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Abstract: Breadfruit [Artocarpus altilis (Parkinson) Fosberg] is recognized as a tropical fruit tree 

crop with great potential to contribute to food and nutrition security in the Caribbean and other 

tropical regions. However, the genetic diversity and identification of germplasm in the Caribbean 

and elsewhere is not well understood and documented. This hampers the effective conservation 

and use of the genetic resources of the tree crop for commercial activities. This study assessed the 

genetic identity, diversity, ancestry, and phylogeny of breadfruit germplasm existing in Caribbean 

and recently introduced accessions using 117 SNPs from 10 SSR amplicon sequences. The results 

showed that there was high genetic diversity in the breadfruit germplasm in the Caribbean, as well 

as the newly introduced breadfruit accessions based on nucleotide diversity (𝜋்) and nucleotide 

polymorphism (𝜃ௐ). Furthermore, based on these measures of genetic diversity, there were no 

significant differences between existing Caribbean breadfruit accessions and newly introduced 

breadfruit accessions which are known to be highly diverse. Ancestry and phylogeny analysis 

corroborated the genetic relatedness of these two groups with accessions of these groups being 

present in both main germplasm clusters. This suggests that the existing Caribbean breadfruit 

germplasm harbors a higher level of genetic diversity than expected.  

Keywords: crop germplasm; genetic diversity; nucleotide diversity; nucleotide polymorphism; SSR 

markers; underutilized crop 

 

1. Introduction 

Breadfruit [Artocarpus altilis (Parkinson) Fosberg] belongs to the family Moraceae and was 

domesticated in Oceania where it has been a traditional staple in many of the Pacific islands [1]. 

Starting in the 16th century, small numbers of breadfruit cultivars were introduced worldwide 

because of their low maintenance requirement while being a nutritious food source [2–4]. It is 

currently cultivated in over 90 countries spread across the continents of Africa, Asia, Australia, North 

America, and South America [5].  Breadfruit is recognized as a tree crop with great potential to 

contribute to food and nutrition security and to alleviate hunger in many countries of these regions 

[6,7]. Hence, commercial breadfruit production systems are being encouraged. Yet, there is a paucity 

of reliable knowledge of the genetic diversity and cultivar identification of breadfruit in many of 

these countries which could compromise commercial breadfruit production activities. 

Traditionally, diversity studies in breadfruit have employed morphological traits which are time 

consuming and show environmental plasticity [8,9]. Furthermore, in breadfruit growing areas, it is 

common to find morphologically distinct cultivars having the same name or a single cultivar having 

multiple names in one or more locations [10,11]. These conditions make it difficult to rely only on 

morphological characterization to understand diversity and range of cultivars within the species. The 
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use of molecular or DNA markers has helped to simplify the estimation of plant genetic diversity in 

several species and offers increased reliability over morphological techniques [12]. In contrast to 

morphological techniques, DNA-based methods are independent of environmental factors and are 

usually highly polymorphic for each locus [13,14]. Several DNA marker techniques are available and 

are important tools for diversity studies in plant germplasm and some have been applied to 

breadfruit. Analysis of Restriction Fragment Length Polymorphism) (RFLP) in chloroplast DNA 

(cpDNA) of breadfruit, jackfruit, and nine related species showed 30 mutation sites on eight 

endonucleases while 12 other nucleases were monomorphic but was unable to distinguish among 

four breadfruit genotypes [15]. Zerega, Ragone and Motley [1] confirmed the close relationship 

between A. altilis with A. camansi, and A. altilis with A. mariannensis as well as showed that all three 

species had a monophyletic lineage using sequence data from both plastid (trnL intron and trnL-F 

spacer) and nuclear (internal transcribed spacers 1 and 2, ITS) genome sequences. Furthermore, 

Amplified fragment Length Polymorphism (AFLP) analyses revealed that not only were A. camansi 

and A. mariannensis breadfruit’s closest relatives, but they were progenitor species [16]. AFLP 

markers analyses also revealed a high degree of genetic variation among six breadfruit populations 

in the Western Ghats of India [17]. Witherup, et al. [18], isolated 25 nuclear microsatellite loci from 

enriched genomic libraries of breadfruit which were all polymorphic in at least four Artocarpus 

species. Zerega, et al. [19] used 19 of the 25 markers developed by Witherup, Ragone, Wiesner-Hanks, 

Irish, Scheffler, Simpson, Zee, Zuberi and Zerega [18] and characterized the diversity among 349 

individual trees which included three Artocarpus species. Fifteen chloroplast microsatellite loci were 

also identified in chloroplast sequences from four Artocarpus transcriptome assemblies [20]. The use 

of nuclear and microsatellite markers to examine 423 individuals of breadfruit from Oceania, the 

Caribbean, India, and Seychelles revealed that there was a range in the level of genetic diversity 

across region and the diversity in some areas were greater than expected [21]. A further 50 new 

microsatellite loci were characterized in Artocarpus altilis (Moraceae) and two congeners to increase 

the number of available markers for genotyping breadfruit cultivars using next generation 

sequencing [22]. Next generation sequencing (NGS) was also used along with phylogenetic 

reconstruction of breadfruit lineage to attempt a match of breadfruit cultivars in the Caribbean with 

existing Polynesian types [23]. 

The studies using SSR markers relied on detection of variation in SSRs based on scoring SSR 

alleles as the length polymorphisms with differences in amplicon size taken to represent differences 

in the repeat number in the SSR [18–22]. However, the amplicon size also includes the length of the 

flanking regions which may contain additional information such as SNP and insertion/deletions [24]. 

