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Preface

This book includes contributions on various topics pertaining to arthropods written
by experts in their respective fields. It is an invaluable resource for entomologists,
biologists, ecologists, zoologists, teachers, and students. The topics presented in this
book are organized under four main sections: “Development”, “Food Detection and

» <

Feeding Behavior”, “Vector-Borne Diseases”, and “Structure and Function of Vision”

In the first section, Chapter 1, “Larval Development of Non-Insect Arthropods:
Metamorphosis and Sexual Differentiation”, discusses the larval development of
non-insect arthropods with respect to metamorphosis, sexual determination and
differentiation, and the role of juvenile and molting hormones. More specifically,

a comparison is made to insect metamorphosis, but emphasis is placed on decapod
crustaceans and chelicerates. With respect to sex determination and differentiation,
phenotypic differences that allow for sexual dimorphism of animal morphology,
physiology, and behavior are discussed. The role of the DMRT gene is addressed in
terms of its role in sex determination.

Chapter 2, “Spatiotemporal Dynamics of Bemisia tabaci MEAM1 (Hemiptera:
Aleyrodidae) in Commercial Soybean Crops”, covers spatiotemporal dynamics of crop
pests in determining the colonization and dispersion patterns of insects using geosta-
tistics. More specifically, it discusses devastating crop losses in soybeans attributed to
whitefly populations and their monitoring and management.

In the second section, Chapter 3, “Food Detection and Feeding Behavior of Three
Species of Household Cockroaches, Blatella germanica (L.), Periplaneta americana
(L.), and Supella longipalpa (F.)” analyzes the importance of these pests. These
insects have been blamed for producing/contributing to medical conditions such as
allergies and asthma. In addition, they are vectors that transmit pathogenic bacteria.
The author investigates the physiology of all three species with a focus on their
circadian rhythm patterns, visual sensitivity, food-searching behavior, and attraction
to selected foods. The development of various bait traps and the insects’ resistance to
them is covered as well.

Chapter 4, “Interaction Among the Multi-Trophic Lac Insect Complex of Flora and
Fauna: Impact on Quantity and Quality of the Resin Secreted”, covers a specialized
group of phytosuccivorous insects that secrete resin of industrial importance. Factors
affecting lac production and quality are discussed, as well as major and minor preda-
tors, parasites, and diseases capable of destroying lac crops. The effect of fungi on lac
production and the interaction of lac insects with microbes are covered as well.

Chapter 5, “The Ability of Insects to Degrade Complex Synthetic Polymers”, cov-
ers insect gut anatomy. It provides information about the synergy between gut
microorganisms and the digestive enzymes of selected lepidoptera, coleoptera, and
orthoptera in breaking down complex synthetic hydrocarbon polymers, such as
polyurethane, polypropylene, polystyrene, and polyvinyl chloride.



Chapter 6, “Deterrents and Their Effects on the Feeding Behavior and Sensory
Physiology of Insects”, examines the gustatory system of lepidopterous insects. These
insects have served as prominent models for carrying out neuroscience research. The
chapter discusses the structural organization of taste organs as visualized by scanning
and transmission electron microscopy. In addition, the author provides a discussion
of the responses of selected lepidopterous larvae to secondary plant compounds, such
as glucosinolates. More specifically, details are included as to how taste signals are rec-
ognized, coded, and processed by receptor cells housed in two specific sensory organs
(sensilla), namely, the medial and lateral styloconic sensilla. These sensillas serve as
the primary organs involved in feeding when the caterpillar feeds. The author exam-
ines the feeding behavior, hostplant preferences, and neurophysiological responses of
sensory organs involved in peripheral gustatory coding.

In the third section, Chapter 7, “Vector-Borne Diseases and Climate Change”, dis-
cusses various arthropod species (e.g., ticks, fleas, sandflies, mosquitoes, triatomine
bugs, and blackflies) as vectors of numerous protozoan, bacterial, and virus insect-
borne diseases, which result in Dengue fever, West Nile Virus, Lyme disease, malaria,
and tick-borne diseases. The importance of climate change on vector-borne diseases
and how it influences the survival, reproduction, abundance, and spatiotemporal
distribution of vectors is explored. The rate of development and survival of pathogens
within the vector-host is also considered.

Chapter 8, “Overview of the Main Species of Ticks and Animal and Human Tick-
Related Diseases in the Caribbean, Particularly in Haiti”, looks at the wide diversity of
ticks and tick-borne diseases in humans and other animals in the Caribbean region.
More specifically, the chapter focuses on the classification, morphology, and life cycle
of ticks, as well as the transmission of tick-borne diseases. The authors explore the
physical, geographical, and climatological characteristics and provide an analysis of
epidemiological surveillance of pathogens.

Chapter 9, “Artrhopods: Prospect of Household Food Security”, covers food inade-
quacy and the shortage of protein-rich foods in low-income households in developing
countries and the exploitation of nutrient potentials acquired from using arthropods
as food sources. It covers topics such as the nutritional composition of edible insects
(i.e., protein, carbohydrate, mineral/vitamin, lipid, and secondary metabolites) as
well as medicinal benefits, farming, and harvesting.

Chapter 10, “Capybara Ticks and the Urban Context of Spotted Fever in Brazil: An
Overview”, investigates how Capybara ticks play a detrimental role in amplifying
Brazilian spotted fever among tick vector populations. The authors discuss how this
situation leads to significant negative health impacts. Overall, the chapter discusses
various aspects of Brazilian spotted fever, its urban occurrences and relationships
between humans and other animal species, and the design of strategies and policies to
protect the health of ecosystems.

In the fourth and final section, Chapter 11, “Ommochromes of the Compound Eye
of Arthropods from the Insects and Crustaceans Classes: Physicochemical Properties
and Antioxidant Activity”, examines the main functions of ommochromes, their
chemical structure and biosynthesis, and the physicochemical properties of iso-
lated ommochromes using absorption and fluorescence spectroscopy and liquid

XIvV



chromatography. The antioxidant activity of ommochromes is included, as is a discus-
sion of new pharmacological preparations for the prevention and treatment of ocular
pathologies.

I wish to thank IntechOpen for initiating this book project and inviting me to serve

as the editor. I would like to acknowledge Publishing Process Manager Romina Rovan
Bakar¢i¢ for guiding me through the process. I would like to thank all the authors who
contributed to this book for their hard work in submitting and editing their contribu-
tions. I would also like to thank an anonymous reviewer for revising the chapter that

I contributed. Finally, I thank my husband Dr. Thomas Heinbockeland, and our son
Torben Heinbockel for their patience and understanding when I was working on this
book project.

Dr. Vonnie D.C. Shields
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Towson University,
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Professor,
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Chapter1

Larval Development of Non-Insect
Arthropods: Metamorphosis and
Sexual Differentiation

Kenji Toyota, Yuta Sakae and Taisen Iguchi

Abstract

In insects, metamorphosis is one of the most important research topics. Their
drastic morphological and physiological changes from larvae to pupae, and then to
adults, have fascinated many people. These changing life history patterns are tightly
regulated by two endocrine systems, the ecdysteroids (molting hormones) and the
juvenile hormones. Metamorphosis is also the most universal phenomenon in non-
insect arthropods (especially crustaceans). Additionally, as dwarf males (e.g., barnacle
crustaceans) show distinct sexual dimorphism during the larval developmental stage,
larval development and sexual differentiation are also intimately associated. Our
knowledge of endocrinology and gene cascades underlying metamorphosis and sexual
differentiation in non-insect arthropods is rudimentary at best and relies heavily
on well-studied insect models. Advances in newly developed applications, omics
technologies and gene-targeting, are expected to lead to explorative molecular studies
that reveal components and pathways unique to non-insect arthropods. This chapter
reconciles known components of metamorphosis and sexual differentiation in non-
insect arthropods and reflects on our findings in insects to outline future research.

Keywords: metamorphosis, ecdysteroid, juvenile hormone, sex determination,
doublesex

1. Introduction

Arthropods are among the best-known animals on the earth and have fascinated
many people, including researchers. Extant arthropods can be classified into four sub-
families: Chelicerata, Myriapoda, Crustacea, and Hexapoda. Although it is now widely
accepted that Crustacea and Hexapoda are integrated as Pancrustacea, Crustacea and
Hexapoda (insects) are used to focus on non-insect arthropods in this chapter. Their
phylogenetic relationship has been debated for many years. However, recent progress
in next-generation sequencing has provided their exact position (Figure1) [1-3].
Genetics and developmental biology using model insects such as fruit fly Drosophila
melanogaster, red flour beetles Tribolium castaneum, and silkworm Bombyx mori, have
long been a driving force in not only basic biology but also a wide range of sciences
including medical, agricultural, and so on. On the other hand, for non-insect arthro-
pods, there is a long history of physiological knowledge of some crustaceans (especially
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Figure 1.
Ph%/logenetic tree of extant arthropods. The branching pattern is constructed based on previous studies [1—4] with
the exclusion of some clades for clarity. Crustacea are not monophyletic and include Ostracoda, malacostraca,
decapods, and Branchiopoda. Detection of synthesizing enzyme genes in the genomes is indicated by the presence of
putative juvenile hormone acid O-methyltransferase (JHAMT) or farnesoic acid O-methyltransferase (FAMeT)
for JH, and of putative Halloween genes for ecdysteroids, respectively. Likewise, in terms of these receptor genes in
the genome, it is indicated by the presence of methoprene tolerant (met) orthologs for JH and of ecdysone receptor
(EcR) for ecdysteroids, respectively.

decapods) that are important for fisheries and aquacultures and some mites that are
problematic as agricultural pests, but molecular insights are still limited due to lack of
genome information and reverse genetic approaches. In the last decade, the research
environment surrounding biology has drastically improved with the advances of
sequencing, imaging, handling of large-scale data (bioinformatics), and new-genera-
tion genome modification technologies such as genome editing. Based on these devel-
opments, many findings on embryogenesis, larval metamorphosis, sex determination,
and sexual differentiation have been reported in many non-insect arthropods. In this
chapter, we will provide an overview of the knowledge of canonical metamorphosis
and sex determination of insects, and the attempt to compare them with non-insect
arthropods, particularly branchiopod and decapod crustaceans and spider chelicerates.

2. Larval metamorphosis

Tadpoles developing into frogs, and insect larvae or pupae into adults, are clas-
sical examples of metamorphosis, and biologists have long been fascinated with
these dramatic and obviously spontaneous transformations [5-7]. Previous studies
showed that such morphological alterations were accompanied by major changes in
the chemical composition and biochemical function of almost all larval tissues. In the
last century, the discovery that metamorphosis is centrally regulated by endocrine
systems has allowed us to understand how these post-embryonic developmental and
physiological processes are brought about and controlled [7, 8]. This section outlines
the endocrine and molecular mechanisms of canonical complete metamorphosis
(holometaboly) in insects and then overviews current research findings on larval
metamorphosis in the decapod crustaceans and arachnid chelicerates.
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2.1Insects with complete metamorphosis

Holometabolous insects go through a series of discrete stages (larva, pupa, and
adult) that hardly resemble one another, but are finely adapted to specific roles in
their life cycle. Juvenile hormone (JH) and ecdysteroids (the representative active
form is 20-hydroxyecdysone: 20E) are the two key endocrine factors that together
coordinate molting and metamorphosis (Figure 2) [7, 9-11].

JHs are a family of acyclic sesquiterpenoids that are involved in a range of physi-
ological processes in insects such as not only metamorphosis, but also ovarian develop-
ment, reproductive behavior, and various types of phenotypic plasticity including
caste differentiation in social insects and weapon traits development in beetles [12, 13].
In terms of metamorphosis, JH acts as the best-known anti-metamorphic hormone
which prevents larvae/nymphs from undergoing precocious metamorphosis and is
often referred to as the status quo hormone [14]. Its representative status quo action is
associated with a surge of ecdysteroids that triggers molting [15]. At the beginning of
the ecdysteroids surge, the presence or absence of JH decides whether the molt will be a
status quo molt that repeats the same stage (larva-larva) or a molt with metamorphosis
(larva-pupa or pupa-adult) [16].

More than half a century of arthropod endocrinology research has revealed that
molting is precisely regulated by complex multiple hormone systems, and ecdyster-
oids are a key hormone mediating a variety of physiological and behavioral changes
that are essential for molting and metamorphosis [7, 10, 17]. Their primary function
is to induce molting and they serve this function throughout the arthropods [10, 18].
In insects, circulating ecdysteroids typically come from the prothoracic glands. The
prothoracic glands secrete ecdysone which is then further converted to 20E in periph-
eral tissues [19]. The functions of ecdysteroids in the control of insect metamorphosis
have striking parallels with those of the thyroid hormones in directing the metamor-
phosis of amphibians [5, 6].

2.2 Larval metamorphosis in decapod crustaceans

Recent molecular phylogeny has supported the theory that the Crustacea clade
is not monophyletic, but is divided into at least three extant clades (Ostracoda,
Malacostraca, and Branchiopoda) (Figure 1) [4]. As aforementioned, both Crustacea
and Hexapoda form a new clade known as Pancrustacea [1-3]. This theory spurs the
notion that a comparative analysis between crustaceans and insects is essential to

o]
Ay\/wo/ CH,
(o]

- JHIN
(Representative innate JH in insects)

o]
)\A)\/\MO/CH’

Methyl farnesoate 20-hydroxyecdysone
(Representative innate JH in non-insect arthropods) (Active form of ecdysteroids)

Figure 2.
Chemical structures of JHIII, methyl farnesoate (MF), and 20-hydroxyecdysone (20E).
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understanding the evolutionary origins of various traits considered unique to insects.
Indeed, crustaceans and insects share various basic traits, such as endocrine-driven
developmental and reproductive processes, which are regulated primarily by JHs

and ecdysteroids. In non-insect Arthropods, methyl farnesoate (MF) is thought to

be the equivalent of JH in insects. In insects, MF is finally converted to JH III (active
JH form in insects) by CYP15A1, except for the Lepidoptera [20]. However, CYP15A1
orthologs have never been found in non-insect Arthropoda [21, 22], indicating that
the CYP15A1 gene acquisition might have been an important event enabling JH
biosynthesis in insects [20]. In fact, detection of insect-type JH (e.g., JH III) has not
been reported in crustaceans; instead, MF has been widely regarded as the functional
crustacean JH since its discovery in various crustaceans [8, 23, 24]. Research on
crustacean larval metamorphosis and endocrine pathways such as MF and ecdyster-
oids has been vigorously pursued in the fisheries-important decapod order (crabs and
shrimps). Production of MF and ecdysteroids in decapod crustaceans is thought to
take place in the mandibular organ and Y-organ, the glands unique to Malacostraca
crustaceans which are considered to be functionally analogous to the insect corpus
allatum and prothorathic glands [21]. Unlike insects, the synthesis of MF and ecdys-
teroids in decapod crustaceans is inhibitory regulated by mandibular organ-inhibiting
hormones (MOIHs) and molt-inhibiting hormones (MIHs), cryptic members of the
crustacean hyperglycemic hormone (CHH)-like neuropeptides secreted from the
X-organ/sinus gland complex in the eyestalk [25].

In the marine decapod species, each larva differs from conspecific juveniles and
adults based on morphological, ecological, behavioral, physiological, and/or other
biological traits. Moreover, the juveniles and adults are benthic feeders or predators,
whereas larvae grow in the pelagic environment, preying on phyto- and/or zoo-
plankters [26]. In addition, those larval forms are so different from the conspecific
adults that some of them have been described as distinct species, and many larval
names were originally genus names, for example, nauplius, cypris, zoea, megalopa,
mysis, nisto, puerurus, and phyllosoma in decapod species [26]. This disorganiza-
tion of larval names causes confusion in advancing comparative developmental and
physiological biology in decapods; however, no unified nomenclature has yet been
defined. To resolve this problem, clarification of the endocrine regulation of larval
metamorphosis and the associated gene regulatory network among decapod species
would facilitate interspecific comparative analysis and advance our understanding of
this phenomenon, as is the case with insects. Although several studies have challenged
the current understanding of the effects of MF and 20E on larval metamorphosis, no
consistent results have been obtained, as follows.

Our group demonstrated that treatment of either MF or 20E induced high
mortality caused by disruption of molting-associated metamorphosis in the kuruma
prawn Marsupenaeus japonicus (larval stages: nauplius, zoea, mysis, post larva, and
juvenile; Figure 3) [27]. Likewise, treatment of MF to the larvae of the freshwater
prawn Macrobrachium rosenbergii resulted in an inhibitory effect on metamorphosis
[28]. On the other hand, the administration of MF has been shown to accelerate
metamorphosis in late-stage shrimp and barnacle larvae [23, 29-31]. These data
suggest that the role of MF in regulating decapod metamorphosis is still unclear.

As a distinct approach, eyestalk ablation of intermediate larvae led to failure or
impedance of metamorphosis to the megalopa stage in several crabs Rhithropanopeus
havrisii, Callinectes sapidus and Portunus trituberculatus, and American lobster
Homarus americanus [32-34]. Later, the impact of eyestalk ablation on metamorphosis
was demonstrated to be accompanied by a rise in circulating MF concentrations,
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Nauplius Nauplius Nauplius Zoea Zoea
(stage 1) (stage 4) (stage 6) (stage 1) (stage 2) (stage 3)
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(stage 2)

i
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(stage 1) (stage 3)

Figure 3.
Larval developmental staging (nauplius, zoea, and mysis) and adult (dorsal and frontal views) of kuruma
prawn. Each scale bar indicates 100 pim.

confirming that these observations were potentially the result of inhibition by MF
[35]. Additionally, as for the new mystery, our previous work demonstrated that
nauplius larvae of kuruma prawn have higher tolerance against the lethal effect of MF
and 20E treatment than other later stages (e.g., zoea and mysis), suggesting that there
are different endocrine cassettes regulating transition from nauplius to zoea and later
metamorphosis [27]. Similarly, larval transcriptomics during metamorphosis in spiny
lobster Sagmariasus verveauxi has suggested that the puerulus (megalopa)-juvenile
metamorphosis is regulated by the MF signaling pathway, whereas the phyllosoma
(zoea)-puerulus (megalopa) metamorphosis is preceded by sustained the expression
level of FAMeT, which encodes the enzyme synthesizing MF [36]. These data could
suggest that MF is not involved in early-stage (nauplius in the kuruma prawn and
phyllosoma in spiny lobster) metamorphosis through the conventional inhibitory
mechanism.

2.3 Larval metamorphosis in chelicerates

Chelicerates are classified into a large and ancestral sister group of arthropods
(Figure 1). Chelicerates have generally been considered to be ametabolous because
the larvae display a very similar morphology to adults (Figure 4). However, detailed
morphological observations in several chelicerates cast doubt that the chelicerates are
“ametabolous.”

Observations with a scanning electron microscope show that scorpion larvae have
incomplete mechanoreceptors and chemoreceptors [37]. Larvae differ in the morphol-
ogy of the tip of tarsi and aculeus compared to that of nymphs and adults [37, 38].

The scorpion larvae ride on the mother’s back after the delivery, at which point the
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male

Y
1st-instar larvae J

Figure 4.
The appearance of larvae and adult in Parasteatoda tepidariorum. Scale bars indicate 1.0 mm.

structure at the tip of the larva’s tarsi works, the tip of the tarsi functions like a sucker,
before developing into a claw after molting [37, 38]. In addition, the exoskeleton of
adult scorpions fluoresces when exposed to UV light, whereas the exoskeleton of first-
instar larvae does not fluoresce [39, 40]. In ticks, the genital primordium opens to the
exoskeleton through multiple molting [41]. The fourth leg, not observed in first-instar
mite larvae, appears in molted nymphs [42]. In spiders (Parasteatoda tepidariorum),
the development of the pedipalp, which is the male copulatory organ, progresses at
the sub-adult stage similarly to the metamorphic manner of insects and is completed
through molting to the adult [43]. Thus, morphological observations of larvae and
sub-adults in scorpions, ticks, and spiders suggest that chelicerates exhibit hemime-
taboly rather than ametaboly.

In insects and crustaceans, it is demonstrated that ecdysteroids and MF regulate
metamorphosis, but the molecular mechanism of metamorphosis in chelicerates is
unknown [8, 12, 44-46]. In chelicerates, 20E has been detected in ticks, scorpions,
horseshoe crabs, and spiders [47-52]. The ecdysone receptor (EcR) and retinoid X
receptor (RXR), which act as 20E receptors, have also been identified in ticks, scor-
pions, and spiders [53-59]. In fact, the administration of 20E demonstrates to induce
molting of ticks, horseshoe crabs, and spiders [60-63]. Although there have been no
reports of identification of sesquiterpenoid hormones in Chelicerata, genomic and
transcriptomic data suggest that ticks and spiders may have precursors of JH, MF
[64, 65]. Therefore, it is possible that ecdysteroids and sesquiterpenoid hormones
cause molting and associated metamorphosis in chelicerates, despite this not being
direct evidence.

3. Sex determination and differentiation

Sex determination is the most fundamental developmental process that estab-
lishes sexually dimorphic traits. In many animals, males and females have distinct
sex-related characteristics such as body size, ornamentation, and color [66]. These
extreme phenotypic differences make sexual dimorphism one of the most interesting
aspects of animal morphology, physiology, and behavior. This outstanding diversity
of sexually dimorphic traits is reflected in the underlying molecular mechanisms by a
series of systems ranging from sex-specific gonadal steroid hormones sealing sexual
fate in mammals and other vertebrates [67], to cell-autonomous sex-specific splicing
loops that maintain the sexual state in holometabolous insects [68, 69].
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The DMRT gene, which is conserved in metazoans, is an important transcriptional
factor that has a key role in sex determination [70-72]. Four DMRT genes (doublesex,
dmrt11E, dmrt93B, dmrt99B) have been found in insects, and doublesex (dsx) is known
as a conserved master switch regulating the development of sexual dimorphic traits
[72, 73]. Dsx contributes to insect sex determination via sex-specific splicing cascades
[68, 72]. All insect species have cell-autonomous sex determination mechanisms, in
which the sex-determining cascade operates on a cell-to-cell basis [74].

Focusing on the mechanisms inducing the sex-specific traits by DSX function,
there are major differences between insects and non-insect arthropods. As described
above, in insects, sex-specific splicing of dsx makes sexual dimorphic traits, although
the upstream signals are extremely variable in the insect order [75]. On the other
hand, previous studies using the water flea, which is a well-studied species in the
branchiopod crustaceans, have revealed that its dsx has no sex-specific splicing
isoforms and apparently shows the male-biased expression pattern resulting in the
promotion of masculinization [76-79]. As described below, there is no sex-specific
splicing of dsx in non-insect arthropods, and the mechanism of sexual differentiation
by male-biased expression is conserved.

3.1 Decapod crustaceans as a treasury box of diverse sex differentiation pathways

In general, sex determination and sexual differentiation in arthropods are cell-
autonomous in manner, whereas in most mammals and other vertebrates, sexual
identity is unified throughout the body by sex steroids (estrogens and androgens)
secreted by the gonads. Interestingly, only Malacostraca crustaceans including
decapods exceptionally have a cell-nonautonomous sexual differentiation manner,
and unlike gonad-dependent endocrine regulation in vertebrates, have male-specific
endocrine glands known as the androgenic glands (AG), which are located on the
terminal of the vas deferens [80]. Physiological roles of the AGs have been histori-
cally revealed to play a key function in male sexual differentiation, by AG ablation
and implantation in the amphipod Orchestia gammarella [80]. Other studies have
been conducted in the woodlouse Armadillidium vulgare using AG implantation
[81], AG ablation [82], and injections of AG extracts [83]. Then, the androgenic
gland hormone has been purified and identified [84, 85]. After that, physiological
roles of AGH have further been demonstrated in decapod species using, for instance,
AG implantation in the red claw crayfish Cherax quadricarinatus, and the marbled
crayfish Procambarus fallax f. virginalis [86]. Moreover, our group has recently
succeeded in chemically synthesizing P. fallax f. virginalis insulin-like androgenic
gland factor (IAG) [87]. Although injection of the synthetic IAG to female crayfish
did not induce masculinization on the external morphology, this treatment appar-
ently suppressed oocyte maturation iz vivo [87], suggesting that its IAG has a pivotal
role in the suppression of female secondary sex characteristics. Several attempts
to understand the regulatory mechanism of IAG expression have shown that male
eyestalk ablation causes AG hypertrophy and hyperplasia [88, 89]. There is a unique
developmental axis defined as the X-organ/sinus gland/neuroendocrine complex
(XO-SG)-AG-testis axis. Although the fine details are controversial, it has been
demonstrated that IAG interacts with its binding protein and receptor to activate
downstream pathways [90-92].

Several studies have demonstrated that the dsx regulates the IAG expression. For
example, the dsx is predominantly expressed in the testis, and its expression levels
gradually increase with larval development in the Chinese shrimp Fenneropenaeus
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chinensis. Its knockdown resulted in suppression of IAG expression, suggesting that
dsx promotes male sexual differentiation via IAG signaling [93]. While, the dsx
mainly expresses in the ovary, and its knockdown increased IAG expression in the red
claw crayfish C. quadricarinatus, implying that Cgdsx is involved in female sexual dif-
ferentiation [94]. Both dsx genes have no sex-specific splicing forms, therefore, there
is male- or female-biased expression to promote sexual differentiation pathways.

In addition to IAG, the crustacean female sex hormone (CFSH) was discovered
as a novel eyestalk-derived neuropeptide that induces the development of secondary
female characteristics in two crab species C. sapidus and Carcinus maenas [95]. CFSH
is synthesized and secreted in the X-organ/sinus gland complex in the eyestalks.

Currently, its homolog has been successfully identified in several other decapod
species such as the swimming crab P, trituberculatus [96], the Chinese mitten crab
Eriocheir sinensis [97], the green shore crab C. maenas [98] and the mud crab Scylla
paramamosain [99-101], the kuruma prawn M. japonicus [102], the Pacific white
shrimp Litopenaeus vannamei [97], the banana shrimp Fenneropenaeus merguiensis
[103], the Antarctic shrimp Chorismus antarcticus [104], the Eastern rock lobster S.
verreauxi [105], the giant freshwater prawn M. rosenbergii [97, 106, 107], the pepper-
mint shrimp Lysmata vittata [108, 109], the red swamp crayfish Procambarus clarkii
[96], and the Australian crayfish C. quadricarinatus [110]. RNA interference of CFSH
caused the anomalous development of female reproductive characteristics including
ovigerous setae, gonopores, and extended parental brood care in Callinectes sapidus
[95], and the formation of gonopores in juvenile stages in the mud crab [100]. These
reports indicate that the CFSH plays a pivotal role in the development of female-
specific reproductive characteristics. On the other hand, it has been discovered that
CFSH expression can be detected in the eyestalks of both females and males in the
kuruma prawn [111] and several crab species [95, 99, 100], and moreover, two dis-
tinct CFSH subtypes have been identified as eyestalk- and ovary-types in the kuruma
prawn [111]. Based on immunohistochemistry and iz situ hybridization analyses of
both CFSH subtypes, the ovary-type is predominantly expressed in oogonia and pre-
vitellogenic oocytes during vitellogenesis. These data suggest that ovary-type CFSH
may take part in reproductive processes, although the differences in physiological
function between both subtypes are still unclear. Besides, in the Australian crayfish,
CFSH expression has been detected in the central nervous system, antennal gland,
and gut [110]. Taken together, accumulating CFSH studies indicate that it might
regulate female secondary reproductive phenotypes in some crab species, and is not a
female-specific hormone in other decapod species. Although a new potential function
of CFSH has been reported to be its involvement in growth [108], more comparative
analysis will be required for comprehensively understanding its physiological roles.

Some recent studies have demonstrated the crosstalk between CFSH and IAG to
facilitate sexual differentiating processes. In the mud crab S. paramamosain, it has been
demonstrated that CFSH plays a pivotal role in the development of female reproductive
traits and suppresses the IAG expression in AG in vitro [99]. Furthermore, the transcrip-
tional relationship of CFSH to IAG expression has also been demonstrated with respect
to the involvement of signal transducers and activators of the transcription-binding site
[100]. Additionally, it has recently demonstrated that feedback regulation of both IAG
and CFSH in peppermint shrimp L. vittata, a species that possesses a protandric simul-
taneous hermaphroditism reproductive system [108, 109]. To date, the CFSH receptor
has not been identified. Further studies on the CFSH receptor and its downstream
signaling pathways are necessary to understand the mechanisms underlying endocrine
crosstalk among CFSH, IAG and dsx in sexual differentiation of decapods.
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3.2 Sex determination and differentiation in chelicerates

Since chelicerates is an ancestral sister group among arthropods, it is an impor-
tant group for considering the evolutionary diversity of sex determination and
sexual differentiation mechanisms including arthropods and vertebrates. Among
chelicerates, spiders display a particularly clear morphological sexual dimorphism,
females are 3-14 times larger than males and, in some species, females are 75.2 times
heavier than males [112, 113]. In addition, several species of males, such as the
banksia peacock spider, show a brilliant appearance like a peacock male and per-
form the mating dances [114, 115]. While studies on morphological and behavioral
sexual dimorphism have been proceeding, studies on sex determination and sexual
differentiation are completely unclear. Not only in spiders but also in other chelicer-
ates, has research on sex determination and sexual differentiation remained almost
untouched. However, recent studies have begun to find clues to the mechanism of
sex determination and/or sexual differentiation in Chelicerata, referring to the sex
determination cascade of insects.

In tick (Metaseiulus occidentalis), a comparative analysis of genomic sequences of
insects and water fleas identified dsx (MoccDsx1 and MoccDsx2), dmyt11E (MoccDmrt11E),
and dmrt99B (MoccDmrt99B) [116, 117]. Quantitative RT-PCR in adult ticks indicates
that MoccDsx1 and MoccDsx2 are highly expressed in males [116, 117]. Furthermore, the
transcripts of MoccDsx1 and MoccDsx2 in adult males and females exhibit the same size,
suggesting that they are not subject to sex-specific splicing [116, 117]. However, it is still
unclear whether they actually exhibit transcriptional patterns and levels similar to adults
at the sex determination point.

Spiders and scorpions experienced whole-genome duplication (WGD) after
diverging from other chelicerates [118]. Seven dsx-like genes are found in the
genome sequence of the spider (P, tepidariorum) [119]. Probably, it is expected that
one of eight dsx-like genes in the ancestor disappeared after WGD and so the total
became seven. The dsx-like genes of P. tepidariorum are classified by comparative
analysis of gene and amino acid sequences of dsx in fly (Drosophila melanogas-
ter) and water flea (Daphnia magna): dsx (PtDsx1), dmrt11E (PtDsx2), dmrt93B
(PtDsx3), dmrt99B (PtDsx1A, PtDsxA2 and PtDsxA2-like), other (PtLOC107443841
and PtLOC110283461) [119]. A high transcript level of dsx (PtDsx1) and dmrt99B
(PtDsxA2-like) in adult males and female bias expression of dmrt93B (PtDsx3) is
detected [119]. While the sequence analysis of the cloned dsx-like genes cDNA detects
splicing variants in dsx (PtDsx1) and dmrt11E (PtDsx2), there is no sexual difference
in their expression. In addition, whole-mount iz situ hybridization using embryos
cannot provide information about the sex difference of each gene due to the lack of
genetic sex markers in P. tepidariorum. Therefore, the results of expression analysis in
sub-adults and adults of ticks and spiders suggest that sex determination in chelicer-
ates might be caused by high expression of dsx in males, the same as in crustaceans.

4. Conclusions and future directions

This chapter focuses on larval metamorphosis, sex determination, and sexual
differentiation in non-insect arthropods, especially in decapod crustaceans and
spider chelicerates. Insects have long been the frontrunners in the study of these
phenomena in arthropods, however, new emerging methods such as next-generation
sequencing, 3D and high-resolution imaging techniques [120, 121], and genome
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editing methods [122-125] are opening the door for every non-model species. It is of
great benefit to the wealth of available knowledge of insects. Indeed, although this
chapter referred primarily to holometabolous insects, the latest work has revealed
that some hemimetabolous insects such as termites do not have the sex-specific
splicing isoforms of dsx observed in decapods and chelicerates [126-128]. Thus, new
discoveries that overturn established theories are being found in insects, and it is
expected that the developmental and physiological biology of non-insect arthropods
will advance dramatically in the near future.

Although not described extensively in this chapter, the research environment is
paving the way for Myriapoda species using the centipede Strigamia maritima as a
model [129]. In 2014, the genome of this species was also released, revealing that the
biosynthesis and receptor systems for JH and ecdysteroids are conserved (Figure 1)
[129, 130]. The repertoire of DM domain-containing genes, including dsx, has also
been reported, and the regulatory mechanism of dsx expression is expected to be
elucidated in the near future.

To date, chelicerates have generally been considered ametabolous because their
offspring display similar morphology to adults. However, detailed observations of
several species revealed the morphological changes associated with molting. These
results suggest that we need to change our perception to chelicerates as being hemi-
metabolous organisms.

Chelicerates tend to only be seen as pest organisms because they are a source of
allergies and have venom. However, in recent years, among the chelicerates, spiders,
and scorpions have begun to be emphasized as material sources and models that can
play an active role in various industries. Spiders spin up to seven types of thread called
“spider silk” [131-133]. It had been used in sutures and fishing lines in ancient times
due to its lightweight, strong and extensible properties [131, 133, 134]. In addition
to these, spider silk and its constituent spidroins are currently being considered for
application in adhesives, cosmetics, humidity sensors, and the aerospace industry
[132, 135, 136]. It is also attracting attention as a biomaterial for biomedical applica-
tions (artificial blood vessels, matrigels, porous sponges, and microcapsules) due to its
high cell compatibility, low immunogenicity, and slow in vive degradability [132, 137,
138]. In fact, spider silk is used as a guiding material and scaffolding for transplanted
cells as demonstrated in a preclinical study for regenerative treatment of bone, skin,
myocardium, and nerve [139, 140]. Spider silk, which is useful in various industries,
has recently been found to have sex differences in composition [114]. If either male
or female spider silk may be more suitable for the desired application, the develop-
ment of a technique that can control the sex of the spider in order to increase the
production of spider silk of either sex may be expected. Other benefits of developing
techniques to control the sex of spiders and other chelicerates are the application of
spider and scorpion venoms to pharmacology, medical science, and the development
of agricultural pesticides. Spider and scorpion venom is a complex cocktail containing
a lot of mineral salts, small organic molecules, and small polypeptides [141-143]. This
cocktail contains unknown molecules that have a biomolecular activity and is of great
interest. In fact, some poisons contribute to the development of pharmacologic tools
(e.g., PcTx1; tool for elucidating the roles of acid-sensing ion channels and related
pathologies), clinical trials (e.g., GsMTx4; for the treatment of Duchenne muscular
dystrophy, and Chlorotoxin; an anticancer drug for neuroectodermal tumors),
and pesticides (e.g., GS-0/x-HXTX-Hv1a; a bioinsecticide for aphids, spider mites,
spotted-winged drosophila, thrips, and whiteflies recognized as major greenhouse
pests: Spear® T (Vestaron Corporation, Durham, NC, USA)) [143, 144]. In recent
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years, it has been reported that spider and scorpion venom components also exhibit
sex differences [145-149]. This suggests that the development of control techniques
for chelicerates sex may be useful for efficient venom constituent identification and
increased production. However, most sex-related research, including sex determina-
tion and sexual differentiation, remains unclear in chelicerates. This is due to a lack
of analytical tools for late-stage embryos and larvae, including the markers for the
typing of genetic sex. We hope that we will overcome these barriers in the future and
deepen our understanding of sex in chelicerates, which is important from a biological,
evolutionary, and industrial perspective.
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Abstract

Spatiotemporal dynamics studies of crop pests enable the determination of the
colonization pattern and dispersion of these insects in the landscape. Geostatistics is
an efficient tool for these studies: to determine the spatial distribution pattern of the
pest in the crops and to make maps that represent this situation. The aim of this study
was to determine the spatiotemporal distribution of B. tabaci adults and nymphs in
commercial soybean crops from planting to harvest using geostatistics. Infestation by
adults and nymphs of B. tabaci started between 30 and 50 days after the emergence of
the plants. The maximum population density of ten adults per plant and two nymphs
per leaf was registered between 90 and 101 days after plant emergence. The colo-
nization of soybean plants by B. tabaci may be divided into three stages: beginning
infestation (at the outermost parts of the crop), whole area colonization, and disper-
sion colonization (when the whole crop area is infested). The density of adult insects
was positively correlated with rainfall and relative humidity. Wind speed positively
affected the dispersion of adult whiteflies. The distribution pattern of B. tabaci in the
soybean crop was aggregated.

Keywords: Aleyrodidae, dispersion, Geostatistics, Glycine max, Hemiptera, whitefly

1. Introduction

Bemisia tabaci (Gennadius) Middle East -Asia Minor 1 - MEAM1
(Hemiptera: Aleyrodidae), commonly known as whitefly, is one of the most invasive
and destructive pests for global agriculture, causing significant yield losses in com-
mercial crops [1, 2]. This insect has high fecundity and fertility rates. It is polypha-
gous and occurs in areas of temperate, subtropical, and tropical climates [3-5]. The
whitefly has a wide host range; thus, crops such as cotton, beans, squash, melon, and
tomato may serve as alternate host plants for this species infesting soybean crops.
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The whitefly causes several problems in Brazilian crops, and the insect may cause
direct damage by sucking phloem sap. Indirect damage is linked to the excretion of
honeydew, which serves as a substrate for the growth of opportunistic fungi (Capnodium
sp.) [6-8]. B. tabaci may inhibit the gathering of carotenoids and chlorophyll affecting the
photosynthetic rate of plants [9]. In soybean [G. max (L.) Merr., Fabaceae], B. tabaci is
the vector for the cowpea mild mottle virus (CpMMV) [10].

In recent years, soybean has been highly attacked by high whitefly populations,
mainly in the reproductive stages (R1 stage) Until very recently, this species was
only seen as an occasional pest, however it is now considered a key pest in soybean.
Although the importance of the whitefly B. tabaci MEAM1 has increased its incidence
in soybean cultivars [11-13], there is no sampling method currently defined for this
pest in this crop. The recommendations do not specify the sample numbers, size of
area to be sampled, location of the different stages, or the most suitable forms of
evaluation. In general, management is based on information obtained from other
countries and what has been observed in other crops, such as cotton [14-16] and
melon [17], in the state of Arizona, USA. In Brazil [18].

Understanding the spatiotemporal dynamics of pest insects in crops provides
important information that can be incorporated into integrated pest management
programs [19-22]. The study of the spatiotemporal dynamics of insects using
geostatistics can provide important information about the pattern of colonization,
aggregation, and dispersion of pests in the field [20, 22-25]. This statistical tool uses a
method that characterizes spatial variation by comparing similarities between distant
and proximal points.

This technique provides results that allow colonization maps to be produced,
zoning the different densities and determining the pattern of spatial distribution of
the insects in the field [20, 25]. A sequence of these maps during crop development
may indicate areas that demand greater attention for the observation of pest infesta-
tion over time. In these spatiotemporal dynamic’s studies, plants in the landscape that
can serve as pest sources can be identified and located. This may be useful for farmers
when planning the location of crops in the landscape or even for predicting where
pest attacks will start within the crop area [24, 26, 27].

Considering the importance of studying the spatiotemporal dynamics of insect
pests and to the best of our knowledge, there are few published studies on B. tabaci in
soybean. Thus, the aim of this study was to determine the spatiotemporal distribution
of adults and nymphs of B. tabaci in soybean crops from planting to harvest by using
geostatistics and verifying abiotic factors (temperature, relative humidity, wind, and
rainfall) that affect the dispersion of these insects.

2. Materials and methods

The experiment was carried out at Celeiro Seeds Farm, and the farm’s total area
was estimated at 16,000 hectares, where grains and soybean seeds are produced. The
farm is located in the municipality of Monte Alegre do Piaui and Serra do Quilombo
in the Brazilian state of Piaui (09°21'12”S; 45°07'42” W, 642 m) (Figure1A). The
region’s soil is characterized as a yellow Latosol (Oxisol)28, and the climate is tropi-
cal with a dry season in winter, Aw, according to the Képpen-Geiger classification 29.
Climatic data such as the mean air temperature (°C), relative humidity (%), wind
speed (m/s) and wind direction were obtained from NIMET (National Institute
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Figure 1.
(A) Brazil’s map - Monte Alegre do Piauf, Piaui. (B) sample grid of the evaluated points and geographic
location. (C) sampling unit (3 plants equidistant from the central point, total of 12 plants per unit).

of Meteorology), and rainfall data were obtained with a rainfall meter during the
period of execution of the experiment (Figure 2). This work was carried out for 2
seasons (2017/2018 and 2018/2019). During the first season, the cultivars Brasmax
BonoIPRO® and BRS 9180IPRO® were used; in the second season, the cultivars
were Brasmax Bonus IPRO® and Brasmax Extreme IPRO®. The characteristics of
the cultivars are shown in Table 1.

The area of 1.6 ha (16,000 m?), with 100 m length and 160 m width, was divided
into 160 sampling units, with 10 m* In the center of each sample unit, sets of four
ordered points, equally spaced 2 m from a central point, were evaluated to improve
the estimate of the nugget effect. Each sampling point was georeferenced with the aid
of a GPS device model GPSMAP 60CS®x (Garmin). The distance from each field to
the nearest native forest is described in Table 1.
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Rainfall, tempevatuve and average velative humidity of the region. Celeiro seed farm in Serra do Quilombo,
Monte Alegre do Piaui. National Institute of meteorology (INMET) data. * sowing month of cultivars.

2.1Evaluation of the B. tabaci density
The density of insects was evaluated in the sampling grid of 160 points previously
georeferenced (Figure 1B). At each georeferenced point, 12 plants were evaluated;

four subsamples of three plants were taken (sampling unit). The subsamples were
2.0 m equidistant from the central point (Figure 1C). The evaluated plants were
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Season I (November 2017-April 2018) II (November 2018-April 2019)
Variety Brasmax BonusIPRO BRS 9180IPRO® Brasmax Brasmax
® BonusIPRO ® ExtremalPRO ®
Field Field I Field I Field III Field IV
Planting Maturity group Maturation group Planting on Maturation group
date and 7.9 - average cycle of 9.1 - average cycle November 27, 8.1 - average
characteristics 108 days. Planting on 119-139 days. 2018. cycle of 110 days.
November 11, 2017 Planting on Planting on
November 18, 2017. December 4, 2018
Stand and 390 thousand plants/ 200 thousand plants/ 390 thousand 200 thousand
spacing ha. Spacing between ha. Spacing between plants/ha. Spacing  plants/ha Spacing
lines of 0.50 m lines of 0.45 m between lines of between lines of
0.50 m 045m
Fertilization 620 kg/ha of Simple 200 kg/ha Simple 630 kg/ha of Simple SuperPhosphate,
SuperPhosphate, SuperPhosphate, 200 kg/ha of Potassium Chloride, 20 kg/
200 kg/ha of Potassium 200 kg/ha of ha of Manganese Monoxide, 6 kg/ha of
Chloride, 3 kg/ha of Potassium Chloride Ulexite and 13 kg/ha of Zinc Sulphate,
copper sulphate, 2.5kg/  and 20 kg/ha of by haul.
ha of Manganese MIB Granary in the
Monoxide, 3 kg/ha of planting line.
Ulexite and 20 kg/ha of
MIB Granary.
Nearest native 1.79 km to the North 4.09 km to the West 4.22 km North 0.32 km Northwest
forest
Assessments 14, 28, 42, 56, 70 and 17, 31, 45, 59, 73, 87 13, 27, 41, 55, 69, 20, 34, 48, 62, 76,
days 84 DAE* and 101 DAE. 83 and 87 DAE 90 and 104 DAE
Geographic 9°23'27.21°S 9°25'3.54”S 9°24'10.88”S 9°22'25.27”S
coordinates 45° 6'56.62”W 45°0'23.63"W 45° 8'3750”W 45° 6'56.69”W

“= Days After Emergence.

Table 1.

Phenological cycle, fertilization, plant population, planting date, distance from cultivars to the nearest native
forest, and evaluation days by cultivar in the two seasons studied.

positioned along a regular grid pattern throughout the crop cycle to obtain systematic

sampling points and avoid directional trends.
The third leaflet from top to bottom (apical third) of each plant was evaluated by

direct counting. Leaves were handled with care, and the nymphs and adults of

B. tabaci were counted. A magnifying glass was used to count the number of nymphs.
We evaluated these leaves in particular using a direct counting method because these

are the ideal sample type and technique for assessing the density of B. tabaci nymphs

and adults in soybean crops 14. The sampling schedule was standardized; the evalua-

tions started at 7 am and ended at 11 am. The sampling schedules for each cultivar are
described in Table 1.

2.2 Analysis of the spatial distribution of B. tabaci in soybean
The data on adult and nymph densities of B. tabaci were submitted to statistical
analysis. Subsequently, principal component analysis was performed between the

range and density of whitefly adults with climatic parameters (temperature, rela-
tive humidity, wind speed, and rainfall). These analyses were performed using R®
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software. 30 All geostatistical procedures were performed using the Geostatistical
Analyst Tool for ArcGIS 10.5 (ESRI). The procedure in this tool can be simplified as
follows: map and examination of data; preprocess of data if necessary (transform,
detrend, decluster); definition of spatial structure model; definition of search
strategy; prediction of values at unsampled locations; quantification of uncertainty of
the predictions; checking if the model produces reasonable results for predictions and
uncertainties and, using the information in risk analysis and decision making.

