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A B S T R A C T   

Brassicaceae seeds consist of three genetically distinct structures: the embryo, endosperm and seed coat, all of 
which are involved in assimilate allocation during seed development. The complexity of their metabolic in-
terrelations remains unresolved to date. In the present study, we apply state-of-the-art imaging and analytical 
approaches to assess the metabolic environment of the Brassica napus embryo. Nuclear magnetic resonance 
imaging (MRI) provided volumetric data on the living embryo and endosperm, revealing how the endosperm 
envelops the embryo, determining endosperm’s priority in assimilate uptake from the seed coat during early 
development. MRI analysis showed higher levels of sugars in the peripheral endosperm facing the seed coat, but a 
lower sugar content within the central vacuole and the region surrounding the embryo. Feeding intact siliques 
with 13C-labeled sucrose allowed tracing of the post-phloem route of sucrose transfer within the seed at the heart 
stage of embryogenesis, by means of mass spectrometry imaging. Quantification of over 70 organic and inorganic 
compounds in the endosperm revealed shifts in their abundance over different stages of development, while 
sugars and potassium were the main determinants of osmolality throughout these stages. Our multidisciplinary 
approach allows access to the hidden aspects of endosperm metabolism, a task which remains unattainable for 
the small-seeded model plant Arabidopsis thaliana.   

1. Introduction 

Crops belonging to the Brassicaceae family, such as oilseed rape 
(Brassica napus), exhibit high phylogenetic similarity to the model plant 
Arabidopsis thaliana, on which extensive investigations have provided 
valuable information and molecular tools (Provart et al., 2016). While 
Arabidopsis develops, reproduces and responds to stress and disease 
similarly to crop plants, the latter are often much more complex and 
difficult to characterize. There is a need to critically evaluate observa-
tions generated to date, and to test hypotheses and feasibility of models 
on real crops. 

Oilseed rapeseed is the most important source of vegetable oil in 
Europe, and has moved B. napus into the focus of scientific research 
during the last decades (Chalhoub et al., 2014; Clarke et al., 2016; 
Borisjuk et al., 2013a,b; Rolletschek et al., 2020). The seeds of B. napus 

are larger than those of Arabidopsis and are thus easily accessible for 
biochemical and in vivo studies. The developing seeds of both plants 
represent complex metabolic systems, involving at least a tripartite 
interaction among the testa (integuments or seed coat), endosperm and 
embryo. These three components form a system of autonomous, yet 
interacting organs, each regulated by their own genetic program (Lau 
et al., 2012). The application of breakthrough technologies and novel 
molecular approaches has revealed the highly complex relationship 
between the developing embryo and its surrounding tissues. In 
A. thaliana and B. napus, rapid growth of the testa and endosperm at 
early development is critical in seed size determination (Garcia et al., 
2005; Li and Berger, 2012; Lafon-Placette and Köhler, 2014; Ingram, 
2020). During further development, the embryo enlarges, compresses 
the endosperm and eventually fills out the seed interior, constituting the 
main storage depot for oils and proteins. Considerable cellular, 
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molecular and biochemical shifts accompany these developmental 
events, orchestrated by transcription factors and hormones (Baud et al., 
2016; Wu et al., 2020). 

From a physiological point of view, the developing seed is a net 
importer of photosynthetic products. As any other ‘sink’ organ, it re-
ceives nutrients via the phloem, though a peculiarity is noted in these 
plants compared to tubers or fruits: the phloem strands end in the 
maternal testa surrounding the filial sink organs. Inherent to this ar-
chitecture is that both filial organs are symplastically isolated from the 
mother plant. Therefore, apoplastic transport is an essential and regu-
latory element in post-phloem assimilate allocation within a developing 
seed (Patrick and Offler, 2001). Indeed, a sophisticated cascade of 
transporters involved in phloem unloading, nutrient release into the 
endosperm and uptake into the embryo forms the ‘yin and yang’ in 
assimilate partitioning and eventual seed formation (Baud et al., 2005; 
Melkus et al., 2009; Chen et al., 2015). The suspensor can also partici-
pate in some transport processes, but only at very early stage (Kawa-
shima and Goldberg, 2010). There is much potential in the manipulation 
of this machinery for the purpose of crop improvement (Fernie et al., 
2020). 

Physical restrictions (space and light) from the seed coat have been 
shown to affect both endosperm and embryo development (Borisjuk 
et al., 2013a,b; Fourquin et al., 2016; Rolletschek et al., 2021). The 
hormonal, metabolic and other signals derived from the vascular system 
(mother plant) are not purely nor instantly transmitted to the embryo, 
but underlie modulation within the testa and endosperm. Hence, the 
endosperm is not merely a neighboring structure of the embryo within 
the seed coat, but is a site of metabolic and hormonal activity (Fig-
ueiredo and Köhler, 2018). The metabolic environment experienced by 
the developing embryo is largely defined by the endosperm, its 
biochemical composition and physical constraints. Accordingly, an 
in-depth investigation of the endospermal matter that directly surrounds 
and transmits to the embryo is required to fully understand embryonic 
growth dynamics, the related sink strength and, ultimately, seed yield as 
a major agronomic trait. The study of the living endosperm is difficult 
for conventional microscopy for many reasons. First, because the 
endosperm is localized inside the seed coat, which is a bulky multilay-
ered structure, which does not allow direct microscopic observation; 
second, any damage of seed coat or endosperm could disturb distribu-
tion of metabolites and interrupt embryogenesis; third, endosperm itself 
is a heterogenic structure, with dynamically altering size and state. 
Thus, a noninvasive approach appears most appropriate for investiga-
tion of endosperm. 

Nuclear Magnetic Resonance (NMR) is a powerful technical platform 
based on the use of magnetic fields, magnetic field gradients, and radio 
waves to generate images of living organisms (for technical details, see 
Bernstein et al., 2004; Borisjuk et al., 2012). Traits of interest can be 
non-invasively analyzed at many different levels – inner structure, 
biochemistry and dynamic - and this makes the uniqueness of Magnetic 
Resonance Imaging (MRI). MRI technology is widely used in medical 
diagnostic, but much less in plant science (Borisjuk et al., 2012). Some 
dedicated MRI applications have been developed specifically for seeds, 
enabling the three-dimensional modeling of anatomy and metabolite 
distribution for the comparative analysis of transgenic plants (Radchuk 
et al., 2018; Rolletschek et al., 2020), mutants (Meitzel et al., 2021), 
distant crosses (Tikhenko et al., 2020) and evaluation of environmental 
effects (Rolletschek et al., 2015, 2021). Using MRI, it became possible to 
visualize the 3D distribution of lipids (Borisjuk et al., 2013a,b; Wood-
field et al., 2017) and to monitor dynamic processes, as for example 
germination (Munz et al., 2017) and sugar allocation (Melkus et al., 
2011; Fuchs et al., 2015; Radchuk et al., 2021). 