Therefore, substantial polymorphic data is neglected when SSR are described through amplicon size 

alone, and this type of result is prone to size homoplasy [25]. Furthermore, Barthe, Gugerli, Barkley, 

Maggia, Cardi and Scotti [24],  reported higher levels of genetic diversity for amplicon sequence 

variation than for amplicon size variation. Additionally, the use of marker sequences offers the 

opportunity to analyze evolutionary events based on the presence of mutations and the rate at which 

they occur within the sequence [24]. Therefore, the objectives of this study were to assess the genetic 

diversity of breadfruit germplasm using SSR amplicon sequences and to investigate the genetic 

relatedness and structure of the existing Caribbean accessions (ECA) and newly introduced 

accessions (NIA) of breadfruit germplasm. 

2. Materials and Methods 

2.1. Plant materials  

Multiple samples from multiples leaves were collected from 153 individual trees by placing in 

separate labelled plastic zipper bags containing silica gel at a ratio of 10 parts silica gel to 1 part leaf 

sample. The bagged samples were stored in iceboxes and transported to the laboratory at The 

University of the West Indies, St. Augustine, Trinidad. These samples were collected in Jamaica (25 

samples), Trinidad and Tobago (21 samples), St. Vincent and the Grenadines (19 samples), and St. 

Kitts and Nevis (2 samples) (Table 1). The remaining samples came from the University Field Station 
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(UFS) breadfruit gene bank (Table 1). Ninety-five samples were finally selected and included one 

breadnut (A. camansi; chataigne), 92 A. altilis and two A. altilis × A. mariannensis hybrids (Table 1).  

Table 1. Accession data for breadfruit (Artocarpus altilis), breadfruit hybrid (A. altilis x A. 

mariannensis) and breadnut (A. camansi) samples used in study. 

No. Sample ID Cultivar name Taxon Ploidy 

Sample 

collection 

site 

Accession 

grouping 

1 12A Huehue Aa 3n UFS NIA 

2 13A Hope Marble Aa 3n UFS ECA 

3 15A Ulu’ea Aa 2n UFS NIA 

4 18A Meitehid Aa 3n UFS NIA 

5 19A White Aa 3n UFS ECA 

6 1A Yellow Aa 3n UFS ECA 

7 41A Macca Aa 3n UFS ECA 

8 42B Yellow Heart  Aa 3n UFS ECA 

9 43B Yellow Heart  Aa 3n UFS ECA 

10 44A Aveloloa Aa 3n UFS NIA 

11 45A Creole  Aa 3n UFS ECA 

12 47A White Aa 3n UFS ECA 

13 48B White Aa 3n UFS ECA 

14 49B White Aa 3n UFS ECA 

15 50B Porohiti Aa 3n UFS NIA 

16 51A Porohiti Aa 3n UFS NIA 

17 522B Captain Bligh Aa 3n SVG ECA 

18 523B Unknown 1 Aa 3n SVG ECA 

19 524A Creole Aa 3n SVG ECA 

20 52B Toneno Aa 3n UFS NIA 

21 532B Sally Young Aa 3n SVG ECA 

22 534A White Aa 3n SVG ECA 

23 537A Hog Pen Aa 3n SVG ECA 

24 539B Dessert Aa 3n SVG ECA 

25 53B Roiha’a Aa 3n UFS NIA 

26 544B Kashee Bread Aa 3n SVG ECA 

27 545A Hope Marble Aa 3n SVG ECA 

28 546A Lawyer Caine Aa 3n SVG ECA 

29 548A Dessert Aa 3n SVG ECA 

30 54A Tapeha’a Aa 3n UFS NIA 

31 552B Sally Young Aa 3n SVG ECA 

32 553A White Aa 3n SVG ECA 

33 555B Waterloo/Cotton Aa 3n SVG ECA 

34 556A Soursop Aa 3n SVG ECA 

35 558A Liberal Aa 3n SVG ECA 

36 559A Yellow Heart Aa 3n JAM ECA 
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37 55A Piipiia Aa x Am 3n UFS NIA 

38 561A Timor Aa 3n JAM ECA 

38 562B Yellow Heart Aa 3n JAM ECA 

40 563A Couscous Aa 3n JAM ECA 

41 565A Timor Aa 3n JAM ECA 

42 567B Yellow Heart Aa 3n JAM ECA 

43 569B Yellow Heart Aa 3n JAM ECA 

44 56A Meinpadahk Aa x Am 3n UFS NIA 

45 571A Timor Aa 3n JAM ECA 

46 572A Couscous Aa 3n JAM ECA 

47 573B White Heart Aa 3n JAM ECA 

48 574B Macca Aa 3n JAM ECA 

49 575B Brambram Aa 3n JAM ECA 

50 57B Momolega Aa 2n UFS NIA 

51 581B Yellow Heart Aa 3n JAM ECA 

52 58B Unknown 2 Aa 3n UFS NIA 

53 590A White Heart Aa 3n JAM ECA 

54 591A Monkey Breadfruit Aa 3n JAM ECA 

55 592A Monkey Breadfruit Aa 3n JAM ECA 

56 596A Banjam Aa 3n JAM ECA 

57 59A Pua’a Aa 3n UFS NIA 

58 5B Meitehid Aa 3n UFS NIA 

59 601A Portland Breadfruit Aa 3n JAM ECA 

60 602A Man Bread Aa 3n JAM ECA 

61 603A Ma’afala Aa 2n JAM NIA 

62 60A Unidentified Aa - UFS - 

63 61B Mahani Aa 3n UFS NIA 

64 62A Afara Aa 3n UFS NIA 

65 63B Fafai Aa 3n UFS NIA 

66 64B Yellow Aa 3n UFS NIA 

67 65B Otea Aa 3n UFS NIA 

68 66B Puou Aa 2n UFS NIA 

69 69A Chataigne Ac 2n UFS ECA 

70 730A Masunwa Aa 2n TRI NIA 

71 731A Ma’afala Aa 2n TRI NIA 

72 741B Yellow Aa 3n TRI ECA 

73 742A Ma’afala Aa 2n TRI NIA 

74 743A White Aa 3n TRI ECA 

75 764C Unknown 3 Aa 3n SKN ECA 

76 780C Unknown 4 Aa 3n SKN ECA 

77 782A Unknown 5 Aa 3n TOB ECA 

78 783B Butter Breadfruit Aa 3n TOB ECA 

79 788B Choufchouf Aa 3n TOB ECA 
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80 790C Unidentified Aa 3n TOB ECA 

