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Abstract To clarify the genetic diversity level and genetic relationship of passion fruit germplasm resources,
this study took 140 passion fruit accessions as the test materials. Through optimizing the PCR reaction system
and screening primers, a stable and efficient SRAP reaction system was established. On this basis, genetic
diversity analysis and cluster analysis were conducted. The results indicate that the optimized SRAP system
identified 21 primer pairs exhibiting clear bands and high polymorphism. A total of 345 clear bands were
amplified, among which 343 were polymorphic bands, with a polymorphism ratio of 99.41%. The Nei's genetic
identity ranged from 0.4870 to 0.9275, and the genetic distance ranged from 0.0752 to 0.7196. Cluster analysis
classified the 140 tested passion fruit accessions into five groups, revealing clear differences in genetic
relationships among materials from different origins. The SRAP molecular markers employed in this study
effectively distinguished different passion fruit germplasms. The findings provide a molecular basis and
technical support for the identification of passion fruit germplasm resources, the assessment of genetic diversity,
and the selection of superior parental lines.
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Introduction

Passiflora edulis Sims a perennial vine belonging to the Passifloraceae family, has become one of the most
important economic fruit trees in tropical and subtropical regions worldwide due to its rich nutritional content,
unique flavor, and high medicinal value (Betancur-Ancona et al. 2025; Arshad et al. 2025). In recent years, with
the increasing demand for healthy beverages from consumers, the scale of the passion fruit industry has continued
to expand. The selection and promotion of superior varieties have become the core driving force for the high-
quality development of the industry (Faleiro et al. 2019; Rosado et al. 2019; de Jesus et al. 2022). However, passion
fruit exhibits abundant natural variation, with overlapping morphological characteristics among different cultivars.
Traditional germplasm resource identification methods based on phenotypic traits are susceptible to environmental
interference, making it difficult to accurately distinguish closely related varieties. This leads to ambiguous
germplasm classification and frequent disputes over cultivar rights, severely hindering the efficient advancement
of passion fruit breeding and the rational utilization of germplasm resources (Viana et al. 2010; Su et al. 2024).

Genetic resources are the material basis for crop genetic improvement. Accurate identification and genetic
diversity analysis are the prerequisites for variety breeding, resource conservation and sustainable industrial
development (Rajan et al. 2023). Molecular marker technology, by directly revealing genetic differences at the
genomic level, offers significant advantages such as high stability, abundant polymorphism, and immunity to
environmental influences. It has been widely applied in the study of fruit tree germplasm resources (Grover and
Sharma 2016; Agarwal et al. 2008; Li and Quiros 2001). Among these, sequence-related amplified polymorphism
(SRAP) molecular marker technology, because its primers are designed based on open reading frames (ORFs), can
effectively amplify gene-coding regions (Robarts and Wolfe 2014). Combines ease of operation, low cost, good
reproducibility, and high detection rates for polymorphisms (El-Shahed et al. 2017).

Currently, research on molecular markers in passion fruit primarily focuses on techniques such as RAPD and
SSR (Carneiro et al. 2002; Cerqueira-Silva et al. 2012; Maciel et al. 2019; Wei et al. 2022). RAPD is simple,
convenient, and low-cost, but its low stability and poor reproducibility limit its utility (Roodt et al. 2002). SSR
markers are stable, abundant, co-dominant, highly polymorphic, and reproducible; however, primer development
for each species requires sequencing, making the method both time-consuming and expensive (Wei et al. 2022).
Systematic research on the identification of passion fruit germplasm resources using SRAP markers remains

limited. Existing research indicates that SRAP markers demonstrate significant advantages in crop genetic



diversity analysis and the identification of closely related varieties. They have been successfully applied to variety
identification and genetic analysis in fruit trees such as pineapple (Mwaniki et al. 2025), kiwifruit (Ma et al. 2024),
and kumgquat (Liu et al. 2023). Recently, SCOT markers have been employed to assess the genetic relationships
among a collection of 140 passion fruit accessions (Zhang et al. 2026). However, given that different molecular
marker systems target distinct genomic regions, the use of multiple marker types can provide complementary
perspectives on genetic diversity. In this study, we applied SRAP markers to the same germplasm set to further
characterize its genetic variation and population structure, thereby contributing additional molecular data to the
ongoing characterization of this collection.

