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ABSTRACT. We examined the genetic diversity of papaya (Carica
papaya) based on morpho-agronomic and molecular data. Twenty-
seven genotypes grown in Brazil were analyzed with 11 AFLP primer
combinations, 23 ISSR markers, 22 qualitative, and 30 quantitative
descriptors. For the joint analyses, we used the Gower algorithm
(Joint Gower) and the average value of the individual dissimilarity
matrix for each type of data (Average-Joint Gower); 359 AFLP
and 52 ISSR polymorphic bands were found. Approximately
29.2 and 7.7% of the AFLP and ISSR bands, respectively, were
genotype-specific and may therefore be used for papaya variety
protection. Although there was a significant correlation between
the qualitative and quantitative descriptor dissimilarity matrices
(r = 0.43), the morpho-agronomic data were not highly correlated
with the molecular data. Moreover, correlation between AFLP and
ISSR dissimilarity matrices was nearly null (r =-0.01). Joint Gower
analysis of all data showed high correlations, especially for AFLP
markers, most likely due to the larger number of bands, generating
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a strong bias in the diversity estimates. The Average-Joint Gower
analysis allowed a better balance between the correlations for the
continuous and the discrete variables. The results generated by
clustering analysis distinguished 5 genetically distinct groups.
While we found that papaya genotypes are significantly variable for
many traits, we observed that Average-Joint Gower analysis allowed
for genotype clustering based on the most widely used criterion for
classifying papaya genotypes, which is fruit type (‘Formosa’ or
‘Solo’). This information helps provide an accurate estimate of the
genetic diversity and structure of papaya germplasm, which will be
used for further breeding strategies.

Key words: Genetic variability; Carica papaya L.; Gower algorithm;
Genetic resources; Breeding

INTRODUCTION

Papaya (Carica papaya L.) is a polygamous dicot tree that is cultivated in large areas
of the tropics and subtropics (Santos et al., 2009; Devitt et al., 2010). Crop production occurs
throughout practically the entire year, generates employment and contributes to placing people
out in the field. In 2010, Brazil had 34,700 ha under cultivation, ranking second in world
production, with approximately 1.87 million tons produced. Currently, India is the largest pro-
ducer, with 3.9 million tons but with average yields of 38.12 t/ha compared with Brazil (53.90
t/ha) (Instituto Brasileiro de Geografia e Estatistica, 2011).

Despite its preeminent position, Brazil’s production is hampered by the limited
number of varieties available and by the low genetic variability in commercial planta-
tions (Oliveira et al., 2010a). However, the germplasm of papaya has considerable genetic
variability for several important agronomic traits, such as fruit size and shape, skin color,
flavor and sweetness, duration of juvenile period, and plant height (Kim et al., 2002; Dias
et al., 2011). Exploitation of this genetic variability may strengthen the genetic basis of
this crop through the development of new lines and hybrids, given that the reproductive
system of papaya enables crosses and that the absence of inbreeding depression makes
it possible to obtain lines with high vigor (Oliveira et al., 2010a). Knowledge of genetic
variability is very useful for identifying the best combinations between genotypes with the
potential to maximize the genetic gains made by hybridization (Maric et al., 2004; Bertan
et al., 2009).

Genetic variability can be assessed using both morpho-agronomic descriptors (dis-
crete and continuous variables) and molecular data. Morpho-agronomic descriptors are
useful tools for a preliminary assessment because they allow rapid insight into the range
of diversity available (Raghu et al., 2007). Furthermore, discrete variables, represented by
qualitative descriptors, have a simple genetic nature and allow reliable inferences about
germplasm accessions, but their number is limited, and requires a scale previously es-
tablished. In contrast, quantitative or continuous variables are important descriptors, es-
pecially when used to evaluate the agronomic potential of a new cultivar or germplasm
accession. However, quantitative variables show a complex genetic nature and suffer from
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many environmental influences. Therefore, when used alone, they show some restrictions
for diversity studies. In contrast, DNA molecular markers can reveal differences between
genotypes more efficiently because the markers characterize the genome of the organism
directly, where they are not influenced by the environment (Lefebvre et al., 2001; Kim et
al., 2002). However, as disadvantages DNA markers access the entire genome instead of
only the regions responsible for the manifestation of the traits of interest (Franco et al.,
20006).

Due to their many advantages, especially high polymorphism, reproducibility and
wide genomic coverage in many species, amplified fragment length polymorphism (AFLP)
markers have been used to characterize molecular diversity and to establish fingerprinting
in various species (Kim et al., 2002, Rodriguez et al., 2010). Inter-simple sequence repeat
(ISSR) markers constitute another PCR-based technique useful for genome studies. Their
polymorphisms are generated by inducing variations in the numerous microsatellite regions
using primers that may be anchored with one or two nucleotides on either the 5'- or 3'-end of a
repeat region and extend into the flanking region. This method is widely applicable because it
is rapid and inexpensive, does not require prior knowledge of the DNA sequence, and allows
rapid genotyping on agarose gels (Santos et al., 2011).

The study of both phenotypic and genetic diversity is important in conservation ef-
forts, in the evaluation and utilization of genetic resources, in the study of germplasm diversi-
ty, in pre-breeding programs, and in the determination of phenotypic distinctions of genotypes
(Franco et al., 2001). The quantification of genetic diversity for various descriptors has been
performed separately (Crossa and Franco, 2004). However, the use of the Gower algorithm
(Gower, 1971) has allowed the construction of a single distance matrix with information con-
cerning both discrete traits (qualitative and molecular) and continuous (quantitative) traits.
The combination of these variables is an interesting alternative for breeders and germplasm
bank curators, because it may quantify the entire genetic variability of a species and enable a
better understanding of germplasm accessions (Gongalves et al., 2009). Alternatively, Cruz et
al. (2011) reported other methodologies based on the averages of the individual matrices. The
objective of this study was to evaluate the discriminatory capacity and genetic diversity of pa-
paya genotypes using both morpho-agronomic descriptors and molecular data and to analyze
the joint behavior of these descriptors to support the goals of germplasm conservation and use
as well as strategies for papaya breeding.

