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Abstract
During early ontogeny, visual opsin gene expression in cichlids is influenced by prevailing light reg-

imen. Red light, for example, leads to an early switch from the expression of short-wavelength sen-

sitive to long-wavelength sensitive opsins. Here, we address the influence of light deprivation on

opsin expression. Individuals reared in constant darkness during the first 14 days post-hatching

(dph) showed a general developmental delay compared with fish reared under a 12:12 hr light–

dark cycle (control group). Several characters including pigmentation patterns and eye develop-

ment, appeared later in dark-reared individuals. Quantitative real-time PCR and fluorescent in

situ hybridization at six time points during the 14 days period revealed that fish from the control

group expressed opsin genes from 5 dph on and maintained a short-wavelength sensitive pheno-

type (sws1, rh2b, and rh2a). Onset of opsin expression in dark-reared Midas cichlids was delayed

by 4 days and visual sensitivity rapidly progressed toward a long-wavelength sensitive phenotype

(sws2b, rh2a, and lws). Shifts in visual sensitivities toward longerwavelengths aremediated by thy-

roid hormone (TH) inmany vertebrates. Compared to control fish, dark-reared individuals showed

elevated dio3 expression levels - a validated proxy for TH concentration - suggesting higher circu-

lating TH levels. Despite decelerated overall development, ontogeny of opsin gene expressionwas

accelerated, resulting in retinaewith long-wavelength shifted predicted sensitivities compared to

light-reared individuals. Indirect evidence suggests that this was due to altered THmetabolism.
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1 INTRODUCTION

Development is often buffered from variation in environmental con-

ditions, at least when these are within the normal range commonly

experienced during the evolutionary history of species (Gilbert, 2001,

Siegal & Bergman, 2002; West-Eberhard, 2003). However, when envi-

ronmental perturbations exceed this range, development might be

altered in ways that adversely impact fitness (Blas, Bortolotti, Tella,

Baos, & Marchant, 2007; Ghalambor, McKay, Carroll, & Reznick,

2007; Rutherford, 2000). One such extreme perturbation is the mod-

ification of the circadian rhythm by depriving individuals of light.

Rearing animals under constant darkness can result in develop-

mental instability, causing reductions in growth rate, malformations,

and even increased levels of mortality (Barlow, Pearce, Rodgers, &

Clayton, 1995; Liu, Stickney, Dickhoff, & McCaughran, 1994; Trotter,

Battaglene, & Pankhurst, 2003; Villamizar, García-Alcazar, & Sánchez-

Vázquez, 2009; Villamizar et al., 2011). The visual system, in par-

ticular, is expected to be highly impacted by light deprivation, both

on a short-term (ontogenetic change) and a long-term (evolutionary

change) scale (Kröger & Fernald, 1994; Langecker, Schmale, &Wilkens,

1993; Tobler, Coleman, Perkins, & Rosenthal, 2010). Hubel andWiesel

were among the first to recognize that visual experience can influ-

ence the development of the visual system from experiments on cats

(Hubel &Wiesel, 1963; Hubel &Wiesel, 1970;Wiesel & Hubel, 1963).

Since this seminal work, the generality of their findings was confirmed

in a number of different species. For example, surface dwelling fish

reared in constant darkness tend to develop myopias due to defor-

mations of the eye (Kröger et al., 1994) and abnormalities of the

optic tectum and the retina (Blaxter, 1970). Similar patterns have been

identified in terrestrial animals when light deprived (Fagiolini, Piz-

zorusso, Berardi, Domenici, &Maffei, 1994;Gottlieb, Fugate-Wentzek,

&Wallman, 1987; Guyton, Greene, & Scholz, 1989; Norton, Amedo, &

Siegwart, 2006).

The impact of light deprivation on a long-term evolutionary scale

can be observed in the eyes of animals living in aphotic or almost

aphotic environments. For example, animals living in completely dark
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caves often showreductionor complete loss of eyes (Behrmann-Godel,

Nolte, Kreiselmaier, Berka, & Freyhof, 2017; Jeffery, 2005; Schobert

et al., 2013; Wilkens, Strecker, & Yager, 1989), whereas adaptations

to dim-light conditions, as experienced by deep sea organisms, include

the enlargement of eyes, the presence of a reflective tapetum lucidum,

and a high density of enlarged photoreceptors (Busserolles, Marshall,

& Collin, 2014; Claes et al., 2014). Thus, the significance of light is evi-

dent on an individual and a species level.

