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Maps with different information 

Terrain Satellite Roads and cities

Image Credit: http://maps.google.com 
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Genetic mapping overview 

 Linkage maps are based on chromosome recombination during 

meiosis 

 Only genetically variable (heterozygous) regions can be tracked 

– That is, only polymorphic markers are informative 

 Map distance (measured by Recombination Frequency (RF)) is ~ 

proportional to physical distance 

 Recombination is estimated statistically 

– With increasing distance (and RF), estimation errors increase  

– Mapping functions statistically adjust for sources of error 

 Prediction: Using the allelic state at one locus, we can predict the 

allelic state at a neighboring locus (if in LD!) 
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How to build linkage maps 

 Identify an appropriate mapping population 

 Develop a sufficient number of genetic markers and obtain 

segregation data, based on those markers, for the mapping 

population 

 Conduct linkage analyses 
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Figure Credit: White, T. L, W. T. Adams, and D. B. Neale. 2007. Forest genetics. CAB International, Wallingford, United Kingdom. Used with permission.  

Overview of meiosis 

 Division begins with 2n cell 

 Chromosome pairing 

 Recombination occurs 

 Recombined chromosome 

pairs separate 

 Reduction division  

 Products with 1n (recombined) 

chromosomes 
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Parental and recombinant chromosomes 

Figure Credit: Modified from Hartl and Jones. 2006. 
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Mapping functions: Recombination 

frequency and map distance 

 When RF is small (≤ 15%), RF~cM 

 When RF is larger (>15%), then cM ≥ RF 

 Most mapping software includes map function adjustments  

Figure Credit: David Harry, Oregon State University 
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Types of mapping populations 

  Haploid conifer megagametophyte maps 

  Full-sib pedigree maps (from controlled crosses) 

– Back-cross maps (particularly useful with inbred lines) 

– F1 test cross 

– F2 cross 

– Intercross 
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Building a map with linkage analysis 

r = # recombinants/ N

r = 7/160 = 0.043 (tightly linked)

Figure Credit: Modified from Guries et al., 1978 
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Early maps derived from megagametophytes 

Figure Credit: Modified from Conkle, 1979 
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BC mapping population 

Figure Credit: Modified from David Neale, University of California, Davis 
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F2 mapping 

population 

Figure Credit: Modified from David Neale, University of California at Davis 

http://www.pinegenome.org/ctgn


www.pinegenome.org/ctgn 

Intercross mapping population 

 The number of haplotypes 

(markers) in the population 

varies across the genome 

 Some loci will have 4 

haplotypes (shown here by 4 

colors) 

 Other loci will have 3, 2, or 1 

haplotype(s), depending on 

the genotypes of the 

grandparents. These other 

possibilities are not shown on 

this slide 

Figure Credit: Modified from David Neale, University of California at Davis 
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How large should a mapping population be? 

The answer depends on your objectives 

 Gene order / synteny 

 Genetic architecture /  QTL 

 Map-based cloning of candidate genes 

 Cost / resources 
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Summarizing mapping populations 

 Genetic mapping infers recombination in the parents (during 

gametogenesis) by observing parental and recombinant 

chromosomes in offspring 

 BC, F2, and intercross mapping populations differ in amount of 

genetic variation in founder parents and grandparents 

– BC and F2 populations are common in inbred crops and model 

organisms 

– Intercross populations tend to be more common in outbred organisms, 

such as most forest trees 

 Mapping populations also differ in how genetic variation is tracked 

– Variation and phase in genetic markers (and other genes, QTL) 

– Linkage disequilibrium within and among families (to be discussed later) 
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Mapping software: Basic tasks 

Figure Credits: David Neale, University of California, Davis 
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Markers: What type and how many 

 That depends! (Are you surprised?) 

– Map purpose 

– Resources available  

– Genotyping platform 

 Considerations 

– Dominant vs. co-dominant 

– Bi-allelic vs. multi-allelic 
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From markers to maps 

 An example from Douglas-fir 

 

Figure Credit: Modified from Jermstad et al., 1998 
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A sex-averaged linkage map of Douglas-fir 

Figure Credit: Modified from Jermstad et al, 1998; http://dendrome.ucdavis.edu/treegenes/ 
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Adding sequenced-based markers  

Figure Credits: Andrew Eckert, University of California, Davis 
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 Linkage relationships: A new perspective 

LG Length (cM) Markers

1 100.4 99

2 164.8 159

3 161.7 158

4 131.3 147

5 172.8 169

6 177.7 178

7 167.7 161

8 170.9 191

9 168.2 150

10 140.4 166

11 174.7 146

12 168.0 176

Total 1898.6 1900

Figure Credits: Andrew Eckert, University of California, Davis 
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Syntenic linkage group #6 in five pine 

species 
Linkage group 6

PrCSI_6.89_A
ssrPrCSI_Pr4.6_A
PtIFG_1576_A

PtIFG_2291_A
PrCSI_10.89_r1

PrCSI_7.03_r1

PrCSI_10.45_A
ssrPrCSI_Pr054_a

PrCSI_6.73_A
PtIFG_2610_A
PtIFG_846_r1

PtIFG_739_r1

PrCSI_14.29_A

PrCSI_6.07_r1

PrCSI_6.59_A

PtIFG_1021_r1
PtIFG_2022_A

Monterey pine

PrCSI_6.89_A
ssrPrCSI_Pr4.6_A
estPtNCS_23C5_a

estPtIFG_2358_a
estPtIFG_8531_a
PtIFG_2802_3
estPtIFG_SB12_a
estPtIFG_PAL_a

estPtIFG_8647_a
PtIFG_2291_A
estPtIFG_8972_a
PtIFG_1918_A

PrCSI_10.45_A
PrCSI_6.73_A
PtIFG_2610_A
estPtIFG_1950_a
estPtIFG_2610E(S)_a
PtIFG_2723_Aa

estPtIFG_1165_a
estPtIFG_1764_a
Skdh_1
PtIFG_2090_1

estPtIFG_0739_a
estPtIFG_8473_a
estPtIFG_8564_a
PrCSI_14.29_A
estPtIFG_9044_a
PtIFG_1902_1

