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NC STATE UNIVERSITY

North Carolina State University

* Some Numbers (fall 2020)

* 36,762 students enrolled (48.7% female, 51.3% male)
* (71% undergrads, 29% grads)
» 2,457 professors (40.6% female, 59.4% male)

» 7,239 staff (47.9% female, 52.1% male)
* Motto: Think and do!
* Public, land-grant and research university
* Raleigh, NC
* 3 campuses: Main, centennial, biomedical centennial.

* Nickname: Wolfpack (Go pack!)
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Centennial Campus —J. B. Hunt Library
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Outline

* Introduction to linkage

* Genotype calling in polyploids

* Modeling gamete formation, linkage and phasing
* Genetic mapping in hexaploid sweetpotato

* Assessing meiotic configurations and preferential
chromosome pairing

* Multi-parental analysis in complex polyploids
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Genomic Tools for Sweetpotato Improvement — GT4SP

* Bill & Melinda Gates Foundation has a large portfolio and 10% is
dedicated to agriculture development in Sub-Saharan Africa and South
Asia for food supply purposes.

* Key Crops: Cassavas, Yams, Bananas and Sweetpotatoes
e Phase I: GT4SP (PI: Dr. G. Craig Yencho — NCSU)

* Phase II: SweetGAINS (PI: Dr. Hugo Campos - International Potato Center)
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Sweetpotato for profit and health initiative

Food security for Sub-Saharan Africa

i SPHI*
MOFOCC?, - ' Tum“‘.i B 3 w_‘ ¢

Algeria
g Sweetpotato
2 Profit and Health

Initiative

A =l Ce:m'r'éi African Republic
(Cameroon, i _achiiinh

; ”:“f{};nbabwe
Namibia ! ;

B SPHI Target Country - Botswana 1= b,

Sweetpotato Support Platform ‘_.'--..Swm'a"f,l ,‘
I SPHI Research and Training Partner o ASOUIRAMR
Lesoﬂ;b'
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GT4SP & SweetGAINS

* Develop computational tools for the whole pipeline data analysis
information relationship crween genome relationship matting designs
and phenotypes
Phenotypes
’ / v
> > > >

Marker Linakge QTL :
Genotypes Map Analysis p  Selection

| | | N/
* VCF25M: Python scripts processing DNA calls (VCF files) for SuperMASSA
*  SuperMASSA: Call SNP dosage marker genotype probability distribution.
* MAPpoly: An R package for constructing a complete linkage map for 2X, 4X, 6X, 8X
* QTLpoly: An R package for QTL mapping in full-sib families for 2X, 4X, 6X, 8X
* DecisionPoly: user-friendly computational tool to assist breeders in making long and

short-term breeding decisions based on collected and learned

information about their breeding populations.
https://sweetpotato;zenomics.cals.ncsu@@

Raw DNA
Sequences
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Introduction

* 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.
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 How can we measure how likely A and B are co-inherited?
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Linkage analysis

* We measure linkage using the recombination frequency (or fraction)
in a segregation population.

* Genetic linkage is a concept applied to at least two loci.

* Recombination fraction 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
mapping functions. (Morgan, Haldane, Kosambi, etc.)

* By computing the recombination frequencies between pairs of
markers and using mapping functions, we can construct /inkage maps
which show the linear order and relative distance between adjacent
markers.

* First, let us address the behavior o a single loci when transited across
generations.

©®


https://creativecommons.org/licenses/by/4.0?ref=chooser-v1

NC STATE UNIVERSITY

Polyploid Species

* Organisms with more than 2 complete sets of chromosomes

Autohexaploid Allohexaploid

)

* Multiple sets have the same origin e Multiple sets have different origins
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How are polyploids formed

a
Specuatlon\‘

Diploid species AA Q :F @ Diploid species BB

2N gamete
" 2N +1IN gametes 2N gamete
;‘, 2N gamete
:\ & / m
Triploid (AAA) il \
: 2N +2

i Autotetrapoloi Allotetrapoloid
~ : o J (At
g Pamally diploidized tetraploids
i| . (0090 QOOOU

s, . \ Di p oid

\

(Comai, 2005 - Nat. Rev. Genet. )\ = / @(D
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Autopolyploids and meiotic pairing

