
HAL Id: hal-05076488
https://normandie-univ.hal.science/hal-05076488v1

Submitted on 17 Jun 2025

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documentsmay come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaireHAL, est des-
tinée au dépôt et à la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
français ou étrangers, des laboratoires publics ou
privés.

HAL Authorization

The Taproot Acts as a Storage Organ During Rapeseed
Vernalization

Maxence James, Céline Masclaux-Daubresse, Didier Goux, Lun Jing, Philippe
Etienne, Jacques Trouverie

To cite this version:
Maxence James, Céline Masclaux-Daubresse, Didier Goux, Lun Jing, Philippe Etienne, et al.. The Taproot
Acts as a Storage Organ During Rapeseed Vernalization. Physiologia Plantarum, 2025, 177 (3), pp.e70287.
⟨10.1111/ppl.70287⟩. ⟨hal-05076488⟩

https://normandie-univ.hal.science/hal-05076488v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr


1 of 11Physiologia Plantarum, 2025; 177:e70287
https://doi.org/10.1111/ppl.70287

Physiologia Plantarum

ORIGINAL RESEARCH OPEN ACCESS

The Taproot Acts as a Storage Organ During 
Rapeseed Vernalization
Maxence James1   |  Céline Masclaux-Daubresse2  |  Didier Goux3  |  Lun Jing4  |  Philippe Etienne1  |  Jacques Trouverie1

1Université de Caen Normandie, UNICAEN, INRAE, UMR 950 EVA, SFR Normandie Végétal (FED4277), Caen, France  |  2Institut Jean-Pierre Bourgin, 
INRAE, AgroParisTech, CNRS, Université Paris-Saclay, Versailles, France  |  3Université de Caen Normandie, UNICAEN, CMAbio3, US EMerode, Caen, 
France  |  4Centre Mondial de L'Innovation, Groupe Roullier, Saint-Malo, France

Correspondence: Maxence James (maxence.james@slu.se)

Received: 15 February 2025  |  Revised: 25 April 2025  |  Accepted: 7 May 2025

Handling Editor: C. Bellini 

Funding: This work was supported by the Agence Nationale de la Recherche (ANR-19-CE14-0009-02 hAPPEN: Autophagy, Proteases, and plant 
Performances).

Keywords: ionome | oilseed rape | proline | root proteome | starch

ABSTRACT
In winter oilseed rape (Brassica napus L.), vernalization, prolonged cold exposure, is essential for spring flowering. Although 
transcriptomic changes in leaves during vernalization are studied, the taproot, a key storage organ, remains unexplored. 
Recently, high nitrogen (N) and carbon (C) compound levels were observed in the taproot post-vernalization, suggesting 
potential metabolic activities in this organ during this period. To decipher this, an integrative study combining morpholog-
ical, ionomic, proteomic, and targeted biochemical analysis was conducted. This study revealed that the taproot is the only 
compartment that shows net gain in biomass during vernalization and confirmed its role in storing C and N reserves. A 
comparative proteomic analysis between the beginning and the end of the vernalization period showed that this storage is 
the result of a strong modulation of proteins involved in N and C metabolisms. Additionally, the up-accumulation of proteins 
involved in the starch and amino acid metabolisms is consistent with the increase in the starch and amino acid amounts in 
the taproot during vernalization. Amino acids from the glutamine family are especially accumulated, with proline being the 
most over-accumulated (127-fold), highlighting the initiation of a protective metabolism in the taproot during the cold stress 
period related to vernalization. This study also reveals the storage of macro- and microelements, notably iron, copper, and 
zinc. These findings provide a deeper understanding of the development and maintenance of specific metabolic activities in 
the taproot of B. napus during vernalization, ensuring the accumulation of essential N and C reserves for subsequent growth 
and development.

1   |   Introduction

Oilseed rape (Brassica napus L.) is one of the three main oil-
seed crops in the world used for both human and animal food 
(Avice and Etienne 2014). In temperate regions, winter oilseed 
rape varieties are preferred due to their high yield and their 

