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MAPEO DE GENES DE RESISTENCIA A LAS TRES ROYAS DEL TRIGO (Triticum
aestivum L.) EN LA POBLACION Fs APAV #1 x KIJIL
Maricarmen Sandoval Sanchez, Dra.

Colegio de Postgraduados, 2019

RESUMEN
La linea de trigo harinero (Triticum aestivum L.) 'Kijil' desarrollada en el CIMMYT, mostrd
niveles adecuados de resistencia en planta adulta para roya de la hoja, roya amarilla y roya del
tallo en ambientes evaluados en México. La base genética de su resistencia se estudio utilizando
198 lineas recombinantes (RIL) derivadas de la cruza del padre resistente "Kijil" con el padre
susceptible "Apav #1". Los padres y las RILs se evaluaron en ensayos de campo realizados en
El Batan, Toluca y Ciudad Obregon, México para roya de la hoja (4 ambientes), roya amarilla
(6 ambientes) y roya del tallo (2 ambientes) durante 2016 y 2017. Adicionalmente, se realizo
un ensayo en invernadero en El Batan para evaluar resistencia a roya del tallo en 2017. La
poblacion RIL de Apav #1 x Kijil y los padres fueron genotipeados con marcadores vinculados
para la identificacion de lineas para presencia o ausencia de Sr2/Yr30 (gwm533 & csSr2),
Lrd6/Yr29 (csLV46 & csLVG22) y Lr37/ Yrl7 (cslVrga & VENTRIUP-LN2). Al eliminar las
lineas heterocigotas, se genotiped un conjunto seleccionado de 125 RILs negativas a Lr37/Yr17,
utilizando marcadores DArT-GBS, y se usaron datos genotipicos y fenotipicos para el analisis
de QTL. Finalmente, se construyd un mapa genético de 6168.0 cM (1824.2, 3883.7 y 460.1 cM
para los genomas A, By D, respectivamente) utilizando 5,890 marcadores polimérficos (4,338
PAVs, 1,548 SNPs, gwmb533, ¢csSr2, csLV46 y csLV46G22). El analisis genético indico que la
resistencia a roya de la hoja estd determinada por 3 a 4 genes, al igual que para roya amarilla.
A través del mapeo de intervalo compuesto inclusivo (ICIM), se detectaron dos loci de
resistencia para roya de la hoja, QLr.cim-1DS y QLr.cim-5AS en los cromosomas 1DS y 5AS,
respectivamente; para roya amarilla, dos loci localizados en el cromosoma 3BS,
correspondientes a Yr30 y QYr.cim-3BS. Ademas, se identificd un locus de resistencia a roya
de la hoja y roya amarilla co-localizado en el cromosoma 1BL (correspondiente a Lr46/Yr29).
Estos QTLs se derivaron de Kijil. Asimismo, se identificaron 3 QTLs derivados de Apav #1 de
efectos menores para resistencia a roya de la hoja: QLr.cim-1AL, QLr.cim-2AL y QLr.cim-2BL

en los cromosomas 1AL, 2AL y 2BL, respectivamente. La genetica de la resistencia a roya del



tallo se investigo en una subpoblacion Fe de 99 familias derivadas de la cruza Apav #1 x Kijil.
El anélisis genético indico que existen cuatro genes de raza especifica que confieren resistencia
en plantula. Un primer gen se identifico como Sr38 y los demas se designaron temporalmente
como SrKj;1, SrKj22+ y SrKjX-, de acuerdo con los tipos de infeccion registrados. Para
corroborar el efecto en planta adulta de los genes de raza especifica, se observo que las familias
positivas a Sr38, mostraron niveles de infeccion de 0-20 %, mientras que las familias portadoras
de los genes SrKj;1, SrKj22+ y SrKjX- presentaron rangos de 1-30 %, 30-60 % y 1-30 %,
respectivamente. Por otra parte, se determinG que existen tres genes menores que confieren
resistencia en planta adulta, entre ellos Sr2 y Sr58. Las familias positivas a Sr58 mostraron
severidades de 30-90 % y s6lo una presento 5 %; aquellas positivas a Sr2+Sr58 presentaron 60-
100 %. La linea de trigo harinero “Kijil’ puede servir como una fuente potencial de resistencia
a las tres royas en un programa de mejoramiento, ya que esta resistencia puede transferirse

facilmente a otro germoplasma de trigo a través de la seleccidn asistida por marcadores (MAS).

Palabras clave: Puccinia triticina, Puccinia striiformis f. sp. tritici, Puccinia graminis f. sp.

tritici, QTL, gen pleiotrdpico.



MAPPING OF GENES OF RESISTANCE TO THE THREE RUSTS OF BREAD
WHEAT (Triticum aestivum L.) IN THE Fs APAV #1 x KIJIL POPULATION
Maricarmen Sandoval Sanchez, Dra.

Colegio de Postgraduados, 2019

ABSTRACT
Bread wheat (Triticum aestivum L.) line ‘Kijil” developed at CIMMYT showed adequate levels
of adult plant resistance to leaf rust, stripe rust and stem rust in Mexican testing environments.
The genetic basis of this resistance was revealed using 198 recombinant inbred lines (RILS)
derived from the cross of resistant parent ‘Kijil’ with the susceptible parent ‘Apav’. The parents
and RILs were phenotyped in the field trials conducted at El Batan, Toluca and Ciudad
Obregon, Mexico for leaf rust (4 seasons), yellow rust (6 seasons) and stem rust (2 seasons)
during 2016 and 2017. Additionally, one trial was carried out in greenhouse at EI Batan for
evaluation to stem rust. The Apav x Kijil RIL population and parents were genotyped with gene
linked markers for identification of lines for presence or absence of Sr2/Yr30 (gwm533 &
csSr2), Lrd6/Yr29 (csLV46 & csLVG22) and Lr37/Yrl7 (cslVrga & VENTRIUP-LN2). Upon
eliminating heterogenous lines, a selected set of 125 Apav x Kijil RILs not carrying positive
allele for Lr37/Yr17-linked markers (cslVrga & VENTRIUP-LN2) was genotyped using DArT-
GBS markers, and their genotypic and phenotypic data was used for QTL analysis. Finally, a
genetic linkage map of 6168.0 cM (1824.2, 3883.7 and 460.1 cM for A, B and D genomes,
respectively) was constructed using 5,890 polymorphic markers (4,338 PAVs, 1,548 SNPs,
gwmb533, ¢sSr2, csLV46 and csLV46G22). Two leaf rust resistance loci, QLr.cim-1DS and
QLr.cim-5AS on chromosomes 1DS and 5AS, respectively, and a yellow rust resistance locus
QYr.cim-3BS on chromosome 3BS were detected through inclusive composite interval mapping
(ICIM). In addition, a co-located resistance locus to both leaf rust and yellow rust on
chromosome 1BL (corresponding to Lr46/Yr29), and a yellow rust resistance locus on
chromosome 3BS (corresponding to Yr30) were also identified. These QTLs were derived from
Kijil. Parent Apav-derived 3 minor effect QTLs for leaf rust resistance namely; QLr.cim-1AL,
QLr.cim-2AL and QLr.cim-2BL on chromosomes 1AL, 2AL and 2BL, respectively, were also
identified. Genetics of resistance to stem rust was investigated in a Fs population of 99 families

derived from a cross between Apav #1 and Kijil.. Genetic analysis indicated that there are four

Vi



race-specific genes that confer resistance in seedling stage. A first gene was identified as Sr38
and the others were designated temporarily as SrKj;1, SrKj22+ and SrKjX-, according to the
infection types recorded. In order to corroborate the effect of race-specific genes in adult plant,
it was observed that families positive to Sr38, showed levels of infection of 0-20 %, while
families carrying SrKj;1, SrKj22+ and SrKjX- genes presented ranges of 1-30 %, 30-60 % and
1-30 %, respectively. On the other hand, it was determined that there are three minor genes that
confer resistance in adult plant stage, among them Sr2 and Sr58. Families positive to Sr58
displayed severities of 30-90 % and only one presented 5 %; those positive for Sr2+Sr58
presented 60-100 %. Bread wheat line Kijil can serve as a potential source of LR and YR
resistance in a breeding program as this resistance can be easily transferred to other wheat
germplasm through marker assisted selection (MAS).

Keywords: Puccinia triticina, Puccinia striiformis f. sp. tritici, Puccinia graminis f. sp. tritici,

QTL, pleiotropic gene.
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INTRODUCCION GENERAL

El trigo harinero (Triticum aestivum L.) es un cultivo basico importante; entre todos los
cereales, es el grano mas versatil para la preparacion de diversos alimentos, por lo que provee
de calorias y proteinas a la poblacion global mas que cualquier otro alimento agricola (més del
20 % de la energia y proteinas dietéticas requeridas mundialmente) (Pefia-Bautista et al., 2017).
Ademas, el trigo es cultivado en casi todas las regiones del mundo; en 2017, se cosecharon a
nivel global 771,718,579 ton de trigo en una superficie de 218,543,071 ha (FAOSTAT, 2018).

En México, los principales estados productores por superficie sembrada bajo condiciones de
riego (ciclo Otofio-Invierno) son Sonora (223,373 ha), Guanajuato (50,312 ha), Baja California
(46,051 ha), Sinaloa (41,676 ha), Michoacan (39,890 ha) y Jalisco (24,984 ha), mientras que
bajo condiciones de temporal (ciclo Primavera-Verano), los principales estados productores son
Tlaxcala (20,826 ha), Nuevo Leodn (14,677 ha), Guanajuato (14,466 ha), Oaxaca (11,102 ha),
Durango (7,601 ha) y Estado de México (7,355 ha) (SIAP, 2018).

La produccion de trigo es afectada por diversos agentes patogenos, entre ellos, las royas.
Las royas son hongos pertenecientes al Phylum Basidiomycota, y se conocen tres especies que
atacan al trigo: Puccina graminis f. sp. tritici Erikss. & Hennin., P. triticina Erikss. y P.
striifformis Westend, causantes de roya del tallo, roya de la hoja y roya amarilla,
respectivamente. Estos patdgenos representan una amenaza significativa en la mayoria de las
regiones productoras alrededor del mundo (Basnet et al., 2013). En variedades susceptibles, la
roya del tallo puede causar pérdidas del rendimiento de mas del 40 %, mientras que se han
reportado pérdidas del 100 % ocasionadas por roya amarilla y de mas del 50 % por roya de la
hoja (Hanson et al., 1982; Dubin y Brennan, 2009).

Actualmente, la roya amarilla es considerada como la roya principal que afecta la
produccion de trigo de invierno alrededor del mundo en regiones frias y hiumedas (Chen et al.,
2014). En México, desde el afio 2005 esta enfermedad se ha presentado severamente, causando
graves pérdidas en el rendimiento, debido a la aparicion de una nueva raza, identificada como

MEX03.37, la cual se caracteriza por infectar la espiga de variedades que anteriormente eran



resistentes (Huerta-Espino et al., 2012). Posteriormente, en 2014 se identificaron los
aislamientos MEX14.141 y MEX14.146, los cuales causaron pérdidas de rendimiento de mas
del 50 % (Solis et al., 2016).

