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Abstract

Grain amaranths, edible C4 dicots, produce pseudo-cereals high in lysine. Lysine being one of the most lim-
iting essential amino acids in cereals and C4 photosynthesis being one of the most sought-after phenotypesin
protein-rich legume crops, the genome of one of the grain amaranths is likely to play a critical role in crop
research. We have sequenced the genome and transcriptome of Amaranthus hypochondriacus, a diploid
(2n = 32) belonging to the order Caryophyllales with an estimated genome size of 466 Mb. Of the 411
linkage single-nucleotide polymorphisms (SNPs) reported for grain amaranths, 355 SNPs (86%) are repre-
sented in the scaffolds and 74% of the 8.6 billion bases of the sequenced transcriptome map to the
genomic scaffolds. The genome of A. hypochondriacus, codes for at least 24,829 proteins, shares the paleo-
hexaploidy event with species under the superorders Rosids and Asterids, harbours 1 SNP in 1,000 bases,
and contains 13.76% of repeat elements. Annotation of all the genes in the lysine biosynthetic pathway
using comparative genomics and expression analysis offers insights into the high-lysine phenotype. As the
first grain species under Caryophyllales and the first C4 dicot genome reported, the work presented here
will be beneficial in improving crops and in expanding our understanding of angiosperm evolution.
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1. Introduction grain amaranths remains obscure during modern

times following the ban on cultivation. In 1980s, the

Grainamaranths, collectively referringtoall the three
grain-producing species of Amaranthus under the
family Amaranthaceae, are among the most neglected
crops in human history. Grain amaranths, A. caudatus,
A. cruentus,and A. hypochondriacus, were domesticated
for human consumption some 8,000 years ago and
were the staple food for the Inca and the Aztec civiliza-
tions for thousands of years." However, cultivation of
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USA declared grain amaranths ‘the crop of the future’
based on its unique nutritional profile.' 3 The excite-
ment over grain amaranths grew in 1972 when an
Australian scientist John Downton reported that the
edible cereal-like grains of amaranths display lysine
content as high as in milk." The importance of this
finding is even more crucial considering decades of
failed attempts, with existing engineering strategies, to
improve the lysine content in rice and wheat because
of the inherent inverse correlation between lysine
content and yield.*

Grain amaranths are among the rare edible dicots that
have evolved to use C4 photosynthesis. It is well
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established that the species with C4 photosynthesis are
more efficientduring droughtand otherenvironmental
stress conditions. Considering thatall species producing
protein-rich edible grains, such as legumes and nuts,
use C3 photosynthesis, C4 photosynthesis must be
one of the most sought-after phenotypes in edible
dicot crops. Now that the genomes of many C3
legumes have been sequenced,>® the genome of one
of the grain amaranths is likely to aid in the improve-
ment of protein-rich dicot plants using comparative
genomics. Besides, it has been shown that even under
carbon dioxide-rich conditions, C4 dicot species
under the Amaranthaceae family perform better than
respective C3 dicots in terms of dry mass,” making
this species a contestant among other plant species as
bioenergy resources.

Grain amaranths are also important contestants for
expandingour narrow food base. Decorating the phylo-
genetic tree of angiosperms based on the Angiosperm
Phylogeny Group (APG) Il system of classification with
edible plants (Supplementary Fig. S1) reveals that all
the major clades across the plant kingdom, except
Caryophyllales, are loaded with edible crops. The
order Caryophyllales (http://www.cs.man.ac.uk/~david/
flora/flora.html) comprises 70 genera and 800 species®
and is relatively void of edible crops. All the cereals are
classified under monocots, the legumes, fruits, and nuts
under Rosids, and the staple root crops such as potato
and sweet potato under Asterids. Hence, grain amar-
anths, classified under the order Caryophyllales, offer an
attractive alternative forexpanding our food base via sup-
plementing protein-rich cereals in the plant-based diet.

The species under the order Caryophyllales, includ-
ing grain amaranths, are also unique from otherangios-
perms with regard to the synthesis of important
secondary metabolites.? Unlike the use of phenylalanine-
derived anthocyanins for use as colouring pigments
by most angiosperms, species under Caryophyllales
use betalains for the same purpose, which are derived
from tyrosine."®'" Since tyrosine is also the precursor
for melanin, the colouring pigment in mammals, the
genome of a grain amaranth can, perhaps, also be
exploited to develop cosmetics and cure for various
skin disorders.'? For example, based on the ethnophar-
maceutical survey, one of the plant species used by
Rwandese to cure skin discolouration is a species
under Caryophyllales, Chenopodium ugandae.'” To
this end, more recently, the genome of the first
Caryophyllales, Beta vulgaris, has been reported and
will aid in expanding our understanding of betalains.'?
The genome of one of the grain amaranths, whose
flowers are already used as food colouration, will add
to the study of enzymes involved in betalain synthesis.

Despite the huge potential of grain amaranths with
regard to human health and disease, the genome of
grain amaranths is yet to be deciphered. A partial
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transcriptome of A. hypochondriacus, one of the grain
amaranths, has been reported, which was generated
to understand how species under the Amaranthaceae
family respond to environmental stress.'* In another
application, limited sequencing of the genome of
Amaranthus tuberculatus, a weed variety, has been gener-
ated to decipher the mechanism by which this species
develops resistance to triple herbicides.' > A more system-
atic genomic effort on grain amaranths includes creation
of BAC libraries for all the three grain species,'® develop-
ing microsatellite markers,'” and creating a single-
nucleotide polymorphism (SNP)-based linkage map.'®

Genomic studies of grain amaranths from the point
of view of their unique nutritional profiles and C4
photosynthesis among edible dicots are limited. In
various parts of South Asia including Nepal, grain amar-
anths have been cultivated as staple crops for consump-
tion as an alternative to cereals by the locals.'® Here, we
present the draft genome and transcriptome of a
landrace that belongs to A. hypochondriacus (Rajgira)
obtained from stable lines from the farmers in northern
Karnataka, India, to aid in deciphering the genotype
behind these important and unique traits from the
edible variety.

2. Materials and methods

2.1. Sample collection for genome and transcriptome

We obtained the domesticated grains of A. hypochon-
driacus from farmers in northern Karnataka growing
this as a crop for consumption in the name of ‘Rajgira’
or ‘Rajeera’ throughout southern India. We purchased
the seeds of other grain species, A. cruentus and A. cau-
datus, from Park Seeds sold in the names of ‘Autumn’s
Touch’ and ‘Love-Lies-Bleeding’, respectively. These
three types of seeds were grown in campus grounds in
three separate lots for taxonomic purposes (Fig. 1).
Large numbers of seeds from the first round from
each grain species were whitish or pinkish for A. hypo-
chondriacus, whitish for A. cruentus, and reddish for
A. caudatus (shown inset in Fig. 1). Amaranthus hypo-
chondriacus produced two types of plants—one with
white and the other with red inflorescences. Separating
the seeds of white and red varieties of A. hypochondria-
cus and growing for over two generations retained the
inflorescence of the parent plants in the successive
generations, thus suggesting purity of lines obtained
from farmers. Also, repeated generations produced
not only 100% white seeds for the white plants of
A. hypochondriacus, but also the plants looked very
similar in size, inflorescence, and yield. We have used
the tissues from the plants of A. hypochondriacus
with white inflorescence after two generations for
sequencing both the genome and the transcriptomes
reported here.
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Figure 1. Photographs of the three grain species of Amaranthus grown on campus grounds. The plants from left to right are:
A. hypochondriacus, A. cruentus, and A. caudatus, as identified by their taxonomic features including those of the inflorescence and the
leaves. Amaranthus hypochondriacus contains both a red variety and a white variety (the sequenced one). Insets are the corresponding
seeds obtained after two generations of growing these species on campus grounds. For A. hypochondriacus (left), the seeds from red
plants are at the bottom left and those from white plants are shown at the top right.

