
Animals active in a broad range of light intensities need
mechanisms to adjust the sensitivity of their eyes to the level
of ambient illumination. In arthropods, visual adaptation
involves two main mechanisms: (i) changes in the transduction
gain in the photoreceptors cells and (ii) modulation of the
amount of light absorbed by the photoreceptors (Nordström
and Warrant, 2000). In the latter mechanism, the most
important processes are the movements of screening pigments
within pigment and retinula cells and morphological changes
in the dioptric apparatus and/or in the rhabdom structure (for
a review, see Autrum, 1981). Some of these mechanisms are
activated directly by changes in light intensity, but others are
under endogenous control (Barlow et al., 1989; Meyer-
Rochow, 1999). The adaptive value of these endogenous
mechanisms is to adjust the visual sensitivity in anticipation of
changes in ambient light intensity.

Circadian (i.e. endogenous) rhythms have been described in
the retina of several arthropod species (Barlow et al., 1989;
Bennett, 1983; Chen et al., 1999; Colwell and Page, 1989;

Fleissner and Fleissner, 1977; Horridge et al., 1981; Koehler
and Fleissner, 1978; Menzi, 1987; Page and Larimer, 1975;
Wills et al., 1985). These rhythms regulate visual sensitivity
and can be recorded as circadian variations in the amplitude of
the sustained negative component of the electroretinogram
(ERG), which arises from the depolarisation of retinula cells
(Colwell and Page, 1989; Chen et al., 1999). In nocturnal
insects, the amplitude of this component is higher during the
subjective night than during the subjective day (Bennett, 1983;
Wills et al., 1985; Colwell and Page, 1989).

In several arthropod species with superposition eyes,
circadian migrations of screening pigments within secondary
pigment cells (SPCs) increase the visual sensitivity during the
night, although other mechanisms also contribute (Aréchiga
and Rodríguez-Sosa, 1997; Barlow et al., 1989; Bennett, 1983;
Fleissner and Fleissner, 1977; Warrant and McIntyre, 1990).
In the case of apposition eyes, daily changes in ommatidial
structure have been extensively described (for a review, see
Autrum, 1981), but in most cases their persistence under
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We analysed dynamic changes in the ommatidial
structure of the compound eyes of Triatoma infestans. This
nocturnal insect possesses open-rhabdom eyes, in which a
ring of six rhabdomeres from retinula cells 1–6 (R1–6)
surrounds a central pair of rhabdomeres from retinula
cells 7 and 8 (R7–8). Screening pigments are located in all
the photoreceptors and in the primary (PPC) and
secondary (SPC) pigment cells. During the day, pigments
within R1–6 and the PPCs form a small ‘pupil’ above the
rhabdom and pigments within R7–8 are clustered around
the central rhabdomere, allowing light to reach only the
central rhabdomere. At night, the ‘pupil’ widens, and
pigments inside R7–8 concentrate in the proximal region
of the cells, allowing light to reach the peripheral
rhabdomeres. In addition, the distance between the cornea
and the rhabdom decreases. These rhythmic changes
adapt the sensitivity of the eye by controlling the amount
of light reaching and travelling within the rhabdom.

Furthermore, the rhythm persists under conditions of
constant darkness (DD), i.e. it is controlled by an
endogenous oscillator. Remarkably, there are differences
in pigment movements between the retinula cells of a
single ommatidium. The migration of pigments in R1–6 is
regulated by a circadian input, while that in R7–8 is
regulated by both direct light and circadian inputs. The
rhythm vanishes under constant-light conditions (LL). In
this species, the circadian rhythm of photonegative
behaviour persists in both DD and LL conditions,
suggesting that these two rhythms, in retinal morphology
and visual behaviour, may be generated by different
circadian oscillators.
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constant conditions has not been examined. Where such studies
have been made, few if any changes continued on a circadian
basis or they continued with a reduced amplitude compared
with the amplitude of the daily rhythm [cockroaches (Ferrell
and Reitcheck, 1993); locust and mantis (Horridge et al.,
1981); ants (Menzi, 1987)]. In the lateral (apposition) eyes of
the horseshoe crab Limulus polyphemus, a clock located in the
brain mediates circadian movements of screening pigments
located in the retinula cells and in the distal pigment cells as
well as longitudinal movements of the rhabdom. These
structural changes, together with additional variations in retinal
physiology (e.g. changes in gain and noise), can increase visual
sensitivity as much as 100 000-fold at night, but at the expense
of a decrease in spatial resolution (Barlow et al., 1989). All
these examples refer to eyes with a fused rhabdom, in which
screening pigments generally migrate radially within retinula
cells (Stavenga, 1979; Autrum, 1981). In open-rhabdom
apposition eyes without neural superposition, pigments within
primary pigment cells (PPCs) usually form a variable pigment
‘pupil’ in front of the rhabdom tip (Nilsson, 1989). In the
diurnal beetle Tenebrio molitor(Wada and Schneider, 1968)
and in tipulid flies (Ro and Nilsson, 1994), this pupil opens and
closes with a circadian rhythm. Recently, Hariyama et al.
(2001) described an endogenous variation in visual sensitivity
and the associated morphological changes in the open-
rhabdom eye of the isopod Ligia exotica.

