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A B S T R A C T   

Orestias ascotanensis (Cyprinodontidae) is a teleost pupfish endemic to springs feeding into the Ascotan saltpan in 
the Chilean Altiplano (3,700 m.a.s.l.) and represents an opportunity to study adaptations to high-altitude aquatic 
environments. We have de novo assembled the genome of O. ascotanensis at high coverage. Comparative analysis 
of the O. ascotanensis genome showed an overall process of contraction, including loss of genes related to G- 
protein signaling, chemotaxis and signal transduction, while there was expansion of gene families associated 
with microtubule-based movement and protein ubiquitination. We identified 818 genes under positive selection, 
many of which are involved in DNA repair. Additionally, we identified novel and conserved microRNAs 
expressed in O. ascotanensis and its closely-related species, Orestias gloriae. Our analysis suggests that positive 
selection and expansion of genes that preserve genome stability are a potential adaptive mechanism to cope with 
the increased solar UV radiation to which high-altitude animals are exposed to.   

1. Introduction 

The South American Altiplano is the westernmost part of a large 
volcanic-sedimentary plateau in the central Andes, with an average 
altitude of 4,000  meters above sea level (m.a.s.l). As a high-altitude 
environment, the altiplano exhibits harsh conditions for life, including 
wide day–night temperature oscillations, high UV radiation, low hu
midity and reduced partial pressure of oxygen. Despite these harsh 
conditions, several organisms are known to be well adapted to living and 

thriving in these high-altitude environments including snails of the 
genus Biomphalaria [1] and Heleobia [2], frogs from the genus Telma
tobius [3], fishes from the genus Orestias [4], Andean flamingos [5] and 
South American camelids including llamas and alpacas [6], among 
others. In recent years, genomic and transcriptomic data have been used 
to obtain insights into the molecular adaptations to high-altitude envi
ronments in different species. Nevertheless, most of these efforts have 
been focused on organisms inhabiting the high-altitude environment of 
the Tibetan Plateau, including mammals [7,8], birds [9,10], reptiles 
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[11,12] and fish [13–15]. In contrast, little is known about the mecha
nisms that animals of the South American Altiplano have developed to 
cope with this high-altitude environment. Furthermore, the Altiplano 
harbors unique environments consisting of a high-altitude desert aquatic 
ecosystem. In one of these, the springs of the Ascotan saltpan at 3,700 m. 
a.s.l. (Fig. 1A), lives the teleost pupfish O. ascotanensis (Cypri
nodontidae, Fig. 1B). The genus Orestias (Order Cyprinodontiformes; 
Family Cyprinodontidae) is an endemic group of species inhabiting 
continental aquatic systems (freshwater and salt lakes) in the inter- 
Andean basins of Peru, Bolivia and Chile. This genus is remarkable in 
the number of species described (46, so far), being the most speciose in 
the family Cyprinodontidae and the third in the order Cypri
nodontiformes. This genus has been characterized by an extensive ra
diation that occurred within Lake Titicaca [15], as well as by several 
allopatric speciation events that occurred in the southern part of its 
distributional range [16]. The genus Orestias has evolved and adapted to 
the diverse aquatic systems found in this region which, in addition to the 
high-altitude environment characteristics such as high UV radiation and 

low oxygen concentration, also exhibit elevated concentrations of heavy 
metals in the water as well as variable salinity due to the fluctuation in 
water levels before and after the South American Summer Monsoon 
(SASM) [16]. In particular, it has been described that O. ascotanensis can 
tolerate high salinity (3000–4000 μS•cm − 1), low oxygen concentration 
(< 7 mg•L − 1), extreme daily temperature changes and ultraviolet ra
diation above 2000 kWh [17]. Furthermore, a recent characterization of 
O. ascotanensis embryogenesis revealed an early development of pig
mented cells and a circulatory system including a high number of red 
blood cells, which were proposed to represent adaptations to the 
increased ultraviolet radiation and low oxygen pressure of the Andean 
Altiplano [18]. These unique features introduce this group of fishes as an 
attractive biological model to address the mechanisms of adaptations of 
fish to high-altitude habitats/environments. 

Thus far, systematic studies of Orestias species inhabiting the Andean 
Altiplano have been focused on morphological and embryo- 
developmental characterizations [4,18–20], phylogenetic and phylo
geographic analyses [21–25] and cytogenetic comparisons [26]. These 
studies indicate that morphology and cariological differences only 
partially resolve species characterization of the Orestias genus. Hence, 
there is a necessity to add more attributes to study this species group, 
including genomic studies. 

Here, we have fully sequenced, assembled and annotated the genome 
O. ascotanensis to search for genomic signatures that could shed light on 
the adaptive strategies used by this species to cope with the environ
mental conditions imposed by the high-altitude desert environment. 
Despite that changes in the protein-coding sequences can produce major 
effects on phenotypes, gene regulatory mechanisms such as microRNAs 
(miRNAs) allow fine-tuning of gene expression and can serve as drivers 
of speciation [27–29]. For this reason, we have also sequenced the 
microRNAome of O. ascotanensis and a closely-related species from the 
same genus, O. gloriae. Genomic and transcriptomic comparisons with 
other teleosts, including other Cyprinidontiformes, revealed several 
candidate loci that may support the ability of O. ascotanensis to live in 
this unique environment. This is the first fully sequenced genome of a 
high-altitude desert fish, that can be used for future studies on the 
speciation of the genus Orestias during periods of uplift of the Andean 
Plateau as well as the characterization of the molecular adaptations to 
high-altitude in aquatic systems. 

