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Abstract The objective of this study was to identify
quantitative trait loci (QTL) controlling oil content,
fatty acid profile and flowering time in Brassica napus
L. This research was conducted using a doubled
haploid mapping population derived from a cross of
Polo x Topas. The population was phenotyped in four
environments. The composite interval method of QTL
analysis was performed with a previously available
genetic map that consisted of mainly simple sequence
repeat markers with an average genetic distance of
3.7 cM. The markers were assembled and anchored to
19 chromosomes with a map coverage of 2244.1 cM.
Fourteen QTL were identified for oil content, 131 QTL
were found to be associated with six fatty acids and 14
QTL were associated with flowering time. A QTL,
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qOIL-Al0a with a positive Topas-allele explained
26.99 % of the variation in oil content. Additionally,
transgressive segregation for oil content was observed
beyond the parental phenotypes (31.5-55.5 %). Two
genomic regions on C3, at 147.83 and 154.55 cM were
associated with QTL for all six fatty acids studied. We
hypothesize this genomic region on C3 modulates the
correlations between fatty acids and further investi-
gation of this region could provide insight into the
genes determining total seed oil content in B. napus.
An early flowering QTL, gFLRa-A2c containing a
Polo-allele was detected in the vicinity of a known
Brassica vernalization gene that explained 43.22 % of
the trait variation. The phenotypic correlation between
traits and collocation of different QTL on thirty-four
genomic regions suggests that the traits studied have
genetic dependencies on each other.

Keywords Brassica napus - Canola - Correlation -
Fatty acids - Flowering time - Genetic map - Oil
content - QTL

Introduction

Oil content and quality are the most valuable compo-
nents of Brassica napus L. seed and important traits
for future Brassica breeding endeavours (Abbadi and
Leckband 2011; Gupta and Pratap 2007). Based on
1716 harvest survey samples collected from the
western provinces of Canada in 2013, the top grade
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B. napus seed samples contained on average 43.5 %
oil (Canadian Grain Commission 2013). This reflects a
slight reduction from the 10-year average of 43.8 %
oil content. Increases in seed oil content using the
same seed yield per hectare will result in greater oil
yield per unit of land (Weselake et al. 2009). Actually,
a one percent increase in seed oil content is equal to an
increase of 2.5 % in seed yield (Wang 2004).

Variable numbers of QTL have been identified that
control oil content in B. napus. Earlier studies (Ecke
et al. 1995; Cheung et al. 1998) reported that a small
number of QTL control oil content. In recent studies,
oil content has been reported to be controlled by 14-63
QTL (Zhao et al. 2005; Delourme et al. 2006; Chen
et al. 2010; Wang et al. 2013). The former two studies
mainly reported QTL that appeared in one environ-
ment only. However, Chen et al. (2010) identified four
oil content QTL that were common in two out of six
environments. Whereas, Delourme et al. (2006)
reported five QTL in different environments while
only one QTL on N3 (A3) was potentially common
between the two populations studied. Consistent oil
content QTL appearing across environments and
genetic backgrounds are important targets to develop
cultivars for improved oil production.

The oil profile composed of constituent fatty acids
determines the end use of Brassica oil (Voelker and
Kinney 2001). Several studies have suggested that the
interaction among fatty acids limits the extent of oil
accumulation in the seed (Voelker and Kinney 2001;
Barker et al. 2007; Zhao et al. 2007). Zhao et al. (2007)
identified several QTL that are likely affecting the
correlations of different fatty acids. For example, a
QTL on N6 (A6) had a negative effect on palmitic acid
and a positive effect for stearic acid. However, few
such loci with pleiotropic effects on several fatty acids
for the regulation of total seed oil content have been
reported in B. napus (Lionneton et al. 2002; Burns
et al. 2003).

Seed yield and seed oil content determine total oil
yield. Seed yield is affected by many agronomic traits
of which, flowering is one of the most critical affecting
seed oil content (Diepenbrock 2000). A non-signifi-
cant but negative correlation of days to flowering with
seed oil content in Brassica spp. has been reported by
Engqvist and Becker (1993) and Chen et al. (2010).
However, Wurschum et al. (2012) speculated that
flowering time had no relationship with oil accumu-
lation/content and proposed that metabolic efficiencies
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of a plant are responsible. Simultaneous improvement
of early maturity and increased seed oil content remain
important B. napus breeding objectives.

The effective utilization of previously identified
QTL depends upon the reliability of the QTL position
and the degree of impact the QTL has on the expression
of the trait (Dudley 1994; Charmet et al. 1999). To
obtain this kind of information, it is critical that the
effect of the QTL is verified by multiple year and
multiple location experiments. Additionally, the devel-
opment of high-density genetic maps for reliably
locating the QTL with associated markers is critical.
The current study focuses on identifying B. napus
(canola) QTL that control total oil content, fatty acid
profile [palmitic acid (C16:0), stearic acid (C18:0), oleic
acid (C18:1), linoleic acid (C18:2), linolenic acid
(C18:3) and arachidic acid (C20:0)] and flowering time.

Materials and methods
Plant material

Two spring canola varieties, Polo (maternal parent)
and Topas, were selected to develop mapping popu-
lations for detection of QTL influencing seed oil
content, fatty acid profile and flowering time. The
variety Polo was registered by Mycogen Canada, Inc.
(Dow AgroSciences) in 1994 for cultivation in western
Canada. The variety Topas was developed by Svalof
A.B., Sweden and was registered in 1987 for cultiva-
tion in eastern Canada. According to the registration
data of these varieties, Polo matures in 93 days and
contains on average 46.2 % seed oil content. The
variety Topas matures in 101 days and contains seed
oil content of 42 %. Registered cultivars contain a
suite of favorable alleles that are already selected for
elite performance. To further understand the differing
oil content levels, fatty acid profiles and maturities of
Polo and Topas, the two parents were selected to
develop a mapping population.

For the production of DH lines, the F; from Polo
and Topas were grown in a growth chamber with the
growing conditions of 15 °C and a 15 h day length.
Before anthesis, the buds of varying sizes were
macerated and examined for uninucleate microspores.
Buds ranging from 3 to 4 mm had the highest
frequency of uninucleate microspores and were
selected for microspore embryogenesis. Haploid
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plantlets were produced using standard microspore
culture techniques as described by Coventry et al.
(1988). The chromosome number of haploid line
plants was doubled by submerging the plantlets in
0.02 % (w/v) colchicine solution for 5 h. Plantlets
were grown in the greenhouse in pots containing a soil,
sand and peat ratio of 2:2:1 and fertilized twice until
flowering at the approximate rate of 3.3 ml/L (NPK:
20:20:20). One hundred fifty-six pollen producing DH
plants were selected to produce DH lines for trait
evaluation in the field.

Field evaluation and seed oil analysis

The Polo x Topas DH line population was evaluated
in the field for 2 years (2009 and 2010) at the
University of Manitoba, Winnipeg (Win) and near
Portage La Prairie (PlaP), approximately 100 km west
of Winnipeg, Manitoba. The mapping population at
each location along with respective parents was
evaluated in a randomized complete block design
with two replications. Each DH line was seeded in a
single row that was 3 m long with 0.4 m spacing
between rows. Days to flowering was recorded when
50 % of the plants in a row had flowered. Each DH line
row was harvested separately at physiological matu-
rity, dried in bundles in the field and threshed with a
small plot combine (Wintersteiger, Salt Lake City,
UT). A 30 g seed sample from each DH line row was
collected to determine seed oil content at zero percent
moisture using American Oil Chemist’s Society’s
approved methods using a FOSS 6500 near-infrared-
reflectance-spectroscopy (Daun et al. 1994).

Fatty acid methyl esters were prepared according to
Liu (1984) and the fatty acid profile of the oil
including palmitic acid (C16:0), stearic acid (C18:0),
oleic acid (C18:1), linoleic acid (C18:2), linolenic acid
(C18:3) and arachidic acid (C20:0) was determined
using gas chromatography (Christie 1989; Hougen and
Bodo 1973) using the apparatus, Varian Model 3900,
California, USA. The proportion of each fatty acid was
expressed as a percentage of the total fatty acids
identified.

Statistical analysis of field data
The analysis of variance (ANOVA; PROC MIXED of

Statistical Analysis System, SAS ver. 9.1; SAS
Institute, Cary, NC) partitioned source of variation

into effects of lines, location, year, replicates, and
error  (Tyug =+ & + L + yi + byje + repjug +
gl + gyu + glyyx + eyry) Where Ty, is the mean
trait value of the ith line of the kth year at jth location
in gth replication, and p population mean, g; line
effect, [; location effect, Y, year effect, Iy loca-
tion x year effect, repy, effect of replication, g/
line x location effect, gy line x year effect, gly
line x location x year effect, and ejjq the residual.
Phenotypic correlations between all pairs of traits
were determined through the CORR procedure of
SAS.

