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Abstract
Key message  A major QTL controlling ovule abortion and SN was fine-mapped to a80.1-kb region on A8 in rapeseed, 
and BnaA08g07940D and BnaA08g07950D are the most likely candidate genes.
Abstract  The seed number per silique (SN), an important yield determining trait of rapeseed, is the final consequence of a 
complex developmental process including ovule initiation and the subsequent ovule/seed development. To explore the genetic 
mechanism regulating the natural variation of SN and its related components, quantitative trait locus (QTL) mapping was 
conducted using a doubled haploid (DH) population derived from the cross between C4-146 and C4-58B, which showed 
significant differences in SN and aborted ovule number (AON), but no obvious differences in ovule number (ON). QTL 
analysis identified 19 consensus QTLs for six SN-related traits across three environments. A novel QTL on chromosome 
A8, un.A8, which associates with multiple traits, except for ON, was stably detected across the three environments. This 
QTL explained more than 50% of the SN, AON and percentage of aborted ovules (PAO) variations as well as a moderate 
contribution on silique length (SL) and thousand seed weight (TSW). The C4-146 allele at the locus increases SN and SL but 
decreases AON, PAO and TSW. Further fine mapping narrowed down this locus into an 80.1-kb interval flanked by mark-
ers BM1668 and BM1672, and six predicted genes were annotated in the delimited region. Expression analyses and DNA 
sequencing showed that two homologs of Arabidopsis photosystem I subunit F (BnaA08g07940D) and zinc transporter 10 
precursor (BnaA08g07950D) were the most promising candidate genes underlying this locus. These results provide a solid 
basis for cloning un.A8 to reduce the ovule abortion and increase SN in the yield improvement of rapeseed.
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Introduction

Rapeseed (Brassica napus L., 2n = 38, AACC) is one of the 
most important oil crops worldwide that provide more than 
15% of the global supply of edible vegetable oil (USDA 
ERS 2019) and also used as an important raw material for 
biofuel and feeding livestock. Developing high-yielding 
varieties has always been one of the most important goals 
of rapeseed breeding because of the growing demands for 
vegetable oil as well as the declining hectarage used for 
rapeseed production (Sun et al. 2018). The seed number 
per silique (SN) is one of the three direct yield determin-
ing traits (including silique number and seed weight) of 
rapeseed and has always received much attention (Fan 
et al. 2010). In general, a highly significant positive cor-
relation was observed between SN and seed yield, indicat-
ing that increasing SN should be effective for improving 
rapeseed production. Although there is a rich variation for 
SN in rapeseed, the SN of the current cultivars (~ 20) is 
far below its maximum (> 30) in the germplasm resources 
(Chen et al. 2012), indicating that the potential of SN is 
yet to be maximized effectively in rapeseed yield improve-
ment. Additionally, higher SN plants are thought to have 
superior colonization abilities because they produce more 
offsprings/seeds, which were more likely to be selected 
during crop domestication (Moles et al. 2005). Therefore, 
understanding the genetic basis of SN is of great impor-
tance not only for yield improvement through the utiliza-
tion of advantageous variations in rapeseed breeding but 
also for plant evolution and crop domestication.

In the family Brassicaceae, the ovules upon fertiliza-
tion give rise to the seeds (Van Went and Cresti 1988). 
The ovule number decides the putative maximal number 
of seeds in a silique. However, in many plants including 
rapeseed, the ovule number is much larger than the final 
seed number in a fruit (Mendham et al. 1981; Charles-
worth 1989; Wang et al. 2011). Previous studies indicated 
that the formation of seeds, a complex process, is often 
determined by its components, including the ovule num-
ber per ovary (ON), the ratio of fertile/unfertile ovule 
and the proportion of fertilized ovules that developed into 
seeds (Yang et al. 2016; Khan et al. 2019). Thus, it is 
essential to understand the factors controlling ovule initi-
ation and development from an agricultural and economi-
cal point of view, as they ultimately determine the final 
number of seeds and thereby influence the crop yield. 
Li et al. (2014) showed that SN has a highly significant 
correlation with the number of fertile ovules (r = 0.987), 
but not significantly correlated with the ovule number 
per ovary (ON), indicating that the normal development 
of ovule is an important factor affecting SN. Further 
cytological analyses revealed that part of the ovule’s 

primordium could not develop into mature seeds and the 
abortion of ovule occurred between the stages of mega-
spore degradation and uninucleate gametophyte (Li et al. 
2014). Li et al. (2015) reported the map-based cloning 
of BnaC9.SMG7b on chromosome C9, a major positive 
regulator of SN in B. napus. BnaC9.SMG7b plays a role 
in regulating the formation of functional female gameto-
phyte, thus determining the formation of fertile ovules 
(Li et al. 2015). Similarly, the cytological mechanism of 
a major QTL for SN (qSN.A6) was due to ovule abortion 
caused by incomplete cellularization of the embryo sac 
(Yang et al. 2016). These reports strongly showed that 
ovule abortion is most likely a key factor responsible for 
the natural variation of SN in rapeseed. Therefore, a deep 
understanding of the genetic basis of SN and its related 
components is of great importance for yield improvement 
in rapeseed breeding.