Visual pigments in retinal photoreceptors differ characteristically

betweenorganisms adapted to light rich versus dimor completely dark

environments (Yokoyama, 2008). Visual pigments are composed of a

photosensitivemolecule, a retinal chromophore, covalently bound to a

transmembrane G-protein-coupled receptor, the opsin protein (Wald,

1968). The spectral and kinetic characteristics of visual pigments are

known to be dependent on the amino acid sequence of the opsin pro-

teins (e.g., Yokoyama, 2008). For example, amino acid replacements at

particular residues of rhodopsin, which codes for the protein compo-

nent of dim-light sensitive visual pigments, cause spectral (e.g., Nagai

et al., 2010; Sugawara et al., 2005; Yokoyama, 2008) and kinetic (e.g.,

Sugawara, Imai, Nikaido, Imamoto, & Okada, 2010) adaptations to the

dim-light environment of deep water. In more extreme environments,

as in aphotic caves, rhodopsin can accumulate nonsynonymous substi-

tutions due to relaxed selection that negatively impact the structure of

the protein, sometimes resulting in the loss of functionality (Niemiller,

Fitzpatrick, Shah, Schmitz, & Near, 2013). However, in other cases, the

protein remains functional and there is regulatory, rather than struc-

tural divergence across populations. For example, cave dwelling pop-

ulations of fish (e.g., Poecilia mexicana) show heritable reductions in

expression levels when compared to closely related surface popula-

tions (Tobler et al., 2010). These patterns of divergence are thought

to evolve over long periods of time, either as a result of selection (e.g.,

Jeffery, 2005; Sugawara et al., 2005) or due to neutral accumulation

of degenerative mutations (Niemiller et al., 2013). Thus, it is likely

that an aphotic environment induces evolutionary changes as those

observed in P. mexicana (Tobler et al., 2010) and ultimately results in

complete degeneration of the visual system as seen in the blind cich-

lid Lamprologus lethops (Schobert et al., 2013). Yet, the developmental

consequences of rearing surface dwelling organisms under dark con-

ditions for opsin expression are still poorly understood. Here, we ask if

visual stimuli are required for the normal development of opsin expres-

sion patterns and what are the consequences of rearing organisms in

complete darkness.

Opsin expression patterns are known to be susceptible to variation

in light conditions, especially during development (Dalton, Lu, Leips,

Cronin, & Carleton, 2015; Fuller, Carleton, Fadool, Spady, & Travis,

2005;Härer, Torres-Dowdall, &Meyer, 2017;Hofmann,O'Quin, Smith,

& Carleton, 2010; Novales Flamarique, 2013; Sakai, Ohtsuki, Kasagi,

Kawamura, & Kawata, 2016; Wagner and Kröger, 2005). For instance,

teleost fish reared in murky environments where short wavelength

light is rapidly scatteredby suspendedparticles, or in red light enriched

environments, have opsin expression patterns resulting in visual sen-

sitivities shifted toward longer wavelengths (Fuller et al., 2005; Härer

et al., 2017). Likewise, visual sensitivity shifted toward shorter wave-

lengths is observed when fish are reared in environments enriched in

blue light (Härer et al., 2017). Thus, it is expected that light deprivation

during development results in altered opsin expression patterns; but,

to our knowledge, the consequences of photic deprivation for opsin

expression during development have not been explored. In this study,

we investigate whether opsin expression is affected by light depriva-

tion in the Midas cichlid, Amphilophus astorquii, a species we have pre-

viously shown to be developmentally plastic in response to light condi-

tions as described above (Härer et al., 2017).

Midas cichlids, like other cichlids, have eight opsin genes expressed

in two types of photoreceptor cells, one is rod-specific for dim-light

vision, and seven are expressed cone-specifically for color vision

(Carleton, Dalton, Escobar-Camacho, & Nandamuri, 2016; Yokoyama,

2008). The high number of cone opsin genes found in cichlids is

attributed to multiple gene duplication events within two spectral

classes, the medium-wavelength sensitive rh2 and short-wavelength

sensitive sws2 (Carleton & Kocher, 2001; Rennison, Owens, & Taylor,

2012). There are two types of cone photoreceptors in the retina of

cichlid fish, single and double cones (Fernald, 1981), which are orga-

nized in a square cone mosaic pattern over the whole retina (Levine,

MacNichol, Kraft, & Collins, 1979). Single cones express the short-

wavelength sensitive opsins (i.e., sws1, sws2b, and sws2a; 𝜆max = 360,

425, and 456 nm, respectively), whereas double cones express the

medium wavelength sensitive rh2 opsins (i.e., rh2b, rh2a𝛽 , and rh2a𝛼;

𝜆max = 472, 517, and 527 nm) and the long-wavelength sensitive

opsin (i.e., lws; 𝜆max = 560 nm) (peaks of maximum absorbance from

Torres-Dowdall et al., 2017). Despite having a repertoire of eight opsin

genes, cichlids usually express a subset of three cone opsins at a given

time; often a short-wavelength sensitive (sws1, rh2b, rh2a), a medium-

wavelength sensitive (sws2b, rh2b, rh2a) or a long-wavelength sensi-

tive set (sws2a, rh2a, lws) (Carleton et al., 2016). Most cichlids show

ontogenetic changes in opsin expression, with a short-wavelength sen-

sitive set being commonly expressed very early in ontogeny (during

the first weeks after hatching), shifting to middle-wavelength sensi-

tivity as juveniles and ultimately changing to a long-wavelength sen-

sitive set in sexually mature individuals (Carleton et al., 2008, 2016;

Härer et al., 2017; O'Quin, Smith, Sharma, & Carleton, 2011a; Spady

et al., 2006). This common pattern of expressing three cone opsins

at the same time can be affected by the prevailing light conditions.

In light-deprived environments, overexpression of one cone opsin

might improve achromatic vision at the cost of color discrimination

(Chiao, Vorobyev, Cronin, &Osorio, 2000;Cronin, Johnsen,Marshall, &

Warrant, 2014), as it might be the case for Midas cichlids in Lake

Nicaragua (Torres-Dowdall et al., 2017). In fact, in the narrow light

environment experienced by deep sea fish, cone opsin gene expression

is almost exclusively restricted to rh2a, which is similar to rh1 (𝜆max =
497 nm) in spectral sensitivity (de Busserolles et al., 2017a; Pointer,

Carvalho, Cowing, Bowmaker, & Hunt, 2007; Yokoyama, Zhang, Radl-

wimmer, & Blow, 1999), and in turbid dim-light environments lws is the

dominant opsin (e.g., Torres-Dowdall et al., 2017).

