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Abstract The genetic effects including genetic main
effects and genotype x environment (GE) interaction
effects were analyzed for linolenic acid content
(LLAC) and erucic acid content (EAC) in rapeseed
using unconditional and conditional genetic models
for diploid seed quantitative traits. The results from
unconditional analysis revealed that GE effects were
important for both traits during seed development.
Also the higher magnitude of embryo effects at
different developmental times indicated that seed
selection would be useful for improving these quality
traits in rapeseed. The conditional analysis showed
that new expression of genes from maternal and
embryo genetic systems occurred during different
developmental stages and their magnitude could be
influenced by the GE effects. The total narrow-sense
heritability was high for both LLAC and EAC, with
general heritability being more prominent for EAC at
15 days (32.87 %), 29 days (31.44 %), 36 days
(60.55 %) and 43 days (76.45 %), and GE interaction
heritability dominating for LLAC at 22 days
(40.57 %), 29 days (60.91 %), 36 days (63.83 %)
and 43 days (47.45 %) after flowering, respectively.
Phenotypic and genotypic correlations for both traits
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were positive among some pairwise developmental
times indicating that genes expressed at these times
complemented each other to improve LLAC or EAC
in rapeseed. Significant negative correlation between
LLAC and EAC at most developmental times indi-
cated that it may not be possible to simultaneously
reduce the contents of both traits by indirect selection.
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Introduction

Rapeseed oil is one of the most important products of
rapeseed and is ranked third behind palm and soybean
oil (Zhang and Zhou 2006). The utility of oil for
industrial or commercial purpose is determined by the
oil quality which in turn is guided by the fatty acid
profile. The major fatty acid constituents in rapeseed
are: Palmitic (C16:0), oleic (C18:1), linoleic (C18:2),
linolenic (C18:3), eicosenoic (C20:1) and erucic acid
(C22:1). Modifications in the fatty acid composition
have been achieved through conventional breeding,
chemical mutagenesis and molecular techniques
(Miguel and Browse 1995). Although rapeseed oil
has several industrial applications, its primary use is in
edible products such as salad and cooking oil,
margarine, and shortening (Harvey and Downey
1964). As compared to other vegetable oils rapeseed
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oil contained substantial amounts of erucic acid (22:1)
and glucosinolates which are considered anti- nutri-
tional for humans and animals (Liihs and Friedt 1994).
Nutritional and end use requirements spawned inter-
national efforts to genetically eliminate these unde-
sirable constituents from oilseed Brassica (Pandey
et al. 2013). The first notable change in this regard was
the decrease in erucic acid content (EAC) in rapeseed
oil from around 40 to 0 % of the total fatty acid (FA)
composition. Besides erucic acid, rapeseed oil also
contained 8-12 % linolenic acid which is easily
oxidized to cause an off flavor and odour of the oil,
resulting in a shortened shelf life. To reduce the
linolenic acid content (LLAC) partial hydrogenation
of rapeseed oil is usually followed which results in the
production of trans fatty acids that are considered
detrimental to human health. The nutritional quality of
rapeseed oil can be further improved by increasing the
levels of the dietary essential linoleic acid and by
decreasing the levels of linolenic acid. Therefore, the
development of rapeseed cultivars with lower C18:3 is
an important breeding objective.

The genetic studies carried out on LLAC have
revealed that it is controlled by embryo or maternal
genotype (Kondra and Stefansson 1970; Thomas and
Kondra 1973; Bartkowiak-Broda and Krzymanski
1983; Pleines and Friedt 1989), with significant GE
interaction effects particularly by temperature during
seed development (Tremolieres et al. 1982; Pleines
and Friedt 1988). Stefansson (1983) and Rucker and
Robbelen (1996) found C18:3 of rapeseed were
controlled by minor genes. The results from Chen
and Beversdorf (1990) showed that the segregation of
C18:3 were fit for a three-locus additive model. This
model was further confirmed by the detection of three
unlinked QTLs using RAPD markers which individ-
ually accounted for 32, 14 and 5 % of the phenotypic
variation in LLAC (Somers et al. 1998). Genetic
engineering methods have recently been used to
modify the FA profile by lowering the LLAC. The
low LLAC B. napus accession ‘Stellar’ (3 % C18:3)
was previously obtained through chemical mutagen-
esis of a conventional type rapeseed (around 10 %
C18:3) (Auld et al. 1992). Studies carried out at gene
level on these mutants have shown that two loci L1 and
L2 corresponding to the FAD3 genes control LLAC in
rapeseed (Jourdren et al. 1996; Barret et al. 1999).
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Narrow-sense heritability values as high as 75 % has
been found for LLAC in soybean seeds (Fehr et al.
1992; Gesteira et al. 2003). In rapeseed the narrow
sense heritability for LLAC at maturity was reported
to be 41.8 % (Zhang et al. 2004).

The EAC of B. napus seed oil is under embryo
genotype control (Harvey and Downey 1964), with
evidences indicating the trait to be controlled by two
genes with multiple alleles acting in an additive
manner (Kondra and Stefansson 1965; Jonsson 1977,
Pandey et al. 2013). But Shi et al. (2003) indicated the
EAC trait in B. napus to be controlled mainly by
maternal and cytoplasmic genetic and their GE
interaction effects, with the embryo effects showing
less importance. QTL mapping studies have revealed
the erucic acid trait to be controlled by two loci located
on two independent linkage groups (Jourdren et al.
1996; Gupta et al. 2004). But Burns et al. (2003)
detected three QTLs linked to erucic acid trait using an
intervarietal set of B. napus substitution lines. High
maternal and cytoplasmic heritabilities were reported
for this trait in rapeseed (Shi et al. 2003).

