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INTRODUCTION: Much of species diversity is thought
to have arisen during adaptive radiations—the
process whereby many species arise in short
succession and diversify in their ecological niche
use. It is not understood why, when given eco-
logical opportunity, some lineages readily un-
dergo adaptive radiations, whereas others do
not. A lineage with exceptional propensity to
radiate is that of the cichlid fishes of the Lake
Victoria region. In this instance, each major
lake harbors highly ecologically diverse cichlid
assemblages, ranging from algivores to zoo-
planktivores to predators that feed on other
members of the radiation. We had previously
shown that all of these radiations evolved from
a hybrid population between two lineages that
merged about 150,000 years ago.

RATIONALE: In the Pleistocene dry period, >20,000
to ~16,000 years ago, Lake Victoria was com-
pletely dry, and any previous radiation would
have died out. The deeper Western Rift Lakes
Edward, Kivu, and Albert may still have hosted
parts of their cichlid radiations. It thus remained

Multiple cycles of lineage
fusion by hybridization and
diversification led to increasingly
rapid and extensive radiations
of cichlid fishes, including the
explosive evolution of 500 Lake
Victoria species across four
trophic levels in 16,000 years.
The blue lines reflect lineage
fusion and fission events inferred
in this work. The fish photos
visualize some ecological groups
that evolved in parallel in each
lake, making up entire trophic
networks.

Congolese lineage

Meier et al., Science 381, 1428 (2023)

Upper Nile lineage

unclear whether the ecological guilds had
colonized Lake Victoria from these deeper
lakes or whether they evolved in a new adap-
tive radiation. In this work, we test whether
the hundreds of ecologically diverse Lake
Victoria cichlids in fact diverged from a com-
mon ancestor in less than 16,000 years and
how they diversified so rapidly.

RESULTS: We generated a whole-genome data-
set of 464 cichlids representing all major lakes
in the region and several species of almost
all the ecological groups in Lake Victoria. We
find that the Lake Victoria cichlids evolved
in the lake as an extremely rapid adaptive
radiation. The process started from hybrid
ancestry of at least three lineages that must
have survived the dry period in swamps in
the region. We find evidence that each of these
parental lineages contributed ecologically rel-
evant alleles that facilitated the rapid radi-
ation in Lake Victoria. Hybridization between
members of the emerging Lake Victoria Ra-
diation additionally gave rise to yet more guilds

to the fusion of lineages followed by dive...
fication (lineage fission) thus occurred re-
peatedly throughout the evolutionary history.
As shown previously, the hybridization event
about 150,000 years ago facilitated the older
radiations in the region, and in this work, we
show that further cycles of fusion and fission
allowed the lineage to retain large, phenotyp-
ically relevant genetic variation and thus to
radiate extremely rapidly.

CONCLUSION: Multiple cycles of lineage fu-
sion and fission likely explain the very high
propensity of these cichlids to form parallel
adaptive radiations across multiple trophic
levels. It may be generally true that animal or
plant lineages that have recently radiated are
not only particularly prone to hybridize but
are also prone to radiate again from the re-
sulting hybrid populations, perpetuating and
exacerbating the differences in diversification
rates between lineages. The variation in ra-
diation propensity is thus not a property of
any one species but that of an evolving flock
of species. This finding also suggests that we
should grow beyond species-centric conser-
vation strategies and aim to preserve entire
species complexes to preserve their capacity
to adapt and diversify.
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Although some lineages of animals and plants have made impressive adaptive radiations when provided
with ecological opportunity, the propensities to radiate vary profoundly among lineages for unknown
reasons. In Africa’s Lake Victoria region, one cichlid lineage radiated in every lake, with the largest
radiation taking place in a lake less than 16,000 years old. We show that all of its ecological guilds
evolved in situ. Cycles of lineage fusion through admixture and lineage fission through speciation
characterize the history of the radiation. It was jump-started when several swamp-dwelling refugial
populations, each of which were of older hybrid descent, met in the newly forming lake, where they fused
into a single population, resuspending old admixture variation. Each population contributed a different

set of ancient alleles from which a new adaptive radiation assembled in record time, involving additional
fusion-fission cycles. We argue that repeated fusion-fission cycles in the history of a lineage make

adaptive radiation fast and predictable.

daptive radiation, the rapid evolution of
both species and ecological diversity with-
in a lineage, has made substantial con-
tributions to the diversity of life (1-3),
but we are currently unable to predict
which lineages form adaptive radiations and
to what extent. Although ecological opportu-
nity is a prerequisite (7, 4-6), whether or not
an adaptive radiation will occur in the finite
time available when the opportunity arises is
difficult to predict (7). Of all lineages that col-
onized islands or lakes with unfilled ecological
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niches, only a few have formed adaptive radia-
tions (7), but some of these radiated repeated-
ly in different islands or lakes (7, 8, 9). Why
this propensity to radiate differs so profound-
ly among lineages (7, 10) is an important but
unresolved question.

A notable example of repeated, large-scale
adaptive radiations is the haplochromine cich-
lid fishes in the Lake Victoria region of East
Africa (71-13). In each major lake in this region,

Lake Victoria (<16ky)
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the same lineage has evolved similar arrays
of ecomorphological specialists that occupy
almost all ecological niches available to fish,
spanning three to four trophic levels from
algivores to insectivores, zooplanktivores, and
molluscivores up to fish predators, including
egg and fry eaters, scale eaters, and top preda-
tors that prey on (sub)adults of other cichlid
species and other fish (Fig. 1). They make up
the bulk of the biomass in the ecosystem at any
of these trophic levels, representing major ele-
ments in food webs largely assembled through
adaptive radiation. The Lake Victoria region
superflock (LVRS) includes at least 700 cich-
lid species that form rich sympatric assemb-
lages in Lakes Victoria, Kyoga, and Kagera and
in the Western Rift Lakes Edward, Kivu, and
Albert as well as smaller species flocks in Lake
Turkana and small crater lakes, such as Lake
Saka (Fig. 2) (13-16). This is extraordinary for
two reasons: (i) because none of these lakes is
more than a few hundred thousand years old,
and most are much younger, and (ii) because
several other cichlid lineages, including other
haplochromines, and at least 80 other fish
lineages that colonized these same lakes hard-
ly diversified at all (17-21).

Rapid diversification at the base of the LVRS
may be explained by its hybrid origin (75). The
LVRS lineage arose ~150,000 years ago through
hybridization between two or three older lineages
that had split from their common ancestor
through geographical isolation 1.6 to 5.8 mil-
lion years earlier (15). The resulting admix-
ture variation likely facilitated radiations soon
after the origins of this hybrid lineage (I5).
However, Lake Victoria had dried up since then,

Lake Kivu (<100ky)

Fig. 1. Parallel radiations across multiple trophic levels in all major lakes in the Lake Victoria region.
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Ecomorphs in the Victoria Radiation straddle four distinct trophic levels in the food web, ranging from algivores (al),
to insectivores (in) and pelagic zooplanktivores (pz), scale eaters (sc) and paedophages (pa) eating eggs and fry
of other cichlids, to top piscivores (pi). Very similar ecomorphs are also found in the other radiations in the Lake
Victoria region, such as those in Lakes Edward and Kivu (scale eaters are not known from Kivu). Even though most
ecomorphs are represented by several to many species in each radiation (e.g., more than 100 piscivores in Lake
Victoria) and there are several distinct guilds at many trophic levels (e.g., epilithic algal browsers, epilithic algal
grazers, epiphytic algal grazers, and phytoplanktivores), only one species is shown, representing one or two guilds
per trophic level. [Photos of Victoria pi and sc by Frans Witte (HEST), al by Vianny Natugonza (NaFIRRI), Lake Edward
pa by Nathan Vranken, and Lake Kivu cichlids by Guy Periat. All other photos by 0.S.]
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Fig. 2. Geogenomic structure of the LVRS. (A) (Left) The whole-mitochondrial
genome tree shows that LVRS cichlids, although monophyletic in the nuclear tree
(Fig. 3 and fig. S15), exhibit two mitochondrial lineages (LVRS1 and LVRS2).

These lineages are sister to the two different parental lineages of the hybrid swarm
from which the LVRS emerged, and both split from their sister lineages around the
same time (arrows). Most calibration sets estimate these splits to a maximum

of 350,000 years ago, which may be the time of the Congo-Nilotic hybrid swarm
formation and thus the maximum age of the LVRS (table SI). Similarly, the much
younger Victoria Radiation exhibits two divergent mitochondrial lineages that are
almost as divergent from each other as they are from the Western Rift lake cichlids.

most recently from at least 19,000 to 16,000 years
ago (22-24). It is unclear how any one lineage
could retain this large admixture variation and
the exceptional radiation propensity associated
with it through this long desiccation phase. The-
oretical studies have suggested that admixture
can not only fuel the onset of one adaptive ra-
diation but also maintain high adaptive ra-
diation propensity for a long time if several
descendent populations or species hybridize
again (25). In this work, we test whether admix-
ture played a role in the renewed adaptive radia-
tion less than 16,000 years ago.

