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ABSTRACT

Genus Amazona is a unique group of Neotropical parrots distributed across South and
Central America, as well as in the Caribbean Islands. It is characterized by vocal
learning, high intelligence, social structure, longevity, diverse coloration patterns and
habitats. There is a number of island species among them, which represent promising
study cases for evolutionary biology. According to the 2016 IUCN Red List of
Threatened Animals, 20 of the 35 recognized species of Amazons are listed as either
vulnerable, endangered or critically endangered. Despite all notoriety, this is a relatively
poorly studied group: substantial parts of its evolutionary history remain unresolved,
since the so far published phylogenies suggest contradictory scenarios concerning
directions of islands-mainland colonization. In our study we are hoping to shed light on
the phylogenetic relationships within the group of Greater Antillean amazons, evolution
of their mitochondrial genomes and to provide some useful data for further genomic
research as well as for the endangered species recovery programs. We have
sequenced, assembled and annotated mitochondrial genomes of 7 species — A. vittata
(Puerto Rican amazon), A. ventralis (Hispaniolan amazon), A. leucocephala (Cuban
amazon), A. albifrons (white-fronted amazon), A. agilis (black-billed Jamaican amazon),
A. collaria (yellow-billed amazon), Amazona rhodocorytha (red-browed amazon) and a
potential extinct subspecies of A. vittata from Vieques island. We have run Bayesian
analyses on this data in order to resolve phylogenetic relationships within the group and

to assess possible island colonization scenarios.
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RESUMEN

El género Amazona es un grupo unico de cotorras neotropicales distribuidas en
América del Sur y Central, asi como en las islas del Caribe. Se caracteriza por
aprendizaje vocal, alta inteligencia, estructura social, longevidad, diversos patrones de
coloracién y habitats. Existe una cantidad de especies insulares entre ellas, que
representan casos de estudio prometedores para la biologia evolutiva. Segun la Lista
Roja de Animales Amenazados de la UICN de 2016, 20 de las 35 especies reconocidas
de amazonas figuran como vulnerables, en peligro o en peligro critico. A pesar de toda
la notoriedad, este es un grupo relativamente poco estudiado: partes sustanciales de su
historia evolutiva siguen sin resolverse, ya que las filogenias hasta ahora publicadas
sugieren escenarios contradictorios sobre las direcciones de la colonizacién de la parte
continental y las islas. En nuestro estudio, esperamos arrojar luz sobre las relaciones
filogenéticas dentro del grupo de las amazonas de las Antillas Mayores, la evolucion de
sus genomas mitocondriales y proporcionar algunos datos utiles para futuras
investigaciones gendmicas, asi como para los programas de recuperacion de especies
en peligro de extincion. Hemos secuenciado, ensamblado y anotado genomas
mitocondriales de 7 especies - A. vittata (cotorra puertorriquefia), A. ventralis (de la
Espafola), A. leucocephala (cubana), A. albifrons (frentiblanco), A. agilis (amazona de
pico negro), A. collaria (a. de pico amarillo), A. rhodocorytha (a. de ceja roja) y una
subespecie potencial extinta de A. vittata de la isla de Vieques. Hemos realizado
analisis Bayesianos sobre estos datos para resolver las relaciones filogenéticas dentro

del grupo y evaluar posibles escenarios de colonizacién de las islas.
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INTRODUCTION

Ever since Darwin’s observations about finches, mockingbirds and tortoises on the
Galapagos in the Voyage on the Beagle [Darwin, 1845], islands have been an important
source of observational as well as experimental evidence for evolution [McArthur and
Wilson, 1967; Grant and Grant, 2014] and continue to advance the understanding of the
evolutionary process [Sangeet et al., 2017]. Islands still provide valuable model systems
for the fundamental studies of migration, diversification, and extinction [Whittaker 2017].
Because many individual islands are young and contain relatively few species,
evolutionary adaptations and species proliferation may be obvious and easier to study
compared to the continental populations with large population sizes and boundaries that
are difficult to define [Losos 2009]. Geographic isolation of many islands allows
evolution of resident species to take its own course, free of influence from other areas,
resulting in unusual faunas and floras, often unlike those found anywhere else
[McArthur and Wilson, 1967, Losos 2009]. This is reflected in the amazing biodiversity
that is observed across the islands overall: comprising just 3.5% of Earth’s land area,
islands contribute 15 to 20% of terrestrial species [Whittaker 2017]. However, the
combination of diversity and vulnerability means that the islands also contribute to a

larger extent to the contemporary extinction crisis [Diamond 1989].

The most important question being asked about evolution is what drives
speciation/what are the underlying mechanisms of species formation and adaptive

radiation [Losos 2009]. Islands are great natural laboratories, providing innumerable



replicated “experiments” in the factors controlling the distribution, character, and
diversity of species. They vary in many ways, and the evolutionary proliferation of life
has progressed much further on some islands than on others. The two principal theories
that have been used to explain the origins of island species are overwater dispersal and
vicariance (fragmentation of habitats). Island vicariance can occur by geologic factors
(plate tectonics) or sea level changes that can result in the isolation of ancestral biota
[Ottens-Wainright 2004]. Combined with the effect of dispersals from the continent this
should result in species on the islands closest to the mainland having the least unique,
and the most remote islands - the most unique biodiversity, as these have been
separate from the mainland for the longest period of time [McArthur and Wilson 1967].
The varied outcomes of evolution in island settings can indicate a great deal about how
evolutionary and spatial processes have built biological diversity through the formation

and differentiation of species [Losos 2009].

Amazon parrots (Amazona sp.) that currently inhabit the Greater Antillean
Islands of Cuba, Jamaica, Hispaniola and Puerto Rico, represent a fascinating model of
speciation on islands similar to the Darwin’s finches of the Galapagos [O’Brien 2012].
Taking into consideration significance of the parrots to the island history and ecology,
we believe it is very important to understand how these species came to be and how

they adapted to specific island environments.

Based on morphological and geological data two alternative migration-speciation

scenarios have been proposed for the Greater Antillean Amazona by Lack (1976) and



Snyder (1987) — for details see Figure 1. Later, several studies attempted to reconstruct
the evolutionary history of speciation in this clade, but these efforts have been limited by
the state of the sequencing technology allowing only partial reconstruction of
mitochondrial sequences [Rusello & Amato, 2004]. In the last decade the rapid
development of NGS (Next-Generation sequencing) technologies has made it possible
to identify and interpret differences from closely related genomes in their evolutionary
context [Goodwin et al 2016; Allendorf et al 2010]. Through these techniques, a large
phylogenetic reference framework has been created thanks to the concerted efforts of
sequencing whole genomes for different vertebrates such as Genome 10K [Koepfli et al.
2015]. Therefore, the description of small-scale (“local’) variation between closely
related species that occupy various environments and display diverse phenotypes with
an aim to find functional elements and signatures of adaptation at molecular level would
be the next logical step towards better understanding of evolutionary biology. Direct
comparisons of genome sequences obtained from organisms with related but different
phenotypes can be used to discover genetic variation and identify functions of particular
genes. Chromosome-level assemblies hold the potential to reveal answers to all kinds
of evolutionary questions (e.g. evolutionary history of genes, gene families and of the
species itself, past population dynamics, exact times of speciation events and
phylogenetic relationships with other species, understanding of gene functions and
evolution of gene function etc.). As this trend continues in the near future, interrogating
ever more complete genomic datasets has the potential to give answers to such
longstanding questions of evolutionary biology as the role of genetic drift, selection and

gene flow in the speciation process [Oleksyk et al., 2010].
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Figure 1. The two alternative migration-speciation scenarios proposed for Greater Antillean Amazona. A -
after Lack 1976, B - after Snyder 1987

While whole genomes hold ultimate answers to many intriguing questions, the
computational complexity of most of these problems is still immense, and even the task
of proper de novo whole genome assembly is still not completely solved [Zhang et al.,
2014; Jarvis et al., 2014]. Fortunately, in many cases assembly of every single
chromosome is not necessary to address many important questions about evolutionary
history. Given today’s technology, the mitochondrial genome (thousands of bp) is much
easier to assemble than a complete nuclear genome (billions of bp), and it does carry a
lot of important information [Chen an Butow, 2005]. Mitochondrial sequences have been
used for a long time for phylogenetic and population studies because of its mode of
inheritance that does not involve recombination [Cann et al., 1987]. Due to the
predominantly maternal transmission of mitochondrial genetic material, it is possible to
reconstruct mitochondrial phylogenetic trees and track ancestors of many diverged
animal populations as they migrated from their geographical origin [Avise 2000]. These
advantages have made mtDNA an important phylogenetic marker, long before the full

nuclear genome sequences became available [Boore and Brown 1998; Avise 2000]. At



the same time, mtDNA studies have their limitations, mainly because the entire
mitochondrial genomes behave as a single locus, and their phylogeny does not fully
describe the evolutionary history of a sexually reproducing species, as half of the
lineages are lost in each generation. Phenomena such as incomplete lineage sorting
and gene flow following the speciation event interfere with proper interpretation of

phylogenetic trees built using mitochondrial genetic data [Avise 2000].