PrCSI_6.59_A
estPtIFG_8702_a
PtIFG_4D4_A
estPtX_LP15(A)_a

estPtNCS_CCoAOMT-1_a
PtIFG_606_1
estPtIFG_0606_a
PtIFG_2009_A

estPtIFG_2009_a

Loblolly pine

RAPD_UBC370_550

estPtIFG_2358_a
estPtIFG_8531_a
estPtIFG_8647_a
estPtIFG_8972_a
RAPD_UBC507_600

PtIFG_1A7

estPtIFG_1165_a
estPtIFG_1950_a
RAPD_UBC324_360

estPtIFG_8564_a

estPtIFG_8473_a
estPtIFG_9044_a
estPtIFG_8702_a
PtIFG_4D4
PtIFG_606
RAPD_UBC510_490

estPtIFG_2009_a

Slash pine

estPtIFG_2358_a
aflp_A95-357
aflp_A81-343
aflp_A87-338
estPrFRI_PrMC2_a
aflp_204
aflp_A251-513
aflp_A41-292
aflp_246

estPtIFG_8972_a
aflp_A158-409
aflp_A166-428
aflp_52

estPtIFG_1764_a
aflp_A171-422
aflp_A195-446
aflp_A96-358
aflp_A5-267
aflp_A190-452
aflp_A168-419
aflp_48
estPpINR_Pp.ap9_a
aflp_A70-321
aflp_A193-455
aflp_A224-486
aflp_A68-330

estPtIFG_8702_a
estPtIFG_9044_a
aflp_173
aflp_A44-306
aflp_A214-465

estPtIFG_606_a
aflp_A149-411
aflp_A32-294

estPtNCS_CCoAOMT-1_a
aflp_A131-382
aflp_A125-376

Maritime pine

estPtIFG_8972_a

estPtIFG_1165_a
estPtIFG_1764_a

estPtIFG_8473_a

estPtIFG_9044_a

estPtIFG_8702_a

Scots pine
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Figure Credit: Kostya Krutovsky, Texas A&M University 
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Linkage group 6

PmIFG_1588_a

estPm_estPtIFG_8531
PmIFG_1504_a

estPm_estPtIFG_8972a
estPm_estPtIFG_8972b
estPm_estPtIFG_8647
OSU_RAPD_UBCAE18_840
PmIFG_1599_a
IFG_RAPD_OPD12_1450
PmIFG_1185_a
OSU_RAPD_UBCAE12_1630
hIFG_1104_b(PhyN)
PmIFG_1420_a
OSU_RAPD_UBC181_440
PmIFG_1339_a
PmIFG_1075_a
estPmaLU_SB7

estPtIFG_0739
estPm_estPtIFG_8473
PmIFG_1009_b=PtIFG_8473
PmIFG_1545_a
PmIFG_1439_a

PmIFG_1009_a=PtIFG_8473
OSU_RAPD_UBC309_550
PmIFG_1407_a

estPmaLU_SB42
estPm_estPtIFG_1950
estPm_estPtIFG_8564b
estPm_estPtIFG_8564a
estPm_estPtIFG_9044
PmIFG_0102_a
OSU_RAPD_UBCG05_540
PmIFG_1506_a
PtIFG_2969_b

estPtIFG_CCoAOMT
estPtIFG_8415e

       Douglas-fir

estPtNCS_23C5_a
estPtIFG_2358_a

estPtIFG_8531_a
PtIFG_2802_3

estPtIFG_SB12_a
estPtIFG_PAL_a
estPtIFG_8647_a

PtIFG_2291_A

estPtIFG_8972_a
PtIFG_1918_A
PtIFG_2610_A

estPtIFG_1950_a
estPtIFG_2610E(S)_a

PtIFG_2723_Aa
estPtIFG_1165_a
estPtIFG_1764_a

Skdh_1
PtIFG_2090_1

estPtIFG_0739_a
estPtIFG_8473_a
estPtIFG_8564_a
estPtIFG_9044_a

PtIFG_1902_1
estPtIFG_8702_a

PtIFG_4D4_A
estPtX_LP15(A)_a

estPtIFG_CCoAOMT-1_a
PtIFG_606_1

estPtIFG_0606_a
PtIFG_2009_A

estPtIFG_2009_a

Loblolly pine     

estPtIFG_SB12_a
aflpPaSRC_pmc5501_a

estPtIFG_PA43_a
ltrPaUDI_LTR006_a

ssrPaUDI_EATC1C09_d
aflpPaSRC_pst71536_a

estPtIFG_4CL_a
ltrPaUDI_LTR068_a

estPtIFG_PAL_a
aflpPaSRC_pst80481_a
ssrPaUDI_EAC7H07_a

aflpPaSRC_OA070680_a

estPtIFG_0739_a
estPtIFG_1956_a

estPtIFG_8473_a
estPtIFG_1956_b

aflpPaSRC_pst80483_a
ssrPaUDI_SpAC1F07_a
aflpPaSRC_pmd5802_a

estPtIFG_8473_b
aflpPaSRC_pst80582_a
aflpPaSRC_pmc5007_a

ltrPaUDI_LTR043_a
estPtIFG_PA06_a

ssrPaUDI_SpAGC01_a
ssrPaUDI_EAC7B09_b

aflpPaSRC_pmc5011_a
ssrPaUDI_EAC6D11_a

estPtIFG_SB42_a
ssapPaUDI_alE43129_a
aflpPaSRC_pma5701_a
ssrPaUDI_SpAC1H08_a

ltrPaUDI_LTR024_a
aflpPaSRC_pst80518_a

Norway spruce      
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Syntenic linkage group #6 in three species 

from different genera 

Figure Credit: Kostya Krutovsky, Texas A&M University 
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Figure Credit: Tom Kubisiak, United States Forest Service 

Annotated - Combined Map

GUN25_ARATH0.0

KRR1_HUMAN2.9

CCall_contig483_v24.8
CCall_contig1835_v25.4

CCall_contig46458_v27.9

EF1G_PRUAV10.3
QKIL5_ARATH11.4
KSG10_ARATH11.9
Y5994_ARATH14.1
CCall_contig6660_v214.5
CCall_contig21972_v214.6
Cm049816.3
AMP2B_ARATH17.0
UGGG_DROME20.2
Cm024721.6
CCall_contig4162_v224.3
VDAC2_SOLTU25.6
CCall_contig20602_v2
XTH23_ARATH