Subsequently, geostatistical analysis was performed; the spatial patterns and inter-
polations were determined using the parameters of adjusted experimental semivario-
grams and ordinary kriging, respectively. The semivariograms were calculated from
the primary collected data, allowing us to detect differences between pairs of sampled
points in relation to the distances (this procedure was used to adjust the theoreti-
cal semivariogram). Once the semivariance increases, there is a spatial dependence
relationship between the densities of B. tabaci and the sampled points. The nugget
effect and the sill value were calculated for each of the adjusted models (spherical,
exponential, and Gaussian).

The experimental semivariograms were adjusted to the theoretical models, and the
selection was made based on the cross-validation parameters, in which the measured
and estimated values were compared using the standard mean error (SME) and the
root mean square standardized error (RMSSE).

The kriging indicator was applied to spatial distribution maps of the insect in the
crops, with the objective of modeling the probability of unsampled locations exceed-
ing the quality reference values (QRVs). The kriging indicator does not use normal
distribution assumptions, because it transforms the original data into binary values
and, consequently, into cumulative distribution functions from pre-established
values, in this case the QRVs. 31, 32 The data were transformed into log-normal values
to minimize distribution errors and meet the requirements of common kriging based
on the rejection of the null hypothesis of the Kolmogorov-Smirnov test for normal
distribution. Spatial variability was determined from isotropic and anisotropic
semivariograms. Anisotropic calculations were performed in four directions
(0, 45,90 and 135°).

To obtain reliable estimates, the theoretical model needs to show SME values close
to 0 and RMSSE close to 1.33 The Akaike information criterion (AIC) was used as the
last selection criterion. The spatial dependence rate (SDR) was calculated according
to the formula: [CO/(CO + C1) x 100]. 34 A nugget effect less than or equal to 25% of
the plateau was considered strong. The value was considered moderate when it was
between 25 and 75% and weak when it was above 75%. Variables that showed SDR less
than one unit were not considered.

Spatial distribution maps of B. tabaci adults and nymphs were prepared for each
crop. In these maps, the predominant direction of the winds is shown.

3. Results

According to the statistical analysis, the values of variance were within the range
0 to 7.52 and were predominantly positive, where the peak of the normality curve of
the results was higher than the standard value, the distribution curves were classified
with positive asymmetries, and the coefficient of variation values were predomi-
nantly greater than 30% (Online Resource 1). In the two seasons evaluated, infestation
by adults and nympbhs of B. tabaci generally started between 30 and 50 days after the
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emergence of the plants. The maximum population density of 10 adults per plant and
approximately two nymphs per leaflet were recorded 101 days after plant emergence
(Online Resource 1 and Figure 3).
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Figure 3.

Occurrence of Bemisia tabaci adults and nymphs in the Brasmax BonoIPRO®, BRS 9180IPRO® and Brasmax
ExtremalPRO® cultivars for seasons I, II, and I.
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The results that showed a strong or moderate degree of spatial dependence (SDR)
were subjected to geostatistical models and chosen based on cross-validation param-
eters using the standard mean error (SME) and the root mean square standardized
error (RMSSE). Of the 126 models that were processed, 33 were selected, of which
13 were exponential, 10 Gaussian, 10 spherical, and 36 pure nugget effects (Table 1).
All selected models were isotropic (i.e., the spatial autocorrelation was the same in all
directions).

Differences in the variogram parameters (nugget, sill, and range) were
observed in the three cultivars in the two sampled seasons. A nugget effect was
observed in the variograms, always at a low density of B. tabaci adults or nymphs
(Figures 4 and 5). The SDR of the models ranged from 0 to 100. This showed a
significant effect of the nugget effect on the interpolation for some sampled days.
These proportions displayed that the spatial component accounted for 66% of the
total spatial variance. From the selected models, 15.15% demonstrated a strong
SDR (<0.25), 51.52% moderate SDR (between 0.25 and 0.75), and 33.33 weak SDR
(Table 2).

The ranges of the models varied from 13.03 to 132.53 m, and the maximum range
obtained for adults was 67 m at 104 DAE in the Brasmax ExtremalPRO® cultivar
and approximately 130 m for nymphs 101 DAE in the BRS 9180IPRO® cultivar
(Table 2).

We observed that colonization of soybean plants by B. tabaci may be divided into
three stages: the start of infestation, colonization of the area, and dispersion in the
area. The adults of B. tabaci began to infest the experimental area from the outermost
area; in season I, the insects came from the west, and in season II, the insects origi-
nated from the north (Figure 4).

Colonization by B. tabaci nymphs occurred as adults disperse in the area. Near
the end of the culture cycle, adults, and nymphs of B. tabaci had already colonized
the whole experimental area. With the colonization of the total area, adults began the
process of migration to nearby areas (Figures 4 and 5).

The soybean cultivars were divided into three groups according to the
density of the pest. In the first group (Brasmax Bonus IPRO®), the lowest densi-
ties of the pest (2 adults and 1 nymph per leaf) were observed. In the second
group (Brasmax ExtremalPRO®), lands with a higher density of nymphs
(up to 10 nymphs per leaf) were observed. In the third group (BRS 9180IPRO®),
plants exhibited the highest densities of adults (up to 15 adults per leaf)

(Figures 4 and 5).

We observed two patterns of variation in the densities of B. tabaci throughout
the development of the plants. The first occurred in Brasmax Bonus IPRO®, where
the pest population varied little over time and remained at low density. The second
pattern occurred in Brasmax ExtremalPRO® and BRS 9180IPRO®, where the
pest population increased over time and was distributed throughout the crop area
(Figures 4 and 5).

The mean air temperature was high (29-33°C) during the cropping period. On the
other hand, rainfall ranged from 10 to 127 mm per month during the cropping period
(Figure 2). The winds during the experimental periods occurred predominantly in
the northeast direction in 70% of cases with a maximum speed of 2.1 m/s. Performing
the main component analysis, it was apparent that the two axes explained 74.79%
of the data variation. There were positive correlations between the range and wind
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speed, and this trend was observed also, in addition, between adult whitefly densities

and rainfall and relative humidity (Figure 6).
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Figure 4.
Kriging maps for the spatial variability of Bemisia tabaci adults in the Brasmax BonoIPRO®, BRS 9180IPRO®
and Brasmax ExtremaIPRO® cultivars for the 2017/2018 season I and 2018/2019 season II.
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Figure 6.
Principal component analysis of the effects of rainfall and climatic elements on the range and abundance of
Bemisia tabaci in soybean crops. The first and second axes explained 74.79% of the variance.

4. Discussion

The data presented here provide information on the spatiotemporal dynamics of
B. tabaci in commercial soybean crops. Under the conditions evaluated, the initial
foci of colonization by adults occurred near the end of the vegetative stage of the
crop, and it is common to observe the occurrence of nymphs and adults of B. tabaci
at this stage of plant development . The peak infestation by adults and nymphs
recorded in the present study was relatively low compared to other studies [22, 28].

The cultivar Brasmax BonoIPRO® had high attractiveness for adults and nymphs
of B. tabaci. However, there was low infestation in the two evaluated seasons, which
may indicate that cultivars of an early cycle with early planting may escape the
whitefly attack [29], as mentioned above. B. tabaci infestation was more severe in late
February and early March.

B. tabaci showed an aggregated distribution in the soybean crops, indicating
that there were factors that influenced this outcome. The spatial distribution of pest
insects in crops is a consequence of the colonization and dispersion of these organ-
isms at these sites [24, 30]. Climate elements, terrain topography, characteristics of
insect species, and landscapes are among the factors influencing the spatial distribu-
tion of pest insects in crops [11, 24, 31-34].

Some results obtained for B. tabaci adults and nymphs showed a weak degree of
spatial dependence. This finding is characterized as a pure nugget effect (total absence
of spatial dependence), probably due to the low infestation by adults and whitefly
nymphs in each evaluation, making the presence of insects in geostatistical analyses
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imperceptible [25, 35]. These results are a common finding in this type of study; other
authors with experiments on the spatial distribution of Euschistus heros (Fabricius,
1798) (Hemiptera: Pentatomidae) in soybean have made similar observations [25, 36].

According to the semivariograms made, whitefly adults and nymphs had an iso-
tropic distribution. This finding confirms the premise that B. tabaci disperses across
the field in a diffusion pattern, allowing us to achieve an equal or similar number of
adults throughout the sampling points regardless of direction, with the center of origin
as the beginning of the evaluation [3]. Isotropic and aggregate pattern distributions
were observed for adults and nymphs, and a reduction in range (dispersion radius) was
observed as the density of adults per plant increased, while for nymphs, the opposite
effect was verified. Other authors have observed the same pattern of whitefly distri-
bution in soybean and other crops [3, 20, 22]. In experiments focused on the spatial
distribution of B. tabaci in commercial watermelon crops, it was demonstrated that the
dispersion of the insect was not influenced by a physical barrier or height gradient [20].

With the kriging maps, it was possible to verify that colonization of the area by
B. tabaci proceeded in the western and northern regions. Near the experimental area,
there was a permanent preservation area, native forest. Therefore, when favorable
environmental conditions existed, the infestation of B. tabaci in soybean crops was
to be expected. Migration from the native forest to the crop occurred when there was
abundant food and shelter [26]. However, the northeast winds were predominant in
both seasons; that is, the adults of B. tabaci flew against the wind searching for food.
This fact is common since wind helps in the dispersion of volatiles in the area. Insects
use volatiles as olfactory cues to find food, so insects can fly upwind, cross-wind and
downwind when having perceived volatiles [37].

Kriging and semivariogram maps are fundamental tools that can assist in the
identification and determination of the spatiotemporal dynamics of pests, in addition
to providing information such as the dispersion pattern and range of insects. Based
on this information, an adequate and efficient pest management monitoring program
may be defined [20, 22, 25]. In addition, the elaboration of the maps allows the
identification of the places with the highest incidence of whiteflies in crops, as well as
the delimitation of the direction of colonization by adults. This allows the application
of efficient control measures [20].

Geostatistics allowed us to verify the movements of B. tabaci adults and nymphs dur-
ing the evaluations and soybean cycle. As previously explored, there are factors that can
affect the distribution of pests in the field, features linked to insect characteristics such as
population growth (reproduction, mortality) and dispersion (immigration, colonization,
emigration) [3, 22, 25, 27, 36]. B. tabaci may fly to a height of up to 7 m and a distance of
7 km [38]. Climatic factors such as rainfall and the relative humidity of the air favored
an increase in the density of whitefly adults, while wind speed favored the dispersion of
adults, according to the literature [3, 20]. The development of monitoring and manage-
ment techniques aimed at the precise control of B. tabaci depends on a better understand-
ing of the flight behavior of the whitefly, especially short-range migration. The present
study provides important information about the pattern of aggregation and distribution
of B. tabaci, which may be used in future work to assist in the sampling method.
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Chapter 3

Food Detection and Feeding
Behavior of Three Species of
Household Cockroaches,
Blatella germanica (L.),
Periplaneta americana (L.),
and Supella longipalpa (F.)

Anil Chandra Neupane

Abstract

German cockroaches (Blatella germanica L.), American cockroaches
(Periplaneta americana L.,) and brown-banded cockroaches (Supella longipapla F.)
are the most important urban insect pests. The food detection and feeding behavior
of these cockroaches are varied and depend on different factors. German cockroach
starts feeding between 7:00-10:00 pm and 4:00-5:00 am, whereas the American
cockroach starts within the first few hours of darkness followed by an inactive period
in the latter part, and throughout the light period. The calling in females of brown-
banded cockroaches followed periodicity and peak calling occurs in the scotophase.
Likewise, the behavioral response of male brown-banded cockroaches was at a peak
in the scotophase. German cockroach compound eye is sensitive to blue-green portion
of the spectrum (major) and ultraviolet (UV) (minor). The compound eye of the
American cockroach received the blue-green and violet (or ultraviolet) regions of the
spectrum. Information on the compound eye sensitivity of brown-banded cock-
roaches is limited. The possession of specific hygroreceptors could play an important
role in both German and American cockroaches. The German cockroach preferred
carbohydrates food and consumed more containing starch, glucose, sucrose, man-
nitol, maltose, sorbitol, or glycerol. Very limited studies were carried out to determine
the food detection ability and the feeding behavior of the brown-banded cockroach.
Future studies should be directed toward the color preferences of the brown-banded
cockroach.

Keywords: feeding behavior, preference, distilled grain, time budgeting,
attractive chemicals
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1. Introduction

German cockroaches (Blatella germanica L.) (Dictyoptera: Blattellidae), American
cockroaches (Periplaneta americana L.) (Dictyoptera: Blattidae), and brown-banded
cockroaches (Supella Longipalpa F.) (Dictyoptera: Blattellidae) are the most impor-
tant urban insect pests, cause nuisance in and around the house. Cockroaches, their
body parts, saliva, and protein produced by them cause allergies and severe asthma as
well [1-3]. The German cockroach is the most abundant and has the widest distribu-
tion. The brown-banded and American cockroaches follow the German cockroach
with respect to importance in cosmopolitan distribution [4].

All three species acted as vectors to transmit pathogenic bacteria [5-10]. They are
nocturnal in habit; however, their peak activity varies during scotophase. Wang and
Bennett [11] found that the diet history of cockroach strains influenced the feeding
behavior of German cockroaches. They further stated that cockroaches grown ona
mixed diet consumed less gel bait than those reared only on a rodent diet. Insecticide
bait formulations have been used effectively used for managing German cockroach
populations [12, 13]. A similar principle has been used for the other two species of
household cockroaches. In recent years, gel bait formulation has been highly effective
in controlling German cockroach populations [14]. These baits are toxic and normally
contain a sugar phagostimulant, as well as active ingredients that are incorporated
into the food matrix [15]. The major influencing factors for bait efficacy are the
attractiveness [16], palatability, and toxicity of the active ingredients [17]. It has been
stated that field-collected German cockroaches develop an aversion to glucose [18]
and subsequently reject the food containing this compound [19].

Field-collected gel bait-resistant Cincy strain of German cockroaches showed
resistance with Avert (0.05% abamectin), maxforce FC (0.01% fipronil), and pre-
empt (2.15% imidacloprid) gel baits [20, 21]. Wang et al. [20] further mentioned that
the aversion Cincy strain exhibited avoidance behavior on agar gel bait that contained
fructose, glucose, maltose, and sucrose, which were commonly used as phagostimu-
lants. Modification of those inert ingredients improved the efficacy of fipronil gel.
Milio et al. [22] stated that 1.65% hydramethylnon bait stations provided moderate
control of American cockroaches in poultry house feed rooms. However, Holbrook
etal. [23] found that German cockroaches showed resistance to fipronil even though
their ancestors were never exposed to it and showed resistance to the cyclodienes,
which were formerly used for cockroach control. Similarly, it had been reported that
field-collected bait resistant (Cincy) strain of German cockroaches showed behavioral
resistance to avert (0.05% abamectin), maxforce FC (0.01% fipronil) [20] and avert
(0.05% abamectin), maxforce FC (0.01% fipronil), and pre-empt (2.15% imidacloprid)
gel baits [21]. Moreover, both maxforce FC containing fipronil and hydramethylnon
were not effective for the control of bait aversion (Miami) strain of German cock-
roaches [24]. Similarly, in Taiwan, German cockroaches collected from households and
hospitals in Kaohsiung area, south Taiwan develop resistance against three insecticides
propoxur, chlorpyrifos, and cypermethrin [25]. Agrawal et al. [26] found that the
synthetic pyrethroid combination of imiprothrin 0.07% + cypermethrin 0.2% aerosol
caused only 20% reduction of German and American cockroach infestation 12 weeks
after treatment. Recently, Fardisi et al. [27] stated that both insecticide-susceptible lab
strains and field strains of German cockroaches exhibited a varying level of resistance
to indoxacarb, fipronil, acetamiprid, beta-cyfluthrin, bifenthrin, and lambda-cyhalo-
thrin. Hydramethylnon and imidacloprid insecticides could not achieve more than 90%
mortality for the field strain, although there was no survivorship difference between the
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field strains and lab strains with the two insecticides. Field strains showed the lowest
resistance to boric acid, abamectin, dinotefuran, clothianidin, thiamethoxam, and
chlorfenapyr. Liang et al. [28] identified that prolonged exposure to the German cock-
roach showed physiological resistance to baits containing fipronil or indoxacarb. They
further determined that cockroaches exposed to fipronil-containing gel bait exhibited
cross-resistance to indoxacarb-containing gel bait.

In recent years, most of the studies have been focused on the development of new
gel bait and efficacy tests of gel baits. However, limited studies have been carried out
to determine attractants food, food detection, and feeding behavior of household
cockroaches. Thus, the study was done to collect and discuss information on food
detection and feeding behavior of the German cockroach, American cockroach, and
brown-banded cockroach.

2. Circadian rhythm among three cockroach species

Generally, cockroaches are nocturnal in habit. Previous researchers have found
that German cockroaches, remain in a temporary or permanent sanctuary or refuge
for pests to live and or rest (harborage) during the day or other periods of light and
become active during the night. They obtained a mixed diet from their foraging
and are generally omnivorous [13, 29]. However, Tsai and Lee [30] determined that
mated females could not express a circadian locomotor rhythm. In another study, it
was found that the German cockroaches exhibited a bimodal activity response when
they were exposed to natural light conditions and the activity began at sunset and
reached a peak several hours after the onset of darkness [31]. Moreover, it was also
found that a second peak activity occurred shortly before the light period began and
was more noticeable under natural light than under artificial light [31].

In German cockroaches, daily patterns of activity generally varied between
22 and 26 hours [13]. External cues synchronize the activity periods and various
periodic events typically serve as cues to entrain behavioral rhythms [13]. Adult male
German cockroaches are more active than nymphs and adult females when foraging
for food, water, and nest, as well as searching for mates [31]. The daily rhythm of
male German cockroaches followed two phases, scotophase and photophase. German
cockroach feeding behavior occurred between 7:00-10:00 pm and 4:00-5:00 am.
The feeding behavior of German cockroaches involved swinging the antenna fol-
lowed by touching the food [32]. Their activities increased rapidly at the onset of the
scotophase from 14:00 hours to a peak at 17:00 hours and decreased rapidly after-
ward. Shortly before the photophase commences, there was a second rush of activity
between 22:00 hours and 23:00 hours [31]. Furthermore, Fuchs [33] determined that
the activity observed from German cockroaches peaked 3 h before the scotophase
and 1 h before the photophase only when they were in the nest. Again, activity
reached its highest peak immediately after the onset of the scotophase. He further
revealed that long-range foraging occurred at specific times, whereas short-range
foraging is common behavior of German cockroaches. In the case of females, their
activity decreased to a minimum and there was no significant difference in activity
during scotophase and photophase. The periods of maximal activity of the gravid
females were often during photophase [31].

Sommer [34] examined substrate vibrations and the presence of other German
cockroaches as potential signal and determined that the activity of cockroaches and
individual rhythm could be fully synchronized with vibrations (50 Hz for 12 hours).
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Moreover, he found that cockroaches dragged by photoperiod could not be synchro-
nized with such 50 Hz vibrations.

Silverman [35] stated that the frequency of feeding and drinking of adult German
cockroaches was determined by the distance from the nest to resource. Moreover, the
cockroaches used a step-by-step manner to explore food patches, first, they search
for food nearby the nest then they will move farther after the depletion of the nearest
food [36]. Moreover, Nalyanya et al. [37] stated that both adult males and first instar
German cockroaches chose shelters that were nearby the attractant-treated area and
the furthest distance from the repellent-treated area. They further mentioned that
the cockroach consumed the highest amount of food, and mortality was also the
highest when the insecticide bait was placed near the preferred shelter.

In the case of American cockroaches, the onset of activities occurred within the
first few hours of darkness, followed by a relatively inactive period in the later part
and throughout most of the light period. However, adult females did not exhibit activ-
ity rhythms related to the lighting regimen (a specific photoperiod-12 L: 12 D h) [38].
In another experiment, it was determined that American cockroaches had diurnal
locomotory activity correlated with alternating light and dark period; however, there
was no correlation with temperature and humidity fluctuation. Alternate period of
24 h light and dark maintained a similar rhythm and activity which coincided with
the beginning of day or night [39].

In the American cockroach, Lipton and Sutherland [38] demonstrated that the
onset of feeding occurs soon after the onset of darkness. Moreover, Harker [40] found
that the ocelli of American cockroaches were linked with light and darkness and also
directly correlated with the establishment of the rhythm. Loss of rhythm was found
when painting over the eyes and ocelli of the cockroaches. There was no direct con-
nection between the hunger cycle and the rhythm activities.

The brown-banded cockroach, calling occurred discontinuously and followed a
diel pattern primarily during the scotophase, ina 12 L: 12 h D photoperiod and after
transfer to continuous light or dark conditions [41].

3. Food searching behavior

Ebeling et al. [42] reported that there was an inverse relationship between popula-
tion density and exploratory behavior in the male German cockroach, which was
accredited by the presence of an aggregation pheromone in the nest. Raubenheimer
and Jones [29] mentioned that the German cockroach can balance the micronutrient
intake by selecting a mixed diet from foods. The authors further stated that the ability
to distinguish food of different nutritional values could be due to specific nutrient
learning that was developed slowly on nutritionally imbalanced food. In general,
when there are imbalanced foods, it shows slowed development and increased mor-
tality in herbivores; however, the German cockroaches show well adapted variation of
ingested nutrients. Eating and drinking activities of B. germanica were related to the
more general circadian activity phases [31].

Similarly, Gadd and Raubenheimer [43] reported that American cockroaches were
able to associate food odors with proteins. Moreover, it was determined that this spe-
cies exhibited a spontaneous initial preference for vanilla over menthol [44].

Nymphs of brown-banded cockroaches self-selected a 15.5:84.5 protein: carbo-
hydrate diet when they were reared with two imbalanced diet cubes. One contained
absence of protein, while the other contained the absence of carbohydrates [45].
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4. Eating and drinking behavior of cockroaches

The German cockroach is nocturnal in habit and leaves its shelter for foraging at
night. The development stage of individual cockroaches is determined by their eating
and drinking habits [46]. The population of B. germanica is distributed in contiguous
patterns and forms aggregates. There are no differences between males and non-
gravid females, but gravid females stayed mostly in the shelter and were less mobile
[47]. Durbin and Cochran [48] observed that mortality increased when there was a
deprivation of both food and water, which ultimately delayed the reproductive cycle.
They reduced oothecal hatch in German cockroaches. Females survived much longer
without food. Moreover, time spent on food and water was not much different for
males and gravid females. Males foraged for food or water at least once in 7 days out
of 10 days, whereas gravid females foraged actively on fewer than three days. With
their fat and water reserves, female German cockroaches are well-suited to survive
without food on a temporary basis [48].

The increased need for water also helped explain the behavior of most cock-
roaches to frequent water sources rather than solid food sources. The possession of
specific hygroreceptors could play an important role in American cockroaches [31].

In the absence of drinking water, the nymphs of brown-banded cockroaches
survived significantly longer than German cockroach nymphs. The capability of
brown-banded nymphs was higher than German cockroach nymphs for producing
and utilizing extra metabolic water from food [49]. Moreover, female, brown-
banded cockroaches, when fed a 5% protein diet consumed less than fed either 25%
protein or commercial rat food. Adult cockroach performance was also directly
correlated with dietary protein levels and those females who died rapidly and were
fed 65% protein [50].

5. Effect of population density on feeding and drinking behavior

It was found that male German cockroaches drink more at the low population
density, although there was no overall effect of population density on feeding or
drinking events [33].

Silverman [35] observed that when resources were farther away from the shelter
the number of drinking and eating bouts increased. It was higher and took longer
than at lower German cockroach population densities. If food and water were close
to the shelter, shorter and fewer drinking bouts occurred under crowded conditions.
This could be a reaction to increased competition at the water source and could relate
to the interruption of drinking under high-density conditions. Under the crowded
condition, more foraging occurred even if the resource was placed far from the

harborage [35].

6. Factors affecting foraging and feeding behaviors

The age of German cockroaches was also influenced by the foraging behavior; adults
and large instar (fifth and sixth instar) searched and found food sources first before the
small instars [51]. Ballard et al. [52] determined that male German cockroaches were
more active and explored more than females. Cochran [53] identified that feeding and
drinking activity peaked during the egg maturation period and ended sharply at the
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appearance of egg capsules. However, Silverman [35] mentioned that nongravid female
and male German cockroaches fed and drank more often than gravid females.

Cockroach feeding was affected by sex, age, and reproductive condition. The
feeding behaviors of female B. germanica differed from nymph and adult males [54].
Males and unmated females of German cockroaches often responded to food odors
from short distances, and they ate about 1-3 mg of food per day. Males who copulated
twice a week ate more and died earlier than males that mated only once a week. In the
case of females, different stages of reproductive cycles, carry different nutritional
demands. Females, which were fed a low-protein diet, were able to increase consump-
tion for supporting their normal growth and reproduction, whereas those fed with a
high-protein diet increased mortality and decreased consumption and reproduction
[55]. Peak feeding and drinking occurred during the egg maturation period and
sharply ended when the egg case was apparent. Females feed and drink sparingly
during the egg case-carrying period [53].

7. Visual sensitivity attractant color

Low-intensity red light is used to observe foraging and mating behavior of
German cockroaches [56]. German cockroaches saw light with their compound eyes
and received light through ocelli and dermal photoreceptors [57]. Koehler et al. [56]
determined that German cockroaches had a color vision and the dorsal part of the
compound eye had two peak sensitivities. The main visual wavelength spectrum
was in the blue-green portion of the spectrum (490 nm), while the minor one was in
the ultraviolet (UV) (365 nm). The UV light stimulated the highest level of locomo-
tion, while green light stimulated about 30% and gold and red light did not affect
locomotion.

Walther [58] mentioned that the eyes of P americana contained at least two kinds of
receptors. They were stimulated by the blue-green and violet (or ultraviolet) regions of
the spectrum. Cockroaches contain compound eyes, which bear several kinds of recep-
tor stimulated between 316 and 704 nm [59]. The spectral sensitivities of the dorsal
ocelli of American cockroaches were measured using electrophysiological methods.
Renowned showed that the waveform of the electrical response (ERG) of dark-adapted
American cockroach ocellus was dependent on the intensity, but not on the wavelength
of stimulating light. Moreover, they determined that the cockroach ocellus appeared to
possess a single photoreceptor type, maximally sensitive at about 500 mp [60].

8. Food attractant

Blattella germanica is oriented to food or water only if they came close to it after they
began foraging, particularly after being deprived of food or water for a few days [31].

Cockroaches survived for long periods of time without food or water. B. germanica
lived significantly longer if they have only food with access to water [31]. Willis and
Lewis [61] reported that at 40% RH, without food and water, B. germanica survived
up to 8 days, whereas females survived up to 13 days. Similarly, at 70% RH, females
can survive up to 28 days without food or water. Water was required more critically
than food for German cockroaches. Male B. germanica could not survive more than
9-10 days, but females could survive with access to water and without food for up to
45 days.
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It was reported that after a carbohydrate meal, enzymes digested the sugars and
the crops cleared within 48 hours. Sugar helped to increase the number of feeding
episodes because of efficient digestion and the emptying of carbohydrates from the
crop. Since German cockroaches preferred containing carbohydrates, bait consump-
tion also increased by including substances, such as starch, glucose, sucrose, man-
nitol, maltose, sorbitol, or glycerol [4].

Karimifar [62] determined that peanut butter and beer were the most promising
food source having semiochemicals that mediated the attraction of German cock-
roach. The molting and reproduction behavior of German cockroaches is regulated by
food [46]. Food also played an important role in the temporal and spatial distribution
of population densities of the German cockroach [36, 47].

Nalyanya et al. [16] found that bread was second to Maxforce gel for attracting
male German cockroaches in olfactory assays. It was stated that in trapping studies
in apartments, bread was used frequently and often mixed with beer [63-65]. It was
identified that German cockroach baits are the mixture of odor or pheromone lures
that attract insects [66].

Ballard and Gold [67] tested German cockroach attractiveness toward white
bread, M. Sticky Chrysalis powder, Mr. Sticky Roach Bait, no bait, boiled raisins,
potato, apple, dry dog food, German cockroach feces, German cockroach, dry yeast,
banana, and Osage orange and found that the cockroaches were attracted signifi-
cantly toward white bread and Osage orange.

Lofgren and Burden [68] stated that two percent Dipterex bait and powdered sugar
showed the greatest attractiveness toward German cockroaches. Dextrin and corn starch
alone or in combination were the most attractive to nymphs of American cockroaches in
laboratory conditions. Similarly, it was found that German and American cockroaches
were attracted to common foodstuffs, such as soft drink syrups, brown sugar, molas-
ses, and essential oils of banana, sweet orange, apple, and pineapple [4]. Previously,
insecticides were mixed with attractive food, such as honey, sugar, banana, beer, bread,
cornmeal flour, potato, and peanut butter, that were used for the preparation of various
baits formulation with the concept that cockroaches like to eat that food [66].

B. germanica preferred 1:3 protein-carbohydrate ratio food and self-selected
optimal diets based upon their nutritional needs [69]. Ko et al. [15] determined that
baits were the most effective when they matched the intake target and were preceded
by food that departed from the intake target. When cockroaches were fed high-
quality food and offered bait, they found the bait to be ineffective. It was determined
that female German cockroaches compensated for their low dietary protein levels by
increasing their consumption rates [55].

B. germanica had hygroreceptors in their antennae for detecting water vapor; however,
the antennae were not capable of detecting odors or water vapor over more than a few
centimeters [70]. German cockroaches are captured in different places depending on the
availability of food or bait [71]. Rust et al. [13] did experiment by using sex pheromones
to food-based odorants in German cockroaches. They determined that the direction to
attractive baits was directed by olfaction over some distance using an olfactometer.

Silverman and Bieman [72] determined that the German cockroaches collected
in different fields of Florida and South Korea showed avoidance behavior to bait
formulation containing glucose, and substitution of glucose with D-fructose and/or
a mixture of fructose: glucose in molar ratio > 9:1 stimulated feeding behavior. Pol
et al. [73] mentioned that German cockroaches were attracted to beer semiochemicals,
ethanol, which was the product of formerly living and active yeast. In the process of
production of beer yeast, actively metabolize the sugar in mated barley powder that
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was attractive to German cockroaches. In the laboratory experiment, they found that
three components comprising the dry malt extract, water, and brewer’s yeast strongly
attracted the German cockroach. Similarly, the food intake of German and American
cockroaches was stimulated by many sugars [74]. The sensilla on the maxillary palps
of the American cockroach contained sugar-binding sites. Sugars have been frequently
incorporated into insecticide-dosed diets as phagostimulants for cockroaches [75].

Frings [76] identified that in the American cockroach, the tarsi and cerci, lack gus-
tatory receptors. The gustatory organs of cockroaches have both maxillary and labial
palps. The maxillary palps play a major role in feeding. Moreover, he determined that
American cockroaches responded behaviorally to several salts and acids.

Adler [77] reported that a bait made from the distilled grain was an attraction for
the brown-banded cockroach but failed to attract American cockroaches during field
experiments. Later Brenner and Patterson [78] tested the feeding preference of four
species of cockroaches (American, smoky brown, brown-banded, and Florida wood
cockroach) and found that brown-banded cockroach showed significant preference
for cat chow and the brown-banded cockroach did not prefer distiller’s grains when a
choice was provided with other baits. Female brown-banded cockroaches’ consump-
tion rate was decreased when a 5% protein diet was provided, as compared to either
25% protein or commercial rat food [50].

9. Food stimulants

Phytophagous insects have evolved various mechanisms for detecting and avoid-
ing consumption of certain allelochemicals [79]. Tsuji [80] assayed some fatty acid,
their esters, and related alcohol in P. americana, B. germamica, and Phragmatobia

fuliginosa and found that starved German cockroaches were attracted to n-caproic,
n-caprylic, n-capric, and lauric saturated fatty acid, and oleic acid an unsaturated
fatty acid. He further mentioned that the most effective attractants in esters

were methyl myristate, ethyl myristate, methyl palmitate, and ethyl palmitate.
Furthermore, he found that the saturated normal alcohols with 8 to 14 carbon atoms
were also attractive for the American cockroach and oleyl alcohol was attractive to
the German cockroach [80]. Moreover, the most effective feeding stimulants were
n-caprylic acid and methyl myristate. Oleyl alcohol was the stimulant for German
cockroaches only. Similarly, Wileyto and Boush [81] found that German cockroaches
responded positively to oleyl alcohol, palmitic acid, fenugreek seed alcohol extract,
and elaidic acid methyl ester in two choice olfactometer.

The attraction of German cockroaches to esters was tested, and it was found
that hexyl hexanoate and pentanoate are attractive compounds and attractiveness
was increased ten times with propyl cyclohexane acetate [82]. Moreover, Silverman
and Selbach [19] determined that the glucose-averse strain of B. germanica rejected
glucose solutions during brief exposure periods (< 5 min) for 2 days with food
deprivation. Karimifar et al. [83] mentioned that 1-hexanol from peanut butter and
ethanol and 2, 3-dihydro-3, 5-dihydroxy-6-methyl-4H-pyran-4-one (DDMP) from
beer, are the key semiochemicals for making the food more attractive to B. germanica.
It was determined that German cockroaches have hygroreceptors for detecting water
vapor [70]; however, they were not detecting odors or water vapor or odors far from a
few centimeters. Thus, the success of baiting appeared when located baits were meets
maximum during the food searching period of the German cockroach [71].

54



Food Detection and Feeding Behavior of Three Species of Household Cockroaches...
DOI: http://dx.doi.org/10.5772/intechopen.108499

Tsuji [74] studied the feeding behavior of three cockroach species to the constituents
of rice bran and determined that volatile substances soluble in n-hexane acted as olfactory
attractants. The feeding stimulants were methanol and the feeding stimulants were sugars
and related compounds. The effects for galactose and mannitol were highly species-spe-
cificin B. germanica and P, americana. Jakinovich et al. [84] explained that the American
cockroach had behavioral taste responses to sucrose and a-D-methyl-glucosides. In
another experiment, Wieczorek [85] found that the sensilla field of the maxillary palps
in the American cockroach has 2500 taste hairs. Insoluble a-glucoside was detected in the
sensilla field of intact palps and hydrolyzed sugars were effective stimuli.

Sugarman and Jakinovich [86] did research on the behavioral gustatory response
of the adult American cockroach and identified that the American cockroach
responded positively to L-amino acids but not to most D-amino acids. Poultry liver,
silkworm pupae, and hydrogenated soy protein were used as protein sources in bait
matrices as feeding stimulants [87]. Tsuji [74] determined that attractiveness alone
could not effective, it is more effective if it has both attractiveness and feeding stimu-
lants as well which was found in n-hexane the soluble fraction of rice bran.

Moreover, it was found that certain attractants and feeding stimulants are species-
specific and a mixture of these substances may have a synergistic effect [74, 80, 88].
Furthermore, [80] found that several fatty acids and related compounds were both
attractive and served as feeding stimulants in B. germanica, P. americana, and P

fuliginosa. A mixture of glucose and fructose stimulated a higher feeding rate and a
greater response of sugar gustatory receptor neurons in wild-type B. germanica than
either fructose or glucose alone [88].

Nojima et al. [89] determined that the eighth tergal gland of male German
cockroach secrets methanolic during sequential courtship behavior that contains
seven compounds, including oligosaccharides mixture and maltose, maltotriose, and
maltotetraose, that strongly stimulated the feeding response of females. Likewise,
and an artificial blend of the sugar components significantly increased the polar lipid
fraction in the gland and increased feeding stimulants in female cockroaches. Cohen
et al. [45] and Ko et al. [15] also reported that higher protein, carbohydrate ratios
could attract more German cockroaches. Furthermore, Ko et al. [15] used casein,
peptone, and albumin as protein sources in their baits, which were more attractive
to German cockroaches. Cohen et al. [45] used casein as the protein and determined
that B. germanica and S. longipalpa preferred a higher ratio of casein to carbohydrates.
Prakash et al. [90] identified that at 0.5 mg/cm® N, N-diethylphenyl acetamide
exhibited residual repellency for 4, 3, and 2 weeks against American, German, and
brown-banded cockroaches, respectively.

10. Baits

Ross [91] mentioned that the substance in the formation of bait has the most
important role to determine attractiveness, whereas the inactive ingredient has a key
role to determine the behavioral response in German cockroaches. For nymph 1-nymph
3 of the German cockroach, bred was found significantly more attractive than goliath
gel, however, both were equally attractive for nymph 6 and adult females [17]. They
further mention that there were no changes in the level of attractiveness of goliath
gel bait either adding or removing fipronil in goliath gel baits. Therefore, several food
types, mainly containing three macronutrients (carbohydrate, lipid, and protein) have
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been used in the food matrices of cockroach baits [92]. The feeding stimulant activity of
fructose was less effective than glucose, sucrose, and maltose [20].

Durier and Rivault [17, 93] revealed that fipronil gel was more attractive than
boric acid baits. Nalyanya et al. [16] mentioned that avert powder (abamectin),
maxforce station and gel, and siege gel (all hydramethylnon) were regularly attractive
to German cockroaches and brown-banded cockroach adults and nymphs in trap-
ping experiments. Kaakeh et al. [94] stated that American cockroaches were more
attracted to fipronil than combat bait matrix or to other alternative foods. Later, it
was determined that German cockroaches frequently choose goliath gel bait (0.05%
fipronil) in comparison to avert (0.05% abamectin), maxforce (2.15% hydramethyl-
non), and drax (33.3% boric acid) gel, and goliath gel induced more feeding stimulant
than avert gels [17]. German cockroaches were effectively attracted to noviflumuron
and fipronil baits; however, consumption was significantly higher in noviflumuron
bait than fipronil baits under laboratory conditions [11].

Anaclerio and Molinari [95] investigated the attraction behavior of four syn-
anthropic cockroach species of B. germanica, S. longipalpa, Blatta orientalis, and P
americana. Cockroach methanol fecal extracts showed a higher intraspecific attrac-
tion than aqueous extracts in olfactometer bioassays. They further mentioned that the
new gel containing cockroach fecal extracts was more attractive than commercial gel
formulations.

It was reported that German cockroaches were attractive and susceptible to fipro-
nil and imidacloprid gel baits. At field levels, the German cockroach population was
killed by 100% at 60 days after treatment with 0.05% fipronil and 2.15% imidacloprid
gel baits [14, 96, 97].

11. Conclusions and future recommendations

This chapter describes the food detection and feeding behavior of three species
of cockroaches (German, American, and brown-banded). The discussion was done
on the sensitivity of the compound eyes of these species, specific food preferences of
these species, as well as the efficacy of various baits in controlling these species.

It was found that the German cockroaches exhibited a bimodal activity response
when they were exposed to natural light conditions, and the activity began at sunset
and reached a peak several hours after the onset of darkness. Moreover, it was also
found that a second peak activity occurred shortly before the light period began
and was more noticeable under natural light than under artificial light. American
cockroaches had diurnal locomotory activity correlated with alternating light and
dark period; however, there was no correlation between temperature and humidity
fluctuation. The brown-banded cockroach, calling occurred discontinuously and
followed a diel pattern primarily during the scotophase, in a 12 L:12 h D photoperiod
and after transfer to continuous light or dark conditions.

The German cockroach can balance the micronutrient intake by selecting a mixed
diet from foods. American cockroaches were able to associate food odors with pro-
teins. Moreover, it was determined that this species exhibited a spontaneous initial
preference for vanilla over menthol. Likewise, brown-banded cockroach self-selected
a15.5:84.5 protein: carbohydrate diet.

The German cockroach males foraged for food or water at least once in 7 days
out of 10 days, whereas gravid females foraged actively on fewer than 3 days. With
their fat and water reserves, female German cockroaches are well-suited to survive
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without food on a temporary basis. The possession of specific hygroreceptors could
play an important role in the food searching behavior of the American cockroach. In
the absence of drinking water, the nymphs of brown-banded cockroaches survived
significantly longer than German cockroach nymphs.

Cockroach feeding was affected by sex, age, and reproductive condition. The feed-
ing behaviors of female B. germanica differed from nymph and adult males. When
resources were farther away from the shelter the number of drinking and eating bouts
increased. It was higher and took longer than at lower German cockroach popula-
tion densities. Male German cockroaches were more active and explored more than
females. Feeding and drinking activity peaked during the egg maturation period and
ended sharply at the appearance of egg capsules.

German cockroaches had the color vision and the dorsal part of the compound eye
had two peak sensitivities. The main visual wavelength spectrum was in the blue-
green portion of the spectrum (490 nm), while the minor one was in the ultraviolet.
The compound eyes of P. americana contained at least two kinds of receptors. They
were stimulated by the blue-green and violet (or ultraviolet) regions of the spectrum.
The dark-adapted American cockroach ocellus was dependent on the intensity, but
not on the wavelength of stimulating light.

Water was required more critically than food for German cockroaches. Male B.
germanica could not survive more than 9-10 days, but females could survive with
access to water and without food for up to 45 days.

Food also played an important role in the temporal and spatial distribution of
population densities of the German cockroach. German cockroach baits are a mixture
of odor or pheromone lures that attract the insect. Two percent Dipterex bait and
powdered sugar showed the greatest attractiveness toward German cockroaches.
Dextrin and corn starch alone or in combination were the most attractive to nymphs
of American cockroaches in laboratory condition. The food intake of German and
American cockroaches was stimulated by many sugars. Bait made from the distilled
grain was attractive for the brown-banded cockroach but failed to attract American
cockroaches during field experiments.

B. germanica had hygroreceptors in their antennae for detecting water vapor;
however, the antennae were not capable of detecting odors or water vapor over more
than a few centimeters. The sensilla on the maxillary palps of the American cockroach
contained sugar-binding sites. It was found that starved German cockroaches were
attracted to n-caproic, n-caprylic, n-capric, and lauric saturated fatty acid, and oleic
acid an unsaturated fatty acid. He further mentioned that the most effective attrac-
tants in esters were methyl myristate, ethyl myristate, methyl palmitate, and ethyl
palmitate. Furthermore, it was found that the saturated normal alcohols with 8 to 14
carbon atoms were also attractive for the American cockroach and oleyl alcohol was
attractive to the German cockroach. The effects of galactose and mannitol were highly
species-specific in the German and American cockroaches. The several fatty acids and
related compounds were both attractive and served as feeding stimulants in German
and American cockroaches.

Avert powder (abamectin), maxforce station and gel, and siege gel (all hydra-
methylnon) were regularly attractive to German cockroach and brown-banded
cockroach adults and nymphs in the trapping experiment. American cockroaches
were more attracted to fipronil than combat bait matrix.

For the control of cockroaches and developing modern baits, specific knowledge
on circadian rhythm, food searching behavior, eating, and drinking preferences,
effect of population density on feeding and drinking behavior, factors affecting
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foraging and feeding behavior, visual sensitivity, food attractants, and stimulants
should be considered. It is clear that very limited studies were carried out on the
sensitivity of the compound eyes and food detection ability and the feeding behavior
of brown-banded cockroaches. Thus, further research is needed in those areas for the
control of brown-banded cockroaches.
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Chapter 4

Interaction Among the
Multi-Trophic Lac Insect Complex
of Flora and Fauna: Impact on
Quantity and Quality of the Resin
Secreted

Kewal Krishan Sharma and Thamilarasi Kandasamy

Abstract

Lac insects are a specialized group of phytosuccivorous insects (Coccoidea:
Tachardiidae) that secret resin of industrial importance having diverse applications.
Due to unique biology, host preference and dispersal mechanisms, lac insects are
expected to differentiate locally, forming geographic and host races without adequate
morphological differentiation. 101 species of lac-insects and over 400 species of lac
host plants have been reported but insects belonging to sub-family Tachardiinae are
considered important for laksha-culture (lac insect farming). With a wide host-plant
range and diverse habitat, the insects have developed a specialized ecosystem with
multi-trophic complex of flora and fauna. Not only the lac insect but also the host
plants and various biotic associations play a significant role in determining the quan-
tity and quality of the produce. This insect being an obligate phloem sap sucker
completes its life cycle on host plant species. Phloem sap is nutritionally unbalanced,
as it is rich in carbohydrates but deficient in essential amino acids. Due to the scarcity
of essential elements in phloem sap, endosymbionts are likely to co-evolve within the
insect cell, while fulfilling their nutritional requirement. Implication of these intricate
biotic associations on quantity and quality of the lac resin produced merits thorough
understanding for sustained lac production.

Keywords: lac insect, Kervia lacca, Tachardiidae, insect-plant interaction, resin
quantity and quality, lac-endosymbionts

1. Introduction

Lac, reputed as the only resin of animal origin is secreted mainly by the Indian lac
insect, Kerria lacca (Kerr) (Hemiptera: Tachardiidae), which thrives on the tender
twigs of specific trees called lac hosts (kusum, palas, ber, Flemingia etc.). Since time
immemorial, lac farming has been practised for the products of commerce viz., lac, a
resinous or non-resinous covering substance over their body, dye - a natural crimson/
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yellow color in the body fluid and the lac wax — present within and above the lac
resin. These products find application in diverse areas such as food, pharmaceuticals,
cosmetics, paints and varnish industries [1]. Lac insects (Hemiptera: Coccomorpha)
specialized coccids (scale insects) belonging to the family Tachardiidae (=Kerriidae)
[2, 3] are sap-sucking insects thriving on certain plant species called lac host plants.
Almost all the stages of lac insect are sedentary and attached to the host plants except
for neonate nymphs (crawlers) and adult male insects. Lac insects can be found in
tropical and subtropical regions (between the latitudes 40° N and 40° S) due to their
preference for a warm climate. Lac production is mainly done in some South, East and
Southeast Asian countries like India, Thailand, China, Indonesia, Bangladesh, Myan-
mar, Laos and Vietnam but the product is in demand all over the world. India is the
global leader in lac production followed by Thailand.

