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Abstract
The coconut palm (Cocos nucifera L.) is a monotypic member of the Cocoseae tribe
(subtribe Attaleinae) and its evolutionary history is profoundly intertwined with
that of human civilization. It is well adapted to drift-dispersal by oceanic currents,
colonizing coastal ecosystems and islands. Both today and in the past, humans
have exploited it as a potable source of water, nutritious food, fibre and shelter
during their prehistoric voyages of civilization across the Pacific and Indo-Atlantic
Oceans. This long-term human interaction and dissemination has altered its
phenotype and the lack of a universal domestication trait has obscured the putative
wild phenotype and its original geographical location. The main objectives of this
phylogenomic study of the coconut are: 1) to determine the centre of coconut
domestication, 2) elucidate the geographical origin of the coconut, 3) identify
hotspots of genetic diversity, 4) understand migration and gene flow patterns and
5) the impacts of domestication on coconut genome size. Bayesian analysis of
population genetic structure was applied to multi-locus microsatellites generated
from 1,322 coconut accessions from across the species range. Results strongly
suggest that coconuts are differentiated into two genetic populations
corresponding to the Indo-Atlantic and Pacific oceanic basins. This pattern
suggests independent regions of domestication in these two regions and proposed
two centres: island Southeast Asia and the southern margins of the Indian
subcontinent. [ uncovered evidence for admixtures between these populations
consistent with Austronesian trade routes from Southeast Asia to Madagascar and
Arab trading along east African coast. To address the overarching objective of the
geographical origin of the coconut, I integrated the sub-disciplines of
phylogeography, phylogenetics and population genetics to evaluate four criteria: i)

ancestral haplotype location, ii) phylogeny and divergence times, iii) coalescence



and ancestral reconstruction and iv) genetic diversity. [ applied high throughput
sequencing technology from chloroplast (14 loci) and nuclear (4 loci) genomes
from 118 coconuts across 19 subpopulations representing the species’
distribution. Evaluation of criteria using genomic-scale sequence data, taken
together with fossil evidence, suggest that the ancestral geographical origin of the
extant coconut is likely in Australasia encompassing Australia, Indonesian
Archipelago and Papua New Guinea. The Indo-Atlantic is a hotspot for genetic
diversity and a sink population. Migration patterns and gene flow directions were
inferred by testing hypotheses of migration models based on geographical and
genetic a priori implementing Bayesian coalescent framework and Log Bayes
Factors (LBF). For first set of models, LBF indicated that the coconut is not
panmictic. The network model showed migration trend from out of Southeast Asia
into Oceania consistent with Austronesian migrations. For the second set, bi-
directional gene flow model between the Indo-Atlantic and Pacific showed best
support. The impact of domestication on genome size and ploidy levels was
investigated by flow cytometry technique. Quantifications of genome size of 23
cultivars including Talls, Dwarfs, hybrids and wild-sown coconuts indicate
variation. My findings demonstrated that highly domesticated Dwarf types
expressed significantly less genome size variation than the Tall types. Ancestral
reconstruction of genome sizes amongst Attaleinae show that polyploidy evolved

independently at least four times.
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PHYLOGENOMICS OF THE COCONUT (COCOS NUCIFERA L.)
CHAPTER 1: INTRODUCTION

The coconut (Cocos nucifera L.) encapsulates the history of humanity in the
humid tropics because its usefulness has enabled mankind to colonize islands and
create trade routes across the Pacific, Atlantic and Indian Oceans. Both historically
and today, this palm has a myriad of uses as a source of food, drink, and fuel
(Burkill, 1966; Purseglove, 1972). Every part of the plant is useful to man, and
recently coconut oil has been manufactured into bio-diesel in the Pacific. The
history of dispersal and domestication of this species is thus fundamentally
intertwined with human history in the tropics. Currently, little is known about the
domestication of the coconut, location of its geographical origin, dispersal history
and the impacts of domestication on its genome size. Understanding the
phylogeography, phylogenetics and population genomics of this species would
provide profound insights into our own history on this planet.

Cocos nucifera L., a monotypic genus in the Cocoseae tribe (Arecaceae), is
monoecious and reproduces entirely by seed. Coconuts are adapted to drift-
dispersal by ocean currents (Edmondson, 1941) and the fossil records indicate
that the species underwent an ancient (mid-Tertiary) dispersal event long before
being exploited by humans (Sauer, 1971; Gunn, 2004). Importantly, this early
dispersal is expected to have created a population genetic signature in this species,
so that the dispersal route could be traced by examining the phylogeographic
structure of plants sampled across the species range.

Superimposed on this ancient phylogeographic structure is the more recent
history of dispersal, cultivation and domestication by humans. It is widely

accepted that the cultivated coconut exists in two main forms, niu kafa and niu vai,



which are distinguished by the nut-to-husk ratio and fruit shape (Harries, 1978).
Plant breeders distinguish the mostly cross-pollinating Tall type from the mostly
self-pollinating Dwarf type. “Dwarfs” are short-stemmed, mostly autogamous and
presumed to be the more highly domesticated form due to their habit, low genetic
variation, fruit color and occurrence near human habitation. “Talls” have long
stems, are later bearing and mostly allogamous. “Talls” can bear fruits that are niu
kafa or niu vai types depending on the cultivar whereas “Dwarfs” only bear niu vai
type fruits. “Tall” varieties have higher genetic variability and are preferred for
plantations because their endosperms produce higher quality copra. Current data,
while limited, suggest that the “dwarfs” worldwide are closest genetically to the
“Talls” in the Pacific, tentatively suggesting a single domestication origin of the
“Dwarfs” (Lebrun, Grivet et al., 1998). However, due to its long history of
dispersal, first by water alone and then by human activity, the identity and location
of the origin of domestication is still unknown.
1.1 Ancient distribution and dispersal of coconut

The natural range of the coconut species, predating humans, is most likely
in the Indo-Pacific (Dransfield, Uhl et al., 2008). The earliest coconut endocarp
fragments and roots, similar to the niu kafa type, were documented from Aneityum
Island (Vanuatu) and radiocarbon dated to 5,040 BP; these coconuts are thought to
have arrived by natural dispersal (Spriggs, 1984). Other early coconut remains
(4,555 BP) were discovered on Aitape (northern Papua New Guinea) in association
with human skeletal remains (Hossfeld, 1965). On Pagan (Marianas), Fosberg and
Corwin (1958) identified a fossil coconut seedling and attributed it to human
dispersal in Quaternary tuff (4,000 BP), although Sauer (Sauer, 1971) argued that

it was pre-human based on the geology of the region.



1.2 Human-mediated dispersal

The waves of Austronesian voyagers during the Holocene, most likely from
island Southeast Asia (Soares, Rito et al., 2011) were responsible for the spread of
the coconut’s range in Oceania, and the presence of wild coconuts aided their
colonization of these islands. Coconuts were critical for survival on these islands
as well as during their long sea journeys (Bellwood, 1978; Massal and Barrau,
1980). The Seychelles are ancient oceanic islands and among the last to be
discovered by humans. Abundance of “coker nutts” was reported by two separate
chroniclers of the Ascension captained by Alexander Sharpeigh, which happened
onto the Seychelles islands in 1609 (Sauer, 1967). In the Seychelles, the cultivated
coconuts have been proposed to represent independent domestication of the
native coconuts, which had extremely thick husks and small nuts, rather than
introduction of domesticated varieties from other regions (Sauer, 1967).

Pre-Columbian records by Oviedo (1851) documented the presence of
coconuts and cultural uses by the indigenous Indians on the Pacific coast of
Panama, Costa Rica and Colombia (Stone, 1966; Zizumbo-Villarreal and Quero,
1998). In Panama, coconuts were grown but not used for fibers, as cotton and
agave provided this need (Stone, 1966). Early Spanish settlers established coconut
plantations in the Central and South American coasts, most likely from stocks from
the Philippines and Panama.

Coconuts were not recorded as growing in the Atlantic-Caribbean region
until their introduction by Portuguese colonizers. The first record of coconut
introduction to the West Indies was in 1582 in Puerto Rico from Portuguese
plantations in Cape Verde. The Portuguese started coconut plantations in West
Africa, Cabo and Brazil during the 16t Century, after Vasco da Gama’s expedition

in 1498 to the Indian Ocean (Sauer, 1967).



1.3 Present-day wild populations

Gruezo (1984) described a coconut population from eastern Samar Island
(Philippines) showing no evidence of domestication and growing in an area that
has had minimal human influence, both historically and today. Buckley (1984)
similarly reported putative wild populations on Lizard Island (Australia); both of
these Pacific populations are “Talls” characterized by niu kafa-like fruits. It has
been suggested that at the eastern edge of the Pacific, there is occurrence of a
natural coconut population on the Pacific coast of Colombia. Fossil cocosoid fruit
from the upper Paleocene has been discovered in northern Colombia by Gomez-
Navarro et al. (2009), providing further evidence for the long-term occurrence of
the species in this region. Hill (1929) proposed that the Cocos Keeling Islands
coconuts originated from ocean borne nuts from the eastern Archipelago of the
Pacific Ocean. Sauer (1967) suggested that wild coconuts became established
without human intervention on the oceanic islands of Seychelles in the Indian
Ocean.
1.4 Overview of objectives and Thesis Structure
1.4.1: What is the population structure of the coconuts worldwide and where is its
centre(s) of domestication?
Independent origins of cultivated coconut (Cocos nucifera L.) in the Old World
Tropics (Chapter 2)
Authors: Bee F. Gunn, Luc Baudouin and Kenneth M. Olsen
PLoS ONE 6(6): €21143 do0i:10.1371/journal.pone.0021143

The coconut lacks a single universal domestication trait such as shattering
of stalk in wild relatives of rice or branching in maize. Only the Dwarf form

coconuts are considered highly domesticated, having traits associated with
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domestication such as the dwarf habit, autogamy and niu vai fruits. The Tall forms
have also been domesticated but are highly variable in their domestication status.
The first objective of this study is to understand the domestication history of the
coconut and to determine its centre(s) of domestication. In this study (Gunn,
Baudouin et al., 2011), we used ten microsatellite loci from a sample of 1,322
coconut accessions from across the globe to estimate the population genetic
structure as it relates to the history of human migrations. Our findings suggested
that: i) despite the widespread movement of coconuts by humans, the species has
retained clear population structure on the global scale, one corresponding to the
Indo-Atlantic ocean basin and the other in the Pacific oceanic basin; ii) present-day
cultivated coconuts arose through independent domestications in the Indian and
Pacific and Indian Ocean basins and iii) geographical locations of genetically
admixed populations are consistent with human introductions of Pacific
germplasm along ancient trading routes connecting Asia to Africa. We proposed
two geographical origins of coconut cultivation: island Southeast Asia and the
southern margins of the Indian subcontinent.

Although, the centres of domestication of the coconut have been proposed,
the phylogeography, phylogenetic history, dispersal and the gene flow patterns
between the populations have not been investigated and the geographical location
of the origin of Cocos nucifera is still unknown. Microsatellite data do not allow us
to reconstruct the deeper phylogeographic or phylogenetic history providing
estimations of lineage ages and divergence times. Genomic data offers a new era of
phylogenetics and phylogeography - that of phylogenomics to understand
evolutionary relationships. To address the questions in the following two chapters
of this thesis, | used next generation sequence data from targeted loci within the

Large Single Copy region of the chloroplast genome and from the nuclear genome.



1.4.2 Where is the geographical location of the origin of the coconut and the
hotspots of genetic diversity?

Phylogenomics and population genomics of the coconut: integrating phylogeography,
phylogeny and population genetics (Chapter 3)

Note: This chapter has been removed.

The phylogeography of the coconut is intriguing because of the complexity
of the natural dispersal by oceanic currents and its long history of dissemination
by humans has obscured the location of the wild populations. During the past
decade we have the empirical capabilities to generate genome-scale data from high
throughput sequencing (HTS) which may be exploited to integrate the micro-
evolutionary to macro-evolutionary scales for understanding biodiversity patterns.
The second major aim of this thesis was to pinpoint the likely geographical
location of the origin of Cocos nucifera L. and to elucidate the hotspots of coconut
genetic diversity to provide insights into future conservation of untapped coconut
germplasm and landraces (traditional varieties) which may well carry disease
resistance genes or traits advantageous for crop improvement. To address these
overarching objectives, | used phylogenomics to tease apart the natural and
human-mediated dispersal patterns of the coconut by i) examining the coconut’s
phylogeography, and using using haplotype networks to infer their dispersal
patterns; ii) determining the phylogenetic relationships and divergence time of
coconut lineages and iii) investigating the genetic diversity hotspots of the
coconut.

In this chapter and the following chapters, I applied genomic scale data
from the chloroplast and four low copy nuclear genes for 118 coconuts from

putative wild and cultivated populations (19) sampled from across the globe



integrating approaches provided by phylogeography, phylogenetics and
population genomics disciplines.

1.4.3 Is the coconut a panmictic population?

Patterns of gene flow and dispersal of coconut (Chapter 4)

Note: This chapter has been removed.

Long distance dispersals (LLD) have been invoked to explain the
biogeographical distributions of many terrestrial flora and fauna (Gillespie,
Baldwin et al,, 2012; Miryeganeh, Takayama et al., 2014). Plants capable of
transoceanic dispersal, such as coconuts, are expected to show high gene flow
across vast areas and are often panmictic. The third major objective of this thesis
was to assess migration models using the coalescent framework implemented in
the software Migrate (Beerli and Palczewski, 2010) based on sequences of multiple
genes and individuals from both chloroplast and nuclear genomes. The first set of
migration models tested the hypothesis of panmixia versus a network of
symmetrical migrations among regions and the second set of migration models
tested the directionality of gene flow between the Indo-Atlantic vs. Pacific gene
pools. Dispersal patterns and estimated relative migration rates will provide
insights into the direction of migration of genes to tease apart human-mediated
from current influenced dispersals.
1.4.4 What are the impacts of domestication on genome size? (Chapter 5)
Ploidy and domestication are associated with genome size variation in Palms
Authors: Bee F. Gunn, L. Baudouin, T. Beulé, P. Ilbert, C. Duperray, M. Crisp, A.
Issali, J-L. Konan and A. Rival
American Journal of Botany 102(10): 1625 - 1633. 2015

The impacts of domestication on the genome size of annual crops such as

Zea mays (Laurie and Bennett, 1985), Triticum sp., (Dvorak, Terlizzi et al., 1993),



Poa annua (Grime, 1983), Panicum virgatum (Riley and Vogel, 1982) and Solanum
tuberosum (Spooner, Rodriguez et al.,, 2008) have been well studied but very few
genome size evolution studies have been carried out for long-lived tree crops
(Miller and Gross, 2011). Polyploidy and gene duplications are likely to increase
the genome size and have also been associated with domestication traits such as
phenology in sunflowers (Blackman, Rasmussen et al.,, 2011). Genome size
variation and ploidy levels among the Tall cultivars and domesticated Dwarf
cultivars have not been examined. We applied flow cytometry method to estimate
the genome sizes of 23 coconut cultivars worldwide including wild-sown coconuts.
The main objectives were: 1) to determine the actual genome size of coconut for
which contradictory values were published; 2) to identify and study intraspecific
variation, and the impact of domestication on genome size; 3) to test whether genome
size is less variable in Dwarf than Tall coconut types and 4) to reconstruct ancestral
genome sizes across the subtribe Attaleinae.

The determination of the ploidy levels and absolute genome size is a
prerequisite for the future of genome sequencing of the coconut, optimizing depth
of reads and accuracy of annotations of its whole genome. A fully annotated
coconut genome sequence will provide immeasurable resources for genome wide
association studies and Quantitative Trait Loci mapping vital for the future of crop
improvement and understanding of disease resistance.

1.4.5 General discussion, conclusions and future directions (Chapter 6)
Note: This chapter has been removed.

In this chapter [ discuss the main results and implications of findings from

each of the chapters, the main conclusions and future directions.

1.5 Significance of the study



This study on the phylogenomics of the coconut is highly significant for
understanding the history of human civilization in the tropics and human impacts
on the landscape through their long-term interactions with the coconut palm. This
project will provide key information on the genetic diversity of putative wild
coconut populations, which may be exploited by global coconut breeding programs
(International Coconut Genetic Resources) to enhance germplasm collections. It is
critical to identify regions with high genetic diversity as island countries are
vulnerable to climate change and sea level rises due to global warming leading to
permanent loss of heterogeneous coconut germplasm. Breeding programs in
coconuts have depended on a narrow gene pool and genetically heterogeneous
wild populations were excluded. Unfortunately, lethal yellowing disease is
threatening to devastate coconut populations globally and the need to extend the
genetic diversity and identify disease resistance genes is vital.

This research will provide a wealth of information on the population
genetic structure, dispersal and gene flow patterns of cultivated and non-cultivated
coconuts worldwide which can be used for identification and conservation of
germplasm from source-sink populations, characterizing desirable traits and high-
yielding products in crop breeding programs, assessment of the interactions
between genomes and the environment and for the future of whole genome
sequencing and annotations of the coconut.
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Abstract

As a portable source of food, water, fuel, and construction materials, the coconut (Cocos nucifera L) played a fundamental
role in human migrations and the development of civilization across the humid tropics. Here we investigated the coconut’s
domestication history and its population genetic structure as it relates to human dispersal patterns. A sample of 1,322
coconut accessions, representing the geographical and phenotypic diversity of the species, was examined using ten
microsatellite loci. Bayesian analyses reveal two highly genetically differentiated subpopulations that correspond to the
Pacific and Indo-Atlantic oceanic basins. This pattern suggests independent origins of coconut cultivation in these two
world regions, with persistent population structure on a global scale despite long-term human cultivation and dispersal.
Pacific coconuts show additional genetic substructure corresponding to phenotypic and geographical subgroups;
moreover, the traits that are most clearly associated with selection under human cultivation (dwarf habit, self-pollination,
and “niu vai” fruit morphology) arose only in the Pacific. Coconuts that show evidence of genetic admixture between the
Pacific and Indo-Atlantic groups occur primarily in the southwestern Indian Ocean. This pattern is consistent with human
introductions of Pacific coconuts along the ancient Austronesian trade route connecting Madagascar to Southeast Asia.
Admixture in coastal east Africa may also reflect later historic Arab trading along the Indian Ocean coastline. We propose
two geographical origins of coconut cultivation: island Southeast Asia and southern margins of the Indian subcontinent.
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westward to Madagascar. Later, coconuts were introduced by
Europeans from India to the Atlantic coasts of Africa and South
America and to the Caribbean [8]. The species is typically found
in areas of present or past human activity, and all or nearly all
coconut populations worldwide have likely been influenced by
human cultivation and dispersal.

Phenotypically, coconuts vary widely in the degree to which
they show evidence of selection under human cultivation. Classic

Introduction

The impact of the coconut palm (Cocos mucifera L.) on the history
of human dispersal in the humid tropics is unparalleled in the
plant kingdom. As a portable source of both food and water, the
coconut played a critical role in the ability of humans to voyage,
establish trade routes, and colonize lands in the Pacific Rim and
regions throughout the Old World tropics [1,2]. This species

continues to have hundreds of uses as a source of food, drink, fiber,
construction material, charcoal, and oil (used in cooking,
pharmaceuticals, industrial applications, and biofuels); over 12
millien hectares of coconut are currently planted across 89 tropical
countries [3]. The history of dispersal and cultivation of this
species is thus fundamentally intertwined with human history in
the tropics.

