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In Brief

Studying the genomic changes
accompanying the repeated evolution of
short lifespan in 45 African Killifish
species reveals that neutral genetic drift,
rather than adaptive evolution, explains
the accumulation of deleterious gene
variants affecting lifespan and aging.
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SUMMARY

To uncover the selective forces shaping life-history
trait evolution across species, we investigate the
genomic basis underlying adaptations to seasonal
habitat desiccation in African Killifishes, identifying
the genetic variants associated with positive and
relaxed purifying selection in 45 killifish species and
231 wild individuals distributed throughout sub-Sa-
haran Africa. In annual species, genetic drift led to
the expansion of nuclear and mitochondrial genomes
and caused the accumulation of deleterious genetic
variants in key life-history modulating genes such
as mtor, insr, ampk, foxo3, and polg. Relaxation of
purifying selection is also significantly associated
with mitochondrial function and aging in human pop-
ulations. We find that relaxation of purifying selection
prominently shapes genomes and is a prime candi-
date force molding the evolution of lifespan and the
distribution of genetic variants associated with late-
onset diseases in different species.

INTRODUCTION

Species in nature vastly differ in lifespan, from short-lived may-
flies and rotifers, to extremely long-lived clams, whales, and
rockfish (Finch, 1994). The genomic underpinnings shaping the
evolution of lifespan among species still escape our understand-
ing (Charlesworth, 2009), and while positive selection plays a
prominent role in adaptations to new environmental niches, the
role of genetic drift in the evolution of lifespan has not been fully
explored. To address this gap in knowledge, we investigate the
genomic basis of life history trait evolution in African killifishes,
a clade of teleosts that colonized a wide range of habitats,
ranging from rainforests to arid savanna woodlands, character-
ized by seasonal water availability and variable annual tempera-
ture (Murphy and Collier, 1997). Periodic droughts pose an upper
limit to adult survival, shaping life history trait evolution in Killi-
fishes, which evolved a set of unique adaptations, such as explo-
sive growth and embryonic diapause (Vrtilek et al., 2018). Annual

killifishes are known for their extremely short lifespan, which in
the shortest-lived species Nothobranchius furzeri (Turquoise
Killifish) ranges from 4 to 8 months—the shortest recorded life-
span for a vertebrate in captivity (Valenzano et al., 2015). The
short lifespan of annual killifishes is also accompanied by a
broad set of aging-related dysfunctions, such as adult onset of
cancer, age-dependent locomotor decline (Smith et al., 2017),
and neurodegeneration (Cellerino et al., 2016), making them an
attractive model system to study vertebrate aging and age-
related diseases (Valenzano et al., 2017). In African Kkillifishes,
at least two independent evolutionary transitions to annual
environments occurred at the ancestral branches of the genera
Nothobranchius and Callopanchax (Murphy et al., 1999) and
facultative annualism (semi-annualism) in Fundulopanchax and
Aphyosemion kunzi (Murphy and Collier, 1999). Repeated inde-
pendent transitions to dry and wet habitats also occurred in
closely related Nothobranchius populations (Blazek et al.,
2017; Valenzano et al., 2015). We investigate the genomic
changes that occurred upon repeated adaptations to annual
and non-annual environments by adopting an unbiased
genome-wide approach between and within species, quanti-
fying the occurrence of both positive and relaxed selection.
Applying our approach to Hominini, we find that the occurrence
of deleterious genetic variants in chimpanzee reaches higher fre-
quency than in longer-lived human. Analysis of human genomic
data additionally reveals that genes under relaxed selection in
human populations are enriched for aging and mitochondrial
genes. Detection of genes under relaxed selection may help
uncover novel, previously undetected, risk variants for aging-
related diseases. Together, our results support a general
scenario where relaxed selective constraints significantly
contribute to shaping mortality rates and aging-related dys-
functions, revealing a predominant role for neutral drift (Kimura,
1968; Ohta, 1973) in shaping life history across species.

RESULTS

Harsh Climate Predicts Genome Expansion in Annual
Killifishes

To identify the genomic changes associated with evolution in
annual environments, we performed de novo genome assembly
and annotation of three selected Nothobranchiidae species

Cell 178, 1-15, July 11, 2019 © 2019 Elsevier Inc. 1


mailto:rcui@age.mpg.de
mailto:dvalenzano@age.mpg.de
https://doi.org/10.1016/j.cell.2019.06.004

10.1016/j.cell.2019.06.004

Please cite this article in press as: Cui et al., Relaxed Selection Limits Lifespan by Increasing Mutation Load, Cell (2019), https://doi.org/

Cell

A Genome Size (Gbp) B N )
g Xiohophorus maculatus Precipitation Seasonality BC 15
e Funduus et
B limnaeus = 7 =
— ¥ F = S T
n playfairi = SIS Hid sy =
B Epiplatys togolensis s & =
FEmER Epiplatys grahami 250
[ Lmmm Epiplatys dageti
— Epiplatys amotei
Epipatys guincensis
Epiplatys spilargyreius
0O Epiplatys multifasciatus
Archiaphyosemion petersi (i
a1 Archiaphyosemion guineense |
B Archiaphyosemion leucopterygium 20°N -
Seriptaphyosemion schmitti
Sariptaphyosemion cauveli g8
| Scriptaphyosemion quignardi %
Sarptaphyosemion bertholci
Callopanchax monroviae
B Callopanchax sibideorum
Callopanchax huwaldi
B Calopanchax toddl
=6 \ P e o 150
\ Aphyosemion gabunense marginatum e
0 \ ‘Aphyosemion Kouamense =] b
I Aphyosemion ausiale =
O Aphyosemion cognatum "a’
S Aphyosemion punctatum |
O Aphyosemion cameronense £
[ Aphyosermion cocleste
£\ 0 Aphyosemion kunzi non-rep: & 100
I D Aphyosemion kunzi 2 45% = 25 0
1 ‘I 4' Fundulopanchax scheeli Qo
[— Fundulopanchax gardneri o
I Fundulopanchax amieti 2.04
16 B e Funduopanchox dotaansis &
O Fundulopanchax filamentosus lg !
B Funduiopanchox sjostedt . -
Y v [ e ws {81 G . P
434, |y pmm— Pronothobranchius seymouri 5 T g
— ° Nothobranchius rachovi & /
Nothopranchias furzeri 1.04 -
106 Nothosranchius ortronatus = -
Nothobranchis ocellatus L == Annual
O Nothobranchius vosseleri = T . > O Semi !
"Slemmn Nothobranchius foerschi = o) 0
Nothobranchias kafuensis Non  Semi Annual s NJascmizannua 3
B Nothobranchius virgatus Annual Annual o Non-annual
1.55 T T T -
[ E 0° 20°E 40°E
0.7 15 2.4 Gbp Retrotransposons :
Longitude
Expanded
Gene family #; m— I TR BETE  simee
Contracted

Figure 1. Phylogeny and Distribution of Annualism in African Killifishes

FigureS60|> For a Figure360 author presentation of Figure 1, see https://doi.org/10.1016/j.cell.2019.06.004.
(A) Genomic phylogeny of African killifishes and outgroup species built from concatenated protein-coding nucleotide alignments. Branch color represents
genome size inferred by mapping reads to single-copy BUSCO. The number of expanded/contracted gene families is marked on the corresponding nodes
(see also Figure S1A). Species names in red were sequenced at high coverage and their genome was assembled and annotated. Pie charts show proportions of
repeat types (orange, DNA transposons; green, LTR; dark purple, LINE; light purple, SINE; yellow, simple repeats; gray, unknown repeat type) (see also Figures

S1D-S2H). Fish photo credit: Anthony Terceira.

(B) Distribution of sequenced Kkillifishes. White: annuals (Callopanchax and Nothobranchius); gray, semi-annuals (Fundulopanchax and Aphyosemion kunzi);
black, non-annuals. Color gradient on map corresponds to precipitation seasonality (bioclim variable 15, see Figures S2A and S2B). Inset: boxplot of genome
sizes for annuals, semi-annuals and non-annuals. Edges of boxplots indicate the 1st and 3rd quartiles; whiskers are the data range excluding outliers.

See also Figure S3.

(Nothobranchius orthonotus [NOR)], annual; Aphyosemion
australe [AAU], non-annual; Callopanchax toddi [CTO], annual)
and one Aplocheilidae outgroup (Pachypanchax playfairii,
PLP, non-annual) using lllumina pair-end and mate-pair li-
braries (Mendeley Data). These draft assemblies have continu-
ity and protein-coding gene benchmark statistics matching
previously published teleost genomes (scaffold N50: 1.0-
3.3 Mb, BUSCO) (Siméao et al., 2015) (completeness of anno-
tated gene sets 95%-97%) (Mendeley Data). Repeat annota-
tion showed a drastic recent expansion of transposable ele-
ments (TE) in the annual species NOR compared to its non-
annual sister group AAU (Figures S1D-S1H; Mendeley Data).
The increase in genome size in Nothobranchius is mainly attrib-
utable to TEs given that only 589 Mb of the assembly is not
masked by repeatmasker, similar to the non-annual outgroups
(478-517 Mb), suggesting 61.5% of its 1.53 Gb genome are re-
peats (Figures 1A and S1D-S1H). By re-sequencing 41 more
killifish species originating across sub-Saharan Africa (Mende-
ley Data), we inferred a highly supported molecular phylogeny
with the addition of two non-annual outgroups, Xiphophorus
maculatus (Schartl et al., 2013) and Fundulus heteroclitus
(Reid et al., 2016), and a South American annual Kkillifish,
Austrofundulus limnaeus (Wagner et al., 2018; Figure 1A; Men-
deley Data). We detected a significantly positive correlation
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between “annual” life style and five bioclim variables (Kriticos
et al.,, 2014), including precipitation seasonality (Figures 1B
and S2A; Mendeley Data). Additionally, we estimated genome
sizes for all 45 species from read coverage in single-copy
BUSCO genes (Mendeley Data) and found a positive correlation
with annual life style (p = 0.023, PGLS, Mendeley Data) and
with eight climate variables (Figures S2A and S2B; Mendeley
Data), controlling for phylogenetic non-independency (Mende-
ley Data). Namely, larger genomes are correlated with more
variable annual temperatures (p = 0.0019) (Figures S2A and
S2B) and precipitation (p = 0.034) (Figures S2A and S2B). We
found that intronic TE expansion (Mendeley Data) was lower
in highly expressed genes (Figures S2C-S2H), which are gener-
ally under strong selective constraints (Lawrie et al., 2013).
Hence, our findings suggest that genome expansion in species
with an annual life cycle is likely due to a genome-wide weak-
ening of selective constraints (Lefébure et al., 2017).
Estimating branch-specific gene birth/death rates for 11 fish
species from Ensembl and for the four de novo assembled
killifish genomes (Mendeley Data), we found that genome size
expansion in the annual genus Nothobranchius is not accompa-
nied by a net expansion of gene family size despite a faster gene
turn-over rate (Figures 1A, S1A, and S1C; Mendeley Data). Gene
Ontology (GO) analyses show that the expanded gene families in
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NOR are enriched for developmental and reproductive functions,
such as cell cycle (p = 8.52e—236, false discovery rate [FDR] =
1.01e—233, fold = 12.93), G-protein receptors (driven by olfac-
tory receptors, p = 1.11e—8, FDR = 6.73e—38, fold = 2.55), and
female gametogenesis (driven by zona pellucida proteins, p =
3.79e—5, FDR = 1.50e—4, fold = 6.62) (Mendeley Data). Con-
tracted gene families are enriched for immune system processes
(p = 2.79e—46, FDR = 6.61e—44, fold = 3.55), including B cell-
mediated immunity (p = 5.78e—21, FDR = 1.37e—-19, fold =
10.18), but also for reproduction and olfactory receptors, sug-
gesting the latter two classes of gene families experienced
both gene losses and gains (Mendeley Data).

Relaxation of Selection Is Rampant in Annual Killifishes
To further investigate the occurrence of relaxation of selection,
we determined orthology of 14,709 killifish genes with stringent
quality control (Mendeley Data), and used the RELAX (Wertheim
et al., 2015) descriptive model to infer a relaxation parameter k
for every gene in every species (Mendeley Data; k > 1 indicates
intensified selection, i.e., positive or purifying selection, k < 1
suggests relaxed selection). The species-wise median values
of k negatively correlated with genome size (p = 0.00279,
PGLS, Mendeley Data)—supporting that genome size expansion
is correlated with relaxed selection—and significantly correlated
with precipitation and temperature variables in the predicted
directions (Figures S3A and S3B; Mendeley Data). Overall,
genome size increases while purifying selection weakens in drier
and cooler climates, as well as in regions with larger seasonal
fluctuations of temperature and precipitation (Figures S2A
and S3A).

