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Abstract Breadfruit (Artocarpus altilis, Moraceae) is a tradi-
tional staple crop in Oceania and has been introduced through-
out the tropics. This study examines important germplasm
collections of breadfruit and its closest wild relatives and aims
to (1) characterize genetic diversity, including identification of
unknown and duplicate accessions, (2) evaluate genetic struc-
ture and hybridization within the breadfruit complex, and (3)
compare utility of microsatellite markers to previously report-
ed amplified fragment length polymorphism (AFLP) and iso-
zyme markers in differentiating among cultivars. Data for 19
microsatellite loci were collected for 349 individuals

(representing 255 accessions) including breadfruit (A. altilis),
two wild relatives (Artocarpus camansi and Artocarpus
mariannensis) , and putat ive hybrids (A. alt i l is ×
A. mariannensis). Accessions were of mixed ploidy and re-
gional origin, but predominantly from Oceania. Microsatellite
loci collectively had a polymorphic information content (PIC)
of 0.627 and distinguished 197 unique genotypes sorted into
129 different lineages, but a single genotype accounts for
49 % of all triploid breadfruit examined. Triploid hybrids
and diploid A. altilis exhibited the highest levels of diversity
as measured by allele number and gene diversity. Most acces-
sions (75 %) of unknown origin matched either a known
genotype or lineage group in the collection. Putative hybrids
all had genetic contributions from A. mariannensis but ranged
in the level of genetic contribution from A. altilis. Microsat-
ellite markers were found to be more informative than iso-
zyme markers and slightly less informative, with regard to
accession discrimination, than AFLP markers. This set of
microsatellite markers and the dataset presented here will be
valuable for breadfruit germplasm management and
conservation.

Keywords Breadfruit .Artocarpus . Germplasm
conservationmanagement . Microsatellites . Plant genetic
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Introduction

Breadfruit (Artocarpus altilis (Parkinson) Fosberg, Moraceae)
is a traditional staple in Oceania and has many uses ranging
from construction, medicine, and animal feed to insect repel-
lent (Ragone 1997; Jones et al. 2011). However, it is princi-
pally grown as a starch food crop and is an important compo-
nent of agroforestry systems. Breadfruit has been recognized
as a crop with great potential for increasing food security and

Communicated by W. Ratnam

Electronic supplementary material The online version of this article
(doi:10.1007/s11295-014-0824-z) contains supplementary material,
which is available to authorized users.

N. Zerega (*) : T. Wiesner-Hanks
Plant Biology and Conservation, Northwestern University, Evanston,
IL 60208, USA
e-mail: nzerega@chicagobotanic.org

N. Zerega
Department of Plant Science, Chicago Botanic Garden, Glencoe,
IL 60022, USA

D. Ragone
Breadfruit Institute, National Tropical Botanical Garden, Kalaheo,
HI 96741, USA

B. Irish
Tropical Agriculture Research Station, USDA-ARS,
Mayagüez 00680, Puerto Rico

B. Scheffler : S. Simpson
Genomics and Bioinformatics Research Unit, USDA-ARS,
Stoneville, MS 38776-0350, USA

F. Zee
Pacific Basin Agricultural Research Center (PBARC), USDA-ARS,
Hilo, HI 96720, USA

Tree Genetics & Genomes  (2015) 11:4 
DOI 10.1007/s11295-014-0824-z

http://dx.doi.org/10.1007/s11295-014-0824-z


alleviating malnutrition in Oceania, the Caribbean, tropical
Africa, and beyond (Wootton and Tumaalii 1984; Morton
1990; Adebowale et al. 2005; Omubuwajo 2007; Roberts-
Nkrumah 2007; Taylor et al. 2009; Jones et al. 2011). It
produces large starchy compound fruits with high yields and
high levels of minerals and provitamin A carotenoids as
compared to other important staples like wheat, maize, and
rice (Jones et al. 2011, 2013). Although most cultivars pro-
duce fruit from August to January, growing a set of cultivars
with diverse fruit-bearing seasons could allow for year-round
harvest of nutrient-rich fruit (Fownes and Raynor 1991; Jones
et al. 2010, 2013). Since Europeans first encountered bread-
fruit in the Pacific nearly 400 years ago (Markham 1904), a
small number of cultivars have been introduced to tropical
regions throughout the tropics, including the Caribbean (Pow-
ell 1977; Leakey 1977; Roberts-Nkrumah 2007), Africa
(Omubuwajo 2007), and India (Ragone 1997). The genetic
diversity and importance of breadfruit, however, remain
greatest in Oceania, where breadfruit was domesticated
(Zerega et al. 2004, 2005, 2006).

Breadfruit’s wild relatives have been identified as
Artocarpus camansi Blanco and Artocarpus mariannensis
Trécul, and hybrids also exist (Fosberg 1960; Zerega et al.
2004, 2005). Over millennia, Pacific Islanders have select-
ed and named hundreds of traditional cultivars based on
fruiting season, fruit shape, color and texture of the flesh
and skin, presence or absence of seeds, flavor, cooking and
storage qualities, leaf shape, and horticultural needs (Wil-
der 1928; Ragone 1997). Cultivars include vegetatively
propagated seedless triploids, vegetatively or seed-
propagated fertile diploids, and diploid and triploid hybrids
(Ragone 2001, 2007; Zerega et al. 2004). Over 2000 names
have been collected for breadfruit cultivars in Oceania,
where breadfruit was domesticated (Ragone 1991). Be-
cause names are typically based on morphological traits
of the tree and fruit, which may be environmentally influ-
enced across islands (Ragone and Wiseman 2007), and
because the same name may be used for different types
or different names may be used for the same type, genetic
characterization of cultivars is important.

