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Abstract—Body size is one of the important parameters that determine the biology, morphology, and physiology of
animals. Despite their diminutive body size, the smallest insects retain the general structure, functionality, and diver-
sity of their sense organs. The main sense organs of insects are compound eyes and antennal sensilla, which have been
studied in a wide range of taxa. The size of the antennae and the number of antennal sensilla decrease considerably
with body size. The size reduction of compound eyes is accompanied by some quantitative and structural changes:
a decrease in the number and size of the facets, strong compaction of cellular elements, and various morphological
adaptations unique to different insect taxa. Our review consists of two parts and includes not only coverage of the
available literature on scaling of the sense organs in insects, but also analysis of the basic quantitative data on the
insect vision organs and antennal sensory systems. The first part presented herein includes the general characteristic
of the sense organs and an overview of the effects of scaling on the insect compound eyes. A unique database has been
created, including data on the number and size of the compound eye facets in 370 species from 16 orders of insects.
Allometric analysis has shown that the number of ommatidia in the compound eye is positively correlated with body
size and is considerably reduced in smaller insects. The corresponding numbers differ by up to three orders of magni-
tude between larger and the smallest insects. The linear size parameters of the ommatidia are also correlated with the
body size, the values differing by an order of magnitude. The complex morphology of composite sense organs seems
to limit the size reduction of individual sensory units, so that optimization of the sensory apparatus in miniature insects
is primarily accomplished by reducing the number of structural elements.
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Sensory structures play an important role in the life
of insects as the only source of information about the
environment. In particular, they provide information
needed for locating a mate, host or trophic resources,
detecting enemies, orientation and navigation in flight,
and intraspecific communication (Tibbetts, 2002; Guer-
enstein et al., 2004; Krishnan et al., 2012; Rossi and
Romani, 2013; Stiirzl et al., 2016, etc.). The sense organs
of insects are comparable to those of vertebrates in their
physiological properties, but they consist of much fewer
receptor cells (Ivanov, 2000). The compactness and dis-
creteness of insect sensory organs provide significant
advantages for studying fundamental problems of sen-
sory physiology and neurophysiology, and are therefore
of great interest to bioengineering. The sense organs of
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insects have the following basic modalities: vision, ol-
faction, taste, mechano-, hygro-, and thermoreception.
With some exceptions, almost all insects have com-
pound eyes (Meyer-Rochow and Nilsson, 1999), while
antennae are present in all insects (except Protura), even
in cave-dwelling and other forms that have no visual
organs.

The study of sensory organs in arthropods has been
inseparable from the progress of microscopy. The first
data on the cellular structure of the insect sense organs
were obtained early in the 20th century (Zavarzin, 1913,
1941; Snodgrass, 1926). A significant contribution to
understanding the evolution, function, cellular and sub-
cellular organization of receptors was made by Russian
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researchers who performed electron microscopic studies
of chemo- and mechanoreceptors (Ivanov, 1969, 1978,
2000; Elizarov, 1977a, 1978; Zhantiev, 1977a), thermo-
and hygroreceptors (Elizarov, 1977b), acoustic organs
(Zhantiev, 1977b), and visual organs (Mazokhin-Porsh-
nyakov, 1965, 1980, 1983).

To date, many reviews have been published on the
evolution, structure, and functional organization of the
sense organs in general (Slifer, 1961; Bate, 1978; Iva-
nov, 2000; Merritt, 2006) and individual modalities:
vision (Horridge, 1975; Snyder and Menzel, 1975; Aut-
rum et al., 1979; Stavenga and Hardie, 1989; Eguchi
and Tominaga, 1999), olfaction (Amoore et al., 1971;
Hansson, 1999; Hansson and Stensmyr, 2011), hearing
(Zhantiev, 1977b, 1981; Michelsen and Larsen, 1985),
chemo- and mechanoreception (Wigglesworth, 1972;
Keil and Steinbrecht, 1984; Mclver, 1985; Ryan, 2002),
thermo- and hygroreception (Altner and Prillinger, 1980;
Altner and Loftus, 1985), and chordotonal organs (Field
and Matheson, 1998; Yack, 2004); only some of the
publications are listed above.

The modern research of the insect sensory organs
employs a vast arsenal of light microscopic, electron
microscopic, physiological, genetic, behavioral, and
mathematical methods and includes comprehensive
studies of morphology, development, biochemistry of
sensory organs, and their modeling as important compo-
nents of neural networks.

Body size largely determines the morphology, physio-
logy, and biology of animals (Hanken and Wake, 1993),
predominantly in accordance with the laws of scaling
(Schmidt-Nielsen, 1987). The features of miniaturiza-
tion of different organ systems have been covered in
a number of research papers (Novotny and Wilson,
1997; Beutel and Haas, 1998; Grebennikov and Beutel,
2002; Beutel et al., 2005; Polilov, 2007; Grebennikov,
2008; van der Woude and Smid, 2016, etc.) and reviews
(Niven and Farris, 2012; Minelli and Fusco, 2019), in-
cluding those prepared in our laboratory (Makarova and
Polilov, 2013a, 2013b, 2017a, 2017b; Polilov, 2015,
2016; Polilov and Makarova, 2017). Miniaturization is
one of the directions of animal evolution (Chetverikov,
1915). Miniature forms have been described in many
animal taxa, both vertebrates, such as salamanders
(Hanken, 1983), legless lizards (Bhullar and Bell, 2008),
chameleons (Glaw et al., 2021), microhylid frogs (Ritt-
meyer et al., 2012), bats (Pereira et al., 2006), humming-

birds (Dial, 2003), and various invertebrates: insects
(Polilov, 2016), spiders (Quesada et al., 2011), mites
(Silvere and Shtein-Margolina, 1976), crustaceans (Kor-
neev and Chesunov, 2005, etc.), and many others.

Miniature forms are under additional pressure related
to the need to optimize the functioning of their neural
tissues and sensory structures, as they are metabolically
costly (Niven and Laughlin, 2008) and typically in-
crease in relative size as the body size decreases (Rensch,
1948).

