












Signatures and consequences of selection 

To gain insight into the functional basis of diversification and adaptation in Lake Malawi 

cichlids, we next turned our attention to protein coding genes. We compared the between-species 

levels of non-synonymous variation !! to synonymous variation !! in over 20,000 genes and 

calculated the difference between these two values (!!!! ! !! ! !!) (16). Overall, coding 

sequence exhibits signatures of purifying selection: the average between-species !! was 54% 

lower than in a random matching set of non-coding regions. Interestingly, the average between-

species synonymous variation !! in genes was slightly but significantly higher than in non-

coding controls (13% lower mean; ! ! !!!!!"!!", one tailed Mann-Whitney test). A possible 

explanation of this observation is that protein coding regions are more resistant to gene flow. 

Average per-gene non-synonymous excess variation (!!!!! calculated between Lake Malawi 

species correlates only relatively weakly with !!!! for genes in the five cichlid genome 

assemblies presented in Brawand et al. (14) which represent one from each of the major lineages 

and radiations of East African cichlids, and are approximately an order of magnitude more 

divergent than Malawi cichlids (Spearman !! ! !!!"; Fig. S14A). Thus the majority of genic 

selection within the Malawi radiation appears distinct from selection acting on these longer 

timescales between radiations. However, Malawi between-species !!!! correlates substantially 

more (!! ! !!!"; Fig. S14B) with !!!! calculated between A. calliptera populations, suggesting 

that the direction of within-Malawi selection could have been influenced by the diversity of 

alleles present in the common ancestor of the radiation. An alternative explanation could be that 

different A. calliptera populations are acquiring these alleles through gene flow with the derived 

Lake Malawi species.  

To control for statistical effects stemming from variation in gene length and sequence 

composition we normalized the !!!! values per gene by taking into account the variance in 

𝑝! − 𝑝! across all pairwise sequence comparisons for each gene, deriving the non-synonymous 

excess score (Δ!!!) (16). The genes with highly positive Δ!!! are likely to be under positive 

selection. We focus below on the top 5% of the Δ!!! distribution (Δ!!! > 40.2, 1034 candidate 

genes; Fig. 5A).  
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Figure 5: Gene selection scores, copy numbers, and ontology enrichment.  (A) The distribution of the non-

synonymous variation excess scores (𝚫𝑵!𝑺) highlighting the 5%FDR cutoff, and the distributions of genes in 

selected Gene Ontology (GO) categories. (B) The relationship between the probability of 𝚫𝑵!𝑺 being  positive and 

in the top 5% and the relative copy numbers of genes in the Lake Malawi reference (M. zebra) and  zebrafish. The p-

values are based on 𝝌𝟐 tests of independence. (C)  An enrichment map for significantly enriched GO terms  (cutoff 

at p ≤ 0.01). The level of overlap between GO enriched terms is indicated by the thickness of the edge between 

them. The color of each node indicates the p-value for the term and the size of the node is proportional to the 

number of genes annotated with that GO category. 

This candidate gene set is highly enriched for genes for which no homologs were found in any of 

Medaka, Stickleback, Tetraodon or Zebrafish (other teleosts) when examined in ref. (14) (606 

out of 4,190 without vs. 428 out of 16,472 with homology assignment; χ2 test p < 2.2×10-16). 
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Genes without homologs tend to be short (median coding length is 432bp) and some of the signal 

may be explained by a component of gene prediction errors. However a comparison of short 

genes (≤450bp) without homologs to a set of random noncoding sequences (Fig. S15) showed 

significant differences (p < 2.2×10-16, Mann-Whitney test), with both a substantial component of 

genes with low 𝑝!, reflecting genes under purifying selection, and also an excess of genes with 

high 𝑝! (Fig. S16).  

Cichlids have an unexpectedly large number of gene duplicates and it has been suggested that 

this phenomenon has contributed to their extensive adaptive radiations (3, 14). To investigate the 

extent of divergent selection on gene duplicates, we examined how the non-synonymous excess 

scores are related to gene copy numbers in the reference genomes. Focusing on homologous 

genes annotated both in the Malawi reference (M. zebra) and in the zebrafish genome, we found 

that the highest proportion of candidate genes was among genes with many to many (N - N) 

relationships between the two genomes. The relative enrichment in this category is both 

substantial and highly significant (Fig. 5B). On the other hand, the increase in proportion of 

candidate genes in the N - 1 category (multiple copies in the M. zebra genome but only one copy 

in zebrafish) relative to 1 - 1 genes, is of a much lesser magnitude and is not significant (𝜒! test 

𝑝 < 0.18), suggesting that selection is occurring more often within ancient multi-copy gene 

families.  