2.2. Taxonomy of Amaranthus

Amaranthus is a monoecious plant and the inflores-
cence is a thyrse with a racemose (catkin) main axis
and cymose clusters (cymules) of one male flower and
two or more female flowers. Amaranthus hypochondria-
cus is characterized by its apical erect inflorescence,
which is heavily loaded with small edible seeds at ma-
turity. The inflorescence can be bright red or whitish
greendependingon the presence orabsence of betalain
pigments in the plant variety (left, Fig. 1). The inflores-
cence of A. cruentus is also apical but with a Christmas-
tree like topology that may gradually turn orange at
maturity (middle, Fig. 1). The seeds are comparatively
larger in size and the stem more robust than that of
the other two species. Amaranthus caudatus produces
apical but drooping inflorescences that are red in
colour and produce small reddish seeds (right, Fig. 1).
The plant is also comparatively fragile unlike the other
two grain species.

2.3. Karyotyping

The seeds of the plants selected for sequencing were
allowed to germinate in water for 24 h. The root tips
were incubated at 4°C for 4 h and then fixed using
Carnoy’s solution. The processed root tips were excised
and treated with 1 N HCl for 1 min, followed by treat-
ment with 45% acetic acid for 10 min, staining with
0.2% aceto-orcein along with gentle heat fixing over a
spirit lamp, squashing with the thumb, and mounting
using 50% glycerol on a microscopic glass slide. The
image was captured at 100x magnification under a
compound light microscope. As shown in Fig. 2, the

Figure 2. Karyotype of A. hypochondriacus, the species selected for
sequencing, showing diploidy with 32 chromosomes in mitotic
root tips. The karyotype shows 32 chromosomes under 100 x
magnification stained with 0.2% aceto-orcein, as would be
expected from the diploid root tips of A. hypochondriacus.

number of chromosomes in the selected diploid plant
was confirmed to be 32 (n=16) for sequencing
purposes.

2.4. Extraction of genomic DNA

DNA for sequencing was extracted from fresh leaves
of 45- to 50-day-old plants using the DNEasy Mini
Plant DNA Extraction kit (Qiagen). The quality of the
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extracted DNA was checked using fluorometry (Qubit,
Invitrogen) and by agarose gel electrophoresis.

2.5. Extraction of total RNA

For RNA extraction, leaf and stem tissues were col-
lected from a pool of more than 10 individuals, from
the plants grown from the same seed collection from
which the genome was sequenced, at (i) 15 days, (ii)
25 and (iii) 30 days of age, and from (iv) mature
seeds. The leaf and stem tissues, on excision, were im-
mediately cleaned with DEPC-treated water, flash-
frozen in liquid nitrogen, and stored at —80°C until
RNA extraction was done. The mature seeds were col-
lected from the inflorescence which was sun-dried,
threshed, cleaned, and then stored at room tempera-
ture until RNA extraction was done. Total RNA was
extracted using the conventional phenol—chloroform
extraction method?? as standardized in the laboratory.
Quality assessment of the total RNA was done on 1%
agarose gel and the Agilent 2100 Bioanalyzer using
high-sensitivity RNA chips.

2.6. Library preparation

For genome sequencing, one paired-end (PE; with an
insert size of 300 bp) and four mate-pair (MP; with
insert sizes of 1.75, 3, 5 and 10 kb) DNA libraries
were made using the TruSeq DNA Sample Preparation
Kit (lllumina) by following the manufacturer’s low-
throughput (LT) protocol. One microgram and 10 pg
of the genomic DNA were used for the preparation of
the PEand the MP libraries, respectively. DNA molecules
were sheared by Covaris S2 according to the manufac-
turer’s instructions and processed as follows.

2.6.1. PE genomic libraries The fragmented DNA
molecules were made blunt by performing end repair
in End-Repair Mix (containing T4 polynucleotide
kinase for 5’ phosphorylation, T4 DNA polymerase to
fillinthe 5’ overhangs,and Klenow to remove the 3’ over-
hangs) for 30 minat 30°C,and purified using Agencourt
AMPure XP beads (Beckman Coulter) according to the
manufacturer’srecommendations. Furthermore, 3’ ade-
nylation of the blunt-end DNA was carried out by incu-
bating with A-Tailing Mix (containing a Klenow
fragment) at 37°C for 30 min. Ligation of TruSeq adap-
ters was done using DNA Ligase Mix (containing T4
DNA ligase) by incubating at 30°C for 10 min, and the
reaction was stopped by adding Stop Ligase Mix. The ade-
nylated DNA was purified using the Agencourt AMPure
XP beads as done previously. Library size selection (for
aninsertsizeof 300 bp) wasdone usingagarose gel elec-
trophoresis, and the adapter-ligated purified DNA was
furtherenriched by PCRfor 10 cycles usingadapter com-
plementary primers (P5 and P7) followed by a clean-up
using the Agencourt AMPure XP beads. The quality and
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quantity of the library were estimated by spectropho-
tometry (NanoDrop, Thermo Scientific) and fluorom-
etry (Qubit, Invitrogen), and the size distribution was
analysed on the Agilent 2100 Bioanalyzer using high-
sensitivity DNA chips.

2.6.2. MP genomic libraries The fragmented DNA
molecules were made blunt by performing end repair
in End-Repair Mixfor 15 minat 20°C, followed byend la-
belling for 15 min at 20°C using biotin-dNTP mix and
purification using the Agencourt AMPure XP beads.
DNA of appropriate size (1.75, 3, 5, and 10 kb) was
selected using agarose gel electrophoresis and circular-
ized using Circularization Ligase. Any remaining linear
DNA in the circularization step was digested using
Exonuclease, and the circular DNA was again sheared
using Covaris S2 as done previously. The biotinylated
DNA fragments were purified using Dynal magnetic
M-280 streptavidin beads as per the manufacturer’s
guidelines. Again, end repair was performed by incubat-
ing the biotinylated DNA fragments (immobilized on the
streptavidin beads) in End-Repair Mixfor 30 minat 20°C
and purified; 3" adenylation was done by incubating the
immobilized DNA molecules with A-Tailing Mix at 37°C
for 30 min. Ligation of TruSeq adapters was done using
DNA Ligase Mix by incubating at 20°C for 15 min and
the reaction was stopped by adding Stop Ligase Mix.
The biotinylated adapter-ligated immobilized DNA was
furtherenriched by PCRfor 1 8 cycles usingadapter com-
plementary primers followed by a clean-up using the
Agencourt AMPure XP beads. The quality and quantity
of the library were estimated by spectrophotometry
(NanoDrop, Thermo Scientific) and fluorometry
(Qubit, Invitrogen), and the size distribution was ana-
lysed on the Agilent 2100 Bioanalyzer using high-
sensitivity DNA chips.

