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ABSTRACT
Stripe (Yellow) rust caused by Puccinia striiformis f.sp. tritici (Pst) is one of the most devastating diseases of wheat in the

highlands of Ethiopia. Improved cultivars often lose their resistance due to occurrence of new virulent races which

overcome the genes and make the cultivars out of production. Therefore, identification of new sources of resistance

genes helps in battling yellow rust and maximizes wheat production in Ethiopia. In this study, 300 durum wheat lines

(landraces & cultivars) were screened with three virulent isolates (Pst_Is1, Pst_Is4 and Pst_Is8) for seedling resistance

using Infection Type (IT) scoring method. The lines were also screened with 16 KASP-based SNP markers linked to 7

Yr genes already identified in various studies. Highly resistant infection type (IT: 0 -3) to Pst_Is1, Pst_Is4, and Pst_Is8

was exhibited by 59.3%; 67.3%; and 46.3% of the lines, respectively. 124 lines constantly exhibited high level of

resistance to all three isolates. The majority (96.8%) of the resistant lines are landraces while four (3.2%) are

commercial cultivars (Cocorit/71, Yerer, Obsa and Dire). In the molecular screening 12 of the markers gave clear

amplifications in the controls and the tested lines. Yr7, Yr15 and YrSp were detected in 81.7%, 88.3% and 0.7% of

the lines respectively while Yr1, Yr17 and Yr36 were not detected. Detection frequency was higher in landraces

(58.7%) than in cultivars (32.8%). Gene combinations frequency was the highest (72.7%) for Yr7+Yr15 followed by

Yr15+YrSp (0.3%). Overall, this study has resulted in detection of genes Yr15 and YrSp, which are potential candidates

for marker assisted breeding for Pst resistance in wheat. Besides, it has shown that resistant source identification and

detection of genes can be facilitated through combined application of phenotyping and molecular screening.

Keywords: Resistance gene; Screening; Molecular markers; KASP; SNP; Yellow rust; Infection type

INTRODUCTION

Wheat is among the most important staple food crops in
Ethiopia produced at 1.69 million ha of land with an annual
yield approximated to 4.64 million metric ton [1]. Compared to
maize, teff and sorghum, it is the third and fourth important
crop in terms of production and production area respectively [1].

Stripe (Yellow) rust caused by Puccinia striiformis f.sp. tritici (Pst) is
one of the most important diseases of wheat causing serious
damage to wheat production in the highlands of Ethiopia [2-4].
The disease causes substantial yield and grain quality reduction
under severe infestations [2,5]. Varietal susceptibility, severity of

infection, low temperature and altitude are among the main
factors determining the extent of losses. Severe losses up to 60%
can be observed in terms of poor grain quality and damaged
tillers [6]. Under very favorable conditions for the pathogen,
especially at high altitude, damages up to 100% crop loss are
common [6]. In Ethiopia, frequent yellow rust epidemics have
occurred in the past accompanied by appearance of virulent
races causing susceptibility on popular bread wheat verities like
Lakech [7] and Dashen [8]. A devastating yellow rust epidemic
occurred in the year 2010, was projected to have infected over
400,000 ha of wheat which led to an estimated expense of more
than US$3.2 million on fungicides [9].
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Disease management methods such as, cultural practices,
fungicide application and resistance genes/cultivars deployment
are integral part of wheat production with the latter being the
most preferred management strategy because it is economical
and environmentally safe [10-13]. However, due to the never-
ending host-pathogen interactions, resistance genes often
succumb to emerging Pst races soon after commercialization and
that calls for continuous search and identification of new
sources of resistance to sustain wheat production. The fact that
Ethiopia is among the secondary centre of diversity [14-16] to
tetraploid wheat is a natural endowment to look for various
traits of interest including rust resistance. Sources of resistance
to Pst are identified through both phenotypic and molecular
screening of host genotypes.

The phenotypic screening approach requires knowledge on the
virulence status of prevailing races in the pathogen population
and the reactions of the corresponding host genotypes.
Virulence surveys are of prime importance to trace Pst
population dynamics and identify emerging races [17-19].
Besides, rust samples are sent to the Global Rust Reference
Center (GRRC) somehow on regular basis so that their
virulence status is determined (http://wheatrust.org/). Such Pst
races of known virulence are used in screening germplasm both
at adult and seedling stage to identify resistant lines [8,20]. The
identified resistance sources are either directly advanced to
variety trials or used as parental lines in crossing programs for
development of resistant cultivars.

Molecular marker-based screening of resistance sources with
diagnostic or linked markers is an alternative to the phenotypic
approach for detection of the presence or absence of resistant
genes in the genotypes [21,22]. A wide range of molecular
markers (SSR, RFLP, STS, SCAR, CAPS, RAPD, DArt) are
reported to be linked or diagnostic to most of the Yr genes in
wheat [23,34]. However, there are limited progress in the
development of diagnostic/linked KASP based SNP markers for
the Yr genes and they are few in number compared to the SSRs
and other markers systems [25-40].

