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Abstract
Background: For many fish species, retinal function changes between life history stages as part of an encoded
developmental program. Retinal change is also known to exhibit plasticity because retinal form and function can
be influenced by light exposure over the course of development. Aside from studies of gene expression, it remains
largely unknown whether retinal plasticity can provide functional responses to short-term changes in environmental
light quality. The aim of this study was to determine whether the structure and function of the fish retina can change
in response to altered light intensity and spectrum—not over the course of a developmental regime, but over shorter
time periods relevant to marine habitat disturbance.
Results: The effects of light environment on sensitivity of the retina, as well as on cone photoreceptor distribution
were examined in the Atlantic tarpon (Megalops atlanticus) on 2- and 4-month timescales. In a spectral experiment,
juvenile M. atlanticus were placed in either ‘red’ or ‘blue’ light conditions (with near identical irradiance), and in an
intensity experiment, juveniles were placed in either ‘bright’ or ‘dim’ light conditions (with near identical spectra).
Analysis of the retina by electroretinography and anti-opsin immunofluorescence revealed that relative to fish held in
the blue condition, those in the red condition exhibited longer-wavelength peak sensitivity and greater abundance
of long-wavelength-sensitive (LWS) cone photoreceptors over time. Following pre-test dark adaption of the retina,
fish held in the dim light required less irradiance to produce a standard retinal response than fish held in bright light,
developing a greater sensitivity to white light over time.
Conclusions: The results show that structure and function of the M. atlanticus retina can rapidly adjust to changes in
environmental light within a given developmental stage, and that such changes are dependent on light quality and
the length of exposure. These findings suggest that the fish retina may be resilient to disturbances in environmental
light, using retinal plasticity to compensate for changes in light quality over short timescales.
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Background
The ability of individual organisms to adapt to environmental change (i.e., phenotypic plasticity) supports fitness by allowing the colonization of new environments
[1] and survival during environmental disturbance [2].
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These unanticipated changes to the physical environment require an organism to either evade environmental
stressors or modify its physiology or behavior in order
to survive. Aquatic habitats are particularly dynamic
because factors including depth [3], suspended sediment
[4], and dissolved organic matter can alter underwater
light quality [5]. These factors affect light intensity and
spectrum, resulting in often predictable and characteristic differences in light quality among aquatic habitats
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[6]. The dynamic nature of underwater light, along with
the critical role of vision in survival may have driven the
great diversity and plasticity of retinal form and function
observed among fish species [5, 7, 8].
The life history of fish typically includes metamorphosis from a larval stage to one or more juvenile stages
before reaching adult sexual maturity. Between these
stages, many marine fish migrate to new light environments, which requires changes in visual function [9–16].
Retinal change is thought to occur in anticipation of or
in concert with shifts in habitat [17–21], the outcomes
of which can be strongly influenced by changes in light
exposure over life history [e.g., 22].
Plasticity of retinal development in response to altered
environmental light has been observed in a variety of species. Fish reared in atypical lighting conditions through
the course of development exhibit differential retinal sensitivity between major life history stages [23–28]. Specifically, differences in rearing light intensity and spectrum
affect the spectral sensitivity of photoreceptor cells [27],
result in altered retinal architecture [25], and lead to
changes in the expression of opsin proteins in the retina
[22, 26–28]. However, the capacity of retinal plasticity to
compensate for ‘unexpected’ or abrupt changes in underwater light quality within a given life history stage (that
is, between major developmental transitions) remains
largely unknown.
Major storms, eutrophication events, and other natural
and anthropogenic disturbances occur over short timescales and can result in acute and often dramatic shifts in
the intensity and spectrum of underwater light [29, 30].
These kinds of disturbances may have profound effects
on the abilities of fish to feed, avoid predators, engage
conspecifics, and ultimately survive. Several recent studies have shown that retinal gene expression can change
in response to abrupt changes in light quality [31–33], in
some instances occurring within days or hours of altered
light onset [34, 35]. Aside from these studies of gene
expression, however, the effects of light change on physiological sensitivity and architecture of the retina remain
to be investigated over timescales relevant to environmental disturbance.
The Atlantic tarpon (Megalops atlanticus) is a marine
fish species that has a long maturation period (∼ 7–10 year;
[36]), that includes multiple distinct developmental transitions coupled with movement to new habitats with
different light environments. In addition to robust developmental change [15], phenotypic plasticity of the retina
would be particularly advantageous to this species because
over its long-life span (> 55 years; [37]) M. atlanticus occupies and moves between inshore and near-shore waters,
both of which are highly susceptible to the light-altering
effects of coastal storms, eutrophication, and pollution.
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In this study, juvenile M. atlanticus were used to investigate how the intensity and spectrum of environmental
light affects the fish retina on 2- and 4-month timescales.
Electroretinography (ERG) was used to determine the
in vivo sensitivity of the M. atlanticus retina, allowing for
the comparison of retinal function to lighting conditions.
Anti-opsin immunofluorescence was used to examine
the lengths and distributions of photoreceptors in the
M. atlanticus retina, in an effort to identify the mechanisms underlying retinal sensitivity shifts. Determining
the capacity of the M. atlanticus retina for light-induced
phenotypic plasticity will indicate the resilience of fish
vision to marine disturbances that result in acute changes
in environmental light.