MATERIAL AND METHODS

The study was undertaken at Embrapa Mandioca e Fruticultura, located in the city
of Cruz das Almas, BA (12°48'38"S and 39°06'26"W, altitude of 220 m), in July 2009. The
weather conditions were as follows: average annual temperature of 24.5°C, average annual
rainfall of 1240 mm, and average relative humidity of 82%. Twenty-seven genotypes were
evaluated (7 inbred lines, 4 landraces, 6 improved varieties, 5 cultivars, and 5 obsolete germ-
plasms) (Table 1). The experiment was performed using 24 uncommon and 3 common treat-
ments, with augmented design distributed into 8 blocks, with plots of 8 plants each. Planting
was carried out with a spacing of 2.0 x 2.0 m and followed all the recommended practices
(Martins and Costa, 2003). As only hermaphrodite plants were evaluated, female plants were
removed when they were four months old.
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Table 1. Description of 27 papaya genotypes used in evaluations of morpho-agronomic descriptors and
molecular analysis.

No. Genotype Type Denomination Fruit type Origin
1 CMF008 Improved variety DCG593-10 Formosa Malaysia
2 CMF012 Improved variety DCG595-6 Formosa Malaysia
3 CMFO018 Improved variety DCG424-6 Solo Taiwan
4 CMF020 Improved variety DCG424-4 Formosa Brazil
5 CMF021 Cultivar Solsun Formosa Taiwan
6 CMF024 Cultivar Conchita Formosa Costa Rica
7 CMF041 Improved variety JS12 Formosa Brazil
8 CMF065 Improved variety K77xJS12 Solo Brazil
9 CMF087 Obsolete germplasm Waimanalo Solo USA (Hawaii)
10 CMF088 Obsolete germplasm Kapoho purple Formosa USA (Hawaii)
11 CMF092 Obsolete germplasm Kapoho Green Solo USA (Hawaii)
12 CMF123 Obsolete germplasm Vermelho Thai Formosa Thailand
13 CMF154 Obsolete germplasm Maradol Formosa Guatemala
14 CMF230 Landrace Ouromel Solo Brazil
15 CMF233 Landrace BS-Gondo Solo Brazil
16 CMF234 Landrace BS-SF Solo Brazil
17 CMF235 Landrace JTA Solo Brazil
18 - Cultivar Calimosa Formosa Brazil
19 - Cultivar Golden Solo Brazil
20 - Cultivar Sunrise Solo Brazil
21 L12-08 Inbred line - Formosa Brazil
22 L30-08 Inbred line - Solo Brazil
23 L48-08 Inbred line - Solo Brazil
24 L62-08 Inbred line - Formosa Brazil
25 L75-08 Inbred line - Formosa Brazil
26 L88-08 Inbred line - Formosa Brazil
27 L90-08 Inbred line - Formosa Brazil

Morpho-agronomic descriptors

The evaluations were performed from October 2009 to December 2010, and data were
taken from each of the eight plants in the plot. The qualitative (QIt) descriptors were as fol-
lows: general shape of mature leaf teeth, leaf waxiness, leaf pubescence, stem color, anthocy-
anin in petiole, petiole color, corolla color, color of the axis of the inflorescence, fruit color,
fruit shape, presence of ridges on the fruit, surface of ripe fruit, shape at distal end of the fruit,
shape of stalk end of the fruit, placental tissue of ripe fruit, central cavity predominant shape
of ripe fruit, pulp color, amount of seeds, seed color, seed shape, and seed mucilage.

The quantitative (Qut) descriptors evaluated were as follows: plant height at 8 months
(P-HB8) in meters; plant height at 12 months (P-H12) in meters; insertion height of the first
fruit (IH-FF) in meters; stem diameter at 8§ months (S-D8) in centimeters; stem diameter at
12 months (S-D12) in centimeters; average length of internodes up to the first fruit’s insertion
(ALI) in centimeters; leaf length (L-Len) in centimeters; leaf width (L-Win) in centimeters;
ratio between the length and width of the leaves (R-L-LenWin); leaf petiole length (L-PLen)
in centimeters; flower corolla length (FI-CLen) in centimeters; inflorescence stalk length (I-
SLen) in centimeters; number of flowers per inflorescence (NFInf); fruit peduncle length (Fr-
PLen) in centimeters; fruit weight (Fr-Wei) in grams; fruit length (Fr-Len) in centimeters;
fruit width (Fr-Win) in centimeters; ratio between fruit length and width (R-Fr-LenWin); fruit
skin thickness (Fr-TSk) in millimeters; fruit central cavity length (Fr-CCLen) in centimeters;
fruit firmness (Fr-Fir) measured in pounds, with use of manual penetrometer model FT 327
(McCormick Fruit Tech, Yakima, WA, USA); total titratable acidity (TTA) expressed as g
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citric acid per 100 g juice; total soluble solids (TSS) measured in °Brix; ratio between total
titratable acidity and soluble solids content (R-TTATSS); fruit pH (Fr-pH); seed fresh weight
(Se-FWei) in grams; seed dry weight (Se-DWei) in grams; seed length (Se-Len) in centime-
ters; seed width (Se-Win) in centimeters; and ratio between the length and width of the seed
(R-Se-LenWin). All descriptors were evaluated according to standards of the International
Plant Genetic Resources Institute (1998).

