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Abstract

The genus Passiflora L. is the most important in family Passifloraceae, with more than 520 species. However, new species
have been discovered and characterized. Many of these species are used as food, medicine, cosmetics and ornamentation.
The cultivated passion fruit P. edulis Sims, also known as purple passion fruit tree, occurs in the Atlantic Forest of Southern
Babhia state, Brazil. Another species was recently described, P. cacao, which is morphologically very similar to P. edulis.
Their trnL intron sequence, morphology and reproductive system were characterized to better differentiate these two species.
According to the comparison of the #nL intron sequence among species of the subgenus Passiflora, the P. cacao species was
in a more basal position and more distant from P. edulis than the other species of this subgenus. Based on morphological
descriptors for leaf, flower, fruit and pollen data, it was possible to structure the diversity found in P. cacao and P. edulis. Two
distinct groups were formed, represented by the accessions of each species. Regarding on the pollen/ovule ratio, both species
were included in the category of facultative autogamous but crossability percentages classified the species as allogamous.
Passiflora edulis and P. cacao showed good crossbreeding rates, indicating that they are closely related species. Based on
the comparison of the frnL intron sequence, pollen characteristics and vegetative morphology, P. cacao was included in the
subgenus Passiflora group. Analyses based on the ¢rnL intron sequence were effective in distinguishing between the two
species and confirming the character of the individual genotype.
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Introduction

The Passifloraceae family A. L. de Jussieu ex Kunth
(Malpighiales Jussieu order; Milward-de-Azevedo and
Baumgratz 2004), with more than 650 species distributed
across 17 genera (Bernacci et al. 2013), is predominantly
found in the tropical and subtropical areas of the Americas
and Africa (Cervi and Imig 2013) and in the neotropical
regions, especially Brazil (Bernacci et al. 2013). The fam-
ily is known worldwide for its ornamental value, mainly
attributed to its exotic flowers of varying colors and sizes,
with an abundant number of flowers and flowering sea-
son more than once a year (Vanderplank 2000; Ulmer and
MacDougal 2004; Abreu et al. 2009).

The genus Passiflora L., commonly referred to as pas-
sionfruit, is the most significant genus within the family
Passifloraceae, containing more than 520 species (Cervi
and Imig 2013). Recent discoveries have led to the iden-
tification and characterization of new species (Milward-
De-Azevedo 2019; Mezzonato-Pires et al. 2020). Brazil
is home to more than 130 native species, primarily found
in the central and northern parts of the country (Bernacci
et al. 2015). These species serve diverse purposes, such as
in food (Ramaiya et al. 2019), medicine (He et al. 2020),
cosmetics (Yanasan et al. 2024) and ornamental plants
(Abreu et al. 2009; Nobrega et al. 2017). The cultivated
passionfruit exists in two main botanical forms: one with
purple fruit, known as P. edulis Sims, and another with
yellowish fruit, referred to as P. edulis f. flavicarpa O.
Deg. Additionally, there are cultivars that produce fruits
with colours that fall between these two forms (Jesus et al
2017).

Due to the extensive size of the Passiflora genus, there
are variations in the taxonomy of its species. Most taxo-
nomic research on Passiflora relies on the morphological
characteristics of the plants, resulting in classifications that
encompass species and varieties. However, closely related
species often exhibit morphological differences that are
challenging to observe and characterize, necessitating
molecular biology techniques or other techniques for more
precise differentiation between these groups (Viana et al.
2010; Viana and Souza 2012). Passiflora cacao Bernacci
and M.M. Souza have often been mistaken for P. iodo-
carpa Barb. Rodr. because of their similar morphological
features described in the literature. However, P. iodocarpa
is not observed in its natural habitat and is now regarded
as a synonym of P. edulis, mainly due to poor reports of
collection and herborized material for taxonomic studies
(Bernacci et al. 2008; Bernacci and Souza 2012).

The chloroplast DNA (cpDNA) of plants are highly con-
served in relation to gene structures and content(Efe et al.
2025) and has a slow substitution rate compared to the
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nuclear genome (Li et al. 2023). The angiosperm cpDNA
genome ranges from 107 to 218 kb and is organized as a
circular DNA molecule with a highly conserved tetragonal
structure (Sevindik et al. 2024). Some characteristics of
the chloroplast genomes, like simple circular structure,
clonal inheritance predominantly along the maternal line,
and high variability (Tang et al. 2022) make it a great
option for analysis of phylogenetic relationships between
species (Efe et al. 2025), even at low taxonomic levels
(Tang et al. 2022).

Among the molecular biology methods used to study
genetic divergence between species, the cpDNA method
has been frequently applied in taxonomic and phylogenetic
research (Efe et al. 2025). This is due to its high level of
conservation, its modes of inheritance (whether paternal,
maternal, or biparental), as well as its low mutation rate
(Tynkevicha et al. 2023). In phylogenetic studies, genes
responsible for the transcription of tRNAs for tyrosine
(trnT), leucine (trnL), and phenylalanine (#rnF) are among
the most frequently utilized regions of chloroplast DNA.
The phylogenetic relationships within the genus Passiflora
were reconstructed using trnT-L-F sequences and trnL
intron sequences (Padua 2005). The analysis included 64
species, which were categorized into four main clades:
Decaloba, Deidamioides, Astrophea, and Passiflora. These
clades align with the four subgenera identified by Mac-
Dougal and Feuillet (2004).

Morphological traits, also called descriptors, can offer a
concise representation of the genetic relationships between
populations and accessions (Castillo et al. 2020). To assess
the discriminatory potential of these traits, it is essential
to evaluate their overall contribution through multivariate
analysis (Cruz et al. 2012).

The incidence of Passiflora species in fragments of the
Atlantic Forest of Brazil includes many species that are
considered native(Bernacci et al. 2015). Some of these
wild species exhibit ornamental characteristics (Santos
et al. 2012; Nobrega et al. 2017; Souza et al. 2020), while
others possess genes that confer resistance to diseases
affecting cultivated passion fruit vine (Pereira et al. 2019;
Santos et al. 2019). However, deforestation has severely
impacted tropical regions, and the shrinkage of forest frag-
ments has significantly altered the landscape (Rezende
et al. 2018; Bourgoin et al. 2021).

