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Summary
Spectral sensitivities of individual photoreceptors in  sensitivity measurements. The dorsal and ventral domains,
the compound eye ofManduca sextawere verified by separated at a well-defined equatorial border, are
immunocytochemistry, and the retinal mosaic was distinguished by differences in the proportion of blue-

mapped, using polyclonal antisera raised against amino-
terminal sequences of three identified rhodopsins: P520,
P450 and P357. Retinulae are composed of a small
proximal cell and seven or eight elongate cells extending
across the retina. In each retinula, one or two elongatév
cells oriented in the dorsal-ventral axis of the retinal lattice
express either P450 or P357. Six elongadg and ob cells in
the anterior—posterior and oblique axes express P520. The
small proximal pr cell also appears to express P520. The
retinal mosaic is regionalized into three distinct domains:

sensitive dv cells: these cells dominate the ventral retina
but are less abundant in the dorsal retina. Green-sensitive
ap and ob receptors are uniformly distributed across the
dorsal and ventral domains, and UV-sensitivalv cells are
fairly uniformly distributed because many retinulae in the
dorsal domain contain only onedv cell. Similarly, dorsal
rim retinulae contain only the ventral member of thedv
pair of receptors, two-thirds of which express P357.
Otherwise, dorsal rim receptors express none of the three
sequencedManduca opsins; they must express rhodopsins

ventral and dorsal domains that divide the main retina,
and a large dorsal rim area. The immunocytochemical data
provide a high-resolution map of theManducaretina that

confirms and refines earlier low-resolution ERG spectral

that have yet to be cloned.

Key words: Sphingidagvianduca sextarhodopsin, retinal mosaic,
regionalization, dorsal rim.

Introduction

Most sphingid moths, as exemplified yanduca sextaare  ERG spectral sensitivity and the cloning of three opsin cDNAs
crepuscular or nocturnal foragers. They feed on the nectar frof@hite et al., 1983; Bennett and Brown, 1985; Chase et al.,
flowers that are typically white or palely colored but do notl997; Bennett et al., 1997). The G and UV photoreceptors
reflect wavelengths below 490n (White et al., 1994; Cutler expressing P520 and P357 were identified by electron
et al., 1995). The spectral sensitivity curve of spontaneousicroscopy (EM) through the structural effects of intense
foraging shows a prominent peak in the blue atts0vith a  colored light, but the B cells expressing P450 were not found
minor peak in the green at 58th; wavelengths below 460n  (Cutler et al., 1995). Here, we confirm the identity of the G
in the ultraviolet inhibit or interfere with foraging (Cutler and UV receptors and identify the B receptors by opsin
et al.,, 1995). Electroretinogram (ERG) spectral sensitivitimmunocytochemistry. This approach has also provided a map
measurements indicate that green-sensitive (G) and U\Gf the retinal mosaic of photoreceptors that refines our low-
sensitive (UV) photoreceptors are distributed uniformly acrosgesolution ERG data. Our aim is to examine more precisely the
the retina, whereas blue-sensitive (B) receptors are locatéyypothesis that B receptors, predominant in spontaneous
only or mainly in the ventral retina. From these results, wéoraging behavior, are localized to the ventral retina.
hypothesized that the ventral retina is functionally specialized
for flower localization and foraging behavior (Bennett et al., )