Genetic map

The genetic map used for QTL identification was
developed by Geng et al. (2012). This saturated
genetic map covers a map distance of 2241.1 cM of
the B. napus genome with average marker-to-marker
interval of 3.71 cM. This linkage map consists of 620
polymorphic loci, mostly SSR (383), Inter-Simple
Sequence Repeats (ISSR, [29]), Sequence Related
Amplified Polymorphism (SRAP, [191]) and
Sequence Characterized Amplified Region (SCAR,
[17]) molecular markers. These polymorphic loci form
19 linkage groups (LG), which are anchored to
chromosomes through common SSR markers (Cheng
et al. 2009; Piquemal et al. 2005).

QTL mapping

The QTL analyses for the traits under study were
performed using Windows QTL Cartographer version
2.5 with default settings (walking speed 1 ¢cM, Model
6: Standard model) and the composite interval map-
ping method (Wang et al. 2011). For each trait data set,
a threshold-likelihood ratio (LR) was determined by
selecting 1,000 fold permutations test (oo = 0.05)
using ZMapQtl program built within the QTL software
(Wang et al. 2011; Chen et al. 2010). A QTL was
considered significant if detected above the threshold
LR or LOD value (logarithm of odds) (Churchill and
Doerge 1994). The LOD peak (higher than the
threshold-LOD value) corresponding to the genetic
interval along the LG was taken as the likely position
of a QTL (Liu 1998). The confidence interval of a QTL
was determined from a LOD difference from either
side of the QTL peak (Hackett 2002; Lander and
Botstein 1989). If present, multiple QTL peaks
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exceeding one-half of the LOD difference were
considered separate QTL (Chen et al. 2010; Flint-
Garcia et al. 2003). A QTL was considered common if
it appeared in more than one environment at the same
map position or within the same QTL interval on a LG.
A QTL appearing in only one environment was
considered an independent QTL.

QTL were designated according to Raman et al.
(2012), where the ‘g’ indicates a QTL identified for a
trait (abbreviated), followed by the related chromo-
some number (hyphenated). A suffix (a, b, c etc.) to a
chromosome number was added if multiple QTL were
identified on a chromosome. For example, gOIL-A10b
indicates detection of more than one QTL for oil
content on chromosome A10.

Results
Trait statistics and correlation

Highly significant (P < 0.001) interaction effect
(line x Year x Loc) indicated that all the traits studied
with the exception of palmitic acid were affected by the
year and location of evaluation Table S1. Therefore, the
data set from each environment was analyzed separately
for the identification of QTL controlling each trait. The
Spearman’s rank correlations based on means of DH
lines for the respective traits revealed correlations of
variable magnitude and direction (Table S2). Oil content
was positively correlated with oleic acid content
(r = 0.32, P < 0.0001) and flowering time (r = 0.30,
P < 0.0001). The correlation of stearic acid content with
arachidic acid content was positive (r = 0.85,
P < 0.0001). Oleic acid content was negatively corre-
lated with linoleic acid content (r = —0.77,P < 0.0001)
and linolenic acid content (r = —0.71, P < 0.0001).

The histograms for all traits display continuous
variation, suggesting that all of these traits are
quantitative traits (data not shown). Additionally,
transgressive segregation for all traits was observed.
This was evident for seed oil content (Fig. 1), because
a maximum seed oil content of 55.84 % was observed
in one DH line which was 9.34 % higher than the
average oil content of the high oil parent Polo. This
significant transgressive segregation for oil content in
the segregating DH line mapping population is a
manifestation of the presence of substantial allelic
variation for seed oil content in the parents.
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QTL identification for oil content, fatty acids
and flowering time

QTL detected for the field trials combined over four
environments are given in Tables 1, 2, 3,4, 5, 6, 7 and
8. The LG locations of major QTL (explaining more
than 10 % variation), collocating QTL and select QTL
of traits identified in four environments of the study
are given in Fig. 2.

Seed oil content

Intotal, 14 QTL were found to influence seed oil content
in the four environments (Table 1). The oil content QTL
were scattered on five linkage groups namely, A3, A10,
C1, C5, and C6. QTL gOIL-A10c was the only common
QTL identified in all four environments. Three QTL,
qOIL-A10b, qOIL-C5a and qOIL-C5b were found to be
common in three environments. Five QTL were
detected in two environments, of which two QTL each
appeared on A3 (qOIL-A3a and gOIL-A3b) and Cl
(qOIL-C1b and gqOIL-Clc) and one QTL (qOIL-C6b)
on C6. Five QTL were identified in a single environment
(independent); two were present on Al0 (qOIL-Al0a
and qOIL-A10d), and one each on A3 (¢qOIL-A3c), C1
(qOIL-Cla) and C6 (qOIL-C6a). The proportion of
phenotypic variation (R?) in oil content explained by
individual QTL ranged from 5.23 to 26.99 %; where
QTL gOIL-AI0a (independent) had the largest effect.
The additive effect of oil content QTL ranged from
—2.321t02.38 %.

Both parents contributed positive as well as nega-
tive alleles for seed oil content. Topas contributed
negative alleles for four QTL (qOIL-A3a, qOIL-A3b,
qOIL-A10b and gOIL-A10d) whereas Polo contributed
negative alleles for five QTL (¢OIL-Cla, qOIL-CIb,
qOIL-Clc, qOIL-C5a and gqOIL-C6b) (Table 1). The
low oil content parent Topas contributed positive
alleles for oil content for two QTL (gOIL-A10a and
qOIL-C5b) whereas, the high oil content parent Polo
contributed positive alleles for three oil content QTL
(qOIL-A3c, qOIL-A10c and qOIL-C6a). The QTL
qOIL-A10b had the strongest association with seed oil
content according to its LOD value of 4.72.

Palmitic acid content

The variation in palmitic acid was controlled by 33
QTL across the four environments studied (Table 2).
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The QTL were scattered on ten linkage groups namely
A3, Ad, AS, A8, A10, C2, C3, C5, C8 and C9. Seven
QTL, one on A8 (qC16:0-A8a), two on C8 (qC16:0-
C8b and gC16:0-C8c) and four on A10 (qC16:0-A10a,
qC16:0-A10b, qC16:0-A10c and qC16:0-A10d) were
discovered to be common QTL in two environments.
A majority (26 QTL) of the palmitic acid content QTL
appeared in only one environment. The phenotypic
variation explained by individual palmitic acid QTL
across four environments ranged from 5.21 to
32.41 %. The palmitic acid content QTL identified
in this study carried minor additive effects and their
contribution towards the variation in the palmitic acid
content ranged from —0.33 to 0.12 %.

Stearic acid content

Eighteen QTL controlling the content of stearic acid in
the mapping population of B. napus were distributed
on six LG namely Al, A3, A8, CI, C3 and C8
(Table 3). Three common QTL on C3 were identified
in all four environments. Two common QTL were
found in two environments and both were identified on
Al. The majority of stearic acid content QTL (13)
were detected only in one environment. The individual
stearic acid QTL explained a phenotypic variance
ranging from 4.68 to 22.71 % across four environ-
ments of the study. Seven QTL explained more than
10 % of the phenotypic variation in stearic acid. The
most significant linkage of marker with a stearic acid
phenotype was determined for the QTL gC18:0-C3e.
This QTL identified in all four environments had a
LOD value of 11.27 and explained 22.71 % of the
phenotypic variation for stearic acid content.

Oleic acid content

Twenty-one QTL determined the content of oleic acid
in the mapping population grown in four environments
(Table 4). These QTL were located on five linkage
groups Al, A2, A3, C3 and C8. Four common oleic
acid content QTL, three on C3, and one on A3 were
discovered in all four environments. Two oleic acid
content QTL on A2 were found common in three
environments. Three oleic acid content QTL, one on
A1 and two on A2 were common in two environments.
Twelve oleic acid content QTL, five on Al, three
respectively on A2 and A3 and one on C8 were
detected in one environment. The phenotypic variance
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Fig. 1 Frequency distribution of oil content (%) in the
Polo x Topas DH line population grown in four environments
(WIN Winnipeg, PlaP Portage la Prairie) during 2009 and 2010

explained by identified oleic acid content QTL ranged
from 4.57 to 28.47 %. QTL gqC18:1-C3c was the most
significant QTL having the highest LOD value of
16.84 and it also explained the most phenotypic
variation (28.47 %) for oleic acid content across four
environments of the study.