Sweet potato Possible pairing
configurations

\
dede S/
=S 2

Two bivalents

it

One tetravalent One univalent and
one trivalent

Forage crops I Sug’b"rcémwe Griffiths et al. (2004)
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Meiotic Pairing in polyploids

Sweetpotato Sugarcane
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Figure 1. PMCs of Saccharum spp. hybrid clone 79N9059 at mei-
Hexavalents, quadrivalents and bivalents osis. As was the case in other clones, pairing was regular, bivalents @ ®
in sweetpotato (Magoon et al. 1970) generally formed.  (Bielig et al. 2003)
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Segregation in polyploids*®
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*random pairing and no double reduction


https://creativecommons.org/licenses/by/4.0?ref=chooser-v1

NC STATE UNIVERSITY

Genotype calling in diploids
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Genotype calling in polyploids
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Assessing allelic variation in polyploids

@\ ‘hf@ » P: ploidy
/ @ | » (: genotype of all
/ L

individuals

T \
Qz @ » D: observed data

v

I %y
\ D“’l » T': theoretical distribution of
\ -
D(Z) 1 genotypes

Serang etal. (2012) » (' histogram of genotypes

Mollinari and Serang (2

» ()1 and Q2: parent
genotypes, with data D,

and Dy (if available)
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Genotyping Calling using SuperMASSA

Dosage calling Including the probability distribution of the gerﬁypes
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Genotype calling

OPEN 8 ACCESS Freely available online R PLOb one

Efficient Exact Maximum a Posteriori Computation for
Bayesian SNP Genotyping in Polyploids

Oliver Serang''**, Marcelo Mollinari®>, Antonio Augusto Franco Garcia®

1 Department of Neurobiology, Harvard Medical School, Boston, Massachusetts, United States of America, 2 Department of Pathology, Children’s Hospital Boston, Boston,
Massachusetts, United States of America, 3 Department of Genetics, University of Sdo Paulo/ESALQ, Piracicaba, Sao Paulo, Brazil

Plant Genotyping pp 215-241 | Cite as

Quantitative SNP Genotyping of Polyploids with
MassARRAY and Other Platforms

Authors Authors and affiliations

Marcelo Mollinari, Oliver Serang
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Genotype calling in polyploids

* fitTetra (tetraploids — array data):
https://www.wur.nl/en/show/Software-fitTetra.htm

e ClusterCall (tetraploids):
https://potatobreeding.cals.wisc.edu/software/

e SuperMASSA (any ploidy level):
https://bitbucket.org/orserang/supermassa

. Epdog (any ploidy level, allows preferential pairing):
https://github.com/dcgerard/updog

. bonRAD (any ploidy level, reads VCF, BAM, etc):
https://github.com/Ivclark/polyRAD
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Gamete formation in polyploids*

S
SoEE——
S
S
Possible pairing
configurations

\ Elina il

R N—— . e

S=/= p= = T 3

EE=s s 8\9\“ gy:

! | — ===
Two bivalents \ l

One tetravalent One univalent and

one trivalent

Griffiths et al. (2004)

Multialllelic Bialllelic
Ay A
T T Number of possible gamtes considering
[ —— [S——1 one locus with no double-reduction in
As a one and two parents
——] S S - - 5
A 0 Ploidy (%) (%)
[ — —) [ — —) 2 )
4 6 36
6 20 400
AA e AA e 8 70 4900
AA @ Ao @ 10 252 63504
A A: A 12 924 853776
1/, @ ¢ . . 14 3432 11778624
AA, @ Ao @ 16 12870 165636900
A, @ Ao ==
A o= a0 e @ (D
random pairing and no double reduction
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Recombination fraction in diploids

