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SUMMARY

Efficient nutrient mobilization from seed storage tissues is essential for seedling establishment, particularly
in legumes such as Lupinus albus (white lupin), which thrive in nutrient-poor soils. This study investigates
the role of cotyledons in nitrogen (N) and mineral remobilization after germination during their transition
from storage organs to photosynthetically active tissues, including the metabolic challenges posed by the
coexistence of these two functions in epigeal germination. We cultivated white lupin seedlings under
nitrogen-deficient conditions, analyzing cotyledon composition and function over 28 days. Our results indi-
cate that 60% of cotyledon-stored proteins are degraded within the first 8 days, with free amino acids tran-
siently accumulating before being redistributed to support growth. The progressive depletion of cotyledon
reserves was accompanied by structural and metabolic changes, including an increase in photosynthetic
proteins. However, cotyledon photosynthetic capacity remained lower than that of true leaves, suggesting a
transient role in energy metabolism. The loss of cotyledons before day 12 significantly impaired seedling
development, emphasizing their critical contribution to nitrogen, phosphate, and micronutrient supply dur-
ing early growth. Comparative proteomic analysis revealed dynamic shifts in nutrient transport, amino acid
metabolism, and stress response pathways following cotyledon removal. These findings underscore the sig-
nificance of cotyledon nutrient remobilization in legume adaptation to low-fertility soils and highlight
potential targets for breeding strategies aimed at improving nutrient use efficiency. By optimizing cotyledon
nutrient composition and function, future breeding efforts could enhance seedling vigor, reduce fertilizer
dependency, and improve the nutritional value of lupin-based foods.

Keywords: amino acid metabolism, Lupinus albus, mineral nutrients, nitrogen storage, resource
remobilization.

INTRODUCTION . . .
opucTio among the oldest domesticated legumes in the Mediterra-

Pulse legumes are essential to global nutritional security
due to their high protein content and richness in micronutri-
ents. They are increasingly recognized as sustainable alter-
natives to meat, contributing to healthier diets and
environmentally friendly agricultural systems. Among
them, orphan legumes, such as white lupin (Lupinus albus),
play an important role in enhancing agrobiodiversity, as
their use promotes diversification of crop systems, supports
ecosystem services like nitrogen fixation, and contributes to
food security in marginal environments. White lupin is
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nean region, with a cultivation history dating back over four
millennia (Abraham et al., 2019). Lupins are notable for their
high seed protein content ranging from 35 to 45% of dry
matter, surpassing that of many other legumes including
peas. They are also a valuable source of essential minerals,
particularly iron (Fe) and zinc (Zn) (Karnpanit et al., 2017;
Pereira et al., 2022; Spina et al., 2024). Despite these advan-
tages, lupins currently hold a relatively modest position in
global agriculture behind major grain legumes, such as soy-
beans, beans, peas, and lentils (FAO FAOSTAT,;
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https://www.fao.org/faostat/en/#data/QCL). ~ Within  the
genus Lupinus, the white lupin is primarily cultivated in
southern Europe, whereas L. angustifolius (narrow-leaved
lupin) dominates production in Australia (Abraham
et al., 2019). Globally, only about 4% of lupins are used for
direct human consumption, with the majority utilized as ani-
mal feed (Belski, 2012). Nevertheless, white lupin is gaining
attention as a locally sourced, sustainable plant-based pro-
tein, particularly suited to vegan and gluten-free diets and
increasingly seen as a viable alternative to imported
soybean.

White lupin is particularly well adapted to
nutrient-poor soils due to its specialized root system and
efficient nutrient remobilization strategies. As legumes,
lupins are able to acquire nitrogen from the environment
through symbiotic fixation (Lucas et al., 2015). In addition,
Lupinus albus can remobilize soil phosphates very effi-
ciently by the formation of specialized cluster roots (Pueyo
et al., 2021; Xu et al., 2020). However, seedling establish-
ment still presents a significant challenge in nutrient-poor
soils since plants rely on internal nutrient reserves before
the specialized root system becomes fully functional. This
dependency places specific demands on the quantity, com-
position, and metabolism of seed storage compounds,
which have not been fully understood.

The cotyledons represent the primary nutrient store in
lupin seeds. Upon seed maturation, storage proteins and
lipids are deposited in protein storage vesicles and oil bod-
ies within the cotyledon cells (Borek et al., 2009). In addi-
tion, L. albus seeds contain carbohydrates, mostly
cellulose and oligosaccharides of the raffinose family,
which are non-digestible in humans and other monogastric
animals (Gdala & Buraczewska, 1996; Sanyal et al., 2023).
During germination, raffinose is hydrolyzed to sucrose and
galactose, which can then serve as a source of energy
and as a precursor for cellulose synthesis (Elango
et al., 2022; Sanyal et al., 2023). The stored lipids represent-
ing 7-14% of the seed dry weight (DW) are rapidly hydro-
lyzed by lipases, and the free fatty acids are further
metabolized to acetyl-CoA and NADH via p-oxidation in the
peroxisomes (Baker et al., 2006; Borek et al., 2012; Gra-
ham, 2008). The glyoxylate cycle converts acetyl-CoA to
succinate for the synthesis of carbohydrates during gluco-
neogenesis, and citrate can be exported from the peroxi-
somes into the mitochondria for ATP production (Baker
et al., 2006; Pracharoenwattana et al., 2005; Pracharoenwat-
tana & Smith, 2008). White lupin seeds are remarkably rich
in protein (30-40%); yet, they do not primarily rely on
amino acids from storage protein breakdown for energy
production or anabolic processes during germination and
early seedling establishment (Angermann et al., 2024).
Instead, the total protein content remains relatively stable
until the seedling emerges from the soil, and thus the coty-
ledons can serve as a nitrogen store for the developing

plant after the germination process has been completed.
This delayed utilization of storage proteins suggests a
highly regulated nutrient allocation strategy with a strong
impact on seedling development on nutrient-poor soils
that warrants further investigation.

After initially serving as nutrient reserves, cotyledons
undergo a dynamic transformation during seedling devel-
opment. In species such as lupins, which exhibit epigeal
germination, elongation of the hypocotyl lifts the cotyle-
dons above the soil surface, where they transition into
photosynthetically active organs before eventually senes-
cing (Lovell & Moore, 1970). This transition to photosyn-
thetic activity represents a major metabolic shift and
allows cotyledons to contribute additional energy and car-
bon resources, reducing immediate dependence on stored
metabolites. By contrast, in hypogeal germination charac-
teristic of many other legume species, cotyledons remain
underground and function solely as storage organs until
fully depleted. The epigeal strategy of white lupin, there-
fore, presents a unique developmental context in which
cotyledons must reconcile two fundamentally distinct func-
tions: retaining large reserves of storage proteins and free
amino acids while simultaneously becoming photosynthet-
ically active. It remains to be established how lupins coor-
dinate this functional transition without compromising the
integrity of either role.

Some information can already be deduced from stud-
ies in soybean (Glycine max), which also performs epigeal
germination. Transcriptomic analyses indicate a temporal
progression of metabolic events in the cotyledons during
plant development, beginning with transient activation of
the glyoxylate cycle and mobilization of lipid and protein
stores, followed by chloroplast development and the onset
of senescence (Brown & Hudson, 2015; Gonzalez & Vod-
kin, 2007). While these findings provide a useful frame-
work, the regulatory mechanisms, developmental timing,
and physiological trade-offs of such transitions in white
lupin remain largely unexplored.

