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Figure S1   Schematic view of the distinction between gametic and zygotic TRD. First, the maximum log‐likelihoods of the genotype 
frequencies under the null (i.e. Mendelian), gametic, and zygotic model are calculated. Then, likelihood ratios are compared to 
cumulative chi‐square distributions with appropriate degrees of freedom (see main text) evaluated at significance level alpha. If this 
comparison suggests that the data is better explained by the alternative hypothesis, the arrow labeled “yes” is followed, otherwise 
the arrow labeled “no” is followed.
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Figure S2   Single‐locus TRD analyses for SpMaF2. The p‐value of the likelihood ratio tests are on the horizontal axes and genetic 
distances in cM on the y‐axis. The blue line indicates gametic vs. null, and the green line indicates zygotic vs. null. The frequencies 
of the four F2 genotypes are shown in different colours; from left to right: Sp homozygote (Sp1Sp2, blue), Sp1Ma2, Ma1Sp2, and 
Ma homozygote (Ma1Ma2, red). 
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Figure S3   Single‐locus TRD analyses for MaSpF2. The p‐value of the likelihood ratio tests are on the horizontal axes and genetic 
distances in cM on the y‐axis. The blue line indicates gametic vs. null, and the green line indicates zygotic vs. null. The frequencies 
of the four F2 genotypes are shown in different colours; from left to right: Sp homozygote (Sp1Sp2, blue), Sp1Ma2, Ma1Sp2 and Ma 
homozygote (Ma1Ma2, red). 
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Figure S4   Single‐locus TRD analyses for SpPl2F2. The p‐value of the likelihood ratio tests are on the horizontal axes and genetic 
distances in cM on the y‐axis. The blue line indicates gametic vs. null, and the green line indicates zygotic vs. null. The frequencies 
of the four F2 genotypes are shown in different colours; from left to right: Sp homozygote (Sp1Sp2, blue), Sp1Pl2, Pl1Sp2 and Pl 
homozygote (Pl1Pl2, brown). 
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Figure S5   Single‐locus TRD analyses for SpPl3F2. The p‐value of the likelihood ratio tests are on the horizontal axes and genetic 
distances in cM on the y‐axis. The blue line indicates gametic vs. null, and the green line indicates zygotic vs. null. The frequencies 
of the four F2 genotypes are shown in different colours; from left to right: Sp homozygote (Sp1Sp2, blue), Sp1Pl2, Pl1Sp2 and Pl 
homozygote (Pl1Pl2, brown). 
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Figure S6   Single‐locus TRD analyses for SpStuF2. The p‐value of the likelihood ratio tests are on the horizontal axes and genetic 
distances in cM on the y‐axis. The blue line indicates gametic vs. null, and the green line indicates zygotic vs. null. The frequencies 
of the four F2 genotypes are shown in different colours; from left to right: Sp homozygote (Sp1Sp2, blue), Sp1Stu2, Stu1Sp2 and Stu 
homozygote (Stu1Stu2, yellow). 
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Figure S7   Single‐locus TRD analyses for StuSpF2. The p‐value of the likelihood ratio tests are on the horizontal axes and genetic 
distances in cM on the y‐axis. The blue line indicates gametic vs. null, and the green line indicates zygotic vs. null. The frequencies 
of the four F2 genotypes are shown in different colours; from left to right: Sp homozygote (Sp1Sp2, blue), Sp1Stu2, Stu1Sp2 and Stu 
homozygote (Stu1Stu2, yellow). 
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Figure S8   Two‐locus TRD analyses for Sp x Ma reciprocal crosses. In each plot the molecular markers are indicated on horizontal axis starting from AL1 to AL8 from left to right. Similarly in 
vertical axis the marker order runs from AL1 to AL8 from down to up. The colours indicate p‐values (between 0.01 ‐ 1x10

‐8
) from two‐locus χ

2
 tests. Any p>0.01 is shown in grey.  
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Figure S9   Two‐locus TRD analyses for Sp x Pl reciprocal crosses. In each plot the molecular markers are indicated on horizontal axis starting from AL1 to AL8 from left to right. Similarly in 
vertical axis the marker order runs from AL1 to AL8 from down to up. The colours indicate p‐values (between 0.01 ‐ 1x10