1997). Materials and methods

The spectral sensitivity of foraging is consistent with our Animals
knowledge of the visual pigments expressed in the retinal Manduca sexta. were reared on a carotenoid-rich artificial
photoreceptors oManduca Three rhodopsins — P520, P450 diet under conditions described previously (Bennett and White,
and P357 — have been characterized by spectrophotomet®yg89).
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Antisera retinulae; the resulting uniquely shaped blocks of retinulae
ThreeManducaopsin cDNA sequences were cloned fromgreatly facilitated precise alignment of adjacent sections.
retinas and identified by Chase et al. (1997): MANOP1
encodes P520; MANOP2, P357; MANOP3, P450. Rabbit anti- Retinal morphology
opsin antibodies were generated to the tieaducaopsins. Isolated retinas were fixed in cacodylate-buffered
The amino terminus of MANOP2 with added His.Tagglutaraldehyde—formaldehyde and processed according to
sequence, 'STNFTQELYEIGPMAYPLKMISKDVAEHML- standard procedures (White and Bennett, 1989). Thick sections
GWNIPEEHQDLVHDHWRNFPAVSKYWHTALALLYIFF-  were photographed in a Zeiss WL compound microscope, and
TFAALVGHHHHHH-3', was expressed in BL21 (DE3) thin sections in a Philips 300 electron microscope. Whole
NovaBlueEscherichia colwith the expression plasmid vector retinas and hand-cut sections were photographed in a Wild M5
pET-30a (Novagen, Madison, WI, USA). One hour afterstereomicroscope.
induction, a peptide of appropriate molecular masskP#
appeared on SDS—-PAGE gels of total protein from culture Rhabdomere volumes
samples. The expressed target peptide was purified through aMorphology and volumes of the rhabdomeres of the
Novagen His.Bind column under denaturing conditions, run odifferent classes dflanducaphotoreceptors were determined
a 22% SDS-PAGE gel, and the target band was exciseds follows. A single tangential electron microscope section was
Rabbit antisera to the excised gel band were prepared lohosen that extended from the distal surface of a retina to
Charles River PharmServices (Wilmington, MA, USA). Asbelow the proximal basement membrane near the center of the
similar efforts to express P520 and P450 failed, shontetina. Low-magnification electron micrographs were taken of
synthesized peptides from amino-terminal segments were usadcomplete set of tangentially sectioned retinulae in two
to raise antisera against these opsins: P52DPBIWYQF-  parallel rows, to provide a composite of 21 profiles of retinulae
PPMNPLWH-3; P450, 3EEHQDLVHDHWRNFPAVSK- distributed across the full width of the retina (Fig\). In order
5'. Peptides and antisera were provided by Zymed Laboratori¢s determine the plane of this tangential section across the
(San Francisco, CA, USA). retina, a line was projected on a light micrograph of a
Antisera were assessed from western blots of retinal extradtngitudinal section from a different retina that intersected 11
subjected to SDS—-PAGE electrophoresis. Dissected retinastinulae, the number in the longest row of electron
were ground in 0.moll-1 phosphate buffer, pH 7, with micrographs (FiglB). From this, the actual depth of each
1mmoll-? EDTA (Sigma, St Louis, MO, USA) and profile could be determined. The profiles were then treated as
centrifuged at 16 006. The pellet was washed in phosphatethick, virtual, serial cross-sections of a single retinula from
buffer to remove solubilized screening pigment
extracted in SDS (Sigma). Following centrifugat A
aliquot parts of supernatant were subjectec
SDS-PAGE electrophoresis  with  pre-stai
molecular mass standards (Bio-Rad, Hercules,
USA). Western blots (blocked with 5% bovine se
albumin) were prepared with the ABC reagents 1
Vector Laboratories (Burlingame, CA, USA). Bl
were stained with 4-chloro-1-napthol in ethe :
mixed with peroxide buffer (Sigma). Hied f
Immunocytochemistry "
Retinas were fixed in phosphate-buffered
paraformaldehyde and cut into various pieces ¢
the anterior—posterior and dorsal-ventral &
Retinal pieces were oriented in paraffin blc
and sectioned at ®Bm. An ABC peroxidas
immunostaining protocol with VIP substr ,
(provided in kits from Vector Laboratories) was u 240+
for localizing opsins to individual retinulae &
receptor cells (intense autofluorescence precl
fluorescent tags). Digital images of sections \

Co”eme‘?' by Scion Image. software from an Olym Fig. 1. lllustration for method of measuring rhabdomere volumes. (A) Profiles
BX60 microscope. Localization of the three op:  (see Fig5A) of two adjacent rows of retinulae traced from electron
was compared in adjacent sections. DU  micrographs of a tangential section extending from the retinal surface to the
histological processing, retinas fractured randc  basement membrane. (B) Inferred plane of section projected across a light
along the tracheole palisades that separate  micrograph of a longitudinally sectioned retina.

. 1404
1604 |




Retinal mosaic oflanduca 3339

which rhabdomere volumes could be estimated. Correspondi
cells were identified from their positions in the photorecepto
rosette in each sectioned retinula, and the areas of the
rhabdomeres were measured and appropriately adjust
downward to compensate for profile elongation resulting fro
the tangential cut. To summarize, this procedure enabled t
reconstruction, from a single tangential section, of a set ¢
virtual serial sections, for which thickness dimensions could b
inferred and within which rhabdomere areas could bg
measured. Rhabdomere volumes for each cell type we
calculated from these values.

Results
Organization of thélanducacompound eye

Manducahas a typical lepidopteran superposition eye. Wy
calculated that the eye is composed of approximate0R7
facets based on counts from isolated corneas. Facet diamg
(30.3£1.8um, mean #s.e.M.) varied little across the cornea.
Screening pigment is restricted to the primary pigment cell
enclosing the crystalline cones, the distal ends of the secondd
pigment in the clear zone and the small proximal ends of t
secondary pigment cells at the basement membrane (Bani
and White, 1987). Receptor cells contain no ommochrom
granules.

When the retina is exposed by cutting away the cornea a
associated pigment, it appears irregularly yellow to orangg
except for a large, distinctive dorsal rim area, which has a mo
transparent bluish appearance (2g). We will refer to the
main retina as the ‘yellow retina’ to distinguish it from the f
dorsal rim. Since the retinas of carotenoid-deprived moths a ds
white, the yellow color presumably results from carotenoid;
deposited in the retina (Bennett and White, 1989).

