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Abstract

Key message This report describes an integrative
analysis of seed-oil-content quantitative trait loci (QTL)
in Brassica napus, using a high-density genetic map to
align QTL among different populations.

Abstract Rapeseed (Brassica napus) is an important
source of edible oil and sustainable energy. Given the chal-
lenge involved in using only a few genes to substantially
increase the oil content of rapeseed without affecting the
fatty acid composition, exploitation of a greater number of
genetic loci that regulate the oil content variation among
rapeseed germplasm is of fundamental importance. In this
study, we investigated variation in the seed-oil content
among two related genetic populations of Brassica napus,
the TN double-haploid population and its derivative recon-
structed-F, population. Each population was grown in mul-
tiple experiments under different environmental conditions.
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Mapping of quantitative trait loci (QTL) identified 41 QTL
in the TN populations. Furthermore, of the 20 pairs of epi-
static interaction loci detected, approximately one-third
were located within the QTL intervals. The use of common
markers on different genetic maps and the TN genetic map
as a reference enabled us to project QTL from an addi-
tional three genetic populations onto the TN genetic map.
In summary, we used the TN genetic map of the B. napus
genome to identify 46 distinct QTL regions that control
seed-oil content on 16 of the 19 linkage groups of B. napus.
Of these, 18 were each detected in multiple populations.
The present results are of value for ongoing efforts to breed
rapeseed with high oil content, and alignment of the QTL
makes an important contribution to the development of an
integrative system for genetic studies of rapeseed.

Introduction

Oilseed Brassica, especially Brassica napus, is one of the
most widely planted oil crops. Production of approximately
60 million tons of rapeseed worldwide supplies 20 million
tons of oil to the edible-oil and biodiesel industries annu-
ally (USDA ERS 2010). Over the past two decades, the
increase in oil content has lagged behind increases in the
seed yield of B. napus, with the seed-oil content of the
majority of commercial cultivars remaining at 40-50 %.
Given the present capacity for worldwide rapeseed produc-
tion, an overall elevation in seed-oil content by even a few
percent would enable a remarkable improvement in levels
of oil production.

The seed-oil content varies quantitatively among germ-
plasm of B. napus; this variation is attributed to the com-
plex regulation of multiple genes that are involved in vari-
ous aspects of seed-storage-oil metabolism (Barker et al.
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2007; Mekhedov et al. 2000; Ohlrogge and Browse 1995).
Thus, mapping the genetic loci that control the quantita-
tive variation is a preliminary step to disclose the complex
regulation of this trait. Given the limited map density and
mapping algorithms available at the time, the earliest report
of quantitative trait loci (QTL) that control seed-oil content
variation in B. napus detected only three discrete loci (Ecke
et al. 1995). Of these, two showed a close association with
qualitative variation in erucic acid content. Both parental
lines used in the study produced moderate amounts of seed
oil (Ecke et al. 1995). Subsequent studies mapped QTL for
seed-oil content from different types of parental-line com-
binations. These included combinations where both paren-
tal lines had a high oil content (Zhao et al. 2005), both had
a moderate oil content (Burns et al. 2003; Qiu et al. 2006),
or one parent had a high, and the other a moderate, oil con-
tent (Delourme et al. 2006). However, the failure to identify
any QTL that accounts for the full extent of the variation in
seed-oil content suggests that a pyramiding approach that
involves multiple genes might be helpful in realizing this
goal. Although previous studies intended to compare QTL
results with those of other studies, only a few loci that were
found in different populations could be confirmed because
of the lack of a reference system. Establishment of a ref-
erence system that readily enables mapping and alignment
of QTL among populations will be valuable for the genetic
improvement of rapeseed.

In the present study, we updated seed-oil-content QTL
in the TN population, which was used to identify seed-oil
content and erucic acid content QTL (Qiu et al. 2006), as
well as QTL for many other important agronomic traits
(Feng et al. 2012; Long et al. 2007; Shi et al. 2009). Using
the TN genetic map as a reference, we then projected the
majority of the seed-oil-content QTL, which were previ-
ously detected in an additional three populations, onto
the TN map. This increases the convenience with which
the distribution of QTL in different backgrounds can be
compared.

