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Abstract 

 

Evolution sometimes proceeds by loss, especially when structures and genes become 

dispensable after an environmental shift relaxes functional constraints. Subterranean 

vertebrates are outstanding models to analyze this process, and gene decay can serve as a 

readout. We sought to understand some general principles on the extent and tempo of the 

decay of genes involved in vision, circadian clock and pigmentation in cavefishes. The 

analysis of the genomes of two Cuban species belonging to the genus Lucifuga provided 

evidence for the largest loss of eye-specific genes and non-visual opsin genes reported so far 

in cavefishes. Comparisons with a recently evolved cave population of Astyanax mexicanus 

and three species belonging to the Chinese tetraploid genus Sinocyclocheilus revealed the 

combined effects of the level of eye regression, time and genome ploidy on eye-specific gene 

pseudogenization. The limited extent of gene decay in all these cavefishes and the very small 

number of loss of function (LoF) mutations per pseudogene suggest that their eye 

degeneration may not be very ancient, ranging from early to late Pleistocene. This is in sharp 

contrast with the identification of several vision genes carrying many LoF mutations in 

ancient fossorial mammals, further suggesting that blind fishes cannot thrive more than a few 

million years in cave ecosystems. 

 

 

Key words: cavefishes, eye-specific genes, pseudogenization, machine learning, relaxed 

selection, molecular dating. 
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Introduction 

 

The evolution of organisms confronted with drastic environmental shifts results sometimes in 

profound phenotypic changes. Constructive evolution involved in adaptation to new 

environments, relying on novelties at the phenotypic and genetic levels, has attracted much 

interest (Rose and Lauder 1996). Nevertheless, it has become evident that regressive 

evolution, which is often non adaptive and which occurs by loss of structures and functions 

and the corresponding genes, accounts for a non-negligible component of the evolutionary 

process (Lahti, et al. 2009; Albalat and Cañestro 2016). Selection may be involved in 

regressive evolution, as suggested by a QTL analysis of eye degeneration in a cavefish 

(Protas, et al. 2007). More generally, the evolution of animals in a dark environment is a 

particularly useful model to analyze regressive evolution because it has occurred many times 

in many taxa and some challenges, such as the absence of light, are always present, which 

allows us to analyze convergent evolution. A dark environment is expected to release 

purifying selection on light-related genes such as those involved in vision, the circadian clock 

and pigmentation. A careful examination of gene decay on a genome-wide scale has been 

performed in obligate fossorial mammals. It has been shown that several independent lineages 

with degenerate eyes have lost many genes involved in visual perception (Kim, et al. 2011; 

Emerling and Springer 2014; Fang, Nevo, et al. 2014; Fang, Seim, et al. 2014; Emerling 

2018). 

In order to better understand the modalities, tempo, extent and limits of molecular decay of 

light-related genetic systems at the scale of subterranean vertebrates, it is informative to 

compare gene decay in fossorial mammals with another large group of subterranean 

vertebrates, the cavefishes. Cavefishes represent the largest and most diverse group of cave 

vertebrates (Culver and Pipan 2009), but gene decay has not been surveyed on a genome-wide 

scale in relevant species. On the one hand, in the reference genome of the Mexican cavefish 

Astyanax mexicanus, very few pseudogenes have been found among the light-related genes 

(McGaugh, et al. 2014). The retention of almost all of the eye-specific genes in this blindfish 

is a paradox under the hypothesis that it evolved millions of years ago, but would be expected 

under the hypothesis that all A. mexicanus cave populations are very recent (Fumey, et al. 

2018). On the other hand, in the genomes of three fishes belonging to the Chinese genus 

Sinocyclocheilus, that is, S. grahami, a surface fish with large eyes, S. anshuiensis, a blind 

cavefish and S. rhinocerous, a small-eyed cavefish, many loss of function (LoF) mutations 
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were found (Yang, et al. 2016), but their tetraploid genomes hampered the identification of 

those LoF mutations related to the shift from surface to cave. After a whole-genome 

duplication (WGD), the pairs of paralogs resulting from this process (ohnologs) are most 

often redundant and one ohnolog can be pseudogenized without reducing fitness. 

Accordingly, several eye-specific genes contain LoF mutations in the large-eyed S. grahami. 

However, no thorough analysis of differential gene losses in relation to the level of eye 

degeneration has been carried out (Yang, et al. 2016). 

As the very recent origin of A. mexicanus cavefish populations and the tetraploidy of 

Synocyclocheilus species did not allow the analysis of gene decay in cavefishes, it was 

necessary to examine the genomes of cavefishes that are millions of years old and which have 

not undergone a recent WGD. Species belonging to the genus Lucifuga (cave brotulas from 

the Bahamas and Cuba) were identified as good candidates. The genus Lucifuga is divided 

into two clades, one comprising only blind species and the other only small-eyed species 

(García-Machado, et al. 2011). As no close surface relative has been identified and large 

genetic distances have been found between some species, within and between these clades, 

this genus of cavefishes is likely relatively ancient and the last common ancestor of the extant 

species was probably a cave-adapted fish (García-Machado, et al. 2011; Hernández, et al. 

2020). 

In order to compare eye-specific gene decay among cavefishes and between cavefishes and 

fossorial mammals, here we first sequenced the genomes of two Cuban cavefishes: one 

specimen, belonging to L. dentata, was blind and depigmented, the other one, belonging to L. 

gibarensis (Hernández, et al. 2020), had small eyes and was pigmented. For all cavefishes for 

which genomes were available, and for some closely related surface species, we looked for 

likely LoF mutations (i.e. premature STOP codons, losses of START and STOP codons, 

losses of intron splice sites and small indels leading to frameshifts) and for signatures of 

relaxed purifying selection on nonsynonymous mutations. The comparison of gene decay 

among cavefishes was extended to non-visual opsin genes and two large sets of genes 

involved in the circadian clock and pigmentation. Contrasting patterns of gene loss indicated 

that eye-specific genes and non-visual opsin genes have been much less constrained than 

circadian clock and pigmentation genes. The level of eye-specific gene decay was related to 

several factors such as the time the fishes have spent in the subterranean environment, the 

level of eye degeneration and the level of genome ploidy. Nevertheless, no eye-specific genes 

with many LoF mutations were found in any cavefish, in sharp contrast to the highly 

ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901  Support: (434) 964-4100

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/advance-article/doi/10.1093/m
olbev/m

saa249/5912537 by IN
R

AE Institut N
ational de R

echerche pour l'Agriculture, l'Alim
entation et l'Environnem

ent user on 21 O
ctober 2020



5 

degenerated eye-specific genes found in some fossorial mammals, suggesting that eye 

degeneration in the cavefishes is much more recent. 

 

Results 

 

Vision, circadian clock and pigmentation gene sets 

 

In the zebrafish, Danio rerio, we identified 63 eye-specific genes, i.e. those expressed only in 

the eyes, and 32 genes coding for non-visual opsins. As the same pattern of gene decay was 

observed for both gene sets, and because a large majority of these genes are involved in 

vision, they were pooled in a single group thereafter called vision genes (fig. 1, 

supplementary fig. S1, Supplementary Material online). In addition, we defined two other 

gene sets, 42 genes involved in the circadian clock and 257 genes involved in pigmentation 

(fig. 1). 

An annotated draft genome and a transcriptome were obtained for one L. dentata cavefish 

(eyeless, supplementary fig. S2, Supplementary Material online) and the reads of one L. 

gibarensis cavefish (small-eyed, supplementary fig. S2, Supplementary Material online) 

were mapped on the genome of L. dentata. A detailed description of the results is given in 

supplementary Data S1, Supplementary Material online. This allowed us to identify genes 

belonging to the gene sets defined above in the two Lucifuga species using the program 

EXONERATE and the coding sequences of the zebrafish. Using the same method, homologs 

were retrieved from the published genomes of three surface fishes (Brotula barbata, Carapus 

acus and Lamprogrammus exutus) belonging to the same order, Ophidiiformes; from the 

published genomes of an A. mexicanus cavefish from Pachón cave and two surface fishes (a 

conspecific A. mexicanus surface fish and the piranha Pygocentrus nattereri), all belonging to 

the order Characiformes; and from the published genomes of two Sinocyclocheilus cavefishes 

(S. anshuiensis and S. rhinocerous) and a surface fish (S. grahami), all belonging to the order 

Cypriniformes (fig. 2). 

As some genes have been duplicated in the terminal lineage leading to zebrafish (used as the 

reference to establish the gene lists), only one copy was expected to be found in other fishes. 

On the other hand, gene duplications, gene deletions as well as WGDs occurred in other 

lineages. Therefore, the number of genes retrieved was highly variable among genomes (fig. 

2). 
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Identification of LoF mutations 

 

Gene sequences were classified as complete if the whole coding DNA sequence (CDS) could 

be retrieved or otherwise were classified as incomplete. Incomplete genes were discarded as it 

was most often impossible to know if they corresponded to sequencing gaps, assembly 

artefacts or true large deletions. In the case of the A. mexicanus cavefish genome, among 45 

missing exons in 19 incomplete genes, 36 exons of 16 genes could be amplified using primers 

designed with the exons sequences present in A. mexicanus surface fish genome. These data 

suggest that 80% of incomplete CDS in the A. mexicanus cavefish genome are not the result 

of large deletions but are assembly artefacts. Only complete sequences were further analysed 

for the following LoF mutations: premature STOP codon, loss of the initiation codon, loss of 

the STOP codon, indel leading to a frameshift, mutations at intron splice sites. Other 

mutations in non-coding and coding sequences that could lead to a non-functional gene were 

not investigated as they cannot be readily identified. For example, several in-frame indel 

mutations were found in A. mexicanus but their functional consequences were not clear 

(Berning, et al. 2019). The numbers of pseudogenes reported are therefore underestimates of 

the true numbers of non-functional genes. 

 

Vision pseudogenes: among the list of 95 zebrafish vision genes, 76 genes were retrieved 

from the two Lucifuga spp. (cavefishes), 75 from B. barbata, 72 from C. acus and 73 from L. 

exutus (surface fishes) (fig. 2 and Supplementary fig. S1, Supplementary Material online). 

In eyed ophidiiform fishes, no vision pseudogene was found (B. barbata and C. acus) or only 

one (gcap1 in L. exutus), but 5 pseudogenes were identified in the small-eyed cavefish L. 

gibarensis and 19 pseudogenes in the eyeless L. dentata. The non-visual opsin rgr1 was 

pseudogenized in the common ancestor of the two Lucifuga species, as the same mutation (at 

a splice site of intron 4) was found in both genomes (fig. 2 and Supplementary fig. S1, 

Supplementary Material online). Examination of the read coverage of LoF mutations 

indicated that the specimen of L. gibarensis sequenced was heterozygous for LoF mutations 

found at two different sites in the gcap2 gene (supplementary table S1, Supplementary 

Material online). In the transcriptome of L. dentata, transcripts corresponding to 9 

pseudogenes were found (3 non-visual opsins, 3 crystallins and 3 genes involved in the 

phototransduction pathway), while no transcripts were found for 10 other pseudogenes 
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(supplementary table S1, Supplementary Material online). In agreement with a recent 

WGD, two copies (ohnologs) of most vision genes were retrieved from the genomes of 

Sinocyclocheilus species (fig. 2, supplementary fig. S1, Supplementary Material online). In 

the large-eyed S. grahami, about 10% of the retrieved vision genes were pseudogenized 

(18/173 genes carried at least a LoF mutation), compared to 19% (32/169) in the small-eyed 

S. rhinocerous and 28% (48/171) in the eyeless cavefish S. anshuiensis. Only one pair of 

ohnologs were pseudogenized in the eyed S. grahami and the small-eyed S. rhinocerous, 

while seven pairs of ohnologs were pseudogenized in the blind S. anshuiensis (fig. 2, and 

supplementary fig. S1, Supplementary Material online). Two premature STOP codons and 

a frameshift in sws1 were shared by the three Sinocyclocheilus species, as well as a mutation 

at the donor site of the third intron of gc3; S. anshuiensis and S. grahami shared a frameshift 

in crygm5 and a frameshift plus a premature STOP codon in grk7b (fig. 2). Thus, most LoF 

mutations occurred in the terminal lineages leading to these species but a few LoF mutations 

occurred in different common ancestors. 

