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Abstract

:

A key challenge in contemporary biology is connecting genotypic variation to phenotypic diversity. Quantitative genetics provides a powerful technique for identifying regions of the genome that covary with phenotypic variation. Here, we present a quantitative trait loci (QTL) analysis of a natural freshwater fish system, Astyanax mexicanus, that harbors two morphs corresponding to a cave and surface fish. Following their divergence ~500 Kya, cavefish have adapted to the extreme pressures of the subterranean biome. As a consequence, cavefish have lost numerous features, but evolved gains for a variety of constructive features including behavior. Prior work found that sensory tissues (neuromasts) present in the “eye orbit” region of the skull associate with sensitivity to vibrations in water. This augmented sensation is believed to facilitate foraging behavior in the complete darkness of a cave, and may impact on evolved lateral swimming preference. To this point, however, it has remained unclear how morphological variation integrates with behavioral variation through heritable factors. Using a QTL approach, we discovered the genetic architecture of neuromasts present in the eye orbit region, demonstrating that this feature is under genetic control. Interestingly, linked loci were asymmetric–signals were detected using only data collected from the right, but not left, side of the face. This finding may explain enhanced sensitivity and/or feedback of water movements mediating a lateral swimming preference. The locus we discovered based on neuromast position maps near established QTL for eye size and a facial bone morphology, raising the intriguing possibility that eye loss, sensory expansion, and the cranial skeleton may be integrated for evolving adaptive behaviors. Thus, this work will further our understanding of the functional consequence of key loci that influence the evolutionary origin of changes impacting morphology, behavior, and adaptation.
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1. Introduction


The blind Mexican tetra is an emerging model system for examining the genetic and cellular basis for cranial asymmetry [1,2,3]. This freshwater fish species, Astyanax mexicanus, includes two morphotypes inhabiting distinct biomes. Cave morphs are restricted to the complete darkness of limestone caves in the Sierra de El Abra region of Northeastern Mexico. As a consequence of life in complete darkness for several hundred thousand years, cave morphs have lost their eyes and pigmentation, but gained several features enabling adaption to this extreme environment [4,5]. Closely-related surface morphs are found broadly distributed throughout the watershed surrounding these caves and, in contrast to cave morphs, demonstrate features typical of teleost fish with normal vision and pigmentation. Surface morphs also have largely symmetric characteristics across the left-right axis with little variation [6]. In contrast, cave-dwelling morphs have evolved extreme cranial asymmetries. This asymmetry is manifested in, at least, three principal features. First, cavefish demonstrate a “bend” in their skulls along the antero-posterior axis that is most often biased to the left [7]. Second, the dermal bones that encircle the eye orbit are frequently fused (synostosed) in an irregular pattern across the left-right axis [6,8,9]. Finally, the largest bone of the circumorbital complex, the third suborbital (SO3, synonymous with infraorbital) bone, is commonly fragmented in an irregular architecture across the lateral cranial complex [8,9,10,11].



Despite our knowledge of the developmental origin of asymmetric features in cavefish, an adaptive explanation for these asymmetries remains largely unknown. Specifically, it is unclear how morphological asymmetry may influence behavioral differences in the blind cave morphs. One clue may be a form of directional bias in swimming patterns. Prior research demonstrated that cave-adapted morphs swim in a counterclockwise orientation when sampling novel objects. However, this swimming pattern diminishes once the object is no longer novel [12]. Zebrafish use right-sided vision preferentially for novel objects [13]. Social stimuli are preferentially viewed with left-sided vision [14]. This suggests that asymmetric behavioral phenotypes evolving in cavefish may represent a transfer of the lateral sensory regulation of vision demonstrated in sighted teleosts [12].



Touch sensitivity in cavefish is mediated by the lateral line, which is a sensory system comprised of mechanosensory neuromasts (Figure 1A–C) providing positional information in response to water movement. Yoshizawa et al. (2010) discovered that sensory neuromasts mediate the “vibration attraction” response in cave morphs [15]. Neuromasts distributed within the “eye orbit” region of the face (Figure 1D) seem to be particularly important in mediating the attraction to vibrating movement in the water. It is unclear, however, whether morphological asymmetry in cranial neuromasts influence behavioral asymmetry in cave morphs. If a relationship exists between asymmetric neuromast distribution and lateral swimming preference, one may expect to find fixed genetic differences between morphotypes.