In this study, we take advantage of the new genomic technologies and
bioinformatics approaches to ask questions about the evolutionary history of the
Amazon parrots in the Caribbean that were previously difficult to answer. As genomic
DNA collected in multiple collaborations has grown to represent the entire branch of
parrot evolution in the Greater Antillean islands, we describe the evolutionary history of
the entire avian branch by harnessing the power of whole genome sequencing, ancient
DNA reconstruction, and big data analysis. For the completion of this thesis, we do the
following: 1) sequence and assemble the mitochondrial genome sequences of seven
species of amazon parrots from the Greater Antilles and the adjacent continental
regions of Central and North America (Amazona vittata, A. ventralis, A. leucocephala, A.
agilis, A. collaria, A. xantholora, and A. albifrons), as well as an extinct potential
subspecies of A. vittata from the island of Vieques; 2) annotate genes and other
functional elements of the mitochondrial genomes; 3) use the new data to re-validate
the phylogenetic relationships within the group, 4) test different migration/speciation
hypotheses. The results of these analyses are discussed and presented in the light of

the knowledge about geological history of the Caribbean, current biogeographical



theory, and recent parrot evolution. Using advanced genomics and bioinformatics tools
available, this study contributes new information and expands the context of the
ecological and conservation studies of these endemic and often endangered species of

birds.



LITERATURE REVIEW

1. GEOLOGICAL HISTORY OF THE CARIBBEAN

The origin of the Caribbean islands is largely the consequence of the movement of the
Caribbean plate, a lithospheric plate that consists mainly of anomalously thick, oceanic
plateau pushed between the two major continental plates (North and South American,
Figure 2). The contact between the thick oceanic crust and continental crust plates
causes complex tectonic interactions, leading to rising, submerging and moving of the
various small islands [Lidiak 1998]. The origin of the Caribbean plate can be traced to
the breakup of Pangaea in mid-Jurassic, when Laurasian supercontinent began to
separate from Gondwana [Hedges 1996]. As the Atlantic Ocean slowly widened, the
North American and South American plates were pushed westward, separated for some
time by oceanic crust [Meschede 2002]. The initial Pacific Ocean floor that formed the
gap between the two continents subsequently disappeared through subduction, but the
Caribbean plate overrode the ocean floor, and continued to move eastward. Ultimately,
the formation of the Isthmus of Panama 3-10 million years ago, cut off the last
connection between the Caribbean and the Pacific [Meschede 2002]. As the Caribbean
plate continued to move, pushing the North American plate beneath, volcanic islands
formed along its northern and eastern margins creating the proto-Antillean island arc.
This volcanic arc was the subject of constant tectonism and sea-level fluctuations
[Pindell 1994]. Paleogeographic reconstructions in Cuba and Hispaniola suggest that

some land areas were emergent throughout the Cenozoic (65-0 Mya), possibly forming



small islands [Hedges 1996]. Most of Puerto Rico and the Virgin Islands, was probably
submerged from the late Eocene to the Pliocene. Palynological and other evidence
indicates that that some emergent land areas (with uplift up to several kilometers) may

have persisted on the Puerto Rican Bank throughout the Cenozoic [Hedges 1996].

Today, the Caribbean islands form a large arch from the Yucatan Peninsula to
the coast of Venezuela. The Greater Antilles constitute nearly 90% of the landmass of
the entire West Indies and include the islands of Cuba, Hispaniola, Jamaica, Puerto
Rico and the Cayman Islands. The largest island is Cuba, with area of 110860 square
kilometers. Since these islands have been emergent (at least partially) and separated
from the mainland since late Cretaceous [Woods 2001], they have been natural
laboratories for the development of diverse and endemic natural biodiversity.
Knowledge of area’s geologic history is crucial for any biogeographic inference since

evolution of any organism is ultimately linked to the evolution of the landmass where it

exists.
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Figure 2. Location of the Caribbean plate (A), its movement and subduction zones (B) (from Kious 1996, Greely
2012)



2. BIOGEOGRAPHIC MECHANISMS

The historical biogeography of the Caribbean has been studied for more than a century
and remains an active area of research [Weaver 2016; Matos-Maravi 2014; Grigorev
2017]. The history of the field can be divided into two periods: before and after the
general acceptance of continental drift (c.1960s) [Hedges 2006]. Most of the early
researchers assumed that there was no change in the position of the islands and their
water barriers, thus leaving only overwater mechanism of dispersal [Matthew, 1915;
Simpson, 1956]. An alternative viewpoint was that ancient land bridges existed between
the continents and the Antilles, permitting dispersal over land [Schuchert, 1935].
However, existence of the continental drift proved that the foundations for both views
were incorrect [Hedges 2006].

Currently, it is known that the Greater Antilles once constituted a single geologic
unit with North and South America in the late Cretaceous (c. 60-70 million years ago).
This raised the possibility that most of the present fauna developed by “vicariance,”
meaning that the species formed as they drifted on islands that broke off and continue
moving away from the continents [Rosen, 1975]. This mechanism would predict
existence of lineages that split before the Cenozoic, but neither fossil nor genetic
research has been able to identify more than a few groups that satisfy this model
(including Eleutherodactylus frogs, Cuban and Hispaniolan solenodons [Roca et al.,
2004; Brandt et al., 2014; Grigorev et al., 2017], and the Cuban xantusiid lizard
Cricosaura typica) [Hedges, 2006]. The virtual absence of the vicariance fauna can also

be explained by a catastrophic event that occurred after the islands were separated. It



was proposed that the impact of the Cretaceous-Tertiary (K-T) asteroid (Chicxulub
impactor) at 65 Mya probably devastated the ancient West Indian biota due to its very
close proximity to that region (only 1-3 crater diameters away). Catastrophic immediate
local effects, such as a megatsunami and massive hurricanes, together with draughts
and sea level fluctuations occurring over the following years, would almost certainly
have caused widespread extinctions of many organisms that might have formed on the

Caribbean islands since the Chicxulub asteroid impact [Pindell 1994; Hedges 1996].

Since the early publications concerning Caribbean biogeography, it was noted,
that the native fauna is missing many high-level groups, such as salamanders,
caecilians, most families of frogs, lizards, snakes and turtles [Matthew 1915, Simpson
1956]. This underrepresented taxonomic composition gives support to the overwater
dispersal being the major mechanism of colonization and subsequent speciation in the
region [Hedges 2006]. The dispersal hypothesis is also supported by the fossil record,
and by the existence of large radiations of species, belonging to the same genera,
forming distinct island taxa by filling unoccupied niches on each island [Hedges 2006].
Therefore, most of the modern fauna probably arrived to the Caribbean by flying,
swimming, or by hitchhiking on floatsome (e.g. tree logs, rafts of branches etc.). As a
consequence, the formation of Caribbean fauna is not as much a result of the geologic
factors, but rather depends on air and water currents, as well as the geographic
proximity that can influence probability of dispersal in particular directions. For instance,
the ocean currents in the Caribbean flow almost unidirectionally from southeast to
northwest (Figure 3), making overwater dispersal much more likely from South America,

than from Central or North America [Hedges 1996]. Therefore, the species that disperse

10



on floating vegetation, are most likely to disperse from South America and move along

the island arch from southeast to northwest [Lameiro et al. 2012]. On the other hand,

the volant species (birds and bats) show greater influence from the west and the north

[Hedges 1996], and it has been postulated that, with the exception of the southern

Lesser Antilles, the entire West Indian avifauna has arisen by dispersal from North and

Central America [Olson 1978; Hedges 1996]. In some avian species, such as

Galapagos finches, shiny cowbirds and others, this dispersal is ongoing and often

makes it difficult to reconstruct steps of evolutionary history along the island chains

[Lamichhaney 2015, Wayne 1984]. The general absence of long-distance migration

among modern parrots (order Psittaciformes) and their relatively confined geographic

ranges allows for reconstruction of ancient diversification patterns that are less

obscured by dispersal than in many other orders of birds [Wright 2008].
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Closure of the Isthmus of Panama around 10Mya [Montes et al 2015] has
allowed for dispersal of the South American terrestrial fauna into the Central and North
America and, subsequently, into the Greater Antilles [Leigh et al 2013]. Periodic
overwater dispersal of various vertebrates from the Central and North America to the
Greater Antilles and within the archipelago has happened during periods of low sea
level (e.g., late Miocene, ca. 10 Mya; latest Miocene, ca. 6 Mya; latest Pleistocene, 10
to 20 kya) when the Nicaraguan Rise, as well as other currently submerged areas in the
region, was partially emergent, providing stepping-stone routes for colonization [Wright,

Robinson 1993].

3. PARROT EVOLUTION

Based on their present distribution across the southern continents that formerly
composed Gondwana, parrots have long been thought to have originated and initially
diversified from this giant ancient supercontinent [Cracraft 2001]. Results of ancestral
area analyses also support this hypothesis with Australasia being the likeliest region of
origin [Wright 2008]. Biogeographic analyses based on phylogenies using multiple loci,
extensive taxon sampling, and different analytical approaches, support a hypothesis of
an origin and initial diversification during the Cretaceous, soon after the separation of

the Africa and India/Madagascar block [Wright 2008].

The order Psittaciformes has long been recognized as a discrete and relatively
homogenous group, but considerable uncertainty concerning its relationship to other
avian orders has always existed. Various phylogenies produced no consistent

placement of outgroups as sister to psittaciforms, reinforcing the idea that they have no

12



close sister relationship with other existing avian clades [Wright 2008]. The most recent
phylogenomic analysis of 48 bird genomes placed parrots in the close proximity with
passeriforms, the two orders (Passeriformes and Psittaciformes) together forming a
group called “Passerimorphae” and falcons (Falconiformes) being its’ sister clade

[Jarvis et al., 2014, Zhang et al. 2014].