In A. mexicanus, 86 and 85 vision genes were retrieved from the surface fish and the Pachón 

cavefish genome respectively. Only one pseudogene was found in the Pachón cavefish 

genome, which is due to a deletion of 11 bp in pde6b (fig. 1 and fig. 2). 

In summary, while no or very few vision genes are pseudogenized in surface fishes and A. 

mexicanus cavefish, many vision pseudogenes were found in other cavefishes, up to 25% in L. 

dentata. 

 

Circadian clock pseudogenes: among the list of 42 zebrafish circadian clock genes, 36 genes 

were retrieved from Lucifuga genomes and 38 from Astyanax genomes. No pseudogene was 

found in these species. On the other hand, 5, 15 and 9 pseudogenes were identified among 80, 

83 and 81 genes retrieved from the genomes of S. grahami (eyed), S. rhinocerous (small-

eyed) and S. anshuiensis (blind) respectively. Both ohnologs of cry-dash were independently 

pseudogenized in S. rhinocerous and S. anshuiensis, a gene also pseudogenized in the 

Somalian cavefish Phreatichthys andruzzii (Zhao, et al. 2018). Three other pairs of ohnologs 

(cry1b, cry2a and per2) carried LoF mutations in S. rhinocerous (in P. andruzzii, the most 

abundant transcript of per2 encodes a truncated protein (Ceinos, et al. 2018)). These data 

suggest that the circadian clock has most likely been impaired in S. rhinocerous but less so in 

S. anshuiensis (fig. 1 and fig. 2). 
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Pigmentation genes: among the list of 257 zebrafish pigmentation genes, 237 genes were 

retrieved from Lucifuga genomes, 8 being pseudogenized in L. dentata and 7 in L. gibarensis 

While smtla and myo7ab have been lost independently in the two lineages, a premature STOP 

codon and an insertion are shared in adamts20. The number of pseudogenes in these 

cavefishes does not greatly differ from those found in some surface relatives, as 6 

pseudogenes were identified among 230 pigmentation genes in Lamprogrammus exutus (fig. 

1 and fig. 2). Among Sinocyclocheilus species, only 3% (15/484) of pseudogenes were found 

in S. grahami while 6% (28/490) were found in S. rhinocerous and 7% (35/487) in S. 

anshuiensis (fig. 2). Thus, after the WGD, the retention of pigmentation genes seems to have 

been much higher than among the vision genes in the two cavefishes but also in the surface 

fish (compare to 10%, 19% and 28% of vision pseudogenes, respectively). Such a high 

percentage of retention of pigmentation genes has been found also after the Salmonid-specific 

WGD (Lorin, et al. 2018). Strikingly, while no pair of ohnologs was found pseudogenized in 

S. grahami, the same two pairs of ohnologs (gch2 and pmelb) were independently 

pseudogenized in S. anshuiensis and S. rhinocerous (fig. 1). The very small number of 

pseudogenes and the independent pseudogenization of the same genes in these two species 

suggest that only a limited subset of genes involved in pigmentation can be lost in these 

cavefishes. 

In A. mexicanus cavefish, 2 pseudogenes were found among 249 pigmentation genes: mc1r 

which has already been reported in the literature (Gross, et al. 2009) and which is also 

pseudogenized in the Chinese cavefish Oreonectes daqikongensis (Liu, et al. 2019), and 

tyrp1a (fig. 1 and fig. 2). The gene mc1r is duplicated in A. mexicanus, one copy is 

pseudogenized and the other could be functional (Gross, et al. 2018).    

 

The reliability of the LoF mutations identified above was assessed by different approaches. 

First, we found no or very few LoF mutations in at least one gene set in published genomes 

used in the present study (fig. 1 and fig. 2), indicating that if some LoF mutations are 

artefacts, they are very rare in these genomes. In L. dentata and L. gibarensis genomes, no 

LoF mutations were found in circadian clock genes. Second, in L. dentata, LoF mutations 

were also found in transcripts when available. Third, the sequencing depth was high at the 

positions where LoF mutations were found in L. dentata and L. gibarensis (supplementary 

Table S1, Supplementary Material online). Altogether, these lines of evidence suggest that 

LoF mutations identified in cavefish genomes are reliable. 
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Some LoF mutations listed above have been found in genes for which gene knockout 

experiments in model species suggest that their pseudogenization could be involved in eye 

regression, circadian clock disruption or depigmentation. Other LoF mutations have been 

found in genes for which pseudogenization is involved in evolution of these traits in other 

cavefishes. A summary of the putative effects of these LoF mutations can be found in 

supplementary Data S2, Supplementary Material online). 

 

Estimation of the number of neutral vision genes based on the distribution of 

LoF mutations per pseudogene in cave brotulas 

 

Among vision pseudogenes, some accumulated more than one LoF mutation, but in most of 

the cases only one LoF mutation was found (supplementary fig. S1, Supplementary 

Material online). In order to test if the whole set, or only a subset, of vision genes could 

accumulate LoF mutations in cavefishes, we compared the distribution of the number of LoF 

mutations per pseudogene with those expected under these different hypotheses. Expected 

distributions were obtained using either a simple analytical model assuming that all genes 

have the same probability to mutate, or a more complex model that takes into account that 

different genes do not have the same probability to mutate because they have different length 

and do not contain the same number of introns. In the latter case, the computation of expected 

distributions was based on simulations (see Materials and Methods for a detailed description 

of both methods). Very similar expected distributions were obtained with both approaches 

(fig. 3). This analysis could be performed only with Lucifuga species, as only one LoF 

mutation was found in Astyanax mexicanus cavefish vision genes and a WGD allowed LoF 

mutations in many vision genes in Sinocyclocheilus species, including S. grahami which is a 

surface fish with large functional eyes. 

In the eyeless L. dentata, 22 LoF mutations were distributed among 19 vision pseudogenes. 

More precisely, among the 76 genes retrieved, there were 57 genes without LoF mutation, 16 

with 1 mutation, and 3 with 2 mutations. This distribution was compared with expected 

distributions obtained for different numbers of neutral genes ranging from 19 to 76 (fig. 3A). 

A better fit between the observed and expected distribution was found when at least 60 genes 

were assumed to be neutral sequences in which LoF could be found (fig. 3A). Using the same 

approach, we compared the distribution of the number of LoF mutations per pseudogene in 

the small-eyed L. gibarensis (71 genes without LoF mutation, 3 with 1 mutation, 2 with 2 

ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901  Support: (434) 964-4100

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/advance-article/doi/10.1093/m
olbev/m

saa249/5912537 by IN
R

AE Institut N
ational de R

echerche pour l'Agriculture, l'Alim
entation et l'Environnem

ent user on 21 O
ctober 2020



10 

mutations) with expected distributions assuming a number of neutral genes ranging from 5 to 

76 (fig. 3B). In this case, the best fit was obtained when about 15 vision genes were free to 

accumulate LoF mutations (fig. 3B). These results suggested that most genes, if not all, are 

dispensable in the blind L. dentata whereas only a small subset can be lost in the small-eyed 

L. gibarensis. 

 

Evidence of relaxed selection on nonsynonymous mutations in cavefish vision 

genes 

 

To confirm these findings on LoF mutations, we searched for other signatures of relaxed 

selection using methods based on changes in  (the ratio of the mean number of 

nonsynonymous substitutions per nonsynonymous site to the mean number of synonymous 

substitutions per synonymous site, also known as dn/ds and Ka/Ks). This ratio is expected to 

be lower than one under purifying selection, equal to one under neutral evolution, and larger 

than one under adaptive selection. As gene divergence was lower than 0.9% between L. 

dentata and L. gibarensis, and lower than 0.2% between the two A. mexicanus morphs, the 

number of nucleotide differences per gene was very low and often no sequence change was 

observed (supplementary fig. S3, Supplementary Material online). Therefore, was 

computed for three sets of concatenated gene sequences (vision, circadian clock and 

pigmentation genes), to obtain more reliable estimates and to compare the shift of selective 

pressure on these gene sets in different fish lineages. In order to obtain a reliable distribution 

of  in surface fishes, gene sequences were retrieved from other fish genomes: tetraodon 

(Dichotomyctere nigroviridis), cod (Gadus morhua), stickleback (Gasterosteus aculeatus), 

spotted gar (Lepisosteus oculatus), tilapia (Oreochromis niloticus), medaka (Oryzias latipes), 

platyfish (Xiphophorus maculatus). Taking into account the known fish phylogenetic 

relationships (supplementary fig. S4, Supplementary Material online) and using the PAML 

package (Yang 2007), we compared three nested branch models assuming: 1) only one ; 2) 

one CF for blind cavefishes (A. mexicanus and L. dentata) and one SF for the other fishes 

(two-ratio model); 3) one  for each branch (free-ratio model). For each dataset, likelihood 

ratio tests suggested that the two-ratio model was better than the one-ratio model (CF > SF) 

and the best model was the free-ratio model (supplementary table S2, Supplementary 

Material online). With the free-ratio model, Lucifuga dentata had the highest  (0.409) for 

vision genes. For circadian clock genes, both A. mexicanus blind cavefish and L. dentata had 
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the highest  (0.29). For pigmentation genes,  was similar in cave and surface fishes (fig. 4, 

supplementary fig. S4, Supplementary Material online). 

 

Independently, we analyzed the same sets of genes in Sinocyclocheilus species. For each 

species, ohnologs were concatenated into two series of gene sequences. For the two-ratio 

model, we assumed one CF for the blind cavefish, S. anshuiensis, and one SF for the two 

eyed species, S. rhinocerous and S. grahami. For each dataset, likelihood ratio tests suggested 

that the two-ratio model was better than the one-ratio model (CF > SF) and the best model 

was the free-ratio model (supplementary table S2, Supplementary Material online). With 

the free-ratio model,  was higher in the blind S. anshuiensis (0.36) than in the small-eyed S. 

rhinocerous (0.32) and the eyed S. grahami (0.23) with vision genes. With circadian clock 

genes,  was higher in the blind S. anshuiensis (0.38) and the small-eyed S. rhinocerous 

(0.37) than in the eyed S. grahami (0.25). With pigmentation genes  was higher in the small 

eyed S. rhinocerous (0.32) and the blind S. anshuiensis (0.29) than in the eyed S. grahami 

(0.25) (supplementary fig. S4, Supplementary Material online). Thus,  was consistently 

higher in cavefishes than in surface fishes, the shift being larger for vision genes than for 

circadian clock and pigmentation genes. These results suggest a larger reduction of purifying 

selection on the vision gene set than on the other gene sets in cavefishes. 