The evolution of miniature forms involves overcom-
ing the limitations imposed by the laws of scaling (Mi-
nelli and Fusco, 2019). The enormous variation in body
size of insects offers a good basis for the study of scaling
in biological structures and processes. In addition, in the
current age of technological innovation and miniaturiza-
tion, there is interest in insect sensory systems because
of their discrete and compact structure. For example,
although the compound eyes of insects are inferior in
resolution to the camera eyes of vertebrates, their design
appears perfect for biomimetic visual systems (Voelkel,
2015).

In the last five years, significant progress has been
made in the study of miniaturization effects on the struc-
ture of the insect sense organs. The structure of com-
pound eyes in the smallest parasitic hymenopterans was
studied (Fischer etal., 2010, 2019; Makarova et al.,
2015), a large-scale analysis of the body size effect on
the eye structure in beetles was carried out (Makarova
and Polilov, 2018; Makarova et al., 2019), and the influ-
ence of miniaturization on the antennal sensilla was
studied in parasitic wasps (Diakova et al., 2018) and
beetles (Diakova and Polilov, 2020).

The scaling effects on the structure and function of
sense organs constitute an important problem in both
morphology and engineering. The currently existing
smallest animals were produced by millions of years of
evolution and struggle with the laws of scaling (Chet-
verikov, 1915). The effects of miniaturization are simi-
lar in all animals and are manifested in reduction, sim-
plification, and morphological adaptations (Hanken and
Wake, 1993). Miniaturization affects the size of skeletal
and locomotory structures (Hanken, 1983; Polilov, 2015),
the brain (Roth et al., 1990; Makarova and Polilov, 2013a,
2013b, 2017a, 2017b; van der Woude and Smid, 2016),
and sense organs (Rensch, 1959; Linke et al., 1986;
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Meyer-Rochow and Gal, 2004; Fischer etal., 2010,
2012, 2014; Ramirez-Esquivel et al., 2014, 2017; Maka-
rova etal., 2015, 2019; Diakova et al., 2018; Diakova
and Polilov, 2020).

The effect of an individual’s body size on the size and
number of sense organs is referred to as sensory auto-
adaptations; these occur in response to non-sensory ad-
aptations, such as changes in overall body size (Jander
and Jander, 1994, 2002). Barlow (1952) measured the
eyes of 27 species of Hymenoptera and showed that the
diameters of their ommatidia were related to the square
root of the eye height. Later, the dimensional and quan-
titative parameters of compound eyes and their relation
to body size were repeatedly considered in the literature
from the viewpoint of postembryonic growth (Jander
and Jander, 1994; Meyer-Rochow and Keskinen, 2003)
and biology (Bauer and Kredler, 1993; Jander and
Jander, 2002, etc.). Ultrastructural studies of compound
eyes in differently sized insects showed that superposi-
tion eyes were poorly miniaturized, while apposition
eyes were typical of small insects (Caveney, 1986;
Gokan and Meyer-Rochow, 2000; Meyer-Rochow and
Gal, 2004). The influence of body size on the eye struc-
ture in insects has attracted the attention of researchers
for over 30 years, but most studies have been performed
on insects larger than 2 mm (Meyer-Rochow and G4l,
2004; Honkanen and Meyer-Rochow, 2009; Fischer et al.,
2014; Palavalli-Nettimi et al., 2019), while the morpho-
functional features of the compound eyes of true micro-
insects (those with a body length less than 1 mm) were
studied only in the last decade (Fischer etal., 2010,
2012, 2019; Makarova et al., 2015, 2019; Makarova and
Polilov, 2018; Meyer-Rochow and Yamahama, 2019).
Despite the growing interest in the scaling of the ner-
vous system and sense organs, there have been few
attempts at quantitative analysis of various parameters.

COMPOUND EYES

General Characteristic of Compound Eyes and
a Brief Review of the Main Publications

Compound eyes are very important in the life of in-
sects, serving not only for orientation during flight (Sri-
nivasan et al., 1999; Egelhaaf and Kern, 2002; Floreano
and Zufferey, 2010), but also for navigation and pan-
oramic orientation in wingless forms (McLeman et al.,
2002; Graham and Cheng, 2009; Reid et al., 2011) and
for detecting and avoiding obstacles (Palavalli-Nettimi
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and Narendra, 2018). Vision plays an important role
even in species that rely on pheromone communication
(Willis et al., 2011).

The first organisms to have compound eyes were tri-
lobites, which existed in the Paleozoic, 540-252 million
years ago (Clarkson et al., 2006; Schoenemann et al.,
2017). Compound eyes are still the main photoreceptor
organs in myriapods, crustaceans, and insects, as well as
the archaic horseshoe crabs (Mazokhin-Porshnyakov,
1965). Outside Arthropoda, some polychaetes and mol-
lusks possess compound eyes (Beklemishev, 1952).
Within Hexapoda, compound eyes are present in nearly
all the adult representatives of Pterygota (except for
Phthiraptera and Siphonaptera) and in the nymphs of
Hemimetabola (Mazokhin-Porshnyakov, 1965).

