Supplementary details on various metabolic pathways differentially expressed between 14 and 30dpa.
Nucleotide metabolism:
	Three major pathways involved in nucleotide metabolism were: aminoacyl-tRNA biosynthesis, purine metabolism and pyrimidine metabolism (Additional file 14).  Amino acylation of specific tRNA molecules with respective amino acids is accomplished through two classes of amino acid specific ligases (aminoacyl tRNA synthetase) [1, 2] based on recognition and identities between the cognate tRNA and the corresponding synthetase [3-8].  Besides direct acylation, aminoacyl-tRNAs are also synthesized through an indirect pathway – tRNA-dependent amino acid modification – especially for glutamine [1] as reflected in our analysis (Additional file 14; EC 6.3.5.7 and EC 6.1.1.17).  The present study indicated that transcripts of synthetases specific for valine, isoleucine, tyrosine, histidine, phenylalanine, glutamine, cysteine, and proline were upregulated during the early part of grain filling (14dpa).  Similarly, transcripts for aspartate, serine, lysine, threonine, glutamate and arginine specific synthetases were upregulated during the later part of grain filling and at maturity (30dpa).  Alanine, leucine, glycine, and methionine specific synthetases are differentially expressed at 14 and 30dpa with different transcript IDs (Additional file 14).  Further experiments are required to determine whether this is due to multiple copies [9] or sub-genome specific expression [10] or codon bias [1, 11] resulting in differential expression of different transcript IDs at 14 and 30dpa .  
Monophosphates of inosine and triphosphates of uracil are the major precursors for purine and pyrimidine metabolism respectively [12].  Oxidized forms of triphosphates (dATP, dGTP, and dCTP) are formed through their respective diphosphates (dADP, dGDP and dCDP) and not directly from their nucleoside triphosphates (ATP, GTP, and CTP).  While in the case of thymine, oxidized thymine nucleotide (dTMP) is formed from the oxidized form of uracil nucleotide (dUMP) which further acts as precursor to from dTDP and dTTP (Additional files 15-18).  Polymerases (DNA and RNA) have transcript IDs that are different between their 14 and 30dpa stages indicating that there may be multiple copies or sub-genome specific or developmentally differential regulation patterns.  
Amino acid metabolism:
	There are 22 metabolic pathways involved in amino acid metabolism that are differentially regulated between 14 and 30dpa (Additional files 14-18).  Amino acids play a major role both in protein constituent and in non-proteinaceous metabolism [13].  Nitrogen and sulfur metabolism are tightly linked and act as a backbone for most of the amino acid metabolic pathways.  With respect to protein synthesis, the mechanistic target of rapamycin (mTOR) is an atypical serine/threonine protein kinase [14] that controls translational machinery and thereby regulats cell size through cell growth [15] through the mTOR signalling pathway.  Here we focus mainly on differentially expressed genes between 14 and 30dpa that are involved in various metabolic pathways of protein associated amino acids.  
The shikimate pathway connects photosynthesis and amino acid metabolism by utilizing photosynthates (erythrose-4-phosphate and phosphoenolpyruvate) to synthesize aromatic amino acids (phenylalanine, tyrosine and tryptophan) and has been reported to occur only in plants and microbes [16].  Differential expression of genes involved in the shikimate pathway specifically at 14dpa (Additional files 16, 17) coincides with the active accumulation of photosynthates.  The shikimate pathway channels nearly one-fifth of the carbon fixed by plants and is especially involved in aromatic amino acid metabolism and the formation of secondary metabolites like quinones, folates, flavonoids, alkaloids, and lignin [16, 17] through various specialized metabolic pathways.   