Detection of Yr genes with linked molecular markers in
Ethiopian bread wheat cultivars was reported by Dawit et al. [41]
although similar works on durum wheat are scarce. KASP based
assays are relatively easy-going, have better resolution power [42]
and low cost effective [43] as compared to SSRs and other PCR
based markers. In Ethiopia, several germplasm evaluation
activities for resistance to stripe rust are carried out in the field
and greenhouse using phenotypic screening.

Molecular screening approach together with the phenotyping
method provides complementary evidence for the reliable
identification of resistance genes. Therefore, this study was
conducted with the following objectives: to identify resistance in
Ethiopian durum wheat (landraces and cultivars) through
phenotypic screening using characterized Pst isolates and to
detect known Yr genes through molecular screening using KASP-
based SNP markers linked to already reported Yr genes.

MATERIALS AND METHODS

The wheat materials and Stripe rust pathogen

Three hundred durum wheat lines were used for the study. They
were composed of 261 landraces which are maintained at
Ethiopian Biodiversity Institute (EBI), Debre-Zeit Research
Center (DzARC) and Ethio-Organic Seed Action (EOSA) while
39 cultivars were obtained from DzARC. All the lines were
grown for two rounds of self-pollination through single seed
descent method to have a relatively pure starting material. Yr
single-gene differentials and Avocet-S variety were included as
positive and negative controls for the respective Yr genes in the
molecular screening. Three virulent stripe rust isolates (Pst_Is1,
Pst_Is4 and Pst_Is8) selected from Pst samples (collected from
Meraro, Kulumsa, and Chefe-Donsa) were used for the
phenotypic screening.

Screening of durum lines for their resistance at seedling
stage

A total of 300 durum wheat lines (landraces and cultivars) were
inoculated with three virulent isolates of yellow rust (Table 1) at
seedling stage in the greenhouse facility at Kulumsa research
center. The isolates were selected from ten Pst samples originally
collected from three testing sites (Meraro, Kulumsa and Chefe-
Donsa). The selection was based on virulence test carried out on
a set of 35 stripe rust differential lines corresponding to 19
resistance genes: Yr1, Yr2, Yr3, Yr4, Yr5, Yr6, Yr7, Yr8, Yr9, Yr10,
Yr15, Yr17, Yr24, Yr25, Yr27, Yr32, YrSp, YrAvS and Yr Amb. List
of the tested lines with some descriptive information is
presented. The three virulent isolates (Pst_Is1, Pst_Is4 and
Pst_Is8) were maintained on cultivar Morocco. Five seeds of
each line were sown in 7 × 7 cm black square plastic pots filled
with soil: compost: sand in a 2:1:1 (v/v/v) ratio and allowed to
grow in a greenhouse compartment at 16-18°C. Susceptible
durum (local-red and LD357) and a bread wheat (Morocco)
cultivars were included in the test to serve as positive controls
for successful inoculation and infection establishment. A week-
later, nine pots of seedlings were placed together on a sample
tray and inoculated with ~3.5 mg of fresh spores suspended in
0.25 ml of mineral oil in gelatin capsule using vacuum pump
sprayer. After drying the oil for about five minutes in an open
air, the seedlings were moisturized with a fine spray of water,
incubated at temperature 8-10°C and 100% RH for 24 hours of
darkness. The seedlings were then transferred to greenhouse
compartment with temperature 18-22°C. Seedling reaction in
terms of Infection Type (IT) was evaluated 14-16 days after
inoculation using 0-9 scale of McNeal et al., [44]. Lines with 0-3
IT score were considered as resistant, 4-6 as intermediate and 7-9
as susceptible [44]. The test was performed in four replications
for Pst_Is1 and Pst_Is4 while in two replications for Pst_Is8 over
time taking one isolate at a time to avoid cross contamination.
Frequencies of various response groups were determined by
analyzing the number of lines having resistant (IT:0-3),
Intermediate (IT:4-6) and susceptible (IT:7-9) reactions among
the tested lines. The durum wheat lines with resistant reactions
to all three isolates were also identified by aligning the respective
IT values of each line across isolates. Besides, response groups
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within and between landraces and cultivars were also compared
to identify the relative richness of the lines for Pst resistance.

Table 1: Stripe rust (Puccinia striiformis f.sp. tritici ) isolates used for phenotyping assessment.

