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Simple Summary

Odorant‑binding proteins (OBPs) and chemosensory proteins (CSPs) are two distinct
groups of small soluble proteins that have been considered significant components of in‑
sect olfaction for thirty years. These terms are often used to refer to proteins that carry
odor molecules to the sensory receptors; however, the argument becomes chaotic when
one considers the tissue expression and development pattern of OBPs and CSPs. We need
to look at a particular “CSP”, Mp10, which further challenges the protein family’s “known”
function by triggering an immune response when transplanted into plants.

Abstract

The gut, brain, fat body, and various glands, although rich in “CSPs”, are not involved in
chemosensory functions. We propose renaming the “CSPs” to “4CSPs” (4‑Cysteine Solu‑
ble Proteins) to clarify their role, avoiding confusion with proteins also found in wings,
hemolymph, and eggs. This report highlights studies related to insecticide resistance and
lipid transport and expands on potential intracellular functions, strongly indicating non‑
chemosensory features of 4CSPs. Additionally, we show a significant correlation between
4CSPs and mucins, translation initiation factors, and actin complex proteins, reinforcing
the proposal to rename “CSPs” and consider developmental pattern, tissue distribution,
and intracellular localization.

Keywords: 4CSP (4‑Cysteine Soluble Protein); N‑4CSP; mucin; actin skeleton regulatory
complex; nuclear pore complex protein; transcription initiation factor; cell regulation

1. Introduction
Chemosensory proteins (CSPs) and odorant‑binding proteins (OBPs), formerly linked

primarily to olfaction, are found in various tissues and life stages of insects and react to
insecticide exposure [1–3]. This review advocates for revising the conventional view of
CSPs and OBPs, particularly the OS‑D/A10 Pfam domain, and strongly suggests focusing
on their potential intracellular functions rather than their chemosensory roles, providing
further evidence against their classification as olfactory proteins [4–9].

The intracellular distribution of so‑called “chemosensory proteins”, a group that, as
we argue in a compelling and reasonable way, is not directly related to chemosensing as
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it has been customary to believe, is the focus of the review study. By describing what is
known about the intracellular distribution of these proteins, we focus on molecular func‑
tions while following this group from bacteria to hexapods and examining the wide range
of functions carried out by its members. It is now abundantly evident that CSPs are a
pleiotropic protein family that serves a variety of purposes in different organisms [10–14].
As such, our claim that a family name reflecting the unique structural elements of the pro‑
teins rather than a singular historical function is more than valid.

In Part 1, the focus is on the structure of CSPs, highlighting their cysteine
patterns—four conserved cysteines in two distinct disulfide bridges—rather than their
vague chemosensory function [1]. The presence of CSPs (and OBPs) in fat body and gut
tissues suggests limited chemosensory capabilities [1–9]. CSPs are expressed early in de‑
velopment, before significant morphological features like legs and antennae appear [10,11].
The evolution of insect metamorphosis is examined through various species, comparing
Holometabola’s life cycle stages to those of hemimetabolous insects. Regardless of mor‑
phological variability, “CSPs” are consistently found during dramatic larval transforma‑
tions leading to a new adult form, which is also true for crustaceans undergoing signifi‑
cant ontogenetic changes [1,12–14]. There is no typical CSP structure for chemosensory
organs. The sensory tissue protein shares the same structure as gut and developing tis‑
sues, characterized by disulfide bridges, a hydrophobic tunnel, and six α‑helices, with
a molecular weight around 10–12 kDa [1,15–18]. The ligand‑binding site is flexible, ac‑
commodating various ligand sizes [19,20]. “CSP” proteins bind to long‑chain fatty acids
(FAs), such as linoleic acid (LA), which are involved in multi‑cascade intracellular pro‑
cesses (i.e., pleiotropy) [21–23]. Mp10, a notable protein in this group, retains the structural
features of “CSP” but functions in the immune response of plants, suggesting insects may
utilize these proteins to bypass plant defenses [24,25]. The example of Mp10 in aphids
and the binding of LA by whitefly “CSPs” activated by pesticides provide evidence for
the intracellular action of these transporter proteins [21–25]. Part 2 discusses the sequence
homology between “CSPs,” “CSP‑like proteins”, and many other “bigger” proteins with a
range of basic intracellular functions. This strongly advocates renaming this large group
of proteins “4CSPs” (“4‑Cysteine Soluble Proteins”). Since referring to an intracellular pro‑
tein as “chemosensory” is a bit ludicrous, we shall use 4CSP throughout the text, the study,
and the literature.

Part 1 provides a practically relevant definition of 4CSPs along with a detailed descrip‑
tion of their definition and distinguishing characteristics. The Pfam OS‑D/A10 (“CSP”)
domain may not always match the sequence of a protein that is small, soluble, α‑helical,
and has at least a few cysteines in places to form disulfide bridges, according to a novel
algorithm we present in Part 1 [1]. A 4CSP member is defined by a profile of “4” cysteines
and their highly conserved position; not all proteins containing 4 Cys will be members.
Then several other proteins, including OBPs, C2H2 transcription factors, cytokines, and
RNA polymerases, would not belong here. A formal definition and methodology for in‑
cluding or excluding proteins is the number of cysteines (“4”) and their conserved location
(renaming the Pfam Domain OS‑D/A10 to 4CSP) [1].

The sequence divergence in “CSPs” from bacteria and insects has been described by
Picimbon [14]. Bacterial “CSPs” that show roughly 44–100% identity to insect “CSPs”
are similarly subject to renaming [1,14]. Specifically, the genomes of Kitasatospora and
Streptomyces exhibit 44–65% similarity with Diptera 4CSPs. The bacterial/insect 4CSP
group is monophyletic, meaning that it is essentially the same protein family (101–124 aa,
11.2–13.6 kDa). However, other proteins (bigger ones with the Pfam “OS‑D/CSP” domain
in the C‑terminus, 457–462 aa, 47.6–48.4 kDa) are inserted into this phylogeny [14]. This is
a crucial point because, in this case, this group of proteins should not only be renamed, but
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also not be referred to as a protein family. This group of bigger 4CSPs could also be pro‑
posed concurrently with the idea of renaming (such as “C‑4CSP”). A variant of a structure
can convergently evolve to exist in multiple unrelated protein families, similar to some
conserved folds like barrels, helix‑turn‑helix, zinc fingers, or something similar.

The role of 4CSPs is reconsidered, proposing their existence within cells due to se‑
quence and structural similarities with various intracellular proteins like PAN‑1, mucin,
actin skeleton regulatory complex (ASRC), nuclear pore complex protein (NPCP), and tran‑
scription initiation factor (TIF) [1,26,27]. The notion of chemosensing is challenged, and the
significance of 4CSP genes in insect physiology and resistance is emphasized. We advocate
for renaming “CSP/OS‑D” and suggest new roles for “4CSP” in FA lipid transport, intracel‑
lular immunological responses, and broader intracellular activities beyond chemosensing,
potentially redefining this protein group’s biological function as mainly related to lipoids
and metabolic pathways across multiple cells and tissues.

2. The Function of 4CSPs in Bacteria: The Earliest Indication of
Intracellular Activities

Our study establishes orthology groupings for 4CSP, Thap1, and PAN‑1, indicating
that these proteins are likely unrelated to chemosensory functions [1,26]. PAN‑1 and
Bommo‑4CSP10 suggest an intracellular role linked to the actin complex or vesicular mem‑
branes [1,26,28].

A second clue for intracellular function is the existence of 4CSPs in bacteria [14], which
are among the first systems to emerge on Earth [29] and do not have sensillar dendrites [30].
While functional studies in bacteria are needed for conclusive roles, the absence of sensory
lymph in prokaryotes strongly supports the idea that 4CSPs serve an intracellular func‑
tion [14,30]. Bacterial adaptability and resistance to environmental changes relate to their
ability to modify intracellular trafficking and lipid distribution [31]. The discovery of 4CSP
genes in various bacteria, including the soil‑derived species Kitasatospora griseola, supports
the view against their chemosensory roles in general [14]. It is not unheard of that a group
of proteins with similar structures, or even related ones, can have different functions in dif‑
ferent taxa, especially as different as bacteria and insects. For example, there are multiple
rhodopsin‑related proteins that are totally independent of light, but this does not argue
against the function of these proteins in other organisms, nor the other way around [32].
But with 4CSPs, things are a little different. Firstly, unlike opsin, 4CSPs are small solu‑
ble proteins with a molecular weight of 10–12 kDa. Second, mutations that change amino
acid sequences or folding patterns cause rhodopsins to diverge functionally, moving pro‑
teins from ancestral light‑driven proton pumps into a variety of roles such as ion chan‑
nels, sensory receptors, or visual pigments. These modifications affect downstream sig‑
naling relationships, spectrum tuning, and tertiary stability [33]. When 4CSPs share the
same structural folding, this is not the case. Thirdly, they have been spread by bacteria
to insects [14]. Algae and unicellular marine predators are known to acquire a rhodopsin
photosystem via a unique lineage of giant viruses (Mimiviridae) [34]. A direct horizontal
gene transfer (HGT) of functional opsins from bacteria to insects is not supported by any
established scientific proof or literature. Insect rhodopsins, which are G protein‑coupled
receptors required for vision, evolved vertically through the original metazoan lineage
rather than being acquired from prokaryotic sources; however, HGT from bacteria and
other microorganisms does occur in insects (e.g., for 4CSP genes) [14,35]. The high de‑
gree of identity between bacteria–insect gene pairs (Coleoptera: 64–84%, Diptera: 44–83%,
Hemiptera: 74–90%, Hymenoptera: 53–71%, Lepidoptera: 71–100%) indicates that 4CSPs
have only recently been horizontally transferred from bacteria to insects during symbiosis,
which is more consistent with a conservation of the original function [14]. In addition to
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these recent HGTs, there may be some older HGT events that could offer the possibility
of additional functional roles of CSP/4CSP proteins developing over evolutionary time.
However, these “new” functions may never reach or concern chemosensation because
none of the CSP/4CSP proteins found thus far are found to be specific to the chemosen‑
sory system [1–3,14]. For odorant‑related roles developed over evolutionary time, one
would expect strict expression in the olfactory organs. Beyond Kitasatospora, genera such
as Coccobacillus, Staphylococcus, and Actinobacteria from families like Enterobacteriaceae
and Pseudonocardiaceae also possess 4CSPs [14]. Additionally, genomic studies reveal
4CSPs in Firmicutes and other phyla [14]. These bacteria, notable for their roles in the di‑
gestive tract and as opportunistic pathogens, are not recognized for their ability to bind
plant odors.

