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A B S T R A C T   

In the framework of neutral theory of molecular evolution, genes specific to the development and function of 
eyes in subterranean animals living in permanent darkness are expected to evolve by relaxed selection, ulti-
mately becoming pseudogenes. However, definitive empirical evidence for the role of neutral processes in the 
loss of vision over evolutionary time remains controversial. In previous studies, we characterized an assemblage 
of independently-evolved water beetle (Dytiscidae) species from a subterranean archipelago in Western 
Australia, where parallel vision and eye loss have occurred. Using a combination of transcriptomics and exon 
capture, we present evidence of parallel coding sequence decay, resulting from the accumulation of frameshift 
mutations and premature stop codons, in eight phototransduction genes (arrestins, opsins, ninaC and transient 
receptor potential channel genes) in 32 subterranean species in contrast to surface species, where these genes 
have open reading frames. Our results provide strong evidence to support neutral evolutionary processes as a 
major contributing factor to the loss of phototransduction genes in subterranean animals, with the ultimate fate 
being the irreversible loss of a light detection system.   

1. Introduction 

Regressive evolution, a process describing the evolutionary loss of 
phenotypic traits such as limbs in snakes, wings in birds and insects, and 
eyes and pigment in subterranean animals, has long intrigued evolu-
tionary biologists (Jeffery, 2009; Wilkens and Strecker, 2017). Charles 
Darwin struggled with the idea of regressed features, particularly in 
subterranean animals and reasoned that; “As it is difficult to imagine that 
eyes, though useless, could be in any way injurious to animals living in 
darkness, their loss may be attributed to disuse…” (On the Origin of Spe-
cies, 1872p. 139); an unexpected statement largely accepting La-
marckian theory. Incredibly, >160 years later, there is still considerable 
debate surrounding the evolutionary mode of trait loss, particularly eye/ 
vision loss in subterranean animals, with major theories largely based on 

neo-Darwinian selection or the neutral theory of molecular evolution 
(Kimura, 1983; Culver and Wilkens, 2000; Jeffery, 2009; Rétaux and 
Casane, 2013; Wilkens, 2020). 

Selectionist arguments for regressive evolution propose that an 
advantage is gained by the subterranean species due to the loss of the 
functional trait and that selection can manifest in positive or negative, 
direct or indirect manners (Breder, 1942; Jeffery et al., 2000; Yamamoto 
et al., 2003; Menuet et al., 2007; Protas et al., 2007; Jeffery, 2009). For 
example, direct negative selection results from the unneeded trait (e.g., 
eyes in subterranean animals) causing lower fitness to the individual (e. 
g., by increasing the chance of injury in the dark). Positive selection 
results in the deletion of an unneeded trait by either direct selection (e. 
g., reducing energy expenditure in a resource poor environment; Moran 
et al., 2015) or indirect selection, with positive selection to enhance the 
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fitness of individuals (e.g., improvement of sensory systems in an 
aphotic environment) indirectly leading to the loss of a trait (e.g. via 
pleiotropy or genetic hitchhiking; Yamamoto et al., 2003; Espinasa and 
Espinasa, 2008; Jeffery, 2009). Conversely, neutral theory of molecular 
evolution argues that traits can be lost through pseudogenisation of 
functional genes that are specific to the trait via accumulated random 
mutations and genetic drift in the associated genes, as there is no longer 
positive or purifying selection acting upon the gene to maintain the 
encoded trait (Kimura, 1968; Yokoyama et al., 1995; Wilkens, 2010, 
2020). Despite widespread acceptance that many parts of the genome 
are under the influence of such neutral processes (Lynch, 2007; Ho et al., 
2017; Kumar and Patel, 2018; Yoder et al., 2018; Zhang, 2018), selec-
tionist interpretations remain the most strongly promoted hypotheses to 
account for eye regression in subterranean animals (Protas et al., 2007; 
Jeffery, 2009; Moran et al., 2015; Stern and Crandall, 2018; but see 
counter-arguments by Wilkens and Strecker, 2017; Wilkens, 2020). 
However, a major question is what is the evolutionary fate of genes 
involved in vision in subterranean animals? Are they pleiotropic and 
maintained by purifying selection for different essential traits, or co- 
opted into other signalling pathways (e.g., vibration detection) as an 
adaptive response to living in an aphotic environment, or do they evolve 
by neutral evolution and ultimately become pseudogenes via genetic 
drift? 

