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Abstract

In order to capture the drought impacts on seed quality acquisition in Brassica napus

and its potential interaction with early biotic stress, seeds of the ‘Express’ genotype
of oilseed rape were characterized from late embryogenesis to full maturity from

plants submitted to reduced watering (WS) with or without pre-occurring inoculation

by the telluric pathogen Plasmodiophora brassicae (Pb + WS or Pb, respectively), and

compared to control conditions (C). Drought as a single constraint led to significantly

lower accumulation of lipids, higher protein content and reduced longevity of the

WS-treated seeds. In contrast, when water shortage was preceded by clubroot infec-

tion, these phenotypic differences were completely abolished despite the upregula-

tion of the drought sensor RD20. A weighted gene co-expression network of seed

development in oilseed rape was generated using 72 transcriptomes from developing

seeds from the four treatments and identified 33 modules. Module 29 was highly

enriched in heat shock proteins and chaperones that showed a stronger upregulation

in Pb + WS compared to the WS condition, pointing to a possible priming effect by

the early P. brassicae infection on seed quality acquisition. Module 13 was enriched

with genes encoding 12S and 2S seed storage proteins, with the latter being strongly

upregulated under WS conditions. Cis-element promotor enrichment identified

PEI1/TZF6, FUS3 and bZIP68 as putative regulators significantly upregulated upon

WS compared to Pb + WS. Our results provide a temporal co-expression atlas of

seed development in oilseed rape and will serve as a resource to characterize the

plant response towards combinations of biotic and abiotic stresses.
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1 | INTRODUCTION

With the world's human population constantly increasing and

expected to reach 9.7 billion in 2050 (UN projections), seeds are

even more central levers regarding food security and the conserva-

tion of genetic resources. However, the seed market can be easily

and unpredictably compromised by challenges facing the produc-

tion, including the need to reduce chemical inputs, preserve natu-

ral resources and cope with environmental fluctuations. Therefore,

to face the challenges of adapting agriculture to climate change,

seed production should have increased resilience to abiotic stress

factors in the context of an expected proliferation of pathogen

infections. This issue concerns both seed nutritional quality and

vigour, two crucial factors for seedling establishment and yield.

Seed qualities are acquired during its development that is divided

into three phases well described for a number of plant species

(Goldberg et al., 1994; Baud et al., 2002; Le et al., 2010; Bewley

et al., 2013): (1) embryogenesis that leads to the formation of the

embryo, the endosperm and the integuments, (2) maturation, charac-

terized by a massive biosynthesis and accumulation of storage

reserves, when germination ability and desiccation tolerance are

acquired, and (3) late maturation, when longevity is acquired and chlo-

rophyll is lost. The duration of these phases greatly varies between

plant species (Leprince et al., 2017) and is modulated by the growing

conditions (Righetti et al., 2015). Assimilates provided by the maternal

tissues fuel the seed development process that is governed by the inter-

play of tight hormonal control (reviewed in Locascio et al., 2014) and a

complex molecular network (Santos-Mendoza et al., 2008). In particular,

the so-called LAFL network consisting of master regulatory genes

(LEC1, LEC2, ABI3, FUS3, LEC1-LIKE) orchestrates many aspects of the

seed maturation program including the accumulation of storage com-

pounds as well as the acquisition of desiccation tolerance together with

the induction of dormancy (Kotak et al., 2007; Santos-Mendoza

et al., 2008; Verdier and Thompson, 2008; Fatihi et al., 2016).

How the environment influences the genetic and physiological

determinisms of seed qualities remains to be elucidated. Among the

numerous environmental constraints, drought stress is and will be one

of the most common limitations encountered by crops and other

plants in current and future climate scenarios, as it results in signifi-

cant productivity losses (Li et al., 2009). Furthermore, drought stress

during seed development is generally known to lower crop seed quali-

ties by reducing the time of the seed developmental phases (Barnabas

et al., 2008; Stagnari et al., 2016). Nevertheless, drought effects vary

with plant species, timing, intensity and duration of the applied con-

straint. In addition, in nature, plants are simultaneously or sequentially

exposed to a variety of stresses that limit crop productivity.

Numerous studies now support that stress combinations (i.e.

stresses occurring concurrently with some degree of overlapping) trig-

ger complex plant responses at the transcriptome, cellular and physio-

logical levels that significantly differ from the responses to individual

stresses (Rasmussen et al., 2013), leading to the conclusion that they

must be considered as entirely new constraints (Mittler, 2006). For

instance, the combination of heat and drought often results in much

greater damage to crops than either stress individually (Mittler, 2006;

Barnabas et al., 2008). When examining combinations of biotic and

abiotic stresses, the interactions are even more complex to predict,

with either positive or negative effects of one stress to the other,

depending on the nature and modalities of application of each single

stress (reviewed in Atkinson and Urwin, 2012; Suzuki et al., 2014;

Pandey et al., 2017). Especially, ‘drought-pathogen’ stress interactions
are probably among the most common and important stress combina-

tions in agriculture with drought either reducing or stimulating plant

susceptibility to pathogens (reviewed in Pandey et al., 2017). On the

other hand, pathogen infection can actually confer advantages to

plants exposed to drought, which can be explained by the

pathogen-mediated accumulation of specialized metabolites such as

osmoprotectants in plant tissues (Xu et al., 2008). Within the large

body of literature regarding plant stress responses, information on the

response of reproductive tissues to stress combinations, especially

those that lead to positive effects on crop yield and quality, is rather

scarce (Creus et al., 2004).

With a world production of 71 Mt of seeds per year, oilseed rape

(OSR, Brassica napus L.) is the third largest oleaginous crop in the

world. In addition to producing oil and proteins for food, feed and

green chemistry, OSR also fulfils various ecosystem services (e.g.,

diversification of crop systems, improvement of soil quality, limitation

of weeds and pathogens, promotion of insect biodiversity). Seed oil

(45–50% w/w) and proteins (20–25% w/w) are primarily accumulated

in the cotyledon cells during seed development (Barthet et al., 2011;

Borisjuk et al., 2013). Average seed yield of OSR crops ranges from

1.5–2 t ha�1 in Canada and Eastern Europe (extensive production of

spring varieties) to 3–3.5 t/ha in Western Europe (intensive

production of winter-type cultivars) (Nesi et al., 2008). However,

this production is more and more threatened by a number of stres-

ses that occur as single, multiple individuals or combinations

throughout the growing season (Brunel-Muguet et al., 2015;

Elferjani and Soolanayakanahally, 2018). In OSR, drought severely

reduces seed yield but also impacts seed qualities by reducing oil

and increasing proteins in seeds while modulating seedling vigour

traits (Bouchereau et al., 1996; Champolivier and Merrien, 1996;

Hatzig et al., 2018). In addition, clubroot disease, caused by the obli-

gate telluric biotroph protist Plasmodiophora brassicae, leads to

severe yield losses for Brassica crops worldwide (Dixon, 2009).

Clubroot induces swellings or galls on the roots of infected plants

that decrease the flow of water and nutrients within the plant

throughout the growth cycle, thus mimicking a water shortage.

Infected plants have been shown to develop pathogen tolerance by

using specialized cellular programs (PCD) in addition to the biosyn-

thesis of osmoprotectants or protective proteins such as the HEAT

SHOCK PROTEINS (HSP; Summanwar et al., 2021). In addition,

the pathogen partly hijacks the plant metabolism for its own

benefit (Ludwig-Müller et al., 2009). Depending on the plant geno-

type, P. brassicae infection can lead to reduced straw yield, oil con-

tent of the grain, and grain mass (Pageau et al., 2006). Regarding stress

combinations, previous studies highlighted that OSR response to club-

root can be modified by nutrient availability (Laperche et al., 2017;
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Aigu et al., 2018, 2022). Likewise, in Arabidopsis, the expression of

genetic and epigenetic factors controlling clubroot resistance was

dependent on the level of irrigation (moderate drought and flooding)

as well as the temperature (Gravot et al., 2016; Liégard et al., 2019).