Within the order Psittaciformes, the earliest split is between the NZ-restricted
family Strigopidae (kakapo, kea and kaka) and all other parrots — 49-42 MYA, followed
by divergence between the Australasian cockatoos (Cacatuidae) and remaining parrots
(Psittacidae) — 45-39 MYA [Rheindt 2013], soon after the western half of Gondwana had
separated into the continents of Africa and South America in early Cretaceous. The
estimated molecular dates are too recent to support the vicariance mode of speciation,
but it may be possible, that at the time, dispersal was still possible for some time
between the Gondwanan landmasses of South America, Antarctica, and Australia.
However, New Zealand, Africa, and Madagascar were slowly drifting away from each

other [Teeling 2005].

Caribbean species of the Amazon parrots belong to the family Psittacidae, which
is one of three families of true parrots. It consists of about 10 extant species from the
Psittacinae subfamily (the Old World or Afrotropical parrots), and 157 of subfamily
Arinae (the New World or Neotropical parrots), as well as several species that went
extinct in the recent centuries [Joseph L. 2012]. The Arinae (the New World parrots)
include, amazons, macaws, conures and parakeets, and have been separated from
other groups of parrots for around 35 Mya, or approximately at the time when the major

plates of the Gondwana drifted apart (Figure 4). After the emergence of the short-tailed

13



and the long-tailed New World parrots, which has been placed in the Eocene [Ottens-
Wainright 2004], the split between Amazona and Ara + Aratinga clade occurred in late
Oligocene 25-23 MYA, followed by the divergence between Ara and Aratinga in

Miocene 10-12 MYA [Rheindt et al 2014].
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Figure 4. Dating of major psittaciform lineage divergence times using a 7-locus 13-genus sequence
dataset and a calibration set based on mitogenomic studies (A) and a nuclear study (B) using

independent fossil calibrations [from Rheindt et al 2014].

The neotropical genus Amazona includes 27-31 species widely distributed
across the Americas continent from Argentina to Mexico, and occupy islands throughout
the Caribbean [Forshaw, 1989]. As reported by the phylogenetic analyses described in
Rusello & Amato (2004), the genus Amazona is not monophyletic: Amazona xanthops
forms a well-supported sister group relationship with Graydidascalus. Unfortunately, the

relationships within the short-tailed neotropical parrots are still not fully resolved, with

14



different analyses suggesting different sister groups to Amazona — either

Graydidascalus — A. xanthops clade, or Pionus [Rusello & Amato 2004].

4. PSITTACID EVOLUTION ON THE CARIBBEAN ISLANDS

From 50 to 60 endemic species of psittacids (Ara, Aratinga, Amazona) lived on the
Caribbean islands in the absence of humans, but only 12 species (3 of Aratinga, 9 of
Amazona) survive today. In the past, each Antillean island once sustained at least one
or two indigenous or even endemic species of macaw (Ara), and the same was true for
the parakeets (Aratinga) [Williams 2001]. Today, only one threatened species, Aratinga
euops can still be found in Cuba, while another one is in declining (A. chloroptera) on
the Hispaniola and offshore islands. The only species not on the endangered list is A.
nana in Jamaica. Some of Amazona parrots have done a little better, and five native
species still survive in the archipelago (Cuban, Hispaniolan, Puerto Rican, yellow-billed

and black-billed partots).

The Antillean Amazons have been divided into two main groups based only on
plumage characteristics (coloration) and body size: the five medium-sized Greater
Antillean species and the seven much larger Lesser Antillean species - 4 extant species
and 3 extinct species [Snyder et al., 1987]. Nucleotide divergences analyses and
geological data suggest, that Amazona colonized the Greater and Lesser Antilles by
dispersal during the Pliocene (5.33 to 2.58 MYA) [Ottens-Wainright 2004]. To explain
the evolutionary history of parrots in the Caribbean, two main routes were proposed: (1)

from the northern South America for many of the Lesser Antillean species, and (2) from
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North and Central America for Greater Antillean and some Lesser Antillean species

[Hedges 1996, Rusello & Amato 2004].

Phylogenetic analyses show distinct divergence and independent histories of the
smaller and mostly green Greater Antillean Amazona from the larger, more colorful
Lesser Antillean species, and imply that they colonized the West Indies independently
[Ottens-Wainright 2004, Rusello & Amato 2004]. The Lesser Antillean Amazona are a
paraphyletic group, with at least two distinct lineages — A. arausiaca (Dominica) + A.
versicolor (St. Lucia) vs A. imperialis (Dominica) and A. guildingii (St. Vincent) — both
related to South American Amazona species [Rusello & Amato 2004]. The five Greater
Antillean Amazona species belong to a single clade, including parrots endemic to
Jamaica (A. agilis and A. collaria), Cuba (A. leucocephala), Hispaniola (A. ventralis) and
Puerto Rico (A. vittata), that form a distinct, monophyletic group with the Central

American A. albifrons [Rusello & Amato 2004] (Figure 5).

16



| Citban amazon
- Atlantic Ocean
Hispaniolan amazon

Gulf of Mexico
White-fronted amazon

BED,

' . Puerto Rican
N amazon
7 o
Yucatan|-amazon ) 4 B‘;
7 Q
~ i \ N
Jamaican amazons (2) o o
0
NN .

(% Pac{jic Ocean

0 100 200 300 kilometers

0 100 200 300 miles

Figure 5. Distribution of surviving Amazon parrot species in the Greater Antilles. Cuban amazon (A.
leucocephala) can be found between Cuba, Abaco (Bahamas), Isla de Pinos, Grand Cayman and
Cayman Brac islands. In Jamaica, there are two species of amazons: the yellow-billed (A. collaria) and
the black-billed (A. agilis). Hispaniolan amazon (A. ventralis) survives on the island of Haiti (Hispaniola)
and offshore islands. Finally, Puerto Rico is the home to the critically endangered Puerto Rican amazon
(A. vittata). The entire clade has been suggested to descend from the ancestor related to the Central
American A. albifrons. Conservation status of each species can be found in Table 1.

5. AMAZON PARROTS IN THE GREATER ANTILLES

All the Caribbean islands, except for Barbados and St. Croix were once inhabited by
members of the genus Amazona [Williams and Steadman, 2001]. Most of the earlier
attempts to figure out the phylogenetic relationships within the clade were based on
morphology. Ottens-Wainright et al (2004) data supported Lack’s (1976) view that A.
ventralis and A. vittata are sister lineages that share a common ancestry with A.
leucocephala (see Figure 6). According to this study, the most recent common ancestor

gave rise to the two lineages that resulted in A. collaria and the clade formed by
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A.leucocephala, A. ventralis, and A. vittata; Amazona agilis is basal to these Greater
Antillean species. Diversification of A. leucocephala into its subspecies (found on
Bahamas and Cayman islands) was roughly estimated to be sometime in the middle to
late Pleistocene. However, Ottens-Wainright et al. (2004) study used only one
molecular marker: partial cytochrome b gene sequence. A study from the same year by
Rusello & Amato (2004), used a combined phylogenetic analysis of DNA sequence data
from six partitions including mitochondrial (COI, 12S, and 16S), and nuclear (b-fibint7,
RP40, and TROP) regions to investigate evolutionary history of the genus Amazona and
established the relationships between most of the Amazona based on the molecular
data. Unfortunately, the limitation of data prevented the resolution of a polytomy within
the Greater Antillean clade, and it was suggested that further sampling of rapidly
evolving regions within the mitochondrial genome, such as control region or ND4, may
help to resolve the relationships within the A. leucocephala—A. ventralis—A. vittata
radiation [Rusello & Amato, 2004]. The short internodes characterizing relationships
among the major lineages of Amazon parrots may reflect a rapid rate of diversification
during the evolutionary history of the group rather than merely a deficiency in character
sampling [Rusello & Amato 2004].-The exact phylogenetic relationships within the group
remain unknown (see Figure 7), probably because the radiation is relatively young, and
speciation events were not well separated in time and/or because of some remaining
gene flow. Resolving the phylogenetic tree of the Greater Antillean amazons remains a

scientific question to be answered.
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Figure 6. A hypothesized route of colonization of the Greater Antilles by the Amazon parrots (after Lack

D. 1986)
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Figure 7. Partially represented MP and ML trees from the 2004 study of Rusello & Amato. Note the

polytomy in the A. vittata - A. ventralis - A. leucocephala group and uncertain relative positions of the two

Amazons from Jamaica: A. agilis and A. collaria
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6. THE CRITICALLY ENDANGERED PUERTO RICAN AMAZON

Many of the Amazona species in focus of this study are endangered, threatened, or
vulnerable (Table 1). Study of their full genomes, nuclear as well mitochondrial, can
empower subsequent studies to estimate sequence variation, population diversity,
inbreeding depression, demographic vital rates and viability. Studying the genomes and
evolution of the species of interest can provide us with valuable information that can be
essential for such management [Allendorf et al., 2010]. This is especially important in
the case of the critically endangered Puerto Rican Amazon, the rarest parrot surviving in

the wild [O’Brien 2012].

The critically endangered A. vittata is the only surviving endemic parrot species
anywhere in the U.S. [Brinkley 2009]. Once abundant throughout the island of Puerto
Rico, its drastic population decline followed the decimation of the old-growth forest
[Snyder et al., 1987]. Recent demographic history inadvertently shaped the genome of
A. vittata that should be highly invariable due to a recent population bottleneck [Brock
and White, 1992]. Recently the 1.58Gb genome of A. vittata was sequenced and the
data was made publically available, which is useful for genome studies that can focus
on conservation and comparative genomics [Oleksyk et al., 2012a, Oleksyk et al.,

2012b, Afanador et al., 2014].