The majority of eye regression research has focused upon the model 
cavefish Astyanax mexicanus, where a wealth of genetic studies have 
provided highly informative insights into the process of eye regression, 
but have also shown that genes involved in phototransduction were 
largely intact and appeared to be still functional (Langecker et al., 1993; 
Yokoyama et al., 1995; Wilkens and Strecker, 2003; Jeffery, 2009; 
Fumey et al., 2018; Herman et al., 2018). A study of rhodopsin genes in 
subterranean crayfish (Crandall and Hillis, 1997), and photo-
transduction genes in the troglobiont beetle Ptomaphagus hirtus (Frie-
drich et al., 2011) have also shown these ‘eye’ genes to be fully 
functional. The latter species was shown to be phototactic in its 
behaviour, and, therefore, maintained an intact phototransduction sys-
tem (Friedrich et al., 2011). Crandall and Hillis (1997) suggested that 
rhodopsin may have an unrecognised function in subterranean crayfish, 
associated with circadian rhythms. An alternative explanation, however, 
is that these studies of subterranean crayfish, A. mexicanus and other 
cave fish species (see Policarpo et al., 2021) may have been unable to 
detect the actual molecular evolutionary forces operating on these ‘eye’ 
genes due to insufficient time for the accumulation and fixation of 
deleterious or amino acid changing mutations, indicative of a relaxation 
of selection (Leys et al., 2005; Niemiller et al., 2013; Tierney et al., 
2018). In support of this hypothesis, independent loss-of-function mu-
tations were found in the interphotoreceptor retinoid binding protein 
gene of marsupial moles (Springer et al., 1997), cone and rod-specific 
genes of several mole rat species (Emerling and Springer, 2014), the 
cinnabar eye pigment gene of subterranean water beetles (Leys et al., 
2005), and rhodopsin genes of multiple ancient (10.3 My) amblyopsid 
cavefish lineages (Niemiller et al., 2013). A recent comparative genome 
study by Policarpo et al. (2021) also revealed numerous cases of pseu-
dogenisation of eye-specific genes of Lucifuga cavefishes that are mil-
lions of years old. However, these studies were limited by either being 
focused on a single candidate gene (e.g. rhodopsin in Niemiller et al., 
2013, and cinnabar in Leys et al., 2005), or on genomic analyses where 
very few loss-of-function mutations on genes involved with vision have 
been found shared among different species. In a study on Lucifuga 
cavefishes, Policarpo, et al. (2021) found ~ 28% of genes involved in 
vision (20 genes) have loss-of-function mutations, however, only ~ 5% 
of genes are shared between different species (4 genes). These studies, 
therefore, do not yet have the statistical power in comparative analyses 
among species to link the aphotic environment to the loss of these spe-
cific genes. 

Here we investigate a relatively old and species rich subterranean 
invertebrate system comprised of ~ 100 described species with an 

estimated origin and diversification of ~ 3–5 Mya: subterranean beetles 
(Dytiscidae) from calcrete aquifers in Western Australia (Cooper et al., 
2002; Leys et al., 2003; Leijs et al., 2012; Watts and Humphreys, 2009). 
These calcrete aquifers represent closed environmental systems, 
with>200 known calcrete aquifer bodies resembling a subterranean 
archipelago (Cooper et al., 2002). Each calcrete aquifer hosts a unique 
suite of aquatic subterranean taxa (stygobionts), including between one 
and three diving beetle species (Leys et al., 2003; Leijs et al., 2012). The 
majority (71%) of species have independently evolved typical cave 
troglomorphies (i.e. complete loss of eyes, wings and pigment, with the 
exception of Limbodessus microocular and L. microommatoion, which 
appear to have rudimentary eyes), which collectively provide an unri-
valled opportunity for comparative genomic-scale analyses of regressive 
trait evolution (Tierney et al., 2018). The remaining 29% of the species 
which have also evolved typical cave troglomorphies, are sympatric 
sister pairs or triplets, of which each lineage appears to have indepen-
dently evolved from a single subterranean (stygobiotic) ancestor (Leijs 
et al., 2012; Langille et al., 2021). 

Our study is the first of its kind to investigate the molecular evolution 
of multiple phototransduction genes from a wide sampling of closely 
related surface and subterranean species to test whether they evolve by 
neutral molecular evolution in an aphotic environment. For photo-
transduction genes experiencing neutral evolutionary processes, our 
predictions are: i) genes should show evidence of loss-of-function mu-
tations (frameshift mutations and premature stop codons) in the enco-
ded proteins, as previously found for the eye pigment gene cinnabar 
(Leys et al., 2005), and/or increases in the rate of evolution of amino 
acid changes; ii) there should be evidence for neutral processes in 
phototransduction genes from phylogenetically (and geographically) 
independent subterranean lineages; iii) neutral processes should only 
occur in functional genes that are specific to the regressed phenotypic 
trait (i.e. pleiotropic genes involved in other essential functions should 
remain under purifying selection); and 4) more recently evolved sub-
terranean species may show relatively less or no evidence for loss-of- 
function mutations in their phototransduction genes (cf. older subter-
ranean species) due to an insufficient generational time for mutations to 
accumulate and become fixed by genetic drift. 

2. Methods 

2.1. Calcrete aquifer sampling 

A total of 31 subterranean diving beetle species from the genera 
Limbodessus and Paroster were collected from 20 calcrete aquifers in 
central Western Australia (Fig. 1a) utilising pre-drilled bore holes ~ 10 
m deep. The species were chosen to obtain a good representation of 
independently-evolved subterranean species across the phylogenies of 
Limbodessus and Paroster. Within those 31 species, six sympatric sister 
pairs or triplets of species were included, as each of these most likely 
have evolved from a stygobiotic common ancestor and represent evo-
lution entirely underground (Langille et al., 2021). Six surface species 
(A. bistrigatus, Limbodessus compactus (Clark, 1862), L. rivulus (Larson, 
1994), Neobidessodes mjobergi (Zimmermann, 1922), P. nigroadumbratus, 
and P. gibbi (Watts, 1978)), that are closely related to the subterranean 
species, were sampled from surface pools (SI2). Collected specimens 
were preserved in RNAlater, 100% ethanol or snap frozen in liquid 
nitrogen. 