Previously, Yoshizawa et al. (2012) discovered that the number of eye orbit neuromasts, eye size, and vibration attraction behavior are under genetic control and colocalize within the same genomic region, but did not report evidence of laterality [16]. Here, we examined the presence of genetic signals associated with asymmetrical morphologies in neuromast distribution in the orbital region. Accordingly, we performed a quantitative trait loci (QTL) analysis of numerical variation in sensory neuromasts in the eye-orbit region on the right and left sides of the face. We discovered the presence of an asymmetric genetic signal, associated with neuromasts on the right side, but not the left side. This finding is consistent with putative genetic changes that may govern variation in a crucial morphological trait shown to be associated with variation in behavioral differences associated with life in the total darkness of a cave.




2. Materials and Methods


2.1. Genetic Mapping Pedigree


Phenotypic and genotypic data were collected from an F2 hybrid mapping pedigree (n = 129) bred from a cross of full sibling F1 hybrids derived from a mating between a male surface fish and female cavefish (Pachón cave population). Male surface-dwelling morphs were derived from live-caught specimens collected at the Arroyo Sarco in the Río Sabinas and Río Valles drainages near Ciudad Valles (22°00′10.3″ N 99°00′17.5″ W) in San Luís Potosi, Mexico. Pachón cavefish were derived from live-caught specimens collected from the Pachón cave near El Pachón, Tamaulipas (22°36′32.5″ N 99°03′13.1″ W) in the Sierra de El Abra region of Northeastern Mexico. All specimens used in this study were generously provided to us by Dr. Richard Borowsky of New York University. Fish were reared in individual 1 L tanks as described in Powers et al. (2018) [11]. Genomic DNA extraction, genetic marker generation (genotyping-by-sequencing technology), and linkage map construction were completed previously by Carlson et al. (2015) [17]. In total, 3003 genetic markers were evaluated over 29 linkage groups.




2.2. Quantitative Measurements


Fish were evaluated for the distribution of superficial cranial neuromasts. Accordingly, each specimen was immersed in a solution of 2-(4-(dimethylamino)styryl)-N-ethylpyridinium iodide (DASPEI; Sigma Aldrich D3418) diluted in fresh, sterile system water [16]. Under fluorescence, each specimen was imaged under a Leica stereoscope at 7.81× magnification (Leica M205FA, v3.8, Leica Microsystems, Buffalo Grove, IL, USA) using the texas red (TXR) filter (596 nm) to excite DASPEI molecules. Next, each individual was scored for eye size (area in mm2) and the number of superficial neuromasts residing within the anatomical “eye orbit” (EO) region of the cranium (Figure 1B,D) for all pedigree members. To assess variation across the midline of the face, each specimen was scored for the presence and number of superficial neuromasts in the left-sided and right-sided EO region. Herein, we defined this anatomical region as the dorsolateral region of face that extends beyond the infraorbital canal not inclusive of neuromasts embedded in the canal. Typically, surface fish do not harbor neuromasts in this region since it is occupied by a structural eye. This resulted in a non-normal distribution across hybrid individuals (Figure S1). Eye size was measured using the polygon selection tool in the open-source Fiji application [18]. Pixels were converted to millimeters (mm) in Microsoft excel (v.16.41). Pairwise t-tests were conducted using StatPlus:mac LE (v7.3.31).




2.3. Quantitative Trait Loci (QTL) Analysis


Using scoring information from our experimental pedigree, we performed a series of QTL scans in r/QTL [19]. Each trait was screened using each of three mapping algorithms: maximum regression (MR), expectation maximum (EM), and Haley-Knott (HK) calculations using functions reported in Gross et al. (2014, Figure 2 and Figure S1) [8]. Once completed, the logarithm of the odds (LOD) score was collated across each algorithm and the left-sided and right-sided results were compared. A statistical significance threshold for LOD scores was determined using permutation testing (1000 iterations) for each trait. To determine the polarity of identified signals, we evaluated the phenotypic effect of associated QTL for each marker that rose above the significance threshold.




