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Abstract In this work, two experiments were set up in
order to select papaya hybrids and verify heterosis ex-
pression for black spot (Asperisporium caricae) and
phoma spot (Stagonoparopsis caricae) resistance.
Experiments were set up in randomized blocks with
two replications. Black spot and phoma spot incidence
and severity on leaves were evaluated, and fruit dam-
aged area by black spot was estimated. These character-
istics were used to estimate genetic distance with com-
plement of Jaccard’s Index. For black spot resistance,
77 % of hybrids showed heterosis for at least one of
three evaluated characteristics and 58 % of hybrids
showed heterobeltiosis effect. For phoma spot severity,
there was heterosis manifestation in 56 % of hybrids,
and 30 % of them showed heterobeltiosis effect.
Therefore, heterosis was found in most of the hybrids,
emphasizing the possibility of using hybridization to
develop resistant genotypes. We observed that the best
estimates of heterotic effects were obtained by crossing
genetically distant individuals, indicating the existence
of a positive relationship between genetic distance and

hybrid performance. Together, the results highlight the
hybrid ‘Americano’ x ‘Waimanalo’ as having a strong
potential to reduce the intensity of these two diseases.
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Introduction

Phoma spot, caused by Stagonosporopsis caricae (Sydow &
P. Sydow) Aveskamp, Gruyter & Verkley [Syn. Phoma
caricae-papayae (Tarr) Punith] (Aveskamp et al. 2010), is
considered the second most important post-harvest disease
of papaya in Brazil (Rezende and Martins 2005). The fungus
is widespread in tropical regions (Hunter and Budderhagen
1972) and shows various symptoms. Another fungal disease
that currently constitutes the main papaya disease is black spot
caused by Asperisporium caricae (Speg.) Maubl (Rezende
and Martins 2005). It causes severe losses by reducing the
photosynthetic area of leaves and by depreciating the fruits
for the market (Rezende and Martins 2005). The incidence
and severity levels of these diseases can be so high that chem-
ical control is mandatory to achieve profitable production at
certain times of the year.

The main measure adopted to control these diseases is the
use of fungicides (Dianese et al. 2007; Vivas et al. 2010). The
selection of resistant genotypes is a sustainable alternative for
disease control; however, in papaya, complete resistance has
not been observed in elite genotypes (Vivas et al. 2010,
2012b). In field assessments, different levels of disease were
observed (Vivas et al. 2015), probably due to a polygenic
control of resistance. Crop improvement can be achieved by
selection of resistant genotypes or by the best hybrid

Section Editor: Rosana Rodrigues

* Marcelo Vivas
mrclvivas@hotmail.com

1 Lab. de Entomologia e Fitopatologia, Centro de Ciências
Tecnológicas e Agropecuárias, Universidade Estadual do Norte
Fluminense Darcy Ribeiro, Campos dos Goytacazes, RJ 28013-600,
Brazil

2 Lab. de Melhoramento Genético Vegetal, Centro de Ciências
Tecnológicas e Agropecuárias, Universidade Estadual do Norte
Fluminense Darcy Ribeiro, Campos dos Goytacazes, RJ 28013-600,
Brazil

Trop. plant pathol. (2016) 41:380–389
DOI 10.1007/s40858-016-0109-1

http://crossmark.crossref.org/dialog/?doi=10.1007/s40858-016-0109-1&domain=pdf


combinations, making use of hybrid vigour, also known as
heterosis. Parteniani (2001) reports that breeders explored het-
erosis even before the concept was proposed. In addition, the
term heterobeltiosis has been used to identify hybrids that
present themselves better than the best parent (Vencovsky
and Barriga 1992).

In the Caricaceae family, heterosis was observed in inter-
specific crosses of Carica cauliflora x C. goudotiana and
C. caulifora x C. monoecious (Mekako and Nakasone
1975). In both crosses the characteristics of plant height, stem
diameter, number and average fruit weight in the F1 genera-
tion were significantly higher than among more vigorous par-
ents. In papaya, Marin et al. (2006), studying heterotic effects
among eight parents of the ‘Solo’ group and eight of the
‘Formosa’ group, observed the prevalence of heterobeltiosis
in nine morphoragronomics characteristics, concluding that
heterosis is a common effect in papaya hybrids. Martins
et al. (2009) observed the early manifestation of heterosis in
F1 hybrids for physiological attributes of papaya seeds. Vivas
et al. (2012a) reported that heterosis in papaya for resistance to
black spot may provide significant genetic gains from both
inter-and intra-heterotic crosses.

Considering the possibility of obtaining hybrids with lower
levels of disease, the present study was conducted with the
objectives of selecting resistant hybrids and determining the
manifestation of heterosis or hybrid vigour for resistance to
black spot (A. caricae) in leaves and fruits and phoma spot
(S. caricae) in leaves of papaya hybrids.

Material and methods

Genetic material and experiment design

Two experiments were conducted during 2006–2007 (planted
in the field in Oct 2006) at Caliman Agrícola S/A, in Linhares,
Espírito Santo state. This region is a great papaya producer;
therefore, inoculum is present all year, with no need to per-
form artificial inoculations. The first experiment consisted of a
group of papaya hybrids from the cross of 20 elite genotypes,
13 of the ‘Solo’ and seven of the ‘Formosa’ group, and two
testers, ‘Sunrise Solo 72/12’ (‘Solo’ group) and ‘JS 12’
(‘Formosa’ group). The second experiment involved 38 hy-
brids from the cross of 23 genotypes, 17 of ‘Solo’ and six of
‘Formosa’, with three testers of the ‘Formosa’ group:
‘Americano’, ‘Maradol’ and ‘Sekati’.