Transcriptome librariesof 155 bpwere prepared using
the TruSeq RNA Sample Preparation Kit (lllumina) fol-
lowing the manufacturer’s LT protocol. Two micrograms
of total RNA were subjected to mRNA selection using
poly-T oligo-attached magnetic beads using two rounds
of purification. The selected poly-A RNA was subjected
to fragmentation to sizes between 100 and 300 nt by
incubating in fragmentation mix for 8 min at 94°C.
First-strand cDNA was synthesized by adding 1 pl of
Superscript Il reverse transcriptase (Invitrogen) to solu-
tion containing primed RNA and first-strand master
mix followed by incubation at 25°C for 10 min, 42°C
for 50 min, and 70°C for 15 min. The complementary
second-strand cDNA was synthesized by incubating
first-strand cDNA in second-strand master mix at 16°C
for 60 min. End repair was performed to remove the 3’
overhangs and fill the 5" overhangs by incubating the
DNA in End-Repair Mix containing T4 polynucleotide
kinase, T4 DNA polymerase, and a large (Klenow) frag-
ment of DNA polymerase | for 30 min at 30°C, and



No. 6]

purified using Agencourt AMPure XP beads (Beckman
Coulter) according to the manufacturer’s recommenda-
tions. A-tailing of DNAwas performed at 37°Cfor 30 min
with the Klenow fragment followed by ligation of TruSeq
adaptors using T4 DNA ligase by incubating at 30°C for
10 min. The reaction was stopped by adding stop-ligase
mix and purified by using Agencourt AMPure XP beads.
Adaptor-ligated DNA was then subjected to PCR enrich-
ment with adaptor complementary primers for 15
cycles followed by clean-up using Agencourt AMPure
XP beads. The quality and quantity of the library were
estimated by NanoDrop and fluorometry (Qubit,
Invitrogen), and the size distribution was analysed on
the Agilent Bioanalyzer using high-sensitivity DNA chips.

2.7 Quantification of prepared library and sequencing

The libraries were quantified using SYBR-Green-
based qPCR reagents (Kapa Biosystems). The qPCR
results were compared with the predetermined con-
centration of the PhiX library. Eight picomolar of all
the DNA libraries were used for cluster generation in
cBot (Illumina).Also, 8 pM of the four RNA libraries pre-
pared were pooled in equimolar ratio and seeded on
four lanes of the flow cell for cluster generation. All
the libraries were sequenced on lllumina Genome
Analyzer lIx following the manufacturer’s standard
protocols. PE genomic reads of length 75 bases, MP
genomic reads of length 36 bases, and PE transcrip-
tomic reads of length 72 bases were generated.

2.8. Assembly

2.8.1.QCof sequencereads The readswere analysed
for their quality and all those with >75% of bases with
phred scores of >20and <15 Nswere considered to be
of high quality.

2.8.2. Assembly of genomic reads from Illumina GAllx
platform After testing for quality, the reads were
assembled using SOAPdenovo (SOAPdenovo31mer
version 1.05).2" Assembly was performed in two stages
in a high configuration system with 96 GB RAM. First,
465,246,312 PE reads of 72-mers were assembled
using default parameters and a k-mer size of 31. In the
other set, using the same parameters, all the reads
totalling 869,113,408 both from PE and MP libraries
were assembled. The resulting scaffolds were subject to
various analyses such as synteny, heterozygosity, Gene
Ontology (GO) annotation, repeat analysis, duplication
study, and proteome prediction, using available tools
and scripts developed in-house.

2.8.3. Assembly of transcriptomic reads from 454
platform Transcriptomic reads with the seed acces-
sion ID of IC 38040 (Pl 480569) were downloaded
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from NCBI-SRA (SRX055331) and assembled into
contigs using MIRA.??

2.8.4. Assembly of transcriptomic reads from Illumina
platform The high-quality reads from various tissues
were pooled together and used as a set with Trinity
(Release 16 February 2013) for assembly.?® Trinity, a
de novo transcriptome assembler, uses a fixed k-mer
length of 25 and it was run on a high configuration
system with 48 GB RAM to generate trinity components.

2.9. Filtering criteria

The coverage of the scaffolds was measured by align-
ing the genomic scaffolds of A. hypochondriacus with
various public sequencing data. All comparisons with
the same species were done at the DNA level (blastn)
and with other species at the amino acid levels
(tblastn or tblastx).?* A filtering criterion of >99%
over a contiguous stretch of >100 bases is used to es-
tablish identity with sequences from the same species,
and afiltering criterion of 60% match overa contiguous
stretch of 35 or more amino acids is used to establish
the orthology of genes with other plant species such
as Arabidopsis thaliana, Vitis vinifera, and Solanum lyco-
persicum.

2.10. Synteny analyses

All the synteny analyses were performed using
SyMap?® and in-house perl scripts.

2.11. Heterozygosity analysis

Frequency of mutation in the genomic scaffolds was
estimated by piling up the genomic reads to the scaf-
folds using Bowtie?® and SAMtools*” and counting
the number of reads with an alternate base (minor
allele) from that present in the reference. For the
study, positions with depth between 10X and 315X
(three times the read coverage) and minor allele fre-
quency of 0.3 or more were considered. Also, the
k-mer spectra of the sequenced genome and transcrip-
tome were generated from the high-quality sequence
reads using SOAPdenovo. The k-mer size was selected
as 31 for the purpose as well as for the assembly of
the genomic reads. The k-mercount with avery low fre-
quency of 1 and 2 was removed.

2.12. GO annotation

The GO annotation for all the A. thaliana genes with
orthology to other species was compared using the
‘GO annotation search, functional categorization and
download’ tool available at TAIR.?® The percentage of
A. thaliana genes within each GO category that are
orthologous to scaffolds in the draft genomes of
V. vinifera, S. lycopersicum, and A. hypochondriacus is
computed as a percentage of the total number of
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A. thaliana proteins within the respective category for
that species. The percentage of genes within each cat-
egory reported by GO analysis for each species is nor-
malized with respect to that of A. thaliana to estimate
the number of genes deciphered within each GO cat-
egory for the three species compared.

2.13. Proteome prediction

Ab initio gene predictions were done on the genomic
scaffolds using GENSCAN,?? AUGUSTUS,*° and
GeneMark,®' with the smallest predicted sequence
being 100 nucleotides long. These predicted sequences
were annotated using BLAST against plant protein data-
bases. Extrinsic prediction from genomic scaffolds and
transcripts was also done using BLAST against plant pro-
teomes downloaded from PlantGDB?*? including
UniProt, mRNA, and HTC databases.

