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ABSTRACT

Grasspea (Lathyrus sativus L.) is considered as a hardy and wonderful crop owing to its ability to
withstand abiotic stress like drought, waterlogging, salinity and cold conditions and some insect
herbivory. It can be grown as mixed crop or as “utera” crop with minimal agronomical inputs.
Although it is highly nutritious but its cultivation is highly restricted due to its association with a
neurotoxic disorder — Neurolathyrism which causes paralysis of lower limbs. The neurolathyrism
is caused by a non-protein amino acid B-N-oxalyl-L-a,B-diaminopropionic acid (B-ODAP).
-ODAP is considered to form from the substrate o-acetyl serine (OAS) (Malathi et al.,1970).
The immediate precursor of B-ODAP is the BIA which is formed from a ringed structure
isoxazolin-5-one. B-ODAP biosynthesis also follows a cyanide detoxification pathway which is
supposed to be interlinked with nitrogen and sulphur metabolism pathway. Although the -
ODAP biosynthesis pathway was investigated long back but the genes associated with it are still
not known. So in a view to identify the putative genes related to amino acid biosynthesis
pathway in Lathyrus sativus, functional annotation of transcripts of Mahateora and RLK-1950

was performed.

To functionally annotate the transcriptome data of Mahateora and RLK-1950, a new pipeline
MapMan Mercator was approached. This pipeline was specially designed to functionally
categorize the orphan plant omics data. The Mercator output (excel sheet) functionally described
total 94,793 transcripts and assigned a specific functional category to the 20,562 transcripts in to
34 functional category. This pipeline provided us with more functionally described orphan
Lathyrus sativus transcripts as compared to previously approached CLC Genomics Workbench

which described functions to only 28,132 transcripts.

The Mercator output (excel sheet) was screened was enzymes related to the amino acid
biosynthesis, cyanide metabolism, ROS metabolism and d-amino acid metabolism pathways.
Among amino acid biosynthesis, alanine aminotransferase, Cysteine synthase, asparagines
metabolism and ornithine decycloaminase. Alanine aminotransferase was selected as earlier
study suggested a differential correlation between L-alanine synthase and B-ODAP. Cysteine
synthase was selected due to its involvement in the cyanide metabolism pathway which leads to

formation of Cyanoalanine from OAS which subsequently forms isoxazolin-5-one (precursor for

XVi



BIA) via asparagine. Consequently, Cyanoalanine synthase, asparaginase and asparagine
synthase is also selected. The selection of ROS is dependent due to the fact that whenever the
content of ROS increases in the leaves, B-ODAP content reduces significantly and vice-vesa
(Jiao et al.,, 2011). One enzyme associated with d-amino acid namely D-aminoacyl-
tRNAdeacylase or D-Tyr-tRNA (Tyr) deacylase was selected due to the fact that B-ODAP is a d-
amino acid. Also the cyanoamino pathway from KEGG showed interrelation between
Cyanoalanine synthase, D-aminoacyl-tRNAdeacylase and Cysteine synthase.

Consequently, 17 transcripts were selected to assess the expression of primers designed from

corresponding transcripts in different genotypes of Lathyrus.
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CHAPTER-I

INTRODUCTION

Grass pea (Lathyrus sativus L.) is an annual, diploid, winter season pulse crop with
chromosome number 2n = 14. It is the third most important cool season pulse crop of India,
grown mainly in the states of Chhattisgarh, Madhya Pradesh, Orissa, Uttar and Maharashtra. It’s
a self-pollinated crop having hypogeal germination with attractive blue, pink, red and white
coloured flowers. The pods of lathyrus usually have 3-5 seeds having white, grayish-brown or
yellowish and usually spotted. It is commonly called khesari, lakhadi, torea or teora, lakhori,
Lakhodi. Lathyrus sativus is usually grown as “utera” i.e fellow crop after rice, with remnant
water and nutrients. In India its seeds or split seeds are used to prepare dhal, a type of soup, or
the flour of seeds basan are used to prepare bada or pakodi (Yadov, et al., 1992). Lathyrus is a
hardy crop as it can withstand inordinate dry conditions, poor soils, cold waterlogging, salinity,
heat stress and insect herbivory makes it choice pulse crop for cultivation in challenged soils. It
can likewise be cultivated in different altitude regions up to 1300 m altitude in India; in some
parts of Ethopia it can also grow upto 2500-3000 m height. Being leguminous Lathyrus
productively fixes atmospheric nitrogen (Jiao et al., 2011a; Drouin et al., 2000) thus its
cultivation adds about nitrogen to the field at the rate of 124Kg/ha/year, consequently making it a

more efficient crop.

Besides, it is also nutritious too providing 362.3 calories energy, protein 31.6 % (raging
from 18.2-34.6% in seeds); fat 2.7%; nitrogen-free extract 51.8%; crude fibre 1.1% and ash 2.2-
4.3% crude protein averaged 32.5% (Rahman et al., 1974). Like other cool season crops it is
deficient in methionine, cysteine and tryptophan but rich in lysine (18.4-20.4 mg/kg) which is
quite higher than other pulses (Ravindran & Blair, 1992), essential PUFA alinolenic, linoleic and
y-linolenic acids are the most abundant. Therefore it is considered as an ‘insurance crop’ to

subsistence farmers.

Even though Lathyrus is a hardy pulse crop with good protein content and taste but the

production of Lathyrus is restricted due to the presence of an antinutritional factor. The presence
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of B-N-oxalyl-L-a, B-diaminopropionic acid (B-ODAP), also known as 3-N-oxalyl-amino-L-
alanine (BOAA) in Lathyrus seeds (16.2+0.5 g/Kg seeds) makes it unsuitable for human
consumption for longer periods (Rao et al, 1964; Ross et al, 1985; Nunn et al, 1987; Kuo et al,
1998). Prolonged consumption of Lathyrus for 3-4 months triggers characteristic motor neuron
system diseases which is a form of spastic paraperesis known as “Neurolathyrism”. It causes
paralysis of lower limbs. B-ODAP is found in 21 species of Lathyrus, 17 species of Acacia & 13
species of Crotolaria which are leguminous (Quereshi et al., 1977). Only one non-legume species
is found in which ODAP is biosynthesized (Panax ginseng, P. notoginseng and P. quinquefolius
(Long et al., 2000).Past studies have demonstrated that there are 2 different types of lathyrism
caused by different Lathyrus species as Neurolathyrism (paralysis of leg muscles and seizures)
and Osteolathyrism (bone structures particularly of legs goes through obsessive changes and
miss happening). L. sativus is mainly cultivated and is used as food which causes
neurolathyrism. Naturally, 2 isomers of ODAP are found in plants: a-ODAP and B-ODAP,
which are at equillibrium when heated. o -isomers are present @ of 5% of the total ODAP
concentration in the seeds (Roy and Rao 1968). The a-isomers are less toxic then the B-isomers
(Wu et al, 1976). The amount of B-ODAP increases on exposure to stress such as heat or arid
conditions, deficiency of zinc, Iron toxicity etc. (Lambein et al., 1996). Increasing levels of
Reactive Oxygen Species (ROS) especially, (H202) and O-2 leads to diminishing the level of -
ODAP (Jiao et al., 2011). Although all parts of L.sativus contains B-ODAP yet maximum
content is reported in leaves at vegetative stage and ripening seeds in pods. Treatments such as
washing, boiling the seeds of L. sativus and discarding water have shown to eliminate up to 90%
of B-ODAP content (Padmajaprasad et al., 1997). Similarly, dry roasting of seeds also lowers the
content of seeds upto 50-60% but still the occurrence of lathyrism is recurrently reported in the

population consuming Lathyrus in routine.

For decreasing the content of B-ODAP several mutational and conventional breeding
strategies were devised and some varieties with low B-ODAP content are also released (Addis &
Narayana, 1994; Santha & Mehta, 2001). Some somaclones of L. sativus having low 3-ODAP
concentration up to 0.03% than their parents were also obtained but they were stable only for 3
generations (Mehta et al., 1994). Some somaclones were P-24 and Bio 122, the P-24 parents have
0.3% ODAP content while the somaclone of P-24 have ODAP content of 0.03%. With the



advent in genomics and gene editing tools new strategies aiming at genetic manipulation of the
B-ODAP synthesis pathway have the potential to develop low or zero ODPA containing
genotypes.

Researchers in past few decades on elucidation of f-ODAP synthesis pathway suggests
that the immediate precursor of B-ODAP is B-isoxazoline-5-one-2yl-l-alanine (BIA), a ringed
structure which is formed from O-acetyl serine (Ikegami et al., 1995). The BIA opens to give a
brief intermediate: diamino-propionic acid (DAPA) which is further oxalylated by oxalyl CoA to
form B-ODAP. Recent studies (Xao et al., 2012, Liu et al., 2017) have shown interaction of
nitrogen and sulfur metabolism with B-ODAP bio synthesis pathway and its association with the
metabolism alanine, cysteine, ornithine, purine and pyrimidine. The enzyme 3 cyanolalanine
synthase (B-CAS) is considered to be a major regulator of f-ODAP synthesis because it is
involved in retaining cysteine molecules within the p-ODAP pathway. Still much has not been
deciphered due to lack of Lathyrus sativus genome sequence information and very less
information on sequence of the genes involved in B-ODAP. The novel gene Cysteine Synthase
(LsCSase) is also recognized recently that is helps in the formation of BIA in the pathway
pathway with maximum similarity to O-acetyl serine (thiol) lyase of Medicago truncatula., with
a potential connection between LsCSase gene activation and B-ODAP biosynthesis to manage

external stresses in grass pea under some stress condition (Chakarborty et al.,2018).

The analysis of leaf tissue transcriptome sequence of two Lathyrus sativus genotypes
with high and low ODAP content (Bhariya et al.,2018) and analysis have also led to
identification of the putative transcripts associated with B-ODAP content in the L.sativus seeds.
Nayak et al., 2019 have also reported association of 2 enzymes encoding genes with ODAP
biosynthesis pathway. The enzymes Serine acetyl transferase (SAT) and L-alanine synthase
encoded by Paay and PLPD. Pyridoxal phosphate dependent enzyme (PLPD) were assumed to
be involved in the pathway using the O-acetyl-L-serine as the common precursor, converting O-
acetyl-L-serine to B-isoxazoline-5-one-2yl-l-alanine (BIA) and its isomer B-isoxazoline-5-one-4-
yl-L-alanine which does not forms ODAP. The expression analysis of the transcripts
corresponding to bacterial homologue of Serine acetyl transferase (SAT) did not show
correlation while the level of expression of transcript corresponding to enzyme L-alanine

Synthase was reported to be corelated to the seed B-ODAP content. Their study indicated that
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two transcripts corresponded to the enzyme L-alanine synthase, and the expression of 2
transcripts was mutually exclusive in low and high ODAP containing genotypes. So, there can
exist in 2 isoforms, out of which one proceeds for formation of B-ODAP while other plays role in

alanine synthesis.

Based on the previous studies suggesting interaction with nitrogen, alanine, cystine and
sulphur metabolism (Jiao et al, 2011). with B-ODAP pathway and the leads obtained in the
previous studies (Bhariya et al.,2018 and Jajati et al.,2019) to annotate transcriptome sequence
Mahateora (low ODAP) and RLK-1950 (high ODAP) genotypes, analyse the expression of
putative candidate transcripts and validate their role in B-ODAP biosynthesis pathway the present
study was undertaken to identify the transcripts corresponding to the enzymes involved in
cyanide detoxification pathway in relation to ROS metabolism, metabolism of O-acetyl serine
and cysteine amino acid pathways. The analysis would be useful to identify and validate the role
of enzymes and their corresponding genes that have significant role in the ODAP biosynthesis
pathway in Lathyrus sativus. The major objectives of the study were:

1. Characterization and annotation of transcriptome sequences of Lathyrus sativus using

Mercator pipeline.

2. Sequence Homology based prediction of function of transcripts to select transcripts related to

amino acid biosynthesis pathway and D-amino acid metabolism.

3. Validation of expression of selected genes related to amino acid biosynthesis pathway in high

and low ODAP containing genotypes.



CHAPTER-II
REVIEW OF LITERATURE

Grass pea (Lathyrus sativus L.) is an annual, herbaceous and cool season crop
belonging tofamily Leguminoceae (=Fabaceae). It is a food, feed and forage crop. It’s low
agricultural input requirement with good yield and high nutritional contents under adverse
climatic conditions too make this crop an economically important crop. But due to its
antinutritional factor- B-ODAP which cause neurolathyrism.

So the review of literatures found in the head of “Transcriptome characterization to
identify putative genes related to amino acid biosynthesis pathway and d-amino acid
metabolism in Lathyrus sativus” is divided under following heads:-

2.6. Area, consumption and breeding of Grasspea

2.7. Nutritional contents

2.8. Antinutritional factor - B-ODAP and factors affecting it

2.9. Biosynthesis of B-ODAP

2.10. Relation of B-ODAP with sulphur metabolism, radical scavenging and
different amino acids.

2.11. Functional annotation with the help of different software

2.1 Area, consumption and breeding of Grasspea

Grasspea has large morphological variation mainly in the vegetative especially in the
vegetative characters. It has slender trailing or climbing stem having a height of 60cm with
multibranches. The leaves are opposite, pinnately compound and have 2 pairs of leaflets which
are linear-lanceolate, sessile and are 5-7.5cm longxlcm broad. The flowers are bright-blue,
reddish-purple, red, pink or white in colour which are solitary and are on the axillary bud. The
pods of Grasspea are flat, oblong, slightly curved, 2.5-4.5 cm long and 0.6-1.0cm wide. Pods
have 3-5 seeds in number which are white, brownish-gray or yellow in color with mottled forms
too. Seeds are angled or wedge-shaped having 4-7cm in diameter. Grasspea seeds are staple food
in many Asian and African countries. In India, spilt pulse is prepared as dhal or vada.In Ethiopia,
ground seeds are used to prepare a sauce with are eaten with the flat bread or injera. The flour of
seeds are also used to prepare pakoda in Nepal and flatbread or roti in Bangladesh (Campbell,
1994).



The tribe vicieae or fabeae (which contains L.sativus) includes many major grain
legumes containing genus Lens (lentils- 4 sp.), Vicia (the vetches &faba beans~140 sp.), Pisum
(pea — 2/3 sp.), monotypic genus- Vavilovia and genus Lathyrus (most diverse group- 160 sp.).
Genus Lathyrus contains species which are used as fodder (eg. L. ochrus, L. clymenum), used as
ornamentals (L. odoratus, L. latifolius, etc.) and also for human consumption L.sativus and
L.cicera). Genus Lathyrus has following characteristics:-

o It has adaxially pubescent styles.

o Most of the species has truncate staminal tube tip.

o Supervolute leaflet vernation.

J Some species has winged stems.

o Leaflet veins in some species are parallel, and in reticulate-veined species, they do

not loop back from the margins of the leaflet.

According to DNA based molecular phylogenetic evidence, the vicieae or fabeae tribe is

paraphyletic. (Kenicer et al., 1996).

Graasspea is grown in Rabi season which acgiures the third most important pulse crop
grown in India. It is grown in an area of 0.58 million hectare with a production of 0.43 million
tonnes (Kaul et al., 1986). It is mainly grown in the regions of Chhattisgarh, Madhya Pradesh,
Maharashtra, Bihar and West Bengal. Majorly it is grown in Chhattisgarh and Vidharbha region

of Maharashtra, where it is grown as relay crop or utera crop alongwith paddy.

Grasspea is a very hardy and sustainable crop. It can withstand extreme conditions, it
thrives well in the drought conditions, mainly because of its deep penetrating roots. It also grows
in floody areas too. The crop is tolerant to extremely dry conditions in drought prone areas as in
Ethiopia and also tolerant to excessive floods as in Bangladesh (Smartt et al., 1994). It can be
grown in areas with rainfall from 300-1200mm. It can be grown in different altitudes upto
1300mts. In Ethiopia, it can be grown up to 2500-3000mts of height. Lathyrus is suited well to
different types of soil ranging from very poor to heavy clay soil. Besides all this, Grasspea can
also withstand salinity, heat stress and cold stress too. It is also tolerant to some insect and fungal

diseases.



Yadav (2006) investigated that Grasspea is grown in spring in temperate regions and in
winter season in the sub tropical regions. It can be mainly grown between temperature range of
10-25C. It can be cultivated in areas recieving 400-650mm of rainfall and an altitude of 1200m
in India. This crop grows well in heavy rainfall during early growth stage and can withstand
prolonged drought during grain filling stage. Also tolerant to water-logging, salinity and
alkalinity conditions.The immature seeds and leaves of young plants are eaten as vegetable curry
in India.

In Lathyrus sp., natural outcrossing also occurs. Rate of outcrossing is important for
deciding the breeding method for improvement of the crop. Although Grasspea is a self-
pollinating crop, some percentage of cross-pollination also occurs. The percentage of outcrossing
varies from 1.65-2.7% with an average of 2.17%. Therefore, this suggests that some
heterozygosity is present in the grasspea (Chowdhury et al,).

Rahman et al, found that there is a relation between outcrossing and the flower color.
The red colour genotypes has the highest outcrossing rate with 27.8% and the genotypes with
white clour flower has the lowest outcrossing rate with 9.8%. The fact that red colour flowers has

highest outcrossing rate might be due to that red colour attracts more insects than white colour.

An experiment was conducted in the 3 districts of Chhattisgarh: - Raipur, Durg and
Bilaspur to know the present scenario of Grasspea consumption, incidences of lathyrism,
nutritional and antinutritonal factors of Grasspea in both rural and urban areas. The results show
that urban areas has more B-ODAP content than in rural areas of these 3 districts. The B-ODAP
content of seeds collected from Bilaspur, Durg and Raipur respectively were 0.66 £ 0.16 g%,
0.67 £ 0.13 g% and 0.67 = 0.13 g% from urban areas and 0.62 = 0.14 g%, 0.64 + 0.14 g% and
0.59 + 0.10 g% from rural areas. Protein content were 27 + 2.39 g% in Bilaspur, 27.0 £ 1.99 g%
in Durg and 26.7 + 1.90 g% in Raipur districts. The mean consumption was higher in Bilaspur
(20.9 g/CU/day) then in Raipur districts. The mean consumption was nil in the urban Raipur
areas. This study suggests that the B-ODAP content was less, so that the low-toxin varieties can
be introduced in the different states of India (Khandere et al., 2014).

Khandere et al., (2015) also tried to find out the Grasspea consumption and its effect on

the people of Maharashtra. They grow it in the Rabi season. It was conducted in the Gondia



district. Here litreracy level is high (81%) but are mainly depended on agriculture. Maximum
households (HH) (61%) consume graspea in different forms (gravy or vada or dal). OBCs
majorily consume Grasspea by cultivating it in their respective fields only. Some socio-
economically backward classes (6HH) consume it in high quantity (25g/day) and others consume
it less (12-25g/day). Out of 32 samples collected from different villages maximum concentration
of B-ODAP was found from Bora village with amount 1254.5+528.21 mg % and minimum was
found from Menda village with concenteration of 102.6+248.38 mg %. This study reveals that
consumption of low amount of Grasspea does not leads to neurolathyrism.

G.B.Polignano et al, in their experiment showed that the most variable agronomic traits
were Seed yield, biomass, leaf width and no.of seed and pod among the 16 agronomic
quantitative traits (1. Time to emergence 2.Time to flowering 3.Length of longest stem 4. Height
of 1% podded node 5. Length of internode 6.Leaf length 7.Leaf width 8.Pod length 9.Pod width
10.Pedicel length 11.No.of seeds and pods 12.Seed length 13.Seed width 14.Seed thickness
15.Seed yield 16.Biomass. The lowest variability was seen for Time to emergence & time to

flowering and rest traits were of intermediate variability.

Earlier L.sativus is cultivated vividly from the Mediterranean, near Temparate as well
as from Tropical countries too. In contrast, L.cicera is cultivated only in the Southwestern
Europe. Also from the combined studies of Archaeobotanical and Phylogeographical evidences,
it is concluded that the origin of L.sativus is at Balkan Peninsula in the early Neolithic period at
the 6000BC. It is also suggested that L.sativus may be the first crop to be domesticated in the

Europe as a consequence of expansion of agriculture from near east. (Kislev, 1988)

The genetically nearest wild species to L.sativus is L.cicera. So it is hypothesized that
L.sativus is the derived fromL.cicera .Also during expansion of domestication of L.sativus,

evidences of cultivation of L.cicera were found (Hopf, 1986).

From the studies of electron micrograph, the difference between L.sativus and L.cicera
is shown. While L.cicera have dense papillae projected from the epidermis; L.sativus has less
dense papillae protruding from a common base structure. These characters are specific for both
of them. It is also suggested that small seeds have more dense papillae than larger ones. As

L.sativus has wide and more rounded papillae with a blunt summit having long, radial and
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prominent ridges which interconnects neighbouring papillae but seed coat of L.cicera has conical
papillae with pointed summit having short and temporary ridges which are not connected to
neighbouring papillae. So there is some relationship size of seed and the density of papillae.
(Kislev and Hopf, 1985).

Grasspea has a good tolerance capacity in Lead (Pb) accumulated soils. Eleven-days
old Grasspea plants were grown in the hydroponic solution containing 0.5 mM lead nitrate
(Pb(NO3)2). The survival rate is 100% for this hydroponic plants contaminated with Pb.
However, plant growth is affected. The root length was more affected then the shoot length by
lead accumulation. Also it leads to change of colour in roots from whitish to light brown and root
dry biomass is reduced too. Pb pollutant does not affects leaves per plant and water content
(Relative Water Content) in the leaf tissues. Compared with control plants, lead-exposed plants
showed a six-fold, two-fold and three and a half-fold reduction in their root calcium, zinc and
copper contents, respectively but amount of sodium increases. On the basis of ICP-OES
measurement, the mean lead content was 153 mg Pb g in the root tissues. This shows that lead
is tightly retained by the roots of L.sativus. So it can be used as potential phytoextracting species

in rhizofiltration setups.
Genetic Resources & Breeding of Lathyrus:-

= The ICARDA of Syria with its main research centre at Morocco has the highest
germplasm collection of Lathyrus with around 4200 accessions.

= In the Royal Botanical Garden, Kew of UK also has a large germplasm collection with
1115 accessions.

=>» The National Bureau of Plant Genetic Resources (NBPGR) of India has 2600 accessions
which are being maintained at Indira Gandhi KrishiVishwavidyalay (IGKV).

= ICARDA has the largest L.sativus collection with 2175 accessions; also has maximum
around 1900 accessions of species collection.

= The Genesysdatabase supported by the Crop Diversity Endowment Fund contains 6580

accessions of grass pea.

53 accessions of L.sativus from India were analysed for morphology and variability of

seeds. As a result on the basis of coefficient of variation (CV) 58% seeds are of rhomboid shape
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(15.38 £1.23), 94%CV seeds are oblate shape (11.25+1.46). Also square and oblong triangular
seeds were found. Mostly seeds are of Black, gray, gray mottled, grayed white and yellow white
coloured. Frequently the seeds are of yellowish brown and brown coloured and rarely are of red
purple and pink coloured seeds. Smooth seed coat accessions were minimum. Small sized seeds
were frequent in this accessions followed by medium sized seeds which is followed by large
sized seeds. The 100 seed weight of these accessions showed the mean value of 5.95g + 0.13
with range of 4.03g £ 0.07 to 8.82g+ 0.09. The protein content has a mean value of 25.6% with
range of 21.9 to 33.7%. There is a positive significant correlation between 100 seed weight and
total seed protein content on the basis of multivariate linear regression analysis. (Surendra
Barpete, 2015).

Tiwari and Campbell (1995) studied the inheritance of ODAP concentration with
flower colour and seed coat colour. 5 Grasspea with low to high ODAP concentration were
taken. They are then intercrossed with each other. Results showed that most of the progenies of
Low xLow ODAP concentration lines have low ODAP concentrations. Similarly the progenies
of cross Lowx High ODAP concentration has intermediate ODAP concentration suggesting that
it is being quantitatively inherited. Also reciprocal crosses resulted heterosis that is reciprocal
crosses produces progenies with higher ODAP concentration which is more than high ODAP
concentration lines. This indicates that there is a maternal effect on ODAP concentration. Blue
coloured flowers has coloured or speckled seed coat white colur flower has white seed coat. A
cross between white and blue coloured flowers produces blue colour F1 progeny and in F2
generation it segregates in a ratio of 13:3. So blue flower colour are dominant over white flower
colour suggesting that there are interaction 2 genes responsible for flower colour. Similar pattern

was observed in seed coat colour with 13:3 segregation ration in F2 progenies.

