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Abstract
African cichlid fishes are a prime model for studying speciation mechanisms. Despite 
the development of extensive genomic resources, it has been difficult to determine 
which sources of genetic variation are responsible for cichlid phenotypic variation. 
One of their most variable phenotypes is visual sensitivity, with some of the larg-
est spectral shifts among vertebrates. These shifts arise primarily from differential 
expression of seven cone opsin genes. By mapping expression quantitative trait loci 
(eQTL) in intergeneric crosses of Lake Malawi cichlids, we previously identified four 
causative genetic variants that correspond to indels in the promoters of either key 
transcription factors or an opsin gene. In this comprehensive study, we show that 
these indels are the result of the movement of transposable elements (TEs) that cor-
relate with opsin expression variation across the Malawi flock. In tracking the evolu-
tionary history of these particular indels, we found they are endemic to Lake Malawi, 
suggesting that these TEs are recently active and are segregating within the Malawi 
cichlid lineage. However, an independent indel has arisen at a similar genomic lo-
cation in one locus outside of the Malawi flock. The convergence in TE movement 
suggests these loci are primed for TE insertion and subsequent deletions. Increased 
TE mobility may be associated with interspecific hybridization, which disrupts mech-
anisms of TE suppression. This might provide a link between cichlid hybridization 
and accelerated regulatory variation. Overall, our study suggests that TEs may be an 
important driver of key regulatory changes, facilitating rapid phenotypic change and 
possibly speciation in African cichlids.
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1  | INTRODUC TION

The genomic era promises to unlock the molecular links between 
genotype and phenotype, including the evolution of new species. 
Questions of evolutionary predictability have focused on whether 
new phenotypes result from changes in coding sequence or 
gene regulation (Carroll, 2008; Hoekstra & Coyne, 2007; Stern & 
Orgogozo, 2008). In addition, there has been a strong focus on sin-
gle nucleotide polymorphisms (SNPs) during the search for highly 
selected regions, magic genes, and islands of speciation (Malinsky 
et al., 2015, 2018; Servedio et al., 2011; Svardal et al., 2020; 
Turner & Hahn, 2010). However, evolution occurs through more 
than changes to single DNA bases. Structural rearrangements, 
such as insertions and deletions (indels; Green et al., 2010; Mills 
et al., 2006), inversions, gene duplications (Cortesi et al., 2015; 
Ohno, 1970), or whole genome duplications (Crow et al., 2006; 
Otto & Whitton, 2000) can be critical to generating evolutionary 
novelty.

The approximately 1,500 species of African cichlid fishes are a 
textbook example of adaptive radiations, characterized by pheno-
typic change in rapidly speciating lineages (Kocher, 2004; Malinsky 
& Salzburger, 2016; Seehausen, 2006). Cichlid species differ in 
many extensively studied and ecologically important phenotypes, 
including jaw morphology (Albertson et al., 2003), colour patterns 
(Allender et al., 2003; Danley & Kocher, 2001; Konings, 2008; 
Seehausen, 1996), sex determination (Gammerdinger & Kocher, 2018; 
Roberts et al., 2009), and parental care (Barlow, 2000; Sefc, 2011).

To understand the genetic basis of this diversity, the genomes 
of five species were sequenced by the Cichlid Genome Consortium 
(Brawand et al., 2014). This included one species from each of the 
three Great African Lakes, two haplochromine (Malawi, Victoria) and 
one lamprologine cichlid (Tangaynika), as well as a haplochromine 
and an oreochromine riverine species. Based on the genomic anal-
yses, at least five mechanisms were suggested to contribute to the 
unusually rapid and extensive evolutionary diversification in African 
lacustrine cichlid fish. First, there was an acceleration of gene se-
quence evolution in African cichlids when compared to other fish. 
A further acceleration, and higher dN/dS ratios, occurred in the 
haplochromine and lamprologine lineages, including genes con-
trolling development, pigmentation, and vision. Second, there was 
a 4.5–6× increase in the rate of gene duplications in the ancestor 
of the lamprologine and haplochromine cichlids, when compared to 
Oreochromis and to non-cichlid fish such as stickleback and zebraf-
ish. Third, there were 625 regulatory regions which showed acceler-
ated evolution within the haplochromine and lamprologine species. 
Fourth, there were 40 gains and nine losses of miRNAs. Finally, there 
was evidence for transposable element insertions that were associ-
ated with changes in gene expression. Although all of these mecha-
nisms are likely to contribute to cichlid diversification, they have yet 
to be tied to specific phenotypes.

The genetic architecture of some ecologically important cichlid 
traits, such as body shape, is likely to be highly polygenic. For such 
traits, the individual contributions of numerous loci of small effect 

are very difficult to determine. The link between genotype and 
phenotype is easier to make for traits with simpler genetic archi-
tectures dominated by large effect loci, including pigmentation pat-
terns (Feller et al., 2020; Kratochwil et al., 2018; Santos et al., 2014), 
some aspects of jaw development (e.g., Conith et al., 2018; Parsons 
et al., 2014; Roberts et al., 2011), or various adaptations of the vi-
sual system (e.g., Carleton et al., 2016; Malinsky et al., 2015, 2018; 
Seehausen et al., 2008; Sugawara et al., 2005).

In this study, we focus on the evolution of cichlid visual systems. 
Visual systems have the advantage that opsin genes are already 
known to play a key role in shaping visual sensitivity phenotypes. 
Opsin proteins combine with a chromophore, such as 11-cis reti-
nal, to produce visual pigments that absorb light (Yokoyama, 2008). 
The sequence of the opsin protein is key to tuning visual pigment 
sensitivity. Because of the importance of visual systems to survival, 
they are likely under strong natural selection (Davies et al., 2012; 
Goldsmith, 2013; Maan et al., 2017).

