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Abstract

Tribolium castaneum has a long history as a model species in many distinct
subject areas, but improved connections among the genetics, genomics, be-
havioral, ecological, and pest management fields are needed to fully realize
this species’ potential as a model. Tribolium castaneum was the first beetle
whose genome was sequenced, and a new genome assembly and enhanced
annotation, combined with readily available genomic research tools, have fa-
cilitated its increased use in a wide range of functional genomics research.
Research into T. castaneum’s sensory systems, response to pheromones and
kairomones, and patterns of movement and landscape utilization has im-
proved our understanding of behavioral and ecological processes. Tribolium
castaneum has also been a model in the development of pest monitoring and
management tactics, including evaluation of insecticide resistance mecha-
nisms. Application of functional genomics approaches to behavioral, eco-
logical, and pest management research is in its infancy but offers a power-
ful tool that can link mechanism with function and facilitate exploitation of
these relationships to better manage this important food pest.

347

mailto:james.campbell@usda.gov
mailto:athanassiou@uth.gr
mailto:hgstr@ksu.edu
mailto:kzhu@ksu.edu
https://doi.org/10.1146/annurev-ento-080921-075157
https://www.annualreviews.org/doi/full/10.1146/annurev-ento-080921-075157


Functional
genomics: a field
attempting to
understand the
complex relationship
between genotype and
phenotype on a global
(genome-wide) scale

INTRODUCTION

Tribolium castaneum (Herbst 1797) (Coleoptera: Tenebrionidae), the red flour beetle, is an impor-
tant international pest of stored products and has been extensively researched to improve pest
management programs. This species also has long history as a useful model insect, and in recent
years, its applications have been expanded (Figure 1). The 23 reviews of research between 1936
and 2021 show the scope of the research and the increasing importance of T. castaneum as a model
insect species (Table 1). These reviews and Figure 1 clearly show the evolution of T. castaneum as
a model species in many subject areas, but there remains considerable untapped potential due to
limited connections between the genetics and genomics research and its application to address be-
havioral and ecological questions and to improve pest management. In this review, we provide an
overview of this species as a model and highlight some recent innovative research trends, specifi-
cally in areas where increased connections between genetics or functional genomics and behavior,
ecology, and pest management research could be most impactful.

IMPORTANCE AS A PEST

Tribolium castaneum is one of the most ubiquitous of the stored product insect pests, with a nearly
worldwide distribution [reported in 156 countries (60; https://www.cabi.org/isc/datasheet/
54667, https://www.gbif.org/occurrence/search?offset=700&taxon_key=4990338)]. Its ge-
ographic distribution extends beyond locations with suitable climate (70) by exploiting environ-
mentally controlled indoor environments and by frequent human-aided dispersal. This species
is an especially important pest in wheat and rice mills but has a very broad host range and can
be economically important throughout processed commodity distribution and storage systems
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Figure 1

Annual publication counts (histogram) and research subjects of the publications (pie graph) on Tribolium
castaneum in the past 60 years (1961–2020). A total of 3,444 publications were found from the Postharvest
Document Service (now in Zotero; https://www.zotero.org/groups/2423481/stored_product_pest_
management/items) and PubMed (https://pubmed.ncbi.nlm.nih.gov) databases. These publications were
categorized into six different subject areas: behavior, biochemistry, biology, ecology, genetics, and pest
management. The numbers in the pie graph indicate the total publications in their respective subject areas.
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Landscape: an area of
any scale that is
spatially
heterogeneous in at
least one factor of
interest

Table 1 List of past reviews using Tribolium castaneum as a model insect species (1936 to 2021)

Year(s) Subject Reference
1936 Biology Good (55)
1962 Competition Park (107)
1966 Genetics Sokoloff (128)
1970 Spread of insecticide resistance Dyte & Blackman (41)
1972 Population ecology King & Dawson (76)
1972 Population ecology Mertz (94)
1972, 1974, 1977 Behavior, biology, ecology, and physiology Sokoloff (129)
1982 Genetic improvement in livestock and poultry Bell (17)
1987 Aging Soliman (130)
2008 Odorant receptors Engsontia et al. (44)
2008 Developmental biology Denell (36)
2008 Immunity to pathogens Altincicek et al. (8)
2009 Developmental biology Brown et al. (21)
2010 Olfaction and exoskeleton Beeman et al. (14)
2011 Reproductive biology Chandrasekar & Palli (31)
2012 Population ecology Costantino & Desharnais (33)
2016 Immunity to pathogens Milutinovic et al. (96)
2016 Epigenetics of host–parasite coevolution Vilcinskas (140)
2018 Potential use of RNA interference Kumar et al. (82)
2019 Biology, host range, and management Abdullahi et al. (2)
2019 Physiology, biomedicine, and environment Adamski et al. (3)
2020 Insecticide mode of action and mechanisms of resistance Rösner et al. (119)
2021 Evolution and ecology Pointer et al. (111)

(https://storedproductinsects.com/new-species/comparison-of-species-list/). The suitabil-
ity of 215 commodities for development, reproduction, or population growth of T. castaneum
has been studied (https://storedproductinsects.com/biology/suitability-of-commodities-as-
food-for-tribolium-castaneum/), with reports of infestation published for 61 of these commodi-
ties (see the sidebar titled Human-Aided Global Movement of Tribolium castaneum).

