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Abstract

Hundreds of billions of insects are produced each year in insectaries or labor-
atories. These insects are reared for programs of pest control, as feed, for
production of various products such as textiles and food, for research and
education, among many purposes. The concept is advanced here that rearing
conditions are expected to simulate the natural environments from which
target insects are derived. Simply speaking, the rearing container and rearing
facility are the insect’s microhabitat and its overall environment. Therefore,
the central premise of this paper is that rearing systems are human-made
ecosystems. If our expectations are to be met, that reared insects are healthy,
fit, and of high quality—simulating their wild counterparts, rearing personnel
must engineer conditions that meet all the insects’ needs. In this review, major
advancements and progress are documented within the context of the ecology
involved in artificial rearing technology. In this review, attention is paid to the
food, environmental factors (temperature, humidity or water—in the case of
aquatic insects—lighting, gas exchange, and soil—for soil-inhabiting insects),
containment, and some special features of rearing systems that were designed
to meet special needs of a target insect’s biology. Because there are thousands
of publications on rearing advancements, the focus is on publications that had
the strongest influence on modern day insect rearing systems, as well as pa-
pers that represent historically novel rearing concepts. Where the chain of in-
formation is missing on how or from where rearing innovations were derived,
papers are referenced as documentation of the various rearing system features.
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1. Introduction

Vast numbers of insects are produced each year in rearing systems in support of
programs worldwide. These insects are used for many purposes: sterile insect
techniques, biological control, feed, medical purposes (such as wound-cleaning),
commodity production (silk, honey, shellac, wax), and importantly—for re-
search (Cohen 2015) [1]. In all these systems, the centerpiece is the insect, which
is being reared under conditions that simulate nature to the extent that they
provide all factors necessary for the insect to complete its life cycle in continuous
generations (Figure 1). These factors include the insects themselves with all
their genetic characteristics and background, appropriate food, environmental
conditions, and generally a means of containment that lends itself to keeping the
insects in a setting that is suitable to the insect but at the same time convenient
to rearing personnel. The major purpose of this review is to explain the concept
of a rearing system and how such a system must provide all the needs of the
target insects that are the subjects of rearing efforts. The rearing system concept
is treated as a model of processes that were developed on a per species basis for
each kind of insect that is being reared successfully; and importantly, the con-
cept is explained that the rearing system simulates—in exquisite detail—an eco-

system such as those where insects are found in nature.

2. Search Strategy and Approach to This Review

The information presented here is drawn from publications about various as-
pects of insect rearing. The papers were accessed through Web of Science, and

the topics presented under subject headings of each section were derived from

Learning Insect Biology Feeding behavior

. . . Digestive/nutritional demands
From Rearing Systems: Reciprocal oo q.ctive requirements

Dynamics Gas exchange requirements
y What we neEd to Environmental requirements
know to rear our insect

What we can learn from
rearing insect

Genetics

Digestive physiology
Feeding behavior
Reproductive characteristics
Toxicological responses
Metabolic dynamics

Figure 1. A model of the reciprocal nature of rearing system development in relationship
with what can be learned from having a controlled process that can be applied to studies
of the various factors that influence a target insect’s biology. The main point of this dia-
gram is that while a base of knowledge is needed to develop a rearing system, there is a
rich array of learning outcomes that can be gained from controlled studies of insects in
rearing systems.
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and explained in the publications. With the exception of some early papers writ-
ten in German or French, the search was confined to papers written in English
or were translated into English such as the works of Hamamura. Efforts were
made to select papers based on 1) their historical (temporal) precedence, and 2)
their citation record, and 3) their content in relation to other papers that were
influenced. For the third factor 3), the influential papers were included in this
review because of clear statements of rationale behind experimental factors. Be-
sides information from each paper cited in this review, other details are pre-
sented, including the historical position of each topic, the number of citations
for several papers, and comments about stated or presumed rationale for each
rearing advancement. It is important to mention that the search of the literature
does not always reveal papers on the topics expressed in the papers’ titles, ab-
stracts, or key words. As an example, I happen to have knowledge of the contri-
butions of Dr. George D. Butler. However, in my search of “temperature” and
“insect rearing” as key words, Butler’s papers were not revealed by the Web of
Science scope, and were brought out only after the “Butler, GD” was included in
a search of “Insect Rearing” and “Temperature”. Once all three of these terms
were fed into the search, 34 papers by Butler on rearing and temperature were
found. The only reason that this review’s author could find these papers was that
he knew that Butler had written several papers on the impact temperature had
on rate of development. The point of this comment is that many important ad-
vances in and components of established insect rearing systems have a history
that is either a) not explained in rearing literature or b) is not easily found by
searches conducted through conventional search methods. In fact, it is an un-
fortunate fact that much of the body of practices used in insect rearing systems is
a matter of an unwritten culture where practices find their way into rearing sys-
tems for given species, and tracing many of these practices remains elusive. 7This
feature of rearing practices lends itself to the undesirable outcome that much of
what is practiced in insect rearing is not vetted and not based on science or

well-engineered technology.

3. Insect Rearing Systems Defined and Characterized:
Historical Perspectives and Silkworms

The fundamental unit of insect rearing infrastructure is the insect rearing sys-
tem. This all-important phrase connotes how the insect is reared: the starter
population, food, containers, temperature, humidity, water system characteris-
tics (for aquatic insects), soil conditions (for soil insects) light conditions, and all
other special needs the target insect is known to have. This review does not in-
clude the incredibly complex rearing systems used in sericulture (silkworms and
silk production). Sericulture was begun in China nearly 5000 years ago (Vainker
2004 [2], Barber 1992 [3], Hamamura 2001 [4] and Anonymous 2011 [5]), and
apparently supersedes all other rearing systems combined in terms of the eco-

nomic implications. For example, an Indian document about rearing silkworms
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(Anonymous 2011 [5]) states that sericulture employs more than 700,000 fami-
lies in India alone. Besides their importance for textile industries around the
world and other uses of silkworms as food and for medical applications, silk-
worms are also crucial components of research accomplishments. As of a Web of
Science search in 2017, more than 9100 papers (more than 13,000 on “Bombyx”)
were published about silkworms, including a 1903 paper in the Journal of the
American Medical Association about the use of silkworm gut (not silk) for su-
tures for kidney surgery!

In this review, the main topics of the rearing system concept will be presented,
first, as general features of rearing such as containers, temperature, humidity,
light, and diet and second through exploration of publications that were influen-
tial and involved in the development of several of the mass-rearing systems that
underlie major programs. In this paper, rearing systems for Drosophila species,
especially D. melanogaster will be the centerpiece of tracing the century of rear-
ing these model organisms that have been the most thoroughly-studied and best

understood metazoan.