Bacterial 4CSPs may be expelled and used in “sensing”, potentially for endosym‑
bionts and/or gut microorganisms, but are unlikely to serve as odorant carriers due to
their short signal peptides, which suggests intracellular roles. Secretory proteins must
have a signal peptide chain of 16–30 amino acid residues at their N‑terminus in order to
pass via membranes in both prokaryotic and eukaryotic organisms [36]. But like most in‑
sect 4CSPs (see [1] and Figures S1 and S3), the majority of microbial 4CSPs have a signal
peptide (SP) that is too short (less than 15 amino acid residues) to cross the membrane [14],
meaning they cannot be discharged from the cell. Intracellular roles (cellular homeosta‑
sis, cellular scaffolding, and/or signaling pathways) are strongly supported by the size
of 4CSP signal peptide [1,14,36]. Our preferred theory posits that 4CSPs are involved in
the transport and metabolism of lipoids and nutrients rather than odor transport. While
experimental evidence for 4CSPs transporting lipoids is lacking, common molecular and
biochemical techniques, such as recombinant protein expression and binding assays, can
be applied. Instead of focusing on pheromones or plant odors, researchers should test
nutrients or substrates like nitrogen or organic matter. Some bacteria, including specific
marine species, can metabolize hydrocarbons and aromatic compounds, suggesting that
binding studies for 4CSPs should adhere to a “metabolic paradigm” rather than an “odor‑
ant paradigm” [37,38]. The “metabolism” process, which is used by all living cells, enables
bacteria and insects to use fat as a source of energy [39,40]. Although glucose is the primary
energy source for many bacteria, many can also break down fatty acid and lipid molecules
to use them as a significant and viable energy source to sustain diverse functions (that is,
pleiotropy) [41–43]. 4CSPs may show the intracellular metabolic variety in microbial and
insect cells rather than the chemosensory diversity of bacteria and insects [44–46]. This
effectively addresses the tissue distribution and developmental stages of 4CSPs [1].

The identification of 4CSPs in various motile and nonmotile spore‑forming bacteria
suggests that this protein family does not function in chemosensation or quorum sensing
(QS). While bacteria employ QS with varying chemical signals and mechanisms, there is
no difference in 4CSPs between Gram+ and Gram− bacteria [47–50]. Gram+ bacteria use
peptides as auto‑inducers (AI), whereas Gram‑negative bacteria use compounds like N‑
acyl homoserine lactone [51,52]. Therefore, the evolution of 4CSP genes [14] does not align
with QS evolution, indicating that 4CSP plays a much broader (metabolic) role predating
the divergence of Gram+ and Gram− bacteria.

Interestingly, the 4CSP proteins of Actinoallomurus and Shewanella range in length
from 89 to 129 amino acids (9.9 to 14.9 kDa), but the Sorangiinae protein is 482 amino acids
long and weighs about 50.7 kDa [14]. In both prokaryotic and eukaryotic cells, the 4CSP
region at the C‑terminus (“C‑4CSP”) may play a crucial function in intracellular FA lipid
transport and may be found in even bigger molecular complexes. 4CSPs are thought to
engage with AI in the cytosol, TIF, or large transmembrane enzyme receptor protein com‑
plexes for bacterial QS and/or substrate degradation. “In insects, 4CSPs are believed to
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bind to plant odorants at the periphery of ORs rather than functioning intracellularly”.
The existence of “C‑4CSP” poses a serious challenge to this common wisdom.

3. Functional Evidence Supporting the Immune System’s Response, JH,
Ecdysone, and the Intracellular Roles of 4CSPs in Insects

Polyclonal antibodies targeting the 4CSP protein were utilized in immunocytochem‑
istry to label the insect antennal sensillum, extending to the cuticle, supporting cells, sen‑
sory structures, and intracellular components like the Golgi apparatus and endoplasmic
reticulum [53,54]. The distinct labeling of intracellular elements resembles that of OBPs,
with lysosomes and vesicles also strongly marked by OBP antibodies within antennal neu‑
ronal cells [54].

3.1. Intracellular Response to Exposure to Xenobiotics

4CSP genes are expressed primarily in the gut and fat body of insects, influencing their
response to insecticides and their immune reaction to various pathogens including bacte‑
ria and viruses [2,55–60]. Therefore, rather than merely responding to pesticides, 4CSPs
take part in a very broad innate immunity response. Overexpression of 4CSPs is noted
in response to insecticides, bacteria, viruses, and fungi, indicating their connection to gen‑
eral insect resistance mechanisms. These include “intracellular” lipid pathways enhancing
metabolic detoxification, modifying cellular membranes to combat oxidative stress, and
building thickened cuticular barriers to slow down toxin penetration [21,22,60,61]. Key
processes of insect defense involve lipid mobilization through fat bodies and hydrocarbon
synthesis in oenocytes [61].

Insects exhibit similar responses to environmental stressors, including bacteria, insec‑
ticides, and viruses, by overexpressing 4CSPs (and OBPs) [3,62,63]. This overexpression
aids in resistance to certain insecticides, such as thiamethoxam, in species likeAphis gossypii
and Rhopalosiphum padi, where reducing 4CSP levels increases susceptibility [64–66]. How‑
ever, as demonstrated in whiteflies, 4CSP does not interact with the pesticide chemical thi‑
amethoxam. Instead of attaching to thiamethoxam, the 4CSP protein binds to linoleic acid
(C18:2) in the intracellular lipid pathways when thiamethoxam is present [21,22,67]. This
introduces 4CSP into intracellular lipid signaling pathways rather than the neonicotinoid’s
chemosensation. Increased expression of 4CSPs in many different tissues in response to
pesticides further supports their role in pesticide tolerance through activation of intra‑
cellular pathways [2]. Furthermore, since the immune system—rather than the olfactory
system—is the primary organ that detects bacterial or viral products, it seems improbable
that 4CSPs are engaged in chemosensing [68–71]. Instead of participating in chemosens‑
ing at the sensilla level, 4CSPs more likely seem to contribute to pesticide resistance by
interacting with cuticular membranes and binding to lipids and/or degradative chemicals
of the pesticide.

3.2. Intracellular Response to Exposure to Avermectin

Methylated deoxysugar I‑oleandrose is a disaccharide in the insecticide avermectin.
The 4CSP structure, as a lengthy hydrophobic tunnel, likely binds ‘parts’ of avermectin
rather than the entire molecule (C48H72O14). It seems improbable for the 4CSP protein to
encapsulate the full macrocyclic lactone due to its structural characteristics [15,21]. Binding
of small compounds like benzene and carbohydrates may attract 4CSPs and other protein
families, such as OBPs, positioning them near intracellular degradative enzymes instead
of near ORs on the dendritic neuronal surface in antennal odor sensilla [2,3,72,73].
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Not only is the 4CSP structure too ‘thin’ for C48‑chains, but the insecticide’s path
through the whole insect body makes a role in relation to avermectin binding impossible.
The most likely reason for the expression of 4CSPs in all tissues would be the pesticide
moving from the intestines to the adipose body and hemolymph for metabolism [2,74].

This applies to avermectin as well as other insecticides that penetrate the tegument or
cuticle but are broken down in the fat body and gut [74–76]. It has been suggested that the
cuticle contains 4CSP proteins that provide resistance to multiple insecticides [77]. Similar
to this, 4CSPs found in the tegument are thought to help the migratory locust tolerate
deltamethrin by adhering to the cuticular membrane [78]. This is not a comprehensive
explanation for the role of 4CSPs in insect defense because, in locusts and moths, 4CSPs are
found in the gut, hemolymph, and fat body both under normal conditions, such as during
growth, and in response to dietary changes or diseases [1–3,8,21,79–81]. Since 4CSPs are
expressed in the absence of toxins, they have a fairly broad role in insect physiology from
the beginning, most likely in intracellular lipid transport and signaling pathways that are
recruited during flight, development, or over stress exposure [2,22].

Another critical issue regarding 4CSPs and intracellular functions is their role in re‑
lation to insecticide chemicals and mechanisms of resistance. Insecticides like avermectin
can enter cells, damaging the nucleus and activating pathways such as protein kinase C
(PKC), thus enhancing resistance by promoting intercellular communication [82,83]. Aver‑
mectin triggers different binding proteins in various tissues, leading to the production of
4CSPs and OBPs mainly in the gut and fat body [2,3]. Molecular studies indicate that
these proteins, despite their ‘olfactory’ roles, are unrelated to binding pesticides or pesti‑
cide metabolites. Notably, while 4CSPs are linked to intracellular fatty acid lipids, gen‑
eral odorant binding protein‑2 (GOBP2) and pheromone binding protein‑1 (PBP1) have
a strong affinity for vitamins [2,3,21,22], which are essential for insect immunity and can
influence the development of insecticide resistance [84–86]. Additionally, intracellular FA
metabolic pathways significantly impact pesticide resistance, as resistant strains often mod‑
ify their lipid composition to mitigate toxic stress, thereby affecting vulnerability to insecti‑
cides [87]. Instead of coming into direct contact with the insecticide, this leads to the 4CSPs
being affected intracellularly, along with the intracellular lipid pathways (see Figure 1).

