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Abstract
Current global scenario demands agricultural productivity of food grains to be kept at abreast with burgeoning population. 
Cereals constitute major food stuff for millennia and biofortification of new cereal varieties provides an opportunity to tackle 
global-scale malnutrition deficiencies without doing major shifts in the diets. Carotenoid biofortification in wheat grains 
has recently caught the attention of breeders owing to a myriad of health benefits offered by this micronutrient. Thinopyrum 
elongatum-derived PsyE1 gene encoding for Phytoene Synthase encoding Y gene, is a jackpot to enhance the carotenoid 
content in wheat. The present study is the first report deciphering detailed in silico characterization of Thinopyrum elongatum-
derived PsyE1 gene and its protein. Promoter analysis of chloroplast localized PsyE1 gene provides clues about its possible 
role in stress resistance along with enhancing the carotenoid content in both durum and bread wheat. Homology, phylogeny 
and protein modelling studies of PsyE1 revealed its closer evolutionary relationship with barley and wheat, as well as pro-
vided a preliminary insight into catalytic and secondary structure of the protein. PCR validation of PsyE1 in 7D/7E bread 
wheat introgression lines further facilitated development of functional marker that could be used to track its introgression 
in elite bread wheat varieties. Overall, these detailed insilico insights into structure, function and validation of PsyE1 open 
doors for its deployment in to produce carotene biofortified hexaploid wheat through facilitating development of functional 
markers and MAS, as well as to elucidate its mechanism of action and regulation in response to external stimuli.
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Psy	� Phytoene synthase
Y gene	� Yellow pigment gene; later recognized as PsyE1 
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PCR	� Polymerase chain reaction
GYPC	� Grain yellow pigment content
NCBI	� National center for biotechnology information
QTL	� Quantitative trait loci
Ils	� Introgression lines
CDD	� Conserved domain database

Introduction

Wheatgrass genus Thinopyrum Löve (Löve 1982; Dewey 
1984), a tertiary gene pool wheat relative, houses numer-
ous desirable traits (abiotic and biotic stress, quality, and 
yield, etc.) for introgression and improvement of cultivated 
Triticum species. This genus got separated from another 
genus Elytrigia in the later twentieth century alongside 
genera Lophopyrum and Trichopyrum (Baum and Johnson 
2018). Thinopyrum species with ploidy ranging from di- 
to deca-ploidy have been identified (Chen et al 2013; Guo 
et al 2016; Mao et al 2010); however, the most extensively 
exploited species targeted for enrichment of cultivated wheat 
germplasm includes Th. elongatum (2n = 2x = 14) (Host) 
D.R. Dewey [syn. Agropyron elongatum (Host) P. Beauv., 
Lophopyrum elongatum (Host) A. Löve] and Th. bessarabi-
cum (Savul. & Rayss) Löve [syn. Agropyron bessarabicum 
(Savul. & Rayss)], Th. intermedium (2n = 6x = 42) (Host) 
Barkworth & D.R. Dewey [syn. Agropyron intermedium 
(Host) P. Beauv.), Elytrigia intermedia (Host) Nevski] 
and Th. ponticum (2n = 10x = 70) (Popd.) Barkworth & 
D.R. Dewey [syn. Agropyron elongatum (Host) P. Beauv., 
Lophopyrum ponticum (Popd.) A. Löve, Elytrigia pontica 
(Popd.) Holub]. However, the genomic compositions of the 
polyploid species of this genera are quite debated, with dip-
loid (Ee) Th. Elongatum and Th. Bessarabicum (Eb, Ee, Ex 
or J) (Jauhar 1990; Wang 1992, 2011) along with Pseudor-
oegneria strigosa (St or S, comprising a core genome in 
Thinopyrum perennial species with close relatedness to Ea 
and Eb genomes) (Cai and Jones 1997; Zhang et al 1996; 
Wang 2010) to be the donors of polyploid Th. intermedium 
and Th. elongatum. Th. elongatum and Th. ponticum were 
frequently placed under the same name, Agropyrum elon-
gatum (Shepherd and Islam 1988; Li et al. 2017). Different 
genome compositions for Th. ponticum, i.e. EbEbEbEbEbE-
bEbEbEbEb (Arterburn et al. 2011), JJJJJJJSJSJSJS (Chen 
et al. 1998) and EeEeEbEbExExStStStSt (Zhang et al. 1996) 
have been reported.

