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Abstract
Invasive plants offer an interesting and unconventional source of protein and the considerable investment made towards their 
eradication can potentially be salvaged through their revalorisation. To identify viable sources, effective and high-throughput 
screening methods are required, as well as efficient procedures to isolate these components. Rigorous assessment of low-
cost, high-throughput screening assays for total sugar, phenolics and protein was performed, and ninhydrin, Lever and Fast 
Blue assays were found to be most suitable owing to high reliability scores and false positive errors less than 1%. These 
assays were used to characterise invasive Scottish plants such as Gorse (Ulex europeans), Broom (Cystisus scoparius) and 
Fireweed (Chamaenerion angustifolium). Protein extraction (alkali-, heat- and enzyme assisted) were tested on these plants, 
and further purification (acid and ethanol precipitation, as well as ultrafiltration) procedures were tested on Gorse, based on 
protein recovery values. Cellulase treatment and ethanol precipitation gave the highest protein recovery (64.0 ± 0.5%) and 
purity (96.8 ± 0.1%) with Gorse. The amino acid profile of the purified protein revealed high levels of essential amino acids 
(34.8 ± 0.0%). Comparison of results with preceding literature revealed a strong association between amino acid profiles 
and overall protein recovery with the extraction method employed. The final purity of the protein concentrates was closely 
associated to the protein content of the initial plant mass. Leaf protein extraction technology can effectively raise crop harvest 
indices, revalorise underutilised plants and waste streams.
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Introduction

Pressures exerted on agriculture require it to maintain profit-
ability while ensuring adequate and sustainable food supply. 
The intensification strategies adopted to cope with demand 
are often at odds with environmental concerns, which pro-
vides scope for further investigation in unconventional and 
sustainable sources of nutrition [1]. However, mitigation 
strategies must work cohesively with the existing system 
as food supply chains function in tight cohesion and any 
attempts at rapid or extreme changes can be met with resist-
ance or cause disruption in the system [2, 3]. Invasive plants 
competing with commercial crops in prime land is often 
a cause of hindrance to farmers, and the losses borne by 
them are quite significant. Bajželj et al. [4] detail the car-
bon flow through agricultural systems and estimate about 
13% of cropland productivity being lost through unwanted 
plant intrusion (equating to about 1.0 Pg of biological car-
bon per annum). This is a cause of concern, particularly for 
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subsistence farmers who may not have the resources to cope 
with such losses. Since low income countries tend to have 
agrarian economies, the impact of such losses is expected to 
be higher [5, 6]. Farmer distress is further amplified owing 
to the absence of compensation mechanisms and infrastruc-
tures to support them during crises [7].

The use of herbicides, herbivory and incineration are 
currently the dominant forms of plant removal. Incinera-
tion is the least satisfactory method of disposal given its 
contribution to pollution, the fire hazard it poses and the 
collateral loss of other flora and fauna, as witnessed in the 
recent fires in the Amazon basin [8] and Australia [9]. Her-
bicides such as glyphosate have received negative reports 
owing to their possible contribution towards the onset of 
non-Hodgkin’s lymphoma upon long-term exposure [10, 
11]. Improper use of herbicides may also cause collateral 
loss of local flora, bioaccumulate through ecological food 
chains and contaminate ground water supplies. Herbivory 
employs domesticated ruminants to remove unwanted plant 
mass which may appear as satisfactory short-term means 
of biological revalorisation, but, certain wild plants contain 
anti-nutrients, which renders them unsuitable for animal feed 
[12, 13].

The concept of a circular economy provides a strong 
substratum upon which sustainable intensification strate-
gies such as the revalorisation of unwanted plants can be 
realised, through the production of leaf protein concentrates 
(LPC). The concept and production of LPC is well estab-
lished and its nutritional relevance to the human diet with 
respect to essential amino acid content has been extensively 
reported. However, despite the abundance of reports, adop-
tion has been poor due to concerns of scalability [14], pro-
tein quality (particularly with respect to methionine [15, 16] 
and tryptophan [17, 18–20] content) and economic viability 
[21, 22]. Pioneers such as Pirie [23, 22] and Telek [24, 25] 
have investigated and enlisted numerous plant species pli-
able to leaf protein extraction and describe large-scale setups 
capable of efficient protein extraction through mechanical 
shearing. Fafunso et al. [26] demonstrated scalability and 
provided some insight to the economic feasibility of a large-
scale commercial extraction unit, although final margins are 
highly dependent on market demand and subsidy policies. 
The work described here attempts to re-visit leaf protein 
extraction methods such as alkali, autoclave and enzyme 
assisted protein extraction methods through the lens of a 
circular and sustainable production setup to address the issue 
of food loss and farmer distress. We add data to the exist-
ing pool of literature on leaf protein extraction and look for 
overarching trends which may emerge across the various 
methods previously reported, which may help tailor process 
designs and allow optimal protein recovery and quality. The 
extracted leaf protein could be used in novel foods to aid 
replacing less sustainable animal products.

Scotland presents as an interesting case as globally rec-
ognised invasive plants [27–29] such as Gorse (Ulex euro-
paeus), Broom (Cystisus scoparius) and Fireweed (Chamae-
nerion angustifolium) are native to the local Highlands. 
Having gone feral through improper horticultural manage-
ment when introduced in foreign lands [30], the characterisa-
tion of these plants may now serve to realise their nutritional 
potential and allow for their rapid removal and consumption 
in non-native lands, while promoting their conservation in 
their native niches. We investigated some of the food pro-
duction trends in Scotland and assessed the potential of such 
underutilised plants to complement the existing supply chain 
by introducing diversity in nutritional sources and relieving 
the burden currently placed on animal husbandry for high 
quality protein production.

Materials and methods

All chemicals and kits were purchased from Merck (Darm-
stadt, Germany) and used without further modification 
unless stated otherwise. All experiments and measurements 
were performed in triplicate. The colorimetric assays were 
carried out in 96-well plate format and incubated with film 
cover (Greiner Bio-One; Kremsmuenster, Austria). Absorp-
tion values were obtained using a SpectraMax 190 (Molecu-
lar Devices; San Jose, USA). Water used in the experiments 
was from Milli-Q®.

Scotland agriculture data

Scottish gross domestic product (GDP) and carbon emis-
sion data were obtained from the Scottish Government for 
2018 [31, 32]. GDP value of “Mining”, “Construction” and 
“Manufacturing” were grouped into “Industrial Production”. 
In the dataset, carbon emission for “Business” were included 
in values for “Exports”.

Food and feed production data was obtained from HMS 
Revenue services [33]. In the cases of generalised groups 
such as “cereals” or “other fruits”, the average known values 
of amino acids were considered. Information on land capa-
bility was obtained from James Hutton Institute [34]. When 
a given area is collectively allocated for multiple crops, 
equal land distribution per crop was assumed. Data on food 
amino acid content was obtained from the USFDA [35].