In this study, passion fruit germplasm resources were used to optimize the SRAP molecular marker reaction
system. SRAP primer combinations with high polymorphism were screened to analyze the genetic similarity and
genetic differences among various passion fruit germplasm resources. The findings aim to provide a scientific
basis for the precise identification, rational conservation, and innovative utilization of passion fruit germplasm,

thereby promoting the healthy and sustainable development of the passion fruit industry.

Materials and methods

Plant material

A total of 140 passion fruit accessions were collected from the Fujian Institute of Tropical Crops (24.63°N,
117.52°E) and Zhangzhou Wanyi Agricultural Development Co., Ltd. (24.58°N, 117.60°E) regions. These
accessions are identical to the germplasm set previously characterized using SCoT markers by Zhang et al.
(2026). Detailed information on all 140 accessions, including their species, origin, and source, is provided in

Table S1 (Supplementary Material). Unless otherwise specified, the accession numbers are denoted by "No.".

DNA extraction

Total genomic DNA was extracted from the leaves of 140 passion fruit accessions using the YALEPIC® Plant
Genomic DNA isolation Kit (Polysaccharides& Polyphenolics-rich, RNase A). The concentration and quality of
DNA were measured using the Nano-400A instrument, and DNA integrity was assessed by gel electrophoresis.

The obtained DNA was uniformly diluted to 50 ng-pL ™" and finally stored in a -20°C freezer for subsequent use.



Single-factor optimization of SRAP-PCR

SRAP primers were designed based on previously published sequences (Budak et al. 2004; Li and Quiros 2001).
A total of seven forward and seven reverse primers (Table 1) were selected and randomly combined to generate
49 primer pairs, all of which were synthesized by Fuzhou Sunya Biotechnology Co., Ltd.

Genomic DNA from one passion fruit cultivar was selected as the template. Original PCR system (20 pL)
contained 9 pL of 2 x Taq Plus Master Mix II, 0.8 pumol-L™! primer, and 20 ng template DNA, adjusted to
volume with ddH20. Original PCR program: 95°C for 3 min (pre-denaturation); 35 cycles of 95°C for 15 s,
annealing for 20 s, 72°C for 1 min; final extension at 72°C for 10 min; hold at 4°C. Annealing temperature
followed Table 2. Select the primer with the richest and clearest bands as the initial primer.

A single-factor optimization experiment was conducted for three parameters: DNA template amount, primer
concentration, and 2 x Taq Plus Master Mix II volume. Each parameter was tested across six gradient levels

(Table 2), with the other two held constant at their initial reaction system values.

Table 1 SRAP primer sequence

Primer Forward primer (5°-3’) Tm (°C)  Primer Reverse primer (5°-3”) Tm (°C)
mE1 TGAGTCCAAACCGGAGC 57.4 Eml GACTGCGTACGAATTAAT 51.2
mE2 TGAGTCCAAACCGGAAT 52.6 Em2 GACTGCGTACGAATTTGC 55.8
mE3 TGAGTCCAAACCGGACC 57.4 Em3 GACTGCGTACGAATTGAC 55.8
mE4 TGAGTCCAAACCGGACT 55.0 Em4 GACTGCGTACGAATTGCA 55.8
mES5 TGAGTCCAAACCGGAAA 52.6 Em5 GACTGCGTACGAATTCAA 53.5
mE6 TGAGTCCAAACCGGAAC 55.0 Em6 GACTGCGTACGAATTCAC 55.8
mE7 TGAGTCCAAACCGGAGA 55.0 Em7 GACTGCGTACGAATTCAG 55.8

Table 2 SRAP-PCR single factor level

Level DNA quantity (ng) Primer concentration (umol/L) 2 x Taq Plus Master Mix (uL)
1 5 0.4 7
2 10 0.6 8
3 15 0.8 9
4 20 1 10
5 25 1.2 11
6 30 1.4 12




Orthogonal optimization of SRAP-PCR

An L;4(4%) orthogonal design was used, with three factors each at four levels, yielding 16 experimental runs.
PCR amplification followed the original PCR program; products were resolved on 1% agarose gels (120 V, 35
min), and gel images were documented using a gel imaging system. Bands were scored for specificity, clarity,
and intensity on a 0-16 scale (0 = no band; 16=sharp, specific, and intense bands), with three technical replicates

per run and the mean score used for analysis (Wu et al. 2013).