Herein, we aimed to define the metabolic environment of the 
developing embryo of B. napus. At the molecular level, the transcriptome 
and proteome machinery of B. napus endosperm has been described 
previously (Lorenz et al., 2014; Ziegler et al., 2019; Khan et al., 2020). 
We therefore focused on the biochemical level, with an analysis of 

nutrient transfer toward the embryo, for which limited information is 
currently available (Hill et al., 2003; Morley-Smith et al., 2008). For this 
purpose, we initially applied non-invasive MRI to non-destructively 
inspect certain structural features in early endosperm and embryo 
development. MR-spectroscopy allowed us to visualize in vivo gradients 
of sugar distribution within the endosperm. We then performed a 
quantitative analysis of the main constituents of the endosperm, formed 
by assimilates, metabolic intermediates and inorganic ions. Finally, we 
used an in vitro silique culture system to quantitatively assess the 
assimilate partitioning among seed organs, by means of isotopically 
labeled substrates. By applying mass spectrometry imaging (MSI), we 
could spatially resolve the transfer of (labeled) sucrose from the testa 
toward the embryo, via the endosperm. Our multifaceted approach 
provides a rich dataset, valuable not only for the crop species B. napus, 
but, by implication, also for its close relative A. thaliana, for which 
comparable datasets are not available, primarily due to technical limi-
tations (seed size). 

2. Results 

2.1. Magnetic resonance imaging displayed the three-dimensional 
morphology of living seed 

To explore the spatial in vivo arrangement of seeds inside siliques, we 
analyzed intact silique using MRI applying frequency-selective excita-
tion pulses at the water and lipid frequencies. This strategy enabled us to 
gain structural elements of the seed and to visualize lipid deposition, 
both with high resolution. Computer modeling facilitated visual repre-
sentation of data obtained from the MRI system and allowed to 
demonstrate deposition of lipid in the morphological context (Fig. 1). 
The seed is attached to silique via the funiculus (Fig. 1A), which is a 
tubular structure specialized for mechanical support and solute trans-
location between silique and seed (Chan and Belmont, 2013). The 
vascular bundle is well seen in central part of funiculus (Fig. 1B), and 
connects the seed to the vascular system of silique and thus vascular 
network of the entire plant. Vasculature is terminated at specific posi-
tion in the seed coat (chalazal region). The embryo does not have any 
contact to the vasculature and is enclosed by the seed coat and endo-
sperm. The central part of seed interior is occupied by a large vacuole 
(Fig. 1B and Supplemental Movie 1). 

MRI clearly showed that accumulation of lipid in the endosperm did 
not occur within the chalazal region of the seed (Fig. 1C). Based on 
observations in Arabidopsis (Keith et al., 1994) and Brassica (Groot and 
van Caeseele, 1993), lipid accumulation in endosperm is restricted to the 
endosperm epidermis (aleurone) which cells also develops thick multi-
layered walls. Later in development, it generates cuticular compounds 
consisting of soluble and polymerized lipids (De Giorgi et al., 2015). 
Finally, the aleurone layer represents an isolating barrier, which en-
closes the embryo and influences seed dormancy/germination (Penfield, 
2017; Munz et al., 2017). The lack of an isolating barriers (like lipid 
layer) in close proximity to the vascular tissue in developing seed (as 
shown here) might indicate a facilitated exchange of solutes (and gases) 
within this region (Molina et al., 2008). 

We conclude that MRI clearly visualised the architecture of the seed 
interior and exact positioning of seed organs with respect to vascular 
vessels in the living seed and across the intact silique. The 3D arrange-
ment of endosperm clearly showed the absence of a lipid barrier within a 
certain area of the endosperm, which is faced to the chalazae and 
vascular margin. This is in accord with previous studies, which identi-
fied a main phloem-unloading domain at the end of the funicular phloem 
(Stadler et al., 2005; Werner et al., 2011). 

2.2. Volumetric analysis of the living endosperm and its relation to the 
embryo 

MRI data were further used to generate three-dimensional (3-D) 
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models of the seed at distinct stages (Fig. 2A–D and Supplemental Movie 
2), providing information on the shape and size of the living seed itself as 
well as its organs during the time frame from 12 to 30 days after flow-
ering (DAF). The orientation of embryos (highlighted in yellow; Fig. 2A) 
inside of individual seeds and the spatial arrangement of the lipid 
accumulation in embryos and endosperm (in respect to funiculus and 
vascular bundle) was nearly identical among seeds (Supplemental Movie 
2). The virtual cross sections displayed details of the lipid deposit in the 
embryo radicle, both cotyledons and aleurone of endosperm (Fig. 2B). 
While the endosperm central vacuole remained its liquid state, a large 
portion of endosperm was cellularized and enveloped the embryo 
radicle and outer cotyledons (Fig. 2C,F). In order to visualize the dra-
matic alterations occurring inside the seed during its growth, we 
measured the volume of endosperm, embryo and seed coat and quan-
tified their ratio across the embryogenesis (Fig. 2D). According to MRI- 
based volumetric data, the seed size increased continuously from 5.3 to 
7.8 mm3 during the developmental period analyzed (Fig. 2E). The 
changes in the seed coat size were minor compared with the marked 
transitions observed in the seed interior. Based on volume, the endo-
sperm (including the central vacuole) was the dominant compartment at 
stages a–c, contributing to ~70% of the seed volume (Fig. 2E). Our 3-D 
seed models indicate that the endosperm completely enveloped the 
embryo, which remained small up to stage c, but exhibited significant 
growth thereafter. This included the preferential growth of the two 
cotyledons, leading to a large increase in the embryo surface area 
(Fig. 2G), an aspect likely relevant to assimilate uptake into the embryo. 
The thickness of the cotyledons was seen to increase continuously, 
resulting in a ~60-fold increase in the embryo volume (stages a–d: 
0.08–4.9 mm3). 

2.3. Non-invasive MR spectroscopy for the visualization of sugar 
gradients in the endosperm 

We subsequently investigated the biochemical features of the intact 
endosperm of B. napus, using MR spectroscopy and imaging. The slice 
selective chemical shift imaging (CSI) method was applied in spin-echo 
mode. The measurement protocol (Melkus et al., 2009) was experi-
mentally optimized to reach sufficient spatial and spectroscopic reso-
lution in a short measurement time. A virtual tissue slice was excised 
from the seed (Fig. 3A–E) so that the seed coat, embryo and endosperm 
were all discernible in the image. With the MRI procedure used in the 
present analysis, the distribution of sugars, water, and lipids was visible 
within the interior of ~2-mm seeds. The differences in specific signal 
distribution were detected with 165 × 165 μm2 in-plane resolution with 
a measurement time of ~40 min. 