3.3. Intracellular Response to Exposure to Thiamethoxam

A study points to a relationship between thiamethoxam‑upregulated 4CSPs and FA,
indicating that 4CSPs engage in an insecticide response via a lipid pathway instead of di‑
rect insecticide contact [21]. This is based on the observation that, while the insecticide thi‑
amethoxam induced BtabCSP1/Bemta‑4CSP1, Bemta‑4CSP1 protein bound to linoleic acid
instead of thiamethoxam [21,67]. The mode of action shifted to the transport of intracellu‑
lar FA lipids after this study introduced 4CSP research into pesticide resistance [22]. This
highlights the contrast between the theoretical model of insecticide resistance proposed by
Tsouri and Douris [88], which indicates preferential binding of insecticides to 4CSP [89–96],
and findings related to whiteflies. The study by G. Liu et al. suggests that Bemta‑4CSP1
prefers binding to lipoids over neonicotinoids [21,22]. It emphasizes the importance of
using comparative approaches for validating binding data and notes that Bemta‑CSP1 is
widely produced in various tissues and developmental stages [21], indicating a general
role in transporting intracellular lipoids [22]. The PBPs and GOBPs, which are triggered
by insecticides but also expressed during insect development as larvae and nymphs as
well as during adult reproduction, represent a very similar situation [3]. This finding con‑
tradicts the binding of insecticides to PBPs and GOBPs; nonetheless, vitamins, which are
crucial for both development and pesticide resistance, are suitable candidates to fulfill the
physiological function in these OBPs [3,97]. Pesticides activate different proteins in differ‑
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ent tissues, although they mainly affect the intestines instead of the antennae [2,3]. Like
other insecticides, thiamethoxam acts by initially interacting with the gut, which controls
food absorption and digestion, instead of the antennae. Thiamethoxam molecules can pen‑
etrate the intestinal epithelium via endocytic vesicles, transmembrane protein transport, or
diffusion across the plasma membrane of epithelial cells [98]. No 4CSP is needed until it
reaches the intracellular level (Figure 1).

Figure 1. Insect and hexapod cell targets for avermectin and thiamethoxam insecticides. Insecticidal
compounds (avermectin: Red triangle; thiamethoxam: Red letter T) enter or pass through the cell
membrane via active (transporter‑based, endocytosis) or passive (diffusion) pathways. They will
seriously harm several organelles inside the cells, including the actin skeleton (expression of Rho),
mitochondria (respiratory chain), lysosomes (enzyme inhibition), plasma membrane (fluidity), and
nucleus (impaired DNA repair, decreased DNA methylation, point mutations, and transcription
deregulation). They will lead to increased lipid uptake, FA accumulation, phosphorylation (p), ribo‑
somal protein expression, ribosome biogenesis, and enlarged vacuoles in the Golgi apparatus. In the
ER system, they will cause a prolonged release of calcium from internal stores, which raises the cyto‑
plasmic Ca2+ concentration. This significant increase in intracellular concentration of Ca2+ ions and
lipids is a crucial step in inducing the activation of protein kinase C (PKC), which in turn activates the
intercellular junction proteins (cell adhesion molecules; A: Armadillo, C: Coracle, Cd: Cadherin, Ct:
Catenin, N: Neurexin) that regulate the insect’s resistance to insecticide penetration. Juvenile Hor‑
mone (JH) is involved, and it activates PKC pathways. +: Insecticide‑induced reactions that lead to
activation of PKC, A, C, Cd, Ct, N, cytochrome P450 (CYP), Degradative Enzyme (DE), and the many
enzymes involved in the metabolism of lipids, carbohydrates, and proteins. −: Toxic effects. Aver‑
mectin (AVM) inhibits muscle contractility and neuronal activity by targeting receptors, ligand‑gated
ion channels, and glutamate‑gated chloride channels (see red triangle). By causing an imbalance be‑
tween sodium and potassium, neonicotinoid thiamethoxam (TMX) insecticide damages neurons and
disrupts normal nerve impulse transmission (see red letter T). D: Desaturase enzyme, K+ intake/Na+
outflow: potassium–sodium exchange pump, R: Receptor, G: G‑protein, PLC: phospholipase kinase
C, PKC: protein kinase C, Rho: Rho GTPase, ER: endoplasmic reticulum, DE: Degradative Enzyme,
TIF: transcription initiation factor.
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The role of 4CSPs appears complex, raising important questions about their binding
capacity, their expression in the absence of toxins and their structural adaptability in coop‑
erating with insecticide‑degrading enzymes [99]. 4CSPs have a major intracellular physi‑
ological function in aquatic arthropods, as evidenced by their enhanced expression in re‑
sponse to environmental changes, such as salt and temperature [14]. It also looks into
how proctolin affects 4CSP gene expression in the shrimp heart [14], demonstrating an
intracellular function and a broader physiological role for 4CSPs in arthropods [1,14]. Fur‑
ther investigation is needed to fully understand the implications of 4CSPs on insect resis‑
tance to toxins and the behavior of bacteria with similar proteins. Even at sublethal doses,
glyphosate modifies the expression of genes linked to forager honeybee brains. 4CSPs (and
OBPs) are included in this [100,101]. All these changes in 4CSPs in response to environmen‑
tal changes clearly imply an intracellular function (Figure 1).

3.4. Intracellular Response to Exposure to Hormones

4CSPs’ intracellular presence in the corpora allata (CA) and prothoracic glands (PG),
key sources of juvenile hormone (JH) and ecdysone in insects, suggests a role beyond olfac‑
tion, instead supporting hormone pathways crucial for insect development and resistance
to insecticides [1,14,102–106]. These hormones activate intracellular pathways, including
PKC and PLC, essential for immune response and lipid metabolism [107–111], and their
actions are linked to the regulation of 4CSPs independently of sensory ORs [1–3]. The as‑
sociation of 4CSPs with both JH and similar compounds in bacteria proposes a broader
functional hypothesis, recommending a reevaluation of their classification away from tra‑
ditional olfactory proteins [112,113]. When pesticide exposure occurs, JH activates the
phospholipase C (PLC) pathway, which includes PKC (Figure 1). Therefore, the insecti‑
cide’s impact on 4CSPs, PLC, PKC, and JH biosynthesis strongly implies that, independent
of 4CSP binding the insecticide chemical, 4CSPs, various hormonal factors, JH, ecdysone,
AKH (adipokinetic hormone), peptide hormones, and lipids, as well as numerous intra‑
cellular components like PKC and PLC, can largely cooperate to produce insecticide resis‑
tance [2,21,22,107–116] (see Figure 1).

The presence of 4CSPs in the context of CA indicates that they promote JH intracel‑
lular pathways rather than OR activation or other olfactory functions. JH is produced
via multiple enzymes [117,118], and its transport may be comparable to the role of OBPs
(see [113]). This calls into question terminology—should CSP be referred to as “4CSP”
and OBP as “6CSP” instead of chemosensory/olfactory proteins? The existence of 4CSPs
in both bacteria and arthropods and their relationship with JH strongly imply potential
roles in phurealipids and JH impacts on insect immunity and development, warranting
further investigation into their roles in intracellular mechanisms in pertinent species like
Photorhabdus bacilli. This would be a highly plausible notion until it is shown that 4CSPs
are a component of the bacilli’s olfactory hedonics.

4. Functional Evidence Supporting the Lipid Transport (LA, C18:2) and
Intracellular Roles of 4CSPs in Insects

Evidence indicates that 4CSPs are involved in intracellular lipid transport across var‑
ious species, including bacteria and arthropods [14]. 4CSPs are present in the lipid sacs of
copepods [14]. The widespread presence of 4CSP in multiple species and tissues under‑
lines its diverse functions in intracellular processes. They play roles in insect brain devel‑
opment, molting, immunity, and the regulation of sex pheromone production [1]. Specif‑
ically, 4CSP proteins help recognize cuticular lipid hydrocarbons in ants, although their
numbers are clearly insufficient for managing the variety of chemical signatures present
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in other insect species [1–119]. Additionally, studies on whiteflies suggest that 4CSPs par‑
ticipate in pesticide degradation linked to intracellular C18:2‑FA pathways [21,22].

C18:2 is integral to all stages of innate immune cell activity beyond energy supply,
influencing various intracellular processes such as the omega‑6 FA lipid pathway and mi‑
tochondrial systems. C18:2‑FA lipids significantly impact innate responses through their
effects on cell membranes and regulatory functions [120]. For hemocytes, they are vital for
energy during critical immune tasks like encapsulation and phagocytosis, demonstrating
rapid cytosolic distribution upon infection [121,122], which is highly consistent with the
presence of 4CSPs in hemocytes (see [1,14]). Hemocytes depend on 4CSPs and lipids for
energy during crucial immunological functions.

A general regulatory role in insect physiology is shown for 4CSPs like Bemta‑4CSP1,
which is broadly expressed and associated with LA [21,22]. LA has not been detected in
insect chemical signatures, raising questions about its function as a contact pheromone.
With few species capable of producing LA due to the rarity of ∆12‑desaturase [123], it
is uncertain if LA/C18:2 could evolve as a specific pheromone. Some insects synthe‑
size pheromones from plant‑derived compounds, but this chemical sequestration may
impede reproduction, especially among closely evolving plant–insect relationships [124].
Most plant‑derived defenses in certain Lepidoptera (Erebidae and Arctiidae) involve
pyrrolizidine alkaloids rather than long‑chain FAs [124]. Furthermore, the methyl es‑
ter component of the FA is often employed as a pheromone instead of the fatty acid it‑
self [125,126]. Thus, doubts persist regarding the pheromonal activation potential of LA.

Food is the primary means of absorbing LA, which, along with food and nutrients, en‑
ters the gastrointestinal tract. While some insects use LA as a pheromone precursor [127],
its role as a “necromone” suggests the potential for studying ORs related to dead body sig‑
nals [128]. LA is produced primarily by eusocial insects like aphids and termites, which en‑
gage in behaviors like clearing sick or dead bodies [128–130]. While ants use “necromone”
to find prey [131], aleyrodids do not display any of these behaviors, which makes a com‑
pelling case for LA’s intracellular function rather than an OR stimulation [21,22].