25.9

CLPB_AQUAE27.9
CNG17_ARATH28.0
EBF1_ARATH29.1
SPS1_CITUN29.3
CIPK6_ARATH29.8
FCL2_ARATH30.1
RK35_SPIOL30.4
Y5740_ARATH31.3
RN167_MOUSE
KNAP3_MALDO

31.4

ZDH22_ARATH31.5
IF41_WHEAT31.9
CCall_contig16171_v232.0
CML5_ARATH32.4
TM9S2_MOUSE
CCall_contig39761_v2

33.0

HIBCH_CHICK34.2
CCall_contig20287_v234.4
NCB5R_ARATH
LYPA2_RAT

34.6

Cm051034.8
FBD30_ARATH
HIBCH_RAT

35.1

MDR11_ARATH
MDR13_ARATH

35.3

PMA1_NICPL35.5
RING4_ARATH
CCall_contig28740_v2

35.6

TBA_PRUDU
SET_RAT

35.7

NAP1_ARATH36.3
POT8_ARATH
5NG4_PINTA

36.5

KSG5_ARATH36.6
U49A7_ARATH37.1
2A5N_ARATH38.0
PDCL3_HUMAN38.5
PPOCM_SPIOL38.6
RAB2B_MAIZE38.7
RL172_ARATH39.2
CCD86_MOUSE40.4
CCall_contig6040_v240.5
MPCP_BOVIN40.9
HAK7_ORYSJ42.1
TAP2_ARATH42.5
CCall_contig22390_v2
EIF3M_DICDI

43.1

LWD1_ARATH43.5
COGT3_ARATH44.0
S38A6_XENTR44.2
CCall_contig34816_v244.5
NP1L1_MOUSE44.9
AGL2_BACTQ
idHC_SOYBN

45.5

CCall_contig11136_v245.9
DCE1_ARATH46.6
NICA_ARATH47.3
CENPV_MOUSE
NDUS1_SOLTU

47.5

CCall_contig1985_v248.6
CLPP3_ARATH
LPP3_ARATH
PHSL1_SOLTU

48.7

CHMU_ARATH
PRX2B_ARATH

48.9

CCall_contig3514_v249.0
LAC15_ARATH49.1
CCall_contig24586_v2
LAC14_ARATH
BAK1_ARATH
CCall_contig25715_v2

49.2

Cm066749.7
Cm053750.4
STT3B_HUMAN51.6
IKU2_ARATH52.5
EBF1_ARATH52.7
TLP8_ORYSJ53.2
CHMU_ARATH
P2C60_ARATH

54.6

IF41_WHEAT55.3
CCall_contig25137_v256.2
LAC9_ORYSJ56.3
CESA3_ORYSJ
Y1666_ARATH

56.6

CCall_contig5355_v256.8
CCall_contig3274_v257.7
PFPA_RICCO58.0
AAT_RICPR58.5
PSMD3_DAUCA58.9
CCall_contig28166_v259.0
RL24_RICFE60.0
CCall_contig39259_v260.5
SKP1B_ARATH
VPS35_MOUSE

60.6

CCall_contig6241_v261.0
ENPL_CATRO61.8
UBC16_ARATH64.3
CCall_contig5164_v265.5
Cm026265.9
UBC16_ARATH66.5
DRL29_ARATH68.1
UCP7_SCHPO68.2
SPZX_ARATH68.3
GLGB_SOLTU68.4
PSA1A_ARATH68.6
Cm051969.6
AI5L5_ARATH76.0
CCall_contig39449_v278.3
Cm037882.7
Cm040785.5
VP321_ARATH86.2
VPE_CITSI87.6
NDUS7_ARATH89.7
RD21A_ARATH91.0
HSF30_SOLPE93.3
SDC10_DANRE93.7
Cm038595.4

Combined_I

CCall_contig40381_v20.0

ABCA2_RAT25.6
CCall_contig8531_v230.0
RS24_ARATH30.6
CCall_contig7697_v2
ACA4_ARATH

32.0

VILI2_ARATH34.0
SFGH_ARATH36.1
CCall_contig16842_v239.5
RK6_ARATH41.0
TF2B_SOYBN41.3
Y2162_ARATH42.3
CCall_contig6471_v242.5
CML50_ARATH43.5
Cm050644.8
CCall_contig30773_v246.4
GLDH_ARATH46.5
RS5_CICAR50.5
C98A2_SOYBN50.8
CCall_contig38811_v252.1
TBB6_GOSHI53.3
UBC22_ARATH53.6
SCP45_ARATH53.8
CCall_contig14438_v254.1
CCall_contig38695_v254.5
Cm006954.7
ABF1_STRCX55.4
Cm036256.1
Cm0501
CRD1_GOSHI

56.3

NCB5R_USTMA56.4
SUVH1_TOBAC
EXS_ARATH

56.5

CTR1_MOUSE56.9
CCall_contig29790_v257.0
TOC34_PEA57.3
CCall_contig3376_v257.5
PATL6_ARATH57.6
FLA16_ARATH
PSMF1_ARATH
CCall_contig42590_v2

57.9

FD6E2_SOYBN58.1
Cm051358.5
APK1B_ARATH58.7
CCall_contig19954_v258.8
WRK70_ARATH59.1
CCall_contig859_v259.4
HT1_ARATH59.9
FOLD_MAGSM60.8
RBP1A_ARATH61.2
AMPD_ARATH61.4
SYMPK_HUMAN61.5
PDC2_PEA
MCE1_HUMAN
CCall_contig39093_v2

61.6

ACCA_ACAM1
R35A3_ARATH

61.8

LAC4_ARATH62.0
BAS1B_ARATH62.2
CCall_contig27788_v262.3
U503A_ARATH62.5
SNX1_BOVIN62.8
Y5162_ARATH63.1
CCall_contig28059_v264.1
RUXG_ARATH64.5
Cm002465.5
CCall_contig15668_v265.7
METK3_VITVI65.8
CCall_contig3484_v265.9
RL12_PRUAR66.0
CCall_contig8793_v266.1
SYP71_ARATH66.5
CCall_contig1826_v266.8
U2AFB_ARATH66.9
ENO1_HEVBR67.0
CCall_contig47211_v267.2
CCall_contig14448_v267.5
Cm041067.9
Cm064068.4
NORK_PEA68.7
CCall_contig42245_v269.6
Cm053470.1
KADC1_ARATH71.4
Cm063971.5
CCall_contig42794_v271.9
YBBM_ECOLI72.2
U2AFB_ARATH72.4
RL35_EUPES73.1
CCall_contig3956_v274.0
IPYR_SOLTU74.6
H2A_EUPES75.1
CCall_contig6237_v275.3
ANR28_HUMAN76.7
CCall_contig28606_v276.8
EIN2_ARATH77.1
CCall_contig11604_v278.1
TMVRN_NICGU81.9