To help conserve, study, and improve breadfruit, many
germplasm collections have been assembled over the last
several decades throughout the tropics (Ragone 1997).
Most cultivars are seedless, and even when seeds are
present, they are recalcitrant and cannot be dried, frozen,
or stored, so collections must be maintained as living
trees in field genebanks. This is a time-consuming and
expensive task, and for this reason, many collections are
no longer being maintained (Ragone 1997). Understand-
ing the genetic diversity of collections is critical for
informed germplasm management and prioritizing con-
servation efforts and is an important step in the increased
utilization of this crop.

The largest and most extensive collection of breadfruit is
housed at the Breadfruit Institute at the National Tropical
Botanical Garden (NTBG). It contains breadfruit, hybrids,
and wild relatives from throughout Oceania and beyond (Ta-
ble 1, see also Online Resource 1 and www.http://ntbg.org/
breadfruit). USDA-ARS National Plant Germplasm System
(NPGS) repositories (Pacific Basin Agricultural Research
Center (PBARC) in Hilo, HI, and Tropical Agriculture Re-
search Station (TARS) in Mayagüez, Puerto Rico) include
duplicates from NTBG as well as some additional unique
accessions (http://www.ars-grin.gov/npgs/acc/acc_queries.
html) (Table 1). This study analyzed the accessions from these
important breadfruit collections. Previous genetic diversity
studies conducted on a subset of these collections used iso-
zymes (Ragone 1991) and amplified fragment length poly-
morphism (AFLPs) (Zerega et al. 2004, 2005, 2006). The
present study characterized 349 breadfruit individuals and
wild congeners from the NTBG and NPGS collections using
19 microsatellite loci (Witherup et al. 2013) in order to (1)
characterize genetic diversity, including identification of un-
known and replicate accessions, (2) evaluate genetic structure
and hybridization within the breadfruit complex, and (3) com-
pare microsatellite utility to AFLP and isozyme markers in
assessing breadfruit diversity and differentiating among
cultivars.

Methods and materials

Plant materials

Leaf tissue samples from 349 individuals (representing 255
accessions) were collected on silica for 229 A. altilis, 70
A. altilis×A. mariannensis hybrids, 36 A. camansi, and 14
A. mariannensis specimens. Samples came from the following
sites: NTBG (Kahanu Garden, Maui, and the McBryde,
Allerton, and Limahuli Gardens in Kauai, HI), USDA-ARS,
TARS, and USDA-ARS, PBARC (Table 1). Provenance lo-
calities were predominantly in Oceania (Fig. 1, Table 1).
Taxon name, cultivar name, and additional provenance infor-
mation are also publicly available for most of the accessions
through NTBG (http://ntbg.org/breadfruit/database) and the
ARS’s Germplasm Resources Information Network (GRIN)
databases (http://www.ars-grin.gov/npgs/acc/acc_queries.
html). An accession number was frequently represented by
only one tree; however, in some cases, multiple individuals
were represented from the same base accession number (the
six-digit number preceding the decimal point). If individuals
shared the same base accession number, it indicated that
they were either vegetatively propagated from the same
parent tree or that they were grown from seed from the
same mother tree.
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DNA extraction and SSR marker analysis

DNA extraction, PCR amplification of 19 microsatellite loci,
electrophoresis, and scoring of the samples were performed as
described in Witherup et al. (2013). Ploidy levels of some
individuals were known from chromosome squashes (Ragone
2001). To assess ploidy in the other individuals, any individ-
ual with three alleles at multiple microsatellite regions was
designated as triploid. Genotype-based ploidy assignment was
considered to be accurate, as the vast majority of known
triploid individuals displayed three alleles for at least three
loci (deviations are discussed in “Results”). In addition, 174 of
the individuals were known to be either seeded (indicating
diploidy) or seedless (frequently indicating triploidy), and
these data matched ploidy assignments in virtually all
instances (deviations discussed in “Results”).

Data analyses

Resolving allele dosage in partial heterozygotes is challenging
in triploid samples. The presence of two alleles at a given
locus could signify either a genotype with allele x represented
twice or allele y represented twice (i.e., xxy vs. xyy). Various
methods exist for estimating allele copy number, but they are
meant for samples with uniform, even-numbered ploidy and a
known selfing rate (Clark and Jasieniuk 2011; De Silva et al.
2005), assume that either allele has an equal chance of being
present in two copies (Hardy and Vekemans 2002; Tomiuk
et al. 2009), or require data that can be normalized to complete
heterozygotes (Esselink et al. 2004). Therefore, we did not
impute a third allele in the case of partial heterozygotes
(McGregor et al. 2000; Mengoni et al. 2000; Creste et al.
2004).

GenoDive (Meirmans and Van Tienderen 2004) was used
to calculate genetic diversity measures and genetic distance.
Genetic distances were calculated using the Bruvo method, a
distance measure suited to codominant marker data in popu-
lations of mixed ploidy (Bruvo et al. 2004). UPGMA and
neighbor-joining trees were then constructed using the neigh-
bor program from PHYLIP package 3.69 (Felsenstein 2005)
and visualized using FigTree 1.4.0. Analyses were run with all
349 samples and also excluding hybrids. Principal component
analysis was performed in GenoDive (Meirmans and Van
Tienderen 2004) and visualized using the ggplot2 visualiza-
tion package for R (Wickham 2009).

