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ABSTRACT Our understanding of the development of intrinsic reproductive isolation is still largely based on theoretical models and
thorough empirical studies on a small number of species. Theory suggests that reproductive isolation develops through accumulation
of epistatic genic incompatibilities, also known as Bateson-Dobzhansky—Muller (BDM) incompatibilities. We can detect these from
marker transmission ratio distortion (TRD) in hybrid progenies of crosses between species or populations, where TRD is expected to
result from selection against heterospecific allele combinations in hybrids. TRD may also manifest itself because of intragenomic
conflicts or competition between gametes or zygotes. We studied early stage speciation in Arabidopsis lyrata by investigating patterns
of TRD across the genome in F, progenies of three reciprocal crosses between four natural populations. We found that the degree of
TRD increases with genetic distance between crossed populations, but also that reciprocal progenies may differ substantially in their
degree of TRD. Chromosomes AL6 and especially AL1 appear to be involved in many single- and two-locus distortions, but the location
and source of TRD vary between crosses and between reciprocal progenies. We also found that the majority of single- and two-locus
TRD appears to have a gametic, as opposed to zygotic, origin. Thus, while theory on BDM incompatibilities is typically illustrated with
derived nuclear alleles proving incompatible in hybrid zygotes, our results suggest a prominent role for distortions emerging before

zygote formation.

OMPLETE reproductive isolation between natural pop-

ulations is usually achieved through several reproduc-
tive barriers, acting at different developmental stages. In
plants prezygotic reproductive isolation acts either prepolli-
nation (e.g., habitat, temporal, or pollinator isolation) or
postpollination (e.g., unilateral incompatibility or conspe-
cific pollen precedence). Postzygotic isolating mechanisms
either reduce viability, fertility, or fitness of hybrids or
prevent development of a hybrid altogether. The effect of
postzygotic reproductive barriers may be environment de-
pendent (e.g., Hatfield and Schluter 1999) or independent
of the environment. The latter, intrinsic postzygotic barriers,
cause reduced viability or fertility of hybrids and have been
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studied extensively, e.g., in Drosophila (for a review see
Coyne and Orr 2004; Presgraves 2010).

Despite the importance of development of reproduc-
tive isolation as an evolutionary process, and despite
considerable study, precise molecular genetic mecha-
nisms of postzygotic isolation have rarely been described
(Presgraves 2010; Rieseberg and Blackman 2010). It is
generally assumed, however, that intrinsic postzy-
gotic isolation is due to Bateson-Dobzhansky—Muller in-
compatibilities (BDMI; Orr 1995; Orr and Turelli 2001).
These incompatibilities emerge when in (usually) iso-
lated populations new alleles arise, which upon second-
ary contact do not function together. In a few cases single
genes involved in BDMIs have been identified (reviewed
by Presgraves 2010) and from Drosophila even a pair of
loci is known (Brideau et al. 2006), but generally the
mechanism by which BDMI cause postzygotic isolation
is unknown.

Genic incompatibilities that cause reduced hybrid via-
bility or fertility may lead to non-Mendelian segregation of
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alleles and genotypes (transmission ratio distortion, TRD)
in hybrid progenies of experimental crosses. Thus, BDMI
manifest themselves by distorting transmission ratios of alleles,
a phenomenon commonly observed in experimental crosses
between species (Jenczewski et al. 1997; Rieseberg et al.
2000). Loci involved in BDMI have been mapped by an-
alyzing TRD of alleles in the offspring of experimental
crosses between (sub)species or populations (Vogl and
Xu 2000; Harushima et al. 2001). In plants, locations of
transmission ratio-distorted loci (TRDL) have been used as
indicators of genetic incompatibilities in Mimulus (Fishman
et al. 2001), rice (Harushima et al. 2001), Eucalyptus
(Myburg et al. 2004), tomato (Moyle and Graham 2006),
Ceratodon moss (McDaniel et al. 2008), Ceratopteris fern
(Nakazato et al. 2007), and Arabidopsis thaliana (Salomé
et al. 2011).

TRD is not always a sign of BDMI, but may also arise for
various other reasons during development of gametes or after
the gametes are formed but before fertilization. The former
could be a selfish segregation distorter or meiotic drive
system where a certain allele gets transmission advantage
over the other, e.g., in meiosis of germ cells (reviewed by
Lyttle 1991; Werren 2011). Selfish genetic changes have
been found, surprisingly often, to be involved in formation
of hybrid dysfunction (Presgraves 2010). Selfish genetic ele-
ments and the genomic conflicts they cause have been recog-
nized as important factors in promoting evolutionary change
(Werren 2011). Presgraves (2010) concluded that intrinsic
genomic instability underlies evolution of speciation genes
(genes causing hybrid sterility or inviability) more often than
classical adaptive incompatibilities developing in both diver-
ging populations. Currently most of the examples derive from
a few model species and more investigations are needed
(Johnson 2010).

TRD could also be due to other prefertilization events
such as competition between gametes, e.g., variable pollen
tube growth rate (reviewed by Howard 1999). In angio-
sperms, competition would be more likely to occur between
male gametes, because of their greater number and longer
haploid phase compared to female gametes. TRD could also
be due solely to factors acting after fertilization, such as
differential viability of hybrid genotypes, competition be-
tween zygotes on maternal resources (Korbecka et al
2002), or as a combination of both gametic and zygotic
factors.

Transmission ratios may be distorted due to epistatic
interactions not only between nuclear genes, but also between
nuclear genes and cytoplasmic factors, such as mitochondrial or
chloroplast genes. To be able to investigate the role of
cytoplasmic factors in generating TRD, one must perform
reciprocal crosses, so that the two reciprocal hybrid progenies
share the same nuclear genome but differ in cytoplasm.
Reciprocal crosses are feasible with hermaphroditic species
and have therefore been most commonly conducted in plants.
The role of cytonuclear interactions in performance of re-
ciprocal hybrids has been demonstrated in many species
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(reviewed by Levin 2003). Apart from cytoplasmic male steril-
ity little is known about the role of cytonuclear interactions in
causing postzygotic reproductive isolation (Rieseberg and
Blackman 2010).

Designs of experimental crosses differ, but studies of
TRD are usually started with two parents representing
different populations, subspecies, or species. However,
these parents have often been derived from selfed lines.
While this simplifies mapping algorithms and increases
statistical power to detect TRDL, it provides little in-
formation about allelic variation within natural popu-
lations (except if several independent crosses were
produced). Only a few studies have examined variation
in incompatibility alleles within populations in nature
(e.g., Christie and Macnair 1987; Reed and Markow
2004; Sweigart et al. 2007; Koide et al. 2008a; Martin
and Willis 2010; Gérard and Presgraves 2012), but the
importance of polymorphic hybrid incompatibility is be-
coming more acknowledged (Cutter 2012).