A randomized block designwas usedwith two replications;
each replication had 20 plants, arranged in double rows (10
plants in each row) in 2.0 x 1.8 m spacing. All cultural prac-
tices were applied as recommended for the crop. Fungicide
sprays were made weekly or biweekly. Until 60 days before
the first evaluation, the following active ingredients were
used: pyraclostrobin (Apr 16, 23 and May 21) and

chlorothalonil (Apr 30). Before the second evaluation, the
following active ingredients were sprayed: azoxystrobin
(Jul 10 and Aug 17), chlorothalonil (Aug 03), lime sulfur
(Aug 10) and methyl thiophanate (Jul 27).

Evaluation of traits related to resistance

Two evaluations were conducted, the first one in late May and
the second one in late Aug 2007. The plot where the evalua-
tions were performed consisted of four rows, and these were
used to calculate the average per plot. The incidence and se-
verity of black-spot and phoma-spot were evaluated. The in-
cidence of leaves with disease symptoms was obtained as the
percentage ratio between the number of leaves with symptoms
and the total number of leaves. Black spot severity data in
leaves was obtained using the diagrammatic scale described
by Vivas et al. (2012b), evaluating the leaf with axils attached
to the first open flower. Phoma spot severity was evaluated by
the willing leaf immediately below the leaf with the first open
flower, with the aid of the diagrammatic scale adopted by
Vivas et al. (2010). Since there was no scale to estimate the
severity in fruit, black spot lesions were counted on the surface
of the fruit at stage 1 of ripening. Subsequently, the number of
black spot lesions on the fruit were converted into injured
surface area (PPF). The counts were transformed into percent-
age by multiplying the number of lesions by the mean values
estimated via Quant, corresponding to 0.26 %.

Statistical analysis

Statistical analysis was performed with SAS (SAS Institute
1992) and GENES (Cruz 2013) softwares, estimating the av-
erage of the hybrids and their parents. Subsequently, heterosis
(Average Parent Heterosis - APH) and heterobeltiosis
(Heterosis of Superior Parent- HSP) were estimated.

APH was estimated as:

HDA−PDA
PDA

� �
*100

where HDA = hybrid disease average, and PDA = parent
disease average.

HSP was estimated as:

HDA−SPA
SPA

� �
*100

where HDA = hybrid disease average, and SPA = superior
parent average (Falconer 1989).

Mahalanobis distances (D2) were calculated for all pairs of
genotypes using all disease variables in the calculations.
Based on the genetic distance matrix, the genotypes were
grouped and a dendrogram constructed using the grouping
method by average distance (UPGMA). The fit between the
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distance matrix and the dendrogram was estimated by the
cophenetic correlation coefficient (CCC) developed by Sokal
and Rohlf (1962). All data analyses were performed with the
Genes program (Cruz 2013).

Results and discussion

Resistance to black spot

In first experiment, a tendency was observed for hybrids with
the tester ‘Sunrise Solo 72/12’ (SS 72/12) to generate lower
levels heterosis and heterobeltiosis, on average, for all vari-
ables related to A. caricae resistance. For severity of black
spot the average of hybrid heterosis derived from crosses with
‘SS 72/12’ was negative (Table 1). In the second experiment,
the estimates of the lowest averages were not obtained for a
specific tester, however, there was a tendency for lower aver-
age of heterosis in hybrids obtained with ‘Americano’
(Table 2).

The hybrid combinations ‘Caliman M5’, ‘Diva’, ‘Sunrise
Solo’ and ‘Caliman G’ x ‘JS 12’ showed negative estimates of

heterosis for black spot severity (Table 1). Ide et al. (2009)
reported that hybrids from crosses using ‘Diva’, ‘Sunrise
Solo’ and ‘Caliman G’ with ‘JS 12’ presented a higher inser-
tion of the first fruit as well as a lower number of total and
commercial fruit, generating lower yield. Therefore, it should
be considered that these features will be transferred along with
resistance to the hybrids. In this sense, the combination ‘JS 12’
x ‘Caliman M5’ is highlighted, since this hybrid had the low-
est estimated heterosis for incidence of black spot in leaves
(APH=0.17).

All combinations involving the tester ‘SS 72/12’, except
the one with ‘Maradol GL’, showed negative heterosis esti-
mates for black spot severity in leaves. The combinations ‘SS
72/12’ x ‘Mamão Roxo’ and ‘SS 72/12’ x ‘Maradol’ also
showed negative estimates of heterobeltiosis (Table 1). For
these two hybrids, Ide et al. (2009) reported that the first has
higher insertion of the first fruit, greater number of fruits and
less productivity, while the second has the opposite for these
same traits. The combination ‘SS 72/12’ x ‘Costa Rica’ should
also be considered, since this hybrid was superior to its parents
average. In other words, the estimate of heterosis for severity
of black spot in fruit was negative and of high magnitude.

