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ABSTRACT
Previous studies have shown the bluefin killifish, Lucania goodei, to be a useful model
for investigating the role of environment in driving visual system evolution and plasticity (Fuller
et al 2003, 2004, 2005). Environmental plasticity in opsin expression and cone frequency has
been demonstrated, but it is unclear how this variation is reflected in the retina. In an effort to
determine when and how this plasticity is manifest, the retinal development and the cone
photoreceptor mosaic of this fish were examined. Immunolabeling, a behavioral assay, RT-PCR,
and in situ hybridization were used to characterize visual system development of the bluefin
killifish and to describe the cone photoreceptor mosaic of fish reared in clear and tea-stained
water. This study reveals that at the time of hatching, bluefin killifish possess a functional visual
system, with cone photoreceptors present in the square mosaic pattern that will be maintained in
the adult. This study demonstrates that the observed plasticity in levels of opsin expression does
not correspond to plasticity in the cone photoreceptor mosaic. Rather, plasticity may reside at the
level of opsin gene transcription, protein translation, or turnover.
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CHAPTER 1
INTRODUCTION

Through sensory systems, animals detect and respond to information in their
environment. Animal sensory systems should be tuned in such a way as to maximize the
perception of information. The perception of sensory signals may be affected by
environmental conditions, and thus environmental conditions can drive evolution of both
uniform changes and plasticity in sensory systems. The visual systems of fish provide
good models of study because aquatic environments can be highly variable in spectral
transmission (Levine and Macnichol 1979, Wagner and Kroger 2005).
Vision depends on the absorption of light by highly specialized neurons called rod
and cone photoreceptors. In the photoreceptors, light is absorbed by visual pigments,
which consist of a chromophore and an opsin, a membrane spanning G-protein-coupled
receptor, and transduced into the chemical and electrical signals of the brain. Different
visual pigments are maximally sensitive to different wavelengths of light, and the
wavelength of maximal absorbance (λmax) for a given visual pigment is determined by
interactions between the opsin and the chromophore (Yokoyama 2000). Rods typically
absorb maximally in green light and are responsible for scotopic vision. Animals with
color vision possess a repertoire of cone opsins, which fit into four clusters. The
LWS/MWS group contains long and middle wavelength-sensitive pigments with λmax
values at 510-560nm. The RH2 group contains rhodopsin-like pigments with λmax values
at 470-510nm. The SWS2 group contains short wavelength-sensitive pigments with λmax
values at 440-460nm, and the SWS1 group contains short wavelength-sensitive pigments
with λmax values at 360-430nm (Yokoyama 2000). Cone cells usually express a single
opsin such that individual cells respond maximally to different wavelengths.
Co-expression of two different opsins has been observed within single
photoreceptor cells in several types of rodents, during fetal development in humans, and
transiently in salmonid fish (Cheng et al 2006, Cornish et al 2004, Lukats et al 2005).
During development, salmonids undergo a switch in opsin expression. Cones that
originally expressed UV-sensitive opsin either die by apoptosis or stop producing UVsensitive opsin and instead produce blue-sensitive opsin (Cheng et al 2006). Such
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developmental changeovers in opsin expression are not unique to the salmonids. Switches
in opsin expression over developmental time have been observed in the black bream, as
well as in tilapia, where seven opsins are expressed during development, but only four are
present in adults (Shand et al 2002, Spady et al 2006). Recent work on Lake Malawi
cichlids reveals that several species possess the same seven opsin genes found in tilapia,
but each species displays a modified progression of expression over ontogenetic time
(Carleton et al 2008). Similarly, zebrafish have two red and four green opsins that show
spatial changes in expression across the retina during development (Takechi and
Kawamura 2005). Thus opsin expression can be somewhat variable over ontogenetic
time.
In addition to differences in opsin expression, cone photoreceptor cells in the
retinas of teleost fish exhibit several different morphologies. Cone cells can be present
singly or in pairs called double cones, with two distinct cone cells partially joined. Triple
and quadruple cones have also been observed in some fish, although rare. In most teleost
fishes, single cones can be further classified according to morphology as either long
single cones or short single cones (Engstrom 1963, Kusmic and Gualtieri 2000). Within a
given fish species, cone morphology generally correlates to opsin content. Longer cone
cells typically contain longer wavelength opsins, and shorter cone types contain shorter
wavelength opsins (Loew and Lythgoe 1978, Stell and Harosi 1976). It is most common
for a red-sensitive member and a green-sensitive member to make up double cones, but
blue-green pairs have been observed as well. Double cones can also be twin cones, where
both members contain the same opsin; twin cones are typically green-sensitive and
occasionally red-sensitive (Kusmic and Gualtieri 2000).
The cone subtypes of teleost fishes are arranged in a species-specific twodimensional pattern, or mosaic (Engstrom 1963, Kusmic and Gualtieri 2000). There are
two general types of mosaics: row mosaics as found in zebrafish, in which rows of double
cones alternate with rows of single cones; and square mosaics as found in medaka and
adult salmonids, in which double cones form squares around central and corner single
cones (Kusmic and Gualtieri 2000, Tohya et al 2003). The retina of Fundulus
heteroclitus, a fish closely related to the study system investigated here, has regions of
row mosaic and regions of square mosaic (Flamarique and Harosi, 2000). Similarly, a
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square mosaic is observed in the central retina of the goldfish, while a row mosaic is
observed in the periphery (Stell and Harosi 1976).
The bluefin killifish, Lucania goodei, is a freshwater Fundulid found in a variety
of lighting environments, including clear spring water which allows high transmission of
blue and UV light, and turbid swamp water where there is far less transmission of blue
and UV light, accounting for the tea-colored appearance of the water (Fuller 2002).
Males have brightly colored dorsal and anal fins, which they flare when courting females
and fighting other males (Fuller 2001). The color pattern of the fins is highly
polymorphic, and the abundance of the varied color morphs within populations is
correlated with the environmental lighting conditions. Specifically, males with blue anal
fins are more common in turbid swamp environments where UV-blue transmission is
relatively low. Males with red anal fins are more common in clear spring habitats with
higher transmission of UV-blue light (Fuller 2002). Breeding experiments have shown
red-versus-yellow color expression to be consistant with Mendelian inheritance,