Most of the genes/QTLs of demonstrated or prospective 
breeding value of Thinopyrum are housed on the long arm of 
a chromosome 7, named as 7Ag (Sears 1973) or 7el (Sharma 
and Knott 1966) and are widely used in distant hybridiza-
tion studies in bread wheat owing to the close homology of 
its three subgenomes (A, B and D) with those of diploid E 
genome. For instance, development of 7D/7E substitution 

lines through Robertsonian translocation in bread wheat 
(Wang et al. 2020). Thinopyrum genus has been used exten-
sively in wheat resistance breeding programs conferring 
resistance against leaf rust (Lr19, Lr24, Lr29 and Lr38), 
stem rust (Sr24, Sr25, Sr26, Sr43, Sr44 and SrB), powdery 
mildew (Pm40 and Pm43) and Fusarium head blight (Fhb7) 
as well as grain pigment content and yield (Ceoloni et al. 
2014; Wang et al. 2020). Sequencing of its diploid E genome 
(Wang et al. 2020; NCBI BioProjectID PRJNA540081) has 
paved the way forward to plethora of avenues for analysing 
its economically vital genes and their detailed characteriza-
tion for transferring to elite hexaploid wheat cultivars.

Since cereals are characterized by low carotenoid con-
tent, their biofortification to meet the daily human require-
ments offers an opportunity to combat wide-scale malnu-
trition deficiencies without changing the diet structures of 
population. This requires a comprehensive understanding 
of various genetic and genomic loci imparting grain yellow 
pigment content (GYPC) so as to allow molecular breed-
ers to engineer nutritionally important carotenoid pathway 
in wheat. Several genes of carotenoid biosynthetic pathway 
have been targeted towards its improved content in wheat 
grains. In Triticeae, major locus affecting GYPC has been 
mapped in several species onto distal ends of long arms 
of homeologous group 7 (Elouafi et al 2001; Pozniak et al 
2007a, b; Atienza et al 2007). Psy (Phytoene synthase) gene 
has been known to catalyze first committed/rate limiting step 
of carotenoid biosynthesis to produce 15-cis-phytoene from 
condensation of 2 molecules of geranyl geranyl pyrophos-
phate (GGPP); and this gene has been shown to be linked 
with 7B QTL for GYPC (Gallagher et al 2004; Pozniak et al 
2007a, b).

Distal end of 7EL chromosome in Th. elongatum has 
also been known to control GYPC (Knott 1968; Zhang et al 
2005) as well as possess leaf rust resistance gene Lr19, stem 
rust resistance gene Sr25 (Knott 1989) and Ug99 (Li and 
Wang 2009; Liu et al. 2010). In an initial attempt to intro-
gress Lr19 gene from decaploid Th. Ponticum, 7Ag (7el1) 
whole chromosome substitution lines, Argus were developed 
in durum wheat background (Sharma and Knott 1966), fol-
lowed by several induced translocations and homeologous 
exchanges in both common and durum wheat (Gennaro et al 
2009 and references therein). However, close association of 
Lr19 with yellow pigment gene (and linkage drag) and tar-
geted selection for white flour bread wheat varieties in ini-
tial breeding programs called for the elimination of negative 
effects of yellow pigment locus (Y locus, later designated as 
Psy-E1), consequently developed mutant lines (Agatha-28) 
(Knott 1980) with non-functional Psy-E1 (Zhang and Dub-
covsky 2008) and their utilization to breed rust resistant 
wheat varieties such as ‘Wheatear’ (Bariana et al 2007) 
under CIMMYT breeding programmes. Nevertheless, with 
an overall increase in health awareness and acceptance of 
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yellow wheat grains among consumers, breeding for bio-
fortified cereals gained momentum. Detailed characteriza-
tion of GYPC in tetraploid 7AL/7EL translocation lines, 
suggested the presence of one additional gene along with 
PsyE1 in the distal region of homeologous group 7 to medi-
ate yellow pigment content in wheat (Ceoloni et al. 2000; 
Zhang and Dubcovsky 2008). Subsequent identification of 
QTLs for GYPC on other homeologous groups (2D, 4D, 4A, 
5A, 2A, 4B, 6B), suggested multigenic control of this trait, 
with major genes located on group 7 chromosomes (Zhang 
et al. 2005; Pozniak et al. 2007a, b). Among various carot-
enoids conferred by Psy-E1, lutein has been observed to be 
the most abundant type. Lutein, an antioxidant, reduces the 
oxidative damage to biological membranes by scavenging 
peroxi-radicals causing various human diseases (Zakynthi-
nos and Varzakas 2016), aging process and degeneration 
of food quality. Plants heterozygous for the 7EL segment 
were observed to develop 56% higher lutein content than 
the lines without 7EL segment (Zhang et al. 2005). With 
recent resurgence in nutritional breeding or biofortification 
of staples as a long term, eco-friendly and sustainable reme-
dial to counter malnutrition, present study takes into account 
the in silico characterization of PsyE1 gene, its interaction 
with other traits along, domain prediction, protein modelling 
and phylogeny, an in-depth characterization of which is still 
unavailable in the public domain along with the validation 
of PsyE1 in various common wheat introgression lines. The 
study thus holds significance to open plethora of avenues for 
PsyE1 utilization in wheat breeding programs.

