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faba bean lines for sequenced and amplified region of their respective seed LOX alleles.
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1.0

INTRODUCTION

Faba bean (Vicia faba L.) is receiving attention in recent times across Europe, Australia and Africa as
an alternative source of plant protein (Paull et al., 2006; De Visser et al., 2014; Warsame et al., 2018;
Bulti et al., 2019) owing to high dependence on soybean with its fluctuations in market price and
productivity. Faba bean is well-adapted to regions where soybean performs poorly in Europe and
Africa and could help to reduce carbon emissions (Björnsdotter et al., 2020). Faba bean is a quality
source of plant-based protein for vegetarians and animal feed with high seed protein content of about
30% of dry weight (Duc et al., 2011) and high yield (1.92 tonnes/ha global average, FAO, 2020). It is
a rich source of dietary fiber (7-11%), carbohydrate (40-46%) and lipids (~1%) (Heuze et al., 2018).
The lipids of dry faba bean contains about 46 to 64% linoleic acid (Ryu et al., 2017) and 4.8% αlinolenic acid (Lizarazo et al., 2015) which is similar to that obtained in soybean. Faba bean contains
L-3,4-dihydroxy-phenylalanine (DOPA), a natural plant source of the neurotransmitter dopamine used
in drug development for the treatment of Parkinson’s disease (Fox et al., 2014). Despite the enormous
potential of this crop, breeding activities and research to enhance its qualities for food, tolerance to
biotic and abiotic stresses, industrial and ecological purposes are still limited.

Flavour is one of the important food quality characteristics that influence consumers’ preference and
acceptance of a food product (Clark, 1998; Spence, 2015). Generally, in legumes crops like faba bean,
beany/grassy off-flavour can be perceived during and after processing (Kumari et al., 2015). The
presence of anti-nutrient factors coupled with off-flavours are the major limitations for the acceptance
of this crop as a source of plant-based protein (Day, 2013, Mandal et al., 2013). Lipoxygenase enzymes
that contribute significantly to storage protein in legume seeds have been identified to cause the
emission of volatile compounds associated with these off-flavours (Mandal et al., 2014). Seed
lipoxygenase is responsible for the auto-, photo- and enzymatic oxidative catalysation of
polyunsaturated fatty acid like linoleic and α-linolenic acids containing 1, 4-Z,Z-pentadiene to form
hydroperoxides (Ho and Chen, 1994; Rawal et al., 2020). Ketone compounds and volatile aldehyde
are short-chained products generated by hydroperoxide lyase metabolism of the formed
hydroperoxides. Some representative compounds released in soybean are n-hexanal, 3-cis-hexenal,
2(1-pentenyl)furan, and ethyl vinyl ketone (Rackis et al., 1979; Mellor et al., 2010) while that of pea
include hexanal, 1-hexanol, 3,5-octadien-2-one, and nonanol (Trikusuma et al., 2020). Similarly, faba
bean products have been reported to demonstrate the LOX pathways in its seed (Oomah et al., 2014),
during processing (Lampi et al., 2020) and storage (Jiang et al., 2016).
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Most studies on seed-borne lipoxygenases of legumes have been carried out on soybean and pea. There
is knowledge gap in the study of seed lipoxygenase in many leguminous crops, particularly, faba beans,
common beans and chickpeas despite their growing importance (Roland et al., 2017). The
classification of faba bean by Chang and McCurdy (1985) as a plant with medium level of LOX
activity reiterates the importance for more robust study for the crop to understand the LOX pathway,
propound specific processing designs and breeding of superior varieties that will increase the crop
value.

Genetic elimination of seed lipoxygenase in faba bean becomes necessary for improving its
acceptability by consumers and adoption for industrial purposes. Premised on the success obtained for
soybean and pea, the identification of seed LOX genes in faba bean will assist in breeding and selecting
varieties that lack the potential of generating off-flavours or has significantly low off-flavours.
Nevertheless, studies have found that pea and soybean with LOX-free seeds have been able to
optimally carry out all physiological functions without defects (Hajika et al. 1992; Wang et al. 1999).
The absence of seed lipoxygenase in soybean does not reduce seed protein content in comparison with
normal lines (Narvel et al., 1998).

The use of traditional breeding techniques for developing LOX free genotypes in soybean have been
deemed laborious, expensive, destructive, technical and ineffective especially for discriminating
between heterozygote and recessive individuals (Axelrod et al., 1981; Suda et al. 1995; Narvel et al.
2000; Kumar and Rani, 2019). Hence, the combination of bioinformatics tools and molecular
techniques are suitable alternatives and have been useful in elucidating physiological and molecular
functions of LOX genes in pear (Pyrus communis) (Li et al., 2014), poplar (Populus spp) (Chen et al.,
2015), apple (Malus domestica) (Song et al., 2016), cotton (Gossypium spp) (Shaban et al., 2018), tea
(Camellia sinensis) (Zhu et al., 2018), raddish (Raphanus sativus) (Wang et al., 2019) and tartary
buckwheat (Fagopyrum tataricum) (Ji et al., 2020). In soybean, the level of similarities and
conservation of sequences between LOX gene containing regions was found to be high (Shin et al.
2008) using bioinformatics and molecular techniques. Therefore, there is need to study the seed LOX
gene in faba bean to identify the homolog phylogenetic similarities with other legumes, conserved
regions and their sub-cellular localization. This information will be useful in identifying the genes
regulating off-flavours in Faba bean and for designing molecular tools for breeding purposes.
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1.1

Aims of the study

This study aimed at using bioinformatic tools to find seed-borne lipoxygenase genes in faba bean and
to design tools using molecular techniques to find changes in sequence or expression. It explored the
understanding of the molecular structure and evolutionary phylogeny between putative seed LOX
genes in faba bean and some selected soybean and pea seed LOX genes. Sequence analysis for gene
identification, structural analysis for LOX domains, protein properties, phylogenetic relationship,
conserved amino acid motifs identification and prediction of subcellular location were conducted. The
information obtained was used to design and test molecular tools for expression in selected faba bean
accessions.
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2.0

LITERATURE REVIEW

2.1

Faba bean production

Faba bean (V. faba) is a leguminous grain crop belonging to the family Fabaceae and also called broad
bean, field bean or horse bean (Crepon et al., 2010). It is a diploid (2n = 12) outcrossing species with
a 13 Gigabase pair (Gbp) genome contained on six chromosomes with a high proportion of
transposable elements (Negruk, 2013; Cooper et al., 2017). It is adapted to diverse environments and
climates with highly variable plant architecture, leaf and seed characteristics (Maalouf et al., 2013).
Faba bean is native to Northern Africa and Southwest Asia (L’Hocine et al., 2020), grown for human
food and animal feed in both developing and industrialized nations. The world production of faba bean
has increased up to two-folds from 2,77 million tonnes in 1992 to 5,43 million tonnes in 2019, chiefly
due to widespread cultivation of the crop in all regions of the world (Figure 1). Based on FAOSTAT
(2020) data, China is the highest producer, followed by Ethiopia, United Kingdom, Australia, France
and Sudan (Figure 2). Even though the crop was introduced to many countries in Europe, the export
of dry faba bean grain is dominated by UK, Australia and France (L’Hocine et al., 2020).

