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Abstract

Green biomass from leguminous and gramineous forage crops, such as alfalfa and grass-clover, has been proposed as a
potential new source of feed protein concentrates for non-ruminant livestock. However, the efficient separation of the protein
fraction from the non-digestible cell components, primarily comprising cell walls (fiber) and starch, presents a significant
technological challenge. Moreover, it is crucial to optimize the process to preserve the optimal nutritional value of the final
product. This study comprehensively analyzed the non-digestible fiber content and composition across all biorefinery frac-
tions using two different feedstocks: green biomass from alfalfa and grass-clover. The pilot scale refining process involved a
combination of screw pressing, lactic acid fermentation, and protein separation via centrifugation. We observed variations
in carbohydrate composition and abundance between alfalfa and grass-clover. The lactic acid fermentation led to a reduc-
tion in cellulose and total glucose content. Our findings indicate that the final protein concentrate still contains residual cell
wall components, including lignin, indicating potential inefficiencies in the filtration, fermentation, and isolation steps. The
presented analytical approach provides a valuable framework for optimizing processing conditions and tailoring enzyme
cocktails for enhanced valorization of the by-products.
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1 Introduction

Constant pressure on global agriculture to sustainably feed
the growing world population while facing the socioeco-
nomic dynamics, consequences of climate change, and shift-
ing eating habits have spurred the exploration of alternative
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food sources. One of the strategies involves reducing the
reliance on animal-derived proteins in feed and food produc-
tion while utilizing a wider range of raw materials such as
plants, insects, or microorganisms [1, 2]. While plants are
already a staple food providing nutrients, fiber, and a range
of essential amino acids, the availability of suitable sources
for large-scale protein production still needs to be improved.

Soybeans, a legume species, are a primary source of plant
protein in the global food and feed supply predominantly due
to favorable processing characteristics and nutritional value
[3]. However, large-scale soybean cultivation is confined
to relatively limited geographical regions, thus leading to
over-intensification of land use and further negative environ-
mental impacts, including deforestation, to accommodate the
escalating food demand [4]. The production of concentrated
protein feed from green biomass has emerged as a promis-
ing alternative to conventional protein sources like soybeans
[1]. Some of the plants considered as the alternative include
forage crops such as alfalfa (Lucerne; Medicago sativa) or
mixtures consisting of several species (grass-clover), for
example, white/red clover (Trifolium sp.), and different
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species of ryegrass (Lolium sp.) or Festuca, which tradition-
ally can be grown on less fertile arable lands. These multi-
purpose crops are already used for cattle grazing, green feed/
supplement, silage production, and improving soil quality
through atmospheric nitrogen fixation. Leguminous plants
like alfalfa and clover are enriched in high-quality proteins
within their green biomass, displaying digestibility charac-
teristics in their protein concentrates comparable to proteins
found in legume seeds such as soybean, pea, or lupine [5, 6].

The utilization of this green biomass feedstock to produce
concentrated feed protein for non-ruminant livestock, mainly
poultry and pigs, has generated significant interest in recent
years. Industrial production of protein from green biomass
requires the establishment of an efficient biorefining stream.
Among others, a refining process utilizing screw pressing
and lactic acid-based fermentation has been developed on
a lab scale [7] and was tested at a demo scale [8]. Briefly,
this multistep refining process (Fig. 1) commences with a
screw pressing of freshly harvested green biomass (fresh
matter, FM), yielding a solid press cake fraction (PC) and a
liquid green juice (GJ). The green juice is filtered to retain
larger, insoluble fragments of cell debris (the fiber filtrate
(FF)). Subsequently, the liquid fraction undergoes lactic
acid fermentation for isoelectric precipitation of soluble
proteins. The proteins are then separated by centrifugation,
producing brown juice (BJ) and protein concentrate (LPC),
which is further dried to obtain the final feed supplement.
The main bottleneck of the current experimental technology
for refining green biomass into feed protein concentrate is
separating protein from nutritionally poor fiber, a mixture
of plant cell wall components, namely complex carbohy-
drates, lignin, and glycoproteins. The overarching goal of
the biorefinery process is to maximize the yield and quality
of the extracted protein concentrate while also exploring the
potential applications for by-products (fiber), such as bioen-
ergy production in biogas plants [9, 10]. For instance, in the
case of bioenergy production, minimizing the residual pro-
tein content in the press cake is desirable, whereas, for cattle
feed, it is preferred to retain a certain amount of protein in
the press cake [6]. Fiber in feed was previously believed to
have a negative effect on animals [11] as the presence and
composition of fiber in the protein concentrate may impact
its digestibility by influencing intestinal viscosity, nutri-
ent uptake, and hydrolytic enzyme activity [12]. However,
recent studies suggest that the content and composition of
fiber play a critical role and can offer multiple beneficial
effects to animals [13, 14]. Therefore, monitoring fiber con-
tent and composition throughout the refining process is cru-
cial for enhancing protein recovery and ensuring the purity
and nutritional value of the final feed product. Furthermore,
further valorization of the non-digestible by-products (for
biomaterials, fermentable sugars, source of green chemicals)
or their re-entry to the refining stream requires knowledge of
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Fig.1 Simplified green biomass processing stream scheme used in
this study. Plant material harvested from a field (green biomass, FM)
was passed through a screw press to release proteins into the lig-
uid fraction, while a large portion of insoluble fiber was retained as
press cake (PC). The liquid fraction was further centrifuged to col-
lect smaller fragments of cell wall debris (fiber filtrate, FF), while
the liquid fraction of the filtered green juice (GJ) was fermented with
lactic acid bacteria. Fermented juice was centrifuged to separate the
final product of protein concentrate (LPC) from brown juice (BJ). The
green color indicates the main input and output fractions obtained
during the biomass processing; the yellow color indicates processes
used during the protein concentrate production; purple indicates the
process’s by-products. Fractions collected and used in this study are
written in bold. *Shredding was only applied to the alfalfa biomass.
The dashed line indicates the recirculation of fibers back to the screw
press; this step was only included for grass-clover processing