In addition to the interest in understanding how, and
at what developmental stage, intrinsic postzygotic repro-
ductive isolation acts, interesting questions that remain to
be answered concern the rate of development of postzygotic
reproductive isolation. Earlier studies on Drosophila, Lepi-
doptera, frogs, and some plant genera (reviewed in Coyne
and Orr 2004) imply that intrinsic postzygotic isolation
develops gradually over time. If transmission ratio distor-
tion reflects reproductive isolation, then the degree of TRD
should also increase with the genetic distance between pop-
ulations or species in experimental crosses. It has been pre-
dicted that the number of genic incompatibilities increases
between taxa faster than linearly with time (Orr 1995;
Orr and Turelli 2001). This seemingly simple prediction
has been surprisingly difficult to test in practice: even if
genetic distances between populations or species are known,
it is difficult to compare the degree of TRD between crosses
that differ in statistical power to detect and locate TRD
loci because of different numbers, locations, and types of
genetic markers and different numbers of hybrid indivi-
duals. The same applies to mapping of quantitative trait
loci for reproductive isolation. Hence, the first empirical
efforts supporting this prediction were published only
recently (Matute et al. 2010; Moyle and Nakazato
2010), and it remains poorly known whether and how
the degree of TRD increases with genetic distance be-
tween populations.

Here we investigate TRD in crosses between isolated
populations of A. lyrata and map transmission ratio distort-
ing loci. Earlier studies in this species indicated that TRD
is common in crosses of genetically distant populations
(Kuittinen et al. 2004) but rare in crosses within populations
(Leppéla et al. 2008). We compare three experimental crosses,
at different genetic distances as assessed with microsatellite
(Muller et al. 2008) and sequence data (Wright et al. 2003;
Ross-Ibarra et al. 2008; Pyhijérvi et al. 2012). The most dis-
tant populations crossed (Fsr = 0.62; Pyhajérvi et al. 2012)



represent the subspecies lyrata and petraea. The intermediate
(Fst = 0.35) and closely (Fsr = 0.20) related crosses are
between populations of ssp. petraea. This allows us to investi-
gate whether TRD increases with genetic distance between the
populations crossed.

We used novel algorithms that allow us to distinguish
gametic and zygotic TRD, as well as to detect epistatic
two-locus TRD from crosses of outbred individuals. The
outbred F, design of our crosses (Figure 1), with two dif-
ferently heterozygous F, allows us to evaluate the roles of
within-population allelic variation, male and female func-
tion, and cytoplasm for TRD loci. Because one of the pop-
ulations is involved in all of the three crosses, we can also
examine whether the same or different genomic regions
are associated with TRD when crossed with different
populations.

Materials and Methods
Crosses

To study transmission ratio distortion we used genetic
marker data from three crosses between different A. lyrata
populations. For a cross between Spiterstulen, Norway
(Sp), and Mayodan, North Carolina (Ma), crossing details
and plant growth conditions are described in Leppild and
Savolainen (2011). In brief, two unrelated plants from both
populations were crossed to produce F; hybrids (Figure 1).
The crosses were done reciprocally so that Fy’s carry dif-
ferent cytoplasm. From both crosses one F; was used to
produce the F, generation. Again the crosses were con-
ducted reciprocally to gain F, progenies with different
cytoplasmic backgrounds (referred to as SpMaF, when
cytoplasm from Sp and MaSpF, when cytoplasm from
Ma).

The same crossing design was used when crossing Spiter-
stulen with Stubbsand, Sweden (Stu). To make crosses
comparable, the same plants from Spiterstulen were used as
the parents for the F;. They were crossed in the same man-
ner, so that the Sp individual that acted as a pollen recipient
in the Sp x Ma cross also acted as a pollen recipient in the
Sp x Stu cross. The F, individuals from the Sp x Stu cross
were grown in the same greenhouse at the same time as the
Sp x Ma F,.

The third cross was conducted between Spiterstulen and
Plech, Germany (Pl). For this cross, different Sp individuals
were used as parents for the F; than those used in the
crosses described above. Here the crossing design also dif-
fered in that the two Sp parents were used as pollen recip-
ients and the two Pl individuals as pollen donors in both
initial crosses to achieve F,. The F; were crossed as de-
scribed above to get two F, populations, both carrying Sp
cytoplasm. To distinguish between the F, reciprocal proge-
nies, they are referred to as SpPI2F, and SpPl3F,. The
growth conditions of the F, are described in Quilot-Turion
et al. (2013).

P Spl x Mal Ma2 x ‘Sp2

y {

F1  SplMalF1 Ma2Sp2F1

A
F2 SpMaF2 MaSpF2

Figure 1 The crossing design for all three reciprocal crosses of A. lyrata
examplefied by the Sp x Ma cross. The four parents (P), two F; individuals,
and F, progenies are shown. The blue background indicates Spiterstulen
and red Mayodan cytoplasm. Note that the F; individuals were crossed
reciprocally (Sp1Ma1l x Ma2Sp2 and Ma2Sp2 x Sp1Ma1) so that four
different alleles (Sp1, Sp2, Ma1, Ma2) could segregate in both reciprocal F,
progenies. The image has been modified from Leppdla and Savolainen (2011).

Genotyping

DNA was isolated and genotyping performed for Sp x Ma
and Sp x Stu F, as described in Leppéld and Savolainen
(2011) and for Sp x Pl F, as in Kemi et al. (2013). For
Sp x Ma 391 F, individuals were genotyped (204 for Sp
cytoplasm and 187 for Ma cytoplasm) with 76 SNP, micro-
satellite, and Cleaved Amplified Polymorphic Sequences
(CAPS) markers (for details see Leppéld and Savolainen
2011). Sp x Stu was genotyped with the same methods
as Sp x Ma. For Sp x Stu, 389 F, plants were genotyped
(195 for Sp cytoplasm and 194 for Stu cytoplasm) with 65
SNP, microsatellite, and CAPS markers. The markers used to
genotype Sp x Stu F, and the origins of the primer sequen-
ces are in Supporting Information, Table S1. In the Sp x Pl
cross, 529 F, individuals were genotyped (326 SpPI2F, and
203 SpPI3F,). For the Sp x Pl cross, 40 microsatellite and
CAPS markers were genotyped. For details see Kemi et al.
(2013).

Analysis of transmission ratio distortion

Each of the n F, offspring of F; heterozygotes ab and cd must
have one of the four possible genotypes ac, ad, bc, and bd.
Because the genotype of each offspring is independent
of that of the other offspring, the log-likelihood of the ob-
served numbers of genotypes x is given by the multinomial
distribution

n!
L=Inl—— Xac 1yXad 15Xbc 1y Xbd (1)
Xac Da Do pg! ¢ Pad Poc Pod )

where 3x = n and p denotes the expected frequency of
a genotype.