controlled by an autosomal locus where yellow coloration shows dominance over red.
Blue coloration of anal fins was found to be due to both heritable factors and rearing
conditions such that males raised in tea-stained water were more likely to develop blue
anal fins than those raised in clear water, matching the pattern of variation found in
natural populations (Fuller and Travis 2004). No relationship has been found between
male fin color and mating success when tested in clear water, suggesting that females
have no preference for one color morph over another, at least in a clear-water
environment. The importance of these varied color morphs remains unknown, as does the
evolutionary mechanism maintaining them in populations (Fuller 2001, McGhee et al
2007).
Bluefin killifish have a single rhodopsin and five known cone opsins: LWS with
λmax=573nm (red), RH2 with λmax=538nm (yellow), SWS2-A with λmax=454nm (blue),
SWS2-B with λmax=405nm (violet), and SWS1 with λmax=359nm (UV) (Fuller et al
2003). Two LWS opsins were predicted from sequence data by Blow and Yokoyama
(Genbank accession numbers AY296740 and AY296741), but a single absorption peak
was detected by microspectrophotometry by Fuller et al (2003). LWS-A and LWS-B may
represent two alleles of the same gene or a duplication for which measurable divergence
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has not occurred. A gene duplication is suggested by the presence of two red opsin genes
with nearly identical λmax in medaka, a phylogenically related species (Matsumoto et al
2006). The bluefin SWS2-A and SWS2-B opsins have a notably large spectral difference
when compared to SWS2-A and SWS2-B opsins in medaka, tilapia, and cichlids
(Yokoyama et al 2007).
The frequencies of cone subtypes in bluefin killifish from a spring and a swamp
population have been described by Fuller et al (2003). Microspectrophotometry (MSP)
revealed five cone classes in the bluefin retina: red, yellow, blue, violet, and UV, which
correspond to the opsins sequenced by Blow and Yokoyama (see also Yokoyama et al
2007). All violet and UV cones were found to be single cones, and all red and most
yellow and blue cones were members of double cones. Four types of double cones were
detected: most contained a red member and a yellow member, some contained a yellow
member and a blue member, and two were twin double cones, one with red-sensitive
members and one with far-red sensitive members. The frequencies of these cone classes
varied between the populations. Bluefins from the spring population had higher
frequencies of UV and violet cones and lower frequencies of yellow and red cones than
fish from the Everglades, or swamp, population (Fuller et al 2003).
The frequencies of the corresponding opsins were found by real-time PCR to vary
by environment as well. The retinas of fish from the spring population were found to
contain comparatively more SWS1 (UV) and SWS2-B (violet) opsin mRNA, and those
from swamp fish contained more RH2 (yellow) and LWS (red) opsin mRNA (Fuller et al
2004). Additionally, Fuller et al (2005) found that some of the differences in opsin gene
expression between populations can be attributed to environmental effects. The offspring
of fish collected from a swamp population were raised to adulthood, half in clear water,
and half in tea-stained water, which mimics the spectral environment of the Everglades.
The fish raised in clear water had higher expression of SWS1 and SWS2-B opsin mRNA,
while those raised in tea-stained water had higher expression of LWS and RH2 opsin
mRNA. Thus, much of the variation in opsin expression between these populations may
be due to environmental effects, suggesting plasticity in the visual system (Fuller et al
2005).
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It is unclear how such environmental plasticity would unfold in the retina. An
environmentally induced change in the number of cones could stem from the gain or loss
of cell types within the cone photoreceptor mosaic, or plasticity in the cone mosaic itself.
Changes in cell number have been shown to occur in several salmonid fishes, where UVsensitive corner cones present at the alevin stage are lost in regions of the retina by the
time the smolt stage is reached (Cheng et al 2006). However, this change is a result of
ontogeny, not environmental plasticity.
Alternatively, the different spectral environments may be causing regional
differences in opsin expression. These differences would involve a single cone type
expressing one opsin predominantly in one region of the retina and the other in another
region. The two treatment groups could then differ in the relative size of the regions,
which would result in differing levels of total opsin expression without a change in
mosaic pattern. Ontogenetic change in opsin expression has been observed in several fish
species (Carleton et al 2008, Cheng et al 2006, Shand et al 2002, Spady et al 2006,
Takechi and Kawamura 2005). It is plausible that such changes in opsin expression could
occur in response to environmental conditions, allowing for plasticity in the visual
system.
A third possibility is that the mosaic and regional expression may remain the
same, but levels of opsin expression within individual cone types may be different
between the two populations. Fish from the swamp population may express less opsin in
their violet and UV cones and more opsin in their red and yellow cones than spring fish,
so that the number of cones expressing each type of opsin and their position in the mosaic
remain the same but the amount of expression per cell differs. Thus levels of total opsin
expression could change without altering the cone mosaic or cell number. In this case,
cone cells expressing less opsin may appear shorter than those expressing more opsin (as
in Hyatt et al 1996).
Environmental plasticity was found in the visual system of a cichlid fish by
Wagner and Kroger (2005). Fish were reared in a variety of light environments, and it
was discovered by histological methods that rearing fish in blue light (485nm) induced
both a loss of a subset of single SWS cones from the square mosaic and an increase in
MWS/LWS double cone outer segment length. Thus there is evidence of plasticity both
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in cell number and in the levels of opsin expression of individual photoreceptor cells,
although in this case the plasticity acted to compensate for the change in light intensity
where plasticity in bluefins appears to maximize response to the wavelengths of light that
are available. Dixon et al (2004) found by ERG that zebrafish reared in cyclic green light
and cyclic orange light had reduced sensitivity to short-wavelength stimuli. In this
system, plasticity appears to act in the same direction as in the bluefin killifish, but gene
expression and histology were not analyzed.
The cone photoreceptor mosaic of the bluefin killifish has not been described, nor
has a time-course of retinal development and opsin expression been determined. The
purpose of this study is to characterize retinal development and the onset of visually
evoked behavior in the bluefin killifish, to describe its cone mosaic, and to determine
whether the mosaic of bluefins raised in clear water differs from that of fish raised in teastained water.
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CHAPTER 2
MATERIALS AND METHODS