» L

2
A B a b
° X e —
A B Jv a b\
A B a b
Fioole— X cl—
7] b a b
Bivalent pairing at meiosis
MNon Recombinants Recombinants Non Recombinants Recombinants
A B A B a b a b
2 : —
o o
a b l a b a b l a b
A B 15 B a b
a b A b
——— —
Mon Recombinants Recombinants
A B a b a B A b
CEEESSS———"  E— —
aEEESSS—— CELEEEEE A S
a b a b a b a b

#recombinants

r= #total @ ®
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Recombination fraction in diploids - Likelihood

A B
C D)
G
a b
r 1-7r
Recombinants Non Recombinants
ammms > ¢ )
[GE— G

L(r) =] Pr(Ga,GE |7)

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

7 = argmax L(r)
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Recombination fraction in diploids

A B

a b

Marker A

L=[]Pr(loc, , loc, | Data)
mn

X

o Toy example

9
a b

Individual Obs. Gen.

Individual Obs. Gen.

L R

oo ~1 & WD

10

(A
A
A
A

.B)
.B)
b))
.B)
A
1.bh)
b))
.B)
b))
.B)

004’000
! (4.B) 8 o0 1 %
2 (A,B) 8 o i Oo
3 (A.b) § i o i °s
4 (A.B) © 0 : %
5 (a .b) % i o OD
6 (A.b) g~ ° °oo
7 (a ,b) E § ] @ Do
8 (A.B) - © °,
9 (a .b) § — ° OGD
10 (A,B) « ° %,
T=2/10 = 0.2 2 ° °
0.0 01 02 03 04 05
Pr(locgloc,) ]
2/(1—r
b(1-7) _ _ (T
o L=T]Pr(Ga.Gr) = (5) ( >
3 (r) n
b(1-7)
H(1-1) The MLE (maximum likelihood estimate) of 7 is 7 = 0.2
b (1)
b(1-7)
b(1-7)
H(1-7) . N . .
J(1-7) Computing recombination frequencies in diploids using R and C++

L=V (1) https://github.com/mmollina/Cpp_and_R
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Gamete formation in polyploids*

()
6
e D

%

In this case: 15 possible configurations. For any ploidy level p

(2

] n

*no double reduction
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Expected gametic frequency given a bivalent
configuration

A, B A, B, A, B,
G CND I
( )] Il I

A, B, A. B A, B,

In general:
V1®V2®-~®Vg

All elements of this product are of the form

(1 —r)E=0pt
925

Pr(GAaGB ‘ wja’r) —

| : known number of recombinant bivalents between loci A and B @@
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Gametic probability for ¢

A B A, B, A, By
o >
X P

As By A;  B; A, B,

Possible genotypes for locus B (Gs)
123 124 135 145 236 246 356 456

u

O 123 3
—_ (1-r)

S8 124 m

(@]

2 < 135 . 1 rR0)

53 145 5

vg 236 e
7 O °

S 356 (r)

456 3
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Gametic probability for ¢

Possible genotypes

for locus A (Ga)

123
124
125
126
134
135
136
145
146
156
234
235
236
245
246
256
345
346
356
456

Possible genotypes for locus B (Gs)

123 124 125 126 134 135 136 145 146 156 234 235 236 245 246 256 345 346 356 456

—— . .
-L - -
|!| |- - |
L] [ [ L]
L [ [ I
| [ ] [ ] [ ] L ]

3

3
0 (1—7)(r)
8
(1—r) {r)z
8
()
8

©®


https://creativecommons.org/licenses/by/4.0?ref=chooser-v1

NC STATE UNIVERSITY

Unconditional gametic probability

\
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]
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Recombination Fraction — Autotetraploid

Fully informative marker

P, P,
A B A Bi
A B: A; B
As By X A; B
Ay By Ay B
[ — — — [ C— — —
Pr(Ga,Gp | 7) L(r) = [(1 - T)Qlﬁ [(1 - fr)fr]ﬁ [ﬁ]ﬁ
B:B: B:iBs B:iB;, B:B: B:B;, BB, 0 12 0
o O O O . .
a ---- o] r = argmax L(r)
A --- i -- §
Asts -- a |
o ]
A | & -----
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Recombination Fraction — autotetraploid

