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Resumo

A hibridacdo tem se mostrado muito mais prevalente em animais do que se
pensava anteriormente, em especial com o uso crescente de dados gendémicos.
Foi sugerido recentemente, com base em dados morfolégicos e moleculares
(mtDNA e poucos loci nucleares), que o golfinho Clymene, Stenella clymene,
originou-se da hibridagéo entre Stenella longirostris e Stenella coeruleoalba.
Aqui n6s usamos 0s genomas nucleares e mitocondriais destas espécies e
outras trés espécies de golfinhos para testar esta hipotese e reconstruir sua
historia evolutiva. A arvore de espécies baseada nos genomas nucleares,
altamente suportada, mostrou que S. clymene e S. longirostris sdo espécies
irmas, assim como S. coeruleoalba e T. truncatus, posicionadas em dois clados
diferentes. Em contraste, na filogenia do genoma mitocondrial, S. longirostris e
S. coeruleoalba trocaram de posicdo, na qual S. coeruleoalba é irma de S.
clymene e S. longirostris esta distantemente relacionada a elas, proxima de T.
truncatus. Analises de mistura e introgressdo ndo mostraram evidéncia de S.
clymene como espécie hibrida, mas encontramos fortes evidéncias de um
evento de introgressao no qual cerca de 40% do genoma do ancestral de S.
clymene e S. longirostris veio de S. coeruleoalba. Esses resultados e o padréao
de discordancia mito-nuclear sugerem uma introgressao bidirecional, mas com
viés de sexo (feminino), que teria substituido completamente (trocado) os
genomas mitocondriais originais de S. longirostris e S. coeruleoalba.
Encontramos também evidéncias de introgressédo (13%) dos ancestrais de S.
longirostris, S. clymene e D. delphis em S. coeruleoalba e um nivel muito

pequeno (1,4%) de introgressédo de S. frontalis em S. longirostris.

Palavras-chave: Delphininae; Genoma Completo; Filogenémica; Introgresséo



Abstract

Hybridization has been shown to be much more prevalent in animal than
previously thought, in special with the increasing use of genomic data. It has
been suggested recently, based on morphological and molecular (mtDNA and
few nuclear loci) data that the Clymene Dolphin, Stenella clymene, originated
from the hybridization between Stenella longirostris and Stenella coeruleoalba.
Here we use the whole-nuclear and mitochondrial genomes of these species
plus three other delphinines to test this hypothesis and reconstruct their
evolutionary history. A highly supported nuclear genome species tree shown
that S. clymene and S. longirostris are sister species as well as S. coeruleoalba
and T. truncatus, located in two different clades. In contrast, in mtDNA genome
phylogeny S. longirostris and S. coeruleoalba switched position, in which S.
coeruleoalba is sister to S. clymene, and S. longirostris is closer to T. truncatus.
Admixture analyses shown no evidence of S. clymene as a hybrid species, but
we found strong evidence of an introgression event in which about 40% of the
genome of the ancestor of S. clymene and S. longirostris came from S.
coeruleoalba. These results and the pattern of mito-nuclear discordance
suggest a bidirectional but sex (female)-biased introgression that completely
replaced (exchanged) the original mitochondrial genomes of S. longirostris and
S. coeruleoalba. We find evidence of introgression (13%) of the ancestral of S.
longirostris, S. clymene and D. delphis into S. coeruleoalba and a very small

(1.4%) level of introgression of S. frontalis into S. longirostris.

Keywords: Delphininae; Whole genome; Phylogenomics; Introgression



Apresentacao

A espécie Stenella clymene (Gray, 1846) é endémica do Oceano
Atlantico e tem sua distribuicdo ao longo de dguas quentes do Golfo do México
e Mar do Caribe, sendo exclusivamente oceéanica (Fertl, 2003). Os registros
mais ao norte sdo de Nova Jersey (39° 17' N) no Atlantico ocidental, e no
Atlantico oriental na Mauritania (16° 13' O). Os registros mais ao sul sdo ao sul
do Brasil (29° 58' S), no Atlantico central a 3°40' S da Ilha de Ascenséo (Fertl et
al., 2003) e a leste proximo ao norte de Angola (Perrin & Mead, 1994). Apenas
em 1981 Stenella clymene foi considerada uma espécie valida e ainda é uma
das espécies menos estudadas do género. Até entédo, os individuos da espécie
eram considerados como pertencentes a S. longirostris, porém como um grupo
com diferengcas morfolégicas, sendo mais robustos menores no comprimento
(Perrin, 1981, Jefferson, 1994) e pesando aproximadamente 80 kg (Jefferson et
al., 1995). O formato do corpo do animal e as suas extremidades séo similares
a individuos de outras espécies do género e seu corpo possui um padrdo de
cores tripartidas, tendo sua parte dorsal preta, os lados cinza e o ventre branco
(Perrin et al., 1981). Stenella clymene, apesar de apresentar caracteristicas
muito similares a S. coeruleoalba e S. longisrostris, se sustenta como espécie
plena devido ao fato de que, baseando-se em suas caracteristicas
morfologicas, ndo é possivel atribui-la exclusivamente a qualquer uma das
duas espécies por ultimo mencionadas (Perrin et al., 1981).