Despite its very young age, Lake Victoria hosts
the largest and most ecomorphologically di-
verse cichlid fish assemblage within the re-
gion, with >500 endemic species in more than
20 ecological guilds (71, 26-28). We wanted to
know whether, and how, this superdiverse
Lake Victoria assemblage, spanning three to
four trophic levels and more than 20 guilds,
could have evolved in just 16,000 years. The high
morphological similarity of corresponding eco-
morphs from Lakes Victoria, Edward, Albert,
and Kivu (Fig. 1) led earlier systematists to de-
fine genera across these lakes (Z3), which implied
single origins of major ecomorphs followed
by separate colonization of the different lakes.
By contrast, some previous studies had claimed
that the Lake Victoria radiation is monophy-
letic, but they lacked exhaustive taxon sam-
pling or the phylogenetic resolution required

Meier et al., Science 381, eade2833 (2023)
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to rule out the idea that at least some of the
Lake Victoria ecomorphs colonized the lake
independently rather than having evolved in-
side the lake (14-16, 29). In this work, we test
whether Lake Victoria cichlids evolved inside
the lake in just 16,000 years and, if so, how they
diversified so rapidly into many distinct guilds
each including many species.

A monophyletic radiation composed of hundreds
of species with high levels of sympatry

Our dataset encompasses 464 cichlid genomes.
These include 288 genomes of 120 Victoria Ra-
diation species representing all except one genus
and ecomorph of Lake Victoria, 127 genomes
of other LVRS cichlids representing nearly all
ecomorphs in the other lakes in the region,
and 49 outgroups (table S4 and fig. S1).
Phylogenies based on whole-mitochondrial
(Fig. 2A and fig. S15) or nuclear genomes (Fig. 3
and figs. S2 and S15) and multidimensional
scaling (MDS) analyses (Fig. 2B and fig. S3)
reveal that all LVRS cichlids from Lake Victoria
and its satellite lakes form a single clade, in-
cluding those from Lake Kyoga—a shallow ex-
tension of the Victoria Nile directly downstream
of Lake Victoria. We conclude that these spe-
cies belong to a single, very large, and very
young adaptive radiation (referred to as the
Victoria Radiation). Cichlids from the Kagera
lakes upstream of Lake Victoria form a strong-
ly supported clade nested within this Victoria

29 September 2023

MDS Factor 1

The tree was rooted on A. alluaudi (full trees with different calibrations on Dryad;
dates are provided in table S1), and the group label colors correspond to those in
Fig. 3. Species-rich lineages were down-sampled for a more balanced tree. The
numbers of genomes per clade are shown in parentheses. (Right) Map of Africa with
sampling locations. (B) MDS of LVRS radiations (263,734 linkage disequilibrium-
pruned SNPs; 127 genomes): The LVRS individuals mostly cluster by lake (Victoria
and Kivu radiations down-sampled to 25 genomes, and Pliocene Nile cichlids
excluded; MDS with all samples is provided in fig. S3). Lake Victoria and Kyoga
cichlids are intermixed, forming a single radiation. (Inset) Map of the Lake Victoria
region with the number of species known in each lake.

Radiation (visible in both mitochondrial and
nuclear trees; red in Fig. 2 and Fig. 3), which
implies yet another even-more-recent event of
adaptive radiation (supplementary text).

The closest relatives of the Victoria Radiation
are Astatotilapia nubila from swamps in the
south of Lake Victoria, hereafter called South-
ern Generalists, and nubila-like generalists from
Lake Kyoga, hereafter called Northern Gener-
alists (Fig. 2 and Fig. 3). The sister clade to
these combined in the nuclear whole-genome
tree contains the radiations in the Western Rift
lakes (Edward, Kivu, and Albert), the radiation
in Rwenzori crater Lake Saka, and species from
more northerly sites formerly connected to
the Nile, including Lake Turkana, the Nile in
Sudan and Egypt, Lake Boukou in the Sahara,
and lakes in Egypt (called Pliocene Nile cich-
lids) (Fig. 2 and Fig. 3). Tests of admixture
corroborate that all of these LVRS groups are
derived from the same Congo-Nilotic admix-
ture event (fig. S4, table S5, and supplementary
text) (15). Although most LVRS cichlids are
mitochondrially sister to the Congolese paren-
tal lineage, those of Lake Turkana are mito-
chondrially sister to the Upper Nile lineage
(Pliocene Nile 1in Fig. 2A), most likely because
of differential fixation of mitochondrial haplo-
types after the ancestral Congo-Nilotic admix-
ture event (Fig. 2A and fig. S15). Our calibrated
mitochondrial phylogeny suggests that the
LVRS split from its Congo-Nilotic ancestors
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Fig. 3. Cycles of lineage fusion and fission throughout the evolutionary
history of Lake Victoria region cichlids. Admixture plays a role throughout the
evolution of the Victoria Radiation. It precedes the emergence of the entire LVRS (1),
that of the Victoria Radiation (2), of new ecological guilds (3), and of many
species (4) (see also Fig. 4). In the nuclear whole-genome tree, the Victoria Radiation
forms a single clade including Kagera cichlids, with the Northern Generalists and
Southern Generalists (A. nubila) as closest relatives. The Victoria Radiation is

~350,000 years ago, which is likely an over-
estimate resulting from the nonlinearity of
the molecular clock <1 million years ago (Fig. 24,
table S1, and supplementary text).

We find evidence for occasional, secondary
exchange between major lakes even after the
beginning of the radiation in Lake Victoria: A
predator species from Lake Edward received
gene flow from Lake Victoria predators (Fig.
2B, figs. S5 and S6, and supplementary text).
No cichlid collected outside of Lakes Victoria,
Kagera, or Kyoga clustered within the Victoria
Radiation clade, and none of the Victoria,
Kagera, or Kyoga species grouped with West-

Meier et al., Science 381, eade2833 (2023)
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ern Rift lakes, Lake Saka, or Pliocene Nile cich-
lids (Fig. 2B and Fig. 3). Hence, the hyperdiverse
Victoria-Kyoga assemblage represents a single
radiation of >550 species across three to four
trophic levels and 20 guilds, evolved in less than
16,000 years since the refilling of Lake Victoria.
Nothing similar is known in the animal king-
dom, so we investigated what might have made
this possible.

A second hybrid swarm at the origin of the
Victoria Radiation

Northern Generalists, the sister to the Victoria
Radiation in the nuclear tree, show deep mito-

29 September 2023
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characterized by ubiquitous reciprocal monophyly of sympatric species and is
significantly structured by genus. Also shown is an IQtree reconstructed from
239,659 concatenated SNPs and 465 genomes (fully labeled in fig. S2), rooted on
A. alluaudi (not shown). Terminal branch colors and outermost ring indicate
lakes. For Victoria Radiation species with multiple sequenced individuals, the
same color tip symbols indicate conspecific individuals. The hybrid clade of
Lake Edward predators is not included in this analysis (see fig. S6).

chondrial divergence with the Victoria Radi-
ation (Fig. 2A and fig. S15). This divergence
is nearly as deep as that between Victoria and
the Western Rift lake cichlids, which indi-
cates that these lineages began to diverge very
soon after the LVRS origin. Even though in the
nuclear phylogeny the Southern Generalists
(A. nubila) are more distant from the radia-
tion compared with the Northern Generalists,
mitochondrially the Southern Generalists are
not distinct from Victoria Radiation members.
This cytonuclear discordance suggests renewed
admixture at the base of the modern Victoria
Radiation.
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Alternatively, the two generalist groups could
appear as sister clades to the Victoria Radia-
tion in the nuclear tree because of either (i)
geographical isolation or (ii) introgression
from another lineage into the generalists. We
can exclude alternative (i) because we have
sampled the Southern Generalists <100 m from
the shore of Lake Victoria in a small stream
flowing into the northeastern Mwanza Gulf,
where most of our Victoria Radiation cichlids
have been sampled (table S4). The Northern
Generalists have been sampled in Lake Kyoga
at the exact same sites as the radiation mem-
bers from Lake Kyoga. Alternative (ii) does not
explain our data either. The Southern Gen-
eralists show a higher Congolese ancestry pro-
portion and longer Congolese ancestry blocks
compared with Western Rift lake cichlids (fig.
S4), which would be in line with a second Con-
golese introgression event into the Southern
Generalists. However, the higher Congolese
ancestry is shared with all Victoria Radiation
members, and the Congo-Nilotic local ances-
try is highly correlated across the genome be-
tween Southern Generalists and the Victoria
Radiation (fig. S4D). These findings support
that the Congolese introgression was into their
common ancestor and does not constitute re-
cent Congolese introgression into the Southern
Generalists after the latter split from the mem-
bers of the radiation. In line with a renewed
hybrid origin of the Victoria Radiation as sup-
ported by the admixture graph (Fig. 4), the
Upper Nile ancestry proportion of the Victoria
Radiation is intermediate between that of the
Southern Generalists and the Western Rift
lake cichlids (fig. S4A).

