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Abstract

Astyanax mexicanus, a species with both surface-dwelling and multiple cave-dwelling populations,
offers a unique opportunity to study repeated adaptation to dark and resource-scarce environments.
While previous work has identified large-scale changes in gene expression between morphs even
under identical laboratory conditions, the regulatory basis of these expression differences remains
largely unexplored. In this study, we focus on microRNAs (miRNAs) as key regulators of gene
expression to understand cavefish adaptation nuances. Our analysis identified 683 miRNAs, which
not only surpasses the number documented in related species but also provides the first
comprehensive catalog of miRNAs for this species. We identified a unique subset of differentially
expressed miRNAs common to all studied cave-dwelling populations, potentially orchestrating the
nuanced gene expression patterns required for survival in the challenging cave milieu. Gene
Ontology analysis of the predicted miRNA targets revealed involvement in developmental and
metabolic pathways that are pivotal for thriving in nutrient-limited environments, such as the
regulation of neuromast migration. Moreover, our study provides evidence for miRNA influence
on circadian rhythm and oxidative stress response, both essential adaptations for the cave-dwelling
lifestyle. The comprehensive miRNA catalog generated will guide future investigations into the

intricate world of miRNA-mediated evolution of complex traits.
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Introduction

The fish species Astyanax mexicanus is an exceptional animal model for understanding adaptation
to dark and nutrient-limited environments. This species exists as river-dwelling surface fish and
cave-dwelling populations that remain fertile with each other and can be kept in the laboratory.
Less than 200,000 years ago, the ancestral surface fish colonized multiple caves in the Sierra de
El Abra and neighboring mountain regions of Mexico, through multiple independent events.!: 2
Inside each of these caves, under similar environmental pressures, Astyanax evolved a range of
similar traits that enabled the cave morphs to not only survive but thrive in the dark and therefore
biodiversity and nutrient-limited cave environment.’” As a consequence, the cave morphs show
significant and heritable changes to their transcriptomic landscape, when compared to the extant
surface fish.> %13 While the role of cis-regulatory enhancers in these transcription changes has
been studied,'® the exploration of other mechanisms of transcriptional regulation remains less
understood. One particularly important mechanism that warrants further investigation is the role
of non-coding RNAs in modulating gene expression in Astyanax mexicanus. A class of non-coding
RNA that plays an important role in shaping gene expression profiles are microRNAs (miRNAs).
The miRNAs are a class of small endogenous non-coding RNA molecules, typically averaging
around 18-25 nucleotides in length, which act post-transcriptionally to regulate gene expression. '+
17 Exported into the cytoplasm from the nucleus as short hairpin structures, one of the strands of a
mature miRNA is eventually loaded into the RNA-induced silencing complex. The silencing
complex most frequently targets the 3’UTR region of mRNAs through complementary base
pairing and fine-tunes gene expression through translational repression or mRNA degradation.!®
20 A single miRNA can target multiple mRNAs, and conversely, a single mRNA can be regulated

by many different miRNAs, amplifying the regulatory potential of miRNA-mediated regulation of
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gene expression.?! However, despite being extensively studied in multiple model organisms,
miRNA’s potential role in altering the transcriptomic profile of cavefish remains unexplored. 2%-2°
In this study, we focused on 24-hour-post-fertilization (hpf) embryos to isolate and annotate
miRNAs expressed in four different morphs of Astyanax mexicanus: surface fish, and three
independently or parallelly evolved populations of cavefish (Pachon, Tinaja, and Molino). Using
miRDeep2 package?® to call for novel miRNAs in Astyanax mexicanus, we identified as many as
683 different miRNAs, surpassing comparable studies in zebrafish.?’° Our comparative analysis
of miRNA expression between three cave-dwelling and surface-dwelling populations of Astyanax
mexicanus identified a cave-specific set of differentially expressed miRNAs and their putative
3'UTR targets. Gene Ontology analysis of these targets suggests that miRNA regulation may play
a critical role in cave adaptation by influencing developmental and metabolic pathways. This study

not only enriches the miRNA catalog for this species but also underscores the potential of miRNA-

mediated regulation in the evolutionary response to extreme environments.