Stenella longirostris (Gray, 1828) é o pequeno cetdceo mais comum nas
aguas pelégicas tropicais. Tem sua distribuicdo nas zonas tropicais de todo o
globo e em algumas zonas subtropicais (Perrin, 2009). Seu tamanho varia
entre 1,29m e 2,35m e tem o peso maximo de 79kg (Perrin, 2005). Seu
fendtipo é reconhecido por seu padréo de trés cores ao longo do dorso, porém
pode apresentar variagdo de cor e tamanho do cranio e rostro (Perrin, 1998).
Stenella coeruleoalba (Meyen, 1833), assim como as outras espécies, esta
distribuida na regido pelagica e possui sua distribuicdo similar a S. longirostris,
se distribuindo nas zonas tropicais e subtropicais do globo. Possui um padréo
de coloracéo caracteristico, que consiste em manto dorsal negro, lateral cinza e
ventre branco, além de duas faixas negras que seguem perpendiculares ao

corpo, uma do olho ao anus e outra do olho as nadadeiras peitorais (Maia-



Nogueira et al., 2001). Os individuos adultos desta espécie podem medir até
2,6 metros de comprimento, os sdao machos ligeiramente maiores que as

fémeas e seu peso maximo € cerca de 160 kg (Jeferson, 1994).

A similaridade morfoldgica entre S. clymene e S. longirostris, indicava
que ambas eram relacionadas com S. coeruleoalba, porém, em analises
filogenéticas foi possivel observar que S. longirostris € mais basal que S.
coeruleoalba, surgindo assim, a hipotese que S. clymene é uma espécie que
teria se originado de eventos de hibridacdo (Leduc et al., 1999). Outro estudo
discordou desta hipotese, pois ndo encontrou S. clymene como intermediéria
entre as duas espécies, estando agrupada com S. longirostris e Delphinus
delphis, excluindo S. coeruleoalba (Kingston, 2009). Recentemente foram
encontradas evidéncias morfologicas, de DNA mitocondrial e de seis loci de
DNA nuclear favoraveis a hip6tese de que S. clymene é intermediéria entre S.
longirostris e S. coeruleoalba (Amaral et al., 2014). O resultado do DNA
mitocondrial mostrou que S. clymene esta mais estreitamente relacionada com
S. coeruleoalba, enquanto no DNA nuclear mostrou que esta mais relacionado
com S. longirostris. Introgresséo ou ILS (Incomplete lineage sorting) poderiam
explicar essas variacbes no genoma. Estes eventos poderiam explicar os
diferentes padrBes encontrados na rede de haplétipos nucleares, e talvez ainda
afete 0 genoma destas espécies, dado que este grupo possui uma divergéncia
recente, porém ndo explica totalmente a discordancia entre o DNA
mitocondrial, os loci de DNA nuclear e a variacdo morfolégica de S. clymene, o
que levou os autores a suportar a hipétese de origem hibrida da mesma
(Amaral et al., 2014). Estudos recentes (p. ex. vonHoldt et al., 2016; Nilsson et
al., 2017; Arnason et al., 2018) mostraram que andlises com genomas
completos apontam diferentes cenarios evolutivos que apenas alguns genes e
marcadores, portanto, analises que levem em consideragdo o genoma como
um todo sdo necessarias para entender e medir eventos, como no caso deste
trabalho, de hibridacdo, introgressdo e ILS. Estas analises sdo necessarias
para poder determinar se a espécie S. clymene surgiu por especiacao hibrida
Ou se ocorreram outros eventos que poderiam causar a discordancia nas
filogenias do genoma mitocondrial e do genoma nuclear como visto em Amaral
(2014).



O artigo resultante desta dissertacdo sera submetido a revista Molecular
Biology and Evolution e o manuscrito estd de acordo com as normas desta

revista.
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Abstract

Hybridization has been shown to be much more prevalent in animal than
previously thought, in special with the increasing use of genomic data. It has
been suggested recently, based on morphological and molecular (mtDNA and
few nuclear loci) data that the Clymene Dolphin, Stenella clymene, originated
from the hybridization between Stenella longirostris and Stenella coeruleoalba.
Here we use the whole-nuclear and mitochondrial genomes of these species
plus three other delphininae to test this hypothesis and reconstruct their
evolutionary history. A highly supported nuclear genome species tree shown
that S. clymene and S. longirostris are sister species as well as S. coeruleoalba
and T. truncatus, located in two different clades. In contrast, in mtDNA genome
phylogeny S. longirostris and S. coeruleoalba switched position, in which S.
coeruleoalba is sister to S. clymene, and S. longirostris is closer to T. truncatus.
Admixture analyses shown no evidence of S. clymene as a hybrid species, but
we found strong evidence of an introgression event in which about 40% of the
genome of the ancestor of S. clymene and S. longirostris came from S.
coeruleoalba. These results and the pattern of mito-nuclear discordance
suggest a bidirectional but sex(female)-biased introgression that completely
replaced (exchanged) the original mitochondrial genomes of S. longirostris and
S. coeruleoalba. We find evidence of introgression (13%) of the ancestral of S.
longirostris, S. clymene and D. delphis into S. coeruleoalba and a very small