81 798A Ma’afala Aa 2n TRI NIA 

82 7A Timor Aa 3n UFS ECA 

83 800 B White Aa 3n TOB ECA 

84 805 A Pu’upu’u Aa 3n TOB NIA 

85 806 A Meitehid Aa 3n TOB ECA 

86 808 A Timor Aa 3n TOB ECA 

87 821 B White Aa 3n TOB ECA 

88 827 B Ma’afala Aa 2n TOB ECA 

89 828 A Local Yellow Aa 2n TOB ECA 

90 833A Local Yellow Aa 3n TRI ECA 

91 835A Ma’afala Aa 2n TRI NIA 

92 9B Cassava Aa 3n UFS ECA 

93 BF12 Unknown 6 Aa - UFS NIA 

94 NO.17 B Pu’upu’u Aa 3n UFS NIA 

95 SV4A Cocobread Aa 3n UFS ECA 

Taxon (Aa = Artocarpus altilis; Ac = Artocarpus camansis; Am = Artocarpus mariannensis. Ploidy (3n = 

Triploid; 2n = diploid; - = unknown). Collection site (UFS = The University of the west Indies Field 

Station Gene Bank; TRI = Trinidad; TOB = Tobago; JAM = Jamaica; SVG = St. Vincent and the 

Grenadines; SKN = St. Kitts and Nevis). Accession grouping (ECA = Existing Caribbean Breadfruit 

Accessions; NIA = Newly Introduced Breadfruit Accessions). 

2.2. DNA isolation and purification 

Total genomic DNA was extracted from the leaf tissues following the Wizard® Genomic DNA 

Purification Kit following the manufacturer’s recommended protocol (Promega Corporation, WI, 

USA). Approximately 0.4 g of leaf tissues were ground in liquid nitrogen using mortar and pestle. 

The ground tissues were transferred to a 1.5 mL microcentrifuge tube, treated with 600 µL of nuclei 

lysis solution and incubated at 65°C for 15 minutes. Samples were retrieved and 3 µL of RNase 

solution (4mg/mL) was added to each sample, mixed by inversion, and incubated for 37°C for 15 

minutes. The samples were then cooled at ambient room temperature for 5 minutes, treated with 200 

µL of protein precipitation solution, vortexed and then centrifuged at 13,000×g for three minutes. The 

supernatant of each sample was pipette-transferred to a clean labelled microcentrifuge tube 

containing 600 µL of room temperature isopropanol, mixed by inversion and then centrifuged at 

13,000 ×g for one minute. The supernatant was decanted, 600 µL of room temperature 70% ethanol 

added to each sample. The samples were mixed by inversion and centrifuged at 13,000 rpm for one 

minute. The ethanol was then aspirated, and the DNA pellet allowed to air dry at ambient 

temperature for 15 minutes after which 100 µL of DNA rehydration solution was added. Immediately 

after rehydration, DNA concentration and quality of samples were measured and evaluated using a 

Nanodrop spectrophotometer 2000.  All DNA samples were diluted using DNA rehydration 

solution to 25 ng/µL and stored at -80°C until use. 

2.3. PCR amplification and sequencing 

Polymerase chain reaction was performed in 50 µL reaction volume containing 25 µL PCR 

master mix (Promega Corporation), 0.5 µL CXR dye, 2 µL of 10 µM forward primer, 2 µL of 10 µM 

reverse primer, 12 µL sample DNA (25 ng/µL) and 8.5 µL sterile distilled water. Twenty-three 

primers (Witherup et al. 2013) synthesized by Integrated DNA Technologies (Integrated DNA 

Technologies, IA, USA) were screened. The PCR reactions were performed in a 96-well microtiter 

plate using an Applied Biosystem 7300 Real-Time PCR System (Thermo Fisher Scientific Corporation, 
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MA, USA).   After initial screening of 23 primers, Ten SSR markers with sequences previously 

described by Witherup, Ragone et al. (2013) were selected for further use (Table 2). 

PCR reaction was optimized and carried out under the following conditions: initial denaturation 

95oC for 15 min; 40 cycles of 94oC for 30 s, 55oC for 90 s and 72oC for 60 s; and a final extension of 

60oC for 30 min. Amplification was confirmed by electrophoresis in a 1.5% agarose gel, followed by 

staining with ethidium bromide then visualized under UV light.  

Ninety-five of the initial 153 collected samples were selected for sequencing. This selection was 

based on the quality of amplicons produced over all ten primer pairs and a deliberate attempt to 

represent as many cultivar names and regions as possible. Amplified amplicons were sent to 

Macrogen Inc. (South Korea) for sequencing using the Sanger method. 

Table 2. Characteristics of microsatellite loci used to amplify breadfruit (Artocarpus altilis), breadfruit 

hybrid (A. altilis x A. mariannensis) and breadnut (A. camansi) samples used in study. 