The accumulation of nutrients in seeds starts
immediately after embryo development and continues
until maturity. This process involves a complex
genetic regulation mechanism where different sets of
genes get turned on and off depending on the tissue
specific requirement. Therefore the study of genetic
effects carried out at maturity cannot predict the
genetic changes occurring at specific developmental
times. Also unlike the plant agronomic traits, seed
quality traits can be simultaneously affected by the
genetic and GE interaction effects from diploid
embryo nuclear genes, cytoplasmic genes and diploid
maternal plant nuclear genes. The cytoplasmic genetic
activity results from the expression of genes located in
the chloroplast and mitochondria. Chloroplast is the
site of nutrient synthesis and the energy required for
this process is provided by mitochondria. So both
these systems play key role in determining the final
nutrient status of developing seed. The maternal and
embryo nuclear genes are involved in transferring
assimilates to developing seed and seed growth
respectively. Until now no literature is available on
developmental control of genetic effects for linolenic
acid and erucic acid contents in rapeseed. The present
study was conducted to evaluate the temporal
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variation of genetic effects and GE interaction effects
for embryo, cytoplasm and maternal plant contribu-
tions to LLAC and EAC, to estimate the narrow-sense
heritabilities, predict the temporal correlation between
the genes expressed from the different genetic systems
and to estimate the correlation between the two traits
during seed development.

Materials and methods
Plant material, field design and cultivation

A diallel mating design without reciprocal crosses
was investigated in 2 years, 2006/2007 and
2007/2008. For the experiment, nine cultivars of
Brassica napus L.: Youcai 601, Double 20-4,
Huashuang 3, Gaoyou 605, Zhongyou 821, Eyou-
changjia, Zhong R-888, Tower and Zheshang 72
were used. The parents are a result of random
selection from a reference population and so their
cytoplasmic sources were all different. Some of
these cultivars are hugely popular and widely
cultivated in China. The seeds of nine parents and
their F; progenies were sown on 9 October 2006 and
13 October 2007, respectively, at the experimental
farm of Zhejiang University (120°1127"E,
30°16'28"N, semitropical climate, silty loamy soil).
The experiment was laid out in a randomized block
design with two field replications. Flowers that
opened in the same day were counted and recorded.
To prevent cross pollination the selected inflores-
cence were covered with photic bags prior to
anthesis. To minimize side effects, seed samples of
both parents and of F, s on F; plants were harvested
from 12 plants in the middle part of each plot.
Subsequent seed samples were categorized into five
developmental times based on their harvesting date
after fertilization (15, 22, 29, 36 and 43 days
(d) after flowering (DAF)). The sample size for
15 days comprised of around 50 anthotaxys followed
by 45 for 22 days, 30 for 29 days, 20 for 36 days
and 15 for 45 days, respectively. The F; seed
samples for each developmental time in both years
were obtained by crossing females to males during
the same growing season using hand emasculation.

Experimental analysis method for LLAC and EAC

LLAC and EAC (mg/g) at five different developmen-
tal times were analyzed by near-infrared reflectance
spectroscopy on NIRSystems model 5000 instrument
(NIRSystems, Inc., Silver Spring, MD, USA). The
NIR equations for LLAC and EAC of rapeseed were
developed with coefficients of determination (R?) of
0.77 and 0.91, and standard errors of calibration as low
as 7.08 and 24.4 mg/g respectively. Samples from all
five developmental times from each parent, F, and F,
in both years were measured with two replications. For
developing the calibration equation, an additional 210
samples from five developmental stages were included
and the contents of LLA and EA were analyzed using
gas chromatography (Japan, Model GC-9A). For more
details please refer Variath et al. (2010).

Statistical analysis methods

The genetic model used is an extension of the diploid
plant seeds method for the analysis of embryo,
cytoplasmic and maternal effects by including GE
interaction effects for quantitative traits (Zhu and Weir
1994a, b; Zhu 1996), while the conditional genetic
model was used for carrying out time dependent
measures at different special developmental stages
(Zhu 1995). The phenotypic mean (¥},;j), for a diallel
mating design from a set of inbred lines, of mating
type k from maternal line i and paternal line j in block /
of environment 4 can be partitioned as,

Yiijue = 1+ En + Gy + GEpjire + By + eniju

where u is population mean, fixed; Ej, environmental
effect, fixed; G genetic main effect with components
of embryo additive (Ao) and dominance (Do) effects,
cytoplasmic effect (C), maternal additive (Am) and
dominance (Dm) effects; GE},;;, genotype x environ-
ment interaction effect with components of embryo
additive interaction (AoFE) and dominance interaction
(DoE) effects, cytoplasmic interaction effect (CE),
maternal additive interaction (AmE) and dominance
interaction (DmkE) effects, random; BI(h) the block
effect, random; ey, residual effect, random.

Partitioning of G, and GE,; can be expressed
according to different generations:
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Parent line P; (k = 0)

Giio + GEpiio = 245 + Doji + Ci + 2A i + Dyii
+ 2A0E); + DoEy; + CEy; + 2AmE); + DmEy;
Fij(Pi x Pk =1)

Gy + GEpj1 = Ao; + Ao; + Doy + C;

+ 2A,; + Dyii + AoEy; + AoEy; + DoEy;

+ CEj; + 2AmEy,; + DmE},;

Fajj(k = 2)

Gipp + GEyijp = Ao; + Aoj + 0.25Do;; + 0.25Doj;
+0.5Doj; + Ci + Api + Amj + Dpij + AoEpi+
A0Ej; + 0.25D0Ej; + 0.25D0E); + 0.5DoEy;
+ CEyi + AmEy,; + AmEy; + DmEy;

