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Changes in gene expression play a fundamental role in phenotypic evolution. Transcriptome evolutionary dynamics have so
far mainly been compared among distantly related species and remain largely unexplored during rapid organismal diversification, in which gene regulatory changes have been suggested as particularly effective drivers of phenotypic divergence. Here
we studied gene expression evolution in a model system of adaptive radiation, the cichlid fishes of African Lake Tanganyika.
By comparing gene expression profiles of 6 different organs in 74 cichlid species representing all subclades of this radiation,
we demonstrate that the rate of gene expression evolution varies among organs, transcriptome parts and the subclades of
the radiation, indicating different strengths of selection. We found that the noncoding part of the transcriptome evolved more
rapidly than the coding part, and that the gonadal transcriptomes evolved more rapidly than the somatic ones, with the exception of liver. We further show that the rate of gene expression change was not constant over the course of the radiation but
accelerated at its later phase. Finally, we show that—at the per-gene level—the evolution of expression patterns is dominated
by stabilizing selection.

D

uring the second half of the last century, it has become
increasingly clear that changes in gene expression play
a fundamental role in phenotypic evolution1–8. Previous
large-scale studies of gene expression evolution comparing distantly related vertebrate species revealed substantial variation in
the rate of transcriptome evolution among organs and evolutionary
subclades4,9, between the coding and noncoding part of the transcriptome3, and across developmental time points10. However, little
is known about the dynamics of gene expression evolution during
adaptive radiations, which are characterized by the unusually rapid
ecological and morphological diversification of an organismal lineage into distinct ecological niches11,12. Yet, precisely for such outbursts of organismal diversity, gene regulatory changes have been
proposed as a key mechanism promoting rapid phenotypic divergence12–14, making the study of transcriptome evolution of particular
interest in the context of adaptive radiations15.
Here we examined the dynamics of gene expression evolution in one of the most striking examples of adaptive radiation, the cichlid fishes of African Lake Tanganyika15–17. This
species flock comprises about 240 endemic cichlid species that
evolved in less than 10 Myr and shows an extraordinary degree of
eco-morphological divergence16–18. We sequenced the transcriptomes of five organs (brain, gill, liver, ovary and testis) in 3 males
and 3 females of 74 cichlid species, representing all phylogenetic
subclades—so-called ‘tribes’—and all major ecological guilds of
the cichlid fauna of Lake Tanganyika16 (Fig. 1a and Supplementary
Tables 1 and 2). In addition, we sequenced the transcriptomes
of the lower pharyngeal jaw bone (LPJ) in the same set of 445
specimens. The LPJ is the central component of the cichlids’ pharyngeal jaw apparatus (that is, a second set of functional jaws
in the pharynx used to masticate food19), and hypothesized to
be a key innovation triggering cichlid adaptive radiations17,20–23.
These target organs were selected because of their involvement
in ecological, physiological and behavioural adaptations during

cichlid adaptive radiations15,17,19,24,25 and to enable comparisons to
previous studies3,10,26.

Results

Patterns of gene expression. To study gene expression evolution
during rapid organismal diversification, we generated a total of 2,131
transcriptome profiles (equivalent to individual RNA-sequencing
libraries) from typically 5 organs in 6 adult specimens of 74 species
of cichlid fishes from African Lake Tanganyika (median sequencing
depth per tissue: 9.6–9.9 million reads per library; 125-base-pair (bp)
strand-specific single-end reads; mapped against the phylogenetically equidistant Oreochromis niloticus reference genome; median
of read mapping ~76%). A time-calibrated species tree based on
genome-wide data taken from ref. 17 and pruned to the taxon set of
this study is shown in Fig. 1a (details on individual samples including sampling dates and locations are available in Supplementary
Table 1; information on sequencing and mapping coverage is provided in Supplementary Fig. 1; and the variance within and between
species is shown in Supplementary Figs. 2–4).
As a first step, to explore the global patterns of gene expression
differentiation among species and across organs, we performed a
principal component analysis (PCA) on the entire dataset. The PCA
clearly separated the expression profiles according to organ type
(Fig. 1b)—with the exception of gill and LPJ transcriptomes, which
showed largely overlapping gene expression profiles. This similarity in gene expression profiles is not surprising, given their common developmental origin (the LPJ is derived from the fusion of the
left and right fifth ceratobranchials19). Within organs, on the other
hand, the species-specific transcriptome profiles clustered by tribe
(Fig. 2), indicating a strong phylogenetic signal in the data. This in
turn suggests that, as in mammals4, gene expression changes have
accumulated over the course of the adaptive radiation of cichlid
fishes in Lake Tanganyika, resulting in—overall—more similar gene
expression profiles between more closely related species, irrespective
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Fig. 1 | Gene expression patterns across the adaptive radiation of cichlid fishes in African Lake Tanganyika. a, A time-calibrated species tree of the
adaptive radiation of cichlid fishes in African Lake Tanganyika based on genome-wide data17, pruned to the 74 taxa used in this study. The species names are
abbreviated using a six-letter code, whereby the first three letters represent the genus and the last three letters represent the species name (see Extended
Data Fig. 9 and Supplementary Table 2 for the full species names). The branches are colour-coded according to phylogenetic subclades (that is, tribes) as
indicated in the lower panel. Ma, million years ago. b, PCA of overall gene expression levels. The samples (n = 2,131) are coloured according to organ type as
indicated in the lower panel. The proportions of variance explained by the first two principal components (PC1 and PC2) are indicated in parenthesis on the x
and y axes, respectively.