Leaf protein extraction data

Previous research on leaf protein extraction were obtained 
from three databases: namely, Google Scholar, Web of 
Science and Scopus. The search terms used were “Leaf” 
AND “Protein” AND (“Concentrate” OR “Extraction”) 
with a time frame between 1970 to May 2020. Patents were 
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disregarded from the search as they aimed to describe overall 
processes and failed to accurately define protein recovery 
and purity values of the concentrates. In the data analysis, 
“Extraction” referred to the method adopted to obtain pro-
tein from the plant source. “Purification” referred to the 
method adopted to enrich protein from the extract obtained 
in the preceding extraction step. “Process” referred to the 
combination of Extraction and Purification methods adopted 
by the author to produce a protein concentrate.

Plant sample collection

Plant sample collection and aqueous extraction was per-
formed as previously described in Iyer et al. [6]. Briefly, 
Gorse (Ulex europaeus) and Broom (Cystisus scoparius) 
were collected from GPS co-ordinate: 57.257, −2.483 and 
Fireweed (Chamaenerion angustifolium) from GPS co-
ordinates: 57.157, −2.086 . Sampling was performed based 
on guidelines laid down by British Columbia Ministry of 
Forests Handbook [36]. The leaves were separated from 
the plant stalks, freeze-dried (Labconco, UK), milled (Cen-
tramex, USA), and stored at 4 ◦C under vacuum for a period 
of up to two months prior to analysis or extraction.

Sample preparation

Freeze-dried leaf samples of each plant were stirred in phos-
phate buffered solution, (PBS; 10 mM , pH 7.5) (1:10  ::  
plant: buffer) for 20 min on a magnetic stirrer at 32 ◦C , then 
sonicated in a water-bath for 10 min and then stirred for 10 
min. Samples were then centrifuged at 14,000×g for 15 min 
at 4 ◦C . Supernatant and retentate were separated, frozen at 
−70 ◦C and freeze-dried. Samples obtained were weighed 
and characterised with the methods described below. The 
supernatant is herein referred to, as the ‘First Extract’. The 
retentate was subjected to further experimental extrac-
tion procedures described below and is herein referred to 
as Experimental Retentate (ER). Each extraction method 
(described in the sections below) was performed using 0.7g 
of ER for each replicate.

Screening methods

Protocols are described in the following subsections. All 
incubation steps were performed in the dark so as to avoid 
interference due to photo-oxidation.

Standards

Standard solutions were prepared for protein, sugar, and phe-
nolic estimation. Bovine serum albumin (BSA) was prepared 
in phosphate buffered solution (PBS; 0.2mM ), while for 
phenolics and sugars, gallic acid and glucose were dissolved 

in water. All standards were prepared at concentrations of 1, 
0.75, 0.5, 0.25, 0.125 and 0.0625 mg/mL and for each assay, 
measurements were made in triplicate and were repeated on 
three separate days. For the Lever assay, calibration curves 
were also generated using xylose and uronic acid.

Protein estimation methods

Ninhydrin assay: Ninhydrin measures proteins by estimating 
total amino acid content of a hydrolysed sample as previ-
ously described by Harding et al. [37]. Procedure and details 
of the method adapted for a 96-well plate setup has been 
described previously by Iyer et al. [6]. Briefly, sample or 
standard ( 200 μL ) was incubated with HCl (anærobic, 6 M 
with phenol 2% w/v) at 110 ◦C for 14 h in heating blocks. 
The digesta ( 10 μL ) was dried in a 96-well plate at 60 ◦C 
which was re-dissolved in water ( 100 μL ). Ninhydrin solu-
tion (2% w/v , Sigma-Aldrich, Missouri, USA, 75 μL ), was 
added and incubated at 60 ◦C for 60 min, and the absorbance 
was measured at 570 nm.

Bradford assay: Assay was based on the work by Brad-
ford [38]. Bradford reagent was purchased from Merck and 
procedure was followed according to the manufacturer’s 
instruction. The reagent ( 250 μL ) was mixed with sample 
or standard ( 5 μL ) on a shaker for 30 s. The analytes were 
allowed to rest for a further 5 min at room temperature. 
Absorbance was measured at 595 nm.

BCA (Bicinchoninic acid) assay: This assay was based 
on the work by Mallia et al. [39]. The BCA assay kit was 
purchased from Thermo-Ficher, (Massachusetts, USA) and 
was performed in accordance to the manufacturer’s instruc-
tions. Standard ( 10 μL ) was incubated with 200 μL of BCA 
working reagent in a 96-well plate for 30 s on a shaker and 
then allowed to rest at 37 ◦C for 30 min. Absorbance was 
measured 562 nm.

Pierce 660: This assay was based on the work by Anthar-
avally et al. [40]. Pierce 660 kit was purchased from Fischer 
Scientific, (Loughborough, UK) and was carried out accord-
ing to the manufacturer’s instructions. Standard or sample 
( 10 μL ) was mixed with Pierce 660 reagent ( 150 μL ) with a 
shaker for 30 s. Analytes were incubated for 5 min at room 
temperature, and absorbance was measured at 660 nm.

Biuret assay: Reagent for the biuret test was prepared fol-
lowing the recipe described by Potty [41]. Standard or sam-
ple ( 150 μL ) was added to 50 μL of reagent in a 96-well plate 
and incubated on a shaker for 30 s. Samples were further 
incubated without shaking for 20 min at room temperature 
and the absorbance was measured at 540 nm.

Lowry assay: Standard or sample ( 50 μL ) was mixed with 
biuret reagent ( 50 μL ) and incubated for 10 min at room tem-
perature in a 96-well plate on a shaker. Folin-Ciocâlteu rea-
gent (Sigma-Aldrich; Dorset, U.K; 1 M; 200 μL ) was added 
and incubated further on the shaker for 30 s, after which the 
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samples were incubated at 55 ◦C for 5 min. Absorbance was 
measured at 740 nm.

Phenolic estimation methods

Folin–Ciocâlteu assay: This method was carried out as 
described in Lester et al. [42]. Standard or sample ( 25 μL ) 
was mixed with Folin–Ciocâlteu reagent (0.33 M; 25 μL ), 
to which water ( 200 μL ) was added and incubated on a 
shaker for 5 min. To the samples, sodium carbonate solu-
tion  (Na2CO3; 25% w/v ; 25 μL ) was added and incubated 
for a further 60 min in the dark. Absorbance was measured 
at 725 nm.

Fast Blue: This method was based on the work described 
by Lester et al. [42]. The procedure and reagent composition 
has been described previously by Iyer et al. [6]. Briefly, the 
Fast Blue dye (o-dianisidine bis(diazotized) zinc double salt, 
0.1% w/v ) was added to sample or standard ( 100 μL ) and 
incubated on a shaker for 30 s. To this, sodium hydroxide 
(NaOH; 2 μL ; 5% w/v ) was added and incubated for 90 min 
after which, absorbance was measured at 420 nm.