Next, we used RELAX to detect genes under relaxed or intensi-
fied selection (Mendeley Data). Compared to their closest-related
non-annual genera, the annual genera Nothobranchius and
Callopanchax have relatively more genes under relaxed selection
(k < 1) than under intensified selection (k > 1) (resampling p <
0.001) (Figures 2A and 2B), confirmed by accounting for test per-
formances (Mendeley Data). We estimate that 39.7% of the genes
in Nothobranchius and 17% in Callopanchax are under relaxation
of selection (Mendeley Data)—these estimates become 36.4%
and 24.8% when excluding codons with multiple differences
(CMDs; Venkat et al., 2018) to minimize false calls for positive
selection (Mendeley Data). Genes under intensified purifying se-
lection were estimated to be near zero for both annual genera,
compared to 2%—-6% in non-annual outgroups (Mendeley Data).
Hence, while both relaxed selection and intensified selection likely
occurred, relaxation of selection dominates genome evolution in
annual species. Despite a high number of shared genes under
relaxed selection between the two annual genera, the overlap is
expected by chance (Figure S4G, p = 0.59, Fisher’s exact test,
p = 0.71 excluding CMDs, Figure S5L), suggesting no detectable
convergent evolution of genes under relaxed selection, although
convergence on a functional pathway level exists (Figure S7A).
The overlap of genes under intensified selection between Callo-
panchax and Nothobranchius was only significant (Figure S4H)
when CMDs were included (Figure S5K; Mendeley Data). RNA
sequencing (RNA-seq) (Figure 2C; Mendeley Data) and codon
usage bias (Figure S4A; Mendeley Data), an indicator of transla-
tional optimization (Hershberg and Petrov, 2008), show that highly

expressed genes have larger “k” value (i.e., are under stronger
selective constraint) (Lawrie et al., 2013). Based on differential
force of natural selection predicted by life history theory, genes
contributing to early life fitness are expected to be under stronger
selection (Charlesworth, 2000). Consistent with this prediction,
genes differentially upregulated in young Nothobranchius furzeri
(brain and skin) have larger k values—hence are less relaxed (Fig-
ures 2E, 2F, and S4C-S4F; Mendeley Data), supporting that
genes highly expressed during development are less prone to
relaxed selection upon evolutionary transition to annualism. The
fitness cost of the private mutations carried in the genes under
relaxed selection in Nothobranchius can be measured by their de-
gree of conservation in distantly related proteins in other taxa,
such as the Consurf score (Ashkenazy et al., 2016). Indeed, genes
under relaxed selection have a significantly higher median (Fig-
ure 2D; Mendeley Data; Wilcoxon rank-sum test, p = 8.7e—6)
and maximum Consurf scores (Figure S4B)—unlikely driven
upward by sites under positive selection (Mendeley Data) —sug-
gesting that amino acid changes in the relaxed genes have likely
higher phenotypic severity. All correlations are robust to CMD
exclusions (Mendeley Data). Besides repeat expansion, our re-
sults show that annual species also have a significantly larger
proportion of genes under relaxed selection compared to the
non-annual counterparts, and relaxation of selection can lead to
fixation of deleterious mutations in genes that are otherwise highly
conserved.

Positive Selection of Developmental and

Reproductive Genes

We scanned all 46 genomes for positively selected genes using
the branch-site test implemented in CodeML (Yang, 2007; Men-
deley Data). We estimated fewer positively selected genes
(5.16% in Nothobranchius and 0.45% in Callopanchax)
compared to genes under relaxation, after accounting for power,
false-positive rate and CMD sites (Mendeley Data). The number
of positive selected genes is lower than in Drosophila (six spe-
cies, ~28% tests, p < 0.05) and higher than in the human branch
(one species, ~0.03% tests, p < 0.05) (Venkat et al., 2018).

In harsh environments, positive selection is expected to be
stronger in genes controlling early life history stages, including
genes involved in development and reproduction (Partridge
and Barton, 1993). Indeed, our GO analysis supports that devel-
opment and gonadotropin GO terms are enriched in annual spe-
cies (Figures S7B and S7C; Mendeley Data). Numerous genes
related to development (e.g., egf and fshr), growth (e.g., igf2r,
ghrb, trh, and tshr), and reproduction (e.g., vtg5, zp3a.1, and
zp3c) were positively selected (Mendeley Data). The mitochon-
drial translation pathway was enriched for positively selected
genes in both Callopanchax and Nothobranchius regardless of
CMD exclusion, in agreement with a previous scan in a smaller
dataset in Nothobranchius (Sahm et al., 2016; Mendeley Data).
However, most of the genes involved in mitochondrial translation
also showed molecular signatures of relaxation of selection. Af-
ter excluding genes detected with both relaxation of selection
(k< 1, p<0.05) and positive selection, the mitochondrial-related
pathways were no longer enriched (Mendeley Data), suggesting
that positive selection in mitochondrial genes may be compen-
satory for accumulated deleterious mutations. Alternatively,
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Figure 2. Relaxation of Selection in Annual Killifishes

For a Figure360 author presentation of Figure 2, see https://doi.org/10.1016/j.cell.2019.06.004.

(A and B) p value distributions of the RELAX tests of non-annual (top half) and annual (bottom half) sister genera. (A) Contrast between Nothobranchius and
Aphyosemion and (B) Contrast between Callopanchax and Scriptaphyosemion are shown. Blue bars, genes under relaxed selection (k < 1); red bars, intensified
genes (k > 1). Dotted (non-annual) and solid (annual) lines are the log ratios of k > 1: k < 1 gene counts (see also Figures S5G and S5H).

(C) Average gene expression level is positively correlated with the relaxation parameter k (see also Figure S4A); p value determined by linear regression.

(D) Distributions of the gene-wise median Consurf scores in relaxed (blue bars) and non-significant (green bars) genes (see Figure S4B for gene-wise maximum

scores); p values determined by Wilcoxon rank-sum test.

(E and F) Genes highly expressed during young age (DESeq, p < 0.05) in brain (E) and skin (F) experienced less relaxed selection in brain and skin (see Figures S4E
and S4F for gene expression clustering of brain and skin samples and Figures S4C and S4D for liver). Edges of boxplots indicate the 1st and 3rd quartiles;
whiskers are the data range excluding outliers. p values determined by Wilcoxon rank-sum test.

See also Figure S5.

adaptive positive selection in mitochondrial function can be facil-
itated by earlier relaxation of selection (Wright, 1932).

In line with the analysis of genes under intensified selection in
both annual genera Nothobranchius and Callopanchax, the over-
lap of 79 positively selected genes (Figure S4l) (p = 1.83e—5,
Fisher’s exact test) was not robust to CMD site exclusion (p =
0.24, Fisher’s exact test) (Figure S5M; Mendeley Data)

Genes under positive selection in annual environments are
associated with growth, reproduction, and egg structures, likely
playing an important role in the unique adaptations of annual fish
to their extreme environments.

Convergent Amino Acid Substitutions in Relaxed and
Positively Selected Genes

We scanned the genomes for convergent amino acid substitu-
tions exclusively shared by at least two species of Nothobran-

4 Cell 178, 1-15, July 11, 2019

chius and Callopanchax (Mendeley Data, FDR by simulation
~50%) and found that genes under relaxed selection were
enriched for convergent amino acids before and after CMD
exclusion (before exclusion: 14/185, p = 0.0015, after exclusion:
25/255, p = 4.067e—07). Enrichment for convergent amino acids
in positively selected genes was still present after CMDs exclu-
sion (before CMD exclusion: 11/79, p = 3.66e—5, Fisher’s exact
test; after CMD exclusion: 2/7, p = 0.015). Our findings suggest
that convergent amino acid substitutions occur also in the
context of relaxation of selection.

Populations Repeatedly Underwent Relaxed Selection

in Dry Regions

Next, we asked whether relaxation of selection also affected the
microevolutionary scale. We contrasted paired populations of
the N. rachovii and N. orthonotus species complex (Figure 3B;
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Figure 3. Relaxed Selection within Species in a Two-Species Comparison
For a Figure360 author presentation of Figure 3, see https://doi.org/10.1016/j.cell.2019.06.004.

(A and C) Demographic histories inferred by PSMC of two population contrasts from dry (red) and wet (blue) localities. (A) N. orthonotus species complex
(ORTWET, ORTDRY) and (C) N. rachovii species complex (RACWET, RACDRY). Solid lines, inferred demography by PSMC; purple line, divergence estimated
with SMC++ (Mendeley Data). Faint lines are 30 bootstrapped runs by resampling 5 Mb chunks of the genome.

(B) Map of the sampling localities of the wet and dry populations. Squares are N. orthonotus and circles are N. rachovii.

(D and G) Asymptotic McDonald-Kreitman (MK) . statistics binned by derived allele frequencies in the range 5%-90%, in 5% intervals for N. orthonotus (D) and N.
rachovii (G). The dotted horizontal lines are the asymptotic o estimated with a previous method (Messer and Petrov, 2012) (95% CI marked by gray area),
representing an unbiased estimate of the proportion of mutations driven to fixation by positive selection. The level of relaxation (A«) is measured by the difference
between the asymptotic o and the o value measured at the 5%—-10% frequency bin (a0 1), Where slightly deleterious polymorphisms are enriched.

(E and F) Both “dry” populations have a larger genome size on average than their “wet” sister populations in N. orthonotus (E) and N. rachovii (F). p values

determined by Wilcoxon rank-sum test.
See also Figure S6.

Mendeley Data), representing recent independent adaptations
to wet and dry climates (Blazek et al., 2017). We sequenced
~58 individuals per population to ~2.7 X per individual for a to-
tal of 231 individuals at 638x coverage, and one additional
individual per population at 25-37x coverage (total, 119x)
(Mendeley Data). We first inferred the historical demography
from the high-coverage individuals using pairwise sequentially
Markovian coalescent (PSMC) and the split time from all sam-
ples with SMC++ (Mendeley Data). All populations experienced
bottlenecks between 10 and 100 killoannum (ka) and popula-
tions from dry climates experienced more severe bottlenecks
than their wet counterparts (Figures 3A and 3C). The two
N. rachovii populations diverged earlier, around 258.2 ka, while
the two N. orthonotus populations diverged 203.35 ka. Strik-
ingly, the estimated genome sizes are larger in both popula-
tions from dry environments compared to their “wet” sister
populations (Figures 3E and 3F), recapitulating the phylogenetic
pattern (Figure S2B). We computed the asymptotic McDonald-

Kreitman o (Messer and Petrov, 2013), defined as the propor-
tion of sites driven to fixation by positive selection since diver-
gence from the outgroup species Fundulosoma thierryi (FTH),
pooling all sites in the protein-coding genes (Mendeley Data).
Among the four populations, the asymptotic « varied between
0.019-0.214, with a lower asymptotic o for both species in
populations from drier climates. The o values at lower allele fre-
quencies (56%-10% derived allele frequency) are much more
negative in the two dry populations (Figures 3D and 3G),
possibly reflecting segregation of more slightly deleterious mu-
tations (Messer and Petrov, 2013) in the populations from dry
climates. This result is unchanged when another outgroup spe-
cies (Nothobranchius virgatus [NVG]) was used (Mendeley
Data). The distribution of fitness effects (DFE), estimated with
Anavar (Barton and Zeng, 2018), showed that dry populations
have significantly more mutations assigned to the slightly
deleterious category, assuming a range of sequencing errors
(Mendeley Data).
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Deleterious Variants Drifting to High Frequencies Are
Related to Aging

To further investigate the frequency distribution of the delete-
rious mutations, we contrasted the Consurf scores at different
allele frequencies for the dry and wet population pairs. We found
that on average the non-synonymous polymorphisms are signif-
icantly more deleterious —based on the Consurf score—from the
lowest frequencies up to an allele frequency of 60%-80% for
both dry populations (Figures 4A and 4C), indicating that delete-
rious gene variants reach high frequencies in populations from
drier environments. The elevation of mean Consurf scores is
unlikely driven by positively selected sites (Mendeley Data). Indi-
viduals in both dry populations also carry more total load
compared to their wet counterparts (Figures 4B and 4D).