Material and methods

Th. ponticum PsyE1 nucleotide sequence was retrieved from 
NCBI (https://​www.​ncbi.​nlm.​nih.​gov/) and Blast searched 
(BLASTn, E value of e−10) against Th. elongatum genome. 
This was followed by gene prediction using FGENESH 
(http://​www.​softb​erry.​com/​berry.​phtml?​topic​ =​ fgene​sh 
&​ group​ =​ progr​ams &​ subgr​oup =​ gfind) based on mono-
cots specific gene models training sets. Predicted nucleo-
tide sequence was fetched using Bedtools and subsequent 
removal of five intron sequences to construct mature mRNA 
sequence and extraction of 3’ and 5’ UTRs was carried 
out. In silico protein structure was decoded using ExPASy 
(https://​web.​expasy.​org/​trans​late/) (default parameters) and 
compared with the predicted protein and mRNA sequence of 
the Th. elongatum sequences for confirmation. Physical and 
chemical characterization of protein and domain analysis 
was carried out using ProtParam (https://​web.​expasy.​org/​
protp​aram/); NCBI-CDD (https://​www.​ncbi.​nlm.​nih.​gov/​
Struc​ture/​cdd/​cdd.​shtml) and SMART (http://​smart​embl-​
heide​lberg.​de/​smart/​setmo​de.​cgi?​NORMA​L =​ 1)) data-
bases, respectively. Subcellular localization of the protein 

was deciphered using ProtComp 9.0 tool (http://​www.​softb​
erry.​com/​berry.​phtml?​topic=​protc​omppl​&​group=​progr​
ams&​subgr​oup =​ proloc). Further, PSY protein homologs 
were searched through BLASTp search in NCBI database 
and were aligned and visualized using Clustal Omega 
(https://​www.​ebi.​ac.​uk/​Tools/​msa/​clust​alo/), NCBI Mul-
tiple sequence Alignment viewer, version 1.14.0 (https://​
www.​ncbi.​nlm.​nih.​gov/​proje​cts/​msavi​ewer/), respectively. 
Phylogenetic tree of the PsyE1 homologs was constructed 
(bootstrap—1000) using MegaX (Sudhir et al. 2018) and 
edited using iTOL (https://​itol.​embl.​de/). 3D structure 
of the protein was predicted and modelled using SWISS-
MODEL (https://​swiss​model.​expasy.​org/​inter​active) and 
Phyre2 (http://​www.​sbg.​bio.​ic.​ac.​uk/​ ~ phyre2/​html/​page.​
cgi?​id =​ index) and subsequently validated through analysis 
of Ramachandran plot (http://​mordr​ed.​bioc.​cam.​ac.​uk/​~ rap-
per/​rampa​ge.​php) ) and edited through Pymol (The PyMOL 
Molecular Graphics System, Version 2.0 Schrödinger, 
LLC.). For promoter characterization, 812 bp sequence 
upstream of the TSS (Transcription Start Site), the region 
between the TSS of PsyE1 and polyA tail of the previous 
gene was subjected to PlantCARE (http://​bioin​forma​tics.​psb.​
ugent.​be/​webto​ols/​plant​care/​html/), PlantPAN3.0 (http://​
plant​pan.​itpsn​cku.​edu.​tw/​promo​ter.​php) and New PLACE 
(https://​www.​dna.​affrc.​go.​jp/​PLACE/?​actio​n =​ newpl​ace)) 
databases were utilized for identification of the motifs and 
cis-acting elements.

Finally, for validation of the predicted gene structure and 
to develop its specific marker, a set of primer pair (Forward 
sequence: GTA​CCA​GAT​AGC​CGG​TGC​AT and Reverse 
sequence: GCC​GAC​AAA​CGA​AAC​AAT​TT) was designed 
from the 5’ UTR of the gene using Primer 3 to produce an 
amplicon of 184bps. Primer pairs were custom synthesized 
using the facilities of National Institute of Plant Genome 
Research, New Delhi and were amplified in genomic DNA 
isolated from selected 7D/7E bread wheat introgression lines 
(ILs) of BC1F10 bread wheat, containing 12 ppm GYPC on 
the higher end range and 3 ppm GYPC on the lower end 
range. These ILs were developed using HD2967 (ALD/
COC//URES/3/HD2160 M/HD 2278), a high yielding 
wheat variety developed and released by Indian Agricul-
tural Research Institute (IARI), New Delhi as recipient par-
ent. Within three years since its release in 2011 by Indian 
Agricultural Research Institute (IARI), New Delhi, HD2967 
covered much of the area under wheat in India. This variety 
has an average yield of 5.1 t/ha (potential yield 6.6 t/ha) with 
bold, round, lustrous and amber coloured grains having a 
protein content of 12.7%. The donor lines containing the 
PsyE1 gene was UC3 having PsyE1 from Th. elongatum. 
The introgression lines were developed by crossing both the 
parents (F1) followed by single back cross with HD2967 
(BC1F1) and maintained further up to BC1F10 generation by 
selfing with ear to row progeny method. PCR amplification 