2.14. Repeat analysis

We have used both extrinsic and ab initio methods to
assess the extent of repeat elements in A. hypochondria-
cus, compared with selected plant species. For extrinsic
analysis, we have used Repbase*? using A. thaliana
repeats as templates. For the de novo method, we have
used RepeatScout®* and RepeatModeler®® to predict
novel repeats from the genomic scaffolds and masked
the genome with the respective repeat element using
RepeatMasker.3®3”

2.15. Duplication event

Protein-level homology was studied between paralo-
gous pairs in several species belonging to different plant
orders includingA. thaliana, Glycine max, and V. vinifera
from Rosids, S. lycopersicum from Asterids, A. hypo-
chondriacus and B. vulgaris (USDA version) from
Caryophyllales, and Oryza sativa, Sorghum bicolor, and
Zea mays from the monocots. The proteomes for
A. thaliana, G. max, V. vinifera, S. lycopersicum, O. sativa,
S. bicolor, and Z. mays were downloaded from public
repositories (TAIR?® and PGDD?®), whereas those for
A. hypochondriacus and B. vulgaris were predicted ab
initio using Genscan from genomic scaffolds. Also, the
GENSCAN-predicted proteome of S. lycopersicum was
used as control to negate any possibility of bias in
the result due to the gene prediction tool used for
A. hypochondriacus and B. vulgaris. Furthermore, fre-
quency polygons and kernel density plots of percentage
identities of significant hits (those that were not self-
hits or isoforms with 100 percent identity, and where
the alignment covered at least 80% of the query or
the subject sequence, whichever was longer) were
plotted using R.>?
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2.16. Phylogenetic tree

Amino acid sequences of aspartate kinase (AK) and
phosphoenolpyruvate carboxylase (PEPC) genes avail-
able at GenBank for plants of interest were collected.
Sequences for the remaining species for which
genomic scaffolds were available were extracted from
the results of BLAST?* against the sequence from
A. thaliana or from the closest taxon for which the
sequence was available.

Multiple sequence alignment was carried out using
MUSCLE,*° present as an application in MEGAS5, using
the default parameters. The evolutionary history was
inferred using the Neighbor-Joining method.*' The
bootstrap consensus tree inferred from 1,000 repli-
cates is taken to represent the evolutionary history of
the taxa analysed.** Branches corresponding to parti-
tions reproduced in <50% bootstrap replicates are col-
lapsed. The evolutionary distances were computed
using the Poisson correction method in the units of
the number of amino acid substitutions per site.**
The analyses involved 25 AK and 75 PEPC sequences.
Positions in the alignment containing gaps and
missing data were eliminated to get a contiguous
stretch of aligned sequences. There were a total of
229 and 278 positions in the final dataset for AK and
PEPC proteins, respectively. Evolutionary analyses were
conducted in MEGA5.** The phylogenetic trees were
visualized using iTOL.*>*®

2.17. Gene expression profiling

RNA-seq reads from each sample were mapped using
bowtie to the full-length cDNA obtained for all the
enzymes in the lysine biosynthesis pathway by virtual
splicing from genomic scaffolds and transcriptome.
The read counts were converted to reads per kilo base
of exons per million reads mapped (RPKM) to normalize
the measurement across samples.

3. Results and discussion

3.1. Coverage by sequencing, assembly, and mapping

The speciesA. hypochondriacus (Rajgira),grown in nor-
thern Karnataka, India, was selected for sequencing.
Following plant selection and genomic DNA extraction,
five PE libraries of 300 bp and four MP libraries with
insert sizes ranging from 1.5 to 10 kb were created. A
total of 869,113,408 high-quality reads including
465,246,312 75-mers from PE and 403,867,096 36-
mers from MP libraries were sequenced to produce a
total of 49.4 billion bases, thus providing a coverage of
106-fold over the estimated genome size of 466
million bases.'® Also, we have generated 8.6 billion
bases of transcriptome from three stages of shoot devel-
opment and from mature seeds.
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Table 1 includes the statistics from the assembly of 24,878 bases and scaffold N50 to 35,089 from contig
genomic reads into scaffolds. The total ATGC content, N50 of 1,884. The genome of A. hypochondriacus
without Ns, within the assembled scaffolds is 273 was found to be AT-rich with 66% AT content
million bases. Addition of MP reads improved the size  (Supplementary Fig. S2), which compares with the
of the largest scaffold by 20 folds to 485,353 from genomes of other plants.*” Figure 3 shows the uniform

