ConGenOmics Exchange Visit Grant Final Report:

Comparative transcriptomic analysis of parallel endemic crater lake cichlid radiations
Purpose of the visit

The major aims of this six month exchange visit to Prof. Roger Butlin’s group at the University of Sheffield, UK, were threefold: first to learn relevant aspects of experimental design and the generation, handling and manipulation of genomic/transcriptomic data in one of the leading laboratories in Europe for the application of Next Generation Sequencing (NGS) techniques to the study of evolutionary ecology questions in non-model organisms; second to apply what I have learned to conduct a comparative analysis of the transcriptomics of ecological divergence in two distinct radiations of cichlid fish from the volcanic crater lakes of Nicaragua and the spring-fed pools of Cuatro Ciénegas, Mexico; third to generate extensive genomic resources to be used in future studies aiming to understand the mechanisms driving ecological diversification and speciation, and to better inform conservation management within these two systems.
Fish species in the family Cichlidae are model systems for adaptive radiation and speciation-with-gene-flow research (Kocher, 2004). Rapid, parallel evolution of diverse trophic adaptations across evolutionarily independent radiations implicates strongly the action of divergent natural selection in structuring cichlid diversity (Seehausen, 2006). However, in the vast majority of cichlid speciation events, the actual target loci underpinning divergent adaptation and/or reproductive isolation barriers remain unknown. Small-scale cichlid radiations, such as those from the Nicaraguan crater lakes or the pools of Cuatro Ciénegas, provide ideal, scientifically tractable systems for testing hypotheses of ecological diversification and speciation (Barluenga et al., 2006). Also the relative evolutionary youth of these systems (< 15,000 years) means that the processes driving initial divergence are likely ongoing and will not have been obscured by post-speciation changes (Coyne & Orr, 2004). 

In the Nicaraguan crater lakes Apoyo and Xiloá, previous genetic studies have shown that an ancestral colonizing form has diverged in-situ into paired benthic (Amphilophus astorquii & A. amarillo respectively) and limnetic species (A. zaliosus & A. sagittae)(Barluenga et al., 2006; Elmer et al., 2010). Both independent species pairs show parallel patterns of eco-morphological and habitat use divergence (Figure 1). The limnetic species have more slender, elongate body shapes with longer caudal peduncles compared to the co-occurring deeper-bodied benthic species (Elmer et al., 2010). Following colonization of the open-water, limnetic niche, both A. zaliosus & A. sagittae have also diverged in diet, becoming more piscivorous than the generalist A. astorquii & A. amarillo (McKaye et al., 2002; Magalhaes et al., in prep).
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Figure 1. Comparison of the major axes of cichlid morphological divergence and overall habitat structure of Nicaraguan (A-C) and Cuatro Ciénegas (D-F) lakes. A. Amphilophus astorquii (shallow benthic). B. A. zaliosus (open water). C. Deep, volcanic crater lakes of Nicaragua. D. Herichthys minckleyi (“benthic” morph). E. H. minckleyi (“limnetic” morph). F. Shallow, spring-fed pools typical of Cuatro Ciénegas, Mexico.

In the pools of the Mexican Cuatro Ciénegas basin, a single endemic cichlid species, Herichthys minckleyi, has been reported. However, within and between water bodies, pronounced intraspecific diversity in body shape has been recorded, markedly paralleling that of the Nicaraguan crater lakes (Kornfield et al., 1982; Trapani, 2003)(Figure 1). Amazingly despite the geographical (> 2,500 Km), and phylogenetic distances (ca. 15 million years)(Hulsey et al., 2010) between the two radiations, we still see the formation of an elongate, open-water ecomorph in sympatry with a deeper-bodied benthic morph. No extensive genetic analysis on this system has so far been performed, therefore competing hypotheses as to the origins of sympatric ecomorph diversity have not been tested, however the existence of morphological intermediates between ecomorphs, suggests that divergence is at an early stage (Trapani, 2003). 