Durante los afios 2001-2003, se detectd una nueva raza de roya de la hoja denominada
BBG/BN, la cual caus6d peérdidas de USD$32 millones en la produccion de trigo duro.
Inicialmente se detectd en el Noroeste de México, pero ya se encuentra distribuida en casi todas

las zonas trigueras del pais (Singh et al., 2004).

En México, la roya del tallo esta controlada desde que se liber la variedad Yaqui 50 y otras
variedades portadoras del gen Sr2, entre otros. Ademas, no se han observado cambios en las
razas de roya del tallo en México en los Ultimos 40 afios y las infecciones naturales son
practicamente inexistentes (Singh et al., 2006; Huerta-Espino et al., 2011). Sin embargo, la
raza Ug99 o TTKSK identificada por primera vez en Uganda, la cual se ha dispersado en
algunos paises de Africa y Asia, representa una amenaza significativa para el germoplasma
utilizado en México, ya que esta raza es virulenta a los genes que portan dicho germoplasma
(Singh et al., 2006; Prasad et al., 2016).

Las royas se controlan a través del método cultural, el cual involucra la erradicacion de sus
hospedantes alternos, asi como mediante la utilizacién de fungicidas cuando se siembran
variedades susceptibles. Este Gltimo método resulta costoso y no es amigable ambientalmente.
La resistencia genética es el método de control de royas mas econdmico y amigable
ambientalmente. Este tipo de control involucra la identificacion de nuevas fuentes de
resistencia genética, asi como su caracterizacion y utilizacién estratégica. Diversos estudios
han revelado que el efecto aditivo de la combinacion de tres a cinco genes menores resultan en
niveles de infeccion “cercana a la inmunidad” y en resistencia estable a través de diferentes

ambientes (Singh et al. 2000).

Hasta ahora, se han catalogado y designado formalmente cerca de 78, 76 y 70 genes de
resistencia para roya amarilla, roya de la hoja y roya del tallo, respectivamente (Mclntosh et
al., 2017). Entre éstos, Lr27/Yr30/Sr2/Pbcl (localizado en el cromosoma 3BS),



Lr34/Yr18/Sr57/Pm38 (7DS), Lr46/Yr29/Sr58/Pm39 (1BL) y Lr67/Yr46/Sr55/Pm46 (4DL),
confieren resistencia a enfermedades multiples, como a las tres royas del trigo, asi como
cenicilla polvorienta (Blumeria graminis (DC) Speer f. sp. tritici emend. E. J. Marchal), por lo
que también se conocen como genes con efecto pleiotropico (Singh et al. 1998; William et al.,
2003; Mago et al., 2011; Herrera-Foessel et al., 2014). Ademas, se han reportado cerca de 80
y 140 loci de caracter cuantitativo (QTLS) que proveen resistencia a roya de la hoja y roya
amarilla, respectivamente (Rosewarne et al., 2013; Li et al., 2014).

La emergencia de nuevas razas virulentas de royas del trigo, representan una amenaza
significativa en la produccion mundial de trigo por lo que es esencial la identificacion y
caracterizacion molecular de nuevos genes/QTLs de resistencia. Comparativamente con el uso
de genes de raza especifica, la utilizacion de genes de raza no especifica o genes de resistencia

de planta adulta, es considerada como el control de royas mas efectivo.

La linea avanzada de trigo harinero ‘Kijil’ (Klein Don Enrique*2/3/ Fret2/WblI1//Tacupeto
F2001), desarrollada por el programa de trigos harineros del Centro Internacional de
Mejoramiento de Maiz y Trigo (CIMMYT), ha mostrado niveles adecuados de resistencia de
planta adulta a roya de la hoja, roya amarilla y roya del tallo, sin embargo; se desconoce la base
genética de esta resistencia, por lo que los objetivos de la presente investigacion fueron: 1)
determinar el nimero de genes en Kijil que controlan la resistencia a roya de la hoja, roya
amarilla y roya del tallo, 2) identificar loci de caracter cuantitativo (QTLsS) para roya de la hoja
y roya amarilla y 3) encontrar loci de resistencia de efecto pleiotropico a roya de la hoja y roya

amarilla, utilizando una poblacién Fs Apav x Kijil de lineas altamente recombinantes (RILS).
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1.1 RESUMEN

El hongo Puccina graminis f. sp. tritici, agente causal de la roya del tallo del trigo, puede causar
pérdidas del rendimiento de méas del 40 % en variedades susceptibles, asi como mutar y vencer
genes de resistencia, por lo que es necesario identificar nuevas fuentes de resistencia para
combatir las razas virulentas del patdgeno. La linea avanzada de trigo harinero ‘Kijil’ ha
mostrado niveles altos de resistencia a roya del tallo en plantula y planta adulta, pero se
desconoce el nimero de genes que confieren tal resistencia. La genética de su resistencia se
investigo en una poblacion Fe de 99 familias derivadas de la cruza Apav #1 x Kijil. Los ensayos
en invernadero y en campo se llevaron a cabo en El Batan, Texcoco y Ciudad Obregén, Sonora,
respectivamente, durante 2016 y 2017. El analisis genético indicé que existe la presencia de
cuatro genes de raza especifica que confieren resistencia en plantula. Un primer gen se
identificé como Sr38y los demas se designaron temporalmente como SrKj;1, SrKj22+ y SrKjX-
, de acuerdo con los tipos de infeccion registrados. Para corroborar el efecto en planta adulta de
los genes de raza especifica, se observo que las familias positivas a Sr38, mostraron niveles de
infeccion de 0-20 %, mientras que las familias portadoras de los genes SrKj;1, SrKj22+ vy
SrKjX- presentaron rangos de 1-30 %, 30-60 % y 1-30 %, respectivamente. Por otra parte, se
determind que existen tres genes menores que confieren resistencia en planta adulta, entre ellos
Sr2 y Sr58. Las familias positivas a Sr58 mostraron severidades de 30-90 % y sélo una presentd
5 %; aquellas positivas a Sr2+Sr58 presentaron 60-100 %. De acuerdo con los resultados
obtenidos, ‘Kijil’ puede ser una fuente potencial de resistencia a roya del tallo por conferir altos

niveles de resistencia en plantula y planta adulta.

Palabras clave: Triticum aestivum, Puccina graminis f. sp. tritici, resistencia de raza

especifica, resistencia de raza no especifica.

1.2 SUMMARY

The fungus Puccina graminis f. sp. tritici, causal agent of stem rust of wheat, can cause yield
losses of more than 40 % in susceptible varieties, as well as mutate and overcome resistance
genes, so it is necessary to identify new sources of resistance to fight the virulent races of the
pathogen. Bread wheat advanced line Kijil has shown high levels of resistance to stem rust in

seedling and adult plant stages, but the number of genes that confer such resistance is unknown.



Genetics of its resistance was investigated in a Fe population of 99 families derived from a cross
between Apav #1 and Kijil. Greenhouse and field trials were carried out in El Batan, Texcoco
and Ciudad Obregon, Sonora, respectively, during 2016 and 2017. Genetic analysis indicated
that there are four race-specific genes that confer resistance in seedling stage. A first gene was
identified as Sr38 and the others were designated temporarily as SrKj;1, SrKj22+ and SrKjX-,
according to the infection types recorded. In order to corroborate the effect of race-specific
genes in adult plant, it was observed that families positive to Sr38, showed levels of infection
of 0-20 %, while families carrying SrKj;1, SrKj22+ and SrKjX- genes presented ranges of 1-30
%, 30-60 % and 1-30 %, respectively. On the other hand, it was determined that there are three
minor genes that confer resistance in adult plant stage, among them Sr2 and Sr58. Families
positive to Sr58 displayed severities of 30-90 % and only one presented 5 %; those positive for
Sr2+Sr58 presented 60-100 %. According to the obtained results, ‘Kijil” can be a potential
source of resistance to stem rust by conferring high levels of resistance in seedling and adult

plant stages.

Index words: Triticum aestivum, Puccina graminis f. sp. tritici, race-specific resistance, race

non-specific resistance.

1.3 INTRODUCCION

La roya del tallo causada por el hongo Puccina graminis f. sp. tritici Erikss. & Hennin, es
una enfermedad importante del trigo harinero (Triticum aestivum L.) que representa una
amenaza significativa en la mayoria de las regiones productoras alrededor del mundo (Basnet
et al., 2013). En variedades susceptibles, la enfermedad causa pérdidas del rendimiento de mas
del 40 % en paises como India, Pakistan, Bangladesh, China, Kenia, Etiopia y Brasil (Dubin y
Brennan, 2009). Sin embargo, la roya del tallo se ha controlado con éxito durante mas de tres
décadas en todo el mundo, gracias a los esfuerzos y contribuciones que han realizado diversos
profesionales provenientes de distintos paises, a través de la incorporacion de resistencia al
germoplasma de trigo por mas de 120 generaciones de mejoramiento genético y la erradicacion
del hospedante alterno que utiliza este hongo para completar su ciclo (Huerta-Espino et al.,
2011; Singh et al., 2011a).



En México, la incidencia de roya del tallo ha disminuido considerablemente y so6lo se
encuentra en niveles significativamente bajos desde que se liberd la variedad Yaqui 50 y otras
variedades portadoras del gen Sr2, entre otros. Ademas, no se han observado cambios en las
razas de roya del tallo en México en los ultimos 40 afios y las infecciones naturales son

practicamente inexistentes (Singh et al., 2006; Huerta-Espino et al., 2011).

Se han reportado mas de 70 genes de resistencia para roya del tallo (Mclintosh et al. 2017).
La mayoria de éstos, conocidos como genes dominantes Gnicos con efectos mayores, confieren
resistencia expresada desde el estado de plantula y durante todas las etapas de crecimiento, la
cual es heredada como un caracter cualitativo y es especifica a las diferentes razas del patogeno.
Este tipo de resistencia es poco durable, ya que el patégeno puede evolucionar hacia virulencia
y vencer estos genes de resistencia que generalmente se usan individualmente. Por otra parte,
existen genes que confieren resistencia en planta adulta y son tanto de raza especifica como de
raza no especifica (Johnson, 1981); es decir, son genes cuyos efectos individuales son menores,
pero cuando se conjuntan tres 0 mas suman sus efectos y se heredan como si fuera un caracter

cuantitativo.

La resistencia parcial o de infeccidn lenta (Niederhauser et al., 1954), también se le conoce
como resistencia de raza no especifica, y generalmente es asociada con la resistencia durable
y referida cominmente como resistencia de planta adulta porque se expresa en plantas adultas
como un desarrollo lento de la enfermedad en el campo, comparativamente con un testigo
susceptible, a pesar de presentar un tipo de infeccién compatible (Herrera-Foessel et al., 2014).
La acumulacion de genes que confieren resistencia parcial explota los efectos aditivos (accién
génica aditiva) de este tipo de genes. Diversos estudios han revelado que las combinaciones
de tres a cinco genes de resistencia resultan en niveles de infeccidon “cercana a la inmunidad”
y en resistencia estable a través de diferentes ambientes (Singh et al. 2000; Singh et al., 2011b).
Asi mismo, se pueden lograr niveles altos de resistencia a royas cuando un gen de raza

especifica efectivo se combina con genes de planta adulta (Basnet et al., 2015).