Like other Passiflora species, P. edulis and P. cacao
share several morphological traits, necessitating studies
to clarify their distinctions. To avoid confusing P. cacao
with the wild form of P. edulis, it is essential to assess
the genetic diversity between the two species. This study
aimed to determine the relationship between P. edulis and
P. cacao by examining the trnL intron sequence, as well as
morphological descriptors and reproductive studies.
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Material and methods
Study species and site description

The plant material consisted of five accessions of Passiflora
edulis Sims and five accessions of P. cacao Bernacci and
M.M. Souza (ex P. cacaoensis; Viana and Souza 2012). The
accessions of P. edulis were seeds donated by the Universi-
dade Estadual do Norte Fluminense Darcy Ribeiro — UENF,
Campos dos Goytacazes, RJ, Brazil (accessions BGP349
and BGP350), Empresa Brasileira de Pesquisa Agropecuéria
— EMBRAPA Cerrados, Planaltina, D.F., Brazil (accessions
BGP351 and BGP352) and Instituto Agrondmico — IAC,
Campinas, SP, Brazil (accession BGP353). P. cacao acces-
sions (BGP344-348) were collected in the fragment of the
Atlantic Forest of Southern Bahia State, at Morro da Viuva,
Reserva Particular do Patrimonio Natural (RPPN) from
Serra Bonita (Uiragu Institute; www.uiragu.org.br), Cama-
can, BA, Brazil, 14°47°S, 39°02’W, 789 m a.s.l (Fig. 1).
Plants were grown in a greenhouse at the Work Collection of
Passiflora, located between coordinates 14°39'S, 39°10'W;
78 m a.s.l.

trnL cpDNA sequence analysis

Leaves were collected in bulk to extract chloroplastic
DNA from five genotypes of P. cacao. DNA was extracted
as described by Doyle and Doyle (1990), amplified in a
GeneAmp PCR System 9700 thermocycler (Applied Bio-
systems, USA) using the primers trnL-c (CGAAATCGG
TAGACGCTACG) and trnL-d (GGGGATAGAGGGACT
TGAAC) developed by Taberlet et al. (1991). The fragments
were amplified according to Gielly and Taberlet (1994) and

Fig. 1 Map of the collection
and maintenance site of the spe-
cies studied. Location for spe-
cies maintenance at the Active
Germplasm Bank of Passiflora
located at the campus of
Universidade Estadual de Santa
Cruz (UESC), Ilhéus, Bahia
State, Brazil (1) and collection
site of P. cacao, at the natural
reserve Reserva Particular

do Patriménio Natural, Serra
Bonita, Camacan, Bahia State,

Brazil (2) Brazil

\\'Jr E

followed the program: 94 °C for 5 min+ 35 cycles of 94 °C
at 1 min, 50 °C at 1 min, 72 °C for 1 min+ 72 °C for 7 min.
The purified products deriving from amplifications were
sequenced using the DYEnamicTM ET Terminator Sequenc-
ing Premix sequencing kit in the MegaBace DNA Analysis
System 1.000 sequencer (MegaBaceTM) (Amersham Phar-
macia Biotech. Inc, Buckinghamshire, UK).

After obtaining the trnL intron sequences of P. cacao, the
GenBank database of the National Center for Biotechnol-
ogy Information (NCBI) was searched to obtain the trnL
intron sequences of other Passiflora species. The species
used for the analysis and their respective accession num-
bers in the GenBank were: P. edulis — AF454783 and P.
alata — AF454778 (Ossowski and Hunter, unpubl.); P. cori-
acea — DQ238789, P. cincinnata — DQ238792, P. foetida
- DQ238796, P. incarnata — DQ238793, P. sublanceolata
(ex P. palmeri) — DQ123056, P. sprucei — DQ123096, P.
xiikzodz — DQ238790 (Muschner et al. 2006) and Clusia
major — AY 144060 (Hale et al. 2004). The species P. coria-
cea and P. xiikzodz were included as material for external
comparison (outgroup) of the subgenus Passiflora and the
species Clusia major was included as material for external
comparison (outgroup) of the family Passifloraceae. The
consensus sequence of P. cacao was the result of analysis
of six sequences, three originated from primer foward and
the other three originated from reverse. The trnL intron
sequence of P. cacao was aligned with the #raL intron
sequences of other species, using the ClustalW program,
which was implemented in the MEGA (Molecular Evolu-
tionary Genetics Analysis) program, version 5.05 (Tamura
et al. 2011). The cladogram was constructed using the Maxi-
mum Likelihood method(Felsenstein 1981), based on the
Jukes-Cantor model (Jukes and Cantor 1969). The percent-
age of trees on which the associated taxa clustered together
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was calculated for 1000 repetitions and is shown next to the
branches. Based on the alignment, a matrix of genetic dis-
tances between accessions was generated, calculated accord-
ing to the Tamura-Nei replacement model, with ambiguous
positions treated as pairwise deletion (Kumar et al. 2018).