The genotypic values of accessions for the quantitative traits evaluated were predicted
by best linear unbiased prediction and used to calculate the genetic distance. The Selegen soft-
ware (Resende, 2007) was used for the statistical analyses.

AFLP and ISSR markers

Young papaya leaves were harvested and stored at -80°C for long-term storage. Ge-
nomic DNA was extracted using the procedure described by Doyle and Doyle (1990). DNA
quantification was carried out on an agarose gel (1.0% w/v) by comparing the fluorescent
intensity of the sample stained with ethidium bromide (1.0 mg/mL) with a dilution series of
lambda DNA (Invitrogen, Carlsbad, CA, USA) as the standard of known concentration.

AFLP genotyping was performed using the protocol described by Vos et al. (1995),
with some modifications. Briefly, 350 ng genomic DNA was digested using a combination of
a rare (EcoRI) and a frequent (Msel) cutting enzyme (New England Biolabs, Beverly, MA,
USA) at 37°C for 16 h. The enzymes were then inactivated at 70°C for 15 min. Following di-
gestion, double-stranded adaptors were ligated to the ends of the DNA fragments and diluted
1:5, generating template DNA for subsequent PCR amplification (pre-amplification followed
by a selective amplification step). Afterwards, DNA was pre-amplified using the following
combination as the selective basis: E-A + M-C, where E = EcoRI adapter, M = Msel adapter,
and 4 = adenine, C = cytosine. The pre-amplified DNA was diluted 1:50 and amplified using
primers with three selective bases for both rare (E-ACT, E-AAC) and frequent cutting en-
zymes (M-CAA, M-CAC, M-CAT, M-CTA, M-CTC, M-CTG, and M-CTT), where T = thy-
mine and G = guanine. Eleven AFLP primer combinations were evaluated (E-ACT+M-CAA,
E-ACT+M-CAC, E-ACT+M-CAT, E-ACT+M-CTA, E-ACT+M-CTC, E-ACT+M-CTG, E-
ACT+M-CTT, E-AAC+M-CAA, E-AAC+M-CAC, E-AAC+M-CAG, and E-AAC+M-CAT).

Each PCR mixture contained the following: 20 ng DNA template, 1.5 mM MgCl,, 0.1
mM dNTPs, 0.3 uM of each primer, and 1.0 U Taq DNA polymerase, 10 mM Tris-HCI buffer,
pH 8.8, 50 mM KCl, and 0.08% Nonidet P-40 (Fermentas, Hanover, MD, USA). PCR cycling
consisted of 94°C for 4 min, followed by 35 cycles of 94°C for 40 s, 50°C for 1 min, and 72°C
for 1 min, with a final extension at 72°C for 7 min, on a PTC-100 thermal cycler (MJ Research,
Inc., Watertown, MA, USA). The fragments were electrophoresed on a 6% (w/v) denaturing
polyacrylamide gel in a Hoefer SQ3 DNA gel electrophoresis sequencer (Pharmacia Biotech
Inc., San Francisco, CA, USA) at 70 W for 2.5 h. The gels were silver stained according to
Creste et al. (2001). The 50-bp ladder (New England Biolabs, Inc.) was used as a molecular
weight standard to estimate the size of the AFLP loci.

For ISSR genotyping, 23 primers were used (Table 2). Amplification was performed
in a 15-pL reaction mixture containing 10 ng DNA template, 20 mM Tris-HCI, pH 8.4, 50 mM
KCl, 2.0 mM MgCl,, 0.2 mM dNTP, 0.3 uM of each primer, and 1 U Taq DNA polymerase
(Fermentas). PCR cycling consisted of 94°C for 5 min, followed by 35 cycles of 94°C for 40
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s, 45 or 48°C for 40 s, and 72°C for 1 min, with a final extension at 72°C for 5 min, on a Veriti
thermal cycler (Applied Biosystems, Foster City, CA, USA).

The fragments were electrophoresed on a 2% (w/v) agarose gel at 120 V for 2.0 h and
stained with 1.0 mg/mL ethidium bromide. A 100-bp ladder (New England Biolabs) was used
as a molecular weight standard to estimate the size of the ISSR loci.

Data analysis

The amplified fragments from the AFLP and ISSR methods were recorded as present
(1) or absent (0) to construct a binary matrix. Only reproducible bands were considered for
analysis. The discriminatory power of AFLP and ISSR markers was evaluated by polymorphic
information content (PIC) parameters, as proposed by Roldan-Ruiz et al. (2000):

PIC,=2f (1 -f) (Equation 1)

where PIC.is the polymorphic information content of the marker i, £, is the frequency of the
marker bands present, and (1 - /) is the frequency of the absent marker bands.

The estimate of the genetic distance matrix for the joint analysis of morpho-agronom-
ic traits and molecular data were obtained according to the Gower algorithm (1971), which
was given by:

Zw S "'d b
d;=—————o0 (Equation 2)

Z W, 55\ i)

Fml

where d, is the weighted mean of d"‘)/ with weights w,d,“; w, = weights[k]; 5/“” isOor 1, and
d® , the J-th variable contribution to the total dlstance is the dlstance between x[i,k] and x[; k].
The 0-1 weight 5U“‘) is zero when the variable x[, k] is missing in either or both rows (7 and j) or
when the variable is an asymmetric binary and both values are zero; in all other situations, it
is 1. The contribution ¢, of a nominal or binary variable to the total dissimilarity is 0 if both
values are equal and 1 otherwise. The contribution of other variables is the absolute difference
of the two values, divided by the total range of that variable. As the individual contributions
d(">l.j are in [0; 1], the dissimilarity ¢, will remain in this range.