MR spectroscopy detected a gradient in sugar distribution (Fig. 3B). 
Low levels corresponded to the central vacuole, whereas higher signals 
were observed near the periphery of the endosperm (faced to the seed 
coat), and levels were lowest in the area of the embryo and its immediate 
surroundings. The signals characteristic for lipids (Fig. 3D) were 
strongly detected in the embryo axis (Fig. 3D), but only traces of lipid 
were detected at this early stage in the outermost endosperm layer (not 
shown). The highest water signal was colocalized with the central part of 
seed (central vacuole) (Fig. 3E). In the area of the embryo and seed coat, 
a weaker water signal was observed, and in the region of the cellularized 
endosperm, it was slightly lower than for the central vacuole. 

To conclude, MRI was capable to in vivo access local metabolic fea-
tures of the seed interior, which emerges from cellular processes com-
mon to embryo, endosperm and seed coat. Compartmentation and 
gradients of water, sucrose and lipids in the living seed were visualised 
with high spatial resolution. The most notable finding of the high- 

Fig. 1. Modeling of three-dimensional 
arrangement of living seed inside of 
silique in oilseed rape based on magnetic 
resonance imaging. (A) Non-invasive 
analysis of seed inside of silique; funiculus 
is highlighted in blue; (B) fragments of the 3- 
D model of silique and seed displaying the 
internal arrangement of seed: longitudinal 
section though the silique; endosperm is 
semitransparent to display the positioning of 
embryo. See also Supplemental Movie 1. (C) 
Deposition of lipid in embryo and endo-
sperm by high resolution lipid imaging in 
living seed at 24 DAF; the border of lipid- 
enriched endosperm is arrowed. Abbrevia-
tions: ecv – endosperm central vacuole.   
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resolution MRI approach is that the sugar content is not equally 
distributed, but rather compartmentalized within the endosperm. Our 
data point to effects of the endosperm on the microenvironment of 
embryo. 

2.4. Quantitative profiling of endosperm composition and developmental 
changes 

To comprehensively characterize the chemical composition of the 
endosperm and its developmental dynamics, we analyzed the concen-
trations of key soluble sugars, free amino acids, organic acids, inorganic 
anions and cations in the dissected endosperm fraction. We also 
measured a number of less abundant metabolic intermediates involved 

Fig. 2. Volumetric analysis of developing oilseed rapeseed based on magnetic resonance imaging. (A) Non-invasive visualization of seed and embryo inside of 
silique; note distinct orientation of embryos highlighted in yellow (18 DAF). (B) Virtual cross sections displaying spatial arrangement of seed components at mid 
cotyledon stage of development (21 DAF); there distinct cross-sections are shown; see also Supplemental Movie 2. (C) 3-D-seed model showing all individual 
components. (D) 3-D-seed models representing different stages of development: 12 DAF (a), 18 DAF (b), 21 DAF (c) and 30 DAF (d); endosperm (in red) is semi- 
transparent to allow view on embryo; bar: 1 mm. (E) Plot of the embryo, endosperm and seed coat volumes across different developmental stages (a–d), calcu-
lated from the 3-D-MRI data. (F) Virtual cross section of seed at stage b. (G) Plot of the calculated endosperm and embryo surface areas, based on the MRI data. 
Abbreviations: al – aleurone; ce – cellularized endosperm; ch – chalazal region; cot – cotyledon; ecv – endosperm central vacuole; em – embryo; en – endosperm; fn – 
funiculus; ps – pseudoseptum; ra – radicle; sc – seed coat; se – seed; va – valve. 
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in energy metabolism (sugar breakdown, glycolysis, nucleotides and 
cofactors), with the majority also being quantified using external cali-
bration schemes. In total, 77 compounds were assayed; an overview of 
the developmental profile of major groups is provided in Fig. 4A (full 
dataset in Supplemental Table 1). With the exception of the very early 
stages [9 days after flowering (DAF)], sugars were quantitatively the 
predominant endospermal compounds, with a switch from hexoses to 
sucrose occurring later in development. Notably, the proportion of 
glucose was significantly higher than that of fructose during most of the 
time analyzed (Fig. 4B). The second most abundant class of compounds 
was that of inorganic ions, predominated by potassium (~60%), fol-
lowed by ammonium and chloride, while only trace amounts of nitrate 
were detected (Fig. 4C). The pool sizes of free amino acids and organic 
acids were similar (Fig. 4A). The free amino acid content was dominated 
by Gln, Glu, Ala, Val and Asp, contributing to 54–68% of the total amino 
acid pool in the endosperm throughout development (Fig. 4D). Among 
the organic acids, malate was the main constituent (~60%), followed by 
succinate (Fig. 4E). Energy metabolites made a very minor quantitative 
contribution, dominated by the glycolytic intermediate dihydroxyace-
tone phosphate (DHAP), followed by hexose phosphates and acetyl co-
enzyme A (Supplemental Fig. 1). 

The total concentration of all quantified compounds together ranged 
from 170 to 360 mmol/l, reaching a maximum value at around 20 DAF; 
during this time the embryo exhibited expansion growth, accompanied 
by the onset of storage activity and accelerated uptake of assimilates. 
When the metabolite concentrations are taken as proxy for the osmo-
lality of the endospermal liquid, we can conclude that sugars made the 
greatest contribution to the osmotic pressure of endosperm, except at 
very early development, during which our findings indicate a relatively 
high molar ratio of potassium versus sugars (Suppl. Fig. 2). This may 

have implications for regulation of expansion growth by potassium. The 
pH of the endosperm liquid fraction, measured using microsensors, was 
5.9 ± 0.3 throughout development. 

A time course of all measured metabolites/ions is represented as a 
heat map (Fig. 5), revealing certain general trends. The majority of 
amino acids increased in abundance over time (except for GABA and 
Asp, both in low abundance). Marked concentration shifts were 
observed for individual nucleotides with signaling functions (cyclic 
AMP), cofactors such as 5-methyl tetrahydrofolate (one-carbon meta-
bolism), and inorganic ions (nitrate). Notably, trehalose-6-phosphate, 
regarded as a marker for sucrose availability, appears rather uncou-
pled from sucrose abundance based on the determined time courses. 

2.5. Tracing sugar transport from silique to seed by isotope feeding 

In vitro silique culture can be used to transfer (labeled) compounds 
toward the embryo. In the present study, we tested the validity of this 
approach to best mimic in planta conditions. 

