole bo-
vine blood and spray-dried poultry egg powder), and
Calva Products, Acampo, CA (dry milk substitute).
Sodium polyacrylate gel, Water-Lock G-400, was ob-
tained from Grain Processing Corporation, Muscatine,
IA. Fresh bovine blood was collected from a local
slaughter house, which was mixed with anticoagulant
sodium citrate (0.4 g per 100 ml blood). Beef liver was
purchased from a local retail store (Hy-Vee Stores
Inc., Lincoln, NE).
Diet Preparation. The dry blood-based diet was

prepared by weighing and mixing all dry ingredients
as follows: 50 g spray-dried blood, 50 g spray-dried egg
powder, 40 g dry milk substitute, 12 g sodium poly-
acrylate gel. One milliliter of formalin (37% formal-
dehyde solution) was then added to the dry mixture.
Warm tap water (�850 ml at 40�C) was then added to
the mixture to make 1 liter of diet (Chaudhury and
Alvarez 1999). The fresh blood-based diet was pre-
pared by mixing 150 ml of fresh blood, 60 g of spray-
dried egg powder, 40 g of milk substitute, and 25 g of

gel with water to make 1 liter of diet (Chaudhury et
al. 2011). Each diet was hand-mixed in a plastic con-
tainer for 5 min to obtain a viscosity of �7,000 cP
(measured with a rotational digital viscometer, Cole
Parmer,VernonHills, IL).Beef liverdietwasprepared
by cutting 1-cm-thick slices of liver into 5 by 10-cm
pieces, keeping the slices immersed in blood that came
with the liver and leaving the container at room tem-
perature for at least an hour before using for the
experiment. Preliminary tests were conducted to de-
termine appropriate container size, number of eggs
per container, and the amount of diet and viscosity for
optimum larval development and survival.
Experiments.Experiments were conducted accord-

ing to the protocols described by Chaudhury and
Skoda (2007), with some modiÞcations in procedures
and containers used. Tests were set up by placing 0.5
liter of one of the two freshly prepared diets or 450 g
of sliced liver with accompanying blood in a plastic
rearing tray (20 by 18 by 10 cm). Approximately 50 mg
of secondary screwworm eggs (�1,000 eggs) was
placed directly on the top of the test diet. The rearing
pan was then placed inside a larger plastic pan (35 by
30 by 12 cm) containing �1-cm-deep vermiculite. The
large plastic pan with the rearing tray containing the
diet and eggs was then placed on a rack in the rearing
room (28 � 2�C and 60 � 5% relative humidity). Three
trays of each diet using eggs from three different adult
cageswere setup.After thehatchingofeggs(nextday;
�24 h after egg placement), the egg shell masses were
removed from the top of the diet, washed with 1%
sodium hydroxide solution to separate the empty
shells, and microscopically examined to ensure normal
hatch (at least 80% hatch in each case). On the fol-
lowing day, another 0.5 liter of freshly prepared diet
(or 450 g liver) was added to each of the trays with
developing larvae. Approximately 4.5 d after hatching,
the mature larvae crawling off of the diet were col-
lected in vermiculite below the rearing tray. A sample
of 100 mature larvae was collected randomly and
weighed to determine mean individual larval weight.
These larvae were then returned to their respective
trays. All larvae that crawled-off were allowed to pu-
pate in the vermiculite. Once pupated, 100 pupae were
collected randomly and weighed to determine mean
individual pupal weight. All pupae were sifted from
the vermiculite, and the total weight of all the pupae
was determined. The number of pupae per tray was
determined by dividing the weight of total pupae by
the weight of 100 pupae and multiplying the resulting
weight with 100.

