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Introductory Remarks by Mendel



Meiosis in diploid

Meiosis is a specialized form 
of nuclear division that 
generates nuclei carrying half 
the normal complement of 
chromosomes. 

Synaptonemal complex

Chiasmata



Meiosis in diploids 



Cytogenetics Literature – diploids and polyploids



Segregation in diploids

Multiallelic Biallelic



Polyploid species

Multiple sets have 
the same origin

Multiple sets have 
different origins

Braz et al., 2018

Autotetraploid potato

Zhang et al., 2013

Allohexaploid wheat

Meiotic pairing in autotetraploids



How polyploids are formed



Autopolyploids



Gamete formation in autopolyploids*

*random pairing and no double reduction

> ploidy <- c(2,4,6,8)
> choose(ploidy, ploidy/2)
[1]  2  6 20 70

Apples et al. (1998)



Extremely high poly level examples

2n = 640 ≈ 80𝑥
Sedum	suaveolens

	Crassulaceae, Stonecrop

2n = 1260 ≈ 84𝑥
Ophioglossum	pycnostichum

Ophioglossaceae , Fern



Tetravalent formation and Double Reduction

• Double reduction is a miotic phenomenon where the sister 
chromatids migrate to the same gamete due to a combination of 
multivalent pairing and crossing over occurring between the 
centromere and the locus
• Thus, it is a position dependent phenomenon 

• In diploids, under stable meiotic conditions, duplicated chromatids 
will not appear in the same gamete.



Gametic frequencies under Maximum Equational 
Segregation

Appels et al. (1998) - Chromosome Biology

Maximum Equational Segregation: Crossover between gene and 
centromere in each chromosome



Multivalent Pairing



Meiotic Pairing in polyploids



Assessing allelic variation in diploids
Three genotypes



Assessing allelic variation in diploids

Diploid sweetpotato
Ipomea trifida

https://doi.org/10.1371/journal.pone.0030906 

https://doi.org/10.1371/journal.pone.0030906


Assessing allelic variation in polyploids



Genotype calling at SNP level
• Under polysomic inheritance 



Genotype calling at SNP level

All SNP genotype calling methods are based on the relative position of ratios   



Genotype calling at SNP level

Ad hoc
Thresholds 

Mixture models
Population structure: 
    HW
Autotetraploids

Hierarchical clustering
Population structure: 
    F1
Autotetraploids

Maximum a posteriori
Population structure: 
    F1 and HW
Autopolyploids
Drawback: very 
sensitive regarding 
skewed  data

fitPoly Cluster Call SuperMASSA

Updog is aligned with SuperMASSA, with more features  



Genotype calling at SNP level

• The information is assessed at 
SNP level (essentially biallelic).

• It is not possible to distinguish all 
four homologous chromosomes.

• Is this information enough for 
genetic mapping and QTL 
analysis?



Genotype calling in polyploids
Tetraploid Hexaploid



Genotyping Calling using SuperMASSA
Dosage calling including the probability distribution of the genotypes

Beauregard: 3 doses
Tanzania: 3 doses



Segregation in polyploids*
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Diploid Tetraploid
Hexaploid

*random pairing and no double reduction

> segreg_poly(6,3,3)
> MASS::fractions(segreg_poly(4,2,1))



Chi-Square Test in Genetic Segregation
• Determines if observed genetic ratios match expected ratios, helping 

confirm inheritance patterns.

• H0 (Null Hypothesis): The observed genetic frequencies are 
consistent with the expected frequencies 
• Ha (Alternative Hypothesis): The observed genetic frequencies are 

not consistent with the expected

Where:
• O = Observed frequency
• E = Expected frequency

> chisq.test(x = c(1,39,44,5), p = c(1/12, 5/12, 5/12, 1/12))

 Chi-squared test for given probabilities

data:  c(1, 39, 44, 5)
X-squared = 7.7281, df = 3, p-value = 0.05198



Linkage
• Genetic linkage is the phenomenon where markers are likely to be 

inherited together.
• The closer the markers are, the lower the probability of crossing over 

events occur between them; consequently, the more likely they will 
be co-inherited.