First, detached siliques were allowed to absorb a nutrient solution 
containing minerals, sugars and amino acids, and the embryo growth 
was assessed at several time points up to 8 days (Fig. 6A and B). This 
experiment revealed that embryos grown in silique culture accumulated 
biomass (dry weight) in a similar pattern as those grown in planta. No 
visible phenotype was observed for the embryos of the silique culture at 
any time point. Next, seeds at 15 and 30 DAF were incubated within the 
siliques to test the differences between developmental stages. The 
experiment revealed that the seeds at the earlier stage accumulated 
~10% more 13C-sucrose over time than those at the later stage (Fig. 6C). 
We further assessed whether seeds positioned along the silique reached a 
uniform biomass and received similar amounts of (13C-labeled) sucrose 

Fig. 3. Non-invasive mapping of metabolites in the embryo sac of a B. napus seed at 21 DAF. (A) Visualization of the embryo sac in the 1H reference image 
showing in vivo the position of the seed coat, embryo and endosperm in the sampled tissue slice. The shape in the dotted line indicates an approximation of the central 
vacuole. (B) Visualization of sugar distribution within the seed. (C) Diagram indicating the virtual sectioning of the seed. (D) Visualization of lipid distribution. (E) 
Visualization of water distribution, obtained by integration of the chemical shift imaging spectra without VAPOR. (F) Spectral characteristics of the embryo sac 
content. The colored bars in (B, D and E) represent the color code for specific signal intensity. Abbreviations: aa – amino acids; ce – cellularized endosperm; ecv - 
endosperm central vacuole; em - embryo; sc - seed coat. 
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(Fig. 6D–F); our findings showed no positional effect on these two pa-
rameters. Finally, we measured the uptake rates of the seeds for 13C- 
labeled glucose and sucrose, demonstrating that the accumulation of 
sucrose was constantly at least 7-fold higher than that of glucose 
(Fig. 6G). This finding is in agreement with the fact that sucrose is the 
natural (phloem-derived) carbon source for seeds in vivo, and was 
therefore used in further analysis of the dynamic of 13C uptake into the 
seed. 

2.6. Temporal and satial dynamics of 13C-sucrose transfer within the seed 

We investigated the kinetics and pool size of 13C-sucrose accumu-
lating in the various seed organs during the early cotyledon stage (~21 
DAF) (Fig. 7A). To achieve this, isotope ratio MS was applied to 
dissected seed fractions (see Materials and Methods). At 4 h after the 
start of isotope provision, the 13C label (absolute amount per organ) was 

observed to preferentially accumulate in the testa, while trace amounts 
were detected in the endosperm and embryo. At 8 h, the isotope abun-
dance in the testa roughly doubled, the endosperm showed a significant 
accumulation of label, while in the embryo the label content remained 
very low. At 24 h, the label accumulation in the testa appeared to be 
approaching a plateau phase, while the accumulation in the endosperm 
continued a linear increase, indicating it to be the main storage pool of 
13C-labeled sucrose. The embryo also revealed a significant accumula-
tion of label at this time point, but this remained lower than in the other 
organs. These data allow us to conclude that (i) the labeled 13C-sucrose 
first arrives to the testa, and (ii) the endosperm serves as the main 
storage pool of sugars at the stage investigated here. 

Using liquid chromatography-MS, we investigated the presence of 
sucrose variants in the endosperm, by means of distinct isotopic labeling 
(Fig. 7B). At 4 h after the start of isotope feeding, fully labeled 13C-su-
crose was detected, contributing to ~2% of the total sucrose pool. After 

Fig. 4. Quantitative analysis of key organic and inorganic constituents of the endosperm in B. napus seeds. Plots of concentrations of (A) main categories of 
compounds at days 9–27 after flowering; (B) sugars; (C) inorganic ions; (D) free amino acids, (E) organic acids. Quantities were calculated based on averages from 
three biological replicates. See Suppl. Table 1 for details. 

H. Rolletschek et al.                                                                                                                                                                                                                            



Journal of Plant Physiology 265 (2021) 153505

7

8 h, its relative percentage approximately doubled and traces of other 
variants were also detected. After 24 h of silique culture, almost 20% of 
the total sucrose pool was labeled, the majority present as the fully 
labeled molecule (as used for feeding). This time course implies that the 
turnover time of sucrose in the endosperm under these conditions is ~5 
days at the developmental stage of 21 DAF. During later development, 
the turnover times are expected to be much shorter, e.g. due to the 
decrease of the endosperm volume. 

Matrix assisted laser/desorption ionization mass spectrometry im-
aging (MALDI-MSI) was used to spatially resolve sucrose transfer inside 

the seed at the heart stage of embryo development (corresponding 
microscopic image in Fig. 7C). Representative MS images at 2 h after 
feeding are shown in Fig. 7D–G. Analytes were predominantly detected 
as potassium adducts ([M+K]+) due to the high potassium content of the 
seed (~60% of inorganic ions). The MALDI matrix signal was uniform 
across the seed section, ensuring uniform detection conditions (Fig. 7G). 
Unlabeled disaccharides, with the sum formula C12H22O11, were 
detectable in all seed compartments, with slightly elevated signal in-
tensities in the basal region of the testa (Fig. 7F). This signal corresponds 
to natural (unlabeled) sucrose. Disaccharides with the same mass, such 

Fig. 5. Metabolic pathway map highlighting changes in the abundance of metabolites in the liquid endosperm fraction of B. napus seeds. Developmental 
changes between days 9 and 27 after flowering are given as heat map with fold-changes (log2 scale): decreased (blue) and increased (red) quantities relative to the 
value measured at day 9 after flowering. Values are averages from three biological replicates. Detailed metabolite data are provided in Suppl. Table 1 Abbreviations: 
3-PGA - 3-phosphoglycerate; DHAP - dihydroxy acetone phosphate; GSSG - oxidized glutathione; PEP - phosphoenolpyruvate; THF - tetrahydrofolate. 
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as maltose or lactose, could have contributed, but these were not 
detected in our profiling (Fig. 4), and can therefore be ruled out. Most 
relevant to our interest was the pattern of fully labeled 13C-sucrose, 
which was detectable in the branch point of the funiculus, starting to 
spread towards the interior, including the endosperm (Fig. 7E). Notably, 
the label accumulated in the epidermis layer and basal endosperm, but 
none was detected in either the suspensor or other parts of the embryo. 
At later time points, fully labeled sucrose was observed to spread 
throughout the seed, with the abundance being highest in the periphery 
(cellularized endosperm and seed coat) (data not shown). 

An analysis of the early cotyledon stage revealed a similar pattern in 

label distribution at 2 h: the strongest signal of 13C-sucrose was seen in 
the seed coat and basal cellularized endosperm, and a small amount of 
label was noted in the radicle tip (Supplemental Fig. 3). Unlabeled su-
crose was detected throughout the seed, with the highest levels 
appearing in the basal seed coat/endosperm, and lowest levels in the 
endospermal central vacuole. 