their specific composition and content. This knowledge will
facilitate the application of specialized hydrolytic enzyme
cocktails and microbial strains tailored to the specific fiber
fraction.
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In this study, we systematically characterized fractions
generated during the production of green biomass protein
concentrates derived from alfalfa and grass-clover mixture.
Our approach involved a combination of in situ and in vitro
analytical techniques, including high-pressure liquid chro-
matography (HPLC) and comprehensive microarray polymer
profiling (CoMPP or MAPP [15, 16]), to assess the content
and composition of fiber components (cell wall polysac-
charides and lignin) as well as starch. By employing these
methods, we elucidated variations in the cell wall composi-
tion of alfalfa and grass-clover across different fractions dur-
ing biomass processing. Furthermore, our findings revealed
the impact of lactic acid fermentation on the fiber content
and the purity of the final protein product, highlighting the
intricate interplay between processing techniques and fiber
characteristics.

2 Materials and methods
2.1 Cultivation and harvest of the feedstocks

Organically grown alfalfa (Medicago sativa) was harvested
in September 2019 from an experimental field at Aarhus
University Foulum, Denmark, using a Grass Tech Grazer
GT120 (Future Grass Technology Ltd, Carlow, Ireland)
without chopping. Organically grown grass-clover was
harvested from a commercial farm in Sgttrup near Skive,
Denmark, in August 2019 using commercial grass harvester
machinery, which chopped it into smaller pieces (1-3 cm).
The differences in biomass preprocessing at harvest result
from technical differences in harvesters available at each
field station. The grass-clover refers to ForageMax45 (DLF,
Roskilde, Denmark), consisting of a mixture of perennial
ryegrass (Lolium perenne), hybrid ryegrass (Italian ryegrass
x meadow fescue (Festulolium)), white clover (Trifolium
repens) and red clover (Trifolium pratense) (mixed in per-
centage ratio 40:42:9:9).

2.2 Biomass processing and production of LPCs

Alfalfa biomass was processed shortly after harvesting at
a pilot-scale biorefining plant at Aarhus University Fou-
lum. Briefly, the green biomass was cut in a shredder to an
average length of 5 cm and then loaded into a Vincent CP4
single screw press (Vincent Corporation, Tampa, Florida,
USA). The resulting juice was filtrated through a 150-pm
mesh gravitation bow sieve (WestCoast, Esbjerg, Denmark),
removing the bulk of larger fiber particles. After filtration,
the juice was inoculated with a pre-culture of the lactic
acid strain Lactobacillus salivarius BC1001 [17] and fer-
mented overnight at 38°C in a stainless-steel tank as earlier
described by Santamaria-Fernandez et al. [8]. The formation

of lactic acid lowered the pH to around 4.2, coagulating the
proteins in the juice. The resulting protein curd was dewa-
tered in a horizontal decanter centrifuge (Alfa Laval, Sgborg,
Denmark).

The grass-clover processing took place at a pilot plant in
Skive and followed a similar concept as described for the
alfalfa, with few modifications. Grass-clover was cut into
smaller pieces at harvest; thus, no shredder was employed
at the pilot plant. For fractionation, twin-screw presses were
used. In the case of the presented data, a Cir-tech Twin-
Press (model EFB 25, Cir-tech, Skerbak, Denmark) was
employed, and a 2-layer vibrating sieve with 250 and 100
pm mesh (Cir-tech, Skerbak, Denmark) separated fiber
particles from the juice. Contrary to the alfalfa processing,
grass-clover fibers were circulated back into the screw press
(dashed line, Fig. 1). The fermented juice was dewatered in
a decanter centrifuge (GEA, Diisseldorf, Germany) at a flow
of 12 L min~!.

Samples of all refining fractions (FM, FF, PC, GJ, LPC,
and BJ, Fig. 1) were collected and freeze-dried in a Telstar
LyoQuest -55 freeze dryer (Azbil Co., Japan) for approx. 24
h (0.500 mBar, room temperature). The dried samples were
then milled to a fine powder in a Pulverisette 6 planetary
mill (Fritsch, Germany) using rounds of 30-s milling at 600
rpm. Powder samples were stored within airtight containers
in the dark at room temperature.