It is still unclear how opsin expression is regulated, although there

have been important contributions toward this end (Carleton et al.,

2010, 2016; O'Quin et al., 2011b, 2012). There is evidence that thy-

roid hormone (TH) has strong effects on opsin expression patterns

(Cheng & Novales Flamarique, 2004; Glaschke et al., 2011; Ng et al.,
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2001; Raine & Hawryshyn, 2009; Roberts, Srinivas, Forrest, de Esco-

bar, & Reh, 2006; Suliman & Novales Flamarique, 2014). In many

organisms, including Midas cichlids, visual sensitivity of the retina is

correlated with TH levels (indirectly measured using deiodinases as

proxies) and artificially manipulating TH levels affects the pattern

of cone opsin expression (Cheng, Gan, & Novales Flamarique, 2009;

Härer et al., 2017; Novales Flamarique, 2013). During development,

artificially increasing circulating TH levels often results in a prema-

ture shift of visual sensitivity toward long wavelengths by changing

the expression from short- to long-wavelength sensitive opsin genes

(Cheng et al., 2009;Härer et al., 2017;Novales Flamarique, 2013). Pro-

longed periods of darkness affect TH metabolism in different organ-

isms (Bedolla & Torre, 2011; Yasuo et al., 2005) and disruption of cir-

cadian rhythms affects the production of melatonin, which is involved

in the development of thyroid follicles (Falcón, 1999; Falcón, Migaud,

Muñoz-Cueto, & Carrillo, 2010). Moreover, light deprivation has neg-

ative impacts on the expression of TH-receptors in the retina of ver-

tebrates (Martino, Seo, Lernmark, & Refetoff, 1980). Thus, it is possi-

ble that dark-rearing affects visual sensitivities indirectly through its

effects on THmetabolism.

Our goal was to examine the pattern of opsin expression in pho-

toreceptor cells when they are deprived of photic input to elucidate

the role of light on expression patterns. The two main questions we

wanted to answer are: (1) Does light induce opsin gene expression per

se? or (2) Does light rather modulate which opsin genes are expressed

across retinae? To address these questions, we investigated changes in

opsin gene expression during early development of Midas cichlids in

response to ambient light conditions. Given current knowledge on the

effect of dark-rearing (Villamizar et al., 2011), it is expected that dark-

reared Midas cichlids will show decelerated development compared

with individuals experiencing normal light conditions, as it has been

shown for other fish species (Villamizar et al., 2009). On one hand, the

eye could suffermorphologicalmalformations (e.g., Kröger et al., 1994)

and retinal photoreceptors could be impaired by reducing or eliminat-

ing opsin expression. On the other hand, expression of particular opsin

genes might be favored, for example, it is possible that opsin expres-

sion is adaptively plastic in dark-reared fish, resulting in the upregu-

lation of the expression of dim-light vision mediating rhodopsin (rh1)

and overexpression of one cone opsin gene (e.g., rh2 or lws), as this is

known to be an adaptation to dark environments as found in deep sea

fish or fish from turbid environments (Pointer et al., 2007; Yokoyama

et al., 1999).

2 METHODS

2.1 Study species

Astorqui's Midas cichlid, A. astorquii (from now on, the Midas cich-

lid), is an endemic species in the small (five species) and young (less

than 2,000 generations) Midas cichlid adaptive radiation of crater

lake Apoyo in Nicaragua (Kautt, Machado-Schiaffino, & Meyer, 2016).

Nicaraguan crater lakes, like Lake Apoyo, have been recently colo-

nized by Midas cichlids from the great Lakes Nicaragua and Managua,

making it possible to infer the ancestral phenotype from that observed

in great lake species today (Barluenga, Stölting, Salzburger, Muschick,

& Meyer, 2006; Kautt et al., 2016). Within this crater lake, Midas

cichlids, including this particular species, have evolved a medium-

wavelength sensitive visual system, mainly by modifying the ancestral

pattern of opsin gene expression (Torres-Dowdall et al., 2017). This is

most likely an adaptation to the blue-shifted light environment of the

clear and deep crater lake Apoyo (Härer et al., 2017; Torres-Dowdall

et al., 2017). We previously demonstrated pronounced developmental

plasticity in opsin gene expression as a response to different light envi-

ronments (Härer et al., 2017), but it is not clear how complete darkness

affects opsin gene expression in this species.

2.2 Rearing conditions

Two days post fertilization during the prehatching stage (Kratochwil,

Sefton, & Meyer, 2015), embryos of one brood were divided into two

different light treatments. One group was reared in a 12:12 hr light–

dark cycle (LD, control treatment) under broad spectrum light (warm-

white treatment fromHärer et al. (2017); for irradiancemeasurements

in the two treatments see Supp. Figure 1), and another in constant

darkness (DD, experimental treatment). Every day at 11:00 am, three

individuals from both treatments were photographed. The individu-

als that were photographed to document developmental progression

were excluded from further analyses to avoid effects of short-term

exposure to intense light.

2.3 Analysis of gene expression

Gene expression levels were measured at six different time points

for each treatment. We collected samples from both treatments at

3, 5, 7, 9, 11, and 14 days post-hatching (dph; n = 6, respectively).