The family comprises of nine genera and 99 species worldwide [4]; Kerria Targioni
Tozzetti is the largest genus in the family. Recently two more species K. destructor [5]
and K. canalis [6] have been described taking the total number of species to 101. The
family is characterized by sclerotized features of the adult female. The outer lac
encrustation, called lac cell, does not always help in recognition, although it provides
indicators in some cases, e.g., lac is resinous and alcohol soluble in sub-family
Tachardiinae, but hard, horny and insoluble in Tachardiininae.

India is endowed with a rich wealth of lac insect resources. The genus Kerria
includes 28 species worldwide, 21 of which are recorded from India [7]. 27.7% of lac
insect biodiversity reported from the world is found in our country under two genera
i.e., Kerria (23 species) and Paratachardina (5 species). Species of Paratachardina do
not produce true lac and are considered pests of economically important plants but
have been utilized as bio-control agents for controlling weeds. Other minor species
include K. chinensis and K. sharda. K. chinensis is the principal insect in East and
Southeast Asian countries. The kusmi form of Kerria lacca, known for its superior
quality of lac and higher productivity is unique to India.

Strains of lac insects: Indian lac insect is known to comprise two distinct infra sub-
specific forms (commonly termed strains), ‘Kusmi’ and ‘Rangeeni’ [8]. Kusmi strain is
grown on Kusum or on other alternate host plants and the kusmi crops are (i) Jethwi —
summer season (maturing in June/July) and (ii) Aghani — winter season (maturing in
Jan./Feb.). Rangeeni strain thrives on host plants like palas but not on kusum and it has
also two crops; they are (i) Katki — rainy season (maturing in Oct. /Nov.) and (ii)
Baisakhi — summer season (maturing in June/July).

2. Factors affecting lac production

Production of lac per unit area and time depends on various biotic and abiotic
factors impinging upon lac insect ecosystem. Important biotic factors, which affect lac
productivity are:

2.1 Lac insects

Species mainly belonging to Kerria are exploited for commercial production of lac.
Yield of lac insect varies significantly depending upon the lac insect species and its
strain. Differences in lac yield also exist between the two strains. Average resin
secreted by kusmi cells and rangeeni cells is 16.96 mg and 8.07 mg, respectively.
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Similarly, kusmi strain produced twice the quantity of resin (4.99 mg/mm) per unit
size of the cell compared to rangeeni strain (2.55 mg/mm) [9].

2.1.1 Initial density of settlement and mortality

Lac insects are gregarious in nature and settle in close proximity. Hence, density of
settlement has a bearing on lac yield. Different lac insects showed a varied density of
settlement (average 80—192 per sq. cm in rangeeni, 186—242 per sq. cm in kusmi and
160-264 per sq. cm in Meghalaya stock) based on the broodlac quantity used [10].
Under the optimal broodlac conditions, kuswmi strain tends to settle closer compared to
rangeeni strain, which is evident from their mean density of settlement. However,
under excess brood condition ‘crowding effect’ is exhibited, which is more marked in
rangeeni. On the other hand, crawlers of K. chinensis (Meghalaya collection) tend to
settle closer during both the seasons. Settlement of larvae in variance with the desired
number affects the production adversely. Higher density of settlement results either
in increased mortality due to insufficient availability of space and nutrition or a higher
male population, which ultimately affects lac yield. Mortality up to 21 days of inocu-
lation is attributed to non-feeding of the larvae at the time of initial settlement. Higher
initial mortality is indicative of non-suitability of the host plant and/or of unfavorable
environmental conditions.

2.1.2 Sex-ratio

Although the contribution of male lac insects to commercial lac production is very
little, they are vital for good lac crop and vis-a-vis broodlac production since the rate
of lac secretion increases vigorously in the females after fertilization. However, female
lac insects are the sole commercial lac producers. Progeny size and sex ratio vary
widely in different lac insect stocks as well as when same lac insect is reared on
different host plants. Variation in sex ratio in different crops of lac insect vis-a-vis
host plant is more pronounced in rangeeni strain than in kusmi, especially during the
summer season. It varied between 18.07-64.39 and 25.59-31.48%, respectively, for
summer and rainy season crops of rangeeni and between 22.02-29.33 and 25.49—
35.44%, respectively, for summer and winter season crops of kusmi strain [10].

Average male population is lower in smaller progenies and higher in larger proge-
nies; suggesting that larger progeny size increases the male population. In general, sex
ratio ranges between 20 and 50% depending on various biotic and abiotic factors.
However, in smaller colonies, it may vary between 0 and 100 per cent. Sex ratio is
found to vary with (i) season [11]; (ii) sequence of emergence [12]; (iii) site of
colonization [12]; iv) density of settlement [13, 14]; v) plant-host [15] and plant-host
variety [16]. However, the exact reasons for the wide fluctuation of sex ratio in lac
insect population need to be investigated further.

2.2 Host-plant

Although more than 400 species of plants have been reported to support lac insects
on them, various biological attributes such as survival, resin production and fecundity
differ greatly from the host species used [17]. Coccoids have been found to be very
specific not only to different host species but also to specific varieties and even
individual phenotypes of host plants due to inter-specific and intra-specific variation
in the host plant defense. Srinivasan [18] has indicated preference of lac insects to
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specific phenotypes — kariya over charka — the later has a lighter colored bark than
the former in palas (Butea monosperma) and Kusum (Schleichera oleosa); however, the
two are botanically inseparable.

Food quality: The quality and quantity of food available to the insect are important
in determining its survival and reproduction rate. This is particularly true for phloem
sap-feeding insects. Passive exudation of sap of phloem bundles has a substantial role
in supply of phloem sap to the insects. Quantitative and qualitative differences in the
nutrition available from different host plants, cause variation in biological attributes
of the lac insect. Variability studies in case of four species of Flemingia viz.
macrophylla, semialata, stricta and bractiata with regard to various attributes of lac
insects have shown significant differences [19].

Sap condition: Lac insect feeds on the phloem sap of the host plant. The insect
inserts its proboscis and feeds on exudation of sap by i) turgor pressure and (ii)
capillary action. Turgor pressure of the host changes with the season and phenotypic
activity of the plant. The sap pressure is higher during rainy season and considered
favorable for the growth of the insect and inverse is true for summer season. ‘Sap
reaction’ and ‘sap density’ are possibly among the factors, which influence the suit-
ability of the host plant for lac infection. Good host plants have phloem sap of pH
ranging between 5.8 and 6.2 [20]. Similarly, sap density of good hosts ranges between
0.14—0.1728.

2.2.1 Initial density of settlement and mortality

Initial settlement of crawlers is affected mainly by host plants and the physical
characteristics of the twigs where they settle down. Density of settlement on S. oleosa
(kusum) is higher than on Albizia lucida (Galwang). Some lac host plants support a
certain species or strain in a better way and vice-versa. Although lac insect crawlers can
be made to settle on any plant twigs, they would be able to survive and complete their
life cycle only on good hosts. Rangeeni lac insect cannot survive on kusum and it
exhibits very high mortality on F. semialata; similarly, kusmi strain cannot survive on
B. monosperma (palas), while Ziziphus mauritiana (ber) supports both strain up to
maturity. There is a significant decrease in survival when lac insect was reared on
pumpkin fruits (Cucurbita moschata) in comparison to Flemingia macrophylla. The
increase in mortality observed was 67.2% and 104.9% for kusmi and rangeeni strains,
respectively [21].

2.2.2 Sex-ratio

Chauhan [15] has reported that the Meghalaya lac insect stock showed significant
difference in sex ratio on different host plants. It was observed that 72%, 82% and 98%
were in favor of males on F. macrophylla, Cajanus cajan and Z. mauritiana, respec-
tively. Similarly, Sharma and Ramani [21] have also observed that male percentage of
rangeeni and kusmi strains of K. lacca on F. macrophylla was 39.76 and 37.28%, which
increased to 70.05 and 62.65% when they were reared on C. moschata fruits.

2.2.3 Effect of host-plant on resin production

Average mean cell diameter of a kusmi female cell was 3.02, 3.16, 3.50 and 3.54 mm
on C. moschata, F. macrophylla, Acacia auriculiformis and S. oleosa, respectively [9].
Resin produced by individual female lac cells varied significantly. It ranged from
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6.11 mg on C. moschata fruits to 22.84 mg on S. oleosa. Resin production by individual
female lac insects was the highest on S. oleosa followed by A. auriculiformis, F.
macrophylla and C. moschata fruits (Figure 1). Very high intra-strain variations were
observed in resin-producing efficiency of lac insect even when cultured on the same
host plant.

Similarly, the average mean diameter of a rangeeni female cell grown on A.
auriculiformis, C. moschata, F. macrophylla and B. monosperma was 3.10, 3.17, 3.19 and
3.22 mm, respectively. Average resin secreted by an individual rangeeni female cell
ranged between 6.00 mg (on C. moschata fruits) and 9.09 mg (on A. auriculiformis).
Resin production by single rangeeni female lac insect was found to be the highest on A.
auriculiformis followed by B. monosperma, F. macrophylla and the lowest on C.
moschata fruits (Figure 2). Higher values of coefficient of regression in good hosts S.
oleosa and A. auriculiformis for kusmi strain and B. monosperma in rangeeni strain
corroborate the fact that a good lac host allows full manifestation of the resin-
producing potential of the lac insect. Resin productivity is higher on tree hosts in
comparison to F. macrophylla (a shrub) and the pumpkin fruit. Though variations in
cell size were less prominent, weight of the cell and resin output per female recorded
greater variations showing the effect of host on resin productivity of the insect. Lac
insect — host plant interaction in terms of lac production and host suitability is
reflected in the data provided in Table 1.

2.2.4 Host suitability index

Host preference, length of settlement at crop maturity, lac insect survival at crop
maturity and resin production by the insect are the most important attributes affect-
ing the production of lac. Host Suitability Index is calculated for identifying an ideal
host plant by using the following formula. By taking the lowest value of Host Suit-
ability Index for a particular host plant as 1.00, relative suitability indices are
calculated for the other hosts.
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Figure 1.
Resin productivity and cell size relationship in Kerria lacca (kusmi strain) on different host plants during winter

season crop.

71



Arthropods — New Advances and Perspectives

Cell Weight (mg)

ONAO’)@SBE
B
Loy
‘\I'l\
-‘\
A
\
\
|
\
*
>

N
Q? Q? o Q2 ) 2 o?
Cell Diameter (mm)
@ B. monosperma ® A. auriculaeformis A F. macrophylla x C. moschata

Figure 2.
Resin productivity and cell size velationship in Kerria lacca (rangeeni strain) on different host plants during rainy
season crop.

Host-plant Initial host % Survival at ~ Diameter of Weight Host
preference crop maturity the cell (mm)  diameter  suitability
(%) ratio index

A. Kusmi strain

Acacia auriculiformis 26.67 13 3.50 5.404 65.53
Cucurbita moschata 10.00 8 3.02 2.023 4.89

Flemingia macrophylla 80.00 19 3.16 3.617 143.34
Schieichera oleosa 86.67 22 3.54 6.452 435.50

B. Rangeeni strain

A. auriculiformis 20.00 15 3.10 2.932 27.27

Butea monosperma 93.33 18 3.2 2.720 147.16

C. moschata 13.33 9 3.19 1.881 7.20

Flemingia macrophylla 86.67 18 3.17 2.363 116.85
Table 1.

Host suitability index of diffevent lac host plants for rearing Indian lac insect, Kerria lacca (Kerr).

Host Suitability = Index

%Host Preference x %Length of settlement x %lac insect survival

xMean resin production(mg) x 100

where % host preference — (% of host-plants on which lac insect survived till crop
maturity), % length of settlement at crop maturity — (% length of encrustation of
available shoot length), % survival of lac insect (per square cm) at crop maturity —
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(% surviving lac insect number of the initial density of settlement) and resin produced
(mg) by lac insect — (average weight of resin produced by fifty randomly collected
individual female lac insects).

2.3 Local environment

Abiotic and biotic components also affect the suitability of the host plant to lac
insect. Zigiphus xylopyra (Ghont) is a good host in Madhya Pradesh but not in Ranchi
(India). Similarly, C. cajan and Grewia spp. are used as lac hosts in North Eastern
states but attempts to cultivate lac Grewia at Ranchi proved futile. Analysis of weather
data of 1984—2012 of Ranchi (India) revealed that the winter months (December and
January) have become colder and pre and post-winter months (November and Feb-
ruary) the warmer [22]. These changes in climatic parameters have implications in lac
cultivation as it is a critical period of lac insect development (pre-sexual maturity)
during the summer season crop. Monsoon and winter rainfall spells and magnitude
were also found to affect lac crop performance. Effect of abiotic factors (temperature,
rainfall and relative humidity) was correlated with lac production of rangeeni crop
during 2006-2007 to 2012-2013. It was observed that maximum temperature had a
significantly negative (—0.911* and — 0.837*) and RH a positive significant (0.850*
and 0.800*) correlation with lac production during the critical crop period (March
and April) of development in the summer season (baisakhi) crop whereas, during
rainy season (katki) crop, minimum temperature had a significant negative (—0.765%)
correlation with lac production. The vulnerability level of lac insect is high during and
prior to sexual maturity stage in the summer crop, thus post-winter season is the
critical period for lac insect survival and any undesired variability in weather
parameters in this stage can impact adversely on lac productivity.

3. Factors affecting lac quality

Lac insects have been designated as crimson, yellow, cream or white depending
upon the quality and intensity of the water-soluble pigment (laccaic acids) present in
their body. Resin pigment (erythrolaccin) is not soluble in water and is not desirable
in some of its application areas. Quality of the secreted resin due to the presence of
dye differed significantly among various stocks of lac insects. Kusmi strain of K. lacca
produced the lightest colored resin whereas that produced by K. chinensis and K.
sharda insects was the darkest. Saha [23] has also reported significant differences in
physicochemical properties of lac resin secreted by three different lac insect species.
Lac insect species and their host plants also affect the quantity of lac dye
(erythrolaccin) present in the particular lac insect stock.

Biochemical parameters of the lac host plants get altered after lac insect inocula-
tion. Fengshu et al. [24] have analyzed phenolics, sugars, amino acids and some
inorganic elements of the host plants of different ages and strains with and without lac
inoculation. The biochemical parameters showed variations after lac inoculation and
correlated with the seedlac quality and quantity in different seasons. Liu et al. [25]
have analyzed tannins and phenolics in relation to the quality and size of the winter
generation K. lacca on different lac hosts such as Dalbergia szemaoensis, D. hupeana, D.
obtusifolia, Pueraria thunbergiana, Zenia insignis, Cassia siamea and C. cajan. Yang
et al., [26] have reported that the host tree root secretion and the quality of the lac
produced are the indexes to the inter-adaptability between the lac insect and its host
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tree such as Acacia suma, Hibiscus syriacus, Moghania macrophylla and S. oleosa. Vari-
ous studies indicated a decrease in the amount yet increase in the variety of amino
acids in the host trees on lac inoculation. Lac composition also differed significantly
from the lac insects grown on different host trees.

4, Associated fauna

A number of major and minor pests/diseases at times almost destroy the lac crop,
thereby, not only reducing the yield drastically but also affecting the quality of the lac.
Sessile nature of lac insects makes them more prone to predators and parasitoids.

4.1 Predators

The losses in lac cultivation due to various insect predators are known to be far
greater than what is usually met in other agricultural crops. About 22 predators have
been reported to be closely associated with lac insects, of which three are major
predators viz. Eublemma amabilis, Moore (Noctuidae); Pseudohypatopa pulverea Meyr.
(Blastobasidae) and Chrysopa spp. (Chrysopidae). E. amabilis and P. pulverea alone are
responsible for 30—40% of damage to the standing crop [27, 28] of which E. amabilis
alone causes 20—25% damage [29]. These lepidopterous predators cut a hole in the lac
and feed on the insect from inside by making a tunnel. Chrysopa, though a sporadic
pest, sometimes causes havoc, particularly in kusmi strain.

Chemical communication between the lac insect-associated products and the lac
predators have been evaluated under the laboratory condition and semio-chemicals
identified for different stages of lac insect and its associated products [30]. Six major
compounds viz. decane, dodecane, tetradecane, heptadecane, eicosane and octacosyl
acetate constituted 78%, 79% and 85% in lac insect whole body, lac resin and lac wax
extracts, respectively. Electroantennogram (EAG) revealed higher responses of adult
male and female of lac insect predator, Eublemma amabilis to lac insect whole body
extract than resin, wax, crawler and lac insect female extracts. Whereas, in
Pseudohypatopa pulverea, EAG response was significantly higher in females towards
lac insect whole body than resin, wax, adult female and crawler extracts than males.
Both E. amabilis and P. pulverea exhibited high level of sensitivity to lac insect whole
body extracts with different concentrations ranging from 1000 to 10,000 ppm than
the identified semiochemicals viz., Decane, Hexadecane, Nonadecane, Eicosane and
hexane.

4.2 Parasites

Thirty different parasites of lac insect have been reported by Varshney [31]. They
lay eggs into the lac cell through the anal tubercle in/on the body of lac insect. The
grub that hatches feeds only on lac insect.

4.2.1 Inimical pavasites

Of all the parasites associated with lac insect, eight parasites namely, Coccophagus
tschirchii, Ervencyrtus dewitzi, Eupelmus tachardiae, Pavechthrodryinus clavicornis,
Tachardiaephagus tachardiae, Marietta javensis, T. somervillei and A. purpureus are of
regular occurrence in the lac ecosystem. Among these, Tachardiaephagus tachardiae
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and Aprostocetus purpureus are the most abundant lac associated parasites. Extent of
parasitisation varied between 15.5% in summer season (baisakhi) crop and 18.6% in
rainy season (katki) crop of rangeeni strain. While for the kusmi strain it was 19.04% in
winter season (aghani) crop and 22.8% in summer season (jethwi) crop [10]. Fecun-
dity of lac insect is adversely affected by parasitisation. Parasitized cells adversely
affect the resin production and brood value (fecundity) of the crop. Either, there is no
emergence or very low emergence of young ones from the parasitized cells, which
ultimately affects the inoculation of the next crop.

Parasitic losses: Percentage of parasitism recorded is much higher than the earlier
reports of average 4.8 — 9.9 per cent parasitism based on seven years’ data [29].
Reinterpretation of the same data by Srivastava and Chauhan [32], however, revealed
that average per cent parasitism for the crop on the basis of females alone worked out
to be 20 to 37. In certain years and in some localities, it was as high as 50%. Jaiswal and
Saha [33] have found a positive and significant correlation between density of lac
insects and number of parasitoids. So it is highly likely that actual per cent parasitism
would be higher than recorded since lac insects generally form a continuous encrus-
tation and the present study was confined only to isolated female lac insects.

Rangeeni strain is more vulnerable to pest attack than kusmi and damage is more in
rainy season crop. Parasites lay eggs into the lac cell through the anal tubercle in or on
the body of the lac insect. The grub that hatches feeds only on lac insect and not on lac.
As a result of parasitisation, fecundity and resin-producing capability Kerria lacca is
adversely affected. Quality of the resin produced declined by 17.92% and 17.44%
while fecundity decreased by 32.55% and 34.71% for kusmi and rangeeni strains,
respectively [9, 34]. Damage caused by parasites varies depending upon the virulence
of outbreak and stage of development of the lac insect at which damage is inflicted.
Instances of super-parasitism (as many as 19 larvae have been reported from a single
mature female lac insect) and multi-parasitism are not uncommon, which further
aggravate the problem.

It was found that the decrease in fecundity of lac insect due to parasitisation
ranged between 10—100%. Thus, proportionately more broodlac would be required as
compared to healthy broodlac for inoculating the same number of trees. If parasitized
at an early stage, the lac insect is practically eaten up by the developing parasitoid
rendering the lac useless for broodlac purposes. Moreover, the broodlac harboring
parasites if used for raising next crop would serve as a source of infection to new lac
culture.

Lac insect is gregarious in nature and resin secreted by these coalesces to form a
continuous encrustation. The thickness of lac encrustation is one of the criteria for
assessing quality of broodlac. Size of parasitized as well as healthy cells did not differ
much but comparison of weight of the resin secreted by the two revealed that the
amount of the resin produced by the parasitized cells was significantly lower. Hence,
visual assessment of broodlac quality on the basis of encrustation thickness alone may
prove to be deceptive unless weight is also taken into account.

4.2.2 Beneficial parasites

Several types of insects are hyper-parasitic to the lac insect. Though their natural
population constitutes only about 4—10% of the total fauna associated with lac insect,
they act as a bio-control agent in controlling the damage done by inimical insects.
Many ants and other insect species feed on the honey dew excreted by lac insect, and
these prevent losses by fungus infection.
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4.2.3 Effect of fungi on lac production

In addition to the damage caused by insect pests, lac crop yield suffers significant
losses due to other biotic agents, particularly fungi. Few earlier reports suggested that
the lac insects had mutualistic relationship with fungi. However, an association of
fungi with lac insects is not beneficial always. Lac insects being phloem feeders
excrete excess sugar in the form of honey dew, which invites sooty mold to grow over
the lac encrustation. Besides, this rainy season crop is also prone to fungal infection
when grown on ber and kusum due to their shady nature. Avoidable losses due to fungi
alone were observed to be 40.9% to 59.85 in the kusmi strain of lac insect [35].
Similarly, Mishra et al. [36] have reported significant reduction (75.05%—88.41%) in
mortality of second instar lac nymphs with application of different fungicides on the
kusmi strain of lac insect.

4.2.3.1 Fungi associated with lac insects

The earliest record of honeydew that drips from colonies of lac insects on the twigs
of host trees inviting black mold species of Capnodium and Fumago is that of Lindsay
and Harlow [37]; the presence of pathogenic fungi, pythium sp. in female tests causes a
heavy mortality in the larvae which fail to enclose satisafactorily and lie dead in
clusters within the female resinous cell [38]; sooty mold fungi Conidiocarpus (Syn.
Podoxyphium conidioxyphium) and Polychaeton spp. are obligate anaerobes capable of
producing endospores and causing 30—40% damage to lac insect in Vietnam [39]; 11
species of saprophytic pathogenic fungi causing dark mildew on lac insect have been
reported from China [40] and Three species of fungi belonging to family Eurotiaceae/
Aspergillaceae causing severe damage to lac culture have been reported from India
[41]; Aspergillus awamori Nakazawa forms black sheet-like covering on lac encrusta-
tion, Aspergillus terricola Marchal traverse the whole length of the anal tubercle and
blocking it leading to disruption of mating and larval emergence and Penicillium
citrinum Thom (Syn. Penicillium aurifluum biourage) blocks the breathing pores of lac
insects. Fungal infection in lac cultures causes losses in lac yield by (i) inhibiting
respiration, (ii) hindering mating process, (iii) blocking larval emergence and (iv)
affecting lac host efficiency.

5. Interaction of lac insects with microbes

Insects and microbes’ interaction ranges from obligate mutualism to facultative par-
asitism. Insects harbor symbiotic bacteria on the integument, in the digestive tract and in
some unique structures within their body [42, 43]. Interaction between insects and
microbes is one of the important factors, which makes insects the most successful group
of organisms on the earth. Insect microbiota plays significant role in growth, develop-
ment, reproduction and adaptation of the insects to the environment. Endosymbionts
assist insects in their survival by nutritional supplementation [44], aiding in digestion of
recalcitrant food materials [45], protecting them from predators and parasitoids [46],
detoxifying phytotoxins and pesticides [47], imparting resistance against insecticides
[48], immune system stimulation [49], inter and intraspecific communication [50] etc.

Symbiosis with bacterial community is obligatory in insects whose diet is imbal-
anced such as vertebrate blood (by mosquitoes), phloem sap (by sap-sucking insects)
and wood (by termites). Lac insect life stages are morphologically and physiologically
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highly diverse. Besides, their resin production potential also varies with different
stages; crawlers and adult males do not secrete resin whereas, settlers and adult
females after fertilization secrete resin albeit in different quantities. Lac insects are
almost sedentary throughout their life and depend on nutritionally imbalanced sugar-
rich phloem sap for their survival. It is postulated that lac insects must harbor myriad
of endosymbionts for nutrition supplementation, host plant adaptability, defense etc.
Earlier works have found that the presence of microbial flora in lac insects was
beneficial during rainy season crops for higher lac yield. Some bacteria such as Micro-
coccus spp., Clostridium sp. and Bacillus subtilis have been reported from lac insects
[51]. Micrococcus varians and Micrococcus conglomerates are associated with various
stages of lac insect and are considered beneficial for good yield of lac production.

Till now, bacterial flora associated with lac insects has been identified either based
on culturing method [52, 53] or PCR method for specific endosymbionts like
Wolbachia [54]. Gender-specific bacterial flora has been identified from lac insects
[53], and host plant-induced variation was observed in the bacterial composition of lac
insects based on culturing method [52].

5.1 Association with Wolbachia

Wolbachia are members of the order Rickettsiales, a diverse group of intracellular
bacteria that include species having parasitic, mutualistic and commensal relation-
ships with their hosts. Wolbachia species are well known for their vast abundance,
effect on hosts in terms of reproductive manipulation and mutualism and have
potential applications in pest and disease vector control [55]. Wolbachia pipientis is the
type species of Wolbachia genus. Based on the 16S ribosomal sequence and other
sequence information, Wolbachia spp. have been divided into seventeen different
supergroups (A-Q). Two supergroups (C and D) are commonly found in filarial
nematodes, whereas other groups are found in arthropods, in which A and B are the
most common. Wolbachia that participate in symbiotic relationships with arthropods
have a range of phenotypic effects on their hosts and generally behave as reproductive
parasites. Wolbachia manipulate host reproduction through cytoplasmic incompati-
bility, parthenogenesis, feminization and male-killing [56-58]. Mostly Wolbachia
undergoes vertical transmission from mother to offspring. However, a horizontal
transfer is also reported in nature [58].

In lac insect populations, there is a wide variation of male—female sex ratio, which
ultimately affects the lac production as only females can produce lac. Vashishtha and
co-workers [54] have found that lac insects are associated with Wolbachia based on
16S rDNA and wsp (Wolbachia cell surface protein) PCRs. Lac insect-associated
Wolbachia was termed as wKerlac. Phylogenetic tree revealed it to be a subgroup “ori”
of supergroup B, which is predominantly present in arthropods. Wolbachia of K. lacca
was grouped with Wolbachia of Tagosodes origicolus and Ephestia cautella. Wolbachia
on both these hosts are responsible for cytoplasmic incompatibility. Further investi-
gations are required on whether the identified Wolbachia would have any role in
feminization. It is one of the most important factors in attributing lac yield because
commercial lac is obtained solely from female lac insects.

5.2 Detection of Wolbachia phage (WO) in lac insects

Wolbachia species also harbor a bacteriophage called bacteriophage WO or phage
WO [59]. Comparative sequence analyses of bacteriophage WO revealed the
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possibility of large-scale horizontal gene transfer between Wolbachia coinfections in
the same host [60]. Molecular mechanism used by Wolbachia to manipulate its host in
terms of cytoplasmic incompatibility, feminization, parthenogenesis, male killing ezc.
remain elusive and has been speculated due to genes on extrachromosomal factors
such as plasmids or bacteriophages [61, 62]. Out of seventeen identified super-groups
of Wolbachia, named A-Q, WO phage has been reported to infect Wolbachia belong-
ing to super-group A, B, F and G [63, 64].

Screening and distribution of Wolbachia and WO phage sequences were studied by
amplifying and sequencing the partial ftsZ, a cell cycle gene involved in cell division
and a putative minor capsid protein, o7f 7, respectively [65]. Two different lines kusmi
and rangeeni each were found to be singly infected by Wolbachia belonging to Super-
group B. It was the first report on molecular detection of WO-phage infecting kusmi
and rangeeni infrasubspecific forms of K. lacca. Further phylogenetic analysis revealed
distinct differentiation of WO between kusmi and rangeeni infrasubspecific forms. In
the phylogenetic tree made based on orf7 sequences, rangeeni and kusmi forms clus-
tered with group III and group I, respectively. Although there is a differentiation of
kusmi and rangeeni forms based on orf7 of WO sequences, the tripartite association of
lac insect-Wolbachia-WO needs further investigation to implicate their role in such
differentiation.

5.3 Association with yeast-like symbionts

Insects not only possess bacterial symbionts but also yeast-like fungal symbionts
(YLS). Although microbiologists observed such yeast-like endosymbionts in 1960s,
the identity was not known due to their fastidious nature and the lack of molecular
tools at that time. Later, it was found that the phloem sap feeders harbor obligate
intracellular yeast-like symbionts, YLS (subphylum Ascomycota, class
Pyrenomycetes, family Clavicipitaceae) [66, 67] especially in the mycetocytes formed
by fat body cells of abdomen. YLS have also been reported in Hemiptera (aphids,
planthoppers, and scale insects) and Coleoptera (beetles) [68, 69]. They grow by
budding and are vertically transmitted to the next generation by transovarial infection
[70, 71]. YLS appears to play roles in nitrogen metabolism of the host through
recycling of uric acid [72, 73], in insect metabolism by synthesizing sterols, the
precursor molecule for many hormones (e.g., 20-OH ecdysone-a molting hormone), as
insects, in general, are unable to synthesize them [74] and in detoxifying the toxic
substances to the host [75]. Occurrence of YLS is highly essential for the survival and
reproduction of the host insects because they play vital role in development, repro-
duction and embryonic development [76]. Transmission electron microscopy and
PCR-based studies revealed the presence of YLS in lac insects. However, acquisition of
YLS in lac insects seems to be different from that of aphids and plant hoppers and a
horizontal transfer was also suggested for them [54].

5.4 Sex-specific endosymbionts

Male and female lac insects’ specific bacterial species were identified by Shamim
and co-workers [53] based on 16S rDNA PCR and biochemical characterization. Eight
different bacterial species were isolated and categorized as endosymbiont, gut bacte-
rium or subsurface bacterium. Three of them were exclusive to males, three to females
and two were common to both the sexes (Table 2). Bacillus megaterium, A.
subterraneus and Pantoea ananatis were found to be the most abundant bacterial
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species. Among 13 bacterial isolates found in males, two were present as an internal
gut bacterium which may get excreted out with honey dew. Single isolate of
Paenibacillus bavengoltzii was found at subsurface. P. ananatis was exclusively and
majorly found in males as endosymbiont bacteria. P. fulva was also found in males as
endosymbiont bacteria. Twelve bacterial species were isolated from the females and
50% populated with Bacillus sp. B. megaterium, Curtobacterium citreum and A.
subterraneus were majorly reported in non-crushed samples, therefore, it was thought
to be thriving at subsurface but B. cereus and Solibacillus silvestris were considered as
endosymbiont. A. subtervaneus, found in both the sexes, as endosymbiont in males and
at subsurface in females.

Out of these bacterial species, B. cereus, B. megaterium and P. ananatis, are wide-
spread in occurrence and have also been reported in other insect’s body. Some strains
of P. ananatis, also referred as “ice nucleation-active” bacteria, are used in pest control
because when present in the insect gut, they lower the cold resistance [77]. Owing to
this property and bacterial abundance in the insect, absence of lac insects in colder
regions could be attributed to the association of P. ananatis. Description about the
bacterial species identified from both the sexes of lac insect [53] is given in Table 2.

5.5 Host plant-induced variation of endosymbionts

Since phloem sap constituents vary for host plants, variation in the endosymbionts
of lac insects growing on different host plants is anticipated. Culture-based method
was followed to isolate bacteria from lac insects grown on different host plants and
16S rDNA PCR based molecular method was followed [52] to identify them.

From 29 different bacterial isolates, 10 different bacteria were identified. Bacillus
kochii, Bacillus oceanisediminis, Bacillus amyloliquefaciens, Bacillus nakamurai and
Enterobacter cloacae were observed on kusmi lac insects collected from Kusum trees.
Klebsiella quasipneumoniae subsp. similipneumoniae, Citrobacter amalonaticus,
Providencia vermicola and B. nakamurai were found in bacteria isolated from lac
insects collected from ber trees. Enterobacter ludwigii, Enterobacter cancerogenus and
B. nakamurai were found in lac insects collected from semialata. In most of the cases,
different species of Bacillus and Enterobacter were found. Bacillus is a very common
genus found in different types of insects, which include B. subtilis, Bacillus
thuringiensis, Bacillus cereus, Bacillus sphaericus, Bacillus popillae, Bacillus circulans,

B. megaterium, Bacillus lentimorbus and Bacillus polymyxa [78]. Bacteria such as
Enterobacter spp. K. quasipneumoniae, C. amalonaticus, P. vermicola belong to
Enterobacteriaceae family. All these Enterobacters might have come from lac insect
gut and belong to proteobacteria, primarily within the y-subdivision.

B. nakamurai the most frequent bacteria identified from lac insects grown on three
different hosts might be involved in some vital functions in lac insects. B. nakamurai
was originally isolated from soil and known to produce black pigment [79].

Associated with Bacterial spp.
Exclusively male lac insects Paenibacillus barengoltzii, Pseudomonas fulva and Pantoea ananatis
Exclusively female lac insects Bacillus cereus, Solibacillus silvestris and Curtobacterium citreum
Both male and female lac insects Bacillus megaterium and Arthrobacter subterraneus

Table 2.

Bacterial species identified from lac insects.
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B. amyloliquefaciens is known to control plant pathogens due to its antifungal activity
[80]. Hence, antifungal activity may be anticipated for the B. amyloliquefaciens strain
present in lac insects.

6. Conclusion
6.1 Impact on quantity and quality

Lac insects feed on host plant phloem sap by passive sucking mechanism through
capillary action and turgor pressure of the sap [81]. Passive exudation of phloem sap
through the intruded lac insect stylet as a function of phloem turgor pressure has a
significant role in the supply of phloem sap to lac insects. Lac insects are sedentary
soon after settlement on host plants. As a result, there is no escape mechanism for lac
insects from the host plant’s defensive chemicals. Hence, lac insects should have
ability to detoxify the host plant’s defensive chemicals and avoid them which is
important for good lac insect — host plant interaction. Due to differences in the ability
of lac insects to detoxify the defensive chemicals and the nature of defensive
chemicals produced by the plants, there is difference in yield of lac on different lac
host plant species and different genotypes of the same host plant. Lesser quantities of
toxicant ingested when feeding on phloem sap of good host plants rich in nutrients
would be detoxified quickly, whereas the larger quantities of toxicant ingested when
feeding on poor quality host plant may not be detoxified by lac insects. Haque (1984)
observed variations in the quality and quantity of amino acids present in honey dew
(anal fluid) of K. lacca grown on different host plants such as Moghania (=Flemingia)
macvophylla, Ficus glomerata, Ficus indica and Ficus veligiosa [82], indicating the
variations in nutritional composition of these host plants.

Due to sub-optimal nitrogen/carbon ratio in the phloem sap, phloem feeders need
to ingest excess phloem sap along with excess organic carbon to obtain sufficient
nitrogen for their growth. Non-optimal ratios of essentially required nutrients in the
phloem sap warrant the insects to ingest supra optimal quantities of less required
nutrients and also the defensive chemicals, which are toxic to them. These factors
affect the resin-producing efficiency of lac insects. Resin production is found to be
high on tree hosts in comparison with bushy hosts such as F. macrophylla and pump-
kin fruit. Auclair [83] has reported that the phloem sap exudation rate through excised
stylets in aphids is about an order of magnitude higher in woody plants compared to
that in herbaceous plants. Since lac insect feeding habit is also similar to aphids and
passive in nature, the higher turgor pressure of woody plants leads to greater food
ingestion and higher resin production on tree hosts and vice versa in herbaceous hosts.
Intraspecific variation in the host plant defense caused the deviation in the suscepti-
bility of a host plant species in Nuculaspis californica [84]. Lac insects have the ability
to manifest their biological parameters very specifically not only to lac host species but
also to varieties, phenotypes of host plants [18, 85] locality and season of cultivation.
Periodic host-plant resistance is considered to be a physiological response to meteoro-
logical and edaphic conditions, a response usually rendering the plant temporarily
unsuitable to coccoid development.

It can be concluded that lac insects, as well as lac-host plants and associated flora
and fauna, play significant roles in the quantity and quality of the lac production.
The naturally existing high degree variability in lac insects and host plants can be
successfully exploited for selection and evolution of high-yielding varieties and lac
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insect-host combinations. Quantity and quality of the lac resin can be significantly
enhanced with better management of lac insects and their host plants.

6.2 Interaction with microbes

Crawlers i.e., early developmental stage of lac insect consists more of unknown and
other bacterial types followed by Wolbachia and Mucilaginibacter. Wolbachia and
Pantoea are the two important genera found in the adult female lac insects besides
unknown bacteria. P. ananatis is already reported to be present exclusively in male lac
insects based on the culture method [53]; Pantoea cypripedii and Pantoea dispersa are
present in honeydew secreted by lac insects [86]. In insects, Pantoea is primary endo-
symbiont and its association with insects is mostly mutualistic and sometimes
commensalistic. In the mutualistic association, insects provide habitat and nutrition to
Pantoea, whereas Pantoea may help insects by hydrolysis of proteins, antagonism of
pathogens, breakdown of toxic substances, nitrogen fixation, nutrition and digestion
[87]. Since Pantoea carbekii genome encodes complete or near-complete canonical
pathways for the production of several vitamins and cofactors such as folate, riboflavin,
pyridoxal-5'-phosphate, glutathione, iron-sulfur clusters and lipoate, it is assumed that
Pantoea supplements nutrition by providing essential vitamins and minerals to its host
stink bug [88]. Taking these things into account, it is plausible to assume that the
Pantoea spp. present in lac insects may be involved in nutrition supplementation
because plant phloem sap on which lac insects feed is not a nutritionally balanced diet.

Wolbachia is an obligate endosymbiont of arthropods and nematodes and present
in most of the insects wherein they play a major role in the reproductive manipulation
of the host. They alter the reproduction of the host insects by the way of male killing,
parthenogenesis, cytoplasmic incompatibility and feminization. Generally, the mode
of transfer of Wolbachia in arthropods and nematodes from one generation to another
is transovarial [89]. Due to such reproductive manipulation of the host by Wolbachia,
the frequency of Wolbachia infected females increases in population sometimes at the
expense of host fitness [90]. Vashishtha and co-workers [54] have reported the pres-
ence of Wolbachia in lac insects by 16S rDNA and wsp PCRs. Wolbachia infection is
known to be biased based on sex or may increase as the development progress.
Frequency of occurrence of Wolbachia was found to be more in female insects com-
pared to crawlers in the current study. Similar results of higher Wolbachia incidence in
the adult stage compared to an immature stage were obtained in several other insects.
Besides manipulating host reproduction, Wolbachia may affect host fitness positively
by nutrient supplementation. It has been demonstrated in bed bugs, Cimex lectularius
that riboflavin provision ability of Wolbachia can positively impact the host’s growth,
survival and reproduction [91]. In the scale insect, Dactylopius coccus, two species of
Wolbachia were found to have metabolic capabilities for riboflavin and heme biosyn-
thesis [92]. Besides, reproductive manipulation and nutrient supplementation, an
additional function of protecting Drosophila from virus induced mortality was
attributed by Wolbachia infection [93].

As far as lac insects are concerned, females are the productive gender as the
commercial lac is obtained only from females but not from male insects. Since,
Wolbachia can eliminate males, turn them into females, sterilize uninfected females or
behave as a mutualistic symbiont [94], their role in lac production needs to be
explored thoroughly. Whether the role of Wolbachia is restricted up to reproductive
manipulation or it is extended to nutrient supplementation and virus protection in lac
insects needs thorough investigation in future.
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Lac insect endosymbionts are very diverse and supposed to carry out various vital
functions in the insects. The available literature describe mainly cultivable bacteria
and to certain extent uncultivable microbes. Much more uncultivable bacteria and also
stage-dependent and strain-dependent endosymbionts may be anticipated to be pre-
sent in lac insects. Culture-independent methods such as metagenomics would reveal
more number of endosymbionts in lac insects. Different functions such as nutrition
supplementation, sex differentiation, strain differentiation and protection from pests
and predators are anticipated for the lac insect endosymbionts.
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Chapter 5

The Ability of Insects to Degrade
Complex Synthetic Polymers

Biswarup Mitva and Amlan Das

Abstract

Insects while feeding, encounter a wide array of hydrocarbon polymers in their
diet and the digestive tracts of various insects contain microbial symbionts that aid
in the degradation of these polymers. Thus the idea of insects as synthetic polymer
bio-degraders was established. Soon various insect, like mealworms, flour beetles,
weevils, wax moths etc. particularly from the Coleopteran and Lepidopteran orders,
were identified to have remarkable abilities to consume and degrade a wide range
of synthetic polymers like polyethylene, polyurethane, polypropylene, polystyrene
and polyvinyl chloride into lower molecular weight, simple, and nontoxic molecules
which are eventually excreted as fecula. In this review we aim at congregating the
diversity of polymer degrading insect fauna and understanding the underlying
mechanism in which the insect’s digestive enzymes works in synergy with the gut
microbiota to digest complex synthetic polymers.

Keywords: synthetic polymers, insects, gut microbiota, enzymes, degradation

1. Introduction

The vast majority of eukaryotic biodiversity in terrestrial ecosystems is represented
by insects [1]. While eating, insects come into contact with a wide range of hydrocar-
bon polymers, and the intestinal tracts of some insects contain microbial symbionts
that aid in the decomposition of these polymers. Thus, the concept of the insect asa
biodegrading organism for synthetic polymers was developed. Various insects of the
Coleopteran and Lepidopteran orders have been observed to have remarkable abili-
ties to consume and degrade a wide range of synthetic polymers such as polyethylene
(PE), polyurethane (PU), polypropylene (PP), polystyrene (PS), and polyvinyl
chloride (PVC) into lower molecular weight, simpler, and nontoxic molecules that are
eventually excreted as fecula.

Although microbial biodegradation appears sustainable, it has limits; and com-
pared to plastic trash generation, its efficiency is modest. Furthermore, since bio-
degradation of a single polymer is usually a complicated process involving numerous
enzymes, microbial consortia rather than a single species or strain biodegrade diverse
natural and even synthesised polymers. As a result, a microbial assemblage will likely
provide a more efficient biodegradation rate [2]. To overcome these limits, there was
a need for a niche that would make plastic trash more accessible and bio-available
to a dynamic microbial consortium. Recent research has shown that the digestive
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tracts of some invertebrates, notably insects, have microbial symbionts that help in
the decomposition of various natural polymers that have similar structural arrange-
ments to synthetic polymers [2, 3]. Therefore, the insect gut microbiome offered

an efficient alternative for fast plastic degradation, and plastic degrading bacteria
operating in concert with gut enzymes revealed increased breakdown inside the gut
microbiome.

A better understanding of the function that the insect gut microbiome plays in the
breakdown of plastic may be attained by actively force-feeding insects with differ-
ent antibiotics and examining the variance in the molecular weight of the provided
plastic feed between the insect culture with antibiotic suppressed gut microorganisms
and the control insect culture without antibiotic treatment. This will allow for the
acquisition of a better knowledge of the role that the insect gut microbiome plays in
the degradation of plastic.

2. Insect’s gut anatomy and the path to plastivory

Even though insects digest a wide range of foods, their digestive systems are
largely the same. The adaptation of their diverse feeding guilds is primarily respon-
sible for changes in their digestive tracts. The digestive tract of an insect can be
structurally segmented into foregut, midgut, and hindgut. The foregut and hindgut
can be divided into separate sections, each of which corresponds to a specific func-
tion. For instance, the foregut of insects is divided into pharynx and oesophagus and
has a crop or diverticula for temporary food storage in addition to proventriculus
for food grinding. The hindgut is separated into various regions, which include
fermentation chambers and a separate rectum for retaining faeces before discharge.
However, in many insects, the midgut serves as the main organ for digestion and
absorption of ingested food materials [4]. Although it lacks an exoskeletal lining, the
insect gut has a unique embryonic origin, having originated from endodermal cells.
The peritrophic matrix serves as a protective lining for the epithelial cells lining the
midgut of many insects. The peritrophic matrix divides the midgut into endo- and
ectoperitrophic spaces, preventing microorganisms and abrasive food from coming
into direct contact with the midgut epithelium thus preventing it from injury, patho-
gen infection etc. The peritrophic matrix also deactivates ingested toxins and pollut-
ants such as pesticides and other inorganic or metal elements [5]. Furthermore, this
matrix increases digestion efficiency by compartmentalising the digestion process
and selectively transporting solutes and enzymes between the ectoperitrophic and
endoperitrophic spaces. The peritrophic matrix further increases digestion effi-
ciency by generating a countercurrent flow between the endo and ecto—peritrophic
spaces, favouring nutrient absorption and minimising digestive enzyme loss by frass
excretion [4, 6].

In this above described structure of the insect gut, resides a consortia of
microorganisms which include protists, fungi, archaea, and bacteria. Fungi are
common in the guts of insects that consume wood or detritus and are thought to
aid digestion. Methanogenic archaea are most commonly associated with insects
that feed on wood or detritus, like coleopteran beetles and isopteran termites
[7, 8]. Apart from these, the most common organisms found in the almost all
insect gut are a huge diversity of bacterial species. Insects that consume primarily
wood as part of their diet (a behaviour known as “xylophagy”) have gut microbial
communities that are capable of taking part in the breakdown of cellulose [9].
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Cellulose is a good source of carbon, but it appears in plant cell walls as crystal-
line or amorphous microfibrils, making it inaccessible to the host [10]. Here the
bacteria participates to break down complex cellulose into simpler sugar residues
and monosaccharides [11, 12].