The compound eye of an insect consists of repeated
units termed ommatidia (Fig. 1, 4). The eye surface is
formed by the transparent chitinous cornea, composed
of hexagonal facets that function as lenses for the
ommatidia. Each ommatidium unites three apparatuses:
(1) dioptric (refractive), consisting of a corneal lens
and a crystalline cone; (2) photoreceptor, consisting of
photoreceptor (retinal) cells; (3) light insulating, con-
sisting of primary and secondary (accessory) pigment
cells (Mazokhin-Porshnyakov, 1965). The dioptric appa-
ratus is surrounded by primary pigment cells, while
secondary pigment cells normally lie around the omma-
tidium along its entire length, from the lens to the basal
lamina. The number of secondary pigment cells varies
in different species. These cells contain pigment gran-
ules and perform optical isolation of the adjacent omma-
tidia. The light-sensitive element of the ommatidium,
termed the rhabdom, is formed by microvillar out-
growths (rthabdomeres) of photoreceptor cells. A rhab-
dom of the fused type, with all rhabdomeres closed to-
gether into a single “rod,” has been described in most
insects: Hymenoptera, Lepidoptera, Blattoptera, Hemi-
ptera, some Coleoptera, etc. An open rhabdom, with
rhabdomeres separated along their entire length, is char-
acteristic of Diptera and some subfamilies of Coleo-
ptera. The rhabdom is formed by 8 photoreceptor cells
in the majority of large orders (Coleoptera, Lepidoptera,
Hemiptera, Diptera) and by 9 cells in all the Hymeno-
ptera. However, there are some exceptions: 7 cells in
Atalophlebia (Ephemeroptera, Leptophlebiidae) (Hor-
ridge and McLean, 1978), up to 11 in Lucanus maculo-
femoratus (Coleoptera, Lucanidae) (Gokan et al., 1998),
14 in Operophthera brumata (Lepidoptera, Geometridae)
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Fig. 1. Structure of the ommatidium of an apposition type: (4) large insects, by the example of Apis mellifera (modified after Stavenga and
Hardie, 1989); (B) the smallest insects, by the example of Megaphragma; (C) ommatidium of the smallest insects drawn to the same scale
as that of large insects; bc, basal cell; b/, basal lamina; cc, crystalline cone; /s, lens; nuc, nucleus; ppc, primary pigment cells; 7bd, thabdom;

retc, retina cells; spc, secondary pigment cells.

(Meyer-Rochow and Lau, 2008), 21 in Aceraius grandis
(Coleoptera, Passalidae) (Gokan and Meyer-Rochow,
2000), and 24 cells in Drosicha stebbingi (Hemiptera,
Margarodidae) (Mazokhin-Porshnyakov, 1965).

Three main types of compound eyes have been distin-
guished: apposition, optical superposition, and neural
superposition (Chaika, 2010). In the apposition (phot-
opic) eye, the neighboring ommatidia are completely
optically isolated, so that the rhabdom of each ommatid-
ium receives only the light that has passed through its

own lens. This type is largely characteristic of diurnal
insects: Lepidoptera (Yagi and Koyama, 1963), Hymeno-
ptera (Perrelet, 1970; Greiner et al., 2007), some Coleo-
ptera (Caveney, 1986), and Mecoptera (Chen and Hua,
2016). In the optical superposition (scotopic) eye, the
ommatidia are not optically isolated, so that the rhab-
dom of each ommatidium receives the light that has
passed through its own lens and the neighboring lenses.
This type is characteristic of nocturnal species of Lepido-
ptera (Yagi and Koyama, 1963), some taxa of Coleo-
ptera (Caveney, 1986), and Neuropteroidea (Belusic et al.,
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2013). Finally, in the neural superposition eyes found in
Diptera, instead of superposition of light rays on the
retina, signals from the photoreceptor cells of different
ommatidia whose rthabdoms perceive the same point in
space are superposed in the first optic ganglion. Neural
superposition enhances light-gathering power that is
needed for orientation under low light conditions. Neu-
ral superposition is considered a characteristic feature of
evolutionarily advanced Diptera (Calyptratae) (Kirsch-
feld, 1967), Scarabaeidae (Caveney, 1986), Hesperiidae
(Horridge et al., 1972), Lampyridae (Horridge, 1969),
Ephemeroptera (Wolburg-Buchholz, 1977), Sphingidae
and Noctuidae (Yagi and Koyama, 1963), as well as
some crustaceans (Nilsson, 1990). However, there are
exceptions to this functional classification: some noc-
turnal Hymenoptera (Halictidae: Megalopta genalis;
Formicidae: some species of Myrmecia) have apposi-
tion eyes (Greiner et al., 2004, 2007), while superposi-
tion eyes have been described in a number of diurnal
Lepidoptera (Horridge et al., 1972; Warrant et al., 1999;
Lau et al., 2007).

The starting point for research of compound eyes was
the study of their dioptric system (Exner, 1891). It was
followed by various studies of the compound eyes and
vision in insects and arthropods in general: the discov-
ery of color vision in insects (von Frisch, 1914) and its
trichromatic nature (Daumer, 1956), the use of polarized
light for navigation (von Frisch, 1949), and the role of
light wave diffraction (Barlow, 1952). With the advent
of electron microscopy, the fine structure of the rhab-
dom (Danneel and Zeutzschel, 1957; Goldsmith and
Philpott, 1957) and its role in polarized light detection
were described (Miller, 1957). Of great importance were
the discoveries of neural superposition in dipterans
(Kirschfeld, 1967), the spectral (Burkhardt, 1962) and
polarization sensitivity of photoreceptors (Shaw, 1969),
and development of the waveguide theory for a fused
rhabdom (Snyder et al., 1973; Snyder, 1979). The first
electrophysiological studies (Hartline, 1928; Hartline
and Graham, 1932) and the first intracellular recordings
of photoreceptors were carried out (Kuwabara and
Naka, 1959). The photochemistry of pigments was stud-
ied (Stavenga, 1975; Hamdorf, 1979, etc.); a sensitizing
pigment in dipterans (Kirschfeld et al., 1977), a chromo-
phore (Vogt, 1983), and other pigments were discov-
ered. The Russian school of biophysics and physiology
of vision in insects was founded by G.A. Mazokhin-
Porshnyakov, whose works still form the core of the
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relevant literature. Comprehensive studies of arthropod
eyes, from their morphology to the physics of vision,
have been covered in a number of reviews and mono-
graphs (Mazokhin-Porshnyakov, 1965; Horridge, 1975;
Snyder and Menzel, 1975; Frantsevich, 1979, 1980; Gri-
bakin, 1981, 1983; Stavenga and Hardie, 1989; Warrant
and Nilsson, 2006, and many others). Despite the virtu-
ally exhaustive data on the functional anatomy of com-
pound eyes, a number of gaps still exist in the under-
standing of their embryology, function, and physiology
(Meyer-Rochow, 2014). Until recently, one of such gaps
was the lack of knowledge of miniaturization of com-
pound eyes and the associated morphological and ultra-
structural changes.