F-branch analyses reveal excess allele shar-
ing of the Victoria Radiation with Western Rift
lake cichlids (fig. S5). Fine-scale tests of admix-
ture show that all Victoria Radiation members
and the Northern Generalists show similar lev-
els of strongly elevated allele sharing compared
to all Western Rift lake cichlids (fig. S7), most
strongly with cichlids from Lakes Edward and
Kivu. Because all Victoria Radiation members,
but not the Southern Generalists, share the
same signature of gene flow from the Western
Rift lake cichlid lineage, this gene flow must
have occurred into the immediate ancestor of
the entire Victoria Radiation after it split from
the Southern Generalists. Such a scenario is
also supported by the admixture graph model
(Fig. 4A). Hence, we infer that when the mod-
ern lake filled, the modern radiation evolved
inside the lake through renewed adaptive ra-
diation from a hybrid swarm (Fig. 3) between
two lineages of A. nubila-like swamp-dwelling
generalists and cichlids derived from the West-
ern Rift lineage that likely arrived through
range expansion via the Katonga river swamp
divide. The only LVRS cichlid inhabiting this
swamp now is A. kantonga, phenotypically
another nubila-like generalist (30). All three

Meier et al., Science 381, eade2833 (2023)

lineages that seeded Lake Victoria are descen-
dants of the older Congo-Upper Nile hybrid
lineage. Given that the Southern and Northern
Generalists show deeply divergent mitochon-
drial lineages not found outside the Lake
Victoria basin, both may have survived the lake
desiccation period in separate swamp refugia
south and north of modern Lake Victoria.

Phylogenomic structure within the
Victoria Radiation

To investigate how the radiation unfolded, we
analyzed the phylogenomic relationships among
Victoria Radiation members. Our 288 genomes
(120 species) of the Victoria Radiation span all
known genera and ecomorphs, except the ex-
tinct scale eater Allochromis wellcommei. To
ensure that the genetic structure we study re-
flects adaptive radiation and not geographical
variation and that phenotypically and geneti-
cally differentiated groups are biological spe-
cies, we emphasized sympatry in our sampling
design: We sampled as many species as pos-
sible in geographical sympatry in the south-
east region of the lake (northern Mwanza and
western-most Speke Gulf). The cichlid com-
munities in these regions are species rich and
well studied (71, 13, 31-34). Most of the species
are widely distributed in the lake (11, 35). No-
tably, many of the species that form these rich
communities rarely if ever occur in species-
poor communities, which are confined to river
inlets with turbid water and peripheral wet-
lands. Our 80 species from that region repre-
sent nearly the complete regional assemblage
and 13 of the 14 ecomorphs. Additionally, we
sequenced six species from the opposite ex-
treme of Lake Victoria in the north and 15 spe-
cies from Lake Kyoga, where again we sampled
several species sympatrically. Hence, we simul-
taneously maximized sympatric sampling and
sampling across the largest possible geographic
distance in the system. For 52 of the 80 species
from the southeast, we sequenced multiple in-
dividuals. With five exceptions, we find that
these phenotypically delineated sympatric taxa
form well-supported, reciprocally monophyletic
clades in the nuclear phylogeny (Fig. 3, fig.
S2, and supplementary text). We thus extend
earlier results (36, 37) that Victoria Radiation
species are reciprocally monophyletic groups
maintained in sympatry and reliably diagnosed
phenotypically by the combination of male
nuptial coloration and morphology.

Based on nuclear genomes, species of the
Victoria Radiation cluster by genus and eco-
morph (Fig. 3 and fig. S8). Four of the ecomorphs
and five genera form specific monophyletic
clades. The other multispecies genera are com-
posed of one or two well-supported clades and
a few phylogenetically dispersed species (Fig. 3
and figs. S2 and S15). Genus explains nearly
twice as much genetic variation (3.8%) as eco-
morph (21%) in an analysis of molecular variance
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(AMOVA) among the 114 species phenotypical-
ly assigned to an ecomorph and a genus (277
samples; table S2) (14).

In MDS analyses of our genomic data, spe-
cies from Lakes Victoria and Kyoga cluster to-
gether by genus and ecomorph, supporting
that these two lake assemblages share a single
adaptive radiation origin. For instance, all se-
quenced piscivores (11 individuals of five spe-
cies from Lake Victoria and 10 species with
one individual each from Lake Kyoga) cluster
together (fig. S8), which indicates that mor-
phologically specialized piscivores emerged
only once in this radiation and subsequently

Outgroup”,

Eastern 9o Rukwa
Upper Nile : Congolese
lineage  : lineage

30% 70%

L B6% - 44%
3

Edward  18% 82% o

& Ki -
v ®§ Southern
[ Generalists
Victoria Northern
Radiation Generalists
4
1 2
Iargde \ »\i  E. paropius
precators ¥ 1 Gaurochromis
64% 36% (,

E. sp. "new invasive"

@ 3 pelagic

9 o zooplanktivores

double-stripe Yssi-Progn-like
dwarf predators dwarf predators

Fig. 4. Admixture graphs and f4 quartet tree
support four lineage fusion-fission cycles. An
admixture graph model of the Lake Victoria region
radiations (1) confirms the hybrid origin of the entire
LVRS (15) and (2) suggests a hybrid origin of the
Victoria Radiation. Dashed arrows indicate admixture
edges with ancestry proportions as percentages.
Solid arrows and corresponding numbers indicate
drift. In addition, we find evidence for admixture
within the Victoria Radiation having given rise

to new ecological groups (3). An admixture graph
model of the dwarf predators and their relatives
suggests a shared hybrid origin of both dwarf
predator groups. The two most divergent dwarf
predator subclades are inferred to share a hybrid
origin between large predators (Harpagochromis
or Prognathochromis spp.) and Yssichromis
zooplanktivores (see also fig. S13).
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spread and diversified in and across both lakes.
The divergence between piscivore species or
that between egg and fry eaters (paedophages)
sampled in the south of Lake Victoria and spe-
cies of the same guilds sampled in the north of
Lake Victoria or in Lake Kyoga is comparable
to the divergence between sympatric species
within either of these guilds sampled within
either region (fig. S9). This indicates that gene
flow in sympatry does not have a measurable
effect on relatedness in our dataset.

Resuspension of old admixture variation
facilitated rapid radiation across a food web

Many of the ecomorphs found in the Victoria
Radiation also occur in the Western Rift lakes
(Fig. 1). Given that the hybrid ancestry of the
Victoria Radiation contains a Western Rift
lineage genetic component (Fig. 3, Fig. 4A,
and fig. S7), we hypothesized that alleles from
Western Rift cichlids facilitated the explosive
evolution of the ecomorphs in the Victoria Ra-
diation. If so, we would predict that Victoria
Radiation species share more alleles with West-
ern Rift lake species of the corresponding eco-
morph category than with ecomorphologically
different Western Rift lake species. Although
most genomic sites cluster the species clearly
by lake irrespective of ecomorphology (Fig. 5A),
the f4 test compares the frequencies of two
different alternative topologies in which spe-
cies from different lakes cluster together (to-
pologies 2 and 3 in Fig. 5A and table S6). In
64 of 120 comparisons, the f4 test is positive,
which indicates weak excess allele sharing of
Lake Victoria cichlids with rift lake species of
corresponding ecomorphs (Fig. 5B and table
S6). Such allele sharing is strongest among
members of the more anatomically specialized
ecomorphs that are shared between lakes, most
strongly so when piscivores or paedophages
are included in the contrast and weakest or
none among species of the morphologically
generalized insectivores.

These findings are consistent with the evo-
lution of morphologically specialized ecomorphs
in Lake Victoria through selection on alleles
derived from a Western Rift lineage that con-
tributed to the hybrid swarm at the origin of
the Victoria Radiation. To test whether, alter-
natively, parallel selection on alleles that were
already segregating in the generalist ancestors
of the Victoria Radiation could also explain
this pattern, we assessed whether ecomorph-
associated alleles are found in the Northern
and Southern Generalists. We extracted single-
nucleotide polymorphisms (SNPs) with an allele
frequency difference of at least 0.9 between a
specific ecomorph and all other cichlids of the
Victoria Radiation (Fig. 5). For all of those sites,
we checked whether the ecomorph-associated
allele was present in the Southern Generalists,
the Northern Generalists, or in the Western Rift
lake cichlids. Only at a minority of sites (mean
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16%, range 1.4 to 39%) was the ecomorph-
associated allele absent in all three (Fig. 5D),
which indicates that only a minority of radiation-
relevant alleles might have evolved de novo
in Lake Victoria. In four ecomorphs, all at
the trophic level of algivores, the ecomorph-
associated alleles were enriched for alleles
being present only in either the Southern or
the Northern Generalists (Fig. 5D). Converse-
ly, three ecomorphs at the third trophic level
and both top predator ecomorphs showed
enrichment for ecomorph-associated alleles
that were absent in Southern and Northern
Generalists and were only found in Western
Rift lake cichlids. This was especially strong
for the piscivores (Fig. 5D). This suggests that
the explosive radiation across the food web in
Lake Victoria was likely only possible because
of hybridization between the three founder
lineages. Without the hybridization with the
Western Rift lake cichlid lineage, the piscivory-
associated alleles and, more generally, alleles
associated with higher trophic levels would
likely have been absent in the ancestors of the
Victoria Radiation, but most of the algivory-
associated alleles would be missing had the
Victoria Radiation been seeded by cichlids from
the Western Rift lineage alone (Fig. 5D). De-
spite their longer evolutionary history, algivores
are ecomorphologically much less specialized
in those lakes compared with those in Lake
Victoria (13, 19).

