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This study aimed to investigate variations in protein profiles and amino acid (AA) compositions in faba bean
seeds among 10 different cultivars. The compositions of salt-soluble proteins and AA were identified and
quantified by label-free nano LC-MS/MS and LC-MS/MS (Triple Quadrupole), respectively. The protein contents
(dry basis) in faba bean seeds were measured using the DUMAS method, ranging from 21.6 % to 26.8 %. By nano
LC-MS/MS, 103 unique proteins were identified under point mutation monitoring analysis and of these, 61
proteins were quantified by label-free quantification. In all cultivars, vicilin and legumin were the most abundant

proteins, respectively, varying from 16 to 39 % and 12 to 34 % of total protein content (w/w). The relative
abundance of minor proteins like Bowman-Birk proteinase inhibitors was quantified to constitute around 1 % of
the total protein content (w/w). There were 400 mg essential amino acids (EAAs) detected per gram protein,
where histidine showed the highest concentration (64-82 mg/g protein) in all faba beans.

1. Introduction

Faba bean (Vicia faba L), also known as horse bean or broad bean, has
a long history of cultivation, but has largely been overlooked as a food
crop compared to soy, pea and chickpea in the past decades. Legumes
can fertilize the soil by fixing atmospheric nitrogen and yield consid-
erable amounts of sustainable proteins in their seeds (Jensen et al.,
2010). Among legumes, faba beans and peas are cold-season crops that
can adapt to low temperatures (Stoddard et al., 2006). Peas are widely
applied in food industries, whereas faba beans are primarily utilized as
animal feed in Europe, although they exhibit higher yields compared to
peas (Koivunen et al., 2016; Millar et al., 2019). Faba bean seeds contain
around 25 % protein of the dry weight, and the major proteins are
storage proteins. The storage proteins are synthesized in the early stages
of seed development and are accumulated in discrete deposits called
protein bodies in the cotyledon during final maturity (Multari et al.,
2015; Warsame et al., 2022). These proteins serve mainly as reserves for
nitrogen and AAs for the plant embryo (Shewry et al., 1995), whereas
other minor proteins hold metabolic and structural functions during
seed development. These include antinutrient proteins like Bowman-

Birk proteinase inhibitors (BBI) and lectins, which can lead to
decreased nutrient availability after human consumption by binding to
specific proteases or carbohydrates, respectively (Liener, 1994). Faba
bean has been profoundly investigated about nutrient contents and
possibilities for plant breeding in Europe (Labba et al., 2021; Pulkkinen
et al., 2016; Warsame et al., 2020). However, knowledge of variation in
protein profiles among faba bean cultivars is far from complete.
According to Osborne classification, proteins can be classified as
water-soluble albumins, salt-soluble globulins, alcohol-soluble pro-
lamins, weak acid-soluble glutelins and finally remaining insoluble
proteins (El Fiel et al., 2002; Griffiths & Lawes, 1978). Globulins, as the
most abundant fraction of faba bean storage proteins, account for more
than 80 % of the total proteins (w/w) in faba seeds (Warsame et al.,
2018). Depending on their sedimentation coefficients, faba bean glob-
ulins are designated as 11S legumin or 7S vicilin-like proteins (vicilin
and convicilin types). Legumin is a hexameric protein with a molecular
weight (MW) of 360-400 kDa, assembled by six subunits sharing similar
structures. These subunits can be further grouped into legumin type A,
legumin type B, and high molecular weight subunits (Miintz et al.,
1999). Legumin types A and B with MW of 60 kDa are the most common
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subunits of the faba bean legumins and are composed of two disulfide-
linked polypeptides (acidic 40 kDa a-chain and basic 20 kDa p-chain)
(Croy et al., 1980). The high molecular weight subunits of 75-80 kDa are
very low abundant in faba beans (Fuchs & Schubert, 1995). Legumin
type A and B are encoded by two distinct gene subfamilies, leading to
significant protein heterogeneity among varieties and even within single
genotypes of the same variety (Shewry et al., 1995; Wobus et al., 1986).
Previously, 29 pairs of legumin a-chain and f-chain were detected in 1-
and 2D gels of purified faba bean legumin (Tucci et al., 1991). The MWs
of these a- and f-chains ranged from 20 to 60 kDa, and their isoelectric
points (pl) varied from 6.2 to 7.4. The 7S vicilin-type proteins, including
vicilin and convicilin, are trimerics, which are assembled by three sub-
units with MWs of either 50 or 70 kDa. Vicilin, with MW ranges from
150 to 190 kDa, is composed of either two 50 and one 70 kDa chains, or
two 70 kDa and one 50 kDa chains (Miintz et al., 1999). Convicilin, with
a mass of 220-290 kDa, was first defined in peas and subsequently in
other legumes including faba beans. It is composed of three 70 kDa
chains, including a highly charged hydrophilic N-terminal extension
(O’Kane et al., 2004; Saenz de Miera et al., 2008).

The BBI and lectins both belong to the water-soluble albumin frac-
tion of faba beans (Park et al., 2010), and are often co-extracted with the
globulins. The BBI, with a mass of approximately 8 kDa, consists of two
homologous domains, that can inhibit both trypsin and chymotrypsin,
independently and simultaneously (Asao et al., 1991). Faba bean lectins,
also called favins, are dimers that contain subunits composed of an
a-chain (7 kDa) and a p-chain (20 kDa). Both chains contain binding
sites for metal ions and specific oligosaccharides (Reeke Jr. & Becker,
1986).

As the fundamental unit of protein, AA have been widely studied to
evaluate the protein quality of food legumes (Liu et al., 2017; Mustafa
et al., 2007). Legume seeds are generally deficient in sulfur-containing
AA (S-AA) methionine and cysteine, but rich in lysine, which is com-
plementary to cereals that are rich in S-AA, but limited in lysine (Geil &
Anderson, 1994; Igbal et al., 2006). As methionine is an essential amino
acid (EAA), it must be obtained from the diet, whereas cysteine as a non-
essential amino acid (NEAA) can be synthesized in the body. The
composition of S-AA varies distinctly in legumin and vicilin, leading to
different functionalities of faba bean globulins. In faba bean, methionine
has only been detected in legumin type A among the globulins (Gueguen
& Cerletti, 1994; Miintz et al., 1999). The 7S globulins (vicilin and
convicilin) from faba bean were found to have higher solubilities at pH
5-6, and higher emulsifying properties compared to the 11S globulins
(legumins, Kimura et al., 2008). Thus, the ratio of 11S globulins to 7S
globulins (the L/V ratio) was used as an index of legume protein quality
(Husband et al., 2024; Shi & Nickerson, 2022). Warsame et al. (2020)
found that the L/V ratio in faba bean varied from 1 to 3 across thirty-five
genetically diverse faba bean genotypes using size exclusion high-
performance liquid chromatography. Generally, the L/V ratio is sus-
ceptible to genotype, growth conditions, and protein extraction pro-
cesses (Miintz et al., 1999). Therefore, the L/V ratio in faba bean across
cultivars needs to be further investigated.