One hundred pupae from each tray were collected
and held in small emergence cages prepared from
clear plastic cups (9 cm base diameter by 11 cm lid
diameter by 7 cm height) with perforated lids. Percent
adult emergence was recorded. Adult longevity was
determined by holding 100 newly emerged ßies in
small screened cages (10 by 10 by 10 cm) with 10 g
sugar provided in a petri dish and water in a bottle with
a dental wick. Mortality was recorded until 50% of the
ßies survived. To determine fecundity, 100 females
were collected 10 d after emergence from cages of ßies
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emerged from pupae collected from each test diet.
Female ßies were introduced in small screened cages
(10 by 10 by 10 cm) and allowed to oviposit in a petri
dish with a piece of liver (�20 g) placed in the cage.
After allowing �3 h for oviposition, eggs were col-
lected and weighed. To determine fertility, a sample of
50 mg of eggs from each experiment was placed on 5 g
of liver in a petri dish lined with moist Þlter paper and
allowed to hatch. The unhatched eggs and the egg-
shells from each dish were collected, counted, and
percent hatch determined. Each test was repeated for
six consecutive generations.
StatisticalAnalysis.Data were statistically evaluated

with analysis of variance by using complete random-
ized block design followed by TukeyÐKramer multiple
comparison tests to separate means after a signiÞcant
F value (Sokal and Rohlf 1981, Number Cruncher
Statistical System [NCSS] 2000).

Results

Data collected from seven life parametersÑlarval
weight, pupal weight, number of pupae, percentage of
adult emergence, fecundity, percentage of egg-hatch,
and adult longevityÑwere compared for the three
diets (Table 1). Larvae crawled off from the diet trays
�4.5 d after the egg-hatch, although the larvae from
liver diet tray started crawling out 2Ð3 h earlier than
the larvae of the other two diets. Larval and pupal
weights of the insects reared on both blood-based
diets were signiÞcantly higher than those obtained
from insects reared on liver diet. These two parame-
ters did not vary signiÞcantly between the two blood-
based diets. The number of pupae per tray was sig-
niÞcantly higher in both blood-based diets than the
liver diet. Percentages of adult emergence from the
pupae reared on either blood-based diet were also
signiÞcantly higher than the adult emergence from
pupae reared on the liver diet. Female ßies resulting
from the larvae reared in blood-based diets laid sig-
niÞcantly more eggs than the females from larvae
reared on the liver diet. There were no signiÞcant
differences among the percentages of egg-hatch from
the eggs of ßies reared from all three diets. Similarly,
adult longevity in days was not signiÞcantly different
from each other (Table 1).

Results of the life-history parameters of screw-
worms reared in all three diets for six consecutive

generations are presented in Table 2. Larval weight,
pupalweight,numberofpupaepertray,andpercentages
of adult emergence were similar in all six generations.
The number of eggs deposited by the Þfth-generation
females from larvae reared in dry ingredients-based ar-
tiÞcial diet was signiÞcantly higher than the eggs de-
posited by the females of other generations. Similarly,
the number of eggs deposited by the Þfth- and sixth-
generation females obtained from larvae reared in
fresh blood-based diet was signiÞcantly higher than
the number of eggs deposited by the females of other
generations. The lowest amount of eggs was collected
from the third-generation females obtained from the
larvae reared in both these diets. The number of eggs
laid by the females obtained from larvae reared in beef
liver did not vary signiÞcantly through the genera-
tions. Percentage of egg-hatch did not vary, except
some signiÞcantly low hatch in the egg batches ob-
tained from Þrst- and fourth-generation females orig-
inating from the larvae reared in fresh blood-based
diet. In all three diets, the adult longevity was signif-
icantly longer in the Þfth and sixth generations com-
pared with other generations.