2. Results 

2.1. Sequencing and assembly of the O. ascotanensis genome 

A total of 1.45 billion reads (~156 Gb) were obtained using an 
Illumina HiSeq2500 platform, representing a coverage of 292× of the 
estimated 750 Mb genome. The resulting assembly is 696.3 Mb (92.84% 
of the estimated full genome) with a scaffold N50 value of 2.67 Mb. 
Approximately 90% of the assembly was contained in 364 scaffolds 
(>383 Kb), with the largest scaffold spanning 14 Mb (Table 1). Core 
Eukaryotic Genes Mapping Approach (CEGMA) [30] results showed that 
our assembly captures 98% of 248 highly conserved eukaryotes coding 
genes, thereby showing that the O. ascotanensis sequence reported here 
represents a very high-quality genome when compared to other non- 
model teleost fishes (Table S1). Approximately 21% (~ 142 Mb) of 
the genome corresponded to repetitive sequences, including 113 LINEs, 
24 LTRs, 12 SINES and 259 sequences defined as unknown elements 
(data not shown). The draft assembly of O. ascotanensis (DDBJ/ENA/ 
GenBank under the accession: SRP062595/PRJNA293101) was anno
tated using a combination of homology-based prediction, ab initio pre
diction and transcriptome-based prediction methods. Our final 
consensus gene set contained a total number of 21,024 protein-coding 
genes and 33,485 transcripts (Table 2). Subsequently, gene functions 
were annotated using SwissProt, NR database (from NCBI), UniProt and 
Kyoto Encyclopedia of Genes and Genomes (KEGG). These analyses 
revealed that 31,542 transcripts correspond to known curated protein 

Fig. 1. Geographical location and distribution of Orestias ascotanensis in the 
Ascotan Saltpan. (A) The Ascotan Saltpan (UTM coordinates: 19S 576,991 
7,622,725) is located at 3700 m.a.s.l. and is part of the Chilean Altiplano 
(right). Distribution of the twelve isolated springs (left) located in the eastern 
margin of the Ascotan saltpan (designated V1-V12) where O. ascotanensis in
habits. Indicated in red is spring number 5 (V5), where specimens were 
collected for this work. (B) Adult specimen of O. ascotanensis. (For interpreta
tion of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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and that 27,610 transcripts covered at least 50% of the known proteins 
(17,457 transcripts covered at least 90%). 

2.2. Phylogenetic tree construction 

We used the genome sequence of O. ascotanensis and of 12 different 
species of fish to generate a phylogenetic tree based on a common set of 
single-copy orthologs. For this purpose, we also retrieved the protein- 
coding genes for 12 selected and recently sequenced fish species. All- 
against-all BLAST and OrthoMCL (using default options) were used to 
identify a set of 20,411 orthologous groups shared by all 12 species from 
which 1,970 contained putative single-copy gene families. We next 
generated a maximum likelihood phylogenetic tree with a trimmed and 
concatenated protein sequence alignment from 1,970 single-copy genes 
in 12 species (Fig. 2). The resulting phylogeny identified O. ascotanensis 
within a sister taxa of the subfamily Poeciliinae, a cyprinodontiform 
group widely distributed throughout the Americas that includes well- 
known genera of aquarium fishes such as Xiphophorus and Poecilia [31]. 

2.3. Gene family expansion and contraction 

Gene gain and loss during genome evolution are a major source of 
genomic variation, and are important drivers of adaptive phenotypic 
diversification [32–34]. Comparison of the genomes of O. ascotanensis 
and four close relatives (Xiphophorus maculatus, Poecilia formosa, Oreo
chromis niloticus and Oryzias latipes) identified 7,676 gene families across 
all five species, from which a total of 79 gene families are significantly 
expanded (p-value <0.05) in O. ascotanensis and 198 gene families that 
are significantly contracted. Supplementary Table S2 summarizes the 
gene families that show changes for all five species. On average, the 
genome of O. ascotanensis has an expansion/contraction value of − 0.12 
(Table S2), which would indicate a contraction in most gene families. 
Based on Gene Ontology (GO) annotations, expanded gene families were 
highly enriched in microtubule-based movement (p-value = 9.9E-9), 
protein deubiquitination (p-value = 7.8E-8) and proteolysis involved in 
cellular protein catabolic process (p-value = 4.5E-5) (Table 3). On the 
other hand, the GO annotations for the most significantly contracted 
gene families in the O. ascotanensis genome were found to be function
ally related to the G-protein coupled (GPCR) signaling pathways (p- 
value = 7.4E-8), chemotaxis (p-value = 7.9E-6) and signal transduction 
(p-value = 1.2E-5). 