Previously, Asia and Africa are significant leading producing areas, but total production from
European countries in the past 5 years is almost equivalent to that obtained in Africa while production
in America and Oceania remain low except in Australia. The upsurge in production in Europe is
primarily attributed to the need to supplement protein production in animal feed (De Visser et al.,
2014). Egypt, China, Iran, India, Pakistan, Syria and Iraq are the dominant import market for human
consumption of faba bean even though this is relatively small (300,000 tonnes/year)
(Gnanasambandam et al., 2012). Progress made with the broader knowledge of the biology, ecology,
agronomy and genetics of faba bean has translated to global average yield increase by more than twofold (1.92 tonnes/ha) in 2019 compared to 0.9 tonnes/ha obtained in the 1960s (Maalouf et al., 2013;
FAOSTAT, 2020).
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Figure 1:

World production of faba bean from 1992 to 2019 (Source: FAOSTAT, 2020)

Figure 2:

The main faba bean-producing countries in 2019 (Source: FAOSTAT, 2020)
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2.2

Nutritional and anti-nutritional properties of faba bean

Faba bean seeds differ in weight (0.2 to 2.6 g of dry matter), shape (round small-medium and flat
large), nutritional and anti-nutritional composition (Crepon et al., 2010). Large seeds are often
cultivated for human consumption, especially in western and southern European regions as fresh or
dry seeds while small-medium seeds are often grown for feeding animals or sometimes as human food
with wider range of cultivation (Crepon et al., 2010; Maalouf et al., 2018). Faba bean is a good dietary
source of fiber, protein, vitamins and minerals (Ofuya and Akhidue, 2005). Studies by Duc et al. (1999)
and Suvant et al. (2004) showed the crude protein (294 – 319 g/kg), starch (412 – 443 g/kg), crude
fiber (87 – 99 g/kg), carbohydrate (35 – 39 g/kg), fat (13 – 20 g/kg), lysine (19.5 – 20.3 g/kg),
methionine (2.6 – 2.7 g/kg), cysteine (3.6 – 3.9 g/kg) and tryptophan (2.7 g/kg) contents in faba bean.

The seeds of faba bean contain tannins in the seed coat as well as vicine and convicine in the
cotyledons, and these have been demonstrated in several studies to have anti-nutrient effects on
humans and animals (Grosjean et al., 2000; Suvant et al., 2004; Purves et al., 2017). In high-tannin
faba bean seed, condensed tannin and vicine + convicine contents were 6.6 g/kg and 8.3 g/kg
respectively while in low tannin cultivars, the corresponding figures were 0.1 g/kg and 7.6 g/kg
respectively (Duc et al., 1999; Suvant et al., 2004). Tannins impair nutrient digestion, hence,
interfering with the absorption of bioavailable substances that are beneficial to the body (Hendek and
Bektas, 2018). Vicine and convicine are toxic to those humans who have a genetic defect leading to
deficiency in erythrocyte-located glucose-6-phosphate dehydrogenase (Crepon et al., 2010). However,
breeding activities over the past 30 years have resulted in the development of faba bean low contents
of either tannins and or vicine + convicine with high protein digestibility and increased energy value,
important in human food and animal feed (Duc et al., 1997). The incorporation of faba bean in human
diet has been associated with reduced plasma LDL-cholesterol levels (Fruhbeck et al., 1997). Beside
anti-nutritional properties that have previously limited faba bean utilization, the crop shares
unfavourable nutritional quality (bean/grassy flavour and aroma) with other leguminous seeds.

2.3

Lipoxygenase

Lipoxygenase, a non-haem iron-containing dioxygenase class that catalyses hydroperoxidation of
polyunsaturated fatty acids (PUFAs), has been identified to be responsible for the release of
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undesirable beany and grassy off-flavour during and after the processing of faba bean and other legume
seeds (Loiseau et al., 2001; Roland et al., 2017). The unsaturated fatty acids are primarily linoleic and
linolenic acids which can be oxidised both enzymatically and non-enzymatically. Enzymatic offflavour formation occurs when hydroperoxides are produced by spontaneous auto-oxidation of
unsaturated fatty acids in the presence of atmospheric oxygen by free radical chain reactions (Roland
et al., 2017). Non-enzymatic production of off-flavours occur following amino acids and sugar heating
(Maillard reactions) by thermal degradation of phenolic acids, thermal and oxidative degradation of
carotenoids, thermal degradation of thiamine or solvent contamination after extraction (MacLeod et
al., 1988).

LOX-catalysed degradation of polyunsaturated fatty acids in legumes causes the release of undesirable
off-flavours. Initially, hydroperoxides released are further broken down into different LOX-derived
grassy, beany and green off-flavours compounds such as hexanal, 3-cis-hexenal, n-pentylfuran, 2(1pentenyl)furan, and ethyl vinyl ketone (Rackis et al., 1979; MacLeod et al., 1988). In addition,
MacLeod et al. (1988) reported that lipase enzyme hydrolyses lipids into oxidation-susceptible free
fatty acids, which contributes to off-flavour generation in legumes. Maccarrone et al. (1994) and
Baysal and Demirdoven (2007) classified LOXs into type 1, with pH in the alkaline region and specific
for oxidation of free fatty acids, and type 2, with pH close to neutral and causing co-oxidation of
carotenoids. Factors that influence off-flavour release in legumes include variable cultivar, crop year,
cropping location, storage condition i.e., presence of volatile and non-volatile compounds
(Malcolmson et al., 2014).

2.3.1

Structure of plant lipoxygenase

Lipoxygenase (LOX) is present in plants, animals, fungi and some cyanobacteria (Ivanov et al., 2010;
Garreta et al., 2013). It is used for lipid mobilization which play important role in the production of
energy by initiating lipid mediator biosynthesis pathways and the formation of growth regulatory and
pest resistance compounds (Skrzypczak-Jankun et al., 1997). The primary structures of plant
lipoxygenases are mono polypeptide chains, with high molecular weight (90 - 110 kDa) compared to
mammalian LOX (~ 75 kDa) (Skrzypczak-Jankun et al., 1997; Shi et al., 2020).
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LOX is made up of two distinct protein domains, the N-terminal that consists of a beta-barrel domain
(known as PLAT – Polycystin-1, Lipoxygenase, Alpha-Toxin), has a molecular weight of about 30
kDa and an unclear function, and the C-terminal that contains an iron catalytic domain and has a
molecular weight of about 65 kDa (Shi et al., 2020). The sequence of the C-terminal portion of plant
lipoxygenase enzyme overlaps with mammalian enzymes, sharing the same single nonheme iron atom
cofactor (Skrzypczak-Jankun et al., 1997). There is little variation in the molecular weight of many
plant lipoxygenases, for example, in dry pea seed (93 kDa) (Szymanowska et al., 2009), mung bean
(97 kDa) (Aanangi et al., 2016) and soybean (94 – 97 kDa) (Shi et al., 2020).

Using soybean LOX-1 as a model, the 853 amino acid residues is made up of 160 amino acid residues
of N-terminal domain and 693 amino acid residues of C-terminal domain composed of Fe3+ active site,
23 α helixes and 2 antiparallel β plates (Shi et al., 2020). The iron plays a redox role in the catalytic
mechanism (Funk et al., 1990). Water has been experimentally proven to be one ligand to iron in the
ferric, iron(III) form of LOX in soybean lipoxygenase-1 (GmLOX 1). The iron cofactor in GmLOX 1
is enveloped at the center and surrounded by three histidines, chain carboxyl C-terminal isoleucine and
asparagine which is about 45 to 50 amino acid long (Minor et al., 1996; Newcomer and Brash, 2015).

2.3.2

Catalytic property of plant lipoxygenase

In a plant cell, LOX catalyses the oxygenation of the carbon chain of C18 PUFAs (Nemchenko et al.,
2006). Based on their nomenclature (Figure 3), plant 9-LOX and 13-LOX oxygenate the 9-carbon and
13-carbon of linoleic (18:2) or α-linolenic (18:3) acids, respectively (Newcomer and Brash, 2015). The
mechanism for LOX catalysis is initiated when free radical hydrogen atoms leave linoleic or αlinolenic acids (substrates) and iron ions are reduced concurrently. Peroxide free radicals are formed
when the substrate free radicals are oxygenated, complemented by oxygen transformation into oxygen
free radicals. An enzyme-active form of LOX is finally formed when Fe2+ reduces peroxide free
radicals in LOX to form hydrogen peroxide and Fe3+ is formed via the oxidation of iron (Murphy,
2008). In the plant, the activity of lipoxygenase on isolated PUFA is highest for linoleic acid as lower
activities were obtained for α-linolenic, arachidonic acid and methyl linoleate while no activity was
detected for oleic acid (Skrzypczak-Jankun et al., 2009; Shi et al., 2020).
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Figure 3:

Lipoxygenase oxidation of PUFA to form 9- and 13-hydroperoxylinoleic acid (Adapted
from Loiseau et al., 2001). Red rectangles indicate the oxygenation of the 9th and 13th
carbon of linoleic acid that result in the formation of 9- and 13-hydroperoxylinoleic
acids, respectively.