Microspectrophotometric measurements of cichlid rods and 
cones suggest that cichlid visual systems are highly variable among 
species (Jordan et al., 2006; Levine et al., 1979; van der Meer & 
Bowmaker, 1995). Cichlids have short wavelength single cones and 
longer wavelength double cones. Species can differ in whether their 
single cones are ultraviolet, violet or blue sensitive with peak sen-
sitivities varying by up to 90 nm, while green to red sensitive dou-
ble cones vary by 30–50 nm (Carleton, 2009; Jordan et al., 2006). 
Closely related species show remarkable shifts in sensitivity 
(Hofmann et al., 2009; Seehausen et al., 2008; Terai et al., 2006).

Previous work has started to identify the genetic variation un-
derlying visual diversity. Cichlids have seven cone opsin genes, which 
belong to the four vertebrate classes: very short wavelength sensi-
tive 1 (SWS1), short wavelength sensitive 2 (SWS2A and SWS2B), 
rhodopsin like (RH2Aa, RH2Ab and RH2B) and long wavelength sen-
sitive (LWS). Protein expression confirmed that these seven genes 
produce distinct visual pigments with peak sensitivities distributed 
across the spectrum from ultraviolet to red wavelengths (Parry 
et al., 2005; Spady et al., 2006). Comparisons across different spe-
cies suggest that opsin sequences may evolve rapidly and adaptively, 
but sequence differences contribute relatively small spectral shifts 
(Malinsky et al., 2015; Nagai et al., 2011; Seehausen et al., 2008; 
Spady et al., 2005; Sugawara et al., 2005; Terai et al., 2006). 
Therefore, while opsin protein sequences are important, they are 
not the primary driver of larger visual sensitivity shifts (Carleton & 
Kocher, 2001; Hofmann et al., 2009).

The larger visual sensitivity shifts are the result of differential 
expression of opsin genes. Adults are typically trichromatic, express-
ing three cone opsins (Carleton, 2009; Carleton et al., 2016). The 
three common gene combinations are the short (SWS1, RH2B, RH2A), 
medium (SWS2B, RH2B, RH2A) and long (SWS2A, RH2A, LWS) visual 
palettes (with RH2A representing either of two highly similar genes, 
RH2Aα and RH2Aβ). Although many species only express one palette 
throughout life, some species progress from the short to medium to 
long combinations through ontogeny (Carleton et al., 2008; O'Quin, 
Smith, Sharma, et al., 2011).
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To identify the loci underlying these differences in opsin ex-
pression, we previously made genetic crosses between species 
expressing different palettes. With one exception, the causative ge-
netic factors are not directly linked to the opsin genes themselves. 
Instead we found several expression quantitative trait loci (eQTL) 
acting in trans to the opsin genes (Nandamuri et al., 2018; O'Quin 
et al., 2012). Using fine mapping in crosses, and association map-
ping in natural populations, we identified the causative genes as well 
as putative mutations that might underlie these changes (Table 1). 
Retinal homeobox 1 (Rx1; Schulte et al., 2014) and microphthalmia 
associated transcription factor a (Mitfa; Nandamuri, 2018) are trans 
factors associated with changes in the expression of the SWS2A 
opsin gene. A 413 bp deletion that is 2.5 kb upstream of the Rx1 
translational start site is correlated with decreases in SWS2A ex-
pression in Lake Malawi cichlids and explains 62% of its variance 
across more than 50 species (Schulte et al., 2014). A 1.4 kb inser-
tion in intron 1 of Mitfa is correlated with an increase in SWS2A ex-
pression, though it has a smaller effect than Rx1 (Nandamuri, 2018). 
T-box 2a (Tbx2a) is a trans factor associated with expression of the 
LWS opsin (Sandkam et al., 2020). Tbx2a binds to regulatory re-
gions for both LWS and RH2 and acts to switch between these op-
sins. A 967 bp deletion that is 13.5 kb upstream of its translational 
start site causes a shift from LWS to RH2 expression. In addition to 
these three trans-acting regulatory mutations, the one cis regula-
tory change is a 692 bp deletion in the SWS1 promoter (Nandamuri 
et al., 2018). This deletion removes several conserved regulatory el-
ements and acts to shut off SWS1 expression. Therefore, in each of 
these cases, we have found a regulatory indel that either removes 
(Rx1, Tbx2a, SWS1) or adds (Mitfa) a critical regulatory region. These 
indels alter either the expression of the critical transcription factor 
affecting opsin expression, or directly alter the promoter sequence 
of the opsin itself (SWS1).

In the current study, we wanted to characterize the evolution-
ary origins and history of these loci. In addition, we wanted to ex-
plore the genomic variation underlying these four mutations. We 
find that they involve either insertions or deletions of large size 
(400–1,400 bp). The boundaries of these indels largely correspond 
to transposable elements. By examining species within and outside 
the Malawi flock, including from the sister Lake Victoria lineage, we 
discovered that these indels are recent and, with one exception, 

specific to the cichlids of Lake Malawi. Further, they are linked to an 
increase in the number of copies of particular TE families. Therefore, 
these indels explain some of the opsin expression variation segre-
gating in the Lake Malawi flock. We suggest that the movement of 
transposable elements generates sizeable indels that modify import-
ant regulatory regions (Feschotte, 2008; Zeng et al., 2018) and acts 
as an underappreciated but key source of variation helping to drive 
cichlid diversification.

2  | MATERIAL S AND METHODS

2.1 | Indel analysis

We focus on the four mutations identified in our previous QTL stud-
ies. The loci for Rx1, Tbx2a and Mitfa were identified in a cross be-
tween Tramitichromis intermedius and Aulonocara baenschi. The SWS1 
locus was characterized in a cross between Metriaclima ‘mbenji’ 
and A. baenschi. These loci were then compared to the genome of 
Metriaclima zebra as well as genomes of outgroups to Lake Malawi 
including Astatotilapia burtoni, Pundamilia nyererei and Oreochromis 
niloticus (Brawand et al., 2014; Conte et al., 2017, 2019; Feulner 
et al., 2018). This determined the relative indel size and whether a 
locus was an insertion or a deletion relative to the outgroup spe-
cies. Inserted sequences were analysed using Repbase (Kohany 
et al., 2006) using the CENSOR website (https://girin st.org/censo r/
index.php) to determine if they corresponded to known transpos-
able elements.

