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Abstract

Oenocytes have intrigued insect physiologists since the nineteenth century. Many years of careful 

but mostly descriptive research on these cells high-lights their diverse sizes, numbers, and 

anatomical distributions across In-secta. Contemporary molecular genetic studies in Drosophila 
melanogaster and Tribolium castaneum support the hypothesis that oenocytes are of ectodermal 

origin. They also suggest that, in both short and long germ-band species, oenocytes are induced 

from a Spalt major/Engrailed ectodermal zone by MAPK signaling. Recent glimpses into some 

of the physiological functions of oenocytes indicate that they involve fatty acid and hydrocarbon 

metabolism. Genetic studies in D. melanogaster have shown that larval oenocytes synthesize 

very-long-chain fatty acids required for tracheal water-proofing and that adult oenocytes produce 

cuticular hydrocarbons required for desiccation resistance and pheromonal communication. 

Exciting areas of future research include the evolution of oenocytes and their cross talk with 

other tissues involved in lipid metabolism such as the fat body.
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Introduction

Oenocytes are secretory cells that are found in most, if not all, pterygote insects. These 

mysterious cells were documented as early as 1856 and have been termed unicellular 

glands, intermingled cells (eingesprengte Zellen), and respiration cells (Respirationzellen) 

(32, 42, 69). The currently accepted term, oenocytes (originally oenocythen), was coined in 

1886 to highlight the wine yellow (weingelb) color of these cells in Chironomus midges 

(132). Even though oenocytes are yellow in some insect species, in others they can be 

red, green, or almost colorless (49) (Figure 1). Numerous analyses at both the light and 
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electron microscope levels indicate that the morphology of oenocytes is characteristic of a 

specialized secretory cell (64, 76, 103, 106, 133, 135).

Oenocyte

an insect cell type of ectodermal developmental origin that utilizes hemolymph 

lipophorin; functions include the synthesis of VLCFAs and/or hydrocarbons

The size, number, and anatomical locations of oenocytes all vary widely between insect 

species (reviewed in 41, 80, 118). Although a systematic phylogenetic analysis of oenocyte 

features in arthropods is currently lacking, partial coverage indicates that there are dramatic 

differences across Insecta. Oenocytes have also been reported in arachnids and crustaceans 

(110, 122), but it is not yet known whether these are homologous to insect oenocytes and 

so are not discussed further. Although oenocytes in many insect species tend to be large 

polyploid cells organized into discrete clusters restricted to the abdominal segments, there 

are many exceptions. For example, oenocytes are present in the abdomen and thorax of some 

parasitic wasps (Torymus nigricornis) and aquatic Hemiptera (95, 128). The location of 

oenocytes within a segment also varies considerably between species. In some species they 

remain contiguous with the epidermis but project into the body cavity, in Blatta cockroaches 

they are sandwiched between the epidermis and the basement membrane, in tachinid and 

Drosophila fly larvae they lie beneath the epidermis in conspicuous cell clusters, whereas in 

Chrysomela beetles they are scattered throughout the fat body (10, 89, 129, 134). Oenocytes 

also come in a wide range of different sizes. Larval oenocytes tend to be very large cells 

with diameters typically 60–100 μm, but they can reach an impressive 150 μm in Cynipidae 
gall wasps (111). Adult oenocytes tend to be smaller but more numerous than their larval 

namesakes; for example, they are ∼15 μm in diameter in Culex mosquitoes (50). In those 

species that have discrete segmental clusters of larval oenocytes, there are also striking 

differences in the number of cells per cluster. Those of D. melanogaster contain an average 

of 6 cells, those of the parasitic wasp Phaenoserphus viator contain more than 20 cells, 

whereas those of the leopard moth, Zeuzera pyrina, can contain up to 50 cells per cluster 

(10, 30, 40).

In addition to evolutionary variation, the size, number, and distribution of oenocytes can 

also change dramatically within a given species during development. For example, a new 

generation of oenocytes may develop at each molt, as described by Wigglesworth in the 

heteropteran Rhodnius prolixus (133) (Figure 2). Differences also exist as a function of 

polyphenism such that, in larvae of Apis mellifera, the average oenocyte cell diameter 

reaches 80 μm in the worker, 100 μm in the drone, and 110 μm in the queen (115). 

Importantly, in dipterans such as D. melanogaster, there are two separate larval and adult 

(imaginal) generations of oenocytes, each of which is distinct with respect to cell size 

and number (10, 62, 66, 126) (Figure 3) and, as discussed below, perhaps also in terms 

of functions. For both oenocyte generations, cell size increases after formation, but this 

is much more dramatic during the larval growth phase than during adult aging (10, 56). 

Genetic studies in D. melanogaster demonstrate that the progenitors of larval and adult 

oenocytes are different (31, 70) and that larval oenocytes fragment and disappear long before 

adult eclosion, presumably via apoptosis (44). The separation between larval and adult 
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oenocyte progenitors is less clear in other holometabolous insects, with early descriptions in 

Formica rufa, Lasius flavus, and Galerucella luteola suggesting that larval oenocytes are the 

progenitors of adult oenocytes in some hymenopterans and coleopterans (58, 91, 97).