The long-term interaction between humans and coconuts has
shaped both the geographical distribution of C. mucifera and its
phenotypic diversity. While the coconut fruit is naturally adapted
for dispersal by sea currents [4], its pantropical dissemination was
achieved with the help of humans [5,6]. A native of the Old World
tropics, the species was spread to eastern Polynesia and
subsequently introduced to the Pacific coasts of Latin America,
most likely by pre-Columbian Austronesian seafarers from the
Philippines [7]. In the Indian Ocean, the composition of coconut
populations was likely influenced by Austronesian expansions

PLoS ONE | www.plosone.org

analyses of coconut fruit morphology revealed two predominant
fruit types, named after traditional Polynesian varieties: the ‘nau
kaf’ form, characterized by oblong, triangular fruits with a large
proportion of fibrous husk; and the ‘nu va?’ form, whose fruits are
rounded and often brightly colored, with a large proportion of
liquid endosperm [9,10]. The ‘mu kafe’ form has been interpreted
as the more ancestral morphology, reflecting natural selection for
ocean dispersal, and the ‘niu va’ form as reflecting selection under
human cultivation [1]. Coconuts have also been traditionally
classified into ‘Dwarf and ‘Tall’ varieties based on tree habit.
‘Dwarfs’ represent about 5% of coconut palms and are cultivated
worldwide; they are typically found near human habitation and
show traits closely associated with human selection: slow trunk
growth, self-pollination, and the production of nu var fruits [11].
The more common ‘Tall’ coconuts are outcrossing and grow faster
than ‘Dwarfs,” resulting in greater height at reproductive maturity.
Many ‘Talls’ are grown for the production of copra for oil
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extraction and coir for fiber; while actively cultivated, these
varieties lack the obvious domestication traits of the self-pollinating
Dwarfs.

The lack of universal domestication traits among coconut
varieties, combined with the long history of human interaction
with this species, have made it difficult to trace the coconut’s
cultivation origins. However, applications of molecular markers
for purposes of crop germplasm characterization have provided
some insights into the coconut’s evolutionary history, genetic
diversity and population structure (e.g., [12,13]). Analyses using
RFLPs (e.g., [14]), microsatellites [15,16] and AFLP markers [17]
have suggested the presence of two genetically distinct groups,
corresponding broadly to the Pacific Ocean basin on one side and
the Indian and Atlantic Oceans on the other (see also [18,19]).

In the last decade, a worldwide coconut germplasm collection,
coordinated through the International Coconut Genetic Resources
Network (COGENT) and the French Agricultural Research
Centre for International Development (CIRAD), with further
support through the Generation Challenge Programme (GCP:
http://gcper.grinfo.net/index.php), has served as the primary
source of materials for genetic characterizations. Together with a
polymorphic microsatellite marker kit [20], the GCP/CIRAD
coconut collection has been used to characterize genetic diversity
in regional coconut collections (e.g., [21,22]), infer origins of
specific cultivars [7], and assess planting material for trueness to
type [23]. Importantly, this worldwide collection has not been used
previously to examine the coconut’s cultivation history. Moreover,
while global in scope, the GCP/CIRAD collection has left some
geographical regions under-represented. Most notably, it contains
few coconuts from the western Indian Ocean, which would be key
to elucidating any influence of ancient Austronesian expansions in
this region.

In the present study, we have employed ten polymorphic loci
from the GCP/CIRAD microsatellite kit to examine genetic
variation in a worldwide collection of >1300 coconuts, represent-
ing GCP/CIRAD germplasm plus collections from key under-
sampled regions of the western Indian Ocean: Madagascar,
Comoros, and Seychelles islands. We use pepulation structure
analyses, together with ethnographic and archaeobotanical
evidence, to examine the impacts of human-mediated dispersal
and domestication on this important tree crop. Our analyses
suggest the following: 1) Despite the widespread movement of
coconuts by humans, both historically and today, the species has
retained clear population structure on a global scale; 2) Present-
day cultivated coconuts arose through independent domestications
in the Indian and Pacific Ocean basins; however, the definitive
domestication traits dwarf habit, self-pollination, and mu va:
fruits  arose only with the Pacific domestication event; and 3)
Geographical locations of genetically admixed populations are
consistent with human introductions of Pacific germplasm along
the ancient trading routes connecting Asia to Africa.

Results

With new sample collections that fill an important gap in an
already extensive worldwide data set, we have examined variation
at ten microsatellite loci in a global collection of coconut
germplasm. Genotypes were successfully obtained for 1322
samples, representing 1210 individuals from the GCP/CIRAD
collection and 112 samples from the western Indian Ocean (Table
S1). For germplasm characterization purposes, the GCP/CIRAD
collection has previously been categerized into a hierarchical
classification scheme based on a combination of criteria, including
phenotypes, molecular markers, geographic distribution, and
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known introduction history [7]. Compositions of the 16 GCP/
CIRAD groups and three additionally sampled Indian Ocean
regions are shown in Table 1. The highest level in the GCP/
CIRAD cdlassification divides coconuts into two groups, A and B.
Group A coconuts occur primarily in the region spanning
Southeast Asia to the Pacific coast of America. Group B coconuts
occur across coastal S. Asia, W. Africa, the New World Atlantic,
and the Caribbean [2,14]. Subgroups correspond to geographical
and/or phenotypic subsets within each group (Table 1); the
greater number of subgroups for Group A cecenuts reflects this
group’s higher phenotypic diversity.

Within-group genetic diversity

Genetic diversity for Dwarf coconut varieties (populations 1 3;
Table 1) is on average less than half that of Talls, with mean
unbiased gene diversity values of He = 0.271 and 0.579 for the two
growth forms, respectively. Dwarfs also show greater evidence of
inbreeding (mean observed heterozygosity, H, =0.060 and 0.480
for Dwarfs and Talls, respectively), consistent with the low within-
cultivar genetic heterogeneity characterizing these self-pollinating
varieties, most of which are pure-breeding lines. This overall
pattern of reduced genetic variability in Dwarfs has been reported
previously (e.g., [18]) and is consistent with domestication
bottlenecks during the evolution of these highly selected cultivars.
Among Talls, genetic diversity is lowest for the Pacific coast Latin
American collections (‘Panama Talls’) (population 14; He =0.324;
Table 1), concordant with a founder event in their prehistoric
introduction from Scutheast Asia [7].

Global genetic differentiation and independent origins of
domestication

Consistent with earlier molecular marker studies (e.g., [14 18]),
our population structure analysis using a worldwide sample set
indicates that coconuts are differentiated into two major
subpopulations. We performed Bayesian analyses using Structure
2.3 [24], with K (the number of putative genetic subpopulations)
ranging from 1 to 10, and assessed rates of change in log likelihood
values. The optimal value, as determined by the ad foc criterion
AK [25], was K =2 (Fig. 1; see also Fig. S1). A secondary AK peak
at K=5 suggests further substructure within the major subpop-
ulations (discussed below). An analysis of molecular variance
(AMOVA) indicates that 33% of the total genetic variation is
partitioned between the twe genetic subpopulations (Table S2).
This very high level of differentiation suggests long-term
evolutionary divergence between the two subpopulations, with
independent origins of cultivated coconuts from within each
lineage. Moreover, the two genetic subpopulations are structured
geographically and are breadly concordant with the ‘A’ and ‘B’
groups in the GCP/CIRAD classification scheme (Table 1; Fig. 1).
Nearly identical patterns to those observed in the Structure analysis
are found using InStruct [26], a similar Bayesian analysis that
relaxes assumptions of random mating within subpopulations (Fig.
82). Taken together, these patterns strongly suggest independent
domestication events in the Pacific and Indian Ocean basins.

Human migration and coconut admixture in the Indian
Ocean. Historical records suggest that 14 16 centuries ago,
Austronesians and Arabs were trading along the oceanic route
connecting Southeast Asia to southern coastal east Africa [27].
This route spanned both Pacific and Indian Ocean coconut
subpopulations and therefore could have served as an avenue of
introgression of Pacific coconuts into the Indian Ocean. The trade
route included Comoros and Madagascar, but not the Seychelles,
which were among the last islands in the Indian Ocean to be
inhabited [8]. Population membership coefficients in our Structure
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analysis support the hypothesis of Pacific coconut introgression
specifically along the ancient trade route. For coconuts outside of
this region (populations 1-15, 19; Table 1), evidence of admixture
between the two subpopulations is minimal; >96% of accessions
can be assigned unambiguously to either the Pacific or Indian
Ocean subpopulation with membership coefficient values of
Q=80% (Fig. 1; Table S1). In contrast, for coconuts from the
Comoros and Madagascar (populations 17-18), fewer than one-
third of accessions are assigned to the Pacific or Indian Ocean
subpopulation at Q==80%. Similarly, in nearby East Africa
(population 16), 23% of accessions show ambiguous assignment
{Q<<80%). Membership coefficient values assigned at the level of
population groupings are also consistent with these patterns of
admixture (Table 1).

Introgression from Pacific coconuts into the western Indian
Ocean is further reflected in the distributions of individual
microsatellite alleles whose frequencies differ between the two
major subpopulations and which can therefore serve as subpop-
ulation-diagnostic markers. We identified six such alleles using
Shannon’s mutual information index (see Methods). Their
distributions are very similar across the Indian Ocean, with high
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Table 1. Genetic diversity and population structure in a worldwide sample of coconuts®.
Population {Group) N (cvs) Growth Form Primary Region He Ho Q, Q.
1 (Ala) 16 (9) Dwarf worldwide 0.270 0.081 0.966 0.034
2 (A1b) 32(7) Dwarf SE Asia 0.239 0.099 0.994 0.006
3 (A2) 6 4) Dwarf worldwide 0.303 0.000 0.985 0.015
4 (A3a) 66 (9) Tall SE Asia 0.612 0.532 0.927 0.073
5 {A3b) 25 (5) Tall SE Asia 0.556 0.428 0.976 0.024
6 (A3c) 89 (10) Tall SE Asia 0.583 0.447 0.988 0.012
7 (Ada) 38 (8) Tall PNG*® 0.607 0.499 0.990 0.010
8 (Adb) 34 (8) Tall PNG 0.596 0.522 0.990 0.010
9 (Adc) 48 (10) Tall PNG 0.564 0.484 0.986 0.014
10 (A4d) 21 (3) Tall PNG 0.610 0.586 0.991 0.009
11 (Ade) 360 (10) Tall Melanesia 0.624 0.547 0.980 0.020
12 (AS) 43 (11) Tall Micronesia 0.644 0.508 0.881 0.119
13 (A6) 30 (6) Tall® Polynesia 0.644 0.529 0.944 0.056
14 (A7) 105 (5) Tall Panama 0324 0.230 0.950 0.050
15 (B1) 150 (18) Tall S. Asia+Atlantic 0.483 0.364 0.030 0.970
16 (B2) 147 (14) Tall E. Africa 0.640 0.570 0.150 0.850
17 — 13 (—) Tall Comoros 0.672 0.544 0.426 0.574
18 — 44 (—) Tall Madagascar 0.691 0.546 0.333 0.667
19 — 55 (—) Tall Seychelles 0413 0.351 0.018 0.982
*Group labels correspond to GCP/CIRAD designations. N=sample sizes, cvs =number of named cultivars. H.=mean unbiased gene diversity, H, =mean observed
heterozygosity, and Q, and Q, indicate subpopulation membership coefficients in Structure analyses at K=2 subpopulations. Bold font indicates membership
coefficients of Q=80%.
Pincludes ‘Niu Leka,’ an outcrossing compact-growth variety that is phenotypically distinct from other ‘Dwarfs.”
“Papua New Guinea.
doi:10.1371/journal pone.0021143.t001

coefficients of determination that corroborate the scenario of
Pacific coconut admixture (mean R?*=0.866). To explicidy
evaluate the relative contributions of the two subpopulations to
the genomes of the putative admixed populations, we calculated a
composite introgression index (7;; Table 2; see Methods). This
measure suggests that for Madagascar and Gomoros, Southeast
Asian admixture accounts for approximately one-half of the
genetic variation present in these regions (7, = 0.407 and 0.509 for
Madagascar and Comoros, respectively; Table 2). For East African
collections, the level of inferred introgression falls to approximately
one-quarter of the total genetic variation (7;=0.254). In the
Seychelles, outside the Austronesian trade route, no evidence of
introgression is observed (7; = —0.065=0).

Regional population structure

The presence of a secondary peak of the AK ad foc statistic (Fig.
S1) prompted us to perform an analysis with K=5. It revealed
substructure that preserves the integrity of the Indo-Atlantic
lineage but divides the Pacific group into four components,
referred to here as Panama, Dwarf, Papua New Guinea (PNG)
and South Pacific (Fig. 2). These names refer to the region (or

1718 19

1213 14 15 16

Figure 1. Results of Structure analysis for a worldwide sample of 1322 coconuts. Population assignments for each accession are shown at
K= 2 subpopulations. Numbers along the x-axis correspond to group designations in Table 1. Vertical black lines distinguish the population groups.

doi:10.1371/journal.pone.0021143.g001

PLoS ONE | www.plosone.org

June 2011 | Volume 6 | Issue 6 | 21143

15



Origins of Coconut Domestication

Table 2. Assessments of introgression from Southeast Asian coconuts into western Indian Ocean populations®.

Allele frequency

Allele Sh A3 B1 B2 CcoMm MAD SEY R?
CnCirA3,,4 0.715 0.072 0.97 0.68 0.35 0.424 0.75 0.848
CnGirC12,47 0.631 0.006 0.834 0.614 0.375 0.465 0.771 0.971
CnGirE12,74 0.604 0.023 0.85 0.541 0.545 0.394 0.856 0.741
CnCirF2yu3 0.390 0.025 0.67 0.674 0.654 0.625 0.95 0.863
CnCirE10344 0.389 0.081 0.767 0514 0.375 0512 0.922 0.934
CnGirC7,s7 0.378 0.662 0.027 0.155 0.563 0.279 0 0.839
Mean introgression index (7) 1.000 0.000 0.254 0.509 0.407 —0.065 0.866

Shannon’s mutual information index (Sh), frequencies of six subpopulation-diagnostic microsatellite alleles by population grouping, coefficients of determination (R?),
and mean introgression index values (7). Population groups correspond to Table 1. The introgression model assumes admixture between group A3 (Southeast Asia,
populations 4-6) and group B1 {Indo-Atlantic, population 15).

doi:10.1371/journal pone.0021143.1002

coconut type) where they predominate, although most compo- the genetic isolation of the Indian Ocean from the Pacific
nents span multiple regions, as described below. populations, consistent with long-term evolutionary divergence

Table 3a presents pairwise distances calculated in Structure between the two lineages. The main interest of Jost’s measure is
(above diagenal) and Jost’s [28] relative differentiation (D) (below that differentiation and diversity represent structurally indepen-
diagonal) for these five subpopulations. Both measures highlight dent between- and within-population diversity compenents. As a

Comoros

Seychelles

Dwarfs

Madagascar

PACIFIC ‘\
OCEAN
] 1: “Indo-Atlantic” [] P:“PNG” [ P: “Pacific” (<80% Dwarf, Panama, PNG, or S. Pacific) Navigation routes
Il P: “Dwarf’ [ P:“s. Pacific” —_ /;;l:kt)I:neSIans
—
[ P: “Panama” [ vP: “Admixed” (20% < Indo-Atlantic <80%) > Europeans

Figure 2. Geographical distributions of Indo-Atlantic and Pacific coconut subpopulations. Subpopulation designations correspond to
assignments at Q=80% membership in Structure analyses at K=5. ' and ‘P’ prefixes in the legend indicate ‘Indo-Atlantic’ and ‘Pacific’ population
assignments at K=2 assumed populations (=80% membership; see Fig. 1). Lines indicate proposed coconut dispersal routes by humans. Pie chart
labels correspond to the following countries (ISO abbreviations) and sample sizes: A=IND, LKA, SEY {114); B = BEN, CIV, CMR, GHA (29); C=JAM, MEX
{(Atlantic) {13); D=BRA (72); E= KEN, MOZ, TZA {116); F =MAD, COM (65); G = Dwarf {54); H=CHN, KHM, MYS, THD, VNM {66); | =IDN (25); J= PHL {46);
K=PAN (105); L=MEX (Pacific) (43); M=PNG (141); N=KIT, MHL, TUV {43); O=NCL, 5LB, VUT (360); P =COK, FJI, PYF {30). Inset: subpopulation
compositions for Madagascar, Comoros, and Seychelles. Pie chart composition is selected to reflect geographical population structure and does not
correspond directly to GPC/CIRAD designations in Table 1.

doi:10.1371/journal.pone.0021143.g002
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Table 3. Distances (Dy ), differentiation (D) and diversity
parameters for populations identified by Structure®®.

Indo-Atlantic Panama Dwarf S. Pacific
(1a) {PAN) {DW) PNG (sP)
a)
1A — 0.566 0.469 0.365 0377
PAN 0.890 — 0.221 0202 0221
DwW 0.878 0.348 —_ 0.101 0.129
PNG 0.800 0.363 0.221 — 0.032
sP 0.824 0.396 0.283 0.085 —
b)
H 0.464 0.264 0.468 0623 0620
J 0.536 0.736 0.532 0.377 0.380
A 1.866 1.358 1.878 2655 2635

E)pairwise distances {above diagonal) and differentiation measures (D, below
diagonal) between populations;

Bexpected proportions of homozygotes (), heterozygotes (H), and diversity (A).

doi:10.1371/journal.pone.0021143.t003

result, the range of variation of D between the Indian and Pacific
populations (0.800 0890) is much narrower than in the distances
(0.365 0.566), which are, by construction, correlated with
heterozygosity (see Table 3b). Jost’s D is also related to Nei’s
distance measure (Dp;= —In(l1—D) [29]), which yields values
ranging from 1.60 to 2.2]1 between Indo-Atlantic and Pacific
populations. These values are 3.2 4.4 times greater than the
largest value between Pacific compenents (0.504 between Panama
and South Pacific), further illustrating that Indo-Atlantic and
Pacific coconuts diverged from each other long before any
divergence within the Pacific.

To assess the geographical distribution of the five population
components, we assigned accessions to one of seven categories
based on population membership coefficients at K = 5: accessions
with membership coefficients of Q>>80% were assigned to each of
the five subpopulations (Indo-Atlantic, Dwarfs, Panama, Papua
New Guinea, South Pacific); those with 20 80% Indo-Atlantic
membership were defined as ‘admixed’; and remaining accessions
(i.e., those with <<20% Indo-Atlantic membership and with <<80%
membership in any single Pacific subpopulation) were assigned to
a generic ‘Pacific’ class. Figure 2 shows the worldwide geograph-
ical distributions of these seven categories. In the descriptions
below, letters in parentheses correspond to pie chart labels in
Figure 2.

South Asia, Africa and the Caribbean. As is observed at
K =2, the Indian Ocean component predominates in South Asia
and the Seychelles (A), as well as in West Africa (B), the Caribbean
(C) and Brazil (D) (Fig. 2). Historical records indicate that coconut
was unknown in the Caribbean and Atlantic basins until after
European colonization [8]; the low level of Pacific admixture in
these regions shows that these introductions did not invelve
admixed populations such as those found teday in East Africa (E)
or in the western Indian Ocean (F) (Figs. 1, 2). In the admixed
populations (E, F), approximately 75% of the Pacific contribution
can be assigned to the ‘Dwarf and ‘Pacific’ population
components, consistent with Austronesian introductions from
island Southeast Asia (see above; Table S1).

Southeast Asia and Pacific Neotropics. Admixture from
the Indo-Atlantic subpopulation is evident at a low frequency in
the Pacific coconuts of continental Southeast Asia (H), especially in
Thailand, Malaysia, and Cambodia (Fig. 2; Table S1). This
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pattern may reflect the geographical proximity of these regions to
eastern Indian Ocean populations (e.g., Andamans), or longer-
distance trading with South Asia (see, e.g., [30]). Interestingly, the
‘Dwarf’ population component, characteristic of self-pollinating
Dwarf cultivars (G), is shared with Talls of Scutheast Asia (H, I
and J). Previous analyses have suggested that the Dwarf varieties
originated the Pacific (e.g., [5]). The present data strongly suggest
an origin for these varieties specifically in Southeast Asia.