A set of 50 genotypes of L.sativus available at IGKV Raipur which includes germplasm
lines and vareities was analysed for morphological characters, protein content and B-ODAP
contents. Results revealed a high variation among all the studied genotypes for all traits. The B-
ODAP ranged from 0.07-0.57 mg/g with an average of 0.29mg/g and protein content of seed was
recorded to be an average of 24.29mg/g. observations showed a strong positive correlation

between pod yield and seed yield/plant and between seed yield/plant and biological yield. There
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IS a negative or non-significant correlation between B-ODAP and most of the traits (Minakshiet
al., 2015).

13 lines from F2 population and 14 varieties as parents of L.sativus was observed for
different morphological characters like days to flower, plant height, branches per plant, pods per
plant, 100 seed weight and seed yield per plant. Pods per plant and seed yield per plant showed
highest coefficient of variation among all morphological characters. Broad sense heritability was
high for pods per plant (0.70-0.90), seed yield per plant (0.74-0.95) and low to high heritability
for plant height (0.03-0.78). There was significant progress under selection for the characters —
plant height (0.82-32.66cm) and pods per plant (30.56-56.51) for the expected genetic advances
(Chakrapani et al., 2008).

Ambade et al., (2014) used 24 ISSR markers to find the genetic diversity of L.sativus at
molecular level for 48 genotypes. 12 ISSR markers out of 48 expressed polymorphism. So the
selected genotypes were grouped into 2 clusters with a similarity coefficient of 0.61 which
ranges from 0.61-0.92. The maxium similarity coefficient was observed between RLK-637 and
RLK-466 with 0.92 similarity coefficient while the minimun was observed between BIOL-203
and RLK-120 with 0.63 similarity coefficient.

2.2Nutritional contents

e Seeds of L.sativuscontain protein -18.2-34.6%, carbohydrate -58.2% (about 35% starch),
fat-0.6% (Duke, 1981; Williams et al., 1994).

e The seeds of Lathyrus are deficient in lysine, methionine, isoleucine, iodinevitamins C,
D, E and B1, fluorine, lipids, sodium chloride, cobalt, phosphorus and sulphur.

e Another study reveals that 100g edible portion of seeds contain : moisture- 10g, protein-
25.0g, fat- 1.0g, total carbohydrate- 61.0g, fibre- 15.0g, ash- 3.0g, calcium- 110mg, Fe-
5.6mg, Vitamin A- 70 IU, thiamine- 0.1g, riboflavin- 0.4 mg & starch- 34.8% (of which
30.3% is amylose and 69.7% is amylopectin).

e Also the seeds contain: sucrose- 1.5%, pentosans- 6.8%, phytin- 3.6%, lignin-1.5%,
albumin- 6.6%, prolamine- 1.5%, globulin- 13.3% and glutelin- 3.8%.

e Lysine and phytate are in high amount in the seeds of L.sativus and L.cicera (Enneking).
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Some condensed polyphenols are also present which has some correlation with the seed
coat colour. (Deshpande and Campbell, 1992).

In Lathyrus the content of saturated fatty acids were higher (369.32 ¢g/100 g; 53.69%)
then the amount of unsaturatedacids (322.44 g/100 g; 46.61%).

There is a low lipid content (<2%) in the seed of L.sativus (Buchanan, 1904).

It has 40 1U kg* of Vitamin-E in the seeds (Grela and Giinter, 1995).

Amounts of some essential amino acids are (in grams per 16 grams of nitrogen): arginine-
7.85, leucine-6.57, histidine-2.51, lysine-6.94, isoleucine-6.59, methionine-0.38,
threonine-2.34, phenylalanine-4.14, tryptophane-0.40, and valine-4.68.

The leaf of L.sativuscontains: moisture-84.2%; fat (ether extraction)-1.0%; crude protein-
6.1%; carbohydrates-7.6%; ash-1.1%; Ca-0.16%; Fe-7.3 mg and P-0.1%; and carotene
(as vitamin A),-6,000 1U/100 g.

Also when Grasspea seeds are germinated some of its vitamin content increases
especially folic acid, pyridoxine and (Dukeriboflavin, 1981; Williams et al., 1994).

A neurotoxin B-ODAP is also present in the Grasspea which is about 16.2+0.5 g/Kg in
quantity.

The seeds of L.sativusare used in homeopathic medicines in local areas.

2.3Antinutritional factor - B-ODAP and factors affecting it

Although being a hardy, nutritious, sustainable and an advantageous crop, L.sativus

also contain an antinutritional factor-p-N-oxalyl-L-a,B-diaminopropionic acid (B-L-ODAP); also
known as B-N-oxalyl-amino-alanine (BOAA)(Aletor et al., 1994; Gannon and Terrian, 1989;
Ormandy and Jope, 1990; Pai and Ravindranath, 1993; Ross et al., 1989; Weiss et al., 1989) in

many literature which is a non-standard, non-proteinaceous amino acid. It is found in all part of

the plant which are its seeds, vegetative and reproductive parts (Murti et al., 1964; Jiao et al.,

2006.). It is a neurodegenerative disease which causes paralysis of lower limbs (a form of spastic

paraperesis) known as neurolathyrism not only in humans but animals too. Over consumption or

consuming Grasspea as a staple food for 3-4 months causes this neurodegenerative disease
(Spencer et al., 1986; Yan et al., 2006).
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ODAP occurs in 2 isomeric forms — a -ODAP and  —ODAP. When heat is provided,
the 2 forms of ODAP eqillibrates i.e., interconversion of B and a forms. This interconversion is
achieved via an intermediate till an equilibrium ration of 3:2 is attained ((Bell and O Donovan,
1966) Naturally, in the seeds of L.sativusa-form occurs only 5% Of total ODAP content and rest
is the B- form ( Roy & Rao,1968). The a-form is less toxic then B- form or non-toxic form of
ODAP (Wu et al., 1976). When a-form is injested in the cerebrospinal fluid, it is non-neurotoxic.
Also when this form is analysed in tissue culture, it lacks neuro toxic property (Chase et al.,
1985; Nunn et al., 1987).

B-ODAP act as the structural analogue of a class of glutamate receptor of neuron - the
AMPA-receptors  (alpha-amino-3-hydroxy-5-methyl-4-isoxazole-propanoic  acid). Thereby
inhibiting the uptake of glutamate again which enhances the duration of excitotoxicity (Kusama
et al., 2000).

Besides B-ODAP which is found in L.sativus, there are other neurotoxins too which
leads to neurolathyrism in the laboratory animals. The other neurotoxin found in n L.odoratus
(sweet pea), L. hirsutus, L.pusillus and L. roseus is thethe c-glutamyl derivative of b-
aminopropionitrile (BAPN) -d b-(N-c-glutamyl)-aminopropionitrile. And another neurotoxin
found in L.sylvestris and L. latifolius is L-2, 4-diaminobutyric acid (DABA) (Murti and Seshadri,
1964; Barrow et al., 1974; Spencer, 1989&Foster, 1990.).

B-ODAP is not only found in the L.sativus but also in the 21 species of the Lathyrus.
This is found mainly in the L.sativus, L. cicera and L. clymenum.p-ODAP is also found in other
genera of legumes which includes 17 species of Acacia and 13 species of Crotalaria. There is
only one non-legume in which B-ODAP is found- the older ginseng roots containing P. ginseng,

P. notoginseng and P. quinguefolius (Quereshi et al., 1977; Long et al., 1996).

ODAP is considered as the excitotoxicity substance. It is one of the most anionic amino
acid and a good metal chelator.in some studies L-ODAP is considered to act as agonist for a-
amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) receptor or glutamate receptor
agonist (Lambein et al,. 1994; Watkins et al,.).
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Some studies also reveal that L-ODAP inhibits the action of enzyme Tyrosine
Aminotransferase (TAT) both in vitro and in vivo. After ODAP treatment in the black mice, the
DOPA content and catecholamine of brain significantly increases. Also the mice which normally
does not respond to L-ODAP, when treated with tyrosine becomes susceptible to it. So it is
suggested that the cause of neurodegeneration might be the excessive production of
catecholamine (6-OH DOPA) which are the good neurotoxins. This explains the difference in
susceptibility for L-ODAP between different species (Shashivardhan et al, 1994; Cha et al,.).

The variation in theamount of ODAP content in Lathyrus after milling, roasting and
boiling is studied. To study its effect 12 L.sativus genotypes were taken of which 6 are having
low ODAP concentration and 6 have quite high ODAP concentration. In this genotypes, the
ODAP concentration ranges from 0.42 to 1.18 mg g*. Dehusking of grains leaves dahl
considered as the most digestable form. After dehusking 17.3% of total B-ODAP increases which
is in the range of 0.53 to 1.29 mg g™*. This is due to that most of B-ODAP lies in the cotyledons
and dehusking is simply removal of seed coats which results in the increase of this compound.
The dehusked grains of L.sativus when subjected to roasting (dry roasting) at 120C and 150C
resulted in a significant decrease by 43.18% and 44.32% respectively. Cooking of unprocessed

dehuskedgrain also marginally reduces the ranging from 0.81 mg g to 0.77 mg g

Shrivastava and Khokhar (1996) investigated that when pre-soaked Lathyrus seeds
were cooked and pressure cooked, levels of natural toxic compounds in this plant is reduced.
While the germination and fermentation of its seeds helps in destroying of the enzyme inhibitors
(amylase inhibitors-69-71%; trypsin inhibitors- 65-66%). Lectins are only marginally effected by
cooking and fermentation. When pre-soaked seeds were dehusked, the B-ODAP content was
reduced significantly but other anti-nutrients were not much effected. So they suggested on the
basis of both their findings and high-water solubility that this simple and effective means can be

practically used for reducing the f-ODAP content in L.sativus.

Selye (1958) investigated that consumptiom of Lathyrus causes 3 different types of
symptoms in laboratory animals. 2 symptoms are caused due to the consumption of L.sativus: 1%
in small laboratory animals like chicks and rodents, a neurotoxic disorder with convulsions
appears. Second, in primates also neurolathyrism occurs due to the consumption of B-ODAP

develops a central motor pathway and hindlimb deficits (similar to that occurs in humans). Third
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syndrome occurs as osteolathyrism and angiolathyrism due to the consumption L. odoratus
(sweet pea) which has b-aminopropionitrile (BAPN) as the neurotoxin which inhibits the activity
of lysyl oxidase, (enzyme helping in collagen formation). Its effect results in the collapse of
vertebral column due to abnormal connective tissue which leads to secondary paralysis and

abnormal blood vessel walls (Barrow et al., 1974; Roy, 1988; Spencer et al., 1986).

29 varieties of L.sativus from different places of India were analysed for some
association between biochemical content (BOAA content, and trypsin inhibitory activity (TIA),
moisture and extractable ether fraction, etc.) and color and size of the seeds. There are 5 white, 8
light grey or light brown, 14 were grey or brown, and 2 black coloured seeds. The white coloured
seeds had 0.41% B-ODAP content, 0.49% in light grey or light brown coloured seeds, 0.58% in
grey or brown and 0.74% in black coloured seeds. Statistically, no correlation is found between
TIA content and size and colour of seeds; between extractable ether fraction and seed colour and
size. So, no stastical correlation was found between them. (Roy. 1978).

The leaf explant of Lathyrus sativus L. were cultured in the synthetic media under
different environmental and stress conditions with different concentrations of micronutrients to
find the effect on the biosynthesis of the neuro-excitatory b-ODAP (b-N-oxalyl-L-a,b-
diaminopropionic acid) was induced by feeding the precursor BIA, (b-isoxazolin-5-on-2-yl)-
alanine. When the amount of copper was increased, the biosynthesis of B-ODAP decreases in the
nutrient medium. Increasing the concentration of Aluminium also enhaces the conversion of BIA
into B-ODAP. Iron and zinc were supplemented in combination, increasing amount of zinc
decreases the formation of B-ODAP. Increasing amount of iron also increases the production of
B-ODAP suggesting that it might have a role in the B-ODAP biosynthesis pathway. But
increasing amount of zinc leads to lower the formation of B-ODAP. When salinity increases by

increasing amount of NaCl, the formation of B-ODAP from BIA decreses. (Haque et al.,)

B-ODAP content in the plant of Lathyrus sativus L. vary with the stages of its life.
Although it is present on all parts of plant but with age of plant its formation alters. The nitrogen
rich fields have less B-ODAP accumulation than the nitrogen poor fields. The younger seedlings
(6-days old) were to have 3 times more B-ODAP content then the original seeds. The amount of
B-ODAP gradually decreases from all parts (leaves, stem and roots) of Lathyrus plant. Its content

in the yellowing leaves, stems and roots were virtually devoid at the seed maturation execpt stage
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except the maturing seeds (125days). But B-ODAP content slightly increases during flowering
and pod formation stage. (Jiao et al.,).

Jiao et al., suggests that Nitrogen and Phosphate are the crucial macronutrients not only
for growth of plant but also for the f-ODAP biosynthesis. Their study reveals that the f-ODAP
formation is much less in the N2- rich fields than in the N2-poor fields. Due to the high-levels of
free- N2 compounds during germination and young seedling stage, the levels of B-ODAP
increases. So they suggested on the basis of their hydroponics experiment that increasing -
ODAP content in N2 were related to N-metabolism. Also both in phosphorus-rich and

phosphorus-poor fields there is a sharp increase in the f-ODAP content.

Berger et al. reported that increasing salinity level also decreases the f-ODAP content
up to a certain level in both low and high varieties. Bur further increasing the salinity level now
help in increasing the formation of B-ODAP content.

The lathyrism epidemic or problem generally occurs during the drought condition. Although
L.sativus is known as drought-tolerant crop but it effects the physiological processes. So in
experiments, researchers found that increasing drought conditions also increase the B-ODAP

content in plants.

Grasspea also fixes atmospheric N2 with the help of Rhizobia. These rhizobia forms nodules
in the roots in the early seedling stage then gradually forms symbiotic association with the roots.
Alongwith higher B-ODAP accumulation in the early seedling stage nodule formation starts.
Furthermore it is also seen that rhizobium growth is more when there is less synthesis of -
ODAP. Also, no traces of B-ODAP were found in the nodules of L.sativus. So there exists a
relation between the growth of rhizobia and B-ODAP. Also this can explain why the roots have
lower levels of B-ODAP then shoots. (Jiao et al.,)

2.4 B-ODAP biosynthesis

Zhang et al., (2003) proposed that there is relationship between the activity of glycolate
oxidase (GO) and the content of B-N-oxalyl-L-a, B-diaminopropionic acid (ODAP) under high
light. In the experiment, they sprayed 2-hydroxy-3-butanoate (BHB, inhibitor of GO) on the
leaves of a 15- days old seedlings. They analysed that 32% of GO activity decreases during BHB
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treatment and 55% ODAP concentration also decreases when kept in darkness. So they are
positively correlated by value r = 0.97. Also it was proposed that oxalate was a precursor in the
ODAP formation. So they treated the seedlings with oxalate and found that as the concentration
of oxalate increases, the ODAP content and the activity of GO also increases at steady level
under high light. So they suggested that L.sativus by scavenging the hydroxyl ions protects the
activity of GO using oxalate as precursor to form ODAP.

Malathi et al., (1969) showed the biosynthesis of neurotoxin - [-N-oxalyl-L-a,
B-diarninopropionic acid (ODAP) in L.saivus. They showed that in the first reaction oxalyl-CoA
is formed from oxalate, coenzyme A and ATP synthesized by oxalyl-CoA Synthase. This
enzyme has similar properties as that of enzyme in Peas. Second reaction is catalysed by an
enzyme which is specific to L.sativus-oxalyl-CoA-~, fl-diaminopropionic acid oxalyltransferase.

The reaction is as follows:
Oxalate + ATP + Coenzyme A <> Oxalyl-CoA + AMP + PPy

Oxalyl-CoA + L-, B-diaminopropionic acid ODAP + Coenzyme A. ODAP synthase

B-ODAP is formed from the oxyalylation ofoxalyl coenzyme A and B (isoxazolin-5-on-2-yl)-L-
alanine (BIA) which converts into a short-lived intermediate 2, 3-diaminopropionic acid
(DAPA). (Malathi et al., 1970; Kuo et al,. 1998).

As earlier suggested that BIA is the precursor for ODAP in its biosynthesis pathway and
DAPRO was just a short lived intermediate. To investigate this tissue culture plantelets were
taken and incubated with radioactive [**C] BIA alone and also with DAPRO. So the rate of
formation of ODAP in alone [**C] BIA was more as compared to with DAPRO. Also as the
concenteration of DAPRO increases the incorporation [**C] BIA decreases. But its incorporation
was stimulate by the oxalates which was analysed in paper chromatography. So, this suggests
that the inhibition by DAPRO was concentration dependent and was only a short-lived
intermediate in the B-ODAP biosynthesis pathway (Kuo& Lambein., 1991).

Ikegami et al., (1999) confirmed in vivo that the direct precursor of p-N-oxalyl-L-a,p-

diaminopropionic acid (B-ODAP) is B(isoxazolin-5-on-2-yl)-L-alanine (BIA). BIA enzymatically
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breaks down into 2, 3-diaminopropionic acid (DAPA, which is a short-lived intermediate) and
oxalyl CoA by the process of oxylation as proposed by Lambein.

Ikegami et al., (1994) suggested that there are two isoforms of enzyme Cysteine synthase
(CSase, also known as O-acetylserine (thiol) lyase [EC 4.2.99.8]. Naturally, they catalyses many
reactions, it catalyzes the reaction in which neurotoxic amino acid gb-cyano-I-alanine is formed
fromO-acetyl-I-serine OAS and cyanide. Also CSase mainly catalyse the formation of I-
quisqualic acid and g-(pyrazol-1-yl)-l-alanine (heterocyclic g-substituted alanines) from OAS.
This activity in higher plants are different in which 3-cyanoalanine synthase (BCASase)
catalyses the reaction of 3-cyano-L-alanine with L-cysteine and cyanide as a substrate.

The Cysteine formed in the ODAP biosynthesis pathway catalysed by Cysteine Synthase
(CS). This Cystein when catalysed by Cyanoalanine synthase (CAS) gives B-Cyanoalanine
which is then converted to the isoxazolin-5-one having asparagine as an intermediate. This
pathway also helps in the cyanide detoxification as HCN is utilized here to form B-Cyanoalanine
(Machingura, M., 2006).

Chakarborty et al., (2018) proposed that the down regulation or deactivation of Cystein
synthase (LsCSase) gene can help in development of toxin-free genotypes. They identified a
novel cysteine synthase gene (LsCSase) and characterized with the help of bioinformatics
approaches from Lathyrus sativus L. The bioinformatics analysis showed that LsCSase has
maximum similarity with the O-acetyl serine (thiol) lyase of Medicago truncatula which also has
many sequence-specific motifs like cysK, CBS like, ADH_zinc_N, PALP, etc which are
localized subcellularly in the cytoplasm or mitochondria. They also suggested that there is a
relation between activation of LsCSase gene and the synthesis of B-ODAP due to external stress
management on the basis of studies of the tissue-specific regulation of the LsCSase and its
transcriptional activation under certain stressed conditions like low Zn*2-high Fe*?, osmotic

stress.

Raoet al., (1978) illustrated a spectrophotometric procedure for determining the neurotoxic
non-protein amino acid 3-Noxalyl-2,3-diaminopropionic acid (B-ODAP) which involves the

alkaline hydrolysis of B-ODAP to produce o,B-diaminopropionic acid. This product is then
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reacted with o-phathaldehyde (OPT) in presence of etahnethiol to produce a coloured compound
which quantifies at 420 nm. This procedure is applicable to calculate the content of B-ODAP in
L.sativusseeds and in the tissues of rat which is infused with the B-ODAP. But this procedure
doesn’t differentiate between the 2 isoforms of ODAP- B-ODAP& a-ODAP as a-ODAP is less

neurotoxic or non-neurotoxic then the B-ODAPand can be easily converted to a-form by heating.

A modification in the spectrophotometric method of Rao et al., was detailed by Briggs et al.,
for small samples. They analysed only a small amount (0.5grams) for determining the B-ODAP
content in the Grasspea seeds by utilizing o-phathaldehyde (OPT) as a reagent followed by the
alkane hydrolysis of B-ODAP. This method is as sensitive and specific as the Raoet al’s
calorimetric method for 3-4 seeds only. This method isstill utilized in the production of low-toxic

breeding programmes.

Cristina Megiaset al,.(2006) analysed the content ofneurotoxic non-protein amino acid 3-
Noxalyl-2,3-diaminopropionic acid (B-ODAP) and other free amino acids in the Lathyrus
ciceraand Lathyrus sativus with the help of reverse-phase High Performamnce Liquid
Chromatography (RP-HPLC). Before analysing in the HPLC, seed extricates were derivitizedby
reacting it with diethyl ethoxymethylenemalonate (DEEMM). This procedure showed a good
linearity of response in the calibration curve and an exceptional accuracy of 99% in spiked
samples with a high intra- (RSD<0.42%) and inter-repeatability (RSD= 2.01-2.33%). The limits
of detection (LOD) and quantification (LOQ) were 0.15 and 0.50 uM, respectively. This
procedure yields a similar result when compared to the calorimetric method with the simple
HPLC euipments. It can perform a large number of samples simultaneously and is easy to
handle.

2.5 Relation of B-ODAP with sulphur metabolism, radical scavenging and

different amino acids

Kusama-Eguchi et al., (2011) suggested that the lack of sulphur-containing amino acids like
cysteine and methionine in diet effects the toxicity of B-ODAP. They investigated this
experiment by preparing a media in which these amino acids are either present or absent and a
primary motor neuron culture and a motor neuron cell line NSC-34 (these cells are

immunostaining using a motor neuron-specific antibody SMI32). When these cultures were
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deprived of amino acids the toxicity of B-ODAP is alleviated by 66%. In the amino acid deficient
medium, glutathione content greatly declines. By adding reduced glutathione ethyl ester or N-
acetylcysteine to the media, the toxicity is neutralized. This suggests that under sulfur-deficient
amino acid condition the importance of oxidative stress of mitochondria which is induced by
B-ODAP.

Xing et al., (2001) investigated that the association between scavengers of oxidases like
superoxide dismutase (SOD), catalase, peroxidase, and glutathione reductase and Hydrogen
peroxide and B-ODAP. The activities of these enzymes were measured on the basis of changes in
lipid peroxidation during different duration of PEG treatment (oxidative stress). As the duration
of PEG treatment increases, the activity of superoxide dismutase, catalase and peroxidase
decreases significantly while the activity of glutathione reductaseincreases. Also the
concentration of B-ODAP, hydrogen peroxide and extent of lipid peroxidation is increased.
ThediethyldithiocarbamateDDC (inhibitor of SOD) and aminotriazole AT (inhibitor of catalase)
strongly inhibits the activity of SOD and catalase but extent of lipid peroxidation increases
significantly. Mannitol decreases the extent of lipid peroxidation. But the accumulation of f-
ODAP is independent of activity of mannitol, DDC and AT. This results suggests that there is no

direct relation between the accumulation of ODAP and the metabolism of free radicals.

When the formation of hydroxyl radical (-OH) increases the content of B-ODAP in Grasspea
seedlings, when -OH is provided exogenously. -OH initiates the lipid peroxidation. Lipid
peroxidation activity also increases when -OH is supplemented exogenously in the Grasspea
seedlings. ODAP also competes with salicylate for hydroxyl radicals in the hydroxyl radical
generating/detecting system in vitro. This suggests that B-ODAP may act as hydroxyl radical
(-OH) scavenger (Gongke et al., 2001).
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Hatzfeldet al., (2000) hypothesized that the isoform of Cysteine Synthase (CS), Bsas 3 (-
substituted Ala synthase) is similar top-Cyanoalanine synthase (CAS) in the spinach and
Arabidopsis. It is hypothesized that CAS (Bsas 3) is a mitochondrial enzyme. B-cyanoalanine is
formed from Cysteine and HCN (hydrogen cyanide) which is being catalysed by mitochondrial
localized B-Cyanoalanine synthase (CAS).