Linoleic acid content

A total of 20 QTL for linoleic acid content were
identified on seven linkage groups, Al, A2, A3, AS,
C1, C3 and C9 (Table 5). Eight QTL were common in
three environments, two on Al, three on A2 and three
on C3. Three common linoleic acid content QTL, two
on A2 and one on A3 were identified in two
environments. Nine linoleic acid content QTL, one
on Al, two on A3, one respectively on A5, C1 and C3
and three on C9 were identified in only one of the four
environments studied. Individually, linoleic acid con-
tent QTL explained phenotypic variance in the range
of 3.61-22.09 %. The most significant marker linkage
with linoleic acid content was determined for QTL
qC18:2-C3c. This QTL, among the linoleic acid
content QTL identified in three environments, had
the highest LOD value of 13.21 and explained the
most phenotypic variation (22.09 %) for linoleic acid
content.

Linolenic acid content
Across the four environments studied, 23 QTL were
associated with linolenic acid content (Table 6). These

QTL were scattered on eight linkage groups: Al, A2,
A3, A5, A9, A10, C3 and C6. Seven linolenic acid
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Table 1 Summarized list of QTL detected for seed oil content using composite interval mapping in a doubled haploid line
population—Polo x Topas grown in four environments in 2009 and 2010

QTL? Location LG Positon LOD RZ%** ADD  Allele Flanked markers

qOIL-A3a  Winl0, PlaP09 A3 129.23 2385 5.87 —0.48 Topas BnGMS265-181/0dd3/bgd-275
qOIL-A3b  Winl0, PlaP09 A3 14143 323 6.55 —0.51 Topas sal2/pml18-388/pm88/pm46-388
qOIL-A3¢  PlaP09 A3 149.11 254 5.23 047 Polo  eml/pm4-238/bg23/pm60-125
qOIL-A10a  Win09 Al10 4.01 381 26.99 0.99 Topas BnGMS288-311/CB10536-163
qOIL-A10b Winl0, PlaP10, PlaP09 Al10 10.12 472 1145 -232 Topas CB10124-169/BnGMS288-283
qOIL-A10c  Winl0, PlaP10, Win09, PlaP09 A10 11.64 3.61 12.65 2.38 Polo  BnGMS288-283/Nal2E09-315
qOIL-A10d  PlaP09 A10  17.70 250 546 —0.47 Topas Nal2E09-315/sal2/pm7-345
qOIL-Cla  Win09 Cl 42.09 2.73 6.17 —0.53 Polo CBI10369-155/CB10369-176
gOIL-CIb  WinlO0, PlaP09 Cl 68.69 292 6.54 —0.48 Polo BnGMS299-375/SR084-223
gOIL-Clc  Winl0, PLaP09 Cl 7173  2.86 5.84 —0.49 Polo sa7/pm55-461/SR076-200
qOIL-C5a  Winl0, Win09, PlaP09 C5 62.98  2.67 6.34 —0.51 Polo  ISSR140b/sal2/pm7-171
qOIL-C5b  Winl0, Win09,P1aP09 C5 67.12  4.15 9.26 0.62 Topas sal2/pm7-171/sa7/pm55-170
qOIL-C6a  Winl0 C6 4554 387 12.69 0.71 Polo  pm88/pm45-463/sa7/pm55-414
qOIL-C6b  WinlO0, PlaP09 C6 53.76 397 8.14 —0.57 Polo eml/bgl9-478/sa7/pm63-147

Winnipeg 2009, Portage la Prairie 2009, Winnipeg 2010, Portage la Prairie 2010

% QTL nomenclature: ¢ indicate a QTL that is identified for a trait which is indicated by an abbreviation (OIL, seed oil content),

followed by a chromosome number and a suffix if multiple QTL are identified on a chromosome

LG linkage groups, LOD estimation of LOD score at the QTL peak, ADD additive effect of QTL, Allele the source of allele

inheritance for the respective QTL

* 9% of phenotypic variation explained by the QTL

content QTL were common in all four environments
studied. Out of the common linolenic acid content
QTL, four were detected on A3 and three on C3. Only
one linolenic acid content QTL (on A10) was common
in three environments. Five linolenic acid content
QTL on A2 were common in two environments. Ten
linolenic acid content QTL appeared only in one
environment. Two of the independent linolenic acid
content QTL were on Al, one QTL each on A3, A5
and C6, two QTL on A9 and three QTL on A10. The
individual linolenic acid content QTL explained
phenotypic variation varying from 4.82 to 35.21 %.
The most significant marker linkage with linolenic
acid content was determined for QTL ¢C18:3-C3c.
This QTL, common in all environments, had a LOD
value of 18.06 and explained 35.21 % of the pheno-
typic variation for linolenic acid content.

Arachidic acid content
Sixteen QTL related to arachidic acid content were

identified on Al, A10, CI, C3, C5, C8 and C9
(Table 7). Among arachidic acid content QTL, three
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QTL on C3 were common in all four environments
studied. Three arachidic acid content QTL were
common in two environments with two on Al and
one on Cl1, respectively. Ten arachidic acid content
QTL were independent; two were identified respec-
tively on Al, C3, C8 and one QTL each on A10, C1,
C5 and C9. The individual arachidic acid content QTL
explained a phenotypic variance between 4.63 and
26.51 % across four environments. The most signif-
icant marker linkage was determined for the QTL
qC20:0-C3d. This QTL had a LOD value of 11.85 and
explained a phenotypic variation of 26.51 % in
arachidic acid content. The positive allele for this
QTL was contributed by Topas.

Flowering time

In this study, 14 QTL were found that were associated
with flowering time (Table 8). They were scattered on
five linkage groups, Al, A2, A10, C3, and C5 across
all four environments studied. Three common QTL,
two on A2 and one on C3 were found in three
environments of the study. Three common QTL, two



Euphytica (2016) 207:191-211 197

Table 2 Summarized list of QTL detected for palmitic acid content using composite interval mapping in a doubled haploid line
population—Polo x Topas grown in four environments in 2009 and 2010

QTL? Location LG Position LOD R2# ADD Allele Flanked markers

qCl16:0-A3 Winl0 A3 73.69 3.30 6.25 0.06 Topas ISSR055/Nal0D03-164
qC16:0-A4 PlaP09 A4 19.14 2.81 5.21 0.06 Polo O110B06-234/Nal0C01-276
qC16:0-A5a Winl0 A5 1.01 2.94 5.45 —0.06 Polo SR115-401/SR044-437
qC16:0-A5b Win09 AS 82.89 3.01 7.11 —0.20 Topas BRMS047-151/SR119-176
qCl16:0-A5c P1aP09 AS 100.62 3.01 6.16 0.07 Polo sa7/pm52-387/BRMS196-274
qCl16:0-A5d Winl0 A5 113.94 5.02 11.12 0.08 Topas ISSR139/ISSR 140
qC16:0-A8a Win09, PlaP10 A8 90.96 2.87 5.92 —0.05 Polo ISSR124/CB10364-237
qC16:0-A8b PlaP10 A8 94.43 3.06 6.91 0.06 Topas BnGMS003-378/SR092-131
qC16:0-A8¢ Winl0 A8 119.35 3.60 14.52 —0.10 Polo BnGMS177-354/SR050-291

qC16:0-A10a PlaP10, PlaP09 Al0 11.64 5.50 10.33 —-0.09 Polo BnGMS288-283/Nal2E09-315
qC16:0-A10b PlaP10, PlaP09 Al0 17.70 3.89 7.56 0.08 Topas Nal2E09-315/sal2/pm7-345
qC16:0-A10c PlaP10, Winl10 A10 22.85 4.52 10.91 —0.08 Polo 0dd3/bg38-305/me2/pm79-481
qCl16:0-A10d  PlaP10, PlaP09 A10 26.19 4.88 10.62 0.08 Topas MR156-209/BnGMS625-360