root system, characterized by the presence of a taproot with a 
potential role as a storage organ, which improves soil stabili-
zation during winter (Thomas et al. 2016; James et al. 2025). 
During this season, a drop in temperatures slows down and 
eventually leads to a cessation of growth in winter oilseed rape, 
initiating a period of vegetative rest when the plant is exposed 
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to a daily average temperature of less than 5°C for at least six 
consecutive days (Murphy and Scarth 1994). Moreover, unlike 
spring rapeseed, whose flowering does not depend on the du-
ration and intensity of the cold period, or other B. napus sub-
species such as B. napus ssp. napobrassica, whose flowering 
depends on duration but is independent of winter hardness, 
winter rapeseed needs both a long (6–0 weeks) and intense 
cold period to induce, synchronize, and accelerate spring flow-
ering (Chouard, 1960; Schiessl  2020). During vernalization, 
winter oilseed rape can withstand temperatures even below 
−20°C without affecting its growth or grain yield (Merrien 
and Pouzet  1988). Vernalization requires specific metabolic 
changes, which have been particularly well-studied in the 
leaves of Arabidopsis thaliana (Michaels and Amasino 2000). 
Thus, in Brassicaceae leaves, the vernalization period triggers 
intricate regulatory processes, including transcriptional, and 
epigenetic regulation (O'Neill et al. 2019; Schiessl et al. 2019; 
Ahn et  al.  2024). Several studies have reported that in 
Arabidopsis thaliana leaves, low temperatures associated with 
vernalization are characterized by the induction of proteins 
such as VERNALIZATION 2 (VRN2) and VERNALIZATION-
INSENSITIVE 3 (VIN3) (Sung and Amasino  2004; Wood 
et al. 2006). These proteins form a complex responsible for the 
epigenetic repression of the FLOWERING LOCUS C (FLC), 
a key repressor of the floral transition in Brassicaceae (Sung 
and Amasino  2004; Schmitz and Amasino  2007; O'Neill 
et al. 2019; Schiessl et al. 2019). Compared to leaves, metabolic 
changes in roots during the vernalization period are less well 
documented. In sugar beet, known for its high sucrose accu-
mulation in the taproot, Rodrigues et al.  (2020) showed that 
vernalization induces transcriptomic and functional repro-
gramming, leading to the taproot's transition from a sink state 
to a carbohydrate source state. In Raphanus sativus L., tran-
scriptomic analysis of the taproot revealed that many genes 
related to glucosinolates (GLS) biosynthesis were significantly 
downregulated during vernalization, resulting in an approx-
imately three-fold decrease in the GLS levels in the roots 
(Nugroho et al. 2021). Most research provides an overview of 
the root states at the end of the vernalization period, focusing 
on their importance during subsequent developmental stages 
rather than on the vernalization period itself. For example, in 
B. napus, it was shown that by the end of vernalization, the 
taproot accumulates significant amounts of starch and pro-
teins, indicating its potential role as a storage organ (Rossato 
et  al.  2002; James et  al.  2025). These nitrogen (N) reserves 
are remobilized to seeds during seed filling, highlighting the 
critical role of the taproot in seed development and maturity 
(Rossato et al. 2001).

A better understanding of the nature and function of mole-
cules stored in the taproot as well as the metabolic pathways 
involved in their biosynthesis during vernalization could help 
optimize the agronomic performance of winter oilseed rape. 
To investigate this, rapeseed plants were grown under hydro-
ponic conditions and subjected to limiting-nitrogen conditions 
during the vernalization period (60 days at 4°C). The nitrogen-
limiting conditions were used to mimic field conditions during 
winter, where low temperatures impair rapeseed's N uptake 
capacity and reduce soil N availability due to the inhibition of 
bacterial nitrification (Malagoli et  al.  2004; Sahoo  2022). At 
the beginning and end of vernalization, an integrative study 

was conducted, combining morphological, targeted biochem-
ical (starch, proteins and amino acids), ionomic profiling, and 
proteomic analysis.

2   |   Material and Methods

Seeds of B. napus var. Aviso were germinated for 4 days in 
the dark, followed by 6 days under natural light. When the 
first real leaf has appeared, seedlings were transferred to a 
10-L tank (10 seedlings per tank) containing Hoagland solu-
tion (3.75 mM NO−

3
) composed of 1.25 mM Ca(NO3)2.4H2O, 

1.25 mM KNO3, 0.5 mM MgSO4, 0.25 mM KH2PO4, 0.2 mM 
EDTA-2NaFe-3H2O, 14 μM H3BO3, 5 μM MnSO4, 3 μM ZnSO4, 
0.7 μM (NH4)6Mo7O24, 0.7 μM CuSO4, and 0.1 μM CoCl2. The 
nutrient solution was renewed every week for 22 days. Thirty-
two days after sowing (DAS), plants were transferred to low 
N condition (LN; 4.2 μM N) to mimic the low Navailability 
in soils during winter. The plants were grown in greenhouse 
conditions with a thermoperiod of 20°C/17°C (day/night) and 
a 16-h photoperiod. They were exposed to natural light, sup-
plemented by high-pressure sodium lamps (Philips, MASTER 
Green Power T400W), providing an average photosyntheti-
cally active radiation of 350 μmol photons m−2 s−1 at canopy 
height. At 47 DAS (T0), the plants were subjected to 60 days of 
vernalization in a climatic chamber set at 4°C, with artificial 
light during the day (10 h day/14 h night).

