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Insect Eye is the organ of sight or vision that is capable of interpreting 
or processing information in the visual band of the electromagnetic 
spectrum. An insect eye is composed of numerous Ommatidia 
arranged in well defined groups on each side of the head. The term is 
properly applied to compound eyes only, but is sometimes used to 
designate the so-called simple eye or Ocellus.  
The insect Compound Eye is a paired aggregations of separate visual 
elements (Ommatidia) that are located on the head. Compound eye is 
a common anatomical feature among arthropods. Compound Eyes 
are always paired and cyclops-like insects (with one median 
compound eye) are unknown. Some insects (Ephemeroptera and 
Gyrinidae) appear to have four Compound Eyes, but this condition is 
the result of extreme modification of the entire eye to service optical 
needs from above and below the animal. Some highly evolved insects 
are eyeless, but this condition is derived and represents an adaptation 
to a specialized environment (caves) or lifestyle (parasitism); 
ancestors of these eyeless insects had eyes. Compound Eye is 
derived from epidermal cells of integument. Compound Eyes typically 
occur in lateral part of head with Antennae positioned between them 
and may represent appendage-like structures of a primitive segment in 
groundplan head. This eye-bearing segment occurs behind antennal 
segment and in front of mandibular segment. Some primitive insects 
(Protura and Diplura) are blind; Collembola have Ommatidia; 
Archaeognatha and Thysanura have true Compound Eyes. Transition 
from eyeless to eyed apterygotes suggests that Compound Eyes 
developed later in evolutionary history of insects than integument. 
Compound Eye size varies considerably. When Compound Eyes are 
large and meet medially, condition is called holoptic. Holoptic condition 
occurs in some Diptera. 
The Ommatidium is the basic visual element which forms the 
compound eye. Elements of the Ommatidium include a Lens, Cone, 
Rhabdom, and Pigment Cells. The number of Ommatidia that form the 
compound eye varies considerably among Species. Some insects are 
eyeless ; workers of some ants and fleas have one Ommatidium; 
Drosophila adults have about 700 Ommatidia; the cockroach 
Periplaneta americana and many dragonflies have about 2,000 
Ommatidia in each compound eye; the compound eye of the bollworm 
Helicoverpa armigera (Hubner) contains ea 8,900 Ommatidia. Sizes 
and shapes of Ommatidia also vary considerably among Species. 
Dimensions of an Ommatidium typically vary from 17-22 width and 
70-125 in length. In some insects, Ommatidia in dorsal part of 
compound eye are larger than Ommatidia in ventral part of eye. In 
Diptera such as some Blephariceridae and Axymiidae, compound 
eyes are divided into dorsal and ventral parts.
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The Ocellus (Pl. Ocelli) is the 'simple eye' of many adult insects, positioned on the Vertex and between compound eyes. Most holometabolous insects display three Ocelli; 1-2 Ocelli occur in 
some insects or may be absent in other Species. Anatomically, an Ocellus consists of a biconvex lens on the Vertex. Light collected by lens is cast onto sense cells (Rhabdom). Usually, an 
Ocellus is circular in outline but in some insects (e.g. Odonata and some bumblebees) it is bilobed. An Ocellus does not form a visual image because light collected by lens is focused 
beneath sensory cells, but it is sensitive to low intensities of light. Functions of Ocelli are diverse: involved in entrainment to light cycles and mediates a general stimulatory effect on insect. 
For instance, honeybee forages earlier in morning and longer in day if it's Ocelli are intact. Ocelli may orientate insect toward linearly polarized light, modulate phototactic behaviour or orient 
insect toward edges and certain objects. Ocelli probably constitute part of visual groundplan system because they occur in most insects. The anterior (Median) Ocellus probably represents 
fusion of two Ocelli because it is innervated from both sides of Deutocerebrum. Some termites lack Ocelli; other termites have two lateral Ocelli but lack a median Ocellus. When Ocelli are 
absent, condition is termed anocellate; most Lepidoptera are anocellate. Ocelli may be correlated with other anatomical features. Wasp Sclerodermus shows apterous and macropterous 
individuals of same Species: Macropterous individuals display Ocelli and ap- terous individuals lack Ocelli. Thysanoptera: Ocelli are present in winged adults only. 
The Stemma (Pl. Stemmata) is a simple eye or single-lens optical device found on the head of most holometabolous larvae in the region of the head where the compound eye will develop. 
Stemmata have not been reported in fleas or apocritious Hymenoptera; they are reduced in size or apparently lost in some wood-boring Symphyta larvae, mining Lepidoptera and 
Brachycera. Stemmata were first described by Malpighi. Variable in number, not homologous with the Ocellus.  The biconvex lens of the Stemma forms an image on a Rhabdom. However, 
information collected is not used for image formation. Instead, visual information is used to detect motion. When several Stemmata are clustered together, a mosaic pattern of the 
environment can be formed. Some larvae use Stemma to detect the plane of polarized light.
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Photoreceptor organs  
Extraocular (non-visual, non-image-forming) photoreception was described for several hexapod orders. This can 
be either direct photoreception by the central nervous system, often related to the circadian clock, or function via light-
sensitive areas of the body surface involving epidermal cells with pigments and a connection to the nervous system 
(dermal photoreception). Simple dermal photoreception is apparently often related to the perception of the length of the 
photoperiod, which is known to affect certain developmental processes. Known examples are beetle larvae, butterfly 
caterpillars, roaches, eye-less beetles, and adults of certain species of Lepidoptera. Interestingly, photoreceptive areas 
occur on the genitalia of both sexes of Papilionidae (Lepidoptera). Apparently, the specialized light-sensitive cells 
(phaosomes) monitor the genitalia during copulation.  
Compound eyes are complex and highly efficient photoreceptor organs. They occur in extant and extinct lineages of 
Euarthropoda and are arguably an autapomorphy of this extremely successful lineage. Apparently, compound eyes 
evolved in the Early Cambrian (ca. 550 Ma), when ancestral euarthropods (and other groups of organisms) ceased to 
live within soft marine substrates such as sand or mud. The presence of highly developed eyes is likely linked with the 
evolution of complex appendages, which allow efficient locomotion on the substrate surface. Compound eyes of 
hexapods usually possess a large visual field and they are suitable to detect fast movements, and in some groups 
polarized light. The paired compound eyes are almost always placed at the lateral sides of the head. They are usually 
distinctly convex and can cover extensive areas, in some cases almost the entire cephalic surface. The shape varies 
strongly. In most groups they are round, oval or kidney-shaped. Typical compound eyes are composed of numerous 
functional units of equal architecture, the ommatidia, each of which is equipped with an individual external corneal lens. 
These units are radially arranged and usually adjacent with each other, but in some groups separated externally by 
chitinous bridges (e.g., Strepsiptera). The number of ommatidia varies strongly. Approximately 30.000 are present in 
some species of Odonata, ca. 300 in females of fireflies (Lampyridae [Coleoptera]), 12 in Lepismatidae (Zygentoma), 
and eight is the maximum number in Collembola. A complete reduction of the compound eyes occurs in many groups. 
They are constantly absent in extant Protura and Diplura (“Non-oculata”), in wingless morphs of Zoraptera (and other 
groups), and in many cave-dwelling (e.g., Anophthalmus [Carabidae]) or parasitic species. The diameter of the 
ommatidial facets may differ in different regions of the compound eyes. They are larger in the anterior and upper region 
in Tabanidae (Diptera). Partially or completely divided compound eyes occur in different groups, such as for instance 
Ephemeroptera (males of many species) and Gyrinidae (“whirligig beetles” [Coleoptera]). The upper “turban eye” of 
ephemeropteran males appears pedunculate and contains an elongate haemolymphatic space in its “stalk”. Its facets 
are distinctly larger than those of the smaller ventral part of the compound eye. It is adapted to low light intensity. The 
hexapod ommatidium is composed of a dioptric apparatus and a proximal sensory part. The corneal lens is the external 
part of the light-gathering apparatus. It usually has a hexagonal shape and is also referred to as facet. In many cases 
the facets are biconvex, and they are always formed by a portion of transparent cuticle. Each corneal lens is formed by 
a pair of epidermal cells, the corneagenous cells. Below it four cone cells (Semper cells) form a second lens in many 
groups, the tetrapartite crystalline cone.
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Acone compound eyes lack a crystalline cone (e.g., in Tipulidae [Diptera], Hemiptera). In the eucone type it is formed by 
intracellular secretions of the cone cells, with the nuclei always located between the corneal lens and the cone. The 
pseudocone type is characterized by the extracellular formation of the cone, which is adjacent with the corneal lens and 
sometimes fused with it, thus forming a pseudocone. In this type the cone cells are shifted proximally towards the 
retinula. The sensory elements are elongate photoreceptor cells arranged along the longitudinal axis of the ommatidium. 
Together they form the club-shaped retinula. Eight retinula cells are present in almost all groups of Hexapoda, but six or 
nine occur in some lineages, and the number can be distinctly increased in Coleoptera (Scarabaeoidea). The retinula 
cells contain screening pigment granules and the part oriented towards the longitudinal axis of the ommatidium is 
densely packed with a set of microvilli showing a strict parallel arrangement, the rhabdomere. In the typical case, the 
rhabdomeric microvilli are set at an angle to those of the adjacent cell, but aligned with those of the retinula cell on the 
opposite side. The unit formed by the rhabdomeres of each ommatidium is called the rhabdom. In some groups, the 
rhabdomeres of a given ommatidium are separated from each other. This configuration is called an open rhabdom. It 
occurs in Dermaptera and Diptera, and also in some groups of Heteroptera and Coleoptera. However, in most groups 
the rhabdomeres are connected along their longitudinal axis within their ommatidium, thus forming a fused rhabdom. 
The retinula cells of ommatidia of this type have the same visual field, whereas those of hexapods with open rhabdoms 
have separate fields of view, shared with retinula cells of other ommatidia. The ommatidia are more or less completely 
isolated from each other by secondary pigment cells, which contain numerous screening pigment granules. The primary 
pigment cells enclose the crystalline cone with narrow proximal processes. The secondary pigment cells (12–18 per 
ommatidium in most groups) usually cover the proximal part of the primary pigment cells and at least the distal region of 
the retinula cells. The proximal parts of the photoreceptor cells are usually separated by retinula pigment cells. Their 
number varies between taxa. There are several functional sub-types of the hexapod compound eyes. In the apposition 
eye, the ommatidia are optically isolated from each other by a pigment sheath comprising both the secondary pigment 
cells and screening pigment granules present in the retinula cells. In the light-adapted state, when apposition is 
performed, it is the longitudinal migration of retinular screening pigment granules along the entire rhabdom that enables 
a complete optical isolation of the ommatidia. Then, each ommatidium functions as an independent unit. Only light 
passing through the dioptric apparatus parallel to the longitudinal axis of the ommatidium (or at a small angle) reaches 
the rhabdom. The apposition eye is considered as an adaptation to perceive light at high intensities and ensures high 
spatial resolution. This is apparently linked with a diurnal life-style. The counterpart is the superposition eye, which 
usually possesses a shorter rhabdom. Between the crystalline cone and the distal tip of the rhabdom, there is a zone 
devoid of any screening pigment granules, termed the clear zone. Consequently, the light channeled through one cone 
may be spread not only to the retinula of the same ommatidium but also to the retinulae of neighboring ommatidia. It is 
important to note that optical types are never fixed, but may change from apposition into superposition at night (and vice 
versa before daytime).
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cuticle. Each corneal lens is formed by a pair of epidermal cells, the corneagenous 
cells. Below it four cone cells (Semper cells) form a second lens in many groups, 
the tetrapartite crystalline cone. This condition and the presence of four proximal 
processes of the cone cells (connected to the basal matrix) was considered as an aut-
apomorphy of Pancrustacea (=Tetraconata) (e.g., Richter 2002). However, a similar 
configuration occurs in Scutigeromorpha (Myriapoda) (Müller et al. 2003). Acone 
compound eyes lack a crystalline cone (e.g., in Tipulidae [Diptera], Hemiptera). In 
the eucone type it is formed by intracellular secretions of the cone cells, with the 
nuclei always located between the corneal lens and the cone. The pseudocone type 
is characterized by the extracellular formation of the cone, which is adjacent with the 
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Fig. 1.6.2.1: Compound eye, displayed with different types of ommatidia, 1–4, 15–17 pseudocone, 
with extracellular crystalline cone directly adjacent with cornea, crystalline cone cells shifted 
towards retina; 5–8 acone, crystalline cone cells (Semper cells) form no cone; 9–14 eucone, crystal-
line cone formed within cone cells. Abbr.: bme – basement membrane, cocr – circumocular ridge, 
conec – crystalline cone cells, corl – corneal lens, cryc – crystalline cone, lggl – lamina ganglionaris, 
lob – lobula (medulla interna), med – medulla (externa), ppic – primary pigment cell, psco –  
pseudocone, retc – retinula cell, spic – secondary pigment cell, rhb – rhabdom, tra – trachea. 
Redrawn from Seifert (1995).