Combined_II

MCA4_ARATH-1.0

Cm05530.0

ARGD_ALNGL1.8
RL27_SOLTU2.2

CCall_contig39350_v2
CsCAT14

4.4

QrZAG964.8
EMCs4
RL27_PEA

4.9

CCall_contig3983_v26.9

PSA2B_ARATH7.8

C3H63_ARATH11.7
CCall_contig3642_v212.7
CCall_contig8012_v213.3
Cm049414.8
TM9S4_BOVIN
ACSL3_HUMAN

15.8

CCall_contig42598_v216.0
BECN1_ARATH
GOGA4_MOUSE

16.5

PP209_ARATH16.7
Y4105_ARATH16.8
CB13_SOLLC17.1
MSQ417.2
MPK4_ARATH17.4
KLH17_HUMAN17.7
Y3290_ARATH18.2
AMERL_ARATH
RS17_SOLLC
CCall_contig45726_v2
FER3_MAIZE

19.5

UMP1_ARATH
CCall_contig8498_v2

19.8

UMP6_ARATH20.8
KPYC_SOYBN22.8
DNJH2_ALLPO23.6
ADLO1_ARATH23.8
CNOT1_MOUSE24.0
BRE1A_ARATH24.1
Cm046025.1
BRE1A_ARATH25.7
CCall_contig10_v225.9
PPR3_ARATH26.3
MRP9_ARATH27.9
NACA1_ARATH28.3
ADT1_GOSHI29.5
CHid1_XENLA
CCall_contig43146_v2

31.7

AQR_MOUSE32.1
RGA2_SOLBU32.4
CCall_contig25902_v2
CCall_contig47117_v2

33.2

CCall_contig11901_v234.3
SCP40_ARATH35.4
R13L1_ARATH
CCall_contig41179_v2

35.9

Cm063736.8
Cm012337.2
CCall_contig29737_v240.2
DNAK2_SYNP642.6
CCall_contig27477_v242.8
NFYA1_ARATH42.9
CESA3_ARATH43.0
CCall_contig29248_v243.1
HSP7S_SPIOL43.2
ATPO_IPOBA43.4
CCall_contig39086_v243.8
CCall_contig35997_v243.9
DR100_ARATH45.1
CCall_contig10137_v245.6
Cm037346.1
Cm036146.4
Cm0361n46.8
RK1_ARATH46.9
Cm043348.1
Cm043248.7
CCall_contig2518_v251.1
CISY_CITMA54.0
CNX2_ARATH56.3
CCall_contig17169_v256.8
NLTP8_ARATH56.9

Cm0361b70.0

Combined_III

SND1_MOUSE0.0

vCm06023.6

MANA_DICDI6.7

Cm060111.3
ARFB_ARATH12.9
CLPC_PEA13.1
PCY1B_HUMAN15.3
CLPAB_SOLLC16.0
CCall_contig29860_v216.5
RL27_PEA17.6
ODPB_ARATH18.8
Cm011921.1
ASSY_ARATH22.0
ILVB1_TOBAC24.2
EXOC7_MOUSE24.9
Cm064625.9
EXOC7_MOUSE26.6
EF1D_PIMBR27.0
ATAD1_RAT
CCall_contig11893_v2

27.6

CCall_contig7231_v228.3
YCYB_SCHPO
DNPEP_HUMAN

28.9

CCall_contig8722_v230.3
NDK2_SPIOL30.6
CALSA_ARATH31.3
PDCD4_CHICK31.5
KLDC4_MOUSE31.7
PEL5_ARATH32.7
5NG4_PINTA34.1
CCall_contig562_v234.5
LAP1_CAEEL35.1
RS92_ARATH35.7
R27A3_ARATH36.0
EDEM1_MOUSE37.3
HEBP2_HUMAN
CCall_contig9187_v2

38.1

Y4115_ARATH38.6
MAPT_ARATH
PANK2_ARATH
AL2B4_ARATH
CCall_contig4302_v2

38.9

KING1_ARATH39.4
IQD31_ARATH40.3
SE1L2_HUMAN
SE1L1_MESAU

40.4

RS193_ARATH41.4
SYFB_DROME41.8
G3BP1_MOUSE42.1
COBRA_ARATH
CCall_contig25254_v2

42.5

CCall_contig28856_v242.7
AGUA_ARATH42.9
LAR_DESUN43.2
CML27_ARATH43.5
RAA1B_ARATH44.0
CCall_contig6531_v244.5
R13A4_ARATH44.7
CCall_contig38495_v244.8
CTR1_ARATH44.9
CCall_contig7789_v245.5
THEM2_PONAB45.6
PHG1B_DICDI45.9
GANAB_PIG46.3
CCall_contig22586_v246.8
CCall_contig232_v247.6
PSL2_MOUSE
CCall_contig21744_v2

48.8

GBLP_MEDSA49.1
SCRK2_SOLLC50.5
CALR3_ARATH51.6
HSDD3_ARATH51.7
HSDD3_ARATH51.8
CCall_contig2075_v252.1
UGPI6_ARATH52.2
Cm042653.5
CCall_contig30052_v253.6
SAS10_MOUSE54.4
BH113_ARATH54.5
RGA4_SOLBU55.0
CYSKM_ARATH55.2
SNR40_HUMAN55.4
CCall_contig20758_v255.8
CASTO_LOTJA56.4
FH1_ORYSJ57.3
CCall_contig24889_v258.2
Y5262_ARATH59.4
P2C11_ARATH60.2
SYM_ARATH61.5
YHD6_SCHPO62.1
LARP7_MACFA62.6
DAPB1_ARATH
CCall_contig36644_v2

63.1

GDIA_RAT66.4

Combined_IV

SUBL_ARATH0.0
PMA10_ARATH7.8
PME3_CITSI9.0
CCall_contig39661_v29.5
PRS7_ORYSJ10.2
ALA2_PANMI11.3
CCall_contig6729_v212.4
YHZ3_SCHPO13.2
Cm001115.0
FGGY_XENLA15.6
CCall_contig38835_v218.0
SEC22_ARATH18.3
TIAR_HUMAN18.4
TM87A_MOUSE
LSM1_HUMAN