Methods
Specimen collection and maintenance

The specimens used for each method are summarized in
Table 1. Young-of-year juvenile M. atlanticus were captured in nursery habitats in Merritt Island, FL by cast net
under a Florida Fish and Wildlife (FWC) Special Activity
License (SAL-11-1300-SR). Specimens were transported
to the Florida Institute of Technology’s (FIT) aquaculture
facility and were acclimated to captivity prior to placement in experimental conditions and in vivo testing of
the retina. Fish were placed in experimental conditions
to test either the effect of light spectra on the retina (i.e.,
spectral experiment) or the effect of light intensity on the
retina (i.e., intensity experiment). In both experiments,
fish were housed individually within subdivided 250-gallon, 30 cm-deep, white-walled tanks on a 12-h light, 12-h
dark photocycle (LD 12/12), and fed ad libitum. Following experimentation, specimens were humanly euthanized by MS-222 overdose and cervical dislocation prior
to enucleation of the eyes. All work reported here was
conducted under protocols approved by FIT’s Institutional Animal Care and Use Committee (Animal Welfare
Assurance #141016).

Table 1 Specimens of Megalops atlanticus used in this
study
Experiment

N

Light condition

TL (cm)

Spectrala,b

16

Red

19.4, 17.9, 18.4
19.8, 18.6, 19.2, 20.9

Blue

21.4, 17.9, 17.5, 18.4
20.7, 16.3, 16.5, 19.7

Bright

19.4, 22.0, 24.0, 24.4

Dim

23.3, 24.2, 22.9, 23.6

Intensitya,b

8

TL total length of specimens, sample sizes and experimental conditions are
provided
a

Specimens used in electroretinography

b

Specimens used in immunofluorescence
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Experimental design

For the spectral experiment, 16 M. atlanticus were placed
in conditions of different light spectra, but near identical
irradiance (Fig. 1a, b). Light intensity in each condition
was 500 μW s−1 cm−2 at the water’s surface, provided by
sixteen 1.3 m-long, custom-made LED light bars (BML
Horticulture, Austin, TX, USA). ‘Red’ and ‘blue’ conditions consisted of 50 nm bandwidth spectra centered on
590 and 420 nm, respectively (Fig. 1). These spectra are
detectable on the extreme ends of juvenile M. atlanticus
wavelength sensitivity based upon previous microspectrophotometric (MSP) analyses [15]. Thus, these light
conditions should activate long-wavelength sensitive
(LWS) and short-wavelength sensitive (SWS) cone types
independently. After 60 and 120 days, the spectral sensitivity of four M. atlanticus from each condition was
tested in vivo by electroretinography, after which the fish
were euthanized, eyecups removed, and their eyes fixed
for histological analyses. Of the sixteen fish in the spectral experiment, one died from natural causes during
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the course of the experiment, so a total of three fish (as
opposed to four) were tested as part of the red condition
at the first timepoint.
For the intensity experiment, eight M. atlanticus were
placed in conditions of different light irradiance, but
near-identical spectra (Fig. 1c, d). The light spectrum of
each condition was engineered to approximate that of
natural sunlight, and were provided by four 1.3 m-long,
custom-made ‘Solar-Max’ LED light bars (BML Horticulture Inc., Austin, TX, USA). Preliminary analysis of
M. atlanticus retinal sensitivity by electroretinography
included differentiation of light activation of rod- and
cone-based systems by analysis of a-wave and b-wave
amplitudes [38, 39]. An abrupt change occured at
~ 3 μW s−1 cm−2 (Additional file 1: Figure S1). Thus, light
intensities for the ‘bright’ and ‘dim’ light conditions were
set at 2.5 mW and .325 μW s−1 cm−2, respectively, in
order to activate cone-based and rod-based vision. Light
intensities were measured and set using a radiant power
meter with a silicon photodiode (Ophir Photonics, North

Fig. 1 Lighting conditions of spectral and intensity experiments. In the spectral experiment, juvenile Megalops atlanticus were kept in lighting
conditions of different spectra but identical irradiance (500 µW s−1 cm−2). The ‘blue’ condition (a) and ‘red’ condition (b) were centered on 420 nm
light and 590 nm light, respectively. In the intensity experiment, M. atlanticus were kept in lighting conditions of different irradiances but identical
spectra. The ‘bright’ condition (c) and ‘dim’ condition (d) consisted of 2.5 mW s−1 cm−2 and .325 µW s−1 cm−2 white light, respectively. Insets: emission spectra and irradiance values for each condition, y-axes are normalized irradiance (μW s−1 cm−2)
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Andover, MA). Changing the intensity of light bar output
did not affect the light spectrum (measured with a Hyper
OCR spectroradiometer, Satlantic LP, Halifax, Nova Scotia) between the two lighting conditions. After 60 days,
the retinal sensitivity of the four M. atlanticus from each
condition was tested in vivo by electroretinography, after
which the fish were euthanized, eyes were removed, and
eyecups prepared and fixed for immunofluorescence
analyses (see below).
Electroretinography