Partially informative marker — Duplex/simplex — Association

P, P,
@ @ @ @
| — [ — ]
@ © ® ©
(@ b @ 2
PI‘(GA,GB‘T)

Bb Bb Bb bbb bb
T T T e B
N 1 e Ny
N T [
o [ | | [ 53
N E || | B
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Ll(”‘[ 6 ] H ] @®
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Recombination Fraction — autotetraploid

Partially informative marker — Duplex/simplex — Repulsion
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Recombination Fraction — assessing linkage phases

r

4

1 = argmax Lq1(r) = L1(r) \

“ Compare likelihoods
choosing the most likely
P, configuration
@

19 = argmax Lo(1r) = Lo(73) /

r

]

* Pairwise MLE 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 likelihoods of competing linkage phases
throughout multiple markers
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Multidimensional Scaling Algorithm (MDS

* Reduce data from many dimensions preserving the observed distances
between points by minimizing a loss function L.

Sweetpotato linkage group 1: 2745 markers

Preedy and Hackett, 2016 @@
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Haplotyping in polyploids

* Disposition of allelic variants in the homologs in a homology group

M M2 Ms Ma Ms Me
3

- 3

e

[ ) [ ]
dosages ¢ ° o . °
a
b
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d
e
f
M1 M2 M Ma Ms M M
2 1 3 1 2
a
b commme——
C
J cos—
e
f

ooooooooo
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Multilocus linkage analysis in polyploids

Markov Model: conditional independence

k k+1 k42 k+3 k+4

(1 —r3) 2~ (ry)!

(1)

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

Pr(Gr+1|Gk) =

Leach et al. (2010) doi:10.1073/pnas.0908477107 Mollinari and Garcia (2019) doi:10.1534/g3.119.400378 @ ®
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Markov model
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Hidden Markov Model - HMM

1—€ if 0=38(kj)
bi(0) = Pr(O‘g}c’fj’ o o) =

£ otherwise
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Hidden Markov Model - HMM
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Assessing different linkage phases using multilocus analysis
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Hidden Markov Model - HMM
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Rabiner (1989): https://doi.org/10.1109/5.18626 @ ®
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Hidden Markov Model - HMM

» Tetraploid example, one individual, 15 markers
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Haplotype phasing — MAPpoly strategy

* Step 1: Use of two-point  Step 2: Evaluate the remaining
information to reduce the search configurations, using HMM
space likelihood

Marker inserted

Two point evaluation — S '
1@ E ® iiii%i alelslolclola
N—) [\ —) C ) N AN o J
HMM evaluation
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Final linkage phase configuration
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Biparental Population - BT

* Beauregard x Tanzania
* 315 individuals
* GBS — GBSpoly protocol (Bode Olukolu — U Tennessee)

* Two reference genomes /. trifida and I. triloba (Zhangjun Fei’s group — BTI
Cornell)

Beauregard Tanzania
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Biparental Population - BT
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Results - Genotyping Calling - BT population

Filtering process
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Two — point analysis and grouping

* Number of markers: 38,701
* Number of recombination fractions: ~749 million pairs

2
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Ordering - Multidimensional Scaling Algorithm (MDS)

* Projects the information contained in the recombination fraction matrix in two (or

more) dimensions. It provides a visual representation of the pattern of proximities
among markers (Preedy and Hackett, 2016).

Linkage group 1: 2745 markers

Recombination fraction matrix
MDS with principal curve
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Ordering with MDS — 15 linkage groups
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Numbers indicate the associated chromosomes in /. trifida and I. triloba reference ggnomes
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Linkage and Haplotyping in polyploids

Linkage Analysis and Haplotype Phasing in
Experimental Autopolyploid Populations with High 5019
Ploidy Level Using Hidden Markov Models
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Unraveling the Hexaploid Sweetpotato Inheritance
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Sweetpotato genetic map
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Sweetpotato genetic map
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Probabilistic haplotype reconstruction

