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Abstract

The extraction of leaf proteins from perennial fggarops within a green biorefinery
concept represents a promising approach to facet¢heasing demand for protein
arisen in the organic farming sector to feed mostrgaanimals. Given the
background, the present research aims at asseBsipgotein extractability from three
plant species i.e. chicory, red clover and timottyifferent development stages and
investigating lactic acid fermentation as the kegtmod for the extraction of leaf
proteins. Based on our results, up to 86% of tléeprs in the green juice were
recovered in the leaf protein concentrate (LPCinaans of lactic acid fermentation.
Red clover presented the highest protein contasht@sulted in the extraction of 65-
98 kg crude proteins per ton dry matter and thelycion of 186-235 kg dry LPC per
ton dry matter. The plants development stage saamifly influenced the process
figures i.e. protein extractability and productmiprotein concentrate were reduced
with maturity. Accordingly, the maturity of the jpls should be addressed when
utilized as feedstock for producing protein concatess for animal feeding in order to

optimize the process vyields.

Keywords:

Biorefinery; leaf protein concentrate; organic feledtic acid bacteria; amino acid
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I ntroduction

In the recent years, the interest on leaf protingreasing considerably. The enzyme
ribulose-1,5-bisphosphate carboxylase/oxygenasmykras Rubisco, can represent up
to 50% of the proteins in plant leaves and ind&dyisco is the most abundant protein
in the world (Martin et al., 2014). Therefore, #draction of proteins from forage
crops such as alfalfa, clover or grass is a patkptocess for the production of leaf
protein concentrates (LPC), which can be utilizedegd or food, but also hydrolyzed
into amino acids for the cosmetics or pharma imiks{Kromus et al., 2004). This is
one of the targets of the green biorefinery (GB®R)ich aims at developing sustainable
processes for the efficient utilization of greearbass into a variety of products like
proteins but also lactic acid, fibers, specialtydurcts or energy in the form of biogas
(Kromus et al., 2004), which are produced in alsifigcility thus avoiding the
production of any waste stream (Kamm et al., 20A6¢ording to a techno-economic
assessment, the establishment of GBRs might gisesent a profitable alternative for
the utilization of grasslands (Holtinger et al. 12} which are widely available in
Europe but less and less utilized as consequenbe oéstructuration of agriculture and
reduction of livestock farming (Kamm et al., 2010).

GBR processes involve an initial mechanical treatnf@ disruption of the plants
tissue, followed by protein precipitation and pmoteoncentration (Tamayo Tenorio et
al., 2016). The initial fractionation is mostly fmmed with a screw press in order to
remove the liquid from the plant fibrous structuaed resulting in a fiber-rich press
cake (PC) and nutrient-rich green juice (GJ) (Kat@l., 2012a). The green juice

contains several valuable compounds like protdimsls, glycoproteins, lectins, sugars,
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free amino acids, dyes, hormones, enzymes, minarmdsother substances (Kromus et
al., 2008).

The precipitation of proteins can be achieved Ififgdint methods. Heat coagulation is
the most widespread method for the precipitatioprofeins and it can be conveniently
performed at 75-80°C by direct stem injection ia tlieen juice according to Morrison
and Pirie (1961). Collins (1986) also utilized steiaajection at 80°C to coagulate
proteins and produce protein concentrates fronifalfiled clover and birdsfoot trefoil.
Besides, sequential heating of the green juic®&t Girstly, and then at 80°C allowed
the separation of a green protein fraction and igewdrotein fraction in a pilot plant
(Edwards et al., 1975). Acid precipitation mighgabe efficient for the isolation of leaf
proteins since the minimum protein solubility ihewed at the isoelectric point i.e.
between pH 3.2-3.7 for soybean leaf proteins (Betdand Kinsella, 1973) or at pH
4.0 for spinach leaf proteins (Merodio et al., 19&r instance, protein concentrates
obtained from alfalfa juice by acidification pH JBesented the highest content of
essential amino acids and solubility compared wathcentrates obtained by heat
coagulation at 85°C or by addition of cationic arcaic flocculants (Baraniak, 1990).
Besides, ultrafiltration of the green juice waspwsed alternatively to heat coagulation
in order to obtain protein concentrates with higba@ubility, but protein degradation
during the ultrafiltration process was signific@idbschuh et al., 2004). Recently, lactic
acid fermentation of the green juice was studiedléxreasing the pH of the green juice
without addition of any inorganic acid in orderetfficiently use the available sugars
and to produce a protein product that can be atllin organic farming (Santamaria-

Fernandez et al., 2017).
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Currently, soybeans are the most common proteinessuwitilized for feeding
monogastric animals in the organic sector becatigeew high nutritional value.
Indeed, soybeans are an essential ingredient ig fdieorganic laying hens and might
be difficult to replace with other vegetal protewurces (Steenfeldt and Hammershgj,
2015). Alternatively, LPC extracted according te trganic guidelines from forage
crops could supplement or substitute the use diesarys and other grains legumes in
organic farming (Santamaria-Fernandez et al., 2043rt from a suitable amino acid
composition, the LPCs are good sourceg-oarotenes, vitamins E and K and
unsaturated fatty acids (Arkcoll and Festensted7,1). However, some limitations of
the LPC include a low content of sulphur contairamgino acids (cysteine and
methionine), with methionine being often the firstiting amino acid. Collins (1986)
found a slightly higher methionine concentratiol ®C from alfalfa than red clover
suggesting the importance of the plant speciesigrégards.