Scaling of Compound Eyes in Insects

Compound eyes occupy a special place among the in-
sect sense organs, because such behavioral acts as long-
and short-range orientation, search for food sources and
conspecific individuals are based on visual information.
Perception of this spatial information depends on reso-
lution and contrast sensitivity of the eyes, which are lim-
ited by their size (Palavalli-Nettimi et al., 2019). As the
body size decreases, the area available for the eyes also
decreases, and this affects the number of ommatidia, the
lens size, and the information processing capabilities.
Therefore, body size is one of the important parameters
largely determining the structure and function of the
visual organs.

The first evidence of structural and functional spe-
cializations in miniature eyes was obtained in studies
performed on small Scarabaeoidea (Gokan and Meyer-
Rochow, 2000) and Lepidoptera (Honkanen and Meyer-
Rochow, 2009) with body lengths ranging from 2 to
5 mm. It was shown that superposition was limited by
the minimum size of the clear zone, i.e., the wide trans-
parent zone between the facet lens and the retina (Gokan
and Meyer-Rochow, 2000; Meyer-Rochow and Gal,
2004; Honkanen and Meyer-Rochow, 2009). At the
same time, reduction or loss of these clear zones was
shown to be correlated with changes in the diurnal activ-
ity pattern in Lepidoptera (Fischer et al., 2012, 2014).
The secondary loss of superposition due to small body
size in certain taxa, such as Scarabacoidea (Gokan and
Meyer-Rochow, 2000), explains why all the diminutive
forms and all the true microinsects (with body length
less than 1 mm) studied to date (Fischer et al., 2010;
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Makarova et al., 2015, 2019) have apposition eyes, while
larger insects have superposition eyes.

Despite their tiny size, all the small insects and micro-
insects studied so far (Fischer et al., 2010, 2012; Maka-
rova etal., 2015, 2019; Makarova and Polilov, 2018;
Meyer-Rochow and Yamahama, 2019) have the same
ground plan of cellular organization of ommatidia as in
large insects (Fig. 1, 4, B). However, there are changes
in some structural components, which lose their physi-
cal and optical properties as they decrease in size. The
known patterns related to compound eye miniaturiza-
tion can be divided into two groups: quantitative and
structural. The quantitative patterns concern the number
and size of individual facets, and the structural ones in-
clude various morphological adaptations to miniaturiza-
tion and the optical properties of the resulting structures.

Quantitative Parameters

Correlations between the size of the compound eyes
and that of the body (Jander and Jander, 2002), head
(Palavalli-Nettimi and Narendra, 2018), thorax (Doring
and Spaethe, 2009), the distance between the tegulae
(Streinzer et al., 2013), the wing length (Yagi and Ko-
yama, 1963), and various ratios of these parameters
(Gronenberg and Holldobler, 1999) were noted quite
long ago for different insect taxa.

The number of ommatidia in the compound eye is
correlated with the size of the body and the head cap-
sule, but it also depends on the environment, biological
features, diurnal activity pattern (Gokan and Meyer-
Rochow, 2000), and sex of the insect (Yagi and Koyama,
1963; Gronenberg, 2008; Meyer-Rochow and Lau,
2008; Fischer et al., 2010, etc.). For example, the num-
ber of ommatidia is reduced or the eyes are completely
absent in some myrmecophilous and cave-dwelling spe-
cies (Assing, 2013; Parker, 2016, etc.), whereas the eye
of similarly sized Ptiliidae (about 1 mm) contains about
50 ommatidia (Makarova et al., 2019). The number of
ommatidia in the eye varies from several in Psocoptera
(Makarova and Polilov, 2017a) or several dozen in the
smallest Coleoptera and Hymenoptera (Makarova et al.,
2015, 2019) to several thousand in medium-sized Di-
ptera (Sukontason et al., 2008) and large Hymenoptera
(Jander and Jander, 2002) to tens of thousands in Odo-
nata (Sherk, 1978), Sphingidae (Mazokhin-Porshnyakov,
1965), and the largest Coleoptera (Rensch, 1959; Gokan
etal., 1986).

Thus, the compound eyes of large insects contain
1000 times as many ommatidia as those of the smallest
flying insects: Anax junius (Odonata, Aeschnidae) has
up to 29 247 ommatidia per eye (Sherk, 1978), and the
smallest flying insect Kikiki huna (Hymenoptera, My-
maridae) (Huber and Noyes, 2013) has only 25 omma-
tidia per eye. The following scaling range can be esti-
mated for individual insect orders. The number of om-
matidia in the largest Hymenoptera is 640 times as great
as that in the smallest representatives: 16 000 in Xylo-
copa latipes (Apidae) (Jander and Jander, 2002) and 25
in Kikiki huna (Huber and Noyes, 2013); for Coleoptera
the range is 920 times: 29 450 in Augosoma centaurus
(Scarabaeidae) (Rensch, 1959) and 32 in Scydosella
mysawasensis (Ptiliidae) (Makarova et al., 2019); for
Lepidoptera it is 219 times: about 27 000 in Sphinx con-
volvuli (Sphingidae) (Mazokhin-Porshnyakov, 1965) and
123 in Stigmella microtheriella (Nepticulidae) (Fischer
etal., 2012).

Although the number of facets can be used as a para-
meter to estimate eye resolution (Land, 1997), a small
number does not necessarily indicate limited functional-
ity. It was shown that insects retained the ability to nav-
igate even with a small number of facets, 50-60 per eye
(McLeman et al., 2002), although their most important
behavioral acts were based on visual information (Fran-
tsevich, 1980).

In apposition eyes, the facet diameter and the lens
curvature are the most important parameters (Barlow,
1952). A decrease in the facet diameter inevitably re-
duces sensitivity and spatial resolution (Yagi and Ko-
yama, 1963; Rutowski et al., 2009); therefore, the facet
diameter cannot decrease indefinitely.