 When assuming a prior probability distribution of the genotypes,
multilocus strategies can improve the quality of the inferred haplotypes

Tetraploid potato
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Probabilistic haplotype reconstruction

Hexaploid sweetpotato

BT13.108:MERGE LG 1

- ® — = T @ = @& O 0 O @

o

=1

=3
|

=
na
o

50 75 1 (.)0 125 @ ®
Map position


https://creativecommons.org/licenses/by/4.0?ref=chooser-v1

NC STATE UNIVERSITY

MAPpoly — R package to construct multipoint
genetic maps in polyploids

byt pacag ] ouis passing | seveicpmen: acuve ] csnce mv3 | —cosocov (e crun '0:20]

MAPpoly

Introduction

Linkage group
[ ' [ 2

MAPpoly (v. 0.2.0) is an R package to construct genetic maps in autopolyploids with even ploidy levels. In its
current version, MAPpoly can handle ploidy levels up to 8 when using hidden Markov models (HMM), and up to 12
when using the two-point simplification. When dealing with large numbers of markers (> 10,000), we strongly
recommend using high-performance computation.

In its current version, MAPpaly can handle three different types of datasets:

Map position (cM)

1. CSV files
2. MAPpoly files
Genome position (Mbp)

* Dosage based
« Probability based

3. VCF files (beta)

The derivation of the HMM used in MAPpoly can be found in Mollinari and Garcia, 2019, Recently, we used MAPpoly to
built an ultra-dense multilocus integrated genetic map containing ~30k SMPs and characterized the inheritance system
in a sweetpotate full-sib family (Mollinari et al., 2019). See the resulting map here and the haplotype composition of all
individuals in the full-sib population here.

NIRRT

MAPpaly is not available from CRAM, but you can install it from Git Hub. Within R, you need to install and load the

e I"Im""lI""Im"""“l""m"m
install,packages("devtools")
- 2 3
To install MAPpaoly from Git Hub use §
F 2
devtools::install_github{"mmollina/mappoly") 3 1
L1 e | V1 N 1 T A A I I A [ I B
. r T T T T T Y ) e " =
Vignettes ° ® © ® ® 100 12 “ M
Map posbion (M) Dutance (cM)

# Building a genetic map in an hexaploid full-sib population using MAPpaoly
= Building a genetic map using potato genotype data from SolCAP

= Dataset examples
Hexaploid simulation with dosage call in MAPpaly format

Hexaploid simulation with dosage probabilities in MAPpoly format Sta b Ie . https ://C RA N . R‘ p rOi ect . O rg/p a C ka ge: m a p p OIV

Tatraploid potato with dosage call in MAPpoly format
ploid potato with dosage call in CSV format

Tetraploid potato with dosage probabilities in MAPpoly format

Acknowledgment development: https://github.com/mmollina/MAPpoly

This package has been as part of the ic Tools for Improvement project (GT45P), funded
by Bill & Melinda Gates Foundation, @ ®
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Genetic mapping — Linkage group 12 — 2661 SNPs

Sweetpotato genetic map - Beauregard x Tanzania (BT)
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Haplotype reconstruction in the offspring

Haplotype of individual BT05:320

|
/ Resulting gametes

225025 NttPS://gtdsp-genetic-map.shinyapps.io/offspring haplotype BT population/ 210,
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Number of homologs involved in recombination
chains
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Homologs in recombination chains — potato

Pereira et al. (2020) - Recombination landscape in a Solanum tuberosum cv.
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Choudhary et al. (2020) — Using fluorescence in situ hybridization (FISH)
5S rDNA probe (red) and 45S rDNA probe (green)
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Preferential pairing profiles: Sweetpotato is
vastly autohexaploid
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Linkage analysis in multiple inter-connected families

Gametes from Gametes from
both parents parent B

Beauregard Tanza_ia | New Kawogo __|_ half-sib family (B)
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Multi-parental map BT-TB-NKB — Chromosome 15
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Haplotyping in BT-TB-NKB — Chromosome 15

Gametes from Gametes from
both parents parent B

A B
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