
INSECT PHYSIOLOGY 

Module of Applied Entomology 



• Basic insect morphology 
• Integument of insects 
• Basic neuronal functions 
• Nervous system of insects 
• Sensory organs of insects 
• Endocrine system of insects 
• Feeding and alimentary system of insects 
• Excretory system of insects 
• Circulatory system of insects 
• Respiratory system of insects 
• Muscles and locomotion of insects 
• Reproduction of insects 
• Embryonic development of insects 
• Post-embryonic development of insects 
• Communication of insects 

Main topics 
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• The insect body is 
divided into 3 main 
sections 

• Head 

• a rigid capsule formed 
from several 
sclerotized plates 

• Thorax 

• Abdomen 

• built up of a series of 
concave upper and 
convex lower 
integumental plates 

 

 

 

Dorsolateral view of an 
orthopteran insect 



• Head 

• 1 pair of compaund eyes 
and sometimes dorsally 
located eyes (ocelli) 

• Compound eyes are 
placed dorsolaterally 

• Eyes may be either 
• dichoptic – eyes are 

separated 

• holoptic – eyes are fused 
into each other 

Basic insect morphology 
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Main parts of an insects head 
from different views 



• Two different types of 
head structures 

 

• Prognathous type (A) 
• typical of pradatory 

insects 

 

• Opistognathous type (B) 
• typical of herbivorous 

insects 

Basic insect morphology 
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• Structure of an antenna 

– antennal sulcus 

– scape 

– pedicel 

– flagellum 
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• Main types of antennae 

– setaceous 

– filiform 

– monifiform 

– pectinate 

– serrate 

– clavate 

– capitate 

– geniculate 

– lamellate 

– plumose 
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• Palps 

– all palps have chemoreceptors which detect smell and taste 

– there are 3 main types of palps: 

– sensory palps: located near antennae 

– maxillary palps: toothed apparatus for piercing skin and 
anchoring 

– labial palps: cockroaches reatain another pair of palps 
(labial palps) associated with the labium. These are 
usually absent or are a modified part at the end of the 
labium  
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• Thorax 

• Segments: 
• there are 3 thoracic 

segments and each bears 
one pair of legs 

 

• the prothorax 

• the mesothorax 

• the metathorax 



Basic insect morphology 

10 

 

 

• Thorax 

• Segments: 
• each sections has a dorsal 

sclerotised region (tergum or 
notum), a ventral region 
(sternum) and laterally on 
each side, a pleuron all joined 
together by non-sclerotised 
memraneceous cuticle 

• these may be fused or 
subdivided into sclerites  

e.g.: tergites, sternites and 
pleurites 
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• Thorax 

• diagrammatic cross 
section of the thorax to 
show the endosceleton  

• normal condition (A) 

• condition when furca 
present (B) 
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• Thorax 

• in the Diptera, the dorsal 
thorax is covered mostly 
by the fused tergum of 
the mesothorax (scutum 
or mesonotum), whereas 
the pleuron is heavily 
subdivided 
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• Wings 

• forewings attach to the 
mesothorax and hindwings 
to the metathorax 

• in some insects the meso- 
and metathorax fuse for 
increasing strength 

• hindwings are greatly 
reduced in Diptera and are 
called halteres (yellow 
arrow) – used for balance, 
so there is only one pair of 
wings attached to the highly 
developed mesothorax   
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• Legs 

• insects have 6 legs made 
up of 5 sections: 

• coxa 

• trochanter 

• femur 

• tibia 

• tarsus 

• hypothetical leg podites 
in an ancesrtal insect (A) 

• typical leg of a modern 
insect (B) 
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• Leg modifications 

• A, B = running  

• C = grasping  

• D = jumping  

• E = swimming  

• F = digging 
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• Abdomen 

• each section is made up 
of a dorsal sclerite 
(tergum) and a ventral 
sclerite (sternum) 

• these are joined to side 
pieces (pleurons) by 
flexible non-sclerotised 
cuticle  
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• Abdomen 

• usually subcylindrical 
with 11 segments 
(sometimes not visible 
due to fusion and 
telesoping) 

• female abdomen tips are 
often more rounded than 
male tips and may have 
cerci 

• males may have claspers 
on the external genitalia 
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• ROLES AND FUNCTIONS OF INTEGUMENT 
• determine the habit of the insect body (form, surface 

markings..) 
• protects against harmful external  effects  (mechanical, 

physical, chemical and biological) 
• keeps water, ion and thermal balance  
• external skeleton (exoskeleton) providing places for muscle 

attachments within the body (endoskeleton) 
 

• Other  functions of  the integument  is forming of  
• walls of fore-  and hindgut 
• external genitalia 
• trachea system 
• sensory organs 
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STRUCTURE, PARTS OF THE INTEGUMENT 
 basement membrane 
 epidermis (hypodermis) 
 procuticle 
 epicuticle 
 

Basement membrane (membrana basalis) 
 the innermost component, porous acellular layer, 0.5 μm 

thickness, main components: proteins, glycoproteins, collagen 
 produced by the epidermal cells 
 

Structure of the epidermis: 
 more or less continuous single layer (one-cell-thick), with 

polygonal or hexagonal arranged epidermal 
Its height differs depending on the part of body; average cell 

density: 3000-11000 /mm2 
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STRUCTURE OF THE INTEGUMENT 
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Structure of the integument 

Muscle attachments to the integument 
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STRUCTURE OF THE PROCUTICULE 
•Properties: inner thicker (200 μm), chitin containing, during 
moulting partly soluble, partly removable layer 
•Parts: 

•Exocuticle: mostly rigid, hardened, dark coloured, pigmented 
upper layer 

             Properties: produced before moulting; sclerotized and  
  tanned after moulting; former exocuticle is removed during 
     moulting 

•Endocuticule: generally soft, flexible, bright, pigment free lower 
layer 

             Properties: produced after moulting; during next moulting  
  will be dissolved and its ingredients will be utilized 

•Mesocuticle: produced rarely, similar to exocuticle 
             Properties: produced after moulting tanned and sclerotized                             
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CHEMICAL COMPOSITION AND MICROSTRUCTURE OF THE 
PROCUTICLE: 
  Chitin:  

•20-60% of the dry weight of the procuticle, resistant to 
 chemical effects, hard, long chained, linear homopolymer 
•N-acetyl-β-D-glucosamine (AGA,C8H13O5) monomers linked in 
 beta-1-4 configuration; 
•number of monomers: 5000-10000 
•most common type of chitin is α-chitin, which consist of 
 antiparallel chains, linked with hydrogen bonding 
•18-20 chitin chain embedded into a protein-matrix with 
 covalent bonds form  a microfiber (glycoprotein complex) 
 (rod, chrystallite with 2.5-3 μm in diameter 
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CHEMICAL COMPOSITION AND MICROSTRUCTURE OF THE 
PROCUTICLE: 

Proteins: 
• 40-80% of the dry weight of the procuticle 
• lots of different proteins, more than 100; in a soft type of 

cuticle they are more hygrophilous 
• many of them are soluble in water („arthropodin”) 
• they are able to make linkages with chitin chains („chitino-

proteins”); linkage can be loose (H-bonding) or close  (quinone) 
  

• special protein: „resilin”, which is rich in glycine amino acid and 
elastic like rubber, colourless and transparent  
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Structure of chitin chains and biosynthesis of the activated  monomer 
molecule (N-acetyl-glucosamine) building chitin 
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Structure of alpha-                             and beta-chitin chains 
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Surface of epidermal cells where cuticle production occurs 
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Structure of chitin microfibers and 
position within the protein matrix 
forming a glycoprotein complex 

Orientation of microfibers in lamellae of 
endocuticle 
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Tanning of the exocuticle (and mesocuticle) 
• results in hard, rigid, resistant and generally dark exocuticle 

 

Two main types of  sclerotization 
•quinone tanning 

 -  widespread way of tanning 
 -  it is generally accompanied by the darkening of the cuticle 
 (melanisation) 
 -  proteins are linked to the rings 

•β-sclerotization 
 -  cuticle remains bright 
         -  proteins are linked to the side-chains 
Mineralization of the exocuticle  

•infiltration and deposition of Ca-salts (CaCO3, Ca-oxalate) heavy 
metals (Zn, Mn, Fe)  
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Main types of cuticle sclerotization 

In the exocuticle, adjacent protein 
molecules are linked together (and hence 
stabilized) by means of quinone 
molecules. The cuticle is said to be 
tanned. The tanned (sclerotized) protein, 
is known as „sclerotin”. 

It should be noted that it also an 
important process in the final structure 
of insect egg shells, egg cases and 
protective froths, cocoons, puparia and 
various silk structures. 
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Summary of the 
quinone tanning 

process 
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Structure of the epicuticle: 
  1. inner epicuticle 
  2. outer epicuticle 
  3. wax layer 
  4. cement layer 
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Properties of certain layers: 
 
 1. inner epicuticle =  inner homogeneous layer 
        loose, thick (0.5-2 μm) 
        consist  of  tanned lipoproteins 
 
 2. outer epicuticle = cuticulin layer 
        extends over the entire body surface 
     thinner  (5-20 nm),  compact, darker 
        consist of lipoproteins and lipids 
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3. wax layer 
• product of oenocytes 
• consist of saturated aliphatic carbohydrates 
• mostly aliphatic alcohols (12-50 C atoms) 
• esters and free fatty acids (12-34 C atoms)   

  
4. cement layer  

• hard, protective layer, only in case of certain species 
• generally thin and uncontinuous layer 
• consists of mucopolysaccharids and lipids 
• excretion of special epidermal gland cells (all other layers are  
  the product of the epidermis!) 
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Pore canals (wax canals) 
• tend upwards helically  through the 

procuticle 
• branch out within the epicuticle 
• their cross-section can be round or 

flat, with1 μm in diameter 
• there are 30-200 canals above one 

epidermal cell, which means 15000 
canals/mm2 

• they contain plasmafibers, wax and 
protein filaments 
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Types of cuticles 
• rigid, solid, thick cuticle 

on the sclerits (tergits and sternits), head capsule, certain 
 segments of legs, mouthparts (mandibles, maxillae) 
• flexible, elastic, thin cuticle 

e.g.: „skin” of larvae, intersegmental pleural membranes in 
adults 

 

Special cuticle formations 
• outer extensive appendages or dents 
  grooves, ribs, furrows.. 
• inner appendages, skeletal elements 
          serve for the inner structure, attachment of muscles, organs 
          (endophragma, apodema, apophysis) 
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Permeability of the integument 
Role of permeability 

• water and ion balance, gas exchange 
• resistance to chemical effects 
• penetration of contact insecticides 
• desiccation of insects with detergents 

Permeability depends on 
• the thickness of the cuticle 
• the structure of the cuticle 

General feature of the cuticle 
• twofold character 

lipophile, hydrophobic epicuticle 
hydrophile, lipophobic procuticle 

• functional asymmetry 
water can easier  get into the cuticle than get out 
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Penetration of compounds with different characteristics through 
the cuticle 

 

• water-soluble compounds 
 the epicuticle hinders and restricts penetration owing to the wax 

layer 
 the procuticle is selectively permeable 
 undissociated forms of compounds can get in easier 
 

• fat-soluble compounds 
 procuticle hinders and restricts penetration 
 epicuticle is permeable 

 

The integument acts as a physical barrier to decrease the rate of 
entry of different compounds. 
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Process of cuticle formation, moulting (ecdysis)  
Phases 
 1) pre-ecdysis 
 2) ecdysis 
 3) post-ecdysis 
 

1. Pre-ecdysis  
• changes in the epidermis: active cell division (mitosis), growing 

of epidermal cells, cell density increases, intercellular spaces 
occur 

• detachment of the old cuticle (apolysis): beneath the old cuticle 
ecdysial space or membrane occurs  

• separation of the new inner epicuticle 
• enzymatic dissolution of the old endocuticle (proteinases and 

chitinases for cuticle digestion)  
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Process of cuticle formation, moulting (ecdysis)  
 

1. Pre-ecdysis (continued) 
• ecdysial liquid occurs, compounds gained from the old cuticle are 

recycled and utilized  with an efficacy of 90%  
• ecdysial liquid will be absorbed finally 

 

2. Ecdysis 
• special preparative behaviour: searching for safe places, handhold, 
or hand-climb, higher inner pressure by  increase the volume of 
haemolymph, swelling air or water, muscle contractions 
• The local increase in pressure in the anterior part of the body 
causes the old cuticle to split along a weak preformed ecdysial line 
where the exocuticle is thin or absent.  
• Continuous swallow  of air or water after moulting in order to 
stretch the new cuticle prior to tanning 
• Leaving the old cuticle (exuvium) 



Integument of insects 

41 

 

 
Process of cuticle formation, moulting (ecdysis)  

 
3. Post-ecdysis 

• expansion of the new cuticle, small grooves 
and folds will be flatten out 
• scelrotization, tanning of the procuticle    
• production of new endocuticle 
• production of new wax and cement layer 
• further expansion of soft cuticle parts 
(plasticization) 



Summary of Molting 
Step 1:    Apolysis -- separation of old exoskeleton from epidermis 

Step 2:    Secretion of inactive molting fluid by epidermis 

Step 3:    Production of cuticulin layer for new exoskeleton 

Step 4:    Activation of molting fluid 

Step 5:    Digestion and absorption of old endocuticle 

Step 6:    Epidermis secretes new procuticle 

Step 7:    Ecdysis -- shedding the old exo- and epicuticle 

Step 8:    Expansion of new integument 

Step 9:    Tanning -- sclerotization of new exocuticle 

Integument of insects 
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External appendages of the integument 
• tiny, false hairs (microtrichia) 

• produced by special epidermal 
cells 

• bigger true hairs (macrotrichia, setae) 
• produced by seta forming 
(trichogen) cells 
• around them often socket 
constructing (tormogen) cells 

• scales 
• produced by special scale 
constructing cells 

• other cuticle formations constructing 
sensory organs and other special organs 
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Glands of the insect integument, dermal glands (glandulae) 
 

Classification of glands according to their structure 
• unicellular glands 
• complex glands: a group of adjacent unicellular glands 

both can occur within the epidermis (intraepithelial) or under 
 the epidermis (subepithelial) 

•polycellular glands 
  always occur subepithelial  
  their structure is nodular or tubular 
 

Classification of glands according to their function 
•wax glands, enamel glands, cement glands, lubricant producing 
glands, adhesion helping glands, pheromone producing glands,  
odour glands, stink glands, venom producing glands 
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Several types of unicellular and polycellular dermal glands 
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Colour of the integument 
 

•   Pigmentary colours (chemical or objective colours) 
 Pigments are: 

• within the epidermis (after the death they break up rapidly) 
• within the procuticle (exocuticle) (they remain longer after death) 

        Most common pigments:  
• melanin pigments (brown or black) 
• pteridin, pterin pigments (white, yellow, orange, red) 
• ommochrome pigments (yellow, red) 
• bile pigments (red, green, blue) 
• carotenoids  (yellow, orange, red, violet) of plant origin 
• flavonoids (yellow, yellowish white) of plant origin 
• chromoproteins, pigment and protein complexes e.g.:   
 insecto-verdin (green = blue bile+yellow charotenoid or 
 pteridin pigments) 
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Colour of the integument 
 

• Physical colours (subjective colours) 
 results of special optical phenomena occurring on the uneven 

surfaces (e.g.: reflection, interference, diffraction) 
possible colours:  white, brillant green or blue, flashing metallic 
colour , iridescent (Schiller colour) 

• Combination of pigmentary and physical colours  (rare) 
• Colours of other origin:  e.g.: colour caused by subepithelial secretion 
 

Colour change and exchange of insects 
• physiological (temporary): reversible process caused by movement of 

pigments particles 
• morphological (permanent): irreversible process caused by ultimate 

deposition of pigment particles 



BASIC SENSORY ACTIVITIES, 

NEUROPHYSIOLOGY I. 

 

Basic functions of neurons: 

 1. generation of electrical 
response 

 2. conduction of electrical 
response 

 3. transmission of electrical 
response 

 

Basic neuronal functions 
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Electric conditions of the surface membrane: 

• There is an electrical potential of the cell membrane - the voltage 
on the inside and the outside of the cell is different. 

• The inside of the neuron is usually around 70mV more negative (-
70mV) compared to the outside.  

• This polarization is accomplished by Na+ and K+ pumps, and 
specialized proteins in the membrane - ion channels and ion 
transporters.  

• Using energy from ATP, they transport sodium out of the cell and 
potassium into the cell (also chlorine into the cell).  

• As ions can leak through the membrane to some extent, the cell has 
to constantly use energy to maintain the resting membrane 
potential. 

Basic neuronal functions 
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Electrical states of the surface membrane: 

 

• polarized – electronegative inside the membrane (resting 
state) 

• depolarized – electronegative outside the membrane (ground 
state) 

• hyperpolarized – greatly electronegative inside the membrane 

• repolarized – original polarization is recovered 
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GENERATION OF ELECTRICAL RESPONSE 

Types of membrane potentials (transmembrane potentials): 

Different types of responses (potentials) are possible in response 
to a stimulus: 

1. resting potential: polarization, maintained by sodium/potassium 
pump in the absence of any nervous transmission, any 
stimulus 

2. electrotonus potential: when a stimulus is too weak to excite 
the cell into action, cells are only conductors of electricity 

3. action potential: when the stimulation is strong enough, 
neurons response with graded membrane response (local 
potential : e.g.: receptor ~, synaptic ~, pacemaker ~); in case 
of a even stronger stimulus local potential changes to action 
potential (spike) 

Basic neuronal functions 
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Electrotonus and action potential: 
 
- in some neurons any part of the neuron 

may conduct a spike, but in general 
spikes are conducted  by axonal 
processes 

- electrically excitable cells have a 
characteristic membrane threshold 
that must be exceeded in  order to 
generate a response 

- in general 10-100mV stimulus is enough 
to generate a spike 

- duration of a spike is 1-3 ms 
- speed of impulse transmission 1.5-2.3 

m/s (in the so called giant axons: 3-7 
m/s) 

Basic neuronal functions 

 

52 



 

 

 

 

 

 

Conditions providing generation and conduction of electrical response: 

1. Proper ions and negatively charged organic molecule 

 K+ Na+ Cl-  and proteins negatively charged on surface 

2. „Coupled” ion pumps providing unequal ion distribution 

         Na/K pumps  

3. Semipermeable properties of the cell membrane 

Basic neuronal functions 

53 



Conditions providing generation and conduction of electrical response: 
(cont.) 