Typically, SN and its related components are complex 
quantitative traits controlled by polygenes and highly influ-
enced by environmental conditions. As one of the important 
yield-related traits, SN has been extensively studied using 
quantitative trait locus (QTL) and genome-wide association 
study (GWAS) analysis in rapeseed. More than 100 QTLs 
distributed on all the 19 chromosomes of rapeseed genome 
had been identified for SN, with only 4 of them (located on 
A1, A6, C1 and C9 chromosomes, respectively) showing 
major effects and exhibiting phenotypic variances ranging 
from 23.5% to 57.8% individually (Radoev et al. 2008; Shi 
et al. 2009, 2015; Zhang et al. 2011, 2012; Chen et al. 2011; 
Cai et al. 2014a; Qi et al. 2014; Yang et al. 2016). The com-
plex genetic basis of SN in rapeseed indicates that many 
genes are involved in the developmental/biological pro-
cesses influencing seeds formation. Although many QTLs 
have been identified, only one gene underlying a major QTL 
controlling SN on C9, BnaC9.SMG7b, has been cloned by 
map-based strategy in B. napus (Li et al. 2015). qSN.A6, 
another major QTL for SN in rapeseed, was successfully fine 
mapped to a 267-kb region on chromosome A6 (Yang et al. 
2016). Due to their increasing effect on SN, both BnaC9.
SMG7b and qSN.A6 could increase the final seed yield by 
a proportion of 58.7% and 17.4%, respectively, which dem-
onstrated their great potential and utilization in the yield 
improvement of rapeseed (Li et al. 2015; Yang et al. 2016). 
Recently, Khan et al. (2020) reported the functional char-
acterization of BnaEOD3 gene by CRISPR/Cas9-mediated 
targeted mutations in rapeseed with high efficiency. SN and 
seed yield per plant of the mutants with combined loss-of-
function alleles across four BnaEOD3 copies (including 
BnaA04g27100D, BnA05g01200D, BnaC04g00760D and 
BnaC04g50960D) showed a significant increase in varying 
degrees compared with that of wild-type, indicating that the 
quantitative involvement of the different BnaEOD3 copies 
affects SN (Khan et al. 2020). To date, no QTL mapping 
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study on other SN-related traits has been reported yet in 
rapeseed, except for the GWAS study on ON reported by 
our group (Khan et al. 2019). As expected, ON was signifi-
cantly positively correlated with SN, but not correlated with 
TSW, indicating that higher ON plants have the potential 
to increase SN (Khan et al. 2019). A total of 19 significant 
associated loci with minor effects were detected for ON, 
indicating a complex genetic basis of ON in rapeseed (Khan 
et al. 2019). Thus, the genetic basis for the natural variation 
of SN and its related components is still poorly understood.

In our previous study, we revealed that ovule abortion was 
the most important determinant of variation in SN through 
the cytological analysis of a series of doubled haploid (DH) 
lines and cultivars in Brassica napus (Li et al. 2014). To 
remove the effect of ON variation, two lines C4-146 and 
C4-58B from a HJ-DH population, which showed significant 
differences in SN and aborted ovule number (AON), but no 
obvious differences in ON (Li et al. 2014), were selected as 
the parents to develop segregating population and identify 
QTLs controlling the natural variation of ovule abortion and 
SN. We identified a novel QTL on chromosome A8, which 
pleiotropically controls ovule abortion and SN with a major 
effect. Furthermore, we determined the genomic location 
of this locus via fine mapping using an F2 population and 
identified the candidate genes. These results provide a solid 
basis for cloning this locus to further elucidate the genetic 
basis and molecular mechanisms underlying SN determina-
tion in rapeseed.

Material and methods

Plant materials

The DH population consisting of 290 individual lines was 
generated from a microspore culture of the F1 cross between 
C4-146 × C4-58B. A random subset including 190 lines was 
used for the linkage map construction and QTL mapping. 
The F1 plants generated from the reciprocal crosses between 
the two parental lines (C4-146 and C4-58B) were used for 
genetic analysis. Subsequently, the F1 plant’s was self-pol-
linated to produce the F2 population used for the QTL fine 
mapping.

Field trials and trait evaluation

The DH population together with the two parents were 
planted in the winter-growing seasons of 2015–2016, 
2016–2017 and 2017–2018. F1 hybrids, together with their 
parental lines, were grown in the winter-growing seasons of 
2015–2016, 2017–2018, 2018–2019 and 2019–2020. The 
field experiment followed a randomized complete block 
design with three replicates. Each line contains 11–12 plants 

per row, with a distance of 21 cm between each plant in a 
row and 30 cm between rows. Five plants growing uniformly 
from each plot were chosen for trait evaluation. The mean of 
each trait calculated from the 5 sampled plants in one plot 
was used to determine the plot performance.

For the F2 population, a total of 16,421 individuals were 
grown in the winter-growing seasons of 2016–2017 and 
2017–2018 for recombinant screening. The recombinants 
for the target QTL region were self-pollinated, and approxi-
mately 20 progenies from each recombinant were grown in 
the next winter-growing seasons to evaluate their pheno-
types. There were 11–12 plants per row, and the rows were 
30 cm apart.

All materials were grown in winter-type rapeseed grow-
ing season on the experimental farm of Huazhong Agricul-
tural University, Wuhan, China. The field management was 
conducted according to standard breeding practice.

SN-related traits, including ON, AON, PAO, SN, SL and 
TSW, were measured essentially as previously described 
(Khan et al. 2019).

To investigate the pollen fertility, the pollen viability of 
parents and F1 were investigated using acetic red dyeing, as 
described by Yang et al. (2017).

Molecular marker development and genetic map 
construction

Molecular markers, including insertion/deletion (INDEL) 
and SNP markers in the whole-genome region, were newly 
developed (Table S1) based on the re-sequencing data of 
the parental lines. All primer pairs were designed using 
Primer5.0 software and synthesized by Sangon Biological 
and Engineering Co. (Shanghai, China).

Linkage analysis was performed using Mapmaker/Exp3.0 
(Lincoln et al. 1992), and the genetic distance was calculated 
using the Kosambi function.

QTL mapping and statistical analysis

QTLs were detected using the composite interval mapping 
procedure with the program QTL Cartographer V2.5 (Wang 
et al. 2004) at a threshold of LOD = 2.5.

Identified QTLs were integrated using QTL meta-analysis 
with BioMercator2.1 (Goffinet and Gerber 2000). The iden-
tified QTLs associated with each trait that was repeatedly 
detected in different environments were integrated into a 
consensus QTL and overlapping consensus QTLs of differ-
ent traits were further integrated into unique QTL.

