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CrossMark

LFALFA is considered as “the Queen of the Forages” due to its high protein content and

nutritional value. The production of alfalfa under different stressful environments is a
great challenge, representing a serious threat to global food security. To improve the production
of alfalfa under stressful conditions, there is a crucial need to understand the response of
alfalfa plants to stresses, the mechanisms of tolerance and the management options. Alfalfa
is a promising biorefinery crop from which leaf protein concentrates as well as bio-organic
fertilizers can be produced. The potential of leaf-derived protein concentrate for human and
animal nutrition is huge, yet unexploited. The bio-organic fertilizers derived from alfalfa
plants represent a sustainable way to supply the plant with some nutrients. This review article
highlights the sustainable use of alfalfa in biorefinery and bio-organic fertilizer production.
Moreover, scattered knowledge about its use for production is collected supporting its suitability
for improving soil fertility. Last, we discuss the suitability of alfalfa to produce stable yields in
the light of changing climate and stressful conditions like salinity.

Keywords: Bio-organic fertilizers, Fiber, Leaf protein concentrate, Queen of forages.

Introduction

Alfalfa (Medicago sativa L.) is one of the most
important legume forage crops in the world and is
primarily used as silage, hay and pasture to feed
livestock (Hawkins & Yu, 2018; Patra & Paul,
2019). This plant also called “lucerne” in Europe
and other countries and its sprouts can be used as
a staple crop for animals and humans due to its
impressive nutritional content, including vitamins
(i.e.,, B, C, D and E), high protein content and
other important minerals (Mattioli et al., 2019;
Michalczyk et al., 2019). Alfalfa was originally
cultivated in south-central Asia (modern Iran)
and it is well known as “the Queen of Forages”
because of its high biomass yield, good quality of

its forage and its palatability for ruminants (Lei et
al., 2017). Alfalfa can grow in a wide range of soils
and under several growing conditions, including
nutrient poor soils (Lei et al., 2017). More than
40 million hectares are cultivated worldwide
(Luo et al., 2019). Alfalfa yields are higher in
light-textured soil conditions (e.g., sandy loam,
silty loam and clay loam) than in heavy textured
soils (Kavut & Avcioglu, 2015; Mbarki et al.,
2018). Alfalfa could be considered as one of the
most important crops for sustainable agriculture
due to its promotion of soil fertility, ability to
feed livestock in mixed production systems,
N-fixation rate and ability to reduce greenhouse
gas emissions (Luo et al., 2018; Kulkarni et al.,
2018). This plant can grow under arid and semi-
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arid conditions (200mm annual precipitation) due
to its relatively deep root system and enhancement
of antioxidative protection and declining lipid
peroxidation as a crop that is tolerant to water
deficit (Lei et al., 2017; Zhang et al., 2019). Based
on its use in the production of organic acids and
ethanol, alfalfa has a great potential as a biofuel
feedstock (Luo et al., 2019).

A green biorefinery can be defined as an
innovative zero-waste approach, in which green
biomass can be totally converted into bio-based
products (Bastidas-OyanedelJens & Schmidt,
2019; Srivastava et al., 2019). The green biomass
of alfalfa plants could be converted into solid
and liquid fractions through the mechanical
fractionation producing leaf protein concentrate
(Hojilla-Evangelista et al., 2017; Jia et al., 2017;
Hadidi et al., 2019), fiber (Palmonari et al., 2014;
Fustini et al., 2017), green and brown juice (Dietz
et al., 2016). Recently, a considerable literature
has grown up around the theme of the sustainable
use of fodder legumes for green biorefineries, in
particular alfalfa (Papendiek, 2017; Liibeck &
Liibeck, 2019; Sarnataro et al., 2019). Fodder
legume crops play a vital role in the development
and the sustainability of agricultural production
systems due to their direct and indirect potential to
produce several compounds including food, feed
and biofuels (Papendiek et al., 2016; Papendiek,
2017; Liibeck & Liibeck, 2019).

This study systematically reviews the data
for alfalfa production with the goal to provide
a comprehensive overview on biochemical and
anatomical aspects of the alfalfa plant. Drawing
upon stressful environment research into alfalfa,
this study attempts to present the several benefits
of'this crop under stress and biorefinery processes.

Botanical Aspects, Economic Uses and
Production of Alfalfa

Alfalfa is one of the oldest forage crops in
the world, with the first cultivation occurring in
ancient Iran more than 2000 years ago. Alfalfa
moved from Iran to Greece about 500 B. C (Patra
& Paul, 2019). The name “alfalfa” originated
from the Arabic word “al-fisfisa” which was
modified into the Spanish word “alfalfa”. The
alfalfa plant consists of a root system with a long
taproot, leaves, stems, flowers and seeds (Fig. 1).
It is a perennial flowering plant classified as a
leguminous dicot crop. The root system of alfalfa
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plants is very deep and strong with several lateral
roots, which help the plant penetrate the soil to
deeper layers making it tolerant to drought (Fig. 1,
Photo 3). The leaves of alfalfa are trifoliate. The
alfalfa middle leaflet has a short petiole, which is
the main difference between alfalfa and berseem,
along with sharply toothed leaflets on the upper
1/3 of the leaf margin (Fig. 1, Photo 4). Alfalfa
flowers may be yellow, blue, white or purple in
color. The flowers are collected in a group or
cluster as an inflorescence in a raceme type (Fig.
1, Photo 5). Alfalfa is typically cross-pollinated
by insects, in particular bees. Alfalfa seed has the
shape of a kidney, is yellowish brown in color and
very light-weight (Patra & Paul, 2019).