Prussian Blue: Prussian Blue assay was carried out as 
described by Puyeo et al. [43]. Standard or sample ( 10 μL ) 
was raised to 100 μL with water to which,  FeCl2·6H2O (0.5 
mM; 100 μL ) solution prepared in HCl (10 mM) was added 
and allowed to rest for 5 min at ambient conditions. Prussian 
Blue dye solution  (K3(Fe(CN)6), 0.5 mM, 100 μL ) was added 
to the sample and kept on a shaker for 30 s. The samples 
were incubated for 15 min and absorbance was measured 
at 725 nm.

Sugar estimation methods

Lever assay: This assay was based on the work described 
previously by Lever [44, 45]. Reagent composition and 
procedure has been described previously by Iyer et al. [6]. 
Briefly, the Lever reagent comprised of 4-hydroxyben-
zoic acid hydrazide (PAHBAH; 0.76% w/w), bismuth (III) 
nitrate pentahydrate (Bi(NO3)3·5H2O, 0.48% w/v), potas-
sium sodium tartrate (0.28% w/v), NaOH (2% w/v) in water. 
Sample or standard ( 5 μL ) was incubated with Lever reagent 
( 200 μL ) at 70 ◦C for 30 min. The sample was then allowed 
to cool for 10 min and absorbance was checked at 415 nm.

Anthrone assay: Anthrone assay was carried out based 
on the work described previously [46]. Sample or standard 
( 50 μL ) was incubated with of anthrone (0.1% w/v, 150 μL ) 
solution in conc. H 

2
SO

4
 (98% v/v) at 4 ◦C for 5 min. The 

sample was then incubated at 100 ◦C for 10 min and then 
allowed to cool for 5 min. Absorbance was checked at 620 
nm.

Phenol-sulphuric acid: This assay was carried out based 
on the work described previously [47, 48]. Sample volume 
of 50 μL was incubated with phenol (5% w/v) solution in 

sulphuric acid  (H2SO4, 98% w/v) at 4 ◦C for 5 min. The 
sample was then incubated at 100 ◦C for 10 min and then 
allowed to cool for 5 min. Absorbance was checked at 490 
nm.

Measurement of assay suitability

The suitability of assays was established based on their reli-
ability and selectivity. Reliability  (RL) was calculated as the 
root mean square (RMS) value of repeatability  (Rt), repro-
ducibility  (Ro), and accuracy  (Ra).

Repeatability  (Rt) represented the percent consistency of 
a result obtained for a triplicate measurement on a given day. 
It was calculated by the formula 100 − �

2

t%
 , where �2

t%
 was 

the percent variance obtained across the results obtained in 
the triplicate measurement.

Reproducibility  (Ro) represented the percent consistency 
of a result obtained for a measurement repeated across three 
different days. It was calculated by the formula 100 − �

2

o%
 , 

where �2

o%
 was the percent variance obtained across the 

results obtained in the triplicate measurement.
Accuracy  (Ra) represented the percentage ratio Cm

C
w

 of 
measured concentration  (Cm) of a standard compound using 
the assay, against the known weighed concentration  (Cw).

Thus, the final Reliability was calculated by the for-

mula:   R
L
=

√

(100−�2

t%
)+(100−�2

o%
)+(

Cm

Cw

×100)

3
.

Selectivity was a measure of the assays ability to faith-
fully estimate its target compound. First, assay was per-
formed on standard compounds used for estimation of the 
other two compound groups, which in this scenario would 
behave as “contaminants”. False positive response was 
measured as the average percentage absorbance ratio of 
contaminant to relevant standard at the same concentration. 
Assays with false positive values < 1 % were further tested 
against a bovine serum albumin (BSA) + glucose + gallic 
acid mixture to check for changes relative to their calibra-
tion profile.

Extraction conditions

Enzyme Treatment: Three saccharolytic enzymes; cellulase 
(EC 3.2.1.4), xylanase (EC 3.2.1.8), pectinase (EC 3.2.1.15), 
a lignolytic enzyme; laccase (EC 1.10.3.2), and a proteolytic 
enzyme; papain (E.C 3.4.22.2) were used at concentrations 
of 0.3, 0.6 or 1% (w/w E.R). Two additive combinations 
of cellulase + xylanase + pectinase (saccharase) and cel-
lulase + xylanase + pectinase + laccase (mixture) were also 
investigated.

Saccharolytic and lignolytic experiments were performed 
in sodium citrate buffer (50 mM; pH 4.5; 15 mL) at 40 ◦C , 
while the proteolytic experiment was carried out at 47 ◦C 
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with pH 6.5. E.R suspended in buffer without any enzyme 
was used as negative control. Buffer with enzyme, but with-
out E.R. was used as a control to measure the protein con-
tribution from the enzyme. Samples were taken at 0, 0.5, 1, 
2, 3, 4 and 24 h time points and centrifuged at 14,000×g for 
15 min at 4 ◦C . Supernatants were collected as fraction of 
interest for estimation of protein, sugar and phenolics.

Alkali treatment: Extraction was performed as described 
by Zhang et al. [49, 50]. The sample was stirred in 15 mL of 
NaOH (0.4 M) at 95 ◦C for 4 h. Negative control condition 
was water at 21 ◦C (ambient temperature) for 4 h. Precipita-
tion was carried out by lowering the pH to 3.5 using HCl 
solution (1 M). Samples were centrifuged at 14,000× g for 
30 min at 15 ◦C . The precipitate was collected for protein, 
sugar, and phenolic estimations.

 Heat treatment: ER was subjected to heat treatment using 
a medical autoclave (Prestige, UK) using 15 mL water. The 
temperature was raised to 121 ◦C and held for 15 min fol-
lowed by a 2 h cooling period. The sample was vigorously 
vortexed and centrifuged at 14,000×g for 15 min at 4 ◦C . 
Negative control condition was 21 ◦C (ambient temperature) 
in water. The supernatant was collected assayed for protein, 
sugar and phenolics.

Amino acid estimation

Hydrolysis medium for amino acid estimation comprised 
of HCl (anærobic, 6 M) doped with phenol (3% w/v) and 
tryptamine (0.2% w/v). Samples were first subjected to 
microwave assisted digestion (MARS 6, CEM, USA). They 
were loaded into  Teflon®tubes (final capacity 20 mL) con-
taining 10 mL of hydrolysis medium. The heating regime 
of the microwave involved raising the temperature to 155 
◦C over a period of 15 min and holding it for a further 5 
min after which the heating is stopped and the samples are 
allowed to cool over a period of 4 h. Amino acids were pro-
filed and quantified using GC-MS with 13C amino acids as 
internal standards as described previously by Calder et al. 
[51] with some modifications.

Internal 13C standards were added to the digestates (1:1) 
and purified by using cation exchange chromatogrpahy 
(AG50W resin, BioRad). Resin was washed twice with water 
(2 mL) and eluted using  NH4OH (2 mL), followed by water 
again (1 mL). The eluates were collected, freeze dried and 
resuspended in HCl (0.1 M, 0.35 mL) and dried at 90 ◦C 
under  N2. Finally, the samples were derivatised using MTB-
STFA/DMF (1:1) at 120 ◦C for 20 min.