Plants were harvested at the beginning of the vernalization 
(T0) and at its end (108 DAS; T1). Two-millimeter taproot 
sections were collected for microscopic observation, whereas 
part of the root tissue was frozen in liquid N and stored at 
−80°C for subsequent biochemical analysis. The remaining 
portions were dried in an oven (60°C for 4 days) to determine 
dry weight.

2.1   |   Microscopy Observations

Microscopic observations were performed as previously de-
scribed by James et al. (2025). Briefly, taproot sections fixed with 
2.5% glutaraldehyde in 0.1 M phosphate buffer pH 7 for 1 h to 
several days at 4°C were rinsed in 0.1 M phosphate buffer pH 
7 three times. After dehydration in a progressive bath of etha-
nol (70%–100%), sections were embedded in resin EMbed 812 
and polymerized for 48 h at 60°C. Then, 1 μm semi-fine sections 
were cut with an ultramicrotome and stained with 0.5% tolu-
idine blue (1% sodium borate). Observations were performed 
using a classical light microscope (Olympus AX70 and Olympus 
SC30 camera).

2.2   |   Elemental Analysis

Dried taproot samples were ground to a fine powder using stainless 
steel beads in an oscillating grinder (Mixer Mill MM400, Retsch). 
As detailed previously by Maillard et al. (2016), the macronutrient 
(Mg, P, S, Ca, and K) and micronutrient (Na, Mo, Mn, Fe Co, Ni, 
Cu, Zn, B, and Si) contents were quantified after acid digestion of 
dry weight samples (about 40 mg) with high-resolution inductively 
coupled plasma mass spectrometry (HR-ICP-MS, Element 2TM, 
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Thermo Scientific) and using internal and external standards. 
For N content determination, 2 mg of dried powder was analyzed 
using an elemental analyzer (EA3000, EuroVector).

2.3   |   Extraction and Quantification of Soluble 
Proteins

Soluble proteins were extracted from 200 mg of frozen fresh tap-
root tissue ground in a mortar with 50 mg of PVPP and 300 μL 
of McIlvaine buffer citrate–phosphate buffer (20 mM citrate, 
160 mM phosphate, pH 6.8; McIlvaine 1921). After centrifuga-
tion at 20,000 g at 4°C for 20 min, the supernatant was recovered 
and the concentrations of the soluble proteins were determined 
using the Bradford method (Bradford 1976) with a calibration 
curve of bovine serum albumin (BSA).

2.4   |   Shotgun Proteomic Analysis

Protein extraction was conducted using the Phenol Extraction 
method described by Belouah et al. (2020). The protein pellets were 
subsequently solubilized with 6 M Urea, 2 M Thiourea, 30 mM 
TRIS–HCL (pH 8.5), 10 mM DTT, and 0.1% Rapigest (Waters). 
Protein concentration was measured using the 2D QuantKit (GE 
Healthcare) and adjusted to 2 μg/μL. A total of 20 μg of protein was 
then digested and desalted as described in Belouah et al. (2020).

A total of 400 ng of desalted peptide digest was injected into a 
Thermo Q Exactive Plus (Thermo) coupled to an Eksigent nanoLC 
ultra 2D (see Data  S1 for detailed parameters). Peptide identifi-
cation was performed using Xtandem (piledriver 2015.04.01.1) 
against B. napus refseq genome (https://​www.​ncbi.​nlm.​nih.​gov/​
prote​in/?​term=​txid3​708[Organ​ism:​exp]​) and an in-house pro-
tein contaminant database (55 Entries) as described in Balliau 
et al. (2018). Detailed parameters are provided in Data S2.

Protein inference and quantification were conducted using 
i2masschroq software (http://​pappso.​inrae.​fr/​bioin​fo/​i2mas​
schroq/​; Langella et al. 2017; Valot et al. 2011). The protein Evalue 
was set to 0.00001 with two distinct peptides with an E-value of 
0.01, resulting in a fdr of 0.1 at psm level, 0.11 at peptide level, and 
0.015 at protein level. Quantification was performed as described 
in Balliau et  al.  (2018). For extracted ion chromatogram (XIC) 
quantification, peptides were retained if they were present in at 
least 90% of samples, and if the correlation for all peptides related 
to a protein had a correlation greater than 0.5. When the peptides 
of a protein were not present or not reproducibly observed in one or 
more conditions, spectral counting (SC) was used in place of XICs 
analysis. For SC quantification, proteins were retained if observed 
in a minimum of 5 spectra in a single sample. The mass spectrom-
etry proteomics data have been deposited in the ProteomeXchange 
Consortium via the PRIDE (Perez-Riverol et al. 2022) partner re-
pository with the dataset identifier PXD050894.