Linked Not linked Not linked

• How can we measure how likely A and B are co-inherited?



Linkage analysis
• Genetic linkage is a concept applied to at least two loci.
•We measure linkage using the recombination frequency (or 

fraction) in a segregation population. 
• Recombination frequency is the probability that an odd 

number of crossovers occurs between the markers. Ranges 
from 0.0 to 0.5 (considering double reduction this number 
can be higher)
•We can transform these probabilistic values into distances 

using various mapping functions, such as those developed 
by Morgan, Haldane, Kosambi, etc.
• By computing the recombination frequencies between pairs 

of markers and using mapping functions, we can construct 
linkage maps which show the linear order and relative 
distance between adjacent markers.



Recombination Fraction



Recombination fraction in diploids

Ten backcross individuals genotyped with two markers: A and B.



An overview of plant recombination data

Arabidopsis
Medicago

Rice
Lotus

Populus
Tomato
Palm
Maize
Rye
Green Onion
Garlic
Onion
Wheat
Lily
Sweetpotato I. batatas 526.4 15 2,708 0.12



Genetical design based on inbred lines 

Slides from Augusto Garcia - https://github.com/augusto-garcia 

https://github.com/augusto-garcia


Recombination fraction - Likelihood

where n is the number of individuals. The maximum likelihood estimator of r is

The likelihood function is a function of the parameters of a statistical model, given 
specific observed data. It represents how likely the observed data are, assuming a 
particular set of parameter values. 



Recombination fraction in diploids

Computing recombination frequencies in diploids using R and C++
https://github.com/mmollina/Cpp_and_R 

https://github.com/mmollina/Cpp_and_R


Gamete formation in polyploids* 

*no double reduction

https://doi.org/10.1534/g3.119.400378 

https://doi.org/10.1534/g3.119.400378


Expected gametic frequency given a bivalent 
configuration

l : known number of recombinant bivalents between loci A and B



Recombination Fraction - autotetraploid



Recombination Fraction - autotetraploid



Recombination Fraction - autotetraploid

a1 a3 a1 a4 a2 a3 a2 a4
b1 b3

b1 b4

b2 b3

b2 b4



Recombination Fraction - autotetraploid



Recombination Fraction - autotetraploid



Recombination Fraction – autotetraploid

Fully informative marker



Recombination Fraction – autotetraploid
Partially informative marker – Duplex/simplex – Association 



Recombination Fraction – autotetraploid

Partially informative marker – Duplex/simplex – Repulsion 



Recombination Fraction – assessing linkage phases

• Pairwise MLEs of r are used to group markers 
into linkage groups and order markers within 
each linkage group using optimization 
algorithms such as MDS.

• Given a sequence of ordered markers, it is 
possible to extend the idea of comparing the 
likelihoods of competing linkage phases 
throughout multiple markers.

logarithm-of-odds (LOD-score) 

Markers A and B are most 
likely in association

> x <- make_seq_mappoly(tetra.solcap, 1:10)
> plot_mrk_info(tetra.solcap,4)
> plot_mrk_info(tetra.solcap,6)
> y <- est_pairwise_rf(x, verbose = FALSE)
> y$pairwise$`4-6`
       LOD_ph          rf       LOD_rf
3-2   0.00000 0.002770179 7.034134e+01
2-2 -64.47357 0.217875201 5.867772e+00
3-0 -69.52225 0.396840480 8.190949e-01
2-0 -70.34559 0.499954162 4.246663e-03
3-1 -74.18865 0.283120852 6.698376e+00
2-1 -80.88787 0.499954162 8.493239e-04



Ordering with MDS – 15 linkage groups, 30684 SNPs

1       2         3          4          5      6      7    8       9       10    11     12      13  14  15

Numbers indicate the associated chromosomes in I. trifida and I. triloba reference genomes

482/25/25 © Zhao-Bang Zeng @ NC State



Two – point analysis and grouping 
• Number of markers:               38,701
• Number of recombination fractions:           ~749 million pairs

Numbers indicate the associated chromosomes in I. trifida and I. triloba reference genomes



Multidimensional Scaling Algorithm (MDS)
• Reduce data from many dimensions preserving the observed distances 

between points by minimizing a loss function L.

