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Editorial on the Research Topic

The Brassicaceae — agri-horticultural and environmental perspec-
tives, volume Il

Brassica is an old world genus and a monophyletic group within the Brassicaceae.
Comprising about 35 species, the genus Brassica is represented by six interrelated
cultivated brassicas, Brassica napus, B. rapa, B. juncea, B. oleracea, B. nigra, and B.
carinata. Among the 18 research articles published in this volume II of the Research
Topic ‘The Brassicaceae - Agri-Horticultural and Environmental Perspectives’, B. napus,
B. rapa, B. juncea, and B. oleracea were researched in 11, 4, 2, and 1 articles on these
respective genus.

This second volume provides insights into the molecular-genetic nature of the least
and/or unexplored aspects in the major species of genus Brassica to date. It includes: (i)
the quantitative trait loci related to silique-associated traits (Zhao et al.); (ii) heterosis of
yield-influencing traits (Aakanksha et al.); (iii) basis of flowering time variations (Fang
et al.); (iv) role of high-throughput phenotyping role in enlightening complex traits
(Ebersbach et al.); (v) flower color and pigment formation (Li et al; Hao et al; Yang
et al.); (vi) harvest index process and mechanisms (Zhang et al.); (vii) factors responsible
for control of seed development stages and yield in special eco-environments (Xiong
et al.); (viii) N rate- Auxin-Floral Meristem crosstalk (FHao et al.); (ix) cold resistance (Wu
et al.); (x) male sterile lines role for hybrid seed production (Dong et al); (xi) a
comprehensive analysis on simple sequence repeats markers (Xu et al.); (xii) genome-
wide characterization of ovate family protein gene family (Liu et al.); (xiii) relation of seed
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number per silique and ovule number per ovary with ovule
fertilization and seeds development (Qadir et al.); (xiv)
minimization of erucic acid in seed oil (Gill et al.); (xv) loci of
clubroot-resistant genes (Wang et al.); and (xvi) functional
characterization of the receptor-like proteins under the
stimulus of Sclerotinia sclerotiorum (Li et al.).

Brief highlights and the major outcomes of the studies on
Brassica napus, B. rapa, B. juncea, and B. oleracea included in
this Research Topic are outlined below.

Brassica napus

As the third-largest oilseed crop worldwide, rapeseed
(Brassica napus) exhibits significantly high oil production
efficiency. B. napus has evolved from the double diploidization
of B. rapa and B. oleracea through interspecific hybridization.
There has been a continuous search for factors contributing to
improving B. napus yield. To this end, silique-related traits are of
great significance. Analyzing the 120 consensus quantitative trait
loci (QTLs) across multiple environments, 23, 25, 29, 22, and 21
consensus QTLs were identified for five silique-related traits
(seed number per silique, SPS; silique length, SL; silique breadth,
SB; silique thickness, ST; silique volume, SV), respectively (Zhao
et al.). Interestingly, seed number per silique (SNPS) largely rely
on the ovule number per ovary (ONPO), the proportion of
ovules to be fertilized and the proportion of fertilized ovules to
develop into seeds. ONPO widely varies in B. napus; however,
underlying genes and mechanisms were unveiled and found to
involve 18 novel association loci and six candidate genes
(BnaA03g14600D, BnaA03g33420D, BnaA06¢08920D,
BnaA06¢13210D, BnaC01g25840D, and BnaC03g16210D)
(Qadir et al.). B. napus suffers from low genetic diversity;
hence, exploitation of diverse genetic resources is imperative to
develop locally adapted, high yielding, and stress resistant
cultivars. To this end, it has been suggested that high-
throughput phenotyping (HTP), an automated, scalable, non-
destructive, and high-throughput imaging approach, is feasible
for phenotyping studies on complex traits such as drought stress
resistance, flowering characteristics (e.g., timing and volume),
and canopy architecture traits (e.g., raceme branch numbers) in
spring-type B. napus lines. These were selected as founders for
the development of a large, spring-type B. napus Nested
Association Mapping (NAM) population called “SKBnNAM”
(Ebersbach et al.). The yield-loss in B. napus in some regions of
the world also involves early frost-caused early flowering
(maturation), which is often associated with flowering time
(FT). Three genes (BnFLC.A2, BnFLC.C2, and BnFLC.A3D)
were identified and argued to be major determinants for FT-
variation of two elite B. napus accessions (616A and R11).
Moreover, exploration of heterosis in FT-genes revealed a
relation between FT and plant yield with hybrid near-isogenic
lines (NILs) (Fang et al.).
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In Brassica species, the flower color is among the most
important traits contributing to pollen transmission in nature,
and ornamental and landscaping purposes. Though cloned in
tomato, maize, melon, and Arabidopsis thaliana, report on
carotenoid isomerase (CRTISO) gene, responsible for
converting the yellow-colored prolycopene into the red-
colored all-trans lycopene in the carotenoid synthesis pathway
is lacking in B. naups. Notably, as the most simple and efficient
sequence-specific nucleases (SSNs), CRISPR/Cas9 (Li et al.)
helped edit two copies of the carotenoid isomerase gene
(BnaCRTISO) in B. napus (BnaA09.CRTISO and
BnaC08.CRTISO), recovering the mutation phenotype of
creamy white petals and yellowish leaves, and establishing a
correlation between the carotenoid pathway and flavonoid
synthesis pathway, so far not well known in most plants.
Information is meager on the major mechanism underlying
the involvement of the anthocyanin pathway (crucial in plant
color development, ranging from pink to blue and purple) in B.
napus petal color formation. An investigation employing
metabolomics and RNA-seq studies on two different stages of
unopened petals of red, pure white, and yellow petal B. napus
lines identified BnaA03.ANS as the gene involved in B. napus
petal color control (Hao et al.).

Harvest index (HI) is a complex agronomic trait and an
economically critical value, representing the ratio of harvested
seed weight to total aboveground biomass weight.
Unfortunately, B. napus exhibit values of HI that are much
lower than in other major crops, and the molecular-genetic
regulatory network underlying HI in B. npus is largely unknown.
Interestingly, studies on the B. napus accessions YC24, YC52,
and YC46, exhibiting differential HI, mRNA, and small RNA
sequencing revealed the role of transporter activity-related genes
in enhancing HI under good cultivation environments (Zhang
et al.). The development of seeds (which comprises three major
stages: sugar mobilization, sequential surges in amino acid, lipid,
and storage protein synthesis) is largely modulated by
environmental factors in a special eco-environment exhibiting
differential sunshine duration, temperature, and water. Notably,
when cultivated under such a special eco-environment, B. napus
(Qingza 5, a spring rapeseed variety)-grain development was
found to be ahead of schedule, which lasted for a long time, and
led to a high-yield (Xiong et al.). The production of B. napus is
significantly modulated by conversion from vegetative to
reproductive growth, which in turn is determined by the
acceleration of the differentiation of floral meristem (FM) from
shoot apical meristems (SAM). SAM differentiation can be
regulated by many factors including phytohormones (such as
auxin), and environmental and agronomic practices such as low
temperature and nutrients (such as N). Interestingly, a high N
rate can accelerate the initiation of FM differentiation, and
involve auxin, which in turn involves both auxin biosynthesis
genes (ASA1/ASA2, IGS, TSA1, TSB1, CYP79B, NIT1/NIT2, and
AMII) and also indole acetaldehyde oxime pathway as the major
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pathway for auxin biosynthesis (Hao et al.). B. napus has
experienced whole genome duplication and shares significant
homology with Arabidopsis thaliana, known to possess multiple
copies of genes of ovate family proteins (OFPs; AtOFP1,
AtOFP4, AtOFP5). However, B. napus was not been reported
to exhibit any function of OFPs. The genome-wide
characterization of the OFP gene family associated with the
number of seeds per silique (NSPS) in B. napus helped in the
identification of both the BnOFP gene family at the genomic
level and a new locus BnOFP13_2, which was significantly
correlated with NSPS (Liu et al.). Among the major multiple
external stimuli, Sclerotinia sclerotiorum has emerged as an
important Brassica pathogenic fungi also known to remarkably
affect the yield and quality of B. napus. A comparison of the
transcriptional profiles of genes of receptor-like proteins (RLPs,
an indispensable constituent in the first layer of defense, and
typically with tandem leucine-rich repeats) with that of the
functional assigned AfRLP genes revealed AtRLPI0 (CLV2,
AT1G65380.1) as a regulator of plant meristem and organ
development, and S. sclerotiorum-exerted stimulus-caused
decrease in transcript abundance of BnaC02¢45200D and
BnaA02¢12070D (Li et al.).

Brassica rapa

One of the three diploid ancestors of B. napus and B. juncea,
B. rapa is highly diverse, and of nutritional and economic
importance as it is widely cultivated worldwide as an oil and
vegetable crop species. Few studies have reported on the genes
underlying the dark yellow flower trait in Chinese cabbage (B.
rapa L. ssp. Pekinensis). To this end, Bra037130 (BraA09.ZEP)
(which encodes a zeaxanthin epoxidase) has been argued to be
the most likely candidate gene for Br-dypl involved in the
epoxidation from zeaxanthin to violaxanthin in B. rapa L. ssp.
Pekinensis (Yang et al.). The health and yield of B. rapa (winter
rapeseed) are lagging due to chronic low temperatures in winter
in some regions of the world such as northwest China.
Elucidation of candidate genes associated with cold resistance
in B. rapa has been limited by currently existing genomes.
Taking into account a freeze-tolerant winter turnip variety
“Longyou-7” (LY7), assembly of its high-quality genome
(using PacBio HIFI reads) and construction of a graph-based
pan-genome by combining LY7-genome with the other 22 B.
rapa accessions led to the identification of HDG1I and BrANS3 as
the two genes associated with cold tolerance (Wu et al.).
Breeding of male sterile lines is crucial for the hybrid seed
production and commercialization of B. rapa L. ssp. Pekinensis,
which is a typical cross-pollinated Brassica crop with obvious
heterosis. Interestingly, three allele male sterile mutants (msm2-
1/2/3) were identified in an ethyl methane sulfonate (EMS)-
mutagenized B. rapa L. ssp. Pekinensis, where pollen abortion
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was obtained due to non-synonymous base-pair mutations in
BrMS1 (BraA10g019050.3C), and AtMSI orthologs gene
(relevant to fertility and pollen development regulation) was
cloned first time in EMS-mutagenized B. rapa L. ssp. Pekinensis
(Dong et al.).

The life of most Brassica species (including B. napus, B.
oleracea, and B. rapa) is endangered by a highly contagious soil-
borne disease, clubroot (caused by Plasmodiophora brassicae).
Exploration is imperative to identifying new resources for
resistance genes owing to reports on the loss of resistance over
time and the presence of various pathotypes for clubroot-
resistant (CR) pathogens from different regions. Notably,
DingWen (DW) identified a unique B. rapa material that
shows different resistance capabilities from H5R (PbBa8.1) and
Huayouza62R (CRb) in B. napus. Moreover, the peculiar
resistance in DW most likely involves the CR candidate genes
BraA08¢039211E and BraA08g039212E (encoding TIR-NBS-
LRR proteins), and BraA08¢039193E (encoding an RLP
protein), which could also act as a new gene resource for CR
breeding in the future (Wang et al.).

Brasica juncea

Indian mustard (B. juncea) is a major oilseed crop in the south
Asia region, including the Indian sub-continent. Unfortunately, B.
juncea seed oil exhibits a very high concentration (=50%) of erucic
acid, which, if continuously consumed, may cause cardiac
lipidosis. KASPar assay, when developed to select low erucic
acid and to track recessive alleles in their heterozygous state, is
single step, has a high throughput, and is robust, codominant, and
more cost-effective than gel-based markers (Gill et al.). The
heterotic quantitative trait loci (QTL) has been mapped and a
large number of epistatic interactions were identified for seed yield
and three yield-component traits in B. juncea using doubled
haploids (DH) and the corresponding backcross lines with their
midparent heterosis data. However, the molecular mechanism
underlying the complex phenomenon, particularly in B. juncea is
not well understood. Fortunately, the complex genetic basis of
heterosis of yield-influencing traits (plant architecture, flowering,
and silique- and seed-related traits) was unveiled in B. juncea and
argued to involve a large number of additive QTLs (695) and loci
(637 epistatic loci). It also exhibited cumulative effects of
dominance, overdominance, and a large number of epistatic

interactions (Aakanksha et al.).

Brassica oleracea

As one of the most critical cruciferous vegetables, cabbage
(B. oleracea L. var. capitata) has been widely cultivated all over
the world since it contains favorable components for human
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health. Notably, compared with the development of simple
sequence repeats (SSR) markers in other crops, SSR markers,
those developed from B. oleracea L. var. capitata reference
genome are lacking. Additionally, despite the contribution of
RNA-Seq data to in silico generation, a comprehensive analysis
of SSRs within B. oleracea L. var. capitata genome is not
available. To fill the highlighted knowledge-gaps, 64,546
perfect and 93,724 imperfect SSR motifs were identified in the
0.5Gb of B. oleracea L. var. capitata genomic sequence
(TO1000), which was mined using a whole-genome
bioinformatics survey (Xu et al.).

Conclusions and outlook

The contributions to volume II of the Research Topic ‘The
Brassicaceae - Agri-Horticultural and Environmental Perspectives
discussed the molecular-genetic insights into agri-horticultural
aspects that can help in devising breeding approaches in various
species of the genus Brassica for yield, flowering time variations,
flower color, and pigment formation. The collection discusses the
factors involved in seed development stages and yield in special
eco-environments, N rate-Auxin-Floral Meristem crosstalk,
resistance to cold and pathogens, hybrid seed production, and
minimization of erucic acid in seed oil. However, no contributions
discuss the molecular-genetic aspects of abiotic stress tolerance
and the environmental perspectives of the Brassicaceae family
members. Additionally, there is a large number of existing
research on the contribution of the members of the plant family
Brassicaceae in the control of varied environmental issues. These
highlighted aspects will be further explored in future volume(s) of
this Research Topic.
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As an important physiological and reproductive organ, the silique is a determining factor
of seed yield and a breeding target trait in rapeseed (Brassica napus L.). Genetic studies
of silique-related traits are helpful for rapeseed marker-assisted high-yield breeding. In
this study, a recombinant inbred population containing 189 lines was used to perform
a quantitative trait loci (QTLs) analysis for five silique-related traits in seven different
environments. As a result, 120 consensus QTLs related to five silique-related traits
were identified, including 23 for silique length, 25 for silique breadth, 29 for silique
thickness, 22 for seed number per silique and 21 for silique volume, which covered all
the chromosomes, except C5. Among them, 13 consensus QTLs, ong, five, two, four
and one for silique length, silique breadth, silique thickness, seed number per silique
and silique volume, respectively, were repeatedly detected in multiple environments
and explained 4.38-13.0% of the phenotypic variation. On the basis of the functional
annotations of Arabidopsis homologous genes and previously reported silique-related
genes, 12 potential candidate genes underlying these 13 QTLs were screened and
found to be stable in multiple environments by analyzing the re-sequencing results of the
two parental lines. These findings provide new insights into the gene networks affecting
silique-related traits at the QTL level in rapeseed.

Keywords: Brassica napus, recombinant inbred line, silique-related traits, QTL mapping, candidate genes

INTRODUCTION

Rapeseed (Brassica napus, AACC, 2n = 38), a major oil crops worldwide, evolved from the
double diploidization of Brassica rapa (AA, 2n = 20) and Brassica oleracea (CC, 2n = 18) through
interspecific hybridization (Murphy, 1999). B. napus is an oil crop with the highest oil production
efficiency and is currently an important source of edible vegetable oil in China (Wang, 2010).
Because of the high protein content of rapeseed meal, rapeseed is also a high-quality source of
animal feed. Additionally, rape straw undergoes an efficient biomass digestion and can be used as a
raw material for bio-energy production (Wang X. et al., 2016).

The global population, and thus, food demand, continues to grow; however, the amount of
cultivated land is decreasing owing to a variety of factors, such as human activities and climate
change. Therefore, increasing the production of rapeseed is currently an urgent requirement and
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major goal of global rapeseed producers. Yield is an extremely
complex trait, and the product of a series of developmental
and physiological processes (Van Camp, 2005). Rapeseed yield
is determined by three constituent factors: seed weight, silique
number and seed number per silique (SPS) (Clarke and Simpson,
1978). The silique, as an important photosynthetic organ of
rapeseed, is closely related to the final grain yield (Allen et al.,
1971). Silique-related traits, such as silique length (SL), silique
breadth (SB), silique thickness (ST) and silique volume (SV),
affect the appearance and morphology of silique, and ultimately
affect the production and yield of photosynthetic substances
(Ferrandiz et al., 1999). Thus, siliques and their related traits are
considered the major contributing factors for increasing rapeseed
yield. Understanding their genetic bases is of great significance
for breeding high-yield rapeseed.

The silique-related traits of rapeseed are all complex traits
controlled by quantitative trait loci (QTLs), which are also easily
affected by the environment. QTL mapping has been successfully
applied to the genetic analyses of the quantitative traits of a
variety of crops. In rapeseed, a large number of QTLs, such
as those affecting plant height (Wang Y. et al, 2016; Dong
et al,, 2021), branch angle (Wang H. et al., 2016; Wang et al,,
2019) and flowering time (Yu et al., 2019; Xu et al,, 2021), have
been genetically mapped. In siliques, SL and SPS are the most
important traits. At present, more than 100 QTLs for SL, along
with more than 200 QTLs for SPS, have been detected in different
mapping populations of B. napus, and QTLs controlling SL and
SPS are distributed on all 19 chromosomes, explaining 1.9-65.6%
and 0.78-57.8% of the phenotypic variance (PV), respectively
(Chen et al., 2007, 2011; Radoev et al., 2008; Shi et al., 2009;
Zhang et al, 2011; Yang et al, 2012, 2016, 2017; Cai et al,
2014, 2016; Qi et al., 2014; Fu et al., 2015; Wang X. et al., 2016;
Luo et al, 2017; Zhu et al, 2020). Recently, Li et al. (2015)
successfully isolated gSS.C9, the main locus controlling SPS in
B. napus that had been discovered by Zhang et al. (2012). gSS.C9
encodes the predicted protein BnaC9.SMG7b. In Arabidopsis,
SMG?7 controls female fertility and then SPS by regulating the
progression from anaphase to telophase in the second meiotic
division (Riehs et al., 2008). As in Arabidopsis, BnaC9.SMG7b
determines the formation of functional female gametophytes
(FGs) by influencing the progression through meiotic anaphase
II. Plants with BnaC9.SMG7b deletions exhibit reduced SPS
and SL values, which is caused by the reduced ovule number
and shorter siliques because of defects in the development of
functional FGs. In addition, two major QTL for SL have been
successfully cloned on the A9 chromosome of B. napus (Liu et al.,
2015; Shi et al., 2019). The target genes of these two QTLs were
identified as BnaA9.ARF18 and BnaA9.CYP78A9 through a fine-
mapping analysis. BnaA9.ARF18 is a homolog of the Arabidopsis
auxin response factor 18 (ARFI8) that is expressed differentially
in various tissues, including root, leaf, stem, bud and ovule, but
mainly in the silique wall. A transcription analysis has shown that
ARF18 regulates cell elongation in the silique wall and then SL
by acting through the auxin-response pathway (Liu et al., 2015).
BnaA9.CYP78A9 is an ortholog of Arabidopsis CYP78A9, which
regulates reproductive development and floral organ size (Sotelo-
Silveira et al., 2013). BnaA9.CYP78A9 affects SL in rapeseed by

promoting cell elongation in silique valves during silique growth
and development (Shi et al., 2019). Although a few silique genes,
such as BnaC9.SMG7b, BnaA9.ARF18 and BnaA9.CYP78AY,
have been analyzed in B. napus, the genetic mechanisms behind
silique-related traits, especially those other than SPS and SL, are
far from understood.

The formation of the SPS is closely related to other silique
characteristics (SL, SB, ST, and SV), and SPS is significantly
positively correlated with SL (Zhang et al, 2011; Wang X.
et al., 2016; Yang et al., 2017). As an important silique-related
morphological trait, SL also plays a vital role in seed yield, and
it has long been used as an indirect selective indicator in breeding
for improved seed yields in B. napus. To date, there are extremely
limited QTL mapping studies of SB, ST, and SV in B. napus
(Wang X. et al,, 2016), and more research is needed to determine
the relationships among them and their effects on the yield,
which is very important for increasing the efficiency levels of
breeding programs.

In the present study, a recombinant inbred line (RIL)
population containing 189 lines was used to investigate the
QTLs for five silique-related traits in seven environments. The
objectives were to identify (i) QTLs associated with SL, SPS,
SB, ST, and SV across multiple environments and (ii) candidate
genes underlying the QTLs that could be stably detected based
on the re-sequencing information of two parental lines. This
study will lay a good foundation for studying the molecular
mechanisms of silique-related traits and increasing yield through
rapeseed breeding.

MATERIALS AND METHODS

Plant Materials

An RIL population containing 189 lines was constructed by
a cross between “APL01” (female parent) and “Holly” (male
parent), and it was named the AH population (Wang et al., 2015).
The two parental lines showed diversity in silique-related traits.
The AH population was previously used for high-density SNP
genetic map construction (Wang et al., 2015). The map contains
2,755 SNP-bins, including 11,458 SNP markers and 57 simple
sequence repeats, spanning a genetic distance of 2,027.53 cM,
with an average distance of 0.72 cM between markers. This
population was previously used for QTL mapping and the
analysis of apetalous characteristics (Wang et al., 2015), seed fatty
acid composition (Chen et al., 2018) and seed-related traits (Sun
etal,, 2018). In this study, it was used for the QTL mapping of five
silique-related traits.

Field Experiment and Trait Measurement

The AH population, and the parental lines, were grown in four
locations in China in 2014-2016. Yangling, Shaanxi Province
was planted in September 2015, harvested in May 2016 and
recorded as 15YL; Sunan, Gansu Province, was planted in
April and harvested in September 2016 and recorded as 16GS;
Dali, Shaanxi Province was planted in September 2014 and
2016, harvested in May 2015 and 2017, and recorded as 14DL
and 16DL, respectively; and Nanjing, Jiangsu Province was

Frontiers in Plant Science | www.frontiersin.org

November 2021 | Volume 12 | Article 766271


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Zhao et al.

QTL Analysis of Silique-Related Traits

planted in September 2014, 2015 and 2016, harvested in the
May of the following years and recorded as 14NJ, 15N]J, and
16N]J, respectively. The field planting of the parents and AH
population followed a randomized complete block design with
two replications. Each repetition contained two rows with an
average spacing of 40 cm between rows and 20 cm between
individual plants. The planting, management and harvesting of
field materials followed local field-breeding practices.

At the mature stage, three plants growing uniformly from
each line were selected, and three well-developed siliques of the
first branch adjacent to the main inflorescence from each plant
were collected to analyze the silique-related traits (Wang X. et al.,
2016). Here, five silique-related traits were investigated: (1) SL,
the average length of nine sampled siliques; (2) SB, the widest
horizontal length of the space occupied by the silique; (3) ST, the
thickness at the same position as SB; (4) SV, the volume measured
using the drainage method, which takes the difference between
the volume reading of the water after silique immersion and the
volume reading of the water prior to the immersion; and (5) SPS,
the average seed number of nine sampled siliques. A Vernier
caliper was used to measure SL, SB and ST, and a volumetric
cylinder was used to measure SV.

