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Summary

Rapeseed (Brassica napus) silique is the major carbohydrate source for seed development, and
the final silique length has attracted great attention from breeders. However, no studies had
focused on the dynamic character of silique elongation length (SEL). Here, the dynamic SEL
investigation in a natural population including 588 lines over two years indicate that dynamic SEL
during 0-20 days after flowering was the most essential stage associated with seed number per
silique (SPS) and thousand seed weight (TSW). Then, nine loci were identified to be associated
with SEL based on GWAS analysis, among which five SNPs (over 50%) distributed on the AQ02
chromosome within 6.08 to 6.48 Mb. Subsequently, we screened 5078 differentially expressed
genes between two extreme materials. An unknown protein, BnaA02.SE, was identified
combining with GWAS and RNA-Seq analysis. Subcellular localization and expression profiles
analysis demonstrated that BnaA02.SE is a chloroplast- and nucleus-localized protein mainly
expressed in pericarps and leaves. Furthermore, transgenic verification and dynamic cytological
observation reveal that overexpressed BnaA02.SE can promote silique elongation by regulating
JA and IAA contents, affecting cell proliferation and expansion, respectively, and finally enhance
seed yield by influencing SPS and TSW. Haplotype analysis reveal that the homologs of
BnaA02.SE may also be involved in silique elongation regulation. Our findings provided
comprehensive insights into a newly SEL trait, and cloned the first gene (BnaA02.SE) controlling
silique elongation in B. napus. The identified BnaA02.SE and its homologs can offer a valuable
target for improving B. napus yield.

Introduction

Rapeseed (Brassica napus), an allopolyploid species hybridized
from Brassica rapa and Brassica oleracea (Chalhoub et al., 2014),
is an essential oilseed crop with strongly high economic value
worldwide. Therefore, improving B. napus yield has become an
important research goal for breeders, and the seed production of
B. napus is mainly determined on three component traits: silique
number per plant (SPP), seed number per silique (SPS) and
thousand seed weight (TSW). And B. napus silique, which are not
only sink organs for accumulating photosynthetic products from
leaves and stems but also perform mainly photosynthesis source
organs that can supply nutrients and energy for seed develop-
ment (Bennett et al., 2011; King et al., 1997; Wang et al., 2023),
were highly associated with the mainly yield-determining factors
(Chen etal., 2007; Zhang et al., 2011). Thus, the B. napus silique
has been considered as a favourable organ for yield enhancement
in breeding programmes.

Silique can be divided into two mainly parts in B. napus, the
seeds and pericarps. The pericarps provide a protection for seed
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from abiotic and biotic stresses, and more importantly, act as
irreplaceable photosynthetic organs in continuously supplying
nutrients for seed development. In B. napus, the pericarps
become the major photosynthetic organs when leaf declined
rapidly after flowering (Bennett et al., 2011). The net CO,
fixation rate in pericarps was as high as 35% in B. napus
compared to that in leaves (King et al, 1998), which is
significantly higher than that in pericarps of other species like
chickpea (<5%) (Furbank et al., 2004). Additionally, more than
48% of the total nitrogen were found in mature seeds and
pericarps in B. napus (Rossato et al., 2001). Therefore, the
substance storage in seeds is determined by the availability of
assimilates directly or indirectly provided by pericarps. Due to
the close correlation between the pericarps and silique
characteristics, such as the length of the pericarps is equal to
the silique length (SL), and the width of the pericarps is also
same as siliqgue width (SW). So up to date, abundant researches
focus on the SL or its related traits in B. napus (Dong
et al, 2018; Fu et al, 2015; Li et al, 2014; Song
et al., 2020; Wang et al., 2021; Yang et al., 2017; Zhang
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et al., 2011). However, most studies only focus on the final SL
during the mature stage (Liu et al., 2015; Shi et al., 2019;
Yang et al., 2012). Obviously, the mature pericarps will lose its
photosynthetic capacity. Additionally, Wand et al. reported that
silique complete their morphogenesis before 18 DAF (not
mature stage) based on the dynamic SL investigation among
the six SL extreme materials (Wang et al.,, 2021). Therefore, a
better dynamic investigations of the pericarps (or silique
elongation), rather than just studying its final morphology
during maturity with weak photosynthesis, should be of critical
essential for the enhancement of seed yield.