Preedy and Hackett, 2016

Ordering

https://doi.org/10.1007/s00122-016-2761-8


Multidimensional Scaling Algorithm (MDS)

Preedy and Hackett, 2016

Sweetpotato linkage group 1: 2745 markers

https://doi.org/10.1007/s00122-016-2761-8


Haplotyping in polyploids
• Placement of allelic variants in the homologs in a homology group

2 1 3 1 2 2 1

M1 M2 M3 M4 M5 M6 M7

a
b
c
d
e
f

2 1 3 1 2 2 1

M1 M2 M3 M4 M5 M6 M7

a
b
c
d
e
f

dosages



Markov Models - Intuition

M T T
B



Markov Models

Markovian property: Given the present, the future does not depend on the past.

Transition probability



Multilocus linkage analysis in outcrossing diploids

Markovian process



Markov model



Hidden Markov Model - HMM



Multilocus linkage analysis in polyploids

Mollinari and Garcia (2019) doi:10.1534/g3.119.400378Leach et al. (2010) doi:10.1073/pnas.0908477107

where rk is the recombination frequency between loci 
k and k+1, p is the ploidy level and l is the number of 
recombinant events between k and k+1. 

Markov Model: Conditional independence 
What is the probability of observing a 
specific state at a moment (or 
position), given we observed some 
state in a previous moment?

https://doi.org/10.1534%2Fg3.119.400378
https://doi.org/10.1073/pnas.0908477107


Markov model



Hidden Markov Model – HMM – Emission



Hidden Markov Model - HMM

Assessing different linkage phases using multilocus analysis 



HMM – Forward - Backward and EM algorithms 



HMM – Backward-forward
• Tetraploid example, one individual, 15 markers 

1        1        1         3        1        1         2        2        0         1        2        1         1         0  1 



HMM – EM algorithm 
• Tetraploid example, one individual, 15 markers 

1        1        1         3        1        1         2        2        0         1        2        1         1         0  1 



Hidden Markov Model - HMM
• Tetraploid example, one individual, 15 markers 

a-d-g-h
a-d-f-g

Crossing over between homologs f and h



Robustness of the HMM 
(under preferential pairing and double reduction)

• Phase estimation was affected by preferential pairing
• RF were overestimated in the presence of quadrivalent formation. 



Pinus - Haplotypic composition 
chromosome 1, 10 individuals



Sweetpotato genetic map



Sweetpotato genetic map



Probabilistic haplotype reconstruction
• When assuming a prior probability distribution of the genotypes, 

multilocus strategies can improve the quality of the inferred haplotypes

Tetraploid potato



Probabilistic haplotype reconstruction
Hexaploid sweetpotato



Haplotype reconstruction in the offspring

https://gt4sp-genetic-map.shinyapps.io/offspring_haplotype_BT_population/

https://gt4sp-genetic-map.shinyapps.io/offspring_haplotype_BT_population/




Genetic mapping – Linkage group 12 – 2661 SNPs

Interactive version: https://gt4sp-genetic-map.shinyapps.io/bt_map/

2/25/25 © Zhao-Bang Zeng @ NC State 74

https://gt4sp-genetic-map.shinyapps.io/bt_map/


Preferential pairing profiles: Sweetpotato is 
vastly autohexaploid

2/25/25 © Zhao-Bang Zeng @ NC State 75



Software to construct genetic maps

Development version and other resources: https://github.com/mmollina/MAPpoly
Stable version: https://cran.r-project.org/package=mappoly

• MAPMAKER/EXP
• Onemap/BatchMap
• GUSmap
• JoinMap
• CarthaGene
• R/QTL
• MSTmap
• polymapR
• …

https://github.com/mmollina/MAPpoly
https://cran.r-project.org/package=mappoly
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