Lucania goodei were collected from the Wakulla River and kept in the laboratory
at 14:10 light:dark cycle and 21°C. Fish were fed brine shrimp to satiation daily. Fivegallon mating tanks were maintained with two females in each, and ten-gallon stock tanks
were kept with two to four females and two to three males in each. Yarn mops were
placed in tanks as a substrate for eggs and a shelter for the fish. Matings took place in the
morning, with one male from a stock tank placed in each mating tank for approximately
one hour. Eggs were collected from mops and placed in plastic Petri dishes for
observation and rearing.
Immunolabeling of larval eyes was performed to determine the age at which rods
and cones develop. Embryos were placed in a solution of 0.0015% PTU to prevent eye
pigmentation. Embryos and larvae 4, 5, 6, 7, and 10 days post-fertilization (dpf) were
dechorionated and fixed overnight at 4°C in 4% paraformaldehyde in 80% Hank’s
balanced salt solution. Tissues were cryoprotected and 10µm thick transverse frozen
sections were cut through the eyes and transferred to gelatin coated slides. Alternate
sections were immunolabeled with zpr-1 to label red and green double cones or with zpr3 to label rods (antibodies obtained from Zebrafish International Resource Center).
Nuclei were counterstained with 4’,6-diamidino-2-phenylindole (DAPI) to visualize
lamination. Slides were viewed on a Zeiss Axiovert S100 microscope and images were
taken using a Zeiss Axiocam.
A behavioral assay was used to characterize development of vision. Optokinetic
response was measured in larvae 8-14dpf to determine the age of onset of visual
response, following the methods of Brockerhoff et al (1995). Larvae were immobilized in
3% methyl cellulose gel and placed in a rotating drum lined with vertical stripes. A fish
with vision should track the motion of the stripes with its eyes, termed pursuit, and then
snap the eyes back, termed saccade, and follow the stripes again. Response was recorded
as “saccade responder” if the larva demonstrated a pursuit followed by a saccade,
“responder” if the larva exhibited pursuit but not saccade, or “no response” if no regular
eye movement was observed.