2.4. GO Term Analyses and Literature Review


To evaluate the genes within a critical interval surrounding our linked genomic marker, we evaluated the draft surface fish genome, ASTYANAX 2.0 (NCBI). For each candidate marker, we assessed all genes within an interval spanning ~3 Mb on the distal end of Chromosome 20. This interval included approximately 88 genes, in which all were examined for a potential role in sensory expansion surrounding the circumorbital bone complex. Accordingly, all genes were subjected to manual identification of gene ontology (GO) terms, focused on the following biological process terms: bone, cell migration, craniofacial, facial, nerve, neuromast, vibration, and vision. Additionally, each gene was individually examined for references in the literature to physiological processes implicated in bone and sensory development, maintenance, and function.





3. Results


3.1. Eye Orbit Superficial Neuromast Number is an Asymmetric Genetic Trait


As a result of eye loss, the cavefish cranium has undergone extensive changes impacting the shape of the orbit as well as the number and position of cranial bones and superficial neuromasts. In the absence of a large eye to maintain the round shape of the orbit, the circumorbital bones and associated canals collapse into the empty space. In particular, the cavefish SO3 bone extends past the infraorbital canal into the orbit and with it, the superficial neuromasts expand and migrate to the dorsal-most boundary of the bone (i.e., EO neuromasts, Figure 1C,D). Because both bone and neuromast traits are asymmetric [20], we evaluated the number of EO neuromasts on both sides of the face in F2 hybrids. Within the mapping pedigree, approximately 40% of individuals exhibited surface fish-like large eyes with an absence of EO neuromasts (54/129 on the left and 52/129 on the right sides of the face). For the other hybrids, the number of EO neuromasts ranged from 1–11, resulting in a skewed distribution (Figure S1).



We found that, although within individuals, there is often a difference in the number of EO neuromasts across the midline of the face. Across individuals within the F2 pedigree, there is no significant difference between the number on the right vs. the left side (pairwise, t-test, p = 0.42, Figure 2A,B). There is also no significant difference in eye size between the right and the left sides (pairwise t-test, p = 0.68). Previous reports of QTL for eye size [21] and neuromast number [16] were scored either on one side of the face or averaged from bilateral scores. The SO3 bone was of particular interest because we previously discovered an asymmetric genetic association with the number of SO3 bony elements (SO3 fragmentation) and suborbital bone fusion [8]. We discovered a QTL signal for the number of EO neuromasts only on the right side of the face. A significant genetic association was found on linkage group (LG) 20 with a logarithm of odds (LOD) score of 4.15 (p < 0.05) at the 0 centimorgan (cM) position (Figure 2C,E). Furthermore, the phenotypic effect at the peak genetic marker (TP24998) showed an association between the homozygous cavefish genotype and an increase in the number of EO neuromasts (Figure 2F). When the number of EO neuromasts were scored for the left side of the face, we did not recover a significant genetic association (Figure 2D). Therefore, the number of EO neuromasts, like previously reported QTL for facial bone metrics [8], is an asymmetric genetic trait.



Since the presence of an eye impacts whether neuromasts are displaced into the eye orbit, we performed QTL analysis on eye size. A significant genetic signal for eye size (orbit area) colocalizes with the right side EO neuromast number at the locus on LG 20 (LOD = 5.306, p < 0.05, Figure S2). Yoshizawa et al. (2012) also reported an overlap between eye size and EO neuromast QTL [16]. By comparing marker positions from previous QTL studies, we found that the QTL for right side EO neuromasts also colocalizes with eye size [8,21], melanophore count, peduncle depth, SO3 width, and anal fin ray number [21].




3.2. Genomic Analyses Reveal Candidate Genes Associated with Eye Orbit Neuromast Number


The sequence from the top hit genetic marker was BLASTed against the A. mexicanus 2.0 genome in order to estimate a genomic interval associated with a significant QTL. The peak marker, TP24998, maps to the 914,700 Kb region of Chr. 20 (Figure 3) with an e-value of 4 × 10−28 and 100% alignment. The marker did not have a significant e-value associated with the A. mexicanus 1.0.2 genome (e-value = 0.73). Approximately 90 genes within a ~3 Mb (1–1.5 Mb on either side of position 20:914700) syntenic region on the distal end of Chr. 20 were subjected to GO term analysis. We discovered 13 candidate genes with biological process GO terms associated with the nervous system or eye development, cell migration, and facial morphogenesis (Table 1).