For fish in the spectral experiment, electroretinography
(ERG) was used to determine spectral sensitivity of the
retina. Fish were anesthetized with 75 mg L−1 tricaine
methanesulfonate (MS-222) in seawater, transferred
to a flow-through apparatus for perfusion of the gills,
and dark-adapted for 45 min. A silver-wire recording
electrode was placed on the cornea of one eye, a reference electrode was placed just posterior to that eye,
and a ground electrode was placed in seawater adjacent
to the body. Signals were amplified using an AM Systems (Carlsborg, WA, USA) differential microelectrode
amplifier (gain: 1000x; bandpass 1 Hz-1 kHz), and digitized by an iWorx (Dover, NH, USA) amplifier before
recording on a laptop using iWorx Labscribe Software.
Stimulus light from a QTH lamp was passed through a
grating monochromator, an electronic fast-acting shutter
(Uniblitz, Rochester, NY) and a 60 cm liquid light guide
(Oriel Instruments, Irvine, CA, USA). Light intensity was
measured using a radiant power meter (Ophir Photonics,
North Andover, MA) and adjusted manually with a slide
bar aperture.
The fish retina was stimulated with 100 ms flashes of
monochromatic light at increasing irradiances until a
criterion retinal response (~ 30 μV) was attained at each
wavelength from 350 to 650 nm in 50 nm increments. A
criterion response curve was generated by recording the
irradiance (in μW s−1 cm−2) necessary to elicit the criterion response for each wavelength increment. After conversion to photon flux, the inverses of these values were
normalized and plotted to generate spectral sensitivity
curves. Statistical comparison of the peak wavelength
sensitivity (λmax, nm) of fish from each lighting condition
was performed using a 2 × 2 multifactorial ANOVA to
test the effects of spectrum and time on spectral sensitivity. Assumptions (homogeneity of variances and normality of the residuals) were met for this test and all other
multifactor ANOVA tests.
For fish in the intensity experiment, white-light sensitivity of the retina was tested by ERG. Following 45 min
of dark adaption, fish retinas were stimulated with
100 ms flashes of white light at increasing irradiances
until a criterion response (μV) was achieved. After each
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stimulus, the difference in voltage from the trough of the
ERG a-wave to the peak of the b-wave was measured,
and irradiance was increased until a criterion response
80 μV above baseline noise was attained. The irradiance
(in μW s−1 cm−2) required to elicit the criterion response
was converted to photons s −1 cm−2. For fish in each condition, the required irradiance was averaged and compared statistically. Following a natural log transformation
of the data, an Independent Samples T-test (for which all
assumptions of the data were met) was used to test the
effect of light intensity on the white-light sensitivity of
the retina.
Immunofluorescence

The effects of light spectra on photoreceptor outer segment length and distribution were determined by immunofluorescence. Eyecups were fixed in a solution of 4%
paraformaldehyde and 15% picric acid in .1 M sodium
phosphate buffer. Following a minimum of 48 h of fixation, eyecups were infiltrated with 25% sucrose in .1 M
Tris buffer, then embedded in Tissue-Tek. Frozen
20 μm-thick cross-sections were cut in the dorso-ventral
plane on a CM1850 cryostat (Leica Biosystems, Buffalo
Grove, IL, USA), thaw-mounted onto gelatin–coated
glass microscope slides, and dried at room temperature
overnight. Slides were then placed into fixative for 1 h,
followed by four, 15 min washes in Tris-buffered saline
(.5 M Trizma buffer, .9% NaCl, pH 7.4). Primary antisera were diluted in Tris-buffered saline (TBS) containing .25% λ-carrageenan, 1% bovine serum albumin, and .
3% Triton X-100, and applied to the slides for overnight
incubation (minimum 8 h) at room temperature. After
four, 15 min rinses in TBS, slides were incubated for 1 h
at room temperature in fluorophore-conjugated secondary antisera. Controls for each specimen included
omission of the primary antisera, and single-labeling
with each primary and secondary combination. Following four rinses in Tris-buffered saline, slides were coverslipped with Slowfade Gold mounting medium with
DAPI nucleic acid label (Life Technologies, Grand Island,
NY) and imaged using EZ-C1 software on a Nikon C1Si
upright confocal laser-scanning microscope (Nikon
Instruments, Melville, NY).
Retinas were double-labeled with well-characterized
antisera against rod and cone opsins [e.g., 16, 40]. Photoreceptor subtypes were labeled using a mouse monoclonal
anti-rhodopsin antibody (MAB5316, 1:500 dilution, RRID
AB_2156055, EMD Millipore, Billerica, MA), and a rabbit polyclonal anti-LWS cone opsin antiserum (CERN906
1:1000 dilution, RRID inapplicable, donated by W.J. DeGrip,
University of Nijmegen, Nijmegen, Netherlands). Primary
antisera were labeled with secondary antisera that were conjugated to Alexa Fluor fluorescent dyes (goat anti-rabbit IgG
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conjugated to Alexa-488, RRID AB_143165, and goat antimouse IgG conjugated to Alexa-555, RRID AB_141780; Life
Technologies, Grand Island, NY).
For the retina of fish from the spectral experiment,
cone photoreceptor abundances (number per 50 μm linear expanse of retinal section) were counted using NIS
Elements (Nikon). Cone photoreceptor abundances in
the dorsal and ventral aspects of the M. atlanticus retina
were compared using a Mann–Whitney U Test. Cone
photoreceptor abundances and outer segment lengths
were compared using a 2 × 2 multifactorial ANOVA to
test the effects of spectrum and time on photoreceptor
distribution. Because the M. atlanticus retina only contains ‘single’ cone photoreceptors throughout life [15],
counting photoreceptor outer segments was an appropriate measure of photoreceptor cell abundance. For the
retina of fish from the intensity experiment, photoreceptor abundances were counted considering three different
metrics. In juvenile M. atlanticus, the rod photoreceptors
are approximately half the length of cone photoreceptors
and stacked into morphological elements known as rod
bundles [15]. Therefore, the number of cones per 50 μm
linear expanse of retinal section, rod bundles per 50 μm
of retinal section, and cones per of rod bundle were
determined using NIS Elements (Nikon). These three
measures of the M. atlanticus retina, as well as cone
outer segment lengths were then compared between fish
in bright and dim light conditions using three separate
Independent Samples T-tests, for which all assumptions
of the data were met.