However, it is not known whether and how early P. brassicae

infection interacts with OSR drought response during the repro-

ductive phase.

This prompted us to investigate the molecular bases of single and

combined stresses on seed qualities in OSR. Our goal was to address

(1) whether a pre-occurring biotic stress such as the P. brassicae infec-

tion can pre-dispose the plants' acquisition of seed quality towards an

upcoming abiotic stress and (2) what are the underlying molecular

pathways modulated by the single and combined stresses. To this pur-

pose, we chose to combine infection by P. brassicae at the seedling

stage with drought stress applied at the onset of flowering, given that

these two constraints are critical for OSR crops under field conditions.

We designed an experiment to capture the dynamics of 72 transcrip-

tomes of developing OSR seeds grown under either drought condi-

tions, the presence of P. brassicae alone, or a combination of both

stresses. This dataset was first used to generate a robust regulatory

coexpression network of seed development in OSR using the

weighted gene co-expression network analysis (WGCNA; Zhang and

Horvath, 2005) based on the so-called “guilt-by-association” approach
(Wolfe et al., 2005). The integration of seed physiological traits

acquired under the different treatments, as well as information on

functions known to regulate seed quality traits, helped to pinpoint

gene modules and candidate genes as potential key regulators of

stress resistance mechanisms in seeds. Our data will contribute to a

better understanding of the crosstalk between the plant responses to

biotic-abiotic combinations and how it modulates seed quality.

2 | MATERIALS AND METHODS

2.1 | Plant material, growth conditions and
physiological analyses

Plants of winter oilseed rape (cv. ‘Express’) were cultivated over the

growing season 2017–2018 in an open, covered but unheated tunnel,

thereby subjecting them to local ambient temperatures and undergo-

ing vernalization comparable to field conditions, as described in

Bianchetti et al. (2021a). Each biological replicate consisted of a tank

of �1 m3 with 42 plants regularly spaced and individually irrigated.

The water potential of the substrate was followed in each tank using

a ceramic tensiometer (Tensionic®, SDEC), as reported by Bianchetti

et al. (2021b). Plants were grown under four different treatments, as

presented previously (Bianchetti et al., 2021a, 2021b). The” Pb00 treat-
ment involved inoculating 7-day-old seedlings with 1 mL of a 106

resting spore suspension of P. brassicae (eH isolate; P1 pathotype),

according to the method described by Manzanares-Dauleux et al.

(2000a). The “WS” condition for which the water potential of the sub-

strate was lowered and maintained around �600 mbar from the onset

of flowering (i.e., BBCH60 developmental stage, according to

Lancashire et al., 1991). The “Pb + WS” condition combined clubroot

inoculation and water shortage from BBCH60 onwards. Finally, the

control “C” tanks where the water potential of the substrate was

maintained above �200 mbar throughout the growth cycle (with

nutritive solution replaced by clear water after application of the

water shortage in the WS treatment). The full experimental design

included eight independent biological replicates for the C and WS

treatments and four for the Pb and Pb + WS treatments (Table S1).

Clubroot symptoms were recorded according to Manzanares-Dauleux

et al. (2000b) at 8 or 30 weeks after P. brassicae inoculation and at

BBCH60 (2 plants per replicate at each timepoint), as well as at the

end of the crop cycle (30 plants). Pods on the main raceme were

tagged at BBCH60, and immature seeds were harvested from 3–5 of

the 20 central plants of each tank at different thermal times intervals,

as follows (in GDD, growing degree-days calculated from BBCH60

with a base temperature of 0�C): 280 GDD (T1), 400 (T2), 520 (T3),

675 (T4), 785 (T5), 860 (T6), 985 (T8), and 1130 (T9) (Bianchetti

et al., 2021a). Mature, dry seeds were harvested when the vegetative

parts were fully senescent, and the seeds were completely dark and

hard (BBCH90). Water contents were assessed gravimetrically for

triplicate samples of five seeds by determination of the fresh weight

and subsequent dry weight (DW) after drying at 105�C overnight.

Water contents are expressed on a dry weight basis.

2.2 | Fatty acid and protein contents of seeds

For determination of the seed fatty acid content and composition,

6 mg of crushed lyophilized material were incubated in 3 mL of meth-

anol/toluene/sulphuric acid (100/2.5/30; v/v/v) at 94�C for 90 min

after addition of C17:0 fatty acid as an internal standard. Fatty acyl

methyl esters were then extracted into 1 mL of hexane following the

addition of 3.39 mL of water. After vigorous shaking, the upper

organic phase was analyzed by gas chromatography, as described by

Li et al. (2006). For determination of the seed protein content, 2 mg

of crushed lyophilized material was grounded in 200 μL of extraction

buffer (Hepes 50 mM pH 7.5, SDS 3% [w/v], glycerol 10% [v/v], NaCl

150 mM, DTT 20 mM, protease inhibitor cocktail [Roche]) using a

bead beating grinder (3 � 45 s at 6.5 m s�1). The mixture was then

centrifuged for 40 min at 15000 g at room temperature. Quantifica-

tion of the total protein content was performed on the supernatant

using the 2-D Quant kit (GE Healthcare Europe GmbH) according to

the manufacturer's instructions.

2.3 | Seed physiology

Seeds were harvested at different developmental stages and rapidly

dried at 42% relative humidity (RH) under an airflow. Percentage

of final germination, measured as protrusion of the radicle through

the surrounding seed layers, was determined on dried seeds by

imbibition at 20�C in the dark for 7 days. For accelerated ageing

assays, seeds were placed over a saturated solution of NaCl (75%
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RH) at 35�C in hermetically sealed equilibration boxes and viability

was evaluated by germination at regular time intervals on 60 seeds

for each timepoint. Longevity was expressed as P50, defined as

the time (days) at which the stored seed lost 50% viability during

storage, derived from survival curves of the percentage of final

germination over storage time.

2.4 | RNA sequencing, data processing and read
mapping

RNA extraction and sequencing (RNAseq) were performed on seed sam-

ples collected at all developmental stages for the four experimental con-

ditions. However, due to a limitation in the number of available samples

at stages T4 and T6, RNAseq was conducted only for the control and

water shortage (WS) conditions. RNA extraction, sequencing as well as

read mapping are described in detail by Bianchetti et al. (2021a). Briefly,

the cDNA libraries for RNA-seq were prepared using the QuantSeq 3’
mRNA-Seq Library Prep Kit REV (Lexogen). In total, 72 libraries were

sequenced using a paired-end read protocol on the Illumina Hiseq™4000

sequencing platform at the Beijing Genomics Institute (BGI, Hong Kong;

https://www.bgi.com). The raw sequence data were deposited in the

NCBI Sequence Read Archive (Accession No. PRJNA738318). Processing

of the RNA-seq data was carried out using the adapted nf-core RNA-seq

pipeline version v1.4.2 (Ewels et al., 2020; https://github.com/nf-core/

rnaseq) and the clean reads were mapped onto the reference genome

Darmor-bzh-v4 (Chalhoub et al., 2014) with Hisat2 v2.1.0 (Kim

et al., 2019). Transcript quantification was determined using the feature-

Counts software v1.6.4 (Liao et al., 2014) in relationships to the Darmor-

bzh-v5 gene annotation (Chalhoub et al., 2014). Read counts were con-

verted to counts per million (CPM) values (cpm in edgeR) and CPMs were

calculated by normalizing the read counts by the total counts per sample.

Based on previous characterization of the whole transcriptomic dataset

(refer to Bianchetti et al., 2021a), uniquely mapped read pairs assigned to

an annotated gene of the reference genome represented a total of

75177 transcripts (≈ 64% of the clean reads) of which the 42467 genes

with ≥1 CPM in all of the biological replicates of at least one treatment

per seed stage were retained for analyses (refer to Table S1 from

Bianchetti et al., 2021a).