Table 1 Mean hybrid disease averages (HDA), estimates of average parent heterosis (APH) and heterobeltiosis or heterosis of superior parent (HSP)
for resistance to black spot in papaya hybrids derived from crosses between ‘JS 12’ and ‘SS 72/12’

Tester Parent Black spot incidence
in leaves

Black spot severity
in leaves

Black spot incidence
in fruit

HDA APH HSP HDA APH HSP HDA APH HSP

JS 12 Caliman M5 77.28 0.17 1.33 0.05 −6.80 77.78 0.48 154.11 164.64

Taiwan ET 79.96 1.96 2.49 0.04 40.98 59.26 0.51 139.44 181.77

Diva 82.32 4.14 5.50 0.04 −2.38 51.85 0.55 379.13 1024.49

Grampola 82.86 2.95 6.20 0.04 1.41 33.33 0.50 218.85 278.03

Sunrise Solo 80.26 2.10 2.87 0.03 −1.49 22.22 0.48 223.08 309.32

Caliman GB 82.88 5.91 6.23 0.05 57.38 77.78 0.84 337.70 361.88

Caliman SG 80.60 1.59 3.30 0.05 44.62 74.07 0.32 115.65 180.53

Caliman G 82.20 2.89 5.35 0.05 −16.81 74.07 0.66 388.56 635.56

Kapoho Solo PA 82.05 6.46 7.79 0.05 64.29 70.37 0.67 337.01 429.92

BSA 82.31 12.76 21.09 0.06 110.34 125.93 0.34 163.28 349.33

São Mateus 84.18 5.62 7.89 0.05 44.93 85.19 0.72 524.14 1319.61

Kapoho Solo PV 80.62 2.91 3.33 0.04 29.41 62.96 0.29 150.21 444.44

Sunrise Solo PT 82.12 4.68 5.25 0.05 104.08 127.27 0.36 209.01 592.31

Waimanalo 79.60 7.05 12.61 0.05 66.67 85.19 0.36 82.83 100.00

Maradol 77.62 0.80 2.14 0.04 18.03 33.33 0.38 191.25 367.07

SS 72/12 Costa Rica 81.63 2.32 2.71 0.04 −29.41 33.33 0.10 −32.65 75.00

Tailândia 81.68 7.60 13.86 0.05 −1.10 66.67 0.22 12.98 296.43

Mamão Bené 82.79 3.86 4.35 0.03 −7.46 34.78 0.17 135.37 208.93

Mamão Roxo 80.38 1.37 2.41 0.02 −56.41 −37.04 0.10 51.47 83.93

Maradol 81.95 5.01 7.83 0.03 −35.90 −7.41 0.43 517.39 660.71

Maradol GL 80.74 1.69 2.59 0.03 6.45 83.33 0.26 506.98 770.00

Sekati 83.07 3.01 3.72 0.05 −9.57 92.59 0.14 144.07 157.14
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In the second experiment, derived from crosses with the
testers ‘Americano’, ‘Sekati’ and ‘Maradol’, the hybrid
‘Americano’ x ‘Waimanalo’ showed negative estimates of
heterosis and heterobeltiosis for the three characteristics

related to black spot resistance (Table 2). Vivas et al. (2011)
reported that this hybrid had the highest effect of specific
combining ability for severity of black spot in leaves and fruit.
Also regarding the tester ‘Americano’ with the genotypes

Table 2 Mean hybrid disease averages (HDA), estimates of average parent heterosis (APH) and heterobeltiosis or heterosis of superior parent (HSP)
for resistance to black spot in papaya hybrids derived from crosses between ‘Americano’, ‘Sekati’ and ‘Maradol’

Tester Parent Black spot incidence
in leaves

Black spot severity
in leaves

Black spot incidence
in fruit

HDA APH HSP HDA APH HSP HDA APH HSP

Americano Caliman M5 81.13 3.69 6.38 0.03 −78.31 −64.47 0.21 21.76 43.75

S Solo 783 81.93 4.01 5.95 0.03 −78.23 −64.00 0.25 18.27 70.83

Costa Rica 81.49 2.06 2.53 0.04 −68.83 −37.93 0.21 10.29 45.14

Taiwan et 82.58 3.86 4.77 0.03 −73.91 −20.59 0.43 122.11 200.00

Diva 78.40 −2.17 −2.08 0.03 −77.39 −54.39 0.27 181.87 455.10

Grampola 79.71 −2.29 −0.62 0.02 −81.57 −54.55 0.32 132.61 122.92

Sunrise Solo 80.49 0.99 1.63 0.03 −76.53 −37.50 0.08 −39.69 −33.05
Caliman AM 75.04 −6.55 −6.45 0.02 −76.59 −25.00 0.16 21.05 31.97

Caliman GB 78.96 −0.49 0.60 0.02 −76.81 −29.41 0.20 13.62 36.11

Caliman SG 79.46 −1.21 −0.94 0.03 −67.77 −10.53 0.32 149.03 183.19

Caliman G 78.85 −2.65 −1.70 0.04 −72.97 −59.30 0.23 99.15 158.89

SS 72/12 81.32 1.46 1.54 0.02 −83.41 −59.09 0.13 26.00 125.00

BSA 83.06 12.09 22.18 0.02 −79.41 −32.26 0.15 36.99 100.00

S Solo TJ 84.27 4.68 4.31 0.04 −63.13 −9.09 0.42 321.89 643.86

São Mateus 79.57 −1.51 −0.80 0.03 −72.09 −28.57 0.07 −29.23 35.29

K Solo PV 80.50 1.34 2.34 0.03 −72.90 −29.27 0.34 239.39 522.22

S Solo PT 79.37 −0.21 0.63 0.03 −72.31 22.73 0.22 124.49 323.08

Mamão Roxo 81.06 2.16 3.28 0.03 −68.12 −2.94 0.21 87.50 162.50

Sekati 81.06 0.44 1.05 0.03 −74.59 −56.34 0.05 −50.49 −17.74
BSuper 81.37 1.08 1.45 0.03 −74.87 −3.85 0.30 164.63 256.47

