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¥ Comparative QTL mapping

evoltreg

Definition of comparative mapping

Alignment of chromosomes of related species based on genetic mapping
of common DNA markers

Goal

|dentification of conserved/specific genomic regions.
Specific questions

How cumulated QTL data based on heterogeneous mapping

experiments could help functional annotation of genomes and
identification of candidate genes?

Strategies

v’ Simple graphical comparison

v' Map construction and QTL analysis based on multiple mapping
experiment (on raw data)

v Consensus and meta-analysis (on position data)




j.tf Methods for comparative mapping

Simple graphical comparison: matching marker names (Cmap)

Corpar-ative Reference Compar-at ive
Populus trichocarpa P. trichocarpa = P deltoides Populus deltoides
F.trichocarpa QTL Haps (POP2I Ft«Pd QTL Hap=z (FOFP12 P.deltcides QTL Maps (POP2)
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» Rough identification of linkage groups/chromosomes of interest
Data from http://www.evoltree.soton.ac.uk/cmap B Es




W Methods for comparative mapping
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Map construction and QTL analysis based on mutliple mapping
experiment (on raw data)

Marker and phenotypic
data on pedigree 1

010001101110101
110111101100110
110110011010001 _
110111101100110 Analysis
110111101100110
2535 21 18 20

2526 30 21 20

Marker and phenotypic
data on pedigree 2

010001101110101
110111101100110
110110011010001
110111101100110
110111101100110
2535211820

2526302120

Map: JoinMap, Carthagene
QTL: MCQTL, ...
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> Raw data not easily available = o

> Connected pedigrees often needed ST gancetan 2006 TAG 113206224
| R




j.tf Methods for comparative mapping

Consensus map and QTL meta-analysis based on position data

» From elaborated data (maps, position and QTL confidence intervals)
» Meta-analysis: combine data from different sources in a single study

» Widely used in medical and social science

Advantages: elaborated data retrieved from published data

Steps for QTL meta-analysis

Construction of the consensus map Projection of QTLs QTL meta-analysis
on the consensus map
~T L L
- [ [NCE )
B B > 1
L L | E
’d I

For each chromosome




W Example of a promising QTL meta-analysis
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Simulations and analysis of real data sets showed that the confidence intervals
of the meta-QTLs are considerably reduced compared to the observed QTL

e
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Maize example (Truntzler et al.
submitted):

e 34 QTLs for early flowering
components from 15 papers.

e The best model k =5 meta-QTLs.

e (Colors -> quantitative assignation
of QTL -> 75% of observed QTLs
correspond to vgtl and/or vgt2.

e Confidence intervals reduced:
vgtl (~ 4cM) include a fine

' mapped QTL (Salvi et al., 2000).




jf Create a consensus map
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In general, all genetic maps need to be connected.

Example in Populus: case of a LG well covered by SSR (LG_VIII)
p»::::.pys:::»mz‘cs .o
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cccccccccccccccc
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000000000 H- PmGC260 /' PMGCA409
ppppppp -\ - PMGC409
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/ 5555555
/o PPPPPP
Pmecer e || orem269
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jf Create a consensus map
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Markers containing sequence and position information (genome):
1) SSR markers (http://www.ornl.gov/sci/ipgc/ssr_resources.htm):
4 166 primer pairs available.
2) SNP located in genes
- evenly distributed on the genome

- in specific region (QTL) involved in adaptive traits (Phenology,
drought resistance ...)

- functional candidates (transcriptomics, ...).




X Mapping data for Salicaceae
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Genetic maps connected to the genome
8 different species involved in 13 intra and interspecific crosses:
(Populus trichocarpa, P. deltoides, P. nigra, P. alba, P. angustifolia, P. fremontii,
Salix vinimalis, S. schwerinii) ...

Genus Family name - Pedigree type Progeny size Reference(s)

Family 13 -BC1TDxD 171 Yin et al 2004
Family 331 - F2 TDxTD (POP1) 210 Tuskan et al.
Family 545 — F1 TxD 101 Yin et al 2008
Family XXX —D x DN 93 Yin et al 2008

Populus Family BCN - A x (FxA) 246 Yin et al 2008
POP2 - DxT 330 Jorge et al. (2005, +in prep)*
POP3a - DxN 180 Cervera et al.(2001)*
POP3b - DxT 182 Cervera et al.(2001)*
POP4 - AxA 141 Paolucci et al. (unpublished)*
Family 52-124 - (TD)xD 396 Dorst at al 2009
S1-[Vx(VS)]xV 463 Berlin et al 2010

Salix S3-VxV 282 Berlin et al 2010

K8 - [Vx(VS)] x [Vx(VS)] 471 Hanley et al 2006




¥

poltreq Mapping data for Salicaceae

...but few framework genetic maps with genome anchoring markers
and QTL data (growth related traits)

Pedigree Progeny Nb of # of QTLs Reference(s)
size anchoring
markers

F2 TDxTD (POP1) 210 83 188, (37,43) Rae et al 2008, (2009)*

Jorge et al.
DxT (POP2) 330 74, 87 77 (unpublished)
DxT, DxN (POP3) 180, 182 19, 14, 14, 16 21, 29, 48,20 Dillen et al, 2009*
AxA (POP4) 141 55,51 10, 11 Paolucci et al.