Pacific coast ‘Panama Tall’ coconuts (K) are characterized
predeminantly by the ‘Panama’ population component. This
component is absent elsewhere, except in the Philippines (J) where
it occurs at a low frequency (Fig. 2; Table S1). This pattern is
consistent with the previously proposed origin of these varieties
through a prehisteric introduction from the Philippines [7]. In
contrast, the Pacific coast of Mexico (L), which was also populated
largely by Philippine coconuts  but in post-colonial times and
through multiple introductions [2]  shows a genetic composition
that more closely reflects the genetic heterogeneity of the
Philippines (Fig. 2). The small contribution of the ‘South Pacific’
component in Mexico may reflect early Spanish importations from
the Solomon Islands [2].

South Pacific. In Papua New Guinea (M) and in Micronesia
(N), the ‘PNG’ population component predominates. The
apparent presence of Indo-Atlantic admixture in Micronesia (N,
Fig. 2) may reflect European introductions from South Asia during
the period when both regions were under British administration;
the shared occurrence of similar green-fruited Dwarf varieties in
Sri Lanka and Micronesia (Table S1) is consistent with this
hypothesis. To the south and east of Micronesia, the proportion of
the “‘South Pacific’ population component increases. Coconuts in
Melanesia (O) are of similar genetic composition to those from
Polynesia (P). More than 50% of the individuals in these regions
are predominantly of the ‘South Pacific’ component (Table S1).
This includes an cutcrossing, compact-growth variety, nu leka’
(‘Fiji Dwarf’), which represents an independent origin of the dwarf
habit, distinct from the widely-cultivated self-pollinating Dwarfs of
Southeast Asian origin (Tables 1, S1).

Discussion

Independent domestications of Pacific and Indo-Atlantic
coconuts

A striking observation from our worldwide analysis of coconuts
is the high level of genetic differentiation between Pacific and
Indian Ocean samples (Table 1, Fig. 1; Fig. S2); 33% of the total
observed wvariation is partitioned between the two genetic
subpopulations corresponding to the two ocean basins. This
finding has several important implications for coconut domestica-
tion. First, it makes it clear that Cocos mucifera is a native species of
both the Indian and Pacific Oceans, with a long-standing
evolutionary presence in both ocean basins. Fossil data from the
Palaeocene also support the long-term presence of coconuts (or
coconut-like species) in both the Indian and Pacific basins [31,32].

In addition, the clear genetic differentiation between the Pacific
and Indian Ocean lineages allows us to conclude definitively that
coconuts were brought into cultivation independently in each of
these regions. In the Pacific, the phenotypic diversity and
population heterogeneity associated with a region extending from
the Malay peninsula to New Guinea (Table 1, Fig. 2) point to that
area as a likely center of demestication. This region (‘Malesia’) was
earlier claimed as the center of domestication for coconut [33].
Island Scutheast Asia has also recently been identified as one of
several centers of domestication for swine [34], an indication that
this was likely an active area of agricultural development. For
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Indian Ocean cocenuts, archaeclogical and archaecbotanical
findings (coconut shells and sennit rope) from Arikamedu (near
Pondicherry) [35], together with Proto-South Dravidian linguistic
evidence [36] and ancient Ayurvedic texts [37] suggest that
coconuts were already in cultivation in the southern Indian
subcontinent around 2,500 3,000 years ago. Our genetic data,
when taken together with these other lines of evidence (see also
Supporting Information, Text S1; Table S4), suggest that the
region encompassing the southern periphery of India, including
Sri Lanka, Maldives, and Laccadives, represents a likely center of
coconut domestication. These two proposed centers of origin are
consistent with those proposed in the 1930s by Vavilov, who also
envisioned two centers of origin, cne in India and one in the
region spanning Indo-China and the Malay archipelago [38].
Interestingly, these two domestication events are associated with
markedly different patterns of phenotypic diversification and
population substructure. The Indo-Atlantic group shows only
moderate gene diversity (Table 1), it is adequately represented by a
single genetic subpopulation (Fig. 2), it comprises only the Tall
growth form, and its fruit is almost exclusively the elengated (and
presumed ancestral) ‘ni kafe’ type. This group also remained
confined within the Indian Ocean basin until the European
colonial era. In contrast, the Pacific group has higher levels of gene
diversity (Table 1), it shows evidence of genetic heterogeneity and
population substructure that are correlated with its
geographical distribution (Fig. 2), and it is phenotypically diverse.
Pacific coconuts include Talls but are also the source of the widely
disseminated, self-pollinating Dwarfs, which our data suggest
originated in Southeast Asia (Fig. 2). An additional compact-
growth form, the outcrossing Polynesian ‘nu leka’ (‘Fiji Dwarf’)
variety, also arose in the Pacific group (Table 1; Table S1). While
the Pacific coconut fruit is predominantly of the round ‘nu vas
type, the ‘niu kafa’ form is alse present, including in Samoa where
these names originate. Moreover, unlike the geographically limited
Indian Ocean coconuts, Pacific coconuts had become widely
distributed throughout the Pacific basin, including the New World
tropics, before any European contact. Thus, there is a fundamen-
tal asymmetry in the genetic heterogeneity, phenotypic diversity,
and regional and global impacts of these two domestication events.

wide

Genetic impacts of coconut dispersal by humans

The genetic distinctness of the Indo-Atlantic and Pacific
coconut lineages facilitates our ability to track the genetic
footprints of human introductions around the world. Most striking
is the genetic admixture in the western Indian Ocean reflecting
Pacific coconut introgression. Our analyses suggest that admixed
coconuts predominate in the region corresponding to the ancient
Austronesian trade route connecting Southeast Asia to Madagas-
car and coastal east Africa; in contrast, no admixture is evident in
the more northerly Seychelles, which fall outside the trade route
(Table 2; Fig. 2). The influence of Austronesians along this
corridor is well documented [39], perhaps most notably in its
lasting impact on human population structure (e.g., [40]).
Interestingly, like coconut, a recent study of rice in Madagascar
also indicates a shared role for crop varieties originating from
Southeast Asia (japomica rice) and the Indian subcontinent (indica
rice), with admixture in Madagascar [41].

Admixture between Pacific and the Indian Ocean coconuts was
likely further promoted by the later presence of Arabo-Persian
merchants who regularly visited East Africa, trading coconut and
favoring its cultivation [42]. Archaeobotanical sources from
Pemba [43] show the importance of coconuts from 700 1500
CE in the food culture influenced by Islamic traders in the Indian
Ocean. This dual dissemination of the cocenut in the Indian
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Ocean, first by Austronesians and later by South Asians and
Arabs, has been well captured linguistically by Allibert [27]: “I
have been able to follow the diffusion of the coconut palm from
the East to the West, through the Austronesian terms buahniu
(Bali)/voamio (Madagascar), not to mention ven in the Loyalty
Islands, but also from narikele (Sanskrit)/nargil (Arabic, Persian)/
mnazi (Bantu), a double linguistic pathway for the same tree, the
one directly across the Indian Ocean, the other via the north of the
same ocean.”” Recent observations of genetically admixed coconut
populations in Oman [44] further support this dissemination
history.

Within the Pacific basin, human influence on coconut
population structure is most readily detectable in the pre-historic
introduction of Southeast Asian coconuts to the New World coast.
This introduction is estimated to have occurred ~2,250 years ago,
and our analyses are consistent with previous findings suggesting a
Philippine origin (Fig. 2; ref [7]); the low genetic diversity in
Panama Talls provides further evidence of establishment through
a founder event (Table 1). Later European influences are apparent
in the Spanish establishment of Mexican populations (see ref [2]);
the clear Pacific composition of these coconuts stands in marked
contrast to European introductions into the Caribbean and
Atlantic basins, which appear to be of Indian origin (Figs. 1, 2;
Fig. 82; Table S1). Historical records confirm that the Portuguese
established coconut plantations in West Africa, Brazil, and later
the Caribbean after Vasco da Gama’s 1498 expedition to the
Indian Ocean [8]. In the Old World portion of the Pacific basin,
our analyses reveal geographical substructure in a pattern that
could plausibly reflect human dispersal of coconuts out of the
proposed Southeast Asian center of domestication (H, L, J; Fig. 2)
and south and east towards Polynesia (M and N; Fig. 2) (see also
discussion in ref [45]).

Conclusions

In the most extensive genetic analysis of coconuts to date, we
find evidence for independent origins of coconut cultivation in the
Pacific and Indian Ocean basins. Interestingly, despite the long-
term, extensive movement of coconuts by humans both within and
between these oceanic basins, most contemporary coconuts do not
show evidence of substantial genetic admixture between the two
major genetic subpopulations (Fig. 1; Fig. 82). Given the absence
of any known reproductive isolating barriers, the high level of
genetic differentiation between these subpopulations suggests a
long period of isolation prior to human influence. In this light, the
predominance of genetic admixture in the western Indian Ocean
(Figs. 1, 2; Tables 1, 3) suggests that humans likely played a
prominent role in the establishment and propagation of coconuts
in that region.

Besides revealing basic insights into the cultivation and dispersal
history of this iconic tropical species, our findings may also
facilitate efforts to protect the viability of the coconut as a crop
species. Coconut lethal yellowing, a phytoplasma infection, has
reached epidemic levels in the Caribbean and other regions of the
Neotropics; susceptible trees typically succumb within a year of
infection. Knowledge of the worldwide genetic structure of the
coconut, including regions where genetic admixture has generated
augmented levels of genetic diversity (e.g., Madagascar; Table 1),
may ultimately prove useful in targeting source populations for
disease resistance and other crop improvement traits.

Materials and Methods
GCP/CIRAD accessions correspond to those in the GCP
database (http://gcper.grinfo.net/index.php); growth form, vari-
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ety name, source country, and germplasm group assignment are
indicated in Table S1. An additional 112 coconut palms were
sampled from populations occurring on the islands of Mada-
gascar, Comoros and Seychelles. Portions of emerging leaf fronds
were collected from the crowns of trees; tissue samples were
dried in silica gel desiccant for DNA extraction. Voucher
herbarium specimens for the Indian Ocean collections are
housed at the Missouri Botanical Garden (MO). Sampled
accessions represent 11 locations on Madagascar, 5 on Comoros,
and 6 on the Seychelles (Table Sl). Genomic DNA was
extracted using DNeasy Kits (Qjagen, Valencia, CA) at
Washington University.

Genetic analyses were performed using ten microsatellite loci
(CnCrF2, CnCrCl12, CnCrE10, CnCrA9, CnCrC7, CnCrB6,
CnCrE12, CnCrA3, CnCrGl1 and CnCrH7). Genotyping of the
GCP/CIRAD collection is described in ref [20]. For Indian
Ocean accessions, PCR amplifications were performed using
similar conditions, and products were separated on an ABI Prism
3130 genetic analyzer at Washington University. Control DNAs
with known allele lengths were amplified for all ten loci to
standardize scoring of allele sizes. Data were collected and
assembled with Genotyper 2.5 software (Perkin Elmer Biosystems).

Genetic Analyses

Analyses of genetic diversity and AMOVA were performed with
GENALEX 6 [46]. To investigate population structure we used
Bayesian clustering methods as implemented in Structure 2.3 [24]
and InStruct [26). InStruct is similar to Structure but relaxes
assumptions of Hardy-Weinberg equilibrium within subpopula-
tions. For Strnucture analyses, the number of subpopulations, K, was
set at values ranging from 1 10, with 20 replicate runs apiece
(100,000 burnin, 1,000,000 runs). An admixture ancestry model
was selected with allele frequencies correlated. For the optimal
inferred K value (K=2), we employed CLUMPP version 1.1.2
[47] to confirm the similarity of clustering memberships among
multiple Structure runs (the maximum H’ value was >0.9995 at the
optimal inferred K value). InStruct analyses were performed using
the Cornell University BioHPC web portal (http://cbsuapps.tc.
cornell.edu/InStruct.aspx). The program DISTRUCT [48] was
used to visualize outputs from CLUMPP and InStruct analyses.

Because Dwarf accessions are highly homozygeus and show
little genetic diversity, clustering analyses were performed both
with and without Dwarfs to test for potential artifacts created by
their inclusion; excluding these accessions did not substantially
alter inferences. In additional analyses, we applied explicit spatial
clustering as implemented in BAPS [49] and GENELAND [50].
However, results were highly biased towards sampling location, a
reflection of the pan-global distribution of our dataset, and were
not included in further analysis.

Introgression index

To test for Pacific introgression into the Indian Ocean
populations, we defined ‘diagnostic alleles,” ie., alleles that are
differentially represented in GCP/CIRAD subgroup A3 (a
representative Pacific subgroup) relative to subgroup Bl (repre-
sentative Indo-Atlantic), and we selected them using Shannon’s
mutual information [51,52] (Table S3). We calculated the entropy
of allele « in population A3 as a function of p, its frequency in
population A3: Aya) = —pulog pua—(1 —paslog(l—puq). Likewise,
we calculated /iz(a) based on p,z its frequency in population Bl and
h1{a@), based on p,7= Y2(puutp.5). The mutual information quantity
between a (the allele) and G (the group) is thus faG)=
h{@)— V2[ha(ay+hg(@)]). Expressed in Shannen units (Sh, using base
2 logarithms), the mutual information quantity may range from 0
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(same frequencies in A3 and Bl) to 1 (the allele is specific to one
population). We retained alleles corresponding to the six top
values.

Based on the frequencies of these alleles in six groups (A3, Bl,
B2, Madagascar, Comoros, and Seychelles), we then calculated
‘introgression indices’ for each allele: 7,=(J,—X)/(¥,—X,)
where X, ¥, and £, are the respective frequencies in Bl, A3,
and the four other groups. Indices 7 and « refer to group and allele,
respectively. The mean of the index over all alleles (7)) is an
estimation of the percentage of alleles from Southeast Asia in each
group. Finally, we assessed the consistency of the introgression
model by calculating the coefficient of determination R” of the
regression of the frequencies of each allele on 7, (excluding groups
Bl and A3).

Differentiation measures

Jost [29] shows that Nei’s heterozygosity () and the associated
Ggr are not adequate measures of diversity and differentiation,
respectively. He suggests instead using the reciprocal of Nei’s
identity as a measure of diversity, and he derives absolute and
relative measures of differentiation. These measures are, respec-
tively, Asz=A7/As=]Js/J7 and D=(7/Fs —1)/[(1/n—1]. In
these formulae, 7= 1— Frefers to Nei’s identity and is the expected
proportion of homozygotes in a population. Js is the average of
Nei’s identities in the sub-populations. The within-population
component of diversity is Ag=1/FsThe total diversity is Ay=1/
Jr where Fr is calculated based on the allele frequencies in the
pocled population. We derived these parameters from the Structure
outputs (heterozygosities and distances).
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5.1 ABSTRACT

Premise of the study: The C-value or a species’ nuclear DNA content has
significant evolutionary associations with growth, development and adaptation
to environmental changes. Angiosperm C-values range 1200-fold and
intraspecific variations occur frequently in commonly cultivated plants, but little
is known about domestication impacts on genome size. Here we examined
genome sizes representing coconut genotypes worldwide and members of the
Attaleinae (Arecaceae). Our objectives were to 1) estimate the coconut’s
genome size, 2) determine intraspecific DNA ploidy levels, 3) to test whether
Dwarf genome size is less variable than Tall cultivars and 4) to reconstruct
ancestral genome sizes of the Attaleinae.

Methods We used flow cytometric analysis of isolated nuclei in order to estimate
genome size from young palm leaf material. Ancestral genome size
reconstruction was based on maximum likelihood phylogeny from sequences of
seven WRKY loci.

Key Results The coconut’s genome size show intraspecific variation associated
with domestication. Variation among Tall cultivars was significantly different
compared to Dwarfs. Comparison of Attaleinae genomes showed moderate
variation across genera, except for Jubaeopsis caffra, Voanioala gerardii,
Beccariophoenix alfredii and Polyandrococos caudescens for which polyploidy
led to increased genome sizes.

Conclusions Results contribute to the understanding of domestication on
genome size of long-lived tree crops, and have important implications for
implementation of whole genome sequencing of the coconut and other
domesticated plants. Polyploidy evolved independently in two clades within

Attaleinae.

114



e Key words: Attaleinae; C-value; Cocos nucifera L.; domestication; flow

cytometry, genomic evolution; genome size, nuclear DNA content; ploidy.

115



5.2 INTRODUCTION

The nuclear DNA content of a species has major effects on the growth, meiotic
and mitotic cycles and expansion of cells. Therefore DNA content affects the
individual’s morphological and physiological development as well as adaptations to its
environment (Price and Baranova, 1976; Bennett, 1998; Knight, Molinari, and Petrov,
2005). The C-value (holoploid genome size) of a species corresponds to the DNA
amount in its unreplicated haploid or gametic nucleus (pollen or sperm), regardless of
its ploidy level (Swift, 1950; Greilhuber et al., 2005) and is measured in picograms (pg)
or base pairs (bp). Large variation in C-values may have consequences or costs to the
organisms and several studies have shown that C-values are often associated with
ecological constraints (Bennett, 1987; Knight, Molinari, and Petrov, 2005), temporal
shifts in phenology (Grime and Mowforth, 1982), sensitivity to ionizing radiations and
climatic changes (Sparrow and Miksche, 1961; Sparrow and Sparrow, 1965; Sparrow,
Schwemmer, and Bottino, 1971). The minimum generation time (MGT), defined as the
time from germination until the first production of mature seed is positively correlated
with the C-value of the species, suggesting that species with smaller genomes have
shorter generation times. In flow cytometry, C-values are estimated from the dominant
G1 peak of fluorescence and ploidy levels may also be detected by the numbers of
dominant peaks.

The C-value is equivalent to genome size in diploid species but is always greater
than the genome size(s) in polyploids (Bennett, Bhandol, and Leitch, 2000). Indeed, a
diploid plant has two genomes, after gametic fertilization, whereas a polyploid has more
than two genomes as a result of either autopolyploidization, allopolyploidization or
hybridization (Stebbins, 1959). Polyploidy is known to occur among 80% of
angiosperms (Masterton, 1994). It is an important phenomenon in the evolution of

higher plants (Leitch and Bennett, 1997) and a driving force in evolution (Rieseberg,
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2003). Polyploidy is also common in domesticated plants where it is detectable in major
crops such as cereals (wheat and rye), maize, cotton, potato, banana, sugar cane and
coffee (Gaut and Doebley, 1997; Wendel and Cronn, 2003; Heslop-Harrison and
Schwarzacher, 2007) and adds complexity to identifying the wild ancestors of the
domesticate (Olsen and Wendel 2013). Understanding the impacts of ploidy levels on
the genome size is informative since gene duplications can play an important role in
epigenetic gene silencing or expression and provide protection against harmful viruses
and transposons (Pichersky, 1990).

Chromosome numbers (2n), C-values and ploidy levels are tightly linked and
remain constant for most species; nevertheless, there are exceptions where variations do
occur. Intraspecific variation in C-values is not rare despite having no change in
chromosome number. Domesticated crops such as Zea mays (all with 2n = 20) showed
37% variation among the cultivar lines (Laurie and Bennett, 1985) and Poa annua (2n =
28) showed 80% variation (Grime, 1983). The switchgrass, Panicum virgatum L. is a
North American native perennial cultivated for pastures, rangelands and fuel biomass.
Cytological studies reveal that it is a polyploid series from diploid (2n = 18) to
dodecaploid (2n = 12C = 108) (Church, 1940; Riley and Vogel, 1982).

Angiosperm C-values range from 0.1 to 127.4 pg (Bennett, Bhandol, and Leitch,
2000), and each value is characteristic of a given species. The palm family (Arecaceae)
is among the most diverse, with C-values ranging from 0.9 to 30 pg (Angiosperm 1C-

values database (http://data.kew.org/cvalues/). Within the Cocoseae tribe Voanioala

gerardii J. Dransf., a polyploid (1C-value = 30 pg; n= ca. 300) shows the highest C-
value. Syagrus and Attalea sister clades of Cocos nucifera (Meerow et al. 2009, 2014)
are Neotropical and highly speciose.

