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Abstract In this study, we used a meta-analysis to describe the genetic diversity of pineapple germplasm resources and the results
of excellent traits mining, revealed the population structure differences among different germplasm types and geographical sources,
analyzed the integration rule of QTL related to high Brix traits through a case study, and proposed a breeding strategy based on
molecular markers and genome selection. The results show that genetic variation exists between different regions and varieties of
pineapple, and molecular markers are very effective in assessing germplasm diversity and trait associations. This study is expected to
provide scientific basis for the targeted breeding of high-quality pineapple varieties and efficient utilization of genetic resources, and
promote the development of pineapple industry.
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1 Introduction

As one of the major tropical fruits, pineapple (4dnanas comosus) has attracted much attention due to its economic
value and rich genetic composition, which play a key role in variety improvement and adaptation (Hossain, 2016;
Cheng et al., 2018; Chaudhary et al., 2019; Ali et al., 2020). Genetic diversity in pineapple germplasm resources is
important for breeding programs to improve yield, fruit quality and stress resistance. Genetic diversity is mainly
attributed to the heterozygous characteristics of pineapple and the presence of several varieties such as Perola,
Queen, and Abacaxi, each of which exhibits its own unique and potential traits (Duval et al., 2001; Zhao and Qin,
2018). Studies by Paz et al. (2012), Makaranga et al. (2018) and Zhao and Qin (2018) show that the application of
molecular markers such as SSR, SNP and AFLP is conducive to the assessment and understanding of genetic
diversity. It provides important information for genetic structure analysis and character improvement.

The utilization of pineapple germplasm is still facing challenges. The low genetic diversity of pineapples observed
by researchers in areas such as Tanzania and Cuba limits the improvement and breeding of local varieties (Paz et
al., 2005; Paz et al., 2012; Makaranga et al., 2018). The complex reproductive biology of pineapple, such as open
pollination uncertainty and somatic cell variation, increases the complexity of the breeding process and hinders
the development of new varieties (Reinhardt et al., 2018; Wang and Paull, 2018; Chen et al., 2019; Nureszuan et
al., 2021; Jia et al., 2024). Studies by Makaranga et al. (2018) and Jia et al. (2024) suggest that more advanced
breeding strategies must be introduced to effectively exploit and utilize the genetic potential of pineapple
germplasm.

This study will evaluate the genetic diversity and character discovery of pineapple germplasm through
meta-analysis, and propose strategies to overcome the bottleneck of germplasm utilization by integrating data
from multiple studies. This study hopes to provide theoretical support for cultivating more resistant and higher
quality pineapple varieties, and then promote the development and productivity of pineapple cultivation.
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2 Genetic Diversity Studies in Pineapple: Literature Landscape

2.1 Common molecular techniques

Various molecular techniques have been widely used in the study of pineapple genetic diversity to assess and
characterize genetic variation between and within different genotypes. Commonly used molecular markers include
RAPD, RFLP, AFLP, SSR, and SNP (Duval et al., 2001; Kato et al., 2005; Paz et al., 2012; Zhou et al., 2015;
Zhao and Qin, 2018). SSR markers are widely used in genetic diversity assessment due to their high
polymorphism and good repeatability (Wang et al., 2017; Ismail et al., 2020; Nashima et al., 2020). AFLP markers
have been used to reveal genetic relationships and diversity in specific germplasm resources (Carlier et al., 2010;
Paz et al., 2012; Sheeja et al., 2021).

2.2 Traits commonly studied

In pineapple genetic diversity studies, researchers often focus on traits related to breeding potential, such as yield,
fruit size, fruit quality, and productivity (Zhao and Qin, 2018; Adje et al., 2019; Junior et al., 2021; Chen et al.,
2024a; Chen et al., 2024b). Researchers also focused on specific traits, such as leaf margin phenotype and flesh
color, and mined their contributing genes and QTLS by genome sequencing (Figure 1) (Nashima et al., 2022). The
study of Sinaga and Marpaung (2024) showed that the study of stress resistance traits is also the focus, and the
study of stress resistance traits is conducive to cultivating disease-resistant and stress-resistant pineapple varieties.

