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ABSTRACT

Arabidopsis thaliana has emerged as a leading model species in plant genetics and functional genomics
including research on the genetic causes of heterosis. We applied a triple testcross (TTC) design and a
novel biometrical approach to identify and characterize quantitative trait loci (QTL) for heterosis of five
biomass-related traits by (i) estimating the number, genomic positions, and genetic effects of heterotic
QTL, (ii) characterizing their mode of gene action, and (iii) testing for presence of epistatic effects by a
genomewide scan and marker X marker interactions. In total, 234 recombinant inbred lines (RILs) of
Arabidopsis hybrid C24 X Col-0 were crossed to both parental lines and their F; and analyzed with 110
single-nucleotide polymorphism (SNP) markers. QTL analyses were conducted using linear transformations
7y, Z», and Z3 calculated from the adjusted entry means of TTC progenies. With Z;, we detected 12 QTL
displaying augmented additive effects. With Z,, we mapped six QTL for augmented dominance effects. A
one-dimensional genome scan with Z; revealed two genomic regions with significantly negative dominance
X additive epistatic effects. Two-way analyses of variance between marker pairs revealed nine digenic epistatic
interactions: six reflecting dominance X dominance effects with variable sign and three reflecting additive X
additive effects with positive sign. We conclude that heterosis for biomass-related traits in Arabidopsis has a
polygenic basis with overdominance and/or epistasis being presumably the main types of gene action.

HE improved vigor of F; hybrids in comparison
with their parental homozygous lines, defined as
heterosis (SHULL 1922), is a widely exploited phenom-
enon in plant breeding (ScHNELL 1982; Duvick 1999).
In general, heterosis is largest in allogamous and
smallest in strictly autogamous crops. Furthermore, its
relative amount usually increases with the complexity of
a trait and can exceed 100% for traits such as grain yield
in maize (BECKER 1993).

Ever since its discovery at the beginning of the 20th
century (East 1908; SHuULL 1908), heterosis has at-
tracted the attention of geneticists and breeders because
of its poorly understood genetic nature. The first hy-
potheses on the genetic causes underlying heterosis are
based on dominance and overdominance gene action.
Regarding the former, superiority of hybrids results from
the accumulation of dominant favorable alleles from
both homozygous parents (DAVENPORT 1908; BRUCE
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1910; JonEs 1917). In contrast, the overdominance hypo-
thesis suggests the superiority of the heterozygous state
over either homozygote (HuLL 1945; CRow 1948). A third
hypothesis implies that heterosis results from epistatic
interactions among alleles at different loci (POWERs 1944;
WiLLiams 1959).

Quantitative trait loci (QTL) mapping approaches
have proven to be powerful in dissecting the genetic
basis of complex traits and heterosis in crops. In a
pioneer QTL study with maize, STUBER et al. (1992)
detected 11 QTL for grain yield, mostly with a strong
tendency toward dominance and overdominance. A
reanalysis of their data set with a different biometrical
model (CockERHAM and ZENG 1996) led to the conclu-
sion that heterosis in the maize hybrid B73 X Mo17 was
attributable not only to dominance of favorable alleles
but also to epistatic effects between linked QTL. Con-
tradictory results were reported in studies on heterosis
in rice. Findings of several authors (X1a0 et al. 1995;
L1 et al. 2001; Luo et al. 2001) indicated that hetero-
zygotes were superior to both parental homozygotes at
most QTL, suggesting the presence of overdominance
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or pseudo-overdominance. In contrast, astudy by Yu et al.
(1997) as well as more recent investigations with an
immortalized Fy population (Hua et al. 2002, 2003)
showed that heterozygosity was not necessarily advanta-
geous for trait performance in genotypes derived from a
highly heterotic hybrid.

To determine the contribution of different genetic
effects to midparent heterosis (MPH) of quantitative
traits, MELCHINGER et al. (2007, accompanying article
in this issue) developed a novel theory based on clas-
sical quantitative genetic approaches utilizing design III
(ComsTock and RosINsoN 1952) and the triple test-
cross (TTC) design (KEArRSEY and JiNks 1968). They
developed a generalized derivation of the relative con-
tributions of different genetic effects to MPH for multiple
QTL and all types of higher-order epistasis and derived
genetic expectations of heterotic QTL identified by
QTL mapping. Furthermore, they devised a joint likeli-
hood-ratio test for detecting QTL involved in heterosis.

Arabidopsis has emerged as a leading model species
in plant genetics and functional genomics. It possesses
considerable advantages for studies on the causes un-
derlying heterosis such as the ease with which appro-
priate large mapping populations can be established,
genotyped, and phenotyped. However, only few inves-
tigations on heterosis for biomass-related traits have
been published up to now (BARTH el al. 2003; KEARSEY
et al. 2003; MEYER et al. 2004; KROYMANN and MITCHELL-
OLps 2005). In a previous study (KUSTERER et al. 2007),
we used a TTC design to estimate the relative contribu-
tion of dominance and epistatic effects to heterosis by
biometric analyses of first- and second-degree statistics.

The goals of this study were to apply the novel ap-
proach of MELCHINGER et al. (2007) to detect and char-
acterize QTL for heterosis of biomass-related traits in
Arabidopsis hybrid C24 X Col-0, using the TTC design.
In particular, our objectives were to (i) estimate the
number, genomic positions, and genetic effects of QTL
contributing to heterosis, (ii) characterize their mode
of gene action, and (iii) elucidate the role of epistasis in
the manifestation of heterosis.

