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Genetic diversity of Carica papaya as revealed by
AFLP markers

M.S. Kim, P.H. Moore, F. Zee, M.M.M. Fitch, D.L. Steiger, R.M. Manshardt,
R.E. Paull, R.A. Drew, T. Sekioka, and R. Ming

Abstract: Genetic relationships among Carica papaya cultivars, breeding lines, unimproved germplasm, and related
species were established using amplified fragment length polymorphism (AFLP) markers. Seventy-one papaya acces-
sions and related species were analyzed with nine EcoRI-Msel primer combinations. A total of 186 informative AFLP
markers was generated and analyzed. Cluster analysis suggested limited genetic variation in papaya, with an average
genetic similarity among 63 papaya accessions of 0.880. Genetic diversity among cultivars derived from the same or
similar gene pools was smaller, such as Hawaiian Solo hermaphrodite cultivars and Australian dioecious cultivars with
genetic similarity at 0.921 and 0.912, respectively. The results indicated that self-pollinated hermaphrodite cultivars
were as variable as open-pollinated dioecious cultivars. Genetic diversity between C. papaya and six other Carica spe-
cies was also evaluated. Carica papaya shared the least genetic similarity with these species, with an average genetic
similarity of 0.432; the average genetic similarity among the six other species was 0.729. The results from AFLP
markers provided detailed estimates of the genetic variation within and among papaya cultivars, and supported the no-
tion that C. papaya diverged from the rest of Carica species early in the evolution of this genus.

Key words: DNA fingerprinting, germplasm, genetic relationship, molecular phylogeny, polymorphism.

Résumé : Les relations génétiques au sein du Carica papaya (entre cultivars, lignées en sélection, ressources
génétiques non-améliorées) et avec des especes voisines ont été examinées a |’ aide du polymorphisme de longueur des
fragments amplifiés (AFLP). Soixante et onze accessions de la papaye ou d’ espéces voisines ont été analysées a |’ aide
de neuf combinaisons d’amorces EcoRI-Msel. Au total, 186 marqueurs informatifs ont été produits et analysés. Une
analyse de groupement a suggéré qu'il existe peu de variation génétique chez la papaye, I'indice moyen de similitude
génétique étant de 0,880 parmi 63 accessions de la papaye. La diversité génétique entre cultivars dérivés d'un
germoplasme identique ou semblable était plus faible encore. Par exemple, les cultivars hermaphrodites ‘Hawaiian Solo’
et les cultivars dioiques australiens présentaient des indices de similitude génétique de 0,921 et 0,912, respectivement.
Les résultats indiquent que les cultivars hermaphrodites a autofécondation sont aussi variables que les cultivars dioiques
a fécondation croisée. La diversité génétique entre le C. papaya et six autres especes du genre Carica a également été
évaluée. Le C. papaya était |’espéce la moins semblable aux autres, montrant un indice de similitude génétique de
0,432, tandis que I'indice moyen parmi les autres especes était plutdt de 0,729. Les résultats obtenus avec les
marqueurs AFLP permettent d’estimer avec précision la variation génétique parmi les cultivars de papaye et viennent
appuyer I"hypothése selon laquelle le C. papaya aurait divergé des autres espéces du genre Carica relativement tét au
cours de I'évolution.

Mots clés : empreintes génétiques, germoplasme, relations génétiques, phylogénie moléculaire, polymorphisme.

[Traduit par la Rédaction]

Introduction 1968; Storey 1976). It belongs to the small family
Caricaceae, which consists of five genera and 34 species.

The tropical fruit crop papaya is a dicotyledonous,  The family includes 21 species of Carica L. (the genus to
polygamous, diploid species with a small genome and nine pairs ~ which papaya belongs), seven species of Jacaratia A. DC.,
of chromosomes (Arumuganathan and Earle 1991; Purseglove  three species of Jarilla Rusby, two species of Cylicomorpha
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Urban, and one species of Horovitzia Badillo (Badillo
1993). Papaya is believed to have originated in Central
America, probably in the regions of southern Mexico and
Costa Rica (Candolle 1908; Purseglove 1968; Storey 1976),
and is now distributed throughout tropical and subtropical
regions worldwide. The Caricaceae belong to a group of
plant families characterized by production of glucosinolates.
Morphological, biochemical, and molecular evidence from
this clade has demonstrated a common phylogenetic origin
with the Brassicaceae, and consequently with the completely
sequenced model plant Arabidopsis (Bremer et al. 1998,
Rodman et a. 1996).