2.7. Studying nitrogen transfer to the seed 

In vitro silique culture was also used to check the transfer of free 
amino acids. For this purpose, 15N-labeled Gln was used, representing 

Fig. 6. Study of sugar uptake by developing seeds of B. napus in silique culture. (A) Experimental set-up for provision of substrate (feeding) during silique 
culture. (B) Changes in dry weight (DW) of embryos growing in silique culture (in vitro) versus those grown in siliques attached to the mother plant (in planta) over a 
time period of 8 days (incubation start at 25 DAF). (C) 13C-sucrose uptake in seeds grown in silique culture for 24 h at 15 versus 30 DAF; the star indicates a 
statistically significant difference between the groups (p<0.05, t-test). (D) Diagram of a silique with individual seeds (25 DAF) sampled for (E) DW and (F) 13C- 
sucrose uptake. (G) Comparison of 13C-sucrose versus 13C-glucose uptake in seeds grown in silique culture for up to 24 h. Values plotted in B-E are mean ± SD (n=5). 
Abbreviations: DAF - days after flowering; DW - dry weight. 
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the key phloem-derived amino acid in B. napus (Lohaus and Moellers, 
2000), as well as the predominant amino acid present in its endosperm 
(Fig. 4). Upon feeding with 15N-Gln for 24 h, label accumulation was 
measured in individual seeds using isotope ratio mass spectrometry, and 
Gln uptake rates were calculated (Supplemental Fig. 4A). Seeds posi-
tioned along the silique appeared to receive similar amounts of 
(15N-labeled) Gln. As per 13C-sucrose, the amount of label accumulated 
per seed organ was measured (Supplemental Fig. 4B). The measured net 
15N-Gln uptake rates over 24 h were found to be highest for the testa, 
followed by the endosperm, and lowest for the embryo. Therefore, the 
testa appeared to be the largest Gln sink (at least during the relatively 
short time course studied). To test whether some of the delivered Gln 
was also actively metabolized, we assessed the presence of the 15N-label 

in other amino acids (Supplemental Fig. 4C). When calculating the label 
proportions, we determined that ~35% of the total Gln pool in the testa 
was labeled after 24 h. The label also appeared in significant amounts in 
Glu and Ala, and in smaller fractions in the other sampled amino acids 
(Pro, Val, Leu, Thr and Ser). This label transfer is indicative of under-
lying metabolic reactions and networks. 

Finally, we tested the kinetics of 15N-ammonium uptake in the seeds 
and the response to illumination (Supplemental Fig. 4D). Isotope ratio 
MS was applied to whole seeds collected after 2, 4, 6 and 8 h of feeding. 
The findings revealed a substantial effect of light on the isotope uptake 
rate into the seeds (approximately double the uptake rate under light 
conditions versus dark), highlighting the relevance of environmental 
conditions for assimilate uptake. 

Fig. 7. Uptake and metabolism of 13C- 
sucrose in the individual seed compart-
ments in B. napus. (A) Comparison of 13C- 
sucrose uptake in the embryo, endosperm 
and seed coat of seeds incubated in silique 
culture for up to 24 h; values plotted are 
mean ± SD (n=5). (B) Shift in isotope 
abundance for sucrose in the endosperm, 
measured using liquid chromatogra-
phy–mass spectrometry over a 24-h time 
course of silique culture (note that y-axis 
starts at 50%); the digits indicate the num-
ber of 13C atoms per molecule of sucrose (M 
corresponds to the unlabeled sucrose mole-
cule while M+12 corresponds to full label-
ling). (C) Light microscope image of the 
embryo surrounded by the endosperm dur-
ing the heart stage (toluidine staining). 
(D–G) Mass spectrometry images of seed 
sections (at 12 days after flowering) ac-
quired using MALDI-FT-ICR-MS after 
feeding with 13C-sucrose for 2 h. The images 
indicate (D) optical reference image of tissue 
section, (E) fully 13C-labeled sucrose, (F) 
unlabeled disaccharides with the sum for-
mula of C12H22O11, and (G) DHB matrix. 
Abbreviations: DHB - 2,5-dihydroxybenzoic 
acid; em - embryo; en - endosperm; sc - 
seed coat.   
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3. Discussion 

3.1. Mechanistic view of the endosperm role in Brassicaceae early seed 
development 

Our study provides in vivo evidences for the metabolic dominance of 
endosperm over the embryo during pre-storage phase of development in 
oilseed rapeseed. This phenomenon is likely predetermined by the origin 
of endosperm: “with an excess of maternal chromosomes over paternal 
ones, the mother can exert greater control over nutrient allocation to the 
progeny in relation to her own fitness” (Baroux et al., 2002). The diploid 
embryo and the triploid endosperm are enclosed completely by the testa, 
thus sharing space and nutrients (Figs. 1 and 2). Nutrient uptake by the 
embryo and endosperm therefore occurs via the surface areas facing the 
apoplast. While the embryo grows as a multicellular structure (small, 
densely packed cells), the endosperm initially avoids formation of cell 
walls and instead forms a giant multinuclear cytoplasm (coenocyte). 
During development, the endospermal coenocyte surface rapidly en-
larges due to the formation of a thin layer of cytoplasm underlying the 
testa, and at the same time envelops the embryo. In the proximity of the 
embryo (micropylar chamber) the endosperm is cellularized throughout 
(Fig. 7C), whereas its chalazal part is the last to cellularize (Van Lam-
meren et al., 1996). The endosperm acquires unlimited access to any 
nutrients released from the testa and is in a prioritized position for 
assimilate uptake/utilization. This implies metabolic dominance of the 
endosperm over the embryo, which can be interpreted as a growth 
constraint for the embryo (Ungru et al., 2008). The endosperm (along 
with the testa) defines the sink strength and accumulates osmolytes 
driving water uptake, cell expansion and gain in seed size. Endosperm 
development culminates in complete cellularization and differentiation 
of endosperm epidermis into aleurone. At this stage, the seed already 
reaches ~61% of its final volume, while the embryo contributes to just 
1% of this (Fig. 2). The embryo appears to bear no impact on seed size – 
seed coat development/seed size has been shown to be unaffected in 
seeds of embryo-free Arabidopsis mutants (Xiong et al., 2021). 

A consequence of the embryo-endosperm inequality is that the 
endosperm is the main carbon sink for nutrients during the early stages 
of seed development (Figs. 3B and 7A). However, the biosynthetic ca-
pabilities of the endosperm are rather poor, and deposition of starch, oils 
and storage proteins occurs only in the aleurone layer (Borisjuk et al., 
2013a,b). The endosperm preferentially accumulates soluble com-
pounds. As its storage capacity is limited, unutilized sugars migrate to-
ward the interior (facilitated by the activity of SWEET transporters; 
Chen et al., 2015), eventually becoming available to the embryo. To our 
understanding, such outsourcing can be described as overflow meta-
bolism rather than a kind of ‘altruistic behavior’, as has frequently been 
used to describe the relationship between the endosperm and embryo. 
The embryo has the opportunity to boost its growth only after the 
endosperm satisfies its own demand for growth and storage, and ac-
complishes its own developmental program by transition to pro-
grammed cell death (see also Ingram, 2017). 