’ ’ (unpublished)*

Dorst at al 2009

(TxD)xD 396 178 63

Novaes et al. 2009

*Data from http://www.evoltree.soton.ac.uk/cmap/

**x

* *

* .

* * »
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jf Lack of transferability of markers between
genetic maps

e\lOltr Qe

Number of shared markers between genetic maps 10/05/2010




zftre Lack of transferability of markers between
genetic maps

SSR markers
4 166 primer pairs available

(http://www.ornl.gov/sci/ipgc/ssr_resources.htm): |

AGAGAGAGAGAGAGAGA! s
TCTCTCTCTCTCTCTCTC

— -~ -

« Polymorphism bottleneck » o

] POP2 POP4 POP5

Pedigrees
(DxT) (AxA) (NxN)
# SSR tested 317 273 386 o ..
DEPYIEACSe *o°
# 35R not . 144 170 259
amplifying/monomorphic
evoltreg

# 3SR . 173 103 127
polymorphic/mapped
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nigra

P.

P. deltoides

A

Lack of transferability of markers between
genetic maps

Substitution P. deltoides SNP [
| ] P.nigra SNP

|
TTG&AECGG GTTG CCATGG CATAEG ACALE CG TAAG G GCTATAELAETTGAET G A

VAT AVAY SV A o o VY A e S A A Ve N ) o A e A AV Ve e AV AV AV A

|
TT GGA&A&C G GG TTGoGSC CAT GG CATLEG ACEL CGCLAEAEGG GC TATAT TG AT G A

AN N AN N O S e TS T T e PN N e SN N

I
TT GG&C G GG TTGCCATGG CATAGACAEE CGTEAEG G GC TATSAZATTG AT G A

AN A S S NN N S S e N S e S S SO SN

I
TTGA&C GGG TTGoGSECAETG G CATAG ACELECGEGTEAG G GCTATALAETTG AT G A

AN SN S e e e S e S A SN N

I
TTGACGG G TTOGCCAETOGIERECATSEZG A2CE2A4CGTAEAEG G GCTAETALTTGAET G A

I
TTGaAaCGGGLG TTGCCATG G CATAGACAEAECG TAAGGIGLCTATSEZATTGAT G A

p—

‘T TG 42 TG G GTTGCCAETG G CATAG ACALACAE2TEZLZG GGCTATZATTGAZT G A

: I
TTGATGGGTTGCCATGGCATAGACAACATGAGGGCTATAATTGETGA

Mﬂwww LA T o T P -Annﬂﬂ\ﬁ_ﬂﬂﬂ/: :i:.‘"

aeinssrrase i xc - SNPare highly specific 22 2

. |
TTGA2TGoGG6GTTGCOCAETG G CAETAEGACASRECATGAGGGCTATDSRE2ATTGETGA

|
TTGAZ2TOGGGTTOGCCATG G CATALAZG &2CAEAECAETSAEAEGG GCTLAETALEALETTGET G A

I
T TG ATG G GTTGCCATOGG CATAG ACAEAECAETGAGGIGC TATAATTGT T G A

I
TTGATOG G GTTGGC CATG G CATAG &CAAECAETARLZG G GCTATSEZLAETT G AT G A,



. @00d anchoring on the genome
sequence

Status of the alighment of Salicaceae genetic maps on the
Populus trichocarpa genome

Populus spp. Salix spp.
A A

z N/ \
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3 I I I I | = — o o 0o}
S ()] ()] ()] ()] =) @) o o N N o
| o o o o o o o | | — ™M N
" S ~ ~ ~ ~ ~ ~ o o wn wn |
O ~ I I I I | | o o I I >
e | c c c c o ) = = = = 9
8 & =z = = = 2 ¥ © ° T 5 5
Z o« O 60 o o 2 2 a a o o =T
Sequence [l 83 19 14 14 16 74 87 55 51 |EECNEES

Number of anchoring markers between genetic maps
and the P. trichocarpa genome 10/05/2010 PO