The cornerstone of the recovery plan for the critically endangered Puerto Rican

parrot (Amazona vitatta) is an actively managed, long-term captive breeding and
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reintroduction program [Earnhardt 2014]. Before the Hurricane Maria, the species was
numbered at less than 500 individuals in its total population, and have been in the focus
of an intensive conservation effort since the 1970’s. Puerto Rican Parrot Recovery
Program (PRPRP) that conducts the management of the species, has included both
breeding in captivity and releasing captive-bred individuals into the wild. Currently,
managers maintain four distinct sub-populations of this species, two in captivity and two
in the wild. The first captive population was created in 1973 within the El Yunque
National Forest (EYNF), at that time there were no birds left in the wild. This breeding
facility was populated by harvesting all the individuals from the only extant population of
Puerto Rican amazons, a relic population located 9 km away in a remote region of the
same forest. Some parrots were released to the wild in El Yunque in the 1980’s.
However, many of them died from Hurricane Hugo, a category 4 hurricane that passed
by the eastern tip of the island in 1989, and twenty years after the first captive
population was created, a subset of captive parrots was strategically transferred to a
second captive-breeding facility located about 100 km away within the Rio Abajo State
Forest (RASF). Finally, in 2006, parrots were released from this second breeding facility
into the surrounding forested area resulting in the creation of a second population of
wild parrots. To date, these four populations represent the entirety of the known Puerto
Rican amazon, except for a handful of documented small dispersal events occurring

largely in the vicinity of the RASF [White 2014].

Captive breeding programs, especially in case of very low number of founder

individuals (such as in this case - only 11 Puerto Rican parrots existed back in 1975,
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when they were captured and the breeding program was launched [Jafet Velez, PR
Recovery Avicuturist, personal communication]), require careful and scientifically
justified management. They must consider not only demographic factors: population
growth, generation time and age/sex structure, but also the genetic diversity and genetic
structure within the captive population, to avoid inbreeding depression, and to decide

which individuals to release to successfully form new wild populations.

Currently the Puerto Rican parrot is confined to small areas on the main island of
Puerto Rico, with most of the population surviving in the captive program ran by the
FWS [Snyder 1987]. However, historically this species occupied the entire island of
Puerto Rico, and formerly its populations also existed on the nearby Culebra, Mona
and, possibly, Vieques islands [Forshaw 2017]. Two subspecies of Amazona vittata are
currently recognized:

1) A. v. vittata (Boddaert) — the nominate subspecies, still exists in Puerto Rico and

may have formerly (until early 20th century) occurred on the nearby Vieques
Island [Forshaw 2017]
2) A. v. gracipiles (Ridgway) — this poorly differentiated subspecies formerly existed
in Culebra (last record in 1899), but is now extinct.
It is not known, whether the extinct population of Vieques island was isolated and
constituted a separate subspecies of its own, or if the birds migrated seasonally from

Puerto Rico [Sorrié 1975, Forshaw 2017].

Despite some of the early efforts of DNA fingerprinting [Brock and White, 1992],
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the genetic consequences of the severe population bottleneck as well as the population
expansion associated with the recent recovery have not been fully evaluated, and a
more comprehensive genetic analysis at the population and species level is needed.
This has recently become possible, since the samples of almost the entire surviving
population of the species along with their detailed pedigrees rising to a dozen founders
in 1972 are obtainable through the collaboration with Department of Natural Resources
(DNER), Compania de Parques Nacionales. A detailed study of A. vittata population
variation can provide an excellent model for conservation genomics to study inbreeding

depression, mutation, and adaptation to captivity.

Table 1. Conservation status of the surviving amazon parrot species in the Greater Antilles and Yucatan
peninsula.

Species Distribution Conservation Reference
(IUCN) status

Amazona vittata Archipelago of Puerto Critically White 2016

(Puerto Rican Rico Endangered

amazon)

Amazona ventralis Hispaniola Vulnerable Kirwan 2016

(Hispaniolan amazon)

Amazona Cuba, Bahamas, Near Kirkconnell 2017

leucocephala (Cuban  Cayman islands Threatened

amazon)

Amazona albifrons Central America and Least Butchart 2016

(white-fronted Mexico Concern

amazon)

Amazona xantholora Belize, Honduras, and Least Butchart 2016

(Yucatan amazon) Mexico Concern

Amazona collaria Jamaica Vulnerable Koenig 2016

(yellow-billed amazon)

Amazona agilis Jamaica Vulnerable Koenig 2016
(black-billed amazon)
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7. REVIEW OF THE CURRENT STATUS IN PARROT GENOMICS RESEACH AND

DATA AVAILABILITY

L. AVAILABLITY OF THE WHOLE GENOME DATA

In the last decade, a large effort has been made to sequence and publish genome data
for vertebrate species, especially within the Genome 10K project [Koepfli et al, 2015],
and the recent 48 avian genomes papers [Jarvis et al., 2015]. However, the quality of
genome assembly and therefore the usefulness of genomes for comparative studies still
vary to a great degree. The most well-studied avian genomes are those of chicken
(Gallus gallus), turkey (Meleagris gallopavo) and zebrafinch (Taeniopygia guttata). The
estimated time since divergence for members of Psittaciformes and the chicken (G.
gallus; Galliformes) is approximately 122—-125 MYA, whereas Psittaciformes and
Passeriformes (Zebra finch; T. guttata) diverged more recently - 78—119 MYA [Seabury
2013]. More recently, some research efforts started to provide genomic insight into the
Psittaciforms with the sequencing of the scarlet macaw (Ara macao) [Seabury 2013],
budgerigar (Melopsittacus undulatus) [Ganapathy 2014] and New Zealand parrot Kea
(Nestor notabilis) [Zhang 2014]. The budgerigar assemblies are comparable to or better
than the chicken and zebra finch genome assemblies built from traditional Sanger
sequencing reads [Ganapathy 2014]. Data from these studies can be used for the
comparative genomics analyses of other representatives of this unique but underserved
biological group and understanding the basis of its key features, such as intelligence
and longevity [Seabury 2013]. The genome of the Puerto Rican parrot was previously

sequenced and a draft assembly with 76% coverage and approximately 26.89x average
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coverage depth was achieved [Oleksyk et al 2012a, 2012b]. The assembled sequences

provide a starting point towards completing and annotating a draft genome sequence.

Since the Greater Antillean clade species are very closely related, their genomes
can be studied in direct genome comparisons. Learning about their demographic
history, finding which gene families have expanded or contracted while the new species
formed and adapted to their environment, which genes were under selective pressure
will allow us to understand better the underlying mechanisms of species formation and

adaptive radiation.

For the purposes of population studies and monitoring the recovery of the
critically endangered Puerto Rican parrot a set of 18 highly polymorphic microsatellite
markers was developed using the genomic sequence of A. vittata and verified in a
sample of the population [Afanador 2014]. These markers cross-amplify in the closely
related species from the nearby islands of Cuba and Hispaniola (A. leucocephala and A.
ventralis) and can be also used for populations assays on those species [Afanador et

al., 2014].
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Il AVAILABILITY OF THE mtDNA DATA

The mitochondrial genomes of the endangered yellow-shouldered amazon from the
Lesser Antilles (Amazona barbadensis) [Urantowka 2013], the Hispaniolan amazon
(Amazona ventralis) [Urantowka 2016], and Amazona ochrocephala [Eberhard & Wright
2016] were sequenced. Amazona barbadensis was confirmed to have the same
mitochondrial gene arrangement as previously reported for other members of the genus

- A. farinosa, A. oratrix and A. auropalliata [Urantowka 2013, Eberhard 2001].

Mitochondrial genome rearrangements that result in control region duplication
have been described for a variety of vertebrates, including numerous birds. Control
region duplications have arisen independently at least six times across the order
Psittaciformes [Eberhard 2016] (see Figure 7). In all cases of such rearrangement, two
copies of the control region are present and are highly similar at the sequence level,
whereas duplicates of the flanking genes also included in the rearrangement either

show signs of degeneration or are lost completely [Eberhard 2016].

Eberhard and Wright (2016) suggest that duplicated control regions are
maintained in a functional state in many parrots because they serve to increase the
number of initiation zones for mitochondrial genome replication and thus counteract an
otherwise unusually slow rate of mitochondrial DNA replication in this avian group
(Figure 8). This duplication has been creating difficulties in amplification and sequencing

of the mtDNA for the population studies (Oleksyk, personal communication).
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Figure 8. Mitochondrial gene orders for different parrot species. A: ancestral gene order. B: Gene order
resulting from a tandem duplication of the Threonine tRNA gene to the CR segment of the mitochondrial
genome, and thought to be ancestral to the gene orders shown below. C—F: Gene orders flanking the
control region (CR) for five parrot species with duplicated control regions, each representing an
independent origin of the duplicate control region state. Transfer RNAs are indicated by their single-letter
abbreviations, E (Glutamyl), T (Threonine), P (Proline) and F (Phenylalanine). Pseudogenes are indicated

with a “p” preceding the gene’s abbreviation. The gene order shown in A is that resulting from a tandem

duplication and which is the hypothesized precursor to the gene orders shown in B—-E. Shading indicates
hypothesized homology between highlighted regions. (Modified from Eberhard & Wright [2016])

8. OBJECTIVES

We set out to sequence and annotate all the mitochondrial genome assemblies for the
Greater Antillean Amazona parrots. Given the new data, we tried to resolve standing
issues that exist in the phylogenetic relationships within the group. At the same time, we
set out to evaluate the migration hypotheses about speciation across the Greater
Antillean islands. Finally, we contribute new mitochondrial markers that can be used in
the future to determine identity, population genetics, and drive ongoing conservation

efforts in this highly charismatic endemic species of birds.
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1. Sample collection and DNA extraction

METHODOLOGY

This study has been reviewed and approved by the Institutional Animal Care and Use

Committee of the University of Puerto Rico. All the required collection and export

permits issued by the US government under the Endangered Species Act (ESA),

Convention on International Trade in Endangered Species of Wild Fauna and Flora

(CITES), by the Animal and Plant Health Inspection Service (APHIS) had been obtained

before any work was started. Origins of the contemporary DNA samples used in this

study are listed in Table 2. DNA was extracted from tissue samples listed in the Table 2

using DNEasy kits (Qiagen Inc., Valencia, CA) following the manufacturer’s protocol.