STZ-52 82.36 1.53 2.68 0.04 −60.19 24.24 0.25 89.31 110.17

Waimanalo 62.96 −16.56 −10.94 0.01 −92.23 −75.76 0.08 −58.22 −47.92
Sekati Caliman G 80.60 −1.09 −0.74 0.03 −64.33 −60.56 0.10 28.95 58.06

Caliman AM 81.06 0.33 −0.17 0.07 26.21 103.13 0.07 −23.91 12.90

Caliman SG 81.55 0.78 1.12 0.04 −19.27 15.79 0.06 −32.57 −4.84
Caliman GB 79.88 0.05 1.77 0.03 −40.95 −8.82 0.11 −15.59 79.03

Sunrise Solo 80.28 0.10 1.37 0.04 −31.53 −5.00 0.07 −22.22 12.90

Diva 83.09 3.05 3.78 0.03 −46.88 −40.35 0.12 119.82 148.98

Caliman M5 79.91 1.49 4.78 0.05 −30.61 −28.17 0.04 −72.09 −41.94
SS 72/12 82.59 2.42 3.13 0.05 −20.00 4.55 0.48 715.25 758.93

JS 12 77.69 −2.41 −0.42 0.07 48.98 170.37 0.15 23.46 141.94

Maradol Caliman G 73.23 34.47 137.18 0.03 −48.33 −8.82 0.11 25.58 31.71

Caliman AM 80.75 41.00 161.53 0.02 −39.39 −37.50 0.16 54.90 92.68

Caliman SG 79.17 42.21 156.40 0.04 16.67 23.53 0.47 376.92 467.07

Sunrise Solo 77.89 44.93 152.26 0.02 −35.14 −29.41 0.25 151.00 206.10

Diva 83.54 54.69 170.58 0.03 −34.07 −11.76 0.68 930.53 1277.55

SS 72/12 77.80 45.67 151.96 0.03 −17.95 −5.88 0.14 102.90 150.00

Caliman M5 82.74 60.88 167.97 0.06 14.55 85.29 0.22 54.68 162.20

S Solo PT 82.66 45.74 167.73 0.02 −17.86 4.55 0.25 274.63 382.69

JS 12 67.32 44.30 118.03 0.04 27.87 44.44 0.22 63.50 162.20
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‘Diva’, ‘Grampola’, ‘Caliman AM’, ‘Caliman SG’, ‘Caliman
G’ and ‘São Mateus’, the hybrids had negative estimates of
heterosis and heterobeltiosis for incidence and severity of
black spot in leaves. Cattaneo (2001), working with RAPD
and AFLP to study the genetic diversity of 22 genotypes of
papaya, observed that the genotypes ‘Caliman G’, ‘Caliman
SG’, ‘Caliman GB’, ‘Grampola’ and ‘Sunrise Solo TJ’ clus-
tered in one group. This result suggests that ‘Caliman SG’,
‘Caliman G’ and ‘Caliman GB’ are genetically very close,
since they behaved similarly when combined with the geno-
types ‘Americano’, ‘Maradol’ and ‘Sekati’.

The testers ‘Americano’, ‘Sekati’, ‘Maradol’ (experiment
2) and ‘SS 72/12’ (experiment 1) showed that they can con-
tribute to the reduction of black spot on papaya, since most
hybrids showed negative heterosis and heterobeltiosis esti-
mates. These genotypes could be used in crosses to generate
hybrids with lower severity of black spot combined with dis-
tinct with morpho-agronomic characters, since ‘Americano’
and ‘Maradol’ produce fruit with higher weight, ‘Sekati’ pro-
duces fruit with intermediate weight, and ‘SS 72/12’ produces
fruit with lower weight.

Most of the hybrids derived from crosses with ‘Sekati’
showed negative heterosis estimates for black spot incidence
in fruit. ‘Caliman SG’ and ‘Caliman M5’ x ‘Sekati’ also had
negative estimates of heterobeltiosis, ie, the hybrids had aver-
ages better than their parents’ average (Table 2). Most hybrids
also had estimates of negative heterosis for black spot severity
in leaves. However, this is not reflected in the estimates of
heterosis and heterobeltiosis for black spot incidence. Since
severity refers to the percentage of diseased leaf area and
incidence refers to the proportion of leaves with disease symp-
toms, it is possible that the genes responsible for these traits
are not the same.