2.5   |   Proteomic Data: Statistics and Data Mining

Statistical analyzes were performed using Perseus software 
(https://​maxqu​ant.​net/​perse​us/​). Global proteomic data were 
analyzed using ANOVA with developmental stage as the vari-
able factor. For protein quantification by the XICs and SC meth-
ods, statistical analyzes were conducted on log2-transformed 
protein abundance. Proteins with a Student test FDR ≤ 0.05 
were considered significantly differentially accumulated. A 
Fold-Change (FC) threshold of 1.5 was applied. Missing data 
for proteins analyzed by the SC method were imputed from a 
normal distribution. Gene Ontology (GO) was obtained from the 
panther database (panth​erdb.​org).

GO enrichment analyzes for the Biological Process (BP) ontol-
ogy were performed on protein lists using the Cytoscape (v3.9.1) 
plug-in ClueGO (v2.5.9) (Bindea et al. 2009) with the B. napus 

FIGURE 1    |    Changes of biomasses (A) and nitrogen (B) and carbon (C) contents in shoot and roots of rapeseed between the beginning (T0) and 
the end (T1) of the vernalization. Results are means ± SE (n = 4). Significant differences between T0 and T1 are indicated by **(p value ≤ 0.01) and 
***(p value ≤ 0.001).
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L. genome as a background. Results focused on terms with a p 
value < 0.05.

2.6   |   Determination of Amino Acid 
Concentrations

For amino acid extraction, 10 mg of fresh matter lyophilized 
was mixed with a solution containing 400 mL of MeOH and 
0.250 nmol/mL of Norvaline (Sigma Aldrich) used as the internal 
standard. The extract was stirred for 15 min and re-suspended 

with 200 mL of chloroform (agitation for 5 min) and 400 mL of 
double-distilled water (ddH2O). After centrifugation (18,500 g, 
10°C, 5 min), the supernatant was recovered, evaporated, and 
dissolved in 100 mL of ddH2O. Derivatization was performed 
using an Ultra Derivatization Kit AccQ tag (Waters Corp), fol-
lowing the protocol of the manufacturer. The amino acid profile 
was determined by ultra-performance liquid chromatography 
coupled with a photodiode array detector (UPLC/PDA) H-Class 
system (Waters Corp) with an ethylene bridge hybrid (BEH) C18 
100 × 2.1 mm column (pore size: 1.7 mm).

2.7   |   Determination of Starch Concentrations

Starch was quantified from 50 mg of lyophilized material using 
the Total Starch enzymatic kit (Megazyme International). 
Briefly, starch was digested first with thermal stable α-
amylase and then with amyloglucosidase after gelatinization 
at 100°C. The glucose units released from starch hydrolysis 
were measured spectrophotometrically at 510 nm using glu-
cose oxidase/peroxidase and 4-aminoantipyrine (GOPOD re-
agent) and glucose as a standard. Weight of free glucose was 
converted to anhydroglucose using a multiplication factor of 
162/180.

2.8   |   Statistical Analyzes

For all parameters, at least three biological replicates were mea-
sured (n ≥ 3). All data are presented as mean ± standard error 
(SE). To compare different data between different times (T0 and 
T1), Tukey tests were performed after verifying compliance of 
normality with the Shapiro–Wilk test with R software. When the 
data did not conform to the normal distribution, they were trans-
formed into Log. Statistical significance was postulated at p ≤ 0.05.

FIGURE 3    |    Increase of macro- and micro-element amounts in taproot of rapeseed at the end (T1) of the vernalization relative to the beginning 
(T0). Elements significantly accumulated in taproot at T1 have a ratio over 1 (doted black line) and are indicated by black asterisks (*p value ≤ 0.05, 
**p value ≤ 0.01, and ***p value ≤ 0.001). Elements with a ratio significantly higher or lower than the taproot biomass ratio between T0 and T1 (2.2: 
Doted red line) are over-concentrated (red asterisks; *p value ≤ 0.05, **p value ≤ 0.01) and under-concentrated (†p value ≤ 0.05), respectively. Results 
are means ± SE (n = 4).
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3   |   Results

3.1   |   The Taproot Is a Storage Organ During 
Vernalization

Whole-plant dry biomass decreased from 12.5 g at the beginning 
of vernalization (T0) to 7.8 g at its end (T1), reflecting a 55.3% 
biomass loss in the leaf compartment at T1, mainly due to leaf 
drop (Tables S1–S5; Figures 1A and S1). This reduction in leaf 
biomass led to a proportional decrease in N content (43%) and in 
carbon (C) content (55.4%) (Figure 1B,C).