The Gower distance was estimated for the morpho-agronomic data (QIt and Qut) and
for the joint analysis (morpho-agronomic and molecular). The data were analyzed using the
cluster package (Maechler et al., 2012) for the R 2.11.1 software (R Development Core Team,
2011). For molecular data, the complement of the simple matching coefficient was used as a
distance coefficient (Cruz, 2006). The analysis using Gower distance for different types of
data was called Joint Gower. Moreover, considering the existence of a large discrepancy in
the number of descriptors for each type of data (morpho-agronomic and molecular), we also
used another method called the Average-Joint Gower, in which we obtained the dissimilarity
matrices separately for each variable using the Gower distance and then the average matrices
for different combinations of data.

The MEGA 4.0 software (Tamura et al., 2007) was used to generate the dendrogram, us-

Genetics and Molecular Research 12 (4): 6646-6663 (2013) ©FUNPEC-RP www.funpecrp.com.br



O.N. de Jesus et al. 6652

ing the unweighted pair group method with arithmetic mean (UPGMA) for clustering. The corre-
lation between the matrices was checked by an analysis of correlations and their significance was
assessed with the Mantel ¢ test with 1000 permutations, using the Genes program (Cruz, 2006).

RESULTS AND DISCUSSION
Characterization with ISSR markers

The 23 ISSR primers produced 177 bands, of which 52 (29.19%) were polymorphic.
Of the total number of polymorphic bands, 23 (44.2%) were shared by more than 50% of
the accessions. The percentage of polymorphic bands varied between different ISSR primers,
from 10.00% (ISSR50) to 55.56% (ISSR2). This type of marker showed low efficiency in
accurately discriminating between most of the papaya genotypes evaluated, because only 3
markers (4 bands) had a single fingerprinting. PIC ranged from 0.07 (ISSR76 and ISSR50) to
0.50 (ISSR03 and ISSR13) and 0.29 in average (Table 2).

Table 2. Characteristics of ISSR markers used in the evaluation of 27 papaya genotypes.

ISSR Sequence® TNB NPB Pol (%) NUB NB50G PIC
ISSR02 CACACACACACACACAG 9 5 55.56 - 1 0.28
ISSRO3 CACACACACACACACARG 7 1 14.29 - - 0.50
ISSRO7 CYCACACACACACACACA 11 3 27.27 2 1 0.21
ISSR13 GAGAGAGAGAGAGAGAT 4 1 25.00 - 0.50
ISSR15 CGAGAGAGAGAGAGAGA 8 2 25.00 - - 0.32
ISSR16 CRGAGAGAGAGAGAGAGA 10 4 40.00 - 1 0.27
ISSR18 TGAGAGAGAGAGAGAGA 9 3 33.33 - 1 0.33
ISSR21 GTGTGTGTGTGTGTGTC 6 2 33.33 - 2 0.29
ISSR23 GTGTGTGTGTGTGTGTYG 4 2 50.00 - 1 0.39
ISSR27 CYGTGTGTGTGTGTGTGT 5 1 20.00 - - 0.35
ISSR29 CACCACCACCACCACRC 10 4 40.00 1 1 0.38
ISSR30 CACCACCACCACCACYC 8 3 37.50 - - 0.27
ISSR31 CYCACCACCACCACCAC 11 3 27.27 - 3 0.46
ISSR35 CAGCAGCAGCAGCAGRC 8 1 12.50 - 1 0.25
ISSR40 GTGGTGGTGGTGGTGYC 7 2 28.57 - 2 0.33
ISSR45 TGTTGTTGTTGTTGTYC 4 1 25.00 - 1 0.17
ISSR50 AAGAAGAAGAAGAAGRC 10 1 10.00 - 1 0.07
ISSR55 ACAACAACAACAACARC 8 3 37.50 - 2 0.27
ISSR57 ACCACCACCACCACCRC 8 2 25.00 - 1 0.24
ISSR59 AGAAGAAGAAGAAGARC 9 4 44.44 - 2 0.36
ISSR61 AGCAGCAGCAGCAGCRC 4 1 25.00 - 1 0.19
ISSR76 TGGTGGTGGTGGTGGRC 6 1 16.67 - 1 0.07
ISSR93 GAGGAGGAGGAGGAGRC 11 2 18.18 1 - 0.16
Mean 7.70 2.26 29.19 1.30 1.40 0.29

TNB = total number of amplified bands; NPB = number of polymorphic bands; Pol (%) = percentage of
polymorphisms per marker; NUB = number of unique bands; NB50G = number of bands in more than 50% of the
genotypes; PIC = polymorphism information content. *Primer sequence of ISSR markers,and R=A, G; Y =C, T.

ISSR markers have been used for studies of genetic diversity in wild species of C.
papaya, such as Vasconcellea pubescens. Recently, Carrasco et al. (2009) used 7 ISSR primers
to study the genetic diversity of 333 samples of V. pubescens, for which 114 bands were gener-
ated and 63 proved to be polymorphic (55.3%). In C. papaya, there have been few reports con-
cerning the use of ISSR markers. However, ISSR has been used to evaluate genetic distances
between papaya backcross progeny (Ramos et al., 2012). Twenty ISSR primers generated
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98 bands, 18 of which were polymorphic (18.36%). This low genetic variability between the
progeny evaluated was expected because the progeny derived from BC S,, BC,S,, and BC,S,
had an average of 90.62, 84.38, and 71.88% endogamy, respectively.