2.3.3

Biological function of plant lipoxygenase

The expression of LOX gene occurs throughout the plant’s life (Shi et al., 2020). The multiple
biological function of LOXs has been identified in some plant physiological processes including seed
germination, growth and development, stem formation, nodule formation in legumes, plant response
to pathogen and abiotic stresses, wounding, fruit maturation and senescence (Todd et al., 1992; Farmer
and Ryan, 1992; Kato et al., 1993; Slusarenko, 1996; Mauch et al., 1997; Shi et al., 2020). In plants,
some LOX isoenzymes serve as vegetative storage protein (Loiseau et al., 2001). It is also found in
the legume seeds, associated with off-flavour generation and plays important role in their germination
though soybean seed lacking lipoxygenase have demonstrated no germination defects (Figure 4)
(Loiseau et al., 2001).

Lipoxygenase is crucial in the biosynthesis of prostaglandins, jasmonates, abscisic acid and traumatin
(Sheng et al., 2000; Shi et al., 2020). Lipoxygenase contributes to a plant’s vegetative growth, notably
cell elongation or degradation, by changing the composition of the cell membrane phospholipid
(Droillard et al., 1993). The enzymes are often located in the outer region of the organ where they play

13

a host defence role against biotic stress from pathogens, as demonstrated in pea roots against cyst
nematode (Leone et al., 2001; War et al., 2012). The expression of the LOX gene can be induced by
salicylic acid, chitin and potassium jasmonate, some of which are the component of LOX metabolic
pathway (Ruan et al., 2019) and activators of plant defense system against pathogens (Göbel et al.,
2001)

Figure 4.

LOXs have active roles in several processes during plant life (Adapted from Porta and
Rocha-Sosa, 2002). Emphasis is on the release of off-flavour in plant mediated by seedborne LOXs.

2.4

Legume seed lipoxygenase

Lipoxygenase have been postulated to be present in the seeds of most plant species (Loiseau et al.,
2001) even though they were popularly studied in cereals and legumes. Fourteen important legumes
were classified by Chang and McCurdy (1985) into three classes based on their in-vitro lipoxygenase
activity. Soybean, cowpea (Vigna unguiculata) and lentil (Lens culinaris) were classified as high-level
activity species; V. faba, pea (Pisum sativum L.), and five common bean (Phaseolus vulgaris) biotypes
(red kidney bean, black bean, navy bean, pinto bean and great northern bean) were classified as
medium-level activity species and mung bean (Phaseolus aureus), lima bean (Phaseolus lunatus) and
chickpea (Cicer arietinum) were classified as low-level activity species.

Seed LOXs in soybean represent 1-2% of the protein constituent and exists in three isoenzymatic forms
(LOX 1, LOX 2, LOX 3) (Kumar and Rani, 2019), each of which has a distinct isoelectric point (5.7
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to 6.4), substrate specificity, product formed and stability (Siedow, 1991). Soybean LOX-1 is a 94 kDa
(838 amino acids) isoform that has the highest activity at pH 9 and converts linoleic acid to a 13hydroperoxide compound. LOX-2 is a 97 kDa (865 amino acids) isoform characterized by maximum
activity at 6.8 and forms 9- and 13-hydroperoxide derivatives. LOX-3 is a 96.5 kDa (857 amino acids)
isoform, demonstrates broad activity around pH 7.0 and produces a 9- hydroperoxide compound
(Maccarrone et al., 1994; Skrzypczak-Jankun et al., 1997; Loiseau et al., 2001).

Pea contains two seed lipoxygenase isoforms, labelled LOX 2 and LOX 3 based on their sequence
similarity to soybean (Ealing and Casey, 1989), both with about 95 kDa molecular weight. Their
production in pea seed is approximately in equal proportion with continuous accumulation until the
late stages of embryogenesis (Domoney et al., 1990; Sanz et al., 1993; Loiseau et al., 2001). Sanz et
al. (1993), Hilbers et al. (1995) and Clemente et al. (2000) reported that chickpea, lentil, faba bean
and kidney bean contain two major lipoxygenases, one that converts linoleic acid to produce 13hydroperoxide (thus equivalent to LOX 3), and a second that converts linoleic acid to 9- and 13hydroperoxides and 9- and 13-ketodienes (thus equivalent to LOX 2).

The presence of LOX pathways and lipase activities (triacylglycerol acylhydrolase, EC 3.1.1.3)
associated with off-flavour production during processing have been reported in the seed of faba bean
(Oomah et al., 2014; Yang et al., 2017). Lampi et al. (2020) reported the apparent potential of LOX
to form volatile lipid oxidation in the LOX pathway in faba bean seeds. They further reported that pH
and the presence of free fatty acid (FFA) affect the profile of volatile lipid oxidation products in the
LOX pathway.

2.5

Lipoxygenase activity control

In legumes, several methods and technologies such as blanching, dry heating and steam employed for
controlling oxidation and temperature that activate LOX enzymes have not been successful for use in
food processing industries because of the development of new off-flavours and the modification of
protein functions (Roland et al., 2017). The use of soaking treatment, germination, solvent extraction,
fermentation, ultrafiltration, and enzymatic treatment have been reported in several studies to improve
legume flavour although they have also resulted in loss of soluble protein (Chango et al., 1995) and
insufficient lipid/off-flavour removal or prevention (Heng et al., 2004). Off-flavour protein isolates in
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faba bean and pea were minimized using isoelectric washing and defatting (Schultz et al. 1988). A
detailed report by Wang (2020) revealed that isoelectric washing reduced off-flavours in pea, but it
has both positive and negative effects on the chemical composition, protein functionality and protein
quality of the processed food product. However, Jiang et al. (2016) found that dry heating faba bean
for 1.5 minutes in the microwave resulted in successful reduction of LOX enzymatic activities,
enhanced milling properties and protein solubility preservation. Despite the promising potential of all
these treatments, they are quite expensive to adopt. This necessitates the use of genetic approach to
reduce or eliminate off-flavours in faba bean which has been successful in soybean and pea (Forster et
al., 1999, Reinprecht et al., 2011).

Based on the foregoing, genetic elimination of seed LOX in faba bean becomes necessary for
improving its acceptability by consumers and adoption for industrial purposes. Premised on the success
obtained for soybean and pea, the identification of seed LOX genes in faba bean will assist in breeding
and selecting varieties that lacks the potential of generating off-flavours or has significantly low offflavours. The alternative roles of LOX in physiological processes in plant have been extensively
studied and discussed in the previous sub-section. Nevertheless, studies have found that pea and
soybean with LOX free seeds have been able to optimally carry out all physiological functions without
defects (Hajika et al., 1992; Wang et al., 1999).

Seed LOX is primarily localized in the parenchyma cells (Wang et al., 1999) and in the epidermal cells
(Vernooy-Gerritsen et al., 1984) in soybean, for example. Thus, seed LOX serves more as storage
protein to support growth metabolism than the presumed involvement in the synthesis of jasmonic acid
during seedling development (Loiseau et al., 2001). Hence, the development of biological tools
(molecular markers) for the detection of LOX genes in faba bean seed for a simple genotyping assay
based on PCR and gel electrophoresis will assist in breeding seed LOX-free varieties in the future.