7

Reverse transcriptase PCR was performed using primers to the bluefin opsins to
determine a time-course for onset of opsin expression. RNA was purified from whole
larvae aged 7-10 dpf and from adult eyes using TRIzol (Invitrogen) and cDNA was
synthesized (Superscript II RT, Invitrogen). DNA regions coding for the seven bluefin
opsins (LWS-A, LWS-B, RH1, RH2, SWS1, SWS2-A, and SWS2-B) were amplified by
PCR (5 Prime Taq DNA Polymerase, Eppendorph) using primer sequences chosen from
known coding sequences (Genbank accession numbers AY296735-AY296741) (see
Table 1 for primer pairs).

Table 1: Primer pairs for bluefin opsins.
Opsin

Forward

Reverse

LWS-A

CCAGGCGGTACAACGAAGAG

GAGCTGCATGATTGTGC

LWS-B

ACAATGTCTCGACAGTCTGG

AGAGCCGCATGATGCATGTG

RH1

CCTCAGTACTACCTTGTCAGC

CAAGGTGGTGATCATGCAGTG

RH2

CGCAGTACTACATGGTGGAC

GTGCTGAGCATGCAGTTACG

SWS1

CACCTGTACGAGAACATCTCC

GAAGCTGTGGACACTTCAGTC

SWS2-A CGAGTCATAGAGCTGCCAGAAG GAGACTTCGGTCACTGATTGTG
SWS2-B CGACAACATGTCAGCCTACAGC

CTTCGGTGACCGACTGACTTGC

For generation of riboprobes, RNA was isolated from dissected adult retinas using
TRIzol (Invitrogen) and cDNA was synthesized (Superscript II RT, Invitrogen). DNA
regions coding for the seven bluefin opsins (LWS-A, LWS-B, RH1, RH2, SWS1, SWS2A, and SWS2-B) were amplified by PCR (5 Prime Taq DNA Polymerase, Eppendorph)
using primer sequences listed above. These regions were cloned into the PCR-4-TOPO
vector, transformed into E. coli, and sequenced (TOPO TA Cloning Kit, Invitrogen).
Vectors containing sequence were purified (Quantum Prep Plasmid Midiprep Kit,

8

Biorad) and cut with appropriate restriction enzymes. Digoxigenin-labeled riboprobes
were synthesized using the T3 polymerase and following the manufacturer’s protocol
(DIG RNA Labeling Kit and T3 RNA Polymerase, Roche). The same protocol was used
to synthesize fluorescein-labeled riboprobes (Fluorescein RNA Labeling Mix, Roche).
It was discovered during the process of creating riboprobes that the coding
regions of LWS-A and LWS-B are too similar to allow synthesis of discriminant probes.
Due to this similarity, cDNA obtained using the LWS-B primers was used to make one
LWS probe, which was used in the larval hybridizations. An LWS-A probe was later
created as well, but no differences were observed among hybridizations with LWS-A,
LWS-B, and a mixture of the two in sectioned adult retinas.
Whole mount double in situ hybridization of opsin riboprobes was performed in
10dpf whole larvae to determine the spatial pattern of expression in the retina. This timepoint was selected based on immunolabeling and RT-PCR data. Double in situ
hybridization using two types of riboprobes was performed as previously described for
zebrafish, using BCIP/NBT and Fast Red (Roche) to visualize the hybridizations (Jowett
2001). Larvae were fixed, permeabilized with proteinase K, and prehybridized for 2-4
hours at 60°C. Riboprobes at 0.75ng/µl in hybridization buffer were added to the
prehybridized larvae and incubated overnight at 60°C. Larvae were washed and incubated
overnight at 4°C with either anti-DIG-AP or anti-fluor-AP antibody (Roche), and then
incubated with a staining buffer containing either BCIP/NBT or Fast Red for 60 minutes
to 120 minutes at room temperature. Larvae were post-fixed in 4% paraformaldehyde for
20 minutes, washed, incubated with the other antibody overnight at 4°C, and incubated
with the second staining buffer. Stained larvae were cleared in a glycerol series (10%,
30%, 50%, 70%, 90%), and the eyes were removed using insect pins and viewed and
imaged as above.
Offspring of fish from the Wakulla River (a spring population) were reared in 10gallon tanks holding either clear water or water stained with tea to mimic the spectral
environment of the Everglades (as in Fuller at al 2005). All tanks were lined on the
bottom and sides with black plastic so that the only light entering the tanks was from
above. For the tea-stained tanks, 1 tablespoon of instant decaffeinated tea was originally
added to ten gallons of clear water. Tea was added approximately once weekly to