Materials and methods
Plant materials and field experiments

The double-haploid (DH) parental lines, Tapidor and
Ningyou7, were used to generate two related genetic popu-
lations of B. napus. Whereas the TN DH population (Qiu
et al. 2006) comprised 202 DH lines, the TN reconstructed-
F, (TN RC-F,) population comprised 404 F, lines, with
each F, line derived from the crossing of two randomly
selected DH lines (Shi et al. 2009). Both populations were
used to investigate variation in the seed-oil content in mul-
tiple field experiments.

@ Springer

We defined each particular combination of experimen-
tal year x location x population as an independent experi-
ment. In total, 15 experiments were carried out (Table 1;
Electronic Supplementary Material 1). In every experi-
ment, the population and parents were planted with three
replications, and each line was grown in a three-row plot
with a randomized complete-block design in each replica-
tion. All individual plants in every block were pooled at
harvest to collect a single sample to measure seed quality.
The threshed seeds were desiccated in an oven at 35 °C
for 24 h in order to minimize the moisture content. The
oil content of the desiccated seeds was measured by near-
infrared reflectance spectroscopy for each sample, and was
expressed as a percentage of the total seed dry weight.

Descriptive statistical analysis of phenotypic variance

For each independent experiment, the phenotypic vari-
ance was resolved, with a general linear model (GLM)
using SAS 8.0 (SAS Institute 1999), into components of
genotypic effect (aé) and error (crez). For TN DH and TN
RC-F, population, respectively, multiple experiments were
jointly analyzed as well; and the phenotypic variance was
further resolved into genotypic effect (0(2}), environmental
effect (0]%), genotype X environment interaction (aéE), and
error (crez). The broad-sense heritability (H?) of seed-oil
content was calculated as the proportion of the genotype-
contributed variance among the total phenotypic variance.
Meanwhile, the adjusted mean (least square mean) of each
line across multiple experiments was obtained from the
joint analysis, and used for both QTL mapping and epi-
static interaction analysis, in order to make a comparison
with the genetic loci that identified in each independent
experiment.

QTL mapping to each independent experiment

The TN genetic map, which contains 786 molecular mak-
ers and was mapped with yield (Shi et al. 2009) and glu-
cosinolate (Feng et al. 2012) QTL, was used for QTL map-
ping (Electronic Supplementary Material 2). Composite
interval mapping with WinQTL Cartographer 2.5 software
(Wang et al. 2006; Zeng 1994) was used to detect QTL in
each experiment independently. Permutation test (Doerge
and Churchill 1996) with 500 times was performed to
obtain a logarithm of the odds (LOD) threshold of sig-
nificance for each experiment, and putative QTL were
extracted with a significance threshold of p < 0.05. Like-
lihood results were extracted using a distance of 10 cM
to define two separate QTL. The genetic distance that
spanned the decrease of 2 LOD scores on both sides of
the peak position of each QTL was used as the confidence
interval for each QTL.



Theor Appl Genet (2014) 127:957-968 959
Table 1 Phenotypic variation and variance components in the multiple experiments based on TN population
Experiment code  Seed-oil content (%) ANOVA® Genetic contribution of
detected QTL (%)
Tapidor Ningyou7 Population g ol og 0dg H?>  Additive (dominant)  Epistatic
Max Min Mean
03N 44.5 41.3 48.1 375 433+1.02 3.62 105 56 5
03S 432 442 485 389 440+1.17 273 138 33
04N 44.5 44.1 50.7 379 4434+137 287 1.87 25
04S 42.1 41.3 469 338 415+1.17 3.16 1.37 18
058’ 42.0 39.1 459 363 40.1+0.80 243 0.63 30 4
06N 452 41.4 492 377 437+0.76 3.67 0.57 43 16
06S’ 424 39.6 476 352 41.0+1.03 368 1.05 27 13
06S 39.3 38.1 479 363 419+140 216 1.95 27 16
06W NA® 41.9 503 329 41.7+2.10 6.52 442 7 6
07E 42.6 41.8 47.1 364 4224+1.03 3.12 1.06 27 7
07N 42.6 41.6 472 353 4214+£1.09 3.65 1.20 20
07S 45.1 45.5 509 399 46.1+091 285 0.83 25
TN DH jointly* 43.4 41.6 475 372 4274+121 209 147 220 079 095 65 2
05S/(F,) 42.0 39.1 444 358 408+1.18 130 1.38 27 (23) 9
06N(F,) 452 41.4 482 39.6 4444070 1.66 0.49 67 (20)
06S’(F,) 42.4 39.6 46.0 364 418+1.03 1.64 1.06 67 (19) 10
TN RC-F, jointly 42.2 40.5 459 374 4234+1.02 1.15 1.05 2.14 028 0.85 85(24)