The aspartate family metabolic pathway plays a multifaceted role in plants [18] and involves glycine, serine and threonine metabolism; cysteine and methionine metabolism; and lysine metabolism [19].  With respect to monogastric animals, the aspartate family of amino acids constitute nearly 50% of the essential amino acids.  Their biochemical importance in plants have been realized due to their metabolic expensiveness and thereby, they are mostly involved in inter-conversion process rather than various catabolic processes through which they are recycled and reused [19].  Transcriptional regulation of genes involved in aspartate-family amino acids’ metabolic pathways is not well known [20].  Most of the genes involved in glycine, serine and threonine metabolism are expressed at 14dpa (Additional files 14-18) indicates their activeness physiologically and biochemically.  Glycine and serine pathways have been studied in much detail due to their oncogenic properties at hyper-activated conditions and their degradative pathway leads to one-carbon metabolism [21].  Although glycine degradation links with one-carbon metabolism, its involvement in photorespiration becomes expensive.  Similar trends of differential expression at 14dpa were found in cysteine and methionine metabolism as in the earlier pathways (Additional files 16, 17).  Cysteine and pyruvate is inter-converted at 14dpa, while at 30dpa, cysteine is converted to pyruvate for energy requirements (Additional files 16, 17).  Methionine catabolism involves many intermediary steps leading to methionine salvage.  Glutamate and cysteine results in glutamylcysteine which in turn combines with glycine to synthesize glutathione and is known to play a key role in plant chloroplasts with redox reactions, ascorbic acid metabolism [22], and during stress [23].    
As with previously described metabolic pathways of the aspartate family; the branched chain amino acids valine, leucine and isoleucine biosynthesis were also differentially expressed at 14dpa (Additional files 16, 17).   With respect to degradation pathways differentially expressed at 14dpa, leucine and valine was involved in replenishing propanoyl- and Acetyl-CoA respectively while isoleucine replenishes both.  The leucine degradation pathway was additionally linked with terpenoid backbone biosynthesis.   Aspartate and homoserine are the prime precursor for lysine biosynthesis and degradation pathways result in Acetyl-CoA and thereby are involved in the citrate cycle resulting in a balance between biosynthesis and energy production.  Glutamate metabolism plays a central role in plant amino acid biosynthetic pathways with multiple functions like energy-releasing substrate, chlorophyll biosynthesis, synthesis of arginine and proline, γ-aminobutyric acid (GABA), and as structural determinant in proteins [24].  Degradation pathway of glutamate leads to various functional important metabolites like GABA involved in stress signalling, and the GABA-shunt resulting in light regulated higher metabolic flux through bypassing two steps of the citrate cycle[19].  Succinate semialdehyde – another intermediate involved in leaf patterning [25] and differentially expressed at 14dpa, while at 30dpa, succinate semialdehyde gets converted to succinate and linked with citrate cycle (Additional files 16, 17).   Aspartate is the precursor for alanine biosynthesis with pyruvate being the degradation product of alanine that links with glycolysis.  Besides aspartate, degradation of polyamine biosynthesis also results in the synthesis of alanine (Additional file 16, β-alanine metabolism).  Alanine is also linked with cyanoamino acid metabolism through cyanoalanine and linked through aspartate and glutamate metabolic pathways [26].  
Similar to other amino acid metabolism, genes involved in arginine and proline metabolism also differentially expressed at 14dpa (Additional files 16, 17).  Glutamate is the prime precursor for both arginine and proline biosynthesis [27].  Proline biosynthesis involves either the acetylation route (Additional files 16, 17) through an intermediate ornithine and its transamination [28] or through non-acetylation without involvement of ornithine although involvement of ornithine has been reported [29, 30].  Proline plays a multifunctional role and is involved in regulating multiple biochemical pathways and developmental stages [27].  Arginine is synthesized from glutamate through ornithine via urea cycle [28].  Ornithine and arginine acts as a major precursor for polyamine biosynthesis and are known to be regulated during normal development and under stress [31].  
In addition to regular amino acid metabolism, selenocompound metabolism too occur in wheat grains with differentially regulated genes at 14dpa (Additional files 16, 17).  Selenium acts as an analog of sulfur and hence sulfur transporters are used by selenium and they form selenomethionine (SeMet) and selenocysteine (SeCys) in organisms through corresponding seleno-tRNAs [32].  Opal stop codon encodes for SeCys under the right mRNA context [32].  Although selenium is essential in trace quantities with many functional roles [33], it becomes toxic at even marginally higher concentrations [34] hence the window between necessity and toxicity is very narrow.  