Primer screening and data analysis

Template DNA was a mixture from five phenotypically distinct passion fruit varieties. The optimized system was
employed to screen primer combinations, followed by PCR amplification of 140 passion fruit accessions. For
data analysis, Quantity One software was used to read the bands and construct a (0/1) matrix. Genetic diversity
parameters, including the number of observed alleles (Na), number of effective alleles (Ne), Nei's gene diversity
index (H), Shannon's information index (I), Nei's (1972) genetic identity (GI) and Nei's (1978) genetic distance
(GD) were computed using PopGen32. Neighbor-Joining (NJ) cluster analysis was performed using MEGAII.

The phylogenetic tree was visualized and refined using the iTOL v7.5 online platform (Letunic and Bork 2024).

Results

DNA Extraction Results

The quality of the extracted total DNA is summarized in Table 3. The A260/A280 ratios ranged from 1.70 to
2.02, and DNA concentrations varied between 50 and 434 ng-uL™". Agarose gel electrophoresis of representative
samples (Fig. 1) revealed clear, bright bands with no smearing, indicating high purity and integrity of the DNA,

which was suitable for subsequent experiments.



Table 3 DNA Purity and Concentration Data

No. A260/280 ng/uL No. A260/280 ng/L No. A260/280 ng/uL No. A260/280 ng/uL
1 1.89 54 36 1.8 142 71 1.93 123 106  1.79 92
2 1.7 99 37 1.76 146 72 1.86 82 107 171 114
3 1.87 70 38 1.81 207 73 1.82 57 108 1.7 50
4 1.9 56 39 1.7 90 74 1.83 147 109 172 136
5 1.81 113 40 1.7 55 75 1.88 200 110 1.74 85
6 1.81 75 41 1.84 107 76 1.7 164 111 173 148
7 1.63 50 42 1.87 149 77 1.71 11 112 175 82
8 1.94 50 43 1.93 199 78 1.7 99 113 1.84 83
9 1.7 56 44 1.94 31279 1.74 74 114 2.05 482
10 1.8 140 45 1.95 328 80 1.74 94 115 1.82 243
11 1.72 82 46 1.93 80 81 1.75 74116 170 132
12 1.79 76 47 1.76 151 82 1.76 114 117 178 147
13 1.76 130 48 2.05 149 83 1.76 71 118 173 53
14 1.71 133 49 1.8 59 84 1.71 70 119 1.87 65
15 1.7 50 50 1.75 183 85 1.73 184 120 173 142
16 1.87 169 51 1.76 109 86 1.84 78 121 1.84 154
17 1.89 70 52 1.78 138 87 1.8 62 122 178 146
18 1.93 104 53 1.7 68 88 1.74 88 123 181 128
19 1.83 54 54 1.73 128 89 1.71 102 124 183 60
20 1.72 113 55 2.01 57 90 2.02 434 125  1.88 146
21 1.86 71 56 1.83 104 91 1.76 97 126 174 137
22 1.88 84 57 1.96 309 92 1.82 104 127 1.79 192
23 2 402 58 1.8 78 93 1.74 131 128 171 79
24 1.7 51 59 1.98 92 9% 1.79 11 129 1.70 154
25 1.85 132 60 1.9 9 95 1.78 151 130  1.76 120
26 1.72 72 6l 1.87 76 96 1.96 313 131 179 105
27 1.79 138 62 1.7 93 97 1.82 127 132 172 140
28 1.77 92 63 1.91 126 98 1.73 198 133 2.08 161
29 1.74 92 64 1.8 114 99 1.88 173 134 1.84 72
30 1.79 83 65 1.7 69 100  1.92 211 135 173 79
31 1.7 53 66 1.77 80 101 171 153 136 1.79 173
32 1.75 179 67 1.75 64 102 1.70 58 137 171 129
33 1.73 262 68 1.99 145 103 191 66 138 171 95
34 1.83 100 69 1.7 52 104 185 187 139 172 67
35 1.78 172 70 2.03 260 105 1.76 93 140 174 144
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Fig.1 Partial Sample DNA Electrophoresis Results