Table 2. Origins of the DNA samples in this study. See distribution of parrot species in Figure 1.

Species Sample origin Sample type Sequencing methods
A. vittata Rio Abajo PR blood llumina PE, MP +
PacBio

A. vittata Vieques PR (1860s) feather lllumina PE

A. ventralis Rio Abajo PR blood lumina PE, MP

A. leucocephala San Diego Zoo skin graft lllumina PE, MP

A. rhodocorytha  from collaboration with feather lllumina PE
aviculturist society (pet)

A. albifrons from collaboration with feather lllumina PE
aviculturist society (pet)

A. agilis Hope Gardens & Zoo, blood lllumina PE
Kingston Jamaica

A. collaria Hope Gardens & Zoo, blood [llumina PE

Kingston Jamaica
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In addition, we have obtained DNA from a private collection in Germany. This sample of
Amazona vittata originates from the island of Vieques and was received by the private
collector in Kassel (Germany) in 1875. As transporting the museum sample from an
endangered species skin would be difficult under the CITES convention, DNA has been
isolated using the protocol for ancient DNA extraction from bones and teeth [Rohland
and Hofreiter, 2007] and sequenced by lllumina PE at the laboratory Dr. Michael

Hofreiter at the Institute for Biochemistry and Biology in Potsdam (Germany).

2. DNA sequencing

- lllumina sequencing

In the lllumina®© sequencing process DNA templates are immobilized on a flow cell
surface designed specifically to present them in a way that increases accessibility for
enzymes while providing stability of the surface-bound template and low rates of non-
specific binding of fluorescently labelled nucleotides. Solid-phase amplification creates
up to a thousand identical copies of every single template molecule nearby (one micron
or less). Fluorescently-labelled nucleotides are used to sequence in parallel all the
clusters on the flow cell surface in the sequencing by synthesis (SBS) technology.
Every sequencing cycle, one labelled dNTP (deoxynucleoside triphosphate) is added to
the growing nucleic acid chain. The nucleotide label performs a function of a terminator
for the polymerization process, so after incorporation of each dNTP, in order to identify
the base the fluorescent label is imaged and then, to allow incorporation of the next

nucleotide, it is enzymatically cleaved. The labelled desoxynucleotides are all present
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as separate molecules, so that incorporation bias is minimized because of competition.
During each cycle base calls are made directly from signal intensity measurements,
which, compared to other technologies, significantly reduces raw error rates. The highly
accurate base-by-base sequencing gets rid of sequence-context specific errors,
enabling reliable base calling even in highly repetitive regions and within homopolymers

[Bentley 2008].

Short-Insert Paired End Reads

Long-Insert Paired End Reads (Mate Pair)

Figure 9. Short-Insert Paired End Reads and long-insert paired end reads (Mate Pair). When
sequencing, DNA is chopped into small fragments, and then adaptors are ligated. Then, for single end
(SE) only one end of a DNA fragment is sequenced. For PE (and MP as well) both ends of the same
fragment are sequenced. Mate pair allows to have read pairs much further apart, which can be more
informative than the standard paired-end protocol.

Highest coverage of the genome for de novo assembly can be achieved by using
a combination of short and long insert sizes with paired-end sequencing (Figure 9).
Since larger inserts can pair reads over greater distances, they enable a higher ability to
read through regions of large structural rearrangements as well as highly repetitive
sequences. Smaller inserts sequenced at higher depths enable to fill in gaps that were

missed by longer inserts sequenced at lower depths. Thus, a mixed library of short and
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long insert sizes results in higher quality de novo assembly with fewer gaps, larger

contigs, and more accurate resulting consensus sequences [Bentley 2008].

Genomes of A. vittata, A. ventralis, A. leucocephala, A. albifrons and A.

rhodocorytha were sequenced using lllumina Paired End and Mate Pair libraries with

different insert sizes. Parameters of the sequencing output are presented in Table 3.

For the two Jamaican species — A. agilis and A. collaria — Paired End lllumina reads

were prepared using the 10X genomics protocol.

Table 3. Sequencing outputs for each species

Original Filtered
S i | rt
pecies sni;ee Total Reads Total Total Reads Total
Bases Bases
A. vittata 200 bp 267,262,276 26 Mb 201,766,246 20 Mb
A. vittata 3 kbp 153,326,830 15 Mb 83,201,110 8 Mb
A. vittata 5kbp 51,108,944 5 Mb 28,090,686 2 Mb
A. vittata 8 kbp 385,065,868 38 Mb 283,916,716 28 Mb
A. leucocephala 300 bp 387,336,118 39 Mb 323,253,532 33 Mb
A. leucocephala 3 kbp 88,772,420 8 Mb 49,510,820 4 Mb
A. ventralis 300 bp 408,883,170 50 Mb 378,789,678 32 Mb
A. ventralis 3 kbp 100,678,456 13 Mb 87,567,232 9 Mb
A. rhodocorytha 400 bp 149,097,260 15 Mb 115,678,341 11 Mb
A. albifrons 400 bp 154,323,442 16 Mb 120,391,034 12 Mb
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- PacBio Sequencing

PacBio© (Pacific Biosciences) uses proprietary Single Molecule RealTime (SMRT)
technology, detects nucleotide incorporation events in real time while the elongation of
the replicated strand from a single-stranded template is taking place (see Figure 10).
The nucleotides that are used in the SMRT technology are labelled not on the base, but
on the phosphate chain. The label (fluorophore) is released and dissipated when the
phosphate bond is cleaved during the DNA synthesis and therefore the incorporated

labelled nucleotides can be identified [Rhoads 2015].
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Figure 10. Sequencing via light pulses. A. A SMRTbell (gray) diffuses into a zero-mode waveguide, and
the adaptor binds to an immobilized polymerase enzyme. B. Each of the nucleotides is labeled with its
own fluorescent dye (G, C, T, and A - red, yellow, green, and blue) n order for them to have different
emission spectrums. While nucleotides are kept inside of the detection volume by the polymerase, a light
pulse, which identifies the nucleotide, is produced. (1) A fluorescently-labeled nucleotide joins with the
template inside of the polymerase active site. (2) Fluorescence of the color identifying the incorporated
nucleotide (yellow for C in the picture here) is emitted. (3) The dye-linker-pyrophosphate product is cut
from the base and it diffuses out of the zero-mode waveguide, finishing the fluorescent pulse. (4) The
enzyme moves to the adjacent position. (5) The next base joins with the template in the active site of the
polymerase, the next fluorescence pulse is therefore initiated (here - base A). The figure is from Rhoads
2015.

PacBio technology provides us with very long reads (average > 10,000 bp, some

reads > 60,000 bp) which can be used to close gaps in current reference assemblies
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and characterize structural variation (SV) in genomes, enabling highly-contiguous de
novo assemblies (Rhoads 2015). A DNA sample extracted from blood of Puerto Rican
parrot (A. vittata) was sequenced using the PacBio technology yielding around 4Gb of
long reads with 2x coverage. This sequence has proven crucial providing support for

resolving the repeat structure in the mitochondrial genome of A. vittata.

3. Analysis

- PacBio Methods
Raw PacBio® reads were corrected with LORDEC 0.5.1 [Salmela 2014] with k=17 and
k=23 and other parameters set as default. Corrected bases were shown in upper case,
to estimate correctness rate we counted the number of upper case nucleotides and
divided by total number of nucleotides. For k=17 the correctness rate is 89.41% and for
k=23 the correctness rate is 21.8%. For the current analysis, we chose corrected reads
with better correction rate. PacBio coverage was computed as a total number of
nucleotides divided by the expected genome size (1.58 Gb) and this is equal to

approximately 2x.

To extract raw mtDNA sequences from the corrected PacBio reads we used
Cookiecuter software [Starostina 2015] with 23-mers generated from draft mtDNA
assembly. Cookiecutter extracted 11 reads and 7 of them were successfully mapped to

the draft assembly and covered it in full with 1x coverage.
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- Mitochondrial Genome Assembly and Annotation
a) mtDNA Assembly

We have found that mitochondrial genome of Amazona vittata has a very GC-rich
simple sequence region, which was impossible to assemble with usual approaches due
to low coverage of lllumina reads and the fact, that it has a nearly exactly duplicated
control region, according to length of PCR products. To overcome this complexity of
parrot mtDNA control region we developed a naive approach based on supervised
reference-assisted de Bruijn graph walkthrough, implemented in Python language. We
used Jellyfish 2 [Margais 2011] to compute 23-mers frequencies in raw lllumina reads,
k-mers were mapped to the closest available high-quality avian genome (Melopsittacus
undulatus) with kmer_cov_for_fasta.py script. The first 23-mer with exact match to 12S
rRNA genes in M. undulatus mtDNA genome was used as a starting point for extension
in both directions. Python scripts kmer_continue_left.py and kmer_continue_right.py
extend a given k-mer with respect to the difference in genomic and mtDNA 23-mer
coverages up until bifurcations, which occur due to repeats in mtDNA. To resolve the
fork paths human intervention was required: we had to check every path extension from
the fork and choose the correct one, which does not disagree with PCR sizes, lllumina
reads and PacBio reads. We found that this is a feasible task due to the small size of
mtDNA and a relatively small number of repeats. Assembled mtDNA was verified: 1) by
consistency with PacBio reads mapped with Blasr tool [Chaisson 2012] to the
assembled mtDNA,; 2) length consistency with PCR products; 3) consistency of lllumina

reads coverage.
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Mitochondrial genome assemblies for other parrot species (A. ventralis, A.
leucocephala, A. albifrons, A. rhodocorytha) were also performed using the described
above method, only without the PacBio dataset, since it was only available for the
Puerto Rican parrot. The resulting assemblies do not contain the duplicated control

region due to very high similarity between the two sequences.