Materials and Methods

Small RNA isolation and sequencing

We collected 50 embryos of each morph of Astyanax mexicanus, at the 24hpf developmental stage.
After a 1xPBS wash, samples were flash-frozen and homogenized. The small RNA population
from each morph was isolated using the mirVana miRNA Isolation Kit (Catalog number: AM1560)
following manufacturer's instructions.

Small RNA-seq libraries were generated from 50ng of enriched small RNA, as assessed using the

Bioanalyzer (Agilent). Libraries were made according to the manufacturer’s directions for the
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TruSeq Small RNA Library Prep Kit (Illumina, Cat. No. RS-200-0012). Resulting libraries were
size selected for 145-160bp fragments using Novex 6% TBE gels (Invitrogen, Cat. No.
EC6265BOX) to retain only the small RNA inserts. Size selected libraries were checked for quality
and quantity using the Bioanalyzer (Agilent) and Qubit Fluorometer (Life Technologies). Libraries
were pooled, re-quantified and sequenced as 75bp single read on an Illumina NextSeq 500 high-

output flow cell utilizing RTA and current instrument software versions at the time of processing.

Adapter removal and filtering of reads

The ‘TGGAATTCTCGGGTGCCAAGG’ adapter was removed for all samples of small RNA-seq
using Cutadapt®® (v2.5). Reads without an adapter and shorter than 18bp were discarded. We
excluded reads aligning to rRNAs, scaRNAs, snoRNAs, and snRNAs. Additionally, reads aligning
to tRNAs were removed. As annotated tRNAs for Astyanax mexicanus 2.0 are unavailable, we
used tRNAscan-SE*! (v2.0.6) to search for Astyanax mexicanus 2.0 tRNAs using Danio rerio

(GRCz11) tRNAs from GtRNAdD (the genomic tRNA database).

Novel miRNA Identification

The reads remaining after filtering (rRNAs, scaRNAs, snoRNAs, snRNAs and tRNAs) from all
samples were concatenated and the miRDeep2 ¢ (v3) tool was used to identify novel miRNAs.
First, the mapper.pl module was used to align the reads to Astyanax mexicanus 2.0 genome from
NCBI (Assembly GCF_000372685.2). Next miRDeep2.pl module was run on the mapped arf file
using the reference genome and known mature Danio rerio miRNAs from miRBase (v22) as

supporting miRNAs from related species.
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The resulting novel miRNAs were further filtered based on the following criteria: mirDeep2 score
>= 10, mature read count >=10, and a significant randfold p-value. Novel miRNAs with a matching
seed sequence to Danio rerio miRNAs from miRBase were retained, even if they did not meet the
above criteria. CD-HIT 32 (v4.6) tool was used to collapse the redundant novel miRNAs with 100%

identity.

miRNA conservation analysis

To assess the conservation of novel miRNAs across known miRNAs from all species in miRBase,
the mature sequence of each novel miRNA was input into BLASTn (v2.10.1+) to find similar
sequences against all the know miRNAs. The default E-value threshold of 10 was used to report

all hits.

Quantification of miRNAs and Differential Expression Analysis

To quantify the expression of each novel miRNA in all the samples we used quantifier.pl module
in miRDeep2 and aligned the sequenced reads to the novel precursor miRNAs using the default
parameters.