* The 12 experiments based on TN DH population, and the 3 experiments based on TN RC-F, population, were jointly analyzed, respectively;
and the adjusted mean of each line across multiple experiments was obtained for QTL analysis as well

b Materials planted in experiment 06W were sown in May and harvested in September. As a spring-type environment, data were not obtained for

Tapidor and 57 lines that require strong vernalization

¢ All variances were significant at p < 0.0001, except in experiments 06S (p = 0.0045) and 06W (p = 0.0382)

Pairwise identification of epistatic loci in each independent
experiment

The epistatic interactions of pairwise loci that affect seed-
oil content variation in each independent experiment were
identified with QTLmapper 2.0 software (Wang et al.
1999). First, the main-effect markers and putative interac-
tion markers were selected sequentially by stepwise regres-
sion at the p < 0.05 significance level. Then, the putative
epistatic loci were analyzed using the background genetic
variation control method.

Projection of QTL from other populations onto the TN
genetic map

The Map projection package in BioMercator 2.1 software
(Arcade et al. 2004) was used to project the QTL that
control seed-oil content in three previously reported DH
populations onto the TN genetic map. These were the DY,
RNSL (Delourme et al. 2006) and SG (Zhao et al. 2012)
populations.

First, the corresponding linkage groups in different
populations were paralleled, the top—bottom direction of

the linkage group in different populations was adjusted for
consistency, and common genetic loci (represented by com-
mon molecular markers) among the different populations
were identified. For each population, the whole spanning
interval of overlapping QTL that were detected in different
experiments was taken as a single QTL in this projection.

Between each pair of corresponding linkage groups,
at least two common loci and the absence of inversion
are required to implement the projection of the map/QTL
from one population onto another. Therefore, in the pre-
sent study, two procedures of QTL projection on different
linkage groups were applied. One procedure was direct
projection from a population onto the TN map when it has
enough loci in common with the TN linkage group (e.g.,
map X and Y in Fig. 1); the second procedure used a third
population as an intermediate to achieve projection when
the population has insufficient loci in common with the TN
linkage group (e.g., map Z in Fig. 1).

For the projection algorithm, a specific distance ratio
was first computed for each interval bounded by two com-
mon loci (i.e., the ratio between the interval length of the
two common loci on maps A and B). Then, a global ratio
was computed for projection of loci that were located
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Fig. 1 Projection of QTL from other populations onto the TN genetic
map

above the first interval of common loci and below the last
interval of common loci. Finally, the remaining loci posi-
tions and/or QTL intervals were projected from map B
onto map A by application of the appropriate distance ratio
(Arcade et al. 2004).