The broad-sense heritability (h2
B) of each trait in DH 

population was calculated as h2
B = σ2

g/(σ2
g + σ2

gl/n + σ2
e/nr), 

where σ2
g is genotypic variance; σ2

gl variance due to geno-
type by environment interaction; σ2

e error variance; n num-
ber of environments; and r number of replications. The 



2520	 Theoretical and Applied Genetics (2021) 134:2517–2530

1 3

estimates of σ2
g, σ2

gl and σ2
e were obtained from an analysis 

of variance with the environment considered as a random 
effect.

The statistical analysis of the phenotypes (correlation 
coefficient, multiple comparisons) was conducted using 
Excel 2013 and Statistix 8.0 software.

Sequence analysis of candidate genes

Sequencing primer pairs covering the promoter sequences, 
full-length genomic DNA, and coding sequences of the can-
didate genes were designed according to the re-sequencing 
data of the parental lines (Table S2). The PCR products 
were cloned into the pEASY-T (TransGen Biotech, Beijing, 
China) vector and then sequenced using Sanger method.

Expression analysis of candidate genes

Different plant tissues were collected from the parental 
lines, across five stages during ovary and silique develop-
ment (1–2 mm, 2–4 mm and 4-5 mm pistil, 3d and 5d ovary 
after pollination). Pistils of different lengths were collected 
from the buds before flowering. After flowering, individual 
flower was tagged on the day of flowering; then, siliques 
were collected at 3d and 5d after pollination (DAP). RNA 
extraction, cDNA preparation, real-time PCR and relative 
quantification were performed following the approach previ-
ously described by Hu et al. (2018). The relative amount of 
PCR product that was amplified using the designed primer 
sets (listed in Table S2) was normalized to the reference 
gene BnaA10g06670D (BnaUBC10), as described by Hu 
et al. (2018).

Results

Phenotypic variation for SN‑related traits in parents, 
F1 and DH population

The DH lines and their corresponding parents as well as 
F1 were grown in the winter-type growing seasons. The 
phenotypic performances of six SN-related traits across the 
years were investigated (Table 1; Fig. 1). The average SN of 
C4-146 (18.34 ± 0.96) was nearly two times that of C4-58B 
(9.12 ± 0.65) across all investigated environments. However, 
the ON of the two parents was not significant in the three 
environments (Table 1), suggesting that the decrease of SN 
in C4-58B mainly result from defects after ovule initiation. 
Also, C4-146 had higher SL, lower AON, PAO and TSW 
than C4-58B in different environments (Table 1). The SN 
of F1 plants from the reciprocal crosses was all significantly 
lower than C4-146 but similar to C4-58B (Table 1), indicat-
ing the dominant nature of low SN over high SN in the cross 

between C4-146 and C4-58B. The other SN-related traits of 
F1 plants from the reciprocal crosses also displayed a similar 
trend with SN (Table 1). The pollen fertility of parents and 
F1 were investigated by acetic red dyeing. The results showed 
that the pollen viability of both C4-146 (94.90 ± 1.75%) and 
C4-58B (97.98 ± 1.47%) was high with no significant differ-
ences, whereas the pollen viability of the F1 obtained from 
the cross between C4-146 × C4-58B was significantly lower 
than those of their parents (Fig. S1; Table S3). Considering 
the similar phenotype of SN observed in both C4-58B and F1 
(C4-146 × C4-58B), the variation of the pollen viability may 
not be the major factor affecting SN in the present study.

The phenotypic performances of SN-related traits in the 
DH population are shown in Table 2 and Fig. 2. Continuous 
distributions and transgressive segregations in the DH popu-
lation suggested a quantitative inheritance pattern for these 
traits. The distributions of SN, AON and PAO deviated from 
normality and appeared to have a bimodal pattern, indicat-
ing the involvement of a major gene and some minor genes 
for each of these traits. SL, TSW and ON showed nearly 
normal distribution across all environments, indicating the 
quantitative inheritance of these traits in the present popula-
tion. Two-way ANOVA of these traits across environments 
indicated that the genotype of each line (G), environment (E) 
and genotype–environment interactions (G × E) had signifi-
cant effects , respectively, except for the environmental effect 
on PAO (Table S4). In this population, SN showed the high-
est broad-sense heritability (0.97), followed by TSW/PAO 
(0.91) and AON (0.85), suggesting that these traits are stably 
inherited (Table S4). While the SL and ON have broad-sense 
heritability of 0.69 and 0.66, respectively, indicating that SL 
and ON are relatively sensitive and plastic to environmental 
variations (Table S4).

Significant phenotypic correlations were observed for 
most of these traits across three years (Table 3). The only 
exception is the ON trait which shows no significant cor-
relations with SN, SL and TSW, indicating that ON is not 
influencing these three traits in this population. SN showed 
a highly negative correlation with PAO, AON and TSW, but 
had a highly positive correlation with SL, suggesting that the 
ovule abortion is a key negative regulator controlling SN and 
longer silique will produce more but smaller seeds.

Primary mapping of SN‑related QTLs in the DH 
population

Because the two parents C4-146 and C4-58B were selected 
from our previously reported HJ DH population which was 
used to construct a high-density genetic map (Cai et al. 
2014b), we first analyzed the polymorphism distribution 
between C4-146 and C4-58B at the whole-genome scale 
using more than 2000 markers (Fig. S2). Subsequently, 179 
molecular markers that covered all the polymorphic regions 
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between the two parents were selected to genotype the DH 
population. A genetic map containing 17 chromosomes 
spanning a total of 684 cM of the B. napus genome was con-
structed, with the lack of chromosomes A6 and C1 because 
of lack of polymorphism between the parents (Fig. 3).

A total of 40 QTLs for six examined traits were identified 
in the three environments with LOD values ranging from 
2.78 to 48.48, which were distributed on 12 chromosomes 
(Table S5; Fig. 3). The phenotypic variation explained 
by individual QTL varied between 2.43% and 56.57% 
(Table S5). These identified QTLs were integrated into 19 
reproducible consensus QTLs for each trait by QTL meta-
analysis (Table 4). Among the identified QTLs, 6, 3, 4, 2, 1 
and 3 consensus QTLs were detected for SL, SN, TSW, ON, 
AON and PAO, respectively. Eight consensus QTLs, includ-
ing cqSL.A8, cqSN.A8, cqTSW.A7-1, cqTSW.A7-2, cqTSW.
A8, cqON.C6-2, cqAON.A8 and cqPAO.A8, showed main 
effects and the others exhibited minor effects. Positive alleles 

for SN and ON and negative alleles for TSW, AON and PAO 
both originated from the C4-146 parental line while posi-
tive alleles for SL were dispersed between the two parents, 
in consistency with the trait performance of the two parents 
(Table S5; Table 4).