MATERIALS AND METHODS

Plant materials, experimental design, and traits measured:
Plant materials and phenotypic data were described in detail
in our previous article (KUSTERER ¢t al. 2007). Briefly, of 409
recombinant inbred lines (RILs) derived from the cross
between Col-0 (parent P1) and C24 (parent P2), we studied
arandomly chosen subset of 234 RILs together with their TTC
progenies. Performance of testcross progenies of the nth RIL
with testers P1, P2, and F, is denoted by H,,,, Hs,, and Hs,, (n=
1, 2,..., 234), respectively. Owing to the large number of
entries to be tested, the entire set of 234 RILs and their 702
TTC progenies was subdivided into three experiments, each
with 78 RILs plus their corresponding TTC progenies and six
checks. Each experiment was arranged in a split-plot design
with three replicates. Checks and RILs with their TTC pro-
genies were grown in different main plots. Main plots were

arranged in a 12 X 7 a-design. Each main plot comprised four
entries: 1 RIL and its 3 TTC progenies. The main plots of
checks also comprised four entries: parents P1 and P2, as well
as the F; and Fy generations from one of the two reciprocal
forms P1 X P2 and P2 X P1. In all instances, the entries within
each main plot were randomly assigned to the subplots. We
recorded rosette diameter (in millimeters) of individual plants
22 days after sowing (RD22) and 29 days after sowing (RD29)
and calculated the absolute growth rate per day (GR) (in
millimeters per day) as GR = (RD29 — RD22) /7. Biomass yield
above ground (BY) (in milligrams) was recorded for the bulk
of 10 plants from each subplot after drying in an oven to
practically 0% moisture content. Dry matter content (DMC)
(in percentage) was calculated as the ratio between dry and
fresh biomass, multiplied by 100.

Molecular markers and linkage maps: Single-nucleotide
polymorphism (SNP) analyses were performed according to
TORrJEK et al. (2003) for 110 SNP markers across the 409 RILs. A
linkage map was constructed as described in detail by TORJEK
et al. (2006). Deviation of marker allele frequencies from 0.5
was tested with a x*test statistic using a sequential Bonferroni
correction of Pvalues (HoLm 1979).

Data analysis: For each RIL, we calculated the linear
transformations Z, = (H, + Hy)/2, Zo = H; — Hy, and Z3 =
H, + Hy — 2Hs at the main plot level. These transformations
provided the basis for all further biometric and quantitative
genetic analyses. The checks were not included in the analysis.

Entry means adjusted for incomplete blocks and experi-
ments were calculated for each transformation Z; (s=1, 2, 3)
by a mixed-model analysis across experiments. Following
KeARSEY and JINKs (1968), presence of additive X additive
epistasis at the level of the entire genome was examined by
testing the average of adjusted-entry means of Zg across RILs
for deviation from zero using an appropriate x*test. Genotypic
((ri,) and error variances (02) as well as phenotypic and
genotypic correlations between Z, and Z, (s # u) were
estimated by established procedures (MODE and ROBINSON
1959; SEARLE 1971) from analyses of variance and covariance
of the transformed observations. In addition, heritability (%?)
on an entry-mean basis was computed for each Z; from
variance components as 7% = 100 X cri/((rz +02/r), where
r corresponds to the number of replicates. Significance of
variance components estimated by restricted maximum likeli-
hood (REML) was tested by Wald statistics. This test is approx-
imate and asymptotically equivalent to a likelihood-ratio test
(Ra0 1973). The Wald statistic was compared with a chi-square
distribution with 1 d.f. and the Pvalue was halved to account
for the fact that the null hypothesis places the parameter on
the boundary of the parameter space (STRAM and LEE 1994).
All computations were performed with SAS PROC MIXED
(Sas INsTITUTE 2004).

QTL analyses: QTL analyses were carried out by using
adjusted entry means of 7, Z, Z3, and Hs of each RIL as well as
their SNP data and the linkage map. Composite-interval
mapping (CIM) (JANSEN and Stam 1994; ZENG 1994) was
used for the detection, mapping, and characterization of QTL.
For all Z;as well as Hs, a genetic model fitting only one genetic
effect (corresponding to the additive effect in conventional
QTL mapping) was chosen for QTL mapping, as described by
Utz et al. (2000), because the SNP marker data referred to
RILs. LOD threshold levels for QTL detection were deter-
mined by a permutation test (CHURCHILL and DOERGE 1994)
using 2000 permutations. For Z;and Hj of each trait, the LOD
threshold ranged between 1.7 and 1.9 for an experimentwise
error rate of 30%. Therefore, a LOD threshold value of 1.8 was
used to declare presence of a QTL for every Z; and Hs.
Estimates of QTL positions and effects for Z; as well as Hs
were obtained at the position where the corresponding LOD
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score reached a global maximum in the region under consid-
eration. In addition, genetic effects of QTL for the other
transformations Z, (u # s) were determined at the position of
Z,to obtain estimates of the augmented dominance ratio (ratio
of augmented dominance effect d* to augmented additive
effect a* estimated by Z and 7, respectively, see below for
definitions) and also potential QTL X genetic background
interactions revealed by Zz (Table 1). The proportion of the
genotypic variance explained (p) was determined according to
the procedure described by Utz et al. (2000) from the ratio
p= (.d] /B2, where ?is the heritability and R dd is the adjusted
partial correlation coefficient of a putative Q_TL or the multiple
correlation coefficient of aset of QTL in the simultaneous fit. It
must be noted that partial R values for the detected QTL do
notadd up to the R of the multiple-QTL model due to linkage
disequilibrium between markers and corresponding multi-
collinearity of the regression problem.

In addition to one-dimensional genome scans for epistasis
with Zs;, we also tested Zs and Hs for presence of digenic
epistatic effects by two-way analyses of variance between all
pairs of marker loci. As a modification of the procedure
described by HoLLAND (1998), in this search for significant
marker pairs we included the same set of markers as cofactors
as used in CIM for QTL mapping of main effects, to eliminate
their influence on the detection of epistatic QTL. Marker pairs
were selected on the basis of the Bayesian information crite-
rion (BIC) (PiepHO and GauchH 2001), if the BIC value for
the model with epistasis was at least 2 units below the BIC value
for the model without epistasis, following RAFTERY (1995).
Finally, all selected epistatic marker pairs as well as the posi-
tions of QTL from CIM for a given trait and Z3 or Hs were
subjected to a further step of backward elimination in multiple
regression based on the BIC. For those marker X marker inter-
actions remaining in the final model, epistatic effects were
estimated simultaneously with the QTL main effects.