The two radiations of Nicaragua and Mexico occupy different climatic regions (subtropical vs. desert respectively) and the water bodies they inhabit differ strongly in their overall morphology, with the volcanic crater lakes of Apoyo and Xiloá being much larger and deeper (21.1 km2/>200 m and 3.75 km2/110 m)(Barluenga & Meyer, 2010), compared to the shallow spring-fed pools and small lakes of the Cuatro Ciénegas basin (< 1 km2/<5 m). However despite these differences, in cichlid fish occupying the limnetic niche in both systems we see repeated patterns of eco-morphological differentiation from sympatric, benthic-feeding fish. These repeated patterns mirror those found in species pairs or flocks of more distantly related fish taxa (e.g. Salmonidae, Gasterosteidae), originating under similar time scales in North Temperate post-glacial water bodies (Schluter, 1996). The independent origination of similar phenotypes, occupying similar aquatic niches provides strong evidence for the deterministic action of divergent natural selection in structuring lacustrine diversity, potentially driving the build up of reproductive isolation between sympatric forms through the process of ecological speciation (Rundle & Nosil, 2005).

In this study, by combining individual-tagging and next generation sequencing of RNA (RNA-seq methodologies), we planned to profile the transcriptomes of the distinct benthic/limnetic species/ecotype pairs from Nicaragua (Apoyo & Xiloá) and (Mexico Cuatro Ciénegas basin) described above (Baird et al., 2008; Wang et al., 2009). By quantifying differential levels of gene expression in specific tissues, and identifying SNPs within selection candidate loci, we could potentially identify and determine the function of genes driving adaptive diversification and the build up of reproductive isolation between sympatric species. The nested comparative design would allow the degree of parallelism in the identity of genes responding to divergent natural selection to be quantified across evolutionary time-scales i.e. recent (within each lake system (e.g. between Apoyo & Xiloá - <15,000 years)) and distant (between Nicaraguan and Mexican cichlids - ca. 16 million years; Hulsey et al., 2010)). This would also allow the quantification of the contribution of standing genetic variation or novel mutations to diversification (Barrett & Schluter, 2008), and allow insights into the relative importance of deterministic natural selection compared to idiosyncratic historical contingency at different stages of phylogenetic divergence (Langerhans & DeWitt, 2004).
Work carried out

Our objective was to profile the transcriptome of divergent benthic/limnetic species pairs of cichlid fish towards the identification of the targets of divergent natural selection. Eight populations in total were to be used, four from Nicaragua (two from Apoyo: Ampihlophus astorquii & A. zaliosus, and two from Xiloá: A. amarillo & A. sagittae) and four from Mexico (two from Becerra and two from Churince: benthic & limnetic morphs from each lake). Fifteen wild-caught adult individuals were to be sequenced per population. For each individual, RNA was to be extracted from three different tissues: spleen, eye and liver, in order to maximise coverage of the entire transcriptome. The liver plays a key role in many important physiological processes such as energy metabolism and protein synthesis (St-Cyr et al., 2008). The spleen has been shown to be important in fish immune system function (Uribe et al., 2011). Whereas proteins expressed in the eye will effect the functioning of the visual system at different light levels (Seehausen et al., 2008). Due to the important influence of these physiological processes on individual fitness within different lacustrine environments, we predicted that genes differentially expressed in these tissues between different sympatric species/ecotypes, would be good candidates for the target loci of divergent natural selection.