GC/MS analysis was performed on a HP 5989A MS 
Engine coupled to a HP 5890 gas chromatograph (Hewl-
ett Packard, Manchester, UK) at injection temperature of 
280 ◦C and the interface line at 250 ◦C . Amino acid separa-
tion occurred across a 30 m × 0.25 mm × 0.25 mm SE-30 
CB capillary column (Alltech, Carnforth, UK) at 160 ◦C 

for 5 min then then rasied at a rate of 15 ◦C/min to 270 ◦ C 
over 8 min. Injections (1 mL) were made with a 40:1 split 
using helium (at 11 psi head space) as the carrier gas. The 
capillary column was connected directly to the ion source 
of the mass spectrometer, which operated in the EI mode 
with an electron energy of 70 eV, emission current of 300 
mA and a source temperature 200 ◦ C. Amino acid and inter-
nal standard fragment ions were monitored with a 30 ms 
dwell time for each ion, 20 ms inter-channel delay under 
SIM conditions.

Non‑starch polysaccharide (NSP) determination

Non-starch polysaccharides were quantified as described 
previously [52, 53] with no modifications. Briefly, plant 
samples were hydrolysed in  H2SO4 (7 M) at 100 ◦C for 1h. 
Monosaccharides were analysed by Gas Chromatography 
with Flame Ionised Detection (GC-FID) using inositol as an 
internal standard. Charged residues such as uronic acids was 
measured colorimetrically using glucuronic acid as standard 
[54].

Scaled‑up extraction

The extraction was scaled up using 20 g of freeze milled 
Gorse samples suspended in of PBS (10 mM; pH 7.5; 200 
mL) and stirred for 20 min at 32 ◦C . Sample was centrifuged 
at 3000×g for 15 min and the supernatant was recovered. 
Retentate was resuspended in sodium citrate buffer (50 mM; 
pH 4.5; 200 mL), at 40 ◦C and incubated with cellulase (1% 
w/w of dry retentate) for 2 h. Samples were centrifuged at 
3000×g for 15 min and the supernatant recovered. Super-
natant from the preliminary PBS extract and the following 
enzyme treatment were pooled and used for further purifi-
cation experiments. This will hence be referred to as Gorse 
Scaled Extract (GSE).

Purification methods

Ethanol precipitation: GSE (20 mL) was incubated with 
ethanol (7 mL) at 4 ◦C for 60 min and centrifuged at 8000× 
g for 15 min. The supernatant was evaporated at 40 ◦C under 
vacuum using a rotary evaporator at 20 Torr until volume 
was reduced by approximately 60%. The remaining 40% 
volume was freeze-dried along with the precipitate and this 
was retained for amino acid profiling. Ethanol purity was 
measured using a floating densitometer (HB Instruments, 
Pennsylvania, US).

Acid precipitation: GSE (20 mL) was adjusted to pH 2 
using HCl (2 M) over a period of 2 h under stirring at ambi-
ent temperature and allowed to rest at 4 ◦C for 60 min. Sam-
ples were centrifuged at 8000×g for 15 min and supernatant 
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and precipitate were separated. Supernatant was neutralised 
using NaOH (2 M) and freeze-dried and analysed for protein 
and amino acids.

Ultrafiltration: GSE (80 mL) was subjected to ultrafiltra-
tion using benchtop Sartorius ultrafiltration unit (Vivaflow 
50R Hydrosart; Epsom, UK) with a molecular weight cut off 
(MWCO) of 10 kDa. Back pressure was at 1 bar when flow 
rate was adjusted to 0.6 mL/min. Volume was kept constant 
by feeding PBS (pH 7.5, 10 mM) until a passage of 240 mL 
after which time the sample volume was dropped to 40 mL. 
The filtrate and retentate were separated and freeze dried.

Statistics and data analysis

Statistical analysis was performed using R (Version 3.6.1) 
[55] and RStudio (Version 1.2.1335). Principal Compo-
nent Analysis (PCA-Univariate scaled) was performed 
using packages ‘factoextra’ [56] with additional pack-
ages: ‘ggplot2’ [57] and ‘corrplot’ [58]. Significance was 
tested using one-way ANOVA with ad hoc Tukey HSD test 
unless stated otherwise. Statistical results are expressed as 
F(degrees of freedom, residuals) = F-value; p-value as sug-
gested by Field et al. [59].

Results and discussion

Across the abundant literature available on leaf protein 
extraction, numerous assays, extraction and purification 
methods have been reported which we attempt to summa-
rise, assess and apply towards the revalorising invasive plant 
species as an alternate protein source. Accurate and reliable 
calculation of mass balance is pivotal to assessing the effi-
cacy of leaf protein extraction and purification strategies.

Assay performance

Among the twelve colorimetric assays tested for reliability, 
six were designed for protein estimation, three for phenolic 

estimation and three for sugar estimation. Of these, only 
seven were found to measure standards consistently with 
a reproducibility greater than 90%, and repeatability and 
accuracy greater than 95%, namely, ninhydrin, Bradford, and 
BCA for protein estimation, Folin–Ciocâlteu, Fast Blue and 
Prussian Blue for phenolics estimation and the Lever assay 
for sugar estimation as shown in Supplementary Table 1 
below. Of these seven methods, only three were able give a 
false positive response of less than or equal to 1%, namely, 
ninhydrin for protein, Fast Blue for phenolics and Lever for 
sugar, as detailed in Supplementary Table 2. Furthermore, 
ninhydrin, Fast Blue, and Lever assays were performed on 
a BSA-glucose–gallic acid mixture of known concentration 
to check for inaccuracies generated in a composite sample. 
However, no difference in recoveries were found and stand-
ard curves generated across multiple concentrates showed 
no significant difference using one-way ANOVA with a 99% 
confidence interval as shown in Figure 1 and detailed in 
Supplementary Table 3.

Assay sensitivity was determined using Limit of Blank 
(LoB), Limit of Detection (LoD) and Limit of Quantification 
(LoQ). Based on slope values from Supplementary Table 3 
and the low LoQ values in Table 1, ninhydrin appears to be 
a very sensitive method for protein estimation.

The sensitivity for Fast Blue and Lever assays were found 
to be similar. The LoQ was lower for the Lever assay due 
to the high background reading, which was likely due to 
oxidation catalysed by the bismuth ions on PAHBAH [45]. 
However this helps improve assay reliability by decreasing 
measurement variance [44].

Fig. 1  Assay performance in 
selective measurement of pure 
relevant standard versus mixture 
of BSA-glucose–gallic acid. 
Values are expressed in mg/mL
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Table 1  Assay sensitivity measured using Limit of Blank (LoB), 
Limit of Detection (LoD) and Limit of Quantification (LoQ)

Test LoB LoD LoQ

Ninhydrin (μg/mL) 0.4 0.4 0.5
Lever (mg/mL) 0.2 0.2 0.2
Fast Blue (μg/mL) 54.3 57.3 69.4
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Extraction treatments

Gorse, Broom and Fireweed were subjected to extraction 
using alkali, autoclave and enzyme assisted extraction meth-
ods to compare protein recovery. A summary of protein 
recovery across the different extraction stages is shown in 
Table 2. Most of the recoverable protein was present in the 
first extract. Protein content of ER from Gorse was 8.4 ± 
1.0% (w/w), of Broom was 10.1 ± 0.0% (w/w) and Fireweed 
was 17.8 ± 0.0% (w/w).