2.5 | Construction of a gene co-expression
network and quantification of gene expression-trait
associations

Weighted gene co-expression network analysis (Zhang and Horvath, 2005)

was performed using the WGCNA package (v1.68) in R (Langfelder and

Horvath, 2008; https://github.com/cran/WGCNA). From the initial set of

42,467 genes with a minimum expression level of 1 CPM, two filters were

applied for data refinement. Initially, the top 25% of genes with the highest

standard deviation in transcript levels across biological replicates were elim-

inated to reduce noise from inconsistently expressed genes. Subsequently,

to focus on genes exhibiting marked expression variations across different

stages and/or treatments, the top 50% of genes, based on average tran-

script levels computed across all 72 samples, were retained. Besides, we

ran the analysis of network topology to select the most optimal soft thresh-

old that balanced scale independence and mean connectivity of the

WGCNA (power 22 was chosen for network construction, as shown in

Figure S4A). Gene expression values of filtered genes were imported into

the package, and the modules were determined through automatic

one-step network construction with the following parameters: power

(soft threshold) = 22, minModuleSize = 10, maxBlockSize = 16,000,

mergeCutHeight = 0.05, TOMType = ‘unsigned’. The module eigengene

(ME) of a given module, defined as the first principal component of the

module standardized expression profiles (Langfelder and Horvath, 2008),

was considered the best representative gene expression of a given mod-

ule. Finally, the modules were clustered into meta-modules according to

the ME distances using an agglomerative nesting hierarchical clustering

analysis (agnes) with Ward's criterion. The Euclidean distances between

modules were exported, and the eigengene network was visualized using

the ggplot2 (v3.3.3) package in R (Wickham, 2009). Module-trait associa-

tions were searched using Pearson correlation coefficients (PCC) between

ME and physiological trait values. Hub genes for a trait of interest were

identified based on both high gene significance (GS, i.e. PCC between

individual gene expression level and trait value) and high module member-

ship (MM, i.e. PCC between individual gene expression level and ME). All

correlations were considered statistically significant for FDR-adjusted

p-value <0.05.

2.6 | Identification and analysis of differentially
expressed genes, bioinformatics

Transcriptomic dataset initial global characterization and variance parti-

tioning, in relation to the primary factors of our study, were respectively

conducted using both Principal Component Analysis (PCA) with FactoMi-

neR R package (v2.4; Lê et al.,2008) and Redundancy Analysis (RDA)

with vegan R package (v2.5–7; Oksanen et al., 2015). For gene expres-

sion analyses, the AskoR R library was used (Alves Carvalho et al.,

unpub.; https://github.com/askomics/askoR). Analyses of differentially

expressed genes (DEG) were conducted using a generalized linear model

with likelihood ratio tests (glmLRT in edgeR), and the Trimmed Mean of

M-values (TMM) normalization method was applied. Genes exhibiting an

FDR-adjusted p-value less than 0.05, following the Benjamini-Hochberg

correction, were identified as differentially expressed in the comparisons.

These comparisons were made for each seed developmental stage and

for each specific stress condition, contrasting seeds produced under

controlled conditions with those produced under stress conditions.

The gene ontology (GO) enrichment analyses of selected genes com-

pared to the reference genome (GO terms of the Darmor-bzh-v5

gene annotation; Chalhoub et al., 2014) were run with topGO R

package (v2.40.0; Alexa et al., 2006) using default parameters with a

Fisher's exact test (p-value <0.01). For analysis of cis-element

enrichment in promoter sequences of target genes, the SeqEnrich

software was used (Becker et al., 2017; https://github.com/

nagreme/SeqEnrich) that gathers information on B. napus
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transcription factors, promoter motifs and GO to produce predictive

regulatory networks. Analyses were run using default parameters

with a hypergeometric test, and DNA motifs with a p-value <0.05

were considered as enriched within the query list.

2.7 | RT-qPCR analysis

For reverse transcription, 1 μg of DNA-free RNA extract was con-

verted to first-strand cDNA using the M-MLV Reverse Transcriptase

(Promega Corp.) and oligo(dT)12–18 primers according to the manufac-

turer's instructions. For quantification of transcript levels, samples of

cDNA (10 ng) were subjected to quantitative real-time PCR (qRT-

PCR) using the SYBR Green I Master (Roche) on a LightCycler®

480 instrument (Roche). The following thermal profile was used: 95�C

for 5 min, 45 cycles of 95�C for 15 s, and 60�C for 40s. Amplicon disso-

ciation curves were recorded after 45 cycles (95�C for 30s, 60�C for

30s and 97�C with a ramp rate of 0.11�C/s) to check for PCR product

integrity. Genes BnaC.RibS3 (BnaC04g13040D) and BnaC.UBQ11

(BnaC04g09440D) were used as reference genes in our conditions to

normalize target gene expression levels through the geNorm method

(Vandesompele et al., 2002). The relative gene expression levels were

determined using the Efficiency Method described by Tellman (2006).

Primers were designed with Primer3web version 4.1.0 and are listed in

Table S2. Values are based on three biological replicates.

2.8 | Accession numbers

Gene IDs are those from AGI or GenBank/EMBL databases for Arabi-

dopsis and from the Darmor-bzh-v5 reference genome (Chalhoub

et al., 2014; https://www.genoscope.cns.fr/brassicanapus/) for

B. napus. The correspondence between the genes studied in the

paper for Darmor-bzh-V5 and Darmor-bzh-V10 (Rousseau-Gueutin

et al., 2020) is available in Tables S2 and S3.

2.9 | Statistical analyses of plant and seed traits

The experimental design is presented in Table S1. Data were expressed

as the mean ± standard error (SE). All statistical analyses were con-

ducted using R software (R Development Core Team; https://www.r-

project.org/). Comparisons between two groups (e.g., stress vs. control

at a specific sampling time) were performed using Student's t-test, with

p-values below 0.05 considered statistically significant.

3 | RESULTS

3.1 | Efficient application of multiple and
combined stresses during B. napus seed development

In order to capture and analyse the impact of drought on seed devel-

opment in B. napus and its potential interaction with early biotic stress

applied from seedling growth onwards, seeds of the ‘Express’
genotype of winter OSR were characterized from late embryogenesis

to full maturity (Figure 1A). Mother plants were submitted to reduced

watering (WS) during the whole reproductive phase with or without

pre-occurring inoculation by the pathogen P. brassicae (Pb + WS or

Pb respectively) at the seedling stage, and compared to the control

conditions (C, normal watering and no Pb inoculation).

Stress applications were monitored regularly throughout the plant

cycle, and stress-associated indicators were scored at critical time

points to evaluate the efficiency of the treatments. Soil water poten-

tial rapidly and significantly decreased after the start of water short-

age (Figure 1B) and was maintained at a level of �600 mbar to imitate

a moderate drought. Transcript accumulation of a marker gene for

plant drought response, RD20, was evaluated after one month of

water deficit. RD20 was shown to be upregulated in mature leaves

of plants submitted to a reduced watering regime compared to their

well-watered counterparts, irrespective of the previous inoculation

with clubroot (Figure 1C). Recording clubroot symptoms on Pb and

Pb + WS plants at the end of the growth cycle showed about 40% of

plants with clear root galls, with no significant effect of the watering

regime (Figure 1D). Altogether, these results demonstrated that biotic

and abiotic stress were efficiently applied and sensed by the plants in

our experimental design.