2.6

Bioinformatics

Over the past two decades, there has been a reduction in the price and an increase in the speed of
obtaining genomic information using next-generation sequencing (NGS). This has resulted in the
generation of high volume of Deoxyribonucleic acid (DNA) sequencing data and numerous genomic
projects (Chan et al., 2017). Gene annotation is a crucial step for genomic sequence after the genome
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assembly process (Chan et al., 2017) and it is necessary for downstream bioinformatics analyses and
for designing genomic tools for biological assays (Foissac et al., 2008). Bioinformatics is used to solve
molecular problems by integrating the knowledge of mathematics, statistics, computer science,
biochemistry, informatics and artificial intelligence (Qader and Al-Khafaji, 2014). The discovery of
protein-coding genes enables gene prediction (structure, function, behaviour and interaction) for better
understanding of biological mechanisms (Foissac et al., 2008; Qader and Al-Khafaji, 2014). Gene
finders employ computational tools such as (a) Neural Network (Ying et al., 1996), (b) Conditional
Random Field (De Caprio et al., 2007), (c) Support Vector Machine (Schweikert et al., 2009) and (d)
Hidden Markov Model (HMM) (Ter-Hovhannisyan et al., 2008) or some combination of these
(Cantarel et al., 2008), for predicting protein-coding genes. These programs are trained using known
or existing gene models, which could lead to a biased outcome (Goel et al., 2013; Seaver et al., 2014).
Nevertheless, HMMs program have been reported to be the most accurate gene finder (Foissac et al.,
2008).

Bioinformatics tools have been used in diverse plant species to annotate genes. This approach was
used to characterize and understand the structure and evolutionary history of the LOX gene family in
pear and 23 LOX genes were identified (Li et al., 2014). Chen et al. (2015) identified and characterized
20 putative LOX genes in the poplar genome. Song et al. (2016) used bioinformatics approach to
identify 122 LOX genes in seven legume genomes and establishing phylogenetic relationships. Zhu et
al. (2018) identified 11 LOX genes in tea, examined their phylogenetic relationships and carried out
comparisons with other plants. Ji et al. (2020) used bioinformatic tools to identify 11 lipoxygenase
genes in Tartary buckwheat, systematically predicted their gene structure, protein properties and
phylogenetic relationships among their family members.
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3.0

MATERIALS AND METHODS

3.1

LOX gene mining

LOX gene mining was initially carried out by using Exonerate on queries from Glycine max
(NP_001235189.1 lipoxygenase, VLXC KRH47066, LOX-1.1 KRH23266, LOX-1 KRH23267,
LOX-2 KRH23265 and LOX-3 KRH10050) and V. faba (CAA97845.1 lipoxygenase) lipoxygenase
proteins of different targets to identify similarities in the faba bean whole sequence based on the
Hedin/2 genome assembly in progress at the University of Helsinki, Finland. LOX genes (DNA) from
the Hedin/2 genome assembly and RNAseq sequences (cDNAs) were converted to amino acid
sequences using Expasy (https://web.expasy.org/translate/).The genes were inspected to confirm the
presence

of

Pfam

(PF00305)

LOX

domain

using

InterProScan

program

v.

83.0

(https://www.ebi.ac.uk/interpro/search/sequence/), Simple Modular Architecture Research Tool
(http://smart.embl-heidelberg.de/), Pfam v. 33.1 (https://pfam.xfam.org/search/sequence) and NCBI
conserved domain tool (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). Protein sequences
that lacked the PLAT (polycystin-1, lipoxygenase, alpha-toxin) or LH2 (lipoxygenase homolog)
domain were rejected. The length, weight and isoelectric point, instability index and Grand average of
hydropathicity (GRAVY) of the selected genes were calculated using the protoparam program
(https://web.expasy.org/protparam/) while DNA length was obtained using the molbiotools DNA
calculator (http://www.molbiotools.com/dnacalculator.html).

3.2

Seed LOX sequences in legumes and phylogenetic analysis

Position specific similarity search was carried out with PSI-BLAST program ("Position-Specific
Iterated BLAST") (https://www.ebi.ac.uk/Tools/sss/psiblast/) to find Glycine max (Gm) and Pisum
sativum (Ps) seed LOX sequences significant similar to the faba bean putative LOX genes in
UniPortKB/Swiss-Prot database in order to uncover evolutionary relationships.

The molecular evolutionary history of the putative LOX gene sequences of faba bean was examined
by investigating their phylogenetic relationships with other seed LOX genes in legumes. Seed LOX
amino acid sequences were downloaded for Soybean LOX 1 (P08170), LOX 2 (P09439), LOX 3
(P09186) and LOXX (P24095) along with Pea LOX 2(P13856) and LOX 3 (P09918) from EMBL-
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EBI Uniprot database v. 2020_6 (https://www.uniprot.org/). Seed LOX amino acid sequences were
also downloaded for 9S LOX Vigna radiata, LOX 3 V. unguiculata, LOX 1 Lens culinaris, LOX 3
Glycine soja, LOX 2 Lupinus angustifolius, LOX 2 Arachis hypogea, LOX 2 Arachis ipaensis, LOX
3 Cajanas cajan, 9S LOX Medicago truncatula, LOX 3 Cicer arietinum, LOX 3 Mucuna pruriens,
LOX 3 Abrus precatorius and LOX 3 Vigna unguiculata from the National Center for Biotechnology
Information (NCBI) database. Twenty-four seed LOX amino acid sequences were analyzed including
the six faba bean LOX genes. ClustalW program web tool (https://www.genome.jp/tools-bin/clustalw)
and MEGA-X software were used for phylogenetic analysis. Data obtained from ClustalW multiple
sequence alignment (MSA) was used to construct a phylogenetic tree using the neighbour-joining
method with 1000 bootstrap replications. The structures of the aligned genes were visualized using the
Constraint-based

multiple

alignment

tool

on

NCBI

(https://www.ncbi.nlm.nih.gov/tools/cobalt/cobalt.cgi) and GSDS 2.0 online tool (http://gsds.gaolab.org/).

3.3

Identification of conserved motifs and subcellular localization

The putative seed LOX genes were analysed for conserved motifs using MEME v 5.3.0 (http://memesuite.org/tools/meme) including seed LOX protein sequences from soybean (LOXs 1, 2, 3 and X) and
pea (LOXs 2 and 3). The web server of MEME was used to draw five motifs from the protein sequences
using minimum 6 and maximum 50 motif width, respectively. A 3D structure of the faba bean LOX
gene with complete sequence was modelled. This model was predicted using swiss model protein
structure homology-modelling server (https://www.expasy.org/resources/swiss-model) (Bienert et al.,
2017) and its secondary structural position was analysed based on the soybean LOX-3 model. The
subcellular localization of faba bean putative seed LOX genes were predicted using WoLF PSORT
program (https://wolfpsort.hgc.jp/), Cell-PLoc program (http://www.csbio.sjtu.edu.cn/bioinf/CellPLoc/) and SoftBerry (http://www.softberry.com/berry.phtml).

3.4

Primer design

Three primer sets were derived using Primer3 v. 4.1.0 (https://primer3.ut.ee/) and NCBI Primer-Blast
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/) based on the conserved region of Gene 1, 2 and 3
nucleotide sequences. The position of the primers is shown in Table 1. However, to have a larger
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coverage of the genes, the forward primer of gene 2 (5356(try123F)) and reverse primer
(5357(try123R)) of gene 3 was synthesized.

Table 1:

Primer sets from the faba bean seed LOX Genes 1, 2 and 3

Gene

Primer

Sequence (5’ => 3’)

Length

Start

GC%

1

Forward

AGAGGCTGATAGCTTTGGTCC

21

209

52.38

Reverse

GTCGCGATAGTGTGGAAGCA

20

446

55.00

Forward** TTGGTTGAACACTCACGCTG

20

341

50.00

Reverse

TACCCTCAGCATTGACCAGG

20

498

55.00

Forward

AAGAGGAATGGCGGTTGAGG

20

605

55.00

Reverse**

GGGAATGCCTCGGAAAGTCA

20

1346

55.00

2*

3

* In the synthesized primer, the 16th nucleotide (C in red) in the forward primer of Gene 2 was changed
to Y because of dissimilarity between the three genes when aligned (See Appendix 1).
** Gene 2 forward primer and Gene 3 reverse primer were synthesized as 5356(try123F) and
5357(try123R), respectively, and used in seed LOX gene amplification in faba bean lines.

