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Summary

The photoreceptorsand visual pigments of Python regius
were studied using microspectr ophotometry and scanning
electron microscopy. The retina contains rods and cones,
with rods constituting at least 90% of the photoreceptor
population. Therodsare of a single type with long, narrow
outer segments and are tightly packed. The wavelength of
maximum absorbance (Amax) Of the visual pigment in the
rodsisin theregion of 494nm. Two distinct types of cone
are present. The most common cone, with a stout but
stubby outer segment, contains a visual pigment with Amax

at approximately 551nm. A relatively rare cone, with a
long, dlender outer segment, contains an ultraviolet-
sensitive visual pigment with Amax at approximately
360nm. All the visual pigments have chromophores based
on vitamin A1. The results are discussed in relation to the
behavior of P. regius.

Key words: reptile, snake, Python regius, scanning electron
microscopy, microspectrophotometry, photoreceptor, ultraviolet
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Introduction

As a group, the snakes have proved highly adaptable and,
therefore, extremely successful. With the exception of the very
cold polar regions, afew islands and the deeper ocean waters,
representatives of the 2300 or so living species are found in
virtually every portion of the biosphere and fill virtually every
ecological niche (Cadle, 1987; Ford and Burghardt, 1993;
Lillywhite and Henderson, 1993). There are, for example, both
diurnal and nocturnal snakes, fully aquatic sea snakes and
semiaguatic freshwater snakes, some species that spend most
of their timein trees and others that live in burrows, some that
thrive in jungles or under thick forest canopies and others that
live in deserts or savannahs. The various snakes eat a wide
variety of animals, including mammals, birds, reptiles,
amphibians, fishes, insects, worms, crustaceans, molluscs and
eggs. Although there are no known purely herbivorous snakes,
at least one speciesincludes plantsinitsdiet (Gasc, 1994). The
hunting strategies employed to acquire these different food
items are varied, with some snakes being active foragers and
others ambush predators (Mushinsky, 1987).

Different snakes occupy a wide variety of habitats that
undoubtedly differ greatly in the spectral quality of the light
environment, and they employ patterns of behavior that may
make very different demands on the visua system. It is
particularly unfortunate, therefore, that very little functional
information has been gathered on visual sensitivity in the
Ophidia, a group of animals whose eyes are generaly
relatively large and well-developed, and in which vision is

thought to be one of the dominant senses (Ford and Burghardt,
1993). For example, only four published studies have
addressed the issue of spectral sensitivity and/or absorbance in
the snake retina. Crescitelli (1956) measured the spectral
absorbance of the visual pigment extracted from the rod
photoreceptors of a viperid, Crotalus viridis helleri.
Govardovskii and Chkheidze (1989) reported absorbance
spectra obtained microspectrophotometrically from the
photoreceptors of two viperids, Vipera berus and V. lebetina,
and two colubrids, Malpolon monspessulanus and
Coronella austriaca. Jacobs et a. (1992) employed an
electroretinographic technique to determine the spectral
sensitivity of the retinas of two colubrid garter snakes,
Thamnophis sirtalis and T. marcianus. Sillman et al. (1997)
used microspectrophotometry to characterize visua pigment
absorbance in the retinas of T. sirtalis and T. similis, which
contain only cones, and used scanning el ectron microscopy and
immunocytochemistry to relate specific visual pigments to
morphologically distinct cone types. Sillman et a. (1997)
provided the first evidence for ultraviolet sensitivity in snakes.