Morphological characterization

Data on the morphological characterization of leaf, flower,
fruit and pollen were obtained from five replicates per acces-
sion, thus totalling 25 replicates per species. Morphological
characterization consisted of 22 descriptors, according to
the Servico Nacional de Protecdo de Cultivares do Minis-
tério da Agricultura e Pecudria (National Service for the
Protection of Cultivars at the Ministry of Agriculture and
Livestock) (MAPA 2008), comprising leaf, flower, fruit
and pollen. The descriptors analysed for leaf, flower and
fruit were: trilobate leaf width (TLW), trilobate leaf length
(TLL), entire leaf width (ELW), entire leaf length (ELL),
trilobate leaf area (TLA) and entire leaf area (ELA) in cm?;
flower diameter (FD); fruit equatorial diameter (ED), fruit
longitudinal diameter (LD) in mm; fruit weight (FW) in
g; and fruit conformity index (CI) obtained by the relation
between the two diameters of the fruit. For the descriptors
analysed for pollen, terminologies were adopted accord-
ing to Barth and Melhem (1988) and Punt et al. (2007) and
were polar axis (PA), equatorial diameter (ED), colpus width
(CW), mesocolpium (ME), polar view (PV), apocolpium
(AP), Murus (MU), lumen (LU), Brochus (BR) in nm; polar
area index (PAI) and polar axis/equatorial diameter ratio
(P/E). Leaf area was obtained using a LI-3100 automatic
meter (Li-Cor, Nebraska, USA), width, length and diameter
measurements were obtained using a digital caliper rule. The
pollen measurements were obtained from scanning electron
microscope photomicrographs at the Universidade Estadual
de Feira de Santana (UEFS/BA, Brazil). Pollen grains were
fixed in FAA 1:1:1 (formalin, alcohol, and glacial acetic
acid), deposited on stubs, dried in vacuum chambers, cov-
ered with a thin layer of gold dust, and observed through a
LEO 1430 VP scanning electron microscope. Twenty-five
measurements of each pollen characters per species were
assessed. During pollen and morphological analysis, P.
rubra was incorporated as a material for internal compari-
son to the genus.

Reproductive system characterization

Pollinations were performed since the flower opening time
at 1 h intervals, with four repetitions (flowers) per time in
each accession. Intraspecific hybridizations were carried
out at 12 times (7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17 and
18 h) for each accession of P. cacao, totalling 240 flowers
analysed, and at seven times (12, 13, 14, 15, 16, 17 and
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18 h) for each accession of P. edulis, totalling 140 flowers
analysed. Interspecific hybridizations were performed at the
same seven times and in a single direction, whereas P. cacao
was the pollen receptor vs. P. edulis as pollen donor, thus
totalling 140 flowers analysed. The fertilization percentage
was assessed five days after pollination, considering that
flowers were fertilized once the fruit started developing. To
the pollen-ovule ratio analysis, 10 flowers of each species,
were used to count the number of pollen grains per anther
and the number of ovules per ovary (Dafni 1992). The P:O
ratio was used as an indicator of the preferred mode of repro-
duction of the plant, being: Cleistogamy (< 5.4); obligatory
autogamy (5.5 to 39); facultative autogamy (39.1 to 396.9);
facultative allogamy (397-2588) and obligatory allogamy
(>2588) (Cruden 1977).

Statistical analysis

All the statistical analysis of the data on the morphological
characterization were performed considering a completely
randomized experimental design. Statistical computations
were conducted for descriptor analysis using GENES ver-
sion 2007.0 (Cruz 2006) and R version 2.7.2 (R Develop-
ment Core Team 2008) softwares. Descriptors data were
submitted to analysis of variance (ANOVA) and the means
were compared using the Scott-Knott test at 5% probability.
For multivariate analysis, the Mahalanobis genetic distances
were calculated on the variables to construct a dendrogram
could be constructed based on the Unweighted Pair-Group
Method using Arithmetic Averages (UPGMA). The relative
contribution of each characteristic to the genetic diversity
among species was based on the criteria proposed by Singh
(1981). The mean values of P. rubra (Amorim et al. 2011)
were included as an external group for comparison. The
reliability of the cophenetic matrix was calculated by the
cophenetic correlation coefficient (r,,,). For data analysis of
self-pollination in P. edulis and interspecific pollinations,
statistical computations were conducted using the GENES
version 2007.0 (Cruz 2006) software. The pollination times
were considered treatments and the effects of pollination
times on the fertilization of flowers were studied using
regression analysis. ANOVA was performed as for number
of pollen grains, number of ovules and pollen-ovule ratio;
the species were considered as treatments, comparing the
accessions.

Results
trnL cpDNA sequence analysis

The trnL intron sequence of P. cacao was deposited in the
GenBank [GenBank: HM212772], with total length of 502
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base pairs (bp), while this intron had 605 bp in P. edulis.
(Fig. 2). From the alignment of the sequences of the P.
cacao, P. edulis, P. alata Dryand., P. cincinnata Mast., P.
foetida var. foetida L., P. sublanceolata (Killip) MacDou-
gal (ex P. palmeri Rose var. sublanceolata Killip), P. incar-
nata, P. sprucei Mast., P. coriacea Juss and P. xiikzodz .M.
MacDougal species, 32 (4.8%) parsimoniously informative
sites, 494 (73.6%) conserved, 128 (19.0%) variable and 93
(13.8%) singleton (only two different nucleotides) sites were

detected. The percentages of singletons and parsimoniously
informative regions were included in the class of variable
sites; thereby, the total of percentages did not result in 100%.
The estimates of the percentage of genetic distances between
sequences are presented in Table 1.

In the cladogram based on the Jukes-Cantor model, by the
maximum likelihood method from the frnL intron sequence
(Fig. 3), it was noted that P. coriacea and P. xiikzodz, which
belonged to the subgenus Decaloba, were in a more basal

Fig.2 A trnL gene partial
sequence of Passiflora cacao —
chloroplast gene for chloroplast
product

TAGATAACG

AAATTGGATTGAGCCTTGGTATGGAAACTTACTAAGTTGGATAACTTTCAAATTCAGAGAAA
CCCTGGAATAATAAAATGGGCAATCCTGAGCCAAATCCTGTTTTTCGAAAACAAAAAAACA
ACAAAGGTTCATAAAGACAGAATCAGAATAAATAAAGGATAGGTGCAGAGACTCAACGGA
AGCTGTTCTAACAAATGGAGTTGATTGCGTTGCATAAAGGAATCCTTTCTATTAAAACTCCA
GAAAAGATAAAGTGATAAAATAAAAGATAACACTAATATACATAGATCCACGTACTGAAAT
ACTATTTCAAATAAAAATAATTAATGACGAGTGACCCAAACCAGTATCTATATTTTTCCTGT
ATCTTTTTTTTTITCATTTTTTTATGGAACAAGTTGTTGTGAATCAAAACTTCTAAGTTGAAGT
AAGAATCGAATATTAATTGGTCAAATCAATTGATCAAATAAATAACGTACTCCATAATCTGA