5. Myzus persicaeMp10: Evidence of 4CSP’s Intracellular Activity
The extensive expression of 4CSPs in bacteria and insects, their binding to LA, and

their capacity to trigger innate immune pathways when injected into plant phloem are
all indicators of their intracellular function [1,21,24,25]. Aphids, particularly the green
peach aphid, Myzus persicae, are sap‑feeding pests that induce plant responses through
salivary proteins. The study by Bos et al. [24] and Rodriguez et al. [25] identified about
48 effector candidates, including Mp10 and Mp42, which were analyzed through transient
overexpression in the wild tobaccoNicotiana benthamiana. Mp10 initiated chlorosis and cell
death, stimulated salicylic acid and jasmonic acid pathways, and set off plant defenses. Dis‑
tinct subcellular localizations for these effectors were observed, suggesting different mech‑
anisms of action. Notably, Mp10 interfered with Agrobacterium‑mediated overexpression
assays, emphasizing its role in plant defense manipulation [24,25].

Myzpe‑Mp10 is a fairly common “4CSP” (153 amino acids, 17.2 kDa, “consen‑
sus residues”, four‑cysteine patterns, adult whole‑body expression, asexual female; see
XP_022173691). It builds a phylogenetic tree backed by a highly significant bootstrap value
when joined with other 4CSPs and intracellular protein families (see Figures 2, 3 and S1–S4).
Our objective was to provide further information regarding the presence of Mp10/4CSPs in
the salivary secretions of the aphid species M. persicae, which act as host plant effectors to
the aphids’ benefit, in order to begin research investigations into the intracellular function
of 4CSPs.
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Figure 2. Molecular phylogenetic comparison (PAUP*10Altivec) of Mp10 with related proteins
from various insect transcriptomes and genomes from species in the Order Hemiptera (Table S1).
(A) UPGMA analysis: agglomerative (bottom‑up) hierarchical clustering based on the distance
matrix of the analyzed taxa that were calculated from a multiple alignment in ClustalX. Evolution
(i.e., mutation rate) across all sequences is constant. Each pair‑wise distance contributes equally.
The red asterisk indicates Mp10’s position (*): Mp10 grouping with AAJJ0269C, AAJJ0269B
(in blue), DPO006842 (green), XP_012166268 (purple), HMEL010990 (orange), CSUOGS107535
(pink), Bta06193 (yellow), PVENscaf20457 (gray), ACYPI000097 (black), BPHOGS10008228, and
BPHOG10002786 (white) at the top of the tree. (B) Bootstrap/Jackknife algorithm analysis with
bacterial A. baumannii 4CSPs (OIC81003 and OIC85870) as outgroup. Amino acid tree (data matrix:
total characters 457, constant characters 48, variable parsimony‑uninformative characters 144,
parsimony‑informative characters 265, all characters of type unord, all characters have equal
weight): Length 4832, CI 0.423, RI 0.318, RC 0.134, HI 0.577, G‑fit −147.563). AAJJ: Trica, Bta:
Bemta, DPO: Denpo, XP_012166268: Bomte, HMEL: Helme, CSUOGS: Chisu, PVEN: Pacve,
ACYPI: Acypi, BPHOGS: Nillu. The red dot indicates the distance between the Mp10 group and
Nillu sequences. For comparative molecular analysis in the Mp10 family, the protein amino acid
sequences are used. InsectBase: All Coleoptera Protein (length 96–132, identity 38–50%, e‑value
5.33 × 10−31–8.50 × 10−34, score 108–118), All Diptera Protein (length 99–101, identity 47–49%,
e‑value 2.34 × 10−34–4.82 × 10−35, score 124–127), All Hemiptera Protein (length 94–145, iden‑
tity 44–97%, e‑value 3.54 × 10−31–4.45 × 10−101, score 109–287), All Hymenoptera Protein
(length 97–121, identity 44–49%, e‑value 5.19 × 10−31–3.38 × 10−32, score 111–113), All Lepidoptera
Protein (length 109–134, identity 39–43%, e‑value 2.08 × 10−26–4.93 × 10−34, score 98–121). Col:
Coleoptera, Hem: Hemiptera, Hym: Hymenoptera, Lep: Lepidoptera. Every protein (taxon)
follows the pattern of four cysteines (4Cys; Pfam Domain OS‑D/A10).
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Figure 3.Molecular phylogenetic comparison (PAUP*10Altivec) of Mp10 with related proteins from
the protein groups 4CSP, Allergen, TIF, PAN, ASRP, NPCP, and Mucin. Neighbor‑Joining (NJ) anal‑
ysis (sequences from Table S2), phylogeny reconstruction, bootstrap method, 500 bootstrap replica‑
tions, p‑distance, uniform rates. The circular NJ tree and the trees depicted in Figure S4 both read in
the same order. The degree of relatedness among amino acid sequences from 4CSPs (Ebsp‑3/PebIII,
A10/OS‑D; red dots), Allergens (Thap1, cyan dots), TIF (brown dots), PAN (salmon dots), ASRP
(purple dots), Rho (Rho GTPase‑activator, pink dots), NPCP (DAN4, black dots), and Mucin (Mucin‑
like/Extensin‑like, green dots) is indicated by the relative depths of the nodes supported by bootstrap
values >50%. Purple: Pherokine‑3, orange: Acid trehalase, dark blue: CWA‑3, gray: WAS/WASL,
light gray: Formin‑1, light gray in dark circle: WASP‑2, light purple: Jg5928, yellow: RickA‑like,
white in red circle: YLP motif protein 1, X: Hypothetical protein (unknown function). The bootstrap
value for groups of intracellular proteins and 4CSPs is 100 in red. 4CSP (red) branches mix with Al‑
lergens, TIF, PAN, ASRP, Rho, NPCP, and Mucin (green) branches. Mp10’s position, with Allergens
close to TIF, is shown by the red asterisk (*). d1–d5: sequential gene duplication events that lead
to Mucin. The amino acid sequences were used as templates for ClustalX alignments with bacterial
A. baumannii 4CSPs (OIC81003 and OIC85870) as an outgroup for comparative molecular evolution‑
ary analysis (PAUP*10Altivec). The typical 3D protein structure is depicted for each major protein
group. The four‑cysteine pattern (4Cys; Pfam Domain OS‑D/A10) is followed by all proteins in the
4CSP/Allergen group. The 4Cys pattern appears in the N‑terminus of intracellular proteins or taxa
in TIF, PAN, ASRC, Rho, NPCP, and Mucin (N‑4cys).

https://doi.org/10.3390/insects17090940

https://doi.org/10.3390/insects17090940


Insects 2026, 17, 940 12 of 34

We included species such as Acyrthosiphon pisum (Acypi), Bemisia tabaci (Bemta), Ha‑
lyomorpha halys (Halha, Brown Marmorated Stink Bug), and Pachypsylla venusta (Pacve,
Hackberry Petiole Gall Psyllid) in our analysis of the Mp10‑4CSP group, using available
transcript annotation and genome assembly (see Table S1). We compared Mp10 to 4CSPs
from various hemipterans and performed a blastp search against “All Species’s Protein”
Database from InsectBase [132], yielding multiple hits (length 101–145, identity 47–97%,
e‑value 1.80 × 10−34–6.35 × 10−100, score 126–287) across different species, like A. pisum,
Nilaparvata lugens (Nillu), the brown planthopper, and Mayetiola destructor, the Hessian
fly. Additional Mp10‑hits with varied length, identity, e‑value, and score values were re‑
covered by selectively blasting Mp10 in “All Coleoptera Protein”, “All Diptera Protein”,
“All Hemiptera Protein”, “All Hymenoptera Protein”, and “All Lepidoptera Protein”, in
species such as A. pisum (Acypi), Anopheles gambiae (Anoga), Bombus terrestris (Bomte),
Camponotus floridanus, Chilo suppressalis (Chisu), Culex pipens (Culpi), Danaus plexippus
(Danpl), Dendroctonus ponderosae (Denpo), Diaphorina citri, Harpegnathos saltator, Heliconius
melpomene (Helme), Linepithema humile, Manduca sexta, and Tribolium castaneum (Trica).
However, no matches were found in the transcriptomes of Phasmatodea, Thysanoptera,
Odonata, or several other insect taxa (Archaeopsylla, Blattella, Catajapyx, Chrysopa, Ephemera,
Forticula, Limnephilus, Locusta, Nemurella, Mengenilla, Pediculus, Sialis, and Zootermopsis).
A tblastx search corroborated these findings, confirming the specificity of Mp10s.

In our study, a phylogenetic analysis was conducted to examine the Mp10 4CSP‑like
group within the Hemiptera order, comparing Mp10s from various insect species, particu‑
larly focusing on aphids (Table S1 and Figure 2). Using the Unweighted Pair Group Method
with Arithmetic mean (UPGMA) method in PAUP*10Altivec [133], the analysis revealed a
significant grouping of Mp10s with several 4CSPs from different species, supported by high
consensus in protein sequence alignment, particularly in conserved motifs. UPGMA built
the initial phylogenetic tree using these primary sequencing data (Figures 2A and S1). The
UPGMA tree showed a particular grouping of Mp10 with 4CSPs from Trica (AAJJ0269C
and AAJJ0269B, Coleoptera), Denpo (DPO006842, Coleoptera), Bomte (XP_012166268, Hy‑
menoptera), Helme (HMEL010990, Lepidoptera), Chisu (CSUOGS107535, Lepidoptera),
Bemta (Bta06193, Hemiptera), Pacve (PVENscaf20457, Hemiptera), Acypi (ACYPI000097,
Hemiptera), andNillu (BPHOGS10008228, andBPHOG10002786, Hemiptera; see Figure 2A).
The Mp10 grouping is highly supported by high consensus in the N‑terminus and central
88‑PDAL‑91 motif, as well as conserved amino acid residues like Q, W, L, K‑D, and the four
Cys characteristic of 4CSPs (Figure S1). We highlight the Mp10‑4CSP consensus sequence,
important conserved residues in theMp10s, and the presence ofMp10 “hits” in insect species
such as nectar pollinators and plant suckers (Figure S1).