https://www.ncbi.nlm.nih.gov/
http://www.softberry.com/berry.phtml?topic= genesh group = programs subgroup = gfind
http://www.softberry.com/berry.phtml?topic= genesh group = programs subgroup = gfind
https://web.expasy.org/translate/
https://web.expasy.org/protparam/
https://web.expasy.org/protparam/
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https://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml
http://smartembl-heidelberg.de/smart/setmode.cgi?NORMAL = 1)
http://smartembl-heidelberg.de/smart/setmode.cgi?NORMAL = 1)
http://www.softberry.com/berry.phtml?topic=protcomppl group = programs subgroup =  proloc)
http://www.softberry.com/berry.phtml?topic=protcomppl group = programs subgroup =  proloc)
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was performed in 20-µl aliquots in an ABI (Applied Bio-
systems) thermal cycler using the following reaction mix: 
13.7 µl water, 2 µl of 10X PCR buffer, 1 µM of forward and 
reverse primer (0.2 µl) each 0.25 µl of commercial Taq Poly-
merase, 1.6 µl of 25 mM MgCl2, 0.1 µl of 100 mM dNTPs 
and 2 µl of genomic DNA (~ 20 ng/µl). PCR conditions 
were: initial denaturation at 94ºC for 4 min, followed by 35 
cycles of 94ºC for 1 min, Ta (58 ºC) for 1 min and 72ºC for 
1 min and a final step of extension at 72ºC for 7 min. After 
amplification, 10 µl of each sample was loaded in 1.5% aga-
rose TBE (0.5X) gels supplemented with ethidium bromide.

Results

Identification and characterization of PsyE1 gene 
structure, protein modelling and domain prediction

Genome wide homology-based search for Th. elongatum 
PsyE1 gene utilizing already reported Psy E1 gene in Th. 
ponticum PsyE1 gene (ID: EU096095.1, Zhang and Dubcov-
sky 2008), identified the gene on 7E chromosome (Position 
GWHABKY00000007; Gene ID GWHABKY043860; Tran-
script ID Tel7E01G983800.1) (SF1; Fig 1) with 89% iden-
tity [Supplementary File 1 (SF1); Fig 2]. Gene sequence was 
fetched (coordinates: upstream -722414600 bp; downstream- 
722418823bp) and gene prediction analysis delineated a 
4092 bp gene on the negative strand containing 6 coding 
sequences within it, similar to that of Th. ponticum PsyE1 

gene (Supplementary file 1, Fig 3). The detailed information 
about various gene and protein structural features of PsyE1 
is given in Table 1. Following the reverse complementation 
of the extracted nucleotide sequence, removal of the introns 
and the UTRs, the complete coding sequence of the gene 
was constructed and 426 amino acid residue containing pro-
tein product was translated in silico. The translated protein 
was observed to possess 3 amino acid residues [M (Met), 
Q(Gln) and H (His)] less at N terminal relative to the protein 
structure predicted by Wang et al. (2020).   

Predicted protein was subjected to in silico domain pre-
diction (SF1; Fig 4). Apart from 59 and 52, positive and 
negatively charged amino acid residues, respectively, several 
hydrophilic and hydrophobic regions were predicted inside 
protein structure. Protein was categorized in the unstable 
category with an instability index (II) of 59.08. Two aspar-
tate rich regions comprising 5 (at position 175–179) and 6 
(at position 301–305) amino acids residues were predicted 
and were observed to be the binding sites for magnesium 
ions (Fig. 1B). Phytoene synthase domain (PLN02632) was 
predicted at the interval of 124–420 amino acids residues 
while Trans-isoprenyl Diphosphate synthase-head to head 
domain (Trans_IPPS_HH) was predicted at amino acid 
residue 136 till amino acid residue 403. Two domains for 
phytoene/squalene synthetase and phytoene/squalene syn-
thase (ERG9 and SQS_PSY) which help in lipid metabolism 
and transport were found between residues 133–414 and 
145–402 and all these domains fall under Isoprenoid Biosyn-
thesis C1 super family. Some non-specific hits for squalene 

Fig. 1   Alignment of PsyE1 Protein homologs showing diversity in 5’ UTR and 1st exonic region shown in red coloured box while it is con-
served in later regions (A) Phylogeny analysis of PSY homologs (B PsyE1 of Th. elongatum is marked in blue)
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synthase HpnC and HpnD were also found between amino 
acids 149–410 and 149–403. Domain for Isoprenoid Bio-
synthesis C1 enzymes (Isoprenoid_Biosyn_C1) and Trans-
isoprenyl Diphosphate synthases (Trans_IPPS) was observed 
between 148 and 378 residues, whereas Farnesyl–diphos-
phate farnesyltransferase (squal_synth) domain was found 
between amino acids located at positions 229 till 316. All 
the observed domains are marked in the predicted protein 
model.