The coconut palm Cocos nucifera L. (Arecaceae) is cultivated globally on over

12 million hectares in the humid tropics. C. nucifera L. (2n = 32) (Nambiar and
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Swaminathan, 1960; Abraham and Mathew, 1963) and is the only species of its genus.
Coconuts are economically important for millions of people depending on this palm for
their livelihoods (Batugal, Bourdeix, and Baudouin, 2009). Cocos nucifera is best
regarded as a semi-domesticated species, a complex of local populations with all
degrees of dependence upon man, from nil to complete (Sauer, 1971). Although Harries
(1978) distinguishes “domesticated” and “wild” coconuts, this distinction refers to an
ancient domestication event and he acknowledges that both types are indifferently
cultivated nowadays. Wild populations do exist but only in a few locations (Foale,
2005) but some of them might be feral ie: formerly cultivated population surviving
spontaneously.

At the other end of the range, Dwarf coconut can be regarded as the most
completely domesticated type (Gunn, Baudouin, and Olsen, 2011). This coconut type is
usually grown near human habitations and account for only 5% of coconuts globally
(Bourdeix et al., 2009). Its self-pollinating habit makes it possible to propagate a
desirable genotype true to type, and to screen rare off-types based on recognizable
phenotypic markers such as fruit color and shape. The Dwarf coconut is precocious and
becomes reproductive usually after four years. It is especially appreciated from the
water of its immature nuts and its slow growth makes harvesting relatively easy for
most of its relatively short lifespan (ca. 35 years). Finally, it is dependent on human
cultivation because it is a poor competitor in natural stands or in mixed plantings due to
its short lifespan and to its reduced vigor. The Tall coconut lacks most of the
“domesticated” features found in the Dwarf. It is predominantly cross-pollinating and
highly heterozygous. It is fast growing and becomes reproductively mature later, usually
after seven years and lives for 70 years or more. In some cases, the influence of
selection under cultivation besides Talls and Dwarfs, relatively rare types are observed:

Semi-Talls are self-pollinating like Dwarfs but relatively more robust. The “compact
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Dwarf” represented by the Niu Leka Dwarf from the South Pacific is not related to the
other Dwarfs. It is cross-pollinating, and as vigorous as a Tall but and owes its small
size to a marked reduction in internode length and in the distance between leaflets.

To date, genome size estimates exist only for 3% of palm species, principally
based on Feulgen-microdensitometry methods. Flow cytometry has become the
predominant method not only for ploidy studies and determination of absolute DNA
contents of cells, due to its high sample throughput and relative ease of sample
preparation (Dolezel and Bartos, 2005; Dolezel, Greilhuber, and Suda, 2007).
Intraspecific genome size has been shown to vary between cultivars and wild
progenitors in Angiosperms (Greilhuber, 2005), and such subtle changes may be
detected only when using flow cytometry.

In coconut, genome size values have been recorded, ranging from 5.1 pg (Roser,
Johnson, and Hanson, 1997); unknown coconut variety, root tips) to 5.6 £ 0.2 pg
((Sandoval, Hocher, and Verdeil, 2003); Malayan Yellow Dwarf, callus tissue).

Determination of the genome sizes of cultivated coconuts and ploidy level are
essential prerequisites for sequencing the coconut genome. This will provide precise
calculation for the optimal depth of reads required and accurate assembly and
annotations of the coconut genome. Genome sequences have been recently generated
and made publicly available for two palm species of major economic importance: the
date palm (Al-Dous et al., 2011) and the oil palm (Singh et al., 2013). For the coconut
palm, future genome sequencing will be integral to identifying genes responsible for
disease resistance and many other genes of agro-ecological interest such as drought or
salt tolerance. The integration of gene discovery and Marker Assisted Breeding will
pave the way for the generation of new coconut cultivars, which will be better adapted

to changing agro-climatic conditions.
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It is not known if the phenotypic differences such as dwarf habit and fruit
morphology between the Dwarf and the Tall cultivars and their generation times (three
vs seven years) would have impacted their genome size. In this study, we explored
genome size variation using flow cytometry of 21 coconut cultivars including two wild-
sown coconuts representing a total of 23 genotypes from across the globe. Our
objectives were to: 1) estimate the coconut’s genome size, 2) determine intraspecific
DNA ploidy levels, 3) test whether Dwarf genome size is less variable than Tall and 4)
reconstruct ancestral genome sizes of the Attaleinae.

5.3 MATERIALS AND METHODS

5.3.1 Plant Material—We sampled immature leaves from 23 adult palms originating
from 23 coconut populations chosen to cover the genetic diversity (Appendix 1). Two
of them were self-sown, putatively wild, populations from Australia (Mission Beach,
lat. -17.869121°, long. 146.106338° and Lizard Island, lat. -14.667717°, long.
145.446729°). The others were traditional and advanced cultivars from the
collection maintained at the Marc Delorme Research Station (CNRA Coéte d’'Ivoire).
They include seven self-pollinating Dwarf cultivars, 15 cross- pollinating Tall
cultivars, one cross-pollinating “compact Dwarf” cultivars and three population
hybrids (one Tall x Tall and two Dwarf x Tall).

Fresh leaf material was collected from the unopened spear leaf of the palm
whenever possible. In addition, we sampled leaf material for 16 species across 9 genera
of the Cocoseae: Attalea, Bactris, Beccariophoenix, Butia, Elaies, Jubaeopsis,
Lytocaryum, Polyandrococos and Sygarus from the living collections of the Royal
Botanic Gardens, Sydney, Australia. We wrapped approx. 4 cm length of each leaf in
moistened tissue paper and placed it into an envelope kept at 4°C to preserve it during

transportation to the IRB laboratory in Montpellier, France.
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5.3.2 Estimation of 2C-value—To determine genome size, we first used razor
blades to chop coconut and Petunia hybrida E. Vilm. leaves in order to extract nuclei.
The P. hybrida Px PC6 (Vilmorin), 2C = 2.85pg was grown in the greenhouse and used
as calibration standard following Coba de la Pefia and Brown (2001). Approximately 1
cm’ of fresh leaves were chopped in 500 pL of Dolezel’s lysis buffer (Dolezel,
Binarova, and Lucretti, 1989) with the following modifications: no spermine was added
and we replaced -mercaptoethanol with 10 mM sodium metabisulphite which was
added immediately before use (Rival et al., 1997). The lysate was then filtered through
disposable filters using 20 pm nylon mesh (Partec CellTrics®) in order to isolate nuclei
from cell debris and aggregates. Then 500 pL of the filtrate was pipetted into a new
disposable tube and 20 pL of DAPI (4’,6-diamidino-2-phenylindole, dihydrochloride)
fluorochrome solution (0.1mg mL™") was added, for a final DAPI concentration of 4 pug
mL™". After homogenizing and stabilizing for 5 minutes at room temperature, the stained
nuclei suspensions were analysed.

We measured the relative fluorescence intensities from stained nuclei using a
Beckman-Coulter CyAN™ ADP flow cytometer (Beckman Coulter Inc., U.S.A.) with
at least 500 nuclei analyzed per run. We repeated measurements of the G1 peaks (non-
replicated phase of the cell cycle) for each coconut cultivar 3-5 times with internal
standards and used the means (p £ s.d.) in our assessment of the absolute value of the

coconut’s genome size, yielding graphical outputs such as illustrated in Figure 1.
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Fig. 1. Examples of flow cytometry histograms. A: Peak A: Petunia standard alone; B:
Peak A: Petunia standard, Peak B: Cocos nucifera L. G1 represents the non-replicating
cell phase.

5.3.3 Data Analysis—The first step of data analysis consisted of a visual
examination of the cytometer plots (Fig. 1) to exclude unreliable runs (i.e. the
observations with a low signal to noise ratio, mainly due to insufficient quality of plant
material). Calculations and graphical representation were carried out with R software
(Chambers et al., 1983; R Development CoreTeam, 2011). The proportionality of the
DAPI values between the coconut genotypes and the internal standard (Petunia hybrida)
was checked through regression analyses to determine the correlation between the DAPI
values of the internal standard and coconut genotypes. Genome size for each sample
was estimated as Gc = D¢/Ds*Gg where D¢ is the DAPI value of coconut, Dg is the
DAPI value of the standard, and Gg is the genome size of the standard (2.85 pg for
Petunia). We examined variation in genome size among cultivar and species using
ANOVA and we applied the F-test to determine the significance of the values. We
tested for possible effects of domestication on genome size of Cocos nucifera by
forming two groups: Tall, and Dwarf again using ANOVA. Finally, we used boxplots to

visualize the variation in DNA amount in the Dwarf, and Tall coconut ecotypes.
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5.3.4 Ploidy level—Ploidy in flow cytometric assays equates to a constant DNA
quantity (C value) of the complete chromosome complement with respect to a published
reference standard of known ploidy. We determined the ploidy level of the coconut
from the positions of the G1 peaks in cytometry histograms. The presence of polyploidy
is reflected in the position of the dominant G1 peak and the appearance of more than
one dominant peak apart from the internal standard.

5.3.5 Evolution of 2C value in Attaleinae—We estimated the absolute genome
size of the 13 species using flow cytometry and obtained C-values for an additional five
species from the Angiosperm 1C-values database (Appendix 2). To determine the
topology of the evolutionary tree of the A#taleineae, we used seven WRKY nuclear loci
from Meerow et al. (2009), concatenated to sequence length of 5.648 kb for 56 taxa
across the Attaleinae available from Genbank. We conducted maximum likelihood
analyses using PHYML software (Guindon and Gasceul, 2003) implemented through
Geneious 6.1.7 (Biomatters Dev. Team 2013) with the following criteria: initial BioNJ
tree, NNI topology search, GTR substitution model, discrete Gamma model, 4
categories, random seed and 100 bootstrap replicates.

We applied the maximum likelihood approach as described in Pagel et al. (1999)
for ancestral character reconstruction as implemented in Mesquite. The maximum
likelihood trees (100) were imported into Mesquite Version 2.5 (Maddison and
Maddison, 2008) and a character matrix of 2C values for 19 taxa were appended to the
DNA sequences. We traced the 2C values sizes as continuous characters on to the ML
tree in order to infer ancestral state likelihoods. We used Bactris and Elaeis as
outgroups for the non-spiny Attaleinae.

5.4 RESULTS
5.4.1 Proportionality of DAPI values with internal standard—The results from

the regression analysis of the DAPI values for the coconuts against the internal standard
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(Petunia hybrida) were highly correlated (corrected R*=0.9997 when the intercept was
fixed to 0) confirming their proportionality. The proportionality coefficient was 2.0921
+ 0.0041 (mean + s.¢.). This enabled the use of the ratio of the coconut DAPI values to
the internal standard to calculate the absolute genome size of the coconut ecotypes (see
Appendix 1).

The observed value of DNA contents ranged between 5.720 and 6.250 pg, 50%
of them being in the 5.915 — 6.020 pg range. We noted that the variation of genome
sizes of the Dwarfs is about half that of the Tall ecotypes. The summary statistics for
DNA contents in the two groups of coconuts are given in Tables 2A-C and illustrated in

Fig. 2.
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Fig. 2. Boxplot of estimated nucleus DNA content. The thick horizontal line
corresponds to the median, the limits of the boxes are the first and the third quartiles.
Individual observations are represented by dots.

5.4.2 Variation of genome size in coconut— The overall mean of genome size
was 5.963 pg. We performed an analysis of variance (ANOVA) based on 16 Tall and 7
Dwarf coconuts (Table 1). The residual standard deviation was 0.0641 pg. This

represents the uncertainty due to the breadth of the peaks and to random fluctuations of
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the experimental conditions. In average, Tall and Dwarf coconuts differed in genome
size (F=11.33, P value = 0.001). There were also significant differences among Talls
(F=10.43, P value=2.78 10" but Dwarfs were not significantly different (F=1.34, P
value = 0.254). The estimated mean and confidence interval (=0.05) of genome size
are 6.00 [5.97 — 6.03] and 5.95 [5.74 — 6.16] in Dwarfs and Talls respectively. This
takes into account both empirical errors and the estimated variance of genome size (in
Talls). Although the genome size in Dwarf is superior to the average genome size of
Talls, it remains within the range of Tall coconuts. It is also the case of the three
additional individuals we sampled in population hybrids (one Tall x Tall 2C=6.13 pg
and two Dwarf x Tall, 2C=5.90 and 5.92 respectively).

Our results reveal limited (CV=2%) but significant variation in genome size in
coconut. These variations occur both in the Indo-Atlantic and in the Pacific genetic
groups (respective a = 0.05 confidence intervals [5.79 — 6.25] and [5.76 — 6.04]), but

not among Dwarfs.

Table 1. ANOVA of estimated 2C-values (pg).

Df Sum Sq Mean Sq F value Pr(>F)
Between types 1 0.04664 0.04664 11.33 0.00138
Within Dwarf type 6 0.03310 0.00552 1.34 0.25479

Within Tall type 15 0.64373  0.04292 1043  2.775x10"
Residuals 56 0.23043 0.00412

5.4.3 Genome size of Attaleinae

Within the Attaleinae subtribe, the holoploid genome sizes were as follows:
Voanioala gerardii = 60 pg (Johnson et al. 1989), Allagoptera caudescens (Mart.)
Kunze = 10.70 pg, Attalea sp. = 4.02 — 4.34 pg, Butia sp. = 3.06 — 3.42 pg,
Beccariophoenix sp. = 3.6 — 7.47 pg, Cocos nucifera = 5.966 =+ 0.111pg, Jubaeopsis

caffra Becc. = 20.98 pg, Lytocaryum weddellianum (H. Wendl.) Toledo = 3.72 pg and
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Syagrus sp. = 3.9 — 6.9 pg. The genome size of Beccariophoenix madagascariensis
Jum. and H. Perrier was 3.6 pg whilst that of its sister taxon Becc. alfredii Rakotoarin et

al. was almost twice (7.47 pg) suggesting that the latter is a tetraploid.

[ 1 Bactris brongniartii
Bactris major
Elaeis oleifera 4.43 (2x)
561K Becc. madag iensis 3.60 (2’
(95) |&E Voanioala gerardii .32 (19)(() )
92 " Jubaeopsis caffra 8 40 (5x)
4.54 #‘ Jubaea chilensis 5.1 (2x)
4.95 = [—— Butia paraguayensis

(100) (100), l_l 100 Butia marmorii
Butia lallemantii
3.45 ® Butia eriospatha 3.06 (2x)
(79) Butia yatay
5.20 81 Butia capitata 3.42 (2X)
p Attalea seabrensis
(100) Attalea funifera
10 Attalea burretiana
Attalea humilis
(52) Attalea oleifera
Attalea pindobassu
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Attalea speciosa
Attalea cohune 4.34 (2x)
Attalea guacuyule
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Allagoptera caudescens 5.35 (4x)
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Fig. 3. Ancestral genome size reconstruction: Maximum likelihood phylogenetic tree of
Attaleinae based on seven WRKY nuclear loci using PhyML (Phylogenetic Analysis of
Maximum Likelihood). ML bootstrap supports are in parenthesis below the branches.
Sequence alignment will be deposited in Dryad database (http://datadryad.org/). The
numbers at the nodes refer to the inferred ancestral genome sizes using maximum
likelihood reconstruction approach implemented in Mesquite. Numbers adjacent to the
OTUs are the holoploid genome size (2Cx) estimated using flow cytometry with ploidy
levels in parenthesis, where 2x denote diploids and >2x denote polyploids. Outgroups

included were Elaeis oleifera, Bactris major and B. brongniartii.
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5.4.4 Ancestral genome size (2Cx) of Attaleinae—The ancestral genome size of
the most recent common ancestor (TMRCA) based on the maximum likelihood
topology (Fig. 3) was 4.15 pg and was 4.55 pg for the African/Malagasy and South
American clades. The most recent common ancestor of Beccariophoenix and Voaniaola
+ Jubaeopsis was 4.89 pg and the inferred genome size for TMRCA oc Voaniaola +
Jubaeopsis was 6.53 pg. The inferred ancestral genome size for Cocos nucifera was
5.61 pg. The genome size of TMRCA of the Cocos/Syagrus clades was 4.95 pg and for
paraphylectic Syagrus, the genome size of the TMRCA of the two major clades was
4.43 pg. As expected, the genome sizes of the speciose Syagrus showed some variation
between the Rainforest and Eastern Brazil clades. TMRCA of Attalea /(Allagoptera +
Polyandrococos + Parajubaea) clades was 4.85 pg (Fig. 3). Genome size among Butia
appears to be smallest (3.06 pg) with inferred ancestral genome size leading to the
TMRCA of (Jubaea chilensis + Butia) clade as 4.45 pg, showing a reduction in Butia
but an increase in the closely related J. chilensis (5.1 pg).

5.5 DISCUSSION

Plant domestication is an evolutionary process that involves artificial selection
and may lead to population bottlenecks that can reduce the genetic diversity relative to
the wild progenitors through selection of preferred phenotypes (Doebley, Gaut, and
Smith, 2006). In the case of coconuts, as shown by our comparison of Tall and Dwarf
cultivars, human selection for traits such as dwarfism, precocity and higher water
contents may have affected the patterns of their genome architecture (Olsen and Wendel
2013). Meiotic abnormalities occur at a higher percentage in Dwarf than in Talls and
may be associated with the shift from out-crossing in the Tall ecotypes to
predominantly self-pollination in Dwarfs (Swaminathan et al. 1961). The consequences
of this shift in breeding systems are observed in the poor endosperm development and

reduced vegetative vigor in Dwarfs (Swaminathan and Nambiar, 1961). Dwarfism in
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coconuts may be due to pleiotropic gene effects and preliminary studies have suggested
that dwarfism involves at least five independently segregating genes. (Baudouin,
unpubl. res.).

Tanksley (2004) has shown that in domesticated plants such as the tomato, the
wide range of fruit morphologies and phenotypic variation are controlled by only four
QTLs encoding for fruit shape and size. In contrast, Baudouin et al. (2006) found that
34 putative QTLs were accounted for by six pleiotropic genes associated with traits
regulating coconut fruit component whilst six QTLs were detected for precocity or early
germination trait (Herran et al., 2000).

Our screening has demonstrated that the DNA contents in cultivars and wild-
sown coconut genotypes are variable. Our results show that Dwarfs express
significantly less variation in genome size compared to Talls. One possible explanation
is that all Dwarf cultivars originated from a single Tall associated with the shift from
allogamy to autogamy and thus likely to have the genome size similar to the ancestral
Tall. This is consistent with the effect of a domestication bottleneck reducing the
genetic diversity accompanying the process of artificial selection for traits related to the
Dwarf phenotype in combination with retention of a high proportion of genetic variation
in the Tall ecotypes (eg., (Miller and Gross, 2011). We did not discover any tetraploids
in coconuts, in contrast to other domesticated plants such as maize, wheat, barley, rice
and cotton, where DNA polyploidy occurs commonly among cultivars (Laurie and
Bennett, 1985; Gaut and Doebley, 1997; Wendel and Cronn, 2003; Zhang et al., 2005).

Leitch et al. (2005) examined genome size data for 4,538 angiosperms and used
time of divergence to reconstruct the ancestral genome size. In the Attaleinae, there is
some variability in genome size at the generic level but overall there is conservation of

genome size at the interspecific level (Fig. 3). The Attaleinae is monophyletic and
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includes all members of the Cocoseae except the spiny cocosoids (Bactridinae) and,
Barcella and Elaeis (Elaeidinae), (see (Dransfield et al., 2008).

A study by Shapcott et al. (2007) on the genetic diversity of Becc.
madagascariensis found highly inbred populations. Becc. alfredii, although a distinct
taxon, microsatellite data did not show differentiation from the northern Becc.
madagascariensis population. It is possible that selfing within these northern
populations potentially led to polyploidy with subsequent dispersal by frugivores to new
habitats for speciation process. Evidence from the current study indicated that two other
members of the Attaleinae: Polyandrococos caudescens and Beccariophoenix alfredii
were polyploids suggesting evolution of polyploidy occurred at least four times within
the Cocoseae.