Next, we tested whether the piscivore-associated
alleles in Lake Victoria are also associated with
piscivores in the Western Rift lake radiations.
There are 21 piscivore-associated SNPs also se-
quenced in piscivores in Lakes Albert and Kivu.
At 15 of these SNPs, the piscivore-associated
allele is also found in Lake Kivu, and at four
of those (26.7%), it is also associated with
piscivores in Lake Kivu (fig. S10 and table S7).
Similarly, at 14 of these SNPs, the piscivore-
associated allele is present in Lake Albert, of
which three are also enriched in piscivores
of Lake Albert (21.4%). Many of the piscivore-
associated alleles in the Victoria Radiation
may therefore represent very old variants that
have already been involved in the making of
piscivorous cichlid ecomorphs in older radia-
tions. Similarly, at 121 of 224 SNPs associated
with paedophages in the Victoria Radiation
and sequenced in both paedophages of Lakes
Edward and Kivu, the paedophage-associated
allele is also found in the Edward-Kivu radiation
(54.0%; fig. S11). At 20 of those SNPs, the same
allele is also overrepresented in the Edward-
Kivu paedophages (16.5%). Exploring the other
end of the food web, we find 30 SNPs asso-
ciated with morphologically highly specialized
epilithic algae browsers (Neochromis spp.) in
the Victoria Radiation (fig. S12). Twenty-eight
of those SNPs are located in a 38.4-kilo-base
pair (kbp) region on chromosome 11 (tilapia
chromosome 10). Our “Neochromis” individual
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of Lake Albert is homozygous for the Neochromis-
associated allele at three of those SNPs. Al-
though the Neochromis-associated allele is
absent in the Southern Generalists at all SNPs on
chromosome 11, one of our Northern General-
ist individuals (“Astatotilapia” sp. “cherry fin”)
is homozygous for the Neochromis-associated
allele across the 38.4-kbp region. This does not
seem to be due to recent gene flow because this
individual does not show genome-wide excess
allele sharing with Neochromis compared with
other Northern Generalists. At one of the two
SNPs on other chromosomes, the Neochromis-
associated allele is also associated with the un-
specialized algae browsers in Lake Kivu and
shared with the Southern Generalists (chromo-
some 12; fig. S12). The rapid emergence of the
highly specialized algae browsers of Victoria
thus might not have been possible with only
Southern Generalist ancestry, but the combina-
tion with Northern Generalist ancestry through
hybridization would have made it possible.

Our results are most consistent with at least
two refugial lineages from a likely predesic-
cation Victoria Radiation and a Western Rift
lineage that hybridized upon colonization of
Lake Victoria after its refilling 16,000 years
ago and provided critical genetic variation that
facilitated the rapid radiation up (piscivores,
paedophages, specialized insectivores) and down
(various algivores, plant eaters, detritivores)
the food web starting from nubila-like general-
ists (Fig. 6). It is likely that most alleles did not
arise in these seeding lineages of the modern
Victoria Radiation but represent preexisting
variation from earlier radiations. Many alleles
can be traced back to the Congolese or Upper
Nile lineages that had previously merged into
the ancestor of the entire LVRS (Fig. 5E). Al-
though each refugial lineage alone had retained
only a fraction of the original admixture varia-
tion, their merging into a single hybrid pop-
ulation in the new lake released much of that
admixture variation again into segregation
(Fig. 5F). Just like the onset of the entire LVRS
<350,000 years ago (table S1), the onset of the
Victoria Radiation <16,000 years ago is thus
again characterized by the fusion of multiple
lineages into a hybrid swarm, followed by split-
ting into many species, hereafter referred to
as a lineage fusion-fission cycle (lineage fusion-
fission level 2 in Fig. 3) (38).

Alternative scenarios for the origin of the
Victoria Radiation are less well supported by
our results (see table S3 for a comparison of
six alternative scenarios). One alternative sce-
nario might be that the Victoria Radiation was
seeded by representatives of several different
ecomorphs from Western Rift lakes and that
ongoing low levels of gene flow in Lake Victoria
explain their apparent nuclear monophyly.
However, this scenario is inconsistent with
the deeply divergent mitochondrial lineages
in the Victoria Radiation and the Northern

50f13

€202 'T€ J00R0 U0 BIGUINIOD USLE JO AVSIBAILN T BIOS0US 105 MMM/SANY O PPeO|UMOQ



RESEARCH | RESEARCH ARTICLE

The f4 test comparison:

A Genomewide most frequent: B _ | Victoria versus de detritivore 2o pelagic zooplanktivore cr crab eater
L 152} o Albert ab epilithic algae browser  os oral mollusc sheller pa paedophage

o 6 1. Cichlids group by lake S e Edward ag epilithic algae grazer oc oral mollusc crusher pi piscivore
53 g‘ o Kivu as epilithic algae scraper  pc pharyngeal mollusc crusher

'g s 4 ep epiphytic algae grazer  in insectivore

2]

il :

O —

Q = o

-l Albert &

fa 2

2. Grouping by ecomorph 3. Alternative topology

i g

o
o (] )
8 Cad \d m.H °
Sk 32888l 2adi o voeot
o [}
o A
) T in in in in ep ep ab in in pa paep pa pi pa
Fish eaters  algae eaters de pc ab ep de ab  pc pa pi de eppi ab ab pi
ecomorph pairs in both lakes
Cc

trophic level

feeding type biting

rock

¢ s da o

ab ag M.l agM.m.

substrate

ecomorph-associated
allele is also found in
ancestry surrogates of

%}

main food

D victoria Radiation:

Southern Generalists only *

Northern Generalists only
Western Rift lakes only
South. & North. Generalists
South. Gener. & West. Rift
North. Gener. & West. Rift

all ancestry surrogates

none (only Victoria Radiation)

Proportion of SNPs

gooE0d@EO@E
o
N

o
T

LVRS:

Congolese lineage only
Upper Nile lineage only
both

none

ommEm
e o o
T T

Proportion of SNPs
N
|

=4 =4

pc inGau inPar |nPun i

o
P o
P T

ecomorph-associated allele
putatively derived from Congo-
lese (red frame) or Upper Nile
(blue frame) LVRS parental
lineage is also found in Victoria
Radiation ancestry surrogates
(colours as in D)

o o

Proportion of SNPs
o

de _ab_ag M.l agM.m. as ep

Fig. 5. Explosive trophic radiation in Lake Victoria through reuse of
refueled admixture variation. (A) Victoria Radiation ecomorphs show slight
excess of allele sharing with cichlids of the same ecomorph in Western Rift lakes.
Among the three possible topologies with two pairs of corresponding ecomorphs
from different lakes, in most 50-kb windows, the ecomorphs group by lake
(topology 1). However, of the two other topologies, the topology grouping species
by ecomorph (topology 2) is slightly more frequent than the alternative topology
(topology 3) (t test; *P = 3.8 x 107). (B) Many Victoria Radiation members
show slight excess allele sharing with species in the corresponding ecomorphs of
the Western Rift lakes. The f4 test compares the number of SNPs supporting
topology 2 or 3 [see (A)]. In many comparisons, the f4 test is positive, consistent
with assembly of ecomorphs in Lake Victoria by sorting of admixture variation
from the rift lake lineage. Error bars show three standard deviations from the
mean (black if above zero). The ecomorph pairs are indicated at the bottom and
are sorted by increasing ecomorphological specialization. For nonmonophyletic
ecomorphs, each clade is tested separately (table S6). (C) Ecological
multidimensionality of the ecomorphs. (D) Most ecomorph-associated alleles are
found in at least one ancestral lineage surrogate (Southern Generalists, Northern
Generalists, Western Rift lakes) and have thus likely not evolved newly in the
Victoria Radiation. The proportion of SNPs in different putative ancestry
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categories is shown in different colors. Some ecomorphs show a high proportion
of ecomorph-associated alleles that are only found in one of the ancestral lineage
surrogates. For the three categories of ecomorph-associated alleles shared

with only one of the ancestor surrogates, we tested whether the category is
overrepresented (asterisks indicate that the observed value exceeds the

top 5% of resampled SNPs). For ecomorphs that are not monophyletic, each
monophyletic group was tested separately. M.I., Mbipia lutea; M.m., M. mbipi; Par,
Paralabidochromis; Pty, Ptyochromis; Gau, Gaurochromis; Lit, Litochromis.