Se han catalogado y designado pocos genes de este tipo, debido a sus efectos individuales
menores. Los conocidos como Sr2/Lr27/Yr30/Pbcl, Sr57/Lr34/Yr18/Pm38/Sthl/Ltnl,



Sr58/Lr46/Yr29/ Pm39/Ltn2 y Sr55/Lr67/Yr46/Pm46, muestran un efecto pleiotrépico, es
decir, confieren resistencia a maltiples enfermedades como roya del tallo, roya de la hoja
(Puccinia triticina Erikss.), roya amarilla (P. striiformis. f. sp. tritici Westend) y cenicilla
polvorienta (Blumeria graminis (DC) Speer f. sp. tritici emend. E. J. Marchal) (Herrera-
Foessel et al., 2014).

Por otra parte, se han transferido al trigo harinero diversos genes de resistencia a roya del
tallo provenientes de ancestros silvestres, tales como Sr21, Sr22 y Sr35 a partir de Triticum
monococcum (The, 1973; Kerber and Dyck, 1973; Mclntosh et al., 1984); Sr24, Sr25, Sr26 y
Sr43 a partir de Thinopyrum ponticum (Mclintosh et al., 1976; Niu et al., 2014) 6 Sr38
proveniente de T. ventricosum (Bariana and Mclintosh, 1993).

El control genético de enfermedades es el método mas seguro y amigable ambientalmente
para reducir las pérdidas de rendimiento comparado con el control quimico. Debido a que las
razas virulentas de la roya del tallo contintan representando una amenaza seria en la produccion
mundial de trigo; es necesario y con propositos de prevencién, identificar y caracterizar, a nivel
molecular, nuevos genes de resistencia. En este sentido, la linea avanzada de trigo harinero
‘Kijil” (KLEIN DON ENRIQUE*2/3/FRET2/WBLL1//TACUPETO F2001), desarrollada por
el programa de trigos harineros del Centro Internacional de Mejoramiento de Maiz y Trigo
(CIMMYT), ha mostrado niveles altos de resistencia a roya del tallo en plantula y planta adulta.
El objetivo de esta investigacion es determinar el nimero de genes de plantula y planta adulta

que estan confiriendo la resistencia a roya del tallo en la poblacion Fs Apav #1 x Kijil.

1.4 MATERIALES Y METODOS
Material vegetal

Se utiliz6 una poblacion Fe de 99 familias derivada de la cruza Apav #1 x Kijil. ‘Apav #1” es
una linea altamente susceptible a la roya del tallo, derivada de la cruza Avocet-YrA x Pavon 76.
‘Kijil> proviene de la cruza KLEIN DON ENRIQUE*2/3/FRET2/WBLL1//TACUPETO
F2001 y muestra niveles altos de resistencia a la raza RTR de roya del tallo en plantula en el
invernadero y en planta adulta en campo. La poblacion se desarroll6 por el método masal con

seleccion que implica seleccionar al azar un numero grande de plantas, las cuales se trillan en
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masa (todas juntas) y se toma una muestra para sembrar la siguiente generacion. Después, en
F4 se generaron lineas puras mediante la seleccidn de una espiga. La progenie de ésta se cosechd

en masa para dar origen a la generacion Fe.

Evaluacion en plantula

Las 99 familias Apav #1 x Kijil y los progenitores, se evaluaron en plantula bajo condiciones
de temperatura controladas en el invernadero de royas del Centro Internacional de
Mejoramiento de Maiz y Trigo durante el mes de junio de 2017. Se sembraron 8 semillas por
familia en charolas de plastico, asi como un juego con 20 lineas diferenciales del Laboratorio
de enfermedades de cereales (CDL) de Minnesota (Jin et al., 2007). Las plantulas se inocularon
10 dias después de la siembra, cuando las plantulas desarrollaron la segunda hoja, a través de
aspersiones de urediniosporas de la raza RTR suspendidas en aceite mineral Soltrol 170®. La
formula de avirulencia/virulencia de RTR es: Sr7a, 9e, 10, 12, 13, 14, 22, 23, 24, 25, 26, 27,
29, 30, 31, 32, 33, 35, Dp2, H, Gt, WId, W3560, Agl / Sr5, 6, 7b, 8a, 8b, 9a, 9b, 9d, 9f, 9g, 11,
15, 17, 21, 28, 34, 36, PI (Singh, 1991). Las plantulas se colocaron dentro de una cAmara de
rocio durante 9 h y 3 h de luz a 20 °C y después de 16 horas se trasladaron al invernadero. Los
tipos de infeccion en las familias y los progenitores, se registraron 14 dias después de la
inoculacion utilizando la escala de 0-4 de Roelfs et al. (1992), donde 0, ;, 1, 2 y X se consideran
plantas resistentes, mientras que 3 y 4 se consideran plantas susceptibles. Los signos + y —
describen si el tamafio de la uredinia es mas grande o mas pequefia, respectivamente,

comparado con el tamafio normal.

Evaluacion en campo

Las pruebas de campo se llevaron a cabo en dos ciclos de evaluacién en 2015-2016 y 2016-
2017 en la Estacion Experimental Norman E. Borlaug (CENEB) del CIMMYT en Ciudad
Obreg6n, Sonora. La epidemia artificial de roya del tallo se inici6 con urediniosporas de la raza
RTR suspendidas en aceite mineral Soltrol 170®. La severidad de la enfermedad en los
progenitores y en las familias se registro dos y tres veces en el primer y segundo ciclo de
evaluacion, respectivamente, utilizando la escala modificada de Cobb (Peterson et al., 1948).
La primera nota se registrd cuando el progenitor susceptible Apav #1 mostr6 90 % de

severidad; posteriormente, las notas se registraron semanalmente hasta que la severidad
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alcanz6 100 %. La respuesta del tipo de infeccion del hospedante se determino de acuerdo con
la escala de Roelfs et al. (1992), donde R=resistente o uredinias diminutas rodeadas por tejido
necrético; MR= moderadamente resistente o uredinias pequefias a moderadas rodeadas por
tejido necrotico o clorotico; MS= moderadamente susceptible o uredinias de tamafio moderado
sin tejido necrotico o clorotico; y S= susceptible o uredinias grandes sin tejido necrotico o

clorotico.

Anélisis molecular

El ADN de los progenitores y las familias se extrajo de tejidos foliares de aproximadamente
20 plantas por familia, utilizando el método del bromuro de cetiltrimetilamonio (CTAB)
(Dreisigacker et al., 2016). Los progenitores se analizaron previamente con seis marcadores
moleculares asociados con genes de resistencia de planta adulta: marcador de repeticiones de
secuencia simple (SSR) Xgwmb533 ligado a Sr2, marcador de secuencia polimorfica
amplificada y cortada (CAPS) csLV46G22 para Sr58; marcador de secuencia de sitio marcado
(STS) csLV34 y PCR competitiva alelo-especifica (KASP) (Lr34SNP) ligados a Sr57;
Lr67SNPTM4 estrechamente relacionado con Sr55, y el marcador CAPS VENTRIUP-LN2
ligado al gen de raza especifica Sr38. Los marcadores csLV46G22, Xgwm533 y VENTRIUP-
LN2 fueron polimorficos entre los progenitores y se usaron para analizar toda la poblacion

utilizando los protocolos de PCR de Helguera et al., (2003) y Dreisigacker et al., (2016).

Analisis genético

El nimero de genes en plantula y planta adulta se estimé a través del anélisis de segregacion
Mendeliana (Singh y Rajaram, 1992), en donde las familias se clasificaron en tres categorias
fenotipicas: resistentes homocigotas de tipo parental (RHTP), susceptibles homocigotas de tipo
parental (SHTP) y OTRAS (familias heterocigotas segregantes con respuestas diferentes a
aquellas de los progenitores). Las frecuencias observadas para cada categoria fueron probadas

contra las frecuencias esperadas para diferente nimero de genes utilizando la prueba de X2.
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1.5 RESULTADOS
Evaluacion fenotipica en plantula y andlisis molecular

El progenitor susceptible ‘Apav #1° mostro el tipo de infeccion 3+, mientras que el progenitor
resistente ‘Kijil” mostro el tipo de infeccion ““;”. Al clasificar las familias en resistentes y
susceptibles, se determind que la resistencia en ‘Kijil’ esta condicionada por cuatro genes de
raza especifica (Cuadro 1.1). Un primer gen se identific6 como Sr38, ya que, con base en el
analisis molecular, ‘Kijil’ resulto positivo para el marcador VENTRIUP-LN2, asociado con el
segmento del cromosoma 2NS/2AS que contiene los genes de resistencia Sr38/Yr17/Lr37. Para
observar la segregacion del gen Sr38, las 99 familias se analizaron con los marcadores
correspondientes. Un total de 37 familias resultaron positivas a los marcadores, de éstas, 32 se
agruparon como resistentes y 5 como susceptibles (Cuadro 1.1). Las familias resistentes

expresaron los tipos de infeccién ;, 0;, ;1-, ;1, 2, 22+ y X.

Cuadro 1.1. Numero de genes de resistencia de plantula a roya del tallo en la poblacion Fe

Apav #1 x Kijil de 99 familias, estimado a través del andlisis de segregacién Mendeliana.

Namero de familias X2 No. de genes

Total Resistentes Susceptibles
Familias Fe 99 76 23 0.01 2
Positivas a Sr38 37 32 5* - -
Negativas a Sr38 62 44 18  0.05 2

*Falsos positivos

Por otra parte, un total de 62 familias resultaron negativas a los marcadores ligados a Sr38; de
éstas, 44 se agruparon como resistentes y 18 como susceptibles. Las resistentes mostraron los
tipos de infeccién ;1, ;1-, ;, 2, 22+ y X-, y las susceptibles 3+ y 33+. De acuerdo con el analisis
de segregacion Mendeliana de esas 62 familias negativas a Sr38, se observa que existen dos

genes que confieren resistencia a roya del tallo en plantula (Cuadro 1.1).

Al reclasificar las 44 familias resistentes y negativas a Sr38, se observo que existen familias
gue agrupan tres tipos de infeccidon consistentes: 25 familias registraron ;1, 12 familias

presentaron 22+ y 7 familias X-. De acuerdo con los tipos de infeccion, los genes se designaron
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temporalmente como SrKj;1, SrKj22+y SrKjX-, los cuales corresponden al segundo, tercer y
cuarto gen que confieren resistencia a roya del tallo en plantula, de acuerdo con el anélisis de
segregacion Mendeliana. El analisis molecular no identifica a dichos genes.

Efecto de los genes Sr38, SrKj;1, SrKj22+y SrKjX- en planta adulta

Para corroborar el efecto en planta adulta del gen Sr38 en las 32 familias agrupadas como
resistentes en plantula, se observo que 22 mostraron un nivel de infeccidn en planta adulta de
0-1 % (R), muy similar a ‘Kijil’ (1 % R), mientras que las 10 restantes presentaron severidades
en unrango de 5-20 % (R-MR). Las familias portadoras de los genes SrKj;1, SrKj22+y SrKjX-
presentaron rangos de severidad de 1-30 % (R-MR), 30-60 % (MR) y 1-30 % (R-MR),

respectivamente.