The embryo becomes the main sink within the seed, accumulates 
biomass and increasingly occupies the seed interior volume by replacing 
the endosperm. This embryonic boost requires an increase in nutrient 
uptake from the surrounding endosperm, which is accomplished in two 
ways: first, the rise in sugar levels in endosperm/apoplast (sugars are 
known inducers of transfer cell differentiation) (Patrick and Offler, 
2020); secondly, the embryo surface enlarges during morphological 
transitions from the globular to torpedo and cotyledon stages. MRI 
modeling revealed that, with the formation of cotyledons, the embryo 
surface area increases substantially (Fig. 2). Cellularization of the 
endosperm, already observed at the heart stage of the embryo (Fig. 7C), 
precedes (but does not cause) the embryonic switch to maturation, in 
agreement with recent findings on Arabidopsis (O’Neil et al., 2019). It is 
rather the developmental death of the endosperm (Xiong et al., 2021), in 
part mediated by mechanical stress (Fourquin et al., 2016), which allows 

the embryo to win the competition for assimilates and space. 
Despite this switch in dominance, the endosperm keeps some control 

over the embryo’s environment. During development, the lipid-enriched 
aleurone forms an isolation barrier which completely encloses the seed 
interior except its chalazal region (Fig. 1C and Supplemental Movie 2). 
The chalazal seed coat of B. napus serves as the first point of entry, which 
is anatomically and transcriptionally specialized for nutrient transport 
(Ziegler et al., 2019). It is the portal for nutrients in Arabidopsis (Stadler 
et al., 2005; Werner et al., 2011; Geist et al., 2019). Specialization of the 
endosperm within this region appears to be a common feature not only 
in B. napus and Arabidopsis. The lack of lipid accumulation and forma-
tion of endosperm transfer cells at the nutrient delivery gate (nucellar 
projection) is documented also in grasses like Hordeum sp. and Triticum 
sp. (Brown et al., 1999; Melkus et al., 2011; Rolletschek et al., 2015; 
Radchuk et al., 2019; Olsen, 2020). Due to the persistence of aleurone in 
the mature seed, the endosperm keeps control over the metabolic 
environment of the embryo even after maturation, affecting seed 
dormancy (Penfield, 2017) and germination (Munz et al., 2017). The 
picture of the endosperm’s role in evolution of the flowering plant is still 
evolving. 

3.2. Osmotic species in the B. napus endosperm and implications for early 
seed expansion growth 

Sugars account for 50–70% of phloem sap osmolality (Patrick and 
Offler, 2001), and, as evidenced in the present study, this also applies to 
the endosperm sap of B. napus (Fig. 3A). In the phloem, sucrose is nor-
mally of particular relevance; however, the B. napus endosperm pre-
dominantly accumulates hexoses (at early-to mid-stage, due to high 
local invertase activity; see also Hill et al., 2003). Therefore, invertases 
play an important role in maintaining high osmotic pressure inside the 
endosperm as the seed is expanding. Potassium is another major osmotic 
species in phloem sap (Patrick and Offler, 2001), where it can inter-
change with sucrose to sustain sap osmolality. 

Notably, the present data imply that potassium serves an unprece-
dented role in the endosperm, with a two-fold significance: (1) in the 
early stage, potassium is the main osmotically active constituent in the 
endosperm fluid (Fig. 4A and C), making it the main driver of turgor, 
needed for expansion growth. A valid hypothesis is that potassium 
accumulation in the endosperm drives water uptake during very early 
stages of seed development, leading to expansion and seed growth. (2) 
Another likely function for potassium is the so-called ‘potassium battery’ 
(Gajdanowicz et al., 2011). For phloem, it is known that potassium 
efficiently stimulates the plasma membrane H+-ATPase, energizing 
transmembrane transport processes and, eventually, sugar loading into 
the phloem sap. Potassium serves as a decentralized energy storage, and 
could act as such in the seed by overcoming local energy limitations. 
Genetic studies have demonstrated the importance of potassium and its 
transporters for normal seed development. Functional cation/H+ ex-
changers (CHX17 and CHX18) promote early embryo development 
through the endosperm where these genes are expressed (Padmanaban 
et al., 2017). Knockout of intracellular Na+/H+ (NHX) antiporters 
(mediating vacuolar K+/H+ exchange) compromises cell elongation, 
and generate siliques with few or no seeds (Bassil et al., 2011). It should 
also be noted that potassium is not just a vacuolar osmoticum, driving 
turgor and cellular expansion, but also exists in significant amounts in 
the cytosol, where it is critical for protein function/stability and as an 
enzyme cofactor. In-depth studies on the dynamics of potassium in the 
endosperm are required to elucidate its relevance for normal seed 
development. It is possible that manipulation of potassium transporters 
offers novel avenues to stimulate seed growth/size, representing a major 
breeding and biotechnology target. 

3.3. Homeostasis versus imbalance (change) in endosperm composition 

A proposed metabolic function of the endosperm is that the young 
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embryo develops within a homeostatic environment, somehow uncou-
pled from external constraints (Melkus et al., 2009). For example, any 
immediate physiological and/or environmental effect on phloem 
transport will be buffered by the large sugar pool stored in the endo-
sperm. This may be necessary to sustain embryogenesis, although our 
findings also indicate that the metabolic equilibrium is not fixed, but 
underlies a developmental dynamic (Figs. 4 and 5). A prominent 
example is the well-known hexose/sucrose switch during mid develop-
ment, previously described in B. napus (Hill et al., 2003) and other 
species (Weber et al., 2005). 

The pool of carbon and nitrogen stored in the endosperm is not just 
that remaining from the phloem (i.e. not used up), but rather it results 
from active metabolism and selective demand by both the embryo and 
endosperm. For example, the imbalance found herein between glucose 
and fructose in the endosperm (Fig. 4B) hints to selective demands. 
Indeed, Hill et al. (2003) pointed out that the B. napus embryo likely 
favors fructose rather than glucose, evidenced by almost double the 
uptake rate for fructose (versus glucose) and double the enzyme activity 
of fructokinase (versus glucokinase). Another example is the amino acid 
composition of the endosperm (Fig. 4D), which differs significantly from 
that of the phloem (Lohaus and Moellers, 2000). In the latter, the pre-
dominant amino acids are Gln and Glu, followed by Ser, Asp and Thr. 
This difference indicates active amino acid metabolism in the endo-
sperm (and testa) of B. napus, in agreement with the findings that 
endosperm cells express the enzymatic machinery needed for active 
amino acid synthesis (Lorenz et al., 2014), and substantial amounts of 
storage protein are accumulated in the aleurone layer (Borisjuk et al., 
2013a,b). Several complex biological mechanisms govern the metabolic 
activity of the endosperm, and that biochemical analyses can provide 
important links to the tripartite metabolic interactions between the 
testa, endosperm and embryo. 