(1.4%) level of introgression of S. frontalis into S. longirostris.
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Introduction

Hybridization occurs when individuals from two populations or more
generally distinct species cross (Harrison, 1990). The long-term consequences
of these events depend largely on the viability and fertility (or not) of the various
possible types of hybrid offspring and their frequency. When some hybrids have
at least partial reproductive success (including backcrossing), hybrid zones may
occur, a range between two areas where parent species reside, in which
species meet and reproduce (Harrison & Larson, 2016). In some cases, the
effects of hybridization may extend beyond this contact zone, generating
introgression of alleles of one species into the genome of individuals of the
other species. Many hybrid zones have already been investigated, for example,
in Heliconius butterflies in French Guiana (Shaak & Counterman, 2017).
Examples of ancient introgressions are also well known, one of the most
recently studied being that of hominid populations, with evidence of
introgressions between modern man, Neanderthal, and Denisova man (McCoy
et al., 2017) and between chimpanzees and bonobos (De Manuel et al., 2016).
In felids, studies have shown both cases of hybridization and introgression as
well as cases of recent hybrid zones (Trigo et al., 2013; Li et al., 2016). In
Cetaceans, there are many reports of individuals that may be hybrids between
different species of the same genus, or even of different genera (Willis et al.,
2004), mainly in captivity (Crossman et al., 2016). While most of these reports
are based on morphology, there have been also genetic evidences of more

extensive hybridization in dolphins (e.g. Antoniou et al., 2018).

On the other hand, an apparently much rarer situation is hybrid
speciation, which is when hybridization played a key role in the formation of a
new species, such as when a new species or lineage originated from an or a
few hybridization events (Mallet, 2007). When a pattern emerges in hybrids,
such as niche differentiation, sexual selection of individuals of the same species
and other factors, where parental alleles recombine to form new genetic
associations, they lead to new phenotypes that may be better adapted to other
niches and resources, managing to remain as a new species (Tobler et al.,
2010).
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The hybridization speciation phenomenon seems to be relatively common
in plants (Vallejo-Marin et al., 2016), but much rarer in animals, especially
vertebrates, with reports with different degrees of evidence in fish, birds and
mammals (Meier et al., 2016; Peters & Kleindorfer, 2015; Shurtliff, 2013). In the
latter, the most studied case of possible hybrid origin is that of the North
American red wolf. Several genetic studies in recent years, the most recent
being a genomic analysis, have shown that red wolves are highly mixed with
varying degrees of mixing with coyotes and gray wolves. These results are not
yet conclusive on a completely hybrid origin (between coyote and wolfhound) of
this species with subsequent backcrossing at different sites with parental
species. Another possibility is that the red wolf was an independent species that
was almost extinct and that current individuals are descended from extensive

backcrosses of these with coyote or gray wolf (vonHoldt et al., 2016).

It was been hypothesized (Leduc RG. et al., 1999) that Stenella clymene
was a hybrid species that emerged from the admixture between Stenella
longirostris and Stenella coeruleoalba. The phenotype and the behavior of S.
clymene was more similar to S. longirostris, but in the phylogeny of the mtDNA
cytochorme b, S. coeruleoalba was closely related to S. clymene and more
distantly related to S. longirostris. A more recent study supported this previous
MtDNA results and also showed that using six nuclear genes S. clymene was
more closely related to S. longirostris than to S. coeruleoalba (Amaral et al.
2014). However, recent studies (e.g. vonHoldt et al., 2016; Nilsson et al., 2017,
Arnason et al., 2018) shown that a genomic approach is sometimes necessary
to disentangled complex evolutionary scenarios caused by past hybridizations
and incomplete lineage sorting that produced discordant gene trees and difficult
species tree estimation. Here we sequenced the whole-genome of five species
(S. clymene, S. longirostris, S. coeruleoalba, S. frontalis, and D. delphis) and
together with T. truncatus reconstructed their species tree, estimated past

hybridization events and tested the hybrid origin hypothesis for S. clymene.
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Results

Genome sequences

We obtained the genome sequence of five Delphinidae species (S. clymene, S.
longirostris, S. coeruleoalba, S. frontalis, D. delphis sequenced in this paper and T.
truncatus from GenBank), with average coverage of 25X (Table 1) and ~80% of the

reads were mapped.

