
Abstract Tef [Eragrostis tef (Zucc.) Trotter] is the

major cereal crop in Ethiopia. Tef is an allotetraploid

with a base chromosome number of 10 (2n = 4x = 40)

and a genome size of 730 Mbp. Ninety-four F9 re-

combinant inbred lines (RIL) derived from the inter-

specific cross, Eragrostis tef cv. Kaye Murri ·
Eragrostis pilosa (accession 30-5), were mapped using

restriction fragment length polymorphisms (RFLP),

simple sequence repeats derived from expressed

sequence tags (EST–SSR), single nucleotide polymor-

phism/insertion and deletion (SNP/INDEL), intron

fragment length polymorphism (IFLP) and inter-simple

sequence repeat amplification (ISSR). A total of 156

loci from 121 markers was grouped into 21 linkage

groups at LOD 4, and the map covered 2,081.5 cM

with a mean density of 12.3 cM per locus. Three

putative homoeologous groups were identified based

on multi-locus markers. Sixteen percent of the loci

deviated from normal segregation with a predomi-

nance of E. tef alleles, and a majority of the distorted

loci were clustered on three linkage groups. This map

will be useful for further genetic studies in tef including

mapping of loci controlling quantitative traits (QTL),

and comparative analysis with other cereal crops.
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Introduction

Construction of genetic linkage maps provides infor-

mation about the genome structure of a species, forms

a foundation for studying simple and complex traits,

and allows for comparative genetic studies. Thus, well-

developed and broadly useful linkage maps are a

valuable resource for studying economically important

species such as cereals. A few examples of the maps

that formed the basis for studying grass genomes at the

molecular level include barley (Hordeum vulgare)

(Heun et al. 1991), hexaploid wheat (Triticum aes-

tivum) (Nelson et al. 1995a, b, c; Yu et al. 2004a), rice

(Oryza sativa) (Causse et al. 1994; Temnykh et al. 2000;

Yu et al. 2004b), maize (Zea mays) (Gardiner et al.

1993) and oat (Avena sativa) (O’Donoughue et al.

1995). Subsequently, comparative maps were devel-

oped for a number of grass species including rice,

maize, oat and the Triticeae based on common

molecular probes mapped in multiple species (re-

viewed in Gale and Devos 1998; Devos 2005).
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Tef [Eragrostis tef (Zucc.) Trotter] is an allotetraploid

with a base chromosome number of 10 (2n = 4x = 40)

and it belongs to the subfamily Chloridoideae. The genus

Eragrostis contains about 350 species and the closest

relative of tef is E. pilosa (L.) P. Beauv. Tef has an

estimated genome size of 730 Mbp and the smallest

chromosome size reported for the Poaceae family

members (Ayele et al. 1996). Tef is the most important

cereal grain in Ethiopia occupying two million hectares

in 2003–2004, which was 28% of eight cereal crops grown

in the country (CSA 2004). Tef contains high levels of

proteins with an excellent balance among the essential

amino acids and is also rich in mineral content (Katema

et al. 1993). In addition, it is adapted to a wide range of

climatic and soil conditions and shows an exceptional

level of resistance to biotic stresses.

PCR-based molecular linkage maps have been

developed in a number of allotetraploid species such as

cotton (Gossypium hirsutum) (Han et al. 2006), white

clover (Trifolium repens) (Barrett et al. 2004) and durum

wheat (Triticum turgidum) (Korzun et al. 1999). How-

ever, genetic information for tef especially at the

molecular level is limited with one linkage map based on

amplified fragment length polymorphism (AFLP) using

an intraspecific population (Bai et al. 1999) and the other

based on RFLP with an interspecific population (Zhang

et al. 2001). A map using PCR-based markers is needed

to facilitate future mapping studies and to improve the

efficiency of crop breeding, especially for quantitative

traits. The difficulty in cross-referencing AFLP markers

between populations and the low resolution of the RFLP

maps and high marker cost limits their utility for com-

parative genetics and marker-assisted selection (MAS).

The objective of this study was to construct a

molecular linkage map of tef using markers based on

heterologous and tef cDNA clones (RFLP), ISSR,

heterologous primers derived from wheat, rice and

finger millet, and primers derived from tef expressed

sequence tags (EST–SSR), single nucleotide polymor-

phism/insertion and deletion (SNP/INDEL), intron

fragment length polymorphism (IFLP) and targeted

region amplification polymorphism (TRAP). This

linkage map can be used for mapping quantitative trait

loci (QTL) of agronomic importance and in marker-

assisted selection for the tef improvement.