4. Discussion


Life in total darkness is associated with the evolution of asymmetry. For instance, in some cavefish populations, eye loss early in embryogenesis regresses in a lateralized manner across the left-right axis. Prior work in our system also revealed a number of genetic signals associated with craniofacial morphologies that appear to affect the size, structure, and fusion of a variety of intramembranous bones near the orbit [8,21]. Many of the QTL discovered from this work were only identified with phenotypic information collected from one side of the face. This genetic asymmetry is consistent with the discovery of a lateral cranial bend in cavefish, which is not present in surface fish. One possibility is that asymmetric cranial shape changes are integrated alongside neuromast sensitivity. Given that dermal bone shape can covary with superficial neuromast patterns in zebrafish [22], we reasoned that a functional relationship may exist between the lateral line and cranial skeleton.



Our finding that an asymmetric genetic signal exists for neuromast presence within the eye orbit is significant for at least three reasons. First, this finding supports previous reports that neuromast positions are under genetic control [16]. Second, an asymmetric QTL for EO neuromasts provides a plausible link between cranial morphology, lateral line sensitivity, and behavior. Third, the position of this QTL overlaps with the positions of established QTL for both eye size and orbital bone shape. The associated orbital bone (SO3) is particularly densely populated with superficial neuromasts. The presence of QTL for three different traits may indicate a shared genetic basis, or regulatory structure, for one or more genes within the same interval. We feel it is unlikely that the same gene, or genetic lesion, mediates vision loss, bone morphology, neuromast position, and behavior. However, this finding may indicate that certain processes (such as loss of a structural eye) are associated with morphogenetic alterations in cavefish that favor increased sensitivity to water movement. For instance, the loss of a structural eye may facilitate expansion of the dorsal SO3 bone into the orbit. In cavefish, the presence of EO neuromasts appears to be limited to areas occupied by intramembranous bone. It is intriguing to hypothesize that behavioral changes may have evolved as a consequence of eye loss through integration between the sensory and skeletal systems. In order to determine if there is a relationship between these traits, first we must characterize the gene or genes underlying cave-associated traits.



Toward that end, we investigated the genomic region wherein our QTL aligns and discovered 13 candidate genes associated with biological processes relevant to the eye orbit neuromast trait. The genes il1b [23,24], DEPDC1B [25,26], zswim6 [27], kif2a [28], and tdgf1 [29] have known roles in cell migration, which is a process likely involved in the displacement of neuromast positioning. Furthermore, the genes ptpn11a [30,31], mn1a [32,33], and CDK2AP1 [34,35] are reportedly involved in ossification and facial morphogenesis, which could link sensory and skeletal asymmetry in cavefish. Finally, the genes sez6l [36], rasgrf2a [37], and ddx56 [38], DUSP26 [39,40,41] and apc [42,43,44] have been implicated in neural tissue and eye development. Additional work is necessary to identify the causative gene (and lesion) that mediates this trait and perform functional assays to determine how two different structures (neuromasts and bone) are implicated in the evolution of adaptive behaviors.