Characterization with AFLP markers

The 11 AFLP primer combinations produced 524 bands, with 359 (69.58%) poly-
morphic and an average of 32.64 bands per primer (Table 3). The percentage of polymor-
phism for each AFLP combination ranged from 57.81% (E-ACT+M-CTT) to 84.21% (E-
ACT+M-CAC). The number of polymorphic bands ranged from 26 for the combination
E-ACT+M-CTC to 43 for E-AAC+M-CAT (Table 3). The polymorphisms obtained from the
analysis of these genotypes of C. papaya were more numerous than the 186 polymorphisms
found by Kim et al. (2002), when analyzing 63 papaya accessions with this same type of
molecular marker. Moreover, Rodriguez et al. (2010) reported only 45 polymorphic bands
using nine RAPD primers when assessing the genetic diversity of the species Vasconcellea
cubensis and C. papaya.

Table 3. Characteristics of AFLP markers used in the evaluation of 27 papaya genotypes.

Primer combination® TNB NPB Pol (%) NUB NB50G PIC
E-ACT+M-CAA 36 27 75.00 1 0.31
E-ACT+M-CAC 38 32 84.21 2 3 0.26
E-ACT+M-CAT 29 20 68.97 4 1 0.24
E-ACT+M-CTA 39 30 76.92 5 - 0.20
E-ACT+M-CTC 37 26 70.27 2 - 0.22
E-ACT+M-CTG 54 33 61.11 10 5 0.24
E-ACT+M-CTT 64 37 57.81 12 1 0.20
E-AAC+M-CAA 57 36 63.16 15 1 0.17
E-AAC+M-CAC 53 35 66.04 15 3 0.19
E-AAC+M-CAG 58 40 68.97 22 1 0.18
E-AAC+M-CAT 59 43 72.88 17 1 0.19
Mean 47.64 32.64 69.58 9.55 2.00 0.22

TNB = total number of amplified bands; NPB = number of polymorphic bands; Pol (%) = percentage of
polymorphisms per marker; NUB = number of unique bands; NB50G = number of bands in more than 50% of the
genotypes; PIC = polymorphism information content. *The core sequences of primers for the selective amplification
were as follows: E- = 5'-GACTGCGTACCAATTTC-3' for EcoRI primers; M- = 5'-GATGAGTCCTGAGTAA-3'
for Msel primers. Each primer contained 3 selective nucleotides at the 3'-end.

For biallelic markers, PIC ranged from 0.0 for monomorphic markers to 0.50 for
markers present in 50% of the individuals and absent in the other 50% (Roldan-Ruiz et al.,
2000). In papaya, the average PIC for 359 polymorphic bands ranged from 0.17 (E-AAC+M-
CAA) to 0.31 (E-ACT+M-CAA), with a mean of 0.22.

The informative quality of AFLP markers is of great importance when aiming to iden-
tify specific bands for use in protocols intended for protecting plant varieties. Of 359 polymor-
phic bands, 105 (29.2%) corresponded to bands present in only one accession (specific bands),
while 85 and 35 bands were shared by two and three accessions, respectively (Figure 1). The
combination E-AAC+M-CAG was the largest contributor to the detection of unique bands,
with 22 bands detected (Table 3).
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Figure 1. Number of shared bands per accession from the AFLP markers.

In general, the accessions had four specific bands each, on average. In addition,
CMF021 and CMF233 showed the largest number of specific bands (12 marks), followed by

inbred line L88-08 with eight specific bands. Moreover, acc

essions CMF088 and CMF020 did

not show any specific bands (Figure 2). Considering that the genotypes CMF021, CMF233,
and L88-08 are characterized as a cultivar, landrace, and inbred line, respectively, a large num-
ber of shared alleles may have been expected. However, the large number of unique bands in
these genotypes indicated that they are derived from specific genetic backgrounds.
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number of specific bands per accession, along with its molecular fingerprinting (bottom).
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The cloning of these unique bands and their transformation into specific genotypic
markers could be useful for the registry and protection of papaya varieties in the future. In
addition, these unique bands are very useful for breeding programs because they allow the
selection of different genotypes for increasing variability, for exploiting heterosis by cross-
ing contrasting individuals (Pecina-Quintero et al., 2011) or for developing markers linked to
important agronomic characteristics (Dekkers and Hospital, 2002).

Despite the usefulness of unique bands, fragments common to genotypes also play
an important role in aiming to establish, and in understanding the genetic relationships in the
germplasm, and finally, in deducing the geographical origin of unknown accessions (Prevost
and Wilkinson, 1999). However, a few bands, 16 (4.54%), frequently appeared in over 50%
(up to 14 accessions), especially the combinations E-ACT+M-CTG with five bands and E-
ACT+M-CAC and E-AAC+M-CAC with three bands (Table 3).

Analysis of diversity using morpho-agronomic descriptors and molecular data
(AFLP and ISSR)

According to Mohammadi and Prasanna (2003), genetic diversity has been defined as
the process by which the variation between individuals, groups of individuals or populations is
generated, by a particular method or combination of methods from groups with different data.
Therefore, the genetic distance matrices of molecular (AFLP and ISSR) and morpho-agro-
nomic data (QIt and Qut) demonstrated that the genetic variability present in papaya genotypes
could be considered of medium magnitude (dissimilarity ranging from 0.0 to 0.50) (Figure 3)
when compared with that found in other cultures (Muminovic et al., 2005). Even when using
highly polymorphic markers, such as microsatellites, several studies indicate low molecular
variability in papaya genotypes, in contrast to the high level of phenotypic diversity among
papaya cultivars observed in the field (Eustice et al., 2008).
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Figure 3. Distribution of genetic dissimilarity between all pairs of accessions using AFLP and ISSR markers. QIt
= qualitative; Qut = quantitative descriptors.