M: DL2000 Plus DNA Marker; Samples shown are No. 1, 2, 3, 4, 7, 109, 127, 132, 138, 45

Effect of primer concentration on SRAP-PCR of passion fruit

Fig. 2 shows the amplification results under different primer concentrations: at 0.4 umol/L, bands were faintest
and least numerous; from 0.6 to 1.0 umol/L, band brightness and number of identifiable bands increased; from
1.0 to 1.4 umol/L, band integrity and clarity stabilized. Considering both amplification efficiency and band

quality, the optimal primer concentration was determined to be 1.0—1.4 pmol/L.
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Fig.2 PCR amplification effect of primer concentration gradient

M: Trans2K® DNA Marker; 0.4-1.4 were different primer concentrations: 0.4, 0.6, 0.8, 1.0, 1.2, 1.4 umol/L



Effect of 2 X Taq Plus Master Mix II on SRAP-PCR of passion fruit

Fig. 3 shows the effect of 2 x Taq Plus Master Mix II volume on PCR amplification: no bands at 7 pL; clear,
uniformly bright bands without smearing or nonspecific products at 8—10 puL; blurred bands and reduced
brightness stability at 11-12 pL. The optimal volume is 8—10 pL, balancing amplification performance and

practicality.

Fig.3 PCR amplification efficiency at different doses of 2 x Taq Plus Master Mix II

M: Trans2K® DNA Marker; 7-12 denotes different 2 x Taq Plus Master Mix II: 7, 8, 9, 10, 11, 12 pL

Effect of DNA template amount on SRAP-PCR in passion fruit

Fig. 4 shows the effect of template DNA amount on PCR amplification: clear, consistent banding patterns with
no dropout, smearing, or ambiguity across 5-30 ng; indicating robust tolerance within this range. The optimal

amount is 5-20 ng, balancing amplification efficiency and cost-effectiveness.
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Fig.4 PCR amplification efficiency at different doses of template DNA

M: Trans2K® DNA Marker; 5-30 denotes different DNA quantities: 5, 10, 15, 20, 25, 30 ng



Results of orthogonal design

Orthogonal experiment results (Table 4, Fig. 5) show significant variation in band number, clarity, and intensity
across the 16 condition combinations: combinations 3, 6, 11, and 16 yield abundant, clear, bright bands,
indicating optimal SRAP primer compatibility; combinations 5, 9, and 13 produce blurred, smeared, or missing
bands, indicating poor specificity and amplification efficiency. Visual scoring of electrophoretograms (mean of
three replicates, Table 4) reveals the factor influence ranking: primer concentration > 2 x Taq Plus Master Mix II
volume > template DNA amount (R-value analysis). The optimal combination (highest K value) is 15 ng

template DNA, 1.2 umol/L primer, 9 pL 2x Taq Plus Master Mix II, ddH-O to 20 pL.

Table 4 Lis (4°) orthogonal test score

Comb DNA (ng) Primers (pmol/L) 2xTaq Plus Master Mix (puL) Mean Rating
1 10.00 0.60 9.00 8.67
2 10.00 0.80 9.50 12.33
3 10.00 1.00 10.00 13.33
4 10.00 1.20 10.50 12.67
5 15.00 0.60 9.50 8.33
6 15.00 0.80 9.00 12.33
7 15.00 1.00 10.50 13.33
8 15.00 1.20 10.00 14.00
9 20.00 0.60 10.00 8.00
10 20.00 0.80 10.50 7.67
11 20.00 1.00 9.00 14.33
12 20.00 1.20 9.50 14.00
13 25.00 0.60 10.50 7.67
14 25.00 0.80 10.00 11.00
15 25.00 1.00 9.50 12.67
16 25.00 1.20 9.00 14.67