3.2 | Seed maturation is mostly affected by
drought when applied as a single-stress

The dynamics of seed moisture content and dry weight (DW) through-

out the reproductive phase combined with morphological inspections

of dissected seeds revealed the three critical stages of seed develop-

ment (Figure 1A): mid-to-end of morphogenesis between T1-T2

stages (280–400 GDD respectively) with a slow increase in seed DW,

a strong decrease in moisture and embryos from torpedo to U shape

stage; seed filling ranging from T2-T6 stages (400–860 GDD respec-

tively) with a drastic increase of seed DW, a slower decrease in water

content than the previous phase and embryos from stick cotyledons

to fully mature stage; and finally the late maturation phase between

T6-T9 (860–1130 GDD respectively) stages with a stable seed DW at

≈3.5 mg/seed, a continuing decrease in water content, and the pro-

gression of brown pigmentation over the seed integuments concomi-

tant to the loss of chlorophyll in the embryo. No statistical differences

for these physiological and morphological parameters were found

between the different stresses (WS, Pb, and Pb + WS) compared to

the control conditions (C) (Figure 1A).

To get further insight into the impact of stresses on the acquisi-

tion of seed quality, fatty acid (FA) and protein accumulation, as well

as seed longevity, were evaluated throughout seed development

(Figure 2). Total FAs mainly accumulated from T1 to T6 stages with

the strongest increase between T1 and T3 stages (1–40% of seed

DW) to reach a maximum of ≈ 45% of seed DW (Figure 2A). A slight

decrease could be observed at the end of seed development

(T9 stage) consistent with previous reports (Baud et al., 2002;

Chia et al., 2005). During seed filling (T1-T6), all the stress conditions
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induced a significant over-accumulation of total lipids, at least for one

stage, compared to seeds produced under control conditions

(Figure 2A). However, in mature seeds (T8-T9 seed stages), the FA

content was no longer significantly different between treated vs. con-

trol seeds, with the exception for seeds produced under water short-

age, for which a significant decrease was observed (�5.2%;

Figure 2A). Similar modulations were observed in the oleic acid

(C18:1) content, which is the primary constituent of total FAs (70%)

(Figure 2B). As with total FAs, over-accumulation of linoleic (C18:2)

and α-linolenic (C18:3) acid contents were measured during seed fill-

ing for at least one stress condition (Figure 2C-D). However, in mature

seeds, the linoleic acid content produced under all stress conditions

was consistent with that of control seeds, while a lower content of

alpha-linolenic acid was measured in both Pb + WS and WS treat-

ments. When applied as a single constraint, WS induced a significant

increase in seed total proteins throughout seed development (+28%

of the control). In contrast, total protein contents were almost not

modulated by Pb and Pb + WS compared to the control condition.

Indeed, slightly lower protein content was only measured in Pb seeds

at T5 (Figure 2E). Seed longevity, scored through survival curves dur-

ing artificial aging, decreased only in mature seeds (T9) produced

under drought conditions (Figures 2F, S1). These data demonstrate

that the seed maturation program is significantly modified by drought

when applied as a single constraint, resulting in significantly lower

accumulation of lipids, higher content in proteins and reduced longev-

ity of the WS-treated seeds compared to the control conditions. In

contrast, when water shortage was preceded by clubroot infection,

these differences were completely abolished, suggesting the pre-

occurring biotic stress pre-disposed the plants towards the upcoming

abiotic stress.

3.3 | Time is the main driver of gene expression
throughout seed development

In parallel to the phenotypic characterization, a molecular characteri-

zation of the transcriptional pathways during seed development was

carried out. Immature seeds were collected at eight seed stages in

three replicates for C and WS conditions (T1-T6, T8, T9) and at six

seed stages in two replicates for Pb and Pb + WS conditions (T1-T3,

T5, T8-T9) (Bianchetti et al., 2021a). A global overview of the tran-

scriptome modulations during seed development is shown by principal

component analysis (PCA) (Figures 3A, S2). The first and second axes

of the PCA captured 44.2 and 14.4% of the total transcriptome

F IGURE 1 Seed development of Brassica napus (cv. ‘Express’) under various stress conditions. A. Evolution of the seed water content (dotted
line) and dry weight (DW, solid line) during seed development. Immature seeds were harvested at different timepoints (T) as depicted on pictures
(bar 1 mm for all). Thermal times are given in growing degree-days (GDD). Data are expressed as the mean ± SE from three biological replicates of
five seeds for each treatment. B. Mean values (solid line) with standard deviations (dashed lines) of soil water potentials (mbar) in eight (C andWS) or
four (Pb and Pb + WS) replicated tanks over a 20-day window that frames the application of the drought stress. C. Relative expression level of RD20

(qRT-PCR) in mature leaves of B. napus plants grown under the different conditions (three biological rep. each). D. Number of plants with clubroot
symptoms evaluated at the onset of WS application (4 rep. � 2 plants) or at the end of the crop cycle (4 rep. � 30 plants). C, control; WS, water
shortage; Pb, P. brassicae inoculation; Pb + WS, P. brassicae inoculation and water shortage; rep., biological replicate.
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variation, respectively and were primarily related to the kinetics of

seed development. Between stages T2 and T5, the WS samples were

advanced along the developmental gradient compared to the control

samples, whereas in the case of Pb + WS, this advance in development

was only apparent for stage T2. Variance partitioning analysis showed

that 69.6% of the variance of the transcript levels was explained by the

seed developmental stage, while 10% was significantly attributed to the

interaction between seed stage and treatment (Figure 3B), revealing

that changes in the transcriptomes under our experimental conditions

were mainly driven by developmental mechanisms with discrete inter-

actions with treatments, and in particular drought.

The timing of molecular events during OSR seed development

was further investigated through the expression of orthologs of mas-

ter regulatory genes forming the LAFL seed network and related

genes (Figure 3C-G). For each Arabidopsis target gene, several ortho-

logs were identified in the polyploid genome of OSR, ranging from

two to four copies. Most of the orthologs showed similar transcription

patterns or were not expressed (Figure S3). The transcript level of

BnLEC1 (BnaA07g10770D) was high during early embryogenesis and

rapidly decreased from T1 to T3 to become barely detectable during

seed filling and maturation as described for Arabidopsis seed (Meinke

et al., 1994) (Figure 3C). This decrease was initiated earlier during

development for seeds produced under the different stressful condi-

tions compared to the control condition. Transcript level of BnLEC2

(BnaA07g08500D) was lowly abundant, and both orthologs were very

early expressed, concomitant with BnLEC1 (Figure 3D). Transcript

levels of BnFUS3 (BnaC07g48930D, Figure 3E) displayed a bell shape

encompassing the embryogenesis and seed filling phases, with an

increase from T1, a maximum level at T2-T4 and a sharp drop after-

wards. At T5, the expression level of BnFUS3 was lower for the seeds

produced under stress conditions, with the differences being only signif-

icant for WS and Pb + WS seeds. The BnABI3 gene (BnaA03g37510D,

Figure 3F), a key regulator of maturation related to ABA signalling

(Nambara et al., 1992), was expressed during seed maturation between

T2 to T8 and only decreased upon final maturation drying.

No significant differences were detected for treated seeds compared to

F IGURE 2 Modulation of
quality in B. napus seeds
produced under stress conditions.
Evolution of fatty acids (A-D) or
protein (E) contents in developing
seeds of oilseed rape. For each
sampling date, data are means of
three independent replicates for
C and WS and two for Pb and Pb

+ WS, except for T1 where only
one replicate was analyzed;
bars = SEs. Statistical levels of
significance (treated vs control):
none, non-significant; *p < 0.05;
**p < 0.01; ***p < 0.001.
Longevity (F) was expressed by
viability (germination) after
40 days of artificial aging at 75%
RH and 35�C (solid lines)
compared to germination before
aging (dotted lines) (three rep. for
C and WS; two rep. for Pb and
Pb + WS). C, control; WS, water
shortage; Pb, P. brassicae
inoculation; Pb + WS, P. brassicae
inoculation and water shortage;
rep., biological replicate.
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the control. A second gene that is also involved in the ABA signalling

pathway but preferentially expressed during late maturation is ABI5

(Bensmihen et al., 2002). In OSR seeds, BnABI5 (BnaC04g09030D,

Figure 3G) was barely expressed before T4. Then, transcript levels

increased, reached a maximum at T6 and remained stable until the end

of seed development. A significant over-expression of BnABI5 was

shown during seed filling in WS and Pb + WS seed samples. Transcrip-

tion of the LAFL genes in OSR seeds was consistent with the temporal

seed development observed in other plant species (Santos-Mendoza

et al., 2008; Bizouerne et al., 2021). In addition, we noticed that drought

significantly modified gene expression profiles, with a tendency to

accelerate the shift between phases.