We then asked whether the frequency distribution of delete-
rious alleles relates to lifespan and aging in other taxa, such
as Hominini. Interestingly, the lifespan of humans is approxi-
mately twice that of chimpanzees in captivity (Altschul et al.,
2018), despite short divergence. We found that chimpanzees
have more deleterious mutations reaching very high frequencies
compared to human, some of which are completely fixed
(Figure 5A), although it is also possible that the significant differ-
ence in the derived allele frequency bin in the range (0.8, 1] is
influenced by the different probability of misidentifying the
ancestral states (Hernandez et al., 2007). The genus Pan has
higher per-individual load compared to Homo (Figure 5B),
despite its larger historical population size (Prado-Martinez
etal., 20183). Although life history could, in part, explain the differ-
ences in genetic load between Pan and Homo, other factors,
such as higher variance in reproductive success in male
Chimpanzees and recent crashes in wild Pan populations
(Prado-Martinez et al., 2013) may also play a significant role.
More overall efficient selection in the human branch (e.g., for
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T
RACDRY

: maturation) may have removed more
RACWET segregating deleterious alleles. Euro-
peans and East Asians, who underwent
more severe bottlenecks and weathered
more inclement climates (Timmermann and Friedrich, 2016)
compared to African populations, carry amino acid variants of
higher impact up to intermediate allele frequencies (20%-40%)
(Mendeley Data; Henn et al., 2015; Lohmueller et al., 2008). How-
ever, the per-individual genetic load is very similar between
different human populations as previously reported (Simons
et al., 2014), although Europeans and admixed Americans
show statistically significant increase in total load (Figure 5B).
Native American population (Mayan) was previously shown to
have a higher load than Sub-Saharan Africans using a different
measure of deleterious mutations (Henn et al., 2016). The 1000
Genomes American samples have an intermediate load (Fig-
ure 5B), consistent with the fact that they are admixed individuals
of African, European and Native American ancestries (Montinaro
et al.,, 2015). Despite humans being a long-lived primate, we
asked whether relaxed selection is related to aging. We found
that genes upregulated during human frontal lobe development
(Colantuoni et al.,, 2011) have higher direction of selection
(DoS) (Eyre-Walker and Keightley, 2007; Figure 5C) compared
to genes expressed later, indicating that selection is stronger
for genes expressed in early life, similar to killifish (Figures 2E
and S6D-S6G). Out of 26 human populations, 21 have signifi-
cantly down-shifted DoS scores for aging genes, and all popula-
tions have down-shifted DoS scores in mitochondrial genes
(Figure 5D, FDR <0.2), indicating a link between relaxation of
selection on the one hand and aging and mitochondrial genes
on the other hand. Despite the lower power for the analysis in
chimpanzee due to fewer available polymorphisms, the mito-
chondrial pathway shows a significant down-shift in DoS in
two Pan populations. Interestingly, we found that genes involved
in neurological system process have intensified selection in
21 human populations, highlighting possible functions that
might have recently undergone adaptive evolution in our lineage
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(A) Per mutation impact binned by derived allele frequencies in 5 chimpanzee and 26 human populations, a Gorilla sequence was used as the outgroup (see also
Mendeley Data). At each frequency bin, the mixed effect model Consurf ~Genus + (1|Pop) was used to compare the differences. Parameter estimates are from
the mixed effect model Consurf ~AF * Genus + (1|Pop). Error bars are + SEM.

(B) Comparisons of per individual genetic load, measured using the summed Consurf scores, of Pan and different human populations. Statistics performed using
the same mixed effect model as in (A).

(C) Genes highly expressed during human frontal lobe development have higher DoS in human populations. Statistics performed using the same mixed effect
model as in (A).

(D) Distribution of DoS scores of genes in different GO pathways in representative human populations from each continent. Only terms significant (FDR <0.2) in at
least one of the selected population are shown, number of significant populations (FDR <0.2) in parentheses. Terms significant in at least 20 populations are
bolded. Green box, intensified; red box, relaxed (FDR <0.2).
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(Figure 5D). Overall, we identified 453 positively selected sites in
killifishes, while 2,862 sites were candidate relaxed in killifishes,
227 in chimpanzees, and 137 in humans (Mendeley Data). By
comparing the Europeans or East Asians with Africans, we
further identified 726 candidate deleterious variants in Euro-
peans, 812 in East Asians, and 2,218 in Africans (Mendeley
Data). We overlapped these lists with ClinVar, a reference data-
base of clinical disease variants (Landrum et al., 2016), showing
that 88 of these candidate sites in Europeans, 71 in East Asians,
and 263 in Africans are annotated with known human diseases
(Mendeley Data). As a complementary approach, we also report
genes with a significantly deviating DoS, as well as the genes
within the significant GO terms (Mendeley Data). This resource
provides a list of known, as well as potentially yet undiscovered,
late-acting, disease-associated genetic variants.

Overall, our results suggest that recent demography (Lohmu-
eller et al., 2008; Simons et al., 2014) and the decreased strength
of selection against late-life acting mutations, together affect the
frequency distribution of deleterious mutations, which can either
remain in the population at low to medium frequency or become,
in extreme cases, the major allele dramatically affecting life his-
tory traits, including species-specific lifespan and aging.

Characterization of the Evolutionary Dynamics of
Relaxed Genes

To understand how selection changes on individual genes
across time, we computed the DoS statistics for each gene
(Mendeley Data), which is an unbiased estimator that measures
both direction and extent of selection, being positive under
adaptive evolution and negative for deleterious segregating
mutations (Eyre-Walker and Keightley, 2007). We found that
genes under relaxed selection (k < 1, p < 0.05 in the RELAX
test) in the ancestral branch of Nothobranchius are more likely
to have an above-average DoS (Figures S6A and S6B; derived
allele frequency 0.20-0.95, outgroup NVG; Mendeley Data).
Hence, ancestrally relaxed genes were less likely to experience
further relaxation in more recent timescales, which may prevent
functionally indispensable genes from pseudogenizing (Bra-
wand et al., 2014; Wright, 1932). Further, ancestrally positively
selected genes are more likely to have positive DoS (Figure S6C),
consistent with persistent positive selection driving subsequent
substitutions. To directly analyze the relation between gene-
wise divergence and selection, we computed the gene-wise fix-
ation index Fsr (Weir and Cockerham, 1984) between the two
N. rachovii populations and compared it with the DoS score.
We found that the gene-wise Fsr was negatively correlated
with DoS in the more divergent N. rachovi species pair (Figures
S6N and S60; Mendeley Data), but not so for the more closely
related N. orthonotus populations (Figures S6L and S6M),
consistent with purifying selection slowing population diver-
gence. Purifying selection is predicted to be more efficient in
highly recombinant regions due to effective disassociation be-
tween deleterious and beneficial alleles (Stoletzki and Eyre-
Walker, 2011). Indeed, in all four populations, inferred local
recombination rate positively correlates with DoS (Figures
S6Q, S6R, S6T, and S6U; Mendeley Data), suggesting genes
located in regions with low recombination rate are particularly
susceptible to relaxed selection.
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Accumulation of Deleterious Mutations in Genes
Contributing to Longevity

In agreement with the phylogenetic dataset (Figures 2E and 2F;
Mendeley Data), genes upregulated in young fish are less
relaxed in brain and skin (Figures S6D-S6K) also in population
data. Hence, genes expressed in late-life, which generally expe-
rience weaker constraints (Charlesworth, 2000; Sajina and Va-
lenzano, 2016), are also more susceptible to relaxed selection
during evolutionary transitions to annual environment. Together,
our data support that purifying selection is weaker throughout
the genome in dry environments—where populations are under
higher extrinsic mortality —and is more relaxed in genes active
during late life stages, such as aging-related genes.

GO analyses (Figure S7A; Mendeley Data) of shared genes
under relaxed selection in Nothobranchius and Callopanchax re-
vealed relaxation in several key aging pathways, namely mito-
chondrial RNA metabolism (p = 6.32e—12, FDR = 2.47e-9)
and organization (p = 2.25e—8, FDR = 1.15e-5), insulin binding
(p = 0.0041, FDR = 0.13), determination of adult lifespan (p =
0.0017, FDR = 0.18), and damaged DNA binding (p = 0.0025,
FDR = 0.046). The distribution of DoS scores for the genes in
the GO term “mitochondrion” in both dry populations is signifi-
cantly more negative than in either wet population (Mendeley
Data), consistent with additional deleterious mutations recently
accumulated in genes involved in mitochondrial functions in
dry populations. Key aging genes in the insulin-IGF1 and
mTOR pathways (Johnson et al., 2013), namely mtor (Notho-
branchius: p = 6.50e—6, k = 0.70; Callopanchax: p = 0.040, k =
0.78), insr (Nothobranchius: p = 0.023, k = 0.69; Callopanchax:
p = 0.0029, k = 0.49), and foxo3a (Nothobranchius: p = 0.0053,
k =0.70; Callopanchax: p = 0.026, k = 0.69) are under relaxed se-
lection in both annual genera. Nothobranchius have additional
genes interacting with mtor under significant relaxed purifying
selection, namely deptor (p = 0.0367, k = 0.70), mapkap1 (p =
0.022, k = 0.71), tti1 (p = 0.025, k = 0.57), rps6kb1b (p = 0.034,
k = 0.0129), pras40 (akt1s1 p = 0.010, k = 0.64), two ampk
(prkag1, p = 0.049, k = 0.67; prkabla, p = 0.0082, k = 0.65),
eif4ebp1 (p = 0.0074, k = 0.40), and foxo3b (p = 0.013, k =
0.66) (Mendeley Data). Overall, upon transition to annual environ-
ments, key genes and pathways involved in aging regulation
were extensively affected by relaxation of selection, leading to
accumulation of deleterious functional variants. We also found
that human populations, despite our species being long-lived,
are susceptible to significant relaxation of selection in the aging
and mitochondrial pathways (Figure 5D).

Impaired DNA Replicative Accuracy Increases

Mutation Load

DNA repair is a key process involved in maintaining DNA
homeostasis, preventing age-related diseases, including cancer
(Jackson and Bartek, 2009). Noteworthy, both genes in the ca-
nonical mismatch repair recognition complex MutSa (msh2/
msh6) (Jackson and Bartek, 2009) are under relaxed selection
in Nothobranchius (msh2: p = 0.0027, k = 0.62; msh6: p =
1.8e—4, k = 0.65) and Callopanchax (msh2: p = 4.1e—4, k =
0.46; msh6: p = 0.0038, k = 0.58). Other genes involved in DNA
replication and repair (Branzei and Foiani, 2008; Jackson and
Bartek, 2009), namely tep1, rpal, lig1, nsmce4a, top3a, and
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polm are also under relaxed selection in both genera. Notho-
branchius has additional genes involved in DNA repair that are
under significantly relaxed selection, such as rad57 (p =
0.0069, k = 0.0095), xrcc3 (p = 0.015, k = 0.16), msh3 (p =
0.016, k = 0.68), pole (p = 0.017, k = 0.87), poli (p = 0.0059,
k =0.27), and xrcc4 (p = 0.044, k = 0.081). Interestingly, we found
that the branch length of Nothobranchius (but not Callopanchax)
at 4-fold synonymous sites is significantly longer than other
killifishes (p < 1e—16, LRT, BaseML molecular clock test), sug-
gesting that DNA replicative errors may have caused a higher
SNP substitution rate in the germline, in addition to genome
expansion.

Mitochondrial DNA replication is carried out by POLG
(POLGa-B) both in the germline and in the soma (Figure 6A).
Deleterious mutations in polga are known in human mitochon-
drial diseases and are often involved in mtDNA depletion or in
the accumulation of large-scale mtDNA deletions (Gorman
et al., 2016). Deleterious mutations in mouse polga increase
mtDNA mutational rate and accelerate aging (Trifunovic et al.,
2004). We found that polga (but not polgb) is under significant
relaxation of selection in annual fishes of the genus Nothobran-
chius (p = 3.72e—6) and Callopanchax (p = 0.0049). Some of
the annual-specific amino acid substitutions for polga are
located in previously characterized functional domains (Fig-
ure 6B) that could affect replication accuracy and alter mutation
rate in the mitochondrial genome (Farnum et al., 2014). Consis-
tent with this prediction, we found that sequence divergence at
the mtDNA synonymous sites is significantly higher in annual
killifishes, deviating from a molecular clock (Figure 6E, p =
0.034, LRT). To functionally validate the phenotypic effects of
relaxed selection for polga, we assessed the replicative fidelity
resulting from nine annual killifish mutations in a heterologous
yeast erythromycin assay, where erythromycin resistance is
conferred by increased mtDNA mutational rate (Doudican
et al., 2005). Yeast heterologous systems are a powerful tool to
test the functional effect of human polga mutations (Lodi et al.,
2015). Switching the cognate amino acid in the yeast polg
gene to killifish states (Mendeley Data), we confirmed that at
least 6 out of 9 tested amino acid substitutions from annual
fish resulted in significantly higher mtDNA mutation rate than
the corresponding non-annual variants (Figure 6D). At 5 sites,
yeast, non-annual killifishes, and human all share the same
amino acid. Among them, 4 out of 5 annual killifish variants
caused an elevated mutation rate, whereas one (R7H) showed
no difference. Yeast, non-annuals, and annuals each have a
different amino acid at three sites. 1489T (annual), but not
1489K (non-annual), conferred an elevated mutation rate.
K781S (annual) and K781A conferred higher mutations than the
yeast wild type (WT) variants, but the annual variant is signifi-
cantly more mutagenic. At site R263, both annual and non-
annual variants elevated mutation rate to about the same level,
suggesting no difference between them. At site A857, yeast
shares the same amino acid as Nothobranchius, which differs
from other Kkillifishes and human (V857). Strikingly, the non-
annual variant (i.e., V857) conferred a lower mutational rate
than the yeast WT (i.e., A857), again confirming that V857A in
Nothobranchius increases mutational rate compared to non-
annual killifishes and human. Hence, we confirm that annual killi-

fishes have accumulated slightly deleterious and nearly neutral
mutations in polga.