In silico protein localization

Protein was observed to be localized in the membrane bound 
organelle, chloroplast with 96.47% sequence similarity, i.e. 
411 amino acids out of 426 total residues, with a mean align-
ment length of 345 amino acids and overall similarity score 

of 9.1. Further, the protein was predicted to be of extracel-
lular (secreted) origin with score of 0.9. A chloroplast transit 
peptide of 27 amino acid residues was predicted from posi-
tion 1–27.

Characterization of PsyE1 protein homologs‑ 
alignment and phylogeny

A total of 99 related PsyE1 proteins sequences were identi-
fied through BLASTp searches from NCBI database and 
were aligned to analyse the homology between the protein 
sequences of phytoene synthase family belonging to the 
super family of Isoprenoid Biosynthesis Class 1 (Fig. 1). 
Maximum homology (about 90%) was observed between 
proteins of genus Oryza, Triticum, Zea and Agropyron, 
which are closest to Thinopyrum genera. The related genes 

Fig. 2   A Predicted protein model of PsyE1 in Phyre2, B Magnesium 
Binding sites, C Active-site lid residues, D Aspartate rich regions, 
E Catalytic residues F Substrate binding pockets, G Ramachandran 

plot for PsyE1; Number of residues in favoured region: 387 (91.3%); 
Number of residues in allowed region: 27 (6.4%) and Number of resi-
dues in outlier region: 10 (2.4%)

Fig. 3   PCR amplification of 
PsyE1 gene (Ladder- 100 bp, 
PC- Positive Control, NC- Neg-
ative Control- HD2967, IL—
Introgression lines of PsyE1 in 
HD2967 genetic background at 
BC1F10; IL1, 2 and 5 are posi-
tive introgressions lines and IL3 
and 4 are negative introgres-
sions lines
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were observed to translate the same kind of protein, except 
several changes (Indels and Point mutations) were observed 
among the first 120 amino acid residues representing the first 
exon sequence from the N-terminal and in the last exonic 
sequence at the C terminal. Rest of the four exon sequences 
seemed to be conserved among the related genera. Hordeum 
genus seemed to lack the first exon when compared with the 
Thinopyrum phytoene synthase gene. Th. ponticum and Th. 
elongatum were found to have about 98% sequence similar-
ity when aligned. Many synonymous and non-synonymous 
mutations were observed in the first and last exon though, 
thus making it exploitable for use in Marker Assisted Selec-
tion by developing polymorphic functional markers.

Th. elongatum PsyE1 sequence was used as reference to 
estimate phylogenetic relations between related sequences. 
The tree was observed to be divided into three major clades 
and the divergence of the protein and evolutionary code is 
displayed in Fig. 2. Clade 1 comprised of 9 species con-
tained the gene evolved in distant genera like Juglans, Vitis, 
Camellia, Ananas, Elaeis, Phoenix and Asparagus. Clade 
2 possessed homologs from Triticum, Aegilops, Hordeum, 
Thinopyrum, and Brachypodium. Thinopyrum elongatum 
PsyE1 gene belonged to this clade and the divergence analy-
sis marked it closer to Hordeum vulgare and Hordeum chil-
ense than Triticum and Aegilops. Eleven distinct genera i.e. 
Oryza, Zoysia, Panicum, Dichanthelium, Setaria, Digitaria, 
Sorghum, Saccharum, Coix, Tripsacum and Zea constituted 
the third clade.

Protein modelling

Protein structures modelled using SWISSMODEL scored 
better than those modelled by Phyre2, but it omitted 125 
amino acids residues from the 1st exon, which housed the 
translation start site of the protein and was thereby rejected. 
The Phyre2 protein model (Fig. 2) was compared to the 
alignment of the predicted protein with already deposited 
models and sequences. Out of 112 proteins considered for 
alignment, 20 proteins models were available in Protein 
Data Base (PDB) and the protein hit the models with more 
than 50% alignment rate and 97-100% confidence level, par-
ticularly belonging to isoprenyl transferase and synthases 
family. A total of 68, 77 and 89 proteins were depicted to 
reveal >90%, >80% and > 50% confidence level, respec-
tively, and were used in the modelling of the PsyE1 protein 
(Supplementary File 2). Protein secondary structure predic-
tion depicted that 64% of the protein has alpha helix confir-
mation while 26% residues are disordered. The disordered 
parts were observed to be localized mostly in first 130 amino 
acids which had a high confidence rate of disorderness (Sup-
plementary File 2). Phyre2 modelled protein structure was 
validated by Ramachandran plot and (Fig. 2) 387 residues 
(91.3%) were categorized in the favoured region while 6.4% 
i.e. 27 residues were located in the allowed region (Sup-
plementary File 2). A total of 10 residues (2.4%) fell in the 
outlier region depicting the model suitability for further 
progress.