Table 1. Summary of statistics of ggnome and transcriptome assembly

Assembled ‘ome Genome Genome Transcriptome
Types of reads assembled Paired end (PE) PE and mate pair (MP) PE
Read length (bases) 75 PE:75 72
MP: 36
Total number of high-quality reads sequenced 465,246,312 PE: 465,246,312 119,875,998
MP: 403,867,096
Total number of bases sequenced (in high-quality reads) 34,893,473,400 49,432,688,856 8,631,071,856
Total number of bases in the assembly (% of genome) 315,828,977 (63.2%) 645,211,960 (>100%) 136,933,803 (29.26%)
Number of A, T, G, and C in the assembly (% of genome) 276,891,658 (58.9%) 273,809,695 (58.3%) 136,933,803 (29.26%)
G+C base content (% of the ‘ome) 91,893,918 (19.63%) 90,943,537 (19.43%) 52,037,597 (38%)
Total number of assembled sequences 491,569 367,441 57,658
Longest sequence assembled (bases) 24,878 485,353 17,471
N50/NG50 (bases) 1,884/648 35,089/50,869 3,279/-
Number of sequences above N50/NG50 42,507/111,228 4,897/2,826 15,134/—
s g 0 ffold23625 0 ——scaffold218510 — scaffold34473 0 scaffold9022 0 C20312143
R RN SR SEaNSIdNsR 51543550 -~ E0707034 scaffold9022
C20749080 C21292628 1 10
10 % 621558654 jopq 10 10 {™scaffdldd222 10 20558296 scaffold16138 scaffold 1949
20749080
20749080 8110 scaffold12122 o9 1 20 4 P 20 scaffold7 321
20 4\ £21408984 8115 20 scaffold12155 20 scaffold9689 scaffold5289 scaffold20063 scaffold7 321
caffold2378 Bl affold 12100 | scaffold 1645 ., scafto|d 12703 scaffold7321
a0 J\\ Scaffold 278 g3651 30 121645478 30 J—scaffold1615 30 ’"‘222#3{3??#3230 scaffold16374 3% scaffold1974 30 scaffold9980
scaffoldoer2 2140408 iosealoldieror  I~ERswisiy - MMSHTIINTS 40K Scafiodgangs Seafolader
40 P\ Seafalq 0782 2821_40 W scaimold 12790 40 551238142 40 —scaffold 18230 W scaffold 14572 scaffold3716 40 scaffold10627
scaffold26766 11719 W\ scaffold 1566 fiold 16039 C19877895 scaffold23018 scaffold7815 C21516546
scaffold26/66 125086 Wscaffold 12790 SOl o630 50  ~scaffold437  scaffold12703 sp i scaffoldB08 g4
50 N\ scaffold 11307 18094 50 -MhCo1616852 20 RN SaHoidE193 - 1—scaffold5969 scaffold4858 scaffold21060 scaffold 14230
scaffold5336 16438 C21100081 Scaffold5037 scaffold 12855 scaffold24886 scaffold4865 scaffold1542
g0 4\ scaffold/30 16438 o Aiscalfold 13855 o W\ Scaffold 780360 3 \ C19803151 C20558296 ~ g0 \scafolddecs 5o
9\ scaffold5635 4264 old1944 scaffolds545 scaffold38498 scaffold 1430 scaffol C21425606
C21125213 7908 scaffold1844 -~ ffold 19507 scaffold33860 C208624052 ffold4958
70 31— scaffoldaor1 3594, 70 i scaliold 13955 79 C08Ed8rd 704 T scalldp2pe 7o\ goafioidiald 7o Seaffold24008
I— i scaffold7820 i scaffol scaffold2830
705 scaffold11743 142624 C20314907
74900 o0 A3 g Jiscatioldn1ias,, scaffold4 706 scaffoldd5477 Sealolazrass
80 1 scaffold12028 17341 80 BNES0757670 Seaold iah —scaffold11716 scaffold21843 scaffold? 75 gltolaerd
L scaffold9116 17341 i scaffold 13555 scaffoldi 52 tscaffold16169 scaffold9818 scaffold29784 scaffold27425
S il 1381 oo JERAICI " o0 { {EESIERGT o0 o scotoatior i \icafedisy sl
g SCa
seallolaa5a4 41200 M Scarfold 13611 Eaes”  1-scaffoldastes i scaffold 2 Seaala 1958
oo ‘C20201177 3886 . 10018 C21338370  1003— scaffolds2? 100 ! scaffold 11485 20577264
i 12168 [@ecafoldiRll 1 ccaffoldaagss 21146803 | SCafoldi6172 sealfoldesas
o-{~ Se3feld 18R 2250 nojfsandaiite  \&2Res |seariogzash, s
< scaffold2or7e 7dso Scaftoldl 22y scaffold1631 Seatolde504
120N Scaffold22/ 76 204 scafioldi3i8
\C21100031 7360 Ht C51258631
scaffold3281 320 i scafiold3gsa
1304\ 20491078 1682 Wl Co0627562
21483186 4206 | scaffold21934
scaffold 1841 4859 scaffold8710
14 scaffold10525 scaffold 18706
caffold2554 scaffold4481
scaffold3335 §C21653008
20916588 scaffald21503
scaffold10439 972924
scaffold21458 C20972924
scaffold3424 0 ffold6568 0 scaffold? 244
i 0 ——scaffold1854 0 o—scaffold8030 0 scaffold15178 0 — scaffold12075 0 4— scaffold6568 scaffol
¢ FEARRE 1 scafiold1{aa> Pt L Seolola5yt | i scaffold3s7s 20912406 C20912406 SCafloles
0 3 10 -\ Seafialdi088y 10] \scafioldsadg 10 J\scafold7sds 10jscafoldioss  10T<E23813308 10I~C308i5408 10PN SZ0999338
1\ scarold10887 3. scalfoldBzne Aol Bads Eatiold 1003 C19993288 C19993288 scaffold24673
op JscaloldeEey 1 8 50020 aHodRaT3” 200—C21507044 209N scaffold 12176209\ scaffold 12176 209\ scaffold30315
20 4 scaffold13267 scaffold22821 scaffold23286 — scaffold29869 scaffold18875 scaffold18875 scaffold13386
—scaffold21784 ] ol 58 old5157 scaffold23247 scaffold23247 C20502503
» NERER o - soSiaiii LEE RS Nl
SCaro: scaffold12461
scaffold94 1 B scaffold12461 scaffold134 C21156011 C21156011
1 404 4 scaffold 135864 d13586
© INERGE 0 J-scatolaso TGS Nicaous  scooess)  \seardasras” N\ Scoroerss
}—scaffold35964, ] scaffold7153 scaffold6861 scallald1g20 5o fW\ scalfo scaffo
50 1 scaffold12341%0 501 \scaffold15361%0 \scafioldsget S04 8259511055 SO ae \ soaficld 1z
1— C20532548 scaffoldd516  go scafiold1/2 scaffold 172
60 - 60 scaffoldd6341 6 scaffoldg8084_60 C20710382 — scaffold7837 scaffol scaffold530
121358302 C21574922 scaffold 38067 scaffolda592 scaffold596 scaffold596
™ scaffoldB845 C21533132 scaffold215 old214 1 scaffold902 scaffold902
B scaffold9339 scaffold38546 C21415360 C20492444 C20492444
70 scaffold14025
~scaffold5715 scaffold7 783 scaffold4 1369
SESS scaffold 19557 scaffold 1377
scaffold36174 caffold 16596

Figure 3. Sixteen supercontigs of A. hypochondriacus corresponding to 16 haploid chromosomes drawn in centiMorgan scale showing the
location of respective scaffolds anchored using 355 linkage SNPs out of the 411 reported. The red labels represent scaffolds containing

the 355 SNPs and those in blue show the scaffolds that only map to one side of the SNPs with high confidence.
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coverage of the 16 chromosomes by genomic scaffolds,
which harbour 355 (86%) SNPs of the 411 linkage
SNPs reported for grain amaranths.'®

The assembly statistics for transcriptome reads are
also included in Table 1. The transcriptome is also AT-
rich like that of other plant transcriptomes.*® The
total number of non-redundant bases resulting from
assembly is 47 million bases without any intervening
Ns, which would suggest that 10% of the A. hypochon-
driacus genome is transcribed in the tissues sequenced.
Also, 7 4% of raw transcript reads map onto the genomic
scaffolds, which is much more than what can be
expected based on the ATGC content of the assembled
genomic scaffolds which comprise 58% of the genome.

The genomic scaffolds reported here were also com-
pared with a publicly available transcriptome sequence
(SRX055331) with the seed accession of IC 38040/PI
480569 (India 38040) generated using 454 platform
by another independent effort.'* Despite the fact
thatIndia 38040 has a reddish stem and drooping inflor-
escence (personal communication), we find significant
homology between the edible white variety sequenced
here and India 38040. For example, of the total
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6,222,321 non-redundant bases in the assembled tran-
scriptome from India 38040, 5,185,660 bases
(83.34%) aligned to the genomic scaffolds with iden-
tities greater than 99% over a contiguous stretch
greater than 100 bases.

3.2. Quality assessment and synteny of genomic scaffolds
with B. vulgaris

The recently reported genome of B. vulgaris is the only
reported genome of a member of the Caryophyllales
plant order,'® which is used here to both assess the
level of synteny between the two species and to assess
the quality of the scaffolds reported here. All the 4,897
scaffolds above the N50 of 35,089 bases, constituting
322.6 Mb (69% including Ns in the scaffolds) of the
A. hypochondriacus genome, find synteny for collinear
blocks adding up to 85 Mb with the genome of B. vul-
garis. As shown in Fig. 4, among the top 100 scaffolds
(greater than 161,660 bases), 60% finds unique
synteny with the genome of B. vulgaris compared with
only 4% with A. thaliana. Sixty-nine of the top 100 scaf-
folds have collinear blocks syntenic to unique loci on
B. vulgaris chromosomes, whereas 7 scaffolds show

Longest scaffolds 41-60

Figure 4. Comparative analyses of the longest 100 scaffolds (in blocks of 20) of A. hypochondriacus with the nine chromosomes of B. vulgaris
showing a high level of synteny between the two species. It is also evident that the collinear blocks in A. hypochondriacus cover individual
scaffolds across their compete lengths in most cases indicating a good quality of the de novo assembly.
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synteny, which is split over two different chromosomes of
B. vulgaris. Twenty-four scaffolds that find no synteny
with B. vulgaris are not necessarily from a gene-less
region, but contain predicted genes most represented
in GO category under ‘other cellular processes’ and
‘other metabolic processes’. These predicted genes may
be present in B. vulgaris, but may have diverged signifi-
cantly beyond the filtering criteria used for synteny
analysis.