We then used another approach implemented in RELAX which computes the values and 

distribution of three  using a branch-site model, the convergence of the three  towards one 

in a lineage being a signature of relaxed purifying selection (Wertheim, et al. 2015). The 

magnitude of convergence depends on a parameter, k, which tends to zero as selection tends 

to complete relaxation. RELAX detected relaxed purifying selection on L. dentata vision 

genes with an important shift toward  = 1 as k = 0.2, and this was also true to a lesser extent 

in A. mexicanus cavefish (k = 0.5). For pigmentation genes, the largest shift was also 

observed in L. dentata (k = 0.48). No shift was observed with cavefish circadian clock genes, 

suggesting that most of these genes are under strong purifying selection in cavefishes 

(supplementary fig. S5, fig. S6 and fig. S7 Supplementary Material online). 

Finally, with the aim of finding additional and independent evidence of relaxed purifying 

selection in cavefishes, in particular on A. mexicanus vision genes for which the number of 

mutations is particularly low and thus the estimate of  was not accurate, we developed a 

novel approach. First, nonsynonymous mutations in different lineages were inferred using the 

aaml program from the PAML package. The deleterious impact of these mutations was then 
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estimated using a machine learning method implemented in MutPred2 (Pejaver, et al. 2017) 

which gives a score between 0 (not deleterious) and 1 (very deleterious). The kernel density 

estimation (KDE) of the distributions of the scores in vision, circadian clock and pigmentation 

genes were obtained for each terminal lineage leading to surface fishes and cavefishes, as well 

as for computer simulations of substitutions in the same gene sets under a neutral model. With 

all surface fishes, the KDE was similarly right-skewed (fig. 5), suggesting that most 

substitutions in surface fishes have a low impact on fitness. This was confirmed by the shape 

of the distribution of the scores in simulations of substitutions without selection (equivalent to 

the distribution of the scores before selection) which was very different to those of surface 

fishes, that is almost uniform, suggesting that the most deleterious mutations had been 

removed by selection in surface fishes. Before selection, the score distribution was slightly 

different for the different sets of genes, probably reflecting different selective constraints on 

the sequences belonging to these gene sets (fig. 5ABC, grey and black curves). The 

Transitions/Transversions (Ts/Tv) ratio used in simulations of substitutions under a neutral 

model had no impact on the distribution of the scores (supplementary fig. S8, 

Supplementary Material online). In the cavefishes on the other hand, the score distribution 

was very variable, depending on the cavefish species and the set of genes (fig. 5ABC). 

Pairwise comparisons of empirical cumulative distribution functions (ECDF) were performed 

using the nonparametric Kolmogorov-Smirnov (KS) test (supplementary fig. S9, 

Supplementary Material online). The same approach was attempted using Grantham’s 

distances (Grantham 1974) instead of MutPred2 scores but the contrast between the 

distributions of the distances with and without selection was much less discriminant and not 

analyzed further (supplementary fig. S10, Supplementary Material online). 

In order to refine the analysis of the score distribution in cavefishes, mixtures of different 

proportions of substitutions picked from two distributions, one under neutral evolution (from 

the simulations) and the other under purifying selection (in the lineage leading to zebrafish) 

were also obtained to compare with cavefish distributions (supplementary fig. S11, 

Supplementary Material online). 

 

Vision genes: for the A. mexicanus cavefish (red curve, fig. 5A), the distribution was not 

statistically different from that expected if all substitutions were neutral in this lineage (KS 

test, p = 0.2; supplementary fig. S9, Supplementary Material online), yet the best fit was 

with a mixture distribution with 24% of substitutions from the distribution under purifying 

selection (supplementary fig. S11, Supplementary Material online). For L. dentata (brown 
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curve, fig. 5A) and L. gibarensis (orange curve, fig. 5A), distributions departed from the 

neutral distribution (KS test, p = 1.4 x 10-5 and p = 4 x 10-6 respectively) (supplementary fig. 

S9, Supplementary Material online) and the best fit was obtained with 34% and 60% of the 

substitutions from the distribution under purifying selection, respectively (supplementary 

fig. S11, Supplementary Material online). For all Sinocyclocheilus species, the score 

distribution was different from those of surface fishes (supplementary fig. S12, 

Supplementary Material online). This was even true for the eyed S. grahami, most likely 

because after the WGD, purifying selection on nonsynonymous mutations was partially 

relaxed on one or both ohnologs. However, the ECDF of S. rhinocerous and S. anshuiensis 

were more shifted towards the neutral distribution than the ECDF of S. grahami, suggesting 

that the two cavefishes experienced a more neutral regime than the surface fish 

(supplementary fig. S12, Supplementary Material online). 

Circadian clock genes: no cavefish ECDF fit with the expected distribution under neutral 

evolution (fig. 5B, supplementary fig. S9, Supplementary Material online). However, the 

ECDF of A. mexicanus cavefish was different from those of surface fishes and the best fit was 

obtained with a mixture of 59% of the substitutions from the distribution under purifying 

selection (fig. 5B, supplementary fig. S11, Supplementary Material online). For L. dentata 

and L. gibarensis, the best fit involved the mixture of 69% or 93% of the substitutions from 

the distribution under purifying selection (fig. 5B, supplementary fig. S11, Supplementary 

Material online). In accordance with the number of pseudogenes found in S. rhinocerous, the 

ECDF was the closest to a neutral distribution among the three Sinocyclocheilus species, with 

the best fit found with a mixture of 39% of substitutions from the distribution under purifying 

selection (supplementary fig. S12 and fig. S13, Supplementary Material online). 

Pigmentation genes: no cavefish ECDF fitted with the expected distribution under neutral 

evolution (fig. 5C). All cavefish distributions were very similar to those of surface fishes, in 

accordance with the hypothesis that very few pigmentation genes can be lost, even after cave 

colonization and/or genome duplication (see also supplementary fig. S9, fig. S11, fig. S12 

and fig. S13, Supplementary Material online). 

In summary, three different approaches consistently suggested different levels of relaxed 

purifying selection on the set of vision genes that are related with the levels of eye 

degeneration in cavefishes, whereas most circadian clock and pigmentation genes remained 

under strong purifying selection. 

 

Dating relaxation of purifying selection on vision genes in L. dentata 
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In order to make compatible the results suggesting that most vision genes are dispensable and 

those suggesting that selection is not totally relaxed in the L. dentata lineage, we postulated 

two successive periods of evolution, one under purifying selection followed by another under 

completely relaxed selection. Three independent approaches were used to estimate when 

purifying selection was relaxed in the L. dentata lineage. 

First, we used the number of vision pseudogenes and an estimate of the LoF mutation rate per 

gene per generation. Using the numbers of premature STOP codons, frameshifts, losses of 

splice site, losses of START and STOP codons in this species and the method described in 

supplementary Data S3, Supplementary Material online, we estimated the relative rates of 

these LoF mutations in Lucifuga species: 0.031, 0.0143, 0.0212, 0.0028 and 0.0023 

respectively (where  is the nucleotide mutation rate per site per generation). In vertebrates, 

very few estimates of  are available, the most accurate value being about 10-8 in humans 

(Roach, et al. 2010). Two independent values were recently obtained in cichlid fishes, one 

lower (3.5 x 10-9) and one higher (6.6 x 10-8) (Recknagel, et al. 2013; Malinsky, et al. 2017). 

Assuming that  = 10-8 and taking into account that the average length of a vision gene equals 

1,091 bp, the LoF mutation rate per gene per generation was 0.78 x 10-6. With the analytical 

model described in Materials and Methods and this rate of pseudogenization, the highest 

probability of finding 19 pseudogenes among 76 neutral genes was obtained with a complete 

relaxation of selection starting 367,779 generations ago (probability > 5% in a range between 

273,990 and 480,980 generations) (fig. 6, red curve). Assuming that only 50 vision genes 

could accumulate LoF mutations, this time was pushed back to 611,132 [445,950 – 813,580] 

generations (fig. 6, pale red curve). Simulations were also performed to take into account 

variations of gene length and number of introns per gene, codon usage, transition/transversion 

ratio (r = 4.57) and effective population size (Ne) in a range between 100 and 1,000. These 

simulations gave estimates very similar to those obtained with the analytical model, showing 

that the effects of Ne and per gene LoF mutation rate variation due to differences in gene 

length and number of introns were marginal (fig. 6, black, green and blue curves; only 

simulations assuming 76 neutral genes are shown). 

Second, two dating methods were used (Li, et al. 1981; Meredith, et al. 2009), both based on 

the hypothesis of a shift of  from a value lower than 1 to 1 after purifying selection was 

relaxed in a lineage. We assumed a divergence time of 80 Myr (million years) between 

Lucifuga and Brotula (http://www.timetree.org/) reflecting their rather distant position in two 
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different families, Bythitidae and Ophidiidae, within Ophidiiformes (Møller, et al. 2016). 

Vision genes of Lucifuga species and Brotula barbata were individually aligned and 

alignments concatenated. With one method (Li, et al. 1981), the divergence time between 

Lucifuga dentata and Lucifuga gibarensis was estimated to 4,1 Ma (million years ago) and the 

time since non-functionalization of vision genes in L. dentata was 1.5 Myr (table 1). With the 

other method (Meredith, et al. 2009),  was estimated to 0.27 in the lineage leading to L. 

gibarensis and 0.50 in the lineage leading to L. dentata. Assigning these ratios respectively to 

functional branches and a mixed branch, the time since non-functionalization was estimated to 

1.3 Myr (table 1). 

Third, we assumed that in the lineage leading to L. dentata, there is a mixture of 66% of the 

mutations that accumulated under completely relaxed selection and 34% under purifying 

selection (supplementary fig. S11, Supplementary Material online),  = 0.27 under 

purifying selection (that is  estimated in L. gibarensis),  = 1 under completely relaxed 

selection and the divergence between L. dentata and L. gibarensis occurred 4,1 Ma (estimated 

above). Using the method described in Materials and Methods, we obtained an estimate, 1.4 

Myr, of the age of relaxation of purifying selection (table 1). Thus, different methods for 

dating relaxation of purifying selection in the L. dentata lineage converged to approximately 

1.3-1.5 Ma. These estimates are compatible with the estimated time since vision genes could 

accumulate LoF mutations, that is ~370 thousand generations ago, if we assume a generation 

time of about 4 years in L. dentata. 

 

Distribution of LoF mutations in vision pseudogenes of cavefishes vs fossorial 

mammals 

 

An extensive study of the regression of visual protein networks in three fossorial mammals, 

the Cape golden mole Chrysochloris asiatica, the naked mole-rats Heterocephalus glaber and 

the star-nosed mole Condylura cristata, has been published (Emerling and Springer 2014). 

From this publication, we retrieved the number of pseudogenes, their names, and the number 

of LoF mutations per pseudogene in the three species. In the Cape golden mole, 18 

pseudogenes were found among 65 vision genes, while only 11 pseudogenes were found in 

the naked-mole rat and 7 in the star-nosed mole. Several independent LoF mutations were 

found in orthologous vision genes of fossorial mammals and cavefishes. The distributions of 

LoF mutations per pseudogene in these mammals and two blind cavefishes (L. dentata and S. 
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anshuensis) were compared (fig. 7). Astyanax mexicanus cavefish, which is also blind, was 

not included in this comparison because there is only one LoF mutation in one gene in this 

species. The distributions were sharply contrasted when comparing mammals and fishes. In 

fossorial mammals, most pseudogenes carried several LoF mutations, up to 28 mutations in 

two pseudogenes of the golden mole and 54 mutations in a single pseudogene of the star-

nosed mole (fig. 7). On the contrary, in fishes, very few LoF mutations were found in each 

pseudogene (fig. 7), the maximum being 5 LoF mutations in a pseudogene of S. anshuiensis. 