PST. Sample
name

Sample Code
Virulence/Avirulence formula for Pst isolates tested on 19 single Yr gene
differentials

Pst_Is1 ET_Or_KARC_L.Red_2015_1 1,2,4,6,7,8,9,17,27,32, YrAvS, YrAmb/3+,5,10+, 15, 24, 25, SP

Pst_Is4 ET_Or_Mer_EDW_262_2015 2,3+,4,6,7,8,9,10+,17, 24, 25, 27, 32, YrAvS/1,5, 15, SP, YrAmb

Pst_Is8 ET_Or_Mer_EDW_270_2015 1,2,3+,6,7,8,9,10+,17, 24, 25, 27, 32, YrAvS, YrAmb/4, 5, 15, SP

*Yr-gene differentials used for differentiating the pst samples were obtained from GRRC, Denmark and listed as follows: 1=Chinese 166 (Yr1),
2=Kalyansona (Yr2), 3=Vilmorin 23 (Yr3+), 4=Hybrid 46 (Yr4), 5=Avocet Yr5 (Yr5), 6=Avocet Yr6 (Yr6), 7=Avocet Yr7 (Yr7), 8=Avocet Yr8 (Yr8),
9=Avocet Yr9 (Yr9), 10=Moro (Yr10+), 15=Cortez (Yr15), 17=Avocet Yr17 (Yr17), 24=Avocet Yr24 (Yr24), 25=Avocet Yr25 (Yr25), 27=Avocet Yr27
(Yr27), 32=Avocet Yr32 (Yr32), SP=Avocet YrSp (YrSp), Avocet S=YrAvS and Ambition=YrAmb.

Molecular screening for known Yr genes

DNA extraction and quantification: Wheat seeds were
germinated in Petri dishes with 1 mm layer of water. They were
incubated at 4°C for 12 hrs and further transferred to room
temperature (25°C) for 3-4 days. Uniformly germinated seedlings
were transferred to a 96 cupped black plastic trays filled with
Peat (85%) & Sand (15%) Mix and incubated in cereal growth
chamber. The incubation conditions were 100% (1000 or 1200
µmol m-2 s-1) light intensity; RH of 70%; photoperiod of 16 h
light at 19°C and 8 h dark at 16°C temperatures. Genomic DNA
was extracted from 10-14 days old seedlings following the wheat
DNA extraction protocol in 96-well plates (http://www.wheat-
training.com) [45]. DNA quantification was carried out using
NanodropTM (8-sample spectrophotometer ND-800,
ThermoFischer Scientific, USA) and normalized to ~20 ng/µL
for each sample.

Genotyping with Kompetitive allele specific PCR (KASP)
assay: Molecular screening of the tested lines was conducted
through haplotype analysis of 16 KASP-based SNP markers
linked to selected seven Yr genes. Selection of the marker was
based on literature from similar studies on virulence survey of
Pst races, recommendations and availability of KASP assay SNP
markers linked to the respective genes (Table 2). The primers
sequences, along with the attached FAM (5 ’
GAAGGTGACCAAGTTCATGCT 3 ’ ) or HEX (5 ’
GAAGGTCGGAGTCAACGGATT 3’) tails were ordered from
Sigma-Aldrich. A final volume of 100 µL primer mix was
prepared following the manufacturer ’ s (LGC Group,
Teddington, United Kingdom) instructions as 12 µL of each of
the tailed forward primer (100 µM), 30 µL common primer (100
µM) and toped up by 46 µL distilled water [46].

Table 2: KASP assay primers used in screening of Ethiopian durum wheat germplasm for detection of Yr genes linked to the corresponding SNPs.

Gene Chr
Assay ID/ Primer
name Primer_Sequences (5' to 3')

FAM-
allele

HEX-
allele Reference

Yr1 2AL
IWB44454/ A1
primer GAAGGTGACCAAGTTCATGCTGGCTGACATGTGTTCCAGACACT T  

Bansal et al.
[38]

  
IWB44454/ A2
primer GAAGGTCGGAGTCAACGGATTGCTGACATGTGTTCCAGACACG  G  

  
IWB44454/
Common CTGGGGCCTCGGGAGATTTTGAA    

Yr1 2AL
IWB81533/A1
primer GAAGGTGACCAAGTTCATGCTGTTTGCTGTCGTCGAGGAGCTT T  

Bansal et al.
[38]

  
IWB81533/A2
primer GAAGGTCGGAGTCAACGGATTTGCTGTCGTCGAGGAGCTC  C  

  
IWB81533/
Common CCCAGTGGGAGATCTCCACCTT    
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Yr1 2AL
IWB44619/A1
primer GAAGGTGACCAAGTTCATGCTGGAGTATTACTTGCTGGACCCTA A  

Bansal et al.
[38]

  
IWB44619/A2
primer GAAGGTCGGAGTCAACGGATTGGAGTATTACTTGCTGGACCCTC  C  

  
IWB44619/
Common AAGGCTCTGAACAATGAACTTGCTGTAT    

Yr5 2B O_LYr5CadCl GAAGGTCGGAGTCAACGGATTGATACTGGATGACAAAATTTTTA  A
Marchal et
al. [40]

  O_Other GAAGGTGACCAAGTTCATGCTGATACTGGATGACAAAATTTTGC C   

  O_Common GGTTTTTCAGATTATGGAACA    

Yr5 2B T_Common GAAGGTGACCAAGTTCATGCTGTTGTTGCACTTTACAAATCCA A  
Marchal et
al. [40]

  T_LYr5_others GAAGGTCGGAGTCAACGGATTGTTGTTGCACTTTACAAATCCC  C  

  T_CadCl CGGTTTCTGGATGTCACA    

YrSP 2B KASP_Yr5 GAAGGTCGGAGTCAACGGATTGAGAAAATCAGCAGGTGC  C
Marchal et
al. [40]