The relative importance of microbial and host-derived enzymes varies as per
insect species and feeding habits or diet composition. According to this theory, if
insects are actively force-fed, they can degrade plastic and synthetic polymers. In gen-
eral, mandibulate insects have the ability to masticate and consume plastic materials
by breaking them down into smaller pieces. Even though plastic fragments are small,
they have a greater surface area of contact with gut microorganisms and are therefore
mixed with them. Gut microbes use the enzymes responsible for depolymerizing plas-
tic polymers into oligomers, dimers, or monomers, and the depolymerized products
are mineralised into CO,, after which limited carbons are assimilated into biomass.
Residual fragments and certain microorganisms in the gut are excreted as fecula,
allowing for further degradation.

3. Synergy between insect gut microorganisms and synthetic polymers

Insect larvae owing to their capacity of consuming and absorbing synthetic
polymers, especially plastic have recently opened a huge scope for researchers seeking
the most efficient procedure of plastic biodegradation. Larvae of Coleopterans beetles
are reported to consume and degrade plastics. Tenebrio molitor [13-18] and Tenebrio
obscurus [15], the super-worm, Zophobas asatratus [14-16, 18], Tribolium castaneum
[19, 20] and Plesiophthalmus davidis [21] etc. are few examples of members of the
coleopteran order with this special ability. Besides coleopteran fauna, lepidopteran
caterpillars, such as, Indian meal moth, Plodia interpunctella [3], the greater wax
moth, Galleria mellonella [22-26], and the lesser wax moth, Achroia grisella [27] are
also reported to digest synthetic polymers like polystyrene (PS), polyethylene (PE),
polyvinyl chloride (PVC), and polypropylene (PP) (Table1).

These insect larvae use their mandibles to consume plastics or diets that are high in
plastic content. The gut symbiont and commensal microbiota of insect larvae undergo
alterations when they are forcibly fed or co-fed plastic feed. In general, regardless of
insect species or polymer type, consuming plastic alters the relative abundance or
diversity of certain Operational Taxonomic Units (OTUs) likely Enterobacteriaceae,
Enterococcaceae, and Streptococcaceae in comparison to larvae fed natural, plastic-
free diets [15]. These OTUs subsequently follow a three-step process to degrade
the ingested plastics: (a) microbial colonisation and biodeterioration, (b) enzy-
matic depolymerization (breakdown of polymer into simpler monomers) and (c)
mineralisation.

The microorganisms initially colonise on the polymer either individually or in
consortium (colonisation), which is assisted by various polysaccharides and/or
proteins [45]. Following that, the interplaying polysaccharides and cysteine-rich
proteins permeate the surface, changing the size of the polymeric pore [46]. These
alterations cause biodeterioration. The durability and resilience of the polymer will
decrease over time, but its surface area will expand, giving microbes a bigger surface
area to adhere to. Various bacterial cells often produce an extracellular slime mate-
rial that promotes adhesion and resulting in a slow positive feedback by increasing
pollutant build-up, allowing for increased microbial proliferation [47]. Various
bacterial cells often produce an extracellular slime material that promotes adhesion
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and resulting in a slow positive feedback by increasing pollutant build up, allowing
for increased microbial proliferation [47]. A number of different microbial enzymes
have now initiated the enzymatic degradation process by depolymerizing and bio
deteriorating the plastic polymers. Microbial enzymes (exo-enzymes) do bio-
fragment synthetic polymeric structures into shorter chain oligomers, dimers, and
monomers. The smaller molecules permeate and pass through the semi-permeable
outer bacterial membrane (bio-assimilation) before taking up the depolymerization
products (monomers) to obtain energy for cell metabolism and biomolecule produc-
tion. The larvae can use the depolymerization products in the synthesis of different
biomolecules.

Polymeric structures of plastics can be divided into C—C backbone and C—0
backbone based on microbial breakdowns. PE, PP, PVC, and PS are examples of
synthetic polymers with C—C polymeric backbones that can also be biodegraded.
Microbial oxidation begins with the hydroxylation of C—C bonds and the formation
of primary and secondary alcohols after the first breakdown of long-chain poly-
mers to shorter and lower molecular weight carrying oligomers or monomers. This
process is aided by the enzyme alkane hydroxylase, which does terminal and subter-
minal oxidation. Alcohol dehydrogenase further oxidises these alcohols, producing
aldehydes and ketones. Aldehyde dehydrogenase then produces carboxylic acids,
which increases the number of carbonyl-groups. The final carboxylate molecules,
which are chemically identical to fatty acids, are incorporated into the oxidation
pathway by microbes that provide bio-assistance for this process. In the case of PS,
this generic degradation process shows only slight variation. The phenyl moieties
are connected to the alternative backbone atoms of PS, which has a linear carbon
backbone. Because of its unusual structure, PS biodegradation is more complicated;
the organic product styrene formed after initial polymeric fragmentation is pro-
cessed under the influence of numerous dioxygenase, isomerase, dehydrogenase,
hydrolase, and aldolase enzymes. Easter bonds in the chemical structure of synthetic
polymers with C—O backbones, such as PU and PET, increase their hydrolyzability.
Polyurethane (PU) is made up of di- or poly-isocyanate and poly-ols that are linked
together by carbamate (urethane) bonds [48]. Carbamate bonds connecting the
crystalline stiff segments are vulnerable to attack by microorganisms. Microbial ure-
ases, esterases, and proteases are among the enzymes that interact during PU depo-
lymerization. During the process of PU depolymerization, ureases are responsible
for breaking the urea linkage, proteases are responsible for hydrolyzing the amide
and urethane linkages, and esterases are responsible for hydrolyzing the easter
bonds [49] After depolymerization, the poly-ols are dehydrogenated and oxidised to
produce acetyl-CoA, which is then integrated into the TCA cycle or further valo-
rized. Terephthalic acid (TPA) and ethylene glycol (EG) are ester-bonded together
to form the polymer polyethylene terephthalate (PET) [50]. The ester linkages are
hydrolyzed to produce polar hydroxyl and carboxylic groups by various PET surface-
modifying enzymes such as PET hydrolases after hydrolysis and depolymerization
of monomeric constituents such as ethylene glycol (EG), terephthalic acid (TPA),
monoethylene terephthalate (MHET), and bis-2-hydroxyethyl TPA (BHET) [51].
The enzyme MHETase is activated to further degrade the intermediate MHET and
BHET into TPA and EG, which are then transported into the bacterial cell for further
metabolism by dioxygenases and dehydrogenases. Finally, the final metabolites
are converted into acetyl-CoA and succinyl-CoA, which enter biochemical cycles
for mineralisation processes [52]. Fecula are expelled as residual and undigested
particles.
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4. A brief account of insects degrading synthetic polymer
4.1 Lepidoptera

The Lepidopteran insects capable of degrading synthetic polymers are discussed
and detailed below. Following that, an overview of interplaying gut bacteria (Figure 1)
that function in synergy with the host gastrointestinal enzyme is included.

4.1.1 The Indian meal-moth

Plodia interpunctella (Lepidoptera: Pyraloidea), an adult Indian mealmoth with
black-tipped feet and a black to brown small-headed caterpillar, feeds on cereals,
fruits, and other similar items. The waxworm caterpillars live as parasites in bee colo-
nies and eat on pollen, cocoons, and beeswax in addition to grain mix [53]. In meal
wazx, at least two intestinal bacteria were found: gram-positive strain YP1, Bacillus
sp., and gram-negative strain YT1, Enterobacter asburiae [3]. The YP1 and YT1 strains
were found to have roughly 11% and 6% net loss of PE polymers, respectively [3].
During inoculation, bacteria grow on PE sheets and gain weight, resulting in the
formation of a liquid suspension within about a month, and finally, the hydrophobic-
ity and tensile strength of PE decline. PE samples become less resistant to microbial
destruction as they grow less hydrophobic [54]. Both the YP1 and YT1 bacteria adhere
to PE films almost immediately and form biofilms within three hours after being
inoculated, indicating that they are ready for biodegradation [55, 56].

] - Polystyrene Polyethylene
* Bio-deterioration of Polymers S % g
DD ] 1 Massilia sp. Enterobacter
+ Bio-fragmentation of Polymers . .
- : = Acinetobacter ashuriae
Synthetic -
polymer feed + Assimilation of e Bacillus sp.
Monomers/Oligomers in host. Bacilllus sp. Staphylococcus
. T Serratia sp.
+ Mineralization into simplest
form
Aspergillus
flavus
Figure 1.

Lepidopteran gut morphology and interplaying plastic degrading microbes.
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A biofilm, as a non-soluble substrate, permits microorganisms to adhere to it
efficiently. The presence of predominantly living bacterial strain cells on biofilm
shows that PE metabolism provides these cells with the necessary nutrients
[54-56]. The two bacterial strains also cause damage to the physical integrity
of PE by changing surface topography, as multiple micro-pits and cavities are
identified on the surface of biofilms using scanning electron microscopy (SEM)
and atomic force microscopy (AFM) [3]. By increasing the quantity of carbonyl
groups, the YP1 and YT1 strains elicit chemical alterations in PE [3]. The presence
of the carbonyl group suggests that bacterial strains can oxidise PE materials to
produce the carbonyl group, which is an important indicator of PE biodegrada-
tion. Furthermore, the weight loss of PE samples inoculated with two bacterial
strains increases consistently, but the sample’s molecular weight decreases. This
process implies that the long-chain structure of PE is depolymerized, resulting
in smaller molecular weight fragments. The chemical and physical alterations of
injected PE samples show that wax worm gut bacterial strains YT1 and YP1 are
capable of decomposing PE. Plastic-chewing insect larvae of the Indian meal
moth, P. interpunctella, may thus represent a promising source of plastic-degrad-
ing insects.

4.1.2 The greater wax moth

The greater wax moth, Galleria mellonella (Lepidoptera: Pyraloidea), also
known as the honeycomb moth, is a lepidopteran insect with brown-grey pig-
mented forewings and scaly hind wings are also reported for their plastic consum-
ing ability. They are sexually dimorphous, 10-18 mm in length, and are distributed
worldwide [57-59]. The larvae of the honeycomb moth are creamy-white, 3-30 mm
in length [60], feed more intensely during earlier instars compared to later instars,
and undergo eight to ten moulting stages [59]. Its larval stages are extremely
damaging due to its voracious feeding habits, especially for bees and bee hives
[59, 61]. The larva feeds on pollen, honey, wax, and broods and can tunnel through
the comb [59, 62].

Honeycomb larva may devour PE films by generating pores and holes at a rate of
more than two holes per hour per worm and can consume approximately 200 mg of
PE mass in 24 h at a rate of 0.23 mg/cm’/h [22, 53]. Ethylene glycol was identified as a
metabolic by-product due to PE degradation through FTIR analysis [22] or by treating
caterpillars with broad-spectrum antibiotics [23]. The intestinal microbiomes of these
caterpillars were found to play a distinct role in the PE degradation process [23, 40,
42]. Additionally, the larvae fed on PE showed the highest microbial abundance in
their intestines, demonstrating the intestinal microbiome’s favourable response to the
PE diet. As aresult, the presence of microbe abundance in G. mellonella’ gut implies
that the insect is benefiting metabolically from PE substrate [23]. When microbes
from the intestine of G. mellonella were cultured in a liquid C-free medium contain-
ing PE for 60 weeks, Acinetobacter species ACT126, as well as Enterobacter sp. [42],
and the fungus Aspergillus flavus [40], were discovered to be excellent candidates for
contributing to the biodegradation process. Moreover, by performing Atomic Force
Microscopy (AFM), an apparent change in the topography of the PE surface was
observed after treating the PE with the greater wax moth. Following further microbe
contact to PE films, the PE surface roughens, facilitating microbe adherence to plastic
films [22].

97



Arthropods — New Advances and Perspectives

According to the data, G. mellonella works naturally with flawless metabolic
machinery to biodegrade lengthy hydrocarbon chains [23]. The greater wax moth
feeds on beeswax in the natural, which is constituted of a highly diverse variety of
lipid compounds, including alkanes, alkenes, fatty acids, and esters, with ethylene
being the most common hydrocarbon bond in PE. Although more research into
the molecular intricacies of wax biodegradation is needed, it appears that one of
the targets of digestion is the C—C single bond of aliphatic molecules. The presence
of holes in PE films exposed to waxworms and the FTIR analysis of damaged PE
revealed chemical disintegration of PE, including the breakage of C—C bonds [22].

Along with PE degradation, the greater wax moth, G. mellonella larvae, was also
reported to chew and ingest PS after analysis of their frass through GPC, FTIR, and
GC-MS analysis [26]. When PS was allowed to feed on G. mellonella as a sole diet, the
larvae could reduce PS’s weight by nearly one gm in three weeks. However, co-dieting
with their conventional nutritional food along with PS has resulted in increased
PS degradation. The gram-positive lactic acid-producing bacteria, Enterococcus sp.,
facultatively anaerobic gram-positive bacteria, Bacillus cereus, and the gram-negative
rod-shaped bacteria, Serratia marcescens, were isolated from the G. mellonella larval
gut and were suspected of participating in PS degradation [26].

4.1.3 The lesser wax worm

An adult lesser wax worm, Achroia grisella (Lepidoptera: Pyraloidea), is light
brown with golden highlights and black scales with long filiform antennae. Generally,
it is 8-13 mm long; females are larger than males [63]. Lesser wax moths are widely
distributed in tropical, subtropical, and temperate regions. The caterpillars of A.
grisella are considered serious pests of beehives as their larvae consume bee wax
[64, 65].

Like other pyraloid moths, A. grisella has also been reported as a PE-degrading
bio-agent. They can degrade PE but less rapidly than the greater wax worm and can
complete their lifecycle by consuming PE films [27]. When PE films are left in direct
contact with A. grisella worms, the lesser wax worms, after chewing the films, make
holes in them within a few days, approximately 2 + 1 holes per worm per hour, and
one individual larva can degrade nearly 2 mg of PE film daily [27].

Though the PE diet is not a good source of nutrients to grow and survive, the
larvae of A. grisella, by consuming PE as a sole diet, live for almost one month and
may develop into a second generation [27]. However, when additional nutrients were
provided for them, PE degradation increased rapidly, and as a result, the survival
and reproduction rate of A. grisella increased. In the wild, A. grisella larvae consume
and digest beeswax, which has strong chemical bonds similar to PE. The ability of
A. grisella larvae to digest PE plastic might be due to the presence of PE-degrading
bacteria within their gut or any other unique extracellular enzymes that have not been
discovered yet. The A. grisella caterpillar treated PE films showed an increased devia-
tion of PE mass and decreased residual PE, suggesting most larvae consume PE either
by disintegrating or assimilating the PE.

FTIR and NMR analyses of frass confirmed that the biodegradation process
successfully occurs in A. grisella larvae [27, 66]. The presence of new carbonyl and
alcoholic groups with the increase in unsaturated hydrocarbons provides evidence
for the biodegradation process of PE in the lesser wax worm. However, further
research must understand whether this PE biodegradation is gut-dependent or
independent.
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4.2 Coleoptera

Representatives of Coleoptera, capable of degrading synthetic polymers are
discussed and detailed below. An overview of interplaying microbes residing in the
coleopteran gut (Figure 2) that function in synergy with the host gastrointestinal
enzyme to degrade PE, PS, and PP is included.

4.2.1 The yellow mealworm

Adult yellow-meal-worm beetles, Tenebrio molitor (Coleoptera: Tenebrionidae),
also known as darkling beetles, are black to brown, have moniliform antennae, and
complete their life cycle holo-metabolically. The larvae of yellow mealworms typically
measure about 2.5 cm or more in length and have lighter body colours than adults,
with long and slender structures. Generally, the mealworm feeds on stored grains,
vegetation, and dead insects [67].

The larvae of mealworm beetles are capable of chewing and eating PS (Styrofoam)
plastic as their sole diet [17]. Other investigations further supported this fact
[13, 15, 68]. The larvae were found to degrade almost half of the consumed PS within
12-15 hours in their guts [13]. PS samples inoculated with the Exiguobacterium sp.
bacterial strain (YT2) were found to lose more than 7% of their weight after two
months of incubation [69]. The bacterial strain (YT2) was noticed to cause surface
topography changes on PS materials, and as a result, the hydrophobicity of PS
decreases, and carbonyl groups form. As a result, PS weight loss is due to molecu-
lar weight loss [69, 70]. It has also been opined that besides Exiguobacterium sp.,

a variety of microorganisms play an essential role in the digestion process of meal-
worms [71, 72].

Y
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Figure 2.

Coleopteran gut morphology and interplaying plastic degrading microbes.
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The information indicates that PS biodegradation and mineralisation occur within
the gut of yellow mealworms [73]. During consumption, the larva generally produce
hollows in Styrofoam samples, resulting in a decrease in Styrofoam mass [17] and the
resultant small fragments of Styrofoam samples have an increased surface area. Asa
result, they were subjected to enhanced enzymatic depolymerization [17]. Another
strain of mealworm (strain CA) was reported to be capable of biodegrading seven PS
wastes [68]. Further investigation using mealworms from 12 different sources showed
that mealworms from different regions could eat and digest PS, and those findings
support the hypothesis that the capability of biodegradation of Styrofoam by meal-
worms is independent of their geographic origin and seems to be ubiquitous to the
members of this species [68]. From this result, it could be assumed that chewing and
consuming PS by yellow meal worms is their adaptive intrinsic behaviour, as they feed
upon decaying forest vegetation in the wild [74]. Styrofoam-feeding mealworms had
a significant survival rate, implying that Styrofoam feeding did not cause a negative
effect on their survival ability [75, 76], but it was obvious that the PS degradation rate
could notably be enhanced if the diet was supplemented with conventional sources
of nutrition. Mealworms fed on such a diet could reproduce and enter into the second
generation, which seemed to have a higher affinity for PS materials [68, 75, 76]. The
temperature was also found to have corresponded with the PS degradation rate. It was
found that at 250 C, the mealworm degrades PS at a significantly higher rate [68].
Moreover, PS consumption is influenced by the density of the foam materials, which
is related to product hardness rather than molecular weight and thus likely to be
chewed and consumed by mealworms. FTIR and NMR analysis revealed that due to
cleavages at long-chains of PS molecules, they turn into low molecular weight phenyl
derivative metabolites in the gut of mealworms [17, 36].

Yellow mealworms fed with PE and PS plastic each as the sole diet were found to
cause mass loss of both the plastics. The yellow mealworms can degrade both PE and
PS, but the degradation efficiency of PE was noticed to be much higher (48%) than
PS (32%) on solo plastic diets. However, in both cases, degradation efficiency can be
increased by up to 61% (for PE) and 54% (for PS) if the larvae are fed conventional
food in addition to plastics [13]. The difference in mass loss of PE and PS might be
due to the differences in density of the plastics, and it is presumed that less dense
plastic molecules are ingested at a higher rate [68]. Among the present plastics, PE
possessed a higher density than PS, which indicated that there might be other factors
responsible for affecting the relative consumption rates of PE-PS plastic combina-
tions. However, no clear evidence has yet been established to get an answer. Analysis
involving HT-GPC, FTIR, and NMR studies certified that plastics could be degraded
entirely and mineralised in the gut of the mealworms within a month approximately.

It was hypothesised that microbial communities significantly differed from the
diets of the caterpillars or larvae. However, most microbial community members
do not vary significantly in PE-fed diets among insects, but the composition is
distinct in the PS-fed community. For example, Citrobacter sp. and Kosakonia
sp., belonging to the family Enterobacteriaceae, were intensely associated with
both plastic diets, viz., PE and PS [42] Both can use oxygen, which proves their
participation in plastic degradation, as the biodegradation of both PE and PS is
accelerated upon incorporating O, [32]. On the other hand, another two microbes,
anaerobic gram-negative Sebaldellatermitidis, and gram-positive Brevibacterium
sp., were uniquely associated with PE degradation [77]. Seven other microbes,
viz., Listeria sp., Nitrospiradefluvii, Pedomicrobium sp., Aquihabitanssp., unclas-
sified Xanthomonadaceae, Saprospiraceae, and Burkholeriales, were found to be
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associated with PS degradation in mealworm gut, further suggesting the significance
of the microbial community in the plastic degradation process [78]. The information
regarding the presence of various microbes in the mealworm gut suggests that mixed
plastics of PS and PE could be depolymerized within the gut of the same mealworm.
Therefore, the mealworm gut is not plastic-specific rather than independent in the
degradation of any PE or PS plastics.

4.2.2 The dark mealworm

Adult dark meal-worm, Tenebrio obscures (Coleoptera: Tenebrionidae), also known
as mini mealworms similar to yellow mealworms in appearance, are also known for
their plastic-consuming ability. The larvae of dark meal worms are 1.5-2.5 cm in
length, possess dark black rings on their abdomen, and become dark with maturity.
The larvae have higher light sensitivity than yellow mealworms [15]. They usually
consume seeds, vegetables, flour, and oats [68].

The larvae of dark mealworms were found to have the ability to degrade PS
[15, 32], the depolymerization rate being higher than equally sized yellow meal-
worm larvae [15]. When dark meal worms were supplied with PS as their sole diet,
mass loss of PS was found to be 55% in a month, but the amount of PS degradation
was increased by 67% when the larvae were co-fed with supplementary food [15].
The investigation suggests that PS degradation ability can be achieved at a higher
tempo when the insects are allowed to feed on a nutrition-rich co-diet. GPC and
FTIR analysis supported that PS degradation was found to be operated by the active
participation of gut bacteria residing in the dark mealworms. Before feeding PS, the
gut microbiome was found to have higher diversity in T. obscurus than in T. molitor
[15]. According to microbial community analysis, bacteria from the Enterococcaceae,
Spiroplasmataceae, and Enterobacteriaceae families were particularly associated in
their guts for PS depolymerization and degradation [15].

4.2.3 The super worm

Super worms, Zophobas atratus (Coleoptera: Tenebrionidae), also known as blind
click-beetles, have very dark elytra on their cover, and after attaining maturity, the
beetles become darker and are then called “black beetles.” Superworms have man-
dibulate mouthparts like mealworms, which provide these species the ability to chew
and eat plastic.

Super worms are also found to chew and eat Styrofoam as their sole diet [79],
and when they were left on Styrofoam samples, they instantly started to ingest and
penetrate through the blocks and made hollows in the blocks within an hour [68].

Z. atratus can consume up to 0.58 mg of Styrofoam per day, which is four times

more than mealworms (0.12 mg/day/worm) [17, 32]. Interestingly, the survival rate
of super worms eating Styrofoam was almost equal to that of a regular diet, which
indicates that super worms can complete their lifecycle by consuming Styrofoam diets
[32]. After passing through their guts, the consumed long-chain PS molecules were
degraded into low molecular weight products, styrenes, which were again mineralised
into CO, [32]. Moreover, an antibiotic suppression assay using a combination of
gentamycin, rifampicin, and streptomycin indicated that repression of gut microbiota
by antibiotics diminished the ability of superworms to degrade PS and, therefore,
confirms that the gut microbiota plays an important role in PS degradation in super-
worms [32, 35, 36]. Three bacterial strains, Aeromonas sp. and Klebsiella pneumonia
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from Enterobacteriaceae [36] and Pseudomonas sp. [35] from Pseudomonadaceae have
been isolated from Z. atratus gut and confirmed their ability to degrade PS.

4.3 Orthoptera
4.3.1 Crickets

Orthopteroid fauna like crickets, such as Gryllus bimaculatus are also found to
consume polyurethane (PU) plastics [44]. It has been noticed that G. bimaculatus is
capable of consuming a diet that is 63% more rich in polyurethane (PU) than its usual
food. Nine distinct microbial organisms, including bacteria and fungus, were identi-
fied in their digestive tracts which might take part in PU digestion. The fungus strain
Aspergillus flavus G10 was isolated and identified from their gut after PU-degrading
activity assays. The fungus was also noted to be responsible for PU degradation [44].
However, more research needs to be done on effective insect species as well as the
potent gut microbial organism that are capable to degrade PU.

4.4 Other insects

There are some other insects from coleopteran and lepidopteran order that is
seen to degrade synthetic or natural polymers (Table 1). Insects like cigarette beetles
(Lasioderma servicorne), lesser grain borer (Rhyzopertha dominica), rice weevil
(Sitophilus oryzae), saw toothed grain beetle (Oryzaephilus surinamensis)—from
order coleoptera are among those, that have potential in digesting polyethylene
or structurally similar polymers. Other Coleopterans namely red flour beetle
(Tribolium castaneum), darkling beetles (Plesiopthalmus davidis) and lesser mealworm
(Alphitobius diaperinus) are capable of degrading polystyrene or alike polymers. Other
Lepidopterans like Rice moth (Corcyra cephalonica) and Isopteran Termites owing to
their feeding habits of complex natural polymer have immense possibilities in degrad-
ing synthetic polymers.

5. Conclusion

In recent years, there has been a significant increase in the production of plastic
due to the proliferation of its usage in areas ranging from the domestic sphere to
multiple business spheres. However, improper treatment and management of plastic
waste disposal have led to the accumulation of this material in the environment,
which poses threats to the health of living species as well as to the health of humans.
The most common petroleum-based polymers, PE, PP, PS, and PVC, have been
thought to be non-biodegradable for many years. However, recent studies have shown
that these polymers can be degraded by the microbial communities either on their
own or with the active participation of the microbial activities that are present in the
larval guts of certain insects. The knowledge that is currently available about the role
that insects play in the breakdown of plastic is quite restricted, and as a result, several
questions on the process of plastic degradation via insects are still unclear. It has not
yet been determined what the precise processes underlying the degradation process
are or what the function of the enzymes should be in this process. However, the good
news is that the capability of some insects to degrade compounds that are rarely bio-
degradable or even non-biodegradable may be employed for the practical applications

102



The Ability of Insects to Degrade Complex Synthetic Polymers
DOI: http://dx.doi.org/10.5772/intechopen.106948

for the waste management programme, which can be shown to be extremely helpful
for the health of the environment.
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Chapter 6

Deterrents and Their Effects on
the Feeding Behavior and Sensory
Physiology of Insects

Vonnie D.C. Shields

Abstract

The gustatory system of insects is a prominent model in neuroscience. This
important sensory system allows insects to detect, encode, and process gustatory
information. This important sensory modality allows insects to perceive their
environment. All animals detect and react to chemicals in their environment. Using
insects as model systems allows us to obtain fundamental information regarding the
processing of sensory information in the brain of the animal. Stimuli, associated with
taste and smell, are responsible in insects being able to locate and select food sources,
mates, and egg-laying sites. One line of research can be directed to better understand-
ing gustatory cues in the selection of food sources by insects. Experimentally, this
will involve feeding behavioral and electrophysiological testing in insects. Examining
the structural organization of the gustatory organs using transmission electron and
scanning electron microscopy will shed more light on the detailed structure of these
taste sensory organs, the sensilla. During feeding, these taste organs sample the plant
sap that contains a multitude of phytochemicals. Gustatory sensory input is encoded
as patterns of nerve impulses by gustatory receptor cells which are housed in these
taste sensory organs. Taste information gathered by these receptor cells will allow the
insect to determine if the food is palatable or should be rejected.

Keywords: gustation, taste, glucosinolates, deterrent, feeding behavior, insect

1. Introduction

Our ability to taste is crucial for our survival and is central in our nutrition. The
sense of taste determines the palatability of food and beverages. It provides early
warning alerts for the detection of spoilage. Taste disorders affect the quality of life,
daily living, psychological well-being and can change body weight or appetite. Having
an appreciation of basic gustatory mechanisms in animals, including humans, allows
us to have a better understanding and promises to contribute toward an explanation
of taste disorders.

Using caterpillars as insect models allows us to increase our understanding of
taste recognition and coding and to unravel some of the principles that govern food
selection behavior. One feature that makes these larvae ideal candidates for such
studies is their recognizable gustatory behaviors. In addition, they have relatively
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simple gustatory systems with relatively low numbers of sensory cells located in
sensory organs (sensilla) on their mouthparts that mediate taste mechanisms. These
cells are individually identifiable, show strong electrophysiological responses, and are
relatively easy to access for experimental manipulation. All these features make the
larval gustatory system amenable to structural, behavioral, and electrophysiological
approaches, respectively.

2. Ultrastructure of main taste sensory organs: styloconic sensilla

Caterpillars bear a pair of uniporous styloconic sensory organs or sensilla (i.e., lat-
eral and medial styloconic sensilla) on the maxillae, and more specifically, maxillary
galeae. These are the main organs involved in feeding and detect plant phytochemicals
by being in constant contact with plant sap during feeding. Each sensillum appears
as a small cone inserted into a fibrous cuticular socket of a cylindrical projection or
style of insensitive cuticle. The cone bears a terminal pore (Figure 1) [1]. In each
styloconic sensillum, four bipolar taste neurons extend toward the tip of the cone.
Receptors bound to these neurons interact with plant sap as the caterpillar is feeding.
These receptors respond to salt, one or more sugars, and bitter compounds [2, 3]. One
bipolar neuron, a putative mechanosensory neuron, terminates near the base of the
cone and lies near the dendritic sheath [4, 5]. Here, many microtubules lie parallel to
one another within a dense matrix. This location is thought to be the site of sensory
transduction of mechanical stimuli [6]. Each styloconic sensillum bears a single apical
or terminal pore. Gustatory sensory input gathered from the receptor cells within the
sensory organs is encoded as patterns of nerve impulses which ultimately determine if
relevant information is accepted or rejected in the brain of the animal (Figure 2).

Figure 1.

A-C, Scanning electron micrographs of Lymantria dispar (L.) fifth instar larvae. The specimens were

critical point dried. (A) Frontal view, whole head. The arrows denote the galeae, components of the maxillae.
Bar = 1 mm. (B) Side view of a medial styloconic sensillum. The cone is inserted into the style or cylinder. The
arrow shows the location of the pove at the tip of the cone. Bar = 1 ym. (C) Higher magnification view of the cone
(c) from a lateral styloconic sensillum showing the pore (p with arrow) at the tip of the cone. Bar = 5 ym. This
figure was adapted from [1].
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Figure 2.

Diagrammatic reconstruction of a uniporous styloconic sensillum shown in longitudinal section with five bipolar
neurons innervating this sensillum: four gustatory and one mechanosensory. This illustration also shows the
electrophysiological tip vecording method. This method is useful for vecording the neurophysiological responses from
taste cells in a styloconic sensillum [7]. A taste stimulus is dissolved in an electrolyte solution (e.g., 0.1 M KCl dissolved
in deionized water) contained within the stimulating or recovding electrode. This electrode is placed over the tip of
the pore of the sensillum. The solution diffuses through the pore. Taste compounds bind to dendritic taste receptors
which transduce the quality and quantity of the stimulus into a neural code of action potentials. The indifferent or
ground electrode contains a similar electrolyte solution except for the taste stimulus. Each electrode contains a silver
wire. The solution and wire allow contact to be made with the internal environment of the insect (e.g., body). The
excitatory vesponses vecorded are amplified, digitized, and analyzed using a computer software program. ax, axon;
cb, cell body; cs, ciliary sinus; dbb, distal basal body of proximal dendritic segment; dc, dendritic channel; dd, distal
dendritic segment; ds, dendpritic sheath; f, fibrils; i, inner sheath cell; n, intermediate sheath cell; o, outer sheath cell;
peu, peg cuticle; pd, proximal dendritic segment; po, terminal pore; pbb, proximal basal body of proximal dendritic
segment; 1, vootlets; scu, style cuticle; ss, sensillar sinus; tb, tubular body. This figure was adapted from [1].

3. Sensory responses to deterrents

At least one sensory cell is particularly sensitive to substances that cause a
deterrent response in some larval Lepidoptera known as the deterrent neuron [8].
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Neurophysiological responses from one or more taste cells within the sensillum
can be recorded using can be acquired using an electrophysiological tip recording
method [7].

Deterrent receptors in caterpillars were thought to have evolved as a prolifera-
tion of receptor types. They have an extensive action spectrum sensitive to a large
variety of secondary plant compounds, ultimately resulting in appropriate behavioral
outcomes that are associated with specific sensory inputs [8]. In 1992, Schoonhoven
et al., hypothesized that the deterrent receptor evolved from ancestral nerve cells that
retained their sensitivity to noxious plant compounds [9]. It was thought that other
chemoreceptor cell types, such as sugar-sensitive cells, developed a relative insensitiv-
ity to noxious chemicals. Deterrent cells were thought to respond to compounds not
previously experienced in their recent evolution [10]. If the insect transitioned to a
new host-plant, a loss of sensitivity by a deterrent receptor could occur [10]. If the
ingested deterrent compound, or its metabolic products, are taken up in the blood,
they could potentially travel to the chemosensory cells causing a desensitization of
response [11]. Over the course of evolution, the deterrent cell in the crucifer special-
ist, Pieris brassicae, became insensitive to sinigrin, probably because of this insect’s
very close host—plant association with the Cruciferae [12-14]. Another cell in P, bras-
sicae is sensitive to glucosinolates, presumably mediates host-recognition, and likely
signals acceptance rather than rejection [13].

4. Insect-plant interactions: sensory basis of feeding

The sense of taste plays a key role in the behavior of insects. Insects often rely
on gustatory cues from plants to detect and find their food sources. These cues are
typically nonvolatile chemicals that are either liquids or solids and can be simple
or complex. They can be detected via contact chemoreceptors located on various
body parts [15, 16]. Other compounds may be partially volatile [16, 17]. Examples
of such compounds include DEET (N,N-diethyl-m-toluamide) [18, 19], ammonia,
water, polyamines, and certain acids, pheromones, and fatty acids. Insects, in gen-
eral, are selective to some extent with respect to the selection of their food choices.
Monophagous insects feed on one or a few closely related plant species, whereas
oligophagous insects feed on a larger number of hosts, usually confined within a
certain plant family. Polyphagous insects consume many plants representing a wide
taxonomic range. Insects never feed on all plant groups [20], however.

Tastants have often been grouped into taste qualities: sweet, sour, bitter, and salty
[21]. Umami (savory) was added later [22]. While insects can respond to these five
canonical taste qualities, taste quality perception in insects may be different than in
humans. Sweet, often associated with sugars [23, 24] and sugar alcohols [23, 25-28]
are attractive to Lepidoptera, as well as other insects, as are some artificial sweeteners
(e.g., acesulfame K) [29]. Bitter, i.e., deterrent tastants, are represented by com-
pounds such as caffeine, denatonium, and quinine. They may be toxic [30-33] and
have diverse chemical structures [34]. Sour tastants are associated with certain acids,
including acetic acid, citric acid, hydrochloric acid, and lactic acid [35-38]. Salty
tastants are associated with sodium and other mineral ions, such as NaCl and KCl
[39-41]. Lastly, umami tastants are associated with some amino acids [24, 42-45].

Two theories exist to explain how chemical constituents of plants provide stimuli
that determine food-plant preferences. Brues first suggested that insects’ “botanical
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instinct” was based on responses to chemical and physical stimuli originating from
plants [46]. Later, Dethier [47] and Fraenkel [48] stated that nutritionally unim-
portant “token stimuli” or attractants and repellents were primarily responsible for
regulating the feeding preferences of phytophagous insects.

Many plant feeders are very specific in their food habits. They are usually
restricted to a single order, family, genus, species, or even subspecies of plants. This
specificity can be supported by one of two different factors, or possibly their com-
bination: (i) insects will tend to specialize on plants that meet their dietary needs
(i.e., protein, carbohydrates, fat, minerals, sterols, and vitamins) and (ii) if dietary
composition is very similar for all insects, the guiding factor will be the presence or
absence of additional compounds (i.e., “secondary” plant substances); the presence
of nutrients would be less important. The “dual discrimination” theory proposes that
insects respond to secondary compounds (token stimuli for recognition of host-plant
species), as well as nutrients (for recognition of plants of the exact physiological
condition nutrient content [49]). The primary “sapid” nutrients in plants act as
important taste indicators of a suitable food, in addition to the recognition of second-
ary plant substances [50]. Host-plant selection by specialist feeders is thought to be
largely influenced by the presence of token stimuli, whereas for generalist species, the
presence of deterrents plays a major role [51].

Host-plant recognition and utilization, as well as avoidance or rejection of non-
host plants, are generally inherited and cannot be changed by experience [52]. The
primary role of secondary plant substances in insect-host-plant relationships is that
they form the “fingerprint” (specific signal pattern) or biochemical profile, by which
the insect identifies the plant [53]. If the plant biochemistry, as perceived by the
insect, fits the expected innate image of “host-plant” to the insect, the plant will be
consumed or selected as a location for egg-laying [54].

For an insect to feed, it must (a) recognize and orient to the plant; (b) begin
feeding (biting or piercing); (c) maintain feeding, and (d) stop feeding, prior to
dispersal. Terms applied to define classes of stimuli should encompass both physical
and chemical stimuli. An “attractant” is a stimulus to which the insect responds by
moving toward the food source. “Arrestants” cause the insect to stop moving toward
the food source. Initiation and maintenance of feeding are separable phenomena.
“Feeding incitant” is a stimulus initiating biting or piercing of the plant tissue. Once
biting has started, maintenance of feeding is dependent on the presence or absence
of feeding stimulants or deterrents [55]. Food selection behavior can be compared
to a “key-lock” system, where the key represents a complex sensory pattern [56]. A
precise behavioral response will be triggered if the pattern sufficiently corresponds
with an innate standard. When the incoming sensory information differs too much
from the desired pattern, the food is rejected. Host selection comprises of a series of
steps (i.e., keys). Each step unlocks only one behavioral step. The lack of detail in one
key will be compensated for by details in another sensory pattern (Figure 3) [57, 58].

The gustatory and olfactory systems of lepidopterous larvae distinguish the
presence of various chemicals. Sensilla associated with these senses are located and
distributed on their antennae, mouthparts, and legs. The styloconic sensilla, located on
the mouthparts, are in continuous contact with plant sap during feeding. Four types of
gustatory receptors have been classified into four cell types: those sensitive to nutri-
ents, salts, phagostimulating alleochemics, and deterrents (Figures 4 and 5) [59, 60].

The sensitivity of chemoreceptors also vary with age, time of day, feeding his-
tory, effect of food deprivation, adaptation rate, individual insect, and temperature
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Figure 3.

A. Mean consumption by fifth instar Mamestra configurata exposed to a diet containing increasing concentrations
of sinigrin. B. Mean consumption by fifth instar Trichoplusia ni exposed to a diet containing increasing
concentrations of sinigrin. This figure was adapted from [58].
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Figure 4.

Reiresentative electrophysiological responses from the lateral and medial styloconic sensilla of fifth instar
Mamestra configurata in response to: (a) 50 mM potassium chloride; (b) 2 mM sinigrin (glucosinolate); and from
(c) 60 mM sucrose from lateral sensilla; (d) 50 mM potassium choride, and (e) inositol from medial sensilla.
Potassium chloride (50 mM) served as the electrolyte. Note the strong firing response to inositol in (e), whereas
potassium chlovide evoked a very minimal response (a). This figure was adapted from [60].

[57, 59]. Stidler and Hanson demonstrated in Manduca sexta larvae, that three of
the four chemoreceptive cells, only in lateral styloconic sensilla, possessed a short-
range (0-0.5 mm) olfactory capability to perceive vapors [61]. This would allow the
receptors to monitor food without being in actual physical contact with it. The three
mechanosensory galeal trichoid sensilla may provide information about the proxim-
ity of the food source, permitting the lateral sensillum to gauge the concentration of
plant vapors accurately [61].
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Figuress.

(a) Dose-response curve showing the sinigrin-sensitive cell in the lateral styloconic sensillum of Mamestra
configurata when stimulated with various concentrations (mM) of sinigrin. Each point represents 10-23 larvae
(cells). Error bars represent standard error of the means. (b) Adaptation curves for the sinigrin-sensitive cell in
the lateral styloconic sensillum of M. configurata during stimulation with 8 mM (filled squares) and 20 mM
(open circles) sinigrin. Each point represents means for 4-6 larvae (cells). Error bars represent standard error of
the means. (c) The inset shows the first 10.1 secs. of the adaptation response for both cells. This figure was adapted

from [60].

5. Secondary plant compounds and the role of sinigrin as a feeding
stimulant or deterrent

There are four major classes of secondary plant compounds: nitrogen-containing
(alkaloids, amines, amino acids, cyanogenic glycosides, and glucosinolates), terpe-
noids (monoterpenes, sesquiterpenes, diterpenes, saponins, limonoids, cucurbitacins,
cardenolides, carotenoids), phenolics (simple phenols, flavonoids including tannins,
quinones), and polyacetates (polyacetylenes). These are distributed widely in vascu-
lar plants, including Solanaceae, Scrophulariaceae, Cucurbitaceae, Gymnospermae,
etc. Secondary plant compounds are found in concentrations varying from, e.g.,
0.0002->40% concentration dry weight [62].

Secondary plant compounds serve as positive compound signals when an insect
species becomes adapted to particular plants and uses these cues to recognize their
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hosts. Glucosinolates, found in the family Brassicaceae, the mustard family of flower-
ing plants (order Brassicales), composed of 338 genera and 3700 species, appear to be
limited to families of dicotyledonous angiosperms occurring in the order Capparales
including the families Cruciferae, Capparaceae, Tovariaceae, Resedaceae, and
Moringaceae [62]. They are present in every part of the oilseed rape plant [63] and are
unlikely to serve a role in the basic metabolism of plants. Food specificity of insects

is thought to be based solely on the presence or absence of these compounds [51].
Glucosinolates, or mustard oil glucosides, are derived from amino acids and contain
sulfur, as well as nitrogen atoms. They can either be acyclic (e.g., sinigrin) or aromatic
(e.g., sinalbin) [62].

Sinigrin (allyl- or 2-propenyl glucosinolate) is a principal crucifer token stimulus
and is a widespread glucosinolate in many species of Cruciferae, as well as in other
plant families. Glucosinolates are broken down by a glucosinolate-degrading enzyme
(myrosinase) when plant tissues are eaten or damaged, thereby releasing toxic hydro-
lysis products. These products may include isothiocyanates, nitriles, thiocyanates,
and oxazolidinethiones [63, 64]. Myrosinase is present in idioblasts (specialized cells
in parenchymatous tissue of the green parts of crucifer plants, whereas glucosinolates
are stored in vacuoles of leaf cells [64].

The role of mustard oil glucosides acting as feeding attractants, incitants, and
stimulants have been studied extensively. Insects, not adapted to a particular plant
species, may be repelled or deterred by the plant. For noncruciferous feeding insects,
glucosinolates have been implicated as feeding deterrents. Verschaffelt demonstrated
the role of a mustard oil glucoside in food-plant selection in two lepidopterous
species, namely Pieris brassicae and Pieris rapae [12]. Experiments showed that
these insects could be stimulated to feed on normally rejected plants by treating the
plant tissue with juices extracted from crucifers. When solutions of pure sinigrin
were applied to unacceptable plants, they rendered them palatable. This was further
exhibited with the diamond-back moth (Plutella maculipennis) when a solution of
either sinigrin or sinalbin (p-hydroxybenzyl glucosinolate) was applied to the leaves
of nonhost plants stimulating feeding [65]. Feeding did not occur, however, when
leaves were treated with the mustard oil, allyl isothiocyanate, a product of enzymatic
degradation from sinigrin. The stimulatory effect of sinigrin and sinalbin was dem-
onstrated in larval Pieris maculipennis feeding on a synthetic diet [66], as was the
case when the addition of sinigrin strongly promoted feeding in the mustard beetle,
Phaedon cochleariae on a synthetic diet. [67]. A similar result was observed by other
researchers with synthetic diet for larval P. brassicae [68-71]. Isothiocyanates, such
as allyl isothiocyanate, are effective in attracting larvae of the European cabbage
butterly, P. rapae [72, 73].

Glucosinolates were found to be both deterrent and toxic to the noncrucifer-
feeding lepidopterous caterpillar, Papilio polyxenes, which normally feeds on
Umbelliferae [74]. Breakdown products may be responsible for the potency of sini-
grin, as well as other glucosinolates as feeding deterrents [75]. Allyl isothiocyanate
is known to be a powerful tissue irritant [64] and may be responsible for sinigrin
toxicity to some species due to its release in the gut. Sinigrin may represent an
innocuous form of storage in the plant, possibly as a means of avoiding autotoxicity
[76]. Recently, some crucifer feeders have been shown to be deterred by some glu-
socinolates. Work on Mamestra configurata and the flea beetle, Phyllotreta cruciferae
[77] (using the glucosinolate, sinalbin) and Mamestra brassicae [78], M. configurata,
and Trichoplusia ni (using sinigrin [58]), clearly demonstrated deterrence in these
crucifer-feeding insects.
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6. Conclusions

Insects constantly monitor and respond to changes in their internal and exter-
nal environments to maintain themselves under the most favorable conditions for
survival. In the case of lepidopterous larvae, gustatory sensilla (i.e., lateral and medial
styloconic sensilla) located on each maxilla can detect phytochemicals present in
plants. They act as the first level of environmental perception and play important
roles in host—plant selection, as they are in constant contact with plant sap liberated
during feeding. The plant material enters each of these sensilla through an apical pore
and interacts with four gustatory neurons and their receptors. Receptors bound to
the dendrites transduce the chemical stimulus into a code of action potentials reflect-
ing the quality and quantity of the complex plant chemistry. Subsequently, these
nerve impulses are sent to the brain of the insect. The responses of these receptors to
phytochemicals are key in determining which plants are deemed palatable and which
should be rejected. Deterrent substances, such as e.g., some glucosinolates and alka-
loids, are important in influencing the food selection of many insects, as they may be
potentially toxic. Having a better understanding of the sensory mechanisms by which
insects detect plant phytochemicals will help in finding novel biocontrol techniques
against insect pests, especially highly polyphagous ones capable of defoliating forests
or destroying crops.
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Abstract

Many arthropod species are vectors of numerous diseases of humans and animals,
which include ticks, fleas, sandflies, mosquitoes, triatomine bugs, and blackflies. The
vector transmits bacteria, viruses, and protozoa from one host to another causing
various diseases, such as dengue fever, West Nile Virus, Lyme disease, and malaria.
They are scold-blooded animals and very sensitive to the fluctuation in climatic
factors. Changing climate influences the survival, reproduction, abundance, and
spatiotemporal distribution of vectors throughout the year and the rate of develop-
ment and survival of pathogens within the vector-host. Climate change is among the
prime factors that influence the survival, reproduction, distribution, and density of
disease vectors.