3.3. Comparative coverage by homology
to A. thaliana proteome

An amino acid level comparison of A. thaliana prote-
ome*? against genomic scaffolds of A. hypochondriacus
shows that 60.11% of A. thaliana proteins find orthol-
ogy within the genomic scaffolds using the filter
mentioned in the Materials and Methods section.
Similar efforts with the scaffolds of two other species,
V. vinifera®® and S. lycopersicum,®’ finds comparable,
17,311 (63%) and 16,538 (60.32%), respectively,
orthology to the A. thaliana proteome. Also, as
shown in Fig. 5, the orthology of 14,590 A. thaliana
genes common to the genomic scaffolds of V. vinifera,
S. lycopersicum, and A. hypochondriacus suggests that
functions of these genes are common to all dicots. A
GO annotation of the A. thaliana orthologs in V. vini-
fera, S. lycopersicum, and A. hypochondriacus scaffolds
shows that more than 80% of the genes annotated
under each GO category in A. hypochondriacus has
been deciphered (Fig. 6), and that the coverage of
A. hypochondriacus genes within each category is

m Sequence homology and
Transcriptome

® Ab initio prediction and
Transcriptome

m Sequence homology and
Genome
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comparable to the other two reported genomes of V.
vinifera and S. lycopersicum.

3.4. Genomic features of A. hypochondriacus

The mRNA reads from transcriptome sequencing
efforts were assembled into transcripts with an N50
of 3,279 containing 15,179 transcripts above the
median. Both extrinsic and ab initio methods were
chosen for predicting the number of genes coded by
A. hypochondriacus from both 57,658 assembled tran-
scripts and 367,441 genomic scaffolds. For extrinsic
prediction, we have used plant proteome databases in-
cluding UniProt, HTC, and plant mRNA at plantGDB. For
ab initio prediction of genes from the genomic scaffolds,
we have used gene prediction tools including GENSCAN
with 36,487, Augustus with 28,662, and GeneMark
with 63,044 predicted genes. From the assembled
transcriptome of A. hypochondriacus, the total number
of potential proteins is estimated at 21,650 genes
with either evidence of homology in the plant prote-
ome database and/or evidence of gene prediction
from the genomic scaffolds. An additional 3,179 poten-
tial proteins were added from genomic scaffolds, which
were missed by gene prediction methodsand not repre-
sented in the transcriptome, but show homology to the
plant proteome database, thus making the total
number of estimated proteins coded by A. hypochon-
driacus genome 24,829. This compares with the
27,421 proteins predicted for B. vulgaris, the other
sequenced member of Caryophyllales.'?

S. lycopersicum

Figure 5. Comparative proteome analysis of A. hypochondriacus, V. vinifera and S. lycopersicum. The pie chart shows the source of evidence for
proteins from the assembled transcriptome and genome. Blue shows evidence from both homology and presence inthe transcriptome, red
shows ab initio predicted with presence in the transcriptome, and green those with only evidence in homology to known plant proteins. The
Venn diagram compares the total numbers of A. thaliana genes that are orthologous to the respective genomic scaffolds of
A. hypochondriacus, V. vinifera and S. lycopersicum with 14,590 proteins common to all the three species representing three major clades

under dicots.
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Figure 6. Comparative GO annotation of three species including A. hypochondriacus, V. vinifera and S. lycopersicum. The percentage of genes
deciphered for A. hypochondriacus, S. lycopersicum and V. vinifera within each category of GO as annotated by comparison with A.
thaliana based on orthology and further normalized for the percentage of genes in A. thaliana shows that annotation of the draft

genome is comparable to that of the published genomes.

Mapping of raw genomic reads onto the assembled
scaffolds revealed ~1 SNP per 1,000 bases based on
282,692 SNPs out of 260 Mb base positions scanned.
This indicates that the genome of A. hypochondriacus
is relatively more homozygous than other sequenced
plants. Forexample, the frequency of SNPs in Malus domes-
tica, O. sativa,Z. mays, V. vinifera,and Fragaria vesca is 1 in
288 bases, 1in 268 bases, 1in 124 bases, 1in 100 bases,
and 1 in 15 bases, respectively.>?~>° The k-mer spectrum
of the genome (not shown) also gives a unimodal curve,
supporting the high level of homozygosity within the
assembled part of the genome.>”

Characterizingthe repeat elementsintheA. hypochon-
driacus genome is challenged by the fact that repeats
from species under the plant order Caryophyllales is
missing in major repeat databases such as RepBase.

Masking the draft genomes of a number of species
including an unpublished draft of B. vulgaris using
A. thaliana repeats as templates reveals that the A. hypo-
chondriacus genome contains a relatively low percentage
of repeat elements (Table 2). Also, masking the draft
genomes of several species using the predicted repeats
from the respective genomes using RepeatScout reveals
7.47% of repeats in the A. hypochondriacus genome,
compared with 69.86% in B. vulgaris (USDAversion, un-
published), 68.34% in S. lycopersicum, 55.02% in V. vini-
fera, 18.43% in A. thaliana, 68.67% in S. bicolor, and
47.69% in O. sativa (Table 2). A more rigorous predic-
tion of repeats using RepeatModeler masked 13.76%
of the A. hypochondriacus genome, still far below the
63% for B. vulgaris using RepeatModeler reported re-
cently.® Based on the number of proteins predicted
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Table 2. Comparative repeat element analysis using both A. thaliana repeats and predicted repeats
Ah Bv Sla N Vv At Sb Os
Genome size (Mb) 466 760 2,800 950 475 157 698 430
TR 0.69% 4.60% 4.41% 6.68% 4.87% 6.66%  4.49% 2.08%
Gypsy 0.23%  2.07% 3.50% 4.28% 3.38% 515% 3.36% 1.35%
Copia 0.45% 2.51% 0.88% 2.40% 1.49% 1.44% 1.11% 0.71%
LINE 0.07%  0.50% 0.00% 0.03% 0.11% 1.01% 0.04% 0.03%
L1 0.07%  0.50% 0.00% 0.03% 0.11% 1.00% 0.04% 0.03%
Total genome masked using Repbase with A. thaliana as 1.70%  6.25% 7.18% 7.14% 530% 14.90% 4.95% 2.74%
the template
Total genome masked using RepeatScout predicted 747  69.86 NA 6834 55.02 1843 6867 47.69

repeats from respective genomes

The species used for comparison are—Ah: A. hypochondriacus; Bv: B. vulgaris (USDAversion); Sla: Silene latifolia;>® SI: S. lycopersi-

cum; Vv: V. vinifera; At: A. thaliana; Sb: S. bicolor; Os: O. sativa.

forthe genome and the success achieved in splicing full-
length cDNA for a majority of genes from select bio-
chemical pathways, we rule out the possibility that
the low percentage of repeats in the A. hypochondriacus
genome could stem from a fragmented assembly.