Table 1   Predicted structural features of gene and protein encoded by PsyE1 

Structural features of PsyE1 gene

Feature Nucleotide position (basepairs)

Gene length 722,414,669–722,418,761 (4092 bp)
Transcription Start Site (TSS) 4092
Poly A tail site 69
Exons 2686 (454 bp), 2512 (51bps), 1753 (173bps), 805 (236 bp), 488 (193 bp) and 82 (174 bp)
Predicted structural features of the PsyE1 encoded protein
Number of amino acid residue 426
Molecular weight 47.46 kDa
Isoelectric point 8.8
Number of positive residues 59 (Arg and Lys)
Number of negative residues 52 (Asp and Glu)
Substrate binding pockets positions At 147, 149, 168, 175, 179, 253, 258, 262, 290, 293, 300, 301, 304, 305, 310, 368 and 

369 amino acid residue positions
Magnesium ion binding sites At 175–179 and 301–305 amino acid residue position
Active-site lid amino acid residues At 145–149 and 395–398 amino acid residue position
Catalytic amino acid residues At 149, 168,175, 179, 253, 261, 265, 293, 300, 301, 305, 310, 368, 369 and 373 amino 

acid residue position
Superfamily Isoprenoid Biosynthesis C1 superfamily
Number of specific domains 4
Chloroplast transit peptide 27 amino acid residues
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Homology‑based promoter and transcription 
factor‑binding Site prediction

Promoter analysis revealed presence of various cis-reg-
ulatory elements. WRKY71OS and WBOXNTERF3 
(−811), SORLIP1AT (−687), NAPINMOTIFBN (−679), 
PYRIMIDINEBOXOSRAMY1A (−513, motif CCT​TTT​), 
GATABOX (−36) and EBOXBNNAPA and MYC (−194) 
motifs were observed with their conserved sequences. 
Light responsive elements such as TCCC-motif (−124), 
G-box (motif CAC​GTC​ at −145) were also observed in the 
PsyE1 promoter region. ABRE motif (sequence – ACGTG; 
involved in the abscisic acid responsiveness) was pre-
dicted at −202 amino acid residue position and ARE motif 
(sequence AAA​CCA; essential regulatory element for the 
anaerobic induction) were positioned at −784, −598, −356 
amino acid residues. Cis-acting element, TCA at −312 with 
sequence motif TCA​GAA​GAGG responsible for n salicylic 
acid responsiveness was also observed in the present study. 
CAAT-box, a cis-acting element in promoter and enhancer 
region of the protein was observed at amino acid residues 
−800, −327 and −430 of the protein, along with other motifs 
like MYB1AT (at −784 and −362), IBOXCORE (at −367 
and −36) and GT-1 box (also called GT1GMSCAM4) were 
also predicted.

Validation of PsyE1 in 7D/7E introgression lines

Designed primer pair successfully amplified the PsyE1 gene 
in the ILs possessing higher GYPC with a desired band of 
approx. 180 bps (Fig. 3). Similar band was absent in the 
ILs with a lower range of GYPC, demonstrating lack of 
introgression of gene in those lines. Thus, the primer pair 
so developed could be successfully used to characterize the 
7E/7D bread wheat introgression lines to reveal the stable 
introgression of PsyE1 in them or vice versa.

Discussion

Carotenoids are pivotal category of isoprenoids produced 
in plastids with multifarious roles, such as cell protection 
from photooxidative damage, accessory pigments of pho-
tosynthetic machinery (Nisar et al. 2015; Kromdijk et al. 
2016), and production of apocarotenoids (phytohormones, 
strigolactones) through their oxidative cleavage (Beltran and 
Stange 2016) and others. Carotenoid biosynthesis is sub-
jected to three level regulation, i.e. transcription of genes 
involved in carotenoid metabolism (biosynthesis and deg-
radation); activity and stability of enzymes catalyzing its 
metabolism, and presence of storage structures of carot-
enoids in plastids (Li et al. 2016). In other words, overall 
product of carotenoid metabolic flux regulation is a function 

of key enzymes involved in its biosynthesis (phytoene 
synthase/PSY), degradation (carotenoid cleavage dioxyge-
nase/CCDs) and protein stability (orange protein/OR) (Cerda 
et al. 2020), that eventually governs abundance of these pig-
ments. Biosynthesis of carotenoids is well elucidated (Fraser 
and Bramley 2004; Ruiz-Sola and Rodriguez-Concepcion 
2012) and several reports have established the Psy gene cata-
lyzed first step of the pathway, is the key point of carotenoid 
flux regulation (Rodriguez-Villalon et al. 2009). The present 
study thus holds significance in providing a first detailed 
insight into in silico characterization of PsyE1 gene of Th. 
elongatum in terms of its gene structure, protein structure, 
domain and motif identification as well as development of 
functional marker from the gene to aid in validation of its 
introgression lines.