Compound eye, displayed 
with different types of 
ommatidia, 1–4, 15–17 
pseudocone, with 
extracellular crystalline cone 
directly adjacent with cornea, 
crystalline cone cells shifted 
towards retina; 5–8 acone, 
crystalline cone cells (Semper 
cells) form no cone; 9–14 
eucone, crystalline cone 
formed within cone cells. 
bme: basement membrane, 
cocr: circumocular ridge, 
conec: crystalline cone cells, 
corl: corneal lens, cryc: 
crystalline cone, lggl: lamina 
ganglionaris, lob: lobula 
(medulla interna), med: 
medulla (externa), ppic: 
primary pigment cell, psco: 
pseudocone, retc: retinula 
cell, spic: secondary pigment 
cell, rhb: rhabdom, tra: 
trachea.
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This is due to photoreceptor dynamics (photoperiodic elongation or shortening of rhabdomeric microvilli), the displacement of 
entire pigment cell bodies and, most importantly, the withdrawal or migration of screening pigment granules from/into the clear 
zone. The axons of the retinula cells pass through the basal matrix of the compound eye and are connected with the optic 
neuropils. Most of them end in the lamina ganglionaris (1st to 6th retinula cell) but some reach the medulla (7th and 8th  
retinula cells). In hexapods with a fused rhabdom the axon bundle originating from each ommatidium usually remains 
connected and associated with visual interneurons originating in the lamina ganglionaris and medulla to form a cartridge. In 
contrast to that, cartridges of hexapods with open rhabdoms receive axons from retinula cells with the same field of vision but 
belonging to different ommatidia. This recombination of retinular axons in the optic neuropil represents is referred to as 
neuronal superposition. Up to five different types of photopigments may occur in hexapod compound eyes (Odonata, few 
Lepidoptera). A visual pigment with a maximum absorption in the green range of the spectrum (maximum 490–540 nm) is 
always present. Thin tracheae reach into the compound eyes and enter the space between the ommatidia. In some 
lepidopteran lineages, they form a densely packed light-reflecting inner layer, the tapetum. This structural modification is a 
characteristic feature of the superposition eye (see above). The taenidia in the tapetum are enlarged and flattened. The entire 
compound eye is enclosed by a more or less extensive internal circumocular ridge with a central opening for the protocerebral 
optic lobes. This endoskeletal structure increases the mechanical stability of the head capsule. An additional low external ridge 
occurs in different lineages. Compound eyes are usually absent in larvae of Holometabola. However, simplified types with a 
single corneal lens and without a crystalline cone occur in some basal lineages of Hymenoptera. Simplified compound eyes 
also occur in most groups of Mecoptera, but they are absent in Boreidae (see below) and strongly reduced in 
Nannochoristidae.  
Dorsal ocelli are present in adults of most groups of Hexapoda. They also occur in immature stages but are absent in nymphs 
of Acercaria and in larvae of Holometabola. In most cases, three ocelli are present and arranged in a triangle, with the unpaired 
ocellus in front of or below the paired ones. The loss of the unpaired median ocellus has occurred several times independently 
(rarely of the paired ones). Complete reduction occurs in different lineages, especially in wingless forms (e.g., Grylloblattodea, 
wingless morphs of Zoraptera, extant Dermaptera, most groups of Coleoptera). The main function of the ocelli is the perception 
of changes of the light intensity. In most groups, the ocelli are covered by a thickened (not in some orthopterans), transparent 
and undivided corneal lens. Below it retinula cells (ca. 800 in Locusta) are densely packed with a much less regular 
arrangement than in the compound eyes. A rhabdomere is present at least on one side of the retinula cells (unidirectional 
type). Rhabdoms are formed involving between two and seven cells. Accessory pigment cells may be present or absent (e.g., 
Blattodea). A reflecting tracheal tapetum occurs in some groups. The nerves of the ocelli originate on the dorsal (or frontal) 
region of the protocerebrum.  
Stemmata are specific lateral eyes (the term “lateral ocelli” is inappropriate) of larvae of most groups of Holometabola. They 
are replaced by the adult compound eyes during the metamorphosis. The number ranges between seven and one and they are 
absent in different groups (e.g., Hymenoptera, Mecoptera excl. Boreidae, Siphonaptera, Cyclorrhapha [Diptera]). Structurally, 
they resemble ommatidia and are suitable to perceive movements, directions and distances. It was shown that specialized 
stemmata of some predacious beetle larvae (Cicindelinae, Dytiscinae) are image forming lens eyes.
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Each stemma is covered by a single biconvex corneal lens and a crystalline cone is also present in most groups (eucone type). 
It is formed by three or four Semper cells in most groups but the number is increased in Neuropterida. The crystalline cone is 
usually missing in Coleoptera (acone type). Below it, a regularly arranged cluster of retinula cells is present. Their number is 
distinctly increased in Neuropterida (up to 40 in Megaloptera). Only one rhabdom is present in the stemmata of most groups 
(e.g., Boreidae [Mecoptera], Neuroptera [partim], Trichoptera, Lepidoptera, Coleoptera [major part]). Up to 5,000 cells can be 
contained in the extended and cup-shaped retina of the two largest stemmata of tiger beetle larvae (Cicindelinae). In the two 
largest stemmata of larvae of Thermonectes (Dytiscidae) several morphologically distinct retinae are arranged on different 
layers. The optic tracts connecting the stemmata with the protocerebrum are much less developed than the optic neuropils of 
the adults. They are greatly elongated in the extremely miniaturized first instar larvae of Strepsiptera due to the position of the 
brain (and other parts of the central nervous system) in the middle region of the post-cephalic body. 
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Fig. 1.6.2.3: Two types of ocelli. Abbr.: cornc – corneagenous cell, ccc – cellular crystalline cone, cor 
– cornea, ipic – iris pigment cells, pic – pigment cell, rhb – rhabdom, rpic – retinula pigment cell, 
sec – sensory cell. Redrawn from Seifert (1995).

In most groups, the ocelli are covered by a thickened (not in some orthopterans), 
transparent and undivided corneal lens. Below it retinula cells (ca. 800 in Locusta) 
are densely packed with a much less regular arrangement than in the compound eyes. 
A rhabdomere is present at least on one side of the retinula cells (unidirectional type). 
Rhabdoms are formed involving between two and seven cells. Accessory pigment 
cells may be present or absent (e.g., Blattodea). A reflecting tracheal tapetum occurs 
in some groups (Chapman 1998). The nerves of the ocelli originate on the dorsal (or 
frontal) region of the protocerebrum.

1.6.4 Stemmata

Stemmata are specific lateral eyes (the term “lateral ocelli” is inappropriate) of 
larvae of most groups of Holometabola. They are replaced by the adult compound 
eyes during the metamorphosis. The number ranges between seven and one and they 
are absent in different groups (e.g., Hymenoptera, Mecoptera excl. Boreidae, Sipho-
naptera, Cyclorrhapha [Diptera]). Structurally, they resemble ommatidia and are 
suitable to perceive movements, directions and distances. It was shown that special-
ized stemmata of some predacious beetle larvae (Cicindelinae, Dytiscinae) are image 
forming lens eyes (Buschbeck & Friedrich 2008). 

