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Abstract: Grass pea (Lathyrus sativus L.) is a protein-rich crop that is resilient to various abiotic stresses, 
including drought. However, it is not cultivated widely for human consumption due to the neurotoxin β-N-
oxalyl-L-α, β-diaminopropionic acid (β-ODAP), and its association with neurolathyrism. Though some varieties 
with low β-ODAP have been developed through classical breeding, the β-ODAP content is increasing due to 
genotype x environment interactions. This review covers grass pea nutritional quality, β-ODAP biosynthesis, 
mechanism of paralysis, traditional ways to reduce β-ODAP, candidate genes for boosting sulfur-containing 
amino acids, and the potential and targets of gene editing to reduce β-ODAP content. Recently, two key 
enzymes (β-ODAP synthase and β-cyanoalanine synthase) have been identified in the biosynthetic pathway of 
β-ODAP. We proposed four strategies through which the genes encoding these enzymes can be targeted and 
suppressed using CRISPR/Cas9 gene editing. Compared to its homology in Medicago truncatula, the grass pea 
β-ODAP synthase gene sequence and β-cyanoalanine synthase showed 62.9% and 95% similarity, respectively. 
The β-ODAP synthase converts the final intermediate L-DAPA into toxic β-ODAP whist β-cyanoalanine 
synthase converts O-Acetylserine into β-isoxazolin-5-on-2-yl-alanine. Since grass pea is low in methionine and 
cysteine amino acids, improvement of these amino acids is also needed to boost its protein content. 
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1. Background 

Grass pea (Lathyrus sativus L.) is a legume crop that belongs to the Fabaceae family. It has high 
adaptability and tolerance to abiotic stresses such as drought, salinity, and poor soil [1–3]. It is 
cultivated in various areas of the world, including Eastern Africa, Eurasia, North America, and South 
America, for both animal feed and human consumption [4]. It requires an average annual rainfall 
between 300 and 1500 mm [5]. In South Asia and in East Africa, grass pea is cultivated on a total of 
1.5 million ha of land with an annual production of 1.2 million tons [6]. However, this figure might 
have increased recently as its popularity is increasing in developing countries [7] for its tolerance to 
severe drought. 

The grass pea is a diploid plant species with 2n=2x=14 chromosomes [8]. In addition to abiotic 
factors, it is also resistant to several biotic stresses such as insects and diseases and has high protein 
content for human and animal feed [9]. Furthermore, grass pea is superior in yield and nitrogen 
fixation compared to other legume crops such as beans, peas, and chickpeas [10]. It has immense 
potential to be expanded to dry and drought-prone areas with increased salinity or an increased 
tendency to suffer from biotic stresses [11]. Due to its inherent tolerance to harsh weather conditions, 
some researchers consider grass pea a survival food in drought times [12] that has saved thousands 
of lives during droughts in Ethiopia, India, Bangladesh, China, and other developing countries [1]. 
Though not as commonly cultivated as other crops, grass pea production is increasing, especially in 
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developing countries and drought-affected areas among which Ethiopia, India, and Bangladesh are 
major producers [7]. In Ethiopia, grass pea became a crop of choice as an off-season crop because of 
its higher tolerance to adverse environmental conditions, like drought, soil infertility, and 
waterlogging [13], and more recently due to severe and devastating common bean diseases such as 
anthracnose, rust, bacterial blight and halo blight that cause 100%, 85%, 62%, and 45% yield losses, 
respectively [14]. 

Crops like grass pea that tolerate both abiotic and biotic stress are much needed for global 
agriculture to ensure nutritional security in the face of climate change [15]. Despite having great 
economic and nutritional values, grass pea has a major drawback. It contains a major 
neurotoxic anti-nutritional compound known as β-N-oxalyl-L-α, β di-amino propionic acid 
(β-ODAP) that causes leg paralysis, that is irreversible spastic paraparesis of the lower limbs in 
humans [2,16,17]. Studies indicated that grass pea cultivation is limited to certain countries mainly 
due to the concerns of β- ODAP toxicity [18,19], which hinders its large-scale cultivation and 
utilization for nutritional purposes. Hence, developing grass pea varieties with low seed anti-
nutritional factors but with high seed protein content would be used for human 
consumption and nutritional choice. Therefore, reducing β-ODAP content in seeds of this 
crop becomes pertinent to ensure that it continues to provide food and nutritional security 
to low-income communities [2,20]. 

Since the discovery of neuro-excitatory amino acid β-ODAP [21], several screening 
strategies have been employed to select grass pea varieties with low β-ODAP.  However, 
β-ODAP toxicity is still common problem in developing countries due to the absence of 
varieties that are free from unwanted toxic substances. Advances in molecular genetics have 
shed light on some key enzymes of the β-ODAP biosynthetic pathway [22,23], opening new 
avenues for targeted knockout of key genes to eliminate this toxin. In this review, classical 
approaches used to reduce the biosynthesis of β-ODAP and its level, mechanism of action, and 
toxicity to humans, as well as permanent and more specific biotechnological approaches that can 
be applied to reduce or eliminate the β-ODAP are reviewed.  