In contrast, total root dry biomass increases during the same pe-
riod, a 2.2-fold increase in taproot dry biomass while lateral root 
dry biomass remained unchanged (Figure 1A). In the same way, 
the amounts of N and C in the taproot increase in proportion to 
biomass, with 2.5- and 2.2-fold rises, respectively (Figure 1B,C). 
Overall, these results show that the taproot is the main storage 
organ for N and C during vernalization. Thus, the accumula-
tion of main organic N (proteins) and C (starch) storage com-
pounds was explored. Between the entry (T0) and at the end of 
vernalization (T1), the soluble protein amount in the taproot in-
creased from 23.7 ± 3.8 to 51.1 ± 5.9 mg (Figure 2A). Starch was 
also over-accumulated, increasing 3.9-fold during vernalization, 
consistent with the observed increase in the number and size of 
amyloplasts in taproot cells over the same period (Figure 2B,C).

Beyond C and N, the effect of vernalization on the amount of key 
macroelements (K, Ca, S, P, Mg) and microelements (Na, Mo, 
Mn, Fe, Ni, Cu, Zn, B) in the taproot was also explored (Figure 3). 
Among these, K and Na were the only elements whose amounts 
did not change significantly, leading to a decrease in their con-
centrations (−35% and −41% for K and Na, respectively) due to 
the increase in taproot biomass (Figures 3 and S1). Conversely, 
elements such as Ca, S, P, Mg, Mo, Mn, and B accumulated in the 
taproot at a rate similar to the taproot biomass increase (2.2-fold) 
during vernalization. Meanwhile, Zn, Cu, and Fe were the most 
highly accumulated microelements, as their amounts increased 
more than the taproot biomass, resulting in higher concentra-
tions of 151.1 ± 9.6, 168.1 ± 19.7, and 190.4% ± 16%, respectively 
(Figure 3; Table S1).

3.2   |   Pathways Related to Stress Response and N 
and C Storage Are Exacerbated in Taproot During 
Vernalization

Considering the elemental storage capacity of the taproot during 
vernalization, a shotgun proteomic analysis was carried out to 
identify metabolic modifications contributing to this process. 
Overall, the proteomic analysis revealed that between the begin-
ning (T0) and the end (T1) of the vernalization, 788 proteins were 
differentially accumulated (DAPs), with 301 up-accumulated 
and 487 down-accumulated, respectively (Figure 4A; Tables S2 
and S3).

The GO enrichment analysis of under-accumulated DAPs 
(Figure 4B; Table S4) highlighted biological processes primar-
ily associated with vesicular transport (GO:0006891: intra-
Golgi vesicle-mediated transport, GO:0016192: vesicle-mediated 
transport, GO:0048193: Golgi vesicle transport, GO:0006888: 

endoplasmic reticulum to Golgi vesicle-mediated transport, 
GO:0051693: actin filament capping, GO0051017: actin filament 
bundle assembly, GO:0006890: retrograde vesicle-mediated 
transport, Golgi to endoplasmic reticulum) and aromatic amino 
acid metabolism (GO:0009072: aromatic amino acid family 
metabolic). Similarly, the GO enrichment analysis of DAPs 

FIGURE 4    |    Identification of proteins differentially abundant in tap-
root at the beginning and the end of vernalization. The proteins sig-
nificantly accumulated (red) or depleted in taproot at the end of ver-
nalization (T1) compared to the beginning of vernalization (T0) are 
represented (A). The volcanoplot corresponds to all the proteins iden-
tified by MS. Cutoffs were applied at a Fold-change of 1.5 and an adj. p 
value of 0.05. Enrichment in GO terms for biological processes is pre-
sented for the over-accumulated (B) and the depleted (C) proteins. In 
(B) and (C), histogram bars correspond to the top 10 of the enriched 
biological processes.
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over-accumulated (Figure  4C; Table  S5) highlights biologi-
cal processes mainly related to glutamine family amino acid 
metabolism (GO:0055129: proline biosynthesis process and 
GO:0009064: glutamine family amino acid metabolic process), 
carbon metabolism (GO:0019252: starch biosynthetic process) 
and stress response (GO:0034599: cellular response to oxidative 
stress).