4. Drosophila Diet and Rearing System Development as a
Historically First Modern Rearing System

While the two oldest papers that advanced the concept of artificial diet for flesh
flies were by Bogdanow 1906 [6] and 1908 [7], the first paper that lays the foun-
dation of controlled conditions in rearing and diet presentation was the Delcourt
and Guyenot 1910 [8] study that explains the importance of controlling all as-
pects of rearing conditions. This paper and several other pioneering diet studies
by Guyenot 1913a, b, ¢; 1914a, b [9] [10] [11] [12] [13] made significant ad-
vances in Drosophila dietetics. For example, in Guyenot 1913a [9], the subject of
the role of live microbes vs. aseptic diets was explored—a topic that had gained
extensive attention in insect rearing from the earliest inquiries to the present day
when insect gut microbiome evaluations abound. It is valuable to note that in the
early days of diet development, the scientific community was in its “Golden
Age” of microbiology and genetics, and some of the early studies on insects re-
flected the contemporaneous interest in the role of microbes in insect nutrition,
leading to numerous studies of the essentiality of various species of microbes
(e.g. Loeb 1915 [14], Loeb and Northrop 1917 [15], Michelbacher et al 1932
[16], Baumberger and Glaser 1917 [17], Baumberger 1917a [18], b [19], 1919
(20).

Besides the thousands of papers written about Drosophila genetics since the
early 20" Century, thousands more papers have been written about all aspects of
Drosophila biology on topics ranging from ecology of these flies (Starmer and
Fogelman 1986 [21] Starmer ef al 1986 [22] Anagnostou et al. 2011 [23]), and
further studies on gerontology, nutrition, and countless other aspects of Droso-
philabiology such as feeding choice studies (Deshpande et al. 2015 [24], Ja et al.
2009 [25]. The papers by Deshpande ef al [24] and Ja ef al [25] cover the im-
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portant topics of food selection in relationship to fitness of Drosophila. The pa-
pers of Bridges and Darby 1933 [26] and Bridges 1933 [27] respectively, treat the
evolution of diets for Drosophila and other aspects of rearing systems such as
containers, home-made incubators, and basics of the ecology of rearing Droso-
phila as a laboratory organism. These papers [26] and [27] are remarkably
in-depth treatments of the progress that took place in the laboratory of Thomas
Hunt Morgan. The comprehensive work by Morgan et al. 1913 [28] treats the
genetics discoveries with Drosophila and other species used as models of Men-
delian genetics. The work done in Morgan’s lab at Columbia University in the
early 20" Century shaped the field of genetics and other areas of biology, in-
cluding insect rearing, to such an extent that many authors have regarded the
“Fly Room” where the genetic research of Morgan’s group (including, Bridges,
Muller, and Sturtevant) became the subject of popular books and a movie called
“The Fly Room”, discussed in Anonymous 2015 [29].

4.1. Development of Drosophila Diets and Diet-Based Rearing
Systems

Delcourt and Guyenot 1910 [8] explained that in their efforts to study the hered-
ity of Drosophila over successive generations, a requisite for accurate determina-
tion of virtually all genetic questions was the development of controlled condi-
tions in the rearing process. They explained that the inconsistencies of the foods
used to rear the flies, where the qualities and differences in fermentation
progress of raisins, bananas, and apples caused variability that was too great to
allow interpretation of the genetic results that they were testing. These inconsis-
tencies and difficulties demanded a control of the rearing system—mainly
through control of diets. It was also obvious that there was a microbial involve-
ment in Drosophila rearing as was addressed by Delcourt and Guyenot 1910 [8],
Guyenot 1913a, b, and ¢ [9], [10], and [11], and Guyenot 1914a and b [12] and
[13], Baumberger 1917a and b ([18], [19], and [20]), Baumberger and Glasser
1917 [17], Loeb and Northrup 1917 [15], and by Morgan et al 1913 [28] (as ex-
plained further by Bridges and Darby 1933 [26]). The sequence of development
of artificial diets for Drosophila was: fermented fruit (generally bana-
nas)>mashed over-ripe bananas with yeast added>banana puree extract with
yeast and agar—>various fruit (raisins, apples, etc.) purees with yeast and agar.
Two of the major advancements that were profoundly influential to not only
Drosophila rearing but to rearing countless other insect species were the addi-

tion of yeast (live or dead) and agar to provide a gelled diet.

4.2. The Evolution of Controlled Diets for Drosophila: Microbial
Relationships

For the period of 1910 through 1933, one of the liveliest subjects of inquiry was
the relationship between insects and microbes in terms of dietary issues. There
was a preoccupation with establishing the role and extent of microbial involve-

ment in the feeding biology of Drosophila and other insects, especially other
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Diptera. A major portion of this progression was explained in elegant detail by
Baumberger [20] who reviewed his own and other researchers’ experiments with
yeasts vs. bacteria as food sources (as external or internal symbionts vs. nu-
trients) and live vs. heat-killed microbes. An important and illuminating part of
these studies was the series of experiments that sought to tease apart the nutri-
tional requirements that were part of the foods prior to microbial action vs. the
foods post-fermentation (meant here as microbial action on media or raw mate-
rials) vs. the microbes themselves (Baumberger 1919 and Michelbacher et al
[16]). After extensive review of the literature on the roles of microbes in feeding
success on natural and artificial diets, it remains difficult to conclude how much
of a diet’s success in meeting target insects’ needs is from direct effects of mi-
crobes (changing the nutritional quality of raw materials or media components),
the contribution of the original raw materials, or the nutritional value of the mi-
crobes themselves [1]. Cohen [1] concluded that these complex questions about
microbe/media/microbe-media interactions must be determined on a per species
basis across all insects being reared. In summation, the many diets for Droso-
phila that are currently being used were evolved through a series of refinements
of a fruit base with yeast added along with other nutritional and functional
components such as corn meal, agar, and antifungal agents. Despite considerable
effort to develop completely defined (holidic) diets for Drosophila to help estab-
lish the basic nutritional requirements for this insect, and in this context, all
practical diets for this insect are based on complete foods in conjunction with

yeast—mainly baker’s or brewer’s yeast Saccharomyces cerevisiae.

4.3. Other Aspects of Drosophila

Rearing systems are treated in this review in separate sections on temperature
and humidity, containers, and miscellaneous environmental factors (such as
light, radiation, etc.). Section 5 “Environmental Factors in Rearing Systems” is a
general review of rearing systems for various species, divided into the major en-

vironmental topics.