Differentially expressed miRNAs were determined using R package edgeR* (v3.22.3). The
resulting p-values from the differential expression analysis were adjusted using the Benjamini-
Hochberg method with the R function p.adjust. miRNAs with an adjusted p-value less than 0.05

and a fold change of at least 2 were considered as differentially expressed.

miRNA-mRNA target identification
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miRanda’* (v3.3a) was used to identify the miRNA-mRNA targets using a score threshold of > 80
for scores and energy threshold < -14 kcal/mol. The novel miRNAs identified were checked for

targets against the 3’ UTRs of 11,318 Astyanax mexicanus 2.0 genes.

mRNAseq dataset processing

Pachén and surface fish mRNA-seq datasets for two time points: 24hpf and 36hpf were
downloaded from SRA database: SRP045680. The reads were aligned to Astyanax mexicanus 2.0
reference genome, NCBI assembly GCF_000372685.2 using STAR* (v2.7.3a). The gene model
retrieved from Ensembl, release 102 was used to generate gene read counts. The transcript
abundance ‘TPM’ (Transcript per Million) was quantified using RSEM?3¢ (v1.3). Differentially
expressed genes were determined using R package edgeR* (v3.38.4). Prior to differential
expression analysis, low-expression genes were filtered out based on a cutoff of 0.5 CPM (Counts
Per Million) in at least one library. The resulting p-values were adjusted with Benjamini-Hochberg
method using R function p.adjust. Genes with an adjusted p-value < 0.05 and a fold change of 2

were considered as differentially expressed.

Gene Ontology (GO) analysis

Gene functional enrichment analysis or GO analysis was performed using a custom script built
over R package clusterProfiler’’ (v4.4.4). Astyanax mexicanus Gene-GO terms retrieved from
Ensembl BioMart were used to identify overrepresented GO terms in the differentially expressed

genes compared to the background list of all genes.
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Results

Identification and annotation of miRNAs in Astyanax mexicanus

To establish a comprehensive repository of miRNAs in A. mexicanus, we sequenced, identified,
and annotated small miRNA populations from surface fish and three distinct cavefish populations
— Pachon, Tinaja, and Molino. Concurrently, we aimed to investigate the potential impact of
miRNAs on the development of cave traits. One of the most obvious developmental differences
between cave and surface fish occurs around 24hpf, when the eye in cavefish starts to regress.’ 3%
3% Thus, we focused on 24hpf embryos to explore differentially expressed miRNAs between

cavefish and surface fish.
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Figure 1: Identification of miRNAs in Astyanax mexicanus. (a) Graphical representation of the
four morphs — surface fish, Pachon, Tinaja, and Molino at 24hpf, from which the small RNA
(<200nt) population was collected. (b) Distribution of small RNA reads across read length of 15 —
40bp. (c) Size distribution of all the zebrafish miRNAs available on miRBase.
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To enhance the efficiency of miRNA identification, we specifically isolated and sequenced only
small RNAs (<200nt) instead of total RNA from the embryos (Figure 1a). After adapter trimming,
the small RNA population between read lengths 15bp - 40 bp was found to mostly enrich for reads
in the range of 21-30bps (Figure 1b). This was in line with the known range of miRNA lengths in
zebrafish (Figure 1c). Subsequently, the reads were aligned to the Astyanax mexicanus 2.0 genome
and the trimmed files of all the samples were merged to call for novel miRNAs using miRDeep22°
with default parameters and zebrafish miRNA from miRBase as the supporting miRNA from
related species. After removing redundancies using established pipelines, we identified and
annotated a refined list of 683 miRNAs (Supplementary Table 1) from an initial collection of 1,452.
Of'these 683 miRNAs, 681 were conserved across different organisms and had a hit in the miRBase
(Supplementary Figure S1). Of note, we identified more miRNAs in cavefish than the 374

miRNAs currently cataloged for zebrafish in the miRBase database.

