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Continuidad
Las hojas caen en el oscuro silencio
Desde lo alto de los árboles del bosque
Sobre las aguas plateadas de los ríos corrientes
Hasta el latir profundo de las sombras
Al suelo húmedo donde aguardan los hongos.
Mientras tanto,
Los corazones rojos y húmedos laten desbocados
Al paso de las alas que se agitan
Las lenguas se pronuncian desde el techo de la cabeza
Viajan hacia las corolas
El azúcar a raudales entra a sus sistemas
Atraviesa como hilos los intestinos
Se deslíe y en segundos es sangre
Viaja entre balsas cargadas de oxígeno
Se atropella contra las paredes oscuras
Atraviesa las membranas
Entra al ciclo, uno, dos, tres ATPs son casi 30
Se hace energía, se va en el aire
Retumban los cuerpos a cada impulso
Alas adelante, alas atrás, van al vuelo
Un milisegundo quietos, vuelven al vuelo
Prisioneros de su historia buscan continuarse
Una generación, va otra
Las lenguas desde el cráneo
Los insectos, el néctar, los nidos, los huevos
La humedad
Al interior del bosque
Al borde del bosque
Va otra generación y sin anuncio no son los mismos
Las envolturas de unas plumas que se rompen
La luz que le da paso a los colores se refleja
Uno dorado, el otro rosa
No son los mismos, aunque estén cerca
En el laberinto de sus genes algo ha cambiado
¿Qué los diferencia?
Mientras tanto,
Al húmedo suelo donde los hongos aguardan
Hasta el latir oscuro de las sombras
Sobre las corrientes plateadas de las aguas del río
Desde los árboles altos de los bosques
En el profundo silencio
Caen las hojas.
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Abstract

The evolutionary mechanisms driving lineage differentiation in a system and the genetic
basis of phenotypic differentiation remain central issues in evolutionary biology. In the
Colombian Andes, two hummingbird species, Coeligena bonapartei and C. helianthea,
show striking phenotypic differences in coloration but low genetic differentiation in a
phylogeny of the Coeligena genus. These species comprise five allopatric and sympatric
subspecies. In this thesis I studied the evolution of the lineages in C. bonapartei and C.
helianthea to identify the evolutionary mechanisms driving their divergence and the genetic
basis of their phenotypic differences. I sequenced for the first time the genomes of a
population sample of hummingbirds and I used tools from population genetics,
comparative genomics, niche modeling, and comparative morphology to clarify the
evolutionary relationships among lineages of Coeligena; to test the hypothesis that they
diverged in the presence of gene flow; and to identify candidate genes related to their
phenotypic differences. I found that C. bonapartei and C. helianthea comprise at least four
evolutionary lineages. The evolution of the lineages C. b. eos and C. b. consita was likely
driven by genetic drift in the absence of gene flow, whereas C. b. bonapartei and C.
helianthea diverged in the presence of gene flow driven by natural selection, sexual
selection, or both. The low genetic differentiation among the mitochondrial genomes of
these hummingbirds supports their recent divergence and the occurrence of introgression.
The landscape of genomic differentiation among these lineages shows many peaks
containing genes possibly related to their phenotypic differences. These genes support the
idea that structural coloration in hummingbirds is a polygenic trait closely linked to feather
development. My work contributes to understanding of comparative genomics in
hummingbirds and how species are formed in megadiverse mountain systems in the
tropics.

Resumen

El efecto de los mecanismos evolutivos en la divergencia de un sistema dado, y las bases
genéticas de las diferencias fenotípicas son aún temas centrales en evolución. En la
cordillera Oriental de los Andes colombianos, habitan las especies de colibríes Coeligena
bonapartei y C. helianthea, que son muy diferentes en coloración, pero mostraron baja
divergencia genética en una filogenia del género. Estas especies tienen 5 subespecies
descritas entre alopátricas y simpátricas. En esta tesis estudié la evolución de C.
bonapartei y C. helianthea para identificar los mecanismos evolutivos asociados a su
divergencia y las bases genéticas de sus diferencias fenotípicas. Secuencié por primera
vez los genomas de una muestra poblacional de colibríes, y utilicé herramientas de
genómica comparativa, modelos de nicho, y comparaciones morfológicas, para aclarar las
relaciones filogenéticas entre estos linajes, evaluar la hipótesis de que divergieron en
presencia de flujo génico, e identificar genes candidatos asociados a sus diferencias
fenotípicas. Encontré que C. bonapartei y C. helianthea comprenden al menos 4 linajes
evolutivos. Los linajes C. b. eos y C. b. consita evolucionaron dirigidos principalmente por
deriva genética y sin flujo génico, mientras que C. b. bonapartei y C. helianthea
divergieron en presencia de flujo génico dirigidos por selección natural, sexual o ambas.
La baja diferenciación genética entre los genomas mitocondriales de estos linajes soporta
su reciente divergencia y eventos de introgresión. El paisaje de diferenciación genómica
entre estos linajes muestra varios picos con genes posiblemente asociados a sus
diferencias fenotípicas, que apoyan la idea de que la coloración estructural en colibríes es
un rasgo poligénico estrechamente ligado al desarrollo de las plumas. Con esta tesis
contribuí al desarrollo de la genómica comparativa en colibríes y al entendimiento de
cómo se forman las especies en los sistemas montañosos megadiversos de los trópicos.

Introduction

Biodiversity is a result of the ongoing process of evolution, whereby various mechanisms
playing out in lineage-specific contexts determines which lineages persist, go extinct, or
form new lineages through the process of speciation. Mutation and recombination
ultimately underlie the origin of differentiation, whereas drift, gene flow, and selection are
evolutionary mechanisms proximately governing the persistence or loss of differentiation
among lineages (Coyne & Orr, 2004; Price, 2007). Although lack of gene flow typically
drives speciation when lineages are allopatric (Mayr, 1963) whereas selection is
responsible for differentiation between sympatric lineages (Nosil, 2012), in any particular
case the question of what evolutionary mechanisms drove lineage differentiation is a
central issue in speciation research. Did recently diverged, sympatric lineages differentiate
in the present of gene flow? If so, and selection is strong enough to overcome the
homogenizing effect of gene flow, on which traits is selection acting on? How do different
evolutionary forces shape patterns of genomic differentiation between lineages? Genomic
approaches have furthered our ability to answer these kinds of questions and to
understand the role that the interplay among evolutionary mechanisms has played in the
differentiation and persistence of species (Lamichhaney et al., 2017; Ottenburghs et al.,
2017; Toews et al., 2016a).
The genomic landscape of divergence among lineages may consist of large and few
regions of high differentiation relative to background levels of differentiation (genomic
continents of differentiation, Michel et al., 2010), or may involve multiple, relatively small
regions of differentiation (peaks or islands of differentiation, Feder & Nosil, 2010).
Genomic regions of high differentiation may have contributed to speciation (Turner, Hahn,
& Nuzhdin, 2005), or may reflect processes such as genetic conflict, genetic drift, variable
mutation rates, chromosomal structure and selective sweeps (Kelley et al., 2012).
However, peaks of differentiation are expected to be associated with phenotypic
differentiation and speciation, especially if they exist between recently diverged species
having had limited time to accumulate neutral divergence (Nosil & Feder, 2012). Linking
patterns seen in comparisons of the genomes of species to evolutionary processes is
central to studies on the genomics of speciation. Among animals, studies in birds have led
the field of genomics, since the pioneering sequencing of the first avian genome (ICGSC
International Chicken Genome Sequencing Consortium, 2004) up to the consolidation of

one of the largest and better-quality genomic data sets currently available (Koepfli, Paten,
& Brien, 2015; Rhie et al., 2020). In particular, avian genomics has provided data relevant
for understanding different scenarios of speciation (Edwards et al., 2005; Toews et al.,
2016b), and new studies in closely related taxa contribute to identify genes and genomic
regions related to phenotypic differentiation and speciation. However, studies on
comparative genomics of neotropical birds are still required to understand how the
evolutionary mechanisms drive phenotypic differentiation and speciation in this region.
In this thesis, I worked on the speciation genomics of hummingbirds, a lineage that has
radiated in the Andes of tropical South America where up to 200 species exist (from 363 in
the family Trochilidae, Restall, Rodner, & Lentino, 2007).Out of the nine crown-clades of
the hummingbird family, two clades are mainly restricted to the high Andes: the Coquettes
and the Brilliants (McGuire, Witt, Remsen, Dudley, & Altshuler, 2008). The genus
Coeligena is a member of the Brilliants clade, formed by medium-sized hummingbirds with
straight and long bills with a striking variation in coloration phenotypes among species
(Hilty & Brown, 1986). Some species exhibit dull or dark colors (e.g. brown and black in C.
coeligena, C. wilsoni, and C. prunellei), whereas others exhibit brilliant and lighter colors
(e.g. green, golden and white in C. orina, C. bonapartei, and C. phalerata; Parra, 2010).
Coeligena hummingbirds inhabit mostly humid montane forests in the Andes from Bolivia
to Venezuela where they feed on flowers in the interior or the edge of the forest. A
multilocus phylogeny of Coeligena resolved the evolutionary relationships among species
of the genus (Parra, Remsen, Alvarez-Rebolledo, & McGuire, 2009). In this phylogeny the
species C. bonapartei and C. helianthea stood out as unusual because their sequences
revealed shallow divergence and lack of reciprocal monophyly although they show striking
phenotypic differences.
C. bonapartei and C. helianthea differ strongly in plumage coloration. Both species have
bright green crowns and violet gorgets, but males of C. bonapartei are largely golden
green with fiery golden underparts and rumps, whereas those of C. helianthea are largely
blackish with rose bellies and aquamarine rumps (Hilty & Brown, 1986). Although females
are paler than males, they are also distinctly different. C. bonapartei and C. helianthea are
similar in other traits such as ecology, behavior and morphology; both species feed on
flowering plants in the lower levels of the forests (Hilty & Brown, 1986) and inhabit cloud
forests in elevations between 2000 and 3500m in the Cordillera Oriental of the Andes in
Colombia and Venezuela (Ayerbe-Quiñones, 2015). In this group, five subspecies are

recognized based on differences in plumage coloration and distribution. Three subspecies
are recognized in C. bonapartei: C. b. bonapartei is distributed from Cundinamarca
(Sabana de Bogotá), Boyacá, and Santander departments in the western slope of the
Cordillera Oriental of Colombia; C. b. consita is endemic to the Serranía de Perijá
(northeastern Colombia and northwestern Venezuela); and C. b. eos is from the Cordillera
de Mérida in Venezuela. The latter taxon has been treated as a different species for some
authors but currently is recognized as a subspecies (Remsen et al., 2018). Two
subspecies are recognized in C. helianthea: C. h. helianthea is from Cundinamarca
(Sabana de Bogotá), Boyacá, Santander, and Norte de Santander departments in the
eastern slope of the Cordillera Oriental; and C. h. tamai is from the Tamá Massif in the
border between Colombia (south of Norte de Santander) and Venezuela. In sum, C. b.
consita and C. b. eos are allopatric to all other subspecies, C. b. bonapartei and C. h.
helianthea are parapatric with a zone of sympatry in the south of their ranges, and C. h.
tamai is possibly parapatric to C. b. bonapartei and C. h. helianthea. The recent origin,
diversity of phenotypes, and geographic ranges of these hummingbirds make them
appropriate subjects for studies on the forces leading to speciation in a complex landscape
and on the genetic basis of species differences.
The evolutionary history of C. bonapartei and C. helianthea is unclear due to their similarity
in genetics and overall ecology, their plumage differentiation, and the combination of
allopatric and parapatric geographical distributions of different lineages. In this thesis I
studied the evolution of C. bonapartei and C. helianthea, with a focus on assessing the
evolutionary mechanisms underlying their divergence and speciation. I employed genetic
and genomic resources, niche modeling, morphological comparisons, phylogenetic
reconstructions, and population genetics analyses to answer three main questions: (1)
Does the previously reported lack of genetic divergence between C. bonapartei and C.
helianthea hold with a larger sampling of individuals and genetic markers, and if it does,
could such a pattern be consistent with the hypothesis of divergence with gene flow? (2)
What are the patterns of population structure and the degree of differentiation in the
mitochondrial genomes of the lineages of these hummingbirds? And (3) How is the
genomic landscape of differentiation between C. bonapartei and C. helianthea, and what
candidate genes for phenotypic differentiation can be identified in these species? My work
contributes to understanding how the interaction among evolutionary mechanisms drives
the processes of phenotypic differentiation and speciation in the complex and biodiverse
landscape of the tropical Andes in which these awesome hummingbirds evolved.
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Abstract
Ecological speciation can proceed despite genetic interchange when selection counteracts
the homogenizing effects of migration. We tested predictions of this divergence-with-geneflow model in Coeligena helianthea and C. bonapartei, 2 parapatric Andean hummingbirds
with marked plumage divergence. We sequenced putatively neutral markers
(mitochondrial DNA [mtDNA] and nuclear ultraconserved elements [UCEs]) to examine
genetic structure and gene flow, and a candidate gene (MC1R) to assess its role
underlying divergence in coloration. We also tested the prediction of Gloger’s rule that
darker forms occur in more humid environments, and examined morphological variation to
assess adaptive mechanisms potentially promoting divergence. Genetic differentiation
between species was low in both ND2 and UCEs. Coalescent estimates of migration were
consistent with divergence with gene flow, but we cannot reject incomplete lineage sorting
reflecting recent speciation as an explanation for patterns of genetic variation. MC1R

variation was unrelated to phenotypic differences. Species did not differ in macroclimatic
niches but were distinct in morphology. Although we reject adaptation to variation in
macroclimatic conditions as a cause of divergence, speciation may have occurred in the
face of gene flow driven by other ecological pressures or by sexual selection. Marked
phenotypic divergence with no neutral genetic differentiation is remarkable for Neotropical
birds, and makes C. helianthea and C. bonapartei an appropriate system in which to
search for the genetic basis of species differences employing genomics.
Resumen
La especiación ecológica puede ocurrir en presencia de flujo génico si la selección
contrarresta el efecto homogeneizador de la migración. Evaluamos predicciones del
modelo de divergencia con flujo génico en Coeligena helianthea y C. bonapartei, dos
especies parapátricas de colibríes altoandinos con diferencias marcadas en su coloración.
Secuenciamos marcadores putativamente neutrales (ADN mitocondrial [mtADN] y
elementos ultraconservados nucleares [UCEs]) para evaluar estructura genética y flujo
génico, y secuenciamos un gen candidato (MC1R) para evaluar su papel en la divergencia
en coloración. También evaluamos la regla de Gloger, que señala que organismos de
coloraciones más oscuras habitan ambientes más húmedos, y examinamos variación
morfológica para analizar posibles mecanismos adaptativos que podrían haber promovido
la divergencia entre estas especies de colibríes. Encontramos baja diferenciación genética
entre las especies tanto en ND2 como en UCEs. Los estimadores de migración fueron
consistentes con el modelo de divergencia con flujo génico, pero no podemos rechazar la
posibilidad de que los patrones de variación genética reflejen separación incompleta de
linajes debida a especiación reciente. La variación en MC1R fue también muy baja y no
estuvo asociada con las diferencias en coloración. Las dos especies no se diferencian en
el nicho macroclimático que ocupan, aunque son distintas morfológicamente. Aunque
rechazamos la variación en condiciones macroclimáticas como una causa de la
divergencia en estos colibríes, estas especies podrían haberse diferenciado en presencia
de flujo génico debido a otras presiones de selección ecológicas o por selección sexual.
La marcada diferenciación fenotípica sin diferenciación genética en marcadores neutrales
que documentamos es excepcional en aves neotropicales y hace de C. helianthea y C.
bonapartei un sistema ideal para buscar las bases genéticas de la divergencia entre
especies utilizando genómica.