Materials and methods

Plant material

Ninety-four F9 recombinant inbred lines (RIL) were

randomly selected from a population derived from a

cross of E. tef cv. Kaye Murri · E. pilosa (accession 30-

5) that was developed at the Debre Zeit Agricultural

Research Center in Ethiopia. The female parent, E. tef,

is a tall, thick-culmed, late maturing, white-seeded

cultivar with red lemmas and compact panicles. In

contrast, E. pilosa is a short, thin-culmed, early

maturing, brown-seeded accession with grayish lemmas

and loose panicles.

DNA markers

Tef cDNA clones (TCD) were provided by Dr.

Henry Nguyen at Texas Tech. University, Lubbock,

TX, USA (Zhang et al. 2001). The heterologous

‘‘anchor’’ probes used in this study were derived from

cDNA libraries of rice (RZ, Causse et al. 1994),

barley (BCD, Heun et al. 1991), oat (CDO, O’Don-

oughue et al. 1995) and maize (CSU, Gardiner et al.

1993), and were extensively used for comparative

genetic studies in grasses (Gale and Devos 1998: Van

Deynze et al. 1995). In addition, genes involved in

the lignin biosynthetic pathway (for lodging related

trait) and other agronomically important genes (for

plant height, branching and seed color) were ampli-

fied, cloned and used as RFLP probes. Primer pairs

were designed for the following gene sequences:

phenylalanine ammonia-lyase (PAL) from rice

(X16099); cinnamic acid 4-hydroxylase (C4H) from

sorghum (AY034143); cinnamoyl-CoA reductase

(CCR) from maize (Y15069); coumarate O-methyl-

transferase (COMT) from maize (M73235); ferulate-

5-hydroxylase (F5H) from Arabidopsis (AF068574);

gibberellic acid insensitive dwarfing gene (Rht-D1)

from wheat (AJ242531) and maize (dwarf8–D8 gene

from AF413162); teosinte branched1 (Tb1) from

maize (U94494); and anthocyanin biosynthesis gene

(A1, dihydroflavonol reductase) from maize

(X05068).

Tef EST-derived molecular markers, described in

Yu et al. (2006), including EST–SSR, SNP, IFLP and

TRAP were mapped. The heterologous PCR primer

pairs (CNL, DupW, KSUM, RM, SRSC/PRSC, inf/

lfm) derived from ESTs of wheat, rice or finger millet

(Eleusine coracana) were tested and mapped on tef

(Temnykh et al. 2000; Feltus et al. 2006; Yu et al.

2004a). Eleven ISSR primers were designed based on

known SSR motifs of UBC set #9 and were pur-

chased from the biotechnology laboratory at Uni-

versity of British Columbia, Canada (Kantety et al.

1995). Overall marker information is summarized in

Table 1 and the information regarding tef specific

markers and candidate gene markers is in Supple-

mentary Table 1.
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DNA extraction and southern hybridization

The population, along with the parents, was planted in

the greenhouse and 3 to 4 week-old leaf tissue was

harvested for DNA extraction. Ten micrograms of

DNA per digestion were used with each of the 11

restriction enzymes, BamHI, DraI, EcoRI, EcoRV,

HaeIII, HindIII, KpnI, PstI, ScaI, XbaI and XhoI, for

parental survey, and then the mapping filters were

prepared with six restriction enzymes, BamHI, DraI,

EcoRI, EcoRV, HindIII and XbaI, which covered most

of the polymorphisms. The DNA hybridization

including the RFLP procedure used here was adapted

from Nelson et al. (1995a).

PCR and gel electrophoresis

PCR reactions were carried out in a 25 lL solution

containing 25 ng of genomic DNA, 5.5 pMol of each

primer, 1.5 mM MgCl2, 0.125 mM of each dNTP, 10·
reaction buffer, 0.8 units of Taq polymerase. The PCR

profile and the TRAP technique were adapted from

Yu et al. (2006) and Hu and Vick (2003), respectively.

The amplified products were fractionated, using 4%

polyacrylamide gel electrophoresis (PAGE), under

denaturing conditions and visualized by silver staining.

In addition, the amplicons of SNP/INDEL were

screened on a single-strand conformational polymor-

phism (SSCP) gel (Martins-Lopes et al. 2001).

A lower case letter was added as a suffix to the

marker name when multiple bands were polymorphic

and then mapped, from largest fragment size to the

smallest fragment size.