The facet diameter in the smallest insects is 30 times
smaller than that in large insects and 4—6 times smaller
than that in medium-sized ones (Fig. 1; Fig. 2, C). In one
of the largest beetles, Titanus giganteus (Cerambyc-
idae), the facets are about 180 pm in diameter (Dvoracek
etal., 2020), while in the medium-sized Creophilus
erythrocephalus (Coleoptera, Staphylinidae) (Meyer-
Rochow, 1972) and Apis mellifera (Hymenoptera, Ap-
idae) (Streinzer et al., 2013) they are 20-35 um in dia-
meter. So far, the smallest facets (5.9 um in diameter)
have been found in males of Trichogramma evanescens
(Hymenoptera, Trichogrammatidae) (Fischer et al., 2010).
The minimum diameter of facets in many of the smallest
microinsects with body length less than 0.4 mm, namely
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Fig. 2. Surface of compound eyes in insects, by the example of beetles (SEM): (4) Titanus giganteus (Cerambycidae), body length 155 mm
(Dvoracek et al., 2020); (B) Neotriplax lewisi (Erotylidae), body length 5 mm (Mishra and Meyer-Rochow, 2006); (C) Nanosella sp. (Ptili-

idae), body length 0.48 mm.

Scydosella musawasensis, Cylindrosella sp. (Coleoptera,
Ptiliidae) (Makarovaet al., 2019), Kikiki huna (Hymeno-
ptera, Mymaridae) (measured in micrographs in Huber
and Noyes, 2013), and Megaphragma caribbea (Hymeno-
ptera, Trichogrammatidae), is also about 6 um, i.e., far
below the theoretical limit (Barlow, 1952).

The ommatidia of microinsects are on average 16 times
shorter than that of large insects (Fig. 1, C): for exam-
ple, the ommatidium length in the large beetle Creo-
philus erythrocephalus (Coleoptera, Staphylinidae) is
300 um (Meyer-Rochow, 1972), whereas the smallest
known value is 20.2 um in Nanosella sp. (Coleoptera,
Ptiliidae) (Makarova et al., 2019).

Structural Parameters

Convexity of the eye. The eyes of miniature insects
are typically rather convex due to the small radius of
curvature; this feature probably contributes to an in-
creased field of view (Makarova et al., 2015). In its turn,
the small eye radius corresponds to greater interomma-
tidial angles (Fischer et al., 2014).

Facet shape and lens curvature. The facets of the
compound eye can vary from diamond-shaped to hexa-
gonal. However, the usual hexagonal facet shape, char-
acteristic of large insects, becomes more and more
rounded in miniature forms, also in relation to change
in the lens curvature (Makarova etal., 2015, 2019)
(Fig. 2). A small radius of curvature corresponds to
a greater dioptric power of the lens and a short focal
distance; therefore, it is considered an adaptation allow-
ing the short dioptric apparatus to function (Caveney
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and Mclntyre, 1981). The radius of curvature of the
outer lens surface determines the degree of light refrac-
tion before entering the crystalline cone (Makarova
et al., 2015). Strongly convex lenses allow light to pass
at a greater angle, whereas in flat facets such light would
be absorbed by the primary pigment cells. Thus,
a shorter focal distance of the facet lens seems to be
required to increase the number of photons entering the
ommatidia.

Crossed position of the nuclei, distal position. The
cellular organization of ommatidia sets very strict lim-
itations for possible rearrangements in the miniature
compound eye. In a number of studied microinsects, the
nuclei are positioned in different planes along the rhab-
dom in the upper third of the ommatidium (Fischer
etal., 2010, 2019; Makarova et al., 2015) (Fig. 1, B).
This pattern differs from the arrangement of nuclei in
larger Hymenoptera (Perrelet, 1970; Skrzipek and Skrzi-
pek, 1971) and facilitates a more efficient use of space.
The crossed arrangement of nuclei of the photoreceptor
and even pigment cells preserves the conical shape of
the ommatidium and allows a more compact grouping
of ommatidia with small facets (Fig. 1, B). The size of
the nuclei themselves obviously affects the possibility
of miniaturization in diminutive compound eyes. It is
notable in this regard that in Megaphragma amalphita-
num (Hymenoptera, Trichogrammatidae), 95% of the
nervous system nuclei undergo lysis (Polilov, 2012), yet
all the nuclei in the ommatidia are retained.

Reduction of secondary pigment cells. The secondary
pigment cells (SPC) undergo a number of modifications
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in the miniature compound eyes. For example, in minia-
ture Lepidoptera the SPC bodies are preserved only in
the distal part of the ommatidia, and only thin proximal
outgrowths with almost no pigment granules extend to
the basal matrix (Fischer et al., 2012). Such organiza-
tion does not affect the vertical pigment migration and
the light/dark adaptation mechanism, but significantly
increases the space available for photoreceptor cells in
smaller species.

The SPC in the miniature Hymenoptera and Coleo-
ptera do not extend below the level of the crystalline
cone (Fischer et al., 2010; Makarova et al., 2015, 2019)
(Fig. 1, B). The results of our 3D reconstruction of the
compound eye of M. amalphitanum show that the num-
ber of SPC is also reduced. The eye of this species con-
tains only 24 SPC for 29 ommatidia, and each dioptric
apparatus is in contact with 4 SPC, and not with 6 as
previously suggested (Makarova et al., 2015). Thus, the
SPC together with the primary pigment cells shield the
dioptric apparatuses of the neighboring ommatidia in
M. amalphitanum but do not participate in optical isola-
tion of the whole ommatidium. The latter seems to be
accomplished by a denser arrangement of pigment gran-
ules in photoreceptor cells and by an additional layer of
basal pigment cells.