Results
Spectral experiment

The mean peak wavelength sensitivity (λmax) of M. atlanticus held in the ‘red’ condition became significantly
longer in wavelength than the mean λmax of M. atlanticus
held in the ‘blue’ condition (F = 18.57, p = .002; Fig. 2).
After 2 months, the mean λmax of fish in the red condition was 500 nm (s.e.m. ± 0 nm), while the mean λmax of
fish in the blue condition was 463 nm (s.e.m. ± 12.5 nm).
After 4 months, the mean λmax of fish in the red condition increased to 538 nm (s.e.m. ± 12.5 nm), while the
mean λmax of in the blue condition remained unchanged
at 467 nm (s.e.m. ± 16.7 nm). Retinal criterion response
values were never reached for the 350 and 650 nm stimuli
for fish from the blue condition and for 350 nm stimulus
for fish in the red condition at 4 months due to low retinal sensitivity at those values. There was no significant
difference in λmax between 2 and 4 months within each
spectral condition and no significant interaction of light
spectrum and time was detected.
Strong anti-rhodopsin and anti-cone opsin immunofluorescence was observed in the M. atlanticus retina,

Fig. 2 Effects of light spectrum and exposure time on the spectral
sensitivity of juvenile Megalops atlanticus. Spectral sensitivity curves
of M. atlanticus from ‘red’ and ‘blue’ light conditions were determined
by electroretinography (ERG) and plotted at 2 month (a) and 4 month
(b) time points. In a, b the average amount of light required to
produce a criterion response of the retina was determined in 50 nm
increments across the visible light spectrum. The average peak
wavelength of sensitivity is shown for fish in each condition (c). The
effects of light color and exposure time on peak spectral sensitivity of
the retina was compared by a 2 × 2 multifactor ANOVA. Brackets with
lettering indicate significant difference in sensitivity between spectral
conditions. Error bars indicate standard error of the mean

revealing appropriate rod- and cone-specific photoreceptor outer segment morphologies (Fig. 3). Cone outer segment lengths did not differ between spectral condition or
over time; averaging 18.9 µm (s.e.m. ± .35) and 19.1 µm
(s.e.m. ± .26) for fish in the red and blue conditions,
respectively. In addition, cone photoreceptor abundance
did not differ between the dorsal and ventral region of
the retina. Comparing cone photoreceptor abundance
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Fig. 3 Effects of light spectrum and exposure time on the proportion of cone photoreceptor sensitivity types in juvenile Megalops atlanticus. a
Green fluorescence indicates long-wavelength sensitive (LWS) cone opsin immunoreactivity; red fluorescence indicates rod opsin immunoreactivity. Inset values indicate the average of putative LWS cone photoreceptor abundances per 50 μm linear expanse of retina. Scale bar indicates 50 μm.
b The effects of light color and exposure time on LWS cone photoreceptor abundance per 50 μm expanse of retina was compared by a 2 × 2
multifactor ANOVA. Brackets with lettering indicate significant difference in sensitivity between spectral conditions. Asterisk indicates significant
difference between time points. Error bars indicate standard error of the mean
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between spectral conditions, however, indicated that
LWS cone abundance was higher for fish in the red
condition than for fish in the blue condition (F = 53.0,
p < .001) and that cone photoreceptor abundance differed across time (F = 25.24, p < .001). The highest abundance of cone cells was found in fish at 4 months in the
red condition (14.68 cells/50 μm; s.e.m. ± .30), and the
lowest abundance of cells was found in fish at 4 months
in the blue condition. Additionally, an interaction of the
effect of light spectrum and time on cone abundance was
detected (F = 52.04, p < .001).
Intensity Experiment