Papaya germplasm shows considerable phenotypic varia-
tion for many horticulturally important traits, including fruit
size, fruit shape, flesh color, flavor and sweetness, length of
juvenile period, plant stature, stamen carpellody, and carpel
abortion. In addition, commercial papaya cultivars may be
inbred gynodioecious lines, typified by the Hawaiian Solo
lines (Solo refers to a group of small-fruited, high sugar con-
tent, commerical cultivars developed in Hawaii and originat-
ing via introduction from Barbados in 1910 (Storey 1969));
out-crossing dioecious populations, such as the Australian
papaws from southern Queensland; F,; hybrids, including the
Tainung series (Taiwan), Eksotica Il (Malaysia), and Rain-
bow (Hawaii); or occasionally even clones, such as Hortus
Gold in South Africa.

The only published study of genetic diversity in papaya
germplasm examined a small group of seven Hawaiian Solo
cultivars and three unrelated lines, using random amplified
polymorphic DNA (RAPD) markers (Stiles et al. 1993). The
objective was to test the validity of relationships revealed by
RAPD data in germplasm of known pedigree, rather than to
provide a broad overview of papaya diversity.

Genetic relationships between papaya and related wild
species have been investigated using RAPD and isozyme
markers (Jobin-Décor et a. 1997) and restriction fragment
length polymorphism (RFLP) in a cpDNA intergenic-spacer
region (Aradhya et al. 1999), as well as amplified fragment
length polymorphism (AFLP) markers (Van Droogenbroeck
et al. 2002). These three reports suggested that C. papaya di-
verged from the rest of the genus early in its evolution.
Aradhya et al. (1999) noted that the wild South American
Carica species are more closely allied with a member of the
related genus Jacaratia than to C. papaya. More pertinently,
no attempt was made to survey genetic variation within C.
papaya.

AFLP has been recognized as a reliable and efficient
DNA marker system, compared with RFLP, RAPD, or
microsatellites (Vos et a. 1995; Powell et al. 1996; Russell
et a. 1997; Pejic et a. 1998). AFLP markers have been used
extensively for studying genetic diversity in different plant
species because of their high reproducibility and multiplex
ratio (Maughan et al. 1996; Ellis et al. 1997; Breyne et al.
1999; Erschadi et al. 2000). The objectives of this project
were as follows: (i) to determine patterns of genetic relation-
ship in a large collection spanning different geographic ori-
gins and mating systems (inbreeding and (or) out-crossing);
(i) to compare AFLP results with previous, smaller papaya
germplasm characterization research using chloroplast
RFLPs, RAPDs, and isozymes,; and (iii) to examine intra-
varietal variation in papaya.

Genome Vol. 45, 2002

Materials and methods

Plant materials

Seventy-one accessions were collected from different
countries for DNA fingerprinting, including 63 accessions of
Carica papaya, 6 accessions of related species, and 2 acces-
sions of interspecific hybrids. Among the 63 papaya acces-
sions, 18 were commercial cultivars, 15 were improved (but
not released) breeding lines, and 30 were unimproved germ-
plasm. Multiple samples of selected accessions were col-
lected to evaluate the genetic variation within each of those
accessions, and each sample was collected from a single
tree. One-hundred and nine samples were collected from 71
accessions. This collection represents cultivars and breeding
lines adapted to different climates in tropical, subtropical,
and temperate regions and unimproved germplasm from the
center of origin. Because the genetic relationships of Carica
species have been reported previously (Aradhya et al. 1999;
Van Droogenbroeck et al. 2002), the focus of this study was
the genetic relationships of commercial cultivars, breeding
lines, and unimproved germplasm within C. papaya. Six
Carica species were included as out groups. The detailed
collection sites and geographic origins of these samples are
listed in Table 1.

DNA extraction

Young papaya leaf tissue from a single plant in each
sample was lyophilized and homogenized to a fine powder.
Genomic DNA was extracted based on the procedure de-
scribed by Chittenden et a. (1994) with minor modifica
tions. DNA samples were purified and quantified before
restriction digestion.

