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Yellow rust, caused by Puccinia striiformis f. sp. tritici, is one of the most important diseases of wheat
in Ethiopia. Poor knowledge of resistance genes deployed in Ethiopian wheat cultivars is one major
factor for recurrent epidemics of rust diseases. Molecular marker based gene identification showed the
presence of Yrl, Yr4, Yr6, Yr7, Yr9, Yrl0, Yrl7 and Yrl8 in various frequencies, whereas Yr8 was not
detected in any of the tested 74 bread wheat genotypes. Yr7 was the most frequent (74%) followed by
Yr6 (56%) and Yr 18 (37%) whereas Yrl and Yr4 were detected in lower frequency (7 and 14%),
respectively. The contribution of each Yr gene was evaluated in yellow rust differential lines possessing
various genes. The differential lines carrying Yr9 and Yr8 had the highest average coefficient of
infection (ACI) value (83 each) followed by Yr6 and Yr7 with ACI values of 82 and 80, respectively. The
lowest ACI value (46.4) was exhibited on a differential line that carried Yr4. The number of Yr genes
identified from the tested genotypes varied from 0 to 5. The ACI value exhibited by varieties possessing
the maximum number of five resistance genes was 42. The majority (26 genotypes representing 35%) of
the genotypes possessed three genes with an average coefficient of infection of 42. Pyramiding of the
identified genes does not provide sufficient protection against yellow rust in Ethiopia. Thus, there is
urgent need for searching for more effective resistance genes to be incorporated in Ethiopian bread
wheat cultivars.

Key words: Average coefficient of infection (ACI), bread wheat, molecular markers, wheat genotypes, Yr
genes.

INTRODUCTION

Wheat is one of the staple food crops cultivated by 5
million small scale farmers in Ethiopia. It is ranked fourth
in land coverage and total production after teff, maize and
sorghum (CSA, 2017). Yellow rust, caused by Puccinia
striiformis f. sp. tritici, is one of the most important

diseases of wheat that incurs 30 to 69% vyield loss in
Ethiopia (Badebo et al., 2008). Growing yellow rust
resistant cultivars is widely recognized as the most eco-
friendly and economically feasible approach. Since the
1970s, more than 100 bread wheat varieties have been
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Table 1. Details of molecular markers and primer sequences used for Yr- gene screening.

Distance to gene

Anneling Temperature

Fragment size

Gene Marker/Primer Type Primer sequence Reference
yp (cM) q (°C) (bp)
TGAATCAATACAAGGACGCC
- >, i .
Yr1 BU099658 EST-SSR GTCACAACACTGGCAACCC 54 206 Hasancebi et al. (2014)
TAACTCACAACACGTTCTGGTCGT
Yr1 Stm673acag STM 1.1 ACACACACACACACAGAGAGAG 56 120-124 Bansal et al. (2009)
AGGGTTACAGTTTGCTCTTTTAC
yr4 barc75 SSR 53 COCOACGACETATCTATACTTC G TA 50 132139 Bansal et al. (2009)
Yr5/18 Wms120 SSR GTGAAGCAGACCCAACAC 46 472 Singh (1992
I m n
s GACGGCTGCGACGTAGAG ingh (1992a)
CTTCAGAGCCTCTTTCTCTACA N
Yr6 Wmc76 SSR CTGCTTCACTTGCTGATCTTTG 51 256 Liand Niu (2007)
vr6 Wmc276 SSR GACATGTGCACCAGAATAGC 47 292 Li and Niu (2007
" me AGAAGAACTATTCGACTCCT Fand Niu (2007)
vi7 Xgwm526 SSR 53 CAATAGTTCTGTGAGAGCTGCG 48 212,217 Cabuketal. (2011
m . .
! o CCAACCCAAATACACATTCTCA ' abuketal. (2011)
Ve N SR GTCGTCGCGGTAAGCTTG! 0 2
" gwm GAGTGAACACACGAGGCTTG
AAGCACTACGAAAATATGAC
Yr9 Xgwm582 SSR TCTTAAGGGGTGTTATCATA 55 Cabuk et al. (2011)
v 05 5 . CTCTGTGGATAGTTACTTGATCGA o 0o Uaco ot al. (2002
" a9 ene speciic CCTAGAACATGCATGGCTGTTACA ago etal. 2002)
¥r9 PEM12-P STS 0.35 GTACTAGTATCCAGAGGTCACAAG 56 562501350  Mago etal. (2005
’ i ' CAGACAAACAGAGTACGGGC ago etal. (2005)
¥r10 Yr10F & Yr10R G if TCAAAGACATCAAGAGCCGC 51 543 Liu etal. (2014
! ' f ene spectic TGGCCTACATGAACTCTGGAT luetal. (2014)
Yr15 Xgwm273 SSR ATTGGACGGACAGATGCTTT - 167 Yaniv et al. (2015)

AGCAGTGAGGAAGGGGATC
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Yr17 VENTRUP-F, LN2

Yr17 URIC/LN2

Yr17 SC-385

Yr18 Wms295

Yr18 L34DINTOF, L34PLUSR

Yr16/Yr24 Xgwm18

Yr15&Yr26  Xgwm11

Yr65 Xgwm11
Yr29 Xgwm44
Yr32 Xgwms198
Yr33 Xgwm111
Yr35 Xgwm508
Yrd6 Xgwm165

Yrd6/Yr62 Xgwm192

Gene specific -

T. ventricosum chromosom specific -

SCAR 34
SSR -
Gene specific -
SSR -
SSR -
SSR 21
SSR 3.6/10.9
SSR -
SSR -
SSR 75
SSR 04
SSR 0.4/2

AGGGGCTACTGACCAAGGCT
TGCAGCTACAGCAGTATGTACACAAAA

GGTCGCCCTGGCTTGCACCT
TGCAGCTACAGCAGTATGTACACAAAA

CTGAATACAAACAGCAAACCAG
ACAGAAAGTGATCATTTCCATC

GTGAAGCAGACCCACAACAC
GACGGCTGCGACGTAGAG

TTGATGAAACCAGTTTTTTTTCTA
GCCATTTAACATAATCATGATGGA

GTGGTATTTCAGGTGGAGTTGTTTTA
CGGAGGAGCAGTAAGGAAGG

GGATAGTCAGACAATTCTTGTG
GTGAATTGTGTCTTGTATGCTTCC

GATAGTCAGACAATTCTTGTG
GTGAATTGTGTCTTGTATGCTTCC

GGTCTTCTGGGCTTTGATCCTG
TGTTGCTAGGGACCCGTAGTGG

CACGCTGCCATCACTTTTAC
TTGAAGTGGTCATTGTTGCT

TCTGTAGGCTCTCTCCGACTG
ACCTGATCAGATCCCACTCG

GTTATAGTAGCATATAATGGCC
GTGCTGCCATGATATTT

TGCAGTGGTCAGATGTTTCC
CTTTTCTTTCAGATTGCGCC

GGTTTTCTTTCAGATTGCGC
CGTTGTCTAATCTTGCCTTGC

64

50

58

60

55

50

57

51

52

51

449

54/51

275/285

385

517

200

215

213 /202

260

160

184/206

135

~236 bp

~130/222

Qamar et al. (2008)

Jiaetal. (2011)

Jiaetal. (2011)

Cabuk et al. (2011)

Krattinger et al. (2009)

Ahmad et al. (2015)

Ma et al. (2001)

Cheng et al. (2014)

Rosewarne et al. (2006)

Eriksen (2004)

Zahravi et al. (2003)

Dadkhodaie et al. (2011)

Herrera-Foessel et al. (2014)

Herrera-Foessel et al. (2014); Liu
etal. (2014)
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Yr49 Xgwm161 SSR
Yr52 Barc182 SSR
Yr57 Xgwm389 SSR
Yr62 Xgwm251 SSR

GATCGAGTGATGGCAGATGG
TGTGAATTACTTGGACGTGG

CCATGGCCAACAGCTCAAGGTCTC

12 CGCAAAACCGCATCAGGGAAGCACCA
AT

ATCATGTCGATCTCCTTGACG
TGCCATGCACATTAGCAGAT

GGTTTTCTTTCAGATTGCGC

33 CGTTGTCTAATCTTGCCTTGC

57 145/154 Mclntosh et al. (2016)
59 275 Renetal. (2012)

51 117-128 Radhawa et al. (2015)
51 133 Liu etal. (2014)

released in Ethiopia. However, the resistance is
not lasting long due to the development of new
virulent races of the pathogen. Poor knowledge of
resistant genes deployed in Ethiopian wheat
cultivars is one of the major reasons for recurrent
epidemics of rust diseases. Those cultivars may be
protected by the same resistance gene(s) or
combinations, which could increase selection
pressure for the corresponding virulent races. To
date, more than 67 yellow rust resistant genes
have been reported in wheat and its wild relatives
(McIntosh et al., 2013). Most of these genes
condition race-specific resistance and many have
been overcome by the emergence of new races.
The most effective strategy for protecting wheat
from rust is to deploy cultivars with combinations of
different resistance genes. For this, information on
the resistance genes in major cultivars is of
paramount importance. The traditional way of
gene postulation requires multi-pathotypes testing
in which a host cultivar is evaluated against a
collection of isolates carrying different avirulence/
virulence gene combinations (pathotypes) on the
basis of phenotypic expression in the form of
infection types (ITs). As an alternative to gene

postulation, presence of resistance genes can be
determined by testing host cultivars with
molecular markers linked to resistance genes.
This approach overcomes gene interactions and
plant stage dependent gene expression problems
associated with traditional gene postulation
(Vanzetti et al., 2011).