3.4 | Construction and characterization of a
weighted gene co-expression network of seed
development in B. napus

To characterize the temporal expression of the seed transcriptomes,

genes with similar expression profiles were grouped in gene modules

via the construction of a gene co-expression network by WGCNA on

a subset of 15660 genes and 72 transcriptomes from the four devel-

opmental series studied (Table S3). A total of 1747 genes were

removed from further analyses because they were weakly intercon-

nected and poorly correlated with the modules. The remaining 13913

genes were clustered into 33 co-expression modules, with the size of

F IGURE 3 Multivariate analysis of the RNA-seq dataset and gene profiles of main regulators of seed development in B. napus. The transcript

levels of the 42467 genes with ≥1 CPM (count per million) were used for sample discrimination by PCA (A) and variance partitioning analysis
using a redundancy analysis (RDA) model (B). The percentage of variance associated to each factor of the RDA model is indicated with statistical
levels of significance as following: none, non-significant; *p < 0.05; **p < 0.01; ***p < 0.001; NA, not available. C-G Expression profiles of key
transcription factors: LEAFY COTYLEDON 1 (BnLEC1 BnaA07g10770D) (C), LEAFY COTYLEDON 2 (BnLEC2, BnaA07g08500D) (D), FUSCA3
(BnFUS3, BnaC07g48930D) (E), ABSCISIC ACID INSENSITIVE3 (BnABI3, BnaA03g37510D) (F), and ABSCISIC ACID INSENSITIVE5 (BnABI5,
BnaC04g09030D) (G). Means of gene expression levels are given in CPM with respective standard errors. Statistical levels of significance
(normalized log2 transcript levels of treated vs control samples): none, non-significant; *p < 0.05; **p < 0.01; ***p < 0.001. Gene ID are given
according to the reference gene annotation (Darmor-bzh-v5). C, control; WS, water shortage; Pb, P. brassicae inoculation; Pb + WS, P. brassicae
inoculation and water shortage; GDD, growing degree-days. C, control; WS, water shortage; Pb, P. brassicae inoculation; Pb + WS, P. brassicae
inoculation and water shortage; T1-T9, timepoints for seed sampling (refer to Figure 1).
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F IGURE 4 Legend on next page.
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modules ranging from 11 (module 33) to 3608 (module 01) genes

(Figures 4A; S4B). For each sample, the gene expression of a given

module was summarized by the module eigengene (ME) value. In

our study, variations of ME between samples were mostly related

to seed development. All gene modules contained genes that were

expressed under all conditions, although clear differences in ME

values were apparent between treatments (Figure 4A). All features

of genes and samples from the WGCNA are provided in Tables S3

and S4, respectively.

An eigengene network was constructed by clustering ME distances

to reduce the complexity of the network. As such, the modules were

regrouped into 10 meta-modules, G1 to G10 (Figures 4A, B). The organi-

zation of the meta-modules followed the developmental phases

described in Figure 1A, with genes of the meta-groups G1 (modules

09 and 07), G2 (module 15) and G3 (modules 05, 11, 02, 03 and 01) pri-

marily expressed during embryogenesis (T1-T2), genes of G4 (modules

08, 10, 23 and 14) and G5 (modules 27, 04, 19 and 21) expressed during

embryogenesis and early maturation (T1-T5), genes of G6 (modules

33, 18 and 30), G7 (modules 28, 13, 20, 17, 25 and 22), G8 (modules

32, 31, 16 and 24), G9 (modules 29 and 26) expressed during maturation

(T3-T6), and genes of G10 (module 06 and 12) expressed during late

maturation (T8-T9). Enrichment analysis of the biological processes in

the meta-modules supported that functions related to translation, cell

machinery assembly, photosynthesis or sucrose transport were primarily

associated with embryogenesis (G1, G2 and G3) and concerned ≈73%

(10094) of the genes from the WGCNA (Figure 4B; Table S5). In addi-

tion, biological processes related to metabolite biosynthesis (fatty acids,

amino acids), accumulation of storage compounds (lipids, proteins) or

oxidation–reduction were found during the seed filling and early matura-

tion stages (G4, G5, G6 and G7) and involved ≈20% (2859) of the genes.

Finally, mid-to-late seed maturation modules (G8, G9 and G10) targeted

7% (960) of the genes and were characterized by biological processes

linked with reorganization at the cellular and molecular levels (e.g., cell

wall macromolecule catabolism, chitin catabolism, RNA process and mod-

ification, protein folding, DNA topological change). Furthermore, 35%

(23 of 66) genes from the G9 meta-groups encoded HEAT SHOCK PRO-

TEINS (HSP) (Table S3), thus supporting a role for preparation to seed

dehydration.

3.5 | Modulation of the seed development gene
co-expression network by stresses

Although seed development was the main driver of gene expression in

our conditions, the ME profiles indicated gene expression differences

between treatments. To mitigate potential biases, the global analysis of

differentially expressed genes (DEG) (stresses vs control) targeted

stages common to all samples, thereby excluding DEG unique to T4 and

T6 for WS seeds. The analysis identified that 48% of the network genes

(6,696 out of 13,913; Tables S6 and S7) were significantly deregulated

throughout seed development in response to the stresses (Figure 5A).

Most DEG (85%, 5682 genes) were due to WS whereas Pb led to the

least amount of DEG, only 24% (1593). A total of 1231 DEGs were

found for all three stresses. A comparison of WS with Pb + WS treat-

ments showed that 2172 DEG were in common between both stresses

(although the extent of differential expression differed between both

conditions), and that 2101 genes were specific for WS, and 830 were

specific for Pb + WS. To focus on pronounced DEG, a log2 fold change

threshold of 1.5 was established. DEGs that meet this criterion were

then mapped onto the seed development network, with their propor-

tion per module indicated using a colour code ranging from 25 to 100%

(Figure 5B). This analysis revealed that drought stress (WS) led to the

highest degree of gene module deregulation, with 22 distinct modules

being predominantly affected under WS conditions alone. In contrast,

the Pb condition impacted only 3 modules significantly, while the com-

bined Pb + WS condition influenced 14 modules (Figure 5B; Table S7).

Four modules showed a strong reduction (>15%) in DEG in Pb + WS

compared to WS (M08, M11, M23 and M30; Table S7). Strikingly,

amongst the modules with more than 25% DEG, module 29 was the

only one showing a higher proportion of DEG under Pb + WS com-

pared to WS conditions (36% vs 32% respectively; Table S7 and

Figure 5B). A close look revealed that the extent of differential expres-

sion for many DEG genes was also greater for Pb + WS than WS alone

(Table S6). Module 29 was clustered to meta-module G9 with module

26 and expressed during mid-to-end maturation (Figure 4A).

3.6 | Combined stress conditions compared to
single drought stress promote the expression of
HSFA2, HSP and chaperone genes

Since meta-module G9 might provide a clue to explain the difference

of impacts on the measured parameters between combined versus sin-

gle stress, we conducted an enrichment analysis on the 65 DEG iden-

tified in modules 26 and 29. Meta-module G9 was strongly enriched

in genes related to response to heat (GO:0009408; 77.4-fold enrich-

ment, p-value 1.11e-22), response to temperature stimulus

(GO:0009266; 30.5-fold enrichment, p-value 8.83e-17) or protein

folding (GO:0006457; 77.15-fold enrichment, p-value 5.39e-15).