Genetic mapping

A total of 192 loci from 142 molecular markers were

scored on the population and tested for goodness of fit

to 1:1 segregation (P > 0.05). Linkage analyses were

performed using G-Mendel 3.0 (Holloway and Knapp

1993) and Map Manager QTX13 (Manly and Olson

1999). Loci were grouped and ordered using a likeli-

hood odds (LOD) threshold of 4.0 and a recombina-

tion frequency threshold of 0.25 under G-Mendel and

type-I error probability of 0.001 under Map Manager

QTX13. The likelihoods of different locus orders were

compared and the locus-order estimate with the high-

est likelihood was selected for each linkage group. Map

distances (cM) were calculated using the Kosambi

mapping function (Kosambi 1944). The length of the

tef genome was estimated by L + (2tL)/n, as proposed

by Fishman et al. (2001), and using
P

Liðki þ 1=ki � 1Þ as proposed by Chakravarti et al.

(1991), where L is the length of the map (cM), n = k –

t is the number of marker loci intervals, k is the number

of marker loci, ki is the number of marker loci on the

ith linkage group, and i = 1, 2,...,t, and t = 21 is the

number of linkage groups generated. The proportion c

of the genome within d cM of a marker locus, assuming

that random distribution of polymorphic markers was

estimated using relationship c = 1 – e–2dk/L (Lange and

Boehnke 1982; Chakravarti et al. 1991).

Table 1 Summary of the different types and sources of DNA markers used for the construction of the E. tef · E. pilosa map (see
Materials and methods)

Marker
name

Originating
species

Clone/sequence Type Reference No. of
markers

No. of
loci

BCD Barley cDNA RFLP Heun et al. (1991) 6 9
CDO Oat cDNA RFLP O’Donoughue et al. (1995) 6 6
CSU Maize cDNA RFLP Gardiner et al. (1993) 4 6
RZ Rice cDNA RFLP Causse et al. (1994) 27 36
Genes Various species Coding region RFLP – 6 7
TCD Tef cDNA RFLP Zhang et al. (2001) 26 36
TCD Tef cDNA sequence IFLP – 2 2
CNLT Tef EST EST–SSR Yu et al. (2006) 15 17
CNLT Tef EST SNP/INDEL Yu et al. (2006) 2 2
CNLT Tef EST IFLP Yu et al. (2006) 5 5
CNLT Tef EST TRAP Yu et al. (2006) 6 7
CNL Wheat EST EST–SSR Yu et al. (2004a) 3 4
KSUM Wheat EST EST–SSR Yu et al. (2004a) 4 4
DupW Wheat EST EST–SSR – 3 3
RM Rice EST SSR Temnykh et al. (2000) 10 14
PRSC/SRSC Rice EST IFLP Feltus et al. (2006) 3 3
inf/lfm Finger millet EST IFLP – 3 3
ISSR Universal ISSR Kantety et al. (1995) 11 28
Total 142 192
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Results

Molecular marker polymorphisms

RFLP polymorphism

A total of 177 heterologous RFLP probes, including

grass ‘‘anchor’’ markers was screened for polymor-

phism among the parental lines. Polymorphism varied

for the probes originating from different species; maize

probes identified the fewest polymorphisms (26.7%)

while barley probes identified the most (68.8%) fol-

lowed by rice (54.6%). The overall RFLP polymor-

phism of heterologous probes was 49.7% (88 markers),

which is lower than the previously reported level of

64% among the same parental lines (Zhang et al. 2001)

and may be due to the different restriction enzymes

used in that study. Of nine candidate genes, PAL,

COMT, A1, D8, Rht1 and Tb1 were polymorphic.

Zhang et al. (2001) screened 151 tef cDNA probes

(TCD) on mapping parents and reported 105 poly-

morphic RFLP probes (69.5%). Of those polymorphic

markers, 26 TCD markers were used for mapping in

this study. Subsequently, 126 RFLP probes were

polymorphic on tef mapping parents.

Tef EST-derived marker polymorphism

Yu et al. (2006) have developed markers derived

from tef EST sequences including EST–SSR, SNP/

INDEL and IFLP (Supplementary Table 1). In their

study, 170 ESTs containing SSRs were identified, and

80 EST–SSR markers were developed and evaluated

on tef mapping parents. Nineteen primer sets

(23.8%) were polymorphic and could be mapped.

