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ABSTRACT: Combining the use of agronomic, disease-resistance, and molecular information
can greatly contribute to genetic progress in breeding programs. This study was developed to
estimate the genetic distance between genotypes derived from backcrosses and their parents
using morphoagronomic and molecular information and information pertaining to resistance to the
Cowpea aphid-borne mosaic virus (CABMV), and indicate genotypes with potential for generation
advancement. The studied population consisted of 91 genotypes from the first backcross, one
interspecific hybrid, and the species Passifiora setacea and P. edulis. For morphoagronomic
characterization, the traits number of fruits, total fruit weight, average fruit weight, and area under
the disease progress curve (AUDPC, related to resistance to CABMV) were evaluated. Fourteen
microsatellite primers were used to estimate genetic diversity among the genotypes, estimate
diversity parameters and quantify the proportion of parental genome in the evaluated genotypes.
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INTRODUCTION

Passion fruit (Passiflora edulis Sims), a member of the genus Passiflora, the largest and most important of the family
Passifloraceae, originated in the Tropical and Subtropical Americas (Vanderplank 2000).

The sour passion fruit is the main species cultivated in Brazil, due to its quality, vigor, and juice yield. The portion of fresh
fruit in Brazil’s total passion fruit exports is restricted to 1.5%, because the domestic market absorbs almost all production.
Concentrated juices represent the largest share of exports, achieve the best quotes and foreign exchange gains, and are most
marketed in the Netherlands, the United States, Puerto Rico, Japan and Germany, which import 76% of concentrated juice
produced in Brazil (Meletti et al. 2011).
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The annual production of sour passion fruit in Brazil is approximately 602,651 t, with an estimated production worth
around R$ 244,134.60. The average yield of this species in Brazilian orchards reached 14.6 t-ha’ in 2018, and its potential
production reaches more than 40 t-ha™ (IBGE 2019).

Because it is the most widely grown species, P. edulis is affected by various diseases, of which the fruit woodiness
(hardening) virus caused by Cowpea aphid-borne mosaic virus (CABMV) is one of the most economically important. The
CABMYV belongs to the genus Potyvirus in the family Potyviridae. The virus can be transmitted by various aphid species
(Aphis fabae Scopoli, Aphis nerii Boyer from Fonscolombe, Aphis gossypii Glover, Myzus nicotianae Blackman and Myzus
persicae Sulzer) in a nonpersistent manner. They can also be easily transmitted via buffered leaf extract and grafting (Zerbini
et al. 2005; Di Piero et al. 2006).

Infected plants exhibit mosaic, blistering and distortion on the leaves, reduction of plant size, woodiness, deformation and
pulp reduction of the fruits (Oliveira et al. 2013a).This disease cause a major economic impact in the growing of passion fruit,
as it reduces the yield and productive period of the crop and the commercial value of the fruits (Cerqueira-Silva et al. 2015).

There is no genetic variability for resistance to CABMV within the commercial species P. edulis. Thus, breeding programs
resort to wild species to elevate the resistance level of commercial cultivars through interspecific hybridizations (Fonseca
et al. 2009; Freitas et al. 2015; Santos et al. 2015 b).

The passion fruit breeding program for genetic resistance to CABMV from the Universidade Estadual do Norte
Fluminense Darcy Ribeiro (UENF) has showing promising results. This program started with the work of Santos et al.
(2014), by obtaining interspecific hybrids between P. setacea (resistant to CABMV) and P. edulis (commercial species
susceptible to CABMV). After obtaining them, the hybrids were evaluated for resistance to CABMV (Santos et al.,
2015 b) and agronomic traits (Santos et al. 2015 a; Freitas et al. 2016). Continuing the program, Santos et al. (2019 a)
performed QTL mapping for virus resistance in a BC, segregating population and found evidence of at least seven small
effect loci involved in inheritance control, corroborating the study by Freitas et al. (2015). Carvalho et al. (2019) reported
in a proteasome study with passion fruit x CABMYV interaction that the disease manifests by a failure in the signaling
system of susceptible species, which even activating some response routes, these are not efficient in controlling of the
disease. The hybrids (BC,) obtained in this study were assessed for their morphology (Santos et al. 2019 b) and are being
evaluated for CABMYV resistance and agronomic traits, but do not have the agronomic traits required by the consumer
market. Therefore, several generations of backcrossing are necessary to recompose the genome of the commercial species
maintaining a satisfactory resistance level.