Discussion

Results clearly show that larval growth and devel-
opment is supported by the diets tested, indicating
that an artiÞcial diet can effectively replace the liver
diet that is commonly used for rearing C. macellaria.
This is the Þrst report of a successful artiÞcial diet for
this species. Several formulations of artiÞcial diets are
available for the primary screwworm, C. hominivorax
(Harris et al. 1984; Taylor 1988; Taylor and Mangan
1987; Chaudhury et al. 1998, 2002; Chaudhury and
Alvarez 1999; Chaudhury and Skoda 2007). However,
these diets were previously found unsuitable for C.
macellaria larvae. These larvae reared on C. homini-
vorax gel-based diet suffered high mortality, and those
that survived resulted in low-weight larvae and pupae
(M.F.C., unpublished data). This was probably be-
cause of the speciÞc viscosity of the diet required for
the primary screwworm. Chaudhury and Skoda
(2009) reported a viscosity range for primary screw-
worm diet to be between 4,000 and 5,000 cP (compa-
rable with thick ketchup). Both dry and fresh blood
diets used in this investigation for C. macellariamain-
tained a viscosity of 7,000 cP at 27�C (comparable with

Table 1. Comparison of biological parameters of C. macellaria reared on artificial diets based on dry blood, fresh blood, and a standard
liver diet (mean � SE)

Parameters F values, P (df � 2, 51) Dry blood diet Fresh blood diet Liver diet

Larval wt (mg) 7.01*, 0.002 65.63 � 0.93a 66.92 � 1.01a 62.31 � 0.73b
Pupal wt (mg) 27.96*, 0.000 45.31 � 0.75a 46.37 � 0.33a 40.89 � 0.49b
Pupae per tray 59.13*, 0.000 794.7 � 10.6a 828.3 � 10.1a 642.6 � 16.8b
% emergence 8.42*, 0.001 95.27 � 0.83a 97.67 � 0.6a 92.66 � 1.08b
Eggs laid (mg) 3.6*, 0.035 693.1 � 33.7a 720.8 � 23.1a 626.4 � 17b
% egg hatch 1.5, 0.244 90.89 � 0.52 90.75 � 0.72 89.67 � 0.49
Adult longevity (d) 3.06, 0.056 17.88 � 0.4 18.06 � 0.63 16.44 � 0.44

Means in the same parameter of the diets (row) not followed by the same letter are signiÞcantly different from each other by TukeyÕs
comparison test after signiÞcant F values (*) (P � 0.05).
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a soft gelatin). The formulation that was used in this
investigation was most suitable forC. macellaria larval
growth and development, which produced accept-
able size and number of pupae. Pupae obtained from
the larvae reared on the dry blood artiÞcial diet were
signiÞcantly larger in size, probably because of the
homogeneous nature of the diet that provided all nec-
essary nutrients supplied by the three dietary ingre-
dients used. The possible cause of lower mean weight
for pupae from the liver diet could be because of early
crawl-off of some larvae, as noted from the liver diet
tray than that from the two gel-based diets. Minor
differences in some of the life-history parameters
through six generations of rearing indicate that the
diet formulations are satisfactory for prolonged rear-
ing of C. macellaria. Decrease of egg production dur-
ing the third generation for both the gel-based diets,
followed by signiÞcant increase during the next con-
secutive generations, indicates that this phenomenon
is temporary and not a gradual decline in egg produc-
tion. SigniÞcant reduction in egg-hatch for the Þrst-
and fourth-generation eggs from the blood-based diet
was not expected and could be an experimental error.
Reason for increase in adult longevity during the Þfth
and sixth generations for all diets is not clear but may
be because of gradual adaptation to the environment
used for experimentation.

The dry blood-based artiÞcial diet was found most
suitable for use in the laboratory because of the pro-
duction of much less odor in comparison with liver or
fresh blood-based diet. The gelling agent probably
absorbed much of the metabolic wastes and, thus,
reduced the odor emitted during larval rearing. How-
ever, if the rearing conditions are such that some odor
is tolerable, either blood-based diet would be satis-
factory. The dry blood-based diet was simple to pre-

pare and handle. All of the dry ingredients used to
prepare the diet are commercially available from the
indicated vendors, they are less expensive to purchase
in bulk, and can be stored in a cool and dry place for
an extended period with no apparent loss of nutri-
tional quality. The current study used dry dietary
ingredients purchased 8 mo before the start of exper-
iments and the gelling agent was purchased 6 yr ago.
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