of their adaptations to particular ecological niches. When making
comparisons between the two largest classes of RNAs in the cichlids’
transcriptomes—that is, between protein-coding and long noncoding (lnc) RNAs—we found that the correlations in gene expression
levels among the 74 cichlid species were significantly higher for
protein-coding genes (Fig. 3a) than for lncRNAs (Fig. 3b) (pairwise
Spearman’s rank correlation coefficients (Spearman’s ρ) between
gene expression levels measured as transcripts per million (TPM);
two-sided t-test: P < 10−8; Fig. 3c). Moreover, the hierarchical clustering of gene expression levels revealed a much more pronounced
grouping according to organ type in protein-coding genes compared to lncRNAs (Fig. 3a,b). This suggests that, also during the
short evolutionary timescale spanned by the cichlid adaptive radiation in Lake Tanganyika (<10 Myr; ref. 17), the noncoding part of the
transcriptome has undergone more rapid turnovers in expression
trajectories than the coding part. The observed accelerated evolution of lncRNAs can be interpreted as a sign of more relaxed selection regimes on lncRNAs compared to protein-coding genes3.
When examining the transcriptome profiles of the somatic
organs for sex-specific differences, we found a pronounced difference between females and males in liver but not in the other organs
(Extended Data Fig. 1). Sex-biased gene expression in liver has been
reported before4, albeit with a smaller magnitude than observed
here. These sex differences in liver gene expression can mainly be
attributed to its function as the main metabolic organ secreting hormones and maintaining homeostasis, and being responsive to sex
steroids27–32 (for an in-depth analysis of sex-specific differences in
244

Tanganyikan cichlid fishes as well as of sex chromosome evolution,
see ref. 33).
Transcriptome evolution. To compare the rate of evolution of the
coding and noncoding part of the transcriptome in the different
organs, we correlated Spearman’s ρ of gene expression levels with
divergence times (taken from ref. 17) for all pairs of cichlid species examined (Fig. 4a and Extended Data Fig. 2a). We found that,
similar to the pattern observed in tetrapods featuring much deeper
phylogenetic splits4, the rate of transcriptome evolution (measured
as [1 − ρ]/divergence time) differed significantly among organs
(Fig. 4b; analysis of variance (ANOVA): P < 10−8 for protein-coding
genes and lncRNAs), as well as between the transcriptome parts in
cichlids (Extended Data Fig. 2; two-sided t-test: P < 10−8). The expression levels of protein-coding genes evolved significantly slower in
brain, LPJ and gill, than in testis, liver and ovary (left panel in Fig. 4b;
ANOVA: P < 10−8; Supplementary Table 3a), indicating that—taken
as a whole—the organ-specific transcriptomes evolved under different selection regimes during the course of the Tanganyikan
cichlid radiation.
The correlations between Spearman’s ρ and divergence
times were weaker in lncRNAs than in protein-coding genes
(Extended Data Fig. 2b; two-sided t-test: P < 10−8), suggesting more relaxed selective constraints in lncRNAs. The lncRNA
expression levels of the gonads evolved faster compared to
the other organs, followed by liver and then the remaining three organs (brain, gill and LPJ), which showed similar
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Fig. 2 | PCA of overall gene expression levels per organ. The proportion of
variance explained by the first two principal components (PC1 and PC2),
indicated in parenthesis on the x and y axes, respectively, for brain, gill, LPJ,
ovary, testis and liver. Samples (brain: n = 428; gill: n = 434; LPJ: n = 425;
ovary: n = 219; testis: n = 213; liver: n = 412) are coloured according to tribe
as shown in the lower panel.

patterns of expression evolution (right panel in Fig. 4b;
ANOVA: P < 10−8, Supplementary Table 3b). Organ-specific
evolutionary rates thus emerge as a transcriptome-wide trend
in cichlids, with protein-coding genes being subject to stronger
conservation—indicating stronger purifying selection and/or
weaker positive selection—in gene expression levels compared to
lncRNAs3.
As a complementary approach to the comparison of Spearman’s ρ,
whole-transcriptome evolutionary trajectories can also be explored
with gene expression trees based on pairwise gene expression distances—a strategy less sensitive to outliers and potential inaccuracies in the normalization process4,34. The expression trees based on
protein-coding and lncRNA transcriptome profiles of all six organ
samples recovered, in most cases, the major phylogenetic clustering
of the species into tribes (protein-coding genes: Extended Data Fig. 3;
lncRNAs: Extended Data Fig. 4). This once more illustrates that
most changes at the level of whole transcriptomes have accumulated
over evolutionary time, such that closely related species show more
similar gene expression profiles. However, the relative positions of