The Bayesian clustering analysis software STRUCTURE
v2.3.4 (Pritchard et al. 2000; Falush et al. 2007) was used to
visualize genetic structure and subdivisions (number of genet-
ic clusters, K) among samples. In order to analyze the allele
data from both diploid and triploid samples simultaneously,
the recessive alleles option in STRUCTURE was set to one to
allow for ambiguity in genotypes, and diploid individuals
were scored as missing data for the third allele. We carried

out 20 independent runs per K using a burn-in period of 100,
000 and collected data for 100,000 iterations forK=1–15. The
minimum value of K that can explain the data was assessed
using the rate of change in the log likelihood probability of
data between corresponding K values (DK) as detailed in
Evanno et al. (2005).

The hybrid index, a quantitative estimate of the genetic
contribution of two parental species, was calculated for hybrid
collections using GenoDive (Meirmans and Van Tienderen
2004), extending the maximum likelihood approach of
Buerkle (2005) to include polyploid individuals.

GenoDive (Meirmans and Van Tienderen 2004) was used
to assign lineage groups and genotypes. Samples were
assigned the same genotype only if they were identical at all
loci. Since allele dosage in triploids with two alleles could not
be reliably distinguished, any instances of such partial hetero-
zygotes were considered identical, leading to a possible un-
derestimation of unique genotypes. Samples were assigned
the same lineage group if the genotype of one could be
transformed to the genotype of the other within a threshold
number of mutation steps. The threshold distance was set
independently for each ploidy level, since the triploids were
much less diverse. Pairwise genetic distances clustered as
expected for both ploidy levels, with a distribution bounded
at zero from those relationships that are putatively clonal and a
normal distribution consisting of the distances between sib-
lings. Thresholds were set to include all contiguous distances
greater than 0 with frequency greater than 1. The lineage
threshold for triploids was set at 16, while the diploid thresh-
old was set at 8.

The polymorphic information content (PIC) for each locus
was calculated as follows:

1−
Xn

i¼1

p2i −
Xn−1

i¼1

Xn

j¼1þ1

2p2i p
2
j

where pi and pj are the frequency of two given alleles i and j
(Botstein et al. 1980). In order to evaluate data from both
ploidy levels concurrently, the allele frequency for a given
allele i was calculated as pi ¼ c12þci3

N , where cin is the number
of occurrences of allele i among individuals with ploidy n and
N is the number of all non-null alleles observed.

Results

Diversity characterization

When considering each taxon separately, the average number
of alleles across all 19 loci ranged from 1.74 in
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A. mariannensis to 7.37 in diploid breadfruit (Table 2). Alleles
per locus ranged from 1 (in MAA3 for all taxa except
A. camansi) to 16 (in MAA201 for A. camansi), and across
all taxa, the average number of alleles was 11.63, with a range
of 2 (in MAA3) to 24 (in MAA201) (Table 2). Gene diversity
was greatest in triploid hybrids (He=0.62), followed by dip-
loid A. altilis (He=0.61), triploid A. altilis (He=0.52),
A. camansi (He=0.41), diploid hybrids (He=0.38), and
A. mariannensis (He=0.18). Averaged across all taxa, gene
diversity was 0.44 (Table 2).

Lineage and genotype groups

The 349 individuals analyzed represented 197 distinct geno-
types sorted into 129 lineages (Table 1). All lineage groups
and genotypes were comprised of individuals of the same
species, with the exception of one lineage group (lineage 4)
that included A. altilis as well as hybrids. Among the 189
triploid individuals (representing 140 accessions of A. altilis
and hybrids) there were 74 genotypes, 50 of which were
singletons present in only a single individual (Table 1).
Among the 150 A. altilis triploid individuals (representing
112 accessions), there were 42 genotypes sorted into 8 lineage
groups. However, there was a single dominant genotype

(genotype 1) that accounted for 75 individuals (representing
62 accessions) and was part of lineage group 1, which
accounted for 130 individuals (representing 111 accessions).
The members of this lineage group have provenance from
Eastern Polynesia and Micronesia, with a few from Barbados,
the Seychelles, or of unknown provenance. Among the 39
A. altilis×A. mariannensis triploid individuals (representing
27 accessions), there were 30 genotypes sorted into 15 lineage
groups.

Compared to triploids, the diploid accessions were more
readily distinguishable from one another based on microsat-
ellite profiles (Table 1). Among the 160 diploid individuals
(representing 113 accessions across all four taxa), there were
115 genotypes, 111 of which were represented by a single
individual in the collection. The genotypes were sorted into
106 lineages, 89 of which contained only one accession. There
were no genotypes or lineages shared across different taxa
among the diploids. Among the 36 A. camansi individuals
(representing 21 accessions), there were 35 genotypes sorted
into 34 lineage groups. Among the 14 A. mariannensis indi-
viduals (representing 7 accessions), there were 13 genotypes
sorted into 11 lineage groups. Among the 79 A. altilis diploid
individuals (representing 63 accessions), there were 47 geno-
types sorted into 33 lineage groups. Among the 31 diploid

Fig. 1 Map of collections used in the study. Inset in lower left shows
collections outside of Oceania with sample size in parentheses. The area
highlighted in gray on the inset map is the focus of the larger Oceania

panel, which has island groups indicated and the following regions
outlined: East Polynesia. West Polynesia, Micronesia, and Melanesia
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hybrid individuals (representing 22 accessions), there were 31
genotypes sorted into 29 lineage groups.