For the unconditional analysis, genetic effects were
defined as accumulated effects of genes expressed from
flowering (0) to a particular time (#) in developmental
period of rapeseed (0—f). The unconditional pheno-
typic variance (Vp(;) was comprised of genetic main
variances (V), GE interaction variances (V) and
residual variance (V). The Vs, included the compo-
nents of embryo additive main variance (V4,(), embryo
dominance main variance (Vp,), cytoplasmic main
variance (V(()), maternal additive main variance
(Vame) and maternal dominance main variance
(Vom). The Vggq was partitioned into embryo
additive interaction variance (V4,g()), embryo domi-
nance interaction variance (Vp,g(), cytoplasmic inter-
action variance (Vcg()), maternal additive interaction
variance (Va,.x;) and maternal dominance interaction
variance (Vp,ug;). The Vp,y was partitioned as follows:

Vew =Vaw + Vorn + Vew
= (Vaot) + Vo) + Vew) + Vam + Vom)
+ (Vaoe(y + Voo + Veew + Vameq)
+ Vome) + Ve

For the conditional analysis, genetic effects were
defined as developmental stage effects of new expres-
sion of genes activated from a particular time (r—1) to
another particular time () (-—1—1¢). The conditional
phenotypic variance (Vp,—1,) was comprised of con-
ditional genetic main variances (Vg ,—1)), conditional
GE interaction variances (Vgg,—1)) and conditional
residual variance (V,,—1)). The V-1 included the
components of conditional embryo additive main
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variance (Vy,u,—1)), conditional embryo dominance
main variance (Vp,,—1)), conditional cytoplasmic
main variance (V¢,—1)), conditional maternal additive
main variance (Vamu—1)) and conditional maternal
dominance main variance (Vpu—1y) Wwhile the
VGemi—1) was partitioned into conditional embryo
additive interaction variance (Va,gq,—1)), conditional
embryo dominance interaction variance (Vp,gu—1)),
conditional ~ cytoplasmic  interaction  variance
(Vce@i—1)), conditional maternal additive interaction
variance (V,ugq;—1)) and conditional maternal domi-
nance interaction variance (Vpgqi—1y)- The Vpu—1)
was partitioned as follows:

Veui-1) =Voai-1) + Veeui-1) + Veuli-1)
=(Vao(i—1) + Vori—1) + Ve-1)
+ Vam(e—1) + Vom(p-1))
+ (Vaor(li—1) + Vooraii—1)
+ Ver@i-1) + Vamei-1)
+ Vomei-1)) + Veli-1)

The total narrow-sense heritability (W = (Vg +
Vse)/Vp) was partitioned into general genetic heri-
tability (h% = V5/Vp) from genetic main effects and
interaction heritability (h% = Vp/Vp) from GE
interaction effects. The hg was comprised of the
components of embryo general heritability (h&, =
Vao/Vp), cytoplasmic general heritability (h2C = Vd
Vp) and maternal general heritability (thm = Vuu/Vp)
The h%r had components of embryo interaction
heritability (h%,; = Vaoe/V,), cytoplasmic interac-
tion heritability (h2g = Vci/Vp) and maternal inter-
heritability (hZGmE = Vame/Vp).  The
partitioning for the total narrow-sense heritability is

action

W = h; + hy
= (hgy + he- + M) + (hor + Mg + hgg)

The genotypic correlation coefficient was com-
prised of genetic main correlation (rg) including
embryo additive correlation (r4,), embryo dominance
correlation (rp,,), cytoplasm correlation (r¢), maternal
additive correlation (r,4,,), maternal dominance corre-
lation (rp,,); and the GE interaction correlations (rgg)
including embryo additive interaction correlation
(raop), embryo dominance interaction correlation
(rpor), cytoplasm interaction correlation (rcg),



Euphytica (2015) 205:585-598

589

maternal additive interaction correlation (74,,r), and
maternal dominance interaction correlation (rp,,z).

The Jackknife resampling methods (Miller 1974; Zhu
and Weir 1996) were applied by sampling generation
means of entries to derive the standard errors of
estimated unconditional or conditional variance, heri-
tability and correlation coefficient components.

Results

Unconditional variance components analysis
at different developmental times

The unconditional variance components for the FAs—
linolenic acid and erucic acid of rapeseed at five
developmental times (15, 22, 29, 36 and 43 DAF) are
presented in Table 1. It revealed that both traits, at
different developmental times were simultaneously
controlled by the genetic main effects and GE
interaction effects.

Comparing the genetic main effects (V) with GE
interaction effects (Vg ), the LLAC of rapeseed was
mainly affected by GE interaction effects (V) at
different developmental times, except at 15 DAF
where the V() was 52.02 % (Table 1). Similarly EAC

at 15, 22 and 29 DAF was mainly affected by GE
interaction effects (Vg(,)) with values of 62.72, 63.70,
58.71 % and by genetic main effects (V) with 67.10
and 83.29 % at 36 and 43 DAF, respectively. Thus, the
variation for LLAC or EAC at different seed devel-
opmental times was mainly dependent on the envi-
ronment. No genetic main effect was observed for
LLAC at 29 DAF and this period was totally
influenced by GE interaction effects in present
experiment.

