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ABSTRACT 

 

Objective: This study aimed to align genetic linkage groups (LGs) with the mango physical map by comparing 

single nucleotide polymorphism (SNP) sequences in the 'Alphonso' mango genome. 

 

Theoretical Framework: Few studies have evaluated the impact of linkage group (LG) formation and marker 

ordering on quantitative trait loci (QTL) estimates for marker-assisted selection (MAS). 

 

Method: SNPs from the mango linkage groups (n=20) were aligned on the chromosomes of the genome sequence 

of the 'Alphonso' mango (n=20), evaluating the correspondence between the genetic linkage map and the physical 

map. 

 

Results and Discussion: Four major aberrations were identified: (a) chromosome 1 was divided into LGs 9 and 

14; (b) chromosome 4 was split between LGs 1 and 3; (c) LG 8 was formed by combining SNPs from chromosomes 

9 and 17 of 'Alphonso'; and (d) chromosome 18 was not represented in any of the 20 LGs. All remaining LGs, 

except LGs 11, 14 and 20, contained at least one SNP from non-corresponding reference chromosomes. Significant 

discrepancies in SNP ordering were observed across the 20 LGs, particularly in 12 LGs. 

 

Research Implications: For species with available genome sequences, physical maps, created through SNP 

sequence Blast alignment, yield better results for quantitative trait mapping aimed at marker-assisted selection. 

 

Originality/Value: QTLs utilization in MAS remains limited. Insufficient attention has been given to limitations 

in linkage group formation and marker ordering compared to physical mapping as sources of spurious QTL 

estimates. 

 

Keywords: Mangifera Indica, QTL, SNPs. 

 

 

FORMAÇÃO E ORDENAÇÃO DO GRUPO DE LIGAÇÃO COMO FONTE DE ESTIMATIVAS 

ESPÚRIAS DE QTL EM MANGA 

 

RESUMO 

 

Objetivo: Este estudo teve como objetivo alinhar grupos de ligação genética (LGs) com mapa físico da manga 

comparando sequências de polimorfismos de nucleotídeo único (SNP) no genoma da manga 'Alphonso'. 

 

Referencial Teórico: Poucos estudos avaliaram o impacto da formação do grupo de ligação (LG) e ordenação dos 

marcadores nas estimativas de ‘loci’ de características quantitativas (QTL) para seleção assistida por marcadores 

(MAS). 

 

Método: SNPs dos grupos de ligação da manga (n=20) foram alinhados nos cromossomos do sequenciamento 

genomico da manga 'Alphonso' (n=20), avaliando a correspondência entre mapa de ligação genética e mapa físico. 

 

Resultados e Discussão: Quatro aberrações foram identificadas: (a) cromossomo 1 foi dividido nos LGs 9 e 14; 

(b) cromossomo 4 foi dividido entre os LGs 1 e 3; (c) LG 8 foi formado pela combinação de SNPs dos 
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cromossomos 9 e 17 de "Alphonso"; e (d) cromossomo 18 não estava representado em nenhum dos 20 LGs. Todos 

os LGs restantes, exceto os LGs 11, 14 e 20, continham pelo menos um SNP de cromossomos de referência não 

correspondentes. Discrepâncias significativas na ordenação dos SNPs foram observadas nos 20 LGs, 

particularmente em 12 LGs. 

 

Implicações da Pesquisa: Para espécies com sequências genômicas disponíveis, mapas físicos, criados por meio 

do alinhamento de sequência de SNP, produzem melhores resultados para mapeamento de QTLs. 

 

Originalidade/Valor: A utilização de QTLs em MAS permanece limitada. Esse trabalho enfatiza as limitações 

de LG e ordenação de marcadores, em comparação ao mapeamento físico, como fontes de estimativas espúrias de 

QTLs. 

 

Palavras-chave: Mangifera Indica, QTL, SNPs. 