Most of the genes encoded small heat shock proteins (sHSP), with

F IGURE 4 A robust gene co-expression network of seed development in B. napus. A. Heatmap of mean module eigengenes (ME) for each
‘stage � treatment’ combination. ME are mean values of three or two biological replicates for C and WS or Pb and Pb + WS samples
respectively. The module network dendogram above the heatmap was constructed by clustering ME distances. The red vertical line represents
the threshold (0.983) used for defining the ten meta-modules (G1 to G10). B. Eigengene network visualization and annotation. Network nodes are
modules identified from the WGCNA. The graphical representation (ggplot2) used the Euclidean distances between modules. Only the first
quartile Euclidean distances with a maximum threshold set at 0.45 are represented. For each meta-module, the five most significant GO terms are
indicated.
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differential expression mainly at the time point T3 of seed develop-

ment (42 genes out of 65, Figure 6, Table S6). For almost all of the

genes, transcript levels were higher for the Pb + WS compared to

the WS (Figure 6A). Considering that the upstream regulators of

HSP are heat stress transcription factors (HSF), we searched for DEG

encoding HSF. In module 13, with expression profiles slightly preceding

that of meta-module G7, we identified two HSFA2 orthologs (BnHSFA2.

A, BnaA03g22890D and BnHSFA2.C, BnaC03g26940D) that showed

stronger upregulation in Pb + WS compared to WS (Figures 6B, C). Sev-

eral deregulated genes identified in Modules 26 and 29 with higher

expression in Pb + WS compared to the WS (sHSP orthologs, HSP101,

Bcl-2-associated athanogene 6 (BAG6), GALACTINOL SYNTHASE 1

(GOLS1)) are known targets of HSFA2 in Arabidopsis (Nishizawa

et al., 2006), suggesting that these two genes could be the underlying

activators of the increased sHSP expression (Figures 6B, C).

3.7 | Quantification of module-trait associations
identifies two gene modules linked to longevity
acquisition under stress conditions

Our next objective was to incorporate traits linked to the accumula-

tion of seed storage reserves (FA, proteins) and longevity (P50) into

the gene network to identify modules and hub genes among the DEG

that might govern these traits under stress conditions. To achieve this,

we first determined which ME significantly correlated with each of

the measured traits based on the Pearson correlation coefficient using

a trait-based gene significance measure (Figure S5A). The fatty acid

accumulation showed significant correlations with modules

26 (r = 0.8) and 29 (r = 0.74), which are the two modules containing

the strong enrichment in heat shock proteins, and module

16 (r = 0.79). However, no genes that could explain a role in lipid

accumulation were identified. Storage protein accumulation did not

correlate with any specific module (Figure S5A). However, for the lon-

gevity trait, modules 06 (611 genes) and 12 (138 genes) displayed

very significant correlations with the acquisition of seed longevity

(r = 0.94) (Figure S5A). A GO enrichment analysis of these two mod-

ules revealed functions in ribosome biogenesis, RNA processing, fatty

acid biosynthetic process, pseudouridine synthesis and chromatin

silencing at telomere (Table S5).

Since genes with high connectivity are more likely to exert large

effects on physiological traits (Ghazalpour et al., 2006), those genes

were identified in both modules with the highest intramodular con-

nectivity (MM) as well as with the highest correlation with the acquisi-

tion of longevity (GS). Therefore, the GS values of the DEG found in

modules 06 and 12 were plotted against the MM values of each indi-

vidual gene (Figure S5B). The resulting correlations allowed us to iden-

tify 46 and 2 hub genes having both high MM and GS values >0.8 for

modules 06 and 12, respectively (Figure S5A; Table S8). The gene list

was mostly enriched with GO terms related to ribosomal large subunit

biogenesis, tRNA processing and ncRNA metabolic processes, similar

functions as those observed for genes linked to the acquisition of lon-

gevity in Medicago truncatula, Arabidopsis thaliana (Righetti et al., 2015)

F IGURE 5 Overview of the differentially expressed genes (DEG)
in the seed development gene co-expression network upon stress
conditions. A. Venn diagram of the DEG. The number in each circle
represents the amount of DEG between the different comparisons
(stress vs control) for at least one seed developmental stage. B. For
each stress condition, modules are color-coded based on the
proportion of differentially expressed genes (DEG) that meet specific
criteria: a minimum log2 fold change of 1.5, set to filter genes initially
identified as DEG using an FDR-adjusted p-value threshold of <0.05
(Benjamini-Hochberg correction) in the comparison of stress vs
control conditions. WS, water shortage; Pb, P. brassicae inoculation;
Pb + WS, P. brassicae inoculation and water shortage.
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and tomato (Bizouerne et al., 2021) (Table S8). Amongst the hub genes

that were differentially expressed in WS (FC in WS > 3FC in Pb + WS),

we identified the ortholog of DORMANCY ASSOCIATED GENE 2 (DAP2;

BnaA05g09830D) that is also referred to as DRM2 in Arabidopsis

(Figure S5C). Gene annotation revealed that AtDAP2 is a pathogen-

inducible gene that negatively regulates disease defence against virulent

pathogens and systemic acquired resistance (Roy et al., 2020).

3.8 | Genes encoding precursors of seed storage
proteins are upregulated when drought is applied as a
single stress

Although there was a significant increase in seed protein content in

WS seeds compared to the other treatments (Figure 2E), no module

was identified in correlation with protein content (Figure S5A). There-

fore, we used a candidate gene-based strategy and projected a list of

genes related to seed storage protein (SSP) on the network. Our cri-

teria included genes already annotated as protein synthesis precursors

in the Darmor-bzh-v5 genome and those whose Arabidopsis orthologs

are involved in seed protein synthesis (Verdier et al., 2008). This anal-

ysis revealed a high number of SSP genes in module 13, which con-

tains 137 genes expressed during seed filling. Specifically, among the

72 most highly connected genes in the module (MM >0.82), 87%

exhibited deregulation under WS conditions and were enriched in SSP

genes. This enrichment included a total of 12 SSP genes, comprising

eight encoding 2S napins and four encoding 12S cruciferins (Table 1,

Table S10). SSP related genes were expressed between T1 and T6 seed

stages with a peak of expression at T3 for the 2S and a bit later at

T3-T4 for the 12S followed by a decrease from T4-T5 onwards

(Figures 7A-D). Genes encoding 2S, such as Bn2S.C (BnaC01g19320D)

(Figure 7A) and Bn2S.A (BnaA03g48490D) (Figure 7B) displayed a strik-

ing upregulation in WS seeds. Contrary to what was observed for most

genes in our study, these differences did not result from a more

F IGURE 6 Stronger upregulation of small heat shock proteins (sHSP) enriched meta-module G9 genes by the combined stress treatment
compared to single stress treatment. A. Heatmap depicting the transcript level of the meta-module G9 genes (modules 26 and 29) that are
differentially expressed by stress treatments at time T3 (520 GDD) using mean centered log2 TMM values. Also added are the two HSFA2 genes
from Module 13 that are upregulated in Pb + WS and WS. DEG with a minimum log2 fold change of 1.5 and FDR adjusted p-value <0.05
(Benjamini-Hochberg correction) (stress vs control). B-D. Expression profiles of HSFA2A.A (BnaA03g22890D) (B), HSFA2.C (BnaC03g26940D (C),
and HSP18.5 (BnaAnng26270D) (D). Means of gene expression levels are given in CPM with respective standard errors. Statistical levels of
significance (normalized log2 transcript levels of treated vs control samples): none, non-significant; *p < 0.05; **p < 0.01; ***p < 0.001. Gene ID
are given according to the reference gene annotation (Darmor-bzh-v5). C, control; WS, water shortage; Pb, P. brassicae inoculation; Pb + WS,
P. brassicae inoculation and water shortage.
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precocious transcript accumulation in WS seeds compared to the other

treatment but from an increase in overall transcript level. In contrast,

the differences observed in 12S gene expression levels between WS

and control conditions (Figures 7C, D) were due to precocious transcrip-

tion of the 12S genes upon drought. In addition, deregulation of the

SSP genes was not observed for the Pb + WS samples, suggesting that

precocious inoculation with P. brassicae abolishes the impact of WS on

the gene transcription, consistent with the difference in protein content

betweenWS and Pb + WS (Figure 2E).