The strong enrichment of GO terms related to amino acid bio-
synthesis led to a broad spectrum quantification of amino acids 
(Figure  5). Total amino acid content increased by 3-fold be-
tween T0 and T1. Specifically, proline, glutamate, glutamine, 
aspartate-arginine, valine, and asparagine significantly accu-
mulated in the taproot during vernalization. Notably, among 
amino acids of the glutamine family, proline, glutamate, gluta-
mine, and aspartate-arginine were the most accumulated, with a 
127-, 3.78-, 2.11-, and 6.12-fold increases, respectively (Figure 5). 
These accumulations resulted in elevated concentrations of pro-
line, aspartate-arginine, valine, and asparagine in the taproot at 
the end of vernalization. In contrast, GABA, alanine, threonine, 
tyrosine, and glycine, whose levels remained relatively stable, 
were found at a lower level in the taproot at T1 compared to T0 
(Figures 5 and S2).

Given the substantial proline accumulation (127-fold) and the 
enrichment of GO terms related to amino acids, particularly 
proline, DAPs and amino acids associated with proline me-
tabolism were mapped onto the proline biosynthesis and ca-
tabolism pathway (Figure 6). Four proteins (XP_022556650.1, 
NP_001302684.1, XP_013691723.1, and XP_013716867.1) 
belonging to the delta-1-pyrroline-5-carboxylate synthetase 
family (EC:2.7.2.11 and EC:1.2.1.41), which catalyze the 

synthesis of L-glutamate 5-semialdehyde from glutamate 
and glutamine (two amino acids accumulated in the taproot), 
were over-accumulated during vernalization. In contrast, 
two proteins (XP_013643369.1 and XP_013686101.1) from the 
prolyl-4-hydrolase family (EC:1.14.11.2), involved in proline 
catabolism into 4-hydroxy-proline, were under-accumulated 
(Figure  6). Altogether, these metabolic modifications likely 
explain the observed accumulations of proline and argi-
nine during vernalization. Similarly, a detailed analysis of 
the starch biosynthetic pathway was performed (Figure  7). 
The over-accumulation of the six DAPs (XP_013644946.1, 
NP_001303131.1, XP_013706820.1, XP_022568273.1, 
XP_013692058.1, and XP_013748431.1), mapped onto this 
pathway and belonging to the glucose-1-phosphate adenyl-
yltransferase family (EC:2.7.7.27), the granule-bound starch 
synthase family (EC:2.4.1.242), and the 1,4-alpha-glucan 
branching enzyme family (EC:2.4.1.18), aligns with the 
increased starch content observed during vernalization 
(Figure 2).

4   |   Discussion

4.1   |   Taproot: A Crucial Storage Compartment 
During Vernalization

This study shows that the vernalization period temporarily 
decelerates the growth of winter oilseed rape (B. napus L.). 
Vernalization leads to a decrease in total dry mass due to a reduc-
tion in leaf dry mass (primarily caused by leaf drop) and a halt 
in lateral root growth (Figures  1 and S1). These findings align 
with previous studies reporting that low temperatures cause root 

FIGURE 5    |    Amino acid contents in the taproot of rapeseed at the beginning (T0) and the end (T1) of vernalization. The main figure and the insert 
represent the content in each and total amino acids, respectively. Amino acids on a grey background belong to the glutamine family. Significantly 
accumulated amino acids between T0 and T1 are indicated by *(p value ≤ 0.05), **(p value ≤ 0.01) and ***(p value ≤ 0.001). Values are means ± SE 
(n = 4).
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growth arrest in many crop plants, including Arabidopsis thaliana 
(Zhu et al. 2015; Hussain et al. 2018). In contrast, the taproot is the 
only plant compartment that shows a net gain in biomass, with a 
twofold increase between the beginning and end of vernalization. 
The increase in taproot biomass is associated with carbon (C) stor-
age, as indicated by a rise in amyloplast number and a fourfold 
accumulation of starch, which reaches approximately 22% of the 
taproot dry biomass at the end of vernalization (T1) (Figure 2B,C). 
This low-temperature carbon storage role is also observed in other 
Brassica napus subspecies, such as Brassica napus L. ssp. rapifera 
Metzg., which stores carbon but mainly in the form of soluble sug-
ars in a hypocotyl modified for this function (Johansen et al. 2016; 
Mølmann et al. 2021). Similarly, despite N deprivation, N content 
increased in the taproot, suggesting that N is remobilized from 
source organs (i.e., leaves and/or lateral roots) and stored primar-
ily as proteins and amino acids, with levels increasing approxi-
mately twofold and threefold, respectively, during vernalization 
(Figures 2A and 5 and S2). These results are in line with previous 
studies reporting high starch and protein levels in the taproot at 
the onset of the reproductive stage, supporting its role as a buffer 
storage organ (Rossato et al. 2001, 2002). Interestingly, in addition 
to C and N, the increase in taproot biomass during vernalization 
facilitates the storage of most macroelements (Ca, S, P, and Mg) 

