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ABSTRACT

Net blotch, caused by Pyrenophora teres f. teres, is one of the most devastating diseases causing
significant losses in barley yield and quality. In the present investigation, two barley verities “AT4” (net
blotch resistant) and “Femina” (net blotch susceptible) were used to develop a segregating F2 population.
Linkage analysis and map construction were performed using Map Manager. The contracted genetic
linkage map consisted of 85 markers including 45 AFLP, 11 SSR, 6 CAPS, 5 SCoT, 3 STS and 6 NBL.
Linkage groups were assigned to individual barley chromosomes using the published map locations of the
SSR markers as reference point. The produced map showed 7 linkage groups with 85 markers covered a
total length of 1644.8 cM. The average length of linkage groups ranged from 77.7 to 739.4. Single point
analysis was used to identify the genomic regions associated with net blotch in barley. A total of 14 QTL
with a significance ranging from 0.01% to 5% were identified on 4 linkage groups (2, 4, 5 and 6). The
most significant QTL was found on chromosome 6H. This QTL presents a promisiiig opportunity for the

strategic improvement of barley resistance to net blotch using marker assisted selection.
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INTRODUCTION

Barley (Hordeum vuigare L.) is the fifth important cereal crop species in crop production
worldwide after maize, wheat, rice, and soybean. It is also a model species for genetic studies as it is an
annual and diploid self-pollinating species and has a relatively short life cyole. Net blotch of barley,
caused by the fungal phytopathogen Pyrenophora teres Drechs. f. teres Smedeg., constitutes a serious
constraint to barley production worldwide (Shipton er al., 1973). Net blotch can cause significant yield
loss and negatively affect the grain quality. Losses due to net blotch could reach 50% of yield with
possible complete loss depending on cultivar susceptibility and environmental conditions (Steffenson e
al., 1996). Detecting of sources for resistance to net blotch and an understanding of. their genetic
background are very crucial in developing new resistant varieties to such disease. Resistance to net blotch
is controlled by several genes and dependents on the source of resistance, the development stage and the
pathotype used for testing (Svobodova et al., 2011). Using molecular marker technology in barley
represents a high efficiency tools for indirect selection and would enhance the efficiency and accuracy of
screening for net blotch resistance. Furthermore, quantitative analysis has proven useful for locating
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genes controlling complex traits and provides a more accurate estimation of gene location that qualitative
analysis because of its lower sensitivity to even modest numbers of phenotypic mis-scores (Wright, 1998)
and barley germplasm identification and classification (Struss and Plieske, 1998). The association
between molecular markers and phenotypes is one of the most significant developments in the field of
molecular genetics and molecular breeding and provide a substantial landmarks for elucidation of genetic
variation and detection of genomic regions that is responsible for the trait, which in turn plays an essential
role in the strategic improvement of barely using marker-assisted selection (Abu Qamar et al., 2008;
Agarwal et al., 2008). Genetic maps have been used to identify markers for single gene and complex traits
that are otherwise difficult and expensive to select for in plant breeding programs. Several genetic maps
have been constructed and used in QTL analysis for net blotch resistance in barley (Stein et al., 2007;
Abu Qamar ef al., 2008; Adawy et al., 2008; Gupta et al., 2010; Cakir et al., 2011; Svobodova er al.,
2011; Grewal er al., 2012; Jian et al., 2013; Prabin er al., 2013 ). These studies indicate that there is a
multigenic region controlling reaction to net blotch resistance genes and many QTL have been mapped in
bariey around the world. Furthermore, Several types of molecular markers, such as Amplified Fragment
Length Polymorphism (AFLP), Simple Sequence Repeat (SSR), Cleaved Amplified Polymorphic
Sequence (CAPS), Start Codon Targeted (SCoT) and Sequence Tagged Site (STS) have been used in
mapping and QTL analysis in barley (Litt and Luty, 1989; Vos er al., 1995; Konieczny and Ausubel
1993; Collard and Mackill, 2009; Olson er al., 1989) respectively. The objectives of this study were to
construct a genetic linkage map with chromosomal assignment to the linkage groups and to determine the
most significant QTL for net blotch resistance in a barley mapping population derived from the intercross
between AT4 (net blotch resistant) and Femina (net blotch susceptible) aiming to facilitate the breeding of
barley through marker- assisted selection of cultivars characterized by net blotch resistant trait, which is
controlied by multiple genes and difficult to handle in conventional breeding programs.

