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Abstract 
Background and Aims Wet processed alfalfa-based 
products can provide high-quality concentrated pro-
tein, also contain nutrients and phytochemicals. Agro-
nomic fortification can increase selenium (Se) incor-
poration into green biomass. For this reason, the aim 
was to investigate how different forms of Se are incor-
porated into the green biomass of multiple-harvest 

alfalfa and how they affect the chemical quality of the 
processed product candidates.
Methods In this research, alfalfa was enriched with 
three forms of selenium at different concentrations 
[selenate (Se(VI)); selenite (Se(IV)); and red elemen-
tal Se (Se0)]. The fortified green biomass was frac-
tionated into leaf protein concentrate (LPC), fiber and 
phytoserum, and changes in selenium content and 
speciation, protein and phytochemical composition 
were determined.
Results Total Se content in alfalfa fractions drasti-
cally reduced within the four consecutive harvests, 
particularly for Se(VI) and Se(IV) forms, and sig-
nificantly varied according to the Se treatments. Sele-
nomethionine (SeMet) was the predominant organic 
Se species in LPC (35.7–246.0 µg g −1 DW) and fiber 
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(9.0- 47.7  µg  g −1 DW) fractions. Se-fortification 
induced considerable changes in the crude protein of 
LPC, which varied between 29—45 (m/m)%. Phy-
tochemical composition markedly varied among Se-
treatments. Besides several flavonoids, aglycones and 
glycosyl derivatives, apigenin glucuronide, and api-
genin were the most abundant with a concentration up 
to 170.85 µg g −1 DW. Medicagenic acid concentra-
tion was below 1.86 µg g −1 DW in LPC.
Conclusions Se-enhanced alfalfa green biomass could 
provide functional products, such as LPC, for human and 
animal consumption with enhanced nutritional value, 
including Se, protein, and phytochemical contents.

Keywords Leaf protein concentrate (LPC) · 
Selenomethionine · Green biorefinery · Bioactive 
compounds · Protein · Biofortification

Introduction

Potential of alfalfa in human consumption has been 
emerged with the increase in the demand for green 
food, protein source (Mielmann 2013). The lower pro-
duction cost of alfalfa compared to animal protein has 
special importance in developed countries. Depending 
on the processing methods of green biomass, alfalfa can 
be used to obtain food such as croquettes or casseroles 
(Martínez-González and Sánchez-Villegas 2016). Leaf 
protein has also been considered by the FAO for human 
consumption as a nutritious and valuable source of pro-
tein (Xie et al. 2008). However, the acceptance of alfalfa 
greens is limited by consumers due to its sensory attrib-
utes. As a result of efforts to process alfalfa in a prod-
uct-oriented way, alfalfa leaf protein concentrate (LPC) 
has been authorized in the EU, USA and some other 

countries as food supplements (European Food Safety 
Authority (EFSA), 2009). The production of LPC from 
either alfalfa or other green biomass can be part of the 
technological realization of green biorefining. Hence, 
the concept of "Green Biorefinery" encompasses this 
ambition, as it aims to produce food, feed and industri-
ally valuable products from green biomass using novel 
biotechnological and chemical methods, maximizing 
the energy efficiency and minimizing the greenhouse 
gases emissions (Kamm et al. 2016; Asgharipour et al. 
2016). Alfalfa (Medicago sativa L.) is the most com-
mon raw material for green biorefineries (El-Ramady 
et  al. 2020). It provides 3–10 times higher yield than 
seed based protein plants (oilseeds, grain, legumes) 
(Popp et al. 2016). Another benefit of alfalfa cultivation 
that cannot be overlooked is the carbon sequestration as 
a result of the low emission of  CO2, as alfalfa does not 
require extensive plowing and tillage like most crops. 
More than 30 million hectares of alfalfa are cultivated 
worldwide (Barros et al. 2019). Wet fractionation offers 
alternative utilization of alfalfa designing mobile small-
scale biorefineries and operating in climate-smart way 
(Fathollahi et al. 2018; Ait Sair et al. 2021).

Following the processing steps of a green biore-
fining, it usually starts with the physical fractiona-
tion of green biomass into green juice and fiber frac-
tions. Subsequently, the green juice fraction, liberated 
from cell walls, is coagulated by chemical or physi-
cal methods. Heat coagulation is the most commonly 
used method converting green juice into LPC and 
phytoserum (brown juice) fractions (Pietrzak 2014). 
Besides protein, LPC contains photosynthetic pig-
ments, phytonutrients, carbohydrates and fatty acids, 
which can be separated from phytoserum by filtration 
(Bákonyi et al. 2020). The three fractions (LPC, fiber, 
phytoserum) can be final products or platform mate-
rials for further industrial development depending on 
utilization purposes. For instance, LPC is considered 
a suitable food and/or feed protein source according 
to its protein content and phytochemical composition; 
furthermore, LPC could also serve as a raw material 
for high-value industries (e.g. cosmetics). Also, fiber 
fraction could be utilized as suitable feedstock for 
ruminants, platform source for biogas and cellulose-
based bioethanol production; moreover, it could be 
directed towards paper or construction industry after 
further processing steps (Takkellapati et  al. 2018). 
Phytoserum may serve as complex growing medium 
for microorganisms or growth stimulant for crop 
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production (Bákonyi et  al. 2020). Economic interest 
in these green biomass-derived products is continu-
ally growing (Popp et al. 2021). However, nutrichem-
ical composition and thus the quality of alfalfa frac-
tions may be affected in response to various biotic/
abiotic stress factors; out of these, Se biofortification 
has a special consideration.

Selenium is a key trace element in humans and 
other mammals, forasmuch 25 encoded selenopro-
teins are known in the human genome, which are 
typically selenophosphate synthetases, glutathione 
peroxidases, thioredoxin reductases and iodothyro-
nine deiodinases in addition due to its pivotal posi-
tion in oxidation–reduction homeostasis, regulation 
of thyroid hormone metabolism, promotion of DNA 
synthesis (Zhou et al. 2021).

Considering its health effect, the absence or low 
contents of Se in some regions around the world gives 
a cause for concern. Hence, several methods of Se sup-
plementation are used in human consumption, including 
tablets, capsules containing selenium in organic form 
or as inorganic salts. Since Se can enter the food chain 
through plants, so Se fortification may be an obvious 
natural way of meeting Se requirements. Selenium foliar 
application as a method of agronomical fortification 
has practical difficulties and risks of uneven distribu-
tion. The Se content of agro-food can also be increased 
by soil fertilization of Se. Within crops biofortification 
strategy, Se-enriched forage crops have an important 
role to meet feed quality necessity in animal nutrition 
(Petković et al. 2019). For instance, Se-enriched alfalfa 
does not require external Se supplementation in feedlot 
diets. Along with, it is important to keep in mind that 
alfalfa is a multi-harvestable crop. Hence the success of 
fortification is influenced by the absorption, transloca-
tion, distribution and transformation dynamics of Se in 
re-growing green biomass (Kovács et al. 2021).

Besides improving Se content, the biofortifica-
tion can also influence the quantitative and qualita-
tive parameters, including stimulated phenolic com-
pound synthesis, extended antioxidant capacity and 
increased nitrogen and sulfur metabolism as reported 
in some crops species (Schiavon et al. 2013; Malagoli 
et  al. 2015; Groth et  al. 2020). With all this knowl-
edge, it is possible to produce healthier, fortified 
foods in agriculture.

The present study focuses on qualitative analy-
sis of LPC, fiber and phytoserum fractions as prod-
uct candidates and intermediates of processed alfalfa 

which fortified by different selenium forms. In par-
ticular, we investigate how Se supply affect the crude 
protein content, amino acid composition, and bioac-
tive components of fractions comparing two ionic Se 
forms and a red elemental Se. Also, the uptake and 
transformation dynamics of inorganic selenium forms 
to organic form from processed alfalfa are observed, 
together with nutrition values considering four con-
secutive harvests.

