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Triatomine insects are vectors of the protozoan Trypanosoma cruzi, the causative agent of Chagas disease. Although residual pyrethroid spraying has been a successful vector control strategy for many years, a growing number of pyrethroid-resistance foci is being documented, mainly in Triatoma infestans, that led to failures in vector elimination. Insecticide resistance is a multifactorial phenomenon that often implies a combination of three different mechanisms: increased insecticide detoxification, reduced affinity of the site of action, and reduced insecticide penetration through the cuticle. All three mechanisms were reported in pyrethroid-resistant T. infestans. Cytochrome P450s are enzymes involved in the metabolism of xenobiotics and endogenous chemicals. They are encoded by CYP genes and classified into different families and clans. In triatomines, the CYP4 clan is divided in two families, CYP3093 and CYP4, and both exhibit genome-wide, triatomine-specific gene expansions. Some members from each family have been reported to be involved in two of the mechanisms mentioned above, i.e., they participate in insecticide detoxification in different organs and tissues, and in the synthesis of cuticular hydrocarbons, which ultimately can contribute to a reduced insecticide penetration. The aim of this manuscript is to review the current state of knowledge of P450 genes belonging to the CYP4 clan in triatomines and to highlight their potential role in insecticide resistance.
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Introduction

Chagas disease, also known as American trypanosomiasis, is a chronic parasitic infection caused by the protozoa Trypanosoma cruzi, which is transmitted to human mainly through the faeces of infected blood-sucking insects belonging to the subfamily Triatominae (Heteroptera: Reduviidae). Approximately 7 million people worldwide, mostly in Latin America, are estimated to be infected with this parasite (1). There is no treatment for the chronic forms of the disease; thus, interrupting vector transmission represents the best way to reduce the incidence of the disease. Vector control has been primarily based on spraying dwellings with contact insecticide formulations that led to the reduction of triatomine distribution and consequently the interruption of disease transmission in many areas from endemic regions. Pyrethroids have been widely used for triatomine control because of their low toxicity to humans, compared to organophosphate and organochlorine insecticides. However, in the last years it has been repeatedly reported the presence of triatomines, mainly Triatoma infestans, after spraying with pyrethroid insecticides, which was associated with the evolution of resistance to insecticides (2). Contact insecticides are lipophilic compounds that penetrate the cuticle after being sprayed, and then must reach the target site. In the case of pyrethroids, this is the voltage-gated sodium channel in the insect’s nervous system. Contact insecticides are transported through the insect body mainly by haemolymph, however, there are very few studies on the transport mechanisms involved during the initial stages of intoxication (3). Dulbecco et al. (4) evaluated the in vitro binding of deltamethrin to haemolymph’s lipoproteins of T. infestans, showing that lipophorin and very-high-density lipoprotein I (VHDLpI) are mainly responsible for deltamethrin transport.

Insecticide resistance is a multifactorial phenomenon involving i) mutations causing loss of sensitivity of the target site for the insecticide (knockdown resistance), ii) an enhanced inactivation of the insecticide produced by detoxifying enzymes (metabolic resistance), and iii) a diminished penetration of the insecticide through the integument (cuticular resistance factor). Other less studied resistance factors are the insecticide excretion by ATP-binding cassette (ABC) transporters (5), and the insecticide sequestration by olfactory proteins (6). Among mechanisms of deltamethrin resistance, the main three mentioned above were reported in deltamethrin-resistant T. infestans, i.e., increased activity of some detoxification enzymes (7, 8), point mutations in the sodium channel gene (9, 10), and a reduced insecticide penetration related to thickening of the cuticle together with larger amounts of cuticular hydrocarbons (11, 12).

Metabolic resistance to chemical insecticides occurs through increased biodegradation and/or sequestration of the insecticide, usually by overproduction of detoxification enzymes such as cytochrome P450 monooxygenases, glutathione S-transferases, and carboxyl/cholinesterases. Among them, P450s are the primary enzyme superfamily associated with resistance to most insecticides including pyrethroids. They constitute one of the largest superfamilies of enzymes found in nature, catalysing the monooxygenation of a broad range of xenobiotic and endogenous compounds. Cytochrome P450s are encoded by CYP genes. In insects, all CYPs described were classified into one of the following four clans: CYP2, CYP3, CYP4 and the mitochondrial CYP clan (13). Both mitochondrial and CYP2 clans participate in core functions related to development and physiology, whereas CYP3 and CYP4 clans have been associated with environmental interactions. New families belonging to CYP3 and CYP4 clans have been described in the Rhodnius prolixus genome (14) and were also found in transcriptome analyses of other triatomines species such as T. infestans, T. dimidata, and T. pallidipennis (15). Also, some insect-specific members of the CYP4 clan are known to be involved in the last step of cuticular hydrocarbon biosynthesis (16, 17) and have been proposed to contribute to the cuticular resistance factor (18, 19).