Many studies have illustrated that almost all the yield-related
traits are quantitative traits controlled by polygenes in B. napus
(Lu et al, 2016, 2017; Pal et al., 2021; Zhang et al., 2022,
2023). Genome-wide association study (GWAS) have been
considered effective tools for screening candidate genes with
complex quantitative traits in B. napus, such as plant height (Li
et al., 2016), flowering time (Li et al, 2015), branching
morphogenesis (He et al.,, 2017; Sun et al., 2016), oil content
(Xiao et al., 2019; Zhao et al., 2022), harvest index (Lu
et al., 2016; Luo et al, 2015) and seed weight (Dong
et al., 2018; Pal et al., 2021). In recent years, GWASs have
also been applied to screen candidate genes associated with SL.
Such as 742 SNPs significantly associated with SL were identified
by using GWAS analysis based on a natural population in
B. napus (Dong et al, 2018). A PAV-based genome-wide
association study (PAV-GWAS) identified causal structural
variations with SL in a nested association mapping population
with ZS11 (Song et al., 2020). Wang et al. revealed several QTLs
related to SL by combining GWAS and transcriptomic analysis
(Wang et al., 2021). However, because of the complex genome
of B. napus, only four known functional genes, named
BnaA.ARF18, BnaA09.CYP78A9, BnaC7.ROT3 and Bna.A05-
DAD1, has been successfully cloned and proved to be key
regulators in controlling final SL in B. napus (Liu et al., 2015,
2021; Shi et al., 2019; Zhou et al., 2022), while no genes
(especially unknown proteins) related to the dynamic trait of
silique elongation have been cloned, resulting in the genetic
determinism of such important traits not being elucidated. So it
is necessary to screen key candidate genes in regulating the
dynamic traits of silique elongation through GWAS or transcrip-
tion analysis.

In this study, we identified five overlapping and stable
significant SNPs located on chromosome AQ02 across two
natural environments by GWAS analysis with the dynamic trait
of SEL. Meanwhile, combined with GWAS and transcriptome
analysis between two extreme materials with fast and slow
elongation of silique, we identified an unknown protein
(BnaA02.SE), which homologous to an uncharacterized
conserved protein (DUF2358, At1G65230) located on chloro-
plast. Transgenic functional verification, dynamic cytological
observation and hormone property testing indicate that
BnaA02.SE-overexpressing lines can promote silique elongation
by influencing JA and IAA metabolism to promote cell
proliferation and expansion in the pericarp. Haplotype analysis
further reveal that the homologs of BnaA02.SE (BnaC02.SE)
may also play essential roles in determining SEL. Our study
provides new insight into the molecular mechanism of the
dynamic characteristics with siligue elongation and the cloning
of the first unknown gene can further enrich the gene resources
for high-yield breeding in B. napus.

Results

New awareness and SNP identification by GWAS with
the dynamic character of silique elongation

The whole period of siligue development is divided into three
stages, 0-10, 10-20 and 20-30 days after flowering (DAF),
named the A, B and C stages, respectively. And SL at 10, 20
and 30 DAF was measured and named SLA, SLB and SLC. Then,
the dynamic characters of SEL were calculated with the formula
of SLA, SLB-SLA and SLC-SLB, named as SELA, SELB and SELC.
Based on the statistical analysis of SL traits (Table S1), we found
that SL ranged from 3.49 to 10.88 cm in 2019CQ and 3.98 to
12.42 cm in 2021CQ, with coefficients of variation of 21.74%
and 20.99%, respectively. Correspondingly, in 2019CQ, the
dynamic SEL ranged from 3.39 +0.83, 2.92 + 1.37 and
0.44 + 054 cm during the A, B and C stages. And
3.42 +0.65, 2.58 + 1.25 and 0.79 & 0.65 cm SEL were
observed in 2021CQ (Table S2). The dynamic SL among the
588 lines show that silique elongate fast during A and B stages,
whereas hardy SL elongate in stage C, especially in 2019
environments (Figure 1a). Additionally, the dynamic SEL charac-
teristics show that over 50% of the SL was completed during
stage A (56% =+ 13% in 2019CQ and 54% =+ 11% in 2021CQ),
and stage B exhibited a shorter SEL than that in stage A
(44% =+ 13% in 2019CQ and 40% =+ 15% in 2021CQ). All of
those resulting in hardly SEL occurred in stage C (7% + 6% in
2019CQ and 12% + 9% in 2021CQ) (Figure 1b). Suggesting
that the early stage (A and B stages before 20 DAF) is the most
essential period for silique development.

The phenotypic statistics show that all SL and dynamic SEL traits
exhibit continuous variation and approximated a normal distribu-
tion (Figure 1a,b), indicating that SL and SELs were both
guantitative traits. Correlation analysis results show that both
SELA and SELB exhibit significant positive correlations with the final
SL in both the 2019 and 2021 environments: SELA showed a
positive correlation trend with SPS and TSW, whereas only SELA
and SPS reached extremely significant differences. Additionally,
SELB showed significant differences from the TSW trait (Table S3).
The results show that dynamic SEL and final SL possess higher
relevance, and SEL is also a yield-related trait highly associated with
SPS and TSW. Thus, GWAS with SELA and SELB were conducted
using the P + K module (Price et al., 2006). The quantile-quantile
(QQ) plots results show that this model is highly reliable for use in
significant SNP identification (Figure 1c). Nine significant SNPs
(P<2.59 x 107°) were finally identified, which were unevenly
distributed across 5 different chromosomes, with A02 and AQ06 in
the 2019SELA environment and A02, A04, AO5 and CO5 in
2019SELB, whereas only two SNPs mapped on chromosome A02 in
2021SELA (Figure 1d). Individual SNPs explained 3.73%-5.06% of
the phenotypic variation (R?). Detailed information on the nine
significant SNPs is listed in Table S4. In total, only one SNP was
distributed on chromosomes A04, AO5, A06 and CO5, and the
remaining five SNPs (over 50%) were distributed on chromosome
AQ02, indicating a high possibility of some key genes located on A02
in regulating the dynamic development of siliques.