3.5

Primer amplification in faba bean lines

DNA was extracted from seed samples of twelve lines of faba bean, namely Alexia, Aurora, Babylon,
Chinese line, Duc line, Fatima, Fuego, Hedin, ILB938, Link 2-1, Melodie and Misr. The master mix
of PCR reactions (50 µl) include 3 µl 10 x Dream Taq PCR buffer with Magnesium chloride (MgCl 2),
1.25 µl 5356(try123F) and 5357(try123R) primers, 1.0 µl 10 mM dNTP, 34.5 µl sterile water, 1.0 µl
Taq polymerase enzyme. 1 µl DNA was pipetted into labelled tubes including a negative control
(sterile water) and 49 µl of the PCR master mix was added to each sample. The samples were covered
and placed in the wells of the PCR machine. Amplification was initiated at 94°C for 2 minutes,
followed by 35 cycles of denaturing at 94°C for 30 seconds, primer annealing at 54°C for 30 seconds,
elongation time at 72°C for 1 minutes 30 seconds and termination time at 72°C for 5 minutes.

For the gel, 4.2g of agarose was mixed with 300 ml of 1 x TAE (40 mM Tris-acetate, 15 µl EDTA (10
mg/ml)) running buffer and dissolved by heating in a microwave for 2 min. After the solution had
cooled, 15 µl of ethidium bromide was added. The melted agarose was poured into the gel mold,
allowed to solidify for 10 minutes at room temperature, and transferred to a gel electrophoresis
apparatus. 20 µl of each sample were loaded into the wells along with 5 µl of 1kb Gene ladder. The
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apparatus was covered and connected to 80 V and 2250 mA of current for 2 hours 20 minutes. After
electrophoresis, the gel was exposed to UV light and pictures of the bands were taking using the gel
documentation system.

3.6

Plasmid cloning and sequencing

After gel electrophoresis, the remaining PCR products were purified using GeneJET PCR Purification
Kit (Thermo Scientific, Vantaa, Finland). A 3 µl sample of the amplicon of each line was cloned into
a mix of 1 µl of pGEM T Vector, 5 µl of 2 x ligation buffer and 1 µl of T4 DNA Ligase and left for
ligation for 1 hour 30 minutes. 3 µl of ligated sample was added to 30 µl of JM 109 cells and left on
ice for 30 minutes. Heat shock of 40 seconds at 42°C was used for transformation and the samples
were returned to the ice for 2 minutes, then 250 µl of SOC media was added and the bacteria were
grown at 37 ˚C in a shaking incubator for 30 minutes. 100 µl of the cell suspension was pipetted into
a dry LB/amp plate, spread uniformly and incubated at 37 ˚C overnight. A colony with white coloration
was suspended in 100 µl colony buffer. PCR amplification was carried following the PCR program in
the preceding section (modified for cycle number = 23) to confirm the presence of LOX gene insert
and amplification at the desired band size (1.2 kb). A Thermo Scientific miniprep kit (Thermo
Scientific, Vantaa, Finland) was used to produce plasmid DNA. Quantity and quality of DNA was
checked using nanodrop machine.

3.7

Analysis of faba bean seed for LOX DNA sequence

The DNA of the seed LOX genes of faba bean was sequenced by Eurofins Genomic, Germany. The
DNA sequences were cleaned of primer sequences of the promoters (SP6 and T7 of pGEM T Vector)
and T7 sequence was read from opposite end (as reverse complement strand using
https://www.bioinformatics.org/sms/rev_comp.html) of the cloned insert of SP6. The sequences were
trimmed at the 5’ and 3’ end to have a matching sequence length for all the faba bean lines. The
prepared sequences were subjected to MSA using the ClustalW program and visualized with GeneDoc.
Phylogenetic tree analysis was performed using the neighbour-joining method implemented in the
MEGA-X software for multiple substitutions and a 1000 bootstrap data set.
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4.0

RESULTS

4.1

Sequence identification and structural feature of putative faba bean seed LOX genes

The LOX genes in faba bean were identified using InterProScan and SMART (Pfam: PF00305) web
server against 66 gene sequences (twenty-three LOX DNAs and forty-three RNAseq sequences
(cDNAs)) obtained from the faba bean (Hedin/2) genome query. Six putative LOX genes that
contained the LOX and/or PLAT/LH domains were identified and retained (Figure 5a-f). Genes 1, 2,
3, 7 and 10 were from RNAseq while Gene 6 was from the Hedin/2 genome assembly. All the six seed
LOX genes except Gene 6 contained LOX domain 3, LOX 1 binding site and Linoleate 9SLipoxygenase-4. Only Genes 1, 6 and 7 contained a PLAT/LH2 domain and Lipase/Lipoxygenase
superfamily domain. Genes 1 and 7 combined lipoxygenase domain 3, PLAT/LH2, Lipase/Lipoxygenase
superfamily, Lipoxygenase superfamily, LOX 3 superfamily and Linoleate 9S-Lipoxygenase-4 domains. Gene

1 was a full-length sequence, showing no loss of conserved regions in the N- and C-terminal domains
(Table 2). In contrast, Genes 2 and 3 lacked the conserved region in the N-terminal domain, while
Genes 6, 7 and 10 lacked the conserved region in the C-terminal domain.
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(a)

23

(b)

24
(c)

25

(d)

26
(e)

27
(f)

Figure 3. (a), Gene 1; (b), Gene 2; (c), Gene 3; (d), Gene 6; (e), Gene 7; (f), Gene 10.
Important codes:

PF00305 (Pfam); PS51393 (LOX 3); IPR042057 (PLAT/LH2); SSF49723 (Lipase/Lipoxygenase superfamily); SSF48484
(Lipoxygenase superfamily); PS51393 (LOX 3); IPR027433 (LOX 3 superfamily); PS00081 (LOX 2 conserved site); PS00711
(LOX 1 binding site); PTHR11771:SF122 (Linoleate 9S-Lipoxygenase-4); PTHR11771:SF118 (Seed Linoleate 9S-Lipoxygenase4); SSF4923/G3DSA:2.060.60.20 (Lipase/Lipoxygenase superfamily)
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Table 2:

NCBI CD-Blast showing the completeness of the conserved domain (CD) in the faba bean putative genes

Gene

From

To

E-Value

Bit score

Accession

Short name

Incomplete

1

1

853

0.00

1392.10

cl33468

PLN02336 superfamily

-

2

1

436

0.00

861.80

cl37981

Lipoxygenase superfamily

N

3

1

436

0.00

849.85

cl37981

Lipoxygenase superfamily

N

6

1

183

0.00

56.23

cl33468

PLN02336 superfamily

C

7

1

404

0.00

562.38

cl33468

PLN02336 superfamily

C

10

1

272

0.00

453.48

cl37981

Lipoxygenase superfamily

C

Note: The incomplete column indicates whether there is any missing part of the amino acid sequence of the genes at either N- or C- terminus as compared
to the CD reference sequence. Sequence with more than 20% alignment omission of the CD is registered as incomplete.
Where -: indicates complete domain, N: incomplete at the N-terminus, C: incomplete at the C-terminus.
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4.2

Physical and chemical properties of faba bean LOX proteins

The open reading frames of the faba bean LOX (VfLOX) genes were between 624 bp in Gene 6 to
2559 bp in Gene 1 while their corresponding LOX proteins contained 272 – 853 amino acids (Table
3). The molecular weight ranged from 23.67 kDa in Gene 6 to 96.45 kDA in Gene 1. The theoretical
isoelectric points were 5.36 – 9.28. All the proteins had isoelectric points in the acidic range except
Genes 6 and 7 which were alkaline. Genes 6 (33.09) and 7 (30.71) recorded the lowest instability index
while Genes 2 (51.00) and 10 (52.99) recorded the highest instability index. All VfLOXs had negative
grand average of hydropathicity except Gene 6 (0.096).