Hybrids with ‘Maradol’ showed negative heterosis esti-
mates for black spot severity in leaves, and positive estimates
for incidence in leaves and fruit. These hybrids showed higher
average than those of their parents, which is not desirable in
the case of disease. One possible explanation is that the genes
responsible for severity and incidence are not the same, as
mentioned above for crosses involving ‘Sekati’. Also note-
worthy is that ‘Maradol’ is one of the most resistant genotypes
to black spot (Dianese et al. 2007), which makes better parent
averages difficult to be achieved. The genotypes ‘Caliman
SG’, ‘Caliman M5’ and ‘JS 12’ should not be used in crosses
with ‘Maradol’, since such hybrids showed positive heterosis
estimates for black spot severity in leaves.

According to Allard (1999), the expected effect of heterosis
exploration is the increase in productivity, however, several
other agronomic traits are also maximized. One of the attri-
butes that can be potentiated is resistance to disease, by devel-
oping hybrids with lower average than the parents’ average.
On this regard, considering the resistance of hybrids to black
spot, a heterosis effect was found in 27, 86, 100, 100 and 44%

of hybrids derived from crosses with the genitors ‘JS 12’, ‘SS
72/12’, ‘Americano’, ‘Sekati’ and ‘Maradol’, respectively, for
at least one of the evaluated characteristics. About 58 % of the
hybrids showed heterobeltiosis effect for at least one of those
evaluated characteristics. These results confirm the possibility
of heterosis exploration to produce hybrids that add desirable
agronomic characteristics besides disease resistance.

Resistance to phoma spot

In the first experiment the average values were close; however
there was a slight tendency for crosses with ‘JS 12’ to have
lower average heterosis and heterobeltiosis for phoma spot
severity (Table 3). Possibly, this genotype may contribute to
the reduction of leaf phoma spot, and concomitantly reduce
stalk rot in post-harvest. Moreover, the control of phoma in-
oculum in leaves in the field can reduce the incidence of stalk
rot in post-harvest. Suzuki et al. (2007) reported gains of up to
24 % in reduction of stalk rot when the sanitization was per-
formed, with removal of senescent and sick leaves.

In the second experiment, considering the overall average
for each tester, negative heterosis estimates for the severity of
phoma spot were observed for ‘Sekati’ and ‘Maradol’, and for
heterobeltiosis for ‘Sekati’ (Table 4). Possibly, these geno-
types carry genes that confer resistance to phoma spot, as
reported by Vivas et al. (2010) when evaluating the germ-
plasm collection of UENF/CALIMAN. These authors ob-
served that these two genotypes were more resistant in terms
of disease severity and were in the intermediate group for
incidence of phoma spot in leaves.

Analyzing each tester in particular for the incidence of
phoma spot, negative est imates of heterosis and
heterobeltiosis were not observed, especially in the first ex-
periment. However, the severity estimates were negative for
the two testers evaluated. The genotypes ‘Diva’, ‘Sunrise
Solo’ and ‘Sunrise Solo PT’ when combined with ‘JS 12’
gave rise to hybrids with negative estimates of heterosis and
heterobeltiosis. Of these, the hybrids ‘JS 12’ x ‘Diva’ and ‘JS
12’ x ‘Sunrise Solo’ also had negative estimates of heterosis
for resistance to black spot. Thus, these combinations can be
used to reduce the intensity of the two diseases. However, it
must be emphasized that these hybrids had higher insertion for
the first fruit, lower number of commercial fruit and lower
production (Ide et al. 2009).

Crosses involving ‘Mamão Roxo’ and ‘Sekati’ x ‘SS 72/
12’ had negative estimates of heterosis and heterobeltiosis
simultaneously to phoma spot severity (Table 3). Vivas et al.
(2010) did not identify ‘Mamão Roxo’ as resistant to phoma
spot, therefore it is suggested that the heterosis observed in the
hybrid is derived largely from alleles inherited from ‘SS 72/
12’. Alsowith regard to this tester, the combination ‘SS 72/12’
x ‘Maradol’ stands out by presenting negative estimate of
heterosis for phoma spot severity, once again indicating that
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the genotypes ‘Sekati’ and ‘Maradol’ possess resistance genes
for this disease.

From all the testers evaluated in the second experi-
ment, only for ‘Maradol’ there were no hybrid combi-
nations which presented negative estimates of heterosis
and heterobeltiosis for phoma spot severity (Table 4).
Based on these results, two conclusions could be
reached. The first refers to the fact that ‘Maradol’ is a
genotype with low estimates of phoma spot severity, as
reported by Vivas et al. (2010). The second is that
77 % of the hybrids obtained with this tester had neg-
ative estimates of heterosis for phoma spot severity, in-
ferring that this genotype has lower average of severity
and transmits this trait to its hybrids. Therefore, in the
future, it can be used to direct hibridizations that add
disease resistance and desirable morpho-agronomical
traits.

For the ‘Sekati’ tester, 89 % of hybrids had negative
heterosis estimates for phoma spot severity. The hybrids
‘Caliman G’, ‘Caliman AM’, ‘Caliman SG’ and ‘Diva’
x ‘Sekati’ also had negative estimates of heterobeltiosis.
The genotypes ‘Caliman G’, ‘Caliman SG’, ‘Caliman
GB’, ‘Grampola’ and ‘Sunrise Solo TJ’ were clustered
in the same group based on molecular diversity

(Cattaneo 2001). Therefore, it is suggested that
‘Caliman SG’, ‘Caliman G’ and ‘Caliman GB’ are ge-
netically very close and may possess common alleles, as
they behaved similarly when combined with ‘Sekati’.
However, Vivas et al. (2010), analyzing the behavior
of genotypes per se, observed that the group showed
the highest disease severity. Therefore, it is suggested
that the genotype that carries resistance gene in this
case is ‘Sekati’.