2.3 Histochemistry and imaging

Small pieces of plant material were fixed in 4% formalde-
hyde solution in 1x phosphate-buffered saline (PBS) under
vacuum, washed twice with PBS, and dehydrated through
ethanol series (30%, 50%, 70%, 96%, and absolute etha-
nol). The embedding in LR White resin (Medium grade;
Agar Scientific, Stansted, UK) was performed by submerg-
ing the samples first in the 1:1 mixture of LR resin: abso-
lute ethanol (Sigma-Aldrich) for 24 h and then in pure LR
resin. The samples were orientated in gelatin capsules (size
1, Electron Microscopy Sciences, Hatfield, Pennsylvania,
USA) filled with LR White resin and polymerized at 60°C
overnight. The gelatin capsule was removed, and the blocks
were trimmed and sectioned using Leica EM-UC7 ultrami-
crotome (Leica, Germany) into 1-pm-thin sections collected
and adhered on charged SuperFrost slides (Fisher Scientific).

Eosin Y/Calcofluor White (CW) staining: The slides
were stained with a mixture of 3-(1,4)-glucan specific dye
Calcofluor White M2R (Fluorescent Brightener 28 at 1:100
dilution in PBS from 10 mg mL~" stock) and 1% of baso-
philic dye Eosin Y for 10 min, washed twice with PBS and
observed with the Leica SP5 (Leica, Germany) confocal
microscope. CW: excitation 350 nm/emission 450 nm. Eosin
Y: 496 nm excitation/emission 550 nm.
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Toluidine blue staining: The sections were stained for 5
min with 1% of Toluidine Blue in water. After two washes
with water, the stained sections were directly observed with
a light microscope Olympus BX41 (Olympus, Japan).

2.4 Comprehensive microarray polymer profiling
(CoMPP)

Homogenized freeze-dried samples collected at each of the
processing steps were washed twice with 70% (v/v) ethanol,
followed by CHCl;:CH;0H (1:1, v/v) and a final wash with
100% acetone; the remaining cell wall-enriched insoluble
residue (AIR) was left to air-dry.

The CoMPP analysis was performed according to the
method reported by Moller et al. [15] with modifications.
An additional water extraction step was added compared
to the original protocol. Each of the samples was weighed
out in triplicate. Briefly, 10 mg of dry material was
directly extracted with 300 pL Milli-Q water. In addition,
10 mg AIR was sequentially treated with 300 pL 50 mM
trans-1,2-diaminocyclohexane-N,N,N’,N’-tetraacetic acid
(CDTA) pH 7.5, followed by extraction with 300 pL 4
M NaOH containing 0.1% (v/v) NaBH,. Each extraction
was carried out for 2 h in a TissueLyser II (Qiagen AB,

Sollentuna, Sweden) at 6 s~! at room temperature. Samples
were centrifuged after each extraction, and the superna-
tant was collected and printed on nitrocellulose using an
ArrayJet Marathon printer (ArrayJet, Roslin, UK). Four
dilution points were prepared for each sample and were
printed in two technical replicates.

The arrays were first blocked for 1 h with 5% (w/v) low-
fat milk powder solution in phosphate-buffered saline (MP/
PBS) and then probed with a set of specific primary mono-
clonal antibodies (Table 1) for 2 h. After several washes with
PBS, arrays were incubated with 1:5000 solutions of either
anti-mouse or anti-rat secondary antibodies conjugated with
alkaline phosphatase for another 2 h. After three washes
with PBS, followed by a final wash in Milli-Q water, the
arrays were developed using a 5-bromo-4-chloro-3-indolyl-
phosphate (BCIP)/nitro-blue tetrazolium chloride (NBT)
substrate and scanned using a flatbed scanner (CanoScan
9000 Mark II; Canon, Sgborg, Denmark) at 2400 dpi. The
images were then converted to grayscale, and the calculated
intensity of the signal was quantified using the microarray
analysis software ProScanArray Express (PerkinElmer,
Waltham, MA, USA). The relative intensity values were
normalized to a scale from 0 to 100 and transformed into
a heatmap.

Table 1 Glycan-specific probes used in this study to detect various cell wall polysaccharides in vitro and in situ.

Antibody Specific epitope
Homogalacturonan (HG) JIMS HG with a low DE (unmethylesterified and partially methylesterified HG)
JIM7 HG with a high DE
LMS Xylogalacturonan
Rhamnogalacturonan I (RG-I) INRA-RU1 Backbone of rhamnogalacturonan I
LM5 (1,4)-B-D-galactan with at least three galactose units at the non-reducing end
LM6 (1,5)-a-L-arabinan, may also bind AGPs
LM13 Unbranched pectic (1,5)-a-L-arabinan
Xylans LM10 B-(1,4)-D-xylan
LM11 B-(1,4)-D-xylan/arabinoxylan
LM27 Grass glucuronoarabinoxylan (GAX)
Mannans BS-400-4 (1,4)-p-D-(glacto)mannan
LM21 (1,3;1,4)-; DP2 to DP5
B-glucans BS-400-2 Linear $-(1,3)-oligosaccharide
BS-400-3 Linear p-(1,3;1,4)-oligo-saccharide segments in -(1,3;1,4)-glucans
LM15 XXXG motif of xyloglucans, non-fucosylated
LM25 xyloglucan from tamarind seed, XLLG, XXLG and XXXG oligosaccharides
of xyloglucan
Extensins LM1 Extensins
JIM20 Extensins, periodate sensitive epitope
Arabinogalactan proteins (AGPs) LM2 AGP, (1,6)-p-D-galactan with terminally attached GlcA
JIM13 AGP, periodate sensitive epitope
JIMS AGP
Phenolics LMI12 Feruloylate/ferulic acid on any polymer and heteroxylan
a-glucans INCh1 Starch (a-(1-4)-glucan)
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2.5 Determination of non-cellulosic polysaccharide
and crystalline cellulose content