MATERIALS AND METHODS
Mapping population

Two barley varieties AT4 and Femina were provided from Agriculture Research Center{ARC) - Giza
Egypt. These two cultivars were used to develop F2 mapping population (88 plants) from the interspecific
cross between the Egyptian barley (AT4) and the German barley (Femina). The female parent was AT4.
which is characterized by net blotch resistant and the male parent was Femina, which is characterized by
net blotch susceptible. The F2 trials were grown in controlled conditions using one of the greenhouse
stations in the Agricultural Genetic Engineering Research Institute - Agriculture Research Center (ARC) -
Giza Egypt with two replications

Isolation of Pyrenophora teres pathogen, plantlet inoculation and phenotype scoring

Isolation, growing and harvesting of Pyrenophora teres Drechs. f. teres Smedeg conidia were done
according Weiland et al., (1999). Samples of infected barley leaves showing necrotic lesions, were
collected in paper bags, marked for each examined location and transferred to the laboratory for isolating
the pathogens. Small pieces (2-5mm) were cut from each sample and sterilized with sodium hypochlorite
1% for 2 min and dried between sterilized filter paper and placed onto potato dextrose agar plates (PDA)
supplemented with streptomycin-sulfate (100 pug/ml). Sporulation was induced by incubating petri dishes
under a black light blue fluorescent lamp emitting near ultraviolet light (NEC model FL8BL-B) with an
alternating photoperiod (10 h light:14 h dark) at 19 °C for 3 d. Single conidia were then inoculated onto
3.9 %potato dextrose agar and incubated at room temperature for 7 d. For inoculum production, each
isolate was grown separately on V-8 juice agar at 2°C (Miller, 1955). After 7 days in culture, conidia were
washed from the agar surface, filtered through a 330pm strainer and made up into an aqueous suspension
containing 12,500 conidia/ml and 0.01% Tween-80. Culture collection was maintained on Potato
Dextrose Agar (PDA) slants under paraffin oil. Morphological features including colony colour, mycelial
type, production of vertical erect mycelial tufts (coremia). and production of conidiophores and conidia
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were examined as described by Scott (1991). Plantlet inoculation was done according to Friesen et al.,
(2006). Conidia were diluted to 4000 spores/mL, and 2 drops of Tween 20 (polyoxyethylene sorbitan
monolaurate) per 100 mL of inoculum were added to reduce spore clumping. Plants were inoculated until
a heavy mist was evident on all leaves, but inoculation ceased before runoff could occur. Plants were then
placed in 100% relative humidity in the dark at 21 °C for 24 h, and then in a controlled growth chamber
under photoperiod conditions of 12 h light: 12 h dark at 21 °C. Disease reactions were read at 7 d post-
inoculation. The disease evaluations were done as described by (Tekauz, 1985) using a 1-10 scale.

DNA Markers

Analysis of segregation among the 88 F2 individuals was performed using 11 AFLP combinations, 18
SSR. 12 CAPS, 7 SCoT, 2 STS and 4 primers linked to net blotch.