The average dissimilarity among the QIt descriptors (22 traits) was 0.26 (range 0.0
to 0.49) and among the Qut descriptors (30 traits) was 0.27 (range 0.12 to 0.50). For the QIt
descriptors, the dissimilarities of 0.30, 0.40, and 0.20 were restricted to 44, 27 and 23% of
the pairs of accessions, respectively (Figure 3). A similar pattern was observed for Qut traits,
where dissimilarities of 0.30, 0.40, and 0.20 were restricted to 41, 27, and 24% of pairs of ac-
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cessions (Figure 3).

In contrast, the lowest average dissimilarity was observed for AFLP markers, with an
average of 0.22, and a range of 0.12 to 0.36, of which 71% of the pairs of accessions exhib-
ited dissimilarity of less than 0.30 (Figure 3). Additionally, using AFLP markers and simple
matching as dissimilarity measures in 63 papaya accessions, Kim et al. (2002) found that 82%
of accessions showed dissimilarity of less than 0.15. Moreover, the ISSR markers showed an
average dissimilarity of 0.31 (range of 0.06 to 0.49), which was higher than for AFLP regard-
ing the ability to discriminate between accessions because 42 and 32% of pairs of accessions
showed dissimilarity of 0.40 and 0.30, respectively (Figure 3).

Although the AFLP markers were able to identify unique fingerprinting for certain
accessions (Figure 2), the dissimilarity between genotypes was lower when compared with
ISSR (Figure 3). This fact can be explained by the large number of specific bands and the low
number of shared bands that reduce the dissimilarity obtained with the simple matching index,
because the absence of bands in both individuals (0-0) is taken into account when calculating
their dissimilarities.

Correlations between dissimilarity matrices from morpho-agronomic and
molecular markers

The correlation between the dissimilarity matrices of QIlt and Qut data was highly
significant (r = 0.43), although of low magnitude. However, these two types of descriptors
did not show a high correlation with the molecular data (AFLP and ISSR), except for Qut x
ISSR, whose correlation was low but significant (r = 0.26) (Table 4). This finding indicates
that the genetic distance according to molecular markers was not precisely representative of
the genetic distance based on quantitative characters. Ramos et al. (2012) found a similar situ-
ation when analyzing several progeny from backcrosses in which the cluster analysis based on
morpho-agronomic and molecular data showed the same number of groups, but their profiles
were considerably different, which can be confirmed by the low value found for the correlation
between the two matrices.

According to Lefebvre et al. (2001), the relationship between molecular and pheno-
typic distance is closely related to the polygenic inheritance of the phenotypic characteristics
used in the analysis, and the magnitude of the correlation coefficient between these two types
of data is dependent on the association between the marker locus and the locus that controls
quantitative trait loci.

In the Joint Gower analysis, the morpho-agronomic descriptors (Qlt+Qut) showed a
high correlation with the descriptors QIt and Qut, i.e., 0.78 and 0.90, respectively. This finding
indicates that the simultaneous analysis of these traits considered the variation in both descrip-
tors (Table 4).

Regarding the molecular data, there was no correlation between the matrices of the AFLP
and the ISSR markers (r = -0.01). In contrast, there was a high correlation between the combined
analysis of these data (AFLP+ISSR) with AFLP markers (r = 0.95), but a low correlation with
ISSR markers (r = 0.29). Such behavior can be explained by the greater number of bands of AFLP
when compared with ISSR, which can also be observed when comparing the correlations between
AFLP+QIt and AFLP+Qut with AFLP (both with r=0.98, P <0.01) and ISSR+QIt and ISSR+Qut
with ISSR, whose correlations were 0.85 and 0.84, respectively (Table 4).
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The combined analysis using all types of descriptors (Comb-JG) showed significant
correlations for all combinations evaluated, but with medium magnitudes for ISSR, Qlt, Qut,
QIlt+Qut, ISSR+QIt, and ISSR+Qut, and high (> 0.92) magnitudes for AFLP data in all combi-
nations (AFLP, AFLP+ISSR, AFLP+QIt and AFLP+Qut) (Table 4). It is likely that the larger
number of bands (359) compared with only 52 morpho-agronomic traits (22 QIt and 30 Qut)
contributed to this result.

The strong influence of the descriptors, which were the most abundant in the dissimilar-
ity matrix, was also observed by Bertan et al. (2009), while studying genetic diversity in wheat.
These authors observed a low correlation (r = 0.05) between the morphological and molecular
data (AFLP) but a high correlation (r = 0.65) between combined (morpho-agronomic and molec-
ular) and molecular data. Therefore, the results showed a greater influence of more frequent data
on the estimates of genetic divergence, leading to an overestimation of this association due to
the larger number of molecular markers than morpho-agronomic variables (Franco et al., 2001).

Maric et al. (2004) also observed a low correlation (r = 0.12) between genetic
dissimilarity based on 14 polymorphic RAPD primers and 12 morphological traits in wheat. This
low correlation can be explained by the different mathematical properties used in calculating the
indices of dissimilarity, which could lead to a greater bias in the estimates. However, the use of
the same dissimilarity index for all types of descriptors in papaya (except AFLP and ISSR) was
unable to reduce the bias to facilitate a better association between the morpho-agronomic traits
and the molecular data. Therefore, the polymorphism, detectable using molecular markers, may
be assessed in genomic regions that have little influence on phenotypic traits.