Following RNA extraction, equimolar concentrations of RNA from each tissue type were pooled for each individual. Barcodes were then to be used to tag each individual (60 tags each for Nicaraguan and Mexican sampling locations). Paired-end sequencing would then be carried out on a Illumina HiSeq next generation sequencing (NGS) machine. Two lanes total on a HiSeq machine were to be run, each lane consisting of 60 randomly chosen individual libraries from both Nicaragua and Mexico, to reduce lane-associated biases. Given a genome size of ~1Gb for cichlids, we conservatively (over)estimated the transcriptome size to be 100Mb. With a conservative (under)estimate of the amount of sequence produced per lane of Illumina HiSeq of 20Gb, we predicted a mean coverage of the transcriptome per population of ~50X. Following the sorting of sequences by barcode, population-specific expression profiles and SNP frequencies would then be used for further analyses.
Individual fish were collected using gill-netting in 2009 (Nicaragua) and 2011 (Mexico). The required tissue samples were harvested soon after euthanization and stored for later use in RNAlater (QIAGEN). Liver, spleen and eye tissue was extracted separately for 84 individuals using a TRIzol reagent protocol (Invitrogen), with tissue homogenization being carried out on a TissueLyser (QIAGEN). Following extraction, contaminating DNA was removed from RNA samples using Ambion TURBO DNA-free kits. Following DNase treatment, RNA samples were purified using RNeasy mini kits (QIAGEN). Sample RNA quality and concentration was assessed using a Bioanalyser 2100 (Agilent).
Unfortunately, due to fewer samples than expected being caught during field work in Mexico and degradation of the RNA in certain samples, especially older samples from Nicaragua (RNA integrity number (RIN) < 4), and taking into account new time and cost budgeting constraints the project proposal had to be extensively revised. Due to biases arising from the degradation of transcripts, population-specific expression profiling was removed from the proposal and the focus was shifted to discovering large numbers of single nucleotide polymorphisms (SNPs), to be used in future population and conservation genomic studies within the Nicaraguan Crater Lake and Cuatro Ciénegas cichlid systems. For the Nicaraguan system four individuals were chosen from each of the benthic species (Apoyo: Ampihlophus astorquii & Xiloá: A. amarillo) and three individuals each from the limnetic species (A. zaliosus and & A. sagittae). Additionally three individuals were added from closely related deep-benthic species occurring in Apoyo and Xiloá (A. chancho & A. xiloensis, respectively). These species are constituents of the same lake radiations, but show the parallel development of a deeper-bodied morphology and occupation of deeper breeding and feeding niches and as such make up an additional axis of adaptive divergence within the crater lakes (Barluenga et al., 2006). For the Cuatro Ciénegas fish, ten individuals were chosen to maximise the geographic range of sampling across the various pools and river drainages that make up this basin. Across both cichlid systems, individuals for sequencing were chosen not only to maximise extraction quality but also to maximise phenotypic diversity sampled within each population/species (e.g. sex, body shape) so as to minimise potential ascertainment biases in the discovered SNPs (Rosenblum & Novembre, 2007). To balance coverage of the transcriptome against RNA extraction quality, only equimolar concentrations of RNA from liver and spleen tissues were pooled per individual. The resulting pooled total RNA for each of the thirty individuals to be sequenced has been sent to the NERC Biomolecular Analysis Facility (NBAF) in Edinburgh for individual-specific library preparation and bar-coding, followed by pooling and sequencing on a single lane of a Illimina HiSeq flow cell.

Main Results

Pooled liver/spleen total RNA samples for thirty individuals are now at the NBAF in Edinburgh. Pending successful quality control checks and library preparation, next generation sequencing will take place; producing potentially more than 20 Gb of individually coded, paired-end transcriptomic sequence reads across the 20 Nicaraguan and ten Cuatro Ciénegas cichlid fish used in this study. Following preliminary bioinformatic quality assessment and base calling by NBAF-Edinburgh, the sequence reads produced will be returned to us for further downstream bioinformatic analysis such as sequence alignment and SNP calling.

Just as importantly, during my stay in Prof. Butlin’s group, I have developed considerable knowledge and expertise in the field of transcriptomics/genomics. By designing a transcriptomic study, researching the different methodologies involved and balancing the pros/cons of what can be achieved under different budgetary constraints, I feel I could now effectively implement what I have learned in further transcriptomic/genomic studies in my future career; from sample collection in the field through to actual sequencing and the analysis of NGS sequence data. More specifically in the laboratory, I have learned how to extract, purify and assess the quality/concentration of RNA samples, as well as how to handle RNA samples effectively to prevent degradation. Outside the laboratory, I have increased my bioinformatic skills base, increasing my familiarity with batch programming in the R software environment for the efficient handling and analysis of multiple NGS sequence read files and then learning how to run these scripts and other analyses on a cluster grid for fast computation. 
Future collaboration with host institution
We will work closely with Prof. Butlin’s group on the analysis and interpretation of the transcriptomic sequence data generated during this ConGenOmics exchange visit. 
Projected publications to result from the grant
Following the successful sequencing of the thirty individuals used in this study, the aligned and individually tagged transcriptomic reads will be used to form an ascertainment panel for SNP loci discovery in two up-and-coming model systems for ecological speciation and adaptive radiation, the Nicaraguan crater lake and Cuatro Ciénegas Basin cichlids. The potential to generate thousands of unlinked loci, spread throughout the genome allows the creation of a very powerful tool kit for future evolutionary ecology and conservation studies. By tailoring the SNP panel to specific hypotheses and the re-sequencing of multiple individuals, the SNPs discovered could for example be used to locate and annotate areas of the genome evolving under divergent natural selection and/or to study the demographic history of different cichlid populations to identify divergence times and genetic bottlenecks following population decline. Therefore the data generated within the time frame of this ConGenOmics exchange grant has the potential to contribute to many peer-reviewed, high-ranking publications. 