In order to assemble mitochondrial genomes of Jamaican amazons — A. agilis
and A. collaria — a blast db was created using the NCBI-BLAST-2.3.0+ [Altschul 1990]
makeblastdb command from Supernova [Weisenfeld 2017] assembly of paired-end
lllumina reads prepared using the 10X genomics protocol. Amazona vittata mtDNA
sequence was queried against the blast database using blastn [Chen 2015], and

sequences with hits were extracted from the assembly.

b) “Ancient” mtDNA Assembly

In order to assemble the low-coverage mitochondrial genome of the extinct A. vittata
population from Vieques island, the following steps were taken. First, the lllumina reads
(1.62 Gb, 200 bp insert size PE) were trimmed with Cookiecutter [Starostina 2015]:
lllumina adapters were removed, very short sequences were dropped, as a result of
which 76% of all sequences were discarded. Remaining reads were mapped with bwa
mem [Li 2009 b] to the assembled reference mtDNA of A. vittata. Samtools [Li 2009 a]
mpileup was employed to generate a consensus sequence of all the mapped reads.
Each position was then processed semi-manually in accordance with the following

rules: 1) if the nucleotide is different from the reference and coverage is 1 — change to
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N; 2) if there’s no coverage — change to N; 3) if the nucleotide differs from the reference
and coverage is > 1 — check it manually and change for an alternative allele, if it's a
valid variant. As a result, we have acquired an assembly of the complete mitochondrial
genome of this extinct population, with exception of the duplicated control region.
Thirteen nucleotide positions, in which the assembled coding regions in mtDNA of the

parrot from Vieques island differs from the “core” Puerto Rican parrot, were found.

c) Mitochondrial Genome Annotation

In order to annotate protein-coding genes (PCGs) we first identified all the open reading
frames (ORFs) with a custom script implemented in Python. Afterwards we searched for
all possible ORFs in the previously assembled nucleotide sequences against the NCBI
nucleotide database [National Center for Biotechnology Information 2018]. Non-coding

tRNA genes were annotated with tRNAscan-SE [Lowe 2016].

- Phylogenetic Methods
BEAST 2 is a cross-platform software for Bayesian phylogenetic analysis of nucleotide
and amino acid sequences [Bouckaert 2014]. It is used to estimate time-measured,
rooted phylogenies using either strict or relaxed molecular clock models. The software
implements relaxed clocks, non-parametric coalescent analysis, multispecies
coalescent inference, phylogeography and more. It can be employed as a method of
reconstructing phylogenies but at the same time it is a framework for testing
evolutionary hypotheses without conditioning on a single tree topology [Bouckaert

2014]. BEAST 2 uses Markov Chain Monte Carlo (MCMC) algorithm to average over
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tree space, so that every tree is weighted proportionally to its posterior probability
[Bouckaert 2014]. The software package includes a graphical user-interface (GUI) for
setting up custom standard analyses (BEAULi 2) and a suit of post-processing tools —

LogCombiner, TreeAnnotator and DensiTree.

In order to figure out the phylogenetic relationships within the group of Greater
Antillean Amazona we are using mtDNA sequences from the following species: A.
vittata, A. ventralis, A, leucocephala, A. albifrons, A. agilis, A. collaria, A. rhodocorytha,
A. aestiva, A. ochrocephala, A. barbadensis, Ara macao, Ara militaris, Ara ararauna,
Ara severus, Aratinga mitrata, Aratinga rubritorquis. Partitionfinder 2 [Lanfear 2017] was
used to select best-fit partitioning schemes and models of evolution for phylogenetic
analyses with BEAST 2. We selected the following 4 partitions of the mtDNA to assess
phylogeny in Amazona parrots:

1) 13 protein-coding genes (PCGs) 154+2" position;
2) 13 PCGs 3 position;

3) 12S rRNA + 16S rRNA;

4) 20 complete tRNAs.

Base substitution models for each partition are presented in Table 4.

Table 4. Best partitioning scheme and base substitution models for parrot mitochondrial genomes
acquired by Partitionfinder.

Partition Names # sites Best Model
PCGs 15t and 2" position 7258 TRN + G
PCGs 3 position 3629 GTR + |
16S, 12S rRNA 2560 TIM+ G
tRNAs 1331 TVM + |
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Due to scarcity of fossil record in the Psittacidae clade it was not possible to find
any primary calibration priors that could be used for this phylogenetic analysis, therefore
we had to employ secondary calibration priors. Secondary calibration priors for the
BEAST 2 analysis were taken from the Rheindt et. al 2014 paper — 12.12 Mya split
between Ara and Aratinga and 23.48 Mya split between Amazona and Ara + Aratinga

(see Figure 3).

The evolutionary history was also inferred from all coding sequences of mtDNA
using the Maximum Likelihood method based on the Tamura-Nei model [Tamura 1993].
Initial tree for the heuristic search were obtained automatically by applying Neighbor-
Joining and BioNJ algorithms to a matrix of pairwise distances estimated using the
Maximum Composite Likelihood (MCL) approach, and then selecting the topology with
superior log likelihood value. A discrete Gamma distribution was used to model
evolutionary rate differences among sites (5 categories (+G, parameter = 0.2013)). The
rate variation model allowed for some sites to be evolutionarily invariable ([+1], 0.0010%
sites). The tree was drawn to scale, with branch lengths measured in the number of
substitutions per site. The analysis involved 16 nucleotide sequences. All positions
containing gaps and missing data were eliminated. There were a total of 14544
positions in the final dataset. 500 bootstrap replications were performed

[Felsenstein1985]. This evolutionary analysis was conducted in MEGA7 [Kumar 2016].

Additionally, evolutionary history was inferred from cytochrome B (CytB)

sequences using the Maximum Parsimony method and the Maximum Likelihood
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method based on the Tamura-Nei model [Tamura 1993]. These evolutionary analyses
were conducted in MEGA7 [Kumar 2016]. The MP tree was obtained using the Subtree-
Pruning-Regrafting (SPR) algorithm (pg. 126 in ref. [Nei 2000]) with search level 1 in
which the initial trees were obtained by the random addition of sequences (10
replicates). The analysis involved 17 nucleotide sequences. All positions containing
gaps and missing data were eliminated. There were a total of 946 positions in the final

dataset. Five hundred bootstrap replications were performed [Felsenstein1985].

In the Maximum Likelihood method, initial trees for the heuristic search were
obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of
pairwise distances estimated using the Maximum Composite Likelihood (MCL)
approach, and then selecting the topology with superior log likelihood value. A discrete
Gamma distribution was used to model evolutionary rate differences among sites (5
categories (+G, parameter = 5.9736)). The rate variation model allowed for some sites
to be evolutionarily invariable ([+1], 34.5137% sites). The tree is drawn to scale, with
branch lengths measured in the number of substitutions per site. The analysis involved
17 nucleotide sequences. All positions containing gaps and missing data were
eliminated. There were a total of 946 positions in the final dataset. Five hundred

bootstrap replications were performed [Felsenstein1985].
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RESULTS

1. Assembly and annotation
The combined approach, which incorporated both short lllumina and long PacBio reads
allowed us to assemble the complete mitochondrial genome of A. vittata including the
nearly exactly duplicated control region, which was impossible to assemble using
traditional methods. We have annotated 23 tRNAs and tRNA pseudogenes, 14 protein
coding genes and pseudogenes, the duplicated control region, repetitive sequences and
rRNAs. The resulting map of A. vittata mitochondrial DNA, including genes and other
features annotation, coverage by lllumina and PacBio reads and PCR products is

presented in Figure 13. The illustration was created using Circos [Naquin 2014].

Mitochondrial genomes of A. ventralis, A. leucocephala, A. albifrons, A. collaria,
A. agilis and A. rhodocorytha were assembled with the exception of the duplicated
control regions due to their high level of sequence similarity and the lack of PacBio
sequences from all species but A. vittata. Alignment of all assembled sequences is

presented in Figure 12.

Mitochondrial genome of the extinct Vieques population of A. vittata was
assembled, excluding the duplicated control region. After aligning and comparing the
nucleotide sequences of the two possible subspecies (see Figure 11), we found that
mtDNA of the parrot from Vieques island differs from the “core” Puerto Rican parrot in at

least 13 positions within the coding regions, that are listed in Table 5.
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Table 5. Distinct positions in coding mtDNA of the two A. vittata specimens from different islands.