‐8
) from two‐locus χ

2
 tests. Any p>0.01 is shown in grey. 
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Figure S10   Two‐locus TRD analyses for Sp x Stu reciprocal crosses. In each plot the molecular markers are indicated on horizontal axis starting from AL1 to AL8 from left to right. Similarly in 
vertical axis the marker order runs from AL1 to AL8 from down to up. The colours indicate p‐values (between 0.01 ‐ 1x10‐8) from two‐locus χ2 tests. Any p>0.01 is shown in grey. 
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Figure S11  Analysis of “snowballing” of TRD. Fit of linear (black lines) and exponential (red lines) functions to the increase of the 
number of TRD regions (left panels) and percentage of the genome showing TRD (right panels) with genetic distance between 
hybridized populations (FST). Upper panels show results when a significance threshold of p<0.001 is used, lower panels show results 
for a threshold of p<0.01
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Table S1   Origins of primer sequences for molecular markers genotyped for Sp x Stu cross. Marker types and locus in A. thaliana are indicated to all markers. 

Chromosome  Locus name  Marker type  Locus or BAC in A. thaliana  Origin of primer sequences  Forward primer  Reverse primer 

AL1  F20D22  Microsat  AT1G04120  Clauss et al. 2002 

AL1  CRY2  SNP  AT1G04400  Kuittinen et al. 2004 

AL1  PHYA  SNP  AT1G09570  Kuittinen et al. 2004 

AL1  ICE13  Microsat  AT1G13220  Clauss et al. 2002 

AL1  GI  SNP  AT1G22770  Kuittinen et al. 2004 

AL1  AthZFPG  Microsat  AT1G24625  Clauss et al. 2002 

AL1  ATTSO392  Microsat  AT1G30630  Clauss et al. 2002 

AL1  AT1G31930  SNP  AT1G31930  Ross‐Ibarra et al. 2008 

AL1  AT1G36310  SNP  AT1G36310  Hansson et al. 2006 

AL1  RHL1  CAPS/SmaI  AT1G48380  Kuittinen et al. 2004 

AL1  LAS  SNP  AT1G55580  Leppälä & Savolainen 2011 

AL1  nga280  Microsat  AT1G55840  Clauss et al. 2002 

AL2  AT1G64610  SNP  AT1G64610  Hansson et al. 2006 

AL2  AT1G62520  SNP  AT1G62520  Hansson et al. 2006 

AL2  F19K23  Microsat  AT1G62050  Clauss et al. 2002 

AL2  T15M6  Microsat  AT1G58180  Leppälä & Savolainen 2011 

AL2  FT  SNP  AT1G65480  Kuittinen et al. 2004 

AL2  FKF1  SNP  AT1G68050  A. Niittyvuopio 

AL2  AT1G74600  SNP  AT1G74600  Ross‐Ibarra et al. 2008 

AL3  SPY  SNP  AT3G11540  Kuittinen et al. 2004 

AL3  BRC1  SNP  AT3G18550  ATTGCTCCCTTTTAGCCCTTC  TCTCTCGTCCTTGGACAACTTC 

AL3  DMC1  SNP  AT3G22880  Kuittinen et al. 2004 

AL3  ELF8  SNP  AT2G06210  GCTGCTAATGATGCGACTGAT  ACTTCCACTTGCAGCTTCTTG 

AL3  AGT  SNP  AT2G16870  Leppälä & Savolainen 2011 

AL3  PHYB  SNP  AT2G18790  Kuittinen et al. 2004 

AL3  ICE14  Microsat  AT2G20310  Clauss et al. 2002 

AL4  AT2G23170  SNP  AT2G23170  Ross‐Ibarra et al. 2008 

AL4  ELF3  SNP  AT2G25930  Kuittinen et al. 2004 
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Chromosome  Locus name  Marker type  Locus or BAC in A. thaliana  Origin of primer sequences  Forward primer  Reverse primer 