Statistical Analysis

SPSS 22.0 software (SPSS Inc., Chicago, IL, United SA) was used
for descriptive statistical and correlation analyses of each trait in
each environment, and the mean value of the seven environments
for each trait was used to carry out correlation analyses. The
coeflicient of variation was calculated as o/, where o represents
the standard deviation and | represents the average. The broad-
sense heritability (h?) was obtained using the R package lme4
(Merk et al., 2012). The computational formula for broad-sense
heritability was as follows: h? = o?¢l(6%G + o’grle + o2.lre),
where 0%, 0°gp, and o2, respectively, represent genotypic
variance, the interaction variance of genotype-by-environment
and error variance, n represents the number of environments and
r represents the number of replications (Sun et al., 2016).

QTL Mapping and Integration

The composite interval mapping procedure of the Windows
QTL Cartographer 2.5 was used to detect the QTLs associated
with the five silique-related traits (Wang et al, 2012). The
window size was set to 10 c¢M, a walking speed of 2 ¢cM was
selected, and five markers were set as background cofactors.
The permutation analysis with 1,000 repetitions (P = 0.05) was
performed, and a LOD threshold (2.5-2.8) was used to determine
the existence of a QTL and named as “identified QTL.” The
QTL intervals were established by 2-LOD as approximately
95% QTL confidence intervals (Cls), which is automatically
generated by Windows QTL Cartographer 2.5. Identified QTLs
for each trait have undergone two rounds of meta-analysis
using BioMercator 2.1 software, which can be used to decide
the best fitting QTL in accordance with the Akaike criterion
(Arcade et al., 2004). The QTL meta-analysis was performed
following the description of Wang X. et al. (2016). In the first
round, identified QTLs for specific traits with overlapping CIs
detected in two or more environments were integrated and

named as “consensus QTLs.” In the second round, consensus
QTLs for different traits located in the same chromosomal
region were integrated and named as “unique QTLs” (Chen
et al., 2018). The designation of the QTL refers to the method
of McCouch et al. (1997) with modifications. The name of
identified QTL starts with its abbreviation “ig,” followed by
the environment/trait abbreviation and linkage group (A1-10
and C1-9). When there are multiple QTLs within the same
linkage group, the identified QTLs are numbered in accordance
with their physical locations. Similarly, the names of consensus
QTLs and unique QTLs start with their abbreviations “cq” and
“ug,” respectively.

Prediction of Underlying Candidate

Genes for SL, SB, ST, SPS, and SV

The Ilumina HiSeq 2500 platform (Illumina, Inc., San Diego,
CA, United States) was used to re-sequence the parental APL01
and Holly genomes with a sequencing depth of 30 x coverage
in our previous study (Yu et al, 2021). A total of 74.89 G
bp clean data were obtained, with Q30 reaching an average of
92.0%. For candidate gene prediction the following steps were
taken: First, the SNP/Indel loci with differences and homozygous
between the parents were detected. The clean reads of APLO1
and Holly were aligned against B. napus reference genome
“Darmor-bzh” (Chalhoub et al., 2014) using BWA software
(Li and Durbin, 2009). The SAMtools command “mpileup”
was used to genotypes calling (Li et al., 2009). The locus
were screened and retained with criteria: (1) Depth > 6;
(2) Quality > 20; (3) Allele mutation ratio of homozygous
loci <0.1 or >0.9. After filtration, the genotypes of the two
parents were combined by the Bcftools command “merge”
(Danecek and McCarthy, 2017), and the SNP/Indel loci with
differences and homozygous between the parents were retained;
Second, the probe sequences of SNPs on the genetic map were
used to map markers on both sides of the QTL interval to
the physical position of the reference genome “Darmor-bzh”
using BLAST (E value < le-10) (Chalhoub et al, 2014), and
the variation loci within the QTL interval were found using
the results of the first step; and Third, on the basis of the
functional annotations of Arabidopsis homologous genes and
previously reported silique-related genes, candidate genes for
silique-related traits of rapeseed were screened from the mutant
loci of these QTLs.

RESULTS

Phenotypic Analysis of Five
Silique-Related Traits

The phenotypic performance and h? estimates for the five silique-
related traits in the two parental lines and AH population are
presented in Table 1. The five silique-related traits of the two
parents, “APL01” and “Holly,” differed significantly in most of
the investigated environments, and only two environments, 16DL
and 16N]J, showed no significant differences in ST. Compared
with “Holly,” “APL01” had significantly greater SB, ST, SV,
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TABLE 1 | Statistical analysis of five silique-related traits for two parents and AH populations in 7 environments.

Parental line Pt-test RILs
Trait Treatment  APLO1 (mean + SD) Holly (mean + SD) Mean + SD Range Ccv Skewness  Kurtosis  h? (%)
SL (cm) 14DL 6.02 + 0.58 7.14 £0.48 6.77E-04"  6.23+0.76 4.0-9.0 0.12 0.08 —0.11 81.10
14NJ 6.33 + 0.27 6.69 &+ 0.22 1.06E-02* 6.20 +£0.75 3.5-8.6 0.12 0.02 0.58
15NJ 5.92 +0.38 6.47 +£0.36 9.69E-03* 6.34 +£0.76 3.9-9.3 0.12 0.05 —0.04
15YL 5.30 &+ 0.65 5.86 + 0.31 4.43E-02* 6.15+0.78 4.0-10.7 0.13 0.72 2.72
16DL 5.41 +0.42 6.04 +0.32 4.00E-03*  6.21 £0.81 3.7-9.1 0.13 -0.02 0.20
16GS 6.12 &+ 0.56 7.01 £0.52 5.00E-03*  6.38 £0.75 4.2-9.0 0.12 0.18 0.02
16NJ 5.60 &+ 0.19 6.62 + 0.55 1.41E-04"  6.194+0.79 1.5-10.8  0.13 0.37 2.42
SB (mm) 14DL 5.56 + 0.08 4.34 +£0.21 1.58E-03**  4.58 +0.43 3.2-6.6 0.09 0.39 1.23 82.45
14NJ 555 +0.13 4.51 +0.40 2.46E-02* 4.84 +0.47 3.2-6.0 0.10 —0.05 0.40
15NJ 5.63 &+ 0.20 4.44 +£0.24 5.65E-03*  5.01 £ 0.50 3.5-7.0 0.10 0.20 —0.01
15YL 5.57 +£0.13 4.42 +£0.23 3.44E-03"  4.93 £ 0.46 3.7-6.6 0.09 0.36 0.24
16DL 5.36 + 0.31 415+ 0.21 9.96E-03"  4.69 + 0.45 3.6-6.0 0.10 0.12 -0.15
16GS 5.56 + 0.19 449 +0.21 5.77E-03"  4.93 £0.47 3.6-7.2 0.10 0.74 2.09
16NJ 5.08 +0.17 4.04 £ 0.45 3.00E-03*  4.91 £0.57 3.3-7.1 0.12 0.39 0.36
ST (mm) 14DL 3.81 +£0.13 3.36 £ 0.11 2.19E-02* 3.34 +£0.28 2.6-4.2 0.08 0.29 0.25 76.66
14NJ 3.756+0.18 3.33 +£ 0.02 2.68E-02* 3.42 4+ 0.33 2.5-4.5 0.10 0.28 0.15
15NJ 3.84 + 0.06 3.50 +0.10 1.38E-02* 3.51+0.33 2.7-53 0.09 0.46 0.84
15YL 3.67 +0.03 3.46 + 0.09 3.14E-02* 3.48 +0.30 2.4-4.7 0.09 0.22 0.52
16DL 3.70 & 0.09 3.37 £ 0.14 5.43E-02 3.48 +0.29 2.7-4.6 0.08 0.40 0.73
16GS 3.70 £ 0.07 3.49 + 0.06 3.24E-02* 3.52 + 0.31 2.6-4.8 0.09 0.17 0.52
16NJ 3.72 +£ 0.1 3.57 £0.14 3.27E-01 3.41+0.42 2.2-5.8 0.12 0.86 1.99
SV (ml) 14DL 0.88 +0.10 0.56 &+ 0.01 1.29E-02* 0.68 +0.14 0.3-1.2 0.21 0.46 0.52 73.10
14NJ 0.92 £+ 0.08 0.61 4+ 0.07 7.30E-05*  0.70+0.17 0.3-1.2 0.24 0.34 —0.06
15NJ 0.98 £+ 0.03 0.66 + 0.03 6.08E-04**  0.80 £0.15 0.4-1.5 0.19 0.80 1.84
15YL 0.98 + 0.06 0.60 &+ 0.03 9.32E-04"  0.79 £0.16 0.5-1.5 0.20 1.18 3.67
16DL 0.91 +£0.03 0.41 +0.07 6.78E-04"  0.66 £ 0.14 0.3-1.3 0.20 0.60 0.86
16GS 0.99 + 0.08 0.60 £ 0.00 2.41E-03"  0.86 £0.14 0.5-1.7 0.17 1.02 3.77
16NJ 0.91 +£0.07 0.50 +0.10 5.80E-5"* 0.64 +£0.18 0.2-1.3 0.29 0.49 0.45
SPS 14DL 250+ 2.8 19.7 £ 2.1 4.91E-04* 225 +4.23 2-37 0.19 -0.17 0.38 73.61
14NJ 27.9+238 224+ 21 4.64E-04*  21.9+£4.25 2-36 0.19 -0.27 0.69
15NJ 28.0 + 4.8 23.6+1.8 2.65E-02* 23.1 +£5.00 5-38 0.22 -0.25 0.00
15YL 22.7+3.0 183+27 7.75E-08"*  22.4 +4.57 9-42 0.20 0.04 0.00
16DL 21.4+19 179+15 9.02E-04*  21.9+£4.67 2-38 0.21 —0.01 0.25
16GS 30.6 + 3.5 26.8+2.3 2.20E-02* 24.4 + 4.05 2-40 017 —-0.13 0.66
16NJ 25.9 + 2.64 16.7 £ 2.21 3.0E-7** 22.3+4.28 2-35 0.19 —0.09 -0.13

SL, SB, ST, SPS and SV indicate the traits silique length, silique breadith, silique thickness, seed number per silique and silique volume, respectively.
DL, Dali; NJ, Nanjing; YL, Yangling; GS, Gansu, 14, 15, and 16 indicate the years 2014, 2015 and 2016, respectively.

**Significant at the 0.01 probability level.
*Significant at the 0.05 probability level.
CV, Coefficient of variation.

h?, Broad-sense heritability.

and SPS values, whereas “Holly” had a significantly greater
average SL than “APLO1.” The h? values for SL, SB, ST, SV,
and SPS were 81.10, 82.45, 76.66, 73.10, and 73.61% in the
AH population, respectively (Table 1), suggesting that the QTLs
controlling these traits have large effects on breeding rapeseed
to increase yield.

A wide range of variation, as well as transgressive segregation,
were observed for the five silique-related traits, suggesting
that alleles with positive effects were distributed in both
parents (Table 1 and Figure 1). In addition, the distributions
of the five traits were continuous, and most skewness and

kurtosis values for the distributions of these traits were <1.0
(Table 1 and Figure 1), which are characteristic of the normal
distribution model, indicating that the AH population is suitable
for QTL mapping.

Correlation Analysis Among Five
Silique-Related Traits

The correlation coeflicients among the five silique-related
traits were calculated (Table 2), and most were extremely
significantly correlated with each other. For instance, highly
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FIGURE 1 | Phenotype frequency distributions of five silique-related traits in the AH population. 14DL, 14NJ, 15NJ, 15YL, 16DL, 16GS, and 16NJ are the codes for
the following different years and environments: 2014 Dali, 2014 Nanjing, 2015 Nanjing, 2015 Yangling, 2016 Dali, 2016 Gansu, and 2016 Nanjing, respectively.
A represents the female parent “APLO1” and H represents the male parent “Holly” of the AH population.

significant positive correlations were observed between SV and
the other four silique-related traits, SB was significantly positively
correlated with ST, SPS and SV, and SPS showed significant
positive correlations with the other silique-related traits, except
for ST. Studying the associations among SL, SB, ST, SPS, and SV
is of great significance to understand silique morphogenesis and
increase rapeseed yield.

QTL Mapping of Five Silique-Related
Traits

Genome-wide QTL analyses were performed separately using
the phenotypic data of SL, SB, ST, SPS, and SV grown in
seven environments, and a total of 137 identified QTLs
distributed across 18 chromosomes were obtained, which
explained 4.23-15.31% of the PV (Supplementary Additional
File 1). Among the QTLs, 24 were identified for SL, 33 for
SB, 31 for ST, 27 for SPS, and 22 for SV (Supplementary
Additional File 1). For each trait, QTLs with overlapping
CIs detected in different environments were integrated
into one QTL through a meta-analysis. As a result, 137
identified QTLs were integrated into 120 consensus QTLs

(Figure 2, Supplementary Additional Files 1, 2). Among
them, 107, 10, 2 and 1 consensus QTL were detected in 1,
2, 3, and 4 environments, respectively. The consensus QTLs
repeatedly detected in multiple environments are listed in
Table 3.

For the 24 identified QTLs of SL, which were located on
chromosomes A3, A5, A6, A7, A9, A10, C2, C3, C6, and C9, each
individual QTL explained 4.8-9.2% of the PV. Two identified
QTLs, iq14DL.A10-2 and iq15YL.A10, with overlapping CIs were
integrated into the consensus QTL ¢qSL.A10-3 (Table 3). Among
the 23 consensus QTLs after integration, all the QTLs showed
positive additive effects, except cqSL.A5-3, suggesting that the
female parent “APL01” contributed favorable alleles.

For the 33 identified QTLs of SB, each QTL accounted for
4.23-15.3% of the PV, and these QTLs were mapped onto 12
chromosomes. Finally, the 33 identified QTLs were integrated
into 25 consensus QTLs, including 3, 1 and 1 QTLs stably
expressed in 2, 3 and 4 environments, respectively (Table 3).
The stable QTL ¢qSB.C6-1 showed a larger effect in the DL
than in the NJ environment, with PVs of 12.96 and 9.53% in
14DL and 16DL, respectively but PVs of 4.38 and 5.18% in
14NJ and 15N], respectively. The QTL cqSB.C6-1 was repeatedly
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detected in four environments and may be used in marker-
assisted selection. Four of the five consensus QTLs (cqSB.CI,
cqSB.C7-2, ¢qSB.C7-4, and cqSB.C6-1) repeatedly detected in
different environments had positive additive effects, indicating
that the alleles responsible for increasing SB were inherited from
female parent “APL01.”

For the 31 identified QTLs of ST, each QTL explained
4.5-9.5% of the PV and were located on ten chromosomes.
The 31 QTLs were integrated into 29 consensus QTLs,
including two QTLs that were repeatedly detected in
two environments. QTL ¢gST.A5-2 was integrated from
igl6DL.A5 and iq16GS.A5, whereas ¢qST.A5-3 was integrated
from iqI4DL.A5-1 and iql4N].A5-2 (Table 3). These two
consensus QTLs had negative additive effects, indicating
that the favorable alleles were derived from the male parent
“Holly.”

For SPS, 27 identified QTLs were obtained, explaining 4.5-
13.8% of the PV. These QTLs were located on nine chromosomes.
As a result of meta-QTL analyses, 22 consensus QTLs were
obtained, including 18, 3 (cqSPS.A7-3, cqSPS.C3-2, and ¢qSPS.C6-
2) and 1 (¢qSPS.C3-3) QTL that were expressed in 1, 2, and 3
environments, respectively (Table 3). Among the 22 consensus
QTLs, only four had negative additive effects and exhibited
minor effects, whereas the other 18 QTLs had positive additive
effects, indicating that the female parent “APL01” contributed
favorable alleles.

For SV, 22 identified QTLs were detected, with each QTL
explaining 4.62-11.9% of the PV. These QTLs were distributed
across 13 chromosomes. There are two identified QTLs,
ig14DL.A10-1 and iqI5N]J.A10, with overlapping CIs that were
integrated into one consensus QTL, cqSV.A10-1 (Table 3), and
the other QTLs were only specifically expressed in a single
environment (Supplementary Additional File 1). Of the 21
consensus QTLs, 15 had positive additive effects, including the
two QTLs, c¢qSV.C7-2 and ¢qSV.C7-3, which explained 10.3 and
11.9%, respectively, of the PV in 16GS, indicating that the female
parent “APL01” contributed favorable alleles.

Pleiotropic Unique QTLs for the Five
Silique-Related Traits

As shown in Table 2, most of the five silique-related traits
showed highly significant correlations. The genetic correlations
may be caused by pleiotropism, in which, a single QTL affects
the phenotypic variation of multiple traits. Consensus QTLs for
the five silique-related traits with overlapping CIs were integrated
into unique QTLs using a meta-analysis. In total, 120 consensus
QTLs were integrated into 89 unique QTLs (Supplementary
Additional File 3), including 25 QTLs that had pleiotropic effects
on two to three traits (Table 4). These pleiotropic QTLs can
partly explain the significant correlations between silique-related
traits. For instance, SB had a significant positive correlation
with SV, with the highest positive correlation coefficient (0.718)
among the five silique-related traits (Table 2). Five unique QTLs
simultaneously controlled SB and SV, in which uqCé6-4, uqC7-7,
uqC7-8, and uqC8 had positive additive effects, while ugA10-8
had a negative effect on both SB and SV (Table 4).

TABLE 2 | Phenotypic correlations among five silique-related traits in the
AH population.

Trait SL SB ST SPS sv
SL 1

SB 0.040 1

ST —0.026 0.489™ 1

SPS 0.571* 0.268™* —0.027 1

SV 0.654** 0.718* 0.682** 0.498™* 1

SL, SB, ST, SPS, and SV indicate the traits silique length, silique breadth, silique
thickness, seed number per silique, and silique volume, respectively. **Significant
at the 0.01 probability level.

Prediction of Candidate Genes for SL,

SB, ST, SPS, and SV

To identify candidate genes related to SL, SB, ST, SPS, and
SV, 13 consensus QTLs for the five traits that were stably
expressed in multiple environments (Table 3) were analyzed. As
a result, 2-271 genes underlying the CIs of the 13 QTLs were
found (Supplementary Additional File 4). We analyzed these
2-271 genes one by one based on the functional annotations of
Arabidopsis homologous genes and previously reported silique-
related genes. Twelve genes underlying 12 consensus except for
cqSV.A10-1 were found to have known functions related to the
silique-related traits.

The CI of ¢qSL.A10-3 contained the putative gene SMG7
(BnaA10g15730D), which have been successively cloned by Li
et al. (2015). The CI of ¢gSB.AI0-2 contained the putative
genes LNGI (BnaA10g18650D) and CNGC18 (BnaA10g19030D),
Ingl dominant mutant displayed longitudinally elongated and
transversely narrowed in cells of the siliques (Lee et al., 2006),
the CNGC18 point mutations resulted in shorter siliques, reduced
male fertility and fewer seeds per silique (Gao Q. et al,
2016). The CI of ¢qSB.CI contained the putative gene STY2
(BnaC01g02360D), the sty2 mutation prevents siliques from
elongating and showed short silique in Arabidopsis (Kuusk
et al, 2002). The CI of ¢qSB.C7-2 contained the putative
gene KINBy (BnaC07¢33610D), its mutant displayed defects
in organogenesis and growth, including shorter stature and
silique (Gao X. et al., 2016). The CI of ¢qSB.C7-4 contained
the putative gene ABCCI3 (BnaC07g35090D), ABCCI13 loss
function in Arabidopsis leads to decreased silique length and
seed yield (El Guizani et al, 2014). The CI of cqST.A5-2
contained the putative gene ARIDI (BnaA05¢05310D), mutation
in ARIDI showed reduced seed set and short siliques (Zheng
et al., 2014). The CI of ¢qST.A5-3 contained the putative gene
LAC4 (BnaA05g06610D), the overexpression of miR397b in
Arabidopsis showed increased silique length and seed yield via
modulating gene LAC4 (Wang et al., 2014). The CI of ¢qSPS.A7-
3 contained the putative gene HTH (BnaA07g22900D), hth
mutant showed reduced seed set and short siliques (Krolikowski
et al., 2003). The CI of ¢gSPS.C3-2 contained the putative gene
AOGI (BnaC03g12770D), the siliques of aogl mutant were much
smaller than those of wild type and had a dramatically reduced
seed set (Cui et al., 2015). The CI of ¢qSPS.C3-3 contained the
putative gene PYL8 (BnaC03g¢15210D), the pyl8 T-DNA mutant
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had an extremely low seed yield due to fewer siliques with
lower length (Gonzalez-Guzman et al, 2012). In this study,
no candidate genes were discovered in the CI of ¢qSV.AI10-
1. The CI of ¢gSB.C6-1 and cqSPS.C6-2 contained the putative
gene HMG1 (BnaC06¢26470D), T-DNA insertion hmgl mutant
showed shorter siliques and fewer seeds per silique in Arabidopsis
(Suzuki et al., 2004).

DISCUSSION

Most agricultural production-related traits are quantitative
traits controlled by multiple genes that are also sensitive to
the environmental conditions (Abe et al., 2012). Therefore,
QTL detection across different environments is necessary

for the genetic dissection of complex traits in crops. In
this study, phenotypic observations of five silique-related
traits replicated in seven environments were used for
the QTL analysis, and they might improve the accuracy
of QTL detection.

In the present study, most of the five silique-related traits have
significant positive correlations with each other (Table 2). The
significant correlations can be explained by unique pleiotropic
QTLs. For example, SB had significant positive correlations with
SV (coeflicient 0.718), whereas, five unique QTLs simultaneously
effect SB and SV with the same direction of additive effects
(Supplementary Additional File 3). ST showed a negative but
low correlations with SL (coeflicient -0.026) and SPS (coefhicient
—0.027) (Table 4). Accordingly, no unique QTL had effects on
both ST and SL, whereas only two unique QTLs controlled ST
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TABLE 3 | Consensus QTL obtained for the five silique-related traits detected in multiple environments.

Trait QTL Chr. Position (cM) Cl. (cM) LOD Add R2% Env.
SL cqgSL.A10-3 A10 34.21 33.66-34.76 2.73-4.07 0.15-0.17 5.25-7.22 14DL/15YL
SB cqSB.A10-2 A10 58.22 56.5-569.9 3.19-5.2 —-0.12 6.08-9.04 14DL/16DL/16NJ
cqSB.C1 C1 11.6 10.7-12.5 2.76-3.42 0.10-0.11 4.61-6.22 15YL/16GS
cqSB.C6-1 C6 51.25 50.2-52.4 2.5-6.98 0.11-0.15 4.38-13.0 14DL/14NJ/15NJ/16DL
cqSB.C7-2 c7 92.57 92.16-92.97 4.97-5.79 0.14-0.2 9.22-11.7 15YL/16GS
cqSB.C7-4 Cc7 98.52 98.1-99.0 3.91-5.26 0.11-0.14 6.73-9.63 16DL/16GS
ST CcqST.A5-2 A5 22,15 21.2-23.11 2.69—-4.03 —0.06--0.07 5.04-7.52 16DL/16GS
cqST.A5-3 A5 29.04 27.69-30.39 3-3.14 -0.07 5.91-6.16 14DL/14NJ
SPS CcqSPS.A7-3 A7 74.09 72.21-75.98 3.61-6.29 0.85-1.26 6.92-11.2 14DL/16DL
cqSPS.C3-2 C3 33.97 28.09-39.84 2.66-3.17 0.8-0.97 5.49-5.75 15NJ/16GS
cqSPS.C3-3 C3 41.27 41.08-41.46 3.16-4.47 0.9-0.96 5.76-8.25 15NJ/15YL/16NJ
cqSPS.C6-2 C6 52.02 50.03-54.01 2.97-3.14 0.78-0.89 5.93-6.13 15YL/16NJ
SV cqSV.A10-1 A10 7.7 77.61-77.8 3.09-4.44 —0.03--0.04 6.5-8.4 14DL/15NJ

SL, SB, ST, SPS, and SV indicate the traits silique length, silique breadth, silique thickness, seed number per silique, and silique volume, respectively.