(E) Following the same approach as in (C), we found that a large proportion of
the ecomorph-associated alleles is also present in our LVRS ancestry surrogates
of the Congolese and Upper Nile parental lineages, indicating that these
ecomorph-associated alleles stem from the original hybrid swarm that gave rise
to the entire LVRS. (F) The ecomorph-associated alleles found among the
LVRS parental lineages specifically in the Congolese (red frame, left) or the
Upper Nile lineage (blue frame, right) are shown with proportions of SNPs in each
ancestry category of Victoria Radiation ancestry surrogates. The Congo-Nilotic
alleles that were combined in the LVRS ancestor through admixture were

more recently combined again in the resuspended admixture variation at the
base of the Victoria Radiation, facilitating the rapid emergence of immense
ecological and phenotypic diversity within just 16,000 years.
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Fig. 6. Lineage fusion-fission
dynamics in the history of
the Lake Victoria Radiation.
Genomic analyses support four
levels of lineage fusion-fission
events in the evolutionary
history of the Victoria Radiation:
The entire LVRS is derived
from hybrid origin between
Congolese and Upper Nile
lineage cichlids—i.e., all radiations s
in the Western Rift lakes and
Lakes Victoria, Kyoga, Kagera,
and Saka and some cichlids
further downstream of the Nile
(level 1). Hybrid origin of the
Victoria Radiation after the lake
refilled 16,000 years ago (level

1. level: <350,000 years ago:
Hybrid origin of the entire LVRS

Upper Nile lineage

Congolese lineage

2. level: ~16,000 years ago:
Hybrid origin of the Victoria radiation

Northern Generalists

Rift lineage

Southern
Generalists

3. level: <16,000
years ago: Hybrid origin
of clades and guilds

4. level: <16,000 years ago:
Hybrid origin of
multiple Victoria species

dwarf predators

P. azurea

o~

N. sp. "unicuspid
scraper"

2). Hybridization among Victoria Radiation members gave rise to new ecological groups (level 3) and hybrid species with novel trait combinations (level 4). [Photos by Adrian
Indermaur (Congolese lineage), Erwin Schraml (Western Rift lineage), M.D.M. (Northern Generalists), Frans Witte/Hest and M.D.M. (large predators), and O.S. (all others).]

Generalists that are not shared with the West-
ern Rift lake cichlids nor with any other cichlid
radiations. It is more likely that these mito-
chondrial lineages stem from generalists that
survived the Pleistocene dry period in swamps
within the Lake Victoria basin, as indeed is
the case still today. Such refugial populations
of generalists may represent populations that
emerged from the fusion of several special-
ized ecomorphs of a predesiccation Victoria
Radiation and may thus carry many ecolog-
ically relevant alleles that had already been
tested by natural selection in the past. The
excess allele sharing of the Victoria Radiation
with Western Rift lake cichlids suggests that
some migrants from the Western Rift have
contributed to the ancestry of the Victoria Ra-
diation, but highly consistent Western Rift an-
cestry proportions across Victoria ecomorphs
(fig. S7) is most consistent with a Western Rift
lineage contribution before or right at the on-
set of the radiation and is inconsistent with
Western Rift ecomorphs having colonized and
persisted in Lake Victoria independently.

Syngameon conditions facilitated further
evolutionary novelty

We find that like many other recent radiations
(39), Lake Victoria cichlids form a so-called
syngameon—a complex of species intercon-
nected by hybridization that is sufficiently
rare for species to remain distinct in sympatry
(fig. S17). Our data also support the syngameon
hypothesis for adaptive radiations (40), which
predicts that recurrent hybridization between
nonsister species of a radiation facilitates fur-
ther diversification. We will illustrate this in
one example. A fineSTRUCTURE analysis re-
vealed a strong signal of admixture at the
clade level in pelagic dwarf predators (fig. S13
and lineage fusion-fission level 3 in Fig. 3),
an ecomorph that is specific to the Victoria
Radiation—i.e., not shared with the Western
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Rift radiations. Dwarf predators are sister to
the large piscivores in the nuclear phylogeny
(Fig. 3) but resemble pelagic zooplanktivores
in body shape, size, and habitat occupation.
We sequenced nine species, and all show the
same signature of hybrid ancestry between
piscivores and pelagic zooplanktivores (Fig.
4cand fig. S13). An admixture graph analysis
with the dwarf predator clade split into the
two most divergent subclades (Yssichromis-
Prognathochromis-like and double-stripe group)
suggests that both groups share the same ad-
mixed ancestry with 64% piscivore ancestry
and 36% zooplanktivore ancestry (Fig. 4). Dif-
ferent species of dwarf predators represent
novel unique mosaics of traits from the parental
lineages: Some resemble morphologically zoo-
planktivorous Yssichromis but either have longer
jaws or very elongate bodies; others resemble
piscivorous Prognathochromis but are tiny; yet
others have been described as intermediate be-
tween these genera [Haplochromis argens (41)]
or taxonomically ambiguous [double-stripe
group (42)]. All live in open water, but some
species live inshore over sand or rocks, where-
as others live far offshore. This large morpho-
logical and ecological variation is in line with
differential sorting of the parental alleles fa-
cilitating this so-called radiation in a radiation of
small pelagic predators (lineage fusion-fission
level 3; Fig. 3).

There are also indications that hybridization
between nonsister taxa has spurred the origin
and subsequent radiation of additional ecological
guilds (supplementary text), such as the rock-
picker clade species that eat chironomid midge
larvae living in epilithic algae beds. Most rock-
picker species cluster with epilithic algae browsers
(Neochromis) in the concatenated tree but with
morphologically specialized benthic inverte-
brate eaters (Paralabidochromis) in the quar-
tet tree (figs. S14- and S16), and they combine
morphological traits of both genera (43).
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At the species level, we find many additional
signatures of admixture among nonsister spe-
cies (lineage fusion-fission level 4; Fig. 3, Fig. 6,
and fig. S17). In particular, many species that
cluster away from their morphologically deter-
mined genus in our concatenation tree (Fig. 3)
show excess allele sharing with members of
the major clade of that genus (supplementary
text) and often cluster with it in the quartet
analysis (fig. S14). Many of these admixed spe-
cies contribute to very dense niche packing:
Taxa with signatures of intergeneric admix-
ture often fill ecomorphological space between
their respective parent genera (supplementary
text). Finally, we find evidence for recurrent
gene flow from the swamp-dwelling Southern
Generalist A. nubila into the Victoria Radia-
tion (fig. S17 and supplementary text).

Cycles of lineage fusion and fission spur
explosive adaptive radiation

Theory predicts that cycles of lineage fusion
and fission can facilitate retention, resuspen-
sion, and reuse of old genetic variants over
very long periods of time (25, 38, 44, 45). If an
ecologically relevant haplotype is lost in one
species because of drift or selection, it may
still be present in other species experiencing
independent drift and different selection. As
long as the species retain the opportunity to
hybridize and produce fertile hybrids, once-
lost haplotype variation can be resuspended
into segregating variation through admixture
(25). In much the same way that metapop-
ulation dynamics facilitate the retention of
genetic variation in spatially structured meta-
populations (46-48), our data support evidence
for meta-species-flock dynamics [syngameon
dynamics (39, 40)] to maintain and restore ge-
netic variation crucial for adaptive radiation.

In the geologically unstable environments of
the Lake Victoria region, lineage fusion-fission
dynamics likely facilitated the rapid recovery of
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species richness, ecological diversity, and food
web structure through adaptive radiation after
periods of extinction and collapse (Fig. 6) (2).
It has been hypothesized previously that Plio-
Pleistocene climatic fluctuations leading to
geographic range splitting and reconnection
may have facilitated speciation [a so-called spe-
ciation pump (49-52)]. In most taxa that have
been studied in this context, bursts of diver-
sification coincide with periods of isolation—
e.g., by divergence between glacial refugia (563),
sky islands (54), rainforest refugia during dry
periods [(49), but see (55)], or oceanic islands
during low sea levels (56, 57). In contrast to
many of these studies, we show that orders-
of-magnitude more diversification is associ-
ated with periods of coming together, fueled
by genetic admixture and ecological opportu-
nity. Admixture upon secondary contact may
have facilitated further diversification in some
of those other systems too, but this remains
unstudied in most cases [but see (54)]. The
role of hybridization in such range dynamics
may thus be underestimated.

In archipelagos of multiple islands, coloni-
zation of new islands and admixture between
species from radiations on older islands would
facilitate the recurrent evolution of similar
species on the newer islands [e.g., Darwin’s
finches (58), Hawai’ian Cyrtandra plants (59),
or Hawai’ian silverswords (60, 61)]. Although
in these systems there is evidence for admix-
ture variation having facilitated diversifica-
tion, it remains to be studied whether there
were also cycles of lineage fusion and fission
involved as we describe them here.

We propose that cycles of lineage fusion and
fission are key to explaining why the cichlids
of the LVRS predictably undergo adaptive ra-
diations rapidly in every lake. More generally,
we propose that once one radiation has oc-
curred, be it slowly in a phase of lasting habitat
stability or rapidly after hybridization, sub-
sequent radiations will be facilitated by the
richness of ecologically relevant genetic vari-
ants now present in the different species as long
as the radiation members retain the ability to
reshuffle and recombine those variants through
hybridization. Lineages that have relatively re-
cently undergone an adaptive radiation are thus
particularly prone not only to undergo fusion
(62) but also to radiate again from out of the
fused population (63), exacerbating the differ-
ences in diversification rates between groups
of taxa. To this end, the variation in radiation
propensity or evolvability is not a property of
any one species but that of an evolving flock of
species.

