The Journal of Experimental Biology 205, 927-938 (2002) 927
Printed in Great Britain © The Company of Biologists Limited
JEB3981

Visual pigments and oil droplets in diurnal lizards: a comparative study of
Caribbean anoles

Ellis R. Loewt*, Leo J. Fleishmah Russell G. Fostéi and Ignacio Provencid

1Department of Biomedical Sciences, Cornell University, Ithaca, NY 14853 2D&gartment of Biology,
Union College, Schenectady, NY 12308, @84&3Department of Biology, University of Virginia, Charlottesville,
VA 22903, USA
*e-mail: ERL1@cornell.edu
TPresent address: Department of Integrative and Molecular Neuroscience, Division of Neuroscience and Psychological Medialne, Imp
College School of Medicine, Charing Cross Hospital, Fulham Palace Road, London W6 8RF, UK
*Present address: Department of Anatomy, Physiology, and Genetics, Uniformed Services University of the Health Sciences 4301 Jo
Bridge Road, Bethesda, MD 20814, USA

Accepted 21 January 2002

Summary

We report microspectrophotometric (MSP) data for the  in short-wavelength-sensitive (SWS) and ultraviolet-
visual pigments and oil droplets of 17 species of Caribbean sensitive (UVS) cones. MSP data showed that the colorless
anoline lizard known to live in differing photic habitats  droplet in the SWS cone had significant absorption
and having distinctly different dewlap colors. The between 350 and 400 nm, while the colorless droplet in the
outgroup Polychrus marmoratusvas also examined to gain  UVS cone did not. The pattern forPolychrus marmoratus
insight into the ancestral condition. Except for Anolis  was identical to that for the anoles except for the presence
carolinensis which is known to use vitamin A as its visual ~ of a previously undescribed visual cell with a rod-like
pigment chromophore, all anoline species examined outer segment, a visual pigment with &max of 497 nm and
possessed at least four vitamin-Abased visual pigments a colorless oil droplet like that in the UVS cones. These
with maximum absorbance fmax) at 564, 495, 455 and 365 findings suggest that anoline visual pigments, as far as
nm. To the previously reported visual pigments forA.  they determine visual system spectral sensitivity, are not
carolinensiswe add an ultraviolet-sensitive one witthmax ~ necessarily adapted to the photic environment or to the
at 365nm. Five common classes of oil droplet were color of significant visual targets (e.g. dewlaps).
measured, named according to apparent color and
associated with specific cone classes — yellow and green inKey words: vision, microspectrophotometry, anoline, lizadplis
long-wavelength-sensitive (LWS) cones, green only in carolinensis Polychrus marmoratysvisual pigment, oil droplet,
medium-wavelength-sensitive (MWS) cones and colorless photoreceptor.

Introduction

Anoline lizards are diurnally active, visually oriented with the design features of their visual systems, looking for
animals that are known to possess an excellent, high-acuitprrelations that might help explain the functional significance
visual system (Underwood, 1970; Makaretz and Levine, 198@f different elements in the system. As regards spectral
Fite and Lister, 1981). There are over 300 species of anolsensitivity (overall and of individual sets of photoreceptors),
and they occupy a variety of habitats, making them a modehis approach has been used most successfully in studies of fish
system for studies of adaptive evolution. Here, we presentand other aquatic organisms in relation to the spectral quality
comparative spectral study of the photoreceptors of 18 specie§the waters they inhabit, where it has been shown that these
of anoline lizard of known evolutionary relationships from afeatures have apparently evolved in response to the color,
variety of different habitats. water clarity and depth at which the animals are found (Loew