Comparative analysis of two B. napus lines using
RNA-Seq and Identification of key BnaA02.SE

Two extreme materials with significant differences in the SEL trait
were selected for transcriptome analysis. Material Y5 reached the
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Figure 1 SNP identification of the newly dynamic characters of silique elongation with GWAS analysis. (a, b) Dynamic statistical analysis with the SL and
corresponding silique elongation length among 588 materials over two different years, Letter of A, B and C represent the three stages with 0-10, 10-20
and 20-30 days after flowering, respectively; (c, d) Quantile-quantile plots and manhattan plots resulting from the GWAS results for silique elongation

length, the black dashed line represents the Bonferroni-adjusted significance threshold.

final SL faster than Y8, whereas Y8 and Y5 had similar final SL (To
eliminate interference from genes that control SL) (Figure 2a,b).
Y5 elongates 3.3 and 2.5 ¢cm during stages A and B, but Y8
elongates only 2.5 and 1.8 c¢m, respectively (Figure 2c). Consid-
ering that 10 and 20 DAF were the mainly essential stage for
silique development (Figure 1a,b), and in order to unify the
periods of GWAS and transcriptome analysis, pericarp with 10
DAF (10Sp) and 20 DAF (20Sp), including four independent
samples and a total of 12 libraries (three biological repetitions per
sample), was extracted for transcriptome analysis. A total of 3015
and 4152 differentially expressed genes (DEGs) were identified
between Y8 and Y5 in 10SP and 20SP, respectively. We then
selected the common trend DEGs between 10SP and 20SP
(indicated in Figure 2d except red circle), and 3117 upregulated
and 1961 downregulated DEGs were finally identified (indicated
in Figure 2d with green box). All the DEGs and their FPKMs are
shown in Table S5. Furthermore, Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway analysis showed that most DEGs
were enriched in plant hormone signal transduction and carbon
metabolism pathways (Figure 2e), which were highly consistent
with the previous research (Wang et al.,, 2021). Additionally,
gRT-PCR results were highly consistent with the RNA-Seq data
(Figure S1), which can fully prove the accuracy and reliability of
the RNA-Seq.

To select key candidate gene for further functional
research, genes associated with dynamic SEL were deter-
mined by GWAS analysis with 350 kb flanking regions on

either side of the significant SNPs, and a total of 559 and
119 genes were identified in the 2019 and 2021 environ-
ments, respectively (Table S6). Furthermore, combined with
the RNA-Seq analysis, four candidate genes were differentially
expressed between extreme materials (Figure S2). Then,
transcriptome data in accession ZS11 with 53 tissues (Chao
et al., 2020) were downloaded to clarify tissue-specific
expression patterns (Table S7). The heatmap shows that
BnaA02g10900D and BnaA02g11100D hardly expressed
among the 53 organs, whereas BnaA02g11440D was
expressed in almost all test tissues. Only BnaA02g12010D
exhibited significant spatiotemporal expression specificity
(indicated in Figure 2f with black arrow). Moreover, the
expression pattern throughout the entire plant growth period
also proved that BnaA02g12010D expressed higher in leaves
and pericarps than that in roots, floral organs and seed
tissues (https://brassica.biodb.org/) (Figure 2g). Thus, we
finally chose the unknown protein BnaA02g12010D (named
as BnaA02.SE), which was identified by RNA-Seq and GWAS
analysis in both 2019SELA, 2019SELB and 2021SELA within
6.08 Mb to 6.48 Mb on Chromosome AO02 (Figure S3), for
functional study.

Expression pattern and subcellular localization of
BnaA02.SE

To analyse the sequence variations of BnaA02.SE between the
extreme lines, we cloned the BnaA02.SE and no sequence
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Figure 2 Transcriptomic analysis with dynamic silique elongation length and the identification of BnaA02.SE. (a) Dynamic silique phenotypes between the
two extreme materials, scale bare = 2 cm; (b, ¢) Statistical analysis with traits of SL and corresponding silique elongation length, the value of n =5 was
used for statistical analysis; (d) Venn plot of DEGs with up-/downregulated between 10SP and 20SP; (e) KEGG pathway analysis among the DEGs; (f)
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variation was found between material Y8 and Y5 (Figure S4).
Indicating that the different phenotypic characteristics with DEL
are not caused by the sequence diverse of BnaA02.SE, but may be
due to the different expression level of BnaA02.SE. Then in order
to verify the expression pattern of BnaA02.SE, gRT-PCR was
performed among multiple tissues of ZS11 and the results show
that BnaA02.SE was mainly expressed in leaves and pericarps,
with a relatively low expression level in buds and flowers, and
almost no expression in seeds (Figure 3a), which was completely
consistent with the online data (https://brassica.biodb.org/). To
further investigate the expression profiles of BnaA02.SE in detail,
we analysed its transcriptional level among multiple
silique-related extreme materials. The results reveal that
BnaA02.SE expressed higher in material Y5 (fast SEL) than Y8
(slow SEL) in both 10Sp and 20Sp (Figure 3b). Similarly,
BnaA02.SE exhibit higher transcriptional level in long silique
material (Y3) than that in short (Y6) (Figure 3c). These results
indicate that BnaA02.SE has a pericarp-specific expression

pattern, and it may be a key regulator in controlling SL by
influencing silique elongation.