Chr., Chromosome.

ClI., Confidence interval (cM).

Add, Additive effect.

Env., The experiment in which the consensus QTLs were detected.

and SPS. These were uqA4-2, with the same direction of additive
effects, and uqA5-4, with the opposite direction of additive effects.
In addition, SPS had significant positive correlations with SL,
SB and SV, but not ST, which is consistent with previous results
(Zhang et al., 2011; Wang X. et al., 2016; Yang et al., 2017).

In this study, 25, 29, and 21 consensus QTLs were obtained
for SB, ST and SV, respectively. Among these QTLs, five for SB,
two for ST and one for SV were repeatedly identified in two to
four different environments. To our knowledge, QTLs for SB,
ST, and SV in B. napus have rarely been reported (Wang X.
et al,, 2016). In this study, the QTLs for SB were first mapped on
chromosomes Al, A10, C1, C3, C4, C8, and C9; QTLs for ST were
first mapped on chromosomes A2, A4, C3, and C7; and QTLs
for SV were first mapped on chromosomes A2, A4, A7, A8, A10,
C2, C3, C4, C7, C8, and C9. Meanwhile, in previously published
results, two QTLs related to SB located at 60.47-62.39 Mb and
68.69-72.5 Mb of C6 had overlapping Cls with the results of our
study (cgSB.C6-2, 60.6-61.9 Mb and ¢qSB.C6-3, 70.1-83.3 Mb),
two QTLs related to ST located at 61.3-69.2 Mb of A9 and 34.1-
60.4 Mb of A10 had overlapping CIs with the results of our
study (¢gST.A9-2, 68.1-75 Mb and ¢qST.A10-1, 38.9-52 Mb) and
one QTL related to SV located at 54.8-60.7 Mb of C6 had an
overlapping CI with the results of our study (cqSV.C6-2, 50.9-
55.9 Mb). This indicated that these QTLs were stably expressed
in different genetic backgrounds and that they may be useful in
molecular marker-assisted selection breeding.

In previous studies, efforts focused on QTL analyses of SPS
and SL. There are more than 200 QTLs for SPS (Radoev et al.,
2008; Shi et al., 2009; Chen et al., 2011; Zhang et al., 2011; Cai
et al,, 2014, 2016; Qi et al., 2014; Wang X. et al,, 2016; Yang
et al., 2016, 2017; Luo et al., 2017; Zhu et al., 2020) and more
than 100 QTLs for SL located on 19 chromosomes (Chen et al.,
2007; Zhang et al, 2011; Yang et al, 2012, 2017; Cai et al,
2014; Qi et al, 2014; Fu et al, 2015; Wang X. et al,, 2016).
Most of the QTLs for SL and SPS obtained in this study were

consistent with those previously reported. Among them, one
QTL for SL (¢qSL.A10-3) and four for SPS (¢qSPS.A7-3, cqSPS.C3-
2, ¢qSPS.C3-3, and ¢qSPS.C6-2) were repeatedly identified in
two to three different environments. With the assistance of the
B. napus reference genome “Darmor-bzh,” it was possible to
compare the QTLs for silique-related traits detected in this study
with those detected in previous studies. ¢qSL.A10-3, cqSPS.A7-
3, ¢qSPS.C3-2, cqSPS.C3-3, and cqSPS.C6-2 overlapped with QTL
mapping intervals of Chen et al. (2007), Shi et al. (2009),
Luo et al. (2017), and Zhu et al. (2020), respectively. In this
study, the 13 consensus QTLs that were stably expressed in
different genetic backgrounds and environments were used as
the major QTLs for further candidate gene research. Among
these 13 consensus QTLs, ¢qSB.C7-4, cqST.A5-2, ¢qSPS.A7-3,
cqSPS.C3-3, ¢qSB.C6-1, and cqSPS.C6-2 were further integrated
into pleiotropic unique QTLs uqC7-7, ugA5-4, ugA7-6, uqC3-4,
and ugC6-4 by meta-analysis (Table 4). The genes underlying
these consensus QTL might have pleiotropic effects on two
to three traits.

Siliques represent a fruit type specific to members of the
Brassicaceae family that form from the gynoecium after flowering
(Seymour et al., 2008). The transformation of the gynoecium into
a silique depends on whether the ovule has been successfully
fertilized, and this signal may be produced by the pollen grains
(Seymour et al., 2013). Successfully fertilized ovules result in
developmental alterations of pistils from senescence to growing
fruit. Thus, the failure of any part of these successive processes,
including gynoecium formation, fertilization and silique growth,
that involving cell proliferation, differentiation and expansion,
will eventually affect the development of siliques and seeds,
which are the determining factors of rapeseed yield. For example,
plants with a BnaC9.SMG7b deletion exhibit reduced SPS and
SL values, which are caused by developmental defects in the
formation of functional FGs owing to the interruption of meiotic
anaphase II (Li et al, 2015). BnaC9.SMG7b, the successfully
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TABLE 4 | Twenty-five pleiotropic unique QTL on two to three traits of silique-related traits obtained by the second round of meta-analysis.

Unique QTLs Consensus QTLs
QTL Position (cM) Cl. (cM) QTL Chr. Position (cM) Cl. (cM) LOD Add R2% Env. Trait
UugA1-2 44.05 41.56-46.54 cqSPS.A1-1 Al 42.21 41.2-47 2.83 -0.72 5.11 16NJ SPS
CcqSB.A1-2 Al 49.21 46.2-55.9 3.35 0.11 5.64 16GS SB
ugA2-3 96.6 93.88-99.32 cqSV.A2-3 A2 96.21 92.2-99 2.84 —0.04 5.8 16NJ SV
cqSTA2-1 A2 97.31 90.8-99.9 2.53 —0.05 4.63 15YL ST
ugA4-2 60.9 58.95-62.84 CcqSPS.A4 A4 57.31 56-62.4 4.02 1.07 7.29 15NJ SPS
cqST.A4 Ad 63.01 62.3-67.2 2.72 0.06 5.13 16GS ST
ugA5-4 22.81 21.97-23.64 cqSTA5-2 A5 2215 21.2-23.11 2.69~4.03 —0.06~0.71 5.04~7.52 16DL/16GS ST
CcqSPS.A5-1 A5 24.91 22.1-25.5 3.02 0.71 5.71 14DL SPS
UgA7-3 67.53 66.89-68.17 CcqSPS.A7-2 A7 66.61 64.2-67.4 4.49 1.09 8.44 16DL SPS
cqSL.A7-1 A7 67.71 66.6-68 2.93 0.17 5.78 16GS SL
UgAT7-5 70.53 70.35-70.72 CcqSB.A7-2 A7 70.01 69.7-70.8 5 -0.14 9.12 14DL SB
CcqSL.A7-2 A7 70.61 70.4-70.8 3.11 0.16 6.03 16GS SL
UgA7-6 74.81 73.21-76.41 cqSPS.A7-3 A7 74.09 72.21-75.98 3.61~6.29 0.85~1.26 6.92~11.2 14DL/16DL SPS
cqSB.A7-3 A7 76.71 73.8-79.9 4.02 -0.13 7.79 14DL SB
ugA9-1 10.03 5.95-14.11 cqSL.A9 A9 5.31 3.6-15 2.56 0.15 4.8 16DL SL
cqSB.A9 A9 156.01 8.1-19.8 3.77 —-0.13 71 15NJ SB
UgA10-4 52.32 51.36-53.28 cqSTA10-1 A10 46.31 38.9-52 3.81 —0.069 7.05 16DL ST
cqSB.A10-1 A10 52.01 50.4-52.6 5.43 -0.13 10.1 14DL SB
cqSTA10-2 A10 54.01 52-56.1 3.75 —-0.07 7.07 16DL ST
ugA10-8 7.7 77.61-77.78 cqSV.A10-1 A10 7.7 77.61-77.8 3.09~4.44 —0.0329~-0.04 6.5~8.4 14DL/15NJ Si%
cqSB.A10-4 A10 77.71 77.6-78.2 2.62 -0.1 4.84 15NJ SB
cqSTA10-4 A10 77.71 77.6-78.2 4.39 —-0.08 8.34 15NJ ST
ugA10-10 86.83 86.33-87.33 cqSTA10-5 A10 86.51 85.3-87.6 3.42 -0.07 6.43 15NJ ST
cqSV.A10-3 A10 86.91 86.6-87.7 4.48 —0.0336 8.62 14DL SV
uqC2-3 52.45 51.08-53.83 cqSPS.C2-2 c2 51.01 49.9-53.8 3.65 0.93 714 16GS SPS
cqSVv.c2 c2 53.91 53.1-57 2.56 0.038 4.98 16GS Si%
ugqC3-1 17.2 14.41-20.0 cqSL.C3-1 C3 17.21 11.7-23.2 3.34 017 6.3 16DL SL
cqSPS.C3-1 C3 17.21 13.9-20.7 7.54 1.3 13.8 16DL SPS
cqSV.C3 C3 17.21 7.9-27.1 2.6 0.05 4.78 16DL Si%
uqC3-4 41.33 41.15-41.51 cqSPS.C3-3 C3 41.27 41.08-41.46 3.16~4.47 0.9~0.96 5.76~8.25 15NJ/15YL/16NJ SPS
cqSL.C3-2 C3 4211 41.4-42.7 2.82 0.16 5.45 15YL SL
ugC3-6 50.05 48.67-51.43 cqSPS.C3-5 C3 50.01 48.1-51 3.31 0.79 6.2 16NJ SPS
cqSB.C3 C3 50.51 50.3-59.3 3.46 0.12 6.39 15NJ SB
uqCe6-3 43.21 41.3 - 45.11 cqSPS.C6-1 C6 43.21 41.2-46 4.53 0.91 8.31 16NJ SPS
cqSV.C6-1 C6 43.21 40.9-47.2 2.85 0.05 5.29 16DL Si%
uqC6-4 51.45 50.55-52.36 cqSB.C6-1 C6 51.25 50.14-52.37 2.5~6.98 0.11~0.15 4.38~12.96 14DL/14NJ/15NJ/16DL SB
cqSV.C6-2 C6 51.61 50.9-55.9 3.15 0.06 5.89 16DL SV
cqSPS.C6-2 C6 52.02 50.03-54.01 2.97~3.14 0.78~0.89 5.93~6.13 15YL/16NJ SPS
(Continued)
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TABLE 4 | (Continued)

Unique QTLs Consensus QTLs
QTL Position (cM) Cl. (cM) QTL Chr. Position (cM) Cl. (cM) LoD Add R2% Env. Trait
uqC7-7 98.59 98.21-98.96 cqSV.C7-1 c7 98.31 97.1-100.3 415 0.07 7.7 16DL Si%
cqSB.C7-4 c7 98.52 98.06-98.97 3.91~5.26 0.11~0.14 6.73~9.63 16DL/16GS SB
cqST.C7-1 Cc7 98.81 97.6-99 413 0.07 7.79 16DL ST
uqC7-8 99.2 99.12-99.29 cqSB.C7-5 C7 99.21 99.1-99.3 7.25 0.2 14.16 15YL SB
cqSV.C7-2 Cc7 99.21 99-99.3 5.15 0.04 10.3 16GS SiY
uqC7-9 101.51 101.18-101.83 cqSB.C7-6 Cc7 101.51 101.2-101.9 5.81 0.15 10.58 16GS SB
cqST.C7-2 C7 101.51 101.2-103.1 2.76 0.08 5.42 14NJ ST
uqC7-10 103.51 103.3-105.0 cqST.C7-3 Cc7 103.51 103.3-105 3.11 0.07 5.85 16GS ST
cqSB.C7-7 Cc7 104.11 103.3-104.5 7.54 0.22 14.63 15YL SB
uqC7-13 117.89 116.96-118.82 cqST.C7-5 C7 117.41 116-118 3.23 -0.1 6.2 14NJ ST
cqSV.C7-4 c7 120.91 117.5-122.5 3.99 0.031 7.54 14DL SV
uqC8 14.19 13.71-14.67 cqSB.C8 C8 14.11 13.4-14.4 3.45 0.12 6.37 15NJ SB
cqSV.C8 C8 15.01 14.8-24.6 2.62 0.03 4.98 15NJ Si%
cgSPS.C8 C8 15.11 14.4-17.9 3.77 1.01 6.84 15NJ SPS
uqC9-5 115.47 114.65-116.28 cqST.C9-4 C9 115.11 113-115.6 3.54 0.065 6.56 15YL ST
cqSB.C9 C9 1156.71 114.2-116.3 5.25 0.14 9.96 15YL SB
uqC9-6 117.01 116.02-117.99 cqST.C9-5 C9 117.01 116.4-118.8 3.27 0.08 5.99 16NJ ST
cqSV.C9 C9 117.01 116.3-119.8 2.54 0.03 4.72 15YL SV

SL, SB, ST, SPS, and SV indlicate the traits silique length, silique breadth, silique thickness, seed number per silique, and silique volume, respectively.
DL, Dali; NJ, Nanjing; YL, Yangling; GS, Gansu; 14, 15, and 16 indicate the years 2014, 2015 and 2016, respectively.
Chr., Chromosome.
Cl., Confidence interval (cM).
Add, Additive effect.
Env., The experiment in which the consensus QTLs were detected.
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cloned rapeseed silique gene, also underlies the CI of ¢qSL.A10-
3 in this study. LNGI regulates longitudinal cell elongation in
Arabidopsis, and Ingl dominant mutant plants are characterized
by elongated siliques owing to longitudinally elongated and
transversely narrowed cells in the siliques (Lee et al., 2006).
CNGCI18 is an essential Ca?* channel for pollen tube guidance in
Arabidopsis. CNGC18 point mutations result in shorter siliques,
reduced male fertility and fewer seeds per silique (Gao Q. et al,,
2016). The Arabidopsis gene STY2 promotes the formation of the
apical tissues of the gynoecium. The sty2 mutant lines exhibit
many developmental defects in reproductive tissues, including
shortened siliques and aborted ovules (Kuusk et al., 2002).
KINBy, a component of the regulatory subunit of the SNFI-
related protein kinase, is required for pollen germination on the
stigma surface. KINBy mutants display defects in organogenesis
and growth, including shorter statures and siliques (Gao X. et al,,
2016). ABCC13 is expressed in the seed coat and embryo, and
its loss of function in Arabidopsis leads to decreased silique
lengths and seed yields (El Guizani et al., 2014). ARIDI is
required for sperm cell formation in Arabidopsis, and the ARID1
mutant shows reduced seed set and short siliques, which are
caused by defects in gametophyte formation owing to an arrested
mitotic cell cycle (Zheng et al,, 2014). LAC4, a laccase gene
regulated by miR397b, controls both lignin biosynthesis and
seed yield in Arabidopsis, and overexpressing miR397b may
increase silique lengths and seed sizes by modulating LAC4
(Wang et al., 2014). HTH is involved in regulating floral organ
fusion in Arabidopsis, and the hth mutant shows reduced seed set
and short siliques, which are caused by reduced pollen fertility
and aborted ovules (Krolikowski et al., 2003). The homozygous
aogl in Arabidopsis shows reduced seed set and short siliques
compared with the wild type, and this caused by a significant
reduction in fertility owing to reduced pollen formation and
severe defects in embryo sacs (Cui et al, 2015). PYL8 is a
regulatory component of the ABA receptor, which is vital for
regulating seed germination, root and shoot development and
abiotic stress responses (Garcia-Maquilon et al., 2021), and a
pyl8 mutant shows an ABA-insensitive phenotype, including a
lower seed yield owing to fewer siliques having shorter lengths
(Gonzalez-Guzman et al., 2012). Arabidopsis HMGI encodes a
3-hydroxy-3-methylglutaryl coenzyme A reductase, which is a
key element of the sterol biosynthetic process that is required
for cell viability and growth. The T-DNA insertion hmgl mutant
in Arabidopsis shows shorter siliques and fewer seeds per silique
compared with the wild type, and this was caused by reduced
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Oilseed rape is one of the world's largest oil and industrial crops, providing
humans with various products, such as vegetable oil and biofuel. Ovules
are the direct precursors of seeds, and ovule number per ovary (ONPO)
largely determines seed number per fruit that affects both yield and fitness
of seed crops. The ONPO shows wide variation in oilseed rape, whereas
the underlying genes and mechanisms are poorly known. The present study
performed the genetic, physiological and transcriptomic analyses of ovule
number per ovary using an association panel and the extreme lines. The
ONPO of 327 accessions planted in four environments showed a large
variation from 19.2 to 43.8, indicating a great potential for the further genetic
improvement of ovule number. The genome-wide association study (GWAS)
identified a total of 43 significant SNP markers. Further, these SNPs were
integrated into 18 association loci, which were distributed on chromosomes
A01, A03, A06, AO7, AD9, CO01, C03, C06, CO7, and CO9, explaining 4.3-11.5%
of the phenotypic variance. The ONPO decreased as their appearance order
on the inflorescence and was associated with the level of several types of
endogenous phytohormones but not related to leaf area and photosynthetic
rate. Comparative transcriptomic analysis identified a total of 4,449 DEGs
enriched in 30 classes, including DNA, RNA, protein, signaling, transport,
development, cell wall, lipid metabolism, and secondary metabolism. Nearly
half of DEGs were involved in the known pathways in regulating ovule number,
of which 12 were homologous to know ovule number regulating genes,
indicating a strong link between the identified DEGs and ovule number. A total
of 73 DEGs were located within the genomic regions of association loci,
of which six were identified as candidates based on functional annotation.
These results provide useful information for the further genetic improvement
of ovule and seed number in oilseed rape.

ovule number per ovary, genome-wide association study, transcriptomic analysis,
QTLs, candidate genes, phytohormones, Brassica napus
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Introduction

Brassica napus L. (AACC, 2n = 38) is an allopolyploid
(AACC) species generated from an interspecies crossing
between B. rapa (AA, 2n = 20) and B. oleracea (CC, 2n = 18)
around 7,500 years ago (Chalhoub et al,, 2014; Wang et al., 2020;
Bilgrami et al., 2022). Oilseed rape is one of the most important
oilseeds crops worldwide after soybean that provides high-
quality nutrients and nutraceuticals to humans and animals and
biofuel for industrial production (Yang et al., 2017; Khan et al,,
2019). With the increasing demand for edible oil and biofuel due
to population growth, it is an urgent need to improve seed yield
per unit area in B. napus (Hu Q. et al,, 2017; Ahmad et al., 2021;
Lietal., 2021).

Under the same planting area, seed yield per unit area is
determined by seed yield per plant. In B. napus, seed yield per
plant is a complex quantitative trait that is determined by three
components: silique number per plant, seed number per silique,
and seed weight in oilseed rape (Clarke and Simpson, 1978; Li
et al,, 2015). Of these, the seed number per silique relies on the
ovule number per ovary (ONPO), the proportion of ovules to be
fertilized and the proportion of fertilized ovules to develop into
seeds (Yang et al., 2017; Yuan and Kessler, 2019). Ovules are the
direct precursors of seeds containing the female gametophytes,
which are fecundated during pollination to inaugurate seed
development (Yuan and Kessler, 2019). Therefore, increasing
the number of ovules per flower has become an important
strategy for improving seed crop yield and addressing food
security (Jiao et al., 2021). The number of ovules per flower
varies considerably across different species and even among
the different accessions of the same species (Burd et al.,, 2009;
Khan et al, 2019). Ovule number per ovary is determined
by the ovule initiation process and is significantly affected
by flower size and position (Gomez et al, 2018; Yuan and
Kessler, 2019), nutrient availability (Strelin and Aizen, 2018),
and phytohormones levels (Barro-Trastoy et al,, 2020; Qadir
et al,, 2021). Although much research into seed number per
silique has been reported in B. napus (Yang et al., 2017; Khan
et al, 2019; Zhu et al, 2020), few were performed on ovule
number per ovary (Khan et al., 2019; Jiao et al., 2021). Therefore,
little is known about the natural variation of ovule number per
ovary in oilseed rape germplasm.

Although none of the ovule number QTLs in Brassica has
been cloned, nearly one hundred ovule number regulating genes
have been reported in plants (mainly from Arabidopsis), which
can be used as the reference for Brassica, due to their close
relationship (Qadir et al,, 2021). The systematic summarization
of these ovule number genes showed that it is governed by an
integrated genetic and phytohormones network where AUX,
BR, and CK are the positive regulator of ovule number, whereas
GA acts negatively on it (Nemhauser et al,, 2000; Bencivenga
et al., 2012; Yuan and Kessler, 2019). For example, PINI is one
of the eight transmembrane auxin transporters in Arabidopsis
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which is involved in polar auxin transport and required for ovule
primordia formation (Benkovid et al., 2003; Galbiati et al., 2013).
The pinl mutant shows reduced auxin transport activity and
multiple growth and development defects, including reduced
ovule number (Okada et al., 1991).

Genome-wide association analysis can detect the causal loci
underlying complex quantitative traits at the whole-genome
level, which may contain several to hundreds of genes dependent
on the LD decay at these loci. Transcriptomic analysis can
quantify gene expression level and identify the differentially
expressed gene in the given tissues at the specific stage,
which may be upstream causal genes or downstream target
genes in regulating trait variation. Numerous studies have
demonstrated that the integration of genome-wide association
and transcriptomic analysis has become an efficient strategy
for identifying candidate genes underlying complex quantitative
agronomic traits (Wang et al, 2020; Helal et al, 2021). For
example, by GWAS of silique length and transcriptomic analysis
of silique wall at 15-DAF, BnaA9.CYP78A9 was successfully
identified as the causal gene for a major association loci
qSL.A09-3 (Hussain et al.,, 2021). The present study aims to
dissect the genetic, physiological, and molecular basis for the
natural variation of ovule number per ovary in oilseed rape
(Brassica napus L.). These results will provide a solid basis for
further gene cloning and genetic improvement of ovule number
in oilseed rape.

Materials and methods
Plant materials and field trials

The association population was composed of 327 oilseed
rape accessions (Li et al., 2020). The field experiments were
conducted in four environments, including May 2020 at
Ping’an district (36.47°N, 102.09°E) in Haidong city of Qinghai
province, Oct 2020 at Yangluo (31.84°N, 114.8°E), and Oct
2021 at both Wuchang (30.35°N, 114.33°E) and Yangluo district
in Wuhan city of Hubei province. The field planting followed
a randomized complete block design with three biological
replications. The field management was conducted according to
the local standard practices.