The fact remains that the paucity of information regarding
functional aspects of the snake retina prevents us from making
any generalizations with confidence. For example, none of the
studies cited above was performed on the retina of a boid
snake. The Boidag, the boas and the pythons, are of great
interest for several reasons. First, they are considered to be
primitive snakes, known from the uppermost or Maastrichtian
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phase of the Late Cretaceous, approximately 65 million years
ago. In contrast, the oldest known colubrid appeared during the
middle Oligocene, approximately 30 million years ago, and the
viperids did not appear until the early Miocene, approximately
20 million years ago (Rage, 1987). Some of the more obvious
primitive characteristics of the Boidae include vestiges of the
pelvic girdle and hind limbs, coronoid bones in the lower jaw,
teeth on the premaxilla and retention of both the left and right
common carotids (Carroll, 1988). Second, and not unrelated to
thefirgt, it is generally accepted that the boid pattern of retinal
photoreceptorsisancestral to the patterns of the more advanced
snakes (Crescitelli, 1972). Finally, most of the boas and all of
the pythons have specialized |abial thermoreceptorswhich play
an important role in the behavior of the snake. The input from
these thermoreceptors appears to be integrated with retinal
information in the optic tectum (Hartline et a., 1978;
Kobayashi et al., 1992, 1995). In the present study, we employ
both  microspectrophotometry and  scanning  electron
microscopy to characterize the retinal photoreceptors and
visual pigments of Python regius, atypical boid snake.

Materials and methods

The methods employed throughout this study, including a
complete description of the microspectrophotometer, have
been published previously (Loew and Lythgoe, 1978; Loew,
1982; Sillman et a., 1990, 1991; Loew and Sillman, 1993),
and readers should consult the previous reportsfor details; only
essentials of the methods are given here. Ball pythons (Python
regius), ranging in length from 76 to 106 cm, were obtained
from West Coast Reptile, Inc. (Fullerton, California, USA),
who shipped them by air to either UC Davis or Cornell.
Treatment of al animals used in the study conformed to the
guiding principles for care and use of animals in research as
set forth by the National Institutes of Health and the American
Physiological Society.

Scanning electron microscopy

Following a blow to the head sufficient to stun, snakes were
decapitated and the brain pithed. The eyes were removed and
hemisected, and the eyecups were placed in a Petri dish filled
with saline (Sigma Modified Minimum Essential Medium
pH 7.6; MEM). In most cases, fine forceps were then used to
separate the pigmented epithelium from the retinas, after which
the retinas were transferred to a vial containing 2.5%
glutaraldehyde in 0.1mol 171 phosphate buffer, pH7.8. On
occasion, the eyecups were alowed to sit for 2—4h in saline
containing 60 umol 171 cytochalasin D (Sigma). As reported by
Chiang et al. (1995), cytochalasin D appeared to weaken the
adherence of the pigmented epithelium to the retina, thus
making separation of the two tissues easier. In some cases,
where it was intended to examine the relationship between the
photoreceptors and the pigmented epithelium, the entire
eyecup was placed in fixative. These dlight variations in
technique resulted in no discernible differences in cell
structure. After overnight fixation, the tissue was washed with

buffer, dehydrated with increasing concentrations of ethyl
alcohol and critical-point-dried. The tissue was then
fragmented with the fine tip of either a pair of forceps or a
pulled glass pipette, mounted on a specimen stub, and sputter-
coated with gold. The samples were examined with an IS
(model DS130) dual-stage scanning electron microscope.
Polaroid (type 55) film was used to produce both positive and
negative micrographs.

Dimensions and values derived from the micrographs were
not corrected for shrinkage, which we estimate as no more than
10%.

Microspectrophotometry

Following at least 2h of dark adaptation, snakes were killed
and their retinas isolated in MEM as described above. The
retina was then divided into quadrants. From one of the
quadrants, a small piece of retinain a drop of saline was then
placed on a glass coverdip, where it was macerated with the
use of two razor blades. A second, smaller coverdip was
placed over the tissue and sealed to the first using silicone
grease. With the aid of very dim, deep red light, the preparation
was then postioned on the stage of the
microspectrophotometer. Other than this brief exposure to
visible light, all procedures were performed using infrared
illumination and image converters.