This study aimed to investigate and identify variations of faba bean
seed protein profiles across 10 different Danish-grown cultivars by
applying sensitive proteomics using nano LC-MS/MS timsTOF Pro II that
enables relative quantification of protein without using label agents. The
use of LC-MS/MS for protein identification and quantification in the
complex matrix has been well established in previous studies (Chelius &
Bondarenko, 2002; Vreeke et al., 2023), where the methodology of
peptide release and protein quantification was exquisitely developed.
The Vicia protein library from UniProt was filtered and used for protein
annotation. Moreover, the AA composition of faba bean was determined
after acid hydrolysis by LC-MS/MS (QQQ) using the AccQtag reagent for
derivatization to improve efficiency (Diep et al., 2020; Salazar et al.,
2012).
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2. Materials and methods

Dried faba bean (Vicia faba L) seeds from 10 different cultivars were
collected from individual producers and plant breeders in multiple re-
gions of Denmark. The cultivars included Apollo, Birgit, Capri, Daisy,
Fuego, GL Arabella, Granit, Lynx, Stella, and Tiffany, which were har-
vested between 2021 and 2022. Before analyses, the dry seeds were
milled into fine powders using a rotor mill with a sieve mesh size of 0.5
mm (Retch, Germany, ZM 200Ultra Centrifugal Mill).

2.1. Protein determination and extraction from seeds

The protein contents of raw faba beans were determined following
the AACC combustion method 46-30.01 (AACC, 2025) using an auto-
mated Dumatherm N Pro protein analysis system (Gerhardt Gmbh & Co,
Germany) with a protein conversion factor of 5.4 (Mosse, 1990). The
protein contents were analyzed in biological triplicate. The salt-soluble
proteins of faba beans were extracted according to Mertens et al. (2012)
with some modifications. In brief, 100 mg of raw faba bean flour was
mixed with 1 mL of 150 mM PBS buffer (pH 7.4). The mixture was
shaken at 1000 rpm for 30 min and centrifuged at 20000 xg for 20 min
at room temperature (RT). The supernatant was collected as protein
extracts for further analysis. The extraction was conducted in biological
triplicates. According to Mertens et al. (2012), the collected supernatant
is a mixture of salt-soluble globulins and water-soluble albumins. Thus,
both faba bean globulins and some albumins are expected to be
extracted by PBS buffer, whereas minor fractions of prolamins and
glutelins in faba beans are excluded by this extraction. Extracts were
stored at —80 °C until further analysis.

2.2. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) of protein extracts from 10 faba bean cultivars

The protein profiles of the 10 cultivars were analyzed using 1D SDS-
PAGE under reducing conditions according to Knudsen et al. (2024)
with minor modifications. Briefly, 2 mg/mL protein extract was mixed
with sample buffer (20 mM Tris, 2 % SDS, 20 % Glycerol, Bromophenol
blue) at a ratio of 1:1 and heated at 100 °C for 5 min. The mixture was
centrifuged at 10000 xg for 1 min before 15 pL of each supernatant was
loaded to the wells of Criterion TGX Precast Protein Gel (Bio-Rad, CA,
USA). The PageRuler Plus Prestained Protein Ladder (5 pL) with MW
ranging from 10 to 250 kDa (Thermo Scientific, USA) was used as the
marker. The gel was run in the Criterion Cell at 200 V for 35 min.
Subsequently, the gel was fixed with a solution containing 50 % ethanol
and 8 % phosphoric acid for 2 h and stained with Coomassie Blue so-
lution for 1 h followed by destaining with MilliQ water. The gel was
imaged using Image Lab (Bio-Rad Laboratories, CA, USA).

2.3. 2D SDS-PAGE and MALDI-TOF identification of protein spots

For 2D gel and protein identification, protein extraction from the
cultivar Fuego was analyzed according to Jensen et al. (2012) with
minor modifications. Briefly, the extracted proteins were diluted to
approximately 1 mg/mL with lysis buffer (7 M urea, 2 M thiourea, 1 %
dithioerythritol (DTE), 40 mM lysis base buffer pH 7.5) and shaken for 1
h at RT followed by a short centrifugation. Then 200 pL of supernatant
was transferred to the lane and covered by 11 cm IPG strips (pH 3-10)
(Bio-Rad) using active rehydration in a Protean IEF Cell (Bio-Rad). After
running the 1st dimension, the strip was transferred to a glass tube with
5 mL equilibration buffer I (65 mM DTE) for 15 min incubation, and
another 15 min incubation using equilibration buffer II (270 mM
iodoacetamide (IAA)) before loading on the gel. After running, the gel
was fixed, stained and imaged at the same conditions as used for the 1D
gel.

The gel spots were cut out from the 2D gel and divided into different
batches for digestion according to the intensity of the spots. The gel spots
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were cut into small pieces and placed in 1.5 mL Eppendorf tubes for
overnight destaining using 70 pL of 50 % acetonitrile (ACN). Then the
gel pieces were reduced using 10 mM DTE in 0.1 M NH4HCO3 at 50 °C
for 45 min, and alkylated with 55 mM IAA in 0.1 M NH4HCOs at RT for
30 min in the dark. After washing with 20 puL 50 % ACN, 20 pL 100 %
ACN, 20 pL 0.1 M NH4HCO3 and 30 pL 100 % ACN, respectively, the
samples were resuspended in 10 pL of 12.5 ng/pl trypsin in 50 mM
NH4HCOg3 on ice for 45 min. The excess trypsin solution was removed
and 50 mM NH4HCO3 was added. The samples were incubated at 37 °C
overnight.

The digests were acidified using 10 % TFA and desalted using in-
house manufactured columns. The columns were made of clean 20 pL
tips filled with tiny amounts of C18 membrane material. The column
was activated by 100 % ACN and washed by 0.1 % TFA. The digested
peptides were loaded on the column and washed by 0.1 % TFA. Then the
digested peptides were eluted using 5 pL a-cyano-4-hydroxycinnamic
acid (CHCA) in 70 % ACN, 0.1 % TFA, and loaded on the MALDI target
plate. The spectrum from MALDI-TOF was obtained and annotated by
FlexControl and FlexAnalysis software, respectively. The resulting pep-
tides were derived from digests of 2D gel spots corresponding to faba
bean seed proteins. The mass fingerprint of these peptides was searched
against an in-house faba bean protein library derived from Uniprot,
which was filtered for faba bean proteins to enhance annotation accu-
racy. The search was conducted through the Mascot search engine,
which generated a score to evaluate the confidence in the identification
of a protein match. To evaluate the match, the score was compared to a
threshold determined by statistical significance (p-values, FDR), scoring
models (ion scores, E-values), and peptide matching criteria. In this
study, the threshold score was 40 and proteins with scores above 40
were considered as significant.