The initial UPGMA tree proposed a hypothesis about the tree structure and Mp10
group identification via sequence alignment (Figures 2A and S1). Bootstrapping confirmed
connections among Mp10‑related proteins with a 100% bootstrap value (see Figure 2B).
The UPGMA and Jackknife trees showed similar topology, indicating a robust Mp10 group
(79% bootstrap value), while Nillu sequences were confirmed as distantly related. Accord‑
ing to bootstrapping in Figure 2B, the Mp10 group was strong (79% bootstrap), whereas
Nillu sequences slid off the Mp10 group, reinforcing their more distant relation to Mp10
compared to pollinators and other insects like Pacve. Further validation by Bootstrap‑
Jackknife analysis highlighted a strong association between Mp10 and various herbivorous
and pollinator insects (Figure 2B). 79% bootstrap supported the grouping of Mp10 with
ACYPI000097 (Hem), AAJJ0269C (Col), AAJJ0269B (Col), DPO006842 (Col), XP_012166268
(Hym), HMEL010990 (Lep), CSUOGS107535 (Lep), Bta06193 (Hem), and PVENscaf20457
(Hem; see Figure 2B). This is rather surprising because we would only imagine that Mp10
helps herbivorous insects overcome plant immunity (see [24,25]). Given this, it is note‑
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worthy that Mp10 is more closely related to 4CSPs from Trica, Denpo, Bomte, Helme,
and Chisu, than it is to Nillu (see Figure 2, red dot). The presence of Mp10 in aphids,
psyllids, whiteflies, and stem borers indicates that it is associated with insects that ei‑
ther burrow or tunnel into plants or consume plant phloem. It is much more surprising
that it is also related to the family of insect pollinators like bumblebees and butterflies
(see Figures 2A,B and S1).

Notably, the presence of Mp10 in pollinators challenges previously held assumptions
about its role, suggesting a potential function in flower dynamics that balances attracting
pollinators while deterring herbivores. Moreover, our study calls attention to the impli‑
cations of pollinator behavior, which may impact plant reproductive success through her‑
bivory and ‘florivory’. Overall, our work highlights the complex ecological interactions
between pollinators and blooming plants and includes Mp10.

Examining the role of 4CSPs as flower effectors for pollinators is a recent concept.
While evidence shows that Mp10 in aphids aids in controlling plant immunity [24,25], the
broader implications for other insects were previously overlooked. Flowering plants face
the challenge of attracting pollinators while deterring herbivores, with the risk that fre‑
quent pollinator visits could lead to flower damage or reduced nectar. Pollinator interac‑
tions can negatively affect fruit and seed development, highlighting that their visits are not
always beneficial [134,135]. Molecular ecology indicates that some pollinators, like bees
and butterflies, use Mp10s to bypass flower defenses. The evolutionary analysis suggests
Mp10 is an ancient mechanism present across various insect taxa, with further research
needed to clarify its presence and functional evolution (see Figures 2 and S1).

Our study reveals that the number of Mp10 proteins varies by species, influenced by
the host plant or diet (see Figures 2 and S1). Notably, Nillu, which feeds exclusively on
rice, exhibits distinct Mp10s compared to other insects (Figure 2). Most Mp10s consist of
147–153 amino acids and show high conservation (97%) in their sequences (Figure S1), in‑
dicating a maintained function throughout evolution, particularly in targeting host‑plant
immune systems in the Aphididae family. Additionally, the split of Acypi and Myzpe
approximately 22 million years ago shows stability in Mp10. Future research on Mp10‑
4CSP in pollinators may enhance understanding of plant defense mechanisms, support‑
ing angiosperm evolution and environmental preservation. Mp10 mechanisms may have
emerged in the early Permian era (~298 Mya) at the same time as angiosperms, pollinivory,
and the first plant–insect interactions (Figures 2 and S1, [136]).

6. Mp10 and Multiple Intracellular Functions from Nucleus to Actin
Interestingly, Mp10 shares significant similarities with various protein families, such

as TIFs, neural Wiskott–Aldrich Syndrome (WAS/WASL)‑like proteins, ASRPs, NPCPs,
Mucins, PAN, Rho GTPase (Rho) activators, serine/threonine‑protein kinase C (SamkC),
and numerous viral proteins, revealing a 31–45% identity range (Figures 3 and S2–S4 and
Tables S2 and S3). This raises interesting questions regarding the potential functions of
4CSPs in cellular processes, including interactions with molecular components, RNA/DNA
binding, transcription control, and the activation of protein complexes, even though homol‑
ogous function is not always implied by sequence homology.

The experimental role of 4CSP in the actin system and nucleus remains unproven,
despite significant sequence homology with proteins related to actin, mucin, and nuclear
pores (our study). Phylogenetic and sequence analyses suggest clustering of intracellu‑
lar protein families with 4CSPs (Figures 3 and S2–S4 and Tables S2 and S3). Functional
analyses, including RNAi knockdowns, highlight 4CSP’s involvement in lipid transport,
phosphorylation, and immune response, steering attention away from olfactory func‑
tions [21,22,137]. Furthermore, glucose‑related protein 94 (GRP94), a critical chaperone,
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assists in 4CSP’s trafficking from the ER to the Golgi, which is vital for pesticide resistance
and nutrient assimilation [138,139]. These findings emphasize the need for further research
into 4CSP’s interactions with GRP94 and actin, confirming its role in cellular processes.

We propose a new paradigm that contrasts with the traditional olfactory model. The
phylogenetic and modeling analysis of Mp10 orthologs reveals evolutionary relationships
among intracellular protein families linked to actin and various organelles. While evolu‑
tionary analysis does not determine function, focusing on the connections between pro‑
teins like 4CSP, Rho, TIF, ASRP, SamkC, NPCP, viral tegument proteins, and many others
suggests new research directions, particularly related to cellular roles consistent with the
distribution and development of 4CSPs (see [1,140] and Figures 3 and 4).

The relationship between 4CSP, Mp10, mucin, TIF, and various intracellular regula‑
tory components challenges the notion of 4CSPs being chemosensory molecules. Com‑
parison of Mp10 with the peplomer and cross‑linkers of the inner tegument indicates that
both bacteria and viruses express it. This shifts the focus of 4CSP research towards the
detection of virus particles, distinguishing it from the study of scents and plant odors (see
Figures 3 and 4 and Tables S2–S4).

Figure 4.Cont.
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Figure 4. Molecular structure modeling of 4CSP and intracellular N‑4CSP proteins. (A) Molec‑
ular structure modeling of Danpl‑WASP (XP_032519994). (B) Molecular structure modeling of
Pappo‑PgIb (XM_013282121). Danpl‑WASP and Pappo‑PgIb sequences were aligned with Bommo‑
4CSP1 in order to identify the signal peptide and cut it off based on Edman sequencing [7]. The
amino acid sequence of the mature protein was then subjected to molecular structure model‑
ing using SWISS‑MODEL Workspace/GMQE. The molecules with the highest identity score were
used as template references: 1kx9.1 (“Chemosensory Protein A6”, X‑ray, 1.6 Å, monomer, cab‑
bage moth, Mamestra brassicae) and A0A212FBN2.1.A (WASP family member 2‑like, AlphaFold DB
model of A0A212FBN2_DANPL, LOC116772069 gene, monarch butterfly, D. plexippus) for WASP
(in A); 1kx9.1 and A0A6J1X1I2.1.A (Mucin‑2‑like, AlphaFold DB model of A0A6J1X1l2_GALME,
LOC113521739 gene, greater wax moth,Galleria mellonella) for PgIb (inB). For WASP (A) and PgIb (B),
the Global Model Quality Estimation (GMQE) and the percentage of Sequence Identity (Seq Id) are
shown. C: C‑terminus, N: N‑terminus. The α‑helices that make up the 4CSP structure are num‑
bered 1 through 6. The location and function of WASP in the cytoskeleton, ER, Golgi, filopodia,
nucleus, and near endocytotic, phagocytotic, and synaptic vesicles point to the N‑terminal tail of
WASP and PgIb protein molecules in the intracellular compartment as the location of the 4CSP struc‑
ture. The 4CSP prism is indicated by the black square with dotted lines. The two molecules share
the same model of construction inside the cell: N‑terminus 4CSP prism (N‑4CSP), long loop, and
transmembrane domain. The black bar indicates the position of the transmembrane segment (TMB;
Swissmodel.expasy.org and services.healthtech.dtu.dk).

6.1. Evolutionary Evidence Derived from Phylogenetic Analysis

The first phylogenetic analysis of 4CSPs used bacterial 4CSPs, maximum likelihood
(ML), and an empirical Bayesian approach in IQ‑Tree [141], revealing relationships among
various groups of proteins, including 4CSPs, Cell Wall Proteins, Rho, Sec31, TIF, SamkC,
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WAS/WASL, DNA‑binding proteins (DNA‑BPs), DNA‑regulatory proteins (DNA‑RPs),
and various ribonucleic acid‑binding proteins (RBPs), among others [140,141]. The follow‑
up analysis of insect Mp10‑4CSPs (this study) employed the neighbor joining (NJ) algo‑
rithm and maximum parsimony (MP) to further investigate protein group relationships.
The study revealed that these intracellular proteins show some common evolutionary pro‑
cesses, often interbreeding with the “chemosensory” 4CSP family, which was rather unex‑
pected (see the branches in red in Figure 3).

We chose NJ and MP due to their involvement with various intracellular proteins
and enzymes, anticipating a rather heterogeneous evolutionary process characterized by
diverse evolutionary models and a high rate of change over time. NJ analysis is perfect
for heterogeneous data because it does not assume a constant molecular clock, while MP
finds the evolutionary tree with the fewest changes. Both NJ and MP are highly effective
in complex models with fast change rates relevant to 4CSPs and intracellular proteins. Or‑
thology grouping reveals that 4CSPs are grouped with allergens (IgE‑binding proteins)
in the TIF, PAN, and ASRP protein groups, indicating intracellular functional expression
(see Figures 3 and S2–S4). These proteins have roles in nucleotide binding, transcription,
translation, trafficking of transcription factors, and/or actin regulation, which encourages
additional CRISPR research to investigate the intracellular functions of 4CSPs.