From its area, approximately 0.2%1?, we estimate that the
dorsal rim contains about 1000 retinulae. Two factors marig. 2. Retina ofManduca sexta(A) Dorsal aspect of an unfixed
account for its distinctive appearance. Perhaps it contains leretina dissected free of the cornea and clear zone. Anterior is to the
carotenoid. In addition, there is a difference in the tapetum thrright. The blue patch is the dorsal rim area. Scale bamnt5
is responsible for the eye glow of the dark-adapted ey(B) Freehand vertical section of a glutaraldehyde-fixed retina
(Banister and White, 1987). The tapetum is provided bzphotographed in reflected light. Dorsal is at the top, distal to the left.
tracheoles that branch into the retina from a single tracheal cThe highly refle_ctive tracheqles (t) extend al_most to the distal surface
that underlies each retinular unit. In the yellow retina, thedS) of the retina, except in the dorsal rim area (dr). Scale bar,
tracheole branches extend nearly to the surface of the reti100um. (C) Retinulae dissected from the center of a fixed retina

. . . . photographed in transmitted light: tracheoles are opaque, extending
(Figs2B,C, 3A, 4B), densely surrounding and isolating eacracross the retina to just below the distal tips of the retinulae. bm,

retinula from its neighbors. In the dorsal rim area, théyasement membrane beneath the retina. Scale bam.1() Dorsal
tracheoles terminate just above the basement membraym retinulae. Tracheoles envelop only the proximal ends of the

(Figs2B,D, 4A). The blue cast of the retina may come fromyetinulae. Scale bar, 30m.
underlying screening pigment made visible by the reduce
tracheal tapetum.

Each retinula is made up of a small proximal cell and sevemember of the pair may be missing: Carlson et al., 1967; Cutler
or eight elongate photoreceptor cells that span the full depth et al., 1995) oriented in the dorsal—ventral axis of the retina;
the retina. Morphological details of retinulae in the yellowtwo ap cells in the anterior—posterior axis; and four obligbe
retina and the dorsal rim area are presented in5Fihe  cells. In the yellow retina, the rhabdomeresdofcells are
elongate cells can be distinguished by characteristicestricted to the distal half of the retinula. The rhabdomeres of
morphologies and their positions relative to the axes of ththe ap andob cells extend most of the length of the retinula
hexagonal lattice of the compound eye (Cutler et al., 1995hut have distinctive rhabdomere morphologies (B)g.The
There are one or twdv cells (either the dorsal or ventral proximalpr cell lies at the center of the retinula just above the
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A B basement membrane with its rhabdomere on either side in the
pm : . . .

anterior—posterior axis. Electron micrographs M&nduca
retinulae can be found in Cutler et al. (1995) and earlier papers
cited therein. Rhabdomere volumes (RBpwere estimated for
each morphological class of receptor, as outlined in Materials
and methods, from the set of 21 retinulae shown inIFidv
cell, 1574um3; ap cell, 1063um3; ob cell, 964ums3; pr cell,
315ums.

The same set of elongate receptors can be recognized in
dorsal rim retinulae from their orientations; however, only the
ventral dv cell is present. Rhabdomere organization is also
distinctive: microvilli are oriented orthogonally; those of the
oband narrowdv cells parallel to the dorsal—ventral axis of the
eye, those of thap cells parallel to the anterior—posterior axis
(Fig.5B). From a limited EM study, we found that this
structure is preserved down the full length of the retinula. We
have not determined whether or nqtrecell is present.

Vgy=1574 pm3

Vob=964 pm3

Assessment of anti-opsin antisera
Fig. 6 shows western blots of the three rhodopsin antisera.
There is a major band in each rhodopsin lane at approximately
37kDa, as expected (Bennett and White, 1989; Chase et al.,

Vap=1063 pm3 1997). Antisera immunostained specific rhabdomeres in retinal
3 sections with little background. Rhabdomeres were not stained
Vpr=315 pm above background in control sections processed without

primary or secondary antibodies.