Table 3:

Descriptive information about the putative LOXs in faba bean

Name

Protein
Length

ORF

Molecular

Theoretical

Instability

weight (kDa)

PI

index

GRAVY*

length
(bp)

Gene 1

853

96.45

6.93

45.83

-0.300

2559

Gene 2

453

51.85

5.74

51.64

-0.322

1359

Gene 3

453

51.52

5.58

44.64

-0.283

1494

Gene 6

208

23.67

9.28

33.09

0.096

624

Gene 7

481

55.13

9.27

30.71

-0.269

1217

Gene 10

272

31.10

5.36

52.99

-0.737

820

* GRAVY:

Grand average of hydropathicity

ORF:

Open Reading Frame

4.3

Protein position similarity search

Gene 1 demonstrated higher sequence identity and positivity with GmLOX 3 (73%, 85%) and PsLOX
3 (72%, 84%) than with other soybean and pea LOXs (Table 4). Genes 2 and 3 showed similarly high
sequence identity (73 – 75%) and positivity (84 – 86%) with GmLOX 3 and PsLOX, while Gene 7
showed slightly lower values. Gene 10 had nearly perfect sequence identity and positivity with PsLOX
3. In contrast, Gene 6 showed less than 60% position similarity with any of the soybean and pea LOXs.
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Table 4:

Position specific iterative sequence similarities between faba bean, soy (Gm) and pea
(Ps) seed LOXs

Vf LOX

Seed LOX Homologs

Identities (%) Positives (%)

E value

Gene 1

GmLOX 1 (13S)
GmLOX 2 (9S)
GmLOX 3 (9S)
GmLOX X (9S)
PsLOX 2 (9S)
PsLOX 3 (9S)
GmLOX 1 (13S)
GmLOX 2 (9S)
GmLOX 3 (9S)
GmLOX X (9S)
PsLOX 2 (9S)
PsLOX 3 (9S)

64
66
73
66
68
72
66
68
75
70
69
74

78
81
85
80
81
84
83
84
86
83
83
86

0
0
0
0
0
0
0
0
0
0
0
0

GmLOX 1 (13S)
GmLOX 2 (9S)
GmLOX 3 (9S)
GmLOX X (9S)

66
68
75
69

82
84
85
84

0
0
0
0

PsLOX 2 (9S)
PsLOX 3 (9S)
GmLOX 1 (13S)
GmLOX 2 (9S)
GmLOX 3 (9S)
PsLOX 2 (9S)
PsLOX 3 (9S)
GmLOX 1 (13S)
GmLOX 2 (9S)
GmLOX 3 (9S)
GmLOX X (9S)
PsLOX 2 (9S)
PsLOX 3 (9S)
GmLOX 1 (13S)
GmLOX 2 (9S)
GmLOX 3 (9S)
GmLOX X (9S)
PsLOX 2 (9S)
PsLOX 3 (9S)

68
73
56
39
36
42
49
62
63
70
62
65
69
63
71
86
67
71
96

84
85
65
48
48
51
64
72
75
82
76
79
81
78
84
94
82
84
99

0
0
5.0E-14
3.0E-20
9.0E-16
7.0E-26
4.0E-11
2.0E-16
3.0E-17
0
3.0E-17
4.0E-18
0
2.0E-12
1.0E-13
2.0E-17
8.0E-13
1.0E-13
0

Gene 2

Gene 3

Gene 6

Gene 7

Gene 10
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4.4

Phylogenetic analysis and structure of aligned genes

Phylogenetic analysis (Figure 6) revealed that 18 of the seed LOXs were characterised as 9S protein
type and 6 (Soy LOX 1, Soy LOX 2, LOX 2 A. hypogea, LOX 2 A. ipaensis, LOX 2 pea and VfLOX
Gene 6) as 13S or 9/13S protein type. Hence, the LOX gene are divided primarily into LOX 2 and
LOX 3 groups with at least 50% bootstrap support, made up of 6 sub-groups. LOX 3 of G. soja, G.
max, V. unguiculata, C. cajan, M. pruriens, A. precatorius, C. arietinum and P. sativum clustered with
VfLOX Gene 10 in the first sub-group while 9S-LOX M. truncatula and LOX 1 L. culinaris were
closely aligned with VfLOX 1, 2, 3 and 7 in the second sub-group. This indicates that most of the faba
bean lipoxygenase genes belong to LOX 3. Sub-group three consisted of LOXX G. max, 9S-LOX V.
radiata and LOX 2 L. angustifolius while VfLOX Gene 4 was alone in sub-group four. LOX 2 A.
ipaensis and LOX 2 A. hypogea clustered in sub-group five while LOX 2 P. sativum, LOX 1 G. max
and LOX 2 G. max clustered in sub-group six.

GSDS analysis (Figure 7) showed that Gene 6 had two UTRs and two exons. The conserved position
of Gene 2 after MSA introduced two gaps into Genes 1 and 7. Genes 1, 2, 3, 7 and 10 did not contain
any introns. Genes 1, 2, 3, 7 and 10 are derived from cDNAs which explains why they do not contain
introns. From this result, it is possible that a full-length LOX gene is fragmented into Genes 7 and 2
or 3 because MSA showed identical sequences between them (Appendix 2).
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Figure 6:

Phylogenetic analysis of seed LOX genes in legume (Red circles: VfLOX genes)

Figure 7:

Full-length gene structure of Putative LOX genes in faba bean
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4.5

Identification of conserved motifs

Five conserved motifs were identified, most of which were shared with the soybean and pea LOXs
(Figure 8). Motifs 1, 2 and 3 are in the C- terminus of the genes while Motifs 4 and 5 are conserved
on the N-terminus of the genes. Motif 1 is 50 amino acid residues long and includes five histidine
residues [His-(X)4-His-(X)4-His-(X)17-His-(X)8-His] from position 7 to position 44 on the motif in
VfLOX Genes 1, 2 and 3. Motifs 2 and 3 are also made up of 50 amino acid residues found in VfLOX
Genes 1, 2 and 3 and shared with soybean and pea LOXs. Motif 4, made up of 42 amino acid residues,
was found in VfLOX Genes 1, 6 and 7 while Motif 5, of 50 amino acid residues, was found in VfLOX
Genes 1, 7 and 10.

The three-dimensional structure of VfLOX Gene 1 was modelled since it was the only gene with a
complete amino acid sequence that was similar to that found in soybean and pea LOX genes. The
predicted structure showed the N-terminal domain forming a β-barrel (residues 1-151 aa) and the Cterminal domain (residues 152-853 aa) forming a bundle of helices (Figure 9). It contains Fe II with 5
amino acid residues within 4Å and 3,4-Dihyroxybenzoic acid ligands with 12 amino acid residues
within 4Å. The predicted structure of VfLOX Gene 1 showed much closer structural similarity to
GmLOX 3 than to GmLOX 2. MSA of VfLOX Genes 1, 2 and 3 with GmLOXs 1, 2 and 3 and PsLOX
1 and 2 showed that VfLOX Gene 1 contained the five conserved amino acid residues essential for
iron binding (Appendix 3) at positions H.513, H.518, H.704, N.708 and I.853.

The predicted subcellular localization of Genes 1, 7 and 10 was the cytoplasm, while Genes 2 and 3
were predicted to be localized in the cytoplasm and chloroplast and Gene 6 was in the cytoplasm,
chloroplast and peroxisome (Table 5).
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(a.)
Motif 1

Motif 2

Motif 3

Motif 4

Motif 5

(b.)

Legend

Motif 1

Motif 2

Motif 3

Motif 4

Motif 5

Figure 8:

(a.) Motifs 1, 2, 3, 4 and 5 showing the conserved amino acids between faba bean (Gene
1, 2, 3, 6, 7 and 10), Soybean (LOX1, LOX2, LOX3 and LOXX) and Pea (LOX2 and
LOX3) and (b.) the location of the discovered motifs on the genes

Note:

Red triangles denote histidine residues [His-(X)4-His-(X)4-His-(X)17-His-(X)8-His]
from position 7 to position 44 in Motif 1
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Figure 9:

Ribbon diagram of the three-dimensional structure of the putative faba bean seed LOX
Gene 1: (a.) the conserved β-Barrel structure (Blue) and C-terminus domain (Red) (b.)
Iron-binding site (red and white) with 5 amino acid residues with 4Å and 3,4Dihyroxybenzoic acid ligand (tiny purple balls) with 12 amino acid residues with 4Å.