The economic importance of alfalfa

The most important producers of alfalfa
include the USA, Canada, Australia, Argentina,
India, Italy, New Zealand, France and Russia
(Wang et al., 2018). Alfalfa is a C, plant, a
perennial legume, and may be continuously
cultivated for 3—4 years as a green fodder crop.
This plant also can grow under different climatic
conditions ranging from arid to tropical regions
as well as from below sea level to elevations of
2500 m altitude. Alfalfa is mainly cultivated in the
winter season ranging from the end of September
to early December, with the optimum cultivation
date in the middle of October like in Egypt. The
seeds of alfalfa, like other leguminous crops,
need to be inoculated with the suitable Rhizobium
strain (R. meliloti). To produce a high yield, alfalfa
plants consumed a huge quantity of water during
the long growing season. The irrigation interval
of alfalfa ranges between 7 and 10 days and may
be extended to 25-30 days (Patra & Paul, 2019).

The production of alfalfa produces very
high green fodder yields (depending on variety,
80-100Mg ha'') for long times (3—4 years) and
seed yield ranges from 0.3 to 2.0Mg seed ha’
(Patra & Paul, 2019). Alfalfa crop has many
benefits including its use in grazing, producing
hay and silage, increasing soil fertility as green
manure, and protecting soil as a cover crop.
However, alfalfa has several economic uses that
are detailed as follows:

(1) It is a regular source for green fodder, hay, and
silage for livestock during the dry season as
compared with other forages (Hawkins & Yu,
2018; Wang et al., 2018).
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(2) The decomposition of alfalfa biomass in soils
increases the soil fertility status due to the
fixation of atmospheric nitrogen, increased
humus content and nutrients, and improved
soil biochemical properties (Jonker & Yu,
2016; Ju et al., 2019).

(3) Alfalfa has the ability to reduce nitrate
leaching in soils due to its huge uptake of
water that contains nitrates during plant
growth (Yang et al., 2016). It can also reduce
the loss of carbon and promote carbon
sequestration (Hassen et al., 2017).

(4) Alfalfa has a remarkable deep root system
(up to 3m depth) that supports plant growth
under unfavorable environments due to the
ability to uptake water and nutrients from a
considerable depth (Patra & Paul, 2019).

(5) It is possible to harvest from 7 to 8 cuttings in
a season of perennial alfalfa growth, where
the first cut takes 55-60 days from sowing
and the following cuts take place when the
cultivated plants achieve a height of 60cm
from the soil surface. Therefore, alfalfa is an
excellent cutting fodder plant compared to
other forage crops (Patra & Paul, 2019).

(6) Alfalfa has a high nutritional value,
represented in the high minerals and
vitamins content. Depending on the time of
cutting alfalfa has low fiber and high-energy
content (Patra & Paul 2019; Sarnataro et al.,
2019).

(7) Alfalfa could be used for green biorefinery
producing feed, fuel and fertilizer
(Santamaria-Fernandez et al.  2018;
Sarnataro et al., 2019).

(8) Alfalfa pellets are a highly proteinaceous
feed that contains high protein concentration
(up to 20%), carotene, and energy for
feeding livestock (Jonker et al., 2017; Patra
& Paul, 2019).

(9) The silage of alfalfa is one of the its most
important products when the green fodder is
at less than 65% water content in the presence
of anaerobic bacteria. Silage performance
can be enhanced by improving the quality
of fermentation by adding organic acids like
malic, citric, lactic, acetic, and propionic

acids to preserve the silage (Ke et al., 2017;
Zhang et al., 2017; Patra & Paul, 2019).

(10) The greatest leaf yield is achieved when
alfalfa is harvested at the budding stage, but
at the early flowering stage both leaf and
stem yields are nearly the same. The highest
yield and nutrients content of alfalfa forage
is achieved at the early flowering stage. At
advanced maturity stages, there is a decrease
in crude protein in the harvested forage
and an increase in fiber content (Fan et al.,
2018). The biomass yield of alfalfa could be
improved by using biotechnological tools
or genetic engineering approaches under
stressful conditions (Lei et al., 2017; Gou
et al., 2018; Lei et al., 2018; Singer et al.,
2018). The handling of alfalfa fractionations
could also be improved, such as reducing
lignin content in the forage legume (Barros
etal., 2019).