Position ,Core“ PR parrot | Vieques parrot Gene

74| A C 12S_rRNA
458 | G A 12S_rRNA
892 | A G 12S_rRNA
1462 | A G 16S_rRNA
2566 | T C 16S_rRNA
7999 | A T ATP6_Prot
9941 | T C ND4L_Prot
10666 | C T ND4 Prot
13810 | A G CYTB_Prot
15190 | T C CR_control
15239 | A G CR_control
15255 | C T CR_control
15688 | G A CR_control

dentiy :»fl.l-'llllm.illli.llIIH_.m.l'IIIIIIIIIi.IIIIiLILII.‘I.I.IIiiI‘IIIlILLIJIl1LI.l_ﬁﬁ.ﬂl.II.‘.'.llI.'IIIIIﬂil.i.IIIIH'll,l.T.II.IIII.I.II.I.-II.H.II.l‘lIﬂtIIIII'-HﬂIIII.I.I'.II.{I.F-ﬂI}III.I.‘.IJ}III.ﬂl..IIT.III

L+ 1. ancient_D...
[« 2. Vittata_m...

Figure 11. Alignment of the mitochondrial genomes of “core” A. vittata and ancient DNA samples

obtained from Vieques island (“ancient DNA”), excluding the duplicated control region.
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Figure

12. Alignment of all assembled parrot mitogenomes, excluding the duplicated control region
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Figure 13. A. vittata mitochondrial genome assembly map. (1) Coverage by lllumina reads. Red if coverage > 140.
(2) Mapped PacBio reads. (3) Mapped PCR products used for assembly validation. (4) Gene and features annotation.
Red — protein coding genes, Green — rRNA, Blue — tRNAs, Purple — control regions, Orange — tandem repeats,
Yellow — ssA. (5) Gene names. 6) GC content. Red if GC < 30% and Blue if > 50%.
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2. Phylogenetics results

Bayesian phylogeny of all coding mitochondrial loci

Bayesian phylogenetic analysis resulted in topologies that were consistent with the prior
knowledge about phylogenetic relationships and node ages. This study is the first one to
have resolved phylogenetic relationships between A. vittata, A. ventralis and A.
leucocephala - our Bayesian analysis that included all coding mitochondrial loci has
resolved the node with posterior probability of 0.9983 (see Fig. 14), confirming A.
leucocephala to be the sister group of A. ventralis + A. vittata. We have also confirmed
that A. collaria is the closest living relative of all three and that A. agilis, in its’ turn, is not

as closely related to any of them as A. albifrons.

According to our estimates, the split between South American and Central American +
Caribbean amazon parrots has occurred 5.5 — 10.5MYA, that is, only after complete
Central American Seaway closure and formation of the Isthmus of Panama 10-11MYA
[Montes et al 2015]. First round of island colonization has occurred 4.1 — 8.1 MYA by
ancestors of A. agilis, who have migrated either directly to Jamaica, which at that time
was closer to the mainland than it is now [Boschman 2014, Hedges 1996] and has
recently re-emerged from underwater (around 10MYA) [Hedges 1996, Wadge 1984], or
initially to Cuba, where they would have gone extinct afterwards, maybe because of
competition with those who arrived later. Cuba’s present island shape has formed by
late Miocene or early Pliocene [Donovan 1994, Hedges 1996] — around 5.5MYA — and
this is approximately when the ancestors of A. leucocephala, A. ventralis and A. vittata

have divided from the mainland species A. albifrons, that is, colonization of Cuba by the
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ancestral population has occurred. This ancestral population has given rise to A. collaria
by spreading to Jamaica around 2MYA and to A. ventralis and A. vittata via stepping-

stone migration 0.7 - TMYA.

Aratinga_mitrata

1
o SR CELES
Aratinga_rubritorquis
1
} 10.3493 | 0.4487 Ara_ararauna
5.4158
1 Ara_severus
5.7355
1 Ara_macao
kil o
Ara_militaris
22.4702
A_rhodocorytha
1
———15:459 —+A_barbadensis
1
115643 .
]1 A_aestiva
1 0.4474
 $7.7138 A_ochrocephala
A_agilis
1
[E——6.144 A_albifrons
1
4.6512 A_collaria
L [

1117719, A Jeucocephala

'98%_ventra/is
.8515
A_vittata
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Figure 14. BEAST?2 tree using all coding partitions from mitochondrial DNA of 16 parrot species and 2
secondary calibration priors obtained from the Rheindt et. al 2014 paper — 12.12 Mya split between Ara
and Aratinga and 23.48 Mya split between Amazona and Ara + Aratinga. Greater Antillean clade is
highlighted in yellow. Numbers at the nodes represent estimated node ages in millions of years. 95%
confidence intervals are represented with the blue bars. Numbers on branches represent their posterior
probabilities. The time scale bar is in millions of years.

Estimated divergence times are in accordance with the prior knowledge —
estimated node ages for split between Ara+Aratinga and Amazona as well as between

Ara and Aratinga [Rheindt et al 2014] fall nicely within the 95% confidence interval for
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the corresponding node ages in our Bayesian tree (see Fig. 13). Estimated divergence
times for Caribbean Amazona also coincide with previously proposed hypotheses
concerning their diversification and its timing [Ottens-Wainright 2004] — the split
between A. collaria and A. leucocephala + A. ventralis + A. vittata according to our data
has occurred 2.2 — 1.2MYA, followed by the separation of A. leucocephala and A.

ventralis + A. vittata (1MYA), and then of A. ventralis and A. vittata (0.85MYA).

The previously proposed migration-speciation scenarios [Lack 1976, Snyder
1987] agree on that the two Jamaican species — the Black-billed (A. agilis) and the
Yellow-billed (A. collaria) parrots - are probably not the closest living relatives of each
other (see Fig 13), both hypotheses suggesting close relationship between A. collaria
and A. leucocephala; A. agilis and A. albifrons. However, they disagree on whether A.
ventralis and A. vittata have descended from A. leucocephala via “stepping-stone”
colonization of the islands [Lack 1976] or from A. collaria and A. agilis, respectively
[Snyder, 1987]. Our results support the hypothesis of Amazona speciation in the
Greater Antillean islands formulated in Lack et al. (1976), and further supported by
Russello and Amato (2004) by confirming out that A. vittata is more related to A.

leucocephala in Cuba than to A. agilis in Jamaica.

Another phylogenetic tree inferred from all coding loci in mtDNA of these parrot
species was constructed using Maximum Likelihood method based on the Tamura-Nei
model [Tamura 1993] (see Figure 15). This phylogenetic tree has the same topology as

observed in the discussed above Bayesian tree, with the exception of relative positions
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of A. agilis and A. albifrons — here the white-fronted amazon is basal to all the other

parrots from the region, however support of this node is extremely low — 33.8%

(bootstrap). Another unresolved branch in this analysis remain A. ventralis + A. vittata,

with bootstrap support of 75.8%. This method does not allow for adequate estimation of

node ages in this case as well.
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Figure 15. Molecular Phylogenetic analysis of all mitochondrial coding loci by Maximum Likelihood
method. The tree with the highest log likelihood (-53968.3801) is shown. The percentage of trees in which
the associated taxa clustered together is shown next to the branches.
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Cytochrome B phylogeny

In addition we have reconstructed the phylogeny using only sequences of cytochrome B
gene — similarly to how it was previously done in the literature [Ottens-Wainright 2004].
We have used two methods — Maximum Likelihood and Maximum Parsimony. This
allowed to include the sequence from the ancient DNA sample of A. vittata from
Vieques into this dataset, since the Cytochrome B gene in it was found to be nearly
complete. The resulting trees (presented in Figures 16 and 17) do not resolve some of

the nodes, which confirms the need for use of multiple loci in the analysis.
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Figure 16. Molecular Phylogenetic analysis by Maximum Likelihood method based on the Tamura-Nei
model [Tamura 1993]. The tree with the highest log likelihood (-3754.0729) is shown. The percentage of

trees in which the associated taxa clustered together is shown next to the branches.
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Figure 17. Maximum Parsimony analysis of taxa. Tree #1 out of 2 most parsimonious trees (length = 546)
is shown. The consistency index is ( 0.558091), the retention index is ( 0.738007), and the composite
index is 0.450103 ( 0.411875) for all sites and parsimony-informative sites (in parentheses). The
percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (500
replicates) are shown next to the branches [Felsenstein 1985].

49



DISCUSSION

1. Overview

In this study we sequenced and assembled mitochondrial genomes of seven
representatives of neotropical parrots of genus Amazona, six of which inhabit Greater
Antillean islands and Yucatan peninsula. Our approach enabled us to assess previously
unresolved phylogenetic relationships within the monophyletic clade of Greater Antillean
Amazons, estimate divergence times between them and with other genera of family
Psittacidae and test different proposed models of island colonization by these avian
species. The study will provide valuable insights into natural history of the archipelago,

and adds information that can be incorporated into the phylogenetic tree of birds.

2. Mitochondrial genome assembly and annotation

In our study we have confirmed, that mitochondrial genome of all representatives of the
Greater Antillean amazons contain the nearly exactly duplicated control region (CR) and
gene arrangement around it characteristic for all the other so far sequenced Amazona

(also see Fig. 7 D):

-ND5-cytb-T-pND6-pE-CR1-P-ND6-E-CR2-F-12S-

The duplicated control region interferes with regular assembly methods, because it is

impossible to map short reads properly onto such repetitive sequences (~1600 bp

each). Using long read data, such as PacBio or Oxford Nanopore gives us an
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opportunity to overcome such complexities by covering the whole region of duplication

and therefore resolving it, like it was performed in our study.