 

 
ENSAMBLAJE Y ORDENAMIENTO DE GRUPOS DE ENLACE COMO FUENTE DE 

ESTIMACIONES DE QTL ESPURIAS EN MANGO 

 

RESUMEN 

 

Objetivo: Este estudio buscó alinear los grupos de ligamiento genético (GL) con el mapa físico del mango 

mediante la comparación de secuencias de polimorfismos de un solo nucleótido (SNP) en el genoma del mango 

'Alphonso'. 

 

Marco teórico: Pocos estudios han evaluado el impacto de la formación de grupos de ligamiento (GL) y el 

ordenamiento de marcadores en las estimaciones de loci de caracteres cuantitativos (QTL) para la selección asistida 

por marcadores (SAM). 

 

Método: Los SNP de los grupos de ligamiento del mango (n=20) se alinearon en los cromosomas de la secuencia 

genómica del mango 'Alphonso' (n=20), evaluando la correspondencia entre el mapa de ligamiento genético y el 

mapa físico. 

 

Resultados y discusión: Se identificaron cuatro aberraciones principales: (a) el cromosoma 1 se dividió en los GL 

9 y 14; (b) el cromosoma 4 se dividió entre los GL 1 y 3; (c) el GL 8 se formó mediante la combinación de SNP 

de los cromosomas 9 y 17 de 'Alphonso'. y (d) el cromosoma 18 no estaba representado en ninguno de los 20 LG. 

Todos los LG restantes, excepto los LG 11, 14 y 20, contenían al menos un SNP de cromosomas de referencia no 

correspondientes. Se observaron discrepancias significativas en el ordenamiento de los SNP en los 20 LG, 

particularmente en 12 LG. 

 

Implicaciones de la investigación: Para las especies con secuencias genómicas disponibles, los mapas físicos, 

creados mediante el alineamiento Blast de secuencias de SNP, producen mejores resultados para el mapeo 

cuantitativo de rasgos dirigido a la selección asistida por marcadores. 

 

Originalidad/Valor: El uso de QTL en la selección asistida por marcadores (MAS) sigue siendo limitado. Se ha 

prestado poca atención a las limitaciones en la formación de grupos de ligamiento y el ordenamiento de marcadores 

en comparación con el mapeo físico como fuentes de estimaciones falsas de QTL. 

 

Palabras clave: Mangifera Indica, QTL, SNP. 
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1 INTRODUCTION 

 

Most economically important traits in crops, livestock, and humans are quantitative (i.e., 

polygenic), including height, weight, disease resistance, and yield (Kaur et al. 2023). Such traits 

pose significant challenges for marker-assisted selection (MAS) implementation due to their 

genetic complexity. In contrast, traits governed by single genes or simple inheritance patterns 

(e.g., the male sterility 'S' locus in onion) allow more straightforward and reliable MAS 

applications. 

According to Kaur et al. (2023), although numerous quantitative trait loci (QTL) 

associated with key agronomic traits have been mapped across various crops, their direct 

utilization in MAS remains limited. According to Xu and Crouch (2008), the annual number of 

publications containing the term "marker-assisted selection" has consistently been threefold 

lower than those referencing "quantitative trait locus/loci," with the disparity continuing to 

widen. 

The limitations in applying QTLs to MAS stem from small population sample sizes, 

genotyping and phenotyping errors, and insufficient marker coverage (resulting in linkage maps 

with large gaps) (Miles and Wayne 2008, Xu and Crouch 2008, Kaur et al. 2023). Insufficient 

attention has been given to proper marker assembly and ordering in pseudo-chromosomes or 

linkage maps, which are crucial for robust QTL estimation. Medeiros et al. (2022) identified 

linkage groups containing segments from multiple chromosomes when comparing genetic and 

physical maps of the guava genome, demonstrating how improper linkage group assembly and 

marker ordering can lead to spurious QTL estimates. 