The AIR material (10 mg) was hydrolyzed with 2 M tri-
fluoroacetic acid (TFA) for 90 min at 121°C to release
the non-cellulosic polysaccharides. Samples were cooled
down and centrifuged for 10 min at 10000 rpm; the
supernatant was collected and dried overnight in a cen-
trifuge concentrator (Eppendorf, Hamburg, Germany).
The pellet was collected and used for crystalline cellu-
lose determination, as described below. The composition
of monosaccharides and uronic acids in the supernatant
was determined and quantified using high-pressure liq-
uid chromatography using a Dionex Ultimate 3000 LC
system (Thermo Scientific, Waltham, MA, USA) cou-
pled with a refractive index detector (Dionex, Waltham,
MA, USA). Before HPLC-RI, samples were pH-adjusted
(depending on the used column), centrifuged (10 000 g,
10 min), and filtered (0.45 pM). For analysis of fucose,
glucuronic acid, galacturonic acid, and rhamnose, an
Aminex HPX-87H column (Bio-Rad Laboratories, Her-
cules, CA, USA) was used with 0.005 M H,SO, as mobile
phase, 0.6 mL min~! flow rate, and 65°C column tem-
perature. An Aminex HPX-87P column was used to ana-
lyze the remaining neutral sugars with Milli-Q water as
mobile phase, 0.6 mL min~! flow rate, and 85°C column
temperature.

The crystalline cellulose content in the pellet was
quantified using the Updegraff method following the pro-
tocol by Dampanaboina et al. [18]. The released glucose
was quantified using the colorimetric anthrone reagent.
The absorbance was measured at 625 nm in a microplate
reader (Eon™ High-Performance Microplate Spectropho-
tometer, BioTek, Winooski, VT, USA) against a standard
curve prepared with glucose. The anthrone assay was
performed in three technical replicates for each sample.

2.6 Acetyl bromide soluble lignin

The acetyl bromide soluble lignin (ABSL) was quanti-
fied following the method by Moreira-Vilar et al. [19].
The analysis was carried out in a protein-free AIR pre-
pared according to dos Santos et al. [20] to assess the
effect of protein and other UV-absorbing components
on the measurement. The concentration of ABSL was
calculated from the UV absorbance measured at 280 nm
(Eon™ High-Performance Microplate Spectrophotometer,
BioTek, Winooski, VT, USA) using a molar extinction
coefficient of 18.126 g~! 1 cm™' [21] and a path length
of 0.6345 cm. Quantification of ABSL was performed in
triplicate for each sample.

3 Results

3.1 Microscopic evaluation of the efficacy of screw
pressing and filtration

We used microscopy to assess the protein extraction pro-
cess’s efficiency and the tissue disruption level. Here, we
present only data obtained from alfalfa as it represents a
more homogenous single species material in contrast to
grass-clover. Tissues were stained using the polychromatic
dye, toluidine blue, which colored cell walls and nuclei
purple, while the lignified tissues and the cytoplasmic pro-
teins appeared blue (Fig. 2a, c). Laser scanning confocal
microscopy and two fluorescent dyes were used to exam-
ine tissue morphology. Calcofluor White, a p-glucans spe-
cific dye, served as a general cell wall counterstain, while a
nucleophilic dye, Eosin Y, allowed simultaneous visualiza-
tion of cytoplasmic content [22]. The latter dye produced
a distinct red granular signal within the cells, particularly
those of mesophyll tissue (Fig. 2b, d). Microscopic imag-
ing revealed that the screw pressing primarily disrupted
mesophyll cells causing loss of cytosolic content (Fig. 2c,
d). However, a substantial portion of cells in the pressed
cake remained unbroken, as indicated by prominent Eosin Y
labeling (Fig. 2d). Most of the cell wall material remained in
the pressed cake fraction with discernible tissue types (e.g.,
vascular bundles and epidermis (Fig. 2c, d).

3.2 Immuno-microarray profiling of carbohydrate
content in the different fractions
along the refining stream

We prepared an alcohol-insoluble residue (AIR) to analyze
the content and detailed composition of the cell wall mate-
rial in the fractions obtained during green biomass protein
concentrate production. AIR is a cell wall-enriched mate-
rial free of highly soluble proteins, lipids, and primary/sec-
ondary metabolites [16]. The AIR content was comparable
between alfalfa and grass-clover fractions, except for GJ,
where the value was two-fold higher for the grass-clover
(Fig. 3).