This was relatively low polymorphism compared to

RFLP (69.5%) for tef (Zhang et al. 2001). In addi-

tion, 18 SNP/INDEL and 34 IFLP markers were

developed by Yu et al. (2006). Ten were validated as

polymorphic markers by SSCP and six of the IFLPs

showed intron length polymorphism between the

mapping parents used in this study. To increase the

efficiency of mapping, the remaining monomorphic

IFLP markers were screened using an alternative

strategy known as TRAP (Hu and Vick 2003); thus,

six monomorphic IFLP markers were recovered as

polymorphic TRAP markers.

Two TCD-IFLP markers were developed by

sequencing cDNA clones of TCD308 and TCD424 and

then aligning the tef cDNA and rice genomic DNA

sequences to predict putative tef intron sites. As a re-

sult, 37 tef specific sequence-derived markers were

polymorphic.

Heterologous EST-derived marker polymorphism

EST-derived markers derived from different species

were screened on the tef parents, including wheat (Yu

et al. 2004a), rice (Temnykh et al. 2000; Feltus et al.

2006) and finger millet (K. Devos, personal communi-

cation). A total of 236 wheat derived EST–SSRs (73

CNL, 130 KSUM and 33 DupW) was tested for

amplification in tef and 84 wheat EST–SSRs (35.6%)

produced tef PCR amplicons (17 CNL, 51 KSUM and

16 DupW). Of these, four CNL, eight KSUM and three

DupW markers were polymorphic on tef parents

(17.9%). Also, out of 76 rice EST–SSRs (RM) devel-

oped by Temnykh et al. (2000), 51 were functional

(67.1%), and ten markers were polymorphic (19.6%).

We also used EST-derived markers that were

developed for length or sequence differences in puta-

tive intron regions of rice (SRSC/PRSC) and finger

millet (inf/lfm). Out of 92 functional rice EST markers

(Feltus et al. 2006), three showed length polymorphism

between the tef parents. Similarly, out of 87 finger

millet primers provided (K. Devos), 67 were functional

(77%), and three were polymorphic based on length

differences. This proportion of marker functionality

(77%) was higher than EST–SSRs for wheat (35.6%)

or rice (67.1%), and comparable to tef specific markers

(83.6%; Yu et al. 2006). Finger millet belongs to the

same subfamily, the Chloridoideae, as tef and that may

explain this high marker transferability. Comparative

mapping between finger millet and rice showed that

the Eleusine and rice genomes are highly colinear, and

that rearrangements are specific either to finger millet

or to the Chloridoideae tribe (Devos 2005). Subse-

quently, 31 heterologous EST-derived markers were

polymorphic on tef mapping parents.

ISSR amplification and polymorphism

Screening of the two parental lines with 23 ISSR

primers gave 5 to 32 distinct bands with an average of

12 fragments per reaction. Eleven of the 23 ISSR

primers revealed clean banding patterns and poly-

morphism between the mapping parents and these

were used to generate 129 amplification fragments on

the population. Of these, 28 mappable polymorphic

bands with an average of 2.6 polymorphic fragments

per primer were generated.

Marker loci segregation

Of the 88 grass anchor probes and six candidate genes

that were polymorphic for the parents, 49 were used

for mapping, and these detected a total of 64 loci in this

1096 Theor Appl Genet (2006) 113:1093–1102

123



study. In addition, 26 tef cDNAs previously mapped by

Zhang et al. (2001) were used to map 36 loci. Out of

100 EST-derived, polymorphic markers, 28 tef and 26

heterologous EST-derived markers produced 31 and 31

segregating loci, respectively. In addition, two se-

quenced tef cDNAs were mapped using intron size

difference detecting two loci. Eleven ISSR primers

were scored and resulted in 28 mapped loci (Table 1).

Overall, 75 restriction enzyme/probe combinations

were used to detect 100 loci and 67 PCR-based mark-

ers were used to detect 92 loci (Table 1).

Of the 131 markers detecting 164 loci, not including

11 ISSRs, 103 markers generated a single polymorphic

locus and 28 markers generated two or more poly-

morphic loci. Two PCR-based marker loci (DupW4

and CNLT7) were segregating as single null alleles that

may result from primer annealing failures caused by

sequence polymorphisms in primer sites. Of these 103

single locus markers, 45 were co-dominant and 58 were

dominant. Subsequently, 86 polymorphic markers

(65.6%) detected two or more loci.

Tef linkage map construction

Based on 192 segregating loci from 142 markers in 94

F9 RILs, the genetic linkage map was constructed

using 156 loci while 36 loci were unlinked (Table 2).