Carbohydrate metabolism:
	Major carbohydrate metabolic pathways in which genes are differentially expressed between 14 and 30dpa are: fructose and mannose metabolism; galactose metabolism; pentose and glucuronate interconversions; starch and sucrose metabolism; inositol phosphate metabolism; glyoxylate and dicarboxylate metabolism; and amino sugar and nucleotide sugar metabolism (Additional files 14-18).  Fructose, galactose, and mannose are phosphorylated through fructokinase, galactokinase (part of Leloir pathway) and hexokinase respectively [35-37].  Interconversion between fructosyl and glucosyl groups is differentially expressed at 30dpa indicating that at early stages photosynthesis results in maintaining sufficient glucose levels (Additional files 16, 17).  Pentose and glucuronate interconversions can occur in any of the three ways, epimerization (when sugars have both UDP and uronic acid moieties), oxidation (to add uronic acid moiety using NAD+), and pyrophosphorylation through uridylyltransferase (to add UDP moiety) [38].    A network of nearly equal distribution patterns of differential expression (mutually exclusive) at 14 and 30dpa in pathways involved in starch and sucrose metabolism (Additional files 15-18).  These network of pathways from starch and sucrose metabolism are linked with various other areas of carbohydrate metabolism [39] like pentose and glucuronate interconversions, amino sugars and nucleotide sugars metabolism, fructose and mannose metabolism, and galactose metabolism (Additional files 15-18).  Unlike starch and sucrose metabolism, amino sugar and nucleotide sugar metabolism genes are differentially expressed more at 14dpa than at 30dpa (Additional files 16, 17).  This pathway is tightly linked with pentose and glucuronate interconversions due to the requirement of UDP and uronic acid moieties especially for nucleotide sugars [38, 40].  Inositol phosphate metabolism is crucial in linking the carbohydrate metabolism with lipid metabolism (Additional files 16, 17).  Inosito exists in nine stereoisomers with most common type is myo-inositol [41].  Although various reports indicate the possibility of ascorbate biosynthesis from inositol through myo-inositol oxygenase (MIOX) [40, 42], the metabolic pathway has not yet been deciphered.  Glyoxylate and dicarboxylate metabolism links with major metabolic pathways like respiratory pathway, amino acid metabolism, and photosynthesis.  
Respiratory pathways:  
	Metabolic pathways of a respiratory nature in which genes are differentially expressed between 14 and 30dpa are: glycolysis; citrate cycle; pentose phosphate pathway; pyruvate metabolism; oxidative phosphorylation; pantothenate and CoA biosynthesis; nicotinate and nicotinamide metabolism (Additional files 14-18).  Most of the enzymes involved in glycolysis were differentially expressed both at 14 and 30dpa suggesting different genes of the gene family are responsible for the same functionality [43] and are active during the developmental process of the wheat grain (Additional files 14, 16, 17).  It is surprising that the glycolytic pathway is the least studied among glycolysis, citrate cycle and electron transport chain [43].  Then glycolytic pathway is tightly linked with pathways of photosynthesis, carbohydrate metabolism, and other respiratory pathways like pentose phosphate pathway and citrate cycle.  Pyruvate metabolism is the major link (in fact, prime precursor for the citrate cycle) between glycolysis and the citrate cycle.  Differentially expressed genes from 14dpa dominate the citrate cycle pathway which continues from the end point of glycolytic pathway (Additional files 16, 17).  Citrate cycle connects with various pathways of amino acid metabolism, fatty acid metabolism, and carbohydrate metabolism.  Pentose phosphate pathway exhibits the differential expression pattern similar to glycolysis pathway (Additional files 16, 17).  Although pantothenate is vitamin B5, Pantothenate and CoA biosynthesis was categorized under respiratory pathways due to the involvement and requirement of CoA in energy-yielding reactions.  The pentose phosphate pathway is the major source of triose, pentose, hexose and heptose metabolic intermediates for various biosynthetic processes and thereby occupying a central role among respiratory pathways [44].  Oxidative phosphorylation is the crucial and most conserved pathway among all respiratory pathways involved in energy-yielding reactions.  Most of the genes involved are differentially regulated at both 14 and 30dpa (Additional files 14, 16, 17) indicating the presence of different genes exhibiting the same enzyme function [43].  Vectorial translocation of protons in inward fashion is coupled with scalar reactions involving electron transfer and ATP synthesis [45].  Although mammalian mitochondria associates five major complexes (Complex I-IV, ATPase) for electron transfer and oxidative phosphorylation, two more complexes are involved in plant system viz., second Complex I, and an alternative oxidase (cyanide-insensitive) complex before ATPase [46].  Neither energy-yielding nor energy-consuming process can be completely functional without the presence of NAD and NADP, as key brokers in redox or energy metabolism and signalling pathways [47].  
