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Developing Genomic Resources: Interdisciplinary Research

Genetic resources

_
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Improved hybrids/ varieties

Marker assisted selection

Genome sequence and
computational genomics

Consensus callingi

Linkage mapping

Genomic selection

Genomic estimated breeding values

Approaches
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Alignment with
reference genome

Challenge:

- Integrating knowledge from various disciplines in a seamless manner

Pazhamala et al. (2015) Front. Plant Sci.

- Developing & Incorporating Diagnostics tools into Analyses



Molecular markers:
central to “genomic resources” and “genetic analyses”
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Acronym Nomenclature Reference

1974  RFLP Restriction Fragment Grodzicker et al. (L974)
Length Polymorphism

1985 VNTR Variable Number Tandem Jeffreys et al. (1985)
Repeats

1986 ASO Allele Specific Saiki et al. (1986)
Oligonucleotides

1988  AS-PCR  Allele Specific Landegren et al. (1988)
Polymerase Chain
Reaction

1988 OP Oligonucleotide Beckmann (1988)
Polymorphism

1989  SSCP Single Stranded Orita et al. (1989)
Conformational
Polymorphism

1989  STS Sequence Tagged Site  Olsen et al. (1989)

Maheswaran (2004) Advanced Biotech

Restriction enzymes
chop up DNA at
specific points

They can do this at several points in the
genome

AT o

(wherever the sequences matches their
target sequence)

sometimes, a mutation will

’\S)h_ mean an RE won't cut where

K

\

it usually does

bigger

smaller

It looks like this on a
gel, and is called a
Restriction Fragment

Length Polymorphism.

(RFLP)




Year Acronym Nomenclature Reference

1974  RFLP Restriction Fragment Grodzicker et al. (L974)
Length Polymorphism

1985  VNTR Variable Number Tandem  Jeffreys et al. (1985)
Repeats

1986  ASO Allele Specific Saiki et al. (1986)
Oligonucleotides

1988  AS-PCR  Allele Specific Landegren et al. (1988)
Polymerase Chain
Reaction

1988 OP Oligonucleotide Beckmann (1988)
Polymorphism

1989  SSCP Single Stranded Orita et al. (1989)
Conformational
Polymorphism

1989  STS Sequence Tagged Site  Olsen et al. (1989)
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Year Acronym

Nomenclature

Reference

1990 RAPD Randomly Amplified Williams et al. (1990)
Polymorphic DNA
1990 AP-PCR Abitrarily Primed Welsh and McClelland SSR (Multiplex)
Pol Chai 1990
RE:TE:SE & { ) C1 R1 H1 C2 R2 H2 C3 R3 H3 C4 R4 H4
1990 STMS Sequence Tagged Micro  Beckmann and Soller
Satellite Sites (1990) RM164 {
1991 RLGS Restriction Landmark Hatada et al. (1991)
Genome Scanning RM206 {
1992 CAPS Cleaved Amplified Akopyanz et al. (1992)
Polymorphic Sequence RM276 {
1992 DOP-PCR Degenerate Telenius (1992)
Oligonucleotide
Primer - PCR
1992 &SR Simple Sequence Akkaya et al. (1992)
Repeats
1993 MAAP Multiple Arbitrary Caetano-Anollés et al.
Amplicon Profiling (1993)
1993 SCAR Sequence Characterized Paran and Michelmore
Amplified Region (1993)



Year Acronym Nomenclature Reference

194 ISSR Inter Sequence Zetkiewicz et ol
hr (1994)

1994 SAWPL Sdecive Of
o Amplficaion “u:oumm
Polymorphic Loci

1994 SNP Single Nudeobde Jordan and
Polymorphisms Humphries (1994)

1985 AFLP (SRFA) Amglfied Fragment Vos et . (1999)
Lengh
e

1995 ASAP Al Gu et al. (1905

Spedific Assocated et al. (1995)

1996 CFAP Chaase Brow (1966)
s Fragment

19% ISTR Inverse Sequence-tagged  Rhode (1996)
Repeats

1997 DAMD-PCR  Dwected Amplfication Of  Bebell et . 1997

Mni Satedlne DNA-PCR

Maheswaran (2004) Advanced Biotech

Year Acronym

ARERNERE

Nomenclature

Amgiied Polymorphesm
Retrotransposon Based

Insenonal Palymorphism

Reference
Waugh et al (1997)

Flavell et al. (1998)
Kalendar et al. (1999)

Kalendar et al. (1999).