(11) The main use of alfalfa is to feed dairy cattle,
characterized by high dairy production, due
to the high protein content and digestible
fibers. Alfalfa is also used to feed beef cattle,
sheep, horses and goats (Broderick, 2018).
Alfalfa hay is commonly used as a source
of protein and fiber to feed meat rabbits
(Dal Bosco et al., 2015; Khan et al., 2016).
Alfalfa leaf concentrate and dehydrated
alfalfa could be used for the pigmentation of
eggs and poultry meat due to the carotenoids
content. The main use of alfalfa for human
nutrition is the sprouts, which can be used in
sandwiches and salads (Keshri et al., 2019)..

(12) The cultivation of alfalfa plants may
improve soil infiltration rates, reducing
runoff and thus the loss of highly productive
soils that support production of cultivated
crops. Increasing the alfalfa growing period
is seen as an effective soil-erosion-control
practice that can help reduce soil erosion
rates by 20-30% (Hassen et al., 2017).

(13) Although there are 60 different legume
crops, alfalfa is considered as an important
source for forage and feeding animals
(Kulkarni et al., 2018). Improving the forage
digestibility of alfalfa may reduce methane
emissions by 15-30% per animal product
unit (Hassen et al., 2017).
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Fig. 1. General overview of the alfalfa plant starting with the seeds (Photo no. 1), the overall look of alfalfa in the
field (Photo 2), the root system of the alfalfa plant (Photo 3), the distinguished leaf with the trifoliate leaves
shape (Photo 4), the flower in inflorescence position and a raceme type (Photo 5), and finally the fruits of
alfalfa as a legume (Photo 6)

Constraints of production and handling of alfalfa et al, 2017). The breeding program could
On the other hand, there are also many include conventional breeding techniques (e.g.,
constraints in the production and handling of alfalfa selective and cross breeding), or applications
compared with other forage crops (Table 1). These of transgenic technology (Wang et al., 2016).
constraints can be summarized as follows: The main problems for the breeding of alfalfa
in general may include the slow progress rate,
(1) Although its water requirement is quite high low success rate, the lack in breeding materials,
at about 500-1168mm (20-46 in) per season low adoption rate of new cultivars, and lack
(Yang et al., 2019a), alfalfa is not tolerant to of advanced breeding techniques (Wang et al.,
waterlogging (Zeng et al., 2019). 2016; Shi et al., 2017). Increasing vegetative
shoot branches is a desired outcome in alfalfa
(2) Alfalfa is characterized as an out-crossing breeding as well as delaying the flowering time,
autotetraploid crop (2n=4x=32) with a genome as this approach would increase forage yield
size of 800—1000Mb and a basic number of 8 (Gao et al., 2018).
chromosomes, so challenges can be expected
in efforts to improve its agronomic traits using (4) It is expected that the increase in temperatures
breeding approaches (Hawkins & Yu, 2018). and drought conditions owing to climate
change may occur more frequently in the future
(3) Alfalfa breeding could be used to improve creating challenges for alfalfa production (Patra
agronomic and quality traits, yield, and its & Paul, 2019).
resistance to stress conditions as well as to
enhance the digestibility of stems (Gruber (5) Alfalfa genomics could be a considerable
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challenge where they are highly heterozygous,
which precludes any development in inbred
lines and severe inbreeding depression
(Hawkins & Yu, 2018).

(6) Alfalfa is generally self-incompatible,
allogamous, and several insects can pollinate
its flowers (Monteros et al., 2014). A little
progress has been achieved in the incorporation
of desired transgenic traits into commercial
alfalfa although the ecological and economic
importance of the allogamous and autotetraploid
alfalfa crop (Jozefkowicz et al., 2018).

(7) The relatively high cost of alfalfa cultivation is
one of the most frequently stated problems with
its production. Cultivation requires relatively
high energy consumption during agricultural
operations such as sowing, harvest and post-
harvest (Ghaderpour et al., 2018).

(8) Alfalfa proteins undergo rapid degradation,
creating a risk of bloated rumens in ruminants.
This problem also may cause a huge economic
loss for farmers (Lei et al., 2017).

(9) The high lignin content in alfalfa also may link
with the unbalanced degradation of nitrogen /
carbohydrate ratio in the rumen of ruminants
(Lei et al., 2017). Therefore, there is an urgent
need to develop and reduce lignin content in
alfalfa (Gallego-Giraldo et al., 2016; Getachew
et al., 2018; Barros et al., 2019).

(10) Improving alfalfa productivity under biotic
and abiotic stresses was and still is one of the
most important strategies. Biotechnological
techniques have been used to increase the
resistance of alfalfa to disease and pests. The
most common alfalfa root diseases include
fusarium wilt (Fusarium oxysporum; Berg
et al., 2017), verticillium wilt (Verticillium
alfalfae; Xu et al., 2019), bacterial wilt
(Clavibacter michiganensis; Singer et al.,
2018) and phytophthora root rot (Phytophthora
medicaginis; Samac et al., 2015). Studies
that have investigated the diseases and pests
of alfalfa include Nemchinov et al. (2017),
Sisterson et al. (2018), Samarfard et al. (2018),
Gaafar et al. (2019) and Li et al. (2019).