Only a few lineages or genotypes were shared across
regions. When considering only the breadfruit (A. altilis) and
hybrids (A. altilis×A. mariannensis), one lineage was shared
across all regions in Oceania (lineage 37); another lineage was
shared acrossWestern and Eastern Polynesia, Micronesia, and
areas outside of Oceania (lineage 1); two lineages were shared
between Western and Eastern Polynesia (lineages 2 and 33),
two lineages were shared across Eastern Polynesia and Mi-
cronesia (lineages 4 and 5), and two lineages were shared
across Western Polynesia and Melanesia (Lineages 27 and
42) (Fig. 2a). When considering genotypes, one genotype
(lineage 37/genotype 90) was shared across all regions in
Oceania; one genotype was shared across Micronesia and
Eastern Polynesia (lineage 1/genotype 23); one genotype
was shared across Eastern Polynesia, Micronesia, and areas
outside of Oceania (lineage 1/genotype 1); one genotype was
shared across Melanesia and Western Polynesia (lineage 27/
genotype 78); one genotype was shared across Western and
Eastern Polynesia (lineage 1/genotype 3); and one genotype
was shared across Eastern Polynesia and areas outside of
Oceania (lineage 1/genotype 5) (Fig. 2b).

Identification of unknowns

Twenty-eight accessions had unknown cultivar names, and 13
of them were also of unknown provenance. Among the 28
unknowns, 12 (43 %) shared identical genotypes to an acces-
sion(s) with known provenance and cultivar name(s)
(Table 1). Nine (32 %) of the unknown accessions shared a
lineage group but not a genotype with other known acces-
sions, and seven (25 %) unknowns shared neither lineage
nor genotypes with other accessions, suggesting they are
genetically unique within the collection.

Cultivar names

There were 136 different cultivar names recorded for the
cultivated breadfruit and hybrids analyzed in this study. Half
of these names (68) were singletons, only represented by a
single individual. Among the other 68 names with multiple
individuals, 40 names were represented each by 2 individuals,
16 names were represented each by 3 individuals, 5 names
were represented each by 4 individuals, and 3 names were
represented each by 5 individuals. There were four different
names that were represented by 6, 7, 13, and 18 individuals.
Only one name occurred in more than one island group within
a region: Puou (Tonga and Samoa in Western Polynesia).
Puou also occurred in Vanuatu (Melanesia), but this is known
to be an introduction from a Samoan variety. Of the 68 names
represented by more than 1 individual, only 33 names consis-
tently shared the same genotypes with other individualsT
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bearing the same name, and 24 of those 33 were members of
the same base accession number. Eight of those 33 names all
shared the most ubiquitous lineage group and genotype (1/1).
The remaining nine names, represented by more than one
individual and consistently sharing the same genotype, share

their respective genotypes across different base accession
numbers: Afara, Enua, Mei chon, Meion, Meinpadahk, Niue,
Otea, Puaa, and Ulu tala. Among the 75 individuals with the
ubiquitous genotype (lineage 1/genotype 1), 44 different
names were represented.

250
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Genotype Distribution

B

250

500

1000

1500
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Lineage Distribution

A

East Polynesia (119)

East Polynesia (119)

West Polynesia (53)
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Non-Oceania 
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Seychelles-7)
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Equator

Equator

Fig. 2 Distribution across Oceania of lineages and genotypes in A. altilis
and A. altilis×A. mariannensis hybrids based on microsatellite data from
19 loci. Pie charts show regional distributions of lineages (a) and
genotypes (b). Within a pie chart, solid gray shades indicate unique
genotypes that are not shared across regions. Patterned wedges that are

pulled out indicate lineages or genotypes that are shared across regions.
Arrows indicate shared lineages or genotypes across regions (thin
arrows=one shared group and thick arrows indicate two shared
groups). Patterened circles on the arrows indicate the wedge(s) shared
across regions. Sample sizes for each region are indicated in parentheses
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Genetic distance

The results of the UPGMA and neighbor-joining analyses
were nearly identical and only the UPGMA tree is discussed
here. Analyses without hybrids resulted in each taxon making
up its own cluster with the A. camansi and A. altilis clusters
together forming a larger cluster with the A. mariannensis
cluster next to it (not shown). This is consistent with previous
studies based on AFLP (Zerega et al. 2005). In the UPGMA
tree with all samples included, each taxon largely clustered
with other members of the same taxon, with hybrids largely
clustered between A. altilis and A. mariannensis (Fig. 3). All
samples identified as A. camansi clustered together with two
specimens (890455.001 of unknown provenance and
900228.001 from Samoa) that had previously been classified
as A. altilis. Upon closer examination of the two specimens,
we determined that they share many characteristics with
A. camansi and their identifications have been changed to
A. camansi. The A. camansi cluster was split into two
smaller clusters, one cluster made up of samples from
Papua New Guinea and the other cluster made up of

samples from elsewhere. With the exception of one sam-
ple (000528.001 from Pohnpei), all specimens previously
identified as A. mariannensis clustered together. The
exception was nested in a cluster containing mostly hy-
brids as well as triploid and diploid A. altilis from
islands throughout Oceania. Upon close examination of
the specimen, we determined that his accession shares
hybrid characteristics with greater contribution from
A. mariannensis.

Principal component analysis

Plotting of the first two principal components of the microsat-
ellite profiles shows segregation by species, with hybrids
clustering to some degree between parental species (Fig. 4).
When regional samples are analyzed separately, most Micro-
nesian and Western Polynesian hybrids cluster between the
parental species or cluster more closely to A. mariannensis
(Fig. 5), and in Eastern Polynesia, hybrids cluster much more
closely to A. altilis (Fig. 5).