HS-CH2CH (NH2) COOH+ HCN 3 — NC-CH2CH (NH2) COOH +H2S
(L-cysteine) (Cyanide)  (3-cyano-I-Ala)

A novel Cysteine synthase (LsCSase) gene was identified from the L.sativus which is
localized within the mitochondria or plastid. This enzyme belongs to the superfamily Tryptophan
synthase beta (Trp-Synth-beta Il superfamily) which has significant conserved domains like
Zinc-binding dehydrogenase (ADH_zinc_N) with other essential motifs like PALP_1
(Pyridoxalphosphatedependent enzymes), PKC/CK2_PHOSPHO_SITE (Protein kinase C
phosphorylation site/ Casein kinase Il phosphorylation site), CYS SYNTHASE (Cysteine
synthase/cystathionine beta synthase P-phosphate attachment site). According to bioinformatics
approaches this enzyme LsCSase has found to be similar with the O- acetyl serine (thiol) lyase of
Medicago truncatula. Also this study uncovers that there is some connection of the activation of
LsCSase enzyme and B-ODAP biosynthesis to deal with the abiotic stress conditions
(Chakarbortyet al.,).
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According to literature of Yi et al., (2012) it is suggested that there is a link between S-
associated Cysteine and ODAP biosynthesis pathway. The heterocyclic BIA (B-isoxazolin-5-on-
2-yl) is the precursor of ODAP which is formed from the B-cyanoalanine catalysed by the
enzyme [-cyanoalanine synthase. The 2 enzymes CS and CAS both follows up on the similar
substrate O-acetyl serine. Additionally both have the pyridoxal dependent activity too which
comes under superfamily -subsituted alanine synthase (BSAS).

The consumption of sulphur-containigamino acids like methionine and cysteine reduces the
effect of B-ODAP and neurodegenerative diseases. Depletion of these amino acids in the cultured
cells increased the intensity of neurolathyrism. This study demonstrates that methionine and
cysteine act as antioxidants in the oxidative stress and assist in the neurolathyrism (Kusama-
Eguchiet al., 2011 Getahunet al., 2005, 2003).

Jiao et al., (2011) hypothesized that inhibition of synthesis B-ODAP or degradation of -
ODAP might be due to the increased levels of ROS. It is also suggested that the primary cause of
neurolathyrism is the thiol oxidation which is due to ROS (mainly superoxide ions O™ and
hydrogen peroxide H20>) which leads to mitochondrial dysfunction. Leaves having low levels of

02 and H,02 have the hogher concentration f-ODAP and vice-versa.

Lopez-Martinet al,.hypothesized that during the low ROS content in leaves in the young
leaves, the O-acetyl serine(OAS) which is the presursor of B-ODAP biosynthesis pathway
proceeds towards the formation of BIA. While OAS is being used to form Cysteine and then
glutathione in the mature leaves. So in the mature leaves Cysteine and glutathione are in

abundance which are recognized as the key metabolites during high ROS contents.

The metabolic regulation of sulphur metabolism is very important for the synthesis of many
metabolites including. So, Cysteine is the first molecule which contains both Nitrogen and
Sulphur in the sulphur metabolism. Cysteine is catalysed by CAS to form cyanoalanine and
hydrogen sulphide. So there might be some possible effect in maintaining sulphate status in
plants during stress conditions. Also hydrogen sulphide is responsible for regulating many
physiological processes like germination, abiotic stress tolerance, and senescence (Kopirav et al.,
2012,2014;Alvarez et al,.2010).
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Nitrogen nutrition has a significant effect on the content of B-ODAP in the L.sativus. So
CAS might be the enzyme that links cyanide and cyanogenic compounds to the Nitrogen
metabolism. So the cyanide detoxification pathway involves formation of Cyanoalanine from
cysteine and CN™ which is being catalysed by mitochondrial localized CAS (Goudey, J.S.et al,.
1989; Gleadow, R.M. et al., 2014).

2.12. Functional annotation with the help of different software

The enormous amount of gene sequence data generated by Next-generation technologies
were needed to be functionally annotated for the further experiments to be carried on. For this an
efficient bioinformatics software is developed namely — MapMan ‘BIN’ Mercator
(http://mapman.gabipd.org/web/guest/app/Mercator) which is based on the MapMan BIN

ontology that customizes the functional annotation to plant ‘Omics’data. This software
designates functional categories to the orphan protein or amino acid or nucleotide sequences on
the basis of homology sequences searches against reference 3 organism’s gene sequence data
mainly Arabidopsis, Chlamydomonas, rice, various other plant species that have areviewed
SwissProt annotation, and more than 2000 protein domain and family profiles at InterPro, CDD
and KOG. The functional categories envisaged to the orphan sequences by Mercator attains an
accuracy of above 90%. The data sequences should be uploaded in the FASTA format. The
Mercator software provides result in a user-friendly interface with graphical overview charts,
detailed annotation information in a MapMan-to-GO translation table to export results as GO
terms (Lohseet al., 2014).

Schwackeet al,.(2019) revised or redesigned the Mercator software and named as Mercator4
for functionally annotating the rapidly increasing orphan protein and nucleotide sequences due to
advances in gene sequencing technologies. This version of Mercator has incorporated the recent
knowledge of various land plants of high quality. Recently, this version consists of 27 top level

Bins which are of strong biological context.

A bioinformatics approach for the prediction of functional names to orphan nucleotide

sequences of plant resources is developed namely: GoMapMan (http://www.gomapman.org).
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This tool provides genes functional annotation in the plant sciences and is an open web-
accessible resource. It encourages improvement, consolidation and visualization of gene
annotations over several plant species. GoMapMandescribes gene functions which depends on
the MapManontology, organized in the form of a hierarchical tree of biological concepts. In this
tool reference genes were included of Arabidopsis and three crop species (potato, tomato and
rice). The principle highlights of GoMapMan are

()] Dynamic and intuitive gene product annotation through different curation choices

(1)  Combination of gene annotation for diverse plant species through the combination of
orthologue bunch data.

(1) Discernibility of gene ontology changes and annotations.

(IV)  Combination of outer information about genes from diverse open resources.

(V)  Giving assembled data to high-throughput investigation instruments by means of
dynaically produced export records.

All of the GoMapMan functionalities are straightforwardly accessible, with the limitation
on the curationwhich require prior registration to ensure traceability of the implemented changes
(Z ivaRamsaket al., 2013).

Thimmet al., (2003) illustrated a bioinformatics approach — MAPMAN; it is a user-friendly
tool that exhibits immense data sequences on to illustrations of metabolic pathways or other
processes. MAPMAN comprises of 2 modules: 1.) SCAVANGER and 2.) IMAGE
ANNOTATOR. SCAVANGER module allocates the measured parameters in to heirarchial tree
(i.e. categorizes parameters in to BINs, subBINs..., particular enzymes). The SCAVANGER
module has further sub modules; TRANSCIPT SCAVANGER categorizes the genes on
ArabidopsisAffeymatrix 22K array into groups of heirarchial BINs and subBINs which provides
an overview of central metabolism, secondary metabolism and other processes. METABOLITE
SCAVANGER classifies several metabolites into specific pathways or sets of structurally related
metabolites. The IMAGE ANNOTATOR module utilizes this classification to assemble and
exhibits diagrams according to the user’s choice. Its modular structure helps to modify the
present categories and incorporation of new categories and develop SCAVANGER modules into

other sort of data.
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In the review literature of FatihOzsolak and Patrice M. Milos (2010) the advances of
massive RNA sequences and parallel their cONA were developed. This huge amount of RNA
sequences or CcDNA sequences permitted characterization and quantification of the
trenscriptomes. Recent improvements in the RNA sequencing strategies has provided a much
more complete characterization of transcriptomes. These advancements incorporate upgrades
insmall RNA characterization and detection of alternative splicing events, transcription start site

mapping, gene fusion detection, strand-specific measurements.

BJORN USADEL (2009) reviewed about the MAPMAN tool which is utilized to
envisagition of profiling data. Its SCAVANGER module creates hierarchial and non-
redunctant ‘mapping files’ (Gene Ontology). Then the IMAGE ANNOTATOR module picturizes
these mapping data into schematic ‘maps’ or diagrams of biological processes. Then there is a
PAGE MAN module which statistically evaluates the processed mapping files to know the
responses at pathway or processing levels. In this literature they compared the Arabidopsis
transcriptome with the sequences of Maize to explore the transcriptome responses during diurnal
changes. They showed that this tool can be utilized to examine and distinguish the global

transcriptonal responses between distantly related species.

CLC Genomics workbench is tool of CLC Bio’s which lessened the barriers to functionally
annotate the de novo assembled orphan sequences. It is considered as the first comprehensive
analysis package which analyzses and visualizes data from all major NGS platforms, like
SOLID, 454, Sanger, Illumina and lon Torrent. It is a multi- technology multi-platform which
can provide us with results: * Read mapping of Sanger, 454, Illumina Genome Ana- lyzer and
SOLID sequencing data « De novo assembly of genomes of any size (only limited by RAM
available) * Color space mapping * Advanced visualization, scrolling, and zooming tools « SNP
detection using advanced quality filtering ¢ Support for multiplexing with DNA barcoding
Genomics * RNA-seq incl. support for paired data and transcript- level expression * Small RNA
analysis * Expression profiling by tags « EST library construction ¢ Advanced visualization,
scrolling, and zooming tools * Gene expression analysis Transcriptomics ¢ ChIP-seq analysis ®
Peak finding and peak refinement ¢ Case/control analysis Epigenomics ¢ Primer design

Molecular cloning « BLAST « Alignments * Phylogenetic trees « Advanced RNA structure
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prediction and editing ¢ Integrated 3D molecule analysis ¢ Secondary protein structure

predictions.

Gusberti, M.et al., (2013) found a horizontal resistance in Apple against apple scab
(Venturiainaequalis). In his studies, they identified 5 putative candidate gene which are involved
in the ontogenic disease resistance. In their experiment they extracted RNA then sequenced it
with the help of IlluminaHiSeq 2000. Then for functional annotation they utilized both CLC
Genomics Workbench (CLC GWB) and MapMan Mercator. The sequence files from
[lluminaHiSeq 2000 were then analysed in the CLC GWB which compared its sequences with
unannotated M. x domestica gene files which then normalized its expression value using RPKM
value. Also principal component analysis was done using this tool with the diferentially
expressed genes (DEG’s) which was selected on the basis of RPKM values. They then also
uploaded the sequences of these DEG’s in FASTA format which provided them the functional

category for pathway analysis.
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CHAPTER-III
MATERIALS AND METHODS

The current theory entitled “Transcriptome characterization to identify putative
genes related to amino acid biosynthesis pathway and d-amino acid metabolism in Lathyrus
sativus” was directed at the department of Plant Molecular Biology and Biotechnology, Indira
Gandhi KrishiVishwavidyalaya, Raipur, India during the session of 2019-2020. This part of
thesis contains the experimental materials utilized over the span of experiment and the
methodology for the equivalent. The particulars of the materials utilized and methods embraced
were followed under the heading and subheadings:-

3.1. Experimental site

The analysis was directed in the field and at the different laboratories of Department of
Plnat Molecular Biology and Biotechnology, College of Agriculture, Indira Gandhi
KrishiVishwavidyalaya, Raipur.

3.2. Materials Used

Nine diverse genotypes of L.sativus were selected on the basis of their ODAP
concentration in the seeds. Out of which five were sorted out for the identification of gene
related to amino acid biosynthesis pathway and d-amino acid metabolism. 277 lines of cross
MahateoraxRLK-1950 were analysed for their ODAP content in the seeds.
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Table 3.1 List of 9 Lathyrus sativusdiverse genotype

SL.No. Variety
1 Mahateora
2 Prateek
3 Pusa-24
4 BioR-231
5 BioL-203
6 RLS-2
7 SEL-527
8 SEL-516
9 SEL-504

3.3 PHENOTYPIC characterization of 277 line of cross MahateoraxRLK 1950

The F2 population of cross MahateoraxRLK1950 having 277 line were sown on 12
December 2020 in the Rabi season under rainfed condition. 4 observation viz., leaf pigmentation,
flower colour, seed pigmentation and ODAP content of seed were recorded. 90% of the

germination was observed on 17 December 2020.
3.3.1 Leaf pigmentation

Leaf pigmentation was recorded 25 days after sowing asnon-pigmented(NP), slightly
pigmented(SP) , moderately pigmented (MP) and highly pigmented (HP) on the basis of purple

colouration of leaves.
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3.3.2 Flower colour

Flower colour was recorded 55-60 days after sowing as purple coloured or pink coloured

flowers.
3.3.3 Seed pigmentation

This was recorded after harvesting and drying of pods on the basis of spots on the seeds as
higly pigmented (HP), moderately pigmented (MP), pigmented (P) and slightly pigmented (SP)
and non-pigmented (NP)

3.4 METHODOLOGY
3.4.1 Biochemical characterization of Lathyrus sativus diverse genotypes
ODAP ESTIMATION

The biochemical analysis for the ODAP estimation was conducted according to the procedure
of Raoet al., (1964) in the dry Lathyrus seeds in which o-phathaldehyde (OPT) is utilized as a

reagent in the alkaline hydrolyzing medium.
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3.4.2. Chemicals and materials used:

Vi.
Vii.

viil.

Potassium hydroxide (KOH) -3N
Potassium tetraborate (K2B4O7)- 0.5M
O-phathaldehyde (OPT)
-mercaptoethanol

60% ethanol

Absolute ethanol

Grounded Lathyrus seeds

Eppedroff tubes-2ml

Falcon tubes-15ml

Borosilicate bottels

3.4.3 Preparation of BLANK solutions

As per the protocol of Raoet al., (1964) 3 blank solutions were prepared which were as

follows:-

Sample blank = 2ml K2B4O7 + 750uL double distilled water + 250puL non-hydrolysing
solution (60% ethanol)

Buffer Blank = 2ml K2B4O7 + 750uL double distilled water + 250uL non-hydrolysing
solution ( 2:1 of KOH and 60% ethanol solution).

OPT Blank = 2ml OPT+ 750uL double distilled water + 250uL non-hydrolysing

solution (60% ethanol).

3.4.4 Preparation of OPT reagent

The OPT reagent for the ODAP estimation should always be freshly prepared. For it

preparartion Potassium tetraborate (K2B4Oy) is taken as the solvent. So for preparing 100mL of

OPT solution, dissolve properly 100mg of OPT reagent in 90mL of K>B4O7 along with 1mL

99% ethanol and 0.2 mL (200 pL) of B-mercaptoethanol, then make up its volume to 100mL.
The buffer solvent K2B4O7 should have a pH of 9.9.
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3.4.5. Procedure

X/
°e

0.5gm or 500mg of firmly grounded seed samples were allowed to rest in the 210mL 60%
ethanol overnight.

After adding grounded seeds to the 10mL 60% ethanol vortex it well and leave it for
overnight.

2ml of supernatant or aliquot was pippeted in the 2ml eppenderoff tubes.

Centrifuge this aliquot at 4500rpm for 15 minutes at 25C.

Then this supernatant was hydrolyzed with 4ml of 3N KOH, sustain this hydrolyzed
samples in the waterbath at 95C for 30 minutes.

After cooling, 250uL of hydrolyzed sample solutions taken in the borosilicate bottles
along with 2mL OPT solution and 750uL double distilled water.

Prepare the blank solution as directed above then allow all the sample solutions along
with blank to incubate for 2 hours at 37C-38C.

A yellow colour develops in the sample solution which was absorbed 425nm in the

Systolic spectrophotometer.

The absorbance of blank solution was also taken by substracting sample blank and buffer blank

and substractingOPT blank and sample solutions. The final absorbance was obtain by the

formula:-

Final absorbance = (Sample Blank-Buffer blank) — 1/3(OPT Blank — Sample solution)

This final absorbance is then multiplied by a correction factor of 1.67 to obtain the ODAP

content of seeds.
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(Fig.3.. ODAP estimation; yellow colour develops corresponding to the ODAP concentration of
seeds.)

3.4.6. Standard curve
+«+ To calculate the standard curve, LDAP was used which is analogues to ODAP content in
the seeds

+» 1% stock slolution of LDAP was prepared by dissolving 1gm LDAP in 100 mL of water.

+«+ This stock solution was again dissolved in 4ml of 60% ethanol and 2ml of KOH to make
a total volume of 6mL.

«+ In this 6ml solution tubes add 6L LDAP stock solutions and make up the volume to
6ml which makes a concentration of 0.001 (6mg/6ml). Similarly prepare solutions of
0.002,0.003,0.004 and 0.005 concentration with a blank.

% Then incubate this solutions in waterbath at 95C for 30 miutes, now observe the

absorbance in spectrophotometer.
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Table 3.2 — concentration and absorbance of LDAP for standard curve

SL.No. Conc.(6mg/ml) Absorbance
LDAP (425nm)
1 0.001 0.228
2 0.002 0.423
3 0.003 0.592
4 0.004 0.772
5 0.005 0.902
6 0.006 1.112

On the basis of ODAP estimation 5 genotypes were selected:-

SL.No. Variety
1 Mahateora
2 Prateek
3 PUSA-24
4 BIOR-231
5 RLS-2

(Table 3.3 — genoypes selected)

Seed of these genotypes were firstly germinate in the petriplate then grown in the field condition

for 10 days. Then RNA was extracted from 8" and 10" day plants.
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(Fig..4. ering of germinad seeds i the field cndition.)

3.5. Semi-quantitative expression analysis of candidate genes responsible for
amino acid biosynthesis and D-amino acid biosynthesis pathway in diverse

Lathyrus genotypes.
3.5.1. RNA EXTRACTION

Leaf tissue collection and isolation of RNA:

Fresh leaf samples of 5 diverse Lathyrus genotypes were collected from 8 and 10 days old

plants as the accumulation of ODAP content from 6-10 days were highest. Healthy and tender
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leaves were choosen and diseased or damaged leaves were diascraded. These leaves were
crushes in the liquid nitrogen for RNA extraction.

RNA extraction was performed using TRIZOL reagent.

Materials Required:-

e Trizol

e Chloroform:Isoamyl Alcohol mixture (24:1,v:v)
e Isopropanol

e DEPC water

e 75%ethanol

Methods:
Preparation of DEPC Water

e 0.1gram of DEPC (diethyl pyrocarbonate) is dissolved in the 1Lit. of double distilled
water to make a 0.1% DEPC water. Mix it well by stirring it for 2 hours. This DEPC
should be handled very carefully and with proper protection as DEPC IS HIGHLY
TOXIC COMPOUND.

e DEPC gets hydrolyzed while autoclaving process, so it should be double autoclaved.

Then it can be handled easily and can be stored at room temperarture for several days.
Preparation of utensils for RNA extraction

e The mortar pestels, spatula, eppendroff tubes and other glasswares were soaked in 30%
hydrogen peroxide for 15 minutes for RNA extraction procedure. Then rinse it with
DEPC treated water and keep it overnight and dry it in the hot air oven before use.

e Always use RNAase free microcentrifuge tubes of 1.5ml or RNAase free filter tips.
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Procedure:-

X/
°e

8 and 10 day old leaves were collected and crushed in the liquid nitrogen to form a fine
powder with the help of mortar pestle which is then transferred to a 2ml eppendroff tube.
To this crushed leaf smaples, add 500ul of TRIZOL reagent, vortex it well. Then
incubate it for 10 minutes.

Now add 200pl of Chloroform: Isoamyl Alcohol (24:1) then vortex it again. These tubes

are agai incubated for 10 minutes at room temperature.

Centrifuge it at 4C at maximum speed for 15 minutes in a bench top centrifuge.

Pipette out the aqueous phase of samples in a clean eppendroff tubes after centrifugation.
Add 500l of isopropanol and mix it gently. Now incubate it for 10 minutes.

Again centrifuge it for 15 minutes at maxium speed at 4C. Now the pellets appear at
bottom of tubes.

Dispose the isopropanaol.

Now add 70% DEPC treated ethanol and resuspend the pellets by gently tapping the
tubes. Centrifuge for 5 minutes then decant the ethanol.

Now air dry the pellets by inverting the tubes on a paper towel or blotting paper untill
every single droplet is dried.

Resuspend the pellets in 20l of RNAase free DEPC treated water for dilution.

After dilution the RNA samples can be quantified and qualified in the Nanodrop

Spectrophotometer and gel electrophoresis respectively.

3.5.2 cDNA synthesis

The Bio-RADiIScriptTMcDNA synthesis kit was utilized for synthesis of cDNA from the

quantified RNA which is isolated as per manufacturer’s instruction. The reaction mix and

temperature profile are presented in table for cDNA synthesis. This kit is applicable for 1pg to

1ug of RNA and consists of following components:-

1.
2.
3.

5X iScript Reaction Mix
iScript Reverse Transcriptase

Nuclease free water
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Table 3.4: cDNA synthesis (reverse-transcription) reaction components.

Components Volume reaction Final concentration
5X iScript reaction mix 4 ul 1x
iScript Reverse Transcriptase 1l -
Nuclease free water Variable -
RNA template 1-15 pl 1ug
Total volume 20 pl

Table 3.5: Reverse Transcriptase cycling program

Step Temperature Time No.of cycles
Priming 25C 5min 1
Reverse 46C 20min 1

Transcription
RT inactivation 95C 1min 1

Optional step 4C hold

cDNA synthesis procedure:

%+ The template RNA samples should be thawed on the ice. The amount/volume of RNA to
make it 1ug of concentration should calculated by adjusting the volume of water.
Dispense the required quantities of water and RNA accordingly in the tubes of 0.2ml
capacity.

s Mix all the given amounts of 5X iScript Reaction Mix, iScript Reverse Transcriptase and

Nuclease free water for preparing the master mix.
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X/
°e

Gently mix by pippeting.

X/
°e

10ul of master mix along with RNA samples and water should be dispensed in the
corresponding tubes then gently tap the tubes for mixing of all contents and spin it down.
% Then incubate the tubes in PCR machine on reverse transcription cycle as depicted in the
table 3.5.

Quantification and dilution of cDNA

cDNA is qualified and quantified by the measuring the absorbance with the help of
Nanodrop spectrophotometer (ND 100). At the tip of Nanodroplplof cDNA is pipetted and
absorbance was recorded at 260nm. For each sample absorption ratio (A260/280) and
(A260/280) was recorded for evaluating the quantity and quality of cDNA.

3.6.  Functioal annotation of L.sativus transcriptomes using Mercator

The MapMan Mercator (http://mapman.gabipd.org/web/guest/app/ Mercator) is an open,
user-friendly resources for the functional annotation of orphan genes. It is specially designed for
the plant researchers to functionally categorize the unknown gene sequences. The MapMan
Mercator provides functional categories on the basis of MapMan Ontology which is termed as
“BIN” (Thimm et al., 2004). BINs are structured to form a hierarchical tree describing about the
various biological terms of plant metabolic pathways and process including secondary
metabolism and metabolism in stress (Rotter, A.et al., 2007; Rotter, A A.et al., 2009). The BIN
ontology is very flexible as it can also accomodate a more detailed specification which is further

classified as subBINSs.

The Mercator predicts the fuctional categories of orphan gene sequences on the basis of

following reference data (Lohse et al., 2014):

~33000 Arabidopsis proteins (TAIR10 protein).
~6000 plant protein from the Swiss Prot database
~57000 rice proteins (TIGR5)

~17000 Chlamydomonas reinhardtii protein models

o M 0D

2169 domains and profiles from InterPro database, Conserved Domain Database
(CDD) and KOG database.
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The functional categories were assigned on the basis of a combination of reviews, literatures,
database researches, sequence analysis and personal expertise. It requires to upload the
sequences in the FASTA format. Mercator can analyse upto 150million nucleotides or amino
acid sequences in ne go which corresponds to 1,00,000 sequences of 1.5Kb each. The sequences
should be uploaded as assembled transcripts or derived protein sequences and not in a raw next-
generation sequencing (NGS) data. It provides us with an accuracy of above 90%.