qC16:0-A10e PlaP09 Al0O 32.94 4.60 8.75 —0.09  Polo EST001-435/em1/pm4-157
qC16:0-C2a Winl0 C2 35.36 2.96 6.24 0.06  Polo SR117-408/0dd20/pm18-311
qC16:0-C2b Winl0 C2 38.16 3.89 9.68 0.08  Polo 0dd20/pm18-311/sa7/bg29-177
qC16:0-C2c Winl0 C2 42.65 6.19 21.73 0.12  Topas O113G05-141/em1/pm4-141
qCl16:0-C2d Winl0 C2 4541 3.59 8.26 —0.07  Topas CB10093-284/CB10026-145
qCl16:0-C2e Winl0 C2 46.86 3.90 8.11 0.07  Polo CB10093-299/BRAS011-256
qCl16:0-C2f Winl0 C2 48.72 2.58 5.43 —0.06  Topas BRAS011-256/Nal2E09-369
qC16:0-C2 g Winl0 C2 51.33 3.36 6.97 0.07  Polo Nal2E09-369/0dd20/bg2-314
qC16:0-C3a PlaP09 C3 144.42 4.01 7.04 0.07  Polo sa7/pm52-252/CB10427-166
qC16:0-C3b PlaP09 C3 147.83 3.41 591 0.07  Polo me2/bg33-245/0dd3/bg2-466
qC16:0-C3c PlaP09 C3 154.55 4.66 7.98 —0.07  Topas pm88/pm45-177/0dd3/pm3-399
qCl16:0-C3d PlaP09 C3 160.56 4.83 8.16 —0.08  Polo 0110B08-150/BRMS269-329
qCl16:0-C3e Winl0 C3 188.15 3.96 7.54 0.07  Polo 0dd3/bg38-199/Nal0G10-152
qC16:0-C5a PlaP09 C5 62.98 2.76 6.13 0.07  Topas ISSR140b/sal2/pm7-171
qC16:0-C5b PlaP09 C5 67.20 4.37 7.38 —0.07 Topas sal2/pm7-171/sa7/pm55-170
qC16:0-C8a PlaP09 C8 43.78 3.29 5.94 0.07  Polo em1/bg9-434/bg23/pm59-285
qC16:0-C8b PlaP09, PlaP10  C8 46.78 4.55 32.41 —0.12  Topas em1/bg9-434/bg23/pm59-285
qC16:0-C8c PlaP09, PlaP10  C8 54.90 4.98 10.43 0.07  Topas sal2/bg8-230/CB10028-151
qC16:0-C9a Win09 c9 19.05 3.68 12.43 —0.33 Topas BnFUS3#2-1-91/CB10355-218
qCl16:0-C9 Win09 C9 87.77 2.87 9.79 —0.26  Polo Nal2G05-118/BRMS054-148

Winnipeg 2009, Portage la Prairie 2009, Winnipeg 2010, Portage la Prairie 2010

# QTL nomenclature: g indicate a QTL that is identified for a trait which is indicated by an abbreviation (C16:0), palmitic acid),
followed by a chromosome number and a suffix if multiple QTL are identified on a chromosome

LG linkage groups, LOD estimation of LOD score at the QTL peak, ADD additive effect of QTL, Allele the source of allele
inheritance for the respective QTL

* 9% of phenotypic variation explained by the QTL

on A10 and one on Al were found in two environ- were present respectively on Al, A10 and C3 and one
ments. Eight QTL were detected only in one environ- each on A2 and C5. Individual, flowering time QTL
ment. Of the independent flowering time QTL, two explained a phenotypic variance varying from 3.59 to
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Table 3 List of stearic acid content QTL identified using composite interval mapping in a doubled haploid line population—

Polo x Topas grown in four environments in 2009 and 2010

QTL? Location LG Position LOD R%** ADD  Allele Flanked markers

qCl18:0-Ala  Winl0 Al 62.58 3.89 802 —0.11 Polo sa7/pm52-150/BRAS111-195
qCl18:0-A1b  Win09 Al  70.83 2.84 551 0.06 Polo  DI11-194/pm88/pm17-312
qC18:0-Alc  Winl0, PlaP09 Al 75.83 5.37 15.04 0.17 Polo  odd3/pm3-384/em1/pm11-409
qC18:0-Ald Winl0, PlaP09 Al 80.01 5.94 14.77 0.15 Polo  SRO12-236/SR117-442
qC18:0-A3a PlaP10 A3 60.95 2.82 6.18 0.07 Polo  sal2/bgl8-224/D21-420
qC18:0-A3b PlaP09 A3 64.12 267 576 —0.07 Topas D21-420/Ra2F11-416
qC18:0-A3c  PlaP09 A3 67.14 4.69 14.62 0.10 Polo  Ra2F11-416/0dd3/bg2-532
qC18:0-A8  Winl0 A8  84.24 382 751 0.09 Polo CB10578-251/P26-118
qC18:0-Cla PlaP09 C1 42.09 354 647 0.07 Polo  CB10369-155/CB10369-176
qC18:0-C1b  Win09 C1 50.29 2.64 4.68 0.07 Polo  Nal4G06-204/CB10355-538
qC18:0-Clc PlaP09 C1 56.93 258 527 —0.06 Polo CB10355-538/BnGMS299a
qC18:0-C3a PlaP10 C3 12647 254 580 0.08 Polo  sal2/bg8-340/BRAS087-165
qC18:0-C3b PlaP10 C3 135.16 3.63 7.38 0.09 Polo KSA1-175/ISSR158
qCl18:0-C3¢  Winl0, PlaP10, Win09, PlaP09 C3 145.28 6.20 14.86 0.13 Topas CB10427-166/0dd20/pm117-468
qCl18:0-C3d Winl0, PlaP10, Win09, PlaP09 C3 147.83 7.58 1690 —0.13 Polo  me2/bg33-245/0dd3/bg2-466
qCl18:0-C3e¢  WinlO0, PlaP10, Win09, PlaP09 C3 154.55 11.27 22.71 0.12 Topas pm88/pm45-177/0dd3/pm3-399
qC18:0-C8a PlaP10 C8 0.01 4.87 10.07 0.09 Topas BnGMS004-383/CB10106-247
qC18:0-C8b PlaP10 C8 7.42 266 6.11 —0.0 Polo eml/bgl9-311/BnGMS375-281

Winnipeg 2009, Portage la Prairie 2009, Winnipeg 2010, Portage la Prairie 2010
? QTL nomenclature: ¢ indicate a QTL that is identified for a trait which is indicated by an abbreviation (C18:0), stearic acid),

followed by a chromosome number and a suffix if multiple QTL are identified on a chromosome

LG linkage groups, LOD estimation of LOD score at the QTL peak, ADD additive effect of QTL, Allele the source of allele

inheritance for the respective QTL

* 9% of phenotypic variation explained by the QTL

43.22 %. The most significant marker linkage with the
early flowering phenotype was determined for the
QTL gFLR-A2c. This QTL had a LOD value of 21.69
and explained 43.22 % of the phenotypic variation in
three environments. Moreover, the positive allele for
this QTL promoted earliness in B. napus and was
contributed by the high oil parent Polo. In addition, the
negative allele for QTL, gFLR-C5 promoted lateness
and was contributed by Topas.

Colocalization of QTL

Thirty-four genomic regions were associated with QTL
for more than one trait (Fig. 2; Table S3). These
colocalized genomic regions i.e. a locus related with
QTL for more than one trait, were distributed on 10
linkage groups: nine colocalizations were on Al, five
each on A2 and A 10, four each on A3 and C3, two each
on C5 and C8, and one each on A5, C1 and C9. Four
QTL, one each on A1, A2, A10 and C5 colocalized for

@ Springer

flowering time and fatty acid profile (Table S3). Six
genomic regions, three on A10, one on C1 and two on
C5 were found to colocalize for oil content, palmitic
acid content, stearic acid content, linolenic acid content,
arachidic acid content and flowering time QTL. How-
ever, no colocalization of oil content QTL with any of
the oleic acid content QTL or linoleic acid QTL were
found. Twenty-four QTL colocalization sites were
identified for the fatty acids studied (Fig.2). Two
genomic regions on C3 (147.8 and 154 cM) colocalized
with the QTL for all fatty acids studied (Table 9).