Introduction
New species often arise when geographic isolation of populations allows for divergence
via genetic drift or selection (Mayr 1963, Coyne and Orr 2004). Central to this speciation
model are the ideas that geographic isolation restricts gene flow, thus allowing for
differentiation, and that speciation without geographic isolation is unlikely because gene
flow homogenizes populations (Coyne and Orr 2004). Alternatively, the divergence-withgene-flow model proposes that speciation is possible without geographic isolation if natural
selection is sufficiently strong to counteract the homogenizing effect of gene flow (Gavrilets
1999, Nosil 2008, Pinho and Hey 2010, Martin et al. 2013, Morales et al. 2017). Under this
model, phenotypic differentiation may develop in the face of gene flow owing to divergent
selection acting on traits directly associated with reproduction or on traits associated with
those involved in reproduction through pleiotropic effects (Schluter 2001, Servedio 2016).
Assortative mating or selection against hybrids may further facilitate the completion of
reproductive isolation (Coyne and Orr 2004, Schluter 2009, Fitzpatrick et al. 2009).
Several studies provide evidence that natural selection can promote phenotypic
divergence among populations despite gene flow (e.g. Smith 1997; Morgans et al. 2014;
Fitzpatrick et al. 2015) and this may lead to speciation (Hey 2006, Nosil 2008). However,
documenting speciation with gene flow is complicated because of the difficulty of
determining whether shared genetic variation between species is a consequence of
divergence in the presence of migration, hybridization ocurring after speciation, or
incomplete lineage sorting due to recent or rapid divergence (Hey 2006, Pinho and Hey
2010). This difficulty has been partly overcome thanks to the development of tools to
estimate migration between pairs of populations under alternative demographic scenarios
(Hey and Nielsen 2004, 2007; Beerli 2006, Kuhner 2006, Durand et al. 2011). Some
studies using such tools have found incomplete lineage sorting as the cause for lack of
genetic differentiation (Nosil et al. 2009, Wall et al. 2013, Suh et al. 2015), whereas others
support population divergence despite gene flow (Green et al. 2010, Rheindt et al. 2014,
Supple et al. 2015, Kumar et al. 2017). However, compelling evidence that population
divergence has scaled up to the formation of different species in the face of gene flow
remains limited. Nonetheless, the finding that the evolutionary histories of various
organisms are characterized by substantial cross-species genetic exchange (e.g.
Novikova et al. 2016; Zhang et al. 2016; Kumar et al. 2017) implies that attention should

be devoted to understanding the selective mechanisms maintaining species as distinct
entities in the face of gene flow.
In birds, plumage traits are often targets of natural selection. This results in adaptations for
foraging and flight efficiency (Zink and Remsen 1986), camouflage (Zink and Remsen
1986) or conspicuousness (Endler 1993), thermoregulation (Walsberg 1983), and
protection against pathogens (Burtt and Ichida 2004, Goldstein et al. 2004, Shawkey et al.
2007), among others. Because plumage traits are also critical in mate selection and
species recognition, plumage divergence may drive lineage diversification (Price 2007,
Servedio et al. 2011, Hugall and Stuart-Fox 2012, Maia et al. 2013). A frequently observed
pattern in presumably adaptive plumage variation is Gloger’s rule, which states that birds
with darker plumage coloration occur in more humid environments than lighter-colored
conspecifics (Delhey 2019). This pattern is often attributed to adaptation to reduce
bacterial degradation of plumage in humid conditions where bacteria are most abundant
because melanin (the pigment responsible for black plumage color) confers resistance
against these microbes (Goldstein et al. 2004, Peele et al. 2009, Amar et al. 2014).
Because differences in melanic pigmentation can serve as cues for mate choice and
species recognition (Uy et al. 2009), adaptive differentiation in plumage coloration might
thus drive the origin of reproductive isolation. However, we are unaware of studies
explicitly relating the evolution of melanic plumage coloration by natural selection to
population divergence or speciation in the presence of gene flow (but see Cooper and Uy
2017; see also Rosenblum et al. 2017; Pfeifer et al. 2018 for examples involving skin
pigmentation in other animals).
Here, we test the divergence-with-gene-flow model of speciation as an explanation for the
evolution of two Andean hummingbird species, Coeligena helianthea (Blue-throated
Starfrontlet) and Coeligena bonapartei (Golden-bellied Starfrontlet). We studied these
species because: (1) they have largely parapatric ranges in a topographically complex
area of the Andes over which environmental conditions, hence selective pressures, may
differ (Figure 1); (2) They seemingly lack genetic differentiation in neutral markers (Parra
et al. 2009, McGuire et al. 2014) as expected under divergence with gene flow; (3) They
exhibit distinct phenotypic differences (plumage in C. helianthea is considerably darker
than in C. bonapartei) and no hybrids have been reported even where they coexist locally
(except perhaps for a few old specimens; Fjeldså & Krabbe, 1990); and (4), because
variation in melanic pigmentation may reflect adaptation to different environments,

divergence in plumage traits between these hummingbird species might have been driven
by natural selection.
The apparent lack of genetic differentiation between C. helianthea and C. bonapartei
(Parra et al. 2009, McGuire et al. 2014) despite their distinct differences in traits potentially
under selection may reflect divergence with gene flow, contemporary hybridization, or
incomplete lineage sorting (Hey 2006, Suh et al. 2015, Sonsthagen et al. 2016). We here
evaluate predictions of the divergence-with-gene-flow model of speciation and consider
evolutionary mechanisms driving divergence between these species by first addressing
the following questions: (1) does the lack of genetic differentiation between C. helianthea
and C. bonapartei persist with a much larger and geographically extensive sampling and
additional molecular markers relative to earlier work (Parra et al. 2009)?, and (2) are
patterns of genetic variation consistent with a model of divergence in the face of gene
flow? We next asked (3) is color divergence associated with genetic variation in the MC1R
gene, a candidate underlying melanic coloration in various bird species and other
vertebrates? To examine possible mechanisms through which natural selection might have
driven population differentiation we examined whether phenotypic divergence may be
attributable to adaptation to contrasting macro-environmental conditions by asking (4) is C.
helianthea with darker plumage distributed in more humid environments as predicted by
Gloger’s rule? and (5) is there morphometric variation between species which may
suggest adaptation to alternative microhabitats or resources?
Materials and Methods
Study system
Coeligena helianthea inhabits mostly the eastern slope of the Cordillera Oriental of the
Northern Andes from western Meta in Colombia to the Táchira Depression in Venezuela,
and comprises two subspecies: C. h. helianthea occupies most of the range, whereas C.
h. tamai occurs in the Tamá Massif in the border between Colombia and Venezuela
(Figure 1). The distribution of C. bonapartei is not continuous and three subspecies are
recognized: (1) C. b. bonapartei ranges along the western slope of the Cordillera Oriental
in Cundinamarca, Boyacá, and western Santander in Colombia, (2) C. b. consita is
restricted to the Serranía del Perijá, and (3) C. b. eos is endemic to the Cordillera de
Mérida in the Venezuelan Andes (Hilty and Brown 1986; Hilty 2003. Figure 1). Some
authors consider eos a distinct species (Donegan et al. 2015, del Hoyo et al. 2018), but it

is currently treated as a subspecies of C. bonapartei (Remsen et al. 2018). Although the
distributions of C. helianthea and C. bonapartei are not sympatric for the most part, the
nominate subspecies co-occur regionally in Cundinamarca and Boyacá (Gutiérrez-Zamora
2008).
Coeligena helianthea and C. bonapartei differ strikingly in plumage coloration. Although
both species have bright green crowns and violet gorgets, males of C. helianthea are
considerably darker, with a largely greenish back with a rose belly and aquamarine rump;
males of C. bonapartei are largely golden green with fiery gold underparts and rump.
Females are paler than males, but also differ distinctly in plumage, especially in their lower
underparts (Hilty and Brown 1986, Parra 2010). The differences in coloration between
species may reflect variation in the melanin content of feathers (D’Alba et al. 2014),
differences in the nanostructure of feather barbules (Greenewalt et al. 1960), or both.
Tissue samples and DNA sequencing protocols
We collected specimens in Colombia and Venezuela, and obtained tissue samples from
the collections of the Instituto Alexander von Humboldt (IAvH), the Museo de Historia
Natural de la Universidad de los Andes (ANDES), and the Colección Ornitológica Phelps
(Table S1). Our sampling included a total of 62 individuals: 38 specimens of C. bonapartei
(12 C. b. bonapartei, 5 C. b. consita, and 21 C. b. eos) and 24 specimens of C. helianthea
(7 C. h. helianthea, 17 C. h. tamai). Subspecies were assigned based on taxonomic
determination of museum specimens or by geography. We extracted DNA from tissue
samples using either a QIAGEN DNeasy Tissue Kit (Qiagen, Valencia, CA, USA) following
the manufacturer’s instructions or a standard phenol/chloroform extraction protocol. For 60
specimens we amplified by PCR (Appendix A) and sequenced 1,041 base pairs (bp) of the
mitochondrial ND2 gene, and used the data for range-wide phylogeographic and
population genetic analyses (Genbank accession numbers: MG874354-874409). We used
published sequences of C. lutetiae (McGuire et al. 2007, Parra et al. 2009) and C. orina
(McGuire et al. 2014) as outgroups in phylogenetic analyses.
We used a subset of 36 individuals to assess whether color differentiation between
species is associated with nucleotide substitutions in the coding region of the
melanocortin-1 receptor gene (MC1R), a locus responsible for melanic pigmentation in
several birds and other vertebrates (Mundy 2005, Roulin and Ducrest 2013). We amplified
by PCR (Appendix A) and sequenced 788 bp of the 945 bp of the MC1R locus for 6

individuals of C. h. helianthea, 10 C. h. tamai, 8 C. b. bonapartei, 1 C. b. consita and 11 C.
b. eos. All PCR products were cleaned and sequenced in both directions by Macrogen Inc.
or at the sequencing facilities of the Universidad de los Andes (Genbank accession
numbers: MG880079-880114). We assembled, edited, and aligned sequences of the ND2
and MC1R genes using BioEdit 7.2.5 (Hall 1999) and Geneious 9.1.5
(http://www.geneious.com/; Kearse et al., 2012), employing the MUSCLE algorithm (Edgar
2004) and manual editing.
We also employed a sequence capture approach to acquire data from regions flanking
ultraconserved elements (UCEs; Faircloth et al. 2012) for a small sample of 1 individual of
C. h. helianthea, 4 C. h. tamai, 1 C. b. bonapartei, and 1 C. b. consita to obtain a
preliminary overview of genetic divergence between these taxa at a genomic level. We
used a standard library preparation protocol (http://ultraconserved.org/; Faircloth & Glenn,
2012) and enriched the pool of samples for 5,060 UCE loci using the MYbaits_TetrapodsUCE-5K probes. We sequenced the pool after quantification using 250 bp paired-end
Illumina MiSeq. Following the PHYLUCE pipelines (Faircloth 2015), we used
Illuminoprocessor (Faircloth 2013) and Trimmomatic (Bolger et al. 2014) to trim reads,
discarded adapter contamination and low-quality bases, and assembled the reads into
contigs using a kmer = 50 and ABySS (Simpson et al. 2009). We aligned the contigs
against the original UCE probes to identify contigs matching UCE loci using LASTZ (Harris
2007). Among the individuals, we aligned unphased sequences of UCE loci using the
default MAFFT v7.13 algorithm (Katoh and Standley 2013). Finally, we pulled out UCE loci
from the Anna’s Hummingbird (Calypte anna) genome (Gilbert et al. 2014, Zhang et al.
2014) to use them as outgroup.
For phylogenetic analyses we used a concatenated alignment of 2,313 UCE loci shared at
least among 3 individuals including the outgroup. Of these, 1,465 loci were present in all
the individuals (mean locus length = 615.1 bp, mean number of individuals per locus in the
incomplete matrix = 7.3). We generated a second concatenated alignment of 1,604 loci
shared among all Coeligena specimens (i.e. without the outgroup). Of these, 389 loci
showed no variation, 75 had only indels (informative or not), 615 had singletons and
indels, and 525 (32.8%) had informative sites (polymorphic sites with each variant
represented in at least two individuals). We used the latter 525 loci or a subset of these for
population genetic analyses (Appendix A), but because our sample size was low we
treated the results from these data as preliminary and interpreted them with caution.

Phylogenetic and Population Genetic Analysis
We used maximum-likelihood and Bayesian inference methods to reconstruct phylogenies
from the CIPRES Portal (http://www.phylo.org/) or locally. We selected a single partition
and the TNR substition model as the best-fit for our ND2 data according to the corrected
Akaike Information Criterion (cAIC) in PartionFider 2.1.1 (Guindon et al. 2010, Lanfear et
al. 2017). To analyze UCE data we used a concatenated alignment of all 2,313 loci for
which we specified 16 partitions and nucleotide substitution models for each partition
following CloudForest analysis (Crawford and Faircloth 2011). We conducted maximumlikelihood analyses in RAxML (Stamatakis 2014) using the GTR+GAMMA model and nonparametric bootstrapping under the autoMRE stopping criterion for ND2 and UCE data.
We conducted Bayesian analyses in Mr.Bayes v3.2 (Ronquist et al. 2012). The MCMC
parameters consisted of two runs with four chains ran for 15 million generations sampling
every 100 generations for the ND2 data, and ran for 25 million generations sampling every
500 generations for the UCE data. We discarded the first 10% generations as burn-in
before estimating the consensus tree and posterior probabilities. To account for
heterogeneity among gene trees, we also conducted a species-tree analysis of our data
set of 525 UCE loci using the program ASTRAL (Zhang et al. 2018; details in Appendix A).
We also conducted Bayesian analyses in BEAST 2 (Bouckaert et al. 2014) using the ND2
data to estimate divergence times using a strict clock model of evolution, assuming a Yule
model prior or a coalescent constant-size population prior. We used a substitution rate of
2.5% divergence per million year for ND2 (Smith and Klicka 2010). MCMC runs consisted
of 50 million generations, sampling trees every 1,000 generations, and discarding the first
15,000 trees (30%) as burn-in. Convergence and effective sample sizes of parameter
estimates for Mr.Bayes and Beast 2 results were examined using Tracer 1.7.1 (Rambaut
et al. 2018).
To further examine relationships among ND2 haplotypes, we used an alignment of 885 bp
for which complete data were available for all individuals to construct a median-joining
haplotype network in Network 5.0.0.1 (http://www.fluxus-engineering.com/; Bandelt,
Forster, & Röhl, 1999). To examine genetic structure between species, we calculated Fst
with R package hierfstat (Goudet and Jombart 2015, R Core Team 2017) and AMOVAs
with R package ade4 (Dray and Dufour 2007, R Core Team 2017) assessing significance
using 10,000 permutations (Script S1). Also, we used Structure 2.3.4 (Pritchard et al.
2000) to assess population structure using our 293 SNP data set from UCE loci; because

our sample size was limited, we consider population genetic analyses using UCEs
preliminary and thus do not report on them in detail in the main text (Appendix A).
Testing for Divergence with Gene Flow
To examine whether there has been geen flow between C. helianthea and C. bonapartei
we used Migrate 3.2.1 (Beerli 2009) to estimate the following demographic parameters:
effective population size scaled by mutation rate (), time scaled by the mutation rate (T),
and migration scaled by mutation rate (M = (m / µ)). If there has been gene flow between
species after speciation, then the posterior distributions of M should exclude values of
zero. We also tried to distinguish scenarios of divergence with gene flow and hybridization
following secondary contact using the option of parameter estimation for different moments
through time in Migrate, but because results were unreliable we chose not to report on
these analyses (Appendix A).
For Migrate analyses we employed a ND2 alignment including 23 individuals of C.
helianthea and 17 individuals of C. b. bonapartei/consita (i.e. excluding C. b. eos, which
we found to be genetically distinct; see below). We also used 293 SNPs from our UCE
data for Migrate analyses (Appendix A). Because inference of gene flow requires neutrally
evolving markers, we first confirmed that our data sets met this assumption by calculating
Tajima’s D using DNAsp 5.1 (Librado and Rozas 2009). We determined prior maximum
values for the parameters  and M for each species based on several test runs. In final
analyses aimed to estimate gene flow we set prior values to 0.15 for  for both species,
and to 1,000 for M in both directions. We ran Migrate in the CIPRES Portal
(http://www.phylo.org/) using a long chain of 3,000 million steps (sampling 1,000,000 steps
recorded every 3,000 steps) with a burn-in of 1,000,000 steps.
MC1R gene analyses
We compared variable sites in MC1R sequences between our study species and
translated sequences to aminoacids to check for synonymous and non-synonymous
substitutions. As reference for comparisons we used sequences of Anna’s Hummingbird
(Calypte anna) and Chimney Swift (Chaetura pelagica) predicted from genome
annotations (Zhang et al. 2014). Because these comparisons revealed no variation
potentially implied in phenotypic variation (see results), we did not conduct any additional
analysis.

Examining the selective regime: niches and morphological differentiation
We tested the hypothesis that natural selection underlies phenotypic divergence in color
between C. heliathea and C. bonapartei through macroclimatic differences in the regions
occupied by these species. Specifically, we tested the prediction of Gloger’s rule that C.
helianthea (with darker plumage) occurs in environments with more humid conditions than
C. bonapartei, and examined whether other macroclimatic conditions that may promote
adaptation differ between environments occupied by these hummingbirds. We examined
ecological differentiation among C. helianthea, C. b. bonapartei/consita and C. b. eos
(which we found to be genetically distinct; see below) using occurrence data,
environmental variables, and measurements of niche overlap (Broennimann et al. 2012).
In addition to the locality data associated with specimens included in molecular analyses,
we obtained occurrence data from eBird (http://ebird.org/content/ebird/), Vertnet
(http://vertnet.org/), GBIF (http://www.gbif.org/), Xeno-canto (http://www.xeno-canto.org/),
and the ornithological collection of the Instituto de Ciencias Naturales of the Universidad
Nacional de Colombia (http://www.biovirtual.unal.edu.co/en/), for a total of 242 records.
After eliminating duplicates and excluding non-reliable locations we retained 196 records
for analysis: 85 of C. helianthea, 75 of C. b. bonapartei/consita, and 36 of C. b. eos (Table
S2).
To delimit the accessible areas for each species we used ecoregions as defined by
Dinerstein et al. (2017). We used all the ecoregions with occurrence records as the
environmental background available for the analysis of niche overlap. We obtained climatic
data from WorldClim (http://www.worldclim.org/ Hijmans et al. 2005), CliMond
(https://www.climond.org/ Kriticos et al., 2012), and EarthEnv
(http://www.earthenv.org/cloud Wilson and Jetz 2016). We clipped layers for ecoregions
and climatic variables to our study area (i.e. longitude -76 to -70 degrees, latitude 3 to 12
degrees) and excluded variables highly correlated to others (r > 0.70) within this area
using the package usdm in R (Naimi 2015, R Core Team 2017). We conducted niche
overlap analyses using 11 variables: three related to temperature, three related to
precipitation, four related to cloudiness, and one related to air moisture (Table S3).
We extracted climatic data from 10,000 points from the background environment and from
the 196 occurrence records and performed a principal component analysis (PCA) to
summarize climatic variation using the package ade4 in R (Dray and Dufour 2007, R Core
Team 2017). With the two first PCA axes, we plotted the densities of each taxon in climatic