Up to date, not much research has focused on tiaulgral practices required to
optimize the protein extraction within a green biarery context. For instance, Arkcoll
and Festenstein (1971) studied in detail some agnanfactors affecting the
production and extraction of leaf protein like glapecies and variety, soil fertility, age
at harvest, climate and plant density. Howevely gtady focuses on the extraction of
proteins from the crops into the juice by meana #b-scale pulper together with a
press but it does not include the production off peatein concentrates. Some of their
results pointed out that the protein yield is aielcby both the plants age and growth
stage and that most protein can be extracted vielséing is performed just before the
end of the vegetative growth. A recent study atsm$ed on the amount of extractable

protein, from some legume and grass species dapngg growth (Solati et al., 2017).
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Legumes resulted in higher amount of extractabi¢epm per kg dry matter compared
with grasses and the authors concluded that dejagmharvest time had a negative
impact on the amount of extractable proteins ($etal., 2017). In their study, the
amount of extractable protein was estimated basddhotionation of the crude protein
into different protein fractions that were sepdsatamalyzed for N but no protein
extraction procedure was performed. Thereforegtigea lack of knowledge relating
how the plant species and their development stagetmffect the whole biorefining
process for the production of LPC. Moreover, thaliqy of the green juice in terms of
dry matter, proteins and sugars as result of theposition of the plants at harvest is
crucial for the accomplishment of the proposedddinery process via lactic acid
fermentation.

The aim of this study was to investigate the eftédhe plant species and their
development stage on protein extractability andipetion of leaf protein concentrate
using the lactic acid fermentation method in otdedentify the optimal harvesting
times. This included investigating how plant spe@ad harvest time affects the quality
of the green juice and hence, the lactic acid éialuThe three plant species chicory,
red clover and timothy are all growing in North&muarope, and typically utilized as
forage crops, and were selected for this studytddieeir large difference in
composition. Chicory is a herbaceous plant witatreély low fiber; red clover is a
leguminous plant able to accumulate N as a resfilting atmospheric N; and timothy
is a fast-growing grass with relatively high fib&he plants were processed at different

harvesting times in order to ensure morphologibahges due to development stage.

Material and Methods



117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

Word count: 8173

2.1. Plant species and growth conditions

Three different plant species were selected farshudy i.e. chicorydichorium
intybus "Spandora’), red cloveri(ifolium pretense "Milvus”) and timothy Phleum
pretense "Dolina’). Plants were seeded in 2014 and 201% iarganic farmed
experimental plot at the University of Copenhagea&earch facility in Taastrup,
Denmark (55°40790.35"N, 12°18°24.84"E), 23 m abeea level. In 2014, plants
were undersown with spring barley ofi Bay in plots (3 X 10 m)Plants were
fertilized with 30 kg-S hdin the form of Patentka® and 100 kg-N h& of organic
nitrogen (only chicory and timothy) in the formBiogrow (Danish Agro A.m.b.a).
Sulphur fertilization was applied 94arch 2015 (only plants seeded in 2014) afid 7
April 2016. Nitrogen fertilizer was applied 2®4arch 2015 (only plants seeded in
2014) and 8 April 2016. Plants seeded in 2015 waseharrowed on 27 September

2015 and hand-weeded during April 2016. Row distamas 24 cm for all plants.

2.2. Plants harvesting and processing

Plants were hand-harvested 5 cm above ground léwelyoid the presence of soil in
the harvested plant material, on different datéwéen May 20 and June 7, 2016 at
three (chicory and red clover) or two (timothy)tahist phonological development
stages (DS) (Table 1). Identification of the depeh@nt stage of the plants at
harvesting was performed based on the BBCH scalee&ch species and

development stage, three replicate samples wevestad and processed separately.
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Freshly harvested plants (approx. 1 kg per samyée¢ stored at’® in sealed plastic
bags for a maximum of two days before screw prgssina twin gear stainless steel
Angelia 8500S juicer, which operates at low turrspged creating almost no heat and
friction and resulting a nutrient-rich juice (Angalicer Co., Queensland, Australia).
Similar equipment has also been utilized for pregsind extracting proteins from
sugar beet leaves (Tamayo Tenorio et al., 201@esjuice samples were kept cold
immediately after the screw pressing, frozen witiamo hours and stored until further

use.

2.3. Green juice fermentation and protein extraction

The methodology utilized for the green juice ferta¢ion and protein extraction was
based on the process patented by Kiel et al. (2@t%roviding functional proteins
from a plant material. Green juice samples wereanein and lactic acid fermentation
was run in triplicates for each plant species amketbpment stage. The lactic acid
fermentation of the green juice was performed ghfeviously described for the
production of protein concentrates from red cloec@yer grass, alfalfa and oilseed
radish (Santamaria-Fernandez et al., 2017). Betd/®@+200 g of green juice were
inoculated with 5% (v/v).actobacillus salivarius BC 1001 pure culture. The lactic
acid fermentation was performed at 38+1°C and pBf. r During the lactic acid
fermentation, 1.5-ml samples were taken every 2dwuorder to monitor the
evolution of the fermentation. The lactic acid femtation was stopped after 10 hours,
when the pH had dropped to the proteins isoeleptint ca pH 4.0. Afterwards, the

extraction of proteins was performed by centrifuggatit 3800 rpm for 10 minutes
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which resulted in two fractions: the precipitatedtpins (leaf protein concentrate,