K1 11.75 8.17 12.50 -
K2 12.00 10.83 11.83 -
K3 11.00 13.42 11.58 -
K4 11.50 13.83 10.33 -

=

1.00 5.67 2.17 -




9 10 11 12 13 14 15 16

2000bp “Tt T“. o P
1500bp ~ -<uNH;3L1H~-«>.¢“_-.—QH-

1000bp o G0 GEp - e G o= -— - —— —
750bp em—

500bp

- -

250bp
100bp

10 11 12 13 14 15 16

2000bp

1500bp - -
1000b .
750bg . sl

500bp

250bp
100bp

Fig.5 Results of three independent orthogonal experiments

M: DL2000 Plus DNA Marker; 1-16: Sixteen orthogonal treatment combinations

Primer screening

Using a DNA mixture of five varieties (No.1, 36, 60, 102, and 122) as the template, primers were screened under
the initial PCR program and optimized reaction system. From 49 randomly combined primer pairs, 21 SRAP
primer combinations with clear amplification and high polymorphism were selected (Table 5). Representative

results are shown in Fig. 6.



Table 5 Selected Passion Fruit SRAP Primer Combination

No. Primer combination No. Primer combination No. Primer combination
1 mE2-Eml 8 mE3-Em4 15 mE4-Em6
2 mE2-Em2 9 mE3-Em5 16 mE4-Em7
3 mE2-Em3 10 mE3-Em6 17 mE5-Em3
4 mE2-Em4 11 mE3-Em7 18 mE5-Em4
5 mE2-Em6 12 mE4-Em2 19 mE5-Em6
6 mE3-Em2 13 mE4-Em3 20 mE6-Em4
7 mE3-Em3 14 mE4-Em4 21 mE7-Em4
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Fig. 6 Screening results of some primers
M: DL2000 Plus DNA Marker; 4-2: mE4-Em2, 4-3: mE4-Em3, 4-4: mE4-Em4,4-6: mE4-Em6,4-7: mE4-Em7, 6-2: mE6-
Em2, 6-3: mE6-Em3, 6-4: mE6-Em4, 6-6: mE6-Em6, 6-7: mE6-Em7, 7-2: mE7-Em2, 7-3: mE7-Em2, 7-4: mE7-Em4, 7-6:

mE7-Em6, 7-7: mE7-Em7

Polymorphism analysis

Using the 21 selected SRAP primer pairs and the optimized reaction system, PCR amplification was performed
on the 140 passion fruit accessions. The amplification products obtained with primer pair mE5-Em3 (Fig. 7)
displayed clear, sharp bands with no smearing. A total of 345 bands were detected, of which 343 were
polymorphic (Table 6). On average, each primer pair amplified 16.43 bands, including 16.33 polymorphic bands.
The Percentage of Polymorphic Bands (PPB) ranged from 93.30% to 100%, with an average of 99.41%. This
indicates an extremely high level of genetic polymorphism in the tested germplasm as revealed by SRAP

markers, with allelic variation present at nearly all loci, suggesting a broad genetic background.



Analysis using PopGen32 showed that the mean Na was 1.9942 (SD = 0.0185, CV = 0.93%), indicating
stable amplification and consistent allele detection. The mean Ne was 1.4516 (SD = 0.1366, CV =9.41%),
reflecting considerable variation in allele frequencies among accessions. The mean H and I were 0.2727 and
0.4208, respectively, indicating a moderate level of genetic diversity. However, the relatively high SDs (0.0716
for H, 0.0950 for I) and CVs (26.27% for H, 22.57% for I) suggest uneven levels of genetic variation among the

different germplasm accessions.