As P450s members belonging to CYP4 clan seem to be involved in two of the mentioned deltamethrin resistant mechanisms, i.e., increased insecticide detoxification, and the cuticle hydrocarbon biosynthesis conferring resistance via reducing insecticide uptake, the main objective of this mini review is to describe the current knowledge on CYP4 clan genes in triatomines, with emphasis in T. infestans and R. prolixus, and their relationship with pyrethroid resistance.



Cytochrome P450 Genes Belonging to CYP4 Clan in Triatomines

The CYP4 clan is very diverse in insect genomes (20), with some members involved in insecticide resistance and others with different roles, including biosynthesis of endogenous compounds and odor processing (21–23). In triatomines, it includes the family CYP4 and the triatomine-specific family CYP3093 (Figure 1). Based on the information known to date, both families include gene expansions, particularly in the subfamilies CYP3093A (14 genes, CYP3093A1 to A14, plus 40 gene fragments) and CYP4EM (8 genes, CYP4EM1 to EM7, and CYP4EM10) (14, 24). Expansions of CYP genes are not only restricted to hematophagous insects but are also evident in pyrethroid resistant herbivorous and omnivorous species. For instance, gene expansions within the CYP4 clan were detected in Anopheles gambiae (subfamilies 4D, 4H), Tribolium castaneum (subfamilies 351A, 4BN), and Acyrthosiphon pisum (subfamilies CYP380 and CYP4CJ) (Figure 1). All feeding strategies and their related habitats involve the exposure to specific environmental factors that may promote the evolutive selection of gene expansions, which in turn help the insects to better respond to them. In this regard, the expansions of CYP genes are hypothesized to be a response to environmental stimuli that might drive the potential to acquire insecticide resistance (13).




Figure 1 | Neighbor-joining consensus tree of CYP4 clan. The phylogenetic tree was generated by MEGA X using the amino acid sequences from Triatoma infestans (Ti), Rhodnius prolixus (Rp), Anopheles gambiae (Ag), Blattella germanica (Bg), Acyrthosiphon pisum (Ap) and Tribolium castaneum (Tc). Triatomine genes are marked with a filled circle; members of CYP3093 family are highlighted in green and members of CYP4 family in blue. All nodes have significant bootstrap support based on 1,000 replicates. The trees were created with cut-off value of 50%.



In triatomines, the complete information about CYP genes (CYPome) is only available for R. prolixus, which is the only species of this group with whole genome available to date (14). It contains 11 genes belonging to the family CYP4, in turn classified into subfamilies C (CYP4C75), G (CYP4G106 and CYP4G107), EK (CYP4EK1), EL (CYP4EL1) and EM (six members: CYP4EM1 to EM6); and 12 genes belonging to the family CYP3093, subfamilies A (CYP3093A1 to A10) and B (CYP3093B1 and B2) (14) (Figure 1).

In T. infestans, the information available about CYP4 clan was recently reported by Dulbecco et al. (25), which mainly comes from two tissue-specific transcriptomes (26, 27). The CYP4 clan is represented by family CYP4, subfamilies EM (CYP4EM7 and EM10), the orthologous genes from subfamilies G (CYP4G106 and CYP4G107), EL (CYP4EL1), and the novel subfamily PR (CYP4PR1) (25). Subfamilies CYP4C and EK, despite being present in R. prolixus genome, had no orthologous members identified in the T. infestans transcriptomes analysed to date, but they could be represented by unnamed short sequences or not yet identified. The family CYP3093 is represented by 4 full-length sequences belonging to the subfamily CYP3093A (CYP3093A11 to A14) (24, 25) (Figure 1).