AFLP analysis

Genomic DNA digestion

The protocol outlined by Vos et al. (1995) was used with
the following adjustment in the digestion conditions. 250 ng
of DNA at 37°C for 3 h incubated with 5 U of EcoRI and 5
U of Msel.

Adapter ligation and preamplification

The reaction conditions described by Vos et al. (1995)
were adapted with the exception that 1 U Taq polymerase
was used.

Primer labeling and selective amplification

IRDye™-700 and -800 labeled EcoRI primers (listed in
Table 2) were purchased from LI-COR (Lincoln, Nebr.).
Msel primers were obtained from Operon Technologies
(Alameda, Calif.). The reaction conditions described in the
manufacturer’s instructions were followed. A preliminary
survey consisting of five papaya accessions was performed
with 3?P-labeled primers to select the most polymorphic
primer sets for fingerprinting the entire collection.

Gel analysis

An equa volume of loading dye (95% v/v formamide and
0.08% w/v bromophenol blue in 20 mM EDTA) was added
to each sample, which was then denatured at 95°C for 3 min
and placed on ice for 2 min before loading. The sample
volume was set to 1.0 uL and loaded with a Hamilton multi-
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channel pipette (Hamilton, Reno, Nev.) onto 25-cm gels pre-
pared with 6.5% KB Plus Polyacrylamide Gel Matrix (LI-
COR, Lincoln, Nebr.). Electrophoresis and detection of the
AFLP fragments were performed on a LI-COR IR? auto-
mated DNA sequencer (LI-COR, Lincoln, Nebr.). The elec-
trophoresis parameters were set to 1500 V, 40.0 mA, 40.0 W,
50°C, and a scan speed of 4. The run time was set to 2.0 h
and gel images were saved as TIF files for further analysis.

Data analysis

The gel images were scored using a binary scoring system
that recorded the presence and absence of bands as 1 and O,
respectively. Semi-automated scoring was performed, ini-
tially with AFLP-Quantar™ (version 1.0, KeyGene Product,
Wageningen, The Netherlands) and then manually to make
adjustments to the automated score sheet when necessary.
The copy-score function in the software allowed for scoring
of subsequent images with the same primer combinations.
The data were exported into a spreadsheet and formatted for
the NTSY Spc (v. 2.1) cluster analysis software (Exeter Soft-
ware Co., New York). Monomorphic markers were not
scored. The data for 109 samples from 71 accessions were
used to compute pair-wise simple matching coefficients
(Sokal and Michener 1958). Cluster anaysis was performed
on the similarity matrix using the unweighted pair group
method using arithmetic means (UPGMA) agorithm
(Sneath and Soka 1973) provided in the software package
NTSY Spc. For comparison among accessions with multiple
samples, the average similarity score for a particular acces-
sion was used. The cophenetic correlation coefficient was
calculated to test the goodness of fit between the similarity
and cophenetic matrices.

Results

The initial screen for polymorphisms was carried out on
five papaya cultivars, including four closely related Solo
cultivars (‘Kapoho', ‘SunUp’, ‘Sunset’, and ‘Higgins'), and
the unrelated, dioecious ‘Washington'. The number of poly-
morphic markers generated by each primer set ranged from
0 to 9 with an average of 3.2. Among the 64 sets of EcoRI—
Msel primers with three nucleotides extension, the eight
most polymorphic were selected for genotyping 109 sam-
ples. Each primer set generated 11-36 markers. An addi-
tional primer set consisting of an EcoRI primer with three-
nucleotides extension and Msel primer with only two-
nucleotides extension was used to generate 20 markers. A
total of 186 polymorphic markers (42%) from 445 readable
bands were detected by nine primer sets among 109 samples
(Table 2).

The genetic variation among 63 papaya accessions was
estimated using pair-wise comparison of genetic similarity
(Fig. 1). The average pairwise genetic similarity was 0.880
and ranged from 0.741 to 0.978. About 82% of the pair-wise
comparisons among papaya accessions exhibited genetic
similarity greater than 0.85; less than 4% showed genetic
similarity lower than 0.80. The most closely related cultivars
sharing genetic similarity of 0.978 were ‘Kamiya', ‘Line 8',
‘“Waimanalo’, and ‘Maunawili Sweet’. The least related were
the dioecious ‘Coimbatore 7' and a temperate—subtropical
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dioecious cultivar from Australia, ‘AU25’, with genetic sim-
ilarity of 0.741.

