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Coleopterans as model organisms in insect immunity: a review
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Abstract. As an important order among insects, featuring incredible diversity, Coleopterans are increasingly the subject of
immunity research. They are not vectors of human and animal diseases, but their impact on plant communities and plant-based
food sources, mainly as pests (forest, agricultural, and storage), is significant. Insect immunity research focuses on the mechanisms
required for host defense against a wide array of pathogens. The role of the fat body, hemocytes, the formation of antimicrobial
peptides, as well as signaling pathways against infection are essential to insect immunity. Innate immune mechanisms in beetles are
closely related to their pathology and the hosts” responses to infectious agents (viruses, bacteria, fungi, microsporidia). Most of the
established mechanisms of beetle innate immunity mainly come from model organisms such as Tenebrio molitor, Tribolium castaneum,
and Leptinotarsa decemlineata. With the advent of modern and environmentally friendly approaches to pest control, more and more
issues related to their reactions to pathogenic infections are becoming key. The current review presents a summary of studied
defense mechanisms in Coleoptera and data on insect immunity, established in more than 50 beetle species.
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Introduction

The order Coleoptera has the largest species diversity among
insects. Beetles occupy many kinds of ecological niches,
making them one of the most common groups of the Insecta
class. Their ecological role is important as directly related to
the health and the state of agricultural
communities because a significant number of Coleopteran
species are phytophagous: phyllophagous (defoliators),
xylophagous, rhizophagous, and saproxylic species feeding
on living or dying parts of trees, shrubs and many
agricultural plants, as well as storage pests. Among them,
economically important groups stand out, the
understanding of the complexity of pathogenic species
causing infections in them is expanding every day. In light of
environmentally friendly approaches to control beetle
infestations, the topic of their immune response and the
discovery of defense mechanisms, which they show in
response to a disease challenge, is becoming increasingly
relevant (Park et al. 2010). Although Drosophila melanogaster
Meigen, 1830 is a well-elucidated basic model species in
insect immunity research (Beckage 2008, Rosales 2017, Takov
et al. 2020a). In addition, there are several flies and
mosquitoes, as well as lepidopterans, in which data
concerning immune processes have been actively
investigated (Beckage 2008, Rosales 2017, Takov et al. 2020b).
A summary of immune defenses in Coleopteran species
would be interesting for discovering these mechanisms and
benefit several insect immunity researchers.
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This current review aims to summarize the immune
defenses in coleopteran species, which are emerging model
species in insect immunology, and to provide synthesized
information about their established immune responses.

Innate immunity in coleopteran species

Most of what is known about innate immunity in Colepteran
species comes from investigations of well-established model

organisms (i.e.,, Tenebrio molitor and Tribolium castaneum)
(Park et al. 2010). Immune mechanisms against gram-
positive bacteria have been elucidated to a significant
degree, with pathogen recognition via GNBP-1 as the first
step:

GNBP-1 = aMSP = aSAE - aSPE; the cascade activates
the transcription factor Spétzle, leading to hemocyte
transcription of antimicrobial peptides (Tenecin, Defensins,
Attacins, and others); in addition, melanization cascades via
ProPO may be activated (Park et al. 2010). T. molitor and T.
castaneum are classic examples of beetle species for responses
like melanization, coagulation, and other immune reactions
(Bang et al. 2015).

Antifungal responses proceed similarly, but with
pathogen recognition via GNBP-3 as the first step. Little is
known about Coleopteran responses to Gram-negative
bacteria; although RNA interference (RNAi) has been
investigated in T. castaneum, viral pathogenesis and
responses to viral infections in beetles remain to be
elucidated.