2.2 | Origin and phylogenetic diversity of 
indel sequences

To identify the phylogenetic origin and to estimate the age of these 
indels, we searched for them across species within and outside of 
Lake Malawi using a combination of targeted PCR and bioinformatic 
queries of whole genome sequence data. In total, 209 species and 
239 individuals were surveyed (individuals and species listed in 
Table S1). The regions were first examined in the five cichlid ge-
nome project species (Brawand et al., 2014; Conte et al., 2017, 2019; 

Locus Indel Location Opsin effect Palette Ref

Rx1 Insertion 2.5 kb 5′ of CD High SWS2A Long a

Deletion 2.5 kb 5′ of CDS Low SWS2A Short & Medium

Mitf Insertion Intron 1 High SWS2A Long b

Tbx2a Deletion 13.4 kb 5′ of CDS Low LWS Medium c

SWS1 Deletion 0.75 kb 5′ of CDS Low SWS1 Medium d

aSchulte et al. (2014). 
bNandamuri (2018). 
cSandkam et al. (2020). 
dNandamuri et al. (2018). 

TA B L E  1   Effects of loci controlling 
opsin expression. This includes whether 
the variant is an insertion or a deletion, 
its location, the opsin gene and how it is 
affected, and the opsin palette

https://girinst.org/censor/index.php
https://girinst.org/censor/index.php


     |  4959CARLETON ET AL.

Feulner et al., 2018). Next, single individuals of 53 Lake Malawi spe-
cies with known retinal opsin gene expression (Hofmann et al., 2009) 
were screened by PCR (primers in Table S2). To determine the phy-
logenetic origins of the indels, we searched additional species within 
and outside of the Lake Malawi flock. We used PCR to screen for 
the Rx1 and Mitfa indels in additional species including three (n = 1) 
from Lake Malawi, one from Lake Chilingali (a lake very close to 
Lake Malawi), and several samples of riverine Astatotilapia includ-
ing two populations (n = 1–2) of A. calliptera from Lake Malawi, and 
two A. calliptera (n = 1–2) and one sample of A. sp. “tweddlei/kilos-
sana” from the Rovuma River catchment. The A. calliptera are a sister 
group to the Lake Malawi rock dwelling clade, the ‘Mbuna’ (Malinsky 
et al., 2018). We also searched newly sequenced genomes of 103 
Lake Victoria species (86 from Lake Victoria proper, two from Lake 
Nabugabo and 15 from Lake Kyoga) as well as 14 riverine outgroup 
species. Lake Victoria species were Illumina sequenced and the 
reads mapped onto the Pundamilia nyererei genome v. 2.0 (Feulner 
et al., 2018) with bowtie v. 2 (Langmead & Salzberg, 2012). Variants 
were called with Haplotype Caller (gatk v. 3.5, McKenna et al., 2010) 
for each individual separately and subsequently combined with 
GenotypeGVCFs, gatk v. 3.5, (McKenna et al., 2010) to make 
VCF tracks for viewing in the integrative genome viewer (Robinson 
et al., 2011; Thorvaldsdottir et al., 2013). Finally, we searched 53 
additional genomes including 15 species from Lake Malawi, four 
from LVRS, four from Lake Tanganyika and 30 outgroups (Malinsky 
et al., 2018; McGee et al., 2015; Svardal et al., 2020). For these taxa, 
we searched raw reads (10–15× coverage) from the Illumina platform 
using k-mer based analysis with overlapping 27-mers identified from 
the indels and several kb of surrounding sequences from the consen-
sus of the reference genomes. The counts of occurrences of these 
k-mers were smoothed using a rolling average in windows of 20 k-
mers. The deletions had consistent k-mer counts of zero throughout 
their sequences, whereas sequences present in the genomes had 
positive k-mer counts.

In total we examined 64 species (75 individuals) from the Lake 
Malawi clade including six individuals of Astatotilapia (three A. cal-
liptera from Lake Malawi, one from Lake Massoko and two from the 
Rovuma basin), 106 species (108 individuals) from the Lake Victoria 
region superflock (LVRS), four species (four individuals) from Lake 
Tanganyika, and 35 species (52 individuals) from smaller African 
lakes and rivers (Table S1). This amounts to 239 individuals from 209 
species of haplochromine cichlids.

To place these taxa in a phylogenetic context, we used the tree 
of Meier, Marques, et al. (2017), which is based on RAD sequences 
from haplochromines of all African catchments and all major clades 
(Meier, Marques, et al. (2017, Figure S1). We replaced the Malawi 
clade in that tree to include the more extensive set of Malawi taxa 
included here, using a taxonomic tree divided into four Lake Malawi 
clades: rock, sand, pelagic, and deep (Hofmann et al., 2009) and which 
includes A. calliptera as sister to the rock dwelling clade (Malinsky 
et al., 2018). The additional 53 samples genotyped by k-mer analysis 
were grouped by neighbour joining based on distances calculated 
from a set of SNPs identified across the genome (tree includes 58 

species of which 53 were analyzed for indels; Figure S2; Malinsky 
et al., 2018). This tree had 12 clades that shared at least one species 
in common with the RAD tree from Meier, Marques, et al. (2017). We 
therefore noted how many of the species examined in this study fall 
within the clades identified by Meier, Marques, et al. (2017).

2.3 | Comparison of TE family sizes

We wanted to determine which TE families might be expanding in 
these cichlids. TE families generally consist of many highly similar 
copies spread throughout the genome. Therefore, confidently quan-
tifying TE family loci can only be done with high quality genomes built 
from long sequencing reads that span TE boundaries. Therefore, we 
focused our analysis of TE families on the long-read based genome 
assemblies of the Malawi zebra cichlid Metriaclima zebra (UMD2a; 
Conte et al., 2019) and the Nile tilapia Oreochromis niloticus (UMD1; 
Conte et al., 2017). TEs were identified and assigned to families using 
a combination of repeatmodeler and repeatmasker. First, repeatmodeler 
version open-1.0.8 (Smit & Hubley, 2010) was used to identify and 
classify de novo repeat families separately for each assembly. These 
de novo repeats were then combined with the RepBase-derived 
RepeatMasker libraries (Bao et al., 2015). repeatmasker version open-
4.0.5 (Smit et al., 2010) was run on the final anchored assembly using 
ncbi blast+ (version 2.3.0+) as the engine (“-e ncbi”) and specifying 
the combined repeat library (“-lib”). The more sensitive slow search 
mode (“-s”) was used.