Pair-wise comparisons of genetic similarity among Hawai-
ian Solo papaya cultivars and breeding lines revealed narrow
genetic diversity reflecting the consequence of inbreeding
from a limited gene pool. The overall average genetic simi-
larity of the 15 Solo accessions was 0.921, ranging from
0.859 t0 0.978 (Fig. 2). The least similar Solo cultivars were
‘Line 2" and ‘Sunset’, with the most similar being ‘Kamiya',
‘Line 8, ‘Waimanalo’, and ‘Maunawili Sweet’ (Table 3).
Among the Solo cultivars with multiple samples, the least
variable appeared to be ‘SunUp’, with an average genetic
similarity of 0.976 ranging from 0.940 to 1. The most vari-
able cultivar was ‘ Sunset’, with an average genetic similarity
of 0.939 ranging from 0.903 to 0.973. The hybrid ‘ Rainbow’
showed a higher level of variability than either of its parents,
‘Kapoho' and ‘ SunUp’, with an average genetic similarity of
0.950 ranging from 0.914 to 0.978.

The level of genetic variation among dioecious cultivars
was similar to that of the hermaphrodite cultivars. Among
eight dioecious cultivars collected from tropical, subtropical,
and temperate regions in Australia, the average genetic simi-
larity was 0.914 and ranged from 0.839 to 0.962. The aver-
age similarity between lIsraeli dioecious accession AU9 and
eight Australian cultivars was 0.883, less than the average
similarity among Australian cultivars. The genetic similarity
between two individuals of ‘AU1’" was 0.978 (Table 4).

To test the genetic relationship of closely related Hawai-
ian Solo cultivars and breeding lines, cluster analysis was
conducted on 15 Solo accessions with multiple samples
from five well-established cultivars. The resulting dendro-
gram showed a clear separation of two major clusters
(Fig. 3). The first cluster included ‘Kapoho', ‘Higgins,
‘Line 40', ‘Line 116’, ‘Kamiya, ‘Line 8, ‘Waimanalo’,
‘Maunawili Sweet’, and 4-16-35. Within this major cluster,
12 ‘Kapoho' samples, mostly collected from eight different
papaya farms on the island of Hawaii, formed a sub-cluster,
suggesting a close genetic relationship among these samples.
‘Kamiyd, ‘Line 8, ‘Waimanalo’, and ‘Maunawili Sweet’
formed another subcluster with equal genetic similarity
(0.978) among them. Another four ‘Kapoho' samples, col-
lected on Oahu, formed a subcluster that differed slightly
from samples collected on the island of Hawaii. The second
major cluster included ‘SunUp’, ‘Sunset’, ‘Sunrise’, and
‘Rainbow’. ‘SunUp’, ‘Sunset’, and ‘Sunrise’ are sister lines
from the same parentage, whereas ‘Rainbow’ is a hybrid be-
tween ‘Kapoho' and ‘SunUp’. Three groups of samples
(*SunUp’, Nos. 2 and 4; ‘Kapoho', Nos. 10, 11, and 14; and
‘Kapoho’, Nos. 12 and 13) were judged in an identical man-
ner based on 186 DNA markers. Lines 2 and 5 formed a
small cluster close to the two major clusters. Two ‘ Sunset’
samples formed a fourth cluster that deviated from the sec-
ond major cluster, to which the other five ‘Sunset’ samples
belong. ‘Coimbatore 7' was used as an out group and was
shown to be clearly different from the Solo cultivars.

Cluster analysis of 71 papaya accessions and related spe-
cies illustrated the genetic relationship among individual
cultivars developed in different regions. Two samples of
‘AUL" are presented here because non-Solo accession with
multiple samples was not shown in Fig. 3. There are discrete
clusters separating cultivars derived from the same or a simi-
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Table 1. List of commercial papaya cultivars, breeding lines, unimproved germplasm, and related species analyzed by ALFP markers.