Table 1. Coverage and percentage mapped after filtering and mapping against O. orca

reference genome (size = 2.3Gb).

Species Coverage % mapped
Stenella clymene 23X 80%
Stenella longirostris 20X 78%
Stenella 42X 73%

coeruleoalba

Stenella frontalis 25X 85%
Delphinus delphis 25X 81%
Tursiops truncatus 21X 83%

The largest scaffold is ~37 Mb and the 25 largest sums around 590 Mb (Table
2). The BEDtools mask pipeline identified ~40% of repetitive regions in the reference
Orcinus orca assembly. Most of our analyses were performed on the genomes

maskered for these repetitive regions.

After removing repetitive sites, missing data and fragments with less than 50%
of information (from the multi-species alignments), we obtained 12,799 GFs of 10 kb,
11,411 GFs of 20 kb, 9,294 GFs of 50 kb and 7,143 GFs of 100 kb. The number of
average variable sites between S. clymene and S. longirostris in the GFs of 10kb is 25
(Fig. 1A) and in 50kb is 140, the great majority being larger than 50 (Fig. 1B).
Parsimony informative sites (excluding the outgroup) in the alignments presented a
very similar pattern (Figs. 1C,D) suggesting all GF sizes are variable enough to

resolve with high confidence a phylogeny with only seven taxa.

15



Table 2. Sizes of the 25 largest scaffolds used in the analyses.

Scaffold Size (bp)
Scaffoldl 37,310,048
Scaffold2 34,915,538
Scaffold3 31,328,679
Scaffold4 29,916,295
Scaffold5 29,316,040
Scaffold6 28,814,452
Scaffold7 26,669,673
Scaffold8 26,420,779
Scaffold9 25,195,141

Scaffold10 24,737,879
Scaffold11 23,960,635
Scaffold12 23,539,721
Scaffold13 20,796,922
Scaffold14 20,204,063
Scaffold15 20,171,943
Scaffold16 20,021,286
Scaffold17 19,848,842
Scaffold18 19,595,934
Scaffold19 19,427,489
Scaffold20 19,204,407
Scaffold21 18,650,016
Scaffold22 18,595,296
Scaffold23 18,110,099
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Scaffold24 18,014,134

Scaffold25 17,688,799
Total 592,454,110
g A _ (B)
g wﬂﬂ”” Iﬂmmmﬁmmm o mrﬂﬂ H”“‘Wﬂlmnq.11ﬂ.

r T = T r - - T
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L L 1 1

T T 1
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(=g
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Parsimony Informative Sites Parsimony Informative Sites

Fig.1. Variability of the GFs. (A,B) Variable sites between S. clymene and S.
longirostris in 5,000 randomly sampled GFs of 10 kb (A) and 50 kb (B). (C,D)
Parsimony informative sites in 5,000 (except for the outgroup) in GF of 10 kb (C) and
50kb (D).

Phylogenetic inferences

The species trees for all window sizes reconstructed with ASTRAL 11l using the
ML trees of the GFs produced the same species tree: ((((S. clymene, S. longirostris)
D. delphis), S. frontalis), (S. coeruleoalba, T. truncatus)), O. orca), all branches with
posterior probability of 1 (Fig. 2A). The species trees estimated with StarBeast2 and
BPP presented the same topology as above also with posterior probability of 1 for all
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internal branches (Fig. 2B). 13 of the ML trees of the 25 biggest scaffolds also
produced the above species tree with high support while the other 12 scaffolds
produced an alternative topology, in which S. frontalis is sister to the other five species
(except for the O. orca). Although the species tree is also the most frequent tree in the
GFs of 20, 50 and 100 kb (for the GF of 10 kb, the most frequent tree presented S.
frontalis as sister of D. delphis), several other topologies with similarly high

frequencies appeared in the genome windows trees (Table 3).
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Fig. 2. Species trees divergence time estimated with 300 GFs of 50kb (A) with a
Bayesian inference using StarBEAST2 and (B) with BPP, using the species tree
topology. Divergence times are near the nodes and the posterior probability for all

nodes are 1.
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Table 3. The ten most frequent GF trees estimated with different windows sizes in RAXML. The numbers represent absolute frequency.
Total frequency is: 10kb = 12,799; 20kb = 11,411; 50kb = 7,143; 100kb = 7,143.