Locus Primer sequence (5’--3’) Repeat Motifa 

MAA40 F: AGCATTTCAGGTTGGTGAC  

R: TTGTTCTGTTTGCCTCATC 

(TG)16 

MAA54a F: AACCTCCAAACACTAGGACAAC  

R: AGCTACTTCCAAAACGTGACA 

(CA)5,(AT)4 

MAA71 F: TTCCTATTTCTTGCAGATTCTC  

R: AGTGGTGGTAAGATTCAAAGTG 

(CT)11(CA)19 

MAA85 F: TCAGGGTGTAGCGAAGACA  

R: AGGGCTCCTTTGATGGAA 

(CA)11 

MAA96 F: GGACCTCAAGGATGTGATCTC  

R: ACACGGTCTTCTTTGGATAGC 

(CA)14(TA)7(TG)3(GT) 

MAA140 F: CCATCCCCCATCTTTCCT  

R: TCCTCGTTTGCCACAGTG 

(CT)25 

*MAA178a F: GATGGAGACACTTTGAACTAGC  

R: CACCAGGGTTTAAGATGAAAC 

(GT)3,(GT)6,(GT)3,(GA)3,(GA)10 

*MAA178b F: GATGGAGACACTTTGAACTAGC  

R: CACCAGGGTTTAAGATGAAAC 

(GT)3,(GT)3,(GA)3,(GA)11 

MAA182 F: TACTGGGTCTGAAAAGATGTCT  

R: CGTTTGCGTTTGGATAAAT 

(CT)19 

MAA251 F: ATCGTCTTTGTCACCACCAC  

R: ATAGCCGAGTAACTGGATGGA 

(ATC)10 

a Commas indicate the presence of nonrepeating nucleotides between repeats. * Primers amplified 

two separate loci. Source: Witherup, Ragone, Wiesner-Hanks, Irish, Scheffler, Simpson, Zee, Zuberi 

and Zerega [18]. 

2.4. Data and statistical analysis  

2.4.1. Sequence editing and alignment 

Base calling, sequence editing, trimming and multiple sequence alignment were accomplished 

using Geneious version 9.1.3 [26]. 

2.4.2. Polymorphism and diversity analysis 

The level of genetic variation at the nucleotide level assessed as nucleotide diversity (𝜋) and 

nucleotide polymorphism (𝜃ௐ) as well as haplotype diversity (h), number of segregating sites (S), 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 February 2024                   doi:10.20944/preprints202402.0103.v1

https://doi.org/10.20944/preprints202402.0103.v1


 7 

 

Tajima’s D test, and the minimum number of recombination events (Rm)  were calculated for each 

locus using the software package DnaSP 5 [27]. This software was also used to estimate the extent of 

geographic structure at individual loci among the breadfruit samples using Snm method of [28] as well 

as estimate of population subdivision (FST) between the ECA and NIA germplasm groups. 

2.4.3. Linkage Disequilibrium 

The decay of linkage disequilibrium (LD) between parsimony informative sites within loci was 

estimated as r2 using DnaSP 5 following the methods of Remington, et al. [29]. 

2.4.4. Population structure and phylogenetic analysis 

SequenceMatrix (Vaidya, Lohman, and Meier 2011, 171-180) was used to concatenate all the 

sequences for each of the 95 accessions. The population structure was evaluated with the software 

BAPS: Bayesian Analysis of Population Structure [30,31] using an admixture model with no linkage. 

A phylogeny of the combined sequences was then constructed using the Neighbor Joining algorithm 

of PAUP Ver. 4.0b10 with bootstrap of 1000 iterations [32]. 

3. Results 

3.1. Sequence analysis 

Amplicons from 10 SSR loci were sequenced in each of 94 breadfruit samples and one breadnut 

sample. Sequence length varied from 150 to 370 bp and included indels. A total of 2,560 bps of 

sequences were aligned over the 10 loci per individual sample and close to 240,640 bps of sequence 

data were generated for all 95 samples. Across samples, indel polymorphism varied from 0 to 22 with 

a total of 89 indel polymorphisms in the dataset.  

There were 486 single nucleotide polymorphisms (SNPs) (one SNP per 5.3 bp) in the complete 

dataset, of which 403 were parsimony informative sites, and 83 were singletons (Table 3). When 

considered separately, ECA harboured 560 SNPs (one SNP per 4.6 bp) including 433 parsimony 

informative sites and 117 singletons whereas NIA harboured 649 SNP (one SNP per 3.9 bp) including 

447 parsimony informative sites and 202 singletons (Table 3). 

Nucleotide diversity (𝜋்) for the dataset varied among the 10 loci from 0 to 0.269 (mean = 0.159) 

and nucleotide polymorphism (𝜃ௐ) ranged from 0 to 0.355 (mean = 0.279) (Table 3). The average 

nucleotide diversity (𝜋்) of the 10 loci was slightly lower among ECA compared to NIA (𝜋் = 0.197 

vs 0.209). However, the overall mean nucleotide polymorphism (𝜃ௐ) was slightly higher for ECA 

compared to NIA (𝜃ௐ = 0.312 vs 0.297) (Table 3). Furthermore, comparing ECA and NIA subsamples 

revealed no significant difference in  𝜋் (p>0.690) and 𝜃ௐ (p>0.545). 

In terms of allele frequency distribution among the full dataset, Tajima’s D value was 

significantly negative only at locus MAA140 (Table 3). When ECA and NIA were considered 

separately, the ECA accounted for higher Tajima’s D value in loci MAA54A, MAA71, MAA85, 

MAA178B and MAA251 whereas NIA showed higher values for loci MAA40, MAA96, MAA140, 

MAA178A and MAA182 (Table 3). Positive Tajima’s D values were observed for 10% of loci in the 

ECA subset and 30% of loci in the NIA subset. 

Table 3. Summary statistics of nucleotide variability for existing Caribbean breadfruit accessions 

(ECA) and newly introduced breadfruit accessions (NIA). 