Tribolium castaneum is an important pest because of its broad host range and its abilities to find
and infest commodities and to rapidly increase in population size after establishment. Tribolium
castaneum has one of the highest population growth rates of all stored product beetles due to its
reproductive rate and long reproductive life (129), although cannibalism by adults and larvae can
limit growth (7). Emigration from an infested commodity (59), dispersal through the landscape
(25), and ability to find and infest dispersed commodities can result in rapid spreading of infestation
throughout and between facilities (57, 116, 125). Direct damage can result from reductions in
amount of commodity through feeding (https://storedproductinsects.com/economic-losses-
from-tribolium-castaneum-infestations/). However, the greatest economic impact is due to

HUMAN-AIDED GLOBAL MOVEMENT OF TRIBOLIUM CASTANEUM

Human-aided dispersal, such as in ships’ cargos, has moved T. castaneum around the world. In all, 480 species of
Coleoptera in 277 genera and 40 families were imported into England between 1957 and 1969; T. castaneum was
the most often imported species every year and was also the most studied (6).
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Epigenetics: heritable
changes caused by
modification of gene
expression rather than
alteration of the
genetic code

Satellite DNA: highly
repetitive DNA
consisting of short
sequences repeated a
large number of times

Pericentromeric
heterochromatin:
a constitutive
heterochromatin
(highly condensed,
tightly packed form of
chromatin) located to
both sides of
centromeres

Euchromatin: a form
of chromatin that is
lightly packed

Pleuropodia:
limb-derived glandular
organs that transiently
appear on the first
abdominal segment in
insect embryos

Hox genes: a group of
genes that specify the
body plan of an
embryo along the
head–tail axis of
animals

Maternal-lethal:
a recessive mutation
that is viable in zygotes
but that causes
homozygous mutant
mothers to produce
inviable offspring

Maternal-effect
dominant embryonic
arrest (Medea): selfish
genetic elements
composed of a toxin
and an antidote that
are widespread in T.
castaneum populations

infestation resulting in food adulteration and customer complaints that negatively impact brands
and from increased costs resulting from returned products and required treatments.

GENETICS

Tribolium castaneum is an excellent model organism for classical genetics, molecular genetics, pop-
ulation genetics, and epigenetics (49, 82). Its advantages as a model include easy rearing and han-
dling, relatively short generation time, long adult lifespan, high fecundity, and high efficacy of
genetic manipulation (142). Its global distribution and some unique genetic characteristics make
it a common model for studying population genetics. Satellite DNAs, among the most intrigu-
ing and fascinating parts of the eukaryotic genome, are tandemly repeated sequences clustered
within heterochromatin (19). In T. castaneum, satellite DNAs make up a substantial portion of
the genome and represent major constituents of pericentromeric heterochromatin. Early stud-
ies of satellite DNA did not identify population-specific sequence features in individual satellite
DNAs, but it was not clear if this was due to lack of population structure or because of the rel-
atively limited numbers of cloned repeats (for a summary, see 49). Demuth & Wade (35) found
genetic variation among global populations, including differentiation among some populations
that resulted in hybrid breakdown, but this result was not correlated with geographic or genetic
distance. They proposed that this variation is a consequence of nonadditive genetic effects and
structured populations. The major satellite DNATCAST1 is found partially dispersed within eu-
chromatin (19). Such an organization, together with transcriptional activity, allows TCAST1 to
modulate the activity of neighboring genes. Using a minor satellite DNA, TCAST2, Feliciello
et al. (49) found population-specific satellite DNA profiles in T. castaneum and suggested the po-
tential influence of satellite DNA dynamics on species evolution. Future research is needed to
better understand population structure and potential speciation in T. castaneum, to link dispersal
behaviors to population-level genetic variation, and to link genetic variation to phenotypic varia-
tion at the population level.