To get further insight into the upstream regulators of the SSP

genes, we analysed the potential cis-element enrichment in promoter

sequences of the most highly connected genes of module 13 using

the SeqEnrich software (Becker et al., 2017). Promoter sequences of

2S and 12S genes contained binding sequences for transcription fac-

tors such as FUS3 and bZIP68 that have been shown to regulate seed

development (Table 1, Table S10). bZIP68 is a redox-sensitive tran-

scription factor that normally suppresses the expression of stress tol-

erance genes and promotes the expression of growth-related genes,

and its inactivation by oxidative modification enhances stress toler-

ance but suppresses growth (Li et al., 2019). bZIP68 might balance

stress tolerance with growth through the extent of its oxidative inacti-

vation according to the environment.

The only gene of module 13 with similar promoter binding

sequences to the SSP genes was BnaC09g47920D (Table 1, Table S10),

encoding an ortholog of Arabidopsis PEI1/TZF6, an embryo-specific

transcription factor required at the globular to heart stage transition in

embryo development (Li and Thomas, 1998; Bogamuwa and Jang,

2016). As shown for the SSP genes, BnPEI1/TZF6 was significantly upre-

gulated when WS was applied alone. Therefore, we concluded that

module 13 contained a number of critical target genes whose modula-

tions could explain the increase in seed protein content upon drought.

However, it appears that these genes were not deregulated under com-

bined stresses.

3.9 | Impact of water deficit on transcription
timing of genes involved in fatty acid synthesis

Since drought stress also induced a reduction of oil accumulation in

seeds (Figure 2A), we searched whether expression patterns of genes

related to fatty acid (FA) biosynthesis were modulated under the

applied stresses. For that purpose, we selected genes directly involved

in FA biosynthesis based on previous knowledge (Baud et al., 2008)

and looked for the OSR orthologs throughout the gene co-expression

network. In total, we found 47 genes from modules 01, 05, 06, 07 and

10 that covered the entire process of FA biosynthesis and whose tran-

script levels were significantly impacted by the stress, especially WS,

during seed filling (Table S9). Indeed, expression levels of most FA-

related genes peaked during early seed development (T2-T3) and

decreased afterwards. Expression profiles were similar under stress con-

ditions but generally decreased earlier, especially under WS as observed

for genes encoding proteins involved in the first step of FA biosynthesis

(BnPKPα, BnaA01g24280D and BnBCCP2, BnaA03g05470D), oleic acid

saturation (BnFAB2, BnaA03g20420D) or triacylglycerol assembly

(BnDAGAT, BnaA01g19390D) (Figures 7E-H). In addition, 13 of the

47 genes selected within the co-expression network encoded oil

body proteins such as BnHSD1 (BnaCnng57830D) or BnCLO1

(BnaC09g31660D) (Figures 7I-J, Table S9). In contrast with the

other FA genes, transcript levels of the oil body related genes

increased during seed filling and reached a peak at T5-T6, with an

earlier accumulation under WS conditions (Table S9). Finally, we

identified four genes coding for AWPM19-like (ABA-induced

Wheat Plasma Membrane Polypeptide-19 like) proteins (Table S9)

within modules 05 and 07 that showed similar expression profiles

to the oil body genes (Figure 7K; BnaC08g50170D). Interestingly,

predicted functional partners of the Arabidopsis AWPM19 gene

(At1g04560) included oleosin (OLE1), caleosin (CLO1) and cysteine

peroxiredoxin (PER1), are all present in module 07 (Table S9) and display

comparable gene expression profiles under stress or control conditions

(Figure 7L). In conclusion, expression profiles of FA-related genes dis-

played a shift with a faster decrease of transcript levels under WS con-

ditions, which was not observed when plants were precociously

inoculated with P. brassicae. On the other hand, oil body related genes

were found to be expressed earlier in stressed seeds, with no significant

changes in the maximum expression levels. Moreover, we identified the

BnAWPM19-like genes as potential regulators of the oil body related

genes in OSR seeds.

4 | DISCUSSION

4.1 | Seed development is resilient to moderate
environmental stresses experienced by the mother
plants

Under the stress conditions applied in our study, we showed that

physiological and transcriptomic modulations were mostly related to

the seed developmental stages rather than to the constraints them-

selves. These findings could be explained by a combination of factors

regarding the stress modalities and plant responses.

Concerning the biotic stress, we chose to infect our plants with a

dose of inoculum ten times lower than that usually used in clubroot

assays of Brassicaceae species (106 instead of 107 resting spores/ml;

Manzanares-Dauleux et al., 2000b; Strelkov et al., 2021). This choice

was made in order not to compromise the survival of the plants and

to secure seed production, knowing that at this concentration of inoc-

ulum, the infection can also cause significant symptoms (Strehlow

et al., 2015). For the same reasons, we used the OSR Express geno-

type, known to be moderately susceptible to the P. brassicae eH iso-

late (Aigu et al., 2020). This may explain why only 40% of the plants

analyzed showed clear root galls. Therefore, the “Pb” seed pool origi-

nated from at least 40% of infected plants, potentially more, and

allowed us to examine the pathogen's impact on seed development.

Regarding the drought condition, the major threat to seed devel-

opment came from the reduction of the mother plant photosynthate

production (Sehgal et al., 2018). In our experiment, water shortage
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reduced the total plant biomass and seed yield by around 35%

(Bianchetti et al. in prep.), which was consistent with previous reports

on OSR response to drought (Champolivier and Merrien, 1996; Hatzig

et al., 2018). In addition, studies in a number of plant species have

demonstrated that water deficits occurring at flowering led preferen-

tially to seed abortion rather than an incomplete seed filling. Indeed, a

reduction in seed number is a way to ensure a sufficient amount of

nutrients is supplied to the remaining sinks (Sun et al., 2004; Liu

et al., 2013). We thus hypothesized that seed development was resil-

ient to the drought conditions because of a sufficient nutrient alloca-

tion ensured by a reduction of seed number more precisely on the

branches (Bianchetti et al. in prep.).

4.2 | Seedling infection by P. brassicae could prime
the plants towards subsequent water shortage

Stress monitoring in our experimental design proved that plants grown

under abiotic or combined stress conditions were subjected to a similar

water deficit. However, stronger modulations of plant and seed develop-

ment were observed when drought was applied alone compared to when

it occurred in combination with P. brassicae infection. These findings sug-

gested that P. brassicae infection somewhat dampens the effects of

drought. Although severe clubroot symptoms were known to damage the

plant root system and increase its sensibility to water deficit, the effects

of low pathogen pressure on plant drought tolerance remained less

F IGURE 7 Effect of single and combined stress on expression profiles of genes encoding seed storage compounds. A-D. Seed storage protein
precursors and co-expressed genes: Bn2S.C (BnaC01g19320D) (A), Bn2S.A (BnaA03g48490D) (B), Bn12S (BnaC08g43570D) (C), and BnPEI1/TZF6
(BnaC09g47920D) (D). E-L. Fatty acid biosynthesis and co-expressed genes: BnPKPα (BnaA01g24280D) (E), BnBCCP2 (BnaA03g05470D) (F), BnFAB2
(BnaA03g20420D) (G), BnDAGAT (BnaA01g19390D) (H), BnHSD1 (BnaCnng57830D) (I), BnCLO1 (BnaC09g31660D) (J), BnAWPM19-like
(BnaC08g50170D) (K), and BnPER1 (BnaCnng77870D) (L). Means of gene expression levels are given in CPM with respective standard errors. Statistical
levels of significance (normalized log2 transcript levels of treated vs control samples): none, non-significant; *p < 0.05; **p < 0.01; ***p < 0.001. Gene ID
are given according to the reference gene annotation (Darmor-bzh-v5). C, control; WS, water shortage; Pb, P. brassicae inoculation; Pb + WS,
P. brassicae inoculation and water shortage; GDD, growing degree-days. C, control; WS, water shortage; Pb, P. brassicae inoculation; Pb + WS,
P. brassicae inoculation and water shortage; T1-T9, timepoints for seed sampling (refer to Figure 1).
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studied (Dixon, 2009; Ramegowda and Senthil-Kumar, 2015). In accor-