Animal visual systems exhibit tremendous diversity. A tenetind Lythgoe, 1978; Bowmaker et al., 1994; Lythgoe et al.,
of the discipline of visual ecology is that this diversity is due 1994; Levine and MacNichol, 1979; Shand, 1993; McDonald
at least in part, to differences among species in the environmegmid Hawryshyn, 1995; Cronin et al., 1996; Partridge and
in which their visual systems function and in the visual task€ummings, 1999).
the systems are designed to carry out (see Lythgoe, 1979). AAttempts to apply the same process to terrestrial systems
common approach has been to examine the visual and phokiave generally not yielded such clear relationships (e.qg.
environment in which different animals live and to compare iPartridge, 1989). For example, Fleishman et al. (1997)
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measured overall spectral sensitivity and habitat light spectigshade, except that the background tends to include a mixture
for six closely related species of Puerto Rican anoline lizardf green (vegetation) and blue (short wavelengths from the
Although the species occupied microhabitats with distinctlysky). The anoline species from other islands can, in most cases,
different spectral irradiances, there was little difference amonglso be assigned to one of these habitat types (Fleishman, 2000)
the species in spectral sensitivity. Two possible explanatiornisee also Endler, 1992, 1993). However, as described above,
were offered for the lack of apparent correlation betweethe occupants of similar light environments on different islands
photic environment and spectral sensitivity: (i) since theare not usually closely related. For example, the Puerto Rican
species evolved relatively recently from a single commomrass anolénolis pulchelluss more closely related to the full-
ancestor, they may all share the ancestral condition and, fehade Puerto Rican speciesgundlachithan it is to the grass
whatever reason (e.g. lack of time or lack of appropriatanoles of Hispaniola or Cuba (Jackman et al., 1999).
genetic variation), they have not yet diverged in response to The retina of anoles is considered to be pure cone with three
habitat conditions; (ii) the visual systems have evolved irtlasses identified, double cones and large and small single
response to some specific photic aspect (e.g. backgrourdnes. All cells apart from the accessory member of the double
radiance, which in all cases was dominated by greeoone contain an oil droplet (Walls, 1934, 1967). Visual
vegetation) that is much more similar among habitats than gigment and opsin sequence data are available for one species,
habitat irradiance. Anolis carolinensis Provencio et al. (1992) reported the
To deduce the influences of both ancestral state amatesence of three visual pigments: long-wavelength-sensitive
environmental conditions on the evolution of specific traits(LWS) with maximum absorbancgn{ax) at 625 nm, medium-
one would ideally like to compare species with distinctlywavelength-sensitive (MWS) withXanaxof 503 nm and short-
different ecological conditions that share a common ancestmwyavelength-sensitive (SWS) withAznax of 462 nm, all using
and, conversely, species under common ecological conditiongamin Az as the chromophore. An ultraviolet-sensitive (UVS)
with distinct ancestry. opsin was later identified and expressed (see Yokoyama and
The genusAnolis has experienced a massive radiation androkoyama, 1996; Kawamura and Yokoyama, 1997) together
contains over 300 species. The best-studied species are thesth a second pigment similar Kmax to the MWS pigment
that occupy the islands of the Greater and Lesser Antillefut more closely related to rhodopsin. However, nothing is
Many of these islands appear to have been colonized oncelotown about the visual pigments of other anoles, nor have
twice, and from these original colonists a number of newhere been any reports concerning the spectral characteristics
species evolved on each island as the ancestral populatiohthe oil droplets.
diverged into distinctly different ecological niches (see In this paper, we present a study of the visual pigments and
Roughgarden, 1995). Detailed studies of the evolutionargil droplets of 17 species @folislizard from the Caribbean.
history and ecology of these species have shown that many dneaddition, we have included data @olychrus marmoratys
found on different islands and occupy very similar ecologicah South American lizard that is widely considered to be one of
niches (referred to as ecomorphs). However, the species on tine closest relatives ténolis (Jackman et al., 1999). The
different islands occupying similar ecomorphs are generallgpecies included are summarized in Fig. 1, which also shows
not closely related. In contrast, species from the same islartideir evolutionary relationships and typical photic habitat.
occupying distinctly different ecomorphs are typically closelyJackman et al. (1999) identified 17 distinct monophyletic
related, reflecting the pattern of colonization and radiatiotineages in the genus. Of these, five are represented in our
described above (Jackman et al., 1999; Losos et al., 1998). sample. The majority of the species come from two
The different ecological niches occupied are largelymonophyletic clusters of ecologically diverse species, one
determined by preferred substratum (e.g. tree trunks, gragspm Jamaica and one from Puerto Rico, which provide the
twigs, etc.) and range of preferred temperatures (Losos et abpportunity to examine the relationship between the light
1998; Rand, 1964; Hertz et al., 1994). An indirect consequen@nvironment and retinal design in closely related species. The
of these shade and substratum preferences is that each speotber species in our sample provide the opportunity to examine
occupies a habitat with a distinct and characteristic photithe visual system in the context of the overall evolutionary
environment. Fleishman et al. (1997) identified four distinchistory of the group. Finally, we have examined the outgroup
photic habitats for anoles on Puerto Rico. These included: (§peciesPolychrus marmoratugn an attempt to identify the
full shade, closed forest canopy where habitat irradiance mncestral condition (i.e. those features common to all the anoles
dominated by the green chlorophyll spectrum and total lightndPolychrus marmoratys
intensity is quite low; (ii) partial shade, dry, semi-open forest
or forest edge where light intensity is intermediate and
the irradiance spectrum includes a large short-wavelength Materials and methods
component coming from blue sky; (iii) full sun, open habitats The Puerto Rican lizards were collected in 1992—-1994 in the
such as grassy fields where light intensity is high and theicinity of Luquillo, and El Verde, Puerto Rico, under Puerto
irradiance spectrum is broadband and essentially that &fico DNR permits 92-52, 93-82 and 94-40. The remaining
sunlight; and (iv) canopy, species that live near the foresipecies were either purchased from Glades Herp (Fort Myers,
canopy, where the light environment is similar to that of partiaFL, USA) or kindly donated by other biologists including J.
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Polychrus marmoratus (South America) Full shade
Anolis extremus (Barbados) Partid shade
A. bahoruccersis (Dominican Republic)  Full shade
A. equestris (Cuba*) Canopy

A. carolinersis (North America) Partid shade

A. stratulus (PuertoRico) Canopy

A. evermanni (PuertoRico) Full shade
A. cristagllus (PuertoRico) Partid shade
A. gundlachi (PuertoRico) Full shade
A. pulchellus (PuertoRico) Full sun

A. krugi (PuertoRico) Partid shade
A. sagrei (Cuba*) Full sun

A. valercienni (Jamaica) Full shade

A. lineatopus (Jamaica) Partid shade

A. opalinus (Jamaica) Partid shade

A. garmani (Jamaica) Full shade/canopy

A. grahami (Jamaica) Partid shade

A. conspersus (Grand Cayman) Full shade/partid shade

D

Fig. 1. A cladogram showing the relationships between the species from this study based on Jackman et al. (1999) andah. (Redsumkah
communication). The lengths of the arms of the cladogram have no quantitative meaning, although we have linked closggaielsiteith
short arms. There are other species between those listed in this cladogram: i.e. the closest taxa in this diagram aserihotheecesst
closely related species known. Jackman et al. (1999) identified 17 major distinct clades within tiengkausve of these, plus the closely
related outgroup genw®olychrus are represented in our samplé. sagreiandA. equestrisvere collected from feral populations in Florida,
but are Cuban in origin.