Tribolium castaneum has also been a popular model for studying developmental and evolution-
ary biology (18, 34, 85, 131). Like other coleopterans, T. castaneum develops pleuropodia, A1 ap-
pendages that have been conserved among most insect orders, but lacks larval appendages on the
more posterior abdominal segments A2–A8 (84). It has been shown that the homeotic selector
(Hox) gene abdominal-A (abd-A) serves an ancestral role in abdominal appendage development
through the suppression of initiation of the appendage-promoting gene Distal-less (Dll), whereas
another Hox gene,Ultrabithorax (Ubx), modulates abdominal appendage morphology in T. casta-
neum (84). In Drosophila melanogaster and many other insects, however, both Ubx and abd-A sup-
press appendage formation on most or all abdominal segments (80, 136). Differences have also
been found in regulatory gene function in tracheal system development between T. castaneum and
D. melanogaster (34). These findings highlight the importance of T. castaneum as a different model
for studying functional variations of regulatory genes. To date, however, research in Hox genes
has mainly focused on developmental and evolutionary biology. Further research is needed to ex-
amine possibilities for developing novel insect pest management strategies by targeting the Hox
system in T. castaneum and other insect pest species.

One of the most fascinating phenomena found in T. castaneum is the combination of maternal-
lethal and zygotic-rescue activities to gain a postzygotic survival advantage (15). Maternal-effect
dominant embryonic arrest (Medea) involves two tightly linked loci, one encoding a lethal, mater-
nally expressed toxin in all eggs and the other encoding a zygotic antidote that rescues only those
progeny inheriting at least one Medea allele (14, 87). There has been interest in using Medea to
suppress T. castaneum populations (133), but Medea’s patchy distribution in populations suggests
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RNA interference
(RNAi): small
RNA–mediated
downregulation of
gene expression

that released syntheticMedeamay not spread uniformly, especially in T. castaneum, which has lim-
ited long-range dispersal (30).Nevertheless, such aMedea-based gene drive systemmay hold great
promise for managing insect pest species in which its population distribution is localized and in
which migration of wild types into the population is absent. It is also important to minimize the
fitness cost of the drive and resistance to the toxin so that the drive is capable of spreading to
fixation and maintaining itself in a population for years in the field.

GENOMICS AND FUNCTIONAL GENOMICS

Tribolium castaneum was the first coleopteran species whose genome was sequenced (115). The
sequence (NCBI Tcas3.0) was based on a Sanger 7x draft assembly comprising 160megabases and
encoding approximately 16,500 genes. The T. castaneum genome is 33% bigger and encodes 6.5%
more genes than that of D. melanogaster (115) and was further updated to provide more compre-
hensive genomic information two years later (75). AlthoughD.melanogaster andT. castaneum share
approximately 10,000–15,000 genes,T. castaneum is more representative of other insect species in
many aspects of biology, particularly embryonic development (115). The T. castaneum genome has
served as an important resource for various studies related to identification of new targets for pest
management (79, 103, 146).

More recently, a new T. castaneum genome assembly (NCBI Tcas5.2) and an enhanced genome
annotation with a new official gene set (OGS3) have become available (63). The authors of this
work used new sequencing and mapping techniques to enhance the genomic resources, including
a fivefold increase of scaffold length, improved precision of gene models, additional features such
as untranslated regions (UTRs) and alternative splice variants to many gene models, and the ad-
dition of newly predicted genes. These improved genomic resources will facilitate much-needed
research in functional genetics and comparative genomics. There is also a wealth of transcrip-
tomic resources and studies for T. castaneum, including gene expression profiles at different de-
velopmental stages and in different tissues (38, 108, 109) and studies of stress responses (16, 56)
and insecticide resistance (103) (see the sidebar titled Tribolium castaneum as an Animal Model for
Biomedical Studies).

It has been noted that T. castaneum surpasses Drosophila in many aspects of genomics studies,
especially those associated with embryonic development and RNA interference (RNAi)-mediated
gene silencing (82, 135). Indeed, T. castaneum is an excellent insect model for RNAi-mediated
gene silencing research due to its robust systemic RNAi responses through injection of double-
stranded RNA (dsRNA) at all developmental stages (135). Tribolium castaneum has been used for
high-throughput RNAi screening, including for G protein–coupled receptors (13), RNAi pheno-
types (39), target genes for pest management (79, 138), embryonic and postembryonic develop-
ment (123), wing and muscle development (86, 124), RNAi pathway genes (135), and genome-
wide gene expression responses to RNAi or RNAi sequencing (RNAiSeq) (104). The wealth of