With enzyme treatment, highest recoveries were obtained 
at enzyme concentrations at 1% (w/w ER). Protein recov-
ery from individual enzyme conditions is depicted in Sup-
plementary Figure 1. For each plant, there appeared to be 
a primary cell-wall constituent homo-polymer from which 
much of the bound protein was recovered.

In the case of Gorse and Broom, the action of the single 
enzyme cellulase was comparable to the mixed enzyme con-
ditions. Across these two plant candidates, the mean protein 
recovery is 83.5% which is higher than previously published 
recoveries using this method (discussed further in the fol-
lowing Sect. 3.5), with the highest at 61.99% reported by 
[60]. In the case of Fireweed however, xylanase was com-
parable to the mixed enzyme conditions suggesting a major 
carbohydrate polymer to which proteins are bound in the 
retentate. Protein recovered due to enzyme action (“Effec-
tive” in Table 2) was found to be highest for Broom where 

16.6 ± 2.3% (w/w) total protein was recovered due to cel-
lulase action. Given the ease of working with single enzymes 
and their economy, further focus was made on the digestion 
profiles using these conditions.

Xylose recovery from Fireweed was almost 80% within 
the first 30 min of incubation with an end point at three 
hours, where subsequent recovery measurements were sta-
tistically similar. On the other hand, cellulase treatment for 
Gorse and Broom showed low sugar recovery despite their 
high concentration relative to bound protein. While glucose 
recovery from Broom was relatively modest at 30.8 ± 1.3% 
following a four-hour treatment, recovery from Gorse was 
approximately half at 16.3 ± 0.9%. For Broom and Fireweed, 
recovery begins to plateau after two hours of enzyme treat-
ment (Fig. 2, Panel: ‘Sugar’). For Gorse however, a mar-
ginal rise in protein levels is observed until 24 h, suggesting 
the slow release of protein into the medium. The effect of 
cell wall digestion on protein recovery may be visualised 
through values expressing the ratio of % protein recovery 
to % sugar recovery, as shown in Figure 2, Panel: ‘Ratio’. A 
rapid increase in the recovery ratio would indicate protein 
release owing to enzyme action, followed by either a pla-
teau or a decline once an equilibrium or excess sugar release 
is achieved. This is likely to be due to continued cell-wall 
digestion and protein exhaustion.

The highest recovery ratio was observed for Broom which 
suggests a strong association between protein and cellulose. 

Table 2  Summary of optimal 
protein recovery values across 
treatment conditions

Values expressed in % (w/w plant protein)
First Extract refers to the protein recovered from the aqueous extract.
Control refers to the protein recovered in the enzyme-free negative control condition.
Effective refers to the difference between the protein obtained in the experimental condition and the nega-
tive control.
Total refers to the combined protein recovery across all extraction steps.

Plant Treatment First Extract Control Effective Total

Cellulase 8.6 ± 1.6 85.1 ± 2.0
Saccharase 19.9 ± 1.2 7.5 ± 1.6 83.9 ± 2.0

Gorse Mixture 56.6 ± 0.1 8.4 ± 1.1 84.9 ± 1.6
Alkali 20.9 ± 2.9 0.5 ± 3.7 78.0 ± 4.7
Heat -10.5 ± 3.7 66.0 ± 4.7

Cellulase 16.6 ± 2.3 81.9 ± 3.7
Saccharase 14.6 ± 1.9 18.3 ± 2.5 83.5 ± 3.8

Broom Mixture 50.6 ± 0.1 19.4 ± 2.6 84.7 ± 3.2
Alkali 15.4 ± 1.2 8.8 ± 2.1 74.8 ± 4.7
Heat 14.6 ± 2.9 79.8 ± 3.1

Xylanase 9.4 ± 1.1 51.6 ± 1.9
Saccharase 16.4 ± 1.5 8.5 ± 1.5 50.7 ± 2.1

Fireweed Mixture 25.8 ± 0.1 8.4 ± 0.8 50.6 ± 1.7
Alkali 28.3 ± 1.5 14.9 ± 2.6 69.1 ± 3.0
Heat 9.5 ± 1.9 63.6 ± 2.4
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In Figure 2, we observe a peak recovery ratio at two hours 
suggesting that most of the protein had effectively been 
released by that point. This corresponds to a glucose recov-
ery of 24.7 ± 1.7% from cellulose digestion and a protein 
recovery of 12.1 ± 3.8% effectively from enzyme action. 
Effective protein recovery at the two-hour time point is sta-
tistically similar to the values at the 4 h and 24 h time points 
using one-way ANOVA at 95% confidence interval. Glucose 
recovered between two and three hours is about 4.6 ± 2.2% 
and the overall rate appears to decrease compared to the first 
two hours of incubation. This suggests that further protein 
recovery may not be dependent on enzyme action, but rather 
through passive diffusion.

In the case of Gorse, enzyme mediated protein release 
follows a similar trend to Broom, with recoverable bound 
protein was released only after two hours, when about 14.5 
± 0.5% of the total cellulose content was digested. Most of 
the bound protein appears to have been recovered through 
the digestion of 14-20% of the cellulose substrate in Gorse 
and Broom. Incomplete digestion of the cell wall despite 
high enzyme concentrations over a 24 h period suggests 
complex and resilient structures between various cell-wall 
components [61, 62, 63, 64]. Lowest effect of enzyme action 
on protein recovery was observed for Fireweed despite com-
plete digestion of xylose. As Table 2 indicates, this result 
is comparable to other enzyme combinations despite wider 
substrate digestion suggesting the protein may either be 
insoluble or bound to locations other than the primary cell 
wall.

Extraction under alkaline (1 M to 0.4 M NaOH) condi-
tions is a well established method of protein recovery [65]. 
Across the plants, the mean protein recovery was 73.96% 
which was comparable to previous publications by El-Sayed 
et al. [66], and Moure [67]. However, tryptophan and sul-
phur containing compounds are thought to be compromised 
during the neutralization step which lowers the nutritional 

value of the protein [20]. Autoclave treatment was employed 
as a means of exerting heat and physical pressure to lyse 
the plant cell walls to release bound proteins. Encouraging 
results were observed for Fireweed, where final recoveries 
were significantly higher compared to xylanase treatment 
(Table 2). Autoclave treatment of Broom gave modest results 
where final recoveries were marginally superior to alkali 
treatment and statistically similar to enzyme treatment. 
Autoclave treatment on Gorse appeared to have a detrimen-
tal effect on the overall protein recovery, with the protein 
recovered from the control samples being higher compared 
to autoclave treatment. The loss in recovery may be attrib-
uted to the coagulation and tighter association post autoclave 
treatment resulting in lowered protein recoveries. Gorse and 
Broom belong to the same phylogenic family (Fabaceae) 
and the bulk of the protein expressed was not expected to 
be significantly different from each other. Nonetheless, the 
highly modified thorny morphology of Gorse leaves may 
render these more resistant to elevated heat and pressure and 
allowing for protein coagulation within the structure rather 
than solubilising them into the surrounding medium.