(@) Commercia cultivars

Accession Samples Source Mating system
Kapoho 16 Hawaii Gynodioecious
Rainbow 9 Hawaii Gynodioecious
SunUp 6 Hawaii Gynodioecious
Sunset 8 Hawalii Gynodioecious
Sunrise 2 Hawaii Gynodioecious
Waimanalo 1 Hawaii Gynodioecious
Kaimya 1 Hawaii Gynodioecious
Higgins 1 Hawaii Gynodioecious
Eksotica | 1 MARDI, Malaysia Gynodioecious
Khag Naun 1 Thailand Gynodioecious
Coimbatore 7 1 Coimbatore, India Gynodioecious
AU16 1 S.E. Queensland, Australia Dioecious
AU25 1 S.E. Queensland, Australia Dioecious
AU28 1 S.E. Queensland, Australia Dioecious
AU35 1 S.E. Queensland, Australia Dioecious
AU70 1 Central Qnslnd., Australia Dioecious
AU97 1 N. Queensland, Australia Dioecious
AU2001 1 S.E. Queensland, Australia Dioecious

(b) Breeding lines (improved, not released)

Accession Samples Source Mating system
Line 2 1 Hawaii Gynodioecious
Line 5 1 Hawaii Gynodioecious
Line 8 1 Hawaii Gynodioecious
Line 40 1 Hawaii Gynodioecious
Line 116 1 Hawalii Gynodioecious
4-16-35 1 Hawaii Gynodioecious
Maunawili Sweet 1 Maunawili, Oahu, Hawaii Gynodioecious
Wan Peng 1 MARDI, Malaysia Gynodioecious
KL Yellow 1 Kuala Lumpur, Maaysia Gynodioecious
Saipan Red 1 Saipan, Micronesia Gynodioecious
AUl 2 S.E. Queensland, Australia Dioecious
AU9 1 | srael Dioecious

UH 356-3 1 Colombia, via Florida U.S.A. Dioecious
9-1-D 1 Coimbatore, India Dioecious
Washington 1 Coimbatore, India Dioecious

(c) Unimproved germplasm

Accession Samples Source Mating system
UH 370 1 Oahu, Hawaii Gynodioecious
Waikane 1 Waikane, Oahu, Hawaii Gynodioecious
HAES 7836 1 Malaysia Gynodioecious
Mutant Yellow 1 Malaysia Gynodioecious
UH 721 1 Thailand

UH 728 1 Mexico

UH 775 1 P. Belem, Peru

UH 778 1 Tamshiyaku, Peru

UH 892 1 San Sebastian, Guatemala

UH 897 1 San Sebastian, Guatemala

UH 899 1 La Lima, Honduras

UH 903 1 San Pedro Sula, Honduras Gynodioecious
UH 905 1 Motrique, Honduras

UH 918 1 Orotina, Costa Rica Gynodioecious
UH 926 1 Rio El General, Costa Rica

UH 927 1 Rio El General, Costa Rica

UH 928 1 Rio El General, Costa Rica

UH 929 1 El Brujo, Costa Rica Gynodioecious
N-90-66 1 Central America Gynodioecious
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Table 1 (concluded).
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Accession Samples Source Mating system
N-90-98 1 Guadeloupe

N-90-99 1 Guadeloupe

N91-106 1 Thailand Polygamous
N91-107 1 Thailand Polygamous
N91-108 1 Thailand Polygamous
N91-7 1 Thailand Polygamous
Park Chong 1 1 Thailand Polygamous
Yuen Nong No. 1 1 China Dioecious
Brash Panama 1 Panama Gynodioecious
Mexican No. 2 1 Mexico Dioecious
BDX 584 1 Puerto Rico

(d) Carica species- and inter-specific hybrids

Accession Samples Source Mating system
Hybrid 1* 1 South America Dioecious
Hybrid 2** 1 South America Dioecious

C. goudatiana 1 Columbia Dioecious

C. horovitziana 1 Ecuador Dioecious

C. stipulata 1 Ecuador Dioecious

C. parviflora 1 South America Dioecious

C. pubescens 1 South America Dioecious

C. monoica 2 South America Monoecious

*(C. parviflora x C. goudatiana) x C. goudatiana
**C. parviflora x C. goudatiana

Table 2. List of AFLP primers used in DNA fingerprinting of
papaya.