Investigation of ovule number

At the beginning of flowering, three buds were collected
from the bottom of the main inflorescence of five plants
randomly, resulting in 15 buds for each replication. In total,
58,860 buds (4 environments x 327 lines x 3 replications x 15
buds) were sampled. The sampled buds were fixed in FAA, of
which 10 randomly selected buds were dissected for further
observation. The calyx and petals of sampled bud were
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removed by a dissecting needle and taken out of the ovary.
The ovaries were kept in 2 ml Eppendorf tubes containing
90% alcohol solution twice and then washed with ddH,O.
The trichloroacetaldehyde hydrate solutions were added in a
small amount to submerge the sample and make the ovaries
transparent. The ovaries were kept in a transparent solution
for 12 h to 3 days maximum and then transferred to glass
slides under the microscope (SZX2-ILLT, Olympus Corporation,
Japan). The ovule numbers were counted manually following
previously described methods (Yang et al., 2017; Ali, 2018; Yu
et al., 2020).

Observation of ovule number per ovary
in different positions

To investigate whether ovule number varied with the
physical position of buds on the inflorescence. The ovule
number variation from the bottom to the top of the
inflorescence was investigated using two representative extreme
lines (Yang et al., 2017). Briefly, the ovule number data was
investigated from five consecutive buds (such as 1-5, 6-10)
before flowering. The buds from the bottom to the top of the
main inflorescence of the representative plants were sampled.

Detection of phytohormones

To investigate whether the ovule number variation
the
phytohormones, the ovaries at the ovule initiation stage

is associated with concentrations of endogenous
were measured for extreme lines. The buds of 0.5-1 mm length
were dissected by hand under a stereomicroscope within the
required temperature (Vera-Sirera et al, 2016; Gomez et al,
2018), and the obtained ovaries were mixed equally to generate
two pools with three biological replications. The quantification
of specified hormones including; Abscisic Acid (ABA), Benzyl
Adenine (BA), Gibberellic Acid (GA4), Indole-3-Acetic Acid
(IAA), Indole-3-Butyric Acid (IBA), Jasmonic Acid (JA) and
Salicylic Acid (SA) were carried out on the phytohormones
platform at Huazhong Agricultural University, Wuhan, China.

Measurement of leaf area and
photosynthetic rate

At the early flowering time, ten mature leaves were collected
from five representative plants of the extreme lines and
transferred to the laboratory. The procedure for leaf area
measurement was described as in the previous studies (FHu M.
et al,, 2017; Li et al,, 2020). A portable photosynthesis system
(LI-6800XT, LI-COR) was used to measure the photosynthetic
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parameter of the extreme lines in the field between 9:30-11:00
and 14:30-16:00 (Li et al., 2019; Wang et al., 2020).

Genome-wide association analysis

The Brassica 50 K SNP array® was used for the genotypic
analysis of the association population, which contains 45,707
SNP markers. The parameters were set as a missing rate
<0.2, heterozygous rate <0.2, and minor allele frequency
>0.05 to examine SNP data using Illumina Bead Studio
genotyping software.? The probe sequences of these SNP
markers were compared to the B.
identify their physical
(Chalhoub et al, 2014). The four statistical models were

napus Darmor-bzh
reference genome to positions
used for the association study, including the general linear
model (GLM) with controlling for population structure
(Q) and principal component analysis (PCA), the mixed
linear model (MLM) controlling for both Q and PCA with
relative kinship (K) according to Liu et al. (2016). The
GWAS analyses were performed using TASSEL v.5.2.77
software. The threshold for the significantly associated SNP
markers was set to P < 4.08 x 107° [P = 1/21242, —logio
(P) = 4.33] as previously described (Liu et al, 2016; Li et al,
2020).

Ribonucleic acid sequencing and
transcriptomic analysis

The ovaries at the ovule initiation stage were dissected
from 0.5 to 1 mm buds by hand under a stereomicroscope
at the required temperature. The obtained ovaries were
mixed equally to generate two pools with three biological
(M1-M3 and LI1-L3). the
manufacturer’s procedure, a Plant RNA Mini Kit was used

replications According to
to isolate total RNA from each sample (Tiangen, Inc,
China). The Oebiotech company performed ¢cDNA library
construction and Illumina sequencing using an Illumina
HiSeq™ 2,500 platform.

The low-quality, low-complexity, and repetitive raw reads
were sorted out, and only the clean reads that passed quality
control were subjected to further analysis. The sequences were
mapped to the reference genome of Darmor as previously
described (Hussain et al., 2021). The false discovery rate (FDRD
<0.05) and the p-value <0.005 were set as a threshold to
identify the deferentially expressed genes (DEGs). Moreover,
these paired-end sequencing reads were uploaded to NCBI with
accession number PRJNAS820145.

1 https://www.greenfafa.com/

2 http://www.lllumina.com/
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Validation of deferentially expressed
genes through gRT-PCR

Ten DEGs randomly chosen were subjected to qRT-PCR
validation using the same RNA samples used for sequencing.
The M-MLV reverse transcriptase (Promega) was used to
synthesize cDNA containing total RNA (4 jg) and oligo (dT)
primers, as described in the company instructions. Bio-Rad
CFX96 real-time detection systems were used for qRT-PCR
analyses with three replicates. The 2~ 44 ¢ method was adopted
to evaluate the relative expression of target genes, with the B.
napus ACTIN2 as an internal control (Li et al., 2021). The details
of these gene-specific primers used for qRT-PCR are listed in
Supplementary Table 1.

Identification of candidate genes

Based on the physical distance of LD decay, the genes within
500 kb up and downstream of significantly associated SNP loci
were considered (Li et al, 2020). Some of these genes were
homologous to the known ovule number regulating genes in
plants (Qadir et al., 2021), which were identified as candidates.
In addition, some of these genes showed significantly differential
expression between the more and less-ovule lines, which were
also identified as candidates.

Statistical analysis

The correlation coeflicient was calculated using the CORR
procedure implemented in the SAS software 8.0 (SAS Institute,
Inc., 2000, Cary, NC, United States). Broad-sense heritability
was calculated as h? = ng/(cfg2 + ogez/ n + o.2/nr), where
ogz, O‘gez, and o.2 are the variances of genotype, genotype
by environment and error, respectively, while n and r are
the number of environments and replicates, respectively. The
Excel statistical functions CHISQ.TEST and T.TEST were used
to obtain the significance level (Px?_(et and Py_test) Of the
degree-of-fit and differences (Meng et al,, 2015). The frequency
distributions of ONPO investigated in four environments were
constructed using Minitab 9.1 software.

Results

Phenotypic variation of ovule number
per ovary

The ONPO of two representative lines (351305 and
3S1195) were investigated from every five buds sampled
from bottom to top of the main inflorescence. The results
showed that the calculated ONPO of the two lines ranged
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from 40.0 to 31.0 and 23.5 to 16.6, respectively (Figure 1A),
showing an obvious continuous downward trend in order
of occurrence/differentiation. Therefore, the ONPO of the
association population was investigated from the buds on the
bottom of the main inflorescence.

The descriptive statistics of ONPO of the association
population in four environments were presented in Table 1.
In general, the ONPO of 327 lines in the association
panel varied from 19.2 to 43.8 across the four investigated
environments, displaying more than two-fold variation. The
coefficient of variation of ONPO in the four environments
was 891, 12.64, 11.64, and 11.50%, respectively (Table 1).
In general, the high correlations of ONPO were observed
between pair-wise environments (r> = 0.71, 0.79 and 0.87)
except for 2020QH (12 = 0.56, 0.60 and 0.63). The phenotypic
frequency distribution analysis showed that the ONPO was
almost normally distributed in each environment, indicating a
quantitative inheritance suitable for QTL mapping (Figure 1B).
Furthermore, the analysis of variance showed that the
variation of ONPO in this association panel was primarily
attributed to the genotypes (Supplementary Table 2). The
calculated broad-sense heritability from variance components
was 91.9%, indicating the high stability of this trait suitable
for genetic study.

Genome-wide association study of
ovule number per ovary

In total, 21,242 SNPs data previously generated in our
group were used for the association study (Figure 2 and
Supplementary Figure 1). A total of 43 SNP loci were
significantly associated with the ONPO (Supplementary
Table 3). Specifically, 28, 1, 6, and 7 loci were detected in
20QH, 21WC, 20YL, and 21YL, respectively. It should be noted
that many SNP loci were detected by multiple models and
environments, suggesting their reliability. After the integration
of close SNP loci within 500 kb, a total of 18 QTLs were obtained,
which were distributed on chromosomes A01, A03, A06, A07,
A09, C01, C03, C06, C07, and C09, explaining 4.3 to 11.5% of
the phenotypic variance (Table 2).

It should be noted that two associated loci (JONPO.A03-
2 and qONPO.A06-1) were repeatedly detected in 20YL and
21YL environments, and one (qONPO.C03-2) was repeatedly
identified in 20QH and 21YL environments. Therefore, they
may represent important targets for marker-assisted selection
and further gene cloning. For gONPO.A03-2, the two variant
bases A and G of peak SNP seq-new-rs32414, respectively
accounted for 75.5 and 24.5%. The G alleles mean ONPO
(30.7) was significantly greater than that (29.0) of the
A allele with P = 2.30E~* (Figure 3). For qONPO.A06-
I, the two variant bases A and C of peak SNP seq-
new-rs23621, respectively, accounted for 252 and 74.8%.

frontiersin.org


https://doi.org/10.3389/fpls.2022.999790
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/

Qadir et al. 10.3389/fpls.2022.999790
A 50 & 31
400 394 381195
B8 31 38 371 ‘
401 op & T366 555
= @ o g <349 32
< «*WPp 333330 36 334
2 1 » & o o % 4 310
c -,
2,307 235
I .
2 . 24 m2 18 21s
= @ : S 209 204 201 196 194
o» : 186 g
220_ “"oﬁ‘\\\. 174 169 166
5 ° * % % o
0 T T T T T T T T T T T T T T
R TG R A O RO
b/x\/\b/m\/,» /,bx/ﬁ’b/ b‘\/ b‘@/%\/%b/ Q/ bb/,\x/
B 20 25 30 35 40 20 25 30 35 40
1 1 1 L 1 1 L 1 T
g
w
ren
E1 - - - =
0.71 0.87 0.56 (i
L
0.60
=3
r<
063 " -
L
E4
FIGURE 1
The phenotypic variation and correlation of ONPO in an association panel of oilseed rape across four investigated environments. (A) The ONPO
in the different positions of the main inflorescence from two representative lines (351305 and 3S1195). The horizontal and vertical axes show the
bud order and ONPO, respectively. (B) The frequency distribution and correlation of ONPO in four investigated environments. The diagonal line
plot shows the ovule number frequency distribution. The numerals above the diagonal line are Pearson-correlation coefficient values between
environments, and diagrams below the diagonal line indicate the scatter plots of the ovule number. *** Represents the significance level of
P =0.001.

TABLE 1 Descriptive statistic of ovule number per ovary trait in four investigated environments.

Environments Mean + SE SD Min Max Variance CV (%) Kurtosis Skewness
20QH 30.14 + 0.13 2.69 2220 40.20 7.22 8.91 1.25 0.26
20YL 29.11 + 0.12 3.54 19.70 42.00 12,52 12.16 0.22 0.34
21WC 29.64 + 0.11 345 20.30 43.80 11.89 11.64 1.25 0.64
21YL 28.50 + 0.14 3.28 19.22 40.80 10.75 11.50 1.32 0.67

20QH, 20/21YL and 21WC are the abbreviations of the 20 Qinghai, 20/21 Yangluo and 21 Wuchang environments, respectively.

The A allele’s mean ONPO (30.5) was significantly greater
than that (29.1) of the C allele with P 1.00E—3.
qONPO.C03-2, the two variant bases A and G of peak
SNP Bn-scaff_18322_1-p806079, respectively, accounted for
82.5 and 17.5%. The A alleles mean ONPO (30.1) was

For
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significantly greater than that (29.0) of the G allele with
P=2.80E".

Furthermore, relative to the leading SNPs of these
association loci, a total of 1971 annotated genes were located
within 500 kb or LD statistic 72 > 0.2. A dozen QTL for ONPO
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—-logjoP-value, respectively. The scatters on the figure show the

legends.

Manhattan plot of GLM (A) and MLM (B) in four environments. The horizontal and vertical axes show the length of each chromosome and
—logyp(P-values) of the corresponding SNP markers. The dotted lines on the
figure showed the threshold for the —logig(P-value). The different colors distinguished the different environments and models, as shown in the

have been reported through linkage or association analysis
1991; Jiao et al, 2021). To
determine their positional relationship with the association loci

in oilseed rape (Okada et al,

identified in the current research, comparative QTL analysis was
conducted based on the reference genome of Darmor_V4.1.3
The results indicated that all 18 association loci are not
overlapped with the published QTLs of ONPO, suggesting that
they are all novel loci.

Screening of lines with extreme ovule
number

In order to further comparative study, a total of 26
representative lines with more or less ovule were selected based
on their ONPO data in four environments. The ONPO of 13
more- and 13 less-ovule lines ranged from 32.8 to 40.1 and
from 20.8 to 26.2, respectively, and the mean of the former
(35.7) was significantly larger than that of the latter (24.0)

3 https://www.ncbi.nlm.nih.gov/assembly/GCA_000751015.1
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with P = 8.20E~!* (Figure 4A). As expected, the ONPO of
these extreme lines displayed a significant (P = 2.78E~!%)
positive correlation with SNPS, with r = 0.617 (Figure 4B). The
difference between ONPO and SNPS of the M and L line ranged
from 8.6 to 25.6 and 6.5 to 18.4, respectively (Figure 4C), and
the mean of the former (18.1) was significantly larger than that
of the latter (10.9). The calculated seed-setting rate of the M
and L lines varied from 34.8 to 75.1% and from 29.8 to 71.1%,
respectively. The average seed-setting rate of M and L lines
(53.3 and 54.5%) had no significant difference, indicating that
the genetic control of ONPO and seed-setting rate should be
different (Figure 4D).

Comparative physiological study
between extreme lines

To obtain insight into the physiological processes that
affect ONPO, the leaf area, leaf photosynthetic rate, and
phytohormones content were investigated and compared
between the extreme lines.
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TABLE 2 The details of 18 association loci of ovule number per ovary.

10.3389/fpls.2022.999790

QTLs Model Marker Position —logl10 (P) Ad_ effect PVE (%) ENV
qONPO.A0I-1 1,2,3,4 Bn-A01-p17498057 14,947,415 —0.734609145 0.57822 9.3 E4
qONPO.A01-2 1,2 Bn-A01-p17118647 15,506,771 —0.652511091 0.88558 6.5 E3
qONPO.A03-1 4 Bn-A03-p7234862 6,510,685 —0.636440903 0.85913 7.8 E4
gONPO.A03-2 1,2,3,4 seq-new-rs32414 16,137,692 —0.709442121 —1.0347 8.7 E4
2 seq-new-rs32414 16,137,692 —0.659806462 6.9 E2
qONPO.A06-1 1,2,3,4 seq-new-rs23621 4,708,433 —0.671900437 0.98819 8.6 E4
1 Bn-A06-p5616164 5,062,564 0.000040773 43 E2
qONPO.A06-2 2 seq-new-rs39246 7,101,109 —0.645020967 / 6.1 B4
gqONPO.A07-1 1,2 Bn-A07-p15591535 17,487,704 —0.74167809 0.54459 9.3 El
qONPO.A07-2 1,2,3,4 seq-new-rs40795 18,145,354 —0.781835256 —0.39028 10.3 El
qONPO.A07-3 1,2 Bn-A07-p17225853 19,141,651 —0.700557723 —0.16366 8.6 El
qONPO.A09-1 1,2,4 seq-new-rs41467 31,832,091 —0.651051124 1.15762 7.0 E2
gONPO.CO01-1 12 seq-new-rs36223 22,560,520 —0.671818418 —0.34682 7.8 E4
gONPO.C01-2 12 seq-new-rs42691 27,093,843 —0.677173624 0.21882 8.1 E4
qONPO.C03-1 1,2,3,4 seq-new-rs30160 6,454,037 —0.710287855 —0.38299 9.9 E1
qONPO.C03-2 1,2,3,4 Bn-scaff_18322_1-p806079 8,231,877 —0.771941275 —0.060327 115 El
1,2,3 Bn-scaff_18322_1-p806079 8,231,877 —0.706911562 75 E2
gONPO.C06-1 1 seq-new-rs43825 22,653,417 —0.71681982 / 7.6 El
gONPO.C06-2 1,2,3,4 seq-new-rsd5976 34,229,155 —0.73531806 2.70296 9.3 E4
gONPO.C07-1 1,2 seq-new-rs28170 19,782,297 —0.713787513 / 75 E2
gONPO.C09-1 1,2,3,4 Bn-scaff_19899_1-p12334 41,095,875 —0.648738222 / 6.7 E4

E1-E4 are the codes of the above four environments 20QH, 20YL, 21WC and 21YL, respectively. 1-4 are the four models GLM-PCA, GLM-Q, MLM-PCA, and MLM-Q, respectively.
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FIGURE 3
The phenotypic effects of three repeatable association loci (A—C). The horizontal axis shows the haplotype of the peak SNP for the association
loci. The vertical axis shows the ONPO. The violin diagram in the figure shows the mean and range of ONPO for each haplotype. The P-values
of the T-test between the ONPO of corresponding haplotypes were also shown at the top of figure. ** and *** represent the significance level
of P =0.01and 0.001, respectively.

The photosynthetic rates of 13 more- and 13 less-ovule
lines varied from 26.36 to 38.82 mol/m?/s and from 27.47 to
38.59 mol/m?/s, respectively (Figure 5A). The mean of the
former (32.88 mol/m?/s) had no significant difference from
that of the latter (33.97 mol/m?2/s). As expected, the correlation
between leaf photosynthetic rate and ONPO of these lines was
very low and not significant (> = 0.0002).

Frontiers in Plant Science

The leaf area of the 13 more-ovule and 13 less-ovule
lines ranged from 152.32 to 306.12 cm? and from 144.03 to
247.34 cm?, respectively (Figure 5B). It should be noted that
the average leaf area of 13 more-ovule lines (210.40 cm?) was
not significantly larger than that (199.97 cm?) of the 13 less-
ovule lines (P = 5.13E7%). The correlation between leaf area
and ONPO of these lines were also low and not significant
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The ONPO of extreme lines and its relationship with SNPS. (A) The of ONPO between 13 more- and 13 less-ovule lines. The horizontal and
vertical axes show the line number and ovule number per ovary, respectively. The columns of different heights indicate the number of ovules.
The bar on each column represents the standard deviation. (B) The correlation between ONPO and SNPS of 26 extreme lines. The horizontal
and vertical axes show SNPS and ONPO, respectively. The positions of 26 dots show the corresponding ovule and seed nhumber of them. The 26
pairs of data were used to fit the trend line with R2. (C) The difference between ONPO and SNPS of extreme lines. (D) The seed-setting rate of
26 extreme lines.

(r? = 0.0054), suggesting that leaf area may not affect ONPO groups varied from 85.5 to 90.9% and from 89.5 to 92.8%, with
(Supplementary Figure 2). a mean of 89.0 and 92.0%, respectively. The Q30 percentage of

The contents of BA, GA4, and JA in M lines (255.5, 262.5, the L and M group ranged from 89.1 to 90.4% and from 89.6
and 28.6 ng/g) were significantly higher than those in L lines to 90.1%, with a mean of defined 89.9 and 89.8%, respectively.
(181.5, 186.9, and 15.8 ng/g). In contrast, L lines exhibited The L and M group’s guanine and cytosine (GC) contents varied

significantly higher contents of ABA, TAA and SA (49.0, 174.9, from 45.7 to 45.8% and from 45.4 to 46.3%, with a mean of 45.8
and 151.7 ng/g) than M lines (35.2, 117.2, and 133.5 ng/g). and 45.9%, respectively.

There was no significant difference in the contents of IBA The gene expression density of six samples was similar
and SA between the two types of extreme lines (Figure 5C). (Supplementary Figure 3A). As expected, the correlation
These data suggested that the content difference of the above coefficients among the three repeats of the same group (M or
phytohormones should be associated with ONPO difference L group) are larger than those between the two groups (M
between M and L lines (Supplementary Table 4). and L) (Supplementary Figure 3B). The FPKM value of each

expressed gene was also calculated, and its distribution was
similar among the six samples (Supplementary Figure 3C).

Compa rative transcriptomic analySiS We carried out the hierarchical clustering analysis (HCA) and
between extreme lines principal component analysis (PCA) to differentiate between
the two groups. The results showed that the transcriptome

To investigate how the ovule number difference formed at of M and L lines was very different (Figures 6A,B). We
the molecular level, a comparative transcriptome analysis was constructed the volcano plot to determine the significantly
performed using the ovaries of M and L extreme lines at the expressed genes for the identification of DEGs (Figure 6C).
ovule initiation stage. The summary of the transcriptomic data A total of 4,449 DEGs were identified from the 95,791 expressed
produced by the Illumina sequencing platform is presented in genes in two groups, containing 2,095 up-regulated and 2,354
Supplementary Table 5. After filtering out low-quality reads, down-regulated genes between two types of lines (Figure 6D).
143,282,598 and 148,303,824 total reads and 143.28 M to To validate the accuracy/reliability of RNA-seq analysis, ten
148.3 M clean reads were obtained from RNA sequencing representative DEGs were randomly selected to validate through
of three repeats of more- and less-ovule lines, respectively qRT-PCR analyses. Except for BnaC07¢g41610D, most of the
(Supplementary Table 5). The mapped reads rate of the L and M selected genes displayed similar expression patterns with the
Frontiers in Plant Science frontiersin.org
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FIGURE 5

The comparison of three physiological indexes between more- and less-ovule lines. (A,B) The leaf area leaf photosynthetic rate of 13 more- and
13 less-ovule lines. The horizontal axis shows the line number, and the vertical axis shows (A) leaf area or (B) leaf photosynthetic rate. The
columns of different heights show the leaf area and photosynthetic leaf rate of different lines. The numerals and bars on each column represent
the mean and standard deviation, respectively. (C) Comparison of phytohormones content between more- and less-ovule lines. The horizontal
and vertical axes show the phytohormone types and their content, respectively. The columns of different heights show the contents of different
lines. The numerals and bars on each column represent the mean and standard deviation, respectively. * and ** represent the significance level
of P = 0.05 and 0.01, respectively.
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FIGURE 6
The comparative transcriptomic analysis between more- and less-ovule lines. (A) The heat map of DEGs between more- and less-ovule lines.
The color column indicates the normalized signal value. The more- and less-ovule lines were distinguished using the different colors. L1 to L3
and M1 to M3 represent the three repeats and less and more-ovule lines. (B) Principal component analysis of gene expression level of the three
repeats of more- and less-ovule lines. The horizontal and vertical axes show the variance of PC1 and PC2, respectively. The more- and
less-ovule lines were distinguished using the different colors. (C) The volcano map of expressed genes in more- and less-ovule lines. The
horizontal and vertical axes show log, Fold Change and —logig(P-value), respectively. (D) The statistic of DEGs number between more- and
less-ovule lines. The horizontal and vertical axes show the up/down pattern and number of DEGs, respectively.

transcriptomic data, although the fold of change varied between
the two methods (Supplementary Figure 4).

The functional categorization results of the DEGs were
further confirmed via gene ontology (GO) and KEGG analysis
(Figure 7). A total of 4,449 DEGs were subjected to an
enrichment analysis for GO annotation terms. The biological
process included adhesion, regulation, biogenesis, cellular and
developmental process, reproductive process and rhythmic
process, etc. These DEGs were enriched in cell junction,
extracellular matrix, nucleotide, organelle, and virion for
cellular components. For molecular function, these DEGs
were enriched in Antioxidant activity, catalytic activity,
molecular structure-activity, transporter, and receptor activity,
etc. Moreover, we performed a KEGG enrichment analysis after
identifying DEGs in two pools to characterize the DEGs. The
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results showed that these DEGs were enriched in 19 biological
pathways, including environmental adaptation, nucleotide
metabolism, carbohydrate metabolism, translation, genetics,
biosynthesis of other secondary metabolism, and proteins, etc.