(11) Fetch alfalfa sprouts are prone to microbial
attack by human bacterial pathogens (e.g.,
Salmonella  spp., Vibrio cholerae and

Escherichia coli). Suitable safety management
levels are need to be established in support of
human health (Kim et al., 2018; Cui et al,,
2018; Mattioli et al., 2019). Sprouts could be
preserved by soaking in resveratrol solutions
and thymol (Lai et al, 2017), heat- and
freeze-drying (Mattioli et al., 2019), hot water
treatment (Michalczyk et al., 2019), plasma-
activated water (Xiang et al, 2019) and
gamma irradiation (Kang et al., 2019).

Biochemical Characterization

The chemical composition of alfalfa, as with
all plants, depends on the growth media in which
the plant is established in addition to its structure.
The plant’s chemical composition is mainly related
to quantitative nutritional components, which the
plants may deliver to consumers (i.e., livestock or
humans). This chemical composition also includes
proteins, fats, fiber, carbohydrates and other
micronutrients content of the plant tissues (Lee,
2018). Alfalfa forage is considered one of the most
nutritious and palatable green fodders. This forage
contains about 16-25% crude protein, which has
72% digestibility, along with about 20-30% fiber
content and several vitamins (e.g., vitamins A,
B, D, K and E) and minerals, such as calcium,
potassium, iron, and magnesium (Patra & Paul,
2019). The chemical composition of cultivated
or harvested alfalfa is a very important factor in
alfalfa handling and its use as silage, forage or hay.
Furthermore, the metabolic processes of alfalfa
forage during fermentation have a great potential to
change the nutritional composition of the standing
crop (Santos & Kung, 2016).

The factors found to influence alfalfa chemical
composition have been explored in several studies
(e.g., Gawel, 2012; Vintu et al., 2012; Santos &
Kung, 2016; Hojilla-Evangelista et al., 2017
Rajabi et al., 2017; Ogunade et al., 2018; Guo et
al., 2019; Hartinger et al., 2019). These studies
included different factors affecting the chemical
composition of alfalfa forage or silage as follows:

(1) Evaluation of the impacts of wilting intensity,
dry matter level and the addition of sucrose
on nitrogen compounds and fermentation
products in alfalfa silage. This study confirmed
that water-soluble carbohydrates may have a
crucial role in both the alfalfa fermentation
silage and the preservation of proteins
(Hartinger et al., 2019).
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TABLE 1. A comparison of maize fodder crop with two leguminous fodder crops (alfalfa and berseem or Egyptian

clover)
Item of comparison Maize Alfalfa Egyptian clover
Scientific name Zea mays L. Medicago sativa L. Trifolium alexandrinum L.

Common name
Plant origin
Crop life cycle

Main crop kind

Family

Root system
Main uses of crop

Green fodder yield

Seeds or grain yield (Mg
ha'')

Inoculated bacteria strain

Number of cutting per
season

Chemical composition of
green forage (based on
DM)

Drought stress

Soil alkalinity and water-
logging stress

Soil salinity stress
(EC @ 50% yield)
Main producing countries

Preferred soil
The best time for sowing

The optimum seed rate
Fertilizer requirements

Irrigation interval

Water requirements

Maize and corn

Mexico and Central
America

Annual crop (6—7 months)

Cereal grain C4 crop

Poaceae
Adventitious fibrous type

Biogas, green fodder, feed
for livestock

30-50Mg ha'!
811 Mg ha'!
No inoculation

Maize silage or stover

10-12% crude protein,
25-30 crude fiber

Sensitive to excess

moisture stress or water
logging

Sensitive to waterlogging
and soil alkalinity

Moderately sensitive
(EC=28.6dS m™)

USA, China, Brazil, Mexi-
co. Argentina and India

Loamy sand to clay loam
June in kharif season

50-75kg ha! as a fodder crop

80kg N ha™', 40kg PO,
ha™ and 20kg ha™ ZnSO,

7-10 days

5000m? water/ha

Alfalfa and lucerne
Probably originated in Iran

Perennial crop (3 — 4 years)

Leguminous C3 fodder or for-
age crop

Fabaceae

Deep root system (up to 3m)
Green fodder, hay and silage
80-100Mg ha'!

300 — 2000kg ha'!
Rhizobium meliloti

7-8 cuts during season
16-25% crude protein

20-30% crude fiber
High drought resistant

Sensitive to waterlogging and
soil alkalinity

Moderately sensitive
(EC=8.8dS m™)

USA, Canada, Australia, Ar-
gentina, India, Italy, France

Light textured soils
Middle of October
20-25kg ha™! (in broadcast)

20kg N ha”', 60-75kg P,O, ha
and 40kg KO ha™!