2.2. Transcriptome analyses 

We used transcriptome data for five species (two surface species: 
A. bistrigatus and P. nigroadumbratus, and three subterranean species: 
P. macrosturtensis, N. gutteridgei and L. palmulaoides) from Tierney et al. 
(2015). Transcriptome data were also derived from an additional five 
subterranean species using single whole-body RNA extractions. RNA 
(and DNA) was extracted using an AllPrep DNA/RNA Micro kit (Qiagen, 
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Chadstone, VIC, AUS), initially homogenizing each beetle in lysis buffer 
containing β-mercaptoethanol plus a steel bead on a Mixer Mill (Qia-
gen). Species identification was checked by PCR amplifying a COI mo-
lecular barcode from the DNA extract (primers M202/M70; Leys et al., 
2003), followed by BLASTn analysis to compare the sequence to the 
NCBI nucleotide database. Stranded Illumina sequencing libraries were 
prepared with the NuGEN Universal Plus mRNA-Seq kit (Tecan, Red-
wood City, CA, USA). Input concentrations ranged from 15 ng to 93 ng. 
These sequencing libraries were sequenced on two lanes of a NovaSeq 
6000 SP at the Australian Genomics Research Facility Melbourne, 
generating 150 bp paired-end reads. A library preparation blank was 
included in the sequencing run. 

The short read RNA-seq data (308.82 Gb) were examined for quality, 
overrepresented sequences and adapter contamination in FASTQC, and 
visualized in R v.3.6.2 (R core team, 2020) using the ngsReports package 
(Ward et al., 2019). Adapters were trimmed from the right hand side of 
each read and then paired reads were merged using BBDuk and BBmerge 
(Bushnell, 2015) respectively. Over 82% of the reads could be joined and 
average sequence length was between 155 and 162 bp. Merged reads 
were assembled using the Trinity RNA-Seq De novo Assembler (htt 
ps://github.com/trinityrnaseq/trinityrnaseq/wiki; Trinity-v2.8.5), 
with the sense strand set to forward. 

De novo assemblies of putative transcripts of all ten species were used 
to identify and annotate 18 phototransduction genes (as per methods in 
Tierney et al., 2015). Briefly, we used the Tribolium castaneum isoform 
with the longest coding sequence available on GenBank for each pho-
totransduction gene of interest as a query sequence to conduct tBLASTx 
searches of each transcriptome. The dytiscid sequence corresponding to 
the top hit (by E-value) from these searches was retained and validated 
against the NCBI’s GenBank database using BLASTn, with matches 
considered “good” at > 50% coverage and > 70% sequence identity to a 
sequence corresponding to the gene of interest from an insect species. 
Sequences were discarded if their top GenBank hit in BLASTn 

corresponded to a non-insect species or an incorrect gene of interest. 
Eighteen photoreceptor genes were identified using the above methods 
(Table 1). To detect the possible presence of transcribed pseudogenes, 
the transcriptome assemblies for subterranean species were further 
scrutinised by BLASTn analyses in Geneious (version 10.2.4) using query 
sequences derived from surface dytiscid orthologues for each of the 18 
photoreceptor genes. All transcript sequences were then further assessed 
for the presence of full or partial open reading frames (herein referred 
collectively as ORF) using Geneious. Here, we assume a full ORF encodes 
a functional protein, and where there was no evidence of a frameshift 
mutation or premature stop codon in a partially sequenced gene, we 
have conservatively called the gene functional, although additional 
sequence data in the future may show it to be non-functional. Cleaned 
reads were mapped back to each sequence that showed evidence of 
pseudogenisation (frameshift mutations and stop codons) using BWA 
v.0.7.12 (Li and Durbin, 2009). The resultant BAM files were examined 
in IGV v.2.3.92 (Robinson et al., 2011; Thorvaldsdóttir et al., 2013) to 
confirm each frameshift or nonsense mutation was not the result of as-
sembly errors caused by low/excess sequence coverage, poor consensus 
calling or incorrect read joining. We have referred to frameshift muta-
tions or the presence of premature stop codons as “loss-of-function” 
mutations in line with other studies (e.g. Policarpo et al., 2021), how-
ever, it was beyond the scope of the study and the limits of the study 
system to experimentally test the functionality of the proteins. 

Eight genes showed the presence of transcripts in surface species that 
were either absent or contained frameshift mutations or stop codons in 
the subterranean species (Table 1). Given that the absence of a transcript 
may not necessarily indicate the gene is absent or non-functional we 
used targeted exon capture to enrich and sequence these genes from 
genomic DNA. We also included inactivation no afterpotential D (inaD) as 
a control for a gene likely to be evolving under purifying selection due to 
its known pleiotropic role in Drosophila (from flybase; SI1). RNA baits 
were designed from the orthologous transcript sequences of the surface 

Fig. 1. a. Map of the Yilgarn Region based on a previously published map from Cooper at al. 2008 of Western Australia showing locations of calcretes (black) 
sampled for this study. Numbers correspond to names in SI2. Central Mt. Wedge is found well outside of this map at the coordinates 22.85◦ S, 131.82◦ E. b. 
Phylogenetic tree of dytiscid beetles used in the current study based on maximum likelihood analyses of COI and nuclear data, and heatmap displaying details of the 
nine phototransduction genes. Red branches in the phylogenetic tree represent subterranean lineages, black branches represent surface lineages. Shaded boxes 
indicate sister species found in the same calcrete aquifers, with different colors for each sister group. Numbers in front of species names correspond to calcretes on the 
map. Heat map: yellow (IRF interrupted reading frame) indicates the presence of deleterious mutations (frameshift and stop mutations) indicative of pseudogeni-
sation; green indicates intact genes with open reading frames (ORFs); grey indicates genes that failed to be captured and sequenced. Example beetles are given to 
highlight the differences between subterranean and surface species. From top down: Allodessus bistrigatus (surface species), Paroster macrosturtensis, P. mesosturtensis, 
and P. microsturtensis. (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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species A. bistrigatus and P. nigroadumbratus and synthesized by Arbor 
Biosciences (Ann Arbor, MI). 