space relative to the background using the package ecospat in R (Broennimann et al.
2016, R Core Team 2017). We also used this package to estimate the D statistic (Warren
et al. 2008) to quantify niche overlap (D = 0 indicates different niches, and D = 1 indicates
identical niches), and we performed similarity tests (1,000 iterations) to assess whether
niches are less similar (niche divergence) than expected by chance given background
climatic variation (Script S2). Significant niche divergence with the darker C. helianthea
occupying more humid areas would be consistent with adaptive divergence following
Gloger’s rule, whereas no significant differences in niches would suggest that adaptation
to distinct climatic conditions cannot account for phenotypic differentiation between
species.
We also assessed whether there is morphometric differentiation between species which
may reflect adaptation to different microhabitats or food resources (Stiles 2008) by
measuring 17 traits related to beak, wing, tail and leg morphology (Table S4). We
measured morphological variables from 35 live individuals (17 females and 18 males) of C.
h. helianthea and 46 individuals (23 females and 23 males) of C. b. bonapartei. Using
these data we asked whether individuals of different species and sexes are distinguishable
in multivariate space employing linear discriminant analysis (LDA) using the package
MASS in R (Venables and Ripley 2002, R Core Team 2017). We built ANOVA models to
test for mean differences in all individual variables among species and sexes
simultaneously. Because a few of the variables were not normally distributed according to
Shapiro-Wilk tests, we used Kruskal-Wallis tests for comparisons involving such variables.
Shapiro-Wilk tests, Kruskal-Wallis tests and ANOVAs were performed using basic
functions in R (R Core Team 2017).
Results
Does lack of genetic differentiation between C. helianthea and C. bonapartei persist
with greater sampling and additional markers?
We found low genetic differentiation between C. b. bonapartei and C. b. consita, but both
taxa were markedly differentiated from C. b. eos. Therefore, hereafter we treat C. b.
bonapartei and C. b. consita as a single group, which we refer to as C. b.
bonapartei/consita. Divergence in ND2 of both C. helianthea and C. b. bonapartei/consita
relative to C. b. eos was high, with siginificant Fst values of 0.56 and 0.52, respectively (p
< 0.001 in both cases), and relatively high fractions of genetic variance (59.4% and 52.0%,

respectively) existing between groups in AMOVA. In contrast, ND2 data showed little to no
differentiation between C. helianthea and C. b. bonapartei/consita. Although differentiation
as measured by Fst was significant (p = 0.03), the Fst value was very low (0.07) and only
1.7% of the variance was partitioned between these two taxa in AMOVA, with 98.3% of the
variance existing among individuals within taxa.
Phylogenetic analyses using ND2 data showed that C. b. eos forms a strongly supported
clade (posterior probability PP = 1.0, maximum-likelihood bootstrap MLbs = 87%), which is
sister to a clade lacking strong support (PP = 0.84, MLbs = 69%) formed by C. helianthea
and C. b. bonapartei/consita (Figure 2A). Within the latter clade, relationships among
populations appeared to be determined more by geography than by current species-level
taxonomy: most sequences of the northern subspecies C. h. tamai and C. b. consita
formed a strongly supported clade (PP = 1.0, MLbs = 85%), whereas the majority of
sequences of southern subspecies C. h. helianthea and C. b. bonapartei formed another
moderately supported clade (PP = 0.95, MLbs = 61%).
Haplotype networks confirmed the above findings (Figure 2B): (1) C. helianthea and C. b.
bonapartei/consita shared haplotypes, whereas C. b. eos did not share any haplotypes
with the other taxa; and (2) haplotype groups were more consistent with geography than
with taxonomy. However, networks showed that the latter pattern is not perfect because
two individuals of C. b. bonapartei (from the south) had the haplotype most common in the
north, one C. h. tamai (from the north) had the haplotype most common in the south, and
one C. b. bonapartei had an intermediate haplotype.
Likewise, UCE nuclear markers for 7 individuals did not reveal genetic differentiation
between C. helianthea and C. bonapartei (no data were available for C. b. eos). The
phylogeny estimated using 2,313 concatenated UCE loci showed a well-supported clade
including all sequences of C. helianthea nested within a clade in which the earliest
diverging branches were the samples of (1) C. b. consita and (2) C. b. bonapartei (Figure
2C). The same topology was obtained with the species-tree analysis which considers
gene-tree heterogeneity (Appendix A). Because our data set of 293 SNPs obtained form
UCEs met the assumption of neutrality (Tajima’s D = 1.5; p > 0.1), we were able to use
them for analyses of population genetic structure. Differentiation between species in these
markers was not significant (Fst = 0.2, p = 0.5), and the most likely number of genetic
clusters estimated in Structure was one (K = 1, prob(k =1) = 0.99), although we caution our
sample was small.

We estimated that divergence between the clade formed by C. helianthea and C.
bonapartei lineage and its sister group formed by C. lutetiae and C. orina occurred ca.
0.40 million years ago (95% credibility interval 0.27 to 0.58 million years ago) using a Yule
model prior. Using a coalescent constant-size population prior, the time of divergence was
0.74 million years ago (95% credibility interval 0.48 to 1.01 million years ago, Figure 5 in
Appendix A). Because the latter divergence time is more consistent with published
estimates based on broader phylogenetic frameworks (Parra et al. 2009, McGuire et al.
2014), we focus on estimates using the coalescent constant-size population prior. Given
this model, the time of divergence between the C. helianthea + C. b. bonapartei/consita
clade and C. b. eos was estimated at 0.31 million years ago (95% credibility interval 0.17
to 0.46 million years ago). Because C. helianthea and C. b. bonapartei/consita wre not
reciprocally monophyletic in the ND2 gene tree, we were unable to date their divergence,
but it must be more recent than the time of their divergence from C. b. eos.
Are patterns of genetic variation consistent with divergence in the face of gene
flow?
Our ND2 data set fit the assumption of neutrality (Tajima’s D = -0.68 p > 0.1), which
allowed us to use it for gene flow inference. The analyses suggested that there has been
gene flow from C. helianthea to C. b. bonapartei/consita, whereas gene flow in the other
direction could not be estimated reliably. Mean estimates of migration (M = m / µ) were in
all cases different from zero: M = 725.1 from C. helianthea to C. b. bonapartei/consita and
446.1 from C. b. bonapartei/consita to C. helianthea. However, the estimated posterior
probability distributions of M were wide: 95% credibility intervals ranged from 284.7 to
1,000 from C. helianthea to C. b. bonapartei/consita, and from 0.0 to 628 from C.
helianthea to C. b. bonapartei/consita (Figure 3). Analyses of UCE markers with our limited
sample, however, were inconclusive as to whether patterns of variation are best explained
by gene flow between C. helianthea and C. b. bonapartei/consita, or by incomplete lineage
sorting (Appendix A).
Is color divergence associated with genetic variation in MC1R?
Of the 36 Coeligena individuals sampled for MC1R, 32 shared a haplotype (excluding
ambiguous positions). Genetic variation at MC1R was limited to three individuals of C.
helianthea and one individual of C. bonapartei, and involved changes in four sites. Only
one change was non-synonymous (Ser275 [AGC] → Arg275 [AGG] at nucleotide site

825), but it was present in a single C. helianthea (Andes-BT 1126) with typical plumage
coloration. These results reveal no association between MC1R genotype and speciesspecific color phenotypes in C. helianthea and C. bonapartei.
Is C. helianthea with darker plumage distributed in more humid environments as
predicted by Gloger’s rule?
We found no support for the prediction that the more darkly colored C. helianthea occurs in
more humid environments than C. b. bonapartei/consita: the climatic niches of these taxa
overlap considerably (D = 0.65, Figure 4A) and we found no evidence for significant niche
divergence relative to background climate (p = 0.99). Niche overlap between C. b. eos and
C. b. bonapartei/consita and C. helianthea was considerably lower (D = 0.07 and 0.10,
respectively, Figure 4B), but relative to the background niche differences were not
significant (p = 0.70 and 0.76, respectively).
Is there morphometric variation between species that may suggest adaptations to
alternative microhabitats or resources?
Morphometric data showed differences between C. h. helianthea and C. b. bonapartei and
between females and males of each taxon: LDA analysis distinguished species/sex with a
low classification error of 1.2%. The two most relevant variables in the LD function were
wing loading (coefficients: LD1 = 240.2, LD2 = 287.8, and LD3 = 120.0), and wing taper
(coefficients: LD1 = -39.7, LD2 = -42.6, and LD3 = -23.4). ANOVA or Kruskal-Wallis tests
showed significant differences in 11 morphological variables between species, and in 14
variables between sexes (Figure 8 in Appendix A). The three variables that differed the
most between species and sexes were length of extended wing (ANOVA coefficients: -3.4
species and 5.9 sex), total culmen (ANOVA coefficients: 2.3 species and 2.2 sex), and
length of tail (ANOVA coefficients: 1.0 species and 3.7 sex). Coeligena b. bonapartei has
longer wings, shorter bills and shorter tails than C. h. helianthea (p = < 0.001 in all cases),
and females have shorter wings, longer bills and shorter tails than males in both species (p
= < 0.001 in all cases). Our analyses further revealed that the magnitude of morphometric
differences between sexes varied by species. For example, females of C. helianthea are
the smallest of the four groups (i.e. combinations of species and sexes), but males of C.
helianthea are the largest.

Discussion
Coeligena helianthea and C. bonapartei are closely related species of hummingbirds from
the Northern Andes differing distinctly in plumage coloration, but we found a striking lack of
genetic differentiation between them in a mitochondrial gene (ND2) and in 2,313 UCE
markers broadly scattered across the genome (Figure 2). Considering that low genomic
divergence is typically associated with low differentiation in coloration in other Andean
birds (Winger 2017), the strong phenotypic differences between C. helianthea and C.
bonapartei in the absence of neutral genetic differentiation are remarkable, and make
these species an appropriate system in which to search for the genetic basis and adaptive
significance of phenotypic differences involved in speciation (see Campagna et al. 2017).
However, we found no evidence that MC1R (a candidate gene associated with melanic
pigmentation in a variety of vertebrates) underlies phenotypic variation, and found no
support for the hypothesis that Gloger’s rule (adaptation to geographic variation in
humidity) or other macroclimatic niche differences (Figure 4) are associated with
phenotypic divergence between these species. Nonetheless, our finding that C. h.
helianthea and C. b. bonapartei differ in morphometric traits (Figure 8) potentially related
to habitat and resource use is consistent with the hypothesis that natural selection may
have played a role in their divergence. In addition, as we discuss below, phenotypic
divergence in coloration with little genetic differentiation may reflect sexual selection.
Because coalescent estimates of migration based on ND2 and UCE data suggested that
C. helianthea and C. b. bonapartei/consita may have experienced migration (Figures 3 and
7), their phenotypic divergence might have arisen or been maintained by selection in the
face of gene flow. However, preliminary analyses with UCE data did not allow us to rule
out incomplete lineage sorting as an explanation for the low genetic divergence between
these species. However, we note that divergence with gene flow and incomplete lineage
sorting are not mutually exclusive explanations of shallow genetic differentiation
(Kutschera et al. 2014), especially when speciation occurs rapidly due to selection (Suh et
al. 2015, McLean et al. 2016). Because our sample size for UCEs markers was admittedly
small, more extensive data and analyses of genome-wide variation are required to reach
more definitive conclusions. Complete genome analyses may help clarify the influence of
introgression and incomplete lineage sorting on patterns of genetic variation (Suh et al.
2015), may allow reducing uncertainty in the estimation of population genetic parameters

(Hey and Nielsen 2004), and may allow identifying the genetic basis of phenotypic
differences (Bourgeois et al. 2016, Toews et al. 2016, Campagna et al. 2017).
We found no variation between species in the coding region of MC1R, a gene associated
with variation in plumage coloration in several other birds (Theron et al. 2001, Mundy
2004, Doucet et al. 2004, Baião et al. 2007, Gangoso et al. 2011). Nevertheless, other
studies have shown no association between plumage coloration differences and variation
in the coding region of MC1R (MacDougall-Shackleton et al. 2003, Cheviron et al. 2006,
Haas et al. 2009). As in these latter studies, our work suggests that differences in
coloration between C. helianthea and C. bonapartei are controlled by other genetic
mechanisms which may include genes agonists or antagonists of MC1R in the melanin
metabolic pathway, regions regulating the expression of MC1R or other genes (Theron et
al. 2001), and genes controlling traits of feather structure influencing the production of
structural colors (Shawkey et al. 2003).
We found no support for Gloger’s rule because the darker C. helianthea does not occur in
more humid environments than the more lightly colored C. bonapartei (Figure 4).
Nevertheless, adaptation to different environmental conditions may occur at a finer scale,
where habitat differences might select for plumage traits that, for instance, stand out from
the background augmenting signal efficacy (Endler 1993, Brumfield and Braun 2001).
Indeed, we found that the species differ in morphometric traits (e.g. C. bonapartei has
longer wings and shorter tails than C. helianthea, Figure 8) typically associated with use of
different microhabitats or foraging behaviors. Variation in such traits can affect flight speed
or the relative ability to maneuver in open vs. closed environments (Altshuler et al. 2010,
Ortega-Jimenez et al. 2014). To the extent that morphological differences may reflect
adaptations to different resources between species (Altshuler and Dudley 2002) and
between sexes within species of hummingbirds (Temeles and Kress 2010), our data are
consistent with a role for selection driving morphological divergence, but the adaptive
value of phenotypic variation, if any, remains to be discovered. Considering that C.
bonapartei often occurs along forest edges whereas C. helianthea is more frequently
found in forest interior (Hilty and Brown 1986), studies of the functional consequences of
phenotypic differences would be especially useful to assess any potential role of natural
selection in driving and maintaining divergence.
Knowledge of the timing of speciation also might allow one to make inferences about
historical processes that could have promoted divergence between C. helianthea and C.

bonapartei. We estimated that the most recent common ancestor of these species
diverged from C. b. eos between 0.17 and 0.46 million years ago (Figure 5). Therefore,
divergence between C. helianthea and C. bonapartei must be more recent, potentially
coinciding with some of the last glaciations of the Pleistocene when high-altitude
environments were uninhabitable and forests likely retreated, resulting in the isolation and
divergence of populations (Vuilleumier 1969, Ramírez-Barahona and Eguiarte 2013).
Under this scenario, C. helianthea and C. bonapartei may have diverged in allopatry and
their lack of genetic differentiation could be a result of hybridization after secondary
contact, with the existence of two groups of haplotypes reflecting geography (north and
south) more than taxonomy (i.e. plumage phenotype, Figure 2) reflecting divergence in
allopatry followed by range expansions by both species and subsequent hibridization in
both areas. It thus remains possible that different selective regimes promoted speciation in
these hummingbirds if their divergence occurred across environments with contrasting
climatic conditions in the Pleistocene even if they occupy similar environments at present.
Although such a hypothesis might be partly testable by modeling historical climates and
potential distributions, one would still be faced with the question of what evolutionary
forces might maintain C. helianthea and C. bonapartei as distinct given that they occur in
regional sympatry in the same macroenvironments in the present.
Aside from natural selection, another plausible explanation for the origin and maintenance
of phenotypic distinctiveness in plumage, given the strong sexual dichromatism in C.
helianthea and C. bonapartei, is that their differentiation was promoted by sexual selection
(Price 1998, 2007). Sexual selection is thought to be a powerful force driving speciation in
birds and other organisms (Campagna et al. 2012, 2017; Harrison et al. 2015), and some
examples exist of speciation due to sexual selection with gene flow (Servedio 2016). Of
direct relevance to our system, a study comparing sexually selected (i.e. gorget and crown
coloration) and non-sexually selected traits among Coeligena species found that sexual
selection may be an important driver of phenotypic differentiation, but that it is probably
insufficient for speciation to be completed unless it acts in concert with natural selection
(Parra 2010; see also Servedio and Boughman 2017). To assess the plausibility of the
hypothesis that sexual selection is involved in the divergence and speciation of C.
helianthea and C. bonapartei, one should test for associations among components of
males’ fitness, signaling traits (i.e. coloration, songs), and female preferences. Genomic
analyses examining whether there are genetic and signatures of selection acting on
regions associated with sexual traits (Charlesworth 2009, Huang and Rabosky 2015,

Kirkpatrick 2017) would further help to test the hypothesis of divergence driven by sexual
selection.
Another explanation for our results showing no genetic differentiation despite marked
phenotypic differences and patterns of population genetic structure better reflecting
geography than plumage phenotype is that C. helianthea and C. bonapartei are not
different species but rather morphs within a single species which have become
differentially sorted in different areas. While this possibility is intriguing and parapatric
populations lacking neutral genetic differences yet exhibiting distinct plumages are treated
as conspecific in other birds (e.g. Joseph et al., 2006; Poelstra et al., 2014; but see
Aguillon et al., 2018), we stress that with the exception of a handful of old specimens there
is no current evidence of hybridization that would suggest that C. helianthea and C.
bonapartei are conspecific. Furthermore, because plumage differences between them are
quite striking in the context of differences among undisputed species in the genus and
other hummingbirds (Remsen et al. 2018), we believe they are best treated as distinct
species given existing evidence.
In conclusion, our study provides evidence that the formation of two species of Andean
hummingbirds likely occurred recently, rapidly and possibly in the face of gene flow,
suggesting some form of selection played a role maintaining phenotypic differences and
driving speciation. However, because the main selective mechanism we examined (i.e.
adaptation to contrasting macroclimatic conditions) appears not to operate in C. helianthea
and C. bonapartei, we conclude that ecological pressures that we did not consider directly
or sexual selection may have been involved in their divergence. Future studies should thus
aim to test predictions of hypotheses of natural and sexual selection acting on this system.
Regardless of the selective processes involved, in line with previous research, our study
suggests that selection may play an important role in maintaining phenotypic differences
that could lead to speciation in tropical montane birds (Cadena et al. 2011, Winger and
Bates 2015). Finally, the shallow genetic divergence that we observed between these
species suggest that their genomes are unlikely to have been substantially affected by
processes occurring after speciation (e.g. post-speciation divergence by drift), which
makes this system especially promising for work on the genomics of speciation. Studies
aiming to understand the genetic underpinnings of species differences employing genomic
approaches (e.g. Campagna et al. 2017; Stryjewski and Sorenson 2017) will be an

important complement to increasing knowledge of the geographic and ecological context
of speciation in tropical montane birds.
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Figures

Figure 1. Geographical distribution and sampled localities of C. helianthea and C.
bonapartei. Black dots correspond to localities of specimens sampled for genetic markers.
Colored dots correspond to occurrence data obtained from public databases. All localities
were used for niche overlap analyses. Polygons correspond to the likely distributions of the
subspecies according to elevational limits (Ayerbe-Quiñones 2015) and occurrence data.
The tealed polygon in the south corresponds to the region where species are sympatric.
Illustrations courtesy of Lynx Edicions (del Hoyo et al. 2018).