The electroretinograms of M. atlanticus in the intensity
experiment indicated a difference in the white-light sensitivity of fish held in the ‘bright’ and ‘dim’ light conditions (Fig. 4a). Following 45 min of dark adaption, fish
that had been held in the bright condition required an
average of .6 μW s−1 cm−2 (s.e.m. ± .09 μW) of white
light to elicit an 80 μV response of the retina, while fish

Fig. 4 Effects of light irradiance on retinal white-light sensitivity and
rod and cone photoreceptor abundance. a White-light sensitivity of
juvenile Megalops atlanticus maintained in ‘bright’ and ‘dim’ light conditions and tested by electroretinography (ERG). Average irradiances
(µW s−1 cm−2) required to elicit an 80 µV retinal response from fish
held under each condition were significantly different between ambient illumination levels. Error bar obscured by the marker for fish in the
‘dim’ condition. b Relative rod and cone photoreceptor abundance in
the retinas of fish held under ‘bright’ and ‘dim light conditions. Error
bars indicate standard error of the mean
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from the dim condition required an average of only .
3 μW s−1 cm−2 (s.e.m. ± .03 μW) of white light to elicit
the same response. This difference in the irradiance
required to elicit the criterion response between the two
conditions was significant (t = 2.573, p = .040).
Comparing cone photoreceptor abundance after the
intensity experiment indicated that cone abundance per
50 μm linear expanse of retina did not significantly differ
between fish in the bright and dim conditions (Fig. 4b);
9.7 cells/50 μm (s.e.m. ± .80 cells) and 9.8 cells/50 μm
(s.e.m. ± .32 cells) for fish in the bright and dim conditions, respectively. Congruently, cone abundance per
rod bundle and rod bundle abundance (per 50 μm linear expanse of retina) also did not differ significantly
between the two conditions; 4.1 cells/50 μm (s.e.m. ± .56
cells) and 4.0 cells/50 μm (s.e.m. ± .20 cells) for fish in
the bright and dim conditions, respectively. Rod bundle
abundance per 50 μm linear expanse of retina did not
significantly differ between fish in the bright and dim
conditions: 2.9 bundles/50 μm (s.e.m. ± .33) and 3.1 bundles/50 μm (s.e.m. ± .30), respectively. Cone photoreceptor outer segment lengths did not differ between the
two conditions, averaging 18.3 µm (s.e.m. ± .4) and 18.4
(s.e.m. ± .49) for fish in the bright and dim light conditions, respectively.

Discussion
The goal of this study was to determine the capacity of the marine fish retina to change over short (i.e.,
2–4 month) timescales in response to changes in the
intensity and spectrum of environmental light. Over the
full time course of fish development, retinal function is
known to change between life history stages [e.g., 11–13,
15, 16, 21], the outcomes of which can be influenced by
light exposure over time [23–28, 41]. Aside from studies of gene expression (e.g., [31]), it remained unclear if
disturbances to environmental light quality could drive
changes in retinal form and function between major
developmental transitions (i.e., within a particular developmental stage, and particularly over very short timescales relative to the full course of development). The
results of the present study indicate that photoreceptor
abundance, absolute sensitivity and spectral sensitivity
of the M. atlanticus retina all undergo significant change
in response to light condition within a 2- to 4-month
timescale during the juvenile developmental stage. These
changes depend upon the intensity and spectrum of
lighting conditions and length of exposure.
Retinal response to light conditions

Spectral condition was found to drive changes in the
peak wavelength sensitivity (λmax) of the M. atlanticus
retina. Over time, fish in the ‘red’ condition became more
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sensitive to long-wavelength light than fish in the ‘blue’
condition. This sensitivity difference between the fish in
the two color conditions was likely driven by cone photoreceptor class redistribution in the retina, as fish from the
red condition were found to have a significantly greater
abundance of LWS cones relative to fish held in the blue
condition. Spectral conditions also may have altered SWS
cone photoreceptor abundances over time, but none of
the SWS cone opsin antisera tested labeled the M. atlanticus retina.
It remains unknown whether the observed changes in
LWS cone photoreceptor abundance were due to expression of new opsins within existing photoreceptor cells or
neurogenesis of new cells altogether. The retinas of teleost fish grow continuously through persistant neurogenesis throughout life [42]. During this growth, cones
form at the retinal boundary, the circumferential germinal zone, while rods can form there, as well as from precursor cells throughout the retina [7, 43]. Whether the
retinal changes seen in this and in other studies of retinal
plasticity are due to cone cell neurogenesis in the central
retina remains to be elucidated.
Exposure of M. atlanticus to different irradiance levels
caused absolute (white-light) sensitivity of the retina to
change substantially. Fish held in the bright light condition required twice the irradiance to produce the same
retinal response as fish held in the dim light condition.
Yet rod and cone photoreceptor abundance, measured
per unit retinal expanse and relative to each other, did not
change in response to lighting condition. The observed
sensitivity difference may have been a product of a variety of cellular and biochemical mechanisms including
modulation of the regeneration rate of light-sensitive
visual pigment molecules in photoreceptors [e.g., 44, 45],
repositioning of rod and cone outer segments, movement
of melanin pigment granules in the retinal pigmented
epithelium (in many non-mammalian vertebrates; [e.g.,
46]), chemical (de)sensitization of the retina [e.g., 47, 48],
or rewiring of the inner retina.
Plasticity of the marine fish retina