All absorbance data were obtained using the Cornell
microspectrophotometer, a computer-driven, single-beam
device capable of making accurate measurements in the near
ultraviolet. Over 600 photoreceptors, both rods and cones,
were scanned between 750 nm and 330nm. Most of the scans
yielded data that alowed classification of the visual pigment
within the outer segment as long-, middle- or short-
wavelength-sensitive. A qualitative assessment, by eye, was
made of the regularity of each absorbance curve, and curves
that best exhibited the regularity characteristic of visual
pigment absorbance curves were subjected to further analysis.
These curves were analyzed using a programmed statistical
method described in detail by Loew and Sillman (1993). The
curve was smoothed, and the smoothed data were
differentiated to provide a preliminary estimate of Amax. The
curve was then normalized to that value and converted to a
normalized frequency scale (Mansfield, 1985; MacNichol,
1986). Linear regression was performed on the data between
30 and 70 % of Amax on the long-wavelength limb of the doubly
normalized curve, and between 40 and 70% of Amax On the
short-wavelength limb. The linear regression values were
compared with accepted templates for visual pigment curves
derived from the rhodopsin data of Dartnall (Wyszecki and
Stiles, 1967) and the porphyropsin data of Bridges (1967). This
allowed us to generate 40 estimates for Amax from the long-
wavelength limb and 30 estimates from the short-wavelength
limb. Mean Amax * standard deviation (s.p.) was then
determined using the short-wavelength limb estimates, the
long-wavelength limb estimates and the combined estimates.
For each of these three Amax vaues, a template curve was
calculated, drawn and overlaid on the original data. A decision
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as to which fitted best was made by visua examination. The
template fit having the lowest s.p. usually had the best visual
fit. This process was repeated for each microspectrophotometer
curve, after which the Amax values for each curve of a spectral
class were averaged to yield a final estimate of mean Amax
s.D. The Amax value for an individual curve wasincluded in the
ultimate average for a spectral class if its calculated s.p. was
less than £7 nm.

Results
Microspectrophotometry

Microspectrophotometric examination of more than 600
rods and cones revealed the presence of three different visual
pigments. Analysis of the best absorbance spectra recorded
from rod outer segments (N=55) placed the wavel ength of peak
absorbance (Amax) for that visual pigment at 494+2nm. A
typical rod absorbance curveis shownin Fig. 1A together with
the nomogram curve for avisual pigment whose chromophore
is based on vitamin A1 and whose Amax is @ 494nm. Single
coneswith relatively fat and stubby outer ssgments were found
to contain a vitamin-A1-based visual pigment with Amax at
551+3nm (N=11). Single coneswith relatively long, thin outer
segments were found to contain a vitamin-Aix-based visual
pigment with Amax at 360+3nm (N=4). Typica absorbance
spectra for the long-wavelength-sensitive pigment and the
ultraviolet-sensitive pigment, together with their nomogram
curves, are shown in Fig. 1B,C, respectively.

Five eyes from three snakes were analyzed with the
microspectrophotometer, and all yielded the same results. There
were also no differences with respect to retinal quadrants or with
respect to the peripheral versus centra retina. No absorbance
spectrum that could be construed as a middle-wavelength-
senditive visua pigment was ever recorded from a cone.

Scanning electron microscopy

The photoreceptors of the ball python, and their relationship
to the retinal pigmented epithelium, are shown in the
micrographs of Figs 2 and 3. The retina contains both rods and
cones but is heavily dominated by the former. Although the
rods could be counted, and packing density easily determined
by viewing cross sections of their outer segments in
micrographs such as Fig. 3B, this could not be done with the
cones. Thisis so because the outer segments of the cones are
fragile and their tips generally broke off, and because the outer
segments of intact cones terminate much more proximally than
do the outer segments of the rods. Nevertheless, by counting
cells aong the edges of the tissue, in micrographs such as
Fig. 2A, we were able to estimate that cones constitute
approximately 10% of the photoreceptor cell population.
However, athough most ‘edge-on’ micrographs reveaed the
presence of at least some cones, on rare occasions we observed
tissue devoid of cones (Fig. 2B).