Each stemma is covered by a single biconvex corneal lens and a crystalline cone 
is also present in most groups (eucone type). It is formed by three or four Semper cells 
in most groups but the number is increased in Neuropterida. The crystalline cone is 
usually missing in Coleoptera (acone type). Below it, a regularly arranged cluster of 
retinula cells is present. Their number is distinctly increased in Neuropterida (up to 

Two types of ocelli. cornc: corneagenous cell, ccc: 
cellular crystalline cone, cor: cornea, ipic: iris pigment 
cells, pic: pigment cell, rhb: rhabdom, rpic: retinula 
pigment cell, sec: sensory cell.
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corneal lens and sometimes fused with it, thus forming a pseudocone. In this type the 
cone cells are shifted proximally towards the retinula.

The sensory elements are elongate photoreceptor cells arranged along the longi-
tudinal axis of the ommatidium. Together they form the club-shaped retinula. Eight 
retinula cells are present in almost all groups of Hexapoda (Fig. 1.6.2.2), but six or 
nine occur in some lineages, and the number can be distinctly increased in Coleoptera 
(Scarabaeoidea) (Gokan & Meyer-Rochow 2000). The retinula cells contain screening 
pigment granules and the part oriented towards the longitudinal axis of the ommatid-
ium is densely packed with a set of microvilli showing a strict parallel arrangement, 
the rhabdomere. In the typical case, the rhabdomeric microvilli are set at an angle to 

Fig. 1.6.2.2: Ommatidium. Abbr.: conc –  
corneagenous cell, corl – corneal lens,  
cryc – crystalline cone, ppic – primary  
pigment cell, retc – retinula cell,  
rhb – rhabdom, rpic – retinula pigment cell,  
spic – secondary pigment cell. 
Redrawn from Seifert (1995).
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T h e A n t e n n a a r e p a i r e d , 
segmented, flexible, sensory 
appendages located on the head 
of most arthropods. Antennae are 
missing from Chelicerata; two 
pairs occur in Crustacea; a pair 
o c c u r i n I n s e c t a . A m o n g 
hexapods, Antennae are missing 
from Protura but are present in 
Diplura and Collembola. Insect 
Antenna is the anteriormost 
appendage of postembryonic 
head. Antenna is innervated by 
deutocerebral lobe of Brain and 
usually attached to head in facial 
region. Antennal segment number 
varies considerably (3-70+); 
Antenna is subdivided into three 
parts: Scape (attached to head), 
Pedicel (second segment) and 
Flagellum (all distal segments). 
Scape is attached to head via a 
membranous socket (Torulus) 
and articulates with head via a 
s m a l l s c l e r o t i c p r o c e s s 
( A n t e n n i f e r ) . A n t e n n a i s 
sometimes divided into two types: 
segmented and annulated. 
Segmented Antenna occurs in 
n o n - i n s e c t g r o u p s , 
S y m p h y l a , C o l l e m b o l a a n d 
Diplura; each Antennal segment 
has in t r i ns i c muscu la tu re . 
Annulated Antenna occurs in 
P te rygo ta and Thysanura ; 
intrinsic Antennal musculature 
only occurs in Scape and Pedicel. 
Flagellar segments of pterygotes 
a r e s o m e t i m e s c a l l e d 
Flagellomeres. Antenna functions 
i n o l f a c t i o n , c o n t a c t 
chemoreception, courtship and 
other activities.
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Antenna form is variable, Flagellomere size and shape are serially monotonous or undifferentiated in most lower Orders, highly variable 
among groups of Holometabola and frequently a source of profound sexual dimorphism. Antennae may be Aristate, Capitate, Clavate 
(Clubbed), Filiform, Flabellate, Geniculate (Elbowed), Lamellate, Moniliform, Pectinate, Ramose, Setaceous. Antenna is moved in part 
by extrinsic musculature that usually originates on Anterior Arms or Dorsal Rami of the Tentorium and insert on base of antennal scape. 
An Antennal Cleaner exists in Hymenoptera: A grooming device intended to clean the Antenna and consists of a basomedial fringe of 
Setae, 'hairs' or spines on the medial surface of the anterior Basitarsus; the Setae form a comb-like structure through which the 
Antenna may be drawn. The Antenna is held in place against the comb by an enlarged, often curved or forked tibial spur that is at the 
tibial apex. Similar structures are on the fore Tibia of other insects.
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 1.5 Nervous system   71

corpora pedunculata (Fig. 1.5.1.2). In some groups an unpaired nervus connectivus 
originates on the frontal side of the protocerebrum and connects it directly with the 
frontal ganglion, the central element of the stomatogastric nervous system (see 
below) (Figs 1.5.1.2, 1.5.1.3). 

The deutocerebrum is associated with the antennae and the second head segment. 
It is distinctly smaller than the protocerebrum and usually not distinctly separated 
from it externally (Figs 1.5.1.2, 1.5.1.3). It controls antennal movements and receives 
input from chemo-, mechano- and thermoreceptors. The antennal lobes with glo-
meruli are important elements of the deutocerebrum. They are connected with the 
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Fig. 1.5.1.2: Brain and suboesophageal ganglion with associated  
organs, dorsal view. Abbr.: call – corpora allata, cbo – central body,  
ccar – corpora cardiaca, ce – compound eye, chia – chiasmata, com 1/2 –  
1st/2nd commissure, cped – corpora pedunculata, fggl – frontal ganglion,  
lggl – lamina ganglionaris, lob – lobula, lopt – lobus opticus, med –  
medulla, nant – nervus antennalis, nlab – nervus labialis, nmd –  
nervus mandibularis, nmx – nervus maxillaris, noc – ocellar nerve,  
nrec – nervus recurrens, nsec – neurosecretory cells, olfl – olfactory lobe,  
pcbr – protocerebral bridge, soes – suboesophageal ganglion, trcom –  
tritocerebral commissure, vggl – ventricular ganglion. Redrawn  
from Seifert (1995).
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suboesophageal ganglion, 
trcom: tritocerebral 
commissure, vggl: ventricular 
ganglion.

hyggl: 
hypocerebral 
ganglion
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72   1 Morphology

protocerebral lateral horn by the antenno-protocerebral tracts, and also with the 
dorsal lobe or antennal mechanosensory and motor center (homologue to the lateral 
antennal neuropil of crustaceans). They receive input from the sensory neurons of 
the antenna. The second commissure connects the olfactory lobes of both sides. The 
antennal nerves originating from the deutocerebrum is composed of motoneurons 
and a thicker sensory branch. The deutocerebral cell body rind contains additional 
neurosecretory cells (Seifert 1995). 

The tritocerebrum on both sides of the foregut is the smallest part of the brain 
(Figs 1.5.1.2, 1.5.1.3). It belongs to the intercalary segment 3 of the head, which bears 
the 2nd antenna in crustaceans. In contrast to the proto- and deutocerebrum its com-
missure lies below the pharynx, and is thus distinctly separated from this part of 
the brain. The paired labral nerve originates together with the paired frontal con-
nectives on the anterior side of the tritocerebrum. The latter connect this part of the 
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Fig. 1.5.1.3: Brain and suboesophageal ganglion with associated organs, lateral view.  
Abbr.: aor – aorta, call – corpora allata, ccar – corpora cardiaca, circ – circumoesophageal  
connective, dcer – deutocerebrum, fcon – frontal connective, fggl – frontal ganglion,  
hyggl – hypocerebral ganglion, ingl – ingluvies, lopt – lobus opticus, nant – nervus antennalis,  
ncon – nervus connectivus, nfro – nervus frontalis, nlbr – nervus labralis, nlb – nervus labialis,  
nmd – nervus mandibularis, nmx – nervus maxillaris, nrec – nervus recurrens, nsec –  
neurosecretory cells, pcer – protocerebrum, ph – pharynx, soes – suboesophageal ganglion,  
tcer – tritocerebrum, trcom – tritocerebral commissure, vggl – ventricular ganglion. Redrawn  
from Seifert (1995).
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deutocerebrum, fcon: frontal 
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ncon: nervus connectivus, 
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labialis, nmd: nervus 
mandibularis, nmx: nervus 
maxillaris, nrec: nervus 
recurrens, nsec: 
neurosecretory cells, pcer: 
protocerebrum, ph: pharynx, 
soes:  suboesophageal 
ganglion, tcer: tritocerebrum, 
trcom: tritocerebral 
commissure, vggl: ventricular 
ganglion.
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growth of annular arrangements of Kenyon cells in
the calyx (Weiss 1974). An intriguing aspect about
this lamination is that first-instar Periplaneta mush-
room bodies have only two longitudinal divisions
and their medial lobes look remarkably similar to
those of adult Drosophila and other Diptera (e.g.,
Tabanus, Sarcophaga; Fig. 4D–F). The mushroom
bodies of a third- to fourth-instar cockroach nymph
(Fig. 5H) possess only eight laminae of unequal
width, which, together, look like the arrangement

of laminae in the adult honeybee (Fig. 5F,G). Thus,
early stages of the hemimetabolous mushroom
bodies appear to be representative of mushroom
bodies of adult holometabolous insects. This obser-
vation raises the possibility that mushroom bodies
in the Holometabola are, to various degrees, neo-
tenic: the mushroom body in one species being
similar to an evolutionarily basal cockroach mush-
room body at a specific stage of its development.

In addition to longitudinal subdivisions, there

Figure 4: (See facing page for legend.)