Macedonia, K. Orrell and J. Losos. In each case, we receivégydrochloride and extracted using the method of Groenendijk
assurances from the donating individuals that the specimees al. (1980). These retinoids were separated from the crude
had been legally collected with proper permits. Lizards werextract by high-performance liquid chromatography (HPLC)
usually used for microspectrophotometric (MSP) measuremetitrough a LichroSorb Si60 analytical column (Chrompack,
and retinoid analyses within a few days of capture after beinBaritan, NJ, USA) with a hexane:dioxane mobile phase. Eluent
transported directly to New York (microspectrophotometry) offrom the first 3min of the run was collected and evaporated
Virginia (retinoid analysis). In a few cases, lizards wereunder nitrogen, after which it was redissolved in [206f a
maintained at Union College, New York, in small individual 95:5 hexane:dioxane solvent mixture. Injection volumes of
aquaria for periods of up to 2 months in a room illuminated.OOul were run through an identical analytical column using
with incandescent and fluorescent lighting on a 12h:12lk 95:5 hexane:dioxane mobile phase. A Waters HPLC system
dark:light cycle. All the anoles anHolychrus marmoratus including a model 991 photodiode array detector was used for
were regularly provided with water and fed on crickets. Allseparation and analysis.

housing, maintenance and methods of killing the lizards Retinoid standards were prepared by dissolving 25 mg of all-

conformed to the recommendations of Pough (1991). transretinaldehyde (A Sigma, no. R-2500) or aftans 3,4-
didehydroretinaldehyde @\ a gift from Hoffman-LaRoche,
Chromophore analyses Inc.) in 6ml of ethanol. A 1 ml sample was illuminated with

Because vitamin Awas found to be the chromophore for bright light (420-540 nm) for 3 h, after which 5ml of a 1000-
the visual pigments iA. carolinensigProvencio et al., 1992), fold molar excess solution of hydroxylamine hydrochloride
it was deemed important to analyze as many other anoles @s92 molt?, pH 6.5) was added to convert the retinoids to their
possible to determine how widespread this usage is. Procedurespective oximes while retaining their isomeric configuration.
identical to those described by Provencio et al. (1992) weréhe oximes were extracted by the method of Groenendijk et
used. Briefly, dark-adapted animals were decapitated arad. (1980) and stored at —80 °C.
enucleated, and the the whole isolated eyes were frozen in
liquid nitrogen and stored at —70 °C until analyzed. Theig1- Microspectrophotometry
retinoids from whole eyes were converted to their Microspectrophotometric measurements were performed
corresponding oxime isomers using hydroxylamineusing methods identical to those described by Loew (1994) and
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Fig. 2. HPLC chromatograms (A-D) and absorption spectra (E,F) indicating chromophore type for six anoles. Yitanand vitamin A

(B) standard chromatograms. HPLC chromatograms of whole eye extractd\fimia cristatellus(C) andA. carolinensis(D). The peaks
corresponding to the 1dis isomers are indicated by stars (filled star, vitamin JA-cis-retinaloxime; open star, vitaminAll-cis-
retinaloxime). The elution time of the vitamin Al-cis-retinaloxime is 4.58 min while that of the vitamir Al-cis-retinaloxime is 5.16 min.
(E) Absorption spectra of the Iils isomers from whole-eye extracts éf cristatellusand four other Puerto Rican anoles (trace 1,
A. gundlachj trace 2,A. cristatellus trace 3,A. evermannitrace 4,A. pulchellus trace 5,A. krug). The bold trace is the spectrum of the
vitamin A1 11<is-retinaloxime standard. (F) Absorption spectrum of thei$lsomer from whole-eye extracts Af carolinensigtrace 6) and
the vitamin A 11<cis-retinaloxime standard (bold trace). Vertical lines are drawn througtnix®f the spectra in E and F.

Provencio et al. (1992). All procedures were carried out undepithelium and macerated using razor blade fragments and
infrared illumination using appropriate image converters antungsten needles. In some cases, the posterior segment was
video cameras. Animals were dark-adapted for a minimum dfmmersed in a simple Sorensen’s phosphate buffer (pH7.2)
2 h, after which they were cooled and decapitated. Enucleat®dth 6 % sucrose or dextran added, and the retina was isolated
eyes were hemisected, and the posterior segments weand prepared as above. No consistent differences in results
incubated for 2 h in G&/Mg2*-free Puck’s medium (Gibco) at were noted using these two techniques. As regards cell
5°C. The retinas were carefully teased from the retinal pigmenmtispersion, reptile retinas tend to be very ‘dirty’, with lots of
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free and adherent melanin granules and a paucity of free, inte 15
photoreceptors. As a general rule, the more gentle the cuttir

and teasing, the better the preparation. In some cases, the t

results were obtained by folding a small piece of retina ove 1.0
on itself, receptor side out, and working along the expose
edge. A drop of the dispersed retina or the folded piece we
sandwiched between two coverslips and transferred to the sta
of the microspectrophotometer, which has been described
detail elsewhere (Loew, 1994).

The criteria used for selecting data for inclusion into the
analysis pool were the same as those used by Loew (199
Dichroism was used for differentiating the UVS pigment from 1.5+
the photoproduct. Each acceptable spectrum was normaliz: _ B
by estimating a spectral maximum by eye and fitting ¢ H
Gaussian function to the data points 20 nm either side of th 1O i \
wavelength. The peak of the Gaussian function was used i (Ui ‘
normalize the spectrum. Because the number of usab T 1‘
recordings was small, it was decided to sum the individua 0.5 N KN b o
normalized spectra at 1 nm intervals, calculate the mean at e
nanometer and use this generated spectrum for template-fittir
Smoothing was performed using a digital filter routine
(‘smooft’) (Press et al., 1987). The smoothed spectrum we
overlaid on the unsmoothed one and checked by eye to ma
sure that over-filtering or spurious data points had not shifte
the apparent maximum. In cases where there was obviol ‘ |
distortion due to outlier effects, the deviant point(s) was 1.0 jl Jsl'v[,fi
replaced with the mean of the 10 data points surrounding tt ; "\‘l ‘ w .