To determine the subcellular localization of BnaA02.SE in plant
cell, we tagged the coding sequence of BnaA02.SE with green
fluorescent protein (GFP) and expressed the construction with the
control of the 35S5:pEarleyGate101-GFP. The results show that the
BnaA02.SE-GFP fusion protein was mainly located to the nucleus
and chloroplast (Figure 3d), which was consist with its
transcriptional profiles that highly expressed in the two mainly
photosynthetic organs (leaves and silique pericarps).

Enhancing seed yield by overexpressing BnaA02.SE in
B. napus

To ascertain whether BnaA02.SE own functions in regulating
silique development, a fragment of BnaA02.SE with 867 bp was
amplified and cloned (Figure S5a). Three homozygous positive
lines were generated based on gRT-PCR verification, in which
BnaA02.SE expressed 7.1, 6.8 and 9 times higher compared with
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used for statistical analysis with all those investigated characteristics.

control ZS11 (Figure S5b). OE-lines exhibit little vigorous growth
than that in control in both the seeding and flowering stages
(Figure 4a,b). During the harvest stage, the plant height in ZS11
was only 170.2 ¢cm, whereas that in the three OE lines was
185.2, 183.2 and 187 cm, respectively, and the difference
reached an extremely significant level (Figure 4c,d). Moreover,
the main inflorescence length in the three OE lines exhibited a
9.8% increase compared with that in ZS11 (Figure 4e), which
resulted in a significant difference from the trait of silique
numbers of the main inflorescence (Figure 4f). However, there
was no difference in branching number between OE lines and
Z511, which both fluctuated around 8 (Figure 4g). The trait of
silique numbers per plant in ZS11 was 394 on average, whereas
the three OE lines exhibited 452, 459.2 and 471.2, respectively,
but the difference did not reach significance (Figure 4h). Finally,

OE lines can harvest 34.9, 35.2 and 35.6 g seed yield, higher
than that in the control with 29.5 g, indicating that over-
expressed BnaA02.SE can achieve a 19.2% increase in seed yield
per plant (Figure 4i, Table S8).

BnaAO02.SE regulates SPS and TSW traits by affecting
silique elongation

Siliques in OE lines elongate 7.5 ¢cm in average during 0-10 DAF
stage, reach significant difference compare with ZS11 with
5.5 cm; During 10-20 DAF, 2.2 and 3.7 cm of silique elongation
length (SEL) occurred in ZS11 and OE lines, respectively; In
contrast, silique of ZS11 show longer elongation length than OE
line after 20DAF (Figure 5a,b). Correspondingly, the difference in
silique elongation led to a 20% longer SL in the OE lines (11.4 cm
on average) than in ZS11 (9.4 cm) (Figure 5c). Moreover, a 40%
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Figure 5 Phenotypic characteristics and statistical analysis of the silique characters among the transgenic plants. (a) Phenotypic traits with dynamic SL
between control ZS11 and overexpression BnaA02.SE lines with three replications, OE-A, OE-B and OE-C represent three different stages with 10, 20 and
30 days after flowering, scale bare = 2 cm; (b—d) Statistical analysis with characters of silique elongation length, SL and silique volume, the value of n = 5
was used for statistical analysis of related characters; (e) Phenotypic characters with seed, scale bare = 2 mm; (f, g) Statistical analysis with SPS and TSW,

the value of n = 3 was used for statistical analysis.

increase in silique volume (SV) occurred in the OE lines compared
with the control (Figure 5d). Finally, all these changes with silique
elongation resulted in differences in seed-related traits
(Figure 5e). Silique with OE lines had 27, 26.2 and 26.5 SPS,
respectively, whereas ZS11 contained only 24.4 (Figure 5f).
Additionally, the OE lines showed 15% higher TSW than the
control (Figure 5g). All the phenotypic data are shown in
Table S9. These results indicate that overexpression of BnaA02.SE
can enhance two factors (SPS and TSW) influencing B. napus
yield by regulating silique elongation.

BnaA02.SE affects cell proliferation and expansion by
altering JA and IAA contents

To elucidate the mechanism of overexpressed BnaA02.SE in
elongating siliques, we compared the DEGs in silique with 10 DAF
between OE lines and ZS11. A total of 2585 DEGs were identified

(Figure S6a), and the KEGG results showed that most genes
(10.19%) were enriched in the plant hormone signal transduction
pathway (ko04075) (indicated with red font in Figure S6b).
Moreover, Gene Ontology (GO) enrichment analysis showed that
DEGs were highly associated with the regulation of the jasmonic
acid mediated signalling pathway in biological processes
(GO2000022) (indicated with red font in Figure S6c). And the
transcriptome analysis show that genes belongs to JAZ and ARF
subfamily expressed significantly higher and lower than that in
control, respectively (Figure 6b,c). All the DEGs and their
FPKM_values are shown in Table S10. Correspondingly, the
LC/MS results show a lower JA content in the OE lines (20.6 ng/q)
than that in the control (37.8 ng/g) (Figure 6d). The OE lines
possessed a 6.13 ng/g IAA content, which was significantly higher
than the 2.97 ng/g content in ZS11 (Figure 6e). Dynamic
cytological observation show that the OE lines have 102.4 and
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(f) Scanning electron microscopy observation, Stage a—c represent 10, 20 and 30 DAF, respectively; (g, h) Statistic analysis of cell number and size in
pericarp at 10, 20 and 30 DAF, the value of n = 5 was used for the data statistic.