the tribes to one another were not congruent among the expression
trees and differed in all cases from the phylogenetic relationships
derived from genome-wide data17 (Fig. 1a).
The most obvious and consistent difference between the
expression trees and the species tree concerns the position of the
most species-rich tribe of cichlid fishes in Lake Tanganyika, the
Lamprologini, which were placed as a sister clade to all remaining
tribes in the expression trees (Extended Data Figs. 3 and 4) but are
clearly nested within the cichlid radiation according to the species
tree17 (Fig. 1a). That the Lamprologini show characteristic global
transcriptome profiles in all organs that are different from those of
all other tribes already became apparent in the organ-specific PCAs
(Fig. 2). This pattern is not an artefact of the use of a greater number of Lamprologini species in our analyses (reflecting the de facto
greater number of Lamprologini species16), since repeated reanalyses of the data with a balanced number of representatives per tribe
yielded similar results (Supplementary Fig. 5).
Next, to reconstruct gene expression changes along the phylogeny, we projected expression branch lengths on a time-calibrated species tree17 using the Fitch and Margoliash method35 (protein-coding
genes: Extended Data Fig. 5; lncRNAs: Extended Data Fig. 6). The
branch lengths of these expression trees correlated positively with
the branch lengths of the time-calibrated species tree in all organs
and in both transcriptome parts (linear model: P < 10−8; Extended
Data Fig. 7). We then estimated the rate of expression change
for each branch in the species tree (measured as the expression
trees’ branch lengths divided by the species tree’s branch lengths;
Extended Data Fig. 7) and quantified rate changes through time
(mean rates sampled in steps of 0.15 Myr along the phylogeny as in
ref. 17). This revealed that transcriptome evolution was not constant
over the course of the cichlid adaptive radiation in Lake Tanganyika,
but became accelerated in the late phase of the radiation, coinciding
with a high number of speciation events17 (Fig. 4c and Extended
Data Fig. 7). This effect was more pronounced in lncRNAs compared to protein-coding genes (Fig. 4c).
Using the cumulative branch lengths (from root to tip) of the
expression trees as a proxy for the rate of transcriptome evolution,
irrespective of the temporal signals reported above, we corroborated that gene expression levels evolved differently among organs
and between the transcriptome parts (Fig. 4d and Supplementary
Table 7). As for the results based on Spearman’s ρ (Fig. 4a,b), the
organ-specific topology-fixed expression trees of protein-coding
genes (Extended Data Fig. 5) showed differences in branch
lengths, with liver and testis evolving fastest (Fig. 4d; ANOVA:
P < 10−8; Supplementary Table 4a). In the lncRNA expression trees
(Extended Data Fig. 6), the cumulative branch lengths were similar for brain, gill and LPJ, but significantly longer for ovary, testis
and liver (Fig. 4d; ANOVA: P < 10−9, Supplementary Table 4b). By
calculating Robinson–Foulds distances36 between the trees obtained
from the expression data and the time-calibrated species tree17
(Fig. 4d), we show that the majority of changes in gene expression
followed the species tree. However, there is substantial variation
among the organs. For example, in agreement with Warnefors and
Kaessmann37, brain experienced fewer changes in the overall levels
of gene expression than testis.
Finally, by comparing the rates of expression change (represented
by the cumulative branch length) among the tribes, we found substantial differences between the radiation’s subclades in all organs
(ANOVA: P < 10−8, Extended Data Fig. 8 and Supplementary Table 5).
For example, Trematocarini showed a high rate of expression
changes compared to the other tribes in brain, gill, LPJ and ovary,
Cyprichromini had a high rate of expression changes in gill and
LPJ, while Eretmodini featured a high rate of expression changes in
testis. The most species-rich tribe of cichlids in Lake Tanganyika,
the Lamprologini, showed intermediate rates of expression change
in most organs. Overall, the observed differences in the rate of
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expression changes among the subclades for the different organs
might reflect the organ’s lineage-specific involvement in ecological,
physiological and behavioural adaptations.
Organ-specific expression patterns. As gene expression evolution
might be constrained by core organ functions2–4,38, we determined
the degree of organ specificity in gene expression across the different organs using the organ specificity index τ39. The number of
organ-specific genes varied substantially, also with respect to the two
investigated transcriptome parts (Fig. 5a). In testis, which exhibited
the fastest evolving transcriptome at the coding level (Fig. 4), we
also found most organ-specific genes (Fig. 5a,b), closely followed
by brain (only for protein-coding genes, Fig. 5a), which showed the
slowest evolving transcriptome (Fig. 4). We also found substantial
differences in the number of organ-specific genes among the different tribes (for protein-coding genes and lncRNAs; Fig. 5b).
Gene expression dynamics. To examine, in more detail, the
dynamics of gene expression evolution on the per-transcript level,
we tested, for each organ and for each expressed gene separately,
the model fit to three common models of trait evolution along the
time-calibrated species tree. More specifically, we asked whether
the gene expression levels (TPM) of a particular protein-coding
gene or lncRNA are more likely to have evolved under a Brownian
motion (BM), a single-optimum Ornstein–Uhlenbeck (OU) or
an early burst (EB) model of trait evolution. We found that, for
the majority of protein-coding genes (64–88%, depending on the
organ; Fig. 5c and Supplementary Table 6a) and lncRNAs (79–88%,
depending on the organ; Fig. 5c and Supplementary Table 6b), the
gene expression levels evolved according to the OU model of trait
evolution, suggesting that (stabilizing) selection has shaped the
expression patterns of these genes (this is similar to mammals)40.
The expression levels of 9–30% of the protein-coding genes and
7–15% of the lncRNAs (depending on the organ) are most compatible with a BM model of trait evolution, suggesting that these
transcripts have evolved more or less neutrally. The smallest fraction of transcripts (2–5% for protein-coding genes and 4–6% for
lncRNAs) showed expression patterns that fit the EB model of trait
evolution, suggesting rapid divergence in gene expression near the
246

onset of the radiation. When making comparisons between organs
and transcriptome parts, we found that the ovary transcriptomes
contained a comparatively larger fraction of protein-coding genes
with BM-like expression dynamics than other organs along the phylogeny, whereas the transcriptomes of testis and liver featured the
largest fractions of protein-coding genes compatible with the OU
model (Fig. 5c). For lncRNAs, the liver transcriptomes contained
the largest proportion of genes with OU-like expression dynamics
(Fig. 5c and Supplementary Table 6).

Discussion

Through the inspection of 2,131 transcriptome profiles from a set
of 74 closely related species representative of the adaptive radiation
of cichlid fishes in African Lake Tanganyika, we show that the rate
of gene expression evolution varies among organs and among the
subclades of the radiation, and also between protein-coding genes
and lncRNAs. Using several different approaches, we demonstrate
that the transcriptomes of brain, gill and LPJ evolve significantly
slower than gonadal and liver transcriptomes. This holds true for
protein-coding genes as well as for lncRNAs, suggesting that this
pattern represents a transcriptome-wide trend in Tanganyikan
cichlids.
Our results on gene expression dynamics over the course of the
cichlid adaptive radiation in Lake Tanganyika are only partially
consistent with previous work on transcriptome evolution at much
deeper phylogenetic levels. As in earlier studies3,4,26,41,42, we found
that the rate of gene expression evolution (for protein-coding genes
and for lncRNAs) was slowest in the brain. The comparatively
slow rates of transcriptome evolution in the brain have previously
been attributed to the greater degree of specialization in neuronal
organs3,4,43. It thus appears plausible that, also in cichlids, organ
complexity may explain the differences in transcriptome evolution
among brain, gill and LPJ on one side, and the gonadal organs and
liver on the other side.
The consistently fastest rates of gene expression evolution as well
as the largest number of organ-specific transcripts have so far been
reported for testis (in protein-coding genes and lncRNAs)3,4,26,42,
and it has been suggested that this is due to sex-related selective
forces3 including sperm competition44, as well as to the particular
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lines of gene expression similarities (Spearman’s ρ) of species pairs (brain,
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organ (n = 73 taxa). c, The mean rate of expression change (measured as
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testing: P < 0.05) unless indicated (by NS) in the plots.

slowly, despite being similarly transcriptionally active as other
organs. That gonads and liver, which show relatively little morphological variation among species (within each organ type), contain
the most rapidly evolving transcriptomes in the cichlid adaptive
radiation in Lake Tanganyika, whereas the morphologically highly
diverse LPJ17 features a slowly evolving transcriptome, indicates that
the overall rate of gene expression evolution in an adult organ is
not related to its rate of morphological evolution. We note, however, that to understand the relationship between transcriptome
evolution and varying morphological evolutionary rates, comparative gene expression analyses across different ontogenetic stages are
necessary3,10. This developmental perspective is not covered in our
study targeting adult transcriptomes and should be in the focus of
future investigations.
The patterns of gene expression evolution also differed
among the subclades of the cichlid adaptive radiation in Lake
Tanganyika (for example, in the number of organ-specific genes;
Fig. 5b). The most consistent difference in gene expression pat-