Strausfeld et al.
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Mushroom body lobes of an annelid compared 
with those of insects. (A) Mushroom body of the 
scale worm Arctenöe vittata has its pedunculus 
(ped) capped by many thousands of globuli cells. 
Its pedunculus and single lobe receive inputs from 
the olfactory lobe (olf lob). (B) Apterygote 
Thermobia (firebrat) has a divided vertical lobe 
(V1, V2) and five glomerular medial lobes (1–5) 
flanking a smaller lobe in the middle (M). (C) 
Medial lobes of the hummingbird moth Hemaris 
thisbe are elaborately subdivided with the ︎ lobe, 
lying alongside the vertical lobe (V). Like in other 
Lepidoptera, the medial lobe is subdivided into 
many components, with satellite neuropil (sat) 
provided by a small bundle of Kenyon cell axons 
(not in plane of section). (D) Medial lobe of the 
fleshfly Sarcophaga carnaria, like Drosophila, does 
not show obvious division into separated ︎ and ︎ 
components. (E,F) In the horsefly Tabanus, the 
medial lobes show complete terminal separation of 
the ︎ and ︎ components and the vertical lobe F is 
deeply divided into two components (︎and ︎). The 
spur (s) is an outgrowth of the junction of the 
pedunculus with the vertical and medial lobes. In 
this tabanid, the spur is divided into three 
components. (G ) Vertical and medial lobes of the 
tettigonid Scudderia furcata, like those of many 
other orthopterans, show striking longitudinal 
zonations. A dense band of Kenyon cells (arrow) is 
flanked by two parallel divisions M1, M2, 
corresponding to V1, V2 of the vertical lobe. (H,I ) 
Vertical (V) and medial lobes (M) of a predatory 
tiger beetle (H, Cicindelidae) are proportionally as 
large as those of the water beetle Dytiscus 
marginalis (I), although the latter has a greatly 
reduced calyx. Note the extrinsic neuron axons 
(arrow) leaving the distal end of the vertical lobe. 
The pedunculus (ped) of each is sectioned 
obliquely to show two parallel divisions (broken 
lines in H, I) comprising thick and thin Kenyon cell 
axons. Scales in A, G, H, I, 50 µm; scales in B–F, 
100 µm. The midline in B and F is indicated by an 
arrow (m).



209

Figure 5: Internal organization of the mushroom bodies in hemi- and holometabolous insects (Periplaneta; A–D,H
and Apis; E–G). (A) Laminar organization of efferent neuron dendrites matches Kenyon cell laminae. (B) Oblique sections
through the tips of the left and right medial lobes reveal the alternating pale and dark Kenyon cell laminae, which, in any
individual, are symmetrical about the midline (double arrows). (C) Oblique section, through the base of the pedunculus
(ped), the origin of the vertical lobe (V), and the medial lobe (M) shows the unbroken continuity of Kenyon cell laminae.
Profiles at right angles to the laminae belong to efferent dendrites arranged as palisades, as shown in frontal sections
(bracketed in D). (E) In honeybees (Apis mellifera), processes of extrinsic neurons invade specific laminae. The equivalent
levels in E–G are indicated by double-headed arrows. In Apis, Kenyon cell laminae are of unequal width (F) and have
different affinities to antibodies raised against peptides (e.g., anti-gastrin staining, shown in G). (H) Immature fourth instar
pedunculus of Periplaneta showing laminae of unequal width and different staining affinities, reminiscent of the adult
honeybee. Scale bars in A, 20 µm; B–G, 50 µm; H, 10 µm.
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Internal organization of the mushroom 
bodies in hemi- and holometabolous 
insects (Periplaneta; A–D,H and Apis; E–
G). (A) Laminar organization of efferent 
neuron dendrites matches Kenyon cell 
laminae. (B) Oblique sections through the 
tips of the left and right medial lobes 
reveal the alternating pale and dark 
Kenyon cell laminae, which, in any 
individual, are symmetrical about the 
midline (double arrows). (C) Oblique 
section, through the base of the 
pedunculus (ped), the origin of the 
vertical lobe (V), and the medial lobe (M) 
shows the unbroken continuity of Kenyon 
cell laminae. Profiles at right angles to the 
laminae belong to efferent dendrites 
arranged as palisades, as shown in 
frontal sections (bracketed in D). (E) In 
honeybees (Apis mellifera), processes of 
extrinsic neurons invade specific laminae. 
The equivalent levels in E–G are 
indicated by double-headed arrows. In 
Apis, Kenyon cell laminae are of unequal 
width (F) and have different affinities to 
antibodies raised against peptides (e.g., 
anti-gastrin staining, shown in G). (H) 
Immature fourth instar pedunculus of 
Periplaneta showing laminae of unequal 
width and different staining affinities, 
reminiscent of the adult honeybee. Scale 
bars in A, 20 µm; B–G, 50 µm; H, 10 µm.
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Figure 8: Multimodal and context-modified responses in the efferent neurons of Periplaneta mushroom bodies relate to
afferent identities. (A) In addition to their supply from the antennal lobes (ant lob; shown in C), the calyces (ca) are supplied
by afferent neurons originating in superior lateral protocerebrum (s l pr) and responding to nonolfactory modalities (visual
and tactile; top traces, inset A). Another afferent is shown originating in the dorsal lobes (d lob) and terminating at the tip
of the medial lobe (arrow). (B) Combinations are more effective than unimodal stimuli in eliciting a response from this
efferent neuron linking the medial lobe to the inferior lateral protocerebrum (i l pr). There is no response to light ON, a
weak response to acoustic stimulation, and vigorous activation by both combined (inset B). (C) An efferent neuron from
the medial lobe to the inferior medial protocerebrum was inhibited by acoustic stimuli after presentation of visual and
olfactory cues (top trace, inset C) but excited by sound after flicker and tactile cues (lower trace, inset C).
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Multimodal and context-modified 
responses in the efferent neurons of 
Periplaneta mushroom bodies relate to 
afferent identities. (A) In addition to their 
supply from the antennal lobes (ant lob; 
shown in C ), the calyces (ca) are 
supplied by afferent neurons originating 
in superior lateral protocerebrum (s l pr) 
and responding to nonolfactory 
modalities (visual and tactile; top traces, 
inset A). Another afferent is shown 
originating in the dorsal lobes (d lob) 
and terminating at the tip of the medial 
lobe (arrow). (B) Combinations are 
more effective than unimodal stimuli in 
eliciting a response from this efferent 
neuron linking the medial lobe to the 
inferior lateral protocerebrum (i l pr). 
There is no response to light ON, a 
weak response to acoustic stimulation, 
and vigorous activation by both 
combined (inset B). (C) An efferent 
neuron from the medial lobe to the 
inferior medial protocerebrum was 
inhibited by acoustic stimuli after 
presentation of visual and olfactory cues 
(top trace, inset C) but excited by sound 
after flicker and tactile cues (lower 
trace, inset C).
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tures are all highly conserved, even between odor-
sensitive species with large calyces (Figs. 2E and
4H) and almost anosmic species of the same order
that have reduced calyces, such as diving beetles
(Figs. 2G and 4I).

The Lepidoptera provide another example of
order-specific arrangements (Bretschneider 1924).
Pearson’s (1971) description of the hawk moth
Sphinx ligustri describes a ‘‘g lobe,’’ disposed par-
allel to the b component of the medial lobe, that is
supplied by a bundle of Kenyon cell axons project-
ing separately from the pedunculus. This organiza-
tion has also been identified in various other lepi-
dopterans, such as the cinnabar moth Huebneri-
ana trifolii (Fig. 2F), the wood nymph butterfly
Cercyonis pegala, and the hummingbird hawk
moth Hemaris thisbe (Fig. 4C). In all three, a sepa-
rate bundle of Kenyon cell axons supplies a lobe
that is satellite to a complicated arrangement of
medial and vertical lobes (Figs. 2F and 4C). Addi-
tional features shared by Lepidoptera are the un-
usually large and relatively sparse Kenyon cell bod-
ies supplying a large cap-like calyx (Fig. 2F).

INTERNAL ARCHITECTURE OF THE PEDUNCULUS AND LOBES

A variety of internal architectures distinguish

the medial and vertical lobes of different genera.
Vowles (1955) noted that striations in ant mush-
room bodies extend throughout the pedunculus
and lobes. Goll (1967) related three concentric
zones in the calyces of the ant Form ica to three
discrete subsets of globuli cells and to three lami-
nae that extend through the pedunculus and lobes.
Mobbs (1982) also suggested that the concentric
arrangements of the lip, collar, and basal ring neu-
ropils of the honeybee calyx were transformed into
three parallel layers that extend through the pe-
dunculus and lobes. In the Blattodea (e.g., Peripla-
neta am ericana), alternating dark and pale lami-
nae were first identified by Bretschneider (1914)
using basic staining methods and have since been
confirmed by Bodian staining (Li and Strausfeld
1997; Mizunami et al. 1997; Strausfeld 1998c). In
Periplaneta, synaptic specializations from efferent
neuron dendrites and afferent terminals coincide
with alternate laminae (Fig. 5A), which themselves
are continuous throughout the pedunculus and
lobes (Fig. 5B,C). Laminae have also been identi-
fied in orthopteran mushroom bodies (Barytettix
psolus; Acheta sp.). Immunocytology of the hon-
eybee mushroom bodies demonstrates, however,
many more longitudinal subdivisions than origi-
nally suggested by Mobbs (1982, 1984). Antibodies

Figure 2: Mushroom body variation in
insects. Organization of globuli cell
groups (dotted outline enclosing dark
gray areas), calyces (light gray), pedunculi
and lobes (open profiles) in odorant-sen-
sitive (A–F) and anosmic (G–I ) insects. (A)
Periplaneta americana (cockroach; Blat-
todea); (B) Barytettix psolus (horse lubber,
Acrididae); (C) Acheta domesticus (cricket;
Acrididae); (D) Labidura riparia (earwig;
Dermaptera); (E) Calosoma scrutator (cat-
erpillar hunter beetle; Coleoptera); (F )
Huebnerniana trifolii (cinnabar moth;
Lepidoptera); (G) Dytiscus marginalis
(diving beetle; Coleoptera); (H) Noto-
necta undulata (backswimmer; Hemip-
tera); (I ) Argia sp. (damselfly; Odonata). In
some species, the calyx is divided into
inner, middle, and outer components (i,
m, o); (V,M,F,R) vertical, medial, frontal,
and recurrent lobes (in some species, lobe
subdivisions represent inner, middle, and
outer calyces); (S) spur. sat, satellite neu-
ropil. Scale bars, 100 µm.
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Mushroom body variation in insects. 
Organization of globuli cell groups 
(dotted outline enclosing dark gray 
areas), calyces (light gray), pedunculi 
and lobes (open profiles) in odorant-
sensitive (A–F ) and anosmic (G–I ) 
insects. 