5. Conclusions


Cavefish have evolved unusual behavioral patterns (vibration attraction, lateral swimming preference) as a consequence of life in total darkness. These behavioral patterns likely reflect changes in peripheral reception as well as the central and peripheral nervous systems. Peripheral touch reception is mediated, in part, by mechanosensory neuromasts sensitive to water movement patterns. Here, we demonstrate an asymmetric genetic signal associated with the presence of mechanosensory neuromasts in the eye orbit region, which is an anatomical position important for behavioral evolution in cavefish. This genetic signal overlaps with previously discovered eye size loci, raising the intriguing possibility that the same genomic region controls both reductions of vision and gains in mechanosensation. Future work will further explore putative lesions within the coding and promoter regions of candidate genes and identify the functional impact of these changes on morphology, behavior, and adaptation.
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Figure 1. Cavefish exhibit superficial neuromasts within the empty eye orbit. Surface fish have large, round eyes encircled by semi-ossified canals (A). The infraorbital canal runs through the suborbital bones (SO3 shown in red) and in surface fish (B), acts as a boundary between the eye orbit, dermal bones, and the superficial neuromasts that reside on the surface of the bones. In contrast, eye regression in cavefish causes the orbit to collapse by disrupting the positioning of facial bones, canals, and neuromasts (C). Furthermore, the size of the eye orbit and position of facial bones and neuromasts are asymmetric across the midline of the face. In cavefish, both the SO3 bone and associated superficial neuromasts shift into the empty eye orbit (D). White scale bars are set to 1 mm. 
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Figure 2. The number of eye orbit neuromasts is an asymmetric genetic trait. A representative F2 hybrid individual (66-099) exhibits reduced eyes and five eye orbit (EO) neuromasts on both the left (A) and right (B) sides of the face. There was no significant genetic signal found for the number of EO neuromasts on the left side of the face (D). For the right side of the face, however, a quantitative trait loci (QTL) peak rose above the significance thresholds of p < 0.1 (red) and p < 0.05 (blue) on Linkage Group 20 (C,E). For the peak marker (TP24998), the homozygous cavefish (CC) genotype is associated with an increase in the number of EO neuromasts (F). The heterozygous (CS) and homozygous surface fish (SS) genotypes are associated with a decrease in the number of EO neuromasts. White scale bar set at 1 mm. 
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Figure 3. The critical region of Linkage Group 20 is syntenic with the distal end of A. mexicanus Chromosome 20. The top maker associated with right side eye orbit (EO) neuromast number (TP24998 in blue) resides at approximately ~0cM on Linkage Group 20 (LG). The syntenic region on A. mexicanus Chromosome 20 includes ~90 genes within a ~3Mb region. A candidate gene list of 13 genes was generated based on Gene Ontology (GO) terms. 
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Table 1. Candidate genes for eye orbit (EO) neuromast number based on location and Gene Ontology (GO).
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	Candidate Gene
	Location
	Associated Biological Processes
	References





	sez6l
	20: 652-15,946
	Synapse maturation, Neuronal cell body
	Beck et al. 2015



	il1b
	20: 169,678-180,459
	Cell migration, Synaptic transmission, Neurogenesis
	Bourdiec et al. 2013; Brun et al. 2018



	rasgrf2a
	20: 291,929-310,752
	Long-term synaptic potentiation
	Ma et al. 2014



	ptpn11a
	20: 514,486-527,912
	Positive regulation of ossification, Facial morphogenesis, Intestinal epithelial cell migration
	Araki et al. 2004; Yang et al. 2013



	mn1a
	20: 871,152-874,436
	Ossification
	Xiang et al. 2013; Miyake et al. 2020



	DEPDC1B
	20: 1,330,269-1,337,096
	Cell migration
	Huang et al. 2017; Zhang et al. 2020



	zswim6
	20: 1,383,303-1,480,986
	Neuron migration
	Smith et al. 2014



	kif2a
	20: 1,517,483-1,535,540
	Nervous system development, Cell migration
	Watanabe et al. 2015



	CDK2AP1
	20: 1,630,465-1,634,317
	Facial morphogenesis
	Kim et al. 2009; Zolochevska & Figueiredo, 2011



	DUSP26
	20: 1,749,854-1,751,288
	Retina layer formation, Neuron development
	Rissone et al. 2019; Kim et al. 2020; Warren et al. 2020



	ddx56
	20: 2,009,592-2,018,474
	Positive regulation of neuron projection development
	Romero-Carvajal, 2015



	tdgf1
	20: 2,718,586-2,726,122
	Neural tube closure, Neural plate anterior/posterior regionalization, Positive regulation of cell migration
	Aoto et al. 2009



	apc
	20: 2,781,236-2,817,251
	Retina development in camera-type eye, Skeletal system development, Cell migration, Eye photoreceptor cell differentiation
	Monaghan et al. 2001; Shao et al. 2016; Tang et al. 2019
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