Traverso et al. (15) performed a normalized transcriptome analysis using eggs, nymphs, and adults of other epidemiologically relevant triatomine vector species, i.e., T. infestans, T. dimidiata and T. pallidipennis. By mining into CYP4 clan transcripts, these authors counted 22 transcripts in T. infestans, 19 in T. dimidiata and 30 in T. pallidipennis; however, no official names were provided in that study. Gene identification is not easy since in general transcriptomes offer short sequences that might correspond to either transcripts of the same gene or products of alternative splicing. Thus, in this review we will focus on full-length and officially named sequences by the P450 Nomenclature Committee (28). Their main characteristics and studies carried out on them are detailed in Table 1.


Table 1 | Current state of knowledge of P450 genes belonging to the CYP4 clan in triatomines.





Roles of Triatomine CYP4 Clan in Insecticide Detoxification and Metabolic Resistance

Regarding insecticide detoxification, Dulbecco et al. (24) used a bioinformatics approach to model the docking of deltamethrin to the active site of all members of the subfamilies CYP3093A and CYPEM from T. infestans and R. prolixus, considering that the most probable pathway for deltamethrin metabolism in insects is the 4’ carbon-hydroxylation (32). All CYP4 clan members of T. infestans showed a favorable docking between the substrate and the active site, suggesting a possible role in deltamethrin metabolism. On the contrary, only 25% of CYP4 clan members of R. prolixus showed favorable interactions. Thus, the specific differences found in the composition of amino acids forming the enzyme’s active site might prevent a favorable interaction between deltamethrin and R. prolixus P450s (24). No functional assays were performed to date to confirm this hypothesis.

The role of three CYP4EM subfamily members (genes EM1, EM2 and EM3) was evaluated in vivo during R. prolixus blood meal and after deltamethrin exposure (29). A differential expression pattern of these genes was found in different insect organs and tissues; CYP4EM1 and CYP4EM2 were expressed in the integument, salivary glands, midgut, fat body and Malpighian tubules, whereas CYP4EM3 was expressed only in the integument, fat body and Malpighian tubules. Remarkably, the expression of CYP4EM1 was much higher in salivary gland than in any other organ/tissue, and it was modulated after insect blood meal. Knocking down of CYP4EM1 by RNAi induced deleterious effects in R. prolixus nymphs after topical application of deltamethrin, suggesting an important role in detoxification (29).

Regarding metabolic resistance, the first report about the potential role of CYP genes in resistance to deltamethrin was done by Grosso et al. (30). These authors characterized the expression profile of CYP4EM7, the same as other CYP3 clan members, in the fat body of four different laboratory strains of T. infestans, both resistant and susceptible nymphs. The colonies came originally from different areas of Argentina and Bolivia. Interestingly, they reported that only CYP4EM7 was highly overexpressed in resistant insects although the expression pattern was different between strains. They also performed a time-course expression profile after deltamethrin topical application. CYP4EM7 gene was inducible by deltamethrin in all the strains analysed (30). The expression differences between strains may have arisen in response to distinct insecticides applied in the places of origin of each population and/or by genetic variations between Argentinian and Bolivian populations. In insects, P450s are inducible by many lipophilic substrates from endogenous and exogenous sources. Differences in treatments with insecticides could have led to the selection of different mechanisms of resistance between populations of this insect vector (2).


Integument CYP and Metabolic Resistance

Detoxification processes are recognized to occur in the gut, Malpighian tubules, and mainly in insect fat body. Recently, cytochrome P450-based detoxification in the integument of deltamethrin-resistant T. infestans has been described for the first time (24). Furthermore, it was reported that most of CYP4 clan members that constitute gene expansions of subfamily CYP3093A and CYP4EM are mainly expressed in the integument tissue. Some of them have high constitutive expression levels in the integument of pyrethroid-resistant T. infestans compared to susceptible specimens, namely CYP3093A11 (130-fold), CYP3093A12 (4-fold) and CYP4EM10 (8-fold) (24). Also, CYP4PR1 (first member of a new subfamily described in triatomines) was 6-fold more expressed in resistant insects compared with susceptible ones (25). These genes did not show overexpression in other tissues, such as fat body, midgut, and Malpighian tubules. Expansions of the other members of both subfamilies showed slight or no expression differences between susceptible and resistant insects in all the tissues examined (24).

RNAi-based knockdown of either CYP3093A11 or CYP4EM10 in T. infestans did not show a clear phenotype after deltamethrin treatment; however, CYP4PR1 was overexpressed (13-fold) in CYP3093A11-silenced insects. Interestingly, subsequent knockdown of CYP4PR1 resulted in increased mortality after topical application of two doses of deltamethrin (25). These authors hypothesized a redundancy in the function of CYP genes, in which some members could compensate the loss of function of the targeted genes by masking the silenced phenotype as observed for both knockdown genes, CYP3093A11 and CYP4EM10.