Table 1 Estimates of the percentage of genetic distances between sequences for characterization of Passiflora edulis and P. cacao

Species P. alata P. cincinnata P. edulis P. foetida P. incarnata P. sublanceolata P. cacao P. sprucei
P. alata 0
P. cincinnata 0.547 0
P. edulis 0.182 0.365 0
P. foetida 0914 1.097 0.731 0
P. incarnata 0.365 0.548 0.182 0916 0
P. sublanceolata 0.952 1.145 0.762 0.000 0.954 0
P. cacao 3.036 3.245 2.834 3.659 3.043 3.586 0
P. sprucei 0.762 0.954 0.571 1.336 0.763 1.331 2.954 0
o5 Passiflora foetida
” Passiflora sublanceolata
Passiflora incarnata
“ Passiflora edulis
Passiflora alata
Passiflora sprucei
2 Passiflora cincinnata
Passiflora cacao
Passiflora xiikzods
4100|_— Passiflora coriacea
Clusia major
'0.005'

Fig.3 Cladogram representing the phylogenetic relationships among
Passiflora species using the trnL intron sequence. The cladogram
was constructed using the Maximum Likelihood method based on the
Jukes-Cantor model. The percentage of trees on which the associated
taxa clustered together is shown next to the branches. The species P.

coriacea and P. xiikzodz were included as outgroup of the subgenus
Passiflora and the species Clusia major was included as outgroup of
the family Passifloraceae. The species P. edulis, P. cacao, P. alata, P.
cincinnata, P. foetida, P. incarnata, P. sublanceolata and P. sprucei
are the ingrouping of the subgenus Passiflora
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position concerning other species of the subgenus Passiflora.
Among the species of the latter subgenus, P. cacao was in
a more basal position and more distant from P. edulis, than
the other species of this subgenus.

Based on comparison of the zrnL intron sequence,
observed a clear separation between the genotypes P. cacao
and P. edulis. Also, according to the comparison of the trnLL
intron sequence, P. cacao was included in the subgenus Pas-
siflora group.

Morphological characterization

Passiflora edulis showed mean values for the morphological
characteristics of leaf, flower and fruit higher than those of
P. cacao in most the variables, except for ELL (Table 2).
Concerning most variables, the F test (P <0.05) showed sig-
nificant differences between the two species, except for TLL,
ELW and CI (Table 3). The FW characteristic showed the
greatest difference between the two species, with an average
weight of 184.8 and 8.7 g for P. edulis and P. cacao, respec-
tively. As for the relative contribution of each characteristic
to the genetic diversity among species, it was verified among
the descriptors measured in leaf, flower and fruit, that the
ones most contributing to diversity were FW, with 67.9%,
followed by ED, with 16.3%, and FD, with 11.7%.

The main differences observed in pollen grain were noted
in the ornamentations. Pollen grains of both species were
classified as large, with mean value of 55.1 um, subsphe-
roidal shape (oblate spheroidal), isopolar, on average with
small polar area of 22.2 pm, syncolpate, and reticulate exine.
The three pairs of colpi are joined by their edges thereby
forming a ring around the mesocolpium (Fig. 4). The six
mesocolpia observed are wider between the colpi of a same
pair than between pairs of adjacent colpi. The muri in P.
edulis are smooth and sinuous, while the lumen presents
some bacula, and two brochi are found parallelly aligned
between two pairs of colpi. The muri in P. cacao are fur-
rowed and with several pila. In this species, the lumen shows
a large quantity of bacula. There is only one row of brochus
between two pairs of colpi. The average pollen descriptor
data observed in P. edulis were higher for most characte-
ristics, except for AP, PAI and LU (Table 4). For most vari-
ables, the F test (P <0.05) showed significant differences
between the two species, except for CW and LU (Table 5).

We observed the formation of three well-defined groups
in the dendrogram (Fig. 5), in the cluster analysis with mor-
phological descriptors for leaf, flower, fruit and pollen. The
first, second and third groups corresponded to the accessions
of P. edulis, P. cacao and P. rubra, respectively. Besides
being effective in correctly separating the accessions of each
species, this grouping still showed a high cophenetic cor-
relation coefficient (r,,,=0.97), which promoted confidence
within the clustering.
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Table 2 Mean values and standard deviation of morphological traits for characterization of Passiflora edulis and P. cacao

FwW

TLL TLA ELW ELL ELA FD ED LD CI
(€3]

TLW

Species

(mm) (mm)

(mm) (cm?) (mm) (mm) (cm?) (mm)

(mm)

Access

180.8+10b
177.4+13b
179.4+13b

1.3+0a
1.3+0a

1.3+0a

90.3+3a
88.2+5a

71.5+6a
704+6a

712+4a
70.5+2a

1059+8a
61.9+6¢c
779+6b
72.8+3b
68.7+1b

116.2+08 b
102.7+12b

72.6+05a
69.4+07 a
73.0+04 a
722+10a
744+07 a
72.3+06 a
69.3+09 a
72.0+07 a
68.7+09 a
68.4+09 a
69.1+10a
69.5+08 a