  KASP_YrSP GAAGGTGACCAAGTTCATGCTGAGAAAATCAGCAGGTGG G   

  KASP_Common AGCGAGTTGAGGACATTGGT    

Yr7 2B AL_C7_R GAAGGTCGGAGTCAACGGATTTTAGTCCTGCCCCATAAGCG  G
Marchal et
al. [40]

  AL_Alt_R GAAGGTGACCAAGTTCATGCTTTAGTCCAGCCCCATAAGCC C   

  AL_Com_F CAGTGTTAAAACCAGGGAGGA    

Yr7 2B AR_C7_F GAAGGTCGGAGTCAACGGATTTGGAGGTATCATCTGGTGAG  G
Marchal et
al. [40]

  AR_Alt_F GAAGGTGACCAAGTTCATGCTTGGAGGTATCATCGGGTGAA A   

  AR_Com_R CATCAAAATCATCGCCTATGT    

Yr7 2B AX_C7_R GAAGGTCGGAGTCAACGGATTCACATGAGTCGATACTGAGG  G
Marchal et
al. [40]

  AX_Alt_R GAAGGTGACCAAGTTCATGCTCACACGACCTAATACTGAGA A   

  AX_Com_F ACTGCAATGCCTTCCCATA    

Yr7 2B AAN_C7_F GAAGGTCGGAGTCAACGGATTGCTGGAAAGGCTTGACATCA  A
Marchal et
al. [40]

  AAN_Alt_F GAAGGTGACCAAGTTCATGCTGCTGGAAAGGCTTGAGATCG G   

  AAN_Com_R AATGGCGTGGTAAGGACAGA    

Yr15 1BS Yr15-R5
GAAGGTGACCAAGTTCATGCTAGTCAACTTGGATTACACTGAAG
TT T  

Ramirez-
Gonzalez et
al. [39]
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GAAGGTCGGAGTCAACGGATTAGTCAACTTGGATTACACTGAAG
TC  C  

   AGATATCACACTGAACATACTGATGAG    

Yr15 1BS Yr15-R8 GAAGGTGACCAAGTTCATGCTCAGATCCCCGGTTCTCTCAAG G  

Ramirez-
Gonzalez et
al. [ 39]

   GAAGGTCGGAGTCAACGGATTCAGATCCCCGGTTCTCTCAAA  A  

   CCCCCAAATGATCGAGAATA    

Yr15 1BS Yr15-R11
GAAGGTGACCAAGTTCATGCTCCATTCTGATCAAGGTCACTGTC
G G  

Ramirez-
Gonzalez et
al. [ 39]

   
GAAGGTCGGAGTCAACGGATTCCATTCTGATCAAGGTCACTGTC
A  A  

   TTCTGTATGGCAACGGGAGC    

Yr17 2AS VPM_SNP_AL1 GAAGGTGACCAAGTTCATGCTCGCCGTTCCGAAYACGAGA A  
Helguera et
al. [26]

  VPM_SNP_AL2 GAAGGTCGGAGTCAACGGATTCGCCGTTCCGAAYACGAGG  G  

  VPM_SNP_C CCCTGGCTTGCACCTTCGACAA    

Yr17 2AS Lr37_AL1 GAAGGTGACCAAGTTCATGCTGGACGGCGTTTGCTCATGCTA A  
Helguera et
al. [26]

  Lr37_AL2 GAAGGTCGGAGTCAACGGATTAGGACGGCGTTTGCTCATGCTG  G  

  Lr37_C1 AGCAGTATGTACACAAAA    

Yr36 6AS  wMAS000017
GAAGGTGACCAAGTTCATGCTCAAGAGGGGAGAGACATGTTACT
TA A  

Distelfeld et
al. [36],

   
GAAGGTCGGAGTCAACGGATTCAAGAGGGGAGAGACATGTTACT
TT  T

Uauy et al.
[35], Fu et
al. [39]

   GATTATGGGAGTAGGTTGGTGAGATAAAA    

The KASP assay for the corresponding SNP markers were tested
using a subset of 24 lines including the positive and negative
controls of the respective Yr genes. The positive controls are Yr
gene containing differential lines and the negative control is a
susceptible wheat line called Avocet-S without any of the Yr
genes. The reaction was set up as final reaction volume of 5.07
µL which is composed of 0.07 µL of primer mix, 2.5 µL of KASP
master mix to which 2.5 µL template (50 ng) DNA was added.
The thermocycling conditions was carried out in Eppendorf
Mastercycler pro 384 using the optimized program at Uauy’s Lab
JIC as follows: hot start at 95°C for 15 min, ten touchdown
cycles (95°C for 20 s; touchdown at 65°C; decreasing 1°C per
cycle; 25 s) which is followed by 30 cycles of amplification (95°C
for 10 s; 57°C; 60 s). At the end of the 30 cycles, plates were
read on PHERASTAR plate reader (BMG LABTECH,
Germany). Under condition of weak signal and no genotype

cluster formation, an additional 5 cycle of PCR was performed,
and reading was recorded again. Once all the KASP assays for all
the markers were confirmed, amplification of whole samples was
performed at the KASP genotyping service unit available at John
Innes Centre (JIC) Norwich. Data analysis was performed using
Klustercaller software (version 2.22.0.5; LGC Hoddesdon, UK).