Triatoma infestans, a nocturnal haematophagous bug of the
family Reduviidae, possesses apposition compound eyes with
open rhabdoms, in which a ring of six rhabdomeres from
retinula cells 1–6 (R1–6) surrounds a central pair of
rhabdomeres from retinula cells 7 and 8 (R7–8). Although
superposition eyes would be the most efficient design for a
nocturnal insect exposed to low light intensities (Nilsson,
1989; Warrant and McIntyre, 1990), the visual system of these
bugs is extremely sensitive to light (Reisenman et al., 1998;
Reisenman, 2000). Furthermore, this species exhibits a
circadian rhythm of negative reaction to light with a maximum
at night (actual or subjective) (Reisenman et al., 1998). Given
that a behavioural rhythm of visual sensitivity exists in T.
infestans, we investigated whether the compound eyes of this
species express circadian changes in retinal anatomy. To do
this, we analysed the ommatidial structure of the eyes when
the insect was subjected to light/dark cycles (LD) and under
conditions of constant darkness (DD) and constant light (LL).

Materials and methods
Experimental procedure

Fourth-instar larvae of Triatoma infestans, reared in a
laboratory colony at 28 °C and fed weekly on chicken blood,
were used throughout. Bugs were maintained in light/dark
cycles (L:D 12 h:12 h, 140µW cm–2) at a constant
temperature (25 °C) for 5 days. The compound eyes were then
fixed (i) at the fourth hour of the photophase under white
illumination (140µW cm–2) and (ii) at the second hour of the
scotophase. To prevent any interference from light,

preparations were performed under far red light illumination
(λ>695 nm; light filtered through an RG695 filter; Schott,
Germany). These two times of the day were chosen because
these are when T. infestansdisplays minimal (fourth hour of
the photophase) and maximal (second hour of the scotophase)
photonegative sensitivity (Reisenman et al., 1998).
Illumination during the light phase of the LD cycle was
provided by a fluorescent lamp (Osram Dulux EL E27,
7W/41-827). Light intensity was measured with a radiometer
(SEL 033 sensor module, IL 1400 radiometer; International
Light, Newburyport, MA, USA).

To test whether daily changes in ommatidial structure are
under endogenous control, insects were maintained in LD
cycles (L: 140µW cm–2) for 5 days, and a group of bugs was
then kept in constant darkness (DD), while another group was
kept in constant light LL (L: 140 µW cm–2). After three
‘subjective’ days, the eyes of half of the bugs from each
experimental group (LL and DD) were fixed at the fourth hour
of the subjective day and the remaining half at the second hour
of the subjective night. The free-running periods used for
estimating the subjective day and night of the bugs were
approximately 23 h 50 min for bugs kept in DD conditions and
approximately 26 h 40 min for bugs kept in LL conditions
(Lazzari, 1992). This experimental protocol is identical to that
used by Reisenman et al. (1998) to study the circadian rhythm
of photonegative sensitivity in this bug.

To study the effect of light intensity on the ommatidial
structure, the procedure described above was repeated under a
lower light intensity, i.e. animals were maintained in LD cycles
(L: 8µW cm–2) and then transferred to LL conditions (L:
8µW cm–2). The eyes were fixed during the light and dark
phases of the LD cycle or during the subjective night and day
of the bugs (LL conditions).

The age of the insects at the time when the eyes were fixed
ranged between 12 and 18 days post-ecdysis.