2.4. Nano LC-MS/MS timsTOF pro II proteomics on protein extracts from
10 faba bean cultivars

2.4.1. In solution digestion

For nano LC-MS/MS proteomic analysis, the samples were prepared
according to Thesbjerg et al. (2024) with minor modifications. Briefly,
the protein extraction was diluted prior to the in-solution digestion.
Diluted protein samples (15 pg protein) were denatured by 6 M urea and
reduced by 10 mM DTE at RT for 2 h, followed by protein alkylation
using 20 mM IAA. After 30 min of incubation at RT in dark conditions,
ice-cold trypsin/LysC mix (Promega™, Mass Spec Grade, USA) was
added to each sample with an enzyme/protein ratio of 1:20. All samples
were then incubated for 3-4 h at RT in darkness. This was followed by
the addition of six-fold 20 mM triethylammonium bicarbonate (TEAB)
and all samples were incubated overnight at RT in darkness. The
digested samples were then desalted using Pierce Peptide Desalting Spin
Columns (Thermo Fisher Scientific, Waltham, Massachusetts, USA),
following the manufacturer’s instructions. After desalting, the eluates
containing peptides were dried using Speed Vac (Genevac EZ-2plus,
BioLab, Ipswich, UK) and resuspended to 40 pL 0.1 % formic acid
(FA). The in solution digestion was conducted in technical triplicates. All
samples were loaded to 10 kDa filters before LC-MS/MS analysis to
remove contaminants.

2.4.2. Proteome analysis by nano LC-MS/MS timsTOF pro II

Tryptic peptides from faba bean proteins were separated on a
nanoElute LC system (Bruker, Solna, Sweden), with a captive-spray
ionization source attached to a trapped ion mobility spectrometry
time-of-flight (timsTOF Pro II, Bruker, Bremen, Germany) mass spec-
trometry instrument according to Jiménez-Munoz et al. (2024). A vol-
ume of 10 pL of each resolubilized tryptic digest was loaded onto a C18
PepSep Fifteen column (1.9 pm, 150 mm, 75 pm, Bruker). The column
temperature was set to 50 °C. Peptides were eluted using 0.1 % FA in
water (solvent A) and 0.1 % FA in 100 % ACN (solvent B) with a flow
rate of 400 nL/min. The 41 min gradient consisted of 2-17 % solvent B
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for 22 min, 17-26 % solvent B for 9 min, 26-37 % solvent B for 5 min,
37-95 % solvent B for 1 min and then 95 % solvent B for 4 min. Spectra
were collected in positive ionization mode with data-dependent acqui-
sition using parallel accumulation-serial fragmentation. The mass
spectrometer was set to scan masses between 100 and 1700 m/z.

2.4.3. Data analysis

For MALDI-TOF identification, a Vicia faba library of 602 entries was
extracted from UniProt. However, for the more sensitive nano LC-MS/
MS analysis, the broader taxonomic genus, Vicia, was used to broaden
the identification as the Vicia faba library is somewhat limited. This
resulted in a Vicia library with 2035 entries. The acquired spectra data
were extracted with variable modifications and searched against Vicia
library (Uniprot, 2035 entries) using the software PEAKS (Bioinfor-
matics Solutions Inc., Waterloo, Canada). Parameters for library
searching were set as follows: parent ion mass error tolerance 20 ppm,
fragment ion mass error tolerance 0.1 Da, precursor ion mass search type
monoisotopic, enzyme trypsin, up to 3 missed cleavage per peptide,
digest mode specific, max variable modifications per peptide 3. The
variable post-translational modifications (PTMs) included carbamido-
methylation, deamidation, acetylation (N-term), phosphorylation,
oxidation (M), pyro-glu (Q, E). The false discovery rate was 1 %. The
relative abundance of identified proteins was quantified by label-free
quantification, where the peak area of the top 3 unique peptides
assigned to the protein annotation was calculated to represent the
relative abundance of the protein. The SPIDER function of PEAKS was
used to allow point mutations.

2.5. AA analysis

The AA composition was quantified by LC coupled with a Triple Q
MS (Santa Clara, CA, USA) after acid hydrolysis. Briefly, 15 mg raw faba
bean flour from each cultivar was mixed with 5 mL 6 M HCl in a glass
vial and flushed with N, to avoid oxidation. The glass vial was trans-
ferred to an oven and incubated at 110 °C for 22 h and subsequently,
cooled and filtered through Whatman filter paper. Then, 200 pL of the
solution was transferred to an Eppendorf tube and the HCI was evapo-
rated in a vacuum evaporator at 75 °C for 2 h. The dried samples were
redissolved in 1 mL of phosphate-citrate buffer (pH 2.2), and 40 pL was
taken out and derivatized using AccQTag reagent as previously
described (Roland et al., 2024). The samples were run in technical
triplicates and the LC-MS analyses were conducted as described by
Roland et al. (2024).

2.6. Statistical analysis

Data was assessed by one-way analysis of variance (ANOVA) with
Turkey’s post-hoc multiple comparison test using Minitab (version
19.1). The level of statistical significance was determined at p < 0.05.