28.2 cell numbers at 10 DAF and 20 DAF, respectively, whereas
Z511 only contains 87.4 and 20.6 cells, respectively (Figure 6f,g).
Correspondingly, the cell size in ZS11 (1779.2 and 4326 pm? in
10 and 20 DAF) was significantly larger than that in the OE lines
(994 and 3120 pm?). However, at 30 DAF, the OE had a larger
cell size (7742 pm?) than ZS11 (4406 pm?) (Figure 6f,h).
Therefore, we speculate that BnaA02.SE may affect silique
elongation by promoting cell proliferation and expansion through
influencing JA and IAA content (Figure 6).

Candidate gene analysis of BnaA02.SE and haplotype
analysis

Since BnaA02.SE is an unknown protein without any reference,
thereby BLAST analysis was performed using BnaA02.SE
sequence as the query, the results show that there are only one
(At1G65230), one (Bra022487), one (Bol04532) and two
(BnaA02g12010D and BnaC02g16480D) homologs in A. thali-
ana, B. rape, B. oleracea and B. napus, respectively (Figure S7). It
is worth noting that At1G65230, an unknown protein located on

chloroplast, is expressed mainly in leaves and pericarps
(Figure S8), which results are completely consistent with
BnaA02.SE (Figures 2g and 3d). Moreover, sequence alignment
reveals high similarity between BnaA02.SE and BnaC02g16480D
(named as BnaC02.SE), which both possess five exons (Figure 73,
), and the similarity with the protein sequence between them
was as high as 93.1%. Additionally, the transcriptional data from
BrassicaEDB  (https://brassica.biodb.org/) demonstrated that
BnaC02.SE exhibit almost identical expression patterns with
BnaA02.SE (Figure S9). Suggesting the highly conservative of
BnaA02.SE and BnaC02.SE compared to At1G65230.

We thereby conducted a haplotype analysis of these two
homologs in natural germplasm. Unfortunately, none SNP were
identified among the five exons in BnaA02.SE. We also calculate
the mean phenotypic values of SEL among the three BnaA02.SE
haplotypes (designed as HTA-1 to HTA-3) (Figure 7a), however, all
the three haplotypes show no significant differences in SEL over
two years (Figures 7b and S10a, Table S11). For BnaC02.SE, two
of the four SNPs were identified in the fifth exon of BnaC02.SE,
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and three haplotypes divided into HTC-1 to HTC-3 were obtained
(Figure 7c). Compared with that of HTC-3, the HTC-1 and HTC-2
were both significantly higher in 2019SELA, while no significant
differences were found in 2019SELB and 2021SELA (Figures 7d
and S10b, Table S11). Indicating that the SNPs upstream
BnaA02.SE are not associated with SEL, whereas haplotype
HTC-3 has a negative effect on SEL for BnaC02.SE.

Discussion

The newly dynamic trait of silique elongation was a
quantitative characteristic highly associated with TSW
and SPS

Brassica napus yield is dependents on three mainly components,
i.e. SPP, SPS and TSW. Evidently, each of them is highly affected
by the development of silique, which is the major photosynthetic
organs when leaf declined rapidly after flowering (Bennett
et al., 2011). Currently, researches associated with silique
development have only focused on the final SL or its related
traits, including the final breadth, thickness, and volume (Wang
et al., 2016; Zhao et al., 2021) during the mature stage with
weak photosynthesis, but pay little attention to the dynamic traits
with SEL during the whole period of silique growth. Thus in this
work, a detailed phenotypic statistics with the dynamic SEL trait
among 588 materials were calculated (Table S1). The results show
that faster elongation of the silique lead to longer silique and
larger area of silique pericarp during the early stage of silique
development. Since chloroplast is rich in mesocarp of silique
pericarp (Sessions and Zambryski, 1995) and endows silique
pericarps with photosynthetic capacity (Bennett et al., 2011).
Therefore, the higher photosynthetic ability with faster elonga-
tion siliqgue can provide more assimilates and nutrients to fuel
seeds forming higher TSW. On the other hand, longer siliques
have a larger space to hold more embryos and thereby conduct
more SPS (liao et al., 2021). Moreover, the dynamic SEL

characteristics show a near-normal distribution curve, taken
together, our data suggested that the newly SEL is a quantitative
trait highly associated with TSW and SPS.

