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Abstract: Photosynthesis is a vital process for seed productivity. It occurs in the leaves and provides
developing seeds with the necessary nutrients. Moreover, many crops require photochemical reactions
inside the seeds for proper development. The present study aimed to investigate Pisum sativum L.
seeds at the middle stage of maturation, which is characterized by the active synthesis of nutrient
reserves. Embryonic photosynthesis represents a crucial process to produce cells’ NADP(H) and
ATP, which are necessary to convert sucrose into reserve biopolymers. However, it remains unclear
how the pea embryo, covered by a coat and pericarp, receives sufficient light to provide energy
for photochemical reactions. Recent studies have demonstrated that the photosynthetically active
radiation reaching the developing pea embryo has a high proportion of green light. In addition, green
light can be utilized in foliar photosynthesis by plants cultivated in shaded conditions. Here, we
addressed the role of green light in seed development. Pea plants were cultivated under red and
blue (RB) LEDs or red, green, and blue (RGB) LEDs. A Chl a fluorescence transient based on OJIP
kinetics was detected at the periphery of the cotyledons isolated from developing seeds. Our findings
showed that the addition of green light resulted in an increase in photochemical activity. Furthermore,
the mature seeds that developed in the RGB module had a significantly higher weight and more
storage proteins. Using a metabolomics approach, we also detected significant differences in the
levels of organic acids, carbohydrates, nucleotide monophosphates, and nitrogenous substances
between the RB and RGB conditions. Under RGB light, the cotyledons contained more ornithine,
tryptophan, arginine, and aspartic acid. These changes indicate an impact of green light on the
ornithine-urea cycle and polyamine biosynthesis. These results allow for a deeper understanding of
the photochemical processes in embryos of developing seeds grown under a low light intensity. The
photosynthetic system in the embryo cell adapts to the shade conditions by using green light.
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1. Introduction

Over the last decade, the term “photosynthesis” has been extended beyond leaf photo-
synthesis to include other green plant parts [1-3]. The chlorophyll-containing embryos of
some plants are no exception, suggesting that they are also capable of photosynthesis [4-7].
The presence or absence of chlorophyll in the embryo definitively classifies angiosperms
into two categories: chloroembryophytes and leucoembryophytes [4,8]. The synthesis of
chlorophyll in chloroembryos begins at the globular stage of embryogenesis and continues
throughout the process, ceasing only at the late maturation stage when the seeds enter
dormancy [9-11]. Furthermore, seeds contain carotenoids that participate in photosynthesis
and act as abscisic acid (ABA) precursors [12,13]. Developing green seeds have photo-
chemically active chloroplasts and are capable of producing assimilates that are further
converted into reserve biopolymers [10,12,14-18]. The dark reactions of photosynthesis in
developing seeds are characterized by the fact that the main source of carbon is sucrose
derived from the parent plant [4,12]. Consequently, embryonic chloroplasts primarily func-
tion to produce NADP(H) and ATP, which are then used to convert sucrose to acetyl-CoA
and, subsequently, to fatty acids and triacylglycerides [12,19,20]. In addition, oxygen is re-
leased during photosynthesis, preventing hypoxia and maintaining seed respiration [21,22].
However, the question of how the seed embryo, covered by a pericarp and coat, receives
enough light to provide energy for photochemical reactions remains unresolved.

Recently, we studied how light transmits through the different green tissues of pea
(Pisum sativum L.) plants [23]. On average, a photochemically active green leaf transmits
only about 15% of the photosynthetically active radiation (PAR), with about 5% being
red light and no blue light. PAR passing through the pod-covering tissues (pericarp and
coat) also showed no blue light and a low amount of red light (about 2%). However, in
the spectrum of light reaching the cotyledons of developing pea seeds, a high proportion
of green and far-red light was found. Nevertheless, regardless of low irradiance and
spectral regions not typical for leaf photosynthesis, cotyledons demonstrated photochemical
activity, as measured by pulse-amplitude-modulated (PAM) fluorometry. To explain this
phenomenon, we need to take a closer look at green light.

Green light has long been thought to be of little importance in plant biology. There is a
widespread historical misconception that green light is not efficiently used in photosyn-
thesis because chlorophylls have minimal absorption in the green band of light. However,
this idea, first proposed by Frits Went in 1957 [24], has not been confirmed experimentally.
Recent studies suggest that green light can be absorbed by plant leaves and may be in-
volved in the regulation of various physiological responses such as stomata movement,
shadow avoidance, photomorphogenesis, and photosynthesis [25-29]. Blue and red light
are primarily absorbed and utilized by the superficial cells of the columnar mesophyll,
while green light can penetrate deeper (into the leaf and/or canopy) and drive leaf photo-
synthesis in combination with other light sources, especially in strong white light [26,30-32].
This is believed to explain the phenomenon of why the addition of green light-emitting
diodes (LEDs) to red and blue ones increases the productivity of various plants grown
under artificial lighting in greenhouses [33-36].

The addition of green light has been shown to affect leaf photochemical efficiency in
Helianthus annuus L. [37], Lactuca sativa [38—40], Cucumis sativus [41,42] Solanum lycopersicum
L. [27], Zingiber officinale Roscoe [28], Triticum aestivum [43], and Coleus [44]. According to
Terashima et al. [37], leaves can increase the absorption of PAR and drive photosynthesis in
the chloroplasts of all mesophyll layers by using chlorophylls that weakly absorb green light.
In tomato plants, adding up to 30% green light to the blue and red spectrum was shown to
have mostly beneficial effects, but 40% green light induced shade avoidance [27]. On the
other hand, the addition of green light under moderate to intense white light illumination
is more effective in stimulating photosynthesis than the addition of red light [37]. Intense
green light did not induce the accumulation of reactive oxygen species that usually occurs
under light stress caused by red light [28].
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We suggest that green light can contribute significantly to so-called non-foliar pho-
tosynthesis. Green plant organs such as petioles, stems, inner bark, fruits, and pods are
known to synthesize chlorophylls and develop active chloroplasts [2,3,5,6,17]. Most of
them acquire photochemical reactions under low amounts of blue and red light and with a
high amount of irradiation in the range of 500-600 nm. However, this effect has not yet
been studied.

The object of our study was pea (Pisum sativum L.) seeds. Pea is a member of the
Leguminosae family, which plays an important role in global agriculture, accounting for
approximately 27% of the world’s crop production [45]. Pea seeds are a rich source of
nutrients, comprising protein, starch, soluble sugars, fiber, and a range of minerals and
vitamins. They are particularly abundant in protein, making them a valuable component of
animal feed and human nutrition [46]. Ensuring the quality of pea seeds is, therefore, a
crucial aspect of sustainable agricultural practices and efficient nutrition.

This study aimed to understand the role of green light in the photochemical processes
occurring in the embryos of developing pea seeds. The novelty lies in the comparison
of the photochemical activity, quality, and biochemical composition of seeds developed
under different light spectra (red and blue LEDs vs. red, green, and blue LEDs). We
show how green light affects pea seed maturation. These results will allow for a deeper
understanding of the photochemical processes in embryos of developing seeds grown
under a low light intensity.

2. Materials and Methods
2.1. Reagents

The reagents were purchased from the following manufacturers: Conlac GmbH
(Leipzig, Germany)—hexane (puriss p. a.); Macherey-Nagel GmbH and Co KG (Diiren,
Germany)—N-methyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA, MS grade); Reanal
(Budapest, Hungary)—L-aspartic acid and 2-oxoglutaric acid; Vekton (Saint-Petersburg,
Russia)—methanol (LC grade). All other chemicals were purchased from Sigma-Aldrich
Chemie GmbH (Taufkirchen, Germany). Water was purified in house with a water con-
ditioning and purification system (Millipore Milli-Q Gradient A10 system; resistance 18
mQ)/cm; Merck Millipore, Darmstadt, Germany).

2.2. Plant Material and Growth Conditions

The plants were grown in 2024 in an experimental climate control facility at the Insti-
tute of Bioengineering (Research Center of Biotechnology, Russian Academy of Sciences)
under a constant air temperature of 24 & 2 °C and 16 h photoperiod. Commercial seeds
of pea (Pisum sativum L.) of the vegetable cv. Gloria were germinated at 23 = 1 °C be-
tween layers of moist filter paper until visible radicle protrusion occurred and were then
transferred to 2 L pots (five seedlings per pot) filled with soil (All-Mix BioBizz substrate,
Biobizz Worldwide Organics, Drachten, The Netherlands). The growth chamber included
RB and RGB modules (three pots per module). The RB module was illuminated with
red LEDs (RL, 600-700 nm, maxima of 660 nm, 165 &+ 17 umol photons m~2s71) and
blue LEDs (BL, 400-500 nm, maxima of 450 nm, 42 + 4 umol photons m~2s71) (Figure
Sla,c). The RGB module was illuminated with red LEDs (RL, 600-700 nm, maxima of
660 nm, 155 & 17 umol photons m 2 s_l), blue LEDs (BL, 400-500 nm, maxima of 450 nm,
44 £ 4 pmol photons m~2s71), and green LEDs (GL, 500-600 nm, maxima of 520 nm,
32 £ 3 umol photons m—2s71) (Figure S1b,d). The spectral characteristics of the light
sources were measured using a UPRtek PG100N spectroradiometer (Taiwan, China). The
seeds were harvested at the middle maturation stage and after late maturation.

2.3. Evaluation of Seed Germination and Seedling Development

The germination capability of the mature pea seeds was determined. Four replicates
of ten seeds were incubated between wet filter papers at 23 £ 1 °C. To measure the rate of
germination, the number of germinated seeds was counted daily over a period of eight days.
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Seeds were considered germinated when visible radicle protrusion occurred. The times
required for 10, 25, and 50% germination (T, T25, and Tsg, respectively) were calculated
using the formulae proposed by Coolbear et al. [47]. The total germination percentage (GP)
was calculated as the number of germinated seeds divided by the total number of seeds.
The percentage of normally developed seedlings (NSP) was calculated according to the
ISTA rules [48,49].

2.4. Estimation of Protein, Starch, and Oil Contents

For the determination of the total protein, starch, and oil contents, pea cotyledons
were isolated from mature pea seeds, lyophilized, and ground into a fine powder. The data
are presented as the mean =+ standard deviation (SD) of three replicates (n = 3).

Total protein was determined using the Kjeldahl method using a nitrogen-to-protein
conversion factor of 6.25 [50,51]. Samples (300 mg) were heated at 420 °C for 1.5 h with
5 mL of concentrated sulfuric acid, which digests the organic substances through oxidation
to release the reduced nitrogen. Calcium carbonate was added as a catalyst to increase the
boiling point of the sulfuric acid. Subsequently, the sample solution was distilled in a hot
33% alkaline solution of sodium hydroxide (v/v) with the addition of distilled water and
3% boric acid (v/v). The amount of nitrogen in the sample (ammonium ion concentration)
was measured using a VELP UDK 159 protein analyzer (Velp Scientifica, Usmate, Italy)
using automatic titration of a 0.1 N sulfuric acid solution.

The starch contents were determined using the Ewer’s polarimetric method and a
conversion factor of an angle of rotation of starch of 174.7 [50]. The samples (1.5 g) were
hydrolyzed in 25 mL of 1% (v/v) hydrochloric acid for 15 min in a boiling water bath under
continuous shaking at an amplitude of 30 mm and a frequency of 150 rpm and then cooled
to room temperature. To precipitate opalescent substances (polysaccharides, proteins, and
other biopolymers), 10% (v/v) phosphoric acid (2.5 mL) was added. After filtration, the
optical rotation in the supernatants was determined using an automatic SACI polarimeter
(ATAGO, Japan).

The total lipid contents were determined using the method of Ermakov and co-workers,
based on Soxhlet extraction [50]. To secure the complete removal of water, the previously
dried samples were placed in 9 x 9 filter paper envelopes and incubated in a thermostat at
100 °C for 3 h. Then, the envelopes were placed in the extractor of the Soxlet apparatus
(EFLAB EFSOX-6, Moscow, Russia) filled 2/3 full of petroleum ether. After 12 h, the oil
extraction was stopped, the envelopes were dried at 105 °C for 1.5 h, cooled in a desiccator
in closed Petri dishes, and weighed.

2.5. Chlorophyll a Fluorescence

The kinetics of chlorophyll (Chl) a fluorescence OJIP was determined using a PAR-
FluorPen FP 110 fluorometer (Photon Systems Instruments, Drasov, Czech Republic) ac-
cording to the manufacturer’s protocol [52]. The device was equipped with saturating,
actinic, and measuring light sources with an emission maximum of 455 nm and fluorescence
detection at wavelengths of 667-750 nm. Cotyledons (n = 6) were isolated from the pea
seeds at the mid-maturation stage, placed on moist filter paper (to prevent drying), and
kept in light-proof boxes for 30 min for dark adaptation. Afterwards, they were exposed to
a blue pulse of 2400 pmol photons m 2 s~1, and the minimum (Fo) and maximum (Fm)
values of Chl a fluorescence were detected. The measured parameters were used to estimate
the photochemical activity of photosystem II (PSII) according to the method described by
Strasser et al. [53]. The estimated values are shown in Table 1.
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Table 1. Formulas and definitions of OJIP-test parameters (according to [53]).

Value Formula Definition

Plags (RC/ABS) - (TRp/DIp) - [ETo/(TRp — ETp)] Photosynthetic performance index based on absorption
PHI_Po 1 — [(Fm — Fo)/Fm)] Maximum quantum yield of primary photochemistry
PHI_Eo [1-(Fo/Fm)] - (1 — Vy) Overall electron transport potential of the active RC
PHI_Dgo 1-PHI_Po Potential energy dissipation flux
ABS/RC Mo - (1/Vy) - (1/Phi_Po) Specific light absorption flux per RC
TRo/RC Mo - (1/Vy) Captured energy flow per RC
ETo/RC Mo - (1/Vy) - (1 = V) Electron transport flow per RC
DIp/RC (ABS/C) — (TRp/RC) Energy dissipation flux per RC

RC—reaction center; ABS—absorption; Fo—minimal fluorescence intensity; Fm—maximal fluorescence intensity;
Vj—relative variable fluorescence at the J step of OJIP curve; Mp—initial slope of relative variable fluorescence.

2.6. Analysis of Thermally Stable Polar Metabolites

The analysis of thermally stable polar (and mainly primary) metabolites relied on a two-
step aqueous methanol extraction of frozen homogenized pea cotyledons (20 4= 2 mg FW),
performed as described in [54] with minor modifications. Adonitol (50 umol/L) was
supplemented as an internal standard (IS) to the extractant (methanol) prior to the ex-
traction procedure. Aliquots (80 uL) of the extracts were evaporated to dryness at 4 °C
using a Labconco CentriVap vacuum concentrator (Labconco Corporation, Kansas City,
MO, USA). The specified volume of the sample aliquots was optimized for subsequent
derivatization and gas chromatography-mass spectrometry (GC-MS) analysis in a series of
preliminary experiments. The obtained dry residues were sequentially derivatized with
methoxyamine hydrochloride (MEOX) and N-methyl-N-(trimethylsilyl)trifluoroacetamide
(MSTFA), according to a previously established procedure [55].

The samples (1 uL) were analyzed by gas chromatography—electron ionization—
quadrupole mass spectrometry (GC-EI-Q-MS) using a GC2010 gas chromatograph coupled
online to a Shimadzu GCMS QP2010 quadrupole mass selective detector equipped with a
CTC GC PAL liquid injector (Shimadzu Deutschland GmbH, Duisburg, Germany) under
the instrumental settings summarized in Table S1.

A sequence for the GC-MS analysis included samples of different types arranged in the
following order: (i) hexane, (ii) a mix of C10-C40 alkanes dissolved in hexane, (iii) MSTFA,
(iv) the derivatization blank (blank, containing only derivatizing agents), (v) the extraction
blank (containing only IS and derivatizing agents), (vi) the experimental samples in random
order, (vii) quality controls (QC) prepared from aliquots of the pooled individual extracts,
and (viii) 28 mixes of 4-6 authentic standards (50 umol/L for each compound). The QC
samples were analyzed after every 5-6 experimental samples and then used to assess the
method performance and to control for within-group variation in the analytes.

Processing of the acquired GC-MS data relied on an untargeted approach, which
performed unbiased annotation of all the detected total ion current (TIC) chromatographic
peaks. For this, the TIC peak annotation with a specific metabolite feature relied on
matching the feature-specific retention time (tg) maxima of at least three characteristic
extracted ion chromatograms (XICs, m/z £ 0.5 Da) with a signal-to-noise ratio (5/N) > 3.
The peak annotation was performed using the Automated Mass Spectral Deconvolution and
Identification System (AMDIS, version 2.66 (08.08.2008), freely available at www.amdis.net,
accessed on 9 March 2024) and Xcalibur, version 3.0.63 (05.08.2013) (ThermoFisher Scientific
Inc., Bremen, Germany). Kovats retention time indices (RIs) were calculated from the
retention times of alkane C10-C40 standards (Table S2). The metabolite annotations were
based on available spectral libraries—the National Institute of Standards and Technology
(NIST), the Golm Metabolome Database (GMD), and the in-house Authentic Standard
Library (ASL). The quantitation was based on integrating the corresponding extracted ion
chromatograms (XICs, m/z £ 0.5 Da) at specific retention times (tg).
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2.7. Analysis of Thermally Labile Polar Metabolites

Thermally labile anionic polar metabolites were analyzed using reversed phase
ion-pair ultra-high performance liquid chromatography—electrospray ionization—triple
quadrupole tandem mass spectrometry (RP-IP-UHPLC-ESI-QqQ-MS/MS), following the
method described in [56] with minor modifications. In detail, the frozen pea cotyledons
were homogenized and 100 £ 5 mg FW was transferred into pre-cooled 2 mL polypropy-
lene microtubes with 200 mg of glass beads (0.75-1 mm diameter), 3 stainless steel beads
(3 mm diameter), and 1 stainless steel bead (5 mm diameter). The material was extracted
through a two-step procedure. The first step used 900 puL of an ice-cold (—80 °C) mixture
of dichloromethane/ethanol (2:1, v/v) and 100 uL of ice-cold HCl/water (1:200, v/v). The
mixture was intensively homogenized (5.0 m/s, 3 x 20 s; FastPrep-24TM, MP Biomedicals,
Eschwege, Germany). After the subsequent centrifugation (4 °C, 10,000x g, 5 min), the
polar supernatant fraction (300 uL) was collected into a new pre-cooled 1.5 mL microtube.
During the second extraction step, the plant material residue was resuspended in an addi-
tional portion (50 pL) of ice-cold HCl/water (1:200, v/v). After vortexing (30 s, 500 rpm)
and centrifugation (4 °C, 10,000 x g, 5 min) of the samples, the resulting polar supernatant
fraction (120 puL) was combined with the first portion of the polar extract. The combined
extracts were further centrifuged (10,000 x g, 4 °C, 10 min), the supernatants were trans-
ferred to glass inserts of chromatographic vials, and sealed with membrane-attached plastic
septa. Aliquots (5 uL) of the extracts were analyzed using a Waters ACQUITY H-Class
UPLC system (Waters GmbH, Eschborn, Germany) coupled online to an AB Sciex QTRAP
6500 MS/MS system (AB Sciex, Darmstadt, Germany) and the chromatographic and mass
spectrometric settings presented in Table S3. A sequence for the UHPLC-MS analysis
included samples of various types: experimental samples in random order, QC samples,
multicomponent standard solution samples, and extraction blanks. Targeted acquisition
of UHPLC-MS data was performed in the multiple reaction monitoring (MRM) mode
and based on characteristic combinations of Q1 and Q3 mass ranges (MRM transitions) of
157 individual authentic standards representing the target compounds. For quantitative
analysis, the extracted MRM chromatograms were integrated at specified tgs using the
MultiQuan™ software (version 3.0.2, AB Sciex, Darmstadt, Germany).

Both the GC-MS and UHPLC-MS datasets were checked for technical issues that
might affect data acquisition. To validate the high quality of the acquisition performed, the
datasets, each including experimental samples and QCs, were analyzed by PCA (Figure S3).
In both cases, the PCA score plots built for the QCs in the coordinates of the two first
principal components (PCs) showed relatively low intra-group variability. This confirms
that there were no technical problems with the datasets, and they can be further analyzed.

2.8. Statistical Analysis

Statistical analysis of the seed quality parameters and photosynthetic performance
parameters was accomplished using JASP (version 0.18.3) software (https:/ /jasp-stats.org,
accessed on 15 April 2024). The data are presented as the mean + SD, and the significance
of differences between groups was estimated using Student’s t-test.

The integrated areas of the metabolite peaks detected by both the GC-MS and UHPLC-
MS analyses were combined, FW-normalized, and filtered to exclude the analytes absent in
more than 20% of the samples and those showing high variation (RSD > 30%) in the quality
control (QC) samples. The resulting dataset was processed and statistically interpreted
using the MetaboAnalyst 6.0 online platform (www.metaboanalyst.ca, accessed on 10 April
2024). The quantitative data of the combined GC-MS and LC-MS-based metabolomics
analyses were analyzed by principal component analysis (PCA) and hierarchical cluster-
ing analysis with a heatmap representation to visualize the changes in the level of each
assigned metabolite and with a volcano plot representation. The univariate statistics results
are presented as the mean + SD of five biological replicates. Fold changes (FCs) in the
abundance of individual metabolites and significance of differences (p-value) between the
compared groups were estimated using Student’s t-test. The threshold values for the FCs
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and p-values presented in the tables and figures were 1.5 and 0.05, respectively. To assess
the reliability of the FC in the relative levels of individual metabolites, false discovery
rates (FDRs) at p < 0.05 were estimated for all comparisons using the Benjamini-Hochberg
method [57].

3. Results

To understand the effect of green light on the maturation peculiarities of P. sativum
seeds in the RB and RGB modules, we initially studied their photosynthetic performance
during development in the mother plants. Seeds at the mid-maturation stage were selected
for analysis (Figure 1).

Figure 1. Images of P. sativum pod (left) and seed (right) at the middle stage of maturation (in
longitudinal section): Pr—pericarp; C—coat; Ct—cotyledon; Ax—axis including root, hypocotyl,
epicotile, and plumule.

3.1. Photosynthetic Performance Index, Flux Ratio, and Specific Fluxes (O]IP Test) of the
Cotyledons of Pea Seeds at the Middle Stage of Maturation

The OJIP curve typically exhibits three distinct plateaus, each corresponding to a spe-
cific step in the electron transfer process within the electron transport chain of chloroplasts.
Following the application of actinic light, the intensity of the chlorophyll fluorescence
increases from the initial value (Fo) to the maximum (Fm) through two intermediate phases
(' and ‘T’). Fo is regarded as the point at which the reaction centers (RCs) of photosystem
II (PSII) are open. Fm is the excitation level that saturates the RCs with electrons. Based on
the transient of Chl a fluorescence, the different parameters of photochemical activity were
calculated at the periphery of cotyledons isolated from developing seeds (Figure 2).

The photosynthetic performance index (PIpgs) was used to estimate the overall photo-
synthetic efficiency, where ABS represents the photon flux absorbed by the chlorophylls
in the antenna complex. Plags is related to the density of active RCs, ratio of trapping
flux, and ratio of dissipation flux. Therefore, it includes the whole energy cascade from the
absorption of photons to plastoquinone (PQ) pool reduction.

The maximum quantum yield of primary photochemistry (PHI_Pp) and the proba-
bility of a trapped exciton to move an electron into the electron transport chain (PHI_Ep)
reflect the overall photosynthetic and electron transport potential of the active RCs in
PSII. PHI_Pg and PHI_Ep were 1.2 and 1.3 times higher, respectively, at the periphery of
cotyledons developed under added green light (Figure 2a,b). No notable discrepancies
in the TRo/RC (trapping of excitons per active RC) and in ETo/RC (electron transport
flux per RC beyond Q) were observed between the cotyledons developed in the RB and
RGB modules (Figure 2c and 2d, respectively). PHI_Dg and DI /RC, which reflect the
non-photochemical dissipation flux per reaction center, were found to be 1.2 and 1.4 times
lower, respectively (Figure 2e,f). The combined effect of these factors was a doubling of the
PIags value in cotyledons developed under green light, indicating a significant increase in
their photosynthetic activity (Figure 2g).

We detected a 1.3-time decrease in the value of ABS/RC in cotyledons developed in
the RGB module, which suggests a reduction in the effective antenna size under green light
(Figure 2h).
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Figure 2. Raincloud plots shown photosynthetic performance in cotyledons of developing pea seeds
at middle maturation stage: RB—red and blue illumination; RGB—ted, green, and blue illumination.
(a) PHI_Po—the overall quantum yield of primary photochemistry; (b) PHI_Eg—the quantum yield
of electron transport; (¢) TRo /RC—the captured energy flow per reaction center; (d) ETg/RC—the
electron transport flow per reaction center; (e) PHI_Do—the potential energy dissipation flux at the
level of the antenna complex chlorophylls; (f) DI /RC—the specific energy dissipation flux at the
level of the antenna complex chlorophylls; (g) PIpgs—the photosynthetic performance index, which
includes energy cascade processes from the first absorption events to PQ reduction; (h) ABS/RC—the
specific light absorption flux per reaction center. Plots display the individual cases (colored dots), box
plots, and densities for each group. The x-axis and colors represent the grouping variable, and the
y-axis represents the photosynthetic performance variable (rel. units). Within the box plots, the bold
black line shows the sample median, the hinges indicate the 25th and 75th quantiles, and the whiskers
point to 1.5 interquartile ranges beyond the hinges. Densities were estimated using a Gaussian kernel
and the bandwidth was determined using the ‘nrd0’ method [58].
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3.2. Germination Performance and Biochemical Composition of Mature Pea Seeds Developed under
Different Light Conditions

In the next step, we compared the quality of the mature seeds developed in RB (red—
blue) and RGB (red—green-blue) modules in terms of their germination performance and
nutritional value. Overall, the seeds developed in the RGB module in the presence of green
light had significantly higher weights than those developed in the RB module under blue
and red light only (Table 2). The seed weight in the RGB module was 7.6% higher than that
observed in the RB module.

Table 2. Quality (weight, germination) and biochemical composition (proteins, starch, oils)
of P. sativum mature seeds developed in RB and RGB modules: GP—germination percentage;
NSP—normal seedling percentage; Ty, Tos, and Tsp—time to 10, 25, and 50% germination, respectively.

Student’s t-Test

Parameter Module Mean SD
t df p-Value Cohen’s d
Weight, g RB 0.234 0.035 —15.205 58 <0.001 —1.979
RGB 0.251 0.036
Proteins, % RB 19 0.2 —7.913 4 0.001 —6.461
RGB 22 0.6
Starch, % RB 50 0.8 —0.393 4 0.714 —0.321
RGB 51 1.6
Oils, % RB 13 1.1 —0.427 4 0.691 —0.349
RGB 14 0.5
GP, % RB 94 6.9 0 6 1.000 0
RGB 94 6.9
T, days RB 1.7 0.5 1.819 6 0.119 A 1.286
RGB 1.3 0.1
Tps, days RB 2.0 0.4 1.437 6 0.2014 1.016
RGB 1.6 0.2
Tsp, days RB 2.6 0.1 1.895 6 0.107 A 1.340
RGB 22 0.4
NSP, % RB 73 19.2 —1.866 6 01114 —1.319
RGB 91 5.9

SD—standard deviation of the mean (n = 4); t—value of ¢-statistic; df—degree of freedom; Cohen’s d—effect size
for Student’s t-test (using the pooled standard deviation to standardize the mean difference). * Brown-Forsythe
test is significant (p < 0.05), suggesting a violation of the equal variance assumption.

The total percentage of germinated seeds (GP) showed no difference between the seeds
developed in the RB and RGB modules (Table 2). The value was 94% for both modules. The
seeds developed in the RGB module had lower values of Ty, T25, and Tsp, which indicates
a higher germination rate. There was also a higher percentage of normal seedlings (NSP)
with well-developed essential structures. However, the differences in the germination
performance parameters were not statistically significant.

To address the nutritional value, we determined the contents of proteins, starch, and
oils in the mature pea seeds developed in the RB and RGB modules. No differences in
starch and oil contents (as %DW) were observed (Table 2). However, the total protein
contents were significantly different (with p-value = 0.01 and Cohen’s d value = 6.461). The
protein content of embryos developed in the RGB module was 15.8% higher than that of
embryos grown in the RB module.

3.3. Metabolomics Analysis of Mature Pea Seeds Developed under Different Light Conditions

To investigate the potential metabolic pathways underlying the effect of RGB light on
seed quality, we characterized the biochemical composition of cotyledons isolated from
mature P. sativum seeds developed in the RB and RGB modules. The biochemical analysis
was based on a combined GC-MS and UHPLC-MS approach.

The GC-MS-based metabolite profiling of the cotyledons revealed 143 individual
trimethylsilyl (TMS) and MEOX-TMS derivatives, of which, 68 analytes were identified
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based on co-elution with authentic standards, RI values, and spectral similarity, and 60 ana-
lytes were structurally annotated based on their RI values and spectral similarity to MS
library data (Table S4). The thermally stable low-molecular-weight metabolites were repre-
sented by the following chemical classes: 17 amino acids, including 5 non-proteinogenic
ones (p-alanine, homoserine, ornithine, y-aminobutyric acid, and pyroglutamic acid); 14 or-
ganic acids (di- and tricarboxylic acids of the tricarboxylic acid (TCA) cycle, glycolic acid,
tartaric acid, several derivatives of butyric acid, etc.); 40 carbohydrates (mono-, di-, and
trisaccharides, sugar phosphates, polyols, and aldonic acids); four phenolic compounds,
including three phenolic acids; five fatty acids (palmitic, linoleic, oleic, etc.); four amines,
including the polyamines putrescine and spermidine; two sterols (campesterol and sitos-
terol); and a miscellaneous group of metabolites (Table S4). The other 34 analytes could
not be attributed to certain structures but were successfully annotated to specific chemical
classes due to the presence of characteristic fragment ions (rm/z £ 0.5) in their EI mass
spectra. The following m/z values of the fragment ions were used according to Harvey
and Vouros [59]: 100 and 174—amino group-containing metabolites; 299, 315, 357, or/and
387—phosphate group-containing compounds; 103, 160, 217, and 319—C6 monosaccha-
rides; 204 and 319—sugar alcohols, 318 and 319—stereoisomers of inositol; 292, 333, and
319—sugar-derived acids; 361, 437, or/and 451—di- and trisaccharides. The analytes that
could not be unambiguously annotated were marked as unknown.

The targeted UHPLC-MS analysis revealed 88 thermally labile metabolites, annotated
by co-elution with authentic standards and MS data (Table S5): 14 sugar phosphates
and their derivatives, 35 nucleotides and nucleosides, 16 amino acids, 18 organic acids,
pantothenic acid, glutathione, allantoin, etc. Most of the amino acids, several organic acids
(citric, malic, glycolic, and fumaric acids), glucose, sucrose, and several sugar phosphates
were detected by both analytical approaches (GC-MS and UHPLC-MS).

Thus, 231 thermally stable and thermally labile metabolites representing carbohy-
drates, amino acids, organic acids, phenolic acids, fatty acids, amines, and sterols were
annotated (Tables S4 and S5). These metabolites were used in a principal component
analysis (PCA) to discriminate the difference in biochemical composition between seeds
developed under different supplemental lighting conditions.

The first two principal components (PC1 and PC2) showed a clear clustering of the
pea cotyledons developed in the RB and RBG modules (Figure 3a). PC1 explained 71.9%
of the total variation and PC2 explained 19.2%, together covering up to 91.1% of the total
variance. Notably, the RBG group had higher inter-group variance.
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Figure 3. Sample scores (a) and loading plot (b) for the first two principal components derived from
PCA of the thermostable and thermolabile polar metabolite profiles of P. sativum cotyledons isolated
from mature seeds developed under red-blue (RB) and red-green-blue (RGB) light. AMP—adenosine
monophosphate; dGMP—2-deoxyguanosine-5-monophosphate; UMP—uridine monophosphate;
Phe—phenylalanine; Arg—arginine; Asp—aspartic acid; Trp—tryptophan.
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The metabolites with the highest loadings (i.e., the strongest contributors to the inter-
sample differences presented in the score plot) included organic acids of the TCA cycle
(citric, malic, and aconitic acids), lactic acid, sucrose, raffinose, sulfate, several amino acids
(Arg, Trp, Asp, and Phe), glutathione, adenosine (Ade), and nucleotide monophosphates
(AMP, dGMP, and UMP) (Figure 3b).

At the next step, a volcano plot was generated to select specific compounds with
the highest and most reliable contribution to the green light-dependent changes in the
metabolite profiles of pea cotyledons (Figure 54). The list of 52 metabolites with significantly
different abundances is presented in Table 2 (p < 0.05, FC > 1.5). Most of the metabolites
showed a decrease in abundance (up to 8-fold) in the cotyledons developed under RGB
light compared to those developed under RB light (Figure 3b, Table 3). Among them,
carbohydrates (sugars, polyols, and sugar acids), organic acids, and nitrogen-containing
substances (uric acid, spermidine, and several cyclic nucleotides) were the dominant ones.
Uric acid, lactic acid, and o-ketoglutaric acid showed the most dramatic (3.4-7.6-fold)
decrease in relative contents. Surprisingly, only four amino acids were significantly up-
regulated under RBG light: ornithine, tryptophan, arginine, and aspartic acid (Table 3).

Table 3. Green light-regulated metabolites of cotyledons isolated from the mature P. sativum seeds.
The table includes compounds with significantly (p < 0.05, FDR-adjusted) differing abundances under
the tested experimental conditions (RB light vs. RGB light) with a fold change >1.5. The statistical
analysis was performed using MetaboAnalyst 6.0 (http:/ /www.metaboanalyst.ca, accessed on 10
April 2024).

Metabolite Fold Change Adjusted p-Value  Analysis Method
Down-Regulated Metabolites

Organic acids:

Lactic acid 5.9,4.3 <0.001, <0.001 GC-MS, LC-MS

a-Ketoglutaric acid 33,24 0.027, <0.001 GC-MS, LC-MS
2-Hydroxyglutaric acid 2.9 <0.001 GC-MS
2,4-Hydroxybutyric acid 2.8 0.002 GC-MS
Tartaric acid 2.3 0.036 GC-MS
Glycolic acid 19 0.004 GC-MS
Malic acid 1.8 <0.001 GC-MS
y-Aminobutyric acid 1.7 <0.001 GC-MS
B-Hydroxybutyric acid 1.6 0.003 GC-MS
Pyruvic acid 1.5 0.005 LC-MS

Sugars, sugar-phosphates, polyols, sugar acids:

Maltose 3.3 0.001 GC-MS
Dulcitol 2.6 <0.001 GC-MS
Xylitol 25 <0.001 GC-MS
Maltitol 24 <0.001 GC-MS
RI 3460 trisaccharide 2.1 <0.001 GC-MS
RI 3502 trisaccharide 2.1 <0.001 GC-MS
Sequoitol 2.0 <0.001 GC-MS
RI 3487 trisaccharide 2.0 <0.001 GC-MS
Erlose 1.9 <0.001 GC-MS
RI 2687 carbohydrate 1.9 <0.001 GC-MS
Galactonic acid 1.9 <0.001 GC-MS
Glyceraldehyde-3-phosphate 1.8 0.033 LC-MS
Xylose 1.7 0.001 GC-MS
RI 2719 disaccharide 1.7 <0.001 GC-MS
Galactose 1.7 0.002 GC-MS
Glucaric acid 1.6 <0.001 GC-MS
Glycerol-3-phosphate 1.6 0.002 LC-MS
Galactaric acid 1.6 0.013 GC-MS

Glucuronic acid 1.6 0.002 GC-MS
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Table 3. Cont.
Metabolite Fold Change Adjusted p-Value  Analysis Method
Down-Regulated Metabolites
RI 2183 hexose 1.6 <0.001 GC-MS
Mannose 15 0.004 GC-MS
Sucrose 1.5 <0.001 GC-MS
N-containing metabolites:
Uric acid 7.1 <0.001 LC-MS
Spermidine 1.9 0.008 GC-MS
Nicotinic acid 1.8 <0.001 LC-MS
RI 2487 amine 1.8 0.030 GC-MS
Glutamic acid 1.8 <0.001 GC-MS
Ethanolamine 15 0.004 GC-MS
Nucleotides:
Cydlic guanosine 2.1 0.006 LC-MS
monophosphate
Adenosine-2,3-cyclic
monophosphate/adenosine-3,5- 1.8 0.004 LC-MS
cyclic monophosphate
Miscellaneous and unknowns:
Pentanoic acid derivative 2.0 0.016 LC-MS
Methylphosphate 1.9 0.014 GC-MS
-Tocopherol 1.8 0.032 GC-MS
RI 2438 unknown 1.7 <0.001 GC-MS
RI 1650 unknown 1.6 <0.001 GC-MS
RI 1234 unknown 1.5 0.015 GC-MS
RI 1528 unknown 1.5 <0.001 GC-MS
RI 3251 unknown 15 0.002 GC-MS
Up-regulated metabolites
Ornithine 3.5 0.017 LC-MS
Tryptophan 1.6,2.3 0.001, 0.001 GC-MS, LC-MS

Arginine 2.2 <0.001 LC-MS
Aspartic acid 1.7 0.016 LC-MS

4. Discussion

Plants are highly responsive to the intensity, quality, and direction of light, which
provides vital energy and environmental information. It is a well-known fact that red
and blue light are the most effective in promoting photosynthesis [29,60-63]. There is
considerable evidence, however, that green wavelengths are not only absorbed by leaf
tissue, but they also regulate a number of physiological responses and anatomical features
in plants [28,29,37,39,64—67].

4.1. Green Light-Induced Changes in the Photosynthetic Performance of Developing
Pea Cotyledons

With the modern development of LED technology, it has become possible to use
light to regulate plant growth and development. Due to their ease of spectral distribution
control, simple combination, lower heat emission, and longer life, LEDs are widely used
as artificial light sources for indoor plant production [36,68-70]. However, there is a
gap in the research investigating the effects of green LEDs on seed development. In our
research, we investigated how the addition of green light to red and blue LEDs affects
the photochemical activity of cotyledons in P. sativum seeds at the mid-maturation stage
(Figure 1 and Figure S1). We recorded the time course of a Chl a fluorescence induction
transient. The intensity of Chl a fluorescence increased from the initial value ‘O’ to the
maximum value ‘P’, through two intermediate phases ‘]’ and T, after a pulse of actinic
light. This process is known as the ‘fast kinetics” of the Chl a fluorescence or OJIP test and
is affected by the physiological state of the plant and environmental factors [71]. In our
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previous study, we showed that photochemical reactions were registered in the pod, coat,
and cotyledons of developing pea seeds [10,11]. The kinetics of the OJIP results was faster
in cotyledons than in other plant tissues, indicating a faster reduction of the plastoquinone
pool in PSII as a result of the low light intensity received during development [23]. Here,
we provided a detail analysis of the OJIP kinetics using the parameters proposed by the
Photon Systems Instruments protocols. The performance index, a crucial parameter in OJIP
analyses, displays the changes in fluorescence due to antenna-conformation alterations and
energy fluctuations [72]. In our research, adding green light to blue and red ones positively
affected the performance index in PSII (PIags), together with the photosynthetic (Phi_Po)
and electron (Phi_Eo) transport potentials of the reaction centers (Figure 2). Similar results
were recently obtained in [27], which showed that under low light conditions, partial
replacement of red by green light has beneficial effects on tomato development. Adding
green light increased the photosynthetic yield, reduced energy dissipation through NPQ
mechanisms, alleviated the photoreduction of the plastoquinone Qa pool, and significantly
reduced stomatal conductance and transpiration [27]. Finally, the quantum yield results for
CO; fixation showed that green light was able to efficiently drive photosynthesis.

It is well known that under low light intensities, plants increase their antenna size
to capture more light energy [73]. In conditions of low light, chloroplasts can enhance
the level of chlorophyll b, which in turn leads to an increase in the size of the peripheral
light-harvesting antenna complexes [74]. Puthur et al. [4,17] proposed that seeds can
also adapt to perform photochemical reactions under low light with the help of a large
antenna. According to our results, the ABS/RC parameter, which correlates with the
effective antenna size, was lower in cotyledons than in leaves, and lower in cotyledons
developing under red-green—blue light than those under red-blue light (Figure 2). Taken
together, this clearly indicates that the addition of green LEDs increased the intensity of
light used by cotyledons for photochemical activity.

It has been shown that green light has the ability to penetrate the leaf and stimulate
photosystems in deeper tissues, while red and blue light are more effective in the upper
cell layers [32,37,75,76]. It is also known that green light, due to its high transmittance and
reflectance, can penetrate deeper into the plant canopy. It can increase light interception and
whole-canopy photosynthesis [37,65,73]. In addition, green light induces shade avoidance,
helping to regulate plant growth and development [61]. Green light is less efficient than red
light in driving photosynthesis, but it can improve the plant growth at low light levels by
changing the vertical distribution of light [66]. We hypothesize that the same effects occur
in pea pods. Our previous work showed that the PAR reaching the pea cotyledons has a
high proportion of green light with low proportions of blue and red light [23]. Green light
appears to partially compensate for the lack of blue light and the low amount of red light for
seed cotyledons, increasing the flux of light energy available for photochemical processes.

4.2. Green Light-Induced Metabolic Shifts in the Cotyledons of Mature Pea Seeds

The embryonic chloroplasts” primary function is to produce NADP(H) and ATP,
which are used to convert sucrose coming from the mother plant into proteins, starch, and
oils [10,12,14-17]. Thus, the embryonic photochemical efficiency may affect the nutrient
accumulation during seed maturation. To test this assumption, we obtained mature pea
seeds developed under RB and RGB light and analyzed their weight, germination capability,
and amount of storage substances (proteins, starch, and oils) (Table 2). It was found that
complementation of the red and blue light with green light resulted in an increase in the
seed weights. Pea seeds are an important source of protein for human nutrition, with an
average protein content of 20-25% of the dry weight [77]. Notably, the pea cotyledons
developed in the RGB module contained 22 £ 0.6% (DW) protein, compared to 19 & 0.2%
in pea cotyledons developed in the RB module.

Thus, we discovered that modulation of the light spectrum mostly affects the nutri-
tional value of seeds (Table 2). To address the potential metabolic pathways underlying
this phenomenon, the biochemical composition of the cotyledons isolated from mature pea
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seeds was determined. The difference in metabolic patterns between seeds developed in
the RB and RGB modules was considerable, which was confirmed by the PCA analysis
(Figure 3). The PCA score plot showed a significant difference in the inter-group variance
between these two groups, with a higher variability in the biochemical composition of the
cotyledons developed under RGB light.

Surprisingly, the relative abundance of the majority of the annotated metabolites in
the cotyledons of seeds developed under RGB light were 3.4-7.6 times lower than those
grown under RB light (Table 3). The most responsive metabolites were intermediates of
the main synthetic and energetic pathways (glycolysis, TCA cycle, and pentose phosphate
pathway). This could be the result of a redirection of carbon flow. The additional energy
(NADPH and ATP) provided by the enhanced embryonic photosynthesis can be redirected
to the glycolytic pathway instead of the Calvin cycle, as it is in leaves [18]. Intermediates
and products of the glycolytic pathway, such as phosphoenolpyruvate (PEP) and pyruvate,
are further involved in fatty acid synthesis and in the anaplerotic pathway [78]. It has
been shown that phosphoenolpyruvate carboxylase (PEPC) is highly active in maturing
seeds [79-81]. PEPC can direct PEP, pyruvate, and TCA intermediates, via malate and
oxaloacetate, into the amino acid synthesis pathway [78]. The synthesized amino acids can
be used in the biosynthesis of storage proteins.

Meanwhile, four amino acids, ornithine, tryptophan, arginine, and aspartic acid, were
significantly up-regulated (p < 0.02, FC > 1.7). Several differentially abundant metabolites
are involved in the ornithine cycle and polyamine (PPA) biosynthetic pathway (Figure 4).
Among them, arginine is the most suitable storage form of organic nitrogen due to its high
nitrogen-to-carbon ratio. Furthermore, arginine serves as a precursor in the synthesis of the
secondary messenger NO [82].

Polyamine levels are known to increase during the initial stages of embryo devel-
opment, as they are important for cell proliferation and differentiation [83,84]. What is
the explanation for the regulatory effect of green light on PA levels in pea seeds in our
experiments? Primarily, light appears to affect PA biosynthesis [85-87]. The link between
PAs and photosynthesis is suggested by the high levels of putrescine, spermidine, and
spermine in thylakoid membranes and light-harvesting complex II, whereas the reaction
center of PSII is rich in spermine [88-90]. It has also been shown that the activities of argi-
nine decarboxylase, ornithine decarboxylase, SPd synthase, and SPm synthase are altered
under different light conditions [91,92]. Chloroplasts contain highly active PA enzymes and
transglutaminase, which catalyze the covalent binding of polyamines to proteins [87,93,94].

According to Pal et al. [86], plants maintain the optimal concentrations and ratios
of PAs under different spectral compositions of light. Some authors suggested that the
amount of light and the duration of illumination may affect the PA pool in plant cells
more than the light quality [85,91,95]. Gondor et al. [85] showed that light, on the one
hand, regulates the level of endogenous putrescine in wheat leaves and, on the other
hand, exogenous PAs can improve photosynthesis under lower light conditions. Zhang
et al. [96] found that exogenous polyamines can improve the photosynthesis in salt-stressed
cucumber seedlings by increasing the photochemical efficiency of PSIL. Ioannidis and
Kotzabasis [97] emphasized the importance of chloroplast polyamines for photosynthetic
membrane functionality. The study showed that putrescine efficiently stimulates ATP
synthesis, while spermidine and spermine improve non-photochemical quenching. The
mechanism of action of PAs probably involves their direct binding to the extrinsic proteins
and the hydrophilic domains of the intrinsic polypeptides of photosystem II. PAs act
through electrostatic interaction due to their polycationic properties, and the polycationic
selectivity effect in decreasing order is Spm*" > Spd®* > Put?* [87]. This electrostatic
interaction could provide some stability to the conformation of thylakoid proteins, and
thus help to maintain photosynthetic activity.
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Figure 4. The ornithine-urea cycle and polyamine biosynthesis pathway with changes in metabolite
levels in cotyledons of mature pea seeds developed under RB (red-blue) and RGB (red-green-blue)
light. All values are presented as intensities (counts) corresponding to the peak areas of extracted ion
chromatograms (Tables S4 and S5). Bars represent the mean + SE. Direct reactions are presented as
straight lines and reactions involving several steps are presented as dashed lines. ADC—arginine
decarboxylase; AIH—agmatine iminohydrolase; ARG—arginase; ASL—argininosuccinate lyase;
ASS—argininosuccinate synthase; GABA—y-aminobutyric acid; NCPAH—N-carbamoil-putrescin
amidogydrolase; ODC—ornithine decarboxylase; SpdS—spermidine synthase; SpmS—spermine
synthase; URE—urease.

5. Conclusions

In addition to leaves, photosynthesis can occur in other green plant organs, including
developing seeds of many crops. However, the mechanisms of embryonic photosynthesis
and how seed embryos receive sufficient light for photochemical reactions remain unclear.
It is widely acknowledged that chlorophylls and carotenoids are capable of absorbing
light within the blue and red spectral regions. Meanwhile, many studies have shown
that green light excites photosystems in leaves of shade-grown plants and deeper tissues
of leaves. In this work, we grew P. sativum plants under red-blue and red-green-blue
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LEDs and showed that green light had a favorable impact on seed maturation. Mature
seeds developed under green light had a significantly higher weight and contained more
proteins. Further, we recorded the time course of the Chl a fluorescence induction transient
in the cotyledons of pea seeds at the photochemically active middle stage of maturation,
which is characterized by the active synthesis of storage substances. The data showed
an increase in the photosynthetic performance index (PIABS), quantum yield of primary
photochemistry (PHI_Po), and electron transport potential of the active reaction centers
(PHI_Eo) in cotyledons of seeds maturated under the green light. The metabolomics
analysis using GC-MS and RP-UHPLC-MS revealed significant biochemical differences
between seeds developed in the RB and RGB modules. Cotyledons developed under
green light had significantly lower levels of organic acids of the TCA cycle, carbohydrates,
nucleotide monophosphates, and nitrogenous substances such as uric acid and spermidine.
This could be due to the accelerated synthesis of reserve compounds. However, four amino
acids, ornithine, tryptophan, arginine, and aspartic acid, were significantly up-regulated.
These metabolites are involved in the pathways of the ornithine-urea cycle and polyamine
biosynthesis. Among the proteinogenic amino acids, arginine has the highest nitrogen-to-
carbon ratio, which makes it especially suitable as a storage form of organic nitrogen. Our
data show the role of green light in embryonic photosynthesis, suggesting a link between
embryonic photochemical activity and the biochemical composition of seeds. Further
studies on a broader range of crops supplemented with different light spectra, followed by
analysis of their photochemical activity and specific metabolic pathways, could provide
valuable insights for the next generation of research.
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detected by targeted UHPLC-MS analysis of the ethanol/water extracts of P. sativum cotyledons
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