18.7

SUBL_ARATH19.0
CCall_contig10506_v219.4
COB22_ARATH19.9
ATB15_ARATH20.5
DPYS_DICDI21.0
vQpZAG5821.9
NMT1_ARATH22.1
Y5621_ARATH22.4
PSA_HUMAN22.8
P2C16_ARATH23.0
MGLL_RAT23.1
RR17_ARATH23.8
KC1D_ARATH24.3
ALA4_ARATH24.5
NUC_ARATH24.6
nQpZAG5824.8
NP1L1_XENTR25.1
SEY1_USTMA
CCall_contig48142_v2

25.3

TM9S4_BOVIN25.5
CCall_contig22878_v225.7
Cm056926.5
PAF1_DANRE26.8
PHOP1_DANRE
Y1745_ARATH

27.1

A115_TOBAC27.3
ERF1X_ARATH27.5
Cm054127.7
PAP_DICDI28.0
RS30_ARATH28.2
UBP7_ARATH28.3
CCall_contig40562_v228.8
CCall_contig39565_v229.1
IAA26_ARATH29.2
Cm056829.4
TIP21_ARATH29.5
CCall_contig36680_v229.6
Cm046330.0
CYT5_ARATH30.2
CCall_contig32483_v230.3
BAK1_ARATH31.0
CCall_contig1870_v231.3
NARG1_PONAB31.7
Cm046732.1
CCall_contig7389_v232.3
CCall_contig16973_v232.5
PRP8_MOUSE
CCall_contig35256_v2

32.6

TMVRN_NICGU32.7
DFRA_DIACA
ARGD_ALNGL
CCall_contig6557_v2

33.3

Cm060633.6
KSG7_ARATH
KSG7_ARATH

34.5

LSB3_YEAST
ELOF1_ORYSJ
CCall_contig2467_v2

34.7

CIPKN_ARATH35.7
BH144_ARATH36.5
CCall_contig7273_v236.7
RS143_ARATH
MNS1_CANAL
Cm0321
LARP7_MOUSE

37.1

Cm007637.3
MA1B1_HUMAN37.6
CYBP_MOUSE37.7
CCall_contig44752_v238.3
CCall_contig14345_v238.6
CCall_contig949_v238.9
OLA1_CHICK39.2
NFYA7_ARATH39.3
PSAK_ARATH39.8
MRP2_ARATH39.9
CKAP5_MOUSE40.3
Cm003540.5
YM007_HUMAN41.0
MO25N_ARATH
G11A_ORYSJ
CCall_contig9445_v2

41.2

HSP80_SOLLC41.6
Cm055841.8
CCall_contig17378_v242.1
UBAX1_ARATH42.3
IMP3_SOLLC42.5
HSBH1_SOYBN42.7
CSX1_SCHPO42.9
Cm039643.2
CCall_contig6137_v243.8
HSP80_SOLLC43.9
PSBQ2_ARATH44.4
CCall_contig30497_v245.7
PAP_CITUN46.3
PMP22_ARATH47.2
THI4_CITSI49.0
CCall_contig40567_v249.7
CCall_contig45206_v250.9
DJC25_DROME51.6
MA121_DROME53.1
4CL2_TOBAC53.8
GLTR_ARATH55.6
QORX_HUMAN55.9
CCall_contig6286_v265.6

Combined_V

ATK4_ARATH0.0
SUBL_ARATH1.2
RRN3_HUMAN
DSK1_SCHPO

1.9

ATL1R_ARATH2.0
Cm00274.0
CCall_contig42348_v24.4
CCall_contig23975_v24.8
WOX13_ARATH5.1
P2C60_ORYSJ7.0
CCall_contig39272_v210.7
CCall_contig620_v211.0
AROB_THICR11.7
P4HA2_CAEEL12.2
ACO1_ARATH
CCall_contig43099_v2
ATL2B_ARATH

12.6

FAB1_YEAST13.1
CCall_contig2308_v215.8
PSMD4_ARATH16.4
PSA7_CICAR16.7
CCall_contig3802_v217.3
INO1_NICPA17.8
Cm055018.6
CCall_contig39528_v218.9
CCall_contig21024_v219.4
CCall_contig46026_v219.6
BAK1_ARATH20.0
NSUN2_MOUSE20.8
RS6_ASPOF21.6
NMCP_ARATH23.3
14338_ARATH23.5
ATMA_ECOLI23.7
IFRH_TOBAC24.1
AN32_ARATH24.5
ASOL_TOBAC24.6
Cm026624.8
RU17_ARATH
CCall_contig41553_v2
RU17_ARATH

25.4

CCall_contig15027_v225.5
UBC9_XENTR26.2
FMDA_METME26.4
CCall_contig39730_v226.8
NMCP_ARATH27.2
Cm0484
ARGA_PSEU2

27.4

PPIL2_ARATH
VDAC1_SOLTU
SUBL_ARATH
TTC13_HUMAN

27.6

CLV1_ARATH27.9
NMCP_ARATH28.0
GLYM_SOLTU28.3
CYP40_ARATH28.6
CCall_contig27480_v228.9
CCall_contig40555_v2
CCall_contig33316_v2

29.0

VATL_MESCR29.4
PCKA_ARATH29.6
PCKA_ARATH29.7
CDPKG_ARATH29.8
FENR1_PEA29.9
FL3H_VITVI30.1
CCall_contig27314_v230.4
CCall_contig24178_v2
AGT21_ARATH

30.5

VA726_ARATH30.7
GLYG_HUMAN30.8
SC24C_ARATH31.0
GSHRC_PEA31.1
PFPI_PYRHO31.2
PR19A_ARATH31.4
CCall_contig48331_v231.6
ADF_VITVI
DAZP1_MOUSE

31.9

CCall_contig42032_v232.1
CCall_contig6658_v232.5
Cm004932.6
CCall_contig2280_v233.5
CCall_contig3070_v233.6
CH62_CUCMA34.0
THIK2_ARATH34.3
CCall_contig1667_v234.8
VP13C_HUMAN
CCall_contig24618_v2