In addition to separate QTL scans for each transformation
Z,, we followed for each trait the method of JiANG and ZENG
(1995) to conduct a joint mapping for all three transforma-
tions Z, as proposed by MELCHINGER et al. (2007) for QTL
mapping with design III. Using the permutation test (CHURCHILL
and DOERGE 1994), we obtained the following LOD threshold
values (corresponding to an experimentwise error rate of
30%) to declare presence of a QTL in the joint analysis: 3.1 for
RD22, RD29, and GR; 3.3 for DMC; and 3.4 for BY.

All QTL computations were performed with the software
package PLABQTL (Utz and MELCHINGER 1996), with an
extension for calculation of the BIC according to the method
of BURNHAM and ANDERSON (2004) to accommodate selection
of cofactors and comparison of the models with and without
digenic epistatic interactions.

Quantitative genetic expectations: MELCHINGER ef al
(2007) provided general formulas for first- and second-degree
statistics as well as QTL parameters for the transformations Z;
under the Fo-metric model with arbitrary linkage and digenic
epistasis. Quantitative genetic expectations of the statistics
most relevant to our further analyses, ignoring linkage, are
given in Table 1, using the following notation: ¢;and d;denote
the additive and the dominance effect at QTL i, respectively;
and aay, ady, dag, and dd;; denote the additive X additive,
additive X dominance, dominance X additive, and domi-
nance X dominance epistatic effects between loci ¢ and j,
respectively. QTL detected by genome scans with Z; reflect
augmented additive effects ¢ = a; — %[da,] that, apart from the
additive effect a; also include [da], i.e., the sum of dominance
X additive effects of QTL i with all other QTL in the genetic
background. QTL detected with Z, capture augmented
dominance effects d* = d; — [aaj, which include the dom-
inance effect d; and [aa], i.e., the sum of additive X additive

effects of QTL ¢with all other QTL in the genetic background.
Finally, QTL mapping with Zz provides a one-dimensional
genome scan for QTL X genetic background interactions of
type dominance X additive [da]. Interactions between marker
pairs linked to QTL iand jdepend for Z; only on dominance X
dominance effects (dd;) and for Hy only on additive X addi-
tive effects (aa;) (Table 1). In contrast, different types of epi-
static effects are confounded in interactions between marker
pairs for Z; and Z; and, hence, the latter were not considered
in our study.

RESULTS

Linkage map construction: The SNP assays of the 409
RILs yielded an almost complete data set with <0.1%
missing data points. The complete linkage map with 110
markers covered all five Arabidopsis chromosomes uni-
formly and spanned in total 425.7 ¢cM, with an average
interval length of 3.9 cM between markers (Figure 1).
The maximum distance between markers was 13 cM.
Altogether, the total length of our map was within the
range of other crosses with Arabidopsis (LOUDET et al.
2002; MALMBERG et al. 2005). Allele frequencies on one
chromosomal region of chromosomes 1, 4, and 5, as well
as on two chromosomal regions of chromosome 3 de-
viated significantly (P < 0.05) from Mendelian expect-
ations. On chromosomes 1, 3 (position 3/52-3/57), and
5, there were excesses of Col-0 alleles of 10, 20, and 10%
over genomic regions of 8,5, and 11 cM, respectively. On
chromosomes 3 (position 3/0-3/2) and 4, predomina-
tion of C24 alleles reached ~10 and 20% over genomic
regions of 2 and 5 cM, respectively. A detailed description
of the segregation distortion was given by TORJEK et al.
(2006). Heterozygosity across the 110 SNP markers in
each RIL averaged 1.8%, with a maximum of 8.2%.

Trait means, variances, and heritability: Means, ge-
netic variances, and heritabilities of the original obser-
vations H,;, Ho, and Hj for the TTC progenies were
presented in our previous article (KUSTERER et al. 2007).
Means and genetic variances for the transformation Z;
were significantly (P < 0.01) greater than zero for all
traits (Table 2). Heritability of Z; ranged between 59%
for DMC and 80% for RD29. For Z,, the mean deviated
significantly (P < 0.01) from zero for all traits except
RD22. Estimates of 0'2 (Z») were always highly significant
(P<0.01) and almost twice as large as 0'2(Z1) for RD22
and BY. Heritability of Z, ranged between 45% for GR
and 78% for RD22 and BY. For Z;, the mean deviated
significantly (P < 0.05) from zero only for RD29.
Estimates of 0';(&) were highly significant (P < 0.01)
for all traits and approximately twice the corresponding
values of o (ZQ) for RD22, RD29, and BY. For GR and
DMC, estlmates of O'g(ZS) were of similar size for Z;, Z,
and Zs. Estimates of (re(Zs) differed for Z; Z, and Zs,
because (i) Z; refers to the mean of H; and Hy, whereas
7o and Zg refer to contrasts of H;, Hy and Hg, and (ii) the
error of main plots contributes to o2 (Z;) but cancels in
the model equation of Zs and Zs. Heritability of Z3
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FIGURE 1.—Genomic locations and proportion (p) of the genetic variance (og(ls)) explained by QTL detected for linear trans-
formations Z;, Z,, Z for five biomass-related traits in Arabidopsis hybrid C24 X Col-0. For description of linear transformations

and traits see MATERIALS AND METHODS.

ranged from 30% for GR and DMC to 81% for BY.
Genotypic correlations between Z; and Z; were mostly
close to zero, as expected from theory (MELCHINGER
et al. 2007) and the small differences between parents
(C24 and Col-0 in comparison with the range between
RILs for per se performance of all traits reported in our
previous study (KUSTERER et al. 2007). By comparison,
moderately positive correlations were observed between
Z; and Zs.