Among the embryo, cytoplasmic, and maternal
plant genetic systems for LLAC the analyzed uncon-
ditional results showed that the total of maternal and
cytoplasmic main effects [(Vamu + Vome + Vew)!
V] were most important at 15 and 22 DAF as they
accounted for 66.89 and 61.93 % of total genetic
variance, while the embryo main effects [(Va,q) + -
Vo)Vl with values of 50.29 and 58.47 % were
larger at 36 and 43 DAF respectively. Except for 15
DAF, no cytoplasmic effect (V) was detected for
LLAC at the other developmental times. For the GE
interaction variance components the cumulative
embryo interaction effects (Vaorwy + Vporw) at 22,
29 and 36 DAF were 54.89, 54.17 and 56.65 %,
respectively. Thus the expression of embryo genes
during these developmental times was more easily

Table 1 Estimates of unconditional variance components for LLAC and EAC at five different developmental times in rapeseed

Parameter  Linolenic acid content Erucic acid content
15 days 22 days 29 days 36 days 43 days 15 days 22 days 29 days 36 days 43 days

Vo 3.934%*%  0.000 0.000 0.000 2.355%*%  0.000 11.563%*  30.347**%  69.471%*  85.847*%*
Vo 0.000 1.606**  0.000 0.944%*%  0.563**  (0.000 0.000 10.993%*%* 6.025%* 3.263%*
Vew 4.612*%*  0.000 0.000 0.000 0.000 1.644%* 0.000 0.000 9.559**  12.668**
Vama 3.336%*%  2.613**  0.000 0.000 1.379%*  2227*%  22.770%*  18.291%*%  24.254%%  13.487*%*
Vom 0.000 0.000 0.000 0.933**  0.693**  0.000 7.942%% 0.000 0.000 0.000
VaoEa 0.000 5.143%*%  5516%*  3.641%*  1.802%*%  1.873%%  37.281%*  27.226%*  16.724%* 3.436%*
Voka 3.398**%  1.418*%F  1.671*%*  1.405%*  0.406%*  2.140%* 9.630%*  14.608** 6.154%% 0.000
Ve 0.000 2.235%*%  0.000 0.755%*%  1.275*%*  0.000 0.000 0.000 0.000 11.398%%*
Vamew 0.000 0.000 3.204%*%  3.107*%*  2.477%*  0.000 12.525%*  17.695%*%  20.976** 0.000
VomE® 5.484**  3.158**%  2.877**  (0.000 0.000 2.500%*  14.758**  25.257%%* 9.734%% 8.286**
Ve 2.075%*%  2.011%%  1.047**  0.970*%*  0.756%*  1.392%* 7.225%*%  10.277%* 7.676%* 8.114%*

Vo) = Embryo additive variance, Vp,, = Embryo dominance variance, V() = Cytoplasmic variance, Vy4,,,) = Maternal additive
variance, Vp,,, = Maternal dominance variance, V4,5, = Embryo additive interaction variance, Vp,gq = Embryo dominance
interaction  variance, Vg, = Cytoplasmic interaction variance, Vg = Maternal additive interaction variance,
Vpmey = Maternal dominance interaction variance, V) = Residual variance

* and ** represents significance at 0.05 and 0.01 probability levels, respectively
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influenced by the environment. The additive variances
increased progressively from 35.01 % at 15 DAF to
73.18 % at 43 DAF. The dominance effects on the
other hand ranged from 42.78 to 15.18 %. This
suggested that the additive effects of the genes
expression from different genetic systems were more
crucial for controlling the LLAC. For the cumulative
embryo or maternal effects, the total embryo effects
accounted for most developmental times except for 15
DAF.

For EAC, the unconditional analysis results showed
that the embryo main effects [(Vaow) + Vo) Vo]
were most important at 29, 36 and 43 DAF accounting
for 69.33, 69.07 and 77.31 % of Vg, while the
maternal main effects [(Vame + Vome) Vel with
57.52 and 72.65 % were larger at 15 and 22 DAF,
respectively. Cytoplasmic effects (V) were
observed at 15, 36 and 43 DAF and could not be
ignored for the improvement of EAC performance in
rapeseed. Among the GE interaction effect compo-
nents for unconditional analysis, the cumulative
maternal interaction effects (Vaupqwy + Vomer) were
larger at 29 and 36 DAF followed by embryo
interaction effects (Vaorw + Vporr) at 15 and 22
DAF and then by cytoplasmic interaction effect
(Vcew) at 43 DAF. The higher additive variances
55.31 ~ 91.65 % of (Vg +Veew)) detected in the
unconditional analysis revealed that dominance
effects were not prominent for EAC variation. For
the cumulative embryo or maternal effects, the total
embryo effects accounted for 22, 29, 36 and 43 days
with 50.21, 57.59, 60.39 and 66.87 % of total genetic
effects, while the total maternal effects with 45.52 %
was more prominent at 15 days, respectively.

Small but significant residual variances (V) were
detected at all developmental times for both LLAC
and EAC, which could result from sampling errors or
micro-environment effects.

Conditional variance components analysis
at different developmental stages

Unconditional variance analysis can predict the
changes of accumulated genetic effects expressed
from flowering to developmental time 7 (0 — 7), butin
order to wunderstand stage specific variation
(t—1 — 1) for genetically controlled traits, a condi-
tional approach is required. Table 2 shows the
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variance components for LLAC and EAC estimated
using the conditional method.

The analysis results indicated the existence of
diversity for the magnitude or type of conditional
genetic effects among the developmental stages. The
new expression of genes for LLAC was highest for
1-15 days (20.76) after flowering, while for EAC the
maximum expression was detected during the period
from 23 to 29 days (139.47) after flowering.