Individuals were euthanized with an overdose of tricaine methane-

sulfonate (MS-222) and stored at −20◦C in RNAlater (Sigma–Aldrich,

St. Louis, Missouri, USA) until RNA extraction. RNA was extracted

from whole embryos using the RNeasy Mini kit (Qiagen, Hilden, Ger-

many). Total RNA was quantified with a Colibri Microvolume Spec-

trometer (Titertek Berthold, Pforzheim, Germany) and RNA quality

was determined by electrophoresis with a 1% agarose gel. We reverse

transcribed 500 ng RNA per sample with a first-strand cDNA synthe-

sis kit (GoScriptTM Reverse Transcription System; Promega, Madison,

Wisconsin, USA) and determined relative gene expression levels with

quantitative real-time PCR (RT-qPCR). Amplification and quantifica-

tion were performed for seven opsin genes (rh1, sws1, sws2b, sws2a,

rh2b, rh2a, lws; Torres-Dowdall et al., 2017) and two housekeeping

genes (inositol monophosphatase 2, imp2, and lactate dehydrogenase,

ldh2), using the GoTaq R© qPCR Master Mix (Promega, Madison, Wis-

consin, USA) and the CFX96TM Real-Time System (Bio-Rad, Hercules,

California, USA). The rh2a paralog rh2a𝛼 was disregarded for the anal-

ysis, since previous results showed that its expression is consistently

below 1% of total rh2a expression in Midas cichlids (Torres-Dowdall

et al., 2017).

We examined the expression of genes involved in TH metabolism,

since directly measuring TH levels in Midas cichlids during the first
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weeks post hatching is not possible due to low plasma volumes (Härer

et al., 2017). Commonly used proxies for TH levels are TH converting

deiodinases (García-G, Jeziorski, Valverde-R, & Orozco, 2004; Härer

et al., 2017; Johnson & Lema, 2011; Marlatt et al., 2012; Walpita,

Crawford, Janssens, der Geyten, & Darras, 2009). Deiodinase 2 (dio2)

is a locally acting enzyme converting inactive T4 into the active T3
form and deiodinase 3 (dio3) is responsible for the inactivation of T3
(Gereben, Zeöld, Dentice, Salvatore, & Bianco, 2008b; Johnson et al.,

2011). Importantly, circulating T3 levels have been shown to downreg-

ulatedio2and toupregulatedio3expression levels in teleost fish (Härer

et al., 2017; Johnson et al., 2011;Marlatt et al., 2012).

Gene expression levels were normalized to the geometric mean of

the two housekeeping genes. Relative expression levels Ei were calcu-

lated using the equation,

Ei = 2
(
Ctgm−Cti

)

with Ctgm being the geometric mean of the critical cycle numbers

of the housekeeping genes and Cti the critical cycle number of the

gene of interest. To compare differences in gene expression between

age and treatment, as well as to test for effects of the interaction of

these two factors for each gene, we used a nonparametric equiva-

lent to a two-way ANOVA, the Sheirer-Ray-Hare test (Scheirer, Ray, &

Hare, 1976).

Predicted sensitivities were calculated to visualize distinct phe-

notypes. We calculated predicted sensitivities as in Hofmann et al.

(2009) using the Midas cichlid peaks of absorbance for sws2b, sws2a,

rh2b, rh2a, and lws from Torres-Dowdall et al. (2017). The peak of

absorbance for sws1 was used from Oreochromis niloticus (Spady et al.,

2006), as it has not been empirically determined for Midas cichlids or

other Neotropical cichlids. For single and double cones, we separately

calculated and analyzed predicted sensitivities. Previous studies have

shown that extraocular expression of visual opsin genes occurs (Shao

et al., 2017), which might influence the calculation of predicted visual

sensitivities. However, the strong congruence between expression val-

ues for the examined opsin genes from RT-qPCR (Figure 3) and in situ

hybridization (Figure 4B) suggests a minute proportion of extraocular

opsin gene expression, if present at all. Given that no opsin expression

was detected until 9 dph inDD individuals (see section Results: Onset of

cone opsin expression is delayed, but ontogenetic progression of expression

is accelerated in a dark-environment), we estimated visual sensitivities

for both treatment groups only at 9, 11, and14dph. Statistical analyses

for predicted sensitivities were performed as described for RT-qPCR

results.

2.4 In situ hybridization

For LD and DD individuals, we performed triple fluorescent in situ

hybridization (FISH) 7 and 14 dph (n = 5, respectively) as previ-

ously described (Torres-Dowdall et al., 2017; Woltering et al., 2009).

Individuals were euthanized using an overdose of MS-222 and eyes

were rapidly enucleated. We dissected retinae and fixed them in 4%

paraformaldehyde in phosphate buffered saline overnight at 4◦C. Reti-

naewereprobedusingeitherprobes fordouble coneopsin genes (rh2b,

rh2a, lws) or single cone opsin genes (sws1, sws2b, sws2a). The exam-

ined opsin genes show enough sequence divergence to make cross-

reactivity between probes unlikely (Torres-Dowdall et al., 2017). Addi-

tionally, as pointed above, the congruence between expression levels

for opsin genes from RT-qPCR (Figure 3) and in situ hybridization (Fig-

ure 4B), in addition to visual inspections of fluorescence signals (Supp.

Figure 2) support the specificity of the used probes. Fluorescence and

differential interference contrast (DIC) images were obtained using

a Leica DM6B microscope. To quantify cone identities, we superim-

posed a grid of six parallel and equally spaced transects over images

of the whole retinae and counted all cells along the transects. To com-

pare morphological characteristics of cone cells between the treat-

ment groups, we measured diameters and densities of single and dou-

ble cones, respectively. For double cone diameter, the length of the

separating membrane was measured. Cone densities were calculated

from the total number of cells along transects and given as number of

cells per 100 𝜇m. To compare percentages of cone identities, we used a

nonparametricmultiresponse permutation procedure, commonly used

to analyze non-normally distributed proportional data as in this case

(Mielke, Berry, Brockwell, &Williams, 1981). Differences in cone diam-

eter and density between treatments were compared using t-tests.