Cumulative branch length

permissive chromatin conformation during spermatogenesis43,
leading to greater transcriptional activity and reduced transcriptional constraints, potentially facilitating transcriptional noise3,43,45.
We corroborate here that also during rapid adaptive radiation of
cichlid fishes in Lake Tanganyika, testis features the single most
rapidly evolving transcriptome at the level of protein-coding genes
(Fig. 4) and contains the largest number of organ-specific genes
(Fig. 5). At the level of lncRNAs, however, the transcriptomes
of both gonadal organs, testis and ovary, appear to have evolved
equally rapidly (Fig. 4). This argues against transcriptional noise as
an explanation for the high rates of gene expression evolution in
testis, but rather attests overall high rates of gene expression evolution in gonads in cichlids.
The reconstruction of the mean rate of gene expression change
along the time-calibrated species tree (Fig. 4c) revealed that transcriptome evolution was not constant over the course of the radiation, but was accelerated—in all organs and transcriptome parts—in
the radiation’s late phase. This pattern was particularly evident in
lncRNAs (Fig. 4c). We have recently shown that the later phase of
the cichlid adaptive radiation in Lake Tanganyika is characterized
by an increase in the number of speciation events as well as accelerated phenotypic evolution in the ecologically relevant LPJ and in a
signalling trait (body pigmentation)17. The increase in the rate of
gene expression change in this later phase of the radiation is in line
with the putative role of gene expression evolution during taxonomic and phenotypic diversification.
A main difference in terms of the rate of transcriptome evolution
between our study and previous work on mammals (or tetrapods)
concerns the liver. While previous studies reported moderate levels
of gene expression evolution in liver4,26,42, we found that the rate of
transcriptome evolution in this organ (at the level of protein-coding
genes) is nearly as fast as the one observed in testis (Fig. 4). Since
some of the most important functions of the liver are connected
to the digestive system, it is possible that the accelerated rate of
transcriptome evolution in this organ in Tanganyikan cichlids
reflects rapid dietary adaptations characteristic for this adaptive
radiation17,46,47. On the other hand, the transcriptome of the other
feeding-related trait in our study, the LPJ, evolved comparably
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Fig. 5 | Organ-specific expression and expression dynamics of
protein-coding genes and lncRNAs. Data for protein-coding genes and
lncRNAs are shown in the left and right panels, respectively. a, The number
of organ-specific genes in each organ. b, The number of organ-specific
genes in each organ that are shared across species of the same tribe.
The bars are colour-coded according to tribes as defined in Fig. 1a. c, The
proportion of per-gene expression patterns that have evolved under a BM,
OU or EB model of trait evolution. Proportions are shown per organ and
colour-coded according to organ type as labelled in Fig. 1a.

terns occurred between the most species-rich tribe of cichlids
in Lake Tanganyika, the Lamprologini, and the remaining tribes
(Fig. 2 and Extended Data Figs. 3 and 4). We can only speculate that the overall deviating gene expression trajectories of the
Lamprologini are somehow connected to their unique lifestyle
compared to other cichlid tribes in Lake Tanganyika. For example, all Lamprologini are substrate spawners, whereas all but one
(Boulengerochromis microlepis) of the non-Lamprologini species
in Lake Tanganyika are mouth brooders48. Alternatively, the distinct gene expression profiles of the Lamprologini could be due
to particular features of genome evolution. For example, we have
recently shown that the Lamprologini are characterized by the
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highest levels of per-genome heterozygosity of all Tanganyikan
cichlid tribes17.
Overall, the observed differences in the rate of gene expression
evolution between organs (Figs. 4 and 5), transcriptome parts (Figs. 3
and 5) and the subclades of the radiation (Fig. 5 and Extended Data
Fig. 8) suggest that differing strengths of selection have shaped transcriptome evolution in the course of the cichlid adaptive radiation
in Lake Tanganyika. This is further supported by the observation
that the expression levels of the majority of protein-coding genes
and lncRNAs are in line with an OU model of trait evolution with
varying strengths of selection (Fig. 5c).