Under Mendelian segregation we expect the four geno-
types in equal frequencies (i.e., all p = 0.25) and substitut-
ing these values in Equation 1 we obtain the likelihood of
the observed numbers of genotypes in the absence of trans-
mission ratio distortion, Lo. Deviations of observed genotype
numbers x from their expectations p may be due to chance,
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due to differential transmission of alleles in gametes or due
to differential survival of genotypes in the zygotic phase. Let
us first consider differential gametic transmission of alleles.
If the male parent transfers allele a with probability q.,, then
the probability that allele b is transferred is 1 — qy,,. Similarly,
we denote the probability that the female transmits allele c gy,
so that allele d is transmitted with probability 1— g;. Given
gm and q;, the expected frequencies of the genotypes
are: pPac= qmds Pad= qu(l — g0, ppe= (1 — qm)qs
and ppg= (1 — qm)(1 — gp. These expected frequencies
can be substituted in Equation 1 to obtain the likelihood,
and we can use standard algorithms to find the values of
gm and gr that maximize the likelihood of the observed ge-
notype frequencies under gametic phase transmission ratio
distortion, Lgameric- Finally, differential zygotic survival or
fertilization success may cause unequal genotype frequen-
cies. In that case, the only constraint on p is 2p = 1, and the
likelihood of the observed genotype frequencies L,ygoric is
maximized when expected frequencies are equal to ob-
served frequencies, i.e., pg= Xo/n (and similarly for the
other genotypes).

Distinguishing gametic from zygotic TRD

We can evaluate which of the above models best explains
the observed numbers of genotypes x using likelihood ratio
tests. Let Lo and L, denote the maximized log-likelihoods of
the observed genotype frequencies under the null and alter-
native hypothesis, respectively. The sampling distribution
of the logarithmic-likelihood ratio —2(Lo— L,) follows
a y2-distribution with degrees of freedom equal to the dif-
ference in the number of unknown parameters under the
hypotheses being compared. Under Mendelian segregation
all p = 0.25 so that there are no free parameters. With
gametic phase TRD there are two unknown parameters
(qm and gy) that determine p, and if TRD arises at the zygotic
stage there is only one constraint (2p = 1) so that there are
three unknown parameters. Thus, to test for gametic TRD,
we evaluate the x? distribution with 2 —0 = 2 degrees of
freedom at —2(Lo/Lgametic). To test for zygotic TRD, we
evaluate the x? distribution with 3 — 0 = 3 degrees of
freedom at —2(Lo/Lyygoric)- In case of gametic phase TRD
also L,ygoric (and not only Lgimeric) Will be substantially
higher than L,. Therefore we evaluate the x? distribution
with 3 — 2 = 1 degrees of freedom at —2(Lgametic/Lzygotic)-
If zygotic TRD explains the data better than gametic TRD,
while gametic TRD explains the data better than Mendelian
segregation, this indicates zygotic TRD in addition to gametic
phase TRD. Thus, comparing likelihoods of the observed ge-
notype frequencies under different hypotheses as illustrated
in Figure S1, we can identify loci with gametic, zygotic, and
with both gametic and zygotic TRD. We considered genomic
regions as transmission ratio distorted when P < 0.001.

Epistatic TRD

Transmission ratio distortion can be caused by single-locus
factors, but also by interactions between two (or more) loci.
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To detect two-locus epistatic TRD we calculated two-locus
genotype frequencies for all pairs of markers (excluding
markers at the same chromosome), calculated expected
frequencies by cross tabulation, and evaluated the probabil-
ity that observed and expected genotype frequencies differ
by chance using y? tests. Because we calculated expected
frequencies using cross tabulation, observed single-locus ge-
notype frequencies are taken into account when detecting
epistatic TRD.

Just like single-locus TRD, also epistatic TRD may emerge
both in the gametic and in the zygotic phase. To detect
gametic phase epistatic TRD we calculated expected two-
locus allelic combinations by cross-tabulation from observed
single-locus allelic frequencies. For example, if the pollen
donor (male parent) transmitted allele a at locus 1 with
observed frequency q.,!, and allele a at locus 2 with ob-
served frequency g2, then the probabilities of observing
two-locus allelic combinations ala2, a'b?, a2b!, and a2b2
are gm' qm% qm' (1 — g¢n?, I — qun') gm? and
1 — g — gm?), respectively. We evaluated deviation
of observed two-locus allelic combinations from their
expectations using x? tests. Parents were analyzed sepa-
rately since at the gametic stage interaction between parents
is not yet plausible.

Missing genotypes and informativeness

Above we assumed that genotypes are known with certainty
for each individual, but at several loci with partially in-
formative markers or pseudomarkers (see below) that is
not the case. We first inferred missing genotypes using
Wijsman’s (1987) genotyping rules. Subsequently, flanking
markers were used to infer genotype probabilities at partly
informative genotyped loci and at pseudomarker loci. For
single-locus analysis of TRD, individuals were assigned gen-
otypes so as to maximize the sum of the log-likelihood from
Equation 1, plus the log-likelihood of the assigned geno-
types. For analyses of epistatic TRD this was computation-
ally not feasible, so individuals were simply assigned the
genotype that was most likely based on the flanking
markers. Details on the algorithms we used for TRD map-
ping are in File S1.

Comparing TRD between crosses

Because numbers and positions of markers differ between
crosses, we cannot compare the degree of TRD between
crosses and reciprocal progenies directly by calculating the
number or percentage of distorted markers. As a simple
alternative, we used the percentage of the genome showing
single locus TRD. We inserted pseudomarkers so as to have
intermarker distances <1 cM and then approximated the
percentage of the genome showing TRD as the percentage
of distorted (pseudo)markers.

As we use many markers, using the conventional P-value
of 0.05 as a threshold may result in a high false-positive rate.
However, using a standard correction for multiple testing
based on the number of markers would lead to unacceptable
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false-negative rates, not only because markers are statistically
dependent through linkage, but also because the markers
do not provide repeated tests of the same hypothesis. There-
fore we made a somewhat arbitrarily trade-off between
avoiding type I and type II errors and used a threshold of
P = 0.001, but we confirmed that results are qualitatively
similar when using different thresholds in the range 0.05—
0.0001.

Results

All three reciprocal F, progenies had transmission ratio dis-
torted markers. The reciprocal progenies of each cross were
examined separately for TRD because of possible cytoplas-
mic effects, or differences in heterogeneous F; parental
plants when acting as pollen donors or recipients. In the
progeny of the cross between the most distant populations
(Fst = 0.62) SpMaF,, 33 of 76 markers (43% of x? tests at
a = 0.05, not corrected for multiple testing) deviated from
expected Mendelian genotype frequencies, and in the recip-
rocal MaSpF, progeny 26 of 76 markers had non-Mendelian
inheritance (34% at o« = 0.05). With a more conservative
threshold of a = 0.001 the percentages of distorted markers
remained high (SpMaF, 20% and MaSpF, 23%). At inter-
mediate genetic distance between populations (Fgr = 0.35),
in the SpPI2F, progeny 13 of the 40 markers (33% at a =
0.05) showed non-Mendelian segregation and in the recip-
rocal SpP13F, 9 of the 40 markers had distorted segregation
ratios (23% at a = 0.05). Finally, at the smallest genetic
distance between populations (Fsyr = 0.20), the progeny
had a lower percentage of transmission ratio distorted
markers on average. However, only 8 of 65 deviated from
Mendelian segregation in the SpStuF, (12% at a = 0.05),
while the reciprocal StuSpF, progeny had 20 transmission
ratio distorted markers (31% at o = 0.05).