Plant cell walls are highly complex structures consist-
ing of various polysaccharides, polyphenols, glycopro-
teins, and polyesters. The microscopy observation and
AIR content determination revealed the presence of cell
wall debris in all the fractions. Thus, we sought to analyze
further the relative presence of cell wall polysaccharides,
proteoglycans, and starch in the samples using immune-
microarray-based profiling (comprehensive microarray
polymer profiling, CoMPP, alternatively called MAPP [16,
23]. This method involved sequential extraction of carbo-
hydrates from AIR using CDTA followed by NaOH, with
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Fig.2 The effect of screw
pressing on the cellular struc-
ture integrity of alfalfa. Images
of resin-embedded sections of
leaf material (a, b) and pressed
cake (c, d). The sections were
stained with Toluidine blue (a,
¢) or co-labeled with Calcofluor
White (CW), a dye specific for
cell wall p-glucans (blue) and
Eosin Y, a nucleophilic dye with
a preference towards proteins
(red) (b, d). The efficiency of

b

screw pressing was monitored
by loss of intracellular protein
content as indicated by arrow-
heads. Scale bars: S0um

1001 B Affalfa

[] Grass-clover

801

60

40

% AIR in dry weight

204

FM PC GJ FF BJ LPC

Fig.3 Alcohol-insoluble residue (AIR) content in the various frac-
tions obtained from alfalfa and grass-clover. Values present an aver-
age of four technical replicates (n=4; + SD). BJ, brown juice; FF,
fiber filtrate; FM, fresh matter; GJ, green juice; LPC; protein concen-
trate; PC, press cake

the former mainly releasing pectin and loosely bound pro-
teoglycans and the latter targeting mostly hemicelluloses.
Additionally, water extraction was directly performed on
the dry matter to assess the presence of easily extractable
compounds. All resulting extracts were printed as nitro-
cellulose microarrays and probed with a panel of specific

@ Springer

anti-glycan monoclonal antibodies (mAbs; see Table 1 for
designations and specificity). The resulting glycan profiles
exhibited variation between feedstock types and, notably,
among the fractions.

Water extraction was particularly efficient in releas-
ing glycosylated proteins (Fig. 4). Epitopes of extensins
and arabinogalactan proteins (AGPs) were abundantly
observed in almost all alfalfa fractions. At the same time,
only AGPs were detected in grass-clover (Fig. 4). Several
pectin epitopes of homogalacturonan (HG) and rhamnoga-
lacturonan I (RG-I) were also found to be released in water,
primarily at the early steps of processing (Fig. 4). Moreover,
heteroxylan epitopes, recognized with LM27 antibody, were
detected in all grass-clover fractions except LPC.

Extractions performed on the AIR material resulted in a
higher release of cell wall-associated epitopes. As expected,
the CDTA fraction exhibited a notable abundance of HG
(JIMS, JIM7) and RG-I (LM5, LM6, LM13, INRA-RU1)
(Fig. 4). FM and PC fractions from both feedstocks dis-
played the highest signal. However, while all the anti-pectin
antibodies exhibited a strong signal in the FF and LPC frac-
tions of alfalfa, in grass-clover, the signal was predominantly
observed in the GJ fraction (Fig. 4). The LM25 mAb, rec-
ognizing xyloglucan and unsubstituted p-glucans, was the
only hemicellulose-targeting antibody displaying substantial
signal in the CDTA fractions of both feedstocks, exhibit-
ing a labeling pattern similar to that of pectin antibodies.
Additionally, heteromannans (LM21) and grass-specific
heteroxylans (LM27) were detected in grass-clover at the
early and late processing stages, respectively. All fractions
contained substantial amounts of AGPs, and in alfalfa,
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Fig.4 Comprehensive microarray polymer profiling (CoMPP) of
extractable polysaccharides and glycosylated proteins in different
fractions obtained from alfalfa and grass-clover. a The dry material
of alfalfa and grass-clover was incubated with water to release soluble
and weakly-bound cell wall components. Additionally, b AIR mate-
rial was subjected to extraction with CDTA followed by NaOH. The
heatmaps present average signal intensities, and the color intensity
is correlated with the signal strength; white color indicates low and

extensin epitopes also gave a particularly high signal in the
BJ fraction.

Some pectin epitopes were still detectable in NaOH frac-
tion, mainly those of RG-I. However, the majority of the

red high intensity. The names of antibodies and the epitopes they rec-
ognize are indicated along the x-axis. Antibodies that did not show
a signal for all the samples are not included in the heatmap but are
listed in Table 1. AGP, arabinogalactan protein; BJ, brown juice; DE,
degree of methylesterification; FF, fiber filtrate; FM, fresh matter;
GAX, glucuronoarabinoxylan; GJ, green juice; HG, homogalacturo-
nan; LPC; green biomass protein concentrate; PC, press cake; RG-I,
rhamnogalacturonan I

signals in this fraction originated from antibodies targeting
various hemicelluloses (Fig. 4). The FM and PC fractions of
alfalfa had similar profiles with abundant signals for mAbs
recognizing xyloglucan (LM25 and LM15), unsubstituted

@ Springer



Biomass Conversion and Biorefinery

xylan (LM10), and heteromannan (LM21). These epitopes
were also detected in the FF and GJ fractions but with
much lower signal intensity. Some signals for heteroxylan
(LM11, LM27) and (1,3;1,4)-B-glucan (BS-400-3) were also
detected in alfalfa but almost exclusively in the FM (Fig. 4).
Conversely, all hemicellulose epitopes were very abundant
in the FM and PC fraction of grass-clover, and to a lesser
extent in the GJ, while the FF fraction displayed minimal
signal (Fig. 4). Similar to the previous extractions, NaOH
successfully released glycosylated proteins, with epitopes of
AGPs and extensins predominantly present in all fractions
except BJ. Signals for starch (INCh1) and (1,3)-p-glucan
(BS-400-2) targeting antibodies were also detected in
the NaOH extract. While signals for (1,3)-p-glucan were
observed across all the fractions except BJ, starch epitopes
were only detected in the FM and BJ fractions of alfalfa and
GJ of grass-clover.