For effective use in a breeding program, these descriptors should produce additional in-
formation about accessions of interest. The Joint Gower analysis was not very effective at in-
corporating the information from all descriptors when studying the phenotypic and genetic rela-
tionships between papaya accessions. An alternative to using the Gower distance unweighted in
relation to the number of specific markers is joint analysis based on the average of the matrices
of several descriptors (Cruz et al., 2011), here referred to as the Average-Joint Gower. Accord-
ing to this analysis, it was observed that although the magnitude of the correlation between the
AFLP markers versus the average of different combinations of data (AFLP+ISSR, AFLP+QIt,
and AFLP+Qut) was reduced when compared with the separate use of Gower distance (range
0.40 to 0.47), that correlation was still significant (Table 4) and had an intermediate magnitude.

Furthermore, the correlation between all data based on the average of dissimilarity
matrices (Comb-AJG) and AFLP data was significant but of low magnitude (r = 0.24). In con-
trast, there was a better distribution in the values of the correlations (0.61 to 0.80) with other
descriptors evaluated separately and a high correlation between the Joint Gower and Average-
Joint Gower analyses, when using different combinations of data (0.38 to 0.88) (Table 4).

The Average-Joint Gower analysis had a more favorable balance between the correla-
tions of different variables. In this type of analysis, the joint dissimilarities do not have much
influence on the number of markers, because matrices are obtained separately for each data
type and are then combined with the average of the matrices. In this process, it is important to
standardize the measurements and use dissimilarity indices of similar magnitudes, such as the
Gower distance, which provides a semi-positive definite matrix with values between 0 and 1.
Thus, considering that the analysis of all types of descriptors combined can better represent
the genetic variability in papaya, we chose to represent the cluster analysis based only on
Comb-AJG.
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Cluster analysis

Cluster analysis based on the Comb-AJG analysis divided the data into five main
groups, whose average dissimilarity ranged from 0.19 for Cluster 1 to 0.23 for Cluster 2 and
Cluster 3, and 0.27 for Cluster 4 (Figure 4). Cluster 5 was represented only by the CMF008
accession, which was the most divergent (dissimilarity of 0.32). In Cluster 1, eight genotypes
from the ‘Solo’ group were aggregated, consisting of two obsolete germplasms (CMF087 and
CMF092), four landraces (CMF230, CMF233, CMF234, and CMF235), and two cultivars
(Golden and Sunrise). The main traits of this group included higher values for plant height
(P-H8 and P-H12), IH-FF, stem diameter (S-D8 and S-D12), Fr-TSk, TSS, and R-TTATSS.
In contrast, these genotypes demonstrated lower values of I-SLen, Fr-PLen, Fr-Wei, Fr-Len,
Fr-Win, Fr-CCLen, TTA, Se-FWei, Se-DWei, Se-Len, and Se-Win (Table 5).
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Figure 4. Dendrogram of the relationships among papaya accessions using morpho-agronomic descriptors and
molecular data. Green (Cluster 1), brown (Cluster 2), blue (Cluster 3), red (Cluster 4), and pink (Cluster 5). The
histogram of the distribution, in proportion, of the dissimilarity matrix (x-axis) between pairs of accessions (y-axis)
is shown next to the clusters. AD = average dissimilarity per group.
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Table 5. Mean values of the agronomic traits for the five clusters identified by clustering analysis.

Traits Units Clusters®
1 2 3 4 5

Plant height at 8 months (P-HS8) m 2.30 2.14 1.89 2.19 1.24
Plant height at 12 months (P-H12) m 2.89 2.79 2.52 2.73 1.63
Insertion height of the first fruit (IH-FF) m 1.37 1.07 1.25 1.33 0.60
Stem diameter at 8 months (S-D8) cm 11.40 11.28 10.82 10.90 6.21
Stem diameter at 12 months (S-D12) cm 12.27 1239 12.06 11.38 7.90
Average length of internodes until the first fruit’s insertion (ALI) cm 2.44 2.39 2.78 2.97 221
Leaf length (L-Len) cm 40.77 4341 4821 44.94 37.46
Leaf width (L-Win) cm 61.66  67.12  75.18 68.97 54.69
Ratio between the length and width of the leaves (R-L-LenWin) - 0.66 0.65 0.64 0.65 0.68
Leaf petiole length (L-PLen) cm 80.46 79.02 9545 82.72 63.85
Flower corolla length (FI-CLen) cm 3.50 3.74 3.33 4.19 4.80
Inflorescence stalk length (I-SLen) cm 1.61 2.04 1.89 1.86 2.48
Number of flowers per inflorescence (NFInf) - 5.67 5.12 7.48 1.99 11.16
Fruit peduncle length (Fr-PLen) cm 4.28 7.02 5.60 6.80 4.94
Fruit weight (Fr-Wei) g 460.27 702.81 928.89 1421.25 1309.40
Fruit length (Fr-Len) cm 13.51 16.70  19.77 18.83 19.75
Fruit width (Fr-Win) cm 8.37 9.29 9.78 13.29 11.85
Ratio between fruit length and width (R-Fr-LenWin) - 1.63 1.80 2.04 1.45 1.71
Fruit thickness of skin (Fr-TSk) mm 1.19 1.12 1.15 1.11 1.03
Fruit central cavity length (Fr-CCLen) cm 4.74 5.05 5.06 8.71 6.87
Fruit firmness (Fr-Fir) b 1.41 1.42 1.39 1.52 1.85
Total titratable acidity (TTA) % 0.07 0.07 0.07 0.08 0.14
Total soluble solids (TSS) °Brix 10.08 9.92 9.64 9.10 8.53
Ratio between total titratable acidity and soluble solids content (R-TTATSS) - 150.86 148.47 139.64 120.42 61.00
Fruit pH (Fr-pH) - 5.46 5.42 5.44 5.49 5.44
Seed fresh weight (Se-FWei) g 26.71 33.00 38.51 86.21 58.88
Seed dry weight (Se-DWei) g 6.45 7.47 7.73 17.05 9.49
Seed length (Se-Len) cm 0.55 0.57 0.59 0.58 0.64
Seed width (Se-Win) cm 0.39 0.42 0.44 0.39 0.51
Ratio between the length and width of the seed (R-Se-LenWin) - 1.41 1.38 1.36 1.50 1.26

*According to Figure 4.