Results

Variation in the seed-oil content of the TN population of B.
napus

As in the four independent experiments described by Qiu
et al. (2006), the percentage of oil content in seeds was
similar in the two parental lines in all 15 experiments we
performed (43.0 £ 1.7 % in Tapidor and 41.7 £ 2.1 % in
Ningyou?7). Transgressive segregation was observed in each
experiment; whereas, the mean minimal content of seed oil
in the TN DH population was 37.2 % and the mean maxi-
mal content was 47.5 %, the extent of variation was slightly
smaller in the TN RC-F, population (Table 1). The analy-
sis of variance revealed that genotypic variance contributed
70-95 % of the phenotypic variation in the independent
experiments (Table 1). Joint analysis of the 12 experiments
based on TN DH population, and the 3 experiments based
on TN RC-F, population, showed that the genotype x envi-
ronment interaction were significant in the phenotypic

@ Springer

Fig. 2 Distribution of seed-oil-content QTL in the B. napus genome, p
using the TN genetic map as a reference. Linkage groups repre-
sent the TN genetic map. To facilitate viewing, only markers from
the Brassica public resource (http://www.brassica.info/resource/
markers.php) are shown. Bold horizontal sticks represent separate
QTL intervals that have been identified in different populations (DY,
RNSL, SG, and TN) and projected onto the TN genetic map; and the
darkness of the sticks, which is light gray, gray, or black, indicates
the QTL was detected in single, double, or three or more experi-
ments, respectively. Patterned sticks under the QTL intervals in TN
population are QTL that identified with adjusted mean of each line
across multiple experiments of TH DH or TN RC-F, population. Tri-
angles attached to the linkage groups indicate associated markers that
have been identified in an association study with breeding lines of B.
napus (Zou et al. 2010)

variations (p < 0.0001); however, the broad-sense heritabil-
ity of seed-oil content can be as high as 90 %.

Genetic loci that control variation in the seed-oil content
of the TN population

Between 4 and 11 QTL were detected by composite inter-
val mapping in independent experiments, with 4—6 detected
in most experiments. In total, 88 original QTL were
detected from the 15 experiments; these comprised 36 non-
overlapping QTL intervals on 13 linkage groups of the B.
napus genome (Electronic Supplementary Material 3). The
average marker interval of the TN genetic map used for this
study was 2.7 cM, the average confidence interval of the
original oil content QTL was 7 cM, and each of the non-
overlapping QTL intervals spanned 5-20 cM (Fig. 2).

Single QTL contributed 2-20 % of the oil content vari-
ation in particular experiments (Electronic Supplementary
Material 3). In addition to the two QTL intervals on linkage
groups A8 and C3 (which were shown to be associated with
qualitative variation in erucic acid content in previous stud-
ies), the QTL on linkage groups Al, A3, A4, A9, A10, C2,
and C6 also had significant additive effects of 0.6-0.8 on
the variation in oil content.

Using the TN RC-F, population, dominant effects were
identified for 20 QTL, of which more than half were also
detected in the DH population (Electronic Supplementary
Material 3). The heterozygous genotype increased the oil
content above that of the mid-parent value for 12 of these
20 QTL. By contrast, for the other eight QTL, the heterozy-
gous genotype had oil content lower than that of the mid-
parent value. Although most of these QTL showed only a
partially dominant effect, four QTL (on linkage groups Al,
A4, C2, and C6) showed positive complete- or over-domi-
nance (D/A 1.1-1.3).

Nineteen pairs of epistatic interactions were detected
by stepwise regression with the QTLmapper software in
9 of the 15 independent experiments (Table 2). The inter-
actions involved 36 separate loci, of which two interacted
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with different loci in different experiments. Thirteen of
these interaction loci were located in the above-mentioned
QTL intervals, but only two pairs of epistatic interactions
involved both loci that located in a QTL interval. The epi-
static interactions had effects of 0.2—1.1 on the oil content
variation across experiments.

Of the genetic loci detected in each experiment, single-
locus effects (additive and dominance) accounted for 18—
87 % of the phenotypic variation, whereas epistatic interac-
tions contributed 4-16 % (Table 1).

In comparison to the QTL mapping in each independent
experiment, the adjusted mean of each line across multiple
experiments was also used for analysis in TN DH and TN
RC-F, population, respectively. Thus, 15 QTL were identi-
fied from the joint phenotypic data in TN DH population,
while 13 QTL were identified in the TN RC-F, population
(Electronic Supplementary Material 3); 22 of these joint
QTL were involved in the non-overlapping QTL intervals
which concluded from independent experiments mentioned
above (Fig. 2), and totally 41 separate QTL regions were
identified through the two approaches in TN populations
(Electronic Supplementary Material 3).