3.4. Imaging technologies for understanding assimilate allocation in seeds 

We examined B. napus seeds and characterized the metabolic envi-
ronment of the embryo using various state-of-the-art approaches. 
However, none of these approaches alone was sufficiently informative to 
achieve our goal. The embryo is buried deep inside the seed, making the 
analysis difficult. Observation by means of a light microscope can allow 
detection of endosperm cellularization and embryo structures only after 
dissection of the seed. Reconstruction of volumetric relationships is 
difficult (Ohto et al., 2009), as is biochemical analysis of the tissues. 
Fast-freezing of the seed, followed by cryosectioning, enables the 
observation of snap shots of the tissues and, thereby, precise reflections 
of the metabolic conditions (Schiebold et al., 2011). MSI is appropriate 
for this purpose, by providing high chemical resolution (Boughton et al., 
2016). MSI was therefore the method of choice for tracing 13C-labeled 
sucrose in order to uncover the pathway of sugar allocation within the 
seed. Infrared-based microspectroscopy also enables the visualization of 
sucrose in seeds at a microscopic level of resolution (~12 μm) (Guendel 
et al., 2018). It should also be considered that reconstruction of 3-D 
metabolite distributions based on destructive sampling is challenging 
due to significant time requirements for data acquisition and processing, 
though not impossible (Sturtevant et al., 2017; Boughton et al., 2019). 

In vivo assays are the desired approaches for the study of seeds. X-ray 
tomography provides extremely high spatial resolution for 3-D- 
modeling and structural studies (Verboeven et al., 2013). Its draw-
back, however, is that it cannot provide chemical resolution and relies 
on ionizing radiation, which excludes long time monitoring of devel-
opment. In the present study, we applied MRI, which is limited in spatial 
resolution, but is capable of non-invasive structural and chemical im-
aging of a living object. In vivo MRI is particularly relevant for the cases 
of soft or fluid tissues, such as the central endosperm vacuole in rape-
seed. Tissue quality is not compromised by preparation (no freezing, 
sectioning, embedding), and volumetric assays based on MRI, as used 
herein, reflect the real spatial relationships inside of the living seed. We 

show here how MRI integrates structural and metabolic features of the 
seed interior. The endosperm dominates in size and largely influences 
the microenvironment of embryo during early development. Combining 
of in vivo observations (MRI) with other approaches can help to under-
stand how a gradient of sugars and other factors inside of developing 
seeds (including hormones and physical interactions; see Wang et al., 
2019; Rolletschek et al., 2020; Ingram et al., 2020; Lu et al., 2021) could 
act as a positional signal for cells and orchestrate embryogenesis. 

Overcoming of barriers in resolution and sensitivity in the field of in 
vivo imaging (Sturtevant et al., 2020; Van Schadewijk et al., 2020) 
provides unique opportunities to examine different cell types even in 
small seeds. It is expected that the detection of metabolite gradients 
across tissues and apoplastic interfaces will fill certain gaps in our un-
derstanding of fundamental processes in seed biology. Overall, spatially 
resolved metabolite analysis and imaging can provide valuable infor-
mation to ongoing research. 

4. Materials and methods 

4.1. Plant material, growth conditions and sampling 

Plants of B. napus (cultivar Westar) were grown in a glasshouse under 
conditions of 22±2 ◦C, a 16-h photoperiod (250 mmol quanta m− 2s− 1), 
and 60% relative humidity. Plant growth was restricted to the main stem 
and two lateral stems; side shoots were removed upon emergence. 
Flowers were tagged on the day of anthesis. At the desired stage, seeds 
were quickly isolated from intact siliques and opened with a scalpel 
under a dissecting microscope. Distinct volumes of the liquid endosperm 
fraction were collected using a Hamilton microliter syringe (600 series) 
and snap-frozen. In certain cases, the remaining testa and embryo were 
also sampled. Prior to snap-freezing, the testa/embryo tissue was dipped 
twice into distilled water and softly blotted with tissue paper in order to 
remove any endospermal liquid from its surface. Three to five biological 
replicates per time point were collected, with each sample consisting of 
at least three individual seeds. 

4.2. Microsensor-based pH analysis of the liquid endosperm fraction 

All pH data were recorded using the microsensor pH-1 micro (Pre-
Sens GmbH, Regensburg, Germany). Fresh seeds were cut to allow im-
mediate entry of the microsensor into the seed interior. The sensor tip 
(~50 μm) was immersed in the endosperm liquid for at least 4 min to 
allow full equilibration. Sensor calibration was performed using cali-
bration standards (pH 5, 6, 7, 8, 9), according to the manufacturer’s 
instructions. 

4.3. Silique culture and isotope labeling procedures 

For isotope labeling in seeds within intact siliques, the siliques were 
detached from the plant with a scalpel and immediately placed in a 
solution containing 25% Murashige and Skoog medium and 2 mM MES 
at a pH of 5.6 (all Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany). 
For the experiments on tracing sugar uptake, the medium also contained 
100 mM [UL-13C12]-sucrose or [UL13C6]-glucose (Campro Scientific 
GmbH; Berlin, Germany) and 50 mM unlabeled Gln. For the experiments 
on tracing amino acid uptake, the medium contained 100 mM unlabeled 
sucrose and 50 mM [15N2]-Gln (Campro Scientific GmbH). In some 
cases, labeled Gln was replaced with 50 mM 15N-labeled NH4Cl. The 
incubation time varied for the different experiments as described in each 
section. Please note that siliques were gently surface-sterilized, and all 
liquids/materials/incubations flasks were made sterile before use. In-
cubation was performed in a glasshouse to ensure stable growth con-
ditions. Following incubation, the seeds were removed from the siliques 
and either frozen intact or rapidly dissected into the embryo, endosperm 
and testa fractions. The material was snap-frozen in liquid nitrogen and 
stored at − 80 ◦C until further use. 
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4.4. Biochemical analysis using liquid chromatography and mass 
spectrometry 

For targeted analyses, frozen material (testa/embryo) was homoge-
nized in 1.5-mL microcentrifuge tubes (Eppendorf AG, Hamburg, Ger-
many) by manual grinding with a pestle. The samples were then 
extracted with 1:1 (v/v) methanol/chloroform containing 2.5 nmol 
acephate (Sigma-Aldrich Chemie GmbH) as an internal standard in a 
Retsch TissueLyser (Qiagen GmbH, Hilden, Germany) for 180 s at 1800 
strokes per second (racks precooled to − 80 ◦C). Subsequently, distilled 
water was added to achieve two layers, and the samples were centri-
fuged at 2000 g for 5 min. The main fragment of the upper water/ 
methanol layer was filtered through Vivaclear centrifugal filters (0.8 μm 
pore size; Sartorius Stedim Biotech GmbH, Göttingen, Germany) at 2000 
g for 2 min. The endosperm was diluted 10-fold with 1:1 water/meth-
anol (incl. internal standard) and filtered by same Vivaclear centrifugal 
filters. 