Multiple previous studies of fish retinal phenotypic
plasticity demonstrate retinal change in response to
altered light spectra that span the entirety of development or key developmental transitions. These studies
reported structural and functional changes including
the relative proportions of photoreceptor sensitivities
determined by microspectrophotometry (MSP; [27]),
relative expression of opsin genes [22, 26], behavioral
measures of color sensitivity [25], photoreceptor morphology, and even synaptic architecture of the inner retina [24]. More recently, studies of retinal plasticity have
demonstrated changes in retinal gene expression in
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response to short-term changes in environmental light
[31–33]. The results presented here expand upon those
studies, showing that in vivo retinal sensitivity and photoreceptor distribution can change in response to acute
changes in environmental light that occur within a given
developmental stage, between major developmental
transitions. Significant retinal change occurred in only
2–4 months within the full developmental regime of
M. atlanticus that encompasses 7–10 years [36]. These
results suggest that retinal plasticity may support rapid
retinal change and perhaps improved vision for survival
in the face of natural and anthropogenic aquatic habitat
disturbances that alter intensity and spectrum of underwater light.

Conclusions
Elucidating the capacity of the fish retina to change in
response to altered lighting conditions is important for
our understanding of fish resilience to disturbances in
the marine environment. Natural and anthropogenic disturbances to marine habitats (e.g., algal blooms caused
by eutrophication and storm-induced turbidity changes)
can lead to significant and rapid changes in the intensity
and spectrum of underwater light [29, 30]. The attenuation of light and chromatic changes associated with
marine disturbances may place significant pressure on
the visual systems of fish, and thus survival may depend
at least in part upon the ability of fish visual systems to
change rapidly [49]. The results presented here indicate
plasticity of the fish retina in response to acute changes
in environmental light over a few months, only ~ 2% of
the time it takes M. atlanticus to fully develop. Through
a combination of changes in photoreceptor distribution
and modification of retinal sensitivity, the M. atlanticus
retina may be able to compensate for new lighting conditions on a timescale relevant to the ecological impact
of habitat disturbance. The relatively short-term changes
in sensitivity described here may allow M. atlanticus to
remain efficient predators, avoid potential predators, and
interact productively with conspecifics even in the face of
significant, rapid environmental change.
Additional file
Additional file 1: Figure S1. Electroretinographic data indicating light
intensities required to activate the rod- and cone-based retinal responses
in M. atlanticus. Individual ERG traces in response to white light irradiances
from .5 to 3 µW s−1 cm−2 following 45 min of dark-adaption (A−D).
Flash intensities up to 2 μW s−1 cm−2 light stimuli produced putative
rod responses. Evocation of a defined a-wave (black arrow) and a greater
amplitude and temporally broader b-wave (white arrow) indicates activation of cone responses [38, 39]. Bottom: Irradiance levels chosen for ‘dim’
and ‘bright’ experimental conditions (dotted lines; .325 µW s−1 cm−2 and
2.5 mW s−1 cm−2, respectively).

Schweikert and Grace BMC Ecol (2018) 18:1

Authors’ contributions
LES and MSG conceived of the study, LES carried out data collection and
analysis, and LES and MSG drafted the manuscript. Both authors read and
approved the final manuscript.
Author details
1
Department of Biological Sciences, Florida Institute of Technology, 150 W.
University Boulevard, Melbourne, FL 32901, USA. 2 Present Address: Department of Biology, Duke University, 130 Science Dr. Durham, Durham, NC 27583,
USA.
Acknowledgements
We thank Mark Schweikert, James King, Emily Dawson, Dr. Kristin Kopperud,
Dr. Adeljean Ho, Dr. Eric Guisbert and Dr. David Carroll for logistical support.
We would like to acknowledge Gayle Duncombe, Florida Institute of Technology (FIT), for assistance with confocal microscopy, and Dr. Jon Shenker and
Dr. Ralph Turingan for helpful discussion and assistance in tarpon husbandry.
Publication of this article was funded in part by the Open Access Subvention
Fund and the Florida Tech Libraries.

Page 9 of 10

9.
10.

11.
12.
13.
14.
15.

Competing interests
The authors declare that they have no competing interests.
16.
Availability of data and materials
The datasets used during the present study are available in the additional
material, as well as from the corresponding author on request.

17.

Consent for publication
Not applicable.

18.

Ethics approval and consent to participate
All experimental protocols were approved by the Florida Institute of Technology’s animal care and use committee (Animal Welfare Assurance #141016).

19.
20.

Funding
Funding for this work was provided by an NSF Graduate Research Fellowship (GRFP) and by a P.E.O. International Scholar Award (both to LES). Salary
support was provided to LES by the GRFP through the entirety of the study,
and the P.E.O Scholar award funded equipment and supplies required by the
experiments. These funding organizations had no role in the design of the
study, the collection, analysis and interpretation of the data, or the writing of
the manuscript.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.
Received: 20 July 2017 Accepted: 9 January 2018

21.
22.
23.
24.
25.
26.
27.