The average confidence interval of the QTL that identi-
fied from joint analysis was smaller compare to those iden-
tified from independent experiments (¢ test, p > 0.05). The
average contribution to phenotypic variation (R?) of the
QTL that identified from joint analysis was lower compare
to those identified from independent experiments (¢ test,
p > 0.05); as there were many QTL showed specially high
contribution to phenotypic variation in particular experi-
ments. However, there was no significant difference on
the additive effects between the QTL which were identi-
fied from joint analysis or independent experiments (7 test,
p < 0.005).

When using the joint phenotypic data for epistatic inter-
action analysis, only one pair of interaction was obtained
based on the TN DH population (Table 2), and it was not
coincident with any pairs obtained from independent
experiments.

Comparison of QTL among different populations

Fifteen, 11, and 9 separate QTL intervals that control varia-
tion in the content of seed oil were identified previously in
the DY, RNSL (Delourme et al. 2006), and SG (Zhao et al.
2012) populations. The respective average marker interval
and average confidence interval of the original QTL were
approximately 9 and 20 cM in each of the DY and RNSL
populations, and approximately 4 and 8 cM in the SG
population.

Through identification of common markers in cor-
responding linkage groups of different populations, we
derived projected locations on the TN genetic map of the
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Table 3 Comparison of oil content QTL locations among the DY,
RNSL, SG, and TN populations and an association study (Z. Assoc)

Number of overlapping TN (41)* DY (15) RNSL (11) SG (9)

QTL intervals

DY (9)°

RNSL (9) 5

SG (8) 1 3

Z. Assoc (54) 12 5 5 3

# Number in parentheses in the column headings is the number of
non-overlapping QTL intervals in each original study

® Number in parentheses in the row headings is the number of QTL/
association markers projected onto the TN genetic map

oil content QTL from other population(s) on 12 linkage
groups, namely linkage groups Al, A3, A5-A9, C1-C3,
C6, and C8 (Fig. 2; Electronic Supplementary Material
4). Nine QTL intervals that spanned 14—40 cM on the DY
genetic map were projected onto linkage groups Al, A3,
AS, A6, C2, C3, and C6 of the TN genetic map, and cor-
respondingly spanned 4-24 cM on the TN genetic map.
Nine QTL intervals that spanned 6-61 cM on the RNSL
genetic map were projected onto linkage groups Al, A3,
A6-A9, C1, C3, and C8 of the TN genetic map; these
intervals spanned 3-37 cM on the TN genetic map. All
of the nine separate QTL intervals, which were identified
on linkage groups Al, AS, A7, A9, C2, C3, C6, and C8 of
the SG genetic map and spanned 2-25 cM, were projected
onto the corresponding linkage groups of the TN genetic
map; these intervals spanned 2-32 cM on the TN genetic
map. However, given that the projected location of the QTL
SG_oilC8-2, which spanned 16 cM at the end of linkage
group C8 of the SG genetic map (Zhao et al. 2012), was
beyond the end of linkage group C8 on the TN genetic
map, it was not considered in the following comparisons.
Alignment of these projected QTL from other popula-
tions on the TN genetic map, together with those QTL
identified in the TN population, identified 12 QTL inter-
vals that were detected in different populations (Table 3).
Whereas two intervals were located on each of linkage
groups Al, A3, and C3, one interval was located on each
of linkage groups A5, A8, A9, CI1, C2, and C6 (Fig. 2). In
addition to these QTL mapping studies in double parental
populations, a previous association study that investigated
the variation in the oil content of breeding lines assessed
markers based on the TN genetic map (Zou et al. 2010; “Z.
Assoc” in Table 3). This association study identified 54
markers on the TN genetic map associated with variation
in the oil content across a panel of breeding lines. We found
that some of these associated markers were coincident with
12 QTL intervals identified in the TN population and with
13 QTL intervals identified in the DY, RNSL, or SG popu-
lations (Table 3). Through this alignment and comparison,
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we identified a total of 46 distinct QTL regions that con-
trol seed-oil content on the B. napus genome as represented
by the TN genetic map, of which 18 QTL regions were
detected in different populations including the association
study panel.

