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Abstract

:

Agropyron cristatum (P genome) is a Triticeae species from the wheat tertiary gene pool which has economic importance as forage and also displays traits beneficial to wheat. Resistance to leaf rust was previously mapped to the short arm of chromosome 1P (1PS) in A. cristatum by the development of a compensating Robertsonian translocation involving chromosome arm 1PS and the long arm of wheat chromosome 1B (1BL). In this study, chromosome arm 1PS was engineered using the ph1b mutation to induce 1BS/1PS homoeologous recombination and to obtain new translocations with shortened fragments of chromosome arm 1PS. Two translocations with different alien fragment sizes were identified by genomic in situ hybridization, wheat 1BS- and 1PS-specific molecular markers and gene-specific markers for glutenin, Glu-B3 and gliadin Gli-B1 seed storage protein. One translocation (called type 1) replaces a proximal segment of 1PS chromatin, and the other (called type 2) replaces a distal 1PS segment and introduces the Glu-B3 and Gli-B1 wheat storage protein loci. Six specific EST-STS markers for chromosome arm 1PS amplified PCR products in the recombinant type 2 translocation line. Resistance analysis showed that the type 2 translocation was highly resistant to a virulent race of leaf rust pathogen. The new wheat–A. cristatum translocations obtained yield material with seedling plant resistance to leaf rust and seed storage protein loci.






Keywords:


Agropyron cristatum; homoeologous pairing; leaf rust resistance; wheat












1. Introduction


Wheat (Triticum aestivum L., 2n = 6x = 42, AABBDD) is one of the leading food crops, providing approximately 20% of all food calories consumed by humans worldwide. The rapidly growing human population requires an increased wheat yield to meet their rising food demand, without compromising the environment [1]. On the other hand, wheat yields are limited by both biotic stresses, mainly those caused by fungal pathogens, and abiotic stresses, such as drought, and other extreme weather events. In particular, fungal diseases cause yield losses of over 20% on average [2]; it has been suggested that cereal rusts are the main biotic constraint on wheat, causing major yield losses globally [3]. In this context, plant breeders are continuously trying to incorporate new resistance traits into new cultivars by using the genetic diversity of domesticated wheat and its related species as a sustainable and nonchemical approach to tackle wheat diseases in the short- and long-term [4].



Leaf rust (also known as brown rust), caused by the biotrophic fungus Puccinia triticina Erikss., is one of the most widespread and harmful rusts of wheat worldwide, its outbreaks being both more frequent and more widespread than those of other rusts [5]. Numerous genes for resistance to P. triticina have been isolated, identified and named Lr genes [6]. Unfortunately, most of these genes introgressed into commercially bread cultivars and have become ineffective due to the emergence of new virulent strains of the pathogen [5,7]. Therefore, screening for new sources of genetic resistance is essential to increase the genetic variability in wheat. Crested wheatgrass (Agropyron cristatum L. Gaertn.) is a Triticeae species included in the tertiary wheat gene pool with diploid (2n = 2x = 14), tetraploid (2n = 4x = 28) and hexaploid (2n = 6x = 42) forms, all based on the P genome [8]. This species is widely cultivated in North America as a forage crop [9] and has already been considered as a valuable donor of important agronomic traits for wheat improvement. In particular, traits that it displays that might be beneficial to wheat include resistance to diseases such as leaf rust [10,11,12], stripe rust [13] and powdery mildew [14,15], as well as tolerance to drought [16], salt [17] and low temperatures [18]. Genes controlling grain hardness [19] and vernalization response [20] have been also identified in A. cristatum.



Introgression of favourable alien genes is accompanied by the replacement of large chromosome segments of wheat by an alien chromosome segment. The size of the introgression segment needs to be reduced to minimize undesired effects caused by linkage drag. In particular, the development of wheat–alien recombinants with small alien segments should be able to substantially decrease linkage drag, and thus, increase the use of alien introgressions in wheat breeding programmes. In common wheat, pairing between homologous chromosomes is controlled by the Ph1b gene, mapped on the long arm of chromosome 5B [21,22]. Deletion mutants of the Ph1b locus have been developed [22,23] and used to induce pairing and recombination between the alien chromatin and its homoeologous counterpart, leading to the introgression of important genes from wild relatives of wheat [24,25].