35.4

AHP1_ARATH36.3
KIF2C_MOUSE36.4
IF2G_RAT37.2
ATL3F_ARATH37.3
DHQSD_ARATH37.8
CCall_contig29013_v238.3
GLNA4_PHAVU
CCall_contig1893_v2

39.6

FAHD1_DICDI41.1
CCall_contig31172_v241.4
CCall_contig26530_v241.6
CCall_contig30724_v242.4
CCall_contig4624_v242.5
Cm053343.1
CCall_contig40232_v244.2
P2C70_ARATH45.0
TLP3_ARATH45.7
TSJT1_TOBAC46.4
CCall_contig40018_v248.2
CCall_contig7730_v249.5
GI1L2_ARATH52.4
DCN1L_DROME53.2
CYSK_CITLA53.7
CCall_contig40684_v254.3
LIN54_DANRE55.0
PSB2A_ARATH55.5
HMT3_ARATH55.8
HMT3_ARATH55.9
DAPLE_XENLA56.2
CCall_contig13953_v256.6
Cm030557.6
TSJT1_TOBAC57.9
FRIGI_ARATH59.4
PAPS2_HUMAN64.3

Combined_VI

CCall_contig4565_v20.0

RS24_ARATH1.6

EMCs1212.5
AKR2_ARATH12.7
NPC1_HUMAN12.9
CCall_contig7603_v214.6
KT010a17.0
SSRA_ARATH17.6
ISPH_CYAA518.2
SPE1_ARATH19.8
Cm029319.9
VATM_DICDI20.9
PSD7_ARATH21.2
CCall_contig15685_v221.3
TLP1_PYRPY21.4
CCall_contig15944_v221.7
ALFC2_ARATH21.8
TC132_ARATH22.0
SUBL_ARATH22.2
RF2A_ORYSJ22.4
MIT1_SCHPO22.7
CCall_contig29296_v222.9
FDFT_NICBE23.1
BLH6_ARATH23.4
Cm043023.6
PPAF_SOYBN23.8
CCall_contig41147_v223.9
CCall_contig6272_v224.2
RBM28_MOUSE24.4
RER1A_ARATH
CCall_contig14707_v2

24.7

BH063_ARATH24.9
E137_ARATH25.4
CCall_contig729_v225.5
PTEN_MOUSE25.7
ARGC_ARATH26.2
CCall_contig1394_v226.3
U727_ORYSJ26.5
CCall_contig33029_v226.7
CCall_contig4335_v2
TBA_PRUDU

26.8

SERA_ARATH27.2
HAT31_ARATH27.3
Cm065827.5
PUB26_ARATH
Y3972_ARATH

27.7

GI1L3_ARATH27.8
Cm006427.9
Cm061428.0
Y4744_ARATH
KRI1_DROME
CYPR4_CYNCA
CCall_contig40151_v2
CCall_contig44940_v2
CCall_contig46628_v2
CCall_contig21422_v2

28.1

Cm047128.2
ARL8A_CHICK28.3
Cm000328.4
MYB44_ARATH28.6
CCall_contig24431_v228.9
PEPK2_ARATH29.2
IF4A3_NICPL29.3
MCA1_ARATH
NLTL5_ARATH

29.9

CCall_contig6745_v230.3
BAK1_ARATH30.7
CCall_contig39971_v231.8
P2A01_ARATH32.0
CCall_contig7003_v232.2
QCR6_SOLTU32.5
Cm049632.8
Y3236_ARATH33.2
PSA5_ORYSJ33.5
CCall_contig25374_v233.6
TRPD_ARATH
UAP1_ARATH

34.0

CCall_contig7169_v234.1
CCall_contig20037_v234.3
RH35_ARATH34.5
PCY1B_HUMAN35.0
P2A09_ARATH35.3
PUR9_CLOTH35.6
M313A_XENLA35.7
TCMO_POPKI36.4
PFD1_MOUSE36.6
XTH23_ARATH36.8
TOM7A_SOLTU37.3
Cm021237.6
TAF11_MOUSE37.8
SYK_ORYSJ37.9
CCall_contig405_v238.1
ACCC_ANASP38.4
PYRG_DICDI38.8
HT1_ARATH39.1
P2C44_ORYSJ40.0
AAPC_CENCI40.6
Cm000742.1
TIAR_HUMAN
CCall_contig38999_v2

52.1

Cm036753.7
AL7A1_MALDO56.0
CCall_contig175_v260.9
CCall_contig40066_v261.5
POL_CAMVE63.0
OPR3_SOLLC63.4
POL_CAMVE63.7

Combined_VII

PTRB_MORLA0.0
KTNB1_ARATH1.3
Cm00282.0
KPYC_SOYBN2.9
CCall_contig948_v23.6
Cm05563.8
MPK8_ARATH
MPK12_ORYSJ

8.3

Cm043710.9
PIN1C_ORYSJ11.3
DNJB8_MOUSE11.8
Cm022412.4
CCall_contig4764_v214.2
CCall_contig40116_v214.4
COTA_BACSU15.5
ALFC3_ARATH17.6
CCall_contig2901_v218.3
LPP3_ARATH19.5
CCall_contig11746_v219.8
CCall_contig1073_v220.1
CCall_contig41776_v220.4
CCall_contig2632_v221.1
ARMC8_BOVIN
NFYA9_ARATH
SIR_SYNY3

23.5

CCall_contig39278_v223.8
CCall_contig2534_v226.7
SAP8_ORYSJ27.8
SAP8_ORYSJ27.9
DR100_ARATH28.4
JMJD5_BOVIN31.4
LOX23_HORVU31.6
CCall_contig5510_v232.6
Cm055133.2
CCall_contig39720_v2
TBA6_MAIZE

33.4

YM94_YEAST
METE_CATRO

33.9

CALM3_PETHY34.5
Cm003135.0
PUR_ARATH36.3
Cm008336.7
CCall_contig43891_v236.8
CCall_contig39527_v237.1
RNHX1_ARATH37.3
CCall_contig20441_v237.6
CCall_contig23272_v2
CCall_contig42749_v2

38.0

CALS3_ARATH38.7
SAP3_ARATH38.9
M2OM_NEUCR39.2
TBA6_MAIZE39.4
AIFB_DICDI39.8
Y1574_AZOSB39.9
OTUD5_RAT
RS143_ARATH

40.0

RUBB_PEA40.6
TBP_SOYBN40.8
CCall_contig39664_v240.9
CAF1K_ARATH41.5
Cm038142.9
TIP11_ARATH43.5
KTO14a43.9
CCall_contig5958_v244.5
Cm059444.7
Cm054945.3
CsCAT8
QpZAG110

