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Abstract

Knowledge on genome sequence is of paramount impor-
tance for the application of modern genetic improvement
programs. A genome sequence can provide a better un-
derstanding of the tolerance mechanisms conferring
adaptability to adverse agronomic conditions. In order to
unleash the potential of genetic improvement, we have
initiated the Genome Sequencing Project on Tef
(Eragrostis tef), an African under-researched crop. Tef is a
small grain cereal widely cultivated in the Horn of Africa,
particularly in Ethiopia. The crop is tolerant to several bi-
otic and abiotic stresses. Tef performs better than other
cereals in poorly drained vertisols, dominant in the high-
lands of Ethiopia. Despite its importance, tef suffered
from a lack of genomic research and is commonly classi-
fied as an ‘orphan crop’. The first five runs made using the
454 Next Generation Sequencing Platform generated
each about 400Mbp. After assembly the sequences are
244 Mbp with an average size of 610 bp. In order to vali-
date the quality of the sequences, we analysed the phy-
logenetic relationship between the so called ‘Green Revo-
lution’ gene from major crops and the orthologous tef
gene. The results from the pilot sequencing showed prom-
ising results and call for the completion of sequencing the
whole genome of tef at reasonable cost.

Keywords: Genome sequencing, Next Generation Se-
quencing (NGS), Eragrostis tef, gibberellic acid insensitive,
shotgun sequencing, paired-end sequencing

Introduction

Under-utilized or under-researched crops, commonly re-
ferred as ‘orphan crops’ are those crop plants that for
historical and economical reasons did not benefit from
intensive breeding programs. These plants did not benefit
from the genetic improvements due to Green Revolution
that dramatically increased cereal production. Genetic
improvements have been hindered by a lack of research
investments. Molecular tools like genetic maps, mutant
collections, molecular markers, DNA libraries, and ge-
nomic sequences were so far not affordable. With the ad-
vent of the second generation sequencing platforms
based on nanotechnologies, the generation of sequence
information become cheaper. The number of organisms
whose genome has been or is being sequenced is rapidly
growing. In this new scenario, also crop plants with a mar-
ginal economical importance can profit from these new
technologies (see Table 1). At least two factors influence
the choice of species being sequenced: i) genome size:
due to technical limitations in most cases organisms with

smaller genome size are chosen for sequencing, and ii)
genetic distance: the phylogenetic distance from previ-
ously sequenced organisms is also important for ease
of transfer of information on genome structure and
function from a well-characterized species to the re-
lated but less studied species.

Importance of tef in the economy of developing coun-
try

Tef is a staple food in East Africa particularly in Ethio-
pia where it is annually cultivated on about 2.5 million
hectares of land [11]. The tef plant possesses a num-
ber of advantages: i) the crop performs better than
other major cereals under extreme environmental con-
ditions such as drought and water-logging; ii) the tef
flour does not contain gluten, making it particularly
suitable in the diet of celiac consumers; iii) the seeds
are less attacked by storage pests, hence, can be
stored for long time without losing viability; and iv) the
crop requires small agronomical inputs, making it par-
ticularly suitable for extensive and sustainable agricul-
ture [12]. Tef is therefore important in maintaining
food security in rapidly evolving environmental condi-
tions, by allowing its cultivation in adverse regions
where high input crops would normally fail.

Nevertheless, tef presents a major noteworthy disad-
vantage: its yield is very low. In Ethiopia, where tef is
extensively grown, the national average yield is only
0.9 t/ha as compared to 1.7 t/ha for wheat [13]. The
major yield limiting factor is in tef lodging, i.e. the per-
manent displacement of the stem from the upright
position. Tef has a tall and weak stem that falls on the
ground due to wind and rain. The application of nitro-
gen fertilizers also aggravates lodging. The lodged
plants produce inferior yield both in terms of quantity
and quality. Because of its very local cultivation and
marginal economical relevance, Green Revolution was
not implemented on this particular crop. The majority
of research on tef has been so far undertaken in Ethio-
pia, using mainly conventional breeding techniques. Up
to date, the Ethiopian research institutes released 17
improved cultivars to farmers, seven of which are from
hybridization while the remaining ten from selection
[14].