Discussion

Like many other important agronomic traits in crops, the
oil content in rapeseed is regulated by a complex system
that involves multiple genes. Such complex genetic regu-
lation makes it difficult to realize a substantial improve-
ment in these traits through manipulation of a single gene.
Nonetheless, QTL mapping promises to provide a founda-
tion for genetic improvement of these traits. In this study,
we investigated the variation in seed-oil content among
two related genetic populations of B. napus under multiple
environments, and identified 41 separate QTL intervals and
20 epistatic interaction pairs. Integrative alignment of the
seed-oil-content QTL from several different populations
revealed 12 QTL that contributed to phenotypic variation
under different backgrounds.

Marker density on the genetic map and the resolving power
of QTL mapping

Compared with a previous study that investigated the TN
DH population in four experiments and used a genetic
map with fewer than 300 markers for QTL mapping (Qiu
et al. 2006), the present study identified seed-oil-content
QTL on an additional five linkage groups. In addition,
given the increased marker density and extent of linkage
on the current TN genetic map relative to the map that
Qiu et al. (2006) used, a higher number of separate QTL
were identified for each linkage group than in the previ-
ous study, which detected only a single QTL per linkage
group. Whereas Qiu et al. (2006) identified a single QTL
interval close to the marker Ra2E04 on linkage group Al
(here referred to as the QTL TN_oilAl-3), our compara-
tive study showed that this QTL interval was also detected
in the SG population. Extension of this linkage group and
additional phenotyping experiments conducted in the cur-
rent study identified another QTL interval close to the
marker CB10097 (referred to as the QTL TN_oilAl-1); this
QTL interval was also detected in the RNSL population
(Fig. 2). Another example is linkage group A3; in the pre-
vious study, a QTL was detected at the top of this linkage
group and close to the STS marker IGF5154c (here referred
to as the QTL TN_oilA3-1). Subsequent studies mapped a
homolog of the flowering time gene FLC close to this QTL
and also identified a QTL that controls flowering time in
the vicinity of the QTL (Long et al. 2007; Raman et al.

2013a; Zou et al. 2012). This suggests that the variation
in seed-oil content caused by this QTL should be a down-
stream effect of variation in flowering time. In the present
study, two additional seed-oil-content QTL were identi-
fied in the center (close to the marker Ol11G11a, referred
to as the QTL TN_oilA3-3) and lower (close to the marker
Nal2AO08, referred to as the QTL TN_oilA3-5) portions of
linkage group A3; and our comparative study showed that
a QTL was detected in the RNSL and DY populations in
an interval near to the QTL TN _0ilA3-3 and TN_oilA3-5,
respectively (Fig. 2).

These findings confirm that the improvement in marker
density on a genetic map considerably facilitates the map-
ping of QTL. With continued progress in high-density sin-
gle nucleotide polymorphism (SNP) mapping in B. napus
(Bancroft et al. 2011; Delourme et al. 2013; Raman et al.
2013b), it can be expected that an increasing number of
closely linked QTL for complex traits, such as oil content
in rapeseed, will be resolved in the near future.

Dominance of seed-oil-content QTL

Most previous studies that used genetic mapping to inves-
tigate oil-content QTL in rapeseed involve DH lines or
inbred lines, which allow multiple repetitions of phenotype
evaluation. Therefore, only additive effects and some epi-
static effects of the seed-oil-content QTL were revealed in
these studies. In the present study, the use of a TN RC-F,
population enabled determination of the dominance effects
for some QTL.