AL4  ATEX6  SNP  AT2G28950  Kuittinen et al. 2004 

AL4  TTG2  SNP  AT2G37260  Leppälä & Savolainen 2011 

AL4  CCA1  SNP  AT2G46830  A. Niittyvuopio 

AL4  MSAT2.22  Microsat  AT2G47960  Loudet et al. 2002 

AL5  RNS1  SNP  AT2G02990  Kuittinen et al. 2004 

AL5  GL1_A95D  SNP  AT3G27920  Kivimäki et al. 2007 

AL5  CK2alpha3  dCAPS/VspI  AT3G50000  GGAAGCCTTGGTCCAAATTCATTAA  CACATGTTCGAGTTATGTTACGTG 

AL5  AT3G54720  SNP  AT3G54720  Ross‐Ibarra et al. 2008 

AL5  T10K17  Microsat  T10K17  CAAAAGTTGGTGGTAGTGG  CACGCAAAATTACAATCTCTG 

AL5  F2809  Microsat  AT3G57320  Leppälä & Savolainen 2011 

AL5  nga112  Microsat  AT3G62650  Clauss et al. 2002 

AL5  APG1  SNP  AT3G63410  TTACCTTCCCCAAGGGTTTAG  AGCTGCTAGAGTTCCCAGGAG 

AL6  FLC  SNP  AT5G10140  A. Niittyvuopio 

AL6  nga151  Microsat  AT5G14480  Bell & Ecker 1994 

AL6  CO  SNP  AT5G15840  Kuittinen et al. 2004 

AL6  nga106  Microsat  AT5G16520  Bell & Ecker 1994 

AL6  AthCDPK9  Microsat  MQM1  Clauss et al. 2002 

AL6  CLC‐D  SNP  AT5G26240  Kuittinen et al. 2004 

AL6  CRY1  CAPS/BamHI  AT4G08920  Kuittinen et al. 2004 

AL6  AT4G04350  SNP  AT4G04350  Ross‐Ibarra et al. 2008 

AL6  AT4G00030  SNP  AT4G00030  Ross‐Ibarra et al. 2008 

AL7  AP2  SNP  AT4G36920  Kuittinen et al. 2004 

AL7  AT4G28395  SNP  AT4G28395  Ponce et al. 1999 

AL7  MS5  SNP  AT4G20900  Leppälä & Savolainen 2011 

AL7  T16H5  Microsat  T16H5  TGGCAGTACCTATCTATCGTA  CGGAATTAGGGATTTCAGA 

AL7  FCA  SNP  AT4G16280  Kuittinen et al. 2004 

AL7  HCF109  SNP  AT5G36170  AGAGCTTCTGCTGGTTTGGAG  TCGCCAGTTGACTTCTCTCCT 

AL7  ATTSO191  Microsat  AT5G37780  Clauss et al. 2002 

AL7  ICE9  Microsat  AT5G40340  Clauss et al. 2002 

AL8  MJB21  Microsat  MJB21  AAAGTAAGCCAAGCGTCAT  AACTAACAAAAAGCGGAGAAG 
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Chromosome  Locus name  Marker type  Locus or BAC in A. thaliana  Origin of primer sequences  Forward primer  Reverse primer 

AL8  AT5G48100  SNP  AT5G48100  Ross‐Ibarra et al. 2008 

AL8  FRI  SNP & indel  AT4G00650  Kuittinen et al. 2004 

AL8  AT5G53020  SNP  AT5G53020  Ross‐Ibarra et al. 2008 

AL8  ZTL  SNP  AT5G57360  A. Niittyvuopio 

AL8  TOC1  SNP  AT5G61380  A. Niittyvuopio 

AL8  MHJ24  Microsat  MHJ24  Clauss et al. 2002 

AL8  FRO1  SNP  AT5G67590  Leppälä & Savolainen 2011       
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Table S2  Zygotic two‐locus interaction between AL1 and AL6 in Sp x Stu cross. Observed and expected (in parentheses) two  

locus genotype counts. 