7-10 days

7500m? water/ha per season

Berseem clover, Egyptian
clover

Probably originated in
Syria

Annual crop (67
months)

Leguminous C3 fodder /
forage crop

Fabaceae

Shallow taproot

Green fodder and silage
1.0-1.2Mt ha'!

340kg ha'!

Rhizobium trifolii

4-6 cuts during winter
12.8% crude protein

26.7% crude fiber
Less drought resistant

High tolerant to moisture
and soil alkalinity

Sensitive

(EC=5.7dS m™")

Egypt, Syria, Pakistan,
and India

Heavy-textured soils

Start from November to May
25-30kg ha'!

10kg N ha'!, 80-90kg
P,0, ha'!, 30-40kg K.O
ha'!

15-20-day

4500m? water/ha

Sources: Barik & Hedayetullah (2019), FAO (2019), Patra & Paul (2019), Sah et al. (2019).

(2) The impact of harvesting time on the quality
of silage fermentation and its digestibility.
Alfalfa plants were harvested at initial
flowering, the budding and full flowering
stage then preserved as silage or ensiled for
45 days. With advancing maturity of alfalfa

silage, the crude protein contents were
decreased, whereas the content of dry matter,
acid detergent fiber and neutral detergent fiber
were increased (Guo et al., 2019).

(3) The application of citric or malic acids on the

Egypt. J. Bot. 60, No. 3 (2020)



SUSTAINABLE BIOREFINERY OF ALFALFA (MEDICAGO SATIVA L.): AREVIEW 627

quality of the fermentation process and the
chemical composition of alfalfa silage. High
quality alfalfa silage was produced using
lactic acid bacteria in order to enhance the
rapid decline of silage pH, improving the
quality of fermentation-ensiled forage. Malic
and citric acids may accelerate the growth of
lactic acid bacteria during the fermentation of
alfalfa silage (Ke et al., 2017, 2018a, b; Li et
al., 2018).

(4) The role of moringa leaves in enhancing the
fermentation quality and nutrition of alfalfa
silage through mixed ensiling of alfalfa
and with the leaves of Moringa oleifera. It
was thought that, the moringa leaves could
stimulate some microbial communities (e.g.,
Enterobacter and Lactobacillus) and inhibit
some undesirable bacteria such as Escherichia,
Bacillus, and Staphylococcus during the
fermentation process (Wang et al., 2019).

(5) The eftect of sterilization during the ensiling
of alfalfa silage. Some inoculants like
Lactobacillus plantarum were used during
the fermentation of alfalfa silage to enhance
the lactic acid fermentation and improving the
silage quality (Yang et al., 2019b).

(6) There are many additives that can be used
to improve the silage quality of alfalfa such
as organic acids (e.g., formic, acetic, malic
and citric acid; Yuan et al., 2018; Ke et al.,
2018a, b) and salts such as calcium propionate
(Dong et al., 2017), sodium diacetate (Yuan
et al., 2017) and potassium diformate (Yuan
et al., 2018), as well as jujube powder (Tian
et al., 2017) and cumin essential oil (Turan &
Oneng, 2018). These additives may enhance
the transformation of nitrogen during the
fermentation of alfalfa silage.

Results for the chemical composition of alfalfa
silage before ensiling under different treatments
are given in Table 2. A global comparison was
carried out for 136 different forage plants looking
at chemical composition and nutritive values
under different environments (Lee, 2018). It was
reported that not only are there distinguished
variations among these forage plants in terms of
the protein, lignin, fiber, and minerals content
but also in the digestion rate by herbivores. This
study also demonstrated that more than 90% of the
plant’s biomass may be digestible and the mean

content of protein (2-36), lignin (1-21), fiber (23—
90, as NDF or neutral detergent fiber) and minerals
or ash (2-22) was recorded as a percent.

The Promising Biorefinery of Alfalfa Crop

Natural renewable resources and their
sustainability have long been a question of great
interest in a wide range of fields. Due to the
scarcity of these resources, there is an urgent need
to use them in the most sustainable and efficient
way possible. Hence, the biorefinery process
could allow both sustainability and efficiency
of waste reduction under the exploitation of
bioresources (Papendiek, 2017). The production
of alfalfa forage has several beneficial and positive
environmental impacts under highly efficient use
in the bio-industrial feedstock industry as well as
fodder in the framework of the green biorefinery
approach (Papendiek, 2017). The biorefinery
process was defined by Hassan et al. (2019) as "the
sustainable processing of biomass into a spectrum
of marketable products (food, feed, chemicals, and
materials) and energy (fuels, power and/or heat)".