Topology 10kb 20kb 50kb 100kb
((((D. delphis,(S. clymene,S. longirostris)),S. frontalis),(S. coeruleoalba,T. truncatus)),0. orca) 243 377 517 565
((((D. delphis,(S. clymene,S. longirostris)),(S. coeruleoalba,T. truncatus)),S. frontalis),O. orca) 264 352 454 515
((D. delphis,(S. clymene,S. longirostris)),((S. coeruleoalba,T. truncatus),S. frontalis)),0. orca) 249 295 442 499
((((D. delphis,S. frontalis),(S. clymene,S. longirostris)),(S. coeruleoalba,T. truncatus)),0. orca) 231 277 355 378
((((D. delphis,(S. clymene,S. longirostris)),S. coeruleoalba),(S. frontalis,T. truncatus)),O. orca) 216 268 357 370
((((D. delphis,S. frontalis),(S. coeruleoalba,T. truncatus)),(S. clymene,S. longirostris)),0. orca) 192 218 254 277
((D. delphis,S. frontalis),((S. clymene,S. longirostris),(S. coeruleoalba,T. truncatus))),0. orca) 167 266 355 266
((D. delphis,(S. clymene,S. longirostris)),(S. coeruleoalba,(S. frontalis,T. truncatus))),0O. orca) 191 226 245 211
((D. delphis,S. frontalis),((S. clymene,S. longirostris),(S. coeruleoalba,T. truncatus))),0. orca) 167 262 292 266
(((((D. delphis,(S. clymene,S. longirostris)),S. coeruleoalba),T. truncatus),S. frontalis),O. orca) 154 143 192 184
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The analysis of divergence times of the phylogenies showed that both methods
(BPP and Beast) infer similar divergence times (Fig. 2). We set the root as 10 Mya
with O. orca as outgroup. The divergence time of the ingroup occur ~4.3 Mya, S.
clymene and S. longirostris were the most recent separation, ~2.5 Mya, and S.

coeruleoalba were more basal than S. clymene with divergence time of ~3.8 Mya.

The mitochondrial genome ML tree (Fig. 3), which has high support values for
most nodes, with a few exceptions, although presented many similarities with the
nuclear genome species tree, has one important difference related to the positions of
S. clymene and S. coeruleoalba. We used a tanglegram (Fig. 4) to highlight the
similarities and differences between the nuclear and mitochondrial genome topologies
(pruning the mtDNA tree to the same taxa presented in the nuclear tree). We could
see that the main difference in that S. coeruleoalba and S. longirostris switch
positions: in nuclear genome, S. clymene is sister taxa to S. longirostris and in
mitochondrial genome it is the sister taxa to S. coeruleoalba. The other difference is
that in the mtDNA tree S. longirostris is not sister to T. truncatus but is basal to

Delphininae with exception of S. attenuata.

S. attenuata

T. truncatus

100
il:: T. truncatus
100 T. truncatus
S. frontalis
100 100 : D. delphis
64 D. delphis
= —— 5. clymene
100
100 S. coeruleoalba
S. coeruleoalba
S. longirostris
100
LC S. longirostris
S. longirostris
O. orca

Fig. 3. ML consensus tree of 100 bootstrap trees of the whole mitochondrial genome,

with support above the branches.
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Fig. 4. Comparison of mitochondrial and nuclear genomes topologies. The rectangles

show the switch in position between S. longirostris and S. coeruleoalba.

Introgression Analysis

The TreeMix backbone phylogeny again is identical to the species tree and
identified three significant signals of admixture (Fig. 5). The highest migration event
was found between S. coeruleoalba into the S. longirostris and S. clymene ancestor,
with a value (ancestry proportion) of 0.38. This analysis also suggested introgression
(0.13) of the ancestral of S. longirostris, S. clymene and D. delphis into S.
coeruleoalba and a very small (0.014) level of introgression of S. frontalis into S.

longirostris.
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Fig. 5. TreeMix tree with migration events. Arrows are admixture events and color
indicate the migration weight (varies between 0 and 0.5), with the values shown above

the arrows.

We used admixture graph to estimate admixture proportion in two scenarios,
one where there was an admixture between S. coeruleoalba and the ancestor of S.
clymene and S. longirostris, as estimated here by TreeMix (Fig. 6A) and the other as
suggested in recent literature, where S. clymene originated from an admixture
between S. coeruleoalba and S. longirostris (Fig. 6B). Our results clearly reject the
hypothesis of the hybrid origin of S. clymene, as the proportion of the genome of S.
clymene, not shared with S. longirostris, that came from S. coeruleoalba is <0.01 (Fig.
5). On the other hand, we estimated that the admixture proportion of the common
ancestor of S. clymene and S. coeruleoalba that came from S. coeruleoalba is 0.39,

very similar to the value (0.38) estimated by TreeMix (Fig. 5).
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0.99 |0.01
S. frontalis D. delphis S. longirostris S. clymene  S. coeruleoalba  T. truncatus

Fig. 6. Admixture graphs based on the two main hypotheses of S. clymene origin. (A)
Admixture between S. coeruleoalba and the ancestor of S. clymene and S. longirostris
(B) S. clymene originated from an admixture between S. coeruleoalba and S.
longirostris. Values are admixture proportions based on f4-statistics fitting on the

admixture graphs.