Next we used Gene Ontology (GO) annotation of zebrafish homologs to test whether candidate 

genes are enriched for particular functional categories. We found significant enrichment for 30 

GO terms [range: 1.6×10-8 < p < 0.01, weigh algorithm (16, 42); Table S3], 10 in the Molecular 

Function (MF), 4 in the Cellular Component (CC), and 16 in Biological Process (BP) category. 

Combining the results from all three GO categories in a network connecting terms with high 

overlap (i.e. sharing many genes) revealed clear clusters of enriched terms related to (i) 

hemoglobin function and oxygen transport; (ii) phototransduction and visual perception; and (iii) 

the immune system, especially inflammatory response and cytokine activity (Fig. 5C) .  
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Shared mechanisms of depth adaptation 

To gain insight into the distribution of adaptive alleles across the radiation, we examined the 

haplotype genealogies for amino acid sequences of candidate genes, focusing on the genes in 

significantly enriched GO categories. It became apparent that many of the genealogies in the 

‘visual perception’ category have common features that are unusual in the broader dataset: the 

haplotypes from the deep benthic group and the deep-water pelagic Diplotaxodon tend to be 

disproportionally diverse when compared with the rest of the radiation, and tend to group 

together despite these two groups being relatively distant in the whole-genome phylogenetic 

reconstructions.  

Sharply decreasing levels of dissolved oxygen and low light intensities with narrow short 

wavelength spectra are the hallmarks of the habitats at below ~50 meters to which the deep 

benthic and pelagic Diplotaxodon groups have both adapted, either convergently or in parallel 

(43). Signatures of selection on similar haplotypes in the same genes involved in vision and in 

oxygen transport would therefore point to shared molecular mechanisms underlying this 

ecological parallelism.  

To obtain a quantitative measure of shared molecular mechanisms, we calculated for each gene a 

similarity score for deep benthic and Diplotaxodon amino acid sequences and also compared the 

amounts of non-coding variation in these depth-adapted groups against the rest of the radiation 

(16). Both measures are elevated for candidate genes in the ‘visual perception’ category (Fig. 

6A; p=0.007 for similarity, p=0.08 for shared diversity, and p=0.003 when similarity and 

diversity scores are added; all p-values based on Mann-Whitney test). The measures are also 

elevated for the ‘hemoglobin complex’ category, although due to the small number of genes the 

differences are not statistically significant in this case. Furthermore, the level of excess allele 

sharing between Diplotaxodon and deep benthic [measured by the local f statistic fdM (30, 37)] is 

strongly correlated with the ΔN-S selection score for genes annotated with photoreceptor activity 

and hemoglobin complex GO terms (𝜌! = 0.63 and 0.81, 𝑝 = 0.001 and 𝑝 = 0.051, 

respectively, Fig. 6B). 
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Fig. 6: Shared selection between the deep water adapted groups Diplotaxodon and deep benthic. (A) The 

scatterplot shows the distribution of genes with high Δ!!! scores (candidates for positive selection) along axes 

reflecting shared selection signatures. Only genes with zebrafish homologs are shown. Amino acid haplotype 

genealogies are shown for genes as indicated by the red symbols and numbers. Outgroups include Oreochromis 

niloticus, Neolamprologus brichardi, Astatotilapia burtoni, and Pundamilia nyererei. (B) Selection scores plotted 

against fdM (mbuna, deep benthic, Diplotaxodon, N. brichardi), a measure of excess allele sharing between deep 

benthic and Diplotaxodon. (C) A schematic drawing of a double cone photoreceptor expressing the green sensitive 

opsins and illustrating the functions of other genes with signatures of shared selection. (D) fdM calculated in sliding 

windows of 100 SNPs around the green opsin cluster, revealing that excess allele sharing between deep benthic and 

Diplotaxodon extends far beyond the coding sequences. 

Vision genes with high similarity and diversity scores for the deep benthic and Diplotaxodon 

groups include three opsin genes: the green sensitive opsins RH2Aβ, RH2B, and rhodopsin 

(Figs. 6A, S17A). The specific residues that distinguish the deep adapted groups from the rest of 

the radiation differ between the two RH2 copies, with only one shared mutation out of a possible 

fourteen (Fig. S17B). RH2Aβ and RH2B are located within 40kb from each other on the same 

chromosome (Fig. 6C); a third paralog, RH2Aα, is located between them, but it has very little 

coding diversity specific to deep benthic and Diplotaxodon (Fig. S18). This finding is consistent 
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with previous reports suggesting functional divergence between RH2Aα and RH2Aβ following 

the duplication of RH2A early in the cichlid lineage (44, 45). A similar, albeit weaker signature 

of shared depth-related selection is apparent in rhodopsin, which is known to play a role in deep-

water adaptation in cichlids (46). Previously, we discussed the role of coding variants in 

rhodopsin in the early stages of speciation of A. calliptera in the crater Lake Massoko (37). The 

haplotype genealogy presented here for the broader radiation strongly suggests that the Massoko 

alleles did not originate by mutation in that lake but were selected out of ancestral variation (Fig. 

