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Molecular markers:
central to “genomic resources” and “genetic analyses”
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Genetic Markers
m

Morphological Easy to assay Highly dependent on environmental Color and
markers Low cost factors shape.

- Difficult to analyze for quantitative traits

- Difficult to determine heterozygosity

Protein markers Low cost - Assay samples must be in good condition Isozymes
- Co-dominant - Limited availability
- Less dependent on Unstable materials (protein)

environmental factors

Isozymes
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DNA markers
(hybridization
-based)

DNA markers
(PCR-based)

1 2 3 4

Genetic Markers
m

Do not require
sequence information
of the target
Co-dominant
Unaffected by
environmental factors

Require low quantities
of DNA

Quick and easy to assay
High accuracy
Unaffected by
environmental factors

¥ o

Costly and time
consuming

Use isotopes

Require large quantities
of high molecular weight
DNA

Difficult to automate

Require expensive
equipment
Sometimes requires
sequence information
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RFLP

RAPD,
AFLP, SSR,
and SNP
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Next-Generation Genotyping: SNP Arrays
Affymetrix

Hlumina

-
e A s 1 -

GeneChip®

Single Nucleotide Polymorphism (SNPs)
SNP
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- Single Nucleotide Polymorphism (SNP)
- SNPs are much more common in genome
- Usually 2 alleles and maximum of 4 alleles




SNP chip/array

RE Digestion
Genomic DNA 250 ng 9 —
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Hybridization Chromosome 12
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SNP loci

o Contains thousands to hundreds of thousands of unique DNA sequences.
o Single intensity depends on amount of target DNA in sample.
o Manufacturers report genotyping accuracy of 99.5% in diploid genomes.



SNP Calling Algorithms

SNP on the X chromosome
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SNP Chip/Array: Pros and Cons

Pros
v'Less bioinformatic analysis (user-friendly GBSapp under development)
v'Few missing data (GBSpoly optimized to achieve this)
v'Inexpensive after chip design (GBSpoly now cheaper)

cons
o Initial cost of chip design is expensive (GBSpoly is inexpensive)
o Ascertainment bias: not all SNP probes are use-able/informative
(minimal ascertainment bias with GBS)
o Might perform poorly for allele dosage calling in polyploids
(GBSpoly is optimal for allele dosage calling)



Sequencing-Based Genotyping: GBS

Step 1
Construct reduced representation libraries (RRLs)
by digesting each DNA sample with a
restriction enzyme (Apekl)

Apekl site
Genomic DNA

Apekl site

Digestion with Apekl
Sticky end
N ]
= S| [ —
e—— [ —————————————

Apekl site

Sticky end

\

Step 2
Ligate custom ‘barcoded’ adaptors to sticky
ends of restriction site. Each sample has its own
unigue barcode sequence

Apekl sticky end ApeKl sticky end

Forward DNA sequence Reverse

adaptor adaptor
Unigue DNA barcode

for each sample

Step 3
Pool digested and barcoded DNA
into a single tube. Perform PCR amplification,
library preparation, and sequencing
on lllumina platform

Digested and barcoded Mumina

DNA samples DNA amplify sequencing

Apekl C C—

restriction site e —

Barcode l DMA sequence | C—

Use barcodes to assign sequences to samples. - es——— i
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Produce a file of DNA sequence data e
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TRENDS in Genatics

RAD-seq: Restriction-site Associated DNA
ddRAD-seq: double digest RAD-seq

GBS: Genotyping-By-Sequencing
DArTseq: Diversity Arrays Technology Seq
GBSpoly/GBSapp: GBS for all ploidy levels

Sequencing Cost

$10,000.00

$1,000.00 -

$100.00 -

$10.00 -

$1.00 -

Cost per Sequenced Mb




Seqguencing-Based Genotyping: DArTseq

How DArT detects DNA polymorphism

Array development Marker discovery & routine assays

l Hybridisation l

Clone and
microarray
fragments
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o DATrT: variant of “SNP array” technologies

o DArTseq: Variant of “sequencing-based
genotyping/GBS” technologies

0 Sequence reads (DArTseq) vs.
hybridization on chips (DArT)

o To the best of our knowledge, DArTseq
does not capture allele dosage in
polyploids.