and microelements (Mo, Mn, B, Zn, Cu, and Fe), with certain ele-
ments, such as Zn, Cu, and Fe, being highly accumulated without 
showing any symptoms of toxicity (Figure 3; Table S1). Altogether, 
these results highlight the special role of the taproot as a key stor-
age organ for various essential elements that can later be mobi-
lized to support reproductive tissues. The accumulation of these 
compounds, particularly organic ones, raises questions about the 
metabolic processes that contribute to their accumulation in the 
taproot during vernalization.

4.2   |   Proteome Modifications During Vernalization 
Highlight Stress Response and Storage Metabolism 
in the Taproot

This study reveals significant proteome modulation in the 
taproot during cold exposure, with 788 differentially accumu-
lated proteins (DAPs), including 487 down-accumulated and 
301 up-accumulated proteins, between the beginning and end 
of vernalization. Gene ontology (GO) enrichment analysis of 
these DAPs indicates an impact on several biological processes 
(Figure 4; Tables S4 and S5), including amino acid metabolism 
(GO:0055129: L-proline biosynthetic process, GO:0009064: 

FIGURE 6    |    Differentially accumulated proteins in proline biosynthetic and catabolic pathways in taproot of Brassica napus between the begin-
ning (T0) and the end (T1) of vernalization. The blue to red scale is related to the Log2FC of the down- and up-accumulated enzymes (identified 
by their Uniprot ID), respectively. Amino acids experimentally measured to accumulate and over-accumulate during vernalization are indicated in 
hatched and solid green background, respectively. Metabolic pathways were adapted from KEGG database.
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glutamine family amino acid metabolic process, GO:0009072: 
aromatic amino acid family metabolic process). More specifi-
cally, the up-accumulated proteins (301 proteins) are primar-
ily related to the biosynthesis of proline and other amino acids 
from the glutamine family, such as glutamate, glutamine, and 
aspartate/arginine (Figures 3 and 5). Since plants were grown 
under N deprivation, the accumulation of glutamine family 
amino acids in the taproot likely results from N remobilization 
from leaves. This hypothesis is supported by the absence of 
glutamine synthase and glutamate synthase induction during 
vernalization, suggesting that glutamine and glutamate ac-
cumulation is not due to neosynthesis but rather to export 
from leaves. This is consistent with previous studies reporting 
that during leaf N remobilization, asparagine, glutamate, and 
glutamine are the primary N and carbon transport forms in 
phloem sap across many plant species (Masclaux-Daubresse 
et al. 2010; Xu et al. 2012).

Additionally, several isoforms of delta-1-pyrroline-5-carboxylate 
synthetase, which catalyzes the conversion of glutamate into 
L-glutamate 5-semialdehyde, a precursor of arginine and pro-
line, were over-accumulated in the taproot (Figure  6). This 
over-accumulation, combined with the influx of glutamine 
and glutamate, likely explains their high accumulation levels. 
Proline accumulation was particularly pronounced (127-fold; 
Figure  5), which can be attributed to the under-accumulation 
of two prolyl 4-hydroxylase isoforms involved in proline catab-
olism (Figure 6).

Proline, representing approximately 2% of total N in the taproot, 
serves as both an N and C storage compound, potentially sup-
porting post-stress growth recovery, as previously demonstrated 
in B. napus leaves by Vartanian et  al.  (1992). Beyond storage, 
proline, along with aspartate, acts as a compatible solute, help-
ing plants endure abiotic stresses such as salinity, drought, and 
cold by maintaining osmotic balance and protecting enzyme and 
membrane structures from oxidative damage (Naidu et al. 1991; 
Hayat et al. 2012; Mansour and Ali 2017; Han et al. 2021; Khan 
et al. 2025). The accumulation of proline and aspartate in the 
rapeseed taproot during vernalization may therefore contrib-
ute to preserving this organ during cold stress. Furthermore, 
the accumulation of all glutamine family amino acids suggests 
that they constitute a significant N reservoir in the taproot 
that can be reused after vernalization to support plant growth. 
In addition to amino acids, proteins, another major N storage 
form, are known to accumulate in taproot cortical cell vacuoles 
(Rossato et al. 2002). Consistently, our study shows that protein 
content in the taproot more than doubled during vernalization 
(Figure  2A). Interestingly, GO enrichment analysis of down-
accumulated proteins highlighted multiple terms related to 
vesicular transport (GO:0006891, GO:0016192, GO:0048193, 
GO:0006888, GO:0051693, GO:0051017, GO:0006890; Figure 4). 
This compromised vesicular trafficking may indicate the activa-
tion of a Golgi bypass mechanism that facilitates unconventional 
protein transport to vacuoles, as previously observed in plants 
under stress (Sampaio et al. 2022). These reserves of amino acids 
and proteins function as N storage, later supporting growth and 