The great debate, generated by the first
generation of biorefineries, was represented in
the use of edible food crops to produce bioenergy.
Recently, a considerable literature has grown up
around the second generation of biorefineries
to avoid using edible food crops in producing
bioenergy (e.g., Hassan et al., 2019). The second
generation of lignocellulosic biorefineries (i.e.,
lignocellulosic wastes and non-food crops) seeks
to use the lignocellulosic biomass for bioenergy
generation (De Bhowmick et al., 2018; Branco
et al., 2019). The non-food crops used under this
model include alfalfa, willow, poplar, and some
grasses like reed canary, which are characterized
by high productivity and their suitability to
be produced in poor soils and marginal lands
(Longato et al., 2019). The second generation also
includes different agricultural residues such as rice
husk and its bran, sugarcane bagasse, wheat straw,
forest thinning, maize stover, wheat bran, and
agricultural residues or wastes, e.g. apple pomace,
orange and potato peels, groundnut and soybean
wastes (Contreras et al., 2019; Hassan et al., 2019).
However, it is important to realize these wastes
are not “free” items, returning a certain amount
of crop residues to the soils that produced those
crops is critical to maintain soil quality; therefore,
use of these residues for bioenergy must be done
judiciously (Brevik et al., 2019).
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TABLE 2. Some different values for the chemical composition of alfalfa fresh forage before ensiling according to

different sources

Contents of alfalfa silage T?;&g?" l((ze()‘l}tszl,;. Y‘lenégl(;tbz)ll. szgglf;t)al.
Dry Matter, DM (g kg fresh weight) 200 432 248 263
pH 6.51 6.21 6.43 5.12
Crude protein (g kg, DM) 230 200 277 183
Neutral detergent fiber (g kg, DM) 400 384 440 386
Acid detergent fiber (g kg!, DM) 312 287 207 278
Water soluble carbohydrates (g kg, DM) 532 60.7 98.5 434

Leaf protein concentrate

Protein is a major component of interest
within the field of human nutrition and health.
It is essential to synthesize muscles, in cell
signaling, immune responses and for repairing
of damaged cells (Lonnie et al., 2018; Wen et al.,
2019). The different sources of dietary protein
should be sustainable including both plant-based
and animal-based protein sources (Richter et
al., 2015). Based on the Recommended Dietary
Allowances, the daily average requirement for
protein is 0.8 g protein per kg of body weight
(Gardneretal., 2019). Pulses or leguminous seeds
can provide about 33% of human dietary proteins
as well as fiber, minerals, carbohydrates, several
phytochemicals and vitamins (Bessada et al.,
2019). Plant-derived proteins could be defined as
energy concentrates or nutritional supplements,
which have a wide range of functions in the
pharmaceutical and food industries. Therefore,
there is an urgent need for advances in renewable
plant-derived protein sources (Wen et al., 2019).

Recently, a considerable literature has grown
up around plant-based nutrition, in particular
protein due to the differences between plant—
based proteins and animal-based proteins (e.g.,
Patel et al. 2017; Morin et al., 2019). These
differences include:

(1) The high intake of animal-based proteins
causes many health problems like
cardiovascular disease, diabetes and obesity.

(2) The water, land and energy requirements for
the production and transportation of animal
proteins are higher than plant-proteins.

(3) Plant-based proteins are more sustainable
alternative due to lower emissions of
greenhouse gases (Lonnie et al., 2018; Morin
etal., 2019).
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Dried alfalfa leaves contain 260 — 300g kg™’
crude protein on a dry basis (DB), while the
stems have a lower content (100-120g kg™' DB)
(Hojilla-Evangelista et al., 2017). Proteins are
primarily found in the mesophyll cells of leaves
(Jonker & Yu, 2016). There are two fractions of
soluble proteins in alfalfa leaves. The first group
representsabout30—50% ofsoluble proteinsinthe
form of ribulose-1,5- bisphosphate carboxylase/
oxygenase (Rubisco), while the second fraction
of soluble proteins includes the plant hormones
and enzymes as well as other protein components
in small amounts. Apart from soluble proteins,
the vacuole cells of alfalfa plants have non-
protein-N or inorganic-N fractions (i.e., NO,
and NH,"), whereas the soluble protein (mainly
Rubisco) is found in the plant’s chloroplasts
(Jonker & Yu, 2016). Therefore, the proteins in
alfalfa may be considered an important source
for animal nutrition (in the form of green forage
and silage) and humans as sprouts and others
(Mohammad et al., 2019). Alfalfa proteins could
be introduced into human nutrition as products
like sprouts, cookies, and other baked goods.
Alfalfa protein concentrates could be also used
as dietary supplements to improve human quality
of life and health (Gawet et al., 2017).

Alfalfa is one of the highest protein content
forage crops, with leaf protein concentrations
that range from 500 to 890 g kg™' DB (Hojilla-
Evangelista et al., 2017). Thus, there is great
interest in extracting and producing protein from
alfalfa leaves because it could be an inexpensive
alternative source of food protein (Lamsal et al.,
2007). Based on the biorefinery of alfalfa plants,
concentrated protein could be extracted from
dried alfalfa leaves using traditional techniques
such as alkali solubilization for 2hrs at 50°C
and acid precipitation (Hojilla-Evangelista
et al., 2017). The leaf protein concentrate
from alfalfa is characterized by its desirable
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emulsification, foaming, and gelling properties
(Hojilla-Evangelista et al., 2017). On the other
hand, there are some problems in handling
alfalfa leaf protein concentrate in human foods.
These constraints include the brown color of the
protein concentrate, which makes it undesirable
to consumers, and the degradation of proteins
leading to a decline in its quality (Hadidi et al.,
2019).