Fat body

the major lipid storage organ of insects, regulating the balance between lipogenesis and 

lipolysis in a dietary nutrient-dependent manner

Holometabolous insects

members of the Endopterygota superorder that undergo complete metamorphosis, 

developing via four stages: embryo, larva, pupa, and adult (imago)

Oenocyte Formation By Induction From The Ectoderm

Hints as to the developmental origin of oenocytes were provided by observations that they 

develop in close proximity to known ectodermal derivatives such as spiracles (43, 65, 111, 

129). However, a molecular genetic mechanism for their specification from the ectoderm 

is currently available only in Drosophila. For the oenocytes of the imago, it was originally 

suggested that they share a common developmental precursor with the epidermis and fat 

body (62). Subsequent cell lineage analyses showed that adult oenocytes and abdominal 

epidermis arise from a common pool of histoblasts but that the adult fat body has a 

separate mesodermal origin (70, 71). Surprisingly for such an intensively studied model 

organism, the underlying mechanism by which adult Drosophila oenocytes are specified 

from histoblasts is still unclear.

COP

chordotonal organ precursor

EGFR

epidermal growth factor receptor

In contrast to the adult oenocytes of Drosophila, much more is known about the formation of 

their larval counterparts. The observation that larval oenocytes, as well as neural precursors, 

are overproduced in Notch mutant embryos suggested that they may originate from the 

ectoderm (47). Subsequently, a molecular mechanism for oenocyte induction from the 

ectoderm during the extended germ-band stages of embryogenesis was identified (reviewed 

in 41). Central to this process is Spitz secretion by one of the five primary chordotonal organ 

precursors (COPs) that locally activates the epidermal growth factor receptor (EGFR) in the 

overlying dorsal ectoderm, thus inducing ∼6 oenocyte precursors (31, 113). Three or four 

out of the five primary COPs are thought to secrete Spitz. However, only the most dorsal 

COP (C1) induces oenocytes, whereas the other two or three (C3, C5, and possibly C2) 
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induce the alternative fate of secondary COPs (31, 86, 141). These findings, together with 

chordotonal organ lineage studies (12, 13), provide evidence for an embryonic fate map for 

the complete set of all 14 oenocytes and chordotonal organs per abdominal hemisegment 

(Figure 4a).

Patterning of the embryonic ectoderm prior to induction accounts for why Spitz induces 

oenocytes at dorsal locations but secondary COPs more ventrally. In each abdominal 

segment, a dorsoposterior zone of competence for oenocyte induction is defined by the 

intersection of dorsal Spalt and posterior Engrailed expression (14, 15, 31, 113). Two key 

experimental findings here are that, in spalt major (salm) mutants, C1 induces secondary 

COPs rather than oenocytes (31, 113) and that excessive Spitz secretion can convert 

most or all cells of the Salm/Engrailed zone from an epidermal fate into supernumerary 

oenocytes (15). During normal embryogenesis, oenocyte precursors are first distinguishable 

as a characteristic whorl of approximately six sickle-shaped cells overlying C1. The whorl 

expresses Salm more strongly than the surrounding dorsal ectoderm and consists of two 

concentric rings of approximately three cells (31, 113). The inner ring, closest to the C1 

Spitz source, most strongly expresses activated mitogen-activated protein kinase (MAPK) 

and high-threshold EGFR targets such as seven-up and argos (15). Once it has delaminated, 

the oenocyte precursors of the outer ring are brought closer to C1, upregulate high-threshold 

EGFR targets, and then also delaminate. This three-by-three mechanism of oenocyte 

delamination requires EGFR negative feedback, mediated by secreted Argos, and usually 

occurs over only two pulses (Figure 4b). However, artificially prolonging Spitz secretion can 

sustain the pulsatile mechanism for up to eight cycles of delamination (15)

AbdA

Abdominal-A

HNF4

hepatocyte nuclear factor 4

Lipophorin

extracellular lipoprotein transport particles present in the insect hemolymph, containing 

the shuttle protein apo-Lipophorin complexed with diglycerides and other lipids

The Hox/homeotic gene abdominal-A (abd-A) is required for the induction of Drosophila 
larval oenocytes (14, 41). The restricted anteroposterior pattern of AbdA expression in 

the ectoderm of A1-A7 thus accounts for why larval oenocytes are formed only in 

abdominal segments. AbdA acts in the C1 precursor to maintain Spitz activity until the 

developmental stage at which a Notch-dependent block to EGFR signaling is lifted from 

the dorsal ectoderm (14) (Figure 4b,c). Spitz activity is initiated in C1, under the control 

of the proneural factor Atonal, in both thoracic and abdominal segments, but this is not 

maintained sufficiently long enough to induce productive EGFR signaling unless AbdA is 

Makki et al. Page 4

Annu Rev Entomol. Author manuscript; available in PMC 2022 July 17.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



also expressed (14, 45, 138). Hox mutant rescue assays argue that the only principal target 

for the AbdA transcription factor during oenocyte induction is the rhomboid gene (14), 

encoding a protease that is rate limiting for processing Spitz into an active secreted form (72, 

124). AbdA binds directly to a C1-specific cis-regulatory module of rhomboid as part of a 

transcriptional activation complex with the cofactors Homothorax, Extradenticle, and Pax2 

(74, 75, 138).