Strategy for comparative QTL mapping
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in Salicaceae
Anchoring to the genome sequence and bp/cM ratio calculation
LG_I LG_| LG_I _ _ o _ _
P. deltoides Sequence P. trichocarpa Relationship between pair wise genetic and physical
10° bp distances between genome anchored markers
PMGC2550 — — 00 ® e 0.0 //:\ Start . 0.0 — T 05.1400
547/ \~PMGC2550 =~ 20.5 - - Perox1.2 30000000
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EIM5.8 —47.5 27.17/ |\ PMGC2499 S 433~ T EIM7.9
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“~ 61212 867968
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EIM89  216.2 e 0.0 PMGC93 Ea
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221~ E2M6.6
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E2M4.6 — 287.6 5000000 -
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E2M419 3381 3377 PMGC2385 e 33.1 7 rM2.800 0
E2M4.10 3549 3557 Stop \ 51.4 -~ F14.450
' ' : 65.3 ———Q9.1100 0 50 100 150 200 250 200
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rE3SM59 3875 * 926 — PMGC2084 1 o
rE3M5.10 — 407.6 | 1061 M14.2000 . Z ?e_h;?ldes Genetic distance
. trichocarpa
PMGC2786b —— 436.4 \ 1305 E1M3.6 14
\ -_—
\ y=RX
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Number of bp / cM
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Strategy for comparative QTL mapping
in Salicaceae

Calculation of start and stop of the QTL projected on the genome using the
nearest markers and R (projection geometry)

LG_I (cM) LG_I(sequence, pb)
0.0 — — PMGCxxx
1.0 — Start
13 d1
Start(pb) = 11238978 — [|26.4 —7.9| x R]
41 =7142 811 pb
,§ 11238978  PMGC93 d2
2 i Stop(pb) = 15003259 - [|43.4 - 36.6| x R]
oA PV /15003259  bu831219 =13 497405 pb
36.6

bus31219 /

60.0 —— PMGCXXX

35571568 ——— Stop




jf Strategy for comparative QTL mapping in Salicaceae
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QTL projection from each map to the genome
sequence thanks to genome anchoring markers

A UFLA 395
.
A cccTe-32 - GCPM734
\ CCCTCN10 Sequence — ORPM461 Sequence
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—— PMGC42 A start A star
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10 —— A15mP4r ~ PMGC241 PMGC456
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~
120 —— PMGC252 [~ E1M3.7 — PMGC241. — E5M4.2 L pvice2ais
130 —
140 I~ A9mP7 L pvGC2s2
150 —— PMGC66 _L ccpmia7 — PMGC2418 [ PMecas2s
160 <~ Stop — PMGC2709 —~ GCPM1376
170 &L S~ stop
180 H— E2M3.5
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200
210 i E3M5.13
220
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20 - E2ma0 L o Meta-analysis
250
— PMGC2088 .
| . Future development of Biomercator3,
— PMGC2523
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H— PMGC241 é =
o— EaM4.12




ezft,ee Example of physical QTL intervals calculation
and corresponding number of genes

v
Q_ [ ]
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5 Functional analysis of large gene lists
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¥ Functional analysis of large gene lists
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— Annotation use a classification based on Gene Ontology (GO)

—> Molecular function (ex: oxidoreductase activity, ...)

—> Biological process (ex: photosynthesis light harvesting, ...)

—— > Cellular component (ex: membrane, chloroplast ...)

GO:0008150 Name: biological _process (root)

[~ BGO:0007275 o development pv: 1.00 ( Query list: 11)
[T B GO:0007582 ﬁ physiological process pv: 1.00 ( Query list: 77 )
T BGO:0009987 ’;:‘*‘ cellular process pv: 1.00 ( Query list: 72)
[~ B GO:0050789 fi? regulation of biological process pv: 1.00 ( Query list: 14 )
[~ B GO.0050896 o response to stimulus pv: 2.7e-03 ( Query list. 31 )
[~ BGO:0006950 G response to stress pv: 1.2e-05 ( Query list: 23)
[~ E1GO:0009628 ’:} response to abiotic stimulus pv: 1.1e-03 ( Query list: 25 )
™ BGO:0006970 G response to osmotic stress pv; 1.4e-03 ( Query list: 8 )
r B GO:0009266 o response to temperature stimulus pv: 1.1e-07 ( Query list: 14)
T HGO:0009415 ﬂ response to water pv: 3.7e-09 ( Query list: 12)
[ BGO:0042221 G response to chemical stimulus pv: 1.00 ( Query list: 11)
™ B1GO:0009719 ﬂ response to endogenous stimulus pv: 0.40 ( Query list: 11)