The outgroup Roystonea (tribe: Areceae) has a genome size of 9.6 pg (Réser,
Johnson, and Hanson, 1997). The Cocoseae tribe diverged from its closest relatives
Roystonea /Reinhardtia ca. 55 — 58 mya (Gunn, 2004; Roncal et al., 2013). These data
suggest that the ancestral genome size for the Attaleinae may have been small (ca. 4.80
pg) and Polyandrococos caudescens, Becc. alfredii Rakotoarin et al., Jubaeopsis caffra
and Voanioala have undergone polyploidization events in the past and have retained
their duplicated genomes. The African oil palm Elaeis guineensis Jacq., subtribe
Bactridinae, has a genome size = 3.76 = 0.09 pg (Rival et al., 1997) which is two-thirds
that of the coconut.

We inferred the ancestral genome sizes across the Attaleinae using a maximum
likelihood approach (Pagel, 1999). The Attaleinae diversified in South America and for
the highly speciose taxa such as Syagrus, Attalea and Butia, genome size shows
variation at the generic level. Their genome sizes are much smaller than the species
poor Malagasy/African clade and it is possible that small genome size have played a

role providing competitive advantages for these South American taxa to diversify into
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different biomes as small genome size has been shown to correlate with shorter
minimum generation time (MGT), increased reproductive rate and reduced reproductive
costs especially in perennial diploid monocots (Bennett, 1972; Midgley, 1991).

In a study on the nuclear content among 411 Angiosperms species using flow
cytometry, Zonneveld et al. (2005) found that 1C — values ranged from 0.6 to 95.0 pg
and that the median and mean estimates were 6.6 and 11.7 pg respectively. A surprising
finding of the current study is that the genome size of the coconut (1C = 2.98 pg) is
lower than the mean for both Angiosperms and the Arecaceae (1C = 3.55 pg; across 56
genera and 90 species), yet the coconut has a slow generation time of 4 — 7 years for
Dwarfs and Talls, respectively. We know that the minimum generation time is
positively correlated with the C-value of the species in annuals, perennials and obligate
perennials (Bennett, 1987) .

In a comparative study on the relationship between cell size and genome size,
Beaulieu et al. (2008) found a negative relationship between stomatal density and
genome size. Their study demonstrated that trees in comparison to shrubs and herbs
had the smallest genome sizes and cell sizes but highest stomatal density. Thus it is
possible that genome size fixes the minimum size of guard cells and epidermal cells
leading to variation in stomatal density, providing adaptations for certain environments
and life history strategies. For example in dry environments, small stomata are more
responsive to water stress whilst high density optimizes CO, exchanges. Rajagopal et
al. (1990) recorded stomatal densities for 23 coconut cultivars, with means of 208 mm™
(Talls) and 232 mm™ (Dwarfs), which is about twice what is observed in shade adapted
palms such as Scheelea (71.9 mm™) and Socratea (120.3 mm™) studied by Hogan
(1988). Given the negative correlation of genomes size and stomatal density reported
above and the positive correlation between MGT, we would expect that Tall ecotypes

should have larger genome size than Dwarfs but our study found that Dwarf genome
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sizes were in the higher quartile of the Tall ecotypes range. A possible explanation for
this discordance could be that the genome size had little time to fluctuate since the
domestication event.

A novel finding in this study is the evidence for significant intraspecific genome
size variation between Tall and Dwarf ecotypes. We also found that genome size
variation among Talls was greater than that in Dwarfs. Human-mediated selection for
lower MGT in Dwarfs may in the long-term result in lower genome size.

Our research has implications for future of whole genome sequencing and
annotation of coconut and understanding of the complexities of the nuclear DNA
content and its ploidy levels. Our results indicate that the coconut is diploid and its
genome size is 5.966 + 0.111 pg or 5.757 Gbp which is consistent with the estimate
found by Sandoval et al. (2003) based on different cell phases.

Whole genome sequencing involves both nuclear and chloroplast genomes. The
chloroplast genome is maternally inherited and consists mostly of coding DNA. Nuclear
genomes are inherited bi-parentally and have a higher chance of accumulating
mutations, genetic recombination and gene duplication events (Soltis and Soltis, 1999)
and if gene duplications were undetected could lead to erroneous phylogenetic
inferences and homologies. SNPs discoveries from genome wide association studies
(GWAS) may be critically influenced by gene duplications affecting the outcomes of
candidate genes for QTLs.

The transcriptome of the Hainan Tall coconut cultivar has recently been
sequenced using Next Generation Sequencing techniques (Fan et al., 2013). The whole
genome sequence of the coconut will provide us with insights into decoding the traits
associated with fruit morphology and selection and importantly to enable the discovery

of QTLs associated with disease resistance such as for lethal yellowing.
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This study enlightens our understanding of the role of domestication in genome
size evolution and revealed that polyploidy is relatively common in the Attaleinae and
has evolved multiple times independently. Polyploidy is an important process in the
evolution of plants with far reaching effects from molecular to ecological levels and
contributes to reproductive isolation, novel gene expressions leading to divergence and
potentially to speciation (Adams and Wendel, 2005; Comai, 2005). Detection of ploidy
levels using flow cytometric methods provides a practical tool for plant breeders
interested in polyploidy because ploidy variation may be exploited for desirable
phenotypic traits for horticultural purposes (Parris et al., 2010) or for plant conservation
biologists as polyploidy may also be a hindrance to reproduction because of sterility of

polyploids.
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Appendix 1. Absolute genome sizes, 2C-values (pg) estimated for Cocos nucifera L.
cultivars sampled with Petunia hybrida internal standard, from flow cytometry.

Abs. genome

Internat. size/pg
Cultivar abbrevy. Habit N  (meantsd) Origin Collection Locality
Andaman Ordinary Tall ADOT Tall 4  6.02+0.09 Andaman Island Sta. MD L03A13
Brazil Green Dwarf BGD Dwarf 4 5.94+0.03 Brazil Sta. MD_L13A28
Catigan Green Dwarf CATD Dwarf 4 6.04 £0.04 Philippines Sta. MD_LO5A15
Cameroon Kribi Tall ~ CKT Tall 2 5.87%£0.20 Cameroon Sta. MD L12A09
Cameroon Red Dwarf CRD Tall 3 6.02+0.02 Cameroon Sta. MD_LO6A13
Papua New
Gazelle Peninsular Tall GPT Tall 3  5.89+0.08 Guinea Sta. MD_LO8A12
Ghana Yellow Dwarf GYD Dwarf 3 596 +0.03 Ghana Sta. MD _L02A30
Lizard Island Tall LIZ Tall 4  5.89+0.05 Australia ANBG _BG753A
Laccadive Micro Tall LMT Tall 3  6.13+0.00 Laccadives Sta. MD LO8A18
RBG
Mission Beach MISB Tall 2 5.87+0.00 Australia SYD 20101370
Malayan Tall MLT Tall 4 5.79+£0.06 Malaysia Sta.MD L03A18
RBG
Malayan Yellow Dwarf MYD Dwarf 2 594 +0.02 Malaysia SYD 903153
Mozambique Tall MZT Tall 3 6.19+0.04 Mozambique Sta. MD_LO0O3A13
Niu Leka Dwarf NLAD  Compact 4 5.94+0.06 Fiji Sta. MD_L08A09
Pilipog Green Dwarf  PILD Dwarf 6 6.01 £0.08 Philippines Sta. MD_L35A28
Panama Tall PNT Tall 4  6.01 £0.03 Panama Sta. MD_L0O3A12
Solomon Island Tall SIT Tall 3 5.96+0.03 Solomon Islands Sta. MD L21A13
Sri Lanka Tall SLT Tall 4 6.07+0.08 SriLanka Sta. MD_L36A24
Tagnanan Tall TAGT Tall 3  5.93+0.00 Philippines Sta. MD_L38A25
Tabhiti Tall TAT Tall 3  5.75£0.03 Tahiti Sta. MD LO3A08
Tahiti Red Dwarf TRD Dwarf 3  6.04 £0.13 Tahiti Sta. MD_L14A26
Vanuatu Tall VTT Tall 3  595£0.03 Vanuatu Sta. MD_L44A24
West Africa Tall WAT3 Tall 6 5.89+0.06 West Africa Sta. MD L09A14
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Appendix 2. Absolute genome sizes, 2Cx (pg) estimated for Attaleinae species

Species 2Cx X Locality Accession No.
(pg)

Allagoptera caudescens (Mart.) 5.35 4 RBG, Sydney
Kunze 20091679
Attalea cohune Mart. 4.34 2 RBG, Sydney 20091583
Attalea phalerata Mart. ex Spreng. 4.02 2 RBG, Sydney 20091585
Beccariophoenix madagascariensis 3.6 2 RBG, Sydney
Jum. & H.Perrier 20040914
Butia capitata (Mart.) Becc. 3.42 2 RBG, Sydney 932392
Butia eriospatha (Mart. ex Drude) 3.06 2 RBG, Sydney 780035
Becc.
Cocos nucifera L. (MYD) 5.94 2 RBG, Sydney 903153
Cocos nucifera L. (NLAD) 5.94 2 Sta.MD LOSA09
Elaeis guineensis Jacq. 3.76 2 Kew C-values

website
Jubaea chilensis (Molina) Baill. 5.10 2 Kew C-values

website 20090098
Jubaeopsis caffra Becc. 8.40 5 RBG, Sydney 801080
Lytocaryum weddellianum (H. 3.72 2 RBG, Sydney 14451
Wendl.) Toledo
Syagrus botryophora (Mart.) Mart. 4.32 2 RBG, Sydney 20090788
Syagrus coronata (Mart.) Becc. 3.96 2 RBG, Sydney 20091730
Syagrus glaucescens Glaz. ex. Becc. 6.90 2 Kew C-values

website
Syagrus romanzoffiana (Cham.) 6.10 2 Kew C-values
Glassman website
Syagrus sancona (Kunth) H.Karst. 3.90 2 RBG, Sydney 20091729
Syagrus schizophylla (Mart.) 4.00 2 RBG, Sydney 20091652
Glassman
Voanioala gerardii J. Dransf. 6.32 19 Kew C-values

website

Notes: Abbrev: Sta. MD = CNRA Marc Delorme Coconut Research Centre in Cote
d’Ivoire, Africa; ANBG = Australian National Botanic Gardens Canberra and RBG

SYD = Royal Botanic Gardens Sydney, Australia.
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® Background The pre-Columbian presence of coconut on the Pacific coast of Panama is attested by a number of in-
dependent written accounts. However, recent papers question their accuracy and conclude that coconut was intro-

duced to the region by the Spaniards after their conquests.

® Scope In order to examine the value of such claims, an extensive search was conducted of the relevant historical

accounts of coconut in America and in the Orient.

® Key Results The Spanish chronicler Oviedo (1478—1557) is found to have effectively used fruit and seed size to
distinguish coconut from other palms. In addition, it is shown that he has been inaccurately faulted with incorrectly
representing a cluster of coconuts. The original drawing, a cluster of a native Bactris, was in the marginalia and was
only assigned to coconut after Oviedo’s death. Finally, the location is identified of a coastal Panamanian site
described by Pedro Martir de Angleria and where tidal dispersal of coconuts was observed.

o Conclusions This previously overlooked evidence confirms the pre-historical presence of coconut in Panama.
Genetic data indicate that it must have been brought there directly or indirectly from the Philippines. But when,
where and by whom remains a subject of research. Further molecular marker studies, computer simulation of
natural drift and archaeological research could contribute to this research.

Key words: Coconut, Cocos nucifera, New World flora, Panama, oceanic current dissemination, Spanish
explorations, Central America, early trans-Pacific voyaging.

INTRODUCTION

The presence of coconut on the Pacific coast of Panama is attested
by a number of historical documents scattered over a 23-year
period, from 1516 to 1539, mostly attributable to the chronicles
of Pedro Martir de Angleria and Gonzalo Fernandez de Oviedo y
Valdés (Oviedo). The complete work of the latter (Amador de los
Rios, 1851) remained unpublished for three centuries. These
testimonies were compiled with a number of shorter accounts
in Patifio (1964, 2002 pp 241-270), which left no doubt
about the presence of coconut in the Americas at the time
of European contact (see Zizumbo and Queros, 1998 for an
English translation of significant extracts).

Yet, surprisingly, two recent papers (Harries, 2012; Clement
et al., 2013) claim that the presence of coconut at the time of
contact lacks sufficient evidence and is unlikely. These claims
are based on little if any new evidence and rely on a strongly
biased selection of texts. In reality, their thesis is based on two
extremely strong suppositions: (1) the various witnesses were
systematically mistaken when they claimed they had seen
coconut palms in America; and (2) whenever a document unam-
biguously describes coconut, it must be in reference to the Orient.
Neither of these papers actually proves these suppositions; at best
they assemble a number of quotations tending to present Oviedo
as an incredibly poor observer.

Oviedo’s descriptions are not always perfectly accurate by
modern standards. The dimensions or volumes he mentioned
are rather approximate, partly because he wrote his account in

Spain and he may have been betrayed by his memory;
however, we did not find any instance where he was obviously
misidentifying coconut. For instance, both Clement et al.
(2013) and Harries (2012) quote the following sentence in
Oviedo’s account: ‘After I wrote the report [ have mentioned, I
was in the province and headland of Borica, and I ate some of
these cocos and carried many with me to Nicaragua, and came
to loathe them, and others did as I did and said the same thing
as well’. The hypothesis of a misidentification (of some
Bactris species) was cautiously suggested by Allen (1965) and
Clement ef al. and Harries seem to hold it as established truth.
They claim that Oviedo’s cocos had little water because he
says he ate rather than drank them. They apparently did not
notice that Oviedo indicates the usual way of consuming
coconut: coconut milk was incorporated into mazamorra {(a
porridge-like meal made with bread or corn). They add that
“There are people who find coconut kernel indigestible, but it
is not usually a group phenomenon’. However, Oviedo makes
it very clear that what his group was complaining about was
massive and continuous consumption of coconut, not coconut
itself. He concludes ‘Finally, it is food for men who work and
who are very strong, but for the rest a little of this fruit is
enough, or if eaten continually, as it was done there, it is not
for all stomachs’. Considering the recipe of coconut-based maza-
morra, we believe that few nutritionists would disagree.
Starting with Patifio’s work, we conducted an extensive search
throughout relevant historical accounts of coconut in America
and in the Orient. We have found evidence that specifically

© The Author 2013. Published by Oxford University Press on behalf of the Annals of Botany Company. All rights reserved.
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2 Baudouin et al. — Coconut in southern Panama in pre-Columbian times

refutesthe above suppositions: (1) areview of Oviedo’s writings,
including early editions of his manuscripts, demonstrates that he
clearly distinguished between coconut and other smaller-fruited
local palms; and (2) we have identified the location of a
Panamanian coastal site that was described by Pedro Martir de
Anglerfa as containing coconut palms, with tidal dispersal of
the fruits (a key indicator that the fruits in question were
indeed coconut).

THE EVIDENCE

Fruit size as an effective classification criterion

Like everyone who had heard about coconut in his time, Oviedo
knew that a coconut was the size of a human head and that it grew
on a tall tree that looked like a date palm. Confusion with any
other local palm thus seems highly unlikely because of the
huge differences in fruit size. This is confirmed by what
Oviedo says about the dozen palm species he describes in
Book 9, Chapter 4 (Amador de los Rios, 1851, pp 332-337 of
Tome 1). He extends the name ‘coco’ to various palm seeds,
which, like the coconut, exhibit three apertures (e.g. Elaeis olei-
fera or Bactris), but he always makes clear that these ‘cocos’ are
small (like a walnut or an olive) and thus different from the ‘big
coco’ he saw in the province of Cacique Chimén (Oviedo y
Valdés, 1526), which is bigger than a human head. Oviedo prob-
ably had personal experience with the vessels made out of
coconut shells that he mentions because such goblets were rela-
tively common in European courts of his time (Tripps, 2005).
Most palm fruits of Central America are much too small for
this kind of use. Arzalea cuarrecasana has large fruits (14 cm.
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long) but, unlike coconut, it grows inland in the rainforests of
Colombia and has only a short subterranean stem. Its fruits do
not contain any liquid and seeds with two or more kernels are
not infrequent.

A drawing erroneously assigned to coconut

One of the most serious reasons for doubting Oviedo’s botan-
ical ability was a drawing represented as Figure 15 of Plate 3 in
Amador de los Rios (1851). It is referred to in the coconut
section, but is not convincing because it mixes traits of
coconut and of Bactris. Actually, the original drawing does not
represent coconuts at all. It is found in folio 53v of manuscript
HM177 conserved at the Huntington Library (Myers, 2007)
and represents Bactris fruits—recognized by their fused, shal-
lowly lobed calyces—borne at the end of spiny branches
(Fig. 1). Contrary to most of Oviedo’s illustrations, it is not
located within the text but at the bottom of the right margin,
partly embedded in a long marginal addition devoted to
‘pixabay’ and ‘cafniaspalmas’, two species of the genus Bactris.
Thus, it represents one of these species. The error is due to
Amador de los Rios (he was not a botanist and the drawing was
in front of the coconut section) and tohis engraver, who apparent-
1y felt he should make the fruits look more coconut-like and
modified the calyces accordingly (Fig. 1B, C).

Coconut growing spontaneously in Aguadulce (Panama)

Our next line of evidence comes from Pedro Martir de
Angleria’s De orbe novo. His accounts of coconut have been
discounted because he never left Europe and thus they were

Fi16.1. (A)Reproduction of folio 53v of Oviedo’s original manuscript. The rectangular layout of the initial version (written during 1540-1542)is clearly visible. The

{llustration is placed in continuity with a marginal addition made in the period 1546—1549. (B) Enlarged version of the original drawing. (C) The 1851 interpretation,

redrawn and inverted as aresult of the lithography technique. Note the difference in the calyces. The original version represents Bactris fruits while the modern version

was ‘improved’ to make it look more like the coconut fruits it was supposed to represent. Sources: (A, By ms. HM 177 (Vol. 2}, Huntington Library; (C} Amador de los
Rios (1851).
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second-hand testimony. However, his lack of expertise is pre-
cisely what would have made him unable to make a convincing
description of the natural dissemination of coconuts by the
oceanic currents if he was not repeating faithfully what was
told to him. Close to Nata (a historic city in the Coclé province
of Panama), he says, ‘a great abundance of the cocos I mentioned
earlier exist there, mainly in the austral region, where the tide
penetrates widely in the neighbouring plains. In one of them,
they say that there is a two league space which is washed by
the high tide and left dry at low tide. Such places are those
where they say that these trees sprout and grow spontaneously.
In the other places, there are none unless they are transplanted
when still young. Some think that the high tide leaves there the
seeds of these trees from unknown regions’ (Torres Asensio,
1892).

Here we undoubtedly have the coconut palm flourishing in its
natural environment, precisely close to the town of Aguadulce
(Panama). The habit of sprouting where the high tide leaves
them is a unique trait of coconuts and the sentence in italics
refers to the mouth of the Santa Marfa River, near Aguadulce,
which was convertedinto a salt works centuries ago. The uncom-
mon geographical feature described here matches perfectly with

the place represented in Fig. 2 in terms of topography, size and
location. Moreover, Martir de Angleria’s anonymous informer
would never have discovered a connection between the distribu-
tion of the coconut palm and the variations of the slope of the
beach if he had not observed it on the spot. Likewise, he would
never have added that ‘in the other places, there are none
unless they are transplanted when still young’ if he was
referring to India, because, according to Varthema, coconut in
India was exclusively cultivated (Teyssier, 2004). There is thus
no way in which these three elements—coconut, natural dissem-
ination and Aguadulce—can be dissociated and the above text
shows that coconut grew spontaneously in America.