Segregation of the genotyped lines was examined relative to the
positive control alleles for the respective Yr genes. Lines which
had allele amplification the same as the positive controls and
segregated together were considered as having the Yr gene.
Finally, detection frequency of the markers, proportion of tested
lines having a single and combination of the detected Yr genes
were investigated across the tested lines.
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RESULTS

Reaction of the landraces and cultivars to Pst isolates

Various levels of reactions observed among the 300 durum
wheat lines to the three Pst Isolates. The number and
proportion of durum wheat lines in different resistance classes
across the three isolates is summarized in Table 3. In total, 178
(59.3%), 202 (67.3%) and 139 (46.3%) of the lines were
resistant (IT: 0 - 3) while 36 (12%), 23 (7.7%) and 51 (17%) were
susceptible (IT:7 - 9) to Pst_Is1, Pst_Is4 and Pst_Is8 respectively.
Within the landraces, IT averaged 3.07 ± 0.11, 2.77 ± 0.09 and

3.67 ± 0.11 for Pst_Is1, Pst_Is4 and Pst_Is8 respectively. Within
the cultivars however, the average IT was 5.75 ± 0.31, 5.25 ±
0.28 and 5.96 ± 0.33 for Pst_Is1, Pst_Is4 and Pst_Is8
respectively.

Of all the lines, a total of 170 lines appeared commonly across
the three isolates of which 124 (72.9%), 32 (18.8%) and 14
(8.2%) were resistant, intermediate and susceptible respectively
(Table 3 and Figure 1). Among the resistant lines, 120 (96.8%)
were landraces and 4 (3.2%) were cultivars. The four cultivars
resistant across all isolates are Cocorit/71, Yerer, Obsa and Dire.

Table 3: Number and percentage of Landrace and cultivars of durum wheat in classes of resistance to three Pst isolates.

 

Isolate (Location)*

 

Resistance Class (IT)**

Number of genotypes (%)

Landraces Cultivars Total

Pst_Is1 (KARC)

R (0-3) 173 (66.3) 5 (12.8) 178 (59.3)

I (4-6) 69 (26.4) 17 (43.6) 86 (28.7)

S (7-9) 19 (7.3) 17 (43.6) 36 (12)

Total 261 (100) 39 (100) 300 (100)

Pst_Is4 (Meraro)

R (0-3) 194 (74.3) 8 (20.5) 202 (67.3)

I (4-6) 58 (22.2) 17 (43.6) 75 (25)

S (7-9) 9 (3.4) 14 (35.9) 23 (7.7)

Total 261 (100) 39 (100) 300 (100)

Pst_Is8 (Meraro)

R (0-3) 134 (51.3) 5 (12.8) 139 (46.3)

I (4-6) 99 (37.9) 11 (28.2) 110 (36.7)

S (7-9) 28 (10.7) 23 (59) 51 (17)

Total 261 (100) 39 (100) 300 (100)

Across all Isolates

R (0-3) 120 (82.8) 4 (25) 124 (72.9)

I (4-6) 28 (19.3) 4 (25) 32 (18.8)

S (7-9) 6 (4.1) 8 (50) 14 (8.2)

Total 154 (100) 16 (100) 170 (100)

*The three Pst isolates used are selected from virulence test of 10 isolates (Table S1) on differentials corresponding to 19 Yr genes and they are
avirulent to Yr5, Yr15 & YrSp but virulent to all the rest. ** IT=Infection Type, was evaluated from 0 - 9 scale as described by McNeal et al., (1971)
[44] where R=Resistant, I=Intermediate and S=Susceptible
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Figure 1: Landraces and cultivars of durum wheat constantly resistant
(IT= 0-3), Intermediate (IT= 4-6) and Susceptible (IT= 7-9) to all Pst
isolates. Across the response classes, proportion of the genotypes
decreases from Resistant to susceptible within landraces while it
increases within cultivars.

Molecular screening

Detection of Yr genes amongst tested lines: The KASP
genotyping summary for the screening of the 300 lines and
positive and negative controls with 16 SNP markers linked to
the 7 already reported Yr genes and frequency of lines which
had amplifications with markers is presented in Table 4 and
Figure 2. The presence of Yr1 was assayed with three KASP SNP
markers (IWB44454, IWB81533 and IWB44619) of which,
IWB81533 amplified the Fam_allele-T in the positive control
(AvSYr1NIL) and the Hex_allele-C in the negative control
(Avocet-S). All the 300 lines had amplification for the Hex_allele-
G and segregated with the negative control indicating Yr1 is not
detected. Amplifications with the other two markers (IWB44454
and IWB44619) were not contrasting between the controls.
Assay for presence of Yr5 was carried out with markers
O_LYr5CadCl and T_LYr5. For marker O_LYr5CadCl, no
amplification was found for both controls and tested lines as