Microsatellit

e locus 

Grou

p 

SNP 

(Parsimon

y 

informativ

e) 

Nucleotid

e diversity 

(𝜋்) 

Nucleotide 

polymorphis

m (𝜃ௐ) 

Tajima’

s D test 

Fu’s F 

test 

Harpendi

ng index 

MAA40 Total 40 (9) 0.334 0.16 -1.709 -2.338 0.004 
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ECA 50 (7) 0.323 0.204 -1.269 -1.266 0.002 

NIA 61 (22) 0.349 0.182 -1.181 -2.285 0.004 

MAA54A Total 50 (7) 0.328 0.154 -0.536 -2.468 0.046 

ECA 51 (8) 0.338 0.171 -0.398 -2.518 0.032 

NIA 56 (30) 0.193 0.1 -2.069 -2.609 0.065 

MAA71 Total 46 (8) 0.276 0.141 -0.643 -2.815 0.010 

ECA 70 (13) 0.34 0.239 0.911 -1.432 0.002 

NIA 37 (19) 0.185 0.108 -1.29 -2.221 0.021 

MAA85 Total 55 (1) 0.303 0.253 1.48 -0.451 0.001 

ECA 60 (3) 0.286 0.251 -0.426 -0.329 0.002 

NIA 72 (9) 0.325 0.297 1.479 0.303 0.004 

MAA96 Total 66 (13) 0.305 0.171 0.021 -1.969 0.002 

ECA 71 (17) 0.297 0.163 -1.567 -1.491 0.003 

NIA 90 (27) 0.324 0.209 0.172 -1.693 0.005 

MAA140 Total 25 (10) 0.301 0.087 -2.236 -3.685 0.019 

ECA 33 (23) 0.302 0.096 -2.287 -4.752 0.030 

NIA 54 (27) 0.304 0.154 -1.853 -2.598 0.014 

MAA178A Total 57 (12) 0.33 0.181 -1.498 -1.545 0.003 

ECA 62 (12) 0.337 0.202 -1.392 -1.502 0.003 

NIA 63 (17) 0.28 0.192 -1.182 -1.396 0.007 

MAA178B Total 83 (18) 0.259 0.176 -1.081 -1.874 0.001 

ECA 86 (26) 0.23 0.167 -0.953 -1.798 0.002 

NIA 106 (36) 0.277 0.206 -0.978 -1.715 0.004 

MAA182 Total 0 (0) 0 0 0 0  ND 

ECA 10 (0) 0.383 0.247 -1.084 0.167 0.082 

NIA 39 (1) 0.333 0.348 0.164 0.075 0.006 

MAA251 Total 64 (50 0.355 0.269 -0.805 -1.356 0.001 

ECA 67 (8) 0.284 0.233 -0.625 -0.974 0.001 

NAC 71 (14) 0.397 0.3 -0.927 -1.222 0.004 

Average Total 48.6 (8.3) 0.159 0.279 -0.701 -1.850 0.010 

ECA 56 (11.7) 0.197 0.312 -0.909 -1.590 0.016 

NIA 64.9 (20.2) 0.210 0.297 -0.767 -1.536 0.013 

3.2. Identity analysis  

A total of 48 named cultivars names and eight unidentified samples were recorded for the 94 

breadfruit samples. Total haplotype number and haplotype diversity varied among loci and between 

the ECA and NIA germplasm groups. Among the total dataset of 94 breadfruit accessions, haplotype 

number ranged from 29 to 93 (Table 4). Loci MAA140 and MAA178B provided the lowest and highest 

number of haplotypes respectively (Table 4). Among the 62 ECA, the mean number of haplotypes 

detected was 50.30 (SE ± 15.27) which ranged from 28 for loci MAA182 and MAA54A to 62 for loci 

MAA71 and MAA178B (Table 4). The 32 samples from the newly introduced accession group had a 

mean number of haplotypes 27.9 (SE ± 6.57) which ranged from 13 for locus MAA54A to 32 for loci 

MAA85, MAA178A, MAA178B and MAA251 (Table 5). Mean haplotype diversity was similar for 

both accession groups but slightly higher among the NIA (Table 5). 
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Linkage disequilibrium patterns were evaluated in terms of frequency distribution and rates of 

decay. Results of patterns of LD analyses are presented in Table 4 and Figure 1. Among 95 accessions, 

there were 117 polymorphic sites with 6876 pairwise comparison, of which 475 were significant 

(p<0.01) by Fisher’s exact test after Bonferroni corrections. When separated into their respective 

accession groups, 157 polymorphic sites were analyzed for ECA, which gave 12, 246 pairwise 

comparison of which 876 were significant (p<0.01) by Fisher’s exact test after Bonferroni corrections. 

On the other hand, 211 polymorphic sites were analyzed for NIA which gave 22,155 pairwise 

comparisons of which 927 were significant (p<0.01) based on Fisher’s exact test after Bonferroni 

corrections. In general, pairwise sites of low association value (r2) ~ 0.1 and separated by a short 

distance were in high percentages and common to both accession groups (Figure 1). 

Table 4. Summary of observed number of unique haplotypes (h) within the existing Caribbean and 

newly introduced breadfruit accessions as well as estimates of the minimum number of 

recombination events (RM), Hudson’s (2001) estimate of population recombination (ρ) and Wall’s B 

statistic. 