Fig. 3 UPGMA tree of A. altilis, A. altilis×A. mariannensis, A. camansi,
and A. mariannensis based on data from 19 microsatellite loci. Cluster
members are indicated in the legend. The area within cluster G that is in
the shaded gray circle is the 75 individuals belonging to the ubiquitous

lineage 1/genotype 1. The filled circle on the node in cluster A denotes
samples from outside of Papua New Guinea and the open circle denotes
samples from Papua New Guinea. Cluster designations are also included
in Table 1. Bar of Bruvo distance 0.03 shown for scale
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Hybrid index

Examining the hybrid index (h) across the 69 individuals
identified as hybrids based on morphological characters
(Table 1) revealed a similar pattern evident from princi-
pal component analysis (PCA). Individuals showing
greater contributions from A. mariannensis (h<0.4) were
from Micronesia and Tokelau in Western Polynesia. In-
dividuals showing more equal contributions (h=0.4–0.7)
from both parental species were almost exclusively from
Tokelau. Individuals showing greater contribution from
A. altilis (h>0.7) were predominantly from Micronesia
and Eastern Polynesia.

Structure

In the STRUCTURE analysis, the modal value of the distri-
bution of the true K identified a peak at K=5, which was
supported by large shifts in L(K) and Ln’(K) from K=5 to
K=6 associated with true value of K, as described in Evanno
et al. (2005). All A. mariannensis individuals group together
as do all the A. camansi individuals (Fig. 6). A. altilis speci-
mens were subdivided into three groups that can generally be
characterized as Melanesian breadfruit (predominantly dip-
loid), breadfruit from throughout Oceania (diploid and

triploid), and triploid breadfruit from Eastern Polynesia and
Micronesia. Diploid Micronesian hybrids almost exclusively
shared the same group as A. mariannensis, while triploid
Micronesian hybrids were admixtures of A. mariannensis
and the triploid Micronesian/Eastern Polynesian breadfruit
groups. Western Polynesian hybrids either had dominant con-
tributions from A. mariannensis or were admixtures between
A. mariannensis and the diploid/triploid trans-Oceania bread-
fruit group. Some of the diploid hybrids from Western Poly-
nesia and Micronesia only shared the A. mariannensis group
with no apparent admixture with A. altilis.

Utility of microsatellite markers

The PIC of the microsatellite loci across all taxa ranged from
0.007 to 0.838, with an average value of 0.627 (Table 2). The
extent to which each locus was informative varied by taxon,
with loci generally being the most informative for A. altilis
and hybrids. A codominant marker is generally classified as
highly informative if its PIC >0.5 (Botstein et al. 1980;
Ghislain et al. 2004). Using this criterion, 15 markers were
highly informative within A. altilis, 13 within hybrids, 7
within A. camansi, and none within A. mariannensis. If only
the genotypes from the 10 most informative loci were ana-
lyzed, 111 out of 123 unique diploid genotypes (90 %) and

Fig. 4 PCA results based on data
from 19 microsatellite loci of
breadfruit, hybrids, and wild
relatives from throughout
Oceania. Taxon coding is
indicated in the legend, and 95 %
bivariate confidence interval
ellipses are shown for taxon
clustering
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100 % of 75 triploid genotypes could still be distinguished,
and all taxa could be fully distinguished (i.e., no two acces-
sions of different species shared the samemicrosatellite profile
based on these 10 markers). Only primer MAA3 had zero
distinguishing utility.

A previous study examined AFLP profiles of breadfruit
and its relatives using three primer pairs across 313 individ-
uals (Zerega et al. 2004), 181 of which were included in the
present study. Among this 181 subset of individuals, 156
distinct AFLP and 110 distinct microsatellite genotypes were
distinguished. Given the nature of the PIC equation,

comparing PICs between microsatellites and AFLPs is not
informative. Because AFLP fragments are not mutually ex-
clusive, the information of an AFLP primer pair can change
drastically while the relative frequencies of fragments remain
the same. On the basis of number of markers, the AFLP assays
were generally more informative (Table 3).

Zymotypes established from the isozyme profiles of six
enzymes were available for 140 of the individuals character-
ized here (Ragone 1991; Zerega et al. 2005). Among these
140 individuals, there were 54 distinct zymotypes and 88
distinct microsatellite genotypes. While the average enzyme

Fig. 5 PCA results based on data from 19 microsatellite loci of
breadfruit, hybrids, and wild relatives from throughout Oceania.
Samples were analyzed by region with A. mariannensis and A. camansi

included in each regional analysis. Taxon coding is indicated in the
legend, and 95 % bivariate confidence interval ellipses are shown for
taxon clustering
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was somewhat informative (Table 3), 51 of the 140 individ-
uals shared the same zymotype profile. Zymotype profiles for
overlapping individuals were less informative than
microsatellites, as measured by both PIC and number of
polymorphisms (Table 3).

Comparison of lineage and genotype groups across the same
accession

Not all individuals of the same base accession number shared
the same lineage or genotype group. This was especially true
among the seed-propagated diploids, which never shared the
same genotype, and frequently represented different lineage
groups. This was expected given that the diploid accessions
were largely seed-propagated and the product of sexual re-
combination. Triploids of the same accession nearly always
shared the same lineage with other individuals of the same
accession and predominantly shared the same genotype; how-
ever, there were a few exceptions. Accession NTBG 890160

was represented by two triploid individuals in this study, and
they shared neither the same lineage nor genotype group. Two
individuals of accession NTBG 890153 had different lineage
groups, genotype groups, and ploidy levels. The diploid indi-
vidual (NTBG 890153.001) shared the same lineage group
and genotype with the cultivar Niue from the Cook Islands,
and the triploid individual (890153.002) shared a lineage
group with other Eastern Polynesian accessions, but had a
unique genotype. This discrepancy was determined to be
due to mislabeling and corrections have been made in the
germplasm. There were four triploid individuals of accession
NTBG 890480 (one of which is replicated as HART 52).
Three of the 890480 individuals were triploid hybrids and
shared identical lineage groups, and two of those also shared
identical genotypes. The fourth individual (NTBG
890480.003) was also labeled as a hybrid, but had a different
lineage group than the other three hybrids, and upon exami-
nation of the fruit, we determined that it was misidentified and
the identification has been changed to A. altilis. Two