3. Results and discussion
3.1. Variation in protein contents across different faba bean cultivars

The protein contents among the 10 faba bean cultivars were signif-
icantly different (Table 1). Cultivar Lynx had the highest dry basis total
protein content (26.81 % w/w), whereas Apollo had the lowest (21.60
%). The remaining 8 cultivars were comparable in protein contents with
an average of 25.05 % (& 1.36 %) without statistical significance. This
result was consistent with the findings of Makkar et al. (1997), where no
significant difference was found between 6 white-flowering and 6
colour-flowering faba bean cultivars. For cultivars that were also studied
in a previous Swedish study, such as Lynx, Fuego and Stella, the protein
contents were lower than our results, indicating that faba bean protein
contents can be affected not only by cultivar but also by growing con-
ditions (Labba et al., 2021).
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Table 1
Protein content and amino acids composition of 10 faba bean cultivars.
Cultivar Apo Bir Cap Dai Fue Gla Gra Lyn Ste Tif
Protein (%) 21.60%04  2563*0-3  2535%03 25584097 25371013 24462016 2463405 26.81%12° 25597061 25444035
Amino acid Histidine 67.69 82.41 66.70 65.47 64.44 67.95 72.05 80.04 82.33 66.53
(mg/g Phenylalanine 39.32 45.50 40.46 37.72 40.02 40.04 43.17 43.69 48.09 39.63
protein) Methionine 1.92 2.09 2.02 1.90 2.52 2.21 2.29 2.42 2.58 1.63
Valine 43.02 49.38 44.46 41.12 44.98 45.59 47.82 47.21 49.77 44.33
Isoleucine 37.13 42.94 38.59 36.35 38.87 39.18 41.99 41.43 44.87 38.63
Leucine 54.49 62.06 56.48 52.02 55.21 57.93 61.53 59.96 64.72 56.27
Threonine 38.55 44.86 38.37 35.99 41.18 39.76 40.88 41.75 43.95 38.26
Lysine 52.85 57.30 51.27 49.38 56.27 53.74 57.78 53.17 55.91 53.00
Cystine 1.14 1.86 1.15 1.05 1.10 1.11 0.97 1.25 1.24 0.93
Arginine 54.14 79.09 66.31 62.98 63.50 76.60 67.76 85.69 81.53 66.40
Serine 45.61 51.54 46.47 42.61 48.88 47.54 50.04 48.95 54.91 47.05
Glycine 34.86 38.54 33.77 31.55 37.05 34.60 36.20 36.53 38.92 34.44
Aspartic acid® 99.61 115.32 102.79 94.65 104.63 105.06 113.37 112.23 116.59 104.32
Glutamic acid® 121.83 144.56 127.76 118.26 130.85 131.40 138.24 139.65 146.45 126.46
b-Alanine 0.36 0.36 0.37 0.31 0.46 0.38 0.40 0.39 0.38 0.35
Alanine 28.32 31.86 28.50 26.19 29.89 29.46 30.24 30.48 30.12 28.27
Tyrosine 0.70 1.81 0.71 0.49 0.62 0.77 0.70 0.54 0.92 0.87
Proline 41.57 48.83 42.43 39.90 44.61 44.54 45.53 46.70 48.51 43.27
EAAs 389.11 465.63 404.66 382.93 406.99 423.00 435.27 455.36 473.75 404.68
Total 763.11 900.31 788.61 737.94 805.08 817.86 850.96 872.08 911.79 790.64
Non-protein Hydroxy-L-Proline 1.12 1.19 0.99 0.93 1.42 0.94 1.03 1.04 1.12 0.93
amino acids Ethanolamine 1.06 1.08 0.91 0.92 1.10 0.98 1.06 1.07 1.07 0.84
gamma-Amino-n- 0.19 0.18 0.15 0.16 0.41 0.44 0.19 0.22 0.19 0.16
butyric acid
delta- 0.00 0.00 0.09 0.00 0.10 0.10 0.00 0.11 0.00 0.08
Hydroxylysine
LOrnithine 0.22 0.23 0.24 0.18 0.24 0.26 0.22 0.28 0.21 0.23
Taurine 0.09 0.00 0.05 0.06 0.10 0.05 0.08 0.10 0.05 0.06

Values are means +standard deviation.
a Aspartic acid and asparagine combined.
b Glutamic acid and glutamine combined.

3.2. Proteomic analyses

3.2.1. Protein compositions by 1D SDS-PAGE
The salt-soluble faba bean protein profiles are shown in Fig. 1.

Overall, the 10 cultivars displayed quite similar protein band patterns.
Collectively, 28 protein bands with MW ranging from 11 to 120 kDa
(numbered from 1 to 28, Fig. 1) were observed among 10 cultivars. The
most intensive bands were observed at MW around 48 (ID 12) and 36

(Da) _ Std__Fue_ Gla__ Tif__ Dai__ Bir
250 f=i | ; |
130 feei
100 ] ’ r ;"c—Lipoxygenase
70 | «—Convicilin
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<«—Vicilin
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& subunits)
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25- ]
Vicilin
:| Legumin (basic
& subunits)
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i g = & 8 i
_ 1075 18 L] i i

Fig. 1. 1D SDS-PAGE of salt-soluble proteins from 10 faba bean cultivars: Fuego, Apollo, Stella, Capri, Granit, Lynx, Gl. Arabella, Tiffany, Daisy, Birgit under
reducing condition and visualized with Coomassie Blue. The protein ladder on the left indicates protein size, and on the right are identified proteins based on
previous findings. Std means standard label. Numbers 1-28 highlight the most intense gel bands. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)
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kDa (ID 14), followed by bands between 20 and 25 kDa (bands with ID
20-24). This pattern was consistent with previous studies on faba bean
protein profiles on 1D gels, where the most intensive bands were iden-
tified as faba bean globulins: vicilin 48 kDa and legumin subunits 36 kDa
(Warsame et al., 2020). Earlier studies have shown that the subunits of
legumin, namely legumin type A and B with MW of 60 kDa, are
composed of a and B chains (roughly 40 and 20 kDa, respectively,
dependent on sequence variant and gel system). The a and p chains were
linked by disulfide bonds. Thus, there was one band at MW of 55 kDa
under non-reducing conditions, but four major bands (with MWs of 36
kDa and 20-25 kDa) at reducing conditions where the disulfide bonds
were destroyed (Tucci et al., 1991). This further supported that faba
bean legumin subunits are consistently present across cultivars with a
major band at 36-38 kDa, and multiple minor bands at 20-25 kDa, as
also observed in Fig. 1. Vicilin, being a trimeric protein composed of
sulfur-free subunits, has protein bands with major MWs of 70 and 50
kDa. The faba bean vicilin heterogeneity has been reported in 1D gels to
be represented as four major bands with MWs of 66, 48, 46 and 43 kDa,
in addition to multiple minor bands from 15 to 37 kDa, which can be the
result of the intricate PTMs and/or internal proteolysis, adding to pro-
tein MW heterogeneity (Tucci et al., 1991). Thus, protein bands with
MW of 20-25 kDa (ID 20-24) were regarded as representing combina-
tions of the legumin p chains and of vicilin isoforms, including truncated
forms due to proteolysis. The protein band at 70 kDa (ID 8) was ascribed
to convicilin, the other 7S globulin found in both pea and faba, with a
major single discrete band at 70 kDa (Gatehouse et al., 1981). The
protein bands at 100 kDa (ID 3) and 75 kDa (ID 7) have been reported
earlier to represent lipoxygenase and heat shock proteins, according to
the MS analysis of Warsame et al. (2020). Minor bands with MWs at
27-33 kDa (ID 15-18) could be combinations of fragments of vicilins
and legumins due to proteolysis (Tucci et al., 1991). Minor bands be-
tween 10 and 15 kDa (ID 26-28) are regarded as proteins belonging to
the albumin fraction. In total, the salt-soluble proteins of faba beans
were dominated by legumin, vicilin and convicilin as shown in Fig. 1,
where consistent patterns were observed across 10 cultivars. Never-
theless, there were six polymorphic protein bands (ID 2, 4, 5,11, 16, 19)
detected in only some cultivars, indicating minor differences in gross
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protein compositions. These observed variations could be a result of
heterogeneity in gene expression or gene mutations across cultivars. It is
noted, however, that the complexity of faba bean protein profiles ex-
ceeds that suggested by the 1D gel results, as each protein band and
intensity represent a mixture of multiple proteins.