3.3 Monosaccharide composition analysis supports
CoMPP results

In addition to semi-quantitative CoMPP profiling, we ana-
lyzed monosaccharide composition using HPLC-RI on a
trifluoroacetic acid (TFA)-hydrolyzed AIR material. The
monosaccharide content of non-cellulosic polysaccharides
in alfalfa fractions showed minor variations, constituting
approximately 10-11% of AIR, except from LPC, which
had only 5% of non-cellulosic polysaccharides (Table 2).
Conversely, grass-clover fractions exhibited more substantial
variation, with higher amounts of non-cellulosic polysaccha-
rides detected in all fractions than in alfalfa (Table 2). GJ and
BIJ fractions contained the highest amounts of non-cellulosic

polysaccharides, 27 and 19% of AIR, respectively (Table 2).
Similar to alfalfa, the LPC fraction in grass-clover exhibited
the lowest non-cellulose polysaccharide content, about 7%
of AIR. The composition of the released monosaccharides
also varied between the fractions and the biomass types. FM
and PC fractions of alfalfa had comparable monosaccharide
profiles, with glucose and xylose comprising about half of
the detected sugars. In GJ, the contribution of these sugars
increased to 60%, while the relative amount of neutral sugars
decreased compared to FM and PC. As expected, the glucose
content decreased below 10% in BJ, while xylose content
doubled compared to GJ, with neutral sugar content remain-
ing primarily unaffected. All monosaccharides in the initial
FM fraction were also detected in the LPC.

Contrary to alfalfa, the relative content of glucose and
xylose showed little changes at the early processing steps
of grass-clover, while the other neutral monosaccharides
showed alterations instead (Table 2). Glucose content
dropped to 10% in the BJ of grass-clover, accounting for
28% of all detected monosaccharides. All the monosaccha-
rides were also detected in the LPC fraction of grass-clover,
with glucose being the most abundant, as in alfalfa.

3.4 Biochemical determination of crystalline
cellulose and lignin content

While cellulose and lignin are part of the non-digestible
fiber fraction, their insolubility prevents their inclusion in
the nitrocellulose-based analysis of non-cellulosic polysac-
charides. Hence, we quantified the content of these two cell
wall components using established biochemical assays.

Table 2 Monosaccharide

o . Fraction Glc Xyl Gal Ara Man Rha Fuc GIlcA GalA Total (ug) Total (%)

composition of non-cellulosic

polysaccharides extracted from Alfalfa FM 288 189 117 103 37.3 232 108 192 713 1032 10.3

AIR material using TFA. PC 277 183 127 118 420 246 792 160 91.6 1032 10.3

GJ 410 283 634 328 203 140 132 257 292 1123 11.2

FF 309 251 101 740 260 194 143 264 490 1109 111

BJ 69.1 411 787 257 161 242 224 262 346 944 9.44

LPC 192 625 584 358 140 313 193 91.1 164 521 5.21

Grass-clover FM 444 237 137 116 31.1 142 117 327 749 1499 15.0

PC 337 187 123 110 281 7.0 217 204 674 1086 10.9

GJ 921 341 161 498 451 114 481 660 25.1 2696 27.0

FF 485 244 123 923 180 32 180 317 302 1493 14.9

BJ 199 480 100 43.1 319 142 521 460 433 1893 18.9

LPC 282 499 57.0 199 11.6 332 806 121 175 673 6.73

Note: Neutral sugars and uronic acids were separated and quantified by high-pressure liquid chromatog-
raphy coupled with a refractive index detector (HPLC-RI). All measurements are expressed in pg mg—1
AIR. Total data highlighted in bold describe the contribution of non-cellulosic polysaccharides in the AIR
material. Ara, arabinose; BJ, brown juice; FF, fiber filtrate; FM, fresh matter; Fuc, fucose; Gal, galactose;
GalA, galacturonic acid; GJ, green juice; GlcA, glucuronic acid; Gle, glucose; LPC, protein concentrate;
Man, mannose; PC, press cake; Rha, rhamnose; Xyl, xylose.
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Crystalline cellulose accounted for about 10% of AIR
material in the FM of both feedstocks, with its contribu-
tion increasing to 12% in alfalfa PC and 14% in grass-
clover PC (Fig. 5a). FF of grass-clover exhibited a high
cellulose content of 9%, which was about three times
higher than the value measured in alfalfa FF. Only trace
amounts of crystalline cellulose were detected in GJ and
BJ fractions of both feedstocks, specifically 1.86 and
0.507 pg cellulose per mg AIR in GJ of alfalfa and grass-
clover, respectively, with further reductions in BJ. The
two feedstocks displayed very different cellulose con-
tent in the LPC fraction, as grass-clover accounted for
only 1.2% of the fraction, while alfalfa exhibited a value
approximately 16 times higher.