Therods of the ball python aretypical vertebrate rodsin that
they haverelatively long, cylindrical outer segments connected
to inner segments of similar diameter. Well-devel oped calycal
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Fig. 1. Typical normalized microspectrophotometry absorbance
curves obtained from the photoreceptors of Python regius.
(A) Absorbance curve from a rod shown with the nomogram curve
for a vitamin-Az-based visual pigment with peak absorbance (Amax)
at 494nm (circles and smooth ling). (B) Absorbance curve from a
long-wavel ength-sensitive cone shown with the nomogram curve for
a vitamin-A1-based visua pigment with Amax at 551 nm (circles and
smooth line). (C) Absorbance curve from an ultraviolet-sensitive
cone shown with the nomogram curve for a vitamin-A1-based visual
pigment with Amax a 360nm (circles and smooth line). Absolute
peak absorbance is 0.073, 0.062, 0.058 optical density units in A, B
and C, respectively.
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processes extend from theinner segmentsto the outer segments  us to determine mean outer segment length as 27.4+2.2um
(open arrow in Fig. 2E). Measurement of rod outer segments  (N=26; range 23.2-30.9um). The outer segments are narrow,
that appeared to be intact (e.g. open arrow in Fig. 2C) allowed ~ with a mean diameter of 1.6+0.2um (N=109; range

Fig. 2. Scanning electron micrographs of the photoreceptors in the retina of Python regius. (A) The open arrow points to the base of a rod
photoreceptor, the filled arrow to the base of a cone. (B) rpe, retinal pigmented epithelium; ros, rod outer segments; ris, rod inner segments.
(C) The open arrow points to an intact rod outer segment, the filled arrow to the inner segment of atypical cone. (D) The filled arrow points to
atypical cone with arelatively large inner segment and robust outer segment, the open arrow to a smaller cone with a narrow, more delicate
outer segment. (E) Photographic enlargment of the boxed area in D showing two distinct types of cone. The open arrows point to calycal
processes. (F) The open arrow pointsto a calycal process on a cone outer segment. Scale bars, 5.0pmin A—E, 0.5uminF.
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et rAa
Fig. 3. Scanning electron micrographs of the photoreceptors in the
retina of Python regius. (A) The close association between the rod
photoreceptors and the retinal pigmented epithelium. (B) The tightly

packed outer segments of the rods seen in cross section. Scale bars,
50uminA, 1.0pminB.

0.9-2.2pum), and are rather tightly packed. Examination of six
different micrographs, similar to Fig. 3B, from one ball python
established rod packing density at 457 740+11517 cellsmm=2
(range 436 471-471 849 cellsmm~2). The relationship between
the rod photoreceptors and the retinal pigmented epithelium is
a close one, with the processes of the retinal pigmented
epithelium cells extending down between, and adhering tightly
to, the outer segments of the rods (Figs 2B, 3A).

Like the rods, the cones of the ball python are accurately
described as typical vertebrate photoreceptors in that they are
made up of a relatively globose inner segment from which
protrudes a tapering or cone-shaped outer segment. Well-
developed calyces extend from the inner to the outer segment
(open arrows in Fig. 2E,F). Measurement of 52 cones yielded
mean values of 2.4+0.6pum (range 1.54.2um) for the outer
segment diameter at the base and 4.0+0.6pum (range
2.4-5.2um) for theinner segment diameter at its greatest point.
On rare occasions, we observed a cone that appeared to be
quite distinct from the others. Fig. 2D, for example, shows

three cones of the most common variety, with relatively large
inner segments and robust outer segments (filled arrow).
Fig. 2D,E aso shows the presence of another, more delicate,
cone with a smaller inner segment extending into a relatively
long, thin outer segment (open arrow).

Discussion
The photoreceptor population

The data collected in this study show that the retina of
Python regiusis duplex but is highly dominated by rods, cones
congtituting only approximately 10% of the photoreceptor
population. The value of 10% may be a high estimate because
there may have been atendency to select preferentially regions
with cones for photography, and we did find some regions
entirely devoid of cones. Underwood (1970), who examined
other boid retinas with the light microscope, found rod:cone
ratios closer to 50:1. The rods of P. regius, which are very
tightly packed, are of a single type with a relatively long and
narrow outer segment.

The wavelength of peak absorbance (Amax) of the visual
pigment within the rods is 494 nm, a value somewhat shorter
than that reported for other snakes where rods are present. The
rod pigments of the viperids Crotalus viridis helleri
(Crescitelli, 1956), Vipera berus and V. |ebetina and that of the
colubrid Coronella austriaca al have absorbance maxima at
500nm (Crescitelli, 1956; Govardovskii and Chkheidze,
1989). So few snakes have been studied, however, that it is not
possible to say whether the shorter Amax is unusual among
snakes in general or whether it is a common characteristic of
pythons. Certainly, a 6nm shift towards the blue would have
a significant effect on visual sensitivity.