2.3. Library preparation 

We extracted DNA from whole beetles following the Gentra whole 
genomic DNA from tissue protocol (Gentra Systems, Inc.) with the 
following modifications: 0.5 μL of glycogen was used instead of 2 μL and 
precipitated DNA was centrifuged for 15 min instead of 10 min at 4 ◦C. 
We measured DNA concentrations using a Qubit 2.0 fluorometer (Life 
Technologies) using a dsDNA quantification kit, and we pooled multiple 
samples when<1 ng/μL. For P. nigroadumbratus, we used previously 
extracted DNA, which had been stored at − 80 ◦C. Starting material for 
sonication ranged from 100 ng to 500 ng. We sheared DNA to an average 
fragment distribution of 400–600 bp using an on/off setting of 30/30 for 
2 cycles, in a Diagenode Bioruptor sonicator. DNA fragment sizes were 
subsequently verified using a High Sensitivity D1000 screen tape 
following the accompanying kit protocol for an Agilent 4200 TapeSta-
tion System. 

Following sonication, we constructed sequencing libraries using the 
Meyer and Kircher protocol (Meyer and Kircher, 2010) using double 
indexing primers (Hugall et al., 2015; Glenn et al., 2016). We assessed 
the success of library preparation by measuring DNA concentration 
using a standard qPCR run in a LightCycler 96 Real-Time PCR System, 
following the manufacturer’s protocol. All samples underwent a 
0.9–1.8X Ampure XP bead clean-up after each step and as a final step 
following Meyer and Kircher (2010). 

2.4. Hybridization of baits to libraries and sequencing 

Prior to capture we divided the target baits into ¼ capture reactions. 
We enriched each species in its own ¼ capture or added a maximum of 

two species together in ¼ capture to ensure maximum targeting of each 
species. We performed the enrichment following the Arbor Biosciences 
myBaits user manual v2. The enrichment was performed at 65 ◦C for a 
period of 44 h for the first enrichment which contained Limbodessus 
palmulaoides, and 18 h for all other enrichments, as we determined that 
18 h was sufficient for hybridisation. 

We verified enrichment success with qPCR as previously mentioned 
and used a TapeStation for visualization of fragments to confirm they 
were within the correct size range for sequencing. Size selection was 
performed using Ampure XP beads in order to reduce the small bp size 
fragments (Meyer and Kircher, 2010). All samples were pooled in equal 
concentrations and subsequently concentrated to 30 μL. The first pool 
contained six pooled samples (four different species), the second con-
tained eight pooled samples (eight different species), the third contained 
22 pooled samples (18 different species) and the final pool contained 15 
pooled samples (12 different species). Each pool was run on its own lane 
on the Illumina MiSeq platform (AGRF facility in Adelaide, Australia), 
obtaining 300 bp paired-end reads for captures one, two and four, and 
150 bp paired-end reads for capture three. We chose the smaller read 
return for capture three because starting material was fragmented into 
sizes too low for 300 bp paired end reads. 

2.5. Bioinformatics 

2.5.1. Quality assessment and mapping 
Raw sequencing reads for each species were assessed using FASTQC 

v.0.11.3 (Babraham Institute). Poor quality bases and Illumina adapter 
sequences were then trimmed using BBDuk v.2 with the following pa-
rameters: literal = AGATCGGAAGAGCAC,AGATCGGAAGAGCGT ktrim 
= r k = 15 mink = 15 hdist = 0 tbo qtrim = rl trimq = 20 minlength = 30 
threads = 10. Cleaned reads were mapped to transcriptome generated 
genes of either A. bistrigatus (for Limbodessus species), or 

Table 1 
Photoreceptor genes detected in transcriptomes retrieved from Tierney et al. (2015) and newly obtained data. Green cells indicate the transcript had an open reading 
frame, yellow cells indicate the presence of a disrupted open reading frame due to frameshift mutations and/or stop codons, and white cells with a dash indicate the 
transcript was not detected. Additionally, ‘*’ indicates a partial transcript detected and ‘ǂ’ indicates the transcript likely contains retained intronic sequence.  

A.bis (Allodessus bistrigatus), P.nig (Paroster nigroadumbratus), L.cue (Limbodessus cueensis), L.ebe (L. eberhardi), L.hin (L. hinkleri), L.pal (L. palmulaoides), L.pul 
(L. pulpa), N. gut (Neobidessodes gutteridgei), P. mac (Paroster macrosturtensis), P. mes (Paroster mesosturtensis). 
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P. nigroadumbratus (for Paroster species), using BWA v.0.7.12 with 
default parameters and the resulting alignments converted to BAM 
format, only retaining mapped reads, using SAMTools v.1.3.1 (Li et al,. 
2009). Trimming and mapping steps were implemented in a Unix shell 
script (https://github.com/babslangille/NGS-workthrough/blob/ 
main/indexing-and-mapping) on a 12-core virtual machine on the 
NeCTAR research cloud (National Research Infrastructure for Australia) 
under an Ubuntu 16.04 LTS image. BAM files were viewed in IGV 
v.2.3.92 to visually identify exon-intron junctions (i.e. presence of 
softclips to the left in some sequences and to the right in others of a 
particular position), which were manually separated. Subsequently, 
each intron position was padded with 100 ‘Ns’, and genes were subse-
quently re-mapped to the new reference sequences which allowed reads 
to span intron/exon boundaries. 