A) Periplaneta americana (Blattodea); 
B) Barytettix psolus (Acrididae);  
C) Acheta domesticus (Acrididae);  
D) Labidura riparia (Dermaptera);  
E) Calosoma scrutator (Coleoptera);  
F) Huebnerniana trifolii (Lepidoptera);  
G) Dytiscus marginalis (Coleoptera);  
H) Notonecta undulata (Hemiptera); 
I) Argia sp. (Odonata). 

In some species, the calyx is divided 
into inner, middle, and outer 
components (i, m, o); (V,M,F,R) 
vertical, medial, frontal, and recurrent 
lobes (in some species, lobe 
subdivisions represent inner, middle, 
and outer calyces); (S) spur. sat, 
satellite neuropil. Scale bars, 100 µm.
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raised against neuropeptides exquisitely demon-
strate Kenyon cell laminae. These are variously de-
fined by the presence of taurine (Bicker 1991),
FMRFamide (Schürmann and Erber 1990), and gas-
trin-cholecystokinin, or combinations of these (Fig.
5G; also Strausfeld 1998a,c).

Longitudinal subdivisions of the lobes suggest
that in many species mushroom bodies may com-
prise several parallel and isolated networks that
may support different computational functions
(Strausfeld 1998a). Therefore, it is significant that
efferent neurons are not themselves responsible
for the lamination within the mushroom body
lobes. Instead, their branches are restricted within

specific pre-existing laminae (Fig. 5A,E,F). Each ef-
ferent arborization occupies only a short distance
of the length of the lobe and the patterning of
dendritic arborizations from successive efferent
neurons changes from one position to the next
along the lobes. If extrinsic neurons would sub-
stantially contribute to one or another lamina, as
has been suggested (Rybak and Menzel 1993), then
many identical dendritic trees would be required
to provide an isomorphic structure (lamina) ex-
tending from the calyces to the distal ends of the
lobes. This is not the case.

A number of insect orders show columnar or
concentric subdivisions through the pedunculus
and lobes, as in the blow fly Calliphora, in which
antibodies against a GABA receptor protein reveal
four columns in the pedunculus (Brotz et al. 1997).
Staining for nitric oxide synthase has revealed a
quadripartite arrangement of columns through the
locust’s vertical lobes (Elphick et al. 1995). Prod-
ucts of gene expression also show discrete subdi-
visions throughout the lobes of Drosophila that
can be ascribed to different populations of Kenyon
cells (Yang et al. 1995; Ito et al. 1997). Judging
from all these studies (with the possible exception
of that by Elphick et al. 1995), it is most likely that
Kenyon cells are responsible for all of these longi-
tudinal divisions. Direct confirmation has been ob-
tained by retrograde dye injection into laminae of
cockroach mushroom bodies revealing them to be
derived from an annular arrangement of Kenyon
cell dendrites in the calyces (N.J. Strausfeld, L. Han-
sen, and Y.-S. Li, unpubl.).

Do the different types of parallel subdivisions
among Kenyon cells share a common organiza-
tional plan? In other words, can the relatively
simple subdivisions among Kenyon cells in Dro-
sophila, for example (Yang et al. 1995), be recon-
ciled with the isomorphic laminar arrangements of
Kenyon cell axons in the cockroach and can this
arrangement, in turn, be reconciled with the un-
equal laminations observed in the honeybee lobes?
A possible answer is suggested by comparisons be-
tween hemimetabolic insects that develop through
several instars, each providing an immature version
of the adult, and holometabolic insects that un-
dergo a more or less complete metamorphosis
from larva to adult through postembryonic pupal
development.

In the cockroach, which is a hemimetabole,
the adult mushroom body possesses between 24
and 30 laminae, alternating as pale and darker
structures (Fig. 5C) and reflecting the successive

Figure 3: Surface-tessellated reconstructions of mush-
room bodies. (A) Primitive calyxless condition in the
silverfish Lepisma. (B) Single calyx in Schistocerca (lo-
cust). (C) Double calyces of the honeybee, Apis mellif-
era. (cb) Globuli cell bodies; (V,M) vertical and medial
lobes, respectively.
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Surface-tessellated reconstructions of mushroom 
bodies. 

A) Primitive calyxless condition in the silverfish 
Lepisma. 

B) Single calyx in Schistocerca (locust) 

C) Double calyces of the honeybee, Apis mellifera. 