Casa et al. (2000)

van oer Wurtf e &,

Chang et al (2001)

Li and Quiros (2001)
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Sequencing-based Genotyping methodologies

A. Amplicon-Based Targeted Sequencing

PCR Multiplexed PCR Combined, indexed, multiplexed PCR Sequence
1 reaction = 1 amplicon/sample 1 sample/reaction = 60 amplicons/sample 96 samples/reaction = 180 amplicons/sample

Sequencing-based genotyping

- Skim sequencing (no genome reduction) - SNP chip arrays

- Enrichment/target capture/hybridization-based -Transcriptome sequencing
- Restriction enzyme methods (RE-GBS, RAD-Seq, ddRAD-Seq)

http.//www.illumina.com/Documents/products/appspotlights/app_spotlight_ngg_ag.pdf



Sequencing-based Genotyping methodologies

B. Hybridization-Based Enrichment Sequencing

Ligate adapters Pool and Isolated fragments Sequence
hybridize target probes corresponding to targeted regions

e e—
Gene Model T

Mapped Reads

Sequencing-based genotyping

- Skim sequencing (no genome reduction) - SNP chip arrays

- Enrichment/target capture/hybridization-based -Transcriptome sequencing
- Restriction enzyme methods (RE-GBS, RAD-Seq, ddRAD-Seq)

http.//www.illumina.com/Documents/products/appspotlights/app_spotlight_ngg_ag.pdf



Sequencing-based Genotyping methodologies

C. Restriction Enzyme Reduced Representation Sequence-Based Genotyping

RE digest and ligate adapters Pool Size select (optional) Sequence

Genomic DMNA

Reduced
Representation

g

LTI

Sequencing-based genotyping

- Skim sequencing (no genome reduction) - SNP chip arrays

- Enrichment/target capture/hybridization-based -Transcriptome sequencing
- Restriction enzyme methods (RE-GBS, RAD-Seq, ddRAD-Seq)

http.//www.illumina.com/Documents/products/appspotlights/app_spotlight_ngg_ag.pdf



Advantages of Genotyping by Sequencing
1) Sequences predetermined areas of genetic variation over many
samples as far as:
-reference genome -high-diversity samples
-finely tuned coverage across multiplexed samples)

2) Reduces ascertainment bias compared to arrays

3) Identifies variants other than SNPs (i.e. small insertions,
deletions, and microsatellites)

4) Provides a low cost per sample ($24/sample)

Poland and Rife (2012) The Plant Genome



1) Issues with erroneously calling heterozygotes as homozygotes (low coverage

sequencing): - Increase sequencing depth - Coupling Phase
A B
. . F1 Recombination %
2) Lots of missing data: a b
- Error in de-multiplexing/barcodes (substitu ¢
. . .. A B A b a B a b
- Coverage not uniform across loci: optimize —— ———r —— ——
Gamete Gamete Gamete Gamete
3) Repetitive sequences and paralogs introduce g Repulsion Phase
- Exclude unusable repetitive sequences be A b
. . FI1R hinati
- Develop algorithm to filter out paralogs R
4) Imputation is still challenging Ab A il i
X R X Parental Recombinant Recombinant Parental
- Imputation not require with our new proto Gamete  Gamete Gamete Gamete