Kuhn et al. (2017) noted that genetic and genomic resources for mango (Mangifera 

indica) remain limited and have not significantly advanced global mango breeding efforts. Luo 

et al. (2016) reviewed the four mango genetic maps available by 2016: 1) the first map 

constructed using 197 RFLP and 650 AFLP markers; 2) the second using 34 AFLP markers; 3) 

the third using 81 AFLP markers; and 4) a partial linkage map using 9 microsatellite and 67 

RFLP markers. Subsequently, Luo et al. (2016) developed a high-density genetic map using 

6,594 SLAF-seq markers, while Kuhn et al. (2017) published a linkage map with 888 SNPs 

across seven mapping populations, describing it as "a tool for mango breeding". 

From this perspective, the present study aimed to evaluate the reliability of the Kuhn 

linkage map for QTL estimation by comparing SNPs from the mango linkage groups (n = 20) 

developed by Kuhn et al. (2017) with the same SNP set aligned against the chromosome-scale 

assembly of mango 'Alphonso' (n = 20) published by Wang et al. (2020). This comparison was 
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performed using BLAST analysis to assess the correspondence between genetic and physical 

maps. 

 

2 THEORETICAL FRAMEWORK 

 

Quantitative trait locus (QTL) analysis is a statistical method that integrates phenotypic 

data (trait measurements) with genotypic data (typically molecular markers) to elucidate the 

genetic basis of variation in complex traits (Miles and Wayne 2008). QTL analysis is expected 

to facilitate: (1) precise map-based cloning of alleles/genes, (2) comparative studies of trait 

evolution across species, and (3) marker-assisted selection (MAS) (Semagn et al. 2006), the 

latter being the primary focus of this study. The QTL mapping process involves developing a 

segregating mapping population for the target trait, constructing a linkage map, and performing 

QTL analysis - often using interval mapping methods - to identify genomic regions associated 

with the trait of interest (Semagn et al. 2006). 

Two most important mapping programs have been applied for linkage groups building, 

adopting different strategies and algorithms: 

1. OneMap ((Margarido et al. 2007) implements a maximum likelihood-based algorithm 

that simultaneously estimates linkage and linkage phases for diverse marker types, 

including fully informative markers (segregating 1:1:1:1) and partially informative 

markers (segregating 1:2:1, 3:1, and 1:1) in full-sib families from outbred parent plants 

(Wu et al. 2002). Wu et al. (2002) identified 18 possible cross combinations based on 

parental genotypes, 

2. JoinMap4 (Van Ooijen 2006) implements a Monte Carlo multipoint maximum 

likelihood algorithm (Van Ooijen, 2011) capable of simultaneously estimating 

recombination frequencies and determining marker order based on five segregation 

types. This methodology was implemented in JoinMap4.1, utilizing a simulated 

annealing ordering algorithm that optimizes marker arrangement by minimizing the sum 

of recombination frequencies between adjacent segments. 
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3 METHODOLOGY 

 

3.1 MANGO LINKAGE MAPS AND SNPS SEQUENCES 

 

The linkage groups developed by Kuhn et al. (2017) served as the primary analytical 

framework. According to their methodology, the assembly and alignment of the mango genome 

were performed using two mapping programs - JoinMap4 (Van Ooijen 2006) and OneMap 

(Margarido et al. 2007) - applied to each of the seven mapping populations. The authors 

employed these complementary programs as follows: 

1) OneMap was used to establish 20 linkage groups through recursive analysis, 

progressively increasing the LOD threshold (in increments of 0.1) until achieving 20 

linkage groups (LGs) with a minimum of 10 markers per LG. This process was 

conducted separately for all seven mapping populations (Kuhn et al. 2017); 

2) The resulting OneMap LGs provided the initial marker groupings for JoinMap4 analysis. 