It is worth noting that cqSN.A8, flanked by BM1355 
and BM1360 on chromosome A8, was a newly identified 
QTL and had the largest LOD scores (from 35.60 to 48.48) 
and explained as much as 56.57% of the SN variation in all 
environments. To evaluate the effect of cqSN.A8, the DH 
lines were classified into two groups (AA and BB) based 
on the genotype of the two flanking markers BM1355 and 
BM1360. Lines carrying the C4-146 alleles (AA) had an 
average SN of 19.20 ± 2.04, 18.45 ± 2.46 and 20.42 ± 2.26 
in 2016, 2017 and 2018 environments, respectively, which 
were significantly higher than those carrying the C4-58B 
alleles (BB) with an average SN of 11.99 ± 2.19, 12.5 ± 2.25 
and 12.88 ± 2.25 across the three environments. Clearly, the 

Table 1   Descriptive statistics 
of six SN-related traits for both 
parents and their reciprocal 
crossing F1 hybrids

SN seed number per silique; TSW thousand seed weight; SL silique length; ON ovule number per ovary; 
AON aborted ovule number per ovary; PAO percentage of aborted ovules. Within the same year, different 
uppercase and lowercase letters after numbers indicate a significant difference at the 0.01 and 0.05 prob-
ability level, respectively

Trait Years Parents F1

C4-146 C4-58B C4-146*C4-58B C4-58B*C4-146

SN 2016 17.69 ± 1.78A 9.27 ± 0.78B 9.61 ± 1.36B –
2017 16.98 ± 0.48A 9.68 ± 0.60B – –
2018 19.19 ± 1.59A 9.77 ± 1.97B 10.31 ± 0.38B 9.66 ± 1.71B
2019 18.85 ± 1.85A 8.34 ± 1.19B – –
2020 18.97 ± 1.07A 8.53 ± 1.15BC 9.8 ± 0.94B 6.28 ± 2.16C

TSW (g) 2016 2.57 ± 0.09B 3.85 ± 0.19A 4.00 ± 0.75A –
2017 2.56 ± 0.08B 3.34 ± 0.06A – –
2018 2.48 ± 0.08B 3.85 ± 0.18A – –
2019 2.93 ± 0.18B 4.43 ± 0.07A – –
2020 3.41 ± 0.17B 3.75 ± 0.84AB 4.27 ± 0.06AB 4.62 ± 0.13A

SL (cm) 2016 4.80 ± 0.17A 4.29 ± 0.13B 4.10 ± 0.14B –
2017 4.74 ± 0.10A 4.23 ± 0.20B – –
2018 4.80 ± 0.05a 4.42 ± 0.12b 4.01 ± 0.11c 4.29 ± 0.19c
2020 4.33 ± 0.14A 3.95 ± 0.4AB 3.85 ± 0.16B 3.16 ± 0.16C

ON 2017 30.07 ± 3.18 25.63 ± 1.05 – –
2018 26.96 ± 3.02b 27.48 ± 2.44b 31.28 ± 1.00ab 33.22 ± 1.57a
2019 30.88 ± 3.85AB 27.33 ± 1.13B 33.73 ± 1.28A 33.56 ± 3.19A
2020 31.54 ± 2.12B 35.44 ± 1.78A 34.29 ± 2.34AB 33.82 ± 2.42AB

AON 2017 12.94 ± 3.67 15.59 ± 1.21 – –
2018 6.73 ± 2.71c 17.64 ± 2.23b 20.97 ± 1.00ab 23.57 ± 1.57a
2019 12.03 ± 3.85b 18.99 ± 1.13a – –
2020 12.58 ± 2.12B 26.91 ± 1.78A 24.49 ± 2.34A 27.54 ± 2.42A

PAO 2017 0.43 ± 0.12b 0.62 ± 0.05a – –
2018 0.25 ± 0.10B 0.64 ± 0.08A 0.67 ± 0.03A 0.71 ± 0.05A
2019 0.39 ± 0.12b 0.69 ± 0.04a – –
2020 0.4 ± 0.04C 0.76 ± 0.01AB 0.71 ± 0.07B 0.81 ± 0.07A
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two genotypes of the DH lines at the cqSN.A8 locus cor-
responded exactly to the two distinct phenotypic classes, 
exhibiting bimodal distribution with 15–18 SN as the bound-
ary (Fig. 2). Similarly, two consensus QTLs on chromosome 
A8 (cqAON.A8 and cqPAO.A8) also displayed a large effect 
(which explained about half of the trait variation in all envi-
ronments), justifying the bimodal distribution exhibited by 
the two traits in the DH population (Fig. 2). The remaining 
two major consensus QTLs on chromosome A8 (cqSL.A8 
and cqTSW.A8), which explained 36.74% and 15.82% of the 
phenotypic variance of SL and TSW on average, exhibited 
relatively minor effects, consistent with the nearly normal 
distribution of these traits in the DH population (Fig. 2). 
Interestingly, the confidence intervals of the five consensus 
QTLs on chromosome A8 for SN, AON, PAO, SL and TSW 
overlapped perfectly (Table 4).