- Mating design powerful for improving imputation and phasing

Poland and Rife (2012) The Plant Genome



GBS pitfalls

Description DNA sequences
Reference | Called True
sample | o ome | LETGC CI" | Aligned? | onotype | genotype
CTGC
A Ideal ¢ E v cr cT
CTGC T v
Heterozygous CTac | ch » code as null allele, genotype accurately
B for SNP in TT cT using read depth info i.e. genotype is “A-
restriction site C1GC TF v ’””and not “AA”
Homozygfaus CTAC | ch Completel_y miss_ing alleles frpm one
C for SNP in a @ o parent. Might still be useful if alternate
restriction site CTAC § &P parent is heterozygote
Heterozygous C 7 Problem with alignment of paralogs to
D for divergent TE CcC CcT the same locus. Filter and discard SNPs
sequence " based on:
Homozygous i) Read depth of paralogs that will be
L CTGC T ; ,
E for divergent . T multiple times of the average read
sequence CT1GC T depth.
ii) Segregation distorted loci. Final data
Key: [ CTGC | Restrictionsite  wmm NGSread ~[INoNGSread [ rocalsne ] Mismatch to ref genome set should reveal distorted loci in few

Other technical issues not particularly due to GBS:
- illumina sequencing error
- chloroplast contanimation

localized clusters.




Outline: New GBS pipeline

1) Pre-library prep:
*DNA quality check *select enzyme combination
*barcode/adapter design

2) Library prep:
*double digest *adapter/barcode Ligation *size selection
*PCR amplification  *lllumina sequencing

3) SNP calling (GATK-based pipeline):

*pre-processing reads (trimming low quality, de-multiplexing)
* Align to reference genome *call SNP genotypes
*filtering for high confidence/quality SNPs



GBS Principles

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

ApeK] site ApeKl site ApeKl site
Genomic DNA

Digestion with ApeKi ,
Sticky end Sticky end
\— «
[T — |
D ——— e ———————————————

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

: Digested and barcoded Pool PCR llumina

on lllumina platform DNA samples DNA amplify sequencing

Apekl C —

restriction site . —

Barcode DNA sequence | e—

Step 4 [ e—

Use barcodes to assign sequences to samples. e— Sy | e—
% R ———

Produce a file of DNA sequence data ey e —

for each sample e —— ey =_

- L Oe—.
e

— \ e —

= =

EEE e

B et 8

e

TRENDS in Genetics

[

Barcode adapter

=

Common adapter

De-multiplex pooled samples
with barcodes.

Additional barcode on
common/reverse adapter can
increase plex-levels

Double digest more efficient.



Outline

1) Pre-library prep:
*DNA quality check *select enzyme combination
*barcode/adapter design
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Pre-library prep: select enzyme combination

Significance of enzyme
combination choice:

- contamination of library
with chloroplast DNA.

- leads to low proportion of
reads matching reference
nuclear genome.

Yan et al. (2015) PLoS One

S
| AL :

Ipomoea batatas
chloroplast genome
161,303 bp




Pre-library prep: in silico digest

Minimize fragments from chloroplast in library. 1 £ chloroplast genome
COpy OF chioroplast genom

Enzyme combinations Methylation (% of chloroplast fragment
Pstl Sensitive 0.01
Mlul/CviAll Sensitive 0.03
Pst1/Mspl Sensitive
Sphi/Mludcl
EcoRI/Mspl
EcoRI/CviAll Sensitive
Tsel/CviAll Sensitive
window size Total number of Fragments
(from 160 bp) Tsel/CviAll Pstl/Mspl
50 61,052 | 4,753
100 L n,367 i 8,954
150 150,800 | 12,714
200 182,895 || 16,126
250 - 207m0 19,183
300 227133 22,188
350 243264 24,883
400 _- 27,349




Pre-library prep: barcode/adapter design

Restriction Restriction
cut site-1 cut site-2
Sequence primer I I
e —
5 - :

GCATACGGCAGAAGACGAAC

Buffer Tal’get(i;::?gertt d Index
sequence (digeste
seguence
9 fragments) barcodes
v

Variable length
barcodes (6-9 bp)

1) Index barcode to increase plex-level (not very efficient).
2) Barcodes designed to destroy cut site upon ligation.
3) Secondary digest to eliminate chimeric ligation products.