JoinMap4 calculations employed default parameters for population grouping and 

Maximum Likelihood (ML) mapping. The program's Strongest Cross Link (SCL) 

function incorporated ungrouped markers with SCL values ≥ 5.0 into appropriate 

groups. The most informative map, derived from the TA × KP population, served as the 

template for other population maps in JoinMap4, which were subsequently merged 

using the software's integration functions to generate the consensus map (Kuhn et al. 

2017). 

The SNP markers analyzed by Kuhn et al. (2017) originated from three institutions: the 

Department of Agriculture and Fisheries, Queensland (DAFQ, Australia); the Subtropical 

Horticulture Research Station (SHRS, USA); and the Agriculture Research Organization 

(ARO, Israel). Kuhn et al. (2017) provided sequences for 1,409 SNPs in their supplementary 

materials (Table 2). Among these, 1,054 SNP assays were processed using Fluidigm technology 

(South San Francisco, CA, USA) and analyzed on a Fluidigm EP-1 platform across all mapping 

populations. 

BLAST analysis of SNP sequences against the 'Alphonso' reference genome 

Basic Local Alignment Search Tool (BLAST) analysis was performed by aligning the 

mango SNPs (query sequences from Kuhn et al. 2017) against the 'Alphonso' reference genome 

(subject sequence from Wang et al. 2020), available through the National Center for 

Biotechnology Information (NCBI) under accession number 

GCA_011075055.1_CATAS_Mindica_2.1_genomic. The analysis procedure was as follows: 
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1) Blast software was downloaded and installed in a personal computer, 2) the Mangifera indica 

genome was downloaded from NCBI site 

(https://www.ncbi.nlm.nih.gov/genome/?term=mangifera&utm_source=gquery&utm_mediu

m=search), 3) a ‘mango genome’ folder was created to unzip the downloaded ‘Alphonso’ 

genome, 4) a multifasta file .fna with the SNPs was added to the folder, 5) commands in the 

DOS prompt: > cd desktop, >cd “genoma mangifera”, >blastn -query ARQUIVO.fna -subject 

GCA_011075055.1_CATAS_Mindica_2.1_genomic.fna -out resultado.txt -outfmt 7. 

Each mango SNP sequence had a length of approximately 231 nucleotides. The BLAST 

output provided for each SNP included: percentage identity, alignment length, genomic 

start/end positions, E-value, and bit score. SNP-to-chromosome assignments were determined 

by selecting alignments with the lowest E-values and highest bit scores, even when SNPs 

showed multiple genomic hits. SNPs were subsequently ordered according to their positions in 

the 'Alphonso' chromosome assembly. Comparative alignment between the linkage groups 

(Kuhn et al. 2017) and reference chromosomes (Wang et al. 2020) was visualized using 

Microsoft Excel and PowerPoint, with corresponding SNPs connected by manually drawn lines. 

 

4 RESULTS AND DISCUSSIONS 

 

The implemented BLAST protocol for aligning SNP sequences against the 'Alphonso' 

genome successfully identified Kuhn et al. (2017) SNPs with e-values < 1e-21 and bit-scores 

>191 (data not shown), which mapped to the 20 linkage groups originally published by Kuhn 

et al. (2017). The total number of blasted SNPs (1,201) exceeded the number of genotyped 

SNPs (1,054; Table 1 and Kuhn et al. 2017 supplementary data), due to repetitive SNPs showing 

similar e-values and bit scores that mapped to multiple positions across the 'Alphonso' 

chromosomes. 
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Table 1 

Number of mango SNPs (#SNPs)/’Alphonso’ chromosome and linkage groups (LG) (Kuhn et 

al., 2017) ‘blasted’ against each one of the 20 chromosomes (Chr) of the Mangifera indica 

‘Alphonso’ reference genome CATAS_Mindica_2.1 (GCA_011075055.1) (Wang et al. 2020) 