Currently, there have been advances in
development and mapping of molecular markers
that are diagnostic for major Yr genes (Mago et
al., 2002; Eriksen, 2004; Li and Niu, 2007; Bansal
et al.,, 2009; Krattinger et al., 2009; Jia et al.,
2011; Cabuk et al., 2011; Liu et al., 2014; Yaniv et
al., 2015; Ahmad et al., 2015). These markers
provide an important tool to plant breeders for
marker assisted wheat breeding and also for
pyramiding resistance genes in the absence of
distinguishable rust virulences (Kaur et al., 2008).
This study was conducted to identify yellow rust
resistant gene (s) that are present in commercial
bread wheat cultivars and elite lines using
molecular markers linked to Yr genes, assess the
effectiveness of the identified Yr genes to the
prevailing races under field conditions in Ethiopia,
and to evaluate genetic variations among the

wheat cultivars and elite lines.

MATERIALS AND METHODS
Plant materials

A total of 58 commercial bread wheat cultivars, 16 elite
lines and 15 reference lines with known Yr genes and a
negative check, Morocco, with unknown Yr genes and
PBW345 were included in this study. All the wheat
materials were obtained from the Ethiopian Institute of
Agricultural Research (EIAR), KARC, Ethiopia. The list of
wheat genotypes together with their additional information
is shown in Supplementary Table 1.

Field testing

All wheat genotypes were evaluated for yellow rust
reaction in three locations, namely, Mararo, Arsi Robe and
Kulumsa under natural infection in 2016 and 2017. The
materials were sown in two rows of 1 m length with 0.20 m
spacing between rows. For scoring yellow rust severity in
the field, the modified Cobb Scale (Peterson et al., 1948)
was used to determine the percentage of tissue infected
with rust. The host response to infection in the field was
scored using “R” or resistant (small uredinia surrounded by



chlorosis or necrosis); “MR” or moderately resistant (medium sized
uredinia surrounded by chlorosis or necrosis); “MS” or moderately
susceptible (medium large compatible uredinia without chlorosis
and necrosis); and “S” or susceptible (large, compatible uredinia
without chlorosis and necrosis). Disease severity and host response
data were combined in a single value called the coefficient of
infection (Cl). The average coefficient of infection (ACI) was used
for host response: immune = 0.0, R = 0.2, MR = 0.4, MS = 0.8, and
S=1.0.

Molecular markers

Two closely linked (usually flaking) markers of each of the major Yr
genes were chosen to identify its presence/absence in wheat
genotypes/materials, except a few genes for which only one closely
linked marker was reported. A total of 31 markers that are linked to
yellow rust resistant genes were used to identify Yr genes from the
test materials as well as for genetic diversity analysis. Primer
names, forward and reverse primer sequences, expected amplified
fragment size in base pairs, and annealing temperature are shown
in Table 1.

DNA extraction

DNA was extracted from 2 weeks old fresh leaves harvested and
pooled from five seedlings of each accession and stored
cryogenically at -80°C. Extraction from frozen leaves was
performed using the modified cetyl trimethylammonium bromide
(CTAB) method described by Doyle and Doyle (1990).

PCR amplification and fragment analysis

Polymerase chain reactions (PCR) were performed in Perkin-Elmer
(Norwalk, CT) thermocyclers in a total volume of 25 pl containing 50
to 100 ng each template DNA, 250 nM cy5-labelled forward primer,
250 nM unlabelled reverse primer, 0.2 mM dNTPs, 2.5 yl PCR
buffer (10x), 1.5 mM MgCl, and 1U Tag DNA polymerase. After 3
min at 94°C, 45 cycles were performed with 1 min at 94°C, 1 min at
either 50, 55, or 60°C (depending on the individual primer), 2 min at
72°C, and a final extension step of 10 min at 72°C. The PCR
product was denatured at 94°C for 2 min and placed on a cold
block until use. Each sample of 6 pl (4 yl PCR product and 2 pl
internal markers) and one external standard marker of 6 pl were
loaded in the preheated gel. For SSR markers, fragments were
detected by an Automated Laser Fluorescence (ALF express)
sequencer (Amersham Biosciences) and fragment sizes were
calculated using the computer program Fragment Analyser 1.02
(Amersham Biosciences) by comparison with internal size
standards. The EST-SSR, STM and SCAR markers were resolved
in 2.0% agarose gels by loading 15 pl PCR products and the
amplified fragments were stained with ethidium bromide and
photographed.

Data analysis

Presence of Yr genes in the wheat genotypes was counted for each
yellow rust resistance gene based on presence of the fragment
sizes of both flaking markers, except for a few genes where one
closely linked marker has been reported. This was explained by
comparing with the reference lines with known Yr genes. For
genetic diversity analysis, amplification profile of markers was
recorded with each band representing a different allele, with a
particular primer pair. Each allele was scored on the basis of
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presence of a band (scored as 1) and its absence (scored as 0) for
generating a binary matrix which was further used to calculate
Jaccard’s similarity coefficients for each pair of parents following
NTSYS-PC program (Rohlf, 2000). Allelic Polymorphic Information
Content (PIC) for each primer locus and genetic diversity was
analysed with Power Marker version 3.25 Software (Liu and Muse,
2005).

RESULTS

Yellow rust reactions in field test

Average coefficient of infection of yellow rust for the
wheat genotypes tested at three locations (Kulumsa, Arsi
robe and Meraro) during 2016 and 2017 is shown in
Table 2. Of the 74 test genotypes, nine cultivars showed
resistance (R) with 0 to 10 ACI, 11 cultivars exhibited
resistance to moderate resistance (R-MR) with ACI value
of 10 to 20 and 14 genotypes showed moderately
resistance (MR) with ACI value of 20 to 30, whereas 8, 9
and 23 of the genotypes exhibited moderately resistant
to moderately susceptible (MR-MS), moderately
susceptible (MS) and susceptible (S) with ACI values in
ranges of 30 to 40, 40 to 50, and >50, respectively.

Identification of yellow rust resistance (Yr) genes
using molecular markers

Yellow rust resistant gene, Yrl

Yrl is a seedling resistance gene which is located on
chromosome 2AL. An EST-SSR marker, BU099658 and
STM marker, Stm673acag (1.1 cM linkage with Yrl gene)
were used to identify this gene in 74 wheat genotypes.
The expected fragment size for BU099658 marker was
206 bp (Hasancebi et al., 2014). In the present study, the
marker amplified DNA fragment sizes of 157 to 206 bp.
The amplified fragment at 206 bp was monomorphic and
detected in all the tested materials including the
reference line (Yrl/6*Avocet S). The polymorphic DNA
fragment size, 162 bp, which was produced in the
reference line was used for identification of Yrl gene. In
this regard, the presence of Yrl was detected in 11
(15%) of the genotypes. The expected fragment size for
the second marker, Stm673acag was 120 to 124 bp
(Bansal et al., 2009). This marker amplified fragment
sizes from 118 to 129 bp in this study. The polymorphic
fragment size of 129 bp which was produced in the
reference line was used to predict theYrl gene. Yrl was
identified in 11 (15%) of the tested genotypes. Only 5
(6.7%) of the genotypes exhibited similar fragment size to
the reference lines for both markers.

Yellow rust resistant gene, Yr4

Yr4 which is synonymous with Yrda, and Yrdb was
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Table 2. Identified Yr gene in released and advanced Ethiopian bread wheat genotypes using linked molecular markers. Numeric values are the fragment sizes (bp) of PCR amplicons
for the respective marker and wheat line.