Outside Diptera, at least some key elements of the Drosophila oenocyte induction program 

are conserved, as illustrated by a recent oenocyte study in the red flour beetle, Tribolium 
castaneum (16). T. castaneum differs from D. melanogaster in that it develops via the 

short not the long germ-band mode, growing abdominal segments sequentially rather than 

by partitioning a nongrowing blastoderm (112). Despite this difference, the segments 

expressing abdominal Hox proteins also bear oenocytes in T. castaneum, although there 

are eight rather than seven of these. Moreover, Tribolium oenocyte precursors also develop 

from dorsoposterior embryonic ectoderm, at the intersection of the ventral edge of the 

dorsal Spalt domain with the posterior segmental stripe of Engrailed (Figure 5a,b). Although 

the mechanism of oenocyte formation in T. castaneum has yet to be dissected by genetic 

analysis, there are hints that it may involve receptor tyrosine kinase-mediated induction 

similar to that in D. melanogaster. Thus, early oenocyte precursors express activated MAPK 

in both species, and in D. melanogaster, it is known to be triggered by EGFR (15, 16, 

31). Dipteran-coleopteran parallels also extend to the maturation of oenocytes from their 

precursors, a process that occurs without any cell division and involves the expression 

of ventral veins lacking and hepatocyte nuclear factor 4 (hnf4) in both orders (16, 41, 

44). One clear species difference worthy of further study is oenocyte number. Oenocyte 

clusters contain an average of 22 cells in T. castaneum (16), compared with only ∼6 in 

D. melanogaster (15, 31). Perhaps owing to the sequential nature of abdominal segment 

formation in T. castaneum, there is also a marked anterior-to-posterior decrease in the 

number of oenocytes per cluster (16) (Figure 5c,d). It will be interesting to explore whether 

the species-to-species and segment-to-segment variations in cell number are accounted for 

by different numbers of cycles of oenocyte induction/delamination.

Regulation and Functions of Oenocytes

Since the discovery of oenocytes more than 150 years ago (32), their functions have 

remained mysterious. Systemic roles are suggested by the extensive infoldings of the 

oenocyte plasma membrane, known as the plasma reticular system, which present a 

large surface area to the hemolymph (52, 77, 82). Elegant but largely descriptive early 

studies implicated them in a bewildering variety of processes, including larval growth and 

nutrition (1, 120), the histolysis of larval tissues (1), oxygen uptake/respiration (69, 129), 

the elimination of toxic waste products (4, 5, 65, 89, 111, 116, 128), the regulation of 

hemolymph composition (53, 120), cuticle synthesis (133, 135), and the production of 

ecdysteroids (29, 76, 106, 108). Several of these long-standing proposed roles for oenocytes 

have yet to be thoroughly tested at the functional level. However, the more recent molecular 

and genetic evidence reviewed below now provides strong support for a subset of the classic 

hypotheses as well as for some new ones. A common denominator linking at least some 

of the apparently diverse bona fide functions of oenocytes is lipid metabolism. Indeed, 

Makki et al. Page 5

Annu Rev Entomol. Author manuscript; available in PMC 2022 July 17.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



oenocytes were once referred to as wax-producing cells (cérodécytes), because histological 

stains and organic extractions suggested that they contain particles of waxes or other lipids 

(49). Oenocytes also contain abundant smooth endoplasmic reticulum suggestive of a role in 

the synthesis, processing, and/or secretion of lipids (52, 77). Consistent with this, oenocytes 

express an extensive battery of lipid-synthesizing and -catabolizing enzymes and other 

proteins including lipophorin receptors, acetyl-CoA carboxylase (Acc), fatty acid synthase 

(Fas), fatty acid desaturases, fatty acid elongases, cytochrome P450 monooxygenases, 

NADPH cytochrome P450 reductase, fatty acid β-oxidation enzymes, and activated sterol-

response element binding protein (24, 44, 68, 78, 81, 90, 98). They also strongly express 

two key conserved transcriptional regulators of lipid metabolism, HNF4 and the chicken 

ovalbumin upstream promoter transcription factor ortholog Seven Up (Svp) (44, 87).

Acc

acetyl-CoA carboxylase

Metabolic Regulation of a Fat Body–Oenocyte Axis

The insect fat body carries out many of the nutrient-sensing, fat and glycogen storage, 

and lipid metabolism functions related to those of the mammalian adipose tissue and 

liver (reviewed in 2, 17, 26, 61, 123). There is also growing evidence that the fat body 

is metabolically linked to larval oenocytes in a dietary nutrient-dependent manner. Early 

observations that insect oenocytes are nutrient responsive came from Apis mellifera and the 

lepidopterans Aglais io and Aglais urticae, in which lipid-rich “grains” within oenocytes 

increase in abundance during starvation (49). These grains may correspond to lipid droplets, 

the major intracellular site for the storage and lipolysis of neutral lipids such as triglycerides 

and cholesteryl esters (reviewed in 11, 67). Indeed, using the neutral lipid stain Oil Red 