For significant gains in genetic progress with genotype selection in the advancement of generations in a breeding program,
it is necessary to know the genetic variability in the study population. Characterization may be of morphoagronomic,
reproductive, biochemical, cytogenetic, or molecular nature. In this regard, morphoagronomic and molecular analyses are
amongst the most commonly used tools to estimate genetic diversity (Mari¢ et al. 2004; Ramos et al. 2012).

For the analysis of genetic diversity via morphoagronomic traits, multivariate methods are employed, in which two
traits can be simultaneously evaluated. There are several methods available to estimate genetic diversity. The choice of the
method depends on the type of variable to be analyzed. By using these data, a large amount of phenotypic information can
be generated, making it possible to divide genotypes into groups and better plan crosses (Spooner et al. 2005).

Another widely used approach for the evaluation of genetic diversity are genetic molecular markers. Some complications
such as the environmental effect, the time necessary for evaluations, among others, can be avoided by using the direct analysis
of genotype via DNA molecular markers (Mari¢ et al. 2004; Ramos et al. 2012). At present, the generation of selectively
bred varieties tends to incorporate molecular-genetic methodologies, which contributes to increasing the accuracy of the
selection process. The efliciency of backcrossing can be significantly increased through the association with molecular
markers, which is useful for estimating the genomic proportion of individuals and accelerating the recovery of the recurrent
parent genome (Ramos et al. 2012). However, most studies using the microsatellite markers in passion fruit are related to
the development of these markers (Padua et al. 2005; Cazé et al. 2012; Penha et al. 2013; Oliveira et al. 2013 b; Santos et al.
2014, Cerqueira-Silva et al. 2014 b), insertion of marks in previously constructed genetic maps (Oliveira et al. 2008; Pereira
et al. 2013) and genetic diversity (Oliveira et al. 2013 b; Paiva et al. 2014; Cerqueira-Siva et al. 2014 a).
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In breeding programs, it is important to make use of these two categories of information (molecular and morphoagronomic),
given their contribution to the understanding of the genetic relationship existing in the studied germplasm (Ramos et
al. 2012). On this basis, the objectives of this study were: i) to estimate the genetic distance between genotypes derived
from a backcross and their parents, using morphoagronomic, resistance, and molecular information; ii) to undertake a
genetic characterization by estimating genotypic indexes for the quantification and structuring of genetic variability; iii)
estimate the genomic proportion of the recurrent parent in the population evaluated; iv) to conduct a joint analysis based
on morphoagronomic and molecular information; and v) to select superior genotypes for generation advancement in the
passion fruit breeding program aimed at resistance to CABMV.

MATERIAL AND METHODS
Germplasm

One full-sib family (160 BC, genotypes), an interspecific hybrid (resistance genes donor parent), and the species
P, setacea (resistant) and P. edulis (recurrent and susceptible parent) were conducted in the field (Table 1). The interspecific
hybrid was obtained from the cross between the species P. edulis x P. setacea in the passion fruit breeding program aimed
at genetic resistance to CABMYV developed by Santos et al. (2015 a, b).

The backcrosses were made in the experimental area where the hybrids obtained by Santos et al. (2015 a, b) were conducted.
Pollinations were carried out before flower opening, starting at 10 h. By that time, the P. edulis anthers were already open.
P, edulis genotypes were used as male parents and the interspecific hybrid was used as the female parent. Flower buds of
the hybrids were emasculated and pollinated with pollen from the P. edulis genotypes and subsequently protected. These
crosses originated five BC, full-sib families.

Experimental procedures

The interspecific hybrid was propagated asexually via herbaceous cuttings rooted into 72-cell trays containing organic
substrate and maintained in a fog chamber until complete rooting. Subsequently, rooted cuttings were transplanted to black
polyethylene plastic bags and kept in a greenhouse. They were propagated by seeding the donor parent P. setacea (UENF
germplasm bank) and the recurrent parent P. edulis (UENF cultivar Rio Dourado).