References
1. Price TD, Qvarnstrom A, Irwin DE. The role of phenotypic plasticity in driving genetic evolution. Proc R Soc Biol Sci. 2003;270:1433–40.
2. Reed TE, Waples RS, Schindler DE, Hard JJ, Kinnison MT. Phenotypic
plasticity and population viability: the importance of environmental
predictability. Proc R Soc Biol Sci. 2010;277:3391–400.
3. Tyler JE. Natural water as a monochromator. Limol Oceangr. 1959;4:102–5.
4. Brezonik PL. Effect of organic color and turbidity of secchi disk transparency. J Fish Res Board Can. 1978;35:1410–6.
5. Cronin TW, Johnsen S, Marshall JN, Warrant EJ. Visual ecology. Princeton:
Princeton University Press; 2014.
6. Jerlov NG. Marine optics. Amsterdam: Elsevier; 1976.
7. Stenkamp DL. Neurogenesis in the fish retina. Int Rev Cytol.
2007;259:173–224.
8. Hofmann CM, Carleton KL. Gene duplication and differential gene expression play an important role in the diversification of visual pigments in
fish. Integr Comp Biol. 2009;49:630–43.

28.
29.
30.
31.
32.

Evans B, Fernald RD. Metamorphosis and fish vision. J Neurobiol.
1990;21:1037–52.
Beaudet L, Hawryshyn CW. Ecological aspects of vertebrate visual
ontogeny. In: Archer A, Diamgoz M, Loew E, Partridge J, Vallerga S, editors.
Adaptive mechanisms in the ecology of vision. Dordrecht: Springer; 1999.
p. 413–37.
Temple SE, Veldhoen KM, Phelan JT, Veldhoen NJ, Hawryshyn CW.
Ontogenetic changes in photoreceptor opsin gene expression in coho
salmon (Oncorhynchus Kisutch, Walbaum). J Exp Biol. 2008;211:879–88.
Job SD, Shand J. Spectral sensitivity of larval and juvenile coral reef fishes:
implications for feeding in a variable light environment. Mar Ecol Prog
Ser. 2001;214:67–77.
Shand J, Hart NS, Thomas N, Partridge JC. Developmental changes in the
cone visual pigments of black bream Acanthopagrus Butcheri. J Exp Biol.
2002;205:3661–7.
Carleton KL, Kocher TD. Cone opsin genes of African cichlid fishes:
tuning spectral sensitivity by differential gene expression. Mol Biol Evol.
2001;18:1540–50.
Taylor SM, Loew ER, Grace MS. Developmental shifts in functional morphology of the retina in Atlantic tarpon, Megalops atlanticus (Elopomorpha: Teleostei) between four ecologically distinct life-history stages. Visual
Neurosci. 2011;28:309–23.
Taylor SM, Loew ER, Grace MS. Ontogenic retinal changes in three ecologically distinct Elopomorph fishes (Elopomorpha: Teleostei) correlate
with light environment and behavior. Visual Neurosci. 2015;35:E005.
Browman HI, Hawryshyn CW. The developmental trajectory of ultraviolet
photosensitivity in rainbow trout is altered by thyroxine. Vision Res.
1994;34:1397–406.
Archer S, Hope A, Partridge JC. The molecular basis for the green-blue
sensitivity shift in the rod visual pigments of the European eel. Proc R Soc
Biol Sci. 1995;262:289–95.
Hope AJ, Partridge JC, Hayes P. Switch in rod opsin gene expression in the
European eel, Anguilla anguilla. Proc R Soc Biol Sci. 1998;265:869–74.
Flamarique I. The ontogeny of ultraviolet sensitivity, cone disappearance
and regeneration in the sockeye salmon Oncorhynchus nerka. J Exp Biol.
2000;203:1161–72.
Schweikert LE, Grace MS. Spectral sensitivity change may precede habitat
shift in the developing retina of the Atlantic tarpon (Megalops atlanticus).
Physiol Biochem Zool. 2017;90:553–63.
Hofmann CM, O’Quin KE, Smith AR, Carleton KL. Plasticity of opsin gene
expression in cichlids from Lake Malawi. Mol Ecol. 2010;19:2064–74.
Kröger RH, Bowmaker JK, Wagner HJ. Morphological changes in the retina
of Aequidens pulcher (Cichlidae) after rearing in monochromatic light.
Vision Res. 1999;39:2441–8.
Wagner HJ, Kröger RH. Effects of long-term spectral deprivation on
the morphological organization of the outer retina of the blue acara
(Aequidens pulcher). Proc R Soc Biol Sci. 2000;355:1249–52.
Wagner JH, Kröger RH. Adaptive plasticity during the development of
colour vision. Prog Ret Eye Res. 2005;24:521–36.
Fuller RC, Carleton KL, Fadool JM, Spady TC, Travis J. Genetic and environmental variation in the visual properties of bluefin killifish, Lucania
Goodei. J Evolution Biol. 2005;18:516–23.
Shand J, Davies WL, Thomas N, Balmer L, Cowing KA, Pointer M, Carvalho
LS, Trezise AE, Collin SP, Beazley LD, Hunt DM. The influence of ontogeny
and light environment on the expression of visual pigment opsins
in the retina of the black bream, Acanthopagrus butcheri. J Exp Biol.
2008;211:1495–503.
Dalton BE, Lu J, Leips J, Cronin TW, Carleton KL. Variable light environments induce plastic spectral tuning by regional opsin coexpression in
the African cichlid fish, Metriaclima zebra. Mol Ecol. 2015;24:4193–204.
Grecay PA, Targett TE. Effects of turbidity, light level and prey concentration on feeding of juvenile weakfish Cynoscion regalis. Mar Ecol Prog Ser.
1996;131:11–6.
Karlsson J, Byström P, Ask J, Ask P, Persson L, Jansson M. Light limitation of
nutrient-poor lake ecosystems. Nature. 2009;460:506–9.
Stieb SM, Carleton KL, Cortesi F, Marshall NJ, Salzburger W. Depthdependent plasticity in opsin gene expression varies between damselfish
(Pomacentridae) species. Mol Ecol. 2016;25:3645–61.
Shimmura T, Nakayama T, Shinomiya A, Fukamachi S, Yasugi M, Watanabe
E, Shimo T, Senga T, Nishimura T, Tanaka M, Kamei Y. Dynamic plasticity in