LPC) and the liquid fermented juice (brown juicd)B

2.4. Chemical analyses

Fresh plants samples were analyzed in terms afndityer (DM) by drying the
biomass at 8@ for two days. The N content was determined inditied and finely
grounded plant biomass samples by dynamic flastbastion (modified Dumas
method) using a Flash 2000 CHNS-O Organic Eleméialyzer (Thermo Fisher
Scientific, Cambridge, UK). Green juice samples pratein concentrate samples
were analyzed for pH, dry matter (DM), ash contant Total Kjeldahl Nitrogen
(TKN) according to APHA (2005). DM was determineddrying the samples at
105°C overnight. Ash content was determined by burtiegsamples at 550 for 3
hours. TKN was determined by digestion of the saspi concentrated sulfuric acid
with a catalyst, followed by separation of the amimanto a boric acid solution by
steam distillation and quantification of the amn#ohy acid-base titration. The crude
protein (CP) content was estimated based on theuns@ N content and a conversion
factor of 6.25 for mass-N to mass-protein. Sugadslactic acid were determined in
the green juices and protein concentrates by HRL& Dionex Ultimate 3000-LC
system with an Aminex® HPX-87H column coupled tefactive index detector.
H,SO; (4 mmol L) was used as mobile phase, with a flow rate ofl.Gin™ at

60°C. Samples taken during the fermentation were ralsasured for pH, sugars and

lactic acid, as previously described.
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The amino acid composition was determined at Depart of Animal Science,
Aarhus University, Denmark, using the method adbptethe EC Regulation No
152/2009. This method determines free (syntheticreatural) and total (peptide
bound and free) amino acids in feed, using a Bmth80 Amino Acid Analyzer
(Biochrom Ltd.). The “true” protein content (TP) svealculated by adding up the

concentration of all amino acids tested.

2.5. Calculations

The following equations (Eg. 1-3) were utilizedoirder to estimate the process yields:

CP recovery (%) = (CfFa)ctionX I:V\/fraction) / (CRnput X I:Vvinput) x 100 (1)

Protein extractability (-CP LPC/kg-DM plant) = (GBX YIELDpc) / DMpjant (2)

LPC production (g-dry LPC/kg-DM plant) = (YIELPBc X DM_pc) / DMpjant 3)

Where FW is fresh weight; input refers to the plagfiore screw pressing and to green

juice before fermentation-centrifugation, respesijvin the overall CP recovery,

input refers to the total plant CP. The YIELH refers to the amount of LPC produced

from 100 g plant (on wet weight basis).

2.6. Satistical analysis
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Data were subjected to statistical analysis cangistf analysis of variance (ANOVA)
followed by mean multi-comparison analysis usingéyis test to determine
significant effects due to different plant spe@esl development stages. Statistical

analyses were performed with RStudio software (\dar&.0.136).

Results and discussion

3.1. Plant development stage and composition

The development stage (DS) and composition of luete at harvesting are presented
in Table 1. The dry matter (DM) content ranged feetw11-14% for chicory plants,
16-27% for red clover plants and 26-31% for timopignts. These values are in
agreement with the DM contents previously detaitethe literature for red clover
(16.4%), clover grass (18.7%) or alfalfa (15.4%gr{amaria-Fernandez et al., 2017),
as well as for the leaves of various legume plartisiding red clover (9.4-16.5%) or
white clover (9.6-12.5%) (Byers and Sturrock, 196%)e DM content in the plants at
harvesting was significantly influenced by the plgpecies and DS at harvesting. As
expected, a significant increase in the DM conwdtit increasing maturity was
observed, because of the accumulation of biomassgiihe plants’ growth.
Increasing DM concentrations and DM yields (in temfiton DM ha) with
subsequent harvests were also found for five comgnass species, including timothy
(King et al., 2012b). Besides, the DM vyield (ton D) significantly increased from
the first to the last harvest dates for severalieg and grass species, with a more

pronounced increment in grasses than in legumdat{®obal., 2017). In our study, the

10
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greatest DM increase was observed for red clovggesting a higher productivity in
red clover compared with chicory and timothy, artdoh could probably indicate the

need for higher fertilization requirements in cliicand timothy plants.

The CP content also varied significantly amongtkinee different plant species, being
in a range between 10-15% DM in chicory, 16-22% DNed clover and 8-10% DM
in timothy. The significant effect of the plant spes on the CP content is in
agreement with observations found by Donnelly ef1#183) for white clover,
ryegrass, alfalfa and a mixture of ryegrass/whib@er. In our study, red clover
presented the highest CP content in all harvestsxpected when comparing legume
species with non-legume species (Elgersma et@l4)2or with grasses (Solati et al.,
2017). Moreover, the CP decreased with increasiaiinty in the three plants.
Indeed, there was a meaningful reduction in the@Rent from the first to the last
harvest date for chicory, from 14% DM to 10% DM dadred clover, from 22% DM
to 16% DM. A decline in the CP content with inciegsmaturity was also observed in
several grasses and legumes by Solati et al. (2007 ppposite to our results, the CP
decrease was larger for the grass species comfmaleglimes. According to Solati et
al. (2017), the decreased CP content with incrgasiaturity shows changes in the
protein fractions, in the content of soluble protend, it could be related with the
lower proportion of leaves, which have higher protntent. Several legumes,
including red and white clover, also showed a desgen the N content with
increasing age (Byers and Sturrock, 1965). FurtherCP content decreased in five

common grass species with advancing maturity amaurticular, the greatest decrease

11
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was found between elongation and reproductive dratdges, which is in agreement

with our results (King et al., 2012b).

Certainly, the composition of the plants at hamngstvas significantly affected by the
DS with a significant decrease in the CP with iasreg maturity. Therefore, the DS

of the plants at harvesting is a crucial factocdasider in order to maximize the
extraction of proteins in a green biorefinery camtas also discussed by Solati et al.
(2017). The plant species also showed an impoeffatt on the plants composition
but however, agricultural practices could probatmgtribute to minimize such effect
e.g. fertilization rate or use of different pla@trieties more suited for the protein
extraction purpose. Nevertheless, legume specteaduantageous compared to grass
species because of their ability to fix atmosphBitn association with rhizobia,

reducing thus the need for N fertilizers.