The main effectors of the coleopteran immune system are
antimicrobial peptides (AMPs). Antimicrobial peptides were
established in approximately 30 beetle species. They belong
to the following main groups: Acaloleptins, Allomyrinasins,
Attacins, Cecropins, Coleoptericins, Defensins, Diptericins,
Holotricins, Luxuriosins, Peritrophins, Psacotheasins,
Sarcotoxins, Tenecins, etc. (adopted according to citations in
table 2 about AMPs in listed coleopteran species). Among
the most frequently detected AMPs in beetles are Attacins,
Defensins, and Cecropins, which are homologous to similar
proteins in other insect species (i.e, D. melanogaster,
Hyalophora cecropia, Linnaeus, 1758 and others). Specific to
coleopteran organisms is the peptide Coleoptericin; other
specific AMPs are frequently detected in other beetle species
(Tenecins in T. molitor, Holotricins in Holotrichia diomphalia,
Hope, 1837, Psacotheasin in Psacothea hilaris, Pascoe, 1857,
etc.). To describe coleopteran immunity (Table 1) more
concisely, the current review focuses on the main model
organisms from this order.
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Table 1. Classification of different types of immune responses and pathways.

Classification Specification of the immune responses
AMPs Antimicrobial peptides: drosocin, diptericin and others
Signaling Mechanisms relating to immune signaling: IMD, Toll, and JAK/STAT

The IMD pathway includes the proteins: Imd, Relish, RING, BIR, and others.
The Toll pathway includes Toll, Pelle, Spitzle, Tube, Cactus, Dorsal, DIF, and others.
The JAK/STAT pathway includes JAK, STAT, DOME, Domeless, Hopscotch, etc.

Pathogen recognition
Hemocytes
Immune responses

Antiviral responses

PGRPs (peptidoglycan recognition proteins), -1,3-glucan recognition proteins, immunolectins, integrins
Lamellocytes, proleukocytes, plasmatocytes, and others
Phagocytosis, nodulation, melanisation, and encapsulation

RNA interference: the enzymes Argonaute, R2D2, Dicer, and others

Tenebrio molitor Linnaeus, 1758

The mealworm beetle, T. molitor, is a common grain and oats
storage pest. It is thought that this species originated in Asia
Minor or the Mediterranean, and the earliest archaeological
records can be traced to Bronze Age Turkey; nevertheless,
due to widespread human cultivation of grains, the species
is now widely distributed across the world. T. molitor larvae
have been cultivated for a long time as fishing bait and,
more recently, due to their high protein content and ease of
rearing, as food for exotic pets (fish, reptiles, birds). The
organism is becoming an established model for studies in
the immunology of Coleopterans and general insect
physiology (Vigneron et al. 2019).

The intestinal microbiota of T. molitor is dominated by
Tenericutes, Firmicutes, and Proteobacteria. Recent research
has detected lactic acid bacteria (Lactococcus sp.). The beetle
is also a host for symbiotic Xenorhabdus bacteria (Osimani et
al. 2018a). Notably, T. molitor can transmit opportunistic
human pathogens such as Candida albicans (C.-P. Robin)
Berkhout (1923), Pseudomonas aeruginosa (Schroter 1872)
Migula 1900 and Escherichia coli (Migula 1895) Castellani and
Chalmers 1919, as well as native bacterial species, capable of
horizontal gene transfer of erythromycin and tetracycline
resistance genes (Osimani et al. 2018b).

The pathogens affecting the mealworm beetle include
fungi of the Metarhizium and Beauveria genera, notably
Beauveria bassiana (Bals.-Criv.) Vuill 1912 and a range of
bacterial species, including Serratia marcescens Bizio 1823,
Serratia entomophila Grimont et al. 1988, Mycoplasma pulmonis
J.Nowak 1929, and Bacillus thuringiensis Berliner 1915 (de
Souza et al. 2015, Dhinaut et al. 2018). Relatively little is
known about viral pathogens infecting the beetle, with the
latest studies conducted in the late 1970s (Vigneron et al.
2019). Immune responses in T. molitor are not as well
characterized as, for example, in Drosophila melanogaster and
Lepidopteran model organisms (e.g., sexta,
Linnaeus, 1763, Bombyx mori Linnaeus, 1758 and others).
Fourteen antimicrobial peptide genes from T. molitor have
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been sequenced, including TmTenecinl, TmTenecin2,
TmTenecin4, TmDefensin2, TmColeoptericinl,
TmColeoptericin2, TmAttacinla, TmAttacinlb, and

TmAttacin2, with new antimicrobial effectors emerging
recently (Keshavarz et al. 2019).