For LLAC except for the initial period (1-15 days),
the new expression of genes was mainly influenced by
the GE interaction effects as they accounted for 80.76,
90.20, 81.88 and 59.22 % of total genetic variance at
16-22, 23-29, 30-36 and 37-43 days, respectively.
Hence, the new expression of genes at most of the
developmental stages of rapeseed was more sensitive
to the environment. The conditional genetic effects
revealed that at different developmental stages
expression of both embryo and maternal nuclear
genes were more prominent especially for the stages
1-15, 16-22, 30-36 and 37-43 days. Conditional
cytoplasmic variance was detected during 1-15 and
23-29 days and therefore could be important in
LLAC improvement. For the conditional analysis,
the net embryo effects including embryo additive and
dominance effects and their GE interaction effects
accounted for 52.48, 46.00, 54.32 and 43.83 % of total
genetic effects at 16-22, 23-29, 30-36 and
37-43 days, respectively. Also, the larger net additive
and cytoplasmic variances (57.22-80.53 %) observed
in the conditional analysis indicated that the genes
mostly acted additively to improve the performance of
LLAC in rapeseed.

Conditional analysis for EAC revealed that the net
genetic effects from new activation of genes was
mainly controlled by the GE interaction effects
especially for the developmental stages 1-15, 16-22,
23-29, and 30-36 days respectively, while the genetic
effects were important at 37-43 days. Among the
different conditional genetic effect components, the
new expression of maternal nuclear genes assumed
significance, except for the stages 23-29 and
37-43 days where the embryo effects were larger
with values of 69.48 and 55.17 %, respectively. The
net cytoplasmic effects were mostly absent except for
the stages 1-15 and 37-43 days, respectively. Also the
net maternal effects including maternal additive and
dominance effects and their GE interaction effects
accounted for 45.52, 52.13 and 58.55 % of total
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genetic effects at 1-15, 16-22 and 30-36 days,
respectively. Higher net additive and cytoplasmic
variances 55.31-77.14 % of (Vgui—1) + Veewi—1))
were observed and revealed that the net dominance
effects were not prominent for EAC variation.
According to the developmental genetic theory,
numerous quantitative polygenes might be selectively
and sequentially expressed during seed development.
In the current study new gene expressions was
detected for Voo daysi22 days)»  VAmEQ22 daysi15 days)
and Vp,e43 daysi3e daysy 1or LLAC, when compared
with the unconditional analysis. For EAC, no genetic
activity was found for VA()(22 daysl15 days)» VAU(36 -
daysi29 days)s VC(36 daysi29 days)- SO the corresponding
significant unconditional genetic effects detected in
Table 1 for these developmental times might be
attributed to the durative expression of activated
genes at the previous developmental stages.
Although significant residual variances were found
for all developmental stages for both LLAC and EAC,
it was suggested that both traits were mainly affected
by genetic effects from different genetic systems
because of the small values of estimated V(,_1).

Analysis of heritability at different developmental
times

The narrow-sense heritability 4, estimates for the
FAs—LLAC and EAC are depicted in Tables 3 and 4.

For linolenic acid, the total heritability for the
developmental times 15, 22, 29, 36 and 43 DAF
were 52.02, 54.94, 60.91, 63.83 and 79.35 %, which
indicated that the inheritance for LLAC was con-
siderably stronger throughout generations. The gen-
eral heritability values at different developmental
times were 52.02, 14.37, 0.00, 0.00 and 31.90 % of
total heritability, while those of interaction heritabil-
ity components were 0.00, 40.57, 60.91, 63.83 and
47.45 %, respectively. These results, therefore
clearly indicated that selection efficiency for LLAC
was more likely to be influenced by the environment
as the interaction heritabilities were larger for most
developmental times, except for 15 DAF. The sum
of embryo general and interaction heritability con-
tributed 28.28, 38.53, 30.97 and 35.51 % of total
heritability for the developmental times 22, 29, 36
and 43 DAF and were found to be larger than either
cytoplasm or maternal heritability. Thus, it was
suggested that decreasing LLAC of rapeseed would
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Table 3 Estimates of narrow-sense heritability for LLAC at
five developmental times

Parameter Developmental time (days)

15 22 29 36 43
B0 0.172%% 0.000  0.000  0.000  0.201%*
2 0.202%% 0.000  0.000  0.000  0.000
Bmeo 0.146%% 0.144%* 0000  0.000  0.118%*
Beor 0.000  0.283% 0.385%% 0310%* 0.154%*

W 0.000  0.123%% 0000  0.064%* 0.109%*
Womew 0000 0.000  0224%F 0.264%% 0.212%

h2G0<,) = embryo general heritability; hzc(,) = cytoplasmic
general heritability; h%;,,,(t) = maternal general heritability;
héoE(,) = embryo interaction herzitability; h%E(,) = cytoplasmic
interaction heritability and Ak, = maternal interaction
heritability

** Significant at 0.01 probability level

Table 4 Estimates of narrow-sense heritability for EAC at
five developmental times in rapeseed

Parameter Developmental time (days)

15 22 29 36 43

hzc,,(,) 0.000 0.093**  0.196** 0.407** 0.586**

hzc(,) 0.140**  0.000 0.000 0.056**  0.086**
hZG,,,(,) 0.189%* 0.184** 0.118** 0.142** 0.092%**
hZG,,E(,) 0.159*%% 0.301** 0.176%* 0.098** 0.023**
hZCE(,) 0.000 0.000 0.000 0.000 0.078%*
hZG,,,E(,) 0.000 0.101*%* 0.114** 0.123** 0.000

h%;o(, y = embryo general heritability; hzc(,) = cytoplasmic
general heritability; /i, = maternal general heritability;
hZG()E( » = embryo interaction heritability; hZCE(,) = cytoplasmic

interaction heritability and h?;,,,E(,) = maternal interaction
heritability

** Significant at 0.01 probability level

be more efficient when selection is based on seeds
rather than on maternal plants in early generations.
From the interaction heritabilities, it was found that
the embryo interaction heritabilities were more
easily influenced by environmental conditions at
22, 29 and 36 DAF, while the maternal interaction
heritabilities were larger at 43 DAF, respectively.
No interaction heritability was found at 15 DAF
while no general heritabilities were observed at 29
and 36 DAF, respectively. This suggested that
heritability at 15 DAF was relatively stable while
at 29 and 36 DAF the heritabilities were unstable
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Table 5 Estimates of correlation components for LLAC among different developmental times in rapeseed