Discussion
Oil content
The alleles increasing seed oil content as identified by

the positive additive effect of a QTL were inherited
from both parents (Table 1). The low oil content
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Table 4 Summarized list of QTL detected for oleic acid content using composite interval mapping in a doubled haploid line
population—Polo x Topas grown in four environments in 2009 and 2010

QTL? Location LG Position LOD R?* ADD  Allele Flanked markers

qCI18:1-Ala  PlaP10 Al 44.40 252 492 —-043 Topas CB10099-203/BRMS056-221
qC18:1-A1b  PlaP10 Al 46.13 270 521 0.45 Polo BRMS056-227/BRMS196-229
qCI8:1-Alc ~ Win09 Al 66.32 4.14 596 —0.44 Topas BRAS084-131/BRAS111-190
qC18:1-Ald ~ Win09 Al 73.48 321 10.37 0.58 Topas pm88/pm17-312/ISSRO08
qCI8:1-Ale  Winl0, PlaP09 Al 10451 328 513 0.56  Polo CB10597-133/SR083-245
qCI8:1-Alf  PlaP09 Al 112.78 3.02 457 —-045 Topas BRAS029-232/0dd3/bg4-249
qC18:1-A2a  Winl0, PlaP09, Win09 A2 20.16 720 14.10 —0.73 Topas WRII-3-170/ISSR059
qCI18:1-A2b  Win09, PlaP09 A2 23.41 6.70 10.73 0.61 Polo ISSR061/BnGMS067-231
qC18:1-A2¢  Winl0 A2 26.18 5.21 8.89 —0.58 Topas BnGMS067-231/eml1/bgl9-251
qC18:1-A2d  Win09, PlaP09, Win10 A2 29.06 7.90 1341 0.68 Polo me2/pm45-262/SR058-298
qCI18:1-A2¢  Win09, PlaP09 A2 33.54 7.10 12.29 0.65 Polo sa7/pm55-252/ISSR048
qC18:1-A2f  PlaP09 A2 40.21 250 6.18 0.46 Topas 0dd20/pm18-333/sal2/pm18-132
qCI8:1-A2 g PlaP10 A2 71.73 2.61 12.89 0.70  Polo CB10172-239/C20-135
qC18:1-A3a Winl0 A3 43.68 5.88 9.34 —0.56 Topas DO03-217/BnGMS079-353
qC18:1-A3b  Win09 A3 51.53 516  8.71 0.56  Polo BnGMS079-353/BnGMS079-333
qCI18:1-A3¢  Winl0, PlaP10, Win09, PlaP09 A3 55.95 10.04 14.99 0.70  Polo sal2/bg18-224/D21-420
qC18:1-A3d ~ Win09 A3 67.14 356 755 —0.50 Polo Ra2F11-416/0dd3/bg2-532
qCI18:1-C3a  Winl0, PlaP10, Win09, PlaP09 C3  144.42 9.09 1940 —0.87 Polo sa7/pm52-252/CB10427-166
qCI18:1-C3b  Winl0, PlaP10, Win09, PlaP09 C3  147.83 851 17.66 —0.83 Polo me2/bg33-245/0dd3/bg2-466
qC18:1-C3¢  Winl0, PlaP10, Win09, PlaP09 C3  154.55 16.84 28.47 1.05 Topas pm88/pm45-177/0dd3/pm3-399
qCI18:1-C8 Winl0 C8 54.47 270 626 —049 Polo PROMO08-229/sa12/bg8-230

Winnipeg 2009, Portage la Prairie 2009, Winnipeg 2010, Portage la Prairie 2010

% QTL nomenclature: ¢ indicate a QTL that is identified for a trait which is indicated by an abbreviation (C18:1), palmitic acid),
followed by a chromosome number and a suffix if multiple QTL are identified on a chromosome

LG linkage groups, LOD estimation of LOD score at the QTL peak, ADD additive effect of QTL, Allele the source of allele

inheritance for the respective QTL

* 9% of phenotypic variation explained by the QTL

parent, Topas, contributed an oil increasing allele for
the QTL gOIL-Al0a that explained 26.99 % of the
variation for seed oil content in a single environment.
This phenotypic variation in oil content is higher than
found in previous studies (Delourme et al. 2006; Yan
et al. 2009; Sun et al. 2012; Wang et al. 2013). The
increased oil content (Fig. 1) in some DH lines
observed in the current study can be attributed to
inheritance of positive and negative alleles contributed
by both parents. Delourme et al. (2006) mapped seed
oil content in a B. napus population designated as
RNSL. The parents of the RNSL population contained
seed oil content of 47.7 and 41.7 % respectively. The
alleles increasing oil content in the RNSL population
were mostly inherited from the high oil parent.

Consequently, less transgressive segregation for seed
oil content was observed for the RNSL population in
comparison to the current study.

In the current study, the region between 4.01 and
1770 cM on A10 was associated with the oil
content QTL and explained the greatest phenotypic
variation in the study. This region on A10 has also
been reported to contain a linoleic acid QTL
(Smooker et al. 2011), erucic acid and oil content
QTL (Qiu et al. 2006). The study by Delourme et al.
(2006) reported an oil content QTL in multiple
environments on AlQ that was located less than
1cM from an SSR marker, MR156 in a DY
designated population. The marker MR156 in our
study is located approximately 10 cM from the
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Table 5 Summarized list of QTL detected for linoleic acid content using composite interval mapping in a doubled haploid line
population—Polo x Topas grown in four environments in 2009 and 2010

QTL? Location LG Position LOD R* ADD Allele  Flanked markers

qCl18:2-Ala  PlaP10 Al 92.73 3.15 7.51 0.56 Topas SR083-251/SR027-338
qCl18:2-Alb  Winl0, PlaP10, Win09 Al 104.51 6.04 1032 —-0.52 Polo CB10597-133/SR083-245
qC18:2-Alc  Winl0, PlaP10, Win09 Al 112.78 432 10.17 0.70  Topas  BRAS029-232/0dd3/bg4-249
qC18:2-A2a  Winl0, WinQ9, PlaP09 A2 20.16 6.22  12.10 0.47 Topas  WRII1-3-170/ISSR059
qCl18:2-A2b  Winl0, PlaP09 A2 23.41 5.46 9.84 —0.42 Polo ISSR061/BnGMS067-231
qC18:2-A2¢  Winl0, PlaP09 A2 26.18 5.55  10.06 042 Topas BnGMS067-231/em1/bgl9-251
qCl18:2-A2d  Winl0, Win09, PlaP09 A2 29.06 7.59 1407 —-0.50 Polo me2/pm45-262/SR058-298
qCl18:2-A2¢  Winl0, Win09, PlaP09 A2 33.54 6.05 11.56 —0.46 Polo sa7/pm55-252/ISSR048
qCl18:2-A3a Win09 A3 43.68 3.17 4.49 0.29 Topas D03-217/BnGMS079-353
qC18:2-A3b  Win09 A3 52.24 2.80 4.00 0.27  Polo BnGMSO079-333/sal2/bg18-224
qC18:2-A3¢  Winl0, Win09 A3 55.24 3.06 9.30 —-0.41 Polo BnGMS079-333/sal2/bg18-224
qCl18:2-A5 Winl0 A5 125.01 3.08 5.00 —-0.30 Topas BRAS072-199/BRAS072-212
qCl18:2-Cl PlaP10 Cl 133.91 3.78 8.16 —0.59 Topas BRAS067-139/BRAS074-143
qCl18:2-C3a  Winl0, Win09, PlaP09  C3 144.42 5.03 9.76 0.42  Polo sa7/pm52-252/CB10427-166
qC18:2-C3b  Winl0, Win09, PlaP09  C3 147.83 332 6.39 0.34  Polo me2/bg33-245/0dd3/bg2-466
qCl18:2-C3¢  Winl0, Win09, PlaP09  C3 154.55 13.21  22.09 —0.64 Topas pm88/pm45-177/0dd3/pm3-399
qC18:2-C3d  PlaP09 C3 157.36 570  12.56 0.72  Polo 0dd3/pm3-399/0110B08-144
qC18:2-C9a  PlaP09 Cc9 0.01 3.56 7.60 —090 Topas CB10344-202/SR043-342
qC18:2-C9b  PlaP09 Cc9 8.40 2.92 7.15 —0.82 Topas CB10350-220/BnFUS3#2-1-91
qC18:2-C9¢  Win09 c9 41.75 2.59 3.61 —0.25 Topas SR090-182/BnFUS3#2-5-329

Winnipeg 2009, Portage la Prairie 2009, Winnipeg 2010, Portage la Prairie 2010

% QTL nomenclature: g indicate a QTL that is identified for a trait which is indicated by an abbreviation (C18:2), palmitic acid),
followed by a chromosome number and a suffix if multiple QTL are identified on a chromosome

LG linkage groups, LOD estimation of LOD score at the QTL peak, ADD additive effect of QTL, Allele the source of allele

inheritance for the respective QTL

* 9% of phenotypic variation explained by the QTL

confidence intervals of the three oil content QTL
identified on A10. Thus, A10 is an interesting target
to increase seed oil content.

Identification of the oil content QTL on LG A3, C1
and CS5 is consistent with earlier reports. The two oil
content QTL reported by Wang et al. (2013) on A3 are
likely to be similar to our study because QTL exist in
both studies that are close to a common SSR marker
(BRASO050). This marker is positioned 25.30 cM
away from the A3 QTL in the study by Wang et al.
(2013) and only 7.99 cM from the A3 QTL (¢OIL-
A3c) in the current study. Another QTL found in our
study on C5, gOIL.C5a was located 17 ¢cM from a SSR
marker, NalOD11. Delourme et al. (2006), also
identified a QTL for oil content on C5 (LG DY-N15)
at a distance of 23.40 cM from NalOD11.