Cleaned reads for each species were de novo assembled using four 
different assemblers to optimize successful coverage of exons across 
genes and to verify that the mapping approach detected all sequences: 
IDBA v.1.1.1 (Peng et al., 2010), RAY (Boisvert et al., 2010), SPAdes 
v.3.13.0 (Bankevich et al., 2012) and Celera v.8.3 (WGS; Denisov et al., 
2008). All assemblies were viewed in Geneious (Kearse et al., 2012) and 
subsequently compared to a custom BLASTn database containing the 
photoreceptor genes from the transcriptome data of the two surface 
species. Geneious was also used to map cleaned reads to the same 
reference sequences as mentioned above (the reference was chosen 
based on relatedness to species being mapped and was either 
L. compactus, A. bistrigatus, or P. nigroadumbratus), as a comparison to 
our BAM files, in order to verify mapping quality, but also to extend final 
sequences if possible. We wanted to be thorough when verifying gene 
sequences to eliminate all possibility of base errors in assemblies that 
would give the appearance of a pseudogene (Sharma et al., 2020). The 
general coverage of exons was higher in the first and second pool as less 
samples were pooled, resulting in hundreds to thousands of per base 
sequencing depth. The general coverage was consistently lower in the 
remaining two pools, as we would expect due to the pooling of samples 
for sequencing, resulting in less than a hundred sequence coverage. The 
coverage was consistently lower near the edges of the exons, due to an 
issue termed the ‘edge effect’ (Bi et al., 2012), consistent with other 
studies (Bragg et al., 2016; Portik et al., 2016; Puritz and Lotterhos, 
2018). 

2.5.2. Orthology of genes 
We used the BLASTn feature within GenBank to verify that the exon 

sequences we captured were orthologous to the target genes. An 
orthologous match was considered positive when identities were greater 
than or equal to 70% (Tommaso et al., 2011) and the best BLAST hits 
were to verified orthologous genes from coleopteran taxa (Ensembl 
Metazoa; https://metazoa.ensembl.org/). Exon sequences were concat-
enated and then the gene sequences were further scrutinised for their 
orthology to target genes using phylogenetic analyses. Sequences of 
each gene (arr1, arr2, c-opsin, lwop, uvop, inaD, ninaC, trp, and trpl) were 
aligned independently with CLUSTALW, or using the global pairwise 
alignment function in Geneious, and manually adjusted by eye. We 
conducted maximum likelihood (ML) analyses for each different gene 
alignment using RAxML-HPC Blackbox v.8.2.12 (Stamatakis, 2014) 
through the CIPRES Science Gateway (Miller et al., 2010), using default 
parameters (GTR + G model of evolution), with orthologous reference 
sequences obtained from GenBank (SI3). Final gene trees were viewed 
and edited in FigTree v.1.4.3 (Rambaut, 2012). To produce a compar-
ative independently-derived phylogenetic tree, we also carried out a 
maximum likelihood phylogenetic analysis, as given above, of the 37 
dytiscid species used in exon capture analyses, utilising a concatenated 
alignment comprising cytochrome c oxidase subunit I gene (COI) and the 
nuclear genes wingless (wg), topoisomerase (TOP1) and arginine kinase 
(argk). We avoided using the entire gene set (i.e. arrestins, opsins and 
trps) as these genes may incorrectly skew the topology due to pseudo-
genisation. Methods for PCR-amplification and sequencing of these 

genes are given in Langille et al. (2021), with the exception that full 
length COI sequence data were derived from bi-catch assemblies of exon 
capture sequence data from 21 species. GenBank accession numbers for 
new sequences are ON099067 - ON099397, and ON064371 - 
ON064383. 

2.5.3. Pseudogene assessment 
All sequences of each phototransduction gene were translated and 

visually assessed for ORFs to determine whether the sequences had 
frameshift mutations (insertions or deletions that result in a codon 
frameshift) and premature stop codons indicative of pseudogenisation. 
We assessed the read quality of these sites for sequencing or assembly 
errors using methods given above for the transcriptome analyses, or by 
mapping raw reads onto the sites using the Geneious Map to Reference 
function, with medium sensitivity – fast, and three iterations. Mutations 
were considered verified if they were supported by at least five inde-
pendent (non-PCR duplicate) reads. 

2.5.4. Tests of selection 
We would expect genes evolving under neutral evolution to show 

increased rates of amino acid changing (nonsynonymous) substitutions 
(dN), with the ratio (ω)of nonsynonymous to synonymous substitutions 
(dS) approaching one (i.e. ω = dN /dS = 1), whereas under purifying 
selection, ω values would be significantly less than one. It is usually 
unclear at which exact point along a terminal branch leading to a sub-
terranean species, that a surface species first colonised the calcrete and 
evolved in darkness. Therefore, these branches involve periods of evo-
lution on the surface, with vision genes under purifying selection (ω <
1), and a period underground with vision genes potentially evolving 
neutrally (ω = 1) Hence, overall ω will on average be significantly less 
than one. To overcome this problem, we utilised a unique feature of the 
subterranean dytiscid system: clades containing sympatric sister species, 
for which there is strong evidence that these species evolved from sub-
terranean ancestors (Leijs et al., 2012; Langille et al., 2021). In these 
cases, the entire branch for these taxa would not comprise any period of 
evolution on the surface (i.e. ω = 1 is the expectation for neutrally 
evolving genes). 