Tissue preparations

Light microscopy was performed on eyes processed
following the technique described by Ribi (1987). The
posterior half of the head (containing the eyes) was fixed
for 3 h in a mixture of 2.5 % glutaraldehyde and 2.0 %
paraformaldehyde in phosphate buffer (pH 7.3), with added
sucrose and CaCl2. The heads were then rinsed five times over
a 20 min period in phosphate buffer and post-fixed with
buffered 1 % osmium tetroxide for 1–2 h. After dehydration
through a series of alcohol dilutions, they were embedded via
propylene oxide in Durcupan. Blocks were serially sectioned
at 2 or 5µm using glass knives mounted in a microtome. The
sections were stained on a hot plate with 1 % Methylene Blue
and examined under a light microscope.

Results
Changes in ommatidial structure under light/dark cycles

Fig. 1 shows a schematic representation of the light- and
dark-adapted ommatidia of T. infestans. The photosensitive
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portion of the ommatidia is composed of a peripheral ring of
six rhabdomeres from retinula cells 1–6 (R1–6) and a central
pair of rhabdomeres from retinula cells 7 and 8 (R7–8). The
crystalline cone is surrounded by two primary pigment cells
(PPCs). Twenty-four secondary pigment cells (SPCs) enclose
each ommatidium. Screening pigments are located not only in
the pigment cells, but also inside all retinula cells. The
rhabdomeres and most of the screening pigments are restricted
to the distal half of the retinula cells; the proximal half is
occupied by the nucleus, some pigments and clear globular
structures, termed ‘sphaeroids’ (Müller, 1970).

During the day, screening pigments within R1–6 and the
PPCs form a narrow ‘pupil’ or aperture, less than 4µm in
diameter, above the distal tip of the central rhabdomere. This
pupil is formed mainly by pigments inside R1–6, which are
mostly packed above the rhabdom; pigments in the PPCs are
homogeneously distributed (Fig. 2A,B). Thus, during the day,
light reaches the central rhabdomere, but the peripheral
rhabdomeres are shielded from incident light. In addition,
pigments inside the central pair of photoreceptors R7–8 are
densely packed around the length of the central rhabdomere
(Fig. 2A,B). This disposition of pigment granules in the central
photoreceptors prevents light travelling within the central
rhabdomere to reach the outer rhabdomeres. Thus, as a
consequence of both pupil and pigment shielding, light can
only reach the central rhabdomere during the day. The
rhabdom distal tip lies 12±2µm (mean ±S.E.M., N=7) from the
crystalline cone.

At night, pigments inside R1–6 and within the PPCs occupy

a lateral position, allowing incident light to reach both the
central and the peripheral rhabdomeres (Fig. 2C,D). In the
dark-adapted eye, the ‘pupil’ is nearly six times wider than
during the day (24±1µm, i.e. a 36-fold increase; mean ±S.E.M.,
N=7). Screening pigments within R7–8 move along the
longitudinal axis of the cells and concentrate proximally; the
cytoplasm is free of pigments around the central rhabdomere.
In addition, the rhabdom moves distally so that its distal end
is located immediately below the crystalline cone (Fig. 2C), in
the place that was occupied by screening pigments during the
day (Fig. 2A). Such a movement of the rhabdom towards the
crystalline cone diminishes the effective focal length (Land et
al., 1999). This widening of the ommatidial aperture and
shortening of the focal length increase photon capture at night
and, therefore, visual sensitivity (Nilsson, 1989; Warrant and
McIntyre, 1993).

Both at night and during the day, pigments inside the SPCs
are dispersed along the longitudinal axis of the cells, isolating
the ommatidia from each other (Fig. 2).

Changes in ommatidial structure under constant conditions

To study whether the changes in ommatidial structure are
under endogenous control, the possible influence of the state
of adaptation of the eyes to the actual light conditions must be
excluded. For this, bugs were transferred from LD cycles to
either LL or DD conditions. If changes in ommatidial structure
were under circadian control, then eyes from animals
maintained in constant conditions and fixed during the
subjective day or night phase would be expected to display
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Fig. 1. Schematic representation of a dark- (left) and a light- (right) adapted ommatidium of Triatoma infestans. Transverse sections at different
levels of the light-adapted ommatidium are also shown on the far right. bm, basal membrane; Co, cornea; Cc, crystalline cone; N, nucleus of
the retinula cell; PPC, primary pigment cell; S, sphaeroid; SPC, secondary pigment cell; R, retinula cell; rh, rhabdomere; Rp, retinal pigment.
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similar variations in their structure to those of eyes from
animals maintained in LD and fixed during the photophase and
scotophase of the animal.