Identification of BnaA02.SE associated with the dynamic
SEL trait

During the past decades, abundant SNPs associated with final SL
were identified through GWAS, QTL or transcriptome analysis
(Dong et al., 2018; Fu et al., 2015; Song et al., 2020; Wang
etal., 2016, 2021; Yang et al., 2012, 2017; Zhang et al., 2011).
Among them, only a few major QTLs own large effects, while
most are minor QTLs with small effects. Up to date, a total of
three QTLs controlling SL have been validated by transgenic
analysis, among them, two of which are major QTLs located on
A09 chromosomes (Liu et al., 2015; Shi et al., 2019). However,
because of the complex genome, genes in B. napus possess
multiple copies (Liu et al.,, 2018; Yang et al., 2023; Zhang
et al., 2020, 2023) and undergo severe functional differentiation
(Froschel et al., 2019; Han et al., 2020; Zheng et al., 2020). All
these factors result to a difficulty in cloning key genes underlying
minor QTLs in allopolyploid B. napus. To the best of our
knowledge, these phenomenon not only occurred in B. napus,
but only a small number of minor QTLs have been cloned in rice
(Chan et al., 2020; Li et al., 2020). Whereas, one minor QTL
(cqSL-C7) explained 8%-14% of phenotypic variations with a
small effect was successfully cloned and proved to be key factors
in regulating SL in B. napus (Zhou et al., 2022). Indicating that
some key candidate genes underlying minor QTLs with small
effect can also possess essential roles in regulating SL in B. napus.
However, none reports currently focus on the identification of
genes related to dynamic SEL trait, even no QTLs related to SEL
with neither large nor small effect were successfully cloned in
B. napus. Thus, we performed GWAS analysis with dynamic SEL
based on 588 natural populations, which provided a
high-resolution genomic variation map and was used to screen
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multiple quantitative traits in our previous research (Lu
et al., 2019). Finally, nine SNPs were identified (Figure 1d), and
eight of them overlapped with other silique-related traits in
previous studies (Dong et al., 2018; Lu et al., 2016, 2017; Luo
et al.,, 2017; Zhao et al., 2016) (Table S4), supporting the high
reliability of the SNPs detected in our study. Furthermore,
combined with the analysis of GWAS and transcriptome, only
one common candidate DEG (named as BnaA02.SE) own the
pericarp-specific expression patterns (Figure 2f,g), which was
identified in the 2019SELA, 2019SELB and 2021SELA environ-
ments within 6.08 Mb to 6.48 Mb on Chromosome A02 with
small effect (Figure S3). Additionally, BnaA02.SE was mainly
located on nucleus and chloroplast, which may play an essential
role in the photosynthesis of leaves and pericarps. Therefore, we
choose BnaA02.SE for further functional research. This approach
was also choose for identification of BnaFAX1-1, a candidate
gene contributing to biological yield and seed oil content by
functional verification in our previous study (Xiao et al., 2021).

BnaAO02.SE regulates silique elongation by affecting cell
proliferation and expansion in B. napus

Based on the characterization of previously cloned candidate
genes regulating SL, it is widely accepted that diverse hormones
play essential roles in controlling silique development in B. napus.
Such as auxins were proved to be predominant plant hormones
that control SL (Liu et al., 2015; Shi et al., 2019), and BnaC7.ROT3
may regulate SL via influencing brassinosteroid (BR) biosynthesis
(Zhou et al., 2022). Moreover, Liu et al. reported that B. napus SL
is highly mediated through crosstalk between jasmonate acid (JA)
and auxin (IAA) signalling (Liu et al, 2021). In this study,
transcriptome analysis between BnaA02.SE OE-lines and ZS11
also showed enrichment of the most significant pathway in
hormone transduction (Figure S6b). Moreover, a set of genes
(BnaJAZ3s, BnaJAZ6s, BnaJAZ9s and BnaJAZ10s), which has been
confirmed to be negative regulators within the JA mediated
pathway belonging to jasmonate-zim-domain protein family
(Ghorbel et al., 2021; Liu et al., 2021), expressed higher in
BnaA02.SE OE-lines, resulting in lower JA content than control.
Similarly, the latest reports also proved that the accumulation of
transcriptional suppressor FVJAZ can relieve the inhibition of the
target transcription factor FPMYC2, then promote the expression
of downstream genes manipulated by FVMYC2, especially
FvLOX3, and subsequently affect JA synthesis (Wang
et al., 2024). This results was coincide with the speculation of
JAZ inhibits the synthesis of JA in this study. On the other hand,
BnaA09.ARF18 was reported to controlling SL by affecting cell
elongation (Liu et al., 2015). Coincidently, a homologous ARF
located on chromosome C04 was found to be significantly
downregulated in BnaA02.SE overexpression lines, leading to a
higher IAA content than that of the control (Figure 6).
Furthermore, BnaA05.DAD1, BnaC07.ROT3 and BnaA09.ARF18
were reported to controlling SL by regulating cell size (Liu
et al., 2015; Zhou et al., 2022). In contrast, OE-lines with
BnaA02.SE had a small cell size during 10-20 DAF, which exhibited
significantly more cell numbers, and the cell size of the OE-lines
became larger than ZS11 at 30 DAF. Considering that JAs are one
of the predominant plant hormones in regulating cell numbers
(Chen et al., 2011), while IAA can increase cell volume through
promoting cell expansion (Wang et al., 2001), we therefore
propose a module of the mechanism by which BnaA02.SE regulate
silique elongation in B. napus: The transgenic expression of
BnaA02.SE leading to expression changes of a set of genes