Methods

Sampling. Sampling was performed between 2014 and 2017 at 31 locations
(see Supplementary Table 1 for sampling locations and Global Positioning
System coordinates) around Lake Tanganyika, under research permits issued by
the University of Burundi and the Ministère de l’Eau, de l’Environnement, de
l’Aménagement du Territoire et de l’Urbanisme, Republic of Burundi; the Tanzania
Commission for Science and Technology, the Tanzania National Parks Authority
and the Tanzania Wildlife Research Institute, United Republic of Tanzania; the
Lake Tanganyika Research Unit, Department of Fisheries, Mpulungu, and the
Department of Immigration, Kasama Regional Office, Republic of Zambia. This
study included RNA samples from six different sources (brain, gill, liver, ovary,
testis and LPJ) of six adult specimens (three males and three females, except
for one species for which we had three males and four females; Supplementary
Table 2) each of 76 cichlid species. In most cases, the six specimens per species
were collected from the same location (Supplementary Table 1). Two species
(Tylochromis polylepis and Oreochromis tanganicae) were excluded for all
downstream analyses, because these are not part of the endemic adaptive radiation
of cichlid fishes in Lake Tanganyika but belong to more ancestral lineages that
have colonized the lake secondarily17. One species (Cyprichromis leptosoma) was
used only for parts of the analyses, because we lacked brain, liver and LPJ samples
for this species (see Extended Data Fig. 9). Thus, for the comparative analyses,
we used only species that are part of the radiation17 and for which all organs were
collected. Our sampling covers the entire phylogenetic spectrum of the adaptive
radiation of cichlids in Lake Tanganyika (tribes Bathybatini, Benthochromini,
Boulengerochromini, Cyphotilapiini, Cyprichromini, Ectodini, Eretmodini,
Lamprologini, Limnochromini, Perissodini, Trematocarini and Tropheini).
The number of species sampled per tribe scales with the tribe’s total number
of species16,17 (Supplementary Tables 1 and 2). Organs were derived from adult
wild-caught specimens dissected in the field immediately upon capture. Entire
organs (with the exception of liver from very large specimens, which were only
partially sampled) and the entire LPJ were stored individually in RNAlater.
Extraction, library preparation and Illumina sequencing. Organs and LPJ
were homogenized (FastPrep-24; MP Biomedicals) and total RNA was extracted
using the Direct-zol RNA kit (Zymo) according to the manufacturer’s protocol.
Individual libraries were constructed using the Illumina TruSeq stranded protocol
including RiboZero Gold rRNA depletion (Illumina) and sequenced on an
Illumina HiSeq 2500 in SE 125-bp mode at approximately 10 million reads per
library. Library construction and sequencing were conducted at the Genomics
Facility Basel, University of Basel and ETH Zurich Department of Biosystems
Science and Engineering. RNA extraction, library preparation and sequencing were
randomized with respect to species, organ and sex to avoid batch effects. Library
preparation failed for 43 samples (see Supplementary Tables 7 and 8 for more
information on the samples).
Quality filtering, mapping and read counting. Illumina strand-specific single-end
sequences were quality-filtered using Trimmomatic49 (v.0.33) with a 4-bp window
size, a required window quality of 15 and a minimum read length of 80 bp (2/3 of
the initial read length), followed by adapter removal in the same software. In the
absence of well-assembled and annotated reference genomes for the vast majority
of the cichlid species under investigation, we opted for a read mapping strategy
against the Nile tilapia (O. niloticus), a closely related and well-annotated cichlid
genome. This is also the only cichlid reference genome that has been assembled
to the chromosomal level. Mapping of all transcriptomes against a common,
phylogenetically equidistant and closely related (see ref. 50) reference genome has
the additional advantage of facilitating orthologue assignments.
Cleaned reads were mapped against the Nile tilapia genome assembly
(RefSeq assembly version GCF_001858045.1_ASM185804v2 (ref. 4)) with
STAR51 (v.2.5.2a), applying the following settings: --outFilterMultimapNmax 1
--outFilterMatchNminOverLread 0.4 --outFilterScoreMinOverLread 0.4. Unique
alignments were reported in sorted BAM format and assigned to genes using the
HTSeq-count script from the HTSeq52 framework (v.0.6.1p1; Supplementary
Table 7a). Before further analyses and following current recommendations
(DESeq2 (ref. 53) v.1.24.0.), we excluded 5,829 reference genes from the total of
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38,425 annotated Nile tilapia genes (Supplementary Table 7b) on the basis of very
low expression levels in our data (five or fewer counts in fewer than three samples).
The number of reads per species and library kept at each step of the pipeline is
reported in Supplementary Tables 9 and 10. Mapping statistics are reported in
Supplementary Fig. 6.
All subsequent analyses were performed on two classes of RNA,
protein-coding RNAs and lncRNAs. The latter are the best-represented class
of non-protein-coding RNAs annotated in the Nile tilapia genome and have
been studied in detail in other organisms42,54,55. Our final gene dataset contained
27,105 protein-coding genes and 4,719 lncRNAs (Supplementary Table 7b),
across all organs and species. Outlier samples for each organ were identified
via a k-mean clustering approach using the function fviz_cluster from the R
package factoextra (v1.0.6) (https://www.rdocumentation.org/collaborators/
name/Alboukadel%20Kassambara). Samples that did not cluster with any
other sample were removed (n = 52 samples; Supplementary Table 8). The
sample exclusion did not change the number of species included in the analysis
(Supplementary Table 7).
Global expression patterns and normalization. Expression counts were
normalized with the R (v.3.5.0) package DESeq2 (ref. 53; v.1.24.0). We used
variance-stabilizing transformations to convert the data, resulting in a
matrix with values having constant variances along the range of mean values.
Multivariate between-group PCA was then used to illustrate global patterns of
gene expression differences among samples and across organs with the DESeq2
plotPCA function. The expression values were transformed into TPM values56
and the biological replicates of each species and each organ were grouped by
calculating the median of TPM values. Variances within species and within sexes
are represented in Supplementary Fig. 2. TPM values were then split into two
categories (protein-coding genes, n = 27,105; and lncRNAs, n = 4,719), representing
two different parts of the transcriptome (coding versus noncoding). Genes
were placed in each group on the basis of the Nile tilapia NCBI annotation file
(GCF_001858045.1_ASM185804v2 (ref. 4)). The resulting TPM (summarized and
split) values were used for all downstream analyses.
Pairwise expression similarities. Similarity of gene expression between pairs
of species was estimated (separately for protein-coding genes and lncRNAs)
using Spearman’s ρ, and the pairwise distances between all pairs of species were
computed as 1 − ρ. Heat maps of expression similarities among samples were
produced using the pheatmap function in the R package pheatmap (v.1.0.12,
https://cran.r-project.org/web/packages/pheatmap/index.html). To investigate how
well the expression patterns reflect the phylogenetic relatedness of the samples,
we used a two-sided Student’s t-test. To test for a possible sample size effect when
comparing protein-coding genes and lncRNAs, we performed permutation tests
(n = 10,000) in which we randomly sampled the same number of protein-coding
genes out of the total set of protein-coding genes (n = 27,105) as there are
annotated lncRNAs (n = 4,719), and calculated correlation coefficients on these
random subsets.
Expression divergence through time within organs. As in Brawand et al.4 and
Necsulea and Kaessmann3, we measured the relationship between gene expression
and divergence time (separately for protein-coding genes and lncRNAs) with a
linear regression between Spearman’s ρ (as the x variable) and divergence times17
(as the y variable) for all pairs of species. The rate of evolution within each organ
was then measured as ((1 − ρ)/divergence time) for all pairs of species. A one-way
ANOVA was used to determine whether there were any differences between the
organs. Whenever significant effects were detected, post hoc evaluations were
performed using Tukey’s honestly significant difference test.
Gene expression trees. Following Brawand et al.4, gene expression phylogenies were
constructed using the neighbour-joining approach on the pairwise distance between
species (computed as 1 − ρ, separately for both transcriptome parts and for each
organ) with the NJ function in the R package ape57 (v.5.3). Topological dissimilarities
(measured as Robinson–Foulds distance36) between the expression trees and the
time-calibrated species tree based on genome-wide data (taken from Ronco et al.17)
were calculated using the treedist function in the R package phangorn58 (v.2.5.3). To
test whether the rate of gene expression change along the species tree was similar
among organs, we estimated, for every branch in the species tree, expression distances
(computed as 1 − ρ, separately for both transcriptome parts and each organ), using the
Fitch and Margoliash35 method as implemented in PHYLIP (v.3.697, http://evolution.
genetics.washington.edu/phylip.html). Cumulative branch lengths from root to tips
were calculated per species within each organ and then compared across organs. The
rate of transcriptome change was then reported as the branch length estimated with
expression data divided by the corresponding branch length of the species tree. To
illustrate the temporal dynamics of transcriptome evolution, we plotted—per organ—
the mean rate of expression change sampled in 0.15-Myr steps (as in ref. 17) along the
time-calibrated species tree. Cumulative branch lengths from root to tips (based on
a fixed topology) were calculated per species and organ and then compared across
organs and tribes using ANOVA.