An increase in the rhabdom diameter. In miniature
moths of the family Nepticulidae, the diameter of the
distal rhabdom is greater than that in the larger species.
On the one hand, a greater diameter of the distal rhab-
dom increases the total rhabdom volume; on the other
hand, an increase in diameter changes the optical func-
tion of the rhabdom from that of a waveguide (at dia-
meters <2 um) to that of a lightguide (at diameters
>2 um) (Snyder, 1979; Warrant and Mclntyre, 1993).
An increase in the distal rhabdom diameter in miniature
species leads to an increase in photon absorption. As
compared with the long and thin rhabdom in large bee-
tles (Gokan and Meyer-Rochow, 1984; Mishra, 2013),
the rhabdom of miniature Ptiliidae is short, widened
distally, and narrowed at the proximal end (Fig. 1, B).
The wide distal portion of the rhabdom probably cap-
tures more light (Stavenga, 2003) and, therefore, may
indicate higher sensitivity. An increase in the relative
rhabdom diameter was also observed in miniature
Hymenoptera (Makarova et al., 2015).

In addition to an increasing distal diameter, the rhab-
dom in the miniature Nepticulidae becomes hourglass

shaped (Fischer et al., 2014). Separation of the distal
and proximal rhabdom portions by a constriction (a nar-
row gap lacking microvilli) provides additional space
for the nuclei of some photoreceptor cells and allows the
pigment granules to shield the proximal rhabdom por-
tion during light/dark adaptation (Fischer et al., 2012).

An increase in the interommatidial angle. The short-
ening of the ommatidium in microinsects is accompa-
nied by an increase in the interommatidial angle. The
following interommatidial angles were measured in the
studied insects with body lengths below 2 mm: Hyme-
noptera: 21.5° in Megaphragma mymaripenne (Tricho-
grammatidae), 15° in Anaphes flavipes (Mymaridae)
(Makarova et al., 2015), 10° in 7. evanescens (Tricho-
grammatidae) (Fischer et al., 2010); Coleoptera: 14.8°
in Nephanes titan, 17.6° in Acrotrichis grandicollis,
21.2° in Porophila mystacea, 21.5° in Nanosella sp.
(Ptiliidae) (Makarova et al., 2019); Lepidoptera: 11.2°
in S. microtheriella (Nepticulidae) (Fischer et al., 2012).
These values considerably exceed the interommatidial
angles in large species: 0.8—1.3° in Apis mellifera (Land,
1997), 2.5° in Bombus hortorum (Hymenoptera, Ap-
idae) (Meyer-Rochow, 1981); 2—4° in C. erythrocepha-
lus (Coleoptera, Staphylinidae) (Meyer-Rochow, 1972);
0.8° in Paysandisia archon (Lepidoptera, Castniidae)
(Pirih et al., 2018); 0.9—1.5° in Parthenos sylvia; 2—4° in
Araschnia levana (Lepidoptera, Nymphalidae) (Rutow-
ski et al., 2009). Large interommatidial angles are also
correlated with extremely small lens diameters in minia-
ture eyes. An increase in the interommatidial angle leads
to compression of the ommatidia and, accordingly, to
a decrease in the size of the dioptric apparatus and the
total area of the retina. Thus, the value of the inter-
ommatidial angle seems to be a conservative trait during
compound eye miniaturization, setting the limit of
visual resolution in small insects.

Shape of pigment granules in photoreceptor cells.
The pigment granules in the photoreceptor cells of min-
iature Hymenoptera are ellipsoidal (Fischer et al., 2010;
Makarova et al., 2015) rather than spherical, as in large
members of the order (Perrelet, 1970; Skrzipek and
Skrzipek, 1974). The granules arranged parallel to the
ommatidium axis form a dense light-insulating shield,
this being an adaptation to the reduced space in photore-
ceptor cells (Fischer et al., 2010). A similar arrangement
of pigment granules was also observed in the photore-
ceptor cells of miniature beetles (Makarova et al., 2019).
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Reduction of the number of rhabdomeres in a rhab-
dom. So far, this unique feature has been described only
in S. microtheriella (Lepidoptera, Nepticulidae). Only
five of the seven photoreceptor cells participate in the
formation of the distal rhabdom in this species. Their
five rhabdomeres are oriented in three directions offset
from each other by 120° along the entire ommatidium
axis, thus meeting the basic requirements for perception
of linearly polarized light (Fischer etal., 2012). The
cells whose rhabdomeres are not included in the distal
rhabdom still form a part of the proximal rhabdom and
have a lower density of pigment granules. Such organi-
zation of the rhabdom in S. microtheriella may facilitate
filtration of incident light (Fischer et al., 2014).

The absence of a rhabdomere in the basal photore-
ceptor cell. In the miniature moths Ectoedemia argyro-
peza and S. microtheriella (Nepticulidae), the eighth
(basal) photoreceptor cell has no rhabdomere. This may
be related to the reduced range of the perceived wave-
lengths (Fischer et al., 2014), but there are no data on
spectral sensitivity in miniature Lepidoptera.

Diameter of microvilli of the rhabdom. Despite the
smaller length and diameter of the rhabdom, the dia-
meter of microvilli in microinsects remains 60 = 10 nm
(Fischer et al., 2010, 2014; Makarova et al., 2015, 2019)
and shows no decrease as compared with that in larger
insects (Varela and Porter, 1969; Perrelet, 1970; Lau et al.,
2007; Mishra, 2013). As opposed to some crustaceans
(Meyer-Rochow and Reid, 1996), the diameter of micro-
villi in insects does not change in the course of post-
embryonic development or during light/dark adaptation
(Meyer-Rochow and Keskinen, 2003). The non-scalable
diameter of microvilli seems to be determined by the
size of photopigment molecules and by their number
on the membrane.

Diameter of pigment granules. Morphometric ana-
lysis of the pigment granule diameter (measured in elec-
tron micrographs) in some miniature Hymenoptera
showed that the pigment granules of their photoreceptor
cells (Fischer et al., 2010; Makarova et al., 2015) were
significantly smaller than those of large insects (Per-
relet, 1970; Skrzipek and Skrzipek, 1974). However,
according to 3D reconstructions of different types of
pigment-containing cells in 7Trichogramma brassicae
(Hymenoptera, Trichogrammatidae), the mean volume/
diameter of these granules was within the size range
typical of large Hymenoptera (Fischer etal., 2019).
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Thus, there is still insufficient evidence that the dia-
meter of pigment granules changes depending on the
body size of insects.