Our results have implications for the conser-
vation of the endemic cichlids of the African
Great Lakes and likely also for other species
radiations. The entire LVRS species flock is
highly threatened by the combined effects of
anthropogenic eutrophication, habitat mod-
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ification, species introductions, and climate
change. Current conservation efforts are strongly
oriented toward the preservation of individ-
ual species rather than the species flock as a
whole; yet, the secret to conserving the future
potential for the evolution of new species and
new radiations lies in conserving the species
flock community as a whole. A serious rethink-
ing of conservation interventions and strat-
egies is in order, particularly with regard to the
value of natural hybrid populations that are
often dismissed as detrimental or evolutionary
dead ends in single-species perspectives—a
view that, according to our results, could jeo-
pardize the key property of this species flock to
diversify repeatedly through rounds of hybrid-
ization (lineage fusion) and speciation (lineage
fission).

Materials and methods
Taxonomic sampling

We sampled haplochromine cichlids in the
Lake Victoria region from all major lakes with
evidence of adaptive radiations and from sev-
eral lakes and wetlands that used to be or are
still connected to the Nile drainage system.
We sampled multiple species of each major
radiation to represent the full ecological di-
versity of haplochromine cichlids in each of
the lakes. Several lakes in the region could
potentially have contributed colonists to the
colonization of Lake Victoria after its Pleisto-
cene desiccation and could hence have con-
tributed to the seeding of the rapid radiation
that followed. The deeper rift lakes, Kivu or
Edward, likely did not completely desiccate
during the Pleistocene dry spell (64-66) and
thus may still harbor older lineages, possibly
dating back to the first radiation after the
original Congo-Nilotic hybridization event (15).
The Kagera lakes region upstream and to the
west of Lake Victoria, in the uplands between
Tanzania and Rwanda, might have harbored
open water bodies during the dry spell be-
cause it is located at higher elevation [1300 m
above sea level (67)] and received more rain-
fall. Some samples were obtained from collab-
orators, but most samples were collected by
the authors using gill nets, seine nets, trawl
nets, or hook and line. Fish were euthanized
with an overdose of MS-222. All sampling was
done under the relevant collection permits
and in compliance with national and interna-
tional guidelines for ethical treatment of ani-
mals. Identification of most samples was done
by OS (table S4:).

Whole-genome sequencing

We extracted DNA from fin clips with a stan-
dard phenol-chloroform method (68) and gen-
erated PCR-free Illumina libraries following
Meier et al. (69). We sequenced the libraries to
a mean depth of 21.7x (range: 9 to 49x) with
150-bp paired-end reads generated on HiSeq
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3500 (Illumina Inc.) at the NGS platform of
the University of Bern.

We mapped the reads to the Pundamilia
nyererei reference genome version 2 (70) with
Bowtie2 v 2.3.3 (7I) using the local alignment
mode (-local) with default options allowing for
one mismatch in seed alignment (-N 1). Geno-
types and variants were called with GATK v. 3.5
(72). First we used Haplotype Caller to gener-
ate for each individual a gvcf file with all sites
(-ERC BP_Resolution) where the base qual-
ity was at least 20 (-stand_call_conf 20.0) and
emit variants with call quality of at least 30
(-stand_emit_conf 30.0). Next, we combined
all gvcf files with GATK GenotypeGVCFs to a
single vcf file, calling only variable sites (de-
fault option).

The resulting vef file was filtered with vcftools
v. 1.16 (73) to remove genotypes with less than
six reads or a genotype quality below 20. Indels
(insertions and deletions) and sites with more
than 50% missing data were removed. Sites
showing evidence of paralogous regions col-
lapsed in the reference genome were removed
by computing the mean sequencing depth across
all individuals for each site with vcftools. We
then computed the mean and interquartile
ranges across all sites. Sites that exceeded the
mean plus 1.5 times interquartile range were
removed. In addition, we masked sites with
more than one 35-kmer self-mapping in the
reference genome using the SNPable tool with
stringency 0.5 (74), as well as regions identified
as repetitive by a default run of RepeatMasker
V. 4.0.6 (75).

Phylogenetics

To infer a nuclear genome phylogeny, we used
the vcf file of all individuals and thinned it to a
minimum distance of one site per 1 kb with
veftools v. 1.16 (-thin 1000) (73). The thinning
was performed to allow faster running of IQtree
but also to obtain a genome-wide summary that
is less affected by single genomic regions with
strongly different histories (e.g., introgressed
inversions or regions under strong selection).
Sites on the mitochondrial genome were re-
moved. We converted the resulting vcf file to a
phylip file with a custom script (https://github.
com/joanamy/scripts/blob/master/vef2phylip.py).
Next, we used IQtree v. 2.1.1 (76) to infer the best
site model with ascertainment bias correc-
tion (option -m GTR+ASC) and to reconstruct
a maximum likelihood phylogeny with 1000
ultrafast bootstraps (77). We ladderized the
tree with the R package ape v. 5.5 (78). Next, we
plotted this nuclear phylogeny as circular tree
using the R package ggtree v 3.14 (79). We vi-
sualized color-coded genus and lake informa-
tion in circles around the tree using “geom_ fruit”
and species with tip circle colors using “geo-
m_tippoint” of ggtree.

For the mitochondrial phylogeny, we used full
mitochondrial genomes including monomorphic
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sites. This required generating a vcf file with
GenotypeGVCFs from GATK v. 3.8.1 (72) with
the-ERC BP_Resolution option for all mitochon-
drial genome sites (-L. chrM). We set genotypes
with less than five reads as missing and re-
moved sites with more than 50% missing data.
We then converted the mitochondrial vef to
phylip and ran IQtree as detailed above for
the nuclear phylogeny but by using the GTR
model. We then compared the mitochondrial
and the nuclear trees by plotting them side by
side as a co-phyloplot. For this, the trees were
read into R and prepared for optimal compar-
ison with the R package ape v. 5.5 (78). The
most divergent outgroups (Astatoreochromis
alluaudsi, Pseudocrenilabrus, Thoracochromis
brauschit) were removed with the function
“drop.tip,” and the trees were rooted with “root”
and the option “edgelabels=T.” Next, the trees
were ladderized with “ladderize,” and the tip
labels were replaced by species names. Using
the R package phytools v. 0.7-70 (80), we com-
bined the two trees with the function “cophylo,”
whereby the mitochondrial tree was rotated to
optimize matching with the nuclear tree. The
trees were then plotted facing each other with
the function “plot.cophylo” and the positions
of each sample in the two trees were linked
with a curved line in a color reflecting the lake.
Symbols indicating bootstrap support were
added with “nodelabels.cophylo.”

To obtain a dated mitochondrial phylogeny,
we ran BEAST v. 2.6.7 (81) on a subset of five
individuals per radiation to get a reasonably
balanced tree. We added Lake Malawi samples
for tree calibration downloaded from the NCBI
Short Read Archive and mapped them to the
P. nyererei genome as detailed above. We con-
verted the vcf file to phylip with a custom Py-
thon script (https://github.com/joanam/scripts/
blob/master/vcef2phylip.py) and converted it to
fasta with custom awk code (awk “NR>1{print
>’$1\n’$2}” $file.phylip > $file.fasta). Next, we
ran partitionfinder (82) to infer the best parti-
tion scheme of all mitochondrial genes, whereby
the first, second, and third codon positions of
all exons were given separately. This resulted
in 27 partitions, each modeled separately in
BEAST. The mitochondrial data were read into
Beauti to specify a calibrated Yule tree prior,
a relaxed clock model, and normal priors on
the crown of the Malawi radiation and of the
Malawi-Victoria split using five calibration sets
following Meier et al. (83), as given in table S1.
The Markov chain Monte Carlo (MCMC) chain
length was set to 10 million with a pre-burnin
of 100,000, and trees were logged every 20,000
steps. As suggested by the first BEAST run,
the subtree slide size was set to 0.733 for the
calibrated Yule model. We used TreeAnnotator
v. 2.6.7 of the BEAST?2 package to compute confi-
dence intervals for the radiation nodes with a
posterior probability limit of 0.8. We checked
whether all ESS values were above 200 and
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whether two independent runs had converged
with Tracer v 1.7.1 (84). The calibrated trees were
visualized in FigTree v1.4.4 (https://github.com/
rambaut/figtree/releases/tag/v1.4.4:).

Because concatenated nuclear phylogenies
cannot account for incomplete lineage sorting
or gene flow, we additionally performed a quar-
tet analysis to infer a species tree that is slight-
ly less affected by incomplete lineage sorting.
With a dataset thinned to 1 SNP per 500 bp
(veftools-thin 500), we inferred the number of
ABBA and BABA patterns for all species trip-
lets within the Victoria Radiation and for com-
parisons with the other lake radiations using
Dsuite v. 0.4 (85). We specified Astatotilapia
burtoni as outgroup. Using our Dsuite output,
we calculated quartet support as the propor-
tion of SNPs, summed to 100%, that supported
each of three possible topologies for each com-
bination of three taxa plus our outgroup using
a custom R script. We then used our weighted
quartets as input to wQFM (86), which calcu-
lates a species tree topology based on weighted
quartets. To compare the quartet species tree
with the concatenated nuclear phylogeny, we
created co-phyloplots with the R packages ape
and phytools, as described above.