Seeds were washed in running water and kept for 15 min in a 50% sodium hypochlorite: 50% water solution. After
washing, seeds were sown in a 128-cell Styrofoam tray containing organic substrate and maintained in a fog chamber until the
seedling stage. Subsequently, seedlings were transplanted to black polyethylene bags with 1 L capacity containing vegetable
soil, substrate, and sand (1:1:1 ratio) and transferred to a greenhouse. After 95 days, the seedlings were transplanted to the
field in the experimental area. The experiment was set up as a randomized block design with four replicates unbalanced
for plants within families.

Table 1. Origin and identification of the study populations composed by the parents: P. edulis, P. setacea, interspecific hybrid (HI) and a
population of the first generation of backcrossing (BC,).

Description Origin Total number of genotypes Number of selected genotypes
FIC1* HI5-14 x P, edulis 160 91
Parent HI5-14** Ps 367 x Pe 139 (40) 12 1
Parent P. edulis ***UENF ‘Rio Dourado’ 12 1
Parent P. setacea BAG from UENF 12 1
Total 94

*Full-sib family - first generation backcrossing. **Selected interspecific hybrids (Santos et al. 2015). Pe = P. edulis; Ps = P. setacea. ***Cultivar developed by
Breeding Program Passionflower (PMGMA-UENF).

Bragantia, Campinas, v. 79, n. 1, p.47-61, 2020 49



S. C. Preisigke et al.

Plants were conducted in the field using vertical stakes with 2.5 m high fence posts spaced 4 m apart, with
12-gauge wire at 1.80 m from the soil. The distance between planting rows and between furrows was 3.5 and 2 m,
respectively. Upon planting, 10 L cattle manure, 200 g limestone, 400 g single superphosphate, and 250 g potassium
chloride were applied in the furrows. The drip irrigation system was adopted. Pests and diseases were controlled
with phytosanitary products recommended for the crop by the Brazilian Ministry of Agriculture, Livestock, and
Food Supply. During the experiment period in the field, temperatures ranged from 17.6 to 34.7 °C, and average
rainfall was 75.01 mm, ranging from 17 to 205.8 mm.

Morphoagronomic and resistance characterization

Of the 94 genotypes identified in Table 1, only 77 produced fruits, including the parents. Thus, they were eval-
uated for the following production and CABMV-resistance traits:

«  Areaunder the disease progress curve (AUDPC): The populations were conducted in an area with a history
of the disease, where they were evaluated under natural occurrence of CABMV. After the appearance of
the first viral symptoms, plants were fortnightly evaluated for 14 months. Symptoms were visually assessed
on young leaves — from the third youngest leaf on new branches / and whole plant - distribution of viral
symptoms throughout the area occupied by the plant. A scale of scores ranging from 1 (no symptoms) to 4
(severe symptoms, with modifications) proposed by Novaes and Rezende (1999) and modified by Oliveira
et al. (2013 a) (Fig. 1). The AUDPC was estimated for young leaves and total plant area using a scale of
scores. After the estimates, an average was obtained from the AUDPCs (AAUDPC).

¢ Number of fruits per plant (NF): Fruits were harvested twice weekly for nine months, and at the end of the
evaluation period, the total number of fruits per genotype was counted.

+  Total fruit weight (TFW): The fruits were weighed on a semianalytical digital scale and their weight was
expressed in grams (all fruits were ripe and collected throughout the evaluation period).

+  Average fruit weight (AFW): Determined as the arithmetic mean of one sampling of at least one and at
most 15 fruits from each genotype. The fruits were weighed individually on a semianalytical digital scale
and their weight was expressed in grams.

(a) (b) (c)
1 ‘ 2
‘ |

Figure 1. Symptoms of passion fruit virus disease: (a) Young leaf scale ranging from 1 for plants without symptoms to 4 more severe symptoms;
(b) fruit scale ranging from 1 fruit without symptoms to 4 more severe symptoms; (c) total airway score scale occupied by the plant ranging
from 1 (plants without symptoms) to 4 (more severe symptoms).
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The distance matrix was obtained using information of agronomic and resistance traits, based on Euclidian distance (Eq. 1).

1
dy = fﬁZ(xij —xj1)? 1)
J

With the distance matrix, the dendrogram was constructed by the unweighted pair group method with arithmetic mean
(UPGMA) method. All analyses were carried out using R software (R Core Team, 2019).