Fig. 3 shows the structure of the ommatidia of insects
maintained in DD conditions. During the subjective day,
pigments inside R1–6 and the PPCs form a small aperture
above the rhabdom (Fig. 3A,B), just as they do during the
actual day (Fig. 2A,B). At night, the aperture widens and the
rhabdom locates just below the crystalline cone (Fig. 3C,D),
as observed during the actual night (Fig. 2C,D). A circadian
oscillator therefore regulates both the migration of the
pigments forming the ‘pupil’ and the movements of the
rhabdom.

During the subjective day, the pigment granules in R7–8
surround only the proximal half of the central rhabdomere; the
distal region of R7–8 remains free of pigments (compare Fig. 3A
with Fig. 2A). In contrast, during the subjective night, the
pigments are concentrated in the proximal region of R7–8, as they

are during the actual night (compare Fig. 3C with Fig. 2C). Thus,
the fully dark-adapted eye appears only during the subjective
night. These results show that the migration of pigments in R7–8
is regulated by both direct light and circadian inputs.

Fig. 4 shows the structure of the ommatidia of insects
maintained under LL conditions (L: 140µW cm–2). At both
subjective daytimes, the ommatidia were in the light-adapted
state: the pupil aperture remained small, the screening
pigments within R7–8 completely surrounded the central
rhabdomere and a dense cluster of pigments separated the
crystalline cone from the rhabdom.

The effects of light intensity in ommatidial structure

Many circadian rhythms are not expressed under LL
conditions. This effect can be observed even at very low light
intensities, particularly in nocturnal animals (Aschoff, 1981).
To examine this possibility, we repeated the experiments under
a lower light intensity (8µW cm–2).
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Fig. 2. Longitudinal (left) and transverse (right) sections of eyes of Triatoma infestanskept in LD conditions (140µW cm–2:0µW cm–2) and
fixed during the day (A,B) and during the night (C,D). Co, cornea; Cc, crystalline cone; PPC, primary pigment cell; SPC, secondary pigment
cell; rh, rhabdomere; Rp, retinal pigment. Scale bars: 25µm (A,B), 30µm (C), 50µm (D).
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Fig. 5A,B shows longitudinal sections of ommatidia from
insects entrained to LD cycles and fixed during the photophase
and the scotophase. As expected, the size of the pigment
aperture, the position of the pigments within R7–8 and that of
the rhabdom changed on a daily basis (Fig. 5A,B). However,
as observed at the higher light intensity, the rhythm was not
expressed under LL conditions: during both subjective night
and subjective day, the pigments were in the light-adapted state
(compare Fig. 5C,D with Fig. 4).

Discussion
Daily changes in the ommatidia of Triatoma infestans

T. infestanspossesses apposition compound eyes with open
rhabdoms, in which a ring of rhabdomeres from R1–6
surrounds a central pair of rhabdomeres from R7–8. Pigment
cells and all retinula cells, including the central ones, contain
dense pigment granules. The position of pigments changes
between day and night. During the day, pigments within R1–6

and the PPCs form a narrow ‘pupil’ in front of the distal tip
of the central rhabdomere; pigments within R7–8 are
compacted around the central rhabdomere (Fig. 2A,B). At
night, the pupil opens, and the pigments inside R7–8 move to
a proximal location; the rhabdom moves distally to a position
immediately below the crystalline cone (Fig. 2C,D). During
the day, light can therefore only reach the central rhabdomere,
while at night light can also reach the peripheral rhabdomeres.
These daily variations adjust the sensitivity of the eye to the
environmental light conditions by controlling the ommatidial
aperture and, hence, the light flux reaching the photoreceptors.
The change in size of the aperture during the night may
improve light sensitivity, but at the expense of a decrease in
spatial resolution (Land et al., 1999; Nilsson, 1989; Nilsson
and Ro, 1994).