6 20 4'06 200 20 Localization of opsins to receptor cells

|.|m2 In longitudinal sections of the yellow retina, anti-P520 was
seen to stain rhabdoms from just below the distal surface of
Fig. 3. Rhabdomere volumes of receptor cells near the center of thge retina to just above the basement membrane TRjg.
ret?na. (A) Light micrograph of longitudinal section _showing two \where the rhabdomeres of thp, ob and pr cells are found.
retinulae. bm, basement membrane; ne, nuclei of elongalgy; pa5y and anti-P357 stained the rhabdom distally, where

photoreceptors; np, nucleus of small proximal receptor; r, rhabdon%'he thabdomeres of tha cells are located (FigB,C)

t, tracheoles; te, tracheole ends. (B) Rhabdomere volumes, C fi ided ) identificati f
calculated from 21 virtual sections (see Materials and methods and ross-sections provide . precise | en ication 0
Fig. 1A) of photoreceptors in relation to depth of retina. Eachlmmunolabeled cell types. Fi§.compares staining for P520

rectangle represents a virtual section: its vertical side represents #ed P357 in adjacent sections from aboupi¥Obelow the
section thickness; the horizontal side represents the area of thetinal surface. Anti-P357-stained rhabdomeres oriented in the
rhabdomere. The calculated rhabdomere volume for each cell type@®rsal-ventral axis of the retina (F&B), whereas anti-P520-
indicated. stained rhabdomeres oriented on either side @AY.
Comparison of this pattern with the EM image of a
retinula at a similar depth in the retina (F5é;

70 um) confirms that P357 is expresseddwcells

and P520 byp andob cells. However, Fig8B also

Fig. 4. Comparison of dorsal rim retinulae with nearby
retinulae of the yellow retina in the same section stained
with anti-P357 and photographed with phase interference
optics to enhance images of rhabdoms. (A) Dorsal rim
retinulae with typical butterfly-shaped rhabdoms. Note
the absence of surrounding tracheoles. The narrow
ventraldv cell is stained in the retinula on the far right.
(B) Retinulae surrounded by tracheoles (t) from an
adjacent region of the yellow retina. Tvdv cells are
stained in the retinula on the far left; only one cell is
stained in the other retinulae. Scale barnil
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Fig.6. Proteins from Manduca retina. (A) SDS-PAGE
electrophoresis of aliquot parts of retinal homogenate equivalent to
0.1 retina, calibrated with molecular masses of Bio-Rad protein
standards. (B,C,D) Western blots with antisera against P520, P450
and P357, respectively, showing a major band at approximately
37kDa. (E) Control blot lacking primary antibodies.

P520

Fig.5. Organization of retinulae from the yellow retina and dorsal
rim. (A) Tracings of electron micrographs from sectioned retinulae
near the center of the retina, showing the component photoreceptc
and their rhabdomeres (shaded). The dorsal-ventral axis of the reti
is vertical. The depth of each retinular profile from the surface of th
retina (see Figd) is indicateddv, dorsal-ventral receptor cellap,
anterior—posterior cellspb, oblique cells;pr, proximal cell. (B)
Tracing from electron micrograph of a retinula from the dorsal rimFig. 7. Longitudinal sections from the same retina immunostained
area. The structures of the eight elongate receptor cells do not vewith antisera to the three characterizddnducaopsins. (A) Anti-

with retinal depth (the baspr cell has not yet been found). Only the P520. (B) Anti-P450. (C) Anti-P357. The dark blotches just above
ventraldv cell is present. Orientations of photoreceptor microvilli arethe basement membrane (bm) in A are screening pigment, not stain.
indicated by double-headed arrows. Scale bpm1 Scale bar, 1gm.
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P520 P357 P357 P450

‘ . A B
A B e Fig. 9. Adjacent immunostained sections from the ventral domain of
the retina. (A) Anti-P357. (B) Anti P-450. Asterisks mark retinulae
Fig. 8. Adjacent immunostained sections from the ventral domain cin which onedv cell stains for P357, the other for P450. Scale bar,
the retina, approximately 70m from the surface of the retina. The 10um.
dorsal-ventral retinal axis is vertical. (A) Anti-P520. Rhabdomere:
of ap and ob cells are stained. (B) Anti-P357. Sorde cells are

stained. A retinula in which bottiv cells are stained is marked with dorsal-ventral and anterior—posterior axes. As no
an asterisk. Scale bar, fufn. anterior—posterior differences were found, the data for dorsal

quadrants are combined, as are those from ventral quadrants.
The dorsal and ventral densities df cells expressing P357
indicates that that manglv cells express neither P357 nor were similar: approximately 60 cells per 100 retinulae.
P520. Adjacent sections stained with anti-P357 or anti-P45However, cells expressing P450 were much more abundant in
(Fig. 9) show thatdv cells express either P357 or P450. Noventral retinas: approximately 140 receptors per 100 ventral
instances were found in which more than one rhodopsin wastinulae compared with approximately 35 receptors per 100
expressed in the same cell, as reported in the butRafifio  dorsal retinulae.
xuthus(Kitamoto et al., 1998). To summarizg andob cells Detailed maps of the retinal mosaic were assembled from
are green-sensitive (G) receptors expressing Rb2ells are  three sets of exceptionally well-stained adjacent sections from
either blue-sensitive (B) or UV-sensitive (UV) receptorsthree different retinas showing large patches of retinulae from
expressing P450 or P357, respectively. dorsal, central and ventral regions (Fi§; Table2). Fig.10C
Close examination of longitudinally sectioned retinulaeshows a portion of a larger ventral patch; almost all retinulae
strongly suggested that the proxinl cell also expresses in this region had twalv cells, with B cells that expressed
P520, but its small rhabdomere cannot be distinguished with450 predominantly. 69% of tiay cells were B receptors,
certainty in the light microscope. It certainly does not expresgiving a density of 137 B cells and 62 UV cells per 100
either P357 or P450. retinulae.
Neither P520 nor P450 was expressed in dorsal rim Fig.10B shows the dorsal patch, which included retinulae
retinulae. However, some of the ventdal cells stained for