To more precisely identify the genomic regions showing
TRD and to investigate at which level (gametic, zygotic, or
both) the distortions likely developed, we applied TRD
mapping methods, to compare observed genotype frequen-
cies to expectations under the null model (Mendelian
segregation), and under models allowing for gametic and
zygotic phase distortion. In all crosses, most of the TRD
regions were best explained by the gametic model (Table 1),
but locations and types of TRD differ between progenies
(Figure 2, Figure S2, Figure S3, Figure S4, Figure S5, Figure
S6, and Figure S7).

Single-locus gametic TRD

We examined more closely the transmission of the two F;
parents’ alleles in the regions showing TRD. To visualize
how the F; parents transmitted their alleles, we plotted ob-
served allele frequencies for each parent over the whole
chromosome (Figure 3). As can be seen from Figure 3, ga-
metic TRD can potentially arise from four different sources
(male and female function in F; parent 1 and in F; parent 2)

in a single cross, because both F; parents were used as
pollen donors and recipients.

In the SpMaF,, three regions on three chromosomes
experienced strong TRD (Figure S2), of which two (on
chromosomes AL1 and AL7) were best explained as ga-
metic. On AL1 excessive transmission of the Sp allele by
the pollen donor appeared to be the source of most of the
distortion (Figure 3A), although transmission of the pol-
len recipient’s alleles was biased in the same direction.
On chromosome AL7 at least two loci were involved be-
cause the F; pollen donor transmitted more of its Sp al-
lele on the upper arm of the chromosome, while the
pollen recipient F, transmitted more of its Ma allele at
the lower chromosome arm (Figure 3A). Two of the three
TRD regions observed in the SpMaF,, namely those on
AL1 and AL6, were distorted also in the reciprocal
MaSpF, cross. Just like in the SpMaF,, TRD on chromo-
some AL1 in MaSpF, was largely due to excess transmis-
sion of the Sp allele by the F; pollen donor, but in the
MaSpF, a similar excess transmission of the Sp allele was
observed in the pollen recipient, although less severe
than in the pollen donor (Figure 3A). The other TRD re-
gion that the reciprocal progenies had in common (on
AL6) showed single-locus zygotic TRD. The two other
gametic TRD regions in MaSpF,, which were not shared
by SpMaF,, were on chromosomes AL3 and ALS8, and in
both these regions the pollen donor transmitted predom-
inantly its Sp allele.

In the Sp x Pl cross (Fst = 0.35) more TRD regions were
observed in the SpPI2F, progeny than in its reciprocal.
In SpPI2F, three regions (AL1, AL3, and AL6) were found
to be involved in formation of TRD at gametic level. The
region on ALl was also found in the reciprocal SpPI3F,
where it was the only region that showed significant TRD.
Distortion in this region was most pronounced around the
marker RHL1 and appears to be due in both reciprocal prog-
enies only to a single F, parent (Sp1PI1F;) transmitting its
Pl allele in excess. (Sp1Pl1F; acted as a pollen donor for
SpPI3F, progeny and as pollen recipient for SpPI2F, prog-
eny.) The two additional TRD regions found in SpPI12F,, on
AL3 and AL6, were also apparently of gametic origin, with
the Sp allele of Sp1PI1F; (AL3) and Sp alleles of both F;
parents (AL6) overrepresented (Figure 3B).

In the Sp x Stu cross (Fsy = 0.20) one gametic TRD re-
gion was observed on ALl in the SpStuF, progeny and two
regions in its reciprocal progeny, on AL1 and AL6. The re-
gion at the lower arm of chromosome AL1 was common for
both reciprocal progenies, with an excess of Stu alleles
transmitted by both parents in both reciprocal crosses (Fig-
ure 3C). The other TRD region in StuSpF, was on AL6 where
both parents transmitted an excess of Stu alleles.

Two-locus gametic TRD

We also examined two-locus genotypes for TRD at gametic
and zygotic level. We describe here the most significant
epistatic interactions where P < 0.0001. In the SpMaF, one

Incipient Speciation in A. lyrata 701


http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.152561/-/DC1/genetics.113.152561-9.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.152561/-/DC1/genetics.113.152561-1.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.152561/-/DC1/genetics.113.152561-7.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.152561/-/DC1/genetics.113.152561-14.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.152561/-/DC1/genetics.113.152561-5.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.152561/-/DC1/genetics.113.152561-5.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.152561/-/DC1/genetics.113.152561-11.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.152561/-/DC1/genetics.113.152561-9.pdf

Table 1 The number of single-locus TRD regions and the percentage of markers in TRD (P < 0.001, or P < 0.01 in parentheses) in three

reciprocal crosses of A. lyrata

Measurement Phase Sp x Ma Sp x PI Sp x Stu

Fst between populations? 0.62 0.35 0.20

Total lenght of the genetic map (cM) 514 511 500

Number of markers 76 40 65

Reciprocal progenies SpMaF, MaSpF, SpPI2F, SpPI3F, SpStuF, StuSpF,

F, progeny size 204 187 326 203 195 194

Single-locus TRD regions at P < 0.001 (0.01) Gametic 2 (6) 3 (6) 3 (5) 1(4) 1(1) 2 (6)
Zygotic — — — — —
Both 1(1) 1(1) — — 0(1) 0(1)

% of genome distorted at P < 0.001 (0.01) Gametic 23 (38) 23 (34) 14 (18) 10 (19) 2(2) 9(23)
Zygotic 1(3) 1(1) 0.7 (4) 0(0.3) 0.6 (1) 0.6 (2)

? Fst values from Pyhajarvi et al. (2012).

epistatic gametic interaction was observed in the pollen
donor and one in the pollen recipient. The interaction in
the pollen recipient (SpMaF;) was between AL1 and AL5
(P = 3.1 x 107>; Figure S8). The region of AL1 involved in
this epistatic interaction was the same as that seen at the
single locus level. However, while at the single locus level
in AL1 excess transmission of Sp alleles was observed, here
the combinations of Sp at AL1 and Sp at AL5 and Ma at
AL1 and Ma at AL5 were less frequent than expected. For
the pollen donor (MaSpF;) the epistatic interaction was
between AL1 and AL4 (P = 1.2 x 10™9; Figure S8). The
region in AL1 was not the same as that for single-locus
TRD in this progeny and also not for the two-locus inter-
action in the pollen recipient (SpMaF;), but the pattern
was the same; combinations with alleles from the same
population were less frequent than expected and gametes
combining alleles from different populations were more
common.

For the reciprocal progeny (MaSpF,) also two significant
gametic two-locus interactions were observed. The interac-
tions were different from those in the reciprocal progeny,
and both were observed in the pollen donor (SpMaF,) (Fig-
ure S8). The interactions were between AL1 and AL4 and
between AL3 and ALS5 (Figure 4). Both interactions showed
a similar pattern; gametes combining alleles from the differ-
ent populations (at these interacting loci) were less frequent
than expected, and gametes combining alleles from the
same population were more common. This was exactly op-
posite to the pattern observed in the two-locus gametic
interactions in the reciprocal F, progeny.