9

maintain the stain. Transmission was checked periodically with a Beckman Coulter
UV/Vis spectrophotometer (1cm light path) to ensure that the tea-stained water filtered
light in a fashion similar to that observed in the Everglades (Fuller & Travis 2004) (see
Figure 1 for transmission). Adult fish were euthanized at approximately eight months
post-hatch, and their retinas dissected and prepared for cryosection. Transverse and
tangential cryosections, 10µm in thickness, were cut and double in situ hybridized with
two different opsin riboprobes. The protocol was a modified version of one previously
described for single in situ hybridizations on cryosections (Morris et al 2008). A mix of
the two labeled riboprobes at 0.5-1ng/µl in hybridization buffer was added to the
prehybridized slides and incubated overnight at 58°C. Slides were washed and incubated
overnight at 4°C with either anti-DIG-AP or anti-fluor-AP antibody, and then incubated
with a staining buffer containing either BCIP/NBT or Fast Red for 30 minutes to 90
minutes at room temperature. Slides were post-fixed in 1% paraformaldehyde for 10
minutes, incubated with the other antibody overnight at 4°C, and incubated with the
second staining buffer. Slides were viewed and imaged as above.
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Transmission Through Clear and Tea-stained Water

Figure 1: Sample transmission reading of water from clear and tea-stained rearing
tanks. Transmission measured using a Beckman Coulter UV/Vis spectrophotometer (1cm
light path).
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CHAPTER 3
RESULTS

Early embryonic development of the bluefin killifish has been previously
described by Crawford and Balon (1994) and is very similar to that of medaka fish
(Iwamatsu 2004). In the previous study, females released eggs in clutches that averaged
6.8 eggs per mating event. Eggs incubated at 25°C began cleavage 1.5 hours postfertilization (hpf), and epiboly proceeded from 8hpf to 24hpf. Optic vesicles were present
at 22hpf and lens formation began around 30hpf. The first body movements were
observed at 3dpf, followed by the first eye movements at 4dpf. Hatching was observed to
occur between 6 and 7dpf (Crawford and Balon 1994). In the current study, embryos
were reared at 21°C and thus experienced a slowed developmental trajectory. At 1dpf,
optic vesicles were present and lens formation began. At 4dpf, lamination was visible
within the eye, and pigmentation of the eyes began between 5 and 6dpf. Hatching
occurred between 8 and 10dpf.

Visual Development
To define the spatial and temporal pattern of photoreceptor differentiation,
histological sections of larvae ranging in age from 4 to 10dpf were immunolabeled with
markers for rods (zpr-3) and red and green cones (zpr-1). At 4dpf, the retina is laminated,
with a well-defined ganglion cell layer, inner nuclear layer, and outer nuclear layer (Fig.
2A,F). The first immunolabeling for photoreceptor cells occurs at 5dpf, with a few cones
labeled in the central retina (Fig. 2B,G). At 6dpf, markers for rods and cones are both
present over the central retina, and they spread dorsally and ventrally over time (Fig.
2C,H,D,I). By 10dpf, labeling for rods and cones extends across the entire outer nuclear
layer to a well-developed marginal zone (Fig. 2E,J).
The optokinetic response was used to determine the onset of visually evoked
behaviors in bluefin killifish. This reflex entails characteristic eye movements that are
evoked by objects moving across the visual field. The moving object first induces a
smooth pursuit, as the eyes follow the object across the visual field, and then a rapid
saccade, by which the eyes are reset after the object is no longer in the visual field
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Figure 2: Larval eyes labeled for photoreceptor cells. Larvae were ixed at 4dpf (A,F),
5dpf (B,G), 6dpf (C,H), 7dpf (D,I), and 12dpf (E,J), and histological sections were cut
and transfered to slides. Sections are labeled with zpr-1 for red and green cones (AE), and zpr-3 for rods (F-J). All eyes are stained with DAPI (blue) to show lamination.
Lamination is completed by 4dpf with a well-developed ganglion cell layer, inner nuclear
cell layer, and outer nuclear cell layer present (A,F). Labeling for cones is irst detected at
5dpf (B), followed by labeling for rods at 6dpf (H). Labeling for photoreceptors spread
dorsally and ventrally such that by 10dpf labeling was observed across the outer nuclear
layer (E,J).
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Figure 3: Optokinetic response in bluein larvae. “Total Responders” includes all larvae that responded, and “Saccade Responders” includes only those that displayed a mature saccade. A slight delay in the development of the mature saccade is evident through
12dpf.
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(Neuhauss 2003). Optokinetic response in bluefin larvae is depicted in Figure 3. At 8dpf,
a few larvae responded with a pursuit, but none displayed a mature saccade. At 9dpf,
64% of fish responded, but only 37% presented a saccade. The larvae responding with
pursuit alone demonstrated robust pursuit that changed directions when the direction of
the stimulus was reversed. Response increased steadily until 14dpf, at which time all
larvae responded with a saccade.