Admixture results (Fig. 7) with K = 5 genetic components grouped S. clymene
and S. longirostris, with K = 4 grouped the latter two with S. coeruleoalba while with K
= 3 the groups formed were: S. clymene and S. longirostris; S. coeruleoalba and T.

truncatus; S. frontalis and D. delphis.
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Fig. 7. Admixture plot for K=5-3 (from top to bottom) using 307,200 variants sites.

Discussion

By using whole genomes of several dolphins, in special S. clymene and its
putative parental species, S. longirostris and S. coeruleoalba, we presented a first
approach for the genomic history of this group and tested the hybrid speciation
hypothesis. We showed that there is no evidence that S. clymene is a hybrid species

between the above-mentioned parental species (Kingston et al., 2009; Amaral et al..,
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2014), but that it is the sister species of, and closely related to, S. longirostris and that
it was their ancestor that hybridized (or introgressed) with S. coeruleoalba. We found
no evidence of any S. coeruleoalba introgressed genetic information into S. clymene
genome that was not also found in S. longirostris genome (Fig. 6). This introgression
event seems to have been very important, since about 40% of the genome of present-
day S. clymene and S. longirostris came from S. coeruleoalba as opposed to be

derived from their common ancestor with D. delphis.

Most studies suggested many important topological incongruencies between
nuclear and mitochondrial Delphininae phylogenies (e.g. Amaral et al., 2014). Many of
these incongruences were likely caused by the wrong nuclear species tree used and
most by erroneous mtDNA topologies caused by the use of small fragments and finally
some by ILS between close related species or limited recent mtDNA introgression.
However, our mitochondrial genome phylogeny strongly corroborates most studies
that suggest that at the mtDNA, S. clymene and S. coeruleoalba are sister species and
that S. longirostris is very distantly related to them, usually in a basal position and
sometimes closer to T. truncatus (e.g. Zurano et al., 2019), as found here (Fig. 3). This
strong mito-nuclear discordance was one of the main evidences, together with
intermediate morphological traits, put forward to support the hybrid origin hypothesis
(Amaral et al., 2014). However, when we compare our nuclear vs mitochondrial
genome phylogenies (the latter was simplified to facilitate comparison, Fig. 4) we could
see that, aside from the non-sister relationship between S. coeruleoalba and T.
truncatus, the only difference between the two trees is that S. longirostris and S.
coeruleoalba changed position with each other. Therefore, the phylogenetic position of
S. clymene mtDNA is the correct one as expected by its position in the species tree,
that is, grouped with D. delphis and with S. frontalis while the position of S. longirostris
is not compatible with the species tree. Therefore, contrarily with what have been
assumed so far, not only S. clymene is not a hybrid species but its mtDNA was not
introgressed from S. coeruleoalba, but present-day S. longirostris mtDNA seems to
have been inherited (introgressed) from S. coeruleobalba and, at the same time,
present-day S. coeruleoalba mtDNA seems to have been completely replaced by S.
longirostris mtDNA. This is a complex scenario that implies a reciprocal exchange of
mitochondrial genomes between these species, presumably during S. coeruleoalba

and S. longirostris + S. clymene ancestor hybridization. This implies that it should have
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occurred a bidirectional but sex-biased (female) introgression that completely replaced
the original mtDNA of both species. Introgression hybridization, likely bidirectional, has
been described recently between S. coeruleoalba and D. delphis in the Greek Seas
(Antoniou et al., 2018). Complete mtDNA replacement of one species by another
species via unidirectional sex-biased introgression associated with hybridization (or
gene flow) has been described in several species (e.g. Good et al., 2008, Nevado et
al., 2009, Zielinski et al., 2013; Trigo et al., 2013; Llopart et al., 2014; Seixas et al.,
2018). However, to our knowledge this seems to be the first example of bidirectional
complete replacement of mtDNA between two species. Some authors support an
adaptative explanation for complete mtDNA replacement (selective advantage of the
introgressed genome, eg. Llopart et al., 2014) while others support purely
demographic processes (e.g. Seixas et al.,, 2018). We have not tested these
explanatory hypotheses here. We also do not have at this moment an explanation why
S. clymene maintained the original (ancestral) mtDNA lineage while it was replaced in
S. longirostris, although the biogeographical differences between them, the former
being restricted to the Atlantic Ocean and the latter being distributed worldwide
(together with S. coeruleoalba), may have an important role (see e.g. Towes et al.,
2012 and Trigo et al., 2013). A phylogeographical approach to deal with population
differentiation within species, as seen for example in S. clymene (Amaral et al., 2014,
Nara et al. 2017) would be important to better understand this complex evolutionary

history.