Polymorphic
Code Primer combination Bands
EO1MO1 E-AAC, M-CAA 13
EO1MO08 E-AAC, M-CTT 36
EO3MO01 E-ACA, M-CAA 11
EO3M04 E-ACA, M-CAT 27
EO3M22 E-ACA, M-CC 20
EO5M 07 E-ACG, M-CTG 15
EO5M08 E-ACG, M-CTT 22
EO6M 04 E-ACT, M-CAT 26
EO6MO7 E-ACT, M-CTG 16
Total 186

Note: E, EcoRI; M, Msel.

lar gene pool. The first cluster included all 15 Solo cultivars
and breeding lines, plus ‘Eksotica I’, which was derived
from a cross between Solo ‘Sunrise’ and a Maaysian vari-
ety, ‘Subang-6’, and then backcrossed to ‘Sunrise’ (Chan
1987) (Fig. 4). The second cluster included dioecious Aus-
tralian cultivars and Indian cultivars that grow in subtropical
or temperate regions. A group of cultivars originating from
different countries formed the third cluster. The materias
from Central America grouped into four different clusters
indicating greater genetic diversity in the area where papaya
originated. ‘Brash Panama seems to share the least genetic
similarity with the rest of the papaya cultivars and acces-
sions investigated.

The differences between papaya and other Carica species
were substantial (Table 5). The average genetic similarity
among papaya and the other six Carica species was 0.432,

Fig. 1. Distribution of pair-wise comparison of genetic similarity
among papaya cultivars.

1400

1200

1000

800

600

No. of pairs
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0

-|IL

0.725 0.775 0.825 0.875 0.925 0.975
Genetic similarity

ranging from 0.296 to 0.545, whereas the average genetic
similarity among those six Carica species was 0.729, rang-
ing from 0.634 to 0.870. The most closely related Carica
species were C. pubescence and C. stipulata with a genetic
similarity of 0.870. The most distantly related species were
C. papaya and C. goudatiana, showing a genetic similarity
of only 0.364.

The six other Carica species and two interspecific hybrids
formed a distinctive cluster, including seven samples from
six Carica species and two interspecific hybrids derived
from C. parviflora and C. goudatiana. Two samples from C.
monoica shared a genetic similarity of 0.94. Two subclusters
were formed among these species and hybrids. One included
two hybrids, one of their parents (C. goudatiana), and two
samples of C. monoica. The other included C. parviflora, C.
pubescence, C. stipulata, and C. horovitziana. Carica pubes-
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Fig. 2. Distribution of pair-wise comparison of genetic similarity
among Hawaiian Solo papaya cultivars.
500
450
400
350
300
250
200
150
100
50 -
0+

No. of pairs

0.800 0.825 0.850 0.875 0.900 0.925 0.950 0.975 1.000

Genetic similarity

cence and C. stipulata shared the highest genetic similarity
among the seven Carica species fingerprinted. Carica pa-
paya appeared to be significantly different from other
Carica species.

Discussion

The impact of inbreeding on narrowing the germplasm di-
versity was evaluated by analyzing the genetic similarity of
Hawaiian Solo cultivars that have undergone more than 25
generations of inbreeding (Storey 1969). The theoretical
value of heterozygosity should be nearly zero after this
many generations of self-pollination. However, our data
showed that 3-6% of the 186 AFLP markers scored in this
survey were still polymorphic within each established Solo
cultivar. This amount of variation within each cultivar or in-
bred line might best be explained by occasional outcrossing.
Natural outcrossing in hermaphrodite papaya fields immedi-
ately adjacent to a potential source of contaminating pollen
may affect about 5% of seed, as demonstrated using the 3-
glucuronidase (GUS) transgene as a marker in assays of
seeds from non-transgenic papaya trees surrounding trans-
genic plants (R.M. Manshardt and M.M.M. Fitch, unpub-
lished data).

The Solo cultivars clustered into two major groups that
reflected their origins in different breeding or selection pro-
grams. Both clusters probably have ‘Line 5 in common, but
the ‘Kapoho' cluster includes infusions from ‘Line 8 and
‘Betty’ (from Florida), although probably not in ‘Kapoho' it-
self. ‘Kapoho' was selected in the 1940s from Solo varieties
similar to ‘Line 5’ by a private grower, whereas the other va-
rieties in the cluster are largely the effort of Dr. Henry
Nakasone, former horticulturist at the University of Hawaii
at Manoa, who was involved in papaya breeding from the
1950s to the 1980s. The ‘Sunrise’ cluster is derived from a
cross of ‘Kariya (probably a grower selection of ‘Line 5'),
and red-fleshed ‘Line 9', produced in the 1960s by Dr. Rich-
ard Hamilton, also a horticulturist at the University of Ha
waii during the same period. There is nothing surprising
about the degree of variation among these different Solo
cultivars, as they have quite distinct and documented pedi-
grees.