Distribution of ABSL varied across different fractions,
exhibiting distinct patterns compared to crystalline cel-
lulose (Fig. 5). The content in FM and PC of alfalfa was
identical, about 12% AIR. In comparison, only 8.7% was
observed in FM of grass-clover and 11% in PC (Fig. 5b).
The ABSL in GJ, FF, and LPC of alfalfa was comparable
and more than twofold lower than that measured in FM.
Conversely, the corresponding fractions from grass-clover
had much higher ABSL levels, the same (as observed in
the FF fraction) or 20% lower than in the FM. Notably,
in contrast to cellulose, lignin content in BJ was among
the highest for all fractions, with similar values for both
feedstock types.

180~
B Alfalfa

1604 [ Grass-clover
140
1204
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Crystalline cellulose (ug mg™' AIR)
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FM  PC GJ FF BJ LPC

Fig.5 Concentration of crystalline cellulose and acetyl bromide
soluble lignin (ABSL) in the fractions of alfalfa and grass-clover. a
Crystalline cellulose was released from the cell wall material using
the Updegraff method, followed by quantification of glucose with the
anthrone reagent (n=4, each sample was analyzed in three technical

4 Discussion

4.1 Differences in fiber composition in green
biomass during industrial processing

Various types of green biomass are considered an alternative
for protein production; they are often mixes of several spe-
cies, harvested at different growth stages, which can result in
variation in cell wall composition (fiber) [24], consequently
affecting the processing. We were particularly interested
in how this diversity would manifest in the composition
of different fractions and whether the process needed to be
tailored separately for individual feedstocks. Thus, in this
study, we compared the processing of two types of feed-
stocks with distinct cell wall compositions: grass-clover, a
mixture of grasses and legumes, representing a combination
of type I and type II cell walls [25], and alfalfa possessing
exclusively type I cell wall. It is important to note that our
analysis was conducted on the AIR preparations in which
most alcohol-soluble proteins were released during the pro-
cess [16]. Thus, the data reflects the relative abundance of
the fiber types rather than the fiber-to-protein content ratio.
The grass-specific glucuronoarabinoxylan (LM27 mAb) and
mixed-linkage glucan (BS-400-3 mAb) epitopes were more
abundant in grass-clover than in alfalfa-derived samples
(Fig. 4) [26]. Surprisingly, the pectin content was compara-
ble between the two feedstocks despite expectations based
on type I/type II cell wall characteristics [26]. Only a minor
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replicates). b Concentrations of acetyl bromide soluble lignin were
calorimetrically measured in protein-free AIR material (n=4; each
sample was analyzed in 3 technical replicates). BJ, brown juice; FF,
fiber filtrate; FM, fresh matter; GJ, green juice; LPC; protein concen-
trate; PC, press cake

@ Springer



Biomass Conversion and Biorefinery

starch signal was observed in a few samples; however, it
must be clarified if the low signal results from a suboptimal
detection system or due to circadian regulation of starch
content [27].

The most significant compositional differences
appeared in the GJ fraction, where grass-clover pos-
sessed almost twice as much fiber per gram dry weight as
alfalfa (Fig. 3). Those differences were mainly identified
as pectin, hemicelluloses (Fig. 4 and Table 2) and lignin
(Fig. 5b). We speculate that the differences observed in
GJ samples may indicate anatomical variations in tissue
types and extractability resulting from inherent varia-
tion in cell wall structure. Another explanation could
be the effect of the degree of sample cutting at harvest.
Increased contribution of soluble cell wall components
and improved fiber digestion was demonstrated previ-
ously in ruminants due to mechanical processing that led
to higher cell disruption [28].

4.2 Effect of lactic acid fermentation on fiber
content of BJ and purity of LPC

We observed an expected effect of lactic acid fermen-
tation in the BJ samples, such as a sharp decrease in
glucose content, an increase in xylose content, and a
reduction in crystalline cellulose content. We detected
monosaccharides in BJ using HPLC but not CoMPP,
which indicates polysaccharide breakdown into smaller
fragments during the fermentation. Detection of low-
molecular-weight oligosaccharides (typically with a DP
< 6) is impossible with CoOMPP as they do not adhere to
the nitrocellulose microarray matrix. Although the BJ
was relatively poor in polysaccharides, this was not the
case for LPC, as epitopes of all classes of polysaccha-
rides were still detected there, although in lower quanti-
ties compared to other fractions (Fig. 4 and Table 2).
Our in vitro analysis revealed the presence of non-fer-
mentable fibers, such as xylan and lignin, in the final
protein concentrate. However, the absolute amounts in
fresh weight have to be determined.

This indicates that the fermentation is not 100% effec-
tive; a post-fermentation refining process should be con-
sidered that concentrates both polysaccharides and pro-
teins. As the content of non-digestible fibers may lower
the quality of the LPC [29], cell wall degrading enzymes
may be added during or after the fermentation to reduce
the degree of such fibers in the final product. There are
numerous examples of the positive effect of LPC inclu-
sion in animal feed as a full or partial substitution of
soy proteins, but the inclusion level may depend on the
protein and especially the non-digestible fiber content of
the LPC [13, 30].