This comparison strongly supports the hypothesis that some vision genes of fossorial 

mammals have been under completely relaxed purifying selection for a much longer period of 

time than any cavefish vision genes. 

 

Discussion 

 

When selection for maintaining a functional protein is completely relaxed, theory predicts that 

LoF mutations in coding and regulatory sequences can reach fixation by random genetic drift 

(Lynch and Conery 2000; Lahti, et al. 2009). In an isolated population, among a set of 

dispensable genes, the longer the period of neutral evolution, the higher the expected number 

of pseudogenes, each carrying at least one LoF mutation. Eventually, all the genes under 

relaxed selection will be pseudogenized. At the level of a single gene, the longer the period of 

neutral evolution, the higher the expected number of LoF mutations. Thus, after a very long 

period of neutral evolution, all the neutrally-evolving genes will carry many LoF mutations. 

The pace of this gene decay depends essentially on the pace of the appearance of LoF 

mutations (Li and Nei 1977). In the present study, we focused on a subset of LoF mutations 

that could be readily detected in genomes, that is, mutations that generate premature STOP 

codons, eliminate START or STOP codons or disrupt intron splice sites, as well as small 

insertions/deletions (indels) causing translation frameshifts. Although this approach inevitably 

leads to an underestimation of the number of non-functional genes, it allowed us to carry out 

comparative studies and molecular dating of the relaxation of purifying selection. We 

analysed molecular decay among three sets of genes in relation to the level of regression of 

three traits: eyes, circadian clock and pigmentation. For most genes, assigning a gene to a 

category was straightforward, yet for some genes it was more ambiguous. Vision genes 

corresponded primarily to a set of genes expressed only in eyes, however fishes also express 

many non-visual opsins genes that we assigned to this category on the basis of their homology 
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to visual opsins and because most of them are likely just as dispensable in the absence of light 

as most eye-specific genes. Indeed, a similar pattern of gene decay was observed in these two 

gene sets and they were pooled for the quantitative analyses of relaxed selection and dating. 

Genes known for being involved in the circadian clock were assigned to a second set of genes. 

Some non-visual opsins are involved in this process. Pigmentation genes comprised a large 

set of genes involved in several processes from pigment cell differentiation to pigment 

synthesis. Our a priori hypothesis was that vision genes should be more prone to degeneration 

in blind fishes as they are only expressed in eyes or involved in light sensing in various 

tissues, whereas many circadian clock and pigmentation genes may be maintained as their 

expression is not always restricted to regressed structures and functions. In accordance with 

this assumption, many pseudogenes were found among vision genes of the oldest blind 

cavefish, L. dentata, but only few pseudogenes were found among circadian clock and 

pigmentation genes in cavefishes. 

Below we discuss the repeated loss of a few genes involved in circadian clock and 

pigmentation. Then, we show how the loss of many vision genes in Lucifuga dentata sheds 

new light on gene decay in relation to eye regression in cavefishes. At a broader phylogenetic 

scale, we examine the contrasting vision gene decay in cavefishes and fossorial mammals. 

 

Molecular evidence of circadian clock disruption in several cavefishes 

 

No LoF mutations were found in the set of circadian clock genes of both Lucifuga species. 

However, the non-visual opsin tmt3a is pseudogenized in L. gibarensis and the loss of this 

gene is involved in the disruption of the circadian clock in the Somalian cavefish 

Phreatichthys andruzzii (Cavallari, et al. 2011). Thus, our survey of LoF mutations in Cuban 

cave brotulas suggests the loss of the circadian clock in L. gibarensis, but not in L. dentata. 

The maintenance of purifying selection on most circadian clock genes in both species is 

further supported by the analysis of nonsynonymous mutations showing similar accumulation 

of deleterious mutation in these species and in surface fishes. As expected, no LoF mutations 

in both ohnologs of circadian clock genes and non-visual opsin genes were found in S. 

grahami, which is a surface fish. On the other hand, the small-eyed S. rhinocerous has 

accumulated more LoF mutations in both ohnologs (per2, cry-dash, cry1b, cry2a) than the 

blind S. anshuiensis (cry-dash). Interestingly, in both Lucifuga and Sinocyclocheilus, the 

molecular decay of the circadian clock is not correlated with the level of eye regression as the 
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small-eyed species (L. gibarensis and S. rhinocerous) carry more pseudogenes than the blind 

species (L. dentata and S. anshuiensis). 

LoF mutations were found repeatedly in a very small number of circadian clock genes, some 

of them already known to be involved in circadian clock disruption in other species. It 

suggests that only a small subset of genes may be involved in circadian clock loss, in 

particular those belonging to the cryptochromes and period families, which are light-inducible 

genes. 

 

A small set of pigmentation pseudogenes in cavefishes 

 

A similar trend was observed in the large set of pigmentation genes. Independent LoF 

mutations were found in myo7ab and smtla of L. dentata and L. gibarensis and both ohnologs 

of gch2 and pmelb carried independent LoF mutations in S. anshuiensis and S. rhinocerous. 

Recurrent pseudogenization of only a couple of genes suggests that few pigmentation genes 

can be lost in cavefishes. They could belong to a very small subset of genes that may be 

involved in the depigmented phenotype without having additional and strong deleterious side 

effects. 

 

Many pseudogenes among cavefish vision genes 

 

In sharp contrast with the very few pseudogenes found among circadian clock and 

pigmentation genes, many vision genes are pseudogenized in cavefishes. Before the present 

study, there was no evidence of decay in large numbers of both eye-specific genes and non-

visual opsin genes in a blind cavefish. Despite some cave populations belonging to A. 

mexicanus were assumed to be very ancient, that is several millions of years old, no LoF 

mutations were found in eye-specific genes of these fish with highly degenerate eyes 

(McGaugh, et al. 2014). To explain this, very unlikely processes were assumed, such as 

“hidden functions” for these genes expressed only in eyes, and/or a high gene flow from the 

surface preventing the fixation of pseudogenes. But a high gene flow implies strong selection 

at other loci to maintain blindness in very small cavefish populations. However, these unlikely 

hypotheses are not necessary if we assume that A. mexicanus cave populations are very recent 

(Fumey, et al. 2018) and that there has simply been not enough time for the appearance of 

many vision pseudogenes. 
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Rapid and extreme eye degeneration without eye-specific gene losses further questions the 

nature of the developmental mechanisms involved in eye loss, the pace of eye degeneration 

and the correlation of eye degeneration with eye-specific gene decay in cavefishes. A clear 

refutation of the hypothesis that eye-specific genes and non-visual opsin genes are under 

purifying selection in blind cavefishes was provided by the analysis of the genome of L. 

dentata, as 25% of these genes carry LoF mutations in these species. Moreover, the 

distribution of LoF among genes was consistent with the neutral evolution of most, if not all, 

vision genes in this species. The dispensability of most vision genes was further supported by 

the fact that other vision genes were identified with LoF mutations in other cavefishes. We 

predict that with more blind cavefish genomes becoming available we will find that most of 

these genes have been lost in at least one species. On the other hand, in L. gibarensis, which 

has small but functional eyes, most vision genes seemed under purifying selection, yet the 

partial degeneration of its visual system was correlated with the loss of several genes that 

were well conserved in eyed fishes. These data allowed us to propose a two-step scenario for 

the release of purifying selection on vision genes in Lucifuga. The last common ancestor of L. 

dentata and L. gibarensis was a cavefish that had accumulated a small number of 

pseudogenes in relation to life in darkness, which were not among the eye-specific genes 

studied here. In the lineage leading to L. gibarensis, only a few vision genes have been under 

relaxed selection whereas in the lineage leading to L. dentata, purifying selection has been 

relaxed on most vision genes. The small-eyed L. gibarensis may not be an intermediary stage 

to blindness as observed in L. dentata, but another stable state. Small-eyes and eyeless 

phenotypes could correspond to different ecological parameters such as different exposures to 

light. In accordance with this hypothesis, L. gibarensis belongs to an ancient monophyletic 

clade of small-eyed species living in Cuba and Bahamas (García-Machado, et al. 2011; 

Hernández, et al. 2020). 

The lack of correlation between the degree of eye regression and the number of eye-specific 

pseudogenes suggests that the extent of eye regression should not be taken as a proxy of the 

evolutionary age of cavefish populations or species. 

 

Dating L. dentata blindness 

 

While phylogenetic evidence suggested an ancient diversification in the cavefish genus 

Lucifuga and a monophyletic clade of distantly related blind species (García-Machado, et al. 
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2011), there was no estimate of the time since this phenotype evolved. Similar estimates were 

obtained using several well-established methods and new approaches. With three methods 

relying on the shift of  from a value lower than one (a signature of purifying selection) to 

one (a signature of neutral evolution), we found that the time since purifying selection was 

completely released on Lucifuga dentata vision genes is between 1.3-1.5 Ma. Using the 

number of pseudogenes in the set of vision genes, we estimated that L. dentata settled in 

caves about 370 thousand generations ago. The generation time of this fish is unknown, and 

translating the number of generations into years is difficult. However, assuming that the 

generation time is about 4 years, which is realistic if we consider that these fish have a long 

lifespan and could reproduce for about ten years, the above independent estimates of relaxed 

selection would be compatible. They suggest that the loss of vision in the lineage leading to L. 

dentata occurred in the middle of the Pleistocene. 

 

Pattern of LoF mutations in tetraploids cavefishes with different levels of eye 

regression: the case of Sinocyclocheilus 

 

The genus Sinocyclocheilus, which is endemic to southwestern karst areas in China, is the 

largest cavefish genus known to date (Xiao, et al. 2005). In a genome-wide analysis, LoF 

mutations were found in many genes of three species, one species (S. anshuiensis) being blind 

and depigmented, another species (S. rhinocerous) having small eyes and being pigmented, 

and the last one (S. grahami) showing no cave-related traits (Yang, et al. 2016). These species 

share a recent WGD with other cyprinids such as the common carp Cyprinus carpio (David, 

et al. 2003; Yuan, et al. 2010) which can explain why even the surface fish S. grahami carries 

many LoF mutations in vision, circadian clock and pigmentation genes (Yang, et al. 2016). 

However, no thorough comparisons were performed to relate differences in gene decay with 

the level of eye regression. We found that the number of vision pseudogenes in the blind S. 

anshuiensis is much higher than in the small-eyed S. rhinocerous and the eyed S. grahami, a 

result supporting the cumulative effect of tetraploidy and cave settlement on the rate of 

pseudogenization. As most genes are present twice, a gene function is most likely lost if, and 

only if, at least one LoF mutation is present in each ohnolog. With this criterion, seven vision 

genes were lost in S. anshuiensis, but only one in S. rhinocerous and S. grahami, indicating 

that selection maintaining functional vision genes is weaker in the blind species than in the 

two eyed species. This conclusion was further supported by estimations of the strength of 
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purifying selection on nonsynonymous mutations in vision genes, which showed that it was 

higher in the fish with large eyes. 