Materials and methods

Soil sampling and seed sowing

Surface-soil (0–25 cm) was gathered from the Dem-
onstration garden at the University of Debrecen, 
Hungary (47° 32 ′ 0"; 21° 38′ 0" E). Soil samples 
were air-dried and homogenised before seed sowing. 
Physical and chemical traits of experimental soil are 
shown in Table  S1 (Supplementary materials). Soil 
samples were sifted through a 4 mm sieve and placed 
into polyethylene pots (without holes) at a rate of 8 kg 
soil per pot. Each pot received 0.29 g seed of alfalfa 
(Medicago sativa L. var. Tápiószelei 1).

Experimental installation and Se treatments

The experimental layout was the Randomized Com-
plete Block Design (RCBD) with seven replicates. 
Selenium treatments included selenate [Se(VI)] 
and selenite [Se(IV)] as an ionic forms, which pre-
pared from  Na2SeO4 (sodium selenate) and  Na2SeO3 
(sodium selenite), respectively, and red elemental 
selenium (red Se0) prepared by reduction of sodium 
selenite using ascorbic acid (Kovács et al. 2021). The 
application rate of the ionic forms was 1, 10, and 
50 mg  kg−1 soil, while red Se0 was added at a rate of 
10 and 50 mg  L−1. Selenium was as soil application 
and the calculated Se quantity per pot was dissolved 
in 1 L distilled water to remain below the saturation 
percentage (SP) of soil (SP = 360 mL water  kg−1 dry 
soil). Control pots were watered with the same vol-
ume of distilled water. Soil moisture content was 
retained at 75% of SP within the entire period of the 
experiment using tap water. Pots were placed under 
greenhouse conditions. The aboveground green bio-
mass was harvested in the early morning to avoid pro-
tein degradation and quality deterioration and quickly 
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transported to the laboratory in ice box for further wet 
fractionation. The harvest was carried out four con-
secutive times during year 2018 growth season when 
green buds were initiated and before turning into pur-
ple flowers.

Wet fractionation fresh green alfalfa biomass

Harvested fresh green alfalfa biomass was pressed by 
a twin-screw juicer (Angel Juicer 5500, Angel Ltd, 
South Korea) generating green juice and fiber frac-
tions. Next, green juice was coagulated by microwave 
radiation at 80 ± 2  °C to precipitate the soluble pro-
teins (Fári and Domokos-Szabolcsy 2018). There-
after, the coagulated leaf protein (LPC) was sepa-
rated from phytoserum (in other words, brown juice) 
employing cloth filtration (Kaszás et al. 2020). After 
recording the fresh mass of fractions, samples were 
placed in the freezer at -20  °C. The LPC and fiber 
fractions were dehydrated using a lyophiliser (Alpha 
1–4 LSC basic, Martin Christ Ltd., Germany) and dry 
mass was measured. Freeze-dried samples were pow-
dered and homogenized using a stainless steel grinder 
and kept in polyethylene bags at -20  °C for further 
analyses. The phytoserum was stored at -80 °C.

Determination of crude protein and amino acid 
composition

Determination of crude protein content was per-
formed according to the ISO 5983–2:2009 inter-
national standard method. Briefly, 1  g lyophilized 
sample (for LPC and fiber) or 1 mL (for phytoserum) 
was placed in a 150  mL Kjeldahl tube with 15  mL 
concentrated sulfuric acid (99% Avantor Ltd., USA). 
Later, samples were placed into a Tecator Diges-
tion unit (VELP scientifica Ltd., Italy) and digestion 
temperature was set to 420 °C for 1.5 h. The content 
of total N was measured using acid–base titration 
method. Crude protein content was computed by the 
following formula:

Amino acid composition was determined after ISO 
13903:2005 standard. The sample size varied accord-
ing to N content to match the content of 25 mg N per 
sample. Samples were hydrolysed in a hydrolysis ves-
sel using 6 M HCl under an inert environment of  N2 

Crude protein content (%) = Total N content (%) × 5.6

gas. The sealed vessels were heated to 110 ± 1 °C for 
24 h. Hydrolysed samples were filtered and vacuum 
evaporated to remove surplus acid; deionised water 
was added twice during the evaporation process. 
Syrup-like samples were transferred into plastic cen-
trifuge tubes and dissolved in citrate buffer (pH 2.2). 
Amino acid analyser (INGOS AAA500; Ingos Ltd., 
Czech Republic) was applied for quantification of 
amino acids. The elution of 17 proteinogenic amino 
acids was implemented by pH gradient based on ionic 
exchange chromatography. Detection was performed 
by post-column ninhydrin derivatization and optical 
sensing at 440/570 nm.

Determination of total Se content

The content of total Se in the LPC, fiber, and phy-
toserum fractions was measured as follows: 20  mg 
powdered sample (for LPC and fiber) or 1  mL (for 
phytoserum) was transferred into a 150 mL Kjeldahl 
tube, then tubes were kept in a Tecator Digestion unit 
(VELP Digester model DK 42/26, VELP scientifica 
Ltd., Italy). Samples were digested by 3 mL concen-
trated nitric acid  (HNO3) for 60 min at 120 °C. After 
cooling, samples received 2 mL of 30% hydrogen per-
oxide  (H2O2) and then heated at 150 °C for an addi-
tional 60 min. For the reduction of selenate into sel-
enite, additional digestion step was carried by adding 
20 mL 6 M HCl to cooled sample and then heated up 
to 100 °C for 60 min. Using Milli-Q water, the final 
volume of digested samples was brought up to 50 mL. 
The content of total Se was measured by hydride gen-
eration atomic fluorescent spectrometer (PSA 10.055 
Millennium Excalibur System, PS Analytical Ltd., 
United Kingdom). Sodium borohydride (1.4  m/v%) 
was used as reducing agent to generate volatile hydro-
gen selenide  (H2Se).

Selenium speciation measurements

Identification of different Se forms was performed in 
water and enzymatic extracts of LPC, fiber, and phy-
toserum. Briefly, 200  mg of freeze-dried powdered 
sample (LPC and fiber) was mixed with 9  mL MQ 
water (Millipore, Molsheim, France). Liquid phytose-
rum was considered as water extract. Water extraction 
was enhanced with 10  min ultrasonic bath. Super-
natants were collected in a clean centrifuge tube by 
centrifuge samples at 9000 × g for 10  min and then 
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placed in a freezer at -80 °C. Pellets were enzymati-
cally digested as follows: each sample was digested 
by 40  mg protease XIV (Sigma-Aldrich, Budapest, 
Hungary), which suspended in 9 mL 100 mM TRIS 
(pH 8). Digestion lasted overnight at 37  °C in a 
water bath shaker. In the next morning, each sample 
received an extra 40 mg protease XIV (for complete 
hydrolysis of the proteins), which dissolved in 1 mL 
TRIS bringing the total volume to 10 mL and it was 
shaken for additional 6 h at 37 °C. Samples were then 
centrifuged at at 9000 × g for 10  min to collect the 
supernatants, which were stored in clean Falcon tubes 
at -80  °C. Besides the samples, a reference material 
(SELM-1; LGC Standards Ltd., Germany) was pro-
cessed as mentioned above. The contents of selenate 
[Se(VI)] and selenomethionine (SeMet) were deter-
mined in water and enzyme extracts by the High-
Performance Liquid Chromatography linked to an 
Inductively Coupled Plasma Mass Spectrometry sys-
tem (SAX HPLC-ICP-MS). Before injection, samples 
were syringe filtered (hydrophilic PTFE, 0.22  µm), 
and to prevent the oxidation, 0.01% dithiothreitol 
was added. The column used was PRP-X100 SAX 
(250  mm × 4.1  mm, 10  µm; Hamilton, Reno, NV) 
with an injection volume of 100 µL, at 1.9 mL  min−1 
flow rate and ammonium-acetate eluents (buffer A: 
10 mM; buffer B: 300 mM, pH 5.5) in anion exchange 
chromatography. The Thermo Spectra System P4000 
HPLC pump (Thermo Fisher Scientific, Waltham, 
MA, USA) was coupled to the Thermo Scientific 
X-Series II ICP-MS for the detection of 78Se and 80Se 
from the eluted samples.