Figure 2. ND2 phylogenetic reconstructions and haplotype network show lack of
divergence between C. helianthea and C. b. bonapartei/consita. The ND2 (1,041bp) gene
tree (A) and ND2 (885bp) haplotype network (B) show C. helianthea and C. b.
bonapartei/consita in a single group separate from C. b. eos. Most specimens of the
northern subspecies C. h. tamai and C. b. consita cluster together, whereas southern
subspecies C. h. helianthea and C. b. bonapartei form another group, suggesting that
population structure more strongly reflects geography (i.e. north-south differentiation) than
taxonomy based on plumage phenotype. The phylogenetic reconstruction based on UCEs
(2,313 loci shared by at least 3 individuals including the outgroup, C) shows C. helianthea
nested within C. b. bonapartei/consita. Numbers at the right of the individuals in the tips of
the trees correspond to the sampling locality (Table S1). Illustrations courtesy of Lynx
Edicions (del Hoyo et al. 2018).

Figure 3. Posterior probability distributions of the migration parameter M = m / µ based on
ND2 data (1,041bp) suggest gene flow from C. helianthea to C. b. bonapartei (right), but
gene flow could not be estimated reliably from C. b. bonapartei to C. helianthea (left).
Colors and lines correspond to the limits of the intervals accumulating 50% (darker colors),
and 95% (medium colors) of the probability density.

Figure 4. Because C. helianthea and C. b. bonapartei/consita do not differ in climatic
niches, their phenotypic differences are not attributable to Gloger’s rule. The climatic
niches of C. helianthea and C. b. bonapartei/consita overlap considerably (D = 0.65) (A).

The climatic niche of C. b. eos overlaps very little with C. helianthea (D = 0.10) and C. b.
bonapartei/consita (D = 0.07) climatic niches (B). Nevertheless, relative to the background
the differences between the niches are not significant in any case (p>0.1).
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Abstract
Lack of divergence in mitochondrial DNA between species with clear phenotypic
differences may be the result of low resolution of markers, incomplete lineage sorting,
introgression, or the interplay of various evolutionary mechanisms. Previous work revealed
that the Andean hummingbirds Coeligena bonapartei and C. helianthea lack genetic
divergence in the mitochondrial ND2 gene, which shows variation discordant with
coloration phenotype but consistent with geography. We sequenced and analyzed
complete mitochondrial genomes for 42 individuals of C. b. bonapartei, C. b. consita, C. h.
helianthea and C. h. tamai to assess whether patterns revealed by ND2 analyses hold
when considering the entire mitogenome, and to shed light into the evolution of these
hummingbirds. We found low genetic differentiation in mitogenomes among the four
lineages. Estimates of genetic differentiation, phylogenies and haplotype network analyses
of complete mitogenomes did not separate phenotypically distinct taxa, but were
consistent with the pattern of northern vs. southern divergence along the Cordillera
Oriental of Colombia. Mitogenomes of the nominate subspecies are indistinguishable,

suggesting incomplete lineage sorting or introgression. Mitogenomes of C. b. consita and
C. h. tamai are slightly differentiated, but they are more similar to each other than either is
to that of its respective nominate subspecies, a result also suggestive of mtDNA
introgression despite distinct phenotypic differences. Our results indicate that various
evolutionary mechanisms playing out over a complex biogeographic scenario in the
Colombian Andes drove divergence in phenotypes and mitochondrial genomes of
Coeligena hummingbirds, and lead to alternative hypotheses to be tested with wholegenome analyses.
Resumen
La falta de divergencia en ADN mitocondrial entre especies con claras diferencias
fenotípicas puede ser el resultado de baja resolución de los marcadores, sorteo
incompleto de linajes, introgresión, o la interacción de varios mecanismos evolutivos.
Trabajos anteriores revelaron que los colibríes andinos Coeligena bonapartei y C.
helianthea carecen de divergencia en el gen mitocondrial ND2, cuya variación es
discordante con el fenotipo de la coloración, pero consistente con la geografía. En este
trabajo secuenciamos y analizamos el genoma mitocondrial completo de 42 individuos de
C. b. consita, C. b. bonapartei, C. h. helianthea y C. h. tamai para evaluar si se mantienen
los patrones presentados por los análisis con ND2 al considerar el genoma mitocondrial
completo, y para informar la evolución de estos colibríes. Encontramos baja diferenciación
genética entre los genomas mitocondriales de los cuatro linajes. Estimadores de
diferenciación genética, análisis filogenéticos y de redes de haplotipos del genoma
mitocondrial completo no separan los taxa fenotípicamente diferentes, sino que fueron
consistentes con el patrón de divergencia norte sur a lo largo de la Cordillera Oriental de
Colombia. Los genomas mitocondriales de las subespecies nominales son indistinguibles,
sugiriendo sorteo incompleto de linajes o introgresión. Los genomas mitocondriales de C.
b. consita y C. h. tamai están ligeramente diferenciados, pero son más similares entre
ellos que con sus subespecies nominales, un resultado que sugiere introgresión
mitocondrial a pesar de las diferencias fenotípicas. Nuestros resultados indican que varios
mecanismos evolutivos dirigieron la divergencia en los fenotipos y en los genomas
mitocondriales de estos Coeligena, interactuando en un complejo escenario biogeográfico
en los Andes colombianos, y conducen a hipótesis alternativas que pueden ser evaluadas
con análisis de genomas completos.

Introduction
In the early days of sequence-based molecular systematics, mitochondrial DNA (mtDNA)
was the marker of choice for most studies of population genetics, phylogenetics and
phylogeography of animals because mtDNA is a haploid non-recombinant molecule almost
free of non-coding regions, inherited via the maternal line, and abundant in tissues (Avise
et al., 1987; Galtier et al., 2009; Wilson et al., 1985). Also, mtDNA evolves largely neutrally
at a fast rate allowing one to find distinctive haplotypes among lineages (Avise et al., 1987;
Ballard and Whitlock, 2004). However, mtDNA does not always reflect the evolutionary
history of lineages owing to evolutionary and demographic processes such as selection, or
differences between paternal and maternal dispersal and gene flow (Ballard and Melvin,
2010; Edwards et al., 2005; James et al., 2017). Thus, researchers have turned to
assaying nuclear markers alongside mtDNA to study the divergence of lineages, an
approach becoming increasingly feasible with the development of sequencing
technologies allowing one to assay and analyze large numbers of genetic markers at
relatively low cost (Kraus and Wink, 2015; Oyler-McCance et al., 2016; Toews et al.,
2016). Information on genome-wide variation has not only contributed to more robust
inferences of relationships among lineages as well as insights about how evolutionary
mechanisms drive such divergence, but has also shed light on how evolutionary
mechanisms interact to shape patterns of genetic divergence across genomes (Bonnet et
al., 2017; Toews and Brelsford, 2012).
Phenotypes, nuclear genomes and mitochondrial genomes are not always equally
divergent among lineages. When divergence is mainly driven by genetic drift, mtDNA is
expected to diverge at a faster rate than nuclear DNA – and nuclear-encoded phenotypes
– because the effective population size of the former is lower (Ballard and Whitlock, 2004;
Moore, 1995). However, when selection drives divergence among populations, mtDNA
need not diverge sooner than the nuclear genome, resulting in cases where patterns of
mitochondrial and nuclear differentiation are not coincident or where phenotypic
differentiation exists with little to no mitochondrial differentiation. Furthermore,
phenotypically distinct populations may share mtDNA haplotypes because of mitochondrial
introgression due to gene flow after divergence (Irwin et al., 2009; Rheindt et al., 2011;
Toews and Brelsford, 2012).
Morphology, plumage, and songs are commonly used to compare populations and inform
the species-level taxonomy of birds (Edwards et al., 2005; Remsen, 2005). Morphological

measurements may provide evidence of barriers to gene flow (Cadena et al., 2018),
whereas visual and acoustic signals are key phenotypes for species delimitation because
they are involved in species recognition and reproductive isolation (Price, 2008; Roulin,
2004; Uy et al., 2009). Studies on Neotropical birds often show concordance in
differentiation among lineages in phenotype and mitochondrial markers (e.g. GutiérrezPinto et al., 2012; Lovette et al., 2010; Ribas et al., 2012; Sedano and Burns, 2010;
Valderrama et al., 2014; Winger and Bates, 2015), although several examples exist of
groups in which mtDNA is highly structured in distinct lineages despite little variation in
plumage (Cadena et al., 2019; Chesser et al., 2020; D’Horta et al., 2013; Valderrama et
al., 2014). Cases documenting species with marked differences in plumage coloration and
little mitochondrial genetic divergence are more scarce (Campagna et al., 2012; Lougheed
et al., 2013; Luna et al., 2017).
Among hummingbirds (Trochilidae), concordance between mtDNA divergence and overall
differences in coloration between species and populations appears to be the norm
(Chaves et al., 2007 Adelomyia; Jiménez and Ornelas, 2016 Amazilia; McGuire et al.,
2008 Trochilidae; Ornelas et al., 2014 Amazilia; Parra et al., 2009 Coeligena; ZamudioBeltrán and Hernández-Baños, 2018, 2015 Laprolamia and Eugenes). mtDNA divergence
often coincides with differences in coloration among hummingbirds even when phenotypic
variation is subtle, such as in the color of the crown, gorget, or tail (Benham and Witt, 2016
Metallura; Gonzalez et al., 2011 C. curvipennis; Lozano-Jaramillo et al., 2014
Antocephala; Ornelas et al., 2016 Lampornis; but see Rodríguez-Gómez and Ornelas,
2015 Amazilia; Sornoza-Molina et al., 2018 Oreotrochilus). There are, to our knowledge,
only two documented cases of hummingbirds showing lack of genetic divergence with
marked differentiation in coloration (i.e. differences in color in various plumage patches;
Eliason et al., 2020; Parra, 2010), both occurring in the high Andes. One case involves two
species of Metallura metaltails (Benham et al., 2015; García-Moreno et al., 1999, Metallura
theresiae and M. eupogon) and the other two species of starfontlets in the genus
Coeligena (Palacios et al., 2019; Parra et al., 2009) which we focus on in this study.
The Golden-bellied Starfrontlet (C. bonapartei) and the Blue-throated Starfrontlet (C.
helianthea) inhabit the Northern Andes of Colombia and Venezuela (Figure 1A). The
nominate subspecies of these species are sympatric in the southern part of their ranges in
the Cordillera Oriental, whereas subspecies C. b. consita and C. h. tamai are allopatric in
the Serranía de Perijá and Tamá Massif, respectively. These species are strikingly

different in structural plumage coloration (Eliason et al., 2020; Sosa et al., 2020): C.
bonapartei is greenish with fiery golden underparts whereas C. helianthea is blackish with
a rose belly and aquamarine rump. Despite their markedly different phenotypes, C.
bonapartei and C. helianthea are not genetically distinct in a mitochondrial gene (ND2), in
a gene involved in the melanogenesis pathway (Melanocortin 1 Receptor MC1R), nor in
regions flanking ultra-conserved elements (UCEs) across the nuclear genome (Palacios et
al., 2019). Although these hummingbirds occupy similar environments, their lack of genetic
differentiation is consistent with divergence with gene flow (Palacios et al., 2019).
Phylogenetic analyses of sequences of the ND2 mitochondrial gene also suggest that C.
b. consita and C. h. tamai are more closely related to each other than either is to their
nominate subspecies, a pattern more consistent with geography than with phenotype and
taxonomy. However, it is unclear whether lack of genetic differentiation between C.
bonapartei and C. helianthea is restricted to ND2 or if it is a general pattern across the
mitochondrial genome. Other mitochondrial markers may be more variable owing to
differences among regions in substitution rates (e.g. ND4 or the control region, Arcones et
al., 2019; Eo and DeWoody, 2010) or in selective or stochastic demographic processes
(Morales et al., 2015; Wort et al., 2017). Examining complete mitochondrial genomes
might thus reveal heretofore undetected differences between species of Coeligena.
Alternatively, if complete mitogenomes confirm lack of genetic divergence between C.
bonapartei and C. helianthea, and that relationships of lineages of these species are
inconsistent with their phenotype, then further consideration of mechanisms underlying
evolutionary divergence in mtDNA and coloration in the group would be necessary. Such
mechanisms potentially include natural and sexual selection as well as demographic
processes acting during periods of geographic isolation and contact among lineages
(Krosby and Rohwer, 2009; Morales et al., 2017; Pons et al., 2014; Toews et al., 2014).
We sequenced and assembled complete mitochondrial genomes of multiple individuals to
address the following questions: (1) Are the sequence and structure of the mitochondrial
genomes of C. bonapartei and C. helianthea like those of mitogenomes of other bird and
hummingbird species? (2) Is the lack of genetic divergence between C. bonapartei and C.
helianthea a general pattern across the mitochondrial genome? (3) Are phylogenetic
relationships of lineages of C. bonapartei and C. helianthea based on ND2 also recovered
using complete mitochondrial genomes? (4) Are different genes and regions in the
mitochondrial genome equally informative about lineage relationships? And, (5) Are there
substitutions in mitochondrial protein-coding genes among lineages of C. bonapartei and

C. helianthea involving changes between aminoacids with different funcional
characteristics which may suggest selection acting on these genes?
Materials and Methods
Samples and sequencing
We sampled 46 individuals, 23 each of C. bonapartei and C. helianthea (Supplementary
Table 1), representing subspecies C. b. bonapartei, C. b. consita, C. h. helianthea, and C.
h. tamai. Taxon identities were assigned by determination of specimens in the museum or
by geography. Because previous work indicated that populations from the Mérida
Cordillera of Venezuela often referred to C. bonapartei (subspecies C. b. eos) are
genetically divergent from other populations in the complex (Palacios et al. 2019), we did
not consider them in this study. Muscle tissue samples from voucher specimens were
obtained from the collections of the Instituto Alexander von Humboldt (IAvH) and the
Museo de Historia Natural de la Universidad de los Andes (ANDES). We employed
relatively even samples sizes of each sex and subspecies of both C. bonapartei and C.
helianthea.
We extracted total genomic DNA using a phenol/chloroform method and Phase-Lock Gel
tubes, followed by a standard cleaning protocol employing magnetic beads. We prepared
46 Illumina TruSeq Nano DNA-enriched libraries following the manufacturer’s protocol for
low-throughput configuration and 550bp insert size. We quantified the libraries using a
Qubit fluorometer. Normalizing, pooling and sequencing were done by the Genomics
Facility of the Institute of Biotechnology at Cornell University. Sequencing was performed
using two lanes of NexSeq 500 2x150 paired end. We filtered the raw data by quality
according to Illumina instructions, checked reads using Fastqc (Andrews, 2010), and
cleaned them to remove adapters using AdapterRemoval (Schubert et al., 2016).
Assembly and annotation of mitochondrial genomes
Although our sequence data contained sequences originating from both the nuclear and
mitochondrial genomes, here we focus specifically on the later. We used MITObim v.1.9.1
(Hahn et al., 2013) with default parameters to assemble complete mitochondrial genomes
from filtered reads following two alternative assembling strategies based on using different
baits: (1) two independent assemblies using as baits the complete mitochondrial genomes
of Oreotrochilus melanogaster and Heliodoxa aurescens (Genbank NC027454 and
KP853094, respectively), and (2) a third assembly using as bait the ND2 gene sequence

for each individual -or a related one- available from previous work (Palacios et al., 2019).
We expected that the first strategy would allow us to recover more complete individual
mitogenome sequences because during initial iterations, reads would map to different sites
on the reference mitogenome and this would allow extension from multiple edges. In turn,
we expected that the gene-bait strategy would enable us to identify structural changes in
genomes because it would allow extension only from the two edges of the gene, but it
would likely be susceptible to recovering incomplete sequences when reads did not
overlap, impeding continued extension.
The gene-bait strategy required multiple independent rounds of assembling. In each round
we used as bait a new fragment obtained from the final genome assembled in the previous
round. We compared the results from each strategy to determine the sequence and
structure of mitogenomes of C. bonapartei and C. helianthea. In addition, we mapped the
read-pool obtained from the complete-genome assembling strategy against the
mitogenome sequence obtained from the gene-bait strategy using the “map to reference
assemble” tool in Geneious 9.1.5 (http://www.geneious.com; Kearse et al., 2012). We
used these map-to-reference assemblies to close gaps in some sequences, to check the
number of repetitions at the end of the control region (see results), and to verify assigned
alleles in each sequence at polymorphic sites. We aligned and edited mitochondrial
genomes using ClustarO (Sievers et al., 2011) and manually in Geneious, and annotated
them using MITOS beta version (http://mitos2.bioinf.uni-leipzig.de/index.py) and Geneious.
In addition to the alignment of complete mitogenomes, for phylogenetic and population
genetic analyses described below we generated alignments of each protein-coding gene
(PCG), and a concatenated alignment of 13 PCGs (ND1, ND2, COX1, COX2, ATP8,
ATP6, COX3, ND3, ND4L, ND4, ND5, CYTB, and ND6).
Population genetic, phylogenetic, and amino-acid change analyses
Using the alignment of complete mitogenomes, we calculated nucleotide diversity (Pi) for
all sequences as a unit, and separately for C. bonapartei, C. helianthea, and for each of
the four subspecies (C. b. bonapartei, C. b. consita, C. h. helianthea, C. h. tamai). We
calculated absolute genetic divergence (Dxy) in DnaSP v6 (Rozas et al., 2017), and
relative genetic divergence (Fst) between species and among subspecies assessing
significance with 1,000 permutations using R package Hierfstat (Goudet and Jombart,
2015; R Core Team, 2017).