TRIBOLIUM CASTANEUM AS AN ANIMAL MODEL FOR BIOMEDICAL STUDIES

Because insects are more ethically acceptable for biomedical research, the abundant genomic resources and genomic
research tools have also made T. castaneum an increasingly used animal model for a variety of biomedical studies,
including of neurodegenerative disorders (e.g., Parkinson’s disease), the diuretic signaling pathway (vasopressin-
like peptide and its receptor function), host–pathogen interactions (antagonistic interactions and coevolution), and
pharmacology and toxicology (effects of psychoactive drugs) (3).
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CRISPR/Cas9:
a gene-editing
technology for highly
specific and rapid
modification of DNA
in a genome

genomic resources and the readily available genomic research tools have made T. castaneum a
popular insect model for various functional genomics studies, including studies of embryogenesis
(112), development (121), the olfactory system and olfactory responses (37, 44), cuticle formation
and pigmentation (100, 101), molting (20), chitin biosynthesis and metabolism (9, 102), immune
responses (67), sex determination (126), metamorphosis (127), behavior (74), RNAi mechanisms
(145), insecticide modes of action (89), and insecticide resistance (146).

These and many other studies using T. castaneum as a model for functional genomic studies
have not only unveiled the functions of new genes and the new functions of old genes, but also
facilitated functional genomic studies in many nonmodel insect species. For example,T. castaneum
has been successfully used as a model to identify susceptible target genes for RNAi in agricultural
insect pests such asDiabrotica virgifera virgifera andMeligethes aeneus (79). However, it is necessary
to exercise caution when the susceptible target genes identified in T. castaneum are used to silence
the orthologous genes in other insect species, as the efficiency of RNAi-mediated gene silencing
is not only gene dependent but also insect species dependent. In addition, the vast majority of
RNAi studies in T. castaneum have used injection as a dsRNA delivery method. Although injection
is highly effective in silencing many target genes in T. castaneum, the RNAi efficiency could be dif-
ferent even for the same target gene when dsRNA is delivered by oral feeding because of different
dynamics of dsRNA between injection and feeding (138). For insect pest management purposes,
it would be necessary to deliver dsRNA by spray or feeding. However, research on dsRNA deliv-
ery using noninjection approaches is very limited in T. castaneum. A few studies have shown that
RNAi-mediated gene silencing can also be effectively achieved by feeding T. castaneum larvae with
dsRNA-incorporated flour discs (e.g., 29).Nevertheless,more research is needed to develop novel
dsRNA delivery methods using T. castaneum as a model.

Recently, CRISPR/Cas9-mediated genome editing has also been established in T. castaneum
(4, 54). Using the CRISPR/Cas9 system, researchers can now generate transgenic lines with site-
specific insertions at their region of interest (45). This technology creates additional research
opportunities to address fundamental and applied questions related to behavior and ecology and
provides a platform for genetic intervention in pest management. Research in these areas can
potentially lead to the development of new strategies for managing T. castaneum and other beetle
pests.

OLFACTION

Olfaction provides information to an organism about its environment and plays a critical role
in guiding insect behavior. Tribolium castaneum has approximately 230 olfactory sensilla with
approximately 600 odorant receptor neurons in their antennae (37, 40). In the T. castaneum
olfaction system, 50 odorant binding proteins (OBPs), 20 chemosensory proteins (CSPs), 338
odorant receptors (ORs), 207 gustatory receptors, 23 ionotropic glutamate-like receptors, and 7
sensory neuron membrane proteins have been identified (37, 44). The T. castaneum genome has
a larger number of OR genes compared to that of other evaluated insect species, but some of
these genes may be nonfunctional or not expressed under all developmental or environmental
conditions (44). OR gene expression was detected in both larval and adult head tissue (41 and 111
TcOr genes, respectively), but other genes were expressed only in adult bodies or in both adult
bodies and heads. Although most T. castaneum CSPs and OBPs are transcribed in chemosensory
tissues, others may be involved in other tasks and found in other tissues (38). In T. castaneum
larvae, the functional and morphological classes of sensory genes were found to have diverged
from homologous classes in D. melanogaster sensilla (77). These results led to the proposal of an
evolutionarily flexible gene network scenario, where sensory genes vary in roles, regulation, and
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Pheromone:
a chemical substance
secreted by an
organism affecting the
behavior or physiology
of other individuals of
the same species

Electroantennography
(EAG): a technique
for measuring the
electrical activity of an
insect antenna

Kairomone:
a chemical substance
emitted by an
organism and detected
by an individual of a
different species that
thereby gains benefits

ABUNDANT OLFACTORY GENES MAY ENABLE TRIBOLIUM CASTANEUM TO
EXPLOIT DIVERSE LANDSCAPES

Some have found it surprising that so many olfactory genes are needed by T. castaneum, given that, in some current
ecological niches, they can be literally surrounded by food; however, this pattern may not be a common feature
of their environments. Tribolium castaneum can often be found exploiting much more diverse and complex land-
scapes, and the role of chemosensory processes in resource finding is likely to be an important, although not well
understood, part of this species’ success.

temporal expression. High diversity in olfactory genes might contribute to this species’ ability
to find and infest a wide range of resources and to find mates and avoid risks in spatially and
temporally complex landscapes (see the sidebar titled Abundant Olfactory Genes May Enable
Tribolium castaneum to Exploit Diverse Landscapes).