2.4. Positive selection of genes 

To gain insight into unique features of the O. ascotanensis genome, 
we identified protein coding genes that are under positive selection in 
O. ascotanensis compared to 15 other fish species. We used a phyloge
netic analysis by maximum likelihood (PAML) to determine positive 
selection at the codon level [35] and identified 818 genes with at least 
one residue under positive selection in the O. ascotanensis genome 
(Table S3). A gene ontology enrichment analysis revealed that the genes 
under positive selection in O.ascotanensis are enriched for components of 
signal transduction pathways and DNA replication and repair (Table 4). 

Additionally, we performed a gene enrichment analysis and protein- 
protein interaction (PPI) enrichment analysis of positively selected 
genes (PSGs) using Metascape [36]. Metascape integrates over 40 
unique data sources to perform up-to-date gene enrichment analysis, 
automatically clustering enriched terms into non-redundant groups. In 
Fig. 3A, the Metascape's heatmap shows enrichment of PSGs in several 
categories involving processes related to cellular signaling, mitochon
drial translation and nucleic acids related processes. 

Analysis of protein interactions can help to allocate PSGs to specific 
biochemical pathways or signal transduction components. Our analysis 
shows that the top 3 enriched PPI categories are associated to G-protein 
coupled receptors signaling, DNA repair and extracellular organization 
(Fig. 3B). Interestingly, several of these positively selected genes 
enriched in PPI may be relevant to coping with the high-altitude envi
ronment. Positively selected genes enriched in PPI include several genes 
associated with DNA damage response (Fig. 3B) including PARP1 [37], 
RPA3 [38], FEN1 [39], POLD1, POLD3 [40] and ERCC5 [41], which are 
part of both enriched categories of base excision repair and DNA 
replication. 

Interestingly, other positively selected genes (Table S3) associated 
with DNA damage response include POLI [42], UVSSA [43], FANCF 
[43], RPA3 [44] and UBE2T [45]. The latter three genes are also part of 
a DNA repair pathway called the Fanconi Anemia (FA) pathway, which 
is activated when nucleotides on opposite strands of double stranded 
DNA undergo covalent linkage, a process also known as inter-strand 
DNA cross-links (ICLs) [46]. 

Altogether, these results indicate that, although the coding genome 
of O. ascotanensis has suffered a contraction, there has been a positive 
selection of genes associated with different DNA repair mechanisms, 
which may indicate a functional adaptation to maintain the integrity of 
the genome under an increased UV radiation/exposure in high-altitude 
environments [47]. 

Table 1 
Orestias ascotanensis genome assembly statistics.  

Genome 
assembly  

N50 (size/ 
number) 

N90 (size/ 
number) 

Total 
length  

Contigs 43.8 Kb/ 
4,459 

11.1 Kb/ 
15,885 

670 Mb  

Scaffolds 2.67 Mb/78 383.2 Kb/364 
696.3 
Mb 

Noncoding RNAs  Copies Length   
tRNAs 265 19.6 Kb  
miRNA 166 12.1 Kb 

Transposable 
Elements  

Total length Percent of 
genome   

Total 142.6 Mb 20.48   
DNA 
transposons 39.5 Mb 5.69   

Retroelemens 49.9 Mb 7.19  
Protein-coding 

genes 
Total Number Annotated Unannotated   

21,024 19,552 1,072   

Table 2 
Gene prediction summary for the Orestias ascotanensis genome. Consensus gene 
models were predicted using a combination of evidences from RNA-Seq and 
putative protein alignments.  

Object Attribute Value 

Genes Number of genes 21,024 
Number of mRNAs 33,485 
Number of exons 250,022 
Number of CDSs 236,684 
Number of introns 224,318 
Exons per gene 11.9 
CDSs per gene 11.3 
Introns per gene 10.7 

Isoforms Genes alternatively spliced 6,508 
Percentage of genes alternatively spliced 30.9 
Transcript per gene 1.59 
Transcript per alternatively spliced gene 2.91 
Genes alternatively spliced with splicing in CDS 5,423 
CDS-structure per spliced gene 2.76 

Span Average gene length (bp) 17,291.8 
Average exon length (bp) 278.4 
Average intron length (bp) 1,611.3 
Average base pairs between genes (bp) 15,207.9 

UTRs Genes with UTR (5′ or 3′ UTR) 14,525 
mRNA with 5′ and 3′ UTR 24,487 
mRNA with 5′ UTR 557 
mRNA with 3′ UTR 1,917 
mRNA without UTR 6,524 
mRNA with UTR 26,961  
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2.5. microRNA identification 

MicroRNAs are key players in posttranscriptional regulation of pro
tein expression and have been associated with stress-responses in ani
mals and plants. Recently, it was suggested that the regulatory changes 
driven by species-specific miRNAs can contribute towards phenotypic 
divergence and speciation [48,49]. To gain insight into miRNA medi
ated regulation of gene expression in O. ascotanensis, we sequenced the 
small RNA component of the transcriptome of this species. Furthermore, 

Fig. 2. Evolutionary analysis of Orestias ascotanensis. Phylogenetic tree reconstructed from analysis of OrthoMCL using a core of 1,970 orthologous core genes, shows 
the phylogenetic position of O. ascotanensis (indicated by the green triangle) relative to other teleost fish (values indicate branch length). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 3 
Enriched biological processes derived from the GO analyses of the most signif
icantly expanded and contracted gene families in Orestias ascotanensis.  