Genotype i Genotype YR — Genotype YR e
BU099658 Stm673acag Barc075 WMCO078 Xgwm278
Yrl/6*Avocet S 62 162 129 Hybrid 46 46.4 105 Yr6/6*Avocet S 82 256 289
Dereselign - 162 129 Abola - 105 Pavon 76 40.7 256 292
Digalu - 162 129 HAR 1018 - 105 Abola 51.7 256 292
Dure - 162 129 HAR 723 - 105 Alidoro 32.9 256 289
ETBW5890 - 162 129 Hawi - 105 Bolo 76.7 256 289
ETBW5879 - 162 129 HAR 820 - 105 Bonde 55.2 256 292
Alidoro - 156 129 Hoggana - 105 Danda'a 20.4 256 292
Bolo - 164 129 Jafersson - 105 Dashen 25.7 256 289
Bonde - 160 129 Mada Walabu - 105 Dereselign 63.5 256 289
ETBW6094 - 159 129 PBW343 - 105 Digalu 815 256 289
ETBW6098 - 159 129 Simba - 105 Batu 25.9 256 292
Tura - 159 129 Sulla - 105 Enkoy 13.2 256 292
Dinknesh - 162 NA Alidoro - 112 ET13A2 34.7 256 292
ETBW6130 - 162 120 Batu - 113 ETBW6093 50 256 289, 292
Galil - 162 120 Bobicho - 109 ETBW7698 2.7 256 292
Menze - 162 120 Bolo - 112 FH4-2-11 14.4 256 289, 292
Shorima - 162 120 Bonde - 113 Galema 26.7 256 292
Watera - 162 124 Danda'a - 113 Gambo 29.2 256 289
Abola - 157 120 Dashen - 113 Gassay 8.9 256 292
Batu - 159 120 Dereselign - 109 HAR 1018 9 256 289
Bobicho - 157 120 Digalu - 113 HAR 1331 10 256 289
Danda'a - 156 120 Dinknesh - 110 HAR 723 68.3 256 292
Dashen - 157 118 Dodota - 113 HAR 820 11.4 256 289
Dodota - 159 120 Dure - 110 HAR 934 12.1 256 292
Enkoy - 157 120 Enkoy - 113 Hidassie 32.7 256 292
ET13A2 - 157 120 ET13A2 - 113 Hoggana 50 256 289
ETBW5800 - 157 120 ETBW5800 - 113 Huluka 26.7 256 289
ETBW6093 - 159 120 ETBW5890 - 112 K6290 Bulk 55 256 292
ETBW6496 - 157 120 ETBW6093 - 112 Kakaba 55.7 256 289
ETBW6647 - 159 123 ETBW6094 - 112 Katar 60 256 289, 292
ETBW6696 - 158 124 ETBW6098 - 112 KBG-01 66.2 256 289
ETBW6861 - 157 123 ETBW6130 - 112 Kulkulu 58.4 256 289
ETBW6939 - 157 124 ETBW6496 - 112 Menze 73.4 256 289

ETBW7698 - 159 120 ETBWG6647 - 112 Millennium 42.3 256 289
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FH4-2-11 157 124 ETBW6696 113 Ogolcho 28.4 256 292
Galema 159 120 ETBW6861 112 PBW343 70 256 289
Gambo 157 124 ETBW6939 112 Shorima 28 256 289
Gassay 157 125 ETBW7698 112 Simba 30.9 256 286
HAR 1018 157 120 FH4-2-11 NA Sirbo 30 256 292
HAR 1331 157 118 Galema 113 Sofumar 65 256 289
HAR 719 157 120 Galil 113 Sulla 71.7 256 292
HAR 723 159 120 Gambo 114 Tossa 65 256 292
HAR 727 157 118 Gassay 112 ETBW5879 30.5 256 292
HAR 820 158 120 HAR 1331 112 ETBW7255 32.1 256 292
HAR 934 158 120 HAR 719 112 Bobicho 48.4 NA 292
Hawi 157 120 HAR 727 112 Dodota 0.3 258 292
Hidassie 157 120 HAR 934 113 ETBW5890 16.3 258 292
Hoggana 156 120 Hidassie 113 ETBW6094 53.4 258 292
Huluka 156 120 Huluka 113 ETBW6098 56.7 258 292
Isreal 156 120 Isreal 113 ETBW6130 9.1 258 292
Jafersson 157 119 K6290 Bulk 113 ETBW6696 14.6 258 289, 292
K6290 Bulk 157 120 K6295-4A 113 ETBW6861 23.7 258 289, 292
K6295-4A 155 120 Kakaba 113 ETBW6939 29.3 258 289
Kakaba 156 120 Katar 113 Galil 20.9 253 292
Katar 156 120 KBG-01 113 Hawi 58.4 253 289
KBG-01 158 121 Kubsa 113 Jafersson 34.2 254 292
Kubsa 158 120 Kulkulu 113 K6295-4A 58.4 249 292
Kulkulu 160 127 Mandoyu 113 Kubsa 70 264 289
Mada Walabu 160 120 Menze 113 Mada Walabu 55 258 289
Mandoyu 156 120 Meraro 113 Mandoyu 14.5 258 292
Meraro 159 120 Millennium 110 Meraro 22.7 262 289
Millennium 158 120 Mitike 113 Mitike 50 253 289, 292
Mitike 156 120 Ogolcho 113 Sanate 4.5 265 289
Ogolcho 158 120 Pavon 76 113 Shinna 75 NA 289
Pavon 76 156 120 Sanate 110 Watera 40.8 268 292
PBW343 157 120 Senkegna 113 Dure 17.1 256 250
Sanate 156 120 Shinna 113 ETBW5800 15.9 256 250
Senkegna 156 120 Shorima 112 HAR 719 26 256 NA
Shinna 156 120 Sirbo 112 Isreal 48 256 299
Simba 158 121 Sofumar 110 Senkegna 8.4 256 295
Sirbo 158 120 Tossa 112 Tura 21.3 256 291

43
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Sofumar 156 120 Tura - 112 Tusie 15.4 256 299
Sulla 157 120 Tusie - 112 Dinknesh 66.9 254 296
Tossa 153 120 ETBW5879 - 112 ETBW6496 13.1 258 287
Tusie 152 120 Watera - 112 ETBW6647 49.4 258 282
ETBW7255 164 124 ETBW7255 - 112 HAR 727 3.5 253 296
Frequency (%) 5(7) - - - - - 43 (57)
G YR Al G yR —8 g4 YR AL

enotype WMC078 enotype WMC078 enotype Xwms582 iag95
Yr7/6*Avocet S 80 157 Yr8/6*Avocet S 83 120 Yr9/6*Avocet S 83 142 1100
Lee - 159 Abola 51.7 130 Batu 48.4 142 1100
Abola 51.7 159 Alidoro 32.9 130 Bobicho 66.9 142 1100
Batu 48.4 157 Batu 48.4 130 Dashen 25.7 142 1100
Bobicho 66.9 157 Bobicho 66.9 130 ETBW6496 13.1 142 1100
Bolo 76.7 157 Bolo 76.7 130 ETBW6861 23.7 142 1100
Bonde 55.2 157 Bonde 55.2 130 FH4-2-11 14.4 142 1100
Danda'a 20.4 157 Danda'a 20.4 130 Galil 20.9 142 1100
Dashen 25.7 159 Dashen 25.7 130 HAR 1018 9 142 1100
Dereselign 63.5 157 Dereselign 63.5 130 HAR 1331 10 142 1100
Digalu 815 157 Digalu 81.5 130 HAR 723 68.3 142 1100
Dinknesh 0.3 159 Dinknesh 0.3 130 HAR 727 35 142 1100
Dodota 25.9 157 Dodota 25.9 130 HAR 820 11.4 142 1100
Dure 17.1 157 Dure 17.1 130 HAR 934 12.1 142 1100
ETBW5800 15.9 159 Enkoy 13.2 130 Hawi 58.4 142 1100
ETBW5890 16.3 159 ET13A2 34.7 130 Katar 60 142 1100
ETBW6094 534 157 ETBWS5800 15.9 130 Mada Walabu 55 142 1100
ETBW6130 9.1 157 ETBW5890 16.3 130 Meraro 22.7 142 1100
ETBW6496 131 157 ETBW6093 50 130 Millennium 42.3 142 1100
ETBW6647 49.4 159 ETBW6094 53.4 130 PBW343 70 142 1100
ETBW6696 14.6 159 ETBW6098 56.7 130 Senkegna 8.4 142 1100
ETBW6861 23.7 159 ETBW6130 9.1 130 Simba 30.9 142 1100
ETBW6939 29.3 157 ETBW6496 13.1 130 Sirbo 30 142 1100
ETBW7698 2.7 159 ETBW6647 49.4 130 Tura 21.3 142 1100
FH4-2-11 14.4 159 ETBW6696 14.6 130 Tusie 15.4 142 1100
Galema 26.7 157 ETBW6861 23.7 130 Watera 40.8 142 1100
Galil 20.9 159 ETBW6939 29.3 130 ETBW7255 32.1 146 1100
HAR 1331 10 157 ETBW7698 2.7 130 Dinknesh 0.3 147 1100
HAR 719 26 159 FH4-2-11 14.4 130 ETBW6696 14.6 147 1100




Table 2. Contd.