Opsin Expression
The temporal pattern of photoreceptor differentiation and the onset of visually
evoked behavior would suggest that opsin expression would begin prior to 8dpf.
Qualitative RT-PCR of the opsins was performed using RNA extracted from 7dpf, 8dpf,
9dpf, and 10dpf whole larvae and adult eyes. RH2 and SWS1 were first detected at 7dpf
(Fig. 4). LWS-A and RH1 were detected at 8dpf, and SWS2-B and LWS-B at 9dpf. No
PCR product was detected for SWS2-A in any of the larval reactions, and the PCR
product from the adult reaction was barely visible, consistent with the quantitative PCR
results of previous studies (Fuller et al 2004, 2005).
Whole mount double in situ hybridization of opsin probes was performed in 10dpf
larvae to determine the spatial patterning of the photoreceptors. Cells labeling for SWS2A opsin mRNA were arranged in a regular grid-like pattern across the retina and were
flanked by eight unlabeled cells. Labeling for SWS1 occurred in cells present in squares
offset from the squares of SWS2-A, and these cells were flanked by four unlabeled cells
(Fig. 5A). Cells labeling for SWS2-A also labeled for SWS2-B, suggesting co-expression
of these two opsins in the same cells (Fig. 5B). Two, three, or four cells labeling for
LWS-B mRNA flanked cells expressing SWS2-A (Fig. 5C). Cells labeling for LWS-B
and RH2 appeared in close pairs, suggesting the presence of double cones (Fig. 5D).

15

Figure 4: RT-PCR of opsins. RT-PCR was performed on RNA from 7, 8, 9, and 10dpf
larvae and adult eyes. RH2 and SWS1 begin expression at 7dpf, followed by LWS-A
and RH1 at 8dpf, and SWS2-B and LWS-B at 9dpf. SWS2-A shows only a faint band of
product in the adult reaction. In several pools of larvae, individual opsins were not detected.
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Figure 5: Whole mount double in situ hybridization of opsin probes in 10dpf larval
eyes. A: SWS1 (red) is expressed in cells that occur in a square pattern offset from the
squares of cells expressing SWS2-A (blue). SWS1 labeled cells are lanked by four cells
and SWS2-A labeled cells are lanked by eight cells. B: Probes for SWS2-A (blue) and
SWS2-B (red) co-label cells in a square pattern. C: Cells expressing SWS2-A (red) are
lanked by two, three, or four cells expressing LWS-B (blue). D: Cells expressing LWS-B
(blue) and cells expressing RH2 (red) appear paired, suggesting the presence of double
cones.
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Adult Cone Photoreceptor Mosaic
Previous studies have reported differences in opsin expression levels in bluefin
killifish from two differing spectral environments and demonstrated some of these
differences to be due to plasticity (Fuller et al 2004, 2005). To determine whether this
plasticity is reflected in the cone photoreceptor mosaic, bluefin killifish were reared to
adulthood in clear and tea-stained water and histological sections of the retinas were
double in situ hybridized with opsin probes. Double in situ hybridization revealed no
differences in the cone photoreceptor mosaics of fish from the two treatment groups. The
square mosaic observed in both groups was similar to that seen in 10dpf larval bluefins
(Fig. 6M). Cells labeling for SWS2-A were found in ordered squares offset from squares
of cells labeling for SWS1 (Fig. 6A,B,C). Cells co-labeled for SWS2-A and SWS2-B,
suggesting co-expression of these opsins in adult eyes as well as in larvae (Fig. 5D,E,F).
SWS2-A labeled cells were flanked by four cells labeling for RH2 (Fig. 5G,H,I). SWS2A labeled cells were also flanked by two, three, or four cells labeling for LWS-A/B (Fig.
5J,K,L). A schematic representation of the cone photoreceptor mosaic is presented (Fig.
6C,F,I,L,M) with UV corner cones expressing SWS1 (labeled U), blue center cones
expressing SWS2-A and SWS2-B (labeled B), and yellow and red double cones
expressing RH2 (labeled Y) and LWS-A/B (labeled R). While one member in all double
cones in histological sections labeled for RH2, some double cones lacked LWS-A/B
labeling in the remaining member (Fig. 5G,H,J,K). The pattern of opsin expression
appeared uniform across the retina, with no dorsal-ventral differences apparent in labeled
transverse sections (Fig. 7A,B).
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Figure 6: Double in situ hybridization of opsin probes in sectioned retinas from adults reared in
clear and tea-stained water. Sections were taken tangential to the outer nuclear layer from adults reared
in clear (A, D, G, and J) and tea-stained (B, E, H, and K) water and were double in situ hybridized with
opsin probes. A,B,C: Cells labeling for SWS1 (red) and SWS2-A (blue) are present in a square mosaic
pattern. D,E,F: SWS2-A (red) and SWS2-B (blue) are co-expressed in cells at the center of the square
pattern. G,H,I: Cells labeling for SWS2-A (red) are lanked by four cells labeling for RH2 (blue). J,K,L:
Cells labeling for SWS2-A (red) are lanked by two, three, or four cells labeling for LWS-A/B (blue).
No differences in the mosaic pattern are observed between ish from the two rearing conditions. C,F,I,L:
Models of labeling patterns are presented. M: Composite mosaic pattern of the cone photoreceptor cells
of the bluein killiish. Cone types are indicated by the letters R (red – expressing LWS-A/B), Y (yellow – expressing RH2), B (blue – expressing SWS2-A and SWS2-B), and U (UV – expressing SWS1).
The pattern observed is a typical square mosaic with blue center cones lanked by red and yellow double
cones, and UV cones forming the corners of the square.
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Figure 7: Representative double in situ hybridization of opsin probes in transverse
sections of retinas from adults reared in clear and tea-stained water. Transverse sections of retinas from adults reared in clear (A) and tea-stained (B) water were double in
situ hybridized with opsin probes. SWS1 (red) and SWS2-A (blue) are expressed across
the entire dorsal-ventral axis of the retina, as were all other opsins examined. Arrows in
insets indicate the outer nuclear layer.
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CHAPTER 4
DISCUSSION