Additionally, the dynamics of mineral redistribution
from cotyledons to the developing plant are poorly under-
stood. Earlier work on lupin seedling nutrition (Page
et al., 2006) focused primarily on root uptake of selected
micronutrients and heavy metals, and did not take the
internal remobilization of seed-borne mineral nutrients,
such as iron, copper, zinc, and phosphorus during cotyle-
don transformation into account. Understanding how coty-
ledons contribute to spatial and temporal nutrient
allocation is particularly important under nutrient-limited
conditions or when root function is impaired.

Cotyledon loss experiments, involving artificial
removal of the cotyledons at different timepoints during
seedling establishment, can provide information on how
plant development and survival are affected by the loss of
stored resources. Previous studies revealed that the
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negative impact of cotyledon loss strongly depends on the
extent and timing of tissue removal, as well as on the spe-
cies and seed size (EI-Amhir et al., 2017; Hanley &
Fegan, 2007; Hanley & May, 2006; Nunes et al., 2024; Wang
et al., 2019; Yang et al., 2021; Zhang et al., 2011). Cotyledon
removal experiments mimic environmental stressors, such
as herbivory and mechanical damage, both of which can
severely impair seedling establishment, especially in
nutrient-poor soils. Despite its ecological and agronomic
relevance, little is known about the compensatory mecha-
nisms that sustain growth following cotyledon loss in
legumes like white lupin.

To address these gaps, we conducted a time-resolved
analysis of white lupin seedlings using quantitative proteo-
mics and mineral profiling to characterize the developmen-
tal transition of cotyledons from storage to
photosynthesis. In parallel, we evaluated the impact of cot-
yledon removal on seedling growth and nutrient status
under nutrient-limited conditions. Together, these
approaches aim to clarify how cotyledons support early
seedling vigor, not only as passive reservoirs of nutrients,
but also as active and adaptable contributors to metabo-
lism, resource redistribution, and stress resilience during
early plant establishment.

RESULTS
Exploring the role of the cotyledons after germination

Previous research indicates that while storage lipids play
a significant role during germination, storage proteins are
primarily degraded at later developmental stages (Anger-
mann et al., 2024). This suggests that proteins serve a dif-
ferent physiological purpose beyond germination. To
explore this further, we cultivated L. albus for 28 days
under nitrogen-limited conditions without rhizobia (which
fix atmospheric nitrogen) and without nitrogen fertiliza-
tion (Figure 1, Figure S1). This experimental set-up
ensures that the plants rely entirely on their seed reserves
for nutrient supply. The cotyledons were removed and
analyzed at five different time points (8, 12, 16, 20,
28 days after sowing, Figure 1A,B,D) and the phenotype
as well as composition of the remaining plant was
assessed at day 28 (Figure 1C,E).

The cotyledons lost half of their total biomass and
60% of their protein content already during the first 8 days
of germination and seedling establishment (Figure 1D).
High levels of free amino acids transiently accumulated
with a peak in the cotyledons of juvenile plants between
day 8 and 12. The total nitrogen content of the cotyledons
continuously decreased over the 28 days and finally
reached 5% of the original seed content. Removing the cot-
yledons after day 12 did not lead to any significant
changes in plant biomass, total nitrogen, protein, or amino
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acid content compared to the control (28d) (Figure 1E). Cot-
yledon loss at day 8 resulted in a drastic reduction of the
plant size as well as nitrogen metabolite contents at day 28
(Figure 1C,E). The total nitrogen content of the 4-week-old
plant was 62% lower than in the control (5.9 + 0.5 vs.
15.2 + 0.8 mg, Figure 1E) and the missing fraction corre-
sponded almost exactly to the nitrogen content of the
removed cotyledons (11.3 £+ 1.4 mg, Figure 1D). The effect
of cotyledon loss at day 12 was less pronounced but of a
similar quality. Plants remained smaller with a lower pro-
tein and amino acid content than controls.

Reorganization of the cotyledon proteome during
transformation from storage organ to photosynthetic
tissue

To monitor the transformation of the cotyledons from a
storage organ to a photosynthetic tissue, we analyzed
changes in the proteome composition using our manually
curated Lupinus albus proteome database for functional
protein annotation (Angermann et al., 2024). The cotyle-
dons represent a large part of the seedling at early devel-
opmental stages (65% of the DW at day 8 and 42% at day
12) but only a minor fraction in the mature plant
(Figure 2A). The seed proteome is dominated by storage
proteins (28%), LEA proteins (6%) and proteins of the stor-
age oil bodies (oleosins) (10%) (Figure 2C,D). Half of these
major seed protein categories are degraded within the ini-
tial 8 days of development. About 44% of the nitrogen lib-
erated by this proteolytic process is stored in the free
amino acid pool, mainly in the form of asparagine
(Figures 1D and 4A, Datasets S1 and S2) and the rest is
directly reinvested into new functional proteins. The most
pronounced reorganization of the cotyledon proteome
occurs during the first 8 days of development (Figure 2B-
D). Enrichment analysis of functional annotations indicates
a strong induction in primary metabolism, including amino
acid metabolism, cellular respiration, lipid degradation,
nucleotide synthesis, as well as photosynthesis and the
production of the required cofactors (tetrapyrrole and iso-
prenoids, Figure 2E) during seedling establishment. Subse-
quently, the relative composition of the proteome does not
change as drastically (Figure 2D). However, the protein
fraction required for photosynthesis continuously
increases during further development of the cotyledons
until day 16 (Figure 2D, Figure S2). The functional category
“transport” is significantly enriched in all comparisons,
indicating dynamic changes in the transporter profile of
the cotyledons throughout plant development. This
includes an early upregulation of proteins involved in
mobilization and reallocation of iron (Fe) or regulation
thereof, such as orthologs of nicotianamine synthase
AtNAS1, transporters for Fe, nicotianamine-Fe, and
nicotianamine-Cu, as well as a transporter for Fe signals
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Figure 1. Exploring the role of the cotyledons after germination.

(A) Scheme of the experimental set-up. Plants were grown for 28 days, and cotyledons were removed at day 8, 12, 16, 20, or 28 (control) after sowing.

(B) Photos of shoots and cotyledons of representative plants at the time of cotyledon removal. Cotyledons: left: top view, right: bottom view.

(C) Phenotype of representative plants at day 28 after sowing.

(D) Biomass and composition of the cotyledons at day 0, 8, 12, 16, 20, and 28 after sowing. Data presented are means + SD (n = 5). Means were compared using
one-way ANOVA followed by Tukey’s HSD test. Letter-based significance grouping was used at a significance level of P < 0.05; means sharing the same letter
are not significantly different. The complete dataset is provided as Dataset S1.

(E) Biomass and composition of the plants at day 28 after sowing. Data presented are means + SD (n = 5). Means were compared using one-way ANOVA fol-
lowed by Tukey’s HSD test. Letter-based significance grouping was used at a significance level of P < 0.05; means sharing the same letter are not significantly
different. The complete dataset is provided as Dataset S1.

(YSL6, NRAMP3, OPT3; Dataset S2). These findings sug-
gest that Fe and metal ion homeostasis is also a relevant
feature of cotyledon transformation. During cotyledon

senescence, proteins involved in nutrient signaling and
transport, as well as cell wall metabolism, are increased
(Figure 2D, Dataset S2).
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Figure 2. Reorganization of the cotyledon proteome during transformation from storage organ to photosynthetic tissue.