2. Nutritional Benefits and Side Effects of the Grass Pea  

Grass pea is a valuable source of protein for low-income families, contributing to their daily diets 
and ensuring balanced nutrition. Research has shown that grass pea has great potential as a food 
crop, providing not only protein but also essential micronutrients for both humans and animals [24]. 
The protein found in grass pea contains 17 out of the 20 amino acids, with a particularly high lysine 
content [18,20]. In fact, its protein content ranges from 28% to 49%, surpassing other legumes like 
chickpeas, peas, faba beans, lupine, and kidney beans [20,25]. Additionally, grass pea seeds are rich 
in carbohydrates, with up to a content of 58% reported [25]. 

Grass pea-based dishes are not only nutritious but also delicious, making them popular in 
various regions including Europe, Africa, and Asia [2]. In Ethiopia, for example, grass pea is prepared 
in different ways, such as boiling the whole seeds (nifro), roasting them (kollo), using them in 
traditional sauces (shiro wot and kik wot), or consuming the green unripe seeds as a snack (eshet) by 
cattle keepers [16]. However, it is important to note that like other legumes, grass pea seeds have a 
low level of methionine, which is crucial for human nutrition and brain function [26]. Despite this 
limitation, the nutritional benefits and versatility of grass pea make it a valuable addition to the diets 
of low-income families, providing them with much-needed protein and essential nutrients. 

Conversely, the grass pea seed harbors a distinctive non-protein amino acid called L-
homoarginine (hArg) [27]. Studies have demonstrated that hArg is utilized to diminish the 
production of nitric oxide and plays a pivotal role in the management of cardiovascular ailments, as 
well as the inhibition of tissue-nonspecific alkaline phosphatase (TNAP), an enzyme that fosters 
vascular calcification [2,28,29]. Consequently, hArg serves as an endogenous safeguard for 
cardiovascular and metabolic factors [30]. A recent investigation also revealed that hArg 
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supplementation prevents the enlargement of the left ventricle and preserves systolic function in a 
model of coronary artery disease [29]. Moreover, hArg is implicated in curtailing the expansion of 
cancerous tumors [31]. The concentration of hArg in human plasma is approximately 1 to 2 μmol/L 
[32], and it is believed to be synthesized from arginine and L-lysine by the mitochondrial enzyme 
argiFfigure 2nine: glycine amidino transferase [33]. Therefore, grass pea exhibits potential as an 
exceptional functional food ingredient [34], provided that its antinutritional factor is minimized. 

The presence of β-ODAP in grass pea seeds has limited its consumption since high 
consumption may initiates the development of neurolathyrism, a disease that results in degeneration 
of pyramidal-tract neurons in the spinal cord [35] and legs cortex [36]. The neurodegenerative process 
results in a spastic paraparesis of the legs without affecting sensory systems [37]. Such a problem can 
be observed in communities where the consumption of unprocessed grass pea is common. For 
instance, over 2000 people were affected in Ethiopia in a single village in 1996 [38,39]. The incidence 
of paralysis mostly occurs during drought season when younger people eat the green ripe seeds on 
their way to school or when they are watching cattle. Early studies showed that neurolathyrism was 
caused by the long-term overconsumption of grass pea seeds, containing up to 1% of β-ODAP in the 
seeds [21]. 

According to a study conducted by Grima et al [40], farmers in Ethiopia hold the belief that the 
consumption of unripe grass pea seeds, particularly when combined with milk and milk products, 
can potentially worsen the occurrence of paralysis. The study aimed to explore the perceptions of 
farmers regarding the consumption and toxicity of grass pea, and the findings indicated that farmers 
in the study area perceive a higher risk of toxicity when consuming grass pea ‘kita’ (softened bread) 
or porridge with milk, butter, or oil. However, Hoque et al [41] reached a different conclusion, 
suggesting that the addition of milk can effectively reduce the toxicity of β-ODAP in grass pea. 
Nevertheless, further laboratory-based investigations are necessary to validate these claims. 
Moreover, Ethiopian farmers who have family members affected by β-ODAP toxicity propose that 
sleeping on grass pea straw overnight during the harvesting process could potentially contribute to 
paralysis. Additionally, farmers associate lathyrism with exposure to vapors emitted from cooking 
of grass pea or when harvesting on a cloudy day [42]. 

The grass pea toxin exists in α and β isomers [43]. The β-isomer accounts for 99% of the ODAP 
content and the α isomers are non-toxic [22]. The presence of β-ODAP in seeds as free amino acid 
especially in drought-tolerant lines is believed to be responsible for the irreversible paralysis 
observed in humans [2], which is more prevalent when grass pea is a main source of diet [44,45]. 
Studies have suggested that deficiencies of certain sulfur-rich amino acids such as cysteine and 
methionine increase the neurotoxicity level of ODAP [18,46]. According to Fikre et al. [16], dietary 
supplementation with methionine and cysteine may significantly lower the risk for neurolathyrism. 
Studies also indicated that the deprivation of both methionine and cysteine increased the toxicity of 
l-β-ODAP by 66% [47]. Hence, the development of grass pea rich in these two amino acids can be 
another way to reduce the toxic effects of grass pea.  