belonging to JA mediated pathway and then reduced the JA
content, thereby promoting cell proliferation during the early stage
of silique development. BnaA02.SE was constitutive overexpression
during the later stage due to the use of 35S promoter, and I1AA
content was increased significantly by inhibiting the expression level
of ARF homologous, which thereby promoting cell expansion. Both
cell proliferation and expansion can promote silique elongation, and
the longer siliques increase the photosynthetic area and enhance
the amount of carbohydrates available for seed development in
siligue. The overexpression of BnaA02.SE thus increases the SPS
and TSW, contributing to a slight increase with seed yield in final.

Future prospects and the availability of BnaA02.SE and
its homologous

In soybean, pod length is significantly associated with seed size
(Bravo et al., 1980). Similarly, the differences with SL can alter the
photosynthetic area of silique pericarp and finally influence the
total carbohydrate gross and seed weight in B. napus (Li
et al., 2018). Additionally, the changing of SL can also take
effect on the silique space to hold more embryos to produce
more seed numbers (Bennett et al., 2011). Our results also
showed that a slight increase in seed yield with BnaA02.SE
OE-lines were mainly caused by the enhancement of seed size,
SPS and TSW (Figure 5). Although the control ZS11 is a wildly
planted cultivar known for its long silique and high yield
characteristics in China (Zhou et al.,, 2022), overexpressed
BnaA02.SE can also promote silique elongation and improve
seed yield in ZS11. Therefore, we speculate that overexpressing
BnaA02.SE has a great potential to increase seed vyield by
influencing silique development in B. napus. However, haplotype
analysis reveal some limitation on the application of BnaA02.SE
for fast elongation of silique in B. napus breeding to some extent
(Figure 7a,b). But interestingly, its homologs BnaC02.SE may own
the similar functions in regulating SEL, which the haplotype HTC-
1 and HTC-2 in BnaC02.SE had significantly longer SEL than that
with HTC-3 (Figure 7¢,d). Though BnaA02.SE and its homologs
BnaC02.SE own minor effect on SEL, the coordination of these
two homologs may be helpful to effectively influence the B.
napus SEL. Coincidently, Zhou et al. also found this similar
phenomenon in long silique breeding (Zhou et al., 2022): no
significant differences among the six haplotypes in the causal
BnaC7.ROT3 underlying cqSL-C7 locus, whereas some haplotypes
identified in its homologs (BnaA3.ROT3 and BnaA1.ROT3) has a
stable and slight effect on SL. Considering that serious functional
redundancy among homologs occurred in allopolyploid B. napus
(Han et al, 2020; Zheng et al., 2020), the pyramiding of
homologs with minor loci (such as BnaC7.ROT3 and BnaA02.5E in
this study) may be of great significance for high yield breeding in
allotetraploid B. napus.

In conclusion, we revealed an unknown protein BnaA02.SE,
which were identified from both RNA-Seq and GWAS analysis
with minor effect in regulating SEL in B. napus. And functional
analysis show that BnaA02.SE controls the dynamic elongation of
silique by influencing cell proliferation and expansion, and then
take effect on final SL. This study provides new insights to the
regulatory mechanism of final SL forming in B. napus. Haplotypes
analysis elucidated that functional redundancy may exhibit
between BnaA02.SE and its homologs BnaC02.SE. Finally, the
functions of BnaC02.SE need to be further verified by transgenic
characterization and the deep insights into the synergistic
regulatory mechanism of silique development between
BnaA02.SE and BnaC02.SE need to be explored in future.

© 2024 The Author(s). Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd., 22, 2907-2920



Materials and methods
Plant material and trait evaluation

All plants used for GWAS analysis in our study comprised 588
accessions, including 7 from Australia, 13 from North America, 102
from Europe and 466 from Asia. According to their growth habit,
all the 588 accessions were divided into 3 ecotypes, including spring
(86 accessions), semi-winter (428 accessions) and winter (74
accessions) (Figure S11). All the accessions were preserved at
Southwest University, and planted with normal growing season in
experimental farm with Southwest University in Beibei, Chongging,
China (29°45'N, 106°22’E, 238.6 m). All the field experiment
followed a randomized complete-block design with two biological
replications. Each accession was cultivated in two rows with 10-12
plants per row, with 20 cm plant spacing and 40 ¢cm row spacing.
All the accessions were planted in the same filed over two years
with 2019 and 2021. Field managements were conducted based
on the standard agricultural practices. During the initial flowering
stage, five individual plants were selected to mark the flowering
period. Then, the SLs were measured and the dynamic trait of SEL
was calculated.