Family 
genes 

Term Count % p-value 

Expanded 

Microtubule-based movement 8 11,9 
9,90E- 
09 

Protein deubiquitination 7 10,4 
7,80E- 
08 

Ubiquitin-dependent protein 
catabolic process 7 10,4 

1,80E- 
06 

Contracted 

G-protein coupled receptor signaling 
pathway 24 19 

3,50E- 
10 

Chemotaxis 6 4,8 
7,90E- 
06 

Signal transduction 21 16,7 
1,20E- 
05  

Table 4 
KEGG analysis of positively selected genes in Orestias ascotanensis.  

Term Count % P-value 

Cytokine-cytokine receptor interaction 10 1,8 1,0E-02 
DNA replication 5 0,9 1,70E-02 
Jak-STAT signaling pathway 8 1,4 2,6E-02 
Base excision repair 4 0,7 7,3E-02  
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to further increase the robustness of an identification of potentially 
novel microRNAs, we also sequenced the small RNAs from a closely- 
related species: Orestias gloriae. O. gloriae inhabits the Carcote saltpan 
(21◦ 16′ 46”S, 68◦ 19′ 21”W), located 5 Km north of the northern limit of 
the Ascotan saltpan. 

To identify miRNAs in O. ascotanensis and O. gloriae, four small RNA- 
seq libraries (two for each species) were constructed from adult females 
and then sequenced using an Illumina MiSeq sequencer (Table S5). 
Approximately 7 million raw reads were obtained per library. After 
removing the adaptors, at least 6 million trimmed reads were deter
mined in each library and the length distribution of the small RNA-seq 
reads presented a peak at 22 nt as expected for mature miRNAs 
(Fig. S1). We then used our annotated O. ascotanensis genome to identify 
miRNAs expressed in both species. Using miRDeep2, we identified 453 
and 452 putative miRNAs for O. ascotanensis and O. gloriae respectively. 

Of these, 186 were expressed in all four libraries which were used for 
subsequent analysis (Fig. S2 and Table S7). 

2.6. microRNA expression and conservation 

Based on the number of reads associated with the mature miRNAs, 
we compared the abundance of miRNAs in O. ascotanensis and O. gloriae 
(Fig. 4A and B). We found a conservation of the majority of abundant 
miRNAs in both species, where the most expressed miRNAs were miR- 
10a-5p, miR-192, miR-181b-5p, let-7a and miR-26a-5p. Because the 
changes in gene regulation mediated by species-specific miRNAs can 
lead to phenotypic variation and speciation, we wanted to identify novel 
miRNAs that could be common to the genus Orestias but not present in 
other species. We determined whether these common miRNAs identified 
in Orestias were also found among the miRNAs from 16 other teleosts 

Fig. 3. Gene ontology (GO) enrichment analysis and protein-protein interaction (PPI) enrichment analysis for the genes under positive selection in Orestias asco
tanensis. (A) Gene ontology enrichment for PSG generated with Metascape. (B) Top 3 PPI networks generated with Metascape. From left to right G-protein coupled 
receptor signaling (red network), nucleotide excision repair (blue network) and cell-cell communication (green network). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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contained in miRBase (v22.1) (Fig. 4C). This analysis showed that the 
species with the most miRNAs in common with Orestias is Oreochromis 
niloticus. Thus 56% of the miRNAs identified in Orestias had been pre
viously described for O. niloticus. This result is in disagreement with our 
proposed phylogenetic tree, were Oryzias latipes appears more closely 
related to Orestias than O. niloticus. Moreover, we determined that no 
more than 6% of the microRNAs expressed in Orestias can also be found 
in the microRNA profile available in miRBase for O. latipes. Additionally, 
we observed that 29% of Orestias miRNAs had not been described for 
other fish species with profiles available in miRbase. Within this group, 
21 microRNAs were found expressed in the 4 independent libraries 
analyzed. As their miRDeep2 score is >1, this group of 21 miRNAs 
potentially represents a novel set of these regulatory molecules, with 
reduced similarity to other previously described small non-coding RNAs 
(Table S6). Detailed information about our mirDeep2 expression anal
ysis in samples from O. ascotanensis and O. gloriae is shown in Table S7. 

3. Discussion 

Organisms living in high-altitude environments are subjected to 
multiple abiotic stresses which may lead to a series of adaptive evolu
tionary changes in these species. In the present study, we sequenced and 
annotated the genome of O. ascotanensis, a species found exclusively in 
springs of the Ascotan salt pan. Based on molecular phylogenetic 
reconstruction, we can place this species within a sister taxa of the 
subfamily Poeciliinae. The habitat where O. ascotanensis lives poses 

unique challenges to life. In addition to the low oxygen and high UV 
irradiation imposed by high altitude, the springs that these animals 
inhabit have high concentrations of salts and heavy metals, making 
Ascotán one of the harshest ecosystems sustaining fish life. To begin to 
unravel the adaptive mechanisms evolved in O. ascotanensis to tolerate 
these conditions, we set out to sequence the genome of this species. The 
high quality reference genome reported here can now be used for 
comparative genomics and as a source of information that will aid in our 
understanding of the development and physiology of this species. 

