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14, AmAm), commonly known as einkorn, was domesti-
cated from its wild form (T. monococcum subsp. aegilo-
poides) about 12,000 yr ago (Heun et al., 1997). Triticum 
monococcum is closely related to T. urartu (AuAu; John-
son and Dhaliwal, 1976), which is the A genome progeni-
tor of durum and bread wheat (Dvo�ák et al., 1993), with 
the Au and Am genomes diverging 0.5 to 1 million years 
ago (Huang et al., 2002). It has been reported that the 
Am and Au genomes have a high level of gene collinear-
ity (Devos et al., 1995); however, molecular di�erences 
have also been found (Wicker et al., 2003). Chromosomal 
distribution of the sequence identity and comparative 
analysis of genes between the A subgenome of wheat and 
those of A genome lineages (T. urartu and T. monococ-
cum) showed that high sequence similarity and struc-
tural conservation are retained, with limited gene loss 
and chromosomal rearrangement (International Wheat 
Genome Sequencing Consortium, 2014; Marcussen et al., 
2014). High sequence similarity between T. monococcum 
and T. urartu also allowed Fox et al. (2014) to map 95% of 
the 120,911 exome transcripts of T. monococcum to the T. 
urartu genome (Ling et al., 2013) successfully.

Today, einkorn is cultivated only marginally to pro-
duce traditional or organic products but it harbors many 
important genes that can be used in wheat breeding 
(Munns et al., 2012). Triticum monococcum, belonging to 
the primary gene pool of wheat, has excellent resistance 
to diseases such as leaf rust (Puccinia triticina), stem rust, 
yellow rust, and powdery mildew and several resistance 
genes [Lr 10, (leaf rust resistance); Sr21, Sr22, and Sr35 
(stem rust resistance); and Pm25 and Pm26 (powdery 
mildew resistance)] have been mapped and transferred 
to bread wheat (Zaharieva and Monneveux, 2014). Gene 
transfer from the primary gene pool is relatively simple 
and is based on standard breeding methods such as 
homologous recombination, hybridization, and back-
crossing (Mujeeb-Kazi and Rajaram, 2002).

�e identi�cation of introgressed chromatin in 
wheat–ancestral hybrids and backcrossed progenies is a 
crucial step in the prebreeding process. Fluorescent in 
situ hybridization (FISH) with repetitive DNA probes 
made it possible to discriminate between the chro-
mosomes of the T. monococcum Am genome and the 
chromosomes of the A genome of wheat (Badaeva et al., 
2015; Megyeri et al., 2017). Nevertheless, this method is 
limited for identifying small segments of T. monococcum 
chromatin in a wheat background. �erefore, the devel-
opment of high-throughput molecular markers covering 
the entire Am genome is essential for uncovering and 
detecting new wheat–T. monococcum introgression lines.

Genetic maps of einkorn involving restriction frag-
ment length polymorphism markers, isozymes, seed 
storage proteins, rRNA, and morphological loci have 
been reported before (Dubcovsky et al., 1996; Taenzler et 
al., 2002). Simple sequence repeat markers developed in 
hexaploid wheat have also been mapped on to T. mono-
coccum chromosomes, resulting in the construction of an 
integrated molecular linkage map of the Am genome of T. 

monococcum (Fricano et al., 2014; Hammer et al., 2000; 
Singh et al., 2007). Genetic linkage maps using Diversity 
Arrays Technology markers have also been reported for 
T. monococcum (Jing et al., 2009; Marino et al., 2018). 
Some of these linkage mapping studies in T. monococ-
cum compared their genetic maps to the physical map of 
the T. urartu genome and reported that there was a high 
degree of marker order conservation between Au and Am 
chromosomes (Fricano et al., 2014; Marino et al., 2018). 
However, these markers are low-throughput or have 
limited success in the wheat background and thus are 
not suitable for the characterization and identi�cation 
of wheat–T. monococcum recombinant chromosomes in 
large-scale pre-breeding programs.

Here, we present a set of exome-based SNP markers 
speci�c to the T. monococcum genome that have proven 
to be e�ective in the precise identi�cation of new wheat–T. 
monococcum introgression lines. We used the Axiom Wheat-
Relative Genotyping Array (A�ymetrix, Santa Clara, CA) 
and the allele calling procedure described by King et al. 
(2017) to identify 1247 polymorphic SNPs between wheat and 
T. monococcum. From among these markers, we selected 191 
high-quality SNP markers that have been validated on wheat–
T. urartu backcrossed progenies. �ese could be used as diag-
nostic markers for detection of T. monococcum introgressions 
in a wheat background.

MATERIALS AND METHODS

Plant Materials
One leaf-rust-resistant accession of diploid T. monococ-
cum subsp. monococcum (MVGB1306, obtained from 
Gene Bank of Martonvasar) was used to produce a 
wheat–T. monococcum interspeci�c F1 hybrid. �e hybrid 
was backcrossed with the wheat parent (cultivar Mv9kr1) 
to generate BC1, BC2, and BC3 populations (Molnár-
Láng et al., 1996). �e BC3 plants were self-fertilized 
to produce the BC3F1 generation used for the leaf rust 
resistance tests. Resistant plants were self-fertilized 
three times and the BC3F4 generation was genotyped by 
the Axiom Wheat-Relative Genotyping SNP array. A T. 
urartu genetic map developed previously (Grewal et al., 
2018) was used in the present study to select and validate 
T. monococcum chromosome-speci�c SNP markers.

Evaluation of Leaf Rust Resistance
Arti�cial leaf rust inoculation was performed in a green-
house with a uredospore suspension on 65 T. aestivum 
× T. monococcum BC3F1 plants during the 2012–2013 
growth season. �e plants were inoculated at the two-leaf 
stage and infection types were recorded on the 10th day 
a�er inoculation as described by Stakman et al. (1962).

Genotyping via an Axiom SNP Array and Selection 
of T. monococcum Genome-Speci�c Markers
DNA samples were genotyped by the Axiom Wheat-
Relative Genotyping Array as described by King et al. 
(2017). �e procedure is documented by A�ymetrix 
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