For the hybrids with ‘Americano’, 36 % of them had
negative estimate of heterosis for phoma spot severity.
The combination ‘Americano x Waimanalo’ was the on-
ly one to produce negative estimates of heterosis for
phoma spot incidence in experiment 2. Considering only
the severity of phoma spot, the genotypes ‘Caliman
M5’, ‘Sunrise Solo’, ‘Caliman AM’, ‘Mamão Roxo’
and ‘Waimanalo’ x ‘Americano’ resulted in hybrids with
negative estimates of heterosis and heterobeltiosis
(Table 4).

In general, considering the severity of phoma spot in
leaves, heterosis was observed in 67, 43, 36, 89 and 78 % of
the hybrids obtained with the parents ‘JS 12’, ‘SS 72/12’,
‘Americano’, ‘Sekati’ and ‘Maradol’, respectively.
Considering the average of the higher parent, 30 % of the

Table 3 Mean hybrid disease
averages (HDA), estimates of
average parent heterosis (APH)
and heterobeltiosis or heterosis of
superior parent (HSP) for
resistance to phoma spot in
papaya hybrids from the cross
between ‘JS 12’ and ‘SS 72/12’

Tester Parent Phoma spot incidence

in leaves

Phoma spot severity

in leaves

HDA APH HSP HDA APH HSP

JS 12 Caliman M5 76.49 13.82 22.53 3.99 −27.12 2.57

Taiwan ET 80.20 16.09 28.47 5.75 25.67 47.89

Diva 81.72 17.11 30.90 3.66 −19.21 −5.97
Grampola 82.14 24.37 31.57 4.68 −23.07 20.40

Sunrise Solo 78.85 13.43 26.31 3.88 −32.36 −0.33
Caliman GB 79.59 11.12 27.50 5.08 −27.48 30.68

Caliman SG 82.46 15.41 32.08 7.04 −25.88 81.17

Caliman G 83.22 18.48 33.30 5.38 −14.43 38.25

Kapoho Solo PA 83.18 25.02 33.24 5.96 −6.26 53.19

BSA 80.20 29.69 30.94 5.26 26.07 35.19

São Mateus 77.54 7.29 24.21 4.69 19.02 20.73

Kapoho Solo PV 80.22 13.59 28.50 4.83 −8.48 24.25

Sunrise Solo PT 81.74 12.75 30.93 3.54 −27.58 −8.85
Waimanalo 81.31 29.72 30.25 6.69 30.48 72.02

Maradol 79.52 70.45 157.54 5.85 147.36 594.77

SS 72/12 Costa Rica 80.79 7.16 7.92 8.71 43.52 49.13

Tailândia 80.14 18.13 34.12 4.23 0.24 63.00

Mamão Bené 80.63 12.96 20.66 7.36 35.87 47.26

Mamão Roxo 79.71 2.20 4.98 5.51 −13.40 −5.57
Maradol 75.60 41.56 144.84 2.56 −23.26 204.39

Maradol GL 75.32 18.97 48.61 3.69 2.30 166.91

Sekati 83.63 19.94 31.65 3.87 −24.71 −12.86
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hybrids exceeded the average. The majority of hybrids pro-
duced by crossing with ‘Sekati’ showed negative magnitudes
of heterosis and heterobeltiosis, which confirms the possibility
of using this genotype to produce hybrids with resistance to
the phoma spot.

This study can guide breeding programs for the establish-
ment of hybrids with lower levels of black spot in leaves and
fruit and of phoma spot in leaves, as well as provide informa-
tion on quality traits of plant and fruit. Similarly, as observed
for morpho-agronomic characters (Marin et al. 2006) and

Table 4 Mean hybrid disease
averages (HDA), estimates of
average parent heterosis (APH)
and heterobeltiosis or heterosis of
superior parent (HSP) for
resistance to phoma spot in
papaya hybrids from the cross
between ‘Americano’, ‘Sekati’
and ‘Maradol’

Tester Parent Phoma spot incidence

in leaves

Phoma spot severity

in leaves

HDA APH HSP HDA APH HSP

Americano Caliman M5 79.80 30.00 57.10 5.39 −13.39 −0.11
Sunrise Solo 783 83.73 31.70 64.84 5.40 −37.75 0.00

Costa Rica 82.58 31.43 62.57 5.88 0.48 8.80

Taiwan et 79.21 25.19 55.94 5.67 6.33 7.71

Diva 79.07 23.61 55.66 7.36 39.28 42.48

Grampola 77.85 29.26 53.25 9.06 32.49 67.83

Sunrise Solo 83.38 30.88 64.14 5.36 −17.30 −0.69
Caliman AM 81.17 20.74 59.79 5.15 −38.37 −4.63
Caliman GB 80.92 22.96 59.30 7.44 −4.10 37.85