Evaluacion fenotipica en planta adulta y analisis molecular

De las 99 familias, se identificaron 23 que resultaron susceptibles en plantula, las cuales se
utilizaron para realizar el andlisis de segregacion Mendeliana. En el ciclo 2016-2017, la
severidad final de roya del tallo en ‘Kijil’ fue 1 % (R) y 100 % (S) para ‘Apav # 1°. El andlisis
de segregacion Mendeliana indicé que la resistencia a roya del tallo en la poblacién Apav #1 x
Kijil, esta conferida por tres genes de resistencia de planta adulta (Cuadro 1.2). De las 23
familias, 21 fueron positivas al marcador ligado a Sr58 y mostraron severidades de 30-90 %
(MS-S); una de esas familias presentd 5 % (MS) de infeccion. Sélo 10 familias, resultaron
positivas a los marcadores de Sr2+Sr58 y el rango de severidad fue 60-100 % (MS-S). Las dos
familias restantes fueron negativas a ambos marcadores y presentaron severidades de 90 y 100
% (S).

Cuadro 1.2. Numero de genes de resistencia de planta adulta (APR) a roya del tallo en la
poblacion Fe Apav#l x Kijil, estimado a través del anélisis de segregacion Mendeliana, durante
el ciclo 2016-2017 en Ciudad Obregon, Sonora.

Numero de familias X? No. de genes
Total Resistentes Susceptibles
23 20 3 0.26 3
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La distribucion de frecuencias de las familias para severidad de roya del tallo se observo de
tipo discreta con tendencia a la resistencia, lo cual puede explicarse por la presencia de los
genes de raza especifica que confieren un nivel alto de proteccion en la etapa adulta de la planta
(Figura 1.1).

No. de familias

0 1 5 10 15 20 30 40 50 60 70 80 90 100
Severidad de roya del tallo (%)

mRT2016 ®mRT2017

Figura 1.1. Distribuciones de frecuencias de la severidad de roya del tallo en la poblacion Fes
Apav #1 x Kijil de 99 familias en ensayos de campo en Ciudad Obregén, Sonora, durante los
ciclos 2015-2016 (RT2016) y 2016-2017 (RT2017).

En el Cuadro 1.3, se puede observar el nimero de familias positivas y negativas a los
marcadores ligados a Sr2, Sr38 y Sr58. No fue posible cuantificar el efecto individual de cada
uno de esos genes en planta adulta, ya que las familias portadoras de esos genes también portan

otros genes de raza especifica.
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Cuadro 1.3. Familias Apav #1 x Kijil positivas y negativas a los marcadores asociados con los

genes Sr2, Sr38 y Sr58 y las combinaciones de SrKj22+; SrKj;1y SrKjX-.

Marcador No. de familias

Sr38 15

Sr58 8

Sr2+Sr38 7

Sr38+Sr58 8

Sr2+Sr58 9

Sr2+Sr38+Sr58 7

SrKj22+ Sr38+Sr58 1
SrKj22+ Sr2 1
SrKj22+ Sr58 2
SrKj22+ Sr2+Sr58 3
SrKj22+ Ninguno 5
SrKj;1 Sr2 8
SrKj;1 Sr58 4
SrKj;1 Sr2+Sr58 7
SrKj;1 Ninguno 6
SrKjX- Sr2 1
SrKjX- Sr58 1
SrKjX- Sr2+Sr58 5
Ninguno 1

1.6 DISCUSION

El andlisis de segregacion Mendeliana indic6 que la resistencia a la roya del tallo en la
poblacion Apav #1 x Kijil en plantula esta condicionada por cuatro genes de raza especifica,
denominados Sr38, SrKj;1, SrKj22+ y SrKjX-. El segmento del cromosoma 2NS/2AS que
contiene los genes de resistencia Sr38/Yr17/Lr37, fue incorporado al trigo harinero ‘VPM1’ a
partir de T. ventricosum (Tausch) Cess. Estos genes de raza especifica, confieren resistencia a
roya del tallo (Sr38), roya amarilla (Yrl7) y roya de la hoja (Lr37) (Maia, 1967; Bariana y
Mclintosh, 1993; Helguera et al., 2003), por lo que ha sido una fuente de resistencia importante
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en los programas de mejoramiento; sin embargo, se ha detectado virulencia a Sr38, y junto con
la virulencia a Sr24, Sr31 y Sr36, se han considerado como las mas significativas, ya que estos
genes han sido incorporados en una amplia gama de variedades de trigo alrededor del mundo,
proporcionado resistencia a diferentes razas de P. graminis f. sp. tritici (Pretorius et al., 2000;
Jin et al., 2008, 2009; Singh et al., 2011a).

En el presente estudio, la evaluacion fenotipica en plantula indico que las familias resistentes
y positivas a Sr38, expresaron los tipos de infeccion ;, 0;, ;1-, ;1, 2, 22+ y X, mientras que
aquellas susceptibles y positivas al marcador, mostraron los tipos de infeccion 3+ y 33+ C, lo
que indica falsos positivos para el marcador. De acuerdo con algunos autores, los tipos de
infeccion que expresa Sr38 son: X con pustulas mas grandes hacia la base de la hoja (McIntosh
et al.,1995) ;23 (Jin et al., 2007), 0; a ;1 para la linea diferencial ‘Trident’ y 0, ;, ;1, ;13-, ;13,
;3, 0 3; para las lineas evaluadas putativamente portando Sr38 (Zhang et al., 2014) 6 0; a ;13-
C (Turner et al., 2016).

Singh et al., (2008) postularon Sr38 en los cultivares ‘Andante’, ‘Prophet’ y ‘Torfrida’
causando los tipos de infeccion X+ y 3+. También se postulé en combinacion con Sr31 en los
cultivares ‘Beaufort’, ‘Lynx’ y ‘Turpin’ produciendo los tipos de infeccioén ;, 0;, 1;-, ;1+, 1-y
12-. En el cultivar ‘Chianti’ se postularon los genes Sr5+Sr38 y se registraron 0;, X, y X+.

Zhang et al. (2014) reportan que Sr38 fue el gen de resistencia a roya del tallo mas frecuente
en los trigos duros y harineros que evaluaron, asi mismo mencionan que este gen pudo haber
sido pasado por alto en otros estudios debido a que el fenotipo que expresa a menudo es confuso.
El marcador VENTRIUP-LN2 es un marcador de diagnostico que favorece la deteccion del
segmento del cromosoma 2NS/2AS. Los resultados obtenidos en el presente estudio coinciden
dentro del rango de los tipos de infeccion reportados y se corrobora la efectividad de los

marcadores de diagndstico para Sr38.

El gen Sr38 ha sido postulado individualmente en los cultivares europeos ‘Abbot’, ‘Arche’,
‘Rapor’, ‘Reaper’, ‘Renan’ y ‘Terza’, los cuales al ser inoculados con diversos patotipos de P.
graminis f. sp. tritici, mostraron diferentes tipos de infeccidn, los mas comunes fueron: 0;,
X=CN, ;CN, X=N, X-CN; y 3+ (Pathan y Park, 2007). Esos mismos cultivares, al ser evaluados
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en planta adulta, presentaron coeficientes de infeccion en un rango de 20-70 %. De acuerdo con
los autores, la variacion en el nivel de proteccion conferida por Sr38 en diferentes cultivares,
se puede deber a los efectos del historial genético o a la presencia o ausencia de un gen de planta

adulta en esos cultivares.

El gen Sr38 no provee proteccion contra el grupo de razas TTTTF o TTKSK, pero es efectivo
contra otras razas presentes en Norteamérica, especialmente en la etapa de planta adulta. Zhang
et al. (2014) reportan que este gen fue el mas efectivo en estudios de campo al presentar un
promedio de severidad de 5.2 % en las lineas que portaban solo este gen, lo cual represento
menos de la mitad del valor del segundo gen més efectivo, que fue Sr31 y mostrd severidad de
13 %.

Por otra parte, Pathan y Park (2007) postularon la combinacion de Sr31+Sr38 en los cultivares
‘Beaufort’, ‘Caxton’, ‘Equinox’ y ‘Hussar’, registrando los tipos de infeccion 0;, ;CN, ;N y
;12=. El tipo de infeccion 0; posiblemente indica la presencia de uno o mas genes adicionales
0 es el resultado de la interaccion entre esos dos genes; sin embargo, se atribuye a Sr38 ese tipo
de infeccion en presencia de Sr31, ya que de manera individual, fue mas bajo (;CN 6 X=N) que
el de Sr31 (2-2=). En planta adulta, los cuatro cultivares proporcionaron un nivel alto de
proteccion al mostrar coeficientes de infeccion de 20-40 %, méas bajos que aquellos donde el
cultivar portaba esos genes de manera individual, sugiriendo un efecto por interaccién entre

éstos o la presencia de fuentes resistencia adicionales.

En el presente estudio, las lineas resistentes en plantula y positivas a Sr38, presentaron un
rango de severidad de 0-20 % (R-MR), mientras que las familias portadoras de los genes SrKj;1,
SrKj22+ y SrKjX- mostraron rangos de severidad de 1-30 % (R-MR), 30-60 % (MR) y 1-30
% (R-MR), respectivamente. A excepcion de SrKj22+, los otros genes proveen de un alto nivel

de resistencia en planta adulta en la poblacion Apav #1 x Kijil.

Por otra parte, el analisis de segregacion Mendeliana en planta adulta indic6 que la resistencia
a roya del tallo en ‘Kijil’ estd conferida por tres genes de resistencia de planta adulta, de los

cuales se detectd la presencia de Sr2 y Sr58. Las familias positivas a Sr58 mostraron
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severidades de 30-90 % (MS-S) y sélo una present6 5 % (MS) de infeccion; aquellas positivas
a Sr2+Sr58 presentaron un rango de severidad de 60-100 % (MS-S). Los resultados indican que
los genes Sr2 y Sr58 confieren poca resistencia en las familias Apav #1 x Kijil que los portan

y su efecto podria verse enmascarado por la presencia de algun otro gen.

La disminucidn de la incidencia de roya del tallo a niveles insignificantes en México y en la
mayor parte del mundo, repercutio en la disminucion de la investigacion para buscar fuentes de
resistencia contra esta enfermedad. A través de reducidos programas de mejoramiento, se ha
seleccionado germoplasma para resistencia a roya del tallo en México desarrollando epidemias
artificiales con la raza RTR de P. graminis f. sp. tritici. De acuerdo con los resultados derivados
de la presente investigacion, Kijil puede ser una fuente potencial de resistencia a roya del tallo
para ser usada en programas de mejoramiento, ya que confiere altos niveles de resistencia en

plantula y planta adulta.