5. Environmental Factors in Rearing Systems
5.1. Temperature and Humidity

A search of “Insect rearing” and “temperature” in the Web of Science revealed
927 references. The earliest one was Smith 1931 [30], but careful scrutiny of a
body of other papers where rearing conditions are treated reveal that tempera-
ture and humidity had been recognized for decades prior to the Smith [30] paper
was published. For example, Bridges 1933 [27] provides an in-depth history of
the treatment of temperature in the “Fly Room” at T. H. Morgan’s Drosophila
facilities at Columbia University had been a subject of intense effort to regulate

temperature of fly rearing containers. Bridges 1933 [27] wrote:

“DURING the early work on the genetics of Drosophila melanogaster the

cultures were reared on laboratory tables or on open wall shelving. This
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method gave irregular results. The cold nights of the winter season made a
considerable proportion of the cultures fail to start properly, and also leng-
thened the generation interval.”

“In 1913 I built above my laboratory table a large wooden incubator which
held all my experimental cultures. This incubator was heated by carbon
electric lamps placed in the lowest shelf space. The thermostat was of the
‘ether-wafer’ type. The expansion of the ether forced apart contacts in the
heating circuit. A six inch electric fan continuously circulated air down a
gap behind the shelving with return through a similar gap between the

shelves and the doors.”

Elsewhere in this paper and in several other places, Bridges [27] emphasized
the importance of temperature regulation in rearing circumstances—that it was
not only crucial for optimization and uniformity, but also to help control the
very genetic factors that Drosophila researchers were trying to explore. For ex-
ample, he pointed out that linkage/crossover studies are skewed by deviations in
temperature. Bridges [27] wrote, “Plough’s work on the effect of temperature
extremes on crossing-over showed that it was necessary to maintain the temper-
ature constant for genetic reasons as well as to improve culture conditions.”
Unfortunately, the recognition of the far-reaching effects of temperature and
many other facets of rearing conditions is lost to the community of scholars in
terms of the consequences of deviations or lack of control of rearing conditions.

A series of papers that were influential in the role of temperature in rearing
systems were Smith [30], Butler [31], Stinner et al. 1974 [32], and Butler ef al
1983 [33]. These papers followed the classic line of inquiry where constant tem-
peratures were the independent variable and the biological outcomes were ob-
served such as rates of development, survival, and sometimes body weight or re-
productive success. Visscher et al 1979 [34] added the variable of host plant
growth temperatures as well as rearing temperatures, showing that temperature,
and probably other plant history factors, were influential on rearing outcomes.
The more natural condition for insects under field conditions includes variable
temperature, humidity, light conditions, and other parameters; however, most
insect rearing has been done at a single, constant temperature. But there is a
body of literature (51 references identified under the search words, “insect rear-
ing” and “variable temperature). The earliest papers in this search were from the
1990s such as Manel and Debouzie 1997 [35] where a field-based model is re-
ported, and more recently, Sprugeon and Brent 2016 [36] reported the value of
using variable temperature. Manel and Debouzie 1997 [35] used field tempera-
tures to model development. The use of “room temperatures” or slightly above
has such extensive use that the original use of these temperatures is no longer
cited. However, it remains an interesting and important fact that Bridges 1933
[27] provided a chronicle of the use of temperatures kept constant and slightly
above room temperature, and he further explained the importance of the main-

tenance of stable, well-regulated temperatures in the synchronization of devel-
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opment and in the prevention of genetic or chromosomal alterations of the test

insects.

5.2. Light Conditions (Photoperiod, Light Intensity, Light Quality,
Other Radiation)

The term “light conditions” includes photo period, light intensity, and light
quality—meaning the wavelengths provided in the rearing system [1]. Although
nearly every paper that includes rearing information provides information as an
incidental component in rearing conditions, only 49 papers were found with the
key words, “light” and “rearing” in a Web of Science search. The range of papers
under this category is broad, with papers on different qualities of light through
unique papers such as the effects of light conditions on diapause in gypsy moths
rearing in a spaceship [37]. The Hayes ef al 1991 paper [37] also includes other
useful rearing biology information such as responses of the gypsy moth eggs and
larvae to microgravity, cosmic radiation, sub-freezing temperatures and unusual
vibrations (please see Figure 2). One of the most interesting results of this un-
usual study is that space travel conditions led to a decrease in diapause from 3 -
4 montbhs to six days. In fact, the topic of diapause and the environmental factors
that induce or influences it is a dominant topic in insect biology. The key words,
“insect rearing” and “diapause” elicited 289 papers in Web of Science. When the
term “rearing” is removed from the key words (=“insect” and “diapause”), the

search reveals 2075 papers. The oldest of these papers was a 1930 paper that

Rearing System As a Light

Microcosm of Nature Photoperiod
Intensity Thermal

CO2 L Factors

Sounds

H20 = Odors
, Etc.
Insect: J-AQ-OIB ¥SN FHL NI GI0YS i -
Population == —
Social functiofs — s

Etc. Microbial Features

Figure 2. Diagram of the concept of the rearing system as a microcosm of nature. The
insects in this photo, western bean cutworms {Striacosta albicosta (Smith): Noctuidae:
Lepidoptera} are being reared on an artificial diet with defined environmental conditions
discussed in this review. The plastic rearing container was designed to permit light, ex-
change of gases, and protection from stray microbes; however, the uncontrolled factors
such as stray sounds or vibrations, odors, stray or unintended light, and other factors that
influence the rearing process.
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describes the evolutionary background of what Roubaud [38] calls, “obligatory
larval hibernation” in mosquitoes (Culex pipiens L.). The author also mentions
the word “diapause” in this paper, so this topic dates back nearly 100 years. Lees
[39] was a pioneer in arthropod diapause factor analysis where in 1953 he recog-
nized the importance of light and dark phases in controlling diapause. During
that same time frame, C. M. Williams discovered that the induction of diapause
involved direct light stimulation to the insect brain [40], and Harris et al [41]
demonstrated that in the boll weevil, the quality of light (the narrow wave-
lengths) were key factors in controlling or contributing to induction of diapause.
The Harris et al. group [41] also demonstrated that infrared radiation is also an
important influence on diapause in boll weevils.