This study demonstrates that at the time of hatching, bluefin killifish have a welldeveloped retina and are capable of visually evoked behavior. The square cone
photoreceptor mosaic that is maintained in the adult is also in place at the time of
hatching. This study found no difference in the cone photoreceptor mosaics of fish reared
in clear and tea-stained spectral environments.

Visual Development in the Bluefin Killifish
Under rearing conditions used in this study, bluefin killifish hatch between 8 and
10 days post-fertilization. At the time of hatching, rods and cones were well-represented
across the outer nuclear layer and expression of all opsins had either already begun or
was detected within a day. The photoreceptor subtypes tested here were arranged in the
square mosaic typical of the adults. Optokinetic response could also be elicited in the
same window of time, demonstrating that the visual system is functional around the time
of hatching.
Onset of optokinetic response in bluefin killifish occurred in two phases. First fish
displayed pursuit alone, in which they tracked the motion of the lined drum but did not
reset their eyes to follow the motion again. With time, all responding fish produced
mature saccades, with which they repeatedly tracked the motion of the drum, resetting
their eyes to follow the motion again. This development of the pursuit response first,
followed by the mature saccade has also been observed in zebrafish, where the first
responders displayed pursuits at 73 hours post-fertilization (hpf) and the first saccades
were observed at 75hpf (Easter and Nicola, 1997). The lag between pursuit and saccade
development may be due to the progression of muscular or neuronal development. Since
the window between the onset of pursuit and the development of saccade is so wide in the
bluefin killifish, it may present a useful model for examining the development of the two
distinct phases of this visually-evoked reflex.
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Cone Photoreceptor Mosaic
Double in situ hybridization of opsin probes demonstrated the presence of a welldefined cone mosaic in 10dpf larval killifish. This mosaic, which is maintained in adult
animals, is a typical square mosaic with central and corner single cones each flanked by
four double cones that form a square around them. Corner cones express SWS1 (UV)
opsin mRNA, and central cones co-express SWS2-A (blue) and SWS2-B (violet) opsin
mRNA. Members of double cones express RH2 (yellow) or LWS-A/B (red) opsin
mRNA.
Interestingly, in both 10dpf larvae and adult bluefins, SWS2-A and SWS2-B
mRNA appear to be co-expressed in the same cells. Fuller et al (2003) did not report coexpression of two opsins in a single cell detected by MSP; rather, they observed the
presence of both blue and violet cones, with spectral sensitivities corresponding to those
of SWS2-A and SWS2-B respectively. It is possible that the riboprobes created may have
cross-hybridized so that both probes labeled both mRNAs. This is unlikely, however,
because the probes share only 75% similarity and hybridization conditions were stringent.
Compounding the inconsistency between Fuller et al’s MSP data (2003) and this study is
the presence of labeling for SWS2-A opsin mRNA in only single cones. Most bluesensitive cones detected by Fuller et al were members of double cones; however, no
double cones were labeled with the riboprobe for SWS2-A opsin mRNA in larvae or
adults. It is possible that transcription of mRNA for both opsins may occur in all blue
cones, but only one opsin type is translated into protein in any given cell. In the genome
of the closely related medaka, the SWS2-A and SWS2-B genes are present as a tandem
duplication and thus may share a promoter; however, histological studies have not been
done to describe opsin expression in the context of the cone mosaic in this fish
(Matsumoto et al, 2006). Transcription of both SWS2 opsin mRNAs and selective
translation of one or the other in any given cell would resolve the problem of coexpression, but not the issue of whether SWS2-A is expressed in single or double cones.
Development of antibodies to the bluefin opsins would permit visualization of protein
expression within the scheme of the cone mosaic and clarify which opsins are expressed
in double cones and which in the central single cones.
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While most cone types within the mosaic labeled consistently for a given opsin,
the cells in the position of the red cones did not universally label with the LWS-B
riboprobe. When these “holes” in the mosaic were discovered, an LWS-A probe was
synthesized; however, no difference was observed among hybridizations with LWS-A
alone, LWS-B alone, and the two probes mixed. So what opsins are these cells
expressing? It is possible that there may be another red opsin that has not been sequenced
yet. Fuller et al (2003) detected one pair of far-red sensitive twin cones
(λmax=566/568nm), suggesting the presence of another red opsin. It is also possible that
these holes correspond to another blue opsin that has not been sequenced yet, but which
has a spectral sensitivity similar to that of SWS2-A. This would fit the MSP data
reporting blue absorption in double cones (Fuller et al 2003).
In addition to deficiencies in labeling where red cones would be predicted to be
located, some positions within the mosaic that would be expected to express SWS1 opsin
failed to label as well. In Salmonid fishes, the ontogenetic shift from UV opsin
expression to blue opsin expression involves both a transformation in which cones that
express UV opsin in juveniles switch to express blue opsin in later stages, and a loss of
cones that express UV opsin in juveniles. In general, fish hatch with a full complement of
UV-expressing single cones, and then undergo a transformation period in which most
single cones switch to express blue opsin, and there is a loss of a subset of the corner
cones (Cheng et al 2006). While no killifish have been reported to undergo such an
ontogenetic shift in opsin expression, and in fact holes in the mosaic where corner cones
should be are observed in larval eyes as well as in adult eyes, it is interesting that the
cone mosaics of other fish species feature missing corner cones as well.
When RT-PCR was performed on whole larvae and adult eyes, no amplification
occurred for SWS2-A cDNA at any of the larval time-points, and only a very slight band
of product was detected from the adult reaction. This would typically be interpreted that
this opsin is not expressed at any of the larval time-points examined and has minimal
expression in adults. However, in situ hybridization demonstrated strong SWS2-A
expression in both 10dpf larvae and adults. These results parallel those of Fuller et al
(2003, 2004, 2005), who saw extremely low amplification of SWS2-A in their real-time
PCR study but reported the presence of blue cones detected by MSP. The clear presence
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of SWS2-A mRNA demonstrated here by in situ hybridization supports their assertion
that this gene likely has poor reverse transcription efficiency.