1.7 CONCLUSIONES

La resistencia en plantula y planta adulta en la poblacién Apav #1 x Kijil esta conferida por
cuatro genes de raza especifica denominados Sr38, SrKj;1, SrKj22+ y SrKjX-, mientras que
la resistencia en planta adulta esta conferida por tres genes de raza no especifica, entre ellos los

genes Sr2 y Sr58.
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2.1 ABSTRACT

Bread wheat (Triticum aestivum L.) line ‘Kijil” developed at CIMMY T showed adequate levels
of adult plant resistance to both leaf rust (LR) and stripe rust (YR) in Mexican testing
environments. The genetic basis of this resistance was revealed using 198 recombinant inbred
lines (RILs) derived from the cross of resistant parent ‘Kijil’ with the susceptible parent ‘Apav’.
The parents and RILs were phenotyped in the field trials conducted at El Batan, Toluca and
Ciudad Obregon, Mexico for LR (4 seasons) and YR (6 seasons) during 2016 and 2017. The
Apav x Kijil RIL population and parents were genotyped with gene linked markers for
identification of lines for presence or absence of Sr2/Yr30 (gwm533 & csSr2), Lr46/Yr29
(csLV46 & csLVG22) and Lr37/Yrl7 (cslVrga & VENTRIUP-LN2). Upon eliminating
heterogenous lines, a selected set of 125 Apav x Kijil RILs not carrying positive allele for
Lr37/Yr17-linked markers (cslVrga & VENTRIUP-LN2) was genotyped using DArT-GBS
markers, and their genotypic and phenotypic data was used for QTL analysis. Finally, a genetic
linkage map of 6168.0 cM (1824.2, 3883.7 and 460.1 cM for A, B and D genomes, respectively)
was constructed using 5,890 polymorphic markers (4,338 PAVs, 1,548 SNPs, gwm533, ¢sSr2,
csLV46 and csLV46G22). Two LR resistance loci, QLr.cim-1DS and QLr.cim-5AS on
chromosomes 1DS and 5AS, respectively, and a YR resistance locus QYr.cim-3BS on
chromosome 3BS were detected through inclusive composite interval mapping (ICIM). In
addition, a co-located resistance locus to both LR and YR on chromosome 1BL (corresponding
to Lr46/Yr29), and a YR resistance locus on chromosome 3BS (corresponding to Yr30) were
also identified. These QTLs were derived from Kijil. Parent Apav-derived 3 minor effect QTLs
for LR resistance namely; QLr.cim-1AL, QLr.cim-2AL and QLr.cim-2BL on chromosomes
1AL, 2AL and 2BL, respectively, were also identified. Bread wheat line Kijil can serve as a
potential source of LR and YR resistance in a breeding program as this resistance can be easily

transferred to other wheat germplasm through marker assisted selection (MAS).

Keywords: DArT-GBS, QTLs, Linked markers, Pleiotropic, Wheat (Triticum aestivum L.)
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2.2 INTRODUCTION

Rust diseases of wheat, namely; stripe rust (YR) caused by Puccinia striiformis f. sp. tritici
and leaf rust (LR) by P. triticina, cause significant yield losses if susceptible cultivars are grown
under favorable climatic conditions for rust growth. Hanson et al. (1982) reported estimated
yield losses of 100% caused by YR and up to 50% by LR on wheat grown in developing
countries under epidemic conditions. It was also indicated that YR is the most destructive in an
epidemic whereas LR is more significant endemically (Hanson et al. 1982). There are three
methods to control rust diseases; cultural, chemical and resistance breeding. Cultural method
involves use of different practices like eradication of alternate hosts (Barberry, and Mahunia
spp.) and manual cutting of grasses that act as green bridge for growth of pathogen during the
time between two wheat seasons. Chemical method involves spraying of fungicides to control
rust diseases. Application of fungicides is not an eco-friendly and cost-effective method
especially for the small-scale farmers in the developing countries who cannot afford expensive
chemicals. Resistance breeding involving identification of new sources of genetic resistance
against rust diseases, their characterization and strategic utilization, is considered as the safest
and most effective control measure. Thus, breeding for rust resistant wheat varieties is preferred

than cultural control and use of chemicals.

Generally, rust resistance has been classified into two types; as race specific resistance and
race non-specific resistance. Race specific resistance expresses at the seedling stage and usually
effective at all stages of plant growth, is conferred by major genes and specific to the different
races/isolates of the pathogen. It is inherited as a qualitative trait and usually effective for short
duration as the pathogen can evolve virulence and overcome the resistance genes if used alone
(Johnson, 1981). On the contrary, race non-specific resistance, also known as partial resistance,
expresses at post-flowering stage of plant growth as a slow development of disease in the field,
compared to susceptible control, despite having a compatible type of infection (Herrera-Foessel
etal., 2014). This type is also known as adult plant resistance (APR), conferred by minor genes,
usually inherited as a quantitative trait and it is durable due to its race non-specific nature.
Single minor gene confers a small proportion of resistance, therefore, combination of few minor

genes in essential to have complete resistance. Combinations of 3 to 5 APR genes result in
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infection levels "close to immunity" and effect is constant across different environments (Singh
et al., 2000; Singh et al., 2011).

Up to now, around 76 and 78 resistance genes for LR and YR, respectively, have been
catalogued and formally designated (Mclntosh et al., 2017). Out of these, Lr27/Yr30/Sr2/Pbcl
(located on chromosome 3BS), Lr34/Yr18/Sr57/Pm38 (7DS), Lr46/Yr29/Sr58/Pm39 (1BL) and
Lr67/Yr46/Sr55/Pm46 (4DL), conferring resistance to multiple diseases i.e. LR, YR, stem rust
and powdery mildew (Blumeria graminis f. sp. tritici), therefore, these are also known as
pleiotropic genes (Dyck 1987, 1991; Hare and Mcintosh 1979; Singh et al. 1998; William et
al., 2003; Mago et al., 2011a; Herrera-Foessel et al., 2014). Recent identification of genes Lr68
(Herrera-Foessel et al., 2012) and Sr56 (Bansal et al. 2014) was another addition to the above
list of adult plant resistance genes, although their effect on other disease remains unknown. In
addition, about 80 and 140 quantitative trait loci (QTLs) that provide resistance to LR and YR,
respectively, have been reported (Rosewarne et al., 2013; Li et al., 2014). Emergence of new
races of wheat rust pathogen with added virulence to deployed resistance genes poses a serious
threat to world wheat production, therefore, identification and molecular characterization of
new sources of resistance genes/QTLs are essential. Compared to use of major genes,
deployment of sources APR is considered as the most effective control measures for rust

diseases.

Bread wheat line ‘Kijil’ (pedigree: Klein Don Enrique*2/3/ Fret2/Wbll1//Tacupeto F2001),
developed at Global Wheat Program of the International Maize and Wheat Improvement Center
(CIMMYT), showed adequate levels of APR to LR and YR; however, the genetic basis of this
resistance was unknown. Therefore, this study was planned to 1) determine the number of genes
in Kijil that control LR and YR resistance 2) identify the genomic loci APR genes to LR and
YR, and 3) find the pleiotropic/collocated resistance loci to both rusts, using a recombinant

inbred line (RIL) population, Apav x Kijil.
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2.3 MATERIAL AND METHODS
Development of Fs-derived Fs RIL population

One hundred and ninety-eight Fs-derived Fe RILs derived from the cross of susceptible
parent ‘Apav’ with resistant parent ‘Kijil’ were used for phenotypic and genotypic analysis in
this study. Resistant parent ‘Kijil’, pedigree: Klein Don Enrique*2/3/Fret2/Wbll1//Tacupeto
F2001, shows adequate levels of APR to LR and YR, whereas ‘Apav’ is a RIL derived from
cross of Avocet-YrA and Pavon 76 and is highly susceptible to both LR and YR.

The Apav x Kijil RIL population was developed using a modified bulk approach from three
F1 plants that were harvested individually. About 500 seeds of each F, populations were sown
as 10 m long paired rows on top of 80 cm wide raised beds. One spike of each F> plant in each
population was harvested in a bag and bulk-threshed. The population was advanced to Fs
through planting, harvesting and threshing in the same way as for the F.. At the Fs generation,
100 plants were harvested from each population, threshed individually, and labelled as RIL#3
to 200 with Apav and Kijil as parents 1 and 2, respectively. During population advancement,
fungicide was applied to ensure representation of all genotypic classes in each generation. The
Fs:s RILs along with parents Apav and Kijil were multiplied and finally seed of 198 RILs was
used for phenotypic evaluations and a selected set of 125 RILs was genotyping with DArT-
GBS markers.

Field evaluations

Rust evaluations were conducted at three experimental stations of CIMMYT in Mexico. The
field evaluations of two rusts were carried out in years 2016 and 2017 in Mexico; LR
evaluations during seasons 2016 (LR16B) and 2017 (LR17B) at El Batan, Estado de Mexico,
and during seasons 2015-16 (LR16Y) and 2016-17 (LR17Y) at Yaqui Valley, Ciudad Obregon,
Sonora; YR evaluation with one replication in 2016 (YR16T) and two replications YR17T (R1)
and YR17T (R2) in 2017 were conducted at Toluca, Estado de Mexico. Each trait was
abbreviated with prefix of type of rust (YR or LR) followed by year, then followed by location
where B stands for El Batan, T for Toluca and Y for Ciudad Obregon.
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About 60-80 seeds (3g) of the RILs along with parents were sown on raised-bed plots
consisting of 0.7 m paired rows with a 0.3 m space between rows in Mexico. A mixture of lines
Avocet+Yr24 and Avocet+Yr26 were used as spreaders for LR, whereas a combination of wheat
lines derived from an Avocet x Attila cross, Morocco and an Avocet for genes Yrl7 and Yr31
were used as YR spreaders. The spreaders were planted around the experimental area and as

hill plots on one side of each experimental plot, in the middle of a 0.3 m pathway.

A mix of Pt races MBJ/SP and MCJ/SP (1:1 ratio) was used to inoculate the LR spreaders,
whereas a mixture of Pst races Mex96.11, Mex08.13 and Mex14.191 was sprayed on the YR
spreaders. Inoculum was prepared by suspending the mixtures of races described above
(separately for each rust) in light mineral oil Soltrol 170 (Phillips Petroleum Company, Borger,
TX). Updated avirulence/virulence profiles of LR isolates (MBJ/SP and MCJ/SP) and YR
isolates (Mex96.11, Mex08.13 and Mex14.191) were reported in Randhawa et al. (2018).

Disease severity and response of parents and RILs was recorded at each evaluation site,
using the modified Cobb Scale (Peterson et al., 1948). The first note was recorded when the
susceptible parent Apav displayed 70-80 % severity; subsequently, notes were recorded at
weekly interval until severity reached 90-100 %. Final disease severity (FDS) values and their
means (YRM and LRM) over seasons for each location were used during statistical and genetic

analysis.

Genetic and statistical analysis

The number of APR genes segregating in the RIL population was estimated through
Mendelian segregation analysis (Singh and Rajaram, 1992), where RILs were classified into
three phenotypic categories based on disease severity: homozygous parental type resistant
(HPTR), homozygous parental type susceptible (HPTS) and lines whose responses were
different from those of the parents as OTHER. The observed frequencies for each category were
tested against frequencies expected for different number of additive genes using y? analysis.
Pearson’s correlation coefficient (r) among final disease severities (FDS) of LR and YR across

different environments was calculated using the software SAS 9.2 (SAS Institute, 2008).

29



Genotyping
Gene-linked markers

DNA of parental lines and RILs was extracted from leaf tissues of approximately 20 plants
per line using the cetyltrimethylammonium bromide (CTAB) method (Dreisigacker et al.,
2016). Firstly, parental lines were genotyped with molecular markers linked with known slow
rusting APR genes to know the presence or absence of these genes. These markers included
simple sequence repeats (SSR) marker gwm533 (Spielmeyer et al., 2003) and cleaved amplified
polymorphic sequences (CAPS) marker csSr2 (Mago et al., 2011) linked to Lr27/Yr30; cslVrga
(E. Lagudah, CSIRO Canberra, Australia, pers. comm.) & VENTRIUP-LN2 (Helguera et al.
2003) linked to Lr37/Yrl7; csLV46 & CAPS marker csLV46G22 linked to Lr46/Yr29 (E.
Lagudah, CSIRO Canberra, Australia, pers. comm.); sequence-tagged site (STS) marker
csLV34 (Lagudah et al. 2006) and kompetitive allele specific polymerase chain reaction
(KASP) marker Lr34SNP (Lagudah et al., 2009) linked to Lr34/Yr18; KASP marker Lr67SNP-
TM4 (Moore et al. 2015) linked to Lr67/Yr46, and STS marker csGS (Herrera-Foessel et al.
2012) associated with Lr68.