We showed that increased mutation rate can exacerbate
relaxed selection in regions with low recombination (Figures
S6Q-S6U), a problem for the non-recombinant mtDNA (VicVean
and Charlesworth, 2000). Mirroring results of the nuclear
genome, annual Killifishes have larger mitochondrial genomes
than non-annual killifishes due to expansions in Nothobranchius
and Callopanchax (Figures S7D-S7H, p = 1.86e—11, PGLS).
Importantly, these expansions occurred independently in the
two annual genera. In Nothobranchius, a segment near the
control region underwent tandem duplication and gradually de-
generated, leaving in N. virgatus a remnant copy of nad6 (Fig-
ure S7F) which is no longer detectable on NOR (Figure S7D)
and other species. In Callopanchax, the region between the 3’
end of 16S rDNA and atp6 likely duplicated and degenerated in
different species, leaving an nad2 pseudogene (Figure S7E,
C. toddi and C. sibideorum) or an atp6 pseudogene (Figure S7G,
C. monroviae). In addition to pseudogenization, nearly all func-
tioning mitochondrion-encoded proteins are under significantly
relaxed selection in both annual genera Nothobranchius (k
ranging between 0.22 and 0.90) and Callopanchax (Figure 6C,
k ranging between 0.30 and 0.85) with no sign of positive selec-
tion, a pattern also confirmed by the population data (DoS
measured for each population varied between —0.070 and
—0.043; when pooling site counts from all populations, DoS =
—0.060, p = 0.00338, Fisher's exact test, outgroup: FTH).
Despite nuclear and mitochondrial genomes being exposed to
different selective constraints, we found that relaxation of
selection in annual killifishes is pervasive and affects both nu-
clear and mitochondrial genomes. Mutations in a number of
genes affecting mitochondrial function, such as polga, are strong
candidates for mitochondrial genomic instability and could be
involved in mitochondrial genome expansion and higher muta-
tion rate, possibly playing a key role in the age-related dysfunc-
tions that characterize life history in annual killifishes. Relaxation
of selection in the nucleus-encoded polga likely exacerbated
mitochondrial genetic load.

DISCUSSION

Here, we provide evidence that genome-wide relaxation of
selective constraints dominates evolution of short lifespan in
African killifishes and more broadly affects the distribution of
disease-causing alleles across species.

Transitions to annual environments impose intense selection
on genes affecting early life history traits, such as embryonic
development and sexual maturation, and yield to extensive
relaxation of selective constraints on genes involved in late life
homeostatic processes (Figure 7). Severe bottlenecks in annual
species and in populations living in more arid environments
further exacerbate the effect of relaxed selection by amplifying
mutation load (Henn et al., 2015; Lynch and Gabriel, 1990).
Although it cannot be ruled out that positively selected genes
in Nothobranchius (Sahm et al., 2016; Valenzano et al., 2015)
(Mendeley Data) may still in part contribute to aging-related phe-
notypes via antagonistic pleiotropic mechanisms (Charlesworth,
2000; Williams, 1957), the proportion of genes under positive
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(A) All four enzymes involved in the replication fork of mtDNA are relaxed in annual species (blue, negative sign). Additionally, polrmt is also positively selected
(positive sign).

(B) Multiple protein sequence alignment of divergent sites between yeast polg, human polga, and killifish polga. A schematic of the phylogenetic tree is shown on
the right. Six of these amino acid sites are within annotated functional domains.

(C) Relaxed selection (darker blue shade represents more “relaxed” k) for mitochondrially encoded proteins in Nothobranchius and Callopanchax. Inner circles,
significant tests (p < 0.05, RELAX test).

(D) mtDNA replicative error rates measured for different annual killifish polga mutations in a yeast erythromycin assay. The normalized fold change of colonies is
positively correlated with mtDNA replication errors. Representative erythromycin plates are shown for the different polg mutants (a yellow arrow indicates a
colony). The exo-positive control has a very high mutation rate due to a lack of the exonuclease domain. If non-annuals share the same amino acid with yeast, the
annual variant was directly compared to the yeast wild type (WT), otherwise, they were compared to the non-annual variants. Unpaired Wilcoxon rank-sum test,
*p < 0.05, “*p < 0.01, **p < 0.001, ***p < 0.0001.

(E) Faster mitochondrial synonymous substitution in the annual species indicated by longer branch-length in mitochondrial genomes (see Figures S7C-S7F for
examples of mtDNA expansion).
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Figure 7. Schematic Representation of Main
Findings and General Model
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selection is dwarfed by those under relaxed selection. The
extensive accumulation of deleterious mutations during the
evolution in annual environments provides a mechanistic basis
for the broad spectrum of aging phenotypes and the short life-
span that characterize annual killifishes (Figure 7; Valenzano
et al., 2017).

Annual killifishes display increased mutational rate both in the
nuclear and mitochondrial genomes, consistent with their size
expansion. The nucleus-encoded mitochondrial DNA polymer-
ase polg accumulated mutagenic variants in annual species,
possibly leading to higher mitochondrial DNA mutational rate
(Farnum et al., 2014). This mutational rate increase could have
exacerbated mitochondrial dysfunction (Nurminen et al., 2017;
Trifunovic et al., 2004). Indeed, relaxed selection on polg may
have caused relaxation in all mitochondrially encoded genes
that we observed in annual killifishes. It is conceivable that
extensive relaxed selection for mitochondrial replication could
subsequently generate strong positive selection for mitochon-
drial transcription and translation pathways to partially compen-

Relaxed Selection

O £X

- Accumulation of deleterious gene variants
- Mitochondrial genome expansion
- Low mitochondrial DNA replication fidelity

A\ 4

Short lifespan
Ageing-releated dysfunctions:
- neurodegeneration

genomic level, positive selection occurred on genes
involved in growth and embryonic development,
while relaxation of purifying selection resulted
in expansion of transposable elements and accu-
mulation of deleterious mutations preferentially
in genes maintaining longevity. While positively
selected genes may in part pleiotropically contribute
to aging phenotypes (dashed red arrow), extensive
relaxation of selection in genes involved in the vast
majority of biological functions likely contributed to
age-related dysfunctions in annual killifishes.

Dec

sate for the dysfunctional genes. Despite
between-species phenotypic differences
that are believed to be largely driven by
positive selection (Kern and Hahn, 2018),
our results suggest that a significant pro-
portion of positively selected genes may
not exclusively contribute to species-spe-
cific adaptations but could help repair the
aftermath of relaxed selective constraints.

Relaxed selection on aging-related genes
is unlikely a peculiar feature of annual killi-
fishes, but rather a general phenomenon
occurring during transitions of life-history
strategies and changes of demography, as
suggested in the case of hominins. Our
findings support that the accumulation of
deleterious gene variants affecting late-life
phenotypes can be evolutionary and mech-
anistically disconnected from selection for
early life. That is, rather than being driven
mainly by positive selection in mutations
benefiting early life at the expense of late-
life fitness, relaxed selection alone contributes to the majority of
deleterious mutations affecting lifespan. Lifespan is likely limited
by the cumulative action of numerous late-acting deleterious ge-
netic variants of small effects, compatible with the nearly neutral
theory of evolution (Ohta, 1973). Segregation of deleterious
mutations at low-to-high frequencies, as we observed in the
chimpanzee-human comparison, are consistent with differences
in lifespan across these recently diverged species, although the
exact cause requires further research. Strikingly, the genes under
relaxed selection are enriched for aging and mitochondrial
pathways across human populations, supporting that relaxation
of selection is directly associated with aging-related phenotypic
dysfunction, and the interpretation of biomedical genomic data
for disease-associated variants can be in part explained by the
recent evolutionary past of our species.

Our findings connect genomic relaxation of selection with the
evolution of life history traits and help understand the origin and
diffusion of disease-causing genetic variants within and among
species.

A
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and Virus Strains

Saccharomyces cerevisiae w303 ade2-1; leu2-3; Thomas and Rothstein, 1989 YMGH1

his3-11, 15; trp1-1; ura3-1; can1-100 MAT a

Saccharomyces cerevisiae w303 ade2-1; leu2-3; Thomas and Rothstein, 1989 YMG2
his3-11, 15; trp1-1; ura3-1; can1-100 MAT «

Biological Samples

Fundulopanchax gardneri Udi mountain Wolfgang Eberl (DKG) N/A
Fundulopanchax amieti C89 / 31 Edea-Yahounde Wolfgang Eberl (DKG) N/A
Fundulopanchax scheeli Glen Collier N/A
Fundulopanchax deltaensis Koloware Glen Collier N/A
Fundulopanchax filamentosus Ikeja Glen Collier N/A
Fundulopanchax sjostedti Niger Delta Jurij Phunkner N/A
Aplocheilus lineatus Aquarium strain Glen Collier N/A
Pachypanchax playfairii SEY 05 La Digue Wolfgang Eberl (DKG) N/A

Epiplatys togolensis Palime Glen Collier N/A

Epiplatys grahami Glen Collier N/A

Epiplatys dageti Liberia AMNH N/A

Epiplatys lamottei Koule Glen Collier N/A

Epiplatys guineensis Glen Collier N/A

Epiplatys spilargyreius Pool Malebo Glen Collier N/A

Epiplatys multifasciatus, Democratic Republic AMNH AMNH 254532
of the Congo, Kinshasa

Archiaphyosemion petersi Banco National Park Glen Collier N/A
Archiaphyosemion guineense, Guinea AMNH AMNH 260487
Archiaphyosemion leucupterygium Lola Glen Collier N/A
Scriptaphyosemion schmitti Juarzon Glen Collier N/A
Scriptaphyosemion guignardi Sougueta, Guinea Glen Collier N/A
Scriptaphyosemion bertholdi Glen Collier N/A
Scriptaphyosemion cauveti Kindia Wolfgang Eberl (DKG) N/A
Callopanchax sibideorum GM 97/2 Wolfgang Eberl (DKG) N/A
Callopanchax huwaldi Glen Collier N/A
Callopanchax toddi GM 97 / 7 - Takhori Wolfgang Eberl (DKG) N/A
Callopanchax monroviae 97 / L Glen Collier N/A
Aphyosemion cyanostictum, Gabon AMNH AMNH 262946
Aphyosemion kouamense Glen Collier N/A
Aphyosemion australe, aquarium strain “gold” Aquarium trade N/A
Aphyosemion gabunense_marginatum Wolfgang Eberl (DKG) N/A
Aphyosemion cognatum, Congo basin AMNH AMNH 251785
Aphyosemion punctatum Bolo Bai Louis Hersh (UKY) N/A
Aphyosemion cameronense Cameroon AMNH N/A
Aphyosemion coeleste, Niari, Congo AMNH AMNH 258487
Aphyosemion kunzi Wolfgang Eberl (DKG) N/A
Aphyosemion kunzi BDBG 2004/10 Glen Collier N/A
Fundulosoma thierryi Ada Wolfgang Eberl (DKG) N/A
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Pronothobranchius seymouri Accra Stefano Valdesalici (AIK) N/A
Nothobranchius ocellatus Kikonkono Glen Collier N/A
Nothobranchius vosseleri TNKS 2013/35 Makaka Wolfgang Eberl (DKG) N/A
Nothobranchius foerschi Glen Collier N/A
Nothobranchius kafuensis Kayuni state farm N/A N/A
Nothobranchius virgatus Sudan Stefano Valdesalici (AIK) N/A
Nothobranchius rachovii Beira 98 Wolfgang Eberl (DKG) N/A
Nothobranchius furzeri GRZ Dario Valenzano N/A
Nothobranchius orthonotus Martin Reichard N/A
Nothobranchius kuhntae wild samples Martin Reichard ORTWET
Nothobranchius orthonotus wild samples Martin Reichard ORTDRY
Nothobranchius rachovii wild samples Martin Reichard RACWET
Nothobranchius pienaari wild samples Martin Reichard RACDRY