Organ-specific expression. Organ-specificity indices (τ) were calculated for
the two parts of the transcriptome following a modified version59 of the initial τ
formula39. The τ of a gene is defined as:
h
i
P nH 
log2 ½SH ði;jÞ
j¼1 1 � log2 ½SH ði;maxÞ
τH ¼
nH � 1

where nH is the number of organs examined (in our case nH = 6) and SH(i,max)
is the highest expression signal of gene i across the nH organs. As proposed in
Guschanski et al.38, organ-specific indices were calculated using the normalized
but not the transformed gene expression matrix. The τ values were then calculated
using the median gene expression values per organ and tribe. Any τ indices over
0.8 were considered as indicative of organ-specific expression38. The number of
organ-specific genes was reported per organ and tribe.
Gene expression dynamics. To examine the dynamics of gene expression changes
along the phylogeny for each gene individually, we fitted models of trait evolution
to the TPM gene expression values (summarized as median per species). To do
so, we used the fitContinuous function within the R (v.3.5.0) package Geiger60
(v.2.0.6.1). Specifically, we fitted a BM, OU and EB model of trait evolution along the
time-calibrated species tree (see above). Note that the EB model was tested because
of the prediction that trait evolution should be rapid early in an adaptive radiation
and slow down through time as the available niche space becomes filled. We applied
10,000 iterations and default parameter bounds except for the α-parameter in the
OU model (attraction strength to central value), which was set to a lower limit of
exp(−500) and an upper limit of 20. The approach was applied for each organ and for
each transcriptome part separately (protein-coding genes and lncRNAs). Genes that
were not expressed (TPM = 0) within an organ were removed before the analyses. The
fraction of expressed genes per organ used for this analysis was between 96% and 99%
of all protein-coding genes (n = 27,105) and between 81% and 99% of all lncRNAs
(n = 4,719). We then compared the models by calculating the difference in the Akaike
information criterion and reported for each gene the best model fit (the model with
the lowest Akaike information criterion). The number of genes per model is reported
in Supplementary Table 6.
Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.
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Extended Data Fig. 1 | Gene expression patterns per organ and sex. Principal component analyses of overall gene expression levels in brain, gill, lower
pharyngeal jaw bone (LPJ), ovary, testis, and liver. Samples (brain: n = 428; gill: n = 434; LPJ: n = 425; ovary: n = 219; testis: n = 213; liver: n = 412) are
coloured according to sex (red: female, blue: male). The proportion of variance explained by the first two principal components (PC1 and PC2) for each
organ are indicated in parenthesis at x and y axes, respectively.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Expression variation through time within organs and transcriptome parts. a, Pairwise Spearman’s rank correlation coefficient (ρ)
of per species (brain, ovary, gill and testis: n = 74 taxa; LPJ and liver: n = 73 taxa) as a function of divergence time17 for protein-coding genes (left panel)
and lncRNAs (right panel) in brain, gill, LPJ, ovary, testis, and liver. Samples are colour-coded according to tribe as defined in Fig. 1a; pairs of species
belonging to two different tribes are indicated in grey. The regression line is represented with a dashed black line. b, Comparison of rate of expression
change (measured as [1 – ρ] / divergence time17) between protein-coding genes (p-c) and lncRNAs (lnc) (two-sided t-test: ***P < 10-16). The box plot
centre lines represent the median, box limits the upper and lower quartiles, and whiskers the 1.5x interquartile range. Outliers are not shown.
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Extended Data Fig. 3 | Protein-coding expression trajectories. Neighbour-joining trees based on pairwise distance matrices of gene expression between
pairs of species (n = 73 taxa) for protein-coding genes for brain, gill, LPJ, ovary, testis, and liver. All branches are coloured according to tribe as defined in
Fig. 1a (see Extended Data Fig. 9 and Supplementary Table 2 for full species names).
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Extended Data Fig. 4 | lncRNAs expression trajectories. Neighbour-joining trees based on pairwise distance matrices of gene expression between pairs
of species (n = 73 taxa) for lncRNAs for brain, gill, LPJ, ovary, testis, and liver. All branches are colour-coded according to tribe as defined in Fig. 1a (see
Extended Data Fig. 9 and Supplementary Table 2 for full species names).
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Extended Data Fig. 5 | Rate of protein-coding gene expression evolution along the species tree. Species tree with branch lengths estimated along the
fixed species tree topology35 (n = 73 taxa) based on pairwise correlations of gene expression of protein-coding genes in brain, gill, LPJ, ovary, testis, and
liver. All branches are colour-coded according to tribe as defined in Fig. 1a (see Extended Data Fig. 9 and Supplementary Table 2 for full species names).
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Extended Data Fig. 6 | Rate of lncRNA gene expression evolution along the species tree. Species tree with branch lengths estimated along the fixed
species tree topology35 (n = 73 taxa) based on pairwise correlations of gene expression of lncRNAs in brain, gill, LPJ, ovary, testis, and liver. All branches
are colour-coded according to tribe as defined in Fig. 1a (see Extended Data Fig. 9 and Supplementary Table 2 for full species names).
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Rate of transcriptome evolution within organs for protein-coding genes (left panel) and lncRNAs (right panel). Linear regression
of the expression tree branch length (calculated along the fixed species tree (n = 73 taxa) topology, Extended Data Fig. 3c, d) as a function of species tree
branch lengths (Fig. 1a) for brain, gill, LPJ, ovary, testis, and liver. Data points representing branches within tribes are colour-coded corresponding to the
tribe as defined in Fig. 1a, and data points representing branches that link species from different tribes are coloured in grey. Dashed lines represent linear
model fits. Next to each plot, a time-calibrated species tree is shown, with branches coloured according to the rate of transcriptome evolution (measured
as expression tree branch length divided by species tree branch length).
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Level of expression variation within organs. a, Cumulative branch lengths (from root to tip of expression tree branch length
calculated along the fixed species tree (n = 73 taxa) topology; Extended Data Fig. 3c, d) for protein-coding genes (left panel) and lncRNAs (right panel)
in brain, gill, LPJ, ovary, testis, and liver calculated per species and summarised per tribe (n = 12 tribes). Boxplots are colour-coded according to tribe as
defined in Fig. 1a; boxplot centre lines represent the median, box limits the upper and lower quartiles, and whiskers the 1.5x interquartile range. Differences
among the tribes were assessed using an ANOVA (see Supplementary Table 5 for the P-values for all pairwise comparisons). b, Comparison of cumulative
branch lengths between protein-coding genes (p-c) and lncRNAs (lnc) (two-sided t-test: ***P < 10-8). Boxplot centre lines represent the median, box limits
the upper and lower quartiles, and whiskers the 1.5x interquartile range.
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Extended Data Fig. 9 | Species information. List of species used in this experiment with abbreviation code, full species name and tribe information.
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Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
n/a Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons
A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code
Data collection