3.6.1. Proccesing of Mercator (Lohse et al., 2014)

» The query or orphan sequences are clustered or screened on the basis various reference
databases.

> All the results of searches are compiled and filtered on the basis of cut-off score provided
by various databases which were then passed on to the Reasoner module.

» The Reasoner module assigns the reference BIN categories to each query sequences
based on the above-threshold hits.

» Each reference hits were supported by the experimental evidence documented by
publications receive extra weight.

» Consequently, on the basis of all above processes, the results were provided in the form

of excel sheet and chart.
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Fig.3.5. Processing of Mercator
Source: Lohse et al.,; Plant, Cell and Environment, 37, 1250-1258

3.6.2 Uploading of orphan sequences in the Mercator

= Upload the sequence file and specify the properties to be given.
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Specify Properties for Mercator Job

JobiMarme: warcaborS137dEecib0T 42351 503dT3e8ba534be

Marme = [test

Email *: [usadel@mpimp-golm.mpg de

TaIR: " TalR Relgase B

PPAP: P SwissProbUniProt Plant Proteins
LMIREF: ¥ Liniret@0 Blast Database (long runtime)

BLAST_CUTORF = [S0

KOG [ Clustars of orthologous sucanpotic genes databasa (KOG
Co: ¥ Use consensed daomain database
PR W include intenpro scan Jang runtirme)
MULTIPLE: [ Allow mulliple bin assignments
PARANOID: [& Considar the "unassigned” bin with gaual wweighlwhean assiagning
bincodeas
AMMOTATE: P Append database annotalion o rmapping
IS IDeMUA:  Check ifinpui is DA seguence
Load Segquence File
[ Load Test Seuuencel M
T 7T T T S atrmbutes marked in red need to be specified or contain legal values! R

(Fig. 3.6. filling of all necessary requirements to run the Mercator)

= After filling the necessary options, check further if everthing is correct then click
the update button to start the processing.

Specify Properties for Mercator Job

JobMame: MercatorS1 B7dEec! bOT4Z2a51 503d79e@baiIdbe

Hame: [test

Email: [usadel@mpimp-golm.mpg.da
TAIR: ¥ TAIR Release 3
PPAP: F SwissProtlUniProt Plant Proteins

DIRIEE F 2 F Liniref@0 Blast Database Jong runbme)

EHLAST_CLUTOFF: |Eﬂ
KOGz W Clusters of antholergous eucarnyobc genes database (KOG

CcoD: W Use conserved domain database

PR M Include inerpro scan Jong runtime)
MULTIPLE: ¥ Allow mulliple bin assignments
PARANGID: F Zansider the "unassigned” bin wilh equal waight when assigning
bincades
ANNOTATE: W Append database annotation 1o mapping
IS_DMA: F Checkidinput is DRA sequence

Sequence File loadead: 22 (1132617 nuclealides)

Update Sequences | BHrowsa I

Stant Mbercator

update job I

(Fig.3.7. checking of the specifications)
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= On the completion of job, a download link will appear for viewing of the results (excel
sheet and pie chart).

JobibEammes oo
Hame: |
Emailz usadelic F
WINNHEF:
FALIL TIFFLE:
TRIR: *
IS _DMA: 1
PR
1P
BLAST _CUTORF: £
KOG 1
AHNOTATE: 1
CIDID:
PARANDID: 1
Load TestSequence: 1
CElUBI RS
RO T
Mucheolides:

EncTime: Mor
StartTime: M
JobStatias: |

Donvsndo ail Fesult

updale |
(Fig.3.8. After completion of the process, this page appears to download result)

3.7. Insilico designing Primers:

The concerned genes related to amino acid and d-amino acid biosynthesis pathway
were selected on the basis of Mercator output (excel sheet) for Cyanoalanine synthase,
alanine aminotransferase, Asparagine synthase, asparaginase, and. These functional
categories from Mercator output (excel sheet) were then screened for its corresponding
sequences in the Mahateora and RLK-1950 transcriptome sequence data. The corresponding
sequences is also screened for homology sequences searches in the NCBI BLAST

( https://blast.ncbi.nim.nih.gov).
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https://blast.ncbi.nlm.nih.gov/

= Nucleotide BLAST: Search nucl X

&« ¢ @ @ & httpsy/blast.ncbinim.nihgov/Blast.cgi?PRO {_LOC=blasthome B - W N O & =
A
Standard Nucleotide BLAST
_J blastn | blasip | blastx | fblastn | tblastx |
BLASTN programs search nucleotide databases using a nucleotide query. more... \'Reset page.) \'Bookmark’
Enter Query Sequence
Enter accession number(s), gi(s), or FASTA sequence(s) & Clear Query subrange &/
Fom[ ] BLAST results will be displayed
o] in a new format by default =
You can always switch back to the
Traditional Results page.
Or, upload file Browse... | Mo file selected. @
Job Title |
Enter a descriptive tifle for your BLAST search &
[ Align two or more sequences &
Choose Search Set
Database ®Standard databases (nr etc.): OrRNA/TS databases OGenomic + transcript databases O Betacoronavirus
‘Nuc\eot\de collection (nr/nt) v‘ @
Organism
Optional ‘ ‘ [exclude .+
Enter organism common name, binomial, or taxid. Only 20 top taxa will be shown @
Exclude [IModels (xMXP) (] Uncultured/environmental sample sequence:
Optional
Limit to [ Sequences fram type material
Optional ;
Entrez Query \ | YoullT Create custom database
Optional Enter an Entrez query to limit search @
Program Selection
Optimize for ® Highly similar seausnces (meoablast)
last.nchi.nim.nih.gov/Blast.cgi’PROGRAM=blastn&PAGE_TVPE=BlastSearch&LINK_LOC=blasthome# v

(Fig.3.9. - Homepage for NCBI BLAST)

The candidate genes were also observed for there corresponding pathways, contig ID’s and
functions in the Kyoto Encyclopedia of Genes and Genomes (KEGG).

(https://www.genome.jp/kegal.).
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https://www.genome.jp/kegg/

& C @ ) nw.genomejp, 8 - N o e =
~
KEGG vH ‘ Search Help
= Japanese
KEGG Home KEGG: Kyoto Encyclopedia of Genes and Genomes
Release notes
Current statistics X X
KEGG is a database resource for understanding high-level functions and utilities
KEGG Database of the biological system, such as the cell, the organism and the ecosystem, from
KEGG overview molecular-level information, especially large-scale molecular datasets generated
Searching KEGG by genome sequencing and other high-throughput experimental technologies.
KEGG mapping See Release notes (september 1, 2020) for new and updated features.
Color codes
KEGG Objects & Main entry point to the KEGG web service
Pathway maps KEGG2 KEGG Table of Contents [Update notes | Release
Brite hierarchies history]
KEGG DB links & Data-oriented entry points
KEGG Software KEGG PATHWAY  KEGG pathway maps Classification
KEGG API KEGG BRITE BRITE hierarchies and tables pathway
KGML KEGG MODULE  KEGG modules Brite
KEGG FTP KEGG ORTHOLOGY KO functional orthologs [Annotation] Brite table
SttEr i KEGG GENOME  Genomes [ | Virus | Plant] Q‘gd};'e o
Background info KEGG GENES Genes and proteins [SeqData) Org;;:gmm"
KEGG COMPOUND Small molecules Virus
GenomeNet KEGG GLYCAN Glycans Compound
T - KEGG REACTION  Biochemical reactions [RModule] gﬁ;t:;‘;rek'lcm
b, KEGGENZYME  Enzyme nomendature Brog (A1)
Feedback KEGG NETWORK  Disease-related network variations Drug (Tanjet]
Copyright request KEGG DISEASE Human diseases
KEGG DRUG Drugs [New drug approvals]
htps://uww.genome jp/kegg/genome/pathogen himl §  Health information resource [Drug labels search v

(Fig.3.10- Homepage of KEGG)

& c @ 0 &

K[cc Searcll|KEGG u‘lor‘wanua\amnesynthase Go Clear

Database: KEGG - Search term: cyanoalanine synthase

n @ & =

rw.genome,jp/db

KEGG ORTHOLOGY

K13034
ATCYSC1; L-3-cyanoalanine synthase/ cysteine synthase [EC:25.14744.19)

KEGG GEHES

cel:CELE_K10H10.2
K01738 cysteine synthase [EC.2.5.1.47] | (RefSeq) cysl-2, Bifunctional L-3-cyanoalanine
synthaselcysteine synthase
ath:AT3GE1440
K13034 L-3-cyanoalanine synthase/ cysteine synthase [EC:25.1.47 44 1.9]| (RefSeq) CYSC1; cysteine
synthase C1
aly.9318452
K01738 cysteine synthase [EC:2.5.1.47] | (RefSeq) L-3-c;
synthase D1 isoform X2
aly.9308372
K01738 cysteine synthase [EC:2.5.1.47] | (RefSeq) L-
synthase D2
aly:9312681
K13034 L-3-cyanoalanine synthase/ cysteine synthase [EC:2.5.1.47 4.4.1.9] | (RefSeq) bifunctional L-3-
i synthase C1, isoform X1

e+ display all

KEGG MGENES

T30914:270456
K13034 L-3-cyanoalanine synthase/ cysteine synthase [EC:2.5.1.47 4.4.1.9]|
72_MES_0d2-3_C11444170_1_gene270456; strand:+ start 1 stop:90 length:90 start_codon:no
stop_codonyes gene_typetincomplete

KEGG ENZYME

4419

L-3-¢ ine synthase: beta-c) ine synthase: beta-cyanoalanine synthetase; beta-cyano-
L-alanine synthase, L-cysteine hydrogen-sulfide-lyase (adding HCN)

(Fig.3.11. — Results of KEGG showing results for an enzyme.)
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Consequently, along with the homology sequences of Medicago truncatula, the L.sativus
sequences were subjected for Primer designing utilizing the Integrated DNA Tecechnology’s
(IDT) PrimerQuest tool (https://www.idtdna.com).

£ DBGET Search Result: KEGG ¢y X box (16) - supriyanayakd2@: X [REUNCAeNeg O 1l g P+ =

&« (& Q 9 a https://eu.idtdna.com/Primerquest/Home/Inde: El bl w In @ @. =]

&
mIDI : @CETHELP = SUPRIYANAYAK +

INTEGRATED DNA TECHNOLOGIES ‘EB' OITEMSO0,00€EUR

PRODUCTS & SERVICES » APPLICATIONS & TECHNOLOGIES » SUPPORT & EDUCATION » TOOLS = COMPANY

PrimerQuest Tool
Sequence Entry

*  Enter sequence(s) manually

Hints
* Paste your sequence into the Textbax

* Add up to 50sequences in FASTA
format

# Sequence length must be greater than
80 bases

We use cookies and by using this site or closing this message, you agree to our privacy policy. Privacy Policy Allow cookies

- " g TEMAM
@ O I'mCortana. Ask me anything 1 [ a H 6B N0 & DB gemm

(Fig.3.12. Home page of Primer Quest tool)

Precautions for Primer Designing

The important factors for prier designing includes Melting temperature, Annealing

temperature (T.) and GC content.

= The length of primers (both forward and reverse) for PCR and sequencing should be
between 18-25 nucleotides. It should amplify atleast an 80 kb sequence.

= The GC content of designed primers should be between 35% to 65 % with an average of
50% to promote complexity during maintaining a unique sequence. Primers 3’ should
have G or C to enhance binding but should not accommodate 4 or more consecutive G
residues to avoid mispriming.

= Primer Melting Temperature (Tm) by definition is the temperature at which one half of
the DNA duplex will dissociate to become single stranded and indicates the duplex
stability.
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Ideally, the Melting Temperature Tm value is between 60°C-62°C. The Melting
Temperature Tmof 2 primers (forward and reverse) should not vary by more than 2 °C, so
that both primers can bind simultaneously and efficiently to the amplicon.

The Annealing temperature (Ta) of primer depends on the length, composition and primer
Melting Temperature (Tm). The Annealing temperature (Ta) is 5°C less than the Tm
ovalue of both the primers. If T value id too low then one or both primers can anneal to
sequences other than the targeted ones because of internal single-base mismatches or of
partial annealing which can lead to non-specific PCR amplification and reduces the yield
of desired products. And if Ta value is too high, the reaction efficiency may be reduced
due to the probable primer annealing is reduce significantly.

7 Details for PrimerQuest Tool | 1T X~ 4 - X
& C & evidtdna.com/PrimerQuest/Home/Details/0 2 v B e H
.

Parameter Set: General PCR (Primers only)
Sequence Name: AAT Ls 1
Amplicon Length: 720

Start Stop Length Tm GC%
Forward TGAAGATGGTGTCGGGTTTC (Sense) 96 116 20 62 50
Reverse  CCTGGAGCCAATTCTATCACTC (AntiSense) 794 816 n 62 50

Baze Sequence

“CAGCTACE

B g nar
@ QO Typeheretosearch 0 = (] ﬂ [~ @ G AU G o )

(Fig.3.13. Designing of primers)
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Table 3.6. List of Primers

Sl.no. Name Forward primer Reverse primer Tm Amplicon
length

1 ODALsla TGAGAAAGGGAAAG CTCCAGGCATAAC 62 382
GGTGTAAG AGGTTCAA

2 ODALs1lb CGAAAGAGGTGATT TGCAAGTTCTACCT 62 254
GAGGATGA GAGGAATAG

3 AAT Lsla CGACTTTCGTTGGC GCACCATTTCCAAT 63 775
ACCTATTA TCCCTTTG

4 AAT Ls1lb TGAAGATGGTGTCG CCTGGAGCCAATT 62 720
GGTTTC CTATCACTC

5 AAT Ls2a GTTGAACTCGTACC TTCCATGCAGTCCT 62 544
TGGGTATT CCTTTC

6 AAT Ls2b CCAATACCGGAGGG GGCAAACCGTTGC 62 356
TGAAAT CAATAC

7 AAT Ls3a GCCGAAACAACGAG AGCTGAATGGAAG 62 679
GACTAT GAGTGTATG

8 AAT Ls3b CGCCTGGAGATCGT GAGACCGTAGAGA 62 533
ATTGTATC AGCTGAATG

9 AAT Lsd4a  TCTTCCCAGCATAA TGGACATCTCTTGC 62 692
CCGATTC ATACTTCTC

10 AATLs4b GGGAGTATCTTAGC ATAGGCAGCAGAC 62 641
CCTTCAATC AAGTAACC

11 CYASLsla GGCTGCCATGAAGG GTGTTAGCTCCGG 62 567
GATATAA ACGATATG

12 CYASLslb CTCAAGCGAACCTC CTCAGCTCCAAAT 62 492
TTCTTCA GCTCTCATA

13 CSlLsla TGCAGTGTCAAAGA CACCAAAGCTCGG 62 772
CAGGATAG GAATACA

14 CSLslb CCGAGAAGAAAGGA CTCGGGAATACAA 63 721
GCCATAAC CCGCAATAA
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15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

CSLsZ2a

CSLs2b

CS Ls 3a

CSLs3b

Asparaginas
elLsla
Asparaginas
eLs1b
Asparaginas
e Ls2a
Asparaginas
elLs2b
Asparaginas
e Ls 3a
Asparaginas
eLs3b
ASN Ls la

ASN Ls 1b

ASN Ls 2a

ASN Ls 2b

ASN Ls 3a

CAATGCCTGTTTCG
ATGAGTTTAG
GAGCATTTGGAGCT
GAACTTG
TGGCGCTATCATCTT
CTTCATC
CCGTAACCTCAAAC
CCTACTTC
TGGTGCTGTTTCTGG
TCTTAC
TCGATTGGTTATGG
ATCGTACTC
TCTCTGCTCTTCGTT
CCAATC
TCTCTGCTCTTCGTT
CCAATC
ATCTTGGCATCTCTG
CTCTTC
GAGCCTCTAGTGGT
GGTATTG
GTTGATGACTGATG
TGCCTTTC
TAAGGGTGCTCCTG
ACCTAA
GTACTTTCACAAGG
CACCAAAC
GCTATTCCATCGGCT
CCTTATG
TGCCATTGTTGACCC
TACTT

GTTGTCCACCGCTA
AGTATGT
CACCGCTAAGTAT
GTTGCTTTC
CCCATATCTCTGGT
CCTGTAGT
GTTCCAATAGCAG
CAACCAATAC
CTACAGTCGCGCG
GATTATT
GCGGATTATTGCTT
CACCTATTC
CGCAATCAGTCCA
GCAAATC
GCAAATCCTTCATC
CAACCTATTC
TCTACAGCCCTTAA
CCTTGATTT
TCGGCAACAGAGC
GTAAA
CTGCTCTACCAGA
AGGATCAAG
ATCCCATCAATCC
AGCCATATC
CCGAGTTCTGAGG
GAAGAAAC
CCTTCACCAGAGA
TCACCATTT
GACTTCCTCGAGT
GCATCTATAC

62

62

62

62

62

62

62

62

61

62

62

62

62

62

62

366

318

699

652

479

421

767

763

408

247

974

588

473

437

766

48



31

32

33

ASN Ls3b CATCGAACTCTCTC GTCGGATTGTACC 62 519

GCAGATT ACCTTCTT

DTD Lsa GGCATCAGCAACAA GCATTCCTAAACCT 62 428
CAGAATC GTCCACTA

DTD Lsb TGTAGACTTGCGTG  TCCCATGCTTTGCC 62 296
CGTATG AGTATC

P5CD Lsla GCTGTCGCTGCTTTC CAGTCAAACCCAG 62 860
AATTC CATCTTCTA

34 P5CDLslb CCGCTAGGGTTTCTT CCAACTTCTCTGCC 62 843

CTCTTAC ACTCTT

3.8. Semi quantitative RT-PCR based validation

The semi-quantitative reverse transcriptase RT-PCR was accomplished to evaluate the
expression of genes related to amino acid and d-amino acid biosynthetic pathway in
L.sativus. To observe the expression of concerned genes, the cDNA obtained from the total
RNA isolated from the 5 diverse Lathyrus genotypes having differential ODAP content were
subject to semi-quantitative RT-PCR.

The expression profiling was prepared for a 10 pl of reaction mixture by utilizing the above
designed primers from the transcriptomes of RLK-1950. The PCR product were then
resolved on 1.5% agarose gel utilizing 1X TAE buffer along with 100bp ladder at 70Volts
for 30 minutes. The expression of candidate genes with the designed primers and their
corresponding intensities were observed under gel documentation system. Actin (LsActin,
designed from L.sativus transcriptomes) was used as an internal control for normalization of
the cDNA. The details of PCR components and temperature profile are depicted below in
the table no. 3. And 3.
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Table 3.7. Quantity of PCR components used for semi-quantitave PCR

Components Concentration Quantity
cDNA 1000 ng/pl 1pl
PCR buffer 10X 1pl
dNTP Mix 10 mM 1l
Primer (forward) 10 mM 0.5 ul
Primer (reverse) 10 mM 0.5 ul
Taqg polymerase 5U/ ul 0.1 pl
MgCl 50 mM 0.25 ul
Nanopure water - 5.65 pl

Total 10 i

Table 3.8. Temperature profile used for semi-quantitave PCR

Activity Temperature Duration Cycles
Initial Denaturation 94°C 5 min 1
Denaturation 94°C 45 sec
Annealing 55°C 30 sec 35
Extension 72°C 1 min
Final extension 72°C 7 min 1
Store 4°C infinity 1
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3.9. Agarose Gel Electrophoresis

1.5% Agarose gels (horizontal) were utilized for visualizing the expression of the resultant

PCR amplicons. Gels were casted in the Boras gel electrophoresis unit. The casting trays and

combs were thoroughly cleaned before using.

3.9.1. Pouring of Agarose Gel

% To prepare 1.5% of agarose gel, 1.5gram of agarose was dispensed in the 100ml of
1X TAE buffer in a conical flask. Then agarose was melted in the oven by heating
for 2 minutes.

s+ After slightly cooling of the gel, 2.5-3ul of EtBr was added to the heated gel.

% Fix the comb in the casting tray, then pour the agarose gel in the casting tray and
leave it for about 30 minutes for solidification.

% After solidification of gel, the casting tray with solidified gel was places properly in
the casting tank filled with 1X TAE buffer then remove the comb.

¢+ 3 ul of loading dye was added to the amplified PCR product which was then loaded
in the wells formed by the comb along with 100bp ladder.

¢+ Electrophoresis was run at 70-80 volts for about 30-45 minutes.
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CHAPTER-IV
RESULTS AND DISCUSSION

The presence of B-N-oxalyl-L-a, B-diaminopropionic acid (B-ODAP), also known as [3-N-
oxalyl-amino-L-alanine (BOAA) in Lathyrus seeds makes it unsuitable for human consumption
due to its association with neurolathyrism. Studies conducted till now on elucidation of B-ODAP
synthesis pathway have suggested that the immediate precursor of B-ODAP is synthesized as an
ancillary byproduct of O-acetyl serine metabolism in interaction with reactive oxygen species
(ROS) and cross talk with nitrogen and sulfur metabolism (Ikegami et al., 1995; Xao et al., 2012,
Liu et al., 2017). Enzymes such as B-cyanolalanine synthase (B-CAS), cysteine synthase have
also been reported to participate in the pathway in Glycine max, Phaseolus vulgaris and
Medicago truncutala. However, the genes encoding these enzymes or enzymes involved in key
steps in B-ODAP synthesis reaction are not identified till date. Identification of the key genes in
the pathway will be significant in genetic improvement of the crop. The present study entitled
“Transcriptome characterization to identify putative genes related to amino acid
biosynthesis pathway and d-amino acid metabolism in Lathyrus sativus” was conducted to
analyze and characterized the putative genes involved in the amino acid biosynthesis pathway.
The leaf tissue transcriptome sequence of two Lathryus genotypes Mahateora and RLK1950 was
used for the analysis (Banerjee, 2018). This transcriptome sequence data used in the present
study where the transcriptome sequence was analyzed using an MapMan Mercator tool to
annotate and functionally characterize all the transcripts obtained from transcriptome sequence

and compared with the annotation obtained based on comparison with Phaseolus vulgaris.

4.1. CHARACTERIZATION OF TRANSCRIPTOME SEQUENCES USING MERCATOR
PIPELINE
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Transcriptome is the total RNA (mRNA) content which is present in the particular cell
or tissue of an organism. The transcriptome data of RLK-1950 and Mahateora was obtained from
previous experiment conducted where transcriptome sequence of 10 days old leaf tissue was
done by Illumina sequencing, with 150bp read length with de-novo assembly and annotation
done by using CLC Genomics Workbench (CLC GWB) and trinity (Banerjee, 2018). Total
number of nucleotides obtained from both the transcriptome were 11,964,309,538. Out of which
genotype Mahateora transcriptome (201M) comprised of 40,068,526 sequence pairs and RLK-
1950 transcriptome (202R) comprised of 39,165,312 sequence pairs. The earlier studies on this
transcriptome data analysis resulted in the functional annotation of only 30,502 sequences which
are common in both Mahateora and RLK-1950 sequences in which only 28132 sequences were
functionally categorized. The CLC GWB de-novo assembled the Lathyrus transcriptome while
annotation was done by comparison with Phaseolus vulgaris, being closely related to L. sativus.
Homology based annotation has the limitation of loss of the sequences that are less represented
in the reference genome or are completely different. L. sativus is genetically much diverse.
Moreover, the B-ODAP biosynthesis occurs only in two (L. sativus and L. odoratus) of the
species among 187 species falling in the genus Lathyrus, none of which are completely
sequenced till today (Campbell,C.G., 1997), making it almost impossible to find a homologous
sequence for the genes under question. Therefore, a large fraction of the transcripts remained un-
annotated and hence could not be processed in the previous study based on homology search for

functional characterization (Bhariya et al., 2018).