In the current study, BLAST homology searches identi-
fied a single copy of PsyE1 homologue in Th. elongatum. In 
some crops, single gene copy encodes for Psy gene, such as 
in A. thaliana. However, in many other crops such as rice, 
wheat, melon, tomato, carrot, maize and others, Psy gene 
families demonstrating organ or environmental stimuli are 
present (Fraser et al. 1999; Just et al. 2007; Welsch et al. 
2008; Zhang and Dubcovsky 2008; Qin et al. 2011). Since 
PSY gene is the rate controlling step in carotenoid biosyn-
thesis and thus has been targeted in numerous studies to 
improve the carotenoid content of the produce. For instance, 
overexpression of PSY gene in tomatoes was observed to be 
responsible for production of tomato plants with reduced 
height but an enhanced carotenoid content (Fray et al. 1995). 
Similarly, rice has also been genetically modified with the 
PSY gene from daffodil to increase carotenoid content in the 
endosperm to enhance its nutrient value (Burkhardt et al. 
1997). Likewise, an increase in wheat carotenoid content 
up to 50–100% has been reported with the introgression of 
PsyE1 gene from Thinopyrum sources (Zhang et al. 2005; 
Padhy 2019). Biofortification of provitamin A in tetraploid 
durum wheat cultivars utilizing Tilling approach based on 
lcy gene has been successfully demonstrated by Sestilli 
et al (2019), wherein the complete mutants were observed 
to possess approximately 75% more β-carotene relative to 
control. But the same studies utilizing PsyE1 aiming at bio-
fortified cultivar development are still scarce. Gene structure 
of PsyE1 of Th. elongatum observed in the current study 
was quite similar to that Th. ponticum, providing a level of 
confidence to perform subsequent studies with the retrieved 
sequence. Comparative analysis of nucleotide sequences 
from related organisms provides opportunities to deduce 
homology, evolutionary relations, and infer functions of 
newly sequenced genes. But there is a high proportion of 
homology among all the homologues of Psy genes. Triticum 
and Hordeum being the cultivated ones, are more of signifi-
cance in the context of its nutritive role and biofortification, 
out of which substitution lines have already been developed 
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in Triticum and are exploited in durum varieties (Gennaro 
et al. 2003; Kuzmanović et al. 2018). Considerable variation 
was observed in the starting and terminal region of the gene, 
signifying the importance of an in-depth characterization 
of PsyE1 gene structure and its encoded protein. This also 
demonstrates the potential of the same to develop functional 
markers in distant hybridization studies for validating suc-
cessful introgression from Th. elongatum, eventually leading 
towards development of biofortified wheat varieties. Four 
conserved exon sequences among the related genera seem 
critical for functionality of the protein. Hordeum genus was 
seen to lack the first exon when compared with the Thi-
nopyrum phytoene synthase gene. In many cases, deletion 
has been observed in cross-genera comparisons of pro-
teins, implicating the significance of developing size-based 
polymorphic markers, while in cross-species comparisons, 
SNP markers hold the potential to be more polymorphic as 
the protein lengths were almost similar. Homology analy-
sis among related Psy genes revealed relation between the 
observed variations to the evolutionary history of that crop. 
The analysis clearly revealed an early divergence of second 
and third clade in the timeline, thereby the encoded protein 
in these clades have not evolved much, while the members of 
first clade shows the divergence time in near past decipher-
ing the evolution of the gene in this clade.

Domain and motif prediction play a pivotal role in deter-
mining biological sequence features and its function owing 
to their evolutionary significance. Motifs predicted in the 
current study such as ABE, ABRE, GT-1 box, Salicylic acid 
responsive elements and others has been earlier reported in 
PsyE1 gene in wheat (Flowerika et al. 2016), rice (Welsch 
et al. 2008) and sorghum (Li et al. 2009). The presence of 
GT-1 box (also called GT1GMSCAM4) at the promoter 
region contributes to its induction in response to patho-
gen and sodium chloride salt (Park et al. 2004). Presence 
of these motifs links the probable expression of PsyE1 to 
stress conditions. Similar results have also been reported 
by Welsch et al (2008). Álvarez et al (2016) described an 
instant increase in carotenoid flux requirement under salt 
stress or upon sudden changes in light intensity while, Fray 
et al. (1995) has mentioned the possible role of Psy genes in 
the Abscisic acid pathway. Presence of ARE motif and TCA 
motif in the promoter region further throws light to deduce 
the possible role of the gene in the stress conditions. Role 
of carotenoids in various processes such as light harvesting, 
photoprotection, and phytohormone biosynthesis have also 
been pointed by Cerda et al. (2020).