Table 3. Average genetic similarity among Hawaiian papaya varieties.

4-16-35

Line 116 Waimanao

Kamiya Line2 Line5 Line8 Line40

Higgins

Sunset Sunrise  Rainbow

SunUp

Kapoho
0.888
0.883
0.895

SunUp

Sunset

0.948
0.967

0.943
0.918

Sunrise

0.927

Rainbow 0.921 0.928

Higgins
Kamiya

0.936 0.899 0.895 0.895 0.915

0.936
0.882

0.941
0.923

0.944

0.941

0.927 0.928
0.886
0.915

0.917

0.922

0.918

0.859 0.863

0.864
0.883

Line 2
Line 5
Line 8
Line 40

0.949
0.907

0.927

0.881

0.878
0.915

0.910

0.939
0.961

0.978

0.925

0.911

0.921

0.930
0.932

0.948

0.925

Genome Vol. 45, 2002

0.967
0.952

0.949
0.902

0.955
0.930
0.978
0.946
0.978

0.950
0.957

0.923
0.923

0.897

0.903
0.880
0.906
0.926
0.922

0.907
0.883

0.945

0.946
0.978

0.941
0.930
0.940

0.961
0.950
0.922
0.955

0.978
0.946
0.978

0.933
0.922
0.905
0.932

0.907
0.885
0.906

0.941
0.940
0.934

0.922
0.938
0.930

0.874
0.906
0.927
0.918

0.912
0.933
0.925

0.921
0.926

Waimanalo
Moanawili Sweet

Line 116
4-16-35
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Table 4. Average genetic similarity among Australian papaya varieties.
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AU16 AU25 AU28 AU35 AU2001 AU70 AU97 AU9 AU1-1
AU25 0.914
AU28 0.898 0.962
AU35 0.892 0.839 0.855
AU2001 0.935 0.914 0.919 0.882
AU70 0.924 0.892 0.897 0.914 0.924
AU97 0.919 0.919 0.925 0.876 0.930 0.941
AU9 0.870 0.859 0.876 0.876 0.881 0.880 0.930
AU1-1 0.935 0.892 0.898 0.914 0.957 0.930 0.930 0.892
AU1-2 0.924 0.881 0.886 0.930 0.946 0.908 0.908 0.886 0.978

Fig. 3. Phenogram based on simple matching coefficient of similarity among Hawaiian Solo papaya cultivars, breeding lines, and selected
Carica species. An Indian cultivar, ‘Coimbatore 7', was used as out group for comparison. Cophenetic correlation coefficient = 0.99.
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Fig. 4. Phenogram based on simple matching coefficient of similarity among 71 papaya accessions and related species. Cophenetic cor-

relation coefficient = 0.99.
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|
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In the first cluster, eight ‘Kapoho' samples, Nos. 9-16
collected from eight different farms on the island of Hawaii,
formed a tight subcluster with average genetic similarity at
0.988. This result contradicts the idea that the ‘Kapoho’
cultivars grown on different farms might have diverged from
each other through inbreeding, because each farmer selects
and keeps his own seeds. One possible explanation for the
small variation is that the original ‘Kapoho' was highly ho-
mozygous, so that the subsequent inbreeding may not signif-
icantly change its genetic composition. However, four
samples collected from Oahu deviate from most ‘Kapoho’
samples, suggesting that greater variation may exist within
this variety than indicated by the samples collected from the