3.2. Green juice production and composition

The screw pressing of chicory, red clover and thgaesulted in GJ wet weight yields
of 71-74%, 61-72% and 46-54%, respectively (Fig).IFe proportion of GJ pressed
out from the plants markedly depended on the DMatrin the plants at harvesting.
Indeed, a sharp decline in the GJ yield was obslemitt increasing DM in the plants
(Fig. 1B) and accordingly, with increasing planttordy or later harvesting. The
amount of green juice being pressed out from thatplduring screw pressing is crucial
for the release of proteins i.e. the higher GJdyi#lle also higher CP recovery in the GJ,

as later discussed in Section 3.4. The GJ yieltsmdd in the present study were

12
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higher (Vodnar et al., 2010) or lower (Tamayo Témet al., 2016) than reported in
previous studies. As previously mentioned, the @Bltlydepends on the DM content in
the plant but the screw press itself is also a waportant factor determining the GJ
yield. In this study, a small lab-scale juicer waed, and it may be difficult to obtain
similar amounts of GJ using larger scale screwsa®svhich often result in GJ yields

between 40-50% according to our experience.

The composition of the different GJ is shown in [€gh The CP content was in the
range of 13-16% DM for chicory, 26-30% DM for rddwer and 12-15% DM for
timothy (i.e. 9-11 g [* for chicory, 31-37 g L for red clover and 16-21 g'iLfor

timothy). Therefore, the CP content was signifibatarger in red clover GJ compared
with chicory and timothy, as consequence of thgddP content in red clover together
with the high GJ yields achieved. According to mesults, green juices with higher CP
content are expected to be produced from plants laiger CP content and not so high
DM content. Consequently, GJ produced from grassé®m legume-grass mixtures
might have reduced CP compared with GJ produced lkegumes alone. For instance,
Santamaria-Fernandez et al. (2017) found that@d & clover grass mixture presented
a lower CP content of 17% DM (based on total N25k. Nevertheless, clover grass GJ
with a CP content of 26% DM have been reported éhsein and Kiel, 2000). Dietz et
al. (2016) also reported clover grass GJ with QRertts in a range between 12-25%
DM (based on total N x 6.25 and DM in the juicé®sides, the CP content in the GJ
decreased with increasing maturity for the threeppecies, similarly to the CP
content in the plants. The largest decrease i€feontent was observed for red clover

GJ, which also presented the greatest decline im@#ke plants. This highlights the fact

13
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that the GJ composition is highly determined bydbmposition of the plants at
harvesting, as expected. Moreover, it is worth moaintg that the CP concentration in
the GJ (in terms of g't) was significantly increased from 31 ¢ bt DS1 to 37 g tat
DS3 for red clover while it was significantly deased from 21 gt at DS1to 16 g
at DS3 for timothy as a consequence of the inangaBM content in the GJ with
maturity. Accordingly, it is likely that more prote are fiber-bound both in the plant

and in the GJ, with increasing plant maturity.

The content of sugars in the GJ, mainly glucosefardose, was between 41-48% DM
in chicory, 43-45% DM in red clover and 40-44% Divtimothy (i.e. 28-31 g t, 46-

63 g L* and 59-60 g L, respectively). Hence, the different GJ presemeg similar
content of sugars on dry matter basis, regardieggeglant species or development
stage. However, the concentration of sugars (msesf g L'Y) varied significantly
between plant species and DS, likely because dliffexent DM contents in the GJ,
which might have an influence on the performanctneflactic acid fermentation. For
instance, significantly higher sugar concentratimese found in red clover and timothy
GJ compared with chicory GJ. In previous worksalédf green juices with between 5-
12 g L* glucose and between 6-10 g fructose were described by Papendiek and
Venus (2014) and, clover green juices presentedesdrations of glucose between 3-12

g L™ and of fructose between 2-16 g [Dietz et al., 2016).

3.3. Lactic acid fermentation in green juices
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Lactic acid fermentation in the GJ was carriedfoutlO hours, as shown in Fig. 2.
After 10 hours, the lactic acid concentration ia tarmented juices was between 10-11
g L™ for chicory, 14-21 g I for red clover and 19-23 g'iLfor timothy. Some
differences in the lactic acid concentration ateéhd of the fermentation were observed
for red clover and timothy juices. The lactic ac@hcentration increased 1.5-fold and
1.2-fold from DS1 to DS3 in red clover and timojhices, probably because of the
increased glucose concentration in those GJ witleasing maturity. Likewise, the
lower lactic acid concentration achieved in chicjiiges is probably related with the
lower glucose concentration found in those juitastz et al. (2016) attributed the
differences observed during the lactic acid ferrmgon of three different GJ to the
varying N content in the GJ i.e. higher substrateversion was related with higher
ammonia concentration. However, those differenoa®wnly observed after 10 hours

of lactic acid fermentation and therefore, N lirtidas were not likely in our case.

During the lactic acid fermentation of the GJ, pitédropped as a consequence of the
lactic acid production (Fig. 2). The pH evolutiomswery similar in all the different
juices and after 10 hours, the pH in the fermepiaxs was within 3.8-4.0. The low pH
achieved at the end of the fermentation indicdteggbod performance of the lactic acid
bacteria facilitating the precipitation of proteidgibola (1984) pointed out pH 4.5 as
the point where a clear separation between thersatant (brown juice) and the green
precipitate (protein concentrate) can be madéidrptesent study, around 6 hours of
fermentation were required to reach a pH of arcubdout however, the lactic acid
fermentation was carried to a lower pH (3.8-4.0)e Tdea was to drop the pH in the

juice close to the isoelectric point of the leabtgins to precipitate as many proteins as
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355 possible. For instance, the solubility of protefirmsn spinach leaves was minimal at pH
356 4.0 with around 75% of protein precipitation atlsypéd (Merodio et al., 1983).