Interestingly, the concept of photoperiod and its influence on biological sys-
tems seems to have been developed in the early 20" Century in relationship to
plants and is first described in the literature in 1927 in the context of growth and
fruitfulness of apple trees [42]. In relating photophase to insects, several papers
treat various aspects of this subject including the concept of lunar phase [43],
relationship between photoperiod and body size and flight capacity [44], a bio-
chemical/nutritional basis of response to photoperiod [45], and relationship be-
tween maternal photoperiod on diapause [46] [47]. The topic of ultraviolet ef-
fects on insects has been treated in a few studies such as by McCloud and Be-
renbaum 1994 [48]. The importance of color and light environment as well as
hatching rhythm were treated by Connor 2006 [49], Collins et al. 2008 [50], and
Tao et al. 2017 [51], respectively. Light intensity has been recognized as a key
factor in many aspects of insect biology [52], and this recognition took place in
the earliest studies of rearing Drosophila [27]. Several laboratories use conti-
nuous light, rather than light/dark photoperiods [53] [54] [55]. However, too
often rearing facilities use light conditions that are based on conditions that have
not been properly documented or vetted on the basis of their target insect’s bi-
ology. When rearing personnel are trying to develop a rearing system for an in-
sect that is new to them, they simply depend upon conditions that were success-
ful in other laboratories—often this information is passed on by word of mouth

[1].

5.3. Gas Exchange, Metabolism, and Energetics

While the literature on gas exchange, metabolic dynamics, and energetics is vast,
few papers deal directly with these parameters in rearing systems. Reverting to
the axiom that the rearing system is our domesticated insects’ ecosystem, we are
reminded that all the insects’ needs must be met, including gas exchange and
their related aspects: metabolism and energetics. This means that for terrestrial
insects, the containers must meet the O, and CO,requirements while diets and
insects are protected from desiccation due to excessive water loss. This also in-
cludes the cases where insects tunnel into diets or are otherwise positioned
where insufficient oxygen supplies render the target insects into anoxic states or

where excessive carbon dioxide prevents normal metabolic functions, including
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pH regulation of internal fluids. The intimate relationship between nutrient uti-
lization and gas exchange also underlies the rearing system, leading to a rela-
tionship between respiratory quotient (RQ) and the insect’s nutritional profile.
In this context, it is important to recognize that the nutrient profiles of artificial
diets can affect the insects’ oxygen requirements, where the insects’ inherent na-
ture as a “lipid specialist” vs. a “carbohydrate specialist” can drive the insect to
increase its oxygen demand, if there is excessive and unavoidable lipid (especial-
ly fats) in the diet [55] and [56]. It is also crucial to recognize that other factors
in the rearing environment such as temperature have profound influence on
oxygen demands and carbon dioxide dynamics [55] and [56]. An excellent ex-
planation of the relationships between metabolic rate variation in tsetse flies is
found in Klok et al. [57], Terblanche and Klok 2004 [58], and Harak et al. 1998
[59] provide a compelling overview of stress in mealworms and the resulting
changes in caloric differences in stress vs. non-stress conditions. It is worth not-
ing that a series of interesting papers has been produced by the Terblanche
group over the past two decades, and many of these papers on thermal tolerance,
metabolic rates, and related topics are of interest to researchers in the rearing
community in the context of food utilization, stress, and evolutionary perspec-
tives of metabolic responses to rearing/environmental conditions. Schilman ef al.
2011 [60] and Frazier et al 2001 [61] treat the important relationship between

temperature and oxygen demands and anoxia as related to temperature.

5.4. Water (Humidity and Aqueous Conditions)

5.4.1. Atmospheric Humidity (Terrestrial Conditions)

Often, rearing papers include information about humidity along with the tem-
perature conditions (Smith 1931 [30]). However, several papers include studies
of specific effects of various humidity conditions (for example Subramanyam
and Hagstrum 1991 [62] and Cothran and Gyrisco 1966 [63]). It can be summa-
rized that, in general, reports of humidity are nearly as numerous as description

of temperatures in rearing publications.

5.4.2. Aquatic Insects and Larvae of Mosquitoes

The literature on rearing aquatic insects is too expansive to be covered compre-
hensively here. In fact, the key words of “mosquito” and “rearing” produced
1099 references in the Web of Science search, dating from Phillips and Swingle
1940 [64] through hundreds of papers in the past few years, alone. The topics in
these papers include diets for aquatic insects, and they also contain extensive in-
formation on food regimens (Inoda et al 2009) [65] special containers for wa-
ter-dwelling species, including papers on simulating moving water (lotic) sys-
tems (Keiper and Foote 1996) [66]. Comprehensive reviews of mosquito rearing
such as Williams and Williams 2017 [67] and Benedict et al. 2009 [68] are useful
for summarizing the most widely-used systems of containers, water-handling,
and other special features of aquatic systems such as filtering, pH management,

lighting, and waste removal. Also, the text book on aquatic insects edited by
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Merritt, Cummins, and Berg 2008 [69] is an excellent compendium on all the

special requirements of aquatic insects from various habitats.

5.5. Containers

Using the key words, “Insect Rearing” and “containers”: 76 papers were found.
What may seemingly be a minor part of insect rearing systems—containers—
must be recognized as one of the most consequential parts of the rearing sys-
tem/ecology concept. A good container must serve the target insect’s needs, in-
cluding thermal features, humidity accommodation, gas exchange, being hos-
pitable to developmental and reproductive needs, and any other microhabitat
factors inherent in the insect’s biology. The container must also serve the needs
of the rearing personnel, including availability of the containers at a reasonable
cost, storage accommodation, ease in access to the insects, and cleaning re-
quirements. The comments of one of the earliest papers on rearing (Burgess

1908 [70]) these comments were made:

One of the serious problems which it was necessary to solve in order to
successfully rear the parasitic and predaceous insects which were being
shipped from Europe to prey on the gypsy and brown-tail moths was to se-
cure apparatus by means of which these insects, as well as their hosts, could
be successfully reared in large numbers. All of the old style equipment in
general use by entomologists for rearing work was tested, but in many cases
it was found that radical improvements were necessary in order to accom-
plish the results desired. It was of primary importance to place the insects
under as nearly as possible natural conditions and at the same time to keep
them in confinement where they could be studied and observed and not al-

lowed to escape from captivity.

In the last paragraph of the paper, Burgess [70] elegantly stated the concept
that the rearing conditions must simulate nature—but with conditions that meet

the convenience of the investigator (or the rearing system personnel):

It is perfectly true that breeding devices must be used which are especially
adapted to the habits and character of the insects to be studied, and it may
be desirable to modify these cages in such a way as to suit the special needs

of the investigator.

From these earliest treatments of containers (or rearing devices) throughout
the history of insect rearing, a variety of container-types is remarkable. As is the
case for many rearing innovations, the rearing system for Drosophila spp. was
often the earliest model. For example Bridges (1933) [27] wrote about the early
rearing system in the laboratory of T. H. Morgan (a famous facility that came to
be known as “The Fly Room.”)

In the early work on the heredity of Drosophila the cultures were raised in
quart fruit jars, in quart milk bottles, and in a very miscellaneous collection
of museum jars and other laboratory glassware. The great difficulty was in
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getting the flies out of these cultures for etherization and examination. By
1913 pint and half-pint milk bottles had become standard, largely on ac-
count of their uniformity of mouths, their heavy, strong glass and the ease

with which they could be procured.