well (Table 4). Marker T_LYr5 on the other hand gave
amplification for only the Hex_allele-C in both controls and in
296 (98.7%) of the tested lines which was an ambiguous
detection (Table 4 and Figure 2). Marker KASP_YrSp, which
was used to detect YrSp, amplified the Hex_allele-C in the
positive control and only in two of the tested lines (0.7%) while
no amplification was found in the negative control and in
almost all the tested lines (Table 4 and Figure 2). All the four
markers (AL_C7, AR_C7, AX_C7 and AAN_C7) applied for
detection of Yr7 perfectly amplified the Hex_ and F am_ alleles
in the positive and negative controls respectively and in the
tested lines as well (Table 4, Figure 2 and Figures 3B to 3E).
With the best amplifying linked marker (AL_C7) the gene was
detected in 81.7% of the lines although the combined
amplification all the four markers gave detection in 78.7% of
the lines (Figure 2). The detection of Yr15, performed by
markers R5 amplified the Fam_allele-C in the positive controls
and in just one of the tested lines. For R8, Fam-allele-G was
amplified in the positive control and in 57 of the tested lines.
Marker R11 appeared as the best amplifying one and resulted in
the detection of the gene in 88.3% of the teste lines. When all
three markers are considered in combined detection of Yr15, it
was found in only 0.3% of the lines (Figure 2 and Figures
3G-3I). Presence of Yr17 was assessed with marker VPM_SNP
and leaf rust resistant gene related marker Lr37. Both
VPM_SNP and Lr35 amplified their respective positive and
negative control alleles. Whereas only the negative control
alleles were amplified among the tested lines and no Yr17 was
detected (Table 4 and Figure 2). Similarly, existence of Yr36 was
examined with marker wMAS000017. Hex_allele-T and the
negative Fam-allele-A were amplified the positive and negative
controls respectively while only the negative control allele was
amplified among the tested lines and here again no Yr36 was
detected.

Table 4: KASP genotyping summary of durum wheat lines screened with 16 SNP markers linked to seven Yr genes.

Marker name Gene
FAM-
allele

HEX-
allele

Genotype
call of

Controls*

Number of
lines per
genotype

calls Detection Condition**

Positive Negative YY YX XX DNA

IWB44454 Yr1 T G XX (TT) XX (TT) 20 1 264 15 Ambiguous

IWB81533 Yr1 T C XX (TT) YY (CC) 300 0 0 0 Contrasting

IWB44619 Yr1 A C YY (CC) YY (CC) 274 0 21 5 Ambiguous

O_LYr5CadCl Yr5 C A DNA (--) DNA (--) 5 0 18 277 NA

T_LYr5 Yr5 A C YY (CC) YY (CC) 296 3 0 1 Ambiguous

KASP_YrSP YrSp G C YY (CC) DNA (--) 2 0 2 296 Contrasting

AL_C7 Yr7 C G YY (GG) XX (CC) 245 0 52 3 Contrasting
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AR_C7 Yr7 A G YY (GG) XX (AA) 243 0 57 0 Contrasting

AX_C7 Yr7 A G YY (GG) XX (AA) 237 3 59 1 Contrasting

AAN_C7 Yr7 G A YY (AA) XX (GG) 243 1 54 2 Contrasting

R5 Yr15 T C YY (CC) XX (TT) 1 1 296 2 Contrasting

R8 Yr15 G A XX (GG) YY (AA) 57 1 240 2 Contrasting

R11 Yr15 G A YY (AA) XX (GG) 265 2 32 1 Contrasting

VPM_SNP Yr17 A G XX (AA) YY (GG) 297 0 0 3 Contrasting

Lr37 Yr17 A G YY (GG) XX (AA) 0 0 290 10 Contrasting

wMAS000017 Yr36 A T YY (TT) XX (AA) 0 0 295 5 Contrasting

*Positive controls used for the respective Yr genes are described as follow: Yr1= AvSYr1NIL, Yr5= AvSYr5NIL, Yr7= AvSYr7NIL, Yr15=
AvSYr15NIL, Yr17= AvSYr17NIL, Yr36= UC_GPC_B1_P_3 and YrSP=AvSYrSpNIL. Avocet S for negative control. UC_GPC_B1_P_3 is spring
wheat having Grain Protein Content (GPC) gene linked to Yr36 and is obtained from Uauy lab Crop Genetics department, JIC. In the genotype
call, X is the Fam-allele call and Y is the HEX-allele call. ** Ambiguous diagnostic value means: genotype call of the Positive and Negative controls is
the same making detection of the tested genotypes non-conclusive; and NA is for the marker which did not amplify.

Figure 2: Frequency of durum wheat lines co-segregated with the
respective Yr gene ’ s positive controls as identified by linked SNP
markers genotyping. Bars of “Combined” represents the frequency of
lines containing amplification for all the markers of the respective Yr
gene as a haplotype. Markers IWB44454, IWB44619 and T_LYr5 gave
ambiguous detection because they amplified the same allele in both
positive and negative controls.