Comparative information obtained from well character-
ized species tends to enhance the genetics and genomics of 
those less elucidated ones. Similarly, identification of well 
conserved regions and those that harbours mutations through 
synteny studies provides an insight to the course of evolution 
of PSY gene. Advanced protein structure analysis inferred 

amino acid residues present at position 100–400 to function 
as putative substrate binding and catalytic domains as well 
as a conserved C-terminal. Observed sequence diversity, 
primarily in N terminal region of Psy gene encoded protein 
sequence of different species, reflects regions referred to as 
non-essential for enzymatic activity (Tran et al. 2009), but 
crucial for dimerization and targeting of protein, and eventu-
ally dire for maintaining enzyme stability and activity (Sun 
et al. 1996; Cunningham and Gantt 1998). Detailed studies 
targeting N-terminal diversity and other variable regions of 
Psy between species could help gain insight into its distinct 
regulatory mechanisms (Sharma et al. 2010; Shumskaya 
et al. 2012). Such understanding would assist production 
of foreign proteins through bioengineering of Psy pro-
moter. Lastly, variation harbouring the 5’UTR of the gene 
sequence was successfully deployed in differentiating suc-
cessful PsyE1 introgression from those lacking it. Selec-
tion of the lines on the basis of their GYPC biochemical 
estimations and presence/absence amplification of PsyE1 
demonstrates the utility of designed marker to character-
ize positive introgression among different common wheat 
genetic backgrounds.

With regard to enhancement of coloured pigments in 
wheat grain for nutritional security, PsyE1 gene derived 
from Th. elongatum or Th. ponticum holds considerable sig-
nificance for further exploration and utilization in nutritional 
wheat breeding as it confers a high level of yellow pigments. 
The Y gene carrying alien chromosome segment has been 
used in wheat breeding mainly for linked resistance genes 
and even yield enhancing factors. However, yellow pigments 
contributes towards an increased nutritional value of wheat 
and its derived products (Bast et al. 1996; Adom et al. 2003; 
Mezzomo and Ferreira 2016; Zakynthinos and Varzakas 
2016) and has demonstrated their efficacy in treating several 
cases of inflammations, immune-modulations, inter-cellular 
communications, degenerative-, cardiovascular-diseases, 
obesity and hypolipidemias (Nishino et al. 2002; Mezzomo 
and Ferreira 2016; Zakynthinos and Varzakas 2016).

Gennaro et al (2003) quantified 5–8.9 ppm of carotenoids 
in ILs Th. ponticum in bread wheat. Similarly, Gazza et al 
(2016) estimated 6–11 ppm of carotenoids in different peren-
nial bread wheat lines derived from Th. ponticum, Th. elon-
gatum and Th. Intermedium. Ceoloni et al. (2017) reported 
up to 9 ppm of carotenoids in the 7D/7E lines derived from 
Th. Elongatum and up to 11 ppm in the 7D/7el lines derived 
from Th. ponticum. In the present study, 12.3 ppm of carot-
enoids have been estimated in Th. elongatum-derived ILs. 
The major step ahead of the present study is the introgres-
sion of PsyE1 in high yielding commercial variety HD2967 
which can directly be used as a new variety, while the former 
studies have characterized the gene in some genetic stocks 
and in breeding lines (Ceoloni et al. 2017; Gazza et al. 2016; 
Gennaro 2003). Although it is stated that Th. ponticum 
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originated PsyE1 homologue performs better than that of 
Th. elongatum in increasing the carotenoid content (Ceoloni 
et al. 2017), but being diploid isolation, cloning, transfer 
and using of Th. elongatum originated PsyE1 in molecu-
lar breeding programmes will be far easy than that of Th. 
ponticum which is a polyploid species. Thus, biofortifying 
carotenoids in the staple crops constitute a cost-effective and 
sustainable approach to reduce the instances of nutritional 
deficiency. Few such success stories of biofortification has 
already been achieved, such as quality protein maize biofor-
tified with lysine and tryptophan (QPM) and Vitamin A rich 
orange sweet potato.

The present study thus constitutes the first report to pro-
vide a detailed in silico characterization of PSY gene, which 
is a potential player for carotenoid biofortification in wheat 
and opens avenues to achieve the same. The study also con-
stitutes a valuable resource for synteny-based studies, com-
parative structural genomics and to facilitate the map-based 
gene cloning, identification and deployment of functional 
markers for transferring the trait to the elite hexaploid wheat 
cultivars.
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