In a previous study we developed a wheat line which carries a Robertsonian translocation involving the long arm of wheat chromosome 1B and the short arm of A. cristatum chromosome 1P that confers partial resistance to P. triticina [10]. The A. cristatum chromosome arm 1PS translocated into wheat replaces the short arm of wheat chromosome 1B which carries several loci encoding the gluten fraction of the storage proteins [26]. Unfortunately, the loss of the low molecular weight glutenins (encoded by the Glu-B3 locus) in the wheat and the related gliadins (encoded by the Gli-B1 locus) located in the distal region of chromosome arm 1BS was associated with a reduced dough strength [27]. The objectives of this study were (1) to induce homoeologous recombination between chromosome arms 1BS and 1PS involved in the wheat–A. cristatum 1PS·1BL translocation using the ph1b mutant, (2) to identify 1BS/1PS recombinant lines using both molecular markers and in situ hybridization and (3) to select recombinants carrying Glu-B3/Gli-B1 loci displaying resistance to leaf rust conferred by A. cristatum.




2. Materials and Methods


2.1. Plant Material


The plant material used in this study included a stable fertile wheat line (called TH4) carrying the aforementioned compensating Robertsonian translocation involving common wheat chromosome arm 1BL and A. cristatum chromosome arm 1PS which confers resistance to leaf rust [10]. The TH4 line was pollinated with the T. aestivum Chinese Spring (CS) ph1b mutant (CS ph1b mutant) [22] and the F1 was backcrossed with the same mutant. The BC1F1 progeny was selfed to obtain BC1F2, BC1F3 and BC1F4 progenies. The CS common wheat (2n = 6x = 42, AABBDD), the A. cristatum accession PI 222957 (2n = 4x = 28; PPPP) used to obtain TH4 line, the TH4 line, the CS/A. cristatum disomic addition line 1P (CS + 1P) and the ditelosomic addition line 1PS (CS + 1PS) [28] were used for chromosome arm location of the expressed sequence tag-sequence-tagged site (EST-STS) molecular markers.




2.2. DNA Markers Analysis


Genomic DNA was extracted from young frozen 3- or 4-leaf stage leaves using the cetyltrimethylammonium bromide method [29]. Samples were stored at −20 °C until PCR amplification was carried out. A Nano-Drop 1000 Spectrophotometer (Thermo Scientific, Waltham, MA, USA) was used to estimate the concentration of DNA in each sample. Twenty-eight A. cristatum EST-STS markers specific for A. cristatum chromosome 1P [30] were screened for polymorphism between CS common wheat and the TH4 line (Supplementary Table S1).



PCR was performed using a TGradient thermocycler (Biometra, Göttingen, Germany) with 40 ng of template DNA in 25 µL of reaction mixture containing 1× Buffer, 1.5 mM of MgCl2, 0.32 mM of dNTPs, 0.48 µM of each primer and 0.625 U of Taq DNA Polymerase (Promega, Madison, WI, USA). PCR conditions for these markers were as follows: 4 min at 94 °C followed by 35 cycles of 45 s at 94 °C, 50 s at 58 °C, then 50 s at 72 °C followed by a final extension of 72 °C for 7 min. The PCR products were electrophoretically separated in 2% agarose gel and visualized by ethidium bromide (EtBr) staining.



In addition, for genotyping, we used 18 wheat chromosome 1BS-specific single sequence repeats (SSRs) markers (Supplementary Table S2) [31,32,33,34,35,36,37,38], three gene-specific PCR markers for low molecular weight glutenin subunits Glu-B3a, Glu-B3b and Glu-B3c [33] and a Xpsp3000-specific STS marker for detecting the gliadin Gli-B1 gene [34,35]. Primer sequences and PCR conditions for all markers were taken from the references cited in Supplementary Table S2.