TEs were then ascribed to genome locations including promot-
ers, exons, introns and intergenic regions (UTRs were included in the 
exon category). GFF3 annotations for the O_niloticus_UMDNMBU 
and M_zebra_UMD2a assemblies were downloaded from the NCBI 
RefSeq FTP site (NCBI; O'Leary et al., 2016). These GFF3 files 
were first converted to the UCSC GenePred format using the “gff-
3ToGenePred” utility with the “-refseqHacks” option enabled. The 
GenePred formatted files were then converted to BED12 using the 
genePredToBed utility. These BED files were then used to define the 
gene parts within the genomation r package (Akalin et al., 2015) to 
determine the overlap with the various TE families.

2.4 | Age of TE insertions

To obtain additional information regarding the origin of the alleles at 
these loci, we estimated the relative divergence of the alleles with 
and without the indels using sequence divergence in flanking regions 
(i.e., not including sequence for either the deleted or inserted re-
gions themselves). Homologous sequences for several regions were 
also extracted from the P. nyererei (Brawand et al., 2014; Feulner 
et al., 2018) M. zebra (Conte et al., 2019) and A. calliptera (Malinsky 
et al., 2018) genomes. For Rx1, and Mitfa, key regions were PCR am-
plified from up to 18 Lake Malawi cichlids and then Sanger sequenced 
using primers listed in Table S2. For Rx1, we compared 1.6 kb of se-
quence surrounding the indel for six species having the insertion with 
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11 species having the deletion, along with A. calliptera and P. nyererei 
which had the ancestral state lacking either insertion or deletion. For 
the Mitfa insertion in intron 1, we compared 1.88 kb of sequence cov-
ering exons 5–7. This included six species with the insertion, and six 
species plus P. nyererei without it. Sequences for the SWS1 promoter 
region were previously sequenced (Nandamuri et al., 2018) and we 
compared 1 kb surrounding the deletion in A. baenschi with 16 spe-
cies plus P. nyererei that had an intact promoter. For Tbx2a, we used 
genomic sequences and compared 1.8 kb of sequence surrounding 
the deletion for two Aulonocara baenschi individuals, which had the 
deletion, and two individuals of Tramitichromis intermedius, (Sandkam 
et al., 2020) as well as M. zebra, and P. nyererei that did not. Sequences 
for each locus were aligned using muscle (Edgar, 2004) in geneious 
10.1.3 (https://www.genei ous.com). Sections of the alignment con-
taining any inserted or deleted sequence were removed to retain just 
the surrounding sequence. Tamura Nei corrected distance trees were 
generated using Geneious's neighbour joining algorithm (Tamura & 
Nei, 1993). Sequence distances between alleles containing the indel 
and alleles that lack the indel were averaged across all possible com-
parisons. These average allelic divergences were put into context by 
calculating their ratio either to the average sequence divergence be-
tween the deepest lineages within Lake Malawi (AlleleDiv/LM) or the 
sequence divergence for Lake Malawi and Victoria species (AlleleDiv/
MV). When focusing on SNPs only, the genome wide sequence 

divergence between deep Malawi lineages is 0.001924 (Malawi 
Mbuna, A. calliptera, shallow benthic, deep benthic and sand dwelling 
utaka (N = 78) compared to (Diplotaxodon, Rhamphochromis [N = 10]) 
(Malinsky et al., 2018). The genome sequence divergence for Malawi 
lineages compared to P. nyererei in Lake Victoria is ~0.0076 (Svardal 
et al., 2020). By comparing the allelic divergence at each locus to 
these two calibrations, we can determine if the alleles arose relatively 
recently (AlleleDiv/LM < 1), around the emergence of the Malawi 
lineages (AlleleDiv/LM ~ 1) or before the Malawi flock (AlleleDiv/
LM > 1 and AlleleDiv/MV ~ 0.5–1).

3  | RESULTS

3.1 | Comparative indel analysis

The indel variants underlying differences in opsin expression are il-
lustrated in Figure 1, where the genotypes of several Malawi cichlid 
species with known opsin expression are compared with three out-
group species (A. burtoni, P. nyererei and the tilapia, O. niloticus). The 
indel locations in the M. zebra UMD2a genome are listed in Table S3, 
with the corresponding indel sequences given in Table S4. TE inser-
tions and deletions are common and there are other indels in the 
broader regions, as shown in Figures S3a–d.

F I G U R E  1   Genomic variation 
in putative causative mutations 
underlying changes in opsin expression. 
Genomic regions for three long 
palette outgroup species (in black: the 
tilapia,Oreochromis niloticus,Astatotilapia 
burtoni, andPundamilia nyererei) 
are compared to species from 
Lake Malawi (in grey:Metriaclima 
zebra,Aulonocara baenschi,Dimidiochromis 
compressicepsandTramitichromis 
intermedius). Dots are used to show which 
opsin genes are expressed in each visual 
palette in adult fish. These include the 
short (SWS1, RH2B, RH2A), medium 
(SWS2B, RH2B, RH2A) and long (SWS2A, 
RH2A, LWS) palettes. Deletions are 
shown as dashed boxes while insertions 
are shown as triangles. For simplicity, we 
show only the deletions related to our 
eQTL. However, there are other indels 
among these taxa as shown in Figure S3
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A. burtoni
P. nyererei
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SWS1 promoter (–1kb upstream of start)
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Tbx2a promoter (–13 kb upstream of start)
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With the exception of Astatotilapia calliptera and some 
Rhamphochromis, the Lake Malawi taxa at the Rx1 locus have either 
a fixed length deletion (413 bp relative to P. nyererei) or an insertion 
of varying length (268–421 bp relative to P. nyererei). The deletion 
occurs in short and medium palette Lake Malawi species at exactly 
the same location. The insertion occurs in long palette Lake Malawi 
species (and is shared with A. calliptera from the Rovuma River 
(Lucheringo)) but varies in length across species because of its re-
petitive microsatellites. The longest version occurs in Dimidiochromis 
compressiceps. Interestingly, the boundaries of the deletion are out-
side the boundaries of this insertion. We hypothesize that when the 
deletion occurred, it removed both the insertion as well as some 
surrounding ancestral sequence. However, it is possible that the de-
letion occurred on the ancestral haplotype at the same location as 
the insertion.