Need for sequencing the tef genome

Whole genome sequencing is particularly important for
the improvement of the orphan crops such as tef for
which few genetic and genomic resources are avail-
able. Tef is an allotetraploid species (2n = 4x = 40). To
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date the two diploid ancestors that originated its genome
by hybridization remain uncertain [15]. Despite its ploidy
level, tef maintains a medium genome size (730Mbp)
[16], almost the same size as sorghum [10]. However, tef
is allotetraploid whereas sorghum is diploid, suggesting a
double gene density in tef. Phylogenetically, sorghum is
also the closest sequenced genome to tef and represents
a template for comparative studies. Partial transcriptome
sequence information, consisting of an EST collection of
3603 sequences has been developed and used to con-
struct a genetic map derived from an interspecific cross
(Eragrostis tef x E. pilosa) [17,18]. From this work, a QTL
analysis on 22 yield-related and morphological traits has
been performed [19]. Given the available molecular tools
and the new cost-effective sequencing technologies, se-
quencing the gene-dense genome of tef has become not
only feasible but also a compelling necessity. Some of the
specific advantages of sequencing the tef genome are i)
sequence information for any gene of interest will be avail-
able, including promoter and terminator regions, hence
avoiding the need of predicting gene sequences by homol-
ogy to well-characterized model plants like rice and sor-
ghum; ii) being tef a tetraploid, the complete genome se-
quence will facilitate the isolation of a specific gene, while
distinguishing between the two possible orthologous cop-
ies. This is of special interest during the implementation of
TILLING (Targeting Induced Local Lesions In Genomes)
techniques [20], where the presence of an orthologous
variant could be erroneously interpreted as a mutant; iii)
genomic sequence information will provide a template for
the development of genetic markers such as Single Nu-
cleotide Polymorphisms (SNPs) and Simple Sequence Re-
peats (SSRs). These high-throughput molecular markers
are more and more employed for marker-assisted breed-
ing, for the construction of high density genetic maps and
for linkage disequilibrium studies on diverse germplasm;
molecular applications such as gene cloning, gene over-
expression, or down-regulation of genes of choice will be
achieved with minimum effort and finally; iv) tef is tolerant
to many adverse climatic and soils conditions, especially
to water-logging. The understanding of the molecular basis
of tolerance mechanisms gained from the genome se-
quence of this unique plant can possibly be transferred to
other economically important crops with higher input re-

quirements.

The Tef Genome Sequencing Initiative

The Tef Genome Sequencing initiative began at the
end of 2009. The early maturing and wide adaptable
tef cultivar DZ-Cr-37 was selected for the sequencing.
The main objectives of the tef sequencing initiative
are, i) to sequence, analyze and annotate the tef ge-
nome, and ii) to make publicly available all generated
information. The strategies to be used in sequencing
the tef genome are the following: i) fragment sequenc-
ing up to 10x coverage of the genome; ii) paired-end
sequencing of libraries with different insert sizes. This
strategy will help to overcome assembly problems re-
lated to polyploidy; iii) BAC sequencing will be done to
improve the final assembly if necessary.

The Pilot Sequencing Project

In order to investigate the quality of the sequencing
obtained from the Next Generation Sequencing (NGS),
we run a pilot project using 5 runs of the Roche 454
GS-FLX Platform [21] producing a total of 245 Mbp
reads. These were clustered and assembled using the
Newbler software from Roche, with the default settings
of 98% similarity and 50 bp of overlap. The assembly
consists of 402 304 contigs with a minimum length
100 bp. Of these, 214 750 contigs were longer than
500 bp, the biggest contig has currently a length of 17
200 bp (see Fig. 1 for the sequence length distribution
of the assembly).

A blastx search [22] with a threshold of e-10 was per-
formed on tef contigs to identify sequences with ho-
mology to the proteome of sorghum (version sbi.1.4,
34496 loci [10]). The low stringency threshold of e-10

was adopted to compensate for partial and frag-
mented tef sequences. Under these blast parameters,
92% of the sorghum loci had a hit in our tef contigs
with an e-10. Nevertheless, the low stringency threshold
used can lead to misidentification of paralogous and
orthologous gene copies [23]. To exclude multiple hits
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Common name Scientific name Polyploidy level Genome size Current state of work

Apple Malus domestica 2n=2x=34 750 Mb Genome published [1]
Barrel medic Medicago truncatula 2n=2x=16 550 Mb Genome published [2]
Canola Brassica napus 2n=2x=38 1129Mb Completed
Cassava Manihot esculenta 2n=2x=36 760 Mb Completed
Cotton Gossypium raimondii 2n=2x=26 880 Mb In progress
Cucumber Cucumus sativis 2n=2x=14 367 Mb Genome published [3]
Grape Vitis vinifera 2n=2x=38 500 Mb In progress

Maize Zea mays 2n=2x=20 2600 Mb Genome published [4]

Papaya Carica papya 2n=2x=18 372 Mb Genome published [5]
Peach Prunus persica 2n=2x=16 270 Mb Incomplete
Poplar Populus trichocarpa 2n=2x=38 480 Mb Genome published [6]
Potato Solanum tuberosum 2n=4x=48 840 Mb Completed
Rice Oryza sativa 2n=2x=24 430 Mb Genome published [7, 8]
Sorghum Sorghum bicolor 2n=2x=20 736 Mb Genome published [9,10]
Soybean Glycine max 2n=2x=40 1115 Mb Completed
Tomato Solanum lycopersicum 2n=2x=24 950 Mb Completed

Table 1. Genome size and the status of genome sequencing for crop plants
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to non-orthologous gene family members, we repeated
the blast search using a subset of 5796 sorghum
genes with low homology to any other gene in the ge-
nome. This set consists of only those genes that do not
have any other match in the sorghum genome with a
blastn threshold of e-10. Within this ‘non-redundant’
subset only 55% of the genes had a hit in the tef data-
base.