¥ Functional analysis of large gene lists
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Methods:
Bioinformatic Enrichment Tools Annotation | Backend
database T
gene list 1 gene list 2 | -
l l Usertoogk —> | (sortand org‘:rlligzgraii::::tiun terms in
. . a gene list different ways for diff. discovery ideas)
Annotation: Annotation: [
Gene ontology Gene ontology Statistics [ Datamining
(calculate enrichment p-values with methods
T T like Fisher exact, Hypergeometric, Binomial
l distribution, etc.)
Comparison: l -
Statistical tests
_\56'5_
l e =~ Result
. . presentation
Significant GO terms

Strategy used in microarray experiment analysis

Bauer et al, 2008. Bioinformatics 24:1650-1651.
Huang et al, 2009. Nucleic Acids Research 37:1-13. 6’




¥ Functional analysis of large gene lists
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5 QTLs explaining 2.8 to 9% of the variation for nb of sylleptic branches

Gene list 1 Gene list 2
QTL set Genome set
2906 genes included 45 555 genes in the genome sequence v1.1
in the 5 QTL confidence intervals (~60% have GO terms)

ID Name p-Value pilejl;e z:::::: Population Count
GO:0010422 [regulation of brassinosteroid biosynthetic process 0,0000| 0,0000 5 6
G0:0010023 jproanthocyanidin biosynthetic process 0,0000| 0,0000 6 10
G0O:0009641 [shade avoidance 0,0000| 0,0000 6 11
G0:0016595 [glutamate binding 0,0001| 0,0001 4 5
G0:0009741 [response to brassinosteroid stimulus 0,0003| 0,0003 10 38
50:0009788 ;zfsx\;s regulation of abscisic acid mediated signaling 0,0006| 0,0006 5 11
G0:0006122 |mitochondrial electron transport, ubiquinol to cytochrome ¢ |[0,0006 | 0,0006 5 11
G0:0004406 [H3/H4 histone acetyltransferase activity 0,0008 | 0,0008 4 7
G0:0048830 [adventitious root development 0,0008 [ 0,0008




Functional analysis of large gene lists
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Comparison between linkage maps and QTLs on Linkage Group X

(Jorge et al in preparation, Rae et al. 2008, 2009, Dillen et al., 2009).

LG X

K14.700 —= D3.2100 -
. e @ Win3
Win3—— e
- EIM8.11 —— D5.1050
E2M4.4 .
E45G2810r T >
P1275 F14.650
ol o EIM85—— P1055
PMGC510 —f{He & 5|
3713704 - 9| ZFe PMGCSI0 e *j§ PMGCs10 3
PMGC2855 | fe_ ~ e[ PMGC2855 o
PMGC2573 | " . GC2571 @ - g
PMG2747 B Pvccasss l/ PMGC2571 1
E40G0302 | ® PMGC2855 —— e—"" ~ PMGC2571
o E36G1306r -
5
o S €38f4400r € 020.1200 o o
EN . T PMGC2887 o E2M2.5 °ff  PmeczsTL U% D& Dg z Ug
3 o J7.950 ) Sl|g 9Ol | &g]lc
S % £ Es4G342Lr T 7 1 cactess 2 1S _5 13 LZ 13 B
_ [ -
O [a] Q10.550 —— ORPM149 e ®| |- PmMGC2887 5
O E31G422 =4
2 = P17.1800 —— 114.1100 . ORPM149
) 1S w)
= 3 PMGC2786 ——o._ 4 Bl [ &
S z - B B-
ol PMGC2786 oL PMGC2786
1
0.0 Q14.1300 ——
10.0 cM — 1.106 pb
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Functional analysis of large gene lists

evoltreg
Gene list 1 Gene list 2
QTL set Genome set
2337 genes included 45 555 genes in the genome sequence v1.1
in LG_X (~60% have GO terms)

D Name palie | Y| et | count
0:0008825 | cyclopropane-fatty-acyl-phospholipid synthase activity 5,88E-05 5,88E-05 5 9
0:0005575 | cellular_component 9,97E-05 9,97E-05 1258 21116
0:0000287 | magnesium ion binding 3,06E-04 3,06E-04 4 7
0:0008150 | biological_process 7,95E-04 7,95E-04 1433 24560
0:0009536 | plastid 0,001270407 | 0,001270407 232 3413
0:0009507 | chloroplast 0,001524634 | 0,001524634 226 3327
0:0044444 | cytoplasmic part 0,001912735 | 0,001912735 400 6246
0:0044275 | cellular carbohydrate catabolic process 0,002304709 | 0,002304709 19 164
0:0005982 | starch metabolic process 0,002975107 | 0,002975107 7 35
0:0044265 | cellular macromolecule catabolic process 0,003129754 | 0,003129754 38 422




evolree Future developments

Combining meta QTL analysis and gene
enrichment approaches

e Biomercator3: projection of QTLs on the genome and QTL meta-
analysis

e Gene list analysis: tools crossing information from GO +
bibliography + biochemical pathways + various omics ...