 

Contrasting dynamics of pseudogenization in fossorial mammals and cavefishes 

 

An extensive study of LoF mutations in genes coding for proteins involved in retinal networks 

using the genomes of three independently-evolved fossorial mammals has been previously 

reported (Emerling and Springer 2014). All three species have functional eyes, but star-nosed 

moles often leave their burrows and thus have a greater exposure to light than naked mole-rats 

and Cape golden moles, which are entirely subterranean. The eyes of Cape golden moles are 

subcutaneous. More pseudogenes were identified in the Cape golden mole than in the naked 

mole-rat genome and the lowest number of pseudogenes was found in the star-nosed mole 

genome, suggesting that the decrease in retinal exposure to light allowed the decay of more 

vision genes. A striking difference between these fossorial mammals and the cavefishes 

studied here was that several pseudogenes of fossorial mammals carried a large number of 

LoF mutations while cavefish pseudogenes accumulated at most five LoF mutations. This is 

in accordance with the adaptation of the fossorial mammals to the subterranean environment 

in the Oligocene, about 25 Mya (Emerling and Springer 2014), whereas colonisation of the 

dark environment by the cavefishes occurred much later, in the Pleistocene. 

 

Conclusion 

 

Our analyses suggest that blind cavefishes for which genomes are available are not very 

ancient and that they all lost their eyes during the Pleistocene. The oldest, the Cuban L. 

dentata, in the middle of the Pleistocene and the most recent, the Mexican A. mexicanus, 

during the late Pleistocene or even later in the Holocene. Two gene-centered studies, based on 

molecular evolution of one and two genes respectively, suggested that other blind cavefishes 

could be much older: some North American amblyopsid cavefishes may have accumulated 

loss-of-function mutations over the last 10.3 Myr (Niemiller, et al. 2013) and the Somalian 

cavefish Phreatichthys andruzzii was estimated to be 5.3 Myr old (Calderoni, et al. 2016). 

These estimations were based on very small numbers of nonsynonymous mutations and very 

few LoF mutations. Genome-wide analyses using several independent approaches are 

necessary to confirm that these cavefishes evolved much earlier than the cavefishes we 
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analyzed here. If all cavefishes are actually relatively recent, the sequencing of a large number 

of blind cavefish genomes will be necessary to identify the whole set of eye-specific genes 

that are dispensable when eyes are highly degenerated, and the small subset of genes that has 

been repeatedly involved in the circadian clock disruption and depigmentation. Finding a 

blind cavefish genome in which most vision genes are pseudogenized and carry many LoF 

mutations would refute our current working hypothesis that blind cavefishes cannot thrive 

more than a few million years in cave ecosystems. 

 

Materials and Methods 

 

Genomic resources for two Cuban cave brotulas 

 

A draft genome and a transcriptome were obtained for a specimen belonging to Lucifuga 

dentata. The reads of a specimen belonging to a closely related species, L. gibarensis, were 

mapped onto the L. dentata genome. A detailed description of the materials, methods and 

results are given in supplementary Data S1, Supplementary Material online. In the present 

study, these genomic resources were used to retrieve exon sequences and intron splice sites. 

The transcriptome allowed us to assess the reliability of the LoF mutations found in the 

genome of L. dentata. 

 

Vision, circadian clock and pigmentation gene sets 

 

The set of vision genes included all opsins, visual opsins that are expressed in eye 

photoreceptor cells (cone and rods) but also non-visual opsins that are expressed in various 

tissues. It also comprised eye specific crystallin genes that were selected using expression 

patterns reported in zebrafish from the ZFIN database (https://zfin.org/) and in A. mexicanus 

(Hinaux, et al. 2015). However, crygm2 crystallin genes were excluded from the analyses. 

Indeed, many copies were found in fish genomes (more than 50 copies in A. mexicanus) and 

relaxed purifying selection on some copies could have occurred independently in response to 

any environmental shift. The set of vision genes also included genes coding for proteins 

involved in the phototransduction cascade and whose expression was restricted to the retina 

and/or the pineal complex: RPE65, Arrestins, Recoverins, Transducins, PDE6, CNGA3 and 

CNGB3, GCAPs, zGCs, and GRKs. Sets of circadian clock and pigmentation genes were 
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defined on the basis of gene lists established in previous studies (Li, et al. 2013; Lorin, et al. 

2018). The set of circadian clock genes was completed with ck1a and ck1b genes which are 

specific kinases of cry and per genes (Takahashi, et al. 2008) and aanat1 and aanat2 genes 

whose expression are regulated by the circadian clock in zebrafish (Vatine, et al. 2011). The 

complete list of genes with their standardized identifiers is given in fig. 1. 

 

Construction of data sets 

 

The sequences of visual and non-visual opsins of zebrafish were retrieved from (Davies, et al. 

2015). Other vision genes, circadian clock and pigmentation genes of zebrafish were retrieved 

from GenBank. 

A series of blastn and tblastx (Altschul, et al. 1990) with zebrafish sequences were performed 

against A. mexicanus surface and Pachón cave genomes (GCF_000372685.2 and 

GCF_000372685.1 respectively), S. grahami, S. rhinocerous, S. anshuiensis, P. nattereri, B. 

barbata, C. acus and L. exutus genomes (GCF_001515645.1, GCF_001515625.1, 

GCF_001515605.1, GCF_001682695.1, GCA_900303265.1, GCA_900312935.1 and 

GCA_900312555.1 respectively), and L. dentata and L. gibarensis genomes (this study). 

Matching regions were extracted using samtools (Li 2011) and CDS were predicted using 

EXONERATE with protein sequences of zebrafish (Slater and Birney 2005). 

Given the low quality of the A. mexicanus cavefish genome assembly compared to the surface 

one (see in results for an assessment of the quality of the A. mexicanus cavefish genome 

assembly), in order to analyze reliable gene sequences, cavefish reads were retrieved and 

mapped onto the genome of the surface fish using the NCBI remapping service with the 

default parameter values. This approach identified an opsin gene repertoire (36 genes) slightly 

larger than the one recently published (33 genes) using only the cavefish genome (Simon, et 

al. 2019). Similarly, as a poor quality genome assembly was obtained for L. gibarensis, the 

reads were mapped on the high quality L. dentata genome. 

Incomplete CDS could be assembly artifacts, so they were not further analyzed. In order to 

estimate the percentage of missing exons in the A. mexicanus cavefish genome that were 

assembly artifacts, primers were designed to PCR amplify these exons in a cavefish using 

homologous sequences identified in the A. mexicanus surface fish genome. 
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For comparisons of the strength of purifying selection () in surface fishes and cavefishes, 

orthologous CDS from well-annotated fish genomes - tetraodon (Dichotomyctere 

nigroviridis), cod (Gadus morhua), stickleback (Gasterosteus aculeatus), spotted gar 

(Lepisosteus oculatus), tilapia (Oreochromis niloticus), medaka (Oryzias latipes), platyfish 

(Xiphophorus maculatus) - were downloaded from ENSEMBL 93, excepted visual opsin CDS 

which were retrieved from a study of their evolution in ray-finned fishes (Lin, et al. 2017). 

 

In order to compare the decay of vision genes in cavefishes and fossorial mammals, the 

number of pseudogenes, and the number of LoF mutations per pseudogene, in a set of genes 

coding for proteins involved in retinal networks were retrieved from a publication (Emerling 

and Springer 2014) for three fossorial mammals (the Cape golden mole Chrysochloris 

asiatica, the naked mole-rat Heterocephalus glaber and star-nosed mole Condylura cristata). 

 

Phylogenetic analyses 

 

Orthologous and paralogous relationships between genes were inferred through phylogenetic 

analyses. First, coding sequences were aligned using MUSCLE (Edgar 2004), after having 

taken into account indels (i.e. adding N where nucleotides were missing or removing 

additional nucleotides). For each alignment, DNA sequences were translated into protein 

sequences and a maximum likelihood phylogenetic tree was inferred using IQ-TREE 

(Nguyen, et al. 2015) with the optimal model found by ModelFinder (Kalyaanamoorthy, et al. 

2017) and the robustness of the nodes was evaluated with 1,000 ultrafast bootstraps (Hoang, 

et al. 2018). The trees were rooted and visualized using iTOL (Letunic and Bork 2006). 

 

Estimation of the proportion of neutral genes using the distribution of LoF 

mutations per gene 

 

In order to estimate the number of genes (V) under completely relaxed selection in a sample 

of (T) vision genes, we compared the observed distribution of LoF mutations per gene with 

the expected distribution taking into account that V genes can accumulate LoF mutations and 

T - V genes cannot carry LoF mutations. Assuming that a LoF mutation has a probability 1/V 

to be in a given gene among V genes, the probability that a gene contains X LoF mutations can 

be computed as follows: 
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where m is the total number of LoF mutations. 

However, LoF mutations do not have the same probability of occurring in different genes if 

the size of the gene and the number of introns are variable. A LoF mutation is more likely in a 

gene with several large exons than in a gene with only one short exon. Simulations of the LoF 

mutation distribution were performed, taking into account the length of the coding sequence 

and the number of introns of each gene to estimate its relative mutation rate. We ran 10,000 

simulations of the distribution of m mutations in a random sample of V genes taken at random 

among T vision genes. The distributions of the number of LoF mutations per gene in L. 

dentata and L. gibarensis were compared with expected distributions obtained with the two 

methods described above and for different values of V. 

 

Other analyses of the relaxation of purifying selection in cavefishes 

 

For each diploid species, gene sequences belonging to the same gene set (vision, circadian 

clock or pigmentation) were concatenated. In order to analyze gene sequences of the 

tetraploid Sinocyclocheilus species, another alignment was produced. For each species and 

each gene set, gene sequences were concatenated after having taken at random one gene from 

each pair of ohnologs. This sampling process produced for each gene set two concatenated 

gene sequences for each species. With these six alignments of concatenated sequences, 

maximum likelihood estimates of  were obtained using the program codeml from the PAML 

package Version 4.9h  (Yang 2007). We considered three nested branch models: a ‘one-ratio’ 

model assuming the same  for all branches in the phylogeny; a ‘two-ratio’ model assuming 

one  for blind cavefishes (CF) and one  for the other fishes (SF); a free-ratio model 

allowing a different  for each branch. Likelihood ratio tests were performed to compare the 

likelihood values of the different models. Each likelihood ratio (LR) was calculated as twice 

the difference of log likelihood between the two models compared. The significance of the LR 

was determined by using the χ2 distribution with the number of degrees of freedom equal to 

the difference between the number of estimated parameters in the two models. 
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A further approach for detecting relaxed selection was carried out using the program RELAX 

(Wertheim, et al. 2015), assigning the surface fishes as the reference. Each cavefish was 

independently assigned as the test branch. A value of the parameter k significantly different 

from one (k < 1 if selection is relaxed and k > 1 if selection is intensified) suggests a change 

in the selective regime in the cavefish lineage. 

 

Inferring the deleterious impact of amino acid variants with MutPred2 

 

Maximum likelihood inference of amino acids substitutions were performed using the 

program aaml from the PAML package Version 4.9h (Yang 2007). For each amino acid 

substitution, MutPred2 scores (Pejaver, et al. 2017) and Grantham’s distances (Grantham 

1974) were computed to estimate its deleterious impact. 