We examined phylogenetic relationships among individuals based on each of our
alignments using maximum-likelihood analysis and computed majority-rule consensus
trees in RAxML v8.2.12 (Stamatakis, 2014). We used the GTR+GAMMA model and
multiparametric bootstrapping stopped by the autoMRE criterion. We used mitochondrial
genomes of Oreotrochilus melanogaster and Heliodoxa aurescens (Genbank NC027454
and KP853094, respectively) as outgroups. We also built a median-joining haplotype
network (Bandelt et al., 1999) in PopArt (Leigh and Bryant, 2015) using the complete
mitogenome alignment.
Finally, we assessed whether there are fixed changes in amino-acids in proteins encoded
in the mitogenome of lineages of C. bonapartei and C. helianthea potentially suggestive of
selection. We first calculated the number and type of substitutions in each protein coding
gene in DnaSP v6 (Rozas et al., 2017). Then, for each non-synonymous substitution we
examined whether amino-acid variants were from different functional groups.
Results
Sequence and structure of mitochondrial genomes in C. bonapartei and C.
helianthea
We recovered very similar sequence assemblies using the gene-bait and the complete
mitogenome bait strategies. However, using the complete mitogenome strategy we
observed insertions in some mitogenomes not recovered with the gene-bait strategy.
Additionally, we found minor differences between assemblies obtained using the two
strategies mainly in the length and sequence of the control region. We used the read-pool
map-to-reference assemblies to resolve discrepancies between sequences from different
assemblies and to review and manually correct nucleotide assignments in variant sites.
We recovered complete mitochondrial genomes for 42 of the 46 specimens (excluding IDs
23, 24, 26 and 33 in Supplementary Table 1, which we do not consider further because the
data we obtained were of low quality), with an average coverage of 127.5x for all genomes
(Max 1,555.7, Min 11.8, see Supplementary Table 1 for details, GenBank accession
numbers MT341527 to MT341568). The size of the mitochondrial genome of C. bonapartei
and C. helianthea varied from 16,813 bp to 16,859 bp, mainly due to individual variation in
length of a repetitive motive (‘AAAC’) at the end of the control region (beginning at 16,759
bp in the alignment). The 42 sequences were identical across 16,560 bp (98.2%), showed
248 variant sites (1.5%), with 51 positions having gaps or being ambiguous (0.3%). Mean

pairwise identity was 99.7%, and total GC content was 44.8%. On average, the
mitogenome sequences of Coeligena were identical to those of O. melanogaster across
14,555 bp (86.0%) and to those of H. aurescens across 14,450 bp (85.6%). The beginning
of the control region (350 bp) was the most difficult to align between sequences of
Coeligena and those of outgroups. The mitochondrial genome structure of Coeligena
species followed the typical pattern observed in other birds including hummingbirds, with 2
ribosomal RNAs, 13 protein coding genes, 22 transfer RNAs, and the control region
(Figure 2).
Genetic divergence and clustering patterns among lineages of C. bonapartei and C.
helianthea
Across the complete mitogenome alignment including all individuals of C. bonapartei and
C. helianthea, we found only 250 mutations (two sites had 3 alleles) in 248 variable sites
(1.5% of the genome). Of these variable sites, 89 were singletons and 159 were
parsimony-informative. Nucleotide diversity was low in the complete alignment (Pi =
0.00247, SD = 0.00013). The least diverse lineage was C. b. consita (Pi = 0.00019, 9
polymorphic sites), followed by C. h. helianthea (Pi = 0.00084, 40 polymorphic sites), C. h.
tamai (Pi = 0.00124, 98 polymorphic sites), and C. b. bonapartei (Pi = 0.00254, 156
polymorphic sites). When we compared groupings based on species assignment (i.e. C.
bonapartei vs C. helianthea), we found low relative genetic divergence (Fst = 0.076, p =
0.016). However, Fst values were greater when considering the four lineages separately
(Table 1), with comparisons between lineages assigned to the same species showing
higher relative genetic divergence than those between lineages assigned to different
species (e.g. C. b. consita vs C. b. bonapartei Fst = 0.385, p-value < 0.001; C. h.
helianthea vs C. h. tamai Fst = 0.518, p < 0.001; C. b. bonapartei vs C. h. helianthea Fst =
0.083, p = 0.1). All comparisons indicated low absolute genetic divergence (Dxy),
supporting the general lack of genetic differentiation in the mitogenomes of these species
(Table 1). However, high values of relative genetic divergence (Fst) between lineages of
C. bonapartei and C. helianthea suggested genetic structure.
Phylogenetic analyses of the complete mitogenome alignment clustered all sequences of
Coeligena hummingbirds in a well-supported clade (maximum-likelihood bootstrap ML-bs
100%, Figure 1). Relationships within this clade were unresolved, with a polytomy
comprising (1) a clade grouping all sequences of C. b. consita (ML-bs 97%), (2) a clade
grouping all but one of the sequences of C. h. tamai (ML-bs 90%), and (3) the remaining

sequences (mostly of C. b. bonapartei and C. h. helianthea) scattered in smaller clades or
by themselves. Phylogenies built with other alignments (each PCG and concatenated
PCGs, Figure S1) showed lower resolution (i.e. more polytomies or lower support values).
In most phylogenies, C. b. consita and C. h. tamai were more closely related to each other
than either was to the nominate subspecies, but most support values for this grouping
were lower than 80% except in the control-region phylogeny (ML-bs 88%).
All sequences of C. b. consita clustered together in the the median-joining haplotype
network (Figure 1). All sequences but one of C. h. tamai clustered in another group which
was close to, but distinguishable from, two sequences of C. b. bonapartei (ID 12 and 15).
The remaining sequences of C. b. bonapartei, all sequences of C. h. helianthea, and the
remaining sequence of C. h. tamai (ID 40) clustered in a third group (Figure 1). The
network showed that sequences of C. b. consita and C. h. tamai are more similar to each
other than to C. b. bonapartei and C. h. helianthea. Also, two individuals of C. b.
bonapartei (ID 10 and 14) with the same haplotype were highly divergent from all other
individuals. C. b. consita was the lineage with the lowest number of haplotypes (4 among 9
individuals). In the other lineages, the number of haplotypes was similar to the number of
individuals: 12 haplotypes in C. b. bonapartei (13 individuals), 6 in C. h. helianthea (7
individuals), and 13 in C. h. tamai (13 individuals).
Based on the clustering patterns described above, we defined genetic groups for
additional analyses in which we calculated the number of substitutions and measures of
genetic divergence among groups. First, we defined (1) a northern group comprising all
sequences of C. b. consita, all sequences of C. h. tamai except ID 40, and two sequences
of C. b. bonapartei (ID 12 and 15); and (2) a southern group including most sequences of
nominate subspecies C. b. bonapartei and C. h. helianthea (except ID 10 and 14) and one
sequence of C. h. tamai (ID 40). Second, we considered separately the groups of C. b
consita and C. h. tamai (excluding ID 40). There were only 27 substitutions (0.16%) yet
high relative genetic divergence (Fst = 0.513, p-value < 0.001) between the northern and
southern groups. Likewise, there were 14 substitutions (0.083%) and genetic divergence
was high (Fst = 0.502, p-value < 0.001) between C. b. consita and C. h. tamai. The
remaining 118 parsimony-informative sites existing among all sequences corresponded to
intrapopulation diversity. Nucleotide diversity in the southern group (Pi = 0.0018) was
higher than that of C. b. consita (Pi = 0.00019) and C. h. tamai (0.00089), but comparable
to that of the northern group (Pi = 0.0012).

Given a substitution rate of 0.00256 substitutions per site per lineage per million years
(s/s/l/My) for the complete mitogenome of birds (Eo and DeWoody, 2010), we estimated
that the northern and southern groups diverged around 310,000 years ago, and that C. b.
consita and C. h. tamai diverged around 160,000 years ago. Based on 13 protein-coding
genes plus the two rRNAs and a substitution rate of 0.00164 s/s/l/My (mean rate for
Apodiformes; Arcones et al., 2019) estimates of divergence times are similar yet slightly
older: 380,000 years ago between the northern and southern groups, and 180,000 years
ago between C. b. consita and C. h. tamai.
Functional aminoacid changes
Of the total 248 variant sites, 160 were located in protein-coding genes (Table S2). The
remaining 88 variant sites were in rRNAs (6 in 12SrRNA, 20 in 16SrRNA), tRNAs (11),
inter-gene spacers (5), and the control region (46). Among the 160 variant sites in proteincoding genes, 123 corresponded to synonymous changes and 38 to non-synonymous
changes. Most non-synonymous changes were singletons (23 sites) or varied within
populations (11 sites). Of the remaining 4 variant sites, a non-synonymous change was
shared between one individual of C. b. bonapartei and one individual of C. h. tamai (TC
position 269 in ND5). Only three non-synonymous changes corresponded to substitutions
between genetic groups. One change in ND2 and one in ND6 were fixed differences
between the northern and the southern groups (GA position 475 in ND2, and GA
position 112 in ND6). These non-synonymous substitutions do not imply any evident
functional changes because both aminoacids involved (valine and isoleucine) are aliphatic,
nonpolar, and neutral. Finally, a non-synonymous substitution between C. b. consita and
all other sequences (AG position 145 in ND4) implies a functional change in aminoacids.
Whereas C. b. bonapartei, C. h. helianthea and C. h. tamai had the aliphatic, nonpolar
alanine, C. b. consita had the hydroxyl-containing, polar threonine. Note that this change is
not between the two main mitogenome groups because C. h. tamai has the variant of the
southern mitogenenome group at this position.
Discussion
We found that the complete mitochondrial genomes of two hummingbird species differing
strikingly in phenotype, C. bonapartei and C. helianthea, are highly similar. Mitogenomes
of a sample of 42 individuals representing both species and two subspecies recognized
within each of them were 98.2% identical. Moreover, estimates of genetic differentiation

and clustering analyses of mitogenome sequences were unable to recover groups
corresponding to species, and suggested instead that mitogenomes of C. b. consita and C.
h. tamai formed distinct clusters more similar to each other than either was to
mitogenomes of the nominate subspecies C. b. bonapartei and C. h. helianthea which
were, in turn, indistinguishable from each other. These results indicate that patterns of
variation based on the ND2 gene (Palacios et al., 2019) are consistent across the
mitochondrial genome, implying that the previously documented lack of mtDNA divergence
between species does not reflect insufficient data nor atypical variation in ND2 relative to
other mitochondrial markers. Instead, patterns of variation and relationships among the
mitochondrial genomes of the four lineages are inconsistent with phenotypic variation and
current taxonomy, but seem to agree partly with geography, considering that C. b. consita
and C. h. tamai occur in the Serranía de Perijá and the north of the Cordillera Oriental
whereas both nominate subspecies occur to the south along the cordillera.
The discordance between mitochondrial genomes and coloration phenotypes in C.
bonapartei and C. helianthea can be accounted for by various evolutionary processes
which must have acted over a relatively short period of time given divergence-time
estimates for the group. Based on the ND2 gene, the clade formed by C. bonapartei and
C. helianthea diverged from C. b. eos around 310,000 years ago, and the northern and
southern clades comprising the four lineages of C. bonapartei and C. helianthea diverged
around 240,000 years ago (Palacios et al., 2019). The latter estimate is more recent than
our calculations of the divergence between the northern and southern groups at ca.
310,000 (complete mitogenome) or 380,000 years ago (PCG and rRNAs). Our estimates
of divergence times must be interpreted with caution because different factors may bias
them (Galtier et al., 2009; García-Moreno, 2004; Lovette, 2004), but they do suggest that
the divergence between the northern and southern mitogenome groups, and the
divergence between the mitogenomes of C. b. consita and C. h. tamai (160,000 estimated
through complete mitogenomes and, 180,000 years ago using the PCG and rRNAs) are
recent, i.e. happening within the past 500,000 years.
Ours is the first study in hummingbirds using complete mitochondrial genomes for a
population-level analysis of genetic structure between species and across geography we
are aware of, and few complete mitochondrial genomes of hummingbirds have been
published (Morgan-Richards et al., 2008; Prosdocimi et al., 2016; Souto et al., 2016). We
searched GenBank for complete mitochondrial genomes of closely related hummingbirds

with more than a single individual sequenced per species to compare their divergence with
the divergence we observed in Coeligena. We only found six mitogenome sequences for
three subspecies of Amazilia versicolor (A. v. versicolor KF624601, NC_024156; A. v.
milleri KP722042, NC033405; and A. v. rondoniae KP722041, NC_033404; Prosdocimi et
al., 2016) representing populations occurring over a broad geographic range. Overall,
these sequences are much more differentiated (5.1% of sites were variable) than our
entire data set (1.5%). Although this comparison is far from comprehensive, it does
support the idea that the mitogenomes of the lineages of Coeligena hummingbirds are
highly similar and their divergence is quite recent relative to other hummingbirds with
comparable data, as also indicated by analyses of individual mtDNA genes (Palacios et
al., 2019; Parra et al., 2009).
In contrast to mtDNA phylogenies, nuclear markers suggest C. b. consita was the first
branch to diverge in the group, whereas C. h. helianthea and C. h. tamai are reciprocally
monophyletic groups forming a clade sister to C. b. bonapartei (Palacios et al., 2019;
Palacios et al. unpublished). We found that complete mitogenomes of C. b. bonapartei and
C. h. helianthea are undifferentiated even though both subspecies differ strikingly in
phenotype and are also distinguishable using nuclear markers. Incomplete lineage sorting
may explain this result because the southern mitogenome group exhibited high nucleotide
diversity in comparison with C. b. consita and C. h. tamai, a pattern one would not expect
due to a recent introgression (Krosby and Rohwer, 2009). However, nuclear sorting
without mitochondrial sorting would be unlikely because the effective population size of the
latter is ¼ that of the former. Instead, then, a scenario in which one mitogenome quickly
swept through replacing the mitogenome of the other lineage and later recovered of
nucleotide diversity may explain patterns of mitogenome sharing between C. b. bonapartei
and C. h. helianthea.
The similarity in mitogenomes of C. b. consita and C. h. tamai appears more consistent
with introgression after phenotypic differentiation in isolation. Mitochondrial introgression
may often reflect selection (e.g. adaptive introgression via metabolic efficiency, Ballard and
Melvin, 2010; Toews et al., 2014), but may also be due to demographic effects or to
asymmetries between sexes in dispersal, mating behavior, and offspring production
(Harris et al., 2018; James et al., 2016; Morales et al., 2017; Rheindt et al., 2014; Toews
and Brelsford, 2012). We did not find functional changes in protein-coding genes between
the northern and the southern mitogenomes suggesting adaptation, although adaptive

changes related to substitutions in the control region (or in the 16SrRNA gen in the case of
C. h. tamai) are possible. We are unaware of differential dispersal between sexes in
Coeligena, in which dispersal and breeding biology are poorly known. Mitochondrial
introgression between C. b. consita and C. h. tamai may have been facilitated by their
geographical proximity and may have happened during a period of greater connectivity of
forests in the Pleistocene (Flantua et al., 2019; Graham et al., 2010). Then, both lineages
became isolated again and their mitogenomes diverged. The northern mitogenome may
thus have evolved within C. b. consita and introgressed into C. h. tamai in a north to south
direction, and such introgression may have further proceeded into C. b. bonapartei
explaining why individuals ID 12 and 15 have haplotypes more closely related to the
northern group.
The divergent mitogenomes of four individuals of C. b. bonapartei (ID 10, 12, 14, and 15)
were unexpected considering the similarity among all other sequences. Although
individuals ID 12 and 15 were closely related to the northern group, they shared 9 unique
variants. Individuals ID10 and ID14 shared a mitogenome haplotype which was even more
divergent (34 unique variants) sharing variants with both the northern (9) and the southern
(18) groups. We can reject hybridization with other unstudied taxa as an explanation for
these atypical mitogenomes because ND2 sequences placed these specimens within the
clade formed by C. bonapartei and C. helianthea to the exclusion of C. b. eos (Palacios et
al. 2019). These atypical sequences may instead be evidence of persistence of a relict or
a “ghost” mitochondrial lineage in C. b. bonapartei (Grandcolas et al., 2014; Zhang et al.,
2019), which may have arisen and remained in isolation in the western slope of the
Cordillera Oriental in Boyacá (Iguaque Massif and surroundings), a region where atypical
patterns in mtDNA variation have been reported in other groups (Avendaño and Donegan,
2015; Chaves et al., 2011; Chaves and Smith, 2011; Chesser et al., 2020; Guarnizo et al.,
2009). Another less likely explanation for these atypical sequences may be heteroplasmy
and mitochondrial recombination which have been recognized in vertebrates in some
cases (Piganeau et al., 2004; Rokas et al., 2003; Sammler et al., 2011).
In sum, based on our results and earlier work (Palacios et al. 2019) we hypothesize that a
plausible evolutionary scenario accounting for patterns of mtDNA and phenotypic variation
in C. bonapartei and C. helianthea is as follows. Based on comparison with the outgroup
and other related species (C. b. eos, C. lutetiae, C. orina), the most probably body
plumage coloration of the ancestor of our study clade was green with golden/orange

underparts. The first lineage to diverge was likely C. b. consita, which evolved in the
Serranía de Perijá in isolation from the ancestor of the other three lineages, retaining
features of the ancestral plumage coloration but diverging in mtDNA. A second divergence
event involved sister clades formed by C. b. bonapartei and C. helianthea (i.e. the
common ancestor of both subspecies), with the former retaining the ancestral plumage
and the latter evolving darker body coloration, rose belly, and aquamarine rump. These
two lineages diverged in phenotype while maintaining an undifferentiated mitogenome
owing to incomplete lineage sorting or introgression, except for populations of C. b.
bonapartei which became isolated in the western slope of the Cordillera Oriental and
diverged in mitogenome. Third, C. h. tamai and C. h. helianthea became isolated and
diverged slightly in phenotype. Finally, during a period of forest connectivity the
mitogenome of C. b. consita introgressed into C. h. tamai, a process followed by
subsequent isolation of these lineages resulting in some divergence in their mitogenomes.
Although this is a convoluted historical scenario, it is amenable to testing using genomic
data and demographic models (e.g. Aguillon et al., 2018; Benham and Cheviron, 2019;
Kearns et al., 2018) and other explanations for patterns of variation would appear even
more complex.
In conclusion, low genetic divergence among lineages of C. bonapartei and C. helianthea
is a general pattern across their mitochondrial genomes despite their marked phenotypic
differences. Mitogenomic variation in these lineages seems to more closely reflect
geography and demographic history than the processes shaping their phenotypes and
likely their nuclear genomes. Studying closely related lineages that diverged recently in
complex topographic scenarios, such as the system of C. bonapartei and C. helianthea,
might help to explain the different effects that evolutionary mechanisms may have in
shaping the divergence between and within genomes. Incomplete lineage sorting,
mitochondrial introgression, and demographic processes like population bottlenecks,
phases of expansion and contraction, and the persistence of relict lineages have likely
acted in this system resulting in marked discordance between phenotypes and mtDNA
variation. A natural next step to understand the processes at work in this system is to
place the results of the present study in the context of genome-wide patterns of genetic
variation.
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Table and Figures
Table 1. Population genetic statistics and measures of genetic divergence between
C. bonapartei and C. helianthea and among groups within. Nucleotide diversity Pi is
lower in C. b. consita and C. h. tamai than in nominate subspecies. Absolute genetic
divergence Dxy is low yet relative divergence Fst is high across comparisons. Genetic
groups are derived from the clustering patterns analyses and are marked as “Gen” in the
table.
Population genetic statistics
# of
# of
Population
Seq
Variants
C. bonapartei
22
171
C. helianthea
20
133
C. b. consita
9
9
C. b. bonapartei
13
156
C. h. helianthea
7
40
C. h. tamai
13
98
C. b. consita Gen
9
9
C. h. tamai Gen
12
54
Northern group
23
92
Gen
Southern group
17
100
Gen