@ Springer

Palmitic acid content

The detection of seven QTL for palmitic acid on C2
may be linked to the B. napus response to increased
environmental temperatures. These QTL were identi-
fied in one environment (Winl0) when the growing
conditions at the seed filling stage experienced envi-
ronmental temperatures peaking around 30 °C for
12 days in the month of August, 2010 (weather data
not shown). Increased temperature during seed mat-
uration has been reported to reduce oil content in B.
napus. Zhu et al. (2012), explained the effect of
increased temperature on oil content at a molecular
level. They developed two near isogenic lines (B.
napus), NIL-9 and NIL-1 that differed for a QTL,
qOC.C2.2 and further analyzed the developing seeds
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Table 6 Summarized list of QTL detected for linolenic acid content using composite interval mapping in a doubled haploid line
population—Polo x Topas grown in four environments in 2009 and 2010

QTL? Location LG Position  LOD R2* ADD Allele  Flanked markers

qCl18:3-Ala PlaP10 Al 44.40 3.45 6.23 0.22  Topas  CB10099-203/BRMS056-221

qC18:3-Alb PlaP10 Al 46.13 3.97 7.04 —0.24  Polo BRMS056-227/BRMS196-229

qC18:3-A2a Win10, PlaP09 A2 19.16 4.07 7.60 0.22  Topas  WRII-3-170/ISSR059

qC18:3-A2b Winl0, PlaP09 A2 23.41 3.68 422 —0.19 Polo ISSR061/BnGMS067-231

qCl18:3-A2c Winl0, PlaP09 A2 25.41 3.87 17.81 0.33  Polo ISSR061/BnGMS067-231

qCl18:3-A2d Win10, PlaP09 A2 29.06 5.07 839 —-0.23 Polo me2/pm45-262/SR058-298

qCl18:3-A2e Win10, PlaP09 A2 33.54 4.27 7.51 —0.22  Polo sa7/pm55-252/ISSR048

qC18:3-A3a PlaP10 A3 22.00 4.03 8.00 0.26  Topas  sal2/bg38-422/BRMS071-278

qC18:3-A3b Win10, PlaP10, A3 37.58 591 1148 —0.30 Polo BRMS071-278/SR075a
Win09, PlaP09

qCl18:3-A3c Win10, PlaP10, A3 42.29 7.82 14.69 —0.34  Polo BRMS303-217/D03-203
Win09, PlaP09

qC18:3-A3d Winl0, PlaP10, A3 51.53 5.83 11.85 —0.31  Polo BnGMS079-353/BnGMS079-333
Win09, PlaP09

qC18:3-A3e Win10, PlaP10, A3 56.95 6.57 18.81 —0.34  Polo sal2/bg18-224/D21-420
Win09, PlaP09

qCl18:3-A5 Winl0 A5 130.32 2.78 15.23 —0.31 Topas  BRAS072-212/ISSR160

qC18:3-A%a PlaP10 A9 23.90 3.61 6.43 —0.23  Topas  NalOD09-300/em1/bg19-299

qC18:3-A9b PlaP10 A9 32.27 2.69 4.82 0.20  Polo BnGMS313-169/CB10347-190

qC18:3-A10a  Winl0, Win009, Al10 8.50 4.36 6.92 —0.21 Polo CB10124-155/CB10124-169
P1aP09

qCl18:3-A10b Winl0 Al0 11.64 4.67 726 —0.22  Polo BnGMS288-283/Nal2E09-315

qCl18:3-A10c ~ Winl0 Al10 19.59 3.32 524  —0.20 Polo sal2/pm7-345/MR156-195

qCl18:3-A10d  Winl0 Al10 4791 2.52 5.25 —0.20 Topas ISSR031/bg23/pm52-216

qC18:3-C3a Win10, PlaP10, C3 145.28 12.59  26.61 —0.42  Topas CB10427-166/0dd20/pm117-468
Win09, PlaP09

qC18:3-C3b Win10, PlaP10, C3 147.83 10.61 2290 0.38  Polo me2/bg33-245/0dd3/bg2-466
Win09, PlaP09

qC18:3-C3c Winl10, PlaP10, C3 154.55 18.06  35.21 —0.47  Topas  pm88/pm45-177/0dd3/pm3-399
Win09, PlaP09

qC18:3-C6 PlaP10 C6 59.12 2.69 13.32 0.33  Polo me2/bg33-133/sa7/pm52-518

Winnipeg 2009, Portage la Prairie 2009, Winnipeg 2010, Portage la Prairie 2010

? QTL nomenclature: ¢ indicate a QTL that is identified for a trait which is indicated by an abbreviation (C18:3), palmitic acid),
followed by a chromosome number and a suffix if multiple QTL are identified on a chromosome

LG linkage groups, LOD estimation of LOD score at the QTL peak, ADD additive effect of QTL, Allele the source of allele

inheritance for the respective QTL

* % of phenotypic variation explained by the QTL

of the isogenic lines for transcriptome variation under
different growing temperatures. This QTL region was
only detected at high temperatures (30 °C) and
enhanced the oil content. This temperature sensitive
oil content QTL, ¢gOC.C2.2 was flanked by SSR
markers, Ol13G05 and CB10530 that were mapped in
our study with multiple C16:0 QTL (Table 2; Fig. 2
[C2]). The former marker was linked with a major

QTL, gC16:0-C2c that explained 21.73 % variation in
palmitic acid content.

Stearic acid content
Wang et al. (2013), combined QTL information from

eight populations of different genetic backgrounds or
gene pools to perform a meta QTL analysis to identify
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Table 7 Summarized list of QTL detected for arachidic acid content using composite interval mapping in a doubled haploid line
population—Polo x Topas grown in four environments in 2009 and 2010

QTL? Location LG Position LOD R2* ADD Allele Flanked markers
qC20:0-Ala Winl0 Al 61.97 4.89 10.21 —0.02  Polo Ol112F11-236/sa7/pm52-150
qC20:0-Alb Win09 Al 72.48 2.81 5.00 —0.01 Topas  pm88/pm17-312/ISSR0O08
qC20:0-Alc Win09, Winl0 Al 76.19 5.62 11.33 —0.03 Topas  eml1/pm11-409/me2/pm86-158
qC20:0-Ald  Winl0, Win09 Al 80.01 7.21 13.21 0.03 Polo SRO12-236/SR117-442
qC20:0-A10 PlaP10 Al10 24.08 2.80 15.43 —0.03 Topas  me2/pm79-481/Nal2C05-351
qC20:0-Cla  Winl0, Win09 Cl 4091 2.97 5.05 0.01 Polo BRMS096-179/CB10369-155
qC20:0-C1b  Winl0 Cl 147.91 2.88 4.63 0.01 Topas  BRAS067-139/BRAS074-143
qC20:0-C3a  PlaP10 C3 115.20 3.21 13.02 —0.03 Polo Nal0D03-153/Nal0D03-179
qC20:0-C3b  Winl0, PlaP10, C3 145.28 4.76 16.79 0.05 Topas CB10427-166/0dd20/pm117-468
Win09, PlaP09
qC20:0-C3c Win10, PlaP10, C3 147.83 5.57 12.87 —0.03 Polo me2/bg33-245/0dd3/bg2-466
Win09, PlaP09
qC20:0-C3d  WinlO0, PlaP10, C3 154.55 11.85 26.51 0.04 Topas  pm88/pm45-177/0dd3/pm3-399
Win09, PlaP09
qC20:0-C3e P1aP09 C3 157.36 4.77 11.72 —0.03 Polo 0dd3/pm3-399/0110B08-144
qC20:0-C5 Winl0 C5 23.81 2.52 12.79 —0.02  Topas SR112-370/SR112-340
qC20:0-C8a  PlaP10 C8 0.01 3.47 6.63 0.02  Topas  BnGMS004-383/CB10106-247
qC20:0-C8h  PlaP09 C8 18.78 2.50 5.52 —0.02  Polo BnGMS004-349/em1/bg1-409
qC20:0-C9 P1aP09 Cc9 17.40 3.87 8.73 —0.03 Topas  BnFUS3#2-1-91/CB10355-218

Winnipeg 2009, Portage la Prairie 2009, Winnipeg 2010, Portage la Prairie 2010

# QTL nomenclature: ¢ indicate a QTL that is identified for a trait which is indicated by an abbreviation (C20:0), palmitic acid),
followed by a chromosome number and a suffix if multiple QTL are identified on a chromosome

LG linkage groups, LOD estimation of LOD score at the QTL peak, ADD additive effect of QTL, Allele the source of allele

inheritance for the respective QTL

* 9% of phenotypic variation explained by the QTL

consensus oil content QTL in B. napus. Seven
consensus QTL on the consensus LG Al were
projected to have a map distance of 9.20 cM between
common SSR markers, BRAS111 and BRAS026/
CB10206. The QTL peaks of four stearic acid content
QTL on Al (Fig. 2, Al) in our study spanned a region
of 17.43 cM and were located in the vicinity of
previously mentioned common SSR markers
(BRASI111, BRAS026 and CB10206). Therefore, the
stearic acid content QTL on Al in our study represent
the consensus oil content QTL projected on Al by
Wang et al. (2013).