Optical Parameters

Theoretical analysis of the optical properties of com-
pound eyes has shown that unlimited reduction of their
size is impossible (Warrant and Mclntyre, 1993; Meyer-
Rochow and Gal, 2004). There is always a trade-off
between sensitivity and spatial resolution (Land, 1997),
while the balance between different optical parameters
for eyes of a given size depends on the species’ ecology.
For instance, a smaller facet diameter and interomma-
tidial angle would increase the resolution of an apposi-
tion eye but reduce the sensitivity of its photoreceptors
due to less light reaching them.

Since sensitivity is more important than resolution for
miniature species, a decrease in body size leads primar-
ily to a decrease in the number of facets per eye. The
minimum size of the lens is limited by diffraction (Land,
1981). Eyes with limited resolution are still suitable for
phototaxis, but reducing the lens diameter below a cer-
tain limit would also affect their sensitivity and may
eventually lead to loss of function (Fischer et al., 2010;
Land and Nilsson, 2012). A compromise solution would
be to retain the exact number of smaller facets needed
to keep the resolution at the necessary and sufficient
level. For example, the larger species 7. evanescens has
4.5 times as many ommatidia as M. mymaripenne
(Fischer etal., 2010; Makarova etal., 2015), but its
facets are smaller. The greater diameter of the facets in
M. mymaripenne may be considered a factor compen-
sating for the scarcity of facets in its eye. Regardless of
the rhabdom diameter and the size of the dioptric appa-
ratus, larger facets reduce the effects of diffraction and
thus increase resolution.

The optical properties of the dioptric apparatus and
the rhabdom also limit miniaturization. The dioptric
apparatus focuses light on the rhabdom. The shorter is
the crystalline cone, the greater the dioptric power of the
lens must be to maintain focus at the top of the rhabdom.
The lens power is determined by the outer radius of
curvature, which is smaller in the more convex facets
(Fischer et al., 2010). In its turn, the rhabdom size deter-
mines the sensitivity limit of a compound eye (Meyer-
Rochow and Gal, 2004). Since the rhabdom length in
miniature eyes is limited by the total length of the retina,
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a decrease in the ommatidium size is compensated for
by a relative increase in the rhabdom diameter. Similar
adaptations to a low light level are observed in some
nocturnal insects with apposition eyes (Greiner et al.,
2004, 2007). A decrease in the size of the dioptric appa-
ratus (the focal distance) and an increase in the rhabdom
diameter improve the sensitivity of miniature eyes.

Allometric Analysis of the Main Quantitative
Parameters of Compound Eyes in Insects

We have analyzed data on the number and diameter
of facets in 370 species from 16 orders of insects: Odo-
nata (Sherk, 1978), Plecoptera (Nagashima and Meyer-
Rochow, 1995), Orthoptera (Anderson, 1978; Goulet
et al., 1981; Egelhaaf and Dambach, 1983; Huber et al.,
2019), Phasmatodea (Meyer-Rochow and Keskinen,
2003), Blattodea (Butler, 1973; Mishra and Meyer-
Rochow, 2008), Thysanoptera (Moritz, 1989), Hemi-
ptera (Shelton and Lawrence, 1974; Jander and Jander,
1994; Doring and Spaethe, 2009; Farnier et al., 2015;
Jia and Liang, 2015; Mishra, 2015), Embioptera
(Mazokhin-Porshnyakov and Kazyakina, 1982), Psoco-
ptera (Mazokhin-Porshnyakov and Kazyakina, 1983;
Meyer-Rochow and Mishra, 2007; Yang et al., 2012),
Hymenoptera (Ribi, 1975; Huber and Fidalgo, 1997;
Gronenberg and Holldobler, 1999; Huber and Naiquan,
1999; Jander and Jander, 2002; Baker and Ma, 2006;
Nieves-Aldrey et al., 2007; Gronenberg, 2008; Li et al.,
2009; Fisher, 2010; Schwarz et al., 2011; Vilhelmsen,
2011; Huber, 2013; Huber and Noyes, 2013; Narendra
etal.,, 2013; Streinzer etal., 2013, 2016; Yefremova
et al., 2014; Somanathan et al., 2017; Palavalli-Nettimi
and Narendra, 2018; Palavalli-Nettimi et al., 2019; Ra-
madan et al., 2019), Neuroptera (Yang et al., 1998),
Strepsiptera (Buschbeck, 2005), Coleoptera (Rensch,
1959; Mazokhin-Porshnyakov, 1965; Chapman, 1972;
Meyer-Rochow, 1972, 1977, 1978; Meyer-Rochow and
Horridge, 1975; Kuster, 1980; Gokan et al., 1982, 1986,
1987, 1998; Gokan and Meyer-Rochow, 1984, 1990,
2000; Meyer-Rochow and Gokan, 1988; Labhart et al.,
1992; Mishra and Meyer-Rochow, 2006a, 2006b; Gre-
bennikov, 2008; Schomann et al., 2008; Irmler, 2010;
Talarico et al., 2011; Assing, 2013, 2017; Mishra, 2013;
Del and Mora, 2014; Jia and Liang, 2014; Makarova
etal., 2015, 2019), Lepidoptera (Yagi and Koyama,
1963; Mazokhin-Porshnyakov, 1965; Horridge etal.,
1977; Yack et al., 2007; Meyer-Rochow and Lau, 2008;
Honkanen and Meyer-Rochow, 2009; Fischer et al., 2012,

2014), Mecoptera (Chen and Hua, 2016), and Diptera
(Sato, 1953a, 1953b, 1957, 1959, 1960, 1961; Rensch,
1959; Wada, 1974; Meyer-Rochow and Waldvogel,
1979; Williams, 1980; Meyer-Rochow and Reid, 1994;
Land et al., 1997; Sukontason et al., 2008; Posnien et al.,
2012; Singh and Mohan, 2013; Jia and Liang, 2017;
Meyer-Rochow and Yamahama, 2019).