P357 (Fig4A). Table 1.Densities oflv photoreceptor celfsexpressing either

P450 or P357 in dorsal and ventral halves of the central

Regionalization :
retina ofManduca sexta

The pattern of expression of the three opsins was examined

in samples from all sectors of the retina. P520 was expressed DorsaF Ventral
uniformly in ap andob cells in all regions of the yellow retina dv cells expressing P450 35+9.3 (6) 139+18.6 (8)
but was not expressed in the dorsal rim area. Regional dvcells expressing P357 63+9.4 (7) 57+15.9 (8)
differences in the expression of P357 and P45dvicells of

the yellow retina are shown in Tables 1, 2 and Fiy.The Values are meansst.M. (sample size is given in parentheses).
immunocytochemical data summarized in Tablevere Number of stained cells per 100 retinulae.

gathered from retinas cut into quadrants along the “Dorsal rim notincluded.
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Table 2.Distribution ofdv photoreceptor cells expressing either P450 or P357 (fromIEyin central domains of the retinal
mosaic oManduca sexta

Equatorial patch

Dorsal patch Dorsal Ventral Ventral patch
Number of retinulae 554 341 216 1112
Retinulae with two stainedv cells 12 177 171 1107
Retinulae with one staineaty cell 516 155 41 5
Retinulae with no stainedy cells 26 9 4 0
Number of stainedv cells 540 509 383 2219
dv cells expressing P450 184 130 254 1524
dv cells expressing P357 356 379 129 695
Density of blue-sensitive cefls 33.2 38.1 117.6 136.9
Density of UV-sensitive celfs 64.3 1111 59.7 62.4

1Dorsal rim area not included.
2Number of stained cells per 100 retinulae.

from both the yellow retina and dorsal rim. Here, only dne of Ribi (1978), in whichdv cells are 1 and Zp are 3 and 4,
cell was stained in most retinulae at the dorsal edge of th@bare 5, 6, 7 and 8, and tpe cell is 9.
yellow retina, with 66% of stained cells expressing P357. In The distinctive features dflanducadorsal rim retinulae
addition, a number of retinulae showed no stathetklls. The indicate that they function, as in other insects, for perception
densities of B and UV receptors were 33 and 64 cells per 1Qff polarized light (Kolb, 1986; Labhart and Meyer, 1999;
retinulae, respectively. Labhart et al., 1992, 2001): rhabdoms have orthogonally
The patch from the middle of the retina (Fi§D,E) showed oriented microvilli for analyzing the plane of polarization,
that a distinct equatorial border separates the predominantynd retinulae lack mutually isolating features such as
UV-sensitive dorsal and predominantly blue-sensitive ventratcreening pigment or tracheole sheaths to enable large
halves. Below this border, most retinulae have tivaells, visual fields. The dorsal rim area Bfanducais remarkable
66% of which express P450. The densities of B and UVor its large size, encompassing about 1000 retinulae. It
receptors were 118 and 60 cells per 100 retinulae, respectiveeems likely that this is an adaptation for the unique
On the dorsal side of the border, half of the retinulae had onlyehavioral ecology of such crepuscular/nocturnal sphingids;
onedv cell, and 74% expressed P357. The densities of B arttiey are strong flyers that navigate over long distances under
UV receptors were 38 and 111 cells per 100 retinulagdim light (Janzen, 1984; Haber and Frankie, 1989). Similar
respectively. dorsal rim areas have been reported for other moth species
In the portion of the dorsal rim area shown in B@B, [the sphingidDeilephila elpenor the noctuidsSpodoptera
about one-third of 124 retinulae showdtells that expressed exemptaand Plusia gamma(Meinecke, 1981) and the
P357, while none expressed P450. 65% of 2125 retinulae frosaturnid Anthera polyphemugAnton-Erxleben and Langer,
five larger dorsal rim samples (data not shown) contained a cdlB88)].
expressing P357. As all dorsal rim retinulae surveyed in

electron micrographs contained a venthalcell, the lack of Spectral classes of photoreceptors