Qualification and quantification of phytochemicals in 
alfalfa fractions

Bioactive components in LPC, fiber, and phytoserum 
fractions were extracted by water: methanol (30:70 
ratio). Mixtures were stirred at 150  rpm for 2  h at 
room temperature in dark. Extracts were filtered using 
syringe filters (PTFE, 0.22 µm) and stored at -20 °C 
until further measurements. Determination of phy-
tochemical was conducted by the UHPLC-ESI–MS. 
For chromatography, a Dionex Ultimate 3000RS 
UHPLC system (Thermo Fisher Scientific Ltd., USA) 
was served with a Thermo Accucore C18 analytical 
column (2.1  mm × 100  mm, 2.6  µm particle size). 

Gradient elution was performed at 0.2 mL  min−1 flow 
rate with methanol and water eluents.

Hyphenated analytical system was set up with a 
Thermo Q Exactive Orbitrap hybrid mass spectrom-
eter equipped with electrospray ionization (Thermo 
Fisher Scientific Ltd., USA). Samples were analyzed 
in positive and negative ionization mode. Retention 
time and fragmentation pattern data was analyzed 
using Thermo Trace Finder 2.1 software. For iden-
tification self-collected and online databases were 
applied. For quantification external calibration curves 
were generated. The processed data were manu-
ally examined using Thermo Xcalibur 4.0 software. 
Quantitative determination was made taking into 
account the following selected standard compounds: 
apigenin (≥ 95.0%); apigenin-7-O-glucuronide (pri-
mary reference standard); luteolin (≥ 98%); quercetin 
(≥ 95.0%); isoquercitrin (a. s); naringenin (≥ 95.0%); 
liquiritigenin (≥ 97%); medicagenic acid (phyproof 
Reference Substance). All the standards were pur-
chased from Sigma-Aldrich (Darmstadt, Germany).

Statistical evaluation of the experimental data

Normality and homoscedasticity of dependent vari-
ables were examined and corrected as necessary. Data 
analysis was conducted using Microsoft Excel 2016 
and the IBM SPSS 25.0 software package (SPSS Inc., 
Chicago, IL, USA). One-way ANOVA was used to 
evaluate the differences between either Se treatments 
or harvest times. Separation of means was executed 
by post-hoc test (Tukey’s test), and significant differ-
ences were accepted at the levels p < 0.05. The data 
were presented as mean ± standard deviation.

Results

Fresh yield of Se-biofortified alfalfa fractions

The fiber fraction represented 35–49% of the frac-
tionated fresh biomass. Within the four harvests, Se 
application did not influence the yield of the obtained 
fractions. The percentage distribution of the fractions 
(LPC, fiber, phytoserum) was strongly influenced 
by the pressing and protein coagulation techniques. 
In this experiment, the average distribution of fiber, 
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phytoserum and LPC fractions, during the 4 harvests, 
was 40%, 38% and 20%, respectively (Fig. 1A).

Dry matter content of LPC and fiber fractions

The dry matter content of the LPC ranged from 
16.5–31% over the four harvests, with an average 
of 25.4% (Fig.  1B). The treatments of 1Se (IV) and 
50Se0 showed similar dry matter content as con-
trol. However, increasing the concentration of ionic 
Se forms drastically reduced the dry matter content. 
In terms of ratios, the dry matter content of LPC of 
10Se(VI) treatment was 79% of the control and 82% 
of the 50Se(IV).

Total Se content of fortified alfalfa fractions

The LPC fraction showed the highest total Se con-
tent, followed by fiber and phytoserum (Table  1). 
The absorption and building up of Se in the LPC 
fraction significantly varied in response to the har-
vest times. The total Se concentration in LPC of 
alfalfa grown on the ionic Se forms drastically 
decreased from the  1st harvest to the  4th harvest, 
except for the 1Se(IV) and 10Se(IV) treatments, 
which showed a slight increase in the total Se con-
tent during the  4th harvest compared to the  3rd har-
vest. Fortification of alfalfa using red Se0 displayed 
a different impact on the absorption and building 
up of Se into plant tissues compared with the ionic 
Se forms. Applying red Se0, regardless of its con-
centration, showed a small reduction in the total Se 
content from the  1st harvest to the  2nd harvest, and 
then Se content begun to increase during the  3rd and 
 4th harvests (Table 1). Moreover, the ionic Se forms 
demonstrated a higher decrease in the total Se con-
centration from the  1st to the  4th harvest than the red 
Se0. For example, the 10Se(VI) treatment displayed 
a reduction of 94.3% in the total Se concentration 
from the  1st to the  4th harvest, and the 50Se(IV) 
treatment showed a decrease of 76.2%, while the 50 
Se0 treatment revealed only 49.5% decrease in the 
total Se concentration. Increasing the concentration 
of the applied Se elevated the total Se content in the 
LPC, regardless of the Se forms. Overall, the Se(VI) 
form was the most absorbed Se form and it showed 
the highest total Se concentration in the LPC frac-
tion, particularly during the  1st harvest, followed by 
the Se(IV) and red Se0, respectively.

Similarly, the total Se content in the fiber fraction 
largely depended on the concentration and chemical 
form of applied Se and the harvest times (Table  1). 
While deposition of Se in the fiber of plants treated 
with the ionic Se forms considerably dropped down 
from the  1st to the  4th harvest, red Se0 treatments 
showed a decrease in the bioconcentration of Se from 
the  1st to the  2nd harvest, followed by an elevation 
in the total Se concentration of fiber fraction dur-
ing the  3rd and  4th harvests. Furthermore, the total 
Se content in fiber dropped down from the  1st to the 
 4th harvest by 96.0% (for the 10Se(VI)), 81.1% (for 
the 50Se(IV)), and 41.0% (for the 50Se0). Consider-
ing the same Se form, increasing the application rate 
increased the total Se content within the four con-
secutive harvests. Yet, the highest fiber total Se con-
tent corresponded to the treatment of 10Se(VI) in the 
 1st,  2nd harvests and 50Se(IV) treatment in the  3rd,  4th 
harvests. The variation in the total Se content of the 
fiber fraction among the different harvests was not 
substantial for plants grown on red Se0.

Although the phytoserum fraction had the lowest 
total Se concentration compared to the LPC and fiber 
fractions, it showed almost the same response to Se-
fortification and harvest time. The total Se content 
decreased considerably from the  1st to the  4th har-
vest, except for the red Se0 treatments. The red Se0 
treatments (10Se0 and 50Se0) displayed a hesitating 
Se content during the four successive harvests. The 
50Se0 treatment showed the lowest decrease in the 
total Se content from the  1st harvest to the  4th harvest, 
recording a decrease of 74.9%, while the two ionic 
Se forms, i.e., Se(VI) and Se(IV), revealed a higher 
reduction of 96.8 and 88.4%, respectively. The total 
Se content shows a dose–response relationship to the 
applied Se, regardless of the applied Se form. The 
Se(VI) resulted in the highest Se content, followed by 
Se(IV) and red Se0, respectively.

Selenium species in processed alfalfa fractions

The possible Se species in the LPC, fiber and phytose-
rum fractions originated from Se-fortified alfalfa were 
quantified in the highest Se treatments (10Se(VI), 
50Se(IV), and 50Se0) during three harvests (e.g.,  1st, 
 2nd, and  4th). Selenium species were determined in 
two extracts, i.e., water and enzymatic extracts.The 
standard reference material was a Se-enriched yeast 
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Fig. 1  (A) The percentage of the fresh yield of fiber, phytose-
rum, and leaf protein concentrate (LPC) fractions; (B) dry mat-
ter content (%) of LPC; and (C) dry matter content (%) of fiber 
fractions originated from fresh green biomass of alfalfa forti-

fied with different Se forms [Se(VI), Se(IV), and red elemental 
Se (Se0)] and concentrations [1 and 10 mg  kg-1 for Se(VI); 1, 
10, and 50 mg  kg-1 for Se(IV); and 10 and 50 mg  L-1 for Se0] 
during four consecutive harvests. Control (0Se) received no Se.
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(SELM-1) sample with 80.4% Se recovery for sele-
nomethionine (SeMet). Recovery was used to com-
pensate the SeMet concentration in the enzymatic 
extracts.