SSR analysis

SSR assays were performed as described by Adawy (2007). Screening of segregation between the F2
individual plants was carried out using 18 SSR primer pairs (Table 1). The PCR reaction was conducted
in 254l reaction volume containing 1x PCR buffer, 1.5 2 mM MgCl, , 0.2 mM of each dNTPs, ImM of
forward and reverse primers, | U Go-Taq Flexi polymerase (Promega) and 25 ng genomic DNA.
Amplification was performed with a GeneAmp ®PCR system 9700 (Applied Biosystems, USA) and
consisted of an initial denaturation step at 94°C for 5 min, followed by 40 cycles as follows: a
denaturation step at 94°C for | min, an annealing step each primer for 1 min and an extension step at
72°C for 1.30 min; ending with an extension period of 72°C for 7 min.The PCR products were detected
by electrophoresis on 2% agarose, 1XTBE gel stained with ethidium bromide and viewed under ultraviolet
light (Fig. 1).

AFLP analysis

Eleven AFLP primer combinations (Table 2) were performed with minor modificatians. according to the
protocol of Vos er al. (1995) using AFLP® Analysis System II (Invitrogen, USA) (Cat.No.10483-022).
Approximately 400 ng DNA of each of the 88 F2 individual plants was digested simultaneously with
EcoRI and Msel at 37°C for 2 hr. A small aliquot of the digested DNA was run on a 1.5% (w/v) agarose
gel to check if the DNA digestion was complete. The digested samples were incubated at 70°C for 15 min
to inactivate the restriction endonucleases. EcoRI and Msel adaptors were ligated to the digested DNA
samples to generate template DNA for amplification. The ligation products were diluted 10 fold in TE
buffer and 5 pl added to preamplification reaction. Preamplification was carried out with 11-primer
combinations each carrying one selective nucleotide in a thermocycler for 20 cycles set at 94°C
denaturation (30 sec), 56°C annealing (60 sec) and 72°C extension (60 sec). The amplification products
were diluted 50 folds in TE buffer and stored at -20°C. Selective AFLP amplification was carried out with
EcoRI and Msel primers each carrying three selective nucleotides and 5 pl of the diluted PCR products
from the preamplification product. The PCR selective amplification temperature profile was as follows:
one cycle at 94°C for 30 sec, 65°C for 30 sec, and 72°C for 60 sec; followed by 12 cycles of touchdown
PCR in which the annealing temperature was decreased by 0.7°C every cycle until a ‘touchdown’
annealing temperature of 56°C was reached. Once reached, another 23 cycles were conducted as
described above for preamplification. Two ml of the reaction product was mixed with an equal volume of
formamide loading buffer (98% [v/v] formamide, |0 mM EDTA, 0.005% [v/v] of each of xylene cyanol
and bromophenol blue), denatured by incubating at 92°C for 3 min and quickly cooled on ice. The
products were analyzed on 6% (w/v) denaturing polyacrylamide gels. The gel was run at constant power
(50-55 W) until the xylene cyanol was about two-thirds down the length of the gel. The gel was silver
stained according to the protocol described by the manufacturer (Promega Corp., USA, Silver Sequence
DNA Staining Reagents, Lot. No.171120) (Fig. 2).
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SCoT analysis

SCot assay was performed as described by Collard and Mackill, (2009). Screening the segregation
between the 88 F2 individual plants was carried out using twenty six primers, PCR amplification was
performed in a total volume of 25 ul, containing 1x PCR buffer, 1.5 mM MgCl,, 2.5mM dNTPs, 25 poml
of primer, 1 U Tag polymerase (promega) and 30ng genomic DNA. Amplification was performed with a
GeneAmp ®PCR system 9700 (Applied Biosystems, USA). A standard PCR cycle was used as follow: an
initial denaturation step at 94°C for 5 min, followed by 40 cycles of 94°C for 1 min. 50°C for | min, and
72°C for 1.30 min; the final extension at 72°C was held for 7 min. All PCR amplification products were
separated on 1.5% agarose gels in 1XTBE buffer stained with ethidium bromide and visualized under UV
light. (Fig. 3).