3 RESULTS

3.1 Development is decelerated in dark-reared

Midas cichlids

Midas cichlids reared under a 12:12 hr LD cycle showed a develop-

mental progression as previously described byKratochwil et al. (2015).

Compared to LD individuals, specimens reared in constant darkness

(DD) showed a developmental delay that increased with time (Figure

1). Traits typically seen in LD individuals at 3, 5, and 7 dph appeared at

5, 9, and 14 dph in DD individuals, respectively (Figure 1). For exam-

ple, pigmentation of the eyewithmelanophores was complete 5 dph in

DD individuals, but at 3 dph in LD individuals. Pigmentation with irid-

iophores occurred at 9 dph in DD individuals, but at 5 dph in LD indi-

viduals. The pronounced fin fold vascularization, normally disappear-

ing 5 dph in developing individuals, persisted until 9 dph in DD indi-

viduals. Additionally, morphological malformations arose during the

development of DD individuals. Most distinguishable was an unnat-

ural curvature of the spine that became more pronounced with time

(Figure 1).

3.2 Expression of rh1 is delayed and downregulated

in dark-rearedMidas cichlids

LD individuals started expressing rh1 at 5 dph, but in DD individ-

uals expression was delayed until 9 dph (Figure 2). From then on,

expression of rh1 gradually increased with age in both treatments

(Figure 2). Overall rh1 expression was affected by light treatment

as DD individuals expressed less rh1 than LD individuals throughout

ontogeny, but rh1 expression progressed similarly in both treatments

(Figure 2).
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F IGURE 1 Description of development forMidas cichlids reared underwhite light (LD) or in darkness (DD). (A) Illustration of the development at
each time point of sampling, depicted on timelines. Dashed lines connect the developmental stages ofMidas cichlids from the different treatments.
(B) Detailed comparison of LD and DD individuals at 5, 9 and 14 dph. Abbreviations: L, lens; IR, iridiophores; HP, head pigmentation; LJ, lower jaw;
RPE, retinal pigment epithelium. Scale bar = 500 𝜇m [Color figure can be viewed at wileyonlinelibrary.com]

3.3 Onset of cone opsin expression is delayed,

but ontogenetic progression of expression is

accelerated in dark-rearedMidas cichlids

Cone opsin gene expression was first evident at 5 dph in LD individu-

als. Throughout the experiment, LD individuals expressed mainly sws1

in single cones and rh2a and rh2b in double cones, although lws was

detected at low levels throughout development (Figures 3 and 4A and

4B). In contrast, cone opsin gene expression in DD individuals was

delayed until 9 dph. From 9 to 11 dph, sws1 was the dominant opsin

in single cones, but at 14 dph expression of the violet-sensitive sws2b

increased in expression to about the same level and a fewDD individu-

als even expressed the blue-sensitive sws2a at this age (i.e., significant

age × treatment interaction for sws2b and sws2a; Figures 3 and 4A

and B). As a result of this change in expression pattern, sensitivity of

single cones rapidly progressed toward longerwavelengths inDD indi-

viduals compared to LD individuals (i.e., significant age × treatment

interaction; Figure5A). Thedouble coneopsin genes rh2b, rh2a, and lws

were all expressed at low levels in 9 dph DD individuals (Figures 3 and

4A and 4B). Across time points, lws expression was similar in DD and

LD individuals, whereas rh2b was reduced in DD individuals across all

ages (Figure 3). Even though overall rh2a expression level was lower in

DD compared to LD individuals, this difference appeared to decrease,

or even disappear, with age (although the interaction termwas not sig-

nificant; Figure 3). The differential usage of rh2b and lws between LD

and DD individuals was particularly evident when considering double

cone spectral class in FISH (Figures 4A and 4B). This resulted in the
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F IGURE 2 Expression of rhodopsin rh1. Expression levels of rh1 in
rods for the six sampling time points and both treatments (n = 6,
respectively). Relative expression is normalized to the geometricmean
of twohousekeeping genes. Individual values are givenwith bars show-
ing themedian for each time point per treatment. Schematic represen-
tation of a cone rosette with gray rods in between, indicating the cell
type expressing rh1

predicted sensitivities for double cones forDD individuals being signif-

icantly shifted toward longer wavelengths compared to LD individuals

across all ages (Figure 5B).

3.4 Double cone density is reduced in dark-reared

Midas cichlids

We measured diameter (n = 30 per individual for single and dou-

ble cones respectively) and density of cones from triple FISH fluores-

cence images for LD and DD 14 dph individuals (n = 5 per treatment;

Figure 4C). Density was calculated as number of cones along the same

transects used to identify cone identities and is given as number of cells

per100𝜇m.Theonlymeasureaffectedbydark-rearingwas thedensity

of double cones,whichwas significantly lower inDD individuals (Figure

4C). Single cone density and diameter of both cone types did not differ

between treatments (Figure 4C).