The Se(VI) form was the predominant Se species 
in the water extract of the LPC, fiber, and phytose-
rum fractions within the three harvests, while the 
SeMet was the most plentiful Se species in enzymatic 
extract of the LPC and fiber fractions. The Se(VI) 
and SeMet content in the LPC, fiber, and phytose-
rum fraction linearly reduced from the  1st to the  4th 
harvest, particularly for the 10Se(VI) and 50Se(IV) 
treatments. Despite the results of the 50Se0 treatment 
were similar to those of the ionic Se treatments, some 
exceptions were reported. The treatment of 10Se(VI) 
revealed the highest Se(VI) and SeMet concentra-
tions in all fractions during the  1st and  2nd harvests, 
whereas the 50Se(IV) treatment displayed the highest 
content of Se(VI) and SeMet species in the  4th har-
vest. The decrease in the Se(VI) and SeMet concen-
tration from the  1st to the  4th harvest was drastically 
for the 10Se(VI) and 50Se(IV) treatments; neverthe-
less, fortification of alfalfa with 50Se0 showed lower 
variations in the content of Se(VI) and SeMet spe-
cies during the different harvests of alfalfa biomass 
(Table 1). The LPC fraction displayed higher Se(VI) 
and SeMet contents during the three harvests than the 
fiber fraction, while the phytoserum fraction exhib-
ited the lowest contents.

Crude protein content of fractions

The crude protein content significantly varied upon 
the Se treatments, harvest times, and alfalfa fractions 
(Fig.  2). Considering the alfalfa fractions, the LPC 
showed the highest crude protein content, while the 
phytoserum displayed the lowest crude protein quan-
tity.The crude protein content of the LPC was nega-
tively affected by the Se fortification, especially at 
the high Se concentrations. The LPC derived from 
control plants revealed the highest LPC crude pro-
tein content during the four harvests, except for the 
 3rd harvest, where the treatment of 50Se0 showed the 
highest LPC crude protein content (40.1 m/m%). High 
concentrations of ionic forms of Se, i.e., 10Se(VI), 
50Se(VI), and 50Se(IV), caused a reduction in the 
crude protein content of LPC. Nevertheless, dur-
ing the  3rd and  4th harvests, these treatments showed 
higher crude protein contents of LPC compared with 

the  1st and the  2nd harvest. Otherwise, low concentra-
tions of Se ionic forms displayed high crude protein 
content of LPC, particularly during the  1st,  2nd, and 
 3rd harvests. Interestingly, applying red Se0, regard-
less of its concentration, increased crude protein con-
tent of LPC from the  1st to the  3rd harvest.

The crude protein content of the fiber displayed 
a similar results to the LPC, where the control treat-
ment (0Se) revealed the highest crude protein content 
of fiber during the first two harvests. The highest fiber 
crude protein content in the  3rd and  4th harvests cor-
responded to the treatment of 10Se(IV) and 50Se0, 
respectively. Moreover, increasing the concentration 
of the Se(VI) and Se(IV) decreased the fiber crude 
protein content within the four harvests. Likewise, red 
Se0 decreased the fiber crude protein content when 
its concentration was elevated from 10 to 50 mg  L−1, 
except at the  2nd harvest. However, the fiber crude 
protein content increased from the  1st to the  3rd har-
vest when plants were treated with red Se0.

The crude protein content in the phytoserum 
showed a different response to the Se fortification and 
harvesting times, despite its being the lowest content 
compared to the LPC and fiber fractions. The  1st and 
 4th harvests displayed higher crude protein content 
than the  2nd and  3rd harvests. Also, Se-treated plants 
revealed higher phytoserum crude protein content 
than the control. Moreover, increasing the concentra-
tion of ionic Se forms (Se(VI) and Se(IV)) and red 
Se0 resulted in higher crude protein content during 
the four harvest times, except for the 50Se(IV) treat-
ment, which showed lower content in the  1st and  4th 
harvests. The treatments of 1Se(IV) and 10Se(IV) 
displayed the highest phytoserum crude protein con-
tent, regardless of the harvest times.

Amino acid composition

Proteinogenic amino acids were quantified in the LPC 
and fiber fractions of the  1st and  4th harvests (Table S2 and 
S3; Supplementary materials). Overall, the LPC fraction 
showed higher amino acid composition than the fiber frac-
tion in both harvests. The trends between the amount of 
incorporated Se and the protein content were also observed 
for the amino acid results. The sum of amino acids in frac-
tions from plants treated with high concentrations of ionic 
forms showed the lowest amino acid yield at the  1st harvest. 
This was correlated with high incorporated Se content and 
low crude protein value, because by the  4th harvest, when 
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the Se content decreased, the amino acid content was simi-
lar to the control. The fractions of plants treated at lower 
concentrations had similar amino acid content to the con-
trol. Amino acid composition of the fiber was less affected 
by any Se treatment than the LPC.

Phytochemical composition of Se-fortified alfalfa 
fractions

Qualitative analysis of bioactive components 
in alfalfa fractions

Qualitative analysis of the possibly co-existing bioactive 
compounds in the LPC, fiber, and phytoserum fractions 
originated from fresh green biomass of alfalfa using the 
LC–MS revealed no substantial differences between the 
Se-fortified alfalfa and control (0Se). Therefore, screening 
analysis results of the LPC, fiber, and phytoserum fractions 
derived from the control are shown in Table  2. Overall, 
the profiles of the phytochemicals in all the fractions were 
almost similar. Among organic compounds, flavonoids 
were the most abundant in all hydro-alcoholic extracted 
alfalfa fractions (Table 2). Out of 37 identified flavonoids, 
aglycones and glycosyl derivatives were detected from fla-
vanone, flavonol, flavone, isoflavone, and chalcone classes. 
Among flavonoids, flavones are the most diverse group, 
including several hydroxyflavones and glycosyl deriva-
tives. The sugar chain of flavonoids was not exclusively 
glucuronic acid; glucose and xylose were also identified in 
apigenin, naringenin, and quercetin. For instance, vicenin-1 
(Apigenin-8-C-glucoside-6-C-xyloside) with [M +  H]+ 
ion at m/z 565.15574 and vicenin-3 (Apigenin-6-C-glu-
coside-8-C-xyloside) ([M +  H]+ ion at m/z 565.15574), as 
minor components, were detected in the LPC fraction.

Quantification of important bioactive components 
in Se‑fortified alfalfa fractions

Based on the quantitative analysis of hydro-alcoholic 
extracted alfalfa fractions, the apigenin glucuronide 

and apigenin (4’0.5.7-Trihydroxyflavone) aglycones 
were the most abundant flavonoids within the four har-
vests (Table 3). The fiber fraction displayed the highest 
concentration of apigenin-7-O- glucuronide, ranging 
between 90.82–170.85 µg   g−1 DW, while the LPC and 
phytoserum fractions exhibited 33.31–68.10 µg  g−1 DW 
and 376.13–1098.88  ng   mL−1, respectively (Table  3). 
Apigenin was the second most abundant of the selected 
quantified flavonoids ranging between 7.97–72.93 µg  g−1 
DW. In contrast to apigenin-7-O-glucuronide, apigenin 
showed a slight range of 13–24 µg  g−1 DW in the LPC 
and fiber fractions, except for the  4th harvest, recording 
an average of 67 µg  g−1 DW in the fiber fraction, regard-
less of the Se form and concentration. The form and con-
centration of applied Se to alfalfa induced the changes in 
apigenin (4’0.5.7-trihydroxyflavone) and apigenin-7-O-
glucuronide content. The concentration of both flavones 
increased upon adding Se in the form of Se(IV) and 
Se(VI), especially during the  1st harvest, while the red 
Se0 displayed lower values compared with the control, 
regardless of Se concentration (Table 3).