These results appear to suggest that the effectiveness of 
any intervention is dependent on its ability to rupture the cell 
wall structure and release the bound protein. Table 3 below 
shows the protein and NSP content of the investigated plants. 

Fig. 2  Protein and sugar 
recovery profiles for Gorse, 
Broom and Fireweed at enzyme 
concentration of 1% (w/w 
experimental retentate). Broom 
and Gorse profiles are follow-
ing cellulase treatment while 
the Fireweed profile follows 
xylanase treatment. Dotted ver-
tical line in panels Protein and 
Ratio represent the time point 
at which protein recovery rate 
begins to plateau

Protein Sugar
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Table 3  Protein and Carbohydrate composition of Gorse, Broom and 
Fireweed expressed in % (w/w) of dry plant mass

Values with the same suffix have statistically similar results using 
OW-ANOVA at 95% confidence interval along with post-hoc Tuk-
eyHSD

Plants Protein Cellulose Pectin Xylan

Gorse 11.6 ± 0.1a 8.6 ± 0.2 6.5 ± 0.5 4.1 ± 0.1
Broom 11.2 ± 0.2a 7.5 ± 0.2 7.3 ± 0.2 3.5 ± 0.1
Fireweed 10.5 ± 0.1 3.6 ± 0.2 7.8 ± 0.4 1.0 ± 0.0
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Gorse and Broom shared similar protein content while the 
NSP profile was different across all plants.

Significance was tested using one-way ANOVA at 95% 
confidence interval along with posthoc Tukey HSD. Values 
with the same suffix have statistically similar results.

In line with previous literature, the performance of an 
extraction method appeared to be specific for a given plant 
species. Alkali treatment was very effective for recovering 
proteins from Fireweed, while autoclave and enzyme treat-
ment were equally suitable for Broom. In the case of Gorse, 
the most effective method was cellulase treatment, but the 
increase in recovery was marginal. Autoclave treatment 
brought about a decrease in the overall recovery. Among 
the plants investigated, the highest protein recovery was 
observed for Gorse with the bulk obtained through passive 
dissolution. Any further treatment lead to either a mar-
ginal increase or a significant decrease in protein recovery. 
For Gorse 76.5 ± 0.9% of the total protein was recovered 
through passive buffer extraction (Table 2), making it a 
suitable plant candidate for obtaining protein with minimal 
intervention. In the large scale cellulase treatment of Gorse, 
final recovery was 88.0 ± 3.0%. This result is statistically 
similar (F(1,11)=3.79, p=0.08) to the corresponding condi-
tion in Table 2. Total soluble sugar was 5.1 ± 0.3% (w/w dry 
plant mass) and total phenolic content was found to be 2.9 ± 
0.3% (w/w dry plant mass).

Purification method comparison and carbon 
efficiency

Three protein enrichment methods were employed to refine 
protein in the Gorse Scaled Extract (GSE), one based on 
ultrafiltration and two based on precipitation using either 
acid or ethanol.

Recoveries were calculated relative to protein present 
in the scaled-up Gorse extract. ‘Protein’ refers to precipi-
tate for acid and ethanol precipitation and the retentate in 

ultrafiltration. Among the methods tested, the highest recov-
ery and purity was obtained for ethanol precipitation and the 
overall protein recovery was 56.32% (Table 4). Only 79.0 ± 
8.0% ethanol used for precipitation was recovered through 
evaporation. Based on the protein recoveries obtained, 
ethanol consumption would amount to 11.2 L/kg leaf pro-
tein. Conservative carbon footprint associated to ethanol 
production is reported to be approximately 0.4 kg/L [68, 
69]; although depending on the production method used, 
the value ranges from 1.3 to 0.2 kg/L [69]. The emissions 
associated to solvent use in production of 1 kg leaf protein 
would come to 4.5 kg CO

2
 eq./kg leaf protein.

The upper limit of carbon footprint can be determined 
through a pessimistic estimate of 1.3 kg CO

2
 eq. emission/L 

ethanol without any solvent recovery. The ethanol consump-
tion would amount to 53.4 L/kg leaf protein resulting in a 
carbon footprint of 69.5 kg CO

2
 eq/kg leaf protein which is 

still lower than the emissions associated to protein obtained 
from animal husbandry as mentioned in the paragraphs 
below.

Amino acid profile of gorse protein extract

Amino acid composition of the extracts is given in Table 5 
below.

The protein quality recovered in the precipitate was supe-
rior compared to the residual soluble protein in the superna-
tant based on the total essential amino acid content, which 

Table 4  Comparison of purity and recovery of proteins from Gorse

Values are expressed as % (w/w). Recoveries calculated relative to 
protein in scaled-up Gorse extraction.
‘Protein’ refers to precipitate after acid or ethanol precipitation or the 
retentate in ultrafiltration.
‘Supernatant’ refers to the phenolic-rich, protein-depleted supernatant 
obtained after acid or ethanol precipitation or the filtrate in ultrafiltra-
tion.

Method Protein Supernatant

Purity Recovery Purity

Acid precipitation 82.3 ± 3.1 59.8 ± 0.1 8.5 ± 0.1
Ethanol precipitation 96.8 ± 0.1 64.0 ± 0.5 6.4 ± 0.6
Ultrafiltration 13.3 ± 3.3 64.4 ± 4.9 4.7 ± 0.7

Table 5  Amino acid profile of fractions from purification stage

Values are expressed in % (w/w) total protein

Amino acid Precipitate Supernatant

Histidine 1.7 ± 0.1 1.3 ± 0.1
Isoleucine 2.4 ± 0.1 2.1 ± 0.0
Leucine 8.6 ± 0.0 3.1 ± 0.0
Lysine 6.8 ± 0.0 3.1 ± 0.0
Methionine 2.0 ± 0.1 0.0 ± 0.0
Phenylalanine 4.9 ± 0.0 2.0 ± 0.0
Threonine 4.0 ± 0.1 3.0 ± 0.0
Tryptophan 1.0 ± 0.0 0.5 ± 0.0
Valine 3.4 ± 0.0 3. ± 0.0
Alanine 7.8 ± 0.0 4.2 ± 0.0
Arginine 6.0 ± 0.0 4.7 ± 0.0
Aspartamine 12.7 ± 0.1 35.9 ± 0.1
Cysteine 0.2 ± 0.0 0.5 ± 0.0
Glutamine 12.8 ± 0.1 7.1 ± 0.1
Glycine 7.6 ± 0.0 4.0 ± 0.1
Proline 5.3 ± 0.0 9.5 ± 0.0
Serine 6.7 ± 0.1 7.0 ± 0.1
Tyrosine 4.6 ± 0.1 0.5 ± 0.0
EAA 34.8 ± 0.0 11.6 ± 0.0
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was three times higher while methionine was undetectable 
in the residual supernatant protein. Only the branched chain 
amino acids (BCAA), valine and isoleucine levels were 
comparable.