Chemicals, Peptides, and Recombinant Proteins

Erythromycin
Glycerol 99,5%
Peptone from Meat
Yeast extract

Sigma-Aldrich
VWR

Merck
MP-Biomedicals

Cat# 114-07-8
Cat# 56-81-5
Cat# 91079-38-8
Cat# 8013-01-2

Deposited Data

Raw reads
Assembled genomes

Genome annotations
Gene alignments
List of genes under relaxed / positive selection

NCBI
NCBI

Mendeley Data
Mendeley Data
Mendeley Data

PRJNA531796

SSNQO00000000, SSNS00000000,
SSNR00000000, SSNP0O0000000

https://doi.org/10.17632/f9phgbv4rs.1
https://doi.org/10.17632/f9phgbv4rs.1
https://doi.org/10.17632/f9phgbv4rs.1

Oligonucleotides

PCR primers for yeast transformation

Mendeley Data

https://doi.org/10.17632/f9phgbv4rs.1

Recombinant DNA

Plasmids for yeast transformation

Mendeley Data

https://doi.org/10.17632/f9phgbv4rs.1

Software and Algorithms

Custom programs written for this study

Trimmomatic 0.32

Preseq 1.0.2

NextClip 1.3.1

Discovar de novo 52488

NCBI BLAST 2.2.31+

BESST (git version 7dba5 dd)
BESST_RNA (git version 9cc039b)

MasurCA 3.2.1

Gapfiller 1.10

This paper

Bolger et al., 2014

Daley and Smith, 2013

Leggett et al., 2014

N/A

Camacho et al., 2009

Sahlin et al., 2014
N/A

Zimin et al., 2013

Nadalin et al., 2012

https://github.com/valenzano-lab/
killigenomics

http://www.usadellab.org/cms/?page=
trimmomatic

http://smithlabresearch.org/software/
preseq/

https://github.com/richardmleggett/
nextclip

ftp://ftp.broadinstitute.org/pub/crd/
DiscovarDeNovo/

ftp://ftp.ncbi.nim.nih.gov/blast/
executables/blast+/LATEST/

https://github.com/ksahlin/BESST

https://github.com/ksahlin/
BESST_RNA

https://github.com/alekseyzimin/
masurca

https://sourceforge.net/projects/
gapfiller/
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Continued
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Reapr 1.0.18 Hunt et al., 2013 https://www.sanger.ac.uk/science/

Redundans 0.13a

SGA preQC 0.10.13
BWA 0.6

BWA-MEM 0.7.12-r1039
SMALT 0.5.3

STAR 2.4.2a
BUSCO v2betad
Metassembler 1.3

PILON 1.22
AllMaps 0.6.9

ProgressiveCactus (git version 7af8f26)
caper (R package, 1.0.1)
RAXML 8.2.4

TranslatorX 1.1
MAFFT v7.305b

Muscle 3.8.31
Gblocks 0.91b
Consel 1.20
NOVOPlasty 2.6.3
MITOS server
Trinity 2.1.1
Maker 3.0beta

Augustus 3.2.1
CDHItEST 4.6.4
Exonerate 2.2.0
RepeatModeler 1.73
RepeatMasker 1.331

UPhO (git version 4ec1589)

MCL 14-137
Fasttree 2.1.9
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Pryszcz and Gabaldén, 2016
Simpson and Durbin, 2012
Li and Durbin, 2010

Li, 2013

Sanger Institute

Dobin et al., 2013
Simao et al., 2015
Wences and Schatz, 2015

Walker et al., 2014
Tang et al., 2015

Paten et al., 2011

Freckleton et al., 2002

Stamatakis, 2006

Abascal et al., 2010
Katoh and Standley, 2013

Edgar, 2004

Talavera and Castresana, 2007

Shimodaira and Hasegawa, 2001

Dierckxsens et al., 2017

Bernt et al., 2013

Grabherr et al., 2011

Cantarel et al., 2008

Stanke and Morgenstern, 2005
Li and Godzik, 2006

Slater and Birney, 2005
Institute for Systems Biology
Institute for Systems Biology

Ballesteros and Hormiga, 2016

Enright et al., 2002
Price et al., 2010

tools/reapr
https://github.com/Ipryszcz/redundans
https://github.com/jts/sga/wiki/preqc
N/A

https://github.com/Ih3/bwa

https://www.sanger.ac.uk/science/
tools/smalt-0

https://github.com/alexdobin/STAR
https://busco.ezlab.org

https://sourceforge.net/projects/
metassembler/

https://github.com/broadinstitute/pilon

https://github.com/tanghaibao/jcvi/
wiki/ALLMAPS

https://github.com/glennhickey/
progressiveCactus

https://cran.r-project.org/web/
packages/caper/index.html

https://cme.h-its.org/exelixis/
software.html

https://translatorx.org/

https://mafft.cbrc.jp/alignment/
software/

https://www.ebi.ac.uk/Tools/
msa/muscle/

http://molevol.cmima.csic.es/
castresana/Gblocks.html

http://stat.sys.i.kyoto-u.ac.jp/
prog/consel/

https://github.com/ndierckx/
NOVOPIasty

http://mitos.bioinf.uni-leipzig.de/
index.py

https://github.com/trinityrnaseq/
trinityrnaseq/wiki
http://yandell-lab.org/software/
maker.html
http://augustus.gobics.de/
http://cd-hit.org/
https://www.ebi.ac.uk/about/

vertebrate-genomics/software/
exonerate

http://www.repeatmasker.org/
RepeatModeler/

http://www.repeatmasker.org/
RMDownload.html

https://github.com/ballesterus/
UPhO

https://micans.org/mcl/

http://www.microbesonline.org/
fasttree/
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HMMER 2 Eddy, 2008 http://hmmer.org/

GeneWise 2.4.1

EvidenceModeler 1.1.1
CAFE’ 4.0.1

TrimAl v1.4.rev15
CIWOG/GECA (git version ede81942)
GATK 3.4.46

Samtools/Bcftools 1.2

Picard v.1.119
APE 5.1

PHYTOOLS 0.6.44

HyPhy v.2.2.5/v2.3.8
PAML 4.8

PCOC 07022018
Consurf 1.0.6
Rate4Site 3.2

Package-GFE (05/29/15)

MACs (f254a25)
scrm 1.7
fastStructure 1.0
PhyloBayes4.1

MSMC 2

SMC++ (11e46fb)

Bcftools 1.6

LDHat (git version 81596e2)
Anavar 1.4

wgsim 0.3.1-r13
featureCounts 1.5.0
Deseq 2

Reveel release 2
Beagle 4.1

Angsd 0.918
Uniprot Database
World Climate 2 Database

Birney et al., 2004

Haas et al., 2008

De Bie et al., 2006;
Han et al., 2013

Capella-Gutiérrez et al., 2009
Fawal et al., 2012
McKenna et al., 2010

Li et al., 2009

Broad Institute
Paradis and Schliep, 2018

Revell, 2012

Pond et al., 2005
Yang, 2007

Rey et al., 2018
Ashkenazy et al., 2016
Pupko et al., 2002

Maruki and Lynch, 2015

Chen et al., 2009
Staab et al., 2015
Raj et al., 2014
Lartillot et al., 2009

Schiffels and Durbin, 2014;
Li and Durbin, 2011

Terhorst et al., 2017

Li et al., 2009

Auton and McVean, 2007
Barton and Zeng, 2018

N/A
Liao et al., 2014
Love et al., 2014

Huang et al., 2016
Browning and Browning, 2016

Korneliussen et al., 2014
Bateman et al., 2015
Fick and Hijmans, 2017

https://www.ebi.ac.uk/Tools/psa/
genewise/

https://evidencemodeler.github.io/

https://hahnlab.github.io/CAFE/
download.html

http://trimal.cgenomics.org/downloads
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Package-GFE
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http://megasun.bch.umontreal.ca/
People/lartillot/www/download.html

https://github.com/stschiff/msmc2

https://github.com/popgenmethods/
smcpp

https://github.com/samtools/bcftools/
releases/

https://github.com/auton1/LDhat

http://zeng-lab.group.shef.ac.uk/
wordpress/?page_id=28

https://github.com/Ih3/wgsim
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https://bioconductor.org/packages/
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http://reveel.stanford.edu/

https://faculty.washington.edu/
browning/beagle/b4_1.html

https://github.com/ANGSD/angsd
https://www.uniprot.org/
http://worldclim.org/version2
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ConsensusPathDB version 33 Herwig et al., 2016 http://cpdb.molgen.mpg.de/
PANTHER Database 14.0 Mi et al., 2017 http://pantherdb.org/
Experimental Models: Organisms/Strains
w303 Amip1::URA3 Martin Graef; YMG521
Medeiros et al., 2018
W303 Amip1::URA3 pRS315-prMIP1-MIP1- natMX6 Martin Graef; YMG532
Medeiros et al., 2018
W303 Amip1::URA3 pRS315-prMIP1-MIP1%%° natMX6 Martin Graef; YMG533
Medeiros et al., 2018
W303 Amip1::URA3 pRS315-prMIP1-MIP177 natix6 This paper YMG651
W303 Amip1::URA3 pRS315-prMIP1-MIP1Y6%" natMx6 This paper YMG653
W303 Amip1::URA3 pRS315-prMIP1-MIP1274¢E nathiX6 This paper YMG802
W303 Amip1::URA3 pRS315-prMIP1-MIP1<787S nathMX6 This paper YMG803
W303 Amip1::URA3 pRS315-prMIP1-MIP14%°7"natMXx6 This paper YMG804
W303 Amip1::URA3 pRS315-prMIP1-MIP1ME73V-natMiX6 This paper YMG805
W303 Amip1::URA3 pRS315-prMIP1-MIP14%°%-natMX6 This paper YMGB54
W303 Amip1::URA3 pRS315-prMIP1-MIP1725% nat\MX6 This paper YMG806
W303 Amip1::URA3 pRS315-prMIP1-MIP1“¢%-nathix6 This paper YMG807
W303 Amip1::URA3 pRS315-prMIP1-MIP15787AnatIX6 This paper YMG808
W303 Amip1::URA3 pRS315-prMIP1-MIP17253 - natixe This paper YMGB52
W303 Amip1::URA3 pRS315-prMIP1-MIP1“8™ natMXx6 This paper YMG658

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Dario
Riccardo Valenzano (dvalenzano@age.mpg.de). Some fish finclip samples used in the study were exhausted for DNA extraction
and are no longer available.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Killifish samples

We sampled 43 African killifish species (two populations of Aphyosemion kunzi were included, 44 populations total) from Nothobran-
chiidae and 2 outgroup species from Aplocheiliidae. We chose 4 species for de novo genome assembly. These species were chosen
to cover the 2 major phylogenetic clades of Nothobranchiidae and the outgroup. These 4 species are N. orthonotus (NOR, annual),
Aphyosemion australe (AAU, non-annual), Callopanchax toddi (CTO, annual) and Pachypanchax playfairii (PLP, non-annual). Except
for NOR, which is a recent-generation offspring from wild caught fish, highly inbred aquarium strains were used for the other three.
Pheno-chloroform extraction or QIAGEN Dneasy Kit were used to extract gDNA from ethanol-preserved specimens.

Wild Nothobranchius populations

We chose two sympatric Nothobranchius species groups (N. rachovii group RAC, N. orthonotus group ORT), both adapted to dry and
wet environments independently. For simplicity, we designate N. pienaari as RACDRY, N. rachovii as RACWET, N. kuhntae as
ORTWET and N. orthonotus as ORTDRY. We sequenced from finclip DNA ~60 individuals of unknown sex (sex ratio approximately
1:1) from each population. We prepared the sequencing library with a published protocol (Rowan et al., 2015), with the modification
that end-repair and A-tailing are combined into one reaction. Four individuals were sequenced to high coverage at > 25X, while others
are at ~2.7X.