(cb) Globuli cell bodies; (V,M) vertical and medial lobes, 
respectively.
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Figure 9: Relationships between the
mushroom body and other parts of the
nervous system. (Round-cornered boxes)
Sensory organs grouped according to mo-
dality. (Shaded boxes) Neuropil regions
relatively well investigated. (White
boxes) Regions essentially uninvesti-
gated. (Thick shaded lines) Major tracts
connecting neuropil regions. (Arrows)
Supposed direction of information (omit-
ted where evidence for polarity is lack-
ing). Information about ambient light in-
tensity is received by the ocelli, prepro-
cessed in the ocellar neuropil and sent to
the caudal part of the deutocerebrum
(posterior slope) via the ocellar nerve
(ocellar n). Visual information is received
by the compound eyes and processed in
nested retinotopic optic lobe neuropils
(lamina, medulla, and lobula/lobula
plate) before entering the central brain.
The ventro-lateral protocerebrum (v l pr)
receives visual signals almost exclusively,
and thus can be considered to contain the
primary optic foci. Other areas [e.g., lat-
eral horn (l ho); superior lateral protoce-
rebrum (s l pr); inferior lateral protocere-
brum (i l pr)] are also supplied by the
optic lobes, but they also receive inputs
from other sensory neuropils. A direct
connection from the medulla and lobula
to the calyces is observed in certain Hy-
menoptera (dotted arrow). Certain effer-
ents from the lobula/lobula plate project
directly to premotor neuropil of the pos-
terior slope. Mechanosensory receptors
on the antennae (including Johnston’s or-
gan supplying acoustic information in
flies and mosquitoes) enter the brain via
the antennal nerve (ant n) terminating in
the antennal mechanosensory neuropil (dorsal lobe) of the deutocerebrum. Mechanosensory axons from the head and
proboscis project to specific neuropils in suboesophageal ganglion (sog) via labial (lb n), pharyngeal (phy n), and accessory
pharyngeal (ac phy n) nerves. Mechanosensory axons from the body and extremities (wings, legs, genitalia) project to
defined regions in the respective thoracic or abdominal neuromere, (vnc) ventral nerve cord. Connections with somatic
motor circuits provide appropriate local computations for reflexive motor actions (see Burrows 1992). Tactile and acoustic
relays (in crickets, grasshoppers, certain Diptera) reach the brain via the cervical connective (cv con) and median bundle
(m bdl) to reach superior medial protocerebrum (s m pr). Airborne (olfactory) chemical stimuli are detected by the third
antennal segment and maxillary palps. The former sends axons through the antennal nerve (ant n) to the antennal lobe.
Axons from the latter enter the suboesophageal ganglion via the labial nerve (lb n) and project to the antennal lobe, via
the antenno-suboesophageal tract (AST). Olfactory receptor terminals have odortypic segregation to specific glomeruli
(Rodriguez and Buchner 1984; Rodriguez and Pinto 1989; Stocker 1994). Contact (gustatory or taste) chemosensory
neurons in the labial palps project via the labial nerve (lb n) to a gustatory center in the sog, which, unlike the antennal
lobe, does not show prominent glomerular structures. Gustatory neurons from the ventral cibarial sense organ (VCSO) and
the labral sense organ (LSO) project to the gustatory center via the accessory pharyngeal nerve (ac phy n), and those from
the dorsal cibarial sense organ (DCSO) via the pharyngeal nerve (phy n). In Blattodea and Orthoptera, a second glomerular
neuropil, the lobus glomerulatus, receives inputs from the mouthparts (Ernst et al. 1977) and provides axons to the calyces
via a parallel strand of the i ACT (Weiss 1981). Gustatory neurons in the fore, middle and hind legs, wings, and female
genitalia project to the thoracic and abdominal ganglia (vnc) via respective segmental nerves. It is likely that the somatic
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essentially uninvestigated. 
(Thick shaded lines) Major 
tracts connecting neuropil 
regions. (Arrows) Supposed 
direction of information 
(omitted where evidence for 
polarity is lacking).
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BRAIN 
The brain is the principal association center of the body, receiving sensory input from the sense organs of the head and, via ascending interneurons, 
from the more posterior ganglia. Motor neurons to the antennal muscles are also present in the brain, but the majority of nerve cell bodies found here 
belong to interneurons and the bulk of its mass is composed of their fibers. Many of the interneurons are concerned with the integration of activities; 
others extend down the nerve cord to the more posterior ganglia, transmitting information that controls the insect’s behavior from the brain. 
Three regions are recognized in the brain, the protocerebrum, deutocerebrum and tritocerebrum. 
The protocerebrum is bilobed and is continuous laterally with the optic lobes. In hypognathous insects it occupies a dorsal position in the head and, 
as with other ganglia, the somata are largely restricted to a peripheral zone while the central region is occupied by neuropil. Anterodorsally, in a region 
called the pars intercerebralis, a group of somata occurs on either side of the midline. Also within the pars intercerebralis are neurosecretory cells, the 
axons of which decussate (cross over each other to the opposite side) within the brain and extend to the corpora cardiaca. 
At the sides of the pars intercerebralis are the mushroom bodies, or corpora pedunculata. Each consists of a flattened cap of neuropil, the calyx, from 
which a stalk (peduncle) runs ventrally before dividing into two or sometimes three lobes, known as the alfa, beta and gamma lobes. The mushroom 
bodies are given their form by a large number of interneurons, called Kenyon cells, that have their somata above the calyx. The relative size of the 
corpora pedunculata is related to the complexity of behavior shown by the insects. They are small in Collembola, Heteroptera, Diptera and Odonata, 
of medium size in Coleoptera, Orthoptera, Blattodea, Lepidoptera and sawflies, and most highly developed in social insects. 
Changes occur in the mushroom bodies with age and experience. Over the first week of adult life, the number of fibers in the mushroom bodies of 
Drosophila increases by more than 20% and is then maintained at a plateau until the flies are very old. These changes are reflected in an increase in 
volume of the calyx and probably result from an increase in the number of Kenyon cells. Changes also occur in the overall size of the mushroom 
bodies over the first ten days of life of worker honeybees. 
In all insects, the mushroom bodies receive input from neurons carrying information from the antennal lobes. Within the calyx, each of these neurons 
communicates with a large number of Kenyon cells. The mushroom bodies are involved in olfactory, and, perhaps, in some insects, visual learning. 
The optic lobes are lateral extensions of the protocerebrum to the compound eyes. Each consists of three neuropil masses, known as the lamina, the 
medulla and the lobula complex which, in Lepidoptera, Trichoptera and Diptera, is subdivided into the lobula and the lobula plate. Within these 
masses, the arrangements of arborizations of different sets of neurons produce a layered appearance. Between successive neuropils the fibers cross 
over horizontally forming the outer and inner optic chiasmata so that the neural map of the visual image is reversed and then re-reversed. 
In the lamina of most insects, the axons of retinula cells from one ommatidium remain together and are associated with neurons originating in the 
lamina and the medulla to form a cartridge. In insects with an open rhabdom, however, each cartridge contains the axons from retinula cells with the 
same field of view rather than from the same ommatidium. In either case, the number of cartridges in the lamina is the same as the number of 
ommatidia. 
The deutocerebrum contains the antennal (olfactory) lobes and the antennal mechanosensory and motor center. The latter is a relatively poorly 
defined region of neuropil containing the terminal arborizations of mechanosensory neurons from the scape and pedicel, and perhaps also from the 
flagellum of the antenna. It also contains dendritic arborizations of the motor neurons controlling the antennal muscles. 
The antennal lobes are regions of neuropil, one in relation to each antenna, within which are discrete balls of dense synaptic neuropil which in some 
insects are surrounded by a layer of glial cells. These structures are called glomeruli. Axons from olfactory sensilla on the antenna terminate in the 
glomeruli, and each axon only goes to one glomerulus. Within a species, individual glomeruli appear to be constant in form and position. This is most 
obvious in the males of many Lepidoptera and of Periplaneta, insects that are attracted to females by pheromones, where two or three larger 
glomeruli are grouped together forming a macroglomerular complex to which the axons of sex pheromone-specific neurons converge. The axons from 
olfactory receptors on the maxillary and labial palps also terminate in a glomerulus which, at least in Manduca, does not receive inputs from the 
antennae. 
The tritocerebrum is a small part of the brain consisting of a pair of lobes beneath the deutocerebrum. From it, the circumesophageal connectives 
pass to the subesophageal ganglion, and the tritocerebral lobes of either side are connected by a commissure passing behind the esophagus. 
Anteriorly, nerves containing sensory and motor elements connect with the frontal ganglion and the labrum.
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Endocrine organs and the hormone system  
The endocrine system of hexapods is well-developed even though less complex than in vertebrates. Hormones are substances 
produced by endocrine glands, by neurosecretory cells, or by neurohaemal organs. They are transported to other body regions by blood 
or haemolymph where they can have different physiological effects, in hexapods mainly related to development and molting, but also to 
other important body functions.  
Groups of neurosecretory cells (Nc) of the brain are important elements of the endocrine systems. The Nc are characterized by 
numerous grana (ca. 100–400 nm), an unusually high content of rough endoplasmatic reticulum, and extended terminal vesicles of the 
axons, where grana are stored. They can release their secretions directly at the perikaryon or via the axon. Lateral protocerebral Nc 
produce the prothoracicotropic hormone (PTTH) and the group in the pars intercerbralis of the protocerebrum the neurohormone D 
(synonyms: Pea-CAH I, myotropin I). The eclosion hormone, which plays an important role in the molting process, is produced by Nc in 
the tritocerebrum.  
Neurohaemal organs are elements of the endocrine system associated with secretory neurons and the haemolymph system. The 
corpora cardiaca (Cc) and the corpora allata (Ca) are closely connected with the brain, whereas the segmental perisympathetic organs 
(PSO) are associated with the postcephalic ganglionic chain. The Cc are small organs below the posterior brain region and usually 
close to the anterior opening of the cephalic aorta. They are primarily paired but fused in few groups. In some cases they are fused with 
the hypocerebral ganglia and they are ontogenetically derived from these neuronal structures. The Cc receive different neurohormones 
(e.g., PTTH, neurohormone D) from neurosecretory cells in the brain and store them or deliver them to the haemolymph. They also 
produce several neurohormones (e.g., adipokinetic hormone) which are involved in the regulation of the water balance and the lipid - 
and carbohydrate concentration of the haemolymph. The Ca are usually well-defined, small, round or ovoid organs posterior to the brain 
and the Cc, above the foregut and immediately laterad the cephalic aorta. Ontogenetically they are formed as ectodermal invaginations. 
They are usually paired but like the Cc medially fused in different groups. Their intrinsic cells produce the juvenile hormone which 
suppresses the molt to the adult stage and regulates developmental processes. Its secretion is suppressed by allatostatin and 
stimulated by allatotropin. Both substances are produced by neurosecretory cells in the brain. The perisympathetic organs are located 
in the postcephalic body and closely linked to the segmental ganglia of the thorax and abdomen. They contain neurosecretory axons 
ensheathed with glia cells and irregularly scattered gland cells. They produce numerous multifunctional neuropeptides.  
The cerebral groups of neurosecretory cells are connected with the Corpora cardiaca (Cc) and Corpora allata (Ca) (see below) by the 
nervi corporis cardiaci and nervi corporis allati. The nervus corporis cardiacis II extends from the lateral protocerebrum through the Cc 
and reaches the Ca posteriorly. A short nerve connects the Cc with the hypocerebral ganglion in most groups.  
An important element of the endocrine system of immature hexapods is the paired prothoracic gland, which is usually located in the 
anterior thoracic region, but occasionally also in the posterior region of the head (ventral gland). Ontogenetically it develops in the 
lateral area of the labial segment. It is usually elongated and branched in some groups. It is formed by rather diffuse tissue and often 
extends along tracheae or is embedded between fat body lobes. It receives its innervation either from the suboesophageal complex or 
from the pro- or mesothoracic ganglion. It produces the molting hormone ecdysone, which is later transformed into the active form 20-
hydroxy-ecdysone by cells of the fat body, midgut or Malpighian tubules. The prothoracic glands are stimulated by the 
prothoracicotropic hormone (PTTH), which is produced by neurosecretory cells in the brain (see above). They degenerate after the 
adult stage is reached. At least in some adult hexapods, production of small amounts of ecdysone takes place in the ovaries and testes, 
respectively. 
Hormone producing cells interspersed between digestive cells of the midgut are referred to as the diffuse endocrine system. They 
produce peptide hormones also occurring in vertebrates, as for instance gastrin, insulin, glucagon, vasopressin or β-endorphin. 
However, the functions of these substances in hexapods are still unknown.
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cally it develops in the lateral area of the labial segment. It is usually elongated and 
branched in some groups. It is formed by rather diffuse tissue and often extends 
along tracheae or is embedded between fat body lobes. It receives its innervation 
either from the suboesophageal complex or from the pro- or mesothoracic ganglion. 
It produces the molting hormone ecdysone, which is later transformed into the active 
form 20-hydroxy-ecdysone by cells of the fat body, midgut or Malpighian tubules (Fig. 
1.11.1). The prothoracic glands are stimulated by the prothoracicotropic hormone 
(PTTH), which is produced by neurosecretory cells in the brain (see above) (Fig. 
1.5.1.2). They degenerate after the adult stage is reached. At least in some adult hexa-
pods, production of small amounts of ecdysone takes place in the ovaries and testes, 
respectively. 

Hormone producing cells interspersed between digestive cells of the midgut are 
referred to as the diffuse endocrine system. They produce peptide hormones also 
occurring in vertebrates, as for instance gastrin, insulin, glucagon, vasopressin or 
β-endorphin (Dettner & Peters 2003). However, the functions of these substances in 
hexapods are still unknown. 

[Seifert (1995); Dettner & Peters (2003); W. Hertel (pers. comm.)]

nrec hyggl

axnsec

ccar

ncal

call

Fig. 1.11.2: Neurohaemal organs. Abbr.: axnsec –  
axon of neurosecretory cells, call – corpora allata, ccar –  
corpora cardiaca, hyggl – hypocerebral ganglion, ncal –  
nervus corporis allati, nrec – nervus recurrens. 
Redrawn from Seifert (1995).

Neurohaemal organs. 

axnsec: axon of 
neurosecretory cells, 
call: corpora allata, 
ccar: corpora cardiaca, 
hyggl: hypocerebral 
ganglion, 
ncal: nervus corporis 
allati, 
nrec: nervus recurrens
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corporis allati (Fig. 1.11.2). The nervus corporis cardiacis II extends from the lateral 
protocerebrum through the Cc and reaches the Ca posteriorly. A short nerve connects 
the Cc with the hypocerebral ganglion in most groups. 

An important element of the endocrine system of immature hexapods is the 
paired prothoracic gland, which is usually located in the anterior thoracic region, 
but occasionally also in the posterior region of the head (ventral gland). Ontogeneti-

lnsec
br

ccar

call

ptth

prgl

Mtub

ptth

jhor

ketred

3 dhecd

ecd
mg

fb

wanl
cut

hyp

Fig. 1.11.1: Hormononal control of molting and metamorphosis  in Manduca sexta  
(Lepidoptera, Sphingidae). Abbr.: br – brain, 3dhecd – 3 dehydroxy ecdysone,  
ecd – ecdysone, call – corpora allata, ccar – corpora cardiaca, cut – cuticle,  
fb – fat body, hyp – hypodermis, jhor – juvenile hormone, ketred – ketoreductase,  
lnsec – lateral neurosceretoric cells, mg – midgut, Mtub – Malpighian tubules,  
prgl – prothoracic gland, ptth – prothroacotropic hormone, wanl – wing buds  
(anlagen). Redrawn from Seifert (1995).

Hormononal control of molting 
and metamorphosis in Manduca 
sexta (Lepidoptera, Sphingidae). 
br: brain, 
3dhecd: 3 dehydroxy ecdysone, 
ecd: ecdysone,  
call: corpora allata, 
ccar: corpora cardiaca, 
cut: cuticle, 
fb: fat body, 
hyp: hypodermis, 
jhor: juvenile hormone, 
ketred: ketoreductase, 
lnsec: lateral neurosceretoric cells, 
mg: midgut, 
Mtub: Malpighian tubules, 
prgl: prothoracic gland, 
ptth: prothroacotropic hormone, 
wanl: wing buds



218Peptide family Abbreviation Function/activity 

1  Adipokinetic hormone AKH Mobilize stored lipids and/or carbohydrates; inhibit protein synthesis; modulate immune 
reactions; stimulate visceral muscle 

2  Adipokinetic hormone/corazonin-
related peptide ACP Unknown 

3  FGLa-related allatostatin FGLa/AST Inhibit JH biosynthesis; inhibit visceral muscle activity; regulate food intake 
4  PISCF-related allatostatin PISCF/AST Inhibit JH biosynthesis; inhibit visceral muscle activity; regulate food intake 
5  Allatotropin AT Promote JH biosynthesis; inhibit ion transport in gut; stimulate visceral muscle activity 
6  Arginine-vasopressin-like peptide AVLP Diuretic (but acts indirectly on Malpighian tubules) 
7  Bursicon (a and b subunits) Promote cuticle tanning; cuticle plasticization
8  Calcitonin-like diuretic hormone CT-like DH (CT/DH) Diuretic (acts directly on Malpighian tubules) 
9  Cardioacceleratory peptide 2b CAP2b Cardioaccelatory; diuretic and antidiuretic (acts directly on Malpighian tubules) 
10  Corazonin CRZ Cardioaccelatory; initiate ecdysis; phase transition in locusts 
11  Corticotropin releasing factor 
(CRF)-related diuretic hormone 

CRF-related DH 
(CRF/DH) Diuretic (acts directly on Malpighian tubules) 

12  Crustacean cardioactive peptide CCAP Specific CNS neuromodulatory role in ecdysis behavior; stimulate visceral muscle activity; 
stimulate AKH release; diuretic 

13  Ecdysis-triggering hormone and 
pre-ecdysis-triggering hormone ETH and PETH Initiate pre-ecdysis and ecdysis behavior; promote release of EH 

14  Eclosion hormone EH Promote ETH release; cuticle plasticization 
15  FMRFamide-like peptide FaLP Stimulate visceral muscle activity; inhibit ecdysteroidogenesis 

16  Insulin-related peptide IRP Regulate cellular processes involved in metabolism, growth and reproduction; stimulate 
ecdysteroidogenesis 

17  Crustacean hyperglycaemic 
hormone- (chh)-related ion 
transport peptide 

CHH-related ITP 
(CHH/ITP) Stimulate ion and water transport in ileum 

18  Kinins K Stimulate visceral muscle activity; regulate meal size 
19  Myoinhibitory peptide MIP Inhibit JH biosynthesis; inhibit visceral muscle activity; inhibit ecdysteroidogenesis 

20  Myosuppressin MS Inhibit visceral muscle activity; diuretic (acts directly on Malpighian tubules); regulate food 
intake; inhibit ecdysteroidogenesis 

21  Neuroparsin NP Uncertain; may be involved in female reproductive cycles 
22  Neuropeptide F NPF Stimulate feeding
23  Orcokinin OK Light entrainment of circadian clock
24  Pigment dispersing factor PDF Output of circadian clock
25  Proctolin Modulate visceral and skeletal muscle activity
26  Prothoracicotropic hormone PTTH Stimulate ecdysteroidogenes 
27  Pyrokinin/diapause hormone/
pheromone biosynthesis activating 
neuropeptide (= melanization and 
reddish coloration hormone) 

PK, PK-related DH 
(PK/DH), PBAN 
(PK/ PBAN) 

Stimulate visceral muscle activity; promote diapause; promote pheromone biosynthesis; 
initiate cuticle melanization 

28  Sex peptide SP Male accessory gland secretions; modulate female sexual behavior 
29  Short neuropeptide F sNPF Control food intake and body size; inhibit JH biosynthesis 
30  SIFamide SIFa Modulate sexual behavior
31  SulfaKinin SK Stimulate visceral muscle activity 
32  Tachykinin-related peptide TRP Stimulate visceral muscle activity; stimulate feeding 
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major competitors in the study of JH action, which led
to Professor Schneiderman’s comment that I was “a spy
from Harvard” upon my introduction to him and Larry
after the talk. Much later when I returned to insect endo-
crinology and began working on the tobacco hornworm,
Manduca sexta, Larry became a staunch supporter of my
work as we did complementary studies to make the tob-
acco hornworm, Manduca sexta, the “laboratory rat” of
insect endocrinology. I much value these interactions
over the years.
The following is a review of recent studies in my lab-

oratory using both Manduca and Drosophila to study the
action of these three hormones, concentrating primarily
on the ecdysteroids and JH. Importantly, the ease of bio-
chemical and endocrinological manipulations in Mand-
uca coupled with the ease of genetic and molecular
manipulation in Drosophila have allowed us to begin to
unravel the mystery of the control of insect molting and
metamorphosis. Although the molecular action of the
ecdysteroids is quite well understood (Henrich et al.,
1999; Riddiford et al., 2001; Thummel and Chory,
2002), we still, however, do not fully understand how
JH acts at the molecular level (Gilbert et al., 2000).
The role of JH during postembryonic insect develop-

ment is to direct the action of ecdysone and 20E, its
presence preventing these two hormones from causing a
switch in differentiative program from larval to pupal or
from pupal to adult (Riddiford, 1994, 1996). The ecdys-
teroid-coordinated molting process is unaffected by the
presence or absence of JH. At metamorphosis JH disap-
pears, then ecdysone and 20E appear in low amounts
and, in the absence of JH, pupally commit the epidermis
to pupal differentiation when it next sees a molting surge
of ecdysteroid (Riddiford, 1978). Therefore, we have
sought to study the action of JH on the molecular level
by looking at its regulation of ecdysteroid-regulated tran-
scription factors in the abdominal epidermis during both
a larval molt and at metamorphosis.

2. The ecdysteroid-regulated cascade of
transcription factors during the final larval molt of
Manduca

In Manduca epidermis, a number of transcription fac-
tors in the nuclear receptor superfamily appear and dis-
appear during the last larval molt and are regulated by
the ecdysteroid titer (Riddiford et al., 1999; Fig. 1).
When the ecdysteroid titer begins to increase, mRNAs
for both the B1 isoform of the ecdysone receptor (EcR-
B1) (Jindra et al., 1996; Hiruma et al., 1999) and E75A
[an “early” ecdysone-induced transcription factor in
Drosophila (Segraves and Hogness, 1990; Bialecki et al.,
2002)] (Zhou et al., 1998a) increase, then decline as the
ecdysteroids reach their peak just before head cap slipp-
age (HCS), due to the high 20E (Zhou et al., 1998a;

Fig. 1. Diagram of the hormone titers and expression of the various
ecdysteroid-regulated mRNAs during the 4th and 5th larval instars and
the onset of adult development of Manduca sexta. The hormone titers
are redrawn from Riddiford et al. (2001). The diagrams of mRNA
expression are based on the following: EcR-A and EcR-B1 (Jindra et
al., 1996); USP-1 and USP-2 (Jindra et al., 1997); E75A and E75B
(Zhou et al., 1998a), MHR3 (Palli et al., 1992), MHR4 and βFTZ-F1
(Weller et al., 2001), DDC (Hiruma et al., 1995), E74B (Stilwell et
al., 2003), Broad (Zhou et al., 1998b; Zhou and Riddiford, 2002). JH,
juvenile hormone.

Langelan et al., 2000). EcR-A mRNA shows a transient
peak at the time of HCS (Jindra et al., 1996), and there
is a switch in the USP isoforms at the time of the molt
(Jindra et al., 1997). MHR3, a homolog of the retinoid
orphan receptor (ROR) in vertebrates (Giguére et al.,
1994), appears just before HCS (Palli et al., 1992; Lang-
elan et al., 2000). When the ecdysteroid titer declines,
MHR3 declines and MHR4 mRNA transiently increases
(Weller et al., 2001; Hiruma and Riddiford, 2001).
MHR4 also belongs to the nuclear receptor superfamily
and is a homolog of DHR4 in Drosophila (King-Jones
et al., 2003) and germ cell nuclear factor related factor
(GRF) of Bombyx mori (Charles et al., 1999) and Teneb-
rio molitor (Mouillet et al., 1999). MHR4 mRNA

Diagram of the 
hormone titers 
and expression 
of the various 
ecdysteroid-
regulated 
mRNAs during 
the 4th and 5th 
larval instars 
and the onset 
of adult 
development of 
Manduca sexta. 
Apolysis= physical 
separation of th old cuticle 
from Epidermis. 
Ecdysis= integuments 
shedding.
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the third larval instar (Fig. 7), BR-Z3 no longer had this
effect, but inhibited some larval-specific cuticle genes
during the ensuing molt although a new cuticle was for-
med (Zhou and Riddiford, 2002). Expression of any of
the other isoforms at this early time during the second
instar usually caused death within 24–48 h although a
few formed L2 prepupae, indicating that other essential
tissues or organs were being affected (Zhou et al., 2003).
When second instar larvae expressing BR-Z3 early in

the instar were fed on 20E-containing diet, they were
able to make a new cuticle and third instar mouth hooks
and spiracles, but were unable to ecdyse (Zhou et al.,
2003), likely due to the high ecdysteroid levels (Truman
et al., 1983). Thus, it seemed that high BR-Z3 during
the intermolt was preventing subsequent ecdysteroid
biosynthesis or release. Use of a Gal4 line driving the
UAS-BR-Z3 isoform in the putative PTTH cells had no
effect on larval molting, but driving it in the prothoracic
glands prevented molting of about 53% of the first instar
larvae and only 3% pupariated (N = 60). Feeding 20E
to these first instar larvae rescued the lethality, and with
subsequent pulses of 20E in their diet, they pupariated
and formed pupae (N = 45). Nearly 100% and 80% first
instar lethality was seen after driving BR-Z1 (N = 321)
and BR-Z2 (N = 177), respectively, in the prothoracic
glands, whereas BR-Z4 had little effect until the time of
pupariation when only 8% pupariated (N = 296). All
could be rescued by feeding 20E. The PTG in these lar-
vae were found to degenerate sometime during larval
life, each on a different time scale.

Fig. 7. Summary of the hormone titers in Drosophila melanogaster (redrawn form Riddiford, 1994) and periods when the critical weight is
normally attained for molting to the third instar and for formation of the white puparium (WP) (top). The bottom diagram shows the timing of
BR-Z3 protein after misexpression of BR-Z3 by a heat shock (HS) during the intermolt of the second larval instar to cause the formation of puparia
after the second instar. The period of the new BR protein [as determined with the Broad core antibody (Emery et al., 1994)] for the formation of
the second instar puparium is indicated. Based on data in Zhou et al. (2003). JH, juvenile hormone; L2, second instar larva; L3, third instar larva;
WP, white puparium.

During the third instar all isoforms of Broad appear
in the prothoracic gland with both BR-Z2 and BR-Z3
appearing about 17 h after ecdysis (89 h after egg
laying), then remaining at low levels through metamor-
phosis to the pupa (Zhou et al., 2003) (Fig. 8). BR-Z4
appears slightly later and increases to high levels by
pupariation, whereas BR-Z1 remains low until the onset
of wandering, then rapidly increases to high levels by
pupariation. Dai and Gilbert (1991) showed that the rate
of ecdysteroid biosynthesis by the Drosophila protho-

Fig. 8. Summary of the appearance of various isoforms of Broad in
the prothoracic glands during the final larval instar of Drosophila. The
insets are pictures of the ring gland at various times designated by the
arrows stained with the antibody to BR-Z1. At both 89 and 112 h,
only the corpora allata shows BR-Z1 whereas by the time of pupari-
ation, both the prothoracic gland nuclei (large) and those of the corpora
allata (small nuclei) contain BR-Z1. Images were prepared as in Fig.
3. Based on data in Zhou et al. (2003).

Summary of the hormone titers in Drosophila melanogaster and periods when the critical weight 
is normally attained for molting to the third instar and for formation of the white puparium (WP) 
(top). The bottom diagram shows the timing of BR-Z3 misexpression protein after heat shock (HS) 
during the intermolt of the second larval instar to cause the formation of puparia after the second 
instar. The period of the new BR protein as determined with the Broad core antibody for the 
formation of the second instar puparium is indicated. JH: juvenile hormone; L2: second instar larva; 
L3: third instar larva; WP: white puparium.
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Larva, Livadi, Serifos, Greece, May 11, 2015 (Photo by Paolo Mazzei), www.leps.it
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Adult, Vivaro (Roma), Italy, July 15, 2006 (Photo by Paolo Mazzei) www.leps.it
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229



230



231



232



233



234



235



236Post-embryonic development is divided into a series of stages, each separated from the next by a molt. The form that the insect assumes 
between molts is known as an instar, that which follows hatching or the intermediate molt being the first instar, which later molts to the 
second instar, and so on until at a final molt the adult or imago emerges. No further molts occur once the insect is adult except in Apterygota 
and non-insect hexapod groups. The periods between molts are called stages, or stadia – for example, first larval stage, second larval 
stage, and so on – although the term instar is commonly used to refer to this period as well as to the form of the insect during the period.
During larval development there is usually no marked change in body form, each successive instar being similar to the one preceding it, but 
the degree of change from last instar larva to adult varies considerably and may be very marked. This change is called metamorphosis. In 
morphological terms, metamorphosis is related to the loss of adaptive features peculiar to the larva, and the extent of change occurring as a 
reflection of the degree of ecological separation of the larva from the adult. It can also be defined in physiological terms as the change 
which accompanies a molt in the absence of juvenile hormone. The term metamorphosis is sometimes applied to all the changes occurring 
in the life history, from egg to adult, but it is better not to use it in this wide sense.
The insects can be grouped in three categories, ametabolous, hemimetabolous or holometabolous, according to the extent of the change at 
metamorphosis. Ametabolous insects have no metamorphosis, the adult form resulting from a progressive increase in size of the larval 
form. This is characteristic of the Apterygota and hexapods other than insects in which the larva hatches in a form essentially like the adult 
apart from its small size and lack of development of genitalia. At each molt the larva grows bigger and the genitalia develop progressively. 
Adults and larvae live in the same habitat.
In hemimetabolous insects, the larva hatches in a form which generally resembles the adult except for its small size and lack of wings and 
genitalia, but, in addition, usually with some other features which are characteristic of the larva but which are not present in the adult. At the 
final molt these features are lost. The Orthoptera, Isoptera, Hemiptera are commonly regarded as hemimetabolous. In holometabolous 
insects, the larvae are usually quite unlike the adult and a pupal stage is present between the last larval stage and the adult. The pupa is 
characteristic of holometabolous development, which occurs in all the Neuroptera, Trichoptera, Lepidoptera, Coleoptera, Hymenoptera, 
Diptera and Siphonaptera.
Amongst the insect groups that typically have a hemimetabolous development, a few have life histories somewhat analogous to those of 
holometabolous insects. Hemiptera have a typical hemimetabolous development, but in Thysanoptera, which are phylogenetically close to 
Hemiptera, the last two larval stages do not feed, and the final stage, which is often called a pupa, is sometimes enclosed in a cocoon. Both 
these stages have external wing pads, but the earlier larval stages have none; instead, some development of the wings occurs internally. 
Within the Hemiptera, the last two larval stages of male scale insects (Coccoidea) also do not feed. These insects clearly have a life history 
that can be regarded as holometabolous even though they are phylogenetically far removed from the majority of holometabolous insects.
In whiteflies (Aleyrodidae), the final larval stage feeds for a short period but then has an extended non-feeding period during which the 
pharate adult develops. This stage is commonly known as a pupa and some texts refer to whitefly development as holometabolous, 
although there is really no resemblance to the holometabolous development in other groups.
The term ‘molt’, as commonly used, includes two distinct processes: apolysis, the separation of the epidermis from the existing cuticle; and 
ecdysis, the casting of the old cuticle after the production of a new one. In the interval between apolysis and ecdysis the insect is said to be 
pharate. During this time the cuticle of one developmental stage conceals the presence of the next. In most hemimetabolous insects and 
holometabolous larval stages, the pharate period is relatively short, but it is often extended at the larval/pupal molt and pupal/adult molt 
(eclosion) and sometimes may be very long.



* The Ephemeroptera and the Odonata are each a Division of the Pterygota and together form an 
informal group known as the Palaeoptera (wings can not be folded along the body at reast). The rest of 
the pterygote orders form a third division, the Neoptera, on the basis of the shared ability to fold the 
wings back along the body at rest. 

* The Palaeoptera is not now thought to be a monophyletic group. The Ephemeroptera is considered to 
be the sister group of the Odonata + Neoptera and the Odonata is the sole sister group of the 
Neoptera. The orders Mantodea, Blattodea and Phasmatodea (and occasionally the Grylloblattodea) 
have sometimes been considered as suborders of the Orthoptera. The Mantodea. Blattodea and 
Isoptera have been united as three suborders of the order Dictyoptera. The Phthiraptera has previously 
been treated as two separate orders, the Mallophaga (chewing lice) and the Anoplura (sucking lice). In 
some texts the Hemiptera is split into two "orders". the Hemiptera and the Homoptera. The 
Raphidioptera and the Megaloptera have sometimes been treated as separate suborders of the 
Neuroptera. T Recent reserch suggests that the Strepsiptera may be more closely related to the 
Diptera.
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Ametabolia

Neanide Neanide Neanide Neanide Adulto Mute post-immaginali

Collembola, Ametaboli sempre 6 uriti

Protura, Anametaboli, Neanide (9 uriti) Adulto (12 uriti) aumento degli uriti da 8+telson a 
11+telson

Neanide Neanide Neanide Neanide AdultoNeanide

Diplura, Ametaboli 

Neanide Neanide Adulto Mute post-immaginali

Neanide Neanide Neanide Neanide Adulto Mute post-immaginali

Collembola, Ametaboli sempre 6 uriti

Protura, Anametaboli, Neanide (9 uriti) Adulto (12 uriti) aumento degli uriti da 8+telson a 
11+telson

Neanide Neanide Neanide Neanide AdultoNeanide

Diplura, Ametaboli 

Neanide Neanide Adulto Mute post-immaginali

Neanide Neanide Neanide Neanide Adulto Mute post-immaginali

Collembola, Ametaboli sempre 6 uriti

Protura, Anametaboli, Neanide (9 uriti) Adulto (12 uriti) aumento degli uriti da 8+telson a 
11+telson

Neanide Neanide Neanide Neanide AdultoNeanide

Diplura, Ametaboli 

Neanide Neanide Adulto Mute post-immaginali

Neanide Neanide Neanide Neanide AdultoNeanide

Tisanura, Ametaboli 

Neanide Adulto

Ephemeroptera, Eterometaboli Emimetaboli 

Ninfa Ninfa Sub-immagineNeanide Neanide

Odonata, Eterometaboli Emimetaboli 

Adulto
Neanide Ninfa NinfaNeanide Neanide

Stadi acquatici

Stadi acquatici
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