In the Sp X PI cross only one, gametic, two-locus interac-
tion (P = 7.7 x 1077; Figure S9) was found, namely be-
tween ALl and AL3 in the SpPI2F,. The interacting
regions were also observed to be in TRD at the gametic
single-locus level. The interaction was seen in the pollen
recipient (Sp1PI1F;) and was also observed but weaker
(P = 0.001; Figure S9) in the reciprocal cross where
Sp1PI1F; was acting as a pollen donor. In both reciprocal
crosses AL1-AL3 combinations of parental alleles (SpSp or
PIP]) were in excess and the combinations of alleles from
different populations on the same gamete were less frequent
than expected.
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In the Sp x Stu cross one gametic two-locus interaction
was found in the pollen donor for SpStuF,. The interaction
was between AL2 and AL4 (P = 3.3 x 10™°; Figure S10),
neither of which showed strong single-locus TRD. Just as in
the Sp x PI cross, within-population combinations between
the loci were in excess (SpSp and StuStu) and between-
population allelic combinations were less frequent than
expected.

Zygotic TRD

Zygotic TRD was rarely detected in these crosses. The
strongest single-locus zygotic TRD was detected in both
Sp x Ma reciprocal progenies, in the top of chromosome
AL6 (Figure S2 and Figure S3). Both heterozygotes were
less frequent than expected while parental population
homozygotes were in excess (Figure S2 and Figure S3).
There might have been some gametic contribution to this
case of TRD as the SpMaF; parent, when acting as a pol-
len donor, predominantly transmitted its Sp allele,
whereas otherwise allele frequencies were as expected
(Figure 3).

The other zygotic TRD was a two-locus interaction
observed in both reciprocal progenies of the Sp x Stu
cross. Upon closer examination of two-locus genotype
ratios, it appeared that likely two or three loci from
AL1 were interacting with one locus at AL6. Of the inter-
acting regions on chromosomes AL1 and AL6, only that
on the lower arm of AL1 also showed single-locus TRD.
The two-locus distortion maps to the end of the lower
arm of AL1 in both reciprocal crosses, but in StuSpF, also
the upper arm seems to be involved in the interaction
(Figure 4). Some TRD was already observed in the game-
tes of SpStuF, (both as pollen donor and pollen recipient;
Figure S10). In the F, generation one two-locus genotype
was entirely absent from the progeny: no F, individual
was Sp homozygote at AL1 (marker nga280/LAS) and
Stu homozygote at AL6 (AT4G04350) (for two-locus ge-
notype counts see Table S2). Similarly no F, individuals
in SpStuF, were Stu homozygotes at AL1 (AT1G31930)
and Sp homozygotes at AL6 (AT4G04350) or in StuSpF,
Stu homozygotes at AL1 (F20D22) and Sp homozygotes
at AL6 (AT4G04350).
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Figure 2 Locations of TRD regions in A. lyrata crosses on a Sp x Ma map modified from Leppala and Savolainen (2011). Vertical lines indicate regions
with significant (P < 0.001) gametic (dashed line) or zygotic (solid line) TRD. Horizontal ticks mark the likelihood peaks of TRD within such regions. The
text indicates which reciprocal progeny was involved and whether gametic (Gam) or zygotic (Zyg) TRD was inferred. With gametic TRD the parent
(F, female; M, male) with most distorted allelic ratios and the preferentially transferred allele (e.g., Sp or Ma) is marked.

Comparisons between the crosses

TRD was clearly more prevalent in the distant Sp x Ma cross
than in the crosses between the less diverged populations,
at gametic as well as zygotic, one-locus and two-locus
levels. We compared the percentage of the genome showing
single-locus distortion (either gametic or zygotic, at P <
0.001) between different crosses (Figure 5). (Using a differ-
ent significance threshold for P did not alter the results
qualitatively; see Table 1.) On average, the degree of distor-
tion increased with genetic distance between populations.
However, between the Sp x Pl and Sp x Stu crosses the
difference in degree of TRD was not clear. This was mainly
due to a large difference in the degree of TRD between
the Sp x Stu reciprocal progenies. While the Sp x PI recip-
rocal progenies (both with the Sp cytoplasm) showed an
approximately equal degree of TRD, the StSpF, was dis-
tinctly more distorted than its reciprocal F, progeny, where
transmission showed almost no deviation from the Mende-
lian expectation.

It has been suggested that the number of genic incom-
patibilities increases between taxa faster than linearly with
time (Orr 1995; Orr and Turelli 2001). To test that “snow-
balling” prediction, we used linear and exponential functions
to describe the increase of the degree of TRD with genetic
distance (Figure 5). As is evident from Figure S11, the in-
crease is best described by linear functions, irrespective of
whether we measure the degree of TRD as the proportion of
the genome showing TRD or as the number of TRD regions.
Formal model comparison using Akaike’s information crite-
rion confirms this visual impression.

As may be apparent from what was written above, the
regions showing TRD and the inferred origin of distortion in

these regions were mostly different between different crosses.
Nevertheless, some patterns emerge: both single-locus and
epistatic TRD was often found arising from chromosomes AL1
and AL6. All crosses showed TRD on AL1, and in the Sp x Pl
and Sp x Stu crosses this TRD maps onto the same chromo-
somal region, at the end of the lower chromosome arm (Fig-
ure 2). In both crosses, at AL1, the Sp allele had been
transmitted less frequently than expected, although in the
Sp x Pl cross this happened in only one of the F; parents
(Sp1PI1) whereas in the Sp x Stu cross both parents were
transmitting fewer Sp alleles—both when acting as pollen
donor and recipient. The other chromosome that commonly
showed TRD was AL6, but the strongest TRD did not map
onto the same regions of the chromosome, suggesting that
the loci causing TRD on AL6 differ between crosses.

Discussion
Gametic vs. zygotic TRD

In all three crosses between A. lyrata populations, most
observations of non-Mendelian segregation are best ex-
plained by processes acting at the gametic stage. This could
be partly due to hybrids experiencing genic incompatibilities
or genomic conflicts already in the F, generation. Alterna-
tively, it is possible that processes acting at the zygotic stage
result in a pattern of distortion that mimics gametic TRD.
For single-locus zygotic TRD to look like gametic TRD, se-
lection must act against at least one of the genotypes com-
bining parental population alleles (e.g., Sp1Sp2) and against
one of the genotypes combining alleles from different pop-
ulations (e.g., Sp1Ma2). (In this example, selection against
these genotypes would mimic selection against the Spl
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allele.) If zygotic TRD were common in these crosses, it
would need to be of the kind that mimics gametic TRD, as
we detected only two clear examples of zygotic-stage TRD.
It seems unlikely that most of the zygotic TRD would mimic
gametic TRD. Therefore, we believe that most of the gametic
TRD that we reported could really be due to events before
zygote formation.