Characterization of differentially
expressed genes
To reveal the molecular mechanisms that involve the DEGs,

they were submitted to the super viewer#, which displayed the
total number and frequency as well as the P-value for each class

4 http://bar.utoronto.ca/ntools/cgi- bin/ntools_classification_
superviewer.cgi
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The functional categorization of differentially expressed genes. (A) GO enrichment histogram of DEGs. The horizontal axis shows three main
categories (biological process, cellular component, and molecular function), each containing several subclasses. The vertical axis shows the
number and proportion of DEGs in up and down-regulation. (B) KEGG enrichment histogram of DEGs. The horizontal and vertical axes show

the number/percent and type of DEGs, respectively.

(Supplementary Table 6). The results indicated that the DEGs
are involved in diverse metabolic processes, including DNA (57),
RNA (540), photosynthesis (PS, 79), transport (176), protein
(489), signaling (196), stress (121), cell (114), cell wall (97),
hormone metabolism (74), etc.

Of the 540 DEGs in the largest group of RNA classes,
341 (63.1%) were involved in transcription factors, indicating

the importance of TF in regulating ovule number. These

transcription factors DEGs were from 47 types, including

unclassified

TFs (35), MYB

(33), bHLH (33), Putative

transcription regulator (21), Homeobox (21), C2H2 zinc finger
(20), AP2/EREBP (15), WRKY (11), bZIP (11), B3 TFs (10),
C2C2 (Zn) DOF zinc finger (9), C2C2 (Zn) GATA (9), G2-like
TFs (9), MADS box (8), ARR (8), Trihelix (6), Aux/IAA (6),
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Chromatin Remodeling Factors (5), General Transcription (5),
SET-domain (4), C2C2 (Zn) CO-like (4), AS2 (4), Zf-HD (3),
YABBY (3), HSF (3), CCAAT box binding factor (3), E2F/DP
TFs (3), DNA methyl transferases (3), FHA TFs (2), Global
TFs (2), Histone acetyltransferases (2), sigma like plant (2),
RNA regulation of transcription (2), ABI3/VP1 family (2), C2C2
(Zn) Alfin-like (2), TCP (2), Methyl binding domain proteins
(2), Nucleosome/chromatin (2), Polycomb Group (2), Zn-finger
(CCHC) (2), GRP (1), GRF zinc finger (1), AT-rich interaction
domain (1), AtSR (1), JUMONJI (1), NAC (1), NIN-like bZIP
(1), PWWP domain protein (1), Silencing Group (1), SNF7 (1)
and Pseudo ARR (1).

A total of 489 DEGs were involved in the second
largest protein class group, including protein degradation
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ubiquitin (123), protein posttranslational modification kinase
(73), synthesis. ribosomal protein (56), protein targeting
unspecified (15), protein degradation (14), protein degradation
cysteine protease (14), synthesis ribosomal biogenesis (14),
protein synthesis initiation (14), protein degradation serine
protease (11), protein degradation AAA type (8), protein
synthesis elongation (7), protein degradation subtilizes (7),
protein targeting nucleus (6), protein folding (6), protein
targeting mitochondria (6), protein targeting chloroplast
(4), protein targeting golgi pathway (4), protein targeting
vacuole (4), protein targeting plasma membrane (2), protein
targeting peroxisomes (2), protein targeting unknown (2),
protein degradation autophagy (2), protein degradation
metalloprotease (2), tyrosine-tRNA ligase (1), methionine-
tRNA ligase (1), aspartate-tRNA ligase (1), cysteine-tRNA
ligase (1), arginine-tRNA ligase (1), asparagine-tRNA ligase
(1), bifunctional aminoacyl-tRNA synthetize (1), lysine-tRNA
ligase (1), alanine-tRNA ligase (1), valine-tRNA ligase (1),
activation (1), protein targeting ER pathway (1) and protein
glycosylation (1).

It should be noted that a set of 74 DEGs were found to be
associated with metabolic and signaling pathways of multiple
hormones, including AUX (27), ETH (11), JA, (9), SA (9),
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BR (6), CK (5), ABA (4), and GA (3), showing the complex
role and interactions of phytohormones (Figure 8). Of the 74
DEGs, many were associated with the synthesis or degradation
of phytohormones, potentially contributing to the hormone
concentration difference between more- and less-ovule lines
(Supplementary Table 7).

To establish a link between the DEGs and ovule
number, they were BLAST against the reported ovule
number genes, mainly from Arabidopsis (Qadir et al,

2021). Of these DEGs 12 are homologous to known
ovule number genes such as CUCI (BnaA01g28990D),
REV (BnaA02g06170D), CRF3 (BnaA03¢12320D),
CRF6  (BnaC06¢42850D), CYP85A2  (BnaC02g38080D),
GA200X  (BnaC03g¢75160D), AP2  (BnaCnng39690D),
PAN (BnaC06g¢30310D), SHPI (BnaC08¢29520D), CRC
(BnaA07¢27740D), INO (BnaC07¢13110D), and HEMNI

(BnaCnngl5790D). More than half of DEGs are involved in
the know pathways of ovule number regulation, including
development, phytohormones, transcription factors, protein,
signaling (phosphorelay, sugar and nutrient physiology,
G-protein and receptor kinase), and micro-RNA. These results
highly suggested that the identified DEGs were highly associated
with ovule number (Qadir et al., 2021).
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Identification of candidate genes
through the integration of
genome-wide association study and
RNA-seq

To identify the candidate genes underlying the natural
variation of ONPO in oilseed rape, a Venn diagram was
constructed between 1,971 annotated genes within the genomic
region of association loci and the 4,449 DEGs, which resulted
in 73 overlapping genes (Supplementary Figure 5). Integrating
functional annotation information, six genes underlying
association loci on A03, A06, CO01, and C06 chromosomes
were selected, including BnaA03¢14600D, BnaA03g33420D,
BnaA06g08920D, BnaA06g13210D, BnaC01g25840D,
BnaC03g16210D.

and

Discussion

In angiosperms, ovules are critical organs as they represent
the direct progenitors of seeds (Endress, 2011; Qadir et al., 2021).
Therefore, dissecting the genetic basis of ovule numbers will
provide valuable information for the targeted improvement of
seed crops’ yield (Banks et al, 2010; Qadir et al, 2021). In
the present study, the GWAS, transcriptomic and physiological
analyses were conducted to identify causal loci and candidate
genes underlying ovule number variation in B. napus.

Great potential for genetic
improvement of ovule and seed
number

The ONPO of the association population displayed a
large variation from 19.2 to 43.8 (mean~29) across the four
investigated environments. This range (>20) was obviously
larger than the previous reports (<13) in B. napus (Ali, 2018;
Chen et al, 2019; Khan et al, 2019), which represented a
valuable resource for the genetic improvement of this trait. It
should be noted that the reported ONPO of oilseed cultivars
(Li et al, 2014; Yang et al., 2017) was close to the mean of
the association population, suggesting that this trait has hardly
been selected during oilseed rape breeding. The large difference
(>10) between the ONPO of current cultivars and the max
of germplasm indicated the great potential for the genetic
improvement of ONPO in oilseed rape.

It should be noted that the variance associated with genotype
(8.073) was 21.3 times greater than that of the environment
(0.379), suggesting that genotype rather than the environment is
the primarily determinant of ovule number variation in oilseed
rape. As expected, the calculated broad-sense heritability of
ONPO in the current study (91.9%) was higher than those of
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most yield components and related traits reported in B. napus
(Cai et al., 2014; Wang et al., 2020; Hussain et al., 2021), which
suggested that it was mainly governed by genotype.

In addition, the seed-setting rates of 26 extreme lines were
accurately calculated using ONPO and SNPS measured in the
same experiment, which varied greatly from 29.8 to 75.1%, with
a mean of 54.0%. Similarly, the seed-setting rate of 36 DH lines
derived from C010 x C001 varied from 38.3 to 82.2%, with a
mean of 56.1% (Chen et al., 2019). It should be noted that the
reported seed-setting rates of oilseed rape cultivars, including
ZY-50 (69.3%) and Zhongshuangl1 (75.4%) were all larger than
the corresponding mean of 26 extreme lines (Yang et al., 2017;
Ali, 2018), which suggested that it should be strongly selected
in breeding. The large gap between SNPS and ONPO highly
indicated the great potential for the genetic improvement of seed
number (Li et al,, 2017).

Novel loci associated with ovule
number per ovary variation

Although a dozen linkage and/or association mapping
studies have been conducted for seed number per silique
in oilseed rape (Shi et al, 20155 Lu et al, 2017; Yang
et al., 2017), rarely was about ovule number per ovary. Eight
association loci were identified in an association panel of 521
oilseed rape accessions genotyped with the Brassica 60 K SNP
array, which was distributed on A03, A09, A10, C02, C04,
and CO05 chromosomes, explaining 1.22-6.40% of phenotypic
variance (Khan et al, 2019). Five QTLs were detected using
a DH population of 180 lines derived from inbred lines 7-
5 and ZY50, which were distributed on A03, A07, A10 and
C06 chromosomes, explaining 1.9-17.38% of the phenotypic
variance (Ali, 2018).

In the current study, a total of 18 association loci were
identified using an association panel of 327 lines genotyped with
Brassica 50 K SNP array. It should be noted that the physical
positions of all these 18 association loci were different from the
reported QTL of ovule number, suggesting all of them to be
novel. More importantly, three association loci were repeatedly
identified in the different environments, suggesting it to be
the important target for maker-assisted selection (since breeder
can’t see ovule number by eye) and further gene cloning.

Physiological basis of ovule number
variation

The previous studies showed that the ONPO was affected
by flower size (Wetzstein et al., 2013; Cucinotta et al., 2020),
flower position, nutrient availability (Chalcoff and Aizen,
2016), and phytohormones (Gomez et al.,, 2018; Barro-Trastoy
et al, 2020). Therefore, several related physiological indexes
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(including flower order, leaf area and photosynthetic rate,
and phytohormones content) were measured and compared
between the M and L ovule lines.

Obviously, the ONPO of two representative extreme lines
decreased with the bud positions from the bottom to top of
the main inflorescence, which was consistent with a previous
finding that ovule number decreased from the basal to distal
of racemes in Hosta ventricosa (Cao et al,, 2011). This result
could be explained by the distance between the top flowers
and the source organs of assimilates, which is highly accordant
with the resource competition hypothesis. Whereas both leaf
area and photosynthetic rates of more- and less-ovule lines
have no significant difference between the more- and less-
ovule lines, further study should focus on the leaf area index
because it's more representative of the resource. It has been
well known that plant hormones play an important regulatory
role in regulating ovule initiation and number (Barro-Trastoy
et al., 2020; Cucinotta et al., 2020; Qadir et al., 2021; Yang and
Tucker, 2021). In the present study, the contents of several
types of endogenous phytohormones (ABA, BA, GA4, IAA,
JA) have significant differences between more- and less-ovule
lines. Highly accordant with this, the transcriptomic analysis
identified 74 DEGs that are involved in the phytohormones
pathway. More importantly, many DEGs are involved in the
metabolic (such as synthesis and degradation) process of the
same type of phytohormones (ABA, BR, CK, ETH, GA, IAA,
JA, SA). In the future, it's worth investigating the response of
ovule number on different types of phytohormones using the
representative lines in the oilseed rape crop.

Association of identified deferentially
expressed genes with ovule number

The 4,449 DEGs were enriched into a dozens of classes,
including RNA (540), protein (489), signaling (196), transport
(176), stress (121), cell (114), cell wall (97), photosynthesis (79),
hormone metabolism (74), DNA (57), etc. This confirmed the
complexity of the ovule initiation and development process
at the transcriptome level. Of the 540 DEGs enriched in
the largest class of RNA, most belonged to the transcription
factors, which was consistent with the previous finding that
Transcription factors (TFs) have been reported to play crucial
roles in the reproductive development of flowering plants (Yang
and Tucker, 2021). In addition, a total of 74 DEGs were
involved in the metabolic and signaling pathway of several
types of phytohormones, which was accordant with the different
content of several types of phytohormones. Together, these
results support the importance of phytohormones in ovule
initiation and development (Barro-Trastoy et al.,, 2020; Qadir
et al., 2021; Yang and Tucker, 2021; Yu et al., 2022). More
importantly, about half of the DEGs belonged to the same
functional category of the identified ovule number regulating
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genes. Especially, 12 DEGs are homologous to the known ovule
number genes. These results highly suggested that the identified
DEGs are associated with ovule number. Further studies are
worthy of validating the function of the 12 homologous
ovule number DEGs in oilseed rape by over-expression, RNAi,
or gene editing.

Candidate genes underlying ovule
number per ovary variation

Integrating genome-wide association and transcriptome
analysis is an efficient strategy for discovering candidate
genes of complex traits (Li et al, 2020). In the current
study, integrating association loci, DEGs and functional
annotation, six candidate genes were identified, including
BnaA03g¢14600D, BnaA03¢33420D, BnaA06g08920D,
BnaA06g¢13210D, BnaC01g25840D, and BnaC03g16210D.
BnaA03g33160D is homologous to Arabidopsis EIF4A1 that
encodes RNA helicase, whose mutant decreased in both ovule
number and fertility (Bush et al,, 2015). BnaA01g23050D is
homologous to Arabidopsis HAP13, which encodes 1 adaptin
component of the heterotetrameric protein complex that
regulates protein sorting at the trans-Golgi network/early
endosome. Its mutant displayed defects in outer integument
growth as well as reduced ovule number (Wang et al.,, 2016).
BnaA03¢g33770D is homologous to Arabidopsis transcription
factor CUCI, which functions redundantly with CUC2 and
CUC3 to regulate ovule initiation. The double mutant of CUCI
and CUC2 showed reduced ovule number (Cucinotta et al,
2018). These important candidate genes will be subjected to
comparative sequencing and further functional validation
in oilseed rape.

Conclusion

this the
physiological, and transcriptomic basis for the natural variation

In summary, study investigated genetic,
of ONPO in oilseed rape using an association population and
extreme lines with more and less ovules. A wide variation
in ovule number exists in oilseed rape, and this variation is
primarily attributed to the genotype. Through the combination
of genome-wide association and transcriptomic analysis, a
total of 18 novel association loci and six candidate genes
were identified, which provide a solid basis for maker-assisted

selection and further gene cloning.
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Phenotyping is considered a significant bottleneck impeding fast and efficient crop
improvement. Similar to many crops, Brassica napus, an internationally important
oilseed crop, suffers from low genetic diversity, and will require exploitation of diverse
genetic resources to develop locally adapted, high yielding and stress resistant cultivars.
A pilot study was completed to assess the feasibility of using indoor high-throughput
phenotyping (HTP), semi-automated image processing, and machine learning to capture
the phenotypic diversity of agronomically important traits in a diverse B. napus breeding
population, SKBNNAM, introduced here for the first time. The experiment comprised
50 spring-type B. napus lines, grown and phenotyped in six replicates under two
treatment conditions (control and drought) over 38 days in a LemnaTec Scanalyzer 3D
facility. Growth traits including plant height, width, projected leaf area, and estimated
biovolume were extracted and derived through processing of RGB and NIR images.
Anthesis was automatically and accurately scored (97% accuracy) and the number of
flowers per plant and day was approximated alongside relevant canopy traits (width,
angle). Further, supervised machine learning was used to predict the total number of
raceme branches from flower attributes with 91% accuracy (linear regression and Huber
regression algorithms) and to identify mild drought stress, a complex trait which typically
has to be empirically scored (0.85 area under the receiver operating characteristic curve,
random forest classifier algorithm). The study demonstrates the potential of HTP, image
processing and computer vision for effective characterization of agronomic trait diversity
in B. napus, although limitations of the platform did create significant variation that limited
the utility of the data. However, the results underscore the value of machine learning for
phenotyping studies, particularly for complex traits such as drought stress resistance.

Keywords: B. napus, spring-type, NAM, semi-automated image analysis, machine learning, drought resistance
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INTRODUCTION

Ensuring and increasing food security for a growing global
population faced with uncertain environmental changes is one
of the main challenges of agricultural research in the 21st
century (Tilman et al., 2011; Hickey et al., 2019; Lenaerts et al.,
2019). In addition to increasing the productivity of current
arable land, it will be crucial to increase crop yield to meet
rising global demand; however, yield improvement is currently
progressing at an insufficient pace (Tilman et al., 2011; Ray et al.,
2013). Even though technological advances, such as genomic
selection and doubled haploid technology, have resulted in
substantial acceleration of the breeding process, development
of new high yield, pest and disease resistant, and climate-
smart crop varieties is still hampered by several factors. These
include long generation times and time-consuming steps such as
phenotypic evaluation of large populations (Hickey et al., 2019).
Accurate phenotyping, in particular, is considered one of the
major bottlenecks of modern crop breeding, which has led to a
strong emphasis on the development of automated, scalable, non-
destructive, and high-throughput imaging approaches (High-
Throughput Phenotyping, HTP). HTP could augment traditional
methods of phenotypic trait quantification that are time and labor
intensive, subjective, and often destructive. Over recent years,
HTP applications have seen dramatic advances afforded by the
continual improvement to sensor and automation technologies
(Yang et al., 2020). In addition to corresponding advances in
data acquisition, one of the biggest innovations in the field of
HTP is the use of machine learning for automated analysis of the
vast amounts of data generated by HTP platforms (Zhao et al.,
2019). However, application of machine learning to the problem
of phenotyping is still in its infancy and widespread deployment
of these tools will require further refinements to algorithms and
analysis pipelines.

Many pressing challenges with regards to crop phenotyping
remain, including the measurement of multigenic or
multidimensional traits and the dissection of complex
phenotypes that are hard to reliably reproduce in field settings,
such as abiotic stress responses, which are often the culmination
of multiple environmental factors acting simultaneously (Yang
et al., 2020). Some of these challenges can be overcome using
indoor phenotyping systems, where growing conditions and
imaging parameters can be controlled more precisely allowing
individual plant architectural and physiological traits to be
measured with greater accuracy. This renders controlled
environment phenotyping particularly suitable for forward and
reverse genetics, as well as quantitative genetics and genetic
mapping (Mir et al., 2019; Yang et al., 2020). However, due to the
limited space available in the small number of existing large-scale
indoor phenotyping facilities as well as the high costs associated
with running these experiments, only a handful of annotated
benchmark image datasets are currently publicly available,
mostly in Arabidopsis and grain crops (e.g., Fahlgren et al., 2015;
Choudhury et al., 2016; Cruz et al., 2016; Minervini et al., 2016;
Veley et al., 2017%:2).

'https://plantvision.unl.edu/dataset
Zhttps://www.quantitative-plant.org/dataset

Brassica napus is a multipurpose crop of major economic
importance, especially the oilseed morphotype, which is a source
of vegetable oil for human consumption, industrial feedstock,
and protein rich meal used in animal feed (Friedt et al., 2018).
Due to its relatively recent allotetraploid origin, B. napus has
a narrow genetic base which was further eroded during initial
domestication and extensive breeding activities throughout the
last century (Diers and Osborn, 1994; Becker et al, 1995;
Rahman, 2013; Gazave et al., 2016). Similar to other crops, this
erosion needs to be addressed and further crop improvement will
require the introduction of new genetic variation into current
elite cultivars (Rahman, 2013; Friedt et al., 2018; Rebetzke
et al., 2019). Among other approaches, this will necessitate
the systematic screening of diverse germplasm collections for
desirable phenotypic traits as well as extensive pre-breeding
activities. In addition, dissection of the genetic basis for key
traits targeted in rapeseed breeding is considered crucial for
accelerated crop development (Knoch et al., 2020). Development
of automated HTP protocols optimized for B. napus, paired
with effective genomic trait dissection strategies, holds great
promise to accelerate the achievement of breeding targets, such as
short crop cycles, high yield, and resistance to heat and drought
conditions (Delourme et al., 2018). However, comprehensive,
publicly available indoor HTP datasets of B. napus are currently
limited to 2D root phenotyping (Thomas et al., 2016a,b; Zhang
et al,, 2016) and early stage phenotyping (Kjaer and Ottosen,
2015; Pommerrenig et al., 2018; Knoch et al, 2020), thus
the full potential of HTP technologies for above ground trait
quantification has yet to be explored.

Here, we used a diverse panel of 51 spring-type B. napus lines,
selected as founders for the development of a large, spring-type
B. napus Nested Association Mapping (NAM) population called
“SKBnNAM,” to test the feasibility of using current indoor HTP
technology for rapid, semi-automated phenotyping of several
key traits, including flowering and canopy architecture traits
(timing of anthesis, number of flowers, and number of raceme
branches) and resistance to drought. NAM is a powerful trait
dissection strategy that combines association and linkage genetic
mapping with genome sequencing, and it has been used to
elucidate the underlying genetic architecture of several important
agronomic traits in other crops, such as maize (Yu et al., 2008),
barley (Maurer et al., 2015), and soybean (Song et al., 2017).
The work provides a comprehensive reference image dataset for
B. napus, as well as computational methods that can be used
to extract maximal information from such datasets, including a
novel method for prediction of drought stress. The work also
exposes some limitations of current HTP platforms, which should
be considered when considering such an approach.

MATERIALS AND METHODS
NAM Founder Selection and Genotyping

A total of 297 B. napus lines from global breeding collections
were genotyped using the Brassica 60K Illumina Infinium array as
described in Clarke et al. (2016) (Supplementary Table 3.1). The
genotype data was visualized using the GenomeStudio software
suite (Illumina, Inc.) and a custom cluster file developed for
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B. napus was applied to screen out poorly performing and multi-
locus SNPs as described in Clarke et al. (2016). The data was
filtered for a minor allele frequency of 0.05 and a minimum
separation of the homozygous A and B clusters of 0.8 to eliminate
monomorphic and multi-locus SNPs resulting in a total of 30,933
SNPs for 297 accessions. PCA was carried out using the R package
SNPRelate (Zheng et al., 2012). Vcftools v.0.1.16 (Danecek et al.,
2011) was used for additional data filtering (maximum missing
proportion of 0.8).

A total of 51 spring-type (or annual) lines were selected from
the larger dataset to establish a Brassica napus NAM population
(SKBnNAM) (Supplementary Table 3.2). Founder line selection
was based on an assessment of levels of heterozygosity,
relatedness, available phenotype data, as well as geographic
origin. The chosen founder lines encompassed material from
countries where spring rapeseed production is an economic
priority and these were augmented with material from a diverse
geography as well as the inclusion of synthetic rapeseed. The
genotype data allowed the selection of the most diverse array of
inbred material. The line N99-508 (NAM 0) was selected as the
common parent for the NAM population. N99-508 is adapted to
the Canadian environment, which potentiates the evaluation of
the NAM population under Canadian field conditions.