3. Conventional Improvement for β-ODAP Reduction and Influence of Environmental Factors  

The global importance of grass pea as a promising food source has been recognized by the Kew’s 
Millennium Seed Bank [2,48]. Figure 1 Illustrates specimen records of grass pea using global mapper 
(https://www.discoverlife.org/mp/20m?act=make_map). There is a mild increase in the cultivation of 
grass pea in some countries, especially in drought-prone regions, due to its remarkable ability to 
adapt to difficult soil conditions and emerging ecological environments [15]. While toxin-free 
varieties have yet to be identified, research has indicated that germplasm from South Asia contains 
relatively high levels of ODAP (0.7–2.4%), whereas those from North Africa, Syria, Turkey, and 
Cyprus exhibit significantly lower quantities of ODAP (0.02–1.2%) [49]. Despite its ability to thrive in 
harsh and water-limited environments, only a limited number of scientific approaches have been 
employed thus far to improve grass pea traits. Through classical screening methods, several grass 
pea accessions with low ODAP content (0.04–0.1%) have been developed in various parts of the 
world, including India, Bangladesh, Nepal, Ethiopia, Australia, Canada, Poland, and Turkey [28]. 
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However, it is important to note that this approach may not provide a sustainable and reliable 
solution to fully address the issue of grass pea toxicity for large-scale production and consumption. 

 
Figure 1. Global specimen registry (yellow circles) of grass pea (Lathyrus sativus). The map was taken 
from global mapper on 28 March, 2024 
(https://www.discoverlife.org/mp/20m?act=make_map&kind=Lathyrus+sativus). 

Conventional breeding is centralized fundamentally on the hybridization of selected genotypes 
followed by screening and evaluation of the subsequent progenies for the traits of interest. Breeding 
programs for grass pea improvement are being carried out in several countries, including Australia 
[50], Bangladesh [51], Canada [52], China [53], Ethiopia [54], India [55], Nepal [56], Syria [49], Poland 
[57], Italy [58], USA [59], and Chile [60]. Several varieties and lines have been developed by 
combining low β-ODAP (<0.1%) with high-yielding and disease-tolerant traits [61,62]. Most of the 
initial progress in grass pea research aimed to develop low ODAP varieties were made through direct 
selection from landraces and lines [18].  

Various countries have conducted traditional germplasm selection to identify varieties with low 
ODAP (0.04–0.3%) content. The recommended varieties include Bair Khesari and Bina Khesari in 
Bangladesh [63,64], Gurbuz-1 in Turkey [65], Clima pink in Nepal [56], as well as LS 8246 and AC-
Greenfix in Canada [52]. In 1966, India introduced the first conventionally enhanced variety called 
Pusa 24 (P-24), which exhibited a low ODAP content (0.3%) in its seeds [18]. Nonetheless, the 
instability of the low ODAP trait was a major bottleneck of the P-24 cultivar [66].  In Chile, a cultivar 
Quila-blanco was also developed to have lower ODAP and higher protein content [67]. In Ethiopia, 
a low ODAP (0.08%) variety known as Wassie was released in 2006 [68] though its ODAP content 
was not found to be consistent and has even increased in subsequent field and laboratory tests [42]. 
Though several germplasm collections and introductions were conventionally screened, varietal 
performances were found to be inconsistent with ODAP reduction [42] and ODAP content varies 
from location to location, indicating a strong G x E interaction in determining ODAP content. 

Conventional breeding has been unsuccessful in reducing ODAP at a lower level due to the 
complex inheritance of ODAP, which is greatly influenced by the genotype, environment, and their 
interactions [18]. An example of this is seen in the variety Wassie, developed in Ethiopia, where the 
ODAP content has increased from 0.08% to over 0.2% in certain lowland areas [16]. The problem 
becomes even more severe when the plant is cultivated in a stressed environment [42]. Therefore, 
recent biotechnological approaches may provide a more dependable strategy to decrease the ODAP 
content and address the persistent toxicity associated with this compound. 

Several studies have shown that various environmental factors such as drought, salinity, 
minerals, and heavy metals affect the biosynthesis of β-ODAP [69–71]. The study on the effect of 
drought, salinity, and deficiency or oversupply of micronutrients on the biosynthesis of β-ODAP by 
feeding callus tissue of Lathyrus sativus with precursor BIA (β-isoxazolin-5-on-2-yl-alanine) was 
conducted by Hoque et al. [72]. According to this study, lower concentrations of NaCl decreased the 
conversion of BIA into β-ODAP, while higher doses of NaCl showed the opposite effects.  Mannitol 
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has been reported to increase β-ODAP production, suggesting that drought may increase the 
biosynthesis of β-ODAP. Furthermore, β-ODAP accumulation in grass pea is thought to be due to 
the level of total free nitrogenous compounds [18]. According to Jiao et al. [71], the accumulation 
pattern of β-ODAP in seven-day-old grass pea seedlings grown in the nitrogen-deficient solution was 
higher as compared to the control. Hence, a nitrogen-poor environment might aggravate β-ODAP 
content in grass pea. Micronutrients such as Al3+, B3+, and Co2+ have also been reported to increase β-
ODAP production, whilst Cu2+ and Zn2+ played opposite roles [72]. According to Takarz et al. [73], a 
higher accumulation of β-ODAP was observed in both shoots and roots of grass pea seedlings under 
PEG-induced drought stress. This may suggest that β-ODAP or its intermediate product may have a 
role in drought stress tolerance.  