Amplification of CAPS, STS and SSR markers was conducted following the polymerase
chain reaction (PCR) conditions of denaturation at 94°C for 5 min, followed by 30 cycles of
denaturation 94°C for 1 min, annealing at 56°C for 1 min, extension at 72°C for 1 min, and
final extension of 72°C for 5 min. For CAPS marker, csSr2, amplified products were digested
with the restriction enzyme Bspe | at 37 °C for 1 h and the digested PCR products were
electrophoresed in 3 % agarose gel to identify digested products of different sizes. On the other
hand, amplified products of STS and SSR markers were electrophoresed on 2.5 % agarose gel
(Dreisigacker et al., 2016). For amplification of KASP markers, a touchdown PCR profile was
used: denaturation at 94°C (7 min); followed by 7 cycles of 94°C for 1 min and 61°C for 1 min
(dropping 1°C per cycle); 26 cycles of 94°C for 1 min, 55°C for 1 min, and 72°C for 1 min,
and final extension of 72°C for 5 min (Randhawa et al., 2015). The plates were read with
PHERAstar Plus (BMG Labtech, 2010) and KlisterCaller (LGC, 2014) software to analyze the
PCR products.
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DArT-GBS markers

The diluted DNA of parents and a set of 125 RILs was adjusted to concentration 50 ng/uL
and was sent to the Genetic Analysis Service for Agriculture (SAGA) laboratory at CIMMYT-
Mexico for genotyping using DArT-GBS (Diversity Arrays Technology-Genotyping By

Sequencing) markers.

Linkage map construction and QTL analysis

Marker data of 125 Apav x Kijil RILs not-carrying positive allele for Lr37/Yr17-linked
markers (cslVrga & VENTRIUP-LN2) were used for linkage map construction and QTL
mapping. JoinMap 4.1 was used to construct a genetic linkage map of polymorphic SNPs and
gene linked markers for the RIL population (Van Ooijen 2006). LOD threshold of 10.0 was
used to assign markers to groups and generate linkage between markers in each group. Genetic
distances between markers were calculated using the Kosambi mapping function (Kosambi

1944). Linkage maps were drawn using Mapchart software (reference).

Inclusive composite interval mapping (ICIM) implemented in IciMapping 4.1 software
(Wang et al. 2016), was performed to detect and map QTL providing resistance to YR and LR
using final disease severity (FDS) of each experiment for each rust and mean FDS over years
(LRM and YRM). The logarithm of odds (LOD) threshold was calculated from 1,000
permutations for each trait to declare significant QTL at the p= 0.05 level. The percentages of
phenotypic variance explained (PVE) and the additive effect (Add) were obtained through

stepwise regression with IciMapping 4.1 software.
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2.4 RESULTS
Rust evaluations

Phenotypic data of four LR and six YR evaluations of 198 Apav x Kijil RILs was used to
calculate number of segregating APR genes and Pearson’s correlation coefficient (r), and to

generate frequency distribution graphs for each rust environment.

Leaf rust:

Consistent distribution of LR was observed across all tested seasons. Resistant parent Kijil
displayed FDS of 0 to 1% with response of MS whereas susceptible parent Apav was 80 to
100% with response of S, across four LR experiments. Mean LR severity of RILs ranged from
23.3 to 36.7% across four experiments (Table 2.1). Continuous distribution for LR severity of
RILs was observed across the four evaluations (Figure 2.1a), indicating that LR resistance in
this population is quantitatively (more than 1 or 2 genes) controlled. Mendelian segregation
analysis indicated that resistance to LR in the Apav x Kijil population is conferred by three to
four APR genes (Table 2.1, Figure 2.1a).

Stripe rust:

Uniform development of YR was observed across all seasons. Respectively, the FDS values
of susceptible parent Apav and resistant parent Kijil were ranged from 40-100% (response S)
and 0-1% (response MS), respectively. Mean FDS value of RILs ranged from 16.1% to 49.2%
across two seasons. The frequency distribution of RILs for YR severity was continuous with
representatives from each rust score in the evaluated environments (Figure 2.1b), indicating
quantitative inheritance of APR to YR. Mendelian segregation analysis indicated that resistance
to YR in the Apav x Kijil population is conferred by three to four APR genes (Table 2.1, Figure
2.1b).
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Table 2.1. Estimated number of adult plant resistance (APR) genetic loci to leaf rust and stripe rust in 198 Apav x Kijil recombinant

inbred lines (RILs) based on Mendelian segregation analysis.

Response/category Number of RILs

LR16B LR16Y LR17B LR17Y YR16Y YR16B YR17B YR16T YR17T-R1 YRI17T-R2
Apav 90 80 100 100 50 60 40 100 90 90
Kijil 1 0 1 1 0 1 0 1 0 1
Population mean ~ 23.3 24.9 33.8 36.7 16.1 18.0 18.9 39.0 45.7 49.2
Range 1-100 0-90 0-100 0-100 0-50 0-60 0-80 1-100  0-100 0-90
HPTR? 25 9 30 29 32 25 22 17 10 13
HPTSP 9 9 14 10 14 11 28 16 13 29
OTHERS® 159 178 152 157 152 157 146 160 172 154
Missing 5 2 2 2 0 5 2 5 3 2
Total 198 198 198 198 198 198 198 198 198 198
P-value® 0.02 0.97 0.04 0.01 0.03 0.07 0.15 0.46 0.45 0.04
Number of genes 3 4 3 3 3 3 3 3 4 3

#Homozygous parental type susceptible (HPTR)
PHomozygous parental type resistant (HPTS)
‘Lines with responses different from the parents (OTHERS)

9P value is for the 42 test. The expected ratio of RILs grouped under HPTS, HPTR, and OTHER are 0.103:0.103:0.794 and

0.048:0.048:0.904 for segregation of 3and 4 independently inherited genes, respectively, in a Fs-derived Fe generation
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Figure 2.1. Frequency distributions of the 198 Apav x Kijil recombinant inbred lines (RILSs) for (a) final
leaf rust (LR) severity in field trials at Ciudad Obregon during 2015-2016 (LR16Y) and 2016-2017
(LR17Y), at El Batan in 2016 (LR16B) and 2017 (LR17B), and for (b) final stripe rust (YR) severity at
El Batan in 2016 (YR16B) and 2017 (YR17B), at Ciudad Obregon in 2016 (YR16Y), Toluca in 2016
(YR16T)and 2017 (YR17T-R1 & YR17T-R2). Mean values for the parents Apav and Kijil, are indicated

by arrows.
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Correlation

High and significant correlation among LR severities of Apav x Kijil RILs across four years
of evaluation was observed with Pearson correlation coefficient (r) values ranged from 0.8-0.9
at p< 0.0001. Similarly, significant correlation (r=0.54-0.92, p< 0.0001) was also observed for
YR among all tested environments. Moreover, significant correlations (r=0.44-0.77, p<
0.0001) were observed between LR and YR severities across all tested environments (Table
2.2).

Gene linked markers

The resistant parent Kijil displayed positive alleles for markers gwm533 & c¢sSr2 linked to
Lr27/Yr30/Sr2, and csLV46G22 linked to Lr46/Yr29/Sr58, whereas corresponding negative
alleles were amplified in the susceptible parent Apav. Dominant markers cslVrga &
VENTRIUP-LN2 amplified Lr37/Yr17 linked positive allele in resistant parent Kijil whereas no
amplified product was obtained in the susceptible parent Apav. The markers csLV34 &
Lr34SNP linked to Lr34/Yr18/Sr57, and Lr67SNP-TM4 linked to Lr67/Yr46/Sr55 amplified
negative alleles in both parents Kijil and Apav indicating no differences between them at
respective loci whereas Lr68-linked marker csGS (dominant marker) showed null allele (no

amplified product) in both parents.

Polymorphic markers gwm533 & ¢sSr2 linked to Lr27/Yr30/Sr2, and csLV46 & csLV46G22
(Lrd6/Yr29/Sr58) were used to genotype the 125 Apav x Kijil RIL population. The calculated
»% and P-values for segregation ratio (1:1) for homozygous positive allele versus homozygous
negative allele for marker gwm533 were y?=3.81 (non-significant), P=0.05; csSr2 were y?=2.12
(non-significant) and P=0.15; csLV46 were »°=4.23 (non-significant) and P=0.04; and
csLV46G22 were y?=4.40 (non-significant) and P=0.07, respectively (Table 2.3).
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Table 2.2. Pearson’s correlation coefficient among final disease severities of Apav x Kijil recombinant inbred lines (RILs) in leaf rust

(LR16B, LR16Y, LR17B and LR17Y) and stripe rust (YR16B, YR16Y, YR16T, YR17B, YR1-17T and YR2-17T) experiments.

Trait LR16B LR16Y LR17B LR17Y  YR16B  YR16Y  YR16T YR17/B  YR1-17/T YR2-17T
LR16B 1.00 0.85** 0.80** 0.86** 0.50** 0.51** 0.76** 0.46** 0.66** 0.68**
LR16Y 0.85** 1.00 0.82** 0.90** 0.46** 0.54** 0.72** 0.44** 0.65** 0.69**
LR17B 0.80** 0.82** 1.00 0.87** 0.55** 0.56** 0.75** 0.54** 0.74** 0.72**
LR17Y 0.86** 0.90** 0.87** 1.00 0.46** 0.53** 0.76** 0.53** 0.75** 0.77**
YR16B 0.50** 0.46** 0.55** 0.46** 1.00 0.67** 0.64** 0.59** 0.56** 0.54**
YR16Y 0.51** 0.54** 0.56** 0.53** 0.67** 1.00 0.74** 0.60** 0.64** 0.67**
YR16T 0.76** 0.72** 0.75** 0.76** 0.64** 0.74** 1.00 0.62** 0.81** 0.84**
YR17B 0.46** 0.44** 0.54** 0.53** 0.59** 0.60** 0.62** 1.00 0.71** 0.69**
YR1-17T 0.66** 0.65** 0.74** 0.75** 0.56** 0.64** 0.81** 0.71** 1.00 0.92**
YR2-17T 0.68** 0.69** 0.72** 0.77** 0.54** 0.67** 0.84** 0.69** 0.92** 1.00
**P <0.0001
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Table 2.3 Frequency of positive and negative alleles of markers linked to genes Lr27/Yr30 and
Lr46/Yr29 among 125 Apav x Kijil recombinant inbred lines (RILS)

Marker Gene(s) Observed number of RILs? 720 P-value
a b h

gwm533 Lr27/Yr30 90 49 6 3.81 0.05

csSr2 Lr27/Yr30 63 51 11 2.12 0.15

csLV46 Lr46/Yr29 74 51 - 4.23 0.04

csLV46G22 Lr46/Yr29 70 50 5 4.40 0.07

4‘a’=homozygous for positive allele; ‘b’ = homozygous for negative allele; ‘h’ = heterozygous
b,2values calculated for 1:1 segregation for co-dominant and dominant markers; heterozygous

RILs were not included in calculation y? values

Linkage map construction

One hundred and twenty-five Apav x Kijil RILs, Apav and Kijil were genotyped using
64,877 DArT-GBS markers (37,925 PAVs and 26,952 SNPs). Here, PAVs and SNPs means
presence-absence variations and single nucleotide polymorphisms, respectively. Out of these,
29,537 markers (17,801 PAVs and 11,726 SNPs) were found polymorphic between parents.
Markers with >10% missing data, segregation distortion ratio (1:1; P<0.0001), and without
chromosomal information were excluded from analysis. Besides, redundant markers were
removed using bin command in IciMapping 4.1 software. As a result, 5,890 markers (4,338
PAVs, 1,548 SNPs, gwm533, csSr2, csLV46 and csLV46G22) with known chromosome
locations were considered for QTL analysis. Finally, genotypic data of 5,890 DArT-GBS
markers of a set of selected 125 RILs (not carrying positive alleles of markers linked to
Lr37/Yrl7), was used to construct a genetic linkage map using Joinmap 4.1 software (Van
Ooijen, 2006). The constructed genetic linkage map contained 62 linkage groups over 21
chromosomes with total genetic distance of 6168.0 cM spanning 1824.2, 3883.7 and 460.1 cM
in the A, B and D genome, respectively.
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Kijil derived APR loci
Overall, six genetic loci (3 each for LR and YR resistance) including a previously known
locus Lr46/Yr29 and Yr30 contributed by resistant parent Kijil were detected through ICIM.