109.0+18 a
114.6+17 a

1393+13a
143.1+07 a
1479407 a

1245+08 a
1283+10a

349
350
351
352
353

M

P. edulis

85.0+4b
89.7+2a

66.5+1b

719+2a
695+1a

109.1+17b
102.5+19b

111.0x15a

132.1+10a
135.6+08 a
116.2+10b

127.3+10a

196.2+01 a

1.2+0a

733+6a

149.1+05 a
126.2+06 b

141.1+11a

190.4+05 a

86.9+3b
88.0+3a

66.7+2b

70.6+3a

108.8+06 b
107.9+13b

81.4+10b
111.2+14a

105.5+18 a

184.8+11a

1.3+£0a

69.7+4a

70.7+2a

7715+4b

51.8+08 ¢
50.4+07c
72.8+24b
67.4+15b
555+18¢
59.6+16D

74+0c
9.8+1c
78+2c
9.5+2c¢
90+1c¢

1.3+£0a

454+1c

36.1+1c

345+4b
372+1b

126.2+06 a
129.6+13 a

782+13b
101.9+24a
68.5+13b
90.1+05b

142.5+08 a

110.9+06 b
112.8+08 b

1.3+£0a

452+1c

353+3¢

145.6+09 a

344
345
346
347
348

M

P. cacao

1.3+£0a

451+x1c

348+2c

387+1b

129.4+05 a

126.0+11D

1.3+0a
1.3+£0a

455+1c

349+1c

35.1+5b
346+5b

1309+13 a

146.6+19 a

97.7+14c
129.5+21 a

43.6+3 ¢

356+2c¢

127.5+06 a
128.7+08 a

118.5+13b

135.8+16a

933+07c
1089+17b

8.7+2c¢

12+0a
1.3+0a

449+1c¢c

353+1c¢

36.0+3b

80.1+07b
83.8+17b

Values in the same column followed by the same letter are not significantly different according to the Scott & Knott test at 5% probability level.

Access Accession means, M Species mean, TLW Trilobate leaf width, TLL Trilobate leaf length, TLA Trilobate leaf area, ELW Entire leaf width, ELL Entire leaf length, ELA Entire leaf area, FD

Flower diameter, ED Fruit equatorial diameter, LD Fruit longitudinal diameter, CI Fruit conformity index, FW Fruit weight



Biologia (2026) 81:93

Page7of 15 93

Table 3 ANOVA summary for morphological traits between Passiflora edulis and P. cacao

SV FD  Mean squares

TLW TLL TLA ELW  ELL ELA FD ED LD CI FW
Accessions 9 1051.2%  592.9N  1420.4* 23.1N  684.0* 1301.5*%  1682.2*%  1660.1*  2587.7* 0.0NS  43226.5%
Error 40 121.6 1132 2165  60.1 130.5 136.1 10.0 11.8 72 00 472
CV (%) 93 76 150  10.0 172 5.9 6.5 40 66 7.1

* Significant at 5% (P <0.05) of probability by F test. ¥ Not Significant

SV Source of variation, FD freedom degrees, CV Coefficient of variation, TLW Trilobate leaf width, TLL Trilobate leaf length, TLA Trilobate
leaf area, ELW Entire leaf width, ELL Entire leaf length, ELA Entire leaf area, FD Flower diameter, ED Fruit equatorial diameter, LD Fruit lon-

gitudinal diameter, CI Fruit conformity index, FW Fruit weight

Reproductive system characterization

After self-pollination, P. edulis showed an average of 24.5%
fertilized flowers at the opening, which decreased to 11.4%
at the last pollination, while no flower was fertilized during
the self-pollination times of P. cacao (Table 6). As for the
reproductive capacity evaluated by means of interspecific
hybridization, 59.3% fertilization was observed in pollinated
flowers at the opening and a decrease to 45.5% at the last
pollination (Table 6). There was a significant difference by
the F test (P <0.05) between the pollination times tested.
The fertilization percentage was negatively influenced by the
last pollination times (Fig. 6). There was a linear relation-
ship between the percentage of fertilized flowers (Y) and the
pollination times (X). Furthermore, the percentages of fer-
tilized flowers declined according to the duration of flower
opening in all the accessions. P. edulis showed an average
of 56,194 pollen grains per anther and 284 ovules per ovary,
whereas P. cacao showed an average of 10714 pollen grains
per anther and 113 ovules per ovary. There was a significant
difference by the F test (P <0.01) between species, for the
number of pollen grains and ovules, and the pollen-ovule
ratio, which showed mean values of 197.8 and 94.7 for P.
edulis and P. cacao, respectively. Both species were included
in the category of facultative autogamous considering the
P:O ratio.

Discussion
trnL cpDNA sequence

The nucleotide trnL intron sequence of Passiflora species
is notably conserved (Muschner et al. 2003, 2012; Hansen
et al. 2006; Krosnick et al. 2013), which accounts for the low
percentage (4.8%) of variable sites providing parsimonious
data. In P. cacao and P. edulis, the GC content was found
to be 30.2% and 31.9%, respectively, aligning with the 29%
average observed by Hansen et al. (2006) when comparing
trnL-T spacer sequences across 57 Passiflora species. This

relatively low GC content in the non-coding regions of the
trn gene is a common characteristic within the genus Pas-
siflora (Souza et al. 2004a; Yotoko et al. 2011; Santos et al.
2014).

When examining the cladogram representation of spe-
cies from the subgenera Passiflora and Decaloba, it became
apparent that the divergences between the subgenera were
more significant than those observed among species within
each subgenus. In this cladogram, species belonging to the
subgenus Decaloba were positioned more basally than those
from the subgenus Passiflora. Furthermore, it was identi-
fied that the most derived characteristics of species in the
subgenus Passiflora were based on non-coding sequences of
the trn gene (Hansen et al. 2006; Muschner et al. 2006). P.
cacao was the species that showed the greatest divergence
from the others by being positioned more basally within the
subgenus Passiflora. This confirms previous analyses based
on morphological data indicating that P. cacao and P. edulis
are distinct yet closely related species).

Phylogenetic studies have widely utilized analyses based
on cpDNA sequences due to their structural stability, pat-
terns of inheritance, and mutation rates (Morton 2002;
Huang et al. 2014). Phylogenetic studies using cpDNA
sequences have been crucial in understanding evolutio-
nary relationships among Passiflora species (Muschner
et al. 2003; Cauz-Santos et al. 2020). This tool has also
been used to carry out phylogenetic reconstructions of spe-
cies from different families, including the integrifolia com-
plex, which encompasses several taxa with floral traits very
similar to those of the species Petunia integrifolia (Hook.)
Schinz & Thell. The sequences of internal spacers derived
from nuclear ribosomal DNA (ITS] and ITS2) along with
two intergenic spacers from chloroplast DNA (trnS-trnG
and psbA-trnH) were used to differentiate five distinct spe-
cies. This resulted in the recognition of a genotype that was
categorized as a new species, listed as Petunia integrifolia
(Longo et al. 2014).