Figure 3: KASP assay cluster plot of EDW lines and differentials
genotyped with Yr genes linked SNP markers. A: cluster plot of YrSp;
B-E: cluster plot of Yr7 and F-H: Cluster plot of Yr15. The names of
the differential lines represent the positive controls used for the
respective Yr genes while Avocet S represents the negative controls.

Landraces vs. cultivars and gene combinations

Considering the tested line groups separately, Yr7, Yr15 and YrSp
were detected in landraces while only Yr7and Yr15 were in
cultivars (Figure 4). Altogether, average detection of these genes
was, 58.7%, and 32.8% within landraces and cultivars
respectively. When assessing the presence of gene combinations
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across the lines (Figure 5), 218 of them had a combination of
Yr7+Yr15 and just a single line had Yr15+YrSp combination,
while none of the lines had the combinations Yr7+YrSp, and
Yr7+Yr15+YrSp (Figure 5). Within the 124 phenotypically
resistant lines to the three isolates, there was no detection for
YrSp while Yr7 and Yr15 were detected in 9 and 19 lines
respectively. Of all the resistant lines, only 2 lines exhibited
absence of any of the Yr genes considered for detection in the
study.

Figure 4: Frequency of detected Yr genes across durum wheat lines:
Landraces compared with cultivars. Average refers to the mean
detection frequency of all genes regardless of the type of the gene in
each group.

Figure 5: Percentage of genotypes containing various Yr gene
combinations. Yr genes considered for combination are only the ones
which are detected in this study without any ambiguity.

DISCUSSION

Screening/seedling test

High yielding semi-dwarf wheat varieties introduced from the
Consultative Group on International Agricultural Research
(CGIAR) centers succumb to new races of the rust pathogen
soon after their cultivation by farmers. Ethiopian durum
landraces serve as useful sources of diversity for important traits
that include diseases resistance, drought tolerance, etc.
Therefore, 300 durum wheat lines were screened against the

three virulent isolates (Pst_Is1, Pst_Is4, Pst_Is8) in search of
potential resistance lines. In total, considerably higher number
(202 (67.3%)) of the lines were resistant to Pst_Is4 than the
other two isolates while 51 (17%) of the lines exhibited the
highest susceptibility to Pst_Is8 concluding that most of the
lines are well adapted to Pst_Is4 than to Pst_Is1 and Pst_Is8
(from Meraro). It also signifies importance of using various races
of varying virulence for screening durum genetic pool and
possible gene deployment. In assessing the extent of lines
constantly resistant to all the three isolates, the landraces took
the larger number (120) than the cultivars (4). This could be
because the landraces are grown for a long time in the
pathogens environment which has given them a better chance to
develop resistance to the pathogen population. Four durum
cultivars (Cocorit/71, Yerer, Obsa and Dire) constantly
exhibited resistance to all Pst isolates. Though not exclusively on
durum, similar studies on identification of resistance sources in
wheat have been done by several authors. Wan et al. [19]
identified relatively smaller number of resistant accessions (13)
in their evaluation of 178 Ethiopian bread wheat lines across
two Ethiopian and three USA Pst races. Eight of the lines were
cultivars and five were landraces. In their evaluation of
Ethiopian wheat against 20 Pst races, Dawit et al. [47] reported
two bread wheat cultivars (Wabe and Tuse) were resistant to all
20 races and cultivar Sofumar resistant to most of the races they
studied. Through screening of wheat germplasm from Ethiopia
several resistant durum landraces and new genes such as Yr53 
[48] Yr64, and Yr65 [31] have been identified and transferred to
bread wheat backgrounds. These all reports show that landraces
particularly of Ethiopian durum wheat germplasm are potential
sources of resistance to Pst races of Ethiopian and exotic origin.
Similarly, the seedling evaluation in this study has confirmed
resistance to the Pst isolates used.