0.00249
0.00218
0.00019
0.00254
0.00084
0.00124
0.00019
0.00089

Tajima's
D
-0.44
-0.09
-0.05
-0.68
-0.75
-1.54
-0.05
-0.76

T's D pvalue
0.351
0.481
0.500
0.273
0.274
0.057
0.500
0.251

0.00120

-0.76

0.242

0.00180

-1.63

0.043

Pi

Measures of genetic divergence
Population 1
C. bonapartei
C. b. consita
C. b. consita
C. b. consita
C. b. bonapartei
C. b. bonapartei
C. h. helianthea
Northern group
Gen
C. b. consita Gen

C. helianthea
C. b. bonapartei
C. h. helianthea
C. h. tamai
C. h. helianthea
C. h. tamai
C. h. tamai

0.076
0.385
0.764
0.402
0.083
0.317
0.518

Fst pvalue
0.0160
0.0010
0.0010
0.0010
0.1069
0.0010
0.0010

Southern group Gen

0.514

0.0010

0.0035

C. h. tamai Gen

0.502

0.0010

0.0016

Population 2

Fst

Dxy
0.0026
0.0032
0.0032
0.0017
0.0019
0.0034
0.0033

Figure 1. The maximum-likelihood phylogeny (B) and haplotype network (C) support two
main mitogenome groups in C. bonapartei and C. helianthea more related to their
geographical distribution (A) than with their taxonomic or phenotypic assignation. Note that
the mitogenomes of C. b. consita and C. h. tamai are differentiated whereas the
mitogenomes of C. b. bonapartei and C. h helianthea are indistinguishable. Numbers on
the tips of the tree, on the haplotype network and on locations in the map correspond to
individual IDs in Table S1. Colors correspond to the assigned subspecies C. b. consita
(orange), C. b. bonapartei (yellow), C. h. helianthea (light blue), and C. h. tamai (dark
blue). In the map the teal area is the region where nominate subspecies are sympatric. In
the tree, numbers on branches are ML-bootstrap values; branch lengths were set to equal.

Figure 2. The mitochondrial genome structure of Coeligena hummingbirds follows the
typical organization of birds: 22 tRNAS (pink), 2 rRNAs (raspberry), 13 protein-coding
genes PCGs (blue), and the control region (gray). Coding sequences CDS are in yellow.
Substitutions among the three genetic groups C. b. consita (orange), C. b. tamai (blue)
and the southern group (green) are represented in the inner circles (singletons and
intrapopulation variant sites are not represented). Gray boxes indicate the three nonsynonymous substitutions found, the box with black edges indicates the only substitution
involving a change between amino-acids with different functional features.
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Introduction
Uncovering the genetic basis of phenotypes is crucial for understanding the role that
different evolutionary mechanisms play in driving divergence between species. Genomic
comparisons of closely related species are especially useful to inform about the role of
mechanisms acting to produce evolutionary diversification, and to uncover information on
candidate genes and genomic regions potentially involved in phenotypic differentiation. In
particular, highly differentiated genomic regions between species showing little overall
genetic differentiation may play a major role in establishing phenotypic differences relevant
to speciation even if populations experience gene flow (Ellegren et al., 2012; Feder, Egan,
& Nosil, 2012). However, highly differentiated genomic regions may also be the result of
processes associated to genomic architecture, linked selection, and variation in
recombination rates among regions (Burri, 2017; Seehausen et al., 2014). In turn, low
differentiation between species in genomic regions may be a transient phenomenon if
such a pattern reflects common ancestry (i.e. incomplete lineage sorting Wang et al.,
2018), or may be maintained owing to recurrent gene flow (i.e. introgression Martin &
Jiggins, 2017; Ottenburghs et al., 2017). Given such complexity and dynamism of the
genomic landscape of differentiation between species, more genomic data of better quality

are necessary to move forward in our understanding of how mutation, drift, gene flow, and
selection shape the origin and evolution of species.
Genomic studies of birds have blossomed over recent years (Kraus & Wink, 2015; Zhang
et al., 2014). Since the first sequencing of the chicken genome in 2004 (ICGSC
International Chicken Genome Sequencing Consortium, 2004), several group initiatives
like the Avian Phylogenomics Project and the B10K project (Genome 10K, 2009; Koepfli,
Paten, & Brien, 2015) as well as the work of many others have provided us with one of the
largest and better quality genomic data sets for any animal group existing to date (Rhie et
al., 2020; Zhang et al., 2014), with more than 500 genomics projects for more than 180
bird species currently registered in Genbank [https://www.ncbi.nlm.nih.gov/bioproject/].
The development of avian genomic resources has been instrumental in connecting theory
with data relevant to understanding evolution and speciation (Edwards et al., 2005; Toews,
Campagna, et al., 2016). For example, genomic studies of hybridizing bird species have
enabled recognizing mechanisms of isolation leading to hybrid speciation (Hermansen,
Haas, Trier, & Bailey, 2014), and have provided insights into genomic regions prone to and
resistant to introgression, the direction and magnitude of introgression, and discrepancies
or correspondence in spatial patterns of genetic and morphological variation informative of
mechanisms involved in speciation (Billerman, Cicero, Bowie, & Carling, 2019;
Ottenburghs, 2020; Walsh, Shriver, Olsen, & Kovach, 2016). Comparisons of avian
genomes have also helped to understand structural and functional features of genome
evolution such as genomes size, chromosomal structure, gene synteny, recombination
rates, and the role of transposable elements in the stability of genome structure (Kapusta
& Suh, 2017; Kawakami et al., 2017; Van Doren et al., 2017; Zhang et al., 2014). An
emerging pattern from genomic comparisons of many avian systems is that sexual
chromosomes are often highly differentiated between species, a pattern likelyy related to
both structural features of genomes, and to the presence of genes involved in phenotypic
differentiation and evolving under selection (Batttey, 2020; Ellegren et al., 2012; Sigeman
et al., 2019).
Avian genomic studies have also provided information on genes and genomic regions
candidates to be the genetic basis of a variety of phenotypic traits. Examples include gene
regions associated with the evolution of flightlessness (Burga et al., 2017; Sackton et al.,
2019), the origin of distinct reproductive morphs (Küpper et al., 2015; Tuttle et al., 2016)
and sexual dichromatism (Gazda et al., 2020), distinct migratory behaviors (Toews, Taylor,

Streby, Kramer, & Lovette, 2019) and various genes and regulatory regions involved in bill
(Bosse et al., 2017; Lamichhaney et al., 2015b, 2016; Yusuf et al., 2020). Among the
many avian traits being the focus of genomic analyses, coloration has figured prominently
among studies seeking to understand the genetic basis of phenotypes (Orteu & Jiggins,
2020).
Birds exhibit a remarkable diversity of colors (Stoddard & Prum, 2011) and plumage
coloration is central for avian communication, playing an important role in species
recognition, reproductive state signaling, sexual selection, and reproductive isolation
(Price, 2008; Roulin, 2004). In birds, colors may be produced by pigments found across
many taxa such as melanins and carotenoids (the latter recruited from diet), and also by
more specialized and taxonomically restricted pigments such as porphyrins, pterins,
spheniscins and psittacofulvins (Hill & McGraw, 2006). Alternatively, colors may be the
result of the interaction between light and the structure of feathers (i.e. structural
coloration, Eliason, Maia, Parra, & Shawkey, 2020; Orteu & Jiggins, 2020). Genomic
studies of different avian systems have found associations between variation in coding
sequences and regulatory regions of genes involved in the melanin pathway as important
for phenotypic differences involving melanin coloration (Campagna et al., 2017; Cooper &
Uy, 2017; Delmore et al., 2016; Poelstra et al., 2014; San-jose, Ducret, & Ducrest, 2017;
Toews, Taylor, et al., 2016). Although carotenoid pigments are obtained from the diet,
genomic studies have found that plumage variation involving such pigments is related to
genes involved in carotenoid processing (Brelsford, Toews, & Irwin, 2017; Lopes et al.,
2016; Mundy et al., 2016). Little is known about the genetic underpinnings of other
pigment types, though progress is being made through genomic comparisons such as
those helping to identify a gene related to the expression of psittacofulvins (Cooke et al.,
2017).
In contrast to pigment-based coloration, the genetic basis of structural coloration in birds
remains essentially unknown (Orteu & Jiggins, 2020). Structural coloration is considered a
complex trait involving several morphological, physiological, and developmental
components which in birds interact to produce the nanostructure of feathers (Eliason et al.,
2020). Variation in the quantity and organization of layers of keratin, air space, and
melanosomes (organelles with the pigment melanin) in feathers is linked to diversity of
structural colors, but the interaction between such components is still not fully understood
(Orteu & Jiggins, 2020). Because structural coloration is a complex trait, it is expected to

have a polygenic basis, with involvement of several genes and regulatory factors, including
both genes affecting feather nanostructure and those involved in the melanin metabolic
pathway. The polygenic base of structural coloration has been supported on other animal
systems (Brien et al., 2019), but studies on the topic focused on birds are lacking. Among
birds, hummingbirds stand out for their remarkable diversity in iridescent plumage colors
produced by structural coloration (Eliason et al., 2020). Here, we studied a system of
closely related species of Andean hummingbirds to characterize their genomic landscape
of differentiation and search for candidate genomic regions related to structural color likely
involved in the speciation processes.
The Golden-bellied Starfrontlet (Coeligena bonapartei) and the Blue-throated Starfrontlet
(Coeligena helianthea) are recently diverged species differing strikingly in their coloration.
C. bonapartei males are greenish with fiery golden underparts, whereas C. helianthea
males are blackish with rose bellies and aquamarine rumps. Females are paler than
males, but still distinct. Despite the marked differences in coloration between species
which may partly reflect melanin content (as well as structural differences, Eliason et al.,
2020; Sosa, Parra, Stavenga, & Giraldo, 2020), they exhibit no differences in the coding
sequence of the Melanocortin-1 receptor (MC1R) (Palacios et al., 2019), a gene involved
in the metabolic pathway of melanin responsible for color variation in many vertebrate
taxa. These hummingbird species comprise four subspecies: C. b. consita, C. b.
bonapartei, C. h. helianthea and C. h. tamai, which diverged from their closest relative (C.
b. eos) less than 500,000 years ago (Palacios et al., 2019; Palacios et al. under review)
and are sympatric in part of the Cordillera Oriental in the Colombian Andes where different
phenotypes persist (Figure 1 A). Patterns of genetic variation among these lineages in
individual mitochondrial genes, complete mitochondrial genomes, and a set of ultraconserved elements did not match patterns of plumage variation, suggesting speciation in
the group may have proceeded in the face of gene flow, with phenotypic divergence
potentially maintained by selection on loci related to traits involved in mating or ecological
adaptation (Palacios et al., 2019; Palacios et al. under review). Predictions of such
divergence-with-gene flow hypothesis of speciation have not been examined based on
genome-wide patterns of genetic variation.
To further examine the history of speciation of C. bonapartei and C. helianthea clarify, the
evolutionary relationships among its four lineages, and to look for candidate genes related
to differences in the structural coloration of these hummingbirds, we adopted a population

genomic approach in which we sequenced complete draft genomes of 46 individuals. We
addressed the following questions: (1) Are the four lineages in C. bonapartei and C.
helianthea distinguishable with whole-genome data? (2) What are the evolutionary
relationships among lineages of these hummingbirds as inferred based on complete
genomes? (3) How is the landscape of genomic differentiation among the four lineages of
Coeligena? (4) Are there candidate genes associated with coloration differences in these
hummingbirds? And (5) Are patterns of genomic differentiation between Coeligena
hummingbirds consistent with introgression and selection (i.e. divergence with gene flow)
as suggested by previous analyses based on mitochondrial data? By answering these
questions our study furthers our understanding of the evolution of Coeligena
hummingbirds, and sheds light on the role of different evolutionary mechanisms as drivers
of divergence and speciation.
Materials and Methods
Samples, Genome sequencing and assembly
We obtained tissue samples (muscle) from 46 voucher specimens of C. bonapartei and C.
helianthea from the collections at Instituto Alexander von Humboldt (IAvH), Museo de
Historia Natural de la Universidad de los Andes (ANDES), and Instituto de Ciencias
Naturales de la Universidad Nacional de Colombia (ICN-Aves). Taxon identities were
assigned by museum curators according to phenotype and geography. We sampled 9
individuals of C. b. consita, 12 C. b. bonapartei, 10 C. h. helianthea and 15 C. h. tamai,
and relatively even samples of each sex (Table S1).
We used a custom phenol/chloroform method coupled with Phase-Lock Gel tubes and a
magnetic beads cleaning protocol to extract total genomic DNA from samples. We
followed the manufacturer’s protocol to prepare Illumina TruSeq Nano DNA-enriched
libraries for low-throughput configuration and 550bp insert size per sample. Libraries were
quantified with a Qubit fluorometer. Normalizing, pooling and sequencing of the libraries
were done by the Genomics Facility of the Institute of Biotechnology of Cornell University.
Two lanes of NexSeq 500 2x150 paired end were used for sequencing. We filtered raw
reads by quality following Illumina recommendations, checked reads using Fastqc
(Andrews, 2010), and cleaned adapters using AdapterRemoval (Schubert, Lindgreen, &
Orlando, 2016). We estimated average coverage according to the retained reads after
filtered and considering the total genome size as 1.1 Gb estimated for the Anna’s

Hummingbird (Calypte anna) (Zhang B; Li, C; Gilbert,M.T.P.; Mello, C.V.; Jarvis, E.D.; The
Avian Genome Consortium; Wang,J;, 2014).
We used two reference genomes to assemble our data: that of C. anna provided by Erich
Jarvis’ Lab at Rockefeller University (Rhie et al., 2020), and that of the Black-breasted
Hillstar (Oreotrochilus melanogaster) provided by Christopher Witt’s Lab at the University
of New Mexico (umpubl. Data). We employed both reference genomes because the
genome of C. anna is robustly assembled and annotated; O. melanogaster is closely
related to Coeligena hummingbirds (McGuire, Witt, Remsen, Dudley, & Altshuler, 2008)
but its genome is partially assembled and not annotated. Because the percentage of
alignment reads against to the genome of O. melanogaster was higher than to the genome
of C. anna (see results) we proceeded using the genome of O. melanogaster as reference.
We used Bowtie (Langmead & Salzberg, 2012), Samtools (Li, 2011; Li & Durbin, 2009),
and Picardtools (MIT, 2017) to index and align the filtered reads to each reference genome
and marked duplicates. We used Genome Analysis Toolkit GATK (McKenna et al., 2010)
to call the variants per individual and then join them in a single vcf file. We filtered this vcf
file to get sets of single nucleotide polymorphisms (SNPs) files for analyses.
Phylogenetic and Genomic Population Analyses
We assessed whether lineages of Coeligena (i.e. species and subspecies defined based
on plumage coloration) are distinguishable with genomic data using a biallelic SNPs data
set to perform a principal component analysis with the R package SNPRelate (R Core
Team, 2017; Zheng et al., 2012). We also examined phylogenetic relationships among
individuals and determined whether lineages formed clades. We used the biallelic SNPs
data set to build a maximum-likelihood phylogenetic tree with the SVDquartets method
(Chifman & Kubatko, 2014, 2015) in PAUP* V4 (Swofford, 2003), using 100 bootstrap
replicates to assess nodal support, and including O. melanogaster as outgroup.
We characterized the genomic landscape of differentiation among lineages of Coeligena
by calculating Fst values in non-overlapping 25 kb windows across the genome for all
comparisons (i.e. between species and subspecies) using VCFtools 0.1.14 (Danecek et
al., 2011). To identify candidate genes potentially involved in phenotypic differences
between the lineages of Coeligena we initially focused on Fst comparisons between
lineages differing in plumage phenotype, i.e. C. bonapartei vs. C. helianthea. We defined
outlier windows as those with mean Fst values four times the standard deviation above the

genomic mean. However, our finding of phylogenetic relationships inconsistent with
phenotypic variation (see below) provided a unique opportunity to identify candidate
regions via comparisons involving pairs of close relatives being either different (C. b.
bonapartei and C. h. helianthea) or similar in coloration phenotype (C. h. helianthea and C.
h. tamai). Because Fst comparisons between all lineages revealed peaks of differentiation
in broadly the same regions (see results), we sought to identify outlier windows between
lineages with different coloration phenotype while controlling by genomic differentiation
between lineages with similar coloration phenotype. Therefore, we focused on examining
genomic differentiation between C. b. bonapartei and C. h. helianthea (whith strikingly
different coloration) relative to that between C. h. helianthea and C. h. tamai (whit similar
coloration). For this comparison, we Z-transformed Fst values (Z-Fst = (Fst value – Fst
mean)/Fst standard deviation) and then calculated Delta Z-Fst (Z-Fst) as the difference of
Z-Fst values between comparisons (Vijay et al., 2016). We selected outlier windows as
those with Z-Fst values at the 99th percentile. To identify loci in outliers windows we used
BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi) and considered the first three best blast
hits. We then grouped the obtained loci according functional categories based on
information from the NCBI (https://www.ncbi.nlm.nih.gov/gene/).
Results
Genome sequencing and assembly
We recovered genomes with an average coverage of 3.9X (range 2.7- 6.5X, Table S1).
We excluded 3 individuals from subsequent analyses due to low sequencing or assembly
quality (ID 23, 24 and 33 in Table S1). Our reads assembled on average 91% against the
genome of C. anna and 97% against the genome of O. melanogaster. Thus, we conducted
subsequent analyses with 43 individuals and assemblies which used the genome of O.
melanogaster as reference. The version we used of this reference genome was
assembled in 434,731 scaffolds with scaffold N50 and N90 of 3.5 Mb and 183.8 kb, and a
scaffold L50 of 87. We obtained a total of 7.3 million SNPs and 6.3 million biallelic SNPs
after filtering. Considering the size of the genome of O. melanogaster (1.17 Gb) and the
percentage of it covered by our reads assemblies (97%) we estimated the size of the draft
genomes of Coeligena hummingbirds is roughly 1.14 Gb. Considering the total number of
SNPs we obtained as the variable proportion of the genome among the lineages of
Coeligena, these hummingbirds may differ in approximately 0.064% of their genomes.