The Mitfa locus involves a 1,408 bp insertion in intron 1 of the 
gene and occurs in numerous species. No species with deletions 
were identified. The Tbx2a locus includes a 1,081 bp insertion in 
M. zebra and a 967 bp deletion in A. baenschi, relative to the outgroup 
P. nyererei. None of the other species show variation at this loca-
tion. Of the species where we have sequenced the adjacent region, 
the SWS1 promoter involves a 692 bp deletion that occurs only in 
A. baenschi, with no instances of insertions.

A comparison of the inserted sequences against known repeats 
(see Section 2) revealed matches to TEs. From the longest 421 bp 
(D. compressiceps) version of the insertion in the Rx1 promoter, 384 bp 
match Rex1-5 AFC, a known nonLTR retrotransposon (Figure S4a). 
For the 1,081 bp insertion for the Tbx2a regulatory region in M. zebra, 
all but the first 9 bp match hAT-8 AFC, a DNA transposon from the 
hAT family (Figure S4b). The AFC in the names of these repetitive ele-
ments indicates they were first described in African cichlids (Brawand 
et al., 2014). The last insertion, in intron 1 of Mitfa, is a bit more com-
plex (Figure S4c). It includes matches to four different transposable 
elements. The longest match is 522 bp of a Rex1 TE from Petromyzon 
marinus. There are several other fragments, which are 50–70 bp long, 
matching L1 LINES, DNA/Mariner and Copia LTR elements from di-
verse species. We also checked the deleted sequences against known 
repeats, and while they contained a number of small TE fragments, 
they do not appear to be entire TE excisions (Figure S4a–d).

3.2 | Phylogenetic origin

We found that all the major indels that affect visual tuning occur 
only in Lake Malawi species, or in A. calliptera of the Rovuma River 

(N = 75 individuals). The Rovuma River is not connected to the 
Malawi catchment but the species clusters phylogenetically very 
close to or as part of the Lake Malawi radiation. None of the indels 
are found in any of the species from Lake Victoria proper (N = 90), 
other species in the Lake Victoria Region Superflock (N = 18) or riv-
ers and smaller lakes across eastern Africa (N = 56). This provides 
strong evidence that these indels are specific to the Malawi flock 
and have arisen either in its immediate ancestor or even within the 
timescales of the Malawi radiation (complete data set for all 209 spe-
cies/239 individuals given in Table S1).

The indel for the Rx1 locus occurred in two samples from 
outside of Lake Malawi proper. The Rx1 deletion was found in 
Rhamphochromis longicep from Lake Chilangali which is 10 km from 
Lake Malawi. However, the lake is within the Lake Malawi catch-
ment. This species occurs also in Lake Malawi and is clearly part of 
the monophyletic genus Rhamphochromis within the Lake Malawi 
flock (Figure 2). The Rx1 insertion was also found in A. calliptera of 
the Lucheringo River in the Rovuma/Indian Ocean catchment. A. cal-
liptera from this part of Africa are very closely related to A. calliptera 
from the Lake Malawi basin, and to the Lake Malawi rock dwelling 
(Mbuna) clade with which the Rovuma clade of A. calliptera (but not 
the Malawi clade) also shares the mitochondrial haplotype (Joyce 
et al., 2011; Malinsky et al., 2018).

There is one additional taxon that has a similar, though dis-
tinct, deletion in the Rx1 locus. Ctenochromis pectoralis was sam-
pled from Chemka Hot Springs in northern Tanzania, close to 
the Kenyan border. This individual has a deletion that overlaps 
with the Lake Malawi Rx1 deletion. On aligning the C. pectoralis 
and A. baenschi reads to the Pundamilia genome, the C. pectora-
lis deletion length is only 323 bp, instead of the 413 bp found in 
A. baenschi and the other Malawi species (Figure S5). Both edges 
of the deletion are different, with the C. pectoralis genome having 
94 bp of sequence on the left side that are missing in A. baenschi 
and A. baenschi having 4 bp of sequence on the right side that are 
missing in C. pectoralis. Because of the physical (~750 km) and phy-
logenetic distance of C. pectoralis from the Lake Malawi flock, and 
the differences in indel boundaries, this is probably an indepen-
dent deletion. This suggests that the Rx1 regulatory region may be 
predisposed to deletions.

There is variation in the prevalence of the indels within Lake 
Malawi. Of the 75 Lake Malawi individuals examined at the Rx1 
locus, 12 taxa had the insertion, 55 had the deletion, and 4 had 
the ancestral sequence matching P. pundamilia and A. burtoni. The 
latter include two A. calliptera individuals from Lake Malawi, one 
Rhamphochromis sp. from Lake Malawi, and one A. calliptera from 