P357 expression does not reflect the absends oélls from The classification oManducaphotoreceptors depends on
unstained retinulae. None of the dorsal aipandobcells was the proper assignment of the cDNA sequences used to generate
stained by antisera to any of the three opsins. anti-opsin antisera. As the opsin-encoding cDNAs isolated

from Manducaretinas have not been expressed, their initial
. ) identification was based mainly on similarities to other
Discussion arthropod opsin sequences (Chase et al., 1997). Our conclusion
Organization of retinulae that MANOP1 encodes P520, MANOP3, P450 and MANOP?2,
The organization of th&landucaretinula is similar to that P357 has been strengthened by the subsequent isolation of
of Deilephila elpeno(Welsch, 1977; Schlecht, 1979; Schlechtmore insect opsin sequences (Briscoe, 1998, 2000, 2001;
et al., 1978) and other sphingids (Eguchi, 1982). It is a variaf@riscoe and Chittka, 2001) and confirmed by the results
of the basic architecture of the lepidopteran retinula (Johnapresented here. We have verified, in particular, the assignment
1910; Gordon, 1977; Kolb, 1977, 1985, 1986; Maida, 19770f the similar MANOP2 and MANOP3 sequences to the P357
Ribi, 1978, 1987; Shimohigashi and Tominaga, 1986, 199Jand P450 rhodopsins, respectively. Antisera to an expressed
1999; Bandai et al., 1992; Kitamoto et al., 2000; Kelber et alfragment of MANOP2 mark the distal rhabdomeredwtells
2001; Qiu et al., 2002; Briscoe et al., 2003), whose constituetthat were previously identified as UV receptordVianduca
cells have been designated by numbering schemes, notably t@utler et al., 1995) and in the similar retina of the sphingid
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Deilephila (Schlecht et al., 1978; Schlecht, 1979) through thevhereas MANOP2 expression, like UV sensitivity, is more
morphological effects of light. Furthermore, we show thatuniformly distributed.

MANOP3-expressinglv cells are concentrated in the ventral Our conclusions foManducaare corroborated by similar
retina where B cells are localized (Bennett et al., 1997)nalyses of opsin expression in the compound eyes of the
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butterflies Papilio xuthus(Kitamoto et al., 1998, 2000) and dorsal and ventralvreceptors are randomly distributed among
Vanessa carduBriscoe et al., 2003). Receptors correspondingne-celled retinulae. Towards the dorsal edge of the dorsal
to Manduca dvcells express homologous blue- and UV-domain, more than 90% are ventral cells, the same asymmetry
sensitive rhodopsins; those corresponding afp and ob  seen in adjacent dorsal rim retinulae (3i@B).

receptors express P520 homologs. Although the gmaiéll The density of B and UV receptors (against a uniform
in theManducaretina cannot be clearly distinguished by light background of G receptors), expressed as number of cells per
microscopy, it also appears to express P520. This conclusid®0 retinulae, is shown in Table in the dorsal retina, 35 B

is strengthened by the expression of P520 homologs in tlend 63 UV; ventrally, 139 B and 57 UV. B cells dominate the

corresponding cells d?apilio andVanessa ventral domain and are reduced, but not missing, as suggested
_ _ by Bennett et al. (1997), from the dorsal domain. UV cells, like
Retinal mosaic G cells, are fairly evenly distributed across the retina except

The division of theManducaretina into distinct dorsal and for a region of higher density just above the equator. There is
ventral domains seems a common, perhaps basic, feature in tie obvious pattern in the local distribution of B and UV
differentiation, morphology and function of the insectreceptors in either domain. The question of pattern can be
compound eye (White, 1961; Stavenga, 1992; Wolff andxamined quantitatively in the ventral patch shown partially in
Ready, 1993; Kitamoto et al., 1998; Briscoe et al., 2003). Fig. 10C, where nearly all retinulae have tdwcells. B and