The absence of Ph1b was verified using a PCR assay described by Wang et al. [39]. Each 30 μL PCR sample contained 1× PCR buffer with MgCl2 (Bioline USA, Taunton, MA, USA), 0.25 mM of dNTP, 0.17 μM of primers, 0.02 U/μL of Taq DNA polymerase (Bioline USA) and 20 ng of template. The reaction was first denatured (94 °C/5 min) and then subjected to 35 cycles of 94 °C/60 s, 51 °C/60 s and 72 °C/60 s, followed by a final extension (72 °C/7 min). The PCR products were electrophoretically separated through a 1% agarose gel and visualized by EtBr staining.




2.3. Fluorescence In Situ Hybridization


Somatic chromosome spreads were prepared from root tip cells. Seeds were germinated on moistened filter paper in a glass Petri dish at 25 °C in the dark for 3–4 days. Root tips from germinating seeds were excised and treated in ice water for 24 h and then fixed in a freshly prepared ethanol–acetic acid solution (3:1 v/v) and stored at 4 °C for at least 1 month. The in situ hybridization protocol was carried out as described by Cabrera et al. [40]. Genomic DNA from A. cristatum and the pTa71 sequence containing one unit of 18S-5.8S-26S rDNA (8.9 Kb) from T. aestivum [41] were used as probes. Total genomic DNA of A. cristatum was labelled with biotin-16-dUTP (Boehringer Mannheim Biochemicals, Mannheim, Germany) and the pTa71 sequence was labelled with digoxigenin-11-dUTP (Roche Applied Science, Indianapolis, IN, USA), in both cases using nick translation. Chromosome preparations were hybridized with an A. cristatum genomic DNA probe or simultaneously with both pTa71 and A. cristatum genomic DNA probes. The final concentration of each probe was 5 ng/μL in the hybridization mix (50% formamide, 2× saline-sodium citrate, 5 ng of each digoxigenin and biotin-labelled probes, 10% dextran sulfate, 0.14 μg of yeast tRNA, 0.1 μg of sonicated salmon sperm DNA and 5 ng of glycogen). Post-hybridization washes were conducted twice with 2× saline-sodium citrate (5 min each) at 37 °C plus one extra wash in 1× saline-sodium citrate at room temperature. Biotin- and digoxigenin-labelled probes were detected with streptavidin-Cy3 conjugates (Sigma, St. Louis, MO, USA) and antidigoxigenin fluorescein isothiocyanate antibodies (Roche Diagnostics, Meylan, France), respectively. The chromosomes were counterstained with 4′,6-diamidino-2-phenylindole (DAPI) and mounted in Vectashield mounting medium (Vector Laboratories, Burlingame, CA, USA). Hybridization signals were visualized using a Leica DMRB epifluorescence microscope, the images were captured with a Leica DFC7000T camera equipped with a Leica Wild MPS 52 exposure meter and the images were processed with LEICA application suite version 4.0 (Leica, Munich, Germany).




2.4. Evaluation of Leaf Rust Resistance


The resistance response of TH4 translocation line, CS wheat and BC1F4 genotypes (see Section 2.1) were tested against a local isolate of leaf rust under controlled conditions in growth chambers. The bread wheat variety Califa Sur was included as the reference susceptible control of the disease.




2.5. Fungal Material


The rust isolate of P. triticina used in this experiment was collected in a naturally infected field at Santaella (Córdoba, Spain). The isolate was multiplied under controlled conditions on uninfected plants of the susceptible variety, Califa Sur. Then, a single-pustule isolate was obtained and multiplied to be used in this study. This isolate showed virulence/avirulence on the following Lr genes: Lr1, Lr2c, Lr3, Lr3bg, Lr3ka, Lr10, Lr11, Lr12, Lr14a, Lr14b, Lr18, Lr20, Lr22a, Lr23, Lr30, Lr33, Lr34, Lr35, Lr37, Lr45, LrB/Lr2a, Lr2b, Lr9, Lr13, Lr15, Lr16, Lr17, Lr19, Lr21, Lr24, Lr25, Lr26, Lr28, Lr32, Lr36 and LrW.