As previously described, there are many pyrethroid-resistant foci in T. infestans, whereas there is only one low-resistance R. prolixus strain reported (33). The constitutive overexpression of CYP4EM10, CYP3093A11 and CYP4PR1 in T. infestans resistant insects (24), the absence of CYP4PR subfamily in R. prolixus genome (14, 25) and the distinctive interaction between CYP4-clan genes and deltamethrin exhibited by molecular docking in both species (24) are important facts regarding pyrethroid resistance in triatomines. All these results support the role of CYP4 clan members in metabolic resistance.




Roles of Triatomine CYP4 Clan in Hydrocarbon Formation and Cuticular Resistance Factor

The integument is the outer insect tissue, which is formed by the cuticle and the epidermis and plays an essential role in insect fitness and survival (34–36). The cuticle is covered by a complex blend of lipids, with a predominance of very long chain straight and methyl-branched hydrocarbons (HCs) (37). Triatomines synthesize a blend of HCs composed by branched mono-, di-, tri- and tetra-methyl alkanes of 27 to more than 42 carbons in the straight carbon skeleton, together with relatively minor amounts of straight chain alkanes and alkenes of 18 to 33 carbons (38–40). The biosynthesis of the cuticle lipids takes place in the oenocytes (41, 42), which are large ectodermic cells associated with the integument in triatomines (31, 34, 43). The last step in insect hydrocarbon biosynthesis is carried out by an insect-specific cytochrome P450 of the 4G subfamily (CYP4G) (17), catalysing the conversion of long chain aldehydes and alcohols to hydrocarbons (16, 44).

There are two CYP4G genes in most insects, with few exceptions of higher numbers or a single gene in some species (17). Their coded enzymes can show different subcellular localization as it has been shown in A. gambiae (45). R. prolixus has two CYP4G genes, CYP4G106 and G107 (14, 46), and two orthologs of these genes have been also found in a T. infestans integument transcriptome (27). Dulbecco et al. (31) demonstrated that CYP4G106 and CYP4G107 are expressed almost exclusively in the integument of R. prolixus; with very low expression of CYP4G106 in the nervous system. Their expression pattern in integument varies significantly depending on insect age and feeding status. RNAi-based knockdown of either CY4G106 or CYP4G107 and the subsequent analysis of the HCs amount and composition, both internal and cuticular, led the authors to report for the first time the in vivo specificity of CYP4G106 and CYP4G107 to make mostly straight or methyl-branched hydrocarbons, respectively. Molecular docking of the two enzymes with the corresponding long chain straight or methyl-branched hydrocarbon precursors gave further support to their biosynthetic specificity. Also, CYP4G107 was shown to be very important for cuticular lipid barrier formation that avoid insect desiccation (31).

Physiological adaptive changes in the cuticle thickness and the amount of cuticular HCs related to insecticide resistance (cuticle factor) were detected for the first time in T. infestans, where pyrethroid-resistant populations showed larger amounts of cuticle HCs together with a diminished insecticide penetration, compared to susceptible insects (11, 12). Later, it was also described in the mosquito Anopheles gambiae (47), and more recently in the cockroach Blattella germanica (48) and the brown planthopper, Nilaparvata lugens (49). In these species, the overexpression of CYP4G genes in insecticide-resistant strains has been reported (18, 19). Interestingly, the ortholog CYP4G106 of T. infestans was shown to be overexpressed in integument of pyrethroid-resistant insects (27). The higher amount of cuticle HCs, the role of CYP4Gs in their synthesis, and the overexpression in resistant population suggest the involvement of this CYP4 clan subfamily in the cuticular resistant factor. The putative role of CYP4G106 in the nervous system is currently unknown.



Concluding Remarks and Future Directions

The potential role of some CYP4 clan members of triatomines in two of the three main factors involved in insecticide resistance was reviewed. Their constitutive overexpression in specific organs and tissues in resistant populations, the capacity of being modulated by deltamethrin together with the deleterious effects observed in knockdown experiments after topical application of pyrethroids suggest the involvement of these genes in metabolic resistance. Detoxification processes are recognized to occur in the gut, Malpighian tubules, and mainly in the insect fat body. However, it was highlighted the importance of the integument tissue in metabolic resistance, acting not only as a physical barrier but also as the first line of metabolic defence in the insect surface. In addition to the well-known role of CYP4G subfamily members in the biosynthesis of hydrocarbons that waterproof the insect cuticle, the recently reported association with insecticide resistance in the insect surface opens an exciting scenario for further studies. Also, it would be of interest to elucidate the involvement of CYP4 clan members in other physiological activities, and whether these roles are affected in resistant populations, as it has been reported that some physiological functions are diminished by a compensation mechanism of energy expenditure that leads to a resistant phenotype.