Loci 
Accession 

Group 

No. of 

haplotype 
h RM ρ Walls’B 

MAA40 ECA 58 0.996 ± 0.004 10 0.225 0.000 

NIA 31 0.998 ± 0.008 7 0.404 0.000 

MAA54A ECA 28 0.836 ± 0.039 7 0.623 0.000 

NIA 13 0.843 ± 0.043 5 1.196 0.000 

MAA71 ECA 62 1.000 ± 0.003 9 0.164 0.125 

NIA 20 0.950 ± 0.024 8 0.559 0.071 

MAA85 ECA 61 0.999 ± 0.003 17 0.129 0.000 

NIA 32 1.000 ± 0.008 23 0.138 0.024 

MAA96 ECA 56 0.992 ± 0.007 10 0.458 0.129 

NIA 31 0.998 ± 0.008 11 0.286 0.075 

MAA140 ECA 29 0.914 ± 0.024 1 1.173 0.375 

NIA 25 0.956 ± 0.029 5 0.534 0.207 

MAA178A ECA 59 0.998 ± 0.003 7 0.343 0.174 

NIA 32 1.000  ± 0.008 13 0.172 0.091 

MAA178B ECA 62 1.000 ± 0.003 17 0.241 0.125 

NIA 32 1.000  ± 0.008 16 0.154 0.127 

MAA182 ECA 28 0.955 ± 0.011 1 0.171 0.000 

NIA 31 0.998 ± 0.008 15 0.087 0.044 

MAA251 ECA 60 0.999 ± 0.003 15 0.332 0.000 

NIA 32 1.000 ± 0.008 8 0.156 0.044 

Average ( 
ECA 

50.3 ± 

15.268 
0.969 ± 0.055 

9.400 ± 

5.778 

0.386 ± 

0.315 

0.093 ± 

0.121 

NIA 
27.900 ± 

6.574 
0.974 ± 0.050 

11.100 ± 

5.724 

0.369 ± 

0.336 

0.068 ± 

0.063 

Table 5. Estimate of FST and test of genetic differentiation in existing Caribbean and newly introduced 

breadfruit accessions. 

Locus All Accessions (n = 94) 
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FSTa Snnb 

MAA40 -0.0002 0.6084 

MAA54A 0.0105 0.5533 

MAA71 0.0147 0.6008 

MAA85 0.0178 0.7018*** 

MAA96 0.0332 0.6939*** 

MAA140 0.0513 0.6024** 

MAA178A 0.0035 0.5829 

MAA178B 0.0358 0.7128** 

MAA182 - - 

MAA251 0.1095 0.6720** 

Average (n=9) 0.0306 0.6365 

Significant at **p<0.01, ***p<0.001. a Wright’s fixation index [33]. b Statistical test of genetic 

differentiation [28]. 

 

Figure 1. Plots of Linkage disequilibrium (LD) against physical separation distance of existing 

Caribbean breadfruit accessions (ECA) and newly introduced breadfruit accessions (NIA). 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 February 2024                   doi:10.20944/preprints202402.0103.v1

https://doi.org/10.20944/preprints202402.0103.v1


 11 

 

3.3. Population recombination 

Estimates of the population recombination parameter (ρ) based on Hudson (1987) ranged from 

0.129 to 1.173 (0.386 ± 0.315) in ECA and 0.087  to 1.196 (0.369 ± 0.336) in NIA. Similarly, the minimum 

number of recombination events ranged from 1 to 17 (9.400 ± 5.778) in ECA and 5 to 23 in NIA (11.100 

± 5.724) and Wall’s B ranged from 0 to 0.375 (0.093 ± 0.121) in ECA and 0 to 0.207 (0.068 ± 0.063) in 

NIA. There were no significant differences (p>0.05) between the two groups for population 

recombination rates based on these three statistical tests. 

3.4. Population structure and demographic analysis 

The extent of geographic structure was estimated for ECA and NIA. FST-values were obtained 

for nine of the ten loci used. Among the nine loci, FST varied between -0.0002 (MAA40) and 0.01095 

(MAA251) with an overall mean of 0.0306 and revealed only slight differentiation among the two 

accession groups (Table 5). Significant (p< 0.05) values of Snn were detected in five loci (Table 5). 

Thus, at least 50% of loci demonstrated significant geographic structure. However, inspection of 

Bayesian clustering implemented by BAPS (Figure 2) and Neighbor-Joining tree (Figure 3), did not 

show any distinction based on the assigned accession groups. Nevertheless, in both figures, two 

distinct clusters were formed among the accessions. They were classified as Cluster I which contained 

67 breadfruit accessions (66% of all accessions) and Cluster II which contained 27 breadfruit 

accessions and the lone A. camansi accession (27.8% of all accessions). Cluster I was comprised of 

79% ECA and 21% NIA while cluster II comprised 66.7% NIA and 33.3% ECA. Cluster I contained 

only triploid accessions which bore smooth or sandpapery skinned fruit.   Cluster II comprised all 

diploid (fertile and sterile) and all hybrids (A. altilis x A. mariannensis) accession. However, cluster II 

also comprised rough-skinned triploids accessions. 

Not all individuals with the same cultivar names (Table 1) shared the same cluster or sub-

clusters (Figures 2 and 3). Most of the individuals of Cluster I did not form any sub-cluster. However, 

there were a few exceptions.   A sub-cluster of eight individuals was formed with the newly 

introduced cultivar ‘Roiha’a’ and one unknown cultivar from the group of existing Caribbean 

accessions. Other individuals in this sub-cluster included two samples of the cultivar ‘Timor’, two 

samples of the cultivar ‘Yellow’ (one from Jamaica and one from Trinidad), two samples of the 

cultivar ‘White’ (one from Jamaica and one from Trinidad) and one ‘Captain Bligh’ from St. Vincent. 

Most ECA with rough skin were grouped along with two newly introduced accessions, 

‘Pu’upu’u’ and one unknown sample. ‘Pu’upu’u’ is a NIA which is a triploid rough-skinned cultivar. 

The ECA in this sub-cluster were ‘Soursop’ and ‘Waterloo/Cotton’ from St. Vincent, ‘Macca,' 

‘Couscous,' ‘Manbread,’ ‘Brambram’ and ‘Monkey Breadfruit’ from Jamaica (Figure 3). Both 

‘Choufchouf’ and ‘Kashee’ which were both rough-skinned cultivars collected in Tobago and St. 