In order to reconstruct phylogenetic trees using NJ or MP methods, PAUP* does not
perform de novo multiple sequence alignment; instead, it requires an already aligned ma‑
trix, usually in NEXUS format. ClustalX was used to handle sequences of different lengths
by matching conserved regions and inserting gaps during progressive alignment [142].
Trimming of amino acid sequences was avoided to preserve valuable data from longer
sequences because there were no missing data issues [143]. There were roughly 100 amino
acid sequences in the dataset, ranging in length from ~120 to ~500 residues. This was
achievable without reducing the number of amino acids to 120, which would eliminate im‑
portant information from longer sequences (Figure S3). Instead, care was taken to ensure
shorter sequences aligned to the same common domain as longer ones, allowing meaning‑
ful distance calculations despite initial length disparities. If one short sequence maps to
the protein’s N‑terminus and the other to its C‑terminus with zero overlap, the algorithm
is unable to calculate the relative distance between them; however, this is not the case in
our study (Figure S3). The N‑terminus of the longer proteins is mapped to all of the short
sequences (4CSPs, Pfam Domain OS‑D/A10; Figure S3), which enables us to refer to them
as “N‑4CSPs” (see Figure 3).

To demonstrate the connection between 4CSPs and groups of intracellular proteins,
we used a variety of phylogenetic analysis methods and different sets of taxa. We added
a common ancestor node (outgroup) to the “unrooted” trees (examining the relationships
between various groups) in order to determine an evolutionary path [10,144]. Based on
their location in the evolutionary tree of bacterial 4CSPs, we chose A. baumannii 4CSPs and
Bommo‑CSP2 as the outgroup [14,140]. A. baumannii’s origin has deep ancestral roots [145].
In the investigation of insect 4CSPs and intracellular derivatives, we considered that CRAB
4CSPs could be utilized as a known relative that branched off early because they rep‑
resented a late duplication when we looked at the development of bacterial 4CSPs and
HGTs [14]. In an analysis of long 4CSPs (“N‑4CSPs”), any other short 4CSPs would have
been trustworthy to employ as an outgroup.

Using Myzpe‑Mp10 in conjunction with 4CSPs, xenobiotics responsive elements
(XREs), Mucins, and RBPs in PAUP analysis revealed that Mp10 is more closely related to
the Mucins group (G1) than the 4CSP group (Figure S2A). One of the main conclusions was
that ‘EbalCSP3’ and Rho‑activator isoform X3 were significantly comparable, and their as‑
sociation with G1, which included Bommo‑4CSP10, was shown by a strong bootstrap value
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(94%; Figure S2A). Interestingly, ‘EbalCSP4’ showed a clear divergence from the 4CSP and
Mucin groups. The BioNJ study found that “chemosensory proteins” are strongly linked
to several intracellular protein families and suggested renaming “CSPs”. It also suggested
utilizing CRISPR techniques for further intracellular investigation.

Using Mp10 in conjunction with intracellular protein families, the analysis indicates
that Mp10 does not cluster with the other 4CSPs. The closest similarities are between Mp10
and mucin proteins, while 4CSPs are related to allergens (Figures 3 and S4). This sup‑
ports the assertion that 4CSPs have minimal impact on chemosensing, with TIF linked to
Mp10 reinforcing this claim. Furthermore, the presence of 4CSPs across mucin‑, nuclear
pore‑, and actin‑related sequences suggests they do not play a role in olfactory functions
(see Figures 3, S3 and S4). Instead, the study suggests focusing on the role of 4CSPs in
nuclear and actin sites, strongly emphasizing their involvement in Rho‑activator proteins
and cellular processes. It emphasizes that 4CSPs and small GTP‑binding Rho proteins
like “RhoGAPs” (XM_056065396) are intracellular regulators of actin cytoskeleton‑related
pathways [146]; therefore, their functional significance—rather than their connection to
OR activation—should be the main focus.

The 4CSP sequences can be categorized into the ASRP and Allergen groups based on
UPGMA analysis, suggesting ancestral origins for the latter (see Figure S4A). The ASRP
group comprises outer envelope proteins, nuclear nucleoside kinases (NNKs), and RickA‑
like components (Arp2/3), while the Allergen group includes IgE‑binding proteins (Thap1)
and others linked to cell motility and gene regulation (see Figures 3 and S4) [147–150].
Therefore, the evolution of 4CSP diverges from that of ORs and OBPs [151,152], tracing
back to a distantly shared ancestral origin among Mp10/4CSP, Allergen, Thap1, TIF, Rho,
ASRP, NPCP, and Mucin (Figures 3 and S4). Allergen, which includes 4CSP and TIF genes,
appears to be the result of multiple duplication events. Mp10 and Rho emerged before fur‑
ther multiple duplications (d1‑d5) led to various Mucin variants, notably in mosquitoes
(Figure S4) [153,154]. UPGMA tree analysis, based on the Molecular Clock Hypothe‑
sis [155], indicates that these gene duplications are noted across various taxa, including
ants, butterflies, damselflies (Ischnura forktails), flies, flour beetles, pierids, ladybirds, lice,
neodiprions, parasitoid wasps, and tuberworm moths (Figures 3 and S4 and Table S2), illus‑
trating an evolutionary gap between ASRPs/4CSPs and Allergen/Thap1. Our evolutionary
analysis indicates that Allergens, TIF, Rho, ASRPs, NPCPs, and Mucins arose from common
ancestral duplications, preceded by Mp10 and other 4CSP variants (see Figures 3 and S4).
Our analysis reveals ancient gene duplications across numerous taxa, including different
insect groups. This suggests that these protein families may date back to the Devonian or
Mississippian periods, prior to the emergence of flying insects [156].

Maximum parsimony (MP) analysis in PAUP* confirmed strong relationships among
the Mp10, 4CSP, Rho, Allergen, TIF, Mucin, NPCP, and ASRP protein groups, evidenced
by high bootstrap values (89–100%; Figure S4B). Notably, the grouped proteins show‑
case a close connection, particularly with NPCP and Mucin at approximately 99%. The
ASRP/Rho and Mucin/NPCP relationships are also supported by high Jackknife values
(93–99%; Figure S4B). Additionally, 4CSPs share significant relationships with PAN and
ASRP (94–100% bootstrap values; Figure S4B). These proteins are extensively expressed
across adult body parts and in developmental stages (Tables S2 and S3), engaging primar‑
ily in DNA/protein interactions and enzymatic functions [157,158]. The links with intra‑
cellular proteins and gene promoter regions warrant further investigation, suggesting that
CRISPR‑4CSP might focus on more common intracellular functions.
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The circular NJ phylogenetic tree further illustrates interconnections among protein
groups such as 4CSP, Allergen, TIF, PAN, Rho, ASRP, NPCP, and Mucin (see Figure 3).
High bootstraps (100%) suggest that 4CSPs have no role in olfaction, as they are primar‑
ily intracellular and influence sensory processes in nerve tissues (see [1]). Our study
shows that Mp10 and TIF share similar evolutionary pathways, while ASRPs always clus‑
ter closely with Mp10 (Figures 3, S3 and S4), indicating rapid evolution despite their an‑
cient origins [159–162]. Our study proposes a new working hypothesis that TIFs, ASRPs,
and 4CSPs may interact together to control the actin skeleton and ribosomal gene expres‑
sion, although further experimental evidence is strongly needed.

Our phylogenetic evolutionary analysis identified proteins related to Allergen/Mp10
across various insect taxa, including aphids, beetles, dragonflies, flies, lice, mosquitoes,
moths, and sawflies. These proteins are intracellular and belong to groups like Mucin,
NCPC, ASRP, and TIF, unrelated to taste or chemosensing. Their common root indicates
that these protein groups diversified prior to insect emergence during the Carboniferous
Period (~299–359 Mya; see Figure 3). The 4CSP gene underwent multiple duplications
(d1–d5), with early duplications (d1–d2) producing Allergen/Mp10, TIF, and PAN, and late
duplications (d3–d5) forming Rho, ASRPs, NPCPs, and Mucins (referred to as N‑4CSPs;
see Figures 3 and S4). Our phylogenetic study shows that 4CSPs and N‑4CSPs have an old
common ancestor. The N‑4CSP/Mucin group was formed by five sequential duplications
beginning with 4CSP (see Figures 3, S3 and S4 and Table S2).

6.2. Intracellular Function Derived from Amino Acid Sequence Modeling Analysis

In addition to shared phylogeny, protein amino acid sequence alignment and struc‑
ture modeling show further functional links between 4CSPs and many groups of intracel‑
lular proteins (see Figures 4 and S3). Interestingly, 4CSP and the sequences of TIF, ASRP,
NPCP, and Mucin have an exact N‑terminal match (Figure S3), which enables us to refer to
all of these protein groups as “N‑4CSPs”. The majority of N‑4CSP proteins show a similar
tunnel‑like configuration of six α‑helices using SWISS‑MODEL Workspace/GMQE [163],
especially in the N‑terminus (Figure 4). The highly distinctive 4CSP structure [15–20] was
present in allergens Thap1, acid trehalase, Phk‑3, Bommo‑4CSP, Mp10, immune response
proteins, and Coccinella septempunctata nuclear TIF (Figure S5). With unique characteris‑
tics in its structure and gene locus, the Danpl‑WASP protein, which has a large transmem‑
brane domain, is involved in filament synthesis and actin cytoskeleton regulation [164,165].
These big N‑4CSP molecules, like the WASP structure, are found in intracellular organelles
such as the cytoskeleton, microtubules, integuments, cell wall, nuclear pore, and cyto‑
plasm. Important discoveries show that the N‑terminus and C‑terminal domains are con‑
nected by a sizable loop in N‑4CSPs (see Figures 4 and S5).