DISCUSSION

Systematically tracking the sources of the documents has proved
effective in confirming the pre-Columbian presence of coconut
in America, which had been firmly established by Patifio.
Coconut has a few unique features that even the poorest observer
would not miss, and the texts tell us that Oviedo noticed its un-
commonly large fruit size and used it as aclassification criterion.
In addition, it is now clear that Oviedo was not responsible for

Google earth

Fi1G. 2. The main salt works in Aguadulce, located 8°9’ N, 8°31’ W, 17 km south of Nata. It is protected from the sea by a 5—10m high dam (CD). Points A and B are

located 7-5 km (~2 leagues) from the sea and are only 1.m above sealevel. Before the construction of the dam, the space between them and the sea was inundated by the

hightide andleft dry at low tide, as stated in the text. This phenomenon, notunlike what is observed in the bay of Mount St Michel (France), s rare enough to warrant that
this perfect matching is not merely coincidental. In total, the salt works stretch for 32 km around Aguadulce. Source: Google Earth.
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incorrectly assigning Figure 15 of Plate 3 in Amador de los Rios
(1851) to coconut. Finally, we identified the site described by
Mirtir de Anglerfa as Aguadulce, Panama, a place where, five
centuries later, J. L. Renard would collect one of the representa-
tive samples of the Panama Tall. It is significant that the popula-
tions from the Pacific coast of Panama, including this one, along
with others from Costa Rica and from the north of Peru, can all be
traced back to the same origin, a very small number of palms
(effective population size was estimated to have been between
2 and 5) originating from the Philippines.

Did coconut originate in America?

The hypothesis of an American origin of coconut was
defended by Cook (1910). Itis indisputable that its closest ances-
tors were American (Gunn, 2004; Meerow ef al., 2009) and a pu-
tative Cocos fossil dating back 60 m.y.a. (Gomez-Navarro,
2009) was found in Colombia. However, a permanent presence
of coconut in America during the Holocene is extremely unlikely
given the absence of linguistic, archaeological and ethnobotan-
ical evidence (Patifio, 2002; Clement ez al., 2013). In addition,
genetic studies do not reveal an American centre of diversifica-
tion (Gunn ef al., 2011). On the contrary, they demonstrate
that, while all of the alleles of the Panama Tall exist in the
Philippines, the reciprocal is not true, which indicates a close
relationship between the coconuts from both regions and the dir-
ection of the migration (Baudouin and Lebrun, 2009). Finally,
diagnostic features of Cocos could not be observed in the
Colombian fossil due to incomplete preservation and its assign-
ment to the genus Cocos genus is uncertain. Systematicians tend
to place it at the root of the subtribe Attaleinae (Eisenhardt ef al.,
2011; Meerow et al., 2009). Cocos nuciferahas American ances-
tors butits lineage probably became extinct on the continent until
it was introduced during the late Holocene, but before Columbus.

Coconut grew spontaneously in America

The historical documents make it clear that coconut in
America was not cultivated, with the possible exception—men-
tioned by Martir de Angleria—of the Pearl Islands Archipelago,
to the East of the Gulf of Panama. This is confirmed by Clement
et al. (2013) and may be surprising because the size of the popu-
lations was such that the natives must have co-existed with
coconut for at least four generations (Patifio, 2002), without
developing a tradition of growing or even using coconut. But
Patifio (2002) cites a similar case two centuries later in the bay
of Bocas de Toro (Atlantic coast of Panama). Angleria’s descrip-
tion of natural dissemination gives us clues about the pre-historic
distribution of coconut in Central America. It was abundant in a
limited number of places, where the topography was favourable
and absent elsewhere. Another factor inevitably played a major
role: the direction of oceanic currents. Computer simulation
studies of the same kind as those made by Ward and
Brookfield (1972), but at a regional scale, could help our under-
standing of this distribution and ( possibly by reversing time) give
indications about the place where coconut first reached America.

From the Philippines to America

Yet the Panama Tall is no doubt descended from cultivated
populations. It must have been brought to the Americas,
because the distance from the Philippines to Panama prevents
unaided drifting. At the same time, it is clear that the tradition
of coconut cultivation was not passed to the natives of Central
America, maybe because those who brought it had little
contact with them, because they did not stay long enough, or
because they reached America in another region, possibly
more to the south. It could be the Bay of Cardquez, as proposed
by Baudouin and Lebrun (2009) or the Gulf of Guayaquil, one
of the three regions highlighted by Jones er al. (2011) for
pre-Columbian contact. The journey from the Philippines to
America was not necessarily direct. An intermediate stage in
the Polynesian triangle is unlikely because the genetic structure
of the populations is different (Gunn et al., 2011) but a more
northernroute, via the Polynesian outliers (whose coconut popu-
lations are yet to be characterized molecularly) can be envisaged.
Further research in this area is needed.

CONCLUSIONS

‘We show in this paper that at least part of the accounts of coconut
in America resulted from genuinely local observation and that
the hypothesis of systematic confusion between coconut and
some undetermined palm species is contradicted by the evi-
dence. The pre-historic presence of coconut is thus demonstrated
beyond reasonable doubt. How precisely and when it was
brought to the Americas and came to form spontaneous popula-
tions in Panama remains an open field of inquiry, although
hypotheses can be proposed (Baudouin and Lebrun, 2009).

A growing amount of evidence attests to the existence of
ancient trans-Pacific travels from Polynesia to America (Jones
et al., 2011) and in the reverse direction (Roullier ef al., 2013).
A more detailed understanding of the conditions of these
travels, the dates and the people who undertook them, as well
as of the consequences in the regions of arrival, will require com-
bining results of the application of various disciplines to different
animal and plant species (in addition to artefacts and human
features). Coconut fully deserves its place in the set of commens-
al models proposed in Storey ef al. (2013).
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Ploidy and domestication are associated with genome

size variation in Palms"

Bee F. Gunn?7, Luc Baudouin? Thierry Beulé*, Pascal llbert*, Christophe Duperray®, Michael Crisp?, Auguste Issali®, Jean-Louis Konan®, and

Alain Rival*

PREMISE OF THE STUDY: The genome size of a species (C-value) is associated with growth, development and adaptation to environmental changes. Angio-
sperm C-values range 1200-fold and frequently vary within species, although little is known about the impacts of domestication on genome size. Genome
size variation among related species of palms is of evolutionary significance because changes characterize clades and may be associated with polyploidy,
transposon amplifications, deletions, or rearrangements. Further knowledge of genome size will provide crucial information needed for planning of whole
genome sequencing and accurate annotations. We studied the genome size of Cocos nucifera and its variation among cultivars, and compared it to values
for related palms from the Attaleinae subtribe.

METHODS: Flow cytometric analysis of isolated nuclei fromyoung palm leaves was used to estimate genome sizes of 23 coconut cultivars (Talls, Dwarfs, and hy-
brids) worldwide and 17 Cocoseae species. Ancestral genome size was reconstructed on a maximum likelihood phylogeny of Attaleinae from seven WRKY loci.

KEY RESULTS: The coconut genome is large—averaging 5.966 pg—and shows intraspecific variation associated with domestication. Variation among Tall
coconuts was significantly greater than among Dwarfs. Attaleinae genomes showed moderate size variation across genera, except polyploids Jubaeopsis
caffra, Voanioala gerardii, Beccariophoenix alfredii, and Allagoptera caudescens, which had larger genomes.

CONCLUSIONS: Our results contribute to the understanding of the relationship between domestication and genome size in long-lived tree crops and provide
a basis for whole-genome sequencing of the coconut and other domesticated plants. Polyploidy evolved independently in two clades within Attaleinae.

KEYWORDS Attaleinae; C-value; Cocos nucifera; domestication; flow cytometry; evolution; holoploidy; minimum generation time; nuclear DNA content;

polyploidy

Polyploidy is an important product of plant evolution with far-
reaching effects from molecular to ecological levels. It also contrib-
utes to reproductive isolation, as novel gene expressions lead to
divergence and potentially to speciation (Adams and Wendel, 2005;
Comai, 2005). Polyploidy is known to occur among 80% of angio-
sperms (Masterson, 1994) and it is also common in domesticated
plants. Indeed it is detectable in major crops such as cereals (wheat

! Manuscript received 12 April 2015; revision accepted 24 August 2015.

*Research School of Biology, Division of Evolution, Ecology and Genetics, The Australian
National University, Acton, ACT 2601, Australia;

* CIRAD, UMR AGAP, F-34398 Montpellier, France;

4 CIRAD, UMR DIADE, F-34398 Montpellier, France;

° Montpellier Rio Imaging, IRB, INSERM U1040, CHU de Montpellier 34295 Montpellier,
France; and

¢ Station de Recherche Marc Delorme, Port Bouét. 07 BP 13 Abidjan, Cote dTvoire

7 Author for correspondence (email: bee.gunn@anu.edu.au)

*The present research work is dedicated to the memory of our respected colleague Jean-
Christophe Pintaud, who suddenly passed away in August 2015.
doi:10.3732/ajb.1500164

AMERICAN JOURNAL OF BOTANY 102(10): 1625-1633, 2015; http://www.amjbot.org/ © 2015 Botanical Society of America

and rye), maize, cotton, potato, banana, sugar cane, and coffee (Gaut
and Doebley, 1997; Wendel and Cronn, 2003; Heslop-Harrison and
Schwarzacher, 2007). More, polyploidy adds complexity when identi-
fying the wild ancestors of a domesticated plant (Olsen and Wendel,
2013). Understanding the impacts of ploidy levels on the genome size
provides an assessment of gene duplications and transposable ele-
ments which may play an important role in epigenetic gene silenc-
ing or expression and which also provide protection against harmful
viruses and transposons (Pichersky, 1990).

Detection of ploidy levels using flow cytometric methods is a
practical tool for plant breeders because polyploidy may be ex-
ploited for desirable phenotypic traits. Indeed, studies on hybrids of
Magnolia [Magnoliaceae] have shown that greater differences in
ploidy levels between the parents lead to greater sterility in the
progenies (Parris et al., 2010). For plant conservation biologists,
polyploidy may also be a hindrance to reproduction because of the
sterility of polyploids.

- 1625
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The C-value is equivalent to genome size in diploid species but
it is always greater than the genome size(s) in polyploids (Bennett
et al., 2000). A diploid plant has two genomes after gametic fertil-
ization whereas a polyploid has more than two genomes, as a result
of either autopolyploidization or allopolyploidization following hy-
bridization (Stebbins, 1959). The C-value (holoploid genome size)
of a species corresponds to the DNA amount in its unreplicated
haploid or gametic nucleus (pollen or sperm), regardless of its
ploidy level (Swift, 1950; Greilhuber et al., 2005) and it is measured
in picograms (pg) or base pairs (bp).

The genome size of a species has major effects on the growth,
meiotic, and mitotic cycles and on the expansion of cells. Cellular
DNA content or nucleotypic changes therefore affect the individu-
al’s morphological and physiological development as well as adap-
tations to its environment (Price and Baranova, 1976; Bennett,
1998; Hardie and Hebert, 2003; Knight et al., 2005). Large variation
in C-values may have consequences or costs to the organisms.
Indeed, several studies have shown that C-values in plants are often
associated with ecological constraints (Bennett, 1987; Knight et al.,
2005), temporal shifts in phenology such as the early flowering of
Fritillaria sp. [Liliaceae] (2C =96.5 - 254.8) (Grime and Mowforth,
1982), or sensitivity to ionizing radiations and climatic changes in
plants and possibly also in animals (Sparrow and Miksche, 1961;
Sparrow and Sparrow, 1965; Sparrow et al., 1971).

Chromosome numbers (2n), C-values, and ploidy levels are
tightly linked and remain constant for most species; nevertheless,
there are exceptions in which variation does occur. Intraspecific
variation in C-values is not rare in plant species despite the absence
of any change in chromosome number; for example, the domesti-
cated crop Zea mays L. [Poaceae] (2n = 20) shows 37% variation
among various cultivar lines (Laurie and Bennett, 1985) and Poa
annua L. [Poaceae] (2n = 28) shows a 100% variation rate (Grime,
1983). The switchgrass, Panicum virgatum L. [Poaceae] is a North
American native perennial cultivated for pastures, rangelands, and
fuel biomass. Cytological studies reveal that the latter species pres-
ents a series of karyotypes ranging from diploid (2n = 18) to dode-
caploid (2n = 12C = 108) (Church, 1940; Riley and Vogel, 1982).

The palm family (Arecaceae) is among the most diverse in the plant
kingdom, with C-values ranging from 0.9 to 30 pg (Angiosperm
1C-values database (http://data.kew.org/cvalues/)). Cocos nucifera L.
(Arecaceae) has 16 chromosomes (Nambiar and Swaminathan, 1960;
Abraham and Mathew, 1963) and is the only species of its genus. The
coconut palm is cultivated globally on over 12 million hectares in the
humid tropics. It is best regarded as a semidomesticated species, a
complex oflocal populations with all degrees of dependency upon hu-
mans, from nil to complete (Sauer, 1971). Harries (1978) distinguishes
“domesticated” and “wild” coconuts, but this distinction refers to an
ancient domestication event and both types are cultivated nowadays.
Wild populations do exist in a few locations (Foale, 2005), although
some of them might be feral, i.e., formerly cultivated populations sur-
viving spontaneously (Baudouin et al., 2014).

At the other end of the domestication continuum, the Dwarf co-
conut type can be regarded as the most completely domesticated
type (Gunn et al., 2011). The Dwarf type is usually grown near hu-
man habitations and accounts for only 5% of coconuts globally
(Bourdeix et al., 2010). Its self-pollinating floral biology enables the
true-to-type propagation of desirable genotypes and the screening
for rare off-types based on recognizable phenotypic markers such
as fruit color and shape. It is precocious, maturing usually after four
years. Dwarf coconut is especially appreciated for the liquid in its

immature nuts and its slow growth makes harvesting relatively easy
for most of its relatively short lifespan (ca. 35 yr) (Bourdeix et al.,
2010). Finally, the Dwarf type is dependent on human protection
because it is a poor competitor in natural stands or in mixed plant-
ings due to its short lifespan and limited vigor.

The Tall coconut type—which is more frequently cultivated—Ilacks
most of the “domesticated” features found in its Dwarf counterpart.
It is predominantly cross-pollinated and thus highly heterozygous.
Tall coconuts are fast-growing, i. e., they become reproductively
mature after seven years and they live for 70 years or more (Bourdeix
et al., 2010). Besides Talls and Dwarfs, some relatively rare types are
observed, among them Semi-Talls, which are self-pollinating like
Dwarfs but relatively more robust. The “compact Dwarf” represented
by the Niu Leka Dwarf from the South Pacific is not closely related to
other Dwarfs. It is cross-pollinating, as vigorous as a Tall and its
small size is due to a marked reduction in internode length and in the
distance between leaflets (Lebrun et al., 2005) .

Determination of the genome sizes of cultivated coconuts and
ploidy level are essential prerequisites for the sequencing of the
coconut genome. This will provide a precise calculation for the
optimal depth of reads required for the accurate assembly and an-
notations of the coconut genome. Genome sequences have been
recently generated and made publicly available for two palm spe-
cies of major economic importance, namely the date palm (Al-Dous
et al., 2011) and the oil palm (Singh et al., 2013). For the coconut
palm, future genome sequencing will be important in identifying
genes responsible for disease resistance and characters of agro-
ecological interest such as drought or salt tolerance (Fan et al., 2013).
The integration of gene discovery and marker-assisted breeding
will pave the way for the generation of new coconut cultivars, which
will be better adapted to changing agro-climatic conditions and
agricultural practices.

We are keen to know whether the phenotypic differences such as
dwarfism and fruit morphology observed between Dwarf and Tall
cultivars, and their different generation times (three vs. seven years),
are related to their genome size. In this study, we explored genome-
size variation through the flow cytometric analysis of 23 coconut
genotypes from around the globe, including two Australian wild-
sown coconuts. Our objectives were: (1) to determine the actual
genome size of coconut, for which contradictory values were pub-
lished; (2) to identify and study intraspecific variation, and the im-
pact of domestication on genome size; (3) to test whether genome
size is less variable in Dwarf than in Tall coconut types; and (4) to
reconstruct ancestral genome sizes across the subtribe Attaleinae.

MATERIALS AND METHODS

Plant material—W e sampled immature leaves from 23 adult palms
originating from 23 coconut populations, which were selected with
the aim of covering most of the genetic diversity of the genus
(Appendix 1). Two of them were self-sown, putatively wild, popu-
lations from Australia (Mission Beach, lat. —17.869121°, long.
146.106338° and Lizard Island, lat. —14.667717°,long. 145.446729°).
The other coconut types under study were traditional and advanced
cultivars from the germplasm collection preserved at Marc Delo-
rme Research Station (CNRA, Céte d’Ivoire). They include seven
self-pollinating Dwarf cultivars, 15 cross-pollinating Tall cultivars,
one cross-pollinating “compact Dwarf” cultivar and three popula-
tion hybrids (one Tall x Tall and two Dwarf x Tall).
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Fresh leaf material was collected from the unopened spear leaf of
the palm whenever possible. In addition, we sampled leaf material for
17 other species across 9 genera of the tribe Cocoseae: Allagoptera,
Astrocaryum, Attalea, Bactris, Beccariophoenix, Butia, Jubaeopsis,
Lytocaryum, and Syagrus from the living collections of the Royal Bo-
tanic Gardens in Sydney, Australia. We obtained genome size values
for four additional species from the Angiosperm 1C-values database.
We wrapped approx. 4 cm length of each leaf in moistened tissue
paper and placed it into an envelope kept at 4°C to preserve it during
transportation to the IRB laboratory in Montpellier, France.

Estimation of 2C-value—To extract nuclei we chopped coconut
and Petunia xhybrida hort. ex E. Vilm. leaves using razor blades.
The P. xhybrida Px PC6 (Vilmorin), 2C = 2.85 pg was grown in the
greenhouse and leaves were used as a calibration standard follow-
ing Coba de la Pefia and Brown (2001). Approximately 1 cm? of
fresh leaves were chopped in 500 uL of Dolezel’s lysis buffer (Dolezel
et al., 1989) with the following modifications: (1) no spermine was
added; and (2) we replaced p-mercaptoethanol with 10 mM sodium
metabisulphite which was added immediately before use (Rival
et al., 1997). The lysate was then filtered through disposable filters
using 20 um nylon mesh (Partec CellTrics, Gorlitz, Germany) to
isolate nuclei from cell debris and aggregates. Then 500 uL of the
filtrate were pipetted into a new disposable tube and 20 uL of DAPI
(4°,6-diamidino-2-phenylindole, dihydrochloride) fluorochrome
solution (0.1 mg mL-!) were added, for a final DAPI concentration
of 4 ug mL-'. After homogenizing and stabilizing for 5 min at room
temperature, the stained nuclei suspensions were analyzed.

We measured relative fluorescence intensities from stained nuclei
using a Beckman-Coulter CyAN™ ADP flow cytometer (Beckman
Coulter, Brea, California, USA) with at least 500 nuclei analyzed
per run. We repeated measurements of the G1 peaks (nonreplicated
phase of the cell cycle) for each coconut cultivar 3-5 times with
internal standards and used the means (u +SD) in our assessment of
the absolute value of the coconut’s genome size, yielding graphical
outputs such as illustrated in Fig. 1.

Data analysis—The first step of data analysis consisted of a visual ex-
amination of the cytometer plots (Fig. 1) to exclude unreliable runs
(i.e., with low signal to noise ratio and, as a consequence, fluorescence
peaks that could not be adequately discerned which were scattered
among genotypes, mainly due to inadequate preservation of analyzed
plant material). Twenty-four samples out of 80 were discarded as un-
reliable, leaving 56 available for further analysis (see Table 1).