In the current study, the stearic acid content QTL on
A3 were detected on different map positions than the
oil content QTL, suggesting these QTL may have
involvement either in the desaturation or elongation
pathways. The QTL peaks of all three stearic acid
content QTL on A3 fall within the QTL span of oleic
acid and linoleic acid content QTL identified by

@ Springer

Smooker et al. (2011) on N3 (A3). Both studies
detected these QTL in close proximity to a common
marker, Nal0D03-164. These stearic acid content
QTL are most likely involved in substrate supply for
the elongation and desaturation activities.

Based on QTL mapping results of the previous
studies, C3 consistently harbors oil content QTL
across different gene pools of B. napus (Zhao et al.
2012; Wang et al. 2013). Examining the five stearic
acid content QTL on C3 in the current study, two QTL,
qC18:0-C3b and qC18:0-C3c were flanked by com-
mon SSR markers, CB10057 and CB10427 (Wang
et al. 2013). The genomic region between these
markers reported to contain QTL intervals of two
consensus oil content QTL (DY-qOC-3 and GS/12-
qOC-3) on C3 (Wang et al. 2013). In our study,
qC18:0-C3b showed environmental sensitivity as it
was detected only in one environment and was also
linked to a SCAR marker (KSAI-175). Whereas, the
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Table 8 Summarized list of QTL detected for flowering time using composite interval mapping in a doubled haploid line popu-
lation—Polo x Topas grown in four environments in 2009 and 2010

QTL? Location LG Position LOD  R** ADD Allele  Flanked markers

qFLR-Ala Win10, Win09 Al 56.75 2.80 11.14 —0.57 Polo bg23/pm117-444/0dd20/bg2-248
gFLR-AlD Winl0 Al 60.97 2.51 3.59 0.34  Polo Ol112F11-236/sa7/pm52-150
gFLR-Alc Winl0 Al 66.32 2.65 4.01 —0.36 Topas BRAS084-131/BRAS111-190
gFLR-A2a Winl0 A2 17.16 2.70 4.05 —0.34 Topas WRII-3-170/ISSR059
qFLR-A2b Winl0, Win09, PlaP09 A2 67.73 6.41 15.17 —0.70 Polo CB10172-239/C20-135
qFLR-A2c Winl0, Win09, PlaP09 A2 83.73 21.69 43.22 1.13  Polo CB10172-239/C20-135
qgFLR-A10a  Win09 Al10 42.53 2.49 450 —0.39 Topas bg23/pm60-157/ISSRO31
gFLR-A10b  WinlO, PlaP09 Al10 4791 5.49 9.99 —0.58 Topas ISSR031/bg23/pm52-216
gFLR-A10c ~ Win09, Winl0 Al10 53.06 3.51 7.14 0.48 Polo sa7/bg37-293/01AJ120-360
gFLR-A10d  Winl0O A10 60.85 2.78 432 —-0.36 Polo Ol1AJ120-360/sa7/bg37-430
gFLR-C3a P1aP10 C3 168.71 3.05 8.33 1.77  Polo BRMS269-341/ISSR065
qFLR-C3b PlaP10 C3 185.71 2.97 8.31 —1.18 Polo BRMS269-341/ISSR065
gFLR-C3c Winl0, Win09, PlaP09 C3 206.02 5.28 9.84 —0.54 Topas NalOG10-165/pm88/bgl-275
qFLR-C5 Winl0 C5 66.12 2.82 23.64 —0.83 Topas sal2/pm7-171/sa7/pm55-170

Winnipeg 2009, Portage la Prairie 2009, Winnipeg 2010, Portage la Prairie 2010

% QTL nomenclature: ¢ indicate a QTL that is identified for a trait which is indicated by an abbreviation (FLR, flowering time),
followed by a chromosome number and a suffix if multiple QTL are identified on a chromosome

LG linkage groups, LOD estimation of LOD score at the QTL peak, ADD additive effect of QTL, Allele the source of allele

inheritance for the respective QTL

* 9% of phenotypic variation explained by the QTL

QTL, gC18:0-C3c explained major phenotypic vari-
ation for stearic acid and was detected in all four
environments of our study.

Oleic acid content

With respect to the current information available on
the location of FAD2 genes in B. napus, we identified
six oleic acid content QTL on Al in this study. The
location of QTL ¢C18:1-Ald in this study is in close
proximity to a FAD2 locus that was mapped by
Scheffler et al. (1997) with an Restriction Fragment
Length Polymorphisms (RFLP) marker, pO12e. The
QTL gcl8:1-Ald is not mapped with a common
marker but since RFLP and SSR markers have a strong
correlation in estimating the genetic distance, it is
possible that gC18:1-Ald represents a FAD2 locus.
Similarly, Hu et al. (2006) using independent markers
(SSR and RFLP) identified two oleic acid content
QTL, one with a larger LOD (3.5) and the other with a
lower LOD value (2.5) respectively on the top and
bottom of LG N1 (A1). Identification of stronger oleic
acid content QTL (¢qC18:1-Alc and gC18:1-AIf) with
larger LOD value is in agreement with Wang et al.

(2013) who reported that Al could contain oil content
QTL in most genetic backgrounds of B. napus. No
oleic acid content QTL on A5, C1 or C5 were detected
in the current study which is in contradiction to other
known locations of FAD2 genes. This could be due to
lack of segregation for these FAD?2 loci in our mapping
population (Zhao et al. 2008).

Linoleic acid content

The LG AS in the current study contained a QTL for
linoleic acid content and linolenic acid content that
was linked with a SSR marker, BRAS072. This marker
was also mapped 9.10 cM away from the QTL,
qC16:0-A5d that positively affected the content of
palmitic acid and decreased both contents of linoleic
acid and linolenic acid in our study. The QTL, ¢C18:2-
A5 and gC18:3-A5 are in repulsion which suggests an
interaction that might be affecting another phenotype
(seed coat color). The marker BRAS072 has been
previously been reported to be linked to a QTL,
gSCBB05A-7-2 (Fu et al. 2007) that control variation
in the yellow seed color in B. napus. The QTL flanked
by the marker BRASO72 can be useful to develop
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«Fig. 2 The QTL illustrations were produced using the genetic
map developed by Geng et al. (2012) and Mapchart 2.2 software.
Different outputs of MapChart 2.2 were combined to show
collocating, major and select QTL [with log of odd (LOD)
values’ graph] that were identified in the doubled haploid line
population—Polo x Topas. The flanking markers (the itali-
cized marker locus; flanks with the neighboring loci) and the
respective QTL have matching color. Genetic distance between
markers is given on the left side of the LG. The underlined
marker locus on a LG has been reported to be associated with
QTL for oil content and composition in previous studies (and
discussed elsewhere in the current study)

canola cultivars with improved oil content and
reduced linoleic acid and linolenic acid content that
can enhances shelf life of canola oil.

Linolenic acid content

The content of linolenic acid in our study was
controlled by 23 QTL of which six QTL were
independent and 17 QTL collocated with QTL each
for oil content, saturated and unsaturated fatty acids
content and flowering time (Fig. 2). This redundancy
of genetic control highlights the difficulty of reducing
the content of linolenic acid to improve the shelf life of
canola oil. However, the QTL, gC18:3-C3b explained
22.90 % variation in the content of linolenic acid and
positively affected the phenotype. Avoiding this QTL
integration improves the possibility of reduction in
linolenic acid content in B. napus.