F I G U R E  2   Phylogenetic relationships of cichlid taxa studied along with the state of the four indels across 239 individuals from 209 
species (207 haplochromines plus two non-haplochromine outgroups). Insertions are noted in colour with blue (Rx1), green (Mitfa), and red 
(Tbx2a). Deletions are shown in grey or yellow (Rx1). Ancestral alleles having neither an insertion nor a deletion are shown in black. If known 
from PCR, both alleles for each individual are shown next to each other. Both homozygous (alleles same colour) and heterozygous (alleles in 
different colour) individuals occur. For species outside of Lake Malawi, the number of individuals sampled in particular clades are noted in 
parentheses. Within Lake Malawi, known opsin expression palettes for individuals are shown by the species name colour coded as the short, 
medium or long palettes, as shown by the photoreceptors with their associated expressed genes. Names shown in black have unknown 
expression palettes. The tree is based on Meier, et al. (2017; Figure S1)
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the Rovuma River. In addition, four of the individuals are hetero-
zygous, with three having both an insertion and a deletion allele 
(Protomelas simulans, Tramitichromis brevis, and Tyrranochromis 
maculiceps) and one having an insertion plus an ancestral allele 
(Tramitichromis intermedius). This is consistent with the fact that 
the insertion and deletion are quite common across species (ex-
cept in Astatotilapia calliptera which lacks the deletion) and even 
co-occur within individuals of several species to produce het-
erozygotes. The Mitfa insertion is also quite common. Of 74 in-
dividuals in 65 species, 20 were homozygous for the insertion, 
12 were heterozygous and 42 had the ancestral sequence. Again, 
since we are examining single individuals for most of these spe-
cies, this means that there are at least 12 different species that 
are polymorphic for the insertion and the ancestral sequence. 
Interestingly though, the insertion seems absent from A. calliptera 
and also nearly absent from the Mbuna clade.

In contrast to Rx1 and Mitfa, the indels at Tbx2a and SWS1 loci 
appear to be much less prevalent. For the Tbx2a locus, only M. zebra 
had the insertion and only A. baenschi had the deletion. Of the four 
M. zebra individuals examined, two from Mazinzi Reef had the inser-
tion and two from elsewhere in the lake did not. For the deletion, 
all A. baenschi individuals that we have previously examined (N = 4 
laboratory reared and N = 7 wild caught) show the deletion. For 
the SWS1 locus, we have found no evidence of any TE insertions, 
and among the taxa included here only two species (A. baenschi and 
P. milomo) had the deletion. However, our previous studies which 
included more taxa found two additional species with the SWS1 
deletion (A. stuartgranti and Trematocranus placodon; Nandamuri 
et al., 2018).

3.3 | Genomic distribution of TEs

The TE families that we have identified in the insertions include the 
hAT DNA transposons and the LINE/Rex1/Babar nonLTR transpo-
sons. Recent analyses of the highly contiguous PacBio genomes of 
M. zebra and O. niloticus indicate that these transposon families are 
more prevalent in the M. zebra genome than in O. niloticus. To more 
broadly examine the prevalence and location of these TEs, we ana-
lysed the top three TE families, which include these two along with 
the Tc1 Mariner family. Genomic locations were divided between 
15 kb promoters, exons, introns and intergenic regions (Figure 3; see 
Conte et al., 2019, Table S5). Very few of the TE insertions in either 
M. zebra or O. niloticus occurred in exons. For the promoter, intron 
and intergenic regions, all three TE families had more insertions in 
M. zebra than in O. niloticus, except for hAT transposon promoter 
insertions which occur more frequently in O. niloticus. Even for this 
class, there are still over 2,000 instances of promoter insertions in 
M. zebra. Overall, the high prevalence of TE insertions in the M. zebra 
genome, and especially in gene promoters, suggests that they could 
have an impact on gene expression of a broad range of genes and 
the opsin related examples described here might be just the tip of 
an iceberg.

3.4 | Indel origins by divergence estimates

In order to estimate when the TE insertions arose, we compared 
1–2 kb flanking sequences to determine when the indel alleles 
diverged from the ancestral sequence. These regions also have 
some repetitive sequence, though they vary from only one tiny TE 
(SWS1) to several TE fragments (Figure S6a–d). The Lake Malawi 
species examined, Genbank accession numbers, and divergences 
are given in Table S6 and distance trees are shown in Figure S7. 
The sequences typically do not form monophyletic clades for ei-
ther of the indel variants. Therefore, we calculate the average di-
vergences for all pairwise allele comparisons. These divergences 
are then normalized to genome wide divergences for deep line-
ages within Lake Malawi (AlleleDiv/LM) or the average Malawi-
Victoria divergence (AlleleDiv/MV). The values normalized to 
deep Malawi lineages, AlleleDiv/LM, varied for the different loci. 
In increasing order they were: 0.52 ± 0.38 (SWS1), 0.90 ± 0.24 
(Rx1 deletion), 0.95 ± 0.39 (Tbx2a), 1.39 ± 0.27 (Rx1 insertion), 
and 1.47 ± 0.46 (Mitfa) with an average of 1.18 ± 0.29. The values 
normalized to Malawi-Victoria comparisons, AlleleDiv/MV, were 
smaller: 0.13 ± 0.10 (SWS1), 0.23 ± 0.06 (Rx1 deletion), 0.24 ± 0.10 
(Tbx2a), 0.35 ± 0.07 (Rx1 insertion), and 0.37 ± 0.12 (Mitfa) with 
an average of 0.30 ± 0.7. Interestingly, the Rx1 deletion alleles are 
less diverged and so potentially younger than the Rx1 insertion al-
leles, suggesting the insertion may have occurred prior to the dele-
tion. Overall, the combination of flanking allele divergence being 
less than the Malawi-Victoria split, and of similar magnitude to the 
deep Malawi split, suggest that all the mutations arose either in 
the ancestors of the Malawi radiation or early within the Malawi 
species flock. Therefore, we cannot distinguish with confidence 
whether the recruitment of these functional indel alleles repre-
sents utilization of pre-existing genetic variation or new mutations 

F I G U R E  3   Top three families of transposable elements in 
cichlids, based on their genomic location. The data either comes 
from the tilapia,O. niloticus(Til) orM. zebra(Mz). The TE families 
include the DNA transposons Tc1 Mariner (TcMar) and hAT, and 
the retrotransposon, Rex1. Therefore, Mz_TcMar is the number of 
transposable elements in theM. zebragenome in the Tc1 Mariner 
family. Data provided in Table S5
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in the course of the adaptive radiation. These estimates are con-
sistent with the exclusive distribution of the indels within species 
of the Malawi radiation.