2.6. Inoculation Assays


Inoculation was carried out as described by Porras et al. [42] with minor modifications. Seeds from TH4, CS and BC1F4 genotypes, together with Califa Sur as the susceptible control, were sown in 30 × 20 × 7 cm3 trays with a mix of commercial compost and sand (1:1 v/v). Trays were maintained in growth chambers at 21 °C with a 14 h photoperiod for 21 days. When the third leaf of the plants had fully unfolded, these leaves were fixed on cork pedestals with metal clips (21 leaves in total). Each tray was inoculated with 4 mg of leaf rust spores mixed with pure talc (1:20 w/w) using a settling tower for uniform inoculation, leading to a spore deposition of approximately 300 spores per cm2. Plants were then incubated in a moisture chamber at 21 °C and 100% relative humidity in darkness for 24 h. Finally, plants were transferred to growth chambers for 9 days under the controlled conditions described above. Each genotype was tested in three plants per repetition and tray. Macroscopic and microscopic experiments were performed three times each, displaying similar results among repetitions.




2.7. Characterization of Macroscopic Components of Resistance


Five days post inoculation, 3 cm long segments were marked before the appearance of pustules. Then, the number of visible pustules breaking the leaf epidermis in the marked segments was recorded at different time intervals. The latency period (LP50) was recorded as the number of hours from the day of inoculation to the time at which 50% of the pustules had broken through the leaf epidermis. In addition, the third leaf of each plant fixed on cork pedestals was detached, placed on black sheets of cardboard and digitally scanned at a resolution of 1200 ppi at 9 days post inoculation, when no new uredinia appeared on the leaf epidermis according to Porras et al. [42]. Fiji image analysis software [43] was used for analysing 2.5 cm2 of three leaves per accession. Three macroscopical parameters were recorded: infection type (IT), infection frequency (IF, expressed as pustules/cm2) and pustule size (PS, in mm2). The IT of scanned leaves was classified on a scale of 0 to 9 [44], where 0 = no visible disease symptoms (immune), 1 = minor chlorotic and necrotic flecks, 2 = chlorotic and necrotic flecks without sporulation, 3–4 = chlorotic and necrotic areas with limited sporulation, 5–6 = chlorotic and necrotic areas with moderate sporulation, 7 = abundant sporulation with moderate chlorosis and 8–9 = abundant and dense sporulation without notable chlorosis and necrosis. ITs between 7 and 9 indicated a compatible interaction (sporulating uredinia with little or no chlorosis), whereas ITs from 0 to 6 indicated an incompatible interaction (from no visible symptoms and chlorotic and necrotic flecks to uredinia surrounded by smaller areas of chlorosis or necrosis compared to a compatible interaction). The IT value was recorded for each accession. Occasionally, in some colonies, the plant’s resistance response was overcome by the pathogen. This secondary IT value was observed at a low frequency and was indicated in brackets after the main IT score. The mean relative latency period (RLP), relative infection frequency (RIF) and relative pustule size (RPS) values were calculated and expressed as percentages relative to the values obtained in Califa Sur (=100%) for each replicate.




2.8. Characterization of Microscopic Components of Resistance


Central leaf segments (~6 cm) of the third leaves placed on cork pedestals, as mentioned above, were cut at 5 days post inoculation. Samples were processed as described by Porras et al. [42] and then examined under a Nikon epifluorescence microscope equipped with a V-2A excitation filter (380–420 nm, barrier filter 430 nm). Both fungal development and the associated plant responses were classified as in Soleiman et al. [45]. Spores developing a substomatal vesicle, a primary infection hypha and no more than six haustorial mother cells were considered early aborted infection units (EA), whereas spores which finally developed more than six haustorial mother cells were considered established infection units (EST). In addition, the presence (+) or absence (−) of plant cell responses to infection in the form of necrosis were recorded. Together, these assessments yielded a fungal stage of EA−, EA+, EST− or EST+. All these microscopic parameters were expressed as percentages of all infection units observed. A total of 120 to 150 infection units in three leaves per accession were evaluated according to their development stage. Spores that failed to form an appressorium over a stoma were excluded. In addition, the infection unit length (L) and width (W) were measured using a micrometer for 30 established infection units in three leaves per accession. Using the geometric mean of L and W, the colony size was calculated as √ (1/4 × π × L × W) [46] and the relative colony size (RCS) was obtained by expressing the mean values relative to those in the susceptible control Califa Sur (=100%).