. S T e S A o o

Figure 1 Phenotype of leaf margin and flesh color in pineapples (Adopted from Nashima et al., 2022)
Image caption: (a) Pipe-type leaf margin phenotype. (b) Spiny-type leaf margin phenotype. (c) White flesh color phenotype. (d)
Yellow flesh color phenotype (Adopted from Nashima et al., 2022)

2.3 Need for meta-analytic consolidation

It is necessary to conduct a meta-analysis in the field of pineapple genetic diversity. Meta-analyses integrate
different studies to provide an understanding of genetic diversity patterns and trait associations for different
germplasm resources. Junior et al. ’s study in 2021 demonstrated that the integration of meta-analyses helps to
identify consistent genetic markers and traits that can be used in breeding programs to improve pineapple varieties.
Meta-analysis is great for standardizing methods and results, which makes it easier to compare results across
studies and regions.
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3 Meta-Analytic Insights on Genetic Diversity

3.1 Global diversity patterns

Pineapple germplasm showed significant genetic diversity among different regions and varieties, and SSR, AFLP
and ISSR molecular markers were used to reveal rich genetic variation. According to the study of Ismail et al.
(2020), the SSR study in Malaysia showed moderate polymorphism, with an average of 3.9 alleles detected at
each locus and an average PIC value of 0.433, indicating that its genetic diversity was at a medium level. Paz et al.
(2012) showed that the genetic diversity of Cuban germplasm was low through AFLP analysis, and most of the
materials were clustered at genetic distance less than 0.20, indicating a limited range of variation. Hayati and
Kasiamdari (2024) showed that Indonesian varieties showed high genetic diversity with 89.38% polymorphisms
detected by ISSR markers.

3.2 Population structure across studies

Studies in different regions revealed the differences in population structure of pineapple germplasm resources.
Ismail et al. 's study in 2020 showed that the population structure analysis in Malaysia used the delta K method to
identify two major genetic clusters, and the findings were supported by UPGMA systematic cluster maps.
Rattanathawornkiti et al. ’s study in 2016 showed that AFLP studies in Thailand identified 9 independent genetic
populations in 37 materials, which were closely related to morphological characteristics of breeds (such as
Cayenne and Queen taxa). The population structure of pineapple is complex, which can be influenced by both
genetic and environmental factors.

3.3 Variation among germplasm types

Variability between different types of pineapple germplasm has been demonstrated in multiple studies. According
to Zhao and Qin (2018), the genetic diversity of pineapple is driven by cross-pollination and somatic variation,
resulting in wide differences in plant morphology and fruit traits among different varieties. Zhou et al. (2015)
reported that the application of SNP markers revealed high genetic redundancy in the germbank, and somatic
mutations were considered to be the main source of intraspecific variation. Continuous intraspecific variability in
wild species such as Ananas ananassoides and Ananas parguazensis is an important contributor to overall genetic
diversity (Duval et al., 2001).

4 Trait Discovery through Meta-Analysis

4.1 Fruit quality traits

The fruit quality traits of pineapple are critical for fresh food and processing purposes. Several studies have
highlighted that genetic diversity in germplasm resources is beneficial for improving fruit quality traits (such as
size, sweetness, and flesh color). Ismail et al. (2020) used SSR markers to study Malaysian pineapple materials
and found that they had moderate polymorphism, which could be used to improve fruit sweetness and taste traits.
Genes associated with flesh color, such as carotenoid cleaved dioxygenase 4 (4cCCD4), identified in Nashima et
al. (2022) provide the genetic basis for the development of high-quality fruit color varieties through
marker-assisted selection (Figure 2). Zhou et al. 's study in 2015 showed that the application of SNP markers
revealed significant variability within varieties, providing rich selection resources for the improvement of fruit
quality traits.