Effect of Lighting Environment
No differences were observed in the cone photoreceptor mosaic of bluefin
killifish reared in clear and tea-stained water. The labeling patterns observed were the
same in the two groups, as were the gaps within the mosaic noted above. Cell count
comparisons revealed no differences between the two groups. Thus it appears that neither
changes in the frequencies of cone types present in the retina nor changes in the mosaic
can account for the differing levels of opsin expression in fish from spring and swamp
populations.
This study also found no direct evidence of dorsal-ventral regional differences in
opsin expression. The co-expression of SWS2-A and SWS2-B mRNA presents the
possibility of regional differences. Central single cones could transcribe both SWS2-A
and SWS2-B mRNA, but translate only one or the other into protein. Analysis of protein
expression with antibody labeling is necessary to determine true expression patterns as
well as differences in expression between fish from the two environments.
The remaining explanation for the previously observed differences in opsin
mRNA expression between fish from spring populations and those from swamp
populations is that the levels of opsin expression within individual cells are plastic. In this
study, no differences in labeling intensity between the two treatments were observed to
suggest differing levels of expression. However, in situ hybridization is not a quantitative
tool, and the expression levels may not have differed enough to be detected by this
method. Decreased opsin expression within individual cells would result in shortened
outer segments within those cells, which would decrease the likelihood of a cone being
sampled by MSP. This could explain the almost complete lack of UV cones detected in
swamp fish by Fuller et al (2003), which were detected at a frequency much lower than
would be expected from the levels of opsin expression detected in their subsequent realtime PCR study (Fuller et al 2004). Thus, this explanation would resolve the lack of
difference in frequency of cone type observed in this study with the differences reported
by Fuller et al (2003).
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It is possible that the rearing conditions used in this study were not adequate to
induce the plasticity in opsin expression that has been previously observed. Although
care was taken to match the rearing conditions previously used (Fuller et al 2005),
offspring of spring fish were used in this study instead of offspring of swamp fish. It is
possible that fish from spring populations are not capable of responding to their spectral
environment in this way and that the plasticity observed in the previous rearing study is a
feature only of the visual system of bluefins from swamp populations. Real-time PCR is
currently being performed to verify levels of opsin expression in bluefins reared in this
study.
In conclusion, at the time of hatch, bluefin killifish possess a full complement of
rods and cones, and express a full repertoire of opsins, resulting in a functional visual
system. At this time, the square mosaic pattern of cone cells that will be maintained in the
adult is already in place. Previous studies have shown Lucania goodei to be a useful
model for investigating the role of environment in driving visual system evolution and
plasticity (Fuller et al 2003, 2004, 2005). This study demonstrates that the observed
plasticity in levels of opsin expression does not correspond to plasticity in the cone
photoreceptor mosaic. Rather, plasticity in opsin expression occurs in this fish in spite of
a rigid mosaic.
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