4. Ion gates (special transmembrane proteins) embedded into the 
membrane forming hygrophilous channels through the membrane 
and controlling the movement of ions 

      - voltage gated channels: membrane voltage controls the 
opening 

      - ligand gated channels: a molecule (neurotransmitter) controls 
the opening 

5. Unequal ion distribution  

 in: hemolimph-mezaxon- axon/dendrit spaces 

6. Transmembrane gradients: 

- concentration gradient – chemical gradient 

-   electrochemical gradient – electrical gradient 
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Conditions providing generation and conduction of response 

 

Basic neuronal functions 

 

55 

Ion   Ion concentration  (mM /l) 

Hemolimph Mezaxon Axon 

K+ 12 17 225 

Na+ 158 284 67 

The mezaxon and the importance of the 
glial cells  

Illustration of transmembrane proteins 
that function as ion channels  



CONDUCTION OF ELECTRICAL RESPONSE 

Phases of action potential, nerve impulse (spike) 

 1. Na-activation – Na+- influx, rush into membrane 
causing depolarization 

 2. Na-inactivation – Na+- outflux: time-dependent 
closing mechanism 

 3. K-activation – K+- outflux: immediately after a spike 
starts 

 4. slow after potentials (positive, than negative) 
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Features of action potential: 
 
1. absolute refractory period (2-3 ms): during a spike a neuron 

cannot be stimulated 
 
2. relative refractory period (10-15 ms): only to a very strong 

stimulus will elicit new  response 
 
3. maximized frequency of impulses, upper limit: 100 impulses/ms 
 
4. size of the amplitude and length of active section of axon is 

characteristic of the neuron 
 
5. speed of impulse transmission is proportional with the square 

root of diameter of nerve fibre 
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According to the impulse transmission a neuron can be: 

 

- „spiking” neuron: which can conduct action potentials 
 electrotonus potentials are conducted on its the dendrite 
 and action potentials are conducted on its axons 

 

- „non-spiking” neuron: which cannot produce action potentials, 
conduct exclusively electrotonus potentials  

 (intraganglionic interneurons in the CNS; have wide importance 
in the initiation of rhythmic activities) 
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NEUROTRANSMISSION 

Types of synapses:  

1. chemical synapses – through the mediation of neurotransmitters 

2. electrical synapses – direct transmission of the electrical impulse 
(rarely, very narrow synaptic gap 3-5 nm) 

 

Structure of a chemical synapse: 

1. On the presynaptic side: 

 - presynaptic neuron terminal 

 - presynaptic membrane voltage gated Ca2+ ion channels (rarely 

intracellular bound Ca2+) 

 - presynaptic vesicles (50-80 nm diameter) (containing neurotransmitter or 

neuromodulator molecules) 

Basic neuronal functions 

 

59 



Structure of a chemical synapse: (cont.) 

2. On the postsynaptic side: 

 - postsynaptic membrane equipped with: 

 transmitter receptors: ligand gated Na+ and K+ channels or 
ligand gated Cl- channels 

3. On the place of neurotransmission - narrow synaptic cleft (20-50 
nm) 
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The change in membrane potential arriving 
at the presynapse as an action potential 
causes opening of voltage gated calcium 
channels. Calcium enters the presynaptic 
membrane and promotes the fusion of 
vesicles with the membrane (A). 

Than follows the release and diffusion of 
neurotransmitter stored in vesicles into the 
synaptic gap (A).  

Neurotransmission, events at the synapse 

When more frequent depolarisations reach 
the presynaptic membrane, there is a 
greater fusion of vesicles and the release of 
more neurotransmitters (B). 
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Neurotransmitter binds to receptors on 
the postsynaptic membrane, and ligand 
gated ion channels leading to a change 
in membrane potential of the 
postsynaptic neuron (C). 

Commonest insect 

neurotransmitters 



THREE MAIN TYPES OF INTERNEURONAL SYNAPSES: 
1. Excitatory synapses 
  A) chemical synapse: 
  - operated by: cholinergic system 
  - transmitter: acetylcholin (acetylcholinesterase (breaks  
 down)  and cholin acetyltransferase (synthesizes)) 

  - receptors can be activated by other molecules too e.g.: 
 nicotine or muscarine mimic the action of ACh 

  - depolarized by an electrotonus potential 
  - starts: Excitatory Postsynaptic Potential: EPSP 
B) electrical synapse 
  - rare occurrence in case of insects (all synapses within the 
 giant fibre systems of ventral nerve cord) 

  - requires very narrow synaptic cleft (3-5 nm) 
  - makes possible direct and rapid impulse transmission 
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THREE MAIN TYPES OF INTERNEURONAL SYNAPSES: (cont.) 
2. Inhibitory chemical synapses 
  -  operated by: GABA-ergic system 
  -  transmitter: gamma-aminobutyric acid (GABA) 
  -  effects on ligand gated Cl- channels 
         -  hiperpolarized by electrotonus potential 
      -  starts: Inhibitory Postsynaptic Potential: IPSP 
 

3. Nerve-muscle junctions, neuromuscular synapses 
  -  excitatory neuromuscular junctions 
  -  operated by: glutaminergic system 
  -  transmitter: L-glutamate (L-aspartic acid) 
  - in case of inhibitory neuromuscular junctions GABA is  
 the transmitter 
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Neuromodulators 
may affect either the release of a 
neurotransmitters from the presynaptic 
membrane or the response of the postsynaptic 
membrane to other released neurotransmitters.  
Properties: 
 - affect within or near to synapses 
 - excreted into the mezaxon or synaptic gap 
 - have slow and permanent effect on the 

function of synapses e.g. passage of vesicles  
They can effect on: 
  - one single synapse – parasynaptic secretion 
 - on several point of axonal surface – paracrine 

secretion 
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Synthesis of 

biogenic amines 

from tyrosine 



CLASSIFICATION 

 

According to innervated body parts: 

  1. somatic nervous system 

  2. vegetative nervous system 

 

According to the localization: 

  1. central nervous system 

  2. peripheral nervous system 

 

Nervous system of insects 
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Functional and structural units of nervous 

system are nerve cells (neurons) 

 

Parts of neurons: 

 - cell body (soma, perikaryon) including 
 nucleus (karion), Golgi-app.; ER.. 

 - cytoplasmatic extensions: 

  sensory branches – dendrites 

  motor branches – axons 

  (their joint branch = neurites) 

Connections among neurons 
(interneuronal ~) 

  synapses  (generally axo-dendritical) 

Nervous system of insects 
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Neurons found in the 

insects nervous system 



Classification of neurons:  
 
According to their appendages: 
A. monopolar or unipolar neurons (A) 
B. bipolar neurons (B) 
C. multipolar neurons (C) 
 
 
According to their function: 
1. sensory neurons or afferent neurons (A) 
2. motor-, motoneurons or efferent neurons (B) 
3. associative neurons or interneurons (C) 
4. neurosecretory neurons (D) 
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Histlogical structure of CNS (Central Nervous System) 

 

a.)cell bodies of neurons are on the verge of the tissue 

b.)axons and synapses are within the tissue = neuropil 

 

Sheath and alimentary elements of CNS: 

- glial cells (glia Greek for glue): 

- can be: - peripheral (perineural) forming external sheath 
(perineurium) a blood-brain barrier 

- neural lamella (amorphous, cell free layer) 
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FUNCTIONAL CONCENRTATIONS, AGGREGATIONS OF NERVE CELLS: 

Nerves = include only the axonal components of neurons 

Ganglions = include axons, perikaria and dendrites  

Nervous system of insects 
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Configuration within a ganglion 



Anatomical structure of CNS: 
 
„ventral ganglion-chain or -

cord” – like a rope-ladder 
 
Main parts of the CNS: 
 
• nerve-knots – ganglions (in 
pairs per each segment) 
• longitudinal nerve-trunks - 
connectives 
• crosswise nerve-trunks - 
commissures 
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Original number of ganglions per tagma: 

 head  - brain – 3 pairs - suboesophageal ggl. – 3  
  pairs 

 thorax - 3 pairs (pro-, meso- and metathoracic) 

 abdomen - 8 pairs (usually less)  

 

Fusion of ganglions, reduction in their number: 

 most frequent in case of: 

 -  meso- and metathoracic ganglions 

 -  complex metathoracic ganglions 

 -  terminal abdominal ganglions 
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STRUCTURE AND FUNCTION OF THORACIC AND 
ABDOMINAL GANGLIONS 1. 

 - soma of each neuron is peripherally 
arranged 

 - neuropils (axons + synapses) are centrally 
arranged 

 - characteristic bilateral arrangement 

Special location of neuropils: 

 - motorial elements are dorsally located 

 - sensorial elements are ventrally located 

 - associative elements are medially located 

Motoneurons are bigger and occur in less 
number in neuropils. 
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Two main groups of interneurons: 

1. Intraganglional interneurons more 
frequent; serve for communication 
within the ganglions 

2. Intersegmental (interganglional) 
interneurons forming nerve-tracts:  

a) descending nerve-tracts 

b) ascending nerve-tracts  

Main physiological function of thoracic 
and abdominal ggl-s: 

 1. control of rhythmical activities, 
movements 

 2. induction of reflexes 
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Rhythmical activities: 

• complex processes, based on harmonized 
operation of muscles 

• coordinator: rhythm giving central units 
(pattern generators, neuronal oscillators, 
pacemakers) 

• Such activities: 

 - stepping 

 - flying (mostly with asynchronously 
innervated muscles) 

 - rhythmical respiratory movements 

 - so called spontaneous activities (heart 
contractions) 
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Reflexes of the thoracic and 
abdominal ganglions: 

Types:  

 - according to the relation 
between causing effect and 
response to it: 

  1. unconditioned 
reflexes(more frequent) 

  2. conditioned reflexes (in case 
of social insects) 

- according to the features of 
muscle movements triggered: 

 1. kinetic reflexes 

 2. static reflexes 

 

 

- according to the number of 
segments taking part         

  1. segmental reflexes 

  2. intersegmental reflexes 

- according to the physiological 
role and function: 

 1. nutritional reflexes 

 2. respiratory reflexes 

 3. kinetic reflexes 

 4. protective reflexes 

 5. sexual reflexes 

 6. stridulation reflexes 

7. reflexes relating to light 
emission 
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STRUCTURE AND FUNCTION OF CENTRAL 
GANGLIONS (supra- and suboesophageal  
ganglions) 

Anatomy of central ggl-s: 

A) brain (ggl. supraoesophageum, 
cerebrum) 

Parts: 

      1. protocerebrum 

      2. deutocerebrum 

      3. tritocerebrum 

All three parts of brain are longitudinally   
fusioned but laterally only the first two (between 
two parts of tritocerebrum: tritocerebral 
commissure) 
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B) Ganglion suboesophageum 

Connected to brain with two: 

circumoesophageal connectives 

 

Physiological role of central ggl-s: 

1. local sensory, motor and reflex 
centres 

2. integrating associative centres 

3. centres for affect and control the 
functions of trunk ggl-s (stimulating 
or inhibiting) 
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Structure of the protocerebrum: 

Properties: 

-  two hemisphere like parts: 
between them a ditch (pars 
intercerebralis) 

Protocerebrum is associated with 

the compound eyes, ocelli, and 

some integumental sensory 

receptors.  

The two large lateral 

lobes containing dense groupings 

of neurons and neurosecretory 

cells within the area known as 

pars intercerebralis 
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Structure of the protocerebrum: 
(cont.) 

Initial nerves: 
3 (2 paired, 1 unpaired) nerves:  
• nervus opticus to the ocelli of 

frons and vertex  
• nervus connectivus to the a 

stomatogastric system 
• nervi corporis cardiaci (to  
 the corpori cardiaci) 

 
Its most important regions: 
• optic lobes (lobus opticus) 
• mushroom bodies (corpus  

   pedunculatum) 
• central complexes 
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Structure of the protocerebrum: 
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Structure of optic lobes (lobus opticus) 

Parts: 

    1. lamina (lamina ganglionaris) 

    2. medulla (medulla externa) 

    3. lobula (medulla interna) 

in some insects it has two parts: 

  - lobula 

  - lobula plate     

    4. nerve-fibre intercrossings 

 - outer chiasma 

 - inner chiasma 

Nervous system of insects 

 

83 



Function of optic lobes, process and analysis of optic 
information: 

Properties: 

 - inversion of pictures 

 - retinotopic mapping 

 - pattern recognition with „small-field” neurons 

 - general motion recognition horizontally and 
vertically with „wide-field” neurons 
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Structure of mushroom bodies  

(corpus pedunculatum) 

State of development: 

- big – social insects Hymenopteras, termites 

- intermediate – Coleopteras, Lepidopteras 

- small – Heteropteras, Dipteras 

Parts:  1. cup (calyx) 

      2. handle (pedunculus) 

      3.  lobes (lobi): α-, β- and (sometimes) γ-lobus 

Histological structure : 

- nerve-fibres – mostly in the peduncles 

- synapses – mostly in the cups and handles 

- „proper neurons  „intrinsic” neurons = Kenyon-cells 

Physiological role: 

- cognitive and associative functions relating to olfaction and vision 

- centres for learning and memory  
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Structure and function of central bodies: 

Parts: 

 1. protocerebral bridge 

 2. central body 

 3. lateral accessory lobe 

Features: 

 - lots of nerve-fibre intrecrossings 

 - rich arborisation of axons and dendrites 

Physiological role: 

 - integration of information between 

 the two hemispheres of brain 
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Structure and function of deutocerebrum 

Features: 

- bilateral innervations of antennae – nervus olfactorius 

- olfactory glomeruli 

- connection with sensillae of antennae 

- neuromuscular junctions with muscles of antennal 
segments 
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Olfactory glomerulus: 

- ball or cap like shape (50-100 μm diameter) 

- rich dendrite and axon terminals 

- their number is typical for an insect species 

   - their neurons have special interconnections (synapses) with certain 
neurons:  

1. local interneurons 

2. projective neurons (uni- and multiglomerular) 

3. so called „incoming neurons” 

Most important physiological role of deutocerebrum: 

 - processing and transmission of olfactory and partly mechanical 
information coming from antennae 

 - motorial control of antennal segments 
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Structure of the deutocerebrum 
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Structure and function of tritocerebrum 

   Features: 

 - its two parts are connected with a commissure 

 - its is connected to the stomatogastirc system 
(ganglion frontale) with two slight nerves 

 - innervated regions: mostly pharynx and labrum 

Structure and function of ganglion suboesophageum 

   Features: 

- its three parts innervates the three parts, segments of 

  the mouth (mandibular, maxillar and labial) 

- contains a lot of nerve-fibres 

- its sensory and/or motorial nerves innervate: maxillar 

  and labial palpi, mouth parts, salivary glands, muscles 
of neck region 
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GENERAL EFFECTS OF CENTRAL GANGLIONS: 

Brain (ganglion supraoesophageum, cerebrum) 

Features: 

- the two hemispheres effect on own side 

- the two hemispheres inhibit each other 
(reciprocal inhibition) 

Effects: 

1. excite the maintenance of proper muscle tone 

2. hinders locomotion activities 

Ganglion suboesophageum Effects: 

- excite locomotion activities on own side 
(ganglion supraoesophageum inhibits directly 
this centre) 
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VEGETATIVE NERVOUS SYSTEM: 

Features: 

  This element of the nervous system, innervates the gut, 
heart, and endocrine glands and forms a network of 
peripheral ganglia that is associated with digestive 
processes. These ganglia innervate the muscles of the oral 
cavity, foregut, and midgut and regulate food ingestion, 
transport, digestion, and the excretion of wastes.  

- provides innervations for visceral organs with its sensory and 
motorial nerve fibres 

- its nerve fibres create rich arborisation in the walls of visceral 
organs 

- contains paired and unpaired ganglions nearby the 
innervated regions 
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VEGETATIVE NERVOUS SYSTEM: (cont.) 
Parts: 

1. stomatogastric system: specifically innervates the foregut and 
midgut 

The major ganglion of is the frontal ganglion that arises from 
the frontal connectives issued by the tritocerebrum. The frontal 
ganglion innervates the foregut and controls crop emptying. It 
gives rise to the recurrent nerve that passes underneath the 
brain and expands into the hypocerebral ganglion that 
innervates the corpora allata, corpora cardiaca, and the fore- 
and midguts  

2. unpaired ventral nerve-trunk and its connections 
3. caudal autonomic sympathetic system: consists of those nerves 

that innervate the hindgut and genitalia, usually originating in the 
compound terminal abdominal ganglion. 
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THE STOMATOGASTRIC NERVOUS SYSTEM 
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DISSECTED NERVOUS SYSTEM OF A COCKROACH 
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Perception: 
- Organisms constantly monitor and respond to changes in 

their environment (both external and internal) so as to 
maintain themselves under the most favourable 
conditions for growth and reproduction 

- In contrast to mammalian skin, which has millions of 
generally distributed sensory structures, the surface of an 
insect has only a few thousand such structures, and most 
of these are restricted to particular regions of the body. 