Genotyping

For DNA extraction, 91 genotypes from a full-sib family; one genotype of the interspecific hybrid (resistance-donor
genotype); one genotype of parent P. edulis; and one genotype of ancestor P. setacea were selected (Table 1). These 91
genotypes from the first generation of backcross within the family were selected based on the diversity of virus-infection
symptoms exhibited by the genotypes on the collection of genetic material.

Information obtained from the genotyping of the 94 individuals (Table 1) was used to perform an analysis at molecular
level only, with a view to obtaining the genetic structure of the population, estimating the genetic distance between individuals,
and estimating diversity parameters. The 77 individuals that bore fruit were also genotyped for a joint analysis including
the resistance, molecular, and production variables.

Genomic DNA extraction and quantification

Total genomic DNA extraction was performed on young leaves collected individually from each genotype, using the
standard CTAB method with modifications (Doyle and Doyle, 1990). Subsequently, the DNA was extracted by analysis on
1% agarose gel with 1X TAE buffer (Tris, sodium acetate, EDTA, pH 8.0), using a 100-pb lambda (\) marker (100 ng-uL™)
(Invitrogen, USA) by comparison of bands. For this procedure, samples were stained using a Gel Red:Blue Juice mixture
(1:1), and the image was captured by the Mini Bis Pro imaging system (Bio-Imaging Systems). Later, DNA samples were
diluted to a working concentration of 10 ng-uL™.

Primer screening

The DNA of parental genotypes was used initially for a screening with 63 microsatellite primers developed for P. edulis
(Oliveira et al. 2008; Cerqueira-Silva et al. 2014 b), aiming to identify SSR loci able to distinguish the parents. After screening,
14 polymorphic primers were selected for the amplification reactions (Table 2).

Polymerase-chain reaction (PCR)

Polymerase-chain reactions were carried out in 96-well thermocyclers (Applied Biosystems/Veriti) using a 35-cycle
program in which the following temperatures and times were observed: 94 °C for 4 min (initial denaturation); 94 °C for 2 min
(cyclic denaturation); specific temperature of each primer, in °C, for 1 min (annealing); 72 °C for 2 min (cyclic extension);
72 °C for 10 min (final extension); and 4 °C forever. The final volume was 13 uL of each sample, consisting of 2 pL. DNA
(5 ng-uL"), 1.50 uL 10 X buffer (NH,SO,), 1.5 uL MgCl, (25 mmol-L"), 1.5 uL dNTPs (2 mmol-L"), 1 pL primer (R+F)
(5 pmol-L*), and 0.12 pL Taq-DNA polymerase (5 U-uL") (Invitrogen, Carlsbad, California, USA).

The PCR products were diluted at a ratio of 4 pL of sample for 20 pL of Buffer E from the DNF 900 and dis kit and
subjected to a capillary electrophoresis system (Fragment Analyzer - AATI) in which amplified fragments of 35 to 500 pb
were separated at a resolution of approximately 2 bp. Each run lasted 2 h 20 min, at a voltage of 8 kW.
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Table 2. Sequence the 14 microsatellite primers developed for Passifiora, used in the genetic diversity analysis of passion fruit segregating
populations.

Primer Sequence (5’3’) T(°C)