In Paubrasilia echinata (Lam.) Gagnon, H. C. Lima
& G. P. Lewis, a group of specimens exhibiting various
leaf morphological traits has been identified, leading
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Fig.4 Pollen morphology
observed in scanning elec-

tron microscope. P. edulis
(A-D) pollen in polar view
(Bar=10 um) (A), ornamenta-
tion detail (Bar=3 pum) (B),
pollen in equatorial view
(Bar=10 um) (C) and ornamen-
tation detail (Bar=2 pm) (D),

P. cacao (E-H) pollen in polar
view (Bar=10 um) (E), orna-
mentation detail (Bar=3 pm)
(F), pollen in equatorial view
(Bar=10 pm) (G) and ornamen-
tation detail (Bar=2 pm) (H).
Arrows indicate pairs of colpi
joined at the poles

Mag= 247KX WD= 11mm
EHT =10.00 kv

Mag= 227KX WD= 11mm
EHT =10.00 kv

Mag= 220KX WD= 11mm
EHT =10.00kV

Mag= 224KX WD= 11mm
EHT =10.00 kv

Signal A= SE1

Signal A = SE1

Signal A = SE1

Signal A = SE1

Date :11 Mar 2008
Photo No. = 7384

Mag= 616KX WD= 1imm  Signal A= SE1
EHT =10.00kV

Date :12 Mar 2008
Photo No. = 7583

Date :11 Mar 2008
Photo No. = 7394

Date :12 Mar 2008
Photo No. = 7589

Mag= 522KX WD= 1imm  Signal A= SE1
EHT =10.00 kv

Date :11 Mar 2008
Photo No. = 7429

Date :11 Mar 2008
Photo No. = 7381

Date :11 Mar 2008
Photo No. = 7379

Date :12 Mar 2008
Photo No. = 7627

Mag= 507KX WD= 1imm  Signal A= SE1
EHT =10.00kV

researchers to propose the existence of a new species
based on the frnL intron sequence (Juchum et al. 2008;
Souza et al. 2021). Phylogenies of several other genera
have been reconstructed from the cpDNA sequences, as
in Cycas taitungensis C. F. Shen, K. D. Hill, C. H. Tsou
& C. J. Chen (Wu et al. 2007; Wu and Chaw 2015) and
Cryptomeria japonica (Thunb. ex L.) D. Don (Hirao et al.
2008). n this study, the frnL intron sequence was identi-
fied as the primary differentiator between P. edulis and

@ Springer

P. cacao, even more so when compared to other species
within the subgenus Passiflora.

Morphological characterization

Morphological descriptors have proven effective in distin-
guishing between Passiflora species and the two botanical
forms of P. edulis (Castillo et al. 2020). Leaf characteristics
were slightly divergent between the P. edulis and P. cacao
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Table 4 Mean values and standard deviation of pollen characteristics in Passiflora edulis and P. cacao

Species PA ED CW ME PV AP PAI P/E MU LU BR
Access  (um) (um) (m) (pm) (um) (um) (um) (um) (um)

P. edulis 349 529+1b 57.1+la 167+3a 31.1+2b 56.1x1la 225+2b 03+0c 09+0b 13+0a 87+2b 11.9+2b
350 522+1b 569+1a 19.1+2a 333+1b 559+2a 214+2b 03+0c 09+0b 13+0a 10.0x2a 123+2b
351 51.1+2c¢ 54.1+1b 17.1+1la 351+3a 574+3a 19.1+2c¢ 02+0d 09+0a 12+0a 89+1b 11.6x1b
352 562+3a 579+3a 173+1a 372+3a 59.1+4a 19.842c 02+0d 09+0a 13+0a 103+la 199+1a
353 529+2b 57.6+2a 18.6+2a 328+1b 56.8+1a 20.6+2c 03+0c 09+0b 13+0a 97+la 124+1b
M 52.842b 56.6+2a 184+3a 335+4b 569+2a 21.3+2b 04+0b 09+0a 13+0a 94+la 134+3Db
P. cacao 344 53.8+2b 56.0+1a 13.8+8a 31.3+6b 563+2a 23.1+3b 04+0b 09+0a 1.0+0b 87+0b 12.1+1b
345 509+1c 547+2b 152+4a 31.0+£2b 53.6+2b 259+4a 05+0a 09+0b 1.1+0b 108+1la 129+1b
346 52.5+3b 574+2a 174+3a 323+2b 557+1a 22.0+1b 03+0c 09+0b 09+0b 8.6+1b 11.8+1b
347 493+2c¢ 559+3a 193+5a 309+1b 56.8+1a 28.6+la 05+0a 0.8+0b 1.1+0b 10.6+2a 12.8+2b
348 488+1c 53.2+2b 157+4a 31.1+1b 51.0+2b 189+2c 03+0c 09+0b 12+0a 99+la 122+1b
M 50.6+3c 55.0+2a 164+4a 31.1+3b 544+2b 233+4b 05+0a 09+0a 1.1+0b 9.6+1a 12.1+1b

Values in the same column followed by the same letter are not significantly different according to the Scott & Knott test at 5% probability level.