The presence of a variable pigment aperture in front of the
rhabdom has been described in other insects with open-
rhabdom eyes that lack neural superposition (Lüdtke, 1953;
Nilsson and Ro, 1994; Ro and Nilsson, 1993, 1994, 1995;

Fig. 3. Longitudinal (left) and transverse (right) sections of eyes of Triatoma infestanskept in DD conditions and fixed during the subjective
day (A,B) and during the subjective night (C,D). Co, cornea; Cc, crystalline cone; PPC, primary pigment cell; SPC, secondary pigment cell;
rh, rhabdomere; Rp, retinal pigment. Scale bars, 25µm.
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Wada and Schneider, 1968; Walcott, 1971; Williams, 1980).
In all such cases, the pigment aperture is invariably formed by
the PPCs alone. In T. infestans, however, the ‘pupil’ is formed
mainly by screening pigments within R1–6, although pigments
within the PPCs also contribute (Fig. 2A,B). In addition,
during the day, pigments within R7–8 isolate the central
rhabdomeres from the peripheral ring, a feature that has not
been described in this kind of eye. Therefore, in T. infestans,
diurnal vision relies exclusively on the R7–8 subsystem.

The open-rhabdom eye arrangement without neural
superposition is characteristic of insects, such as T. infestans,
that possess a dominantly crepuscular or nocturnal lifestyle
(e.g. crane flies, cave beetles, backswimmers). As a result of
the presence of a pigmentary pupil, this kind of eye would have
two types of image channels, one with low sensitivity and high
resolution (the central rhabdomeres), and one with high
sensitivity and poor resolution (the peripheral rhabdomeres)
(Ioannides and Horridge, 1975; Nilsson, 1989). However, in

some species, the peripheral retinula cells are involved in
neural pooling in the lamina during the night, a system that
maximizes spatial resolution at low light intensities (Nilsson
and Ro, 1994). It has been proposed that this nocturnal
mechanism led directly to the evolution of the neural
superposition eye of higher Diptera (Nilsson and Ro, 1994). In
addition, the open-rhabdom arrangement has the potential to
feed information into parallel spatial channels, each optimised
for a particular light intensity. This is particularly important for
animals that are exposed to rapid and extensive changes in light
intensity at dawn and dusk, which is the case for T. infestans.

As mentioned above, only the R7–8 subsystem is functional
during the day in T. infestans. In other insects with open-
rhabdom eyes, the R1–6 and R7–8 subsystems contain visual
pigments with different absorbance spectra (Hardie, 1979;
Schwind et al., 1984). If this were also the case in T. infestans,
its visual system would be monochromatic during the day. At
night, both subsystems are exposed, and the eye will therefore
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Fig. 4. Longitudinal (left) and transverse (right) sections of eyes of Triatoma infestanskept in LL conditions and fixed during the subjective
day (A,B) and during the subjective night (C,D). Co, cornea; Cc, crystalline cone; N, nucleus of the retinula cell; PPC, primary pigment cell;
S, sphaeroid; SPC, secondary pigment cell; rh, rhabdomere; Rp, retinal pigment. Scale bars: 25µm (A), 30µm (B,C), 20µm (D).
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be sensitive to a broader range of wavelengths of light. This
functional division of the retina into a day/night duplex with
different spectral sensitivities has also been suggested for the
backswimmer Notonecta glauca(Ro and Nilsson, 1995).

Circadian and non-circadian changes in the ommatidial
structure of Triatoma infestans

Our results show that the daily migration of the screening
pigments forming the pupil and the movements of the rhabdom
are controlled by a circadian oscillator. In bugs maintained
under DD conditions, the pigments within R1–6 and the PPCs
form a narrow aperture in front of the rhabdom during the
subjective day, while the pigments become displaced to a
lateral position, widening the ommatidial aperture, during the
subjective night (Fig. 3). In contrast, during the subjective day,
the pigments within R7–8 are in an intermediate position
between the light- and the dark-adapted states (Fig. 3A).

Therefore, the migration of pigment granules in R7–8 is
regulated both by direct light and by circadian inputs. If the
movements of pigments within R7–8 were controlled by a
circadian clock only, the pigments should have been found
completely flanking the central rhabdomere, as was observed
during the photophase in insects maintained in LD conditions.
In the same way, if changes were under exogenous control
only, the pigments should have been found compacted in a
proximal position, as in the dark-adapted eye. Only during the
subjective night were the pigments found in the fully dark-
adapted state (Fig. 3C), indicating that, during the day, light is
needed to move the pigments distally within R7–8. None of
these changes was observed under LL conditions, at either high
(140µW cm–2) or low (8µW cm–2) light intensity: the
pigments stayed in the light-adapted state at both daytimes
(Figs 4, 5C,D).