Keywords: arthropods, vector, pathogen, diseases, climate

1. Introduction

Vector-borne diseases (VBDs) continue to contribute significantly to the global
burden of disease and cause epidemics that disrupt health security and cause wider
socioeconomic impacts around the world [1]. A vector is an organism (most often an
arthropod) that transmits an infectious pathogen from an infected human or animal
host to an uninfected human. The World Health Organization (WHO) and other
scientists identify the major global VBDs as malaria, dengue, chikungunya, yellow
fever, Zika virus disease, lymphatic filariasis, Chagas disease, leishmaniasis, Japanese
encephalitis, etc. (Table 1). Deadly pathogens and parasites are transmitted by
arthropods [34], and the increasing global human and animal populations are threat-
ened by such epidemics and pandemics [35]. Arthropod-borne diseases are referred
to as viruses, bacteria, and protozoans transmitted either to animals or humans by
blood-sucking arthropods [36]. There are over 700 known arthropod-borne viruses
and at least 80 immunologically distinct types that cause diseases in humans [37].
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Among arthropods, insect vectors that transmit pathogens are more infectious
mainly after the ingestion of the pathogen through a blood meal on an infected host,
followed by the pathogens amplification/circulation in the insect’s body, before the
vector becomes infectious [38]. Most of the arthropod-borne viral infections are
transmitted by mosquitoes. Transmission of these viruses to humans involves com-
plex processes influenced by the mosquito and viral genetics, environmental factors,
and human activities [39]. In human memory, the most devastating ABDs are not
malaria or dengue or Ebola, but the plague named the Black Death, and in Europe, the
Black Death is still considered the plague par excellence [40]. The major problem is
caused by the invasion of exotic species of insects due to climate change [41].

The climatic factors that directly influence VBDs ecosystems are mainly tempera-
ture and rainfall [42]. Long-term variations in temperature and precipitation, climatic
extremes (heatwaves, cyclones, and flash floods), quality of air, rise in low-lying
coastal regions, sea level, and numerous implications on systems of food production
and water supplies all have a direct impact on health. According to estimates, VBDs
account for even more than 17% of the burden of communicable diseases worldwide,
and more than 700,000 VBD deaths are documented each year globally [43].

2. Protozoans insect-borne disease

The health of hundreds of millions of individuals globally is seriously threatened
by parasitic protozoans that are known to transmit diseases to humans. As a result of
their combined infection, over a million people die each year [44, 45].

2.1 Malaria

Human malaria is caused by five species of plasmodium parasites and is transmitted
by female Anopheles mosquitoes. Among vector-borne diseases, malaria is the major
killer, causing an estimated 620,000 deaths in 2017 (most occurring in Africa) [46].
According to Rahmah et al. [47], malaria is currently endemic and spread by anopheline
mosquitoes in far more than 80 countries with a combined population of about 3 billion
people. Malaria is particularly prevalent in Sub-Saharan Africa, where even more than
85% percent of cases and 90% of deaths occur, mostly in children under the age of five.
Malaria still has a staggeringly negative impact on the public’s health (228 million cases
globally, with 214 million, which is 93% of the total, reported in Africa alone), and
recent catastrophic outbreaks have wracked many parts of the world [48, 49].

2.2 Sleeping sickness

African Trypanosomiasis, also known as sleeping sickness is caused by a micro-
scopic parasite of the species Trypanosoma brucei. It is transmitted by the tsetse fly
(Glossina spp.), which is only found in Sub-Saharan Africa [6]. The disease was per-
ceived to be spreading across the continent from the French, Portuguese, and Belgian
territorial interests in West and Central Africa towards the British and German
colonies in East Africa [50]. Trypanosoma brucei is usually fatal within 3 years in the
absence of treatment [51]. It is estimated that thousands of people are infected and
millions are at risk, 1.35 million are lost due to sleeping sickness; mortality related to
sleeping sickness is ranked ninth out of 25 among the human infectious and parasitic
diseases in Africa [52].
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2.3 Leishmaniasis

Leishmaniasis is caused by infection with Leishmania parasites, which are spread
by the bite of phlebotomine sand flies. There are several different forms of leishmani-
asis in people [7]. The WHO has obtained discounts on some medications to treat the
disease. It is classified as a neglected tropical disease. The disease may occur in a num-
ber of other animals, including dogs and rodents. Visceral leishmaniasis is endemic
in 78 countries but mainly affects economically disadvantaged populations in east
Africa, Southeast Asia, and Brazil [43]. Approximately 98 nations and 4-12 million
persons worldwide are now afflicted. Each year, there are about two million new cases
and 20-50 thousand fatalities occurred. There are 200 million individuals who reside
in regions of Asia, South and Central America, Africa, and Southern Europe where
the disease is prevalent [53].

3. Viral insect-borne diseases

The viruses that cause diseases spread by insects are within a unique category and
have a wide range. They are categorized as arboviruses and are made up of a diverse
range of viruses that are spread by hematophagous arthropod vectors. Their primary
vectors are ticks, sandflies, and mosquitoes, which are most common in tropical areas.
Arboviruses like the chikungunya virus and yellow fever virus are the ones respon-
sible for the most well-known and dangerous arthropod-borne infections. However,
we must give the Flaviviridae family a unique place (Dengue, St. Louis encephalitis,
Yellow fever, and West Nile encephalitis). Regarding vector-borne disease, viruses
differ from one another in terms of how they behave inside of their hosts. Since
humans are still unable to replicate these arboviruses to high enough titers, most
human infections with them are accidental [11].

3.1 Dengue

Dengue is the most important mosquito-borne disease in the world. It is spread in
tropical and subtropical regions, but the pathogen is an arbovirus, which is the general
name assigned to viruses affecting mankind [9].). The viruses that cause dengue are
from the Flavivirus genus, and Aedes aegypti, followed to a lesser extent by Ae. albopic-
tus, is the primary vector. In contrast to the situation with malaria, the incidence of den-
gue has rapidly increased globally in recent decades. The primary distinction between
dengue fever and malaria is that a virus causes both the infection and the symptoms in
dengue fever [54]. Until 2005, the stated data estimated that approximately 2/5 of the
world’s population was susceptible to contracting dengue. However, as many instances
are underreported and incorrectly classified, the number of dengue cases, like those for
other insect-borne diseases, must only be used as an indication. According to reported
data, 50-100 million cases of acute febrile fever occur each year, including almost
50,000 cases of severe dengue, putting more than 2 and half billion people, or more
than 40% of the world’s population, at risk of contracting the disease [55].

3.2 St. Louis encephalitis

St. Louis encephalitis virus (SLEV), an arthropod-borne flavivirus, can cause
disease presentations ranging from mild febrile illness to severe encephalitis. It is
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transmitted by Culex sp.; birds are usually the hosts, but it can also affect humans
and other hosts [56]. This disease is currently present in Canada, Mexico, and
Central and South America. The clinical symptoms of this encephalitis are often not
manifested, except during epidemics, wherein children and elderly are the most sus-
ceptible, with mortality 5-20% [11]. There have been cases documented across the
nation, but the Mississippi Valley, the Gulf Coast, and more recently the Southwest
have seen the majority of recurrent outbreaks and epidemics. SLE cases are more
common in the late summer and early fall in temperate regions of the United States.
In southern states, cases can happen at any time of year [57].

3.3 Chikungunya fever

Chikungunya virus (CHIKV) is an alphavirus of the Togaviridae family vectored
by Aedes Mosquitoes [58]. CHIKYV is considered as an important emerging public
health problem in both tropical and temperate countries, where the distribution of
the Aedes mosquito vectors continues to expand [12]. The number of cases reported
to the PAHO regional office in 2016 was 349,936 suspected and 146,914 laboratories
recorded incidents, which is a 50% decrease from the last previous year. Brazil
reported 265,000 suspected cases, followed by Bolivia with 18,000 cases, Colombia
with 19,000 cases, and Pakistan with 8387 cases [59]. The year 2016 was the first one
that autochthonous transmission of chikungunya was reported in Argentina, follow-
ing an outbreak of more than 1000 suspected cases [11].

3.4 Zika disease

Ae. albopictus is capable of hosting the Zika virus and is considered a potential
vector for transmission among humans. This tiger mosquito is an epidemiologically
important vector for the transmission of many relevant viral parasites, including
yellow fever virus, dengue fever, and chikungunya fever [60, 61]. The Zika virus is the
cause of the Zika disease and is a Flavivirus. The vector of the Zika virus is an Aedes
mosquito, which can bite monkeys and humans [13]. Since 1950, ZIKA disease has
been known to occur within a narrow equatorial belt from Africa to Asia. From 2007
to 2016, the virus spread eastward, across the Pacific Ocean to the Americas, leading
to the 2015-s2016 Zika virus epidemic [62]. Brazil announced a connection between
infection with Zika virus and microcephaly in October 2015. The Americas, Africa,
and other parts of the world quickly saw outbreaks and transmission evidence.
Eighty-six nations and territories in all have reported cases of Zika infection caused
by mosquitoes [63]. From April 2015 to November 2016, the Zika virus, which causes
Zika disease, spread throughout the Americas from Brazil. In November 2016, the
WHO pronounced the outbreak to be over, but added that the virus continues to be “a
highly important and long-term concern.” In Brazil, the Zika virus is thought to have
infected 1 and half million people, and between October 2015 and January 2016, more
than 3500 newborn microcephaly cases were confirmed [64].

3.5 Yellow fever

Ae. aegypti is the most important vector of this disease. The virus spreads mostly
by contact between monkeys; however, it is also capable of infecting people through a
different vector. Every year, this illness results in 30,000 fatalities and 200,000 clini-
cal cases. The majority of the cases, which affect mostly young people, are recorded
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from Africa, primarily the Sub-Saharan areas The disease can be fatal, acute, mild,
and even unapparent [11]. Yellow fever is an acute viral hemorrhagic disease transmit-
ted by infected mosquitoes; the infected mosquitoes of the Aedes spp. transmit the
virus from person to person [5].

3.6 West Nile fever

Again, this disease is caused by a virus of the genus Flavivirus and the vector is
an Aedes mosquito, aided in this case by Culex sp. The disease has been reported in
regions of all populated continents. Birds, horses, and people can all contract West
Nile fever, which has a variety of symptoms, including none at all, up until the point
of death. The first virus cycle affects a number of bird species and mosquitoes, which
helps the virus replicate. Secondary mammals, namely, horses and humans, are the
virus’s other targets [14, 65]. About 1in 5 people who are infected develop a fever
and other symptoms. About 1 out of 150 infected people develop a serious, some-
times fatal, illness [66]. Birds are exposed to the West Nile virus through the bites of
infected mosquitoes. By biting infected birds, mosquitoes catch the disease. Crows
and other scavengers or predatory birds like hawks and owls may contract the disease
through eating sick or deceased West Nile virus-infected birds. It is possible for birds
to contract the disease if they ingest infected mosquitoes.

3.7 Bluetongue disease

Bluetongue is a noncontagious, midge-borne viral disease affecting ruminants
(mainly sheep and less frequently cattle, goats, antelope, deer, camel, and drom-
edaries). Bluetongue virus (BTV) is transmitted by Culicoides biting midges [67].
BT is a complex multi-vector, multi-host, and pathogen disease whose prevalence
fluctuates, reemerging after protracted absences. The majority of transmission occurs
silently in disease-resistant animals, or short devastating phenomena influencing
in preference specific breeds of sheep that are economically very important for the
production of high-quality wool. Most common reservoir is cattle, which can also be
sub-clinically infected for a protracted infection. The name of the illness comes from
its most noticeable symptom, the characteristic blue iridescent colors of the tongues
of all infected animals. Although the target of this disease is limited to sheep, cattle,
and some species of deer and camelids, the effects can be epidemic and devastating,
causing alerts for immense economic damage. [15, 16, 68]. Changes in climate condi-
tions in Mediterranean countries could make possible stable introductions, driving
the spread of vectors and pathologic agents [17, 67, 69].

3.8 Japanese encephalitis

Japanese encephalitis (JE) is a zoonotic virus spread by vectors. In Asia, the JE
virus (JEV) is the most common cause of viral encephalitis. Nearly all Asian nations,
whether subtropical, temperate, or tropical, are affected by JE, which has spread to
new regions through the introduction of infected vectors. The 24 nations, mostly in
the WHO Western Pacific Regions and South East Asia that are now thought to be at
risk of JE are home to an estimated 3 billion people. JEV repeats in an enzootic cycle in
wading birds and pigs, which act as amplifying hosts and are the primary vectors of
Culex mosquitoes that transmit the disease [4, 70]. It is estimated that 67,900 clinical
cases of JE occur annually despite the widespread availability of the vaccine, with
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approximately 13,600 to 20,400 deaths. In some countries, such as Bangladesh which
has no JE vaccination program, over 50% of cases occur in adults [71].

4, Bacterial insect-borne disease
4.1 Trench fever

Trench fever is a louse-borne disease caused by the gram-negative bacterium
Bartonella quintana and observed originally in military populations during World
Wars I and II. The only source of this Bartonella infection is humans. When infec-
tious lice (Pediculus humanus corporis) excrement is rubbed into scratched skin
or the conjunctiva, it can spread B. quintana to people. Trench fever is resurfac-
ing among the US’s homeless population and is endemic in México, Tunisia,
Poland, Eritrea, and the former Soviet Union [26]. Trench fever had a major
effect on the manpower resources of both the Allies and the Central Powers. An
estimated 800,000 cases occurred among the Allies on the Western Front during
World War I [72].

4.2 Relapsing fever

Spirochetes that cause tick-borne relapsing fever (TBRF) are neglected pathogens,
and diagnosis of this disease is challenging because of its nonspecific manifestations
[73]. Infection with Borrelia spp. known as relapsing fever can result in repeated epi-
sodes of fever, headache, aches in the muscles and joints, and nausea. Relapsing fever
comes in three different forms: Relapsing tick-borne fever (TBRF), relapsing fever
brought on by louses (LBRF), chronic Borreliosis miyamotoi (sometimes called hard
tick relapsing fever). The western US is where TBRF occurs, and staying in shabby,
rodent-infested cabins in the mountains is typically associated with it [27, 73, 74]. The
mortality rate is 1% with treatment and 30-70% without treatment [75]. In Texas,
TBREF is frequently linked to cave exposures. LBRF is transmitted by the human body
louse and usually occurs in refugee settings in developing parts of the world [76].

4.3 Plague

The gram-negative coccobacillus Yersinia pestis, which is 2 pm long, is what
causes the plague. Pneumonic, systemic infection, and bubonic plague are the three
primary illness manifestations caused by the infection in humans. The final one
stands out and is well-known [21]. It spreads in the typical arthropod-borne illness
triangle of pathogen, vector, and victim. The vector in this instance is the Oriental
flea (Xenopsylla cheopis), which feeds on an infected animal and regurgitates blood
containing parasitic cells [20, 77].

5. Tick-borne disease

Ticks are ectoparasites that are common throughout the world, and their eco
epidemiology is directly tied to environmental factors. They are required hematopha-
gous ectoparasites that act as reservoirs or carriers for dangerous bacteria, viruses,
protozoa, rickettsia, and another fungus while they feed on their hosts. The next
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vector group that mostly spreads infections to humans and primarily affects animals
in the disease transmission process is the tick [78].

5.1 Lyme disease

Lyme disease is the most common disease spread by ticks in the Northern
Hemisphere, with an estimated 300,000 infected people a year in the USA alone and
65,000 people a year in Europe. The infection is caused by a bacterium of the genus
Borrelia, spread by ticks, but it is transmitted to humans by the bites of infected ticks
of the genus Ixodes. The disease is more common in the spring and early summer [11].

In Europe, Ixodes ricinus spreads a large number of tick-borne infections, such as
Lyme borreliosis and tick-borne encephalitis. Potential habitat expansion in north-
ern Europe was forecast by models, along with warmer winter weather conditions
including temperature rise. These circumstances might make it easier for more ticks
to survive the winter and raise the risk of tick bites [79].

The higher temperature was found to be the most important determinant of
environmental suitability for the establishment of the Lyme disease Ixodes tick vector
in southern Canada, where it has been spreading [80]. Milder and shorter winters in
Quebec, Canada are associated with the northern spread of the white-footed mouse,
the primary reservoir host for the Lyme disease pathogen Borrelia burgdorferi [81].

5.2 Tularemia

Tularemia is a highly contagious disease occurring principally in wild animals, but
it may transmit to farm animals, causing septicaemia and high mortality. Francisella
tularensis is the causative organism [33]. F. tularensis has a wide host range and is
recorded in over 100 species of bird and wild and domestic animals [82]. The mortal-
ity rate is 50%, especially in young animals. Transmission occurs chiefly by the bites
of the wood tick, Dermacentor andersoni, and from Haemaphysalis otophila. Tularemia
is primarily restricted in its occurrence to countries in the Northern Hemisphere. In
North America, the disease is most prevalent in farm animals in the North Western
states of the USA and the adjoining areas of Canada [83].

6. Importance of climate change on vector-borne disease (VBD)

There is no doubt that a suitable climate is necessary for the persistence or emer-
gence of a vector-borne disease [84]. Since a warmer temperature and shifting rainfall
patterns may produce favorable habitats for viruses and climate-sensitive vectors
(such as mosquitoes and ticks), climate change has an impact on how VBDs are
transmitted. Climate change is recognized as a significant driver affecting the epide-
miology and dissemination of VBDs on various time scales, albeit the implications are
exacerbated by nonlinear feedback, intrinsic in the dynamics of infections [85].

6.1 How does climate affect VBD

Through a variety of mechanisms, including direct impacts on the pathogens,
the vector, nonhuman hosts, and humans, climate can influence the dynamics
of transmission, geographic spread, and reemergence of vector-borne diseases.
Climate change can change entire ecosystem habitats, including urban habitats,

137



Arthropods — New Advances and Perspectives

which can either benefit or harm vectors or nonhuman hosts. This is in addition to
getting direct effects on specific species [84].

6.2 Warm climate and changing rainfall

Since arthropods and many other vectors are ectotherms, it is anticipated that with
rising temperatures, both the rate of pathogen development and the length of the
transmission season in some endemic locations, as well as the abundance, survival,
and feeding activity of vectors, will rise. (The other dengue vector, Aedes albopictus,
has already shown widespread growth into further temperate regions; it is unknown
what impact climate change will play in this.) If endemic areas get so hot that vec-
tor survivability or feeding is hindered, there is also a chance that the prevalence of
dengue or other vector-borne diseases would diminish. But the effects of excessive
heat would still be very bad in these regions. Rainfall and vector abundance have a
complicated and context-specific relationship [86].

6.3 Climate is an effective determinant of VBD

Vector-borne diseases are among the most well studied diseases associated with
climate change, owing to their large disease burden, widespread occurrence, and high
sensitivity to climatic factors [1]. The natural environment and human systems are
also affected by climate and weather conditions in a variety of more indirect ways.
For instance, a drought may have an impact on water storage, soil use and irrigation
techniques, and population movement, which in turn may have an impact on vector
ecology and human infection exposure [87]. The most direct links exist between tem-
perature and the rates of biting, reproduction, and survival of vectors as well as the
development and survival of the infections they carry. Additionally, precipitation has
a significant impact on diseases that are spread by vectors with aquatic developmental
stages, such as mosquitoes, as well as diseases that are spread by vectors without any
such stages, including ticks or sandflies [88]. The impact of climate on the transmis-
sion of disease may be obscured, for instance, when the pathogens take a long time
to develop in the host or when the vectors are relatively protected from weather and
climate because they spend all of their time indoors (such as triatomine bugs, which
transmit Chagas disease) (such as the nematode worms, which cause filariasis).
Climate change can have quite varied effects on diseases even whose transmission
cycles appear to be identical. Consider the differences between malaria and dengue,
two of the most significant and thoroughly researched vector-borne diseases, both
anthroponoses spread by mosquitoes [55].

7. Future impact of climate change

This chapter focuses on major changes in vector and pathogen dissemination that
have been observed in recent years in temperate, Arctic, Peri-arctic as well as tropical
highland regions. These changes have been predicted by scientists all over the world.
In addition, if we do not mitigate and respond to climate change, further changes
are probably coming. The movement of people, animals, and goods; existing control
measures; the availability of efficient medications; the standard of health services;
human behavior; and political stability and conflicts are just a few of the important
factors that influence the spread and intensity of human diseases.
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Abstract

The Caribbean region faces a wide diversity of ticks and tick-borne diseases
(TBDs) in animals and humans. But to date, these have been the subject of few
studies, resulting in a relative lack of knowledge of their epidemiology, pathogenic-
ity, and the best prevention and control methods. Ticks are hematophagous mites,
which feed on the blood of mammals, birds, and reptiles. They are subdivided
into two large families: the Ixodidae or hard ticks and the Argasidae or soft ticks.
Each collection of blood by ticks from infected hosts can lead to their infection,
which will contaminate other previously unharmed animals and contribute to the
spread of tick-borne diseases caused mainly by bacteria, viruses, and parasites. It
seems important to us to draw up a state of knowledge on ticks. Some long-known
tick species like Rhipicephalus, Dermacentor, and Amblyomma and diseases like
Anaplasmosis and Babesiosis deserve to be better studied, and others are yet to be
identified for further research. The study consists of a review of the various docu-
ments published on this theme by Haitian and foreign researchers. The data are
analyzed to assess the spatiotemporal distribution of ticks and identify the patho-
genic germs they harbor and the various pathologies they induce in the Caribbean
and Haiti.

Keywords: ticks, tick-borne diseases, epidemiology, research, Caribbean, Haiti

1. Introduction

Over the past five decades, infestations of human and animal populations by
ticks have had a clear upward trend resulting in an increase in the prevalence of
tick-borne diseases worldwide and particularly in the Caribbean. Several reasons
have been put forward to explain these two facts. These are mainly climate change,
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new modes of land use linked to deforestation, the strong growth in demogra-
phy in certain continents such as Asia, Africa, and America, the unprecedented
development of the various livestock domestic animals, and their closer proxim-
ity to wild fauna in the case of extensive farming [1]. Indeed, ticks and wildlife
are major reservoirs of pathogens that cause a whole range of infectious diseases
transmitted by ticks, which can be of bacterial, viral, and parasitic origin such as
anaplasmosis, babesiosis, borreliosis, ehrlichiosis, and rickettsioses in humans
and animals [2].

These tick-borne diseases are distributed throughout the world, but fairly affected
areas are found in subtropical and tropical regions such as the Caribbean [3]. Despite
the existence of certain studies on this theme in the Caribbean, multidisciplinary teams
must develop much more research activities on the epidemiology, ecology, and diagnosis
of tick-borne diseases (TBDs) in animals and humans according to the “One Health”
approach.

One of the advantages of this approach is that it helps to better understand the
epidemiology of ticks and the diseases they transmit to animals and humans, given
the fact that wild and domestic animals infested with ticks play an extremely impor-
tant role in the epidemiology of zoonotic tick-borne diseases [2, 3]. In this study, we
propose to present the epidemiological situation of these diseases in the Caribbean to
take stock of the progress made and to identify new research projects to be initiated on
this theme.

2. Classification and biology of ticks

Ticks are ectoparasites with an exoskeleton and articulated appendages that make
them belong to the arthropod branch within the animal kingdom [4]. They belong to
the order of mites and arachnids and are of major economic and health importance
because of the direct and indirect losses they cause in animal production and their con-
sequences on animal and human health. They are hematophagous mites that are found
in almost all vertebrates throughout the world (mammals, birds, reptiles, etc.) but
that only occasionally bite humans. During blood meals, they are capable of becoming
infected if the hosts are already infected or of transmitting to their host pathogenic
germs which induce animal (domestic livestock and wildlife) and human patholo-
gies, some more severe than the others, and even become infected at the same time as
they transmit pathogenic infectious agents [2]. They are known to be responsible for
various disorders such as paralysis, allergy, abscess, anemia, immunosuppression, and
deterioration of the skin at the bite site [5].

2.1 Classification

Ticks or Ixodida are divided into three families: the Nuttalliellidae having a single
genus and a single species; the Ixodidae or hard ticks include 14 genera and 700 spe-
cies; and the Argasidae or soft ticks include 5 genera and around 200 species. In the

order of Ixodida, there are two superfamilies:

* Argasoidae (suborder Argasina) are ticks without a dorsal crest and are called
“soft ticks.”
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* This superfamily includes only one family which is, Argasidae, itself divided
into two subfamilies: Argasinae, with a single genus: Argas, and Ornothidorinae
which also has only one genus: Ornothodoros;

* the Ixodoidae (of the suborder Ixodina) known as “hard ticks” which include 14
genera and about 700 species), and the Argasidae or soft ticks (which include 5
genera and about 200 species). It has been estimated that nearly 10% of the 900
known tick species can transmit pathogens [6].

Figure 1.
Body division of an Ixodidae. Source: [3].
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Figure 2.
General morphology of a tick. Source: [9].
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Ticks are known to be among the arthropods, the vectors that transmit the great-
est variety of pathogenic microorganisms, including bacteria, viruses, protozoa, and
helminths [7].

The Ixodoidae superfamily is the best known and the most studied, because it
includes most of the ticks that are adapted to domestic animals and/or that can bite
humans. They infest different species of domestic animals and wild fauna in which
they cause significant economic losses to breeders around the world and especially
in the Caribbean. On the other hand, some species of these ticks are capable of
accidentally infesting humans and causing severe infectious diseases such as Lyme
disease due to the bacterium Borrelia burgdorferi, thus disrupting the functioning
of health systems, public, and social security in countries other than those of the
Caribbean.

The superfamily (Ixodoidae) contains two families: Ixodidae and Amblyommidae.
The Ixodidae family has only one subfamily (Ixodinae) and one genus: Ixodes.

As for the second family, that of the Amblyommidae, it includes several genera:
Haemaphysalis, Amblyomma, Dermacentor, Hyalomma, and Rhipicephalus
Boophilus.

The Ixodidae or hard ticks are so called because of their structure and conforma-
tion because they have a hard plate or crest on the dorsal side of their body, while the
Argasidae or soft ticks have a soft integument devoid of a dorsal crest.

Ixodidae can survive much more easily than Argasidae in unfavorable conditions
to be able to go long without feeding and to adapt to several hosts. Hard ticks are also
more prolific, because they lay more eggs and are less vulnerable to having fewer
natural enemies than soft ticks [8].

2.2 Morphology of ticks

Ticks are mites whose body is divided into two parts, the capitulum or gnatostome,
which mainly bears the mouthparts and the idiosome on which the legs are attached.
Unlike insects which have three pairs of legs, they have four. A global description of
an Ixodidae tick looks like as shown in Figures 1 and 2.

The morphology of ticks is directly related to their hematophagous lifestyle. The ros-
trum, carried by the capitulum, is similar to a blood collection instrument composed of
two chelicerae and a hypostome which will penetrate the tissues of the vertebrate host
for their blood meal. The idiosome is covered almost entirely by an extensible cuticle
which allows it to expand and store blood. The males of adult hard ticks absorb little or
no blood and, on the contrary, do not have an extensible cuticle but a scutum that covers
the entire dorsal surface of its idiosome, preventing the distention of the idiosome and
thus not allowing only slight dorsoventral dilation. Also, they absorb little or no blood.
On the contrary, in female Ixodidae, the scutum only covers a small part of the body on
the dorsal side and is located at the base of the capitulum [4].

2.3 Life cycle and main hosts

Ticks are large mites that present three stasis separated by real metamorphoses: larva,
nymph, and male or female adult, corresponding to the mature stasis. The larva is easily
distinguished by its small size and the number of its pairs of legs because, at this stasis,
it has only three pairs. The nympbh is distinguished from the female by the absence of a
genital pore and porous areas in species that have them Figure 3.
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Life cycle of the two-host ixodid (hard) ticks [10].
2.3.1 Reproduction of ticks

Ixodidae mating usually occurs on the host. At the end of their meal, the fertilized
female detaches herself and falls to the ground where she lays her eggs. Hard ticks are
reputed to be most often exophilic, that is to say, they live in open biotypes such as
forests, pastures, savannahs, or grasslands. But some species are endophilic because
they are found in protected habitats such as burrows or nests.

After hatching from the eggs, the larvae quickly seek out a host to feed on blood. Then,
they detach and fall to the ground to undergo a metamorphosis into nymphs that can last
from 2 to 8 weeks depending on the species and the climatic conditions. As for the phase
of transformation into adults, it is generally longer because it extends up to 20 to 25 weeks.
Environmental and climatic conditions influence the length of the life cycle of Ixodidae.
The males feed little; only females take a large enough blood meal to ensure spawning [4].

The Ixodidae are by far the most important family of ticks in human and veteri-
nary medicine because they include 80% of species in the world and have a triphasic
life cycle: larva, nymph, and adult. Each stage of the vector tick cycle corresponds to a
different vertebrate host, bites it, attaches to it, and takes a unique blood meal.

As for soft ticks (Argasidae), they have several nymphal stages before metamor-
phosis into adults. They generally live in dry areas and have great resistance to desicca-
tion and fasting. Most species of Argasidae are endophilic; the distribution of species
as well as the diseases transmitted is often limited. Generally, the parasitic stages feed
on the host several times over a short period (from a few minutes to a few hours),
ingest a relatively small amount of blood per meal, and then return to their nest [7].
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In some species, the sting is painful unlike that of the Ixodidae which is often
painless. The main soft ticks are of the genus Ornithodoros, vectors of the agents of
relapsing fever and African swine fever [2].

2.3.2 Finding the host

In the process of finding the host and a sexual partner, the sensory organs of ticks
play a vital role. These are also used in the assessment of climatic conditions. In addition
to the bristles distributed over the entire body of ticks endowed with mechano-proprio-
ceptive or chemoreceptor functions and the eyes in certain species of ticks, ticks have a
very particular organ, the Haller organ, which is sensitive, among other things, to the
degree hygrometry and pheromones, allowing ticks to locate their host by detecting the
CO, that this emits as well as the heat and metabolites that it releases [11].

Exophilic ticks search for their host in two ways. They can practice passive wait-
ing by climbing on the vegetation at a variable height according to the species or the
stages and wait for the passage of a host with their forelegs raised to be able to cling to
it. On the contrary, they can resort to an attack strategy by leaving their habitat and
going toward hosts that are within their reach to attract them by different stimuli that
they emit. Some tick species can use both strategies. The choice of one or the other
can then vary according to the stage within the same species.

Ticks have preferential attachment sites on vertebrate animals, which vary accord-
ing to species and sometimes according to stages within the same species. They can
bite humans all over the body but are often found on the head, neck, or groin. But
it is important to know that there is no tick specific to humans who always become
infected only accidentally when they share the biotope of tick-infested animals [2].

2.3.3 Methods of transmission of infection by ticks

A vector can be defined as a hematophagous arthropod responsible for the active
biological transmission of an infectious agent which can be viral, bacterial, or parasitic.
The vectorial transmission of this infectious agent implies that it is taken by the vector
during its blood meal and that it retransmits it in favor of another blood meal taken from
anew host. For there to be the transmission, the infectious agent must remain alive in the
vector between the two blood meals, either by transstadial transmission or by transovar-
ial transmission. The biological transmission of an infectious agent implies the existence
within the vector of a phase of its life cycle (multiplication or antigenic modifications).

Biological transmission of an infectious agent differs from simple passive transport,
which refers to mechanical transmission. The tick, as a vector, has an active role in the
contact between the infectious agent and the vertebrate host. A distinction is made
between the main vectors of infectious agents which can be responsible on their own for
an endemic disease, from those known as secondary or even accidental. These different
vectors may very well vary from one region to another for the same infectious agent [2].

Hard ticks typically have a type of transstadial transmission that occurs when
a vector retains a pathogenic infectious agent in its body as it transitions from one
developmental stage to another, i.e. when the vector tick is infected at the larval stage
and that this infection can persist when the larva transforms into a pupa and then into
an adult form. This type of transmission is the necessary condition for a tick to be a
vector of an infectious agent. Although the nymphs and adult larvae represent the
main vectors of pathogenic germs, the larvae also play a role in the transmission of
infectious agents by transmission [9].
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In the light of the phenomena of transstadial transmission and or transovarial
transmission, we can explain the problem of co-infections by various microorganisms
which are often observed in ticks, making the diagnosis and treatment of certain
induced pathologies more difficult [12]. However, reports of co-infections in humans
in the Caribbean are rare.

2.3.4 Impact of climate change on ticks

Many facts establish a correlation between the occurrence of tick-borne diseases
and climate change. It is indeed known that climatic factors influence the multiplica-
tion of ticks, their life cycle, the seasonal variation of their activity and behavior as
well as population dynamics. According to data published by the National Climate
Assessment of the United States, there would be a 2°C increase in the average annual
temperature during the middle of the twenty-first century (2036-2065), which could
lead to a 20% increase in the number of cases of Lyme disease in the United States in
the decades to come.

The parameter of geography has to be taken into consideration in the study of the
distribution of ticks. Indeed, each species tends to present a particular geographical
distribution, and the diseases transmitted by ticks which are both vectors and reser-
voirs of germs are considered geographical diseases. But still, with climate change,
some species of ticks are starting to become more and more cosmopolitan.

3. Physical framework for the study of ticks
3.1 Main physical, geographical, and climatological characteristics of the Caribbean

The Caribbean is a geographical unit formed by the Antilles and part of the
circumference of the Antilles Sea. It is also called the Caribbean or Caribbean space
and represents a region of the American continent that includes the Caribbean Sea,
islands, some of which are surrounded by the Caribbean Sea, and other islands
which border both this sea and the North Atlantic Ocean and surrounding coasts.

It is located, for the most part, on the Caribbean Plate, which is a region with more
than 700 islands, islets, and reefs. Generally, when we talk about the Caribbean
Community, the first agglomerations that come to mind are the Greater Antilles and
some Lesser Antilles.

The Greater Antilles include Cuba, Dominican Republic, Haiti, Jamaica, and Puerto
Rico. The Lesser Antilles form part of the Antilles Archipelago which extends from
Puerto Rico to the coast of Venezuela. The most representative islands of this group
are the Virgin Islands, Saint-Martin Island, Anguilla, ABC Islands: Aruba, Bonaire and
Curagao, Antigua and Barbuda, Saint Kitts and Nevis, Guadeloupe, Dominica, Saint
Vincent, and the Grenadines, Grenada, Martinique, Saint Lucia, and Barbados.

This region is often confronted with cyclones and is often the scene of earth-
quakes, particularly in Haiti. Some areas of this region are also prone to volcanism.

Its temperature levels are typical of a tropical climate and are softened by sea
breezes and by altitude. There are two distinct seasons: the dry season which is cool and
which extends from December to June, and the wet season which is hot from June to
December, known as the hurricane period. It is generally characterized by stormy rains
and the passage during the summer of cyclones with destructive effects on agriculture,
livestock, various infrastructures (irrigation canals, bridges, etc.), and human life.
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3.2 Some aspects of health situation in the Caribbean region

In the Caribbean region, because of the glaring differences between the animal
health and public health systems of certain countries of this region, there are great
differences between them in terms of overall health and in their capacity for epide-
miological surveillance of ticks and tick-borne diseases.

All the islands of the Greater Antilles as well as a good number of the Lesser Antilles
are members of the Caribbean Animal Health Network (CaribVET) or are develop-
ing cooperative relations with this network in terms of animal health. The Caribbean
countries led by CIRAD established this network some 20 years ago with the technical
support of certain regional organizations such as IICA and APHIS/USDA. The aim was
to network the animal health and veterinary public health services of the countries of
the Caribbean region including, among others, Haiti, the French, American, British
and Dutch West Indies, as well as Cuba and the Dominican Republic.

CaribVET is today the only animal health and veterinary public health network in
the Caribbean, recognized by regional (CARICOM, CAHFSA, and IICA) and inter-
national (OIE, FAO, PAHO, and USDA) bodies which are themselves involved in its
governance. It also brings together the veterinary services of 34 countries/territories,
7 universities and research and development centers, totaling 48 members.

The purpose of this network is to provide an operational response to health issues
and the emergence of animal and zoonotic diseases in this complex region made up
of more than 30 territories of quite varied size, level of development, and political
status.

4. Ticks and transmission of diseases to animals and man
4.1 Pathogenic power of ticks

Ticks have a pathogenic role that is both direct and indirect. The direct role results
in blood loss, paralysis, toxicosis, tropical dyshidrosis, allergic reactions, and wounds
which can then become superinfected [4]. The indirect role is exerted through the
transmission of infectious agents to their vertebrate hosts. They are vectors that trans-
mit the greatest diversity of infectious agents in the world and are the second vector
after mosquitoes, as far as human public health is concerned [13]. They are involved
in the transmission of pathogens to both humans and animals [3].

4.1.1 Vectorial capacity of ticks

The vector competence of an arthropod, i.e. its ability to transmit an infectious
agent, is an essential condition for it to be considered as a vector of this agent, without
however being sufficient. Indeed, other parameters such as the abundance of the vec-
tor, the dispersal capacity of the vector via its hosts, the ecological preferences of the
vector in terms of habitat, host, and activity, the trophic and ecological preferences of
ticks, the age or the stasis of the vector are also important to make an arthropod the
vector of an infectious agent or to determine its vectorial capacity [14].

Ticks are considered to be good vectors of infectious agents whose contact with
their hosts can be either prolonged in hard ticks which have long and copious blood
meals or repetitive in soft ticks with meals of very low volume [4]. In both cases, the
exchange of infectious agents is facilitated. Ticks can therefore have broad to very
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broad host spectra, thus promoting the circulation of infectious agents [15]. In addi-
tion, during their metamorphoses, they undergo few rearrangements thus favoring,
most often, the preservation of infectious agents between each stasis (transstadial
transmission) [15].

It is recognized that the most important ticks in terms of their ability to transmit
diseases to ruminants in the Caribbean islands are as follows: Amblyomma variega-
tum, a vector of heartwater and associated with acute dermatophilosis; Amblyomma
cajennense, a potential vector of heartwater; Boophilus microplus, vector of babesio-
sis and anaplasmosis [16].

4.1.2 Tick infection and co-infection process

As the biological cycles of ticks can be very long, they also serve as reservoirs of
infectious agents in nature [4]. As they can be transported by their hosts, especially
birds, over very long distances, they cause a very significant dispersion of the infec-
tious agents they carry [17, 18]. The fact of having several meals during their life
allows them to undergo co-infections, which are to say to harbor at the same time
several infectious agents that can be transmitted to susceptible hosts.

The probability of having an infecting tick vector is all the greater when the
concentration of infectious agents is high and their presence in the blood of the
host is prolonged. However, it has been observed that infectious agents present
in an infected tick can pass to a healthy tick during the co-meal phenomenon in
the absence of viremia or bacteremia in the host, even in the presence of targeted
antibodies of the host [4]. This is because the bite site undergoes, under such condi-
tions, significant local pharmacological modifications linked to the injection of
active substances contained in the saliva of ticks promoting the action of certain
infectious agents to contaminate naive ticks [19]. However, co-meal transmission is
only possible if the infected tick and the naive tick are attached a short distance from
each other.

Such behavior by facilitating both blood feeding and mating contributes to the
transmission of pathogens from an infected tick to an uninfected one sharing the
same blood meal. Ticks can then become infected with pathogenic germs during
co-feeding without the host being bacteremia or viremic, i.e. carrying these germs
[2, 20]. Tick co-infections are well known in the Caribbean region, especially in dogs.
This fact has been observed in several countries in the region such as Grenada, St
Kitts, and Haiti. By way of illustration, let us present some results of co-infections in
Haiti and Cuba.

In Haiti, co-infection in dogs with two or more PTBs was detected using serol-
ogy (20.0%) and molecular methods (10.6%). The most common co-infection
involved Dirofilaria immitis and B. Vogeli (3.4%), followed by D. immitis and E. canis
(1.9%), D. immitis and H. canis (1.4%), E. canis and H. canis (1.4%), H. canis and
Acanthocheilonema recondite (1.0%), D. immitis and Anaplasma platys (0.5%), E. canis
and B. vogeli (0.5%), and H. canis and A. platys (0.5%).[21].

In Cuba, different co-infections have been identified with:

* three haemoparasites (B. bigemina, A. marginale, and B. bovis) in 12.0%
of water buffaloes, co-infections with B. bovis and A. marginale being the
most common (26.0%). %) followed by B. bovis/B. bigemina (20.0%) and A.
marginale/B. bigemina (24.0%), suggesting the potential positive interaction
between these pathogens.
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* B. caballi and T. equi in 20.0% of horses tested.

¢ A. ovis and B. ovis and between A. ovis and E. ovis

* A. ovis and B. motasi in sheep by microscopic examination of blood

smears [22].