Of the two cases of zygotic TRD, one region in the Sp x
Ma cross was best explained by the zygotic single-locus
model. The other zygotic TRD region was one interacting
pair of chromosomes in the Sp x Stu cross where certain
genotypic combinations were completely absent from the
F, progeny. The latter case seems like a classical example
of a recessive BDM incompatibility, with selection against
individuals that are homozygous at both loci but for alleles
from different populations. We also detected two (or three)
regions in ALl interacting with the same locus in AL6, but
because our analysis was limited to two-locus interactions
we could not detect whether the interaction was between
more than two loci. In A. thaliana a similar two-locus in-
teraction was found to cause hybrid embryo lethality be-
cause functional copies of a duplicate gene were not at the
same locus in different accessions (Bikard et al. 2009). Most
TRD loci in A. lyrata, however, appeared to be the best
explained by the gametic model.

It should be emphasized that the F, seeds, once formed,
had high viability. This high viability of F, hybrids has been
observed earlier in the cross between subspecies (Sp x Ma),
where F, viability was good but male fertility was reduced
(Leppdld and Savolainen 2011). Additional F, plants from
this cross were grown in their native habitats (Norway and
North Carolina). In North Carolina, hybrid fitness was in-
termediate to the parental populations but in Norway the F,
hybrids surprisingly showed heterosis (Leinonen et al
2011). Thus, the observed TRD in F, would not be expected
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SpPI3F1 @ represented in brown (B). The Mendelian expectation of

equal segregation of both alleles, 0.5, is marked with

a gray dashed line. The significant gametic TRD regions

SpStuF1 & have been marked above the chromosomes as in Figure 2.
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to be due to low seed germination success or high mortality
in later life stages.

The origin of gametic TRD was traced back to the F;
parents, to see which parent (if not both) caused the distor-
tion and which of the alleles were under- or overrepre-
sented. Most commonly both single-locus and two-locus
TRD was caused by a single F; parent or both F; parents
when acting as a pollen donor (half of the gametic single
locus TRD regions and four out of six gametic two-locus
regions). Thus, reduced male fertility or pollen competition
would be a likely source of TRD. Further support for a pos-
sible role of reduced male fertility in causing TRD comes
from analysis of fertility of the Sp x Ma F, progeny (Leppéla
and Savolainen 2011). While F, hybrids did not appear to
suffer reduced female fertility, male fertility was strongly
affected, and three out of five male fertility QTL were
located in TRD regions. In this cross, male fertility was
observed to be reduced also in the F; generation, but un-
fortunately the male fertility of the two parental F; plants
was not studied. Thus both TRD and fertility reductions in
A. lyrata appear to be due mostly to problems in male
function. This may be connected to haploid (postmeiotic)
gene expression which is abundant during male gameto-
phyte development (reviewed in Borg et al. 2009).
Whether transcription of diploid sporocytes (by masking
effects of recessive deleterious incompatibilities) is more
important for female than male gametophyte develop-
ment has not been thoroughly studied yet (Muralla et al.
2011).

It is important to note that TRD in male gametes may
be due to BDM incompatibilities that reduce fertility, but
also to other processes such as pollen competition or action
of segregation distorters or some other meiotic drivers.
We cannot distinguish with certainty what process was
responsible for TRD in male gametes in our study. The role
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of pollen competition as a source of gametic TRD could be
assessed in future studies with pollen competition or pollen
tube growth rate assays.

We also detected three sex-independent single-locus
transmission ratio distorters where the F; parents in male
as well as female function transmitted alleles from the same
population in excess. These cases were observed on the
lower arm of AL1 in the Sp x Stu and Sp x PI cross (but
only in one of the F; parents) and on the upper arm of AL1
in the Sp x Ma cross (although here male function was
a source of higher TRD; Figure 3). These could have been
caused by sex-independent segregation distorter loci that
are fixed but suppressed in their population of origin. This
type of segregation distorter advances its own transmission
in the naive hybrid background without suppressors. Sex-
independent TRD systems have been identified in tomato
(Rick 1969) and rice (Sano et al. 1979; Sano 1992), where
one such system is mainly caused by a single locus
(Koide et al. 2008b) with some unlinked modifiers (Koide
et al. 2012). The classic meiotic drive systems known from
mouse and Drosophila are restricted to males (reviewed in
Lyttle 1991) but some female segregation distorters are now
known, e.g., the knob chromosomes in maize (Buckler et al.
1999), B chromosomes (reviewed in Palestis et al. 2004),
and female meiotic drive in Mimulus (Fishman and Saunders
2008). Sex-independent TRD systems seem to be rarer than
those affecting just male or female function. The connection
between hybrid incompatibility and meiotic drive (and other
genomic conflicts) has become recently better established
(reviewed by Johnson 2010; McDermott and Noor 2010).
To determine whether this type of segregation distorters is
involved in causing TRD in F, hybrid progenies of A. lyrata
would require further study.
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Figure 5 The fraction of the hybrid genome showing single-locus TRD
(P < 0.001) as a function of genetic distance between crossed popula-
tions (Fst, estimated from nucleotide sequences by Pyhajarvi et al. (2012).
The crosses from left to right: Sp x Stu, Sp x Pl, Sp x Ma.

The role of cytoplasmic factors

Genetic incompatibilities affecting hybrid fitness are often
thought to develop between nuclear genes, but they may
as well develop between nuclear and cytoplasmic fac-
tors. Reciprocal crosses allow us to investigate the role of
cytoplasmic factors, but such crosses require hermaphrodite
organisms and have therefore been restricted largely to
studies in plants. In our crosses the F; parents had different
nuclear genotypes, so we could not distinguish between cy-
toplasmic effects and nuclear polymorphisms within popu-
lations. However, the present results suggest that either
cytoplasm or allelic polymorphisms (or a combination of
these) play a major role, as the extent and especially loca-
tion of TRD differ substantially between reciprocal crosses.
Kuittinen et al. (2004) studied a cross between A. lyrata
populations and reached the same conclusion: only one
TRD region of the seven observed was shared between their
reciprocal progenies.

Here, the difference between reciprocal progenies was
most pronounced in the Sp X Stu cross, where 2% of the
genome (P < 0.01, gametic model vs. null model) showed
TRD in the SpStuF,, against 23% in the StuSpF, reciprocal.
In the more distant St x Ma cross the difference between
reciprocals in the degree of TRD was less pronounced, but in
both crosses the nature and location of TRDL differed sub-
stantially between reciprocal progenies. A similar result was
obtained from analysis of male fertility of the Sp x Ma F,:
both the extent of fertility reduction and the underlying
QTL differed between reciprocal F, progenies (Leppéald
and Savolainen 2011). In addition to the role of cytoplas-
mic factors, alleles within a population also had different
effects on male fertility of Sp x Ma cross (Leppald and
Savolainen 2011).

In one of our reciprocal crosses (Sp x Pl, at intermediate
genetic distance), the role of cytoplasm vs. within pop-
ulation allelic variation could be evaluated because the
cytoplasm was from the same population. In this cross
the degree of TRD differed relatively little between the
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reciprocal F, (18% vs. 19% of genome in TRD, P < 0.01,
gametic vs. null model), but within-population variation
was also found: two of the TRD regions were found in
only one of the progenies (SpPI12F,) and the shared TRD
region was sex independent, i.e., the source of TRD could
be traced back to a single F; parent. However, based on
a single cross we cannot conclude whether one mecha-
nism is more likely to be involved in TRD than the other.