F IGURE 3 Cone opsin gene expression. Expression levels for the six cone opsin genes normalized to the geometric mean of two housekeeping
genes (n = 6). Single cone opsin genes sws1, sws2b, and sws2a (left panel) and double cone opsin genes rh2b, rh2a, and lws (right panel). Individual
values are given with bars indicating the median for each gene. Schematic representation of a cone rosette with gray cones, indicating the cone
type expressing the examined opsin genes
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F IGURE 4 (A) Triple fluorescent in situ hybridization on LD and DDMidas cichlids’ retinae at 7 and 14 dph. Retinae were probed with either a
combination of the single cone opsin genes sws1, sws2b, and sws2aor double cone opsin genes rh2b, rh2a, and lws. Differential interference contrast
(DIC) pictures are shown embedded in the corresponding picture. Scale bar = 100 𝜇m. For each retina, a 40 ×magnification image of the cellular
structure is shown. (B)Weanalyzed proportions of cone identities at 14 dph. Percentages of cones expressing single cone opsin genes (upper panel)
or double cone opsin genes (lower panel) (n = 5). (C) Morphological analysis of retinal structure for single (upper panel) and double (lower panel)
cones. Densities were calculated as the mean from the number of cones along six parallel transects over the whole retina, and are given as the
number of cells along 100 𝜇m of a transect. For double cones, the diameter was measured along the separating membrane (n = 5; significance for
cell density (P(den)) and diameter (P(dia)) are given in for each cone type, respectively) [Color figure can be viewed at wileyonlinelibrary.com]

3.5 TH signaling is disrupted in dark-reared

Midas cichlids

Expression levels of dio2were not affected by dark-rearing (Figure 6).

On the other hand, dio3 expression levels were significantly higher in

DD individuals compared to LD individuals (Figure 6). The differential

expression of dio3 between treatments indicates that dark-rearing dis-

rupts normal TH pathways, potentially resulting in increased circulat-

ing T3 levels.

4 DISCUSSION

In the absence of light, development of Astorqui's Midas cichlids

is heterochronically decelerated and accompanied by malformations

(Figure 1). Lagging development is also reflected in opsin gene expres-

sion, where DD individuals exhibit a later onset of expression in rods

and cones (Figures 2 and 3). DD individuals exhibit rapid ontoge-

netic progression from a short-wavelength sensitive, typical of early

ontogeny, to a long-wavelength sensitive phenotype, characteristic of
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F IGURE 5 Predicted sensitivities calculated based on relative opsin
gene expression and the peak of absorbance for each opsin, respec-
tively. Predicted sensitivity for single cones (top) and for double cones
(bottom). Predicted sensitivities are given as the mean and error bars
represent the standard error

late ontogeny (Figures 3–5). These changes in development are corre-

lated with a disruption of TH metabolism (Figure 6), and in agreement

with previous findings on the impact of TH on the visual sensitivity

of fish (Cheng et al., 2009; Novales Flamarique, 2013; Suliman et al.,

2014).

4.1 Development is decelerated in dark-reared

Midas cichlids

Development of DD individuals was decelerated compared with LD

individuals and the developmental lag increased over time andmalfor-

mations of the spine accumulated (Figure 1). Several studies on fish

F IGURE 6 dio2 and dio3 expression patterns for LD (white bars) and
DD (gray bars) Midas cichlids (n = 6). Individual values are given with
bars indicating themedian for each gene

have shown a similar lag of development when individuals are reared

under reduced illumination (Bolla&Holmefjord, 1988;Villamizar et al.,

2011; Torres-Dowdall, Karagic, Plath, & Riesch, 2018). One potential

explanation for the developmental lag in Midas cichlids is the inabil-

ity to capture food in the dark environment. However, the lag was evi-

dent before the open-mouth stage, which normally occurs between 3

and 4 dph (Kratochwil et al., 2015) and before they started to be fed

at 7 dph. Further, fish retain a large yolk sac until 14 dph (Figure 1),

indicating that nutrient depletion, if at all, played a small role in the

observed developmental delay (Figure 1). A second potential explana-

tion is temperature differences between light treatments, which can

have an impact on developmental rates of fish (Bolla et al., 1988, Kra-

tochwil et al., 2015; Schirone & Gross, 1968). Temperatures between

the light treatments in this study differed by 1.5◦C (25◦C in the light

treatment; 23.5◦C in the dark treatment). However, Kratochwil et al.

(2015) showed, that a temperature difference of 3◦C during early

development ofMidas cichlids only produced a developmental delay of

a few hours. Thus, temperature is highly unlikely to explain the strong

impairment of development seen in DD fish. Further, temperature dif-

ferences cannot account for the malformations arising when Midas

cichlids were reared in the dark. Thus, it is improbable that tempera-

ture differences between treatments account for the extent of devel-

opmental delay observed between LD and DD individuals and for the

accumulation of malformations in DD fish.

An alternative and more plausible mechanism is that dark-rearing

disrupts hormonal activity. The pineal gland, a light sensing organ con-

taining nonvisual opsins in the brain, is involved in regulating circadian

rhythms and development (Davies et al., 2015; Falcón, 1999; Falcón

et al., 2010; Peirson, Halford, & Foster, 2009; Shao et al., 2017). Mela-

tonin is secreted during the night and acts on multiple downstream

targets, including thyroid follicles (Falcón et al., 2003; Falcón et al.,

2010; Wright, Pikula, Cykowski, & Kuliga, 1996), where it exerts neg-

ative effects on metabolism and growth (Baschieri et al., 1963; Wajs

et al., 1989; Wright et al., 1996). Additionally, opsin genes are found
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to be involved in development through different routes. For example,

Shao et al. (2017) have shown that opsin genes are involved in develop-

mental processes via retinoic acid signaling during flounder metamor-

phosis.Deprivationof light andalterations inopsinexpressionpatterns

caused by changes in TH levels could, thus, interact with each other to

produce disrupted development inMidas cichlids.