Pathogen recognition and signaling against fungi and
gram-positive bacteria have been well characterized (Zhang
et al. 2003, Yang et al. 2017, Ko et al. 2020). A lot is also

known about antiparasitic immunity in T. molitor (Vigneron
et al. 2019).

Nevertheless, no data exists on the antiviral responses in
this particular species, and much remains to be elucidated
about responses to gram-negative bacteria, although both
types of pathogens have been found in T. molitor (Kelly et al.
1979, Vigneron et al. 2019). This means that these research
directions will be potentially productive and innovative in
the future.

Tribolium castaneum Herbst, 1797

In addition to T. molitor, other Coleopteran species stand out
as prominent in insect immunity investigations. One
example is the red flour beetle, T. castaneum. This organism
is an established model in insect genetics, particularly
interesting due to its strong RNA interference (RNAI)
response to viral infections and a strong RNAi response in
laboratory (experimental) settings compared to Drosophila
melanogaster (Bucher et al. 2002). While susceptible to Bacillus
thuringiensis (Bt) toxins, T. castaneum individuals show
evidence of immune system priming against B. thuringiensis
infection, indicating a high degree of immune system
efficiency and adaptability (Khan et al. 2017). The pathways
of antimicrobial resistance in this beetle have been well
described (Yokoi et al. 2012b), and so are immune signaling
pathways, including signaling via Toll, Imd, and Spatzle
(Koyama et al. 2015, Bang et al. 2015). Antifungal responses
are beginning to be studied
antimicrobial effectors are already known (Hayakawa et al.
2018). Nevertheless, as with other coleopteran models, data

in detail, and many

on immunity against gram-negative bacteria remains scarce.

Leptinotarsa decemlineata Say, 1824

The Colorado potato beetle, L. decemlineata, is a common pest
of potato crops. Although originating in North America, it
has now achieved near-worldwide distribution. Like many
other coleopterans, it is susceptible, particularly in its larval
stage, to infection with strains of B. thuringiensis and B.
bassiana, with particularly high efficiency when applying
combined preparations of the two entomopathogenic
organisms (Wraight & Ramos 2017). L. decemlineata has
become an established model organism in testing biological
control applications, particularly due to its wide availability
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and role as a pest of the potato plant. RNA interference
pathways have been elucidated in this organism, although
less is known about potential viruses that can be used for
biological control (Yoon et al. 2016). Signaling and
antimicrobial effectors have also been reasonably well
characterized (Sorokan et al. 2018, Garcia-Robles et al. 2019),
although it is far from certain that all antimicrobial peptides
of this beetle have been found. There is significant data on
the antifungal responses of L. decemlineata, although the
information is far from exhaustive (Kryukov et al. 2014,
Kryukov et al. 2021). Although the immunity of L.
decemlineata has not been studied in minute detail, it is
projected that the significance of this model organism in
insect immunity studies will increase.

Other coleopteran species and insect immunity

Table 2 represents the diversity of Coleopteran species used
in insect immunity research. Among the recently studied
organisms are forest species belonging to Cerambycidae
(such as the Harlequin beetle - Acrocinus longimanus L. 1758
and the invasive forest pest Asian long-horned beetle -
Anoplophora glabripennis Motschulsky, 1853, as well as the
Japanese pine sawyer - Monochamus alternatus Hope, 1842.
The list includes other forest pests, representatives of
Curculionidae: the Red turpentine beetle - Dendroctonus
valens LeConte, 1860, the Large pine weevil - Hylobius abietis
L. 1758, the Asian palm weevil Rhynchophorus ferrugineus
Olivier, 1790, as well as agricultural pests (such as the
Mexican boll weevil - Anthonomus grandis Boheman, 1843).
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Among these organisms, R. ferrugineus has received a
surprising amount of attention, possibly due to an invasive
pest of palm crops natively originating from Southeast Asia.
In the past, R. ferrugineus has caused calamities in the Middle
East and around the Mediterranean. This beetle's immune
system has recently attracted attention, particularly its
response to pathogens and its hemocyte pool (Xiao et al.
2019, Muhammad et al. 2019).

Other investigated species are Silphidae (carrion beetles,
for instance, Nicrophorus species) and Scarabaeidae, such as
the invasive Japanese beetle (Popillia japonica Newman,
1841). Another formerly important agricultural pest from
Scarabaeidae, the cockchafer Melolontha melolontha Linnaeus,
1758, has also received attention in the past; nevertheless,
there are few recent investigations dealing with it
(Skowronek et al. 2020). One representative of
Chrysomelidae, the beetle Octodonta nipae Maulik, 1921 (a
pest on palm plants in Southeastern China), has been the
subject of recent investigations, with its immune system
being investigated by transcriptomic analysis (Tang et al.
2014). Although this species has only been studied recently,
it is surprising how much of its immune function has
already been elucidated (Meng et al. 2019, Sanda et al.
2019).

In general, it can be concluded that the selection of
model organisms depends mainly on their relationship to
humans (i.e, as storage and agricultural pests), their
relationship to ecosystems (forest pests, invasive species,
etc.), to the mechanisms of insect infection diseases and the
approaches of biological control (the presence of pathogens,
parasites, and parasitoids)

Table 2. List of coleopterans studied topics, and authors who have investigated their immunity (according to Table 1).

Coleopteran species

Studied topics - Authors

Acalolepta luxuriosa Bates, 1837
Acrocinus longimanus
Allomyrina dichotoma Linnaeus, 1771

AMPs - Ntwasa et al. 2012; AMPs - Imamura et al. 2009
AMPs - Barbault et al. 2003; AMPs - Ntwasa et al. 2012
AMPs - Sagisaka et al. 2001; Hemocytes - Hwang et al. 2015; AMPs - Lee et al. 2019

Anthonomus grandis

Anoplophora glabripennis
Anomala cincta Say, 1835
Anomala cuprea Hope, 1839
Calomera littoralis Fabricius, 1787
Carabus lefeburei Dejean, 1826

Cetonischema aeruginosa Drury, 1770
Copris tripartitus Waterhouse, 1875
Cotinis nitida Linnaeus, 1758
Costelytra zealandica White, 1846
Dendroctonus valens

Diabrotica virigifera virigifera LeConte, 1868
Dichotomius satanas Harold, 1867
Dicladispa armigera Olivier, 1808
Eleodes sp. Eschscholtz, 1829
Harmonia axyridis Pallas, 1773
Heterochelus sp. Boheman, 1857
Hylobius abietis

Hypera postica Gyllenhal, 1813
Holotrichia diomphalia

Holotrichia oblita Faldermann, 1835
Lasioderma serricorne Fabricius, 1792

Immune responses - Ourth & Smalley 1980
Immune responses - Fisher et al. 2017

Immune responses - Enriquez-Vara et al. 2012
AMPs - Bang et al. 2015

AMPs - Rodriguez-Garcia et al. 2016

Hemocytes - Giglio et al. 2008; Signaling - Giglio & Giulianini 2013;
Immune responses - Giglio et al. 2016

Hemocytes - Giulianini et al. 2003

AMPs - Hwang et al. 2009; AMPs - Bang et al. 2015
Immune responses - Ardia et al. 2012

Immune responses - Bang et al. 2015

Immune responses - Shi & Sun 2010

Immune responses - Jackson & Brooks 1989

AMPs - Ramirez et al. 2020

Hemocytes - Phukan et al. 2008

AMPs - Spies et al. 1986

Immune responses - Firlej et al. 2012

AMPs - Ramirez et al. 2020

AMPs, Signaling - Namara et al. 2018

Immune responses - Puttler 1967

AMPs - Lee et al. 1994; Signaling - Lee et al. 2001; Pathogen recognition, Signaling - Park et
al. 2010; AMPs, Immune responses, Pathogen recognition - Bang et al. 2015

AMPs - Bang et al. 2015
Signaling - Chen et al. 2019; Signaling - Yang et al. 2019

(Table 2 - continued next page)
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Coleopteran species

Studied topics - Authors

Leptinotarsa decemlineata

Microdera punctipennis Kaszab, 1967
Melolontha melolontha

Monochamus alternatus

Nicrophorus investigator Zetterstedt, 1842
N. marginatus Fabricius, 1801

N. orbicollis Say, 1825

N. pustulatus Herschel, 1807

N. vespilloides Herbst, 1783

Octodonta nipae

Ontophagus curvicornis Latreille, 1812
O. nigriventris D'Orbigny, 1902
Onymacris plana Péringuey, 1888
Oxysternon conspicillatum Weber, 1801
Pandeleteius hilaris Herbst, 1797
Phyllophaga polyphylla Harris, 1827
Popillia japonica

Protaetia brevitarsis seulensis Lewis, 1879
Psacothea hilaris

Pterostichus melas italicus Dejean, 1828
Rhynchophorus ferrugineus

Sitona lepidus Gyllenhaal, 1834
Sitophilus oryzae Linnaeus, 1763
Sitophilus zeamais Motschulsky, 1855
Thermobia domestica Packard, 1873
Tenebrio molitor

Tribolium castaneum

Trypoxylus dichotomus Linnaeus, 1771
Verres corticola Kaup, 1871
Zophobas atratus Fabricius, 1776

Hemocytes, Immune responses - Ots et al. 2005; Immune responses - Tunaz et al. 2008;
Immune responses - Dubovskiy et al. 2010; Signaling - Gaifullina et al. 2011; Immune
responses - Dubovskiy et al. 2013; Immune responses - Ebrahimi et al. 2014a; Hemocytes,
Signaling - Ebrahimi et al. 2014b; Immune responses - Kryukov et al. 2014; Immune
responses - Tomilova et al. 2016; Immune responses - Tyurin et al. 2016; Antiviral responses
- Yoon et al. 2016; Immune responses - Yaroslavtseva et al. 2017; Immune responses -
Wraight & Ramos, 2017; Immune responses - Sorokan et al. 2018; AMPs, Signaling - Garcia-
Robles et al. 2019; Immune responses - Kryukov et al. 2021

AMPs, Immune responses - Bang et al. 2015

Hemocytes, Immune responses - Brehélin et al. 1975.

Immune responses - Skowronek et al. 2020

AMPs - Li et al. 2018

Immune responses - Hall et al. 2011

Immune responses - Hall et al. 2011

Immune responses - Hall et al. 2011

Immune responses - Wormington & Luttbeg 2017

AMPs, Signaling - Vogel et al. 2011; Hemocytes, Immune responses - Urbanski et al. 2014
AMPs, Immune responses - Tang et al. 2014; Immune responses - Meng et al. 2018; Immune
responses - Sanda et al. 2018; Immune responses - Meng et al. 2019; AMPs, Signaling -
Sanda et al. 2019

AMPs - Ramirez et al. 2020

AMPs - Ramirez et al. 2020

Immune responses - McClain et al. 1988

AMPs - Ramirez et al. 2020

AMPs - Hwang et al. 2010; AMPs - Ntwasa et al. 2012

Immune responses - Enriquez-Vara et al. 2012

Immune responses - Wang et al. 1995; Signaling, Immune responses - Wang & Gaugler 1999;
Signaling - Bang et al. 2015; AMPs - Ramirez et al. 2020