4.1.3 Other ways of transmission of a tick-borne disease

Not all tick-borne diseases are transmitted exclusively by tick bites. This is par-
ticularly the case for certain pathogenic germs such as Bartonella, Francisella, and
Coxiella which use other routes for the transmission of infectious agents. Indeed, the
transmission of Q fever or coxiellosis does not generally occur by infected tick bite
but by inhalation of contaminated dust (feces of infected ticks) and by contact with
infected secretions, including milk, and also the placenta, aborted small ruminants.
It has been shown that in the case of certain human epidemics cataloged as tick-borne

Pathogens Caribbean Infection (TBDs) Vector Reported Detection

distribution host method
Anaplasma Antigua, Anaplasmosis Rh. microplus Cattle Serology
marginale Barbados,

Cuba,

Dominica,

Dominican

Republic,

Grenada,

Guadeloupe,

Haiti, Jamaica,

Martinique,

Montserrat,

Puerto Rico,

St Kitts and

Nevis, St

Lucia, St

Martin, St

Vincent,

Trinidad
Anaplasma Puerto Rico Anaplasmosis Ixodes spp Dogs Serology
‘phagocytophilum (Granulocytic

Anaplasmosis)

Anaplasma platys Cuba, Anaplasmosis Rh. sanguineus, Dogs Serology/

Grenada, (Canine Cyclic A.cajennense Molecular

Haiti, St Kitts, =~ Thrombocytopenia) biology

Trinidad,
Bartonella vinsonii Grenada, Canine and human Rh.sanguineus Dogs Serology/
subspp. Berkhoffii Martinique endocarditis Molecular

biology

Borrelia burgdorferi Cuba Borreliosis (Lyme A.cajennense Humans Serology
sensu lato disease)
Borrelia Relapsing US Virgin Borreliosis (Relapsing ~ Ornithodoros spp ~ Humans Serology
Fever group Islands fever)

(Borrelia hermsii)
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Pathogens Caribbean Infection (TBDs) Vector’ Reported Detection
distribution host method
Coxiella burnetii Puerto Rico Q fever D. nitens Cattle ND
Ehvlichia canis Aruba, British  Ehrlichiosis Rh. Sanguineus Canids, Serology/
West Indies, (Canine Monocytic Cats Molecular
Grenada, Ehrlichiosis) biology
Haiti, Puerto
Rico, St Kitts
and Nevis,
Trinidad,
Turks and
Caicos Islands
E. canis or closely Dominica, Ehrlichiosis ND Cattle, Molecular
related species Grenada, Sheep, biology
Montserrat, Goats
St Kitts and
Nevis
Ehrlichia Antigua, Ehrlichiosis A. variegatum Cattle Serology
ruminantium Guadeloupe, (Heartwater,
Marie Cowdriosis)
Gualante
Panola Mountain Dominica, St Ehrlichiosis A. variegatum Domestic Molecular
Ehrlichia sp. Kitts animals biology
Candidatus Trinidad Hemotropic Rh.sanguineus Dogs Molecular
Mycoplasma mycoplasmosis biology
haematoparvum
Mycoplasma Trinidad Hemotropic Rh. sanguineus Dogs Molecular
haemocanis mycoplasmosis biology
Mycoplasma Trinidad Hemotropic Rh. sanguineus Cats Molecular
haemofelis mycoplasmosis biology
Candidatus Trinidad Hemotropic Rh. sanguineus Cats Molecular
Mycoplasma mycoplasmosis biology
haemominutum
Mycoplasma Cuba Hemotropic ND Cattle ND
wenyonii mycoplasmosis
Mycoplasma ovis Cuba Hemotropic ND Sheep Serology
mycoplasmosis
Rickettsia africae Antigua, Rickettsiosis (African  Awariegatum Humans, Serology/
Dominica, tick bite fever) Cattle, Molecular
Guadeloupe, Goats, biology
Martinique, Sheep
Montserrat,
St Kitts and
Nevis, St
Lucia, U.S.
Virgin Islands
Rickettsia conorii Guadeloupe Rickettsiosis A. variegatum Humans Serology
(Mediterranean
spotted fever)
Rickettsia felis Dominica, St Rickettsiosis Ctenocephalides Cats Molecular
Kitts felis biology
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Pathogens

Caribbean
distribution

Infection (TBDs)

Vector’

Reported
host

Detection
method

Rickettsia typhi

Rickettsiosis (Murine
typhus)

Puerto Rico

Xenopsylla
cheopis

Rodents

ND

Babesia bigemina

Antigua, Babesiosis
Barbados,
Cuba,
Dominica,
Dominican
Republic,
Grenada,
Guadeloupe,
Haiti, Jamaica,
Martinique,
Montserrat,
Puerto Rico,
St Kitts and
Nevis, St
Lucia, St
Martin, St
Vincent,
Trinidad

Rh. microplus

Cattle

Serology/
Molecular
biology

Babesia bovis

Antigua, Babesiosis
Barbados,
Cuba,
Dominica,
Dominican
Republic,
Grenada,
Guadeloupe,
Haiti, Jamaica,
Martinique,
Montserrat,
Puerto Rico,
St Kitts and
Nevis, St
Lucia, St
Martin, St
Vincent,
Trinidad

Rh. microplus

Cattle

Serology/
Molecular
biology

Babesia caballi

Grenada,
Guadeloupe,
Martinique,
Montserrat,
St Kitts

and Nevis,
Trinidad

Piroplasmosis

D. nitens

Equids,
Goats,
Sheep

Serology/
Molecular
biology

Babesia (canis) rossi

Montserrat Babesiosis

Rh.sanguineus,
Rh. turanicus

Goats

Molecular
biology

Babesia (canis)
vogeli

Dominica, Babesiosis
Grenada,

Haiti,

Montserrat,

St Kitts

and Nevis,

Trinidad

Rh. sanguineus,
Rh. turanicus

Dogs, Cats,
Cattle,
Sheep,
Goats

Serology/
Molecular
biology
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Pathogens Caribbean Infection (TBDs) Vector’ Reported Detection
distribution host method
Babesia gibsoni Dominica, St Babesiosis Rh.sanguineus, Dogs, Molecular
kitts Rh.turanicus Cattle, biology
Sheep,
Goat,
Equids
Babesia vulpes Montserrat Babesiosis ND Goats, Molecular
Sheep biology
Hepatozoon canis Aruba, Hepatozoonosis Rh. sanguineus Dogs Serology/
Grenada, Molecular
Haiti, St Kitts, biology
Trinidad
Theileria equi Dominica, Piroplasmosis D. nitens Equids, Serology/
St kitts Cattle, Molecular
and Nevis, Sheep, biology
Trinidad Goats
Theileria mutans Cuba, Theileriosis A. variegatum Cattle Serology
Guadeloupe, (IFA)
Martinique
Theileria parva Guadeloupe Theileriosis A. variegatum Cattle ND
Theileria sp. B15a Grenada Theileriosis ND Cattle Molecular
biology
Theileria sp. Nevis Theileriosis ND Goats Molecular
NG-2013a biology
Theileria sp. OT3 Montserrat Theileriosis ND Sheep, Molecular
Goats biology
Theileria sp. St Kitts Theileriosis ND Equids Molecular
YW-2014 biology
Theileri velifera Guadeloupe Theileriosis A. variegatum Cattle Serology
African swine fever ~ Cuba, African swine fever Ornithodoros spp ~ Swine ND
Dominican

Republic, Haiti

Estero Real Cuba ND C. tadaridae ND Isolation

Hugues Virus Cuba, ND C. denmarki Seabirds Isolation
Trinidad

Soldado Virus Trinidad ND Carios spp Seabirds Isolation

‘Wad Medani Virus Jamaica ND A.cajennense ND Isolation

Source: [31].

Table 1.
Tick-borne pathogens and suspected tick vectors reported within the Caribbean.

diseases, such mites may not be directly involved as vectors. Examples include human
piroplasmosis which can occur through blood transfusion [23].

» tick-borne encephalitis, the virus of which can be transmitted to humans by
drinking infected milk;

* Crimean-Congo hemorrhagic fever, the virus of which can be contracted by
handling the carcasses of infected animals.
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4.2 Tick species identified
4.2.1 Origin of ticks

In the Caribbean, the tick fauna is made up, on the one hand, of endemic species
and, on the other hand, of exotic species which have been introduced there by different
routes: movement of animals in the region, movement of birds migratory or non-
migratory from North, Central, or South America, occupation of this region by settlers
who came with infested cattle and dogs from Europe, Africa, and Asia [24, 25]. A total
of 56 species of ticks have been recorded in the Caribbean, belonging to 10 genera and
2 families (Argasidae and Ixodidae) including 15 species of Ornithodoros, 10 species
of Antricola, 17 species of Amblyomma, 3 species of Argas, Ixodes, and Rhipicephalus,
2 species of Haemaphysalis, and 1 species each of Parantricola, Dermacentor
(Anocentor), and Aponomma [26].

Because of their impact on health, the most studied tick species in the West Indies
are those associated with the transmission of tick-borne diseases to livestock or pets.
However, even if the tropism of ticks for certain hosts is well documented, it is observed
that many of them can parasitize different species of hosts, including humans, opening
the way to the occurrence of zoonotic diseases [27, 28]. Other species of ticks, present
in wildlife, also exist in the Caribbean without arousing much concern and interest to
date. As the majority of emerging diseases come from wildlife reservoirs, characteriza-
tion of the diversity and ecology of ticks present in these wild environments should be
addressed [29, 30]. The tick species described in this review are significantly implicated
in the epidemiology of animal tick-borne diseases (Table1).

4.2.2 Diseases transmitted by Ixodidae ticks to cattle
* Rhipicephalus (Boophilus) microplus

It is the tropical cattle tick considered to be the most important in the world. Although
primarily associated with cattle, Rh. microplus can feed on a variety of hosts among
domestic animals in the Caribbean such as horses, donkeys, goats, sheep, buffaloes, pigs,
dogs, and also in some wild animals [32]. According to some cases of human infestation
by Rh. microplus have sometimes been detected in humans [33]. But these Rh. microplus
ticks are single host, i.e. they can stay on the same host throughout their life cycle. They
are well distributed in the Caribbean, both in the Greater and the Lesser Antilles [16].

This cattle tick is mainly involved in the transmission of bacteria and protozoa
such as Anaplasma marginale, Anaplasma centrale, Babesia bigemina, Babesia bovis,
and Theileria spp [34].

In almost all Caribbean countries with a fairly large livestock population, signifi-
cant economic losses of several million US dollars have been recorded, as was the case
in Puerto Rico.

o Amblyomma variegatum

Unlike Rhipicephalus microplus, the tropical tick A. variegatum is a tick with
several hosts which are mainly ruminants (cattle and goats). It causes deep skin
lesions through their mouthparts which can facilitate the development of secondary
infections leading to acute dermatophilosis. It transmits pathogenic bacteria such as
Ehrlichia spp. and Rickettsia spp., and protozoa such as Theileria spp. [27, 35-37]. It
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also caused significant losses during the 1990s which amounted to several million US
dollars in the English Lesser Antilles.

The tick was first introduced to Guadeloupe and for a time remained confined to
Guadeloupe, Antigua, and Martinique until the 1960s. But by the 1980s, it had spread
to 18 islands in the Caribbean in the late 1980s. So far, the distribution of Amblyomma
variegatum in the Caribbean is restricted to the Lesser Antilles [16, 38].

o Amblyomma cajennense

A. cajennense, a tick with multiple hosts, has also been reported in several
Caribbean countries such as Cuba, Jamaica, and Trinidad. However, due to deficien-
cies in the epidemiological vigilance system for ticks and tick-borne diseases in some
Caribbean countries, it cannot be said with certainty that it is limited only to these
three countries. It is suspected to be the vector of the agents Ehrlichia spp., Rickettsia
spp., and equine piroplasms [39].

* Dermacentor (Anocentor) nitens

The tropical horse tick is a single-host tick that primarily parasitizes equines. D.
nitens is suspected of being the vector of Babesia caballi and Theileria equi, the two
causative agents of equine piroplasmosis [40].

* Rhipicephalus annulatus

The existence of R. annulatus has not been established with certainty in the
Caribbean because according to some authors, there is a risk of confusion about this
tick with Rh. microplus because of their morphological similarities.

* Rhipicephalus sanguineus

It is a brown tick commonly found in dogs, but it has three hosts and is considered
widespread in the Caribbean and often parasitizes dogs [24-26]. It is prevalent in sev-
eral Caribbean countries including Haiti and plays an important role in both animal
health and public health due to its ability to transmit various Ehrlichia, Anaplasma,
Rickettsia, and Babesia pathogens [28].
4.2.3 Teks and tick-borne diseases in pets

The most common ticks and bacterial and protozoan diseases transmitted by ticks
in dogs in the Caribbean are as follows:

* tropical canine pancytopenia (caused by Ehrlichia canis),

* canine cyclic thrombocytopenia (Anaplasma platys), and

¢ canine babesiosis (Babesia canis) [21, 37, 41].

* Canine babesiosis is one of the most commonly reported infections and is often

caused by Babesia canis vogeli and Babesia gibsoni. It has been detected in Haiti,
Grenada, and St Kitts.
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Another hemiparasite, Hepatozoon canis, is acquired by ingesting infected ticks;
it has been reported in certain Caribbean islands such as Cuba, Grenada, Saint-Kitts,
and Trinidad [31, 42-44].

The above pathogens are usually transmitted or associated with the bite or inges-
tion of R. sanguineus ticks. It should be noted that natural infections with Rickettsia
amblyommatis and Rickettsia rickettsii have been detected in R. sanguineus [45].

* Babesia gibsoni infections are usually acute and characterized by anorexia, fever,
hepatomegaly, splenomegaly, and pallor. Some animals, after recovery, however,
remain carriers. Other Babesia infections reported in mammalian hosts include
B. Gibson and Babesia vogeli in cats. [3, 46].

4.2.4 Ticks as vectors of human pathogens of bacterial and protozoan origin in the
Caribbean

R. rickettsii is a highly pathogenic agent causing Rocky Mountain spotted
fever (RMSF) in humans. This has been detected in Belize and some Caribbean
countries. Its symptoms are high fever, violent headaches, and exanthema. A
less severe rickettsia, African tick-bite fever, caused by R. africae, has been
reported from the eastern Caribbean [47]. This TBP was probably introduced into
the Caribbean with cattle infected with A. variegatum imported from Senegal
more than 200 years ago. Although a small number of clinical human cases are
reported, R. africae and its human-infecting vector, A. variegatum, are widely
distributed in the Caribbean [48].

4.2.5 Human and animal viruses transmitted by ticks in the Caribbean

Several tick-borne viruses, particularly the Argasidae, have been identified in
ticks in the Caribbean region, including Hughes virus in the Ornithodoros capensis
(Ornithodoros denmarki and Soldado virus in Ornithodoros capensis of Trinidad [49, 50],
and O. denmarki in Cuba [51], Estero real virus in Ornithodoros tadaridae ticks in Cuba
[52], and Wad Medani in A. cajennense from Jamaican ticks [53] .

The African swine fever virus, which raged in Haiti, the Dominican Republic, and
Cuba in the 1980s, was detected in Ornithodoros ticks [54]. However, there was no evi-
dence that these had participated in the spread of ASF under natural conditions because
this virus was not identified in any of the 350 Ornithodoros puertoricensis ticks col-
lected in the Dominican Republic and Haiti. Ticks were unable to acquire and transmit
this virus transstadially and transovarially under laboratory conditions [55, 56].

4.3 Veterinary and health importance of ticks
4.3.1 Direct and indirect impact of ticks on human and animal health

The impact of ticks is quite significant in both animal and human health. Their
natural hosts are normally wild and domestic animals. But, when man finds himself
in the biotopes of ticks, he can become an accidental host, [57]. The medical impor-
tance of ticks must be understood on the one hand, through their direct role on the
health of their host, which is dependent on their behavior as hematophagous ecto-
parasites, and, on the other hand, through their indirect action as carriers of a large
number of direct pathogens.
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4.3.2 Direct health impacts of ticks

The direct effects of ticks on the health of the host are particularly observed in
animals where they cause significant economic losses for the livestock industries. Some
species of ticks such as those of the genus Amblyomma have the ability to take about
4 ml of blood during their blood meal, thus creating cases of blood loss, anemia, and
significant weakening of the animal infested. When the tick is attached to a given host,
the rostrum will penetrate the skin of the host, which can often transform this bite into
a cutaneous wound capable of causing superinfections, the introduction of opportunis-
tic pathogens or the formation of abscesses. A bacterium like Dermatophilus congolensis
responsible for bovine dermatophilosis is widely associated with cases of infestation of
the animal by A. variegatum ticks, whose bite sites are entry routes for the pathogen. The
leather industries are particularly affected by the poor quality of animal skin linked to
tick infestation. Similarly, domestic animal infestations can result in a significant drop
in productivity for livestock industries for meat and milk [7]. Another consideration is
that tick saliva is made up of several different molecules in the feeding site during the
blood meal with possible consequences of reduced host immune system, transmission
of pathogens, and even allergies due to the presence of certain molecules which can
prove to be toxic for the host (animal or human) leading to cases of toxicosis or serious

paralysis [5, 58].
4.3.3 Indivect health impacts of ticks

Ticks are the most important vectors in animal health, and they are placed before
the mosquito. In human health, they come second to mosquitoes. They ensure active
transmission (mechanical or biological) of an infectious agent from one vertebrate to
another vertebrate. Globally, ticks are responsible for transmitting the widest range of
pathogens. They transmit microorganisms responsible for bacterial (Lyme borreliosis
and rickettsioses) or parasitic (babesiosis and theileriosis), or even viral (tick-borne
encephalitis) diseases. The microorganisms responsible for these diseases constitute a
major risk for both human and animal health. Ticks are capable of parasitizing many
host species, affecting wildlife, livestock, pets, and even humans.

Without having precise figures, it is estimated that the financial costs related
to ticks and tick-borne diseases are considerable in public and animal health in the
Caribbean [7].

5. New perspectives for the development of a better system for the
epidemiological surveillance of ticks and tick-borne diseases

As has been demonstrated, the Caribbean is a region at risk for the proliferation
of vector-borne diseases. Such a situation is explained by favorable conditions for
vectors, increasingly important intercontinental exchanges, animal movements, and
a strong presence of migratory birds in this region. Also, it is important to develop
increasingly efficient epidemiological surveillance systems for ticks and tick-borne
diseases. But conventional diagnostic techniques have proven ineffective for a true
assessment of the extent of these pests and diseases. New diagnostic tools are needed
to draw up a more in-depth inventory of pathogens of medical and veterinary inter-
est present in ticks in the Caribbean region. The use in Guadeloupe and Martinique
of high-throughput RNA sequencing techniques extracted from ticks collected in
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the Caribbean gives great hope for an exhaustive inventory of pathogens (bacteria,
parasites, and viruses) present in the region.

The analyses thus carried out revealed a great diversity of pathogenic germs within
the samples collected which would not be detected by conventional detection tech-
niques. For example, they revealed:

* The presence of four viruses belonging to new viral genera recently described
and associated with arthropods.

* The constitution of a list or directory of pathogens transmitted by ticks requiring
health surveillance in the Caribbean and which can make it possible to develop a
high-throughput screening system for infectious agents applicable to the entire
Caribbean area.

¢ Important data on the epidemiological situation of the Lesser Antilles with regard to
pathogens transmitted by ticks, i.e. 45 bacteria, 17 parasites, and 31 viruses poten-
tially from the sampling of the study carried out in Guadeloupe and Martinique.

Despite the wide variety of ticks and pathogens transmitted, few studies have
been devoted to assessing the diversity of tick species and the incidence of tick-
borne diseases in humans [59, 60]; it is now necessary to actively monitor the spread
of important pathogens transmitted by ticks other than those which have tradition-
ally been transmitted such as A. marginale, Ehrlichia ruminantium, Babesia. bovis,
Babesia bigemina, Babesia caballi, and Theileria equi, due to their socio-economic
impact [61, 62].

The surveillance and control strategy against ticks and tick-borne diseases in the
Caribbean benefit from adopting the “One Health” approach, which implies greater
collaboration between veterinary health and environmental professionals for a com-
prehensive approach of health because over the past few decades, changes in ecosys-
tems have contributed to making wildlife the main reservoir of pathogenic germs. The
“One Health” approach should enable the improvement of the diagnostic process, the
acceleration of treatment decisions, and the adoption of appropriate prevention and
control protocols.

6. Conclusion

Several ticks and tick-borne diseases exist in the Caribbean, constituting sources
of danger for human and animal health. Many of these pathogens are restricted to
cycles of transmission primarily involving domestic Ehrlichia animals. canis) and
wild animals and/or livestock (e.g. Ehrlichia ruminantium), while others are com-
paratively widespread in humans Anaplasma mixtum, Anaplasma variegatum, and R.
sanguineus are the important vectors in the region due to their potential for transmis-
sion of zoonotic pathogens.

However, the Caribbean remains largely understudied with respect to tick-borne
diseases because existing studies focus on the identification and epidemiology of
pathogens affecting animals such as E. ruminantium, Babesia (bovis and bigemina),
and A. marginale. But they were carried out using conventional detection tools which
proved to be far from being able to answer questions concerning the risk of emer-
gence or re-emergence of tick-borne diseases.
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The use of the surveillance method based on the sequencing of new generations
of microorganisms and pathogens present in ticks in Guadeloupe and Martinique
undoubtedly represents a major improvement in epidemiological monitoring tech-
niques which will allow the rapid and parallel detection of a wide range of pathogens.
The ideal would be to be able to apply this method to the high-throughput screening
of infectious agents present in ticks collected throughout the Caribbean, at least at
the level of all the member countries of the Caribbean Animal Health and Veterinary
Public Health Network (CaribVet).

The situation of the Republic of Haiti requires, in this regard, a little more atten-
tion because the majority of studies that have been carried out on ticks and tick-
borne diseases have been carried out by foreign researchers. There is a great lack of
professionals specialized in veterinary and medical entomology in this country, and
the “One Health” approach is still slow to establish itself there because of a certain
compartmentalization between the sectors of health, agriculture, and the environ-
ment. At government level, there does not yet seem to be much importance given to
vector-borne diseases, with the exception of those transmitted by certain species of
mosquitoes. The research undertaken with the veterinary parasitology and microbiol-
ogy and public health laboratories did not allow us to discover any interesting data
likely to advance the state of knowledge on this topic.

Research on ticks and tick-borne diseases must therefore be approached through
networks of researchers throughout the Caribbean to facilitate exchanges of experi-
ence. The Caribbean Network for Animal Health and Veterinary Public Health
(CaribVet) can therefore play a major role in the coordination of research and training
actions on this theme.
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Chapter 9

Arthropods: Prospect of Household
Food Security

Jonathan Ibrahim and Dalyop Daniel Gyang

Abstract

Food security is a “situation that exists when all people, at all times, have
physical, social, and economic access to sufficient, safe, and nutritious food that
meets their dietary needs and food preference for an active and healthy life”. With a
growing world population and increasingly demanding consumers, the production
of sufficient protein from livestock, poultry, and fish represents a serious challenge
for the future and prompts the need for other sources of nutrition to be explored.
Approximately more than 1,900 arthropod species are edible. This requires the
development of cost-effective, automated mass-rearing facilities that provide a reli-
able, stable, and safe product for consumption. This chapter discusses arthropods as
food, arthropods as animal feed, nutritional composition, the secondary metabolites
of edible insects and potential medicinal substances, development and utilization
of edible insect’s resources, insect farming, impact of insect quality on consumers’
preference and acceptability (insect processing and product quality, processing and
marketing, and consumer acceptance), food safety and legislation, as well as the way
forward.

Keywords: arthropod, prospect, household, security, impact

1. Introduction

The largest phylum in the animal kingdom, which includes well-known insects,
spiders, ticks, and crustaceans, as well as numerous smaller, lesser-known spe-
cies and a plethora of bizarre forms only known as fossils. Arthropods account
for approximately 95% of all animal species. The number of recognized species is
expected to be in excess of one million, with insects accounting for the majority.
Nobody is sure how many arthropod species there are. Authorities believe it might
be in the tens of millions [1]. The body of an adult arthropod is normally made up
of a succession of ring-like segments with a pair of numerous jointed limbs on each
segment that move on each other via muscles. However, other parasites, such as pen-
tastomids and rhizocephalans, show no signs of segmentation as adults. Arthropods’
integument produces a stratified cuticle containing chitin. This exoskeleton must
be shed regularly to allow for growth, a process known as molting or ecdysis. Young
stages change significantly from adults, and some parasitic organisms have extremely
distinct body forms than their closest relatives. Arthropods are distinguished from all
other creatures by their traits [1].
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Food insecurity is worsening as a result of rising population and constraints
on food importation, among other things. As a result, there is a high prevalence
of hunger and malnutrition, with children and women being particularly sus-
ceptible. Apart from the increased risk of hunger brought on by the deteriorating
food situation, the widespread prevalence of Protein Energy Malnutrition (PEM)
has resulted in high rates of illness and death, particularly among babies and
children in developing nations. While every effort is being made to increase food
production through conventional agriculture, including current interest in the
possibilities of exploring the vast number of less familiar plant resources that
exist around the world [2], almost no attention has been paid to the consumption
of Arthropods, a traditionally recognized and available source of protein and
fats. Furthermore, protein meals are scarce, making them out of reach for low-
income households, which sadly make up the majority of the population in most
emerging nations [3]. The scarcity of common animal nutrition sources and the
high expense of the few available plant sources should spur urgent study into the
nutritious potentials of arthropods.

2. Arthropods as food

Most species of arthropods are obtained from nature in tropical nations. More
than 2000 bug species are found in an inventory of edible insect species eaten across
the world using solely scientific names rather than common ones. In terms of most
species consumed, certain countries stand out. This, on the other hand, is primarily
due to the amount of research completed. Ramos-Elorduy, for example, published
a large number of publications in Mexico on entomophagy (the eating of insects),
and Belgian scientists discovered more than 60 edible caterpillars in the Democratic
Republic of Congo, a former Belgian colony [4]. This also implies that many edible
bug species are yet unknown, necessitating more research [4]. Insects are more com-
monly consumed in tropical regions because they are bigger and generally congregate
in clumps, making gathering easier. In addition, because there is no winter season,
bug species can be found throughout the year. Most insect species are seasonal
because they are dependent on the availability of their host plant; others, such as
most aquatic insects, can be found all year. Beetles (31%), caterpillars (18%), wasps,
bees, and ants (15%), crickets, grasshoppers, and locusts (13%), true bugs (11%), and
termites, dragonflies, flies, and others (12%) are among the insects consumed [4, 5].

Spiders and scorpions are examples of arthropods that are eaten. Some species
are semi-domesticated, meaning that some precautions are taken to make harvesting
more predictable [6]. Palm trees, for example, may be chopped down to encourage
palm weevils of the genus Rhynchophorus (Coleoptera: Curculionidae) to lay their eggs
on the trunk. The larvae are gathered when a particular amount of time has passed.
In many areas of the world, these larvae are considered a delicacy. In the tropics,
nothing is known about how frequently and how much insects are consumed [7].
This is due to the fact that insects are not counted as food or feed in national agricul-
tural statistics. In underdeveloped nations, the vast majority of insects are collected
from natural populations in nature, farmlands, or woods. Edible insects provide a
low-cost and effective way for vulnerable groups to enhance their livelihoods and
the quality of their traditional foods. In western nations, the use of insects as food
has recently acquired popularity. Several businesses have begun to breed insects for
human consumption. In the United States, for example, crickets are frequently used

172



Arthropods: Prospect of Household Food Security
DOI: http://dx.doi.org/10.5772/intechopen.106752

in processed foods like as protein bars. They are already available in supermarkets in
several countries.

3. Arthropods as animal feed

Arthropods have been studied as a feed constituents for aquatic and domestic
animals. Insect meal has been shown to have appropriate palatability for chickens,
pigs, fish species, and ruminants. Insects can replace 25-100% of soymeal or fishmeal
depending on the animal type [8]. The Black soldier fly Hermetia illucens (Diptera:
Stratiomyidae) and the Domestic house fly Musca domestica are the most promis-
ing species for large-scale production (Diptera: Muscidae). Mealworms, termites,
grasshoppers, crickets, and caterpillars are among the other species that are evaluated
(such as the silkworm). The use of the Black soldier fly as a feed for chickens, pigs,
channel catfish, African catfish, blue tilapia, turbot, and rainbow trout has been
examined [8]. Agricultural by-products such as coffee pulp, palm kernel meal, and
manure, as well as organic waste materials such as fish offal, market waste, municipal
organic waste, dewatered fecal sludge, organic leachates, and Distiller’s Dried Grains
with Solubles (DDGS) can all be recycled using fly larvae [9].

The use of insects in aquaculture has recently attracted a lot of attention. This is
due to the decreasing availability of fishmeal as a primary source of dietary protein
in compounded feed for a number of important farmed species [10]. Fishmeal is
manufactured from pelagic fish caught in international seas. International fisheries
are overfished, and existing techniques are unsustainable [11]. Fish and shellfish
farming has been the fastest growing food producing sector in the previous several
decades (it is still expanding at 6% per year) and has become a major business
in many nations, increasing demand for fishmeal [11]. In 2012, farmed food fish
accounted for 42% of all fish produced worldwide, including both capture and
aquaculture (it was just 13% in 1990) [11]. As a result, fishmeal and fish oil output
has decreased from 30 million tons (live weight) in 1994 to 16 million tons in 2012
[12]. This scarcity has driven a hunt for other protein sources, including the utiliza-
tion of insects [11]. Insect meal is a promising alternative to soymeal in aquaculture,
as vegetable-based diets have a number of drawbacks. These include amino acid
imbalances, anti-nutritional elements, low palatability, and a large amount of fiber
and non-starch polysaccharides [13].

Insects have been allowed in aquaculture feed since 2013, according to a European
Union (EU) regulation. In Norway, research has shown that insect meal is an excellent
protein source for farmed salmon [14]. The Norwegian Research Council has invested
over one million euros to research the possibilities of employing insects as a safe and
nutritious fish feed element [14].

4. Nutritional composition

The nutritional profile of edible insects is difficult to generalize. Despite the wide
variety, data from 236 edible insect species demonstrate that they offer adequate energy
and protein, fulfill human amino acid needs, are high in monounsaturated and polyun-
saturated fatty acids, and are rich in various minerals and vitamins [15, 16]. In compari-
son to normal beef, the high iron and zinc concentration is particularly interesting. As
aresult, entomophagy has been recommended to address these mineral deficiencies in
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underdeveloped nations, particularly in light of the fact that the global population at
risk for these deficiencies is more than 17% for zinc and 25% for iron [17].

Mealworms and crickets, for example, contain a protein level of 19 to 22%, making
them suitable for human consumption [18]. In terms of protein content, this is equiv-
alent to typical meat products [17]. The scientists found that the necessary amino acid
levels in the insect species they studied were equivalent to soybean proteins, but lower
than casein. Gels might be produced and soluble fractions obtained using a simple
water extraction process for potential culinary applications [19].

4.1 Edible insect protein

Insects can be a more effective source of protein, and edible insects have a bright
future [20]. Protein concentration varies depending on the insect condition, accord-
ing to studies. Adults have the largest protein concentration, followed by pupas, and
finally larvae [20]. According to protein estimates of insects of various ages, the adult
has 71.07% protein content, the pupa has 58.59% protein content, and the larva has
50.83% protein content [5]. The protein composition of insects from various trop-
ics differs as well. Orthoptera is ranked higher than Homoptera, as well as Odonata,
Diptera, Hymenoptera, Hemiptera, Lepidoptera, and Coleoptera [21].

Amino acid is the fundamental functional unit of biological macromolecular pro-
tein, as well as a significant component of the food that insects consume. The amino
acid concentration of edible insects ranges from 10 to 70%, with 10 to 30% being
necessary amino acids. The majority of insect amino acid ratios are adequate and have
approached or even exceeded the WHO/FAO recommended ratios [5]. The presence
of a considerable number of free amino acids linked to insect freshness was also
discovered [22]. The content of free amino acid of edible insects in the blood is about
3000-23,400 mg/kg, which is more than any other higher animal in the cosmos [22].

4.2 Carbohydrate of edible insects

Edible insects’ carbohydrates (sugars) are highly rich in glucose, triose, glycogen,
erythritol, ketose sugar, fructose, and ketoheptose. The sugar content of sea algae
(the constituent blood sugar of insects) is also high [23]. Edible insects carbohydrates
are simple to digest and absorb with total sugar content ranging from 1-10% or
even lower which is highly good for human health [24]. The total sugar content of
Cyclopelta parva is 1.45%, while Tessaratoma papillosa has a sugar concentration of
0.15% [20].

The major component of edible insect skin and bones is chitin. N-Acetyl-D-
glucosamine copolymer is its chemical name, and it has adsorption properties for
a certain toxin. It is also a low-calorie food with a high nutritional content that is
beneficial to one’s health. Chitin aids in the prevention of high blood pressure by
promoting intestinal peristalsis, weight reduction owing to fat, antiaging, enhancing
immunological function, and so on. The edible insect body content of chitin is gener-
ally between 15 and 18%. Chitin content varies according to insect nature, such as the
chitin content of dry silkworm pupa (3.73%) and Skim pupa’s content is 5.55% [25].

4.3 Mineral elements and vitamin of edible insects

Edible insects are high in mineral elements such as calcium, phosphorus, iron,
and zinc, among others, which are frequently required by the human body as
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supplements. Feed insects have been reported to be able to meet the Fe, Cu, Zn, and
Mg mineral requirements of animals [26]. Mineral elements such as Mn, Fe, Cu, and
Zn are found in abundance in locusts [26]. Zn, Se, Mn, and Mg [27] are abundant in
many ants. Edible insects are high in Se, Co, Ni, and Cd trace elements, in addition
to the constant element (73). The Se content of the Chinese rice locust and yellow
powder bug is 4.62 and 4.75 mg/kg, respectively [28]. Se can help with detoxification,
carcinogenic activity inhibition, carcinogen destruction, and cancer cell growth and
division prevention [28]. Other elements found in Formica (Coptoformica) mesasiatica
Dlussky [28] include Ni (1.22 mg/g), Co (1.36 mg/g), and Cr (1.52 mg/g).

Vitamins B1 (thiamine), B2 (riboflavin), B3 (niacin), B6 (pyridoxine), C, D, E,
K, and carotene are all found in the bodies of insects [28]. Macrotermes annandalei
contains 25.0 1.U./g of vitamin A, 85.4 1.U./g of vitamin D, and 11.7 .U./g of vitamin
E. Vitamins are necessary for sustaining the human body’s regular physiological
function [28].

4.4 Lipid contents of edible insects

Oil and fats are abundant in insects [20]. Pupae and larvae have a greater fat
content than adult insects [20]. The fat content of the insect decreases once it has
feathered. The fat content of edible insects is usually between 10 and 50% [20].
Unsaturated fatty acid and palmitic acid are higher in edible insects [20]. Among
them, linolenic acid content is higher. They can be employed as medicinal raw materi-
als in the form of textiles and stencils [20]. The fat content of wasps was discovered in
arecent study. Fat content in larvae is 29.01%, in pupae it is 27.25%, and in adults it is
17.22% [20]. Lepidoptera have more unsaturated fatty acids and palmitic acid, while
Coleoptera have more oil acids [20]. Infrared spectroscopy of insect wax revealed that
it is mostly made up of long-chain hydrocarbons, fatty alcohols, fatty acids, and some
molecules with aromatic rings mixed in [29].

5. The nutritional evaluation of insect oil/fat

Insect oils (fat) are nutritional compounds with a wide range of physiological
and biological effects. It is highly valued in research, development, and application,
regardless of quantity or quality [30]. The fat content of an insect’s body varies during
its life cycle. It is intimately linked to the insect species’ development [30]. Many
studies have shown that the fat content of insects varies between species. In the same
species, the oils (fat) of the pupa and larva were greater than those of the adults. The
oil content of the insects was also greater throughout the winter [30].

The dry body fat level of insects was typically 10%, while many other insects
have fat content of 30%, or even up to 77.16% [30]. Insects are high in fat and have a
balanced fatty acid profile. The ratio of saturated to unsaturated fatty acids in edible
insects is usually less than 0.4 [30]. Its partial fatty acid content ratio is similar to that
of fish, therefore it may be utilized as a natural health care product. Insects’ satu-
rated fatty acids (SFA) are largely made up of palmitic acid (C16:0), not stearic acid
(C18:0), which is abundant in vertebrates [30]. In addition, insect oil contains carbon
fatty acids with an odd number of carbons, such as pentadecanoic and heptadecanoic
acids, which are very unusual in nature but exceedingly frequent in insects [27]. The
concentration of heptadecanoic acid in termite adults, housefly larvae, and housefly
adults was all greater than 2% [27]. Because odd-number carbon fatty acids have a
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unique raw active action, they were discovered to have higher anticancer activity
[27]. As a result, many researchers are interested in the enrichment and separation of
odd number carbon fatty acids in insects, resulting in a hotspot in insect oil research.
Insect oil is a natural active product solvent that contains lecithin and fat soluble D
raw ingredient (such as vitamin A, D, E). These active natural compounds have a
significant physiological and biological function with a high value [30].

6. The secondary metabolites of edible insects and potential medicinal
substances

A great number of researches in recent years have demonstrated that insect sec-
ondary metabolites are valuable sources for discovering novel leading chemicals [31].
Compounds generated from fatty acid, polyketide, terpenoid, nucleoside, and amino
acid routes are among the structurally varied arthropod natural products having
insect constituents. However, majority of these chemicals’ production has not been
well investigated [31].

The historic use of plants as remedies, referred to as “ethnobotany,” has long
been acknowledged and investigated [29]. Insects have long been used as remedies
in a variety of civilizations, particularly in traditional Chinese medicine. It might be
beneficial in the creation of effective medications. Another ongoing project is finding
novel antibacterial structures from natural insect products. More recent investiga-
tions [31] are being conducted to investigate the therapeutic effects of isolated chemi-
cal components from insects and other arthropods.

7. Development and utilization of edible insect’s resources

Based on the diverse insects eaten resources classification, edible insects may be
split into food insects, drug/medicinal insects, and drug dual-use insects, among
others [22]. Edible insects are intended for everyday food intake, and they have
significant nutritional value for humans to create and use. In 2013, the United
Nations’ Food and Agriculture Organization (FAO) published “Edible Insects: Future
Prospects for Food and Feed Security” [22]. It explains the several advantages of
consuming insects for humans all around the world. It was proposed in the Fifth Latin
American Congress of Dietitians and Nutritionists in 1980 to replace the human food
scarcity, which sees them as part of the food source. Insects as human food in many
countries has become increasingly visible now [22]. Red ants, grasshoppers, and
some predaceous diving beetles (Dytiscidae) have enough insect protein to compete
with lean beef, according to scientists. Adult insect protein content is abundant, far
exceeding that of pork, cattle, poultry, fish, and eggs. Insects will be the third group
in the future, following cell raw material and microbial protein sources, according
to experts [32]. People in disadvantaged areas require important nutrients, and the
services of insects and spiders are equally beneficial. In industrialized countries such
as the United States, insects and spiders are higher protein foods that are considered
healthful. With high fat, protein, vitamin, fiber, and mineral content, insects are a
very nutritious and beneficial dietary source [22].

At the home level or in bigger industrial scale enterprises, gathering and growing
insects can provide employment and economic revenue. It has the potential to employ
millions of people all around the world (Reference needed). Furthermore, data
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suggests that most breeding insects emit less detrimental greenhouse emissions to the
environment than animals (Reference needed). This discovery will aid in the reduc-
tion of food production costs and greenhouse gas emissions. In China, the processing
technology of the functional food and health food industries of edible insects has
accelerated at an unprecedented rate in recent years, in tandem with the advancement
of contemporary science and technology. For instance, a concentrated insect protein
oral beverage including honey, royal jelly, pollen, and propolis, as well as the custom-
ary shellac ash. (Reference is required) Some insect oils are primarily employed as fat
soluble functional components [32].

7.1 Insect farming

The majority of bug species in tropical regions are obtained from nature. Insects,
on the other hand, must be cultivated like mini-livestock if they are to become a
valuable resource. Furthermore, edible insect resources in nature are already under
pressure from over-exploitation, habitat deterioration, and pesticide usage [33, 34].
The collecting and selling of the Mopane caterpillar Imbrasia belina (Lepidoptera:
Saturniidae), for example, jeopardizes the long-term usage of forestry resources. As a
result, a harvesting period restriction has been proposed [35].

Thailand is one of the countries where insect farming plays a vital role, with
20,000 farms producing roughly 7500 tons per year with operations spreading into
Laos [36]. Several multinational programs are currently functioning in Africa to
encourage insect breeding for human consumption, with a focus on crickets [37].
Farming commercially significant insect species like the Mopane caterpillar has been
attempted [38]. However, virus transmission within a confined population is still an
issue, and it is not yet economically feasible [38]. Bug rearing firms in the Western
world manufacture a variety of insect species for pet food [39]. Some firms in the
Netherlands have set up dedicated manufacturing lines for human consumption
of mealworms, crickets, and locusts [39]. When insects are used as feed, however,
feedstock firms demand big, consistent, and consistent supply, which can only be
produced in industrial automated raising facilities [39]. Increased insect production
for food and feed on a big scale will provide numerous new hurdles, including disease
issues. The Acheta domesticus densovirus (AdDNV) is one example, which has deci-
mated commercial house cricket (Orthoptera: Gryllidae) rearing throughout Europe
and portions of North America [40].

Nigerians gather edible insects from the wild, which is hampered by seasonal-
ity, quality time wasted during collecting, and little quantity obtained (Reference
needed). As a result of its scarcity, the supply of edible insects will be disrupted,
resulting in high cost. In Nigeria, insect farming will help with food provision,
particularly in rural areas that are closer to the wild additional revenue for essential
expenses such as food, agricultural equipment, and education; and it will help with
food shortages due to seasonal drought in output (Reference needed). Insect farming
for food also provides chances for landless people and women involved in the collect-
ing, farming/cultivation, processing, and sale of insects to improve their nutrition,
get employment, and earn money [41, 42]. Edible insects may be found in all of
Nigeria’s ecological zones, with each geopolitical zone having a unique edible bug that
can be grown for profit. According to Alamu et al. [43], of the 22 most eaten insects in
Nigeria, 77.3% were Lepidoptera (27.3%), Coleoptera (27.3%), Orthoptera (22.7%),
and Isoptera, Hemiptera, and Hymenoptera (22.7%). This demonstrates that edible
insect consumption in Nigeria is diverse. Only a small number of insects are farmed
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in Nigeria, and those that are farmed are not in commercial quantities. Rhynchophorus
spp., or palm weevils, are excellent low-cost providers of vital nutrients. They are
extremely tasty and are commonly prepared roasted, and they have a low carbon foot-
print when farmed commercially. Palm weevils are a traditional meal for most rural
societies (especially in the south), but they are not farmed for consumption; instead,
they are harvested in the wild. Muafor et al. [44] described traditional grub harvest-
ing and grub semi-farming as indigenous ways of palm weevil cultivation. These agri-
cultural techniques account for 30 to 75% of household income. Ebenebe & Okpoko
[45] reported that, palm weevils were reared on eight distinct culturing substrates
(coconut fiber, coconut fiber with palm wine, mahogany sawdust, mahogany sawdust
with palm wine, palm frond petiole, palm bunch midrib, sugarcane tops (SCT), and
spoilt water melon (SWM)). In terms of materials and labor, palm weevil farming is a
cost-effective business. Within three to four months, the larvae attain adulthood and
may be collected for eating; they are high in protein.

Cirina forda is a Nigerian delicacy eaten mostly by people from the south. It hasa
high protein, fat, and necessary mineral content. Because there is now no commercial
farm providing this wonderful protein source, cultivating it for food will be profit-
able. A large number of the insects are collected in the wild before being processed
and sold in major marketplaces in Nigeria’s southwest. Cirina forda larvae may be
grown on the leaves of a growing Vittelaria paradoxa tree, according to Ande and
Fasoranti [46]. All instars matured and were gathered within one month. Despite the
huge potential contained in the larvae, they have not been economically produced in
decades. Starting this business has the potential to be very profitable. According to
Ebenebe and Okpoko [45], cricket (Gymmnogryllus lucens) is the most popular insect
eaten in Nigeria, but it can only be caught in the wild.

8. Impact of insect quality on consumers’ preference and acceptability

Nutrient content (protein being a key component), insect quality (especially taste,
flavor, look, palatability), and external variables (availability, easy pricing, suitable
social milieu) are all essential considerations in accepting insects as food [47]. Forest-
dwelling people have easy access to natural regions, not only in underdeveloped
nations but also in rural areas such as Japan [34]. Consumer reactions to wild insects
and their food products, as well as their preferences, acceptability, and consumption
of insect-based meals, are currently unknown. Anecdotal evidence suggests that in
Africa and India, certain wild edible insect species are preferred and accepted above
cultivated ones such as silkworms or crickets [34].

Alemu et al. [43] observed no significant difference in whole or powdered
termite eating in Kenya. Before purchasing termites, such as Macrotermes falciger,
buyers evaluated the insect stock for freshness, presence of legs, cleanliness, species
type, and oil content at the local market. Fried adults were selected by the majority
of purchasers (77.6%) [43]. Long-bodied termite soldiers were in high demand and
favored over late variants [48]. In Tanzania, Kenya, and Uganda, the grasshopper
(R. differens) is a traditional delicacy, a source of nutrition, and a delightful multi-
functional insect [47]. Consumers preferred salted, boiled, and smoked grasshop-
pers or deep fried grasshoppers in cotton seed oil above any other single processing
technique (smoking, deep frying, sun-drying, toasting, boiling) [47]. R. differens
adults that had been cooked with salt, onion, and tomato and then dried were
favored above those that had merely been deep-dried with salt and onion in another
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study. The acceptability ratings for these goods were 7.2 and 5.2, respectively (on a
scale of 0-9, with 9 being the highest approval) [48].

People in Uganda favored boiled and dried grasshoppers with salt, onion, and toma-
toes to those that were just boiled and dried without tomatoes in the case of R. nitidula
[48]. With the exception of grasshoppers, whose legs are often removed, entire insects
are valued in India; larvae, pupae, and adult termites are sometimes combined and sold
together by local sellers [49]. Overall, while there was a higher acceptance for insects
without much attention to the species, fear of trying an unknown product, lack of taste
experience, and a belief of low social acceptance were identified as major barriers to
popularizing edible insects [50]. Despite the fact that taste alone failed to distinguish
insects from cheese or bread in more than half of the probands tested there was a very
low acceptability [51]. Acceptability is also influenced by accurate labeling. Siozios, [52]
discovered many discrepancies in identification in packets containing mopane caterpil-
lars, winged termites, and grasshoppers while testing the correctness of insect goods on
the UK market. This may make customers less willing to accept and consume insects or
insect products.

Information on entomophagy, past experience and familiarity with edible insects,
look, flavor, and overall likability of a species are all important considerations when
choosing edible species. As a result, views regarding insects as food and food supple-
mented with edible insects can be influenced by information and knowledge [53].

In fact, a survey conducted two years following the introduction of edible insects in
Belgium demonstrated a rising favorable reaction in terms of acceptability, according
to Van Thielen et al. [54]. A comparable poll of Danish customers found that 23% of
them would eat insects [55].

8.1Insect processing and product quality

Traditionally, insects are consumed raw or processed (dried, crushed, pulver-
ized, grounded, pickled, cooked, boiled, fried, roasted/grilled, toasted, smoked or
extruded [54]. Besides these techniques, Kewuyemi ez al. [56] suggested fermenta-
tion to enrich the inherent composition of insect-based products and to induce
anti-microbial, nutritional and therapeutic properties. Similarly, defatted T. molitor
larvae and oil could be used as food ingredients. Defatted mealworm powder is high
in protein, minerals, and bioactive substances, and has a savory flavor due to the
abundance of amino acids. The oil is high in tocopherol and has a long shelf life [57].
Insects are frequently fasted before processing, and big specimens are degutted or
defatted since the gut may contain undigested plant material, excreta, bacteria, and
other contaminants; also, degutted insects have greater crude fiber protein levels [56].
Tribal communities have consistently embraced this approach since it is efficient and
practical, especially for huge lepidopteran larvae. Insects that have been processed
can be freeze-dried, sun-dried, or canned. Consumer preferences, insect species
availability and compatibility, social custom, religious rites, tribal ethics, and family
tradition may all influence processing procedures [58]. Anuduang et al. [59] inves-
tigated the antioxidant characteristics of silkworm powder at four different drying
temperatures (80, 100, 120, and 140°C) and found that the lowest drying tempera-
ture maintained the most phenolic compounds and antioxidants.

When choosing a food item based on “post-ingestive fitness,” the processing
method can aid in the removal of anti-nutrients and other harmful components
while also extending the shelf life. As a result, processing is necessary to retain
nutritional content, increase shelf life, and obtain functional and fortified foods
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[57]. Products are supplemented with insect chitosan (a polysaccharide derivative
of chitin) in food processing facilities, which is more soluble and so favored over
raw chitin [60]. Traditional wisdom based on centuries of experience is regularly
used by local communities to improve insect-based cuisine [61]. Methods can, of
course, evolve and be replaced by others, since each has benefits and disadvantages
that are tailored to area circumstances. In North-East India, for example, roasting,
grilling, and frying are commonly used because insects taste better than boiling and
baking [62].