 
Stimulus: 
- environmental cues are always forms of energy 
- physical (mechanical, optical, thermal..) effects, chemical 

effects 
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Adequate or stimulus: 

 stimulus to which the sensory unit is the most sensitive 

Threshold of a stimulus: 

 smallest stimulus which can trigger appropriate response 

Receptors: 

 structures that can receive external and internal cues (one 

 single sense cell or complex sensory unit or well developed 
sensory organ) 

According to the number of different cues perceived: 

1. unimodal receptors 

-  are able to perceive only one type of stimuli, are specialized 
to one stimulus 

2. bimodal or multimodal receptors 

-  are able to perceive two or more different stimuli 
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Sense cells (sensory neurons) 

1. primary or type I. sensory neurons 

Features:  

-     always bipolar within or directly under the epidermis 

- short dendrite, long axon 

- their synapses are in the CNS 

- associated with cuticle, monitor mostly the external 
environment 

2. secondary or type II. sensory neurons 

Features:  

- always multipolar under the epidermis, within the 
muscles or walls of internal organs (e.g.: digestive 
system) 

- their axonal synapses are located outside the CNS 

- monitor solely the internal environment 
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Sensory unit, elementary sense organ (sensillum, sensilla) 

Parts:  

1. sensory neurons(s) 

2. stimulus modifying and mediating elements 

3. protective and steady elements 

Feature: 

generally they occur in high numbers, forming groups 

Sense organ 

Features: 
- bigger, anatomically well separated, complex formation 

- occurs in lower number and often in pairs 
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Sensory unit, elementary sense organ (sensillum, sensilla) 
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Including the sensory neurons, 
a tormogen cell, which creates 
the socket; a trichogen cell, 
which creates the shaft of the 
hair; and a thecogen cell, 
which produces the sheath 
component of the sensillum 
that isolates the axons from 
one another and provides the 
neuron with ions and 
nutrients. 

Basic structure of a cuticular sensillum 
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Sensory unit, elementary sense organ (sensillum, sensilla) (cont.) 

Trichoid sensilla have long hairs and 
1-3 unbranched dendrites covered 
by a thick cuticle.  
Basiconic sensilla  are shorter with 
1-3 branched dendrites and a 
thicker cuticle.   
Placoid sensilla are plate-like, with 
2-50 branched dendrites. 
Coeloconic sensilla have a peg-like 
structure and are often located 
within a cuticular pit, innervated by 
3-5 unbranched dendrites. 
Campaniform sensilla refers to the 
bell shape appearance of the 
sensory structure which has only a 
single neuron. 
 

Examples of external morphologies of sensillae 



Basic processes of reception of cues 

  Electrochemical effects of stimulus: 
 

1. Initial or „on” response 

  - rapid depolarization or hyperpolarization 

- generation of a receptor potential   

- electrotonus potential proportional to the strength of 
stimulus 

- in case of permanent stimulus: decreasing amplitude 
(adaptation) 

2. Reverse or „off” response 

- rapid repolarisation 
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Generation of  action potential: 

– stimulus have to be exceed the threshold 

– amplitude characteristic to given receptor cell 

 

Two basic forms of receptors according to adaptation: 

  1. Phasic receptors 

– adapt rapidly to steady stimuli 

– react to short but strong stimuli 

2. Tonic receptors 

– adapt slowly to steady stimuli 

– react to long lasting but less strong stimuli 
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Classification of receptions according to the place of reception: 

 

1. reception of external stimuli (exteroception) 

2. reception of internal stimuli (interoception)(reception of 
internal body conditions – self perception (proprioception):  

• Proprioceptors are able to respond continuously to 
deformations (changes in length) and stresses (tensions 
and compressions) in the body. They provide an organism 
within formation on posture and position. 

• Five types of proprioceptors occur in insects: hairplates, 
campaniform sensilla, chordotonal organs, stretch 
receptors and nerve nets. 
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Main groups of receptors: 

    1. mechanoreceptors 

    2. thermo-hygro receptors 

    3. photoreceptors 

    4. chemoreceptors 

 

MECHANORECEPCTION 

Features: 

• well developed accessory units helping perception of 
stimuli 

• displacement, deformation or movement of the sensillum 
trigger the receptor potential 
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Basic mechanoreceptors: 

 1. tactile hair (trichoid sensilla) 

 2. bell shaped sense cone 
(campaniform sensilla) 

 3. stringed or chordotonal 
sensilla 

 4. free nerve endings forming 
nerve nets 
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Tactile hair:  
Features: 
 - reacts to deflection 
 - pore free hair  
 - narrows towards its tip 
 
Parts: 
 - cuticular hair 
 - bipolar receptor cell (with tubular dendrites) 

- seta forming cell (trichogen cell) 
 - articulation membrane forming cell 

(tormogen cell) 
 - dendrite sheath forming cell (thecogen cell) 
 - articulates on a flexible membrane ring 
 - often forms hair pates 
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Campaniform sensilla 

Features: 

 - reacts  to expansive and compressive forces  of the cuticle 

Parts:  

 - bipolar receptor cell  

- trichogen and thormogen cell 

 - often forms plates 
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A mechanoreceptor that is activated by movement of its seta in the direction of 
the arrow. The deformation of the subcuticular tubular body initiates the receptor 
potential.  
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Stimulation of a mechanoreceptor 
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Detail of the antennal apex of an 
ant’s worker  
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Tip of the cercus bearing one 

campaniform and three 

coeloconical sensilla. Note the 

folded integument structure of 

the cercus. 



Stringed (chordotonal) sensillum - scolopidium 

Features: 

 - basic functional and structural unit of a 

  complex chordotonal organs 

 - always located under the cuticle 

  (subcuticular location) 

 - special accessory cells: cap cells and 

  scolopale cells 

 - special formation at the end of the 

  dendritical appendix = scolopale (scolopoid body) 

 - terminal bunch can be connected to the tip of 
scolopale 
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Main types of insects’ mechanoreception: 

 1. tactile sense 

 2. static sense 

 3. sense of vibration and hearing 

 4. sense of internal tensions 
 

Forms of static sense: 

 - posture and position sense 

 - sense of force of gravity 

 - pressure sense 

 - sense of drift 

 - sense of acceleration 
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(A) Single chordotonal sensillum (B) Chordotonal organ 



Sense of vibrations 

Properties: 

- vibrations can be perceived on the boundaries of mediums e.g. solid - air, air water 

- relatively low frequency periodic stimuli 

- can be perceived only from a short distance 

- generally has alarming effect or plays role in communication 

Insects are classified according to vibration sense: 

1. sensitive species: nerve impulses are synchronous with the frequency of stimuli  

e.g.: Lepidoptera, Hymenoptera 

 -  typical sense organ: subgenual organ is a complex chordotonal organ in the tibia of 
each leg with 10-40 sensilla to perceive substrate vibrations 

2. less sensitive or indifferent species: 

 - nerve impulses are asynchronous with the frequency of stimuli 

 e.g.: Heteroptera 

 - typical sense organs: trichoid sensilla and campaniform sensilla 
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Hearing, audition (phonoreception) 

- perception of vibrations spreading in the medium (air or water) 

- changes in pressure effect as stimuli 

- frequency is high, it can be measured generally in kHz 
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Sense of vibrations – subgenual organ 



Classification of insects according to the stridulation ability and 
audition: 

 

1. well hearing insects without specialized stridulation organs: 

- typical hearing organ: Johnston’ organ or tympanal organ 

- Occurrence: Culicidae, Chironomidae, Noctuidae 

 

2. well hearing insects with specialized stridulation organs: 

- typical hearing organ : tympanal organ 

- Occurrence : Acrididae, Cicadidae, Grylloidea, Tettigonioidea 
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Johnston’s organs: 

 

- large complex chordotonal organs (there occur simple 
Johnston’s organs too with only a few scolopidia) 

 

- Occurrence: within the second segment of antennal flagellum 
(pedicellus) of all adult and many larval insects 

 

- consists of numerous scolopidium in radiant arrangement 
within two rings to perceive air-borne vibrations 
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Tympanal organs: 

- the most elaborate sound reception system in 
insects; occur always in pairs 

- typical parts: eardrum a cuticular membrane 
(tympanum), wall of drum cavity, drum cavity, 
sometimes another drum (anti-tympanum) 

- drum cavity has air sack origin (there are air storage 
sacks within the respiratory system) 

- sometimes from numerous scolopidium (~60 pc) a 
hearing crest (crista accustica) is formed 

 -   receptible frequency differs according to species: 
0,1-100 kHz 

 

Sensory organs of insects 

 

11
9 



Types of tympanal organs: 
 

1. located in the thorax (thoracal tympanal organ); 
Occurrs: Noctuidae (metathorax) 

2. 2. located in the abdomen (abdominal tympanal 
organ); Occurs: Acrididae, Cicadidae, 
Geometridae 

3. located in the fore legs (tibial tympanal organ); 
Occurs: Gryllidae, Tettigoniidae 
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Cross section of Johnston’s organ 
at the base of the antenna.  

The basal plate deflects the 
scolopidia when it is displaced 
by movements of the  flagellum. 

The antenna of a 

male mosquito 
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Surface view (A) and transverse section (B) 

trough the tympanal organ of a grasshoper 

species (Tettigoniidae) 



Thermoreception 

  - Insects actively seek out a „preferred” temperature (see 
autecology) 

 - insects evidently detect variation in temperature, yet the 
function and location of receptors is poorly known (e.g. 
Rhodnius spp., Cimex spp. and mosquitoes, which feed on 
mammalian blood, are able to orient to a heat source) 

 - most studied insects have antennal sensing of 
temperature (mosquitoes) 

 - transduction mechanism for thermoreceptors remains 
unclear 
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Infrared reception 
 - Infrared irradiation can be detected by paired thoracic pit 

organs in the species of buprestid beetles (Melanophila spp.) 
that breed only in trees that have been recently killed by fire.  

 - Beetles respond to the infrared radiation emitted from forest 
fires using dome-shaped sensilla located in paired pits near the 
mesothoracic coxa that are exposed during flight 

 - Each pit organ contains 50 to 100 sensilla that change in 
volume with exposure to infrared radiation and deform the 
dendrite of the underlying mechanoreceptor.  

 - These sensilla are activated specifically by the infrared 
wavelengths (360-410 nm) from burning forests, and other 
sensilla on the antennae respond to olfactory cues from 
phenolic compounds present in the smoke from these recent 
fires. 
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Infrared receptors 
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Paired thoracic pit organs of 
Melanophila spp. 

A receptor (C) from Melanophila 
spp. that is located in a cuticular 
pit (A, B) that responds to infrared 
emanations from forest fires. 



Hygroreception  

 - Many observations on their behaviour indicate that insects are able 
to monitor the amount of water/vapor in the surrounding air 

 - Insects actively seek out a „preferred” humidity or sources of liquid 
water 

 - humidity detectors are typically located on the antennae, though 
they occur on the spiracles and their surroundings 
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A thermo-hygro receptive sensillum 
on the antenna of silkmoth (Bombyx 
mori). Fine structure of thermo-hygro 
sensitive sensilla in the receptor 
membrane substructure and sensory 
cell contacts 



Specialized thermo-hygro receptors  
Properties: 
-   typical sense organ: sensillum coeloconicum with 1 thermo-

sensitve and 2 hygro-sensitive receptor cells 
- Because they are poreless, hygroreceptors clearly cannot 

operate in the same manner as chemoreceptors, that is, by 
water molecules binding to receptors in the dendritic 
membrane. In fact, it seems that they function as 
mechanoreceptors, behaving  like a hair hygrometer. 

- The sensillar cuticle or a substance associated with it is 
hygroscopic and undergoes deformations as humidity 
changes, leading to physical stimulation of the dendrites.  

- There are two types of hygroreceptors: „moist” receptors 
respond to increasing humidity, while „dry” receptors are 
stimulated by a decrease in humidity. 
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Photoreception, vision 

-  Almost all insects are able to detect light energy  

- The basic mechanism of stimulation is very likely the same: 
the solar energy striking the photo sensory cell is absorbed 
by pigments in the cell. The pigment undergoes as light 
conformational change that causes a momentary increase in 
permeability of the receptor cell membrane and, thereby, 
the initiation of nerve impulses that travel to the optic lobes 
and CNS 

Two main types of insects' eyes: 

 1. compound eyes (oculi compositi) 

 2. simple eyes (oculi simplici) 
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Compound eyes: 

- Occur in most adult and hemimetabolous larvae on 
either side of the head capsule 

- Absent is some groups: 

 a) ancient insect orders (e.g. Protura, Diplura) 

 b) wingless parasite adults (lice, fleas) 

 c) subterranean termites 

 d) female scale-insects 

 e) cave-dwelling forms (sensitivity to light over the 
general body surface)  
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The two complex eyes can be fusioned (holoptic forms) but 
mostly separated (dichoptic forms)  

 

Structure:  

- Consists of 1 /ants/- 28.000 /dragon flies/ cone-shaped 
sensory cartridges, facets = ommatidia  

- in hexagonal arrangement on the surface 

- it is characteristic here the wideness and interommatidial 
angle of certain ommatidium 
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Structure of a single ommatidium 

A/ Optical parts: 

1. cornea/corneula: /light-gathering 
component/ 

– biconvex corneal lens: 

– colourless, translucent, dioptric 
cuticular formation 

– produces by corneagen cells 
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2. crystalline cone (conus): /light-gathering component/ 

– cone shaped or roundy highly dioptric part 

– produced by: 4 crystalline cells (Semper-cells) 

– according to existance and properties of cone 
ommatidia can be: 

a) eucone – cone exists intracellular 

b) acone – cone absents and substituted with crystalline 
cells  

c) pseudocone – cone absents and substituted with 
intracellular liquid or gel 
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3. pigment cells 

 2 main types: 

 a) primary or main pigment cells (2 pc); often from pupil on 
the top of the ommatidium 

 b) secondary or accessory pigment cells (6-12-18 pc) form a 
lightproof layer on the bottom of  ommatidia 

- pigments which can move (photoadaptation) within the 
pigment cells: 

a) pteridin pigments (yellow) 

b) ommochrom pigments (red, brown) 

Sensory organs of insects 

 

13
3 



Structure of a single ommatidium 
(continued) 

B/ Sensory parts 

    4. Retinule cells, photoreceptor cells 

          - monopolar (no dendrite) 

          - typically 8 (sometimes 9-10-11 pc.) 

          - in a concentric tortilly arrangement 

          - there are centrally localized 
rhabdomeres within 

          - rhabdomers are forming a central 
rhabdom 

Sensory organs of insects 

 

13
4 



Two main types of compound eyes 

1. Appositional – photopic – eyes 

- typical of diurnal insects 

- ommatidia are optically isolated by accessory pigment cells 

- photoreceptor cells and rhabdom are long reaching the crystalline 
cone 

 - ingoing strait axial light beams have importance 

 - two possible paths of a beam: 

 a) focused on the top of the rhabdom (focal dioptrics) 

 b) in a wider beam starting from the focal point within the 
 crystalline cone (afocal dioptrics) 
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Two main types of compound eyes (continued): 

 2. Superpositional – scotopic – eyes 

 - typical of nocturnal species 

 - especially able to photoadatation and adaptation to dim 
light conditions 

 - pigment cells isolate only in the upper region 

 - adjacent (as good as 30) ommatidia can take part in the 
vision owing to the light diffraction 

 - there is a fine crystalline tract from the rhabdom to the 
crystalline cells 

 -on the bottom of the ommatidium there is a special light 
reflective layer = (iris)tapetum layer     

 

Sensory organs of insects 

 

13
6 



Basic functions of insect compound eyes: 

 1. image formation (visual acuity, mapping of forms) 

 2. mechanism of vision 

 3. colour vision, differentiating of colours 

 4. perception of light intensity changes, 
photoadaptation, perception of flickering and 
motion 

 5. perception of light polarisation 

 6. spatial vision, perception of distances 
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Image formation in (A) photopic eye; and (B) scotopic eye (a–f)  
Paths of light rays 
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Example of a dichoptic compound eye of a fly 
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Example of a holoptic compound eye  
(larger facests provide higher visual acuity) 
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A. The lens of vertebrates projects a reversed image on the concave receptor surface.  
B. The lens system of the insect compound eye projects an unreversed image on a 

convex receptor surface. 



 

Basic functions of compound eyes I. 

 
 

Image formation 

 - mosaic like picture 

 - resolution - elaboration of the picture: 

• in contrast to humans (1’ = centesimal minute)  in case of insects 1-3° 
 (dragon flies  0.24°); 

• depends on the number and size of ommatidia, on the 
interommatidial angle and on the bending of the eye which can change 
on different surface areas of the eye 

• resolution is often non-uniform over the whole eye, there are regions 
with high resolution (acute zones or „foveas”) as well as regions with 
lower resolution 
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Mechanism of vision, visual cascade: 
- Starts with activation of rhodopsin and the resulting membrane 

depolarization.  

-  The unstable  cis-retinal is converted to its trans form when it absorbs a 
photon of light.  

- Its transformation to the stable form of metarhodopsin activates G-
proteins that ultimately causes the membrane depolarization.  

-  The metarhodopsin loses its ability to activate the G-proteins after it is 
phosphorylated and binds with arrestin proteins to assume its unstable 
form. 

-  Light converts this metarhodopsin to an inactive rhodopsin that releases 
its arrestin and again becomes capable of responding to light. 

-  Regeneration of the photopigments is a rapid process (0.7 ms) trans-
retinal - 11-cis-retinal conversion 
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The two forms of retinal that combine with 
opsins to create rhodopsin.  

The biochemical pathway starts with the activation of 
rhodopsin and the resulting membrane depolarization. The 
unstable cis-retinal is converted to its trans form when it 
absorbs a photon of light. Its transformation to the stable 
form of metarhodopsin activates G-proteins that ultimately 
causes the membrane depolarization. The metarhodopsin 
loses its ability to activate the G-proteins after it is 
phosphorylated and binds with arrestin proteins to assume 
its unstable form. Light converts this metarhodopsin to an 
inactive rhodopsin that releases its arrestin and again 
becomes capable of responding to light. 



Basic functions of compound eyes II. 
Colour vision 

Evidences confirming colour vision: 

   - attractive property of coloured baits, and artificial flowers.. 

