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composed of rhabdomeres of R1-R9 photoreceptor cells. The
rhabdomeral microvilli of R1 and R2 are parallel but alternately
curve into two directions at 45 deg and 135 deg depending on the
depth (Fig. 6A,B), making the main orientation of the microvilli in
mass parallel to the animal’s dorso-ventral axis (=0 deg). In
contrast, R3—R8 contribute straight and parallel microvilli in the
entire length of the thabdom. R3 and R4 are aligned to the antero-
posterior (=90 deg) axis of the animal, while R5 and R7, and R6
and R8 are paired along the two main diagonal axes (Fig. 6C).
Close to the base of the ommatidium, R9 can be observed as a
bilobed cell contributing a few straight microvilli at 0 deg
(Fig. 6D).

We measured cross-sectional area of each rhabdomere in seven
neighboring ommatidia in an image stack obtained by SBF-SEM
(Fig. 7A). R1 and R2 rhabdomeres ended at depths of either 300 um
(short; S) or 400 pm (long; L) from the rhabdom tip. The
combination of S and L rhabdomeres between R1/R2 revealed three
ommatidial types across the seven measured ommatidia: L/S or S/L
(n=4), S/S (n=2), L/L (n=1). (Fig. 7B)

DISCUSSION

Ommatidial heterogeneity and photoreceptor diversity

The ommatidium of Parantica sita has a more or less cylindrical
rhabdom where all the nine ommatidial photoreceptors R1-R9
contribute their rhabdomeral microvilli (Fig. 6). The SBF-SEM
analysis has revealed that the rhabdom of P. sita is partially tiered.
The R1 and R2 dominate the thabdom only in its distal half or so,
while R3—R8 have microvilli in the entire length of the rhabdom. The
variable length of the R1 and R2 rhabdomeres indicate three types of
ommatidia (Fig. 7B), presumably corresponding to spectrally distinct
ommatidia in other butterfly species (Wakakuwa et al., 2007)
including the monarch D. plexippus (Sauman et al., 2005).

Fig. 6. Rhabdom ultrastructure of the ommatidia of the
mid-anterior region of the eye of P. sita. (A) Distal region
where R1-R8 photoreceptors contribute their microvilli to
form the rhabdom (Rh) in the center. (B) Middle region where
the rhabdomeres of R1 and R2 photoreceptors (1 and 2) are
marked. Black arrowheads indicate pigment granules.
(C) Proximal region where R1 and R2 have no microvilli.
Numbers 3-8 indicate the rhabdomeres of R3—-R8
photoreceptors. (D) Basal region where the bilobed R9
photoreceptor extend a few microvilli (white arrowheads)
’ towards the rhabdom. Tr, tracheole that coalesces at the
ommatidial base to form the tapetal mirror. Scale bar: 1 pm.

In the L/S (or S/L) type ommatidia, the cross-sectional area of the
short rhabdomeres is larger distally (Fig. 7B). Such a depth-
dependent size difference of R1 and R2 rhabdomeres has been
observed also in the small white Pieris rapae (Qiu et al., 2002).
There, the photoreceptors with larger rhabdomeres in the distal tip
are UV sensitive, and those with smaller rhabdomeres are blue
sensitive (Qiu and Arikawa, 2003). This matches the general
arrangement of spectral receptors in an ommatidium: shorter
wavelength receptors tend to have larger rhabdomeres in more
distal regions of the rhabdom (Matsushita et al., 2012). Presumably,
the photoreceptors with short rhabdomeres are UV sensitive, while
those with long rhabdomeres are blue sensitive in P. sita.

The dye injection and PS measurement results support the
assumption that UV and B receptors are either R1 or R2, and that G
class receptors are R3—R8. The spectral sensitivities of the distally
situated UV and B receptors match well with the absorption spectra
of visual pigments peaking at 355 nm (P355) and 456 nm (P456),
respectively. This suggests that the self- and lateral-screening effects
among rhabdomeres (Snyder et al., 1973) are negligible here
(Fig. 2C). In contrast, the G class receptors exhibit a large variation
on the short-wavelength side of the SS curves. K-means clustering
has revealed three possible stable subclasses of G receptors with
variations represented by the standard error bars. Similar variation in
the SS of G receptors has been reported in the Asian comma
butterfly Polygonia c-aurem and the great purple emperor Sasakia
charonda (Kinoshita et al., 1997). The long-wavelength limb of P.
sita G receptors matches the absorption spectrum of a visual
pigment with maximal absorbance at 550 nm (P550) (Fig. 2C) and
is almost identical across all three G receptors. Although not
specified at this stage, the variations are most likely attributable to
some filtering effects of neighboring rhabdomeres (Snyder et al.,
1973), tiered organization of the rhabdom and some photostable
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Fig. 7. Ommatidial heterogeneity revealed by serial block face-scanning electron microscopy (SBF-SEM). (A) An image from the SBF-SEM stack at
the depth of about 240 uym from the distal tip of the rhabdom. The rhabdomeres whose areas were measured were painted. L/L, long/long; S/S, short/short; L/S
(S/L), long/short (short/long). Scale bar: 10 um. (B) Rhabdom areas plotted against the rhabdom depth. The hexagonal pattern in each graph shows the

position of the particular ommatidium in the EM image in A.

screening pigments (Stavenga and Arikawa, 2011). In fact, the
P. sita photoreceptors contain at least two kinds of pigment granules
around the rhabdom (Fig. 6B), which are most likely acting as
spectral filters by absorbing the boundary wave of the light
propagating in the rhabdom (Stavenga and Arikawa, 2011).
Additional molecular biological and anatomical experiments are
necessary to fully comprehend the observed G receptor variations.