4  | DISCUSSION

This study explored the genetic variation causing differences in a key 
cichlid phenotype, visual sensitivity. Although the cichlid genome 
project suggested several possible sources of regulatory mutation, 
most of these do not seem to play a role in visual system evolution. 
Whereas opsin coding sequence differences can be associated with 
fine-tuning to local light environment (Carleton et al., 2005; Terai 
et al., 2006), they cannot explain the large shifts in retinal cone cell 
peak sensitivities observed across the radiations and within the Lake 
Malawi radiation. These are instead caused by regulatory changes 
(Hofmann et al., 2009; O'Quin et al., 2010). There is no evidence for 
cichlid-specific duplications of opsin genes. The regulatory changes 
do not result from evolution of miRNA target sites in opsin 3′UTRs 
(O'Quin, Smith, Naseer, et al., 2011). Instead, eQTL studies suggest 
that three of the four identified eQTL result from indel mutations 
in the promoters of transcription factors acting in trans, while one 
eQTL is a cis regulatory indel mutation in the SWS1 opsin promoter 
(Nandamuri, 2018; Nandamuri et al., 2018; O'Quin et al., 2012; 
Sandkam et al., 2020; Schulte et al., 2014). Our results suggest the 
movement of TEs explains much of this indel-associated regulatory 
diversity.

These regulatory indels are correlated with altered gene expres-
sion of either SWS1 opsin or one of the three transcription factors 
that affect opsin gene expression. The SWS1 opsin regulatory de-
letion removes both a conserved noncoding element (CNE) and a 
miRNA (Nandamuri et al., 2018). These two regulatory elements are 
conserved across 230 MY of fish evolution (zebrafish, Danio rerio, to 
cichlids). Work in medaka, Oryzias latipes, has shown that the SWS1 
opsin and the miRNA (miR-729) are expressed in the same photore-
ceptor and coregulated by the CNE (Daido et al., 2014). Therefore, 
the deletion removes the CNE and miR-729, which affects SWS1 
expression (Nandamuri et al., 2018). The Rx1 regulatory deletion 
removes several potential transcription factor binding sites (TFBS) 
including sites for Tbx2a and Mitfa. The Tbx2a regulatory deletion 
removes a CNE conserved in sticklebacks and medaka (130 MY di-
vergence; timet ree.org) and also contains a TFBS for Rx1. Finally, the 
Mitfa regulatory insertion contains a potential Rx1 TFBS. The pres-
ence of these shared TFBS across the different TF loci suggest that 
these different regulatory regions may work together to coregulate 
opsins, switching them on or off at the same time. Several previous 
studies have demonstrated expression of particular opsins being 
highly correlated (summarized in Table S7) across developmental se-
ries (Carleton et al., 2008), within F2 crosses (Nandamuri et al., 2017; 
O'Quin et al., 2012) and among adult species from Lake Malawi 
(Hofmann et al., 2009). For example, short palette species express 
SWS1 and RH2B. However, both these genes are downregulated in 
the long palette species, as SWS2A and LWS opsin are upregulated. 

Some feedback between the loci through key regulatory elements 
probably work to achieve this coregulation (Sandkam et al., 2020; 
Schulte et al., 2014).

Our hypothesis for the ultimate source of the genetic variation 
generating this regulatory diversity is the movement of TEs, which al-
ters gene expression by insertion (Mitfa, Rx1) or excision (Rx1, Tbx2a, 
SWS1) of regulatory regions. While the deleted sequences are not 
themselves TEs, for two of the deletions we identified lineages that 
had TE insertions in the exact same location as the deletion. Since 
the deletions have start and end points surrounding the insertion, 
this suggests the TE insertions were removed when the deletion oc-
curred. These TE excisions probably removed significant regulatory 
sequence to generate the large (Rx1: 413 and Tbx2a: 967 bp) dele-
tions that we observed. Although we did not find a TE insertion as-
sociated with the SWS1 locus, we hypothesize that the large 692 bp 
deletion may be the result of an insertion and subsequent excision of 
a mobile TE. These results suggest that TEs are an important factor 
in changing phenotypes, in this case shifting expression of both tran-
scription factors and their downstream opsin targets.

The origin of these indels, both through phylogenetic distri-
butions and divergence estimates suggests they are unique to the 
Lake Malawi radiation and a very closely related riverine lineage. In 
addition, the Rx1 locus may show convergent evolution, as a simi-
lar though distinct deletion arose separately outside of the Malawi 
flock in a phylogenetically distant lineage (Ctenochromis pectoralis of 
North Eastern Tanzania). This suggests that this regulatory region 
may be susceptible to TE movement, enabling convergent regulatory 
mutations, although this does not seem to have happened often.

The idea that TE movement might be important in the evolution 
of cichlid phenotypes is supported by another study. In cichlid pig-
mentation patterns, egg spots are a key innovation that occurs on the 
anal fin of male haplochromine cichlids, and is implicated in mating 
behavior. In a study of the genetic basis of cichlid egg spots, Santos 
et al. (2014) identified the gene four and a half LIM domain protein 2 
(fhl2b) as important in egg spot formation. The haplochromines with 
egg spots had a SINE element in the fhl2b promoter that was missing 
in nonhaplochromines, which lacked egg spots. This supports the 
idea that mobilization of a SINE introduced new regulatory sequence 
that induced the egg spot phenotype.