F: GGTTTTGCTTGATTACTTTTC

PE96 R: GGATCTTCCCAAATGACTC

56

Pad-2 F: CACATTTGCCGTCACTGG s
R: CGGCATACGATAAATCTCCTG

F: GAGAAAGCGAGTCAGCGAGA

Ps-16 R: GACTCCAATATCGGCACTTCA

58

Ps-9 F: GGGCCGTTGTCAAAGTAGT 60
s R: GAGGTTAAGGCAAGCACTG

F: TAGCTTAACACAATGCAACAGA

Ps-2 R: CAACGGAGAACGATGTCAG

56

F: GGAATCACTCTTGCGCTTCT

PE43 R: TCTGTCTTATGCCACTGTTGG

60

PE 32 F: GGCCAACCATTCAACCAATA 60
R: CAAGCACATGAATCAAAATCG

PE 21 F: CCCGGAAGATTGGTCGTA 60
R: ATCCAATGGCAGGAAGGTC

PE 34 F: ACTTGCGTGTGATTGTTGT 58
R: GAAGATTGCCTACTCGTCC

PE 40 F: ACAACAAAGACTGCGGGAAC 58
R: CTTCTTTTGGGTTGCTCTCTG

F: TAGAGAAAAGCACACACACA

PE25 R: CGAGGTCGAGTTTACAGAAA

62

PE 74 F: CCCTCTTATCAATAGCGTTGG 64
R: GCACGAGCACGAGTATTTATT

PE 7 F: TGCTCATTGATGGTGCTTG 58
R: TCGTCTCTTCTCCTCCTTCA

PE 76 F: ACTGCTTCTTGATTCCGATAA 58
R: CTACTTACCCGCTGACACAC

Statistical analysis of molecular variables

The data obtained from the amplification of the 14 SSR primers were converted into a numeric code for each
allele per locus. This numerical matrix was developed by assigning values from 1 to the maximum number of alleles
in the locus, as follows: for a locus with three alleles, the homozygous forms are represented by the Figs. 11, 22, and
33 (A1A1, A2A2, and A3A3), whereas the heterozygosity forms are represented by 12, 13, and 23 (A1A2, A1A3, and
A2A3). Based on this numerical matrix, Rogers genetic distance was calculated for both the 77 and the 94 genotypes
of the segregating population. The cluster analysis of the individuals via dendrogram was undertaken by the UPGMA
method using R software (R Core Team, 2019).
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The genetic diversity parameters number of alleles per polymorphic locus (NA), observed heterozygosity (Ho),
expected heterozygosity (He), information index (I), and fixation index (f) were estimated considering the 94 individuals.

Analysis of proportion of recurrent parent genome

The proportion of recurrent parent genome transferred to the 94 BC, individuals was analyzed using the method
proposed by Benchimol et al. (2005) with the formula PR = B + 0.5H/(B + H), where B is the number of plants with the
recurrent allele and H is the number of plants with the heterozygote genotype. The data obtained were used to determine

the proportion of recurrent parent genome in each individual from the population.
Joint analysis of morphoagronomic and molecular variables

The distance matrices relating the agronomic and resistance variables and the matrices obtained based on the microsatellite
markers were compared for the 77 genotypes using the Dendextend package in the R software (R Core Team, 2019).

RESULTS AND DISCUSSION
Selection via agronomic and resistance traits

The agronomic and resistance traits led to the formation of six distinct groups with a cut-off point of approximately
0.2 (Fig. 2). Although few variables were used, genetic diversity and group formation were observed. Analogously to this
study, Silva et al. (2013) used only one trait of resistance to the fungus Fusarium oxysporum f. sp. passiflorae to estimate
genetic diversity in passion fruit and Assmann et al. (2010) used three traits of resistance to the leaf rust to distinguish
peach genotypes. In the present study, in addition to the use of one variable of resistance to CABMYV, another three
production-related traits were used for the distinction of the genotypes, providing greater robustness to the analysis.

The most distant genotypes regarding the evaluated traits were P. edulis (recurrent parent) and BC, 176 (0.96), as
the latter produced only two fruits with an average weight of 27.88 g. For the disease resistance trait, BC, 176 obtained
an AAUDPC of 502.50 and was thus considered not resistant. This value was much lower than the 1241.25 estimated
for P. edulis.
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Figure 2. Genetic dissimilarity dendrogram among 77 genotypes of a passion fruit segregating population including the parents, obtained
by the UPGMA method, based on the agronomic traits and resistance to the disease.
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The genotypes BC, 188 and BC, 487 were the most similar (0.01). Both were susceptible to the virus (AAUDPC 825)
and produced only two fruits, with an average weight between 39.68 and 42.01 g. Plants with those characteristics are not
suitable to compose the next stage of the breeding program aimed at resistance in passion fruit.

The genotype that showed the greatest similarity to the recurrent parent, P. edulis, was 38 (0.54). This genotype displayed
good productive traits, but was susceptible to the disease. The genotype most similar to the resistant species (P. setacea)
was BC, 484, which showed good agronomic performance, with a high number of fruits (86), which was close to the
96 fruits produced by the recurrent parent, although its average fruit weight was relatively low (53.86). It is a CABMV-
resistant genotype with alow AAUDPC (450), which was near the 401.25 obtained by the resistant species, and thus it can
be recommended for the composition of the next stage of the breeding program.