Proportionality of G1 peak values with internal standard—The pro-
portionality of the G1 peak values between the coconut genotypes
and the internal standard (Pefunia xhybrida) was checked through
regression analyses. As a result, G1 peak values for various coconuts
against the internal standard (Petunia xhybrida) were found to be
highly correlated (corrected R? = 0.9997 when the intercept was fixed
to 0), thus confirming their proportionality. The proportionality coef-
ficient was 2.0921 + 0.0041 (mean + SE). This enabled the use of the
ratio of the coconut G1 values to the internal standard to calculate the
absolute genome size of the coconut ecotypes (see Appendix 1).
Genome size for each sample was estimated by G, = D /D*G,
where D_ is the G1 peak value of coconut, D, is the G1 peak value of
the standard, and G, is the genome size of the standard (2.85 pg for
Petunia). We examined variation in genome size among coconut cul-
tivars using ANOVA and we applied an F-test to determine the sig-
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FIGURE 1 Examples of flow cytometry histograms. A: Peak A: Petunia
standard alone; B is a marker showing relative fluorescence B: Peak A:
Petunia standard, Peak B: Cocos nucifera G1 represents the nonreplicat-
ing cell phase.

nificance of the values. We tested for possible effects of domestication
on genome size of Cocos nucifera using ANOVA with two groups: Tall
(n=16), and Dwarf (n = 7). We followed the same method to analyze
variation between Indo-Atlantic and Pacific groups of geographical
origin. Finally, we visualized changes in DNA amounts in Dwarfand
Tall coconuts using boxplots. Calculations and graphical representa-
tion were carried out using R software version 3.1.1 (Chambers et al.,
1983; R Development Core Team, 2011).

Ploidy level—Ploidy in flow-cytometric assays equates a constant
DNA quantity (C-value) of the complete chromosome comple-
ment with respect to a published reference standard of known
ploidy. We determined the ploidy level of the coconut and 17 other
species of Cocoseae from the positions of the G1 peaks in histo-
grams of relative fluorescence intensities. The presence of poly-
ploidy is reflected in the position of the dominant G1 peak and the
appearance of more than one nonreference dominant peak in a
single sample apart from the internal standard.

Evolution of 2C-value in Attaleinae—We estimated the absolute ge-

nome size of the 17 species using flow cytometry (Appendix 2). To
estimate the evolutionary tree of the Aftaleinae, we used seven WRKY

TABLE 1. ANOVA of estimated DNA content in coconut cultivars (pg).

Df Sum Sq Mean Sq F Pvalue
Between types 1 0.04511 0.04511 10.90 0.0017
Within Dwarf type 6 003318 0.00553 1.34 0.2568
Within Tall type 15 0.64875 0.04325 1045 0.0000
Residuals 56 023183 000414
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nuclear loci from Meerow et al. (2009), concatenated to sequence
length of 5.648 kb for 56 taxa across the Attaleinae available from
GenBank. We conducted maximum likelihood analyses using
PHYML software (Guindon and Gasceul, 2003) implemented
through Geneious 6.1.7 with the following criteria: initial BioN] tree,
NNI topology search, GTR substitution model, discrete Gamma
model, 4 categories, random seed, and 100 bootstrap replicates.

We applied the maximum likelihood approach as described in
Pagel (1999) for ancestral character reconstruction as implemented
in the Mesquite software. The maximum likelihood trees (100) were
imported into Mesquite version 2.5 (Maddison and Maddison, 2008)
and a character matrix of 2Cx-values for 19 taxa were appended to
the DNA sequences. We used the 2Cx-values of the taxa to allow for
comparability by correcting for ploidy and for optimization on the
phylogeny. We traced the 2Cx-values sizes as continuous characters
on the ML tree to infer ancestral state likelihoods. Bactris and Elaeis
were used as outgroups for the nonspiny Attaleinae.

RESULTS

Absolute genome size of the coconut—The overall mean of ge-
nome size of Cocos nucifera was found to be 5.966 pg, after exclu-
sion of the hybrid genotypes. The residual standard deviation was
0.0641 pg. This represents the uncertainty due to the breadth of the
peaks and to random fluctuations in the experimental conditions
and variation among all cultivars.

Ploidy level in Cocos nucifera cultivars—The fluorescence histo-
grams obtained for all coconut cultivars under study clearly showed
a single G1 peak, suggesting that all sampled cultivars are diploids
(Fig. 1). G1 peaks occurred in the same position relative to the in-
ternal standard in all cases. Since the Petunia xhybrida standard
used has nearly half the DNA quantity of the coconuts, it is possible
that if haploid cells were present in the coconut samples, their peaks
might have overlapped with the standard, but leaf cells are somatic
and do not undergo meiosis. Nevertheless, the possible presence of
spontaneous haploids was checked in several samples without in-
ternal standards and it proved constantly negative.

Variation of genome size in coconut—We performed an analysis of
variance (ANOVA) based on 16 Tall and 7 Dwarf coconut types
(Table 1). On average, Tall and Dwarf coconuts differed in genome
size. There were also significant differences among Talls but the
studied Dwarfs were not significantly different (Table 1). The esti-
mated mean and confidence interval (o = 0.05) of genome size were
6.00 [5.97 - 6.03] and 5.95 [5.74 - 6.16] in Dwarfs and Talls, respec-
tively. This takes into account both experimental errors and the es-
timated variance of genome size across cultivars. Although the
genome size in Dwarf is slightly larger than the average genome size
of Talls, it remains within the range of Tall coconuts (Fig. 2). This
is also the case for the three additional individuals we sampled in
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FIGURE 2 Boxplot of estimated nucleus DNA content of Dwarf and Tall
types. The thick horizontal line corresponds to the median and the limits
of the boxes are the first and the third quartiles. Open circles represent
individual observations.

hybrid populations (one Tall x Tall, 2C = 6.13 pg, and two Dwarf x
Tall, 2C = 5.90 pg and 5.92 pg, respectively).

Our results reveal limited (CV = 1.7%) but significant variation
in genome size in cultivars of Cocos nucifera. Such variations occur
both in the Indo-Atlantic and in the Pacific genetic groups (respec-
tive means and confidence intervals 6.01 [5.79 - 6.25] and 5.90
[5.76 - 6.09]), but they could not be detected among Dwarfs.

Holoploid genome size in Attaleinae—Within the Attaleinae sub-
tribe, the holoploid genome sizes were as follows: Voanioala gerar-
dii ].Drans. = 60 pg (Johnson, 1989); Allagoptera caudescens (Mart.)
Kunze = 10.70 pg; Attalea sp. = 4.02 - 4.34 pg; Butia sp. = 3.06 -
3.42 pg; Beccariophoenix sp. = 3.6 - 747 pg; Cocos nucifera = 5.966
+ 0.111 pg; Jubaeopsis caffra Becc. = 20.98 pg; Lyfocaryum weddel-
lianum (H.WendLl.) Toledo = 3.72 pg; and Syagrus sp. =3.9 - 6.9 pg.
The holoploid genome size of Beccariophoenix madagascariensis
Jum. & H.Perrier was 3.6 pg while that of its sister taxon Beccario-
phoenix alfredii Rakotoarin et al. was almost twice as large (7.47 pg)
suggesting that the latter is a tetraploid.

Reconstruction of monoploid genome size (2Cx) evolution in Attaleinae—
The most recent common ancestor (TMRCA) is defined as the most
recent lineage from which two diverging lineages descended. The in-
ferred ancestral genome size of TMRCA of the Attaleinae based on
the maximum likelihood topology (second internal node, Fig. 3) was
4.95 pgand it was 5.20 pg for the African/Malagasy and South Amer-
ican clades. The genome size of TMRCA of Beccariophoenix and

FIGURE 3 Ancestral genome size reconstruction: Maximum likelihood phylogenetic tree of Attaleinae based on seven WRKY nuclear loci using PhyML
(Phylogenetic Analysis of Maximum Likelihood). ML bootstrap supports are in parenthesis below the branches. Sequence alignment is deposited in
Dryad database (http://dx.doi.org/10.5061/dryad.561hm). The numbers at the nodes refer to the inferred ancestral genome sizes using maximum
likelihood reconstruction approach implemented in Mesquite version 2.5 (Maddison and Maddison, 2008). Numbers adjacent to the OTUs are the
genome size (2Cx) estimated using flow cytometry with ploidy levels in parenthesis, where 2x denote diploids and >2x denote polyploids. The open
circles indicate the polyploidy events. Outgroups included were Elaeis oleifera, Bactris major Jacq., and B. brongniartii Jacq. ex Scop.
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Bactris brongniartii

Bactris major

Elaeis oleifera 4.43 (2x)

Becc. madagascariensis 3.60 (2x)
Voanioala gerardii 632 (19x)
Jubaeopsis caffra 8 40 (5x)
Jubaea chilensis 5 1 (2X)

Butia paraguayensis

Butia marmorii

Butia lallemontii

Butia eriospatha 3.06 (2Xx)

Butia yatay

Butia capitata 3.42 (2X)

Attalea seabrensis

Attalea funifera

Attalea burretiana

Attalea humilis

Attalea oleifera

Attalea pindobassu

Attalea brasiliensis

Attalea crassispatha

Attalea brejinhoensis

Attalea eichleri

Attalea speciosa

Attalea cohune 4.34 (2x)
Attalea guacuyule

Attalea butyracea

Attalea anisitsiana

Attalea phalerata 4.02 (2X)
Parajubaea cocoides

Parajubaea torallyi

Allagoptera caudescens 5.35 (4x)
Allagoptera arenaria

Allagoptera leucocalyx

Cocos nucifera_NLAD 9-94 (2X)
Cocos nucifera MRD 5.94 (2x)
Lytocaryum weddellianum 3.72 (2X)
Syagrus ruschiana

Syagrus sancona 3,90 (2x)
Syagrus cocoides

Syagrus vermicularis

Syagrus botryophora 4.32 (2X)
Syagrus amara

Syagrus orinocensis

Syagrus stenopetala

Syagrus romanzoffiana 6.10 (2x)
Syagrus schizophylla 4 00 (2x)
Syagrus campylospatha

Syagrus flexuosa

Syagrus petraea

Syagrus macrocarpa

Syagrus oleracea

Syagrus glaucescens 6,90 (2x)
Syagrus cearensis

Syagrus picrophylla

Syagrus coronata 3.96 (2x)
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Voanioala + Jubaeopsis was 5.81 pg and the inferred genome size for
TMRCA of Voanioala + Jubaeopsis was 6.12 pg. The inferred ances-
tral genome size for Cocos nucifera was 5.90 pg. The genome size of
TMRCA of the Cocos/Syagrus + Lytocaryum clades was 4.97 pg and
for paraphylectic Syagrus, the genome size of TMRCA of the two ma-
jor clades was 4.90 pg. The TMRCA of Attalea /(Allagoptera + Al-
lagoptera + Parajubaea) clades was 4.86 pg (Fig. 3). Genome size
among Butia appears to be the smallest (3.06 pg) with inferred ances-
tral genome size leading to TMRCA of Jubaea chilensis (Molina)
Baillon + Butia clade being 4.54 pg, showing a reduction in Butia but
an increase in the closely related J. chilensis (5.1 pg).

Polyploidy in the Attaleinae—Genome size estimates in the Attalei-
nae subtribe suggest that polyploidy has occurred in Beccariophoe-
nix alfredii (2Cx = 747 pg), which has twice the C-value of B.
madagascariensis (2Cx = 3.6 pg), as well as in Voanioala gerardii
(2Cx = 6.32 pg), Jubaeopsis caffra (2Cx = 8.40 pg) and Allagoptera
caudescens (2Cx = 5.35 pg).

DISCUSSION

Genome size in coconut and its variations—Our results indicate
that the genome size of the coconut is 5.966 + 0.111 pg or 5.757
Gbp. This value differs from the results previously obtained through
Feulgen- microdensitometry by Roser et al. (1997). In addition, the
4C value of Cocos nucifera was reported inconsistently by these au-
thors. Indeed in Table 3 in Roser et al. (1997) the value was 14.19 pg
while in the Results and Discussion section it was 10.2 pg. Our esti-
mated value is somewhat larger than in Zonneveld et al. (2005) al-
though it is consistent with data published by Sandoval et al. (2003)
based on different cell phases.

Flow cytometry has become the predominant method for ploidy
studies and determination of absolute DNA contents of cells, due to
its high sample throughput and relative ease of sample preparation
(Dolezel and Bartos, 2005; DoleZel et al., 2007). Intraspecific genome
size has been shown to vary between cultivars and wild progenitors
in angiosperms (Greilhuber, 2005), and such subtle changes may be
detected only when using flow cytometry. Karyotyping analyses does
not allow for the detection of infraspecific genome size differences
because the number of chromosomes is unlikely to vary and when
Feulgen- microdensitometry method is used, the presence of tannins
in root tissue may interfere with the Feulgen dye causing errors in the
measurement of nuclear DNA amounts (Greilhuber, 1986).

It has been proposed that genome size has a nucleotypic impact
on a number of life history traits including the minimal generation
time (MGT) (Bennett, 1987), which is long in the case of coconut
relative to other palms. However, other factors need to be consid-
ered such as the adaptation to environmental variations. In particu-
lar, families with small genomes are more speciose (Knight et al.,
2005). This is the case of Arecaceae, which is a large family with
relatively small genomes among perennial plants (Zonneveld et al.,
2005). The influence of nucleotype could however still hold at a
more restricted evolutionary scale, i. e., the coconut genome is
about 1.5 times larger than that of the African oil palm Elaeis
guineensis Jacq. (3.76 + 0.09 pg (Rival et al., 1997), which has a
shorter MGT and a higher leaf emission rate.

We found that genome size varies significantly among coco-
nuts. Such variation is limited (CV = 1.7%) and affects both Indo-
Atlantic and Pacific groups. The genome size of the self-pollinating

Dwarfs is within the range of the Talls but above average and uni-
form. This difference was not expected if we consider the positive
correlation of genome size with MGT and the negative correlation
with stomatal density. In fact, time to flowering in Talls is 4 to 5 yr,
and only 2 to 3 in Dwarfs (Pillai et al., 1973).

Plant domestication is an evolutionary process that involves artifi-
cial selection and leads to population bottlenecks that can reduce the
genetic diversity relative to the wild progenitors through the selection
of preferred phenotypes (Doebley et al., 2006). Human selection may
affect the patterns of the genome architecture of domesticated plants
(Olsen and Wendel, 2013). In the case of coconuts, phenotypic traits
were further influenced by consanguinity resulting from the shift
from allogamy to autogamy (see Miller and Gross, 2011). This re-
sulted in the expression of genetic load as shown by an increase in the
rate of meiotic abnormalities in Dwarfs compared to Talls, by the
poor endosperm development and (at least partly) by reduced vegeta-
tive vigor in Dwarfs (Swaminathan and Nambiar, 1961). However,
the most likely explanation of the uniform and comparatively large
genome of Dwarfs is that they were derived from a single Tall ances-
tor which happened to have a large genome and that this trait has not
evolved since then. Coconuts (including Dwarfs) have a long genera-
tion time and the number of generations since the appearance of au-
togamy is probably less than 100.

Evolution of genome size in Attaleinae—The Attaleinae is mono-
phyletic and includes all members of the Cocoseae except the spiny
cocosoids (Bactridinae and Elaeidinae) (see Dransfield et al., 2008).
The Cocoseae tribe diverged from its closest relatives Roystonea/
Reinhardtia ca. 55-58 million years ago (mya). Its spiny and non-
spiny members diverged about 46 mya (Gunn, 2004; Roncal et al.,
2013). Most Attaleinae are diploid while Allagoptera caudescens,
Beccariophoenix alfredii, Jubaeopsis caffra, and Voanioala have un-
dergone polyploidization events in the past and have retained a du-
plicated genome. A study by Shapcott et al. (2007) on the genetic
diversity of the diploid Beccariophoenix madagascariensis found
highly inbred populations. Microsatellite data did not show differ-
entiation between B. alfredii, and the northern B. madagascariensis
population. It is possible that selfing within these northern popula-
tions led to polyploidy with subsequent dispersal by frugivores to
new habitats thus resulting in speciation. Including Beccariophoenix
alfredii, a tetraploid shown in this current study, we found that poly-
ploidy occurred at least four times within the Cocoseae.

Our phylogenetic analysis suggests that the ancestral genome size
for the Attaleinae may have been small (ca. 4.95 pg). We observed some
variability in genome size at the generic level but genome size within a
given genus was broadly conserved except for Syagrus glaucescens Glaz.
ex Becc. and S. romanzoffiana (Cham.) Glassman (Fig. 3). The Attalei-
nae diversified in South America and formed highly speciose taxa such
as Syagrus, Attalea, and Butia. In general, their genome sizes are much
smaller than the species-poor Malagasy/African clade (Beccariophoe-
nix, Voanioala, and Jubaeopsis) and it is possible that small genome size
provided competitive advantage for the South American taxa allowing
them to diversify into different biomes. Small genome size has been
shown to correlate with shorter minimum generation time (MGT),
increased reproductive rate and reduced reproductive costs espe-
cially in perennial diploid monocots (Bennett, 1972; Midgley, 1991).
Our study suggests a role for domestication in genome size evolu-
tion and revealed that polyploidy is common within the Attaleinae
(3 out of 17 species sampled), relative to the rest of Cocoseae and
has evolved multiple times independently.
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Toward coconut genome sequencing—Our research has implica-
tions for the future sequencing and annotation of coconut nuclear
genome. To date, the genome of two economically important palms
have been sequenced and published namely for the date palm Phoe-
nix dactylifera L. (estimated 1C ~671Mb by Al-Mssallem et al.
(2013)) and the African oil palm Elaeis guineensis (1C ~1.8 Gb ac-
cording to Singh et al. (2013)). There is also a draft genome se-
quence available for E. oleifera (Kunth) Cortes (Filho et al., 2015).
Long generation time and bulkiness make coconut breeding a
lengthy process. Thus, marker-assisted selection and genomic
breeding are likely to accelerate progress in genetic manipulation.
Transcriptomes produced through Next Generation Sequencing
have already been published by Fan et al. (2013) and Huang et al.
(2014). A preliminary draft coconut genome sequence was pre-
sented by Alsaihati et al. (2014) without prior estimation of genome
size and variation among cultivars. The coconut genome is 4 and 1.6
times larger than the date palm and oil palm, respectively, and as
such requires a much deeper sequencing effort. In addition, a larger
genome means that more repeated sequences are present thus caus-
ing increased difficulty for assembly. This difficulty can however be
overcome by combining the extension of scaffold using paired-end
generation of large sequences with the production of a high density
linkage map. Whole-genome sequencing will pave the way to a va-
riety of approaches such as Single Nucleotide Polymorphism dis-
coveries from genome wide association studies (GWAS). The whole
genome sequence of the coconut will provide us with insights into
decoding the traits associated with fruit morphology and more im-
portantly to enable the discovery of Quantitative Trait Loci associated
with disease resistance such as lethal yellowing through association
studies and mapping. Comparative genomics involving oil palm
and date palm genome sequence will help elucidate key cellular
and physiological mechanisms among Arecaceae.
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APPENDIX 1 Absolute genome sizes (pg) estimated for Cocos nucifera cultivars sampled with Petunia xhybrida internal standard, from flow cytometry.