Lowest)

Highest, -15=

Quality Score (Solexa Scale: 40

Pre-library prep: buffer sequence

- 12 bp buffer sequence upstream of barcode
- Absorb inflated error at beginning of illumine reads
- Ensures nucleotide diversity crucial for good quality reads

Quality Scores for Quality_Chart_for_Bgard_MK_20progenies_Untrimmed_GBS

----- 40 1 in 10,000 99.99%

Cuality scores for 8 human genome 2 = 101 base pair rum on a

of bases ssquenced abowve 030,

HIE-E'E]. 2500 Sglatamhra:lid-ru‘u nmde.'l'!"ﬂaxarrplem gxe | B ED 1 in 1G010DU gg‘ggg%

600 | K

g 1w 84— | B

§ 100 | . R  ———————
8 i ~ | - Phred Quality Probability of BaseCallfp . .. ... |
g am R Score Incorrect Base Call  Accuracy f |
b= tfr 5 £ '1®&- " D =
% 0 | _____ 10 1in10 90%
4000 f— e - R
= 200 i R 20 1in 100 9% T
e % m R 30 1in 1,000 99.9% B ...
ascote 90 TTTTTTTE,

01234567 838101123456 718PERIE2PLIEZEBEIZEBHEEEEHEHA4AAMAATAHMDBED DL DB HRHB0EI6H I L5666 68697 0r 17 27 37 4757 67 77 87 B (B1828 B BT 7885 0 (91929 33 495563 7959 3 AU OECBOMIEIECTIEIE

read position




Pre-library prep: barcode sequence

- Variable length (6-9 nt) barcode (designed with R-script)
- Accounts for substitution and indel errors (edit/levenstein distance)
- Better than Hamming distance (only substitution error)

L SRR R R E T R R R RS S S s T T L e R e P e R T E T

ikt < HEt s bk
e L | ¥
= |y

¥ ek

¥
| vy

Barcode: [ EHICIE]

Del
1

Elongate

Sequence Reac: ICICHIIGICHAINIA

Elongate

Del 2

Sub
Barcode: | HICIRIC]




Outline

2) Library prep:
*double digest *adapter/barcode Ligation *size selection
*PCR amplification  *lllumina sequencing



Library prep: Library prep

*double digest

*adapter/barcode Ligation

*size selection
*PCR amplification

*llumina sequencing

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

ApekK] site ApeKl site ApeKl site

Genomic DNA

Digestion with ApeKi x
Sticky end Sticky end
\— ‘/
[T r—
I — L r———————————————

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

5%-

: Digested and barcoded Pool PCR lllumina
on lllumina platform DNA samples DNA amplify sequencing
ApEkl C e—
restriction site i —
Barcode DNA sequence L e—
Step 4 v ——
Use barcodes to assign sequences to samples. — Sy | e—
Produce a file of DNA sequence data e ————————— ———
for each sample — . ), | —
- o Oe——
e
e \ — ——
e
_—_ e
S —
— e

TRENDS in Genetics




Library prep: double digest

E EEE

TRV

P -

.

f

1)
2)
3)
4)

Easy absorbance-based DNA quantification
Double digest
MagBead clean-up

Normalize samples by “florescence-based Picogreen

quantification” before ligation.

o

&

: 200bp Sh'eafi' 1g DNA
o 0.65X/1.0X Doubl '. Sided
2 : o.ss)én.ox_ ' uble-
i 5 50 100 150 200 300 400 500 700 ’ 1500 ] g | ad s ¢ ¢ o g .ﬁ{ e




1) Ligate barcoded adapter to each normalized sample
2) Pooled samples on plate-by-plate basis