The 156 loci from 121 markers coalesced into 21

linkage groups of two or more markers ranging in

length from 6.5 to 305 cM (Table 2, Fig. 1). The

linkage groups were numbered consecutively in

descending order of the genetic distance covered by

each linkage group (Fig. 1). The number of marker

loci per linkage group ranged from two on LG21 to

25 on LG1. The linked loci covered 2,081.5 cM and

the distance between two loci ranged from 0.6 to

39 cM with an average distance of 12.3 cM (Table 2).

The density of loci varied within each linkage group;

LG21 was the most dense (3.3 cM/locus), while LG5

was the least dense (19.4 cM/locus) (Table 2). The

longest gap (39 cM) was between RZ460 and

TCD197b on LG5 (Fig. 1). Loci were generally well

distributed except for clusters in the central regions

of LG2 and LG8, and in the distal region of LG6

(Fig. 1).

This tef linkage map is represented by 21 linkage

groups and 36 unlinked loci rather than the 20

chromosomes (2n = 4x = 40) expected (Fig. 1). An

estimated 95% of the total genetic distance of the

map is covered by LG1 to LG15 while the remaining

128 cM was covered by six small linkage groups

(LG16 to LG21). The proportion of the genome

within d cM of a marker locus, assuming a random

distribution of polymorphic marker loci, was esti-

mated to be 1 – e–2dk/L = 1 – e–2d(156)/(2,081.5) = 0.777

on E. tef · E. pilosa map (Lange and Boehnke 1982)

thus, roughly 77.7% of the genome is within 10.0 cM

and 95% of the genome is covered at 20.0 cM

intervals.

Of the 61 loci detected by 28 markers detecting

multiple loci, 50 were mapped into linkage groups

while 11 were unlinked. A majority of these loci (37)

were interspersed in the different linkage groups.

Fourteen loci from seven multi-locus markers were

present on the same linkage groups but those were

separated by at least 5 cM from each other. This may

indicate the detection of gene families, intra-chro-

mosomal duplications or rearrangements in the tef

genome. By mapping multiple loci from the same

markers, it was possible to identify putative homo-

eologous relationships between the linkage groups.

Homoeologous chromosomes could be identified

when multiple markers are mapped in the same lin-

ear order in different linkage groups. Three putative

homoeologous pairs were identified; (i) LG2 and 4

connected by ISSR842 and CNLT146, (ii) LG3 and 6

connected by RM170 and ISSR549, and (iii) LG5 and

7 by ISSR811 and TCD230 (Fig. 1).

Table 2 Number of mapped loci, linkage group length and
density for each linkage group in the tef genetic map

Linkage
group

Loci Map
distance
(cM)

Density
(cM/locus)

1 25 305.0 12.2
2 16 257.3 16.1
3 13 179.6 13.8
4 10 158.4 15.8
5 8 155.4 19.4
6 11 135.4 12.3
7 10 130.0 13.0
8 10 107.3 10.7
9 6 91.2 15.2
10 7 88.1 12.6
11 5 87.8 17.6
12 5 85.4 17.1
13 5 76.6 15.3
14 5 49.3 9.9
15 4 46.7 11.7
16 3 34.6 11.5
17 4 32.6 8.2
18 2 22.8 11.4
19 3 13.8 4.6
20 2 17.7 8.9
21 2 6.5 3.3
Unlinked 36
Total 192 2,081.5 cM 12.3 cM
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Segregation distortion in tef map

The majority of the marker loci fit the expected 1:1

segregation ratio while 16% of the marker loci (31)