LemnaTec Dataset
Plants were grown in the LemnaTec Scanalyzer 3D facility
at University of Nebraska, Lincoln campus. In total, 50 out

of 51 NAM founder lines were grown in six replicates, as
NAM 10 failed to germinate. All plants were sown, and grown
at 18-22°C for 20 days (for detailed growing conditions,
see Supplementary Table 3.3) before being loaded onto the
phenotyping platform. From 21 days after seeding (DAS) to
34 DAS, plants were weighed before and after watering, and
imaged once a day. During the treatment phase (35-55 DAS),
three plants each were subjected to one of two different
watering regimes (A: control, 100% field capacity and B: drought
treatment at 40% field capacity) and imaged and weighed every
day for the first 3 days, then every other day (Figure 1).
During the post-treatment phase (57-67 DAS), all plants were
watered equally and imaged and weighed every other day.
At each phenotyping time point, images were captured for
the following camera types and angles: Visible light (RGB)
from 10 angles, Infrared from 6 angles, Near Infrared (NIR)
from top view, fluorescent light (FLUOR) from 6 angles and
hyperspectral wavelengths (HYP) from one angle. The full image
dataset is openly available at https://p2irc-data-dev.usask.ca/
dataset/10.1109.SciDataManager.2020.7284788 (Dataset name:
P2IRC Flagship 1 Data). Camera specifications and more
detailed descriptions of the phenotyping facility are available
in Choudhury et al. (2016, 2018).

Dataset annotations (ground truths) were generated via
manual evaluation and scoring of selected traits in both treatment
groups. First, all images were assessed for presence of open
flowers (0 = not flowering, 1 = flowering), with the earliest date
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FIGURE 1 | Experimental set-up of high-throughput indoor phenotyping of 50 B. napus founder lines at LemnaTec Scanalyzer 3D facility at University of Nebraska.
Six replicates were grown of each genotype and three plants were subjected to one of two watering regimes between 35 DAS and 55 DAS: control plants (C) were
kept at 100% field capacity (blue bars), while drought treated (D) plants were maintained at 40% field capacity during that period (orange bars).
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FIGURE 2 | Image segmentation workflow and corresponding examples of top view (left) and side view (right) images.

Original top view (left) and side view
(right) RGB images

RGB images are converted to HSV colour space

Saturation channel is thresholded and
median blur is applied for noise removal

v

RGB images are converted to LAB colour space
and blue-yellow channel is thresholded

v

Binary image mask is created by joining binary
images from steps 2 and 3, background is
removed

Green-magenta and blue yellow channels
are extracted from masked RGB image,
thresholded, and combined to create a
binary image

Rectangular area of interest is defined

Background is removed resulting in final
segmented plant image

of open flowers being counted as the date of anthesis. Then,
the number of raceme branches was counted for each plant
and phenotyping time point. Finally, plants were assessed for
symptoms of drought stress using both top view and side view

RGB images, using a binary scoring scheme in which healthy
looking plants were scored as unstressed (0) and any plant
exhibiting mild to severe drought stress (e.g., drooping leaves)
was scored as stressed (1). Due to considerable time investment
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FIGURE 3 | NIR image processing workflow. (A) Top view RGB image. (B) Corresponding image segmentation resulting from workflow described in Figure 2.
(C) Original top view NIR grayscale image. (D) Resized and rescaled RGB image segmentation used as an image mask for NIR image. (E) Segmented plant outline
overlaying NIR image (yellow boundary). (F) Segmented plant area overlaying NIR image (yellow region).

necessary to score this trait as well as the exploratory nature of
this study, this ground truth was restricted to 49 DAS, which was
toward the end of the experimental treatment phase but before
the majority of plants had started to flower.

Image Processing

For the purpose of this study, we concentrated on processing
the RGB images using top view (90°) and side view (0°), and
the NIR images (top view, 90°) between 21 DAS and 57 DAS.
In order to remove as much background as possible, RGB
images were segmented in Python 3 using PlantCV v.2 (Gehan
et al,, 2017) according to the steps outlined in the program
documentation (Figure 2, see Supplementary Appendix 1 for
extended methods). In short, this procedure involves converting
the RGB image to the HSV (Hue, Saturation, and Value) and the
CIELAB color space, followed by several thresholding steps, and
the creation of a binary mask which is then applied to the original
image to retain only plant-related information. Although manual
identification of a range of thresholds made the segmentation
process semi-automated, the lack of available ground truth data
was the primary reason for not using automated segmentation
methods with machine learning approaches. There were 300
plants and ca. 28 imaging days including both side and top view
images for a total of 15988 images. Annotating these images
would have been significantly more time consuming than finding
the appropriate set of thresholds. Note that the segmentations
were evaluated visually, by making graphs of extracted convex-
hull of the plant areas. The graphs and images of 300 plants

were visually checked to iteratively improve segmentation and
finalize threshold values. Following image segmentation, several
basic, holistic phenotypic values were extracted from each image
which allowed for a numeric characterization of each plant at
each phenotyping time point: the convex hull area of each plant
from both top view and side view, the number of plant pixels
(projected leaf area) from both top view and side view, and the
plant height and width. In addition, in order to track minor leaf
color changes, which could be indicative of drought stress, the
Excess Green Index (ExG = 2G - R + B, Woebbecke et al., 1995)
was extracted from the segmented RGB images.

Leaf spectral reflectance is known to be substantially driven
by leaf water content and NIR wavelengths have been shown
to be useful in tracking plant water status (Berger et al., 2010;
Briglia et al., 2019). Thus image masks from the RGB top view
segmentations were fitted to the NIR images in order to extract
the plant pixels of the grayscale NIR images (Figure 3). Following
Vello et al. (2015) and Janni et al. (2019), NIR pixel intensities
were summarized using mean and 75th percentile NIR values
for each plant and day of imaging. However, due to divergent
fields-of-view of the RGB and NIR cameras, this was only possible
between 37 DAS and 59 DAS.

The plant boundary curvatures were extracted from the
segmented top view images using the histogram of curvature
over scale method (HOCS; Kumar et al., 2012). This robust, and
rotation-invariant shape descriptor computes the curvature at
each point on the region boundary (plant boundary) at a range
of different scales, and then quantizes curvature via histograms
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FIGURE 4 | Flower and raceme branch detection workflow. (A) Exemplary RGB top view image of a flowering B. napus individual. (B) Segmented image. (C) Image
components in the blue yellow channel after pixel-based thresholding. (D) Binary image components mapped according to their x and y coordinates and number of
pixels. Colors correspond to clusters assigned via hierarchical clustering and roughly correspond to raceme branches.
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(Van Vliet and Verbeek, 1993). Boundary curvatures on 49 DAS
were computed over the normalized area integral invariant
(Manay et al., 2006) at 25 different circle radii (scales) ranging
from 5 to 125 (increment of 5) and summarized as histograms of
curvature over scale using 5 bins per histogram at each scale.
Semi-automated flower detection and quantification was
performed by applying the segmented RGB top view image as a
mask to the blue yellow channel of the converted LAB color space
top view image (Figure 4). Then, pixel-based thresholding was
performed according to plant age and treatment group, and the
number of pixels (“flower pixels”) in the thresholded blue yellow
channel image was extracted (see Supplementary Appendix 1 for
full details). The components (i.e., pixel clusters) of the resulting
binary image were considered to be either single, or several
overlapping flowers (Figure 4C) and their descriptive properties

(number of component pixels, component centroid coordinates,
minimum and maximum x and y coordinates of bounding box
around each component, area of each bounding box, convex hull
area) were used to plot the flowers (Figure 4D) and derive several
additional properties (e.g., maximum canopy width and canopy
angle). The predicted flower annotations were then compared to
manual flower scores as described above.

Data Analysis

All image processing data was analyzed under the tidyverse
framework in R v. 4.0.2 (R Core Team, 2020) and RStudio v.
1.2.1335. Besides manually removing all data for plants which
did not germinate, a threshold-based outlier removal procedure
(median + 3 standard deviations) was applied for each trait and
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FIGURE 5 | Principal Component Analysis of genotypic diversity of 297 spring (light blue dots) and semi-winter (gray dots) B. napus varieties. Founder lines of
SKBnNAM introduced in this study are colored according to their mean total aliphatic glucosinolate (TAG) levels.

day, separately (Knoch et al., 2020). In order to track day-to-
day changes in plant development, day-to-day differences were
calculated for most extracted traits of interest (denoted by A).
Further, image-based phenotypes were used to derive estimated
biovolume [,/(side projected leaf area® * top projected leaf area);
Junker et al., 2015], which has previously been shown to be a
suitable proxy for plant biomass in canola (Knoch et al., 2020).
In addition, the results from the flower detection protocol (see
above) were used to extract the maximum canopy width and
the approximate canopy angle in order to identify genotypes
with particularly loose or particularly compact inflorescences, a
common consideration for breeders.

The number of components in the blue-yellow channel,
excluding those of less than 100 pixels, was used to estimate the
number of flowers per plant and imaging day. Large components,
that likely included several overlapping flowers, were split
by dividing their total number of pixels by the approximate
number of pixels of a fully opened flower viewed from the top.
Hierarchical clustering was applied using the hclust function in R
using the extracted coordinates of the filtered flower components
(min x, max x, min y, max y, centroid x, and centroid y) followed
by pruning the resulting hierarchical tree at the total number of
manually assessed raceme branches (i.e., groups, k). Spearman
correlation coefficients and significance levels for selected traits
were calculated in R using cor.test. Processed trait data was
visualized using the R package ggplot2 (Wickham, 2016).

Machine Learning
Several supervised machine learning models were tested for
prediction and identification of two key agronomical traits: the
number of raceme branches and drought stress. The manually
assessed ground truth of the number of raceme branches
consisted of 789 observations from 39 genotypes that started
flowering within the experimental period with 34 different class
labels (number of raceme branches). Since raceme branch counts
were unevenly distributed [e.g., 198 of 789 images were of
flowering individuals with one inflorescence branch (main stem)
while only 21 images featured plants with 10 raceme branches],
this was considered a regression rather than a classification
problem. The data set was randomly divided into 5 sets for a
5-fold cross validation, with 4 sets serving as training data and
one set serving as testing data in 5 replicate experiments. For
each set, plant age in DAS, the filtered number of pixels in
the blue-yellow channel (i.e., “flower pixels”) and the estimated
number of flowers were used as input features for raceme
branch number prediction. The widely used linear regression
and Huber regression algorithms were applied to predict the
inflorescence branch numbers (Huber, 1992; Freedman, 2009).
Prediction accuracy of different machine learning algorithms was
then gauged by comparing to the manually established ground
truth of raceme branch numbers.

With regard to drought stress, the number of stressed plants
(n = 166) was randomly down-sampled to match the number
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FIGURE 6 | Visualizations at three resolutions comparing SNPs in 50 B. napus genotypes against a reference genotype (NAM 0) with the genotypes ordered by their
increasing erucic acid content. The visualizations are all organized with rows representing different lines, and columns of pixels representing each SNP. The color at
each SNP indicates whether that SNP is the same (blue) as or different (red) from the allele in the reference genotype shown at the top of the view and missing data
is encoded in white. Additionally, at each resolution, a map of phenotypic trait values (erucic acid content, total aliphatic glucosinolate levels, and genotype origin) are
shown on the left. (A) Genome-level overview of the entire B. napus genome horizontally separated by chromosome. (B) Chromosome-level view of chromosome 8
in B. napus. (C) SNP-level view of chromosome 8 (9.73 mb to 13.03 mb) that displays SNP names at the top of the column, nucleotides for each SNP, and a gene
map below the main view.

of unstressed plants (n = 133), resulting in a total dataset of and 75th percentile NIR, difference in plant pixels between 47
266 observations. Combinations of several input features were DAS and 49 DAS (A pixelsTV, assuming that drooping leaves
used to test machine learning for stress detection, including mean  might result in a reduction in plant size as seen from above),
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at 4th phenotyped day of flowering

the convex hull area (top view), total number of plant pixels (top
view), A convex hull (top view), plant height and width, A plant
height and A plant width, ExG, and number of raceme branches.
Again, the data set was randomly divided into 5 subsets for a
5-fold cross validation, with 4 sets serving as training data and
one set serving as testing data in 5 replicate experiments. Stress

identification was tested with the commonly used supervised
machine learning algorithms Random Forest Classifier, Linear
Discriminant Analysis, Logistic Regression model, K-nearest
Neighbor, Decision Tree, and Support Vector Machine, most of
which had been previously employed for stress detection in plants
(Singh et al., 2016).
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RESULTS

The Brassica napus Germplasm

A total of 30,933 single nucleotide polymorphism (SNP) markers
assayed from the Illumina Brassica Infinium SNP array were
used to evaluate the genetic diversity among a wide collection
of Brassica napus lines (Supplementary Table 3.1). The first two
principal components of a principal component analysis (PCA)
of 297 spring and semi-winter lines jointly explained 18.94%
of the genetic variance and, similar to other studies, showed
that these are positioned along a genetic gradient rather than

constituting discriminate clusters (Lu et al., 2019). The founder
lines of the SKBnNAM were selected to be well distributed
among the genotyped spring-type accessions to capture most of
the available variation (Figure 5). The available pedigrees and a
summary of key seed quality traits (aliphatic glucosinolate and
erucic acid content) segregating among the founders are provided
in Supplementary Table 3.2. The SNP data for the founder lines
has been represented in a novel graphical visualization tool’ that
allows relationships between the lines to be interrogated at the

3https://genomevis.usask.ca/haplotype- map- tree
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genome, chromosome and SNP level (Figure 6). The lines can
be arranged according to user-specified trait data in order to
facilitate exploration of underlying genetic variation.

Plant Image Capture, Segmentation, and

Trait Extraction

The initial HTP experiment intended to capture variation of
the founder lines of the SKBnNAM in response to low water
availability. Six replicates of each line were grown and imaged
in a LemnaTec Scanalyzer 3D plant phenotyping facility (for an
overview of growing conditions, see Supplementary Table 3.3).
Thirty-four days after seeding (DAS) three of the replicates
were maintained at field capacity (control group), while three
were subjected to reduced watering to approximate 40% field
capacity (treatment group). Imaging was carried out every day
initially and every second day after DAS 37, and RGB images
(top view, 90° and side view, 0°) as well as near-infrared (NIR)
images were processed for specific phases of the experiment
(see Materials and Methods). There was high variation for all
extracted plant traits within genotypes and treatment groups
(Supplementary Figure 3.1) and plants of both treatment
groups displayed symptoms of drought stress (Supplementary
Figures 3.2,3.3). This was likely caused by uneven watering
administered during plant growth, mainly resulting from the
large basal leaves blocking the automated watering system. Due
to this variation, data analyses mainly focused on assessing
and improving the efficacy of semi-automated image analysis
protocols. Whenever genotype-specific traits were extracted (e.g.,
flowering time and canopy traits), analysis was limited to
the control group.

Despite these challenges, the described image analysis pipeline
allowed for extraction of holistic and derived phenotypic traits,
including plant height, plant width and plant volume, a proxy for
biomass, as well as plant phenology and canopy architecture traits
(Figure 7 and Supplementary Figure 3.4A, Supplementary
Appendix 2). The method efficiently captured the wide-ranging
diversity of growth and flowering traits among 50 out of 51
SKBnNAM founder lines (Figure 7), thereby demonstrating the
potential of the population. While the exact thresholds used in the
image segmentation and trait extraction process (Supplementary
Appendix 1) are specific to this particular experiment, the

outlined process used to derive these thresholds can be applied
for other crops and experimental setups.

Flower Detection and Quantification

A semi-automated pipeline for flower detection was designed
that allowed flowering to be accurately and precisely tracked
throughout the experiment (Figures 4, 8). This pipeline involved
using the segmented top view RGB image as an image mask
on the blue-yellow channel image of the same view, obtained
by converting the RGB image to the LAB color space. Results
of automatic flower detection were compared to manually
determined dates of anthesis for each plant. After identification
of the appropriate thresholds (see Supplementary Appendix 1),
anthesis was correctly detected in 170 out of 175 flowering plants
(97.14% accuracy). In four of the five cases where detection
was not accurate, flower buds were observed in which the
yellow petals were protruding from the sepals (Supplementary
Figure 3.5A). The last case was caused by a single flower petal
that had fallen from another plant (Supplementary Figure 3.5C).
Following the successful detection of anthesis, the number of
pixels as well as the number of components in the segmented
image of the blue yellow channel (Figure 4C) were used to
estimate the number of flowers for each plant and phenotyping
time point. This approach allowed the flowering period of
each plant to be measured through time, and for the different
genotypes to be compared in terms of their phenology, flowering
intensity, and variability among these characteristics (Figure 8).
Early flowering varieties were clearly identified and the flowering
behavior of these genotypes was consistent with those measured
from previous field characterization (Spearman’s rho = 0.76,
Supplementary Table 3.2).

In order to facilitate the description of canopy architecture,
quantification of raceme branches was explored by using
the output from the flower detection pipeline as input to
supervised machine learning algorithms; the results were then
compared against manually counted raceme branch numbers
for every plant at each phenotyped flowering time point. It
was found that raceme branch numbers could be predicted
from the estimated number of flowers and the total number
of flower pixels with an accuracy of 91% =+ 0.02 with both
tested machine learning algorithms (Linear regression and
Huber regression, both with 5-fold cross validation, Table 1).

TABLE 1 | Mean accuracies for inflorescence branch number prediction from image-derived traits for 50 B. napus genotypes using different machine learning algorithms.

Raceme branch number prediction

Number of observations
(total/training data/testing data)

789/631/158

Mean accuracy with 5-fold cross validation (SD)

All features All features except for “flower pixels” All features except for estimated number of flowers
Linear Regression 91% (+£0.03) 90% (+0.04) 85% (+0.05)
Huber Regression 91% (+£0.02) 90% (+0.02) 85% (+0.06)

Total number of observations, number of observations in training data, and number of observations in testing data are given. 5-fold cross validation was used. Input
features for inflorescence branch number prediction were plant age, “flower pixels,” and number of flower components (estimated number of flowers). SD = Standard

deviation across cross validation replicates.
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As some input features were correlated [flower pixels and
number of flower components (estimated number of flowers),
Spearman’s correlation coefficient: r* = 0.99], the prediction
was tested without the flower pixels feature and achieved
90% = 0.03 accuracy. Overall, the number of the flower
components feature seemed to have more impact on branch
prediction accuracy than the flower pixels feature. Consecutively,
individual components from the thresholded blue-yellow channel
were assigned to individual raceme branches (Figure 4D), by
using hierarchical clustering. Taken together with additional
image-derived traits such as canopy width and plant height,
this allowed canopy architecture for the different genotypes
included in this experiment to be broadly characterized
(Supplementary Figure 3.4).

Drought Phenotyping

It was anticipated that withholding water from a subset of actively
growing plants would result in a reduced growth rate, an increase
in temperature resulting from reduced evapotranspiration, and
wilting from reduced turgor pressure. In order to test semi-
automated detection of these symptoms, drought stress was
visually scored for all plants of both control and drought-
treatment groups using a binary scheme (0: unstressed, 1:
symptoms of drought stress) and the top and side view RGB
images on DAS 49.

First, three individual image-based traits were tested for
their efficacy as proxy traits in semi-automated drought stress
detection: NIR intensity, Excess Green Index (ExG), and A
pixelsTV (the change in the number of plant pixels from top
view between DAS 47 and DAS 49, assuming that wilting would
result in a smaller number of plant pixels captured from the top).
However, taken on their own, none of these three traits showed
substantial differences in plants displaying visible drought stress
compared to unstressed plants on DAS 49 (Supplementary
Figure 3.6). Similarly, two-way combinations of any of the three
traits could not reliably distinguish between stressed and non-
stressed plants (data not shown).

Next, curvature of the segmentation boundary was tested
as an indicator of drought stress. The histogram of curvature
over scale (HOCS; Kumar et al., 2012) method was applied to
the top view plant boundary on DAS 49, assuming that plants
experiencing water deficit would exhibit rolling of leaf edges.
Although the histograms of curvature of stressed and unstressed
plants did exhibit differences in their proportions at different
scales, their within-group variation was too high to reliably
distinguish between these two phenotypes (Figure 9).

Finally, the potential of machine learning algorithms in semi-
automated drought stress detection was assessed by comparing
the results of supervised machine learning to the manually
determined stress scores of DAS 49. Using only the curvature
of the top view plant boundary (summarized by HOCS), the
highest accuracy achieved in initial tests was 66.6% using the
KNN algorithm (K = 1), which was judged too low to be
investigated any further. In contrast, using a combination of
21 phenotypic traits and image attributes extracted from the
image dataset (mean and 75th percentile NIR, total number
of plant pixelsTV, A pixelsTV, the convex hull areaTV, A

convex hullTV, total number of plant pixelsSV, A pixelsSV,
the convex hull areaSV, A convex hullSV, weight before, and
after watering, plant area below pot rim, plant height, plant
width, A plant height (between DAS 47 and 49), A plant width,
ExG, flowering group (early, intermediate, late), and number
of raceme branches) with several supervised machine learning
algorithms was able to detect drought stress with the area under
the receiver operating characteristic curve (ROC AUC) > 0.8
with 5-fold cross validation (Table 2). The maximum mean
ROC AUC was achieved using the Random Forest algorithm
(0.85 + 0.03), Linear Discriminant Analysis (0.82 £ 0.04),
and Logistic Regression (0.82 £ 0.08) algorithms. We also
calculated the accuracy and achieved a maximum mean accuracy
of 81% for 5-fold cross validation with the Random Forest
Algorithm. Removing single features resulted only in very small
changes to overall identification of ROC AUC in most cases
(Supplementary Table 3.4).

DISCUSSION

The potential of HTP combined with automated image
processing and machine learning for accelerating crop
improvement has been increasingly acknowledged; however,
deployment is currently hampered by the lack of reliable, robust,
and easy to implement data processing methods. The results
presented here show that scoring of basic plant traits, such as
plant height and width, but also more complex traits such as
flowering traits and canopy architecture in a streamlined, semi-
automated fashion can be reliably achieved, once a workflow has
been optimized. In addition, the potential of machine learning
to identify multi-dimensional plant phenotypes such as drought
stress resistance was shown. This methodology thus shows
great promise for application in targeted breeding programs for
B. napus and other crops.

Introduction of the Diverse Founder
Panel for SKBhNAM

Since their introduction more than a decade ago, NAM
populations have proven to be invaluable tools for the dissection
of the genetic architecture of complex traits and have been
adopted for a number of economically important crops (Yu
et al., 2008; Gage et al., 2020). The lines phenotyped in this
study form the founder panel for a new spring-type B. napus
NAM population, SKBnNAM. Besides the common founder,
N99-508, this panel includes seven Canadian adapted, five
Australian, 13 European, 18 Asian as well as seven other
(e.g., Argentinian and yellow-seeded) lines (Supplementary
Table 3.2), which capture the genetic spectrum of spring-type
B. napus (Figures 5, 6). This population represents a useful
complement to the previously published Bn-NAM population
(16 founder lines, 2425 F¢ recombinant inbred lines) which was
developed from mostly semi-winter-type rapeseed, a morphotype
that is predominantly grown in China (Hu et al, 2018), as
well as to a large B. napus NAM population developed from
winter and synthetic lines (51 founder lines, Snowden et al.,
2015). Based on preliminary genotype data and available field
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FIGURE 9 | Summary of histogram of curvature over scale (HOCS) method for all unstressed (0, blue) and all visibly stressed (1, orange) individuals on DAS 49. Each
plot shows a series of 25 histograms that are composed of 5 bins each summarizing the curvature of the segmentation boundary at a given scale. Error bars give
standard deviations across all individuals in each group (unstressed, visibly stressed). Overall histogram distributions were visibly different between these two groups
(highlighted by red column portions signifying absolute mean differences for each bin). However, high within-group variation across the diversity panel masked these
between-group differences and prevented accurate drought stress prediction from curvature of segmentation boundaries alone.