3) Perform secondary digest on pooled samples to eliminate chimeric fragment,
which will not align/match to reference genomic sequence

& { ) } 5
9 : % X
2500 4

p
2000 - } \
!

|
£ 1500 4 }

oy

£

€ 1000 - |

w /

500 - ) \ A




Sample Intensity [FU]

Library prep: Pippin Prep size selection, PCR and cleanup

PippinPrep Size selection

~

N : d & ¢ s ¢ § § @ o



Library prep: Pippin Prep size selection, PCR and cleanup

o0 B o G0 Mo
e e

PCR on ligated fragments MagBead clean-up
s s o _ s #




Outline

3) SNP calling (GATK-based pipeline):

*pre-processing reads (trimming low quality, de-multiplexing)
* Align to reference genome *call SNP genotypes
*filtering for high confidence/quality SNPs



essssssesscsscsscssccastsssssssssssscssss Ca"ing variants with the GATK ssssscssssscssccssssnsasassessessssssssse

PHASE 1: PHASE 2: PHASE 3:

NGS DATA VARIANT DISCOVERY INTEGRATIVE
PROCESSING AND GENOTYPING ANALYSIS

Typically by Lane Typically Multiple Samples S
Simultaneously Raw Variants External Data

Sample 1 Sample N
Reads " | Reads

L )

Population

Mapping [ Indels Structure

Known
Variation
Duplicate Structural —

Marking Call Variants Va(réa\}::;ns s K“‘;W"

enotypes

Local
Realighment

Variant Quality Recalibration

‘ SNPs H Indelsl Structural
Variations
(SVs) Genotype Refinement

Base Quality
Recalibration

Raw Variants

Variant Evaluation

Analysis-ready
Reads

Analysis-ready Variants

PO NSRS NN RN S RN NS SN SN E S NN NN S NN E NN NSNS NSNS NN s NSRS e RN s R sssssnsasssERERESY
NSNS RN RN S RN NS SN SRR E NS NN NN S NN E NN NSNS NSNS NN s e RN ss s sReessssnsRsssERERRSS

BN R NN S RN NN s NSRS NN N R SN NN N R NN N RN S N RN R S NN E NN R N N RN S N R NN N SR RN N SR NN s R NN R RS RN s NN RN RN R RN SRR RN SRR RN RN RN RPN SRR RERsRRERERseRERERSISES



1) Quality check on raw reads (FASTX toolkit)

2) De-multiplex (FASTX toolkit)

3) Trim off barcodes and low quality bases (FASTX toolkit)

4) Index reference genome (BWA and SAMtools) and Create sequence dictionary (Picard tools)
5) Align short illumina reads from each sample (BWA)

6) Convert output SAM file to BAM file (Picard tools)

7) Produce statistics on alignment (SAMtools)

8) Mark duplicates (Picard tools)

9) Sort BAM file (Picard tools)

10) Add group header information to each BAM file (Picard tools)

11) Index the resulting BAM file (SAMtools)

12) Re-assign quality scores if scale not matched to GATK scale (GATK)
13) Indel re-alignment (GATK)

14) Call variants using HaplotypeCaller (GATK)

15) Data filtering (VCF tools)

16) Summary boxplot/beanplot (R)



Lowest)

Highest, -15=

Quality Score (Solexa Scale: 40
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SNP calling: quality check (QC)

Quality Scores for Quality_Chart_for_Bgard_MNK_20progenies_Untrimmed_GBS

01234567 8910N1NA3AN4ARETEPRE22TLPET2EBBIIBIHE3637383 0414243445464 74840 (B 1555 5 Db 5 E5 9606 16 26 5 465666 76 86 97 Or 17 27 37 47 57 67 77 87 B 08 1828 33485368 78 8390 081923 394950 60 7 899 (T OO0 B ECIAIREL T 1
TN T O T T Y Y O Y T Y Y Y Y Y T R O Y O Y Y Y Y O O Y O O O Y

Quartiles —
Medians

read position



SNP calling: De-multiplexing

sequence

starting
identifier

symbol

T@HWI-EAS3X_10102_2 120 19829 1823#0/2
TCTAACTCTTACTTAGCATAGCTGTTAAAATTTTTGAGTT.