exhibited segregation distortion based on a chi-square

test (P < 0.01); among them, 26 loci favored the female

parent. RFLP and PCR-based markers exhibited sim-

ilar levels of distortion, with 17% for RFLP loci and

15% for PCR-based markers. This shows that segre-

gation distortion was not due to the type of marker but

1 2 3 4
RZ154 0.0

TCD230a 15.8
TB1 26.9

RZ909a 33.8
RZ274 43.6

A1 53.6
TCD134b 66.4

RZ387 79.0
TCD182b 95.3

CSU60a 119.3
RZ519a 134.9

BCD207 146.5
TCD327a 159.0
BCD349 177.5

BCD1087c 190.8
BCD944b 200.2

RZ467b 209.6
RZ490 218.9

TCD99a 229.2
CDO1160 248.3
TCD45** 264.4
TCD99b 271.7

CNLT119 296.9
KSUM152 298.2

RM159 305.0

ISSR842g 0.0

BCD1087b* 32.5
BCD1087a* 39.2
ISSR836a* 65.3

CNL78a 92.8
CNL53 93.4

ISSR547 97.1
CDO78* 109.9

CNLT146-T04a* 114.1
BCD880 128.4

PALa* 149.6
RZ876 161.9

RZ962c 186.7

ISSR811c 217.6
RM106 233.3

TCD273 257.3

TCD35 0.0
RM170a 14.5
CDO20 32.1

TCD248* 40.8
TCD95* 56.8

ISSR549a 68.0
CSU38 94.6

PRSC1_022 113.7
RM124a 119.5
RZ444a 137.1
RZ909b 162.5

CNLT130 168.6
RZ444b 179.6

SRSC2_024 0.0
ISSR842a 6.9

CNLT151-T03 28.7
inf301 53.3

CSU77 62.3
RZ962b* 72.9
TCD306* 88.6
CDO1395 113.2

SRSC3_005 134.8

CNLT146-T04b* 158.4

ISSR811a 0.0
RZ460* 20.4

TCD197b 59.4
RM143 81.2

TCD242 92.8

CNLT140 122.5
RZ448 137.0

TCD230c 155.4

5

6 7 8 9

CNLT49a 0.0
CNLT49b 6.9

ISSR548b* 32.2
RM170b 43.5
RM176 73.3

TCD308 85.3
ISSR549b 111.6
CNLT85 114.0

ISSR842b 117.1
ISSR841b 127.1

TCD219 135.4

ISSR811b 0.0
ISSR840a 0.6

CNL78b 23.8
ISSR841c 30.3

RM124b 38.6
CNLT145 61.8

RZ698a 88.5
KSUM195* 101.3

inf14* 106.3
TCD230b 130.0

PALb 0.0
ISSR810 22.0

TCD227b* 31.7
TCD316 33.9
TCD111 36.1

TCD227a 42.7
ISSR548a 60.0

CDO38 64.6
TCD323 89.6
ISSR812 107.3

ISSR842h 0.0
KSUM22 18.3

RM110a** 40.2
RM110b 53.8
CNLT62 68.0

CNLT112 91.2

TCD52 0.0
CNLT78 25.0

CNLT41a 49.1
CNLT41b 54.2
ISSR842c 65.1
TCD327b 72.9
TCD327c 88.1

10

11 12 13 14 15

DupW4 0.0

ISSR842e 28.0

RZ166 54.3
TCD415 63.2

TCD397a 87.8

CNLT61 0.0

RZ962a 23.9

RZ413 46.6
TCD205 60.5

TCD5 85.4

RM124c 0.0
RZ467a 20.5
RZ69* 32.6

RZ251* 50.3

CNLT65 76.6

CDO1387 0.0
RZ329 15.9
RZ141 27.0
RZ123 37.8
RZ204 49.3

CNLT137-T13 0.0
CNLT154-Sa14* 23.1

RM185* 29.6
ISSR841a* 46.7

RZ395 0.0
RM134 11.4

ISSR836b* 34.6

16

17 18 19 20

CNLT149* 0.0
RZ214b* 9.4
CNL100 16.3
RZ214a 32.6

ISSR840b** 0.0

DupW124 22.8

TCD503 0.0
RZ698b** 8.1

RZ519b 13.8

RZ588** 0.0

RM142 17.7

lfm256 0.0
TCD424 6.5

21

Fig. 1 Genetic linkage map of tef derived from 94 recombinant
inbred lines from a cross between E. tef cv. Kaye Murri and E.
pilosa (30-5). Linkage groups were denoted as 1 to 21. Loci
names and map distance are shown to the left and right of each

group, respectively. Loci names with an asterisk indicate
significantly distorted segregation (P < 0.05), and single asterisk
and double asterisks indicate the preferential transmission from
the alleles of E. tef, or E. pilosa, respectively
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rather to an uneven segregation of the gametes or zy-

gotes.