CAPS analysis

Twelve primers were used in CAPS as described in (Abu Qamar et al., 2008), PCR reactions were
performed in a total volume of 25 ul and consisted of 40ng genomic DNA, 1xPCR buffer, 2.5 mM
dNTPs, 1.5 mM MgCl,, 1 u Tag polymerase (promega), and 20 pmol of forward and reverse primers.
Amplification was performed in a GeneAmp ®PCR system 9700 (Applied Biosystems, USA) under the
following program: 5 min at 94°C; 40 cycles of 40 sec at 94°C, Imin at 55°C, and Imin at 72°C; and
extra extension for 7 min at 72 C. PCR products were produced as described above but were digested
before being loaded onto the gel. Digestions were done by adding 1.5 ul of 10x buffer and 2 u of the
restriction enzymes Rsal, Haelll and EcoRV. The resulting 15 pl volume was incubated at 37°C for 2 h.
Polymorphism was detected by separating the whole volume of treated DNA on 2% agarose gel (1XTBE)
containing ethidium bromide, and visualizing it under a UV transilluminator. (Fig. 4).

STS analysis

Two STS primers were used in PCR amplifications according to (Abu Qamar et al., 2008), which
performed in a 25 ul reaction containing lu Tag polymerase (promega), IxPCR buffer, 1.5 mM MgCl,,
2.5 mM dNTPs, 20 pmol of forward and reverse primers and 30ng of genomic DNA. -The reaction
amplified using PCR program that included denaturing at 94°C for 5 min, 40 cycles of 45 sec at 94°C,
Imin at 55°C and 1 min at 72°C, and finally a 7min extension at 72°C. Detection of polymorphisms PCR
products were run on 2% agarose gels to detect polymorphisms. (Fig. 5).

NBL analysis

Four NBL primers were used in PCR amplifications according to (Abu Qamar et al., 2008) which
performed in a 25 ul reaction containing lu Tag polymerase (promega), 1xPCR buffer, 1.5 mM MgCi2.
2.5 mM dNTPs, 20 pmol of forward and reverse primers and 30ng of genomic DNA. The reaction
amplified using PCR program that included denaturing at 94°C for 5 min, 40 cycles of 1 min at 94°C, |
min at 50°C and 1.5 min at 72°C, and finally a 7min extension at 72°C. Detection of polymorphisms PCR
products were run on 8% non-denaturing polyacrylamide gels (26.6 ml of 30% acrylamide solution, 62.7
ml water, 10 ml 10X TBE and 0.7 ml of 10% APS) to detect polymorphisms. (Fig. 6).

Genetic Linkage Map and QTL analysis

The markers that showed polymorphism between the parental lines were used to construct the genetic
linkage map, For each marker, the F2 individuals were scored as ‘1’ or ‘3’ for presence of the paréntal
band of the female parent (AT4) or the male parent (Femina), respectively, or ‘0’ for missing data.
Linkage analysis and map construction were performed by using Map Manager QTX14 (Manly and
Cudmore 1997) using the Haldane function to convert the recombination frequencies to centiMorgans
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(cM). The linkage groups were constructed using the “make linkage group” command with a minimum
LOD score of 3.0 followed by ripple command for each linkage group to check the final order of markers.
QTL analysis was performed as single point analysis (SPA) using QTL cartographer. A significance level
5%, 1%, 0.1% and 0.01% were used to declare a QTL.