Table 6 Genetic diversity parameters of passion fruit using SRAP

Primer
comb NAB* NPB PPB(%) Na Ne H I
mE2-Eml 16 16 100.00% 2.0000 1.5622 0.3302 0.4965
mE2-Em2 11 11 100.00% 2.0000 1.4657 0.2832 0.4372
mE2-Em3 16 16 100.00% 2.0000 1.5149 0.3070 0.4672
mE2-Em4 19 19 100.00% 2.0000 1.5594 0.3254 0.4902
mE2-Em6 18 18 100.00% 2.0000 1.5467 0.3305 0.4990
mE3-Em2 14 14 100.00% 2.0000 1.5724 0.3347 0.5012
mE3-Em3 22 22 100.00% 2.0000 1.6562 0.3656 0.5351
mE3-Em4 15 14 93.30% 1.9333 1.4974 0.2901 0.4391
mE3-Em5 19 19 100.00% 2.0000 1.4325 0.2587 0.4018
mE3-Em6 16 16 100.00% 2.0000 1.4380 0.2659 0.4104
mE3-Em7 20 20 100.00% 2.0000 1.4616 0.2751 0.4209
mE4-Em2 19 19 100.00% 2.0000 1.2733 0.1822 0.3041
mE4-Em3 18 18 100.00% 2.0000 1.5945 0.3418 0.5071
mE4-Em4 14 14 100.00% 2.0000 1.3480 0.2088 0.3336
mE4-Em6 15 15 100.00% 2.0000 1.4060 0.2499 0.3893
mE4-Em7 13 13 100.00% 2.0000 1.3119 0.2072 0.3423
mES-Em3 18 18 100.00% 2.0000 1.5227 0.3150 0.4816
mES-Em4 16 16 100.00% 2.0000 1.5645 0.3437 0.5199
mES-Em6 14 14 100.00% 2.0000 1.4324 0.2760 0.4362
mE6-Em4 14 14 100.00% 2.0000 1.1071 0.0850 0.1661
mE7-Em4 18 17 94.40% 1.9444 1.2156 0.1505 0.2578
Total 345 343 - - - - -

Mean 16.4286 16.3333 99.41% 1.9942 1.4516 0.2727 0.4208
St. Dev - - - 0.0185 0.1366 0.0716 0.0950
Ccv - - - 0.93% 9.41% 26.27% 22.57%

*NAB: Total number of amplified bands; NPB: Number of polymorphic bands; PPB: Percentage of polymorphic bands; Na:
Observed number of alleles; Ne: Effective number of alleles; H: Nei's gene diversity; I: Shannon's information index; St. Dev:

standard deviation; CV: coefficient of variation.



Fig. 7 Amplification results for 140 samples using SRAP primer comb mE5-Em3

M: Trans2K® DNA Marker; 1-140: No. of passion fruits

Genetic relationship analysis of 140 passion fruit accessions

The correlation between Nei’s genetic identity (GI) and genetic distance (GD) across the 140 accessions is
visualized in Fig. 8, and the corresponding original data are summarized in Supplementary Table S2. GI values
ranged from 0.4870 to 0.9275, with corresponding GD ranging from 0.0752 to 0.7196. It indicates that the
genetic differences among different germplasms vary greatly, with both highly homologous groups and materials
retaining unique genetic backgrounds. In striking contrast, a subset of the germplasm accessions exhibits notably
low genetic similarity. Among these, germplasm accessions 80 and 26 exhibited the lowest GI of 0.4870 and the
highest corresponding GD of 0.7196, indicating pronounced genetic divergence and a distant phylogenetic
relationship. Comparative analysis of variety types revealed that the five passion fruit accessions (No. 8, 25, 80,
83, 108) exhibited close pairwise genetic relationships (GI > 0.6435, GD < 0.4409). In contrast, their genetic
affinities with most other accessions were relatively distant, with GI ranging from 0.51 to 0.64 and GD from
0.52 to 0.63. Similarly, germplasm 132 (P. coccinea) and the seven other seven P. coccinea % P. edulis var.
flavicarpa hybrids (No. 9, 28, 29, 31, 59, 60, 63) demonstrated high genetic similarity (GI > 0.7159, GD <
0.3342). Notably, germplasm 133 (P, trifasciata) and 138 (P. caerulea) showed distant genetic relationships with
the remaining 138 passion fruit accessions (GI <0.6841, GD > 0.4917). These findings indicate that these two
accessions possess unique genetic backgrounds within the tested population, exhibiting significant differentiation

from other germplasm and thus can be classified as distinctive germplasm resources.
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Fig. 8 Correlation plot showing Nei's genetic identity (above diagonal) and genetic distance (below diagonal) for

140 passion fruit accessions; raw pairwise values are listed in Supplementary Table S2