FIGURE 7    |    Differentially accumulated proteins in starch biosynthetic pathway in taproot of Brassica napus between the beginning (T0) and the 
end (T1) of vernalization. The blue to red scale is related to the Log2Fc of the down- and up-accumulated enzymes (identified by their Uniprot ID), 
respectively. Metabolites experimentally measured to accumulate during vernalization are indicated in solid green background. Metabolic pathway 
was adapted from KEGG database.
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yield during the reproductive stage, as demonstrated in B. napus 
(Rossato et al. 2001; Liang et al. 2023; James et al. 2025).

Taproot is also a C storage organ. Starch accumulation in the tap-
root reaches up to 22% of its dry biomass by the end of vernaliza-
tion. This accumulation is paralleled by the over-accumulation 
of three key enzymes in the starch biosynthesis pathway: 
glucose-1-phosphate adenylyltransferase, granule-bound starch 
synthase, and 1,4-alpha-glucan branching enzyme (Figures  1 
and 7).

Aromatic amino acids are synthesized from glycolytic interme-
diates (glucose-6-P and phosphoenol pyruvate) via the shikimate 
pathway (Yokoyama 2024). The under-accumulation of proteins 
involved in aromatic amino acid metabolism (GO:0009072; 
Figure  4), along with decreased phenylalanine and tyrosine 
concentrations in the taproot during vernalization (Figures  5 
and S2), suggests a metabolic shift from glucose catabolism to 
starch biosynthesis. This aligns with previous studies showing 
that starch serves as a key C storage compound, which is utilized 
during the transition from vegetative to floral stages in many 
plant species (MacNeill et al. 2017; James et al. 2025).

4.3   |   Micronutrient Storage and Stress Tolerance 
Mechanisms in the Taproot

In addition to N and carbon, macro- and micronutrients are 
stored in the taproot, with Zn, Cu, and Fe accumulating be-
yond biomass increase (Figures  3 and S2). Excessive Zn, Cu, 
and Fe can cause physiological stress, including growth reduc-
tion, nutrient uptake imbalances, and increased reactive oxygen 
species (ROS) production (Kaur and Garg 2021; Li et al. 2024; 
Xu et al. 2024). However, the continued growth of the taproot 
during vernalization suggests active protective mechanisms 
against the potential negative effects of the accumulation of 
these three elements. Proteomic analysis revealed the accumu-
lation of multiple proteins associated with stress alleviation, 
including metal tolerance protein 1-like (Table  S6), which is 
known to transport Zn and Fe from the cytoplasm to the vacu-
ole, likely contributing to hypertolerance to elevated Zn and Fe 
concentrations (Ricachenevsky et al. 2013). The high Fe concen-
tration observed in the taproot (Figure S3) may also be tolerated 
due to the accumulation of Fe-binding proteins such as ferritin 
(Table  S6). These results are consistent with those of James 
et al. (2025), who reported that these proteins are present in the 
taproot of B. napus L. at the end of the vernalization period and 
continue to accumulate during the reproductive stage. Similarly, 
the accumulation of two superoxide dismutase isoforms [Cu-Zn] 
(Table S6) may explain the high accumulation of Cu and could 
be involved in its storage as well as the response to oxidative 
stress that could result from an accumulation of these metal ions 
(Dreyer and Schippers 2019). These proteins help mitigate metal 
toxicity, enabling Zn, Fe, and Cu storage for later use during 
spring growth.

5   |   Conclusion

During the vernalization period, the taproot undergoes exten-
sive metabolic remodeling to function as a storage organ for N, 

C, and other essential nutrients. This metabolic shift likely sup-
ports subsequent developmental stages and yield in B. napus. 
Given the importance of these reserves during the reproductive 
stage (James et al. 2025), future research could assess the impact 
of genotypic variability on taproot storage capacity and its poten-
tial impact on rapeseed growth, stress resistance, and productiv-
ity. Thus, improving N and carbon storage during vernalization 
could be a lever for improving rapeseed performance under low-
input conditions, and thus promote more sustainable agricul-
ture aimed at reducing the crop's environmental footprint.
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