To further dig out the informative transcripts the original assembly of transcriptome
was again analyzed for functionally annotation using bioinformatics pipeline — MapMan
Mercator (http://mapman.gabipd.org/web/guest/app/Mercator) so that probably some important
transcriptome sequences must have outreached (Nayak et al., 2019 personal communication).
Mercator provides researchers with convenient applications for high-throughput plant omics data
by utilizing the MapMan ‘BIN’ Ontology (May et al,. 2014). It is specially designed for the
online functional annotation of plant orphan sequences. This pipeline allocates functional terms
to orphan protein or nucleotide sequences automatically. The sequences need to be uploaded in
FASTA format and can accommodate upto 150 million residues (nucleotides or amino acids). It

look through obscure sequences against a few reference data base utilizing a BLAST searches
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accompanied by protein domain searches and eventually evaluates BIN (ontology concepts)
assignments dependent upon significant similarity to reference proteins or domain hits
(Ramsak,Z et al., 2013). BIN code is a name provided by the MapMan4 ontology indicating
functional classes of gene of a strong biological context. Totally there 50 BINs in which 27
comprises of top-level functional categories (that is they have a renowned protein function in the
pathway) (Schwacke, R.et al., 2019). It provides us an accuracy of above 90% (92.3%) and can
process a whole proteome in few hours (May et al., 2014).

@ synonym for on the other han: X | User_Manual.pdf X = Paraphrasing Tool - Free Onlin X [RGHRNIE IS YR VER) - ul

€ ¢ @ @® mapman.gabipd.org/web/guest/app/Mercator Ve g v IND @ '__0

& Sign In

Home Applications v Forum Download v About v

Applications / Mercator

S Print

Mercator pipeline for automated
“"sequence annotation

Using the Mercator web application you can assign MapMan
"Bins" to arbitrary DNA or protein input sequences. The output
will be a text file mapping each input identifier to one or more
Bins. This file can directly be used as a mapping file for the
high-throughput data visualization and meta-analysis software
MapMan.

v
@ Firefox automatically sends some data to Mozilla so that we can improve your experience. Choose What | Share | X

11:46 AM

A& ED g

(Fig.4.1. MapMan Mercator home webpage)

On Contrary to Mercator, CLC genomics workbench needs to be installed on the
personal workspace and acquires a lot of space for its installation including memory for read
maps (>20GB). Additionally, it requires a license from license manager for installing it.
Basically, CLC GWB is biomedical tool which also compares orphan sequences to human and

mouse genomics. Although CLC GWB can hold as many sequences as Mercator can but it
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requires memory corresponding to the sequence data file (User manual CLC Genomics
Workbench 20.0.4, 2012; Stark et al., 2010).

The Mahateora and RLK-1950 transcriptomes when processed in the CLC GWB, it
annotated only 30,502 transcriptome sequence while comparing it with the sequences of
Phaseolus vulgaris in which only 20,592 were functionally categorized in both the genotypes.
While the MapMan Mercator predicted the functions of 94,793 transcriptome sequences in both
the genotypes (Mahateora and RLK-1950) along with BIN code on the basis of MapMan BIN
ontology and description of corresponding enzyme. The results were obtained in a excel format
after processing as shown in Fig.4.3. The functional categories of transcriptomes sequences
along with the number of sequences in the particular functional category were depicted in the
Table no.4.1 seen in the figure below:

Eén 9 )E mahateora mercator - Microsoft Bxcel - X
f/ Home Insert Page Layout Formulas Data Review  View @-nox
=1 S PP (et =g o B = . EI] Y () Tm D = ZAutnSum'A?"

J B Com Calibri 1 A A =||~| | SiWrapTet General % _T.’H _jd‘ i j ’DJ e 7 ﬁ
" remarasn BT oo (B[ ot o, | b o gt
Clipboard LF] Font {F] Alignment {Fi Humber LF] Styles Cells Editing
| Bl - fe| name
A B c D E

1 BINCODEINAME IIDENTIFIER DESCRIPTION TYPE |

2 'control genes' " "

3 'ps' '202r_contig_8310' '(at1g67250 : 204.0) Proteasome maturation factor UMPL; CONTAINS InterPro DOMAIN/s: Prateasome maturation fi T

4 'ps! '202r_contig_9881' '(at5g38660 : 182.0) mutant has Altered acclimation responses;; ACCLIMATION OF PHOTOSYNTHESIS TO ENVIRONMT

5 .1 'ps.lightreaction’ " "

6 'L11'  'PS.lightreaction.photosystem II " "

7 '"L111' 'PS.lightreaction.photosystem ILLHC-II' '202r_contig_29' '{p27520] cb23_pea: 500.0) Chlorophyll a-b binding protein 215, chloroplast precursor (LHCII type Il CAB-215) (LHCP'T

8 'LLL1' 'PS.lightreaction.photosystem ILLHCII' '202r_contig_37' '(p07371| cb22_pea:: 270.0) Chlorophyll &-b binding protein ABSQ, chloroplast precursor (LHCII type | CAB-ABSD) (LHIT

9 'LLL1' 'PS.lightreaction.photosystem ILLHC-II' '202r_contig_47' '(at5g54270 : 484.0) Lhch3 protein is a component of the main light harvesting chlorophyll a/b-protein complex of PT

10 'L1.11" 'PS.lightreaction.photosystem ILLHC-I '202r_contig_165' '(p07371| cb22_pea : 520.0) Chlorophyll a-b binding protein ABS0, chloroplast precursor (LHCII type | CAB-ABSD) (LI T

11 '"L.1.11"  'PS.lightreaction.photosystem ILLHC-II' '202r_contig_166' '{p07371| cb22_pea: 298.0) Chlorophyll a-b binding protein ABSQ, chloroplast precursor (LHCII type | CAB-ABSD) (LHIT

12 "L.1.11"  'PS.lightreaction.photosystem ILLHC-1I' '202r_contig_173' "(at1g15820 : 86.7) Lhcho protein (Lhcbe), light harvesting complex of photosystem IL; light harvesting complex pho T

13 'L111" 'PS.ightreaction.photosystem IL.LHC-II' '202r_contig_174' (at1g15820 : 233.0) Lhebs protein (Lhcb6), light harvesting complex of photosystem I1.; light harvesting complex ph T

14 'L111" 'PS.lightreaction.photosystem IL.LHC-II' '202r_contig_235' '(at4g10340 : 261.0) photosystem Il encoding the light-harvesting chlorophyll a/b binding protein CP26 of the antenT

15 'L1.11" 'PS.lightreaction.photosystem ILLHC-II '202r_contig_306' '(p07371| cb22_pea : 279.0) Chlorophyll a-b binding protein ABS0, chloroplast precursor (LHCII type | CAB-ABSD) (LHI T

16 'L1.11" 'PS.lightreaction.photosystem ILLHC-II '202r_contig_307' '(p07371| cb22_pea : 279.0) Chlorophyll a-b binding protein ABSO, chloroplast precursor (LHCII type | CAB-ABSD) (LHI T

17 "L.1.11"  'PS.lightreaction.photosystem ILLHC-1I' '202r_contig 576" 'at4g10340 : 223.0) photosystem Il encoding the light-harvesting chlorophyll a/b binding protein CP26 of the anten T

18 "L.1.11" 'PS.lightreaction.photosystem ILLHC-II' '202r_contig_710' "(at5g01530 : 467.0) light harvesting complex photosystem |1 {LHCB4.1); FUNCTIONS IN: chlorophyll binding; INVOLVT

19 'L1.11" 'PS.ightreaction.photosystem IL.LHC-II' '202r_contig_1080' 'at4g10340 : 215.0) photosystem Il encoding the light-harvesting chlorophyll a/b binding protein P26 of the anten T

20 'LL11" 'PS.ightreaction.photosystem IL.LHC-II' '202r_contig_5965' '(p07371| cb22_pea : 481.0) Chlorophyll a-b binding protein ABS0, chloroplast precursor (LHCII type | CAB-ABS0) (LHI T

21 'L1.11" 'PS.lightreaction.photosystem ILLHC-II '202r_contig_6437' '(p27490| cb28_pea : 124.0) Chlorophyll a-b binding protein 8, chloroplast precursor (LHCII type | CAB-8) - Pisum sati T

22 'L1.11" 'PS.lightreaction.photosystem ILLHC-I' '202r_contig_6793' '(at2g40100 : 320.0) Lhcb4:3 protein (Lhcb4.3, light harvesting complex of photosystem II; light harvesting complex | T

23 "L.1.11" 'PS.lightreaction.photosystem ILLHC-II' '202r_contig 11709' "{loc_os07g37240.1: 143.0) no description available & (at2g40100 : 139.0) Lhebd:3 protein (Lhch4.3, light harvesting ¢ T

24 'L1.11"  'PS.lightreaction.photosystem ILLHC-II' '202r_contig_14489' '{p27490] cb28_pea: 122.0) Chlorophyll a-b binding protein 8, chloraplast precursor (LHCII type | CAB-8) - Pisum satiT

25 'L111" 'PS.lightreaction.photosystem ILLHC-II' '202r_contig_17632' '{p27490] cb28_pea: 180.0) Chlorophyll a-b binding protein 8, chloroplast precursor (LHCII type | CAB-8) - Pisum sati T v
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hing. i)
(Fig.4.2. Results of MapMan Merctor in a excel sheet)
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| B94795 vl 3 ‘ 'Mineral Nutrition.phosphate'
A B G D E
94773 '35.2' 'not assigned.unknown' '202r_contig_91202' '(at1g79900 : 154.0) encodes a mitochondrial ornithine transparter that exparts ornithine from the mitochondriato T
94779/'35.2' 'not assigned.unknown' '202r_contig_91203" '(at1g79900 : 154.0) encodes a mitochondrial orn e transporter that exports ornitl
94780 '35.2' 'not assigned.unknown' '202r_contig_91204" '(at1g79900 : 154.0) encodes a mitochondrial ornithine transporter that exports ornithine from the mitochondriato T
94781'35.2' 'not assigned.unknown’ '202r_contig_91205" ‘(at1g79900 : 154.0) encodes a mitochondrial ornithine transparter that exparts ornithine from the mitochondriato T
94782'35.2 'not assigned.unknown' '202r_contig_91206" '(at1g79900 : 154.0) encodes a mitochondrial ornithine transporter that exports ornithine from the mitochondriato T
94783 '35.2' 'not assigned.unknown' '202r_contig_91207' '(at1g79900 : 154.0) encodes a mitochondrial ornithine transporter that exports ornithine from the mitochondriato T
94784 '35.2' "not assigned.unknown’ '202r_contig_91208' '(at1g79900 : 154.0) encodes a mitochondrial ornithine transporter that exports ornithine from the mitochondriato T
94785'35.2' 'not assigned.unknown' '202r_contig_91210" '(at1g79900 : 154.0) encodes a mitochondrial ornithine transparter that exports ornithine from the mitochondriato T
94786'35.2' 'not assigned.unknown' '202r_contig_91211° '(at1g79900 : 154.0) encodes a mitochondrial orn e transporter that exports ornit|
94787'35.2' 'not assigned.unknown' '202r_contig_91213" '(at1g79900 : 154.0) encodes a mitochondrial ornithine transporter that exports ornithine from the mitochondriato T
94788'35.2' 'not assigned.unknown' '202r_contig_91214" '(at1g79900 : 154.0) encodes a mitochondrial ornithine transparter that exports ornithine from the mitochondriato T
94789 '35.2' 'not assigned.unknown' '202r_contig_91216" '(at1g79900 : 154.0) encodes a mitochondrial orn e transporter that exports ornitl
94790'35.2' 'not assigned.unknown' '202r_contig_91218" '(at1g79900 : 154.0) encodes a mitochondrial orn e transporter that exports ornit|
94791 '35.2.1001 "not assigned.unknown' ‘unknown001' ‘(at1g79900 : 154.0) encodes a mitochondrial ornithine transparter that exparts ornithine from the mitochondria to M
94792'35.3' 'not assigned.disagreeing hits' " '(at1g79900 : 154.0) encodes a mitochondrial ornithine transporter that exports ornithine from the mitochondria to the cytc
94793 '991' Mineral Nutrition' " '(at1g79900 : 154.0) encodes a mitochondrial ornithine transporter that exports ornithine from the mitochondria to the cytc
94794 '991.1'  'Mineral Nutrition.phosphate' " '(at1g79900 : 154.0) encodes a mitochondrial ornithine transporter that exports ornithine from the mitochondria to the cytc
94795 I‘Mimeral Nutrition.phosphate’ |'phnsphate' '(at1g79900 : 154.0) encodes a mitochondrial ornithine transporter that exports ornithine from the mitochondria to M
94736
94797
94798
94799
94800
94801
94302
W 4+ v | sheetl ”Sheet2 ,Sheet3 /¥ 0| I

Ready

(Fig.4.3. 94,794 sequences were annotated)
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Table: 4.1. Functional category of Lathyrus transcriptomes with the number of sequences

under each category

SIL.No Enzymes identified in the functional Total no. of sequences
categories corresponding to the category
1. Photosynthesis Light Reaction 307
2. Photosynthetic Reductive pathway 194
3. Minor Carbohydrate metabolism 220
4. Glycolysis 162
5. Fermentation 42
6. Glyconeogenesis/Glyoxalate cycle 14
1. OPP 34
8. Tricarboxylate (TCA) cycle 101
9. Mitochondrial electron transport chain(ETC) 136
10. Cell wall synthesis 524
11. Lipid metabolism 588
12. Nitrogen metabolism 45
13. Amino acid metabolism 496
14, Sulphur-assimilation 25
15. Metal handling 72
16. Secondary metabolism 812
17. Hormone metabolism 696
18. Co-factor and vitamin metabolism 127
19. Tetrapyrrole synthesis 64
20. Stress 1248
21. Redox reactions 207
22. Polyamine metabolism 37
23. Nucleotide metabolism 270
24, Biodegradation of xenobiotics 44
25. Carbon 1 metabolism 78
26. Miscellaneous 1352
27. RNA processing 2750
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28. DNA synthesis 769
29. Protein metabolism 3862
30. Signaling 1949
31. Cell organization 1017
32. Micro RNA synthesis 1

33. Development 769
34. Transport 1506

Although the remaining transcriptomes were not functionally categorized but there functional
descriptions were provided.

Mercator::Mapman [ Mercator v.3.6

1
2
3
; mT- PS 0.29% 2 - major GHO 0.17%
6 metabolism
7 3- minor CHO 0.27% W 4 - glycolysis 0.75%
8 metabolism
9 W 5- farmentation 0.04% W6 - gluconeogenesis ./ 0.07%
glyoxylate cycfe
m7- OPP 0.03% 8- TCA/org 0.09%
transformation
9 - mitochondrial 0.14% W 10 - celf wall 0.53%
afectron transport /
ATP synthasis
W 11 - lipid metabolism 0.55% 12 - N-metabolism 0.04%
13 - amino acid 0.40% W 14 - S-assimilation 0.02%
metabolism
15 - metal handiing 0.08% 16 - secondary 0.68%
matabolism
B 17 - hormone metabolism 0.69% W 18 - Co-factor and 0.11%
vitamine metabolism
19 - tetrapyrrofe synthesis 0.07% 20 - stress 1.32%
W 27 - redox 0.27% 22 - polyamine 0.03%
metabolism
23 - nucleotide 0.29% W 24 - Biodagradation of 0.05%
15 matabolism Xenobiotics
25 - CT-metabolism 0.05% 26 - mrisc 1.47%
27 - RNA 2.97% 28 - DNA 0.87%
u 29 - protein 3.88% 30 -signalling 2.06%
34 37 -cefl 1.04% 32 - micro RNA, natural 0.00%
antisense atc
33 - development 0.82% W 34 - transport 1.60%
35 - mot assigned 79.22%

(Fig.4.4. Pie chart showing the functional categories of genotype Mahateora.)
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Mercator:-Mapman I Mercator v.-3.6

1
2
3
4
5 WmT- PS 0.29% 2- major GHO 0.17%
6 metabolism
7 3 - minor CHO 0.21% W 4- glycolysis 0.75%
8 metabolism
9 W 5- farmentation 0.04% M 6 - gluconaogenasis ! 0.07%
10 glyoxylate cycle
1" m7- OPP 0.03% 8- TCA/org 0.09%
12 transformation
13 9 - mitochondrial 0.74% W10 -ceff wall 0.53%
14 aloctron transport /
:g ATP synthesis
17 W 11 - lipid metabolism 0.55% 12 - N-metabolism 0.04%
18 13 - amino acid 0.40% W 14 - S-assimilation 0.02%
19 metabolism
™ 20 15 - metal handiing 0.08% 16 - secondary 0.68%
21 meatabolism
22 B 17 - hormone metabolism  0.69% W 18 - Cofactor and 0.11%
23 vitamine metabolism
gg 19 - tetrapyrrofe synthesis 0.07% 20 - stress T.32%
| 76 M 27 - redox 0.27% 22 - polyamine 0.03%
27 matabolism
28 23 - nucleotide 0.24% 24 - Biodegradation of 0.05%
5 29 matabolism Xenobiotics
30 25 - Gl-metabolism 0.05% 26 - misc 1.47%
g; 27 - RNA 291%  28-DNA 0.87%
13 M 29 - protein 3.88% 30 -signaliing 2.06%
34 37 -celf T.04% 32 - micro RNA, natural 0.0
antisense etc
33 - development 0.82% W 34 -transport T.60%
35 - not assigned 79.22%

(Fig.4.5. Pie chart showing the functional categories of genotype RLK-1950.)

4.2. Selection of transcripts based on the functional annotation of Mercator.

The B-ODAP biosynthesis pathway, although is not fully understood (lkegami, F. et al.,
1996; Malathi, K.et al., 1967) but the present knowledge on the pathways indicated that the
synthesis start with formation of B - (isoxazolin-5-on-2-yl) alanine from the precursor, O-
acetylserine and isoxazolin-5-one. Here B -cyanoalanine synthase (CAS) uses acts on isoxaolin-
5-one and use it as an alternative nucleophile in the reaction (lkegami, F.et al., 1996; Ikegami,
F.etal., 1997). In the next step B-(isoxazolin-5-on-2-yl)alanine (BIA) is believed to be converted
to the short-lived intermediate 2,3,-L-diaminopropanoic acid (DAPA), which is further
oxalylized by oxalyl-coenzyme A to form p -ODAP (Malathi, K.et al., 1967; Malathi, K.et al.,
1970; Kuo, Y.H.et al.,1994 ;Kuo, Y.H.et al.,1991). Thus the formation of isoxazolin-5-one is
essential for B -ODAP synthesis which is perceived to be linked to general activities of enzyme
cysteine synthase (CS; also known as either O-acetylserine sulfhydrylase or O-acetylserine
(thiolyase) and CAS (lkegami, F.et al., 1992; Ikegami, F.et al., 1993). The CS enzyme is
important in cysteine biosynthesis, where it catalyzes formation of cysteine from O-acetylserine
and hydrogen sulfide. The cysteine so formed is then used by enzyme CAS as a substrate for

cyanide detoxification in plants (Machingura, M. et al., 2016). In the same series of reaction the
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conversion of B-cyanoalanine to asparagine occurs that leads to the formation of isoxazolin-5-
one. It indicates that the B-ODAP synthesis and its content in L. sativus is regulated through
integration of nitrogen and sulfur metabolism where the enzyme CAS plays a major role.

{i'l-h
C=0 0
T“: CSase+O NH, OASS R
C=0 O HC—C —COOH O, o
ci, \}m/ i N9 |
- 0, e 5] "H-
1{:(_" N": ] J HC y OH Fj(H-
1 H C—C— .
COOH H.NT  COOH
ASN g Isoxazolin-5-one 8_ BIA 3
u? O 7 " COOH
H N
"()Jﬁ ~ H _C-
O, > OH & N Oxalyl-Coa N O
]'?I —_— N g ‘:“'{) —= (H; (I'H:
CH; - HC CoA HC
i CH- : ' “C
~Mcoon cH_ H:NT CoOH H:NT  COOH
H,N H-NT “COOH
2 ol DAPA & {AODAP (A1

Fig.4.6. Proposed biosynthetic pathway of p —ODAP in Lathyrus sativus
Source: Z.-Y. Yan et al / Phytochemistry 67 (2006) 107-121.

The neurotoxicity of ODAP increases in the isolated neurons when the growth medium is
depleted with methionine and Cysteine, Sulphur-containig amino acids (Kusama-Eguchi, K. et
al., 2011). Additionally, consuming grasspea with Sulphur-containig vegetables reduces the
neurotoxicity of p —ODAP (Getahun, H. et al., 2003; Getahun, H. et al., 2005). The oxidative
stress induced by the lack of Sulphur-containig amino acids might be associated with the human
neurolathyrism (Hanbury, C.D. et al., 2000). Consequently, it is suggested that increase in the
Sulphur-containig amino acids in Grasspea might help in lowering the human neurotoxicity even
without considerable decrease in the levels of B —ODAP (Hanbury, C.D. et al., 2000; Lambein,
F. et al., 2009).

The relation between Nitrogen availability, accumulation of f —ODAP and increasing
levels of Reactive Oxygen Species (ROS) is suggested as the leaves of L.sativus containing low

levels of B-ODAP has high levels of 0> and H.O, and vice versa. Consequently, the inhibition
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or degradation of B —ODAP might be caused by the presence of increased levels of ROS,
especially O," (Jiao, C.J. et al., 2011).

On the basis of above cited literature and proposed schemes and reaction of biosynthesis
pathways the sequence search in the present study was focused on 4 main metabolic pathways as

followed:

4.2.1. Cyanide metabolism
4.2.2. Amino acid metabolism

4.2.3. d-amino acid metabolism

4.2.4. Reactive Oxygen Species (ROS) metabolism

4.2.1 Selection on the basis of Cyanide metabolism:-

Ther enzyme cyanoalanine synthase (CAS) which catalyzes the formation of
cyanoalanine from the precursor Cysteine and hydrogen cyanide (HCN) which forms a ringed
structure isoxazolin-5-one, precursor of B-(isoxazolin-5-on-2-yl)alanine (BIA) which further
forms PB-ODAP (Machingura et al,. 2016). This pathway is suggested as the cyanide
detoxification pathway localized in the cytoplasm or mitochondria. The enzyme CAS also
directly catalyzes the formation of B-(isoxazolin-5-on-2-yl) alanine (BIA) from the substrate O-
acetylserine. CAS also plays an important role in the integration of nitrogen and sulphur

metabolism and B-ODAP biosynthesis.
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(Fig.4.7. p-ODAP biosynthetic pathway in grass pea.
Source: Xu, et al., Int. J. Mol. Sci. 2017, 18, 526)

Only one enzyme predicted as Cyanoalanine synthase has been observed in the Mercator
output (excel sheet) which is also an isomer of Cysteine synthase as suggested by Wirtz, M.et al.,
(2004). The functional description also predicts that this enzyme is localized in the chloroplast or

mitochondria.