Vitamins are generally heat sensitive, and heat processing reduces the quantity
of these essential chemicals fully or partially. To avoid insect damage, storage condi-
tions are critical. However, whereas the level of tocopherol in T molitor and Zophobas
morio did not change in various settings [63], the antioxidant capabilities of silkworm
powder did. Nyangena et al. [64] investigated the effects of traditional processing
techniques on the proximate composition and microbiological quality of Acheta
domesticus, Ruspolia differens, Hermetia illucens, and Spodoptera litoralis, including
boiling, toasting, solar-drying, oven drying, boiling + oven drying, boiling + solar-
drying, toasting + oven-drying, toasting + solar-drying, toasting + oven-drying.
Traditional processing enhanced microbiological safety but reduced nutritional
value, according to the researchers [63].

8.2 Processing and marketing

The Mopane caterpillar trade is significant business in southern Africa. Styles
estimated in 1994 that an annual population of 9500 million mopane caterpillars in
South Africa’s 20,000 km?2 of mopane veld was worth more than US$ 80 million,
with around 40% going to producers who are mostly impoverished rural women [59].
To alleviate child malnutrition, supplemental diets based on edible termites were
designed and assessed in Kenya. It can be processed into economical and safe meals
with acceptable nutrient density, according to the findings [65]. To stimulate ento-
mophagy in Kenya, termites and lake flies were baked, boiled, and cooked to extend
shelf life and then processed into common consumer items like crackers, muffins,
sausages, and meat loaf. These are ways for making naturally gathered items available
for extended periods of time. Techniques including drying, acidifying, and lactic
fermentation can be used to preserve edible insects and insect products without the
need of a refrigerator [30]. However, insects should be farmed to better manage and
ensure the supply of such insect goods. Then freeze-drying (dehydration of the frozen
insect via sublimation) is commonly used [30].

8.3 Consumer acceptance

In tropical areas, insects are a major source of protein, yet Europeans are wary
of eating them. Bequaert ascribed western people’s reluctance to eating insects to
‘prejudice’ and cultural, conditioning over a century ago: “What we eat and what we
do not eat is, after all, a question of tradition and fashion (rather than) anything else”
[66]. DeFoliart also saw the western mindset and prejudice against eating insects
as a significant impediment to the introduction of this sustainable food source. Yen
[67] predicted that ‘westernization’ of insect-eating communities would lead to a
shift away from entomophagy, while western countries, as main consumers of cattle
protein, would miss out on a chance to lessen their environmental impact. Others
have emphasized the necessity for techniques to overcome the psychological and
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cultural hurdles to entomophagy, citing the value of insects as human food as a dif-
ficult test case [68]. In Belgium and the Netherlands, research found that motives for
sustainable food consumption promoted the acceptance of insects as a protein source
[67, 69]. Customers in Thailand, where insects are a part of the local culinary culture,
saw insects differently from Dutch consumers in terms of flavor and familiarity.
Mealworms, for example, were greatly disliked by Thai participants owing to their
link with larvae found in decaying debris [67]. The Dutch individuals, who were more
familiar with mealworms as food, did not have this link. The following solutions have
been offered to alleviate the aversion to eating insects [67].

1. To raise customer awareness of the product by offering information about insects
as a sustainable alternative food source.

2.To make edible insects available and to teach people how to cook them.

3.To emphasize the close relationship between insects and crustaceans in animal
categorization.

4.To increase the number of edible bug exposures and taste tests.

5.Create appropriate items that not only lessen the barriers to trying new things,
but also taste good and are enjoyable to consume.

6.Incorporating insects into everyday foods.

7.To employ role models such as Kofi Annan, the former UN Secretary-General,
who was interviewed about edible insects.

8.To target youngsters for entomophagy instruction.

9. Food safety and legislation

A number of writers have addressed food safety concerns, with urgent legal
implications. Contaminants such as heavy metals, mycotoxins, pesticide residues,
and infections are all potential risks. The existing research on insect eating in tropi-
cal regions shows that insects gathered for human consumption do not pose any
substantial health risks [70], but there is little information on insects cultivated for
food or feed. Nobody regarded insects to be food or feed at the time the legislation
was enacted, therefore when the word “animal” is used in the statute, insects are
frequently included. The EU Regulation 1099/2009, for example, states that animals
must be murdered in approved slaughterhouses in the presence of an Animal Welfare
Officer; this plainly does not apply to insects [24].

In the case of insects as food, the EU has yet to rule whether an insect product
is regarded a novel food because it was not consumed “in a considerable degree”
in the EU prior to May 15, 1997. If this is the case, the manufacturer must supply a
Novel Food Dossier, among other documents, demonstrating that the product is safe
for consumers. The EU adopted a rule in 2013 permitting the use of non-ruminant
proteins in aquaculture feed for fish; a removal of the restriction on insect proteins in

feed for food-producing pigs and poultry is being studied [23].
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Food containing insects, such as the Yellow mealworm Tenebrio molitor
(Coleoptera: Tenebrionidae), may cause allergy reactions in those sensitive to home
dust mites and crustaceans [25]. Recent evidence reveals that insects and crusta-
ceans (such as shrimps), which have long been thought to be taxonomically distinct
branches of the arthropod family tree, are really taxonomically linked [28]. When an
insect product is found to be allergic, adequate labeling is essential.

10. The way forward

The recent surge in interest in insects as food and feed was sparked in part by the
release of an FAO report in 2013, which has been downloaded more than 7 million
times. Wageningen University and the FAO jointly organized the first conference on
this topic, “Insects to Feed the World,” in the Netherlands in 2014. This meeting drew
450 people from 45 different nations. In the agriculture, food, feed, and health sec-
tors, research institutes, universities, private firms, international organizations, civil
society, and government agencies were all represented [71].

Edible insects harvested from natural resources support livelihoods since they may
be consumed and/or sold. Research on sustainable harvesting, semi-domestication,
and farming is required to avoid overexploitation. Some insect pests, such as edible
grasshoppers in Mexico, can be harvested as a management tool [72].

Insect farming veterinary science is still in its infancy. Insect diseases that may
emerge during large-scale rearing are poorly understood in terms of biological and
genetic characterization, phylogeny, host range, transmission, persistence, epidemic
potential, and animal safety, including human safety [73]. Disease transmission has
been a problem in the conventional livestock industry on a global scale. Microbial
contamination prevention, detection, identification, and mitigation are critical
for a successful and safe insect production. Insects can be used to convert organic
waste streams like manure into high-protein goods, which is an intriguing prospect.
However, further empirical investigations and monitoring are needed to determine
the quality of the utilized garbage and the insects created. If insect-based food or feed
is contaminated with dangerous bacteria, mycotoxins, or heavy metals, the potential
risk to human health must be addressed immediately [73].

In the western world, legislative barriers are currently impeding the advancement
of the emerging sector of insects as food and feed. The unfamiliarity with insects as
food in the European Union, according to De-Magistris et al. [74], may impact EU
decision-making since consumers are “conditioned” by cultural patterns and neopho-
bia when it comes to edible insects. As a result, there may be less receptivity to new
ideas. On the one hand, the EU investigates and promotes innovative and sustainable
food ingredients such as insects, but on the other, it stifles innovation by imposing a
regulatory framework that protects consumers from hazards associated with novel
food items.

Because it is labor demanding and feed prices are considerable, concerns have been
raised about the viability of mass-producing insects. To create vast numbers of high-
quality and safe insect products in a cost-effective and reliable manner, automation of
manufacturing operations would be required. Another option to save feedstock costs
is to employ low-value organic by-products and waste streams [75].

A lot of firms are working on this project throughout the world. One firm can pro-
cess 20 tons of fly larvae every day, yielding seven tons of insect meal and three tons
of insect oil. Because vast amounts of feed are necessary for pets, fish, and cattle, and
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because the components for fishmeal and soymeal continue to rise in price, the use
of insect meal as an alternative protein source is becoming a more attractive choice.
More attention is needed to optimize desired insect features by selecting specific
strains or utilizing genetic enhancement procedures [75].

Cultural and individual expectations regarding the species to be used as food and
how they should be prepared should be considered when developing insect-based
food products. It is inadequate to emphasize the health and environmental benefits
to encourage usage. Gastronomy study is also required to determine whether insects
are acceptable as a sustainable food source (deliciousness). Multiple disciplinary
approaches (multi-disciplinarily, inter-disciplinarily, and trans-disciplinarily) are
required to advance the new agricultural sector of insects as food and feed, as com-
plex problems must be solved that transcend traditional boundaries and require the
collaboration of non-academic stakeholders [75].

11. Conclusions

The biggest phylum in the animal kingdom, containing well-known insects,
spiders, ticks, and crustaceans, as well as several smaller, lesser-known species and
a plethora of bizarre forms only known as fossils. Arthropods make up over 95% of
all animal species [1]. There are about one million recognized species, the majority
of which are insects [1]. Nobody knows how many arthropod species there are. Some
officials believe it may be as high as ten million [1]. The body of an adult arthropod
is normally made up of a succession of ring-like segments with a pair of numerous
jointed limbs on each segment that move on each other via muscles. It is becoming
obvious that arthropod resources may be mass manufactured for use in food produc-
tion for sustainable development. In terms of nutritional value, food components,
and chemical makeup, it is a valuable resource. Meanwhile, the use of edible arthro-
pods has posed a problem in terms of food security, environmental conservation, and
the destruction of traditional culinary culture [1].
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Abstract

Spotted fever is caused by Rickettsia rickettsii and is transmitted through tick’s
saliva. Humans, ticks, and capybaras (Hydrochoerus hydrochaeris) are often coexist-
ing in environments that favor the spread of Brazilian spotted fever (BSF). Although
capybaras do not transmit R. rickettsii, they can amplify these bacteria among tick
vector populations, playing a significant role in the one health approach and epide-
miology of the disease. Urban populations of capybaras have increased, especially in
Southeast Brazil, as well as the number of cases and lethality of BSF have increased
in the country since the 1980s. This expansion is mainly determined by the avail-
ability of food and the absence of predators. Thus, urban areas, including parks and
university campuses, provide an abundance of food and protection against predators,
ensuring the multiplication of the species and increasing the risk of transmission
to humans due to the proximity of man with animals in the urban environment.
Therefore, this chapter aims to address aspects of spotted fever, considering the many
dimensions of the species involved, contributing to public strategies and policies.

Keywords: urban disease, arthropod vectors, family Caviidae, rickettsiosis

1. Introduction

Brazilian Spotted Fever (BSF) also known as New World Spotted Fever or Sdo
Paulo Exanthematic Typhus [1] is becoming increasingly widespread among regions
of Brazil. Since 2001, Brazil has reported the urbanization of BMF, particularly in the
states of Sdo Paulo and Minas Gerais where the disease is already considered endemic
in many areas [2].

BSF is an infectious, multisystemic, and febrile disease caused by the species
Rickettsia rickettsii and R. parkeri, which are the first responsible for the most serious
manifestations, whose lethality can reach 80%, in situations of late diagnosis or lack
of access to health services, common in developing countries. Although the expansion
of occurrence spaces can have many causes, a commonly associated ecological ele-
ment is the presence of capybaras, currently found in water bodies and lawns in urban
areas [3]. They participate in the transmission cycle, being considered important
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amplifiers of vector ticks [4], affecting the endemicity and zoonotic aspects [5] of
the occurrences. In fact, these rodents are spreading far beyond rural areas, forming
clusters in leisure spaces, parks, and lakes present in highly urbanized cities, making
infestation by ticks common in people who visit these places [6, 7].

Vector-borne diseases are relevant to human, animal, and environmental health,
as pathogens, vectors, and hosts interact through pathologies and can change their
epidemiology over time [8]. When considering the changes promoted by the exploita-
tion of natural resources that result in the fragmentation of habitats and changes in
ecosystems, it is possible to assume that there is a greater interaction between humans
and arthropod-borne pathogens.

In this context, the global strategic framework for health, created to mitigate
the risk and minimize the impact of emerging infectious diseases at the animal-
human-ecosystem interface and socio-economy, highlights the need for action in
One Health Perspective that fits perfectly with the approaches relating to the BSF.
Based on the principles of “one world,” “one health,” the referred framework resulted
from an action between specialized agencies, such as the World Health Organization
(WHO), the United Nations (UN) Food and Agriculture Organization (FAO), and
the International Organization for Animal Health (OIE), which jointly recognized
the link between human welfare, animals, and the environment [9]. Diseases involv-
ing humans and animals (domestic and wild) should be addressed as a priority in an
interdisciplinary manner to combat threats and promote the health of life on Earth
[10]. The approach must be holistic for disease prevention and for the integrity of the
ecosystem that sustains all forms of life.

Due to the complexity of the parasitic cycle involving different hosts (wild
animals, arthropod vectors, and humans), the conditions and variables that affect
interactions are not completely understood, particularly when related to vector
diseases. Therefore, the present narrative intends to provide some clues for a better
understanding of some of the main characteristics associated with the occurrence
of BSF.

2. Vector-borne diseases in the urban environment

In 1950, only 30% of the world’s population lived in urban areas. World’s popula-
tion is increasingly urban with more than half living in urban areas. This number
continues to increase, and by 2050, two-thirds are expected to be living in newly
urbanized areas [11]. However, the size and density of human populations are creat-
ing challenges for many dimensions of human health, including the (re)emergence of
zoonotic diseases, particularly those transmitted by vectors [12].

Changes in landscape structure stimulate the loss, rotation, or homogenization of
biodiversity, increasing the contact between humans and animals, which can influ-
ence the dynamics of transmissions in communities of reservoir hosts and vectors,
contributing to modulations in epidemiological processes and the expansion of
pathogens that reach the humans [13, 14]. The beginning of the 2020s was marked by
a serious pandemic that initially presented itself with zoonotic characteristics, whose
cause corroborates the new thinking that as humans spread, pathogens also spread,
representing an even greater problem in countries with a large number of poor people
and in emerging economies. This is because, in such locations, in addition to much
nature being transformed into agricultural or urban areas, health systems are usually
underfunded and have difficulties in dealing with possible outbreaks [15].
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Cities, as densely populated areas, have always been habitats for domestic animals.
For some time, however, they are increasingly housing “wild” animals as they pres-
ent themselves as safe and well-supplied places where these animals have chosen to
survive and raise their descendants. This is because, in their decisions, when choosing
aresidence, food and security are more attractive than other aspects of the landscape
[16]. As aresult, a park close to busy streets, with noisy children, has been more
attractive to these animals than the curious quietness of rural landscapes, “drenched
in chemicals” [17].

Of course, given the complexities of ecosystems and rapid global changes, the
effects of land use on the ecological factors that sustain zoonotic occurrences cannot
be hastily judged [18]. Although there is evidence that the diversity of local species
affects the transmission of pathogens [19], this result is not generic, with the greatest
risks for diseases caused by pathogens transmitted by arthropod vectors being proven
[20, 21], as in the BSF cycle.

The reason why such pathogens spread after environmental changes is not that
we suddenly come into contact with wild animals, such as jaguars and wolves. This
hypothesis does not answer the modern questions that involve the maintenance, for
decades, of these zoonotic cycles in the most anthropized environments. On the con-
trary, researchers reveal that most common wild animals, particularly those known
to carry pathogens threatening to humans, are more prolific in these areas [15].
However, the biases that cooperate for the intense multiplication of these vectors after
the urbanization process are not yet fully clarified. Surprisingly, animals that gener-
ally carry many viruses or bacteria seem to better tolerate the destruction of nature,
when compared with those that carry fewer pathogens [22]. One reason for this could
be that these animals are usually quite small and short-lived or have adaptive immune
strategies that do not let them get sick from the pathogens they host.

The tendency for hosts and non-hosts to respond differently to human-induced
changes in their habitats has been observed in some specific disease systems, but may
contribute to the documented links between anthropogenic ecosystems and emerg-
ing zoonoses [21, 23] and for BSF, transmitted in an urban cycle that involves ticks,
capybaras, and humans. Hosts with an accelerated life cycle contribute to an increase
in their abundance, virtually due to life history trade-offs—between reproductive
rate and investment— [24], associated with the ability to be resilient in the face of
anthropic pressures [25]. In addition, characteristics such as host status, human
tolerance [26], as well as the challenge load and co-evolution of shared pathogens [13]
contribute to the clarification of such interactions.

3. Species involved in the transmission of spotted fever in Brazil

BSF is caused by Gram-negative bacteria of the genus Rickettsia (Rickettsiales:
Rickettsiaceae), transmitted by vectors that use different vertebrate hosts, altering the
endemicity and zoonotic aspects of their occurrence. Due to their strictly intracellular
survival, these bacteria are classically transmitted to humans by arthropods, which
include ticks, mites, fleas, and lice. However, many non-pathogenic human species
have been described, of which the true roles in the ecological relationships with the
vectors and with the pathogenic rickettsiae have not yet been fully clarified [27].

Since 2001, Brazil has reported an expansion of transmission areas, which is
seriously integrated with the increase in the number of reported cases and in their
lethality. The bioagent R. rickettsii is the main species causing BSF, being restricted
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to the Americas with confirmations, in addition to Brazil, Canada, United States,
Mexico, Costa Rica, Panama, Colombia, and Argentina. However, in the country,
other rickettsiosis from the spotted fever group has already been isolated, such as
Rickettsia parkeri cepa Mata Atlantica and R. parkeri stricto sensu, whose notifications
are associated with less severe and, as a rule, non-lethal clinical conditions [28, 29].
Added to this diversity of infectious agents, there is a variety of potential vectors that
make the enzootic and epidemic cycle of BMF in Brazil quite complex, as a result of
possible eco-epidemiological variations.

Ticks can act as vectors and reservoirs in the transmission dynamics of pathogens
from the spotted fever group. Several species of Rickettsia can coexist in the same
environment, so that different species of ticks that parasitize different mammals can
also become infected. The main ticks implicated in the transmission of R. rickettsii in
the United States are Dermacentor andersoni and D. variablilis; in some areas in Mexico
and in the state of Arizona in the United States, Rhipicephalus sanguineus has been
indicted as the vector; in South America, the tick species Amblyomma cajennense is the
most commonly incriminated vector.

However, in the context of the BSF, the following interactions are currently
described: [i] R. rickettsii transmitted by the tick Amblyomma sculptum and
Amblyomma aureolatum in the Southeast and parts of the South region; [ii] R. parkeri
Atlantic Forest strain vectored by Amblyomma ovale in Atlantic Forest fragments in
the South, Southeast, and Northeast of the country; and [iii] Amblyomma tigrinum
infected with R. parkeri is in the Pampa biome in the South region, distinguishing
these Brazilian areas from others in Latin America [28, 30, 31].

Below, images of the two main tick species associated with the transmission of the
bacterium R. rickettsii, which causes Brazilian spotted fever (Figure 1).

Bacterial infection in arthropods occurs during hematophagy performed on a
rickettsemic, vertebrate host; being favored by transovarian and/or transstadial
transmission, which balances part of the damage caused by infection in vector ticks
[33]. In turn, the transfer of the pathogen to another vertebrate occurs when the
infected ectoparasite takes a new blood meal, after the changes in phases. Thus, the
occurrence of Rickettsia in a given space is based on the coexistence of ixodid species

Figure 1.
Adult male ticks of the species (A) A. sculptum and (B) A. aureolatum. Source: [32].
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susceptible to infection and on vertebrates capable of sustaining this tick’s population.
Both can vary over time and space, influencing the epidemic cycle by overlapping
human activities with the proximity of other vertebrate hosts and the seasonality of
the tick [30, 34].

In this aspect, some key factors in the epidemiology of BSF, particularly the
occurrence of R. rickettsii in southeastern Brazil, are already partially clarified and
point to the need for amplifying hosts to maintain transmission. Larvae, nymphs,
and adults of A. sculptum are partially refractory to rickettsia and less than half of
infected females are able to promote transovarian transfer (transmission to offspring)
effectively. In addition, higher mortality and lower reproductive performance are
observed when the tick is infected, compared with those free from the pathogen [35].
Given this finding, mathematical models indicated that A. sculptum cannot sustain
R. rickettsii for successive generations without the genesis of new cohorts of infected
ticks, via horizontal transmission, made possible by vertebrate amplifying hosts,
during rickettsemia.

Horses are primary hosts of the Amblyoma sculptum tick. They act in the mainte-
nance of these arthropods and in the movement of rickettsiae between environments.
Even though they are not susceptible to infection, horses serve as sentinels in epide-
miological studies, showing the distribution of the disease and predicting human
cases [36]. However, in the contexts of the occurrences, the capybara (Hydrochoerus
hydrochaeris) appears as the largest amplifying host of R. rickettsii for A. sculptum in
BSF endemic areas in southeastern Brazil [7, 37-39]. In the state of Sio Paulo, some
areas became endemic for BSF after the detection of an increase in the number of
individuals in free-ranging capybara clusters [40].

Thus, the sanitary monitoring of capybara populations is essential for the
control and conservation of public health. For the record, it is worth mentioning
that the tick Amblyomma dubitatum has also been frequently discovered infesting
capybaras in southeastern Brazil, despite not playing an essential role in the epide-
miology of BSF [41-43].

4. Aspects of the epidemiological scenario

The first report of spotted fever in Brazil occurred in Sdo Paulo, in 1929 [1], and
R. rickettsii transmitted by the tick A. cajennense was indicated as the causal agent. In
the report, the similarities with Rocky Mountain spotted fever were already high-
lighted. In the following two decades, new occurrences were described in the state
of Minas Gerais [44] and in Sdo Paulo, where the species Rickettsia typhi was isolated
for the first time [45]. After this period, BSF remained for several years as a silent
disease, subordinated to existing flaws in medical care, diagnosis, and information
processes.

Between the 1980s and 2000s, case reports are seen in scientific journals, indicat-
ing infections that occurred in southeastern Brazilian states, after four cases in Rio
de Janeiro [46] and in the state of Espirito Santo, which came to be considered as
an endemic region for BSF [47]. The states of Minas Gerais and Sdo Paulo showed
a serious reemergence, in whose epidemic outbreaks occurred in 1984, 1992, 1995,
and the lethality reached about 50% of diagnosed patients [48-50]. Despite this, it
was only in 2001 that the BSF notification became mandatory and, in 2014, it was
determined that, in addition to being mandatory, it must be immediate, taking place
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within a maximum period of 24 hours, in order to improve surveillance, diagnosis,
and treatment [51].

Due to the continuous increase in cases and the expansion of the areas of occur-
rence, BSF was considered an emerging disease in Brazil, without, however, a signifi-
cant advance in information and knowledge about the disease, among the scientific,
medical classes, and the general population [31]. Even today, there is not enough
data to determine the impact of BSF on the Brazilian population, since prospective
longitudinal studies documenting the natural course of the disease have not been
performed.

In the brief history described above, two important aspects stand out in the epi-
demiological context. Failures in the diagnosis were confirmed through laboratory
documents in the various fatal cases that occurred in Minas Gerais until the early 2000s
[52]. Equally important, in 1996, Lemos et al. [53] isolated bacteria from the group of
Rickettsia sp. of spotted fever in the tick Amblyomma cooperi, vectors collected from
capybaras in Sdo Paulo. It is clear that the impact of the BSF on public health will not be
properly evaluated until appropriate methods of diagnosis and epidemiological surveil-
lance are effectively implemented. Recent data bring some clarity about the incidence
rates and some aspects (i) of humans affected by the disease; (ii) ticks (maintained by
capybaras); and (iii) transmission environments, and need to be analyzed [54, 55]. The
transversality between these aspects will be briefly described below.

In the Brazilian occurrences of BSF, white men, aged between 20 and 64 years,
coming from rural areas are more commonly infected and report having had contact
with ticks during their leisure activities, unlike women who have a domestic and
peridomestic environment, as the likely site of infection [56]. Most cases affecting
males corroborate the data described in international reports from the Centers for
Disease Control and Prevention [57] and the European Center for Disease Prevention
and Control [58]. The fact that most cases are represented by white ethnicity may
be influenced by the difficulty in observing the rash when in black individuals, and
further compromise the diagnosis of BSF in this ethnic group [59].

Studies in endemic areas of BSF have shown that the disease is correlated with
environments where there are large populations of the tick A. sculptum, which, in
turn, are supported by the presence of capybaras, fundamental hosts for this species,
in anthropic environments. On the contrary, landscapes similar to these, where there
are low parasite loads or where the tick A. dubitatum is predominant, did not become
endemic areas, even with the presence of capybaras [7]. Recently, research conducted
by Geraldi et al. [35] revealed that there are other aspects that contribute to the
dynamics of transmission by demonstrating that there are variations in the suscepti-
bility of the tick to infection by R. rickettsii, which may explain the different frequen-
cies of BSF in areas where the vector A. sculptum and capybaras cohabit. However,
the complete elucidation of the mechanisms that govern this susceptibility and their
effects on the risk of the disease in urban environments still need further studies [7].

Historically, BSF notifications predominate in southeastern Brazil, with the
percentage of fatal cases ranging from 30-50% [60]. Particularly in the state of Sdo
Paulo, there are extensive areas where transmission has been proven, with 978 labora-
tory confirmed cases between 2001 and 2018 [7]. The disease, however, continues
to advance through new territories, reaching the south, northeast, and central-west
regions of Brazil [56], varying estimates on the prevalence and incidence (Figure 2).

Some factors seem to influence the lethality percentages. Undeniably, the strain
that prevails in Brazil is much more virulent when compared with the R. rickettsii that
occurs in North America, responsible for Rocky Mountain spotted fever [61]. However,
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Geographical distribution of confirmed cases of spotted fever by federative unit (FU) and average incidence rate
in affected municipalities and between 2007. Source: [56].

aspects such as the lack of specificity in its clinical signs and the absence of exanthema
(classic marker) in many patients lead to suspicion and make early diagnosis difficult.
Diseases such as dengue, viral exanthematous diseases, and leptospirosis present clini-
cal signs similar to those of BSF, requiring specificities in the differential diagnosis and
increasing the possibility of the use of inappropriate drugs that prevent therapeutic
cure [62]. Furthermore, it should not be forgotten that infections caused by R. parkeri,
a strain present in several regions of the Atlantic Forest, present mild clinical signs,
with inoculation bedsores and lymphadenopathy, introducing other elements that
make adequate medical management difficult [63]. Furthermore, the geographically
restricted availability of parenteral doxycycline, the drug of choice for the treatment of
severe cases, highlights the neglected status of BSF in Brazil [64, 65]. A review of the
treatment protocol for BSF took place in 2013 and doxycycline is now recommended
regardless of patient age, being provided by the Ministry of Health for strategic
locations in endemic areas. However, in silent areas or with recent introduction of the
agent, the difficulty in accessing the drug remains [66].

In Brazil, rapid environmental changes, the absence of stable policies for environ-
mental preservation, and the low socioeconomic condition of the population are asso-
ciated with the high importance of BSF—expressed by the high lethality in outbreaks
that predominate in family nuclei—establishing this Rickettsiosis as a relevant public
health problem. Therefore, continued studies and solutions to support surveillance
strategies will help in future assessments of epidemiological aspects.
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5. The growing urbanization of capybaras and Brazilian spotted fever

Mammals represent the most successful evolutionary class among vertebrates.
Facilitated by a brain that promotes learning and being capable to maintain a constant
body temperature, they developed, throughout evolution, a variety of life strategies
that allowed them to colonize the most diverse habitats, establishing themselves on all
continents [67].

H. hydrochaeris is among the largest rodents found in the Neotropics. When
Iberian settlers arrived in South America at the end of the fifteenth century, they
came across a diverse fauna and the species was originally named, after analogies with
other European animals known to them. However, the name capybara originates from
the indigenous word (Tupi): kapiigwara, which means grass eater (ka’pii = “grass” + g
wara = “eater”) [68]. It had its first detailed description in the mid-seveteenth cen-
tury, based on observations in the state of Pernambuco, when northeastern Brazil was
occupied by the Dutch. Later, in the search to define their origin and their preferred
habitats, mistakes were made, but according to [69], the Sdo Francisco River, one of
the main Brazilian rivers, should be listed as the typical locality for the species, as
mentioned by [70].

In Brazil, capybaras can be found in all 26 states and the Federal District (Figure 3)
mainly in agricultural habitats, with a predominance of pastures and sugarcane fields
where they can reach high densities. They are considered competitors that cause damage
to a variety of crops, including sugarcane, corn, rice, bananas, soybeans, and compete
for food with cattle, affecting agricultural production [70, 71]. In addition to these
places, they frequent bodies of water (rivers, dams, and reservoirs) within urban limits,
in public parks, and residential areas [69], currently causing conflicts, particularly in
the Southeast, where they invade properties, eat ornamental plants in gardens, and are
involved in traffic accidents on the streets and roads [3].

Recent increases in BSF cases [72] and the probable association with high
capybara densities have accentuated considerations about the epidemiological
role of this rodent in the urbanization of the disease. The expansion of occupation
areas occurs as agricultural deforestation occurs, mainly due to the availability of
food and the decline of their natural predators, such as jaguars [48, 49]. Thus, they
can form numerous populations in certain environments, coming to be considered
urban pests. This is because, in anthropogenic wetlands, where it finds an abun-
dant source of food, H. hydrochaeris can develop with a carrying capacity greater
than that observed in untouched environments. These facts raise important points
about the roles played and the risk of transmission in important zoonosis, such as
BSF [50].

It is also worth emphasizing relevant aspects regarding the presence of animals in
urban daily life: the presence of wild animals in human groups can be interpreted asa
possibility of greater exposure to nature and a source of benefits for the mental health of
individuals [73], and increasing the value of recreational ecosystem services provided by
green areas [74]. The relationship with nature offers benefits, even if there is no handling
or prolonged intimacy in contact with animals. Simple eye contact, regardless of duration,
can have a broad and robust impact on people’s affective and cognitive conditions [73, 75].

According to the biophilia hypothesis [76], as a result of evolution, humans
have always sought to connect with other life forms. This hypothesis translated
some of the multiple dimensions of humans’ innate relationship with nature,
including emotional connections with landscapes and animals. In the last decade,
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Figure 3.
Distribution of capybavas (Hydrochoerus hydrochaeris) in Brazil. Black dots show records of the species’ presence.
Source: [69].

the benefits of this contact have been increasingly studied [77]. Improvements

in neuropsychological development and mental health have been reported when
experiences occur in early childhood [78, 79], but benefits such as reductions in
social and emotional difficulties and even deterioration cognitive impairment can
extend into old age [80].

Urbanization, as it threatens to weaken the link between humans and nature [81],
converging with Wilson’s proposals relating to biophilia, may favor (or even promote)
the acceptance of capybaras in the enclosures of a City. However, it is worth mention-
ing that as capybaras constitute groups that occupy leisure spaces, parks, and lakes,
which, when located in areas with occurrence of BSF, increase the risk of tick infesta-
tions among people who visit these places [7, 82].

Although capybaras cannot transmit R. rickettsii, they play an important role in public
health, as they amplify the agent among tick populations [4]. Thus, despite the presence
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of capybaras increasing biodiversity in cities and reinforcing the biophilia hypothesis,
they pose a risk in the transmission of pathogens, requiring interdisciplinary participa-
tion and integrated actions to improve disease control. Researchers have already proven
that BSF-endemic areas have much higher tick loads both in capybaras and in the envi-
ronment, when compared with areas where the disease is not frequent [7]. And, to make
the scenario even more complex, mathematical models have shown that the introduction
of a single capybara infected with R. rickettsii parasitized by at least one infected tick is
enough to establish an infection by R. rickettsii in the entire population of A. sculptum
hosted by up to 50 capybaras [37]. In maintaining the infection, it is noteworthy that

a capybara, during the primary infection, can remain in bacteremia for about 14 days,
infecting other ticks that feed on its blood during this period [35].

The tick A. sculptum infected by R. rickettsii remains infected even after ecdysis
(changes of stages), being able to transmit the bacteria in the following stages [35].
Thus, even with its preferred hosts in endemic areas, A. sculptum can accidentally
parasitize humans in all its active stages [51], completing the zoonotic cycle.

Transmission to humans depends on the duration of contact between the tick and
the person, requiring at least 4-6 hours for transmission to occur [5]. However, as
very small tick stages can transmit rickettsiae, it is very common for people to remain
infested long enough with the ticks without realizing it. Symptoms appear between
2 and 14 days after infection [83] and are mostly nonspecific. Early treatment is
essential and mortality is associated with the difficulty in establishing the diagnosis,
the delay in starting the specific therapy, and the little knowledge of the medical
profession about the disease [84].

Tetracyclines and chloramphenicol are the only drugs with proven efficacy to
treat BSF. In adults, treatment requires high dosage and needs to be continued for a
few days after the fever subsides. Thus, in Brazil, despite the high prevalence and the
fact that many areas are considered endemic for BSF, the lack of knowledge about the
disease often leads to a delay in diagnosis, complicating the prognosis [85]. Therefore,
it is important to take advantage of every opportunity to disseminate and expand
knowledge about this disease.

Finally, it is worth noting that capybaras and ticks are only parts of the BSF cycle,
requiring a deeper understanding of the different aspects of ecological relationships
and monitoring of environmental conditions to reduce infections in humans [86]. We
consider that cities are moldable and serve as a habitat for people and animals, and
it is essential to analyze the extent to which urban ecology has been concerned with
offering opportunities for new and different forms of interaction in human-animal
relationships. According to the French anthropologist Philippe Descola [87], it is
becoming increasingly clear that the established concepts—since the Renaissance—
about city and countryside; culture and nature or humans and animals are not
sustainable and need to be revisited in contemporary times.

6. Final considerations

In terms of future perspectives, given the persistence of the urbanization pattern,
it seems clear that the BSF will not disappear easily from Brazil. In view of the above,
there is a need for constant and rigorous epidemiological surveillance in urban areas
where capybara is present. However, in the management of the conflicts mentioned
above, disinformation must be fought [60] and short-term solutions are not ineffi-
cient. Public policies must adapt to manage the issue of BSF, in its urban occurrences,
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taking into account the many dimensions of the relationships between humans, other
animal species, and the environment.

In order to reduce the risk of transmission and minimize the impact of BSF,
surveillance and response systems should be instituted at national and regional levels,
supporting public and animal health services with strategies to protect the health of
ecosystems.

In addition, the greater lethality of BSF is also evidenced by its neglected status
in Brazil, such as the lack of information in the health and surveillance sectors and
the unavailability, in many regions of the country, of first-choice medication for the
treatment of severe clinical cases of the disease.

We understand that the issue of the BSF and all aspects that involve its control
must be rethought, correcting interventions not directed to health, with the develop-
ment of feasible and accessible analysis methodologies within an integrative, multi-
disciplinary, and multisectoral vision with all that, directly or indirectly, have to do
with this problem, in an articulation of planning, governance, and public health, in
the search for health cities.

Finally, we emphasize the need to change the current emphasis on the short-term
response to the disease and to encourage the construction of more sustainable systems
capable of responding effectively to future events that involve the various nuances of
the BSF that arise from the environment-animal-human interface.

Author details

Simone Magela Moreira, Ariane Flavia do Nascimento®

and Bruna Macena Pereira de Souza

Federal Institute of Minas Gerais, Bambui, Minas Gerais, Brazil

*Address all correspondence to: ariane.nascimento@ifmg.edu.br

IntechOpen

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

201



Arthropods — New Advances and Perspectives

References

[1] Piza JT, Meyer JR, Gomes LS. Typho
Exanthematico de Sdo Paulo. Sdo Paulo:
Sociedade Impressora Paulista; 1932

[2] Souza MO. Multiscale analysis
for a vector-borne epidemic model.
Journal of Mathematical Biology.
2014;68(5):1269-1293. DOI: 10.1007/
s00285-013-0666-6

[3] Bovo AA, KMPMB F, Verdade LM,
Moreira JR. Capybaras (Hydrochoerus
hydrochaeris) in Anthropogenic
Environments: Challenges and
Conflict2016. pp. 118-189. DOI: 10.1515/
9783110480849-013

[4] Labruna MB. Brazilian spotted fever:
The role of capybaras. In: Moreira JR,
Ferraz KMPMB, Herrera EA, etal.,
edicdo. Capybara: Biology, Use and
Conservation of an Exceptional
Neotropical Species. 2013. pp. 371-383.
DOI: 10.1590/1089-6891v18e-44671

[5] Darby AC, Cho NH, Fuxelius HH,
Westberg J, Andersson SGE. Intracellular
pathogens go extreme: Genome evolution
in the Rickettsiales. Trends in Genetics.
2007;27(10):511-520. DOI: 10.1016/j.
tig.2007.08.002

[6] Medeiros AP, Souza AP, de Moura AB,
Lavina MS, Bellato V, Sartor AA, et

al. Spotted fever group Rickettsia
infecting ticks (Acari: Ixodidae) in

the state of Santa Catarina, Brazil.
Memdrias do Instituto Oswaldo Cruz.
2011;106(8):926-930. DOI: 10.1590/
S0074-02762011000800005

[71 Luz HR, Costa FB, Benatti HR,
Ramos VN, Serpa MCA, Martins TF, et
al. Epidemiology of capybara-associated
Brazilian spotted fever. PLoS Neglected
Tropical Diseases. 2019;13(9):e0007734.
DOI: 10.1371/journal.pntd.0007734

202

[8] Harrus S, Baneth G. Drivers for the
emergence and re-emergence of vector-
borne protozoal and bacterial diseases.
International Journal for Parasitology.
2005;35(11-12):1309-1318.

DOI: 10.1016/j.ijpara.2005.06.005

[9] World Organisation for Animal
Health (OIE) Contributing to One
World, One Health. A Strategic
Framework for Reducing Risks of
Infectious Diseases at the Animal-
Human-Ecosystems Interface. Paris,
France: World Organization for Animal
Health (OIE); 2008 https://www.fao.
org/3/aj137e/aj137e00.pdf

[10] Wildlife Conservation Society.

One World, One Health: Building
Interdisciplinary Bridges to Health

in a Globalized World Conference.

29th September 2004, The Rockefeller
University, New York, NY. 2004. http://
www.oneworldonehealth.org/sept2004/
owoh_sept04.html

[11] United Nations, Department of
Economic and Social Affairs, Population
Division. World Urbanization Prospects:
The 2014 Revision, Highlights (ST/ESA/
SER.A/352)

[12] Myers SS et al. Human health impacts
of ecosystem alteration. Proceedings

of the National Academy of Sciences

of the United States of America.
2013;110:18753-18760

[13] Plowright RK et al. Pathways to
zoonotic spillover. Nature Reviews
Microbiology. 2017;15:502-510.
DOI: 10.1038/nrmicro.2017.45

[14] Shah HA, Huxley P, Elmes J,
Murray KA. Agricultural land-uses
consistently exacerbate infectious
disease risks in Southeast Asia. Nature



Capybara Ticks and the Urban Context of Spotted Fever in Brazil: An Overview

DOI: http://dx.doi.org/10.5772/intechopen.106639

Communications. 2019;10:4299.
DOI: 10.1038/s41467-019-12333-z

[15] Gibb R, Redding DW, Chin KQ,
etal. Zoonotic host diversity increases in
human-dominated ecosystems. Nature.
2020;584:398-402

[16] Morizot B. Philosophie der Wildnis
oder die Kunst vom Weg abzukommen.
Reclam Philipp Jun. Ditzingen2020. p. 191

[17] Volker A, Claus-Peter H. Das
Verstummen der Natur. Das unheimliche
Verschwinden der Insekten, Vogel und
Pflanzen — und wie wir es noch aufhalten
koénnen. Bonn. 2019. p. 336.

[18] Gottdenker NL, Streicker DG,
Faust CL, Carroll CR. Anthropogenic
land use change and infectious diseases:
A review of the evidence. EcoHealth.
2014;11:619-632

[19] Civitello DJ et al. Biodiversity inhibits
parasites: Broad evidence for the dilution
effect. Proceedings of the National
Academy of Sciences of the United States
of America. 2015;112:8667-8671

[20] LoGiudice K, Ostfeld RS,

Schmidt KA, Keesing F. The ecology
of infectious disease: Effects of host
diversity and community composition
on Lyme disease risk. Proceedings

of the National Academy of Sciences
of the United States of America.
2003;100:567-571

[21] Kilpatrick AM. Globalization, land
use, and the invasion of West Nile virus.
Science. 2011;334:323-327

[22] Kamiya T, O’Dwyer K,

Nakagawa S, Poulin R. What determines
species richness of parasitic organisms?
A meta-analysis across animal, plant
and fungal hosts. Biological reviews of
the Cambridge Philosophical Society.
2014;89:123-134

203

[23] Pulliam JRC et al. Agricultural
intensification, priming for persistence
and the emergence of Nipah virus: A
lethal bat-borne zoonosis. Journal of The
Royal Society Interface. 2012;9:89-101

[24] Lee KA, Wikelski M, Robinson WD,
Robinson TR, Klasing KC. Constitutive
immune defences correlate with life-
history variables in tropical birds. Journal

of Animal Ecology. 2008;77:356-363

[25] Purvis A, Gittleman JL,
Cowlishaw G, Mace GM. Predicting
extinction risk in declining species.
Proceedings of the Biological Society.
2000;267:1947-1952

[26] Joseph MB, MihaljevicJR,

Orlofske SA, Paull SH. Does life history
mediate changing disease risk when
communities disassemble? Ecology
Letters. 2013;16:1405-1412

[27] Burgdorfer W. Consideragoes
ecoldgicas e epidemiolégicas da febre
maculosa das Montanhas Rochosas e do
tifo do matagal. Em: DH Walker edicdo.
Biologia de doengas rickettsiais. Vol. 1.
1988. pp. 33-50

[28] Parola P, Paddock CD, Socolovschi C,
Labruna MB, Mediannikov O, Kernif T,
et al. Update on tick-borne rickettsioses
around the world: A geographic
approach. Clinical Microbiology
Reviews. 2013:657-702. DOI: 10.1128/
CMR.00032-13

[29] Weck B, Dall’Agnol B, Souza U,
Webster A, Stenzel B, Klafke G, et al.
Spotted fever group Rickettsia in the
Pampa biome, Brazil, 2015-2016.
Emerging Infectious Diseases.
2016;22:2014-2016. DOI: 10.3201/
€1d2211.160859

[30] Szab6 MP]J, Pinter A, Labruna MB.
Ecology, biology and distribution of
spotted-fever tick vectors in Brazil.