      Sp cytoplasm           Stu cytoplasm    

AL6, AT4G04350 (56 cM)     AL6, AT4G04350 (56 cM)    

      Sp1Sp2 Sp1Stu2 Sp2Stu1 Stu1Stu2    Sp1Sp2  Sp1Stu2 Sp2Stu1 Stu1Stu2

AL1, F20D22 (0 cM)  Sp1Sp2  14 (13) 13 (16)  17 (16)  11 (9)  Sp1Sp2  16 (12)  13 (14)  10 (16)  10 (13) 

Sp1Stu2  13 (9)  10 (10)  9 (11)  4 (6)  Sp1Stu2  12 (8)  7 (9)  17 (10)  9 (8) 

Sp2Stu1  15 (12) 14 (15)  13 (15)  8 (8)  Sp2Stu1  13 (11)  13 (13)  17 (14)  9 (12) 

Stu1Stu2  4 (12)  18 (14)  17 (14)  9 (8)  Stu1Stu2 0 (10)  16 (12)  10 (14)  16 (11) 

      Sp1Sp2 Sp1Stu2 Sp2Stu1 Stu1Stu2    Sp1Sp2  Sp1Stu2 Sp2Stu1 Stu1Stu2

AL1, AT1G31930 (47 cM)  Sp1Sp2  18 (10) 9 (13)  10 (13)  6 (7)  Sp1Sp2  13 (9)  6 (11)  6 (12)  4 (10) 

Sp1Stu2  18 (12) 16 (14)  7 (15)  8 (8)  Sp1Stu2  17 (11)  15 (13)  14 (14)  10 (11) 

Sp2Stu1  10 (9)  8 (11)  17 (12)  4 (7)  Sp2Stu1  8 (8)  9 (10)  14 (11)  12 (9) 

Stu1Stu2  0 (14)  22 (17)  22 (17)  14 (10)  Stu1Stu2 3 (13)  19 (15)  20 (17)  18 (14) 

      Sp1Sp2 Sp1Stu2 Sp2Stu1 Stu1Stu2    Sp1Sp2  Sp1Stu2 Sp2Stu1 Stu1Stu2

AL1, LAS (80 cM)  Sp1Sp2  7 (5)  7 (6)  8 (7)  0 (4)  Sp1Sp2  10 (5)  5 (6)  3 (6)  0 (5) 

Sp1Stu2  17 (11) 6 (14)  19 (14)  5 (8)  Sp1Stu2  11 (10)  10 (12)  16 (13)  6 (11) 

Sp2Stu1  10 (12) 19 (14)  10 (15)  10 (8)  Sp2Stu1  8 (11)  11 (13)  10 (14)  9 (11) 

Stu1Stu2  12 (17) 23 (21)  19 (21)  17 (12)  Stu1Stu2 12 (15)  23 (18)  25 (20)  29 (17) 
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File S1 
TRD mapping algorithms. 

 
Genotype probabilities: The crossing design (Fig.1) allows us to infer the population of 
origin of alleles at fully informative marker loci, and the origin of some alleles at partially 
informative loci. Hence, we can make inferences about the population of origin of the 
alleles at the remaining marker loci, i.e. we can infer haplotypes. Let us consider a 
marker with alleles abc and d where alleles a and c are from population 0 and alleles b 
and d from population 1. Instead of the name of the allele (a or b) we can use the 
population of origin as the “phase” of the maternal F1 allele, i.e. 0 if allele a was inherited 
from the female F1 parent, and 1 if allele b was inherited from the female F1 parent. 
Similarly, we can write 0 if allele c was inherited from the male F1 parent, and 1 if allele 
d was inherited from the male F1 parent. Thus, we can re-write the four possible 
genotypes ac, ad, bc, and bd as “phases” 00, 01, 10, and 11, respectively. These haplotype 
phases correspond to genotypes at fully genotyped markers, but their advantage as 
compared to genotypes is that they are comparable between loci, so that they can be used 
to infer genotypes at pseudomarkers. For example, at another locus alleles b and c may 
originate from population 0, so that genotype bc is assigned haplotype phase 00. 