4. Biosynthesis of β-ODAP in Grass Pea 

Despite the discovery of β-ODAP’s association with neurolathyrism 50 years ago, the complete 
understanding of its biosynthetic pathway remains elusive. Nevertheless, researchers have made 
progress in unraveling certain crucial steps in the biosynthesis of β-ODAP by using enzyme extract 
[74–76] and radioisotope studies [77]. The biosynthesis of β-ODAP is initiated with the formation of 
BIA from isoxazoline-5-one and cysteine, facilitated by the enzyme β-cyanoalanine synthase (CAS) 
under conditions of high sulfur [78]. However, under low sulfur conditions, BIA is primarily 
synthesized from isoxazoline-5-one and O-acetyl-serine, catalyzed by cysteine synthase (CS) [76]. 
According to the previous study, a gene encoding CAS and at least four other genes encoding CS 
have been identified from grass pea, and their activities have been characterized [79]. Both CAS and 
CS are important enzymes in β-ODAP synthesis. Studies by Song et al. [78] indicated that β-
Cyanoalanine synthase regulates the accumulation of β-ODAP through interaction with serine 
acetyltransferase. An attempt to characterize the activity of genes encoding CAS and CS was recently 
reported [79]. Figure 2 shows a proposed biosynthetic pathway of β-ODAP reviewed by Yan et al. 
[80] and how its biosynthesis switches between CS and CAS based on the availability of sulfur. Figure 
2B below shows L-Glutamic acid analogues that can interfere with glutamic acid action [2]. Since the 
trend in sulfur content on agriculture farms is decreasing [81], CS could be a key enzyme to improve 
cysteine in the future.  

 
Figure 2. (A) Illustration of the proposed biosynthetic pathway of β-ODAP biosynthesis (ChemDraw) 

adopted from [80]. The products in brackets (Isoxazolin-5-one) are hypothetical and has not been 
detected in grass pea. BIA is β-(isoxazolin-5-on-2-yl) alanine) a precursor of L-DAPA. L-DAPA is L-
2,3-Diaminopropionic Acid a final precursor of β-ODAP. The light green line indicated the formation 
of BIA from Isoxazolin-5-one and cysteine by the CAS enzyme at high sulfur. The blue line indicates 

(
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the formation of BIA from Isoxazolin-5-one and O-Acetyl serine at low sulfur by CS enzyme. 
According to our conserved domain analysis, CAS is bifunctional enzyme that may also act as CS.  
(B) Structural illustration of L-Glutamic acid analog that competes for AMPA receptor. The structures 
were drawn using ChemDraw. 

β-ODAP synthase (BOS), a crucial enzyme responsible for catalyzing the last stage of β-ODAP 
formation in grass pea was isolated and characterized by Glodsmith et al. [22]. Additionally, Edwards 
et l. [23] employed a genomics approach to identify the CS in grass pea. These discoveries have 
opened new possibilities for utilizing gene editing techniques to decrease the β-ODAP content in 
grass pea. Both CAS and BOS can be targeted for genome editing to reduce the level of β-ODAP. 
Although L-DAPA is stable in vitro, it is a short-lived metabolic intermediate in grass pea and cannot 
be extracted from the grass pea [23]. This might be due to the faster reaction of β-ODAP synthase in 
converting the metabolite intermediate L-DAPA into β-ODAP. According to Goldsmith et al. [22], 
more than 99% of the L-DAPA is converted to β-ODAP, whilst fα-ODAP is less than 1%.  They 
suggested that mutating the highly conserved Asp166 and His162 residues in β-ODAP synthase may 
result in an inactive form of this enzyme. Even though mutating β-ODAP synthase may help in 
studying L-DAPA intermediate and the nature of its stability in grass pea, this may not address the 
overall trends as its substrate may also have adverse effects.  

5. Mechanism of β-ODAP Action and Toxicity 

According to Krogsgaard-Larsen et al. [82], L-Glutamic acid (Glu) is the major excitatory amino 
acid neurotransmitter in the central nervous system (CNS) that activates at least three types of 
receptors. These are the N-Methyl-D-aspartic acid receptor (NMDA), α-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid receptor (AMPA), and kainic acid receptor (KAR) that mediate the 
neurotoxicity of several naturally occurring Glu analogs including β-ODAP. β-ODAP was reported 
to act as an agonist of AMPA receptors, which resulted in the accumulation of intracellular calcium 
ions up to a toxic level [82]. Since the 1960s, efforts have been made to investigate the potential role 
of β -ODAP as a glutamate analogy and its interaction with glutamate receptors, and neuron 
signalling. However, an attempt to fully understand the molecular mechanism of neurolathyrism 
pathology at the cellular level is still lagging [1].  

Though detailed in vivo mechanism of paralysis triggered by β-ODAP is still not fully 
understood, studies have used an animal cell model and animals to decipher its mechanism of action. 
β-ODAP acts as an excitatory amino acid in the same way as L-glutamic acid and AMPA receptors 
and triggers motor neuron degeneration by inducing excitotoxic cell death and increasing oxidative 
stress [37]. The toxin is known to disturb the mitochondrial respiration chain and inhibit the uptake 
of cystine thereby affecting the cells’ abilities to cope with oxidative stress [37]. One of the 
mechanisms of glutamate excitotoxicity is Ca2+ overload-induced cell death. Ca2+ was proposed as 
[37] a key player of β-ODAP-induced excitotoxicity and oxidative stress due to increased reactive 
oxygen species (ROS) that results in motor neuron degeneration paralysis. Accordingly, β-ODAP 
disturbs the cellular Ca2+ homeostatic machinery with increased Ca2+ loading in the endoplasmic 
reticulum (ER)-mitochondrial axis [37]. Motor neurons are very vulnerable to an increase in 
intracellular calcium due to the low content of Ca2+ binding proteins [83]. β-ODAP triggers Ca2+ 
accumulation and cell death in primary motor neurons through transient receptor potential channels 
and metabotropic glutamate receptors [84]. 