   - spectral sensitivity: 

   - wave length range: generally  from 350 nm (UV) to 550 nm (yellow) 

       exceptionally over 610 nm (orange and red) (some species of Odonata, 
Lepidoptera, Hymenoptera); compound eyes are most sensitive to 350 
nm (UV) and 490-500 nm (blue-green); because UV perceptibility special 
mixed colours: „bee purple” (yellow+UV); „bee violet”  (violet+UV) 

   - wave length discrimination with the help of: 

         different types of photosensitive pigments: different rhodopsin variants 

         receptor cells with different sensibility of colours 
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Theories of insects’ colour vision: 

1) „trichromatic” colour vision 

        in case of honey bee (Apis mellifera) 3 basic  colour; 9 
photoreceptors: 3 UV-receptors -   335 nm; 2 blue receptors - 
435 nm  4 yellowish-green receptors - 540 nm 

2) „bichromatic” colour vision 

–      6+2 yellow-UV: Formica polyctena 

–      5+3 green-UV: Periplaneta americana 

–      6+2 blue-UV: Drosophila melanogaster 

 3) „tetrachromatic” colour vision: yellow-green-bluish green-UV: 
Manduca sexta 
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Adaptation to different light conditions 

 - discrimination of different light intensities       

 insects are able to perceive smallest changes e.g.: Musca domestica 0.5-7.5% 

 - their temporal resolution is unique  

 - FFF = Flicker Fusion Frequency: the frequency at which an intermittent light 
stimulus appears to be completely steady to the observer  

   - FFF is important in all technologies for presenting moving images, nearly all of 
which depend on presenting a rapid succession of static images (e.g. the frames 
in a cinema film, TV show, or a digital video file). If frame rate falls below the 
flicker fusion threshold, flicker will be apparent to the observer, and movements 
of objects on the film will appear jerky. For the purposes of presenting moving 
images, the human flicker fusion threshold is usually taken as 16 Hz. In actual 
practice, movies are recorded at 24 frames per second, and TV cameras operate 
at 25 or 30 frames per second, depending on the TV system used. 
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FFF depends on the lifestyle of certain insect species:  
  

a.) „fast-eyed” species: diurnal, fast flying (honey bee, dragon 
fly, blowfly..): 180-300/sec  

 (that is the evidence why is so difficult to flick a fly)  

b.) „slow-eyed” species: nocturnal or diurnal (cockroach 25-60, 
locusts, fruit flies  60-90): 25-100/sec  

• - The eye translates forms in space into a sequences of events 
in time. It follows that fast eyed insects with have the best 
form perception: e.g.: bees can distinguish solid shapes from 
striped patterns, though they cannot distinguish between two 
solid shapes or between two patterns of stripes.  
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Types of photoadaptation of compound eyes by: 

       1) change of the light quantity reaching the receptors 

       2) change of the sensitivity of receptor cells 

Adaptation to dark and bright conditions 

 - up and down movement of pigment grains within the accessory pigment cells of 
superposition eyes 

                 move up = adaptation to dim or dark conditions 

                 move down (optical isolation) – adaptation to bright conditions 

                 e.g. Cydia pomonella 

 - expansion and contraction of primary pigment cells: 

              by the pupillary opening of apposition eyes 

              e.g. Camponotus spp. Ant species 

Adaptation by reduction of sensitivity of photoreceptors 

-  accumulation of inactive metarhodopsin in retinule cells 

- „synaptic adaptation”: decreased quantity of neurotransmitters at the axonal 
terminals of retinule cells 
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Perception of polarized light 

• Although the light originating from the Sun is unpolarized and vibrates in all 
directions, the particles it encounters as it travels through the earth’s 
atmosphere cause it to become polarized and vibrate in a specific direction. 
The degree of polarization changes with regard to the position of the sun and 
the orientation of the observer, making it possible to determine the sun’s 
position even when clouds obscure it. 

• Some of the elongated rhabdomeres contain uniformly oriented rhodopsin 
within their microvilli  and the absorption of light is maximal when the light is 
polarized in the same direction as the pigment is oriented.  

• In bees and ants there is also a group of specialized ommatidia at the dorsal 
margins of the compound eyes believed to the rhabdoms within this dorsal rim 
area are shorter with a larger cross-sectional area, and their microvilli, 
containing oriented pigments, are also oriented 90° to each other.  

• Many other insects bear these dorsal rim area ommatidia but have not yet 
been studied for the ability to detect polarized light. 
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(Left) An elongated rhabdomere. (Right) The uniform orientation of rhodopsin 
within the microvilli of the rhabdomere that allows the reception of polarized 
light.  
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Perception of distances: 
 Two possible methods:    
 1) binocular vision with stereoscopic mechanism 

precondition: overlapping visual areas 
  Typical: good resolution till about 20 cm (e.g. 

praying mantis) 
 2) with the help of „scouting movements” alternating 

movements causing a virtual movement of the 
observed object 



SIMPLE EYES OF INSECTS: 

Two basic types: in addition to compound eyes, many adults and larvae have simple 
eyes 

      1) stemmata or lateral ocelli (in lateral position) 

      2) dorsal ocelli (in dorsofrontal  and dorsolateral positions) 
 

Stemmata: 

 - the only visual organs of larval holometabolous insects  (absent: Siphonaptera, 
Hymenoptera, certain Diptera) 

 - located on both side of the head capsule of caterpillars 6-6; Tenthredinidae larvae 
1-1 

Structure: 

 - cuticular cornea, crystalline cones, retinula cells with rhabdom (7 photoreceptor 
cells in case of caterpillars; sensible to: green, blue and UV  

Physiological role: 

 - rough mosaic vision, poor colour vision, movement perception and minor spatial 
vision 
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Ocelli: 

 - typical of winged adult and hemimetabolous larvae 

 - location: one medial ocellus on the frons and two on the vertex in a 
triangular arrangement 

 

Structure: 

       - biconvex cuticular cornea, many retinule cells with rhabdoms; 
external pigment cells foming internal pupil and light reflecting 
tapetum layer 

Physiological role: 

       - perception of rapid changes in light intensity, poor colour 
perception, e.g.  Apis mellifera 

       - 2 sensitivity maximum (340 and 490 nm) 

       - unable to image formation 
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        (A) dorsal ocelli of a fly                    (B) lateral ocelli of an ant 



Extraocular (non visual) photoreception   

 - with the help of simple photoreceptors in the epidermis 

 - in a diffuse arrangement e.g. larvae of flies and larvae of Tenebrio molitor  

 - at the end of the abdomen on both side of the genitalia 

     so called genital photoreceptors which have wide importance in mating and egg 
laying 

               e.g. Papilio spp. butterflies 
 

CHEMORECEPTION  

  Main types: 

   1) smell, olfaction (olfactory chemoreception) 

   2) tasting, gustation (gustatory chemoreception) 

   3) general chemical sense  

  Olfaction: 

 - sense of materials derived from near or further sources 

 - sense of gases or other volatile compounds 

 - generally lower stimulus (membrane) threshold 
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GUSTATION: 
 - requires direct contact for sense (contact chemoreception) 
 - perception of liquid or water-soluble compounds 
 - generally higher membrane threshold 

 Common chemical sense: 
 - aroused by exciting, irritant materials and pervasive essential oils 
 - they effect generally in higher amounts, concentrations  
 - several types of sensory neurons participate in a non-specific way 
 - they trigger always self defending mechanisms 

 
Types of sensilla in case of chemoreception 
 1) sensillum trichodeum 
 2) sensillum basiconicum 
 3) sensillum placodeum 
 4) sensillum coeloconicum 
 
Main difference according to the type of sense 
 - for olfaction – thin-walled multiporous sensillum 
 - for gustation – thick-walled uniporous sensillum 
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Location and role of olfactory sensilla: 

 - on the surface of antennae and palpi (p. maxillaris and p. labialis) 

       - often genital dimorphism in the shape of antennae 

       - sometimes form special groups (e.g. rhinaria – aphids, funiculus – flies) 

Structure of a trichoid olfactory sensillum: 

         - long hair with a lot of porules  on the surface (10-25 nm diam.), which are 
 branched inwards  

         - there is a lymph in the cavity of the hair 

         - 1-3 sensory neurons of which dendrites are arborized and surrounded with 
 dendrite sheath 

Physiological role of olfaction: 

 - interspecific and intraspecific communication  e.g.. perception of pheromones 

 - orientation and searching for food plant and egg laying place in case of 
herbivorous insects 

 - tracing for food source in case of nectar easting insects 

 - host selection of blood sucking insects 
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Location and role of gustatory sensilla 

 

Location: 

 - within buccal cavity and pharynx; maxillae; labrum; 
labium and palpi; tips of antennae (rare) – bees, vasps; 
tip of the ovipositor – parasitoid Hymenoptera; on the 
paws – flies, butterflies, bees 

 

Structure of a gustatory trichoid sensillum: 

  - short, thick-walled, uniporous (200-300 μm diam.) 

     - 1-4 sensory neurons, dendrites are covered with 
dendrite sheath  
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Role of gustation in feeding 

1) Perception of phagostimulant compounds 

 - these compound have a common effect e.g. amino acids, mono- and 
disaccharides 

 - Special phagostimulants: 

           sinigrin  (e.g. Pieris brassicae larvae) 

           inositol (e.g. some noctuid larvae) 

           certain nucleotides in the mammalian blood (blood sucking insects) 

2) Perception of phagoinhibitory or antifeedant compounds 

 - secondary compounds derived from plants 

 - some well-known compound groups: 

       - alkaloids (e.g. solanine, capsaicin..) 

       - other toxic compound (e.g. strychnine, salicin, kinin) 

       - compounds with more difficult structure (e.g. azadirachtin) 
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     (A) Thick-walled gustatory sensillum          (B) Thin-walled olfactory sensillum 
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Transduction mechanism in case of 
chemoreception 

The molecule strikes the cuticle and diffuses across it to the pore tubule. It moves through 
the tubule into the sensillum lymph, where an odorant binding protein takes up the stimulus 
molecule and delivers it to the receptor on the dendritic membrane. This causes the 
excitation of the dendrite. Once released into the lymph, the stimulus molecule is degraded 
by esterases and the binding protein is recycled.  
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Location and role of olfactory and gustatory sensilla 

lr – labrum  
md – mandible 
mx – maxilla 
lb – labium  

  (A) chewing mouth, (B) chewing-siphoning (-lapping) mouth, (C) proboscis, (D) piercing-sucking mouth 
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 Mouth parts with palpi of potato beetle (Leptinotarsa decemlineata) 



Hormones: 

„Hormones are biologically active compounds which are produced to control certain life 
processes and development. Hormones attain to the place of their action through the 
medium of hemolymph (humoral effect).” 

Properties: 

- hormones work along with the nervous system  

- their effect is slower and more pervasive 

- most of them are not specific to certain species, but there are some which can effect only 
on several species 

- their effect can be excitatory (-tropic hormones) or inhibitory (-static hormones) 

- their effect is realized by specific receptors or secondary messenger molecules  

- their biosynthesis, concentration, effect and removal is subtly regulated   

- their production is under complex control 

- their secretion is often cyclic and connected to vital processes  

- they often have more places of action (pleiotropic or polytropic effect) 

- Their marking is based on the English abbreviations: (e.g. MH = moulting hormone, JH = 
juvenile hormone..), in case of species specificity (e.g. Lom-AKH = Locusta migratoria 
adipokinetic hormone) 
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Classification of insect hormones according to the place of production: 

 1. aglandular or tissue hormones: produced by special cells (neurosecretory neurons (e.g. 
neurohormones) 

 2. glandular or endocrine hormones: produced by epithelial, non-neural tissues, endocrine 
glands e.g. moulting hormones, juvenile hormones 

Classification of insect hormones according to their chemical structure: 

 1.  peptides – proteins with small or big molecule weight e.g. neurohormones 

 2.  steroides – compound based on sterane structure e.g. moulting hormones 

 3.  terpenoids – certain compounds with sesquiterpene structure e.g. juvenile hormones 

ad 1. Properties: 

 -  polar molecules, transported freely in the water based hemolymph 

 -  bind to the specific receptors of the cell membrane 

 - their effect is realized by specific receptors or secondary messenger molecules 

ad 2. and 3. Properties: 

 -  apolar molecules, need to bind to transport proteins to move within the hemolymph 

 -  bind to the receptors of the cytoplasm or nucleus 

 -  affect the functions of genetic substance 
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Classification of insect hormones according to their biological effects: 

1. morphogenetic hormones controlling the development e.g. moulting 
hormones, juvenile hormones 

2. homeostatic or metabolic hormones e.g. a hormones controlling 
carbohydrate, lipid, water and ion metabolism 

3. kinetic hormones e.g. hormones affecting special vital processes, 
sometimes locally active hormones 

ad 1. and 2. Properties: 

- their concentrations, titres are in a continuous change 

- they can show typical secretion peaks or continuously high titres 

ad. 2. and 3. Properties: 

- in case of the same function there can occur excitatory or inhibitory factors 

ad 3. Properties: 

- their effect can be quite rapid 
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NEUROHORMONES 

Properties: 

- produced by neurosecretory (neurocrine) neurons in the central nervous 
system 

- these cells are filled with secretion and located in typical groups  in pairs 
on both side 

- all neurohormones are  peptides (neuropeptides) 

- they are secreted in special anatomical sites into the hemolymph 
(neurohaemal organs or  neurohaemal structures, ~ areas): discrete 
bodies formed by a cluster of neurosecretory cell terminals, where 
neurohormones are release 

• The neurosecretory cell 

- unipolar neuron, bigger than adjacent  other neurons 

- their secretion particles opalize white and blue, can be easily detect with 
histochemical processes and can be followed along the total length of 
axons 
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Neurosecretory, neurohormone producing centres (NSC) 

1. Protocerebral complexes 

• a)  median cell groups (pars intercerebralis) = mNSC; their axons 
are within the interlocking cerebral nerve tracts 

• b)  lateral cell groups on both side of the protocrebrum = lNSC; 
their axons are within the straight running cerebral nerve tracts 

- nerves coming out from the cerebral nerve tracts terminate in a 
round shaped paired neurohaemal organ, corpus cardiacum  (CC), 
where neurosecretory droplets are stored 

- CC-s often have own secretory cells too (intrinsic products) 

- in larvae of cyclorrhapha Diptera flies  CC forms the ventro-caudal 
part of a special „ring gland”, Weismann’s ring 

- nerves coming into the CC: nervi corporis cardiaci  I and II (NCC-I; 
NCC-II) 
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Neurosecretory, neurohormone producing centres 

1. Protocerebral complexes 

a)  median cell groups (pars intercerebralis) = mNSC; their axons are 
within the interlocking cerebral nerve tracts 

b)  lateral cell groups on both side of the protocrebrum = lNSC; their 
axons are within the linear cerebral nerve tracts 

- nerves coming out from the cerebral nerve tracts terminate in a 
round shaped paired neurohaemal organ, corpus cardiacum  (CC), 
where neurosecretion in stored 

- CC-s often have own secretory cells too (intrinsic products) 

- in larvae of cyclorrhapha Diptera flies  CC forms the ventro-caudal 
part of a special „ring gland”, Weismann’s ring 

- nerves coming into the CC: nervi corporis cardiaci  I and II (NCC-I; 
NCC-II)   
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Neurosecretory, neurohormone producing centres, cell groups (continued) 

   2. Tritocerebral complexes 

- on both side of the tritocerebrum 

- nerves coming out and terminate into the CC: nervi corporis cardiaci III 
(NCC-III) 

   3. NSC groups in other places of the CNS 

- Location:  

-ganglion suboesophageum (in cockroaches its regularly synthesis and 
release controls the circadian rhythm of locomotor activity. In many 
female moths, pheromone biosynthesis activating neuropeptide (PBAN) is 
produced in three groups of neurosecretory cells in the subesophageal 
ganglion 

-most of the thoracic and abdominal ganglions  

-Properties: 

-consist of few cells, located on both side 

-they are connected with loosely built neurohemal areas 

-physiological role is lesser-known 
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Mode of action of neurohormones 

- binding to specific membrane receptors 

- transduction mechanism typical of respondent tissue  

- Factors having a special role in the transduction: 

- G-proteins consist of two subunits and localized in the 
membrane  

- certain enzymes bond to the membrane (phospholipase, 
protein kinase C) 

- cyclic nucleotides (cAMP, cGMP)  

- other messenger factors (DAG, IP3) 

- as a final step protein kinases are activated starting 
phosphorylation reactions  

- release and influx of Ca2+ ions are induced 
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Localization of 
mNSC 

„ring gland” 

The main endocrine centers in a 
generalized insect 



Endocrine system of insects 

 

17
4 

Evidence that neurosecretory material moves from the soma in the brain to the 
corpus cardiacum via axons. When the axon was severed, neurosecretory material 
accumulated anterior to the section. 



Products of the mNSC:  

• prothoracicotropic hormone (PTTH): activates the moult-inducing glands  

• allatotropic and allatostatic hormones: regulate the activity of the CA 

• diuretic hormone (DH) and antidiuretic hromone (ADH): affect osmoregulation 

• ovarian ecdyson releasing hormone (OEH): controls egg development (eggshell) 

• ovulation- or oviposition-inducing hormone (OIH): activates ovulation and 
oviposition  

• testes ecdysiotropin (TE): controls ecdyson producing of testes 

• bursicon hormone (BH): activates cuticular tanning 

• eclosion hormone (EH): important at the end of moulting 

• diapause hormone  (DH): controls diapause 
 

Products of intrinsic cells of CC: 

• hyperglycemic and adipokinetic hormones (AKH) important in carbohydrate and 
lipid metabolism 

• hormones that stimulate heart beat rate, gut peristalsis, and writhing movements of 
Malpighian tubules 
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The „BRAIN HORMONE” = PROTORACICOTROPIC HORMONE (PTTH) 

• Function: 

- activates prothoracic glands (PG) to produce MH  

- typical trigger, endocrino-kinetic factor 

- its secretion always precedes the MH secretion 

• Production and secretion: 

- according to most of scientific data, it is produced by mNSC 

- secreted into the hemolymph by CC-s (in Lepidopteran species by CA) 

Well-known variants of PTTH-s: 

1. in silk moth (Bombyx mori): 

- big PTTH  („30 K PTTH”) – 29-30 kDa polypeptide 

   (homodimer consist of two similar subunits) 

- small PTTH („4 K PTTH”) – 3-7 kDa polypeptide 

   (heterodimer molecule, similar to insulin) 

 2. in tobacco hornworm (Manduca sexta) 

- big PTTH – 28,5 kDa polypeptide 

- small PTTH – 7 kDa polypeptide 
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Comment: It is likely that big PTTH-s 

are the biologically active neuro-

hormone molecules. The reason of 

existing quite different types remains 

unknown. 