Caliman SG 79.56 21.22 56.62 7.61 −25.79 40.98

Caliman G 81.73 26.86 60.89 7.31 3.91 35.43

SS 72/12 79.87 26.05 57.24 6.58 17.01 21.76

BSA 75.37 34.54 48.37 5.22 5.97 17.28

Sunrise Solo TJ 84.61 30.91 66.56 6.23 12.28 15.28

São Mateus 76.89 15.70 51.37 4.77 1.47 19.23

Kapoho Solo PV 79.31 22.38 56.14 8.34 38.27 54.52

Sunrise Solo PT 77.88 16.79 53.31 6.61 17.04 22.46

Mamão Roxo 78.75 20.36 55.03 5.08 −17.34 −5.91
Sekati 73.50 28.59 44.70 7.75 57.52 74.55

Baixinho Super 76.10 28.10 49.80 6.84 27.33 27.93

STZ-52 78.77 21.36 55.07 6.39 2.97 18.41

Waimanalo 54.30 −4.52 6.89 2.91 −50.59 −46.19
Sekati Caliman G 76.56 8.16 20.52 4.01 −38.80 −9.62

Caliman AM 80.13 8.89 26.15 1.85 −76.51 −58.33
Caliman SG 78.73 9.36 23.94 3.72 −61.97 −16.24
Caliman GB 77.70 7.65 22.32 4.68 −35.72 5.43

Sunrise Solo 78.21 11.62 23.12 4.64 −22.76 4.46

Diva 79.78 13.43 25.58 4.03 −16.05 −9.21
Caliman M5 77.76 14.76 22.40 5.36 −6.82 20.63

SS 72/12 80.74 15.79 27.10 4.46 −13.29 0.36

JS 12 74.95 19.01 20.05 5.07 21.73 14.17

Maradol Caliman G 73.23 34.47 137.18 2.66 −44.18 215.44

Caliman AM 80.75 41.00 161.53 3.10 −48.99 268.17

Caliman SG 79.17 42.21 156.40 2.89 −63.73 243.71

Sunrise Solo 77.89 44.93 152.26 3.93 −6.53 366.86

Diva 83.54 54.69 170.58 3.72 23.86 341.69

SS 72/12 77.80 45.67 151.96 4.34 30.06 415.91

Caliman M5 82.74 60.88 167.97 3.53 −10.58 319.36

Sunrise Solo PT 82.66 45.74 167.73 3.29 −2.46 290.50

JS 12 67.32 44.30 118.03 2.32 −1.95 175.42
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physiological quality of seeds (Martins et al. 2009) in papaya,
heterosis is a common effect for traits associated with resis-
tance to papaya fungal diseases. Recently, Vivas et al. (2012b,
2013) pointed out that heterosis in papaya for resistance to
black spot and to phoma spot may provide significant genetic
gains, thereby contributing to the reduction of chemical con-
trol in the crop. It was possible to identify papaya hybrids with
potential for reducing the incidence and severity of black spot
and of phoma spot, especially the hybrids ‘Americano’ x ‘São
Mateus’ and ‘Americano’ x ‘Waimanalo’. The first has poten-
tial to reduce the incidence and severity of black spot in leaves
and the severity of black spot in fruit (Table 2), while the
second has the potential to reduce the intensity of both dis-
eases (Tables 2 and 4).

Genetic diversity for disease traits

We observed significant effects of genotype variation for all
variables analyzed in this study, confirming the genetic vari-
ability of hybrids and genotypes under study. The variables
measured in this study were also used to estimate the genetic
dissimilarity between the analyzed genotypes, whose dis-
tances are represented in Fig. 1. Analyzing the dendrogram
branches, we can see that most genotypes showed low genetic
variability average for the variables related to black spot and
phoma spot resistance. However, there are genotypes with
clear distinction concerning the mentioned features.

By adopting a 0,20 dissimilarity cutoff it is possible to
observe the formation of three groups, one of them (group I)
comprising the majority of genotypes from the ‘Solo’ and
‘Formosa’ groups. Based on the results reported by Vivas
et al. (2010, 2015), group I genotypes are characterized for
presenting intermediate to low resistance to the diseases ana-
lyzed, justifying the grouping observed.

The second group consists of only one genotype (‘Caliman
SG’), indicating the distinction of this genotype in relation to
other genetic materials in terms of resistance to the two dis-
eases. Results reported by Vivas et al. (2010, 2015) show that
‘Caliman SG’ has high values for incidence and severity of
both phoma spot and black spot. This fact may have contrib-
uted to its allocation in a unitary group, showing its distinction
compared to other genotypes.

The third group, formed by ‘Maradol’, ‘Maradol GL’ and
‘Americano’, presented greater distance to the other geno-
types, indicating the predominance of traits that distinguish
them. According to the results presented by Vivas et al.
(2010), among the various germplasm bank genotypes ana-
lyzed, ‘Maradol’, ‘Maradol GL’ and ‘Americano’ had low
values for incidence and severity of phoma spot. Regarding
black spot, ‘Maradol’ and ‘Maradol GL’ genotypes stand out
because they have low values for disease incidence and sever-
ity in fruits and leaves (Vivas et al. 2015). In general, group III

consists of highly resistant genotypes to the diseases under
study.

Regarding the testers used in the experiments, ‘Americano’
and ‘Maradol’were placed in the most divergent group (group
III), whereas the other testers (‘Sekati’, ‘JS12’ and ‘SS 72/12’)
were allocated to the group with greater similarity (group I).
For resistance to phoma spot, testers allocated in group I have
average values around 65 and 70 % higher for incidence and
severity, respectively, compared to ‘Americano’ and
‘Maradol’ (Vivas et al. 2010). Also with respect to testers
allocated in group I, there is a greater similarity between
‘Sekati’ and ‘JS12’, while ‘SS72/12’ was allocated on a dif-
ferent subgroup. This genetic distance pattern between geno-
types corroborates the results found by Vivas et al. (2010) for
phoma spot resistance.