0 Attempts to use DArTseq for polyploids
produces diploidized genotypes:

- DArTseqg might be useful for phylogeny,
diversity and pedigree studies.

- Absence of “filtering” is problematic for all
types of analysis.

- Can be problematic for genetic studies
such as linkage/QTL analyses, GWAS,
Genomic selection.
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Sequencing-Based Genotyping: Why GBSpoly?

1)
2)
3)

4)
o)
6)

7)

8)

Optimal double digest (low chloroplast contamination)
Minimal sequencing error and accurate de-multiplexing

Eliminates chimeric reads (fragments joined together from different parts of the
genome to create non-contiguous sequences)

Minimal “missing data” and “no ascertainment bias”
Minimal PCR bias results in uniform representation of loci and samples

Accurate “genotype” and “allele dosage” calls: includes ability to call sub-
genome specific genotypes (2%, 4x and 6x for auto-allo-hexaploidy sweetpotato)

Identify and remove bad SNPs (especially derived from paralogs) that creates
noise during downstream genetic analysis.

Various marker types: SNP, indel, restriction-site polymorphism, and epiSNP*

11



Seqguencing Terminologies

100 bp
(can update to 220 bp to further improve haplotyping)
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Reference genome

www.metagenomics.wiki

Higher coverage required for
allele-dosage calling in polyploids

ATGCGTAGCGCGGTCAGCGAT T GCGCTAGGCCGTAAAAGAT  -Haplotype 1 (CCTGA)

ATGCGTAGAGCGGT T'AGCGAT(GGCGCTAAGCCGT TARAGAT  -Haplotype 2 (ATGAT)

ATGCGTAGC GeGGTTAGCGATT'GeGCTAAGCCGTTARAGAT  -Haplotype 3 (CTTAT)
SNP1 SNP2 SNP3 SNP4 SNP5




Considerations: Filtering is crucial for all platforms

Description DNA sequences
Reference Called True
i ?
Sample e CTGC c Aligned? genotype | genotype
CTGC
A \deal i E v cT cT
CTGC T v
Heterozygous
B for SNP in CTAC } cp| «x &% -
restriction site E—T | v
Homozygous CTAC | ch X
C far SNP in cC
restriction site CTAC | cH "
Heterozygous e
D for divergent cC CcT
sequence X
H
nmfuzyrgnm T u
E for divergent T
seguence T X
Key: Restriction site B NGS read 1 Mo NGS read D Focal SMP . Mizmatch to ref genome

o Methylated DNA can produce lots of noise (most of SNPs in this regions)
o Polymorphism in restriction site is another significant source of error.
0 ~ 96.5 - 99.5 % (depending of read depth filtering) of the SNP data are noise.



Library Preparation Quality Controls

1) Pre-library prep:
o DNA quality check
0 Enzyme combination

o0 Barcode/adapter design
- Bonny Oloka provides case studies

A12: Tsel/Cviall 2 . ) ELZ: Pool L E1 o O T SO O -
o5t Fippincrep size seiection

2) Library prep:

o Double digest
1 | o Adapter/barcode Ligation
LI~ 4L | o Size selection
o PCR amplification

Al2: Pool 1 clean Al: Pool | Post-PCR
Ligation Post-PCR PinpinPrep Si ) )
, o lllumina sequencing
III
(
1
|1
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GBSapp: User-friendly software

Pipeline Overview

1) Align 2) SNP call 3) Filter

SAM FORMAT Create realignment Extract genotypes and
targets read depth/coverage

Prepare reference genome:
1) Generate Fasta file index

Reference Genome
Sequence

BAM FORMAT

Clean/code
Mark Duplicates Indel realignment appropriately:

Read depth Pa ralog
threshold
Mendelian Test

segregation

Add read group

) header
Auto-Allo-Hexaploid Sweetpotato: (R-software)

NGS reads 1) Homeologs (6x) Re-assign GATK HaplotypeCaller

- Genomic 2) 1. trifida specific sub-genome (4x) quality Score (SNPs and INDELs simultaneously)
- RNA-seq 3) 1. triloba specific sub-genome (2x)

Pre-process raw sequence reads:
1) Generate plots for quality control (QC)
2) Trim low-base calls and buffer-sequence

3) De-multiplex pooled barcoded samples Marker types:
4) Trim barcode sequence - SNP - INDEL
- SSRs - epiSNP

- Restriction-site polymorphism



Number of fragments

1,000,000~

750,000~

500,000~

250,000 -

Selection of Restriction enzyme

| | W Psti-Msp
Miul + CviAll | 5 W Psti-Msel
Sphl : EcoR/ }_ 5 B ccoRi-Hindii
Ealll N L W EcoRl-Hindil
EcoRl + Mspl | 84 W Tsel-CviAll
EcoRI + CviAll 106 .A Ki-Cuicll
Tsel + GviAll | 99 pekl-Cviq
;Ch!oroplast genomes occur in the order of thous

100-150 100-200

100-250 100-300 100-350 100-400 100-450 100-500
Window Size of Fragments

v’ Optimal double digest produces lots of fragments
v Lower chloroplast contamination
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Quality Control
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Quartiles =
Medians ©C—= [ 42

ELE IR P26

v High quality scores
for base calling

Table 1: Quality Scores and Base Calling Accuracy |

Quality Score (Solexa Scale: 40=Highest, -15=Lowest)

[ o E - O R NN W W W W W
ANODOOENONLDDONLEDDONSENMDDON BO®
P T S S T S R S S SN N S S SN S S S S SN S Y ST S S S S T
%

—
LI B B S e s s e B s S B B S e e e
ERS® CEREGEERERZERRER

Phred Quality Probability of Base Call
Score Incorrect Base Call Accurac!
s e o v'High quality score of
20 1in100 oo ¢ base calling in
30 1in 1,000 99.9% 2 barcode, hence’
40 11in 10,000 99.99% 2
50 1in 100,000 99.999% P aCCl’!rate _de_
multiplexing
. VElimination of
oy S L "f: = o chimeric sequences

Target Sequence

BD00555:183:CABTIANXK:8:2210:1247:2210 1:N:0:29
GTCAGAACACCTCTTAACAGCEAGCTTTGTAGTTCCAAGAAGATTTCAAGACTGAAAAGATGTCTGCTTTCATAATCTTTCTGTCAGTTTGACTGAARACTARAATAT CATTTGAATAGGATTGC
+

BTO5_285 “|ccecceeaseeea66666666666666666666666666666G6666666660GGGEG6666G666666666666G0GE6G6660CGCEE6EEEGEEECEEEEE66E6CEEGEEGEEECCGCE6EGY
@DO0S55:183:CABTIANKX:8:2210:1167:2221 1:N:0:29

GTTCCAAGCEATTCA A AGCGCGCTTGACTARAGARAGGGCTTCATTTACTGCTTTGTTTCT TG T TTAGTARAGTCAAGTTT TTCCCCTTATCT TECAGETGACCACGACGTCGAGTTGACS

BTO5 263 :{AAFEGGBGE‘EE‘.FEGLGGGFGGGGGGGGGGGDGDGGDGGGGGGGEGGGGGGGGE‘GG@FGGGGGGGGFGClE‘GCDFFGEGGGGGFGDGGG@OEGGGCFOGCFGEGOC..CA.CC<C.C3CEDED

v
CWGC (W=A orT) 17
Tsel-cut site



Uniform Coverage across clones and loci
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Beauregard x Tanzania Biparental Mapping Population

il

250 500 750 | 10¢
Read Depth (6x Genotypes)