Circadian changes in retinal anatomy have been described

Fig. 5. (A,B) Longitudinal sections of eyes of Triatoma infestanskept in LD conditions (8µW cm–2:0µW cm–2) and fixed during the day (A)
and during the night (B). (C,D) Longitudinal sections of eyes of insects kept in LL conditions (8µW cm–2) and fixed during the subjective day
(C) and during the subjective night (D). Co, cornea; Cc, crystalline cone; N, nucleus of the retinula cell; PPC, primary pigment cell; S,
sphaeroid; SPC, secondary pigment cell; rh, rhabdomere; Rp, retinal pigment. Scale bars: 25µm (A,C), 30µm (B,D).
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in arthropods (for a review, see Meyer-Rochow, 1999). These
changes include, among others, pigment migrations within
the SPCs (Aréchiga and Rodríguez Sosa, 1997; Bennett,
1993; Fleissner and Fleissner, 1977; Warrant and McIntyre,
1993) or PPCs (Barlow et al., 1980; Ro and Nilsson, 1994;
Wada and Schneider, 1968). In the eyes of T. infestans, as
in other apposition compound eyes, pigments inside the
SPCs do not move upon light/dark adaptation. Circadian
movements of screening pigments within retinula cells have
been described in the horseshoe crab Limulus polyphemus
(Barlow et al., 1980) and in the isopod Ligia exotica
(Hariyama et al., 2001). As in T. infestans, these movements
affect the light flux to the rhabdom by controlling the
ommatidial aperture. In flies, a circadian rhythm in the
number of pigment granules in the lamina terminals of R1–6
has been described (Pyza and Meinertzhagen, 1997).
Although this rhythm may reflect a circadian redistribution
of granules within the soma of the photoreceptors, the
evidence for this is indirect. Radial movements of pigments
within the fly’s R1–6 were observed under LD conditions
(Stavenga, 1979) but, unfortunately, the actual distribution of
granules within the soma of retinula cells has not been
analysed under constant conditions. Thus, our results
constitute direct evidence for circadian movements of
pigments within retinula cells in insect compound eyes. The
present study also demonstrates differences in the control of
pigment movements between retinula cells of a single
ommatidium since the migration of pigments within R1–6 is
regulated by a circadian clock while that in R7–8 is regulated
both by direct light and by circadian inputs. The adaptive
value of such endogenous control resides in its capacity to
adjust the visual sensitivity in advance of changes in light
intensity. Furthermore, the presence of an exogenous
mechanism is also advantageous because it can modify the
visual sensitivity in response to sudden and unpredictable
changes in light intensity. This kind of dual control, by
endogenous and exogenous mechanisms, has been described
in other species, but in different cellular types within the
ommatidia (Meyer-Rochow, 1999). For instance, in Tenebrio
molitor, the movements of screening pigments inside the
PPCs are controlled by a circadian oscillator, while the length
of the crystalline cone changes in direct response to light,
irrespective of the time of day (Wada and Schneider, 1967).

The rhythm damps out under LL conditions

The circadian rhythms in the ommatidial structure of T.
infestansdo not persist in LL conditions. This effect of light
has been described repeatedly for other insect circadian
rhythms (Saunders, 1982) and also in triatomines (Lazzari,
1991; Schilman, 1998). We therefore tested whether the
rhythm still damps out at a relatively low light intensity
(8µW cm–2) to which bugs are sensitive, as demonstrated in
behavioural experiments (Reisenman et al., 1998). This light
intensity was sufficient to entrain the rhythm (Fig. 5A,B), but
under LL conditions the rhythm vanished again (Fig. 5C,D). It
has yet be determined whether this is due to a direct effect on

the photoreceptors or to a ‘masking’ effect of light on the clock
controlling the rhythm (Aschoff, 1960).