Group I contained only one genotype: recurrent parent P. edulis, which is the productivity-standard goal of the passion
fruit breeding program, but including genes of resistance to CABMYV. It was isolated from the other individuals possibly
due to its high production and susceptibility to CABMV.

Group II contained five genotypes: the species resistant to CABMYV, the interspecific hybrid, and three genotypes from
the first backcross generation. These three have average fruit weight in common, which ranged from 34.97 to 53.86 g. These
are low values when compared with the 137.01 g shown by the recurrent parent. Number of fruits in this group ranged from
56 to 83, which is close to the 96 fruits produced by the recurrent parent. As regards the disease-resistance trait, there was
a greater variation in the AAUDPC between the genotypes of this group (401.25 to 570). The BC, genotypes that compose
this group are indicated as parents for the first backcross generation, since they have satisfactory agronomic performance
and are resistant to CABMYV, except genotype 29, which had the highest AAUDPC (570).

Group III included three genotypes from the first backcross generation, all of which were susceptible to CABMYV, with
an AAUDPC between 750 and 1076.25. By contrast, they showed good agronomic performance, with average fruit weight
ranging from 62.69 to 66.81 g and number of fruits varying between 45 and 69.

Group IV contained two genotypes from the first backcross generation, both susceptible to CABMV, with an AAUDPC
between 926.25 and 1095. These genotypes produced few (between 2 and 5), but heavier fruits (94.24 and 101.45 g).

Group V had 14 genotypes from the first backcross generation. In this group, the agronomic performance of the
individuals was low, with fruit weight ranging from 25.74 to 69.84 g and number of fruits from 1 to 23. In terms of resistance
to CABMYV, all genotypes were susceptible, with elevated AAUDPCs (825 to 1113.75).

Group VI was formed by 52 individuals; most genotypes from the first backcross generation were allocated to this group.
There was a wide variation for resistance to CABMYV within it, with AAUDPC values of 442.50 to 787375 between resistant
and susceptible genotypes. Number of fruits and fruit weight ranged from 1 to 29 and 25.50 to 101.68 g, respectively. Most
genotypes from this group exhibited low agronomic performance and moderate resistance to CABMV.

The BC, population evaluated in this study showed high variation in number and weight of fruits, with some genotypes
closer to the recurrent parent. This information was expected, since it has a higher proportion of the P. edulis genome,
compared to the population evaluated by Santos et al. (2015 a, b) that was obtained from interspecific crossing. On the other
hand, Santos et al. (2015 a, b) reported asymptomatic genotypes and considered resistant by serological tests. In this study,
although satisfactory levels of resistance were observed, no asymptomatic genotype was observed. This is probably due to
the polygenic character of CABMYV resistance, as suggested by Freitas et al. (2015) and Santos et al. (2019 a).

Selection and characterization via microsatellite markers

Regarding genetic diversity for the 77 evaluated genotypes, a total of 31 alleles were obtained considering the 14 evaluated
loci. The number of alleles per locus varied from 2 to 3, averaging 2.21. This value is close to expected, since the evaluated
population derives from a bi-parental cross between diploid and heterozygous species (Table 3).

Silva etal. (2015) used SSR loci developed for P. edulis to characterize a population of passion fruit in the third recurrent
selection cycle and observed that the number of alleles per locus varied from 2 to 6, averaging 2.9, which is similar to the
values obtained in the current trial. Paiva et al. (2014) evaluated 56 accessions of Passiflora and found three to five alleles
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Table 3. Number of alleles (NA); Information index (l); Expected heterozygosity (He); Observed heterozygosity (Ho) and fixation index (1),
estimated for 94 Passifiora genotypes including BC, and the parents.