3. Extinct parrot from Vieques

It is not known, whether the extinct population from Vieques island was isolated and
constituted a separate subspecies of its own, or if the birds migrated seasonally from
Puerto Rico [Sorrié 1975, Forshaw 2017]. Mitochondrial genome of a specimen from the
extinct population of A. vittata from Vieques island was shown to be different from
mitochondrial genome of “core” Puerto Rican parrot in at least 13 positions, which are
within coding regions, but the mutations are silent. This is a relatively large difference on
the population level, since the previous studies have seen very few polymorphic loci in
the DNA of the Puerto Rican parrot [Brock and white, 1992; Afanador et al., 2014].
However, the captive population was likely founded by second degree relatives [Brock
and white, 1992] and the existing variation does not represent the historic variability in
the species. Therefore, this ancient DNA sample shows the possible extent of the

genetic diversity within Amazona vittata species for the first time.

In contrast, there are 164 differences between Puerto Rican and Cuban parrot,
and 176 differences between Puerto Rican and Hispaniolan parrot in the coding regions
of mitochondrial DNA in our study. While the difference between Vieques and core
Puerto Rican parrot is substantial, it is insignificant on the species level, and there is not
enough evidence to suggest that there was a separate subspecies on the Vieques

island, any different from that in Puerto Rico. In the future studies, the diversity of the
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mitochondrial (and genomic) DNA sequences between and within populations of both
islands needs to be addressed in order to understand the historic diversity within and
between these islands and to asses properly the status of the extinct Vieques

population.

4. Speciation of The Greater Antillean Amazons and Migration Models

Previously, attempts have been made to address the issue of the A. vittata, A. ventralis
and A. leucocephala polytomy [Ottens-Wainright et al., 2004; Rusello and Amato, 2004].
Unfortunately, these otherwise comprehensive studies either did not have sufficient
sequence length or lacked representation of all the species forming the Greater
Antillean clade. Specifically, Ottens-Wainright et al. (2004) relied on short fragments
that may have been insufficient to resolve deep nodes with sufficient support (<75%).
The Russello and Amato (2004) study had better node support overall, but disagreed on
the positioning of Jamaican amazons (A. collaria and A. agilis) and the A. abifrons in the
Yucatan. That study could not resolve the A. vittata, A. ventralis and A. leucocephala
polytomy. In our study, we have attempted to resolve the phylogenetic relationships
between parrots in the West Indies. Specifically, we wanted to understand the order and
timing of the colonization of the Greater Antilles by the Amazona species, and resolve

the polytomy between A. vittata, A. ventralis and A. leucocephala.

We have attempted to reconstruct the phylogeny of this group, like it was done

previously, with only a limited amount of molecular data — cytochrome B gene

sequences. This didn’t allow us to resolve the questionable nodes. We have then tried
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to infer this phylogeny from a larger dataset — using all coding mitochondrial loci — with
Maximum Likelihood method based on Tamura Nei model. This approach did not result
in the desired degree of resolution and neither was it capable of adequate divergence

times estimation.

This study used all coding mitochondrial loci in the Bayesian analysis. The
resulting tree supported the order of speciation of the Jamaican amazons as previously
described in Russello and Amato (2004), but it has also resolved the A. vittata, A.
ventralis and A. leucocephala polytomy with very high posterior probability of 0.9983
(see Figure 13). We have also attempted to obtain speciation dates for the clade.
Unfortunately, a very limited amount of parrot fossils is currently available [Boles 1993,
Waterhouse et al. 2008]. For this reason, calibrations of parrot phylogenetic trees
previously relied on fossils from outside the Psittaciformes. In this study, we used dates
indirectly inferred from non-parrot fossils for split between Ara+Aratinga and Amazona
as well as between Ara and Aratinga, recently published by Rheindt et al (2014). Our
results support the hypothesis of Amazona speciation in the Greater Antillean islands
formulated by Lack et al. (1976) and supported by Russello and Amato (2004) by

pointing out that A. vittata is more related to A. leucocephala than to A. agilis.

One of the Jamaican species, A. agilis, is more basal than A. albifrons, that still
inhabits Central America (Figure 14). This node has been reported previously by
Ottens-Wainright et al (2004), however the bootstrap support for it was less than 50%.

This order of branching has been interpreted earlier to suggest that an early branch of
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Amazons could have arrived to Jamaica directly, and not from Cuba like the rest of the
species in the clade [Snyder 1976; Ottens-Wainright et al. 2004]. Our study suggests

the timing of the speciation events.

Our estimated age of the first split leading to the Greater Antillean (GA) amazons
(between South American and Central American species) at 7.7 Mya may indicate
south-to-north dispersal across the isthmus of Panama. Since at the time the isthmus
was covered with savannah-like vegetation, the first species to cross had to be non-
arboreal. Molecular evidence from birds indicates that the south-to-north transfer
happened around the Panama land bridge completion, with flycatchers crossing around
12.5 Mya and tanagers at 8.5 Mya, while the antbirds and woodcreepers, which prefer
arboreal habitats, had to “wait” until a much later date around 3 Mya [Weir et al., 2009].
Today’s A. albifrons natural habits include a variety of habitats from savannas to palm
groves, scrub forest and rainforest. Therefore it is reasonable to suggest that the
ancestor of this species would have no problem dispersing north in the absence of
rainforest as soon as the Central American Seaway had grown narrow enough circa 10
Mya [Leigh et al. 2013, Montes et al 2015]. This would also imply that the common
ancestor of A. agilis and A. albifrons reached Nicaragua before 6-7 Mya, arriving there

from South America.

The inferred dates on the tree (Figure 13) suggest that the first split with A. agilis

has occurred around 6.14 Mya. At this time over-water dispersal directly to the

Caribbean islands seems unlikely. Jamaica has been submerged below the sea level
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from 42 until 10 Mya [Ricklefs & Bermingham, 2008; Montes et al., 2015]. Today,
amazon parrots have been known to fly 20-25 miles over water, specifically, the flights
between mainland Puerto Rico and Vieques have been reported in the XIX century
[Snyder, Wiley and Kepler 1987, Sorrié 1975, Forshaw 2017], but the parrots have
never been reported in the Virgin islands only 50 miles away - parrots in general are
known for absence of long-distance migrations [Wright 2008]. When the sea levels were
similar or higher than present, the distance between Jamaica and the mainland of
Central America would have been more than 500 km, which wouldn’t permit the parrots
to reach the island. Periodic overwater dispersal of various vertebrates from Central or
North America to Jamaica has happened during periods of low sea level (e.g., late
Miocene, ca. 10 Mya; latest Miocene, ca. 6 Mya; latest Pleistocene, 10 to 20 kya) when
the Nicaraguan Rise was partially emergent [Wright, Robinson 1993, p418]. Ancestors
of A. agilis could have migrated to Jamaica around 6MYA, during one of these periods,
which is around our estimated data. Alternatively A. agilis could have reached Jamaica
much later than 6.14 Mya, possibly as late as 3 Mya when the sea level has dropped
more significantly and for longer time in the Nicaraguan Rise and provided a sure
stepping-stone path for the parrots to cross over from the continent to the island
(Figures 18 and 19). Interestingly, the modern range of A. albifrons does not extend to
Nicaragua. This could imply that the split between A. agilis and A. albifrons has
occurred on the continent before the dispersal event, and afterwards the founding

population of A. agilis has gone extinct.
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The fluctuating sea levels occurring in the late Pliocene could also have made it
possible for the parrots to cross from Yucatan peninsula to Cuba. Cuba’s present island
shape has formed by late Miocene or early Pliocene around 5.5 Mya [Donovan 1994,
Hedges 1996]. The node separating A. abifrons with the rest of the species on the

island is dated around 4.65 Mya, and is within the confidence interval [6.14 — 3.16 Myal.

Despite of the shorter distance between Cuba and Hispaniola, the next split in
the node that occurred approximately 1.78 Mya leads to the branch of A. collaria that
cohabits the island of Jamaica with A. agilis. Today the two species do not hybridize

and occur sympatrically only in few locations such as in the Cockpit Country, however
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black-billed parrots occur at greater frequency than yellow-billed parrots in edge

habitats [Koenig 2001].

The distances between the islands of Cuba, Hispaniola and Puerto Rico are
approximately 100 km each, and the dispersal between the island could have happened
directly, or indirectly through the Bahamas as well as Turks and Caicos also during one
of the more recent sea level minimums in the late Miocene and Pleistocene (Figures 18
and 19). Our data shows with certainty that Cuban species A. lucocephala is the most
basal in this trio, suggesting origin of A. vittata and A. ventralis is consistent with Lack

(1976) hypothesis.

5. Recommendations For The Future Work

We recommend that in the nearest future more data is added to this research. First,
mitochondrial sequences from another species, A. xantholora, which inhabits Yucatan
peninsula alongside with A. albifrons and is thought to be it’s close relative both by
morphological and molecular data (though the latter is very insufficient) [Silva 2017],
should be incorporated into the study. Addition of subspecies of A. leucocephala from
Bahamas and Caiman Islands should also improve our understanding of the past parrot
migration events in the region. Second, whole-genome sequencing and analysis is
needed in order to obtain the best understanding of evolutionary processes which

shaped these species. Analysis based solely on mitochondrial DNA is insufficient in
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many cases due to phenomena such as incomplete lineage sorting and gene flow
following the speciation event, which interfere with proper interpretation of phylogenetic
trees. In addition, population diversity in the present-day populations of the Puerto
Rican parrot needs to be assessed in order to estimate how much of the original genetic
diversity has been lost. This will be an important next step in conservation genetics of

this endangered species-
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