4.2 Dark-rearing affects multiple characters during

retinal development ofMidas cichlids

Coincidingwith an overall delay in general development and eye devel-

opment, the onset of opsin gene expression was delayed from 5 dph,

as found in LD individuals, to 9 dph in DD individuals (Figures 2 and

3). At this age, eye development was finally completed in DD individu-

als (Figure 1). The fact that opsin gene expression is only evident then

suggests that the onset of opsin gene expression is associated to eye

development (Figures 2 and 3), independently of ambient light, as has

been shown for zebrafish (Raymond, Barthel, & Curran, 1995).

After the onset, opsin gene expression in Astorqui's Midas cich-

lids normally progresses slowly during development, retaining a short-

wavelength sensitive opsin set for a long time, compared to the early

shift toward long-wavelength sensitivityobserved in theancestral phe-

notype of great Lake Midas cichlid species (Härer et al., 2017). This

neoteny has probably evolved as an adaptation to the blue shifted light

environment in the clear water crater lake Apoyo (Härer et al., 2017).

In our experiment, LD individuals followed the same development of

opsin gene expression (Figure 3). Remarkably, at 7 dph cone opsin gene

expression in LD individuals reached high levels compared to both,

previous and following time points (Figure 3). Hagedorn and Fernald

(1992) report that outer segments of photoreceptor cells form after

five days of development. Our results are in line with previous obser-

vations made on the onset of opsin gene expression and the peak of

gene expression at 7 dph could indicate a major development and dif-

ferentiation event of photoreceptor cells over the whole retina.

As Midas cichlids show adaptive developmental plasticity in opsin

gene expression in response to ambient light conditions (Härer et al.,

2017), we expected the dim-light vision mediating opsin rh1 and the

spectrally close cone opsin rh2a to be upregulated in the dark treat-

ment. However, rh1 and rh2a were constantly downregulated in DD

individuals. Thus, the absence of light does not result in the pheno-

type expected based on opsin expression patterns seen in fish adapted

to dim-light conditions (de Busserolles et al., 2017a; Yokoyama et al.,

1999). Instead, light deprivation plastically induced a rapid progres-

sion toward a long-wavelength sensitive phenotype, characterized by

expression of sws2b or sws2a in single cones and rh2a and lws in double

cones (Figure 3).

Opsin gene expression patterns in cichlid fish differ between

species (e.g., Carleton et al., 2008; Escobar-Camacho, Ramos, Martins,

&Carleton, 2017; Torres-Dowdall et al., 2017;Weadick, Loew, Rodd, &

Chang, 2012; ) and during ontogeny within a species (Carleton et al.,

2016; Härer et al., 2017). However, mechanisms responsible for this

diversity in opsin expression are not clear yet (Carleton et al., 2016).

There is evidence that changes in transcription factors govern opsin

gene expression patterns (Carleton et al., 2010; O'Quin et al., 2012;

Schulte, O'Brien, Conte, O'Quin, & Carleton, 2014; Carleton et al.,

2016). A similar mechanism might be involved in plastic responses to

the photic environment (i.e., depriving individuals of photic stimuli) as

we observed in the Astorqui´s Midas cichlids, which rapidly develop

a long-wavelength sensitive phenotype, characteristic of the inferred

ancestral state (e.g. Härer et al., 2017). Nandamuri, Dalton, and Car-

leton (2017) observed that by altering the genetic background via

hybridization of two African cichlid species, they obtained offspring

expressing high levels of lws, although none of the parental species

expressed lws at high levels. Thus, altering the genetic background

might have impacted regulatory networks controlling the expression

of short- and long-wavelength sensitive opsin genes in the parental

species. Although speculative, it is possible that the expression of the

most long-wavelength sensitive opsins in cones (e.g., sws2a for sin-

gle cones and lws for double cones) represents a default state and

departures from it require active processes that can be disrupted by

manipulating the genetic or environmental backgrounds. Further stud-

ies would be required to determine the generality of these findings.

From in situ hybridization data of 14 dph individuals, we observed

an intriguing patterning of cone opsin gene expression (Supp. Figure

3). Replacing rh2b as the typical opsin at the examined developmen-

tal stages, lws seems to originate from one side of the retina and pro-

gresses further to the opposite side (Supp. Figure 3). This is in agree-

ment with what we have previously shown in adult Astorqui's Midas

cichlids (Torres-Dowdall et al., 2017). Adults of this species retain

expression of rh2b in the dorsal retina, whereas in the ventral retina

only lws and rh2a can be observed (Torres-Dowdall et al., 2017). The

same patterning along a dorso-ventral gradient can be observed in

the African cichlidMetriaclima zebra (Dalton, Loew, Cronin, & Carleton,

2014). Given that cones can change their phenotype (Cheng et al.,

2004), it is possible that the patterning in 14 dph Midas cichlids rep-

resents a transitional statewhere typical rh2b cones are changing their

spectral class tomore red-sensitive lws expressing cones.

4.3 TH pathway as a candidatemechanism

underlying the phenotypic effects in dark-reared

Midas cichlids

ThedisruptionofTHmetabolismbyan increase indio3expression seen

in DD Midas cichlids suggests it as a candidate mechanism capable of

explaining the different phenotypic consequences of dark-rearing. On

the one hand, TH is involved in numerous processes during develop-

ment; while on the other hand, it is known to induce shifts in visual

sensitivities toward longer-wavelengths via upregulating expressionof

long-wavelength sensitive and downregulating short-wavelength sen-

sitive opsin genes (Cheng et al., 2009;Novales Flamarique, 2013; Raine

et al., 2009; Suliman et al., 2014). Therefore, the disruption of the TH

metabolism inDD individualsmight explain the observed developmen-

tal deficiencies as well as the expression of long-wavelength sensitive

opsins.