Locus NA | He Ho F
PE96 2.00 0.08 0.03 0.01 0.66
Pad-2 2.00 0.66 0.47 0.74 -0.57
Ps-16 2.00 0.68 0.49 0.30 0.37
Ps-9 2.00 0.03 0.01 0.01 -0.00
Ps-2 2.00 0.54 0.35 0.46 -0.30
PE 43 3.00 0.67 0.43 0.58 -0.35
PE 32 2.00 0.03 0.01 0.01 -0.00
PE21 3.00 1.02 0.61 0.96 -0.56
PE 34 3.00 0.72 0.50 0.95 -0.89
PE 40 2.00 0.60 0.41 0.57 -0.36
PE 25 2.00 0.67 0.47 0.76 -0.60
PE 74 2.00 0.03 0.01 0.01 -0.00
PE7 2.00 0.56 0.38 0.48 -0.28
PE76 2.00 0.08 0.03 0.01 0.66
Average 221 0.45 0.30 0.42 -0.16

per locus, which is considered low when compared with results from other studies of diversity of the genus (Oliveira
etal. 2013 b; Cerqueira-Silva et al. 2014 a). Although some authors (Oliveira et al. 2013 b; Cerqueira-Silva et al. 2014 a)
found an allelic variation of 18 to 20, the number of alleles per locus in the genus Passiflora is considered low; fur-
ther, there are few polymorphic microsatellite markers (Cerqueira-Silva et al. 2014 a), which may suggest that these
loci are concentrated in conserved regions, with a low mutation rate (Paiva et al. 2014). It is noteworthy that the
above-mentioned studies refer to investigations of diversity between Passiflora species, which explains the higher
number of observed loci.

The information index ranged from 0.03 to 1.02, considering all evaluated genotypes. The average information
index of 0.45 indicates the existence of moderate variability in this population, but it is sufficient for the continu-
ity of this breeding program. This index defines that diversity will increase as the estimated values approach unity.

Expected (He) and observed (Ho) heterozygosity values ranged from 0.01 to 0.61 and from 0.01 to 0.96, respec-
tively. Observed heterozygosity was only lower than He for the loci PE 96, PS-16, and PE 76. On average, Ho (0.30)
was higher than He (0.42), indicating an elevated number of heterozygous individuals, which was expected, since
those are allogamous, heterozygous, and self-incompatible plants.

Paiva et al. (2014) evaluated genetic diversity of Passiflora species and observed an average Ho of 0.52, which is close
to that observed in this study. Cerqueira-Silva et al. (2015) found the same mean value for Ho (0.42) in an evaluation of
genetic diversity in P. edulis genotypes from a germplasm bank of the Brazilian Corporation of Agricultural Research.
The higher Ho than He contributed to a negative fixation index with an average of -0.16, indicating a higher number
of heterozygotes in the population.

Genetic distances between the genotypes ranged from 0 to 13.65. The largest distance was observed for genotypes
333, 335, and 463 with P. setacea (13.65). The closest genotypes were 7 and 12; 17 and 24, 40, and 183; 26 and 155,
173, and 326; 29 and 191; 31 and 459; 32, 37 and 460; 35 and 469, 161 and 180; 315 and 493; 333, 335, and 463; 334
and 468; and 467 and 479 (Fig. 3). The individuals closest to the ancestor, P. setacea, were BC, hybrids 11, 35, and
469. Those closest to the recurrent parent, P. edulis, in turn, were BC, 7, 12, and 319. None of these genotypes showed
good agronomic performance, thus being susceptible to the virus.

Bragantia, Campinas, v. 79, n. 1, p.47-61, 2020 b5



S. C. Preisigke et al.

Considering the genetic distance value of 0.2, four larger groups were observed, including most part of the genotypes,
plus three groups that contained only one genotype, indicating the existence of genetic variability between the analyzed
genotypes (Fig. 3). Groups I, II, and V each had only one genotype (Fig. 3), which were considered the most divergent,
namely P. setacea, the hybrid, and BC, 168, respectively. Fonseca et al. (2009) evaluated recurrent genome recovery in BC,

and BC_plants [(P. edulis x P. setacea) x P. edulis] based on RAPD markers and, like in this study, they found isolation
of P. setacea in relation to the other evaluated plants.
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Figure 3. Genetic dissimilarity dendrogram among 77 genotypes of a passion fruit segregating population, including the parents, obtained
by the UPGMA method, based on 14 microsatellite markers.