The experimental study conducted by Tan et al. [1] has widened our understanding of the 
molecular mechanism of β-ODAP toxicity using a cell model. Tan et al showed that human glioma 
cell line treated with β-ODAP resulted in decreased mitochondrial membrane potential by increasing 
Ca2+ in the cellular matrix and resulted in overexpression of β1 integrin on cytomembrane surface 
and resulted in oxidative stress due to the interruption of electron transport chain in the 
mitochondria. Specifically, β-ODAP combines with AMPA receptors on the cell surface and 
abnormally activates the receptors and intracellular homeostasis through the inflow of Ca2+[1]. Most 
β-ODAP affected people in Ethiopia believe that milk consumption aggravates β-ODAP toxicity 
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(personal communication), which may be due to the high amount of calcium in milk that needs 
further investigation. The neurolathyrism work conducted by Khandare et al. [85] has shown that milk 
fed goats supplemented with 0.17 - 0.96 % of β-ODAP containing grass pea powder were affected by 
paralysis.   

In normal physiological glutamate signaling (in the absence of β-ODAP), presynaptically 
released glutamate binds to surface receptors on postsynaptic neurons and activates them by 
inducing depolarization and an intracellular Ca2+ increase. Glutamate is then removed from the 
synaptic cleft by glutamate transporters (excitatory amino acid transporters; EAAT), located in the 
plasma membrane of both neurons and astrocytes. However, β-ODAP cannot be removed by 
glutamate transporters, and its binding allows more Ca2+ influx [86, 87}. In astrocytes, glutamate is 
converted into glutamine-by-glutamine synthetase. Glutamine is released into the extracellular space, 
taken up by presynaptic neurons, and converted into glutamate by glutaminase. Glutamate is then 
stored in presynaptic vesicles, ready for the next glutamate–glutamine cycle [86,87].  β-ODAP 
competes with L-glutamic acid (Glu) to bind to the AMPA receptor. Furthermore, activation of 
AMPA receptors is reported to enhance β1integrin expression, and further increase the focal adhesion 
kinase (FAK) phosphorylation level [1]. On the other hand, β-ODAP toxicity was shown to be 
reduced by overexpression of Glutaredoxin 1 (Grx1), an important cytosolic thiol-disulfide 
oxidoreductase, which reduces glutathionylated proteins to protein thiols and helps to maintain 
redox status of proteins during oxidative stress [88]. Figure 3 below summarizes the possible 
mechanism of β-ODAP action [1] and Figure 4 summarizes overall toxicity from the cellular to 
organismal level.  

 

Figure 3. The mechanism of degeneration induced by β-ODAP proposed by[1]with modification of 
figure design. Figure (A) illustrates the removal of excitatory amino acid glutamate by glutamate 
transporter and its storage in a vesicle until needed. Figure (B) indicates the binding of β -ODAP to 
the AMPA receptor and allows the influx of Ca2+  into the cell. The binding of β -ODAP and over-
activating AMPA receptors triggers the signaling cascade of reactions with intracellular Ca2+ low. 
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Meanwhile, the increased expression level of β1 integrin on the cell surface substantially induces the 
phosphorylation level of FAK and overexpression of paxillin. This causes massive aggregation of FA 
units on cell actin filaments, interferes with the assembly of cell microfilaments, and ultimately results 
in structural damage to the cells [1].    . 

 

Figure 4. Illustration of β-ODAP toxicity and irreversible paralysis caused by extensive consumption 
of grass pea as reported by a number of studies [79,89,90]. The model of lathyrism in humans was 
taken from mind and body: holistic health center (https://www.mindbodyheal.co.uk/lathyrism/). 

6. Reducing β-ODAP Using Traditional Food Processing Strategies  

Farmers usually use traditional food processing strategies to reduce toxic compounds in grass 
pea. Studies have shown that pre-processing by long soaking (>18hrs) and fermentation significantly 
reduce the toxicant [91]. Using condiments such as onion and ginger in grass pea food preparation 
has been traditionally used to reduce its toxicity [92]. Furthermore, the traditional way of soaking 
grass pea seeds in various media has been shown to reduce the contents of β-ODAP to a varying and 
significant extent [91]. For instance, the loss of β-ODAP was significantly higher when soaked in 
boiling water (65–70%) than in cold water [91]. some chemicals like polyphenols have been suggested 
to lower the toxicity of grass pea though it is feasible and an effective way to apply [91]. While Tadele 
et al. [93] suggested that cooking grass pea for 20 minutes and roasting is important in reducing and 
eliminating anti-nutritional factors like β-ODAP. According to a study by Akalu et al [94], roasting 
and autoclaving grass pea reduced the content of β-ODAP by up to 30% and 50%, respectively. While 
Buta et al (2019) reported that soaking grass pea seeds under high hydrostatic pressure resulted in 
36-71% reduction in β-ODAP. However, a more feasible, durable, and scalable approach is needed 
for farmers to reduce or eliminate toxic compounds. Hence, the production of toxic-free grass pea is 
paramount important to address all safety concerns related to this important stress-resilient crop 
without compromising its nutritional value.  
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7. Enhancing Sulfur-Containing Amino Acids (SCA) through Genetic Modification of Grass Pea 