dance with our observations, studies demonstrated that a precocious

pathogen infection could increase the resistance of several plant species

to subsequent drought stress (Aguilar et al., 2017; Xu et al., 2008). In

these experiments, plant drought resistance was induced by viral infec-

tions promoting the accumulation of osmoprotectants and/or antioxidant

metabolites such as raffinose, trehalose, putrescine or proline. Thus, a

deeper metabolic analysis of plant vegetative organs would pave the way

to new hypotheses to support the possible beneficial effects of

P. brassicae precocious infection in plant drought responses.

4.3 | Accumulation of heat shock proteins is
known to participate in plant acclimation to multiple
stresses

Our transcriptomic data pointed out several heat shock proteins (HSP),

namely BnHsp17.6 and BnHsp22, that were up-regulated during seed

development under stress combination. HSP were reported as critical

determinants of plant response to drought and/or pathogen infections,

notably by preventing the misfolding of proteins and participating in plant

innate immunity (Park and Seo, 2015; ul Haq et al., 2019). In particular,

Hsp17.6 was positively identified with drought or pathogen resistance in

several studies (Barcala et al., 2008). Moreover, it has been demonstrated

that genes coding for HSP were highly expressed in Brassicaceae roots

infected by P. brassicae (Ciaghi et al., 2019). To add to this, a recent tran-

scriptomic study demonstrated that a P. brassicae resistant variety of OSR

was characterized by higher HSP gene expression in roots during the

infection (Summanwar et al., 2021). These findings led us to hypothesize

that infection by P. brassicae could have triggered the HSP synthesis in

plant roots, thus leading to enhanced water stress tolerance. Another

hypothesis is that the infection might have triggered a priming stress, eli-

citing a cellular machinery that allows plants to faithfully evade a later-

arriving, often more severe, so-called triggering stress (Hilker et al., 2016).

Two HSFA2 genes were found to be expressed in the Pb and WS seeds

(Figure 6, Table S6). HSFA2 has been associated with transcriptional

memory of heat stress, which describes a modified transcriptional

response following a second stress that depends on the first stress expo-

sure after an intervening period of inactivity, as described for drought

(Ding et al. 2012). It would be tempting to suggest that the genes

detected in modules 26 and 29 present a subset of memory genes that

show a stronger re-activation upon drought after the infection of

P. brassicae. In Arabidopsis, genes that show this behaviour are highly

enriched in H3K4me2 and H3K4me3, making it interesting to look if

P. brassica infection might modulate chromatin modifications.

4.4 | Plant water limitation modulates the
acquisition of seed quality traits

Modulations of seed quality traits and related gene expression levels

were identified during seed development under stress conditions, more

specifically water limitation, in line with previously published studies.

First, water stress usually lowers seed oil content by inducing early

embryo development and shortening the seed-filling phase (Baldini

et al., 2002; Farooq et al., 2014). In the present study, we showed that

expression levels of 29 genes related to fatty acid metabolism decreased

faster under WS compared to well-watered conditions, supporting a

shortened seed-filling process promoted by drought. At the same time, it

was described that seed oil decreased at the very end of seed maturation

in Brassicaceae species (Baud et al., 2002), likely due to some enzymatic

activities such as the malate synthase (Chia et al., 2005). Interestingly,

malate content and malate synthase expression levels were higher in WS

mature seeds than in the controls (Bianchetti et al., in prep.). This sug-

gested that a prolonged maturation phase could interact with a faster

seed-filling phase, thus resulting in reduced oil accumulation in WS seeds

due to limited oil biosynthesis and activated oil degradation process.

Regarding triglyceride packaging in the cell, we identified a huge

number of genes related to oil body biogenesis that were deregulated in

WS seeds. In addition, four genes encoding BnAWPM19-like proteins

were strongly associated with oil body-related genes, a result that corrob-

orated the fact that AWPM19-like protein played an important role in

drought response and ABA signalling in rice (Yao et al., 2018). In addition,

it was recently reported that AWPM19-like functioned as an osmosensor

during germination, regulating water uptake of seeds under osmotic

stress (Alexander et al., 2020). In our experiment, seeds produced under

drought conditions germinated faster, probably because of a better water

uptake capacity (Bianchetti et al., in prep.), which could be linked to a crit-

ical role of BnAWPM19-like in regulating germination abilities.

WS seeds showed protein enrichment, as has already been

described in other studies (Bouchereau et al., 1996). Considering that

seed protein content mostly relies on N remobilization from vegetative

tissues (Havé et al., 2017), it can be hypothesized that the drought-

driven reduction in seed number has increased the amount of N avail-

able and allocated per remaining seed, thus at the same time promoting

the transcription of seed storage precursors genes. Finally, gene co-

expression network led us to point out a specific module that gathered

potential regulators of seed storage proteins in addition to the genes

encoding 2S and 12S. For instance, module 13 contained the seed-

specific PEI1/TZF6 gene known for its role during embryogenesis

(Li and Thomas, 1998; Bogamuwa and Jang, 2016). Altogether, these

genes displayed cis-regulatory sequences related to FUS3 and bZIP68

binding sites in their promoter, suggesting a common regulatory net-

work. Both transcription factors have been described in the seed stor-

age protein regulatory pathway (Chern et al., 1996) and were shown to

be modulated under drought conditions. However, their precise roles in

promoting seed protein content under drought remain to be clarified.

4.5 | Hub genes correlate with seed longevity
acquisition and suggest the potential implication of
BnDAP2

Seed acquisition of P50 strongly correlated with the eigengene values

of modules 06 and 12. Genes of these late maturation modules were

mostly involved in the RNA process and ribosome synthesis.
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During maturation, seeds accumulate mRNA and ribosome units, both

allowing a faster restart of cellular machinery upon imbibition

(Basbouss-Serhal et al., 2015). Protective molecules such as LEA are

positively involved in desiccation tolerance and, thus, longevity of

orthodox seeds (Rajjou and Debeaujon, 2008). In these two modules,

48 hub genes were identified for high connectivity within their

respective module and strong positive correlation with P50 evolution.

Based on the ‘guilt-by-association’ principle, these genes represent

prime targets for the identification of molecular regulators of seed

longevity acquisition (Wolfe et al., 2005). Among these hub genes,

BnDAP2 stood out for the striking similarity of his transcript level

kinetics with the P50 evolution of all seeds. In Arabidopsis, DAP2 (also

referred to as DRM2) is notably involved in the negative regulation of

local and systemic acquired resistance against virulent bacterial patho-

gens (Roy et al., 2020). During the maturation of M. truncatula and

Arabidopsis seeds, many genes associated with longevity acquisition

are involved in plant defence response (Righetti et al., 2015). More-

over, through a co-expression network analysis, the DAP2/DRM2

splicing variant, DRM1 (Dormancy-Associated Gene-1) is a member of

a plant-specific gene family that has been associated with plant dor-

mancy and was similarly pinpointed for its strong correlation with

tomato seed longevity acquisition (Rae et al., 2014; Bizouerne

et al., 2021). These results suggest that the reduction of DAP2 tran-

script levels during late maturation of seeds produced under drought

conditions could be related to the reduction of their longevity.
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