Previous genome-wide analyses also support the idea of a link 
between repetitive elements and structural variation in cichlid fishes. 
The original cichlid genome project found the composition of cich-
lid genomes to be 16%–19% TEs (Brawand et al., 2014). Subsequent 
long read sequencing has increased those estimates to 35%–37% 
(Conte et al., 2017, 2019). TE insertions near 5′UTRs were associ-
ated with increased gene expression in all tissue types. Other studies 
have examined structural variants in these five genomes and iden-
tified both deletions and inversions associated with SINE elements 
and DNA transposons with some of the structural variation specific 
to terminal lineages (Fan & Meyer, 2014; Penso-Dolfin et al., 2018). 
A new study has found a correlation between speciation rates and 
the occurrence of large genomic indels across several African cichlid 
flocks (McGee et al., 2020).

https://timetree.org
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Transposable elements have been noted to play a key role 
in evolution (Oliver & Greene, 2009). TEs have been proposed to 
contribute to introgression (Choudhury & Parisod, 2017) as well as 
reproductive isolation and speciation (Naciri & Linder, 2020; Serrato-
Capuchina & Matute, 2018). TEs may also play a possible role in bird 
diversification (Suh et al., 2018) and in speciation in amniotes (Zeng 
et al., 2018), mammals (Ricci et al., 2018), and fishes (Volff, 2005). 
TE movement is sometimes ascribed to result from stress in fishes 
(Auvinet et al., 2018; Symonová et al., 2013). Studies in very young 
hybrids show that TE number can increase as a result of tandem 
duplication in repetitive regions of the genome (Dennenmoser 
et al., 2019).

One additional consideration is that TE mobility may be 
enhanced in hybrids. Since TE movement is repressed by 
PIWI-interacting RNAs (piRNA), hybridization could lead to an in-
compatibility of parental piRNAs and the corresponding TEs that 
allow TEs to increase their mobility (Dion-Côté & Barbash, 2017; 
Dion-Côté et al., 2014; Luo & Lu, 2017). Introgression and hybrid-
ization have been demonstrated for cichlids in several African 
lakes (Meier, Sousa, et al., 2017; Salzburger et al., 2002; Smith 
et al., 2003) with some introgression between more divergent lin-
eages (Malinsky et al., 2018; Meier et al., 2019; Meier, Marques, 
et al., 2017; Svardal et al., 2020). Therefore, past hybridization 
events between the lineages that seeded the Lake Malawi radi-
ation (Svardal et al., 2020), between major lineages of the radia-
tion, or between some of these and secondary riverine colonists, 
might contribute to TE increases within this flock. Such increases 
could contribute to the genetic and phenotypic diversity we 
find here. Induced TE movement might be one mechanism for 
how hybridization contributes to adaptive radiation in cichlids 
(Seehausen, 2004). Further work is needed to compare PIWI in-
teracting RNAs between Lake Malawi cichlid species with varying 
degrees of divergence or between the ancestral lineages to see 
whether they have evolved sufficiently to cause mismatches with 
their target sites.

One important question concerns the degree to which the re-
tention of the TE induced indels found here results from positive 
selection, relaxed selection, or genetic drift. While estimates of 
long term effective population sizes (Ne) in Lake Malawi cichlids 
are relatively high at 50,000–130,000 (Malinsky et al., 2018) or 
>120,000 (Won et al., 2005), many rocky shore species live in 
highly structured small populations where current Ne may be much 
smaller and drift much more important. (Husemann et al., 2015; 
Won et al., 2005). However, the roles of these indels in underlying 
large shifts in visual spectral sensitivity suggest a strong selec-
tive component, and the Rx1 and Mitf indels show less variation 
in the rock dwelling Mbuna compared to the sand dwellers, which 
have larger population sizes. These considerations argue against 
drift being the main driver. Perhaps relaxed selection followed by 
an increase in frequency, due to drift, enables these alleles to be 
subsequently ecologically selected. Finally, the evidence for nu-
merous heterozygotes at these loci also raises the question as to 
whether balancing selection could play a role. Distinguishing these 

possibilities will require larger population sampling and population 
genetic approaches to test for the role of selection on these reg-
ulatory regions.

This work has examined many species of haplochromine cich-
lids from both Lakes Malawi and Victoria as well as a broad swath 
of species from other lakes and rivers across Eastern Africa. We 
found substantial evidence for TE induced indels in cichlids from 
Lake Malawi that correlates with differential opsin expression. 
In contrast, opsin expression from ten ecologically varied Lake 
Victoria species suggests they all rely on the long visual palette 
(Hofmann et al., 2009). This lack of expression variation is con-
sistent with the absence of the target indels from the genomes 
of over 100 different Lake Victoria species. Although they lack 
these specific indels, there is some evidence for other indels in 
these regulatory regions in the P. nyererei genome (Figure S3). 
Therefore, further research is still needed before contributions of 
TE induced indels to opsin expression in Lake Victoria can be com-
pletely excluded. One further test for the role of TEs could utilize 
Lake Tanganyika cichlids to determine if they have regulatory in-
dels near some of the key genes (Rx1, Tbx2a, Mitf, or the opsins 
themselves). Although we did not detect any of the Malawi indels 
in the handful of Lake Tanganyika cichlids examined here, Lake 
Tanganyika cichlids show just as much opsin expression variation 
as Lake Malawi species (O'Quin et al., 2010). If they do not carry 
these specific indels, they may have their own indels which shape 
the diversity of opsin expression in that flock.

In conclusion, cichlid visual diversity is shaped by mobile trans-
posable elements. We have shown that among the four loci under-
lying opsin expression differences, three carry insertions which 
appear to be generated by mobile transposable elements, while 
one has a large deletion that may be TE induced. In two cases, we 
find species having either the TE insertions or deletions at the same 
locus. The boundaries of deleted sequences extend beyond the TE 
elements. The coincidence of insertions and deletions suggests that 
these may be linked by the movement of TEs. All indels are recent, 
in the sense of being either specific to the Malawi radiation or to the 
radiation and its immediate ancestors, and may make contributions 
to visual and ecological diversity among Lake Malawi cichlids. Such 
increased TE movement could be caused by ancestral hybridization. 
Additionally, relaxed selection allowing mutations to rise in fre-
quency, followed by ecological sorting, could play a role. Therefore, 
TEs and their associated large indels emerge as an important source 
of genetic variation for generating visual system diversity. Their im-
pact on other diverse phenotypes and possibly speciation needs fur-
ther study in this amazingly diverse group.
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