Of the 20 QTL that we detected with dominance effects,
the majority showed dominance of about 0.5 or less, only
four QTL showed positive complete-dominance or mild
over-dominance effects, and one QTL on linkage group
A2 showed negative dominance of about 0.8. In both auto-
gamous species (Frascaroli et al. 2007) and allogamous
species (Radoev et al. 2008), QTL for traits that exhibit
strong heterosis predominantly show dominance to over-
dominance effects, whereas QTL for traits that show
weaker heterosis have additive to dominance effects. The
present results infer that oil content in rapeseed has weaker
heterosis compared with that of other traits, such as seed
yield (Radoev et al. 2008). However, the expression of
dominance or heterosis relies heavily on the specific germ-
plasm combination and environment. A recent study, which
focused on yield-correlated traits in the same experiments
as the present study, showed that strong dominance was not
detected among the numerous QTL for 15 yield-correlated
traits, even for the seed-yield trait (Shi et al. 2011).

It is also notable that eight QTL showed negative domi-
nance effects; in other words, a heterozygous genotype for
these loci would decrease oil content from the mid-parent
value. Shi et al. (2011) found that heterozygosity was not
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always advantageous for either heterosis or hybrid perfor-
mance for 15 yield-correlated traits. Therefore, QTL that
are prone to negative dominance effects should be carefully
selected during rapeseed breeding programs, as hybrid
breeding is a preferred manner currently.

Epistatic interactions and underlying molecular
mechanisms

In addition to single-locus (additive or dominance) effects,
epistatic interactions also contributed a considerable por-
tion of the genetic variation in many experiments of the
present study (Table 1), and in some previous studies of
yield-related traits (Radoev et al. 2008; Shi et al. 2011).
However, detection of epistasis is extremely germplasm-
and environment-specific, and few identical pairs of epi-
static interactions that control oil content in rapeseed have
been identified in different studies. In the DY and RNSL
populations (Delourme et al. 2006), only three pairs of epi-
static interactions were reported, and most of the interact-
ing loci were involved in additive QTL regions; the three
interaction pairs have not been identified in other popula-
tions. In both the SG (Zhao et al. 2006) and TN popula-
tions, interactions were detected between linkage groups
Al and A2, and between linkage groups A3 and Cl1. In
the SG population, the interacting loci were located at the
bottom of linkage group Al and the lower portion of A2,
whereas in the TN population these loci were located in the
center of Al and the lower portion of A2. The shortage of
common markers on A2 restricts confirmation of whether
the participants on the lower portion of A2 were the same
locus in both populations. For the interactions between
linkage groups A3 and C1, on both of which map projec-
tion was achieved, we could confirm that the participant on
A3 was on the lower portion in the SG population but at
the bottom in the TN population. Moreover, the participants
on C1 were located very closely for both populations (at a
position close to 50 cM), and thus might act from the same
locus.

A recent study assessed gene-specific epistasis in a
population of diverse elite rapeseed inbred lines (Wiir-
schum et al. 2013). The authors identified interactions
between certain key enzymes involved in the main path-
way of storage oil formation, as well as with an important
transcription factor, WRII, which has a general function
in storage compound biosynthesis in Arabidopsis (Focks
and Benning 1998; Cernac and Benning 2004). In Arabi-
dopsis, WRII regulates seed-oil formation via interaction
with the promoter sites of genes that encode enzymes
that catalyze the synthesis of triacylglycerols, such as the
PKpl gene that encodes pyruvate kinase and the BCCP2
gene that encodes the biotin carboxyl carrier protein (Baud
et al. 2009; Maeo et al. 2009). In the rapeseed population,
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Wiirschum et al. (2013) also identified significant epista-
sis between SNPs in the WRII and BCCP genes. On the
TN genetic map, few gene-specific markers for oil forma-
tion have been mapped, but other sequence-informative
markers allow a rough alignment of the B. napus genome
with the Arabidopsis genome (Long et al. 2007; Shi et al.
2009). Consideration of the enzyme genes assessed by
Wiirschum et al. (2013) and some transcription factors
related to the biosynthesis of seed oil (Baud et al. 2007;
Wang et al. 2007) suggests that three epistatic interac-
tions detected in the present study might have identified
candidate genes responsible for the observed phenotypes.
The genetic interval A3-29, which might be associated
with transcription factor gene ABIS, interacted with the
genetic interval A9-67, which might be associated with
the pyruvate dehydrogenase gene PDH. Moreover, the
genetic intervals A7-41 and A7-43, which might both be
associated with the beta-ketoacyl synthase III gene KAS3,
interacted with the genetic intervals C8-18 and A6-10,
respectively, both of which might be associated with the
PDH gene. Hundreds of gene sequences associated with
lipid metabolism were recently mapped in the SG popula-
tion (Zhao et al. 2012); therefore, extensive assessment of
gene-specific epistasis could be carried out as reported by
Wiirschum et al. (2013).