We employed Datamonkey v.2.0 (datamonkey.org; Weaver et al., 
2018) for phylogenetic hypothesis testing. We computed the fixed effect 
likelihood (FEL; Pond and Frost, 2005), which is a site-specific method 
that calculates ω independently at each codon position. We also carried 
out branch by branch analyses (RELAX in HyPhy; Wertheim et al., 
2015b) comparing the terminal branches of surface species to subter-
ranean sympatric sister species terminal branches. Under this model, k 
> 1 is indicative of purifying selection, while k < 1 is indicative of 
relaxed selection. RELAX requires proper codon structure; therefore, all 
insertions or deletions that were not a multiple of three were removed to 
acquire the correct reading frame, an ‘N’ was added to the third position 
of stop codons, and deletions were filled with Ns until the expected 
reading frame was obtained. Both the null and alternative model esti-
mate ω for each branch of the tree; however, the null model does not 
transform the branches, whereas the alternative model estimates k 
which transforms ω for two different branch classes. 

3. Results 

3.1. Transcriptome analyses 

Transcriptome data from two surface species (Allodessus bistrigatus 
(Clark 1862), Paroster nigroadumbratus (Clark 1862)) and eight subter-
ranean species (Limbodessus cueensis (Watts and Humphreys 2000), 
Limbodessus eberhardi (Watts and Humphreys 1999), Limbodessus hinkleri 
(Watts and Humphreys 2000), Limbodessus palmulaoides (Humphreys 
2006), Limbodessus pulpa (Watts and Humphreys 1999), Neobidessoides 
gutteridgei (Watts and Humphreys 2003), Paroster macrosturtensis (Watts 
and Humphreys 2006), and Paroster mesosturtensis (Watts and 
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Humphreys 2006)), were used to identify 18 phototransduction genes 
(SI1; Tierney et al., 2015). A comparison of surface and subterranean 
species revealed that eight of these genes; arrestin 1 (arr1), arrestin 2 
(arr2), neither inactivation nor afterpotential C (ninaC), invertebrate c- 
opsin (c-opsin), long wavelength opsin (lwop), ultraviolet opsin (uvop), 
transient receptor potential (trp), and transient receptor potential-like (trpl)), 
showed either (i) evidence for pseudogenisation via frameshifts leading 
to aberrant stop codons in the encoded sequence, or (ii) no detectable 
transcription in subterranean species (Table 1). The remaining 10 pho-
totransduction genes all had open reading frames (ORFs) in both sub-
terranean and surface species, each encoding highly conserved amino 
acid sequences. 

3.2. Targeted capture of candidate phototransduction genes 

We further evaluated the nucleotide and amino acid sequences of the 
phototransduction genes displaying evidence of pseudogenisation, or an 
absence of transcription in subterranean species, using targeted exon 
capture from nuclear DNA (Gnirke et al., 2009) with RNA baits designed 
from the gene sequences of surface species A. bistrigatus and 
P. nigroadumbratus (Tierney et al., 2015). We also included inactivation 
no afterpotential D (inaD) as a positive control of a gene we predicted to 
be fully functional based on: (i) the finding of ORFs for five subterranean 
species and (ii) due to its pleiotropic role in sound detection (SI1, Sen-
thilan et al., 2012). We obtained exon sequence data for the above nine 
genes for six surface species and 31 subterranean species (21 Limbodessus 
and 10 Paroster), including five groups of sympatric sister species from 
20 calcrete aquifers (Fig. 1; SI2). Capture success was high in the surface 
species, but it was variable in the subterranean species (SI2). Two genes 
(ninaC and UV opsin) had no captured sequences in 12 and 16 of the 31 
subterranean species respectively. However, the levels of missing data 
were not consistent across all nine genes for one species, or across one 
gene for all 31 species. These results suggest that the capture success was 
most likely influenced by sequence divergence from surface ancestors, 
rather than the quality of the RNA-baits, DNA samples, or the 
sequencing depth. 

3.3. Pseudogene assessment 

When we compared the nine genes (SI3; SI4) from the subterranean 
species to the orthologous genes in the surface species, we detected 
mutations, indicative of pseudogenisation (i.e. insertions and deletions, 
leading to frameshifts or nonsense mutations), which resulted in a 
truncation of the encoded proteins in eight of the genes: arr1, arr2, 
ninaC, c-opsin, lwop, uvop, trp, and trpl (Fig. 1b; SI5 for alignments and 
SI6 for table of deleterious mutations associated with each alignment). 
In general, each pseudogene from each subterranean species contained 
its own unique combination of protein-altering mutations (see SI6), with 
pseudogenisation detected as follows: arr1 (17 pseudogenes from 31 
subterranean species where exon capture was successful), arr2 (22/30), 
ninaC (14/19), c-opsin (22/28), lwop (24/31), uvop (11/15), trp (4/28), 
and trpl (18/28) (Fig. 1b). In most of these cases, the deleterious mu-
tations occurred independently in the terminal lineages leading to each 
subterranean species. Exceptions to this observation were detected for 
several sympatric sister species pairs and triplets, where some mutations 
may have occurred in the common ancestor of each pair or triplet of 
subterranean species. In addition to the shared mutations reported for 
Paroster taxa by Langille et al. (2021), we observed two shared deletion 
mutations in the phototransduction genes of sympatric sister species of 
Limbodessus taxa, including L. micromelitaensis (Watts and Humphreys, 
2009) and L. melitaensis (Watts and Humphreys 2006) (30 bp deletion in 
trpl) and L. sweetwatersensis (Watts and Humphreys 2003) and L. silus 
(Watts and Humphreys 2003) (3 bp deletion in Arr2), suggesting these 
mutations occurred in the common ancestor branch of each pair of 
species. Two additional shared mutations (a 1 bp deletion and a 24 bp 
deletion; see SI6) in Arr2 were found for the sister species L. leysi (Watts 

and Humphreys 2006) and L. windarraensis (Watts and Humphreys 
1999) from adjacent calcretes, further suggesting these occurred in their 
common ancestor, which was likely to have been a stygobiont. Last, 
several shared insertion (1–2 bp) mutations at position 25 of Arr2 in 
Limbodessus species (lapostaae (Watts and Humphreys 1999), macro-
tarsus (Watts and Humphreys, 2003), millbilliensis (Watts and Hum-
phreys, 2006), palmulaoides and pulpa) were also detected, but these 
occurred in a 7 bp homopolymer run of As, and the distant phylogenetic 
position of the taxa involved (see Fig. 1) suggest these were cases of 
independently evolved insertion mutations. In contrast to the eight 
above genes, we recovered ORFs for inaD sequences in all surface and 
subterranean species. However, we also detected ORFs for trp from all 
subterranean Limbodessus species, in contrast to Paroster species where 
four trp pseudogenes were detected. 