3.2.2. Protein identification by 2D SDS-PAGE combined with MALDI-TOF

To further investigate details of faba bean protein composition, the
protein extract of cultivar Fuego was subjected to 2D SDS-PAGE, com-
bined with MALDI-TOF for protein identification. In Fig. 2, it is shown
that 84 distinctive spots could be observed (spots 1-84). A large pro-
portion of the protein spots had pI values between 5 and 6, and within
this range the most intensive spots had MWs of 36-38 kDa (spots 30 and
31), followed by spots with MWs of 48-52 kDa (spots 12 and 13).
Furthermore, relatively intense spots with MWs of 20-25 kDa could be
observed (spots 49-65), including scattered spots with pI values of 5-6
(spots 9-51 and 61-65). Furthermore, there were some intensive spots
at pI around 8 (spots 55-57), indicating different protein isoforms at
identical MWs but with different pI values. In addition, there were
different horizontal trains of spots with varying intensities (for instance
spots 3-7). These are expected to represent different protein isoforms,
related either to sequence variation or post-translational modifications,
exhibiting complexities in the faba bean proteins, not identifiable by 1D
SDS-PAGE.

All protein spots with 84 indicated IDs were excised and subjected to
MALDI-TOF, of which, however, only 27 spots resulted in significant
identifications. All identified proteins were assigned to globulins, except
spot 16, identified as putative sucrose binding protein (Table 2). In
accordance with the 1D gel analysis, bands with MWs of 36 and 48 kDa
were the most intensive across all cultivars, and the most intensive spots
in the 2D gel were found also at positions corresponding to these MWs
(spots 30, 31, 12, 13). By MS analysis, spots 30 and 31 were identified as
legumin A2, containing 6 methionine. Legumin Al, containing 4
methionine, was also identified in spot 31. Spots 29 and 30, having
identical MWs, but different pls, were both identified as legumin A2,
suggesting AAs that they may represent different genetic variants or
isoforms. Spots 12,13 and 14, with MWs of 48 kDa, were identified to

. .33
41 4943 44

49 50 51

64
65

61 62 63

15 T2

10

Fig. 2. 2D gel of salt-soluble proteins from cultivar Fuego under reducing condition and visualized with Coomassie Blue. Numbers refer to protein-spot numbers in
Table 2. Blue, yellow, green and purple colors represent legumin subunits, vicilin and convicilin, putative sucrose binding protein, respectively. Red numbers
represent multiple proteins identified. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



T. Xiao et al.

Table 2
The salt-soluble proteins from cultivar Fuego identified by MALDI-TOF from
reducing 2D gel*

Protein Accession Protein name m/z Match Score
spot No.
5 BOBCLS8 Convicilin 57,581 10 71
8 BOBCL8 Convicilin 57,581 11 94
25 BOBCLS8 Convicilin 57,581 11 45
26 BOBCLS8 Convicilin 57,581 17 151
27 BOBCLS8 Convicilin 57,581 9 60
80 BOBCL8 Convicilin 57,581 9 53
19 10B569 Vicilin 52,719 14 130
20 10B569 Vicilin 52,719 12 118
25 10B569 Vicilin 52,719 9 77
22 10B569 Vicilin 52,719 8 81
34 10B569 Vicilin 52,719 13 116
35 10B569 Vicilin 52,719 7 58
36 10B569 Vicilin 52,719 5 44
37 10B569 Vicilin 52,719 9 68
39 10B569 Vicilin 52,719 9 108
63 10B569 Vicilin 52,719 9 56
81 10B569 Vicilin 52,719 11 94
LEGB6/2/
56 7 Legumin type B 37,089 7 43
N-terminal incomplete
legumin A1 pre-pro-
72 Q03971 polypeptide 57,043 7 66
N-terminal incomplete
legumin Al pre-pro-
31 Q03971 polypeptide 57,043 6 56
Legumin; legumin-
related high molecular
12 Q43673 weight polypeptide 64,805 7 48
Legumin; legumin-
related high molecular
14 Q43673 weight polypeptide 64,805 3 40
Legumin; legumin-
related high molecular
13 Q43673 weight polypeptide 64,805 6 61
Legumin A2 primary
29 Q99304 translation product 57,044 8 58
Legumin A2 primary
30 Q99304 translation product 57,044 6 45
Legumin A2 primary
31 Q99304 translation product 57,044 7 68
Legumin A2 primary
54 Q99304 translation product 57,044 9 60
Putative sucrose binding
16 Q9AVP7 protein 54,979 15 181

* The listed proteins are identified with significant hits (Score > Threshold
score, 40).

represent legumin-related polypeptides. This result differed from pre-
vious 1D gel results, where bands at 48 kDa were regarded as vicilin
(Tucci et al., 1991). Spots 54 and 56, having identical MW of 25 kDa and
pl around 9, were identified as legumin-related polypeptide and legumin
type B, respectively. These proteins are non-methionine containing
legumin subunits, which could represent the basic § chain of legumin.
Spot 72 with MW 15 kDa and pl 5.8 was identified as legumin Al
polypeptide, indicating the undergoing PTMs on polypeptides before
they transferred to legumin (Tucci et al., 1991).

Compared to legumin, vicilin was detected with a wider distribution
on the 2D gel. Eleven spots were identified as vicilin, among which spot
25 was annotated to both vicilin and convicilin. This observed co-
location could be due to protein heterogeneity as a result of genetic
variant and/or PTM heterogeneities (Tucci et al., 1991; Warsame et al.,
2020). Spots 5 and 8 with MW of 70 kDa and pI around 6.5, and spots 26
and 27 located at MW of 57 kDa and pl around 7, were all identified as
convicilin. Moreover, spot 80 with MW of 13 kDa and pI 8.2 and spot 81
with MW of 8 kDa and pI 4.5 were identified as convicilin and vicilin,
respectively, instead of albumins as expected. This is likely due to the
proteolytic products of vicilin and convicilin, as observed in earlier
studies (Casey, Domoney, & Ellis, 1986; Gatehouse et al., 1981; Scholz
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et al., 1983). Notably, albumins were not identified in this analysis,
which may result from the limited sensitivity of MALDI-TOF MS/MS,
and the low abundance of albumins in faba beans. Collectively, these
results confirm that globulins are the predominant protein components
of faba bean salt-soluble extracts, and further that these globulins
exhibit complex heterogeneities.

3.2.3. Proteome analysis by nano LC-MS/MS

To further quantify and identify differences in major and minor
protein compositions across the different faba bean cultivars, the salt-
extractable proteins were subjected to sensitive nano LC-MS/MS tim-
sTOF II proteomics. Across the 10 cultivars, there were, in total, 6174
peptides matched to 103 unique proteins by SPIDER analysis, allowing
point mutations. The identified proteins could be divided into seed
storage proteins (26), enzymes (38), defense related proteins (11),
different types of binding proteins (13), ANFs (8), transport proteins (5)
and signal recognition proteins (2) according to biological functions
(Table 3). Proteins from this analysis were searched against the Vicia
protein library. The genus Vicia belongs to the Fabaceae family,
comprising 180-210 species, among which Vicia faba is one of the most
widespread legumes (Hanelt & Mettin, 1989). Thus, the Vicia protein
library contains several entries for the same protein, where the proteins
can be found in different Vicia genera, differing in AA sequence and MW.
For instance, Table 3 shows, that vicilin is identified from both Vicia faba
and Vicia narbonensis. Both proteins have the same AA length of 463,
but, in Vicia faba, vicilin has a higher MW (53 kDa) compared to Vicia
narbonensis vicilin (52 kDa), due to AA sequence variation among the
two species. In the group of storage proteins, vicilins, convicilins and
legumins from different species were identified. This can result from
point mutations leading to the variations in peptide sequences annotated
to the same proteins, but from different species.