Importance of an integrative system for QTL alignment/
comparison

Some previous investigations which mapped the seed-oil-
content QTL like the present study also compared seed-
oil-content QTL among different populations. For exam-
ple, Delourme et al. (2006) compared the seed-oil-content
QTL comprehensively among six populations for which
data were available, including all of the four populations
we compared in the present study. However, because of the
limited marker information and map quality available at the
time, the authors could only identify four linkage groups
(A1, A3, A8, and C3) in which QTL were detected in mul-
tiple populations, and they were unsure whether the precise
locations of these QTL were the same in different popula-
tions. Subsequent updates of the genetic map and pheno-
typing data that involved both the SG and TN populations
enabled us to identify 12 QTL intervals that were found in
the different populations.

It is worth mentioning the two repeatable intervals on
linkage group C3; comparison among the DY, RNSL, SG,
and TN populations, as well as an association popula-
tion, revealed that at least two separate QTL controlling
seed-oil content are located on linkage group C3. One
of these occurs on the upper portion, and the other on
the lower portion of this linkage group (Fig. 2). The lat-
ter QTL was detected in the RNSL and TN populations;
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whereas, the two parental lines of the RNSL population
show high and moderate oil content, respectively, both
parental lines of the TN population show moderate oil
content. Studies of the TN population showed that this
QTL might be a copy of the erucic acid regulator gene
fatty acid elongasel (FAEI) (Qiu et al. 2006; Wang et al.
2008). Nonetheless, given that no segregation of erucic
acid content was observed in the RNSL population, this
QTL also might represent a link between the independent
oil content regulator and erucic acid regulator (Delourme
et al. 2006). The other QTL on the upper portion of link-
age group C3 was detected in the DY and SG populations,
both of which were derived from parental lines with high
oil content. This example showed that different lines, each
with high oil content, might carry superior alleles at dif-
ferent loci. Therefore, exploitation of QTL through differ-
ent combinations of germplasm is still required in order
to uncover additional regulators of seed-oil content and
superior alleles for each site; an integrative system of
both markers and QTL would help to reveal the fluctua-
tion of QTL effects among different backgrounds, from
which the most effective allele for a particular locus can
be selected. Currently, information for many QTL still
cannot be integrated. For example, in the four populations
compared in the present study, QTL on linkage group C4
were only detected in the TN population. Seed-oil-content
QTL on linkage group C4 are reported in two recent stud-
ies (Chen et al. 2010; Wiirschum et al. 2012); nonetheless,
given that only a few markers from the Brassica public
resources were used in those studies, it is not possible to
determine whether the QTL on linkage group C4 in dif-
ferent populations are identical.

There are several advantages to using the TN genetic
map in the present study as the reference for the projec-
tion and alignment of QTL. First, the identification of many
QTL in the TN population for a variety of traits (Feng et al.
2012; Long et al. 2007; Shi et al. 2009) might shed light on
whether there is a correlation among these complex traits.
Moreover, the co-localization of QTL for different traits
would be helpful during subsequent fine-mapping stud-
ies; the trait of which phenotypic segregation is easier to
monitor might assist the determination of the target trait
while of which phenotypic segregation is difficult to dis-
tinguish. Second, given that the TN population has been
used for SNP marker mapping and genetic map integration
in several recent studies (Bancroft et al. 2011; Delourme
et al. 2013; Raman et al. 2013b), the availability of a large
amount of sequence information for marker development
might enable more precise selection in both fine mapping
and breeding.
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