(A) Biomass of lupin plants and cotyledons at 0-28 days after sowing. Data presented are means + SD (n = 5).

(B) Principal component analysis of the lupin cotyledon proteomics dataset. Data presented are means of five biological replicates.

(C) Total protein content of the cotyledons and mass fractions covered by the major functional categories at day 0-28 after sowing. Numbers in parentheses
indicate the number of different protein groups detected in the respective category. Mass fractions (protein abundances obtained by MS [iBAQ], multiplied with
protein molecular weight) for all individual proteins are provided in Dataset S2. Data presented are means of five replicates.

(D) Proteomaps illustrating the quantitative composition of the cotyledon proteome at day 0, 8, and 28 after sowing. LEA, LEA proteins; metab., metabolism;
mod., modification; OLE, oleosins; PS, photosynthesis. Proteins are shown as polygons whose sizes represent their mass fractions (see C). Proteins involved in
similar cellular functions are arranged in adjacent locations and visualized by colors. Proteomaps were produced using the tool provided at https://bionic-vis.
biologie.uni-greifswald.de/ (Liebermeister et al., 2014). Data presented are means of five biological replicates.

(E) Significant changes in the cotyledon proteome during development from storage organ to photosynthetic tissue. Relative changes in abundance between
subsequent sampling timepoints were analyzed for each individual protein group. Enrichment of functional annotations in the subset of proteins with signifi-
cantly increased abundance compared with the total proteome was analyzed for each comparison, and significantly enriched categories are listed in the boxes
in the order of descending enrichment factors. Data presented are means of five biological replicates. The complete dataset is provided as Dataset S2.
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A direct comparison of the cotyledons to the true
leaves at day 12 after sowing shows that while the leaves
have an even higher protein content than the cotyledons at
this stage, the cotyledons contain almost twice as much
free amino acids (Figure 3A, Figure S3). The proteome
composition is clearly different in these two tissues and
shows that although photosynthetically active, the cotyle-
don metabolism is dominated by catabolic pathways, such
as lipid, protein, and amino acid degradation, as well as
mitochondrial respiration (TCA cycle and OXPHOS,
Figure 3C,D). Proteins related to photosynthesis represent
22% of the total protein mass in the cotyledons compared
with 40% in the leaves, which also contain a fourfold
higher chlorophyll content combined with a larger area
(80+15 vs. 3.0+0.3cm?) than the cotyledons
(Figure 3A). Comparison of photosynthetic performance
using the light saturation curve of photosynthesis shows
much higher electron transport rates in leaves at all light
intensities (Figure 3B). Comparable results were obtained
by comparing the net photosynthetic rates of leaves and
cotyledons. At a photon flux density of 500 pumol
photons m~2 s~', net photosynthetic oxygen production in
leaves is nine times higher than in cotyledons (23.0 + 4.5
vs. 2.6 + 1.8 umol oxygen min~' g~' DW) (Dataset S3).
Interestingly, the maximum quantum yield of photosystem
Il (cotyledon: 0.846 + 0.005; leaf: 0.848 + 0.004) is similar
in both tissues at 12 days after sowing (Dataset S3). In
addition to photosynthesis, the sulfur assimilation path-
way, as well as protein, lipid, and amino acid synthesis
reactions, are enriched in the leaves compared with the
cotyledons (Figure 3C,D).

Remobilization of nutrients from the cotyledons

Taken together, the proteome datasets and amino acid pro-
files reveal that nitrogen remobilization from the cotyle-
dons to the growing lupin plant proceeds in two stages. A
large fraction of the protein store from the seed (60%) is
degraded already during germination and early seedling
establishment (Figures 1D and 2C). However, high levels of
free amino acids in the cotyledons of young plants
(>200 mM at day 8) indicate transient storage of nitrogen
in the free amino acid pool for later utilization in the grow-
ing plant (Figures 1D and 4A). The exceptionally high share
of free amino acids in the total pool persists in the cotyle-
dons until day 20, whereas the total biomass and thus also
the total amino acid content decrease drastically
(Figures 1D and 4A).

In addition to nitrogen, carbon is also in high demand
during germination and early seedling development and
must be mobilized from seed storage reserves before pho-
tosynthesis becomes fully active. Alongside proteins, car-
bohydrates and lipids serve as major carbon reserves in
lupin seeds, contributing approximately 23 and 12% to
seed dry mass, respectively (Figure S4, Dataset S1). Lipid

stores were rapidly depleted, with total cotyledon
lipid content decreasing by 75% by day 8 after germina-
tion, accompanied by a drop in relative lipid concentration
from 116 + 20 to 54 + 7 mg g ' DW (Figure S4). In con-
trast, the relative carbohydrate content in the cotyledons
remained stable over the same period and the total content
decreased in proportion to their biomass, suggesting that
any additional initial remobilization of carbohydrate
reserves may have already been balanced by the onset of
photosynthetic activity by day 8.

L. albus is well adapted to growing on soils with a low
phosphate content due to its ability to develop specialized
cluster roots (Pueyo et al., 2021; Xu et al., 2020). Thus,
phosphate storage and supply to the young plant might
also be an important function of the cotyledons. The phos-
phate store of the white lupin seeds analyzed in this study
mainly consisted of organic compounds (Figure 4B, phos-
phate). The total phosphate content of the cotyledons
decreased continuously during the first 4 weeks of plant
growth, with the strongest drop (50%) occurring during
germination and seedling establishment until Day 8. Coty-
ledon removal after day 12 had no significant effect on the
total phosphate content of the plants at day 28. In contrast,
loss of cotyledons at Day 8 or 12 resulted in a drastic
reduction in the plant's phosphate content at Day 28. The
missing fraction corresponded to the phosphate content of
the removed cotyledons (Dataset S1).

There are further important macro- and micronutrients
present in the cotyledons that can serve in photosynthesis.
To test whether they were utilized with a similar or differ-
ent pattern from N-storage compounds and phosphate, we
conducted an elemental analysis using the same approach
as described above (Figure 4B). As expected, the phospho-
rus (P) pattern followed that of phosphate and N. There
was a continuous usage of P from the cotyledons during
the 28 days, while no extra P was acquired from soil
(Figure 4B, phosphorus). Since phosphate is the P form in
living organisms, this was expected. Surprisingly, the
other tested elements showed evidence of two new nutri-
ent usage patterns. Iron (Fe) and sulfur (S) are needed for
electron transport in chloroplasts and energy production in
mitochondria. Fe is also required as a cofactor for chloro-
phyll biosynthesis, S and N assimilation. Both Fe and S
were nearly fully used from cotyledons during the first
8 days of germination prior to the onset of photosynthesis
in cotyledons (Figure 4B, sulfur, iron). Already during this
time frame, seedlings began acquiring residual Fe and S
from the root substrate. In contrast, micronutrients like
copper (Cu), zinc (Zn), and macronutrient magnesium (Mg)
were used from cotyledons during the first 8 days, while
only after that the increase in total plant contents must be
through root uptake (Figure 4B, copper, zinc, magnesium).
Hence, there are different dynamics of mineral mobilization
from cotyledons and soil, with at least three different
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Figure 3. Proteome composition and photosynthetic performance of cotyledons versus true leaves in a lupin plant at 12 days after sowing.

(A) Biomass and composition of the cotyledons and the true leaves. Data presented are means + SD (n = 5). *Significantly different from control (cotyledon)
(P < 0.05).

(B) Light saturation curve of photosynthesis. Data presented are means of five biological replicates.

(C) Comparison of the quantitative and relative composition of the cotyledon proteome and the leaf proteome. LEA, LEA proteins; metab., metabolism; SP, stor-
age proteins. Proteomaps illustrate the quantitative proteome composition. Proteins are shown as polygons whose sizes represent their mass fractions. Proteins
involved in similar cellular functions are arranged in adjacent locations and visualized by colors. Proteomaps were produced using the tool provided at https://
bionic-vis.biologie.uni-greifswald.de/ (Liebermeister et al., 2014). The volcano plot illustrates log, fold changes (FC) in relative protein abundances between the
two tissues. The significance threshold is indicated by solid lines. Proteins of catabolic pathways enriched in the cotyledons are highlighted in orange and pro-
teins of synthesis pathways enriched in the true leaves are highlighted in green (see D). Data presented are means of five biological replicates.

(D) Enrichment of functional categories in proteins that are significantly increased in the cotyledon proteome (left) or the leaf proteome (right) at day 12 after
sowing. Data presented are means of five biological replicates. The complete dataset is provided as Dataset S3.
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(A) Quantitative composition of the free (orange) and protein-bound (blue) amino acid pools in the cotyledons at Day 0, 8, 12, 16, 20, and 28 after sowing. Amino
acids are shown as polygons whose sizes represent the molar fractions. Free amino acid contents were quantified by HPLC, and the quantitative amino acid
composition of the proteome was calculated on the basis of the molar composition of the proteome (see Datasets S1 and S2). The area of the square corre-
sponds to the total amino acid content per cotyledon pair at a given timepoint. Aminomaps were produced using the tool provided at https://bionic-vis.biologie.
uni-greifswald.de/ (Liebermeister et al., 2014). The complete amino acid profiles are provided in Dataset S3. Data presented are means of five biological

replicates.

(B) Mineral composition of the cotyledons at day 0, 8, 12, 16, 20, and 28 after sowing. Data presented are means + SD (n = 3-9). Means were compared using
one-way ANOVA followed by Tukey’s HSD test. Letter-based significance grouping was used at a significance level of P < 0.05; means sharing the same letter

are not significantly different. The complete dataset is provided as Dataset S1.

patterns for mineral utilization from cotyledons over the
28-day time span.

Premature cotyledon loss had no significant effect
on the relative mineral contents of the plants at Day 28
(Figure S5). However, since early removal of the cotyle-
dons led to a strong growth retardation, the total min-
eral contents of the plants at Day 28 were decreased by

the same factor as the total biomass (Figure 1E,
Dataset S1).

Responses of the Lupinus albus proteome to premature
cotyledon loss

The results of this study indicate that the cotyledons are
able to support plant growth by providing nutrients for
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about 2 weeks after germination in L. albus plants grown
without external nutrient supply under control conditions.
Loss of the cotyledons at day 16 or later did not lead to
any significant changes in the plant phenotype (Figure 1)
or the composition of the proteome (Figure 5A) at day 28.
In contrast, not only the growth phenotype (Figure 1) and
nutrient content (Figures 1E and 4B) but also the proteome
of plants grown without cotyledons from Day 8 or 12 was
clearly different from that of control plants, with 1214 and
943 proteins of significantly changed relative abundance,
respectively (Figure 5A,B, Dataset S4). The profile of pro-
tein induction or repression was highly consistent, and the
same trend was also visible after later cotyledon loss (red
and blue squares in Figure 5A). Enrichment analysis indi-
cates a relative increase in protein and lipid catabolism as
well as nutrient signaling and transport processes in plants
without cotyledons (Figure 5B, left). The strongest enrich-
ment was detected in proteins required for phosphate
assimilation, highlighting the function of the cotyledons in
phosphate storage. There was also an induction of certain
metal homeostasis-related proteins, which may follow the
rapid early translocation of metals from the cotyledons,
accompanied by adjustments to an early onset of Fe
uptake from soil (Dataset S4). In addition, a biotic stress
response was induced on the proteome level. Surprisingly,
removing the cotyledons also led to a higher relative con-
tent of storage proteins in the remaining plant tissues at
the age of 4 weeks. A significant decrease was detectable
for proteins related to photosynthesis and the production
of the required cofactors, amino acid and protein synthe-
sis, as well as carbohydrate and coenzyme metabolism
(Figure 5B, right). These changes in relative proteome com-
position provide an impression of which pathways are par-
ticularly relevant for adjusting to early loss of the
cotyledons. However, taking total protein abundance into
account shows that photosynthesis and protein metabo-
lism quantitatively contribute by far the largest share to
reducing the protein content of the plant after early cotyle-
don loss (Figure 5C). The plant is able to save 15.5 mg pro-
tein by reducing its relative protein content by 35% from
126 + 16 to 82 + 13 mg g~ ' DW after premature cotyledon
loss at day 8 (Figure S6, Dataset S4). The most effective
nitrogen saving strategy, however, is the reduction in plant
biomass from 644 + 84 to 353 + 47 mg DW that based on
the mean tissue protein content of the control plant, would
save 36.7 mg protein.

DISCUSSION

The present study focuses on the function of the cotyle-
dons in nutrient supply of Lupinus albus after initial seed-
ling establishment, including their contribution to
photosynthesis as well as nitrogen and mineral nutrition
(Figure 6). We investigate the timeframe of nutrient remo-
bilization without external nutrient supply, mimicking

© 2025 The Author(s).
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cultivation on nutrient-poor soils, and monitor the integra-
tion of metabolic pathways with physiological require-
ments during cotyledon development from seed storage
tissue to photosynthetic organ up to senescence. Our
results reveal that Lupinus albus cotyledons provide essen-
tial nutrients during a critical phase of about 2 weeks after
germination, with premature loss at day 8 or 12 causing
significant changes in growth, nutrient content, and prote-
ome composition, while later cotyledon removal has mini-
mal effects on plant development.

Cotyledons combine nutrient storage and photosynthetic
functions in the young lupin plant

The cotyledons of Lupinus albus serve a dual role, initially
functioning as storage tissue to fuel germination before
emerging from the soil and becoming photosynthetically
active. During the initial germination and heterotrophic
seedling development phase, white lupins use lipids as a
source of energy and transiently accumulate starch (Borek
et al., 2011). These carbon stores can be replenished by
photosynthesis after transformation to autotrophy. While
supporting photosynthetic energy production, cotyledons,
however, retain substantial reserves of storage proteins
and free amino acids. This transformation requires a bal-
ance of nutrient remobilization and energy generation,
which we analyzed through proteomics, metabolic, physio-
logical, and functional studies over 28 days (Figures 1-4).
Proteins related to photosynthesis are strongly induced
already during the first days of seedling establishment,
and the cotyledons become photosynthetically active and
thus contribute to photoautotrophic ATP production
and carbon fixation. However, compared with the true
leaves, they have a significantly lower photosynthetic
capacity, although the efficiency of photosystem Il is com-
parable (Figure 3). The proteome composition of cotyle-
dons reveals a clear metabolic focus on catabolic
processes and resource remobilization. Therefore, as soon
as the first true leaves are fully developed, their net photo-
synthetic rate exceeds the contribution of the cotyledons,
and the composition of their proteome is consistent with
their dominant role as a source tissue for photosynthate
and biosynthetic processes. Thus, white lupin cotyledons
can be classified as semi-photosynthetic storage tissues
with a prolonged dual function in nutrient remobilization
and photosynthesis. Research on the role of soybean coty-
ledons in seedling establishment based on growth analysis
had also indicated that cotyledon photosynthesis is not
sufficient to increase plant growth, but can provide the car-
bohydrates needed to compensate for respiratory losses
during early seedling establishment (Harris et al., 1986). A
more recent study on castor bean cotyledons came to
a similar conclusion, demonstrating that cotyledon photo-
synthesis generated sufficient carbohydrates and energy to
support the emergence of the first true leaf and sustained
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Figure 5. Response of the Lupinus albus proteome to premature cotyledon loss.
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(A) Volcano plots illustrating differences in the proteome of 4-week-old lupin plants grown without cotyledons from day 8, 12, 16, or 20 compared with control
plants. Representative pictures of these plants are shown in Figure 1C. To visualize the level of consistency in the effect of cotyledon loss on the plant proteome,
proteins that are significantly increased or decreased after the removal of the cotyledons at day 8 compared with the control are highlighted in red and blue,
respectively, in all plots. The horizontal lines mark the significance threshold (P < 0.05, FDR: 0.1). Data presented are based on five biological replicates.

(B) Enrichment of functional categories in proteins that are significantly increased (left) or decreased (right) in the plant proteome at day 28 after cotyledon loss
at day 8 (triangles) or day 12 (circles). Data presented are based on five biological replicates.

(C) Protein content of lupin plants at day 28 after the removal of the cotyledons at day 8 (green bars) and difference to control plants (blue bars) for the major
functional categories. All plants were harvested at day 28. Data presented are means of five biological replicates. The complete dataset is provided as

Dataset S4.

seedling growth until the leaf had fully expanded (Zheng
et al., 2011). The proteome-level changes we observed in
lupin cotyledons align well with transcriptomic data
reported by Brown and Hudson (2015) in soybean cotyle-
dons, where early developmental stages are characterized
by the transcriptional activation of genes involved in prote-
olysis, lipid metabolism, and nutrient remobilization, fol-
lowed by a period of high expression of the photosynthetic
apparatus. An additional transcriptome study focusing on
earlier timepoints highlights the important transition in the
role of peroxisomes from supporting lipid catabolism via
the glyoxylate cycle to participating in photorespiration
after the onset of photosynthetic activity (Gonzalez & Vod-
kin, 2007). This aspect is also reflected in our proteome
data showing a drop in glyoxylate cycle abundance in the
lupin cotyledons after day 8, while the enzymes involved
in photorespiration increase in concert with the photosyn-
thetic apparatus (Dataset S2). These examples indicate that
cotyledon photosynthesis has a transient function during
epigeal germination in species storing proteins as well as
lipids.

Long-term nutrient remobilization from the cotyledons to
the lupin seedling supports growth on nutrient-poor soils

A major storage compound in the lupin seed is nitrogen,
mainly in the form of proteins and amino acids (82% of
total N). However, Lupinus albus does not use amino acids
as a primary substrate for energy metabolism during ger-
mination (Angermann et al., 2024). Nitrogen remobilization
from cotyledons proceeds continuously throughout the
first weeks of plant development and can be divided into
two steps. Within the first 8 days of germination and seed-
ling establishment, it is clearly associated with proteolysis
and a significant transfer of amino acids from the
protein-bound form to the soluble pool (Figures 1 and 4).
The protein content is halved and at the same time, the
amount of free amino acids strongly increases. Proteolysis
releases large amounts of free amino acids, which are used
as precursors for new functional proteins and nitrogenous
metabolites, or accumulate in the free pool. Asparagine
strongly accumulates and serves as a suitable form for
storage and transport of reduced nitrogen due to its favor-
able C/N ratio, minimal net charge, and low reactivity

© 2025 The Author(s).

under physiological conditions. The conversion of
protein-bound nitrogen to the soluble form as asparagine
is likely to play a key role in the remobilization and trans-
port of nitrogen to growing tissues (Lea et al., 2007). The
synthesis of asparagine involves the assimilation of free
ammonium by the combined reactions of glutamine syn-
thetase and asparagine synthetase (Lea & Flowden, 1975).
These enzymes show a high relative increase in cotyledon
protein  content  during seedling  establishment
(Dataset S2). In nitrogen-deficient substrate, the ammo-
nium originates exclusively from internal deamination
reactions and is re-assimilated into asparagine for storage
and transport. Quantitative evaluation of the seed and
plant composition revealed that the proteins stored in the
seeds were required almost exclusively for the synthesis of
new functional proteins during seedling development.
Additional nitrogen-containing compounds such as chloro-
phyll and nucleotides quantitatively require a minor input
of nitrogen resources. These results suggest that nitrogen
stored in lupin cotyledons plays a crucial role in several
aspects. Degradation of seed-stored proteins releases
nitrogen to provide precursors for successful early germi-
nation, but also to provide storable but transportable solu-
ble forms of nitrogen for longer periods to enable
establishment on nitrogen-poor soils until the symbiosis
with N,-fixing rhizobia has been established, which is usu-
ally achieved within 2-3 weeks after germination (James
et al., 1997).

Another important macronutrient involved in several
biological processes is phosphorus (Raghothama, 2005).
Phosphate is required for nucleic acids, membrane lipids,
ATP, as well as diverse metabolic and regulatory pro-
cesses. Low phosphate availability in many natural eco-
systems, especially under acidic conditions promoting
inorganic complexation, is a major constraint on crop pro-
duction. Short-term deficiencies can be compensated by
intracellular stores, but long-term phosphate starvation
leads to stress responses such as an altered root architec-
ture, an increase in the root/shoot ratio, and an induction
of phosphate uptake and recycling pathways
(Raghothama, 2005). In P-limited environments, lupin
seedlings rely on the phosphate stored in the cotyledons
until specialized, densely packed lateral root structures
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Figure 6. Combining nutrient remobilization and photosynthesis: the dual role of white lupin cotyledons during seedling establishment on nutrient-poor soils.
Seed storage compounds provide energy and precursors for the synthesis of macromolecular structures during germination (1) and fully support plant growth
until the seedling has emerged from the soil (2) and photosynthesis has been established. In some species including lupins, the cotyledons are transformed into
photosynthetically active leaves after germination, allowing them to function as storage tissues for an extended period. The delayed remobilization of specific
storage compounds, such as proteins and phosphate, is essential for successful seedling establishment (3) on nutrient-deficient soils. The internal nutrient sup-
ply supports growth until specialized root structures and symbiotic associations are developed, enabling the seedling to become fully self-sufficient. In natural
environments, this is usually achieved within 2 weeks after germination (James et al., 1997; Neumann et al., 1999). Details on remobilization patterns of the dif-
ferent storage compounds and reorganization of the cotyledon proteome are provided in the main text.

called cluster roots are fully developed. This process usu-
ally requires 12-14 days after imbibition (Neumann
et al.,, 1999). The cluster roots can mobilize soil phos-
phates very efficiently by the secretion of organic acids
and acid phosphatases and an induction of a high-affinity
P transport system (Pueyo et al., 2021; Xu et al., 2020).
Our results show a continuous loss of phosphate from the
cotyledons throughout plant development and a deficit in
phosphate content in 28-day-old plants after early cotyle-
don loss (Figure 4, Dataset S1). Induction of phosphate
assimilation, including phosphate transporters and regula-
tory proteins, was the process showing the strongest
enrichment in the lupin proteome in response to cotyle-
don removal within the first 2 weeks of growth (Figure 5).
These results demonstrate that continuous phosphate
supply from the cotyledons is able to bridge the time gap
between germination and cluster root establishment and

is thus essential for successful seedling establishment on
soils with a low phosphate availability.

The remobilization of micronutrients, particularly iron
(Fe), copper (Cu), and zinc (Zn), from cotyledons begins
before nitrogen depletion in plants. Early metal transloca-
tion from cotyledons and Fe uptake from soil coincide with
the activation of metal homeostasis proteins. In Arabidop-
sis thaliana, various transporters like AtYSL6 (Conte
et al.,, 2013), AtMfl1 (Tarantino et al., 2011), AtNRAMP3
(Lanquar et al., 2005; Li et al., 2018; Thomine et al., 2003),
and AtOPT3 (Khan et al., 2018) play crucial roles in metal
distribution and mobilization. Orthologs of these proteins
increased in the lupin cotyledons during germination and
seedling establishment (Dataset S2). An early induction of
Fe uptake supports critical processes like chlorophyll bio-
synthesis and seedling development, as Fe-containing
enzymes are essential. The process ensures Fe retention in
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cotyledons and supports nitrogen assimilation and meta-
bolic functions, highlighting its importance during and
after germination.

Premature cotyledon loss leads to nutrient deficiency and
growth retardation

Premature cotyledon loss triggers profound phenotypic
and molecular responses, with severity increasing the ear-
lier the loss occurs. A major consequence is a significant
reduction in plant growth, accompanied by a decrease in
relative protein content in the remaining plant tissue by
Day 28 (Figure 1). Nutrient deficiencies, particularly phos-
phate limitation in combination with nitrogen and iron
scarcity, are known to reduce biomass accumulation
(Pueyo et al., 2021). A loss of the cotyledons before cluster
roots and the symbiosis with Ny-fixing rhizobia have been
established elicits severe growth retardation and specific
proteomic adaptations to nitrogen and phosphate starva-
tion (Figure 5, Dataset S4). These adaptations include a rel-
ative decline in highly abundant pathways, such as
photosynthesis and protein synthesis, both of which
require substantial nitrogen investment and thus bind a
large share of the available nitrogen resources. Conversely,
proteins involved in resource management, including sig-
naling and transport, show a relative increase, indicating a
shift toward metabolic prioritization under nutrient con-
straints. Our experimental approach addressed changes in
the composition of the entire plant in response to prema-
ture cotyledon loss and thus made it possible to deduce
quantitative information on the allocation of the nutrients
stored in the cotyledons to particular functions and pro-
cesses in the developing plant. However, additional experi-
ments will be required to focus on organ-specific effects
that are indistinguishable in the pooled tissues.

Previous studies have demonstrated that cotyledon
loss negatively impacts early seedling establishment and
can extend its effects into later developmental stages, lead-
ing to delayed flowering, reduced inflorescence produc-
tion, and lower seed yield across various plant species
(Hanley & Fegan, 2007; Hanley & May, 2006; Wang
et al., 2019; Zhang et al., 2011). In Arabidopsis thaliana,
some of these effects were partially mitigated by exoge-
nous sucrose and auxin application (Wang et al., 2019). In
the Brazilian savanna tree Magonia pubescens, removing
one of the cotyledons led to a significant decline in growth,
biomass accumulation, and mineral nutrient stocks (Nunes
et al., 2024). Mineral nutrients as well as metabolite con-
tents in leaf and root were also affected by cotyledon loss
in the traditional Chinese herbal plant, Astragalus
membranaceus (Yang et al., 2021). However, the extent of
susceptibility to early cotyledon loss varies between spe-
cies, suggesting that ontogenetic differences in seedling
tolerance to tissue loss could significantly influence plant
fitness in  mature plant communities (Hanley &
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Fegan, 2007). Seed size also plays a crucial role in toler-
ance; seedlings from larger seeds, such as white lupin, rely
more heavily on their initial nutrient reserves and are
therefore more sensitive to cotyledon loss than those from
smaller seeds (Hu et al., 2017).

Tolerance and an efficient response to premature cot-
yledon loss can become physiologically relevant under
herbivore pressure. The lupin leaf weevils Sitona gressor-
ius and Sitona griseus (Coleoptera: Curculionidae) cause
considerable damage to lupin crops in Europe
(Piedra-Garcia & Struck, 2021). In the spring, adult weevils
start feeding on newly emerged plants and can already at
this stage severely weaken the young seedlings by damag-
ing the cotyledons (Strocker et al., 2013). Subsequently,
the soil-dwelling larvae penetrate and destroy the root
nodules as well as the surrounding root tissue. In addition
to the negative impact on symbiotic nitrogen fixation
capacity, the injuries caused by the feeding activities
increase the risk of fungal infections (Piedra-Garcia &
Struck, 2021). In our study, we consistently observed an
induction of pathogen response proteins following cotyle-
don removal (Figure 5, Dataset S4). This is consistent with
studies in Arabidopsis showing that mechanical injury trig-
gers innate immune responses (Savatin et al., 2014).
Damage-associated molecular patterns (DAMPs) elicit local
and systemic responses mediated by a combination of
electrical signals, calcium spikes, reactive oxygen species,
and hormones (Farmer et al., 2020). Mechanical injury acti-
vates defenses that are similar to those induced by herbi-
vores and leads to increased pathogen resistance (Chassot
et al., 2007; Orlovskis & Reymond, 2020). Our Dataset dem-
onstrates a long-lasting effect of mechanic cotyledon
removal on the L. albus proteome. Thus, cotyledon dam-
age in white lupin may similarly prime systemic responses,
which could offer some protection against subsequent
biotic stressors. However, whether these responses are
cotyledon-specific or represent a general wound response
remains to be elucidated.

CONCLUSIONS

In this study, we observed different roles of the cotyledon
at different times of plant development. Initially, cotyle-
dons act as storage tissues for a variety of nutrients. Cata-
bolic processes, transport, and the initialization of
synthesis pathways are in the focus. Later, during epigeal
germination, cotyledons act not only as nutrient stores, but
depending on the species, they may also serve as photo-
synthetic tissues, which contribute energy and carbohy-
drates for plant development and growth. Once the first
true leaves have emerged, the photosynthetic aspects
recede into the background and cotyledon senescence,
with catabolic processes and nutrient export, take priority.
Seed nutrient reserves are required for adequate plant
growth and development, not only during germination or
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until the seedling emerges from the soil and becomes
autotrophic through photosynthesis. The observed early Fe
redistribution and protein analysis suggest that this transi-
tion is initiated very early after germination in the cotyle-
dons. Internal nutrient supply is required for a prolonged
period until specialized root structures and symbiotic inter-
actions are established and the seedling becomes fully
self-sufficient, even on nutrient-poor soils. Our results
demonstrate the importance of the cotyledons of Lupinus
albus during the first 2 weeks of seedling establishment.
At this stage, premature cotyledon loss causes drastic phe-
notypic and molecular losses and responses, as well as
activation of starvation and stress response pathways. The
large nutrient stores in the seeds of Lupinus albus are thus
prerequisite for thriving in nutrient-deprived environments.

Given the central role of legumes in sustainable food
systems, unraveling the dynamics of cotyledon nutrient
remobilization has significant implications beyond basic
plant physiology. Optimizing this process could lead to the
development of legume cultivars with improved seedling
vigor, higher nitrogen use efficiency, and enhanced protein
content, traits that are crucial for both agricultural sustain-
ability and human nutrition. Breeding efforts focused on
vigorous seeds with an optimal nutrient composition could
improve not only seedling establishment but also the nutri-
tional value of legume-based foods, addressing global
challenges related to food security and dietary health.
Additionally, understanding how cotyledon transformation
contributes to early photosynthesis could offer novel strat-
egies for enhancing seedling growth under suboptimal soil
conditions. Beyond this, it would be thrilling to unravel the
regulatory switches that determine whether a legume spe-
cies uses epigeal or hypogeal germination patterns.

MATERIALS AND METHODS
Plant material and growth conditions

White lupin (Lupinus albus cv. “Nelly”) seeds were obtained from
Revierberatung Wolmersdorf GmbH & Co. KG, Wolmersdorf, Ger-
many (Order number: 34400) and stored in the dark at 4°C until
use. Prior to cultivation, seeds were soaked in demineralized water
at 20°C for 16 h and then transferred to water-saturated expanded
clay substrate (LamstedtDan, 4-8 mm, Fibo ExClay Deutschland
GmbH, Lamstedt, Germany; Information on the plant-available
nutrient contents of the substrate is provided in Dataset S1).
Plants were grown in a phytochamber (22-24°C, 16 h light, 8 h
dark, light: 110 umol photons s™' m~?). On day 8, 12, 16, or 20
after sowing, the cotyledons were separated and harvested. The
control group of plants retained their cotyledons until day 28. On
day 28 after sowing, all plants were harvested, except for cotyle-
don versus leaf experiments, where the respective tissues were
harvested at day 12 after sowing. At harvest, the remaining plant
organs were frozen in liquid nitrogen. The plant material was
lyophilized in an Alpha 1-2 LD+ freeze dryer (Christ, Osterode,
Germany). The dried material was then ground into powder and
used for the experiments. For one sample, several plants were
pooled (10 seeds; 6 pairs of cotyledons at Day 8; 5 pairs of

cotyledons at Days 12, 16, and 20; 4 pairs of cotyledons at Day 28;
3 plants at Day 28 with cotyledons separated at Day 8, 2 plants
each at Day 28 with cotyledons separated at Days 12, 16, 20, and
28). Five different pools were analyzed at each time point as bio-
logical replicates.

Plants for elemental analysis were grown as described above.
Plant material was harvested at the same time points but dried at
60°C for 2 days and ground to a fine powder.

Samples for analysis of photosynthetic parameters were
grown as described above and used fresh immediately after har-
vest on Day 12.

Quantification of total carbon and nitrogen

The total carbon and nitrogen content of the samples was mea-
sured according to Andrino et al. (2019), using an Elementar vario
MICRO cube C/N analyzer (Elementar GmbH, Hanau, Germany).

Quantification of chlorophyll

The quantification of chlorophyll was carried out according to a
modified version of the method described by Lightenthaler (1987).
About 5 mg plant powder was dissolved in 700 ul methanol
(100%) and incubated for 20 min at 80°C with shaking. After centri-
fugation (10 min, 4°C, 18 800xg), the chlorophyll content of the
supernatant was quantified by plate reader (Multiskan Sky;
Thermo Fisher Scientific, Dreieich, Germany) (wavelengths: 470 ,
653, and 666 nm).

Quantification of proteins

Proteins were extracted as described by Angermann et al. (2024).
About 4 mg of lyophilized plant powder was dissolved in 1 ml
methanol (100%) and incubated for 20 min at —20°C. After centri-
fugation (14 200x g, 5 min, 4°C) the pellet was dissolved in 1.4 ml
of 0.1 M NaOH containing 2% SDS (v/w) and incubated for 1 h at
60°C, shaking. After centrifugation (7000x g, 10 min, room temper-
ature (RT)), the supernatant was diluted with demineralized water
(1:10). The Pierce BCA Protein Assay Kit (Thermo Fisher Scientific,
Rockford, IL, USA) was used for protein quantification with globu-
lin as a standard.

Quantification of free amino acids

Free amino acids were quantified according to Batista-Silva
et al. (2019). About 10 mg of lyophylized plant powder was solubi-
lized in 800 pl of 0.1 M HCI and incubated for 15 min at RT. After
centrifugation (16 100xg, 5 min, RT) supernatants were mixed
with an equal volume of 0.5 M potassium borate buffer (pH 11),
incubated for 15 min at RT, and centrifuged at 16 100x g, 5 min,
RT. The supernatant was used for amino acid quantification.
Beta-aminobutyrate (Sigma-Aldrich, Hamburg, Germany) was
added as the internal standard for derivatizing the primary amino
acids. To normalize the derivatization of secondary amino acids,
0.5 mM sarcosine (Sigma-Aldrich) was added to the dilution. The
pre-column derivatization with ophthaldialdehyde (OPA) and fluor-
enylmethoxycarbonyl (FMOC) was based on the Agilent applica-
tion note “Automated amino acids analysis using an Agilent
Poroshell HPH-C18 Column.” Samples were injected onto a Agi-
lent 100 mm, 3 mm InfinityLab Poroshell HPH-C18 column
(2.7 mm) (Agilent Technologies, Waldbronn, Germany) using an
Ultimate 3000 HPLC system (Thermo Fisher Scientific, Germering,
Germany) for cotyledon timeline experiments and the cotyledon
removal experiment. Samples for the comparison of cotyledons
with true leaves were analyzed by an Agilent 1260 Infinity Il HPLC
system (Agilent Technologies).
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Elemental analysis by inductively coupled plasma mass
spectrometry (ICP-MS)

About 20-50 mg of dried material was digested in 1 ml of 67%
nitric acid overnight. Samples were heated to 95°C until the solu-
tions became clear. After cooling, the samples were centrifuged at
1800 x g for 30 min at 4°C. About 600 pl of the clear supernatant
were combined with 7.44 ml of ddH,O and the solution was
stored at 4°C. ICP-MS analysis (Agilent 7700; Agilent Technolo-
gies) was conducted at the metabolomics platform, Biocentre of
the University of Cologne, relating elemental contents to DW.
Total plant mineral contents were calculated using a root-to-shoot
ratio of 1:2 (O’Sullivan et al., 2022; Tiziani et al., 2020).

Quantification of phosphate

Inorganic and total phosphate were quantified according to Chiou
et al. (2006). About 5 mg of lyophilized plant powder was dis-
solved in 250 pl extraction buffer (10 mM Tris, 1 mM EDTA,
100 mM NaCl, 1 mM 2-mercaptoethanol, pH: 8.0). A total of 100 pl
of extract was mixed with 900 pl of 1% glacial acetic acid and incu-
bated at 42°C for 30 min. 300 pl of this mixture was used for the
quantification of inorganic phosphate. To 100 ul of this mixture,
30 pl of 10% Mg(NOs), was added and then incinerated to ash.
After cooling, the ash was dissolved in 300 ul of 0.5 N HCI and
total phosphate was quantified. To quantify phosphate, 700 pl
assay solution (0.35% NH4;Mo0Q,, 0.86 N H,SO,, and 1.4% ascorbic
acid) was added to 300 pl of phosphate extract and incubated at
42°C for 30 min. The phosphate content was quantified at 820 nm
using a plate reader.

Quantification of total lipids

The total lipid content was determined using the sulfo-phospho-
vanillin method, as described by Park et al. (2016). About 5 mg
of plant powder were dissolved in a chloroform and methanol
solution (2:1; v/v) and homogenized. Then, 0.9% NaCl was
added and homogenized again. After centrifugation (1400 x g,
30 sec, RT), the lower phase was evaporated. Then, 50 pl of con-
centrated sulfuric acid was added, mixed, and incubated at 90°C
for 10 min. After cooling on ice, 1 ml of phosphor-vanillin
reagent (75 mg of vanillin in 12.5 ml of H,O + 50 ml of 85%
orthophosphoric acid) was added and incubated for 10 min at
RT. Quantification of the lipid content was conducted at a wave-
length of 530 nm using a plate reader, using commercial sun-
flower oil as the standard.

Quantification of total carbohydrates

The total carbohydrate content was determined using the phenol-
sulfuric acid method described by Tamboli et al. (2020). About
5 mg of lyophilized plant powder was dissolved in 1 ml of 2.5 M
HCI and incubated for 3 h at 95°C, shaking. The extracts were
diluted and 400 pl was combined with 10 pl phenol and 1 ml con-
centrated sulfuric acid. After incubation (10 min, 95°C, shaking)
the absorbance was measured at 490 nm using a plate reader.
Glucose was used as the standard.

Quantification of photosynthetic parameters

FlourPen (FP110-LM/X; Photon System Instruments, Drasov, Czech
Republic) protocols NPQ2 and LC3 were used for pulse amplitude
modulation fluorometry. Before each measurement, cotyledons or
leaves of 12-day-old plants were dark adapted by covering them
with leaf clips for 15 min.

© 2025 The Author(s).
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Photosynthesis and respiration rates were measured under
ambient conditions using an Oxygraph+ with LeafLab2 (Hansatech
Instruments Ltd, Norfolk, UK). About 200 pl of 1 M NaHCO3; was
added to each measurement chamber. Samples were light
adapted to 200 umol photons s™' m~2 for 7 min and respiration
rates were measured in 500 and 1000 pumol photons s m~2 light
were measured followed by respiration rate measurement in
the dark.

Leaf area and DW were measured.

Protein extraction, digestion, and sample preparation for
proteome analysis via mass spectrometry

The procedure is based on the single-pot solid-phase-enhanced
sample preparations (SP3) protocol for proteomics experiments of
Hughes et al. (2019) and Mikulasek et al. (2021). The detailed
adapted protocol, which was used here, can be found in Anger-
mann et al. (2024). In brief, proteins were solubilized with sodium
dodecyl sulfate (SDS) from lyophilized plant powder. Disulfide
bridges were reduced with dithiothreitol (DTT) and subsequently
alkylated with iodoacetamide (IAM). Equal shares (v/v) of hydro-
phobic and hydrophilic magnetic beads (No. 441521050250, No.
241521050250, Sera-Mag; Cytiva, Marlborough, MA, USA) were
mixed to bind the denatured proteins. The beads were washed
multiple times with 80% ethanol to get rid of interfering compo-
nents for the digestion. Finally, the proteins were digested over-
night with trypsin (Mass Spectrometry Grade; Promega
Corporation, Madison, WI, USA). The peptide-containing superna-
tants were collected and desalted on 50 mg Sep-Pak tC18 columns
(Waters, Milford, MA, USA). The purified peptides were quantified
with a quantitative Peptide Assay Kit (Thermo Fisher Scientific,
Rockford, IL, USA) and adjusted to 400 ng pl’1 in 0.1%
formic acid.

Quantitative shotgun proteomics by ion mobility mass
spectrometry (IMS-MS/MS)

For the cotyledon timeline experiment and the cotyledon removal
experiment, 400 ng peptides were injected via a nanoElutel
UHPLC (Bruker Daltonics GmbH, Bremen, Germany) and sepa-
rated on an analytical reversed-phase C18 column (Aurora Ulti-
mate 25 cm x 75 um, 1.6 um, 120 A; lonOpticks, Collingwood,
Vic, Australia). Using MS grade water and a multistaged gradient
acetonitrile containing 0.1% formic acid (0 min, 2%; 54 min, 25%;
60 min, 37%; 62 min, 95%; 70 min, 95%), peptides were eluted
and ionized by electrospray ionization with a CaptiveSpray1 ion
source and a flow rate of 300 nl min~". The ionized peptides were
separated, fragmented, and analyzed with a standard data-
dependent acquisition parallel accumulation-serial fragmentation
application method (DDA-PASEF) of the system with the following
settings: lon mobility window: 0.6-1.6 cm~2 V- s~', 10 PASEF
ramps, target intensity of 20,000 (threshold 2500), and a cycle time
of ~1.1 sec. The analysis was performed on a timsTOF-Pro2 mass
spectrometer (Bruker Daltonics GmbH).

For the comparison of cotyledons with true leaves (Figure 3,
Dataset S3) 400 ng of peptides were injected via a nanoElute2
UHPLC (Bruker Daltonics GmbH) and separated on the same type
of analytical column as described above. Using the same multi-
staged gradient as above, but here peptides were ionized by a
CaptiveSpray2 ion source and analyzed on a timsTOF-HT mass
spectrometer (Bruker Daltonics GmbH), which had the following
DDA-PASEF settings: lon mobility window of 0.7-15 cm=2 V" s7",
4 PASEF ramps, target intensity 14 500 (threshold 1200), and a
cycle time of ~0.53 sec.
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Data processing and functional annotation

The ion mobility spectrometry (IMS)-MS/MS spectra from all
experiments were analyzed with the MaxQuant software (Cox &
Mann, 2008) using default search parameters and the proteome
database of Lupinus albus published by Xu et al. (2020) on Uni-
Prot.org (UP000464885) for protein identification. The calculation
of label-free quantification (LFQ) values and intensity-based abso-
lute quantification (iBAQ) values was both enabled. Data evalua-
tion was performed using Perseus (Tyanova et al., 2016). Proteins
were excluded from further analysis if they were not detected in
at least four out of five biological replicates in at least one of the
sample groups. Subsequently, missing values were replaced with
randomly chosen low values from a normal distribution. Signifi-
cant changes were calculated from the LFQ values using Stu-
dent’'s t-tests (P=0.05). Furthermore, a Fisher exact test was
performed to identify significantly enriched or depleted metabolic
pathways. A recently published annotation database of Lupinus
albus was used to obtain further information such as subcellular
localization and metabolic pathway involvement (Angermann
et al., 2024).

Statistical analysis

Statistical analysis for the cotyledon timeline experiment and the
cotyledon removal experiment was performed using one-way
analysis of variance (ANOVA) followed by Tukey’s honest signifi-
cant difference (HSD) post hoc test using R version 4.5.0. Differ-
ences between group means were considered statistically
significant at P < 0.05. Letter-based significance grouping was
used to indicate statistically homogeneous groups; means that
share the same letter do not differ significantly.

Statistical analysis for the comparison of cotyledons with
true leaves was performed using Student’s t-tests (two-tailed test,
pooled variance). Sample groups were compared with the control
(cotyledons: day 0; remaining plants: day 28) at P = 0.05.
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