In contrast to previous reports, which describe the boid
retina in general as having only one type of rod and one
morphologically distinct type of cone (Walls, 1942,
Underwood, 1970), two distinct cone types are present in the
retinaof P. regius. The most common cone by far, as seen with
both the scanning electron microscope and using
microspectrophotometry, is characterized by a rather stout but
stubby outer segment. Thisisalong-wavel ength-sensitive cone
containing a visual pigment with Amax near 551 nm. Similar
cone pigments, with absorbance maxima in the range
550-560nm, have been identified in two viperid and three
colubrid species (Govardovskii and Chkheidze, 1989;
Sillman et a., 1997). The second cone type, again seen
with both the scanning electron microscope and using
microspectrophotometry, is characterized by a much thinner
and longer outer segment. This cone is an ultraviolet-sensitive
cone containing a visual pigment with Amax near 360 nm. This
pigment is spectrally similar to the ultraviolet-sensitive visual
pigment present in one of the small single cones of the colubrid
Thamnophissirtalis (Sillman et al., 1997). The T. sirtalisretina
also contains a second type of small single cone with a visual
pigment absorbing maximally at 482nm, but we found no
evidence of such a pigment in the cones of P. regius. Since
microspectrophotometry is essentialy a statistical method in
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which the photoreceptor population is only sampled, it is
always possible that cones absorbing maximally near 482 nm
were simply missed. However, we scanned a large number of
photoreceptors using the same instrument and techniques that
easily revealed the presence of such a cone in other animals
and, therefore, we are confident that we would have found a
482 nm pigment if it had been present.

The absence in P. regius of either a short-wavelength-
sensitive cone with Amax near 480 nm or a middle-wavelength
cone with Amax in the range 500-535nm is somewhat
problematical. The cis or B band of the 551nm pigment
extends the absorbance of the pigment down into the near
ultraviolet. Thiswould provide P. regius with significant visual
sensitivity between 400 and 500nm even in the absence of
either ashort- or middle-wavel ength-sensitive cone. Moreover,
since the absorbance of the ultraviolet-sensitive pigment
overlaps that of the 551 nm pigment up to approximately
430nm, the two cone pigments of P. regius could provide a
mechanism for wavelength discrimination or color vision.
However, since the ultraviolet-sensitive pigment does not
contribute to visual sensitivity beyond 430 nm (Jacobs, 1992),
discrimination of wavelengths longer than 430nm would not
be possible without the participation of a short- or middie-
wavelength-sensitive visual pigment. Although P. regius may,
in fact, be a dichromat with very limited color vision, it is
intriguing to speculate that the rods, which contain a visual
pigment with Amax a 494 nm, might function together with the
two cone pigments to fill the spectral gap. Rods, of course, are
the photoreceptors that mediate sensitive vision under
conditions of relative darkness, where cones do not function,
and are generally thought to be silent under conditions of bright
light where only cones operate. However, rods and cones both
function under mesopic lighting conditions, as would occur at
dawn and dusk. Rods have been shown to contribute to color
vision under such conditions (Reitner et a., 1991; Stabell and
Stabell, 1994; Buck, 1997) and, therefore, it is not
unreasonable to think that the rods of P. regius might serveto
extend the range of wavelength discrimination of the snake.

Moreover, from morphol ogical data, Walls (1942) specul ated
that cones are the ancestral type of photoreceptor and that rods
developed as ‘transmutations under the pressure of natural
selection. Indeed, DNA analysis strongly suggests that cone
visual pigments were a very early phylogenetic development
and that rod pigments evolved much later from the middle-
wavelength-sensitive cone pigment (Bowmaker, 1998). If this
is so, then it is not inconceivable that the rods of P. regius are
partially transmuted cells, i.e. rods that have retained some cone
characteristics. Such a photoreceptor might very well be able to
function as both a highly sensitive rod and a middle-
wavelength-sensitive cone. In this regard, the secondarily
nocturnal colubrid Hypsiglena ochrorhynchus is rather
provocative. This snake, considered by Walls (1942) to be a
spectacular example of transmutation, has only photoreceptors
that appear morphologicaly to be rods. However, E. R. Loew
(unpublished observations) has found that H. torquata has an
ultraviolet-sensitive visual pigment with Amax at approximately