i |
05 Il

0.5

i I \

T I
R o A A Ill“ il

C

Relative absorbance
o

outlier. Amax was obtained using the method of Mansfield as

presented by MacNichol (1986). The templates used wel

those from Lipitz and Cronin (1988). Wavelength error of the ' \"l,w‘ (
MSP measurements is 1.0 nm, so whole integer values.ef KUt | ‘ : J I
are reported here. 0 e : \Lt:‘hn;h IR

Wherever possible, oil droplet or inner segment pigmen
absorption was measured together with visual pigmer ' D
absorption in the same cell. Because of the high concentratic
of pigment in the droplets and, sometimes, the ellipsoids ar
the resulting high refractive index, it is not possible to obtair
true optical density values for most oil droplets. The result i
saturation of the MSP signal (the MSP method has been shoy
to give valid density measurements up to an optical density «
2.0 based on calibrated filters). In cases where this happel
the spectrum is normalized to the highest absorbance, and 1
wavelength at 50% of the maximum is reported (see Lipitz
1984). For non-saturating spectra, the normalization step wi
omitted (e.g. accessory member ellipsoid). Wavelemth (nm)

In some cases, enough retina was available to allow the oil _ . ) _ o
droplets from pieces viewed in white or colored light to beFlg. 3. Typical .norrr.lallzed visual plgmen.t absorbance spectra, in this
categorized. A micrograph was first obtained in white Iigh1case fromAnolis _cnstatellu_s The filled circles and s_rnoo_th curves
using a color video camera and frame grabber to show the tr2re for the best-fit visual pigments calculated from V|t§nnmased_
color of the droplets. The camera was switched to black arternlolate data. (A-)-Long-v-vave'er.]gth_sensmve pigment, (B) medl_u m
white, and the background illumination was altered with g|as;Vigfnefn?.g(tg')sj?fﬂivjet_f;?,gﬁcg pig(n(izent_Short-Wavelength_sensmve
cut-off filters until a class of droplet was seen to turn black ’
indicating that the cut-off for that droplet had been passed. .
coincident image was obtained. The background was agaas this would have required moving below 400 nm and there
adjusted until the next class turned black. The process couldas neither enough light nor enough camera sensitivity to work
not be used to differentiate among the colorless droplet classies this wavelength range. Fluorescence has been used to
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Table 1.Visual pigment and oil droplet values obtained by microspectrophotometry
Visual pigment

Species Nationality Habitat Rod? LWS MWS SWS uvs
Polychrus marmoratus Central America Full shade 497+2 (12) 568+4 (9) 49013 (3) 45315 (2) -
Anolis extremus Barbados Partial shade 56615 (8) 48749 (3) 451+7 (1)  365%7 (1)
Anolis equestris Cuba Canopy 56518 (4) 492+11 (1) 46019 (1) -
Anolis sagrei Cuba Full sun 567+4 (22) 49515 (7) 46046 (8) 36513 (3)
Anolis bahorucoensis Dominican Republic  Full shade 569+4 (6) 50046 (5) 45046 (2) 36516 (2)
Anolis conspersus Grand Cayman Full sun/partial shade 562+3 (11) 500%7 (4) 460+7 (3) 365%7 (1)
Anolis garmani Jamaica Full shade/canopy 56518 (3) 49619 (2) 46710 (2
Anolis grahami Jamaica Partial shade 56516 (4) 49517 (3) 46016 (4) 36718 (1)
Anolis lineatopus Jamaica Partial shade 56012 (7) 498+4 (2) 449+2 (3) 36615 (1)
Anolis opalinus Jamaica Partial shade 56645 (8) 49615 (4) 45045 (2) -
Anolis valencienni Jamaica Full shade 56049 (5) 50048 (2) 45618 (3) -
Anolis cristatellus Puerto Rico Partial shade 562+4 (15) 49245 (7) 458+4 (10) 3656 (4)
Anolis evermanni Puerto Rico Full shade 565+3 (9) 490+3 (6) 4605 (5) 36415 (2)
Anolis gundlachi Puerto Rico Full shade 56445 (7) 49017 (2) 45049 (1) 3657 (2)
Anolis krugi Puerto Rico Partial shade 56244 (11) 49045 (4) 44846 (3) 36515 (1)
Anolis pulchellus Puerto Rico Full sun 56517 (3) 49518 (2) 44617 (2) 36718 (1)
Anolis stratulus Puerto Rico Canopy 564+4 (3) 494+6 (1) 45447 (2) 366%6 (1)
Anolis carolinensis North America Partial shade 625+3 (6) 503+8 (3) 462+5 (6) 36515 (4)