Cluster analysis of 140 passion fruit accessions

Using the Neighbor-Joining (NJ) method in MEGA11 software, a clustering dendrogram was constructed for the
140 passion fruit  accessions. Based on the clustering results, the tested germplasm could be divided into five
major groups (Fig. 9), the characteristics of which were closely associated with fruit type and genetic
background.
Group I comprised 46 yellow-fruited accessions, primarily P. edulis var. flavicarpa x P. edulis var.
flavicarpa hybrids from Jinjizhai and Wanyi. Notably, accession 30 (P. coccinea X P. edulis var. flavicarpa)
clustered here, indicating molecular affinity to yellow-fruited germplasm. Group II consisted predominantly of

yellow-fruited accessions, including commercial cultivars (89, 36, 40 et al) and numerous hybrids. Several



purple-fruited accessions (137 et al) also clustered here, suggesting genetic introgression or shared background
between fruit types. Group Il mainly contained purple-fruited accessions, such as102 and 136. However,
yellow-fruited accession 77 (P. edulis var. flavicarpa % P. edulis var. flavicarpa) grouped here, indicating genetic
proximity to purple types despite its yellow phenotype. Group IV comprised eight P. coccinea -related
accessions. Group V, though small, contained the most distinctive materials: five P. edulis accessions (8, 25, 80,
83, 108) and rare ornamental species (133 P. trifasciata, 138 P.caerulea), representing a valuable resource for

specialty cultivar development and germplasm conservation.

Fig.9 Cluster analysis of passion fruit based on SRAP markers

Note: 1~140:140 varieties of passion fruit ‘No.” (Table S1)

Discussion

SRAP molecular markers, with advantages such as simple operation, low cost, high polymorphism, and no
need for a reference genome (Li and Quiros 2001), have been widely used in the analysis of genetic diversity and

variety identification of fruit trees (Isik et al. 2026; Xuan et al. 2022). Passiflora edulis leaves are rich in



polysaccharides, polyphenols, and viscous substances, which can easily lead to poor DNA quality and thus affect
amplification efficiency (Lade et al. 2014). In this study, a combination of single-factor and orthogonal
experiments was used to optimize the key components of the SRAP-PCR system (Zhang et al. 2012; Gui et al.
2025). The results showed that in a 20 pL system, the optimal conditions were a primer concentration of 1.2
pmol/L, 9 uL of 2 x Taq Plus Master Mix II, and 15 ng of template DNA. This is consistent with the method of
Chen et al. (2025), who employed an orthogonal design to balance efficiency and accuracy, but differs from the
component concentrations used by Lin (2023) in SRAP analysis of Prunus salicina. These discrepancies may be
attributed to variations in genome complexity and GC content among different species, highlighting the necessity
of optimizing the reaction system for the target species. This combination effectively eliminated primer dimers
and non-specific amplification, obtaining clear and stable bands, providing reliable technical support for large-
scale analysis of Passiflora edulis germplasm resources.

Only primers with high polymorphism, clear bands, and good stability can accurately reflect the genetic
differences among the tested germplasms (Guo et al. 2023). Based on the amplification results, 21 out of 49
SRAP primer combinations were selected using the optimized PCR system in this study. These primers exhibited
favorable polymorphism and clear banding patterns, enabling effective differentiation among various passion
fruit germplasms.

Genetic diversity plays a crucial role in guiding the conservation, classification, and selection of elite
parents for germplasm resources (Chen et al. 2025). Unlike random markers such as RAPD (Wadood et al. 2026)
and ISSR (Li et al. 2026), SRAP markers target open reading frames (ORFs) and effectively reveal
polymorphisms arising from length variations in non-coding regions, including introns and promoters, thereby
exhibiting higher polymorphism (Li and Quiros 2001). For instance, Xia et al. (2020) analyzed 11 passion fruit
accessions using nine SRAP primers and obtained a polymorphism rate of 84.93%. Similarly, Yan et al. (2025)
detected a polymorphism rate of 95.55% in 77 grape accessions using 10 SRAP primer pairs. In the present
study, 21 selected SRAP primer pairs were used to amplify 140 passion fruit accessions, yielding a total of 345
clear and stable bands. Among these, 343 bands were polymorphic, corresponding to a polymorphism rate of
99.41%, with an average of 16.43 bands per primer pair. These results demonstrate that the selected SRAP
primers exhibit high polymorphism and exceptional efficiency in detecting genetic variation.