Dawit et al.

HAR 727
HAR 820
HAR 934
Hawi
Hidassie
Hoggana
Huluka
Isreal
Jafersson
K6290 Bulk
Kakaba
Kubsa
Kulkulu
Mandoyu
Menze
Meraro
Pavon 76
PBW343
Sanate
Senkegna
Shinna
Shorima
Simba
Sirbo
Sofumar
Tossa
Tura
Tusie
Alidoro
Enkoy
ET13A2
ETBW6093
ETBW6098
Gambo
Gassay
HAR 1018
HAR 723

3.5
11.4
12.1
58.4
32.7

50
26.7

48
34.2

55
55.7

70
58.4
14.5
73.4
22.7
40.7

70

4.5

8.4

75

28
30.9

30

65

65
21.3
154
32.9
13.2
34.7

50
56.7
29.2

8.9

68.3

157
157
159
157
159
157
157
157
159
157
159
159
157
157
157
159
159
159
159
157
159
157
157
159
159
159
157
157
141
142
155
158
156
145
141
143
143

Galema
Galil
Gambo
Gassay
HAR 1018
HAR 1331
HAR 719
HAR 723
HAR 727
HAR 820
HAR 934
Hawi
Hidassie
Hoggana
Huluka
Isreal
Jafersson
K6290 Bulk
K6295-4A
Kakaba
Katar
KBG-01
Kubsa
Kulkulu
Mada Walabu
Mandoyu
Menze
Meraro
Millennium
Mitike
Ogolcho
Pavon 76
PBW343
Sanate
Senkegna
Shinna
Shorima

26.7

20.9

29.2
8.9

10
26
68.3
3.5
114
12.1
58.4
32.7
50
26.7
48
34.2
55
58.4
55.7
60
66.2
70
58.4
55
14.5
73.4
22.7
42.3
50
28.4
40.7
70
4.5
8.4
75
28

Galema
Dereselign
Digalu
Abola
Alidoro
Bolo

Bonde
Danda'a
Dodota
Dure
Enkoy
ET13A2
ETBW5800
ETBW5890
ETBW6093
ETBW6094
ETBW6098
ETBW6130
ETBWG6647
ETBW6939
ETBW7698
Gambo
Gassay
HAR 719
Hidassie
Hoggana
Huluka
Isreal
Jafersson
K6290 Bulk
K6295-4A
Kakaba
KBG-01
Kubsa
Kulkulu
Mandoyu
Menze

26.7
63.5
815
51.7
32.9
76.7
55.2
20.4
25.9
171
13.2
34.7
15.9
16.3
50
53.4
56.7
9.1
49.4
29.3
2.7
29.2
8.9
26
32.7
50
26.7
48
34.2
55
58.4
556.7
66.2
70
58.4
145
73.4

147
149
145
147
147
145
149
147
145
149
149
149
147
147
147
147
147
147
147
147
147
147
147
147
NA
147
147
149
149
149
145
147
147
147
147
147
145

1100
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
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K6295-4A 58.4 143 Simba 30.9 130 Mitike 50 147 NA
Katar 60 158 Sirbo 30 130 Ogolcho 28.4 147 NA
KBG-01 66.2 158 Sofumar 65 130 Pavon 76 40.7 147 NA
Madda Walabu 55 141 Sulla 717 130 Sanate 4.5 147 NA
Millennium 42.3 143 Tossa 65 130 Shinna 75 147 NA
Mitike 50 151 Tura 21.3 130 Shorima 28 147 NA
Ogolcho 28.4 141 Tusie 154 130 Sofumar 65 147 NA
Sulla 71.7 143 ETBW5879 30.5 130 Sulla 71.7 147 NA
ETBW5879 30.5 158 Watera 40.8 130 Tossa 65 147 NA
Watera 40.8 158 ETBW7255 32.1 NA ETBW5879 30.5 147 NA
ETBW7255 32.1 158 Frequency (%) - 0 Frequency (%) - 25 (33)
Frequency (%) - 55 (73%) - - - - - -
Yr10 Yr17 Yr18

Genotype YR Genotype YR Genotype YR

YR10F & YR10R SC-385 VENTRUP WMS295  L34DINTFIF L34PLUSR
grm/ 6Avocet 60 543 Yr17/6*Avocet S 77 378 258 ;rlg/ 6*Avocet ;g 255 517
Morro 543 Abola 51.7 378 258 Alidoro 32.9 255 517
Alidoro 32.9 543 Alidoro 32.9 378 258 Bobicho 66.9 255 517
Enkoy 13.2 543 Batu 48.4 378 258 Dodota 25.9 255 517
ET13A2 34.7 543 Bobicho 66.9 378 258 Dure 17.1 255 517
Galema 26.7 543 Bolo 76.7 378 258 ETBW6093 50 255 517
Hidassie 32.7 543 Bonde 55.2 378 258 ETBW6130 9.1 255 517
K6290 Bulk 55 543 Digalu 81.5 378 258 ETBW6496 13.1 255 517
K6295-4A 58.4 543 Dinknesh 0.3 378 258 ETBW6647 49.4 255 517
KBG-01 66.2 543 ETBW6093 50 378 258 ETBW6861 23.7 255 517
Madda Walabu 55 543 ETBW6094 53.4 378 258 FH4-2-11 14.4 255 517
Meraro 22.7 543 HAR 934 12.1 378 258 HAR 1331 10 255 517
Mitike 50 543 Hoggana 50 378 258 HAR 719 26 255 517
Shinna 75 543 Huluka 26.7 378 258 HAR 727 35 255 517
Abola 51.7 NA KBG-01 66.2 378 258 HAR 820 114 255 517
Batu 48.4 NA Kulkulu 58.4 378 258 HAR 934 12.1 255 517
Bobicho 66.9 NA Madda Walabu 55 378 258 Hidassie 32.7 255 517
Bolo 76.7 NA Menze 73.4 378 258 Hoggana 50 255 517
Bonde 55.2 NA Meraro 22.7 378 258 K6295-4A 58.4 255 517
Danda'a 20.4 NA Sofumar 65 378 258 Kakaba 55.7 255 517
Dashen 25.7 NA ETBW5879 30.5 378 258 Katar 60 255 517
Dereselign 63.5 NA ETBW7255 32.1 378 258 Madda Walabu 55 255 517
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Digalu
Dinknesh
Dodota
Dure
ETBW5800
ETBW5890
ETBW6093
ETBW6094
ETBW6098
ETBW6130
ETBW6496
ETBW6647
ETBWG6696
ETBW6861
ETBW6939
ETBW7698
FH4-2-11
Galil
Gambo
Gassay
HAR 1018
HAR 1331
HAR 719
HAR 723
HAR 727
HAR 820
HAR 934
Hawi
Hoggana
Huluka
Isreal
Jafersson
Kakaba
Katar
Kubsa
Kulkulu
Mandoyu

81.5
0.3
25.9
171
15.9
16.3
50
53.4
56.7
9.1
131
49.4
14.6
23.7
29.3
2.7
14.4
20.9
29.2
8.9

10
26
68.3
3.5
114
12.1
58.4
50
26.7
48
34.2
55.7
60
70
58.4
145

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

Hawi

Isreal
Jafersson
Danda'a
ETBW6098
Katar
Kubsa
Millennium
Dashen
Dereselign
Dodota
Dure
Enkoy
ET13A2
ETBW5800
ETBW5890
ETBW6130
ETBW6496
ETBW6647
ETBW6696
ETBW6861
ETBW6939
ETBW7698
FH4-2-11
Galema
Galil
Gambo
Gassay
HAR 1018
HAR 1331
HAR 719
HAR 723
HAR 727
HAR 820
Hidassie
K6290 Bulk
K6295-4A

58.4
48
34.2
20.4
56.7
60
70
42.3
25.7
63.5
25.9
171
13.2
34.7
15.9
16.3
9.1
13.1
49.4
14.6
23.7
29.3
2.7
14.4
26.7
20.9
29.2
8.9