Despite its high protein content, grass pea is limited by its low levels of sulfur-containing amino 
acids (SCA) such as methionine and cysteine. As mentioned earlier, under low sulfur conditions, the 
intermediate BIA is predominantly synthesized from isoxazoline-5-one and O-acetyl-serine with the 
help of cysteine synthase. To address this limitation, genetic engineering of grass pea can be explored 
by introducing genes that can enhance SCA levels. This approach may lead to the development of 
biofortified and toxin-free grass pea. A reproducible transformation protocol has been developed for 
Indian grass pea accession using epicotyl segment co-cultivation with Agrobacterium strains EHA 
105 and LBA 4404 [95]. The biolistic transformation of grass pea somatic embryos was also reported 
as a potential tool for grass pea transformation [96]. Transient genetic transformation of two grass 
pea varieties has also been reported in Ethiopia [97]. Therefore, by introducing candidate genes that 
can boost SCA through heterologous expression, the amino acid content of grass pea can be 
improved. 

Various genes, including Brazil nut 2S protein (BN2S) [98], sunflower 2S albumin (SFA8) [99], 
and δ-zein protein [101], have been identified and reported as potential candidates for boosting SCA. 
For instance, the introduction of a methionine-rich 10-kDa δ-zein gene into transgenic maize resulted 
in an increase of 57.6% in methionine content [102]. Similarly, engineering of the 15-kDa δ-zein gene 
in soybean led to a 12-20% increase in methionine and a 15-35% increase in cysteine [103]. Another 
promising candidate gene is the 11 kDa δ-zein protein, which contains 32 methionine and 7 cysteine 
residues, accounting for 25% of the total amino acids in the protein [104]. Similarly, the introduction 
of the β-zein gene into soybean resulted in an increase of up to 15% in methionine content [105].  

The utilization of enzymatic genes such as ATP sulfurylase, which aids in the conversion of 
sulfate to adenosine 5′-phosphosulfate (APS), may play a role in regulating sulfur metabolism and 
improving SCA. The overexpression of ATP sulfurylase resulted in significant improvements, with a 
37–52% increase in protein-bound cysteine content and a 15–19% increase in methionine content 
[106]. In a study conducted by Kin et al. [107], cytosolic isoform of O-acetylserine sulfhydrylase 
(OASS) was introduced into transgenic soybeans, leading to a noteworthy 22-32% elevation in free 
cysteine levels in the soybeans. Furthermore, Avraham et al. [108] conducted another study where 
they introduced Arabidopsis cystathionine γ-synthase (AtCGS) into alfalfa plants, resulting in a 
remarkable 32-fold increase in methionine and a 2.6-fold increase in free cysteine, indicating a 
potential to increase the SCA content in grass pea, thereby generating biofortified grass pea lines. 

8. The Potential of Genome Editing Approach for Antinutritional Factors in Crops  

Genome editing in plants has opened new opportunities to incorporate novel traits beneficial 
for human health and the environment by eliminating antinutritional factors. Genome editing 
encompasses techniques such as oligonucleotide-directed mutagenesis (ODM) and site-directed 
nucleases (SDNs) like zinc finger nucleases (ZFNs), transcription activator-like effector nucleases 
(TALENs), mega-nucleases and clustered regularly interspaced short palindromic repeats/CRISPR-
associated (CRISPR/Cas) techniques [109]. Unlike the random traditional mutagenesis approach, site-
directed nucleases (SDN) are playing a pivotal role in precise genome edition as it is faster and more 
targeted [110]. Depending on the nature of the edit, genome editing with the SDN process can be 
categorized under SDN1, SDN2, and SDN3 [111]. The SDN1 involves the unguided repair of a 
targeted double-strand break (DSB) with small indels, and joins ends in a non-homologous manner. 
The repair of this break can lead to a mutation causing gene silencing through loss of function without 
the addition of foreign DNA but due to a shift in the reading frame. SDN2 involves a template-guided 
repair of a targeted DSB, typically short single-stranded DNA while SDN3 involves a template-
guided repair of a targeted DSB, typically with double-stranded DNA with longer genetic elements 
[112]. Studies indicate that SDN1 and SDN2 do not require foreign DNA for genome editing whilst 
the SDN3 require foreign DNA segment [111, 112 and 113]].  

CRISPR-associated Cas9 endonuclease is becoming available in genome editing technology that 
enables precise modification in the genome. CRISPR/Cas9 has advantages over other gene editing 
because it is relatively less costly, more precise, the operation is easier, and more efficient, allowing 
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researchers to induce targeted knockouts [113,114]. In recent years, CRISPR/ Cas9 has been used 
successfully for genome editing in more than 20 crop plants to alter various characteristics such as 
increasing yield, promoting growth, removing unwanted anti-nutritional factors [115–117].  This 
method can be used to create knockouts of non-important enzymatic functions which in many cases 
has been difficult to achieve with the traditional genetic engineering approach. In sweet potato, 
CRISPR/ Cas9 has been used to knockout SBEII and increase the amylose percentage [118,119]. High-
amylose and resistant starch wheat was also generated through suppression of TaSBEIIa in a modern 
winter and spring wheat using CRISPR/Cas9 [120,121].   Very recently, cytochrome P450 genes 
CYP79D1 and CYP79D2 that accumulate toxic cyanogen in cassava were successfully edited using 
CRISPR-Cas9-mediated knockout [122].  