Arachidic acid content

QTL of saturated fatty acids and unsaturated fatty
acids have been reported to colocalize (Burns et al.
2003; Lionneton et al. 2002). Stepwise elongation
from C16 to C18 is required for the synthesis of very
long chain fatty acids (VLCFA) (Baud et al. 2003).
Oleic acid is a preferred substrate for the activity of
fatty acid elongase (FAE) for the synthesis VLCFA
such as erucic acid (Bao et al. 1998) or arachidic acid.
The arachidic acid content QTL, ¢C20:0-A1b and
oleic acid content QTL, qC18:1-Ald colocalized to
the same position and likely represent a FAE locus in
our study.

Flowering time

There are inconsistent reports on the effects of
flowering time on oil content. In some reports, days

to flowering was negatively correlated to oil content
(Chen et al. 2010). In contrast, Delourme et al. (2006)
reported two genomic regions where both early and
late flowering QTL collocated with high oil content,
however, most of the QTL for these two traits were
independent of each other. In the current study, out of
14 flowering time QTL, nine QTL are also indepen-
dent. The phenotypic correlation between flowering
time and seed oil content is positive and significantly
correlated (r = 0.30, P < .0001, Table S2). However,
the magnitude of the correlation is small and can be
supported in our study by colocation of two late
flowering time QTL, gFLR-C5 and gFLR- A2a
respectively with an oil content QTL, gOIL-C5b and
linoleic acid and linolenic acid content QTL (¢C18:2-
A2a and gCI18:3-A2a). Both of these QTL inherited
the lateness and the respective phenotype enhancing
allele from Topas, indicating that late flowering
increases oil content (or affects oil profile). In contrast,
the parent Polo is high oil and flowers early. The Polo
could have been bred through selection or pyramiding
of early flowering alleles that promoted oil content.
Transition to flowering in Arabidopsis is regulated
by five pathways: photoperiod, vernalization, gib-
berellic acid (GA), autonomous pathway and thermal
clock (Putterill et al. 2004). There are two growth
types of B. napus; the annual (spring type) and
biennial (winter types) types (Teutonico and Osborn
1995). The biennial types require vernalization to
induce flowering. A region on LG 9 reported to contain
a vernalization QTL (Ferreira et al. 1995) aligned with
N2 (A02) of B. napus (Teutonico and Osborn 1995).
This segment of A2 in our study also contains a major
flowering time QTL, gFLR-A2c. This QTL explained
43.22 % of the variation in flowering time and the
allele for earliness for this QTL was contributed by the
early flowering parent (Polo). Presence of flowering
time QTL in this study at the reported location of a
vernalization QTL may be due to the fact that these are
related traits. Additionally, vernalization in annual
growth types of B. napus can promote earliness
(Medham and Scott 1975). The QTL gFLR-A2c¢ on
A2 is most likely a candidate for a vernalization gene
that has lost function in spring types of B. napus.
Early flowering and early maturing varieties in B.
napus have value in agro-climatic zones where the
growing period is short. The flowering time QTL
identified in this study on A2 can be used to develop
early flowering and early maturing B. napus lines with
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Fig. 2 continued

increased oil content. The QTL gFLR-A2c explained
43.22 % of the variation and the high oil parent Polo
contributed the alleles for earliness. Another QTL,
qFLR-A2b explained 15.17 % variation in flowering.
However, this late flowering allele was also con-
tributed by the high oil and early flowering parent
(Polo). This is consistent with the phenotypic corre-
lation observed between days to flowering and oil
content (Table S2).

Colocalization of QTL

Multiple colocalization sites for QTL controlling
variation in the mono and polyunsaturated fatty acid
contents were identified on LG A2 and A3. We found
that the upper part of LG A2 (20.16-33.54 cM)
contained QTL for oleic acid content, linoleic acid
content and linolenic acid content. The clustering of
QTL on A2 can be explained with three pieces of
evidence. First, the QTL of polyunsaturated fatty acids
are linked with a transcription factor (marker WRI1-3-
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170) that affects multiple pathways. Secondly, the
newly developed and integrated SSR marker on A2 in
the current study, SR058-298 corresponds to a B. rapa
gene, Bra008247 (data not shown) that encodes a
protein for pollen development. Since linolenic acid
content of pollen has strong correlation (r = 87) with
seed linolenic acid content (Jourdren et al. 1996) this
collocation of QTL is expected. Thirdly, independent
studies have reported oil content QTL on this part of
A2 (Wang et al. 2013; Delourme et al. 2006) in
particular by Zhao et al. (2012) who has mapped QTL
0ilC2 that represent a diacylglycerol acyltransferase/
phospholipid: diacylglycerol acyltransferase (DGAT/
PDAT) locus (At5g136040 and At5g10160) that func-
tions in fatty acid biosynthesis (Li-Beisson et al.
2010). The clustering of QTL for different fatty acids
on the upper region of A2 is therefore likely related to
DGAT activity, which has broad specificity for fatty
acids biosynthesis (Topfer et al. 1995).

Mono unsaturated fatty acid (C18:1) is produced
through the activity of the Fatty Acid Biosynthesis 2
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Table 9 C3 genomic regions of a doubled haploid line population—Polo x Topas harboring two QTL (+QTL) for fatty acids which
are modulating correlation between different fatty acids through their respective additive effects

Map position (cM) C16:0* C18:0° C18:1¢ C18:24 C18:3¢  C20:0f
147.83 + _ _ + _
154.55 - + + - +

sk

At any of these map positions of N13, the appearing QTL if have alternate direction of polarity of additive effects between two fatty
acids, it will result in a negative correlation between those fatty acids otherwise positive

* Negative correlation
** Positive correlation
# C16:0: palmitic acid
C18:0: stearic acid

¢ Cl18:1: oleic acid

4 C18:2: linoleic acid
¢ (C18:3: linolenic acid

£ C20:0: arachidic acid

b

(FAB2) (Kachroo et al. 2007) that encodes a stearoyl-
ACP desaturase (SAD). Using locus specific markers,
Smooker et al. (2011) mapped a FAB2 QTL on A3;
10 cM away from a SSR marker (Nal0D03-155). In
our study, gCI18:1-A3d and gC18:0-A3c were identi-
fied 15.30 cM away from the same marker (Na10DO03-
164). The colocalization of the QTL, gC18:1-A3d and
qC18:0-A3c also indicate that they are involved in the
desaturation pathway.

An oleic acid content (qCI8:1-Ale) and a linoleic
acid content QTL (qC18:2-A1b) colocalized at map
position, 104.51 cM on Al. The alleles of both of
these QTL that increase the oleic acid content or
decrease the content of linoleic acid were contributed
by Polo (Tables 4, 5, Table S3). Considering the
opposing effects of QTL where the two traits are both
contributed by the same parent highlights the difficul-
ties of introgressing multiple favorable alleles from
one parent (Ramchiary et al. 2007).

We report two genomic regions (QTL) on C3 that
are likely controlling the mutual correlations of fatty
acids in B. napus. QTL associated with all fatty acids
studied in this research clustered at two genomic
regions, 147.83 and 154.55 cM of C3 referred as
Correlation QTL (rQTL) (Table 9). The rQTL explain
a high proportion of the phenotypic variance. The
additive effects of rQTL either positive or negative
affect multiple traits. The interaction of rQTL for fatty

@ Springer

acids results in a pattern (Table 9) that coincides with
the phenotypic correlations observed between the fatty
acids (Table S2). These findings are consistent with
the study by Zhao et al. (2007) who found opposing
additive effects for oleic acid content (negative) and
erucic acid content QTL (positive) which indicates
their genetic correlation. The »QTL had higher LOD
values highlighting the possibility that they contain
pleiotropic loci affecting multiple traits. Zhao et al.
(2012) mapped Arabidopsis lipid orthologous genes in
B. napus and reported genes at the bottom of C3 that
are related to plastidial fatty acid synthesis, fatty acid
elongation, and wax and cutin metabolism. Further
fine mapping and comparative genomic studies at
these two genomic positions of C3 may provide
insight into genes controlling seed oil content, which
is influenced in part by the correlations between fatty
acids (Sanyal and Linder 2012).

This study has presented QTL identification results
that were obtained using a saturated linkage map
derived mainly of SSR markers. The relatively large
population size and reduced marker interval of
3.77 cM for this linkage map allowed detection of
QTL with minor effects. Common/stable QTL for oil
content, fatty acid profile and flowering time have
been identified and compared with published results
where common markers permitted such comparison.
Several of the fatty acid QTL reported here are also
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associated with transcription factors for lipid biosyn-
thesis. Most importantly, QTL explaining major
phenotypic variations in oil content (27 %), 35 %
linolenic acid content, and flowering time (43 %) have
been reported in this study. These QTL can possibly be
introgressed into elite germplasm of B. napus using
genome-wide selection.
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