Estimation of 24,829 proteins provided an opportun-
ity to look for any sign of recent whole genome duplica-
tion usinga method reported by Axelsen et al. > Figure 7
shows the comparison of proteomes of various species
to find levels of divergence among paralogs. The peak
near 90% for Z. mays, A. thaliana, and G. max confirms
the recent whole genome duplication events reported
for these species.60 Amaranthus hypochondriacus and
B. vulgaris, both species classified under the order
Caryophyllales, lack the peak near 90% similar to
V. vinifera,suggesting no recent whole genome duplica-
tion event in A. hypochondriacus and B. vulgaris. The
peak near 30 for all dicot species represent a paleohex-
aploidy event common to all dicots,*® including the
two species of Caryophyllales studied here. Based on
this analysis, we have redrawn the place for A. hypochon-
driacus in Fig. 8, which is reproduced with permission
from the authors.®'

We find that there is 15% overestimation of the
genome size of A. hypochondriacus based solely on as-
sembly, even when only scaffolds greater than 1,000
are considered forthe estimation. Similar overestimation
has been reported for the V. vinifera genome, which is
attributed to 11% hemizygosity.>> Since, in genomes
with a significant percentage of hemizygosity, the cover-
age of the homozygous regions can be expected to be
two times compared with the hemizygous regions, as-
sembly tools are likely to be more biased towards the
homozygous regions, thus providing the basis for high
coverage of coding regions.

3.5. C4 evolution

It is now well established that PEPC (EC 4.1.1.31) is
the keyenzyme in the C4 pathway.®? Thus,comparative
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Figure 7. AgenomeduplicationstudyinA. thaliana,G. max, V. vinifera,
S. lycopersicum, A. hypochondriacus, B. vulgaris, O. sativa, S. bicolor,
and Z. mays by comparison of the distribution of percentage
identities among paralogous pairs from the respective proteomes.
The GENSCAN-predicted proteome of S. lycopersicum is labelled
as S. lycopersicum (G) in the figure. The Kernel density plot of the
density function of the number of paralogous pairs against
the percentage identities for the diverse sequenced plant species
shows the first peak at 20—40% identity corresponding to the
paleaohexaploidy event and the sharp peak at 90—100% identity
representing a recent whole genome duplication event. From the
plot, it is evident that A. hypochondriacus, like B. vulgaris, did not
undergo any recent whole genome duplication.

analysis of PEPC genes across plant kingdom, including
C3 and C4 plants, has been attempted by many
groups.®®°* There are multiple PEPC isoenzymes in all
plant species including C3 plants. Work by various
groups has shown that the C4-specific PEPC gene har-
bours a serine in place of alanine at position 780 of
maize PEPC gene with accession CAA33317 (A780S)
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Figure 8. Rooted tree comparing the relative whole genome duplication events in many plant species includingA. hypochondriacus. The tree is
taken from PNAS journal with permission from the author and modified to include A. hypochondriacus (shown in red), creating a branch for
Caryophyllales, using the phylogenetic tree generated in-house using rbcL gene (not shown) from 75 species across all plant orders. Colour
coding of duplication events is retained from the original paper, where green represents predicted age and orange represents those taken

from the literature.

among both dicots and monocots.®® For example, one
ofthe foursorghum PEPC genes harboursthis mutation.

We have identified full-length cDNA sequences for
all the four PEPC isoenzymes from the genome of
A. hypochondriacus with only one harbouring the
A780S mutation. In order to check if all PEPC genes
across various species harbouring A780S mutation
result from divergent or convergent evolution, we have
created a phylogenetic tree using the multiple sequence
alignment of all the PEPC isoenzymes from representa-
tive species under various major plant orders including
many C3 and C4 from both dicots and monocots
(Fig. 9). All PEPC isoenzymes harbouring the A780S
mutation, among monocot species, cluster together,
suggesting C4 evolution predating speciation in mono-
cots. However, the PEPC gene harbouringthe A7 80S mu-
tation in C4 dicots (represented by A. hypochondriacus
and Mollugo cerviana from Caryophyllales and Flaveria
trinervia from Asterids), clusters in distal clades. Based
on this observation, there can be two hypotheses: (i)
the C4-specific mutation occurred independently
under Asterid and Caryophyllales; (ii) all C3 dicot

plants have selectively lost an ancestral C4-specific
isoform during the course of evolution. The first hypoth-
esis has been reported in the literature®® and our obser-
vation supports the same. In other words, C4 switch in
dicots is a convergent evolution.®® For the second hy-
pothesis to be true, one would need to show that at
least one C3 dicot plant continuesto retain a C4-specific
PEPC gene.

3.6. Functional characterization and profiling of genes
in the lysine biosynthetic pathway

In plants, the aspartate family pathway is responsible
forthe biosynthesis of fouramino acids—threonine, iso-
leucine, methionine, and lysine.®® Based on the lysine
biosynthetic pathway in KEGG,®”°® here are a total of
seven enzymatic steps in the synthesis of L-lysine start-
ing from L-aspartate, of which the first two steps are
shared for all four amino acids before the lysine bio-
synthesis pathway diverges. The number of isoenzymes
encoded by A. hypochondriacus for all the seven enzym-
aticstepsinthe aspartate pathway of lysine biosynthesis
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Figure 9. Rooted phylogram of PEPC 1, 2, 3, and 4. Branches labelled A780S are C4-specific PEPC isoforms containing alanine to serine
mutation at residue 780 of Z. mays C4-specific gene with accession CAA33317. All the bacterial-type PEPC isoforms including
A. hypochondriacus 4 and B. vulgaris 4 cluster in one clade. All the C4-specific PEPC genes from monocots cluster together. Among dicots,
C4-specific PEPC genes are split into two clades representing Asterids and Caryophyllales. There is only one C4-specific PEPC gene in
A. hypochondriacus as is also found in other C4 plants. In the figure, the protein sequence of PEPC taken from GenBank (gb ADO15315.1)
has been labelled as A. hypochondriacus gb and the one extracted from the genomic scaffolds is labelled as A. hypochondriacus 1.

has been identified and is listed in Table 3 for compari-
son with those in other plant species.

It is known that both in prokaryotes and photo-
synthetic eukaryotes, lysine biosynthesis is mainly
regulated by two allosteric enzymes.®® These are (i)
monofunctional AK (EC 2.7.2.4), thefirst and the critic-
alenzymeinthe aspartate family pathway,and (ii) dihy-
drodipicolinate synthase (DHDPS, EC 4.3.3.7), the first
enzyme towards lysine biosynthesis within the aspar-
tate pathway. Given this, polymorphisms of any kind
within these two gene loci can be expected to have a
high likelihood of correlating with the high-lysine
phenotype in grain amaranth.