Further meta-QTL analyses integrated these overlapped 
QTL into a unique QTL un.A8 (Table 5), which has a major 
pleiotropic effect on all these traits except for ON. The 
C4-146 alleles at un.A8 causes an increase in SN and SL and 
a simultaneous decrease in AON, PAO and TSW, respec-
tively, justifying the significant correlations observed among 
these traits. Additionally, another two other unique QTLs 
were identified on chromosomes A4 and A7 (Table 5). The 
unique QTL un.A7 showed a major effect on TSW but had a 
minor effect on SN, SL and PAO. Also, the C4-146 alleles at 
un.A7 causes an increase in SN and SL and a simultaneous 
decrease in PAO and TSW, which is consistent with the cor-
relations observed among these traits. For the minor unique 
QTL un.A4, the increasing allele for SN was inherited from 
C4-146 and the increasing allele for PAO was derived from 

Fig. 1   Trait performance of the parents and their reciprocal cross-
ing F1 hybrids. Observation of the ovule number a, the seeds of five 
siliques b and the mature siliques c of C4-146, C4-58B, F1 hybrid of 

C4-146 × C4-58B and F1 hybrid of C4-58B × C4-146 (from left to 
right). Scale bars = 1 mm a, 1 cm b, and 1 cm c, respectively
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Table 2   Descriptive statistics 
of six SN-related traits in 
the doubled haploid (DH) 
population

For abbreviation, see Table 1; CV, coefficient of variation

Trait Years DH population

Mean ± SD Range CV (%) Skewness Kurtosis

SN 2016 13.55 ± 3.68 6.25–25.93 27.09 0.71 − 0.09
2017 13.77 ± 3.35 7.50–26.23 24.31 0.65 0.13
2018 14.51 ± 3.84 7.58–29.53 26.43 0.77 0.12

TSW (g) 2016 3.11 ± 0.39 2.12–4.14 12.40 0.19 − 0.14
2017 2.99 ± 0.42 2.04–4.25 14.00 0.38 − 0.26
2018 3.17 ± 0.38 2.34–4.31 12.11 0.37 − 0.10

SL (cm) 2016 4.77 ± 0.41 3.52–5.76 8.61 − 0.33 0.09
2017 4.76 ± 0.56 3.40–6.22 11.67 0.08 − 0.30
2018 4.73 ± 0.56 3.22–6.23 11.79 0.08 − 0.19

ON 2017 26.36 ± 2.75 20.67–36.47 9.46 0.56 0.74
2018 27.92 ± 2.69 21.40–38.87 8.42 0.38 0.61

AON 2017 12.63 ± 4.15 1.48–22.33 32.99 − 0.16 − 0.54
2018 13.38 ± 4.69 0.03–22.47 34.19 − 0.66 − 0.14

PAO 2017 0.48 ± 0.14 0.67–0.70 29.25 − 0.51 − 0.72
2018 0.48 ± 0.16 0.00–0.71 31.48 − 0.89 0.09

Fig. 2   Frequency distribution of the seed number per silique(SN), the 
thousand seed weight (TSW), the silique length (SL), the ovule num-
ber per ovary (ON), the aborted ovule number per ovary (AON) as 
well as the percentage of aborted ovules (PAO) in the DH population 

at the indicated environment. DH lines carrying the C4-146 allele 
(AA) or the C4-58B allele (BB) were classified based on the geno-
type of two flanking markers BM1355 and BM1360
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C4-58B, reflecting the significant negative correlations 
between SN and PAO.

Fine mapping of the un.A8 locus

Due to the ease of assessment, SN was selected as the tar-
get trait for the fine mapping of un.A8 locus. To narrow 

down the genomic region containing un.A8, 24 polymorphic 
INDEL markers from the candidate region were developed 
and 18 recombinants between the BM1355 and BM1360 
intervals in the DH population were screened. Based on 
the allelic composition and recombination breakpoints, the 
recombinants were grouped into three genotypes (Fig. 4a). 
The mean phenotypic value for each recombinant genotype 

Table 3   Coefficients of pairwise correlations of the SN-related traits in the DH population grown in 2016, 2017 and 2018 environments 
(r0.05, 0.01 = 0.159, 0.208)

For abbreviation, see Table 1. The figure on the left-hand side of the sign “/” in each cell is the result of 2016, on the middle is 2017 and on the 
right-hand side is the result of 2018. Separate “-” indicates that the data is missing or not examined. ** Significant at P = 0.01

SN TSW SL ON AON

TSW − 0.62**/ − 0.41**/ − 0.50**
SL 0.85**/0.83**/0.72** − 0.56**/ − 0.36**/ − 0.33**
ON − /0.06/ − 0.03 − / − 0.1/ − 0.12 − / − 0.01/0.02
AON − / − 0.8**/ − 0.81** –/0.34**/0.36** − / − 0.7**/ − 0.55** –/0.56**/0.53**
PAO − /− 0.92**/ − 0.89** − /0.4**/0.44** − / − 0.8**/ − 0.62** –/0.32**/0.33** –/0.96**/0.97**

Fig. 3   The genetic linkage map and QTLs for six SN-related traits 
identified in the DH population in three environments. The red, blue, 
black, orange, purple and green lines, respectively, indicate the confi-

dence intervals of the consensus QTLs related to SN, TSW, SL, ON, 
AON and PAO in the DH population. The solid circles represent the 
positions of the QTL peak (color figure online)
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was compared with the two parents to locate un.A8. Using 
these data, un.A8 was narrowed down to a region between 
BM1663 and BM1646, corresponding to an 820-kb region 
on chromosome A8 in the reference genome of B. napus 
cultivar Darmor-bzh (Chalhoub et al. 2014; Fig. 4a).