@ Springer

4.3 Optimization of the protein extraction

Green biomass is an exciting source for food protein pro-
duction, as the primary photosynthesis-related protein, rib-
ulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCo),
possesses desirable nutritional qualities and functional prop-
erties for food applications, such as solubility, foaming, and
gelling [31-33]. However, the efficiency of the extraction
process is a focal point for advancing the sustainability of
plant-based protein production. Our methods, particularly
microscopy observation, demonstrated that screw press-
ing only partially disrupted the tissues. This aligns with
the general observation that only a modest portion of the
starting dry matter and protein is typically recovered in the
green juice fraction when processing this biomass. A pre-
vious study has reported that 65-75% of dry weight and
crude protein remain in the press cake fraction after press-
ing grass-clover, alfalfa, and oilseed radish using a lab-scale
twin screw presser [7]. Similar extraction efficiency has
been observed for other leaf biomass types, such as cassava
leaves, where approximately 30% of the protein was recov-
ered in the juice during a lab-scale production of cassava leaf
protein concentrate [34]. Higher extraction efficiency could
be achieved through multiple pressings and the implementa-
tion of pretreatment steps, such as chopping or pulping. The
pressing step itself could also be optimized, as demonstrated
by a study that achieved 58% protein recovery in green juice
from alfalfa by employing an optimized screw profile and
adding water [35]. However, it is crucial to consider the
associated costs of additional processing and material input,
especially in large-scale production and potentially higher
content of fiber released into the solution during the pretreat-
ment steps.

4.4 Potential use of structural cell wall
proteoglycan

Interestingly, our approach identified cell wall structural pro-
teoglycans, specifically AGPs and extensins, in all the frac-
tions throughout the technological process and was detect-
able in the BJ and protein concentrate, suggesting that those
forms of the glycan chains are less fermentable. As some
proteoglycan-rich extracts, such as gum Arabic, serve as
functional food additives with emulsifying and plasticizing
properties [36], it would be interesting to precisely analyze
the structure and amount of these cell wall components and
assess their impact on the nutritional value and other char-
acteristics, such as viscosity, of the final protein product.

4.5 Strategies for elimination of unwanted fiber

The negative impact of fiber in animal diets has been mostly
associated with the anti-nutritional value of the fiber;
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however, recent studies consider other beneficial effects of
fiber, such as anti-inflammatory or growth stimulating [13,
37]. For example, lignin, which has consistently been found
in all the tested fractions (Fig. 5b), may have a beneficial
role as an antioxidant. Still, they can also obstruct the acces-
sibility of microorganisms or hydrolytic enzymes to carbo-
hydrates. The knowledge about the fiber composition in the
fractions allows better utilization of by-products for a more
diverse range of applications. It enables the development of
targeted strategies to remove unwanted components.

Enzymatic hydrolysis is critical in numerous biomass
processing lines, including bioethanol production from lig-
nocellulosic biomass [38]. Incorporating enzymatic hydroly-
sis into green biomass protein extraction can serve multiple
purposes; previous experimental work has demonstrated
the effective integration of enzymatic hydrolysis in both the
processing and precipitation steps and downstream fiber
removal in the LPC (data not published). Enzymatic treat-
ments using commercial products could be costly; however,
alternative sources of enzymatic activity are available. One
option is the on-site production of lignocellulolytic enzymes
by cultivating filamentous fungi on the press cake fraction,
an excellent growth substrate (data not published). This
could be achieved using a simple solid-state fermentation
setup, as demonstrated by a study that utilized a wheat bran/
sphagnum substrate combined with different combinations
of Trichoderma and Aspergillus strains to produce cost-
effective enzyme broth with high activity towards pretreated
wheat straw [39]. Again, the results presented in our study
can aid in selecting potential fungal candidates based on
their secretomes and guide the choice of microorganisms
for bioconversion in the biorefinery system.

5 Conclusions

This study used various analytical techniques to evaluate
the distribution of different cell wall components during
green biomass protein concentrate production from alfalfa
and grass-clover. The presence of fiber was detected along
the entire industrial stream, and the use of CoMPP provided
detailed information about fiber profiles in tested feedstocks.
Although the grass-clover and alfalfa share strong composi-
tional similarities (pectin content), they possess unique poly-
saccharide epitopes (glucuronoarabinoxylans) and striking
differences in content and composition of polysaccharides
in the GJ fraction. Lactic acid fermentation successfully
removes part of the fiber, which can be collected as low-
molecular-weight oligosaccharide fragments in the BJ frac-
tion. The presence of non-fermentable fibers and cell wall
structural proteoglycans in the protein concentrate warrants
further investigation regarding their quantities and potential

impact on the nutritional and functional properties of the
final product.

In conclusion, efficient extraction of pure protein concen-
trates from plant biomass might require optimization due to
variations in the fiber composition of the used feedstocks.
However, the combination of microscopic observation,
immuno-microarray profiling, and monosaccharide compo-
sition analysis is an effective evaluation approach to identify
polysaccharide targets for targeted enzymatic hydrolysis and
the utilization of alternative enzymatic sources and micro-
bial strains for improving the efficiency of green biomass
protein extraction and refining processes.
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