Parameter Developmental time (days)

15&22 15&29 15&36 15&43 22&29 22&36 22&43 29&36 29 &43 36 &43
rp —0.002 0.059 —0.035 0.113*  —0.145%* —0.016 0.046 0.023 0.215%*  0.133**
rG —0.023 0.064 —0.026 0.113*  —0.163** —0.020 0.051 0.020 0.231*%*  0.127**
Tao 0.000 0.000 0.000 0.623%%* 0.000 0.000 0.000 0.000 0.000 0.000
Do 0.000 0.000 0.000 0.000 0.000 —0.392%*  —0.100* 0.000 0.000 0.217**
re 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Tam 0.109**  0.000 0.000 0.478%* 0.000 0.000 0.056 0.000 0.000 0.000
FDm 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.199%%*
FAoE 0.000 0.000 0.000 0.000 —0.381** —0.255** —0.180** —0.034 0.679**  0.326%*
FDoE —0.170** —0.030 0.125%*  0.247%* 0.176%%  0.194%% —0.129%*  0.055% —0.125%* —0.128%*
rcE 0.000 0.000 0.000 0.000 0.000 —0.435%%  0.473**  0.000 0.000 —0.109*
TAmE 0.000 0.000 0.000 0.000 0.000 0.000 0.000 —0.043 0.592%*  0.402%*
FDmE —0.111#*%  —0.132**  0.000 0.000 0.230**  0.000 0.000 0.000 0.000 0.000
Te 0.189*%*  —0.003 —0.138*  0.123" 0.037 0.017 —0.007 0.054 0.003 0.201%*

rp = Phenotypic correlation; r; = Genetic correlation; r4, = Embryo additive main correlation; rp, = Embryo dominance main
correlation; rc = Cytoplasmic correlation; r4,, = Maternal additive main correlation; rp,, = Maternal dominance main correlation;
raoe = Embryo additive interaction correlation; rp,r = Embryo dominance interaction correlation; rcr = Cytoplasmic interaction
correlation; r4,,z = Maternal additive interaction correlation; rp,,z = Maternal dominance interaction correlation; r, = Residual

correlation
+

and more likely to be influenced by the environ-
mental factors.

For erucic acid, the total heritability for the
developmental times 15, 22, 29, 36 and 43 DAF were
48.78, 68.02, 60.48, 82.65 and 86.58 %, respectively
(Table 4). Out of these, the general heritabilities
contributed 32.87, 27.76, 31.44, 60.55 and 76.45 %,
while those of interaction heritability components
were 15.90, 40.26, 29.04, 22.10 and 10.13 %, respec-
tively for the different developmental times. Thus, the
heritability for EAC was mostly affected by the
genotype and the selection efficiency was least likely
to be influenced by the environment, except for
22DAF. Also, selection advance could be expected
in early generations at different environments. The
sum of embryo general and interaction heritabilities
was larger than either cytoplasm or maternal heri-
tability at all developmental times, except 15 DAF.
Results from interaction heritabilities, revealed that
embryo heritability was easily influenced by the
environment at most developmental times except at
36 and 43 DAF where the maternal or cytoplasmic
interaction heritability was larger. Also, as compared
to embryo or maternal heritability cytoplasmic

, ¥ and ** represents significance at 0.10, 0.05 and 0.01 probability levels respectively

heritability was more stable at different environments
because it was not found at most developmental times.

Genetic correlation components analysis
at different developmental times

The analysis of genotypic correlation components
could reveal the genetic relationship for seed traits
between different seed developmental times. Since the
expression of genes from different genetic systems
consisted of genetic main effects and GE interaction
effects, the genotypic correlations could also be
further partitioned into genetic main correlation and
GE interaction correlation. The value of correlation
components for the FAs — LLA and EA among
developmental times is summarized in Tables 5 and 6.

For linolenic acid, significant phenotypic or geno-
typic correlations were observed among the pairwise
development times of 15 and 43 days (0.113* and
0.113 *), 22 and 29 days (—0.145** and —0.163%), 29
and 43 days (0.215%* and 0.231**) or 36 and 43 days
(0.133** and 0.127**) after flowering, respectively
(Table 5). For the different genetic correlation com-
ponents, the results indicated that the genetic main
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Table 6 Estimates of correlation components for EAC among different developmental times in rapeseed

Parameter Developmental time (days)

15&22 15&29 15&36 15&43 22&29 22&36 22&43 29&36 29&43 36 &43
rp 0.045 0.070 —0.021 0.063 0.097* 0.083* 0.102* 0.148%** 0.233%%* 0.432%%*
rG 0.056 0.066 —0.002 0.059 0.110%* 0.084* 0.106* 0.156%** 0.252%%* 0.459%**
T'Ao 0.000 0.000 0.000 0.000 0.139%%* 0.398%* 0.536%%* 0.652%#* 0.759%%* 0.727%#%*
Do 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.024 —0.134%* 0.114%*
rc 0.000 0.000 0.108* —0.382%* 0.000 0.000 0.000 0.000 0.000 0.123%%*
TAm —0.257**  —0.030 0.392%%* 0.037 —0.198%%* 0.030 0.042 0.327%*%* 0.246%* 0.315%*
T'bm 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
TAoE 0.081% 0.035 —0.727**  —0.017 0.310%* 0.063 —0.426%*  —0.168%*  —0.981** 0.172%%*
I'DoE —0.068" 0.013 0.193%* 0.000 —0.128**  —0.194%* 0.000 0.139%* 0.000 0.000
rcE 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
TAmE 0.000 0.000 0.000 0.000 0.376**%  —0.099* 0.000 —0.503** 0.000 0.000
TDmE 0.033 0.099%* 0.278%%  —0.243%%  —0.058" —0.064" —0.063% 0.232%%  —0.066" —0.202%*
Te —0.076 0.113" —0.258** 0.107 —0.092 0.074 0.030 0.015 —0.059 —0.071