_~+(optionally the same identifier)

sequence eng DEAEE:B:BESEEEED=:DEA:-AESDDBDFFEDEEDFAE e

start QS

~ sequence

quality
score

De-multiplex :
Mismatch<o  86.9 % of reads recovered

Mismatch<1  97.5 % of reads recovered

Demultiplex based on 12 bp buffer sequence
Mismatch< 0o 48 % of reads recovered
Mismatch <1 67 % of reads recovered



Lowest)

Highest, -15=

Quality Score (Solexa Scale: 40

012345678 91M12AA4A5EANNPRL2RLPEZPBEIZBBHBEETBHBHAHI4AHNMHAMATISIDBIED HHHE HHB0616 6B 465666 68697 07 17 27 37 4757 67 7787 3B (81828 38 4868 78 8898 (919 2938 495 62 7282 9. (LN AR EIMIEIEIIT

Quality Scores for Quality_Chart_for_M3xM19/MIxM19_|ndexs
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Quanriles —
Medians —

I EREN 1
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(6-9 bp) end
sequence
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sequence

1 (12 bp)

O hAMONEO®E
=R
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rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrro roro ot

read position
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i, amnicala

I. batatas FI 508520
I. batates Pl 518474
l. batatas Pl 561258
I trifide REM 753

I. cordatolrioba

1. trifida P! 618966

I. splendor-sylvae

I sefosa

I, murucoides I M .
— [ urucoides
I, poipha
PR I o

Pes-caprae

i-Jl'lfl
“haie _I

I, hederifolia

Batatas

"

a5

:fnﬁ'

Ipomoeeae

fozoarl [ orizabensis

I, minutiffora

. purpurea

|, cainica

1. pes-tigndis

Merremieae

I diamantinensis

Argyreia nervosa

I tncalar
[, dumetorurm

ICair'tc:a

| I eriocarpa

L} involucrata

Turbina corymbosa
I. pedicelians
I, obscura

Shiclocardia macallusol

I, termifolie

Quamoclit

Pes-tigridis

Obscura

Operculina macrocanpa

0.0050

Mevramia quinguefolia

Eserman et al. (2014)
American Journal of
Botany.

Astripomoeinae

Argyreiinae

Whole chloroplast
genome
sequencing

29 morning glory
species



SNP calling: reference genomes and alignments

* Alignment of reads to nuclear and chloroplast genome:
- Average match to nuclear genome ->90.8 %
- Average match to chloroplast genome >11.2%

- nuclear plastid DNA-like sequences (NUPTs) probably account for overlap

Samples M9; M19 M9; M19
Reference genome Trifida Triloba

% of reads matching reference :
Number of Sites 68,411 | 66,563 '
Proportion Missing r 0 0
Proportion Heterozygous 0.719 0.727
Genetic distance ##’




SNP calling: reference genomes and alignments

Species Cenome size (Mb)? MUFTs Proportion to nuclear genome (%)
Muclear Chioroplast Mumbear Length (kb)

A. thaliana 119 0.15 38(31) 17.7 (14.5) 0.015(0.012)

C. papaya 343 0.16 613 (486) 269.8(216.2) 0.079 (0.063)

V. vintifera 486 0.16 900 (497) 337.7 (209.0) 0.069 (0.043)

L. japonicus 301 0.15 394 (392) 147.3 (147.0) 0.049 (0.049)

M. truncatula 567 0.12 361 477.8 0.084

G. max 974 0.15 1435 406.3 0.042  y 3 tuberosum

M. esculenta 533 016 199 54.4 0.010 N L -

K. communis 107 0.16 632 264.2 0.247 "

P trichocarpa 481 016 293 2418 o050 5 lycopersicum _

C. sativus 203 0.15 169 49.0 0.054 [

5. tuberosum 727 0.16 563 4296 0.059

5. lycopersicum 782 0.16 1513 674.4 0.084

B. distachyorn 271 0.14 863 5315 0.196

0. sativa 382 0.13 611 (495) B46.6 (B04.3) 0.222(0.210)