O, researchers later demonstrated that the larval oenocytes of D. melanogaster are highly 

unusual larval cells since they specifically accumulate lipid droplets as a normal response 

to fasting, unlike most other tissues, which tend to lose them (44) (Figure 6a,b). This 

readout of oenocyte steatosis has also been used to reveal abnormal lipid metabolism in fed 

Drosophila larvae that are mutant for the energy sensor AMP-activated protein kinase, the 

glucose sensor Bride of Sevenless, the sugar/fat responsive cytokine Unpaired 2, or HNF4 

(which regulates fatty acid mobilization and β-oxidation) (55, 63, 83, 87, 99). Although 

not well studied, the adult namesakes of larval oenocytes are also likely to be responsive 

to dietary nutrients. For example, in A. mellifera, amino acid supplementation can increase 

the expression of Insulin-like peptide 1, one of two insulin-like peptides expressed in adult 

oenocytes (85).

An important issue in insect integrative physiology is the extent to which different fat-

handling cell types regulate each other. One poorly understood aspect of this is whether 

oenocytes play a significant role in regulating lipid metabolism in fat body cells (also 

called trophocytes). Cell ablations demonstrate clearly that larval oenocytes are required for 

maximal mobilization of fat body triglycerides during fasting (44). This effect, however, 

may be very indirect, mediated by tracheal flooding, which in turn leads to larval hypoxia 
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and thus reduced fatty acid β-oxidation (90). Nevertheless, Drosophila larvae lacking the 

activity of the oenocyte cytochrome P450, Cyp4g1, do not display tracheal flooding, yet they 

do show an elevated whole-animal oleic acid/stearic acid ratio (C18:1/C18:0) that is specific 

to the global triglyceride rather than to the phospholipid pool, thus likely reflecting altered 

fat body lipid metabolism (44). In addition, marked changes in total triglyceride content 

are also seen in adult Drosophila flies following oenocyte-specific knockdown of glycerol 

kinase, a fatty acid elongase, or several other genes with predicted roles in lipid metabolism 

(96).

Lipid droplet

intracellular organelle composed of a core of neutral lipids surrounded by a phospholipid 

monolayer associated with numerous proteins that regulate lipolysis

Lipolysis

the hydrolysis of triglycerides and related lipids catalyzed by Brummer and other lipases

Triglycerides

neutral storage lipids formed from three fatty acids esterified to a glycerol backbone

Steatosis

physiological or pathological overload of neutral lipids within a cell in the form of lipid 

droplets

There is clearer evidence for the opposite direction of interorgan communication: from 

fat body to oenocytes. The normal response of larval oenocytes to starvation is strikingly 

reminiscent of physiological steatosis in mammals, a hallmark of fasting hepatocytes (37, 

44). Moreover, the mechanism of lipid accumulation in mammalian hepatocytes during 

fasting has provided clues for understanding the regulation of oenocyte steatosis. In 

mammals, the activation of multiple lipases in adipocytes releases fatty acids into the 

circulation during fasting (reviewed in 21). These are then captured by hepatocytes and 

metabolized via complex processes such as mitochondrial β-oxidation to provide fuel 

for other tissues (48). Similarly, during nutrient deprivation in Drosophila larvae, there 

is a reciprocal relationship between triglyceride loss in the fat body and lipid droplet 

accumulation in oenocytes (44). Moreover, attenuating fat body lipolysis using tissue-

specific manipulations of perilipin-related lipid droplet proteins (Plin1/Lsd1 knockdown 

or Plin2/Lsd2 overexpression) reduces lipid droplet accumulation in oenocytes during 

larval fasting (6, 23, 44). Conversely, the mobilization of lipids from the fat body, via 

tissue-specific overexpression of the adipose triglyceride lipase-related enzyme Brummer, is 

sufficient to induce oenocyte steatosis in fed larvae (23, 44). Experiments inactivating the 

amino acid transporter Slimfast or its downstream TOR signaling pathway in the fat body, 
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also under fed conditions, support the idea that the sensing of decreased amino acid levels by 

fat body cells is sufficient to induce oenocyte steatosis (25, 44).

Lipids are likely to be transported from the fat body to the larval oenocytes by the 

hemolymph, largely in the form of diacylglycerol-rich lipoprotein particles containing the 

apolipoprotein B-like molecule apolipophorin (Lpp) (reviewed in 18, 125). Recent work 

on larval lipophorin transport indicates that the midgut is coupled with the fat body in 

a bidirectional manner, contributing to the loading of sterols and diacylglycerol onto fat 

body-synthesized Lpp (88). This suggests that the midgut may also act as an intermediate 

between the fat body and larval oenocytes. Nevertheless, during nutrient restriction, midgut 

lipid droplets are exhausted rapidly (44), suggesting that their contribution to oenocyte 

steatosis in this context is minor. Consistent with the idea that oenocytes can take up lipids 

from hemolymph Lipophorin, clonal knockdown experiments show that Lipophorin receptor 

2 (Lpr2) is required in an oenocyte-autonomous manner for starvation-induced steatosis 

(90). Clonal analysis also indicates that the enzyme generating the fatty acid precursor 

malonyl CoA, Acc, is required in oenocytes to suppress inappropriate Lpr2-dependent 

accumulation of oenocyte lipid droplets in fed larvae (90). Hence, steady-state oenocyte 

triglyceride levels are not only increased by hemolymph lipophorin uptake, but also reduced 

by cell-autonomous Acc activity. The mechanism of this Acc-dependent regulation is not yet 

clear, but a related role for mammalian Fas has been observed in the liver (20).