In order to compare the distribution of scores (or distances) for a set of genes within a branch 

with the distribution expected under completely relaxed purifying selection, simulations of 

random mutations of nucleotides were generated, taking into account the length of the coding 

sequence of each gene and the transition/transversion ratio 

(https://github.com/MaximePolicarpo/Molecular-decay-of-light-processing-genes-in-

cavefishes/blob/master/Neutral_evolution_for_mutpred.py). 

 

Dating relaxation of purifying selection on vision genes in L. dentata using the 

number of pseudogenes 

 

In absence of purifying selection, the probability of fixation of a LoF mutation in a gene after 

t generations is: 

�(�) = 1 − ������� ��	�� ≪ 1 �⁄ ���
 

where LoF is the rate of LoF mutation per gene per generation and Ne is the effective 

population size (Li and Nei 1977). 

For a set of T genes, assuming that each gene has the same rate of LoF mutation, the 

probability that D genes have fixed a LoF after t generations is: 

�(� = �) =
�!

�! (� − �)!
(1 − �������)�(�������)��� 

The derivative of this function with respect to t allows to find for which value of t the 

probability �(� = �) is maximal: 
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The estimation of LoF taking into account the length of the CDS and the number of introns is 

described in supplementary Data_S3, Supplementary Material online. 

For assessing the effect of the variation of LoF  among genes on dating, a program was 

written to simulate gene decay through accumulation of LoF mutations, taking into account 

the length and the number of introns to compute a LoF for each gene (more details are given 

in supplementary Data S3, Supplementary Material online. 

 

Other methods for dating relaxation of purifying selection on vision genes in L. 

dentata  

 

Vision genes from the two Cuban cave brotulas (L. dentata and L. gibarensis) and an 

outgroup (Brotula barbata) were concatenated and aligned. We assumed that vision genes 

have been under purifying selection along the branches of the phylogenetic tree, except in the 

lineage leading to L. dentata which is a mixed branch (with a period under purifying selection 

followed by a period under completely relaxed selection). The time since purifying selection 

was relaxed in this branch was estimated using two slightly different methods (Li, et al. 1981; 

Meredith, et al. 2009), and assuming that Brotula barbata and Cuban cave brotulas diverged 

80 Ma (http://www.timetree.org/). 

As an alternative approach, we used the distribution of MutPred2 scores in the lineage leading 

to L. dentata. First we computed the proportions of two distributions, one under purifying 

selection as in the zebrafish lineage (ps) and one without selection as in simulated data (pn), 

that produce a mixture distribution that best fit the distribution of MutPred2 scores in the 

lineage leading to L. dentata. We assumed that s under purifying selection shifted to n 

when purifying selection was relaxed. We called Td the time since the separation of L. dentata 

and L gibarensis, ts the period under purifying selection and tn the period under relaxed 

selection in the lineage leading to L. dentata (table 1). In this lineage, the proportion of 

nonsynonymous substitutions that accumulated under selection depends on s and ts and the 

proportion of nonsynonymous substitutions that accumulated under relaxed selection depends 

n and tn. Thus 
��

��
=
����

����
 or �� =

��

��
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Data Availability 
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Lucifuga dentata Whole Genome Shotgun project has been deposited at 

DDBJ/ENA/GenBank under the accession VXCM00000000. The version described in this 

paper is version VXCM01000000 

Lucifuga dentata Transcriptome Shotgun Assembly project has been deposited at 

DDBJ/EMBL/GenBank under the accession GIAU00000000. The version described in this 

paper is the first version, GIAU01000000. 

Lucifuga gibarensis raw sequences were submitted to the SRA Bioproject: PRJNA610231 

The original GFF3 annotation file of Lucifuga dentata and scaffolds smaller than 200 bp are 

available in Supplementary files. 

Python programs and R scripts used in this paper can be found in: 

https://github.com/MaximePolicarpo/Molecular-decay-of-light-processing-genes-in-

cavefishes. 

All the data and the results of the analyses performed in this study are available for download 

at figshare (https://doi.org/10.6084/m9.figshare.12666758). File Data_Supp1.xlsx: summary 

of the number of genes retrieved from each species and for each gene set, along with the 

number of pseudogenes and the number of LoF mutations; file Data_Supp2.xlsx: sequences 

predicted with EXONERATE and ID of sequences retrieved from ENSEMBL; file 

Data_Supp3.xlsx: results obtained with different methods for dating relaxed selection on 

vision genes in Lucifuga dentata; folder Concatenated_Alignments: concatenated alignments 

for vision, circadian clock and pigmentation genes; folder Divergence_values: pairwise 

nucleotidic distances between species for each gene set; folder 

Lucifuga_Supplementary_files_Genome: original GFF3 file with functional annotations and 

scaffolds smaller than 200 bp not uploaded to NCBI; folder MutPred2_Results: raw output of 

MutPred2 and parsed results files to be used with the script provided in github 

(MutPred2_Script.R); folder Phylogenies: gene phylogenies computed with iQTree and 

displayed with iTOL, the model used for each phylogeny can be found in the “Models” folder. 

 

Supplementary Material 

 

Supplementary data are available at Molecular Biology and Evolution. 
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Sampling authorization 

 

Lucifuga dentata: a permit [LH 112 AN (135) 2013] was provided to the Centro de 

Investigaciones Marinas, University of Havana by the Cuban authorities in December 2013 to 

study cave species diversity including nematodes, crustaceans and fishes. As the species was 

listed Vulnerable (VU) by the IUCN, only two adult individuals (MFP 18.000278) were 

sampled (12 January 2014) from one of its largest and demographically stable populations 

(Emilio Cave, Las Cañas, Artemisa Province, Cuba). 

Lucifuga gibarensis: a permit [PE 2014/82] was provided to the Centro de Investigaciones 

Marinas, University of Havana by the Cuban authorities in November 2014 to study cave 

species diversity including nematodes, crustaceans and fishes. A single adult fish (MFP 

18.000279) was sampled (20 November 2014) from the Macigo Cave (Aguada de Macigo del 

Jobal), Gibara, Holguín Province, Cuba. 
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Table1. Estimates of the period of neutral evolution of Lucifuga dentata vision genes. 

 
 

  
 

Method Tn/Td Tn 

Li et al. 1981 0.36 1.5 Myr 

Meredith et al. 2009 0.32 1.3 Myr 

based on Pejaver et al. 2017 0.34 1.4 Myr 

based on Li and Nei 1977 n/a 367,779 g 

Tn: period of neutral evolution; Td: divergence time of L. dentata and L. gibarensis; T: 
divergence time of B. barbata and Lucifuga spp.; Myr: million years; g: generations. 

 

  

L. gibarensisL. dentata B. barbata

Tn

Td

T
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Legends 

 

Fig. 1. Gene sets and pseudogenes. (A) Vision genes. (B) Circadian clock genes. (C) 

Pigmentation genes. The number of genes in zebrafish for each set in shown in round 

brackets. Each box represents a gene, except the box rpe65b/c which represents two genes 

present only in zebrafish. The gene mc1r is duplicated in A. mexicanus and only one copy 

carries a LoF mutation in the A. mexicanus cavefish genome. Pseudogenes are coloured 

according the species in which they were found. In candidate gene studies, only few genes 

were examined, whereas most genes were studied in genome-wide analyses. 

 

Fig. 2. Phylogeny and pseudogene mapping. For each gene set, the number of pseudogenes 

found and the number of gene examined in a species are given to the right of the species 

name. For tetraploid species, the number of pairs of pseudogenes that are ohnologs is shown 

in square brackets. The number of shared pseudogenes are in boxes colored according to the 

gene set they belong to. Divergence times were obtained from timetree 

(http://www.timetree.org/), except between Lucifuga species (present study). Red star: whole 

genome duplication. 

 

Fig. 3.  Observed and expected distributions of LoF mutations per gene. (A) L. dentata. (B) L. 

gibarensis. Red lines: observed distribution. Expected distributions were obtained using an 

analytical model (dots) and 10,000 simulations (histograms). Expected distributions were 

obtained for different numbers of neutral genes among 76 genes: between 19 and 76 in L. 

dentata and between 5 and 76 in L. gibarensis. 

 

Fig. 4. Distribution of  in surface and cave fishes. (A) Vision genes. (B) Circadian clock 

genes. (C) Pigmentation genes. Surface fishes: Astyanax mexicanus surface morph, Brotula 

barbata, Carapus acus, Danio rerio, Dichotomyctere nigroviridis, Gadus morhua, 

Gasterosteus aculeatus, Lamprogrammus exutus, Oreochromis niloticus, Oryzias latipes, 

Xiphophorus maculatus and Pygocentrus nattereri. 

 

Fig. 5. Distributions of MutPred2 scores in different fish lineages and in simulations of 

mutations without selection. This score ranges between 0 (non-deleterious mutation) and 1 

(highly deleterious mutation). The number of mutations in each lineage is given in round 

brackets. One hundred simulations were performed on each gene set. In each simulation 54 
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nonsynonymous mutations were generated in vision genes, 36 in circadian clock genes and 

232 in pigmentation genes, those numbers corresponding to the numbers of nonsynonymous 

mutations found in Astyanax mexicanus cavefish. 

 

Fig. 6. Probability of finding 19 vision pseudogenes in L. dentata according to the period of 

neutral evolution. Red and pink lines: based on an analytical model assuming 76 and 50 

neutral genes respectively; other lines: estimates based on 10,000 simulations, assuming 76 

neutral genes and taking into account the length and number of introns in each vision gene 

and considering different effective population sizes. The number of generations for which the 

highest probability was found is reported above each line. 

 

Fig. 7. Distributions of the number of LoF mutations per vision pseudogene in blind 

cavefishes and fossorial mammals. The number of pseudogenes is given above the bar. 

  

ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901  Support: (434) 964-4100

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/advance-article/doi/10.1093/m
olbev/m

saa249/5912537 by IN
R

AE Institut N
ational de R

echerche pour l'Agriculture, l'Alim
entation et l'Environnem

ent user on 21 O
ctober 2020



33 

References 

 