No software was used.

Data analysis

Data were analyzed using the following publicly available software:
Trimmomatic (v.0.33), STAR (v.2.5.2a), HTSeq(v.0.6.1p1), Deseq2(v.1.24.0), R (v.3.5.0), pheatmap (v.1.0.12), ape (v.5.3), phangorn (v. 2.5.3),
PHYLIP (v.3.697), UpSetR(v.1.4.0), Geiger60 (v.2.0.6.1)

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data
Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
April 2020

- Accession codes, unique identifiers, or web links for publicly available datasets
- A list of figures that have associated raw data
- A description of any restrictions on data availability
Data used in this study are available from NCBI under the BioProject accession numbers PRJNA552202 and PRJNA550295. All custom codes and all metadata are
available on Dryad under the project accession number https://doi.org/10.5061/dryad.fj6q573sj.
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Ecological, evolutionary & environmental sciences study design
All studies must disclose on these points even when the disclosure is negative.
Study description

We examine patterns of gene expression evolution across 73 species representing all radiating lineages of Lake Tangnayika cichlids.
We sequenced the transcriptomes of five organs (brain, gill, liver, gonad, lower pharyngyal jaw) of six individuals per species (3 males,
3 females). A comprehensive list of species is provided in Extended Data Table 1.

Research sample

We chose endemic cichlid species representing all lineages of the Lake Tanganyika radiation.

Sampling strategy

Fish were either caught with barrier nets while snorkeling or Scuba diving, or purchased from local fishermen. Sampling was
performed under research permits issued by the relevant authorities in the Republic of Burundi, the United Republic of Tanzania, and
the Republic of Zambia. Following the current standards in the field, we collected six specimen per species (three males and three
females). The selected set of 76 species represent the diversity among the 15 subclades of the radiation.

Data collection

Organ samples were taken during the field work described below, samples were immediately placed in RNAlater after organ
dissection. RNA extraction was performed at the Zoological Institute of the University of Basel. Sequencing libraries were prepared at
the Genomics Facility Basel (GFB), University of Basel and ETH Zurich Department of Biosystems Science and Engineering (D-BSSE) in
Basel, which is also where sequencing was done.
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Field-specific reporting

Timing and spatial scale Fish were sampled during several field expeditions at 31 locations at Lake Tanganyika from 2014 till 2017 in the Republic of Burundi,
the United Republic of Tanzania and Republic of Zambia.
RNA was extracted between August 2016 and May 2018.
RNA was sequenced between October 2016 and July 2018.

Data exclusions

In the analysis, outlier samples (individual RNAseq libraries that did not cluster with their respective biological replicates) were
excluded as described in the methods section, which did not change the number of included species. 5,829 reference genes with
very low expression levels in our dataset (five or less counts in less than three samples) were excluded from the analyses based on
current standards in the field.

Reproducibility

Data analyses are reproducible with the information given in the methods and supplementary information.

Randomization

This study is based on multi-tissue single species transcriptome data, randomisation does not apply.

Blinding

Blinding is not relevant to this study, analyses required an understanding of the source organisms and their phylogenetic
relationships.

Did the study involve field work?

Yes

No

Field work, collection and transport
Field conditions

No field conditions are relevant to this study.

Location

Specimens were collected at Lake Tanganyika between 2014 and 2017 at 130 locations in the Republic of Burundi, the United
Republic of Tanzania and the Republic of Zambia. GPS coordinates of the sampling location for each specimen are provided in
Supplementary Table 1.

Access & import/export All samples were collected and exported in agreement with local authorities with the following permits issued:
Republic of Burundi:
Sampling Permit, issued by the Ministère de l'Eau, de l'Environnement, de l'Amenagement du Territoire et de l'Urbanisme, Republic
of Burundi
770 06/62710, issued 27/12/2014
April 2020