Regarding Cluster 2, three improved varieties and one obsolete germplasm were
grouped, of which two genotypes belonged to the ‘Solo’ type (CMF018 and CMF065) and
two belonged to the ‘Formosa’ type (CMF020 and CMFO088). This cluster was distinguished
by greater S-D12, greater Fr-PLen, and a higher R-TTATSS.

Cluster 3 was composed largely of genotypes of the ‘Formosa’ type (CMF123, L12-
08, L62-08, L75-08, L88-08, L90-08, and the cultivar Calimosa) and two genotypes of the
‘Solo’ type (L30-08 and L48-08). Except for CMF123, which is an obsolete germplasm, the
remaining genotypes represented a genetic background with some degree of improvement,
mostly inbred lines with a high degree of endogamy. The most salient traits of this group
were the higher L-Len, L-Win, L-PLen, Fr-Len, and R-Fr-LenWin as well as the lower R-L-
LenWin, FI-CLen, and Fr-Fir (Table 5).

Cluster 4 was composed primarily of genotypes of the ‘Formosa’ type, of which two
are improved varieties (CMF012 and CMF041), two are cultivars (CMF021 and CMF024)
and one is an obsolete germplasm (CMF154). The genotypes of this group demonstrated high
values of ALIL, Fr-PLen, Fr-Wei, Fr-Win, Fr-CCLen, Fr-pH, Se-FWei, Se-DWei, and R-Se-
LenWin, and low values of NFInf, R-Fr-LenWin, and Se-Win (Table 5). This finding indicates
that the genotypes of this group tended to produce larger fruit with many seeds, and fewer
fruits per bunch.

Finally, the CMF008 accession (improved variety) was most dissimilar to the other
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groups, and was therefore treated separately. This genotype showed the highest values for the
following traits: FI-CLen, [-SLen, NFInf, Fr-Len, Fr-Fir, TTA, Se-Len, and Se-Win. However,
CMFO008 showed low values for traits related to size and plant vigor (P-HS, P-H12, IH-FF,
S-D8, S-D12, and ALI), photosynthetic capacity (L-Len, L-Win and L-PLen) and some fruit
characteristics, such as Fr-TSk, TSS and R-TTATSS, which certainly contributed to its separa-
tion from other genotypes.

Currently, the classification of papaya fruits is based on the ‘Formosa’ and ‘Solo’
types. The ‘Solo’ type produces small-sized, red-fleshed fruits weighing 300-650 g, whereas
the ‘Formosa’ type bears red-fleshed, medium-sized fruits (1000-1300 g). Although not easily
understood or completely refined and clear, this classification using the concept of fruit type
for papaya (‘Formosa’ and ‘Solo’) is still in use.

Cluster 1 was composed exclusively of genotypes of the ‘Solo’ type, with an average
fruit weight of 460.27 g, whereas Clusters 4 and 5 were composed exclusively of accessions
from the ‘Formosa’ type, with average fruit weights of 1421.25 and 1309.40 g, respectively.
Therefore, using several other agronomic traits and molecular data for clustering, a perfect
classification of these genotypes based on fruit type was not expected. Thus, Clusters 2 and 3
were formed from both types of genotypes, with average fruit weights of 702.81 and 928.89
g, respectively.

According to Ramos et al. (2012), the traits related to fruit size (average weight,
length, and diameter), as well as plant vigor and low fruit firmness, clearly contributed to the
distinctiveness of 26 papaya progeny, allocating the fruits to seven main groups. In the present
study, the fruit traits demonstrated high significance for classifying the genotypes, as did other
plant traits, such as height, vigor, and flowering.

Considering that phenotypic data are strongly influenced by environmental condi-
tions, genetic studies based on morpho-agronomic characteristics have been thought to be of
low accuracy (Vieira et al., 2007). In contrast, in recent years, there has been a significant in-
crease in the application of molecular genetic methods to assess genetic relationships between
papaya and related wild species (Kim et al. 2002; Van Droogenbroeck et al. 2004; Carrasco
et al. 2009; Oliveira et al., 2010b). Molecular markers offer numerous advantages over phe-
notype-based alternatives because the former are not confounded by environmental, pleiotro-
pic, and epistatic effects. However, molecular markers may not correlate with the phenotypic
expression of a genomic trait, which can be demonstrated by the low correlation between the
Qut data and molecular markers, where correlations were 0.09 and 0.26 for AFLP and ISSR,
respectively (Table 4). In addition, the separate analyses of morpho-agronomic and molecular
data can result in fragmented and often inaccurate inferences, making it difficult to understand
the genetic relationships between the relevant germplasms (Ramos et al., 2012). In general,
the matrix of dissimilarities and the dendrogram generated based on the average of morpho-
agronomic and molecular data present a more balanced view of the genetic variability found in
inbred lines, varieties, cultivars, and papaya hybrids. We showed that an analysis of all catego-
ries of data analyzed simultaneously, after being weighted by the number of markers, allowed
for the creation of more coherent groups describing the genetic diversity found in papaya. This
study demonstrated the advantages of using the average of the dissimilarity matrix, instead of
the Gower algorithm for all data together, in the clustering of papaya genotypes using discrete
and continuous variables simultaneously, since the results obtained were more weighted and
balanced for both types of data.
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