10
26
68.3
3.5
11.4
32.7
55
58.4

378
378
378
393
393
393
393
393
393
379
393
393
393
393
393
393
393
393
393
393
393
393
393
393
393
393
393
393
393
393
393
393
393
393
393
393
393

250
250
NA
258
258
258
258
258
250
260
273
250
250
250
250
268
250
287
273
250
250
250
250
250
268
281
NA
250
NA
250
NA
250
250
250
250
NA
250

Sanate
Sirbo

Tura

Tusie
Digalu
Watera
Bolo

Bonde
Dinknesh
Batu
Millennium
PBW343
ETBW5879
ETBW7255
Abola
Danda'a
Dashen
Dereselign
Enkoy
ET13A2
ETBW5800
ETBW5890
ETBW6094
ETBWG6098
ETBW6696
ETBWG6939
ETBW7698
Galema
Galil
Gambo
Gassay
HAR 1018
HAR 723
Hawi
Huluka
Isreal
Jafersson

4.5
30
213
15.4
81.5
40.8
76.7
55.2
0.3
48.4
42.3
70
30.5
32.1
51.7
20.4
25.7
63.5
13.2
34.7
15.9
16.3
53.4
56.7
14.6
29.3
2.7
26.7
20.9
29.2
8.9

68.3
58.4
26.7
48
34.2

255
255
255
255
255
255
247
255
255
255
255
255
255
255
253
247
248
253
247
253
253
253
253
247
248
253
253
253
252
248
253
253
253
251
252
252
253

517
517
517
517
517
517
517
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
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Menze 73.4 NA Kakaba 55.7 NA 250 K6290 Bulk 55 253 NA
Millennium 42.3 NA Mandoyu 145 393 250 KBG-01 66.2 253 NA
Ogolcho 28.4 NA Mitike 50 393 NA Kubsa 70 253 NA
Pavon 76 40.7 NA Ogolcho 28.4 393 250 Kulkulu 58.4 253 NA
PBW343 70 NA Pavon 76 40.7 393 252 Mandoyu 14.5 253 NA
Sanate 4.5 543 PBW343 70 393 250 Menze 73.4 253 NA
Senkegna 84 NA Sanate 4.5 393 277 Meraro 22.7 248 NA
Shorima 28 NA Senkegna 8.4 393 NA Mitike 50 253 NA
Simba 30.9 NA Shinna 75 393 280 Ogolcho 28.4 253 NA
Sirbo 30 NA Shorima 28 393 284 Pavon 76 40.7 247 NA
Sofumar 65 NA Simba 30.9 393 250 Senkegna 8.4 253 NA
Sulla 71.7 NA Sirbo 30 393 250 Shinna 75 253 NA
Tossa 65 NA Sulla 71.7 393 272 Shorima 28 253 NA
Tura 21.3 NA Tossa 65 393 276 Simba 30.9 253 NA
Tusie 15.4 NA Tura 21.3 393 250 Sofumar 65 253 NA
ETBW5879 30.5 NA Tusie 15.4 393 250 Sulla 71.7 252 NA
Watera 40.8 NA Watera 40.8 393 278 Tossa 65 247 NA
ETBW7255 32.1 NA Frequency (%) - 21 (28%) Frequency (%) - 28 (37%)

Frequency (%) - 12 (16%) -

originally derived from common wheat and it is
located on chromosome 3B. An SSR marker,
BarcO75 was located at 24 + 1.2 cM
from YrRub/Yr4 (Bansal et al.,, 2010). This
marker amplified a single 105 bp band in the
reference line (Hybrid46) and the band was
absent in wheat lines without Yr4. After
evaluation by this marker, 10 (14%) cultivars,
namely, Abola, HAR1018, HAR723, HAR820,
Hawi, Hoggana, Jafersson, Madda Walabu,
Simba, and Sulla were genotyped to carry Yr4
(Table 2).

Yellow rust resistance gene, Yr6

Li and Niu (2007) reported that the SSR markers

Wmc076 and Wmc276 were linked to the Yr6
gene. These two markers amplified 256 and 292
bp fragments, respectively in most lines carrying
Yr6 (Li and Niu, 2007). Marker Wmc76 amplified
256, 267 and 271 bp bands in the reference line
(Yr6/6*Avocet S). The expected fragment size
(256 bp) that indicates for the presence of this
gene was used to genotype for Yr6 genes in the
tested materials. Based on this marker, 70% of
the wheat lines possessed this gene. The second
marker, Wmc276 amplified a single band of size
289 bp in the Yr6/6*Avocet S and 292 bp in Pavon
76 (with known Yr6 gene). In this regard, both
fragment sizes were considered to identify this
gene from the tested lines. Based on this marker,
around 63 (85%) of the wheat lines possess Yr6
(Table 2). Of the identified genotypes that

possess this gene, 42 (56%) of them showed
similar results for both markers.

Yellow rust resistant gene, Yr7

Yr7 was first identified in wheat (Triticum aestivum
L.) cultivar ‘Lee’. It is located on the chromosome
2B (Deng et al., 2004). It is one of the Yr genes
that was used widely by CIMMYT during the1970s
and 1980s, and has been deployed in many
commercial cultivars in Ethiopia. An SSR marker,
Xgwmb56, which is linked at 5.3 cM to the target
gene was used to genotype for Yr7. The marker
allowed null allele on nine of the tested
genotypes. The fragment sizes produced by other
genotypes varied between 131 and 160 bp. The



marker amplified two different fragment sizes on two of
the reference lines (Lee and Yr7/6*Avocet S). Thirty-two
of the genotypes showed a fragment size of 157 bp,
similar to Yr7/6*Avocet S. A fragment size of 159 bp was
observed in 26 genotypes, which was similar to Lee. Six
genotypes showed fragment sizes similar to the
reference lines. Therefore, 55 (74%) of the genotypes
that showed fragment sizes similar to the two reference
lines were considered to possess Yr7 gene.

Yellow rust resistant gene, Yr8

Yr8 is located on chromosome 2D. SSR marker
Xgwm157 was linked to Yr8 with a map distance of about
1.1 cM. The marker amplified a fragment size of 120 bp
in wheat lines that possessed Yr8 genes. In this study,
this marker amplified the expected fragment size (120 bp)
in the reference line, Yr8/6*Avocet S only, whereas none
of the tested wheat genotypes amplified fragment sizes
similar to the reference lines, indicating the absence of
this gene in all the tested genotypes (Table 3).

Yellow rust resistant gene, Yr9

Yr9 was transferred to wheat through chromosomal
translocation of 1B/1R and is linked to the Lr26, Sr31 and
Pm8 resistance genes (Zhou et al. 2004). It is common in
CIMMYT-originated bread wheat cultivars. SSR marker
Xgwmb582 and a resistance gene analogue (RGA) clone
marker (iag95) were linked to the Yr9 gene (Cabuk et al.,
2011; Mago et al., 2002). Marker Xgwm582 amplified
three bands (142, 149 and 152 bp) on the reference line.
The observed fragment size, of 152 bp, was
monomorphic, and it was observed in all the tested wheat
genotypes. The fragment size of 142 bp which was
amplified on chromosome 1B/1R where the target gene
(Yr9) was located was used to haplotype this gene in the
tested materials. Based on this, marker Yr9 was detected
in 34% of the genotypes. On the other hand, based on
RGA iag95 marker (gene specific marker), 36% of the
wheat genotypes possess Yr9. Of the identified wheat
genotypes, 25 (32%) of them were amplified by both
markers (Figure 1).

Yellow rust resistant gene, Yr10

Yr1l0 was originally found in wheat line Pl 178383 and
located on the short arm of chromosome 1B. Singh et al.
(2009) designed two primer pairs (Yrl0 F/R and Yrl0
F1/R1) based on the Yrl0 sequence and produced
markers completely linked to Yr10. Genotyping with this
marker indicated that Yr10 was identified in 12 (16%) of
the commercially released old as well as recently
released cultivars such as Alidoro, Enkoy, ET13A2,
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Galama, Hidassie, K6290 Bulk, K6295-4A, KBG-01,
Mada Walabu, Meraro, Mitike and Shina.