In order to evaluate the direction of segregation

distortion, the frequency of E. tef genotypes with data

from an average of RIL progeny was plotted for the 16,

13 and 10 loci on LG2, 3 and 4, respectively; which

comprised 38% of all significantly distorted mapped

loci (Fig. 2). The regions of segregation distortion for

those three linkage groups resulted from an excess E.

tef alleles and a deficiency of E. pilosa alleles. Ten

marker loci spanning 117.1 cM on the short arm of

LG2 had a deficiency of E. pilosa genotypes. The loci

with the most segregation distortion in this region were

BCD1087b (P = 2.7 e–06) and CNLT146-T04a

(P = 6.2 e–06), suggesting that these are linked to

genes causing segregation distortion loci (Fig. 2). As a

result, on LG2, selection was against E. pilosa in the

upper distal and central regions, and the frequency of

E. tef alleles gradually decreased on each side of the

peak. On LG3, there was an excess of E. tef alleles on

the short arm up to 56.8 cM (TCD248 and TCD95);

then, selection favored E. pilosa. However, in the long

arm distal region on LG3, selection was against E.

pilosa again (Fig. 2). On LG4, selection operated

against E. pilosa alleles in the upper distal region and

extended through the central region up to the locus

TCD306. In LG4, CDO1395 had an excess of E. pilosa

alleles but adjacent loci, TCD306 and SRSC3_005 have

a predominance of E. tef alleles (Fig. 2). Similarly,

TCD45 mapped in the distal region of LG1 had a sig-

nificantly distorted segregation ratio (P = 2.9 e-05),

resulting in a deficiency of E. tef alleles (27.6%) but

adjacent marker loci were not skewed (Fig. 1). As a

result, the significant distortion of TCD45 and

CDO1395 loci might be by random chance. The overall

patterns of segregation distortion on LG2, 3 and 4

suggested the presence of selection or segregation

distorter genes flanking regions of high recombination

(Lyttle 1991; Faris et al. 1998); such patterns are

common in plants and differential transmission of ga-

metes.

Discussion

Among all types of markers described herein (exclud-

ing ISSRs), 65.6% of polymorphic markers detected

two or more loci. These markers were developed based

on DNA sequences from coding regions, more than

one third of which are typically duplicated genes (or

gene families). Such gene duplication can arise from

polyploidization events such as those believed to have

preceded the origin of many plant species (reviewed in

Wendel 2000). Thus, multi-locus markers derived from

coding regions are common in plant genomes. Out of

142 markers, 45 segregated as co-dominant markers

and the overall heterozygosity was 1.2%, which was

not significantly higher (P > 0.05) than the expected
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heterozygosity of 0.39% in an F9 generation. This

heterozygosity, however, is reduced by half from the

2.5% heterozygosity in the F8 map reported by Zhang

et al. (2001).

The AFLP technique is similar to ISSR in that they

both amplify a large number of fragments per primer,

and hence, increase the chance of finding informative

markers for mapping. Bai et al. (1999) reported that

three AFLP polymorphic fragments per primer com-

bination were detected from two E. tef cultivars. In

addition, another tef linkage map (E. tef, cv. DZ-01-

2785 · E. pilosa) currently under development using

AFLP markers showed 2.9 polymorphic bands per

primer combination (S. Chanyalew, personal commu-

nication). The ISSR markers described herein gener-

ated 2.6 polymorphic fragments per ISSR primer.

Therefore, ISSR seems to be a comparable technique

for generating tef molecular markers but has the

advantage that DNA digestion is not required.

Several polymorphic markers were not used for

mapping although they were evaluated on the mapping

progeny because (i) they produced complicated poly-

morphic banding patterns, (ii) the intensity of poly-

morphic bands were significantly weaker than other

bands, (iii) missing data were higher than 30%, or iv)

no paternal type was recovered from the mapping

population. Seven markers detected only homozygous

female parental type (AA): no allele from the male

parent, either as a homozygous or heterozygous type.

This phenomenon may be explained if the markers

were either a fragment from cytoplasmic DNA or

monomorphic between the gametes that formed the

mapping population. Unfortunately, DNA from the F1

plant was not available for testing these possibilities.

The development of a saturated genetic linkage map

in tef is the first step in understanding the genetic

control of traits of agronomic interest. The map de-

scribed herein is comprised 156 loci from 121 markers

that coalesced into 21 linkage groups. This genetic map

totaled 2,081.5 cM and is estimated to cover approxi-

mately 79 or 76% of the tef genome (2,081.5/

2,642.0 = 0.788 or 2,081.5/2741.2 = 0.759, Fishman

et al. (2001) and Chakravarti et al. (1991), respec-

tively). However, this estimate of genome coverage is

likely to be over-estimated because of the large num-

ber of unlinked marker loci (36) compared to linked

loci (156). Zhang et al. (2001) constructed a tef map

based on RFLP using the same RIL population re-

ported here. Their map comprised 149 loci on 20

linkage groups covering 1,489 cM. We estimate that

their RFLP map covered about 88% of the tef genome

by the same calculations (Chakravarti et al. 1991;

Fishman et al. 2001). Similarly, the genome length of

the tef linkage map for the intraspecfic cross F5 RILs

using AFLP, (Bai et al. 1999) covered 2,149 cM rep-

resenting an estimated 81% of the genome (Chakrav-

arti et al. 1991; Fishman et al. 2001).