Fig. 3 displays the abundance of the top 10 abundant proteins across
the 10 different cultivars, hereafter denoted as “abundant proteins”.
Overall, a total of 13 abundant proteins were collected across 10 culti-
vars due to the great overlap of the abundant proteins across cultivars.
These abundant proteins included two types of vicilin, two types of
convicilin, and four different legumin subunits, as well as a-1,4 glucan
phosphorylase L isozyme (chloroplastic/amyloplastic), defensin-like
protein, lipoxygenase, and putative albumin 1. As shown in Fig. 3a, in
most cultivars, apart from Tiffany and Gl. Arabella, vicilin assigned to
Vicia faba displayed higher abundance than vicilin assigned to Vicia
narbonensis, where the abundance of two types of vicilin was at com-
parable levels. For identified vicilin from two species, the highest
abundance was found in cultivar Stella, followed by Granit, and then
Daisy. All cultivars showed a decreased trend from convicilin assigned to
Vicia faba to convicilin assigned to Vicia narbonensis (Fig. 3b). The
similar pattern observed could indicate that there is some similarity in
protein polymorphisms across cultivars. The mutation implied by pro-
teins assigned to other Vicia species accounts for a small proportion,
compared to normal proteins assigned to Vicia faba in most cultivars.
Apollo had the highest convicilin (Vicia faba), but overall, most of the
cultivars displayed a similar pattern, except Fuego and Lynx, which had
a relatively lower abundance of convicilin (Vicia faba). The abundances
of both convicilins were similar in Daisy and Tiffany. The identified two
vicilin variants from these two species shared a similar AA sequence,
which was also observed in convicilin, demonstrating the heterogeneity
of faba bean 7S globulins. This can result from PTMs and mutations in
the AA sequence, which were monitored through the SIPDER analysis. In
SPIDER analysis, the abundance of a protein is an expression of the sum
of the peak area of all peptides annotated to this protein. Thus, larger
proteins tend to get higher abundance compared to smaller proteins.
Four abundant legumin subunits were detected, demonstrating the
complexity of faba bean globulins (Fig. 3c). Cultivars Tiffany and Birgit
showed the highest abundance in legumin-related high molecular
weight polypeptide (Vicia faba var. minor) and legumin type B (Vicia
faba), respectively. Apollo had the highest abundance of both legumin
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Table 3
Identified proteins by SPIDER analysis of faba bean proteins using Uniprot Vicia protein library.
Function Protein ID Accession Description Organism
Storage protein 13,256 10B569 Vicilin Vicia faba
13,268 Q41677 Vicilin Vicia narbonensis
13,351 Q41674 Convicilin Vicia narbonensis
13,260 BOBCL8 Convicilin Vicia faba
13,279 BOBCL7 Convicilin Vicia faba
13,337 BOBCK9 Cvc protein Vicia disperma
13,349 BOBCLO Cvc protein Vicia bithynica
13,350 BOBCL1 Cvc protein Vicia villosa
13,363 BOBCL3 Convicilin Vicia lutea
13,364 BOBCL2 Convicilin Vicia peregrina
13,373 BOBCL4 Convicilin Vicia articulata
13,397 BOBCL5 Convicilin Vicia ervilia
13,259 Q43673 Legumin; legumin-related high molecular weight polypeptide Vicia faba var. minor
13,501 Q43672 Legumin; legumin-related high molecular weight polypeptide Vicia faba var. minor
13,523 Q43674 Legumin; legumin-related high molecular weight polypeptide Vicia faba var. minor
13,264 Q99304 Legumin A2 primary translation product Vicia faba var. minor
13,271 Q41676 Legumin A Vicia narbonensis
13,273 Q41702 Legumin A Vicia sativa
13,258 P05190 Legumin type B Vicia faba
13,282 Q41703 Legumin B Vicia sativa
13,266 P16080 Legumin type B Vicia faba
13,267 P16079 Legumin type B Vicia faba
13,263 Q03971 N-terminal incomplete legumin Al pre-pro-polypeptide Vicia faba var. minor
26,829 Q6A1C7 Putative albumin 1 Vicia hirsuta
13,262 Q9AVP7 Putative sucrose binding protein Vicia faba var. minor
13,398 Q43671 Storage protein Vicia faba var. minor
Enzyme 13,346 R41V45 ATP synthase subunit alpha Vicia faba
13,394 Q7DLK9 Guanine nucleotide regulatory protein Vicia faba
13,436 Q41663 Nodulin homologous to narbonin Vicia faba
13,261 P53536 Alpha-1 4 glucan phosphorylase L isozyme chloroplastic/amyloplastic Vicia faba
13,274 P52416 Glucose-1-phosphate adenylyltransferase small subunit 1 chloroplastic Vicia faba
13,275 P52417 Glucose-1-phosphate adenylyltransferase small subunit 2 chloroplastic Vicia faba
13,276 P53537 Alpha-glucan phosphorylase H isozyme Vicia faba
13,280 082723 Phosphoenolpyruvate carboxylase Vicia faba
13,281 A0A02312J6 Ribulose bisphosphate carboxylase large chain Vicia faba
13,305 082724 Pepc2 protein (Phosphoenolpyruvate carboxylase protein) Vicia faba
13,325 Q43876 Probable sucrose-phosphate synthase Vicia faba
13,372 064456 Peptidyl-prolyl cis-trans isomerase Vicia faba
13,374 H9BPH8 Catalase Vicia faba
13,411 HO9BPH7 Superoxide dismutase [Cu—Zn] Vicia faba
13,414 AO0A1Q1IN6Q3 Superoxide dismutase Vicia sativa
13,423 P31926 Sucrose synthase Vicia faba
13,427 B6RPT3 phosphogluconate dehydrogenase (NADP(+)-dependent decarboxylating) Vicia faba
13,455 Q41651 Peptidyl-prolyl cis-trans isomerase chloroplastic Vicia faba
13,461 004919 Lipoxygenase Vicia faba
13,465 Q41671 Pre-pro-cysteine proteinase Vicia faba
13,481 Q41649 FK506-binding protein 2 Vicia faba
13,483 004287 Peptidyl-prolyl cis-trans isomerase FKBP12 Vicia faba
13,509 AOA2I6PNB2 Endoglucanase Vicia faba
13,518 A2ICG3 OASTL Vicia sativa
13,550 D7RTAS Glyceraldehyde-3-phosphate dehydrogenase Vicia sativa
13,561 AOA9E9GIS8 Delta-1-pyrroline-5-carboxylate synthase isoform X2 Vicia sativa
13,565 A5JJVO dihydroorotase Vicia faba
13,699 M1GCP8 Glutamate decarboxylase Vicia faba
13,725 082102 Cysteine proteinase Vicia sativa
13,845 078672 Glycerol-3-phosphateacyl transferase chloroplastic Vicia faba
14,298 Q7DLKS8 Guanine nucleotide regulatory protein Vicia faba
14,560 QOEAF2 Serine/threonine-protein phosphatase Vicia faba
15,168 S5RBC6 Mitogen activate protein kinase Vicia faba
15,189 D3KZ44 Ornithine aminotransferase Vicia villosa
15,325 024545 Cysteine proteinase Vicia sativa
18,787 B5LRC1 Cytosolic copper/zinc superoxide dismutase Vicia faba
18,994 Q7M228 pyruvate decarboxylase Vicia faba
19,772 B5LRC5 Glutathione reductase Vicia faba
Defense like protein 13,601 L7UP05 Heat shock protein 17.9 Vicia faba
13,609 AOA1X7BYR4 Pathogenesis-related protein 10 Vicia faba
13,365 AO0A1X7QH12 chitinase Vicia faba
13,504 R4IKN8 ABA-17 responsive protein Vicia faba
13,548 B5TGNO Defensin-like protein Vicia faba
13,549 B5TGN4 Defensin-like protein Vicia faba
13,681 C4TP26 Dehydrin a OS=Vicia monantha
15,742 B5TGN1 Defensin-like protein Vicia faba
18,794 P81456 Defensin-like protein 1 Vicia faba
23,155 C4TP27 Dehydrin b OS=Vicia monantha