Lpp

apolipophorins

Lpr2

Lipophorin receptor 2

20E

20-hydroxyecdysone

In summary, the fat body regulates lipid metabolism in larval oenocytes in a nutrient-

dependent manner. Some aspects of this regulation are also broadly similar to those of 

the mammalian adipose-liver axis. In contrast to their hepatocyte-like regulation and gene 

expression, most of the known physiological functions of larval and adult oenocytes are 

suggestive of an insect-specific, rather than a conserved hepatocyte-like, role.

Lipid Metabolism Links the Functions of Larval and Adult Oenocytes

Studies of many different insects have demonstrated that oenocyte morphology varies 

during the molting cycle (19, 27, 76, 104, 106, 119, 133, 139). Moreover, such cyclical 

oenocyte changes are blocked in a nonmolting strain of the silkworm, Bombyx mori 
(140). Maximal oenocyte size, smooth endoplasmic reticulum, and lipid content tend to 

be reached just prior to the time of cuticle deposition (76, 102, 103, 133). This cyclical 
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correlation has prompted many investigations into oenocyte roles in molting: either in 

the production of the molting hormone, 20-hydroxyecdysone (20E), or in the downstream 

response to it during cuticle synthesis. The prothoracic gland plays a central endocrine 

role, triggering each molt by synthesizing bursts of the steroid lipid ecdysone (reviewed in 

101). Prothoracic gland cells synthesize ecdysone from its precursor cholesterol, or related 

sterols, via a pathway involving cytochrome P450 encoding genes of the Halloween family 

(reviewed in 39). In addition, larval oenocytes in Musca domestica abdominal explants 

incorporate labeled cholesterol from the culture medium (121). Although larval oenocytes 

can metabolize cholesterol, it is unlikely that they play a major prothoracic gland-like role 

in ecdysone synthesis in most insects. Instead, oenocytes may act to metabolize ecdysone 

downstream of its synthesis in the prothoracic gland (76). Direct support for this comes 

from Tenebrio molitor organ cocultures, in which oenocytes can convert prothoracic gland-

derived ecdysone into the biologically active molting hormone 20E (108, 109). Studies in 

D. melanogaster and Manduca sexta now clearly indicate that many different peripheral 

tissues express the P450 20-monooxygenase, Shade, which converts ecdysone into 20E (92, 

100). Nevertheless, it remains to be determined whether larval oenocytes also express Shade 

and/or make a significant in vivo contribution to the overall circulating levels of 20E.

VLCFA

very-long-chain fatty acid

Hydrocarbons

lipids composed only of hydrogen and carbon atoms deposited on the epicuticle and 

functioning as pheromones and barriers to transpiration

A function for larval oenocytes in molting has been directly demonstrated in D. 
melanogaster by cell ablation using a GAL4/UAS-reaper system (44). Ablating oenocytes 

in the late embryo produces polyphasic lethality during subsequent larval stages (Figure 

6c). Many oenocyte-less larvae show defective and duplicated cuticular structures such as 

mouth hooks and trachea and fail to complete the second-to-third instar molt (44). However, 

exogenous ecdysone or 20E does not rescue the molt, suggesting that a lack of molting 

hormone is not the sole underlying reason for this phenotype (44). Oenocyte-less larvae 

also fail to grow during the second larval instar, which correlates with the onset of food 

avoidance, a behavioral phenotype resembling that seen in hypoxic larvae (44, 137). This 

intriguing similarity was accounted for by a recent study showing that developing oenocyte-

less larvae become anoxic as a result of compromised tracheal air-filling (90) (Figure 6d). 

The air-filling phenotype was thought not to depend on abnormal molting but to result from 

liquid ingress into the tracheal system via defective spiracular waterproofing (90). The same 

study used cell-type-specific gene deletions and knockdowns to demonstrate that spiracular 

water tightness is dependent on the oenocyte activities of enzymes in the very-long-chain 

fatty acid (VLCFA) synthetic pathway: Acc, Fas, and a fatty acid elongase. Spiracles are 

thought to obtain waterproofing lipids via long ducts from specialized spiracular gland cells 

(reviewed in 54, 105), but in oenocyte-ablated or Acc loss-of-function larvae, these ducts 
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no longer fill with Oil Red O-stained material (90). Accordingly, the authors concluded that 

larval oenocytes synthesize a VLCFA-dependent remote signal that controls lipid transfer 

within the spiracles and thus waterproofs the respiratory system.