Albalat R, Cañestro C. 2016. Evolution by gene loss. Nature Reviews Genetics 17:379-391. 
Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. 1990. Basic local alignment search 
tool. J Mol Biol 215:403-410. 
Berning D, Adams H, Luc H, Gross JB. 2019. In-Frame Indel Mutations in the Genome of the 
Blind Mexican Cavefish, Astyanax mexicanus. Genome Biol Evol 11:2563-2573. 
Calderoni L, Rota-Stabelli O, Frigato E, Panziera A, Kirchner S, Foulkes NS, Kruckenhauser 
L, Bertolucci C, Fuselli S. 2016. Relaxed selective constraints drove functional modifications 
in peripheral photoreception of the cavefish P. andruzzii and provide insight into the time of 
cave colonization. Heredity (Edinb) 117:383-392. 
Cavallari N, Frigato E, Vallone D, Froehlich N, Fernando Lopez-Olmeda J, Foa A, Berti R, 
Javier Sanchez-Vazquez F, Bertolucci C, Foulkes NS. 2011. A Blind Circadian Clock in 
Cavefish Reveals that Opsins Mediate Peripheral Clock Photoreception. Plos Biology 
9:e1001142. 
Ceinos RM, Frigato E, Pagano C, Fröhlich N, Negrini P, Cavallari N, Vallone D, Fuselli S, 
Bertolucci C, Foulkes NS. 2018. Mutations in blind cavefish target the light-regulated 
circadian clock gene, period 2. Scientific Reports 8:8754. 
Culver DC, Pipan T. 2009. The Biology of Caves and Other Subterranean Habitats. Oxford: 
Oxford University Press. 
David L, Blum S, Feldman MW, Lavi U, Hillel J. 2003. Recent Duplication of the Common 
Carp (Cyprinus carpio L.) Genome as Revealed by Analyses of Microsatellite Loci. 
Molecular Biology and Evolution 20:1425-1434. 
Davies WIL, Tamai TK, Zheng L, Fu JK, Rihel J, Foster RG, Whitmore D, Hankins MW. 
2015. An extended family of novel vertebrate photopigments is widely expressed and displays 
a diversity of function. Genome Research 25:1666-1679. 
Edgar RC. 2004. MUSCLE: multiple sequence alignment with high accuracy and high 
throughput. Nucleic Acids Research 32:1792-1797. 
Emerling CA. 2018. Regressed but Not Gone: Patterns of Vision Gene Loss and Retention in 
Subterranean Mammals. Integr Comp Biol 58:441-451. 
Emerling CA, Springer MS. 2014. Eyes underground: Regression of visual protein networks 
in subterranean mammals. Molecular Phylogenetics and Evolution 78:260-270. 
Fang X, Nevo E, Han L, Levanon EY, Zhao J, Avivi A, Larkin D, Jiang X, Feranchuk S, Zhu 
Y, et al. 2014. Genome-wide adaptive complexes to underground stresses in blind mole rats 
Spalax. Nature Communications 5:3966. 
Fang X, Seim I, Huang Z, Gerashchenko Maxim V, Xiong Z, Turanov Anton A, Zhu Y, 
Lobanov Alexei V, Fan D, Yim Sun H, et al. 2014. Adaptations to a Subterranean 
Environment and Longevity Revealed by the Analysis of Mole Rat Genomes. Cell Reports 
8:1354-1364. 
Fumey J, Hinaux H, Noirot C, Thermes C, Rétaux S, Casane D. 2018. Evidence for late 
Pleistocene origin of Astyanax mexicanus cavefish. Bmc Evolutionary Biology 18:43. 
García-Machado E, Hernandez D, Garcia-Debras A, Chevalier-Monteagudo P, Metcalfe C, 
Bernatchez L, Casane D. 2011. Molecular phylogeny and phylogeography of the Cuban cave-
fishes of the genus Lucifuga: evidence for cryptic allopatric diversity. Mol Phylogenet Evol 
61:470-483. 
Grantham R. 1974. Amino acid difference formula to help explain protein evolution. Science 
185:862-864. 

ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901  Support: (434) 964-4100

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/advance-article/doi/10.1093/m
olbev/m

saa249/5912537 by IN
R

AE Institut N
ational de R

echerche pour l'Agriculture, l'Alim
entation et l'Environnem

ent user on 21 O
ctober 2020



34 

Gross JB, Borowsky R, Tabin CJ. 2009. A novel role for Mc1r in the parallel evolution of 
depigmentation in independent populations of the cavefish Astyanax mexicanus. PLoS Genet 
5:e1000326. 
Gross JB, Weagley J, Stahl BA, Ma L, Espinasa L, McGaugh SE. 2018. A local duplication of 
the Melanocortin receptor 1 locus in Astyanax. Genome 61:254-265. 
Hernández D, Møller PR, Casane D, García-Machado E. 2020. A new species of the cave-fish 
genus Lucifuga (Ophidiiformes, Bythitidae), from eastern Cuba. ZooKeys 946:17-35. 
Hinaux H, Blin M, Fumey J, Legendre L, Heuze A, Casane D, Retaux S. 2015. Lens Defects 
in Astyanax mexicanus Cavefish: Evolution of Crystallins and a Role for alphaA-Crystallin. 
Developmental Neurobiology 75:505-521. 
Hoang DT, Chernomor O, von Haeseler A, Minh BQ, Vinh LS. 2018. UFBoot2: Improving 
the Ultrafast Bootstrap Approximation. Molecular Biology and Evolution 35:518-522. 
Kalyaanamoorthy S, Minh BQ, Wong TKF, von Haeseler A, Jermiin LS. 2017. ModelFinder: 
fast model selection for accurate phylogenetic estimates. Nature Methods 14:587-589. 
Kim EB, Fang X, Fushan AA, Huang Z, Lobanov AV, Han L, Marino SM, Sun X, Turanov 
AA, Yang P, et al. 2011. Genome sequencing reveals insights into physiology and longevity 
of the naked mole rat. Nature 479:223-227. 
Lahti DC, Johnson NA, Ajie BC, Otto SP, Hendry AP, Blumstein DT. 2009. Relaxed 
selection in the wild. Trends Ecol Evol 24:487–496. 
Letunic I, Bork P. 2006. Interactive Tree Of Life (iTOL): an online tool for phylogenetic tree 
display and annotation. Bioinformatics 23:127-128. 
Li H. 2011. A statistical framework for SNP calling, mutation discovery, association mapping 
and population genetical parameter estimation from sequencing data. Bioinformatics 27:2987-
2993. 
Li W-H, Gojobori T, Nei M. 1981. Pseudogenes as a paradigm of neutral evolution. Nature 
292:237-239. 
Li W-H, Nei M. 1977. Persistence of Common Alleles in Two Related Populations or 
Species. Genetics 86:901-914. 
Li Y, Li G, Wang H, Du J, Yan J. 2013. Analysis of a Gene Regulatory Cascade Mediating 
Circadian Rhythm in Zebrafish. Plos Computational Biology 9:e1002940. 
Lin J-J, Wang F-Y, Li W-H, Wang T-Y. 2017. The rises and falls of opsin genes in 59 ray-
finned fish genomes and their implications for environmental adaptation. Scientific Reports 
7:15568. 
Liu Z, Wen H, Hailer F, Dong F, Yang Z, Liu T, Han L, Shi F, Hu Y, Zhou J. 2019. 
Pseudogenization of Mc1r gene associated with transcriptional changes related to 
melanogenesis explains leucistic phenotypes in Oreonectes cavefish (Cypriniformes, 
Nemacheilidae). Journal of Zoological Systematics and Evolutionary Research 57:900-909. 
Lorin T, Brunet FG, Laudet V, Volff J-N. 2018. Teleost Fish-Specific Preferential Retention 
of Pigmentation Gene-Containing Families After Whole Genome Duplications in Vertebrates. 
G3: Genes|Genomes|Genetics 8:1795-1806. 
Lynch M, Conery JS. 2000. The evolutionary fate and consequences of duplicate genes. 
Science 290:1151-1155. 
Malinsky M, Svardal H, Tyers AM, Miska EA, Genner MJ, Turner GF, Durbin R. 2017. 
Whole Genome Sequences Of Malawi Cichlids Reveal Multiple Radiations Interconnected 
By Gene Flow. bioRxiv. 
McGaugh SE, Gross JB, Aken B, Blin M, Borowsky R, Chalopin D, Hinaux H, Jeffery WR, 
Keene A, Ma L, et al. 2014. The cavefish genome reveals candidate genes for eye loss. Nat 
Commun 5:5307. 

ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901  Support: (434) 964-4100

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/advance-article/doi/10.1093/m
olbev/m

saa249/5912537 by IN
R

AE Institut N
ational de R

echerche pour l'Agriculture, l'Alim
entation et l'Environnem

ent user on 21 O
ctober 2020



35 

Meredith RW, Gatesy J, Murphy WJ, Ryder OA, Springer MS. 2009. Molecular Decay of the 
Tooth Gene Enamelin (ENAM) Mirrors the Loss of Enamel in the Fossil Record of Placental 
Mammals. Plos Genetics 5:e1000634. 
Møller PR, Knudsen SW, Schwarzhans W, Nielsen JG. 2016. A new classification of 
viviparous brotulas (Bythitidae) – with family status for Dinematichthyidae – based on 
molecular, morphological and fossil data. Molecular Phylogenetics and Evolution 100:391-
408. 
Nguyen L-T, Schmidt HA, von Haeseler A, Minh BQ. 2015. IQ-TREE: A Fast and Effective 
Stochastic Algorithm for Estimating Maximum-Likelihood Phylogenies. Molecular Biology 
and Evolution 32:268-274. 
Niemiller ML, Fitzpatrick BM, Shah P, Schmitz L, Near TJ. 2013. Evidence for repeated loss 
of selective constraint in rhodopsin of amblyopsid cavefishes (teleostei: amblyopsidae). 
Evolution 67:732-748. 
Pejaver V, Urresti J, Lugo-Martinez J, Pagel KA, Lin GN, Nam H-J, Mort M, Cooper DN, 
Sebat J, Iakoucheva LM, et al. 2017. MutPred2: inferring the molecular and phenotypic 
impact of amino acid variants, unpublished data, 
https://www.biorxiv.org/content/10.1101/134981v1. 
Protas M, Conrad M, Gross JB, Tabin C, Borowsky R. 2007. Regressive evolution in the 
Mexican cave tetra, Astyanax mexicanus. Curr Biol 17:452-454. 
Recknagel H, Elmer KR, Meyer A. 2013. A Hybrid Genetic Linkage Map of Two 
Ecologically and Morphologically Divergent Midas Cichlid Fishes (Amphilophus spp.) 
Obtained by Massively Parallel DNA Sequencing (ddRADSeq). G3: 
Genes|Genomes|Genetics 3:65-74. 
Roach JC, Glusman G, Smit AFA, Huff CD, Hubley R, Shannon PT, Rowen L, Pant KP, 
Goodman N, Bamshad M, et al. 2010. Analysis of Genetic Inheritance in a Family Quartet by 
Whole-Genome Sequencing. Science 328:636-639. 
Rose MR, Lauder GV. 1996. Adaptation. San Diego: Academic Press. 
Simon N, Fujita S, Porter M, Yoshizawa M. 2019. Expression of extraocular opsin genes and 
light-dependent basal activity of blind cavefish. PeerJ 7:e8148. 
Slater GSC, Birney E. 2005. Automated generation of heuristics for biological sequence 
comparison. BMC Bioinformatics 6:31. 
Takahashi JS, Hong H-K, Ko CH, McDearmon EL. 2008. The genetics of mammalian 
circadian order and disorder: implications for physiology and disease. Nature Reviews 
Genetics 9:764-775. 
Vatine G, Vallone D, Gothilf Y, Foulkes NS. 2011. It’s time to swim! Zebrafish and the 
circadian clock. FEBS Letters 585:1485-1494. 
Wertheim JO, Murrell B, Smith MD, Kosakovsky Pond SL, Scheffler K. 2015. RELAX: 
Detecting Relaxed Selection in a Phylogenetic Framework. Molecular Biology and Evolution 
32:820-832. 
Xiao H, Chen S-y, Liu Z-m, Zhang R-d, Li W-x, Zan R-g, Zhang Y-p. 2005. Molecular 
phylogeny of Sinocyclocheilus (Cypriniformes: Cyprinidae) inferred from mitochondrial 
DNA sequences. Molecular Phylogenetics and Evolution 36:67-77. 
Yang J, Chen X, Bai J, Fang D, Qiu Y, Jiang W, Yuan H, Bian C, Lu J, He S, et al. 2016. The 
Sinocyclocheilus cavefish genome provides insights into cave adaptation. BMC Biol 14:1-13. 
Yang Z. 2007. PAML 4: Phylogenetic Analysis by Maximum Likelihood. Molecular Biology 
and Evolution 24:1586-1591. 
Yuan J, He Z, Yuan X, Jiang X, Sun X, Zou S. 2010. Speciation of polyploid Cyprinidae fish 
of common carp, crucian carp, and silver crucian carp derived from duplicated Hox genes. 
Journal of Experimental Zoology Part B: Molecular and Developmental Evolution 314B:445-
456. 

ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901  Support: (434) 964-4100

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/advance-article/doi/10.1093/m
olbev/m

saa249/5912537 by IN
R

AE Institut N
ational de R

echerche pour l'Agriculture, l'Alim
entation et l'Environnem

ent user on 21 O
ctober 2020



36 

Zhao H, Di Mauro G, Lungu-Mitea S, Negrini P, Guarino AM, Frigato E, Braunbeck T, Ma 
H, Lamparter T, Vallone D, et al. 2018. Modulation of DNA Repair Systems in Blind 
Cavefish during Evolution in Constant Darkness. Current Biology 28:3229-3243. 

 

ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901  Support: (434) 964-4100

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/advance-article/doi/10.1093/m
olbev/m

saa249/5912537 by IN
R

AE Institut N
ational de R

echerche pour l'Agriculture, l'Alim
entation et l'Environnem

ent user on 21 O
ctober 2020



cry1b

dash per2

Cryptochrome

cry2a ck1db

B - Clock genes (42)

bmal1a bmal1b bmal2 clock1 clock2 clock3 cry1a cryb per1a per1b

per3

ck1da

cry3 cry4 cry5

dbpa dbpb nfil3 nfil3-2 nfil3-4 nfil3-6 tefa tefb hlfa hlfb

nr1d1 nr1d2a nr1d2b nr1d4a nr1d4b aanat1 aanat2 roraa rorab rorb rorca rorcb

Brain and Muscle ARNT-like Clock circadian regulator Period Casein kinase

D site albumin promoter
Binding protein

Nuclear factor, interleukin3
regulated TEF transcription factor HLF transcription factor

Nuclear receptor, group D Arylalkylamine N-acetyltransferase RAR-related orphan receptor

gch2

tyrp1b

slc2a11b

smtla

adamts20

Melanophore, iridophore, xantophore and leucophore development

fhl2blef1cdh2adam17b

frem2a frem2b erbb3aegfr erbb3b gja5a gja5b gpc3 gpr161 slc2a15apax7a smtlb csf1rbgchfrgata3

eda en1a edaren1b edn3a ednrb2 gnaq gfpt1 ghrb leo1 impdh1b ghra mycbp2 csf1rasox5edn3b

c10orf11 creb1bcreb1a fzd4 gli3 dct dock7 ece1 sox10 pax7b impdh1a trim33 fbxw4med12 ltk

gch1 apc psen1bcl2|11 fgfr2 brsk2a brsk2b cited1 ovol1a ovol1b sox9a sox9b csf1a mpv17ece2b foxd3

pts snai2 bcl2bbcl2a adrb2a adrb2b atp6v0b wnt3a nrarpa nrarpb oca2 tfap2a pnp4a ece2acsf1b pnp4b

C - Pigmentation genes (257)

vps11 vps18 tyr adam17a bnc2 wnt1 ednrba ednrbb fhl2a chm spra sprb

gna11b hdac1sox2 hps1 hps6 irf4a irf4b ikbkg slc2a11lslc2a11a pcbd1 pcbd2 xdhpax3ahps4gna11a

mbtps1igsf11 hsd3b1 kitlgbkitlga lmx1a sox18 tfap2e nrg1 oprm1 slc2a15b qdprb1 qdpra qdprb2pax3b

mib1kcnj13 kita mef2cakitb mef2cb mib2 mcoln3a mcoln3b mitfa mregmitfb myca mycb myo5abmyo5aa

Itgb1b.2rnf41 rab27a itgb1bitgb1a Itgb1b.1 scarb2a scarb2b scg2a scg2b sf3b1recql4 sfxn1 mtrex slc45a2slc24a5

zic2btrpm7usp13 tyrp1a zic2a

pmelb

trpm1btrpm1a

tmem33

myo7ab tspan10

Melanosome transport

rab38bmlana vps33a txndc5lystkif13atrappc6a snapinvps39

rab32bthdtnbp1a cd63hps3 hps5 gpr143dtnbp1b

rab38abloc1s1 fig4bloc1s2 rabggtabloc1s3 bloc1s4 bloc1s5pmela

ap1m1 ap3d1ankrd27bloc1s6 ap3b1 arcn1a rab32aap1g1 arcn1b

rab11bb

myo7aadctn2ippk map2k1

ric8brab17rab1aa rab1ab agrp2

dctn1bcrhbcrha dctn1a rab11a

mlphbmlphatpcn2 rab3ip rab8a

rab11ba slc24a4a sdcbpgpnmb vat1nsfaslc24a4b nsfb

Melanosome biogenesis and components

mc1r

pomcapahmgrn1a zeb2apomcb zeb2b

nf1augt1a8slc7a11 nf1b ostm1 shroom2b

drd2b paicsdrd2a krt2a defb shroom2a

myg1atrn gartasip1 clcn7 corin ctns

Melanogenesis regulation

seudogene in:

Genome-wide studies Candidate gene studies

Lucifuga dentata

Lucifuga gibarensis

Sinocyclocheilus anshuiensis

Sinocyclocheilus grahami

Sinocyclocheilus rhinocerous

Astyanax mexicanus Pachón cavefish

Amblyopsidae cavefishes

Phreatichthys andruzzii

Oreonectes daqikongensis

grk7b

pde6hb

Crybgx

tmt1a

pde6b

rh1.1

Crybb1

Crygn2 cryaa

Pariet.Para-1

opn7b

grk7agrk1b

gc3

opn6a

saga

rpe65b/c

Cryba4

Cryba1/1

tmt1b

opn7d

rcv2a

arr3a

pde6c

rgr1

tmt3a

gcap2

tmt3b

opn7a

opn4m3

pde6ga

gnb3b

Para-2

Crygm5

opn4m2

gcap1

Transducins

Other cell type

gcap5gcap4 gcap7

gnb3a gngt2a

rcv1brcv1a rcv2b

sagbarr3b

pde6a

pde6gb pde6ha

lws2 sws1 sws2

rh2.2 rh2.3 rh2.4rh2.1

rh1.2 opn4m1 opn4x2 opn5

va1 va2opn3exorh

tmt2brrh tmt2a

opn8c opn9 rgr2

opn6b opn8bopn8aopn7c

opn4x1

A - Vision genes (95)

cryba1b

Cryba2a Cryba2b

Crybb1/1 Crybb1/2

Crybb1/3

rpe65a

gnat1 gnb1a gnb1b

gngt1 gngt2b

gucy2f

Visual opsins Non-visual opsins

Guanylate cyclases PDE6 complex

RPE Crystallins

GC-activating proteins Arrestins

G-protein-coupledreceptor kinases Recoverins

Cone Cone/Rod Rod

lws1

ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901  Support: (434) 964-4100

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/advance-article/doi/10.1093/m
olbev/m

saa249/5912537 by IN
R

AE Institut N
ational de R

echerche pour l'Agriculture, l'Alim
entation et l'Environnem

ent user on 21 O
ctober 2020



Carapus acus

WGDeyes

small eyes

no eyes

Sinocyclocheilus grahami

Sinocyclocheilus rhinocerous

Sinocyclocheilus anshuiensis

Lepisosteus oculatus

Pygocentrus nattereri

Astyanax mexicanus

106

153

230

110

18

19

67

67

80

0100200 Ma 50

Danio rerio

O
p

h
id

iif
o

rm
es

C
yp

ri
n

if
o

rm
es

C
h

ar
ac

if
o

rm
es

Lamprogrammus exutus
1
73

0
35

6
230

32[1]
169

15[4]
83

28[2]
490

0
95

0
42

0
257

0
86

0
38

0
249

Astyanax mexicanus

1
85

0
38

2
249

1
90

0
38

0
248

48[7]
171

9[1]
81

35[2]
487

18[1]
173

5[0]
80

15[0]
484

shared pseudogene1

2

3
1

1
2

0
72

0
35

2
224

0
75

0
37

1
236Brotula barbata

4

19
76

0
36

8
237

5
76

0
36

7
237

1

1 Lucifuga dentata

Lucifuga gibarensis

ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901  Support: (434) 964-4100

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/advance-article/doi/10.1093/m
olbev/m

saa249/5912537 by IN
R

AE Institut N
ational de R

echerche pour l'Agriculture, l'Alim
entation et l'Environnem

ent user on 21 O
ctober 2020



A
Lucifuga dentata

Lucifuga gibarensis
B

Number of LoF mutations per gene

Number of LoF mutations per gene

%
 o

f 
ge

n
es

%
 o

f 
ge

n
es

Number of neutral
genes among 76

Number of neutral
genes among 76

ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901  Support: (434) 964-4100

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/advance-article/doi/10.1093/m
olbev/m

saa249/5912537 by IN
R

AE Institut N
ational de R

echerche pour l'Agriculture, l'Alim
entation et l'Environnem

ent user on 21 O
ctober 2020



A

B

C

Vision genes

Clock genes

Pigmentation genes

Surface fishes

Lucifuga gibarensis

Lucifuga dentata

Astyanax mexicanus cavefish

ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901  Support: (434) 964-4100

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/advance-article/doi/10.1093/m
olbev/m

saa249/5912537 by IN
R

AE Institut N
ational de R

echerche pour l'Agriculture, l'Alim
entation et l'Environnem

ent user on 21 O
ctober 2020



Astyanax mexicanus cavefish
Lucifuga gibarensis
Lucifuga dentata

Astyanax mexicanus surface fish
Pygocentrus nattereri
Danio rerio
Brotula barbata

Cave species

Surface species

(1882)

(1658)

(1406)
(45)

(120)

(280)

(54)

(1305)

(888)

(1234)

(38)

(56)
(152)

(36)

(9169)
(7634)

(7705)
(299)

(446)
(834)(232)

A

B

C

Vision genes

Clock genes

Pigmentation genes

simulations, neural model (54)

mean of 100 simulations

simulations, neural model (36)

mean of 100 simulations

simulations, neural model (232)

mean of 100 simulations

highly
deleterious

non
deleterious

ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901  Support: (434) 964-4100

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/advance-article/doi/10.1093/m
olbev/m

saa249/5912537 by IN
R

AE Institut N
ational de R

echerche pour l'Agriculture, l'Alim
entation et l'Environnem

ent user on 21 O
ctober 2020



Lucifuga dentata

ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901  Support: (434) 964-4100

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/advance-article/doi/10.1093/m
olbev/m

saa249/5912537 by IN
R

AE Institut N
ational de R

echerche pour l'Agriculture, l'Alim
entation et l'Environnem

ent user on 21 O
ctober 2020



Number of LoF mutations per pseudogene

%
 o

f 
p

se
u

d
o

ge
n

es

Condylura cristata

Heterocephalus glaber

Chrysochloris asiatica

Sinocyclocheilus anshuiensis

Lucifuga dentata

Cavefishes Fossorial mammals

ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901  Support: (434) 964-4100

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/advance-article/doi/10.1093/m
olbev/m

saa249/5912537 by IN
R

AE Institut N
ational de R

echerche pour l'Agriculture, l'Alim
entation et l'Environnem

ent user on 21 O
ctober 2020