6A). 

The long wavelength, red sensitive opsin (LWS) has been shown to play a role in speciation 

along a depth gradient in Lake Victoria (47). While it is not particularly diverse in Diplotaxodon 

and deep benthic, it is interesting to note that Diplotaxodon have haplotypes that are clearly 

distinct from those in the rest of the radiation, while the majority of deep benthic haplotypes are 

their nearest neighbors (Fig. S18). The short wavelength opsin SWS1 is among genes with high 

ΔN-S scores but does not exhibit shared selection between Diplotaxodon and deep benthic - it is 

most variable within the shallow benthic group. Finally, the short wavelength opsins SWS2A 

and SWS2B have negative ΔN-S scores in our Lake Malawi dataset and thus are not among the 

candidate genes. 

There have been many previous studies of selection on opsin genes in fish [e.g. reviewed in (48-

50)], including selection associated with depth preference, but having whole genome coverage 

allows us to investigate other components of primary visual perception in an unbiased fashion. 

We found shared patterns of selection between deep benthic and Diplotaxodon in the genealogies 

of six other vision associated candidate genes: a homolog of the homeobox protein six7, the G-

protein-coupled receptor kinase GRK7, two copies of the retinal cone arrestin-C, the α subunit of 

cone transducin GNAT2, and peripherin-2 (Fig. 6A). The functions of these genes suggest a 

prominent role of cone cell vision in depth adaptation. The homeobox protein six7 governs the 

expression of RH2 opsins and is essential for the development of green cones in zebrafish (51). 

One of the variants in this gene that distinguishes deep benthic and Diplotaxodon is just a residue 

away from the DNA binding site of the HOX domain, while another is located in the SIX1_SD 

domain responsible for binding with the transcriptional activation co-factor of six7 (52) (Fig. 

S17C). The kinase GRK7 and the retinal cone arrestin-C genes have complementary roles in 
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photoresponse recovery, where arrestin produces the final shutoff of the cone pigment following 

phosphorylation by GRK7, thus determining the temporal resolution of motion vision (53). Note 

that bases near to the C terminus in RH2Aβ mutated away from serine (S290Y and S292G), thus 

reducing the number of residues that can be modified by GRK7 (Fig. S17B). The transducin 

subunit GNAT2 is located exclusively in the cone receptors and is a key component of the 

pathway which converts light stimulus into electrical response in these cells (54). The final gene, 

peripherin-2, is essential to the development and renewal of the membrane system in the outer 

cell segments that hold the opsin pigments in both rod and cone cells (55). Cichlid green 

sensitive opsins are expressed exclusively in double cone photoreceptors and the wavelength of 

maximum absorbance in cells expressing a mixture of RH2Aβ with RH2B (λmax = 498nm) 

corresponds to the part of light spectrum that transmits the best into deep water in Lake Malawi 

(50). Figure 6C illustrates the possible interactions of all the above genes in a double cone 

photoreceptor of the cichlid retina. 

Hemoglobin genes in teleost fish are located in two separate chromosomal locations: the minor 

‘LA’ cluster and the major ‘MN’ cluster (56). The region around the LA cluster has been 

highlighted by selection scans among four Diplotaxodon species by Hahn et al. (57), who also 

noted the similarity of the hemoglobin subunit beta (HBβ) haplotypes between Diplotaxodon and 

deep benthic species. We confirmed signatures of selection in the two annotated LA cluster 

hemoglobins. In addition, we found that four hemoglobin subunits (HBβ1, HBβ2, HBα2, HBα3) 

from the MN cluster are also among the genes with high selection scores (Fig. S19). It appears 

that shared patterns of depth selection may be particular to the β-globin genes (Fig. S19B), 

although this hypothesis must remain tentative due to the highly repetitive nature of the MN 

cluster limiting our ability to confidently examine variation in all the hemoglobin genes in the 

region.  