The analyses of soluble sugars, organic acids, amino acids and other 
organic intermediates were performed by means of hydrophilic inter-
action chromatography coupled to triple-quadrupole MS, as described 
previously (Schwender et al., 2015). Absolute quantification of metab-
olites was performed, following external calibration with authenticated 
standards. All 13C/15N-labeled intermediates were measured using the 
same method, but applying distinct MS detection parameters, as listed in 
Supplemental Table 2. 

Analysis of inorganic ions was performed using ion chromatography 
(ICS-3000 system, Dionex GmbH, Idstein, Germany) with suppressed 
conductivity detection. For anions, the IonPac AS19 (250 × 2 mm2) 
analytical column and its respective guard column (AG19) were used in 
an isocratic run with 20 mM NaOH as the mobile phase. For cations, the 
IonPac CS16 (250 × 5 mm2) analytical column and its respective guard 
column (CG16) were used in an isocratic run with 26 mM meth-
anesulfonic acid as the mobile phase. All solutions were prepared ac-
cording to the manufacturer’s instructions, using ultrapure water with a 
specific resistance of 18.2 MΩ cm (Millipore; Merck KGaA, Molsheim, 
France). Commercially available certified standard solutions (Dionex™ 
Combined Standards; Thermo Fisher Scientific, Inc., Sunnyvale, CA, 
USA) were used for external calibration. 

4.5. MRI, MR spectroscopy and modeling 

MRI and MRS experiments were performed using a Bruker Avance 
III™ HD 400 MHz NMR spectrometer (Bruker BioSpin GmbH, Rhein-
stetten, Germany) equipped with a 1000 mT/m gradient system and 
resonators with inner diameter of either 10 mm or 25 mm. For dis-
playing the 3-D morphology and volumetric analysis of living seeds an 
adjusted spin echo sequence to measure water and lipid simultaneously 
was used (Munz et al., 2017). Global frequency-selective RF pulses 
(“calculated” shape with bandwidth 1500 Hz) facilitated the separate 
excitation of water or lipid. An interleaved acquisition scheme was 
conducted as described earlier (Munz et al., 2016). For modeling of 
living seeds inside of a silique, a water and lipid image with isotropic 
resolution of 70 μm was acquired by using a repetition time (TR) of 400 
ms; echo time (TE), 6 ms; number of averages (NA) 4; field of view (FOV) 
11 x 7.5 × 7.5 mm3; matrix size 157 x 107 x 107. Additionally, a similar 
measurement of another silique was conducted with the same sequence 
parameters but a larger FOV (30 x 14.5 × 14.5 mm3, matrix size 375 x 
181 x 181) and NA=1. For 3-D-models of single seeds, MR images with 
an isotropic resolution of 70 μm were utilized; the sequence parameter 
were as follows: TR, 400 ms; TE, 6.1 ms; NA, 4; FOV 12 x 6 × 6 mm3; 
matrix size 100 x 93 x 93. 

For the MR spectroscopy measurements on a rapeseed, a proton 
reference image of the examined slice (thickness 350 μm) was acquired 
using a rapid acquisition with relaxation enhancement (RARE) sequence 
with TR, 1000 ms; TE, 5 ms; resolution, 50 × 50 μm2; NA, 16; RARE 
factor 4. The local distribution of sugars and lipids was detected with a 

slice-selective chemical shift imaging (CSI) method applied in spin-echo 
mode (total measurement time, 41 min 32 s). The sequence parameters 
were as follows: TR, 1000 ms; TE, 1.2 ms; field of view, 2.8 × 2.8 mm2; 
resolution, 165 × 165 μm2; number of scans, 2492. The experiment was 
performed with and without water suppression (VAPOR; pulse band-
width, 250 Hz). The metabolite images were calculated by integrating 
the corresponding peak areas. 

Image reconstruction was performed using MATLAB (MathWorks; 
https://mathworks.com/). 

Segmentation and seed modeling were performed using AMIRA 
2020.3 (Thermo Fisher Scientific, Inc.), as described previously (Bor-
isjuk et al., 2013a,b). 

4.6. MALDI-MSI procedures 

Incubated seeds were typically flash frozen in liquid nitrogen and 
stored at − 80 ◦C to prevent enzymatic degradation or analyte migration. 
Subsequently, samples were cryosectioned to a thickness of 30–50 μm. 
Carboxymethyl cellulose was used as an MSI-compatible embedding 
medium. Tissue sections were thaw-mounted and dried in a desiccator at 
reduced pressure (Boughton and Thinagaran, 2018). Matrix, 2,5-dihy-
droxybenzoic acid (50 mg/mL in acetone) was applied with a 
TM-Sprayer (HTX Imaging, Chapel Hill, NC, USA) (1200 mm/min nozle 
transit speed, a flow rate of 150 μL/min, drying gas temperature set to 
30 ◦C, using 1.5 mm track spacing with 0.75 mm track offset for repeat 
passes, a total of 4 passes were conducting using an alternating 
criss-cross pattern) coupled to a Shimadzu LC-20AD pump (Shimadzu 
Corporation, Kyoto, Japan). MALDI-FT-ICR-MS (Solarix 7T XR; Bruker 
Corporation, Billerica, MA USA) was used in the positive ion mode with 
optimized ion transfer settings across the mass range 200–1500 m/z 
using a data size of 2M providing a mass resolution of >120,000 at 400 
m/z. The MS was calibrated with elemental red phosphorous clusters. 
For imaging tissue sections, the laser was set to 37% power, using the 
minimum laser spot size, 2000 shots were fired at 2 kHz for each pixel to 
specifically detect unlabeled and 13C-labeled compounds with a raster of 
25 × 25 μm. Sucrose was observed as [M+K]+ m/z 381.07953 (theo-
retical C12H22O11K+ m/z 381.079369, 0.42 ppm mass error), 13C-su-
crose as [M+K]+ m/z 393.11959 (theoretical 13C12H22O11K+ m/z 
393.119627, 0.09 ppm mass error). 

4.7. Isotope ratio MS and calculation of uptake rates 

To analyze the incorporation of 13C- or 15N-label into the plant ma-
terial, freeze-dried pulverized samples were used for elemental analysis 
coupled to isotope ratio MS (EA-IRMS; Elementar Analysensysteme 
GmbH, Langenselbold, Germany) according to the manufacturer’s pro-
tocols, and acetanilide was used as a calibration standard. From the 
12C/13C (or 14N/15N) ratio, the uptake rates were calculated taking into 
account the total amount of carbon (or nitrogen), the material dry 
weight and the incubation time. Potential respiratory loss of 13C-label 
during incubation was not taken into account, possibly leading to slight 
underestimation of the actual carbon uptake rates. 

4.8. Histology 

All histological procedures performed in the present study are 
described in detail elsewhere (Borisjuk et al., 2013a,b). 
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