Other endocrine structures  - Corpora allata (CA): 

• are seen as a pair of spherical bodies lying on each side of the gut, behind the brain 

• in some species, the glands may be fused in a middorsal position above the aorta or each 
gland may fuse with the CC on the same side  

• in larvae of cyclorrhaph Diptera the CA, CC and the moult glands fuse to form a composite 
structure, Weismann’s ring, which surrounds the aorta 

• each gland receives a nerve (NCA I) from the CC on its own side 

Physiological role of CA: produces a hormone known variously as juvenile hormone (JH), 
metamorphosis-inhibiting hormone, or neotenin with reference to its function in juvenile 
insects produce the gonadotropic hormone to indicate its function in adults 

Molt glands:  

• paired, generally comprises two strips of tissue, frequently branched, which are interwoven 
among the tracheae, fat body, muscles, and connective tissue of the head and anterior thorax 

• In accord with their varied position, they have been called prothoracic glands, ventral head 
glands, and tentorial glands, though these structures are homologous.  

• Except in primitive apterygotes, solitary locusts and apparently worker and soldier termites, 
the glands are found only in juvenile insects and degenerate shortly after the moult to the 
adult. 
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The OENOCYTES  
• become active early in the moult cycle and again at the onset of sexual maturity in adult females 

has these cells may be a site for ecdysone synthesis, and a few biochemical studies support this 
idea  

• their primary roles appear to be the synthesis of certain cuticular lipids and the lipoprotein layer 
of the epicuticle 

 

The OVARIES 
• maturing ovaries of the house fly produce an oostatic hormone (OH)  that regulates the pattern 

of egg maturation by inhibiting the release of OEH from the mNSC. In the absence of OEH, 
ovarian ecdysone release does not occur. After oviposition, the ovaries no longer produce OH, 
and a new cycle of egg maturation begins. 

• in contrast, the antigonadotropin produced by the abdominal perisympathetic neurosecretory 
organs in the bug Rhodnius prolixus does not act on other endocrine centres. Rather, it appears to 
act at the level of the follicle cells, blocking the action of JH. 

The TESTES 
• evidence from a number of species indicates that the testes may also produce ecdysteroids. In 

the moths Lymantria dispar and Heliothis virescens testis ecdysiotropin stimulates the testis 
sheaths to produce ecdysteroids. 

• in Manduca sexta there are nine pairs of segmentally arranged epitracheal glands, each attached 
to a large trachea immediately adjacent to a spiracle and containing a single „Inka” cell which 
produce pre-ecdysis triggering hormone (PETH) and ecdysis-triggering hormone (ETH) 
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MOULTING HORMONES – (MH) 

• Role: triggers and controls the processes of moulting with its continuous attendance 

• Endocrine organs producing MH 

• Features: 

• generally paired organs located on both side 

• consists of big, utricular, loose cells 

• their function is cyclic, starts shortly before moulting 

• in adults they are mostly atrophied (apoptosis = programmed cell death) although MH 
takes part later (produced by other tissues) in the control of reproduction 

Most frequent MH producing organs: 

1. prothoracic glands (PG) 

2. lateral part of „ring glands” (Diptera-Cyclorrhapha) 

3. pericardial glands (Phasmidae) 

4. ventral glands (Odonata, Ephemeroptera) 

5. oenocytes 

First isolation of MH: Butenandt and Karlson (1954) purified 25 mg of the hormone starting 
with approximately 500 kg (a half ton!) of Bombyx mori pupae.  
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Location of the PG-s around the thoracic 
tracheae 

Innervation of the PG-s 



MOULTING HORMONES – (MH) (continued) 

Types of natural MH-s: 

1. ecdysone (α-ecdysone) 

- C-27 steroid, tetracycle + side-chain 

- typical sterane structure with special functional groups 

- prohormone 

2.  20-hydroxy-ecdysone (β-ecdysone, ecdysterone, 20HE) 

- authentic MH 

- produced from ecdysone with the help of ecdysone-mono-oxigenase enzyme in the 
epidermis of integument, midgut and fat bodies 

3. other ecdysteroids  

- e.g. 3-dehydro-ecdysone, makisterone A and C 

Biosynthesis of MH-s: 

    -  from phytosterols (e.g. sitosterol, campesterol, stigmasterol); C-28 and C-29   
 steroids derived from fungi and animals (e.g. ergosterol,  cholesterol) 

- mainly C-24 dealkylation, than multiple hydroxylation 

Endocrine system of insects 

 

18
1 

There are more than 300 
different analogues of the 
moulting hormone with more 
than 70 of these found in 
insects. 
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Cholesterol and two major plant 
sterols ingested by phytophagous 
insects. 

The steps and enzymes involved in the synthesis 
of 20-hydroxyecdysone from ingested 
cholesterol. 



Other ecdysteroids with MH activity 

     - differences are mostly in the structure of side-chains of tetra-cycles 

1.  zooecdysteroids 

- all natural moulting hormones of insects and other arthropods (e.g. 
spiders, crustaceans..) 

2.     phytoecdysteroids (allelochemicals) 

  - fern species (Polipodiaceae, e.g. Polipodium vulgare) 

  - some families of abietineae (e.g. Taxaceae, Podocarpaceae) 

  - certain families of phanerogam plants (e.g. Amaranthaceae, Ajugaceae) 

  - Some typical examples of phytoecdysteroids: 

• polipodin B  

• ponasteron A 

• ciasteron      

• inocosteron 
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 Some common ecdysteroids 
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The mode of action of steroid 
hormones 
 
 
 
The cell membranes are permeable 
to steroid hormones, so they pass 
through both the cell and the nuclear 
membranes. They bind to receptors 
that serve as transcription factors, so 
together they directly interact with 
DNA and regulate transcription of 
mRNA and the production of 
proteins. 



JUVENILE HORMONES (JH) - metamorphosis-inhibiting hormone = neotenin = 
„status quo” hormone 

Physiological role:  

• Inhibition of metamorphosis at the time of critical developmental stages 

• its titre is high in the hemolymph till the moultings 

Location of production: CA 

General properties of JH-s: 

- C-16-19 sesquiterpenoid structure with lipophile characteristic 

- all known juvenile hormones are methyl esters of epoxy-farnesoic acid or of 
one of its homologues  

- typically have ethyl side-chains which is unique among sesquiterpenes 

- there have been seven well-known homologous identified 

- In a similar manner as for the ecdysteroids, some plants produce molecules 
with JH activity (phytojuvenoids): e.g. JH III and farnesol produced by the 
Malaysian sedge 
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SEVEN MAJOR TYPES OF JH-s: 

1. JH I and JH II (C-18 JH and C-17 JH) 
- first time isolated from the abdomen of male adults of Hyalophora cecropia 
   (Röller et al. 1967; Meyer et al. 1968) 
- occurs mostly in Lepidopterans 
2. JH III (C-16 JH) 
-  fist time isolated from adults of Manduca sexta (Judy et al. 1973) 
- most frequent, most important JH-homologue 
- takes part in the control of reproduction as well  
3. JH 0 (C-19 JH) and iso-JH 0 (4-methyl JH I) 
- isolated from the eggs of Manduca sexta (Bergot et al. 1980) 
4. JH III bisepoxide (JH B III) 
- isolated from the ring gland of many Dipterans and in ticks 
5. JH acids 
- natural degradation products of JH metabolism, are also produced by the CA 

of Manduca larvae and may serve as a hormone 
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Some of the major juvenile hormones that have been identified in insects 
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Other natural juvenile hormones Examples of some JH analogues used in 

insect control 



Physiological effects of JH-s: 

1. regulate almost every aspect of the insect’s life including growth, development, 
immune response and reproduction 

2. controls the morphogenesis, the complex process of metamorphosis 

3. may determine the length of development, the growth of larvae and increase of 
their body weight 

4. controls certain important processes of reproduction: infiltration and deposition 
of yolks into the mating eggs, function of genital accessory glands 

5. triggers and maintains certain types of diapause 

6. controls the colour change 
 

Neuropeptides affecting JH secretion: 

Protocerebral factors (oligopeptides): 

1. stimulating factor: allatotropin  (AT) – produced by mNSC 

2. inhibitory factor: allatostatin (AS) or allatoinhibin (allatinhibin, allatohibin)  (AH) 

 produced by lNSC  effect of allatoinhibin is irreversible 
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Mode of action of JH-s: 
•JH must first bind to juvenile hormone binding proteins (e.g. lipophorins, hexamerins) to 
transport to target tissue, it likely binds to an intracellular receptor in a fashion similar to that 
described for MH-s 

•The major role of JH is to modify the action of MH-s, in the presence of MH-s JH preserves the 
current program of gene expression 

•JH both influences the stage-specific expression of the genome that is initiated by MH-s and also 
modulate the expression of certain specific genes. 

•Experimental evidence suggests that juvenile hormone can modulate gene transcription in 
insects (e.g., induction: transcription of the JHE gene; suppression: transcription of the  Broad 
Complex gene),  
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For a larval-to-larval moult, both 20HE and JH are present and 
stimulate the production of the nuclear receptor E75A (A). This 
receptor is responsible for the activation of several JH-inducible 
genes that are involved with larval growth, but it represses BR 
and its own expression. Once larval development is complete, 
20HE in the absence of JH activates another group of early 
genes (BR, E74, and E75) that in turn activate a set of late 
genes responsible for pupal metamorphosis (B). The crosstalk 
between 20EH and JH is possible by using E75 as a common 
element in both signaling pathways. 



Hormonal control of moulting 

• The basic hormonal mechanism is identical whether the moult is larval to larval, larval to 
adult, larval to pupal, or pupal to adult. 

• The trigger for moulting generally correlates with some indicator of growth during the 
instar.  

• In the few insects PTTH is secreted when a critical size is attained or when stretch 
receptors are triggered after a large meal is ingested.  

• PTTH then stimulates the release of ecdysone from the PG-s, which is converted to 20HE 

• PTTH release is governed by a photoperiodic inner clock, which opens a „moulting gate” 

• PTTH release is short and shows a symmetric peak in titre 

• secretion wave of MH is more extended, and remains until apolysis 

• The 20HE circulates in the hemolymph and activates the epidermal cells beginning with 
apolysis until ecdysis starts with the cycle of epidermal cell division and the synthesis of 
the new cuticle.  

• The presence of MH receptors and their particular varieties or isoforms in the cells at 
various stages of their developmental programs also determines whether and how the 
cells will respond to the hormone.  
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Other endocrine factors controlling the moulting 
 

1. Eclosion hormone 

• stimulates leaving the exuvium during larval moultings, pupation and adult 
eclosion 

• wax synthesis and endocuticle deposition require its presence 

• its release into the hemolymph is governed by a photoperiodic inner clock  

• triggers a programmed behaviour  

• secreted by the tritocerebral NSC, then stored and released by CC 

 

2. Bursicon hormone 

• triggers the sclerotization and melanation of the cuticle 

• released directly after the ecdysis 

• secreted by NSC-s of abdominal ganglions or in flies by the joint thoracic ganglion 

3. Puparisation factors (Cyclorrhapha flies) 

•  3 different neuropeptides, produced one after another and regulate the main 
phases of pupation (forming of pupa) 
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Endocrine regulation of metamorphosis 

1.Metamorphotic moultings (larva-pupa; larva-adult, pupa-adult)  

-   critical body weight and body size  have to be reached (e.g. size of head capsule)  

- photoperiodic inner clock, which opens a „moulting gate” is often occurs 

2. Basic hormonal events connected with metamorhosis 

- reprogramming to the next developmental stage 

- commitment to new types of syntheses  

- determination of structures at the beginning of developmental stage before 
metamorphosis 

- actual differentiation within the framework of two major processes:  

- histolysis: (decay and dissolution of organic tissues; phagocytosis, enzymes) 

- histogenesis (formation of different tissues from undifferentiated cells; these cells are 
constituents of three primary germ layers the endoderm, mesoderm and ectoderm) 

3. Matter of hormonal control 

• reprogramming and differentiation is separated in time and controlled apart 

• both event is triggered by PTTH and controlled by MH secretion 

• reprogramming is only possible in the relative lack ok JH  
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Control of metamorphosis of holometabolous larvae 

A) larva-pupa metamorphosis 

- JH can delay the reprogramming, hindering the secretion of PTTH 

- JH delay the function of PG-s 

- in a relative lack of JH, PTTH can trigger MH secretion and reprogramming 

- after the end of feeding and pupation preparations PTTH then MH secretion peak appear 
to control the complex processes of differentiation 

- at the end of the last larval stage JH occurs again, but is role remains unclear 

B) pupa-adult metamorphosis 

- short reprogramming at the beginning of the pupal stage (PTTH + MH)  

- long lasting differentiation on the effect of MH’s permanently high titre 

-     typically absolute absence of JH 

Control of metamorphosis of hemimetabolous insects (differences) 

- larva-adult metamorphosis in one phase 

- two secretion peaks of PTTH and MH (second is more long-drawn) 

- JH occurs only at the beginning of the last larval stage and is absent during reprogramming 
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ENDOCRINE REGULATION OF THE DIAPAUSE 
 

1.Embryonal (egg-) diapause  

Properties: 

- well known in case of silk moth 

- DH (diapause hormone) produced by NSC of ganglion suboeseophageum triggers 
and maintains the diapause 

- permanent chilling of eggs can reactivate the embryos 
 

2. Larval diapause  

Properties: 

- e.g. western corn rootworm 

- triggered by short photoperiod affecting the younger larvae (obligatory diapause) 

- PTTH as a triggering and maintaining factor  

- MH secretion is stopped periodically but titre of JH is permanently high 

- permanent chilling has a reactivating effect on larvae 
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ENDOCRINE REGULATION OF THE DIAPAUSE (CONTINUED) 

   1. Pupal diapause 

   Properties: 

- triggered by the short photoperiod affecting the larvae (obligatory diapause) 

- PTTH as a triggering and maintaining factor + MH secretion is stopped periodically  

- JH does not play a role in control of this type of diapause 

- PG-s are incompetent to PTTH during that time 

- permanent chilling has a reactivating effect, affecting the processes of diapause 
development within the brain and PG-s 

2. Imaginal or reproductive diapause 

Properties: 

- function of gonades is stopped during that time 

- this process is well-known in case of potato beetle 

- triggered by the short photoperiod affecting the adult freshly hatched from the pupa 
(obligatory diapause) and maintained by the stopped secretion of JH 

- it is often preceded by a migration behaviour to the wintering places permanent 
chilling has a reactivating effect 
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Neurohormonal control of metabolism, role of endocrine factors in maintenance of 
homeostasis 

1. Regulation of carbohydrate metabolism (mobilisation/storage) 

A) Hypertrechalosemic hormone (HTH), (earlier hyperglycemic hormone) 

- mobilises carbohydrates, increases the trechalose titre of hemolymph 

- decreases the glycogen content of the fat body simultaneously 

- variants detected up to the present are decapeptides produced by the intrinsic cells 
of CC-s 

B) Hypotrechalosemic hormone 

- decreases the titre of trechalose in the hemolymph 

- increases the glycogen content of the fat body simultaneously (carbohydrate storage) 

- produced by the mNSC, stored and secreted by the CC-s 

2. Regulation of lipids 

Adipokinetic hormone (AKH) 

- mobilises the fat content (triacylglycerol) of the fat body increasing the diacylglycerol 
content of the hemolymph 

- oligopeptides, produced by the intrinsic cells of CC-s 
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Neurohormonal control of metabolism, role of endocrine factors in maintenance of 
homeostasis (continued) 

 

3. Regulation of water and ion balance, osmotic regulation 

A)  Diuretic hormone (DH) 

- increases the secretion of ions (Na+, K+ and Cl-) and water from the distal 
Malpighian tubules 

- oligopeptides with DH activity are produced by many regions of CNS 

B) Antidiuretic hormone (ADH) 

- increases the reabsorption of ions (mostly Na+, K+ and rarely Cl-) and water by the 
hindgut (rectum) and proximal Malpighian tubules 

- oligopeptides produced by mNSC, stored and secreted by CC-s 

C) Chlorine transport stimulating hormone (CTSH) 

- increases the reabsorption of Cl- and water by the  hindgut (rectum) and proximal 
Malpighian tubules 

- oligopeptides produced by mNSC, stored and secreted by CC-s 
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Insect gut has 3 regions: 
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BASIC STRUCTURES OF INSECT MOUTHPARTS 

One labrum – upper lip - Two mandibles - saw-like 

Two maxillae – jaws - One labium – lower lip 

Feeding and alimentary system of insects 
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1. Chewing mouthparts 

• The „classic” design derived from articulated legs (evidences in the CNS) 

• Cockroaches, grasshoppers, beetles, chewing lice, order Mallophaga etc.  