We found a high degree of topological discordance between the GFs trees
estimated along the genome (Table 3). This discordance could not be attributed to lack
of information of the GFs, since there is a high number of informative and variable
sites even in the 10 kb GFs (Fig. 1) and the discordance was not reduced in larger
window sizes (50 and 100 kb) or even with the use of scaffolds larger than 15 million
bases. Topological discordance between genomic regions is not unusual and is being
observed with increasing frequency in recent phylogenomic studies (e.g. Li et al.,
2016) including the Cetacean Balaenopteridae (e.g. Arnason et al., 2018). The
sources of these gene-tree discordances are attributed mainly to incomplete lineage
sorting (ILS) or to hybridization (Bravo et al. 2019). Here we support at least three
hybridization events between these species, the one between S. coeruleoalba and S.

longirostris + S. clymene ancestor involved the transference of about 40% of the
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genome (Fig. 5). We also found that some internal branches are very small,
suggesting short intervals between speciation events, that is one of the main
parameters known to increase ILS (Degnan & Rosenberg, 2006), as also suggested
previously (Amaral et al., 2012). These two phenomena likely explained the pattern of

high topological discordance found here.

This high level of discordance along the genome, with several topologies
presenting very similar frequencies may explain the almost complete absence of
congruence between phylogenies among and within studies on Delphininae phylogeny
(see Perrin et al., 2013). The studies that usually estimated the same phylogeny were
those that used the same genes (e.g. cytochrome b). Despite all these gene-tree
differences, our whole-genome species tree analyses consistently supported with high
confidence a single topology, where S. clymene and S. longirostris as sister taxa
forming a clade with D. delphis and S. frontalis, and S. coeruleoalba sister to T.
truncatus in basal clade. We did not find this specific topology in any previous
phylogeny, although Amaral et al. (2014) species tree (Fig. 5) shared the most
relevant clades. Our results also strongly support that Stenella is nhot monophyletic as
found in most studies and for most Delphininae genera (see Perrin et al., 2013),
although our study is not informative for the other two genera as we have a single

species for each of them.

There are surprisingly few studies with divergence time estimates for
Delphininae species with some differences between them. Part of the variation may be
caused by the different gene regions used that, as we showed here, may have very
different topologies and also partially because the set of species used may vary
greatly between the phylogenies. Most studies point to an age of the set of species of
Delphininae studied here between ~3.5 Mya to ~4.5 Mya (e.g. McGowen et al., 2009;
Vilstrup et al., 2011; Banguera et al., 2014; Amaral et al., 2018), with a few extreme
dates such as 9.9 Mya (Chen et al., 2011). Our preliminary divergence time analysis
suggested the diversification of our studied Delphininae between 4.3-4.1 Mya (Fig. 1),
supporting the main results above. Besides, our results are also compatible with the

suggested age of the oldest delphinine of approximately 4 Mya (Bianucci, 2013).
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Material and Methods
Genome Sequencing and Assembly

Tissue DNA extraction was performed using Qiagen DNAeasy Blood and
Tissue Kit following the manufacturer’s instructions. The quantity and quality of the
samples were tested by agarose gel. One sample each of Stenella clymene, Stenella
longirostris, Stenella coeruleoalba, Stenella frontalis and Delphinus delphis was
selected for whole genome sequencing. All the samples are from Brazilian coast
(Table 4). The taxonomic identification of these samples was previously confirmed
through visual inspection in the field, the control region mtDNA compared with the
DNA surveillance site (Ross et al., 2003) and our own database and the genetic profile
with eight microsatellites (unpublished results). Whole genome libraries were
constructed with TrusegNano and TruSeq DNA PCR Free kits with insert size of
350bp and sequenced using lllumina HiSegX plataform (paired-end reads with 150bp).
Tursiops truncatus (GCA _001922835.1) and the reference used for mapping the raw
reads, Orcinus orca (GCF_000331955.1) were retrieved from GenBank.

Table 4. Sample numbers and locations.

Species Sample number Latitude Longitude
S. longirostris G103 -23,66771 -41,73
S. frontalis G167 -27,11759 -47,68
S. clymene G132 -27,41863 -46,45
D. delphis G181 -23,76393 -45,23
S. coeruleoalba 295 -4,70238 -37,348

Paleomix v. 1.2.5 (Schubert et al., 2014) pipelines were used to trim the raw
reads, discard reads that were <100bp in length and with Phred-score <30 with
AdapterRemoval v.2 (Schubert et al., 2016) and single reads were discarded. BWA v.
0.7.17 (Li &Durbin, 2009) was used to map the selected reads against Orcinus orca
genome. The adapters and PCR duplicates were removed with Picard Tools v. 2.18.15
(broadinstitute.github.io/picard/) and indels were locally realigned by GATK 3.8

(McKenna et al., 2010). The regions annotated as repetitive for Orcinus orca genome

29



were excluded in BEDtoolsv.2.27.0 (Aaron et al., 2010) with maskfasta parameter. The
consensus of the filtered scaffolds by Paleomix was made with ANGSD (Korneliussen
et al., 2014) with the following parameters: -dofasta 2, that chooses the most common

base and -explode, that write out all the scaffolds.
Genomic windows

For some analyses the genomes were separated into genomic fragments (GFs)
of size 10, 20, 50 and 100 kb (thousands basepairs), separated by 100 kb to reduce
linkage disequilibrium between the fragments. Sites with missing data were removed
with trimAl (Capella-Gutierrez et al., 2009) and fragments with <50% of the original
window size was excluded. To estimate how many sites are parsimony informative
between the species in each window size, 5,000 fragments for each window size were
randomly selected and the number of parsimony informative sites among all species
was calculated. We also estimated the number of variable sites between the two
closest related species, S. clymene and S. longirostris.