Differential, and cave-specific, expression of miRNAs across four morphs

Small non-coding miRNAs are recognized for their role in facilitating evolutionary adaptation in
organisms to environmental stresses.**#> To explore any such correlation in cavefish development
and adaptation, we investigated miRNAs which were differentially expressed in the cave morphs
when compared to the surface fish. Comparing the miRNA expression profile of each of the cave
morphs (Pachoén, Tinaja, and Molino) with that of the surface fish, at 24hpf, revealed both up- and
downregulated miRNAs (Figure 2a). Pachon and Tinaja had similar numbers of differentially
expressed miRNAs, totaling 203 and 196 respectively, while Molino exhibited the highest
abundance of differentially expressed miRNAs among the three cave morphs, totaling 238. The

highest number of upregulated miRNAs was observed in Molino, followed by Pachén and Tinaja,
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in comparison to surface fish. Conversely, the highest number of downregulated miRNAs was

observed in Tinaja, followed by Pachon and Molino.
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Figure 2: Differentially expressed miRNAs in cave morphs when compared to surface fish. (a)
Abundance of differentially expressed miRNAs across Molino, Pachon, and Tinaja (arranged in
order of abundance). (b) Venn diagram depicting extent of overlaps in miRNAs upregulated in
each of the cave morphs, compared to surface fish. The central overlap of 26 miRNAs depicts the
cave-specific miRNAs, upregulated in all the three cave morphs, with respect to surface fish. (c)
A similar Venn diagram as ‘(b)’, depicting extent of overlaps in miRNAs downregulated in each
of the cave morphs, compared to surface fish.

Next, we explored not just morph-specific, but also cave-specific differentially expressed
miRNAs. We defined cave-specific miRNAs as those miRNAs that are up- or downregulated
across all the three cave morphs when compared to surface fish. We argued that cave-specific
miRNAs would be strong candidates for underlying early adaptation in cave morphs. From the list

of all the differentially expressed miRNAs, 26 miRNAs were upregulated (Figure 2b) and 17 were

downregulated (Figure 2c) across Pachon, Tinaja, and Molino, when compared to surface fish. The

10
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set of 26 and 17 miRNAs represents the first identified cave-specific, non-coding miRNAs

differentially expressed across three different cave morphs, with respect to surface fish.

Putative 3’UTR targets of miRNA in Astyanax mexicanus

To further understand the functional implications of these cave-specific miRNAs, we turned our
attention to their putative targets. miRNAs mostly target the 3’UTR region of genes. Therefore, to
predict putative miRNA target genes in Astyanax mexicanus, we used the miRanda pipeline. The
miRanda pipeline utilizes annotated 3’UTR of genes to score and predict target mRNAs through
dynamic-programming alignment and thermodynamics for miRNAs. It is to be noted that in A.
mexicanus, only less than half of the annotated genes have an annotated 3’UTR, specifically,
11,318 genes out of a total of 27,420 genes with the annotated 3’UTRs spanning over a
considerable range of lengths, with a mean of around 2-kb (Supplementary Figure S2). Therefore,
restricting our predictions within the list of annotated 3’UTRs, we identified the putative target
mRNAs for each of the 683 miRNAs generated the target list with miRanda scores (see Methods
section). As expected, each of the miRNAs had multiple 3°UTRs as putative targets, thereby also
making each gene a target of multiple miRNAs (Supplementary Figure S3, Supplementary Table

2).

Cave-specific miRNAs and Gene Ontology analysis of their targets

Next, we used the list of predicted targets to identify potential pathways through which miRNAs
could regulate cave adaptation. As mentioned earlier, the miRNAs that show differential
expression across all three cave morphs, when compared to surface fish, are likely to repeatedly

contribute to the development of cave-specific traits and as such have a higher likelihood of

11
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playing important roles in the development of cave features (cave-specific miRNAs). Therefore,
we focused on putative targets of these cave-specific miRNAs, and for each of the 26 upregulated
and 17 downregulated miRNAs (Figure 2b,c), from our database of predicted targets, we
shortlisted the top 10 target genes based on corresponding miRanda scores and processed them
through GO term analysis. For the set of 26 cave-specific upregulated miRNAs and each of their
top 10 target genes (Supplementary Table 3), the putative biological pathways affected were
“negative regulation of vasculature development”, “regulation of Rho protein signal transduction”,
“neuromast primordium migration”, and “ionotropic glutamate receptor signaling pathway”
(Figure 3a). The presence of a neuromast-associated pathway in this list, suggesting early alteration
of neuromast development, is in line with what is known about cavefish evolution. To compensate
for their loss of visual capacity inside the caves, the cavefish exhibit more numerous, larger, and
more sensitive neuromast population, as compared to surface fish.**#* Similarly, the presence of