Identification of QTL affecting biomass-related
traits: We detected a total of 20 QTL for the five
biomass-related traits in Arabidopsis hybrid C24 X Col-0
(Table 3 and Figure 1). Several of these QTL regions
affected more than one trait. However, each QTL po-
sition was declared significant only for one of the three
transformations Z,, on the basis of the LOD thresholds
determined by permutation tests. In the joint QTL
analysis of all three transformations, 7 of the 20 QTL
detected in the separate analyses of Z;, Z, or Z; were
also found, but no additional QTL could be detected.

For RD22, we revealed three QTL, all by QTL mapping
with Z; (Table 3). They were located on chromosomes 3,
4, and 5 and explained individually from 3.9 to 6.3%
and simultaneously 12.6% of oé(Zl). Effects of these
QTL for Z; and Z3 were practically zero.

For RD29, we detected five QTL (Table 3). Two of
them were found for Z;, one located on chromosome 2

and the other on chromosome 4 at the same marker
interval as the QTL for RD22, each explaining ~5% of
oz_(Zl). Two QTL were detected for Z, one located on
chromosome 1 and one on chromosome 5, explaining 6
and 5% of 02 (%), respectively. For Zs, we found one
QTL on Chromosome 1, explaining ~5% of 62 (Zs).

For GR, we detected four QTL (Table 3). For Z;, we
found two QTL, one located on chromosome 2 in the
same region as the Z; QTL for RD29 and DMC and the
other on chromosome 3, explaining individually 5 and
6% of 02(Z1) For Zy, two QTL, explaining 15 and 11%
of o (72) were detected on chromosomes 1 and 5,
respectlvely, at exactly the same positions as Z, QTL for
RD29. In a simultaneous fit, these QTL accounted for
28% of 02 (2).

For DMC we detected five QTL (Table 3). Three of
them were found for Z;, located on chromosomes 2 and
3, explaining between 7 and 11% of 02. The simulta-
neous fit of all five QTL explained 31.1% of 072 (Z;). Only
one QTL was detected for Z, located on chromosome 2
and explaining 11% of (rg(Zg). Likewise, for Z3 we de-
tected only one QTL located on chromosome 4, which
accounted for 16% of (T;(Zg).

For BY, we detected three QTL (Table 3). Two of these
were found for Z; on chromosomes 4 and 5 and ex-
plained ~9% of(r2 (Z;). One QTL was detected for Z; on
chromosome 3, which explained only 3.2% ofo 2 (Z0).
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TABLE 2
Summary statistics (mean, genotypic variance 0'2, error variance o2, heritability h*, phenotypic correlation r,,
genotypic correlation 1) with associated standard errors for linear transformations Z;, Z,, and Z;
of five biomass-related traits in Arabidopsis hybrid C24 X Col-0
Linear Trait
transformation Statistic RD22 (mm) RD29 (mm) GR (mm/day) DMC (%) BY (mg)
7 Mean 30.3 * 0.3%%* 77.5 £ 0.5%* 6.78 = 0.04** 7.79 £ 0.03%* 98.6 = 1.6%*
(r:r 34.1 = 4.2%* 99.0 = 11.9%* 0.42 * 0.07%** 0.24 = 0.04%* 776.3 + 109.8%*
o? 27.1 + 1.8%%* 75.0 £ 5. 2% 0.71 * 0.05%: 0.49 £ 0.03** 1084.4 + 72.6%*
n 79.1 = 2.5 79.8 + 24 64.00 * 4.37 59.10 = 5.06 68.2 = 3.7
VA Mean 0.7 + 0.4 2.5 + 0.7%* 0.26 = 0.06%* 0.57 *= 0.04** 9.6 = 2.0%*
(ré 51.2 + 6.3%%* 124.2 + 17.5%* 0.46 = 0.11%** 0.25 £ 0.06%* 1513.5 = 186.0%:*
o2 44.6 + 3.0%* 163.6 = 11.4%* 1.73 = 0.12%* 0.73 = 0.05** 1296.7 = 87.0%*
n 775 * 2.6 69.5 = 3.6 44.56 = 6.83 50.36 = 6.69 77.8 £ 2.6
75 Mean —-1.0 £ 0.6 —2.0 £ 1.0* -0.13 = 0.09 —0.05 = 0.05 1.4 = 3.3
crz 124.6 = 15.8%* 211.9 = 33.6%* 0.61 = 0.23%=* 0.25 * 0.09%* 4421.2 * 523.1%*
o? 119.5 = 8.0%* 370.7 + 26.0%* 4.18 = 0.29%=* 1.72 = 0.12%* 3058.7 *+ 206.8%*
R 75.8 £ 2.8 63.2 = 44 30.60 = 8.60 29.77 = 8.78 81.3 £ 2.2
7 (Z1, Zo) —0.02 0.11 0.16* —0.04 —0.09
7 (2, 7Z3) 0.37%#: 0.30%* 0.23%* 0.16* 0.41%%*
1o (Zo, 7Z3) —0.05 0.03 -0.07 0.01%%* —0.15%
15 (41, Z2) —0.04 0.11* 0.24%* 0.09 —0.12%*
15 (21, Z3) 0.38%* 0.27%* 0.13 0.24* 0.42%%*
17y (Zo, 73) —0.06 0.00 —0.21* —0.05 —0.14*

Phenotypic correlation was significant at *P < 0.05 and **P < 0.01, respectively, and the genotypic correlation exceeded
twice and three times its standard error, respectively. For description of the linear transformations and traits see MATERIALS

AND METHODS.

We detected a total of six marker pairs with significant
epistatic effects for Zz across all traits (Table 4). Three of
these marker pairs were found for RD22 with variable
sign of the estimated effect dd;, explaining between
4.6 and 6.5% of 0'2(Z3). Likewise, three marker pairs
displaying epistatic effects dd,;; with variable sign were
detected with Zs for BY, explaining between 3.0 and
6.7% of 0'§(Z3); one of the markers involved in signif-
icant interactions was always located on the long arm of
chromosome 5. For Hjs, we detected consistently one
epistatic marker pair with a positive sign of the estimated
effect aa; for RD29, GR, and DMC, explaining between
5.6 and 10.7% of O'ié(l‘lg). Each of these marker pairs
involved the same marker on the long arm of chromo-
some 5; for RD29 and GR, the other marker was also
identical.