There are varying numbers of monofunctional AK iso-
enzymes with varying lysine sensitivity in plants. For

example, AK1,AK2, and AK3 genes of A. thaliana vary sig-
nificantly in their affinity tolysine, with AK1 being the least
sensitive.®? In this context, it is of interest to know if the
lysine sensitivity of the only monofunctional AK gene of
A. hypochondriacus compares with AK1 or the other two
enzymes of A. thaliana. Phylogenetic analysis (Fig. 10)
using the multiple sequence alignment of protein
sequences of AK gene paralogs from diverse species, clus-
tersthe AK gene of A. hypochondriacus in the same clade as
the AK1 gene of A. thaliana, suggesting that the AK gene of
A. hypochondriacus is similar in lysine sensitivity to the AK1
gene. Loss of orthologs of the two lysine-sensitive AK2 and
AK3 genes in A. hypochondriacus may be one of the
reasons for the high-lysine phenotype in A. hypochondria-
cus, thus providing a testable hypothesis.
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Table 3. Isozyme number polymorphism in A. hypochondriacus compared with other species

EC number EC2.7.24 EC1.2.1.11 EC4.3.3.7 EC1.17.1.8 EC 2.6.1.83 EC5.1.1.7 EC4.1.1.20
Enzyme name AK ASD DHDPS DHDPR DAPAT DAPE DAPDC
A. thaliana 3 1 2 4 2 1 2

O. sativa 3 1 2 4 2 Short 1

Z. mays 1 1 2 3 1 2 1

S. bicolor 3 1 2 2 2 1 1

G. max 4 2 3 3 3 2 2

V. vinifera 2 2 3 2 3 2 2
Ricinus communis 1 1 1 2 3 1 1

A. hypochondriacus 1 1 2 2 2 1 2

Theenzymeslisted in the table are: AK: monofunctional aspartate kinase; ASD: aspartate semialdehyde dehydrogenase; DHDPS:
dihydrodipicolinate synthase; DHDPR: dihydrodipicolinate reductase; DAPAT: diaminopimelate aminotransferase; DAPE: dia-

minopimelate epimerase; DAPDC: diaminopimelate decarboxylase.
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Figure 10. Unrooted phylogram of monofunctional aspartate kinases, the first enzyme in the asparate family pathway. The tree shows that
A. hypochondriacus AK gene is in the same clade as AK1 (A. thaliana 1) of A. thaliana, B. vulgaris, and V. vinifera. The AK2 and AK3
(A. thaliana 2 and 3) cluster with V. vinifera 3. The sequences that could not be annotated to any of AK 1/2/3 are labelled as x1,x2,and so on.
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Table 4. Expression level of genes implicated in the lysine biosynthetic pathway in the shoot at three stages of development and in mature

seeds
Enzyme EC # RPKM
ATID Shoot Shoot Shoot Mature seeds
15 days 25 days 30 days
AK 2.7.2.4 12.21 11.13 12.82 4.17
AT5G13280
AK-homoserine dehydrogenase 2.7.24-1113 23.80 20.43 16.28 6.98
Aspartate semialdehyde dehydrogenase 1.2.1.11 8.36 6.91 7.73 3.67
AT1G14810
Dihydrodipicolinate synthase 4.3.3.7 11.51 11.88 7.43 30.77
AT2G45440
4.3.3.7 5.09 5.00 5.16 18.57
AT3G60880
Dihydrodipicolinate reductase 1.17.1.8 2.37 1.16 1.35 0.26
AT3G59890
1.17.1.8 2.77 245 2.29 0.61
AT2G44040
1.17.1.8 27.58 19.22 8.36 0.00
AT5G52100
Diaminopimelate aminotransferase 2.6.1.83 0.00 0.05 0.00 0.00
AT4G33680
2.6.1.83 7.06 6.36 6.18 1.64
AT2G13810
Diaminopimelate epimerase 5.1.1.7 42.28 37.48 34.32 491
AT3G53580
Diaminopimelate decarboxylase 4.1.1.20 10.67 10.19 12.64 3.37
AT3G14390
4.1.1.20 25.53 20.79 18.06 3.06
AT5G11880

DHDPS, the other most important set of enzymes in
the lysine biosynthesis, is known to be orders of magni-
tude more sensitive to lysine.” Similar to many other
plant species from various plant orders, there are two
DHDPS isoenzymes in A. hypochondriacus. Profiling gene
expression levels from transcriptome sequencing for
three stages of shoot development and mature seeds,
we observe that the expression levels of both DHDPS iso-
enzymes decrease with developmental stages of the
shoot and significantly spike up in the seeds (Table 4).
The high levels of expression of DHDPS isoenzymes in
seeds suggest yet another hypothesis for producing
high-lysine grains in grain amaranths.

To correlate the observed gene number polymorph-
ism for AK genes and eQTL of the DHDPS gene, we
have generated horizontal and vertical profiles of free
lysine across the different developmental stages of all
three grain species using ultra-fast liquid chromatog-
raphy. The study reveals that the free lysine content in
seeds of the genus is relatively higher than that in the
shoot (0.152 pmol/100 mg in 25-day-old shoot and
0.189 pmol/100 mg in mature seeds). The free lysine
content analysis correlates with the expression levels
of the DHDPS gene, suggesting eQTL for the high-
lysine phenotype. However, the expression profiles of
allthe otherenzymesincluding AKshows no correlation

with high-lysine content in seeds compared with the
shoot. Perhaps, the absence of orthologs of the two
lysine-sensitive AK genes in A. hypochondriacus may be
sufficient for high-lysine phenotype.

4. Conclusion

We have reported the draft genome of the first grain
species under the plant order Caryophyllales and the
first C4 dicot to be sequenced. Using the reported
SNPs derived from homozygous regions of grain amar-
anths,'® we conclude that as high as 86% of the homo-
zygous gene-rich region has been deciphered. Similarly,
annotation of the genome usingvariouscriteria, includ-
ing transcriptome mapping, gene prediction, and GO
annotation, vindicates the conclusion. Also, based on
the high level of synteny to the genome of B. vulgaris,
we authenticate the quality of the reported scaffolds.
We also confirm that the paleohexaploidy event repor-
ted to be common to all sequenced dicot species under
Rosids and Asterids is also common to Caryophyllales.
We have corroborated that the C4 evolution under
Caryophyllales has occurred independently of other
C4 dicots, for example, F. trinervia under Asterid. Also,
we have proposed two testable hypotheses for the
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high-lysine phenotype including gene number poly-
morphism for the AK gene and eQTL for DHDPS. We
have demonstrated that the draft genome reported
here can be useful in advancing our understanding of
the diverse phenotypes that are unique to grain amar-
anths including the unique nutritional profile, aggres-
sive growth, drought resistance and adaptability to
environmental stress and characterize genes involved
in the biosynthesis of betalains.

4.1. Availability

The short genomic reads used in the study are depos-
ited at NCBI-SRA under the accession ID of SRP031880.
The scaffolds for the A. hypochondriacus genome and
transcriptome are available at GenBank under the
BioProject IDs of PRINA214803 and PRJNA214804,
respectively, and also at http://resource.ibab.ac.in/
Plant_Genomics for download. An instance of NCBI’s
wWwwBLAST’! has also been set up at the same url
where users can BLAST a given gene against both the
genomic and transcriptomic scaffolds sequenced here
and other plant genomes compared here. The seeds
of the sequenced plant are in the germplasm currently
maintained at IBAB under the accession ID of IAh0001.
We are in the process of depositing to the germplasm re-
pository maintained by the National Bureau of Plant
Genetic Resources in India. Also, the multiple sequence
alignment files in .meg (MEGA5) format used in figs 9
and 10, and the rs IDs for the anchored scaffolds in
fig. 3 are available from the authors on request.
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