Bridges [27] went on to explain in elaborate detail the other advantages of half
pint milk bottles and the rationale behind the refinements, including the impor-
tance of being able to clean and even sterilize the milk bottles to prevent car-
ryover of insects from a previous generation as well as for sanitation. For exam-
ple, he describes the modification of the standard round milk bottle to a more

convenient and efficient square shape:

In 1916 I made experiments to determine the optimum area of culture sur-
face, and concluded that the pint milk bottle was best for the flies, but the
half-pint, which was not far inferior in that respect, was greatly superior in
ease of handling, etc. Accordingly in 1917 I drew designs and made a
wooden model of a special bottle, having the floor area of the pint bottle
and the height (135 mm) and other good features of the half-pint bottle.

Bridges (1933) [27] went into further detail about the optimization of con-
tainer design, including his developing an agreement with a bottle manufactur-
ing company to produce a special, custom-made square version of the half-pint
bottle. Many laboratories continued to use the glass milk bottles until the later
20™ Century when the convenience and low expense of plastic containers over-
took glass bottles in popularity.

After Bridges’ (1933) [27] paper, there are very few papers that treat contain-
ers as a specific, central topic. However, as is the case with many aspects of rear-
ing systems publications, there is a wealth of information about rearing contain-
ers that can be found in publications if they are scrutinized. Several papers that
treated container specifications and that were influential or that presented novel
containment systems among the larger body of rearing papers are Shorey 1963
[71], Shorey and Hale (1965) [72], Tillman et al 1997 [73], Ignoffo and Boening
1970 [74], Cothran and Gyrisco 1966 [63], and Singh and Surrey 1980 [75]. The
Ignoffo and Boening 1970 [74] paper introduced the multiple cell rearing tray
which became a tremendous improvement in mass-rearing containment sys-
tems, including the innovation of using the food industry’s form-fill-seal tech-
nology to make various plastic trays such as the 32-cell tray and the 8-cell tray,
which greatly reduce handling of individual cups. Several laboratories invested
in the purchase of tray-making form-fill apparatus to ultimately reduce costs of
tray purchases (Tillman ez al 1997 [73], Cohen and Staten 1996) [76]. As Till-
man et al (1997) [73] describe, the multiple-cell trays [73] required special-
ly-adapted lidding materials that consisted of a plastic material with a glue adhe-
sive that was either a self-sticking glue or a heat-activated glue. Such lidding was
designed to include pre-perforated zones fitted to each rearing unit, allowing

adequate gas exchange while reducing the loss of water from the diet and insects.

DOI: 10.4236/ae.2018.62008

97 Advances in Entomology


https://doi.org/10.4236/ae.2018.62008

A. C. Cohen

Of course, these gas exchange demands must be met and balanced with protec-
tion from excessive water loss through evaporation from the diets and the in-
sects, and for this appropriate containers must be designed such as those de-
scribed by Tillman et al [73].

5.6. Reproductive Needs in Rearing Systems

It is clearly a crucial responsibility of rearing system personnel to provide suita-
ble conditions to allow their target insects to perform the reproductive functions
that allow them to sustain continuous generations of offspring. These conditions
include mating accommodations, suitable oviposition circumstances, and ap-
propriate hatching and developmental requirements. A search of the key words,
“insect rearing” and “reproduction” yielded 539 publications (from 1979-2017)
with a large range of topics, many including diet quality/nutritional relation-
ships, microbial interactions, or environmental conditions such as lighting and
temperature. However, the focus of this topic in the current review is more con-
fined to conditions that affect mating success and oviposition factors. So, for
example, the adult cage configuration that was conducive to mating and supply
of liquid diet (sugar or honey solution) was presented by Yamamoto 1969 [77]
and by Bell and Joachim 1976 [78] for rearing two lepidopteran species (Man-
duca sexta Sphingidae: Lepidoptera and Pectinophora gossypiella Gelechiidae:
Lepidoptera). These papers ([77] and [78]) as well as Patana 1977 [79] also pro-
vide suggestions for oviposition substrates such as waxed paper or paper towe-
ling that lend themselves to convenient substrates for collecting and processing
the eggs laid by the various moth species. Similar requirements are met by use of
ice-cream cartons with organdy lidding material for lacewing rearing as de-
scribed by a number of authors, starting with Ridgway et al 1970 [80]. A unique
and highly efficient ovipositional accommodation was designed by Patana
(1982) [81] who reported using packets made from Parafilm™ covering filled
with a carrageenan gel. The packets were laid on top of wire or organdy mesh
cage tops, allowing the plant bugs (Lygus hesperus Knight, Miridae: Hemiptera)
to oviposit into the packets where the eggs could absorb moisture as they would
under conditions where the insects ordinarily would oviposit into plant tissues.
This system allows the insect rearing staff to harvest packets without opening the
cages or otherwise disturbing the insects, and the packets were reported to con-
tain more than a thousand eggs per 100 cm” surface area. The insect rearing lite-
rature contains hundreds of specialized reproduction/oviposition accommoda-
tions, too numerous to describe here but all clearly part of the need to meet on a

per case basis various insects’ needs.

6. Microbial Aspects of Rearing Systems (Pathogens,
Symbionts, Contaminants)

The topic of microbial aspects of rearing systems involves well over a thousand

papers on pathogens, symbionts, and contaminants. The study of microbial rela-
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tionships in insects in rearing systems has been a topic of research focus since
the earliest papers by Bogdanow (1906, 1908) [6] and [7]. The scope of papers
written about “insects” and “microbes” exceeds 1000, with many more papers
written about the overlap of these areas but not located by a search of these key
words. More recent attention, starting with a review of insect gut bacteria not of
pathogen status, was written by Dillon and Dillon 2004 [82]. Since that review,
13 years ago there were 188 papers located with the keywords “insects” and “mi-
crobiome”. Clearly, the topic of microbial aspects involved in rearing systems is
too large for the present paper, but it is intended here that the cursory review of
microbial involvement in microbial aspects of rearing systems will provide a
start for investigators to probe this very rich field in more detail. The topic of
microbial aspects of insect rearing had been treated extensively by the late Peter
Sikorowski, and two of the most comprehensive, practical, and in-depth reviews
are to be found in the two chapters by Inglis and Sikorowski 2009 [83] [84].