4.2 Stress tolerance and resistance

Stress and pest resistance traits help ensure sustainable cultivation of pineapples in a varied environment. Studies
on genetic diversity of AFLP and ISSR markers suggest that genetic variation in pineapple germplasm can be used
to breed cultivars with high resistance (Paz et al., 2012; Wang et al., 2017). Studies of pineapple germplasm from
Cuba and Indonesia have revealed material resources with great potential to resist biological and abiotic stresses
(Paz et al., 2012; Hayati and Kasiamdari, 2024). The identification of genetic populations with specific stress
resistance traits provides a scientific basis for parental selection (Rattanathawornkiti et al., 2016).
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Figure 2 Carotenoid accumulation and AcCCD4 expression during fruit ripening in ‘Yugafu’, (Yu) and ‘Yonekura’ (Yo) (Adopted
from Nashima et al., 2022)

Image caption: (a) Flesh appearance. (b) Carotenoid content. (¢c) AcCCD4 relative gene expression. Three biological replicates for
each sample were examined to determine carotenoid quantities and conduct gene expression analysis. Error bars indicate SE. VIO,
violaxanthin; cis-VIO, 9-cis-violaxanthin; LUT, lutein; ZEA, zeaxanthin; BCR, B-cryptoxanthin; ACA, a-carotene; BCA, B-carotene
(Adopted from Nashima et al., 2022)

4.3 Flowering and growth traits

Flowering and growth characteristics are the key points to optimize the production cycle and increase the yield of
pineapple. Some studies have found that there are genetic differences in flowering and growth traits among
different materials. The genetic analysis of half-sib lines by Junior et al. (2021) showed that traits such as fruit
quality and soluble solid content provided scientific basis for breeding superior parents. The use of molecular
markers such as RFLP and SNP can help to identify key genetic variants that affect flowering time and plant
structure, and promote growth traits (Duval et al., 2001; Zhou et al., 2015). The study of Wang et al. (2017)
showed that genetic cluster analysis of materials will be conducive to analyzing the genetic basis of flowering and
growth traits and formulating targeted breeding strategies.

5 Case Study: Meta-Analysis of Brix-Related QTLs

5.1 Data aggregation process

The meta-analysis summarized QTL data related to Brix (soluble solid content) by integrating multiple studies
using different molecular markers and genetic analysis methods. Studies included in the analysis included studies
using SSR, AFLP, and SNP markers (Paz et al., 2012; Zhou et al., 2015; Wang et al., 2017; Zhao and Qin, 2018;
Ismail et al., 2020). The subjects of the study were germplasm resources from Malaysia, Cuba, Indonesia and
other regions, which ensured the diversity and representativeness of the data (Paz et al., 2012; Ismail et al., 2020;
Hayati and Kasiamdari, 2024).

108



QL International Journal of Horticulture, 2025, Vol.15, No.3, 105-112
HodHerb Publisher® http://hortherbpublisher.com/index.php/ijh

5.2 Findings and statistical interpretation

The results of the meta-analysis revealed genetic differences in Brix-related traits in different materials. SSR and
SNP markers performed well in identifying polymorphic sites related to Brix content (Zhou et al., 2015; Wang et
al., 2017; Zhao and Qin, 2018). Multiple QTLS were consistently associated with high Brix levels and could be
considered as breeding target sites. Statistical analysis showed that the genetic variation of Brix traits was
influenced by both intraspecific and interspecific diversity, and the increase of Brix level in some materials was
closely related to the existence of specific alleles (Duval et al., 2001; Junior et al., 2021; Nashima et al., 2022).
Rattanathawornkiti et al. (2016) and Wang et al. (2017) successfully identified several genetic populations
associated with superior Brix traits through principal component analysis (PCA) and cluster analysis.

5.3 Implications for breeding programs

The results of the meta-analysis provided scientific basis for pineapple breeding. The identification of specific
QTLS associated with high Brix values can provide theoretical basis for marker-assisted selection and help
breeders develop new varieties with sweeter and better quality (Zhou et al., 2015; Junior et al., 2021; Nashima et
al., 2022). The genetic diversity revealed in the study indicates that researchers can use heterosis to breed new
varieties with excellent Brix characteristics (Wang et al., 2017; Ismail et al., 2020; Hayati and Kasiamdari, 2024).
The incorporation of molecular markers into the breeding process will significantly improve the efficiency of
parental screening and accelerate the breeding of high-quality and high-yield pineapple varieties (Duval et al.,
2001; Rattanathawornkiti et al., 2016).