Vincent respectively were unexpectedly not included in this cluster (Figure 3). The UFS accession 

‘Macca’ was also not included in this cluster but instead was grouped with smoothed skinned triploid 

cultivars. 

Four of five ‘Ma’afala’ samples were grouped together. The fifth sample was grouped with a 

sample called ‘Masunwa.’ Sample 58B, which is an unidentified diploid Pacific cultivar formed a sub-

cluster with the lone A. camansi sample. The two hybrids ‘Mienpadahk’ and ‘Piipiia’ were clustered 

together. The newly introduced diploid cultivars ‘Uluea’ and ‘Puou’ grouped together (Figures 2 and 

3). 
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Figure 2. Clustering of 94 breadfruit samples and one breadnut sample. 

 

Figure 3. Neighbour joining tree of 94 breadfruit samples and one breadnut sample. 

4. Discussion 

This study aimed to assess the level of genetic diversity of breadfruit at the molecular level and 

compare the diversity of existing Caribbean accessions (ECA) with newly introduced accessions 

(NIA) using SSR sequence. Based on sequence data, there was no significant difference between ECA 
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and NIA, although the NIA had a slightly higher overall mean nucleotide diversity (𝝅𝑻) ) and the 

group of ECA had a slightly higher mean nucleotide polymorphism (𝜽𝑾) (Table 3). The overall 

means for both nucleotide diversity and nucleotide polymorphism indicated a moderate but 

substantial genetic diversity for breadfruit in this study, but although there was considerable locus 

to locus variation among the 10 loci evaluated, there was no significant difference in the level of 

genetic variation between the two accession groups. This lack of significant differences in genetic 

diversity among the two accession groups was surprising given the fact that the group consisting of 

NIA included triploids, fertile diploids and hybrid accessions and showed greater morphological 

variations compared to the ECA which consisted on only triploids [8,21]. However, it is important to 

note that both accession groups were originally collected in the same sub-region of the Pacific 

although collected at widely different times and this could be a factor in the similarity observed in 

genetic diversity. In the first successful introduction of breadfruit to the Caribbean in 1793, all except 

one cultivar were collected in Tahiti, in Eastern Polynesia [34]. Many of the newly introduced 

accessions used in this study were also collected in Eastern Polynesia and maintained at the National 

Tropical Botanical Gardens (NTBG) in Hawaii from where they were collected and brought to the 

Caribbean [35,36].  

Breadfruit showed higher genetic diversity than estimates for the outcrossing tropical tree 

species, avocado (Persea americana Mill) (𝜽𝑾 = 0.007, 𝝅𝑻 = 0.0066) [37], and the highly outcrossed tree 

species Populus tremula (𝝅𝑻 =  0.0111) [38]. This higher level of genetic diversity for breadfruit 

compared with outcrossing species Persea americana and Populus tremula was unexpected, especially 

for existing Caribbean breadfruit accessions which are propagated using vegetative means due to 

triploidy [21,39]. However, it is not unusual to find high levels of genetic diversity in triploid 

genotypes which are vegetatively propagated. For example, within the genus Musa, triploid 

commercial cultivars, which are always propagated by vegetative means, showed higher levels of 

expected heterozygosity than wild diploid and improved hybrid diploid cultivars [40]. 

This is the first study that examined the genetic diversity of breadfruit based on the pattern of 

nucleotide diversity and nucleotide polymorphism using SSR amplicon sequence data. Nucleotide 

diversity is comparable to heterozygosity [41,42]. In a study on genetic diversity of breadfruit in 

different regions of the world, Caribbean accessions showed the highest level of expected 

heterozygosity (He) (0.729) compared with those from East Polynesia (0.582), West Polynesia (0.659), 

Micronesia (0.684), Melanesia (0.686) and non-Oceania (0.677) [21]. The unexpected highest He in 

Caribbean breadfruit germplasm was attributed to the small sample size (n = 5) in the Caribbean [21]. 

The high level of expected heterozygosity obtained in that study was also higher than nucleotide 

diversity and nucleotide polymorphism reported in the present study which used a much larger 

sample size of 65 existing Caribbean accessions. However, both studies suggest a higher-than-

expected level of genetic diversity in existing Caribbean breadfruit accessions. Zerega, Wiesner-

Hanks, Ragone, Irish, Scheffler, Simpson and Zee [19] posits that a possible explanation for the high 

level of genetic diversity in triploid breadfruit was that the original triploid cultivars may have 

resulted from the capturing of a wide diversity which became fixed and passed from generation to 

generation without genetic recombination. To further support this view, it has been shown that 

although most triploid breadfruit cultivars from Polynesia were derived solely from A. camansi, a 

significant number of cultivars also contained A. mariannensis specific markers which would likely 

have contributed to an increase in overall genetic diversity of that sub-region [1]. 

Linkage disequilibrium is characterized as the nonrandom association of alleles at different loci 

and can be affected by most of the processes observed in population genetics, including mating 

pattern, frequency of recombination, and population history [43,44] Triploid and sterile breadfruit 

cultivars are propagated only by asexual methods such as cuttings and layering while fertile diploids 

can reproduce sexually. The latter is expected to have an impact on the effective rate of recombination 

in populations where fertile diploid cultivars occur naturally [45]. Furthermore, breadfruit is an 

outcrossing species and hybridizes with A. mariannensis which would support higher rates of 

recombination in populations or groups with fertile diploids compared to populations or groups 

having only triploids or sterile diploids [46,47]. For this reason, linkage disequilibrium, which is 
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rarely used as a measure of genetic diversity in studies of asexually propagated species, was assessed 

in this study in which the group of newly introduced accessions had four diploids and two hybrid 

samples (A. altilis x A. mariannensis) samples. The results showed no significant differences in the 

recombination events, using Hudson [48] recombination parameter and Wall’s B statistics between 

the two accession groups evaluated. Furthermore, the r2 was low, and the rate of decline in linkage 

disequilibrium was negligible in both accession groups. This result could also be a consequence of 

the A. mariannensis specific marker in existing Caribbean breadfruit accessions. In other outcrossing 

species such as sunflower (Helianthus annus), Liu and Burke [49] reported extremely rapid decay of 

linkage disequilibrium to negligible levels at short distances. In contrast, Zhu, et al. [50] reported that 

there was little decay in linkage disequilibrium in the autogamous species soybean (Glycine max). 