Direct effects of illumination on the mechanisms of visual
adaptation have been described before (Autrum, 1981). For
instance, irrespective of the time of the day, light causes the
formation of a long crystalline cone tract in several species of
insect (Meyer-Rochow, 1999) and the breakdown of microvilli
and the movement of pigments in Limulus polyphemus(Barlow
et al., 1980; Chamberlain and Barlow, 1979; Kier and
Chamberlain, 1990). Nevertheless, some direct responses to
light are certainly advantageous; for instance, the movements
of screening pigments induced by light avoid excessive
conversion of rhodopsin to its inactive state (metarhodopsin)
(Järemo Jonson et al., 1998; Schwemer, 1989; Stavenga, 1989).
In the case of T. infestans, the direct effect of light on the
ommatidial structure would also have a protective effect. This
hypothesis is supported by the fact that red-eye mutants of T.
infestansthat lack screening pigments within the retinula cells
show a highly degraded retina and a severe reduction in visual
performance (Reisenman, 2000; Reisenman et al., 2000).

Considering the dual role of the light as a Zeitgeberand as
the stimulus causing the movements of pigments, it would be
interesting to analyse whether the rhythm can be entrained by
other environmental cycles. In particular, it has been shown
that, in the absence of changes in light intensity, temperature
cycles can synchronise the rhythm of pigment migrations in
the eyes of moths, butterflies, flies and several species of
crustacean (Nordström and Warrant, 2000). This could also be
the case in T. infestansbecause temperature cycles are able to
entrain other circadian rhythms in this species (Lazzari, 1992).

Oscillators controlling visual rhythms in insects

In a traditional view of the circadian systems, a central
master oscillator located in the brain regulates all rhythmic
functions in the insect body, either directly or via a system of
‘slave’ pacemakers (Giebultowicz, 1999). However, recent
evidence suggests that the insect circadian system consist of
many peripheral clocks, some of which are brain-independent.
For instance, completely autonomous oscillators have been
described in the lateral neurons of the brain (Ewer et al., 1992),
the Malpighian tubules (Giebultowicz and Hege, 1997; Hege
et al., 1997), the prothoracic glands (Emery et al., 1997)
and, interestingly, in retinula cells R1–6 of Drosophila
melanogaster(Cheng and Hardin, 1998).

In flies, a new group of circadian rhythms has been found in
the first visual neuropil, the lamina. The lamina of flies exhibits
circadian changes in the number of synapses between
photoreceptor terminals and their first-order interneurons (Pyza
and Meinertzhagen, 1993), in the vertical migration of
screening pigments within terminals of R1–6 (Pyza and
Meinertzhagen, 1997) and in the diameter of the monopolar
neurons L1 and L2 (Pyza and Meinertzhagen, 1995). Changes
in the size of L1 and L2 are driven by three inputs: by a
circadian clock located in the brain, which differs from the
clock controlling the locomotor activity rhythm of the fly, and
by oscillators located in the retina and in the epithelial glial
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cells of the lamina (Pyza, 2001). In the cockroach, however,
rhythms in the amplitude of the ERG and in locomotor activity
are controlled by the same pacemaker, which is composed of
two mutually coupled oscillators located in the optic lobes
(Page, 1990; Wills et al., 1985).

Several circadian rhythms in behaviour and physiological
processes are under endogenous control in T. infestans(e.g.
locomotor activity, negative phototaxis, egg hatching, ecdysis,
thermopreference) but, unfortunately, the anatomical location
of the oscillators controlling these rhythms has not yet been
studied. In this species, the circadian rhythms of locomotor
activity (Lazzari, 1992) and of negative phototaxis (Reisenman
et al., 1998) persist under both DD and LL conditions, while
the circadian rhythms in retinal morphology described here are
maintained under DD but not under LL conditions. This
difference indicates that these rhythms may be generated by
different circadian systems. In blowflies, different circadian
oscillators control the rhythm of locomotor activity and the
cyclic changes in the size of the monopolar neurons in the
lamina (Pyza and Cymborowski, 2001). Moreover, Drosophila
melanogasterphotoreceptors R1–6 contain an autonomous
circadian clock (Cheng and Hardin, 1998). If a similar situation
were to exist in T. infestans, the rhythms in retinal morphology
would be controlled by a retinal oscillator, while the
behavioural rhythms would be controlled by one or more
different circadian clocks, probably located in the brain. The
behavioural and morphological rhythms would be
independent, although synchronized by light or some other
Zeitgeber. These results do not contradict previous models of
the relationship between circadian timing systems (e.g. Page,
1990), but add new elements that may help our understanding
of the temporal organisation of the life of this particular insect.
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