Phylogenetic analysis and divergence time estimation

First, we estimated a maximum likelihood (ML) phylogenetic tree for each of the
25 largest scaffolds in the assembly, using RAXML (Stamakis, 2014) with the following
settings: one best tree for each fragment, with 100 bootstrap replicates and the
GTR+G model. We also estimated a ML tree for each GF for each window size (10,
20, 50 and 100 kb) with the same settings above. Then, using the best trees for all
GFs, a species tree was inferred for each window size using ASTRAL Il (Zhang et al.,
2018) multi-species coalescent model. Further, a Bayesian species tree was estimated
with the StarBeast2 model of BEAST 2 v2.5.2 (Suchard et al., 2018), using 300
randomly choosen gene fragments of size 50 kb. The settings were: a chain length of
5,000,000 storing every 10000, Yule tree Model, HKY substitution model, linked clock
models and a strict clock with rate of 1.0, to be calibrated after the analysis (see
below). Tracer v.1.7 (Rambaut et al., 2014) was used to visualize the Markov Chains
(MCMC) and the ESS values (Estimated Sample Sizes). TreeAnnotator v 2.5.1
(Rambaut and Drummond 2010) was used to estimate the maximum clade credibility
(MCC) tree. The MCC species tree was visualized in FigTree v1.4.3 (Rambaut, 2017)
and calibrated using 10 million years ago (Mya) as the age of the root (O. orca vs.
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Delphininae), that is an average of previously studies with nuclear genes (Cunha et al.,

2011; Banguera-Hinestroza et al., 2014).

BPP (Flouri et al., 2018), a Bayesian species tree estimation method under the
multispecies coalescent model was used with the same 300 random loci of 50 kb used
in the StarBeast2 analysis. BPP was used only to estimate divergence times since we
used the species tree estimated with the methods described above as a fixed
topology. The settings for the BPP run were, a MCMC chain of 400,000 replicates with
burnin of 10,000, with theta prior of 0.001 and tau prior of 0.001. The theta prior
specifies the inverse-gamma prior, the number of differences per kb, and the tau

specifies the divergence time parameter for the root.
Mitochondrial genome phylogeny

We also reconstruct the mitochondrial genome of the five species we obtained
the nuclear genome by mapping the raw reads to a published Tursiops truncatus
mitochondrial genome using the Paleomix pipelines described above. The mtDNA
genomes were aligned in MEGA X (Kumar et al., 2018) with several other Delphininae
available genomes, including Stenella attenuata (Table 5), resulting in a 16,374 bp
alignment. A maximum likelihood tree, with O. orca as outgroup, was then inferred
using RAXML with the same settings as above and with 100 bootstrap replicates, that

were summarized in a majority rule consensus tree.

Table 5. Mitochondrial genomes used in the phylogenetic analyses.

Species GenBankAC
Delphinus delphis MF669498.1
Tursiops truncatus KF570386.1
Tursiops truncatus MF669486.1

Stenella coeruleoalba EU557097.1

Stenella longirostris KX857414.1
Stenella longirostris KX857394.1
Stenella attenuata NC012051.1
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Introgression and Admixture Analysis

To use the programs of the TreeMix package (v. 1.13) (Pickrell & Pritchard,
2012), a SNP calling was made with Samtools (Li et al., 2009) with mpileup option,
with -C50to reduce the effect of reads with excessive mismatches, skipping
alignments with MAPQ smaller than 20, only counting reads with mapping quality
greater than 20. A vcf file was created with vcftools, keeping only the variable sites.
For the above programs we used 3,720 blocks of 10,000 SNPs (k= 10,000) to
standard errors estimation (using block-jackknifing). TreeMix was used to estimate the
phylogenetic relationship between the species including up to six migration events.
Parameters for this run were: -k= 10,000, -m 6, —noss, —Outgroup and —global,
allowing a maximum of six migrations. The clade S. coeruleoalba plus T. Truncatus
was used as outgroup. The f4-statistics was calculated with the FOURPOP program to
estimate the admixture proportion of one genome to a mixed one (Harris & DeGiorgio,
2016). Admixture graphs, including ancestry proportion for specific hybridization
events were calculated in admixturegraph v.1.0.2 R package using as input the 4
results estimated above. Genetic structure among the individuals was estimated using
NGSadmix (Skotte et al., 2013) with 307,200 SNPs. We estimated the genetic

structure considering k=3 to 5 genetic components.
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