Olfactory responses can depend on genetic, developmental, and learned influences, and re-
search into the neurobiology of T. castaneum has provided some interesting insights. Kenyon cells
in the T. castaneum brain are involved with learning and memory, and cell proliferation is primarily
genetically controlled during early stages of development, while in later stages, proliferation is in-
fluenced by the odor environment (137). Isolated beetles, not exposed to pheromone or other con-
specific cues, had a shorter new proliferation phase than beetles exposed to pheromone or a food
odor (cis-3-hexenol) (137).Knocking down expression of an olfactory gene,which eliminated elec-
troantennography (EAG) response to pheromone and lowered response to cis-3-hexenol, short-
ened the duration of the prolonged Kenyon cell proliferation phase observed in the presence of
conspecifics. This linkage between sensory input and adult neurogenesis and the large number of
OR genes might give beetles the flexibility to learn new odorant memories and contribute to be-
havioral variation among beetle populations. This ability may contribute to the ecological success
of T. castaneum but also negatively impact human ability to monitor or disrupt resource finding
across pest populations in different types of food facilities.

Behavioral responses of adults to kairomone and pheromone odors have been investigated,
but response levels are often relatively low and strongly influenced by endogenous and exoge-
nous factors. The functional role of aggregation pheromone and other volatile cues associated
with food and infested foods is not well understood for this species, despite extensive research.
Dispersal by walking is common in T. castaneum, and most research evaluating behavior has used
walking adults. Several experimental approaches have been developed to measure behavioral re-
sponses to stimuli, but the level of response can vary with the approach, as well as with strain
(53). Differences in response to volatile cues among populations have a genotype component but
also have a high environmental coefficient of variation (53). Tribolium castaneum adults exhibited
low attraction to kairomone and pheromone cues in traps under still air conditions but strong
positive response to pheromone and the combination of pheromone and kairomone with air flow
(23). Being raised on low-nutrition diets increased adult response to pheromone, as measured by
captures in pheromone-baited traps, with unmated adults responding more strongly than mated
individuals (47).Tribolium castaneum pheromone is a blend of four stereoisomers, and attraction in
a wind tunnel was influenced by the number and ratio of the stereoisomers (88).The ability to ma-
nipulate gene expression using RNAi- or transposon-mediated transformation is a powerful tool
that could be used to determine both the mechanistic roles of olfaction in finding and exploiting
food resources and the adaptive value of these traits in exploiting spatially and temporally patchy
resources.While research taking this approach has been limited to date, one study has shown that
injecting pupae with TcOr1 dsRNA eliminated adult response to aggregation pheromone (44).
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Meta-analysis:
examination of data
from several
independent studies of
the same research
question

Patch: an area of
habitat, often the
smallest ecologically
distinct area, that is
different from the
surrounding
environment

Anemotaxis:
movement of an
organism in response
to air current

Tribolium castaneum olfactory responses have been exploited in pest management programs,
with considerable research conducted on the implementation and interpretation of T. castaneum
monitoring programs and a variety of attractants and traps available commercially. In bulk grains,
walking T. castaneum can be detected with perforated probe and pitfall traps, and captures in traps
correlate well with presence in grain samples and can be linked with action thresholds (11). How-
ever, themost commonly usedmonitoring devices for this species are floor pitfall-type traps baited
with pheromone and kairomone that capture walking adults, and these traps have been used with
success in structures where food materials are processed and stored. Results of trapping programs
have been used to illustrate the spatiotemporal distribution of insects in different types of storage
facilities (27, 28), broad patterns in treatment efficacy using meta-analysis techniques (24), popu-
lation rebound after treatment, the influence of season on colonization from outside sources, and
the impact of sanitation in making the landscape less favorable for colonization (28). Understand-
ing the functional genomics of T. castaneum response to chemical cues also creates the potential
to identify specific genes, which may be targeted for disruption to reduce the damage caused by
this pest. Key to this success will be the development of delivery systems, which, given the nature
of the postharvest environment, will be different from the approaches taken in field crops.

LANDSCAPE BEHAVIOR AND ECOLOGY

Tribolium castaneum is a useful species for the evaluation of movement and the exploitation of spa-
tially and temporally patchy landscapes. Experimental microlandscapes using patches of flour have
been widely used, from simple choice tests to complex neutral landscape models with different
levels of abundance and fragmentation. Tribolium castaneum can detect and respond to landscape
structure, with adults moving more slowly and tortuously, and remaining longer in both the over-
all landscape and individual patches, in fine-grained landscapes than in coarse-grained landscapes
(117). The proportion of beetles successfully locating a patch decreased as a function of distance,
and beetles exhibited positive anemotaxis whether flour was present in the patch or not (118).
In these studies, physical encounters with flour patches may be more significant in manipulating
movement than longer-range responses to volatile cues from the patches.