Chr  #SNPs/Chr  LG #SNPs/LG  Chr #SNPs/Chr LG #SNPs/LG 

1  91  9 34  11 56 13 1 

1    14 26  11  12 35 

2  56  4 34  11  5 2 

2    8 1  12 73 15 45 

3  95  17 52  12  2 1 

3    19 1  12  19 1 

3    2 1  13 68 13 41 

4  89  3 25  13  17 1 

4    1 28  13  4 1 

5  93  16 67  14 64 15 1 

5    10 1  14  20 18 

6  62  19 31  15 41 6 25 

7  57  11 25  16 48 7 29 

7    2 1  16  9 1 

7    17 1  17 31 8*(Chr9) 19 

8  61  10 35  17  16 1 

8    16 2  18 34 missing missing 

9  61  17 1  19 38 5 30 

9    8*(Chr17) 23  19  12 1 

9    6 2  19  17 1 

10  49  2 28  20 34 18 21 

  Total SNPs 1201  694 

 

The 91 SNPs from chromosome 1 (Chr) (Wang et al. 2020) were divided into linkage 

groups (LGs) 9 and 14 from Kuhn et al.'s (2017) mapping, with 34 and 26 SNPs, respectively. 

This division was also observed for the 89 SNPs from chromosome 4 (Chr), which were split 

between LGs 1 and 3 with 25 and 28 SNPs respectively (Table 1). LG 8 from Kuhn et al. (2017) 

was composed of 23 and 19 SNPs from chromosomes 9 and 17, respectively, of the 'Alphonso' 

mango reference genome (Table 1), indicating significant limitations for mapping and 

molecular marker-assisted selection applications. 

The remaining LGs, except LGs 11, 14 and 20, contained at least one SNP from non-

corresponding reference chromosomes: LG 2 contained one SNP each from chromosomes 3, 7 

and 12; LG 4 contained one SNP from chromosome 13; LG 5 contained two SNPs from 

chromosome 11; LG 6 contained two SNPs from chromosome 9; LG 8 contained one SNP from 

chromosome 2; LG 9 contained one SNP from chromosome 16; LG 10 contained one SNP from 

chromosome 5; LG 12 contained one SNP from chromosome 19; LG 13 contained one SNP 

from chromosome 11; LG 15 contained one SNP from chromosome 14; LG 16 contained two 

SNPs from chromosome 8 and one from chromosome 17; LG 17 contained one SNP each from 

chromosomes 7, 13 and 19; and LG 19 contained one SNP each from chromosomes 3 and 12 
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(Table 1). Chromosome 18 of the 'Alphonso' mango reference genome (Wang et al. 2020) was 

not represented in any of the 20 linkage groups (Table 1), indicating another major limitation 

of the linkage map presented by Kuhn et al. (2017). 

In the formation of genetic linkage groups (Kuhn et al. 2017), four major aberrations 

were observed when compared to the 'Alphonso' reference genome: a) chromosome 1 was 

divided into linkage groups 9 and 14; b) chromosome 4 was divided into linkage groups 1 and 

3; c) LG 8 was formed by combining SNPs from chromosomes 9 and 17 of 'Alphonso'; and d) 

chromosome 18 was not represented in any of the 20 linkage groups. The remaining LGs, 

except LGs 11, 14 and 20, contained at least one SNP from non-corresponding reference 

chromosomes, indicating limitations in the mango linkage map (Kuhn et al. 2017). Similarly, 

Medeiros et al. (2022) also reported DNA segments from different chromosomes when 

comparing genetic linkage maps with the physical map of guava (Psidium guajava). 

Santos et al. (2023) reported the formation of 23 linkage groups in the Haden × Tommy 

Atkins cross, one of the seven populations in Kuhn et al.'s (2017) study, indicating that the 20 

linkage groups reported by Kuhn et al. (2017) are inconsistent and were somehow, statistically 

or otherwise, forced to match the n = 20 of the mango genome. 