The other hydroxyflavones, luteolin (3’0.4’0.5.7-Tet-
rahydroxyflavone) and its derivatives, i.e., luteolin-7-O-
glucuronide, luteolin-di-O-glucuronide, luteolin-4’-O-
glucuronide-7-O-[feruloyl-(→ 2)-glucuronyl-(1 → 2) 
glucuronide] were quantified in the phytoserum fraction; 
yet, some of them were absent in the fiber and LPC frac-
tions. The concentration of luteolin aglycone was mark-
edly lower (0.71 – 5.10 µg   g−1 DW) than the apigenin 
in all alfalfa fractions (Table  3). The concentration of 
luteolin in the fiber fraction did not exceed 2.25 µg  g−1 
DW, whereas in the LPC fraction, it displayed a 20–30% 
increase compared to the fiber fraction. The luteolin 
concentration shows a dose–response correspondence 
to the applied Se concentration during the four con-
secutive harvests, as well as it varied according to the 
applied chemical Se form; however, some exceptions 
were reported. In addition to hydroxyflavones, methoxy-
hydroxyflavones were also detected in significant quan-
tities. Quantitative analysis of tricin (3’0.5’-Dimethoxy-
4’0.5.7-trihydroxyflavone) confirmed a concentration of 
14.5 µg  g−1 DW (on average) in the LPC and fiber frac-
tions and about ~ 160 ng  mL−1 in the phytoserum. How-
ever, tricin didn’t show considerable dependence on Se 
treatments. Among the identified phytochemicals, sev-
eral other flavonoids were also quantified. Regardless of 
the applied Se treatments and harvest times, quercetin, 
isoquercitrin, naringenin, liquiritigenin, and genkwanin 
were detected in trace amounts up to ≤ 10.00 µg  g−1 DW 

Fig. 2  Crude protein content (m/m %) in leaf protein con-
centrate LPC (A), fiber (B), and phytoserum (C) fractions 
obtained from fresh green biomass of alfalfa fortified with dif-
ferent Se forms [Se(VI), Se(IV), and red elemental Se (Se0)] 
and concentrations [1 and 10 mg   kg−1 for Se(VI); 1, 10, and 
50 mg  kg−1 for Se(IV); and 10 and 50 mg  L−1 for Se0] during 
four consecutive harvests. Control (0Se) received no Se. Dif-
ferent letters on the same bars are significant according to the 
Tukey’s test (p ≤ 0.05). Data are Means ± SD and n = 3

◂
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Table 2  Identified flavonoids, saponin and their derivatives in leaf protein concentrate (LPC), fiber and phytoserum fractions origi-
nated from green fresh biomass of alfalfa fortified with selenium

Flavonoids Formula [M +  H]+

(m/z)
[M-H]−(m/z) LPC Fiber Phytoserum

Flavanones
  4’0.5.7-Trihydroxyflavanone (Naringenin) C15H12O5 271.06  +  +  + 
  4’0.5.7- Trihydroxyflavanone 6.8-C-glucoside C27H32O15 595.17  + -  + 
  4’0.7-Dihydroxyflavanone C15H12O4 255.07  +  +  + 

Flavonols
  Quercetin C15H10O7 301.04  +  +  + 
  Quercetin-3.4’-di-O-glucoside C27H30O17 625.14 - -  + 
  Quercetin-3-O-glucoside C21H20O12 463.09  +  +  + 

Flavones
  Apigenin-4’-O-glucuronide -7-O-[glucuronyl-(1 → 2)-glucuro-

nide]
C33H34O23 797.14  +  +  + 

  Apigenin-O-glucoside-O-glucuronide C27H28O16 607.13  +  +  + 
  Apigenin-7-O-[feruloyl-(→ 2)-[glucuronyl-(1 → 3)]-glucuro-

nyl-(1 → 2)]glucuronide
C43H42O26 973.19  +  +  + 

  Apigenin-4’-O-glucuronide-7-O-[feruloyl-(→ 2)-glucuro-
nyl-(1 → 2)-glucuronide]

C43H42O26 973.19  +  +  + 

  Apigenin-7-O-glucuronide C21H28O11 445.08  +  +  + 
  Apigenin (4’0.5.7-Trihydroxyflavone) C15H10O5 269.05  +  +  + 
  Chrysoeriol-4’0.7-di-O-glucuronide C28H28O18 651.12 -  +  + 
  Chrysoeriol-7-O-glucuronide C22H20O12 475.09  +  +  + 
  Chrysoeriol (3’-Methoxy-4’0.5.7-trihydroxyflavone) C16H12O6 299.06  +  +  + 
  Chrysoeriol-glucuronyl-glucuronide C28H28O18 651.12  + -  + 
  Genkwanin (4′,5-Dihydroxy-7-methoxyflavone) C16H12O5 285.076  +  +  + 
  Luteolin-di-O-glucuronide C27H26O18 637.10 -  +  + 
  Luteolin-4’-O-glucuronide-7-O-[feruloyl-(→ 2)-glucuro-

nyl-(1 → 2)glucuronide]
C43H42O27 989.18 - -  + 

  Luteolin-7-O-glucuronide C21H18O12 461.07  +  +  + 
  Luteolin (3’0.4’0.5.7-Tetrahydroxyflavone) C15H10O6 285.04  +  +  + 
  Tricin-7-O-glucuronide C23H22O13 505.10  +  +  + 
  Tricin-7-O-[feruloyl-(→ 2)-glucuronyl-(1 → 2)-glucuronide] C39H38O22 857.18  +  +  + 
  Tricin (3’0.5’-Dimethoxy-4’0.5.7-trihydroxyflavone) C17H14O7 329.07  +  +  + 
  Tricin-O-hexoside C22H24O12 493.134  + -  + 
  4’0.7-Dihydroxyflavone C15H10O4 253.05  +  +  + 
  Methoxy-tetrahydroxyflavone C16H12O7 315.05  +  +  + 
  Dimethoxy-hydroxyflavone C17H14O5 299.091  +  + -
  Methoxy-trihydroxyflavone C16H12O6 303.086 -  + -
  3’-Methoxy-4’0.5.5’0.7-tetrahydroxyflavone-7-O-glucuronide C22H20O13 491.08  +  +  + 
  Apigenin-8-C-glucoside-6-C-xyloside C26H28O14 565.155  + - -
  Apigenin-6-C-glucoside-8-C-xyloside C26H28O14 565.155  + - -

Isoflavones
  Alfalone (4’0.7-Dimethoxy-6-hydroxyisoflavone) C17H14O5 297.08  +  +  + 
  Formononetin (7-Hydroxy-4’-methoxyisoflavone) C16H12O4 269.081  +  +  + 
  Ononin (Formononetin 7-O-glucoside) C22H22O9 431.134  + -  + 
  Biochanin A (4’-Methylgenistein) C16H12O5 285.051  +  +  + 
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(for the LPC and fiber, on average) or 14. 86 ng  mL−1 
(for the phytoserum, on average). The LPC and fiber 
fractions showed similar content of the minor flavonoids 
(Table 3). Furthermore, two soy sapogenol B derivatives 
were recognized only in the LPC fraction, along with 
several unknown saponin aglycones that were detectable 
in one or more fractions (Table 3).

Variations in medicagenic acid and formononetin 
content in Se‑fortified alfalfa fractions

Among isoflavones, four compounds were identified 
(Table  2) and from these the concentration of for-
mononetin (7-Hydroxy-4’-methoxyisoflavone) ranged 
between 0.34–8.39 µg   g−1 DW in the LPC and fiber 
fractions and 3.16–80.04 ng  mL−1 in the phytoserum 

(Table  4). The treatments of 1Se(IV) and 10Se0 
showed similar formononetin content to control. Con-
trarily, high Se concentrations of Se(VI), Se(IV), or 
red Se0 resulted in lower formononetin content within 
the three fractions. The other isoflavone, biochanin A 
(4’-Methylgenistein) displayed lower concentration 
ranging between 0.11–0.63  µg   g−1 DW in the LPC 
and fiber and 0.35–3.88 ng  mL−1 in the phytoserum.