Access Accession mean, M Species mean, PA Polar axis, ED Equatorial diameter, CW Colpus width, ME Mesocolpium, PV Polar view, AP
Apocolpium, MU Murus, LU Lumen, BR Brochus, PAI Polar area index, P/E Polar axis/equatorial diameter ratio

Table 5 ANOV{\ summary sV FD Mean squares

for pollen descriptors between

Passiflora edulis and P. cacao PA ED CW ME PV AP  PAI PE MU LU BR
Species 9  22.9% 13.1% 155N 22.4% 24.0% 47.7% 0.0% 0.0" 0.1% 3.58 302"
Error 40 40 35 158 6.9 42 52 00 00 00 13 1.7
CV (%) 38 33 233 8.1 37 105 86 32 142 117 100

* Significant at 5% (P <0.05) of probability by F test. NS Not Significant

SV Source of variation, FD Freedom degrees, CV Coefficient of variation, PA Polar axis, ED Equatorial
diameter, CW Colpus width, ME Mesocolpium, PV Polar view, AP a Pocolpium, MU Murus, LU Lumen,
BR Brochus, PAI Polar area index, P/E Polar axis/equatorial diameter ratio.

Fig.5 Dendrogram of P. edulis -
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Table 6 Percentage of self-

o - . ) Pollination Self-pollination P. edulis Self-pol- P. cacao Q x P. edulis &

pollinations in Pa.sstﬂora e.dults times () lination P.

and P. cacao and interspecific Pl P2 P3 P4 P5 M cacao Pl P2 P3 P4 P5 M

hybridizations
12:00 25.0 24.1 20.0 21.0 325 245 0.0 62.5 63.8 51.0 53.6 65.7 59.3
13:00 223 227 17.8 18.7 29.0 22.1 0.0 58.6 59.8 47.8 50.2 61.6 55.6
14:00 179 183 143 150 233 177 0.0 50.5 51.5 473 49.7 53.1 504
15:00 192 173 154 16.1 250 18.6 0.0 553 564 451 474 613 53.1
16:00 15.1 154 12.1 127 19.6 149 0.0 457 46.6 373 39.2 48.0 433
17:00 17.3 17.6 13.8 145 225 17.1 0.0 47.8 48.8 437 459 63.7 499
19:00 10.1 132 8.1 125 13.1 114 0.0 37.5 473 452 475 502 455

M Mean percentage, P Plant

leaf. Thus, there were no significant statistical differences
for the TLL and ELW characteristics. Similar results were
observed when three selections of purple passion fruit tree
were phenotypically analysed (Meletti et al. 2005). No sta-
tistical difference concerning the length of leaf blade was
observed among the accessions. In the characterization of

>
&

Y=54.263-2.44 R’=82.88%

Fertilized flower (%)

12 13 14 15 16 17 18 19
Testing times

@

Y=124.71-5.083X R?=58.19%

Fertilized flower (%)

12113 14 15 16 17 (18 <49
Testing times

Fig.6 Percentage of fertilized flowers in Passiflora edulis and P.
cacao at seven pollination times, as of the flower opening time
(12:00). Self-pollinated and fertilized flowers in P. edulis (A) and fer-
tilized flowers from a hybridization between P. cacao and P. edulis

(B)
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11 species, comprising eight accessions of P. edulis and 34
accessions of P. edulis f. flavicarpa, it was found that leaf
descriptors, including leaf lobe length and total leaf width,
did not provide significant differentiation between acces-
sions of purple and yellow passion fruit trees (Crochemore
et al. 2003). The two leaf types, entire and trilobed, found in
P. edulis and P. cacao were examined independently because
the entire leaf represents not only a transitional phase in the
development of the trilobed leaf but also a distinct form
exhibited by the two species (leaf dimorphism), which is
characteristic of certain Passiflora (Imig et al. 2018). Leaf
dimorphism, observed in P. edulis and P. cacao, is com-
mon among climbing plants and is an adaptation to different
environmental conditions (Givnish and Vermeij 1976; Li
et al. 2020).

The strong discriminatory capability demonstrated by
the fruit descriptors in this research aligns with other find-
ings in P. edulis, where four highly discriminating descrip-
tors among 22 morphological descriptors were observed,
of which two concerned the fruit (Crochemore et al. 2003).
Accessions 'Paulista’ and 'Maracuja-Maga' of P. edulis had
heavy, large, oval, and purple peeled fruit (Meletti et al.
2005) as found in the present study.

The average measurements recorded for P. edulis pollen
specifically regarding the equatorial diameter, polar axis,
colpus, and mesocolpium were in line with those found by
Amela Garcia et al. (2002) and Aratjo and Santos (2004),
who studied natural species in Argentina and Chapada Dia-
mantina in Bahia State, Brazil, respectively. The features of
Passiflora pollen grains exhibited a consistent pattern of size
and ornamentation specific to each subgenus, making them
valuable for taxonomic research at both the subgeneric level
(Milward-De-Azevedo et al. 2014; Aratjo et al. 2019) and
the species level. This led to the establishment of a clade
for species identification based on pollen data (Milward-De-
Azevedo et al. 2014; Mezzonato-Pires et al. 2017).

Based to the pollen classification (Barth and Melhem
1988), P. cacao is categorized under the subgenus Passi-
flora characterized by MacDougal and Feuillet (2004). As
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per Spirlet's classification (Spirlet 1965), the pollen grains of
P. cacao and P. edulis belong to the same type. Both species
have type 1 pollen grains, characterized by a triradiate pon-
toperculum and a reticulate exine (Aradjo and Santos 2004).
The intercolpal areas, including opercula, pontopercula,
and pseudopercula, are commonly utilized in the palyno-
logical descriptions of species within the Passifloraceae
family. However, the term "operculum" is appropriate for
use only in exceptional instances (Erdtman 1943; Milward-
De-Azevedo et al. 2010). The term describes areas that are
slightly thickened and distinct on the apertural membrane.
The operculum is a thickening of the exine that partially cov-
ers the opening, taking on circular, annular, elliptical, and
pontoperculate forms (Thanikaimoni 1986). In this study, the
term pontoperculum was utilized, following the definitions
provided by Thanikaimoni (1986) and Punt et al. (2007).
The pontoperculum is thus described as a band of exine that
is fused at the apocolpus areas, which refers to the narrow-
est area (equatorial) located between two fused openings in
relation to the polar area (Aratjo and Santos 2004).