Nearly all retinulae near the ventral margin of the eye havelV cells are randomly distributed among dorsal and ventral
two dv cells (Table2; Fig.10C). Retinulae showing only one pairs, with 537 B/B, 449 B/UV and 121 UV/UV, i.e. a binomial
stained cell are frequent in the dorsal half of the retina. Wdistribution £>0.2) in which the frequency of B and UV cells
cannot tell with light microscopy if they actually have only ais 0.69 and 0.31, respectively. The details of the mosaiw of
single dv cell, but electron microscopy (micrographs notreceptors (Tabl@; Fig.10) suggest two mechanisms that
shown) qualitatively supports this inference. However, it ismight control elaboration during retinal differentiation. First,
possible that some of these retinulae may includedtwneells,  differing relative strengths in each domain of determinants
one of which expresses an as yet unidentified rhodopsin. Thilsat, acting randomly on nascenlv cells, specify the
suspicion arises because some retinulae, especially dorsadlifernative expression of P450 or P357. Secondly, the deletion
(Table2; Fig.10B), stain for neither P450 nor P357, and, aor developmental arrest of sonde cells, an action that is
deduced below for the dorsal rim area, we clearly have ngrominent in the dorsal domain and is graded from dorsal to
identified all the rhodopsins of tiManducaretina. Although ventral. The combined operation of these mechanisms could
retinulae lacking bothdv cells have not been detected inresult in the observed features of the mosaic. First, a high
electron micrographs, they easily would have been missedensity of B receptors in the ventral domain and a low density
Retinulae with one stainedv cell become more frequent of B receptors in the dorsal domain resulting from the different
towards the dorsal edge of the ventral domain and increagalances between determinants in each domain. Second, a
across the dorsal domain. In the equatorial region, stainddirly uniform density of UV receptors across both domains,
but with a region of higher density towards the equatorial
margin of the dorsal domain, resulting from the gradiemivof
Fig. 10. Retinal mosaic of blue- and UV-sensitive photoreceptorsge|| deletion. It will be informative to map the retina during its
(A) I;)iagram of the Manduca r.etina dravyn to scale,.sh.owing pupal differentiation.
locations of the retinal patches illustrated in B-E. Anterior is to the |, previous studies, we estimated the relative proportions

right. The equatorial division (eq) between dorsal and ventral retinadf the three visual pigments in tHdanduca retina from
domains is indicated, as is the dorsal rim area (dr). Scale bar P9

0.5mm. (B,C,E) Diagrammatic representations of retinal patchegheaélf'r_e,ments of rhodopsin absorption .and ERG spectral
mapped from adjacent sections stained for P450 and P35§?n5|t|V|tles. The most reger_1t, and we pelleve most accurate,
respectively. Each hexagon represents a retinula containingstimates were based on fitting rhodopsin nomograms to ERG
potentially twodv cells. A uniformly colored hexagon represents aSPectral sensitivity measurements from dorsal and ventral
retinula containing two identical cells. A hexagon divided in halfregions of the retina (Bennett et al., 1997). From the data
horizontally is a retinula with unlike or missing cells. Blue representpresented here, we can now estimate these values in a
cells expressing P450; red represents cells expressing P357; whiempletely different way, under the different assumptions

indicates no staining by either antiserum in that position. (B) Domaigjescribed in the Appendix, by combining receptor cell
in the dorsal retina that extends into dorsal rim region (dr), whosgensities and rhabdomere volumes.

margin is represented by the heavy line. Some dorsal-ventral rows ofln the dorsal domain, the ratio of the three rhodopsins

retinulae terminate before reaching the edge of the retina. Red Iin?I§520'P450'P357) ranges from 80:7:13 to 73:7:20° in the
in the dorsal rim region represent the narmdwecells that express t .I d . it g f 67'2.3'.10 t 69'é0.'10’ Th
P357. (C) Domain in the ventral retina. (D) Large patch at the centdfEntral domain, it ranges from e 0 09.20:10. ese

of the retina for which grayscale micrographs of adjacent section\éalueS may be compared with those derived from the ERG

immunostained for P450 and P357 have been superimposed afRectral sensitivity curves: dorsally, 88:0:12; ventrally,

arbitrarily colored (blue, anti-P450; red, anti-P357) in Adobe62:19:19 (Bennett et al., 1997). The similarity of rhodopsin

Photoshop. Scale bar, 10fh. (E) Equatorial sector from the ratios yielded by these different methods strengthens our
adjacent sections shown in D. conclusions.
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The photoreceptors in the retina of the buttexfgnessa 1994). These features of the spectral sensitivity of flower
cardui express three rhodopsins homologous to the thregsitation may arise from neuronal interactions in the medulla
Manducavisual pigments. The disposition of photoreceptorghat combine a large positive component from the blue-
in theVanessaetina is also similar to that seenManduca  sensitivedv cells, a lesser contribution from the small, green-
blue-sensitive cells are concentrated in the ventral half (Briscagensitivepr cells and an antagonistic influence from the UV-
et al., 2003). Briscoe et al. suggested that the retindarefssa  sensitivedv receptors.
andManducamay be closer to the ancestral lepidopteran retina Arikawa, Stavenga and associates (Arikawa and Stavenga,
than that ofPapilio, in which six opsins are provided by gene 1997; Arikawa et al., 1999b; Qiu et al.,, 2002; Stavenga,
duplication (Briscoe, 1998, 1999, 2000, 2001). In the sam2002a,b) have argued that the heterogeneous retinal
vein, we suggest that the similar patterns of regionalizationrganization of butterfly eyes is associated with color vision;
seen inManducaand Vanessamay be closer to the ancestral a sensory modality likely to be localized to the ventral retina
organization of the lepidopteran retina than the morén some species of these diurnal nectar feeders (Kinoshita
elaborately heterogeneous retinas of butterflies in which opsgt al., 1999). We have shown a similar heterogeneity in the
gene duplication and chromatic filtering by screening pigmentsetinal mosaic oManduca AlthoughManducas spontaneous
provide additional red- and violet-sensitive receptors (Arikawdoraging  behavior  demonstrates only  wavelength
and Stavenga, 1997; Arikawa et al., 1999a,b; Qui et al., 2008jscrimination, is true color vision also a possibility? Perhaps,