3.4. Tests of purifying selection and neutral evolution 

HyPhy site by site fixed effect likelihood analyses (Pond and Frost, 
2005; SI7)) showed that for all eight candidate genes, subterranean 
species exhibited elevated ω values (ω range 0.461–1.519) compared to 
surface species (ω range 0.006–0.229). The positive control gene (inaD) 
exhibited a similar but less pronounced trend: subterranean ω range 
0.243–0.371; cf. surface ω range 0.042–0.085). We also ran the HyPhy 
branch model to test for relaxed selection (RELAX; Kosakovsky et al., 
2015a), and in all cases an alternative model, allowing transformation to 
a different branch class, fitted the data better, based on likelihood ratio 
values (Table 2). Most genes had a significant (p < 0.001) k value of less 
than one (range 0.00 to 0.59), indicating a relaxation of selection of 
these genes in subterranean species. The exception was Limbodessus and 
Paroster inaD and trp, which showed non-significant k values (Table 2). 

4. Discussion 

The evolutionary processes that lead to the loss of vision in subter-
ranean animals, either via selection or neutral evolution have been 
widely debated (Culver and Wilkens, 2000; Jeffery, 2009; Rétaux and 
Casane, 2013; Wilkens, 2020). Using a unique system comprising 
independently evolved subterranean water beetles we have explored the 
molecular evolutionary forces that are operating on genes involved in 
phototransduction. Our results revealed that eight genes responsible for 
a variety of functions along the phototransduction pathway (arr1, arr2, 
ninaC, c-opsin, lwop, uvop, trp, and trpl) showed direct evidence of neutral 
molecular evolutionary processes leading to parallel pseudogenisation 
among 31 subterranean species of the dytiscid beetle genera Paroster and 
Limbodessus (Fig. 1) and one from the genus Neobidessodes (N. gutteridgei, 
transcriptome data only; Table 1). In contrast, 10 phototransduction 
genes had open reading frames in all species studied and were found to 
be transcribed in both subterranean and surface species. Based on gene 
expression studies in Drosophila melanogaster Meigen, 1830 (http://fly 
base.org/), it is likely that these 10 genes are pleiotropic and are 
maintained by purifying selection because they have other biological 
functions in addition to phototransduction (SI1). 

These findings provide strong support for the hypothesis that genes 
which are specific in their function for traits that are no longer required 
(e.g., eyes and pigment in subterranean animals) ultimately develop into 
pseudogenes and that, given sufficient time, the loss of a light detection 
system will be irreversible. Our study cannot rule out that selection may 
operate via antagonistic pleiotropy (Jeffery, 2009) or energy conserva-
tion (Moran et al., 2015) in the initial loss of vertebrate eye phenotypes 
(see Wilkens, 2020 for the neutral evolution case). However, we contend 
that the absence of selective processes are a major contributing factor to 
the loss of photoreception from a functional molecular evolutionary 
perspective. Our finding of expressed pseudogenes in relatively 
anciently evolved (>3–5 my; Leijs et al., 2012) subterranean dytiscid 
lineages (e.g. Arr1, Arr2, ninaC, and trpl in P. macrosturtensis) suggests 
that the switching off of the light detection system may be a slow 
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process, involving genetic drift and the random accumulation of muta-
tions in regulatory regions (e.g., promoter regions) leading to the 
absence of transcription, or major loss-of-function mutations (e.g., 
frameshift, nonsense and key missense mutations) in exon regions, 
which truncate or modify important active sites in the encoded proteins. 
Interestingly, behavioural studies suggest that P. macrosturtensis has 
retained phototactic ability (i.e. avoids lighted zones; Langille et al., 
2019), most likely from an interstitial ancestor (Langille et al., 2021), 
despite the species having a complete absence of eyes/eye structures and 
living for millions of years in darkness (Leijs et al., 2012). Evidence for 
this behaviour further suggests that the genes Arr1, Arr2, ninaC and trpl 
may have retained some level of functionality in P. macrosturtensis, 
despite the evidence for their pseudogenisation. Overall, the above 
findings of retained phototactic behaviour in a permanently aphotic 
environment, and transcription of phototransduction pseudogenes in the 
subterranean dytiscid species, suggest that loss-of-function mutations 
are unlikely to have been driven to fixation by natural selection. A 
remaining question, however, is how many ‘vision’ genes are on the 
pseudogene trajectory in the subterranean dytiscids? 