Interestingly, gene ontology analyses (GO: biological processes) led 
to the identification of gene families that have suffered significant 
expansion in this species, particularly genes coding for functions in 
protein metabolism (protein ubiquitination/deubiquitination) and 
microtubule-based intracellular movement. Ubiquitination has been 
demonstrated to be a post-translational modification strongly associated 
with protein fate and function in cells [50] as well as during the DNA 
damage response [51]. In addition, it was found that within the 
expanded microtubule-based movement category there are genes coding 
for motor proteins like dynein, which plays an essential role during 
intracellular transport [52]. Positive selection of these motor proteins 
was also previously observed in the Tibetan Mastiff [53] and it was 
suggested they play important roles during adaptation to chronic 
hypoxia. 

During their lifetime, organisms' genomes are constantly exposed to 
various sources of DNA damage that can arise from either endogenous or 
exogenous sources. One of these exogenous sources of DNA damage is 

Fig. 4. Orestias microRNAs abundance and conservation. Distribution of the miRNA abundance by miRNA family. Top miRNA families with a relative expression 
above 1% represent the 87% and 89% of the expressed miRNAs respectively in Orestias ascotanensis (A) and Orestias gloriae (B). (C) Degree of conservation between 
Orestias microRNAs (186 mature miRNA sequences) and those from the other teleost fish species available in miRBase (v22.1). Stack histograms represent the 
percentage of Orestias miRNAs present in each fish species. 
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the solar UV light, which can generate DNA photoproducts and oxidative 
base modifications [54]. Solar UV damage becomes more relevant in 
high-altitude environments where UV radiation has been reported to be 
up to 1.65 times higher than at sea level [55,56]. This is especially 
relevant in the Chilean Altiplano, where the prevalent cloudless condi
tions and relatively low water vapor and ozone column makes this one of 
the places with the highest levels of surface UV irradiance in the world 
[55]. To maintain the integrity of their genome, cells possess several 
conserved and effective mechanisms for DNA repair. The Fanconi ane
mia (FA) pathway, is one of these DNA repair pathways that acts when 
nucleotides on opposite strands of double stranded DNA undergo co
valent linkage [46], also known as inter-strand DNA cross-links (ICLs). 
These ICLs are a highly toxic form of genomic damage that can inhibit 
basic cellular processes such as transcription and replication. In this 
study, we found three members of this pathway (FANCF [43], RPA3 [38] 
and UBE2T [45]) as positively selected in O. ascotanensis. 

Additional genes that are also involved in DNA repair pathways were 
identified as PSG in Orestias. This group includes PARP1 [37], POLD1 
[40], POLD3 [40] and FEN1 [39] which participate in the base excision 
repair pathway, and POLI [42], ERCC5 [41] and UVSSA [57] that 
represent critical components of the DNA damage response to UV in 
several systems and were here identified during our PPI analysis. 
Interestingly, FEN1 was previously reported as a PSG in high-altitude 
snakes inhabiting the Tibetan Plateau [12]. Moreover, functional 
studies on the FEN1 gene in these snakes showed that this high-altitude 
allele gives rise to protein that is more stable under UV radiation than 
from the ancestral allele found in low-elevation species, including liz
ards and snakes [12]. Genome sequencing of other organisms inhabiting 
high-altitude environments such as Tibetan hot-spring snake [12], Ti
betan Chicken [9], Tibetan antelope [58] and snub-nosed monkeys [8] 
have also found positive selection pressure on genes associated with the 
response to DNA damage and repair. Together, these results suggest that 
the evolution of DNA repair system is an important common mechanism 
for organisms to adapt to high-altitude environments. 

In agreement with these results, a recent characterization of em
bryonic development of O. ascotanensis shows that this fish exhibits early 
embryonic pigmentation (since day 2 post fertilization), an event that 
can be associated with prevention to damage caused by the high UV 
present in the Altiplano [18]. Alternatively, this positive selection of 
DNA damage-related genes in O. ascotanensis might be associated with 
an enhanced ability to control cell stress responses induced by changes 
in water salinity which are known to activate DNA repair mechanisms 
[59]. Together, these data indicate that environmental stressors can 
trigger cellular stress responses involving pathways that support the 
preservation of the genome stability [60]. Additionally, these results 
support the necessity that future studies specifically assess the gene 
molecular networks that are required to cope with the different stressing 
conditions at which these fishes live. 

Our results also revealed a contraction of gene families related with 
G protein signaling pathways. This type of contraction has been previ
ously observed in other high-altitude animals. Specifically, loss of 
members of the olfactory transduction pathway have been reported for 
hot-spring snake [12], Tibetan chicken [9], wild boars [61], ground tit 
[62] and musk deer [63]. The loss of the olfactory transduction pathway 
has been associated with the limited food sources available at high 
altitude, which in turn results in a limited number of odorant molecules. 
Accordingly, in O. ascotanensis we find a contraction in genes that are 
associated with both odorant and taste receptors. 