357  However, the isoelectric point can differ betwelea different proteins found in a

358  specific GJ as well as between the proteins foar@J produced from different plants.
359  Moreover, some other soluble components foundern3 could also precipitate at a
360 lower pH, which might later influence the proteontent in the leaf protein

361  concentrate. Indeed, the minimum chlorophyll sdityboccurred between pH 3.7 and
362 4.0 in spinach leaves (Merodio et al., 1983). Tfueee further research should be

363  carried out to identify optimal final pH in order inaximize the precipitation of

364  proteins while minimizing the precipitation of otfdant components.

365

366  3.4. Protein recoveries along the process

367

368  The screw pressing of the plants resulted in sicamtly different CP recoveries in the
369 GJi.e. 45-48% for chicory, 50-58% for red cloved 28-35% for timothy (Fig. 3A).
370  The highest CP recoveries were achieved for regecl@J, with more than half of the
371 plant proteins extracted into the GJ after scresgging, which is probably related

372 with a higher proportion of soluble proteins aslvaslwith the high CP content found
373 inred clover plants. Previous studies describeddaCBveries in the GJ after screw
374  pressing for red clover, clover grass and alfaifag 25%, 33% and 39%, respectively
375 (Santamaria-Fernandez et al., 2017). OtherwisemBiget al. (2013) concluded that
376  only 30% of the total leaf proteins could be recedeafter screw pressing alfalfa

377 leaves. The relatively high CP recoveries obtainezlr study for all GJ were

378  probably achieved due to the elevated efficiencthefscrew press compared to other

379  studies. Besides, a significant decline in the &®very was observed for red clover
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and timothy GJ with increasing plant maturity, whis probably related with the
composition of the plants in terms of DM and CRs likely that the large DM
increase in red clover and timothy plants founaveen the first and last harvest dates
is the reason for the decrease in the CP recoviertee GJ with increasing plant
maturity. More proteins were held in the fiber-rigtess cake with the less availability
of water in the plants. Indeed, the low DM contenthicory favored the protein
extraction compared with timothy, which had twicsenauch DM but significantly
lower CP recovery in GJ. Therefore, the water aanitethe plants plays an important
role favoring the release of proteins during scpeessing and should be always
considered for such purpose. Moreover, ensurirgel@P recoveries in the GJ during
screw pressing is crucial to achieve high CP regesén the LPC for the overall

process so the efficiency of the screw press Giaiportant.

On the other hand, only minor differences were nleskregarding the CP recovery in
the LPC after the lactic acid fermentation and gfigation of the GJ, with between
72-86% of the CP in the GJ recovered in the LP@.(8B). Specifically, the CP
recoveries accounted for 79-83% in chicory LPCB8026 in red clover LPC and 76-
86% in timothy LPC. The fermented juices presemgadly similar pH values at the
end of the lactic acid fermentation and henceattke proportion of precipitated
proteins and the alike CP recoveries in the fifACL Lower CP recoveries in the LPC
(i.e. 67% for red clover, 52% for clover grass, 3@¥alfalfa and 44% for oilseed
radish) were previously reported (Santamaria-Faele#et al., 2017), probably
because of the slightly higher pH obtained afterl#ittic acid fermentation (pH 4.1-

4.3) compared to this study (pH 3.8-4.0).
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Relatively high CP recoveries from the plants itme LPCs were achieved overall in
this study i.e. between 36-40% for chicory, 40-4@vaed clover and 24-26% for
timothy plants (Fig. 3C). As it was expected, rémer resulted in the highest overall
CP recoveries, but closely followed by chicory. Hwer, significantly lower overall
CP recoveries were observed for timothy, whichrabpbly related with the high DM
of timothy plants (26-31%), as already discussextudlly, cellulose was reported as
the main factor hampering protein extractabilityidg alkali protein extraction from
diverse biomasses (Sari et al., 2015). Accordingtypthy grass might not be suitable
for producing LPC because of the high contentlaérs, which likely increases with
maturity. Previous research using the same metbggdls in the present study
resulted in lower CP recoveries in the LPC i.e. 283 red clover, 17% from clover
grass, 15% from alfalfa and 12% from oilseed rad&mtamaria-Fernandez et al.,
2017). Such differences in the CP recoveries wigvipus work can be related to
differences in the efficiency of the screw pressmmachinery and to the performance
of the fermentation, as previously mentioned. Ad point it is worth mentioning the
strong influence of the CP recovery in the GJ (B&) on the overall CP recoveries in
the LPC (Fig. 3C) observed in the present studychvhighlights the importance of
the composition of plant and the screw pressinigieffcy in order to achieve good
process yields, especially in terms of proteingerEthough any significant difference
in the overall CP reveries was observed with vayyx$, there was a decreasing trend
with increasing plant maturity, especially for i@ddver and timothy, mainly caused by

differences from the screw pressing.
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3.5. Leaf Protein Concentrate: an organic protein feed

The composition of the leaf protein concentratd().is presented in Table 3. The DM
content in LPC was in the range of 16-24% and tRe&presented between 29-33%
DM in chicory LPC, 35-42% DM in red clover LPC ah8-23% DM in timothy LPC.
The LPC presented CP contents comparable to pregiodies (Santamaria-Fernandez
et al., 2017); however, the CP content represdetsithan 50% DM in all the LPC and
was particularly low in timothy LPC. According taioresults, the LPC produced from
red clover presented the highest CP content suggehbtt red clover LPC presented
the best quality to be used as protein feed foragastric animals compared to chicory
and timothy LPC. Previous studies have also fousigrificant effect of the plant
species on crude nitrogen content in the LPC (Dibyeeal., 1983). Further, the CP
content was slightly reduced with maturity in chiicand red clover LPC, which might
relate with an increased fiber content in the LIR@ laence, with a reduced quality of
the LPC with increasing maturity of the plants. Tneportion of TP relative to CP in
red clover LPC also decreased with plant maturgesting that the protein N to non-
protein N ratio decreases with plants age, asdismussed by Arkcoll and Festenstein

(1971), which could reduce the quality of the LPGnell.