Yellow rust resistant gene, Yrl7

Wheat yellow rust resistance gene, Yrl7, in combination
with Lr37 (leaf rust resistant gene) and Sr38 (stem rust
resistant gene) are located within a segment of Triticum
ventricosum chromosome 2NS translocated to the short
arm of wheat chromosome 2A (Helguera et al., 2003).
VENTRIUP-LN2 primers were 2NS specific and the 259
bp PCR amplification product was observed only in plants
carrying the 2NS translocation. This marker amplified a
fragment size of 259 bp on 26 (35%) entries to have Yrl7
similar to the reference line (Yrl7/6*Avocet S). Likewise,
SC-385 amplified a fragment size of 378 pb in the
reference line. Based on this marker, Yrl7 was identified
in 24 (32%) of the tested genotypes. These two markers
exhibited a different output for nine of the genotypes.
Based on these two markers, 21 (28%) of the genotypes
carry this gene.

Yellow rust resistant gene, Yrl18

The adult plant resistance gene Yrl8 was located on the
same chromosome segment containing the Lr34 gene
and is tightly linked with it (Singh, 1992b). Additionally,
their co-segregation with other traits such as leaf tip
necrosis (Ltn1), powdery mildew resistance gene (Pm38),
and tolerance to barley yellow dwarf virus (Bdvl) has
been reported (Liang et al., 2006; Singh, 1992a;
Spielmeyer et al., 2005). Wms298 (Cabuk et al., 2011)
and a gene specific marker L34DINT9F, L34PLUSR
(Krattinger et al., 2009) were used to haplotype this gene.
Of the 74 entries, 33 (45%) and 28 (36%) were found to
carry Yrl8 according to these markers, respectively. All
the wheat genotypes which were genotyped by
L34DINT9F, L34PLUSR marker showed the presence of
this gene by the second marker, Wms298.

Contribution of the identified yellow rust resistance
(Yr) genes

The contribution of each Yr gene to yellow rust resistance
was evaluated in differential lines that possessed the
individual Yr gene. As shown in Table 2 and Figure 2, the
differential lines carrying Yr9 and Yr8 had the highest ACI
value (83 each) followed by Yr6 and Yr7 with ACI values
of 82 and 80, respectively. The lowest (46.4) value was
exhibited on a differential line that carried Yr4. The ACI
values in the other differential lines that carried Yr1, Yr10,
Yrl7 and Yrl8 were 62, 60, 77 and 78, respectively. This
indicates that the identified resistance genes do not
provide sufficient protection to wheat yellow rust if
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Table 3. Total and average number of alleles, polymorphism information content (PIC), allele frequency, and rare alleles for Ethiopian commercial bread wheat and elite lines
for Yr linked markers.

Marker Linked to Yr gene Major allele frequency Allele No. Gene diversity PIC

Bu099658 Yrl 0.4615 6 0.6972 0.6557
Stm673acag Yrl 0.1923 9 0.9191 0.9143
Barc075 Yrd 0.7308 3 0.4464 0.4253
WMS120 Yr5/18 0.2308 10 0.8830 0.8744
Xgwm76 Yr6 0.2949 7 0.8202 0.8000
Xgwm276 Yr6 0.3462 5 0.7768 0.7489
Wms526 Yr7 0.1026 9 0.9596 0.9581
Xgwm582 Yr9 0.3974 5 0.7163 0.6732
P6M12-P Yr9 0.0769 15 0.9796 0.9792
iag95 Yr9 0.6154 1 0.4734 0.3613
Yrl0F & R Yrl0 0.8333 1 0.2778 0.2392
Wmc273 Yrl5 0.3846 5 0.7429 0.7053
SC-385 Yrl7 0.7692 5 0.3744 0.3342
URIC-N2 Yrl7 0.4359 2 0.7587 0.7373
VENTRUP Yrl7 0.1667 8 0.9313 0.9276
Wms295 Yri8 0.3077 2 0.8024 0.7766
L34DINT9F, L34PLUSR Yri8 0.6538 1 0.4527 0.3502
Xgwm011 Yrl8 0.0641 16 0.9790 0.9785
Xgwmd44 Yrl8 0.3205 11 0.7959 0.7681
Xgwc198 Yr32 0.8333 2 0.2817 0.2486
Xgwm18 Yr24 0.2436 7 0.8695 0.8576
Wmc410 YrN19 0.1410 11 0.9421 0.9395
Xgwm1ll Yr33 0.0641 12 0.9711 0.9703
Xgwm508 Yr35 0.6154 9 0.6042 0.5910
Xgwm192 Yr46 0.0641 9 0.9691 0.9682
Xgwm165 Yr46 0.1282 6 0.9349 0.9312
Barc1182 Yrl 0.4359 4 0.6815 0.6242
Xgwm161l Yrd7 0.5128 5 0.6453 0.5929
Xgwm389 Yr57 0.0513 17 0.9832 0.9830
Xgwc251 Yr62 0.1282 8 0.9415 0.9386

Mean - 0.3530 7.24 0.7540 0.7288
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Figure 1. Frequency of wheat genotypes identified with Yr genes using linked markers.
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Figure 2. The distribution (%) of each Yr gene in 74 wheat genotypes and its ACI values.

they are used as single genes.

Relationship between the number
genes and yellow rust resistance

of pyramided

Relationship between the number of pyramided genes
and yellow rust resistance is as shown in Figure 3. The
number of Yr genes identified from the tested genotypes
varied from 0 to 5 genes. Five varieties (Digalu, HAR

820, HAR 934, Hoggana and Mada Walabu) possessed
the maximum number of five resistance genes. Among
these varieties, the highest (82) and lowest (11.4) ACI
values were recorded on Digalu and HAR 820,
respectively. These five varieties exhibited ACI values of
42. On the other hand no gene was identified from bread
wheat elite line, ETBW6098. The field study indicated
that this variety exhibited an ACI value of 66.2. Twenty-
six (35%) genotypes possessed three genes with an ACI
value of 42 followed by 23 (31%) genotypes possessing
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Figure 3. Number and ACI of Yr genes detected in 74 bread wheat genotypes.

two genes with an ACI value of 32.

Genetic diversity

A total of 212 alleles were detected with the 29 markers
linked with Yr genes reported on A, B and D genomes.
The number of alleles per locus ranged from 1 to 17 with
an average of 7.24 alleles per locus. The highest number
of alleles (17) was detected for marker Xwms389, which
was linked to Yr57 (Table 3). Genetic diversity values
ranged from 0.28 to 0.97, with the highest value of 0.98
detected for marker Xwmc389. The lowest genetic
diversity value was observed for marker Xwmc198. The
mean genetic diversity value was observed to be 0.77. In
this study, the polymorphism information (PIC) content
value ranged from 0.31 to 0.98 with an average of 0.75.
The highest PIC was detected by Xgwm389, which is
linked to Yr57, whereas the lowest was detected by SC-
385, which is linked to Yrl7.

DISCUSSION

The development of molecular markers for mapping
resistance genes to yellow rust and of marker-assisted
selection (MAS) has been among the most active areas
of research in wheat. The accuracy of MAS is affected by
the distance between the target gene and the linked
markers. Randhawa et al. (2014) stated that markers

used to map a gene may not be suitable for detecting the
gene in diverse genetic backgrounds. In the present
study, genotyping was performed only for those yellow
rust resistance genes where reference lines were
available as positive controls. The presence of Yr genes
in the wheat genotypes was counted for each yellow rust
resistance gene based on the presence of the fragment
sizes of two flanking markers, except for a few genes
where only one closely linked marker has been reported.
Molecular marker based gene identification showed the
presence of Yrl, Yr4, Yr6, Yr7, Yr9, Yrl0, Yrl7 and Yrl8
in various frequencies. On the other hand, Yr8 gene was
not detected in any of the tested wheat genotypes. Yr7 is
the most frequent (74%) followed by Yr6 (56%), Yrl8
(37%) and Yr9 (32%) whereas Yrl was detected at the
lowest frequency (7%), followed by Yr4d (14%). Yr6 and
Yr7 are located on chromosomes 7BS and 2BL,
respectively, and they confer all stage resistance (ASR)
to yellow rust. Yr9 was transferred to wheat through
chromosomal translocation of 1B/1R (Zhou et al., 2004).
These three genes were used widely by CIMMYT and
have been deployed in many commercial cultivars (Van
and Rajaram, 1993). Badebo et al. (1990) reported that
Yr9 gene was the most frequently (67%) identified gene
from Ethiopian commercial and advanced bread wheat
genotypes. But in this study, this gene was only detected
in 35% of the genotypes, which may indicate the
reduction of the previously widely applied Yr9 gene in the
country. However, yellow rust resistance in wheat is
dominated by few Yr genes, such as Yr7 and Yr6, which



were present in 74 and 56% of the tested varieties and
lines, respectively. A diversity reduction of resistant
varieties is unfavorable for breeding varieties with durable
resistance. With extensive deployment of numerous
commercial cultivars throughout the world, virulence for
these genes was wide spread. Chen et al. (2002)
reported occurrence of high virulence frequency to Yr2,
Yr6, Yr7, and Yr9 in most wheat producing areas of the
world. Virulence frequency as high as 90% was recorded
for Yr6 and Yr7 to Pst isolates collected internationally
(Sharma-Poudyal et al., 2013). In Ethiopia, virulence
frequencies of 92 to 100% were recorded among 107
isolates collected in 2005 from different parts of the
country (Dawit et al., 2012). The average coefficients of
infection (ACI) exhibited in the present study were 82
(Yr6), 80 (Yr7) and 83 (Yr9), indicating the inefectiveness
of these genes in the country.