Genomic differentiation and phylogenetic relationships among lineages
Individuals from each lineage (i.e. subspecies) clustered together in principal component
analyses (PCA, Figure 1 B). The first principal component (PC1) explained 12.44% of
genetic variation and mainly separated C. b. consita from the other three lineages,
whereas PC2 explained 5.79% of genetic variation and mainly separated C. b. bonapartei
from both lineages of C. helianthea. We ran a second PCA excluding C. b. consita and
found that PC1 explained 7.36% of genetic variation and separated individuals of C. b.
bonapartei from lineages of C. helianthea. PC2 explained 4.81% of genetic variation and
mainly separated C. h. helianthea from C. h. tamai. Individuals referred to C. b. bonapartei
appeared to cluster in two different groups which agree with their geographical distribution,
with one group from localities in the north and the other from localities in the south of this
taxon’s range (Figure 1 A).
Phylogenetic analysis clustered all individuals of Coeligena in a clade with 100% bootstrap
support (Figure 1 C). Within this clade, individuals of each lineage clustered together in
well-supported clades (100%) yet phylogenetic relationships inferred with complete
genomes were not consistent with taxonomy. Despite being considered a subspecies of C.
bonapartei, C. b. consita was not sister to C. b. bonapartei, but rather was sister to a
strongly supported clade including C. b. bonapartei and a clade formed by C. h. helianthea
and C. h. tamai. As in the PCA analyses, C. b. bonapartei consisted of two distinct
geographic groups (both with 100% bootstrap support).
Mean Fst values averaged across the genome also showed that C. b. consita is the most
genetically differentiated lineage in the group (Fst values 0.239, 0.297, and 0.240 against
C. bonapartei, C. h. helianthea, and C. h. tamai, respectively). Fst values among the other
three lineages were lower and generally similar to each other (0.078 and 0.083 between C.
b. bonapartei and C. h. helianthea and C. h. tamai respectively, and 0.054 between the
two lineages of C. helianthea).
Genomic landscape of differentiation and candidate genes for phenotypic
differentiation
Mean Fst values estimated for 25-kb windows across the genome were unevenly
distributed among comparisons (Figure S1). Manhattan plots showed dozens of regions
with high Fst values indicating marked differentiation among lineages across multiple
scaffolds (Figure 1 D and Figure S2). Several of the Fst peaks were common across

comparison and many mapped to the Z-chromosome (e.g. Scaffolds 19, 71, 75, 107, and
117 in Figure 1 D, see below). Scaffolds mapping to the Z-chromosome were the most
differentiated between C. h. helianthea and C. h. tamai, two lineages showing similar
coloration and exhibiting the lowest average genomic differentiation.
Comparisons of mean Fst values from 25 kb windows between C. bonapartei (both
subspecies with similar phenotype) and C. helianthea (both subspecies) revealed 149
outlier windows (i.e. with mean Fst values four standard deviations above the genome Fst
mean, Figure 1 D). However, given our interest in finding candidate loci associated with
plumage variation and the overall patterns genomic differentiation and phylogenetic
relationships among lineages we uncovered, we focused on identifying windows showing
strong differentiation between C. b. bonapartei and C. h. helianthea (with different
coloration phenotype) but low differentiation between C. h. helianthea and C. h. tamai (with
similar coloration phenotype). Z-Fst values revealed 174 outlier windows (above the 99th
percentile value) in 79 scaffolds across the genome (Figure 2). We found that 43 windows
were identified as distinct in both the Fst outlier’s analysis comparing C. bonapartei and C.
helianthea and int the Z-Fst analysis comparing phenotypically distinct and
phenotypically similar taxa. These shared windows appear especially promising in terms of
containing candidate genes underlying differences in coloration between lineages.
Of the 79 scaffolds showing outlier windows identified using Z-Fst, 32 were small (<500
bp), thus involved a single outlier window. Among the longer scaffolds (>25 kb), 27
scaffolds showed a single outlier window, and 20 included two or more outlier windows
(Table S2). We were able to identify most of the latter 20 scaffolds because BLAST
mapped most of their windows to the same chromosome in the genome of C. anna. Most
scaffolds (9) mapped to the Z-chromosome (including a total of 47 outlier windows), 3
scaffolds mapped to chromosome 12 (12 total outlier windows), and each of 5 scaffolds
mapped to chromosomes 6, 4, 5A, 4B and 11 (with 14, 8, 6, 4 and 3 outlier windows
respectively). We were unable to identify 3 scaffolds because windows inside them
mapped to different chromosomes, including scaffold 135 (ID in the ordered by size) which
was the one with the highest number of outlier windows (17).
Within the total 174 outlier windows, we found 119 loci which we considered potential
candidates involved in phenotypic differences between C. b. bonapartei and C. h.
helianthea. 75 of these genes were related to nine main functional categories, 25 genes
were scattered in other functional categories, 11 loci were unknown or uncharacterized,

and 8 loci (which we called the usual suspects) mapped to different windows and scaffolds
but with little coverage (Figure 2 and Table S3). The functional categories to which the 119
loci most often corresponded were cell growth, cell differentiation, cell cycle, apoptosis and
autophagy, including transcription factors, homeobox genes, ubiquitin related genes, zinc
finger genes, and members of the Rho and Ras gene family. Other, less frequent
categories were those of genes involved in brain, neurons and neuronal signaling, genes
related to thyroid hormones and a GABA receptor gene. Outlier windows also included
genes related to functional categories such as endothelial cells, glycolysis, collagen,
immune cells, mitochondria-related, epithelia development, and melanin.
Discussion
Relationships among Coeligena lineages and mito-nuclear discordance
Complete genome analyses clearly allowed us to distinguish four lineages of Coeligena
hummingbirds, two of which are treated as subspecies of C. bonapartei and two as
subspecies of C. helianthea based on coloration. However, in contrast to current taxonomy
and to overall coloration similarities we found that C. b. consita is the most genetically
distinct lineage in the complex, and phylogenetic analyses revealed this taxon is not sister
to C. b. bonapartei but rather is the first branch to diverge in the group. Because previous
work showed that C. b. eos, a taxon with coloration similar to that of C. bonapartei, is the
outgroup of the four lineages in which we focused in this study (Palacios et al., 2019),
orange-golden-green plumage coloration is the ancestral state in this clade, whereas the
blackish-rose-aquamarine coloration of C. helianthea is derived.
Despite the marked similarity in plumage between C. b. bonapartei and C. b. consita,
genomic differentiation between them and between C. b. consita and the two lineages of
C. helianthea is quite high relative to genomic differentiation reported in other recently
diverged avian systems (Campagna et al., 2017; Poelstra et al., 2014; Vijay et al., 2016).
Such marked genomic divergence is striking given previous work in which mitochondrial
genomes (and some nuclear loci) did not distinguish lineages of Coeligena corresponding
to species or subspecies (Palacios et al., 2019; Palacios et al. in review). Moreover,
mitogenomes suggested that C. b. consita is more closely related to C. h. tamai than to C.
b. bonapartei, which in turn was indistinguishable from C. h. helianthea in its mitochondrial
genome, indicating that mtDNA variation better reflects geography than taxonomy and
plumage (Palacios et al. in review). These results contrast with our finding that complete

nuclear genomes recover subspecies of C. helianthea as sister groups differentiated from
both C. b. bonapartei and C. b. consita, implying a case of mito-nuclear discordance likely
caused by gene flow and introgression. Although our biallelic SNPs data set produced a
strongly supported phylogeny resolving the relationships among lineages of Coeligena,
phylogenetic analyses focused on independent windows across the genome would be
useful to identify discordant regions, whereas demographic analyses may inform about the
role of incomplete lineage sorting, gene flow, and introgression in the history of the group
(Lamichhaney et al., 2015a; Ottenburghs, 2020).
Landscape of genomic differentiation among Coeligena lineages
An emerging pattern from examining the landscape of differentiation among Coeligena
lineages is that, overall, the same genetic regions seem to show peaks of differentiation in
all comparisons. Because such regions were observed to exhibit divergence both in
comparisons involving phenotypically similar and phenotypically distinct lineages, their
patterns of variation most likely reflect effects of genomic architecture (e.g. regions
standing out in all comparisons may experience low recombination) or regions responding
to the same selective pressures (Vijay et al., 2016). Given such pattern, the Z-Fst
analysis was especially relevant for identifying candidate regions exhibiting high
differentiation between lineages with different phenotypes but low differentiation between
lineages with similar phenotypes. However, many outlier windows identified in the Z-Fst
analysis are in the same scaffolds where we detected peaks of differentiation, such as
those mapping to sexual chromosomes. Elevated values of genetic differentiation in sexual
chromosomes have been reported in many other studies of avian genomics (Batttey, 2020;
Campagna et al., 2017; Elgvin et al., 2017; Ellegren et al., 2012; Poelstra et al., 2014;
Sigeman et al., 2019; Toews, Taylor, et al., 2016), reflecting their smaller effective
population size relative to autosomes, low recombination rates and high linkage
disequilibrium, selection on sex-linked genes, and Haldane´s rule (Irwin, 2018). Recent
work suggest high levels of differentiation between species in sexual chromosomes may
also reflect linked selection (Burri, 2017; Kawakami et al., 2017), effects of sexual
selection (i.e. variance in male reproductive success, Batttey, 2020); and female-biased
gene flow (Lamichhaney et al., 2020). In Coeligena, high levels of differentiation in sexual
chromosomes may be related to any of the above scenarios and thus are not necessarily
coupled to differences in coloration

Candidate genes for phenotypic differences between C. b. bonapartei and C.
helianthea
Because C. b. bonapartei is the sister clade of C. helianthea, because taxa are sympatric
in part of their ranges in areas where both coloration phenotypes persist without current
evidence of intermediates (Palacios et al., 2019), and because they diverged so recently,
lineages in this group are an ideal system to search for candidate genes for the genetic
basis of structural coloration. In agreement with the expectation of structural coloration
being polygenic given all morphological, physiological, and developmental components
involved (Eliason et al., 2020), we found several genes in outlier windows that may be
candidates for having a role in feather development considering their known functions, yet
pointing out direct associations between specific variants and phenotypes is not yet
possible. Nonetheless, we describe the type of candidate genes we uncovered and how
might they relate to coloration due to their possible influence on feather development and
pigmentation.
First, consistent with the hypothesis that feathers showing different structural colors may
undergo different genetic programs of development, we found that several genes involved
in cell growth and cell differentiation (e.g. EMB, GAB3, LIN54, LTBP2, RAD51B, and
BTG1-like), as well as homeobox genes (e.g. CDX1, CDX4, and NKX2-3) differed between
lineages of Coeligena with distinct plumage coloration. More specifically, some of the
candidate genes we identified (e.g. FRS2 and RCAN2) are related to fibroblast growth
factor genes which play an important role in the development of the feather buds
(Rouzankina, Abate-Shen, & Niswander, 2004). In addition, Coeligena lineages differed in
genes involved in endothelial and epithelial cell development (e.g. PTGER4, FAT1,
HS3ST1-like), which may reflect that feather development involves the interaction of
epidermal and dermal cells (Yu et al., 2004). Other functional categories including
candidate genes in Coeligena were those related to programed cellular death (i.e.
apoptosis) and degradation of cellular components (i.e. autophagy) such as SHISA5,
ATG10 and ATG7; given that cell degeneration is relevant in feather morphogenesis
(Alibardi, 2018), and that hummingbirds show hollow melanosomes in the nanostructure of
their feathers (Eliason, Bitton, & Shawkey, 2013; Eliason et al., 2020) such processes may
strongly influence the configuration of structural colors. Finally, we found two genes related
to melanin as candidates for phenotypic differences: CSPG4, a cell surface proteoglycan
involved in melanoma tumors in humans (Tang, Lord, Stallcup, & Whitelock, 2018; X.

Wang et al., 2010), and SLC45A2, a gene associated with color variation in other animals
systems including birds (Abolins-Abols et al., 2018; Domyan et al., 2014; Gunnarsson et
al., 2007). Given that SLC45A2 has a role in vesicle sorting in melanocytes and variation
on the d allele of in this gene is associated to lighter vs. darker plumages in pigeons
(Domyan et al., 2014). All the loci above are the first candidates towards establishing the
genetic basis of structural coloration in birds, but functional evidence of their role in feather
development and pigment deposition is largely lacking. Detailed analyses of the genetic
variation on these genes coupled to larger population studies (i.e. GWAS) will help to
refine whether they are or not involved in variation of structural coloration. In addition,
expression analyses (transcriptomes and real time PCR) will help to clarify the functional
role that candidate genes may have in to produce structural coloration phenotypes. In
particular, SLC45A2 appears to be a promising candidate to be involved in the production
of darker plumages in C. helianthea, a hypothesis to be later tasted with a functional
genomic approach.
Speciation and the landscape of differentiation in Coeligena hummingbirds
Understanding what drove speciation between C. bonapartei and C. helianthea was the
original question that motivated this and our previous studies on this system (Palacios et
al., 2019; Palacios et al. in review). Because coloration is a major trait distinguishing these
hummingbirds and plumage coloration has a main role in avian communication and
species recognition, we hypothesize that the evolution of a novel coloration phenotype in
C. helianthea caused partly by changes in structural properties of feathers (Eliason et al.,
2020; Sosa et al., 2020) was involved in the process of speciation in these hummingbirds.
Because C. bonapartei and C. helianthea diverged recently and are sympatric in part of
their range, their speciation likely proceeded while maintaining high rates of gene flow, and
analyses of variation in the mitochondrial genome provided evidence consistent with such
a divergence-with-gene-flow model of speciation (Palacios et al., 2019). Our findings of
mito-nuclear discordance revealed by full genome analyses showing relationships and
patterns of differentiation between these lineages differing from those inferred from mtDNA
support the idea that they have experienced gene flow.
Under the divergence-with-gene-flow model of speciation (Fitzpatrick, Gerberich,
Kronenberger, Angeloni, & Funk, 2015), selection is thought to counteract the
homogenizing effects of gene flow, a process often resulting in genomic landscapes of
divergence in which genes under selection show marked differences between species

relative to a genomic background of low divergence. Regarding the role of color
differences in avian speciation, evidence of such genomic landscapes in which regions
controlling pigmentation stand out as exceptionally divergent is mounting across various
taxa (Campagna et al., 2017; Poelstra et al., 2014; Stryjewski & Sorenson, 2017; Toews,
Brelsford, Grossen, Milá, & Irwin, 2016), but we are unaware of similar patterns in cases
involving structural coloration. We hypothesize that selective pressures acting on the novel
phenotype of C. helianthea were likely drivers of speciation and maintain C. bonapartei
and C. helianthea as distinct in the face of gene flow, but this is not manifested in a
genomic landscape with overt peaks of differentiation containing genes related to
coloration because of the likely polygenic basis of structural colors. Our set of candidate
loci should aid future studies on the genetic basis of speciation in Coeligena via functional
analyses. Also, the genomes we generated are a valuable resource one may use to link
genetic variants with the structural properties of feathers involved in the production of
colors.
In addition to offering clues about processes involved in speciation, the landscape of
genomic divergence in Coeligena lineages undoubtedly also reflects their likely complex
biogeographic history. The topography of the Andes and climatic fluctuations during the
Pleistocene (Flantua, O’Dea, Onstein, Giraldo, & Hooghiemstra, 2019) likely resulted in
episodic contractions and expansions of the mountain forest inhabited by lineages of
Coeligena. Thus, changes in population size and population fragmentation during the
history of these lineages should have also affected their landscape of genomic
differentiation. Such genomic landscape thus reflects the interplay of evolutionary
mechanism including high levels of gene flow, episodes involving variable levels of drift
during periods of isolation, and selective pressures possibly coupled to a novel coloration
phenotype in C. helianthea. Such interplay of evolutionary mechanisms is likely common
to other systems in which species evolve and are maintained in the face of gene flow
(Lamichhaney et al., 2015b).
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Figures

Figure 1. Principal component analyses PCA (B), phylogenetic analysis (C), and
Manhattan plots showing divergence across the genome (D) indicate that C. b. consita is
the most genetically differentiated lineage in the group although all are genetically
distinguishable. PCAs and the SVDquartets phylogeny based on complete genomes
distinguish all four lineages as well as two additional two groups within C. b. bonapartei
coinciding with geography as shown in (A). Colors on the map, PCA plots and the

phylogeny correspond to C. b. consita (orange), C. b. bonapartei (yellow), C. h. helianthea
(light blue), and C. h. tamai (dark blue); the hatched green area on the map is the region
where C. b. bonapartei and C. h. helianthea are sympatric. Numbers on the map and on
the phylogeny correspond to individuals ID in Table S1. Numbers on branches are
bootstrap values; branch lengths were set to equal. In (D), dots are mean Fst values from
25-kb windows for different pairwise comparisons, showing several regions with high Fst
values and sharing of such divergent regions across comparisons. Outlier windows (with
mean Fst values 4 SD above the mean) are highlighted in the first comparison with blue
dots. Hummingbird illustrations by Jesús de Orion.