Numerous descriptive and functional studies together provide evidence that oenocytes also 

play a more general role in the synthesis of lipid components of the epicuticle. Studies in 

the cockroach Leucophaea maderae and in Rhodnius prolixus showed that both the size of 

oenocytes and features of their secretory morphology, including the smooth endoplasmic 

reticulum, vary with the molting cycle (102, 133). These classic papers also showed that 

oenocytes are contacted by epidermal processes and that, in D. melanogaster, cytoplasmic 

strands from the oenocytes project into the epidermis (10, 102, 133). These cell-to-cell 

contacts may also facilitate lipid or lipoprotein transfer from the oenocytes to the epidermis 

and, hence, to the cuticle prior to molting (136, 139). Lipids that coat the epicuticle of 

both larval and adult insects are a complex cocktail of hydrocarbons, sterols, fatty acids, 

fatty alcohols, triglycerides, wax esters, and other species (reviewed in 46). Cuticular 

hydrocarbons are species- and sex-specific mixes of straight-chain alkanes, methyl-branched 

alkanes, alkenes, and their derivatives that function as a barrier to water transpiration and in 

pheromonal communication (reviewed in 9, 35, 38, 51).

A role for oenocytes as a major site of synthesis for hydrocarbons and other cuticular 

lipids is supported by experiments using radioactive acetate, glucose, and propionate tracers 

in diverse species including A. mellifera, Blattella germanica, D. melanogaster, Locusta 
migratoria, Periplaneta americana, Schistocerca gregaria, and T. molitor (28, 33, 59, 60, 93, 

94, 107). Many of these studies also suggest that oenocytes transport hydrocarbons to the 

epidermis in the form of hemolymph lipophorin particles, rather than via direct cell-to-cell 

contacts (28, 33, 59, 60, 93). Genetic evidence that adult oenocytes are required for the 

in vivo synthesis of cuticular hydrocarbons comes from D. melanogaster. Male and female 

flies in which the adult but not larval oenocytes have been ablated using the GAL4/UAS 
system show dramatic reductions in most of the 20 or so cuticular hydrocarbon species 

analyzed (7) (Figure 6e). Insect hydrocarbons are synthesized from fatty acid precursors 

that are then mono- and di-unsaturated by acyl-CoA desaturases, chain lengthened by fatty 

acid elongases to give VLCFAs, and then subjected to oxidative decarbonylation to generate 

hydrocarbons (reviewed in 8, 130). Recently, it was shown that the aldehyde oxidative 

decarbonylation step is catalyzed by the insect-specific cytochrome P450 enzyme Cyp4g1 

and its redox partner Cpr, both of which are strongly expressed in oenocytes (44, 78, 98) 

(Figure 6f). Null mutants for Cyp4g1 are lethal at late pupal or adult eclosion stages (44). 

High mortality at adult emergence is also seen with oenocyte-specific knockdown of Cyp4g1 
or Cpr, with surviving adult flies showing reduced levels of most cuticular hydrocarbons and 

a concomitant accumulation of esters and fatty acids, not normally found on the epicuticle 

(98). Importantly, oenocyte-specific knockdown of Cyp4g1 significantly reduces desiccation 

resistance in both sexes and, in females, alters pheromone-driven courtship elicited from 

control males (98). Not all aspects of the Cyp4g1 courtship phenotype are the same as in 

oenocyte-less female flies. For example, mating latency time increases in the former but 

decreases in the latter (7, 98). Nevertheless, cell ablations and Cyp4g1/Cpr knockdowns 

together provide strong evidence that adult oenocytes are critical for the synthesis of 

cuticular hydrocarbons with barrier and pheromonal roles.
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In the absence of hydrocarbon pheromones, oenocyte-less male or female flies 

hyperstimulate other males to court, suggesting that this is the default behavior (7). 

Moreover, oenocyte-less D. melanogaster females mate with wild-type Drosophila simulans 
males, indicating that adult oenocytes are required for the normal pheromone-dependent 

inhibition to interspecies courtship and copulation (7). In D. melanogaster, the predominant 

hydrocarbon sex pheromones are alkenes. Males express high levels of the female 

receptivity monoalkene (Z)-7-tricosene, whereas females produce the male aphrodisiac 

dienes (7Z,11Z)-heptacosadiene and (7Z,11Z)-nonacosadiene (reviewed in 35, 130). 

Oenocytes play a central role in pheromone precursor desaturation by expressing two 

enzymes, Desat1 and DesatF/Fad2. Desat1 catalyzes the first fatty acid desaturation event, 

converting palmitate/stearate into palmitoleate/oleate. Thus, its activity in adult oenocytes 

is required to synthesize all alkene hydrocarbons (79, 131). DesatF promotes the second 

desaturation event, and in D. melanogaster, it is expressed only in female adult oenocytes 

where it is essential for producing dienes (22, 131). In an elegant demonstration of 

the sex specificity of oenocytes in pheromone synthesis, these cells were selectively 

feminized in males using transformer expression, a manipulation that triggered 7,11-diene 

synthesis and elicited homosexual courtship from other males (36, 114). The reciprocal 

manipulation, masculinizing the oenocytes of females by knocking down transformer, did 

not prevent copulation but induced inappropriate aggression from males (34). This response 

is not triggered in oenocyte-less females, arguing that, unlike courtship, normal male-to-