45.7

UBP12_ARATH46.3
Cm053246.9
EIN3_ARATH47.2
CCall_contig32821_v2
AGO1_ARATH

47.3

Cm053147.7
Y1462_ARATH48.1
UBL5_ARATH48.9
RL10_VITRI49.4
PIP27_MAIZE
ISPG_PARUW
PDIA1_BOVIN
MGRN1_RAT

49.7

YC54L_SYNY350.2
CATB_MACFA50.5
PHSH_VICFA50.6
TBB2_ARATH
CCall_contig42653_v2
HSP13_SOYBN

51.0

YDC1_SCHPO51.1
CCall_contig11518_v251.9
Cm066052.0
CCall_contig43708_v252.4
FTSH9_ARATH52.6
CCall_contig4445_v252.7
TRXF_PEA52.9
THOC4_MOUSE53.0
NCASE_ARATH53.4
CCall_contig38941_v2
CCall_contig39201_v2

53.7

CCall_contig18412_v254.2
EMCs1354.6
SELT_ARATH55.9
CCall_contig15709_v256.1
RAV1_ARATH58.2
ECA4_ARATH61.3
MPK3_ARATH62.6

Combined_VIII

RH3_ARATH0.0
IN80B_HUMAN1.4
CCall_contig2164_v22.5
AVP1_ARATH3.3
CCall_contig9885_v25.1
CCall_contig2232_v25.8
UBIQ_WHEAT6.4
CCall_contig41610_v28.3
CCall_contig42142_v28.6
CCall_contig2614_v29.1
Y1934_ARATH9.9
RL222_ARATH12.9
CCall_contig35361_v213.6
MGP_ARATH14.1
EBM_LILLO14.5
SYS_HELAN14.7
GATA_METST14.9
CCall_contig17142_v2
CCall_contig1716_v2

15.4

NHX1_ARATH16.2
BCAL1_ARATH16.4
Cm022317.2
Cm057419.0
GP175_RAT19.8
NOP5A_ARATH
NHX2_ARATH

19.9

AX22D_PHAAU20.2
CCall_contig42844_v220.5
CCall_contig26874_v220.7
CDC5L_NEMVE
CDPK_DAUCA

21.6

MLP34_ARATH
MLP28_ARATH
GCN1L_HUMAN

21.9

TIF6B_ARATH
PP1_ORYSJ

22.1

CCall_contig992_v222.3
ADO3_ARATH22.4
RDR1_SCHPO22.8
Cm039223.5
XTHB_PHAAN25.2
CDC7_SCHPO
MSP1_YEAST

25.7

GAR2_SCHPO25.8
CCall_contig17533_v226.0
TAL_FRASN
SGPL_ARATH
CALX_SOYBN
BAK1_ARATH
CCall_contig7457_v2
BAK1_ARATH

26.4

NDUV1_BOVIN
CDKG2_ORYSJ

27.5

HERC2_HUMAN28.1
VINSY_RAUSE28.3
GP1_SOLLC29.1
SRPRB_DICDI29.3
Y4844_ARATH29.4
CCall_contig47149_v229.5
Cm055930.0
MU136_SCHPO30.9
CCall_contig4468_v232.5
TRXH2_ARATH33.6
ATB13_ARATH37.1
PPI1_BRUSU37.3
APK1B_ARATH38.0
ENTP1_BOVIN41.1
GSTXA_ARATH43.1
TMEDA_RABIT44.0
PSD11_MOUSE45.8
Y5161_ARATH46.0
CCall_contig2148_v247.6

SPT42_ARATH52.7

CCall_contig3232_v253.6

C78A3_SOYBN57.8

BIM2_ARATH62.6

Combined_IX

PSAG_ARATH0.0

CCall_contig38981_v22.0
SEC14_KLULA2.6

FPPS1_LUPAL6.2
UPP_ARATH7.7
CCall_contig4285_v28.6
HSP80_SOLLC8.9
CCall_contig33458_v29.7
RING4_ARATH10.1
U172_ARATH10.4
CCall_contig10297_v211.1
CCall_contig47106_v212.0
ERF82_ARATH13.5
DICER_ARATH14.6
C3H18_ARATH15.7
RS8_ORYSJ16.1
TOP1_ARATH
CCall_contig7406_v2

16.4

CCall_contig29293_v216.8
RCD1_XENTR17.7
quru-GA-OC1917.8
DPO1_LACLM18.2
CCall_contig1978_v218.5
THI4_ALNGL19.2
CCall_contig2702_v219.4
CCall_contig9713_v219.8
TRPB1_ARATH20.1
GLTR_ARATH20.5
H2A1_ARATH21.0
RISB_ARATH21.2
CCall_contig1975_v221.4
Cm057021.8
NOG2_HUMAN22.0
PORA_CUCSA22.3
CCall_contig12315_v222.9
C3H3_ARATH23.3
Cm040423.4
HBD_BRAJA23.5
ERF3_TOBAC23.9
ULA1_ARATH24.9
CCall_contig5464_v225.3
ATXR3_ARATH25.5
POR_PEA
P2C52_ARATH

25.8

Y875_SYNY326.1
Cm047726.5
U4979_VITVI26.8
Cm050028.6
CCall_contig1525_v229.1
RSP41_ARATH30.8
TRXB2_ARATH31.4
NAC78_ARATH33.1
PGSA_PSEFL33.8
GPAT4_ARATH35.1
DICER_ARATH36.5
Cm008537.4
PSL1_HUMAN38.1
Cm053538.5
TMP14_ARATH39.3
CCall_contig13546_v240.1
CLF1_PARBR41.4