Utilization of alfalfa sprouts in human nutrition

Nowadays, there is an urgent need to
address the health problems caused by food
contamination and malnutrition. These problems
are increasingly recognized as a serious
worldwide public health concern. Therefore,
the production of adequate quantities of safe
food for all people worldwide is one of the
main issues faced by scientists. Humans mainly
depend on food-derived from animal and plant
sources, particularly animal and plant-based
protein and other protein-based foodstuffs. Due
to the previously mentioned problems with
animal protein sources, there is an increasing
effort to find new, safer, cheaper, and more
environmentally friendly plant-protein sources
(Gawet et al., 2017). Sprouts have become
an attractive component in the diet of several
consumers in many countries due to their high
nutritional value (Table 3). These sprouts can
be found from more than 20 plant seed species
(e.g., alfalfa, mung bean and radish) produced
under closed production systems (Fiutak et al,.
2019). The common use of alfalfa sprouts in the
human diet includes adding them to mixed fresh
vegetables and to salads in order to improve the
nutritive value and their palatability (Gawet et
al., 2017). Many studies reported that alfalfa
sprouts could be a vital source of protein for
human nutrition although there is a link between
alfalfa sprouts and food poisoning (e.g., Fiutak
et al., 2019; Hong et al., 2019; Lorenzo-Leal et
al., 2019; Michalczyk et al., 2019; Mattioli et al.,
2019; Mohammad et al., 2019).

The bio-organic fertilizers derived from alfalfa
Within the framework of the green biorefinery,
the fresh green or ensiled biomass of alfalfa could
be fractionated mechanically into green juice
and press cake or solid residues using lactic acid
bacteria (Liibeck & Liibeck, 2019). Lactic acid
could be produced from the microbial fermentation
of the green juice derived from alfalfa. This green
juice contains high levels of free amino acids,

proteins, fibers, minerals and sugars that could be
utilized during microbial fermentation to produce
feed additives such as lysine (Thomsen et al.,
2015). It is worth to mention that, this green juice
may also convert into brown juice if heating at
80 °C or if the lactic acid from fermented green
juice is sterilized (Liibeck & Liibeck, 2019). Up
to 500 g of brown juice can be produced from 1.0
kg of fresh alfalfa biomass (Manwatkar & Gogle,
2014). Depending on the specific processing
techniques, the color of brown juice may vary
from yellowish-brown to dark brown or green.
This brown juice can be applied as a bio-organic
fertilizer to promote crop growth and as a medium
for microbial growth (Shende & Gogle, 2016;
Bakonyi et al., 2020). The biorefining process
of alfalfa has positive impacts not only on the
environment but also on human health, which
could be expected using novel protein sources (De
Corato et al., 2018; Kaszas et al., 2020).

Converting agricultural wastes or the green
biomass of alfalfa into practical materials
using proper strategies and techniques can be a
sustainable approach in the reuse or handling of
these resources (Asim et al., 2015). Bio-organic
fertilizer can be made by pressing and converting
fresh alfalfa biomass into brown liquid. This
brown liquid or juice is a by-product produced
during the coagulation of alfalfa leaf proteins
and fermentation using lactic acid bacteria.
Therefore, creation of ,bio-organic fertilizer”
has received considerable attention over the last
decade. This ,,bio-organic fertilizer” is produced
from two components, including organic
materials and specific functional microbes (Chen
et al.,, 2019). These organic materials mainly
include plant residues (e.g., livestock manure,
crop straw, etc.) and pre-treated animal wastes.
Recent developments in the production of bio-
organic fertilizer have led to a renewed interest
in sustainable fertilizer production. These bio-
organic fertilizers have benefits such as:

(1) Improving soil quality through removal of
pollutants (Chen et al., 2019).

(2) Promoting plant growth by alleviating stress,
enhancing the growth of seedlings, and
supplying cultivated plants with nutrients
(Ansari & Mahmood, 2017; Tahir et al., 2018).

(3) Suppressing soil-borne diseases such as
fusarium wilt in banana (Shen et al., 2014;
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Zhang et al., 2014), pepper (Wu et al., 2015),
cucumber (Huang et al., 2017), watermelon
(Liu et al., 2018; Zhao et al., 2018; Xue et al.,
2019), and generally acting as a biological
control (Ma et al., 2018).

(4) Improving the soil microbial community and
enzyme activity (Sun et al., 2016; Jiang et al.,
2019; Qu et al., 2019).

(5) Contributing to sustainable development of
the agricultural sector through remediating
polluted soils and managing agricultural solid
wastes (Chen et al., 2019).