The differences in size, types of openings, and ornamen-
tation of pollen grains within the Passiflora genus are cor-
related to the basic chromosome numbers described for this
group (Hansen et al. 2006; Amorim et al. 2014). Species
sharing the same basic chromosome number exhibited com-
parable patterns in their pollen characteristics (Amorim et al.
2014). Moreover, taxonomic classification based on pollen
descriptors aligned more closely with the subgeneric classi-
fication of Passiflora as outlined by MacDougal and Feuillet
(2004) than with that proposed by Killip (1938) (Liviston
et al. 2005).

The cluster analysis involving morphological descrip-
tors for leaves, flowers, fruits, and pollen demonstrated a
clearer discrimination among P. edulis accessions compared
to those from P. cacao. Expanding the set of descriptors
utilized for characterizing an individual can also enhance
the genetic analysis within the genome, as each phenotypic
trait assessed by a descriptor reflects the expression of one
or more genes in that individual, considering environmental
influences as well. Therefore, employing a variety of vari-
ables leads to more reliable discrimination among acces-
sions (Upadhyaya et al. 2012).

Reproductive system characterization

In interspecific hybridization between P. cacao and P. edulis
was recorded a fertilization index above 50%, indicating a
strong genetic relationship between these two species. P.
edulis has demonstrated strong reproductive compatibility
in crosses with genetically similar species, promoting the
development of hybrids for introgression of genes for disease
resistance or to transcribe for traits that improve the species’
adaptation to climatic conditions (Santos et al. 2019).

Self-pollinations conducted on P. edulis at the time of
flower opening yielded a low fertilization rate of less than
25%. Similar findings have been reported, indicating that
this species exhibits 50% self-incompatibility (Madureira
et al. 2014). In contrast, complete self-incompatibility
(100%) was noted when flowers were pollinated after anthe-
sis (Bruckner et al. 1995; Suassuna et al. 2003; Régo et al.
2013; Madureira et al. 2014), whereas 14.8% of flowers were
successfully fertilized when pollinated on their floral buds,
prior to anthesis (Bruckner et al. 1995). This suggests that
self-fertilization is possible in P. edulis. Self-compatible
plants of P. edulis have been reported, presenting corona
coloration (completely white) as a morphological marker
(Souza et al. 2010).

Early research on P. edulis indicated that self-incompat-
ibility was governed by a single gene with three alleles: S7,
S2, and S3, exhibiting complete dominance (Bruckner et al.
1995). Three new alleles of the S gene were found, from S/
to S6 (Régo et al. 1999). It was suggested the presence of
another gene, the G gene, which has a gametophytic action
and operates in conjunction with the S gene, which has a
sporophytic action (Suassuna et al. 2003). Self-incompatibil-
ity in P. edulis arises not from a single gene, but rather from
the interaction of a gene complex (Okamoto et al. 2007).

Both species were categorized as facultative autogamous
based on the Cruden index (Cruden et al. 1977). However,
the classification of the reproductive mode based on the
ratio of pollen grain to ovule numbers was only applicable
to P. edulis. In contrast, P. cacao exhibited complete self-
incompatibility, making this classification unsuitable for that
species. Discrepancies in the Cruden classification for vari-
ous species have been noted. It was investigated the pollen/
ovule ratio in both self-incompatible and self-compatible
cacao cultivars (Theobroma cacao L.) and both types were
labeled as obligatory autogamous; the TSH1188 cultivar,
which shows self-incompatibility, demonstrates a deviation
from the pattern proposed by Cruden (Godoy et al. 2009).
Similarly, the reproductive mode of Handroanthus pulcher-
rima (Sandwith) S. O. Grose did not conform to the fac-
ultative xenogamy classification due to the observed self-
incompatibility within this genus, suggesting that it behaves
as obligatory xenogamic (Souza et al. 2004b). These results
highlight that the Cruden index may not be suitable for many
plant species, as seen in the case of P. cacao.

Both species exhibited a decline in fertilization rates
following anthesis. In P. edulis f. flavicarpa, a similar
finding was reported using histochemical tests involv-
ing alpha-naphtyl acetate and hydrogen peroxide, along
with in vivo pollination, to evaluate floral receptivity at
six intervals after anthesis (Souza et al. 2004¢). A 44%
reduction in the percentage of fertilized flowers during
in vivo pollination was observed. Conversely, this decline
was less pronounced in biochemical tests, showing only
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a 20% decrease. An average floral receptivity of 80%
was recorded even five hours post-anthesis (Souza et al.
2004c). A similar pattern was observed with pollen viabi-
lity, which decreased by 15% after anthesis (Souza et al.
2002).

The results regarding floral receptivity and pollen viabi-
lity after anthesis (Souza et al. 2002, 2004¢) help explain the
reduction in the number of fertilized flowers during P. edulis
self-pollination. Similarly, the decline in fertilized flowers
after anthesis in P. cacao could also be attributed to the
reduced viability of P. edulis pollen, as its viability typically
decreases the day following anthesis (Souza et al. 2002).

As considerations, the cytogenetic studies were conducted
on both P. cacao and P. edulis and the results revealed diffe-
rences between the species concerning the positioning of
satellites, the presence of constitutive heterochromatin (C
banding), the locations of 45S rDNA sites, and CMA bands.
The cytogenetic evidence suggests that while P. cacao shares
a close relationship with P. edulis, it remains a distinct species
(Viana and Souza 2012). Passiflora edulis and P. cacao are
considered genetically close based on pollen characteristics
and reproductive abilities. However, distinctions arise from
differences in pollen grain ornamentation, such as the pres-
ence of pila on the muri and a single row of brochi between
two pairs of colpi in P. cacao, emphasize the differences
between the two species. By examining pollen characteris-
tics, vegetative morphology, and comparing the #rnL intron
sequence, P. cacao was placed within the Passiflora subgenus
group. The trnL intron sequence analysis effectively distin-
guished the two species, confirming the uniqueness of each
genotype.
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