male aggression requires male oenocyte-derived pheromones rather than just the absence 

of female pheromones (7, 34). Perfuming oenocyte-less males with the male-enriched 

cuticular hydrocarbon (Z)-7-tricosene (7-T) was sufficient to restore normal levels of 

aggression and to suppress homosexual courtship (127). Thus, a specific oenocyte-derived 

male hydrocarbon regulates male-male aggression and courtship suppression. Interestingly, 

pheromone synthesis in oenocytes has been subject to rapid evolution in Insecta. Across 

the genus Drosophila, genetic variation at the desatF locus can account for losses, gains, 

and swaps in the sexually dimorphic expression of diene hydrocarbon pheromones in 

oenocytes (73, 117). In some other species, hydrocarbon precursors are chemically modified 

to form more complex pheromones. For example, the female gypsy moth, Lymantria dispar, 
produces an epoxide called disparlure (2-methyl-7R, 8S-epoxy-octadecane), which attracts 

males from long distances. Deuterium tracer experiments and gas chromatography-mass 

spectrometry strongly suggest that oenocytes synthesize the alkene precursor (2-methyl-Z7-

octadecene), which is then transported via the hemolymph to a specialized pheromone gland 

for conversion into the active epoxide disparlure (57).

Future Directions

It has taken more than 150 years of insect research to obtain the first glimpses of the 

development and functions of oenocytes. On both fronts, many fascinating, yet tractable, 

research areas remain virtually unexplored. From an evo-devo viewpoint, oenocytes provide 

a rich source of variation across Insecta at the level of a single and easily identifiable 

cell type. They are therefore well suited for addressing questions related to how cell 

specification, cell morphology, cell number, and cell functions are modified during 

arthropod evolution. From a functional perspective, it is interesting that the synthesis 
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of VLCFAs and their derivatives provides a common theme that unites the tracheal 

waterproofing and cuticular hydrocarbon roles for Drosophila larval and adult oenocytes, 

respectively. Larval oenocytes also play a distinct role in the Drosophila embryo, secreting 

Semaphorin 2a, which signals through Plexin receptors to inhibit inappropriate axonal 

extensions of lateral chordotonal and other sensory organs (3). However, the mechanism 

accounting for the observed requirement of larval oenocytes in molting remains obscure. 

Moreover, it is highly likely that additional physiological functions for oenocytes remain to 

be uncovered. In this regard, it will be interesting to see whether the role of cytochrome 

P450 reductase in sensitivity to the insecticide permethrin in Anopheles gambiae (78) maps 

to adult oenocytes rather than to another highly expressing tissue. Finally, an important area 

of future research is the characterization of the metabolic cross talk between oenocytes and 

other tissues such as the fat body, midgut, and epidermis.
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Summary Points

1. Oenocytes are a cell type of ectodermal origin that display marked 

evolutionary variations in size, number, and anatomical location across 

Insecta.

2. Oenocytes are specialized for the synthesis and metabolism of lipids, 

including VLCFAs and hydrocarbons.

3. In D. melanogaster, a holometabolous insect, larval and adult generations of 

oenocytes are morphologically distinct ectodermal derivatives with separate 

developmental origins.

4. Larval oenocytes are induced from the embryonic ectoderm in both short (T. 

castaneum) and long (D. melanogaster) germ-band species. In Drosophila, 
the induction mechanism requires EGFR signaling in dorsoposterior ectoderm 

expressing Spalt major and Engrailed.

5. Adult Drosophila oenocytes likely derive from pupal histoblasts, but the 

molecular mechanism underlying their formation is unknown.

6. The fat body is an important nutrient-dependent regulator of lipid metabolism 

in larval oenocytes. Lipophorin is transported from the fat body to the larval 

oenocytes in the hemolymph. Lipid droplets accumulate in larval oenocytes 

during fasting and in other contexts when fat body lipolysis is increased.

7. Larval oenocytes are essential for molting and waterproofing the tracheal 

system. The molting role is poorly understood, but the tracheal waterproofing 

function requires VLCFA biosynthesis in larval oenocytes to maintain the 

water tightness of spiracles.

8. Adult oenocytes synthesize sex- and species-specific mixes of cuticular 

hydrocarbons from VLCFAs via a pathway requiring a cytochrome P450 

aldehyde oxidative decarbonylase. Cuticular hydrocarbons are essential for 

adult desiccation resistance and pheromonal communication.
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Figure 1. 
The diversity of oenocytes across Insecta. Hollande’s beautiful drawings show an oenocyte 

associated with a larger fat body cell from a wood tiger beetle imago (Cicindela sylvatica) 

multiple oenocytes intermingled with fat body cells and trachea in the house fly imago 

(Musca domestica) and in a species of rove beetle (Philonthus sanguinolentus), a single 

larval oenocyte showing penetration by a tracheole in a weevil (Cionus olens), and a larval 

oenocyte cluster with associated tracheal network from a moth caterpillar (Luperina matura). 