Schweikert and Grace BMC Ecol (2018) 18:1

33.

34.
35.
36.
37.
38.
39.
40.

phototransduction regulates seasonal changes in color perception. Nat
Commun. 2017;8:412.
Härer A, Torres-Dowdall J, Meyer A. Rapid adaptation to a novel light
environment: the importance of ontogeny and phenotypic plasticity in
shaping the visual system of Nicaraguan Midas cichlid fish (Amphilophus
citrinellus spp.). Mol Ecol. 2017;26:5582–93.
Johnson AM, Stanis S, Fuller RC. Diurnal lighting patterns and habitat alter
opsin expression and colour preferences in a killifish. Proc R Soc Biol Sci.
2013;280:20130796.
Nandamuri SP, Yourick MR, Carleton KL. Adult plasticity in African Cichlids:
rapid changes in opsin expression in response to environmental light
differences. Mol Ecol. 2017;26:6036–52.
Crabtree RE, Cyr EC, Chaverri DC, McLarney WO, Dean JM. Reproduction
of tarpon, Megalops atlanticus, from Florida and Costa Rican waters and
notes on their age and growth. Bull Mar Sci. 1997;61:271–85.
Crabtree RE. Age, growth and reproduction of tarpon, Megalops atlanticus, in South Florida waters. Fish Bull. 1995;93:619–28.
Cidecyian AR, Jacobson SG. An alternative phototransduction model for
human rod and cone ERG A-waves: normal parameters and variation
with age. Vision Res. 1996;36:2609–21.
Alexander KR, Raghuram A, Rajagopalan AS. Cone phototransduction
and growth of the ERG B-wave during light adaptation. Vision Res.
2006;46:3941–8.
Schweikert LE, Fasick JI, Grace MS. Evolutionary loss of cone photoreception in balaenid whales reveals circuit stability in the mammalian retina. J
Comp Neurol. 2016;524:2873–85.

Page 10 of 10

41. Collin SP, Beazley LD, Hunt DM. The influence of ontogeny and light
environment on the expression of visual pigment opsins in the retina of
the black bream, Acanthopagrus butcheri. J Exp Biol. 2008;211:1495–503.
42. Hitchcock P, Ochocinska M, Sieh A, Otteson D. Persistent and injuryinduced neurogenesis in the vertebrate retina. Prog Retin Eye Res.
2004;23:183–94.
43. Otteson DC, D’Costa AR, Hitchcock PF. Putative stem cells and the lineage
of rod photoreceptors in the mature retina of the goldfish. Dev Biol.
2001;232:62–76.
44. Leibrock CS, Reuter T, Lamb TD. Molecular basis of dark adaptation in rod
photoreceptors. Eye. 1998;12:511–20.
45. Wang JS, Estevez ME, Cornwall MC, Kefalov VJ. Intra-retinal visual cycle
required for rapid and complete cone dark adaptation. Nat Neurosci.
2009;12:295–302.
46. Blaxter JH, Jones P. The development of the retina and retinomotor
responses in the herring. J Mar Biol Assoc UK. 2009;47:677–97.
47. Adelson EH. Saturation and adaptation in the rod system. Vision Res.
1982;22:1299–312.
48. Ferwerda JA, Pattanaik SN, Shirley P, Greenberg DP. A model of visual
adaptation for realistic image synthesis. In: Proceedings of the 23rd
annual conference on computer graphics and interactive techniques.
New York: ACM Press; 1996. p. 249–58.
49. Collin SP, Hart NS. Vision and photoentrainment in fishes: the effects of
natural and anthropogenic perturbation. Integr Zool. 2015;10:15–28.

Submit your next manuscript to BioMed Central
and we will help you at every step:
• We accept pre-submission inquiries
• Our selector tool helps you to find the most relevant journal
• We provide round the clock customer support
• Convenient online submission
• Thorough peer review
• Inclusion in PubMed and all major indexing services
• Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit

