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Abstract: Seed-to-seedling transition plays a crucial role in plant vegetation. However, changes in the
metabolome of crop seedlings during seed germination and early seedling development are mostly
unknown and require a deeper explanation. The present study attempted to compare qualitative and
quantitative changes in polar metabolites during the seed germination and early development of
seedlings of three different and important crop types: pea, cucumber, and wheat. The application of
gas chromatography coupled with a flame ionization detector, as well as gas chromatography coupled
with mass spectrometry, identified 51 polar metabolites. During seed imbibition/germination, the
rapid degradation of raffinose family oligosaccharides (RFOs) preceded a dramatic increase in the
concentrations of intermediates of glycolysis and the TCA cycle in embryonic axes (of pea and
cucumber) or embryos (of wheat), confirming the important role of RFOs in the resumption of
respiration and seed-to-seedling transition. After germination, the metabolic profiles of the growing
roots, epicotyl/hypocotyl/coleoptile, and cotyledons/endosperm changed according to fluctuations
in the concentrations of soluble carbohydrates, amino acids, and organic acids along the timeline
of seedling growth. Moreover, the early increase in species-specific metabolites justified their role
in seedling development owing to their participation in nitrogen metabolism (homoserine in pea),
carbon translocation (galactinol, raffinose, and stachyose), and transitory carbon accumulation
(1-kestose in wheat). The obtained metabolic profiles may constitute an important basis for further
research on seedling reactions to stress conditions, including identification of metabolic markers of
stress resistance.
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1. Introduction

Seed germination and seedling development are the most extensively studied stages
in plant development [1]. In recent years, intensive efforts have been made to investigate
the molecular mechanisms underlying the breaking of seed dormancy [2—4] and seed-
to-seedling phase transition [5]. Using post-genomic technologies, it is now possible
to understand the global changes in the transcriptome, proteome, and metabolome of
seeds during their development and maturation [6], germination [5,7-9], and seedling
development [8]. Integrative studies have facilitated the advent of plant and seed systems
biology [10,11] and approaches to uncover novel features of plant/seed physiology and
quality that are suitable for both breeding programs and the use of seeds as food for humans
and as livestock feed [12,13].

Changes in the transcriptome and proteome during seed imbibition and germina-
tion [5,7,14-17] lead to the reactivation of primary metabolic pathways and energy pro-
duction [14,18]. The primary resources for the activation of metabolism are soluble sugars,
organic acids, and amino acids [19-21], which are accumulated in the embryo and storage
tissues at the later stages of seed maturation. The mobilization of the main reserves, starch,
and proteins starts during seed germination [18], and their degradation in the cotyledons
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and/or endosperm is prolonged for several days, allowing subsequent seedling estab-
lishment [21-24]. Post-germinative growth is additionally supported by the mobilization
of storage lipids in oilseeds, the process of which is regulated by the concentration of
sugars [25-27]. Although intermediates that were produced by the degradation of both
primary and main reserves might be transformed into starch again and utilized in the
subsequent seedling growth [28], most of the products derived from hydrolyzed storage
material are transported into growing tissues, enabling the biosynthesis of new components
and providing a sufficiently high turgor for rapid cell elongation.

Global changes in the metabolome, both in the tissues of growing seedlings and stor-
age tissues, can be analyzed using new metabolomic technologies [13,29]. Among them, gas
chromatography-mass spectrometry (GC-MS) is the most popular, facilitating the identifica-
tion and robust quantification of a few hundred metabolites (mostly low-molecular-weight
primary metabolites and volatile compounds) in a single plant extract [30]. GC-MS was
used to analyze the relative changes in the concentrations of the most prominent primary
metabolites, including sugars, amino acids, and organic acids (key compounds in reserve
catabolism, seedling growth, and energy production) in germinating seeds and whole
seedlings of Arabidopsis [8,19,31], barley [32], rice [33], mung bean [34], black gram [35],
tomato [36], Ricinus communis [37], and soybean [38]. However, it is thought that there are
significant differences in the composition and concentration of metabolites between storage
organs undergoing programmed cell death (such as the endosperm in cereals or cotyle-
dons in dicots) or developing into primary photosynthetic active organs (such as growing
cotyledons in epigeal germination seeds) and the roots and shoots of growing seedlings.
Indeed, in tomato seedlings, clear organ- and developmental-stage-specific differences
in secondary metabolite profiles have been observed [36]. Recently, comparative analy-
ses of changes in proteomes [39] and metabolomes [40] in the embryos and endosperms
(conducted separately) of germinating wheat grains confirmed the much higher metabolic
activity of embryos compared to endosperms, as expected [1,14,18].

The concentrations of both primary [32,38] and secondary metabolites [36] change
rapidly in germinating seeds and seedlings, and the most discriminating metabolites seem
to be polar metabolites [32,41-43]. In Arabidopsis thaliana, the comparison of changes in
primary metabolism during the transition from a dry seed to the active state of a vigorous
seedling revealed two specific metabolite profiles: one involved in the metabolic prepa-
ration for seed germination and the other involved in efficient seedling establishment [9].
However, to date, there are no available data confirming such metabolic transition in the
developing seedlings of crops.

In the present study, GC-FID (gas chromatography with a flame ionization detec-
tor) and GC-MS methods were used to compare qualitative and quantitative changes in
polar metabolites during seed germination and early seedling development (up to the
developmental stage corresponding to field emergence) of different crops (pea, cucumber,
and wheat) representing important legume, vegetable, and cereal crops and differing in
terms of germination type (hypogeal—pea and wheat; epigeal—cucumber) as well as in
terms of the composition of the main reserves and in terms of localization (starch in the
wheat endosperm, starch and protein in pea cotyledons, and oils in the cotyledons of
cucumber). Moreover, the vegetative tissues of the above-mentioned species also contain
species-specific metabolites, such as the amino acid homoserine in pea [44,45], galacti-
nol, and oligosaccharides (raffinose and stachyose) in cucumber [46,47], and fructans
(i.e., kestose) in wheat [48]. Their occurrence and role in germinating seeds/seedlings have
not been thoroughly characterized.

2. Materials and Methods
2.1. Seed and Grain Germination

Seeds of pea (Pisum sativum L. cv. Hubal) and cucumber (Cucumis sativus L. cv. Polan
F1), and grains of wheat (Triticum aestivum L. cv. Forkida), obtained from DANKO Plant
Breeding, Koscian, Poland (pea, wheat) and Garden Seed and Nursery Stock Company
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TORSEED S.A., Torun, Poland (cucumber), were surface-sterilized in a water solution
of ethanol (60%) for 1 min, rinsed several times with sterilized double-distilled water,
and placed on wet double-folded sheets of filter paper (Eurochem BDG, Tarnéw, Poland).
After rolling, the paper towels were transferred into 250 mL glass cylinders and incubated
at temperatures of 20/10 °C (for pea and wheat) or 25/20 °C (for cucumber) under a
photoperiod of 14 h light/10 h darkness (in climatic chamber ILW 115-T STD, Pol-Eko-
Aparatura, Wodzistaw Slaski, Poland) for 7 days. Samples of germinating seeds/grains
and seedlings (in three to five biological replicates) were collected at 24 h intervals (each
day at 09:00, only one sample per day). In dry and germinating seeds (0- to 2-day-old)
of pea and cucumber, the embryonic axis was separated from the cotyledons (seed coat
was removed), whereas in wheat, the embryo (including scutellum) was separated from
the endosperm (including pericarp). Seedlings (3- to 7-day-old) were separated on the
hypocotyl (in cucumber), epicotyl (in pea), shoot (coleoptile with the first leaf in wheat),
cotyledons (pea, cucumber), endosperm (with pericarp, wheat), and roots (all species),
weighed, and immediately frozen in liquid nitrogen. After 1 week of storage at —76 °C, the
tissues were freeze-dried for 48 h (Alpha 1-2LD; Christ, Hamburg, Germany). The water
concentration of tissues was calculated as the difference between fresh weight (FW) and
dry weight (DW) and was expressed as a percentage of FW. The length of the seedling
organs was measured in an additional lot of seedlings (20 seedlings in each of the three
biological replicates).

2.2. Analysis of Polar Metabolites

Dry tissues were crushed (for 2 min at 22 Hz) to a fine powder in a mixed mill
(MM200, Retsch, Verder Group, Utrecht, Netherlands). Polar metabolites were extracted
from 40 to 45 mg of flour with 900 pL of a mixture of methanol/water (1:1, v/v), containing
100 pg of ribitol (as an internal standard). The homogenate (in a 2 mL Eppendorf tube) was
heated at 70 °C with continuous shaking (500 rpm, Thermo-shaker MS-100 ALLSHENG,
Hangzhou, China) for 30 min. After centrifugation (20,000 x g at 4 °C for 20 min), 600 pL
of the supernatant was transferred into a 1.5 mL tube containing 400 pL of chloroform.
After shaking (at 1300 rpm for 15 min) and centrifugation (20,000x g at 4 °C for 10 min),
200 uL of the upper layer (methanol/water polar fraction) was transferred into a 300 uL.
glass insert in a 2 mL vial and dried in a speed vacuum rotary evaporator (JWElectronic,
Warsaw, Poland).

The dry residues were derivatized in two steps. First, 40 uL of O-methoxyamine
hydrochloride (20 mg in 1 mL pyridine; Sigma-Aldrich, Merck, Burlington, MA, USA
was added and the samples were heated at 37 °C for 75 min (with continuous shaking
at 500 rpm). Next, 160 pL of a mixture of N-methyl-N-(trimethylsilyl)-trifluoroacetamide
with pyridine (Sigma-Aldrich, Merck, Burlington, MA, USA) (1:1, v:v) was added, and
the mixture was heated at 70 °C for 30 min, according to the method described by
Lisec et al. [30].

Qualitative and quantitative analyses of polar metabolites were performed using
the gas chromatography method (GC). For robust analyses, a gas chromatograph GC-
2010 (Shimadzu, Kyoto, Japan) equipped with an FID was used. For the separation of
a mixture of metabolites derivatives, the capillary column ZEBRON ZB5-MSi (length,
30 m, diameter 0.25 mm, film thickness 0.25 pm (5% phenyl-95% di-methyl-poly-siloxane),
Phenomenex, Torrance, CA, USA) was used. The GC conditions were set with a detector
and injector temperature of 350 °C and 230 °C, respectively, helium carrier gas at a flow rate
of 1.82 mL/min, an injector split ratio of 10:1, and a resting column oven temperature of
70 °C. After sample injection (1 pL), the oven temperature was ramped to 130 °C at a rate of
20 °C/min, to 210 °C at 8 °C/min, to 220 °C at 3 °C/min, to 300 °C at 10 °C/min (held for
3 min), and to 335 °C at 20 °C/min. The final temperature was held for 12.42 min and the
total time of analysis was 45 min. The initial resting oven temperature was equilibrated for
3 min before the next run. For the identification of metabolites, standards of carbohydrates,
polyols (including cyclitols), sugar acids, sugar phosphates, organic and amino acids,
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amines, and polyamines (derived from Sigma, USA) were derivatized and separated under
the conditions described above. Each compound was identified by the comparison of the
retention time of the peak(s) with the retention time of the peak(s) of a known standard.

The identification of metabolites was confirmed by gas chromatography coupled
with mass spectrometry (GC-MS). One to two samples, from 3 to 5 replicates analyzed
by GC-FID, were used for GC-MS (GCMS-QP2010 Plus, Shimadzu, Japan) equipped with
a quadrupole mass analyzer. The parameters for metabolite separation by GC-MS were
identical to those described above. For the GC-MS analysis, the temperature of the interface
was 280 °C, the ion source temperature was 250 °C, and an electron ionization of 0.8 kV was
used. The flow rate of the helium carrier gas (helium) was 1.19 mL/min. The detector signal
was recorded from 3.2 to 41.5 min after injection, and ions were scanned across the range of
50-600 m/z units with a scan speed of 20 scan/s. Data were collected and analyzed using
GCMS Solution 2.50 SU3 software (Shimadzu, Japan). Polar metabolites were identified
by comparing the retention indices and mass spectra collected in the NIST 05 library
(Shimadzu, Japan) and the internal collection of mass spectra obtained for the original
standards purchased from SIGMA [49]. On the GC-chromatograms of the TMS derivatives
of metabolites from the pea seedling samples, two peaks (with relatively high signal values)
of unknown polar metabolites were detected (Figure S1). According to the NIST05 database,
these compounds could be di-ethylamine and hexose. However, a comparison of retention
times and mass spectra with the original standards (di-ethylamine and a few hexoses and
their alcohol derivatives and sugar acids) excluded these suppositions. Therefore, they
were omitted from the calculation of the polar metabolite concentrations. Nonetheless, the
proper identification of these compounds requires further study.

The concentration of polar metabolites analyzed by the GC-FID method was calculated
from standard curves obtained for the appropriate original metabolites using the internal
standard method. For each standard of polar metabolites, regression curves were calculated
to describe the relationship between the ratio of the peak area of each standard (ranging
from 20 to 200 pg) and the area of the internal standard (ribitol) in a constant amount
(100 pg). Unknown compounds present in the chromatograms were omitted from the
calculations if their similarity to the mass spectra from the original standard or from the
NISTO05 library was below 80%.

2.3. Targeted Analysis of Verbascose

The applied protocol for the extraction of polar metabolites and their GC analysis was
not sufficient for the analysis of verbascose, an important compound of the mature seeds of
peas [50]. Thus, from the same samples (replicates) of lyophilized plant material, additional
extraction of soluble carbohydrates was performed. GC analyses (using ZEBRON ZB-1
column, Phenomenex, USA) were performed in accordance with a previously described
procedure [51]. Data for the concentration of verbascose were added to the metabolite
profiling results.

2.4. Statistical Analysis

The results are the means of three to five independent replicates £ SE, and they were
subjected to an analysis of variance using a one-way ANOVA test and Tukey’s post hoc test
(if overall p < 0.05) for multiple comparisons in GraphPad Prism and Statistica. Principal
component analysis (PCA) for multivariate statistics was performed using COVAIN [52],
a MATLAB toolbox that includes a graphical user interface (MATLAB version 2013a,
Math Works).

3. Results
3.1. Polar Metabolites in Dry Seeds

In the water—-methanol extracts from dry seeds of pea, cucumber, and wheat, 51 polar
metabolites were identified (Tables S2-54). Although most of them (27-30, depending
on the part of the seedling) were ubiquitous in all species, some were species-specific:
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(i) in pea—sugar acids (galactonic and gluconic), verbascose, homoserine, and 2,3,4-tri-
hydroxybutyric acids; (ii) in wheat—maltose, 1-kestose, sorbitol, tyrosine, and urea; and
(iii) in cucumber—rythronic acid. Moreover, some metabolites were common found only
for pea and cucumber (galactose and stachyose) or for pea and wheat (lysine and organic
acids: fumaric, acetic, and propanoic). The metabolite common to cucumber and wheat,
but not identified in pea, was 2-keto-D-gluconic acid.

The concentration of identified polar metabolites in the embryonic axis (pea, cucumber)
or embryo (wheat) was much higher than in the storage tissues (cotyledons, endosperm)
of dry seeds, regardless of the species analyzed (Figure 1). However, the differences in
the concentrations of polar metabolites among tissues were higher in pea (202.19 and
55.05 mg/g DW in embryonic axis and cotyledons, respectively, Figure 1A,D) than in
cucumber and wheat (ca. 52 mg/g DW in embryonic axis/embryo, Figure 1B,C, compared
to 23 mg/g DW in cotyledons/endosperm, Figure 1EF).
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Figure 1. Changes in the total concentration of identified polar metabolites in the embryonic axis,
root, epicotyl (A), and cotyledons of pea (D); embryonic axis, roots, hypocotyl (B), and cotyledons
of cucumber (E); and embryo, roots, shoot (C), and endosperm of wheat (F) during 7 days of seed
germination. The same letters above the bars (separately for each part of the seedling) indicate no
statistically significant differences (p < 0.05) based on ANOVA and Tukey’s post hoc test. *—hypocotyl
was analyzed with root.

Soluble carbohydrates were quantitatively the main fraction of polar metabolites in
seeds, regardless of species and tissues analyzed (accounting for approximately 90% of
identified polar metabolites in cucumber and pea, and 87 and 77% in the embryo and
endosperm of wheat, respectively; Figure 52). In the seeds of pea and cucumber, RFOs
dominated among sugars, accounting for 70% of soluble carbohydrates. In wheat, sucrose,
1-kestose, and maltose dominated (accounting for 80 and 89% of the sugars in the embryo
and endosperm, respectively). The concentrations of other polar metabolites were higher
in the embryonic axes of pea and cucumber, as well as in the wheat embryo, than in storage
tissues. Among the amino acids, organic acids, and remaining compounds, glutamic acid,
citrate/malate, and phosphoric acid dominated.

3.2. Seeds Germination

During the 24 h of seed imbibition, the FW of the whole embryo of pea increased from
261 to 397 mg, in cucumber from 19 to 29 mg, and in wheat from 44 to 71 mg (Table S1).
Importantly, the FW of the embryonic axis of the pea increased up to 4-fold (from 2 to
8 mg), whereas the FW of the cucumber axis and wheat embryo increased by 50 and 33%,
respectively (from 2 to 3 mg and from 3 to 4 mg, respectively). The increase in the FW of
storage tissues was similar in the investigated species (ca. 50%). The WC in the embryonic
axes of pea, cucumber, and embryo of wheat increased to 72, 87%, and 82%, respectively,
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whereas it increased to 54 and 46% in the cotyledons of pea and cucumber, and to 35%
in the wheat endosperm (Table S1). After the next 24 h, seed germination sensu stricto
finished, the growing root of pea and cucumber protruded the seed coat, reaching lengths
of 1-5 and 5-8 mm, respectively, whereas the enlarging wheat embryo ruptured the seed
coat (Figure S3).

3.3. Changes in Polar Metabolites during Seed Imbibition and Germination

During the first 24 h of seed germination, the total concentration of identified polar
metabolites significantly (p < 0.05) decreased in the embryonic axes of pea (from 202.19
to 188.67 mg/g DW) and cucumber (from 52.22 to 37.82 mg/g DW), whereas it increased
3-fold in the embryo of wheat (from 52.91 to 173.12 mg/g DW). This was a result of a rapid
breakdown of RFOs (in pea and cucumber, Figure 2A,B) or a fast accumulation of sucrose,
glucose (Table S4), and 1-kestose in wheat (Figure 2C).
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Figure 2. Changes in the concentrations of RFOs (raffinose, stachyose, and verbascose) in the
embryonic axes of pea (A) and cucumber (B), and maltose and 1-ketose in the embryo of wheat
(C) during 48 h of seed germination. The concentrations of hexose phosphates (Glc6P and Fru6P)
in the embryonic axes (pea and cucumber) and embryos (wheat) are shown in (D-F). The same
letters above the bars (separately for each metabolite) indicate no statistically significant differences
(p < 0.05) based on ANOVA and Tukey’s post hoc test.

The degradation of raffinose also occurred in the wheat (from 7.11 to 1.32 mg/g DW,
Table 54). However, changes in the concentrations of galactose and sucrose, as the products
of RFO hydrolysis, were not related to this. In the embryonic axes of pea and cucumber,
the reduction in RFOs by approximately 20-23 mg/g DW (Figure 2A) was accompanied
by an increase in the content of sucrose by only 7.5 and 5 mg/g DW, respectively, while
the increase in galactose and other monosaccharides was less than 1 mg/g DW (Table S2).
In wheat embryos, the sucrose content increased 3-fold (from 25 to 75 mg/g DW), which
was much higher than the amount of sucrose released from raffinose (ca. 4 mg/g DW).
Moreover, at the same time, the concentration of 1-kestose (fructan of sucrose) increased
10-fold (from 4.5 to 49.6 mg/g DW, Figure 1C) and the level of monosaccharides (fructose
and glucose) increased dramatically (from 0.24 and 0.26 up to 3.07 and 6.32 mg/g DW,
respectively; Table 54).

The occurrence of hexose phosphates (glucose-6-phosphate and fructose-6-phosphate,
Glc6P, and Fru6P, respectively) in the embryonic axes of pea and cucumber, as well as their
accumulation in wheat embryos (Figure 2D-F), confirmed the activation of respiratory
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metabolism in rehydrated tissues. This suggestion is also based on the observed increase in
intermediates of the tricarboxylic acid (TCA) cycle (Tables S2-54).

According to the protrusion of the seed coat by the growing root (between the 1st and
2nd day of seed germination; Figure S1), considering the end of seed germination, changes
in the concentrations of polar metabolites were species- and organ-specific (Tables 52-54).
In the embryonic axis of pea, the concentration of identified polar metabolites decreased
from 188.67 to 137.42 mg/g DW due to the dramatic decrease in RFOs (Figure 2A). The
hydrolysis of RFOs also occurred in the cotyledons (but at a lower intensity). The increase
in the concentration of polar metabolites in the cotyledons (from 49.07 to 89.42 mg/g DW)
was a result of the 3- and 2-fold increases in sucrose and citric acid, respectively (Table S2).
It should be noted that the concentration of sucrose also increased in the embryonic axis of
pea, reaching a level 2-fold higher (71.32 mg/g DW) than that in cotyledons (41.34 mg/g
DW). Besides sugars, the concentration of free amino acids (with predominant glutamic
acid) in the embryonic axis increased 3-fold, from 6.11 to 19.73 mg/g DW, and in cotyledons
from 1.37 to 4.44 mg/g DW (Table S2).

In cucumber, the changes in the concentrations of polar metabolites were opposite to
those observed in pea. There was an increase in their total content in the embryonic axis
(2.6-fold, from 37.82 to 98.88 mg/g DW) due to a doubling of the concentration of soluble
carbohydrates. The embryonic axis accumulated mainly glucose and myo-inositol instead
of sucrose, which decreased (Table S3). The cucumber axis also accumulated proteinogenic
amino acids (predominantly glutamic acid) and organic acids (malate and citrate; Table S3).
In both the embryonic axis and cotyledons, the degradation of RFOs continued (Figure 2B),
as was the case for pea seeds.

In wheat embryo, the concentration of polar metabolites decreased because of the
breakdown of soluble carbohydrates, such as in the embryonic axis of pea. However, in
addition to RFOs, there was a decrease in the concentrations of 1-kestose (Figure 2C) and
sucrose (Table S3). The concentration of amino acids and organic acids (mainly malate and
citrate) increased along the cucumber axis. In contrast to the embryo, the accumulation of
maltose, glucose, and sucrose in the endosperm led to a significant increase in the levels of
total polar metabolites (Table S4).

3.4. Seedling Growth and Development

Post-germinative seedling development was characterized by the rapid growth of
root systems and a subsequent elongation of the epicotyl or coleoptile in pea or wheat,
and the hypocotyl and cotyledons in cucumber, according to the type of seed germination
(hypogeal in pea and wheat, and epigeal in cucumber). In cucumber, lateral roots develop
between the 3rd and 4th day of seed germination (Figure S3), whereas in pea, they develop
only a few days later (data not shown). The root system of wheat initially consists of a
primary root and the first pair of seminal roots. Between the 4th and 5th day, the next
pair of seminal roots developed (Figure S3). The WC in tissues still increased, reaching
much higher levels in growing roots (91-95% of FW after 7 days of seed germination) and
the epicotyl or coleoptile (89% of FW) than in the cotyledons of pea or the endosperm of
wheat (55 and 64%). In cucumber, the WC in the roots and hypocotyl was equal (95-96%)
and slightly higher than that in the cotyledons (82.5%, Table S1). In wheat seedlings,
between the 6th and 7th days, the coleoptile stopped growing and the rolled green first leaf
penetrated its top. In cucumber, the epicotyl was still covered by growing and adjacent
dark-green cotyledons with visible main vascular bundles (Figure S3). In the epicotyl of
pea, the primary leaf of wheat, and growing cotyledons of cucumber (as well as the upper
part of hypocotyl), photosynthetic pigments appeared. Seven days after the start of seed
germination, the developmental stage of the seedlings corresponded to field emergence
(Figure S3).
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3.5. Changes in Polar Metabolites during Seedling Growth

At the beginning of post-germinative seedling growth, between the 2nd and 3rd
day after the start of seed imbibition, the concentration of total polar metabolites in the
embryonic axis of pea increased from 137.42 up to 157.47 and 132.05 mg/g DW in the root
and epicotyl, respectively (Figure 1A). At the same time, their concentration decreased in
the cotyledons of pea from 89.42 to 44.15 mg/g DW (Figure 1D). In cucumber, it doubled in
the root (from 98.88 to 183.15 mg/g DW; Figure 1B), but did not change significantly in the
cotyledons (Figure 1E). In wheat, it clearly increased in all tissues (Figure 1C,F).

Quantitative changes in the concentrations of polar metabolites during the next few
days led to different metabolic profiles in the seedlings of the studied species. PCA revealed
differences between species in the metabolite profiles of developing seedlings (between the
3rd and 7th days of germination; Figure 3).
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Figure 3. PCA score of polar metabolites in roots (A), shoots ((B) hypocotyl of cucumber; epicotyl of
pea; and coleoptile of wheat) and storage tissues ((C) cotyledons of pea, cucumber, and endosperm
of wheat) of developing seedlings (from the 3rd to 7th day of germination) of pea, cucumber, and
wheat. Symbols: circles—pea; squares—cucumber; and diamonds—wheat. In cucumber seedlings,
on the 3rd day of seed germination, the hypocotyl was analyzed together with the root, and data on
changes in the hypocotyl started from the 4th day (B). Symbols for 3rd, 4th, 5th, 6th, and 7th day of
germination are colored as follows: yellow, pink, green, navy blue, and sky blue.

Moreover, the metabolite profiles of storage tissues were clearly separated from those
of the roots and shoots of pea (Figure 4A), cucumber (Figure 4C), and wheat (Figure 4E). Su-
crose, glucose, and homoserine were the most discriminating metabolites in pea (Figure 4B);
glucose, fructose, and phosphoric acid in cucumber (Figure 4D); and sucrose, 1-kestose,
maltose, glucose, and citrate in wheat (Figure 4F).
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Figure 4. PCA score (A,C,E) and loading (B,D,F) plots of polar metabolites in developing seedlings
(from the 3rd to 7th days of germination) of pea (Pisum sativum L.), cucumber (Cucumis sativus L.),
and wheat (Triticum aestivum L.). Symbols: circles—cotyledons of pea and cucumber or endosperm of
wheat; squares—epicotyl of pea, hypocotyl of cucumber, or coleoptile of wheat; diamonds—roots. In
cucumber, on the 3rd day of seed germination, the hypocotyl was analyzed together with the root,
and data on changes in the hypocotyl started from the 4th day (C). Symbols for 3rd, 4th, 5th, 6th, and
7th day of germination are colored as follows: yellow, pink, green, navy blue, and sky blue.

Changes in the concentration of polar metabolites between the 3rd and 7th day of
seedling growth were generally different between species and tissues. In the roots of pea
seedlings, it ranged from 150 to 170 mg/g DW (Figure 1A), whereas it increased temporarily
in cucumber (from 175.92 to 221.25 mg/g DW, between the 4th and 5th days; Figure 1B), and
in wheat, after initially decreasing (from 170.19 to 96.33 mg/g DW), and remained in the
range of 92-111 mg/g DW (Figure 1C). In the growing epicotyl of pea, the concentration of
polar metabolites gradually increased (Figure 1A) due to the accumulation of amino acids
and phosphoric acid. However, only minor changes in soluble carbohydrates occurred
in the epicotyl, contrary to the gradually decreasing concentration of sugars in the root
(Table S2). In the hypocotyl of cucumber, the concentration of polar metabolites was the
highest on the 4" day of seed germination and then fluctuated (Figure 1B). Only slight
changes were observed in the wheat coleoptile (Figure 1C). The initial decrease in soluble
carbohydrates and amino acids was compensated for by the dramatic accumulation of
organic acids (Table 54).

The concentration of polar metabolites gradually increased in the cotyledons of cucum-
ber (Figure 1E) and the endosperm of wheat (Figure 1F), whereas it temporarily increased
in the cotyledons of pea (Figure 1D), according to the transitory accumulation of solu-
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ble carbohydrates (Table S2), and then decreased (between the 6th and 7th days of seed
germination; Figure 1D).
3.5.1. Soluble Carbohydrates

Changes in the composition and concentration of the major soluble carbohydrates
(sucrose, glucose, and fructose) in the growing roots, epicotyl, hypocotyl, coleoptile, and

storage tissues are presented in Figure 5.
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Figure 5. The concentrations of glucose, fructose, and sucrose in roots (A-C), epicotyl of pea (D),
hypocotyl of cucumber (E), shoot of wheat (F), and storage tissues—cotyledons (G,H) and endosperm
(I)—of growing seedlings (between the 3rd and 7th day of seed germination) of pea (A,D,G), cu-
cumber (B,E, H), and wheat (C,F,I). The same letters above the bars (separately for each metabolite)
indicate no statistically significant differences (p < 0.05) based on ANOVA and Tukey’s post hoc test.
*—hypocotyl was analyzed with root.

Glucose and sucrose dominated the root and epicotyl of pea (Figure 5A,D), while
glucose and fructose dominated cucumber (Figure 5B,E) and sucrose dominated wheat
(Figure 5C,F). It should be emphasized that the concentration of total glucose and fructose
in the growing roots and hypocotyl of cucumber was the highest among the species studied,
reaching a level up to ca. 120 mg/g DW, whereas the concentration of sucrose was the
lowest (<15 mg/g DW; Figure 5B,E).

Sucrose was dominant in the cotyledons of both pea and cucumber. Its concentration
increased temporarily in pea or gradually in cucumber (Figure 5G,H). The endosperm of
wheat, but not the cotyledons of pea and cucumber, accumulated high amounts of glucose
(up to 43.5 mg/g DW), in addition to sucrose (Figure 5I).

The most differentiating carbohydrates were galactinol and RFOs, occurring only in
cucumber and pea seedlings, whereas wheat seedlings contained 1-kestose (not detected in
pea and cucumber) and maltose (Figure 2, Tables S2-54). In pea, the breakdown of galactinol
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and RFOs (starting during seed imbibition) continued in the cotyledons up to the 7th day
of seed germination, whereas in the growing roots and epicotyl, RFOs were below the
detection limit (except for raffinose in the epicotyl on the 3rd day; Table S2). In cucumber,
the degradation of RFOs finished between the 2nd and 3rd days of seed germination, and,
thereafter, the accumulation of galactinol, raffinose, and stachyose started in the roots and
hypocotyl (Table S3). A higher concentration of galactinol than stachyose or raffinose was
revealed in the cotyledons (means for days 4-7: 0.76, 0.62, and 0.39 mg/g DW for galactinol,
raffinose, and stachyose, respectively). Raffinose and stachyose were dominant in seedlings.
In the roots and cotyledons, the concentration of stachyose was higher than that of raffinose
(Figure 6A,C), whereas the opposite relationships between these oligosaccharides were
found in the hypocotyl (Figure 6B).
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Figure 6. Changes in the concentrations of raffinose and stachyose in the roots (A), hypocotyl (B), and
cotyledons (C) of growing cucumber seedlings. The same letters above the bars (separately for each
metabolite) indicate no statistically significant differences (p < 0.05) based on ANOVA and Tukey’s
post hoc test. *—hypocotyl was analyzed with root.

In wheat, raffinose and stachyose were not detected in 3- to 7-day-old seedlings, and
only traces of galactinol were found (Table S4). Wheat seedlings contained 1-kestose,
the concentration of which decreased during seedling development (Figure 7). Maltose
accumulated in the roots and endosperm (up to 7 and 32 mg/g DW, respectively), remaining
at a low level in the coleoptile (1.2 mg/g DW, Figure 7).
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Figure 7. Changes in the concentrations of maltose and 1-kestose in roots (A), coleoptile (B), and
endosperm (C) of growing wheat seedlings. The same letters above the bars (separately for each
metabolite) indicate no statistically significant differences (p < 0.05) based on ANOVA and Tukey’s
post hoc test.

The sugar phosphates Glc6P and Fru6P were detectable in all samples. Their concen-
trations increased in the embryonic axis (pea and cucumber) or embryo (wheat) during
seed germination and later decreased (Tables 52-54). However, in pea and cucumber, the
levels of both Glc6P and Fru6P were much lower than those in wheat. Moreover, the
concentration of Fru6P and Glc6P dramatically increased in the germinating embryo of
wheat (from 0.03 and 0.11 up to 5.5 and 8.2 mg/g DW, respectively), whereas later on it
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decreased in the roots and coleoptile to a level as low as that in the seedlings of pea and
cucumber (less than 1.2 mg/g DW; Tables S2-54).

3.5.2. Amino Acids

Among several identified proteinogenic amino acids, asparagine, glutamine, and
glutamic acid occurred at relatively high concentrations (up to 15 mg/g DW). The concen-
tration of asparagine gradually increased in the root and epicotyl of pea (up to 8-11 mg/g
DW), whereas glutamic acid and glutamine increased in the cotyledons (Figure 8A,D,G).
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Figure 8. Changes in the concentration of asparagine, glutamine, and glutamate in roots (A-C),
epicotyl of pea (D), hypocotyl of cucumber (E), shoot of wheat (F), and storage tissues (cotyledons
(G,H) and endosperm (I)) of growing seedlings (between the 3rd and 7th day of seed germination)
of pea (A,D,G), cucumber (B,E,H), and wheat (C,F,I). The same letters above the bars (separately
for each metabolite) indicate no statistically significant differences (p < 0.05) based on ANOVA and
Tukey’s post hoc test. *—hypocotyl was analyzed with root.

The concentration of glutamine in the roots and hypocotyl of cucumber was much
higher than that of glutamic acid or asparagine (Figure 8B,E). In cotyledons, glutamine and
glutamic acid occurred at comparable levels, and their concentrations increased until the
6th day of seed germination (Figure 8H).

In growing wheat seedlings, decreasing concentrations of glutamine and glutamic
acid coincided with the accumulation of asparagine in the roots, coleoptile, and endosperm
(Figure 8C,EI).

In addition to proteinogenic amino acids, seedlings contained traces of 3-alanine and
y-amino-butyric acid (GABA). Moreover, homoserine, detected only in pea, occurred at a
much higher concentration than total proteinogenic amino acids (Table 52). Homoserine
accumulated in the pea root and epicotyl up to the 7th day (reaching levels of 72 and
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59 mg/g DW, respectively, whereas 4.4 mg/g DW accumulated in cotyledons on the 6th
day of seed germination).

3.5.3. Organic Acids

Among the organic acids, citrate and malate were the dominant ones (Figure 9). The
remaining intermediates of the TCA cycle occurred at lower concentrations (except for
considerable amounts of a-keto-glutarate in the coleoptile and roots of wheat, 11-18 and
6-7 mg/g DW) (Table 54).
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Figure 9. Changes in the concentrations of citrate and malate in roots (A-C), epicotyl of pea (D),
hypocotyl of cucumber (E), shoot of wheat (F), and storage tissues—cotyledons (G,H) and endosperm
(I) of growing seedlings (between the 3rd and 7th day of seed germination) of pea (A,D,G), cucumber
(B,E,H), and wheat (C,F,I). The same letters above the bars (separately for each metabolite) indicate no
statistically significant differences (p < 0.05) based on ANOVA and Tukey’s post hoc test. *—hypocotyl
was analyzed with root.

The concentrations of each of the remaining organic acids (acetic, oxalic, lactic, and
propanoic acids) were below 1 mg/g DW (Tables S2-54). All parts of pea seedlings
(Figure 9A,D,G), as well as the coleoptile and endosperm of wheat (Figure 9EI), con-
tained more citrate than malate throughout seedling growth. In contrast to pea and wheat
seedlings, cucumber seedlings accumulated more malate than citrate (Figure 9B,E,H).
Moreover, the concentration of malate increased in growing cotyledons (Figure 9H).

3.5.4. Remaining Compounds

In addition to organic acids, the seedlings also contain phosphoric acid. Its concen-
tration increased in the storage tissues of all species, as well as in the root and epicotyl of
pea and coleoptile of wheat (Tables S2-54). In the roots of wheat and the root/hypocotyl
of cucumber, the concentration of phosphate decreased. Irrespective of the trend in the
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accumulation of phosphate, its concentration (after 7 days of seedling development) ranged
from 7 to 10 mg/g DW in roots and up to 13-15 mg/g DW in shoots, remaining much
higher than (pea, wheat) or comparable with the concentration of phosphate in storage
tissues (Tables S2-54).

4. Discussion

The number of polar metabolites identified in plant tissues, including seeds, depends
on both the extraction method used and the analytical platform. The GC-MS platform,
which is widely used in metabolome analyses of plant tissues, allows for the identification
of 40-50 [9,19,34] to approximately 200 polar and non-polar metabolites, mostly associated
with primary metabolism [32,53]. In our study, 51 compounds were identified, and most
of them (27-30) were present in all samples of seeds/seedlings. The main metabolites in
the tissues of seeds and seedlings were soluble carbohydrates, phosphate, and alcohol
derivatives of monosaccharides (myo-inositol and sorbitol), amino acids, and organic acids
(including intermediate metabolites of the Krebs cycle). The same groups of metabolites
have been identified in germinating soybean seeds [38], Arabidopsis thaliana [9], wheat
grains [40], 4-day-old seedlings of pea [54], and 3-day-old seedlings of wheat [55-57].

4.1. Profile of Polar Metabolites in Dry Seeds

An important feature of dry seeds, common to the species tested in our study, was a
much higher concentration of total polar metabolites in the embryonic axis (pea and cucum-
ber) or embryo (wheat) than in the storage tissues. Similar differences in the metabolome
of the embryo and endosperm have been demonstrated only in wheat grains [40]. The
main polar metabolites of dry seeds (both the embryonic axis/embryo and the cotyle-
dons/endosperm) were soluble carbohydrates, including sucrose, RFOs, myo-inositol, and
galactinol in cucumber and maltose and 1-kestose in wheat. The concentration of sucrose
in pea cotyledons was higher than that in cucumber and wheat endosperm. Pea seeds also
contained significantly more RFOs than cucumber and wheat seeds did. Additionally, in
pea, all RFOs (raffinose, stachyose, and verbascose) were detected, whereas in cucumber
stachyose and raffinose were detected, and in wheat only raffinose. This result is consistent
with previous reports [58,59], and may confirm the participation of sucrose and RFOs in
the formation of the liquid glass phase in the drying cells of ripening seeds [60,61]. This
state of the cytoplasm stabilizes cell membranes and macromolecules while preventing
metabolic changes, which leads to a safe transition of the maturing embryo into the state
of anabiosis [62].

In the embryonic axis of pea seeds, stachyose was the dominant oligosaccharide
in the RFOs, whereas verbascose was present in the cotyledons. Such differentiation
was not found in cucumber seeds (containing more stachyose than raffinose in both the
axis and cotyledons) and wheat grains (containing only raffinose). This means that in
each of the species studied, the differential accumulation of RFOs in maturing seeds is
genetically determined [63]. The high concentration of RFOs in the embryonic axis of
dry seeds and their rapid decrease during seed germination (Figure 1A,B) confirmed the
important role of these metabolites as primary storage materials for the early stages of
seed germination [64—66].

The presence of maltose and 1-kestose in the embryos of dry wheat grains at levels
comparable to those of sucrose can be explained in two ways. Maltose, as a consequence
of incomplete accumulation of storage starch in the embryo itself, and 1-ketose (fructan)
are oligosaccharides that additionally protect tissues during grain desiccation [48]. Since
fructans play a protective role in the response of plants to abiotic stresses, and as reserve
materials in the vegetative tissues of cereals [67], it is possible that, in wheat grains, they
also constitute additional compounds stabilizing the tissues of the embryo during drying,
and later in seed dormancy.

Amino acids and organic acids were present in significantly lower concentrations than
soluble carbohydrates (less than 1 mg/g DW, except for glutamic and citric acids—1.58 and
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5.05 mg/g DW in the pea embryonic axis). Glutamic acid is the dominant proteinogenic
amino acid in pea seeds, as well as in seeds of other species of legumes, such as chickpeas,
cowpeas, and lentils [68]. However, this is not a universal feature, because in the seeds
of wild taxa of sweet peas, lentils, peas, and vetch, the concentration of this amino acid
may be very low, even below the detection threshold [69]. Kuo et al. [70] showed that the
concentration of individual amino acids may be a species-specific feature—the seeds of pea
contain mainly arginine, asparagine, glutamic acid, and aspartic acid; the seeds of bean
contain mainly arginine, glutamic acid, asparagine, tyrosine and alanine; and the seeds of
lentil contain mainly glutamic acid, aspartic acid, asparagine, arginine, and alanine. Our
research showed that in wheat grains and cucumber seeds, the dominant amino acids were
glutamic acid, hydroxyproline, and asparagine (in wheat), but they were present at a level
below 0.4 mg/g DW. Knezevi¢ et al. [71] showed that glycine, glutamic acid, valine, and
tryptophan are dominant in wheat grains. On the other hand, in the seeds of plants from
the Cucurbitaceae family, arginine, glutamic acid, aspartic acid, leucine, glycine, and valine
were found in the highest amounts [72].

Among the other metabolites, the relatively high concentration of phosphoric acid in
the embryonic axis of cucumber and pea seeds (1.76 and 4.84 mg/g DW) and wheat germ
(2.90 mg/g DW) is noteworthy. Phosphoric acid has also been detected in dry rice [33],
barley [32], and tomato [73].

4.2. Changes in the Polar Metabolites Profile during Seed Germination

The faster hydration dynamics of the embryonic axis (pea and cucumber) or the
embryo (wheat) compared to the tissues of storage organs during seed imbibition, as
found in our study, confirms earlier reports [74,75]. Early hydration of the tissues of
the embryonic axis/embryo compared to the storage tissues initiated the resumption of
metabolism, including respiration. Indeed, seed germination, regardless of the species,
was accompanied by an increase in the concentration of hexose phosphates (higher in the
embryonic axis/embryo than in the storage organs) and TCA cycle intermediates, as in
the germinating seeds of Arabidopsis thaliana [9,19], soybean [38], and grains of rice [33].
Similarly, in wheat embryos and the embryonic axes of germinating seeds of pea and
cucumber, the levels of intermediates of glycolysis (Glc6P and Fru6P) and the TCA cycle
(citrate, malate) increased (Figure 2D-F, Tables 52-54). These results confirm the key role of
respiration in reactivating the metabolism of hydrated cells [76]. Given the very low levels
of monosaccharides in dry tissues, di- and oligosaccharides, among them RFOs, could be
the available carbon sources for initiated respiration. In pea seeds, the degradation of RFOs
starts with tissue hydration and proceeds faster in the embryonic axis than in the cotyledons.
Verbascose disappeared faster than stachyose and raffinose (the degradation products of
verbascose and stachyose, respectively). However, the decomposition of RFOs was not
accompanied by an adequate increase in monosaccharide concentration. To date, it has been
shown that in the embryonic axis of lupine, pea, soybean, and vetch, RFOs are degraded
during the first 48 h from the start of seed imbibition, whereas the hydrolysis of RFOs in
cotyledons is extended to 4-6 days [65]. In the cotyledons of cucumber seeds, the decrease
in the concentration of RFOs (stachyose and raffinose) was accompanied by a successive
increase in the concentration of sucrose, while the concentration of sucrose in the embryonic
axis increased only temporarily (after 24 h of imbibition), and then decreased, similar to the
results of previous studies [46]. In wheat, as in germinating sorghum grains [77], raffinose,
the only detected oligosaccharide from RFOs, was also dynamically degraded in both the
embryo and endosperm.

The hydrolysis of RFOs in germinating pea seeds is initially catalyzed by acidic
x-D-galactosidase, which breaks down the RFOs still present in the cotyledons during
seedling development [78]. In cucumber seeds, RFO hydrolysis is also catalyzed by o-
D-galactosidase, although it is not known whether different isoforms are activated here
as well [47]. However, there are no literature data on raffinose catalysis in germinating
cereal grains. Although it is possible to decompose raffinose with the participation of x-D-
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galactosidase and invertase, resulting in the formation of melibiose (galacto-glucose) and
fructose [79], melibiose was not detected in our study, which indicates the decomposition
of raffinose only by x-D-galactosidase.

Seed germination was accompanied by an intensive increase in the concentration of
monosaccharides (fructose and glucose), probably as a result of the decomposition of RFOs,
sucrose (catalyzed by invertase) [70], and presumably other reserve materials (e.g., starch
in the embryonic axis of pea and embryo of wheat). In oilseeds, such as cucumber seeds,
the increase in glucose levels could result from the activation of the glyoxylate cycle (key in
the degradation of storage lipids) and the gluconeogenesis pathway [80].

During seed imbibition, in the wheat embryo, unlike in the embryonic axis of pea or cu-
cumber, the levels of sucrose and 1-kestose increased dramatically, and during the next 24 h,
the levels of these sugars decreased (Figure 1C). Considering the scale of increase/decrease
in both sugars over 48 h, the explanation of these changes with adequate dynamic changes
in the expression and activity levels of enzymes synthesizing/degrading 1-kestose and su-
crose seems unlikely. Therefore, the increase in the concentrations of 1-kestose, sucrose, and
fructose in the embryo was compared with the decrease in the concentration of 1-kestose
in the endosperm (calculated in pg per embryo/endosperm, data not shown), and it was
hypothesized that 1-kestose was transported from the endosperm to the embryo, where
it might be partly hydrolyzed to sucrose and fructose. The temporary accumulation of
1-kestose in germinating wheat grains has not yet been described. The results of our study
clearly indicate the accumulation of 1-kestose. Nevertheless, confirmation of the suggested
flow of 1-kestose between the endosperm and embryo during the germination of wheat
grains, based on the results of our research, requires further research.

The significant increase in the concentration of myo-inositol in the embryonic axis
of pea and cucumber and in the germ of wheat during seed germination (Tables 52-54)
was probably a consequence of the hydrolysis of phytic acid [81] and/or the resumption
of myo-inositol synthesis from Glc6P [82]. The accumulation of free myo-inositol in the
wheat embryo (after the first day of germination) and in the cucumber embryonic axis
(after the 2nd day of germination) was accompanied by a rapid increase in the level
of orthophosphate (up to 5.44 and 9.19 and mg/g DW, respectively). In contrast, the
concentration of phosphoric acid decreased in the embryonic axis of pea, which may have
resulted from its use as a substrate for the synthesis of phospholipids and nucleic acids [83].

As expected, the embryonic axis/embryo of germinating seeds/grains significantly
increased the concentration of most proteinogenic amino acids, probably released from
storage proteins [84]. However, a similar increase in the level of amino acids was not
observed in the cotyledons.

The activation of metabolism was also accompanied by a successive increase, similar
to the embryonic axis of cucumber and wheat germ, or a decrease, similar to the embry-
onic axis of pea, in the predominant organic acids citric and malic acid. Both acids, as
intermediate metabolites of the Krebs cycle, after transport from the mitochondria to the
cytoplasm, can be converted to oxaloacetate in reactions catalyzed by citrate lyase and
malate dehydrogenase [85], which, after conversion to pyruvate, can be included in the
gluconeogenesis pathway [25] and the biosynthesis of branched-chain amino acids—lysine,
isoleucine, and valine [86].

4.3. Changes in the Polar Metabolite Profiles of Growing Seedlings

The growth and development of seedlings before the formation of fully photosyn-
thetically active organs, such as leaves, peas, and wheat, or growing cotyledons, as in
cucumber, completely depend on the mobilization and transformation of storage materials.
The decomposition of starch, proteins, and fat, ensuring the supply of carbon and nitrogen
for the growing roots and shoots, was reflected in the reduction in the DW of the storage
organs. Changes in the storage tissues of pea and wheat are also associated with the
programmed death of cotyledons and endosperm cells [87], while the appearance and
accumulation of chlorophyll in the enlarged cotyledons of cucumber (Figure S3C) indicate
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early development of the photosynthetic apparatus. However, cucumber cotyledons reach
full capacity for photosynthesis several days after emergence [38]. In our study, an increase
in the size of cucumber cotyledons was observed, and the visible system of conductive
bundles confirmed the later role of the cotyledons as the primary autotrophic donors of
photoassimilates for the developing plant. In wheat, the first leaf emerging above the
coleoptile (between the 6th and 7th days of germination) also contained chlorophyll (Fig-
ure S3), but its contribution to the transition from the heterotrophic to autotrophic phase
seems to be insignificant, as the developing leaf becomes a photoassimilate donor only
after reaching more than half of its final size [89]. In pea seedlings, photosynthetic organs
(stipules and leaves) began to form. The above observations suggest that until the 7th day
from the beginning of seed germination, the seedlings were fed only heterotrophically.

For the growth of roots and shoots, it is crucial to maintain a sufficiently high tur-
gor pressure as a motor force enabling cell elongation. This is possible because of the
low osmotic potential of the cytoplasm and vacuole (which is directly influenced by
the concentration of osmotically active compounds, mainly sugars and organic acids)
that determines the inflow of water to the cell [90]. Perhaps the high concentrations of
glucose and sucrose, as in the roots and epicotyl/coleoptile of pea and wheat, or glu-
cose and fructose in cucumber seedlings (as well as malic and citric acid in all species;
Figures 5 and 9), determined the water uptake and persistence of high cell turgor.

Metabolomic analyses of the developing seedlings of soybean [38] and Arabidopsis [9]
indicated that a decrease in sucrose with a simultaneous accumulation of fructose and
glucose, as well as an increase in the concentration of amino acids (mainly glutamic acid,
glutamine, aspartic acid, and asparagine) and organic acids, especially in the TCA cycle,
seems to be a common feature of metabolism in the developing seedlings of various
plant species. However, the results of our study revealed species-specific changes in
the sugar concentrations. The common feature for pea, cucumber, and wheat seedlings
was the highest concentration of glucose, sucrose, citric acid, and malic acid among the
identified polar metabolites. Differences were observed in the changes in the concentration
of the major amino acids: asparagine increased in the root and epicotyl of pea (similar
to bean and lentil seedlings [70]); asparagine and glutamine increased in wheat; and
alanine, glutamine, and serine increased in cucumber. High concentrations of glucose
and fructose indicate that they are the main source of carbon skeletons and energy supply,
securing the intensive metabolism of growing cells/tissues, while high concentrations
of asparagine and glutamine seem to confirm the role of these amino acids as the main
transport forms of nitrogen [91-93]. A common feature of changes in the metabolome of pea
and wheat seedlings is the accumulation of phosphoric acid, presumably as a result of the
decomposition of phytic acid (binding 60-90% of total phosphorus [94]), as in germinating
seeds and seedlings of other plant species, such as rice, maize, millet, and sorghum [95].

It should also be noted that changes in the concentration of sugars can affect the
mobilization of lipids [26,27,96], which seems to be especially important in germinat-
ing cucumber seeds (classified as oilseeds), utilizing lipids during germination, and in
post-germinative growth [25,97]. The hydrolysis of triacylglycerol and the 3-oxidation
of fatty acids lead to the production of acetyl-CoA, which is then converted to sucrose
through the glyoxylate cycle and gluconeogenesis [25]. Moreover, dynamic remodel-
ing of the membrane lipid composition occurs during cucumber seed germination and
post-germinative growth [98].

The presence of some metabolites is species-specific. Pea seedlings (root and epicotyl,
but not cotyledons) were distinguished by the accumulation of homoserine (a major amino
acid), which has been known for many years in germinating pea seeds [44]. It is assumed
that homoserine is formed from aspartic acid [70] and may be a transport form of nitrogen
flowing from storage tissues to growing seedlings [45]. Homoserine can also be produced
in the chloroplasts of developed leaves [99] and serves as a precursor in the threonine,
methionine, and isoleucine synthesis pathways [100].
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The specificity of cucumber metabolism was the presence of galactinol and RFOs
(raffinose and stachyose) during the 7 days of seedling growth and development. Changes
in the concentration of galactinol and RFOs, and mainly their accumulation after the 3rd day
of germination, indicate the early development of Cucurbitaceae-specific phloem loading
and carbon transport systems in cucumber seedlings, which are transported through
sieve tubes to sink tissues [101]. In cucumber seedlings, these organs are the roots and
the hypocotyl, in which the concentrations of stachyose and raffinose are much higher
than in the cotyledons. The increased level of galactinol, an essential substrate for the
synthesis of RFOs in cotyledons, may indicate the location of its production and loading into
the phloem.

Maltose and 1-kestose were specific metabolites of wheat seedlings (not detected in pea
and cucumber). The successive increase in the concentration of maltose in the endosperm
indicates that the decomposition of starch intensifies with seedling development, and the
decreasing concentration of 1-kestose may result from its role as a temporary carbon store
and/or participation in the regulation of the osmotic potential of cells [67].

5. Conclusions

The application of GC-FID and GC-MS platforms for polar metabolite profiling may be
an appropriate strategy for the comparison and assessment of similarities and differences
in the composition and concentration of polar metabolites during the seed-to-seedling
transition of various plant species. The results of the present study revealed common
metabolic features for the studied species: (i) higher metabolic activity in embryonic axes
(pea, cucumber) or embryo than in storage tissues during seed germination; (ii) an earlier
degradation of RFOs in the embryonic axes than in the cotyledons of germinating seeds;
(iii) an early resumption of respiration (on the basis of a rapid increase in hexose phosphates
from the glycolytic pathway and intermediates in the TCA cycle); (iv) an increase in soluble
carbohydrates, amino acids, and organic acids during seedling development; and (v) an
early synthesis of species-specific metabolites in growing seedlings—homoserine in pea;
galactinol, raffinose, and stachyose in cucumber; and 1-kestose in wheat. Finally, in 7-day-
old seedlings with a size corresponding to field emergence, the dominant polar metabolites
were soluble carbohydrates in each organ of cucumber and wheat seedlings, as well as in
the cotyledons of pea.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/agriculture13122278 /s1: Figure S1: Chromatograms of TMS deriva-
tives of polar metabolites in roots of 3-day-old seedlings of pea (A), cucumber (B), and wheat
(C), obtained by the GC-FID method. Selected metabolites common for seedlings: 1—fructose;
2—glucose; 3—myo-inositol; 4—sucrose; 5—phosphoric acid; 6—malate; 7—citrate; 8—hexose*.
Species-specific metabolites: 9, 10—di-ethylamine** and homoserine (in pea); 11—raffinose (in cu-
cumber); and 12—1-kestose (in wheat). * and **—both metabolites not confirmed with original
standards. Figure S2: Percentage of total concentration of soluble carbohydrates (TSCs), amino acids
(TAAs), organic acids (TOAs), and remaining compounds (TRCs) in the total content of polar metabo-
lites in embryonic axis/embryo (A-C) and storage tissues (D-F) of dry seeds of pea (A,D), cucumber
(B,E), and grains of wheat (C,F). Figure S3: Photographs of changes in the morphology of pea (Pisum
sativum L. cv. Hubal (A)), wheat (Triticum aestivum L. cv. Forkida (B)), and cucumber (Cucumis sativus
L. cv. Polan F1 (C)) during 7 days of germination at 20/10 °C (for pea and wheat) or 25/20 °C (for
cucumber) at photoperiod 14 h light/10 h darkness. Table S1: Changes in length (L, mm), fresh weight
(FW, in mg/part or mg/2 cotyledons), and water content (WC, as % of FW) during 7 days of seed
germination and seedling development in pea, cucumber, and wheat. Values are means of 3-5 repli-
cates. Abbreviations: PR—primary root; Rs—root system; Ep—epicotyl; C—2 cotyledons; S—shoot
(coleoptile with leaf); E—endosperm with seed coat. Table S2: Concentration of polar metabolites
in cotyledons, embryonic axis, root, and epicotyl of garden pea (Pisum sativum L. cv. Hubal) during
seed germination and seedling development. Means (1 = 3-5) in mg/g DW. Statistically significant
differences (p < 0.05) are indicated by different letters after one-way ANOVA and Tukey’s post hoc test.
Table S3: Concentration of polar metabolites in the cotyledons, embryonic axis, roots, and hypocotyl
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of cucumber (Cucumis sativum L. cv. Polan F1) during seed gemination and seedling development.
Means (n = 3-5) in mg/g DW. Statistically significant differences (p < 0.05) are indicated by different
letters after one-way ANOVA and Tukey’s post hoc test. Table S4: Concentration of polar metabolites
in the endosperm, embryo, roots, and coleoptile of wheat (Triticum aestivum L. cv. Forkida) during
grain germination and seedling development. Means (1 = 3-5) in mg/g DW. Statistically significant
differences (p < 0.05) are indicated by different letters after one-way ANOVA and Tukey’s post
hoc test.
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