The adult plant resistance gene Yrl8 is located on
chromosome 7DL and is tightly linked with leaf rust
resistant gene, Lr34 (Singh, 1992a). Additionally, their co-
segregation with other traits such as leaf tip necrosis
(Ltn1), powdery mildew resistance gene (Pm38), and
tolerance to barley yellow dwarf virus (Bdvl) has been
reported (Liang et al., 2006; Singh, 1992a; Spielmeyer et
al., 2005). This multi-pathogen resistance locus is a
valuable source of resistance in wheat breeding. The use
of the slow rusting gene pair Lr34/Yrl18 in combination
with other slow rusting genes has been suggested to
contribute to near immunity to leaf and yellow rust
infections (Singh et al., 2000). Using a sequence specific
marker (L34DINT9F, L34PLUSR) that indicated the
presence of the cloned Yrl8 in the genomic DNA
accurately, this gene was detected in 37% of the tested
bread wheat genotypes. Singh (1992a) reported that
despite the contribution of this gene in many countries,
wheat genotypes with Yrl8 displayed inadequate
resistance in some locations in Ecuador and Kenya. In
the present study, an ACI value of 78 was recorded on
the differential line that possessed this gene, which may
indicate the ineffectiveness when used alone in Ethiopia.
However, more than 67% of the bread wheat genotypes
that possessed Yrl8 in different Yr gene combinations
exhibited ACI values lower than 78. This study is the first
report on the presence of the adult plant resistant gene,
Yrl8, in Ethiopian bread wheat genotypes. Those
genotypes that were identified to possess Yr18 may also
possess leaf rust resistance gene (Lr34) and other genes
linked to Yr18 such as Pm38.

Yellow rust resistance gene, Yrl7 together with other
genes such as Lr37 and Sr38 are located within a
segment of T. ventricosum chromosome 2NS translocated
to the short arm of wheat chromosome 2A (Helguera et
al., 2003). The resistant gene Yrl7 was used in many
breeding programs to develop resistant cultivars (Eugene
et al., 2015). The yellow rust reaction on wheat seedlings
with this gene is influenced by environmental conditions
(for example temperature) and genetic background
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(Eugene et al., 2015). Thus, it is very difficult to apply
gene postulation to identify this gene in wheat genotypes.
The VENTRIUP-LN2 marker, which is 2NS specific and
amplifies a 259 bp PCR product only in plants carrying
the 2NS translocation, was used together with the second
marker SC-385 for genotyping of this gene. These
markers identified 24 (32%) of the entries to have Yrl7 in
the present study. Those wheat genotypes that are
genotyped to have Yrl7 may also carry leaf rust (Lr37)
and stem rust (Sr38) resistance genes. Earlier reports
indicated that Yrl7 was postulated to be present only in
three (7%) of the tested Ethiopian bread wheat
genotypes (Badebo et al., 2008). On the contrary, Yrl7
was widely deployed in European wheat cultivars and a
virulence frequency close to 100% has been reported in
Northern European countries (Villaral et al., 2002). Yellow
rust resistance gene Yrl7 was effective with regard to the
prevailing races in East Africa Badebo and Stubbs,
1995). Similarly, Dawit et al. (2012) reported the
effectiveness of Yrl7 gene under Ethiopian conditions. In
the same report, a virulence frequency of 14% was
exhibited on this gene by isolates collected from Ethiopia,
but there was no indication for the presence of these
genes in the tested Ethiopian wheat cultivars. In the
present study, the exhibited ACI on Yrl7 was 77, which
may indicate that this gene is no more effective to the
prevailing races in the country.

In addition to the aforementioned yellow rust resistant
genes, this study identified the seedling resistant genes
Yrl, Yr4 and Yr10. Yrl is located on chromosome 2AL.
Virulence to Yrl has been found in several countries of
the world (Wan et al., 2017). But, the virulence frequency
is high in East Africa where 166 Chinese wheat cultivar
originated (Zhan et al., 2016). For instance, virulence
frequencies of 50 and 74% were recorded in Kenya and
Ethiopia, respectively (Sharma-Poudyal et al., 2013).
Similarly, high yellow rust disease intensity with ACI
value of 62 was exhibited in the present study. Bansal et
al. (2009) reported a molecular marker, stm673acag, that
amplified 120 and 124 bp products in most lines carrying
Yrl gene, but in the present study the marker amplified a
129 bp fragment size, which may be due to technical
reasons. Hasancebi et al. (2014) reported the second
marker, bu099658 that is linked to Yrl gene. This marker
amplified 206 bp only in those lines that possessed Yrl
genes, including Yrl/6*Avocet S. However, this marker
amplified 162 bp product on the positive control
(Yrl*Avocet S). Both markers were used to haplotype
Yrl in the present study but showed different results.
Thus, only 5 (7%) of the genotypes that exhibited a
fragment size similar to both markers were considered to
possess this gene. According to Bansal et al. (2009)
stm673acag is used to haplotype both Yrl and Sr48, thus
those wheat genotypes identified to possess Yrl may
have also stem rust resistant gene Sr48.

Yr4 is originally derived from common wheat and is
synonymous with Yrd4a and Yrdb, and it is located on
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chromosome 3B A microsatellite marker, Barc075, which
is 2.4 £ 1.2 cM distal to YrRub/Yr4 on chromosome 3BS,
was used for genotyping. This marker was initially linked
to uncharacterized resistant gene (YrRub) in Australian
wheat cultivar Rubric. Later, the marker was tested in
genotypes known to carry Yr4 (Hybrid 46 and Avalon).
Based on the amplification of the Rubric-specific PCR
products at Barc075 loci, it was concluded that YrRub
could be Yr4 (Bansal et al., 2010). In the present study,
the marker amplified a single 105 bp band in the
reference line, Yr4/6*Avocet S. After evaluation by this
marker, 11 (14%) of the bread wheat cultivars showed a
similar band size to the reference line. Two of the
cultivars (HAR723 and HAR820), which were previously
reported/postulated to have the Yr4 gene (Badebo,
1990) exhibited a similar fragment size to the reference
line. This further confirms the probability of YrRub to be
Yr4. Yellow rust resistant gene Yr4 was effective in East
Africa with regard to the prevailing races (Badebo and
Stubbs, 1995). A low virulence frequency of 6% was
recorded in Ethiopia (Dawit et al., 2012). In the present
study, Yr4 exhibited an ACI of 50, which may indicate
that this gene is no more effective if it is used alone. Yr10
originated from bread wheat and is located on the short
arm of chromosome 1B (It is one of the resistant genes
that confers high resistance to Pst races in Pakistan
(Farrakh et al., 2016) and China (Zheng et al., 2017). In
Ethiopia, a yellow rust severity as high as 40% was
recorded on the differential lines that possessed this
gene. By using a gene specific marker, Yrl10 is confirmed
to be present in 16% of the tested wheat genotypes.

Gene pyramiding, combining multiple Yr genes in a
single genotype is an important strategy to develop
durable rust resistant cultivars. The ACI value that was
recorded on the genotypes that possessed the maximum
number (five) of resistance genes was 42. Cultivars with
four and three genes exhibited 36.19 and 42.01 ACI,
respectively. This may indicate that pyramiding of those
identified genes may not provide sufficient protection
against the prevalent races in the country. Thus, there is
an urgent need to search for more effective resistance
genes to be incorporated in Ethiopian bread wheat
cultivars. On the contrary, ACI values ranging from low
(8.9) to high (70) were exhibited in cultivars Gassay and
Shina, respectively with one gene. Those cultivars with
low average coefficient of infection may indicate the
presence of additional Yr genes that were not identified in
the present study.

The number of alleles per locus ranged from 1 to 17
with an average of 7.24. Genetic diversity values ranged
from 0.28 to 0.98, with the highest value of 0.98 detected
for markers Xwmc389 and P6M12-P. The mean genetic
diversity values were observed to be 0.75. The
polymorphic information content (PIC) value ranged from
0.24 to 0.98 with an average of 0.73. The highest PIC
value was detected by Xgwm389, which is linked to Yr57,
whereas the lowest was by Yr10F & R, linked to Yr10.