Using the assembled genome as a reference, we identified 186 
microRNAs expressed in O. ascotanensis and in the closely-related spe
cies O. gloriae. Unexpectedly, in our study we found that Orestias shows a 
higher number of microRNAs that are shared with species like 
O. niloticus than with closer related species in the phylogenetic tree. This 
result is likely to be due to the limited and unbalanced representation of 
miRNAs reported in miRBase [48]. Hence, whereas 695 mature miRNAs 
associated with O. niloticus are described in miRBase, only 146 can be 

found for O. latipes. Alternatively, we may speculate that this discrep
ancy is an indication of evolutionary independent processes in fishes 
that resulted in a higher variability in the number of microRNA-coding 
genes with respect to the changes in the protein-coding genome. The fact 
that several fish genomes thus far studied exhibit large differences in the 
number and type of microRNAs [48,64,65], argues in favor of this hy
pothesis. This is an issue that requires further systematic investigation. 
Interestingly, we identified 21 potentially novel microRNAs that may be 
specific of the genus Orestias, as they are not found for other fish in 
miRBase. Whether this group of microRNAs is associated with regula
tory functions that are relevant for the adaptation of Orestias to its 
challenging environment remains to be further investigated. 

In summary, our results shed light on the potential mechanisms 
operating during adaptation of Andean fish species to their unique 
environmental conditions. In a broader biological perspective, our re
sults support the concept that the Andean aquatic environments repre
sent new natural laboratories suitable for exploring the evolutionary 
molecular responses developed by the inhabitant fish species. 

4. Materials and methods 

4.1. Genome sequencing and assembly 

Individuals of O. ascotanensis were collected at one of the springs 
feeding into the Ascotan saltpan (Spring 5; UTM coordinates: 19S 
576,991 7,622,725). All the experimental procedures were carried with 
the official permission from the Chilean Government Animal and Agri
cultural Agency “Servicio Agrícola y Ganadero” (SAG), in accordance 
with the guidelines and regulations approved by the Ethical Committees 
of the Faculty of Sciences of the Universidad de Chile and of the Uni
versidad Andrés Bello, as well as in compliance with the guidelines of 
the Animal Use Ethics Committees of both institutions. Whole genome 
sequencing was performed using DNA (gDNA) isolated from a single 
female individual, a sample that was initially stored in RNAlater (Sigma, 
St. Louis, USA) and ice until arrival to the laboratory, where it was then 
stored at − 80 ◦C until required. gDNA was extracted an eviscerated 
whole fish using DNAeasy Blood and Tissue Kits (Qiagen, Hilden, Ger
many) and the quality (purity and integrity) was measured in an Agilent 
2100 Bioanalyzer (Agilent, Santa Clara, CA, USA). Purified gDNA was 
sent to Macrogen (Macrogen Inc., Seoul, ROK) for library preparation 
and subsequent Illumina sequencing. Four genomic libraries were 
sequenced on a HiSeq2500 with read lengths of 151 base pairs and li
brary insert sizes of 280, 3,000, 5,000 and 10,000 base pairs. The 
O. ascotanensis genome was then assembled by using ALLPATHS-LG 
[66], as well as the programs RepeatModeler [67] and RepeatMasker 
[68]. The quality of the assembled genome was subsequently validated 
using the CEGMA program [30]. 

4.2. Transcriptome assembly 

Total RNA was extracted from five adult females (including the in
dividual used for genome sequencing) collected from the same location 
described above, by using the TRizol reagent (Invitrogen, Carlsbad, CA, 
USA). To generate expression libraries that represent the majority of the 
transcripts produced from the O. ascotanensis genome, we collected total 
RNA from a significant portion of the specimens` bodies and organs. 
These tissue-samples excluded the entire gastrointestinal system, which 
was removed immediately after harvesting, to avoid incorporating DNA 
from organisms ingested by the individuals. The quality of the total RNA 
from each individual was measured in an Agilent 2100 Bioanalyzer and 
then sent to Macrogen where individual libraries for each fish were 
prepared and sequenced. 

To reconstruct the transcriptome from RNA Seq data, we employed 
two strategies: de novo assembly and genome-guided assembly. The 
initial total reads were trimmed based on quality parameters using a 
minimum of Q20 and a minimum length of 50 base pairs, eliminating 
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about 2.3% of the reads from all libraries. The filtered reads were then 
aligned to the assembled genome using Tophat, version v2.0.11 [69]. 
Transcripts were built using Cufflinks version v2.1.1 [70] on each 
resulting BAM file. A consensus set was then constructed by merging the 
predictions with Cuffmerge [70]. A total number of 27,612 putative 
genes (Table S1) were predicted using the genome-guided strategy. 
Additionally, filtered reads were used to build the transcriptome de novo 
using the Trinity assembler, version r20131110 [71]. The parameters 
were set at a minimum contig length of 300 base pairs and a minimum 
Kmer coverage of 2. A total number of 85,712 putative genes were 
predicted using this approach. This highlights the importance of having 
constructed a high-quality reference genome of O. ascotanensis as it 
significantly reduces the fragmentation of transcripts generated during 
the gene prediction step. 