Tribolium castaneum patch exploitation behavior has been evaluated. Beetles recognize the
amount of resource in a patch and adjust oviposition so that they lay the predicted optimal egg
number for a given resource amount (26). Physical characteristics of the patch also influenced the
tendency to enter or leave,with leaving rates being lower in thicker patches or thinner patches that
are covered (118). Under ideal free distribution (IFD), groups of organisms distribute themselves
between patches in proportion to the suitability of each patch. In T. castaneum, groups of only
females, which lack aggregation pheromone, demonstrated an IFD, but groups with pheromone
(mixed-sex groups or female groups plus pheromone) undermatched the IFD in low-food habitats
(61).Differences in patch quality can also influence oviposition decisions. Females often laid more
eggs in foods that supported successful progeny development, but oviposition decisions were not
always correct (52). Even within patches, selective feeding can impact patch quality: Stable isotope
analysis was used to show that larvae in patches with different ratios of corn and wheat fed dispro-
portionally to the ratio, suggesting that larvae can feed selectively on preferred flour particles (51).
Gene expression manipulation effects on how beetles exploit landscapes and analysis of gene ex-
pression patterns under different landscape environments appear to be promising areas of research
to understand how beetles exploit landscapes and how this process might be manipulated in pest
management. Wild-type strains of D. melanogaster with natural allelic variants of the rover and
sitter forager gene adopted different movement patterns under certain landscape patterns when
evaluated on experimental landscapes with varying distribution and number of cells containing

354 Campbell et al.



food (42). This highlights how genotype expression can be influenced by environmental factors
such as landscape pattern.

Successful colonization of a resource patch depends on the propagule pressure resulting from
the number of individuals per introduction and number of introductions. In a study using mi-
crolandscape experiments and demographic simulations, the probability of establishment was
greatest withmultiple smaller introductions than with one or two larger introductions (81). Exper-
imental establishment probabilities equaled or exceeded the demographic model simulations, and
population growth rates also exceeded predictions, perhaps due to rapid genetic adaptation. Rapid
evolution during range expansion can occur (143), and constraining evolution can reduce estab-
lishment and spread (132). In addition to propagule pressure, prior adaptation to the environment
can also play a role in establishment success (139). Microlandscape experiments have also been
used to assess conservation strategies for small populations, with both genetic and demographic
rescue resulting from immigration acting additively to reduce extinction (66).

The ways in which T. castaneum interacts with spatially and temporally patchy landscapes also
influence other aspects of this species’ biology. Both male and female T. castaneum mate multiple
times and have been used to investigate the fitness benefits of polyandry andmechanisms of cryptic
female choice (46, 48, 105, 106). Genetic bottlenecks led to increased female promiscuity com-
pared to noninbred lines, suggesting that mating patterns can rapidly change in response to shifts
in costs and benefits (95). Death-feigning behavior is a defense mechanism against predators, and
in T. castaneum, it has a genetic component and can improve survival of encounters with preda-
tors (97). Strains that had been selected for greater dispersal activity also had a lower intensity of
death-feigning behavior (93) and a greater risk of predation (91). Selection for increased mobility
versus increased death-feigning behavior was also correlated with changes in morphology, with
longer dispersal lines having longer legs (92).

The process of dispersal from resource patches is important in predicting population spread
and has been investigated using T. castaneum as a model. Dispersal distance has a genetic com-
ponent, and strains have been selected for high and low dispersal ability (91). The tendency to
disperse in T. castaneum is a polygenic trait that has epistatic interactions. Analysis of lines selected
for high and low dispersal indicated that epistatic variation may be converted to additive variance
and fixed in the selected lines, suggesting that epistatic variation might be an adaptive reserve that
can be used in small populations (120). Density also influences dispersal, with greater emigration
occurring under high-density than under low-density conditions (43, 59). Juvenile environment
also influences adult dispersal tendency and distance: Adults exposed to a poor environment dis-
perse farther if they were also exposed to a poor environment as a juvenile or if they are exposed
to a group of other adults in which more than one-third were exposed to a poor environment
as juveniles (43). Interspecific competition can also impact dispersal (83). The mechanisms by
which adults make these assessments about dispersal are not known but likely involve responses
to chemical signaling.