Human and Chimpanzee data

Called genotypes from the phase 3 1000G human genome project (Auton et al., 2015), chimpanzee resequencing data (de Manuel
et al., 2016) and a Gorilla genome (Gordon et al., 2016) were downloaded from previous studies.
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Yeast strains and plasmids

All Saccharomyces cerevisiae strains used in this study are W303 or derivatives thereof and are listed in Mendeley Data. All
POLG/MIG1 alleles were generated by plasmid “gap repair’-PCR-based targeted recombination in Amip1::URA3 and are listed
in Mendeley Data. Primers used to generated specific point mutations are listed in Mendeley Data. Plasmid pRS315 was
linearized prior to transformation using restriction endonucleases BamHI and Hindlll and co-transformed with PCR fragments flanked
by > 40 bp homologous sequences to the 5’ and 3’ regions of the cut plasmid. To reintroduce mitochondrial genomes, strains were
backcrossed, sporulated and confirmed for haploidy by analytic PCR and growth on selective media. Strains were grown in YPG
medium [1% (w/v) yeast extract (Serva), 2% (w/v) bactopeptone (Merck), 3% (w/v) glycerol (Sigma)] or synthetic medium [0.7%
(w/v) yeast nitrogen base (BD Difco); 2% (w/v) a-D-glucose] lacking specific amino acids for plasmid selection at 30°C.

METHOD DETAILS

Library construction and sequencing
For de novo assembly, 2 sets TruSeq PCR-Free libraries were made. The first set was not size-selected and sequenced to ~30X
using 250x2PE reads on a Hiseq2500 Rapid mode. Preliminary analyses showed that the average insert size is only ~350bp. The
second set of libraries were subjected to size selection by PippinPrep for an insert size of 450bp and sequenced to ~60X for
each species using two 250X2PE runs. Mate-pair libraries were constructed with the Nextera mate-pair gel-plus protocol with minor
modifications for three jump sizes: 3kb, 8kb and > 10kb. Four out of 12 libraries had a lower-than-expected insert size and/or poor
complexity. These libraries were remade and sequenced with the other 8 libraries on two lanes of Hiseq 4000 (150bp x 2). This pro-
tocol was carried out by the Cologne Center of Genomics (CCG).

Depending on the available amount of gDNA, Truseq PCR-free or Truseq Nano protocols were used for the lower covered samples
(5-30X) intended for reference-base variant calling. The maximal number of PCR cycles performed was 9. These libraries were
sequenced using 100x2 PE on Hiseq 2500 and 150x2 Hiseq 4000.

Yeast erythromycin assay

Cells were grown in 3 mL YPG for 2 days at 30°C. Cells corresponding to 9 OD600-units were harvested by centrifugation and plated
on YPG plates containing erythromycin (2 mg/ml; Sigma). To normalize for cell population, 0.01 OD600 were plated on YPG plates.
Results were analyzed after 7 days at 30°C. All normalized counts from each batch were then divided by the averaged normalized
count of the wild-type strain on erythromycin to control for batch effects.

QUANTIFICATION AND STATISTICAL ANALYSIS

Genome Assembly

De novo assembly

We performed a series of library quality trimming, decontamination and deduplication (for mate-pairs). Discovar de novo was used to
assemble contigs, and the resulting assemblies were subjected to heterozygous contig removal with Redudans, and repeated
iterations of BESST scaffolding, gap-filling by GapFiller and misassembly splitting by Reapr using the mate-pair and pair-end
libraries. We monitored the assembly continuity statistics and protein-encoding content quality at each iteration with BUSCO (runned
with genome mode using the Teleost protein BUSCO library). We selected the assembly version with the peak statistics as the
optimal assembly, and added an additional round of RNaseq scaffolding with BESST-RNA. In parallel, we also assembled the
same data with MaSurCA, and repeated the same iterative process. The optimal DDN and the MaSurCA assemblies were reconciled
into a meta-assembly by MetaAssembler, using the mapping statistics of the longest mate-pair library (> 10kb) as a basis to choose
between local assembly regions. As a final step, we searched the assembly for closable gaps by comparing the flanking sequences
around gaps, and merged them if they appeared to be nearly identical. Pilon was run using one of the 250X2PE libraries to correct for
small assembly errors.

We further assigned the NOR scaffolds into linkage groups by mapping a previous RAD-Tag map from its sister species N. furzeri,
and using orthologous proteins from the NFZ assembly as anchors. The two maps are reconciled with AllMaps. These species are
closely related and have the same chromosome number. This LG-level assembly of NOR was only used in the psmc’ analysis, in
which we used bootstrapping to account for scaffolding errors.

Pseudogenome assembly generation

The lower-coverage resequencing data of 41 species were mapped to their closest related reference genome by BWA-mem
(v.0.7.12) in pair-end mode. PCR duplicates were marked with “MarkDuplicates” tool in the Picard v.1.119 package. Reads were
realigned around INDELs with the “IndelRealigner” tool in GATK v.3.4.46. We called variants with samtools v1.2 “mpileup” com-
mand, requiring a minimal mapping quality of 20 and a minimal base quality of 25. A “pseudogenome” assembly was generated
by substituting reference bases with the alternative base in the reads. Uncovered regions, INDELs and sites with > 2 alleles were
masked as unknown “N.” The allele with more supporting reads was chosen at biallelic sites.
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Gene model annotations

We extracted total RNA from whole bodies from the same ethanol-preserved individual used for de novo assembly. Then used the
Trimmer-2 cDNA normalization kit (Evrogen) to prepare cDNA libraries. The four cDNA libraries turned into lllumina libraries by
Nextera kit and sequenced on one HiSeq 4000 lane using 150bpx2. This library was mainly used for training Augustus.

Teleost protein sequences of 11 species were downloaded from Ensembl, and clustered into gene families by all-against-all blastp
followed by MCL. The UPhO pipeline was used to further identify orthologs from these gene families. Each ortholog alignment we
produced HMMER v.2 profiles, and aligned them to the de novo assemblies with Genewise.

We trained the Augustus predictor with a preliminary alignment of conspecific transcriptome data with Exonerate. We then ran
Maker v.3.0beta, combining Genewise models and assembled Killifish transcriptome assemblies. Evidence modeler was run inter-
nally by Maker 3 for model reconciliation. High-quality protein models from the first round of maker models were picked by requiring
complete alignment to NCBI proteins. These gene models were used to retrain Augustus. Maker was rerun with the retrained Augus-
tus. Inspection showed that Maker often produces fused gene models between neighboring genes. We developed a pipeline to fix
these artifacts, and improved the BUSCO quality score from 89.9%-92.2% in the raw Maker output to 95.66%-97.34% after the final
fixing step.

Repeat masking

We ran repeat modeler on the DDN contigs to identify killfish-specific repeats. The identified repeats from 4 reference genomes were
concatenated into a killifish repeat database, and merged with the repbase library. Repeatmasker was used to annotate transposable
elements and other repeat types in the reference genomes.

Gene family determination and orthology assignment

We ran all-against-all blastp on predicted amino acid (AA) sequences from NOR, PLP, AAU, CTO gene models, combined with the
longest AA isoforms of 11 fish species (Aparicio et al., 2002; Howe et al., 2013; Kasahara et al., 2007; Warren et al., 2018) in Ensembl
(Lepisosteus oculatus, Gadus morhua, Oreochromis niloticus, Oryzias latipes, Xiphophorus maculatus, Poecilia formosa, Takifugu ru-
bripes, Tetraodon nigroviridis, Gasterosteus aculeatus, Danio rerio and Astyanax mexicanus) and the NCBI annotation of NFZ (only
the longest isoform per gene), totaling 373,018 sequences (on average 23,313 sequences/species). We clustered the results using
MCL into 11847 gene families, to which 97.7% genes can be assigned. Among these, 5475 families have > = 1 gene per species, 1261
have exactly one gene per species and 8667 genes (2.3%) remained as singletons. The clustering results from MCL were used for
gene family expansion/contraction analyses by CAFe’.

We further delineated orthologs from gene families with multiple paralogs using the UPhO pipeline, with a maximum likelihood tree
independently built for each family by FastTree (2.1.9 SSE3, OpenMP). In total, we delineated 24563 ortholog groups for the 16 teleost
species. Within these, we found that 13932 orthogroups contain exactly one gene for each of the 4 killifish species. We further com-
bined incorrectly split orthogroups informed by Ensembl Compara database for the 11 teleost species. At the end, we can assert
orthology of 14709 genes for African killifish, which were used in downstream analyses. Gene symbols and gene names are assigned
from the ensembil fish genes located in the same ortholog group.

Inferring genome size and gene family expansion

Genome size

We mapped quality-trimmed reads to the single-copy BUSCO gene models and estimated the sequencing depth by bedtools. The
genome size is estimated as total read bases / depth.

Gene family size analyses with CAFE*

We analyzed 11847 gene families for their expansion and contraction patterns for 16 teleost species, including the 4 newly
sequenced killifishes, using the package CAFE‘ v2.2. We first used strictly single-copied genes (1261 genes, 601,174 AA, 4.21%
missing, 16 taxa) to build a maximum likelihood tree with RAXML using 100 rapid bootstraps followed by a full ML optimization
with the PROTGAMMAJTTX model. This tree has bootstrap values of 100 in all internal nodes, and recovers the expected phylogeny.
This tree was only used to guide the CAFE* analyses.

We counted the number of paralogs per gene family by summing the “completeness” annotation and rounded to the nearest
integer to account for split genes. CAFE‘ was run on the paralog counts with recommendations by the user manual, with an estimated
error rate parameter. We tested whether gene birth and death rates significantly differ in any killifish compared to the other teleost by
likelihood ratio tests and simulations outlined in the CAFE‘ user manual.

Expansion of TE elements in Nothobranchius

We used the GECA package to identify orthologous introns from the 14709 orthologous killifish genes. We tallied the TE types and
their lengths in these introns, and contrasted the repeat lengths between AAU and NOR, both grouped by TE family or pooled. We
determined the global expression levels of a gene by selecting genes with consistent expression levels in the RNaseq data among all
4 killifishes (std/mean < 0.5). We then compared the expression levels between the genes receiving 10% and 90% quantiles of TE
expansions using a Wilcoxon rank sum test.
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Phylogenetic reconstruction and climatic variable correlations

Cyprinodontiform phylogeny reconstruction

We extracted homologous bases in the coding regions by aligning raw reads of all killifish samples to a previous published NFZ
genome (Valenzano et al., 2015) with the same approach as above. In addition, we aligned genome assemblies of Xiphophorus mac-
ulatus, Austrofundulus limnaeus and Fundulus heteroclitus to the NFZ reference with ProgressiveCactus, and converted the file to
vcf. format. We then extracted protein-coding regions from the alignments based on the NFZ GFF annotations. The final alignment
has 9,710,157 sites in 49 species, with 17.8% of missing data. We ran RAXML to infer the species tree, with 100 rapid bootstraps
followed by a full ML optimization, using the GTRGAMMA model. This phylogeny was only used for character mapping and corre-
lations using phylogenetic generalized linear models (PGLS). By calibrating the phylogeny with a dated tree of teleost (Near et al.,
2012) we estimated a neutral mutation rate of 2.6321e-9 /bp/year in the Nothobranchius branch, similar to an experimentally obtained
rate in cichlids (Malinsky et al., 2018).

Bioclim variables and PGLS

GPS coordinates of the collection locality (if available) or the type locality of each species were used to extract the bioclim variables
within a 1Tkm radius using the “raster” package in R. We used the phylogenetic generalized linear (PGLS) model implemented in the
R package “caper” to perform correlations, correcting for phylogenetic dependency. The species phylogeny was specified as a co-
variate matrix assuming the Brownian diffusion model of trait evolution. We ran the model both with and without branch
transformations. In case of branch transformations, we performed model selection to determine the optimal number of transforma-
tion parameters (kappa, lambda, delta) using AIC. A less complex model is preferred if it has a AAIC < 4 than the more complex model.

Test for relaxation of selection and positive selection

Alignment quality control and gene tree inference

Using the ortholog alignments and the corresponding gene models, we extracted protein-coding gene squences, excluding unreli-
able parts of the gene model, and aligned them with TranslatorX 1.1, which internally calls MAFFT v7.305b for alignment and Gblocks
0.91b for exclusion of unreliable regions. The sequences for the species with abnormal read coverage (p < 0.01 of genome-wide
coverage distribution) were excluded to avoid mismapped paralogs. We further excluded genes with significant deviation from
the genus-level phylogeny (see 3.1) in an AU test (Shimodaira, 2002) to avoid false positives in the subsequent tests (Mendes and
Hahn, 2016). At p < 0.05, 765 out of 14691 genes (0,052) were excluded, suggesting that an over-whelming support for the Cypri-
nodontiform phylogeny by gene trees. We used the RAXML constraint tree for the RELAX and CodeML tests.