(continued on next page)
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Table 3 (continued)
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Function Protein ID Accession Description Organism

42,408 H9BIPO Pathogenesis-related protein 5 Vicia faba
Binding 13,335 P42653 14-3-3-like protein A Vicia faba

13,343 P42654 14-3-3-like protein B Vicia faba

13,375 Q9FXL2 Vf14-3-3c protein Vicia faba

13,392 Q9FXL1 Vf14-3-3d protein Vicia faba

13,594 004237 Transcription factor Vicia faba var. minor

13,456 Q84NGO Histone H1 Vicia faba

14,805 P40620 HMG1/2-like protein Vicia faba

15,095 L7V1D2 Histone H1 subtype 6 Vicia unijuga

13,462 B5TGN5 Metallothionein-like protein Vicia faba

13,338 AOAO059PAV5 Actin Vicia faba

13,366 D5LN06 Actin Vicia sativa

13,390 D5M8H2 Actin Vicia sativa

13,400 C7F8N1 Actin Vicia faba
ANF 13,497 P24661 Bowman-Birk type proteinase inhibitor Vicia faba

13,508 P02871 Favin Vicia faba

13,587 Q8RVWS8 Lectin Vicia faba

13,608 P08820 Subtilisin inhibitor Vicia faba

13,791 B5TGM9 Fabatin Vicia faba

14,664 P01065 Bowman-Birk type proteinase inhibitor Vicia sativa subsp. nigra

17,756 P02868 Mannose/glucose-specific lectin alpha chain Vicia cracca

19,007 Q9ZRM4 Lectin Vicia cracca
Transport 13,597 P00288 Plastocyanin Vicia faba

14,364 AOA0YOUTM1 ATP synthase subunit beta chloroplastic Vicia villosa

13,440 A0A173H230 Early nodulin-like protein 2 Vicia faba

13,342 P38548 GTP-binding nuclear protein Ran/TC4 Vicia faba

13,270 024534 Elongation factor 1-alpha Vicia faba
Recognition signals 13,522 Q9ZRW9 Polyubiquitin Vicia faba

18,802 Q9M3N3 Putative kinetochore protein Vicia faba var. minor

A2 primary translation product (Vicia faba) and legumin A2 (Vicia sat-
iva). Generally, Fuego and Gl. Arabella showed lower abundances for all
the legumins among the 10 cultivars. Granit had the highest amount of
putative sucrose binding protein (Vicia faba var. minor), followed by
Apollo and Tiffany (Fig. 3d). The abundance of defense-like protein
(Vicia faba) and lipoxygenase (Vicia faba) was comparable across culti-
vars (Fig. 3D), whereas the abundance of a-1,4 glucan phosphorylase L
isozyme (chloroplastic/amyloplastic) and putative albumin 1 displayed
apparent difference across cultivars. Collectively, each of the abundant
proteins showed distinct abundances across cultivars, but similar trends
between different proteins were also observed in some cultivars. These
results together revealed the interacting complexity of faba bean protein
polymorphism in terms of genotypes.

By applying label-free quantification based on the top 3 unique
peptides per identified protein, 61 unique proteins were quantified. The
relative abundance of the quantified proteins is shown in Fig. 4. 27
proteins were quantified with higher than 1 % relative abundance across
the 10 cultivars, displaying significant differences in protein composi-
tion. In combination, the storage proteins composed of globulins
accounted for 68-82 % of the total quantified protein. This result was
also reflected in 1D and 2D gels, where intense legumin and vicilin
bands/spots were observed. As a vital source of dietary protein, the
storage protein in legumes which in general accounts for 50-90 % of
total seed proteins is important and the contrast cereals, where the
storage proteins generally account for less than 50 % of the proteins
(Nikolic et al., 2012; Shewry & Halford, 2002). Among globulins, vicilin
accounting 23-56 % of total globulins appeared to be the dominant
protein in all cultivars, this was followed by legumin (18-51 %) and
convicilin (15-36 %). Putative sucrose binding protein was a
membrane-associated protein accounting for 0-9 % across cultivars,
which was also identified by MALDI-TOF. The sucrose binding protein
plays a key role in transporting sucrose during the developing faba bean
seeds (Farley & Patrick, 2000). Research also found that putative su-
crose binding protein exhibits GTP binding activity as a membrane-
associated protein in soybean and mung bean (Pirovani et al., 2002;
Wang et al., 2009).

The abundance and composition of faba bean globulins varied across
cultivars (Fig. 5) illustrating that the protein compositions were affected

by genotypes. This difference between cultivars could not be revealed by
using 1D gels. The 7S globulins vicilin and convicilin showed higher
abundance than 11 S globulin legumin, except in cultivar Granit, where
a balanced ratio 1:1 was detected. Fuego had the lowest ratio of L/V,
whereas legumin was 4 times less abundant than vicilin and convicilin.
The L/V ratio between Apollo and Daisy, and Gl. Arabella and Birgit
were comparable. These L/V ratios were different from previous studies
on faba bean globulin compositions, where legumin was found to be 1 to
3 times more abundant than vicilin and convicilin (Singhal et al., 2016;
Warsame et al., 2020). Warsame et al. (2020) used size exclusion HPLC
to separate faba bean legumin from vicilin and convicilin to calculate the
ratio of L/V. This method resulted in limited separation of legumin and
vicilin as peaks of legumin and vicilin were co-eluted. Singhal et al.
(2016) applied 1D SDS-PAGE to quantify the ratio of L/V without
considering the overlaps of different protein subunits in protein bands.
Thus, the difference in applied methods largely affects the value of L/V.
Moreover, the L/V ratio was also manipulated by genotypes and
growing conditions because vicilin formation precedes legumin, which
is synthesized during the later stages of seed development (Wright &
Boulter, 1972). Therefore, the temperature and water supply during
maturation can even provoke an inversion of L/V (Manteuffel et al.,
1976). In addition, the correlation between L/V ratio and protein con-
tent, S-AA content in faba bean seeds was far from conclusion.