TABLE 2 | Mean ROC AUC, and mean accuracies for drought stress identification from image-derived traits for 50 B. napus genotypes using different machine
learning algorithms.

Drought stress identification

Number of down-sampled observations 266/212/54
(total/training data/testing data)
Mean ROC AUC with 5-fold cross validation Mean accuracy with 5-fold cross validation (SD)

Random Forest 0.85 0.81 (+0.03)

Linear Discriminant Analysis 0.82 0.77 (£0.04)

Logistic Regression 0.82 0.79 (£0.08)

Decision Tree 0.73 0.75 (£0.12)

KNN classifier (K = 1) 0.72 0.73 (+0.08)

Support Vector Machine (SVM) 0.76 0.67 (£0.23)

Total number of observations, number of observations in training data, and number of observations in testing data are given. 5-fold cross validation was used. Input
features for drought stress identification on 49 DAS were mean and 75th percentile NIR, total number of plant pixelsTV, A pixelsTV, the convex hull areaTV, A convex
hullTV, total number of plant pixelsSV, A pixelsSV, the convex hull areaSV, A convex hullSV, weight before, and after watering, plant area below pot rim, plant height,
plant width, A plant height, A plant width, ExG, flowering group (early, intermediate, late), and number of raceme branches. All A plant values represented differences
between 47 DAS and 49 DAS. ROC AUC = Area Under the Receiver Operating Characteristic Curve. SD = Standard deviation across cross validation replicates. Achieved
maximum results have been highlighted in bold.

phenotype data it was expected that SKBhANAM would be crop improvement. However, it was still necessary to establish
a valuable resource for dissecting the genetic architecture of a clear picture of the level of phenotypic variation potentially
complex traits in B. napus, and thus be instrumental for rapeseed  segregating within the population.
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FIGURE 10 | Examples of B. napus individuals exhibiting mild to moderate
drought stress on 47 DAS. All images show plants from control group. For
further examples of drought stress symptoms, see Supplementary

Figure 3.3. (A) NAM 12, Ind 423; (B) NAM O, Ind 497; (C) NAM 30, Ind 492;
(D) NAM 75, Ind 422; (E) NAM 33, Ind 479; and (F) NAM 75, Ind 457.

Considerations for Controlled
Environment HTP Experiments in

B. napus

The data presented represents one of the longest controlled
environment HTP datasets for B. napus published to date. While
this dataset will certainly become a valuable resource for image
analysis refinements and innovations in rapeseed phenotyping,
experimental problems that were encountered should be taken
into consideration for future experiments. As mentioned above,
higher than expected within genotype X treatment variation
suggested that watering regimes were not administered as
precisely as planned, leading, for example, to some individuals
of the control group exhibiting symptoms of drought stress
(Supplementary Figures 3.2,3.3). This was likely due to a
combination of relatively small pot sizes (9 L pot volume,
Supplementary Table 3.3) and automated overhead irrigation
which led to larger rosette leaves effectively shielding the

soil in some individuals. In addition, the automated plant-
to-sensor movement within the phenotyping facility presented
additional challenges during the experiment, as some plants
were damaged (some larger, overhanging rosette leaves were
torn, Supplementary Figure 3.3) while being moved through
the system. Most of these challenges are connected to the plant
architecture of B. napus as compared to other crop species
frequently used in indoor HTP experiments (e.g., maize and
rice) which suggests that scaling this system to different crop
species requires crop-specific expertise and adjustments. Despite
these challenges it was possible to focus on plant traits that
were unaffected and further test the feasibility of different image
analysis approaches for B. napus.

Flower Phenotyping/Growth Stages

Major breeding objectives in B. napus include early germination,
improved seedling root development, early onset of flowering,
high yield, favorable aerial plant architecture, reduced pod
shatter, improved seed oil content, and quality as well as tolerance
to biotic and abiotic stresses (Delourme et al., 2018). A focus
of the current study was the semi-automated evaluation of
flowering traits, plant aerial architecture and, where feasible,
resistance to drought stress. It was demonstrated that it is possible
to efficiently and accurately track flowering time and intensity
through time using overhead RGB imaging (Figure 8). While we
are not aware of any previous indoor HTP studies of B. napus
that proposed flower detection and quantification to a similar
degree of precision as this one, the approach presented here was
similar to the one outlined by Chen et al. (2019) who separated
flower volume from plant volume on the basis of pixel color.
However, flowering traits were not the primary focus of their
study and the authors did not investigate the possibility of using
this method to track flower timing throughout their experiment.
The results demonstrated that anthesis in B. napus does not
need to be scored manually in greenhouse settings [as done
by Chen et al. (2019)] but can be accurately detected semi-
automatically (97.14% accuracy). This represents a significant
extension of previous approaches as it further allows us to
approximate flower numbers per plant and phenotyping time
point. Accurate flower tracking also enabled the characterization
of plant aerial architecture throughout the growing period (e.g.,
canopy width, canopy height, canopy angle, as well as number of
raceme branches, Figure 7, and Table 1). Although not possible
in the current experiment, the same methodology could easily
be applied to capture the end of the flowering period and thus
compare the length of the flowering period across genotypes
and treatments. Semi-automated and eventually fully automated
detection of flowering will facilitate high-throughput germplasm
screening for early flowering varieties as well as extraction of
other informative image traits or spectral indices that are scored
during flowering, for example leaf spectral features which have
been shown to be strongly correlated to seed yield (R? = 0.71)
when measured during the flowering stage (Zhang and He,
2013). Due to a number of additional factors (e.g., in-field
variability of growing conditions, presence of parasites/disease
agents, spectral signal of canopies rather than single plants, and
shadows from overlapping plants), field phenotyping requires a
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slightly different approach to automated tracking of flowering
in rapeseed. However, similar to our findings, the blue and
green spectral bands of RGB images (e.g., used to calculate the
normalized difference yellowness index, NDYI) have proven to
be the most useful for distinguishing between flower and overall
canola canopy signals in field settings (Sulik and Long, 2020).

Drought Phenotyping

Drought stress caused by moderate loss of water is characterized
by a reduction in water content, diminished leaf water potential
and turgor loss, accompanied by stomata closure, and decrease
in cell enlargement and growth, while desiccation (severe water
stress) can result in arrest of photosynthesis and even plant death
(Jaleel et al., 2009). However, there is considerable plasticity in
the degree to which water loss can be minimized and high-
water status can be sustained among and within species (Farooq
et al., 2013). This can lead to a broad spectrum of drought
stress symptoms among closely related crop varieties. These
wide-ranging symptoms are often visually scored by experienced
breeders, but this integrated task is much harder to translate into
automated stress detection protocols.

Using single or dual image-based plant traits such as NIR
intensities, ExG (a measure of greenness), and daily changes in
projected leaf area (A pixelsTV) were not reliable ways to identify
drought stress in our experiment (Figure 6 and Supplementary
Figure 3.6). This is in contrast to findings from other indoor
phenotyping experiments. For example, Janni et al. (2019)
found significantly different NIR intensities and greenness values
for drought-stressed and well-watered tomato plants. Similarly,
Vello et al. (2015) found that they could accurately identify
A. thaliana individuals in a water-limited treatment group using
an NIR intensity threshold. Finally, Briglia et al. (2019) reported
a clear correlation between stem water potential and both,
NIR intensities and greenness parameters for drought-treated
grapevines. One likely explanation for this difference is the degree
to which drought was imposed during these experiments. While
plants were often stressed irreversibly, to the extent of wilting, leaf
yellowing or browning (senescence), and even lethal dehydration
in previous studies (e.g., Vello et al., 2015; Duan et al., 2018;
Briglia et al.,, 2019), individuals exhibited only comparatively
mild drought symptoms in our experiment (e.g., leaf rolling,
loss of turgor, Figure 10, and Supplementary Figure 3.3). It
thus appears that both NIR intensities and greenness indices
such as ExG are more suitable for detecting severe levels of
drought stress. In addition, the second half of the treatment
phase coincided with the onset of flowering leading to temporal
overlap in flowering and more severe drought stress. This
created substantial problems for the utility of NIR for drought
detection since yellow B. napus flowers refract NIR the same
way that senescent leaves would and thus, flowering-dependent
changes in NIR intensities effectively mask the effects of drought
stress (also seen by a significant positive relationship between
NIR intensity and the number of flower pixels, Spearman’s
rank correlation rho = 0.38, Supplementary Figure 3.7A).
Unsurprisingly, EXG was also driven by presence of flowers
(rho = —0.68, Supplementary Figure 3.7B). Thus, the suitability
of previously applied image-based traits for measuring drought
stress strongly depends on experimental timing of drought stress

and flowering in B. napus. Finally, very few previous drought
phenotyping studies included diversity panels of the studied
crops. The genotypic variation in leaf color, leaf thickness, leaf
shape and size, and plant size made it impossible to define
common thresholds of the tested parameters that would have
allowed accurate semi-automated drought stress identification
across all 50 assayed B. napus lines (Supplementary Figure 3.8).
This illustrates the limitations of using these traits in complex
experimental settings, such as diverse pre-breeding trials.

Instead, the data revealed the promise of supervised machine
learning for stress identification in such complex situations.
To the best of our knowledge, plant boundary curvature as
summarized by the HOCS method, was used here for the first
time to evaluate drought stress in an indoor HTP experiment.
While promising overall, using this metric on its own was judged
to be not effective for reliably distinguishing between stressed and
unstressed plants, again likely due to genotype-specific variation
overriding any shared symptoms of drought stress. However,
using combinations of plant traits and image attributes derived
from RGB and NIR images, it was possible to achieve stress
identification accuracies of more than 80%. This mirrors previous
studies that reported promising results using a variety of machine
learning algorithms for drought detection and prediction in other
crops (e.g., Romer et al., 2012; Raza et al., 2014); however,
here for the first time with the added complexity of a large
diversity panel. This added complexity clearly identified drought
stress to be a multi-dimensional phenotype that could not be
described by single attributes or traits but instead required a
combination thereof. Compared to hyperspectral imaging, which
has successfully been used in drought stress identification (e.g.,
Romer et al., 2012; Susic et al., 2018; Asaari et al., 2019), but which
can be substantially more costly and difficult to acquire, process,
and store (Holzapfel, 2007), our results underline the utility of
NIR and multispectral RGB for this kind of problem.

Despite these promising results, several drawbacks remain
to be solved. Image data preprocessing, one of the most
crucial steps for successful use of machine learning methods
(Singh et al., 2016), is time-consuming and requires deep-rooted
knowledge of the organism of interest for input feature selection.
For example, even though several different combinations of
input features were tested (Supplementary Table 3.4), it was
not possible to achieve stress identification ROC AUC of
>85% in this experiment. Yet, further refinement of the input
feature combinations for reliable drought stress identification,
for example using additional plant attributes or traits could
lead to higher identification accuracies. In addition, further
improvements could likely be achieved through expansion of the
manually scored stress ground truth to multiple days in order
to allow for better genotypic-specific trait learning. However,
this would require a significant time investment as manually
scoring mild drought symptoms from images can be relatively
tedious and somewhat subjective even to the experienced eye.
The ultimate goal of stress phenotyping is stress prediction
before the onset of stress symptoms that can be distinguished
by the human eye. Even though our study makes a valuable
contribution to this overall problem, future work will be needed
to solve the puzzle of drought stress prediction in B. napus
and other crops.
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CONCLUSION

Phenotyping is considered a major bottleneck slowing the
development of new crop varieties. This study illustrates the
utility of semi-automated image processing and supervised
machine learning for pre-breeding activities in B. napus by
demonstrating their efficacy in scoring key agronomic traits
including flowering characteristics (e.g., timing and volume),
canopy architecture traits (e.g., raceme branch numbers), and
early symptoms of drought stress in a diverse panel of spring
lines. Despite several methodological challenges connected
to scaling an indoor HTP platform to different crops, the
results presented underline the promise of state-of-the-art HTP
technologies, semi-automated image processing, and supervised
machine learning for crop improvement, in particular when
combined with genomics and systematic breeding strategies.
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Early flowering facilitates crops to adapt multiple cropping systems or growing regions
with a short frost-free season; however, it usually brings an obvious yield loss. In
this study, we identified that the three genes, namely, BnFLC.A2, BnFLC.C2, and
BnFLC.A3b, are the major determinants for the flowering time (FT) variation of two
elite rapeseed (Brassica napus L.) accessions, i.e., 616A and R11. The early-flowering
alleles (i.e., Bnflc.a2 and Bnfic.c2) and late-flowering allele (i.e., BnFLC.A3b) from
R11 were introgressed into the recipient parent 616A through a breeding strategy of
marker-assisted backcross, giving rise to eight homozygous near-isogenic lines (NILs)
associated with these three loci and 19 NIL hybrids produced by the mutual crossing of
these NILs. Phenotypic investigations showed that NILs displayed significant variations
in both FT and plant yield (PY). Notably, genetic analysis indicated that BnFLC.A2,
BnFLC.C2, and BnFLC.A3b have additive effects of 1.446, 1.365, and 1.361 g on
PY, respectively, while their dominant effects reached 3.504, 2.991, and 3.284 g,
respectively, indicating that the yield loss caused by early flowering can be successfully
compensated by exploring the heterosis of FT genes in the hybrid NILs. Moreover,
we further validated that the heterosis of FT genes in PY was also effective in non-
NIL hybrids. The results demonstrate that the exploration of the potential heterosis
underlying the FT genes can coordinate early flowering (maturation) and high vyield
in rapeseed (B. napus L.), providing an effective strategy for early flowering breeding
in crops.

Keywords: heterosis, flowering time, BnFLC, non-additive effects, additive effects, rapeseed, plant yield

INTRODUCTION

Rapeseed (Brassica napus L.) is one of the most important oil crops worldwide and comprises more
than 55% of the total oilseed production in China. But with the change of cultivation systems
for next-stubble crops (e.g., rice and corn) in central China, the growth season of rapeseed is
being restricted. And in northwestern China, undetermined early frost is often a threat to seed
maturation. Thus, a shorter growing season or earlier maturation time would enable increased
cultivation area and production for rapeseed in China. As flowering time (FT) is often associated
with maturation time in crops (Wang Y. et al., 2021), the implementation of shorter growth stages
via regulating FT becomes a feasible idea.
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Advantageously, extensive genetic research on FT genes
and qualitative trait loci (QTLs) has been conducted in
rapeseed. In its close relative model plant Arabidopsis, nearly
306 genes have been reported in the FT regulatory network
which are involved in vernalization pathway, autonomous
pathway, photoperiod pathway, ambient temperature pathway,
and gibberellins pathway (Bouché et al.,, 2016). This provides
a reliable reference for FT in rapeseed (Schiessl et al.,, 2014;
Bouché etal,, 2016). In rapeseed, many QTLs and peaks identified
via genome-wide association studies have been colocalized with
some of the annotated FT genes from the reference genome
(Schiessl, 2020), and the crucial genes, namely, BnFLC.A10,
BnFLC.A2, and BnFLC.C2, which participate in the vernalization
pathway, have been characterized in rapeseed (Chen L. et al.,
2018; Yin et al., 2020).

However, many studies show that FT genes often induce
pleiotropic effects in multiple traits including yield in some
crops. In rice, OsWOXI3 not only triggers early initiation
but also enhances drought tolerance (Minh-Thu et al., 2018).
Mutations of Osgi and Ospho2 delay initiation and reduce
biomass but promote Pi concentration in rice (Li et al., 2017).
The NAC transcription factor gene OsY37 accelerates heading
and also promotes leaf senescence in rice (Mannai et al., 2017).
OsWDR5a interacts with OsTrx1 to promote heading, secondary
branches, and grain production (Jiang et al., 2018). SDG701
promotes heading in rice, but some spikelets failed to produce
seeds in heterozygous sdg701-1 (+/-) mutant plants, which
decreased grain yield (Liu et al, 2017). OsDHDI interacting
with OsHAP5C/D not only delays heading but also enhances
yield (Zhang et al, 2019). OsMFTI delays heading in rice
by suppressing EhdI-, FZP-, and SEPALLATA-like genes, and
increases the number of spikelets per panicle (Song et al.,
2018). The RFT I allele from rice cultivar Zhenshan 97 delayed
heading and also increased plant height (PH), grain weight,
number, and yield compared to Milyang 46 (Zhu et al,, 2017). In
soybean, the mutation Glyma.04G050200.1, which is an ortholog
of the Arabidopsis thaliana EARLY FLOWERING 3 gene, delayed
flowering and also increased grain weight per plant under short-
day conditions (Lu et al., 2017). In rapeseed, an association panel
comprised of 195 inbred lines revealed that allelic variations
of FT genes FD and FESI were associated with PH (Kaur
et al,, 2021). In the double haploid (DH) population derived
from Skipton/Ag-Spectrum/Skipton rapeseed, FT was negatively
correlated with yield but positively correlated with PH under
long-day photoperiodic conditions (Raman et al., 2019). It is
obvious that early FT alleles usually induced yield loss, and
late-flowering alleles induced yield gain.

Interestingly, some studies showed that FT genes had a strong
positive effect on the heterosis of yield traits. In tomatoes, SFT
homologs to AtFT integrated the flowering signal and facilitated
flowering. The hybrid between SFT and its mutant sft showed a
strong heterosis which was originated from overdominance that
increased yield by up to 60% (Krieger et al., 2010). In rapeseed,
BnFT and BnTFLI paralogs not only promote flowering but
also modulate yield-related productivity traits (Guo et al., 2014).
Indeed, F; hybrids between BnC6FTbg1544 missense mutants
and controls generated higher seed yields (Guo et al., 2014).

Mutations of the BnTFLI-2 paralog had no significant effects on
FT but affected yield components. Indeed, F; hybrids between
BnTFL1-2 mutants and non-mutated parents had increased seed
number per silique (SSN) and total seeds per plant, suggesting
that heterozygous mutations in a TFLI paralog may impact
heterosis in rapeseed (Guo et al., 2014).

Therefore, to adopt new cropping systems and short-season
growing regions by rationally designing FT, the pleiotropic
effect associated with FT genes, especially yield loss, should
be carefully considered. Here, we dissected the major genetic
components controlling the basis of FT variations between two
elite inbreeding lines, i.e., 616A and R11, and produced a series
of homozygous, as well as hybrids, to evaluate the genetic effects
of the FLC homologs on FT and plant yield (PY). The results
demonstrate that the exploration of heterosis from FT genes can
coordinate early FT (early maturation) and high yield in rapeseed,
providing an effective and indicative strategy for early maturation
breeding in rapeseed and other crops.

MATERIALS AND METHODS

Plant Materials

Four B. napus inbred accessions were used in this study. 616A, the
maternal line of several elite rapeseed hybrids in China, is an elite
temperature-sensitive polima cytoplasmic male sterile (pol CMS)
accession, which shows early flowering in both winter and spring
environments. 616A is a DH line from the F; cross between
a pol CMS line 987A (the female parent of a commercialized
cultivar Heshengyou 868) and a pol CMS restorer 7,492 (Wang
Z.etal, 2021). R11 acts as a semi-winter pol CMS restorer (Chen
L. et al., 2018), which is an early-flowering mutation from the
restorer R15 (the male parent of a commercialized hybrid cultivar
Shengguang 101). ZS4R and 621R are also two semi-winter pol
CMS restorers of several commercial hybrids released in China.
A DH population with 352 independent genotypes is constructed
from the F; between 616A and R11 by microspore culture. All
materials were bred by Huazhong Agricultural University.

Field Experiment and Trait Evaluation

Field Experiments

The 352 DH lines and the two parents were randomly grown in
two winter environments (i.e., Jiangling and Wuhan, Hubei) for
two consecutive years, i.e., 2014-2015 and 2015-2016 seasons,
and in one spring environment (Minle, Gansu) in the 2015
season. Two rows were set as a plot for each of the DH line, with
10 plants in each row.

The eight near-isogenic lines (NILs) (shown in the sections
“Construction of Eight NILs for the FT Genes BnFLC.A2,
BnFLC.C2, and BnFLC.A30” and “The Development of
Eight NILs Differs at the Loci of BnFLC.A2, BnFLC.C2,
and BnFLC.A3b”), 19 NIL hybrids (shown in the section
“Heterozygous Status in BnFLC.A2, BnFLC.C2, and BnFLC.A3b
Generated Accumulative Heterosis in Plant Yield via Nonadditive
“Effects”), and 16 non-NIL hybrids (shown in the section
“Heterosis in Plant Yield Is Also Associated With Heterozygous
BnFLC.A2, BnFLC.C2, and/or BnFLC.A3b Genotypes in
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Non-NIL Hybrids”) were planted as randomized blocks during
the 2019-2020 season in two winter environments and one
spring environment, with five plot repeats for the eight NILs and
four plot repeats for the 19 NIL hybrids, 16 non-NIL hybrids,
and two pol CMS restorers (i.e., ZS4R and 621R) in each of the
three environments.

In all the field experiments, the row and plant spacing were 27
and 18 cm, respectively.

Phenotyping of Agronomic Traits of the Plots

FT was recorded as the number of days to flowering (DTE in
days) from sowing to the day when 50% of plants in the plot
flowered. Eight plants for each plot of breeding tests in Jiangling
and ten plants for each plot of breeding tests in Wuhan and Minle,
excluding border rows, were randomly sampled to phenotype
the following traits: branch number (BN), branch height (BH,
distance from the cotyledonary node to the lowest branch in cm),
plant height (PH, in cm), stem height (SH, distance from the
cotyledonary node to the uppermost branch in cm), main raceme
length (ML, in cm), silique number on main raceme (MSN),
silique number per plant (PSN), PY (in g), silique length (SL, in
mm), SSN, thousand seed weight (TSW, in g), oil content (OC,
in %), protein content (PC, in %), and glucosinolate content (GC,
in pmol/g).

DNA and RNA Preparation, Molecular
Markers, and QTL Mapping

The DNA was extracted from leaves according to a modified
CTAB method (Allen et al., 2006). RNA was extracted from
the first leaf from the top of 616A and R11 in the 4-week-old
plants cultivated in Wuhan using the Eastep™ Super Total RNA
Extraction Kit (Promega, Madison, WI, United States). cDNA
was synthesized from RNA (4 jug samples) using the GoScript™
Reverse Transcription Mix (Promega) and then analyzed using
the GoTaq™ qPCR Master Mix (Promega) and Bio-Rad CFX96
Real-Time System (Bio-Rad). The PCR program used was: 95°C
for 1 min, and 40 cycles of 95°C for 10 s and 60°C for 30 s.
The relative expression levels were calculated using the 274 A€t
method based on three biological samples and three replicates for
each sample (Livak and Schmittgen, 2001). The expression levels
of BnFLC.A3b were monitored by the specific primer, as shown in
Supplementary Table 1 (Zou et al., 2012). The B-actin was used
as the internal control (Wang et al., 2011).