Analyzing genomic variation in the LVRS

To study genomic variation among LVRS sam-
ples, we generated MDS plots for the entire
LVRS and specific radiation subsets. We con-
verted the 1-kb thinned vcf file to a gds file with
the R package SNPRelate v. 1.26 (87). Next, we
computed the genetic distance matrix with the
function “snpgdsIBS” from and used “cmdscale”
from the stats v. 4.1.1. R package to perform
MDS. The MDS results were then plotted with
convex hulls visualizing the MDS space occupied
by each ecomorph or genus. For this, we used
the “chull” function of the grDevices package
v. 4.4.1 to obtain the coordinates of the con-
vex hulls and plotted them onto the MDS plot
with the “polygon” function of the graphics
package v. 4.4.1.

To test the effect of sample size on the po-
sition of the Victoria Radiation relative to the
Southern and Northern Generalists in the MDS;
we reran the MDS analysis with 1000 differ-
ent sets of four randomly sampled individuals
each of the Victoria Radiation, the Northern
Generalists, the Southern Generalists, and the
Lake Kivu radiation. For each group, we in-
ferred the convex hulls with the “chull” R func-
tion as above and checked whether the convex
hull of the Victoria Radiation overlapped with
that of the two Generalist groups using the
“st_intersection” function of the “sf” R package
v. 1.0.3 (88).

To test how much genomic variance within
the endemic radiation of Lake Victoria was
explained by genus or ecology, respectively, we
ran a nested Analysis of Molecular Variance
(AMOVA). We selected all Victoria Radiation
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species with known ecomorph and genus as-
signment and at least three individuals sampled.
‘We used one million bi-allelic SNPs randomly
sampled from a vcf file filtered for a mean se-
quencing depth between 20 and 40 with vcftools
v. 1.16 (73). The “poppr” R package (89) was used
to run AMOVAs with species nested in genus or
in ecomorph. To assess significance, we ran
999 permutations of the sample matrix as a null
distribution to compute empirical P values.

Tests of admixture

We tested admixture at different levels: (i) at
the onset of the LVRS, (ii) at the origin of the
Victoria Radiation, and (iii) among Victoria
Radiation members.

Testing for admixture at the onset
of the LVRS

First, we tested whether our data corroborate
the Congo-Nilotic hybrid origin of the entire
LVRS of cichlids (5) and whether the many
additional taxa sampled in this work all show
the same admixture proportions. We computed
D statistics with ADMIXTOOLS v. 4.1 (90) to
test for excess allele sharing of each LVRS taxon
(P1) with the Upper Nile lineage representa-
tives (P3). We used the Congolese lineage (P2)
as sister group to the LVRS taxa, and A. burtoni
as the outgroup (all tests are given in table S5).
To infer ancestry block sizes, we computed fy
statistics and counts of ABBA, BABA, and BBAA
sites (91) with these four taxa in sliding win-
dows of 10 kb. Windows with less than five
ABBA, BBAA, and BABA sites were discarded.
To determine whether the Upper Nile intro-
gression found in all LVRS groups is due to a
single shared ancestral admixture event or
due to independent admixture events into dif-
ferent groups, we computed the proportion of
BABA sites (allele shared with Upper Nile)
among BABA + BBAA sites (allele shared with
the Congolese lineage) across 10-kb windows
for each LVRS group. We then tested for a cor-
relation of the BABA/(BABA + BBAA) pro-
portion of different LVRS groups across 10-kb
windows with a linear model with the “lm”
function of the “stats” v. 3.6.2. R package. A
single admixture event with some degree of
genome stabilization (fixation of ancestry blocks)
before splitting into different groups should
lead to high correlation, whereby the same win-
dows would show high or low Upper Nile an-
cestry proportion in different LVRS groups.
Next, we tested whether any of the LVRS groups
showed more recent Upper Nile or Congolese
lineage introgression, which should lead to larger
ancestry blocks derived from that lineage. Fol-
lowing Meier et al. (15), we classified win-
dows with BABA/(BABA + BBAA) > 0.7 as Upper
Nile origin, and windows with BABA/(BABA +
BBAA) < 0.3 as Congolese ancestry windows.
Ancestry tracts were defined as consecutive
sliding windows of the same category ignoring
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single sliding windows without data. A peak
of long Upper Nile or Congolese ancestry
tracts indicates recent introgression from
that lineage.

To estimate the Congo-Nilotic admixture pro-
portions of the LVRS, we reconstructed admix-
ture graphs with the “gqpgraph” function of the
ADMIXTOOLS 2.0.0 R package (92). Admixture
graphs are models of the demographic history
with drift and admixture edges connecting the
populations. Model comparison and parame-
ter inference is performed with f3-statistics,
whereby the best model is the one leading to
least deviation in allele sharing (f-statistics)
between the observed data and the expected
f3-statistics given the model. We used the
fully automated graph exploration provided in
ADMIXTOOLS where the user only specifies
the number of admixture edges and ADMIX-
TOOLS infers the phylogenetic relationships
between all populations, which populations
are admixed, and which lineages are the rela-
tives of the parental populations. We used block
bootstrapping for model comparison, whereby
each graph is evaluated multiple times on a
random subset of SNP blocks.

Testing for admixture at the origin of the
Victoria Radiation and admixture from other
lineages outside the Victoria Radiation

into specific Victoria Radiation groups

Next, we tested for another fusion-fission event
at the base of the modern Victoria Radiation.
To test whether, in addition to its main an-
cestry (from refugial populations within the
Victoria catchment), the Victoria Radiation
received admixture from the Western Rift lakes
or Lake Saka, we computed D statistics as de-
scribed above. We used different Victoria Ra-
diation cichlid groups (monophyletic groups
of the same ecomorph) or the Northern Gen-
eralists as P1, Southern Generalists (4. nubila
from swamps south of Lake Victoria) as P2,
different Western Rift lake cichlids as P3, and
A. alluaudi as the outgroup. If only specific
groups (e.g., piscivores of Lake Victoria) had
received gene flow from Western Rift lake
cichlids (e.g., piscivores of another lake), we
would expect elevated D statistics for this
group. By contrast, similarly high D statistics
across all groups would indicate introgression
into the shared ancestor—i.e., the lineage that
seeded the Victoria Radiation.

To assess signatures of introgression be-
tween the Victoria Radiation and more dis-
tantly related groups, we computed fbranch
statistics with Dsuite (85). We used a tree re-
constructed with IQtree v 2.1.3 whereby each
lineage or radiation is represented by the in-
dividual with least missing data and A. burtoni
is specified as the outgroup. For computing
Dstats we used a vcf file of all individuals but
reduced to bi-allelic SNPs thinned for one SNP
per 1 kb with veftools. We ran “Dsuite Dtrios” to
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compute f4 statistics and “Dsuite Fbranch” to
compute the fbranch statistic with & scores (“-Z
True”). We set all fbranch scores with 2 < 3
(nonsignificant) to zero with a custom script
(https://github.com/joanam/scripts/blob/master/
removeNonsignDsuite.r) so as to only focus on
the admixture events with strong evidence of
admixture. We visualized the fbranch scores as
a matrix with darker red color indicating higher
fbranch statistics.

In the admixture graph reconstruction de-
scribed above, the Victoria Radiation and its
closest relatives (Southern and Northern Gen-
eralists) were modeled as separate groups al-
lowing to infer admixture at the base of the
Victoria Radiation in the same admixture graph
that also accounts for the ancestral Congo-
Nilotic admixture origin of the entire LVRS.

In addition, we used fineSTRUCTURE v. 4.1.0
(93) 1o test for recent introgression between any
individuals of the Victoria Radiation and any
individuals from the other lake radiations. First,
we phased the dataset with Beagle v. 4.1 (94)
using the recombination map from Feulner et al.
(70). Next, we ran fineSSTRUCTURE with de-
fault parameters, again using the recombination
map and specifying each individual as its own
population. FineSTRUCTURE revealed strong
excess allele sharing between Lake Edward and
Lake Victoria piscivores. To assess whether the
direction of introgression was from Victoria
piscivores into Edward piscivores or vice versa,
we used DFOIL v. 2017-011-25 (95). DFOIL re-
quires five populations and can only handle a
single individual per population. We thus ran
the pipeline multiple times with all possible
combinations of three Southern Generalist
(A. nubila) individuals (P1), two Victoria piscivores
(P2), three Edward piscivores (P3), three Kivu
piscivores (P4), and two A. burtoni as outgroup.
For each combination, we extracted the indi-
viduals from the 1-kbp pruned vcf file and
converted it to fasta as explained above for
BEAST. Next, we used fasta2dfoil.py of the
DFOIL pipeline to get the counts of specific
allele sharing patterns and ran DFOIL with
these counts with the dfoilalt option to ignore
singleton patterns (e.g.,, ABAAA). We then plotted
the distributions of DFO, DIL, DFI, and DOL
patterns, which represent different tests of
excess allele sharing and together predict
the direction of introgression (95). Lastly, we
reconstructed an admixture graph with a sin-
gle admixture edge as described above with
Lake Edward groups, Lake Kivu groups and
Victoria Radiation groups modeled as sep-
arate groups to infer the ancestry proportions
of Lake Edward piscivores.