Arthropods — New Advances and Perspectives

Frontiers in Cellular and Infection
Microbiology. 2013;3:1-9. DOI: 10.3389/
fcimb.2013.00027

[31] Oliveira SV, Guimaries JN,
Reckziegel GC, da BMC N, de KM A-V,
Fonseca LX, et al. An update on the
epidemiological situation of spotted
fever in Brazil. Journal of Venomous
Animals and Toxins including Tropical
Diseases. 2016;7:65-72. DOI: 10.1186/
s40409-016-0077-4

[32] Moraes-Filho J. Brazilian spotted
fever. Journal of Continuing Education
in Animal Science of CRMV-SP.
2017;15(1):38-45

[33] Eremeeva ME, Dasch GA. Challenges
posed by tick-borne rickettsiae:
Eco-epidemiology and public health
implications. Frontiers in Public

Health. 2015;3:55. DOI: 10.3389/
fpubh.2015.00055

[34] Szab6 MPJ, Nieri-Bastos FA,
Spolidorio MG, Martins TF,

Barbieri AM, Labruna M. In vitro
isolation from Amblyomma ovale (Acari:
Ixodidae) and ecological aspects of

the Atlantic Rainforest Rickettsia, the
causative agent of a novel spotted fever
rickettsiosis in Brazil. Parasitology.
2013;140:719-728. DOI: 10.1017/
$0031182012002065

[35] Gerardi M, Ramirez-Herndndez A,
Binder LC, Krawczak FS, Gregori F,
Labruna MB. Comparative susceptibility
of different populations of Amblyomma
sculptum to Rickettsia rickettsii.
Frontiers in Physiology. 2019;10:653.
DOI: 10.3389/fphys.2019.00653

[36] Sangioni LA, Horta MC,

Vianna MCB, Gennari SM, Soares RM,
Galvio MAM, et al. Ricketsial infection
in animals and brazilian spotted fever
endemicity. Emerging Infectious
Diseases. 2005;11:265-269

204

[37] Polo G, Mera Acosta C, Labruna MB,
Ferreira F. Transmission dynamics

and control of Rickettsia rickettsii

in populations of Hydrochoerus
hydrochaeris and Amblyomma sculptum.
PLoS Neglected Tropical Diseases.
2017;11:e0005613

[38] Polo G, Mera Acosta C, Labruna MB,
Ferreira F, Brockmann D. Hosts mobility
and spatial spread of Rickettsia

rickettsii. PLoS Computational Biology
2018a;14:€1006636. pmid: 30586381

[39] Costa FB, Gerardi M, Binder LC,
Benatti HR, Serpa MCA, Lopes B,

et al. Rickettsia rickettsii (Rickettsiales:
Rickettsiaceae) infecting Amblyomma
sculptum (Acari: Ixodidae) ticks and
capybaras in a Brazilian spotted fever-
endemic area of Brazil. Journal of
Medical Entomology. 2019;57(1):308-
311. DOI: 10.1093/jme/tjz141

[40] Sousa KCM, Calchi AC,
Herrera HM, Dumler JS, Barros-
Battesti DM, Machado RZ, et al.
Anaplasmataceae agents among
wild mammals and ectoparasites in
Brazil. Epidemiology and Infection.
2017;145(16):3424-3437

[41] Guedes E, Leite RC, Pacheco RC,
Silveira I, Labruna MB. Rickettsia species
infecting Amblyomma ticks from an area
endemic for Brazilian spotted fever in
Brazil. Revista Brasileira de Parasitologia
Veterindria. 2011;20:308-311

[42] Martins TF, Onofrio VC,
Barros-Battesti DM, Labruna MB.
Nymphs of the genus Amblyomma
(Acari: Ixodidae) of Brazil: Descriptions,
redescriptions, and identification

key. Ticks and Tick-Borne Diseases.
2010;1:75-99

[43] Martins TF, Barbieri AR, Costa FB,
Terassini FA, Camargo LM, Peterka CR,
et al. Geographical distribution of



Capybara Ticks and the Urban Context of Spotted Fever in Brazil: An Overview

DOI: http://dx.doi.org/10.5772/intechopen.106639

Amblyomma cajennense (sensu lato)
ticks (Parasitiformes: Ixodidae) in Brazil,
with description of the nymph of A.
cajennense (sensu stricto). Parasites &
Vectors. 2016;9:1-14

[44] Dias E, Martins AV. Spotted fever
in Brazil. A summary. The American
Journal of Tropical Medicine and
Hygiene. 1939;19:103-108

[45] Travassos J, Rodrigues PM,

Carrijo LN. Tifo murino em Sio Paulo.
Identificagdo de Rickettsia mooseri
isolada de um caso humano. Memorias do
Instituto Butantan. 1949;21:77-106

[46] Gongalves AJR, Lopes PFA,
Melo JCP, et al. Rickettsioses: A propésito
de quatro casos diagnosticados no Rio

de Janeiro de febre maculosa brasileira.
Folha Médica. 1981;82:127-134

[47] Sexton DJ, Muniz M, Corey GR, etal.
Brazilian spotted fever in Espirito Santo,
Brazil: Description of a focus of infection
in a new endemic region. The American
Journal of Tropical Medicine and
Hygiene. 1993;49:222-226. DOI: 10.4269/
ajtmh.1993.49.222

[48] Queirogas EF et al. Dimensdes
publicas do espago contemporaneo
[tese]. Universidade de Sio Paulo; 2012

[49] Verdade LM, Gheler-Costa C,
Penteado M, et al. The impacts of
sugarcane expansion on wildlife in
the state of S3o Paulo, Brazil. Journal
of Sustainable Bioenergy Systems.
2012;2:138-144. DOI: 10.4236/
jsbs.2012.24020

[50] Passos Nunes FB et al. The dynamics
of ticks and capybaras in a residential
park area in southeastern Brazil:
Implications for the risk of Rickettsia
rickettsii infection. Vector-Borne and
Zoonotic Diseases. 2019;19(10):711-716.
DOI: 10.1089/vbz.2019.2479

205

[51] Souza CE, Moraes-Filho J,
Ogrzewalska M, Uchoa FC, Horta MC,
Souza SS. Experimental infection of
capybaras Hydrochoerus hydrochaeris

by Rickettsia rickettsii and evaluation

of the transmission of the infection to
ticks Amblyomma cajennense. Veterinary
Parasitology, Leiden. 2009. DOI:
10.1016/jvetpar.2008.12.010

[52] Galvio MAM. Febre maculosa

em Minas Gerais: Um estudo sobre a
distribui¢do da doenca no Estado e seu
comportamento em drea foco peri-

urbano. [tesis doctoral]. Belo Horizonte:
Faculdade de Medicina — UFMG; 1996.

[53] Lemos ERS et al. Primary isolation
of spotted fever in the group rickettsiae
from Amblyomma cooperi collected
from Hydrochaeris hydrochaeris in
Brazil. Memorias do Instituto Oswaldo
Cruz. 1996;91:273-275

[54] HHB M, Colombo S, Silva MV.
Spotted fever: Isolation of Rickettsia
from a skin biopsy sample. Revista do
Instituto de Medicina Tropical de Sdo
Paulo. 1992;34:37-41. DOI: 10.1590/
S0036-46651992000100007

[55] de Oliveira SV, Guimaries JN,
Reckziegel GC, et al. An update on the
epidemiological situation of spotted
fever in Brazil. Journal of Venomous
Animals and Toxins including Tropical
Diseases. 2016;22:22. DOI: 10.1186/
s40409-016-0077-4

[56] Oliveira SV et al. Um caso fatal de
febre maculosa brasileira em area nio
endémica no Brasil: A importdncia de
ter profissionais de saide que entendam
a doenga e suas areas de transmisséo.
Revista da Sociedade Brasileira de
Medicina Tropical. 2016;49(05):653-655.
DOI: 10.1590/0037-8682-0088-2016

[57] Centers for Disease Control and
Prevention (CDC). Rocky Mountain



Arthropods — New Advances and Perspectives

Spotted Fever (RMSF). 2022. Available
from: https://www.cdc.gov/rmsf/stats/
index.html

[58] European Center for Disease
Prevention and Control (ECDC).
Epidemiological situation of rickettsioses
in EU/EFTA countries. Technical Report,
2013

[59] Favacho ARM, Rozental T,

Calic SB, Scofield MAM, Lemos ERS.
Fatal Brazilian spotless fever caused
by Rickettsia rickettsii in a dark-
skinned patient. Revista da Sociedade
Brasileira de Medicina Tropical.
2011;44(3):395-396. DOI: 10.1590/
S0037-86822011000300028

[60] Walker DH, Raoult D. Rickettsia
rickettsii and other spotted fever group
rickettsiae (Rocky Mountain spotted
fever and other spotted fever). In:
Mandell, Douglas, Bennett, editors.
Principles and Practices of Infectious
Diseases. 62 edi¢do ed. Filadélfia,

PA: Churchill Livingstone; 2005. pp.
2287-2295

[61] Labruna MB, Santos FC,
Ogrzewalska M, Nascimento EM,
Colombo S, Marcili A, et al. Genetic
identification of rickettsial isolates from
fatal cases of Brazilian spotted fever and
comparison with Rickettsia rickettsii
isolates from the American continents.
Journal of Clinical Microbiology.
2014;52:3788-3791. DOI: 10.1128/
JCM.01914-14

[62] Angerami RN, Camara M,

Pacola MR, Rezende RCM, Duarte RMR,
Nascimento EMM, et al. Features of
Brazilian spotted fever in two different
endemic areas in Brazil. Ticks Tick Borne
Diseases. 2012;3(5-6):346-348.

DOI: 10.1016/j.ttbdis.2012.10.010

[63] Silva N, Eremeeva ME, Rozental T,
Ribeiro GS, Paddock CD, Ramos EAG,

206

etal. Eschar-associated spotted fever
rickettsiosis, Bahia, Brazil. Emerging
Infectious Diseases. 2011;17(2):275-278.
DOI: 10.3201/eid1702.100859

[64] Chapman AS, Bakken JS, Folk SM,
Paddock CD, Bloch KC, Krusell A,

et al. Diagnosis and management of
tickborne rickettsial diseases: Rocky
Mountain spotted fever, ehrlichioses, and
anaplasmosis—United States: A practical
guide for physicians and other health-
care and public health professionals.
MMWR - Recommendations and
Reports. 2006;55:1-27

[65] Oliveira SV, Willemann MCA,
Gazeta GS, Angerami RN, Gurgel-
Gongalves R. Predictive factors for

fatal tick-borne spotted fever in Brazil.
Zoonoses Public Health. 2017;64:44-50.
DOI: 10.1111/zph.12345

[66] Brasil. Ministério da Satide. Portaria
N° 16, de 15 de maio de. Torna ptblica

a decisdo de incorporar a doxicilina
injetavel e o cloranfenicol suspensdo para
terapéutica da febre maculosa brasileira
e outras riquetsioses no Sistema Unico de
Satude - SUS. 2014. [Available in]: http://
conitec.gov.br/images/incorporados/
doxiciclina-e-clorafenicol-final.pdf

[67] Rocha JL, Brito JC, Nielsen R,
Godinho R. Convergent evolution of
increased urine-concentrating ability
in desert mammals. Trends in Ecology
and Evolution. 2021;36(7):637-650.
DOI:10.1111/mam.12244

[68] Houaiss A, Villar MS,

Franco FMM. Dicionario Houaiss da
Lingua Portuguesa. Rio de Janeiro: Ed.
Objetiva; 2004

[69] Moreira JR, Wiederhecker H,

Ferraz KMPMB, Aldana-Dominguez J,
Verdade LM, Macdonald DW.

Capybara demographic traits. In:
Moreira JR, Ferraz KMPMB, Herrera EA,



Capybara Ticks and the Urban Context of Spotted Fever in Brazil: An Overview

DOI: http://dx.doi.org/10.5772/intechopen.106639

Macdonald DW, editors. Capybara:
Biology, Use and Conservation of an
Exceptional Neotropical Species. New
York: Springer; 2012. pp. 147-167

[70] Ferraz KMPMB, Ferraz SFB,
Moreira JR, Couto HT, Verdade LM.
Capybara (Hydrochoerus hydrochaeris)
distribution in agroecosystems: A

cross-scale habitat analysis. Journal of
Biogeography. 2007;34:223-230

[71] Verdade LM, Ferraz KMPMB.
Capybaras (Hydrochoerus hydrochaeris)
in an anthropogenic habitat in
Southeastern Brazil. Brazilian Journal

of Biology. 2006;66(1b):371-378. DOL:
10.1590/51519-69842006000200019

[72] Labruna MB. Brazilian spotted
fever: The role of capybaras. In:
Moreira JR, KMPMB F, Herrera EA,
Macdonald DW, editors. Capybara:
Biology, Use and Conservation of
an Exceptional Neotropical Species.
12 ed. 2012. pp. 371-383. DOL:
10.1007/978-1-4614-4000-0_23

[73] Bratman GN, Hamilton JP, Hahn KS,
Daily GC, GrossJ]. Nature experience
reduces rumination and subgenual
prefrontal cortex activation. Proceedings
of the National Academy of Sciences of the
United States of America. 2015;112:8567-
8572. DOI: 10.1073/pnas.1510459112

[74] Diaz S, et al. Linking functional
diversity and social actor strategies

in a framework for interdisciplinary
analysis of nature’s benefits to society.
Proceedings of the National Academy of
Sciences of the United States of America.
2011;108:895-902. DOI: 10.1073/

pnas. 1017993108

[75] Taylor AF, Frances EK, William CS.
Views of nature and self-discipline:
Evidence from inner city children.

Journal of Environmental Psychology.
2002;22(1-2):49-63

207

[76] Wilson EO. Biophilia and

the conservation ethic. In:

Kellert SR, Wilson EO, editors. The
Biophilia Hypothesis. Washington DC:
Island Press; 1993. pp. 31-41

[771 Zhang R, Zhang CQ, Rhodes RE. The
pathways linking objectively-measured
greenspace exposure and mental health:
A systematic review of observational
studies. Environmental Research.
2021;198:111-233. DOI: 10.1016/j.
envres.2021.111233

[78] Liao J, Zhang B, Xia W,

Cao Z, ZhangY, Liang S, et al. Residential
exposure to green space and early
childhood neurodevelopment.
Environment International. 2019;128:70-
76. DOI: 10.1016/j.envint.2019.03.070

[79] Andrusaityte S, Grazuleviciene R,
Dedele A, Balseviciene B. The effect

of residential greenness and city park
visiting habits on preschool children’s
mental and general health in Lithuania:
A cross-sectional study. International
Journal of Hygiene and Environmental
Health. 2020;223(1):142-150.

DOI: 10.1016/j.ijheh.2019.09.009

[80] Cherrie MPC, Shortt NK,

Mitchell R], Taylor AM, Redmond P,
Thompson CW, et al. Pearce Green space
and cognitive ageing: A retrospective
life course analysis in the Lothian Birth
Cohort 1936. Social Science & Medicine.
2018;196:56-65

[81] Terry H et al. Nature and health.
Annual Review of Public Health.
2014;35:207-228

[82] Medeiros B. Criangas vdo ao Zoo

do DF e voltam para casa infestadas de
carrapatos. Metrépoles, 2018. Available
from: https://www.metropoles.com/
distrito-federal/criancas-vao-ao-zoo-do-
df-e-voltam-para-casa-infestadas-de-
carrapatos



Arthropods — New Advances and Perspectives

[83] Angerami RN, Silva MV, Santos FCP,
et al. Febre Maculosa Brasileira: Aspectos
clinicos, epidemioldgicos, diagndsticos

e terapéuticos. In: Meira AM, Monti JA,
Ferraz KMPMB, et al. editors. Febre
Maculosa: Dindmica da Doenga,
Hospedeiros e Vetores. 2013. pp. 32-51.
ISBN: 97885-86481-28-4.

[84] Spolidorio MG, Labruna MB,
Mantovani E, Brand3o PE,
Richtzenhain L], Yoshinari NH. Novel
spotted fever group rickettsiosis,

Brazil. Emerging Infectious Diseases.
2010;16(3):521-523

[85] Fiol FSD, Junqueira FM,
Rocha MCP, Toledo MI, Barberato
Filho S. A febre maculosa no Brasil.

Revista Panamericana de Salud Publica.
2010;27:461-466

[86] Ribeiro KT, Rocha GFS, Saraiva DG,
Silva AP, Vilela DAR, Lima PCS, et

al. Das capivaras e carrapatos a uma
proposta de comunicagdo e manejo no
Parque Nacional da Serra do Cip6 para

redugdo de riscos a satide. Oecol Aust.
2010;14(3):668-685

[87] Philippe D. Jenseits von Natur und

Kultur. Berlin; 2013. p. 638.
DOI: 10.15463/rec.1189729441

208



Section 4

Structure and Function
of Vision

209






Chapter11

Ommochromes of the Compound
Eye of Arthropods from the
Insects and Crustaceans Classes:
Physicochemical Properties

and Antioxidant Activity

Alexander E. Dontsov and Mikhail A. Ostrovsky

Abstract

The chapter is devoted to the study of the physicochemical properties of
the ommochromes of the compound eye of arthropods. Ommochromes are the
characteristic pigments of invertebrates. They are believed to function in the eyes
as screening and protective pigments that protect photoreceptor cells from the
damaging effects of light. Ommochromes were isolated, purified, and obtained
in preparative quantities from crustaceans (Crustacea; order Decapoda) and
insects (Insecta; families Stratiomyidae, Sphingidae, Blaberidae, Acrididae, and
Tenebrionidae). The physicochemical properties of the isolated ommochromes
were studied by absorption and fluorescence spectroscopy, electron spin resonance
(ESR) and Mossbauer spectroscopy, and high-performance liquid chromatography.
The antioxidant activity of ommochromes was studied by methods of inhibiting
lipid peroxidation induced by reactive oxygen species and variable valence metal
ions and by quenching luminol chemiluminescence. The data obtained are impor-
tant both for understanding the biological functions of arthropod eye ommo-
chromes and for the development of new pharmacological preparations based on
ommochromes for the prevention and treatment of pathologies associated with the
development of oxidative stress.

Keywords: crustacea, insects, eye, ommochromes, screening pigments,
antioxidant activity

1. Introduction

Numerous species of animals that arose during the “Cambrian Explosion”
(540-490 million years ago) had great diversity in the structure of the organs of
vision. However, all this diversity can be divided into two main types: the first is
the compound eye of most invertebrates (the most typical example is the eyes of
arthropods), and the second is the chambered eye of vertebrates. The compound eye
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of arthropods consists of many small ocelli (ommatidia), each with its own photore-
ceptor cells (thabdoms). The eyes contain both light-sensitive visual pigments and
screening pigments. The main function of the screening pigments in the eye is light-
filtering and light-absorbing. By absorbing and transmitting light in certain areas of
the spectrum, preventing its reflection and scattering, screening pigments play an
important role in shaping the spectral sensitivity of the eye; due to the absorption of
scattered light, they determine the resolution of the eye (contrast and sharpness of
the image); a number of other properties of visual perception also depend on them.

The main screening pigments of the compound eye of arthropods are organelles
containing ommochromes [1]. Ommochromes are some of the main pigments of the
compound eye of arthropods that protect photoreceptor cells from the damaging effects
of ultraviolet light, visible light, and reactive oxygen species, both by optical shielding
and by chemical neutralization of free radical products. An interesting fact of evolution:
although almost all invertebrate species can synthesize and accumulate melanins, their
visual organs contain mainly ommochromes, not melanins, as screening pigments.

The ommochromes were apparently first discovered by A. Johansen in 1924 in
the primary and secondary pigment cells of the ommatidium of the compound eye
of Drosophila, which contained two different types of pigment granules—purple-
red and ocher [2]. The term “ommochromes” itself first appeared in the works
of the German researcher E. Becker [3-5]. Becker proposed the general name
“Ommochromes” for the pigments contained in the eyes of Drosophila and Calliphora
flies, subdividing them into two large groups, “Ommatins” and “Ommines” [6].
Then, in the 1950s and 1960s, the molecular structure and the main physicochemical
characteristics of ommochromes from a wide variety of classes and species of inver-
tebrates were studied in detail. These numerous works were carried out by German
chemists Butenandt and co-authors [1, 7, 8]. The antioxidant activity of arthropod eye
ommochromes (shrimp: Pandalus latirostris, dragonfly: Calopteryx splendens, and but-
terfly: Pieris brassicae) was discovered in the 1980s [9, 10]. In 1985, it was shown also
that arthropod eye ommochromes, like melanins, have a stable ESR signal with a high
concentration of paramagnetic centers, which increases when exposed to ultraviolet
and visible light [11].

2. Ommochromes of the compound eye of crustaceans—chemical nature,
pathways of biosynthesis, and main physiochemical characteristics

2.1 Chemical structure and biosynthesis of ommochromes

In the eyes of invertebrates, ommochromes are localized in both pigment and
receptor retinular cells. In addition to the eye, ommochromes have also been found in
the cuticle, in excrement, and even in cells in the nervous system of insects [12]. In the
cell, ommochromes are associated with specific proteins and are located in special-
ized organelles, ommochrome-containing granules [13]. Since the term “granules”
does not imply the presence of an outer membrane, and ommochrome-containing
organelles are surrounded by a membrane, it was proposed to call granules con-
taining ommochromes ommochromasomes [14, 15]. The chemical precursors of
ommochromes, especially 3-hydroxykynurenine, are thought to be transported into
ommochromasomes by ATP-dependent transmembrane transporters of the ABC
family [16]. Thus, in Drosophila, ommochrome precursors are transported by het-
erodimers of the White/Scarlet ABC transporter and its involvement in the transport
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of ommochrome precursors is believed to be evolutionarily ancient and widespread,
particularly in insects.

Organelles containing ommochromes are inherent in almost all cells of the omma-
tidium. In the eyes of arthropods, these organelles are localized both in primary and
secondary pigment cells and in receptor retinular cells. In shape, these are spherical
formations 0.2-2 pm long surrounded by a single-layer membrane [13, 17-19], and in
pigment cells, the diameter of ommochromasomes, as a rule, is much larger than in
photoreceptor ones [20]. Ommochromasomes usually contain electron-dense osmio-
philic material. This material likely contains complexes of ommochrome precursors
and ommochromes themselves with ommochrome-binding proteins [15].

The ommochromes are generally divided into two main types—the yellow-red
ommatins and the less-studied purple ommins. All ommochromes contain a phenoxa-
zine/phenoxazone ring structure in their composition. The difference between
ommatins and ommins is due to the fact that ommins presumably contain an addi-
tional phenothiazine ring (Figure1).

The third type of ommochromes, ommidins, is much less common in arthropods
and was found mainly in Orthoptera (Orthoptera) [21, 22]. According to their chemi-
cal structure, ommidins contain sulfur and, presumably, by analogy with pheomela-
nins, they are products of co-oxidation of two amino acids, in this case, tryptophan
and cysteine.

Since ommochromes easily enter into various redox reactions, decarboxylation
and esterification reactions, there is a large biological diversity of ommochromes in
nature [15, 23]. Of the ommatins, the most common are xanthommatins, which have
a characteristic phenoxazine group in their structure (Figure 2) [18, 24, 25]. They are
especially common in the eyes of insects.

In addition to xanthommatin, other ommatins, derivatives of xanthommatin,
occur in the eyes of arthropods. The most common are rhodommatin, which is a
p-glycoside of dihydroxanthommatin, and ommatin D, rhodommatin sulfate. Of
the ommins, ommin A is the most common. The eyes of crustaceans and most insect
species contain ommins that have maximum absorption in the visible region of the
spectrum around 520 nm. The ommochromes are synthesized from tryptophan via a

H I]l
|
O (8] (o] S
Phenoxazine Phenoxazone Phenothiazine
Figure 1.

Basic ring structures of ommochromes.

HOOC. _-NH; HOOC-._ _-NH; HOOC . _NH,

. N, A _NH, A N l _NH

Ao SN N NP N
Uncyclized xanthommatin Xanthommatin

Figure 2.
Structure of xanthommatin and it uncyclized form.
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2 \_/ H,0
Tryptophan N-Formylkynurenine Kynurenine
HOOC . .NH
3 o 4

Kynurenine NH; =3 Xanthommatin

OH

FADH2 O3 H;0 FAD

Figure 3.

Scheme of the main pathways for the biosynthesis of ommochromes. Engymes involved in the biosynthesis of
ommochromes: (1) tryptophan 2,3-dioxygenase, (2) kynurenine formamidase, (3) kynurenine 3-monooxygenase,
(4) phenoxazone synthase.

kynurenine intermediate [15, 18]. Figure 3 shows a diagram of the main pathways for
the biosynthesis of ommochromes.

At the first stage of synthesis, tryptophan is oxidized to formylkynurenine. This
process is catalyzed by an enzyme, tryptophan 2,3-dioxygenase (TDO) (tryptophan
pyrrolase; EC 1.13.11.11). This enzyme, which was first identified in Drosophila
(“vermilium” gene required for the synthesis of brown eye pigment), is a tetrameric
complex containing a heme required for the oxidation of tryptophan [26, 27]. At the
second stage of synthesis, kynurenine is formed. This process can be either spon-
taneous or catalyzed by the enzyme kynurenine formamidase (KFase; EC 3.5.1.9)
[28]. Since N-formylkynurenine is known to be unstable and is rapidly converted
to kynurenine in vitro, the KFase enzyme may not be required for this process. The
third step in biosynthesis is the hydroxylation of kynurenine to 3-hydroxykynurenine
by the enzyme kynurenine-3-monooxygenase (KMO; EC 1.14.13.9). KMO synthesis
is encoded by the cinnabar gene in Drosophila melanogaster. KMO contains FAD
as a cofactor. FAD is reduced to its active form FADH2 by NADPH. Then FADH2
oxidizes kynurenine in the presence of oxygen, which leads to the formation of
3-hydroxykynurenine [29]. In the last step, xanthommatin is formed by the con-
densation of two molecules of 3-hydroxykynurenine. It is still unclear whether the
enzyme phenoxazone synthase (PHS; EC 1.10.3.4) is involved in this process. Thus,
several works [30-33] have shown that ommochrome-containing organelles can
accelerate the formation of xanthommatin in both enzymatic and non-enzymatic
ways. It is assumed that the precursor of xanthommatin may be a labile uncyclized
xanthommatin (Figure 2), which is initially formed by the condensation of two
molecules of 3-hydroxykynurenine. This uncyclized xanthommatin, which has been
extracted from crustaceans and insects, can spontaneously form xanthommatin at
room temperature [34-37].

The processes leading to the biosynthesis of reduced xanthommatin, as well as the
reactions of formation of ommatin D, rhodommatin, as well as the biosynthesis of
ommins, have not yet been sufficiently studied.
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2.2 Physical and chemical properties of ommochromes
2.2.1 Redox properties

Ommochromes are colored substances responsible for coloration of many inver-
tebrates. Xanthommatin and its derivatives, such as ommatin D and decarboxylated
xanthommatin, are known to determine color and its changes in arthropods [38-40].
Changes in the coloration of ommochromes are usually associated with redox transi-
tions in the pigment molecule. In this case, the reduction leads to a shift of the absorp-
tion maximum to the longer wavelength region of the spectrum (bathochromic shift).
For example, during puberty in some species of dragonflies, the body color changes
from yellow to red, which is associated with the appearance of a larger amount of
reduced ommochromes [41].

The chemical properties of ommochromes contribute to their participation in
electron transport, in reactions with oxidizing agents, reducing agents and free
radicals. It is well known [6, 42, 43] that arthropod ommochromes are easily oxidized
by hydrogen peroxide or potassium superoxide. In this case, a significant shift of
the absorption maximum to the shorter wavelength region (hypochromic shift) is
observed. The reaction with hydrogen peroxide proceeds in at least two stages. First,
the transition of ommochromes to the oxidized form occurs, which is probably fol-
lowed by a gradual destruction of the pigment during prolonged incubation with an
oxidizing agent, which manifests itself in a further decrease in the absorption of the
pigment in the visible range [43].

Ommochromes can also act as a reducing agent in redox reactions. For example, we
have previously shown that shrimp eye ommochromes easily oxidize ferrous ions to
ferric ions [44]. In this work, *’Fe sulfate salt was used and the Mdssbauer spectra of the
formed iron complexes with ommochromes were studied. The obtained gamma reso-
nance spectra were characteristic of high-spin Fe** complexes, which indicated complex
formation and simultaneous oxidation of Fe** ions by the ommochromes. The absence
of relaxation spectra for Fe** — ommochrome complexes indicated their cluster nature.
The Fe** ions bound in a complex with ommochromes were located close enough to each
other, which ensured an effective spin-spin interaction, which led to a rapid relaxation
of the electron spin and “collapse” of the magnetic hyperfine structure [44].

The coordination of iron ions apparently occurs with the carboxyl, amino and
imino groups of the ommochrome molecules. This can be represented within the struc-
ture of xanthommatin by the formation of a six-membered metallocycle with a system
of conjugated bonds due to the coordination of Fe** with the imine nitrogen atom (1)
and oxygen atom (2) of the neighboring ring according to the scheme (Figure 4):

HOOC NH,

o

Figure 4.
Hypothetical structure of ivon-xanthommatin complex.
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This exceptionally efficient binding of Fe** by ommochromes (with subsequent
oxidation to Fe*") into prooxidant inactive complexes may be one of the important
mechanisms of the antioxidant action of shielding pigments in the arthropod eye
(45, 46].

2.2.2 Free-radical properties of ommochromes

Previously, we showed that the ommochromes of the eyes of dragonflies and
shrimps, similarly to melanins, exhibit a stable paramagnetic resonance signal
[11]. These results were confirmed for the eye ommochromes of insects of various
families [43]. All the studied ommochromes had a pronounced singlet electron spin
resonance (ESR) signal with values of g factors close to the g factor of a free electron
(2.0045-2.0048) and a fairly high concentration of unpaired electrons (> 10" spin/g
dry weight). Figure 5A shows the ESR spectra of ommochromes for 4 insect species.

Irradiation of ommochromes with ultraviolet or visible region of the spectrum
at liquid nitrogen temperature leads to a significant increase in the amplitude of the
ESR signal (up to 5-9 times greater than the original dark signal) without changing
the nature of the signal. The signal amplitude reaches saturation after approximately
40-50 min of exposure to light at the temperature of liquid nitrogen. When the light is
turned off and the temperature is 1-3°C, the intensity of the ESR signal returns to its
original level within 30-60 seconds. The ESR signal of ommochromes also turned out
to be sensitive to the action of hydrogen peroxide (Figure 5B, curves 1 and 2). Oxidative
destruction of the ommochromes by hydrogen peroxide led to a sharp drop in the ESR
signal and, ultimately, to a complete loss of paramagnetism, which is probably due to
the destruction of the phenoxazine ring in the structure of ommochrome molecules
[47], which initially exhibits free radical properties. Destruction of ommochromes from
the Drosophila eye with hydrogen peroxide has been shown previously [6].

The high concentration of stable free radical centers makes it possible to consider
ommochromes as scavengers of active free radicals. The value of g factor of ommo-
chromes, which is in the range between 2.004 and 2.005, is typical for phenoxy radicals
[48]. It is known that the intermediates of phenoxazine, which is part of the structure
of the ommochrome molecule, exhibit a stable ESR signal [49, 50] and can, apparently,
cause the ESR signal that we found in ommochromes of insects. Moreover, it is possible
that phenoxazine determines the antiradical activity of ommochromes [47].
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Figure 5.

ESR spectra of ommochromes. (A) ESR spectra of ommochromes of the black soldier fly (1), butterflies tobacco
hawk moth (2), marbled cockroach (3), and desert locust (4). (B) Oxidation of ommochromes with hydrogen
peroxide (curve 2) result in drop of ESR signal; (1) original spectrum.

216



Ommochromes of the Compound Eye of Arthropods from the Insects and Crustaceans Classes...
DOI: http://dx.doi.org/10.5772/intechopen.107058

2.2.3 Antioxidant activity of ommochromes

The ommochromes of all studied arthropod species exhibit high antioxidant
activity by inhibiting the lipid peroxidation reaction induced by various reactive
oxygen species and the action of ultraviolet and visible radiation [15, 43, 45, 51, 52].
Figure 6 demonstrates the inhibitory effect of fly eye ommochromes on the peroxi-
dation of the outer segments of photoreceptors (POS) of the bull eye (Figure 6A)
and shrimp eye ommochromes on the process of peroxidation of POS of the frog eye
(Figure 6B). Fly eye ommochromes at a concentration of 350 pg/mL reduced the
POS peroxidation rate by more than threefold. The antioxidant activity of ommo-
chromes was most pronounced when the process of POS peroxidation was induced
under conditions of hyperoxia. Hyperoxia was induced by intense bubbling of pure
oxygen in the POS suspension (Figure 6B).

It is important to note that in this case, the oxidation conditions were closer to those
in vivo. It can be seen that under hyperoxia there is an increase in the rate of accumula-
tion of TBA-reactive products in the POS suspension by about twofold. The presence
of ommochromes at a low concentration (40 pg/mL) completely suppresses this effect.
The antioxidant activity of ommochromes may be associated with the removal of free
radicals due to the antiradical properties of these molecules [15, 52-54].

The redox balance in the cell is determined by the ratio of free radicals and
antiradical molecules. When the concentration of free radicals is exceeded, oxida-
tive stress occurs. The presence of antiradical molecules capable of neutralizing
free radicals contributes to the control of oxidative stress. Apparently, there are two
mechanisms of interaction of ommochromes with free radicals—electron transfer
and hydrogen atom transfer [54]. It is known that ommochromes easily neutralize
superoxide anion radicals [45, 52, 55, 56]. We have previously shown that shrimp eye
ommochromes enhance the breakdown of superoxide radicals in both aqueous and
anhydrous media (Figure7) [55].

Superoxide anion radicals obtained by electrochemical reduction of oxygen ona
mercury cathode (at a current of 2 mA) in anhydrous medium (a solution of tetra-
butylammonium iodide in dimethylformamide) slowly decompose by reacting with
each other (superoxide concentration was measured by the degree of reduction of
nitro blue tetrazolium or cytochrome c). The addition of shrimp eye ommochromes
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Figure 6.

Inhibitory effect of fly ommochromes (A) and shrimp ommochromes (B) on lipid peroxidation. (A) Inhibition of
POS peroxidation induced by Fe**-ascorbic acid. (B) Inhibition of POS peroxidation induced by hyperoxia.
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Acceleration of the decomposition of superoxide radicals by shrimp eye ommochromes in anhydrous (A) and in
aqueous (B) media.

(170 pg/ml) led to a significant acceleration of the process of decomposition of
superoxide radicals (Figure 7A). Ommochromes also accelerate the destruction of
superoxide radicals in an aqueous medium (Figure 7B). Superoxide radicals were
generated in the oxidation of xanthine to uric acid catalyzed by the enzyme xanthine
oxidase. In the presence of shrimp ommochromes (50 pg/mL) a significant decrease
in the rate of adrenaline oxidation to adrenochrome (480 nm) by superoxide radicals
is observed [55].

The antiradical activity of ommochromes is apparently due to the presence of
phenoxazine and phenothiazine rings in their structure. Phenoxazine-based com-
pounds are known to be good antioxidants [47]. The antiradical properties of ommo-
chromes can be directly linked to the N-H group of the phenoxazine/phenothiazine
ring, which means that only reduced ommochromes can act as powerful antiradical
and antioxidant molecules in cells [47]. It has been shown that phenoxazines and
phenothiazines under in vivo conditions are strong inhibitors of autoxidation and fer-
roptosis (iron-dependent oxidative stress) due to the neutralization of lipid radicals
[57]. Recent studies have shown that phenoxazine-based compounds can be used to
protect against oxidative stress [47, 54, 57].

Thus, arthropod ommochromes have a pronounced antioxidant activity, inhibit-
ing peroxidation processes even at relatively low concentrations. The antioxidant
activity of insect ommochromes was comparable to that of natural melanins [42] and
synthetic antioxidants of the oxypyridine series [58]. On this basis, we can confi-
dently assume that the ommochromes of the arthropod eye at physiological concen-
trations have antioxidant effects.

2.2.4 Light sensitivity of ommochromes

The ommatins are known to be sensitive to irradiation. They readily undergo
methylation, methoxylation, and decarboxylation under the influence of light
in acidified methanol [15, 59-61]. Some studies have reported that during the
incubation of the extracted ommochromes in acidified methanol for several hours
at room temperature, the formation of ommochromes was observed that differed
in spectral characteristics from the original pigment [37]. Under the influence of
light on the ommochromes, the generation of superoxide anions is observed [62].
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Figure 8.
Light-dependent reduction of nitro blue tetrazolium by shrimp eye ommochvomes (A) and the inhibitory effect of
superoxide dismutase (B).

In particular, it was shown that illumination of a system containing a suspension of
shrimp eye ommochromes in the presence of detergent cetyltrimethylammonium
bromide (CTAB) and nitro blue tetrazolium reduces the latter with the formation
of formazan (Figure 8).

Illumination of the systems in control samples containing either only nitroblue
tetrazolium and CTAB, or only ommochromes in the presence of CTAB did not
lead to any spectral changes. The ommochromes reduced nitro blue tetrazolium in
the presence of a detergent and in the dark, but the reaction rate was an order of
magnitude slower than in the case of illumination. Photogeneration of superoxide
radicals was observed when ommochromes were illuminated with both ultraviolet
and visible light. The superoxide photogeneration process was inhibited by superox-
ide dismutase (Figure 8B). The concentration of superoxide dismutase causing 50%
inhibition was 25 pg/ml.

Thus, arthropod eye ommochromes are capable of photogeneration of the super-
oxide radicals. When illuminated, ommochromes are able to reduce oxygen to its
anion-radical form. This process, apparently, is inherent only in the reduced form of
ommochromes, since oxidized ommochromes reduce NBT with much less efficiency
under illumination. The physiological significance of this process is unclear. On the
one hand, it is possible that this process proceeds in vivo at an insignificant rate and
does not pose a risk for cell photodamage. On the other hand, it is known that oxi-
dized phenoxazine derivatives can be reduced by glutathione during irradiation [63].
Superoxide anion radicals are an intermediate product of this reaction. Based on the
structural similarity of ommochromes to phenoxazine derivatives, it can be assumed
that they can also be reduced in light. Moreover, the reduced form of ommochromes
can catalyze this process. Such a mechanism in the tissues of the eyes of invertebrates
would be particularly effective, since oxidized ommochromes formed in the course of
interaction, for example with superoxide, would be constantly renewed in light.

3. The main functions of ommochromes in the eyes of arthropods
It is generally accepted that ommochromes in the cells of the compound eye of

arthropods perform the function of optical shielding of light-sensitive elements of
retinular cells and individual ommatidia from each other, as well as the function
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of regulation of spectral sensitivity of photoreceptors [23]. Recently, more and more
facts have appeared showing that ommochromes, along with carotenoids that quench
singlet oxygen, can protect eye cells from oxidative stress.

3.1 Optical screening function

In light, the pigment organelles of photoreceptors and pigment cells change their
position, tending to group around the rhabdom (Figure 9). During dark adaptation,
ommochromasomes migrate away from the light-sensitive rhabdom, opening it to
light. During light adaptation, they migrate back to the light-sensitive rhabdom,
protecting it from excess light. Such retinomotor activity is one of the mechanisms of
light and dark adaptation of the compound eye of arthropods.

Another striking example of the influence of the retinomotor effect on visual acu-
ity is the highly developed compound eye of insects, such as the superposition eye of
Diptera. The rhabdom in these eyes acts as a light guide or optical fiber. The position
of the screening pigment granules that surround the microvilli of the rhabdomer
containing rhodopsin changes during the daily cycle. During daylight hours, the
granules surround the microvilli in such a way that the light is concentrated on them
and not scattered. Therefore, dipterous day vision is highly acuity. In the dark time of
the day, the granules migrate from the rhabdomers, the light is scattered, and visual
acuity decreases, but the sensitivity of the eye increases.

3.2 Adjustment of the spectral sensitivity of the eye

Screening pigment-containing organelles can regulate the spectral sensitivity of
the arthropod compound eye. One example is the adjustment of the spectral sensitiv-
ity of the fly’s compound eye. Normally, there are two types of screening pigments in
the eyes of flies: red ommochromes and yellowish pterins. First ones absorb light in
the visible range, passing it only in the red region of the spectrum, the second ones
absorb mainly in the ultraviolet region. Therefore, all light passing to the rhabdom
through its own facet, that is, unshielded, is absorbed by the visual pigment rho-
dopsin with Apax ~ 500 nm. The light passing to the rhabdom from the side, through
the neighboring facets, is filtered by ommochromasomes. As a result, only red light
reaches the rhabdom. Thus, the fly’s eye turns out to be endowed with a peculiar
additional red-sensitive (Apax = 620 nm) light detector of a “filter” nature. Combined

Retinular cells

Ommochromasomes

Figure 9.
Ommochromasomes migrate during light (A) and dark adaptation (B).
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with the main green-sensitive (Amax & 500 nm) light detector, this additional “filter”
light detector, based on the same rhodopsin, allows flies to distinguish colors [64-66].

Another example of adjusting the spectral sensitivity of the compound eye is
associated with the study of screening pigments in crustaceans—glacial-relict shrimps
of the Mysis genus. Subspecies of the relict shrimp Mysis relicta in the postglacial period
(about 10,000 years ago) were in different lighting conditions. It was shown that in
the subspecies inhabiting the slightly saline waters of the Baltic Sea at shallow depths,
the maxima of the spectral eye sensitivity curves, as a rule, are shifted by 20-30 nm
to the short-wavelength region of the spectrum compared to subspecies of M. relicta
inhabiting in fresh lake waters [67]. Studies have shown that the lake shrimp M. relicta,
living at great depths in a brown-red light environment, has a long-wave spectral
sensitivity with a maximum of about 600 nm. In contrast, the sea shrimp M. relicta,
inhabiting at a shallow depth of the Baltic Sea, has a shorter wavelength spectral sen-
sitivity with a maximum of about 570 nm. It was shown [68, 69] that both populations
contain two types of rhodopsins in two types of rhabdoms, one with an absorption
maximum at 525-530 nm, and the other with an absorption maximum at 565-570 nm.
However, in the lake population of shrimp, the content of longer-wavelength rho-
dopsin significantly predominates, while in the sea population, on the contrary, the
content of shorter-wavelength rhodopsin significantly predominates [70, 71]. Itis
important to emphasize that both in the sea and lake populations of M. relicta, the
spectral sensitivity of the eye is noticeably shifted to the long-wavelength region of
the spectrum with respect to the absorption spectra of their visual pigments. Using
microspectrophotometry, we studied the absorption spectra of pigment-containing
organelles in the eyes of both populations of M. relicta shrimp [67, 69]. Most pigment
organelles had absorption spectra in the blue region of the spectrum, which is typical
for xanthommatins (maximum at 455 nm). A smaller number of pigment organelles
had absorption spectra characteristic of a mixture of ommochromes—ommatins and
ommins (unpronounced maxima at 440 and 555 nm) (Figure 10A and B).

In addition, in the eyes of sea mysids, but not lake, populations were recorded
in a small number of spectra characteristic of ommins (maximum about 580 nm).
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Figure 10.

Absorption spectra of eye ommochromasomes of Sea (1) and Lake (2) Mysis relicta populations. (A)
Ommochromasomes with xanthommatin-like spectra; (B) Ommochromasomes with ommatin-ommin-like
spectra.
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Calculations of the spectral sensitivity of the eye of M. relicta, formed by the
absorption spectra of visual pigments, taking into account the filtering of light by
ommochrome-containing organelles, made it possible to construct a spectral sensitiv-
ity curve completely identical to the real spectral sensitivity of the eye of M. relicta.
Thus, the spectral features of ommochromes in the eyes of the lake mysid population
led to a shift of the maximum spectral sensitivity of the eye by 30 nm to the long
wavelength region of the spectrum, which is very important for vision at great depths
with low illumination.

3.3 Oxidative stress protection function

It is known that the lake population of relict shrimp M. relicta is much more sensi-
tive to the damaging effects of light compared to the sea population—even moderate
illumination of animals, for example, on the surface of the water in the evening in the
absence of sun, leads to complete loss of vision [72]. It was suggested that one of the
possible reasons for the high sensitivity of the lake shrimp population to light may be
associated with a lower level of protection of eye cells from the action of free radical
products induced by irradiation. This means that the system of antioxidant defense
in the shrimp of the lake population is significantly lower than in the shrimp of the
sea population. Indeed, a study of the comparative activity of antioxidant systems
and their components in the eyes of two M. relicta shrimp populations showed that
the sea shrimp population has a significantly more active antioxidant defense system
compared to the lake population [73]. As can be seen from Figure 11, the homog-
enates obtained from the eyes of the shrimp of the lake population practically did not
inhibit the process of accumulation of hydroperoxides during oxidation of cardiolipin
liposomes, while the homogenates obtained from the eyes of the shrimp of the sea
population were active in this respect.

The time interval required to reach the maximum concentration of hydroperox-
ides in the presence of the homogenate of the eyes of shrimp from the sea population
was almost three times longer than in the control. At the same time, during the initial
period of the reaction (up to 20 min), the content of hydroperoxides in the liposome/
homogenate system of the lake population was more than 4 times higher than that for
the liposome/homogenate system of the sea population. This means that the shrimp
of the sea population have a higher activity of antioxidant defense systems than

60

Lake population

20

ROOH, nmole/mg lipids

0 20 40 60 ) )
Time, min

Figure 11.
Effect of eye homogenates shrimp Mysis velicta on Fe**-ascorbate-induced peroxidation of cardiolipin liposomes.
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Population M. relicta Eyes number Ommochrome content
ng of dry weight per eye ng of dry weight per mg
protein
Lake population 150 143:18 90.5+11.8
Sea population 150 393+29 218.6 + 17.5
Table 1.

The content of ommochromes in the eyes of marine and lake shrimp Mysis velicta populations.

the shrimp of the lake population. The study of the content of the main systems of
antioxidant defense—the activity of antioxidant enzymes (superoxide dismutase and
glutathione peroxidase), as well as the concentration of a-tocopherol in the homog-
enates of both types of eyes, showed no significant difference for the homogenates of
sea and lake shrimp populations [74]. At the same time, analysis of homogenates for
the content of ommochromes showed that the concentration of ommochromes in the
homogenate of the eyes of shrimp in the sea population was almost 2.5 times higher
than in the lake population (Table 1).

Table 1 shows that the concentration of ommochromes in the eyes of sea population
shrimp reaches almost 40 pg per eye. If we assume that the volume of one eye does not
exceed 0.5 pl, then the concentration of ommochromes in them reaches 80 mg of dry
weight per 1 ml. In shrimp of the lake population, the low concentration of ommochromes
may be associated with the loss of pigments in the process of adaptation to a deep-sea
lifestyle in very low light conditions. At the same time, the ommochromes of sea and lake
populations are identical in their spectral and antioxidant characteristics. These data
indicate that the higher antioxidant activity of the eye homogenate of shrimp from the sea
population can indeed be associated with a higher content of ommochromes in them.

Another example of the antioxidant function of ommochromes is related to
the suppression of oxidative stress in triatomine bugs (Hemiptera: Reduvidae).

For example, the action of ultraviolet radiation on red-eyed mutants bugs lacking
ommochromes led to severe oxidative stress and damage to ommatidia, especially in
the case of abundant blood feeding, when a high concentration of heme, a powerful
generator of reactive oxygen species, is formed in the body [51]. While in wild-type
bugs, exposure to ultraviolet caused an increase in the intensity of the synthesis of
ommochromes and protection of eye structures from light and oxidation.

4, Conclusion

Ommochromes, which are found in large numbers in the cells of the compound
eye of arthropods, are necessary for these animals to perform a wide variety of func-
tions. These are optical shielding of individual ommatidia from each other, increasing
the resolution of the eye, expanding the range of color perception, and regulating the
spectral sensitivity of photoreceptors. In addition, ommochromes can protect the eyes
of arthropods from oxidative stress caused both by ultraviolet or intense visible light
irradiation and by excessive generation of reactive oxygen species. But ommochromes
may be necessary not only for arthropods. Recently, there have been works pointing to
the antimicrobial, antifungal, and antiglycation properties of ommochromes [75-77].
Due to their biological activity, ommochromes can be promising pharmacological
preparations for prevention and treatment of pathologies associated with the oxida-
tive stress development.
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