Table 5: Subcellular localization of putative seed LOX genes in faba bean
Gene

WoLF PSort

Cell-PLoc

SoftBerry

Decision

1

Cy

Cy

Cy

Cy

2

Cy

Ch

Cy/Ch

Cy

3

Cy

Ch

Cy/Ch

Cy

6

Ch

Cy/Ch

Cy

Ch

7

Cy

Cy

Cy

Cy

10

N

Cy

Cy

Cy

Key:

Ch – Chloroplast; Cy – Cytoplasm; N – Nucleus

4.6

Gene amplification

Primers that covered about 1.2 kb were designed, based on the conserved region of Genes 1, 2 and 3.
Gel electrophoresis (Figure 10) showed the PCR amplification of the faba bean seed LOX genes were
obtained with the expected sizes (~ 1.2 kb) for all twelve lines. The amplification intensity varied
among the lines.
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Figure 10:

4.7

Gel electrophoresis image showing seed LOX gene amplification in faba bean lines (~
1.2 kb)

Phylogenetic analysis of selected faba bean lines seed LOX

DNA sequence length obtained for the Faba bean lines differed; Alexia (144 bp), Aurora (1239 bp),
Babylon (567 bp), Chineseline (1187 bp), Ducline (1104 bp), Fatima (1159 bp), Fuego (1156 bp),
Hedin (1197 bp), ILB938 (1142 bp), Link2-1 (1199 bp), Melodie (1187 bp) and Misr (1246 bp). Alexia
and Babylon DNA sequences were excluded from further analysis because their sequences were
apparently incomplete. The remaining sequences were converted to amino acids and subjected to MSA
(Appendix 4) to elucidate the phylogenetic relationships (Figure 11), identify conserved motifs (Figure
12) and determine their subcellular localization (Table 6).

The tree showed that the lines fell into two major groups, group 1 including Chinese line, Duc line,
Hedin, ILB938, Link2-1 and Melodie and Misr, and group 2 including Aurora, Duc line, Fatima and
Fuego. ILB938 and are closely related to each other but shared recently common ancestors with
Melodie and Misr. Chinese line and Hedin were closely related to each other but shared recent common
ancestors with Link2-1. Aurora was not directly grouped with any line but was the most closely related
to Fatima and Fuego, which in turn diverged from the other lines but were grouped closely together.
Five motifs of about 41 to 50 aa were shared between the faba bean lines. Motifs 1 and 2 are highly
conserved in all the lines while motifs 3 and 4 were similarly shared by all the lines except Fatima.
Aurora, Fatima and Fuego did not share Motif 5. Fatima and Melodie LOX were predicted to be
localized in the chloroplast/cytoplasm and plasma membrane, respectively; Chinese line, Hedin and
Misr LOX were predicted to be in the cytoplasm; ILB938, Link2-1, Duc line LOX were predicted to
be in the chloroplast while the predicted subcellular location of Aurora and Fuego LOX were not
clearly defined.
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Figure 11:

Phylogenetic tree analysis of faba bean lines seed LOX
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(a.)

(b.)

Legend

1

2

3

4

5

Motif 1

Motif 2

Motif 3

Motif 4

Motif 5

Figure 12:

(a.) Motif 1, 2, 3, 4 and 5 showing the conserved amino acids between the ten faba bean
lines seed LOX and (b.) the location of the discovered motifs on the genes
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Table 6: Subcellular localization of faba bean lines seed LOX
Lines

WoLF PSort

Cell-PLoc

SoftBerry

Decision

Melodie

Ch/Cy

Ch

Cy

Ch/Cy

Hedin

Cy

Ch

Cy

Cy

ILB938

Ch

Ch

Ch

Ch

Aurora

E/Ch

Ch

Cy

*

Fuego

Ch

Ch/N

Cy

*

Misr

Cy

Ch

Cy

Cy

Link2-1

Ch

Ch

Ch

Ch

Ducline

Ch

Ch

Cy

Ch

Chineseline

Cy

Ch

Cy

Cy

Fatima

Pm

Ch

Cy

*

Key:

Pl – Plasma membrane; Ch – Chloroplast; Cy – Cytoplasm; E – Extracellular; N – Nucleus
* - Not clearly predicted.
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5.0

DISCUSSION

Characteristic off-flavours generation has been reported during and after the processing of faba bean
seeds, therefore, this study was carried out to identify the seed-borne LOX genes regulating this trait
and design a biological tool using bioinformatics approach. Seed-borne LOX genes associated with
the generation of off-flavours have been well elucidated in soybean and pea. Using HMM algorithm
in SMART Pfam and InterPro, six putative faba bean seed LOX and/or PLAT/LH-domain containing
genes were identified. Physical and chemical properties, protein position similarity search,
phylogenetic analysis, structural analysis, motif identification, and prediction of subcellular
localization were carried out on these genes.

The six putative faba bean LOX genes identified differed in their protein length, theoretical PI,
instability index, hydropathicity, amino acid sequences, and ORF length of the nucleotide sequences.
This suggests that there are differences in biological and functional diversification as well as
expression patterns of the seed borne LOXs in faba bean. Similar findings in soybean were reported
by Dubbs and Grimes (2000) and Porta and Rocha-Sosa (2002), suggesting that differences in the
function of various lipoxygenase isoenzymes arise from differences in their optimal pH, substrate
specificity, and subcellular localization. VfLOX Gene 1 (853 aa) is the only full-length gene identified
and has an amino acid sequence length similar to that found in soybean seed LOXs 1, 2, and 3 (838 to
865 aa) and pea seed LOX 2 and 3 (861 – 864 aa). This VfLOX has an isoelectric point of pH 6.93,
which is very close to the pH 7.0 reported for soybean seed LOX 3 (Skrzypczak-Jankun et al., 1997).
The molecular weight of VfLOX Gene 1 (96.5 kDa) falls within the range reported in soybean and pea
seed LOXs (94 – 97 kDa) (Sanz et al., 1993; Skrzypczak-Jankun et al., 1997; Loiseau et al., 2001).
VfLOX Gene 2 and 3 lacked the N-terminus LOX domain and VfLOX Gene 6, 7, and 10 lacked the
C-terminus LOX domains, which possibly explains why their isoelectric points were extreme. Chen et
al. (2015) also reported that in poplar, LOX protein isoelectric properties vary, and that this variation
indicates the difference in individual LOX ionic strength, pH, and optimal performance in the presence
of a reducing agent.

Phylogenetic analysis showed the evolutionary relationship between the VfLOX genes and different
legume seed lipoxygenases. VfLOX Genes 1, 2, 3, and 7 were highly related to 9S-LOX of M.
truncatulata and LOX 1 of L. culinaris while VfLOX Genes 6 and 10 were closely related to LOX 2
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of pea and LOX 3 of pea, respectively. Evolutionary divergence in the gene phylogenetic tree may
indicate functional role differences and genes sharing the same cluster may share common functions
(Zhu et al., 2018). As earlier discussed, plant lipoxygenases are divided into 9-LOX or 13-LOX
subfamilies (Brash, 1999), and VfLOX Genes 1, 2, 3, 7, and 10 were grouped with the 9S-lipoxygenase
type while VfLOX Gene 6 was grouped with the 13S-lipoxygenase type. This suggests that all the
identified putative seed lipoxygenase genes in faba bean should be 9S-lipoxygenases except VfLOX
Gene 6. Based on their sequence characteristics and evolutionary relationship with other LOXs,
VfLOX Gene 6 demonstrates the characteristics of LOX 2, and VfLOX Genes 1, 2,3, 7, and 10 have
the characteristics of LOX 3. MSA revealed a 6-amino acid sequence similarity between VfLOX Gene
7 from the N-terminus and VfLOX Genes 2 and 3 from the C-terminus suggesting that this could be
another VfLOX gene or a variant of VfLOX Gene 1. This is further supported by the fact that VfLOX
Gene 1 differed slightly by 2 amino acids in this region. The fragmentation of the gene during RNAseq
could be the probable reason for this observation.