Although photorespiration is an important metabolic process in plants, KEGG pathway is generic in nature and is not tailor made for species or taxonomic groups [39] hence the pathways involving these metabolites were investigated for differential expression.  Results indicate that metabolites that are involved in photorespiration were included as a part of glyoxylate and dicarboxylate metabolism under carbohydrate metabolism.  In general, most of the genes involved in photorespiration were differentially expressed at 14dpa and serine to glycerate conversion might be a key regulatory pathway of photorespiration (Additional files 14, 16, 17).  One carbon metabolism by a folate dependant pathway found under the heading vitamin metabolism is known to play a regulatory role involving glycine decarboxylase and serine hydroxymethyltransferase of the photorespiratory pathway and is  tetrahydrofolate (THF) dependent [48].    
Photosynthesis:
	Occurrence of photosynthesis in wheat grains was reported based on enzyme and metabolite studies much earlier, in the 1970s [49, 50].  Genes that are differentially expressed between 14 and 30dpa and involved in photosynthetic pathways are: photosynthesis; porphyrin and chlorophyll metabolism; and carbon fixation in photosynthetic organisms (Additional files 14, 16, 17).  All these three pathways were expressed specifically at 14dpa indicating that photosynthesis was more active during the grain filling process in order to fix carbon for increased grain yield (Additional files 16, 17).  Tetrapyrroles act as the major intermediates in porphyrin and chlorophyll metabolism with almost 27 genes [51] required to synthesize chlorophyll that harvests light energy [52].   The presence of all the six genes of the NAD-ME type C4 pathway in developing wheat grain at 14dpa with C4 specific copies indicated the possibility of C4 photosynthesis (Additional file 16).  The presence of 4 carbon compounds specifically in wheat grains [53] (absent in leaves) helped to substantiate our discovery of the C4 pathway without Kranz anatomy specifically in the grains of wheat – a well-known C3 plant – and this outcome with a proposed model has been reported elsewhere [54].  We termed the anatomy of C4 photosynthesis being accomplished in a non-Kranz anatomical fashion as “Bose anatomy” in honour of his early findings on the use of 4C compound for photosynthesis in 1920’s in Hydrilla sp., which later found to be of single-cell C4 photosynthesis type [55].  