Figure 2. Z-Fst values comparing divergence across the genome between a pair of taxa
with different coloration (C. b. bonapartei and C. h. helianthea) and a pair with similar
coloration (C. h. helianthea and C. h. tamai) identified174 outlier windows (99th percentile,
blue dots) in 79 scaffolds across the genome. 119 loci identified in these windows are
grouped in 12 functional categories (colored ellipses at the bottom), and examples of these
loci with their location are shown on top of the Manhattan plot, with colored lines
corresponding to functional categories. Scaffolds that mapped to known chromosomes in
the genome of C. anna are pointed out. 43 outlier windows were shared between C.
bonapartei and C. helianthea Fst analysis and the Z-Fst outlier analysis (unfilled blue
dots).
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Supplementary Material

Figure S1. Distribution of mean Fst values from 25 kb windows across the genome were
different for each comparison.

Table S1. Individuals information and sequencing coverage. Paper-ID (identification
number) through the paper. Sample ID corresponds to the tissue sample ID, to the
specimen voucher ID or to the collector’s ID. Specimen voucher corresponds to the skin ID
in collections or to collector’s ID. All samples are from Colombia. Sex F = females and M =
males.
Paper
ID

Sample ID

Species

1

ANDES-T1287

C. bonapartei consita

F

ICNAves36833 10.3669 -72.8975 3.5

2

ANDES-T1288

C. bonapartei consita

F

ICNAves36820 10.3669 -72.8975 3.6

3

ANDES-T1289

C. bonapartei consita

M

ICNAves36819 10.3669 -72.8975 3.8

4

ANDES-T1290

C. bonapartei consita

M

ICNAves36841 10.3669 -72.8975 4.0

5

ANDES-T1291

C. bonapartei consita

F

ICNAves36818 10.3669 -72.8975 2.7

6

ANDES-T1292

C. bonapartei consita

M

ICNAves36822 10.3669 -72.8975 4.1

7

IAvH-CT8567

C. bonapartei consita

F

ICNAves37116 10.3669 -72.8975 3.6

8

IAvH-CT8473

C. bonapartei consita

M

ICNAves37115 10.3640 -72.9474 3.4

9

IAvH-CT8503

C. bonapartei consita

F

ICNAves37104 10.3640 -72.9474 3.6

10

IAvH-CT00017312

C. bonapartei bonapartei

M

IAvH15365

5.8643 -73.1305

4.2

11

IAvH-CT00004191

C. bonapartei bonapartei

M

IAvH12581

5.7297 -73.4628

3.3

12

IAvH-CT4188

C. bonapartei bonapartei

M

IAvH12578

5.7297 -73.4628

4.2

13

IAvH-CT6966

C. bonapartei bonapartei

F

IAvH14196

5.7066 -73.4601

4.1

14

IAvH-CT6973

C. bonapartei bonapartei

M

IAvH14203

5.7046 -73.4572

4.0

15

IAvH-CT00002277

C. bonapartei bonapartei

M

IAvH12299

5.6394 -73.4872

4.9

16

IAvH-CT2265

C. bonapartei bonapartei

F

IAvH12290

5.6394 -73.4872

4.2

17

IAvH-CT2271

C. bonapartei bonapartei

F

IAvH12292

5.6394 -73.4872

3.3

18

ICN-Aves34450

C. bonapartei bonapartei

M

ICNAves34450 4.9333 -74.1833

3.7

19

ANDES-T2006

C. bonapartei bonapartei

F

JLPV74

4.9290 -74.1121

2.9

20

DCP01

C. bonapartei bonapartei

F

DCP01

4.8817 -74.4267

4.7

21

IAvH-CT00006791

C. bonapartei bonapartei

M

IAvH13986

4.6271 -74.3076

3.7

22

IAvH-CT6802

C. bonapartei bonapartei

F

IAvH13997

4.6271 -74.3076

4.2

23

Andes-BT 402

C. helianthea helianthea

M

ICNAves36409 7.0724 -72.9380

NA

24

IAvH-CT-11225

C. helianthea helianthea

F

IAvH8398

7.3042 -72.3711

NA

25

IAvH-CT18134

C. helianthea helianthea

M

ICNAves38141 5.2819 -73.3608

3.0

26

IAvH-CT-2530

C. helianthea helianthea

F

IAvH12633

4.4939 -73.6925

4.5

27

IAvH-CT00002569

C. helianthea helianthea

F

IAvH12682

4.7036 -73.8511

3.7

28

IAvH-CT2599

C. helianthea helianthea

M

IAvH12719

4.7036 -73.8511

6.5

29

IAvH-CT2601

C. helianthea helianthea

F

IAvH12722

4.6900 -73.8558

4.5

30

ANDES-T813

C. helianthea helianthea

?

FGS4129

4.6667 -74.0330

3.8

31

IAvH-CT00002504

C. helianthea helianthea

M

IAvH12590

4.4939 -73.6925

3.9

32

ANDES-T70

C. helianthea helianthea

F

ICNAves36307 4.3213 -73.7768

4.2

Subspecies Sex

Specimen
voucher

Latitude and
Longitude

Sequencing
Coverage (X)

33

Andes-BT 1126

C. helianthea tamai

M

IAvH 14908

7.4181 -72.4431

NA

34

ANDES-T1127

C. helianthea tamai

F

IAvH14906

7.4181 -72.4431

2.9

35

ANDES-T1128

C. helianthea tamai

F

IAvH14899

7.4181 -72.4431

5.2

36

ANDES-T1129

C. helianthea tamai

F

IAvH14897

7.4181 -72.4431

5.0

37

ANDES-T1130

C. helianthea tamai

M

IAvH14885

7.4181 -72.4431

3.4

38

ANDES-T1131

C. helianthea tamai

F

IAvH14884

7.4181 -72.4431

3.9

39

ANDES-T916

C. helianthea tamai

M

IAvH14818

7.4181 -72.4431

3.3

40

ANDES-T931

C. helianthea tamai

F

IAvH14836

7.4181 -72.4431

4.3

41

IAvH-CT11474

C. helianthea tamai

M

IAvH14915

7.4181 -72.4431

3.8

42

IAvH-CT11511

C. helianthea tamai

F

IAvH14912

7.4181 -72.4431

4.9

43

ANDES-T933

C. helianthea tamai

M

IAvH14964

7.4032 -72.4415

3.1

44

ANDES-T940

C. helianthea tamai

M

IAvH14971

7.4032 -72.4415

3.4

45

ANDES-T170

C. helianthea tamai

M

IAvHA8406

7.3042 -72.3711

3.2

46

ANDES-T1570

C. helianthea tamai

M

ICNAves37550 6.7308 -72.7956

3.3

Table S2. Twenty scaffolds showed more than two outliers windows identified in Z-Fst
analyses, and 18 of these scaffolds mapped to known chromosomes in the genome of C.
anna.
Ordered by size
Scaffold ID
3
4
13
19
71
75
107
115
117
135
140
153
175
203
217
246
303
320
338
416

Mapped to
Chrom 4
Chrom 5A
Chrom 6
Chrom Z
Chrom Z
Chrom Z
Chrom Z
Chrom 4B
Chrom Z
None
Chrom 11
Chrom Z
Chrom Z
Chrom Z
Chrom 12
None
Chrom 12
Chrom Z
None
Chrom 12

Scaffold ID in the
reference genome
scaffold17
scaffold62
scaffold90
scaffold68
scaffold297
scaffold385
scaffold715
scaffold313
scaffold45
scaffold101
scaffold396
scaffold243
scaffold645
scaffold108
scaffold238
scaffold14
scaffold344
scaffold361
scaffold100
scaffold159

No. of outlier
windows
8
6
14
4
3
8
5
4
6
17
3
3
3
13
2
2
2
2
2
8

Table S3 Using BLAST we found 119 loci in the 174 outliers windows identified in Z-Fst
analyses. We grouped loci in categories related to their available function information.

Main Functional Category
Brain*
Brain*
Brain*
Brain*
Brain*
Brain*
Brain*
Brain*
Brain*
Cell growth**
Cell growth**
Cell growth**
Cell growth**
Cell growth**
Cell growth**
Cell growth**
Cell growth**
Cell growth**
Cell growth**
Cell growth**
Cell growth**
Cell growth**
Cell growth**
Cell growth**
Cell growth**
Cell growth**
Cell growth**
Cell growth**
Cell growth**
Cell growth**
Cell growth**
Cell growth**
Cell growth**
Cell growth**
Cell growth**
Cell growth**
Cell growth**
Cell growth**
Cell growth**
Cell growth**
Cell growth**
Cell growth**
Collagen
Collagen
Collagen
Collagen
Collagen
Endothelial cells
Endothelial cells
Endothelial cells
Endothelial cells
Endothelial cells

Functional Category 1
Thyroid hormones action
Neuronal proliferation
Heart and Neurons
?
Sodium
Brain
Brain
Brain
Gaba sensitivity
Cell growth
Autophagy
Autophagy
Transcription factors
Cytoskeletal structure
Transcription factors
Mitosis
Cell growth
Calcium
Phosphorylation-dependent
ubiquitination
Cell motility
Cell growth
Immune cell differentiation
Cell growth
Cell growth
Mitosis
Cell growth
Transcription factors
Osteoblast differentiation
Zinc finger
Endothelial cells
Ras
Cell growth
Ras
Ubiquitin
Rho
Apoptosis
Cell growth
Cell growth
Transcription factors
Zinc finger
Zinc finger
?
Chondrogenesis
Collagen
Collagen
Collagen
Collagen
Endothelial cells
Endothelial cells
Endothelial cells
Endothelial cells
Endothelial cells

Functional Category 2
Tumor
Sour taste
Brain?

Lysosomal
Rho
Ubiquitin
Transport vacuole
Rho
Homeobox
Membrane
Extracellular matrix
Ubiquitin
Rho
Macrophage differentiation
Ubiquitin
Cell cycle genes
Extracellular matrix
Kinase
Heart and brain
Homeobox
Heart
Cell growth
Epithelia development
Tumor
Cell cycle genes
Tumor?
Cell growth

Cell cycle genes
Homeobox
Cell growth
Ras
Collagen
Nephritis
Fibroblast
Kidney
Calcium
Transcription factor
Fibroblast

Gene
DIO2
DUSP26
HCN1
RPP25
SLC6A2
SNCAIP
STON2
TMEM175
GABA""
ARHGAP27
ATG10
ATG7
BATF
CCM2
CDX4
CENPP
EMB
FBLN2
FBXO4
FGD3
GAB3
ITCH
LIN54
LTBP2
MOB3B
NISCH
NKX2-3
OGN
PRDM5
PTGER4
RAB5A
RAD51B
RASAL2
RNF180
RTKN
SHISA5
Wnt-7a
BTG1-like""
CDX-1
KLF5""
LOC115599778
LOC103534149
ASPN
COL14A1
COL4A5
FRS2
LOC115598664
ESM1
FLVCR2
GPBP1
NDNF
RCAN2

Endothelial cells
Endothelial cells
Endothelial cells
Endothelial cells
Epithelia development
Epithelia development
Epithelia development
Glycolysis, Sweet taste, Insulin
Glycolysis, Sweet taste, Insulin
Glycolysis, Sweet taste, Insulin
Glycolysis, Sweet taste, Insulin
Glycolysis, Sweet taste, Insulin
Glycolysis, Sweet taste, Insulin
Immune cells
Immune cells
Immune cells
Immune cells
Melanin
Melanin
Mitochondria
Mitochondria
Mitochondria
Mitochondria
Others
Others
Others
Others
Others
Others
Others
Others
Others
Others
Others
Others
Others
Others
Others
Others
Others
Others
Others
Others
Others
Others
Others
Others
Others
The usual suspects
The usual suspects
The usual suspects
The usual suspects
The usual suspects

Endothelial cells
Blood coagulation
Endothelial cells
Endothelial cells
Epithelia development
Epithelia development
?
Transcription factors
Oligosaccharide processing
pathway
Supply of D-mannose derivatives
Glycolysis
Sweet taste
Diabetes
B cell development and activation
pre-B and pre-T lymphocytes
Gamma interferon receptor
B cell and T cells
Melanoma
Melanoma
Dehydrogenase
Mitochondria
Mitochondria
Mitochondria
Transport across membranes
DNA damage
?
Nitric oxide generation
Kinase
Heat shock protein
Heat shock protein
Extracellular matrix
Membrane
Fat
Prenyltransferases
Endoplasmic reticulum
DNA damage
Kinase
Vesicular transport
Nuclear pore
Fat?
Transport across membranes
Nanophthalmos
Development
Protein-Protein intreaction
Ovalbumin
?
?
Antioxidant defense

Scavenger
Apoptosis

Kinase
Insulin

Fat
Heart disease

Mitochondria
Calcium

Cholesterol
Kidney
Hypospadias
Protein folding
Fat
Tumor
Cisteine residue
Protein folding
Signal transduction

Calcium?
Sodium
Head

Tumor
Tumor?

STAB1
TFPI
TNFSF15
LOC115599371
FAT1
LOC113982597
LOC109370333
ISL1
MOGS
MPI
PDPR
REEP2
LOC103535721
BLNK
DNTT
IFNGR1
LRRC23
SLC45A2
CSPG4
ALDH7A1
MICU3
MRPS30
QRSL1
ABCA1
ATRIP
CTXN3
DDAH1
DGKK
DNAJC15
DNAJC28
ECM2
ENTPD1
FAM219B
FNTA
GPX8
IPPK
MAP3K1
NIPSNAP3A
NUP210
PLA2G15
SLC12A2
TMEM98
TRABD2A
WBP1
LOC103527411
LOC103535886
LOC113982579
LOC115598252
CGGBP1
CSDC2
GGPS1
JMJD4
PITPNC1

The usual suspects
The usual suspects
The usual suspects
Unknown and uncharacterized
Unknown and uncharacterized
Unknown and uncharacterized
Unknown and uncharacterized
Unknown and uncharacterized
Unknown and uncharacterized
Unknown and uncharacterized
Unknown and uncharacterized
Unknown and uncharacterized
Unknown and uncharacterized
Unknown and uncharacterized

?
?
?
?
?
?
?
?
?
?
?

*Brain, neurons, and neuronal signaling
**Cell growth, differentiation, cell cycle, apoptosis and autophagy

X-inactivation

?
?
?
?
?
?

TMED8
TRMT1L
LOC103531782
CHIC1
CZH5orf51
ENDOD1
GPATCH2L
TTC33
TWSG1
LOC103534192
LOC108497351
LOC115598456
LOC115599873
LOC115600101

Conclusions

Evolution and speciation are ongoing processes, and they are happening right now. I
began this project considering C. bonapartei and C. helianthea as two species but found
that they comprise at least four recently diverged lineages: C. b. eos, C. b. consita, C. b.
bonapartei and C. helianthea. My work revealed that the evolution of these lineages has
been shaped by the interplay among evolutionary mechanisms whereby drift in the
absence of gene flow has likely driven the differentiation of the allopatric C. b. eos and C.
b. consita, whereas selection in the face of gene flow has driven the differentiation
between C. b. bonapartei and C. helianthea. I found remarkably low differentiation in the
mitochondrial genomes of C. b. consita, C. b. bonapartei, C. h. helianthea and C. h. tamai
which is consistent with their recent divergence and with introgression. Whole genome
analyses, however, readily distinguished lineages and allow me to identify peaks in the
genomic landscape of differentiation between C. b. bonapartei and C. helianthea
containing candidate genes potentially associated with their phenotypic differences and
presumably involved in their speciation. My analyses revealed that the genetic basis of the
differences in coloration between these hummingbirds is likely polygenic, with various
genes and regulatory regions influencing phenotypes through feather development. Thus,
patterns in gene expression, metabolic pathways, and developmental changes during
feather growth involved in differences in structural coloration between these hummingbirds
are yet to be characterized in detail. Such work would be facilitated with the access to
references genome of high quality for these species that would complement my inferences
based on draft genomes for multiple individuals to better understand differentiation among
Coeligena lineages.
My findings lend support to the hypothesis that natural selection, sexual selection, or both
have acted to drive and maintain phenotypic divergence on the hummingbirds I studied,
but unravelling the specific mechanisms through which selection is acting requires further
investigation. Testing whether coloration is adapted to microclimatic environments to
enhance signal efficacy, addressing the preferences of females for different coloration
phenotypes, or studying how coloration is linked to other traits like feeding or breeding
behaviors will require spending time in the field. My work in genomics calls for basic
studies on natural history of these species. My study, the first to generate a data set
including complete genomes of multiple individuals in hummingbirds, allowed me to gain

great insight into their evolutionary history and, more broadly, on how species form in
megadiverse tropical mountains where historical climate changes may have isolated and
reconnected populations throughout their divergence. However, my research has only
opened the door to understanding the mechanisms underlying speciation and to identify
the genetic basis of phenotypic differentiation in young systems evolving in the complex
biogeographical scenario of the South American Andes.