Our analysis also included the quantitative para-
meters of 68 species of microinsects (with body length
< 1.5 mm) from the orders Coleoptera (Ptiliidae, Cory-
lophidae, Staphylinidae), Hymenoptera (Trichogram-
matidae, Mymaridae), and Diptera (Cecidomyiidae,
Sphaeroceridae). In addition, some parameters were
measured in electron micrographs available from the
Morphbank (Florida State University, Department of
Scientific Computing, Tallahassee, FL.32306-4026, USA;
http://www.morphbank.net).

Based on extensive previously published and original
data, we performed a large-scale analysis of the depen-
dence of quantitative characteristics of compound eyes
on body size (Fig. 3), using the SMATR package in the
R environment (Warton et al., 2006). Allometry was de-
scribed by the equation y = ax?, where y is the analyzed
characteristics, a is the factor of proportionality (eleva-
tion), x is the body length, and b is the allometric index
(slope). Two fitting methods were employed: the stan-
dardized major axis (SMA) technique, used by default,
and the ordinary least squares regression (OLS) tech-
nique, used in those cases when a and b were consider-
ably different from SMA. For each parameter, analysis
was performed using the following sample grouping: all
the insects together; males and females; Holometabola
and Hemimetabola; large (body length > 1.5 mm) and
small insects (body length < 1.5 mm); separately for the
main orders for which sufficient data were available.

Our analysis showed that the number and diameter of
facets were positively correlated with body size, both
for all the insects (number: 56.89x146, OLS 77.98x!.23;
diameter: 9.84x036, OLS 10.33x9-32) and separately for
all the samples (b for facet number: 1.30-1.92, OLS
0.42-1.65; for diameter: 0.34-0.51, OLS 0.32-0.39)
(Fig. 3, A-D). The number of facets changed more dras-
tically than their diameter depending on body size: the
number changed by four orders of magnitude, and the
diameter, by one order of magnitude. Pairwise compa-
rison of samples of Holometabola and Hemimetabola
revealed significant differences in elevation for the
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Fig. 3. The main characteristics of the compound eye related to the body size in insects: (4) number and diameter of facets; (B) number of
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number of facets (a=33.34 and 59.98, respectively,
p <0.001). The small and large insects differed signifi-
cantly in both elevation and slope for the number of
facets (121.9x1-57, OLS 63.9x042 and 20.46x!192, OLS
43.15x150, respectively, p <0.001 for a, p < 0.05 for b),
and in elevation for the facet diameter (¢ =11.27 and
7.67, respectively, p <0.001). The difference in the re-
gression line parameters between the studied small and
large insects was confirmed by segmented regression
analysis, which also showed that a body length of 1.5 mm
differentiated the samples by body size (Fig. 3, B). The
difference between small and large species was espe-
cially pronounced for the studied Coleoptera: (facet
number in small species: 77.44x0-955 OLS 36.21x0-0077;
in large species: 11.27x1.989; facet diameter in small spe-
cies: 11.27x0-545; in large species: 9.68x0-380; p < 0.001)
(Fig. 3, E, F). Analysis of the facet number showed that
the elevation was significantly lower in Coleoptera and
Lepidoptera than in Hymenoptera and Diptera (a=
39.54, 33.65, 122.1, 108.3, respectively, p <0.001),
while the slope was significantly lower in Coleoptera
and Hymenoptera than in Lepidoptera and Diptera (b =
1.34, 1.30, 1.69, 1.52, respectively, p <0.01). For the
facet diameter, the elevation was significantly lower in
Lepidoptera than in Coleoptera, Hymenoptera, and Di-
ptera (¢ =6.79, 10.35, 9.66, 9.25, respectively, p <0.001)
(Fig. 3, C, D).

The scaling of individual ommatidia has smaller lim-
its. This is confirmed by the fact that the cellular compo-
sition of compound eyes does not change even in the
case of extreme miniaturization (Makarova et al., 2015,
2019). Beyond these limits (at a body length greater
than 1 mm), a decrease in body size leads only to a de-
crease in the number of ommatidia. In other words,
a decrease in body size is first accompanied by a de-
crease in the number of ommatidia, and structural
changes in the ommatidia occur only after a certain
limit. This is fully confirmed by the results of analysis of
the compound eye scaling in beetles (Makarova et al.,
2019). The Coleoptera as a whole can be divided into
two samples with the regression lines differing signifi-
cantly in their allometric index, for both the number and
the diameter of facets; the number changes by four
orders of magnitude, and the diameter, by one order of
magnitude (Fig. 3, C, D). The boundary between the
two samples lies at a body length of 1.5 mm. It is inter-
esting that no such subdivision was observed in other
insect orders.

Some morphological adaptations related to small
body size appear in insects with a body length of 2 to
5 mm. They include, for instance, a change from the
superposition type of eyes characteristic of the taxon
to the apposition type in small Scarabaeidaec (Meyer-
Rochow and Gal, 2004) and miniature Lepidoptera
(Honkanen and Meyer-Rochow, 2009; Fischer etal.,
2012, 2014). The extreme cases of miniaturization (body
length less than 500 um) are accompanied by cellular
and subcellular reorganizations affecting the size and
position of cells and nuclei, the shape and morphology
of the thabdom, the shape and position of pigment gran-
ules, changes in the lens curvature, etc. (Fischer et al.,
2010, 2012; Makarova et al., 2015, 2019).

CONCLUSIONS

The first part of this review deals with the effects of
body size on the structure of compound eyes in insects.
Although the number of ommatidia in the compound
eye is positively correlated with body size, their struc-
ture shows extreme conservatism and preservation of
the ground plan of their cellular composition. Some
unique morphological adaptations and cell reductions
do occur in extreme cases of miniaturization, but some
structural components retain their dimensional para-
meters regardless of the size of the compound eyes and
the body.
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