W

I

v Outliers (orange dots) indicate fragments derived from
highly repetitive sequences (e.g. transposons)

v Average read depth significantly higher than threshold
required for SNP-calling
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SNP calling pipeline: alignment to reference genomes

| Hexaploid Sweetpotato (%)

De-multiplexing Accuracy (spiked with 5% Phix) 94.12

Reads common to I. trifida and I. triloba (6x) 89.94
Reads Specific to I. trifida (4x) 3.71
Reads Specific to I. triloba (2x) 3.78
Total reads aligned to reference genomes 97.43
xx xx x x lllumina HiSeq 2500
Number reads/Lane: ~ 250 millions reads

. trifida I. Triloba
4x-subgenome 2x-subgenome

19



6x Genotypes

Frequency of 6x bi-allelic & multi-allelic genotypes
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100-

Accuracy/Stability of Genotypes Calls

=]
LR

&

[ 4]
h

45, 100,
[ ! b

6x SNP-calling: After filtering

500 1000 1500
Beauregard x Tanzania Read Depth (filtered for nonparalog-derived variants))

Genotypes
—— 0/0/0IDI0I0

— Q000NN
— Q000NN
— 00NN
— RN
= onAnnn

- 1THRAARN
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Nulliplex:

Simplex:

000000
111111

000001
011111

Multiple dose:

000011
000111
001111

Frequency of 6x

bi-allelic genotype calls

0/0/0/0/0/0 x 0/0/0/0/0/1 <

Q/OV/0/0/0 x DNVOAD 111 < 744
Q001010 x 0:0/0/1/1/1 4 ] 107
Q/0/0/0/0/0 x /DY 1/1/1/1 3t

QIOMI0/0N0 x OF1/1/1/1/1 2

0/0/0/0V0/1 x 0/0/0/0/0/0 =

Q/O/0/0/1 x D//0/0/0! - [1sr7
QIOVON0/0/T x DO/ 1/1 = Jezs

0/0/0/0/0/1 x Q/ON1/1/1 410
OO/ x 0ANI1/11 4 ] 106
QAOVO/OIONT x O/1/1/1/1/1 =
00000/ x 111111111 48
ORV00/1/1 x 0XVD//OND
0/0/0/0/1/1 x 0/0/O/0/0I1 -
000/ /1 x 0/ODNN/1
QAN0/0//1 x 0X0I1/1/1/1 =
QOOM/1 x OM/1/1/1/1
0N0N/1 x U
QO0/1/1/1 x 00/
Q001171 x OO0V
QIOO/1/1/1 x DAV
QOO x 01NN
O x 111NN
QAOV1/1/1/1 x 0IO//0/0/0 =
Q0717111 x OAVOIVON
Q111171 x OAVOO/1/1 -
QO X 0RON/1/1/1 =
QM x AN
QO x I -
11111111 x D/DI0N0 76
QM1 x 0/I0N0/0N1 =46
QMMM x DI/ -
QMM x 0O/ - Jo3
QM1 x 00N/
OMMNAN x 0NANMM 4
QMM x AN
1AM x 00000 =2
AN x 0001
AN x 0011
NN X 0N
AAMAN x O o
Methylated x Methylated =
Methylated x 0/0/0/0/0/0
Methylated x 1/1/1/1/1/1 =
0/0/0/0/0/0 x Methylated
11111717111 x Methylated

1140

Cross

5,000 7.500
Number of Variants (29,596 loci)

27,937 SNPs

[
10.0C
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SNP Validation

1) Filtered SNPs physically map to a single/unigue genomic region.

2) Genotypes and allele dose calls are very stable at different coverage/read
depth (above threshold).

3) Independent marker ordering (genetic linkage map) shows high collinearity
(and conservation of synteny) with physical reference genome.
(Presentations: Marcelo and Guilherme)

4) SNP data accurately predicts parents in multi-family crossing blocks.
Similarly, it predicts pedigree with high accuracy in globally diverse clones.