The Mercator output predicts this enzyme as 'Encoding a cysteine synthase isomer
CysC1. The isomer is however less effective in cysteine biosynthesis. It is involved in beta-
cyanoalanine biosynthesis, an intermediate of cyanide detoxification pathway. Cysteine synthase
C1 (CYSCL1); CONTAINS InterPro DOMAIN/s: Pyridoxal phosphate-dependent enzyme, beta
subunit (InterPro:IPR001926); BEST Arabidopsis thaliana protein match is: O-acetylserine
(thiol)  lyase isoform C (TAIR:AT3G59760.3). & (loc_0s04g08350.2: 494.0)
(p32260|cyskp_spiol: 409.0) Cysteine synthase, chloroplast precursor (EC 2.5.1.47) (O-
acetylserine sulfhydrylase) (O-acetylserine (Thiol)-lyase) (CSase B) (CS-B) (OAS-TL B) -
Spinacia oleracea (Spinach) & (chl4|516784: 380.0) no description available & (ipr001926:
132.16364) Tryptophan synthase beta subunit-like PLP-dependent enzymes superfamily &
(reliability: 1082.0).
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D2630 v X v f;:| '(at3g61440 : 541.0) Encodes a cysteine synthase isomer CysCL. The isomer is however less effective in cysteine biosynthesis. It is involved in beta-cyanoalanine biosynthesis, :
c D 3 F G H | 1 K L

2619 '202r_contig_43181' "(at2g13360 : 230.0) Encodes a peroxisomal photorespiratory enzyme that catalyzes transamination reacti T
2620 '202r_contig_63157' '(at2g13360 : 140.0) Encodes a peroxisomal photorespiratory enzyme that catalyzes transamination reactiT
2621 '202r_contig_69178' '(loc_os08g39300.2: 101.0) no description available & (at2g13360 : 100.0) Encodes a peroxisomal photoresT

262"

2623 " "

2624 '202r_contig_1982' '(at2g24580 : 341.0) FAD-dependent oxidoreductase family protein; FUNCTIONS IN: sarcosine oxidase act T

2625 '202r_contig_4013' '(at2g24580 : 465.0) FAD-dependent oxidoreductase family protein; FUNCTIONS IN: sarcosine oxidase act T

2626 'glycine' 'PS.photorepiration; amino acid synthesis.serine; amino acid synthesis.glycine; amino acid degradation.;M

2627 '202r_contig_732' '(at1g18490 : 320.0) Protein of unknown function (DUF1637); FUNCTIONS IN: cysteamine dioxygenase acti T

2628 '202r_contig_13689' '(at5g65720 : 718.0) cysteine desulfurase whose activity is dependent on AtSufE activation.; nitrogen fixa T

2629 '202r_contig_5489' (081155 | cyskp_soltu : 516.0) Cysteine synthase, chloroplast precursor (EC 2.5.1.47) (O-acetylserine sulfh T

2630 '202r_contig_6184" |'(513g61440 : 541.0) Encodes a cysteine synthase isomer CysC1. The isomer is however less effective in cysteine biosynthesis. It is involved in beta-cyanoalanine biosynthesis, an

2631 '202r_contig_6234' intermediate of cyanide detoxification pathway.; cysteine synthase C1 (CYSCL); CONTAINS InterPro DOMAIN/s: Pyridoxal phosphate-dependent enzyme, beta subunit (InterPro:IPRO01926);

2632 '202r_contig_10872' BEST Arabidopsis thaliana protein match is: O-acetylserine (thiol) lyase isoform C (TAIR:AT3G59760.3). & (loc_os04g08350.2:: 494.0) no description available & (p32260| cyskp_spiol : 409.0)
2633 '202r_contig_10873' Cysteine synthase, chloroplast precursor (EC 2.5.1.47) (O-acetylserine sulfhydrylase) (O-acetylserine (Thiol)-lyase) (CSase B) (CS-B) (OAS-TLB) - Spinacia oleracea (Spinach) & (chl4|516784 :
2634 '202r_contig_13221' 380.0) no description available & (ipr001926 : 132.16364) Tryptophan synthase beta subunit-like PLP-dependent enzymes superfamily & [reliability: 1082.0) & (original description: no

2635 '202r_contig_15052' original description)"

2636 '202r_contig_16334' "{loc_os01g74650.3 : 162.0) no description available & (081155 | cyskp_soltu : 157.0) Cysteine synthase, chI T

2637 '202r_contig_18786' '(at3g03630 : 425.0) Encodes a protein that possesses S-sulfocysteine synthase activity and lacks O-acetyl T

2638 '202r_contig_66038' (081154 | cysk_soltu : 113.0) Cysteine synthase (EC 2.5.1.47) (O-acetylserine sulfhydrylase) (O-acetylserin T

2639 '202r_contig_9325' "(at3g13110 : 342.0) Encodes a mitochondrial serine O-acetyltransferase involved in sulfur assimilation ar T

2640 '202r_contig_10502' "(at3g13110 : 377.0) Encodes a mitochondrial serine O-acetyltransferase involved in sulfur assimilation ar T

2641 '202r_contig_15184' '(at4g35640 : 388.0) Encodes a cytosolic serine O-acetyltransferase involved in sulfur assimilation and cys T

2642 '202r_contig_28255' '(at3g13110: 117.0) Encodes a mitochondrial serine O-acetyltransferase involved in sulfur assimilation ar T

2643 '202r_contig_39021' '(at5g56760 : 101.0) Encodes a cytosolic serine O-acetyltransferase involved in sulfur assimilation and cys T
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(Fig.4.8. Mercator output (excel sheet) showing 1 gene for Cyanoalanine synthase localized in
chloroplast)

4.2.2. Amino acid metabolism

As it is known that B-ODAP is a non-proteinaceous amino acid (Hussain,M.et al., 1994; Jiao et
al., 2011; Yan et al., 2005; Yadav et al., 1995), henceforth all functional annotations predicted in
Mercator that were corresponding to amino acid metabolism (496) were short listed. Further this
were classified in the following subcategories to identify their function in relation to ODAP

biosynthesis reactions:-

4.2.2.1. Alanine Aminotransferase:-

Malathi et al., (1970) predicted that the main precursor B-ODAP biosynthesis pathway is
O-acetyl serine formed from the L-serine by the catalytic action of O-acetyltransferase whch
further converts to 3-(5-oxoisoxazolin-2-yl)-L-alanine. The final steps of biosynthesis of [-
ODAP from OAS (O-Acetyl serine) involves breakdown of 3-(5-oxoisoxazolin-2-yl)-L-alanine
to form a short lived intermediated, presumably -2,3 diaminopropionic acid (DAPA). This short

lived intermediate is then perceived to be converted into N3 L-oxalyl B-2-3, diaminopropionic
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acid, by activity of an enzyme 2,3-diaminopropionate N- oxalyltransferase. Also, the study
carried out by Nayak et al., (2019) on Alanine Synthase enzyme identified from bacterial
genome origin showed differential expression of the corresponding gene in high and low ODAP
containing Lathyrus genotypes. They hypothesized that the gene which is homologous to L-
alanine synthase (Pyridoxal phosphate dependent enzyme (PLPD) can catalyze the pathway
using the O-acetyl-L-serine as the common precursor, converting O-acetyl-L-serine to either -
isoxazoline-5-one-2yl-l-alanine (BIA) or its isomer -isoxazoline-5-one-4-yl-L-alanine synthase.
The isomer B-isoxazoline-5-one-4-yl-L-alanine does not forms ODAP but proceeds to form
another compound L-Willardine. Additionally, they hypothesized that the enzyme PLPD when

proceeds to form willardine, its B-isoxazoline-5-one-2yl-l-alanine synthase activity decreases.

In this study, the Mercator functional annotation did not predicted transcripts encoding
for L-alanine synthase, yet it accommodated 7 sub-categories for the Alanine aminotransferase.
The transcript sequence were retrieved from the transcriptome data and were compared for
sequence similarity amongst them. The Multiple sequence alignment of these sequence

performed using Clustal omega ( https://www.ebi.ac.uk/Tools/msa/clustalo/) showed no

similarity. On the basis of gene functions, length and localization in chloroplast and
mitochondria 4 sequences were selected with contig Id’s 202R_contig_17606,
202R_contig_3873, 202R_contig_3873 and 202R_contig_2358.
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(Fig.4.9. Clustal omega results showing no similarity between 7 genes sequences of alanine
aminotransferase)

4.2.2.2. Cysteine Synthase (CS)

Cysteine synthase (CS) is considered as principal regulatory enzyme that catalyze the
reaction to form Cysteine from O-acetyl serine in the B-ODAP biosynthesis pathway. Also
studies from native-polyacrylamide gel electrophoresis reported that L.sativus has five Bsas (I-
V) isoenzymes in which | is classified as Cyanoalanine synthase (CAS) and I1-V were classified
as Cysteine synthase (CS) (Jiao et al,. 2014 ). Additionally, 2 isoenzymes of cysteine synthase
purified from the young seedlings of L. sativus that catalyse the formation of BIA, one of them
localized is the mitochondria and the other in the chloroplast. Further both the isoenzymes
showed similar catalytic activity to form B-(isoxazolin-5-on-2-yl) alanine from O-acetyl-serine
(OAS) (Ikegami et al., 1993; Wirtz et al,. 2004). Cysteine synthase has also known to the sulphur
and nitrogen assimilatory pathway and in the regulation of these 2 pathways (Leustek, T.et al.,
1999; Takahashi et al., 1996).
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As a consequence of above cited information Mercator output (excel sheet) was screened and 4
genes associated with Cysteine synthase (CS) was observed. Among these 4 genes one predicts
the Cyanoalanine synthase (CAS). Consequently the contig Id’s of selected Cysteine synthase
enzymes were 202R_contig_5489, 202R_contig_13221 and 202R_contig_18786.
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Scheme | Biosynthetic pathway for f-ODAP in L. sativus: formation of f<isoxazolin-5-on-2-yl}-alanine (BIA)
from the isoxazolinone ring and O-acetyl-L-serine (OAS) (8], ring-opening with formation of free 2,3-L-
diaminopropanoic acid (DAPRO) as short-lived intermediate (3] and oxalylation with oxalyl-coenzyme A.

(Fig.4.10. Biosynthetic pathway for ODAP in L.sativus.
Source: Ikegami et al., (1993) Phytochemistry 33, 93.)

4.2.2.3 Aaparagine Metabolism

The cyanide metabolism pathway in higher plant involves the formation of Asparagine
from P-cyanoalanine catalyzed by p—cyanoalanine hydrolases (Castric.P.A.et al., 1974).
Similarly, the biosynthetic pathway of B-ODAP also manifests that asparagine is formed from f-
Cyanoalanine which subsequently converted to a ringed structure isoxazolin-5-one. Henceforth
the enzymes related to Asparagine metabolism might also be involved in the B-ODAP

biosynthetic pathway.

The Mercator output (excel sheet) was screened for genes related to asparagines metabolism. As
a result 3 genes related to asparagine synthase and 3 genes related to L-asparagine. A total of 6
enzymes were found out which might help in the B-ODAP biosynthesis pathway. The contigs of
Asparaginase were 202R_contig_15653, 202R_contig_17961and 202R_contig_31383 and that
of Asparagine synthase were 202R_contig_427, 202R_contig_8260 and 202R_contig_18458.
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(Fig.4.11. B-ODAP biosynthetic pathway in grass pea.
Source: Xu, et al., Int. J. Mol. Sci. 2017, 18, 526)

4.2.2.4. Ornithine Cyclodeaminase

Lathyrus, in addition to B-ODAP, also synthesizes other lathyrogens like
oxalyldiaminopropionic acid, L-homoarginine, 4-hydroxyhomoarginine, lathyrine,
tetrahydrolathyrine, L-2, 4-diaminobutyric acid and 3-aminopropionitrile. Every Lathyrus sp.
Ehich accumulates B-ODAP also synthesizes L-homoarginine (neurotoxic). This L-homoarginine
is synthesized from the ornithine which converts to arginine then to L-homoarginine(Bell, 1984).
Further this L-homoarginine acts as a precursor for the synthesis of 4-hydroxyhomoarginine and
lathyrine. Additionally this helps in the formation of by L-2, 4-diaminobutyric acid (Ressler et
al., 1961; Bell, 1962) which is a lower homologue of ornithine and is highly toxic to the
experimental animals and resulted in death due to inhibition of ornithine transcarbamylase
(O'Neal et al., 1968). The homologues of diamino acids endures a transamination reaction at a
decreasing rate as: ornithine > a, B-diaminopropionate > a, y-diaminobutyrate > lysine. The a, -
diaminopropionate is suggested to form from orinithine which is very much similar to f-ODAP.

Consequently, ornithine might have involved in the B-ODAP biosynthesis pathway.

The biosynthetic pathway of B-ODAP has still many uncatalyzed reactions whose
enzymes are unknown. The reaction in which asparagine is converted to isoxazolin-5-one also
converts a straight chain to cyclic compound and has unknown enzymes involved. The enzyme

ornithine cyclodeaminase acts on the Carbon —Nitrogen bond other then the peptide bonds and
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also cyclizes the staright chain (Fig.13). Hence hypothesizing that this enzyme might be involved
in the B-ODAP biosynthesis pathway to form a cyclic product isoxazolin-5-one.

HoN.CC:NHD . NH, CHy. CHy. CHy. CHy .CH(NH,) . COHH
(7)  HOMOARGININE
HaN. CC:NH) ,NH, CHy . CHy. CH{OH) . CHy . CH(NHS) . CDoH

(m 4-HYDROXYHOMOARG [N | NE

l

HEHI('}'H ~r~ .CHy . CHONH, ) . COoH
T

(11) LATHYRINE

| |

(Fig.4.12. Structures of homoarginine, 4-hydroxyhomoarginine and lathyrine)

OTO o0 O
NH - T + NH,
Y EC 4.3.1.12 NH,, 4

NH

(Fig .4.13. Reaction performed by ornithine cyclodeaminase)

4.2.3. D-amino acid metabolism

The alanine synthase investigated by Nayak et al., (2019) when screened for homology
sequences showed a result for D-alanaine synthase. Moreover the KEGG

(https://www.genome.jp/keqa/) results also shows the metabolism of D-alanine, D-glutamate D-

arginine and D-ornithine in the Cyanoalanine pathway depicted in the fig. Consequently, it is
hypothesizes that B-ODAP can be formed from D-form of amino acid (alanine). This D-form

alanine might be involved in the B-ODAP biosynthesis pathway.
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As a result Mercator output (excel sheet) is searched for enzymes involved in the d-
amino acid metabolism. Consequently, only 2 sequences were identified corresponding to the
search. Among the 2, one sequence is associated with the RNA regulation specifically in D-
aminoacyl-tRNAdeacylase or D-Tyr-tRNA (Tyr) deacylase. This enzyme belongs to acylase
family acting on the ester bonds. And from tyrosine, Cyanoalanine is also synthesized (from
KEGG) depicted in fig.4.14.
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(Fig.4.14. Pathway of Cyanoalanine metabolism which also forms D-alanine.

Source: KEGG map00460)
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4.2.4. ROS Metabolism

Ravindranathan et al., (2002) suggested that mitochondrial dysfunction resulted due to
the thiol oxidation caused by reactive oxygen species ROS (mainly superoxides O? and
hydrogen peroxide H.0) leads to neurolathyrism. Moreover, Jiao et al., (2011) suggested that
ROS might be involved in the inhibition or degradation of B-ODAP due to the fact that leaves
containing high levels of B-ODAP had low levels of O% and H,O and vice- versa. Further it is
suggested when the leaves are young, f-ODAP concentration is high due to the O-acetylserine
to BIA which further converts to B-ODAP while in the older leaves, the antioxidant activity
increases as a consequence of increasing Reactive oxygen species content in the older leaf
tissue. The antioxidant activity involves the formation of Cysteine from OAS which
subsequently forms glutathione, principal metabolite formed during ROS antioxidant activity
(Lopez-Martin et al., 2008).

When Mercator output (excel sheet) was screened for enzymes involved in ROS
metabolism 43 BIN codes were identified, yet only 1 named delta-1-pyrroline-5-carboxylate
dehydrogenase (P5CD)enzyme was involved in both ROS metabolism and amino acid
metabolism too. This enzyme helps in the stress condition and has localization in the

mitochondria and chloroplast. Hence, it might be involved in the B-ODAP biosynthesis pathway.

The Mercator output describes this transcriptomes as 'Encoding a mitochondrial Delta-
pyrroline-5- carboxylate dehydrogenase which is involved in the catabolism of proline to
glutamate and in protection from proline toxicity (produced during stress) which is induced at
pathogen infection sites. PSCDH and SRO5 (an overlapping gene in the sense orientation)
generate 24-nt and 21-nt siRNAs, which together are components of a regulatory loop
controlling reactive oxygen species (ROS) production and stress response.; aldehyde
dehydrogenase 12A1 (ALDH12A1); FUNCTIONS IN: 3-chloroallyl aldehyde dehydrogenase
activity, cobalt ion binding, zinc ion binding, 1-pyrroline-5-carboxylate dehydrogenase activity;
INVOLVED IN: oxygen and reactive oxygen species metabolic process, response to salt stress,
proline catabolic process to glutamate, proline metabolic process; LOCATED IN:
mitochondrion, chloroplast; EXPRESSED IN: 25 plant structures; EXPRESSED DURING: 13
growth stages; CONTAINS InterPro DOMAIN/s: Aldehyde/histidinol dehydrogenase
(InterPro:IPR016161), Aldehyde dehydrogenase (InterPro:IPR015590), Aldehyde

71



dehydrogenase, N-terminal (InterPro:IPR016162), Aldehyde dehydrogenase, conserved site
(InterPro:IPR016160); BEST Arabidopsis thaliana protein match is: aldehyde dehydrogenase
7B4 (TAIR:AT1G54100.2); Has 30201 Blast hits to 17322 proteins in 780 species: Archae - 12;
Bacteria - 1396; Metazoa - 17338; Fungi - 3422; Plants - 5037; Viruses - 0; Other Eukaryotes -
2996 (source: NCBI BLink). & (loc_0s05945960.1: 721.0) no description available &
(chl4|513273: 697.0) no description available & (ipr016162: 93.21207) Aldehyde
dehydrogenase, N-terminal & (reliability: 1894.0).'

] )= RLK mercator - Microsoft Bxcel - X
_;/ Home Insert Page Layout Formulas Data Review  View @ - 7 X
3 * o Calibri -l A )| ﬂJ : futnium' 7 ‘}a
Paste = ew B 7 U- A - =ad Merge & Centef $ - % 9 Delete Format ) - Find &
= Format Painte =T - Lot ‘ ng - asTable - Style - 2 Clear ~ ter - Select~

Clipboard 2] Font ] Alignment Number Styles Cells Editing

| D2752 - X v A | '(at5g62530 : 947.0) Encodes mitochondrial Delta-pyrroline-5- carboxylate dehydrogenase. Involved in the catabolism of praline to glutamate. Involved in protection from :
c D E F G H 1 ) K L |

2742" "

2783 . =

2744 'histidinol-p' ‘amino acid synthesis.histidine’ M

2745 'histidine’ ‘amino acid synthesis.histidine’ M

2746 " "

2747" "

2748 " "

2749 '202r_contig_8623' '(at5g14760 : 830.0) At3g14760 encodes for L-aspartate oxidase involved in the early steps of NAD biosyniT

2750/" "

2751 '202r_contig_805' '[at5g13780 : 303.0) Acyl-CoA N-acyltransferases (NAT) superfamily protein; FUNCTIONS IN: N-acetyltran: T

2752'202r_contig_5018' |'(at5g52530 :947.0) Encodes mitochondrial Delta-pyrroline-5- carboxylate dehydrogenase. Involved in the catabolism of praline to glutamate. Involved in protection from praline toxicity.

2753 '202r_contig_7255' Induced at pathogen infection sites. PSCDH and SRO5 (an overlapping gene in the sense orientation) generate 24-nt and 21-nt siRNAs, which together are components of a regulatory loop

2754'202r_contig_7527" controlling reactive oxygen species (ROS) production and stress response.; aldehyde dehydrogenase 12A1 (ALDH12A1); FUNCTIONS IN: 3-chloroallyl aldehyde dehydrogenase activity, cobalt

2755 '202r_contig_8468' ion binding, zinc ion binding, 1-pyrroline-5-carboxylate dehydrogenase activity; INVOLVED IN: oxygen and reactive oxygen species metabolic process, response to salt stress, proline

2756'202r_contig_21486' catabolic process to glutamate, proline metabolic process; LOCATED IN: mitochondrion, chloroplast; EXPRESSED IN: 25 plant structures; EXPRESSED DURING: 13 growth stages; CONTAINS

2757 '202r_contig_34064' InterPro DOMAIN/s: Aldehyde/histidinol dehydrogenase (InterPro: ), Aldehyde dehydrog: (InterPro:IPRO15590), Aldehyde dehydrogenase, N-terminal (InterPro:IPRO16162),

2758 '202r_contig_5387' Aldehyde dehydrogenase, conserved site {InterPro:IPRO16160); BEST Arabidopsis thaliana protein match is: aldehyde dehydrogenase 784 (TAIR:AT1G54100.2); Has 30201 Blast hits to 17322

2759/'202r_contig_10958' proteins in 780 species: Archae - 12; Bacteria - 1396; Metazoa - 17338; Fungi - 3422; Plants - 5037; Viruses - 0; Other Eukaryotes - 2996 (source: NCBI BLink). & (loc_os05g45960.1: 721.0) no
2760 '202r_contig_10959' description available & (chl4|513273 : 697.0) no description available & (ipr016162 : 93.21207) Aldehyde dehydrogenase, N-terminal & (reliability: 1894.0) & (original description: no original
2761 '202r_contig_11850' description)"
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2766 '202r_contig_19347" {04708 | pScr_pea : 123.0) Pyrroline-5-carboxylate reductase (EC 1.5.1.2) (P5CR) (P5C reductase) - Pisum T

W < b #| Sheetl Sheet? ,Sheet3 /¥ N m ID

]
Edit =g @)

(Fig.4.15. Mercator excel sheet showing ROS metabolism under glutamate metabolism.)
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4.3. Homology sequences searches using NCBI BLAST

NCBI (National Centre for Biotechnology Information; http://www.ncbi.nih.gov/) is an

online, database, user-friendly bioinformatic tool containing all the nucleotide and protein

sequence which has been sequenced till date. It gives the result by comparing the query

sequences with the sequences present already in the database.

Hence, comprehensive database screening of above selected sequences was done with the

default settings in the BLASTN. Results predicted highest identity with the Medicago truncatula

followed by Cicer arienatum with the similar functions as predicted by Mercator functional

annotation tool.