Adapted from Reference 49.
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Figure 2. 
Oenocytes during the molting cycle in Rhodnius prolixus. Wigglesworth’s drawings show 

that, prior to feeding, oenocytes are present as large single cells combined with smaller 

doublets of cells interconnected by a cytoplasmic strand. Feeding stimulates oenocyte 

growth, but average cell size has reduced somewhat by the time of molting at 15 days. 

After 21 days, oenocyte size does not change markedly until another meal initiates a new 

molting cycle. Adapted from Reference 133.
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Figure 3. Larval and adult oenocytes in Drosophila melanogaster.
(a) Drawing of a larva showing oenocytes, the fat body, and the gut. (b) Lateral view 

of a larva showing oenocyte clusters (green) in A1-A6 (A7 is not shown). (c) Single 

confocal section of one larval oenocyte cluster of six cells. The lateral chordotonal organ 

and tracheoles are visible as shadows crossing the surface of the oenocytes. (d) Drawing of 

an adult fly showing the abdominal dorsal ribbons and ventral clusters of oenocytes (green). 

(e) A filleted adult abdomen showing the segmental dorsal stripes and ventral clusters of 

oenocytes (green).(f) Confocal image of a ventral adult oenocyte cluster (green) associated 
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with muscles (red) with nuclei also shown (blue). Adapted with permission from Reference 

44, and adapted from 84.
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Figure 4. Oenocyte induction in Drosophila melanogaster.
(a) Fate map for oenocytes and chordotonal organs. Panels represent a single abdominal 

hemisegment at (left) early (stage 11) and (right) late (stage 16) embryogenesis. At stage 11, 

a whorl of approximately six sickle-shaped oenocyte precursors (red and blue) is induced 

by the most dorsal primary COP, C1 (green) from dorsoposterior ectoderm expressing 

Spalt major (light blue) and Engrailed (pink). More ventrally positioned primary COPs 

lying outside the Spalt domain (C3, C5, and possibly C2) induce secondary COPs (black) 

giving rise to chordotonal organs. By stage 16, all oenocytes and chordotonal organs have 
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delaminated beneath the ectoderm and differentiated within their characteristic clusters. 

Adapted with permission from References 14, 15, and 41. (b) Embryonic timeline (minutes) 

showing two three-by-three pulses of oenocyte delamination during stage 11. Above the 

line, trapezoids indicate the duration of Atonal-dependent Spi secretion from C1 (gray), 

inhibition by Notch (dark gray), and AbdA-dependent secretion from C1 (orange) as well 

as the strong EGFR response in oenocyte precursors marked by Argos expression in 

ring-1 (red) and ring-2 (blue). (c) Model for oenocyte specification by AbdA. A primary 

COP (lower cell) signaling to the dorsal ectoderm via rbo-dependent Spi secretion is 

depicted. During stage 10, the EGFR response is blocked by Notch signaling and probably 

other factors. During stage 11, AbdA and Exd maintain rbo transcription, thus converting 

membrane-bound (mSpi) to secreted Spitz (sSpi), activating the EGFR and thus triggering 

immediate-early, early, and late gene expression in differentiating oenocytes. Abbreviations: 

AbdA, Abdominal-A; COP, chordotonal organ precursor; EGFR, epidermal growth factor 

receptor.
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Figure 5. Oenocytes derive from Spalt/Engrailed-expressing ectoderm.
In both (a) Drosophila melanogaster and (b) Tribolium castaneum embryos, oenocyte 

precursors (labeled with svp-lacZ or vvl-GFP) (arrows) arise within ectoderm expressing 

both Engrailed (En) (marks posterior compartment) and Spalt (marks dorsal territory above 

dotted line). (c) The average number of cells per oenocyte cluster in Drosophila embryos 

is ∼6 in A1-A7. (d) This number is dramatically increased in Tribolium embryos, with a 

transient graded distribution from ∼26 cells in A1 to ∼14 cells in A8. Asterisks indicate 

significant (p < 0.05) differences in the number of oenocytes in A1 (*) and A8 (**) 

compared to all other segments. Adapted with permission from Reference 16.
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Figure 6. Oenocytes regulate the tracheal system and cuticle in Drosophila melanogaster.
Compared with (a) fed controls, (b) oenocytes of early L3 larvae starved for 14 h show 

strong accumulation of neutral lipids in droplets detected with Oil Red O staining (red). 

Adapted with permission from Reference 44. (c) Oenocyte-less larvae show polyphasic 

lethality during the second (L2) and third (L3) instars, compared with control larvae. 

Adapted with permission from Reference 44. (d) Larval tracheal branches from an oenocyte-

specific acetyl-CoA carboxylase (Acc) loss-of-function mutant at the L3 stage. Arrow and 

arrowhead point to air- and liquid-filled regions, respectively. Adapted with permission from 
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Reference 90. (e) Quantitation of adult female cuticular hydrocarbon classes in control 

versus oenocyte-less D. melanogaster. Adapted with permission from Reference 7. (f) 
Biosynthetic pathway for cuticular hydrocarbons in adult oenocytes. Cyp4g family enzymes 

from Drosophila (Cyp4g1) and Musca domestica (Cyp4g2) convert very-long-chain (VLC) 

aldehydes to alkanes and alkenes via oxidative decarbonylation. Adapted with permission 

from Reference 98.
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