There is mounting evidence from analyses of Drosophila that photo-
transduction genes could be involved in a range of other signalling 
pathways in insects. Arrestins Arr1 and Arr2 were found to be expressed 
in olfactory neurons, suggesting that these visual genes are important in 
olfaction (Merrill et al., 2002). Merrill et al. (2002) also found detectable 
alterations in electropalpogram (EPG) and electroantennogram (EAG) 
recordings when mutations to these arrestins were present, providing 
strong evidence for their direct function in Drosophila olfaction. Audi-
tory defects have been found linked to various visual genes (as well as 
others) including trp, trpl, and rhodopsins (Senthilan et al., 2012). 
Several studies also suggest that visual genes (e.g. rhodopsin) may play a 
role in thermosensation in Drosophila (Shen et al., 2011; Sokabe et al., 
2016). We realize Drosophila is a very different order from those in the 
beetle system; however, these findings compared to our own raise the 
intriguing possibility that the subterranean beetles have also lost one or 
more of these additional signalling systems that may no longer be 

required for living in a thermally stable and dark groundwater envi-
ronment. The finding that trp has ORFs and appears to be functional in 
all subterranean Limbodessus species studied to date, but not all Paroster 
species (see Fig. 1), suggests that trp may have retained a pleiotropic role 
in a signalling pathway, unrelated to vision, within the former genus. 

In many study systems, the ability to detect the mode of evolution 
operating on genes, specifically associated with regressed traits, is 
potentially hampered by insufficient time for the accumulation and 
fixation of mutations that result in pseudogenisation (Podlaha and 
Zhang, 2010). The beetle species Limbodessus microocula (Watts and 
Humphreys, 2004) and Limbodessus micrommatoion (Watts and Hum-
phreys, 2006) are the only subterranean dytiscid species found so far 
with rudimentary eyes, are more recently evolved (~1.5 my, Leijs et al., 
2012) from a surface ancestor, and showed only two cases of pseudo-
genisation in the vision genes studied here. Conflicting evidence has 
been found in the opsin genes of subterranean animals; some studies 
have found opsin genes with full open reading frames (e.g. crayfish: 
Crandall and Hillis, 1997; Amphipoda: Carlini et al., 2013; Astyanax 
cave fish: Yokoyama et al., 1995; Lucifuga cave fish: Policarpo et al., 
2021), while other cave fish studies have shown evidence of pseudo-
genisation of opsin genes (Phreatichthys andruzzii: Calderoni et al., 2016; 
amblyopsid species: Niemiller et al., 2013). On the other end of the 
spectrum, there are also cases in which opsin genes can simply not be 
found in the genome. Such is the case in centipedes: Strigamia (Minelli, 
2015) and bathynelids: Allobathynella bangokensis (Kim et al., 2017), 
which may be due to the extreme length of time in which they have been 
underground. We have shown that in order to acquire clear evidence to 
support the mode of gene evolution in cave animals, one needs a system 
that has evolved in the dark for millions of years. However, too much 
time may also erase our ability to detect evolutionary mechanisms. 

The subterranean diving beetle system comprises relictual taxa that 
have been underground for millions of years, with multiple indepen-
dently evolved subterranean species, and additional sympatric sister 
species that have likely speciated underground (Leijs et al., 2012; Lan-
gille et al., 2021). These attributes make the study system both robust 

Table 2 
Branch corrected (RELAX), independent comparisons of surface and subterranean sympatric sister species branches for determination of selection strength (k).  

Species Gene Model logL AICc np k p-value LR 

Limbodessus arr1 null  − 3830.5  7746.8 65  1.00 –  –   
alternative  − 3819.7  7746.7 66  0.00 < 0.001  20.51  

arr2 null  − 4692.4  9514.4 71  1.00 –  –   
alternative  − 4680.6  9514.4 72  0.22 < 0.001  23.49  

inaD null  − 4461.6  9068.2 72  1.00 –  –   
alternative  − 4460.5  9067.9 73  4.57 0.125  2.35  

c-opsin null  − 4344.7  8842.5 71  1.00 –  –   
alternative  − 4356.5  8842.5 72  0.17 < 0.001  23.59  

lwop null  − 3141.5  6408.7 69  1.00 –  –   
alternative  − 3133.8  6408.7 70  0.28 < 0.001  15.40  

trp null  − 6027.6  12199.7 72  1.00 –  –   
alternative  − 6027.5  12201.7 73  1.10 0.762  0.09  

trpl null  − 6207.8  12508.4 67  1.00 –  –   
alternative  − 6185.0  12508.4 68  0.00 < 0.001  45.62 

Paroster arr1 null  − 3490.1  7030.8 45  1.00 –  –   
alternative  − 3466.1  7030.8 46  0.00 < 0.001  47.99  

arr2 null  − 3218.1  6492.3 39  1.00 –  –   
alternative  − 3204.1  6492.3 40  0.05 < 0.001  27.94  

inaD null  − 4237.8  8572.0 45  1.00 –  –   
alternative  − 4235.6  8572.0 46  0.59 0.035  4.45  

c-opsin null  − 2940.7  5964.3 41  1.00 –  –   
alternative  − 2937.2  5964.3 42  0.05 0.008  7.00  

lwop null  − 3873.1  7787.4 43  1.00 –  –   
alternative  − 3854.0  7787.4 44  0.00 < 0.001  38.18  

trp null  − 1049.2  2155.8 35  1.00 –  –   
alternative  − 1047.8  2155.8 36  0.00 0.089  2.90 

np = number of parameters. 
k = selection intensity parameter, where a significant k > 1 indicates intensification of selection and a significant k < 1 indicates a relaxation of selection. 
Bonferroni corrected p-value, where p < 0.007 and p < 0.008 indicates significance for Limbodessus and Paroster, respectively. 
LR = likelihood ratio. 
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and statistically powerful for understanding the evolutionary forces that 
may, or may not, be operating on the genome of organisms evolving in 
an aphotic environment. 
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