To test whether all Lake Edward piscivores are
affected by introgression or only H. squamipin-
nis, we took advantage of a sample of another
Lake Edward piscivore species, Harpagochromis
kimondo, which we had previously excluded
from all analyses as this sample has very low
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sequencing coverage (4.8x). We called all sites
and genotypes with GATK GenotypeGVCF
with this sample and all LVRS members from
Lakes Edward and Kivu and A. stappersi as
outgroup. We then filtered the vcf file for a min-
imum genotype depth of 3x, maximum miss-
ing data proportion per site of 50%, applied
the three masks as detailed above, and thinned
the data to 1 site per kilo-base pair. This file
was then converted to phylip format with our
custom vef2phylip.py script and ran iqtree2
as above. In addition, we ran Fbranch as de-
tailed above.

Admixture within the Victoria Radiation

Lastly, we tested whether admixture events
among Victoria Radiation members may have
spurred further diversification within Lake
Victoria. We ran a fineSTRUCTURE analysis
as described above with all Victoria Radiation
cichlids to test for recent introgression among
different groups. In addition, we ran an fbranch
analysis with Dsuite as described above but
with each species in the Victoria Radiation
separately. We used a tree reconstructed with
IQtree whereby each species is represented
by the individual with least missing data and
A. burtoni is specified as the outgroup. We used
the vcf file of 1-kb thinned SNPs with all indi-
viduals to compute f4 statistics in “Dsuite
Dtrios.” Next, we ran “Dsuite Fbranch” to com-
pute the fbranch statistic and visualized the
significant fbranch scores as a matrix with
darker red color indicating higher fbranch
statistics.

One strong signature of excess allele sharing
was seen between a group of small pelagic pre-
dators (“pelagic dwarf predators”) and pelagic
zooplanktivores. To test whether all dwarf pre-
dator species share the same admixed ancestry,
we computed the introgression statistic fqy
in 50-kbp window to compare how correlated
the ancestry proportions are between the two
most divergent groups of dwarf predators
(double-stripe dwarf predators and Yssichromis-
Prognathochromis-like dwarf predators). We
computed fqyy with the ABBABABAwindows.
py script (91) using large piscivores as P1, either
dwarf predator group as P2, pelagic zooplank-
tivores as P3, and A. alluauds as the outgroup.
We then tested for a correlation across win-
dows between fgy; values of the two tests with
different dwarf predator groups with a linear
model with the “lm” function of the “stats” v.
3.6.2. R package. Lastly, we reconstructed ad-
mixture graphs as described above with the
two dwarf predator groups modeled sepa-
rately and including the large piscivores, the
pelagic zooplanktivores, and close relatives,
in addition to A. alluaudi specified as the out-
group. To test for two independent admixture
events, we reconstructed admixture graphs with
one and with two admixture edges. We then
tested which of the two admixture graphs is
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better supported by running 100 block-bootstrap
replicates on the two best graphs and com-
paring the likelihood score distributions with
“fits = gpgraph_resample_multi(f2_blocks, list
(bestAdmix1Graph$edges, bestAdmix2Graph$edges),
nboot = 100)” and “compareFits<-compare_fits
(fits[[1]]$score_test, fits[[2]]$score_test).”

Ecomorph-associated alleles

To address the question to which extent the re-
ciprocally monophyletic cichlid radiations of
different lakes use the same alleles for the par-
allel evolution of similar ecomorphs, we tested
for excess allele sharing among ecomorpholog-
ically similar cichlids from different radiations.
‘We computed f4 statistics with ADMIXTOOLS
v. 4.1 (90) for pairs of ecomorphs from the
Victoria Radiation and the corresponding eco-
morph pairs from different Western Rift lake
radiations (table S6). Species of the same eco-
morph in Lake Victoria were tested as a single
group if they were monophyletic. For polyphy-
letic ecomorphs, each monophyletic group was
tested independently. To compare the propor-
tion of the genome supporting either of the
three possible topologies with two pairs of cor-
responding ecomorphs (Fig. 5A), we inferred
for each 50-kb window, which of the topology
is most supported using TWISST 1.1 (96).
Next, we tested whether admixture from
Western Rift cichlids was consequential for the
rapid evolution of the morphologically special-
ized ecomorphs in the Victoria Radiation. We
consider Southern Generalists and the North-
ern Generalists as surrogates for the general-
ist ancestors that would have colonized the
newly formed Lake Victoria. In addition, we
combine all Western Rift lake cichlids to test
whether introgression from Western Rift lakes
could have introduced the ecomorph-associated
allele to the ancestral lineage of the Victoria
Radiation. If the ecomorph-associated alleles
are found in the Northern and Southern Gen-
eralists, a single generalist lineage might have
sufficed to introduce the ecomorph-associated
allele into the Victoria Radiation ancestor. By
contrast, if an ecomorph-associated allele is
absent in both generalist ancestor surrogates
but is found in Western Rift lake cichlids, the
introgression event from a cichlid lineage re-
lated to Western Rift lake cichlids might have
introduced the allele that were likely contrib-
uted to the evolution of the ecomorph. We ex-
tracted SNPs with a minimum allele frequency
difference of 0.9 between specific ecomorphs
and all other cichlids of the Victoria Radiation
with veftools v. 1.16 (73). For these sites, we
then computed the allele frequencies for all
cichlids of the Western Rift lakes including
Lake Saka cichlids and for our 11 Southern
Generalists samples and the four Northern
Generalists samples. We polarized the alleles
as derived for the ecomorph-associated allele
and assessed whether that allele is found in the
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Western Rift lake cichlids, in Northern General-
ists, and/or in the Southern Generalist A. nubila.
To test whether ecomorph-associated alleles are
more often shared with a specific ancestor sur-
rogate than expected, we extracted 100 sets of
SNPs matching the ecomorph-associated SNPs
in number and allele frequency range. We con-
sidered putative “ancestry categories” as en-
riched if the observed proportion of SNPs only
found in a specific ancestor surrogate was higher
than the top 5% of the control SNPs sets.

Next, we checked whether the ecomorph-
associated alleles were found in the Congolese
and Upper Nile lineages uniquely, in both, or
in neither. For this, we used the same approach
as described for the Victoria Radiation ances-
tor surrogates. Lastly, we assessed how many
of the ecomorph-associated alleles that can be
assigned to either the Congolese or Upper Nile
lineage are also found in the Northern and
Southern Generalist lineage or the Western
Rift lineage. This would reveal whether the ad-
mixture between the several seeding lineages
at the base of the Victoria Radiation resus-
pended adaptive polymorphisms that had al-
ready been brought together once through
admixture ~150,000 years earlier but had sub-
sequently been lost in the individual refugial
populations that seeded Lake Victoria.

For the most distinct ecomorphs with eco-
morphologically corresponding species in other
lakes, epilithic algae browsers, piscivores, and
paedophages, we additionally visualized the
distribution of the SNPs across the genome
and assessed whether within the Western Rift
lakes, the frequency of the ecomorph-associated
allele is also higher in the corresponding eco-
morph than in other cichlids of the same ra-
diations. For each radiation, we computed the
allele frequency difference between individuals
of the corresponding ecomorph and ecologi-
cally different individuals. We tested whether
this difference is greater than expected using
a control dataset of SNPs with the same range
of allele frequencies in the Victoria Radiation.
For each Western Rift lake radiation, we com-
puted the allele frequency difference between
individuals belonging to the corresponding
ecomorph and all other individuals in this
control dataset. We considered a SNP to be
ecomorph-associated in a radiation if its allele
frequency difference was greater than the 95th
quantile of the allele frequency differences in
the control dataset.

Dyy between sympatric and allopatric species

To test whether opportunity for gene flow makes
sympatric species appear more closely related,
we took advantage of the fact that we have
sequenced multiple piscivore species each from
the Mwanza and Speke Gulf in the south of
Lake Victoria, from the Napoleon Gulf on the
opposite end of Lake Victoria in the far north,
and from Lake Kyoga (distance from Mwanza
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Gulf to Lake Kyoga sites, 490 km). We had also
sequenced paedophages from the south of
Lake Victoria and from Lake Kyoga that al-
lowed for further contrasts of sympatric and
allopatric species. We generated vcf files of
the individual with the highest sequencing
depth of each piscivore and paedophage spe-
cies with GATK’s “GenotypeGVCFs” as above
but using the option “-allSites” to retain mono-
morphic sites. We filtered the file with vcftools
for maximum 50% missing data and minimum
genotype depth of five reads and applied the
same repeat masks as above with veftools. We
computed Dxy values among sympatric and al-
lopatric paedophage species and sympatric and
allopatric piscivore species with pxy 1.2.7 (97)
in a single window per chromosome. Lastly,
we computed the average Dxy in R as the sum
of all differences divided by the sum of all
counts as recommended in the pixy manual.
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Cycles of fusion and fission enabled rapid parallel adaptive radiations in African
cichlids
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Editor’'s summary

Adaptive radiation produces a great deal of diversity during the process of evolution, but not all lineages radiate, and
in fact, most don't. For decades, researchers have been interested in why radiations occur and many studies have
looked at this using the striking radiation of African rift lake cichlids. Meier et al. studied the radiations within Lake
Victoria and confirmed that the radiation in this lake, covering many trophic guilds, occurred only 16,000 years ago.
Furthermore, they found that the radiation was able to occur so rapidly because of a repeating process of hybridization
and specialization. —Sacha Vignieri
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