rp = Phenotypic correlation; rg = Genetic correlation; r4, = Embryo additive main correlation; rp, = Embryo dominance main
correlation; ro = Cytoplasmic correlation; r4,, = Maternal additive main correlation; rp,, = Maternal dominance main correlation;
raoz = Embryo additive interaction correlation; rp,r = Embryo dominance interaction correlation; rcz = Cytoplasmic interaction
correlation; r4,,z = Maternal additive interaction correlation; rp,,z = Maternal dominance interaction correlation; r, = Residual

correlation
+

correlations were not significant among most pairwise
developmental times. Among the GE interaction
correlation components, embryo dominant interaction
correlation (7p,x) followed by embryo additive inter-
action correlation (r4,z) was more important as most
of the correlations between different developmental
times were significant. For rp, g the significant values
were mostly positive among the different pairwise
developmental times, while that for r4,z was mostly
negative except between 29 and 43 days (0.679*%) or
36 and 43 days (0.326**) after flowering respectively.
Cytoplasmic interaction correlation (rcg), maternal
additive interaction (74,,z) and maternal dominant
interaction (rp,,z) correlations were mostly not
detected. The presence of non-significant genetic
main correlations and significant GE interaction
correlations among the pairwise developmental times
indicated that LLAC in rapeseed was easily influenced
by the prevailing environment. Significant r, was
observed between 15 and 22 days (0.189%*), 15 and
36 days (—0.138%%), 15 and 43 days (0.123") or 36
and 43 days (0.201**) respectively which could be
due to sampling errors or microenvironment influence.
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, * and ** represents significance at 0.10, 0.05 and 0.01 probability levels respectively

The analysis of genetic correlation between different
development times for EAC indicated significant
positive or negative relationships for genes expressed
during seed development (Table 6). Except between 15
and 22, 15 and 29, 15 and 36 or 15 and 43 days after
flowering, significantly positive phenotypic and geno-
typic correlations were noted for all other developmen-
tal times. Among the genetic correlation components
from the different genetic systems, maternal additive
interaction correlation (r4,,z) was significant for most
pairwise seed development times. Also, most of the
observed ry,,z correlations were significantly negative
which indicated that environmental changes can affect
EAC during seed development. Besides embryo addi-
tive interaction correlations (74,£), maternal additive
(*am), embryo additive (r4,) and embryo dominant
interaction (7p,r) correlations were also relevant among
different pairwise times. No rcg or rp, was found
between the different developmental times. Significant
r, especially between 15 and 29 days (0.113), 15 and
36 days (—0.258**) or 15 and 43 days (0.107) after
flowering, indicated that sampling errors or microenvi-
ronments could influence the relationship.
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Table 7 Correlation between LLA and EA contents at different developmental times
Correlation Developmental time (days)

15 days 22 days 29 days 36 days 43 days
rp 0.002 —0.142%* —0.035 —0.051 0.019
rG 0.037 —0.148%** —0.040 —-0.063" 0.009
Tao 0.000 0.000 0.000 0.000 —0.110%*
Do 0.000 0.000 0.000 —0.032 —0.276%*
re —0.089% 0.000 0.000 0.000 0.000
TAm —0.147%** —0.187%* 0.000 0.000 0.108*
TDm 0.000 0.000 0.000 0.000 0.000
TAoE 0.000 —0.251%* —0.180%** 0.148%* 0.390%*
TDoE 0.103** —0.050 —0.111%* 0.158%** 0.000
TcE 0.000 0.000 0.000 0.000 0.062
TAmE 0.000 0.000 0.051 0.054 0.000
FDmE 0.233%%* —0.104%** —0.059% 0.000 0.000
Te —0.295%* —0.081 0.025 0.129* 0.177*

rp = Phenotypic correlation; rg = Genetic correlation; r,, = Embryo additive main correlation; rp, = Embryo dominance main
correlation; rc = Cytoplasmic correlation; r,,, = Maternal additive main correlation; rp,, = Maternal dominance main correlation;
raor = Embryo additive interaction correlation; rp,r = Embryo dominance interaction correlation; rcz = Cytoplasmic interaction
correlation; r4,,z = Maternal additive interaction correlation; rp,,z = Maternal dominance interaction correlation; r, = Residual

correlation
+

Correlation between LLLAC and EAC at different
developmental times

The correlation analysis presented in Table 7 revealed
the existence of significant negative rp (—0. 142**) and
rg (—0. 148**) at 22 DAF and significant negative rg at
36 DAF (—0.063"). The r4,z and rp, was signifi-
cantly negative at 22 and 29 DAF while positive
correlation was observed at 36 DAF. Cytoplasmic
correlation (r¢ and r¢g) except for 15 DAF, was not
found to be of any significance between the two traits
for other developmental times. Significant negative
ra, and rp, was found at 43 DAF after flowering. Most
of the significant ry,, and rp,,r between the two traits
was negative except for a positive r,,, at 43 DAF and
positive rp,,rz at 15 DAF. The correlation values
between the two traits were mostly weak.