The tef map reported here and the tef map reported

by Zhang et al. (2001) share a total of 37 RFLP loci in

common and, with the exception of seven loci, were in

agreement with their grouping on linkage groups.

Deviations for loci may be caused by use of different

restriction enzymes resulting in the mapping of a dif-

ferent locus. In addition, the distances between loci

were increased to the point that they were no longer

linked, which may be caused by the different sizes of the

mapping population. Of 20 linkage groups in their

RFLP map, the first two groups contained 36% of total

linked loci and covered 44% of the entire linkage map

(Zhang et al. 2001). In their map, LG A and LG B have

large gaps between marker loci (46 cM on LG A, and

41.8 cM and 31.5 cM on LG B). Based on the compar-

ison of common RFLP loci, the tef map reported here

indicated that the widest gaps on LG A and B of their

map were broken at LOD 3 and corresponded to LG1

and LG13, and LG3 and LG4, respectively (Fig. 1). Our

map data indicated that RZ490 on LG A and RZ962 on

LG B in their RFLP map were mapped at low LOD, and

thus, may result in different linkage groupings.

The advantage of mapping loci from cDNA probes or

EST sequences is the potential for close association with

loci controlling variation for the traits of interest.

Among EST-derived markers of tef, CNLT125 to

CNLT158, were developed for mapping candidate

genes that may be related to lodging resistance (Yu et al.

2006). In order to identify candidate gene ESTs, tef

ESTs were compared to the NCBI nr database using

BLASTX with an expected value less than or equal to

1e–20, and > 80% similarity over a minimum of 100

amino acids. Nine loci of eight markers were mapped in

tef linkage groups representing six candidate genes. In

addition, the locations of two candidate gene loci for

lignin biosynthesis and one locus for teosinte branched 1

using RFLP probes were also identified. The informa-

tion on candidate gene loci could be useful for evalua-

tion of co-location between QTLs and functionally

associated genetic loci, as well as the comparative

analyses of genes of interest between tef and other

species, such as rice or wheat (Yu et al. 2004b).

In the current study, 16% segregation distortion is

similar to the 15% segregation distortion observed by

Zhang et al. (2001) in an F8 tef inter-specific popula-

tion; but higher than the 11.5% segregation distortion

observed by Bai et al. (1999) in the F5 intra-specific

population at P < 0.05. Segregation distortion has been

observed in mapping of many species, especially in
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inter-specific crosses of rice (Xu et al. 1997), durum

wheat (Blanco et al. 1998) and lentil (Duran et al.

2004). Our linkage analysis of distorted loci showed

that 29 out of 31 were scattered on 16 linkage groups

but 32% of the loci were clustered on LG2 (Fig. 1).

Among those included in linkage groups, there was a

tendency to form small clusters in the central (LG2, 3

and 4) or distal regions (LG2 and 7) of the groups

(Fig. 1). The clustering of distorted loci has been re-

ported for other cereal crops such as rice (Temnykh

et al. 2000) and wheat (Faris et al. 1998). The other

distorted loci (2 out of 31) were unlinked.

For 192 segregating loci, the mean segregation ratio

across the genome was 1.18 AA: 0.82 BB, where AA is

the E. tef homozygote and BB is the E. pilosa homo-

zygote. In addition, loci from the E. tef exceeded those

of the E. pilosa in 85% of the cases of segregation

distortion, which was significantly greater than the

expected ratio (P < 0.01). These results strongly sug-

gest the presence of one of more genes affecting

transmission from the maternal parent E. tef and this

was also shown in the tef RFLP map derived using an

earlier generation of the same cross (Zhang et al.

2001). However, distorted loci were derived almost

equally from both parents in the intra-specific AFLP

map constructed by Bai et al. (1999).

Mapping of additional markers may help to coalesce

these linkage groups and unlinked loci into the ex-

pected number of 20 and help to identify homoeolo-

gous linkage groups. A comparative map between tef

and other members of the Poaceae such as, rice, wheat

and finger millet is under development. The compar-

ative genetic information will benefit tef researchers

working on the improvement of agronomic traits such

as, lodging resistance, plant height, seed color, seed

size, yield and yield components (Sorrells 2001).
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