Leaf protein recovery and purity

A literature search on previous publications detailing leaf 
protein extraction and purification methods using Scopus, 
Web of Science and Google Scholar yielded 373 relevant 
hits of which only 40 gave sufficient details on mass bal-
ance and the protein content of the leaf mass. Since most 
publications reported extraction processes with more than 
one plant, in all, 75 cases of LPC were summarised. Alkali 
(n=29) and juicing (n=23) were the most widely employed 
extraction methods, while acid precipitation was the popular 

purification method (n=27). A summary of the protein con-
tent, recovery, protein purity, extraction and purification 
method employed by preceding literature is tabulated in 
Supplementary Table 4.

To obtain a clearer understanding of the effect of each 
stage in LPC production, reports of purity and recovery were 
first filtered using statistical package dplyr in R, according 
instances where extraction methods without subsequent 
purification steps were reported (Fig. 3).

One-way ANOVA found significant differences in recov-
ery values across different extraction methods. The posthoc 
Tukey HSD test revealed significant differences in recover-
ies obtained from juicing and autoclave treatment, and juic-
ing and enzyme treatment. The lack of resolution between 
alkali and juicing methods despite the clear difference in 
their respective average recovery values may have risen from 

Fig. 3  Average recovery and 
purity of proteins obtained for 
an extraction procedure without 
purification stage. Significance 
tested using one-way ANOVA 
and Tukey HSD post hoc 
analysis

ANOVA:
F(5,21)=3.08,

p=0.031

p= 0.026
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ANOVA:
F(5,18)=1.48,

p=0.247
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Fig. 4  Average reported recov-
ery and purity of LPC grouped 
by extraction method. Sig-
nificance tested using one-way 
ANOVA and Tukey HSD post 
hoc analysis
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the large variation across reported results. While the number 
of data points available for alkali and juicing were somewhat 
similar (seven [70, 71, 72, 49] and five [73, 74, 75] respec-
tively), reports on juicing were primarily on Ryegrass and 
Lucerne, while the plants used in alkali treatment were more 
diverse.

The graph presented in Figure 4 and 5, represent average 
recovery and purity values which include instances where 
extraction and purification stages were used in combina-
tion. In Figure 4, where the values were grouped accord-
ing to extraction method, one-way ANOVA, and posthoc 
Tukey HSD test revealed significance trends similar to those 
observed in Figure 3 with autoclave and enzyme recovery 
values being significantly greater than juicing. The purity 
values obtained across LPCs could not be statistically dis-
tinguished across extraction methods, except for autoclaving 
which was significantly lower.

Furthermore, ANOVA for purity expressed as an inter-
action between extraction and purification stages appeared 
to show significance (F(8,52)=3.15, p=0.005). Predictably, 
posthoc Tukey HSD revealed the purity value of Autoclave 
treatment with no purification step being significantly lower 
than alkali extraction-acid precipitation (p=0.006), enzyme 
extraction-acid precipitation (p=0.03). Lack of statistical 
distinction among other processes may have risen from 
the high variance (consequently high RMS error), owing 
to factors not considered in the model such as protein esti-
mation errors, matrix effect of plant material and lack of 
data on other combinations of extraction and purification 
methods such as ultrasound with acid precipitation or auto-
clave with centrifugation. Lastly, one-way ANOVA was 
performed to assess association between initial protein con-
tent and the final recovery and purity of the protein concen-
trate. No significant association was found between protein 

recovery and initial protein content. Significant association 
(F(1,70)=12.91, p<0.001) was found between initial protein 
content of plant and the protein concentrate purity. Average 
values of initial protein content of plant material are shown 
in Supplementary Table 5.

These results appear to reflect a strong relationship 
between extraction method and the final protein recovered in 
the LPC, while the final purity of the concentrate is related 
to the initial protein content of the plant material used. This 
further explains the lack of association between purity val-
ues and purification methods as most purification methods 
rely on the relative difference in solubility between contami-
nant and protein and the trend appears to suggest a limited 
resolving power among these reported methods. Based on 
the available mass balance data, only heat (autoclave) and 
enzyme-based extractions showed significant difference 
in recovery compared to juicing while among purification 
methods, only acid and solvent based precipitation gave LPC 
purities significantly higher than untreated leaf extract. The 
analysis thus suggests that final protein recovered in the LPC 
was a function of the extraction process, while its purity was 
a function of the initial protein content in the leaf sample.

Effect of treatment on amino acid profile

Amino acid profile of the experimental precipitate generated 
from this work was compared to previously reported values 
as shown in Supplementary Table 6. Principal component 
analysis (PCA, univariate scaled) is shown in Figure 6 which 
demonstrates effects of processing on LPC amino acid pro-
files. A trend emerges where processes with juicing as part 
of the extraction process are found to appear in the lower 
two quadrants as whilst other extraction methods are mostly 
confined to the upper two quadrants.

Fig. 5  Average reported recov-
ery and purity of LPC grouped 
by purification method. Sig-
nificance tested using one-way 
ANOVA and Tukey HSD post 
hoc analysis

ANOVA:
F(6,68)=1.66

p=0.145

p <0.001

p =0.035

ANOVA:
F(5,65)=4.93

p<0.001

Recovery Purity
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This trend appears equally distinct in Figure 7, which 
explores protein extraction where juicing is confined only to 
the lower two quadrants, while the other extraction methods 
are found in the upper two quadrants. Rubisco, which forms 
the bulk of soluble protein was expected to be recovered 
unaltered through the juicing process.

In Figure 7, we observe Rubisco plotting in the upper 
quadrant, close to the experimental precipitate (number 
24). When grouping is visualised according to purification 

methods (Supplementary Figure 2) no distinct separation is 
observed. This suggests that introduction of any treatment 
other than mechanical expression of proteins through juic-
ing appears to strongly influence the amino acid profile. It 
is unclear whether this proximity to pure Rubisco occurs 
due the more effective nature of an extraction method or 
rather the lability of non-Rubisco proteins to the non-phys-
iological conditions of the extraction method. More reports 
of amino acid profiles of protein concentrates generated 

Fig. 6  PCA (univariate-scaled) 
plot of purity and amino acid 
profile of protein concen-
trates in previous literature 
marked according to Process. 
The ellipse demarcates 95% 
confidence interval around 
group means. Standard refers 
to the purification of Rubisco. 
The numbers represent the 
publication where the work was 
described, and corresponding 
details can be found in Supple-
mentary Table 6
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using methods such as ultrafiltration, solvent precipitation 
and centrifugation are required to elucidate purification 
treatment effect on amino acid profiles. Factor contribu-
tion to the dimensions in Figures 6 and 7 is provided in 
Supplementary Table 7 which shows that Dimension 1 was 
influenced by essential amino acids such as phenylalanine, 
valine, histidine, isoleucine and leucine. Dimension 2 was 
driven primarily by the purity of the protein isolate and 
its lysine content. This suggests that the nutritional qual-
ity of the final LPC is a function of the extraction method 
employed to obtain it.