The structure of the protein CAH2235359 from the Palearctic butterfly, known as
“jg5928,” suggests that the 4CSP protein may be present in viral particles (see Figure S5).
Like WASP and PgIb, Jg5928 folds into a prominent loop that links the 4CSP domain to
the transmembrane domain of the virus’s principal outer envelope glycoprotein (BLLF1,
pfam0519; Figure S5). It is connected to viral envelope glycoproteins, indicating a role in
viral attachment to host lipids, possibly via the 4CSP domain. Some bacterial proteins also
have a similar structure, with a transmembrane region connected to a glycoprotein that
contains the 4CSP domain (C‑4CSP; see [14]). This structural resemblance raises questions
about the significance of 4CSP in immune response and infection processes, with an em‑
phasis on its possible function in binding with bacterial and viral components rather than
its previously considered chemosensory roles.
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6.3. “4CSP, Intracellular Mode of Action” Derived from Location, Size, Structure, and Expression
in Microbes and Viruses

Given the similarities among 4CSP and several groups of intracellular proteins, it
is hypothesized that 4CSP has diverse intracellular functions in insects and hexapods
(see Figure 5). To explore the “4CSP intracellular mode of action”, further research us‑
ing CRISPR, RNAi, or gene knockout is advised, in conjunction with general cell biology,
biochemistry, and molecular biology approaches. Quantifying lipids in cells and locating
4CSP close to organelles including the ER, nuclear pores, mitochondria, and Golgi may be
an essential part of this study.

Figure 5.The “4CSP Intracellular Mode of Action” Hypothesis. 4CSP binds to fatty acid (FA), which
mediates the phosphorylation (p) of different plasma membrane‑bound protein molecules. K+ in‑
take/Na+ outflow: potassium–sodium exchange pump, R: Receptors, G: G‑protein, PLC: phospholi‑
pase kinase C, PKC: protein kinase C, Rho: Rho GTPase, ER: endoplasmic reticulum, E: Desaturase
Enzyme, which interacts with 4CSPs that transport FAs, such as linoleic acid (C18:2) and its precur‑
sors (stearic acid C:18 and elaidic acid C:18‑1). +: Stress reactions that lead to 4CSP interacting with
different molecules in the membrane, nucleus, ribosome, Golgi, lysosome, ER and mitochondria,
including cytochrome P450 (CYP), Degradative Enzyme (DE), Sec31 protein complex (Sec31), and
Mucin (M). 4CSP proteins attach to the actin skeleton regulatory complex (ASRC), Gplb‑like protein
(Gplb), and nuclear pore complex protein (NPCP) in the actin cytoskeleton, plasma membrane, and
nuclear membrane, respectively. Nucleoside diphosphate kinase (NDPK), splicing factor (SF), and
transcription initiation factor (TIF) are bound in the nucleus. M also stands for mucin‑like fractions,
secretory molecules that bolster the immune system’s protection against microbial stress, while PgIb
plays a part in the cell‑adhesion system (LRR motif). Based on phylogeny and modeling studies of
the amino acid sequence, the large red dots represent each potential protein, protein assembly, or
supramolecular complex in each intracellular organelle that 4CSP may interact with in both insects
and hexapods (see Figures 2–4 and S1–S5).
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The “4CSP intracellular mode of action” hypothesis states that 4CSP interacts with
linoleic acid (LA, C18:2, ω‑6 fatty acid) based on G. Liu et al. [21,22]. LA is derived from
arachidonic acid (ARA, C20:4, ω‑6 fatty acid), which is essential for the production of hor‑
mones such as prostaglandins, thromboxanes, and leukotrienes. Ion transfer, innate im‑
mune response, egg formation, and reproduction are only a few of the physiological pro‑
cesses that these hormones control [166–168]. Furthermore, C18:2 and C20:4 ω‑6 FA lipids
function as intracellular modulators, affecting a range of proteins and phosphorylating
many signal transduction pathways and physiological processes (see [22]).

Insect growth and stress responses depend on these 4CSPs’ role in phosphorylation
and lipoid activity within several intracellular organelles (see Figure 5). The widespread
expression of the LA‑4CSP complex throughout the insect body indicates a significant me‑
diating role in various physiological functions (see [21]). LA influences Ca2+ signaling and
kinase phosphorylation across gustatory and metabolic cells, as well as activating multiple
signaling pathways in mammals [169,170]. Moreover, LA targets vital tissues in insects,
such as the brain and gut, participating in oxidative phosphorylation linked to immune
responses [171–176]. The reticulum, Golgi, mitochondria, lysosomes, ribosomes, protea‑
somes, microtubules, and actin cytoskeleton are all targets of LA [177–182]. 4CSP is ex‑
clusively intracellular, associated with LA and other lipids, emphasizing its relevance in
general cell biology rather than sensory processes.

In summary, 4CSPs play a crucial role in regulating lipid metabolism during the cell
cycle in various organisms, including bacteria, insects, and hexapods [1,14,21,22,183–186].
They interact with cytochrome P450 enzymes under stress conditions, impacting cellular
metabolism, homeostasis, and detoxification linked to insecticide exposure [2,3,187,188].
Additionally, 4CSPs would be involved in the lysosomal defense against pathogens and
the degradation of macromolecules (Figure 5). The hypothesis suggests that close cooper‑
ation between 4CSPs, fatty acids (FAs), and the ER is essential for lipid droplet production
and sex pheromone biosynthesis (∆‑desaturases; [189–192]). Our study proposes using
CRISPR to explore these interactions and functions further, supported by evidence of 4CSP
tissue distribution and their role in lipoid biosynthetic pathways.

The “4CSP intracellular mode of action” hypothesis also states that 4CSPs interact
with a variety of cellular elements, such as the nucleus and different cell membranes, via
the Rho GTPase signaling complex and related intracellular proteins (see Figures 3–5).
They may play a role in FA lipid and protein transport, particularly between the nucleus,
the Golgi apparatus, and lysosomes [193–195] (Figure 5). The 4CSP Pfam domain is part of
multiple proteins such as Pglb, resembling a membrane glycoprotein receptor, indicating
an ancient evolutionary origin tied to glycoprotein mechanisms [196]. This implies that
4CSPs are related to roles in bacteria, worms, and the ancient enteric endocrine system
in ecdysozoans, and that they largely precede olfactory receptors. This connects 4CSPs
to the intracellular CYP‑P450 family, which has been associated with metabolic processes
and mitochondria since Bya [14,197–199].

7. Concluding Remarks and New Perspectives
Our study emphasizes the evolutionary and physiological parallels between 4CSPs and

Mucins. Both protein groups are necessary for insect growth and development and work to‑
gether to control immunological and gastrointestinal responses [1,2,200–208]. Interestingly,
blood feeding increases the expression of 4CSPs and Mucins in mosquitoes [209–211], indi‑
cating that 4CSPs have similar functions to Mucins in many insect species.

The most crucial factor for new study direction in this regard may be the fact that
Mucins, which are abundantly expressed in true bug salivary glands and secreted into
rice during feeding, elicit plant immune responses in a way similar to that of Mp10 [212].
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This shows the importance of these two protein groups distant from olfactory receptors.
Furthermore, our study shows that 4CSPs interact not only with Mucins but also with
many other intracellular proteins, including ASRPs and NPCPs, providing insight into
non‑chemosensory functions and possible intracellular roles that call for more research.

During the “OS‑D/CSP” era (1994–2003), the connections between 4CSPs, Mucins, AS‑
RPs, NPCPs, cytoskeleton complexes, and other nuclear genetic elements were rather incon‑
ceivable. However, the non‑chemosensory roles of this protein family have been highlighted
by more recent studies, particularly with regard to insecticide resistance [1–3,14,21,22,67].
On the other hand, little is known about intracellular roles associated with 4CSP, Mucin,
ASRP, NPCP, and cell regulation. Since their functions in actin and nuclear function are
not yet supported by experimental data, the evolutionary link of “OS‑D/CSP” requires a
name change and new research perspectives. Instead of focusing on “OS‑D/CSP” in olfac‑
tion, future research should examine the biological roles of 4CSPs in intracellular activities,
strongly suggesting a change toward researching their impact on cell functions, notably with
CRISPR technologies.

Numerous studies have demonstrated that 4CSPs are found in a variety of tissues,
away from sensilla, cuticles, and teguments (see [1]). The “Mp10 experiment” reveals sig‑
nificant sequence homology with Mucin, suggesting a more extensive function for 4CSP
in intracellular contexts. Actin‑related proteins and nuclear complexes are among the big‑
ger molecules it interacts with (see Figures 1–5 and S1–S5). Future research should focus
on validating the structure of proteins containing 4CSP at the N‑terminus (hence dubbed
“N‑4CSP”) using X‑ray or NMR, emphasizing the intracellular aspects of 4CSP’s role.

Additionally, using CRISPR to cut the 4CSP at the transcription initiation factor’s
N‑terminus could provide insights into its role in cellular function. The 4CSP is linked
to various intracellular complexes, suggesting its function as a regulatory module rather
than merely scavenging odorant molecules. It is present in many tissues (see [1]) and im‑
plicated in processes like lipid metabolism, significantly impacting gene expression and
intracellular signaling pathways. Interactions between 4CSPs, Mucins, and lipids indicate
a complex role in transporting and aggregating lipid molecules, warranting further inves‑
tigation through binding assays and X‑Ray studies [213–219].

There is consensus regarding the protein’s role in transporting lipoid molecules, par‑
ticularly in insects like moths that use 4CSPs and FAs for sex pheromone production. More‑
over, the position of 4CSPs inside the cell in both bacteria and insects is firmly supported
by a function associated with lipid metabolism. It is interesting to note that bacteria ex‑
press “C‑4CSPs”, whereas insects have “N‑4CSPs”. These proteins are found inside the
cell and nucleus, in all of the many cell organelles, and in all of the functions of bacteria,
viruses, insects, and hexapods (see Figure 5), with Mucins, 4CSPs, and OBPs showcasing
strong interactions with lipoids. While 4CSPs may transport long‑chain FAs, Mucins could
facilitate lipoid aggregation and droplet formation, indicating a protective mechanism in
the insect tissue. Further investigation into the interaction of Mucins with short‑chain FAs
and 4CSPs with long‑chain FAs is warranted.