45, 46

glutamate receptor signaling pathway among the GO terms potentially suggests an early

window into understanding differential neurotransmission in cave morphs compared to surface

fish.
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Figure 3: Pathways enriched for top 10 target genes of cave-specific miRNAs. (a) Biological
processes enriched for the targets of 26 cave-specific upregulated miRNAs. (b) Molecular
functions of target genes of the 17 cave-specific downregulated miRNAs.

Next, we analyzed the top 10 targets for each of the seventeen miRNAs downregulated in cavefish
(Supplementary Table 4), conducting a comparable Gene Ontology (GO) term analysis. Most of
the biological processes enriched for cell cycle regulation were not directly associated with
adaptation to cave or extreme environments (Supplementary Table 5). However, the molecular
functions of the listed targets, which included genes like prdx5 and prdx4, enriched pathways
associated with oxidative metabolism like “peroxidase activity” and “oxidoreductase activity,
acting on peroxide as acceptor” (Figure 3b). It is known that long periods of starvation and
hyperglycemia, both contribute to increased oxidative stress in organisms.*’> ¥ Cavefish are
adapted to be resilient to long periods of starvation and are also hyperglycemic,® 7> 4 thereby
potentially necessitating enhanced antioxidant capacity in cavefish to protect against oxidative

stress.>?

Cross-validation targets with mRNAseq dataset

While silencing gene expression, apart from repression of translation, miRNAs also work through
mRNA degradation. To that effect, we investigated if the predicted targets of cave-specific
miRNAs were differentially expressed at comparable embryonic stages. Here, instead of using top
10 targets, we utilized all the genes which were predicted to be targeted by cave-specific miRNAs.
As a sample set for analysis, we utilized an available mRNAseq dataset of Pachon — as
representative for cavefish, and surface fish — as control.?® From this dataset, we merged
differentially expressed genes from Pachon versus surface fish at two timepoints, 24hpf and 36hpf.

Our approach considered the time-dependent nature of miRNA action, wherein it takes a few hours

13
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for the miRNA to be expressed at a certain time point to exhibit its effect.’!> 32 Merging the two
data points, we found 4,088 unique differentially expressed genes in Pachon, when compared to
surface fish. Out of these differentially expressed genes, a total of 1,598 were from the list of
predicted targets of the cave-specific miRNAs (Figure 4a), amounting to 39.1% of the
differentially expressed genes. Subsequently, we employed GO term analysis over these 1,598
genes to explore the associated biological pathways. Notably, several of the essential pathways
commonly associated with cave adaptation were present in the list (Figure 4b, Supplementary
Table 6). For example, we observed enrichment of pathways associated with “regulation of
circadian rhythm”. Genes like per2, hcrtr2, and nptx2b, which were already listed as targets of the
cave-specific miRNA set, were also differentially expressed (Figure 4c), contributing to the
enrichment of the circadian pathways. While both per2 and hcrtr2 are known to be important for

4,53

cave adaptation through the regulation of circadian rhythm, and sleep cycle,” > nptx2b is known

to function as a modulator of circadian synaptic variations.>* Additionally, per?2 is also known to
regulate lipid metabolism through regulation of peroxisome proliferator-activated receptor .3 3
We also observed an enrichment of neural pathways and pathways associated with immune
systems. While cavefish neural projections and activity differs considerable from that of surface
fish, owing to their modified sensory inputs system, the immune system of cavefish is also different
from that of surface fish, where cavefish exhibit decreased innate immune response compared to
surface fish.® Interestingly, even in an in vitro set-up, immune response has been observed to be
one of the differentially regulated pathways between surface fish and cavefish cells.”’