Hybrids (2n) 
Micro, W. Poly

Hybrids (3n) 
Micro, E. Poly

A. altilis (3n) 
Micro, E. Poly, non-Oceania

A. altilis (2n and 3n) 
throughout Oceania

A. altilis (2n) 
MelaA. camansi A

. m
ar

ia
nn

en
si

s

Fig. 6 Structure analysis of 349 samples of breadfruit, hybrids, and wild
relatives based on data from 19 microsatellite loci. A total of five clusters
(K=5) were identified as being the most likely to describe the data. Taxon
names present in each cluster are indicated. In the case of breadfruit and
hybrids, ploidy level and region(s) where the breadfruit came from are

also indicated. Mela Melanesia, E. Poly Eastern Polynesia, W. Poly
Western Polynesia, Micro Micronesia. The five clusters are indicated
below by color/pattern and assignment of individuals to a cluster is
included in Table 1

Table 3 Comparative utility of microsatellite, AFLP, and isozyme markers as measured by PIC and number of markers

Method Number of primer pairs/enzyme systems Average PIC PIC range Average number of markers Range of number of markers

Microsatellites 19 0.627 0.007–0.820 11.68 2–24

AFLP 3 – – 58.3 51–68

Isozymes 6 0.476 0.229–0.803 7.00 2–17

Microsatellite markers are alleles, AFLP markers are different fragment sizes, and isozyme markers are unique zymotypes
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individuals of accession NTBG 910266 had different ploidy
levels and this matched with data on seediness of their respec-
tive fruits (e.g., the diploid was seeded and the triploid was
seedless), suggesting mislabeling. Two accessions of NTBG
900237 (one of which is replicated as HART 23) were both
triploids and shared the same lineage group but have different
genotypes.

There were some anomalies associated with microsatellite
ploidy predictions and observed seediness. NTBG 900245.001
had three triploid loci and in the UPGMA tree it grouped with
other triploids sharing its lineage and genotype group; howev-
er, it is recorded to occasionally produce seeds. Additionally,
the same accession at HART had only diploid loci and pro-
duces seeds. NTBG 900236.001 had one triploid locus but
produces many seeds and it clustered with other diploids in the
UPGMA tree. The following accessions all had a single trip-
loid locus, but they clustered with diploids in the UPGMA tree
and are recorded as often seedless but they occasionally produce
seeds: NTBG 030044.001, 770524.001, and 890476.002.

Discussion

Diversity characterization

The wild relatives of breadfruit (A. camansi and
A. mariannensis) harbor unique and valuable genetic diversity
in breadfruit germplasm collections; among 49 wild individ-
uals, 48 unique genotypes are represented. Nonetheless, the
wild relatives display lower levels of genetic diversity than
cultivated breadfruit (Table 2). This is likely due to variation
in sample size and geographic distribution of the wild relatives
housed in collections. There are only 14 A. mariannensis
individuals, virtually all collected from the Northern Mariana
Islands, and 36 A. camansi individuals, mostly collected from
Papua NewGuinea (PNG).A. camansi is believed to be native
to the island of New Guinea and the Moluccas and has been
introduced to other regions for its edible seeds. It is interesting
to note that within the A. camansi cluster, all the PNG collec-
tions clustered together while the non-PNG collections clus-
tered separately (Fig. 3). This suggests that there is variation
among different regions and it will be important to expand the
collections of these wild relatives. Consistent with previous
research (Zerega et al. 2006), breadfruit samples from outside
of Oceania displayed very little genetic diversity. Non-
Oceanic samples included in this study came from Barbados
and the Seychelles. The sample from Barbados belonged to
the ubiquitous lineage 1/genotype 1 group that is prevalent
throughout out Eastern Polynesia and Micronesia, so it is
difficult to speculate specifically where it originally came
from. However, most of the samples from the Seychelles
belonged to the less common lineage 1/genotype 5, which

was also found in a few collections from the Society Islands
and the Marquesas Islands, suggesting that they were origi-
nally introduced from one of those regions. This makes sense,
given the historical role of the French in all of these regions.

The levels of genetic diversity in both diploid and triploid
breadfruit and hybrids are higher than those reported for many
annual crops and are comparable to levels found in several other
perennial fruit tree crops like sweet cherry (Prunus avium,
Mariette et al. 2010), cocoa tree (Theobroma cacao, Motilal
et al. 2013), jackfruit (Artocarpus heterophyllus, Schnell et al.
2006; Witherup et al. 2013), mango (Mangifera indica, Hirano
et al. 2010), walnuts (Juglans, Gunn et al. 2010), olives (Olea
europaea, Trujillo et al. 2013), and others (Miller and Gross
2011). Given that long-lived perennials typically have lengthy
juvenile phases, extensive outcrossing, widespreadhybridization,
and limited population structure compared to annuals, higher
levels of genetic diversity is to be expected in perennial crops.
Under domestication, these features of perennial fruit tree crops
(combined with frequent clonal propagation, multiple origins,
and ongoing gene flow between the crop and its wild relatives)
typically contribute to more mild domestication bottlenecks in
perennial fruit crops compared to annuals (Miller and Gross
2011). The diploid breadfruit cultivars and hybrids, which con-
tinue to undergo sexual reproduction, are more diverse and are
readily distinguishable from one another, whereas some triploids
are indistinguishable based on genetic characters. Even when the
most stringent of criteria are used (i.e., classifying genotypes that
differ by one mutation step as non-duplicates), many of the
triploid accessions analyzed were found to be replicates
(Table 1, Figs. 2 and 3). While identical microsatellite profiles
are not proof of a clonal origin, they are at least indicative of a
very close genetic relationship, given the high mutation rate of
microsatellites (Lai and Sun 2003).