RESULTS AND DISCUSSION

The population used in this study was useful for identifying loci controlling quantitative traits for Net
Blotch because it was derived from an interspecific cross between genetically diverse parents exhibiting
contrasting traits for Net Blotch resistance. From the survey of the two parents using 18 SSR, 11 AFLP
primer combinations, 12 CAPS, 7 SCoT, 4 NBL and 2 STS, a total of 1104 major polymorphic bands
were observed from SSR (102 bands), AFLP (834 bands), CAPS (48 bands), SCoT (85 bands), NBL (29
bands) and STS (6 bands) . Of these major bands, only 213 (19.3%) were polymorphic between the two
parents, 30 for SSR, 133 for AFLP, 25 CAPS, 14 SCoT, 8 NBL and 3 STS (Tables 1, 2, 3, 4 and 5). For
SSR, the number of polymorphic bands obtained by individual primer ranged from 2 for SSR-20
(AB(C02222) and SSR-17 (GBM1423) to 10 for SSR-9 (XGWM129) with a mean of 5.6 bands. The
primer SSR1 and SSR2 produced the largest number of polymorphic bands (4 in total) (Table 1). For
AFLP, the number of bands generated by individual primer combinations ranged from 55 for 6/8 (EcoRI
+ AGG / Msel +CTC) to 98 for 7/1 (EcoRI + ACC/ Msel + CAA), with a mean of 75.8 bands. The primer
combination EcoRI + ACC/ Msel + CAA produced the largest number of polymorphic products (22 in
total) (Table 2). For SCoT, the number of bands generated ranged from 8 for SCoT-20 to 15 for SCoT-9
with a mean of 12.1 bands. The primers SCoT-8 and SCoT-9 produced the largest number of
polymorphic bands (3 in total) (Table 3). For CAPS, the number of bands obtained by individual primer
ranged from 2 for CAPS-1(Bmagl49), 3(MWG652), 4MWG916), 8(CMWG2029) to 7 for CAPS-
9(rbags39h18). The primer CAPS-9 (rbags39h18) produced the largest number of polymorphic bands (4
in total) (Table 4). For NBL, the number of polymorphic bands ranged from 3 for bar-23 to 12 for bar-22.
The primers bar-22 produced the largest number of polymorphic bands (4 in total) (Table 3). For STS, the
number of bands obtained were 2 for the primer Nb13 and 4 for the primer Nb 2.

Among the 194 polymorphic markers, 108 were unlinked and 85 were distributed on 7 linkage
groups covering 1644.8 cM. The linkage groups ranged from 77.7 cM in linkage group 1 to 739.4 cM in
linkage group 2(2H) with an average distance of 19.4 cM between loci (Figure 7). The distribution of
markers, linkage group assignment and map coverage across the 7 barley linkage groups are summarized
in Table (6). The biggest linkage group consisted of 36 marker loci covering 739.4 cM with 20.5 ¢cM
average distance in linkage group 2(2H) and the smallest were linkage groups 1 consisting of 4 marker
loci with average distance of 19.4 cM, respectively. Linkage groups were assigned to individual barley
chromosomes using the published map locations of the SSR markers as reference point (Table 1). The
LG2, LG6 and LG7 were assigned to chromosomes 2H, 6H, and 7H respectively (Figure 7). Several
genetic maps have been constructed and used in QTL analysis for net blotch resistance in barley
(Steffenson et al. 1996; Stein ez al. 2007, Abu Qamar et al. 2008; Adawy er al. 2008; Gupta et al. 2010;
Cakir et al. 2011; Svobodova et al, 2011; Grewal et al. 2012; Jian et al. 2013; Prabin ef al. 2013 ). These
studies indicate that there is a multigenic region controlling reaction to net blotch resistance genes and
many QTL have been mapped in barley around the world. The genetic map constructed in this work is
different from the previously constructed maps as it consists of 6 different molecular markers (NBL, SSR,
AFLP, STS, CAPS and SCoT) integrated together on one map. However, more markers are needed to
produce more saturated genetic map for this population. The map constructed in this work was useful to
determine QTL for net blotch resistance in the F2 barley population derived from the interspecific cross
between AT4 and Femina. In this context, a total of 14 QTL with a significance ranging from 0.0} % to
5% were identified on 4 linkage groups (2H, 4, 5 and 6H). Where, 3 QTL were identified on LG 2 (2H), 2
QTL on LG4, 1 on LG 5 and 8 on LG 6 (Figure 7). The most significant QTL was found on chromosome
6H and represented a large genomic region on chromosome 6H. This result is in agreement with several
previous studies that used molecular markers to identify a region on chromosome 6H that harbors the net
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