Modifications in both of these overarching pathways plays a major role in enabling the cave

morphs to thrive in caves highlighting the potential role of miRNAs in shaping these traits.

14
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Figure 4: Differential expression of predicted targets of cave-specific miRNA. (a) Pie-chart
depicting the percentage of differentially expressed genes which are also predicted to be targets of
cave-specific miRNA, when Pachon is compared to surface fish at 24hpf and 36hpf. (b) Selected
pathways from GO term analysis of all predicted and differentially expressed genes (1,598)
representing biological processes associated with cave-adaptation. (¢) Fold change of predicted
targets, per2, hertr2, and nptx2b at 24hpf and 36hpf.

Discussion

In this study, we present, for the first time, a comprehensive catalog of 683 small non-coding
miRNAs for the fish Astyanax mexicanus. Focusing on an early stage of development, we extracted
and sequenced miRNAs from 24hpf embryos of four different morphs of 4. mexicanus — one being
the extant surface fish, and the others were cave morphs of Pachon, Tinaja, and Molino. We also
performed in silico analysis to ascertain putative 3’UTR targets of each of these miRNAs.
Analyzing the small RNAseq we found that each of the cave morphs exhibit more than 100
differentially expressed miRNAs, compared to surface fish. The presence of differentially
expressed miRNAs at 24hpf stage suggests that not only are the miRNA mediated silencing

pathways activated at an early stage in A. mexicanus, but also potentially employed by cavefish

morphs to facilitate cave adaptation. This idea is further strengthened by the fact that among
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hundreds of differentially expressed miRNAs, a small number of the miRNAs were common
across all the three cave morphs, when compared to surface fish, making them essentially a cohort
of cave-specific miRNAs. We investigated if these common miRNAs, through their targets, could
potentially affect biological pathways associated with cave adaptation. We analyzed initially by
shortlisting the best possible miRNA targets and analyzing them through GO term pipeline.
Thereafter, we also cross-validated all the putative targets of the common miRNAs with a sample
set of Pachon versus Surface fish mRNAseq data. Both the analysis churned out biological
pathways affecting development as well as metabolism of the fish, including ones associated with
oxidative metabolism, circadian rhythm, and neural development. More importantly, most of these
pathways were relevant to troglomorphic adaptation, which in turn suggests a potential role of
miRNA in assisting cave adaptation.

The data also indicates that numerous developmental and metabolic adaptations essential for
survival in cave environments begin at the early stages of development. Especially relevant are the
potential changes in the circadian and oxidative pathways so early during development.
Additionally, there is another unique observation from the dataset, which shows that the most
numerous differentially expressed miRNAs were found in the Molino morph. Molino is one of the
‘younger’ morphs that colonized the caves relatively recently, approximately 110,000 years ago.?
Molino lacks many of the known underlying alterations associated with cave evolution that are
shared by the other two cave morphs of Pachon and Tinaja.”  This observation hints at a possible
dependence on miRNAs in Molino, as a dynamic "rheostat" for fine-tuning gene networks while
adapting to a relatively new and extreme environment devoid of light and nutrients. This

hypothesis, while exciting, needs further testing.
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Taken together, future studies into miRNAs, through gain and loss-of-functions, hold a great
potential to unravel new paradigms of gene regulation, development as well as metabolism in
cavefish. Our comprehensive catalogue of miRNAs in 4. mexicanus will therefore pave the way
for exploring this hitherto unexplored facet of miRNA-mediated adaptation and evolution of

adaptation to new environments.
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Figure S1: Number of A. mexicanus miRNAs conserved across miRNAs of different species
15  (zebrafish underlined in red).
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Figure S2: Distribution of the 3’UTR lengths of the 11,318 genes with annotated 3’UTR in
Astyanax mexicanus.
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Figure S3: The plot depicting distribution of the number of miRNAs (Y-axis) along number of
target genes (X-axis).
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