2.9. Statistical Analysis


The experiment was conducted using a random block design. Relative values were used for macroscopic and microscopic parameters, except for the percentages of microscopic infection units (EA−, EA+, EST− and EST+). Data were analyzed using analysis of variance and least significant difference tests. All groups had the same or similar variance, but data which did not show equal variances among genotypes (namely RIF data in macroscopic experiments and EA, EA+, EST and EST+ data in microscopic experiments) were transformed according to the formula y = √(x) for statistical analysis and back transformed for presentation. Data processing, statistical analysis and figures were performed and constructed using R software [47] and Fiji [43].





3. Results


3.1. Screening for Chromosome Arm 1PS-Specific Molecular Markers


A total of 28 EST-STS markers specific for chromosome 1P were tested for amplification on chromosome arm 1PS present in the 1PS·1BL translocation line (TH4) (Supplementary Table S1). Twenty-three (81.1%) out of twenty-eight markers amplified a product on the A. cristatum accession used to obtain the TH4 line, and of those, ten (35.7%) markers were polymorphic between wheat and A. cristatum. Of these ten markers, six amplified products on both disomic CS + 1P and 1PS·1BL translocation lines, indicating that they were located on chromosome arm 1PS (Supplementary Table S1).




3.2. Identification of Individuals with a Single 1PS·1BL Translocation and Homozygous for the ph1b Mutation


The F1 hybrid progeny from the cross between the homozygous 1PS·1BL translocation line (TH4) and CS ph1b mutant were backcrossed to the ph1b mutant to establish individuals heterozygous for chromosome arms 1PS and 1BS in a ph1bph1b genetic background (Figure 1). The F1 hybrid progenies were genotyped by PCR using two 1PS specific markers to ensure that they retained chromosome arm 1PS (Supplementary Figure S1). A total of 71 BC1F1 plants were established, and of them, 35 (49.3%) contained the 1PS·1BL translocation.



Zygosity at the Ph1b locus was predicted using a PCR assay. The diagnostic ABC920 sequence characterized amplified region (SCAR) marker is present in CS and missing in the CS ph1b mutant, allowing the identification of homozygous ph1b genotypes [39]. The ABC920 marker was used to screen BC1F1 progeny to identify individuals with the ph1bph1b genotype. Among the 35 BC1F1 plants with a single 1PS·1BL chromosome, 17 (48.6%) were homozygous ph1bph1b (Supplementary Figure S2).




3.3. Wheat-A. cristatum Translocations Involving 1PS


The BC1F1 plants with a single 1PS·1BL chromosome and homozygous ph1bph1b were selfed, and a total of 91 BC1F2 plants were established. The BC1F2 plants were analyzed by both molecular markers and genomic in situ hybridization (GISH) to identify the induced wheat–A. cristatum recombinants. For molecular marker analysis, eighteen wheat chromosome 1BS-specific SSR markers were tested for polymorphisms between CS and TH4 genotypes and of those, seven (38.9%) markers were found to be polymorphic and amplified reliable products in CS wheat (Supplementary Table S2). Genetic characterization of BC1F2 plants was carried out using a total of fifteen molecular markers: the seven polymorphic 1BS-specific SSR markers, the gene-specific marker for low molecular weight glutenin subunit GS Glu-B3, the Xpsp3000-specific STS marker to detect gliadin gene and, finally, six chromosome 1PS-specific EST-STS markers (Supplementary Table S3).