There are different kinds of bio-organic fertilizers
depending on the source of organic materials and
strain or microbial species (Table 4). Alfalfa also has
the ability to produce bio-organic fertilizer (Yang et
al., 2019b). Further studies are needed to document
the different effects of bio-organic fertilizers derived
from alfalfa on a variety of cultivated plants under
varying environmental conditions.

Conclusion and Future Challenges

Alfalfa is a valuable food and feed crop for

humans and animals. It can perform vital
functions starting with green biomass and silage
production for livestock and sprouts for human
consumption. Alfalfa also has the ability to grow
and produce desirable yields during drought
stress. Moreover, it improves soil fertility when
there is lack of nitrogen. Additionally, alfalfa
has promising potential as a source of plant-
based protein. Moreover, bio-organic fertilizers
can be produced during the alfalfa processing
and brown juice generation. With respect to a
biorefinery based on alfalfa, this crop may be
considered as a sustainable solution for the
conflict of food and plant-based resources.
Therefore, the future challenges of alfalfa may
include the following questions: to what extent
could alfalfa crop supply the protein demand
for human nutrition? When could bio-organic
fertilizers derived from alfalfa be produced on
a large scale? What are the potential sustainable
uses of fiber derived from alfalfa (i.e. generation
of energy or nutritive additives)? When will
alfalfa gets due consideration as a promising
candidate to meet food and energy security
demands?

TABLE 3. The chemical composition of alfalfa sprouts compared to alfalfa leaf protein concentrate

Alfalfa sprouts (Fiutak et al., 2019)

Alfalfa leaf protein concentrate (Gawel et al., 2017)

Item or component Value | Item or component Value
Dry matter of sprouts (g kg™') 67.2 | Energy (kcal 100 g) 344
Dry matter of cotyledons (g kg™) 101 Protein (g kg™) 600
Weight of 100 sprouts (g) 2.25 | Fat(gkg") 225
Mass of cotyledons (g kg™') 424 Carbohydrate (g kg') 125
Ascorbic acid (mg kg™) 142 Fiber (g kg") 10
Total phenolic (mg GAE* kg™) 514 | Carotene (mg kg™) 867
Chlorophyll @ (mg kg FW) 998.9 | Thiamine (mg kg) 5.0
Chlorophyll » (mg kg' FW) 309.4 | Riboflavin (mg kg™) 5.0
B-carotene (mg kg' FW) 32.3 | Niacin (mg kg™') 242
Lutein (mg kg' FW) 114.0 | Folic acid (mg kg™") 0.33
Neoxanthin (mg kg' FW) 19.0 | Ascorbic acid (mg kg™') 22
Violaxanthin (mg kg' FW) 56.8 | Calcium (mgkg™) 18650
Iron (mg kg™) 990

*GAE: Gallic acid equivalents.
Alfalfa sprouts production under cold LED light.
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TABLE 4. Different kinds of bio-organic fertilizers (BOF) based on the source of organic materials and strain or

microbial species

Source of organic materials Microbial strain The main finding of the study Reference
Composed of oil rapeseed cakes 1 loli Application Of.BOF ??d lt}me can |
enzymatically hydrolyzed and pig Bacillus amyloliquefa-  suppress Fusarium wilt o ‘water- Xue et al.

. ciens SQR9 melon and enhance the soil microbial (2019)
manure compost (1:1, w/w) .
community
Prepared by adding biochar, cow  Arthrobacter sp. BOF may enhancg soybean growth Chen et al.
S and alleviate atrazine stress on the
manure and poly-y-glutamic acid ~ DNS10 plant (2019)
Bacillus amylolique- L
Fermented chicken and cow ma-  faciens Application of BOF may promote Zhao et al.
) plant growth and suppress water-
nure compost (1:2, w/w) . N (2018)
melon Fusarium wilt disease
JDF35
Prepared by solid fermentation of  Bacillus amyloliquefa- B.OF may suppress Fusar}um wilt Huang et al.
. disease in cucumber and improve
cattle manure composts ciens SQR 9 soil quality (2017)
Composed of enzymatically hy- Combining BOF with soil fumigant
drol r;e doil ra es}ée d cakeg/anyd Paenibacillus poly- dazomet led to effective control of Zhao et al.
Y P myxa SQR21 Fusarium wilt disease in chrysanthe- (2016)

pig manure compost (1:1, w/w)

mum

Based on the EAT Lancet Commission
report (2019), it could be concluded that, the
agricultural priorities should be re-oriented from
producing high quantities of foods to producing
healthy foods. For achieving the UN Sustainable
Development Goals, at least half of the losses
and wastes of foods should be managed. For
safeguarding the universe, global healthy diets
should be adopted through sustainable food
systems. By 2050, the global consumption of
vegetables, fruits, legumes and nuts should be
double, whereas the consumption of animal
derived foods (like red meat) and sugars should
be reduced more than 50 %.
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