TRD increases with genetic distance

As an indicator of genic incompatibility, the degree of TRD
is expected to increase with genetic distance between
populations. It is, however, difficult to compare the degree
of TRD between crosses from different populations or
species. As the results of the present study illustrate, TRD
may be a single-locus or multiple-locus phenomenon, and
TRD at any specific locus may emerge from pollen donor,
pollen recipient, or both parents or in the hybrid zygotes.
Furthermore, TRD at any locus may differ in severity, from
a slight distortion of transmission ratios to complete
absence of some genotypes. For these reasons it is difficult
to compare the degree of TRD even between reciprocal
crosses from the same parents. Comparisons involving
distant populations or species may be further complicated
by different numbers, types, and positions of marker loci,
making it hard to tell whether a difference in degree of
TRD is a real property of the populations studied or the
result of difference in statistical power to detect TRD.
Consequently, it is difficult to determine from comparison
of published studies whether the degree of TRD increases
with genetic distance.

Because of the difficulties associated with expressing
the degree of TRD as a scalar value, we decided to use
a simple measure for the sake of tractability: the percent-
age of the genome showing distortion. This measure does
not solve the problems described above, but it is tractable,
it can be calculated for almost any study, and it has one
attractive property: a larger number of TRDL increases the
percentage of the genome showing TRD, and further, more
severe TRD will be apparent over a larger part of a
chromosome because of linkage disequilibrium. Thus, mea-
suring the degree of TRD as a percentage of the genome
showing TRD hides many interesting aspects of the un-
derlying data, but it does provide a figure that naturally
integrates the number of TRDL and the severity of their
effects in a simple measure.

In line with expectation, TRD has been found to increase
from intraspecific to interspecific experimental crosses
(Jenczewski et al. 1997; Rieseberg et al. 2000). By contrast,
in natural populations of Mimulus, the level of TRD did not
differ between intra- and interspecific crosses (Hall and
Willis 2005). However, because of lack of genetic data, Hall
and Willis (2005) were unable to conclude whether the
Mimulus guttatus populations they studied were less di-
verged than the species pair used in an earlier study
(Fishman et al. 2001). Good estimates of genetic distance
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are needed for testing directly whether crosses between
more distant populations show higher TRD. A recent study
by Salomé et al. (2011) did not find any relation between
sequence divergence of parental accessions and F, segre-
gation distortion in A. thaliana. For the A. lyrata popula-
tions studied here, good microsatellite and sequence-based
estimates of genetic divergence were available (Muller
et al. 2008; Ross-Ibarra et al. 2008; Pyhé&jarvi et al.
2012). We found that the proportion of the genome show-
ing TRD increased with genetic distance between popula-
tions and was clearly the highest in the most distant pair
of populations crossed. This is in line with earlier studies in
A. lyrata, which showed that the level of within-population
TRD is very low (Leppéld et al. 2008) while several TRDL
were mapped from a cross between genetically differenti-
ated populations (Kuittinen et al. 2004) and from a backcross
population between A. lyrata and its close relative A. halleri
(Willems et al. 2007). Similarly, intraspecific rice crosses
suggest increasing number of TRDL with increasing ge-
netic distance between parental accessions (Matsubara
et al. 2011). Our results do not support the snowballing
hypothesis that the degree of TRD increases exponentially
with time (Orr 1995; Orr and Turelli 2001): both the num-
ber of TRD regions and the percentage of the genome
showing TRD increase approximately linearly with genetic
distance.

An interesting feature of the overview of TRDL in
the three crosses studied here was the uneven distribution
of TRD over the genome, and in particular the degree of
distortion of chromosomes AL1 and ALG6: all three experi-
mental crosses had TRDL on chromosomes 1 and 6. The
same chromosomes showed TRD in an A. lyrata cross stud-
ied by Kuittinen et al. (2004) and in an interspecific cross
between A. lyrata and A. halleri (Willems et al. 2007). In
addition, in A. thaliana F, progenies, Salomé et al. (2011)
found most TRD on chromosomes 1 and 5, in areas that
locate to chromosomes 1 and 6 in A. lyrata. We do not
currently have an explanation for this observation, but it
does suggest that the degree of TRD varies across the ge-
nome and that in the genus Arabidopsis especially some
regions of chromosome 1 seem to be involved. This suggests
that we may learn more about the processes causing TRD,
and its relation with genetic distance, by comparing nucle-
otide variation, gene content, and other variation between
genomic regions with no TRD and regions with high num-
bers of TRD loci.
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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 SpMaF,. 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 F, genotypes are shown in different colours; from left to right: Sp homozygote (Sp1Sp2, blue), Sp1Ma2, MalSp2, and

Ma homozygote (MalMaz2, red).
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Figure S3 Single-locus TRD analyses for MaSpF,. 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 F, genotypes are shown in different colours; from left to right: Sp homozygote (Sp1Sp2, blue), Sp1Ma2, MalSp2 and Ma

homozygote (MalMaz2, red).
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Figure S4 Single-locus TRD analyses for SpPI2F,. 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 F, genotypes are shown in different colours; from left to right: Sp homozygote (Sp1Sp2, blue), Sp1PI2, PI1Sp2 and PI

homozygote (PI1PI2, brown).
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Figure S5 Single-locus TRD analyses for SpPI3F,. 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 F, genotypes are shown in different colours; from left to right: Sp homozygote (Sp1Sp2, blue), Sp1PI2, PI1Sp2 and PI

homozygote (PI1PI2, brown).

6 Sl J. Leppéld et al.



chromosome 1 chromosome 2 chromosome 3 chromosome 4

o
a
3

30
@
3
-3 10
3
~
s

3 3, 3, 3
% b % b

oL
oL
oL

(U4

(4
[v4

0€
0€
0€

Lok
Lol
L0k
0

3 3 3 5,
o b &) 0

chromosome 5 chromosome 6 chromosome 7 chromosome 8
o R ° ° AR 5
5 B s
N N S
3 3 3
o o o
8 8 8
3 5 5
3 5 5
g 2 g
g 3 g
50
3 2 3
3 3 3
3 1 1 L % S % % 3
3, 5 3, 3, 3 3 3 3,

Figure S6 Single-locus TRD analyses for SpStuF,. 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 F, genotypes are shown in different colours; from left to right: Sp homozygote (Sp1Sp2, blue), Sp1Stu2, StulSp2 and Stu
homozygote (StulStu2, yellow).
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Figure S7 Single-locus TRD analyses for StuSpF,. 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 F, genotypes are shown in different colours; from left to right: Sp homozygote (Sp1Sp2, blue), Sp1Stu2, StulSp2 and Stu

homozygote (StulStu2, 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
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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 )(2 tests. Any p>0.01 is shown in grey.
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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 )(2 tests. Any p>0.01 is shown in grey.
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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
ALl F20D22 Microsat AT1G04120 Clauss et al. 2002