Apart from storage proteins, the most abundant protein was found to
be defense-like proteins (2-8 %), followed by the ANF proteins BBI (3-7
%), and lectin (1-4 %) (Table S1). The function of the defense-related
proteins in plants is to resist a variety of stresses during growth, such
as pathogen invasion (Souza et al., 2017). In this study, the quantified
defense-like protein plays a role for the plant in response to fungus. The
BBI and lectins are synthesized in response to attacking pests or patho-
gens in legumes (Ryan, 1990). They are the main ANF proteins affecting
protein digestion and mineral absorption. For human consumption, the
enrichment of BBI and lectins in faba bean protein isolates and con-
centrates may hinder faba bean utilization, and the elimination of these
ANFs in faba beans through e.g. plant breeding is still in progress. The
relatively high content of lipoxygenase is also evident from the 1D gel.
The presence of this enzyme may be related to off-flavor formation in
faba bean and specifically in the generation of volatiles related to the
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Fig. 3. Peak area of top 10 abundant proteins in 10 different cultivars. Peak area of a. vicilins, b. convicilins, c. legumin subunits, d. non-globulins in 10 different faba
bean cultivars. Lines in parallel reflect the same variation trend of proteins across cultivars. Otherwise, it reflects a different trend of proteins across cultivars.

beany flavor of faba bean (Jiang et al., 2016). Moreover, there are more
quantified bio-functional proteins accounting for around 1 % of total
proteins which could not be identified by the 1D and 2D gels, showing
the high sensitivity and precision of the tims TOF Pro II.

3.3. AA composition

Due to the limitation of protein extraction, the total AA composition
of 10 cultivars of faba beans was determined using acid hydrolysis and
LC-MS/MS (Table 1). In total, around 850 mg AAs, including 400 mg
essential amino acids (EAAs), were detected per gram protein. This
result was in line with other studies showing that nearly 50 % of faba
bean protein is composed of nonessential AAs (e.g. glutamic acid,
aspartic acid, arginine, serine) (Warsame et al., 2018). The highest
content of EAAs was histidine (64-82 mg/g protein), followed by
leucine (52-64 mg/g protein) and lysine (49-57 mg/g protein). Histi-
dine, together with its metabolites, has multiple benefits on human
health such as glucoregulatory and cognitive function outcomes
(Thalacker-Mercer & Gheller, 2020). The histidine content was two
times higher in this study compared to previous studies on faba bean
AAs, as a reflection of genotype difference (Makkar et al., 1997; Grela
et al., 2017). The biosynthesis of histidine involves 11 reactions that are
integrated with various metabolic pathways, including those of pyrim-
idines, folates, and tryptophan (Stepansky & Leustek, 2006). Moreover,
the amino acids composition in faba bean seeds can be modulated by
genotypes and growing conditions e.g. salt stress during seed

development (Ghassemi-Golezani & Samea-Andabjadid, 2022; Migdadi
et al., 2016), although the underlying mechanisms remain unclear.
Among the 10 cultivars, the highest EAA content was detected in the
cultivar Stella and the lowest content in the cultivar Daisy. The cultivars
Birgit and Stella showed the highest amount of histidine and methio-
nine, respectively, while the cultivars Fuego and Tiffany showed the
lowest contents. Despite the AA composition varied across cultivars, no
statistical significance was observed. These results demonstrate the
similarity of AA sequences of faba bean proteins across cultivars.

The concentration of S-AA methionine and cysteine were the lowest
in all cultivars, with cultivar Tiffany showing the lowest values (1.63
and 0.93 mg/g protein, respectively). Faba beans are broadly deficient
in S-AA due to limited numbers of S-AA in storage proteins as legumin A
and convicilin (Makkar et al., 1997; Liu et al., 2017, Table S2). Another
source of S-AA is trypsin inhibitors (e.g. BBI) even though they account
for a small proportion of faba bean seed proteins. However, cultivars
Stella and Birgit had the highest methionine and cysteine concentrations
in contrast to Apollo, which contained the most abundant convicilin and
legumin A subunits, indicating that no positive correlations were
evident between the concentration of S-AA and S-AA containing pro-
teins. This may partly be related to free AAs in faba bean seeds and/or
proteins that were not extracted for the proteomic analysis. Moreover,
gamma-amino-n-butyric acid, L-ornithine and taurine with healthy
benefits for humans were detected in several cultivars of faba beans. Of
note, taurine is one of the sulfur sources in faba beans. The S-AA con-
tents in faba bean can increase by applying sulfur and potassium
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legend, the reader is referred to the web version of this article.)

simultaneously (Bartog et al., 2019). The concentration of phenylala-
nine, threonine, and lysine was comparable to previous studies on faba
bean AA (Millar et al., 2019).

4. Conclusions

In this study, the 1D gel displayed that the predominant protein
bands were consistent across all faba bean cultivars. The 2D gel com-
bined with MALDI TOF showed overall faba bean salt-soluble protein
composition in faba beans, including legumin subunits, vicilin and
convicilin, followed by putative sucrose binding protein. The protein
composition and abundance of faba bean salt-soluble proteins were
further detected by nano LC-MS/MS timsTOF Pro II proteomic analysis.
As expected, the results demonstrated that legumin, vicilin and con-
vicilin are the predominant proteins in faba bean seeds. In addition,
proteins with diverse functions, such as the proteins, enzymes, and al-
bumins, including proteinase inhibitors and lectins, were quantified and
showed great variations across cultivars. The ratio of L/V also varied
across cultivars, with 7S globulins vicilin and convicilin showing higher
abundance than 11 S globulin legumin. For AA composition, all the faba
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bean cultivars displayed high levels of histidine and low levels of S-AA.
The AA concentrations were different across cultivars, among which
cultivar Stella showed the highest EAA content. This study applied the
high accuracy and sensitivity of nano LC-MS/MS on salt-soluble faba
bean proteins to screen the protein profiles and disclose their variations
across cultivars. It revealed the prevalence of storage proteins but clear
variabilities in protein abundances among different cultivars, which
enable future studies to breed cultivars with desired protein composi-
tions. Moreover, quantified minor proteins like enzymes can be targeted
and modulated to generate desired phenotypes, and future studies can
investigate the digestibility of faba beans with different protein com-
positions to better understand the protein quality and nutritional value
across different cultivars.
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