Haplotype phases of flanking markers are generally used to infer haplotype 
phases of pseudomarkers in QTL mapping. Considering the phase of just the maternal 
allele, if both flanking markers are in phase 0, the pseudomarker is more likely to be in 
phase 0 than in phase 1. More precisely, if  is the (unknown) phase of the pseudomarker, 
the probability that the pseudomarker is in phase 0 is: 

Eq. S1      
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where the phases of the left and right flanking markers are indicated with subscripts l and 
r. The alternative (=1) has probability 1-p( =0). The conditional probabilities in Eq. S1 
depend on the distances between the pseudomarker and its flanking markers. Let us 
express the distance between the pseudomarker and the left flanking marker as a 
recombination fraction, dl. Then, the probability of the pseudomarker phases is given by 
Haldane’s map function: 

Eq. S2    
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In the case a flanking marker is lacking (for example if we consider the first or last 
marker on a chromosome) the distance d on that side is infinite so that p(|l) = 0.5 and 
the probability of the phase of the pseudomarker is influenced only by the remaining 
flanking marker. Thus, we can infer haplotype phases (and hence transmission ratios) 
using flanking markers. 

The above method to infer pseudomarker phases is widely used, but requires 
modification for the present purpose, where we consider an experimental cross between 
natural, outcrossing populations. Consider for example a locus where allele a originates 



J. Leppälä et al. 18 SI

from population 0 and allele b from population 1, and where both F1 parents are have 
genotype ab, so that the possible F2 genotypes are aa, ab, and bb. Genotypes aa and ab 
represent phases 00 and 11, respectively, while genotype ab is either 01 or 10. Hence, an 
individual with genotype ab at this locus provides no phase information (both alleles are 
equally likely to stem from both populations) even though it clearly provides information 
about transmission ratios (as it is neither 00 nor 11). In order to employ the information 
about transmission ratios provided by partly informative markers such as the example 
above above, we must extend Haldane’s mapping function to incorporate both maternal 
and paternal alleles simultaneously, and to more than two flanking markers. 

The extension of the mapping function to incorporate both alleles is rather 
straightforward. Let r denote the recombination rate on a very short distance, for example 
r = 0.01 per centimorgan (cM). Then, the probability that two flanking markers one cM 
apart are in phases 00 and 10 would equal r. These markers are in phases 00 and 11 only 
if recombination occurs twice, that is with probability r2. We can conveniently write all 
the possible transitions between the 4 phases in the 4x4 transition matrix Q: 
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where rows and columns refer to 00, 01, 10, and 11, respectively. Entries on the off-
diagonal are chosen so that rows sum to 0. We can also write the probability of the phases 
as a matrix, corresponding to the row and columns order of Q (i.e. 00, 01, 10, and 11). 
For example, at a genotyped marker the phase may be 00, which can be written: 

0

0

0

1

AP  

The probabilities of the phases at a flanking marker B at distance dAB are then given by 
the Chapman-Kolmogorov equation: 

Eq. S3  QdPP ABAAB exp|   

where the exponent is a matrix exponent. For example, for PA above and dAB=5cM, 
PB|A=[0.9066; 0.0453; 0.0453; 0.0027]. Like Haldane’s mapping function, equation S3 
accounts for multiple recombination events, assuming that these are independent, random 
events. In other words, equation S3 is Haldane’s mapping function applied to both 
maternal and paternal alleles simultaneously, and written in matrix representation for 
mathematical convenience. 

To employ the information provided by partly informative markers we must also 
extend phase inference to multiple flanking loci. Consider for example a pseudomarker 
flanked by a partly informative marker, which in turn is flanked at close distance by a 
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fully informative marker. The partly informative marker itself provides little information 
to infer the phase of a pseudomarker next to it, while (due to close linkage) we could be 
rather certain that it is in the same phase as the fully informative marker. To make use of 
all the information provided by the genotypes, we must therefore use all fully and 
partially informative markers to infer phase probabilities at any (pseudo)marker locus. 

Just as expressed in equation S1 for a single flanking marker, the phase 
probabilities of a (pseudo)marker are determined by two components: all the markers to 
the left, and all the markers to the right. Let us denote the phase probabilities of the i-th 
marker given the markers to the left as Pi|l, and the phase probabilities given the markers 
to the right as Pi|r. We calculate the phase probabilities as: 

Eq.S4 
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where the product is element-wise, and the summation over phases. The divisor, just like 
in equation S1, assures that P sums to unity. 