Apart from proteins, the LPC contained free suga21% DM), lactic acid (4-9%

DM) due to the lactic acid fermentation, dietatyeiis (non-starch polysaccharides) (7-
12 % DM), fat (6-10%), lignin (10-14% DM), and igamic material (5-10% DM)
probably from the presence of soil in the plantsaatvesting. The presence of free
sugars in the LPC, despite their low pH (3.9-4n@ight not be beneficial since sugars

are easily fermentable substrates for some micesusgs, which could hinder the
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stability and quality of the LPC. For instance, soimngi likeMucor racemosus are not
inhibited at the low pH conditions and might bep@ssible for microbial spoilage of
the LPC (Arkcoll, 1973). In addition, Maillard raaans between reducing sugars and
lysine could take place during thermal processimgihg lysine availability and
decreasing the nutritional value of the proteingai® et al., 2012). Indeed, greater
losses of available lysine were observed in legumigslarger amounts of reducing
sugars after heat treatment (Almas and Bender,)198@ lipid fraction of the LPC,
which may represent between 20-30% according te@rK1973), can also oxidize
rapidly causing co-oxidation of sulfur-amino acatsd thereby, limiting their
availability and reducing the nutritional qualitiytbe LPC (Arkcoll, 1973).
Consequently, the LPC processing in terms of heagl freeze-drying or vacuum

packing is crucial for preserving the quality atabdity of the LPC product.

The concentration of amino acids was analyzed fanlthe three LPC produced from
red clover (Table 4). The amino acid compositiomiportant for the suitability and
guality of the LPC as an organic protein sourcenionogastric animals such as
poultry. Actually, a deficit in a single essentihino acid triggers a generalized
protein deficiency (Blair, 2008). In general, twncentration of amino acids in the
LPC decreased significantly with plant maturitylJdwing the same trend observed
for the CP in the LPC (Table 3). Indeed, the cotregion of each amino acid was
between 1.1-fold and 1.4-fold higher in the LPM& than at DS3. The proportion
of true protein (TP) relative to the CP represer@4% in red clover LPC at DS1 while
it was reduced to 81% at DS2 and DS3. Therefoeeqtiality of the red clover LPC in

terms of amino acids and true protein contentsskightly reduced with increasing
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maturity. Nevertheless, the proportion of essemtmino acids relative to TP was very

similar amongst the LPC (Fig. 4).

Mostly, the LPC from red clover showed a balanaed suitable amino acid
concentration compared with soybeans (SteenfellitlEmmershgj, 2015) and
lupines (Hammershgj and Steenfeldt, 2005). Foaits, the content of some
essential amino acids i.e. isoleucine, leucinehioatne, phenylalanine, threonine and
valine was larger in the LPC than in soybeans wdiilessential amino acids, except
for arginine were more abundant in the LPC compariéid lupine. In legume grains,
there is usually a relative deficit in sulfur amiacids (methionine and cysteine) and
tryptophan. In particular, methionine is crucial foe feather forming process (van de
Weerd et al., 2009) and its deficiency might affeems growth and egg production
(Hammershgj and Steenfeldt, 2005). The methionaméenit in the LPC was up to 1.4-
fold higher than in soybeans and up to 3.3-folchbrghan in lupine. Indeed, a lack of
methionine in lupine for organic layer diets wazatly reported by Hammershgj and
Steenfeldt (2005). Lysine is also a valuable anaicid in poultry feeds for optimal

egg production (Hammershgj and Steenfeldt, 2008 )taa the most limiting amino
acid in most animal feeds. Lysine in the LPC wasimilar concentration compared
with soybeans and in higher concentration comptréapine. On the other hand, the
concentration of all amino acids in the red cloMeC was slightly lower compared
with red clover LPC previously produced (Santam&danandez et al., 2017).
Further, a recent review focusing on alfalfa leaftgin separation technology detailed
the content of amino acids in alfalfa leaf protélhang et al., 2017). The content of

all essential amino acids in the alfalfa leaf piroteas lower than in the LPC produced
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from red clover in our study, probably due to detént methodology for the protein
precipitation and separation. Overall, the LPC prbsuitable organic protein feed for
poultry diets in terms of amino acid compositiomwéver, the digestibility and
presence of anti-nutritional factors (ANFs) sholkdalso considered for a complete

evaluation of the nutritive value of the LPC (Husesst al., 1999).

3.6. Overall figures for the green biorefinery

The overall figures for the green biorefinery prezare summarized in Table 5. The
protein extractability (i.e. amount of CP extracpsat kg DM plant) ranged between
41-56 g CP per kg DM for chicory, 65-98 g CP peiRg for red clover, and 16-32 g
CP per kg DM for timothy. Therefore, red cloveruksd in the largest protein
extractability and moreover, a decreasing trerthénprotein extractability with
increasing plant maturity was observed for thedhplant species. In particular, the
protein extractability was markedly reduced by tble-for red clover between DS1
and DS3. In general, the increased DM content haddgduced CP content observed
for the plants with increasing maturity explainisualecline in the protein
extractability. Besides, the LPC production (i.@cant of dry LPC produced per kg
DM plant) was in a range of 142-173 g dry LPC pgiDM for chicory, 186-235 g dry
LPC per kg DM for red clover, and 69-167 g dry Lp& kg DM for timothy.
Accordingly, large differences in the LPC produntigere found between plants, with
red clover resulting also in the greatest LPC peatidn. The LPC production was also
reduced with increasing plant maturity for the ¢hpdant species, but especially for