island of Hawaii. Four cultivars in this cluster, ‘Kamiya,
‘Line 8, ‘Waimanalo’, and ‘Maunawili Sweet’, shared an
equal genetic similarity of 0.978. It is known that ‘Line 8
was one of the parental lines of ‘Waimanalo’, and that
‘Kamiya was selected from Waimanalo, Oahu (Nakasone et
al. 1972). ‘Maunawili Sweet’, selected by a farmer in
Maunawili, is possibly derived from one of these three
cultivars. The second cluster included ‘Sunrise’, ‘SunUp’,
‘Sunset’, and ‘Rainbow’. The following four cultivars are
interrelated: ‘Sunrise’ and ‘Sunset’ are sister lines; * Sunset’
and ‘SunUp’ are virtualy the same except the papaya
ringspot virus (PRSV) coat protein gene was added to the
transgenic cultivar ‘SunUp’ (Fitch et al. 1992); ‘Rainbow’ is
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Table 5. Average genetic similarity among Carica species.
C. papaya C. goudatiana C. monoica C. parviflora C. pubescens C. dtipulata
C. goudatiana 0.364
C. monoica 0.439 0.768
C. parviflora 0.413 0.634 0.679
C. pubescens 0.446 0.714 0.748 0.773
C. stipulata 0.430 0.654 0.715 0.795 0.870
C. horovitziana 0.474 0.686 0.710 0.730 0.745 0.708

a hybrid derived from the cross between ‘Kapoho and
‘SunUp’.

The collection of papaya accessions used in this study dif-
fers dramatically in morphology and adaptation to different
climates in tropical, subtropical, and temperate regions. The
limited genetic variation (about 12%) detected among this
diverse group of materials did not correspond to the wide
range of morphological characteristics observed in the field.
A similar low level of genetic diversity was recently docu-
mented in another self-pollinated plant species, Coffea
arabica (Steiger et a. 2002). However, it is known that one
or a few genes can sometimes significantly change plant
stature (Sheridan 1988), leaf and (or) stem color (Dooner
and Kermicle 1971), fruit size (Grandillo et al. 1999; Frary
et al. 2000), and fruit quality (Carvalho et a. 1965; Paterson
et a. 1991; Gray et al. 1999). Most of the crucial traits men-
tioned in the introduction are sufficiently variable, and im-
provement consists of selecting desirable recombinants from
segregating populations. Some disease and (or) insect resis-
tance, postharvest storage, and sex-modification (true-
breeding hermaphrodite) factors are not known to exist in
papaya germplasm. Our AFLP survey won't identify these,
but could help point to related materials if something inter-
esting is found in standard evaluation trials. Interspecific hy-
brids have been created, but are of little help owing to their
high sterility (Drew et al. 1998). Genetic transformation is
the only attractive route to some of these breeding objec-
tives.

The results of genetic diversity study provide estimates on
the level of genetic variation among diverse materials that
can be used in germplasm management, varietal protection,
and papaya improvement. Among the 31 diverse accessions
collected from the USDA clona germplasm repository, the
average genetic similarity was 0.886, nearly the same as the
overall average of 0.880 detected with 63 papaya accessions.
These 31 accessions counted for 10% of the entire collection
of the papaya germplasm at this repository, suggesting that
the current collection preserved the vast mgjority of the nat-
ural variation in papaya. Although identical samples were
found within ‘Kapoho' and ‘SunUp’, al 63 papaya acces-
sions were distinctively separated by 186 AFLP markers
(Fig. 4). The amount of genetic diversity found with AFLP
markers is sufficient to distinguish between breeding lines
for varietal protection. The estimates of genetic similarity
are particularly useful in choosing widely divergent parents
with desirable traits for genetic mapping and selection. A
genetic map of papaya has been constructed from an F, pop-
ulation derived from two Solo cultivars, ‘Kapoho and
‘SunUp’, with 507 AFLP markers (Ma et al. 2000). A quan-
titative trait loci (QTL) mapping project is underway to

identify the loci controlling leafhopper tolerance in papaya
using the same mapping population.

The genetic relationships of six other Carica species are
much closer to each other than to C. papaya, thus confirm-
ing the conclusions of previous reports (Jobin-Décor et al.
1997; Aradhya et al. 1999; Van Droogenbroeck et al. 2002).
The closest related Carica species were C. pubescence and
C. stipulata as reported by Sharon et al. (1992), Jobin-Decor
et al. (1997), and Van Droogenbroeck et al. (2002). Based on
the phylogeny of Carica species derived from chloroplast
DNA sequence (Aradhya et al. 1999), Badillo (2000) sug-
gested a classification of Carica papaya as a separate genus,
with only one species, giving a total of six genera in the
family of Caricaceae (R.M. Manshardt, personal communi-
cation). Our DNA fingerprinting results support this concept.
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