Mean 564+3 494+4 455+6 365+1

Oil droplet

Species Nationality Habitat G1 G2 Y C1 C2
Polychrus marmoratus Central America Full shade 52042 (7) 48515 (4) 462 (1) 368+2 (5) + (6)
Anolis extremus Barbados Partial shade 48815 (15) 442+4 (21) 3933 (3) +3)
Anolis equestris Cuba Canopy 50644 (12) 47016 (8) 388 (1) +(2)
Anolis sagrei Cuba Full sun 51045 (31) 475+3 (22)  376x2 (11) + (10)
Anolis bahorucoensis Dominican Republic  Full shade 50046 (11) 450+7 (8) 397 (1) +(2)
Anolis conspersus Grand Cayman Full sun/partial shade 51545 (21) 4756 (3) 368+2 (4) + (5)
Anolis garmani Jamaica Full shade/canopy 492+4 (8) 46615 (5) 371 (1) +(1)
Anolis grahami Jamaica Partial shade 505+10 (15) 45146 (6) 382 (1) +(2)
Anolis lineatopus Jamaica Partial shade 48618 (7) 451+4 (3) 367 (2) +(2)
Anolis opalinus Jamaica Partial shade 521+3 (7) 49746 (11) 47145 (9) 375x4 (4) +(3)
Anolis valencienni Jamaica Full shade 522+2 (5) 505+4 (13) 479+4 (10) 368 (2) +(1)
Anolis cristatellus Puerto Rico Partial shade 507+5 (17) 46315 (13) 371 (2) + (6)
Anolis evermanni Puerto Rico Full shade 51547 (9) 50046 (12) 38044 (5) +(3)
Anolis gundlachi Puerto Rico Full shade 51044 (12) 450+ 6 (9) 370 (2) +(2)
Anolis krugi Puerto Rico Partial shade 50045 (8) 4805 (5) 370£3 (3) +(2)
Anolis pulchellus Puerto Rico Full sun 50516 (6) 475 (2) 390 (1) + (1)
Anolis stratulus Puerto Rico Canopy 495%5 (3) 4674 (4) 388 (2) + (1)
Anolis carolinensis North America Partial shade 507+4 (21) 4635 (10) 3652 (7) +(8)

Mean 521 50249 46715 378+10

The values under each cone type (LWS, long-wavelength-sensitive; MWS, medium-wavelength-sensitive; SWS, short-wavelemgth-sensit
UVS, ultraviolet-wavelength-sensitive) are the m&agx values obtained by template-fitting isb., with the number in parentheses being the
sample size N). In cases wheré&l=1, the mean and.p. are based on the 70 estimatesAgfx oObtained by template-fitting the single
microspectrophotometric recording using the Mansfield/MacNichol method.

The oil droplet values are the mean 50%-of-peak cut-off wavelengthsot, With the number in parentheses being the sample Njze (
Only droplets that were identifiable as to cone type are included. \Mk&reno calculation of.0. was possible, so none is reported.

Since the C2 droplets have no measurable cut-off over the measurement range 340—750 nm, their presence in identifiedatetsagind

a‘+’.

The values in the mean rows were calculated using the column values for all entries exdé&pyclurus marmoratusand Anolis

carolinensis
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P. marmaatus Fig. 4. Multispectral micrographs of

pieces of flattened retina fronAnolis
cristatellus and Polychrus marmoratus
(A) Color images in white light. The
diffuse yellow pigment present in the
accessory member of the double cones is
easily seen in th®. marmoratusmages.
(B) Black-and-white broad-band images of
the same areas as in A. (C) The same areas
imaged through a 500nm low-pass
interference filter. This is below the cut-off
for the G droplets, which appear dark.
(D) The same areas imaged through a
450nm cut-off interference filter. In this
case, both the Y and G classes of oil
droplet appear dark. The droplets that
remain light are the C class. Note, in
particular, the rod-like outer segments
seen in thd®. marmoratusmages (arrow)
and their colorless oil droplets. Scale bars,
10pm.

remains the only fully terrestrial
vertebrate found to date that
uses exclusively vitamin-Abased
chromophores. The chromophore of
the visual pigments for the other
species reported here was not
identified using HPLC. However,
since theAmax values of the longest-
wavelength pigments were all in the
region of 565nm and were best fitted
by a rhodopsin template curve
(see below), there is no reason to
suspect that any of the other
anoles studied wuse vitaminzA
based chromophores unless itis in very
small amounts or segregated into a
small population of cells missed by
microspectrophotometry.

Cell types, visual pigments and oll
droplets
Table 1 summarizes the MSP
results. All anoles possessed an LWS
pigment with a\max between 560 and

differentiate the colorless droplet classes (see Kolb and Joné&&,0 nm (625 nm foA. carolinensiy an MWS pigment with a
1987); however, a system suitable for this purpose was nataxbetween 487 and 503 nm and an SWS pigment vk

available for this study.

Results
Chromophore analysis

between 446 and 467 nm. All but five of the species had a UVS
pigment with aAmax between 364 and 367 nm. For these five

species, no cells meeting the inclusion criteria were measured.
However, the presence of type C2 droplets in these species
strongly suggests that they, too, have a UVS pigment (see

As shown in Fig. 2, the five Puerto Rican anolids sampletbelow). Except foA. carolinensisall spectra were best fitted

(A. cristatellus A. gundlachj A. pulchellus A. krugi and A.

by a vitamin-A-based pigment template. Fig. 3 shows typical

evermanni all use retinal as the visual pigment chromophoreMSP recordings for the four pigment classes; in this case, for
This is in contrast té\. carolinensigFig. 2F, trace 6), which A. cristatellus While the number of cells that met the selection
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criteria for analysis was small, many spectral scans were ma 1.0
and recordings obtained from both intact cones and isolate . G2 A
outer segments that could at least be identified as to class e\ 0.8
if the exactAmax could not be calculated. . C1 P
The three morphological cone classes known to exist i 0.6 |
anoles were easily identifiable in the MSP preparations
although only rarely were cones found free with the oute 0.4
segment attached. The rarest finds were free intact douk

cones. As expected from the previolis carolinensisstudy Elli psoid
(Provencio et al.,, 1992), the long single cone and bot
members of the double cone contained the LWS pigment. Tt

finding of many free accessory members of the double cone

Relative absorbance
o

distinguished by their granular ellipsoid, suggests that many « 107 —— G1 B
the isolated long single cones measured may actually ha G2
been principal members of separated doubles. The only way 087 . . - ull
Elli psoid Y
cell could be identified as a true long single cone was whe | 1"
measurements could be made along retinal edges. The sh 06
single cones containing the SWS and UVS pigment
were morphologically identical. While these same cone 047
morphotypes were observed in the MSP preparations ¢
Polychrus marmoratysa previously unreported photoreceptor 0.2 c1 &
class with relatively large, cylindrical, rod-like outer segments 0 e
was also observed in great numbers. However, unlike true roc 350 4(')0 45|0 5'00 5'50 6(')0

these have a large oil droplet, as can be seen clearly in Fig.
The outer segments contain a visual pigment witina at