P450 is a complex superfamily of enzymes, where several members of each family or clan might perform either similar or overlapping functions. Their expression profile can be distinctive in different tissues, and differentially inducible by the substrates. Both are important reasons why RNAi-based experiments are often not conclusive to determine the function of CYP4 members. In the case of triatomines, the heterologous expression of CYP4-clan proteins has not been carried out to conclusively demonstrate their proposed role. Therefore, it is very important to perform heterologous expression of these proteins to start biochemical assays that confirm their role in both deltamethrin detoxification and as metabolic and cuticular resistance factors. Their kinetics, tissue, and subcellular localization, the same as other important biochemical properties of the P450s encoded by the mentioned CYP genes should be explored in future studies.
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OEBPS/Images/table1.jpg
Family Subfamily Gene Species Tissue/Expression profile Knockdown by RNAi/phenotype Reference
CYP4 CYP4EM  EM1 R Salivary glands. Lower expression in integument, Yes/Increased susceptibility to deltamethrin (14, 29)
prolixus  midgut, fat body and Malpighian tubules
EM2 R Integument, salivary glands, midgut, fat body and No (14, 29)
prolixus  Malpighian tubules
EM3 R Integument, fat body and Malpighian tubules. No (14, 29)
prolixus
EM4 R n.d. No (14)
prolixus
EM5 R n.d. No (14)
prolixus
EM6 R n.d. No (14)
prolixus
EM7 T Fat body. Lower expression in integument, midgut No (24, 30)
infestans  and Malpighian tubules/Overexpressed in resistant 7.
infestans (18 to 90-fold depending on the strain)
EM10 T. Integument. Lower expression in fay body and Yes/No clear phenotype after topical application of (24)
infestans  midgut/Overexpressed in resistant T. infestans (8- deltamethrin
fold)
CYP4G G106 R. Integument. Lower expression in the brain/ Yes (R. prolixus)/Decreased in the production of straight (14, 27,
prolixus, ~Overexpressed in resistant T. infestans (1.5-fold) chain hydrocarbon 31)
T
infestans
G107 R Integument Yes (R. prolixus)/Decreased in the content of cuticle (14, 27,
prolixus, hydrocarbons, mainly methyl-branched chain, and a 31)
T higher mortality of insects exposed to desiccation stress
infestans
CYP4PR PRI T Integument. Lower expression in fat body, Yes/Increased susceptibility to deltamethrin (25)
infestans  Malpighian tubules and midgut/Overexpressed in
resistant 7. infestans (6-fold)
CYP4EK EK1 R n.d. No (14)
prolixus
CYP4EL EL1 R n.d. No (14, 25)
prolixus,
y o
infestans
CYP4C C75 R n.d. No (14)
prolixus
CYP3093 CYP3093A A1 R n.d. No (14)
prolixus
A2 R n.d. No (14)
prolixus
A3 R nd. No (14)
prolixus
AR nd. No (14)
prolixus
A5 R n.d. No (14)
prolixus
A6 R n.d. No (14)
prolixus
A7 R n.d. No (14)
prolixus
A8 R n.d. No (14)
prolixus
A9 R n.d. No (14)
prolixus
A0 T n.d. No (24)
infestans
A1l T Integument. Lower expression in fat body/ Yes/No clear phenotype after topical application of (24)
infestans  Overexpressed in resistant T. infestans (130-fold) deltamethrin
A2 T Integument. Lower expression in fat body, midgut No (24)
infestans and Malpighian tubules/Overexpressed in resistant 7.
infestans (4-fold)
A13 Integument. Lower expression in fat body No (24)
T.
infestans
A4 T, Integument. Lower expression in fat body and No (24)
infestans  Malpighian tubules.
CYP3093B B1 R. n.d. No (14)
prolixus
B2 R nd. No (14)
prolixus

Only full length and officially named sequences by the P450 Nomenclature Committee are considered.

n.d., not determined.