Validation results support high-fidelity in genotypes and allele dosage.
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Deliverables

1. Inexpensive/Scalable Genotyping platforms: GBSpoly

2. User-friendly GBSapp standalone and cloud-based software (under
development): GBSapp beta-tested by independent groups.

3. GBSarray: Oligo-array (probes) several orders cheaper than conventional arrays

4. Genotyped mapping population:
- Beauregard x Tanzania (BxT) - TxB
- New Kawogo x Beauregard (NKB) - MDP 8x8 parents

- M9xM19 diploid population \

non-GT4SP: 2
*USDA SP germplasm *DC SP population *Tomato population [ &
*Strawberry population *Blackberry population

streptavidin-coated
magnetic beads



Genotyping costs

_ Plex-level | Cost/sample # of SNPS (Average)

$20.04 (517.54) 5,000¢
GBSpoly
: : 1 ©
Essential for discovery phase 96 s L 0,000
$87.75 (585.25) 30,000¢
96 $20.04 (517.54)
192 $13.27 (S10.77)
GBSarray 384 $9.89 (57.39)
Leverages strengths of GBSpoly and 30,000¢¢
SNP chip/array technology 768 58.19 (55.69)
1,536 $7.35 (54.85)
2,304 §7.06 (54.56)
Library prep cost per sample  : 56.50 2100 bp window
Updated library cost per sample: $4.00 6200 bp window
HiSeq2500 S4 (250 million per lane) : 51,300 €300 bp window

Update to NovaSeq S4: 4.27 times more yield at comparable cost. €0.5 - 3.5 % of GBSpoly raw SNPs
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Information on Sweetpotato Populations

M9xM19 diploid population: 210 F1 progenies; 9,500 SNPs (100 bp window)
Beauregard x Tanzania (BxT): 315 F1 progenies; 27,937 SNPs (300 bp window)
Global diversity panel: 417 clones; 32,784 SNPs (100 bp window)

TxB: 245 F1 progenies (300 bp window)

New Kawogo x Beauregard (NKB): 287 F1 progenies (300 bp window)

DMO04-001 x Covington (DC): 450 F1 progenies (300 bp window)

MDP 8x8 parents: 16 parents; 2,000 F1 progenies

Global diversity panel: 700-800 clones; expecting >100,000 SNPs (300 bp window)



Dosage: utility for marker/genomics-assisted breeding

Design matrix (S) elements
0 ! 2 3 4 3 6

Additive
—_—

Diploidized
A itV e ee—
Triplex

D ominant (A>B)
Triplex

Dominant (RxA) [

Simplex AAA AAA
AAA AAB

Dominant (A>B) —_— AAA ABB

. AAA BBB
Simplex AAB 888

ABB BBB

Dominant (8> ———— ] - -




Dosage: utility for marker/genomics-assisted breeding

Fraction of genome

Sanger Whole genome
sequencing re-sequencing
Genomic selection
Phylogeny  Population QTL Pedigree  Association  Population
e Structure Mapping Mapping Mapping Genomic Scans
{L &0 0’9 8% oo
— 20
= I 53552 ob% 8w
o® % 0 ®

I ) | ) | J
Divergence limited Recombination limited Linkage Diseq. limited




Conclusion

. Advancement in genotyping technology from to
platforms. Low-throughput assays are still important (open for discussion)

. GBSpoly leverages the strengths of other technologies, new innovative
iIdeas, and multiple QC steps to resolve typical problems (i.e. high error
rates, biased libraries, low efficiency, and high cost).

. GBSpoly is cheaper and delivers allele-dosage at all ploidy-levels.
Accuracy Is high and confirmed by several empirical validations.

. Using GBSpoly as a SNP discovery phase, we are developing a
platform, which will further drive cost down.

. GBSpoly is now routinely used in both diploid and polyploid crops.
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