4.3. Identification of O. ascotanensis genes under positive selection 

To identify genes in the O.ascotanensis lineage that are under positive 
selection, we used PAML (Phylogenetic Analysis by Maximum Likeli
hood) [35], which implements a maximum likelihood framework to 
evaluate adaptive selection based on nonsynonymous by synonymous 
substitution rate ratio. We used a branch-site model implemented in 
PAML to identify individual amino-acid sites targeted by positive se
lection in O. ascotanensis branch using 15 other fish species as a back
ground according to PAML author recommendations. 

We selected 15 different fish species available on Ensembl based on 
their closeness to the Cyprinodontiformes order (from which 
O. ascotanensis is a member of) on the fish tree of life [72]. We included 
in our analysis four species belonging to the Beloniformes order, five 
species from Cichliformes order, four species from Ovalentaria order 
(incertae sedis) and two species from the Pleuronectiformes. Other orders 
that may be also close to Cyprinodontiformes such as Atheriniformes, 
Pholidichthyiformes and Mugiliformes have no genome information 
available on Ensembl (accessed 26th October 2021). 

Orthofinder [73] was used to identify single-copy ortholog (SCO) 
genes common to the 16 teleost fish genomes (including O. ascotanensis). 
A phylogenetic tree based on these 509 SCO was built by Orthofinder 
and was used as input for CODEML. To maximize the number of genes 
analyzed, we selected all ortholog families that presented a SCO for 
O. ascotanensis and at least for 9 additional species. Hence, we finally 
performed the analysis with 6,739 SCOs shared by at least 10 species 
including O. ascotanensis. The proteins encoded by these SCOs were 
aligned using MAFFT [74] using default settings and the nucleotide 
sequences were codon-aligned using PAL2NAL [75]. We took advantage 
of the branch-site model implemented in CODEML (part of PAML 
package) that is designed to detect positive selection that affects only a 
few sites on the specified branches of a given phylogeny. On the species 
tree of the 16 fish genomes under analysis, O.ascotanensis lineage was 
marked as ‘foreground’ and the rest of the fish species as ‘background’ 
lineages [35]. Because we evaluated SCO shared by at least 10 species, 
the number of species in each orthologue families varied. Hence, the 
Newick utilities [76] were used to adequate the phylogeny accordingly 
but maintaining the topology of the tree. 

We performed a likelihood ratio test between model M2a_null 
(model = 2, NSsites = 2; fix_omega = 0) and M2a_selection (model = 2, 
NSsites = 2; fix_omega = 1, omega = 1) as recommende [35,77]. To 
assess the significance of the likelihood ratio test a p-value was calcu
lated using the Chi-Square test for twice the difference of likelihood from 
model M2a_selection versus likelihood M2a_null, with one degree of 
freedom. Finally, we subjected the p-value of the likelihood ratio test to 
multiple hypothesis corrections in R using the Benjamini–Hochberg 
method, thus identifying the genes with a significant overall p-value at 
5% FDR (p < 0.05). 

For gene ontology (GO) analysis of PSG we retrieved the Danio rerio 
orthologue gene IDs based on O. ascotanensis gene names. These D. rerio 
gene IDs were then used as input for David [78] and Metascape [36] to 

perform KEGG (Kyoto Encyclopedia of Genes and Genomes) [79], 
Pathway and Process, and Protein-protein Interaction enrichment 
analyses. 

4.4. Gene identification and functional annotation 

Gene identification analyses were carried out by integrating results 
from the ab initio prediction programs as well as from protein and 
transcript alignments using the PASA [80] and Evidence Modeler [81] 
algorithms. The ab initio gene prediction was obtained using the 
Augustus (v2.5.5) [82] and GlimmerHMM (v3.0.1) [83] predictors. 
First, Augustus was trained with the complete transcript data from the 
RNA-Seq studies to build a custom model for Orestias. Three predictions 
were run using Augustus (Trained model and zebrafish model) and 
GlimmerHMM (zebrafish model) in the repeat masked genome assem
bly. A total number of 88,069 ab initio predictions were obtained; 26,278 
from Augustus-Trained, 24,058 from Augustus-zebrafish and 37,733 
from GlimmerHMM. Protein-coding genes were confirmed using 
BLAST+, GenBlast and GeneWise [84–86]. Sets of matching homolo
gous proteins were identified by aligning all ab initio predictions against 
the UniProt vertebrate database by BLAST+ [85] (E-value, 1e-5). A total 
number of 30,458 different UniProt proteins were detected as putative 
homologous proteins (targets). These target proteins were then aligned 
back to the genome using GenBlast [86] to obtain its most likely gene 
structure and the boundary positions within the masked genome. A total 
of 34,788 putative gene structures were found. Putative proteins that 
were supported by these gene structures were subsequently refined 
using the GeneWise program [84]. We defined as bona fide proteins 
those supported by gene structures that resulted in at least 80% of their 
hit length aligned. A total number of 27,646 of the putative proteins 
passed the coverage filter. 

Transcript models generated by Cufflinks and Trinity were then in
tegrated using PASA software. PASA models include complete and 
partial gene structures based on assembled spliced alignments (GMAP 
aligner) [87]. First, full-length transcripts were determined by aligning 
transcript models against the UniProt vertebrate database using BLASTX 
[85]. Thus, a total of 25,542 transcripts were identified as full-length 
(covering for at least 98% of the hit protein). PASA was then run 
using the transcript information obtained from RNA-Seq studies and this 
list of full-length transcripts as input. A total of 104,382 redundant 
transcripts were obtained from PASA including alternative splicing 
transcripts, of which 38,225 were defined as complete structures by 
PASA. 