Phytic acid (PA) is antinutrient in cereal grains that inhibit the absorption of micronutrients like 
iron and zinc in humans, leading to malnutrition. While PA is a significant source of phosphorus in 
plants, it is considered detrimental for monogastric animals, including humans, due to its negative 
effects on essential mineral uptake [123]. Through targeting of the enzyme Inositol-pentakisphosphate 
1-kinase (IPK1) which catalysis the final step of PA biosynthesis in soybean (Glycine max L.) using two 
guide RNAs directed at the second and third exons of GmIPK1, the PA content was reduced by 25% 
without adverse effects on plant growth or seed development [123]. Likewise, CRISPR-Cas9 was 
applied to tetraploid Brassica napus to knockout three functional paralogs of BnITPK which that 
resulted in a higher reduction of PA (~35%) in triple mutants [124].  

Despite being an essential amino acid, crops like wheat contain elevated levels of free asparagine 
in their grains, which can form acrylamide during high-temperature cooking processes, a known 
carcinogenic compound [124]. By introducing four gRNAs targeting the wheat asparagine synthetase 
gene (TaASN2) into wheat embryos using CRISPR/Cas9, Raffan et al [125] reported reduction of free 
asparagine by approximately 90%. Asparagine is also precursor of β-ODAP biosynthesis.  

In cotton (Gossypium hirsutum) gossypol is a polyphenol which accumulates in the seeds. 
Gossypol can lead to acute poisoning when consumed by various animals such as broiler chicks, pigs, 
dogs, sheep, and goats due to its antispermatogenic activity, raising health concerns [126]. The 
utilization of CRISPR-Cas9 has been shown to successfully knock out dirigent proteins genes GhDIR5 
and GhDIR6, reducing cotton seed toxicity without affecting other phytoalexins [127]. Additionally, 
CRISPR-Cas9 was employed to significantly decrease nicotine levels in tobacco by 99.6%, aiming to 
develop nicotine-free tobacco by targeting the flavoproteins of the berberine bridge enzyme-like (BBL) 
gene responsible for the final oxidation step in nicotine biosynthesis [128]. Furthermore, CRISPR-
Cas9 was effectively used in the medicinal plant comfrey (Symphytum officinale) to eliminate toxic 
pyrrolizidine alkaloids by introducing detrimental mutations into the hss gene encoding 
homospermidine synthase (HSS) [129]. In legumes, the CRISPR/Cas9-mediated edition of the GmFATB1 
gene significantly reduced the amount of saturated fat in soybean [130] and the level of trypsin 
inhibitor by targeting KTI1 and KTI3 genes [131] in soybean. Hence, CRISPR/ Cas9 can be applied to 
other crops such as grass to reduce or eliminate anti-nutrient content.  

8.1. The Potential of CRISPR/Cas9 to Target β-ODAP Biosynthesis in Grass Pea 

The availability of draft genome sequence of grass pea [23,114,132] can now allow researchers 
to develop a novel strategy to reduce β-ODAP toxicity. It is becoming clearer that enzymes involved 
in the biosynthesis of β-ODAP are potential candidates for CRISPR/Cas9-based genome editing. β-
ODAP synthase (BOS) gene (AC: MT457411) is a 1,320 bp mRNA encoding 439 amino acids. Analysis 
of conserved domains of BOS has shown that amino acids from position 3-434 have a role in 
transferase activity (E value =5.11e-75). Hence, a single nucleotide deletion in this gene can lead to 
frameshift blocking the synthesis of β-ODAP from L-DAPA and oxalyl-CoA following the first 
strategy. We propose four potential strategies to decrease or eliminate β-ODAP biosynthesis in grass 
pea. The first strategy is to target the BOS gene only. The second strategy is to target the CAS gene 
only. The third strategy is to simultaneously target both BOS and CAS genes. The fourth strategy is 
replacing specific amino acids in either BOS or CAS, either separately or together, to partially reduce 
β-ODAP biosynthesis. The latter strategy is suggested if the complete or partial knockout of β-ODAP 
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biosynthesis has undesirable phenotypes such as sensitivity to abiotic stresses like drought. In first 
strategy (targeting BOS), further accumulation of the precursor L-DAPA must also be considered to 
monitor the level of toxic intermediate. In vitro toxicological effects of isoxazoline amino acids of 
Lathyrus sativus was conducted by Riepe et al. [133]. Their finding suggested that 2000μM of BIA 
resulted in cell damage and neurodegeneration in mouse cortical similar to 50μM β-ODAP in a 
concentration-dependent manner. This is a good indication that the intermediate BIA is 40X less toxic 
when compared to β-ODAP and may not be a major concern. However, further study is needed 
determine the level of toxin precursor accumulation after gene knockout. The recent non-peer 
reviewed bioRxiv article has reported an attempt to reduce β-ODAP by targeting BAHD-AT3 gene 
[134].  