Among pterocarpans, medicarpin (3-Hydroxy-9-meth-
oxypterocarpan) ([M +  H]+ ion at m/z 271.09704) and 
methylnissolin (3-Hydroxy-9,10-dimethoxypterocarpan) 
([M +  H]+ ion at m/z 301.1076) were recognized in all 
alfalfa fractions. Regardless of the Se treatment, med-
icagenic acid and its combinations with either short or 
long sugar chains of mono-, bi-, or tridesmoides were the 
most abundant saponins in all alfalfa fractions (Table 4). 

Table 2  (continued)

Flavonoids Formula [M +  H]+

(m/z)
[M-H]−(m/z) LPC Fiber Phytoserum

Chalcones
  Isoliquiritigenin (2′,4,4′-trihydroxychalcone) C15H12O4 255.07  +  +  + 

Saponins
  Medicagenic acid C30H46O6 501.32  +  +  + 
  Medicagenic acid 28-O-[xylosyl-(1 → 4)-rhamnosyl-(1 → 2)-ara-

binosyl]ester
C46H72O18 911.46  +  +  + 

  Medicoside H (Medicagenic acid 3-O-glucosyl-28-O-[ rhamno-
syl-(1 → 2)-arabinosyl]ester)

C47H74O19 941.47  +  +  + 

  Medicoside G (Medicagenic acid 3,28-di-O-glucoside) C42H66O16 825.43  +  +  + 
  Medicagenic acid 3-O-glucuronide-28-O-[xylosyl-(1 → 4)-rham-

nosyl-(1 → 2)-arabinosyl]ester
C52H80O24 1087.50  +  +  + 

  Medicagenic acid rhamnosyl-pentosyl-glucuronide C47H72O20 955.45  +  +  + 
  Medicoside J (Medicagenic acid 3-O-glucosyl-28-O-

[xylosyl-(1 → 4)-rhamnosyl-(1 → 2)-arabinosyl]ester)
C52H82O23 1073.52  +  +  + 

  Medicagenic acid 3-O-[galactosyl-(1 → 2)-glucoside]-28-O-
glucosyl ester

C48H76O21 987.48 ‑ ‑  + 

  Medicoside E or isomer C54H88O23 1103.56 ‑ ‑  + 
  Soyasapogenol B rhamnosyl-hexosyl-glucuronide C48H78O18 941.51  + ‑ ‑
  Soyasapogenol B rhamnosyl-pentosyl-glucuronide C47H76O17 911.50  + ‑ ‑
  Azukisaponin II C42H68O14 795.45  +  +  + 

Unknown saponins
  unknown saponin. Aglycon: 456.32396  (C29H44O4) C58H92O29 1251.57 ‑  +  + 
  unknown saponin. Aglycon: 502.32944  (C30H46O6) C52H80O24 1087.50 ‑  + ‑
  unknown saponin. Aglycon: 440.32905  (C29H44O3) C58H92O28 1235.57  +  +  + 
  unknown saponin. Aglycon: 458.37600  (C30H50O3) C47H76O17 911.50 ‑  + ‑
  unknown saponin. Aglycon: 504.34509  (C30H48O6) C41H64O16 811.41  + ‑  + 
  unknown saponin. Aglycon: 486.33452  (C29H42O3) C42H64O16 823.41  +  +  + 
  unknown saponin. Aglycon: 454.34470  (C30H46O3) C47H74O19 941.48  + ‑ ‑
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The concentration of medicagenic acid ranged between 
0.11–1.86 µg  g−1 DW in the LPC and fiber fractions and 
0.72–32.72  ng   mL−1 in the phytoserum fraction during 
the four successive harvests of alfalfa. The treatments of 
10Se(IV), 50Se(VI), and 50Se0 increased the concentra-
tion of medicagenic acid in the LPC, fiber, and phytose-
rum fractions, particularly during the  1st harvest (Table 4). 
Nevertheless, during the next harvests, the concentration 
of medicagenic acid did not clearly depend on the Se 
treatments.

Discussion

In the green biorefining concept, fresh green biomass 
can be processed using modern technologies to pro-
duce feedstock for industrial purposes. Alfalfa, as a 
traditional fodder crop with good protein content, is 
an ideal feedstock for green biorefineries. Leaf pro-
tein concentrate (LPC), which can be obtained from 
processed green biomass using various coagulation 
methods, represents the greatest value, which is an 

alternative feed protein source in addition to seed-
based soy (Pietrzak 2014; Kaszás et al. 2020). Along 
with this, the value-added utilization of fiber and 
phytoserum fractions as by-products has also great 
importance due to the economical and sustainable 
maintenance of the green biorefinery system. In addi-
tion to protein, processed alfalfa-based products are 
also a source of different macro- and micronutrients 
and phytochemicals. The composition and concen-
tration of these chemical components can be influ-
enced by genetic tools and the growing conditions. 
Among the microelements, selenium has received 
special attention in recent times due to its essential 
role in humans and farm animals. For this reason, as 
a member of the feed/food supply chain, enhancing 
the selenium content of plants is a widely researched 
area (Schiavon et al. 2013; Ros et al. 2016); (Shalaby 
et al. 2017); Groth et al. 2020). In this complex study, 
the linkage between green biorefining and agro-
nomic Se fortification was investigated. To the best 
of our knowledge, we are the first to investigate the 
dynamics of selenium accumulation in alfalfa-based 

Table 4  Content of medicagenic acid and formononetin in 
leaf protein concentrate (LPC), fiber (µg  g−1 DM) and phy-
toserum (ng  mL−1) fractions originated from green fresh bio-
mass of alfalfa fortified with different selenium forms [Se(VI), 

Se(IV), and red elemental Se (Se0)] and concentrations [1 and 
10 mg  kg−1 for Se(VI); 1, 10, and 50 mg  kg−1 for Se(IV); and 
10 and 50 mg  L−1 for Se0] within four harvests (1st, 2nd, 3rd, 
and 4th). Control (0Se) received no Se

LPC Fiber Phytoserum

1st 2nd 3rd 4th 1st 2nd 3rd 4th 1st 2nd 3rd 4th

Medicagenic acid
0Se 0.54 1.26 0.93 1.28 0.33 0.33 0.12 0.44 0.72 13.95 5.10 28.53
1Se(VI) 0.31 0.68 0.77 1.10 0.10 0.17 0.12 0.22 6.64 13.56 7.62 15.23
10Se(VI) 1.05 0.92 0.24 0.90 0.41 0.30  < 0.1 0.34 17.51 11.21 1.68 15.95
1Se(IV) 0.60 0.73 0.61 0.92 0.11 0.21 0.11 0.20 4.64 14.84 2.00 12.72
10Se(IV) 0.62 0.80 1.05 1.86 0.11 0.28 0.22 0.37 6.22 14.92 4.24 12.15
50Se(IV) 1.40 1.11 0.48 0.60 0.39 0.32 0.12 0.31 25.36 17.87 1.88 13.08
10Se0 0.71 0.82 0.83 0.66 0.18 0.24 0.14 0.13 11.45 12.36 3.43 15.24
50Se0 1.06 1.20 0.41 0.98 0.42 0.33  < 0.1 0.40 16.30 14.72 1.96 37.72

Formononetin
0Se 2.49 2.05 8.36 3.13 1.90 2.91 2.89 2.95 24.81 17.16 56.47 30.39
1Se(VI) 1.11 0.74 4.12 3.13 1.51 1.33 1.67 3.01 24.38 13.95 52.87 28.54
10Se(VI) 1.61 0.44 2.82 1.70 1.38 0.84 0.78 1.98 14.68 3.16 9.20 20.75
1Se(IV) 1.46 1.06 6.20 3.71 1.54 2.27 2.50 3.45 23.83 26.55 33.93 60.36
10Se(IV) 0.82 0.53 2.77 3.36 1.42 1.11 2.62 3.99 22.16 10.62 19.39 54.53
50Se(IV) 1.04 0.34 1.34 1.49 0.80 0.43 1.21 2.12 16.30 2.61 4.12 26.00
10Se0 1.57 0.80 5.40 2.59 1.58 1.16 1.85 3.42 30.45 19.77 29.38 80.04
50Se0 0.80 0.58 1.70 1.08 0.90 0.57 1.55 1.41 13.00 6.27 8.78 23.63
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processed products considering the major Se spe-
ciations and the changes of phytochemical patterns 
comparing three inorganic forms of selenium during 
4 consecutive harvests. We did this because alfalfa is 
special in that the green leafy stem can be harvested 
4 to 6 times during a growing season. And the appro-
priate fortification method is important in order to 
achieve green biomass with balanced selenium supply 
during consecutive harvests.