Understanding pest distribution and movement patterns within landscapes can help guide pest
monitoring programs and the selection and application of management tactics. Adults walk at
an average speed of 14 cm/min but are active only 26% of the time (25). However, in food fa-
cilities, adults are able to move among floors in a flour mill (125), broad spatial distribution
patterns can change over time, and food facilities can be rapidly recolonized, suggesting a high
level of mobility (27, 28). Dispersal outside of food facilities is less well understood, but adults
can fly, and dispersing beetles have been captured up to 300 m and 1 km from likely sources
(57, 116). Given this level of mobility, the patchy resource landscape at food facilities, and the
placement of traps outside of resource patches, it is challenging to interpret monitoring pro-
grams, and this is where a better understanding of how beetles exploit landscape structure has
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been important. Trap catch is influenced by many aspects of biology that need to be under-
stood and considered in interpreting captures in traps and making pest management decisions
(https://storedproductinsects.com/biology/interpretation-of-trap-catch/), and refinements
in the implementation and interpretation of monitoring programs will require greater under-
standing of these factors. Conclusions about the relationship between adult captures in traps and
insect density in a facility can be difficult to make, and this relationship has been a research focus
using T. castaneum as a model. There has often been a weak relationship between capture in traps
and infestation levels in equipment (62), as traps primarily capture individuals dispersing between
resource patches, but in model systems, these relationships between abundance and capture have
been more clear (22). Application of insecticides can also impact the relationship between insect
density and adults captured in traps. Cyfluthrin insecticide applications reduced insect dispersal
and capture in traps but did not significantly impact the populations in hidden food patches (134).

INSECTICIDE EFFICACY AND RESISTANCE

Insecticides are commonly used in pest management programs, but there is increasing emphasis
on making applications more targeted and using reduced-risk materials. Tribolium castaneum has
been widely used in research evaluating the efficacy of traditional and novel insecticides not only
because of its importance as a pest, but also because it is often a good indicator species, given that
it tends to have lower susceptibility to many insecticides. Insecticides can be used to treat food
material directly, typically only for bulk stored raw grains, or to treat surfaces with which insects
are likely to come into contact during dispersal, and can be applied as a gas (fumigant), aerosol, or
spray or incorporated into materials such as packaging or netting. There has been a lot of focus
on the use of reduced-risk insecticides. With pyrethrins and pyrethroids, efficacy varies with ac-
tive ingredient, application method, and developmental stage (73). With the bacterial insecticide
spinosad, T. castaneum was far less susceptible than were other stored product beetle species (64).
Insect growth regulators, such as S-methoprene, are effective in controlling T. castaneum imma-
ture development and progeny production capacity (144). Inert materials, such as diatomaceous
earths and zeolites, can be effective, but T. castaneum is considered to be less susceptible to these
materials than are other key stored product insect species (78).Tribolium castaneum is probably the
most thoroughly examined species for its susceptibility to the fumigant phosphine, due in part to
the occurrence of strongly phosphine-resistant populations in several parts of the world (99). In
populations that are not resistant, phosphine is effective as long as good fumigation practices are
applied (5), with eggs being the most tolerant life stage (114).

In the case of most pyrethrins and pyrethroids, exposure to insecticide causes rapid knockdown,
fromwhich insects either die or recover.The presence of flour during or after treatment promotes
insect recovery, highlighting the importance of sanitation in controlling this species (10). The
factors that contribute to recovery from knockdown, including how exposure to flour influences
this response, are not well understood.The status of T. castaneum as a genomics model has enabled
its use to evaluate mechanisms of detoxification (71) and resistance (103, 146).

Resistance to insecticides has evolved frequently in T. castaneum (32). More recently, multiple
resistance to organophosphates and pyrethroids in T. castaneum has been reported, which com-
plicates further the use of traditional insecticides for the control of this species (71). Tribolium
castaneum has been a model species in studying phosphine resistance (68). It was the first species
in which it was confirmed that phosphine resistance is related to the dimerization interface of di-
hydrolipoamide dehydrogenase (122), and it has been shown that resistance involves two genes,
rph1 and rph2, with the latter being responsible for the high level of resistance (69). Cytochrome
P450 CYP346 family genes are also associated with resistance; these genes are overexpressed
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in resistant populations and upregulated following exposure to phosphine (141). Populations of
T. castaneum have been characterized as strongly resistant to phosphine (32), but survival following
phosphine fumigation can result from both resistance and poor fumigation practices (5). Resistant
populations of T. castaneum have been used as models to evaluate certain behavioral, longevity,
and fecundity fitness costs, which may further complicate resistance monitoring and management
(68). Phosphine-resistant T. castaneum strains have been reported to have a lower respiration rate
(110), to walk more slowly, and to locate food resources less frequently than do beetles from a sus-
ceptible strain (90), suggesting that phosphine-resistant strains may have reduced dispersal abil-
ity in broader landscapes. Colonization behavior also impacts insecticide resistance management:
Phosphine resistance increased slowly in populations under low immigration and in the absence of
selection, as expected, but at higher immigration rates, the increase in frequency of the resistance
allele was lower than predicted (113). This is likely due to high levels of polyandry with immigrat-
ing resistant females, resulting in increased heterozygosity in progeny. Evaluation of behavior can
also help in assessing resistance levels in populations. Reduction in normal movement following
exposure to phosphine can potentially be used as a diagnostic tool, since time to immobilization
was inversely related to time to recovery (12).