365nm, a pigment with Amax a approximately 500nm and a
pigment with Amax @ approximately 535nm, leading one to
suspect that some of the rods might contain cone pigments. In
fact, other reptiles (geckos and the aligator) have rods whose
visual pigments exhibit some cone characteristics (Crescitelli,
1972). It would be very interesting to know the receptor
potential adaptation characteristics of the rods and cones of P.
regius but, unfortunately, they have not yet been determined for
any snake.

Therole of the visual system

There has been no detailed and systematic study of the
behavior of P. regius. P. regius is the smallest of the African
pythons, seldom more than 0.9-1.2 m long, about the size of the
snakes used in this study, although specimens of 1.8 m or more
have been seen. It lives in the open forests and grasslands of
West and Central Africa, where it feeds primarily on gerbils, a
small nocturnal rodent. It is known to inhabit burrows and other
holesfor the purpose of aestivation or deposition and incubation
of eggs (Cansdale, 1961; Mehrtens, 1987). The nocturnal habit
of its primary prey makes it necessary for P. regius to be very
active a night. Its retina, so heavily dominated by highly
senditiverods, isideally suited for either foraging or ambushing
in a dim light environment. Its relatively long rod outer
segments would be highly effective light traps, making it very
unlikely that a photon entering arod along itslongitudinal plane
would not be absorbed by the visual pigment. Similarly, itshigh
rod packing density decreases the likelihood that a photon
would pass between adjacent rods and remain unabsorbed. At
approximately 457 000rodsmm=2, the rod packing density in
the retina of P. regius is similar to that of other nocturna
creatures. For example, depending on the region surveyed, rod
packing density has been measured in the retina of the cat Felis
domesticus at 275000-460000rodsmm—= (Steinberg et d.,
1973), in the North American opossum Didelphis virginiana at
310000485000 rodsmm2 (Kolb and Wang, 1985) and in the
owl monkey Aotes trivirgatus at 216 000-478 000 rodsmm=2
(Ogden, 1975). Albino laboratory rats were found to have arod
packing density of 374000rodsmm~2 by Mayhew and Astle
(1997) and 400000rodsmm=2 by Cone (1963), who found no
variation in density over the central two-thirds of the retina.
Visua resolution is a complex phenomenon that depends not
only on photoreceptor packing density but also on such factors
as optics, photoreceptor-to-ganglion cell convergence and
photoreceptor sampling (Pettigrew et al., 1988). In fact, in the
final analysis, behavioral measurements of spatial resolution are
necessary to determine the visua acuity of P. regius.
Nevertheless, the high rod packing density makesit very likely
that P. regius, like other nocturna animals, makes good use of
its eyesto orient towards forms and, especially, moving objects
such as its prey.

Observations of the way in which pythons behave under
relatively bright light lend support to the idea that vision plays
an important role in the ability of P. regius to capture prey.
Such observations are relevant since P. regius in the wild is
often encountered sunning in bright light (Cansdale, 1961).
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Diurna activity may, in fact, be common amongst pythons,
since the diamond python Mordlia spilota basks on sunny
winter days and, although it feeds at night, moves about
primarily during daylight hours (Slip and Shine, 1988a).
Studies on captive reticulated pythons P. reticulatus, under
lighted conditions, showed that a visual stimulus is absolutely
necessary to elicit a strike although an infrared stimulus serves
to guide the strike (de Cock Buning et a., 1978; de Cock
Buning, 1983). Such visually dependent behavior patterns are
consistent with the retina of P. regius. Even in the absence of
a specialized region of high cone density (Walls, 1942), the
rod:coneratio of approximately 10:1 found in P. regiusreflects
acone density of approximately 45000 cellsmm™2. Thisisless
than the cone packing density in the central retina of the owl
monkey (78000 conesmm=2; Ogden, 1975), but substantially
greater than the cone density in the area centralis of either the
North American opossum (8000 conesmm-~2; Kolb and Wang,
1985) or the cat (27000 conesmm™2; Steinberg et al., 1973).
Strictly on the basis of cone packing density, it would not be
unreasonabl e to conclude that the photopic visual resolution of
P. regius should be better than that of the cat. Jacobson et a.
(1976) found the behavioral visual acuity of the cat to be
approximately 9cyclesdegree™l, which is nowhere near
the photopic acuity of the human (approximately
60cyclesdegree ™) or the wedge-tailed eagle Aquila auda
(approximately 138cyclesdegree™) (Pettigrew et a., 1988),
but should still allow formation of a very useful image.