Some level of replication in germplasm collections pro-
vides a necessary safeguard, but it is also important to consider
the most effective way to maximize diversity while minimiz-
ing redundancy and resources (i.e., personnel, land, funding).
Genetic data can be used to help prioritize collections (Motilal
et al. 2013); however, the results of this study need to be
considered with caution. The vast majority of the replication
is accounted for by a single genotype that is represented by 75
triploid individuals. Many individuals with this genotype dis-
play different fruit and leaf morphological characteristics that
are apparent even when grown under the same conditions in a
single field genebank (Fig. 7). This result is also common
among vegetatively propagated seedless Musa cultivars (de
Jesus et al. 2013; Irish et al. 2014). The markers in this study
were unable to detect these differences at the genetic level,
some of which may be due to somatic mutations that have
occurred and were selected for over millennia of vegetative
propagation. The inability to discriminate partial
heterozygotes among the triploids may also lead to the
apparent lack of genetic diversity across triploid accessions
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from throughout the Pacific Islands. Interestingly, Jones et al.
(2011) were also unable to reliably distinguish many of these
same accessions using morphological descriptors. Exploring
the variance in nutritional content or seasonality within these
genotype groups, for which some data already exist (Ragone
and Cavaletto 2006; Jones et al. 2010, 2011, 2013), may
provide insight into the range of phenotypic diversity and
plasticity in breadfruit. Ultimately, phenotypic data should
be integrated with the genetic data to evaluate the best way
to capture both genetic and phenotypic diversity in breadfruit
collections.

Genetic structure

Despite the inability to distinguish among many of the
triploid accessions, the triploids display relatively high
levels of heterozygosity (Table 2). Triploids have been
vegetatively propagated for millennia and are essentially
snapshots from the past. They capture the diversity of
preferentially selected phenotypes, which were perpetuat-
ed over generations without genetic recombination. This
is also apparent in the genetic structure that exists among
breadfruit and its wild relatives. In UPGMA, PCA, and
STRUCTURE analyses, A. camansi and A. mariannensis
clearly represent distinct lineages and A. altilis and hy-
brids exhibit a degree of genetic structure (Figs. 3–6).
Many accessions recognized as hybrids cluster between
A. altilis and A. mariannensis in the UPGMA, PCA, and
STRUCTURE analyses and have hybrid indices that indi-
cate varying contributions from both parental species.
Triploid Micronesian and Eastern Polynesian hybrids are
clear admixtures of A. mariannensis and A. altilis (Fig. 6),

while diploid Western Polynesian and Micronesian hy-
br ids have h igher leve l s o f con t r ibu t ion f rom
A. mariannensis. In fact, some individuals appear to have
nearly 100 % grouping with A. mariannensis (Fig. 6),
although morphologically they share characters of both
A. mariannensis and A. altilis. These diploid hybrids are
l ike ly the resu l t o f grea te r in t rogress ion wi th
A. mariannensis. The Tokelau hybrids are known to be
the result of fairly recent introductions dating back to
the mid-nineteenth to early twentieth century when seeded
A. altilis from Samoa and seeded A. mariannensis (and
possibly hybrids) from Tuvalu (Ellice Islands, no samples
included in study) were likely introduced. Thus, hybrids
in Tokelau may have greater opportunity to cross back to
A. mariannensis.

Among A. altilis, three very distinct clusters are asso-
ciated with varying geographic regions and ploidy levels:
(1) Melanesian diploids; (2) diploids and triploids from
throughout Oceania; and (3) Micronesian, Eastern Poly-
nesian, and non-Oceania triploids (Fig. 6). The latter
group appears to be the most prevalent component of
admixture in other clusters, suggesting that members of
this group have been moved around by humans to a
greater extent and have contributed the most to breadfruit
diversity in other regions, especially the Micronesian hy-
brids. Interestingly, there is little overlap of the A. camansi
group in any of the breadfruit or hybrids (Fig. 6), al-
though it is thought to be the wild progenitor of non-
hybrid breadfruit (Zerega et al. 2004, 2005). When hy-
brids were removed from the UPGMA analysis, however,
there was a clear sister relationship between A. altilis and
A. camansi (not shown).

Fig. 7 Morphological variation
among triploid breadfruit with the
ubiquitous lineage 1, genotype 1.
aMeitehid, NTBG030033.001, b
Afara, NTBG 040051.001, c
Meinuwe, NTBG 790497.002,
and d Hamoa, NTBG
890154.001. Photos © Jim
Wiseman
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Identification of unknowns and detection of errors

Of the 28 accessions lacking either a cultivar name or prove-
nance information, likely cultivar names and/or areas of origin
could be assigned to 21 of them as they shared genotypes or
lineage groups with known accessions (Table 1). The remain-
ing seven unknown accessions represent unique diversity
within the collection and their provenance remains uncertain,
emphasizing the value of germplasm even without prove-
nance information.