A key question concerns the mechanism leading to related haplotypes between Diplotaxodon and 

deep benthics. Possibilities include parallel selection on variation segregating in both groups due 

to common ancestry, selection on the gene flow that we described in a previous section, or 

independent selection on new mutations.  From considering the haplotype genealogies and fdM  

statistics summarizing local patterns of excess allele sharing, there is evidence for each of these 

processes acting, for different genes. The haplotype genealogies for rhodopsin and HBβ have 
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outgroups at multiple locations on their haplotype networks and discontinuous positions of A. 

calliptera (Fig. 6A), suggesting that their haplotype diversity may reflect ancient differences in 

the founders. In contrast, networks for the green cone genes show patterns more consistent with 

the Malawi radiation being all derived with respect to outgroups (or with us not having sampled 

a source of ancestral variation) and we found substantially elevated fdM scores extending for 

around 40kb around the RH2 cluster (Fig. 6D), consistent with adaptive introgression in a pattern 

reminiscent of mimicry loci in Heliconius butterflies (58). In contrast, the peaks in fdM scores 

around peripherin-2 and one of the arrestin-C genes are relatively narrow, with boundaries that 

correspond almost exactly to the gene boundaries. Furthermore, these two genes have elevated 

fdM scores only for non-synonymous variants Fig. S20, while synonymous variants do not show 

any excess allele sharing between Diplotaxodon and deep benthic. Due to the close proximity of 

non-synonymous and synonymous sites within the same gene, this suggests that for these two 

genes there may have been independent selection on the same de novo mutations.  

Discussion 

Genome sequences form the substrate for evolution. Here we have described genome variation at 

the full sequence level across the Lake Malawi haplochromine cichlid radiation. We focused on 

diversity, representing more than half the genera from each top-level lineage rather than 

obtaining deep coverage of any particular group. Therefore, we have more samples from the 

morphologically highly diverse benthic lineages than for example the species-rich mbuna.   

The observation that cichlids within an African Great Lake radiation are genetically very close is 

not new (59), but we now quantify the relationship of this to within-species variation, and the 

consequences for variation in local phylogeny across the genome. The observation of within-

species diversity being relatively low for vertebrates, at around 0.1%, suggests that low genome-

wide nucleotide diversity levels are not necessarily limiting factors for rapid adaptation and 

speciation.  This contrasts with the suggestion that high diversity levels may have been important 

for rapid adaptation in Atlantic killifish (60). One possibility is that in cichlids repeated selection 

has maintained diversity in adaptive alleles for a range of traits that support ecological 

diversification, as appears to be the case for sticklebacks (61).  
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We provide evidence that gene flow during the radiation has been extensive, but it does not 

appear to be ubiquitous. We see only one strong and clear example of recent gene flow between 

more distantly related species, not within Lake Malawi itself but between Otopharynx 

tetrastigma from crater Lake Ilamba and local A. calliptera. Lake Ilamba is very turbid and this 

apparent admixture is reminiscent of cichlid admixture in low visibility conditions in Lake 

Victoria (62). It is possible that some of the earlier gene flow signals we observed in Lake 

Malawi may have happened during low lake level periods when the water is known to have been 

more turbid (38). 

Our suggested model of the early stages of radiation in Lake Malawi (Fig. 4F) is broadly 

consistent with the model of initial separation by major habitat divergence (12), although we 

propose a refinement in which there were three relatively closely-spaced separations from a 

generalist Astatotilapia type lineage, initially of pelagic genera Rhamphochromis and 

Diplotaxodon, then of shallow and deep water benthics and utaka [a clade which includes 

Kocher’s sand dwellers (12, 20)], and finally of mbuna. Thus, Lake Malawi appears to contain 

three haplochromine cichlid radiations that have separate origins, but are interconnected by 

subsequent gene flow.  

The finding that cichlid-specific gene duplicates do not tend to diverge particularly strongly in 

coding sequences (Fig. 5B), suggests that other mechanisms of diversification following gene 

duplications may be more important in cichlid radiations. Divergence via changes in expression 

patterns has been illustrated and discussed in ref. (14). Future studies that address larger scale 

structural variation between cichlid genomes will be able to assess the contribution of differential 

retention of duplicated genes.  

The evidence concerning shared adaptation of the visual and oxygen transport systems to deep 

water environments between deep benthic and Diplotaxodon suggests different evolutionary 

mechanisms for different genes, even within the same cellular system. It will be interesting to see 

whether the same genes or even specific mutations underlie depth adaptation in Lake 

Tanganyika, which harbors specialist deep water species in least two different tribes (63) and has 

a similar light attenuation profile but a steeper oxygen gradient than Lake Malawi (43). 
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Overall, our data and results provide unprecedented information about patterns of sequence 

sharing and adaptation across one of the most dramatic adaptive radiations, providing insights 

into mechanisms of rapid phenotypic diversification. The data sets we have generated are openly 

available (see Acknowledgements) and will underpin further studies on specific taxa and 

molecular systems. Given the extent of shared variation, we suggest that future studies that take 

into account variation within as well as between species will be important in future to reveal 

finer scale details of adaptive selection. 
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