red clover and timothy.
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The protein extractability and the LPC productidgifieded significantly between the
three plant species studied. Best results wererdatdor red clover, which as a
leguminous plant presented the highest CP contenpared with chicory and
timothy. The use of legumes like clover or alfaffahis type of green biorefineries is
preferred because of their advantageous procesis ye seen in the present study,
which might also encourage their cultivation and umscrop rotations. Moreover, the
use of legumes is related with lower requiremeoitd\f fertilization due to their ability
to fix atmospheric N and thus, a more sustainaptiealtural production.
Nevertheless, chicory also resulted in relativeghtigures in terms of LPC
production, despite its lower CP content comparid med clover. Therefore, the
selection of the plant species is important in tiye of green biorefinery. However,
agricultural practices including the selection afieties for a specific plant species or
fertilization rates are also important and coulahidish the differences found between
plants in terms of process recoveries. On the dthrd, the development stage of the
plants is crucial for optimizing the figures fordlype of green biorefinery, as shown
in our study. Changes in the plants compositiom wigaturity e.g. increasing DM and
fiber contents as well as decreasing CP conterdtivedy affected the CP recoveries
along the process, in particular during screw pngssndeed, achieving high CP
recoveries during screw pressing, favored by nedgtihigh water content in the
plants, positively contributes to large overall @Boveries. According to our results,
the decrease in the protein extractability and [pR&luction was more pronounced
between DS2 and DS3 suggesting that plants sheuihditvested before flowering

when utilized as feedstock for protein extractioraigreen biorefinery concept.
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Conclusions

Overall, between 24-42% of the plant proteins vexteacted into the leaf protein
concentrates produced in this study. The high pragzoveries (72-86%) achieved
after the lactic acid fermentation and centrifugiatof the green juices indicates that the
fermentation can be efficiently applied for theqpéation of proteins in a less energy-
demanding and cleaner process compared to conmahtitethods like heat coagulation
or acidification. Protein extractability was cldase2-fold higher in red clover compared
with chicory, and up to 4-fold higher compared withothy for a particular
development stage; while the LPC production frothalever was between 1.3-2.7
times greater than from chicory or timothy at thene development stage. Such
significant differences observed between plantiggdughlight the importance of
utilizing N-rich and low-fiber plant species likegumes for a protein green biorefinery.
Agricultural practices should also be studied is tkgards in order to maximize the
protein content in the plants and probably usereegaange of plant species. Besides,
the development stage of the plants is crucialesgignificant reductions in protein
extractability and LPC production were observedtler plants with increasing

maturity, which is related with the accumulatiordoy matter, especially fiber
hindering the extraction of proteins. An early hemting in the plant development will

probably benefit the process yield, as we havegro@utcomes from the present study
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are relevant for the establishment of green binegies contributing to a more

sustainable agricultural development.
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Figurelegends:

Figure 1. (A) Green juice yield for chicory, red clover and titmptat DS1 (white), DS2
(light grey) and DS3 (dark grey) after screw pnegsiB) correlation between the DM
content in the plants at harvesting and the grese jyield for chicory (rhombus), red

clover (circle) and timothy (square) at DS1 (whitB52 (light grey) and DS3 (dark
grey).
Figure 2. Evolution of pH (grey), glucose (white) and lacticid (black) during

fermentation of green juices from chicory (A), reldver (B) and timothy (C) at DS1

(circle), DS2 (square) and DS3 (triangle). BarsssBtandard deviation for all results.

Figure 3. CP recovery in the GJ after screw pressing (AheLPC after fermentation-
centrifugation (B) and overall CP recovery (C) ébicory, red clover and timothy at

DS1 (white), DS2 (light grey) and DS3 (dark greBaurs show standard deviation.

Figure 4. Content of essential amino acids (% of true proteinhe LPC produced
from red clover at DS1 (white), DS2 (light grey)ddnS3 (dark grey). Bars show

standard deviation.
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Table 1. Development stage (DS) and composition of the plahharvest. Standard deviation is shown in btacke

Plant Development stage Harvest DM CP
(DS) date (%) (% DM)

Chicory DSl Elongation — Main shoot begins to elongate 23 May 11.5 (4x2) 14.5 (1.0pB
DS Elongation — 5 to 9 internodes elongated 23 May 11.1 (4.3) 11.8 (0.4)ac
DS3 Inflorescence emergence — 1 individual flowers of secondary 2 June 14.2 (1.98 9.6 (2.7)c

inflorescence visible (still closed)

Red clover DS1 Elongation — 40 % of full height 20 May 16.4 (0.8% 21.7 (0.4p
DS2 Inflorescence emergence — Full length, buds visible in some plants 27 May 9.61(0.9)c 17.4 (1.08
DS3 Flowering — halfway to full flowering 7 June 26.5 (09) 16.4 (1.18

Timothy DSL Elongation — 2" internode detectable 16 May 259 (®2) 10.0(0.1)x
DS3 Earing — Ear 70 % passed 3 June 31.0 (1.3 8.1 (0.1)c

*For each column, mean values with different algtdétter indicate significantly different valugs< 0.05).



Table 2. Composition of the green juices. Standard devias@hown in brackets.