Locally, TH levels are regulated by TH-converting deiodinases

(Gereben et al., 2008a, 2008b). Deiodinase 2 (dio2) converts TH into

its active T3 form and its expression is upregulated when TH lev-

els are low. Deiodinase 3 (dio3) inactivates T3 and its expression is



KARAGIC ET AL. 211

upregulated at high TH levels (Gereben et al., 2008a, 2008b). Com-

paring LD and DD Midas cichlids, we observed a disrupted pattern

of expression of deiodinases in DD individuals, suggesting that TH

metabolism might not function normally (Figure 6). LD individuals

decreasedio3expressionwith timeuntil 9dph, asmaternally deposited

T3 is consumed (Reddy, Brown, Leatherland, & Lam, 1992). At 7 dph,

LD Midas cichlids increase dio2 expression, which coincides with the

previously described formation of thyroid follicles and the onset of

endogenous TH production in cichlids (Morrison, Miyake, & Wright,

2001; Reddy et al., 1992). In contrast, DD fish retain higher dio3 lev-

els throughout the 14 days examined (Figure 6). Additionally, they

also lack the increase in dio2 expression at 7 dph (Figure 6), indicat-

ing that thyroid follicles might not be fully developed at this point

due to alterations on photoperiodicity (Baschieri et al., 1963; Wajs

et al., 1989; Wright et al., 1996). Prolonged periods of darkness or

disruption of genetic signals for photoperiodicity have been shown to

affect TH metabolism with correlated increases of dio3 and decreases

of dio2 expression levels in different organisms (Bedolla et al., 2011,

Sawant et al., 2017; Yasuo et al., 2005). We interpret the differen-

tial deiodinase expression in dark-reared Midas cichlids as evidence

that TH metabolism pathways are disrupted, providing a likely expla-

nation for the deceleration of development and the appearance of

malformations. These effects have been experimentally demonstrated

in zebrafish, where knocking down dio3 or applying exogenous T3
caused delays in development andmalformations (Heijlen et al., 2014).

Whether dark-rearing causes higher levels of active TH, which cannot

be directly measured in early stages of cichlid development, remains

unanswered and needs to be addressed in further studies. However,

dio2 and dio3 have been shown to be good proxies in Midas cichlids

(Härer et al., 2017).

Beside overall consequences for morphological development, the

disruption of TH metabolism has an impact on retinal development

(Houbrechts et al., 2016). Disrupting TH pathways by knockdowns of

dio2 or dio3 decreases the number of photoreceptors formed during

development (Houbrechts et al., 2016). Although photoreceptors in

retinae of DD individuals still developed, a reduced double cone den-

sitywas observed (Figure 5). Thus, retinal development progresses to a

point where it appears to be functional, but abnormal characters arise.

However, our methods did not allow us to draw conclusions on the

functionality of retinae of dark-reared fish.

Expression of long-wavelength sensitive opsins, as observed in DD

individuals, is correlatedwith expression of dio3 (Glaschke et al., 2011;

Härer et al., 2017). DD fish expressed significantly more dio3 com-

paredwith LD individuals (Figure 6).We assume that the disrupted TH

metabolism with increased expression of dio3 indicates higher active

TH levels in DD individuals and thus leads to a shift in visual sensi-

tivity toward longer wavelengths (Figure 5). TH has been shown to

have an effect on opsin gene expression in various teleost species

(Suliman et al., 2014). In every case, application of exogenous TH

induces a change in phenotype toward long-wavelength sensitivity.

Midas cichlids are also susceptible to exogenous TH and increase the

expression of long-wavelength sensitive opsins (Härer et al., 2017).We

provide compelling evidence that a disrupted TH metabolism, likely

caused by alterations of photoperiodicity important for development

of thyroid follicles, underlies the phenotypic consequenceswe observe

when rearingMidas cichlids in complete darkness.

Different species already have colonized dark environments either

through possibly gradual adaptations when migrating deeper in the

water column to deep-seas or through a sudden change when col-

onizing caves (de Busserolles et al., 2017a, 2017b; Jeffery, 2005;

Tobler et al., 2010; Yokoyama et al., 1999). Especially, the second way

poses significant challenges to surface-dwelling organisms. Tobler et al.

(2010) have shown that within contemporary time scales evolution

takes place in such a scenario, where cave-dwelling P. mexicana fish

evolved reduced opsin expression compared to surface-dwelling sis-

ter populations. The changes in the visual systemof dark-rearedMidas

cichlids are more complicated, including changes in onset of opsin

gene expression and relative expression of different opsin genes. Taken

together, it suggests that predicting the evolutionary outcome of a col-

onization of an aphotic environment might be challenging, given that

selective pressures will be affected by a plastic response to the envi-

ronment.

5 CONCLUSIONS

Our results indicate that light plays a vital role in the development of

Midas cichlids. Potentially due to disruptedTHmetabolism, the pheno-

type of dark-reared fish is unexpected for conditions individuals expe-

rience and their age. Despite of the decelerated overall development,

ontogeny of opsin gene expression is accelerated resulting in a het-

erochronic shift. Light per se is not necessary to induce opsin gene

expression, however, if it is present or absent strongly impacts which

opsin genes are expressed across retinae.
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