• Many immatures, including nymphs and larvae 

2 general types: 

 1) mandibulate:  specialized for biting off and chewing food (most nymphs) 

 2) haustellate:  specially adapted for piercing and sucking (e.g. mosquitoes and 
dipterans). 
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2. Rasping-sucking mouthparts 
•Thrips species 
• Left mandible  
• two maxillary stylets 

Feeding and alimentary system of insects 
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3. Piercing-sucking mouthparts 

• Hemiptera and Homoptera 
• Sheath-like labium, four piercing stylets (2 mandibles, 2 maxillae) 
• extraoral digestion 
• plant necrosis, animal stunning and poisoning 

Feeding and alimentary system of insects 



4. Diptera: Mosquito subtype mouthparts 

 • Six stylets enter host skin (two mandibles, two maxillae, labrum and hypopharynx 

• Labium acts as protective sheath and folds back as stylets enter skin 
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5. Diptera: Sponging muscoid fly subtype mouthparts 

• House fly, face fly etc. 
• Labellum with labrum-epipharynx and hypopharynx form food canal 

Feeding and alimentary system of insects 
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6. Diptera: Louse fly subtype mouthparts 

• Haustellum penetrates skin; labrum and hypopharynx form food and salivary canals 
• Louse flies (Diptera) Hippoboscidae -includes sheep ked 

Feeding and alimentary system of insects 
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7. Diptera: Horse-fly subtype mouthparts 

• the sucking lip is omitted 
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8. Lepidoptera: Siphoning mouthparts 

• Proboscis (galae of maxillae) forms food canal 
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9. Hymenoptera: Chewing-siphoning (-lapping) mouthparts 

• Mandibles for chewing and labial glossa for siphoning e.g.: honey bee, wasps 

Feeding and alimentary system of insects 



21
2 

I. Alimentary System 
    A.  Foregut = stomodaeum 
   - lined with intima (endocuticle + epicuticle) 
   - little digestion occurs here 
   - often has spines or teeth (denticles) 
   - grinding (gizzard-like function as in case of birds) 
   - sorting (e.g.: honey bee) 
 

Feeding and alimentary system of insects 



I. Alimentary System 

A.  Foregut = stomodaeum 

 crop:  - storage (as in case of birds) 

       - may have diverticula 
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Honey Bee Crop 

proventriculus 

Feeding and alimentary system of insects 
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I. Alimentary System 
    A.  Foregut = stomodaeum  

   stomodeal valve        
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I. Alimentary System 
    A.  Foregut:   
 salivary glands 
 - moisten food 
 - digestive enzymes 

- amylase; invertase  
- extra-intestinal digestion 

 - toxins 
 - anticoagulants 
 - silk secretion  
      - spinnerets: labium, hypopharynx, maxilla) 
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I. Alimentary System 
    B.  Midgut 

- site of digestion and absorption 
 - not lined with intima 
  1. structure: 

   a.  gastric caeca 
 b.  ventriculus 

Feeding and alimentary system of insects 
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I.  Alimentary System 
    B.  Midgut 
 1.  structure (cont.): 
      c.  Midgut epithelium 
      1) columnar digestive cells 
      2) regenerative cells 
      3) endocrine cells 
  d.  Peritrophic membrane 
 
 
     
  

midgut 
epithelium 

Feeding and alimentary system of insects 



21
9 

I.  Alimentary System 
    B.  Midgut 
    2.  digestion: 
    a.  Functions of peritrophic membrane 
         1) compartmentalization of gut 
      - digestion begins in endoperitrophic space 
   - products move into ectoperitrophic space and digestion is completed 
         2) maintenance of counter-current flow 
         3) barrier to pathogens 
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I.  Alimentary System 
    B.  Midgut 
    2.  Digestion: 
   b.  microvilli:  final site of digestion 
    c.  digestive enzymes 
       - proteases 
       - lipases 
       - cellulase 
       - wax digestion 
    3.  Absorption: 
     a.  Food types: 
  1)  monosaccharides (glucose; fructose): 

       diffusion 
  2)  lipids: diffusion, esp. in gastric caeca 
  3)  amino acids: active transport 
  4)  plant xenobiotics: diffusion 
     b. Mechanisms for absorption 
  1) maintenance of diffusion gradients 
        glucose & fructose  trehalose 
  2)  active transport of Na+ 
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I.  Alimentary System 
    C.  Hindgut 
   - has intima; permeable 
   - little or no digestion 
 1.  structure: 
  a. pylorus         
  b. Malpighian tubules   
  c. intestines 
   d. rectum 
  e. anus 

Feeding and alimentary system of insects 
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I.  Alimentary System 
    C.  Hindgut 
    2.  functions 
     - homeostasis 
     - pheromone production 
     - respiration (dragon fly) 
       - defense: (Bombardier beetle) 

Feeding and alimentary system of insects 
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II.  Regulation of digestion 
 A.  Nervous control 
      - stomatogastric nervous system (foregut) 
  - caudal nervous system (hindgut) 
  - midgut has little innervations 
 B.  Hormonal regulation 
 
III.  Specialized feeding niches 
 A.  Phytophagus insects  
   1. mandibulate mouthparts: 
          - plant toxins:  protease inhibitors 
          - xenobiotics 
   2. haustellate mouthparts:  plant fluid feeders 
          - ingest vast quantities of fluid 

         - have cibarial or pharyngeal pump 
                      - have “filter chamber” in esophagus 

             - produce honey dew  

Feeding and alimentary system of insects 
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III.  Specialized feeding niches 
 B.  Hematophagus insects  
     - anticoagulant: apyrase  
  
 C.  Wood feeders 
    - symbiosis with Trichonympha spp. 
 
Trichonympha is a genus of protists that live in 
the intestines of many, if not most, termite 
species. They break down the cellulose in the 
wood and plant fibers their hosts eat. 
  

Feeding and alimentary system of insects 
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• during vital processes wastes are present in 
the body (excreta), which have to be 
neutralized or eliminated 

• unnecessary carbohydrates and fats are 
decomposed to water and carbon dioxide, 
water is eliminated by evaporation or 
dejection, carbon dioxide leaves the body 
through the respiratory system 

• toxic nitrogen compounds derive from 
protein dissociation are eliminated by the 
excretory system 

• Malpighian tubules: are terminally closed  
metanephridia 

• Number of tubules: Coleoptera and 
Lepidoptera: 6, Dermatoptera: 8, Orthoptera 
and Hymenoptera: more than 10 tubules 

• they may fill  nearly the whole cavity of the 
abdomen 
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Structure of Malpighian tubules 
 
• Each tubule consists of a single layer of cells that is closed off at the distal end 

with the proximal end joining the alimentary canal at the junction between the 
midgut and hindgut.  

• Most tubules are normally highly convoluted.  
• Tubules are usually bathed in hemolymph and are in proximity to fat body 

tissue.  
• They contain actin for structural support and microvilli for propulsion of 

substances along the tubules.  
• In most insects also contain accessory musculature associated with the tubules 

which may function to mix the contents of the tubules or expose the tubules to 
more hemolymph.  

• The insect orders, Thysanura, Dermaptera and Thysanoptera do not possess 
these muscles and Collembola and Hemiptera: Aphididae completely lack a 
Malpighian tubule system. 
 

Excretory  system of insects 
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General function of Malpighian tubules 
 
• Pre-urine is formed in the tubules, 

when nitrogenous waste and electrolytes are 
transported through the tubule walls.  

• Wastes such as urea and amino acidsare 
thought to diffuse through the walls, while 
ions such as sodium and potassium are 
transported by active pump mechanisms.  

• Water follows thereafter. The pre-urine, along 
with digested food, merge in the hindgut.  

• At this time, uric acid precipitates out, and 
sodium and potassium ions are actively 
absorbed by the rectum, along with water 
via osmosis.  

• Uric acid is left to mix with feces, which are 
then excreted. 
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Alternative function of Malpighian tubules 
 

• Hemipteran insects use tubules that permit movement of solutes into the distal 
portion of the tubules while reabsorption of water and essential ions directly to 
the hemolymph occurs in the proximal portion and the rectum.  

• Both Coleoptera and Lepidoptera use a cryptonephridial arrangement where the 
distal end of the tubules are embedded in fat tissue surrounding the rectum. 
Such an arrangement may serve to increase the efficiency of solute processing in 
the Malpighian tubules. 

• Although primarily involved in excretion and 
osmoregulation, Malpighian tubules have been modified in some insects to serve 
accessory functions. Larvae of Arachnocampa luminosa (Diptera:Mycetophilidae) 
use modified and swollen Malpighian tubules to produce a blue-green 
light attracting prey towards mucus-coated trap lines.  

• In insects which feed on plant material containing noxious allelochemicals, 
Malpighian tubules also serve to rapidly excrete such compounds from the 
hemolymph. 

Excretory system of insects 
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The only closed portion of the circulatory system 
is the dorsal blood vessel 
 
It is open in the heart area by paired lateral valved 
openings called ostia. In the relaxed stage, the 
ostia open and hemolymph enters. When the 
heart contracts, the valves of the ostia are closed 
by pressure and the hemolymph is moved forward 
and pumped into the aorta.  
 
The heart is also assisted in contractions by a 
special set of muscles known as the alary muscles. 
Blood circulation is also aided by the presence of a 
dorsal and ventral diaphragms. 

Structure of the circulatory system 

Circulatory system of insects 



 
• The heart has a series of ostia (valved openings) that open to allow 

hemolymph to flow into the vessel 
• Contractions move from the posterior to the anterior and carry hemolymph 

from the abdomen toward the head. 
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providing appendages with hemolymph  

Circulatory system of insects 

Accessory pulsatile organs 
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Accessory pulsatile organs 
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Circulation of hemolimph 

How the hemolimph enters the veins of the wing? 



• contractions of the heart are regulated myogenically but can be influenced by 
neurohormonal stimuli as well 

• Cardioacceleratory peptides (CAPs) that are produced by the CC-s and ventral 
nerve cord may modulate heartbeat 

• Crustacean cardioacceleratory peptide (CCAP), increasing the rate of the 
heartbeat, stimulating gut contractions, and acting on the Malpighian tubules to 
increase fluid secretion. It also triggers ecdysis during the larval-pupal moult 
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Functions of the heart 

1) transport of nutrients around the body 

2) movement of limbs, mouthparts, antennae 

3) moulting - by increasing pressure in certain parts of the body. 

4) thermoregulation 

The hemolymph 

1. Is a clear fluid, colourless 

2. Because of certain pigments (slightly yellow and green) 

3. 5-40% of the total body weight. 

4. pH 6-7 slightly acidic 
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Functions of hemolymph 
1) Lubricant for different tissues 

2) Hydraulic medium (newly emerged butterflies expand their wings 
by forcing hemolymph through them)  

3) Transport of nutrients and wastes 

4) Protection (blood cells)  

 Phagocytosis = ingestion of foreign particles such as bacteria, 
debris 

 Encapsulation = clumping around invading organisms, e.g. 
internal parasites 

 Detoxification - e.g. decomposing insecticides non-toxic 
hemolymph clottings 
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Functions of hemolymph (cont.) 
 

5. Cryoprotectant effect: 

A number of freeze-avoiding insects (e.g.: moths, beetles), 
produce antifreeze proteins (AFP-s) that can lower the 
freezing point of water, yet have no affect on its melting 
point. AFPs in the hemolymph and gut inhibit the ice 
nucleators that seed ice crystal formation and also help 
stabilize cell membranes. These proteins are high in threonine 
and cysteine and are able to bind to ice crystals and prevent 
them from growing. 
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Content of hemolymph 
 

1. Water - about 90% 

2. Inorganic ions - dissolved salts of Na, K, Ca, Mg 

3. Organic molecules - amino acids, sugars 

4. Blood cells (hemocytes) 
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HEMOCYTES 
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Types of hemocytes 
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Prohemocytes 
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Hemopoietic organs where hemocytes are produced 
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Hemopoietic organs where hemocytes are produced 
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Wound healing 
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Cellular immune responses 
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Non-cellular, humoral immune responses 
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Reflex bleeding 
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Thermoregulation and the circulatory system 
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Thermoregulation and the circulatory system 



Circulatory system of insects 

Thermoregulation and the circulatory system 
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Thermoregulation and the circulatory system 
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ROLE AND FUNCTION OF THE RESPIRATORY SYSTEM 
 
1. Provide the cells and tissues with oxygen 
2. To eliminate carbon dioxide a product of cellular 
respiration 
3. To work in conjunction with the circulatory system in 
providing oxygen to the flight muscle system 

Respiratory system of insects 
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The tracheal system 
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The tracheal system 
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The tracheal system 
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 Fossil of Meganeuron the giant dragonfly 
(wing-expansion was more than 75 cm) 
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Changes in athmospheric concentration of oxygen 
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Spiraculars 
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Opening and closure of the spiracles 
1. When closure muscle contracts they are closed 

2. When closure muscle relaxes they open 

What regulates their opening and closing? 

 Under the control of the autonomic nervous system in response to the local 
chemical stimuli of the area 

Factors regulating the nervous signal going to the spiracle muscles: 

• 1. High levels of carbon dioxide and low levels of oxygen in tissues 

• 2. This causes a reduction in the action potential frequency of the nerves going 
to the spiracle muscles. 

• 3. This causes relaxation of the closure muscles and spiracles open 

• 4. Water balance can also affect this. Less water, they remain shut. 

• New evidence suggests that there is also hormonal control over insect 
breathing. 
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Mechanism and control of spiracular opening and closing 

Innervations of the spiracular closing muscle and 

the mechanisms that affect its action 
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SEM showing spiracle 2 in top photos of cockroach Periplaneta 
americana  
 
Spiracle 2 that the valves are closed (left) while they are open (right)  
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It is consequently surrounded by epidermal cells that secrete their cuticles inward 
toward the lumen. The tracheal cuticle typically consists of a chitinous endocuticle and 
the epicuticle, which is thrown into a spiral fold called the taenidium. 

Respiratory system of insects 

Tracheae are invaginations of the cuticle 



A tracheal trunk with its taenidial lining  

The epidermal cells produce 

the taenidia as part of the 

epicuticular layer. 
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A tracheal trunk with its taenidial lining  
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Blindly ending tracheoles 



TRACHEOLES 
• Are not shed at the moult 
• The tracheolar extremities are filled with a liquid. 
• They are very small, 1µm in diameter or 0.1µm or less. A cell may be 30µm. 
• If the epidermis is damaged, they send out cytoplasmic threads that connect to the nearest 

tracheoles. The threads then contract and pull the tracheoles to the area. A similar 
phenomenon occurs when a foreign object is being encapsulated (e.g. parasite). 

• Tracheoles are formed from cells known as tracheolar cells, which are derived from the 
epidermal cells lining the trachea. 
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TRACHEAE  
are surrounded by one or two epithelial cells that produce the new 
trachea, which is shed at each moult 

air is taken in at the moult to assist in getting rid of the old exosceleton 
and expanding the new 
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TRACHEAE AND TRACHEOLES  



Ventilation 

• Ventilation is the use of muscles to assist in air 
movement  

• it varies and depends on the insect 

• In well flying insects: 

•  a. Thoracic pumping in locusts, large moths and 
beetles, and dragonflies 

•  b. Abdominal pumping in hymenopterans and 
dipterans 
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Tracheal system of house fly showing air sacs 
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TYPES OF RESPIRATION OR GASEOUS EXCHANGE IN INSECTS 
 
1. Cutaneous respiration-gaseous exchange directly through the cuticle. 
             Occurs to a limited extend in all insects. Occurs in Protura and 
             those Collembola that lack a tracheal system (ancient primitive insects) 
2. Gaseous exchange in terrestrial insects 
    a. air-tube diffusion 
    b. tissue diffusion 
        oxygen diffuses in air 100,000 times faster than it does in water 
        carbon dioxide travels much faster through tissues than oxygen 

In many species, air movement, plus spiracular opening and closing, is coordinated with 
the ventilatory movements of the abdomen so that air is pushed out when the 
abdominal muscles contract and sucked in when they relax. 

DISCONTINUOUS VENTILATION 
The spiracles remain closed for a period of time. Movement of gases occurs in discrete 
bursts. This type of ventilation usually occurs when the insect is at rest and it also 
occurs in pupae. In diapausing pupae of Hyalophora the interburst period may be 8 
hours in which time the spiracles remain closed. During closure, relatively little gaseous 
exchange takes place. 
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 TYPES OF RESPIRATION OR GASEOUS EXCHANGE IN INSECTS 
 

 
• Despite their relatively high metabolic rate, many insects have highly discontinuous 
patterns of gas exchange, including long periods when the spiracles are fully closed.  
 

Three explanations to explain this strange behaviour:  
• 1. this pattern serves to reduce respiratory water loss,  
• 2. the pattern prevents hypoxia or low oxygen  
• 3. help to avoid oxygen toxicity 

O2 also acts as a toxic chemical that can cause oxidative damage of tissues even at 
relatively low concentrations. At physiologically normal partial pressures of CO2, the rate of 
CO2 diffusion out of the insect respiratory system is slower than the rate of O2 entry; this 
leads to a build-up of intratracheal CO2. The spiracles must therefore be opened at 
intervals to rid the insect of accumulated CO2, a process that exposes the tissues to 
dangerously high levels of O2.  

The cyclical pattern of open and closed spiracles observed in resting insects is a 
necessary consequence of the need to rid the respiratory system of accumulated CO2, 
followed by the need to reduce oxygen toxicity. 
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What is the function of heart reversal? 
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What is the function of heart reversal? 



• This simple apparatus set the stage for ideas concerning separate control 
over the two major regions of the insect (i.e., thoracic versus the 
abdominal). 

• The separate opening and closing of spiracles in different parts of the 
insect is so timed that inspiration occurs predominately in one region, 
expiration in another, thus producing directed airflow through the 
tracheal system.  

• Air enters via the thoracic spiracles and leaves via the abdominal 
segments. 

• In locust flight there is a two-way ventilation system that is independent 
of one another: 

– 1. A two-way system that ventilates the flight muscles through the open spiracles of 2 and 3. 

– 2. A one-way system that ventilates primarily the central nervous system and is pumped by the 
abdomen in through spiracle 1 and out through spiracles 5-10. 
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What is the function of heart reversal? 



Work of respiratory system in conjunction with the circulatory system  
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Muscles and locomotion of insects 

FUNCTIONS OF THE MUSCULAR SYSTEM 
 

1. Support of the body 
2. Helps maintain posture 
3. Movement of the limbs, including ovipositor 
4. Movement of the wings (insects are the only invertebrates that fly) 
5. Movement of the viscera 
6. Locomotion 
7. Closure and opening of spiracles 
8. Operation of various pumps such as cibarial pump and the 

pumping of the poison glands 
9. Generation of heat by „shivering” 



IMPORTANT CONCEPTS 
 
Types of muscle based on morphology: 
• 1. Cardiac muscle: not found in insects! 
• 2. Smooth muscle: not found in insects! 
• 3. Striated muscle: solely this type is found in insects! 

 
MAJOR TYPES OF INSECT STRIATED MUSCLES: 
1. Synchronous: non resonating, non fibrillar type of 
muscles, one contraction per impulse 
2. Asynchronous: resonating fibrillar muscles, several 
contractions per nerve impulse; muscles that must 
contract rapidly 
• Motion often driven by both muscles and cuticular 
flexure + energy storage 
• The basic unit is the sarcomere that contains myofibrils 
inside the cytoplasm known as sarcoplasm. The covering 
membrane is the sarcolemma. 
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A muscle unit comprised of several fibers each made up of many fibrils 

from Chapman 
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A muscle unit comprised of several fibers each made up of many fibrils 
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A muscle unit comprised of several fibers each made up of many fibrils 
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Types of insect flight muscle fibers 

from Chapman 
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Transverse sections of flight muscle fibers  



Two structures that evolved in 
insects to solve the constraints 
imposed by thick muscles are: 
 
1. Tracheoles penetrating deep into the 
muscle (top photo) 
 
 
 
2. T-tubule system permitting surface      
depolarization to occur (bottom photo) 
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Longitudinal section from the  fibrillar 
flight muscle of the wasp Vespa. Note 
the presence of  Tracheoles (Tr) and the 
T-tubule system formed by the 
tracheoles. Darker organelles are 
mitochondria. 
 
Cross-section of the longitudinal fiber 
shows the hexagonal array of the fibrils 
and darker mitochondria. Thin 
filaments are actin and thick are myosin 
filaments. It is the organization of the 
thick and thin filaments that causes this 
type of muscle to look striated. 
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Muscle contractions can be: 
a. Myogenic contraction: all non-
innervated muscles are  probably 
controlled by hemolymph borne factors 
and stretch-activated ion channels play 
crucial role 
b. Neurogenic contraction: contractions 
stimulated by the release of a 
neurotransmitter 
 
Neuromuscular junctions: 
• Fast skeletal muscles of vertebrates 

have only one motor nerve terminal for 
each fiber.  

• Insects have many as shown in the 
photo. It also shows a polyneuronal 
junction.  
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abdominal intersegmental muscle fiber of a cockroach 
Ax=axons; Tr=tracheoles  



Function and control of muscle cells: 
• Contraction of the muscle fibers occur when fibers are induced to depolarize 

by the action or arrival of a nerve impulse from the motoneuron  
• It causes the depolarization by the release of a transmitter substance 
• Motoneurons can be myostimulatory or myoinhibitory: 
 Nerve-muscle junctions, neuromuscular synapses: 
  - excitatory neuromuscular junctions 
  - operated by: glutaminergic system 
  - transmitter: L-glutamate (L-aspartic acid) 
  - in case of inhibitory neuromuscular junctions GABA is the transmitter 
• Mitochondria provide the power for muscle contractions 
• Neuromodulation by myoinhibitory peptides e.g.: dromyosuppressin (crop 

and probably heart) and by myostimulatory compounds e.g.: octopamine, 
serotonin, proctolin (visceral muscles of the hindgut), slow excitor neuron, 
inhibitor neuron, fast excitor neuron 
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Function and control of muscle cells: 



Typical innervation of insect muscle;  
slow and fast axons in parallel (vs. graded response of vertebrates) 

from 

Chapman 
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Muscles and locomotion of insects 



• Muscle development and maintenance in hemimetabolous insects differs 
greatly from that in holometabolous insects.  

• In the former, the transition is gradual and the same muscle sets are 
present in the adult that were in the larva.  

• In the holometabolous insects, most immature muscles degenerate (i.e., 
histolyzed) and new ones are developed.  

 
• Basically there are four ways in which muscles undergo modifications in 

holometabolous insects: 
• 1. Larval muscles may pass unchanged into the adult 
• 2. Existing larval muscles are reconstructed 
• 3. Larval muscles may be destroyed and not replaced 
• 4. New muscles, not represented in the larva such as flight muscles and 

leg muscles, are formed from imaginal discs. 

Muscles and development 
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Muscles are resistant to  molting 

fluids, thus they  remain functionally 

attached to the cuticle at apolysis 

and ecdysis. 

Muscles and development 

Muscles and locomotion of insects 



TYPES OF MUSCLE BASED ON 
LOCATION 

 
 

1. Skeletal muscle 
2. Visceral muscle 

a. Alary muscle 
b. Dorsal blood vessel 
c. Accessory pulsatile organs and 

various diaphragms 
d. Alimentary canal, including the crop 
e. Reproductive organs and ducts 
f. Venom glands 
g. Repugnatorial glands 
h. Organs of defense 
i. Malpighian tubules 
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from Gullen & Cranston 

Muscle attachments to exoskeleton 

Muscles and locomotion of insects 



the tentorium

Locust tentorium  

Tentorium: an internal framework for muscle attachment in insects 
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Tentorium: an internal framework for muscle attachment in insects 

 

The tentorium is the H-like structure 
of the internal skeleton of the head, 
marked in red as it looks in the 
inside. Tetraponera attenuata 
worker, left antenna removed. 
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Muscles of honey bee abdomen 
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Caterpillar body wall musculature  
Functions: undulatory movement and hydrostatic 
skeleton 
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Types of movement 
Larvae 
Sinuous motion: lateral muscular waves, some primitive fly larvae 
e.g.: midges 
Undulatory movement: anterior + posterior waves, typical of 
moth & butterfly caterpillars 
Whip-like: posterior + anterior waves, used with turgor muscles 
  some caterpillars such as inch worms 
 
Adults 
  Walking, leg strokes 
  Jumping, aided by cuticular flexion 
  Swimming, aided by hairs, special appendages 
  Flying, aided by cuticular flexion at wing base and whole thorax 
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Types of locomotion 
Aquatic locomotion 
Surface locomotion (surface tension) 

• with hydrophobic cuticle/tarsal pads 
• with natatorial legs 
• with suction discs 

 
 
 
 
 
 
 

• undulation 
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Typical „tripod gate” of an insect, 
maximum center-of-gravity stability 
with simplest mechanics and control. 

Action: 
Thoracic muscles pull on leg bases; 
fine control by extension and 
flexion of internal leg muscles 

Rhythm: slight offset between legs: 
1-2-3 and 1-2-3 

Terrestrial locomotion - walking 
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The main power source comes from the release 
of energy in the cuticle, which has been 
“cocked” by the muscles. Super-flexible resilin 
allows extreme bending of the joint. 

Visible “chevrons” = 

muscle attachments to 

cuticle. 

Terrestrial locomotion - jumping 

distortion, cuticular  
energy storage 

Resilin 
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Aerial locomotion- flight 

• Wing movement, and most of flight, is 
controlled by indirect flight muscles.  

• They are called this because the 
longitudinal and dorsoventral muscles 
do not connect directly to the wing but, 
control flight by affecting the dorsal 
surface of the thorax.  

• When the dorsoventral muscles 
contract, it causes a depression of the 
tergum, causing the wings to go up.  

• Contraction of the longitudinal muscles 
causes an arching of the notum and 
the wings go down.  

• It is a pivotal movement based on the 
arrangement of the cuticle and wings. 
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Wing movement with indirect flight muscles 

 

a wings; b joints; c dorsoventral muscles; d longitudinal muscles 
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Wing movement with direct flight muscles 

•Also involved in flight are direct 
flight muscles that connect directly 
to the wing base and are involved 
in canting the wing and producing 
other fine movements that cause 
the finer movements of flight. 
•Without the direct flight muscles 
the insect would just go up and 
down. 
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Wingbeat frequencies in main insect orders 
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Flight speed of main insect orders 

•human: 5 
•car: 5 
•jet fighter plane: 100 
•fly: 250-300! 

Speed in relation to body length (body lengths/sec) 

= 0.55 m/sec 

= 0.83 m/sec 

= 1.67 m/sec 

= 3.05 m/sec 

= 4.44 m/sec 

= 6.11 m/sec 

= 6.94 m/sec 

= 8.33 m/sec 

=11.11 m/sec 
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PROBLEM OF TURBULENCE 

Solutions: 
Flap hind wing first 
Reduced forewing stroke  
 Orthoptera, Coleoptera 
Flap wings simultaneously  
Wing coupling  

Lepidoptera, Hymenoptera, Trichoptera, Hemiptera 
Wing loss  

Diptera, Strepsiptera 
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• The reproductive organs of insects are similar in structure and 
function to those of vertebrates.  
• Male's testes produce sperm and a female's ovaries produce eggs 
(ova).   
• Both types of gametes are haploid and unicellular, but eggs are 
usually much larger in volume than sperm. 
• Most insect species reproduce sexually - one egg from a female 
and one sperm from a male fuse (syngamy) to produce a diploid 
zygote.    
• There are many species that reproduce by parthenogenesis, 
asexual reproduction in which there is growth and development of 
an unfertilized egg.   
• Some species alternate between sexual and asexual reproduction 
(not all generations produce males), others are exclusively 
parthenogenetic (no males ever occur). 

Reproduction of insects 



• Contains a pair of testes, usually located near the back of 
the abdomen.   
• Each testis is subdivided into functional units (called 
follicles) where sperm are actually produced.    
• A typical testis may contain hundreds of follicles, generally 
aligned parallel to one another.    
• Near the distal end of each follicle, there are a group of 
germ cells (spermatogonia) that divide by mitosis and 
increase in size to form spermatocytes. 
• These spermatocytes migrate toward the basal end of the 
follicle, pushed along by continued cell division of the 
spermatogonia.  
• Each spermatocyte undergoes meiosis:  this yields four 
haploid spermatids which develop into mature spermatozoa 
as they progress further along through the follicle.  

Male Reproductive System 
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• Mature sperm pass out of the testes through short ducts (vasa efferentia) and 
collect in storage chambers (seminal vesicles) that are usually little more than 
enlarged sections of the vasa.  
• Similar ducts (vasa deferentia) lead away from the seminal vesicles, join one 
another near the midline of the body, and form a single ejaculatory duct that 
leads out of the body through the male's copulatory organ (called an aedeagus).  
• One or more pairs of accessory glands are usually associated with the male's 
reproductive system. These are secretory organs that connect to the reproductive 
system by means of short ducts - some may attach near the testes or seminal 
vesicles, others may be associated with the ejaculatory duct.   
• The glands have two major functions:  

1. Manufacture of seminal fluid, a liquid medium that sustains and nourishes 
mature sperm while they are in the male's genital system.  

2. Production of spermatophores, pouch-like structures (mostly protein) that 
encase the sperm and protect them as they are delivered to the female's 
body during copulation.  

Reproduction of insects 
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•The female's reproductive system contains a pair of ovaries. 
When the insect is actively reproducing, these organs swell with 
developing eggs and may nearly fill the abdomen.  

•Each ovary is subdivided into functional units (called ovarioles) 
where the eggs are actually produced. A typical ovary may 
contain dozens of ovarioles, generally aligned parallel to one 
another.   

•Near the distal end of each ovariole, there are a group of germ 
cells (oogonia) that divide by mitosis and increase in size to form 
oocytes.  

•During active oogenesis, new oocytes are produced on a regular 
schedule within each ovariole.  

•These oocytes migrate toward the basal end of the ovariole, 
pushed along by continued cell division of the oogonia.  

•Each oocyte undergoes meiosis:  this yields four cells, one egg 
and three polar bodies.  

•The polar bodies may disintegrate or they may accompany the 
egg as nurse cells.                                               

Female Reproductive System 
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•As developing eggs move down the ovariole, they grow in size 
by absorbing yolk (supplied by adjacent nurse cells or 
accessory cells).  

•Each ovariole contains a linear series of eggs in progressive 
stages of maturation, giving the appearance of a "chain of 
beads" where each bead is larger than the one behind it. 

•By the time an egg reaches the base (calyx) of the ovariole it 
has reached full size, often growing up to 100,000 times larger 
than the original oocyte.  

•Mature eggs leave the ovaries through short lateral oviducts. 
•Near the midline of the body, these lateral oviducts join to 
form a common oviduct which opens into a genital chamber 
called the bursa copulatrix.  

•Female accessory glands (one or more pairs) supply lubricants 
for the reproductive system and secrete a protein-rich egg 
shell (chorion) that surrounds the entire egg. These glands are 
usually connected by small ducts to the common oviduct or 
the bursa copulatrix.  

Reproduction of insects 
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•During copulation, the male deposits his spermatophore in the 
bursa copulatrix. Peristaltic contractions force the 
spermatophore into the female's spermatheca, a pouch-like 
chamber reserved for storage of sperm.  

•A spermathecal gland produces enzymes (for digesting the 
protein coat of the spermatophore) and nutrients (for sustaining 
the sperm while they are in storage). Sperm may live in the 
spermatheca for weeks, months, or even years!  

•During ovulation, each egg passes across the opening to the 
spermatheca and stimulates release of a few sperm onto the 
egg's surface. These sperm swim through the micropyle (a 
special opening in the egg shell) and get inside the egg.  

•Fertilization occurs as soon as one sperm's nucleus fuses with 
the egg cell's nucleus.  

•Oviposition (egg laying) usually follows closely after fertilization.  
•Once these processes are complete, the egg is ready to begin 
embryonic development. 
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•In most insects, life begins as an independent egg (ovipary).  
•Each egg is manufactured within the female's genital system and is eventually released 
from her body through an ovipositor  

•Production of eggs by the female's body is called oogenesis and the egg-laying process is 
known as oviposition.  

•Each insect species produces eggs that are genetically unique. Yet regardless of size or 
shape, each egg is composed of only a single living cell - the female gamete.  

Egg Structure 
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•An egg's cell membrane is known as the vitelline membrane (phospholipid 
bilayer) which surrounds the entire contents of the egg cell, most of which 
consists of yolk.  

•The cell's cytoplasm is usually distributed in a thin band just inside the vitelline 
membrane (where it is commonly called periplasm and in diffuse strands that 
run throughout the yolk (cytoplasmic reticulum).  

•The egg cell's nucleus (haploid) lies within the yolk, usually close to one end of 
the egg. Near the opposite end, the oosome may be visible as a dark region in 
the more translucent yolk. The egg's anterior/posterior polarity is determined 
by the relative positions of the nucleus and the oosome.  

•In most insects the egg is covered by a protective "shell” called the chorion 
which is often sculptured with microscopic grooves or ridges. 

•The chorion is perforated by microscopic pores (called aeropyles) that allow 
respiratory exchange of oxygen and carbon dioxide with relatively little loss of 
water. The micropyle , a special opening near the anterior end of the chorion, 
serves as a gateway for entry of sperm during fertilization.  

Reproduction of insects 
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• A female receives sperm from her male partner during 
the act of mating.  

• She can store that sperm for long periods of time in a 
special part of her reproductive system, the 
spermatheca.  

• As a developing egg moves past the opening to the 
spermatheca, a few sperm are released onto its surface.  

• The sperm swim toward the micropyle,  the first one to 
reach its destination enters and injects its nucleus into 
the egg. The sperm nucleus quickly fuses with the egg 
nucleus (syngamy) to form a diploid zygote - a one-
celled embryo. This event is known as fertilization.  

• After the egg is fertilized, it undergoes a period of rapid 
growth and development known as embryogenesis. 
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• A developmental process that usually begins once the egg 
has been fertilized. It involves multiplication of cells (by 
mitosis) and their subsequent growth, movement, and 
differentiation into all the tissues and organs of a living 
insect.  

• There is remarkable similarity in genes responsible for 
organizing the fundamental body plan in vertebrates and 
invertebrates. For example, eyeless, a gene needed for 
development of an insect's compound eyes is also 
necessary for development of a mouse's vertebrate eyes!  

• Although much of insect embryology is still a mystery, 
there has been remarkable progress in knowledge over 
the past few years thanks to new methods in molecular 
biology and genetic engineering.  

Embryogenesis 

Embryonic development of insects 



• An insect's egg is much too large and full of yolk to simply divide in half during its 
initial stages of development.  

• Birds solve the same problem by having the embryo develop within a tiny spot of 
cytoplasm (the blastodisc) on the surface of the yolk. Insects solve the problem by 
"cloning" the zygote nucleus (mitosis without cytokinesis) through 12-13 division 
cycles to yield about 5000 daughter nuclei. This process of nuclear division is 
known as superficial cleavage (in "true" cleavage entire cells divide).  

• As they form, the cleavage nuclei (often called "energids") migrate through the 
yolk toward the perimeter of the egg. They settle in the band of periplasm where 
they engineer the construction of membranes to form individual cells.  

• The end result of "cleavage" is the blastoderm - a one-cell-thick layer of cells 
surrounding the yolk.  

• The first cleavage nuclei to reach the vicinity of the oosome are "reserved" for 
future reproductive purposes - they do not travel to the periplasm and do not 
form any part of the blastoderm. 
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• Instead, they stop dividing and form germ cells that remain segregated 
throughout much of embryogenesis. These cells will eventually migrate into the 
developing gonads (ovaries or testes) to become primary oocytes or 
spermatocytes.  

• Only when the adult insect finally reaches sexual maturity will these cells begin 
dividing (by meiosis) to form gametes of the next generation (eggs or sperm).  

• Germ cells never grow or divide during embryogenesis, so DNA for the next 
generation is "conserved" from the very beginning of development. This strategy 
has a clear selective advantage: it minimizes the risk that an error in replication 
(a genetic defect) will accidently be passed on to the next generation.  

• Blastoderm cells on one side of the egg begin to enlarge and multiply. This 
region, known as the germ band (or ventral plate), is where the embryo's body 
will develop. The rest of the cells in the blastoderm become part of a membrane 
(the serosa) that forms the yolk sac. Cells from the serosa grow around the germ 
band, enclosing the embryo in an amniotic membrane. 

Embryogenesis 
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• When the embryo is not much more than a single layer of cells, a group of 
control genes (homeotic selector genes) become active. These genes encode for 
proteins that contain a special active site (the homeobox) for binding with DNA. 
They interact with specific locations in the genome where they function as 
switches for activating (or inhibiting) the expression of other genes. Basically, 
each selector gene controls the expression of certain other genes within a 
restricted domain of cells based on their location in the germ band.  

• By regulating activity within a suite of genes that produce hormone-like 
"organizer" chemicals, cell-surface receptors, and structural elements, the 
selector genes guide the development of individual cells and channel them into 
different "career paths".   

• This process, called differentiation, continues until the fundamental body plan 
is mapped out, first into general regions along an anterior-posterior axis, then 
into individual segments, and finally into specialized structures or appendages.  

Embryogenesis 
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• As the germ band enlarges, it begins to 
lengthen and fold a one layer of cells on the 
outside (ectoderm) and another layer of 
cells on the inside (mesoderm).  

• An important developmental milestone, 
called dorsal closure, occurs when the 
lateral edges of the germ band meet and 
fuse along the dorsal midline of the 
embryo's body.  

Developmental Fate of Insect 
Germ Layers 
 

Ectoderm:    
Epidermis, exocrine glands, 
brain and nervous system, 
sense organs, foregut and 
hindgut, respiratory system, 
external genitalia.  
 
Mesoderm:    
Heart, blood, circulatory 
system, muscles, endocrine 
glands, fat body, gonads 
(ovaries and testes).  
 
Entoderm:    
Midgut.  

Embryogenesis 
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• Individual segments first become visible near the anterior end (the protocephalon) where 
ectodermal tissue differentiates into the brain and compound eyes.  

• Bud-like swellings develop in front of the mouth opening. They will eventually grow to form 
the labrum (front lip of mouthparts) and the antennae.  

• Segments behind the mouth also develop bud-like swellings.  Each of the first three post-oral 
segments form paired appendages that become mouthparts: mandibles, maxillae and 
labium.   

• The next three post-oral segments develop into the 
thorax - they form appendages that become walking legs.  

• Segments of the abdomen also develop limb buds but 
these soon shrink and disappear - perhaps they are 
vestigal remnants of abdominal appendages found in 
more primitive arthropods (like millipedes and 
centipedes).  

• Another pair of vestigal buds appears on the head, 
between the antennae and the mouthparts. This pair, 
called the intercalaries, may be remnants of a second 
pair of antennae (found in members of the class 
Crustacea).  

Embryogenesis 
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• In general, the rate of embryonic development depends on 
temperature (insects are poikilothermic) and on species-specific 
characteristics of development.  

• Embryogenesis ends when the yolk's contents have been consumed: 
the immature insect is fully formed and ready to hatch from the egg.  

• During the hatching process (often called eclosion) the young insect 
may chew its way through the egg's chorion or it may swell in size by 
imbibing air until the egg shell "cracks" along a predetermined line 
of weakness.  

• Once the hatchling emerges, it is called a first instar nymph (or 
larva).  

• As it grows, it will continue to develop and mature.  
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• Once an insect hatches from the egg it is usually able to survive on its 
own, but it is small, wingless, and sexually immature.  

• Its primary role in life is to eat and grow.   
• If it survives, it will periodically outgrow and replace its exoskeleton (a 

process known as moulting).   
• In many species, there are other physical changes that also occur as the 

insect gets older (growth of wings and development of external genitalia, 
for example).  

• Collectively, all changes that involve growth, moulting, and maturation are 
known as 
morphogenesis.                                                                                                       
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• Each time an insect moults, it gets a little larger.  
• It may also change physically in other ways - depending on its 

type of metamorphosis: ametabola, hemimetabola or 
holometabola.  

                     

                    
               

• Ametabolous insects undergo little or 
no structural change as they grow 
older.  

• Immatures are called young; they are 
physically similar to adults in every 
way except size and sexual maturity. 

• Other than size, there is no external 
manifestation of their age or 
reproductive state.  
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• Hemimetabolous insects exhibit gradual 
changes in body form during morphogenesis.  

• Immatures are called nymphs or, if aquatic by 
chance, naiads.  

• Maturation of wings, external genitalia, and 
other adult structures occurs in small steps from 
molt to molt. Wings may be completely absent 
during the first instar, appear in the second or 
third instar as short wing buds, and grow with 
each molt until they are fully developed and 
functional in the adult stage.  

• Developmental changes that occur during 
gradual metamorphosis are usually visible 
externally as the insect grows, but adults retain 
the same organs and appendages as nymphs 
(eyes, legs, mouthparts, etc.).  
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• Holometabolous insects have immature forms (larvae) that are very different from 
adults.  

• Larvae are "feeding machines", adapted mostly for consuming food and growing in 
size. They become larger at each molt but do not acquire any adult-like characteristics.  

• When fully grown, larvae molt to an immobile pupal stage and undergo a complete 
transformation. Larval organs and appendages are broken down (digested internally) and 
replaced with new adult structures that grow from imaginal discs, clusters of 
undifferentiated (embryonic) tissue that form during embryogenesis but remain dormant 
throughout the larval instars.  

• The adult stage, which usually bears wings, is mainly adapted for dispersal and 
reproduction.  
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Appearance    Larval type Common Name   Description   Example 
 
      Campodeiform     Crawler      flattened body with long legs        Neuroptera 
                                                                          usually w/ filaments on the end    Trichoptera 
                    of the abdomen   Dytiscidae 
 
 
       Carabiform         Crawler          similar to above, but legs are   Chrysomelidae 
           shorter and filaments lacking     Carabidae 
  
        Eruciform        Caterpillar       cylindrical, well-formed head,     Lepidoptera 
                                                                            thoracic legs, and abdominal      sawflies 
                                                                       prolegs 
 
       Scarabaeiform   White grub    C-shaped, well-formed head.     Scarabidae 
                                                                           and thoracic legs (no prolegs)    
     weevils 

Larval Forms 
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Appearance    Larval type Common Name   Description   Example 
 
         Elateriform     Wireworm             cylindrical, smooth, and           Elateridae 
                 tough skinned w/ short legs   Tenebrionidae 

 

 

                          Platyform         None            broad and flat w/ legs short     Syrphid fly 

     or absent                                 blister beetle 

 

          Vermiform Maggot          cylindrical and elongate     Diptera 

                                                                        lacks legs                                Hymenoptera 

                                                                                                                        Siphonaptera 

Larval Forms 
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Appearance    Pupal type   Common Name    Description       Example 
     Obtect            Chrysalis          Developing appendages held    Lepidoptera 
                                                                       tightly against the body by a 
                                                                      shell-like casing. Often found 
                                                                       enclosed within a silken cocoon  
 
 
                      Exarate     None              All developing appendages free   Coleoptera 
                                                                      and visible externally                     Neuroptera 
 
 
 
 
                       Coarctate       Puparium           Body encased within the hard      Diptera 
                                                                       exoskeleton of the next-to-last 
                                                                       larval instar       

Pupae 
Post-embryonic development of insects 



Defined as any exchange of information between individuals.  

• Insects also have many ways to communicate but, unlike humans, their 
"language" is almost entirely innate.   

• Each individual is born with a distinctive "vocabulary" that is shared only 
with other members of its own species.   

• Learning plays little or no role in the ability to produce these signals or to 
understand them.  

• For experimental purposes, ethologists often define communication as: 

„An action or condition on the part of one organism that alters the 
behavior of another organism in an adaptive way.”  

• an insect may send a communication signals by doing something (e.g. 
make a noise, release a chemical, or flash a light) or the signal may simply 
be an inherent part of the insect's physical makeup (e.g. wing pattern, 
body color, or surface chemistry).  
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Why do insects communicate? 
• Some form of intraspecific communication is a prerequisite for any behavior that 

involves the participation or cooperation of two or more individuals.   

• Insects may also communicate with members of other species (interspecific 
communication).   

• The adaptive value of these communication signals may include:  

– Recognition of kin or nestmates  

– Locating or identifying a member of the opposite sex  

– Facilitation of courtship and mating  

– Giving directions for location of food or other resources  

– Regulating spatial distribution of individuals - aggregation or dispersal;  
establishing and maintaining a territory  

– Warning of danger; setting off an alarm  

– Advertising one's presence or location  

– Expressing threat or submission (agonistic behaviors)  

– Deception / mimicry  
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How do insects communicate? 
• Like all other animals, insects use their five senses to 

acquire information about their environment;  
• Any of these sensory modalities may serve as a 

pathway for the exchange of information.   
• Taste and touch are both contact senses, therefore, 

exchange of information can occur only when two 
individuals are touching one another.   

• Vision, olfaction (smell), and hearing are remote 
senses so information signals may propagate through 
the air (or water) over considerable distances.  

• Each signal modality has unique advantages and 
disadvantages.  
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Tactile Communication 
"Keep in touch!"  

• Since many insects have poor vision and sound perception, physical contact provides an 
important avenue of communication.   

• Antennal tapping is also an essential component of communication in both ants and 
termites. It's not clear exactly what information may be exchanged, but it certainly 
involves nestmate recognition and leads to exchange of food through trophallaxis.  

• Antennal tapping on the hind legs is used during tandem running in both ants and 
termites. This is a "follow-the-leader" behavior in which the tapping informs the leader 
that she has not lost her disciple. If tapping stops, the leader instinctively turns around 
and searches in ever-widening circles until she re-establishes contact with the follower. 
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Tactile Communication 
"Keep in touch!“  

• The "dance" language of honeybees is largely a tactile 
communication system, performed in total darkness on the 
vertical surface of the honeycomb.   

• A "round dance" signals to nestmates the presence of a 
nectar source in close proximity to the hive (usually less 
than 80 feet).  It consists of a series of circular runs with 
more or less frequent changes in direction.  The greater the 
frequency of direction changes, the better the quality of the 
nectar source.   

• The "waggle dance" is used for longer distances.  It involves 
a figure eight pattern with a series of abdominal waggles on 
a straight run after each half-circle turn (see figure at 
left).  Distance is indicated by the duration of the straight 
run and the frequency of the waggles.  Direction is 
indicated by the angle of the straight run (relative to 
vertical) and corresponds to the horizontal angle between 
the sun and the direction of the food source. 
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Tactile Communication 
• Tactile cues generated by ripples on the water surface allow whirligig beetles 

(Gyrinidae) to constantly monitor the location of dozens of other nearby 
whirligigs.  Thanks to this tactile communication system, the whirligigs can swim 
rapidly in circles, avoid bumping into other members of their own species, and still 
detect the presence of nearby predators or prey. 

• Certain treehoppers (Hemiptera, Membracidae) produce vibrations in the tissue of 
their host plant that can be felt by all other treehoppers on the same plant.  The 
signals apparently work as an alarm system, and in some species, they may be used 
by nymphs to elicit protective maternal behavior.   

• Substrate vibrations can be a particularly effective communication system for small 
insects who cannot generate an acoustic signal loud enough to be heard more than 
few inches away. 
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Tactile Communication 
Tactile Communication 

Advantages: 

• Instantaneous feedback  

• localized area  

• Individual recipient  

• Effective in the dark (e.g. caves, wood galleries)  

Disadvantages: 

• Not effective over distance  

• Organisms must stay in direct contact  

• Message must be repeated to each recipient  

• Vibration signals can be intercepted by predators 
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Acoustic Communication 

• Sound is produced when a physical object vibrates rapidly, disturbs nearby 
air molecules or other surrounding medium, and generates compression 
waves that travel in all directions away from the source.  

• Sound serves as a very effective communication modality.   

• It can be made to vary in frequency (high pitch vs. low pitch), amplitude 
(loudness), and periodicity (the temporal pattern of frequency and 
amplitude).   

• Together, these three variables can create an extremely wide and complex 
range of signals 

• Since sound waves move rapidly through air (about 331 m/sec), acoustic 
signals can be quickly started, stopped, or modified to send a time-
sensitive message. 

Communication of insects 



Acoustic Communication 
• At best, the human ear is able to detect sound frequencies only within the range 

of about 20-20,000 hertz (vibrations per second).   

• But some insects produce and detect sounds that are well above this frequency 
range.   

• Some grasshoppers and moths, for example, produce ultrasonic sounds as high as 
80,000 hertz.  

• Most insects detect sound with a tympanic mambrane in the abdomen (e.g. 
grasshoppers and moths) or in the tibiae of the front legs (e.g. crickets and 
katydids).   

• Mosquitoes have antennal hairs that resonate to certain frequencies of sound.   

• But sound vibrations can also travel through solid objects, and some insects (e.g. 
some species of ants, bees, termites, and treehoppers) can sense substrate 
vibrations with mechanoreceptors (chordotonal organs) in their legs.  Since these 
signals are "felt" rather than "heard", they are usually regarded as a form of tactile 
communication. 
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Acoustic Communication 
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Acoustic Communication 

Acoustic Communication 

Advantages:  

• Not limited by environmental barriers  

• Effective over distances and around corners  

• Highly variable, fast change -- high information content      

Disadvantages:  

• May reveal location of sender to a potential predator  

• Less effective in "noisy" environments (e.g. seashore)  

• May be metabolically "expensive" to produce  

• Attenuation -- intensity falls rapidly with distance from source (cube-
root function) 
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Visual Communication 
• Many insects communicate with visual signals.   

• The color patterns and other markings on the 
wings of butterflies and moths facilitate species 
recognition  

• Some insects use bright colours, eyespots, or 
other distinctive patterns to scare away 
predators, to advertise their ability to sting, or 
to mimic the appearance of another unpalatable 
species.   

• Other insects use dance-like body movements 
to attract a mate or to communicate with 
nestmates.   

• Most of these signals are effective only as long 
as they are visible in daylight.  But a few insects 
(fireflies, for example) can generate their own 
light and use visual signals that can be seen at 
night. 
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Visual Communication 

• Active signals, like body movements and light flashes, are more costly to 
produce, but they can be withheld from use at inappropriate times.   

• In fireflies, pulses of light are used in a courtship dialogue between a male 
(usually flying) and a female (usually perched in the vegetation).   

• Each species has a unique flash pattern and response time.   

• Roles are reversed in some tropical species where the females fly and the 
males signal from perches in the vegetation. 
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Visual Communication 
• Many insects have the ability to see ultraviolet light.   

• Not surprisingly, some species communicate using wavelengths in 
this part of the spectrum.   

• Female cabbage butterflies, for example, have ultraviolet-
reflecting scales on the dorsal wing surface.  When they fly, each 
down stroke of the wing creates a brief "flash" of UV that males 
apparently recognize as the flight signature of a potential mate.   

• A "flashing female" may attract several males who engage in 
aerial courtship displays.  

• In alfalfa butterflies, only males have the UV-reflective 
scales. They flutter in front of the females to create a flickering 
courtship display.  Missing scales reduce the wings' reflectivity - a 
sign of aging that impairs a male's ability to seduce a mate. 
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Visual Communication 

Visual Communication 

Advantages: 

• Effective over long distances  

• Can be used while moving  

• Fast -- speed of light  

• Effective in all directions (independent of wind)  

• Passive signals require no expenditure of energy  

Disadvantages: 

• Requires a clear line of sight  

• Visual signals may be intercepted by predators  

• Only effective in daylight (in fireflies, only at night)  

• Active signals may be metabolically "expensive" to produce  
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Chemical Communication 

• Insects rely more heavily on chemical signals 
than on any other form of communication   

• These signals, often called semiochemicals or 
infochemicals, serve as a form of "language“  

• Insects may be highly sensitive to low 
concentrations of these chemicals - in some 
cases, a few molecules may be enough to elicit 
a response. 
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Chemical Communication 

Semiochemicals can be divided into two groups based on 
who "sends„ a message and who "receives" it:  
• Pheromones are chemical signals that carry 

information from one individual to another member of 
the same species.  These include sex attractants, trail 
marking compounds, alarm substances, and many 
other intraspecific messages.  

• Allelochemicals are signals that travel from one animal 
to some member of a different species.  These include 
defensive signals such as repellents, compounds used 
to locate suitable host plants, and a vast array of other 
substances that regulate interspecific behaviors.  
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Chemical Communication 

Chemicals elicit certain responses 
• Arrestants – chemicals that cause an organism to 

aggregate or stop when in contact with it. 
• Attractants – chemicals that cause an organism to make 

oriented movements towards a source. 
• Repellents – chemicals that cause an organism to make 

oriented movements away from a chemical 
• Stimulants – chemicals that cause insect to disperse 

rapidly, begin feeding, mating or oviposition 
• Deterrents – chemicals that inhibit feeding, mating or 

oviposition when in a place where an organism would, in 
its absence feed, mate or oviposit. 
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Chemical Communication 

PHEROMONES (+,+) intraspecific chemicals where both 
the emitter and receiver benefits 

• Sex pheromones to attract mates 

• Alarm pheromones in aphids 

• Egg marking in parasitoids and fruit flies 

• Territory marking in ants 

• Trail markers in ants 

• Aggregation pheromones in bark beetles 
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ALLELOCHEMICALS = interspecific chemicals 

• Allomones (+,-)  chemicals where the emitter is benefited but not the 
receiver, such as a repellent, or defensive compound  

– insectivorous plants – rotten meat odours 

– e. g. cyanide that deters predation                                            

• Kairomones (-,+) chemicals where the receiver is benefited but not the 
emitter, such as an odor that a parasite uses to find its host. 

– green leaf volatiles 

– fruit odours – terpenes, esters, etc. 

– moth scales – waxy odour 

– feces 

– saliva, silk, honeydew 
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ALLELOCHEMICALS – interspecific chemicals 

• Synomones (+,+) chemicals where both the receiver and emitter 
benefit such as plant volatiles that attract insect pollinators 

– Floral scents 

– Green leaf volatiles 

– Damaged leaf volatiles 

• Apneumones (+,+) chemicals emitted by non-living material that 
benefits the receiver but may be detrimental to another 
organisms living in or on the non-living material 

– microbial odours 

– rotten fruit odours 
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Chemical Communication 
 Advantages: 

• Not limited by environmental barriers  
• Effective over distances and around corners  
• Effective either day or night  
• Longer lasting than visual or auditory signals  
• Metabolically "inexpensive" because only small 

quantities are needed  
 

Disadvantages: 
• Low information content (presence/absence)  
• Not always effective in an upwind direction  
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Use in Pest Management 

• Detection 

• Monitoring 

• Mass trapping 

• Mating disruption 

• Repellents 

• Plant resistance 

• Enhancement of effectiveness of natural enemies (theoretical) 

• Moth scale extracts to attract Trichogramma spp. 

• Plant pheromone blends to attract Trichogramma spp.  

• Artificial honeydew 

• Damaged leaf volatiles 
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