Lipid metabolism:
	Lipids are an important component of a cell and are involving in multiple biological processes with plants producing the majority of the world’s lipids [56].  Based on chemical structure and their derivatives, lipids are classed into eight groups viz., fatty acyls, glycerolipids, glycerophospholipids, sphingolipids, sterol lipids, prenol lipids, saccharolipids, and polyketides and a 12-digit unique identifier for lipid molecule were assigned [57].  Fatty acid biosynthesis; fatty acid elongation; fatty acid degradation; biosynthesis of unsaturated fatty acids; linoleic acid metabolism; -linolenic acid metabolism; arachidonic acid metabolism; butanoate metabolism; glycerolipid metabolism; glycerophospholipid metabolism; sphingolipid metabolism; ether lipid metabolism; and phosphatidylinositol signalling system pathways involve genes that are differentially expressed between 14 and 30dpa (Additional files 14-17).  Genes involved in biosynthesis-, elongation-, and degradation- of fatty acids, biosynthesis of unsaturated fatty acids, and sphingolipid metabolism are differentially expressed at 14dpa in higher folds (Additional files 14, 15).  Linoleic acid-; -linolenic acid-; arachidonic acid-; and ether lipid- metabolism involves different set of genes that are differentially expressed during 14 and 30dpa for the same enzymatic reaction (Additional files 14, 15).  Butanoate-; glycerolipid-; glycerophospholipid-metabolism and phosphatidylinositol signalling system involves genes that are differentially expressed either at 14 or at 30dpa in accordance with the pathways they are linked with (Additional files 14, 15).    
Hormone biosynthesis:
Different hormones play an essential role during different developmental stages or in different organs in plants to maintain the growth cycle.  Traditionally, in plants five hormones were known viz., auxins, gibberellins, cytokinins, ethylene and abscisic acid and are commonly known as plant growth regulators [58] with the role of steroids in plants defined much later,  especially brassinosteroids [59, 60].    Various hormone biosynthetic pathways involving genes that are differentially expressed between 14 and 30dpa were steroid-; steroid hormone-; and zeatin- biosynthesis (Additional files 14, 16, 17).  Involvement of different genes at 14 and 30dpa in steroid and steroid hormone biosynthetic pathways indicates an altered gene (or sub-genome) expressed pattern for same enzymatic reactions.  Although the pathways were generated from KEGG (Additional files 16, 17) depicting generic ones; functional annotation (Additional files 11, 12) indicates the resemblance of the enzymes in steroid hormonal biosynthesis from non-plant systems to plants and may be useful in charting out the detailed metabolic pathway in future for steroid hormones in plants specifically.
Vitamin metabolism:
	Although vitamins are named so due to the lack of ability to synthesize in them in humans, they are also essential for plants due to which the metabolism exists in plants.  Vitamins exhibit their redox potential nature and functionally acts as cofactors, and antioxidants in plants [61].  Among the vitamin metabolic pathways (B1, B2, B6, B7 and B9) in which the genes are differentially expressed between 14 and 30dpa, only vitamin B1 (Thiamine metabolism) and B9 (folate biosynthesis) metabolic pathways were differentially expressed during 30dpa.  While genes for other pathways, B2 (riboflavin metabolism), B6 (pyridoxine metabolism), and B7 (biotin metabolism) are differentially expressed at 14dpa (Additional files 14-18).  Involvement of riboflavin metabolism in a novel signalling pathway for systemic resistance in plants during biotic [62] and abiotic [63] stresses has been reported.  One carbon pool metabolism by a folate dependant pathway involves one carbon transfer reactions mediated by tetrahydrofolate (THF) cofactors [64].  Tetrahydrofolate (THF) constitutes a pterin ring, a p-aminobenzoic acid, and a poly-Glu chain with variably up to eight residues collectively known as folate that mainly converts one carbon units from their reduced state to an oxidized state [64].  Most of the genes involved in one carbon pool are differentially expressed at 14dpa (Additional files 14, 16, 17).  Reports also indicate their regulatory role through the THF dependent enzymes glycine decarboxylase and serine hydroxymethyltransferase that are involved in the photo respiratory pathway [48];  refer to the heading respiratory pathways for details.  Taurine and hypotaurine is an acid containing amine group but not an amino acid [65]  and the metabolic pathway has been categorized under vitamin metabolism (although some report this as a conditionally essential amino acid [66]) due to its deficiency symptoms in animal systems [67, 68].  Taurine is reported to play major functions like osmoregulation, detoxification, membrane stabilization, and modulating cellular calcium levels [66]; with minimal reports in plants of hypotaurine, an intermediate of taurine exhibiting antioxidant potential [69].  The present analysis reveals different genes (or sub-genome) are differentially expressed at 14 and 30dpa for the same enzymatic reactions involving taurine and hypotaurine metabolic pathways (Additional files 14, 16, 17).  Research on taurine and hypotaurine metabolic pathways is in its infancy and its importance in animal system reflects the need for more focus and attention in plant systems in future.  