The alignment of LG 9 showed discrepant SNP order relative to chromosome 1, 

particularly in the first 10 cM and between 76-81 cM, while LG 14 showed minor discrepancies 

in SNP order relative to chromosome 1 (Figure 1-A), noting that this chromosome was divided 

into two LGs (Kuhn et al. 2017) (Table 1). LG 4 showed non-conformity in SNP order, 

particularly between 30-53 cM, while LG 17 showed major discrepancies in SNP order relative 

to chromosome 3, covering nearly 100 cM (Figure 1-A). Minor SNP order discrepancies were 

observed in LG 1 when compared to chromosome 4, while LG 3 showed discrepancies between 

39-41 cM, 63-65 cM and 65-67 cM when compared to chromosome 4 (Figure 1-A), noting that 

this chromosome was divided into LGs 3 and 1 by Kuhn et al. (2017). 

The alignment of SNPs from LG 16 (Kuhn et al. 2017) showed major non-conformity 

with the SNP order of chromosome 5 from the 'Alphonso' reference genome, particularly 

between 181-228 cM (Figure 1-B). LGs 19, 11, 10, 8 and 2 showed minor discrepancies in SNP 

order when blasted against chromosomes 6, 7, 8, 9 and 10 respectively of the 'Alphonso' 

reference genome (Figure 1-B). 

Minor discrepancies in SNP order were observed in LGs 12, 6 and 7 (Kuhn et al. 2017) 

when blasted against chromosomes 11, 15 and 16 (Figure 1-C), respectively, of the 'Alphonso' 

reference genome (Wang et al. 2020). Significant inconsistencies were observed when blasting 
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LGs 15, 13 and 20 against chromosomes 12, 13 and 14, respectively, of the 'Alphonso' reference 

genome (Figure 1-C). 

Minor discrepancies in SNP order were observed in LGs 8 and 5 (Kuhn et al. 2017) 

when blasted against chromosomes 17 and 19 (Figure 1-D), respectively, of the 'Alphonso' 

reference genome (Wang et al. 2020). Significant inconsistencies were observed when blasting 

LG18 against chromosome 20 of the 'Alphonso' reference genome (Figure 1-D). 

Major discrepancies were observed in the SNP ordering within the 20 linkage groups of 

Kuhn et al. (2017), particularly in LGs 9, 4, 17, 3, 16, 19, 10, 12, 15, 20, 5 and 18 (Figure 1). 

Simulations of some software for genetic linkage map construction indicated that JoinMap4.1, 

the software used by Kuhn et al. (2017), showed ordering that was far from the predefined order 

of 20 markers (Zhang et al. 2015). In this scenario, QTL mapping becomes extremely limited 

and compromised, resulting in false linkages between markers and regions controlling 

agronomically important traits. 

 

Figure 1 

A. Alignment of the mango linkage groups (Kuhn et al. 2017) (left) and mango physical 

chromosomes (right) based on the same SNPs and mapped to the 1, 2, 3 and 4 chromosomes of 

the Mangifera indica ‘Alphonso’ reference genome CATAS_Mindica_2.1 (GCA_011075055.1) 
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Source: Wang et al. 2020 
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Figure 1 

B. Alignment of the mango linkage groups (Kuhn et al., 2017) (left) and mango physical 

chromosomes (right) based on the same SNPs and mapped to the 5, 6, 7, 8, 9 and 10 

chromosomes of the Mangifera indica ‘Alphonso’ reference genome CATAS_Mindica_2.1 

(GCA_011075055.1) 

 

 



 

Linkage Group Assembly and Ordering as a Source of Spurious Qtl Estimates in Mango 

___________________________________________________________________________ 

Rev. Gest. Soc. Ambient. | Miami | v.19.n.6 | p.1-18 | e012625 | 2025. 