Genetic diversity parameters obtained from SRAP markers vary considerably among different crops. For
instance, Ma et al. (2024) analyzed 114 wild kiwifruit accessions using 13 SRAP primer pairs and reported mean

genetic diversity parameters (Ne = 1.452, H = 0.245, I = 0.439), indicating a moderately high level of genetic



diversity among wild kiwifruit germplasms. Similarly, Isik et al. (2026) investigated 85 alfalfa accessions with
10 SRAP primer pairs and obtained comparable values (Ne = 1.44, H=0.27, I = 0.42), suggesting a moderately
high genetic diversity level in the tested alfalfa germplasms. In contrast, Song et al. (2025) employed SRAP
markers to study 106 sugar beet accessions and reported Na = 1.7492, Ne = 1.4256, H=0.2614, and [ = 0.3772,
indicating a relatively low to moderate level of genetic diversity. However, the coefficients of variation for H
(22.54%) and 1 (26.09%) reported in their further analysis revealed substantial differentiation in genetic diversity
indices among accessions, suggesting that some germplasms may harbor unique genetic information. Genetic
diversity assessments of passion fruit also vary among different studies. Araponga et al. (2025) analyzed 125
sour passion fruit accessions from Brazil using ISSR markers and reported He ranging from 0.166 to 0.203 and I
ranging from 0.249 to 0.308, indicating a moderately low level of genetic diversity in the tested materials.
Morillo et al. (2024) employed eight SSR primers to examine 84 passion fruit genotypes and obtained higher
values (He = 0.43, I = 0.71). In contrast, Wu et al. (2024) detected even greater genetic diversity in 87 passion
fruit accessions using SSR markers (Na = 8.625, Ne = 3.100, He = 0.650, I = 1.41), suggesting that passion fruit
possesses a considerable genetic diversity foundation. SRAP-based analysis in this study revealed Na = 1.994,
Ne =1.4516, H=0.2727, and I = 0.4208, indicating that alleles at specific gene regions are largely intact and
conserved across most accessions. These findings further confirm the relatively high level of genetic diversity
present in passion fruit germplasm resources. Meanwhile, the coefficients of variation (CV) for the estimated
parameters were 0.93% (Na), 9.41% (Ne), 26.27% (H), and 22.57% (I). These findings reveal that despite
relatively conserved allele numbers across the tested accessions, uneven allele frequency distribution and
substantial heterogeneity in genetic diversity among loci are evident. Compared with similar studies, Olouch et
al. (2018) analyzed 22 Kenyan passion fruit accessions and reported I = 0.344, H = 0.233, and a polymorphism
rate of 65.5%. Xia Ling et al. (2020) examined 11 Passiflora germplasms from Sanya and obtained a
polymorphism rate of 84.93%. The present study detected higher genetic diversity (PPB=99.41%, [ = 0.4208, H
=0.2727) than those previously reported, indicating that cultivated passion fruit germplasms possess a rich
genetic foundation.

NJ cluster analysis based on SRAP markers grouped the passion fruit germplasm accessions into five
distinct clusters (Fig. 9). Cluster I consisted exclusively of yellow passion fruit, primarily comprising seedlings
and hybrids. Cluster IT was composed predominantly of yellow-fruited hybrids, along with a small number of
purple-fruited interspecific hybrids. Cluster I1I contained mostly purple passion fruit. Cluster IV consisted

entirely of accessions related to P. coccinea. Cluster V comprised seedlings of passion fruit with distinctive fruit



colors. This clustering pattern fully demonstrates the high resolution and effectiveness of SRAP markers in
assessing genetic diversity among passion fruit germplasms. Genetic similarity analysis further supported the
classification: the five P. edulis and seven P. coccinea accessions all showed low genetic distances. This

consistency with the NJ clustering results confirms the reliability of the inferred genetic relationships.

Conclusion

This study systematically characterized the genetic diversity of 140 Passiflora edulis accessions. A 98%
polymorphic band ratio and moderately high genetic diversity parameters (Nei’s H=0.27, Shannon’s I = 0.42)
confirm that passion fruit germplasm holds rich genetic variation. Distinctive accessions (e.g., No. 77, 133, 138)
identified via cluster analysis and coefficient of variation screening exhibit significant genetic divergence from
mainstream cultivars, qualifying them as core parents for expanding breeding genetic bases and developing
novel germplasm. These findings provide theoretical underpinnings and technical support for scientific

conservation, efficient utilization, and precision breeding passion fruit germplasm resources.
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