Table: 4.2.Functions predicted by Mercator to selected transcripts and fuctions predicted

by NCBI BLAST to corresponding transcript

SI. | Function assigned by | Similarity with (in NCBI | Query | EC
No. | Mercator BLAST) cover | value
1. Cysteine synthase isomer (CAS) a. Lathyrus sativus beta- 100% | O
cyanoalanine synthase
(Bsas3;1)
b. Medicago truncatula 100% |0
Cysteine Synthase
2. Cysteine synthase
e 202R_contig_5489 Medicago truncatula cysteine 99% 0
synthase, chloroplastic
e 202R_contig_6234 Medicago truncatula cysteine 98% 0
synthase, chloroplastic
e 202R_contig_18786 Medicago truncatula probable S- | 98% 0

sulfocysteine synthase,

chloroplastic
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3.Alanine:glyoxylate
aminotransferase

e 202R_contig_17606

e 202R_contig_3873

e 202R_contig_266

e 202R_contig_2358

4. L-Asparaginase

e 202R_contig_15653

e 202R_contig_17961

e 202R_contig_31383

Medicago truncatula alanine--
glyoxylate aminotransferase

Medicago truncatula alanine--
glyoxylate aminotransferase

Medicago truncatula serine--
glyoxylate aminotransferase

Medicago truncatula alanine--
glyoxylate aminotransferase

Medicago truncatula isoaspartyl
peptidase/L-asparaginase

Medicago truncatula probable
isoaspartyl peptidase/L-
asparaginase 2

Medicago truncatula putative
threonine aspartase

96%

100%

98%

100%

100%

99%

96%
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5. Asparagine Synthase

e 202R_contigd27 Medicago truncatula asparagine | 99%
synthetase
) Medicago truncatula asparagine .
* 202R_contig_8260 synthetase, root [glutamine- 100%
hydrolyzing]
* 202R_contig_18458 Medicago truncatula asparagine | ggoy,
synthetase [glutamine-
hydrolyzing] 2
6. Ornithine Cyclodeaminase
e 202R_contig_31662 98%
7.D-Tyr-tRNA(Tyr) deacylase(D-
amino acid metabolism) ]
Medicago truncatula D- 85%
e 202R_contig_20127 aminoacyl-tRNAdeacylase
8.Delta-pyrroline-5-carboxylate
dehydrogenase (ROS ) .
Metabolism) Medicago truncatula delta-1- 100%

e '202r_contig_5018'

pyrroline-5-carboxylate
dehydrogenase 12A1,
mitochondrial
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Figures showing the results of BLAST:

5 NCBI Blast:Gene4675:202F X

(4 ) @ @ nttpsy/blastncbinim.nih.gow/Blast.cgi @ || Q search wBa 3+ & 2 =
~
w3 Bezamas x Description S::a 5:;1 ?‘,:3 vxfue \::r:t decesios

 [#] Bookmarks Toolbar PREDICTED: Medicago truncatula ala lyoxylate an 2 homolog 1. mitochondrial (L OC11442560) mi 1580 1580 100% 0.0  90.92% XM_003630047.3

3 Bookmarks Menu Medicago truncatula clone MTYFL_FM_FN_FO1G-I-4 unknown mRNA 1574 1574 100% 00 9083% BT0529271

3 Other Baokmarks Medicago truncatula clone JCVI-FLMt-19C16 unknown mRNA 1557 1557 100% 0.0 90.58% BT1468011

# Google Scholar

Medicago truncatula clone JCVI-FLMt-21117 unknown mRNA 1543 1543 100% 00 9035% BT1389301
PREDICTED: Cicer arietinum al. an 2 homolog 1 (LOC101493970), mRNA 1530 1530 100% 0.0 90.14% XM_004503977.3
PREDICTED: Abrus precatorius alanine—gl late 2 homolog 1. mitochondrial (LOC113873831). mRI 1397 1397 100% 0.0 86.10% XM_027512166.1
Lotus japonicus cDNA. clone: LiFL2-027-AF11, HTC 1363 1363 100% 00 8761% AK338563 1
PREDICTED: Cajanus cajan alanine—glyoxylate aminotransf 2 homolog 1 hondrial (LOC109816349) mRNA 1330 1330 100% 0.0 87.07% XM_020381328.2
PREDICTED: Arachis hypogaea alanine--gh { fe 2 homolog 1. r hondrial (LOC112791240), mR 1327 1327 99% 0.0 87.09% XM_025833982.1
PREDICTED: Arachis I i lat i 2 homolog 1. mitochondrial (L OC107480413). m 1327 1327 99% 0.0 87.09% XM_016100554.2
PREDICTED: Lupinus anqustifolius alanine--gl late ar 2 homolog 1. mitochondrial-like (L 0C1093436¢ 1297 1297 100% 0.0 86.56% XM_019582045.1
PREDICTED: Arachis hypogaea alanine--gk { fe 2 homolog 1. r hondrial (LOC112733266), mR 1288 1288 99% 0.0 86.49% XM_025782163.2
PREDICTED: Arachis ipagnsis alanine--gl late amir 2 homolog 1. mitochondrial (LOC107631121). mRN 1288 1288 99% 0.0 86.49% XM_0163344582
PREDICTED: Vigna angularis alanine-glyoxylate aminotransferase 2 homolog 1. mitochondrial L OC108323918) mRN/ 1269 1269 100% 0.0 86.14% XM_017556746.1
PREDICTED: Glycine max alanine-glyoxylate ase 2 homolog 1 hondrial (LOC100804017) mRNA 1264 1264 100% 0.0 86.07% XM 0035250234
PREDICTED: Vigna radiata var. radiata alanine--glyoxylate aminot 2 homolog 1. 1 ial (LOC10676784 1264 1264 100% 0.0 86.05% XM_022786056.1
PREDICTED: Vigna radiata var. radiata alanine--glyoxylate aminot 2 homolog 1. 1 ial (LOC10676784 1264 1264 100% 00 86.05% XM_014652842 2
PREDICTED: Cajanus cajan alanine--glyoxylate aminotransfs 2 homolog 1 hondrial (| 0C109816350) mRNA 1256 1258 100% 0.0 85.97% XM 0203813292
PREDICTED: Glycine soja alanine—gl late ar 2 homolog 1. mitochondriallike (LOC114413150). mRN 1258 1258 100% 00 8588% XM 0283773721

1258 1258

plycine max cDNA. clone: GMFL01-32-C09

4

= Feedback

10:35 AM
10/2/2019

(Fig.4.16. BLAST results of Alanine amino transferase)

8 NCBI Blast:Gene.13847:202R_cor X 8 PREDICTED: Medicago truncatul- X | 10T Details for PrimerQuest Tool | IDT X ‘ + - X

<« C & blastncbinlm.nih.gov/Blast.cgi#alnHdr 1379635850 + B g H
selectall 32sequences selected GenBank  Graphics  Distance tree of results -

Description Shi::e ST:;:L g:sg v:ue \::::t Accession
PREDICTED: Medicago truncatula cysteine synthase 2 (LOC11436130), mRNA 118 1307 88% 00 9276% XM_003617758.3
PREDICTED: Cicer arietinum cysteine synthase 2 (LOC101511534), mRNA 1029 1029 75% 00 90.69% XM_004491452.3
Lotus japonicus clone JCVI-FLLI-21A2 unknown mRNA 885 885 T75% 0.0 87.34% BT143490.1
PREDICTED: Abrus precatorius cysteine synthase 2 (LOC113646961), mRNA 852 852 T76% 00 86.62% XM_0274757511
PREDICTED: Glycine soja cysteine synthase 2 (LOC114382335), mRNA 841 841 75% 00 86.26% XM_0283424811
PREDICTED: Glycine max cysteine synthase 2 (LOC100799081), mRNA 830 830 75% 00 86.01% XM_0035446064
Phaseolus vulgaris hypethetical protein (PHAVU_008G278600g) mRNA, complete cds 765 765 75% 0.0 84.56% XM 0071423531
Phaseolus vulgaris AT4G19003 mRNA, partial sequence 760 760 T4% 0.0 B457% KY530182.1
PREDICTED: Vigna angularis cysteine synthase 2 (LOC108338537), transcript variant X2, mRNA 752 752 T6% 00 8426% XM_0175754751
PREDICTED: Vigna angularis cysteine synthase 2 (LOC108338537), transcript variant X1, mRNA 752 752 T8% 00 84.26% XM_0175754741
PREDICTED: Vigna radiata var. radiata cysteine synthase 2 (LOC106764592), mRNA 730 730 75% 0.0 8374% XM_0146438712
PREDICTED: Vigna unguiculata cysteine synthase 2 (LOC114194358), mRNA 725 725 75% 00 8361% XM 0280645261
PREDICTED: Prosopis alba cysteine synthase 2 (LOC114712546), transcript variant X2, mRNA 577 577 63% de-160 82.84% XM_028897106.1
PREDICTED: Prosopis alba cysteine synthase 2 (LOC114712546), transcript variant X1, mRNA 577 677  63% 4e-160 82.84% XM_0288971051
PREDICTED: Ziziphus jujuba cysteine synthase 2-like (LOC107406856), transcript variant X2 mRNA 47 4T T4% 46130 78.11% XM_016014068.2
PREDICTED: hus jujuba cysteine synthase 2-like (LOC107406856), transcript variant X1, mRNA AT7T 4TT T4%  4e-130 78.11% XM_016014067.2
PREDICTED: Ziziphus jujuba cysteine synthase 2-like (LOC107404704), transcript variant X2, mRNA 477 ATT T4%  de-130 76.11% XM _0160116932
PREDICTED: s jujuba cysteine synthase 2-like (LOC107404704), transcript variant X1, mRNA 477 477 T4%  de-130 78.11% XM_0160116922
Stachyurus yunnanensis AT4G19003 mRNA, partial sequence 475 475 T4% 2e-129 T8.09% KY5301731
Medicago truncatula clone mth?-32m22, complete sequence 460 1243 81%  4e-125 93.02%
u Platanus x hispanica ATAG19003 mRNA, partial sequence 438 438 60% 2e-118 79.39%
18 O Typeheretosearch 0 [E e - ﬂ [~ @ @ @ A D 7 Q) ENG mﬁ-?mg N

(Fig.4.17. BLAST resu_lts_offysteine Synthase)
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499 499 80% T7e-137 8502% XM_0065974093
492 492 73% 1e-134 8641% XM_028077366 1

490 490 74% 4de-134 8595% XM_028346752 1

i 490 490 74% 4e-134785:95% XM 026346751 1
PREDICTED: Glycine max D-ami HRNA deacylase (LOC100813154), transcript variant X4, mRNA 490 490 74% 4e-134 8095%- XM
PREDICTED: Vigna angularis D-tyrosyl-tRNA(Tyr) d I LOC108342446), transcript variant X2 mRNA 481 481 73% 2e-131 8597% XM G -

.; g R N »EQEE wrl;?zzozu =

€ C & blastncbinim.nih.gov/Blast.cgi % B *» e H
PREDICTED: Medicago la D-amis 1-tRNA d lase (LOC11441122), transcript variant X2, misc_RNA 641 641 85% 1e-179 86.83% XR_003009062.1 .
Medicago la clone JCVI-FLMt-2A14 unknown mRNA 640 640 85% 4e-179 806.78% DBT1449301
PREDICTED: Medicago la D-ami HRNA deacylase (LOC11441122), transcript variant X1, mRNA 604 604 80% 1e-168 88.82% XM 0247757861
PREDICTED: 595 595 80% 8e-166 83.62% XM_028346748 1
PREDICTED: 595 595 76% 8e-166 8955% XM_0273334331
PREDICTED: 595 595 76% 8e-166 8955% XM_0044975733
PREDICTED: 595 595 80% O8e-166 86.62% XM_003545967.4
PREDICTED: Glycine soja D-aminoacyl-tRNA d lase (LOC114386709), transcript variant X2, mRNA 586 586 74% b5e-163 89.89% XM_020346749.1
PREDICTED: Glycine max D-ami I-RNA de lase (LOC100813154), transcript variant X2, mRNA 586 586 74% b5e-163 89.89% XM_006597408.3
PREDICTED: Cajanus cajan D-ami |-tRNA deacylase (LOC109811552), transcript variant X3, mRNA 556 556  75% 4e-154 86.48% XM 0292740241
PREDICTED: Cajanus cajan D-aminoacyltRNA deacylase (LOC109811552), transcript variant X2, mRNA 556 556 75% 4e-154 88.48% XM _020375327.2
PREDICTED: Cajanus cajan D-aminoacyl-tRNA deacylase (LOC109811552), transcript variant X1, mRNA 556 556 75% de-154 88.48% XM_0203753262
PREDICTED: Abrus ius D-aminoacy/-tRNA d. lase (LOC113850312), transcript variant X3, misc_RNA 556 556 75% de-154 8848% XR_0035021871
PREDICTED: Abrus ius D-aminoacytRNA deacylase (LOC113850312), transcript variant X2, mRNA 556 556 75% de-154 83.48% XM_027430809.1
PREDICTED: Glycine soja D-aminoacyl-tRNA d lase-like (LOC114373661), transcript variant X1, mRNA 583 553  74% be-153 88.57% XM_028331170.1
PREDICTED: Glycine max D-ami I-RNA de lase (LOC100787782), transcript variant X1, mRNA 553 553 74% b5e-153 88.57% XM_003542966.4
Phaseolus vulgaris t hetical protein (PHAVU_006G179400g) mRNA, complete cds 525 526 74% le-144 B7.34% XM_007148022.1
PREDICTED: Glycine soja D-aminoacyl-tRNA deacylase (LOC114386709), transcript variant X3 mRNA 499 499 80% Te-137 85.02% XM 028346750.1

| O Type hereto search 6]

o

23 NCBI Blast:Gene.

<« C @ @ @ httpsy//blast.nckinlm.nih.gov/Blast.cgi o @ n@o& =
Sequences producing significant alignments Download ¥ Manage Columns  Show | 100 v | @ 2
selectall 100sequences selected GenBank Graphics Distance tree of results
Max  Total Que E Per.
Descrption Score  Score Cuvg value  Ident Accession
Lathyrus satiws beta | synthase (Bsas3:1) mRNA. complete cds 2065 2065 100% 0.0 99.21% KJ563188.1
Medicago sativa cysteine synthase mRNA, complete cds 1570 1570 100% 00 9151% MK334208 1
Medicago sativa cultivar Derby bet, synthase mRNA, complete cds 1570 1570 100% 0.0 91.51% KY0099671
PREDICTED: Medicago truncatula L synthase 1 (LOC11436945), mRNA 1568 1568 100% 0.0 91.458% XM 0036239463
PREDICTED: Cicer arietinum L3+ I i synthase 1 hondrial (LOC101512608). mRNA 1343 1343 91% 00 8979% XM 0044927053
Lotus japonicus clane JCVI-FLLj-8124 unknown mRNA 1240 1240 90% 00 8818% BT1372361
PREDICTED: Abrus i L [ani I synthase 1. mitochondrial (LOC113860583). mRNA 1223 1223 90% 0.0 87.95% XM_027492990.1
PREDICTED: Glycine soja L I hase/cysteine synthase 1 hondrial (LOC114425218) mRNA 1214 1214 91% 00 8766% XM_028392040 1
PREDICTED: Cajanus cajan L- | thase/cysteine synthase 1 hondrial (LOC109802499). mRHA 1208 1208 90% 0.0 87.69% XM 0203638942
PREDICTED: Glycine soja ional L- | i synthase 1 hondrial-like (LOC114397550). mRNA 1208 1208 91% 0.0 87.56% XIM_0283596351
Glycine max bet: I synthase (LOC100806420), mRNA 1208 1208 91% 0.0 8756% MM_001352889 1
Glycine max OAS-TL3 cysteine synthase (OAS-TL3). mRNA 1208 1208 91% 0.0 87.56% NM_001248188.2
Glycine max OAS-TL3 cysteine synthase (OAS-TL3) mRNA, complete cds 197 1197 91% 0.0 87.37% EF5848981
Phaseolus wlgaris hypott | protein (PHAVU_008G061100g) mRNA, complete cds 190 1190 96% 00 8622% XM_007139753 1
PREDICTED: Lupinus L- synthase 1 (LOC109338383). mRNA N73 1173 89% 0.0 87.33% XM 0195756031
PREDICTED: Vigna radiata var radiata L synthase 1 (LOC106759445) mRNA 1168 1168 96% 0.0 85.87% XM_014642619.2
PREDICTED: Vigna anqularis L-3- I synthase 2 hondrial (LOC108329722). transcript variant X1, mRNA 157 1157 96% 00 8569% X

3

86 67% 1/

(Fig.4.19. BLAST results of Cyanoalanine Synthase )

77



= NCBIBlastGene.5942:202%_cc X Jied

&« C @ @ & https://blast.nchinim.nih.gov/Blast.cgi s o meoe =
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Sequences producing significant alignments Download > Manage Columns '  Show °]
selectall 100sequences selected GenBank Graphics  Distance tree of results
Desciption Swz)r(e STZEL g:jg vaIEue \:2;1 decessin
PREDICTED: Medicago truncatula delta-1-pyrroline-5-carboxylate dehyd 12A1, mitochondrial (LOC11442772) mRNA 2388 2388 97% 00 92.16% XM 0036089663
PREDICTED: Cicer arietinum delta-1-pyrroline-5-carboxylate dehyd 12A1 hondrial (LOC101490107). mRNA 2368 2368 96% 00 92.33% XM 0045087123
PREDICTED: Glycine soja probable aldehyde (LOC114334037), mRMA 1836 1836 96% 0.0 86.56% XM_028355585.1
PREDICTED: Glycine max probable aldehyde dehyd (LOC100806579). transcript variant X1, mRNA 1836 1836 96% 0.0 86.56% XM 0035496164
PREDICTED: Lupinus lius delta-1-pyrroline-5-carboxylate dehyd 12A1 hondriallike (LOC109362877). transcript variant 1829 1629 89% 00 B87.88% XM 0196089451
PREDICTED: Luinus lius delta-1-pyrroline-6-carboxylate dehyds 12A1 handrial-like (LOC109362877). transcript variant 1823 1829 89% 00 87.88% XM_013608944 1
PREDICTED: Cajanus cajan probable aldehyde dehydi (LOC109808399). transcript variant X2, mRNA 1816 1816 93% 00 86.98% XM 0203713952
PREDICTED: Cajanus cajan probable aldehyde (LOC109808399). transcript variant X1. mRNA 1808 1808 93% 0.0 86.88% XM 0203713942
PREDICTED: Glycine soja probable aldehyde (LOC114411877). transcript variant X2. mRNA 1807 1807 91% 0.0 67.35% XM 0283756071
PREDICTED: Glycine max probable aldehyde dehyd (LOC100813821). transcript variant X2, mRNA 1807 1807 91% 00 B87.35% XM _0035248744
PREDICTED: Glycine soja probable aldehyde dehyd (LOC114411877). transcript variant X1, mRNA 1803 1803 90% 00 B87.41% X\M_0283756061
PREDICTED: Glycine max probable aldehyde dehyd (LOC100813821). transcript variant X1, mRNA 1803 1803 90% 00 8741% XM 0065794793
PREDICTED: Cajanus cajan probable aldehyde (LOC109807911) mRNA 1794 1794 1% 0.0 87.07% XM 0292734101
Phaseolus vulgaris protein (PHAVU_003G192100g) mRMA. complete cds 1790 1790 94% 0.0 86.36% XM _007155269.1
PREDICTED: Abrus probable aldehyde dehyd (LOC113846979). transcript variant ¥2. mRNA 1788 1788 95% 0.0 86.19% XM 0274757821
PREDICTED: Abrus probable aldehyde dehyd (LOC113846979), transcript variant X1, mRNA 1781 1781 85% 00 8610%
I'\ttpt:."'h\att‘nE‘nlm‘niI’\‘gn'.'.’BIa!t.cg\Ka\anrj5530?3220 aldehyde dehydrogenase (LOC114413789). mRNA 1770 1770 90% 0.0 87.00%

i O m Cortana

2. Askme a i mAa 9o ™
(Fig. 4

0.BLAST results delta-1-pyrroline-5-carboxylate dehydrogenase (P5CD) ”

2

4.5 Amplification of cDNA with the primer PLPD

The RNA was extracted from 8 days and 10 days old seedlings from the five selected
genotypes after germination for the evaluation of expression of primer PLPD due to the fact that
ODAP biosynthesis pathway occurs in the early seedling stage particularly in the leaves (Jiao et
al., 2012; Xu et al., 2017) which was designed from the IDT’s primer quest tool

(https://www.idtdna.com). While the mature plants leaves, stem and roots shows a reduced level

of accumulation of ODAP content which suggests that the age of plant and ODAP content are

inversely propotional.

The cDNA formed from RNA were first normalized using the primer house-keeping gene
LsActin which was designed from the Lathyrus transcriptomes in the selected 5 genotypes. The

amplification of LsActin resulted in similar expression in all the genotypes as expected.
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(Fig. 4.21. Gel image of LsActin on the selected genotypes.)

(Fig. 4.22. gel image of amplification of PLPD in selected genotypes)

The 10" day seedlings cDNA was more correlated than the 8" day cDNA in house-
keeping gene and candidate gene prime-PLPD too.

The results showed 2 bands which was differentially correlated with the seed ODAP
content in the 5 genotypes. This result also correlates with the pathway proposed by Malathi et
al., (1970) showing that the L-alanine synthase occurs in 2 isoforms in the Lathyrus sativus viz.
B-isoxazoline-5-one-2yl-l-alanine synthase and isomer -isoxazoline-5-one-4-yl-L-alanine

synthase.
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The results also depicted that the 2 isoforms of L-alanine synthase were inversely
proportional to each other. When the expression of isoxazoline-5-one-4-yl-L-alanine is then the
expression of B-isoxazoline-5-one-2yl-1-alanine reduces but both act on the same substrate O-
acetyl L-serine. The enzymatic activity of only B-isoxazoline-5-one-2yl-I-alanine synthase leads
to formation of B-isoxazoline-5-one-2yl-I-alanine (BIA), precursor of f-ODAP.
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CHAPTER-V
SUMMARY AND CONCLUSION

Pulses has an immense importance in Indian diet as the amino acids which is absent in
the cereals like lysine were fulfilled by the consumption of pulses. Lathyrus being a leguminous
pulse also provides with high energy (362.9K calories) and good nutrition. It is also considered
as an ‘insurance crop; to subsistence farmers as it can be grown with minimal agronomical
inputs. Besides, it is tolerant to many biotic and abiotic factors like drought, waterlogging, cold
and salinity conditions as compared to other pulse crops. Moreover, it can be grown in almost all
types of soil including heavy clayey soil.

Despite being a hardy and wonderful crop, its consumption is limited in many countries
due to the presence of an antinutritional factor p-N-oxalyl-L-a, p-diaminopropionic acid (B-
ODAP) which causes paralysis of lower limbs when consumed for a prolonged period. Studies
till now revealed the biosynthetic pathway of B-ODAP but the genes associated with it is still
unknown. It is also suggested that there is some association between the B-ODAP biosynthesis
pathway and sulfur and nitrogen metabolism (Jiao et al., 2011). Earlier studies by Nayak et al.,
2019 suggested the enzyme L-alanine synthase was present in 2 isomeric forms either -
isoxazoline-5-one-2yl-1-alanine (BIA) or B-isoxazoline-5-one-4-yl-L-alanine formed from a
commom precursor O-acetylserine. The formation of B-isoxazoline-5-one-4-yl-L-alanine might
leads to formation of alanine while BIA leads to formation of f-ODAP. The homology sequence

search of this enzyme revealed this to be a D-amino acid.

The current study attempts to characterize the putative genes associated with amino
acid biosynthesis pathway and D-amino acid metabolism and to identify the transcripts
corresponding to the enzymes involved in cyanide detoxification pathway in relation to ROS
metabolism, metabolism of O-acetyl serine and cysteine amino acid pathways. The
transcriptomes data of Mahateora (high ODAP genotype) and RLK-1950(low ODAP genotype)
sequenced with the help of illumina sequencing (Banerjee et al., 2018) was functionally
annotated with the help of pipeline MapMan Mercator. Mercator functionally described a total of

94,793 trancripts in among which 20,562 were functionally categorized in to 34 categories on the
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basis of MapMan BIN ontology (May et al., 2014). While the ealier approached CLC genomics
workbench by Nayak et al., 2019 for the functional annotation of Lathyrus transcripts
functionally described only 28,132 ranscripts. The Mercator output when screened for genes
related to alanine synthase, it didn’t predicted for alanine synthase but accommodate the
functional category of Alanine aminotransferase. Similarly when screened for transcripts
associated with Cyanoalnaine synthase, Cysteine synthase, Asparagine metabolism, Ornithine
cycloaminase, d-amino acid metabolism and ROS metabolism 1,3,6,1,1,and 1 number
respectively of transcripts were found. The Cyanoalanine synthase pathway also leads to the
formation of D-amino acid like d-alanine, d-arginine, d-glutamine, etc. also the enzyme D-
aminoacyl-tRNAdeacylase or D-Tyr-tRNA (Tyr) deacylase involved in the cyanoalnine (cyanide
detoxification pathway) metabolism. Consequently, all the enzymes screened were interrelated to
each other.

CONCLUSION

e The MapMan Mercator functionally described 94,793 transcripts in which 20,562 were
assigned with a functional category based on MapMan BIN ontology.

e To assess the function predicted by Mercator, homology sequence searches of selected
transcripts was done with the help of NCBI BLAST. The Results predicted highest
identity with the Medicago truncatula followed by Cicer arienatum with the similar
functions as predicted by Mercator functional annotation tool.

e 17 transcripts were selected for the primer designing with contig ID’s 202r_contig_6184,
202R_contig_5489, 202R_contig_13221, 202R_contig 18786, 202R_contig 20127,
202R_contig_17606, 202R_contig_3873, 202R_contig_3873, 202R_contig 2358,
202R_contig_15653, 202R_contig_17961and 202R_contig 31383, 202R_contig_427,
202R_contig_8260, 202R_contig_18458, 202R_contig_7854 and 202r_contig_5018.

e One enzyme PLPD was differentially correlated in different genotypes of L.sativus.
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SUGGESTIONS FOR FUTURE WORK

» Validation of designed primer in the high and low ODAP genotype for evaluating the

expression analysis.

» Further validating this primers in the population.

83



REFERENCES

Addis, Getachew, and R. K. J. Narayan."Developmental Variation of the Neurotoxin, [-N-
Oxalyl-I-a, B-diamino propionic acid (ODAP), in Lathyrus sativus." Annals of Botany 74.3
(1994): 209-215.

Asthana, A.N. and Dixit, G.P., 1999. Utilization of genetic resources in Lathyrus. Genetic
Resources Network, 8, p.64.Barpete, Surendra. "Genetic associations, variability and diversity in
biochemical and morphological seed characters in Indian grass pea (Lathyrus sativus L.)
accessions.” Fresenius Environmental Bulletin 24 (2015): 1-6.