Characterizing the genetic profiles of germplasm collec-
tions also allows for the identification of errors in labeling.
As would be expected among vegetatively propagated
triploids, most members of the same accession shared the
same lineage group and typically the same genotype. How-
ever, some accessions did not meet these criteria as des-
cribed in the results. Upon close examination of these
trees, several were discovered to be mislabeled, an error
that most likely occurred in the propagation facility. In
addition, some individuals grouped with lineage groups
or genotypes that were inconsistent with their provenance
information. For example, NTBG 790487 and NTBG
790489 were labeled as A. altilis from the Society Islands;
however, they grouped with lineage 5, which otherwise
contained only hybrids from Pohnpei. Upon examination
of these two accessions, it was determined that they are
actually hybrids. Also, replication of accessions between
collections may not always be properly recorded. For ex-
ample, the triploid NTBG 890160 is housed at NTBG
(Kahanu Garden, grid X8) and recorded as a hybrid, but
it is different from another individual housed at HART
(HART 37) where it is listed as A. altilis and recorded to
have come from NTBG 890160. Appropriate corrections
have been made (Table 1), and this points to the impor-
tance of genetic data in identifying such errors. It is worth
noting that labeling and misidentification errors were min-
imal in the breadfruit collections.

Cultivar names

Shared names were not found to be reliable indicators of
shared genotypes (Table 1). Many cultivar names were found
to encompass only one genotype, while some genotypes
encompassed multiple names. Even among sterile vegetative-
ly propagated triploids, only eight names consistently shared
the same genotype and the single most ubiquitous genotype
shared by 75 triploid individuals encompassed 44 different
names. This suggests that names are not systematically passed
on and applied from island to island. These findings may be
due to a variety of causes. Cultivar names for breadfruit in the
Pacific Islands can vary widely across villages and islands and
typically reflect morphology and preferred usage of the fruit
and tree, rather than any strict lineage (Ragone 1991). The

disconnect between vernacular names and microsatellite pro-
files corroborates studies of high name variability (Ragone
1995, 1997; Ragone et al. 2004). In some areas, accessions
are simply referred to by a generic name. For example, all
A. altilis accessions referred to as “Ulu” were collected in
Hawaii, while all A. altilis×A. mariannensis accessions re-
ferred to as “Ulu afa” (half-caste ulu) were collected in
Tokelau (Table 1). In Samoa, diverse names are often indica-
tive of the cultural and dietary importance of breadfruit, as
well as how much traditional knowledge of breadfruit has
been retained there, though knowledge of cultivar names
varies widely among individuals (Ragone et al. 2004). The
use of more generic names in some regions may be indicative
of a loss of local knowledge in the uses or advantages of
different cultivars or reflect the small base of cultivars for a
particular island or island group. The existence of numerous
synonyms for a given cultivar can cause problems when one
attempts to compare results in different breadfruit-growing
regions. This makes the collection and identification of bread-
fruit cultivars difficult and not only presents an obstacle in the
communication and exchange of material but also makes the
maintenance of collections very costly in terms of space, time,
and money. The microsatellite markers could be used to
address some of these problems.

Utility of microsatellites markers

In terms of discriminating among individuals, the micro-
satellite loci were much more informative than isozyme
data (Ragone 1991) and slightly less informative than
AFLP data (Zerega et al. 2005) (Table 3). Microsatellites
have several key pragmatic advantages over AFLP and
isozymes as molecular markers. Isozymes are highly
tissue- and phenophase-specific and are generally not a
practical high-information molecular marker (Moe et al.
2012). The codominant nature of microsatellites allows
one to infer ploidy level with fairly high confidence
(Hoshino et al. 2012). Microsatellite data are highly
replicable and simple to use, making them desirable for
analysis of large amounts of germplasm (Korir et al.
2013). For these reasons, microsatellites have been a
standard platform for genetic fingerprinting and cultivar
characterization in many other tree crops, including apple
(Baric et al. 2010), pear (Wünsch and Hormaza 2007),
poplar (Rajora and Rahman 2003), almond (Szikriszt
et al. 2011), European plum (Xuan et al. 2011), peach
(Wünsch et al. 2006), banana (de Jesus et al. 2013), and
common fig (Giraldo et al. 2008). As next generation
sequencing platforms and techniques are further devel-
oped, other genotypic markers (e.g., SNPs) will also play
an important role in more detailed characterization of
Artocarpus germplasm.
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Conclusion

Ex situ germplasm collections serve a critical role in
safeguarding and studying plant genetic resources. As a crop
that must be preserved in a living field genebank, maintaining
a breadfruit collection involves a significant commitment.
Given limited space and other resources, making informed
decisions about breadfruit germplasm management is essen-
tial. Understanding genetic diversity along with morphologi-
cal and agronomic characters of a collection will aid in deci-
sions regarding the selection of how to add novel diversity to
the collection, breeding, or the reduction in duplicate acces-
sions. Breadfruit’s phenotypic plasticity and the variability of
its uses and names (Ragone 1995; Ragone et al. 2004) mean
that morphology, common names, or common usages are not
always effective proxies for genetic diversity. There are sev-
eral small collections (<10 accessions) scattered throughout
the Pacific and Caribbean where provenance data are often
not available, and many collections have been critically
neglected (Ragone 2007). Particularly where accession data
are missing or unreliable, the microsatellite markers and data
presented here will be valuable in identifying unique acces-
sions from these smaller collections that can be incorporated
into larger, well-maintained, and documented collections such
as at the NTBG and those of the NPGS and thereby fill gaps in
these important collections. These tools will also be important
for linking genetic, morphological, and agronomic data and
understanding patterns of historical breadfruit distribution.
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