6.1. Pathogens in Rearing Systems

As in nature, pathogens can have a huge influence on insect populations in
rearing systems, and the close proximity of insects in captivity and conditions
dislocated from natural epidemic control renders rearing systems into a status of
ripe target of obligate and facultative pathogens (Inglis and Sikorowski 2009)
[83]. Inglis and Sikorowski [84] explain several mechanisms of pathogen transfer
in rearing system, with examples from viral, bacterial, protozoan, and fungal
microbes. The Web of Science search of “rearing” and “pathogens” revealed
1403 papers over the past 60 years. A search of “insect” and “pathogens” re-
vealed more than 8000 papers, many of which included insects held in rearing

conditions.

6.2. Symbionts in Rearing Systems

The importance of symbionts in successful rearing programs cannot be over-
emphasized in terms of fitness or even the survival of colonized insects (Cohen
2015) [1]. Depending on the taxa of the target insect species, symbionts may be
internal or external. Internal symbionts may be part of the insect’s gut micro-
biome (Dillon and Dillon) [82], or they may be held by specialized structures in
the insect’s hemocoel in mycetocytes or mycetomes (Douglas 1998, [85]) Doug-
las and Prosser 1992 [86], Sandstrom et al. 2001 [87]; Nishide et al 2017 [88],
for a more recent review of this topic. External symbionts are found in
wood-consuming beetles such as ambrosia beetles (discussed by Klepzig and
Six 2004, [89], Six 2012 [90], Biedermann, and Rohlfs, 2017 [91]) where fun-
gus-bearing external structures known as mycangia are adapted to inoculation of

fungi into wood galleries.

6.3. Microbial Contaminants in Rearing Systems

Because of the essential nature of rearing systems where highly nutritional diets

DOI: 10.4236/ae.2018.62008

99 Advances in Entomology


https://doi.org/10.4236/ae.2018.62008

A. C. Cohen

are kept for extended periods under environmental conditions that are optimal
for microbial growth, contamination becomes one of the most prominent chal-
lenges to rearing personnel. These conditions are further made problematic by
the density of insects in most rearing systems and the proximity of fecal mate-
rials (frass) to the insects. The issue of contamination, therefore, has received at-
tention since the earliest years of rearing efforts. For example, Bridges and Darby
1933 [26] discussed the extensive efforts to manage mold in diets used for Dro-
sophila rearing in the Fly Lab of T. H. Morgan, dating back to 1913. The control
of contamination has included modification of the media (diets) to make them
less susceptible to microbial contaminants by using sanitation (Sikorowski and
Lawrence 1994 [92], Inglis and Sikorowski 2009a [83] and 2009b [84], Sikorows-
ki and Lawrence [92], Inglis and Cohen 2004 [93]), pH (Funke 1983 [94], Cohen
2015 [1]), water activity or use of humectants (Ludemann et al. 1979 [95], Cohen
2015 [1]), or antimicrobial chemicals (Singh and House 1970 [96], Zha and Co-
hen 2014 [97] Funke 1983 [94], Vail et al 1968 [98], Ludemann et al 1979 [95],
Alverson and Cohen 2002 [99], Inglis and Cohen 2004 [94], Zha and Cohen
2014 [97], and Cohen 2015 [1]).

6.4. The Special Case of Wolbachia

A special case of microbial influences on insects in rearing systems is the com-
plex interactions of the bacterium Wolbachia spp. with their insect hosts. The
search of key words, “Wolbachia” and “insect rearing” revealed 151 papers, the
earliest ones dating back to the mid-1990s (Sinkins et al. 1995) [100]. The com-
prehensive review by Werren 1996 [101] still serves as an excellent base of in-
formation about the various biological effects of Wolbachia such as cytoplasmic
incompatibility, influences on sex ratios, feminization of males, induction of
parthenogenesis, and various other fitness parameters related to both field and
laboratory interactions. The scope of Wolbachia as a “manipulator of inverte-
brate biology” is further explained by Werren et al. 2008 [102]. The older review
by Werren (1996) [101] is updated by Rani et al 2009 [103], Goettel and Inglis
2006 [104], and most recently by Lindsey and Stouthamer 2017 [105]. Also, be-
cause Wolbachia presents such a mixed case of a beneficial effects vs. potential
harmful effects of Wolbachia, it is valuable to have information about possible
management strategies for this bacterium such as the study by Kyei-Poku et al
2003 [106] dealing with heat treatment or antibiotic therapy to eliminate Wol-
bachia.

7. Genetics

First, it should be explained that although genetics is not a component of the
ecology of reared insects per se, it must be considered in the context of domesti-
cation and selection (deliberate or inadvertent) for traits that relate to ecological
parameters such as responses to temperature, light conditions, or nutrients. A
search of “insect rearing” and “genetics” revealed 119 results dating from 1976 to
2017. Clearly there are thousands more papers on genetics of reared insects dat-
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ing back to the late 19" or early 20" Centuries, especially if Drosophila genetics
are considered in relationship to various rearing conditions such as temperature
effects, diet, or countless other parameters. For example the basic studies of
Morgan et al. 1913 [28] put the foundation of Drosophila genetics in the context
of controlled rearing conditions into a systematic framework as do countless
papers on genetics of colonized insects. This raises an important point empha-
sized throughout the writing of the late Dr. A. C. Bartlett who was a leading re-
searcher and scholar on the topic of insect domestication and its results (Bartlett
1984 [107] and 1994 [108]). Some more recent papers such as Thomas (1993)
[109] treat the specific interactions between controlled rearing conditions and
biological or fitness outcomes in rearing systems for screwworms, and the stu-
dies of Bush and Neck (1976) [110] give valuable perspectives of the ecological
aspects of genetics in mass-rearing settings. Studies of these kinds of interactions
are powerful reminders of the importance of seemingly minor differences in
rearing conditions in the biological fitness outcomes and realization of genetic
potential of reared insects. Benedict et al. [68] cover this topic in a systematic re-
view of rearing conditions and mosquito production and quality. The topic of
genetics in rearing systems and the interplay genetic and domestication factors is

too large to be properly treated in a general review such as the current paper.

8. Case Study 1: Rearing Systems for Screwworms

While Drosophila rearing systems are dominant influences on the development
of insect rearing for research purposes, screwworm rearing systems are basic to
the most comprehensive success in practical insect control otherwise known as
applied pest management, an important part of integrated pest management
(IPM) programs (Babilonia and Maki 2017 [111], Brown 1984 [112], Chaudhury
and Alvarez 1999 [113], Chaudhury et al 2009 [114], Hendrichs and Robinson,
2009 [115], and Parker 2005 [116]). The sterile insect technique (SIT) was origi-
nally conceived by Knipling 1955 [117] and was made possible by the develop-
ment of economically feasible artificial diet and the diet-based mass-rearing sys-
tem originated by Melvin and Bushland 1936 [118] and 1940 [119]. The screw-
worm SIT program has been one of the most successful insect control systems in
human history, where complete eradication has been accomplished throughout
most of North America (Babilonia and Maki [111], Parker [116]), and the suc-
cess and processes of this program have been instrumental as influences in con-
trol of other damaging insects such as various tephritid fruit flies, pink boll-

worms, and mosquitoes (Parker [116]).