DISCUSSION

Composition of heterosis under epistasis: MELCHINGER
et al. (2007) provided a general formula for MPH under
the Fo-metric model. According to this formula, with
digenic epistasis, MPH depends on both dominance and
additive X additive effects. Moreover, the contribution of
individual QTL to MPH corresponds exactly to their aug-
mented dominance effects d;*.

Usefulness of the TTC design for heterosis studies:
Hua et al. (2003) pointed out that most of the previous

molecular-marker-based genetic analyses of heterosis
were based on performance measurements of traits
rather than on heterosis itself and that the genetic basis
of heterosis was inferred from the genetic components
of trait performance. To obtain a better picture of the
genetic components underlying heterosis, these authors
advocated the use of direct measurements of heterosis
in data analysis, as provided, for example, by the immor-
talized Fy design. Even though design III and the TTC
design do not fulfill this criterion, we believe they are
ideal designs for unraveling the basis of heterosis be-
cause QTL mapping with Z, provides estimates of aug-
mented dominance effects d;*, the contribution of a
QTL to MPH. Since QTL mapping with Z; also provides
estimates of the augmented additive effect a;*, which
enters the expression for the parental difference in the
presence of epistasis, design III and the TTC design al-
low us also to determine the augmented dominance ratio
d*/|ai¥*| at each QTL. The TTC design for QTL map-
ping with Z3 has a further advantage in that it permits a
one-dimensional genome scan for epistatic effects [daj]
contributing to a;*.

Interpretation of first- and second-degree statistics:
As pointed out by KEARSEY and JINKs (1968), the trans-
formation Zs provides a test for [ad|, the sum of aa;
epistatic effects averaged over all pairs of QTL (Table 1).
In our study, this test was significant only for RD29. By
comparison, a generation means analysis that included
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TABLE 3

QTL positions and effects for linear transformations Z,, Z,, and Z; as well as dominance ratio d;*/ |a,-*| and
joint mapping of five biomass-related traits in Arabidopsis hybrid C24 X Col-0

Z 75 73
Position LOD Effect p LOD Effect p LOD Effect p Joint LOD
Chromosome (cM)*  score’ a* (%) score 2d;* (%)  di*/|ai*| score [da) (%) score”
RD22 (mm)
3 6 1.85 —=2.03% 39 023 -0.55 05 —0.13 0.02 0.18 0.0 2.08
4 24 3.10 2.87%* 6.3 0.03 0.17 0.0 0.03 0.24 —0.78 0.4 4.24
5 14 1.87 2. 14%%* 4.2 0.08 —-0.19 0.1 —0.04 0.78 1.43 1.4 2.87
Total 12.6 0.6 1.8
RD29 (mm)
1 52 0.38 —-3.13 1.2 000 —0.46 0.1 —0.07 2,11 —3.92%% 54 2.30
1 70 0.02 2.04 0.5 212 3.20%* 5.8 0.78 0.01 0.33 0.0 2.17
2 58 2.02 —5.89%% 49 0.28 0.99 0.7 0.08 0.32 1.50 0.9 2.85
4 20 2.10 5.92%* 5.3 034 1.13 1.0 0.09 0.00 0.19 0.0 2.53
5 60 0.54 —2.28 0.7 1.82 2.55%% 4.6 0.56 0.01 0.43 0.0 2.23
Total 10.4 12.5 7.1
GR (mm/day)
1 70 0.0 —0.03 0.0 395 0.31%* 153 5.17 0.03 0.00 0.0 3.99
2 50 2.02 —0.3I*%* 5.0 0.2 0.14 3.6 0.22 0.02 0.04 0.0 0.40
3 6 2.23 —0.34%* 6.4 0.01 —0.01 0.0 —0.01 0.06 —0.13 0.3 0.22
5 60 0.10 —0.04 0.0 238 0.26%*% 11.4 3.25 0.00 0.06 0.0 2.46
Total 10.5 28.0 0.6
DMC (%)
2 60 4.59 0.29% 6.6 023 0.13 1.1 0.22 0.51 —0.02 0.0 5.79
2 68 0.06 0.02 0.0 292 —030%* 11.1 —7.50 0.06 0.00 0.0 4.68
3 14 3.58 0.23% 10.5 0.01 —0.01 0.0 —0.02 0.26 0.11 2.7 6.55
3 84 2.17 0.20% 6.6 0.02 —0.01 0.0 —0.02 0.26 0.04 0.3 2.48
4 8 0.02 0.02 0.0 0.06 0.02 0.2 0.50 341 —031%* 164 3.47
Total 31.1 13.7 20.5
BY (mg)

3 30 0.40 —3.25 1.0 241 6.59% 3.2 1.01 0.02 0.96 0.0 2.64
4 16 3.43 10.69%* 9.8 0.01 -0.82 0.0 —0.04 0.03 2.32 0.2 4.38
5 16 2.69 9.33%* 89 021 —-2.80 0.6 —0.15 0.50 5.87 1.5 3.24
Total 17.4 3.6 1.7

For description of linear transformations and traits see MATERIALS AND METHODS.

“Position on chromosome according to the map published by TORJEK et al. (2006).

"Estimates of QTL, for which the LOD score surpassed the threshold level, are given in italics.
“Proportion of genotypic variance explained by the QTL in a simultaneous fit.

“Joint mapping over all linear transformations 7Z;, Z, and Zs.

the checks (P1, P2, Fy, Fy) and RILs in addition to the
TTC progenies yielded significantly (P < 0.05) positive
estimates of [aa] for BY (KUSTERER et al. 2007). Com-
pared with Z3, the latter approach has a higher statistical
power to detect epistasis owing to a smaller coefficient
in the error variance for the estimate of [ad].