5. hicolor 697 0.14 515(417) 169.4 (142.3) 0.024 (0.020)

Z. mays 2066 0.14 1459 (1099) 1041.3 (BB0.4) 0.050 (0.043)

In parentheses, the estimated values are shown when mitochondria—chloroplast transferred DNAs were excluded.
*Accumulative length of determined whole-genome sequences in database.
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VCF header

Body

“
-

-

VCF file format

( ##fileformat=VCFv4.0 = Mandatory header lines

##fileDate=20100707
##source=VCFtools
##reference=NCBI36

##INFO=<ID=AA,Number=1, Type=String,Description="Ancestral Alle

Optional header lines (meta-data

about the annotations in the VCF body)

##FORMAT=<ID=GQ, Number=1,Type=Integer,Description="Genotyle Quality (phred score)">
##FORMAT=<ID=GL, Number=3,Type=Float,Description="LikeljMoods for RR,RA,AA genotypes (R=ref,A=alt)">
##FORMAT=<ID=DP,Number=1,Type=Integer,Description="Re#&d Depth">

##ALT=<ID=DEL ,Description="Deletion">
##INFO=<ID=SVTYPE,Number=1, Type=String,Descriptig#="Type of structural variant">
##INFO=<ID=END,Number=1,Type=Integer,Description="End position of the variant"> _
#CHROM POS ID REF ALT  QUAL FILTER INFO FORMAT SAMPLE1 SAMP SULLCL G ENIS),

1 I ACG_ A,AT PASS . GT:DP 1/2:13 0/0:29

1 2 rsl T,CT PASS H2; AA=T GT:GQ 0]1:100 2/2J0
1 5 . A G . ASS . GT:GQ |0:77 1/1:9
1 100 T, <DEL> . P SVTYPE=DEL ; END=300 GT:GQ:DP /1:12:3 0/0:20 Alternate alleles (GT>0 is
. an index to the ALT column)
1 Other event
Deletion SNP Tt Phased data (G and C above

Large SV are on the same chromosome)



1) Recode SNPs as missing if read depth is below threshold. Also, if SNP has too
many reads, recode as missing (probably a paralog):
2) Filter based on missing data:

3) Decide if markers should be strictly bi-allelic. Also decide if you want to retain
indels.

4) Extract genotype calls, read depth and alleles from VCF file.
5) Determine segregation ratio for SNPs and use this parameter to clean up data

for SNPs that have segregation distortion (polySegratio: R-package). Data is
ready for statistical analysis.



1) Diversity study

2) Linkage disequilibrium and re-constructing haplotypes
3) Constructing genetic linkage map

4) QTL analysis

5) Association mapping:

6) Genomic selection



1) Recode data to match coding nomenclature of software
(JoinMap)

2) Create dummy loci to capture all possible linkage phase

3) Group markers into 15 groups matching Trifida chromosomes

4) Group markers with right matching linkage phase Coupling Phase
F1 Recombination -
5) Order SNP markers T
6) Evaluate map with plot of pairwise “recombination nifilioina i i
frequency’ and “LOD” to detect problematic markers Repulsion Phase

A b

. F1 Recombination >
7) Correct linkage map -5
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# markers
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# markers
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36
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2260

M19
map length
(cM)
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100
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81
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1,185 cM

Genome coverage

% of genome coverage
# of Scaffolds
# of SNPs

322,659,957 bp
(322.7 MB)
60.65
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3221
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M9 xM19 Linkage Maps
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M9 xM19 Linkage Maps
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