8.1. Evolution of Screwworm Rearing Systems

The most celebrated and oldest system of sterile insect technique (SIT) is the one
associated with the mass production of sterile screwworm flies, Cochliomyia
hominivorax (Coquerel) (Brown 1984 [112]; Babilonia and Maki Website [111];
Parker 2005 [116]). In fact, the demonstration that SIT is feasible is unquestion-

ably thanks to the various successes of the screwworm program. This success
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starts with the concepts advanced by E. F. Knipling (1955) [117] and became one
of the most successful and well-recognized insect control strategies, largely due
to the remarkable success in mass-rearing technology developed between 1936
and the 1960s. Babilonia and Maki [111] discuss the eradication of this pest in
the US, Mexico, and now throughout most of Central America, and these au-
thors also describe the responses of the screwworm program to outbreaks of this
pest in Africa. Parker’s chapter [116] on the development of screwworm rearing
updates many of the changes adopted in screwworm rearing programs, includ-
ing the treatment of the evolution of the mass-rearing system described by
Brown 1984 [112]. The Parker chapter, along with the other contents of the
Dyck et al. 2005 book, offers a most valuable resource in summarizing the dy-
namics of changes in the mass-rearing techniques, including the process control
and quality control applications to the highly successful mass-rearing systems
for screwworms, and other insect species that are produced for SIT programs.
The Parker chapter presents valuable economic data in the context of total pro-
gram effectiveness and in terms of the great leverage of seemingly incremental
changes in rearing procedures that effect significant cost savings that help make
the SIT programs financially feasible.

Parker [116] includes wide-ranging information as well as granular details in
matters of insectary design, management of genetic diversity, process- and qual-
ity control, as well as details of automation of sexing, diet-production (including
diet development issues), insectary environmental issues, treatment of risks of
escape of fertile individuals, and well-being of personnel who spend nearly a

third of their working lives in the mass-rearing facility.

8.2. Evolution of Screwworm Diets and Diet Presentation

The earliest diets for screwworms, as described by Melvin and Bushland [118]
[119], consisted of water, ground beef, citrated beef blood, and formalin which
supported 88 consecutive generations over four years with a yield of about 4,000
pupae per week. Melvin and Bushland 1940 [119] also reported smaller scale
rearing of screwworms with a sterile diet of egg yolk and whole milk in a soft
agar kept sterile with formalin. The early diet’s yield of 4,000 individuals per
week was amplified to more than a half billion per week, thanks to the many
improvements in diet, automation, and other features of rearing advancements
(Brown 1984 [112]). Although the modifications in diet and the evolutionary
progress, which was often seemingly incremental, are too many to cover ade-
quately here, many of the changes in rearing media include substitution of other
ingredients for the meat, changes in the semi-solid diet to a liquid form, using
whole egg and calf milk supplements, and media for stabilizing the liquid diet,
such as cellulose, cellulose acetate, shredded paper, cotton, bagasse, corn cob
grits, or other locally available materials. Gingrich [120] presents a useful com-
prehensive review of earlier diet improvements. Several improvements in the
liquid-stabilizing domain of diet components were discussed by Chaudhury and
Alvarez 1999 [113] and Chaudhury et al 2011 [114]. These works document the
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importance of texture and physical matching of the insects’ feeding require-
ments, beyond simply meeting nutritional needs. Besides the mass-rearing
science and technology in the screwworm SIT system, scores of research studies
on the physiology and genetics of mass-reared insects have been stimulated by
the impetus of the huge, economically-important rearing programs. There are
reciprocal benefits of such studies as Bush et a/ 1976 [121] and the technological
advancements of the large-scale systems where insects have become highly,
though inadvertently, domesticated.

It should be noted that the screwworm mass-rearing system faced many prob-
lems that needed to be addressed as the scope, economic and biological feasibili-
ty of the program could be satisfied. Some of these improvements or break-
throughs were described in seemingly incremental reports in the peer-reviewed

literature (most often in the Journal of Economic Entomology).

9. Case Study 2: Rearing Systems for Pink Bollworms

Currently, the largest program in rearing pink bollworms (Pectinophora gossy-
piella Gelechiidae: Lepidoptera) is the USDA, APHIS facility in Phoenix, AZ
(USA). The Pink Bollworm Facility has been in operation since the early 1960s
dedicated to production of pink bollworms for several research projects and
largely for programs dedicated to the management of these serious pests. As well
as being a model for innovation and progress in insect rearing systems, the
Phoenix facility has been a model of coordinated support from the private sec-
tor, several state governments, and national governments in the US and Mexico.
The management programs include very successful eradication efforts in Arizo-
na, California, New Mexico, Texas, and several states in Mexico. The manage-
ment strategies include sterile insect techniques, pheromones, cultural practices,
biological control, genetic selection/transgenic technology, and small volume
applications of pesticides in an overall program of integrated pest management
(IPM). Tens of millions of dollars per year have been dedicated to the pink
bollworm program, and hundreds of workers at all levels from entry level per-
sonnel to senior leadership positions. A recent article in Western Farm Press

(http://www.westernfarmpress.com/cotton/pink-bollworm-eradication-cotton-2

017) explains the history of pink bollworm management and ultimately eradica-
tion in the southwestern cotton belt. From my perspective as a student of insect
rearing history, the single most indispensable feature of this program’s success is
the mass-rearing system for pink bollworms. The characterization of the evolu-
tion of this rearing system is a prime example of the issues that need to be un-

derstood.

Evolution of Pink Bollworm Diets as Centerpieces of Rearing
Systems

During the 1950s, several papers were published on the basics of pink bollworm
diets and rearing, starting with a nutrition study by Beckman et al 1953 [122].