Table 1 also provides a quantitative genetic interpre-
tation of 0‘2(Z ). Using the Fo-metric, the genetic vari-
ance can be partitioned into independent components
of the genetic effects with no genetic covariance among
them (Kao and ZenG 2002) Thus, we obtain 03(Z,) =

ol +iod, +ioh, o}, o 03 (Z) = 403 + 202+ 20/2”)-1-
2

5
20‘DA, and 0;(Z) = 20‘AD ¥ 204, +40%,, where o3,

2752 o2 2
a3, 03,4, 03, 05, and o, denote the variances of

a; d;, aay, ady, day, and dd;; effects summed over all loci
or loci pairs, respectively, as defined for the Fo-metric by
YANG (2004). This demonstrates that in a TTC design
with RILs, U;(Z;) for s = 1, 2, and 3 can be strongly
influenced by epistatic effects. In particular, the signif-
icant estimates of 0§(Z5) for all traits observed in our
study reveal the presence of epistasis of type a X d and
d X a and/or d X d or even higher-order epistasis.
Estimates of 62 , and 6%, reported in our previous study
(KUSTERER ¢f al. 2007) on the analysis of variance of
the original observations H; (s = 1, 2, 3) support this
conclusion.

Interpretation of QTL-mapping results: Until recently,
QTL analyses of heterosis with design III (e.g., STUBER
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TABLE 4

Marker positions and estimated digenic epistatic effects dd;; and aa;; determined by two-way analyses of variance

with variables Z; and Hj of five biomass-related traits in Arabidopsis hybrid C24 X Col-0

Marker ¢ Marker j dd;;
Trait Chromosome Position” Chromosome Position” LOD score Effect p (%)’
Variable 73
RD22 1 81 2 55 1.96 —2.68 5.06
RD22 2 24 5 37 1.77 2.53 4.57
RD22 4 24 5 14 2.54 —3.30 6.53
BY 2 10 5 53 1.96 10.48 5.1
BY 2 70 5 53 2.57 —12.16 6.7
BY 3 30 5 70 1.14 8.44 3.0
Marker ¢ Marker j aa;
Trait Chromosome Position” Chromosome Position” LOD score Effect p (%)’
Variable Hs
RD29 1 8 5 92 2.15 6.62 5.63
GR 1 8 5 92 2.56 0.57 9.1
DMC 2 29 5 92 2.30 0.23 10.7

For description of Z3 and Hs and traits see MATERIALS AND METHODS.

“Position on chromosome according to the map published by TORJEK et al. (2006).

’ Proportion of genotypic variance explained by the marker pair interaction.

et al. 1992) were performed with (i) marker data of the
candidates (e.g., F3 lines or RILs) from a segregating
population of cross P1 X P2 and (ii) phenotypic data (H;
and Hy) of their testcross progenies. QTL effects de-
termined with this approach have expectations d* + a*
and d* — a;* (MELCHINGER el al. 2007) and gene action at
each QTL must be deduced from these estimates. By
comparison, the novel QTL-mapping approach devised
by MELCHINGER et al. (2007) also uses marker data of the
candidates, but employs linear transformations Z;, Z,
and Zz of the performance of TTC progenies. The
advantages of this approach are that (i) estimates of the
detected QTL reflect directly ¢;* and d;* and (ii) the joint
analysis of Z; and Z, enables testing of hypotheses on the
type of gene action.

Across all five biomass-related traits, we detected a
total of 20 QTL with main effects. This number
compares favorably with the 38 QTL reported for 22
traits in a design III study of Arabidopsis hybrid Col X
Ler (KEARSEY ef al. 2003) but is lower than that in crops
like maize (STUBER et al. 1992; COCKERHAM and ZENG
1996) and rice (L1 et al. 2001; Luo et al. 2001; Hua et al.
2002, 2003). However, the studies with maize and rice
investigated grain yield and yield components. These
traits display much larger MPH than forage yield in
maize (MELCHINGER ¢t al. 1992) or biomass-related traits
in Arabidopsis, where MPH was largest for BY but still
<66% except under extremely high lightintensities and
at an earlier time of evaluation (MEYER et al. 2004).
Altogether, the number of detected QTL was at the
lower end of our expectations because the conditions
for QTL mapping were benign in our study. First, we

used replicated experiments with a total of 30 plants per
entry and heritabilities for all Z; were moderately high
for all traits except GR and DMC for Z; (Table 2). Thus,
experimental errors in the phenotypic measurements
most likely did not hamper QTL detection. Second,
we chose a sufficiently large population size (N = 234).
On the basis of theoretical results (CHARCOSSET and
GavLLAls 1996), the power of QTL detection with this
population size is >90% for a QTL explaining 10% of
0'§ for a trait with #* = 50%. Third, QTL mapping was
performed with marker data from RILs, where the
heterozygous marker class is empty. As a consequence,
under a purely additive genetic model, as applies to
testcross progenies, RILs have the highest power for de-
tection of QTL in comparison with Fy Fs, or backcross
populations (MORENO-GONZALEZ 1993; CHARCOSSET
and GAaLLAIS 1996). Fourth, we used a high-density link-
age map with an average marker distance of 3.9 cM
and a maximum interval length of 13 cM, which favors
QTL detection and improves the resolution of separat-
ing closely linked QTL (Luo et al. 2001).

Segregation distortion observed for four genomic
regions may have reduced the power of QTL detection
in our study, because of unequal size of marker classes
(CrANE and CrANE 2005). Nevertheless, according to
the theoretical results of CocKERHAM and ZENG (1996),
this effect on power of QTL detection is presumably of
secondary importance with the degree of distortion
observed in our RIL population. Likewise, errors in the
assignment of marker genotypes of RILs to the pheno-
typic observations of their TTC progenies would reduce
the power of QTL detection. To avoid such mistakes, we
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used the same seed lot of each RIL for producing the
TTC progenies, as well as propagating the RILs and
sampling of plant materials for the SNP assays.