The estimate of overall population differentiation between ECA and NIA using FST (0.0306) also 

indicated a strong similarity between both groups of accessions. Because most breadfruit cultivars 

are asexually reproduced, there is little or no opportunity for gene flow from one population to 

another, therefore, the similarity between both groups is most likely because of their common origin. 

This slight differentiation between both groups could also suggest that the duration of breadfruit 

cultivation in the Caribbean was not long enough to permit the development of Caribbean breadfruit 

germplasm with distinct genetic background. Similar results (FST = 0.04) have been reported for the 

outcrossing tropical tree Guaiacum sanctum which suggested high frequency of interpolation 

migration [51]. However, in a study with six breadfruit populations in the Western Ghats of India 

using five AFLP markers, Sreekumar, Binoy and George [17] obtained a FST value of 0.574 and 

concluded that there was relatively high genetic differentiation between the populations studied. The 

use of AFLP markers in that study and the composition of the different breadfruit populations used 

are possible reasons for the high FST value reported. 

The lack of separation of accessions based on the assigned groupings in the current study was 

also demonstrated in the clustering of accessions. The two main clusters formed contained accessions 

from both accession groups. However, there was some differentiation of accessions, and some 

commonality could be observed among accessions within each cluster and sub-cluster. Diploid and 

hybrid accessions formed tighter clusters and were more distinguishable from triploid accessions. 

Similar findings were also reported by Zerega, Wiesner-Hanks, Ragone, Irish, Scheffler, Simpson and 

Zee [19]. In the present study, there were 12 diploid samples which represented four breadfruit 

cultivars and one breadnut sample, all of which were included in cluster II (Figures 2 and 3). 

Although cluster II also included some triploid cultivars, the diploids cultivars were grouped in one 

subcluster. The clustering of some triploid cultivars along with diploid and hybrid cultivars could 

possibly be linked to the existence of A. mariannensis specific marker in some triploid breadfruit 

cultivars. 

There was a clear inability to distinguish among many of the triploid accessions including some 

that appeared morphologically distinct. For example, cultivars ‘Meitehid’ ‘Timor’ and ‘Cassava’ 

which showed clear differences in leaf shape, lobing and leaf apex shape [8] were all grouped together 

in the same cluster. Zerega, Wiesner-Hanks, Ragone, Irish, Scheffler, Simpson and Zee [19], also 

reported the inability of SSR markers to distinguish among many individual breadfruit accessions 

which displayed clear differences in fruit and leaf morphological characteristics under the same 

growing conditions. Therefore, morphological diversity in breadfruit is not consistent with genetic 

diversity. Furthermore, previous studies, showed that many cultivars were misclassified based on 

discriminant analysis and other methods of used to analyze morphological data of breadfruit 

cultivars [8,52]. The UFS gene bank accession ‘Macca’ was not grouped with other named ‘Macca’ 

cultivars collected throughout the Caribbean. It was felt that this accession was misnamed in the 

collection. Although not conclusive, the results of this study support the view that this accession in 

the UFS gene bank called ‘Macca’ is different from other ‘Macca’ cultivars in the Caribbean. Ten SSR 

markers were used in this study which is a relatively small number, and there is the possibility that 

they are not able to detect differences among many of these accessions at the genetic level. However, 

other researchers using a larger number of markers, also reported the inability to distinguish among 
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some triploid breadfruit cultivars and indicates that other factors must be considered for future 

assessments [19].  

Cultivar names are essential in communicating plant species diversity. However, numerous 

names and synonyms can cause confusion and obscure the true diversity of a species. They can also 

contribute to wasteful duplication in gene banks and in conducting basic studies. In the current study, 

43 cultivar names were used to represent the 94 breadfruit samples. Many of the cultivars, especially 

those recently introduced, were represented by a single sample while others were deliberately 

represented by several samples. The inability to separate or distinguish among some cultivars could 

be based on the fact that in some cases, there were different names representing the same cultivars 

[10]. 

5. Conclusions 

The results of this study clearly showed that there was moderate but substantial genetic diversity 

in the breadfruit germplasm from both existing Caribbean accessions and newly introduced 

accessions. Some accessions showed genetic similarity, although there were clear morphological 

differences and many samples, especially among existing Caribbean accessions, remained 

unseparated in this study. Nevertheless, the results showed that microsatellite markers can be a 

useful tool in helping to map breadfruit genetic diversity and for linking genetic diversity to 

morphological and other phenotypic expressions. Understanding the genetic diversity along with 

morphological and other characteristics will assist with selection of new cultivars to meet specific 

purposes. For example, it was determined that in terms of genetic diversity, newly introduced 

cultivars such as ‘Roiha’a’ was more genetically similar to the preferred local Caribbean cultivar 

‘Yellow’ as compared to cultivars such as ‘Ma’afala.’ However, genetic similarity should not be the 

only basis for selecting new cultivars to substitute the existing germplasm for increased production 

and utilization of breadfruit. There are many factors that influence consumer choice and preference, 

and these are important for identifying new cultivars for commercial production and utilization. 
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