Alfalfa plants grown in pots under greenhouse 
conditions were fortified with three Se forms, includ-
ing Se(VI), Se(IV), and red Se0 and applied at differ-
ent concentrations.

The uptake and incorporation of Se into different 
alfalfa fractions significantly varied according to the 
harvest times, applied form, and concentration of Se. 
Among all alfalfa fractions, the LPC fraction demon-
strated the highest total Se content, followed by the 
fiber fraction, whereas the lowest Se content belonged 
to the phytoserum. According to the United States 
Department of Agriculture (USDA), alfalfa is consid-
ered a facultative Se-accumulating crop, where it can 
accumulate Se at a concentration of 50 mg  kg−1 DW. 
Nevertheless, in the present study, the 10Se(VI) and 
50Se(IV) treatments resulted in total Se content above 
50 mg  kg−1 in all the fractions during the  1st harvest 
(Table  1). The results showed that the two tested 
ionic forms of Se were the most readily absorbed by 
the alfalfa, as they showed a high total Se content in 
all the fractions during the  1st harvest, followed by a 
rapid decrease in the following harvest times.

Although Se(VI) is the cheapest and most readily 
available form of Se, its rapid allocation in soil–plant 
systems and tissues may be an unfavorable attribute 
for perennial crops such as alfalfa. In contrast to the 
ionic Se forms, the results showed that the red Se0 
was gradually absorbed and built up into plant tis-
sues, where it displayed a steady total Se content, par-
ticularly during the last three harvests. It is probably 
due to the transformation of red Se0 into ionic forms 
depending on soil conditions. Thus, the red Se0 could 
serve as a low release Se fertilizer, providing the 
growing alfalfa with a steady Se content during the 
entire growing season. Hu et al. (2022) distinguished 
three assimilation pathways of Se(IV) sprayed on 
leaves: 1) it can enter the stems via vascular tissues, 
2) it can be excreted from the plant as volatile Dime-
thyl Selenide (DMSe) by gas exchange, or 3) it can be 

incorporated into proteins, non-specifically as Seleno-
cysteine (SeCys) and SeMet.

Foliar application is one of the most effective ways 
for agronomic fortification of microelements such 
as Se, through enhancing the Se availability and its 
uptake by plants due to the direct contact with plant 
leaves (Motesharezadeh et al. 2020). The foliar fertili-
zation of the multiple-harvested perennial crops such 
as alfalfa is a labor-intensive task during the growing 
season. Therefore, a long-release soil Se fertilization 
with an appropriate dose could be more effective and 
beneficial for the formation of valuable SeMet form 
compared to fast-absorbing and depleting foliar ferti-
lization (Peng et al. 2021).

The Se species in the processed alfalfa LPC, 
fiber, and phytoserum fractions were quantified 
using the highest Se treatments, i.e., 10Se(VI), 
50Se(IV), and 50Se0, where they displayed the 
highest total Se content. The Se speciation was 
detected in the  1st,  2nd, and  4th harvests to explore 
the uptake dynamics and building up Se into the 
plant tissues. The main selenium species were 
Se(VI) as the inorganic form and SeMet as the 
organic form, regardless of the selenium form used 
in the treatment. In addition, we also detected some 
minor unknown components in the brown juice and 
fiber fraction.Based on our standards selenomethyl-
selenocysteine (SeMetSeCys); gamma-Glutamyl-
selenomethyl-selenocysteine (γGlu-SeMe-SeCys) 
and selenite Se(IV) were below detection limits in 
all fractions. Despite the inability to measure the 
volatile forms of Se in the experimental setup, the 
formation of the volatile forms in the soil–plant 
complex system was confirmed, as the characteris-
tic odor of DMSe, dimethyl diselenide, and other 
gaseous species were noticed during plant growth. 
Results revealed that the Se(VI) was the most plen-
tiful Se form found in the water extract, while the 
SeMet was the main species quantified in the enzy-
matic extract of alfalfa fractions during the three 
selected harvests. Organic Se species are more effi-
ciently metabolized by mammals and Se-contain-
ing proteins and peptides are known to have anti-
oxidant, hepatoprotective, and immune-enhancing 
effects. (Pecoraro et al. 2022; Zhang et al. 2020).

The SeMet is the prevalent organic Se form in 
plant-based foods and feeds (Tamás et  al. 2010). 
Its importance lies in the fact that it does not stress 
the body’s redox defense system as Se ionic forms 
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do. However, the results also illustrated a saturation 
capacity of building ionic Se forms into organic forms 
like SeMet, where applying more Se did not result 
in higher SeMet yield. Moreover, the Se(VI) form 
displayed the highest SeMet yield in the  1st harvest, 
whereas the Se(IV) resulted in the highest SeMet dur-
ing the  2nd and the  4th harvests in all the fractions.

The crude protein content of alfalfa LPC ranged 
between 40–60%, as reported earlier by several 
pieces of literature (European Food Safety Author-
ity (EFSA), 2009; Domokos-Szabolcsy et  al. 2020; 
El-Ramady et  al. 2020). In the current study, high 
applied Se concentrations significantly reduced the 
crude protein content compared to the control (0Se). 
Similar results were reported for the fiber and phy-
toserum fractions. Concerning the crude protein 
content in the phytoserum, the measured values 
are mainly derived from oligopeptides, free amino 
acids, and biogenic amines. No real proteins could 
be detected (data not shown). Being the most readily 
absorbed Se form, Se(VI) can quickly reach toxic lev-
els in the living organism. In addition, the decrease 
in the crude protein content might also be ascribed to 
the strong oxidative stress-inducing feature of Se(VI) 
in actively metabolizing cells (Ečimović et al. 2018).

In their study on the Se-tolerant  Melilotus 
indica L. growing on Se-contaminated soil Guo and 
Wu (1998) cited no correlation between Se content 
and the amount of sulfur-containing and non-sulfur 
amino acids. Moreover, they reported SeMet as the 
most abundant free selenoamino acid. Yet, in the pre-
sent study, SeMet was largely quantified in the enzy-
matic extract compared to the water extract, indicat-
ing that the SeMet was integrated into alfalfa proteins 
rather than being in the free form. The SeMet yield 
was about 2–5% of the methionine content in the LPC 
during the  1st harvest. For instance, the SeMet con-
tent was 247 and 158  mg   kg−1 in the treatments of 
10Se(VI) and 50Se(IV), respectively, during the  1st 
harvest, while the methionine content in the same 
treatments was 9000 and 2900 mg  kg−1, respectively.

Among secondary metabolites, flavonoids are of 
importance because of their potential health benefits 
for humans and domestic animals. Indeed, flavonoids 
in the human diet are partially bioavailable and pos-
sibly involved in still incompletely understood mech-
anisms related to protection from chronic diseases 
such as cancers and cardiovascular diseases. Even 
though these mechanisms have still not been revealed 

entirely, most of them are related to some fundamen-
tal properties of flavonoids; for example, reducing 
capacity (antioxidant characteristics by electron or 
H-atom donation), capability to interact with proteins, 
and chelating effect (Heim et al. 2002, Andersen and 
Markham 2005).