The evidence in this study on the basis of genetic

diversity and the presence of Yr genes in the improved
wheat genotypes will be helpful for developing
appropriate breeding strategies to broadening the genetic
base in future wheat breeding programs in Ethiopia.
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Supplementy Table 1. Particulars of Ethiopian-grown bread wheat varieties and lines used in the study.

Year released/

SIN  Variety/line Origin/Source Registered Cross/selection
Abolla CIMMYT/
1 M 1997 BOBWHITE/BUCKBUCK
(HAR 1522) Ethiopia
2 Alidoro Ethiopia/USA 2007 (HK-14-R251)
3 Baw CIMMYT 1984 GLL/CUC//KVZ/SX (SUNBIRD)
Bobicho
4 11AR2419) CIMMYT 2002 PEG/PF70354/KAL/BB/ALD/3/MRNG
5  Bolo (HAR3816)  CIMMYT 2009 VEE/LIRA/BOW/3/BCN/4/KAUZ
6 Bonde Ethiopia landrace landrace
7 Dandaa CIMMYT 2010 KIRITATI//2*PBW65/2*SERI.1B
(DANPHE#1) :
8  Dashen CIMMYT 1984 KAVKAZ/(SIB)BUHO//KALYANSONA/BLUEBIRD
9  Dereselign CIMMYT 1974 CI8154/2*FR
10  Digalu CIMMYT 2005 SHA7/KAUZ
Dinknesh CARACARA/4/CORYDON/3/PELOTAS 72380/ARTHUR-
1 HAR3919) CIMMYT 2007 71%2/H567.1
Dodota
12 \AR2508) CIMMYT 2001 BJY/COC//PRL/BOW
13 Dure (HAR1008)  CIMMYT 2001 BOW"S"/YD"s"/ZZ'S" CM62045-1Y-1M-1Y-1M-6Y-1M-OY
14  Enkoy Kenya 1974 [HEBRAND sel./((WIS 245/ SUP5L)J//[FR-FN/Y)2 .A)
15  ET-13A2 Ethiopia 1981 UQ105 Sel. x ENKOY
16  ETBWS5800 CIMMYT Line WAXWING*2/TUKURU
17 ETBWS5890 ICARDA Line EALME4SA - 167
. CROC_1/AE.SQUARROSA
18 ETBW6093 CIMMYT Line (205)//KAUZ/3/ENEIDA/4/PSN/BOW//MILAN
19  ETBW6094 CIMMYT Line TC870344/GUI/ITEMPORALERA M 87/AGR/3/2*WBLL1
20 ETBW6098 CIMMYT Line TC870344/GUI/ITEMPORALERA M 87/AGR/3/2*WBLL1
Wane
21 ETBWe130) CIMMYT 2016 SOKOLL/EXCALIBUR
22 ETBW6496 CIMMYT Line CROC_1/AE.SQUARROSA (205)//FCT/3/PASTOR
23 ETBW6647 CIMMYT Line MARCHOUCH*4/SAADA/3/2*FRET2/KUKUNA//FRET2
24  ETBW6696 CIMMYT Line PBW343*2/KUKUNA//SRTU/3/PBW343*2/KPASTOR
Lemu *
25 ETBWessl) CIMMYT 2016 WAXWING*2/HEILO
26 ETBW6939 ICARDA Line UTIQUE 96/FLAG-1
27  ETBW7698 CIMMYT Line FRNCLN/4/WHEAR/KUKUNA/3/C80.1/3*BATAVIA/2*WBLL1
28 FH4-2-11 Ethiopia/Germany Line Arb//295//SM/3/149/SM//150/M
29 ggf;‘ma HAR  civmy T 1995 47T7T*2/IFLN/GB/3/PVN
30  Gali Israel 2010 HORK/YAMHILL/KALYANSONA/BLUEBIRD/3/BOBWHITE
31 %ambo QUIAU - civmyT 2011 BABAX/LRA42//BABAX*2/3/VIVITSI
32 Gassay CIMMYT 2009 PFAU/SERI//BOBWHITE
33 HAR1018 CIMMYT Line 2109.36?VEE/4WRM//KAL/BB/3?KAL/BB//ALD
34  HAR1331 CIMMYT Line L2266-1406101/BUC’S'//VPM-MOS83.11.4.8/NAC
35  HAR 719 CIMMYT Line L1RA ‘S’
36 HAR723 CIMMYT Line CHIL'S'
37 HAR727 CIMMYT Line PEG'S’
38 HARS20 CIMMYT Line CHIL'S'
39  HAR934 CIMMYT Line TJB788.1039/PVN76
40 Hawi (HAR2501) ~ CIMMYT/ 2000 CHIL/PRL

Ethiopia
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41

42

43

44
45
46
a7

48

49
50

51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

66
67
68
69
70

71
72

73

74
75

Hidasse
(ETBW5795)

Hoggana
(ETBW5780)

Huluka
(ETBW5496)

Israel
Jefferson

K 6290-Bulk
K 6295-4A

Kakaba
(Picaflor#1)

Katar (HAR 1899)
KBG-01

Kubsa
1685)

Kulkulu

Mada-Welabu
(HAR1480)

Mandoyu
Menze
3008)
Meraro (11-6-24)
Millennium
(ETBW4921)

Mitike (HAR1709)

Ogolcho
(ETBW5520)

Pavon 76
PBW343

(HAR

(HAR

Sanate

Senkegna
(HAR3646)

Shina (HAR 1868)

Shorima
(ETBW5483)

Simba
2536)

Sirbo (HAR 2192)

Sofumer
(HAR1889)

Saulla

Tossa
3123)

Tura (HAR 1775)
Tusie (HAR 1407)

Hongolo
(EBW5879)

Wetera
1920)

ETBW7255

(HAR

(HAR

(HAR

CIMMYT/ Ethiopia 2012

No inf.

ICARDA!/ Ethiopia

Unknown
USA
Kenya
Kenya

CIMMYT

CIMMYT
Ethiopia/Germany

CIMMYT
ICARDA
ICARDA
CIMMYT
CIMMYT
CIMMYT
CIMMYT
Ethiopia
CIMMYT
CIMMYT
CIMMYT/India
CIMMYT parent
CIMMYT
CIMMYT
ICARDA

CIMMYT
CIMMYT
CIMMYT
Ethiopia

CIMMYT

Ethiopia
CIMMYT

CIMMYT

CIMMYT
ICARDA

2011

2010

Pre-1949
2012
1977
1980

2010

1999
2001

1994
2009
2000
2014
2007
2005
2007
1994
2012
1982
1995
2014
2005
1999
2011

2000
2001
200

2007
2004

1999
1997

2014

2000

Line

YANAC/3/PRL/SARA//TSI/VEE#5/4CROC-
1/AE.SQUAROSA(224)//OPATTA

PYN/BAU//MILAN

UTQUE96/3/PYN/BAU//MILAN

NA

Imported by Morell PLC
AF.M2*ROMANY

ROMANZ x GB -GAMENYA

KIRITATI/SERI/RAYO

COOK/VEE//DOVE/SERI/3/BIY/COC
300-SM-501-M/HAR-1709

ND/VG9144//KAL/BB/3/YACO /4/VEERY #5 (ATTILA)
PYN/BAU//MILAN

TL/3/FR/Th/Nar59*2/4/BOL'S'C M56569-/AP-1AP-5AP-2AP-OAP
WORRAKATTA/PASTOR

MILAN/SHANGHAI#7

M/4/HAR1709/3/M//24/E

ALONDRA/CEP 75630//CEP 75234/PAT
7219/3/BUCKBUCK/BIY/4/

BOW 28/ RBC
WORRAKATTA/2*PASTOR

VCM//CNO/7C/3/KAL/BB

NORD-DESPREZ/VG-
1944//[KALYANSONA//BLUEBIRD/3/YACO(SIB)/4/VEERY-5

14F/HAR 1685

CHUAN-MAI-18/BAGULA
GOV9/AZIIMUS/3/R37/GHL21//KAL/BB/4/ANI
UTIQUE-96/3/PAYNE/BAGULA//MILAN

PARULA/VEERY-6//MYNA/VULTUREPRINIA
VS-73-600/MIRLO/3/BOBWHITE/YECORA-70//TRIFON
LIRA'S/TAN'S'

HAR710/RBC

ATTILA

AROYR Sel.60/1989
COOKI/VEE//DOVE/SERI

NJORO SD-7

MON/VEE//SARA
AGUILAL/FLAG-3