Stavenga et al., 2001; Stavenga, 2002a,b). because Kelber et al. (2002) have recently found that the
_ _ hawkmoth Deilephila elpenorcan employ color vision for
Rhodopsins of the dorsal rim foraging under nocturnal light intensities. The fine-grained

Only about one-third of thdv cells in the dorsal rim area map of photoreceptor distribution across Manducaretina
express P357, and the remaining cells express none of the thtbat we have presented here will benefit further investigation
opsins that we have characterized from cDNA sequencemito the remarkable capacities of scotopic vision in
There must be one or more opsins expressed iM#mluca hawkmoths.
retina that remain unidentified.

Neuro-behavioral implications Appendix: calculation of ratios of P520, P450 and P357 in

Dusk- and night-active hawkmoths likéanducadepend on domains of the yellow retina
their well-developed olfactory and visual sensory systems to The amount of visual pigment in a receptor cell should be
forage at night-blooming ‘hawkmoth flowers’ (White et al., proportional to the area of rhabdomeric membrane. Since it is
1994; Raguso and Willis, 2002). The visual component oEomposed of uniform microvilli, the area of membrane in a
spontaneous foraging behavior Manducais driven mainly  rhabdomere is proportional to its volume (White and Lord,
by blue-sensitive receptors (Cutler et al., 1995). The details df975). Hence, given reasonable assumptions, the rhodopsin
the retinal mosaic support our hypothesis (Bennett et al., 19973tio in a particular retinal domain can be represented by the
that the ventral retina plays a particular role in foraging. Theatio of the volumes of the rhabdomeres in the cells that express
spontaneous feeding behavior of butterflies is also dominateshch rhodopsin.
by blue receptors (Scherer and Kolb, 1987a,b), which, as The volume of rhabdomeres in cells expressing PBg)(
indicated above, are also concentrated in the ventral retina isfthe same in all domains of the main retina and is the sum of
the butterflyVanessa the rhabdomere volumes from F&yfor theap, ob andpr cells
Arikawa and Uchiyama (1996) proposed tthaandpr cells  (Vap, Vob andVpr, respectively). As calculated for a population
mediate color vision in the butterflpapilio xuthus They  of 100 retinulae:
pointed out that the axons of theandpr cells in Lepidoptera _ _
project to the medulla as long visual fibers, wheegeandob Vs20= 100(/ap+ 4Vop + Vpr) = 628700pm*.
cells terminate in the lamina (Ribi, 1987; Bandai et al., 1992; The corresponding volumes of rhabdomeres containing
Shimohigashi and Tominaga, 1986, 1991, 1999). Wavelength450 and P357 retinulae in a particular retinal domain are
discrimination in flies may be mediated by receptors giving riseepresented by the rhabdomere volume d¥ eell (Vav) from
to long visual fibers (Strausfeld and Lee, 1991). Although mor€&ig. 3 multiplied by the relative numbers @d¥ cells (Table2)
recent analysis indicates that other receptors inPyeilio  expressing P450 or P357 in 100 retinulae of that domain. Thus,
retinula must be involved in wavelength discriminationfor the dorsal domain (Fig.0B):
(Kelber, 1999), the original hypothesis of Arikawa and _ _
Uchiyama may be relevant to the visual systenvlahduca Vaso= 33.2x Vg = 52257um?,
especially if it represents a simpler ancestral organization than V357= 64.3% Vgy = 101208 um3 ,
that of Papilio. The spectral sensitivity of spontaneous
foraging inManducapeaks in the blue, has a low shoulder infor the dorsal domain just above the equator {FUf):
the green gnd cuts off sharply at 408 (Cutler et al., 1995). Vas0= 38.1x Vgy = 59969 um?3
The addition of UV wavelengths to mock flowers or
illuminated feeding stations hinders foraging (White et al., V357=111.1% Vgy = 174871um3,



for the ventral domain just below the equator (EQE):
Vas50= 117.6% Vgy = 185102pum3,
V357=59.7% Vgy = 93968 um3,
and for the ventral domain (Figj0C):
Va50= 136.9% Vgy = 215481 um3,
V357= 62.4% Vgy = 98218 um3.
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