CCall_contig17775_v244.9
CCall_contig5753_v245.6

TMM56_MOUSE47.2

COG5_MOUSE52.9

CB2A_SPIOL55.0

C72A1_CATRO59.4

Combined_X

H12_ARATH-1.1
PSBW_SPIOL-0.3
SRP09_ARATH0.0
GLTR_ARATH0.5
Cm06000.7
Cm06541.1
MGP_ARATH1.5
Cm04142.3
CCall_contig32270_v23.0
BGAL3_ARATH4.0
PRU1_PRUAR4.9
MGLL_HUMAN5.8
CCall_contig41928_v26.5
Cm01537.5
K6PF3_ARATH7.9
CCall_contig28476_v29.7
ACA1_ARATH10.7
GLYM_PEA11.0
nCm012111.2
CCall_contig17902_v211.5
CSD2B_XENLA12.1
ACA1_ARATH12.7
CSK22_ARATH13.0
RH7_SPIOL13.2
vCm012113.4
CCall_contig18369_v213.5
RMT2_SCHPO13.7
Cm000914.2
RL30_LUPLU14.5
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An annotated map for Castanea mollissima 
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Figure Credit: Barakat et al. 2009 
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Candidate defense: Response genes in 
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Sequenced “scaffolds” aligned with Populus 

linkage groups 

Figure Credit: From Tuskan et al., 2006. Science 313:1596-1604 Figure S3. Reprinted with permission from AAAS. 
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Duplicated segments in Populus 

 This diagram reveals that Populus is an ancient polyploid whose 

genome has been extensively rearranged 

 Colored bands show duplicated segments across chromosomes 

 

Figure Credit: : From Tuskan et al., 2006. Science 313:1596-1604 Figure 2. Reprinted with permission from AAAS. 
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Figure Credit: Modified from Wheeler et al., 2005 

QTL for spring cold hardiness in Douglas-fir 

Spring cold hardiness (buds)

Spring cold hardiness (stem)

Spring cold hardiness (needles)

Spring cold hardiness (buds)

Spring cold hardiness (stem)

Spring cold hardiness (needles)

EF-1 (translation elongation factor-1); Cold induced

CABBP-1 (chlorophyll a/b-binding protein type 1); Regulated by water deficit

DER1-like (degradation of misfolded proteins); Possibly cold induced

CABBP-2 (chlorophyll a/b-binding protein type 2); Regulated by water deficit

Genetic markers mapped onto linkage group 1  

reveal QTL (colored boxes) associated with cold 

hardiness traits

Genes mapped to these areas (positional 
candidate genes) are shown in blue boxes
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Summary: Large-scale mapping 

 Basic mapping steps are straightforward 

 Specifics of mapping process can be much more involved 

 Markers vary in information content 

 Variation among parental chromosomes 

 Combining information from different chromosomes 

 Total map distance grows as marker density increases 

 Map resolution depends on sample size 

 

 

http://www.pinegenome.org/ctgn


www.pinegenome.org/ctgn 

References cited   

 Barakat, A., D. S. DiLoreto, Y. Zhang, C. Smith, K. Baier, W. A. Powell, N. C. Wheeler, R. 

Sederoff, and J. E. Carlson. 2009. Comparison of the transcriptomes of American chestnut 

(Castanea dentata) and Chinese chestnut (C. mollissima) in response to the chestnut blight 

infection. BMC Plant Biology 9:51. (Available online at: http://dx.doi.org/10.1186/1471-2229-9-51) 

(verified 14 March 2011). 

 Conkle, M. T. 1979. Isozyme variation and linkage in six conifer species. In: Proceedings of the 

Symposium on Isozymes of North American Forest Trees and Forest Insects. 27 July 1979. 

Berkeley, CA. 

 Guries, R. P.,1S. T. Friedman, and F. T. Ledig. 1978. A megagametophyte analysis of genetic 

linkage in pitch pine (Pinus rigida mill.) Heredity 40: 309-314. 

 Hartl, D. L., and E. W. Jones. 2006. Genetics: Analysis of genes and genomes, 6th edition. Jones 

and Bartlett, Sudbury, MA. 

 Jermstad, K. D., D. L. Bassoni, N. C. Wheeler, and D. B. Neale. 1998. A sex-averaged genetic 

linkage map in coastal Douglas-fir (Pseudotsuga menziesii [Mirb] Franco var. menziesii) based 

on RFLP and RAPD markers. Theoretical and Applied Genetics 97: 762-770. 

 Jermstad, K. D., D. L. Bassoni, K. S. Jech, N. C. Wheeler, and D. B. Neale. 2001a. Mapping of 

quantitative trait loci controlling adaptive traits in coastal Douglas-fir. I. Timing of vegetative bud 

flush. Theoretical and Applied Genetics 102: 1142-1151.  

 

 

 

http://www.pinegenome.org/ctgn


www.pinegenome.org/ctgn 

References cited  

 Jermstad K. D, D. L. Bassoni, N. C. Wheeler, T. S. Anekonda, S. N. Aitken, W. T. Adams, and D. 

B. Neale. 2001b. Mapping of quantitative trait loci controlling adaptive traits in coastal Douglas-fir. 

II. Spring and fall cold-hardiness. Theoretical and Applied Genetics 102:1152-1158. 

 Jermstad, K. D., D. L. Bassoni, K. S. Jech, G. A. Ritchie, N. C. Wheeler, and D. B. Neale. 2003.  

Mapping of quantitative trait loci controlling adaptive traits in coastal Douglas-fir. III. QTL by 

environment interactions and verification. Genetics 165: 1489-1506. 

 Tuskan G. A., S. DiFazio, S. Jansson, J. Bohlmann, I. Grigoriev, U. Hellsten, N. Putnam, et al. 

2006. The genome of black cottonwood, Populus trichocarpa (Torr. & Gray). Science 313: 1596-

1604. (Available online at: http://dx.doi.org/10.1126/science.1128691) (verified 14 March 2011). 

 Wheeler, N. C., K. D. Jermstad, K. Krutovsky, S. N. Aitken, G. T. Howe, J. Krakowski, and D. B. 

Neale. 2005. Mapping of quantitative trait loci controlling adaptive traits in coastal Douglas-fir. IV. 

Cold-hardiness QTL verification and candidate gene mapping. Molecular Breeding 15: 145-156. 

(Available online at: http://dx.doi.org/10.1007/s11032-004-3978-9) (verified 14 March 2011). 

 

 

 

http://www.pinegenome.org/ctgn


www.pinegenome.org/ctgn 

References cited 

• White, T. L, W. T. Adams, and D. B. Neale. 2007. Forest genetics. CAB International, 

Wallingford, United Kingdom. Available online at: 

http://bookshop.cabi.org/?page=2633&pid=2043&site=191 (verified 1  June 2011). 

 

 

http://www.pinegenome.org/ctgn


www.pinegenome.org/ctgn 

Thank You. 
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