In order to obtain Pi|l we calculate sequentially, starting from the leftmost marker 
on the chromosome and proceeding to the right (using equation A3) Pi|l = Pi-1 exp(di(i-1)Q). 
(For the first marker on the chromosome Pi-1 =[0.25 0.25 0.25 0.25], reflecting that all 
phases are equally likely a priori.) If the i-th marker is (partly) informative, we can set 
some elements of Pi|l to zero, and re-scale the remaining probabilities so that Pi|l sums to 
unity. Thus, Pi|l can be regarded as the phase probabilities of the i-th marker if these were 
determined only by the markers to the left of it. Starting from the rightmost marker, we 
can similarly calculate Pi|r as the phase probabilities of the i-th marker if these were only 
determined by the markers to the right. Finally, we use equation S5 to calculate the phase 
probabilities P for every marker. 
 
Likelihood maximization As explained above, (pseudo)marker phases can be analyzed 
for TRD as genotypes. At fully informative markers, phases are known with certainty, but 
at partly informative markers and pseudomarkers phases can only be assigned 
probabilities. This has implications for calculating the likelihood of genotype frequencies 
(Eq. S1): At partially informative loci the likelihoods Lf under different hypotheses 
depend on the assignment of phases. Thus, we should still maximize the likelihood, but 
the likelihood will now consist of two components: Lf, and a component representing the 
likelihoods of the phase assignments. Let Lφ,j denote the log-likelihood of the phases of 
the j-th F2 individual. If the phase is known with certainty (e.g. at a fully informative 
marker) this likelihood will be Lφ,j =log(1)=0. If the phase is not certain, but for example 
P=[0.9066; 0.0453; 0.0453; 0.0027] then Lφ,j = log 0.0453 if the individual is assigned 
phase 01. Maximizing the likelihood now involves choosing the phases for the n F2 
individuals in such a way that it maximizes the likelihood: 

Eq. S5  
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It should be noted that the number of unknown phases is a property of the data that is 
independent of the hypothesis that is being evaluated. Therefore unknown phases do not 
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affect the difference in the numbers of estimated parameters between hypotheses, i.e. the 
number of degrees of freedom of the χ2-distribution used to compare likelihoods. 

 
Maximizing the likelihood is not an easy task (except at fully informative 

markers). If all individuals are assigned the phase that is most likely, Lφ is maximized, but 
this may lead to genotype frequencies that render Lf sub-optimal. In an F2 of n individuals 
with k possible phases, there are kn possible phase assignments across individuals. It is 
clear that for realistic n, the number of assignments is truly large, and exhaustive search 
for the assignment that maximizes L is prohibitive. Therefore, we use an iterative 
algorithm to attempt to find the phase assignment that maximizes the likelihood. 
 
1. The algorithm used to maximize the likelihood starts by assigning every individual a 
plausible phase. For every individual, the initial probability of the i-th phase was 
calculated as pi*P, where pi is the expected frequency of the i-th phase (Eq. 1) and P the 
probability of this phase according to the flanking markers (Eq. S4). The individual was 
then assigned the most probable phase. (That is the phase suggested by the flanking 
markers (i.e. suggested by P), except when that genotype is not expected to be observed 
(i.e. pi = 0) based on the TRD hypothesis being evaluated.) The likelihoods (Lf and Lφ) of 
the initial assignment are then calculated using equation S5. 
 
2. For every individual, and for every possible alternative phase, it is calculated how the 
likelihood (both Lf and Lφ) would change. For example, if an individual is currently 
assigned phase 10, there are three alternatives, 00, 01, and 11, each of which may have a 
different effect on Lf as well as Lφ. 
 
3. The single individual and alternative phase is selected that results in the greatest 
increase in likelihood L. 
 
Steps 2 and 3 are repeated until no further improvement of the likelihood can be achieved. 
It should perhaps be emphasized that in every iteration, only one individual is assigned a 
different haplotype in step 3. 
 