These genetic loci are described below:

QLr.cim-1BL/QYr.cim-1BL

A pleiotropic APR locus that conferred resistance to LR and YR was detected. This QTL
was located on chromosome 1BL, flanked by markers 1271458 and 1092668 at 78.0-83.0cM.
This QTL corresponded to location of a known pleiotropic APR gene Lr46/Yr29 and was
detected over four LR environments (LR16B, LR16Y, LR17B, LR17Y) as well as LRM, and
over six YR environments (YR16B, YR16T, YR16Y, YR17B, YR17T-R1, YR17T-R2 as well
as YRM, explained 31.9 to 57.6% of LR severity variation and 25.9 to 70.2% of YR severity
variation. This QTL was most consistent among the detected QTLs. The LOD value of this
QTL ranged from 17.3 to 58.3 (Table 2.4, Figure 2.2a).

QLr.cim-1DS

A QTL for LR resistance, located on chromosome 1DS, was mapped between markers
1254814 and 1099289 at 4.0 to 9.0cM. This QTL was temporarily designated as QLr.cim-1DS
and showed its effect over four LR experiments LR16B, LR16Y, LR17B, LR17Y and LRM,
and it explained 7.4 to 12.8 % of LR variation. The LOD value of this QTL ranged from 10.9
to 23.9 (Table 2.4, Figure 2.2b).

QYr.cim-3BS.1

This QTL, located on chromosome 3BS, was flanked by markers 1003349 and c¢sSr2 from
456.0 to 481.0cM, corresponded to location of previously known gene Yr30. Therefore, this
QTL was considered as Yr30 locus. This QTL was detected in environments YR16T, YR16Y,
YR17T-R2 and YRM, and it explained 3.8 to 27.6% of YR variation. The LOD value of this
QTL ranged from 4.4 to 27.7 (Table 2.4, Figure 2.2c).
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QYr.cim-3BS.2

This QTL was located from 589.0 to 610.0cM on chromosome 3BS and flanked by markers
1127838 and 1281916. This QTL was detected in two environments YR17T-R1 and YRM, and
it explained 5.2 to 23.8% of YR variation. The LOD value of this QTL ranged from 5.4 to 31.7
(Table 2.4, Figure 2.2d).

QLr.cim-5AS

The QTL QLr.cim-5AS, was mapped between markers 1084271 and 1228740 at position of
11.0 to 12.0cM on chromosome 5AS. It was detected in environments LR16Y and LR16B, and
it explained 0.5 to 4.4% of the LR variation. The LOD value of this QTL ranged from 4.2 to
9.2 (Table 2.4, Figure 2.2¢e).

Apav derived APR loci
Three genetic loci for LR resistance, contributed by susceptible parent Apav, were detected

through ICIM. Details of these loci are given below:

QLr.cim-1AL

This QTL, temporarily designated as QLr.cim-1AL, was located on chromosome 1AL. It
was flanked by markers 4404988 and 3024600 at position 141.0cM. This QTL was detected in
one LR environment (LR17Y) and mean of LR over years (LRM), and it explained 13.1 to
19.4% of the LR severity variation. LOD value of this QTL ranged from 26.9 to 27.8 for two

LR experiments.

QLr.cim-2AL

The QTL, temporarily designated as QLr.cim-2AL, was located on long arm of chromosome
2A, flanked between markers 4990504 and 2263981-48:C>G at position 191.0 to 202.0cM.
This locus was detected in 2 LR environments (LR16Y and LR16B) and explained 3.9 to 4.0%
of LR variation with LOD value ranged 4.0 to 9.9.
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QLr.cim-2BL
Third QTL, temporarily named as QLr.cim-2BL was located on chromosome 2BL, flanked
by markers 5333025 and 7920174. It was detected in two LR environments (LR16B and

LR16Y) and explained 13.2 to 17.9% of the LR variation. LOD value of this QTL ranged from
11.1t029.3.
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Table 2.4 Position and effects of quantitative trait loci for adult plant resistance to leaf rust (LR) and stripe rust (YR) based on final
disease severity and its mean over all environments (LRM and YRM) in Apav x Kijil recombinant inbred line (RIL) population using

inclusive composite interval mapping.

QTL? Trait Position® Marker LOD® PVE(%)! Add® Resistance
Left Right source
QLr.cim-1BL LR16B 83.0 3938056 1092668 26.8  45.0 15.2 Kijil
LR16Y 78.0 1271458 1080616 400 319 17.4 Kijil
LR17B 78.0 1271458 1080616 344 576 22.7 Kijil
LR17Y 78.0 1271458 1080616 46.3 499 25.4 Kijil
LRM 83.0 3938056 1092668 58.3 57.3 22.5 Kijil
QYr.cim-1BL YR16B 78.0 1271458 1080616 223 328 11.8 Kijil
YR16T 78.0 1271458 1080616 431 702 25.2 Kijil
YR16Y 78.0 1271458 1080616 26.2 259 10.7 Kijil
YR17B 78.0 1271458 1080616 174 336 10.1 Kijil
YR17T-R1  78.0 1271458 1080616 30.8 519 18.7 Kijil
YR17T-R2  83.0 3938056 1092668 26.3 54.1 19.2 Kijil
YRM 83.0 3938056 1092668 419 388 15.4 Kijil
QLr.cim-1DS LR16B 6.0 3029942 1095833 109 127 7.9 Kijil
LR16Y 6.0 3029942 1095833 239 128 10.9 Kijil
LR17B 9.0 1095833 1099289 11.3 122 10.6 Kijil
LR17Y 4.0 1254814 3029942 209 124 12.5 Kijil
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QYr.cim-3BS.1

QYr.cim-3BS.2

QLr.cim-5AS

QLr.cim-1AL

QLr.cim-2AL

QLr.cim-2BL

LRM
YR16T
YR16Y
YR17T-R2
YRM
YR17T-R1
YRM
LR16Y
LR16B
LR17Y
LRM
LR16Y

LR16B

LR16B
LR16Y

9.0
470.0
456.0
481.0
470.0
610.0
589.0
11.0
12.0
141.0
141.0
191.0

202.0

897.0
897.0

1095833
5411317
1003349
2254240
5411317
1015856
1127838
1084271
3534287
4404988
4404988
4990504

4991330

5333025
5333025

1099289
4408574
3941921
csSr2
4408574
1281916
4397579
3534287
1228740
3024600
3024600
3028275
2263981-
48:C>G
7920174
7920174

18.3
8.8
21.7
4.4
8.2
5.4
31.7
7.9
4.2
27.8
26.9
9.9

4.0

111
29.3

7.4
6.5
27.6
5.7
3.8
5.2
23.8
0.5
4.4
19.4
13.1
4.0

3.9

13.2
17.9

8.2
7.6
10.9
6.2
4.8
5.8
11.9
7.0
4.6
-15.6
-10.6
-6.1

-8.1
-12.9

Kijil
Kijil
Kijil
Kijil
Kijil
Kijil
Kijil
Kijil
Kijil
Apav
Apav
Apav

Apav

Apav
Apav

8QTL extending across the same confidence intervals was assigned with the same symbol
bPeak position in centi-Morgans from the first linked marker of the relevant linkage group

‘Logarithm of odds (LOD) score based on 1,000 permutations

9PVE is the proportion of phenotypic variance explained by the QTL
®Additive effect of phenotypic variance for each QTL
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Figure 2.2. lllustrations of quantitative trait loci (QTL) for adult plant resistance (APR) to leaf rust on chromosomes 1BL (a), 1DS (b)
and 5AS (e), and for stripe rust resistance on chromosomes 1BL (a), and 3BS (c, d), respectively, identified by using IciMapping 4.0
in the Apav x Kijil RIL population. The LOD thresholds were detected based on 1,000 permutations. Positions (in cM) of the molecular
markers along chromosomes are shown on the vertical axes. The phenotypic data for leaf rust tested in four environments (LR16Y,
LR16B, LR17Y and LR17B); for stripe rust phenotypic data evaluated in six environments (YR16B, YR17B, YR16Y, YR16T, YR17T-
R1 and YR17T-R2); and and the mean of final disease severity over the tested environments (LRM and YRM).
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2.5 DISCUSSION

In this study, genetic basis of APR to LR and YR in bread wheat line Kijil was dissected
using combination of phenotyping tests for LR & YR, and genotypic data generated using next
generation genotyping technologies viz. DArT-GBS. Representation of each phenotypic class
in all rust experiments, indicated continuous variation for resistance to both rusts in Apav x
Kijil RIL population. Appropriate rust testing methodologies and environment are crucial for
evaluation of populations targeted for mapping of APR genes. Moreover, the high-throughput
genotyping platform (DArT-GBS in this study) has added advantages of being low-cost
technology, whole genome coverage, volume of polymorphic loci without the need for prior

sequence information and their codominance behavior (Schouten et al. 2012).

Estimated number of APR genes segregating in the Apav x Kijil RIL population using
conventional method complemented the mapping results. Mendelian genetic analyses
suggested the resistance to both rusts is controlled by 3 to 4 APR genes in the RIL population.
Through ICIM, two QTLs for LR resistance, two QTLs for YR resistance and one co-located
QTL for LR-YR resistance were detected in this population. All of these QTLs were contributed
by resistant parent Kijil. In addition, 3 LR QTLs derived from susceptible parent Apav were
also detected. The estimated number of genes usually represents the minimum number of
polygenic loci segregating in a population, as variable effects of different QTLs on phenotypes
are a common phenomenon in wheat genotypes and each estimated gene does not necessarily
contribute equally to the phenotype (Lan et al. 2015). The estimated number of genes
segregating in the Apav x Kijil population is equivalent to the number of detected QTLs.
Results of this study correspond with the number of genes with additive effects required to be
combined to achieve near immune response (Singh et al., 2000). Significant correlations
observed between LR and YR severities (r= 0.44-0.77, p< 0.0001) in the tested environments,

attributed to the presence of common pleiotropic APR genes such as Lr46/Yr29.