Genome-wide association analysis

Genome-wide association study analysis of the dynamic SEL trait
was performed based on the phenotypic data. All the parameters
of the GWAS analysis, including the population structure, relative
kinship and SNP genotyping were described in our previous study
(Lu et al., 2019). The GWAS analysis was cultured by TASSEL5.2
software using P + K models (Bradbury et al., 2007). The QQ and
Manhattan plots were generated by the R package.

Transcriptome analysis

Samples of pericarp were collected with 10 DAF and 20 DAF
(10Sp and 20Sp) from 5 independent plants, and total RNA was
extracted respectively. The sequencing library preparation and
reaction were performed by Novogene Technology Corporation
(Beijing, China). Gene expression levels were calculated with
FPKM, and DEGs were obtained based on the Cuffdiff, with the
parameters of [log,™'9 "9 > 2 0 and FDR (false discovery rate)
< 0.05 (Xiao et al, 2019). And all the raw data can be
downloaded from the NCBI SRA database with the accession
no. PRINA1096371.

Haplotype analysis

The genotypic data among the 588 accessions with nature
population were collected from our previous study (Lu
et al., 2019). Phenotypic data used for haplotype analysis are
listed in Table S1. The missing genotype was imputed by Beagle 5
(Browning et al., 2018). SnpEff 5.0 was selected for annotating
the effects of nonsynonymous variations (Cingolani et al., 2012).
Online analysis tools with Hastat and Haplot (https:/github.
com/swu1019lab) were used for gene haplotype analysis and
visualization, respectively.

Gene expression analyses

Total RNA was extracted with RNeasy Extraction Kit (Invitrogen,
Carlsbad, CA) and <DNA was produced through Reverse
Transcription Kit (TaKaRa Biotechnology, Dalian, China). Then
gRT-PCR was performed by BIO-RAD system in triplicates. All the
relative expression level of each gene was calculated using the
2782t method. The results were visualized with GraphPad
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Prism5.0 software. And all the primers used in this study were
shown in Table S12.

Vector constructs and transgenic plant obtaining

Tissues of leaves, flowers, seeds and pericarps from ZS11 were
mixed as the samples to clone candidate BnaA02.SE full coding
DNA sequence. Then, the PCR products were ligated into the
pEarleyGate101 vector with attR1 and attR2 sets to produce 35S:
pEarleyGate101-BnaA02.SE. The 35S:pEarleyGate101-BnaA02.SE
was further introduced into Agrobacterium strain GV3101 for
transformation of the ZS11 with the simplified floral dip method
(Ali et al., 2022). And gRT-PCR was conducted to screen the
positive transgenic plants.

Subcellular localization

The cDNA sequence without the termination codon of the
BnaA02.SE was connected to pEarleyGate101 vector for con-
structing a GFP fusion plasmid. Agrobacterium GV3101 were
transformed with the plasmid BnaA02.SE-GFP, and the 35S:
pEarleyGate101 was selected as control. The transient expression
experiment in tobacco (Nicotiana benthamiana) was performed
to analyse the subcellular localization of BnaA02.SE, which was
determined as previously described (Zhou et al., 2022). And the
fluorescence signals were imaged by a laser scanning confocal
microscopy (Carl Zeiss, LSM780).

Phenotypic investigation of the transgenic plants

All the transgenic B. napus plants were grown restricted within an
isolated experimental station in Southwest University. Three
replicates of BnaA02.SE overexpression lines named as OE #1, #2
and #3 were selected for phenotypic investigation. Each replicate
was planted ten individual plants and together with the control.
During the mature period, five individual plants were harvested
from each transgenic line. The plant height, main inflorescence
length, and siligue number of inflorescence and per plant were
measured, and the seed yield per plant was weighted after natural
air drying. Additionally, 30 siliques from the main inflorescence
were collected, and all the seed numbers (SN) were counted by a
tablet machine, and SPS was calculated as SN/30. The seed weight
of 30 siliques (SW) was investigated by weighing scales, and TSW
was calculated with SW/SN * 1000. For the trait of SL, we
measured five SLs of the main inflorescence at 10, 20 and 30
DAF. SV was estimated based on the volume change following
submersion of siliques using a cylinder containing water.

Cytological observation with scanning electron
microscopy (SEM)

Scanning electron microscopy observation was performed to
investigate the cellular morphology using a HITACHI SEM SU3500
(Hitachi, Tokyo, Japan). The parameters were as follows:
temperature of —25 °C, voltage of 5000 V, and magnification
with 300 times (Lima et al., 2019). Three biological replies were
designed, and at least five siliques were collected from each OE
lines and ZS11. ImageJ software (National Institute of Health) was
chosen to calculate the cell number and size (Giaretta
et al., 2018).

Quantification of JA and IAA in B. napus

Fresh samples with 10Sp from OE lines and ZS11 were collected.
Hormone extraction and qualitative testing were performed
according to the methods described by Zeng et al. (Zeng
et al., 2019).
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Statistical analysis

All statistical data were analysed by IBM SPSS statistics 20 (IBM,
New York) software. GraphPad Prism 9.5 software (GraphPad
Software, California) was used to visualize the charts. One-way
analysis of variance (ANOVA) was used to analyse the significance
of the differences.
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