If L-DAPA and BIA show significant toxicity as the intermediate precursors, β-cyanoalanine 
synthase (CAS) can be another target for gene editing. CAS has been shown to synthesize the 
intermediate BIA from isoxazoline-5-one and cysteine catalyzed [46] under high-sulfur conditions. In 
grass pea the CAS gene (AC: KJ563188) is a 1146 bp complete mRNA that encodes 381 amino acids. 
Cloning of the CAS gene from L. sativus (GenBank: KJ563188) which has 99.74 % identity with 
KJ563188 at the protein level was reported by Xu et al. [79]. Conserved domain analysis (data not 
shown) has shown that this gene has a dual function (cysteine synthase and/ L-3-cyanoalanine 
synthase) and may be able to block L-DAPA synthesis both at the low and high sulfur environment. 
Figure 5 depicts the possible gene targets for CRISPR/Cas9.  

 

Figure 5. Potential target for CRISPR/cas9 for β-ODAP reduction in grass pea.  Abbreviations L-
DAPA represent L-2,3-Diaminopropionic Acid; BIA is β-(isoxazolin-5-on-2-yl) alanine); BOS is β-
ODAP synthase and CAS is β-cyanoalanine synthase. CAS and BOS are potential target genes that 
can be either knockout simultaneously or separately. 
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To further understand the similarity of BOS and CAS enzymes in seven legumes and a rosaceae 
family, we computed multiple sequence alignment using COBALT (constraint-based alignment tool 
for multiple protein sequences) which computes multiple protein sequence alignment using 
conserved domain and local sequence similarity information [135]. Figure 6 shows the similarity of 
grass pea BOS and CAS with homologs in other plant species.  

 

Figure 6. Similarity of grass pea (lathyrus sativus) β-ODAP synthase enzymes (A) and β-cyanoalanine 
synthase (B) with other plants. Solid red color indicates conserved amino acids in all the eight species, 

AA length and 
species 
439 Lathyrus 
sativus 
442 Medicago 
truncatula 
448 Cicer 
arietinum 
439 Sesbania 
bispinosa 
443 Glycine max 
439 Cajanus 
cajani 
438 Acacia 
pycnantha 
447 Prunus 
persica

(A) 

 AA length and 
species 
381 Lathyrus 
sativus 
380 Medicago 
truncatula 
386 Cicer arietinum 
397 Cajanus cajani 
373 Glycine max 
373 Acacia 
pycnantha 
374 Prunus persica 
325 Sesbania 
bispinosa 

(B) 
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the grey and white columns represent indels, and the blue line represents the substitution of aligned 
sequences. Amino acid length and names of all the species were listed on the right side of the figure. 

As indicated in Figure 6 above, CAS has shown strong similarity among aligned proteins. The 
Lathyrus sativus CAS and a model Medicago truncatula showed 95% similarity followed by CAS of 
Glycine max and Cajanus cajani (94%). The lowest similarity was observed between the Prunus persica 
and Sesbania bispinosa CAS genes. Furthermore, remarkable variability was shown in the conserved 
domain of BOS among selected plants. Using the BOS gene, L. sativum, and M. truncatula has a 
similarity of 62.9% at the protein level indicating the existence of significant variability from model 
legumes. The BOS of C. cajani and G. max has shown 73.5 % similarity followed by M. truncatula and 
Cicer arietinum (72.8%). The variability of β-ODAP in grass pea might have resulted in enhanced 
enzyme activity to convert the intermediate L-DAPA into more toxic β-ODAP selectively in grass pea 
which needs further empirical study. The scaled and unscaled phylogenetic tree (Figure 7) depicts 
the genetic relatedness of those two enzymes in different crop plants including model legume. The 
trees were constructed using MEGA 11 [136] and edited by ITOLv5 (Interactive tree of life) [137]. 
Overall, the β-ODAP of L. sativus and the model legume M. truncatulaare are strongly related to each 
other than to other species used fore tree construction.   

 

Figure 7. Genetic relatedness of β-ODAP (A, scaled tree) and CAS enzyme (B, unscaled tree) as 
compressed to legume model and other plants. With both enzymes, L. sativus and M. truncatula have 
shown close relationship though the there are some sort of amino acids differences in conserved areas. 

9. Conclusion and Prospects 

Grass pea is stress-tolerant, nutritious crop that has a high level of the antinutritional factor β-
ODAP.  This review summaries the benefit of grass pea in adapting to abiotic stresses affected 
ecological zones as future crop of choice in ever changing global environment. As grass pea is poor 
in sulfur containing amino acids (SCA), the ideal genes capable of boosting SCA were also 
highlighted. The biosynthesis of toxic compounds in grass pea and molecular mechanisms of their 
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toxicity, and the potential of CRISPR/Cas9 technology in reducing grass pea toxicity has been 
discussed. To fully benefit from grass pea, toxic compounds need to be reduced or eliminated by 
targeting enzymes responsible for β-ODAP production via CRISPR/Cas9 genome editing approach. 
Researchers should take into consideration equally evaluating the level of intermediate products such 
as L-DAPA and BIA after BOS knockout. There is a need also to target upstream enzymes such as 
CAS that are involved in the biosynthesis of intermediate. Knocking out of BOS and/or CAS enzymes 
may help in reducing the β-ODAP biosynthesis. Given its high-yielding potential and stress 
tolerance, grass pea production needs to be expanded to increase food security in the face of global 
change. However, the use of modern biotechnologies such as CRISPR/Cas9 is crucial to eliminate 
antinutrient components for this crop. We believe this is a comprehensive review that covers the 
limitations and opportunities of grass pea supported by bioinformatics analysis and can be the 
pertinent document for improving grass pea-related species. 
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