Asisthe case for P. reticulatus, alertness and orientation to
aprey item by P. regius, followed by an approach and, finally,
an accurate strike undoubtedly involves the combined use of
photoreception and thermoreception. Input from the heat-
sensing and visual systems is probably very well integrated,
because neurons from both these systems are known to synapse
on the same dendrites in the optic tectum of P. regius
(Kobayashi et al., 1992, 1995). In the optic tectum of
rattlesnakes, the only heat-sensing snakes other than boids,
there are neurons that are activated only when they receive
input from both the thermoreceptors and the photoreceptors
(Hartline et al., 1978). It is certainly reasonable to expect the
presence of similar tectal neurons in the boids.

The role of the ultraviol et-sensitive cones

The role of the ultraviolet receptorsis of particular interest.
It is reasonable to assume that the ability to absorb ultraviolet
light has an important adaptive value since ultraviolet light is
actually damaging to retinal tissue (Jacobs, 1992; Bennett and
Cuthill, 1994), but it is not clear what that adaptive value might
be in most, if not all, species with ultraviolet sensitivity. Of
course, the simple broadening of spectral sensitivity that comes
with ultraviol et-sensitive photoreceptors would, in itself, have
important adaptive value. However, since not al vertebrates,
even within the same class, have ultraviolet sensitivity, it is
interesting to speculate on what might make ultraviolet
sensitivity especially important to an animal (Jacobs, 1992). In
the rod-dominated retina of P. regius, where all cones are
scarce, there are so few ultraviolet-sensitive photoreceptors

that it is unreasonable to think that they could do much towards
creating any kind of detailed visual picture (assuming that there
is no undetected region of the retina that is especialy rich in
ultraviolet-sensitive cones). They could, however, till serveto
aert the snake to anything that creates contrast in its
environment by either reflecting or absorbing ultraviolet light.
Noting that some lizards leave pheromone trails that absorb
ultraviolet light (Alberts, 1989), and that garter snakes also
create scent trails by extruding pheromones through the skin
(Ford and Low, 1984), Sillman et al. (1997) speculated that T.
sirtalis might use its ultraviolet sensitivity to locate scent trails
which it would then follow using its chemosense. This
speculation can certainly be extended to P. regius. There is
evidence that the males of at least one species of python, M.
spilota, locate females by following scent trails (Slip and
Shine, 1988b). It would be interesting to know whether the
extruded substance either reflects or absorbs ultraviolet light.
Another possibility is that the mammalian prey of P. regius
leaves a scent trail with ultraviolet activity, and that the snake
uses its ultraviolet sensitivity for hunting. Some rodents are
known to produce urine and feces that reflect ultraviolet light
(Degardins et al., 1973; Viitala et a., 1995), and the Eurasian
kestrel Falco tinnunculus apparently takes advantage of thisto
locate voles. Such a capability could be useful to P. regiuseven
though its ultraviolet-sensitive cones operate during daylight
but the snake feeds primarily at night. P. regius could locate
and position itself near well-used animal paths by day so asto
improve its hunting efficiency at night. Slip and Shine (1988a)
found that the diamond python, an ambush predator, takes prey
a night but moves about by day. They suggest that this
maximizes the time the diamond python spends in the coiled
ambush position and, therefore, improves hunting efficiency.

The authors wish to thank Mr Michael Dunlap of the
Facility for Advanced Instrumentation at UC Davis for his
technical assistance with the scanning electron microscope.
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