The QTL located on chromosome 1BL, corresponds to the same location as of pleiotropic
APR gene Lr46/Yr29, as the flanking markers 1092668 and 1271458 are located on the long
arm of the chromosome 1B according to wheat consensus map version 4

(https:/www.diversityarrays.com/technology-and-resources/genetic-maps/). This locus confers
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resistance to LR, YR and SR and has been widely used in CIMMYT germplasm (Singh et al.,
1998; Singh et al., 2013; Herrera- Foessel et al., 2014). This locus also co-segregates with
Ltn2, a gene for leaf tip necrosis (Rosewarne et al., 2006) and Pm39, conferring resistance to
powdery mildew (Lillemo et al., 2008). This locus has been reported in several mapping studies
conducted using CIMMYT germplasm under different environmental conditions, explaining 7
to 74.5% and 8 to 66% of LR and YR severity variation, respectively (Basnet et al. 2013; Calvo-
Salazar et al. 2015; Lan et al. 2014; Lan et al. 2015; Ponce et al., 2018a, Ponce et al., 2018b;
Ren et al., 2017; Rosewarne et al. 2008; Rosewarne et al. 2012). In the present study, this locus
explained 31.9 to 57.6% and 25.9 to 70.2% of LR and YR severity variation, respectively.

The second QTL QLr.cim-1DS, was located on chromosome 1DS and detected in all LR
experiments, explaining 7.4 to 12.8% of LR variation. Markers 1254814 and 1099289 flanking
this QTL are located on short arm of chromosome 1D according to wheat consensus map
version 4. Recent mapping studies also identified contribution of locus on chromosome 1DS to
LR resistance. Calvo-Salazar et al. (2015) reported QTL, QLr.cim-1DS, flanked by markers
wPt-3738 and wPt-4471, and explained 6-21% of LR severity variation. Basnet et al. (2014)
also detected QTL, QLr.tam-1D, in common wheat Quaiu 3, flanked by DArT markers wPt-
666067 and wPt-667180, explained 24.5-35.2% of LR phenotypic variation. As reported by
Basnet et al. (2014), QTL QLr.tam-1D could be a moderately effective race specific gene Lr42
on chromosome 1DS as this QTL is located within 1cM distance of Lr42-linked marker
Xwmc432 (Sun et al., 2010). Other race specific genes located on chromosome 1DS are Lr21
(Huang et al., 2003) and Lr60 (Hiebert et al., 2008). Thus, QLr.cim-1DS could be one of the
previously identified QTL/gene.

The third QTL located on chromosome 3BS corresponded to the APR gene Yr30, as flanked
by markers 1003349 and csSr2. The marker csSr2 is a closely linked marker for marker assisted
selection of Lr27/Yr30/Sr2 linked marker (Mago et al., 2011a). Pleiotropic gene Lr27/Yr30/Sr2
provides APR to LR, YR and SR, and is also associated with pseudo black chaff trait (Mago et
al., 2011a). Yr30, is an important APR locus in wheat germplasm worldwide and has been
reported in other mapping populations under different environmental conditions, explaining

3.3-50% of YR severity variation (Singh et al. 2000; Spielmeyer et al. 2003; Suenaga et al.
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2003; Hayden et al. 2004; William et al. 2006; Dedryver et al. 2009; Rosewarne et al. 2012;
Basnet et al. 2014). In the present study, Yr30 explained 3.8-27.6% of the YR severity variation.
The fourth QTL, QYr.cim-3BS, detected in YR17T-R1 and YRM, explained 5.2 to 23.8% of
YR variation. In addition to APR gene Yr30, chromosome 3BS also carries genes Yr4 linked to
marker barc75 (Bansal et al. 2010), Yr57 linked to marker BS00062676 (Randhawa et al. 2015),
Yr58 linked to markers sun476 and sun533 (Chhetri et al. 2016), and Yrwh2 flanked by markers
Xwmc540 and Xgwm566 (Zhou et al. 2014). According to comparative mapping distances, Yr57
maps more than 5 cM distal to the marker gwm533, linked to Sr2 (Randhawa et al. 2015),
suggesting that Yr57 and Sr2 can be combined. Moreover, map position indicated that Yr58 and
Sr2 are 5.3 cM apart and can be recombined, whereas Yr57 maps 5.9 cM distal to Yr58 (Chhetri
et al. 2016).

The fifth QTL QLr.cim-5AS, detected in environments LR16Y and LR16B, explained 0.5 to
4.4% of LR variation. Singh et al. (2009), identified QLr.pbi-5AS derived from the wheat
cultivar Beaver. This QTL was flanked by markers wPt1931-wPt8756, explaining 11.2% of LR
phenotypic variance. In addition, Messmer et al. (2000) reported in cultivar Forno one QTL on
chromosome 5AS, mapped between markers Xpsr945a-Xglk424 and explained 7.7% of LR
variation. Moreover, Li et al. (2017) identified QLr.hwwg5AS in cultivar Ning7840 explaining

7.5% of LR severity variation.

Three QTLs for LR resistance located on chromosomes 1AL, 2AL and 2BL contributed by
parent Apav were identified. The QTL QLr.cim-1AL, was mapped on chromosome 1AL,
explaining 13.1 to 19.4% of LR severity variation. Zhou et al. (2014) identified the first LR
QTL on chromosome 1AL, designated as QLr.hebau-1AL, derived from the wheat cultivar
Shanghai 3/Catbird. This QTL was flanked by SSR markers Xbarc213 and Xcfa2219,
explaining 5.3 to 8.2% of LR phenotypic variance. In addition, Gao et al. (2016) reported the
QTL QLr.umn-1AL, mapped to position 149.8 cM on chromosome 1AL for both field BLUE
(best linear unbiased estimates) and seedling race mixture traits evaluated on a genome wide
association study (GWAS). This QTL, along with QTLs QLr.umn-4AS and Q.Lr.cimmyt-4BL,

together explained 12% of phenotypic variation.
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The LR resistance QTL QLr.cim-2AL was located on chromosome 2AL and explained 3.9
to 4% of LR variation. The QTL QLr.hebau-2AL, derived from Chinese Spring, was detected
in the marker interval wmc181-BS00057060 51, explaining 4.8-6.6% of LR phenotypic
variance (Zhang et al., 2017). According to Li et al., (2014), this locus has been reported in
other mapping populations: QLr.cimmyt-2AL, flanked by markers wPt-4419 and wPt-8226
explained 5.8-7.2% of LR severity variation (Rosewarne et al., 2012); QLr.sfr-2AL was mapped
between cfa2263c and sfr.BE590525 explaining 9.5-12% of LR phenotypic variance
(Schnurbusch et al., 2004) and QLr.ubo-2A, detected in the marker interval wPt-386-310911,
explained 18.6-30% of LR severity variation (Maccaferri et al., 2008). The QTL QLr.cim-2BL
was located on the long arm of chromosome 2B explaining 13.2 to 17.9% of LR variation.
QLr.sfrs-2BL was derived from the variety Oberkulmer and flanked by markers Xpsr924 and
Xglk699a, explaining 7.2% of variance for LR severity (Messmer et al., 2000). QLr.osu-2B,
was flanked by makers Xagc.tgcl35 and Xcatg.atgc60, explaining 18.8% of LR severity
variance (Xu et al., 2005a), while QLrlp.osu-2B was located in the interval of markers
Xcag.cgat70-Xcatg.atgc60 and explained 16.2% of variance for LR severity (Xu et al., 2005b).
Both loci were located on the long arm of chromosome 2B and were derived from wheat line
C1 13227 (Li et al., 2014). Buerstmayr et al., (2014) detected the QTL QLr.ifa-2BL in cultivar
Capo, in the interval markers wPt-6643-wPt-2425, explaining 3.9 to 11% of LR severity
variance. In addition, QLr.cim-2BL was detected on cultivar Kenya Kongoni, located in the
interval of markers wPt-6174 and wPt-8548 and explained 6-21% of variance for LR severity
(Calvo-Salazar et al., 2015). Moreover, Ren et al. (2017) identified QLr.cim-2BL in Avocet,
mapped between markers 1237388 and 1081780 _35:C>T, explaining 4.1-5.6% of LR variation.
Those DArTseq markers have been mapped near DArT-array marker wPt-5736. The QTL
identified in the present study is located close to marker wPt-5736, suggesting it is likely located

close to QLr.cim-2BL in Avocet.

In conclusion, Kijil is a promising source of APR to combat rust disease through wheat
breeding. With the availability of markers linked with identified LR and YR resistance loci, the
resistance from Kijil can be easily transferred to other wheat germplasm through marker

assisted selection (MAS). Furthermore, these resistance loci dissected from Kijil can be
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combined with other APR/minor gene(s) to generate potential wheat cultivars with improved

resistance to both rusts.
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CONCLUSIONES GENERALES

El anlisis genético indico que la resistencia a roya de la hoja en la poblacion Apav #1 x Kijil
estd determinada por 3 a 4 genes. EI mismo ndmero de genes condiciona la resistencia para

roya amarilla.

Se detectaron cinco loci de resistencia derivados del progenitor Kijil:
Dos QTLs de resistencia para roya de la hoja denominados QLr.cim-1DS y QLr.cim-5AS
localizados en los cromosomas 1DS y 5AS, respectivamente.
Dos QTLs de resistencia para roya amarilla localizados en el cromosoma 3BS, correspondientes
a Yr30y QYr.cim-3BS.
Un QTL de resistencia a roya de la hoja y roya amarilla co-localizado en el cromosoma 1BL

(correspondiente a Lr46/Yr29).

Se detectaron 3 QTLs derivados del progenitor Apav #1 de efectos menores para resistencia
a roya de la hoja, denominados QLr.cim-1AL, QLr.cim-2AL y QLr.cim-2BL, localizados en los

cromosomas 1AL, 2AL y 2BL, respectivamente.

El andlisis genético indic6 que existen cuatro genes de raza especifica que confieren
resistencia para roya del tallo en plantula. Un primer gen se identific6 como Sr38 y los demas
se designaron temporalmente como SrKj;1, SrKj22+ y SrKjX-, de acuerdo con los tipos de

infeccion registrados.

En planta adulta, las familias positivas a Sr38 mostraron niveles de infeccion de 0-20 %.
Las familias portadoras de los genes SrKj;1, SrKj22+ y SrKjX- presentaron rangos de severidad
de 1-30 %, 30-60 % y 1-30 %, respectivamente.

Se determin0 que existen tres genes menores que confieren resistencia en planta adulta, entre
ellos Sr2 y Sr58.
Las familias positivas a Sr58 mostraron severidades de 30-90 % y s6lo una presentd 5 %;

Las familias positivas a Sr2+Sr58 presentaron 60-100 % de severidad
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La linea de trigo harinero ‘Kijil> puede servir como una fuente potencial de resistencia a las
tres royas en un programa de mejoramiento.
La resistencia de ‘Kijil’ puede transferirse facilmente a otro germoplasma de trigo a traves de

la seleccidn asistida por marcadores (MAS).
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