Research permit issued by the Universite du Burundi (Cabinet du Recteur and Directeur de la Recherche et de l'Innovation)
2014/R991/Invitation (Heinz Büscher, Adrian Indermaur, Fabrizia Ronco, Walter Salzburger), issued 17/12/2014
Order de mission 35/2015 (Heinz Büscher, Adrian Indermaur, Fabrizia Ronco, Walter Salzburger), issued 19/01/2015
Work permit (Mission de travail), issued by the Permanent Mission of the Republic of Burundi to the United Nations, Geneva:
544/GE/2014/N.M.A (Heinz Büscher), valid 29/12/2014 to 28/01/2015
545/GE/2014/N.M.A (Fabrizia Ronco), valid 29/12/2014 to 28/01/2015
546/GE/2014/N.M.A (Adrian Indermaur), valid 29/12/2014 to 28/01/2015
547/GE/2014/N.M.A (Walter Salzburger), valid 29/12/2014 to 28/01/2015
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The United Republic of Tanzania:
Research permits, issued by the Tanzania Commission for Science and Technology (COSTECH):
2016-373-NA-2015-96 (Walter Salzburger), valid 12/12/2016 to 11/12/2017
2016-374-NA-2015-96 (Athimed El Taher), valid 12/12/2016 to 11/12/2017
2016-375-NA-2015-96 (Lukas Widmer), valid 12/12/2016 to 11/12/2017
2016-376-NA-2015-96 (Fabrizia Ronco), valid 12/12/2016 to 11/12/2017
2016-377-NA-2015-96 (Adrian Indermaur), valid 12/12/2016 to 11/12/2017
2016-378-NA-2015-96 (Adrian Indermaur), valid 12/12/2016 to 11/12/2017
Research permits, issued by the Tanzania National Parks Authority (TANAPA):
TNP/HQ/C.10/13/2017 (Heinz Büscher, Athimed El Taher, Adrian Indermaur, Fabrizia Ronco, Lukas Widmer, Walter Salzburger), valid
12/12/16 to 11/12/17
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Export permits, issued by the Universite du Burundi (Cabinet du Recteur and Directeur de la Recherche et de l'Innovation) and the
Ministère de l'Eau, de l'Environnement, de l'Amenagement du Territoire et de l'Urbanisme:
Export/transport permit, issued 21/01/2105

Research Clearance, issued by the Tanzania Wildlife Research Institute (TAWIRI):
13300 (Heinz Büscher, Athimed El Taher, Adrian Indermaur, Fabrizia Ronco, Walter Salzburger), dated 09/01/2017
Residence permits, issued by the Department of Immigration:
RPC11100834 (Walter Salzburger), valid 11/12/2017 to 10/12/2017
RPC11100835 (Fabrizia Ronco), valid 11/12/2017 to 10/12/2017
RPC11100836 (Heinz Büscher), valid 11/12/2017 to 10/12/2017
RPC11100837 (Adrian Indermaur), valid 11/12/2017 to 10/12/2017
RPC11100839 (Lukas Widmer), valid 11/12/2017 to 10/12/2017
RPC11100840 (Athimed El Taher), valid 11/12/2017 to 10/12/2017
Sample export and transport permits, issued by the Tanzanian Fisheries Research Institute (TAFIRI), Ministry of Livestock and
Fisheries Development:
TAF/KGM/R.1/VOL.V/121, issued 10/02/2017
Republic of Zambia:
Study permits (including residence permtis), issued by the Department of Immigration and the Department of Fisheries, Ministry of
Agriculture and Livestock, based on a Memorandum of Understanding (MOU)
SP000627 (Fabrizia Ronco), valid 13/07/2012 to 08/08/2016
SP000710 (Adrian Indermaur), valid 13/07/2012 to 30/10/2015
SP001995 (Walter Salzburger), valid 05/07/2013 to 05/07/2015
SP002417 (Hezin Büscher), valid 05/08/2015 to 12/11/16
SP004273 (Walter Salzburger), valid 30/07/2015 to 13/07/2020
SP005937 (Fabrizia Ronco), valid 29/07/2016 to 28/07/2018
SP005940 (Athimed El Taher), valid 29/07/2016 to 28/07/2018
SP005943 (Adrian Indermaur), valid 27/07/2016 to 28/07/2018
Export permits, issued by the Department of Fisheries, Ministry of Agriculture and Livestock:
Export/transport permit, issued 13/09/2016
Export/transport permit, issued 29/08/2017

Schweizerische Eidgenossenschaft/Confoederatio Helvetica (CH):
CITES Approval, issued by the Bundesamt für Veterinärwesen, Eidgenössisches Departement für Inneres:
CH018 (Adrian Indermaur, Walter Salzburger, Zoological Institute, University of Basel), valid 23/01/2013 to 31/12/2020
Recognition as Scientific Institution (according to EU-directive 92/65/EWG, Annex C), issued by the Cantonal Veterinary Office Basel
Stadt:
CH-I-BS017 (Walter Salzburger), valid 11/06/2012 to 31/12/2017
CH-I-BS003h (Walter Salzburger), valid 19/02/2015 to 31/12/2019
Permit for an animal facility for cichlid fishes, issued by the Cantonal Veterinary Office Basel Stadt:
1010H (Walter Salzburger), valid 01/11/2013 to 31/10/2023

Permit to take tissue samples from cichlid fishes, issued by the Cantonal Veterinary Office Basel Stadt:
2317_25931 (Walter Salzburger), valid 01/01/2015 to 01/01/2018
2317_29387 (Walter Salzburger), valid 02/01/2018 to 31/12/2020

Disturbance

April 2020

Permit to conduct and supervise animal experiments, issued by the Cantonal Veterinary Office Basel Stadt:
A2015 (Walter Salzburger), issued 19/01/2010

We collected specimens primarily during snorkelling and scuba diving which allows to target individual specimens with minimum
bycatch.
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We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems

Methods

n/a Involved in the study

n/a Involved in the study

Antibodies

ChIP-seq

Eukaryotic cell lines

Flow cytometry

Palaeontology and archaeology

MRI-based neuroimaging

Animals and other organisms
Human research participants
Clinical data
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Reporting for specific materials, systems and methods

Dual use research of concern

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research
Laboratory animals

The study did not involve laboratory animals.

Wild animals

Information on animal samples is provided in Supplementary Table 1.

Field-collected samples

Samples were collected as described under Sampling Strategy and Data Collection.

Ethics oversight

The study was approved by the Ministère de l'Eau, de l'Environnement, de l'Aménagement du Territoire et de l'Urbanisme, Republic
of Burundi, the Tanzania Commission for Science and Technology (COSTECH), the Tanzania Fisheries Research Institute (TAFIRI), the
Tanzania National Parks Authority (TANAPA), the Tanzania Wildlife Research Institute (TAWIRI), the Lake Tanganyika Research Unit,
Department of Fisheries, Republic of Zambia and the Cantonal Veterinary Service Basel Stadt.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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