RELAX: General descriptive model

We ran 13709 quality filtered alignments with the RELAX general descriptive model using corresponding gene trees. This model
allows for a free relaxation parameter k to be inferred for every branch. The relaxation parameter k is an exponent for selection
parameters between the foreground and the background branches, where (omegabackgmund)" = 0MeQasoreground- A K > 1 suggests
selection to be more intensified in foreground branch and vice versa. We used the median k for each species for correlations
with PGLS.

RELAX: hypothesis testing

To statistically test whether genes are under relaxed purifying selection, we used the likelihood ratio test in RELAX, comparing the
model fixing k = 1 and the model allow k to be estimated. The MRCA branch and all branches within each genus were alternatively set
as the foreground branches for the test, except for PLP and APL set as unclassified. We also performed an analysis where only the
MRCA branch of Nothobranchius was included. Power and specificity simulations were performed to assess performance of these
tests (Mendeley Data).

CodeML branch-site test for positive selection

We performed a likelihood ratio test between a model assuming no difference between foreground and background branches versus
a model allowing for positive selection in the foreground. We assessed the performance with simulations (Mendeley Data).

Convergent AA sites

We used two approaches to screen for convergent AA sites in Callopanchax and Nothobranchius. Our simple approach requires an
otherwise conserved site to exclusively share the same derived AA in the two genera. The PCOC approach is more relaxed and allows
for similar AA’s to be considered as convergent. We assessed the performance of these approaches with simulations (Mende-
ley Data).

Consurf analysis
The Consurf package was used to assign a conservation score to each derived AA in Nothobranchius by estimating the evolutionary
rate of the site in the homologs in other vertebrates. Higher scores suggest the site to be more conserved and more likely to be func-
tionally constraint.

Similarly, Consurf scores were calculated using the longest protein-coding transcript for NCBI annotations of the human reference
genome version GRCH37.
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Codon bias
We calculated the codon adaptive index (CAl) (Sharp and Li, 1987) by comparing the synonymous codon compositions to the top 1%
highly expressed genes.

Reanalysis of a longitudinal RNaseq dataset
We downloaded previous RNaseq data from a longitudinal study of Nothobranchius furzeri, consisted of 5 time points (5 — 39 weeks)
and 3 organs (liver, brain, skin) (Reichwald et al., 2015). The raw reads were mapped to the NOR reference genome, and DESeq 2 was
used to analyze genes significantly correlated with age. Genes are classified as upregulated in young (log(FoldChange) < 0, p < 0.05),
upregulated in old (log(FoldChange) > 0, p < 0.05) and no-change (p > = 0.05).

We downloaded the normalized microarray counts from a human prefrontal cortex longitudinal expression dataset (Colantuoni
et al., 2011), and directly applied a linear model Exp_level ~log(age) to determine the direction of expression.

Classification of single-copy and multi-copy genes

Based on the UPhO gene clustering results in 1.7, we found the orthologous groups where the same outgroup species gene has been
repeatedly grouped with two different NOR genes. These are duplicated genes in NOR compared to the outgroup. Single-copied
genes are those where the outgroup gene only appeared once.

Population resequencing
FastStructure analysis
We exported genotypes to faststructure format by treating one of the allele as missing for sites with < 4 reads, thinning markers to
every 5kb, requiring MAF > 0.05 and excluded sites higher than twice the genome-wide coverage and covered in less than 20 indi-
viduals. In total, 2,842,829 sites were included. Faststructure was run with k = 2-6, with default parameters. Four putative hybrids
were excluded from subsequent analyses.
Inference of population size changes
We mapped the reads of each individual to the LG version of the NOR reference with BWA-mem. ANGSD was used to infer polymor-
phism 7 and Watterson’s 6 from the alignment. For PSMC’ (implemented in MSMC2) analysis, we mapped the highly covered indi-
viduals with BWA-MEM, followed by variant calling with bamCaller.py with recommended parameters without phasing. MSMC2 was
run with default parameters with 40 EM iterations. Simulation was used to validate the method using the estimated demography with
the split time inferred by smc++. For smc++ split analysis, we realigned the reads with GATK around INDELs, and called
variants jointly for each population using samtools v1.6. We converted the vcf. file into smc++ format, masking variants with a variant
quality < 60, and regions where the reference is N. Smc++ was run on all chromosomes with the following parameters: “~time points
1e3,1e7-knots 16-hs 2-spline pchip—regularization-penalty 4.” Split time was estimated by smc++ split, with the parameters: “-reg-
ularization-penalty 4—nonseg-cutoff 2000.” We performed 30 block bootstraps by chopping the chromosomes into 5Mb chunks and
resampled the chunks with replacement to the original size, and reran smc++ with the same settings. We used an estimated muta-
tional rate u = 2.6321e-9/bp/generation to convert into real timescales (Mendeley Data).
McDonald-Kreitman « and DoS estimates
We use Package-GFE to estimate allele frequencies jointly with sequencing errors. Our simulations show that it is accurate when the
minor allele frequency > = 0.05 (Mendeley Data). We used a previous method to compute asymptotic alpha for the four populations
across different allele frequency bins (Messer and Petrov, 2013), pooling all protein-coding sites in the genome. We computed gene-
wise direction of selection (DoS) statistics for correlations. Anavar was used to estimate the distribution of fitness effects (DFE). For
human populations, we used the allele frequencies estimated from the downloaded VCF files polarized by a Gorilla outgroup.
Allele frequency of deleterious mutations
We estimated Consurf scores for 5,816,790 amino acids (17,450,370 nucleotides) in 14,360 protein-coding genes for NOR and
matched them with the estimated derived allele frequencies (polarized by FTH) in each population. We binned the Consurf scores
by their derived allele frequencies and compared between the dry and wet populations using Wilcoxon rank sum test at each bin.
Rare alleles (AF < 0.05) were excluded. We also analyzed a full model where allele frequency and population (dry/wet) were specified
as fixed effects. To quantify per-individual genetic load, we randomly sampled one read per site and summed up the Consurf score
per killifish individual, and normalized to the amount of missing data. We chose an allele frequency cutoff of 0.075 when computing
the total load for the low coverage data because this is where sequencing error drops below 5% in simulations (Mendeley Data).
Hominid genotype calls were downloaded from previous studies (Auton et al., 2015; de Manuel et al., 2016), and polarized by a
single Gorilla sequence remapped to the human genome version GRCH37 (Gordon et al., 2016). The calculated allele frequencies
for the non-synonymous variants in each Pan or Homo population were matched to the estimated Consurf scores of 5,534,398 amino
acids (16,603,194 nucleotides) in 12,970 protein-coding genes. Because multiple subpopulations are available, we used linear mixed
effect models to compare at each frequency bins and for the full model. The subpopulations were treated as random effects and the
continent (among different human populations) or the genus (between human and chimpanzees) were specified as the fixed effect.
We summed the Consurf scores for each individual (multiplied by 2 for homozygous sites) to calculate the total per-individual load.
The variant callability mask downloaded from the chimpanzee dataset (ftp://ftp.cnag.cat/Chimpanzee/hg19/) was applied to both
Pan and Homo, so that the same regions in the genome were compared.
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We also contrasted Europeans and East Asians with Africans using the same approach. Because more than 50 individuals were
available for these populations, we included an extra frequency bin of 1%-5%.

Identification of candidate sites under relaxation

To identify candidate sites under relaxed selection in different human populations, we filtered for sites with derived allele frequency
between 0.01 and 0.4, because this is the range showing a significant enrichment of deleterious mutations in the European (EUR) and
East Asian (EAS) populations compared to Africans (AFR). We then checked if the gene-wise average consurf scores between EUR or
EAS and AFR are significantly different (FDR = 20%). For the genes passing this filter, we checked codon by codon and report codons
that have a consurf score > = 7, and have a higher allele frequency in the focal population.

Recombination rate estimates
We used Reveel to impute missing genotypes and used LDHat to infer recombination rates. Simulations were done to assess per-
formance of imputed genotypes for recombination inference (Mendeley Data).

Mitochondrial sequence assembly and tests

Novoplasty was used to assemble mtDNA from raw lllumina reads. Among 46 samples, Novoplasty failed to produce a complete
assembly for 3 species, which were excluded. Genes were annotated by the MITOS webserver. We used the likelihood ratio test
in BaseML on synonymous sites to test deviation from a molecular clock. The RELAX and CodeML tests followed the same proced-
ure with nuclear genes.

Assay for mutation frequency of mtDNA

Wilcoxon sign rank tests were used to compare the mutant strains with the wild-type, or to the strain carrying a long-lived fish
mutation.

DATA AND CODE AVAILABILITY
The datasets and genome assemblies generated during the current study are available in the NCBI SRA repository (BioProject

ID: PRJNA531796). Analysis and simulation results are available in Mendeley Data (https://doi.org/10.17632/f9phgbv4rs.1). All
computer code is available from https://github.com/valenzano-lab/killigenomics.

Cell 178, 1-15.e1-e10, July 11,2019 e10


https://doi.org/10.17632/f9phgbv4rs.1
https://github.com/valenzano-lab/killigenomics

W BUSCO Genome Mode
mBUSCO transcript Mode

132 —ugng® [cpisosteus

14 3_0 PPy Danio
0 I 34

17 Astyanax

0 25 * Gadus
4

|
|
=]
|
3
5 ﬁ _371 * Gasterosteus =
i 8 7 [ 4 41 * Tetraodon )
xpan .e. 36 Fakife
gene families 0 Qe Takifugu  ———
3 90 .
#Contracted 23 « Oreochromis —— |
gene families 63 ]
L 5 WWI®  Oryzias — B
54 1R MO xiphophorus E——
2 T8 131121 Contig Scaffold
% s T ‘ Poecilia | N50 N50
156 ]
G == <JE® Pachypanchax  I— 26,310  3.30Mb
B 413 ===
3 ED) Callopanchax —— 22,961  1.67Mb
182, S
1T 563 @QAP’W“M’” " 23,433 1.44Mb
0 114 f 3 g Nothobranchius Sy 5,620 1.18Mb
16
350 300 250 200 150 100 50 ) mya 85.00% 90.00% 95.00% 100.00%
BUSCO Teleost genes completeness
Branch Gene birth Gene death Sum of rates Net gene gain Branch-specific
rate A rate py A+p Alp P value
Pachypanchax playfairii 0.00169 0.00086 0.00255 1.97 0.70
Callopanchax toddi 0.00397 0.00088 0.00485 4.51 0.019
Aphyosemion australe 0.00682 0.00285 0.00967 2.39 0.017
Nothobranchius orthonotus 0.00970 0.00600 0.01570 1.61 0.014
Background 0.00125 0.00116 0.00241 1.08 -
D E H Transposon expansion in Nothobranchius
©
Pachypanchax playfairii Aphyosemion australe ALNEL2
< LINERTE Bovs
0, | DNA/PIF- LLF;blnge);
% DNA/hAT-Charlie
Simple_repeat
DNA/hAT
Unknown
DNA/CMC—E%%
DNA/hAT-Blackjack
F DNA/TcMar-Tc1

Retroposon
LINE/Rex-Babar
DNA/MuDR

%
LTR/ERV2
DNA/P
DNA/TcMar-Tc2
SINEARNA-V
DNA/hAT- Tlp100
DNA/Ginger

50 0 10 20 30 40 50 A Sore L2
DNA/PIF-ISL2EU

Kimura 2-parameter divergence Kimura 2-parameter divergence SiReepia
between repeats (%) between repeats (%)

Retrotransposons

10 20 30 40

uu-.... |||I||||||||““|||

0o
0.5Mb —
1.0Mb —|
1.5Mb -
2.0Mb —
2.5Mb
3.0Mb —

Figure S1. Related to Figure 1

Genome and gene family evolution. (A) CAFe’ gene family expansion/contraction analyses — number above line (red): expanded gene family, below line: con-
tracted gene family. Barplot shows BUSCO statistics for Ensembl fish genomes and Kkillfishes. (B) Assembly statistics for the de novo genomes (also see
Mendeley Data). (C) Table shows gene gain/loss rate estimated for each branch. (D)-(G), Divergence of repeat elements in different de novo assemblies. (H)
Expansion patterns of transposons within orthologous introns in Nothobranchius compared to Aphyosemion, estimated by repeatmasker.
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Figure S2. Related to Figure 1
Correlates with genome expansion. (A) Correlations between genome size and 15 bioclim variables. (B) Table shows correlation statistics from PGLS analyses

(see also Mendeley Data). (C)-(H) Correlation between gene expression level and inserted repeat length in Nothobranchius. Edges of boxplots indicate the 1st and
3rd quartiles, whiskers are the data range excluding outliers.