Given the large number of entries evaluated in our
study (N = 936), we had to subdivide the entire set of
234 RILs and their TTC progenies into three separate
experiments. Even though utmost care was exercised to
warrant uniform temperature, light, and moisture con-
ditions, a perfect control of the environmental con-
ditions across the experiments was not possible.
However, an analysis of variance of the checks that were
included as multiple entries in each experiment re-
vealed only minor genotype X experiment interactions.
Nevertheless, if genotype X experiment interactions
affected biomass-related traits in the TTC progenies,
our mapping procedure would favor the detection of
those QTL that displayed no or little QTL X environ-
ment interactions. Moreover, /° calculated from pooled
values of individual experiments would tend to over-
estimate the heritabilities across experiments. Conse-
quently, estimates of p given in Table 3 represent a lower
limit for the proportion of 0§ across experiments ex-
plained by the detected QTL.

Twelve of the 20 QTL were detected for Z; with
significant augmented additive effects a* (Table 3).
Eight of these 12 QTL colocalized with QTL detected
for Hs (data not shown), which reflect additive effects a;
without any confounding by digenic epistatic effects
(Table 1). This is in agreement with the findings from
our previous study (KUSTERER ¢t al. 2007) showing that
o2 was the predominant variance component compared
with 0% and the epistatic variances. Three QTL were
detected for DMC, which explained altogether about
one-third of (ri(Zl). Since DMC is related to the devel-
opmental stage, we compared the QTL detected for this
trait with the 12 QTL for flowering time in Arabidopsis
revealed by EL-LITHY ef al. (2006). Two QTL for DMC,
on chromosomes 3 (position 3/14) and 4 (position 4/8),
mapped to genomic regions reported for flowering time,
thus suggesting that the underlying genes have a pleio-
tropic effect on these two traits.

Five of six QTL detected for transformation Z, dis-
played a positive augmented dominance effect d;/*, which
isin agreementwith the positive MPH for the underlying
traits. A QTL with negative d;/* effect was revealed only
for DMC, as expected from the negative MPH for this
trait. The two largest QTL for d;*, explaining simulta-
neously 28% of UE(ZQ) , were found for GR, the trait with
the highest average squared degree of dominance in our
previous study (KUSTERER et al. 2007).

Altogether, itis difficult to conclude whether the small
number of QTL detected in our study was due to the low
level of heterosis for all traits except BY or a lack of
statistical power in detecting QTL or a combination of
both.

Comparison of individual and joint QTL mapping:
We found no common QTL positions between Z;, Z,

and Zz This implies that the QTL detected displayed
either only significant augmented additive effects a*
detected by Z;, or significant augmented dominance
effects d;* detected by Z, or significant epistatic effects
[da) detected by Zs. Consequently, the dominance ratio
d*/|a;*| shown in Table 3 was either close to zero or
extremely high. The only exception was the QTL for
BY on chromosome 3, where a;* and d;* were of equal
size. This result is in harmony with the findings of
CockERHAM and ZENG (1996) and FRASCAROLI et al.
(2007), who reported only a small overlap between QTL
for Z; and % in single-marker analyses of design III
progenies of maize hybrid B73 X Mol7 and in CIM of
TTC progenies of maize hybrid B73 X H99, respectively.
Likewise, most QTL detected for heterosis of grain yield
in rice displayed either a dominance ratio well above 1.0
or close to zero (YU et al. 1997; Hua et al. 2002, 2003).
Altogether, these findings imply that estimates of the
average degree of dominance D =  /02(Z,)/403(Z,) are
not very informative for drawing ‘conclusions on the
primary mode of gene action involved in heterosis at
individual QTL because a mixture of QTL with additive
and overdominance would result in an estimate of D
that would suggest partial dominance at most QTL.

The joint QTL analysis across all three transforma-
tions Z; did not improve the power of QTL detection in
our study (Table 3). In most instances, the LOD score of
the joint analysis was approximately equal to the sum of
the LOD scores for the individual transformations. This
result is in accordance with theory (JIANG and ZENG
1995) and was expected on the basis of the low pheno-
typic and genotypic correlations between Z;, Z,, and
Zs (Table 2). However, since the LOD threshold was
much higher for the joint mapping (corresponding to a
x*-distribution with 4 d.f. according to JIANG and ZENG
1995) than that of individual Z; (corresponding to a
x>-distribution with 2 d.f.), only 7 of the 20 QTL found
with the latter approach could be confirmed by the joint
analysis. Nevertheless, joint mapping was instrumental
in dissecting the two closely linked QTL on chromosome 2
using the procedure described by JIANG and ZENG (1995).

Detection of epistatic QTL: We used two approaches
to detect epistasis among QTL. First, a one-dimensional
genome scan was performed by QTL mapping with Z; to
detect QTL X genetic background interactions (Table
1). This test revealed two genomic regions with signif-
icantly negative [da] effects, one for GR and one for
DMC. Since a* = a; — [daj, it follows that the additive
effect a; is smaller than the augmented additive effect
a* estimated at these positions by QTL mapping with
Z,. This conclusion was confirmed by comparison with
additive effects a; determined by QTL mapping with Hs
(data not shown).