 

12 

 

 

 

 
Source: Wang et al. 2020 
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Figure 1 

C. Alignment of the mango linkage groups (Kuhn et al. 2017) (left) and mango physical 

chromosomes (right) based on the same SNPs and mapped to the 11, 12, 13, 14, 15 and 16 

chromosomes of the Mangifera indica ‘Alphonso’ reference genome CATAS_Mindica_2.1 

(GCA_011075055.1) 
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Source: Wang et al. 2020 
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Figure 1 

D. Alignment of the mango linkage groups (Kuhn et al. 2017) (left) and mango physical 

chromosomes (right) based on the same SNPs and mapped to the 17, 19 and 20 chromosomes 

of the Mangifera indica ‘Alphonso’ reference genome CATAS_Mindica_2.1 

(GCA_011075055.1) 

 

 

 

 

Source: Wang et al. 2020 

 

To overcome the limitations of the mango genetic linkage map, Santos et al. (2023) 

employed BLAST alignment of SNPs from the Haden × Tommy Atkins population against the 

20 chromosomes of the 'Alphonso' mango (physical map) for genome-wide association studies 

(GWAS) of resistance to dieback diseases caused by Lasiodiplodia theobromae and 
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Neofusicoccum parvum fungi. An identical GWAS procedure, but using different SNPs 

(133,590), was adopted by Ali et al. (2025) to identify polyembryony loci in mango. 

The strategy of BLAST-aligning mango SNPs against the 'Alphonso' reference genome 

(Wang et al. 2020) recovered 166 SNPs that had been excluded from previous analyses for 

various reasons, such as aberrant segregation patterns or being unmappable (Kuhn et al. 2017). 

The physical map approach incorporated all genotyped SNPs, enabling better genome coverage. 

The first genetic linkage map, proposed by A. Sturtevant (1913), pioneered gene 

mapping on chromosomes. Sturtevant used crossover frequency to identify recombinant 

individuals in Drosophila, establishing gene positions, order, and distances (in cM) on 

chromosomes. A genetic linkage group is defined as a set of markers where each marker is 

linked (in cM) to at least one other in the same set, while a physical map represents the 

nucleotide distance (bp) between markers on a sequenced chromosome. 

Marker-assisted selection (MAS) uses molecular markers linked to agronomically 

important traits to accelerate cultivar development: marker presence indicates the trait of 

interest. Despite this appealing concept, MAS has contributed minimally to releasing improved 

cultivars with greater abiotic stress tolerance, with few exceptions mainly for quality traits 

(Henkrar and Udupa 2020). 

According to Evans et al. (2021), practical outcomes of QTL mapping for MAS remain 

limited due to multiple factors including small population sizes, linkage group gaps, and 

unsaturated maps. Insufficient attention has been given to limitations in linkage group 

formation and marker ordering compared to physical mapping as sources of spurious QTL 

estimates. For species with available genome sequences, physical maps created through SNP 

sequence BLAST alignment yield better results for quantitative trait mapping aimed at MAS 

applications 

 

5 CONCLUSION 

 

Four major aberrations were identified: (a) chromosome 1 was divided into LGs 9 and 

14; (b) chromosome 4 was split between LGs 1 and 3; (c) LG 8 was formed by combining SNPs 

from chromosomes 9 and 17 of 'Alphonso'; and (d) chromosome 18 was not represented in any 

of the 20 LGs. All remaining LGs, except LGs 11, 14 and 20, contained at least one SNP from 

non-corresponding reference chromosomes. Significant discrepancies in SNP ordering were 

observed across the 20 LGs, particularly in 12 LGs. 



 

Linkage Group Assembly and Ordering as a Source of Spurious Qtl Estimates in Mango 

___________________________________________________________________________ 

Rev. Gest. Soc. Ambient. | Miami | v.19.n.6 | p.1-18 | e012625 | 2025. 

 

17 

Grouping and ordering of linkage genetic maps must been taken into account as a source 

of spurious QTLs estimates. For species with available genome sequences, physical maps yield 

better results for quantitative trait mapping aimed at marker-assisted selection. 
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