497nm, a typical terrestrial vertebrate rhodopsin positionFig. 5. Typical absorbance spectra of oil droplets from the cones of
However, bleaching of this pigment with white light did not Anolis cristatellus(A) and A. valencienni(B). The absorbances

yield a long-lived photoproduct as usually seen for ‘true’ rod©f the ellipsoid region of the accessory member of the double
on the microspectrophotometer. cones are also shown. All absorbances that saturated the

Three classes of oil droplet were easily distinguishable jMicrospectrophotometer —output  (optical density >2.5) were

retinal pieces from anoles viewed in white and colored Iighnormalized to 1.0, while absorbances below saturation are shown

(see Fig. 4). Th have been cl ified rding t tIrelative to the normalized absorbances. Thus, the ellipsoid
spectralg.poéitionesgf tae?r C?J? offC ?;ve?en;tﬁcoan d gvisoualabsorbance in A indicates a very pale ellipsoid and the absorbance of

the C1 droplet in B indicates a pale droplet. Although the G and Y
appearance as yellow (Y), green (G) and colorless (C). On tlyrgplets always show very steep cut-offs, as seen here, the ellipsoid
basis of MSP measurements, the G and C classes can be furlang c1 absorbances can be quite variable. The absorbance of the C2

divided into two sub-classes each, G1, G2 and C1, C2. Typicdroplet associated with the ultraviolet single cone is the dashed line
spectra for the five spectral types of oil droplet found in thin A and falls on the zero line in B.
anoles andPolychrus marmoratusare shown in Fig. 5AB
together with the absorbance spectra recorded from tt
ellipsoid of the accessory member of the double cone. As seenFig. 6 summarizes pictorially the correlation between cell
in Table 1, all species had the G2 (502 nm cut-off), Y (467 nntype, visual pigment and oil droplet type in anoles. Both
cut-off), C1 (378 nm cut-off) and C2 (ultraviolet-transmissive)members of the double cone house the LWS pigment, with a
droplets. Only three species examined had the G1 (521 nm cif-droplet in the principal cone and dispersed yellow pigment
off) type, but in these they were quite common. This suggests the accessory cone. Three classes of large single cone were
a real species difference in oil droplet complement, althoughlways present. Two contained the LWS pigment with either
failure to find the G1 class in other anoles could be due tthe Y or G2 droplet and one contained the MWS pigment with
sampling error and lack of adequate material for whole-retinthe G2 droplet. As mentioned above, three species had an
flat preparation analysis using spectral imaging. additional large single class with the MWS pigment and the
From Fig. 4, it would appear that the most numerous droplésl droplet. The MWS pigment was never associated with the
class in anoles is class Y. This is found in the principal membéf or C1/C2 droplets. Small single cones contained either the
of the double cones and a class of single cone. The G1 and S®/'S pigment with the C1 droplet or the UVS pigment with
classes are found only in single cones. The C types are the letist C2 droplet. The strict association between the UVS
numerous and are found only in small single cones. lpigment and the C2 droplet makes us confident that, even in
Polychrus marmoratysC droplets are the most numerousthose five species in which we failed to record spectra from
because of their association with the rod-like receptors that asmy ultraviolet-sensitive cells, the finding of C2 droplets
present in high density. This is followed by the G and Y classesupports their presence.
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Discussion utilizing A. carolinensis have similar spectral sensitivities
Number and spectral location of the visual pigments ~ (Fleishman et al., 1997) (L. J. Fleishman, unpublished data).

The data show that all anoline species examined possessHt-C failed to detect vitamin Ain any of the Puerto Rican
least four visual pigments: an LWS pigment centered at 564 nifPecies tested, and the similarity Nfax between this group
(except forA. carolinensiswith its 625nm vitamin-A-based and the other.anoles measured Wlth- mlc.rospectrophotometry
pigments), an MWS pigment centered at 495nm, an sw&akes the widespread use of a vitamin ¢hromophore
pigment centered at 455nm and a UVS pigment centered @pubtful. However, this does not exclude the possibility of
365nm (Table 1; Fig. 3). While there are small differenced/itamin-Ax-based visual pigments being present in species
among the\max values within a cone class for the different Other thanA. carolinensis A small or localized population of
species, the variation within each species was typically as lary@@min-Ax-based cones could have been missed because of the
or larger than the overall variation among all species. Althougf@mpling limitations of microspectrophotometry or could have
we cannot rule out the possibility that, given a larger samplB€en below the detection level of the HPLC technique.
size, we might have been able to find differences, there is noAS mentioned above, five different opsins have been identified
evidence from this sample that significant differences amontj A- carolinensisand have been sequenced and expressed using
the species exist. To represent the basic pattern, we have takgf COS-1 cell cDNA system (Kawamura and Yokoyama,
the mean of each cone class excluddlychrus marmoratus 1998). They have been designated SWSSWS2c, RHlac,
andA. carolinensis RH2ac and LWSic (see Kawamura and Yokoyama, 1997) and