When the intron/exon structure was examined, similarity was found in the shared exon/intron structure
for all the identified genes. Only VfLOX Gene 6 showed the presence of UTR in each of its open
reading frames. VfLOX Genes 1, 2, 3, 7 and 10 harbour no introns which is expected because the
sequence analysed were cDNAs. Lack of introns was also reported in poplar LOX5 by Chen et al.
(2015). Takashima et al. (2011) stated that the absence of introns in a gene might be because of recent
intron acquisition.

N-terminal PLAT domain (Pfam01477) and C-terminal lipoxygenase domain (Pfam00305) are the two
lipoxygenase domains present in plants (Shin et al., 2012). In this study, only VfLOX Gene 1 of the
six putative faba bean seed LOX genes contained both plant lipoxygenase domains. Swissport
modelling based on GmLOX3 showed that VfLOX Gene 1 conformed to the same tertiary protein
structure. His 499 and His 504 in LOX 1 in soybean are primarily required for lipoxygenase activity
(Weaver, 2000) while His 532 in LOX 2 corresponds to His 504 in LOX 1 and His 518 in LOX 3 due
to variable amino acid sequence length. The corresponding histidines were at H513 and H518 in
VfLOX Gene 1, thus being slightly different from soybean LOX 1 and LOX 2 and closely related to
soybean LOX 3.
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In this study, the lipoxygenase domain located within the C-terminal binding domain was more
conserved than other parts of the faba bean seed LOX sequences. The sequence of the N-terminal
region was variable and less conserved in terms of length and amino acid composition. Similar results
were reported by Schneider et al. (2007) and Liu et al. (2011) in cucumber. The closely related genes
had common motif composition, which suggests similarities in functionality among the lipoxygenase
proteins.

A set of key residues (H513, H518, H704, N708, I853), found in three of the putative faba bean seed
lipoxygenase genes (VfLOX Genes 1, 2, and 3), aligns with a set that has been found in the primary
structure of the soybean LOX 1 and LOX 2 isozymes (Shibata et al., 1987, 1988). The histidine
residues (His499, His504, His690, Asn694, and Ile839 in soy) are essential for iron-binding and the
isoleucine as the C-terminal amino acid act as a monodentate ligand (Steczko et al., 1992; Minor et
al., 1993). Motif 1 of the VfLOX genes was similar to a highly conserved motif in lipoxygenase genes
of cucumber (Zhang et al., 2006; Liu et al., 2011) and poplar (Chen et al., 2015). This region plays an
important role in enzymatic activities and substitution of any of the residues will alter enzyme function.
This suggests that this region can be targeted during studies for functional differentiation within faba
bean lines. It was reported by Chen et al. (2015) that genes that share common motif composition
possess similarities in functional properties while the opposite is true for genes with divergent motif
compositions.

Lipoxygenase is predominantly found in the cytosol (Siedow, 1991) of plants, but non-cytosolic
lipoxygenase has been reportedly located in the nodule and root of faba bean (Porta and Rocha-Sosa,
2002). The subcellular localization of the faba bean seed lipoxygenase proteins was predicted to be
primarily in the cytoplasm and chloroplast. As earlier elucidated, all the genes are 9S-LOX type and
primarily located in the cytoplasm, except the 13S-LOX type VfLOX Gene 6 which was predicted to
be localized in the chloroplast. Similar Shaban et al. (2018) predicted that in cotton, all the 13-LOX
type II genes encode chloroplast proteins, while most 9-LOX and 13-LOX type I proteins are
preferentially localized in the cytoplasm.

When a primer pair was synthesized and used in the amplification of the VfLOX Gene 1, all tested
lines showed amplification of a band about 1.2 kb in size, showing that the marker is effective in
determining the presence/absence of the seed LOX gene in a diverse range of germplasm. This could
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be a useful tool in the search of line(s) that have null-allelic seed-borne LOX genes or low LOX gene
activity. In retrospect, low-LOX genotypes have been developed in soybean (Hajika et al. 1992) and
pea (Casey et al. 1998) with the aid of molecular markers. Further analysis showed phylogenetic
diversity in the amplified LOX genes sequenced from different faba bean lines. Duc line, ILB938,
Link2-1, and Melodie are closely related phylogenetically, shared the same motif composition and are
subcellularly predicted to be localized in the chloroplast. Similarly, though Melodie grouped quite
distantly from Chineseline, Hedin, and Misr, it also shared the predicted subcellular localization in the
cytoplasm. This indicates that the lines are somewhat grouped by their protein structure and similarities
as similarly reported in several studies (Chen et al., 2015; Shaban et al., 2018). Based on their predicted
subcellular localization, it is suggested that all lines with chloroplast localized LOX proteins contain
13S-LOX genes while cytoplasmic localized LOX proteins contain 9S-LOX and 13S-LOX genes. The
catalytic function and hydroperoxide substrate acquisition of lipoxygenase isoforms influence their
activities and subcellular localization. Though all the faba bean lines shared highly similar LOX
protein sequences at the C-terminus region, the N-terminus plays important role in fatty acid-binding
and oxygenation that produces hydroperoxides (Newcomer and Brash, 2015). The N-terminus region
differs greatly among the faba bean lines and this could explain the variation in the predicted
subcellular location of the LOX genes in faba bean lines obtained in this study. Thus, full-length
sequencing of the VfLOX gene for all the lines is necessary to have better insight into their structural
basis and functionalities.
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6.0

CONCLUSION

A bioinformatic approach was employed to identify seed-borne LOX genes in faba bean and to design
tools using molecular techniques to find change in gene sequence in different lines. In this study, six
putative seed LOX genes containing either or both Lipoxygenase and PLAT/LH Pfam domains were
identified from the faba bean (Hedin/2) genome sequence. All the VfLOX genes identified fell into
9S-LOX gene type except Gene 6 which was grouped with 13-S LOX gene type. Also, all the VfLOX
genes exhibited strong physical and chemical similarity with soybean seed LOX 3 except Gene 6. Only
VfLOX Gene 1 is a full-length gene (i.e. contain both N-terminus and C-terminus region) and it is
tentatively named VfLOX 3. However, VfLOX Genes 7 and 2 or 3 seemed to be a fragment of another
VfLOX gene or a variant of VfLOX 3 because they showed sequence similarity in the middle after
MSA. Furthermore, sequence variation was found when VfLOX 3 was amplified in twelve faba bean
lines of diverse origins. What remains to be evident is the reason for the observed differences in the
predicted subcellular localization of the LOX gene in the faba bean lines. This could be due to the
insufficiency of the amplified region of the LOX gene (largely lacking the N-terminus region) to give
accurate information about the gene’s catalytic activities and structural basis in the faba bean lines.
Finally, a molecular tool has been developed in this study which can be used in the future for breeding
faba bean with null-allelic seed-borne LOX genes or low seed LOX gene activities.
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9.0

APPENDICES

Appendix 1:

Marker position on Genes 1, 2, and 3 based on sequence length spanning from Motifs
1 to 3. The forward (F) and Reverse (R) for Genes 1, 2, and 3 are highlighted in red,
green, and blue respectively.
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Appendix 2:

Multiple sequence alignments showing sequence similarities (Red box) between Genes
7 and 2 or 3 as a possible fragment of a full-length VfLOX gene.

Appendix 3:

Multiple sequence alignments of three faba bean seed LOXs (VF_LOX_Gene 1, 2, and
3) and Soybean (LOX1, LOX2, LOX3, and LOXX) and Pea (LOX2 and LOX3)
proteins. The red rectangular box indicates a conserved amino acid sequence proposed
to be essential for iron-binding (His499, His504, His690, Asn694, and Ile839).
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Appendix 4:

Multiple sequence alignments of seed LOX sequences in faba bean lines
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