KASP assay based screening for known Yr genes

Knowing that all the three isolates used in this study were
avirulent to Yr5, YrSp and Yr15 (Table 1), we anticipated that the
lines constantly resistant to all three Pst isolates might harbour
at least one of these genes. Subsequently, we did molecular
screening of the lines with KASP SNP markers linked to seven
Yr genes already reported in literatures including Yr5, YrSp and
Yr15. Overall, the molecular screening enabled unambiguous
detection of YrSp, Yr7 and Yr15 in various proportions while
Yr1, Yr17 and Yr36 were not detected in any of the tested lines
(Table 4). Considering the best amplifying linked marker, Yr15
was the most frequently (88.3%) detected gene followed by Yr7
(81.7%) and YrSP with the least (0.7%) detected one. Yr5 is a
race specific resistance gene initially identified in a Triticum
aestivum ssp. spelta var. album accession [49]. It is mapped on
chromosome 2BL [50-54] and is effective against all Pst races
identified in the United States [55] although Wellings and
McIntosh [56] reported virulence from two Australian Pst
isolates. The fact that Yr5 marker T_LYr5 amplified the same
allele in both positive and negative controls makes the detection
ambiguous. However, the amplification of the positive control
allele in 98.6% of the tested lines makes the detection worth
considering because none of the isolates in this study were
virulent against it as far as the phenotypic screening is
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concenrned (Table 1). Further assessment on the presence or
absence of this gene in Ethiopian durum wheat may help to
decide whether or not to use it in wheat breeding program. YrSp,
originally identified from ‘Spaldings Prolific ’  wheat provides
resistance to a broad spectrum of Pst races and is mapped on
2BL [57]. Recently, Marchal et al. [40] identified that YrSp is
allelic to Yr5 and is a truncated version of Yr5 sharing 99.8%
sequence in common. In the present study, marker KASP_YrSp
gave amplification in the positive control and only in two of the
tested lines. Absence of the virulence to YrSp and lowest
detection frequency in this study are good enough evidences to
consider it for introgression in Ethiopian wheat materials to
increase its frequency. Being a major gene conferring an all stage
resistance, Yr7 is mapped on chromosome 7BS [40] and is
detected in many (74.0%) of Ethiopian bread wheats cultivars
and elite materials [41]. This is a similar result to the detection
frequency (81.7% with the best amplifying marker) in our result
although ours is on durum wheat lines. It is among the widely
used Yr genes by CIMMYT and deployed in many commercial
cultivars [58]. In agreement with the result of the virulence
survey on Ethiopian Pst races [47], our result indicates that this
gene is not effective any more in Ethiopian condition. Frequent
usage of bread wheat cultivars with this gene has probably put a
selection pressure on the Pst population and has led to the
development of new virulent races. Yr15 is among the useful Yr
genes originated from and genetically mapped on chromosome
1BS of wild emmer wheat [59]. It has been introgressed in many
bread wheat cultivars [60] and known to provide effective
resistance against most Pst races worldwide (http://
wheatrust.org/) and major international isolates. Three KASP
SNP markers, identified through bulk segregant analysis [39]
used in our study gave amplification in considerable number of
the durum lines. Although SNP marker R5 gave the lowest
detection frequency, markers R8 and R11 have amplified
significantly higher number of lines. The latter two markers can
be used for marker assisted introgression of the gene and the
lines containing the gene can be targeted as potential donors of
Yr15.

Yr1, is mapped on chromosome 2AL. SSR markers have been
used for haplotyping of this gene [38,41,61] in many wheat
materials and various levels of detection frequencies were
reported. With the KASP SNP marker IWB81533, no detection
was achieved in the present study. On the other hand, the
ambiguous detection obtained by markers IWB44454 and
IWB44619 could be due to similarity of the genetic background
of both positive and negative controls as Avocet S was used for
the development of differentials. Earlier studies showed that
Yr17 was effective against races of east Africa [62] and under
Ethiopian conditions [47] in bread wheat. Its presence in
Ethiopian bread wheat cultivars was also confirmed latter using
a haplotype analysis of linked SSR markers [41]. In the present
study however, the KASP assay-based SNP markers did not show
any presence of the gene in the durum lines. Slight sequence
difference between bread wheat and durum wheat genomes
inevitably exists and that could have worked in favour of Yr17
presence in the hexaploid wheat than in the tetraploid (durum)
wheats. Yr36 is a Hight-temperature Adult Plant (HTAP) stripe
rust resistance gene mapped on chromosome 6B and closely

linked to the Grain protein content locus Gpc-B1 [37]. The Gpc-
B1 locus linked SNP marker wMAS000017 amplified only the
allele of the negative control indicating the absence of Yr36
among the tested lines.

CONCLUSIONS AND FUTURE DIRECTIONS

In this study relatively large number of phenotypically resistant
landrace lines instead of cultivars has been identified. Similarly,
in the molecular screening the average frequency of resistant
genes detected is more in landraces than in the cultivars. This
relative richness of landraces as source of resistance over the
cultivars can be considered as an opportunity for enhancing
potential of wheat for Pst resistance in further improvement
programs. Besides, phenotypically resistant lines in which no Yr
genes were detected may contain a new gene. These lines can be
good starting material towards identification of the gene
through mapping, cloning and functional characterization. The
identified resistant genes like Yr15 along its diagnostic markers
can be used in wheat marker assisted breeding for Pst resistance.
Moreover, lines that contain combination of Yr genes are
potential targets for starting Yr gene pyramiding for a quick
deployment in Ethiopian wheat production. The diagnostic
value of markers in diverse genetic backgrounds could
sometimes be inconsistent and detections might be ambiguous
as in the case of Yr5. Under such conditions, a rigorous
reproducibility test should be done to reach at a conclusive
result. Aside from the identification of resistance sources, this
double screening approach may be considered as useful strategy
for relating phenotypically resistant lines with the Yr genes in
the absence of enough molecular information about the genes
anticipated. Besides, it provides evidence which helps in making
decision on whether to use identified resistance genes and the
lines in breeding for Yr resistance and gene pyramiding
strategies.
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