Clearly, if there are no differencesNmaxamong the species are orthologous to the chicken violet, blue, rhodopsin, green and
and the species come from a full range of photic habitats, thef@d opsins, respectively. Visual pigments reconstituted from
can be no correlation between visual pignmemixand habitat. these products using Tisretinal were spectrally characterized
This situation contrasts with that for fish, in which strongand, after calculation of the expected effect of substituting A
correlations between habitat light and visual pigmensx aldehyde using the formula of Harosi (1994), were found to have
have been reported (for reviews, see Bowmaker, 199@xpected values okmax at 377, 444, 511, 517 and 626 nm,
Partridge and Cummings, 1999). Endler (1993) demonstraté@spectively. However, the MSP data of Provencio et al. (1992)
that there are large differences in the spectral quality oind those presented here identified only four classes of cone in
downwelling irradiance in terrestrial habitats with differentA. carolinensiswith values ofAmax at 365, 462, 502-503 and
degrees of shade. Our failure to find differences in visu#€h25nm. Even given the admittedly low signal-to-noise ratio of
pigmentAmax suggests either that the anoline visual system ighe microspectrophotometry recordings from the small anole
for some reason, highly conservative in an evolutionary sengi®nes (Fig. 3) and the low valuesofTable 1), both conspiring
or that the irradiance differences are not as important to visid@ produce large standard deviations, the correlation between the
in terrestrial species as one might have predicted. However,ékpressed and reconstituted pigments and those measured
one examines background lighting (i.e. horizontal radiancejitu, except for the LWS pigment, is not very good.
rather than downwelling irradiance, the differences in spectral The match is even worse if the conversion formula of
quality among these different habitats are greatly reduced sin¥éhitmore and Bowmaker (1989) is used. Assuming that
all are dominated by green vegetation (Fleishman et al., 199®awamura and Yokoyama (1998) are correct in saying that
This is not the case in aquatic systems, in which horizontd®®H2ac corresponds to our reported MWS pigment, none of the
radiance can show a great deal of variation. mean values for this class seen in Table 1 comes very close

Of course, other factors besides visual pigment absorptiotg the Amax of 511 nm calculated for RH2. We agree with
such as optical filtering, waveguiding or scatter, will affectkawamura and Yokoyama (1998), who suggested that the
spectral sensitivity (see Loew, 1995). However, even usindiscrepancy could be due to inappropriateness of {fe-A,
electrophysiological techniques that would be influenced bgonversion formulae with regard to anoles. However, it is also
these other factors, all anoles studied to date, exceptzhe Apossible that the discrepancy arises from differences between

Fig. 6. Drawings of the photoreceptor cells LWS
typical of anoline lizards (see Crescitelli,

1972) showing the associations between cell
type, visual pigment and oil droplet classes.

The Polychrus marmoratugattern is like '
that shown here for the anolids except for thej§
presence of the rod-like cell containing
a medium-wavelength-sensitive

LWS MWS

SWS

long-wavelength-sensitive cell; SWS, short
wavelength-sensitive cell; UVS, ultraviolet- !
sensitive cell; C1, C2, G1, G2 and Y are
classes of oil droplet.
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the biochemical/biophysical environment of the visual pigmen 1A
in the expression system and thassitu. Amax aside, there is
also the problem of locating the photoreceptor class expressil
RH1ac. This is like classic ‘rod rhodopsin’ and differs very
little from RH2ac, which is expressed in cones. Given a
difference of only 6 nm il\max between the two RH pigments
and the noisy nature of the microspectrophotometry data, it
possible that both exist in separate, but morphologicall
indistinguishable, cones both classified as MWS. It is als
possible that only one MWS class exists, but that it is
expressing both opsins. The data frBolychrus marmoratus e
are useful in this context for here there is evidence for two ver
similar pigments differing in\max and clearly present in
separate types of cell. We therefore feel that the anoles studic.
here have two RH-containing photoreceptor types, an MWFig. 7. Effects of oil droplet filtering on the theoretical capture area
photoreceptor containing RKHZ and a morphologically of Anolis cristatellus visual pigments. The solid curves were
similar cell containing RHidc. However, unlikePolychrus  obtained by multiplying smoothed, normalized visual pigment
marmoratus the RHJc-containing cell has a colored oil spectra by the associated smoothed, normalized oil droplet
droplet. transmission spectra. The dotted lines are the smoothed visual
The outgroupPolychrus marmoratusvas added to this pigm(_ent spect_ra. The_numbers are the calgulated ca_pture areas under
study to try to identify the ancestral condition. The fact thathe filtered visual pigment spectra obtained by integration and
its cone pigments and oil droplets are similar to those of thexpressed as a percentage of the unfiltered pigment capturg area. The
anoles and use vitamin/s the visual pigment chromophore eﬁegt of the oll droplet.s. on the Iong-WaveIgngth-senS|t|ve and
" . ; . . medium-wavelength-sensitive (MWS) cones is to reduce short-
suggests 'that the 2Acon(EiItIOH is a derived characterlstlg. wavelength absorbance while reducing overall absorbance by 17 %
However, its retina is unlike that of any of the anoles studie ;g 504, respectively. In these cases, there is no change in the
because it contains a class of single photoreceptor with largapsorbance maximum. However, the position of the oil droplet cut-
rod-like outer segments in addition to the four cone classeéoff of the MWS cone reduces the capture area to 29 % of that of the
found in the anoles (see Table 1 and Fig. 4). Neither Wallunfiltered pigment and moves the absorbance peak from 443 to
(1967) nor Underwood (1968) describe such a cell in any ¢525nm. This also produces a much steeper short-wavelength cut-off,
the numerous diurnal reptiles they studied. The outer segmewhich could improve color discrimination in an opponent processing
is attached to an inner segment containing a large, colorleSystem (see text).
oil droplet similar to the C2 droplet of the UVS cone in that
it shows no appreciable absorbance below 400 nm. The celighole-mounts were examined, so it is not possible to say
appearance is somewhat similar to the cells in nocturnalhether droplet color or density was uniform over the entire
geckos such aAristelliger praesignigsee Crescitelli, 1972), retina. For two of the Jamaican anoles aRdlychrus
but in these retinas the outer segments in all photoreceptararmoratusin which it occurs, the G class of droplet clustered
classes are large, as befits the nocturnal condition. Seveiato two non-overlapping groups, hence the creation of the G1
interesting questions arise from these observations. (i) Is thi;d G2 classes. However, as pointed out above concerning the
cell functionally a ‘rod’ or a ‘cone’? (ii) Where does this cell presence of vitamin-Abased pigments, the failure to identify
fit within the reptilian visual cell sequences created by Wall§1 droplets in other species may be due to selection error. The
(1967) and Underwood (1968) and would they call this a1 droplet was identifiable by having a cut-off below 400 nm,
‘transmuted’ rod or a ‘transmuted’ cone? (i) What happenedo it appears colorless to the human eye. The C2 class showed
to this class of photoreceptor during the evolutionaryno appreciable absorbance down to 340nm, where MSP
transition to the anoles? (iv) How general is this pattern amongieasurements stopped (Fig. 5A,B).
other species oPolychru® It would be very interesting to ~ As mentioned above, the accessory members of double
apply the techniques of Kawamura and Yokoyama (1998) toones do not contain an oil droplet, but instead a dispersed,
Polychrus yellow pigment (Fig. 5A,B). However, even here, there was
) considerable variation in the density (‘yellowness’) among the
Oil droplets species. The functional significance of this dispersed pigment
Except for the G1 and C2 classes, there was considerakife unknown, but Underwood (1968) made the intriguing
variability among the species within an oil droplet classsuggestion that it could play a role in polarized light detection
(Table 1). We believe this variability is real and not due to thes a result of scatter.
problems of measuring the high-optical-density, highly The presence of oil droplets changes the spectral sensitivity
refractive droplets. The differences were obvious in thosef the cells that contain them and is believed to improve color
species in which there was enough material for small pieces dfscrimination (Govardovskii, 1983) (see also Vorobyev et
retina to be examined microscopically in white light. No retinalal., 1998). By multiplying the normalized visual pigment
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absorbance by the normalized oil droplet transmission, aby close relatives and to try to pinpoint where in the anole
approximate spectral sensitivity can be calculated, as seen f@diation the use of vitamin2fevolved.