Relevance to food production (based on Scottish 
model)

In Scotland, only 6.3x105 ha is capable of supporting arable 
farming, which comprises only about 8% of the total arable 
land, as shown in Table 6. Although, 70% of the landmass 
comes under the purview of agriculture, landscape manage-
ment predominantly pertains to animal husbandry and rough 
grazing owing to geography [34].

Consequently, the allocation of resources to livestock pro-
duction is much higher compared to human plant food pro-
duction as shown in Supplementary Tables 8 and 9. About 
1.8 × 106 ha of land and a plant protein of 9.5 × 105 t is dedi-
cated to animal husbandry which is about three and eight 
times greater than food protein requirement respectively. 
Indigenously produced feed protein can suffice only 24.1% 
of animal requirement which necessitates supplementation 
through imports. While the focus of Scottish food production 
is on premium goods [76, 77] such as high value beef cuts 
and whisky, the sizeable investments ultimately contributes 
to only 0.7% to the Scottish GDP. High cost of products 

restricts access even to local population owing to socio-
economic disparity [78].

Furthermore, conversion efficiency of animal sources is 
shown in Table 7, (detailed in Supplementary Table 10). 
The average efficiency was found to be 23.7% with 
monogastrics such as pig, fish and poultry showing higher 
efficiencies in converting feed to food protein. Milk is the 
only ruminant product with efficiencies comparable to 
monogastric products. The total protein used for animal 
feed is 3.9×106 t (including imports). The total protein 
obtained from terrestrial animal products is about 1.8×105 
t, which is about 83% greater than the Scottish population’s 
requirement.

Despite the meagre investment, the total protein produced 
is 6.7 × 105 t, which is 55% greater than the population’s 
dietary requirement (currently overproducing by 68% when 
including fisheries). A consequence of poor investment 
towards cultivation of plant food protein can be observed in 
Table 8 where a ratio of essential amino acid indigenously 
produced to that required by the Scottish population is 
expressed.

Based on the emission data shown in Supplementary 
Table 11, carbon emissions associated to food production 

Table 6  Land capability profile of Scotland

ha = hectares [34]

Type Area (Mha) Coverage (%)

Grazing 2.8 36.3
Grass 1.4 18.1
Arable 0.6 8.0
Non-agriculture 2.1 26.7
Woodlands 0.9 10.9

Table 7  Conversion efficiency of Scottish agricultural output data-
base [31]

Produced (105 t) Available 
(105  t)

Loss (%)

Food Crops 2.18 1.98 9.17
Feed 9.53 1.84 80.69

Table 8  Per capita availability of amino acids (expressed as ratio of 
produced to required w/w), in animal and plant protein from Scottish 
produce

Amino acid Plant Animal Mean

Leu 1.2 3.3 2.3
Met 1.6 2.9 2.3
Val 1.2 3.5 2.3
Phe 2.0 2.7 2.4
Lys 0.7 4.5 2.6
Ile 1.3 4.1 2.7
His 1.5 4.3 2.9
Thr 1.4 4.6 3.0
Trp 2.1 4.6 3.3

Table 9  Sector based emission associated to Scotland’s GDP

Data expressed as grams of carbon emitted for every £ earned by a 
sector

Source Carbon (kg/£)

Agriculture 19.8
Energy 8.15
Transport 3.79
Water and Waste 2.88
Business 1.06
Gov. Services and Health 0.12
Industrial Production 0.06
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is 8.4 × 106 t, accounting for 15% of Scotland’s total emis-
sion. The average emission associated to animal protein is 
approximately ten times greater than that of plant protein 
(102.1 kg CO

2
 eq/kg animal protein versus 13.4 kg CO

2
 eq/

kg plant protein). Animal husbandry directly contributes to 
around two-thirds of the carbon emissions associated to food 
production [79]. In terms of monetary justification, since 
other economic sectors have a far greater contribution to the 
GDP, emission per unit currency is shown in Table 9. For 
every £ earned through agriculture, about 19.7 kg of CO

2
 

eq. emissions are produced. Agriculture is by far the most 
carbon costly means of Scottish income.

The excessive dependence on animal husbandry as a 
source of high-quality protein is not only undesirable from 
an environmental perspective, but also leaves the system vul-
nerable to shocks such as pandemics [80], trade restrictions 
and political volatility [81] with trading partners. Much of 
the protein produced in Scotland is animal-based and even 
the plant-based protein is primarily sourced from grains such 
as barley (Supplementary Tables 6 and 7). Furthermore, feed 
stocks are highly dependent on imports from countries such 
as Brazil, where soy and high value protein stocks are unsus-
tainably produced through slash-and-burn farming [82–84] 
resulting in a great loss of local ecological diversity found 
in the Amazons [85].

With current flux in government policies [86] and lack of 
economic incentives, sustainable production may be further 
affected, increasing reliance on imports [87]. Thus, Scot-
tish food production has low economic contribution, a high 
carbon impact and requires heavy supplementation through 
imports. In terms of employment, only 0.89% of permanent 
labour force (around 24,000 persons) and 2.39% including 
part-time and seasonal labour are directly involved in food 
production [33]. The status quo necessitates a reflection on 
the current state of the agricultural setup and work towards 
raising its economic and ecological sustainability which can 
most quickly be realised through the adoption of unconven-
tional and diverse means of production.

Conclusions

Through the careful selection of assays amenable to high-
throughput routine analysis, it is possible to screen a wide 
variety of plant species for their potential to contribute to 
protein provision and the wider cyclic economy. This could 
greatly enhance screening capabilities with minimal hard-
ware and processing cost. Three invasive plant species, 
namely, Gorse (Ulex europaeus), Broom (Cystisus sco-
parius) and Fireweed (Chamaenerion angustifolium), were 
identified as viable candidates and leaf protein concentrates 
were produced through extraction and purification technolo-
gies. Protein recoveries and purity values suggest Gorse as a 

suitable candidate for further revalorisation efforts and war-
rant pilot scale trials to replicate and better account for all 
associated monetary and carbon costs.

Literature survey of previously published work on LPC 
methods reveal protein recovery and amino acid profiles to 
be sensitive to extraction procedures. The efficacy of purifi-
cation procedures on the other hand was strongly linked to 
the initial protein content of the plant material. Compari-
son of amino acid profile reveals that the nutritional quality 
of final LPC is consequently a function of the extraction 
method employed to produce it. Characterisation and careful 
selection and plant material and extraction process is para-
mount to developing an efficient process for LPC production.

Supplementary information The online version of this article is avail-
able at https:// doi. org/ 10. 1007/ s11694- 021- 01136-w.
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