Due to our interest to obtain semi-dwarf tef lines that
are tolerant to lodging, we used sequences from the
pilot sequencing to analyze the so called Green Revolu-
tion genes that boosted the yield of wheat and rice in
the 1960s and 70s. As case study we focused on the
Gibberellic Acid Insensitive (GAI, [24]) gene from the
model plant Arabidopsis. The corresponding genes in
crops species are Reduced height (Rht) in wheat, Dwarf
8 (d8) in maize, and Slender 1 (SLR1) in rice. The mu-
tants of this particular gene in the indicated species
are affected in size and do not respond to the exoge-
nous application of gibberellic acid ([25 to 29]). In or-
der to validate the quality of the sequencing, the
orthologous copy of the GAI gene was identified from
the tef contigs. Tef amplicons of genomic and coding
DNA of the GAI gene were obtained with specific prim-
ers (EtGAI_S1: 5’- ATGGAAGCGCGAGTACCAAG -3’ and
EtGAI_AS1: 5’- ACCACCGGTAAGGAGATCG -3’) designed
on the contigs generated within this pilot sequencing
project. Sequences of the orthologous gene from re-
lated grasses were obtained from the NCBI database
[30] (sorghum: “XM_002466549”, sugarcane:
“DQ062091”, maize: “AJ242530”, pearl millet:
“FJ011693.1” and rice: “AB262980”). The alignment
of these sequences with the contigs of tef was done
using ClustalW [31]. Then it was manually refined and
pairwise comparison were confirmed with BLAST [22].
A genetic tree was generated with the program MEGA
4.1 [32], using the neighbour joining method under
Jukes-Cantor model with a bootstrap value of 1000
replications.

Fig 2 shows the current state of work for GAI homology
in tef. From the sequences made so far, two tef contigs

with the size of 730 and 398 bp having homology to the 5’
and 3’ regions of the GAI gene, respectively, were obtained.
By using primers designed from the first contig, we amplified
a single amplicon (490bp) showing a high homology with the
tef contig (99%) proving the usefulness of using the contigs
to design specific primers. The small differences observed
between the sequences of the amplicon and the contig
could be explained by either having amplified the other alle-
lic copy of GAI homolog gene as tef is an allotetraploid spe-
cies or might be due to errors present in the sequencing or
in the assembly. Moreover, a similar phylogenetic tree [33]
was obtained for the region of GAI homolog genes corre-
sponding to the amplified sequence of tef (Fig. 3 and 4, for
the homology percent and the phylogenic tree, respectively).
No sequence of this gene was available in the genbank da-
tabase [30] for finger millet (Eleusine coracana), a closer
species to tef. The cluster comprising the two sequences of
tef (the contig and amplicon) were closest to pearl millet,
followed by a cluster formed by maize, sorghum and sugar-
cane.

Fig 1. Frequency distribution of the tef contigs after as-
sembly

The prospects of genome sequencing on orphan crops

Recent progress in the development of genome-scale data
set for several crop species offer important new possibili-
ties for crop improvement. This will enable breeders and
biotechnologists to more rapidly and precisely target genes
that underlie key agronomic traits, and with such knowl-
edge to develop molecular assays that are both relevant
and of appropriate scale for breeding application. The main
target will be abiotic and biotic stresses limiting crop pro-
ductivity [34].

In the present study, the identification and PCR amplifica-
tion of a gene using primers designed on a contig has
shown the utility of the sequence information that has so
far been generated, although the status of the assembly is
still largely fragmented and incomplete. The unfinished
status of the genome sequence resulted in a number of
limitations including, i) most genes are partial and in many
cases difficult to identify the orthologous copies of each tef
sub-genome as tef is an allotetraploid; ii) the identification
of gene family members is hindered by the fragmented na-
ture of the current assembly and; iii) several genes present
in sorghum and rice could not be identified in tef. Given the
available data, it is not possible to determine whether these
genes are indeed not present in tef or they have not been

Fig 2. Alignment of tef contigs to genomic sorghum sequence. The
numbers correspond to the genomic position in sorghum. The num-
bers in the boxes correspond to the two contigs.
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sequenced yet.

In conclusion, we have described the first genome sequence
initiative on the under-studied African crop tef. This is of
paramount importance for the genetic improvement of this
staple crop. As tef is tolerant to abiotic and biotic stresses,
the information from the sequencing will shed light on the
molecular mechanisms conferring tolerance to a variety of
stresses. This information may be transferred to other crops
that are less adapted to adverse growing conditions. More
investments have to be devolved to the genetic improve-
ment of African neglected crops. Marginal environmental
conditions expose African low input agricultural systems to a
higher risk than high input modern agriculture. African en-
during crops deserve more investments to stabilize future
food production especially in the current scenario of climate
change.
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branches are bootstrap values.
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