Second, we performed two-way ANOVAs with all
marker pairs (using cofactors determined by CIM and
subsequent backward elimination) for Zz and Hs. This
yields statistical tests for epistatic effects of types dd;;and
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aa; (Table 1), respectively, but because Z3 and Hs are
correlated, the statistical tests for Zg and Hs are not
stochastically independent. Very few significant digenic
epistatic effects were found with this approach (Table
4), presumably because of its low statistical power as a
consequence of the aggravated multiple-test problem
associated with two-dimensional genome scans. Inter-
estingly, none of the markers contributing to significant
aa;; effects, identified with Hs, colocalized with main-
effect QTL detected with Z, despite the fact that aug-
mented dominance effects d;* reflect not only d;but also
minus half the sum of aa;, effects. Two explanations can
be given for this observation: (1) positive d; effects coun-
terbalanced the effects of the detected positive aa;; ef-
fects and/or (2) [aa], the sum of aay, interactions of
QTL ¢ with all other QTL £, contributing to d;*, was
smaller than the aa; effect estimated from Hs due to
other interactions aa;, (k # j) with a negative sign that
were too small to be detected by marker X marker con-
trasts with Hs in our approach. Hence, if the goal is to
determine the relative contribution of epistatic vs. dom-
inant gene action to MPH, investigating only pairwise
interactions aa; is not sufficient to obtain a realistic pic-
ture of the role of epistasis in heterosis. What is needed
are new designs that for each QTL allow separate es-
timation of d; and [aa/, as pointed out by MELCHINGER
et al. (2007).

Comparison of QTL for different traits: In agree-
ment with the significant correlations among biomass-
related traits in the TTC progenies reported in our
previous study (KUSTERER el al. 2007), we also found
common QTL positions for different traits (Figure 1).
All QTL detected for GR were found either for RD22
(one QTL) or for RD29 (three QTL) with the same type
of gene action. Likewise, two QTL regions for RD22
were also identified as QTL for BY with the same type of
gene action. However, with the limited sample size (N=
234) and moderate size of the detected genetic effects,
confidence intervals for QTL positions were still in the
order of 10-15 cM (see MANICHAIKUL et al. 2006) in
spite of our high-density map. Thus, we were not able to
distinguish pleiotropic or closely linked QTL regions.
Hence, fine-mapping approaches with introgression
libraries or near-isogenic lines and, subsequently, com-
parison of DNA sequences between the parents in
regions of candidate genes are required to solve this
problem.

Genetic basis of heterosis: In our previous article
(KUSTERER et al. 2007), MPH was highest (49%) for BY,
medium (23-28%) for RD22, RD29, and GR, and
negative (—2%) for DMC. By QTL mapping for aug-
mented dominance effects d;* with Z, we detected one
QTL explaining 11% of MPH for BY and two QTL
explaining 18% of MPH for GR. This suggests that
heterosis for BY and GR has a truly polygenic mode-of-
inheritance with a large number of underlying QTL,
each with only a small contribution. The small number

of QTL detected in our study in comparison with similar
investigations in maize (STUBER et al. 1992; Lu et al.
2003) and rice (Hua et al. 2002, 2003) is most likely
attributable to the moderate level of MPH for biomass-
related traits in Arabidopsis hybrid C24 X Col-0.
However, our analyses allow only inferences on aug-
mented dominance effects d;* and not on dominance
effects d; themselves. If positive effects d; were counter-
balanced by positive effects aay, as suggested by positive
estimates of [aqd] in our previous article (KUSTERER ef al.
2007) as well as positive estimates of aa; detected by
marker X marker interactions for Hs (Table 4), this has
resulted in smaller values for d;/* in comparison with d;
and has prevented their detection by QTL mapping with
Zy. This hypothesis is supported by results from rice (Yu
et al. 1997, Hua et al. 2002, 2003) showing that additive X
additive epistasis is a major component of heterosis for
yield and yield components in autogamous species. In
the past, inferences on the primary mode of gene action
at QTL involved in heterosis have been drawn from the
average degree of dominance D, estimated from the
ratio D =+/(20%/0%). For the materials and traits
investigated in this study, KUSTERER et al (2007)
reported D values between 0.54 and 0.74, close to the
ratio /02(Z)/40%(Z). Following the arguments of
previous studies (CoMsTOCK and ROBINSON 1952; MoOLL
and RoBINSON 1967), one would conclude that most
QTL contributing to heterosis display partial to com-
plete dominance. However, our results on the aug-
mented dominance ratio d*/|a’*| suggest that the
majority of QTL display either additive gene action or
overdominance, but owing to the limited power of QTL
detection in our study and lack of a statistical test for
testing |a*| = di*, further research is warranted to
substantiate this conclusion. Nevertheless, our results
demonstrate that considering only D can be rather
misleading concerning the type of gene action at the
majority of loci contributing to heterosis.

Our observation of overdominant gene action at one-
quarter of the detected QTL is in harmony with recent
findings in tomato (SEMEL et al. 2006). In a population
of introgression lines, which carried defined chromo-
some segments of a wild relative, these authors reported
prevalence of overdominant QTL for fitness-related
traits. Likewise, most QTL detected for heterosis of
grain yield in the maize hybrid B73 X H99 were in the
overdominance range (FRASCAROLI ¢t al. 2007). Never-
theless, pseudo-overdominance of closely linked loci
with dominant genes in repulsion phase could be an
alternative explanation. This hypothesis would also be
consistent with DNA sequence comparisons of maize
inbred lines, which differed in their gene content in a
given genomic region as a result of transposon-induced
gene shuffling (Fu and DooNER 2002). If the different
sets of genes in each parent complement each other in
their action, this would result in pseudo-overdominance.
The Arabidopsis hybrid C24 X Col-0 represents an ideal
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model system to study this hypothesis, because the DNA
sequence of Col-0 is completely known (LIN et al. 1999;
MAYER et al. 1999; SALANOUBAT et al. 2000; TABATA et al.
2000; THEOLOGIS et al. 2000) and very detailed knowl-
edge of C24 vs. Col-0 polymorphisms will soon become
available from resequencing by hybridization (CLARK
et al. 2007). Furthermore, introgression libraries of Col-
0 genome segments in C24 genetic background and vice
versa have been constructed (O. TORJEK, R. C. MEYER,
M. ZEaNSDORF, M. TELTOW, G. STROMPEN, H. WITUCKA-
WaLL, A. BLAcHA and T. ALTMANN, unpublished re-
sults), which allow mapping of heterosis to defined
genomic regions, eliminating a major part of genome-
wide epistasis.
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