A. cristatellusin Fig. 7. It is easy to rationalize the pairing of The possibility that oil droplet color is the adaptational
Y and G2 droplets with the LWS pigment since the overallvariable in anoles cannot be discounted. While there was no
effect is to remove the blue and ultraviolet sensitivity. Theapparent correlation between cut-off position and photic
reduction in ultraviolet sensitivity is obviously the reason forhabitat or dewlap color, there could be other visual tasks we
the SWS/C1 pairing. The association between MWS and theave not considered driving oil droplet cut-off position.

G1 and G2 droplets greatly decreases the capture area for th&hese results, together with recent studies of birds (see
MWS cone while moving the sensitivity peak to longerBowmaker et al., 1997; Vorobyev et al., 1998), draw into
wavelengths (Fig. 7). We can only assume that theuestion the fundamental assumption made by visual
improvement in color discrimination provided by this pairingecologists that visual pigmentax should correlate with the

outweighs the reduction in capture area. photic environment, at least for terrestrial vertebrates. Rather
_ _ _ than concentrating on irradiant and visual pigments, one can
Ecological considerations look for relationships between visual signals and tasks and

The spectral location of the visual pigments reported hereverall spectral sensitivity. This seems to work for
could be rationalized using the same model and reasonimgtionalizing the presence of UVS cones in birds and anoles
recently applied to birds by Vorobyev et al. (1998) and to beewith ultraviolet-reflecting/absorbing targets such as feathers
by Vorobyev and Menzel (1999). Even spacing of pigmentand dewlaps (Bennett et al., 1997; Fleishman et al., 1993). As
across the spectrum would allow for reasonable coloanoles have radiated over evolutionary time, there have been
discrimination with no particular spectral region being singlednly relatively modest changes in the design of their visual
out for increased discrimination. Thus, the spacing fits welystem. In contrast, what is known to be a highly significant
with a ‘gray world’ model. However, models including greenvisual signal, the colored dewlap, shows a great deal of
leaves among the targets and backgrounds to be discriminateariation among the species. We find no support for the idea
favour an LWS pigment further into the red than 570nnthat signal color variation evolved as a result of spectral
(Zhang, 1997, 1999), the apparent long-wavelength cut-ofensitivity. This further supports that idea that the anoles are
for vitamin-Ai-based visual pigments (see Loew, 1995).color generalists’ with regard to the positioning of their
Sensitivity to longer wavelengths would take advantage of thepectral sensitivities.
steep increase in reflectance for chlorophyll-containing targets
that exists between 700 and 800 nm (see Gates, 1980), whichThis study was supported by NSF IBN-9307019 and
could increase contrast for non-infrared-reflecting or Whitehall Foundation S93-03 to L.J.F., ONR NR4221022,
absorbing objects viewed against the bright leaf backgroun@NR 0014-86-K-0613 and NYS Hatch 432340 and 432410 to
In fact, the LWS pigments predicted by the Zhang (1997, 199%.R.L. and The Jeffers Memorial Trust (J-213) to R.G.F. The
model for viewing non-chlorophyll-containing targets againstPew Foundation supported L.J.F and E.R.L. with a Summer
a leafy background would have Jnax extending above Faculty Research Collaboration grant. We would like to
650nm. OnlyA. carolinensiscomes close to satisfying this acknowledge Dr Peter Sorter at Hoffman-La Roche, Inc. for
prediction. the gift of alltrans-3,4-didehydroretinaldehyde.
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