According to quantitative genetics theory, for any degree of
dominance higher than zero heterosis will be due to allele
frequency between the parents, and there is a positive corre-
lation between genetic divergence and heterosis (Falconer
1989). Thus, it is suggested that genotypes with a genetic
distance that justifies allelic complementation result in hybrid
vigour. In this sense, when analyzing the hybrid combinations
that have low heterosis and heterobeltiosis values for the three

Fig. 1 Dendrogram resulting from the analysis of 29 papaya genotypes
obtained by the UPGMA clustering method and using Mahalanobis
distance as a measure of genetic distance based on incidence and
severity of black spot and phoma spot diseases
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characteristics related to black spot resistance, it is clear that
the intersection that showed the best result (‘Americano’ x
‘Waimanalo’) also had long genetic distance, which may have
contributed to greater complementarity and positive allelic
heterosis expression. This result is very encouraging since it
enables the development of hybrids with minor injuries on
leaves and fruit, resulting in improved photosynthetic capacity
and lower post-harvest losses. In addition, the cross between
resistant and genetically distant genotypes increases the
chance of identifying hybrids with superior segregation for
the development of new cultivars.

For phoma spot, ‘Sekati’ stood out for resulting in a
greater number of hybrid combinations with negative
values of heterosis and heterobeltiosis. The crosses with
the best results were obtained with ‘Caliman G’,
‘Caliman AM’, ‘Caliman SG’ and ‘Diva’, all of which
showed intermediate genetic distance in relation to
‘Sekati’ (Fig. 1). Despite the good results with
‘Sekati’, the best result for phoma spot was also obtain-
ed by crossing ‘Americano’ x ‘Waimanalo’, with nega-
tive estimates of heterosis and heterobeltiosis for sever-
ity and negative heterobeltiosis for incidence. As men-
tioned for resistance to black spot, the ‘Americano’ and
‘Waimanalo’ genotypes present great genetic distance
and are allocated to different groups based on genetic
dissimilarity. Although distant in relation to the diseases
analyzed in this study, the two genotypes were
highlighted as potential sources of resistance genes to
foliar diseases by Vivas et al. (2015). Together, these
results support the hypothesis that the genotypes that
have genes and/or different alleles for resistance to the
diseases analyzed here have a greater chance of making
good complementary alleles, resulting in heterosis.
However, for the inclusion of these genotypes in breed-
ing programs it is necessary to consider their perfor-
mance for agronomic traits.

Some studies have shown that genetic divergence is
not always associated with heterosis (Paterniani et al.
2008; Mohammadi et al. 2008; Guimarães et al. 2009).
This may be true when the genomic regions accessed to
estimate the genetic distance (either by molecular
markers or by agronomic traits) have no relationship
to the characters used to investigate the heterotic effect.
Bernardo (1992) suggests that the low heritability of the
trait, high variation in allele frequencies of parenting,
different levels of dominance among the hybrids, inad-
equate genomic coverage and analysis of diversity based
on randomly dispersed genomic regions (not linked to
QTLs) are possible reasons for the low correlations
found between hybrid performance and genetic diversity.

Particularly in relation to disease resistance, what is sought
are negative values and high magnitude of heterosis, which
means that the hybrid should have lower values than the

parents’ average for disease incidence and severity. Drawing
a parallel between genetic distance and expression of hetero-
sis, our study showed that the best results were obtained by
crossing genetically distant genotypes regarding their resis-
tance to black spot and phoma spot. However, it was also
possible to verify the occurrence of heterosis among geneti-
cally close genotypes, for example, ‘SS 72/12’ x ‘Mamão-
Roxo’, which showed negative heterosis and heterobeltiosis
estimates for incidence of black spot and phoma spot, but
showed unsatisfactory results for severity of the two diseases.
Another example is ‘Sekati’ x ‘Caliman M5’, which had a
negative heterobeltiosis estimate for severity of black spot in
fruit.

Although we did not conduct specific correlation
analysis, the results obtained showed a significant rela-
tionship between genetic distance and heterosis for dis-
ease resistance. This is in accordance with the hypothe-
sis that genotypes with different alleles tend to have
higher genetic distance, which increases the chance of
obtaining good allelic complementarity to the measured
features, resulting in a significant heterotic effect.
Moreover, our results indicate that the presence of a
few different alleles decreases the genetic distance; how-
ever, it does not prevent the expression of heterosis for
a smaller number of specific characteristics.

In conclusion, it was possible to identify papaya hy-
brids with potential for reducing the incidence and se-
verity of black spot and phoma spot, especially the hy-
brid ‘Americano x Waimanalo’, which has the potential
to reduce the intensity of both diseases. It was also
found that the best estimates of heterotic effects were
observed in more genetically distant genotypes,
highlighting these materials as promising for the devel-
opment of resistant cultivars, as well as for the devel-
opment of segregating populations with potential for
superior segregating identification. These results suggest
that genetic distance based on phenotypic traits can pre-
dict hybrid performance despite the existence of an en-
vironmental component in its expression.
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