AMPs - Bang et al. 2015; AMPs - Lee et al. 2016

AMPs - Hwang et al. 2010

Immune responses - Giglio et al. 2015

Hemocytes - Manachini et al. 2011; Immune responses - Mastore et al. 2015; Pathogen
recognition, Immune responses - Hussain et al. 2016; Signaling - Xiao et al. 2019; Pathogen
recognition, Immune responses - Muhammad et al. 2019

Immune responses - Phillips et al. 2002

AMPs - Login et al. 2011

AMPs - Anselme et al. 2008; AMPs - Yu et al. 2010; AMPs - Ntwasa et al. 2012

Immune responses, AMPs - Altincicek & Vilcinskas 2007

AMPs, Immune responses - Cho et al. 1999; Immune responses - Barnes & Siva-Jothy 2000;
Immune responses - Armitage et al. 2003; Immune responses - Moret & Siva-Jothy 2003;
Pathogen recognition, Signaling - Zhang et al. 2003; Immune responses - Moret & Siva-
Jothy 2003; Immune responses - Rantala et al. 2003a; Immune responses - Rantala et al.
2003b; Immune responses - Moret 2006; Immune responses - Haine et al. 2008; AMPs - Yu
etal. 2010; AMPs, Immune responses - Rantala et al. 2011; AMPs, Signaling - Dobson et al.
2012; Immune responses - Ardia et al. 2012; Immune responses - Prokkola et al. 2013;
Immune responses - Krams et al. 2013; AMPs; Immune responses - Bang et al. 2015;
Signaling - Kim et al. 2017; Immune responses - Jacobs et al. 2017; Pathogen recognition,
Signaling - Yang et al. 2017; Immune responses - Lim et al. 2019; Signaling - Keshavarz et al.
2020; Signaling - Ko et al. 2020

Antiviral responses - Bucher et al. 2002; Signaling - Arakane et al. 2005; Immune responses -
Zou et al. 2017, AMPs, Immune responses - Altincicek et al. 2008; Immune responses -
Coérdoba-Aguilar et al. 2009; Signaling - Shrestha & Kim 2010; AMPs, Signaling - Yokoi et al.
2012a; AMPs, Signaling - Yokoi et al. 2012b; Signaling, Immune responses, AMPs - Marifio-
Ramirez et al. 2013; Immune responses - Contreras et al. 2013; AMPs, Signaling - Xia et al.
2014; AMPs, Immune responses, Pathogen recognition, Signaling - Bang et al. 2015;
Pathogen recognition, Signaling - Koyama et al. 2015, AMPs - Tonk et al. 2015; Immune
responses - Futo et al. 2016; Signaling, Immune responses - Khan et al. 2017, Immune
responses - Rafaluk-Mohr et al. 2018; Immune responses - Hayakawa et al. 2018.

AMPs - Ramirez et al. 2020

Immune responses - Cérdoba-Aguilar et al. 2009

AMPs - Bulet et al. 1991; Signaling - Miller et al. 1996; Signaling - Tunaz et al. 2002

Conclusion

Immunity studies have been performed on members of
different families of the order Coleoptera (Curculionidae,

The current review includes more than 50 beetle species. Cerambycidae, Chrysomelidae, Tenebrionidae, Carabidae,
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Scarabaeidae, Silphidae, etc.), which are important in the
forest, agricultural and storage pests. Coleopteran species
are widely employed as model organisms in contemporary
insect immunity research, although less widely than
Dipteran and Lepidopteran species. As the most numerous
orders among insects, in beetles, most aspects of innate
immunity characteristic of insects have been studied - the
presence of antimicrobial peptides, the action of hemocytes,
signaling pathways and cascades, immune responses related
to protection against several parasites and pathogens. Due to
the great importance of the order representatives, the
interest in clarifying the protective mechanisms in them - the
ways and methods of their implementation - is increasing.
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