To further narrow down the position of QTL un.A8 and 
identify the candidate genes responsible for SN, a large F2 
population (containing 16,421 individuals obtained from 
the cross between C4-146 and C4-58B) was constructed 
and surveyed using the two flanking markers BM1663 and 
BM1646. Considering the dominant nature of low SN over 
high SN in the cross between C4-146 and C4-58B, only 

recombinants between the C4-146 homozygous genotype 
(AA) and the other two genotypes (BB or Heterozygous) 
are informative for fine mapping. Then, 114 recombinants 
were identified and used for further genotyping with 10 
markers within the candidate region. These recombinants 
were grouped into 12 genotypes according to the allelic 
composition and recombination breakpoints (Fig. 4b). The 
recombinants information indicated that the BM1638, 
BM1641, BM1642, BM1357, BM1664, BM1667 and 
BM1668 markers were located on one side of un.A8, while 
the BM1672 marker was located on the other side. Also, 
BM1669 and BM1670 were found to co-segregate with 
the un.A8 locus (Fig. 4b). To further confirm the genomic 
region containing un.A8, the progenies of 3 key recom-
binants (S5, S14 and S15) at the locus were genotyped 
using the flanking markers (BM1668 and BM1672) and 
the co-segregated markers (BM1669 and BM1670). All 
recombinants from these progenies were selected and were 
grouped into 6 genotypes for phenotyping (Fig. S3). Using 
these data, we confirmed that the genomic region con-
taining the un.A8 locus was narrowed down to the DNA 
fragment bounded by BM1668 and BM1672, with an 
approximate length of 80.1-kb in the Darmor-bzh genome 
(Fig. 4c).

Table 4   Consensus QTL for 
the seed number per silique, 
thousand seed weight, silique 
length, ovule number per 
ovary and the aborted ovule 
number per ovary as well as the 
percentage of aborted ovules 
across different environments in 
the DH population

For abbreviation, see Table 1
a Chr, chromosome; bA, additive effect; positive additive effect means C4-146 allele increased trait values, 
negative additivity means C4-58B allele decreased trait values; cMajor QTL, those occurring at least once 
with R2 > 20% or at least twice with R2 > 10%; minor QTL, the remainder with relatively small effect

Consensus QTL Chra Interval LOD Ab QTL typec Environment

cqSN.A4 A4 27.09–29.41 3.59–3.85 0.62–0.69 minor QTL 2016/2017/2018
cqSN.A7 A7 29.9–31.2 4.09–10.68 0.83–1.26 minor QTL 2016/2017/2018
cqSN.A8 A8 6.92–7.67 35.60–48.48 2.72–3.58 major QTL 2016/2017/2018
cqTSW.A1 A1 22.72–28.96 4.78–5.90 − 0.10–0.09 minor QTL 2016/2018
cqTSW.A7-1 A7 17.46–18.6 8.41–11.31 − 0.17–0.14 major QTL 2016/2017/2018
cqTSW.A7-2 A7 29.9–31.2 7.49–13.41 − 0.19–0.16 major QTL 2016/2017/2018
cqTSW.A8 A8 6.92–7.67 10.82–11.01 − 0.17–0.16 major QTL 2016/2018
cqSL.A7 A7 29.9–31.2 7.80–9.85 0.16–0.21 minor QTL 2016/2017/2018
cqSL.A8 A8 6.92–7.67 23.94–33.94 0.29–0.48 major QTL 2016/2017/2018
cqSL.A9-1 A9 0.4–2.82 2.79–5.99 − 0.11–0.10 minor QTL 2016/2017
cqSL.A9-2 A9 36.43–46.4 8.28–9.58 − 0.18 minor QTL 2017/2018
cqSL.C3 C3 0–5.59 4.70–4.75 − 0.13–0.09 minor QTL 2016/2018
cqSL.C5 C5 11.77–45.84 3.45–3.47 − 0.16–0.15 minor QTL 2017/2018
cqON.C6-1 C6 11.12–13.16 2.78–8.32 0.86–0.88 minor QTL 2017/2018
cqON.C6-2 C6 21.05–21.95 8.56–10.26 0.90–1.43 major QTL 2017/2018
cqAON.A8 A8 6.92–7.67 34.91–36.31 − 4.04–3.48 major QTL 2017/2018
cqAOP.A4 A4 27.09–29.41 3.25–4.94 − 0.03–0.02 minor QTL 2017/2018
cqAOP.A7 A7 26.77–28.19 4.96–5.05 − 0.04–0.03 minor QTL 2017/2018
cqAOP.A8 A8 6.92–7.67 44.14–46.68 − 0.12 major QTL 2017/2018

Table 5   The list of three pleiotropic unique QTLs obtained after 
meta-analysis of 40 putative QTLs for each linkage group separately

For abbreviation, see Table 1
a LOD2_L and LOD2_R represent the left and right position of the 
95% confidence interval of the consensus QTL position in the analy-
sis

Unique QTL Chromosome Peak LOD2_La LOD2_R Confi-
dence 
interval

un.A4 A4 28.25 27.09 29.41 2.32
un.A7 A7 30.55 29.9 31.2 1.3
un.A8 A8 7.30 6.92 7.67 0.75
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Fig. 4   Fine mapping of the un.A8 locus. a Fine mapping of the un.
A8 region with 18 recombinants between the BM1355 and BM1360 
intervals in the DH population. The recombinants were grouped into 
three genotypes based on their genotypes at the target region, and the 
SN phenotype of each recombinant genotype was compared with the 
two parents. b Fine mapping of the qSN.A8 region with 16,421 F2 
plants. The number under the line represents the number of recom-
binants at the corresponding markers. A total of 114 recombinants 

were grouped into twelve genotypes based on their genotypes at the 
target region, and the SN phenotype of each recombinant genotype 
was compared with their parents and F1 hybrid. c Gene distribution in 
the candidate region of different reference genomes. Dash lines con-
nect homologous genes from the region showing perfect microsyn-
teny between different genomes. AA, homozygous genotype for the 
C4-146 allele; BB, homozygous genotype for the C4-58B allele; H, 
heterozygous genotype

Table 6   Prediction and annotation of candidate genes within the candidate region of the un.A8 locus

Gene name in Darmor Gene name in ZS11 Gene name in Shengli Orthologue in 
A. thaliana

Gene annotation

BnaA08g07900D BnaA08G0077500SL AT4G27680 ATPase family AAA domain-containing protein
BnaA08g07910D AT1G23170 Protein of unknown function DUF2359
BnaA08g07920D BnaA08G0085000ZS BnaA08G0077600SL AT1G31350 F-box/kelch-repeat protein
BnaA08g07930D AT1G31340 Related to ubiquitin 1 (RUB1)
BnaA08g07940D BnaA08G0085100ZS BnaA08G0077700SL AT1G31330 Photosystem I subunit F (PSAF)
BnaA08g07950D BnaA08G0085200ZS BnaA08G0077800SL AT1G31260 Zinc transporter 10 precursor (ZIP10)
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Candidate gene analysis of un.A8