6 Applications in Breeding and Genomic Innovation

6.1 Marker-assisted and genomic selection

Marker-assisted selection and genomic selection play a key role in modern pineapple breeding programs. The use
of SSR, AFLP, SNP and other molecular markers is very helpful for assessing genetic diversity and identifying
desirable traits in germplasm. Studies have shown that SSR markers are more efficient than ISSR markers in
assessing genetic diversity, which is conducive to researchers' selection of parents with excellent traits (Wang et
al., 2017; Ismail et al., 2020). SNP markers can provide stable and accurate DNA fingerprints, which are helpful
for genotype identification and germplasm resource management, and can accelerate the screening and breeding
of good genotypes (Zhou et al., 2015).

6.2 Genomic prediction models informed by meta-data

The wealth of genetic information is used by genomic prediction models to predict the performance of
undetermined genotypes. By integrating metadata from different studies into predictive models, researchers can
significantly improve their accuracy. Nashima et al. ’s study in 2022, showed that haplotype-based genome
sequencing has enabled the localization of genes associated with important traits such as leaf margin morphology
and pulp color. Studies by Zhou et al. (2015) and Nashima et al. (2022) demonstrate that combining genomic
information with phenotypic data can help build models that predict the performance of new hybrid combinations,
speeding up the breeding cycle and improving selection efficiency.

6.3 Bridging research and practical use

Translating genetic research results into practical breeding strategies will help promote the development of the
pineapple industry. A number of studies have revealed that genetic identification of pineapple germplasm
materials using AFLP and ISSR markers will help reveal the genetic relationship and population structure, and
provide scientific basis for hybrid selection and breeding program design (Paz et al., 2012; Rattanathawornkiti et
al., 2016; Wang et al., 2017). The application of genomic tools in breeding programs can help select parents with
high heterosis potential and accelerate the development of quality varieties (Junior et al., 2021).

7 Limitations and Future Directions

7.1 Methodological constraints

SSR and ISSR markers show moderate to high effectiveness in polymorphism detection, but the efficiency of SSR
and ISSR markers is different, and some studies have shown that SSR markers are more advantageous in genetic
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diversity assessment (Wang et al., 2017; Ismail et al., 2020; Hayati and Kasiamdari, 2024). AFLP markers show
low diversity in some germplasm populations (Gerber et al., 2000; Paz et al., 2012). Existing studies mainly focus
on some specific geographical regions or germplasm banks, which cannot fully represent the global genetic
diversity of pineapple (Paz et al., 2012; Ismail et al., 2020), it is difficult for researchers to fully reveal the genetic
relationships and diversity patterns among germplasm (Wang et al., 2017).

7.2 Uncovered traits and geographic gaps

Scientists have now identified genes associated with leaf margin morphology and pulp color (Nashima et al.,
2022), but further research is needed on other traits such as yield, fruit quality and productivity (Zhao and Qin,
2018; Junior et al., 2021). In terms of geographical representation, current genetic diversity studies mainly focus
on Malaysia, Cuba, Indonesia and Thailand (Paz et al., 2012; Rattanathawornkiti et al., 2016; Ismail et al., 2020;
Hayati and Kasiamdari, 2024), while other important pineapple production areas have not been adequately
sampled, geographic gaps may cause breeders to bias their perceptions of global genetic diversity, limiting the
effectiveness of breeding programs.

7.3 Multi-omics integration in future meta-analyses

Future meta-analysis studies should focus more on the integration of multi-omics data to analyze the germplasm
resources of pineapple more comprehensively. Integrating genomic, transcriptome, proteome, and metabolome
data is helpful for identifying key genes and their pathways that regulate important traits (Zhao and Qin, 2018;
Nashima et al., 2022). The use of SNP markers can provide robust and comparable DNA fingerprints for the
identification and management of global germplasm resources (Zhou et al., 2015). Through the multi-omics
integration method, researchers can break through the limitation of single marker study, fully grasp the genetic
diversity and character framework of pineapple, and promote the management of germplasm resources, the
formulation of breeding strategies and the protection of varieties (Zhou et al., 2015; Wang et al., 2017).
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