BELL, E. A. & O'DoNOVAN, J. P. (1966). The isolation ofct and ~-oxalyl derivatives of a,y-
diaminobutyric acid from seeds of Lathyrus latifolius, and the detection of the ct-oxalyl isomer
of the neurotoxin ct- amino-fl-oxalylaminopropionic acid which occurs together with the
neurotoxin in this and other species. Phytochemistry, 5, 1211-109.

BELL, E. A. & PRZYBYLSKA, J. (1965). The origin and site of synthesis of the pyrimidine

ring in the amino acid lathyrine. Biochem. J., 94, 35.

BELL, E. A. & O'DoNOVAN, J. P. (1966). The isolation ofct and ~-oxalyl derivatives of a,y-
diaminobutyric acid from seeds of Lathyrus latifolius, and the detection of the ct-oxalyl isomer
of the neurotoxin ct- amino-fl-oxalylaminopropionic acid which occurs together with the

neurotoxin in this and other species. Phytochemistry, 5, 1211-109.

BELL, E. A. & PRZYBYLSKA, J. (1965). The origin and site of synthesis of the pyrimidine

ring in the amino acid lathyrine. Biochem. J., 94, 35.

BELL, E. A. (1962). a,y-Diaminobutyric acid in seeds of twelve species of Lathyrus and the
identification of a new natural amino acid, L-homoarginine, in seeds of other species toxic to

man and domestic animals. Nature, 193, 1078-9.

BELL, E. A. (1964). Relevance of biochemical taxonomy to the problem of lathyrism. Nature,
203, 378-80.

Bhariya S. and Banerjee S. 2018 Characterization of Lathyrus transcriptome for identification of
putative candidate genes related to BODAP biosynthesis Ph.D.Thesis IGAU Raipur

84



Briggs, C.J., Parreno, N. and Campbell, C.G., 1983. Phytochemical Assessment of Lathyrus

Species for the Neurotoxic Agent, -N-oxalyl-L-a-BDiaminopropionic Acid. Planta medica,
47(03), pp.188-190.

Brunet, J., Repellin, A., Varrault, G., Terryn, N. and Zuily-Fodil, Y., 2008. Lead accumulation in
the roots of grass pea (Lathyrus sativus L.): a novel plant for phytoremediation
systems?. ComptesRendusBiologies, 331(11), pp.859-864.

Campbell, C.G., Mehra, R.B., Agrawal, S.K., Chen, Y.Z., Moneim, A.A., Khawaja, H.I.T.,
Yadov, C.R., Tay, J.U. and Araya, W.A., 1994. Current status and future strategy in breeding
grasspea (Lathyrus sativus). In Expanding the production and use of cool season food legumes
(pp. 617-630).

Campbell, Clayton Garnet. Grass pea, Lathyrus sativus L. Vol. 18.Bioversity International,
1997.

Chakrapani K., Patil S., Kalamkar V., Pavithran C. and Rajeev R., 2008 Genetic analysis in F2
Population of Lathyrus sativus Crop Res Hisar 35 (1/2):83-87.

Chinnasamy G, Bal AK, McKenzie DB. 2004. Fatty acid and elemental composition of mature
seeds of beach pea (Lathyrus maritimus L.) Bigel.]. Can J Plant Sci 84, 65-69.

Chowdhury, M. A., and A. E. Slinkard."Natural outcrossing in grasspea.” Journal of
Heredity 88.2 (1997): 154-156.

Dahiya, B. S. "Seed morphology as an indicator of low neurotoxin in lathyrus sativus
L." QualitasPlantarum 25.3-4 (1976): 391-394.

Enneking, D. (2011). The nutritive value of grasspea (Lathyrus sativus) and allied species, their
toxicity to animals and the role of malnutrition in neurolathyrism. Food Chem. Toxicol. 49, 694—
709.

Enneking, Dirk. "The nutritive value of grasspea (Lathyrus sativus) and allied species, their
toxicity to animals and the role of malnutrition in neurolathyrism." Food and Chemical
Toxicology 49.3 (2011): 694-7009.

85



Enneking, Dirk. "The nutritive value of grasspea (Lathyrus sativus) and allied species, their
toxicity to animals and the role of malnutrition in neurolathyrism." Food and Chemical
Toxicology 49.3 (2011): 694-709.

Fikre, A., Korbu, L., Kuo, Y.H. and Lambein, F., 2008. The contents of the neuroexcitatory
amino acid B-ODAP (B-N-oxalyl-I-a, -diaminopropionic acid), and other free and protein amino
acids in the seeds of different genotypes of grass pea (Lathyrus sativus L.). Food chemistry,
110(2), pp.422-427.

Gengsheng, X., Kairong, C., Ji, L., Ji, L., Yafu, W., Zhixiao, L., &Zhixiao, L. (2001).Water
stress and accumulation of B-N-oxalyl-L-a, B-diaminopropionic acid in grass pea (Lathyrus

sativus). Journal of agricultural and food chemistry, 49(1), 216-220.

Gongke, Z., Yingzhen, K., Kairong, C., Zhixiao, L., &Yafu, W. (2001).Hydroxyl radical
scavenging activity of p-N-oxalyl-I-a, B-diaminopropionic acid. Phytochemistry, 58(5), 759-762.

Gowda, C. L. L., and Avtar K. Kaul."Pulses in Bangladesh.” Pulses in Bangladesh. (1982).

grass pea (‘Lathyrus sativus' L.) seeds in Valle Agricola district, Italy. Australian Journal of Crop
Science, 6(1), p.149.

Grela, E. R., Rybinski, W., Klebaniuk, R., &Matras, J. (2010). Morphological characteristics of
some accessions of grass pea (Lathyrus sativus L.) grown in Europe and nutritional traits of their
seeds. Genetic Resources and Crop Evolution, 57(5), 693-701.

Grela, E. R., Rybinski, W., Matras, J., &Sobolewska, S. (2012). Variability of phenotypic and
morphological characteristics of some Lathyrus sativus L. and Lathyrus cicera L. accessions and

nutritional traits of their seeds. Genetic Resources and Crop Evolution, 59(8), 1687-1703.

Hanbury, C. D., et al. "A review of the potential of Lathyrus sativus L. and L. cicera L. grain for

use as animal feed." Animal Feed Science and Technology 87.1-2 (2000): 1-27.

HARRISON, F. L., NUNN, P. B. & HILL, R. R. (1977). Synthesis of a and fl-N-oxalyl-L-Ct,[3-
diaminopropionic acids and their isolation from seeds of Lathyrus sativus. Phytochemistry, 16,
1211-15.

86



Ikegami, F., &Murakoshi, 1. (1994).Enzymic synthesis of non-protein B-substituted alanines and
some higher homologues in plants.Phytochemistry, 35(5), 1089-1104.

Ikegami, F., Ongena, G., Sakai, R., Itagaki, S., Kobori, M., Ishikawa, T., &Murakoshi, I. (1993).
Biosynthesis of B-(isoxazolin-5-on-2-yl)-alanine, the precursor of the neurotoxin $-N-oxalyl-L-a,

Bdiaminopropionic acid, by cysteine synthase in Lathyrus sativus. Phytochemistry, 33, 93-98.

Jackson, M. T., &Yunus, A. G. (1984).Variation in the grass pea (Lathyrus sativus L.) and wild
species. Euphytica, 33(2), 549-559.

Jackson, M. T., and A. G. Yunus."Variation in the grass pea (Lathyrus sativus L.) and wild
species.” Euphytica 33.2 (1984): 549-559.

Jiao, C. J. Studies on accumulation and biological significance of b-ODAP in Lathyrus sativus
L.(grass pea). Diss. Master Dissertation, Lanzhou University, Lanzhou, China, 2005.

Jiao, C. J., Jiang, J. L., Li, C., Ke, L. M., Cheng, W., Li, F. M., ... & Wang, C. Y. (2011). B-
ODAP accumulation could be related to low levels of superoxide anion and hydrogen peroxide

in Lathyrus sativus L. Food and chemical toxicology, 49(3), 556-562.

Jiao, C. J.,, Wang, C. Y., Li, F. M., Li, Z. X., & Wang, Y. F. (2006). Accumulation pattern of
toxin beta-ODAP during lifespan and effect of nutrient elements on beta-ODAP content in

Lathyrus sativus seedlings. The Journal of Agricultural Science, 144, 369.

Jiao, C.J., Jiang, J.L., Ke, L.M., Cheng, W., Li, F.M., Li, Z.X. and Wang, C.Y., 2011. Factors
affecting B-ODAP content in Lathyrus sativus and their possible physiological mechanisms.
Food and chemical toxicology, 49(3), pp. 543-549.

Jiao, C.J., Jiang, J.L., Ke, L.M., Cheng, W., Li, F.M., Li, Z.X. and Wang, C.Y., 2011. Factors
affecting B-ODAP content in Lathyrus sativus and their possible physiological mechanisms.
Food and chemical toxicology, 49(3), pp.543-549.

Jiao, C.J., Jiang, J.L., Li, C., Ke, L.M., Cheng, W., Li, F.M., Li, Z.X. and Wang, C.Y., 2011. B-
ODAP accumulation could be related to low levels of superoxide anion and hydrogen peroxide

in Lathyrus sativus L. Food and chemical toxicology, 49(3), pp.556-562.

87



Jiao, C.J., Xu, Q.L., Wang, C.Y., Li, F.M., Li, Z.X. and Wang, Y.F., 2006. Accumulation pattern
of toxin B-ODAP during lifespan and effect of nutrient elements on f-ODAP content in Lathyrus
sativus seedlings. The Journal of Agricultural Science, 144(4), pp.369-375.

Jiao, C.J.; Zhao, F.Y.; Xie, S.Q.; Yuan, J.Y.; Yang, L.J. Assay for activities of cysteine synthase
and B-cyanoalanine synthase. Amino Acid Biotic Resour. 2014, 36, 66—72.

Jiao, Cheng-Jin, et al. "Accumulation pattern of toxin beta-ODAP during lifespan and effect of
nutrient elements on beta-ODAP content in Lathyrus sativus seedlings.” The Journal of
Agricultural Science 144 (2006): 369.

Jiao, C-J.,, et al. "Factors affecting B-ODAP content in Lathyrus sativus and their possible
physiological mechanisms.” Food and Chemical Toxicology 49.3 (2011): 543-549.

Kislev, M. E. (1989). Origins of the -cultivation ofLathyrus sativus andL.cicera
(fabaceae). Economic botany, 43(2), 262-270.

Kopriva, S.; Mugford, S.G.; Baraniecka, P.; Lee, B.R.; Matthewman, C.A.; Koprivova, A.
Control of sulfur partitioning between primary and secondary metabolism in Arabidopsis. Front.
Plant Sci. 2012, 3:1-9.

Kumar S. and Dubey D.K. 2010 Variability, heritability and correlation studies in grass pea
(Lathyrus sativus L.)Lathyrus lathyrism Newsl 2: 79-81 Kuo, Y.H., Ikegami, F. and Lambein, F.,
1998. Metabolic routes of p-(isoxazolin5-on-2-yl)-L-alanine (bia), the precursor of the
neurotoxin ODAP (B-Noxalyl-L-a, B,-diaminopropionic acid), in different legume seedlings.
Phytochemistry, 49(1), pp. 43-48.

Kumar, Shiv, et al. "Genetic improvement of grass pea for low neurotoxin (B-ODAP)

content.” Food and Chemical Toxicology 49.3 (2011): 589-600.

Kuo, Y.H.; Lambein, F. Biosynthesis of the neurotoxin B-N-oxalyl-L-o, fdiaminopropionic acid
in callus tissue of Lathyrus sativus. Phytochemistry 1991, 30, 3241-3244.

Kuo, Y.H.; Lambein, F.; Mellor, L.; Adlington, R.M.; Baldwin, J.E. Ringnitrogen of f-
isoxazolinone-alanine is incorpo- rated into the neurotoxin, B-N-oxalyl-L-a,B-diaminopropionic
acid, in callus tissue of Lathyrus sativus. Phytochemistry1994, 37, 713-715.

88



Kusama-Eguchi, Kuniko, et al. "Sulfur amino acids deficiency caused by grass pea diet plays an
important role in the toxicity of L-B-ODAP by increasing the oxidative stress: studies on a motor
neuron cell line." Food and chemical toxicology 49.3 (2011): 636-643.

Liu F, Jiao C, Bi C, Xu Q, Chen P, Heuberger AL, Krishnan HB (2017) Metabolomics approach
to understand mechanisms of B-N-oxalyl-lo,-diaminopropionic acid (B-ODAP) biosynthesis in
grass pea (Lathyrus sativus L.). J Agric Food Chem 65:10206-10213

Lisiewska, Z., Korus, A., &Kmiecik, W. (2003). Changes in chemical composition during

development of grass pea (Lathyrus sativus L.) seeds. Food/Nahrung, 47(6), 391-396.

Long, Y.C.; Ye, Y.H.;, Xing, Q.Y. Studies on the neuroexcitotoxin B-Noxalyl-La,
B-diaminopropionic acid and its isomer a-N-oxalo-L-a,Bdiaminopropionic acid from the root of
Panax species. Int. J. Peptide Protein Res. 1996, 47, 42-46.

Malathi, K., Padmanaban, G. and Sarma, P.S., 1970. Biosynthesis of p-N-oxalyl-la, [-
diaminopropionic acid, the Lathyrus sativus neurotoxin. Phytochemistry, 9(7), pp.1603-1610.

Minakshi N.H. and Banerjee S. 2016 Identification of DNA markers (EST SSR’s, SSR’s and
ISSR’s) associated to grain nutritive traits in Lathyrus sativus. M. Sc. Thesis IGAU Raipur.

Mittler, Ron. "Oxidative stress, antioxidants and stress tolerance.” Trends in plant science 7.9
(2002): 405-410.

Nagarajan, V., and C. Gopalan. "Variation in the neurotoxin B-(N)-oxalylamino-alanine content
in Lathyrus sativus samples from Madhya Pradesh.” Indian Journal of Medical Research 56.1
(1968): 95-99.

Nayak J.K. and Banerjee S. 2019 Analysis of De novo transcriptome sequence for identification
of putative candidate genes related to f ODAP biosynthesis pathway in Lathyrus sativus. M.Sc.
Thesis IGAU Raipur.

Pandey R.L., Chitle M.W., Sharma R.N. and Geda A.K., 1997 Evolution and characterization of
grass pea germplasm Lathyrus sativus L. J. Medicinal and Aromatics Pl Sci 19 (1):14-16

89



Polignano, G. B, et al. "Characterization of grass pea (Lathyrus sativus L.) entries by means of
agronomically useful traits." Lathyrus Lathyrism Newsletter 4 (2005): 10-14.

Quereshi, M.Y.; Pilbeam, D.J.; Evans, C.S.; Bell, E.A. The neurolathyrogen, camino-p-
oxalylaminopropionic acid in legume seeds. Phytochemistry 1977, 16, 477-479.

Rahman, M.M., Kumar, J., Rahman, M.A. and Afzal, M.A., 1995. Natural outcrossing in
Lathyrussatlvus L. The Indian Journal of Genetics and Plant Breeding, 55(2), pp.204-207.

Rao, S.L.N., Adig, P.R. and Sharma, P.S. 1964. Isolation and characterization of ODAP a
neurotoxin from the seed of Lathyrus sativus L. Biochem,3: 432. Resources in Asia 27-29
December1995. Lathyrus Genetic Resources in Asia: 163.

Rao, S.L.N., 1978. A sensitive and specific colorimetric method for the determination of a, -
diaminopropionic acid and the Lathyrus sativus neurotoxin. Analytical Biochemistry, 86(2), pp.
386-395

Rosa, M.J., Ferreira, R.B. and. Teixeira, A.M. 2000. Storage proteins from Lathyrus sativus
seeds. J. Agric.Food Chem. 48:5432— 5439. Rotter R.G., Marquardt R.R., and Campbell C.G.,
1991. The nutritional value of low lathyrogenicLathyrus (L. Sativus) for growing chicks, Brit.
Poultry Sci., 32: 1055 -1067 Rotter, R.G., Marquardt, R.R. and Campbell, C.G., 1991. The
nutritional value of low lathyrogenicLathyrus (Lathyrus sativus) for growing chicks. British
Poultry Science, 32(5), pp. 1055-1067.

Ross, S. M., Roy, D. N., & Spencer, P. S. (1989).8-N-Oxalylamino-L-Alanine Action on
Glutamate Receptors. Journal of neurochemistry, 53(3), 710-715.

Roy, M., Mandal, N. and Das, P.K., 2001. Seed protein characterization and isozyme diversity
for cultivar identification in grasspea (Lathyrus sativus L.). The Indian Journal of Genetics and
Plant Breeding, 61(3), pp.246-249.

Sharma, Archana, M. Kalia, and S. R. Malhotra."Effect of antinutritional factors in khesari seeds
(Lathyrus sativus) on the biological performance of chicks." Lathyrus Lathyrism
Newsletter3 (2003): 41-43.

90



Shinde S.M., Sakhre R.S., Parnar J.N. and Bhongle S.A. 2003 Heritability and F2 population
potential in Lathyrua sativus L. from thjree day cross Ann. Plant Physio. 17 (2):164-166

Singh, S.S. and Rao, S.L.N., 2013. Lessons from neurolathyrism: a disease of the past & the
future of Lathyrus sativus (Khesari dal). The Indian journal of medical research, 138(1), p.32.

Smartt, J., 1984. Evolution of grain legumes. I. Mediterranean pulses. Experimental Agriculture,
20(4), pp. 275-296.

Srivastava, S. and Khokhar, S., 1996. Effects of Processing on the Reduction of B-ODAP
(B-N-Oxalyl-L-2, 3-diaminopropionic acid) and Anti-Nutrients of Khesari Dhal, Lathyrus
sativus. Journal of the Science of Food and Agriculture, 71(1), pp. 50-58.

Srivastava, S. and Khokhar, S., 1996. Effects of Processing on the Reduction of - ODAP (B- N-
Oxalyl- L- 2, 3- diaminopropionic acid) and Anti- Nutrients of Khesari Dhal, Lathyrus sativus.

Journal of the Science of Food and Agriculture, 71(1), pp.50-58

Stanton, K. P., Parisi, F., Strino, F., Rabin, N., Asp, P., and Kluger, Y. (2013). Arpeggio:
harmoniccompressionofChlP-seqdatarevealsprotein-chromatininteraction — signatures. Nucleic
Acids Res, 41(16):e161.

Stark, M. S., Tyagi, S., Nancarrow, D. J., Boyle, G. M., Cook, A. L., Whiteman, D. C., Parsons,
P. G., Schmidt, C., Sturm, R. A., and Hayward, N. K. (2010). Characterization of the melanoma
mirnaome by deep sequencing. PL0oS One, 5(3):9685.

Sarkar, A., Emmrich, P. M., Sarker, A., Zong, X., Martin, C., & Wang, T. L. (2019). Grass
Pea: Remodeling an Ancient Insurance Crop for Climate Resilience. In Genomic Designing of
Climate-Smart Pulse Crops (pp. 425-469).

Tiwari, K. R., & Campbell, C. G. (1996). Inheritance of neurotoxin (ODAP) content, flower
and seed coat colour in grass pea (Lathyrus sativus L.). Euphytica, 91(2), 195-203.

91



Tadesse, Wuletaw, and EndashawBekele."Variation and association of morphological and
biochemical characters in grass pea (Lathyrus sativus L.)." Euphytica 130.3 (2003): 315-324.

Tamburino, R., Guida, V., Pacifico, S., Rocco, M., Zarelli, A., Parente, A. and Di Maro, A,
2012. Nutritional values and radical scavenging capacities of

Tarade, K.M., Singhal, R.S., Jayram, R.V. and Pandit, A.B., 2007. Kinetics of degradation of
ODAP in Lathyrus sativus L. flour during food processing. Food chemistry, 104(2):643-649.

Tirk, M., Albayrak, S., &Celik, N. (2007). Estimates of broad-sense heritability for seed yield
and yield components of grass pea (Lathyrus sativus L.). Turkish Journal of Agriculture and
Forestry, 31(3), 155-158.

Ulloa, P., &Mera, M. (2010). Inheritance of seed weight in large-seed grass Pea Lathyrus sativus
L. Chilean journal of agricultural research, 70(3), 357-364.

Urga, K., Fufa, H., Biratu, E. and Husain, A., 2005. Evaluation of Lathyrus sativus cultivated in
Ethiopia for proximate composition, minerals, B-ODAP and anti-nutritional components. African

Journal of Food, Agriculture, Nutrition and Development, 5(1).

Urga, Kelbessa, AlemuFite, and BinyamKebede."Nutritional and antinutritional factors of grass

pea (Lathyrus sativus) germplasms.” Bulletin of the Chemical Society of Ethiopia 9.1 (1995).

Williams, P.C., R.S. Bhatty, S.S. Deshpande, L.A. Hussein and G.P. Savage. 1994. Improving
nutritional quality of cool season food legumes. p. 113-129. In: F.J. Muehlbauer and W.J. Kaiser
(eds.), Expanding the Production and Use of Cool Season Food Legumes. Kluwer Academic
Publishers, Dordrecht Netherlands.

Wirtz, M.; Droux, M.; Hell, R. O-acetylserine (thiolyase: An enigmatic enzyme of plant cysteine
biosynthesis revisited in Arabidopsis thaliana. J. Exp. Bot. 2004, 55, 1785-1798.

Xu, Q., Liu, F., Chen, P., Jez, J. and Krishnan, H., 2017. B-N-Oxalyl-L-a, Bdiaminopropionic
acid (B-ODAP) content in Lathyrus sativus: the integration of nitrogen and sulfur metabolism

through B-cyanoalanine synthase. International journal of molecular sciences, 18(3), p.526.

92



Xu, Quanle, et al. "B-N-oxalyl-La, B-diaminopropionic acid (3-ODAP) content in Lathyrus
sativus: the integration of nitrogen and sulfur metabolism through R-cyanoalanine synthase.”
(2017).

Yadav, S. S.; Bejiga, G., 2006. Lathyrus sativus L.. In: Brink, M.; Belay, G. (Eds). PROTA 1:
Cereals and pulses/Céréales et légumes secs. [CD-Rom]. PROTA, Wageningen, Pays Bas.

Yadav, V.K. and Mehta, S.L., 1995. Lathyrus sativus: a future pulse crop free of neurotoxin.
Current Science, pp. 288-292.

Yang, T., Jiang, J., Burlyaeva, M., Hu, J., Coyne, C.J., Kumar, S., Redden, R., Sun, X., Wang,
F., Chang, J. and Hao, X., 2014. Large-scale microsatellite development in grasspea (Lathyrus
sativus L.), an orphan legume of the arid areas. BMC plant biology, 14(1), p.65.

Yang, W., Yoon, J., Choi, H., Fan, Y., Chen, R. and An, G., 2015. Transcriptome analysis of
nitrogen-starvation-responsive genes in rice. BMC plant biology, 15(1), p.31.

Yunus, A. G., and M. T. Jackson. "The gene pools of the grasspea (Lathyrus sativus L.)." Plant
Breeding 106.4 (1991): 319-328.

Zeven AC, Zhukovsky PM. 1975. Dictionary of cultivated plants and their centres of diversity.

Centre for Agricultural Publication and Documentation, Wageningen, The Netherlands

Zhang, J., Xing, G. M., Yan, Z. Y., & Li, Z. X. (2003).p-N-oxalyl-L-a, B-diaminopropionic acid
protects the activity of glycolate oxidase in Lathyrus sativus seedlings under high light. Russian
Journal of Plant Physiology, 50(5), 618-622.

93



RESUME

Name : Supriya Nayak
Date of Birth : 05/02/1996
Present Address : Common hall, Godavari Girls Hostel, College of Agriculture,

IGKV, Raipur-492012

Mob. : 7587484918, 7999823600
Email. Id : supriyanayak42@gmail.com
Permanent address - Qr. No.8/E, St.No. 54, Zone-2, Khursipar, Bhilai, Durg C.. - 490011

Academic Qualifications:

Degree/Class Year Board
10" 2012 CBSE
12t 2014 CBSE
B.Sc (Ag.) 2018 SGCARS, Jagdalpur
M.Sc (Ag.) Appearing IGKV, Raipur

94