The SCAR markers, i.e., STA2-55L/1R and STC2-4L/4R, were
specifically amplified the wild-type (WT) alleles of BnFLC.A2
and BnFLC.C2, respectively (Chen L. et al., 2018), while SCAR-
5860/6430 was specifically amplified the nonfunctional allele
of Bnflc.a2 and Bnflc.c2 in R11. OPSNP7 was an intra-genetic
marker specific for pol CMS restore gene Rfp (Liu et al,
2012). Insertion/deletion (InDel) markers for the candidate
chromosomes were developed based on Illumina sequencing
data of 616A and R11 referenced by the ZS11 genome
(Supplementary Table 1; McKenna et al.,, 2010; Langmead and
Salzberg, 2012; Song et al., 2020a). The 400 polymorphic SSR
markers used for bulked segregant analysis (BSA) were obtained
from a publication by Li et al. (2013). The sequence of the markers
is shown in Supplementary Table 1.

The BnFLC.A2/BnFLC.C2 and Bnflc.a2/Bnflc.c2
subpopulations in the DH population from 616A and RI11
were analyzed separately using the BSA strategy. For each of the
subpopulation, the DNA of the 12 extremely early flowering and
late-flowering individuals was used to build the bulk-DNA-pools,
respectively. After the analysis by the 400 SSR markers, the
co-segregated markers in the bulk-DNA pool, together with the
InDel markers on chromosome A03, were used in the ICIM
model and analyzed using QTL IciMapping software (Meng
et al., 2015). The InDel markers on the candidate chromosomes
were used to analyze the self-mapping population.

Construction of Eight NiLs for the FT
Genes BnFLC.A2, BnFLC.C2, and

BnFLC.A3b

The marker SCAR-5860/6430 described in the section “DNA
and RNA preparation, molecular markers, and QTL mapping”
for the genetic analysis of 616A and R11 was used to trace
Bnflc.a2 and Bnflc.c2. The candidate gene was traced using the
co-dominant InDel marker in the linkage map and tested using
the SCAR marker developed according to the sequence variation
of the candidate gene between 616A and RI11. Otherwise,
OPSNP7 was used to trace Rfp and distinguish restore lines and
sterile plants (Liu et al., 2012). The polymorphism SSR markers
randomly selected from the BSA analysis in the section “DNA
and RNA preparation, molecular markers, and QTL mapping”
were used for background selection. The NILs of both fertile and
sterile plants were self-pollinated continuously for at least two
seasons, producing eight near-isogenic restorer lines and eight
male sterile lines.

The MGISEQ-2000-high-throughput sequencing platform
(PE150; MGI Tech Co. Ltd., Wuhan, China) was used to
perform genome sequencing of the eight near-isogenic restore
lines (Korostin et al., 2020). After the raw data were filtered
by fastp (version 0.20.0) (Chen S. et al,, 2018), the clean data
were aligned to ZS11 reference genome to get the sequence
alignment/map (SAM) format file by Bowtie 2 (version 2.4.1)
(Langmead and Salzberg, 2012; Song et al., 2020a) and converted
into binary alignment/map (BAM) format file using Samtools
(version 1.9) according to the mapping coordinates (Li et al.,
2009). The Picard tools (version 2.23.2) were used to remove the
PCR duplicates and calculate the genome coverage'. By means of
the Genome Analysis Toolkit (version 3.8), the single nucleotide
polymorphisms (SNPs) that were not only homozygous in 616A
and R11 but also heterozygous between 616A and R11 were
determined as effective (McKenna et al., 2010). In Khan et al.
(2018), the recurrent parent genome recovery analysis of the eight
NILs, the SNP homozygous in 616A was defined as 0, the SNP
homozygous in R11 was defined as 2, and the heterozygous SNP
was defined as 1. A genomic region covered by 15 continuous
SNPs with 1 SNP step length, set as a sliding window (Huang
et al, 2009), was defined as a recovery region when they
were continuously scored less than eight (the threshold of the
breakpoint). In Khan et al. (2018), the recurrent parent genome

'http://broadinstitute.github.io/picard/
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Phenotype distribution of BnFLC.A2/BnFLC.C2 and
Bnfic.a2/Bnfic.c2 subpopulations in Wuhan-2015

Bnfic.a2/Bnfic.c2 subpopulation
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FIGURE 1 | Histogram of phenotype distribution of the subpopulations from the double haploid population constructed by crossing 616A and R11 in the
Wuhan-2015 and Minle-2015 environments. (A) Phenotype distribution of BhFLC.A2/BnFLC.C2 and Bnfic.a2/Bnfic.c2 subpopulations in Wuhan-2015.

(B) Phenotype distribution of BnFLC.A2/BnfLC.C2 and Bnfic.a2/Bnfic.c2 subpopulations in Minle-2015. The yellow color represented the Bnfic.a2/Bnfic.c2
subpopulation, and the green color represented the BnFLC.A2/BnFLC.C2 subpopulation.

o

Phenotype distribution of BnFLC.A2/BnFLC.C2 and
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recovery is defined by the length of the recovery region dividing
the reference genome length of ZS11.

Statistical Analysis

The best linear unbiased estimation (BLUE) value was calculated
using the restricted maximum likelihood (REML) linear mixed
model in GenStat software. The genotypes of plant materials were
set as fixed effects, whereas environment, plot, and randomly
sampled plants were set as random effects.

The Pearson correlation coefficients were calculated by the
BLUE values of the phenotypic data of the near-isogenic restorer
lines and their hybrids using the package PerformanceAnalytics
in R software (Dunne et al., 2018; Peterson and Carl, 2020).

Mid-parent heterosis was calculated via the BLUE values
of hybrids and parental lines using the following formula:
H—3®1tP) 10004 (Miedaner et al., 2016).

2 (p1+p2)

The genetic effects of the genes (QTLs) were calculated using
the additive-dominant-epistasis model via the BLUE values of the
phenotypic data of the NILs and their hybrids.

Multiple comparisons were conducted by least significance
difference (LSD) using the base function in R.

RESULTS

Allelic Variations in Multiple FLC
Paralogues Are Associated With FT

Difference Between 616A and R11

Both R11 and 616A showed an early flowering phenotype, with
the FT of 140-143 and 136-138 days in the winter environment,
and 57-61 and 58-60 days in the spring environment,
respectively. Though R11 harbors the mutated alleles (ie.,
Bnflc.a2 and Bnflc.c2) at both BnFLC.A2 and BnFLC.C2 loci
due to the segmentally homeologous exchange (HE) between
chromosomes A02 and C02 (Chen L. et al.,, 2018), it showed

significantly later flowering than 616A in the winter environment
and no significant difference of FT with 616A in the spring
environment. At the same time, what is the genetic reason that
616A has the early flowering phenotype in both the winter and
spring environments?

To understand the QTL (genes) conferring DTF variation
between the parental accessions, we first analyzed the genotypes
of BnFLC.A2 and BnFLC.C2 in 616A by STA2-55L/1R and STC2-
4L/4R (Supplementary Table 1). The results showed that 616A
carries the conserved WT alleles in both genes as reported
before (Chen L. et al, 2018), which extremely significantly
delayed the flowering in the DH population derived from the
Fy cross between 616A and R11 (Supplementary Figures 1, 2).
In addition, phenotypic variations in DTF remained wide in
both of the WT “++/++" (BnFLC.A2/BnFLC.C2) and mutated
“ ——/—— " (Bnflc.a2/Bnflc.a2) subpopulations of the DH
population (Figure 1 and Supplementary Figure 2). These
observations indicated that although typical sequence variations
in BnFLC.A2 and BnFLC.C2 between 616A and R11 mediate
a significant FT alteration, there must be some other genes
controlling early flowering in 616A.

To explore the potential QTL (genes) rather than BnFLC.A2
and BnFLC.C2, we constructed the extremely early and the
late DNA bulks from the two subpopulations, respectively, and
screened 400 polymorphic public SSR markers via the BSA
strategy. In the two bulks, three co-segregated SSR markers,
namely, SSR-1125, SSR-1873, and SSR-1979, were identified on
chromosome A03 (Supplementary Figure 1 and Figure 2A).
Then, an InDel marker, InDel-A36M, was developed from this
chromosome. By using these four markers, we constructed a
local genetic map and identified an FT QTL named gFT.A3 from
the genomic region delimited by the markers, which explained
7.6297, 6.7333, and 5.2631% of the phenotypic variation in FT of
the DH population in the Wuhan-2015, Wuhan-2016, and Minle-
2015 environments, respectively (Figure 2A). The early FT allele
was inherited from 616A.
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FIGURE 2 | Qualitative trait locus (QTL) mapping of gFT.A3. (A) Partial linkage map of chromosome A03 and QTL scanning of gFT.A3. (B) Genotype of the
recombinants in the BCyF3 population. The numbers in parenthesis indicate the number of crossovers. (C) Progeny testing of two near-isogenic lines (NILs) and 10
recombinants narrowed gFT.A3 to a region of 727 kb. Hollow bars indicate the phenotype of 616A homozygous segments and solid bars indicate the phenotype of
R11 homozygous segments. Data represent mean + SD. NS, not significant; **, significant at p < 0.01. (D) Annotated flowering time genes identified in the gFT.A3
locus. Arrow indicated the direction of transcription; the break line indicated other genes not annotated for flowering time. (E) Sequence variations of the coding
region of BnFLC.A3b in 616A and R11. The single nucleotide polymorphism and insertion/deletion variations between R11 and 616A were indicated by the
benchmark of 616A. The red color indicated the G to A mutation of the five prime splicing sites between R11 and 616A. (F) Expression levels of BnFLC.A3b in 616A
and R11, three biological replicates, and three technical replicates.

BnFLC.A3b-616A  BnFLC.A3b-R11

To narrow down the candidate interval of gFT.A3, more
InDel markers were developed (Supplementary Table 1).
Ten recombinant individuals were identified from the BC;F3

population between the InDel markers InDel-5 and InDel-31.
The FT phenotypes of the corresponding BC,F4 progenies were
investigated in the winter environment of Wuhan-2020. Based
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(March,
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(From then on, the eight genotypes of the
permutations of BnFLC.A2, BnFLC.C2 and
qFT.A3(BnFLC.A3b) were confirmed.)

FIGURE 3 | Selection scheme for the construction of the eight genotypes.

Background analysis of the selected 30 plants (with the same
genotypes equal to the donor parent R11) by the SSR markers,
and crossed with the recipient parent 616A.

Backcrossing

Foreground selections (SCAR-5860/6430, InDel-A36M and
SCAR-Rfp ), background selection by the SSR markers, and
phenotypic selection of the marker selected plants, then
backcrossing

Foreground selections (SCAR-5860/6430, InDel-A36M and
SCAR-Rfp ), and background selection by the SSR markers.

Foreground selections (SCAR-5860/6430, STA2-55L/1R,
STC2-4L/4R, InDel-A36M, SCAR-Rfp). Fertile lines self-
fertilization in bags and sterile lines expanded by tents.

. (March,

BC,F, ® (1 from 1504 for mapping) | 2018)
| BC,F; ® (10 cross-over from 384 plants) | (%ag;]’
| BC,F, (genotype and phenotype analysis) | (%&gg;]’

(Used for the mapping of gFT.A3 (BnFLC.A3b))

TABLE 1 | Allele permutations, recurrent genome recoveries (Khan et al., 2018), and flowering time comparison of the eight genotypes.

Genotypes ID Allele permutations Genome coverage Recovery rate Multiple comparisons
of flowering time

BnFLC.A2 BnFLC.C2 qFT.A3 (BnFLC.A3b) Jiangling Wuhan Minle
ID01-000 0 0 0 79.90% 94.62% 65.6 a 58.0a 50.2a
ID02-010 0 1 0 78.60% 97.52% 111.4b 89.8b 53.4b
ID03-001 0 0 1 80.68% 92.72% 113.0b 90.4 b 54.2b
ID04-100 1 0 0 79.76% 95.97% 123.8 ¢ 102.2c¢ 59.4 ¢
ID05-011 0 1 1 78.92% 95.36% 133.0d 128.6d 59.8 ¢
ID06-110 1 1 0 77.84% 98.0% 140.8 ¢ 137.2¢ 63.8d
IDO7-101 1 0 1 74.14% 96.47% 143.6 e 138.4 e 66.6 e
ID08-111 1 1 1 76.56% 96.78% 148.0 f 140.6 f 68.6 f

0, mutated type allele; 1, wild-type allele.

The mutated alleles of BnFLC.A2 and BnFLC.C2 and the wild-type allele of gFT.A3 (BnFLC.A3b) were all from R11.
Letters on the right side of the numbers indicate the significance of multiple comparisons.

on this information, gFT.A3 was further mapped into a 727-kb
interval flanked by InDel-24 (Figures 2B,C). Genome annotation
indicated that only one FT-related gene, BnFLC.A3b, resides in
this candidate interval (Figure 2D and Supplementary Table 2;
Song et al., 2020a).

Accordingly, we further amplified and comparatively analyzed
the 1,691 bp promoter region and the coding region of
BnFLC.A3b between the parental lines. Despite the conservation
sequences in the seven annotated exons, seven InDels and 19
SNPs appeared in the introns, and five SNPs appeared in the

promoter (Figure 2E). Among them, a G to A mutation in
the five prime splicing site of the 3rd intron was very similar
to the alternative splicing site of FLC orthologs, i.e., BrFLCI
(6th intron G to A) and BrFLC5 (3rd intron G to A), whose
reduced expression levels were associated with the early FT of
Brassica rape (Yuan et al., 2009; Xi et al., 2018). Consistently,
we observed that the transcriptional level of BnFLC.A3b in R11
was nearly 13 times higher than that in 616A, suggesting the
BnFLC.A3b allele in R11 was with a much stronger function
than the allele in 616A (Figure 2F). In addition, similar sequence
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difference and expressing variations of BnFLC.A3b were also
reported between Ningyou7 and Tapidor (Zou et al, 2012).
Based on these results, we speculated that besides BnFLC.A2
and BnFLC.C2, BnFLC.A3b is most likely to be the third
gene leading to the FT variation between 616A and R11. At
last, a sequence-characterized amplified region (SCAR) marker
named SCAR-A37M was subsequently developed according to
the seven-base pairs InDel to specifically amplify the allele of
BnFLC.A3b-R11 for the next genotyping of breeding materials
(Supplementary Table 1).

The Development of Eight NILs Differs at
the Loci of BnhFLC.A2, BhFLC.C2, and
BnFLC.A3b

According to the abovementioned analysis, it is clearly suggested
that the allelic variations of BnFLC.A2, BnFLC.C2, and
BnFLC.A3b at least partially determined the FT difference
between 616A and R11. To carefully evaluate the sole and
conjunctive effects of these genes, we attempted to develop NILs
with the different allelic permutations in the 616A background
by marker-assisted foreground and background selections
(Figure 3). Considering that 616A is a pol CMS line, the nuclear
restorer gene Rfp for pol-CMS was simultaneously introduced
from R11 during backcross to facilitate the trait investigation in
the later studies.

To reduce the breeding time, a DH line from the DH
population coded as DH-8257, which shared the closest genetic
background to 616A among the 30 DH lines with the same
genotype as R11 at the three FLC target loci and Rfp, was chosen
to backcross with 616A. After two rounds of foreground and
background selection in BC; F; and BC,F; generations, the eight
homozygous NILs of 616A and 616R (carrying the dominant Rfp
allele) with permutations of BnFLC.A2, BnFLC.C2, and qFT.A3
(BnFLC.A3b) were obtained in the resulting BC,F, generation,
respectively (Figure 3 and Table 1). Then, a single seed descent
(SSD) method was adopted to progress the generation to BCyFy.
The analysis of the genome resequencing data showed that the
genome recovery of these eight fertile NILs varied from 92.72 to
98.0% (Table 1). The eight fertile NILs with the 616R background
were defined as the eight genotypes, which were numbered
from ID01-000 to ID08-111, in which “0” and “1” individually
represent the existence of the homozygous mutation and WT
genotypes of any of the three BnFLC loci (Figure 4 and Table 1).

Allelic Variations in BnFLC.A2,
BnFLC.C2, and BnFLC.A3b Had Additive
Effects on FT as Well as in Seed Yield

and Quality Trait in the Eight Genotypes

The FT of the eight genotypes was investigated in three
environments, and significant differences were consistently
observed in every condition (Figure 4 and Table 1). IDO01-
000, possessing all the three mutated alleles at BnFLC.A2,
BnFLC.C2, and BnFLC.A3b, flowered earliest, whether in the
winter environments (Jiangling and Wuhan) or in the spring
environment (Minle) (Table 1), while ID08-111, carrying the
WT genotypes at all loci, had the latest FT in all environments

ID03-001
ID04-100
ID05-011
ID06-110
ID07-101
ID08-111

o O
o
@<
- «
o O
a o

FIGURE 4 | Continuous observation of growth status for the eight genotypes
in the Wuhan environment. (A) February 21, 2020. (B) February 29, 2020.
(C) April 28, 2020. From left to right: ID01-000, ID02-010, ID03-001,
ID04-100, ID05-011, ID06-110, IDO7-101, and ID08-111.

(Table 1). Genotypes ID02-010, ID03-011, and ID04-100, which
possessed only one WT allele, flowered later than genotype ID01-
000, but earlier than other genotypes (Table 1). Genotypes ID05-
011, ID06-110, and ID07-101, which possessed two of the WT
alleles, flowered earlier than genotype ID08-111, but later than
other genotypes (Table 1). The broad-sense heritability of FT in
the Jiangling, Wuhan, and Mingle reached 0.8605, indicating that
the eight genotypes exhibited a stable genetic effect on FT.
Compared to 616R (i.e., ID06-110), the other seven genotypes
also exhibited widely phenotypic alterations in multiple traits
(Figure 4 and Supplementary Figure 3). Plant architecture
traits, such as BN, BH, PH, and SH, showed a tendency
from low to high with the delaying of FT (Supplementary
Figure 3). Yield component traits, including MSN, PSN, SL,
and SSN, were significantly lowered in early FT genotypes
than in late FT genotypes (Supplementary Figure 3). Thus,
ID01-000, with the earliest FT, had the lowest PY, while the
latest FT ID08-111 had the highest PY, implying an obvious
conflict between early FT and PY (Supplementary Figure 3).
Similar changes were also found for OC, i.e., the genotypes
showing earlier FT but sharing lower seed OC; in contrast,
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FIGURE 5 | Genetic analysis of the effects of BnFLC.A2, BnFLC.C2, and gFT.A3 (BnFLC.A3b). m, mean effect; a, additive effect; d, dominant effect; others,
interaction effects; the footnotes A2, BnFLC.A2; C2, BnFLC.C2; A3, gFT.A3 (BnFLC.A3b); FT, flowering time (days); BN, branch number; BH, branch height (cm);
PH, plant height (cm); SH, stem height (cm); ML, main raceme length (cm); MSN, silique number on main raceme; PSN, silique number per plant; PY, plant yield (qg);
SL, silique length (mm); SSN, seed number per silique; TSW, thousand seed weight (g); OC, oil content (%); PC, protein content (%); GC, glucosinolate content
(rmol/g). The red color indicates positive effects, while the blue color indicates negative effects. Best linear unbiased estimation values of the phenotypes for the 15
traits of the 27 NIL genotypes in the Jiangling, Wuhan, and Minle environments were used in the calculation.

seed PC was raised with the postponed FT in the eight
genotypes (Supplementary Figure 3). In addition, other traits,
including ML, SL, and GG, also displayed a significant difference
among the eight genotypes, though not exhibiting identical rules

(Supplementary Figure 3).

Since the above observations clearly demonstrated that the
three BnFLC homologs greatly contributed to FT variations

in NIL backgrounds, the individual genetic effect of these
homologs on FT and other traits were dissected by the
additive-epistasis model via the BLUE values of the eight
genotypes (Supplementary Table 3). The results showed that

BnFLC.A2, BnFLC.C2, and BnFLC.A3b exerted the positive

additive effects on FT, among which the additive effect of
BnFLC.A2 is greater than that of BnFLC.C2 and BnFLC.A3b
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TABLE 2 | The Pearson correlation coefficients between flowering time and other traits.

FT BN

flowering
time

BH

branch
height

PH

plant
height

SH

stem
height

ML
main
raceme
length

MSN
silique
number

branch
number

raceme

on main per plant

PSN PY SL SSN TSW ocC
silique plant silique seed thousand oil
number yield length number seed content

per weight
silique

PC

protein
content

GC

glucosinolate
content

Pearson 0.89" 0.95" 0.99** 0.97* 0.055

correlation
coefficients
(the eight

genotypes)

0.95"

Pearson 0.93* 0.98* 0.99* 0.98*
correlation
coefficients
(the 19 NIL
hybrids)

Pearson

correlation
coefficients
(the 27 NIL

genotypes)

—0.32 0.96™*

0.9 0.97* 0.97* 0.97* —0.16 0.93**

Pearson 0.55* 0.96" 0.87** 0.93*
correlation

coefficients

(the 16

non-NIL

hybrids)

—-032 0.51%

0.84 0.98™ 0.63 0.82* —0.42 0.74*  -0.85™ -0.13

0.78™ 0.89* 0.86™ 0.86™ -0.70" 0.89"™ —0.91* -0.017

0.58™ 0.76™ 0.74™ 0.84™ -0.59™ 0.82™ —-0.88 —0.062

0.42 0.72% 0.25 0.64™ 0.12 0.20 —0.46 0.082

*significant at p < 0.05; **significant at p < 0.01.

(Figure 5), suggesting that BnFLC.A2 may be a functional
FLC homolog with a stronger influence on FT than the
other two in rapeseed. However, the additive x additive and
additive x additive x additive effects between these three
homologs were negative, indicating dose effects among the three
genes (Figure 5).

Similar to FT, positive additive effects that were also detected
on plant architecture traits BN, BH, PH, and SH, and BnFLC.A2
showed higher additive effects than BnFLC.C2 and BnFLC.A3b
in these traits (Figure 5). For seed quality traits, positive
additive effects were detected on OC and negative additive effects
were detected on PC, and BnFLC.C2 showed stronger effects
on OC and PC than BnFLC.A2 and BnFLC.A3b (Figure 5).
As for GC, it was not affected by the additive effect of any
of the three genes, which coincided with its null correlation
with FT (Figure 5 and Table 2). For yield component traits,
BnFLC.A2 and BnFLC.A3b exerted higher positive additive
effects on MSN and PSN than BnFLC.C2, coincided with the
less silique number phenotype of ID02-010 (Figure 5 and
Supplementary Table 3), while BnFLC.C2 and BnFLC.A3b
exerted greater positive additive effects on SL and SSN than
BnFLC.A2, which corresponded with the longer SL and higher
SSN of genotype ID05-011 (Figure 5 and Supplementary
Table 3). In addition, BnFLC.A2 and BnFLC.A3Db exerted negative
additive effects on TSW (Figure 5). At last, the additive effects
of BnFLC.A2, BnFLC.C2, and BnFLC.A3b on PY were 1.446,
1.365, and 1.361 g, respectively, coincided with the significant
Pearson correlation coefficients of FT and PY (Table 2), which
indicated the acceleration of FT was associated with a severe

yield loss, while the delay of FT was associated with yield
gain (Figure 5).

Heterozygous Status in BnFLC.A2,
BnFLC.C2, and BnFLC.A3b Generated
Accumulative Heterosis in Plant Yield via
Nonadditive Effects

As described above, there is an obvious conflict between FT
and PY in homozygous NIL backgrounds. To test whether
this conflict remained in their hybrids, we mutually crossed
the eight genotypes and constructed a total of 19 NIL hybrids
with heterozygous genotypes at least at one locus of BnFLC.A2,
BnFLC.C2, and BnFLC.A3b, corresponding to genotypes
from ID09-020 to ID027-121 (Supplementary Table 4). We
investigated the<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>