Discussion

Seed quality traits unlike the agronomic traits have a
very complex expression pattern as it requires the
coordinated and simultaneous expression of genes
from multiple genetic systems. A few major genes and

, ¥ and ** represents significance at 0.10, 0.05 and 0.01 probability levels respectively

numerous polygenes are involved during this process.
Also being quantitative in nature the expression of
these genes is controlled by the environment. Quan-
titative trait loci (QTL) mapping studies have identi-
fied numerous loci involved in the control of LLAC
(Jourdren et al. 1996; Barret et al. 1999; Burns et al.
2003) and EAC in rapeseed (Jourdren et al. 1996;
Burns et al. 2003; Gupta et al. 2004). Inheritance and
genetic basis of EAC and LLAC in mature seeds has
been widely researched in rapeseed. During seed
development, many genes, with or without environ-
mental influence, involved in different biochemical
pathways are expressed. While some genes are
expressed continually, some are expressed only at
specific stages and some others are brokenly expressed
at different developmental stages. In the present study
it was clarified that both LLAC and EAC are
quantitative traits and their contents in the seed are
determined by the environmental conditions prevail-
ing during seed development. Canvin (1965) reported
that the amount of the more highly unsaturated fatty
acids decreased as the temperature was increased in
rape, sunflower and flax. For the different develop-
mental times the embryo effects were more prominent
and so seed selection could be useful for improving

@ Springer
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these quality traits. The embryo control of FA traits in
rapeseed has also been suggested by other researchers
(Harvey and Downey 1964). However, the results are
in contrast with Shi et al. (2003) who found the EAC in
mature rapeseed to be maternally controlled. The
detection of different conditional genetic variances
during seed development suggests that genes control-
ling rapeseed LLAC and EAC were expressed differ-
ently during individual stages of the development
period. Dissimilar category and activities of isozyme
were observed during development of embryo and
endosperm in maize, and had significant correlation
with seed weight and volume (Yang and Zeng 1984).
Expression data of 8095 genes that are activated
during various periods of B. napus seed development
have been obtained through cDNA microarray
hybridization and are available in the RAPESEED
database (Wu et al. 2008).

Heritability analysis is an important parameter for
carrying out selection and for predicting trait trans-
ferability to the next generation. The narrow-sense
heritability analysis for LLAC and EAC performed at
different developmental times revealed that heritabil-
ity was high for both traits at all times, and for both
traits single seed selections could be employed in
breeding programs due to their higher embryo heri-
tability values. In the case of LLAC, no GE interaction
heritability was found at 15 DAF, but at later stages
especially 29 and 36 DAF a strong GE component was
noted. Since genetic activities during seed develop-
ment depend on the genes that are getting expressed at
that particular stage/time, understanding the heritabil-
ity of the trait under different time intervals allows us
to make a more accurate prediction of behavior of the
trait in subsequent generations and take appropriate
decisions for trait improvement. Also, in our study it
was found that selection could be carried out in early
generations because of their high net additive effects.
High broad sense heritabilities have been reported for
LLAC (Mollers and Schierholt 2002) and for EAC in
B. napus (Paisan and Thitiporn 2012).

Correlation analysis between the genes expressed
during different seed developmental times could be
useful in predicting the final outcome of a trait. If a
gene expressed during a particular stage of seed
development shows a positive correlation with the
genes expressed at other stages then it can be assumed
that there will be an overall improvement in that

@ Springer

particular trait. In present study significant positive
phenotypic and genotypic correlations were noted at
some pairwise developmental times for both traits.
However, the correlation values were weak especially
among the initial developmental times for both traits.
Accumulation of seed nutrients occurs after the seed
development and most of the fatty acids synthesized in
the initial stages are utilized in membrane formation
(Neidleman 1987; Heppard et al. 1996). So it is
possible that the genes that are expressed during initial
development might be different from those that are
expressed at later stages. In that case a weak corre-
lation would be expected in the initial developmental
times and stronger correlation would be expected
towards seed maturity. For linolenic acid as compared
to GE interaction correlation most of the genetic main
correlation was non-significant among pairwise devel-
opmental times, which might be due to the higher
prevalence of environmental factors in determining
linolenic acid content in rapeseed (Tremolieres et al.
1982; Pleines and Friedt 1988).

In quality breeding program, breeders are more
interested with the overall improvement of multiple
traits during selection. Analysis of genetic correlation
components could reveal the genetic relationships
among the different quality traits of rapeseed. Com-
plex relations exist among some quality traits of
rapeseed because of genetic linkage and the pleio-
tropic function of genes, causing difficulties in select-
ing better genotypes from subsequent generations.
Genotypic correlation could eliminate the interference
caused by random error, and is an important statistical
parameter that is superior to phenotypic correlation
(Chen et al. 2011a). In the present experiment, most
components of genetic main and GE interaction
correlation between LLA and EA contents were
significantly negative at various developmental times,
which indicated that the activation and expression of
genes for both quality traits at different seed growth
periods had close relationship (Chen et al. 2011b).
Molecular markers significantly associated with both
erucic and linolenic acid levels were detected in
rapeseed. This marker was predicted to be linked in
repulsive phase with previously mapped erucic acid
genes (Rajcan et al. 1999). In contrast Mandal et al.
(2002) obtained a significant positive correlation
between linolenic acid and erucic acid content of
mature rapeseed.
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The present study provides new understanding on
the dynamic changes of genetic effect components
when conditioned on variability at earlier develop-
mental times. Using this technique, it is possible to
detect when significant episodes in the generation of
new variation might occur. Then using the tools of
molecular biology, markers can be developed to detect
the genes or the loci that are explicitly expressed at a
particular stage of seed development.
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