Comparative aspects

The UV, B and G receptors of P. sita most likely express the visual
pigments P365, P446 and P550, respectively. The trichromatic
expression pattern appears common in nymphalids, including those
that perform long-distance migration (Briscoe and Bernard, 2005;
Briscoe et al., 2003): exceptions are Heliconius species, which have
two distinct UV opsins (Briscoe et al., 2010; McCulloch et al.,
2016). The visual pigment molecules of nymphalids are highly
homologous, suggesting that opsin expression is conserved across
migrating nymphalids (Sauman et al., 2005). Despite this, the Ay
of the B and G receptors are long wavelength shifted in P. sita
(446 nm and 550 nm) compared with D. plexippus (435 nm and
545 nm) (Stalleicken et al., 2006), reflecting subtle differences in
the visual system of these two species. In fact, the 550 nm peak is
the second longest among G receptors of nymphalids following
580 nm of P. c-aureum (Kinoshita et al., 1997). It would be
particularly interesting to investigate whether or not this difference
has been created through positive selection, as seen in Limenitis
species (Frentiu et al., 2007).

We measured photoreceptor PS to localize them in the
ommatidium based on the orientation of the rthabdomeral microvilli
(Arikawa and Uchiyama, 1996; Bandai et al., 1992; Lin, 1993,
Moody and Parriss, 1961). In general, photoreceptors with short
rhabdomeres are reported to exhibit higher PS ratios than those with
longer rhabdomeres (Snyder, 1973). Here, we found in P. sifa that an
average PS ratio of 1.8 is maintained across all spectral receptor
classes (Table 1). The rhabdomeres of R1 and R2 are shorter than
those of R3-R8, but their microvilli are curved with oscillating
orientation, which probably suppresses their PS (Fig. 6B,C). Similar
rhabdomeric configuration is found in a number of butterflies
(Arikawa et al., 1999; Gordon, 1977; Kolb, 1978; Qiu et al., 2002).
This is probably a widely employed strategy to reduce PS of selected
photoreceptors similar to the rhabdom twist observed in bee
photoreceptors (Menzel and Snyder, 1974; Wehner et al., 1975). In
fact, the UV- and blue-sensitive R1 and R2 of Pieris rapae have
virtually no PS because of the curved rhabdomeral microvilli (Blake
etal.,2019). Still, P. sita, as well as D. plexippus (Reppert et al., 2004;
Stalleicken et al., 2006), retains a set of photoreceptors sensitive to
vertical, horizontal and diagonal polarization in the main part of the
eye. The PS ratio of D. plexippus photoreceptors appears to be
slightly higher (PS=~2.8) than the value PS=~1.8 of P. sita (Reppert
et al., 2004; Stalleicken et al., 2006), although the significance of this
difference needs further study. A set of polarization-sensitive
photoreceptors would provide the physiological basis for some
degree of polarization vision, if any, as in Papilio butterflies (Kelber,
1999; Kinoshita et al., 2011; Stewart et al., 2019).
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We found a correlation of SS and PS of photoreceptors in P. sita:
UV and B receptors are sensitive to vertically (0 deg) polarized
light, while G receptors are sensitive to 45 deg, 90 deg and 135 deg
polarized light. This correlation is well conserved across
butterflies (Bandai et al., 1992; Blake et al., 2019; Kinoshita
etal., 1997), which has given rise to polarization-dependent color
vision in Papilio. This combined visual capacity appears to
function as a ‘matched filter’ for ovipositing females to find the
best leaf on which to lay eggs based on the angle and color of the
leaf (Kelber, 1999; Kelber et al., 2001). It would not be surprising
if P. sita uses such a combined capacity to create matched filters in
some specific behavioral context.

The anatomy of P. sita eyes (Figs 6 and 7) is of a rather simple
nymphalid type (Gordon, 1977). This study provides clear
evidence that their eyes are furnished with the basic set of UV,
B and G receptors. The observed polymorphism of G receptors of
P. sita is more like P. c-aureum, a non-migrating flower feeder
(Kinoshita et al., 1997) than the migrating D. plexippus
(Stalleicken et al., 2006). This may reflect possible difference in
their feeding behaviors.

There is still a possibility that P. sita also has red-sensitive
photoreceptors. This is because the epi-illumination microscopy of P.
sita has revealed that small numbers of ommatidia have dark red
tapetal reflection among the majority of yellow-reflecting ommatidia
as in other Parantica species (Stavenga et al., 2001). The dark red
tapetal reflection is due to dense red perirhabdomal pigment, which
makes P560-expressing photoreceptors into dark red receptors
peaking at 640 nm in the eye of Pieris rapae (Stavenga and
Arikawa, 2011). However, we did not encounter photoreceptors
with the peak wavelength longer than 560 nm in the present study.
Such receptors perhaps occur more in the ventral eye region where
P. sita see objects on the ground, such as nectar providing flowers.
Or, these receptors may be the small basal R9 photoreceptors that
had little chance to be penetrated. The red-reflecting ommatidia are
absent in V. cardui and V. atalanta that have only three classes of
spectral receptors (Briscoe et al., 2003; Zaccardi et al., 2006), but
probably exist in D. plexippus (Miller and Bernard, 1968;
Stavenga et al., 2001). This suggests that differences in the
photoreceptor complement available to different migratory
nymphalids are phylogenetically influenced.

Whether and how P. sita also uses polarized light cues and a sun
compass to orient itself would also be of particular interest. If this is
the case, it would be necessary to investigate the dorsal rim area to
determine whether the neural basis for this behavior is similar to D.
plexippus. Differences in the onset of the migratory mode between
P. sita and D. plexippus will also allow us to further dissect the
formation of the neural circuits responsible for visual orientation
during migration in P. sita.
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