Based on its tissue distribution, developmental profile, pesticide sensitivity, and bind‑
ing of intracellular lipids like LA, the “CSP/OS‑D” protein family does not appear to be
involved in olfaction [1,220]. Therefore, prior names such as OS‑D/A10, CSP, and SAP
“sensory appendage protein” are totally inappropriate. Instead, it is advised to rename
the protein to “4CSP”, which reflects its structure, prior to its capacity to associate FAs,
lipoids, TIFs, nucleic acids, actin, and other intracellular components. In order to focus on
the novel investigation of intracellular processes, this protein family has to be renamed.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/insects17090940/s1, Figure S1: Alignment of the amino acid se‑
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counterparts in Coleoptera, Hymenoptera, and Lepidoptera; Figure S2: PAUP*10Altivec phyloge‑
netic analysis of insect 4CSPs, DBPs, and RBPs; Figure S3: Myzpe Mp10’s alignment with related
proteins from the 4CSP, Allergen, Mucin, Rho, TIF, ASRP, and NPCP families; Figure S4: UPGMA
and Bootstrap/Jackknife analyses of Mp10 and intracellular counterparts; Figure S5: The modeling of
the molecular structures of Mp10 and its related proteins belonging to the Allergen, Mucin, Rho, TIF,
ASRP, and NPCP families in SWISS‑MODEL. Table S1: Acypi ‘4CSP’ gene repertoire in comparison
to other Hemiptera, genome assembly, and protein identity; Table S2: Sequences producing signif‑
icant alignments with Mp10; Table S3: Sequences producing significant PAUP‑Tree between 4CSP
and intracellular proteins; Table S4: Sequences of RNA‑binding proteins (RBPs) used in PAUP‑tree
for molecular comparisons with 4CSPs and other intracellular proteins [2,14].

Author Contributions: Conceptualization, J.‑F.P.; methodology, J.‑F.P.; software, J.‑F.P.; validation,
J.‑F.P.; formal analysis, J.‑F.P.; investigation, G.L., B.S., W.F., S.Y., Q.H. and J.‑F.P.; resources, G.L.,
S.Y., Q.H. and J.‑F.P.; data curation, G.L., B.S., W.F., Q.H. and J.‑F.P.; writing—original draft prepa‑
ration, J.‑F.P.; writing—review and editing, J.‑F.P.; visualization, G.L., B.S., W.F., Q.H. and J.‑F.P.;
supervision, J.‑F.P.; project administration, J.‑F.P.; funding acquisition, G.L., S.Y., Q.H. and J.‑F.P.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Overseas High‑Level Talent Program‑Taishan Scholar
title [NO. tshw20091015] and the Ministry of Science and Technology of China‑National Expert title
[G2022023033L]. J.‑F.P. is a recipient of the Qilu Friendship Award (1 July 2025).

Data Availability Statement: The original contributions presented in the study are all included in
the article/Supplementary Materials; further inquiries can be directed to the corresponding author.

Acknowledgments: Overseas high‑level talent program‑Taishan scholar title (#NO.tshw20091015),
Ministry of Science and Technology of China‑National Expert title (#G2022023033L), and Qilu Friend‑
ship Award 2025. We sincerely thank the editorial office of Insects for their professional handling
and support during the review process. We would especially like to express our gratitude to Ale‑
jandro Rooney (USDA) and Rudolf Alexander Steinbrecht (MPI) for their critical and enlightening
discussions about the re‑naming of “CSPs” and for sharing their ideas and opinions on the rough
drafts of the (two) manuscripts (Part 1 and Part 2). Special heartfelt thanks and appreciation are also
extended to Karl‑Ernst Kaissling (MPI) regarding “4CSP”.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
The following abbreviations are used in this manuscript:

4CSP 4‑Cysteine Soluble Protein (“CSP/OS‑D”)
6CSP 6‑Cysteine Soluble Protein (“OBP”)
AcrR Regulator of adjacent acrAB efflux genes
Acypi Acyrthosiphon pisum (pea aphid)
Aedae Aedes aegypti (dengue yellow fever mosquito)
AKH Adipokinetic hormone
AI Auto‑inducer

Allergen Tha p 1
IgE‑binding protein (15 kDa) and major allergen of pine processionary
caterpillar (Thaumetopoea pityocampa, Thapi)—variant 1

Anoga Anopheles gambiae (African malaria mosquito)
ARA Arachidonic acid
Arp2/3 Actin‑related protein 2/3 complex
ASRC Actin skeleton regulatory complex
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ASRP Actin skeleton regulatory protein
Avd Accessory variability determinant
Bemta Bemisia tabaci (silverleaf whitefly)
Bemta4CSP1 Bemisia tabaci “Chemosensory Protein”‑1 renamed to Bemta4CSP1

BioNJ
Bio (improved version) of Improved version of Neighbor Joining algorithm
based on simple model of sequence data

BLASTp Protein BLAST
BLLF1 Epstein–Barr virus envelope glycoprotein encoded by BLLF1 gene
Bomte Bombus terrestris (buff‑tailed bumblebee)
C‑4CSP Long intracellular proteins with a C‑terminus 4CSP (Pfam OS‑D/A10)
CA Corpora allata
CHC Cuticular hydrocarbons
Chisu Chilo suppressalis (Asiatic rice borer or striped rice stemborer)
CNS Central nervous system
Cocse Coccinella septempunctata (seven‑spot ladybird)
CRISPR Clustered Regularly Interspaced Short Palindromic Repeats
CSP Chemosensory protein
Culpi Culex pipiens (common house mosquito)
CWA Cell wall anchored
CWP Cell wall protein
CYP Cytochrome P450

DAN4
Cell wall mannoprotein expressed under delayed anaerobic conditions
(Saccharomyces)

Danpl Danaus plexippus (monarch butterfly)
DE Degradative enzyme
Denpo Dendroctonus ponderosae (mountain pine beetle)
DGR Diversity‑generating retroelement
DNA‑BP Deoxyribonucleic acid‑binding protein
DNA‑RP Deoxyribonucleic acid‑regulatory protein
DP Diphosphate
Drome Drosophila melanogaster (fruit fly)
EA Elaidic acid
Ebsp Ejaculatory bulb‑specific protein (also called Peb)
ER Endoplasmic reticulum
Eupco Eupeodes corollae (migrant overfly)
FA Fatty acid
Fox Forkhead box (transcriptional regulator, cell growth regulator)
GDP Guanosine diphosphate
GMQE Global Model Quality Estimate
GOBP General Odorant Binding Protein
GpIb Glycoprotein Ib receptor complex
GR Gustatory receptor
GRP94 Glucose‑regulated protein 94—Endoplasmic Reticulum (ER) chaperone
GTP Guanosine triphosphate
Halha Halyomorpha halys (brown marmorated stink bug)
Helme Heliconius melpomene (postman butterfly)
Hu IgE Human immunoglobulin E
Histone‑like Histone‑like RNA/DNA‑binding protein family (nucleus)
HGT Horizontal gene transfer
IgE‑BP Immunoglobulin E‑binding protein
Iphpo Iphiclides podalirius (scarce swallowtail)
IR Ionotropic receptor
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Jg5928 Major outer envelope protein
JH Juvenile hormone
LA Linoleic acid (cis,cis‑9,12‑octadecadienoic acid C18:2)

LMAN1‑MCFD2
Calcium‑dependent cargo receptor complex that transports certain
glycoproteins from the ER to the Golgi apparatus

LRR Leucine‑rich repeat protein complex
M Mucin
Mambr Mamestra brassicae (cabbage moth)
ML Maximum likelihood
MP Maximum parsimony
Mp10 Myzpe p10‑like protein
Mraz DNA‑binding transcription factor encoded by mraZ
Myzpe Myzus persicae (green peach aphid)
N‑4CSP Long intracellular proteins with an N‑terminus 4CSP (Pfam OS‑D/A10) domain
NDPK Nucleoside diphosphate kinase
Nillu Nilaparvata lugens (brown planthopper, BPH)
NME Nucleotide metabolism enzymes
NNK Nuclear nucleoside kinase
NPCP Nuclear pore complex protein
OBP Odorant‑binding protein
ODE Odorant degrading enzymes
OR Olfactory receptor
OS‑D Olfactory Specific‑type D protein
OXPHOS Oxidative phosphorylation
P Phosphate
Pacve Pachypsylla venusta (hackberry petiole gall psyllid)
PAN Hexameric ATPase complex
PAN‑1 Protein encoded by the pan‑1 gene in the nematode Caenorhabditis elegans
Pappo Papilio polytes (common Mormon)
PAUP Phylogenetic analysis using parsimony
PBP Pheromone Binding Protein
Pedhu Pediculus humanus humanus (human body louse)
PG Prothoracic gland
PgIb Platelet glycoprotein Ib alpha chain‑like
Phk Pherokine (hemolymph protein)
PKC Protein kinase C
PLC Phospholipase C
QS Quorum sensing
Ras Family of GTPases derived from rat sarcoma virus
RBP Ribonucleic acid‑binding protein

Rho
Family of GTPases, family of small (~21 kDa) signaling G proteins, subfamily
of the Ras superfamily

RhoGAP
Rho GTPase‑activating protein, regulator of Rho‑related protein family
(motility, contractility, growth, differentiation, development)

RickA Rickettsia conorii surface protein A (activator of Arp2/3)
RNAi RNA interference
SA Stearic acid
SamkC Serine/Threonine‑protein kinase C (from social amoeba)
SAP Sensory appendage protein
Sec31 Protein transport protein encoded by the SEC31A gene (human)
SF Splicing factor
SP Signal peptide
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Tat Twin‑arginine translocation pathway
TERT Telomerase reverse transcriptase
TetR Tetracycline repressor
TFTR TetR‑family transcriptional regulator
TIF Transcription initiation factor
TP Triphosphate
Trica Tribolium castaneum (red flour beetle)
TSSC1 Tumor‑suppressing subtransferable candidate 1 (endosomal machinery)
UL36 Large tegument protein deneddylase encoded by UL36 gene (herpesviridae)
UPGMA Unweighted pair group method with arithmetic mean
Uralo Uranotaenia lowii (pale‑footed Uranotaenia)
WAS/WASL Wiskott–Aldrich Syndrome/Wiskott–Aldrich Syndrome‑like protein
WASP Wiskott–Aldrich Syndrome protein
XRE (Xre) Xenobiotic response element family of DNA‑binding transcriptional regulators
YhbY RNA‑binding protein (folded like TIF) encoded by YhbY gene (Escherichia coli)
YLPM1 YLP motif containing 1 encoded by YLPM1 gene (human)
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