A strong foundation of information related to insecticide efficacy and genetics and genomics
tools makes this species a good model to further assess modes of action of insecticides and mech-
anisms for recovery, low susceptibility, and resistance, which could improve the effectiveness of
treatments. Tribolium castaneum is also a useful model for the identification of new pest manage-
ment gene targets and the development of new targeted insecticidal delivery methods such as
using RNAi (109). Application of these approaches in food facilities such as grain bins or flour
mills presents some unique challenges, and it is unlikely that genetic manipulation of crops will
prove to be the best method to deliver new biologically based insecticides.Use of treated attractive
baits is likely to be the more fruitful approach to targeting genes. This is consistent with recent
trends in pest management that have focused on reduced-risk materials applied in more targeted
ways. This type of approach requires an integrated understanding of insecticide modes of action,
along with pest insect behavior and ecology within food facility landscapes. For example, incorpo-
ration of insecticide into materials such as packaging materials or nets is an approach that targets
insecticide treatments at critical points to reduce dispersal and colonization (72, 98).Manipulation
of behavior and exploitation of behavioral patterns through approaches such as lure-and-kill and
push-pull, with a focus on prevention of infestations, are particularly promising.

DECISION MAKING IN PEST MANAGEMENT

Several modeling approaches have been developed to help guide T. castaneum pest management
programs, although in practice, treatments in food facilities are most often calendar based. Com-
puter simulationmodels have been developed as decision aids for management in stored rawwheat
(58). A decision support system was developed for predicting when to fumigate in bagged rice
stacks (65). Equations describing the relationship among T. castaneum density, duration of infesta-
tion, and weight loss or damage of cocoa beans have been developed to forecast whether damage
will exceed economic thresholds (1). Potential patterns of global distribution of T. castaneum in
cocoa cultivation areas have been predicted and estimates of damage and economic losses have
been developed for those countries (70). Relatively few studies have focused on optimizing pest
management decisions (58), but this is essential to maximizing efficacy. Considerably less decision
support information is available for the more complex environments found in food processing
facilities and warehouses, where the challenges of landscape utilization and monitoring discussed
above are prevalent. Risk threshold levels for T. castaneum captures in traps (28) and a model of the
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population impacts of methyl bromide fumigations (50) have been developed for flour mills. Ul-
timately, it will be necessary to integrate into these decision models the roles of immigration and
emigration, temporal and spatial landscape structure impacts on movement and populations, and
the specific targeted effects of treatments to make the models more functional. Advances in the
more fundamental research on behavior and ecology provide valuable information on which to
build this support system.

SUMMARY POINTS

1. Tribolium castaneum is one of the most ubiquitous and most studied stored product in-
sects,with a nearly worldwide distribution, a broad host range, and economic importance
as a pest.

2. Tribolium castaneum is a widely usedmodel for classical genetics,molecular genetics, pop-
ulation genetics, and epigenetics and an emerging model for high-throughput RNAi
screening and functional genomics studies.

3. Using T. castaneum as a model to assess olfaction and the influence of landscape structure
on behavior and ecology using microlandscapes have been exciting areas of research,
but linkages among these different areas have been limited, and manipulation of gene
expression to determine the functional value of the many olfactory genes needs to be
undertaken.

4. Tribolium castaneum as a model for applied research extends beyond postharvest man-
agement into research on aging, biomedicine, the environment, livestock breeding, and
pest management.

FUTURE ISSUES

1. Available genomic knowledge, resources, and tools such as gene silencing need to be
better integrated into behavioral and ecological research using T. castaneum as a model.

2. Functional studies of the T. castaneum sensory system are needed to help determine how
behavioral responses increase fitness and how disruption of these responses can be used
for better pest management.

3. Research on mechanisms for T. castaneum low susceptibility to specific insecticides, re-
covery from knockdown, and insecticide detoxification and resistance is needed.

4. Target genes for developing novel eco-friendly pest management strategies need to be
identified, and delivery methods need to be developed and tested to determine their
efficacy for pest management under real-world conditions.

5. Improved decision-makingmethods informed by an understanding of behavior and ecol-
ogy need to be developed for pest management.
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