ALl CRY2 SNP AT1G04400 Kuittinen et al. 2004

AL1 PHYA SNP AT1G09570 Kuittinen et al. 2004

ALl ICE13 Microsat AT1G13220 Clauss et al. 2002

ALl Gl SNP AT1G22770 Kuittinen et al. 2004

ALl AthZFPG Microsat AT1G24625 Clauss et al. 2002

ALl ATTS0O392 Microsat AT1G30630 Clauss et al. 2002

ALl AT1G31930 SNP AT1G31930 Ross-lbarra et al. 2008

ALl AT1G36310 SNP AT1G36310 Hansson et al. 2006

ALl RHL1 CAPS/Smal AT1G48380 Kuittinen et al. 2004

ALl LAS SNP AT1G55580 Leppéld & Savolainen 2011

ALl 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 Leppéld & 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 Leppéld & Savolainen 2011

AL3 PHYB SNP AT2G18790 Kuittinen et al. 2004

AL3 ICE14 Microsat AT2G20310 Clauss et al. 2002

AL4 AT2G23170 SNP AT2G23170 Ross-lbarra et al. 2008

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

AL4 ATEX6 SNP AT2G28950 Kuittinen et al. 2004

AL4 TTG2 SNP AT2G37260 Leppald & Savolainen 2011

AL4 CCAl 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 Kivimaki et al. 2007

AL5 CK2alpha3 dCAPS/Vspl AT3G50000 GGAAGCCTTGGTCCAAATTCATTAA CACATGTTCGAGTTATGTTACGTG
ALS AT3G54720 SNP AT3G54720 Ross-Ibarra et al. 2008

ALS T10K17 Microsat T10K17 CAAAAGTTGGTGGTAGTGG CACGCAAAATTACAATCTCTG
AL5 F2809 Microsat AT3G57320 Leppéld & Savolainen 2011

ALS ngall2 Microsat AT3G62650 Clauss et al. 2002

ALS APG1 SNP AT3G63410 TTACCTTCCCCAAGGGTTTAG AGCTGCTAGAGTTCCCAGGAG
AL6 FLC SNP AT5G10140 A. Niittyvuopio

AL6 ngal51 Microsat AT5G14480 Bell & Ecker 1994

AL6 co SNP AT5G15840 Kuittinen et al. 2004

AL6 ngal06 Microsat AT5G16520 Bell & Ecker 1994

AL6 AthCDPK9 Microsat MQaM1 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-lbarra et al. 2008

AL6 AT4G00030 SNP AT4G00030 Ross-lbarra et al. 2008

AL7 AP2 SNP AT4G36920 Kuittinen et al. 2004

AL7 AT4G28395 SNP AT4G28395 Ponce et al. 1999

AL7 MS5 SNP AT4G20900 Leppéld & 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
14 S| J. Leppald et al.



Chromosome Locus name Marker type Locus or BACin A. thaliana  Origin of primer sequences Forward primer Reverse primer
AL8 AT5G48100 SNP AT5G48100 Ross-lbarra 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 Leppald & 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 Spl1Stu2 Sp2Stul StulStu2 Sp1Sp2 SplStu2 Sp2Stul StulStu2
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)
Sp2Stul 15(12) 14(15) 13(15) 8(8) Sp2Stul 13(11) 13(13) 17(14) 9(12)
StulStu2 4(12) 18(14) 17 (14) 9(8) StulStu2 0(10) 16(12) 10(14) 16(11)
Sp1Sp2 SplStu2 Sp2Stul StulStu2 Sp1Sp2 SplStu2 Sp2Stul StulStu2
AL1, AT1G31930 (47 cM) Spl1Sp2 18(10) 9(13) 10(13) 6(7) Spl1Sp2 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)
Sp2Stul 10(9) 8(11) 17(12) 4(7) Sp2Stul 8 (8) 9(10) 14(11) 12 (9)
StulStu2 0(14) 22(17) 22(17) 14(10) StulStu2 3(13) 19(15) 20(17) 18(14)
Sp1Sp2 Sp1Stu2 Sp2Stul StulStu2 Sp1Sp2 Sp1Stu2 Sp2Stul StulStu2
AL1, LAS (80 cM) Sp1Sp2 7 (5) 7 (6) 8(7) 0(4) Sp1Sp2  10(5) 5(6) 3(6) 0(5)
SplStu2 17(11) 6(14) 19(14) 5(8) Sp1Stu2 11(10) 10(12) 16(13) 6 (11)
Sp2Stul 10(12) 19(14) 10(15) 10(8) Sp2Stul 8(11) 11(13) 10(14) 9(11)
StulStu2 12(17) 23(21) 19(21) 17(12) StulStu2 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 ¢ 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 F, allele, i.e. 0 if allele a was inherited
from the female F; parent, and 1 if allele b was inherited from the female F; parent.
Similarly, we can write 0 if allele ¢ was inherited from the male F, parent, and 1 if allele
d was inherited from the male F; 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 ¢ 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:

p=0)

pleo =0 )ple,
plole,)

Eq. 81 plp=0)=

where the phases of the left and right flanking markers are indicated with subscripts / 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, ;. Then, the probability of the pseudomarker phases is given by
Haldane’s map function:

0.5 -2d #
Eq. S2 p((0|(p,)={ GXP( 1) QF @

1-0.5 exp(— 2d,) =0,

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(¢|¢;) = 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
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from population 0 and allele b from population 1, and where both F; parents are have
genotype ab, so that the possible F, 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 » 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 . These markers are in phases 00 and 11 only
if recombination occurs twice, that is with probability /*. We can conveniently write all
the possible transitions between the 4 phases in the 4x4 transition matrix Q:

—2r—r? r r r’

0= r —2r—r? r r

- r r —2r—r? r
r’ r r —2r—r?

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:

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

Eq. S3 Py, =P, eXp(dABQ)

where the exponent is a matrix exponent. For example, for Py above and dag=5cM,
Pp;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 P;;, and the phase probabilities given the markers
to the right as P;,.. We calculate the phase probabilities as:

3\1B\r
Eq.S4 P=——

z RllPi\r

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 P;; we calculate sequentially, starting from the leftmost marker
on the chromosome and proceeding to the right (using equation A3) P;; = Pi.; exp(dii-1)Q).
(For the first marker on the chromosome P;; =[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 P;; to zero, and re-scale the remaining probabilities so that P;; sums to
unity. Thus, P;; 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 P;, 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 L, 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: Ly, and a component representing the
likelihoods of the phase assignments. Let L,; denote the log-likelihood of the phases of
the j-th F, individual. If the phase is known with certainty (e.g. at a fully informative
marker) this likelihood will be L, ; =log(1)=0. If the phase is not certain, but for example
P=[0.9066; 0.0453; 0.0453; 0.0027] then L,; = log 0.0453 if the individual is assigned
phase 01. Maximizing the likelihood now involves choosing the phases for the n F;
individuals in such a way that it maximizes the likelihood:

Eq. S5 L=L,+)] L,

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 y*-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, L, is maximized, but
this may lead to genotype frequencies that render L, sub-optimal. In an F, of n individuals
with k possible phases, there are k" 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 p;*P, where p; 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. p; = 0) based on the TRD hypothesis being evaluated.) The likelihoods (Lyand L,) 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 L and L,) 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 Lras well as L,,.

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.
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