Erma Vanderzant was a major contributor to nutritional research on cotton boll
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weevils and pink bollworms much of her attention was dedicated to develop-
ment of our understanding of the basic nutrition of these insects, with a stated
goal of applying nutrition to practical mass-rearing systems (Vanderzant 1957
[123] and 1958 [124], Vanderzant and Reiser 1956a [125] and 1956b [126],
Vanderzant et al. 1957 [127] and 1959 [128]). One of the most successful ad-
vancements in insect rearing, the introduction of wheat germ to pink boll-
worm diets, is a product of the Vanderzant-led research efforts. It is an impor-
tant fact that the introduction of wheat germ to insects diets was in a paper on
boll weevil diets (Vanderzant et al. 1959 [128]), though in this report it the wheat
germ did not lead to the remarkable success that it did in the debut of this ma-
terial in the pink bollworm diet (Adkisson et al 1960b [129]). In fact, the only
positive effect in the boll weevil diet report was that wheat germ had unexpec-
tedly stimulated oviposition, which previously could only be induced with ex-
tracts from cotton bolls. Though the rationale for using wheat germ in the boll
weevil diet and the pink bollworm diet was not stated by Vanderzant et al 1959
[128] nor by Adkisson et al 1960b [129], the thinking that led the Adkisson
team (which included Erma Vanderzant) to use wheat germ in the pink boll-
worm diet turned out to be in retrospect revolutionary in terms of the hundreds
of species reared on diets based on wheat germ and the billions (possibly tril-
lions) of insects whose production is successful thanks to this single component.
It is of further interest that wheat germ later turned out to be a key component
in boll weevil diets, once these wheat germ diets were supplemented with cho-
lesterol (Vanderzant 1967 [130]).

Other important steps in the evolution of pink bollworm rearing include the
addition of soy flour to the diet as mentioned by Stewart (1984 [131]) and the
adoption of several anti-microbial agents (Ouye 1962 [132]; Stewart et al 1976
[133]). Tracing the origins of soy components now used in pink bollworm diet
presents a complex forensic story. Stewart 1984 [131] did not discuss the reasons
or sources that influenced adding soy flour to the diet he described as stemming
from Ouye 1962 [132] (a wheat germ diet based on Adkisson et al 1960a [134]).
Stewart 1984 [131] cites Shaver and Raulston 1971 [135], so it seems that the lat-
er paper influenced that adoption of soy flour into the pink bollworm diet,
making production of the insects more economical and reliable than if the diet
was limited to casein as a protein source. Soy flour is a major component of the
current pink bollworm diet as it is an important part of dozens of other insect
diets. The nutritional and functional basis of soy flour is discussed thoroughly by
Cohen 2015 [1]; but suffice it to say that it is an exceptionally nutritious materi-
al, which supplies all the amino acids, many vitamins, minerals, and offers tex-
tural features such as fiber and feeding stimulants. It is evident that use of soy
components in insect diets began in Japan in efforts to develop artificial diets for
silkworms (Bombyx mori) as described by Hamamura 2001 [4] (a translation of
a book on silkworm diets written in the 1970s) and Ito and Horie 1962 [136].
Redfern 1963 [137] reported using soy protein isolate in a diet for red leaf roller,
and the first report of soy flour in what I am calling Western literature was by
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Shaver and Raulston 1971 [135], who reported excellent success in using soy
flour (raw, toasted, and soy meal) to replace dairy casein. In several reports from
the Japanese literature or from Japanese research groups, a material called soy
casein was used as a protein source for silkworm diets. These comments raise a
point that has become apparent to me that there is a wealth of information on
excellent insect diet and nutrition science that resides in Japanese, Chinese, In-
dian, and possibly other Asian literature but remains unavailable to those of us
who have not accessed this body of information. The fortunate experience that I
had in getting access to the Hamamura translation (2001) of a remarkable book
on Silkworm Rearing on Artificial Diet [4] is a testimony to the point about the
gap in rearing literature that fails to include the accomplishments and excellent
science in Asian literature and culture on insect rearing.

The diet for pink bollworms was initially produced in kg or sub-kg quantities,
then progressed to 50-100 kg batches made in steam kettles (Stewart 1984) [133].
The development of rearing technology in the early stages (1960s) is reviewed by
Martin 1966 [138]. Between the 1970s and the mid-1990s, the production of
pink bollworms was limited to about a million adult insects per day, largely due
to scope of diet production. The transition to diet production through adoption
of the twin screw extruder derived from the human food industry allow produc-
tion of diet adequate to support 25,000,000 pink bollworms per day (Edwards et
al. 1996 [139]. However without the automation (e.g. Miller ef al 1996 [140] and
Richmond and Martin 1966 [141]). The pink bollworm rearing system includes
scores of innovations such as automated egg surface sterilization, scale collection
systems that protect workers and insects from the hazards and pathogens in
scales, Honeycomb (=Hexcel, Stamford, CT 06901) for pupation sites and pupal
collection, form-fill seal machine-produced containers for larvae, refrigerated
adult collection sites, disposal of tons of scales per year, oviposition technology
using sterile paper toweling fitted to vacuum-connected adult mating and ovipo-
sition containers, and many other features [131]. Stewart 1984 [131] summa-
rized the progress towards automation for a period from 1970 to 1979 when
production went from about 0.5 million per day to about 1.5 million per day.
But when the extruder technology was adopted (Edwards et al 1996 [139]) pro-
duction was able to leap to 10 to 20 times the number for 1979.

10. Conclusions

An important point made by Cohen [1] about rearing systems, is that there is a
reciprocal relationship between what we need to know to develop a rearing sys-
tem and what we can learn about our insects once we have an operating rearing
system (Figure 2). This point emphasizes the concept of control as a fundamen-
tal need in developing a successful rearing system and the fact that controls in
experiments with target insects can yield a level of understanding that could not
be developed for insects in the field.

In a collection of essays on the topic of relationships between ecology and

evolution, Hutchinson 1965 [142] explains and richly illustrates how environ-
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mental forces interplay with and shape genetic and ultimately evolutionary out-
comes in nature. We can adapt Hutchison’s terms to state that rearing systems
can be regarded as the “ecological theater” as a shaping force for the insects that
we rear for various purposes. The rearing specialist who fails to consider the na-
ture and power of the shaping forces in the rearing constraints that we place on
our insect subjects is apt to lose control over the products of the rearing system.
In setting up an insect rearing system, entomologists select a highly limited pop-
ulation—a subsample of a much larger population (Mackauer 1972 [143] and
Bartlett 1984 and 1994 [108] [109]), violating a major premise of the Har-
dy-Weinberg Equilibrium Principle, and we subject the insects to intense
(though often unrecognized) selection pressures. The selection parameters and
profiles were reviewed in this paper where temperature, humidity, container
configuration, light intensity, diets, and countless other factors were imposed
upon the insects that are being produced. There is often, in rearing systems, no
attention to densities of insects and how density-dependent pressures may affect
the outcome of our rearing efforts. It was the intention of this paper to provide a
sample of the complex ecological conditions that are present in rearing systems,
and it is hoped that this albeit cursory summary of the various conditions will
enhance the realization of rearing specialists and the community they serve that
the insect-products of rearing systems have been subjected to stresses and selec-

tive pressures that may lead to deviation from the expected outcomes.
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