A consensus gene model for each locus was subsequently produced 
by source-weighted integration using EVidenceModeler (EVM). Weights 
of 10, 5, 1, 10 and 6 were assigned to PASA transcripts, GeneWise, ab 
initio, PASA full-length and GeneWise full-length alignment predictions, 
respectively. A total of 20,952 gene models were consolidated by EVM. 
The gene models were updated by performing two rounds of PASA to 
include potentially missing genes, splicing-isoforms and UTR tails. 
Lastly, the predicted proteins were annotated using BLAST (E-value, 1e- 
5) against Swiss-prot [88], NCBI non-redundant protein (NR) [89], 
KEGG [79] and UniProt protein databases [90]. Protein domains and GO 
numbers were assigned using Interpro [91]. Gene names were assigned 
using the best hits to Swiss-prot database. 

4.5. Phylogenetic analysis 

12 recently sequenced fish species were used to define a phylogenetic 
position of O. ascotanensis. First, protein coding genes for each species 
were retrieved from Ensembl v77. Second, BLAST [85] and OrthoMCL 
[92] (using default options) were used to identify a set of 1:1 ortholo
gous among the selected species. A total of 20,411 orthologous groups 
were obtained, 1,970 of which fit into the 1:1 orthologous definition. 
Third, this 1:1 orthologous cluster was aligned using the MUSCLE [93] 
program, selecting the conserved aligned blocks by using GBlocks [94]. 
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Fourth, the phylogenetic tree was then built using a super sequence of 
857,415 residues (57,161 for each specie), obtained from the concate
nation of all the conserved blocks. This sequence was utilized as input 
for the FASTree program [95], using the Whelan-and-Goldman [96] 
model to estimate the species tree considering a Maximum Likelihood 
approach. 

To estimate the rate of gene expansion and contraction in Orestias, 
we performed a gene family analysis using its four closed phylogenetic 
species within our tree (see Fig. 2). First, gene families for all teleost fish 
were obtained from the Ensembl v77 compara database. A total of 
10,354 gene families were downloaded and for each family the taxon ID 
was kept. Protein sequence, CDS sequence and gene ID were thus 
identified. Second, BLAST was used to assign each Orestias gene to a 
teleost gene family. In brief, we built a multi-fasta file that included a 
reference gene family for each protein. Then, using blastp (1e-10), we 
identified the best hit between Orestias proteins and these family genes, 
keeping those that exhibited a minimum identity of 50%. A total of 
19,587 Orestias genes were thus assigned to 7,474 teleost gene families. 
Third, we built a matrix were each row corresponded to a gene family 
and each column to a genome. Each cell in the matrix then included the 
number of genes that a genome has within the family. The genomes of 
O. ascotanensis, O. niloticus, O. latipes, P. formosa and X. maculatus were 
considered in these analyses. To diminish errors derived from insuffi
cient assembly and gene annotation completeness, only those gene 
families that were present in at least three of the five genomes were 
considered. Therefore, a total number of 7,676 families were finally 
included in the study. On average, 95% of the genes of each fish species 
were included in our filtered gene families. Four, the CAFE [97] program 
was used to determine whether significant family expansions/contrac
tions have occurred among the selected species. CAFE requires as input 
data a phylogenetic tree with branch lengths expressed in years and a 
matrix including counts for each gene family. Hence, for this purpose we 
used the sub-tree constructed for the phylogenetic analysis and branch 
lengths values that were obtained from the timeTree database [98]. The 
maximum likelihood value of the birth & death parameter, lambda, 
were estimated from the data by using the –s option; the lambda value 
converged to 0.00145. Families with larger size variance were defined as 
those having a p-value below 0.05. Our results indicated that, on 
average, the genome of O. ascotanensis has an expansion/contraction 
value of − 0.12 (see Table S2). 

4.6. miRNA expression analysis 

Total RNA from the O. ascotanensis individuals collected at the 
Ascotan salt pan was isolated using TRIzol (Invitrogen, Carlsbad, CA, 
USA), RNA concentration quantified in a Qubit 2.0 Fluorometer (Life 
Technologies, Carlsbad, CA, USA) and RNA integrity determined using 
Fragment Analyzer Automated CE System (Advanced Analytical, Ames, 
IA, USA). RNA samples were extracted from a significant portion of the 
fish bodies and organs (mostly muscle tissue) to identify as much miR
NAs as possible. Sequencing libraries were generated using the Illumina 
TruSeq Small RNA library preparation kit according to the manufac
turer's instructions. Single-read fragments were generated on an Illu
mina MiSeq sequencer according to the user guide. Raw sequence reads 
were trimmed by removing Illumina adapter sequences as well as low- 
quality bases. The raw miR-seq data (see Table S2) was processed and 
the identification and analysis of putative miRs was carried out using 
miRDeep2 [99] and the fish miRNA database miRBase (v22.1). 
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