The non-nutritional phytochemical composition is 
a relevant question from the point of view of experi-
mental product development. Hence more attention 
has been paid to qualitative and quantitative analyses 
of phytochemicals of alfalfa green biomass-derived 
LPC, fiber, and phytoserum fractions, in the con-
text of Se fortification. The results of the UHPLC-
ESI–MS analysis revealed that flavonoids were the 
major identified organic phytochemicals. The absence 
of some expected bioactive compounds in some 
alfalfa fractions could be attributed to the strictness 
of the identification method. Identification of phy-
tochemicals was acceptable if the retention time, 
molecular weight, and MS(n) fragment characteristics 
were all in agreement with the standard references.

Synthesis of flavonoids is primarily localized to 
the cytoplasmic surface of the endoplasmic reticulum 
(ER); however, chloroplasts have long been reported 
to be capable of flavonoid biosynthesis and accu-
mulation. Also, the nuclear localization of some key 
enzymes of flavonol synthesis was confirmed. The 
transportation and accumulation of ER-derived flavo-
noids in vacuoles is a pivotal issue, as it is a pre-req-
uisite for their biosynthesis, which can be altered by 
severe stress (Agati et al. 2012). Following our prod-
uct-oriented process of alfalfa biomass, the flavonoids 
of phytoserum and LPC are derived from the released 
soluble part of disrupted vacuoles, cytoplasm, and 
chloroplasts. The third fraction is the fiber partly 
made up of the cell wall remnants of squeezed cells; 
the other route of flavonoids transport to the cell wall. 
Phenylpropanoids contribute to cell wall formation 
through esterification with complex carbohydrates.

The presence of glycosyl derivatives of flavo-
noids is frequent in plants. Twenty flavonoid gly-
cosides were identified in the LPC, fiber, and phy-
toserum originating from Se-treated alfalfa fresh 
green biomass and control. Glucuronic acid is the 
only compound presented in a unbracnched or 
branched sugar chain of alfalfa flavonoids (Rafińska 
et  al. 2017; Tava et  al. 2022). However, our results 
showed different sugar chains that bind to agly-
cons, such as apigenin-8-C-glucoside-6-C-xyloside, 
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apigenin-6-C-glucoside-8-C-xyloside, and querce-
tin-3.4’-di-O-glucoside in the fractionated alfalfa bio-
mass. To our knowledge, it is the first time to detect 
apigenin-C-glucoside-C-xylosides in alfalfa biomass. 
Among the quantified flavonoids, apigenin-7-O-glucu-
ronide and apigenin were the most abundant, followed 
by tricin (3’0.5’-Dimethoxy-4’0.5.7-trihydroxyfla-
vone), in all three processed alfalfa fractions. Tricin 
and apigenin glycosides were previously quantified in 
high concentrations from alfalfa shoots by Rafińska 
et  al. (2017). The acylated derivatives of ferulic 
acid, including apigenin-7-O-[feruloyl-(→ 2)-[glu-
curonyl-(1 → 3)]-glucuronyl-(1 → 2)]glucuronide, 
apigenin-4’-O-glucuronide-7-O-[feruloyl-(→ 2)-glu-
curonyl-(1 → 2)-glucuronide], and tricin-7-O-
[feruloyl-(→ 2)-glucuronyl-(1 → 2)-glucuronide], 
were detected in alfalfa (Goławska and Łukasik 
2012). The importance of flavone acylation, in the 
context of UVB, is due to shifting the absorption 
maxima with a simultaneous increase in the molar 
absorption coefficient protecting the cells against 
harmful UV effects (Rafińska et  al. 2017). Alfalfa is 
well-known as a source of phytoestrogens, including 
isoflavones and coumestans. These compounds are 
of interest due to their ambiguous on animal health. 
Isoflavones in a feed show positive impacts on weight 
gain in lambs and milk production in cows (Rodri-
gues et  al. 2014). On the other hand, the consump-
tion of feed enriched with high concentrations of 
formononetin and coumestrol causes temporary or 
permanent reproductive problems in some ruminants, 
mainly sheep and cattle (Tucak et  al. 2020). Similar 
to results reported by Tava et  al. (2022), isoflavones 
formononetin (7-Hydroxy-4’-methoxyisoflavone) and 
its glycoside ononin (Formononetin 7-O-glucoside), 
alfalone (4’0.7-Dimethoxy-6-hydroxyisoflavone), and 
biochanin A (5,7-dihydroxy-4’-Methoxyisoflavone) 
were identified in all alfalfa fractions. Although Tucak 
et al. (2020) quantified 836.5 µg  g−1 DW of genistein 
as the most abundant phytoestrogens in 20 observed 
alfalfa populations, in the present study, no genistein 
was detected in either control or Se-fortified alfalfa. 
Coumstrol, the phytoestrogen-like phytochemical 
belonging to the coumestans, was also identified in the 
LPC, fiber, and phytoserum fractions ranging between 
0.27–7.81 µg  g−1 DW. However, Martin et al. (2006) 
cited a higher concentration of coumestrol (99 µg  g−1 
DW) in alfalfa. Among saponins, medicagenic acid is 
the most abundant in alfalfa (Rafińska et al. 2017). In 

addition, the present phytochemical analysis revealed 
that among the saponins, medicagenic acid and its gly-
cosyl derivatives were present in the largest number 
in both the control and Se-enriched alfalfa fractions. 
The glucose, xylose, rhamnose, glucuronic acid, and 
galactose were presented as sugar moieties of the side 
chains. Tava et al. (2022) reported that the sugar moi-
eties link at the C-3 position of the triterpenic agly-
cone and, additionally, at the C-28 position in most 
cases. The concentration of medicagenic acid, which 
possessed hemolytic activity, did not exceed the 
1.26  µg   g−1 DW in the LPC and fiber fractions and 
37.72 ng   mL−1 in the phytoserum fraction. However, 
a higher concentration (550 µg  g−1 DW) was reported 
by Rafińska et  al. (2017). By contrast, no hedera-
genin or zahnic acid was detected in the alfalfa frac-
tions, although the literature suggests them as the most 
abundant sapogenins after medicagenic acid. Soysapo-
genol B glycosyl derivative was also an identified sap-
onin that did not show hemolytic activity. However, 
soyasapogenol presented at lower concentrations in 
the LPC fractions.

Conclusion

This study aimed to improve the quality of one of 
the most famous forage plants (alfalfa) through agro-
nomic fortification using different Se forms and con-
centrations within four consecutive harvests. In the 
shadow of the circular economy concept, the Se-forti-
fied alfalfa green biomass was fractionated into three 
fractions (LPC, fiber, and phytoserum) with added-
economic value and possible direction toward the 
human and animal consumption.

We have drawn the following most important con-
sequences from our extensive investigations: In the 
case of alfalfa, as a multi-harvest plant, red elemen-
tal selenium is more suitable for enrichment pur-
poses than ionic forms, since a more balanced accu-
mulation of selenium can be achieved with it during 
successive harvests in any processed fraction (LPC, 
fiber, phytoserum) under culture vessel conditions. 
Regarding the applied concentrations, treatment with 
50  mg  L−1 Se0 was found to be beneficial from the 
point of view of selenium enrichment, hence it caused 
a continuous, significant increase, without negatively 
affecting the distribution of alfalfa-based fractions and 
their dry matter content. Among the fractions, leaf 
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protein concentrate (LPC) should be highlighted, as it 
is a fraction that can be used directly as an alternative 
protein feed. Treatment with 50 mg  L−1 Se0 resulted 
in the conversion of 48.1–73.6% of the Se accumu-
lated in the LPC to the organic form SeMet, which is 
important for the bioavailability of the animals. How-
ever, taking into account the hesitating results of the 
quantity of major and minor flavonoid components 
and the significant decreases in crude protein content 
it is recommended to investigate a wider range of red 
Se0 concentrations.

Along with, more investigations about the uptake 
mechanism, transportation, and transformation of red 
Se0, in addition to its building up in organic mole-
cules, such as proteins and sugars, are required. Also, 
monitoring within a long-term investigation will be 
crucial to explain the uptake dynamics and explore 
the climatic effects. Lastly, studying the soil–plant-
microbes interactions regarding the red Se0 will 
help understanding the positive influences of red 
Se0 on plant growth, agricultural products, and soil 
ecosystem.
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