Plant and DM CP Glucose Fructose Sugar s*

development (%) (%DM) (%DM) (%DM) (%DM)

stage

Chicory DSL 6.9 (0.3)a+ 16.4(0.4)aB 19.1 (0.9n 19.8 (251 41.3 (3.4
DY 65(0.5A 16.1(1.9a8 21.5(0.9a 24.2(1.1A 47.7 (1.6)A
DS3 7.0(0.5Aa 13.2(0.9ac 19.7 (0.7 22.9(0.8A 43.8 (1.4A

Red clover DSI 10.4(0.28 29.9 (1.6 26.9(0.58 9.7(0.28  44.0 (0.6}
DY 124 (0.2c 27.9(0.2pE 26.3(0.9BC 9.2(0.3)8  42.8 (1.3A
DS3 14.1(05Dp 26.2(0.7e 27.3(1.08 11.4(098 44.9 (1.7

Timothy DSL 14.9 (0.6 15.1(0.6BC 14.5(1.3p 24.8 (451 40.4 (5.5
DS3 13.6 (0.8cD 12.3 (1.0c 22.6 (2.9aCc 19.8 (2.8 43.7 (5.7A

*Sum of glucose, fructose, arabinose and cellobiose

**Eor each column, mean values with different alpéigletter indicate significantly different valugs<

0.05).



Table 3. Composition of the leaf protein concentratesn&ad deviation is shown in brackets.

Plant and DM CP Sugars* LacticAcid Inorganics

development (%) (%DM) (%DM) (%DM) (%DM)

stage

Chicory DS1L 20.2 (1.3 ac+* 31.5(3.2nB 7.4 (0.4)A 4.4 (0.5)A 10.2(1.1)A
D2 18.4(0.6)AB  32.8(2.4)ac 8.8 (0.2)aB 5.6 (0.4)AB 7.1(1.1)BC
DS3 16.3(1.7)8 28.7 (3.2 11.3 (1.5ABC 6.0 (1.3)AB 8.2(0.6)AcD

Red clover DS1 21.5 (0.6)c 41.5 (1.4p 12.0 (0.8BC 5.5 (0.4)AB 5.0(1.3)B
D2 22.0(0.4)c 40.5 (2.1)pcC 13.9 (0.8)cD 6.4 (0.4)BC 5.0(0.3)B
DS3 23.5(0.7c 35.0 (5.9)aD 14.7 (0.2)cD 7.0 (0.3)BC 6.0(0.7)BD

Timothy DSl 21.5(0.3c 19.3 (1.5 21.4 (2.6)E 7.9 (0.6)cD 6.7(0.4)BD
DS3 21.4 (0.5c 23.2 (2.1BE  19.3 (2.4€ 9.2 (0.4)p 8.3(0.3)AcD

*Sum of glucose, fructose, arabinose and cellobiose

**Eor each column, mean values with different alpéialetter indicate significantly different valugs< 0.05).



Table 4. True protein and amino acids content in the LIR&lpced from red clover at DS1, DS2
and DS3. Standard deviation is shown in brackets.

DS1 DS2 DS3 Soybeans®  Lupine

TP (%DM) 34.7 (0.3)a« 32.7(0.8a 28.2(0.78

Essential amino acids (g/kg DM)
Arg 23.0(0.2a 21.3(0.5n 18.1(0.58 314 35.9
His 9.2 (0.0 8.5 (0.1)A 7.3 (0.2 10.1 8.8
lle 19.9 (0.3 185 (0.4n 16.1(0.6B 185 13.6
Leu 34.0(0.2pn 32.3(0.7n 28.0(0.78 29.3 21.4
Lys 23.6 (0.3p 22.0(0.5n 19.4 (058 26.2 15.1
Met 70(0.1n 65(0.2a 55(0.18 5.2 2.2
Phe 23.1(0.22 21.5(0.7a 17.8(0.48 197 12.5
Thr 17.9 (0.1n 17.0(0.3n 149 (048 156 11.3
Val 24.2 (0.1p 22.8(0.5n 19.9(0.6B 18.0 13.1

Non-essential amino acids (g/kg DM)
Ala 22.7(0.2p 21.1(0.6pn 18.2(0.58 16.9 10.9
Asp 439 (1.0p 413(1.3n 354(058 438 33.2
Cys 21(00p 1700w 15(0.1B8 5.8 5.0
Glu 416 (0.4n 389 (1.0p 33.8(098 69.3 66.5
Gly 20.0 (0.1» 19.0 (0.6 16.1(0.4B 16.6 13.3
Pro 17.6 (0.2n  17.7(05n 154 (0.3 18.3 12.8
Ser 17.4 (0.2» 16.5(0.4) 14.4 (048 20.9 17.1

Steenfeldt and Hammershgj, 2015
®Hammershgj and Steenfeldt, 2005

*For each row, mean values with different alphdéter indicate significantly
different values (p < 0.05).



Table5. Overall figures for the green biorefinery.

Plant and
development stage

Protein extractability
g-CP LPC/kg-DM plant

L PC production
g-dry LPC/kg-DM plant

Chicory D31
DX
DS3
Red clover DSL
DX
DS3
Timothy D31
D3

54.6 (11.1)e*
56.0 (8.7)AB
40.6 (1.5
97.7 (9.4)c
91.5 (6.5)
65.1 (10.8BD
32.1 (2.1)E
15.9 (2.6)

172.8 (22.0n
170.5 (21.1n
142.5 (10.3n
235.0 (17.0B
225.8 (14.4)8
185.8 (5.9

166.6 (16.41
68.9 (11.6)

*For each column, mean values with different algtdétter indicate significantly different valugs< 0.05).
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Highlights

* Crude protein content in the plants decreases with maturity.

» Lactic acid fermentation of green juices efficiently precipitates the proteins.

* Between 24-42% of the plant proteinsis recovered in the protein concentrates.
» Protein extractability decreases with plants maturity.

* Red clover resultsin the highest figures for the green biorefinery process.