Based on the released rapeseed genome information, the 
candidate interval contained six predicted genes in the 
Darmor-bzh genome (designated BnaA08g07900D through 
BnaA08g07950D) corresponding to 3 and 4 genes in the B. 
napus ZS11 and Shengli genomes, respectively (Song et al. 
2020; Fig. 4c; Table 6). Among these putative genes, one 
gene encodes expressed protein without annotation while the 
other genes encode homologs of Arabidopsis ATPase family 
AAA domain-containing protein, F-box/kelch-repeat pro-
tein, related to ubiquitin 1, photosystem I subunit F and zinc 
transporter 10 precursor (Table 6). None of the six genes has 
been previously reported to be involved in SN regulation. 

Therefore, un.A8 might be a novel QTL responsible for SN 
control.

To identify the candidate gene, the transcript levels of the 
six genes in both parents across five stages during ovary and 
silique development (1–2 mm, 2–4 mm and 4-5 mm pistil, 
3DAP and 5DAP ovary) were quantified using qRT-PCR. The 
transcript levels of BnaA08g07940D and BnaA08g07950D 
were significantly higher in C4-58B than C4-146 during ovary 
and silique development (Fig. 5d), which supports the dominant 
nature of the low SN phenotype. However, BnaA08g07930D 
was expressed in C4-146 but not in C4-58B during ovary 
and silique development. Through sequence comparisons, 
we identified a 1,445-bp deletion starting from 1,015-bp 
upstream of the transcription start site to the mid-region of 

Fig. 5   Candidate gene analysis of the target region. a The gene struc-
ture, natural variations between the parents and protein alignment of 
BnaA08g07930D are shown. b The gene structure, natural variations 
between the parents and protein alignment of BnaA08g07940D are 
shown. The amino acid with variation was highlighted with bold. c 
The gene structure, natural variations between the parents and pro-

tein alignment of BnaA08g07950D are shown. The amino acid with 
variation was highlighted with bold. d The expression patterns of 
BnaA08g07940D and BnaA08g07950D in various tissues of C4-58B 
and C4-146, as determined by qRT-PCR with normalization to 
BnaUBC10. Values are the mean ± SD of three biological replicates. 
***Significantly different at P < 0.001; DAP, days after pollination
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the second exon of BnaA08g07930D in C4-58B compared 
with the C4-146, which resulted in the formation of a pseudo-
gene gene in C4-58B (Fig. 5a; Fig. S4). The remaining three 
genes, BnaA08g07900D through BnaA08g07920D, were not 
expressed in the developing ovary and siliques. Analysis of 
mRNA accumulation patterns for these predicted genes based 
on recent public expression databases in the B. napus ZS11 
showed their expression profiles in various tissues (Fig. S5). 
There are three genes expressed in the candidate interval of 
ZS11 genome, i.e., BnaA08G0085000ZS, BnaA08G0085100ZS 
and BnaA08G0085200ZS, which are corresponding to Bna-
A08g07920D, BnaA08g07940D and BnaA08g07950D in the 
Darmor-bzh genome (Fig. 4c). The BnaA08G0085100ZS and 
BnaA08G0085200ZS were expressed in various tissues, with 
the higher expression detected in the developing siliques, but 
the BnaA08G0085000ZS transcripts were almost undetectable 
at the developing siliques (Fig. S5). These results suggested that 
both BnaA08g07940D and BnaA08g07950D may contribute to 
the observed variations in SN, hence we focused on them for 
further analysis.

To characterize the relationship between the candidate 
genes and the variations in SN, the promoter sequences, 
full-length genomic DNA, and coding sequences of Bna-
A08g07940D and BnaA08g07950D in the parental lines were 
amplified. A total of 10 exonic SNPs were detected in the open 
reading frame of BnaA08g07940D with 2 non-synonymous 
SNPs which resulted in amino acid variations in the signal 
peptide (Fig. 5b; Figs. S6 and S7). In the promoter region of 
BnaA08g07940D, abundant polymorphisms were also iden-
tified between the parental lines, including a 6159-bp inser-
tion (starting from 1019-bp upstream of the transcription start 
site), 7 small INDELs and 7 SNPs in C4-58B (Fig. 5b; Fig. 
S8). For another candidate gene BnaA08g07950D, a 3-bp 
insertion and an exonic SNP were detected in the first exon 
of C4-58B, which resulted in an addition of Valine acid resi-
due at the 21st amino acid (aa) and substitution of phenylala-
nine to leucine at the 28th amino acid (Fig. 5c; Figs. S9-S11). 
The BnaA08g07950D allele also showed alternative splicing, 
which terminated at the first intron and resulted in 8-aa inser-
tion and 150-aa truncation in the C-terminus of the predicted 
protein in C4-58B (Fig. 5c; Figs. S9-S11). Additionally, 11 
SNPs and 2 small INDELs were identified in the promoter 
interval (~ 3.0 kb before the start codon) between the two par-
ents (Fig. 5c; Fig. S12). Thus, these results further supported 
the idea that BnaA08g07940D and BnaA08g07950D were the 
most promising candidate genes underlying the un.A8 locus.

Discussion

In rapeseed, SN and its related components are of great 
importance for crop yield. SN is the final consequence of a 
complex developmental process including ovule initiation 

and subsequent ovule/seed development. Thus, factors 
controlling each of these developmental processes will 
ultimately affect the natural variations of SN. However, 
almost all previously reported studies focused more on SN 
but not its related components. To date, only a few SN-
related QTLs have been cloned, and the genetic mecha-
nisms regulating the natural variation of SN and its related 
components are largely unknown.