Abs. genome size

Cultivar Internat. abbrev. Habit N (2CQ)/pg (mean * SD) Origin Collection Locality
Andaman Ordinary Tall ADOT Tall 4 6.02+009 Andarman Island Sta. MD_LO3A13
Cameroon Kribi Tall CKT Tall 2 587 +020 Cameroon Sta. MD_L12A09
Gazelle Peninsula Tall GPT Tall 3 589+008 Papua New Guinea Sta. MD_LO8A12
Mission Beach MISB Tall (ws) 2 5.87 +000 Australia RBG SYD_20101370
Lizard Island Tall LIz Tall (ws) 4 589+ 005 Australia ANBG_BG753A
Laccadive Micro Tall LMT Tall 3 613000 LaccadiveArchipelago Sta. MD_LO8A18
Malayan Tall MLT Tall 4 579+ 006 Malaysia Sta.MD_LO3A18
Mozambique Tall MZT Tall 3 6.19+004 Mozambique Sta. MD_LO3A13
Panama Tall PNT Tall 4 6.01+003 Panama Sta. MD_LO3A12
Solomon Island Tall SIT Tall 3 596+ 003 Solomon Islands Sta. MD_L21A13
Sti Lanka Tall SLT Tall 4 6.07 +£008 Sri Lanka Sta. MD_L36A24
Tagnanan Tall TAGT Tall 3 5934000 Philippines Sta. MD_L38A25
Tahiti Tall TAT Tall 3 575+003 Tahiti Sta. MD_LO3A08
Vanuatu Tall VTT Tall 3 5.95+003 Vanuatu Sta. MD_L44A24
West African Tall WAT3 Tall 6 589+ 006 West Africa Sta. MD_LO9A14
Brazil Green Dwarf BGD Dwarf 4 594+ 003 Brazil Sta. MD_L13A28
Cameroon Red Dwarf CRD Dwarf 3 6.02+002 Cameroon Sta. MD_LOBA13
Catigan Green Dwarf CATD Dwarf 4 604+ 004 Philippines Sta. MD_LOSA15S
Ghana Yellow Dwarf GYD Dwarf 3 596+003 Ghana Sta. MD_LO2A30
Malayan Yellow Dwarf MYD Dwarf 2 594+002 Malaysia RBG SYD_903153
Pilipog Green Dwarf PILD Dwarf 6 6014008 Philippines Sta. MD_L35A28
Tahiti Red Dwarf TRD Dwarf 3 6.04+013 Tahiti Sta. MD_L14A26
Niu Leka Dwarf NLAD Compact Dwarf 4 5944006 Fiji Sta. MD_LO8AO9

Appendix 1 Abbreviations: Sta. MD = CNRA Marc Delorme Coconut Research Centre in Céte d'Ivoire, Africa; ANBG = Australian National Botanic Gardens Canberra; RBG SYD = Royal Botanic
Gardens Sydney, Australia; ws = wild-sown, ane individual per cultivar was assayed; and N = number of runs per individual.

APPENDIX 2 Absolute genome sizes (pg) 2Cx values estimated for Cocoseae species

Abs. genome

Species size /pg (2Cx) Ploidy level Collection locality Accession number
Allagoptera caudescens (Mart) Kunze 535 4 RBG, Sydney 20091679
Attalea cohune Mart. 4.34 2 RBG, Sydney 20091583
Attalea phalerata Mart. ex Spreng. 4.02 2 RBG, Sydney 20091585
Astrocaryum alatum H.FELoomis 436 2 RBG, Sydney 20091582
Bactris bifida Mart. 410 2 RBG, Sydney 20091209
Bactris gasipaes Kunth 943 4 RBG, Sydney 20100250
Beccariophoenix alfredii Rakotoarin et al. 747 4 RBG, Sydney 20100251
Beccariophoenix madagascariensis Jum. & H.Perrier 360 2 RBG, Sydney 20040914
Butia capitata (Mart) Becc. 342 2 RBG, Sydney 932392
Butia eriospatha (Mart. ex Drude) Becc. 3.06 2 RBG, Sydney 780035
Elaeis ofeifera (Kunth) Cortes 443 2 Angiosperm 1C-values db
Jubaea chilensis (Molina) Baill. 5.10 2 RBG, Sydney 20090098
Jubaeopsis caffra Becc, 2840 ) 201080
Lytocaryum weddellianum (HWendl) Toledo 372 2 RBG, Sydney 14451
Syagrus botryophora (Mart,) Mart. 432 2 RBG, Sydney 20090788
Syagrus coronata (Mart) Becc. 396 2 RBG, Sydney 20091730
Syagrus glaucescens Glaz. ex Becc 6.90 2 Angiosperm 1C-values db
Syagrus romanzoffiana (Cham.) Glassman 6.10 2 Angiosperm 1C-values db
Syagrus sancona (Kunth) H.Karst. 3.90 2 RBG, Sydney 20091729
Syagrus schizophylla (Mart) Glassman 4.00 2 RBG, Sydney 20091652
Voanioala gerardii ) Dransf, 6.32 19 Angiospermn 1C-values db

Note: The Oe-value is defined as the (averaged) DNA content of the monoploid genomes in polyploids and nenpolyploids, where x is the symbol for the chromosome number of the
monoplaid genome and for the chromaosome base number in a generatively polyploid series of related organisms (see Greilhuber et al, 2005).
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APPENDIX 3 (Chapter 3)

List of coconut samples, region, name, identification number, country of origin and
country abbreviation.

, Count.
Number Region Name ID_num. Country Abbrev.

1 Indo-Atlantic West African Tall 01_WAT Africa AFR
2 Indo-Atlantic West African Tall 13_WAT Africa AFR
3 Australasia Lizard Island Tall 130_AUS Australia AUS
4 Australasia Lizard Island Tall 131_AUS Australia AUS
5 Australasia Lizard Island Tall 132_AUS Australia AUS
6 Australasia Lizard Island Tall 134_AUS Australia AUS
7 Australasia Lizard Island Tall 135_AUS Australia AUS
8 Australasia Lizard Island Tall 136_AUS Australia AUS
9 Australasia Lizard Island Tall 138_AUS Australia AUS
10 Australasia Lizard Island Tall 139_AUS Australia AUS
11 Australasia Lizard Island Tall 140_AUS Australia AUS
12 Australasia Lizard Island Tall 141_AUS Australia AUS
13 Australasia Lizard Island Tall 142_AUS Australia AUS
14 Indo-Atlantic Brazil Tall 96_BRT Brazil BRA
15 Brazil Syagrus picrophylla 40_S.PIC Brazil BRA
16 Brazil Syagrus coronata 51_S.COR Brazil BRA
17 Indo-Atlantic Brazil Tall 24 BRT Brazil BRA
18 Southeast Asia Cambodian Tall 05_KAT Cambodia KHM
19 Southeast Asia Cambodian Tall 88_KAT Cambodia KHM
20 Indo-Atlantic Cameroon Kribi Tall 74 _CKT Cameroon CMR
21 Indo-Atlantic Comoros Anjouan Tall 28 CMRT Comoros COM
22 Indo-Atlantic Comoros Anjouan Tall 76_CMRT Comoros COM
23 Indo-Atlantic Comoros Anjouan Tall 22_CMRT Comoros COM
24 Indo-Atlantic Comoros Anjouan Tall 58 CMRT Comoros COM
25 Indo-Atlantic Comoros Moheli Tall 85_CMT Comoros COM
26 South Pacific Cook Island Tall 79_COKT Cook Islands COK
27 South Pacific ~ Niu magimagi Tall 18_NNMT Fiji FJI
28 South Pacific =~ Niu magimagi Tall 30_NNMT Fiji FJI
29 South Pacific Fiji Tall 31_TAV Fiji FJ1
30 South Pacific Fiji Tall 34_TAV Fiji FJ1
31 South Pacific  Fiji Tall Korolevu 107_TAV Fiji FJI
32 South Pacific Niu Leka Dwarf 37_NLAD Fiji FJ1
33 South Pacific Niu Leka Dwarf 52_NLAD Fiji FJ1
34 South Pacific Rotuma Tall 63_RTMT Fiji FJ1
35 South Pacific Niu Leka Dwarf 68_NLAD Fiji FJ1
36 South Pacific Niu drau 144_TAV Fiji FJ1
37 Indo-Atlantic Andaman Ordinary Tall 86_ADOT India IND
38 Indo-Atlantic Chowgat Green Dwarf 92_CH India IND
39 Indo-Atlantic Kapadam Tall 03_KPDT India IND
40 Indo-Atlantic Laccadive Micro Tall 14_LMT India IND
41 Indo-Atlantic Laccadive Micro Tall 26_LMT India IND
42 Australasia Tenga Tall 04_TGT Indonesia IDN
43 Australasia Nyior biasa 07_IDN Indonesia IDN
44 Australasia Nyior pendek 11_IDN Indonesia IDN
45 Australasia Palu Tall 16_PUT Indonesia IDN
46 Australasia Nyior biasa 35_IDN Indonesia IDN
47 Australasia Nyior biasa 44 IDN Indonesia IDN
48 Australasia Flores Tall 57_IDN Indonesia IDN
49 Australasia Ternate Brown Dwarf 65_TBD Indonesia IDN
50 Australasia Nyior biasa 67_IDN Indonesia IDN
51 Australasia Nyior panda hijau 70_IDN Indonesia IDN
52 Australasia Nyior biasa 81_IDN Indonesia IDN
53 Australasia Nyior meta hijau 83_IDN Indonesia IDN
54 Australasia Takome Tall 87_TKT Indonesia IDN
55 Australasia Nyior sangnu (Kopyior)  97_IDN Indonesia IDN
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56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117

Australasia
Australasia
Indo-Atlantic
South Pacific
South Pacific
Indo-Atlantic
Indo-Atlantic
Indo-Atlantic
Indo-Atlantic
Indo-Atlantic
Indo-Atlantic
Indo-Atlantic
Southeast Asia
Southeast Asia
Southeast Asia
Southeast Asia
South Pacific
South Pacific
South Pacific
Panama
Panama
Panama
Panama
Panama
Australasia
Australasia
Australasia
Australasia
Australasia
Australasia
Australasia
Australasia
Australasia
Australasia
Australasia
Australasia
Southeast Asia
Southeast Asia
Southeast Asia
Southeast Asia
Southeast Asia
Southeast Asia
Southeast Asia
Southeast Asia
Southeast Asia
Indo-Atlantic
Indo-Atlantic
Indo-Atlantic
Indo-Atlantic
South Pacific
South Pacific
South Pacific
South Pacific
South Pacific
South Pacific
South Pacific
South Pacific
South Pacific
South Pacific
Indo-Atlantic
Indo-Atlantic
Indo-Atlantic

Deli

Matahari

Jamaican Tall

Kiribat Tall

Kiribat Green Dwarf
Madagascar Tall
Madagascar Tall
Madagascar Tall
Madagascar Tall
Madagascar Tall
Madagascar Tall
Madagascar Tall
Malayan Tall

Yellow Malayan Dwarf
Malayan Red Dwarf
Malayan Green Dwarf
Marshall Island Tall
Marshall Island Tall
New Caledonia Tall
Panama Tall

Panama Tall Costa Rica
Panama Tall Aguadulce
Panama Tall

Panama Tall Aguadulce
Vailala Tall

Markam Valley Tall
Kiwai Tall

East Sepik Tall

West New Britain Tall
Baibarra Tall

New Ireland Tall
HihishuTall

Madang Yellow Tall
Karkar Tall

Poligolo Tall

Karkar Tall
Kapatangan Green Dw.
Macapuno Tall
Baybay Tall

San Ramon Tall
Tacunan Green Dwarf
Pilipog Green Dwarf
Catigan Green Dwarf
Tagnanan Tall
Ballesteros Tall
Seychelles Tall
Seychelles Tall
Seychelles Tall
Seychelles Tall
Solomon Island Tall
Rennell Island Tall
Niu mweta

Niu marawa

Niu marawa

Niu mera

Niu mafu

Niu tangarau

Niu fara

Niu ngasi

Sri Lanka Tall

Pumila Green Dwarf
Sri Lanka Tall
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100_IDN
102_IDN
106_ALT
20_KIT
27_KIGD
98_MDGT
99-MDGT
101_MDGT
103_MDGT
104_MDGT
105_MDGT
137_MDGT
02_MLT
45_YMD
77_MRD
89_MGD
82_MIT
94_MIT
55_NCT
25_PNT
36_PNT
50_PNT
60_PNT
62_PNT
09_VLT
10_MVT
21_KWT
32_ELT
33_WLT
43_BBRT
46_NLT
56_HLT
69_MADY
71_KKT
80_PLT
93_KKT
06_KAPD
12_MACT
15_BAYT
19_SNRT
29_TACD
41_PILD
29_CATD
61_TAGT
90_BALT
17_SEY
108_SEY
112_SEY
118_SEY
38_SIT
73_RIT
113_SOL
114_SOL
115_SOL
116_SOL
117_SOL
119_SOL
120_SOL
121_SOL
42_SLT
53_PGD
54 _SLT

Indonesia
Indonesia

Jamaica

Kiribats

Kiribats
Madagascar
Madagascar
Madagascar
Madagascar
Madagascar
Madagascar
Madagascar
Malaysia

Malaysia

Malaysia

Malaysia

Marshall Island
Marshall Islands
New Caledonia
Panama

Panama

Panama

Panama

Panama

Papua New Guinea
Papua New Guinea
Papua New Guinea
Papua New Guinea
Papua New Guinea
Papua New Guinea
Papua New Guinea
Papua New Guinea
Papua New Guinea
Papua New Guinea
Papua New Guinea
Papua New Guinea
Philippines
Philippines
Philippines
Philippines
Philippines
Philippines
Philippines
Philippines
Philippines
Seychelles
Seychelles
Seychelles
Seychelles
Solomons
Solomons
Solomons
Solomons
Solomons
Solomons
Solomons
Solomons
Solomons
Solomons

Sri Lanka

Sri Lanka

Sri Lanka

IDN
IDN
JAM
KIT
KIT
MAD
MAD
MAD
MAD
MAD
MAD
MAD
MYS
MYS
MYS
MYS
MHL
MHL
NCL
PAN
PAN
PAN
PAN
PAN
PNG
PNG
PNG
PNG
PNG
PNG
PNG
PNG
PNG
PNG
PNG
PNG
PHL
PHL
PHL
PHL
PHL
PHL
PHL
PHL
PHL
SEY
SEY
SEY
SEY
SOL
SOL
SOL
SOL
SOL
SOL
SOL
SOL
SOL
SOL
LKA
LKA
LKA



118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139

Indo-Atlantic
Indo-Atlantic
Indo-Atlantic
Indo-Atlantic
Southeast Asia
Southeast Asia
South Pacific
South Pacific
South Pacific
South Pacific
South Pacific
South Pacific
South Pacific
South Pacific
South Pacific
South Pacific
South Pacific
South Pacific
South Pacific
South Pacific
South Pacific
South Pacific

Rath Thembili

East African Tall
East African Tall
East African Tall

Aromatic Green Dwarf
Thailand Green Dwarf

Niu mea

Niu mea

Niu uvea

Tonga Tall

Tuvalu Tall

Tuvalu Tall
Vanuatu Red Dwarf
Vanuatu Tall

Nean anelec

Nean iwyeugd

Nean rek

Nean imtanor

Nean nohan

Nean apojev

Nean induaa inpuad
Syagrus amara

66_RTB
47_EAT
59_EAT
78_EAT
23_AROD
84_THD
109_TIK
110_TIK
111_TIK
75_TONT
91_TUV
08_TUV
39_VRD
72_VTT
122_VTT
123_VTT
124 VTT
125_VTT
126_VTT
127 _VTT
128_VTT
S.AMA

Sri Lanka
Tanzania
Tanzania
Tanzania
Thailand
Thailand
Tikopia
Tikopia
Tikopia
Tonga
Tuvalu
Tuvalu
Vanuatu
Vanuatu
Vanuatu
Vanuatu
Vanuatu
Vanuatu
Vanuatu
Vanuatu
Vanuatu
West Indies

LKA
TZA
TZA
TZA
THD
THD
TIK
TIK
TIK
TON
TUV
TUV
VUT
VUT
VUT
VUT
VUT
VUT
VUT
VUT
VUT
WI
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APPENDIX 4

Sequencing QC Report

Based upon: 46,060,022 sequences in 1 data set
Generated by: kulhcar

Creation date: Mon Nov 12 15:22:28 EST 2012
Software: CLC Genomics Workbench 5.5.1
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1. Summary

Creation date: Mon Nov 12 15:22:28 EST 2012
Generated by: kulhcar

Software: CLC Genomics Workbench 5.5.1
Based upon: 1 data set
Coco1_Elox3_CAGATC_L007_R1_001 (paired): 46,060,022 sequences in pairs

2. Per-sequence analysis

2.1 Lengths distribution

Lengths distribution

100 —
80 —
60 —
o
20 —
o i
00‘

% sequences

O 7 <o % Y % % o % % %
;V - LY

.

A3 L Y 3 -~
% G

7y S % 7 % %y
7
sequence length

Distribution of sequence lengths. In cases of untrimmed Illumina or SOLiD reads it will ju st contain a single
peak.

X: sequence length in base-pairs

y: number of sequences featuring a particular length normalized to the total number of seq uences
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2.2 GC-content

GC-content

% sequences
|

o, 7 < S 6 S & 9 7
(/4 o.o 0'0 o.o %o o.o o.o o.o o.o o.o oqa

% GC-content

Distribution of GC-contents. The GC-content of a sequence is calculated as the number of G C-bases compared to all
bases (including ambiguous bases).

x: relative GC-content of a sequence in percent

y: number of sequences featuring particular GC-percentages normalized to the total number of sequences
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2.3 Ambiguous base-content

Ambiguous base-content
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% sequences
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% ambiguous bases
Distribution of N-contents. The N-content of a sequence is calculated as the number of amb iguous bases compared
to all bases.

x: relative N-content of a sequence in percent
y: number of sequences featuring particular N-percentages normalized to the total number o f sequences

4
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2.4 Quality distribution

Quality distribution

% sequences
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average PHRED score

Distribution of average sequence qualitie scores. The quality of a sequence is calculated as the arithmetic mean
of its base qualities.

x: PHRED-score

y: number of sequences observed at that qual. score normalized to the total number of sequ ences

3. Per-base analysis
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3.1 Coverage

Coverage

% coverage
1

o I I 1 1 I 1 1 1 I |

base position
The number of sequences that support (cover) the individual base positions. In cases of un trimmed Illumina or
SOLiD reads it will just contain a rectangle.

X: base position
y: number of sequences covering individual base positions normalized to the total number o f sequences
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3.2 Nucleotide contributions

Nucleotide contributions
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E —— Adenine
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0 50 100

base position

Coverages for the four DNA nucleotides and ambiguous bases.

x: base position
y: number of nucleotides observed per type normalized to the total number of nucleotides o bserved at that

position
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3.3 GC-content

GC-content
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base position

Combined coverage of G- and C-bases.

x: base position

y: number of G- and C-bases observed at current position normalized to the total number of bases observed at that
position
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3.4 Ambiguous base-content

Ambiguous base-content
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% ambiguous bases
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base position

Combined coverage of ambiguous bases.

x: base position

y: number of ambiguous bases observed at current position normalized to the total number o f bases observed at
that position
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3.5 Quality distribution

PHRED score
N W A O O
o o (=] [—] [ =]

-
o

Quality distribution

E 95%ile
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‘ 1 I 1 1 1 1 I
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base position

Base-quality distribution along the base positions.

x: base position

y: median & percentiles of quality scores observed at that base position

4. Over-representation analyses

11
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4.1 Enriched 5mers

Enriched 5mers

= N N &
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CGGGC
— CCGGG
— CCCGG
— GCCCG

% coverage
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base position

The five most-overrepresented bmers. The over-representation of a Smer is calculated as th e ratio of the
observed and expected Smer frequency. The expected frequency is calculated as product of the empirical nucleotide
probabilities that make up the bmer. (5mers that contain ambiguous bases are ignored)

X: base position

y: number of times a 5mer has been observed normalized to all Smers observed at that posit ion

M
A
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4.2 Sequence duplication levels

Sequence duplication levels

30 5

20 —

10 -

relative sequence count

o_ ITTTrT
o, 7, J S 6 S & 9 7
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duplicate count
Duplication level distribution. Duplication levels are simply the count of how often a par ticular sequence has
been found.

x: duplicate count
y: number of sequences that have been found that many times normalized to the number of un ique sequences

4.3 Duplicated sequences

A table of over-represented sequences is given in the supplementary report
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