Groups IV and VII contained the highest number of genotypes, totaling 46 individuals (21 in group IV and 25 in group
VII) corresponding to approximately 59.74% of the studied genotypes. The recurrent parent was allocated to group IV. In this
group, only genotypes 155, 182, and 22 had good agronomic performance, while genotype 163 was considered resistant to the
disease, but did not show satisfactory agronomic performance. A high number of BC, genotypes were allocated to the same
group as P. edulis, which was expected, since, in theory, an average recurrent genome recovery of 75% is expected in BC,,
considering the use of the same recurrent parent. Fonseca et al. (2009) found an average genomic proportion of the recurrent
parent of 84.4% in BC, and 92.19% in BC, plants. Groups Il and VI allocated 12 and 16 genotypes, respectively. These groups
were formed only by genotypes from the first backcross generation.

Analysis of proportion of parent genome

Because of the codominant nature of microsatellite markers, it is possible to estimate the percentage recovery of the recurrent
parent. At each backcross generation, the mean proportion of recurrent genome recovery (PR) in the progeny is expected to be
similar to the recurrent parent at the order of 1 - (1/2)"*! (Allard, 1971). In the present study, the proportion of recurrent parent
genome ranged from 71 to 92%, averaging 83%, which is above the expected, considering all evaluated genotypes (Fig. 4).

The genotypes closest to the recurrent parent were 319 (92%), 7, and 12 (89%) (Fig. 4). These results corroborate the
dendrogram obtained by the UPGMA clustering method. Unlike the findings of this study, Fonseca et al. (2009) evaluated
genome recovery in passion fruit genotypes from generations BC,and BC, and found mean values below the expected for
these generations. Although these genotypes have a larger proportion of the recurrent parental genome, they showed low
performance for the evaluated agronomic traits and moderate resistance to CABMYV. This can be explained by the fact that
the evaluated loci did not represent the entire genome variation; moreover, these loci are situated in random regions and
are not related to express sequences of the genome.
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Figure 4. Genomic proportion of the recurrent parent of the genotypes belonging to the first generation of backcrossing (BC,) based on 14
microsatellite markers.

Joint analysis of morphoagronomic and molecular variables
Based on joint analysis, seven groups were formed for molecular data and six for agronomic data. However, the

arrangement of genotypes in the analysis differed (Fig. 5). The entanglement rate measures the level of entanglement
between two dendrograms, which range from 1 (complete entanglement) to 0 (none). In this study, an entanglement rate
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Figure 5. Entanglement among 77 genotypes, obtained by the Dendextend package, based on the Rogers and Euclidian distance, considering
the agronomic and molecular information, respectively.
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of 0.65 was obtained, evidencing divergence in the distribution of accessions in both dendrograms. In general,
the arrangement of genotypes was distinct for the two dendrograms. Moreira et al. (2018) evaluated entanglement
among 65 accessions of Capsicum chinense through molecular and agronomic data and also observed divergence in
the distribution of accessions in the dendrograms. A possible explanation for this distinct genotype arrangement
in the dendrogram is the fact that the molecular markers used were not specific for certain phenotypic traits.
They amplify more-conserved regions of the genomes, without the possibility of assimilating a molecular mark to
a given phenotypic trait.

The clusters indicated groups with potential for use in future stages of the breeding program. Genotypes from
the first backcross generation; e.g., 484 and 312, which had good agronomic performance and resistance to the
virus and which were allocated to different groups, can be intercrossed. A new trend may thus arise in the breed-
ing programs, such as recurrent selection in the BC1 generation with a view to accumulation of alleles linked to
resistance to CABMYV. These genotypes are also indicated as parents for the next backcross generation of the pas-
sion fruit breeding program aimed at resistance to CABMV.

CONCLUSION

The variability present in the BC, population observed through agronomic, resistance, and molecular information
allows for genetic gains to be obtained with the selection of resistant and agronomically superior genotypes.

The joint analysis of morphoagronomic and molecular information revealed divergence in the distribution of
genotypes into the different clusters.

The genotypes 319, 7 and 12 closest to the recurrent parent were low performance for the agronomic traits and
moderate resistance to CABMYV, therefore they were not indicated for the generation advance.

Due to their good agronomic performance, resistance to the fruit woodiness virus, and genotypic and phenotypic
distinction, genotypes 484 and 312 are recommended to compose the future stages of the passion fruit breeding
program aimed at resistance to CABMV.
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