Specialized metabolism
[bookmark: _GoBack]Based on their functional importance in plants produced during stress or in specialized tissues or even at specific developmental stages; and their biological value, “specialized metabolism” was considered more appropriate than “secondary metabolism” [70, 71].  Genes involving specialized metabolic pathways that are differentially expressed between 14 and 30dpa are: phenylpropanoid-; terpenoid backbone-; ubiquinone and other terpenoid-quinone-; carotenoid-; diterpenoid-; flavone and flavonol-; flavonoid-; and benzoxazinoid- biosynthesis (Additional files 14-18).  The phenylpropanoid biosynthetic pathway with its core structure from shikimate pathway with phenylalanine and tyrosine being the major precursors, generates an array of diverse specialized metabolites through enzyme superfamilies like oxygenase, ligase, oxidoreductase and transferases [72].   Metabolites synthesized from phenylpropanoid biosynthesis regulated through MYB (V-Myb avian Myeloblastosis viral oncogene homolog) transcription factor [73] acts as precursors for various other specialized metabolic pathways like flavonoids and lignins (Additional files 15-18).  Genes involved in flavonoid biosynthesis were differentially expressed both at 14 and 30dpa indicating the role of different genes (or sub-genome) are expressed differentially at different developmental stages for the same enzymatic reactions (Additional files 16, 17).  Regulation of flavonoid biosynthesis at the transcriptional level [74] for pigmentation [75] and during stress [76] has been reported.  The pigmentation in wheat grains indicates, part of flavonoid biosynthesis (especially anthocyanin biosynthesis) may be differentially expressed with tissue specificity (aleurone or pericarp) for blue or purple or red colour [77-79].  Most of the genes involved in terpenoid backbone biosynthesis and ubiquinone and other terpenoid-quinone biosynthetic pathways were differentially expressed at 14dpa (Additional files 16, 17).  Terpenoid backbone biosynthesis occurs through alternate pathways with cytosolic mevalonate (MVA) pathway and plastidic 1-deoxy-D-xylulose-5-phosphate (DOXP) pathway [80] to produce isopentenyl diphosphate (IPP) [81].  Metabolites from terpenoid backbone biosynthesis act as a major precursor for zeatin, monoterpenoid, diterpenoid, carotenoid, sesquiterpenoid, diterpene alkaloids, and also for terpenoid-quinones like plastoquinone, tocopherol (Additional files 16, 17).  Metabolites like plastoquinones and phylloquinones (Vit K1) – terpenoid-quinones – from ubiquinone and other terpenoid-quinone biosynthetic pathway act as the major electron and proton carriers in energy production machinery [82].  Ubiquinone and other terpenoid-quinone biosynthetic pathways involve cinnamate and coumarate from phenylpropanoid biosynthesis to synthesize ubiquinone (Additional files 16, 17).   Carotenoids and diterpenoids are the major biosynthetic pathways that involve metabolites from terpenoid backbone biosynthesis with the genes involved being differentially expressed at 14dpa. Carotenoid biosynthetic pathway [83-85] generates lycopene, xanthins, and abscisic acid; while the diterpenoid biosynthetic pathway [86, 87] mainly generates gibberellic acids [88] (Additional files 16, 17).  Benzoxazinoids are alkaloids especially 2,4-dihydroxy-1,4-benzoxazin-3-one (DIBOA) with protective and allelopathic effect synthesized in selective taxa of Poaceae (Pooideae and Panicoideae) and some solitary species in dicots (Ranunculaceae, Lamiaceae and Plantaginaceae) [89].  Genes involving the benzoxazinoid biosynthetic pathway are differentially expressed at 30dpa authenticating their protective mechanism and serve as a natural defense against insect pests, fungi and other pathogens (Additional files 16-18).
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