-+ Xiphophorus maculatus ™~

-+ Fundulus heteroclitus ™~
- Callopanchax monroviae
Callopanchax sibideorum

- Callopanchax huwaldi

seees Austrofundulus limnaeus
c,;l,plochcefg'lus Iilne?tqq
ypanchax fairii

piplatys logo%nsis

;Zp alés grahami

Epplatys dage

Epiplatys lamottei

EpEIatys guineensis

Epiplatys spilargyreius

-- Epiplatys multifasciatus

-- Archiaphyosemion petersi
rchiaphyosemion guineense

-+ Archiaphyosemion maeseni
Scriptaphyosemion schmitti

---_ Scriptaphyosemion cauveti
Scriptaphyosemion guignardi

- Callopanchax toddi

Scriptaphyosemion bertholdi
Aphyosemion cyanostictum
]

Aphyosemion kouamense
ﬁhyosemlon australe
- Aphyosemion cognatum
--- Aphyosemion punctatum
Aphyosemion cameronense
Aphyosemion coeleste
- Aphyosemion kunzi 1
- Aphyosemion kunzi 2
Fundulopanchax scheeli

Fundulopanchax gardneri
-+ Fundulopanchax amieti

Fundulopanchax deltaense
Fundulopanchax filamentosum
-+ Fundulopanchax sjoedlti

~~~~~ Fundulosoma thierryi
Pronothobranchius seymouiri
- Nothobranchius rachovii
--- Nothobranchius furzeri
Nothobranchius orthonotus
Nothobranchius ocellatus
Nothobranchius vosseleri
- Nothobranchius foerschi
Nothobranchius kafuensis
Nothobranchius virgatus

-5.82 standardized value 5.87
B SD units
Median RELAX k ~
PGLS w/o branch transformation ~ PGLS AIC branch transform Raw linear regression
BioClim Meaning
Slope p FDR p FDR p FDR
6 Min Temp. of Coldest Month 2 0.0406 0.1661 0.0398 0.1513 0.0016 0.0148
Mean Temp. Driest Quarter i 0.0312 0.1661 0.0155 0.1513 0.0289 0.0698
11 Mean Temp. Coldest Quarter + 0.0625 0.1696 0.0389 0.1513 0.0294 0.0698
12 Annual Precip. i 0.0239 0.1661 0.0250 0.1513 0.1500 0.2375
13 Precip. Wettest Month i3 0.0240 0.1661 0.0273 0.1513 0.5520 0.6169
16 Precip. Wettest Quarter + 0.0437 0.1661 0.0638 0.1994 0.5340 0.6169

Figure S3. Related to Figure 1
Correlates with relaxed selection k. (A) Correlations between gene-wise median k (estimated by the RELAX general descriptive model) and 15 bioclim variables
(see also Mendeley Data). (B) Table shows correlation statistics from PGLS analyses.
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Figure S4. Related to Figure 2

Additional information on RELAX and CodeML tests. (A) The level of relaxation of selection in Nothobranchius is positively correlated with codon bias (measured
by codon adaptive index CAl). (B) The maximal gene-wise Consurf scores in Nothobranchius-specific mutations, in relaxed (blue) and non-significant genes
(green). Wilcoxon rank sum test of means. (C) Compared to Figures 2F and 2G, in liver the non-significant test is consistent with low power due to a small number
of differentially expressed genes, based on 1000 downsampled pseudoreplicates of the skin (Prob(wilcox p > 0.05) = 0.529) and the brain (Prob(wilcox p > 0.05) =
0.594) datasets. Edges of boxplots indicate the 1st and 3rd quartiles, whiskers are the data range excluding outliers. (G) Numerous relaxed genes overlap
between Callopanchax and Nothobranchius, but the overlap is not statistically significant. The overlapped relaxed genes are enriched for convergent amino acid
substitutions (p = 0.0015, see Figures S5K-S5M for the analyses with CMDs excluded). (H) Intensified gene sets detected by RELAX significantly overlap between
Callopanchax and Nothobranchius (but not so after CMD exclusion, Figure S4K). (l) Positively selected gene sets detected by CodeML in two annual genera.
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Figure S5. Related to Figure 2

Relaxation of paralogs and repetition of analyses with CMDs excluded. (A)-(F) Genes with two paralogs are on average more relaxed than single-copy genes.
Different outgroup species were used. Edges of boxplots indicate the 1st and 3rd quartiles, whiskers are the data range excluding outliers. (G) and (H) CMD sites
excluded, P value distributions of the RELAX tests of non-annual (top half) and annual (bottom half) sister genera. Blue bars — genes under relaxed selection (k < 1),
red bars - intensified genes (k > 1). Dotted (non-annual) and solid (annual) lines are the log ratios of k > 1: k < 1 gene counts. () CMD sites excluded, distributions of
the gene-wise median Consurf scores in relaxed (blue bars) and non-significant (green bars) genes. Higher Consurf scores suggest more conservation in other
vertebrate homologs and a stronger deleterious effect upon mutation. Wilcoxon rank sum test. (J) Average gene expression level is positively correlated with the

(legend continued on next page)



relaxation parameter k when CMDs were excluded. (K) After CMD exclusion, intensified gene sets detected by RELAX no longer significantly overlap between
Callopanchax and Nothobranchius. (L) Numerous relaxed genes overlap, but the overlap is not statistically significant after CMD exclusion. However, there is an
enrichment for convergent amino acid substitutions (p = 4.067e-7). (M) Positively selected gene sets detected by CodeML in two annual genera Callopanchax and
Nothobranchius no longer significantly overlap after CMD exclusion.



A B Cc
D -7 8 k<1inMRCA| 2 g [ P.sel.in
Tl k<li - N oS
in MRCA .
25| e © 35 _g°_/MRCA
a o 7 bl | = o ©
c : re 8 2 5 Fcw
S g ® k non sig. < X £S5 AN =
S S ] rc & 9 . o
‘ Wilcox tes\ o2 = A k non sig. o
g | / S 9 Wilcox § o =@
< L o S & L o<
T T T T T < toh T T T T = T T T T T
0.0 0.2 0.4 0.6 0.8 00 02 04 06 08 00 02 04 06 08
Relax P value cutoff Relax P value cutoff CodeML P value cutoff
D ORTWET E ORTDRY F RACWET G RACDRY
04l  p=12e6 04] p =8.5e76
1 r i
c 4 - \ -+ -0.164 :
T 3 @« n=1348 e 1015 :
T = T EIER
| 00271 50 : |
n=2119 2':03% 00158 0.0520
04l n=1608 0.4
N ¥y — — ‘
H . K
041 p=2.8e-1 04 p=1.7e-10 04 :4i5e'8 B
’ 1 1 f s
1ol 1 4 -0.457 -01
» ° 1 oozs8 ° 4 -0.0096 ° —
n—2581 -2_02225 -0.0098
0.4 T 0.4 ! 0.4
N x N oy —
Expression in old fish Expression in old fish Expression in old fish ExpreSS|on in old fish
L ORTWET M ORTDRY N  Racwer O  RACDRY
0.5 - 0.5 ] 0.5 0.5
0.0 1 200 00] 00 |~
o
-0.5 -0.5 -0.5 -0.5 S
slope =0, p =0.065 slope =0, p=0.75 slope <0, p = 4.08e-24 slope <0, p = 3.44e-18
0 8 0 0.8 0.8 0 0.8
N. orthonotus N. orthonotus N. rachovii N. rachovii
Wet-dry F, Wet-dry F; Wet-dry F, Wet-dry F;
9
P < Intercept = ~0.0491 Q ORTWET R ORTDRY
Slope = 1.196 & <
.::6 s R2= 09956 < slope = 0.0350. < 7 slope = 0.0489
% S{p=747e-9 % Iqp= 5.17e-1Q
g 2 21 2
S 0 o] » s
- o © o °
& 2 0 = -
a0
: . - o
T © T T T g T T T T T T T
1.0 -05 0.0 -20 -15 -1.0 0.5 0.0 05 -20 -1.5 -1.0 0.5 0.0 05
Log10(normalized Log10(normalized rho) Log10(normalized rho)
s estimated rho) T RACWET U RACDRY
ORT RAC e slope = 0.0842 S { slope = 0.0812
b :4 p=3.76e-13
5 = ER 3
£ n S 9
8_ N o |
8 } Q3
s 8 %1 03
g x H 3
e n o
< IS g4 g

-20 -05 00 05

Log10(normalized rho)

05

Log10(normalized rho)

0.0 02 04 06 08 1.0

1531 X02|IM

(legend on next page)



Figure S6. Related to Figure 3

Additional analyses of population resequencing data. (A) The genes detected to be relaxed in the most recent common ancestor (MRCA) branch of Notho-
branchius have higher average DoS in the population MK tests (DAF = 0.20-0.95, outgroup NVG, DoS > 0 excluded, CMD sites excluded from RELAX and MK
tests) compared to non-significant genes. (B) Genes detected to be relaxed in the most recent common ancestor (MRCA) branch of Nothobranchius are more
likely to have higher DoS (DoS, derived allele freq. 0.20-0.95, outgroup NVG, CMD sites excluded from the RELAX and MK tests). (C) Genes detected as positively
selected in the MRCA branch of Nothobranchius are more likely to have a positive DoS (same filters as (B)). (D)-(K), Genes highly expressed in young age (DESeq,
p < 0.05) experienced less relaxed selection in brain and skin as measured by DoS (NVG outgroup, CMD sites and DAF < 0.20 excluded) in 4 populations. Edges of
boxplots indicate the 1st and 3rd quartiles, whiskers are the data range excluding outliers. Wilcoxon rank sum test. (L) and (M) Direction of selection (DoS) is not
correlated with Fsr between two N. orthonotus populations. (N) and (O) DoS (FTH outgroup, 5%-95% allele frequency, CMD included) is strongly negatively
correlated with Fsr between two N. rachovii populations. Repeatable with NVG outgroup (20%-95% allele frequency, CMD excluded), (N) p = 4.84e-15, (O) p =
1.43e-10. (P) Correlation between LDhat-inferred normalized local recombination rate (rate / mean (chromosome rate) with simulated recombination rates on alog
scale. Low coverage sequencing data (2.3X / individual) were simulated by scrm, and genotypes were imputed by Reveel. Despite a down-bias of the estimate
due to incorrect heterozygosity calls, the inferred rates are tightly correlated with the true rate (R? = 0.9956) across two orders of magnitude. (Q), (R), (T) and (U)
Correlation between local recombination rate with DoS in protein-coding genes. Derived allele frequency 5%-95%, outgroup FTH, CMD included. Repeatable
with NVG outgroup (allele frequency 20%-95%, CMDs excluded): (Q) p = 2.08e-5 (R) p = 9.24e-8 (T) p < 2e-16 (U) p = 6.33e-11. (S) Ancestry proportions inferred
by fastStructure. Optimal number of clusters k = 4, corresponding to the 4 populations. Cluster number does not increase beyond k = 4. All individuals were
assigned with > 99% probability to their populations except for four individuals of putative hybrid origin (asteriks), which were excluded from further analyses.
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Figure S7. Related to Figure 6

GO analyses and mitochondrial genome expansion. (A) Enriched GO terms in relaxed genes shared between Nothobranchius and Callopanchax (p < 0.05, k< 1),
(B) and (C) Enriched GO terms in positive selected genes in (B) Nothobranchius (CMDs excluded) and (C) Callopanchax (CMDs excluded, see Mendeley Data for
gene lists and GO analyses). (D)-(G) Examples of mitochondrial expansion in (D) N. orthonotus (NOR), (F) N. virgatus (NVG), (E) C. toddi (CTO) and (G) C. monroviae
(CMR). The mitochondrial genome of the closest related non-annual outgroups A. australe (AAU) and S. cauveti (SCV) are plotted inside, with solid lines
delineating the putative expanded regions. In the genus Nothobranchius, the control region has been expanded. In Callopanchax, there has been genome re-
arrangements between the 16 s rDNA and cox1. (H) Assembled mitochondrial genome size for each genus (clade). Fundulopanchax and Aphyosemion kunzi are
Semi-annuals. Edges of boxplots indicate the 1st and 3rd quartiles, whiskers are the data range excluding outliers.
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