Previously, we conducted a genetic dissection of plant 
architecture and yield-related traits using the HJ DH 
population in rapeseed with a high-density genetic map 
(Cai et al. 2016). However, only several QTLs with minor 
effects were identified for SN. Considering PAO is a key 
factor responsible for the natural variation of SN in rape-
seed (Li et al. 2014, 2015; Yang et al. 2016), two lines 
(C4-146 and C4-58B) with significant differences in SN 
and AON without any obvious differences in ON were 
selected from the HJ DH population as the parental lines in 
the present study. It is expected to reduce the interference 
caused by factors controlling ovule initiation in the pre-
sent segregation population and then make the QTL map-
ping simpler and more effective. Indeed, genetic analysis 
revealed that variations of SN, AON and PAO were all 
controlled by a single Mendelian factor in the DH mapping 
population derived from the cross of C4-146 × C4-58B. 
QTL analysis identified 19 consensus QTLs for six SN-
related traits across environments. It is worth noting that 
a novel QTL on chromosome A8, un.A8, which pleiotropi-
cally controls all these traits except for ON, was stably 
detected across environments. This QTL explained more 
than 50% of the SN, AON and PAO variations and also 
exhibit a moderate contribution on SL and TSW. The 
C4-146 alleles at the un.A8 locus causes an increase in 
SN and SL with a simultaneous decrease in AON, PAO 
and TSW, in consistency with the trait performance of the 
two parents (Table 1). Eventually, it was fine mapped to 
an 80.1-kb region, which provides a solid basis for clon-
ing this locus to uncover the molecular mechanisms of 
SN determination in rapeseed. Thus, our present study 
provides an effective and highly efficient strategy for con-
ducting QTL mapping of complicated traits.

The SN in rapeseed shows great variation, ranging from 
5 to 35 in its germplasm resources, which is invaluable for 
the genetic dissection of natural variation as well as genetic 
improvement of the trait (Yang et al. 2016). SN is also a 
highly complex trait involved in many developmental pro-
cesses from the ovule initiation to seed development, which 
is affected by both internal factors from the mother plant 
and their interactions with external environmental condi-
tions (Li et al. 2014; Xu et al. 2014; Yang et al. 2016). To 
understand the relative importance of different biological 
processes for its natural variation in germplasm resources, 
we previously conducted cytological analyses of some 
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cultivars and a series of DH lines including C4-146 and 
C4-58B which shows great SN variation (Li et al. 2014). 
The results showed that the percentage of fertile ovules had 
the highest correlation with SN (r = 0.987), while no sig-
nificant correlation (r = 0.538) was observed between ON 
and SN. These results indicated that the process of ovule 
development is very important for the natural variation 
of SN in rapeseed. Further cytological analyses revealed 
that ovule development between the stages of megaspore 
degradation and uninucleate gametophyte is the key pro-
cess affecting ovule abortion, which in turn affects SN in 
rapeseed (Li et al. 2014). Similarly, BnaC9.SMG7b, the 
only gene map-based cloned for SN, also plays a role in 
regulating the formation of functional female gametophyte, 
thus determining the formation of functional megaspores 
and subsequent development of mature ovules (Li et al., 
2015). Thus, the identified pleiotropic QTL un.A8 in the 
present study should be one of the key genes involved in the 
regulation of ovule abortion during the ovule development 
stages between megaspore degradation and uninucleate 
gametophyte. Unlike BnaC9.SMG7b which is a positive 
regulator of SN in rapeseed, the un.A8 locus should be a 
negative regulator of the ovule abortion and SN because of 
higher AON and lower SN are dominant traits in this study. 
Therefore, the un.A8 locus determines the generation of 
unfertile ovules with an unknown mechanism other than 
the reported BnaC9.SMG7b in rapeseed.

In the present study, we fine-mapped this major locus to 
an 80.1-kb region, where six genes were predicted (Table 6). 
Expression analyses and DNA sequencing showed that 
two homologs of Arabidopsis photosystem I subunit F 
(BnaA08g07940D) and zinc transporter 10 precursor (Bna-
A08g07950D) may contribute to the observed variations in 
ovule abortion and SN (Fig. 5). There are no reports on the 
regulatory functions of these genes in the control of SN-
related traits in plants. Thus, further functional analysis of 
un.A8 will shed more light on the regulatory mechanism 
of SN natural variations in rapeseed. Moreover, the unique 
QTL un.A8 showed a major effect on the ovule abortion and 
SN, and a minor effect on TSW, with a decrease in AON and 
TSW by 4.04 and 0.17 g, respectively, as well as a simul-
taneous increase in SN by 3.58 at the C4-146 allele of the 
locus. These results suggested that un.A8 is of great potential 
in the improvement of SN in B. napus. Specific markers 
developed for this locus in the present study will be valu-
able for marker-assisted selection breeding for higher yield. 
Moreover, lower SN at this locus is fully dominant, which 
indicated that loss-of-function mutants in the un.A8 locus 
will reduce the ovule abortion and increase SN. With the 
rapid application of gene-editing technology in rapeseed, 
the creation of CRISPR/Cas9-mediated gene disruption at 
the un.A8 locus looks promising for yield improvement of 
the elite rapeseed cultivars.

Apart from the major QTLs on chromosome A8, we 
also identified three other consensus QTLs, cqTSW.A7-1, 
cqTSW.A7-2 and cqON.C6-2, which showed major effects 
on TSW and ON, respectively (Table 4). Two QTLs on the 
A07 chromosome, cqTSW.A7-1 and cqTSW.A7-2, were over-
lapped with previously identified TSWA7a/cqSW.A07-1 and 
TSWA7b/cqSW.A07-2, respectively (Fan et al. 2010; Wang 
et al. 2020). Thus, these two QTLs are stably expressed 
across different genetic backgrounds and environments, 
making them suitable targets for molecular cloning and 
breeding for seed weight improvement. For the ON trait, 
there was no QTL mapping study reported yet in rapeseed. 
Thus, the cqON.C6-2 locus represents the first major QTL 
controlling ON, which provides a target for dissecting the 
molecular basis of ovule initiation in the future.
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