Combining the results of PCR analysis and GISH (Figure 2, Supplementary Table S3), it was found that 12 (13.2%) BC1F2 plants were homozygous for the 1PS·1BL chromosome (Figure 2a), 36 plants (39.5%) were heterozygous for the 1PS·1BL translocation (Figure 2b) and 41 plants (45.1%) carried no introgression of the chromosome arm 1PS. Finally, two different (2.2%) 1BS/1PS recombinant plants were recovered. One of them contained a small 1PS terminal fragment in the heterozygous condition (called recombinant type 1) (Figure 2c). All 1BS-specific SSR markers amplified PCR products in this line. On the other hand, molecular marker analysis demonstrated that this plant did not carry the distal Glu-B3a and Gli-B1 loci as demonstrated by the lack of amplification of the specific markers (Glu-B3a and Xpsp3000, respectively) for these loci (Figure 3, Supplementary Table S3). As the recombinant type 1 plant carried one 1PS·1BL chromosome in the heterozygous condition, all six specific EST-STS markers for chromosome arm 1PS amplified a PCR product in this plant. The second 1BS/1PS recombinant plant (called recombinant type 2) was homozygous for a 1PS proximal translocation (Figure 2d) and amplified specific markers for the Glu-B3a and Gli-B1 loci (Figure 3, Supplementary Table S3), indicating that it carried a distal fragment of chromosome arm 1BS. None of the 1BS-specific SSR markers amplified product in this line. The six specific EST-STS markers for chromosome arm 1PS amplified PCR products in this plant, indicating that the 1PS-specific markers were located on the proximal end of chromosome arm 1PS (Figure 2, Supplementary Table S3). PCR amplification profiles of both 1BS-specific and 1PS-specific markers on BC1F2 plants are shown in Figure 3.



By GISH and PCR analyses of the derived BC1F3 and BC1F4 plants, homozygous translocation lines for the 1PS proximal translocation carrying both the Glu-B3a and Gli-B1 loci were confirmed. Nonetheless, no homozygous plants were recovered for the recombinant type 1 in the BC1F3 and BC1F4 progenies. All lines obtained were fertile and vigorous. The spike morphology of BC1F4 plants carrying homozygous translocations from A. cristatum is shown in Figure 4.




3.4. Macroscopic Components of Resistance to Leaf Rust Infection


The macroscopic components of resistance to leaf rust observed are reported in Table 1. The BC1F4 lines evaluated were two lines homozygous for the 1PS·1BL translocation (BC1F4-15-10-2 and BC1F4-37-2-21), both carrying complete chromosome arm 1PS, one line homozygous for the 1PS proximal translocation carrying the Glu-B3a and Gli-B1 loci (recombinant type 2) (BC1F4-43-2-4) and one line with no introgression from A. cristatum (BC1F4-45-2-7). The macroscopic latency period (LP50) in the evaluated genotypes was calculated by assessing (at regular intervals in vivo) the emergence of new pustules on the leaf epidermis. The LP50 measurements were expressed relative to Califa Sur, as the susceptible control, with an RLP of 100%. Only the BC1F4-45-2-7 line showed a shorter latency period than Califa Sur, with an RLP value of 94.92%.



The remaining lines showed significantly higher RLPs values than the susceptible control. Once leaves had been detached and scanned, the macroscopic parameters of interest (IT, RIF and RPS) were measured. Three genotypes showed a fully compatible infection, displaying an IT of 9 (the susceptible control Califa Sur, CS and the BC1F4-45-2-7 line) (Figure 5a,b,g). The TH4 line showed a partially susceptible reaction with an IT of 6(9) (Figure 5c), characterized by the appearance of pustules surrounded by chlorosis. The recombinant type 2 line (BC1F4-43-2-4) had an IT similar to that of the TH4 line, with more necrotic flecks (IT 5(6)) (Figure 5f). Both the BC1F4-15-10-2 and BC1F4-37-2-21 lines, which carry the homozygous 1PS·1BL translocation, presented an IT of 2(6) (Figure 5d,e), characterized by necrotic flecks with a few pustules which were surrounded by chlorosis. Regarding RIF values, CS and BC1F4-45-2-7 showed the highest values compared to Califa Sur. In contrast, TH4, BC1F4-43-2-4, BC1F4-37-2-21 and BC1F4-15-10-2 lines expressed significantly lower values of infection frequency than the susceptible check. Finally, similarly to RIF, RPS values were high in CS and BC1F4-45-2-7 lines. The other lines expressed significantly lower RPS values than the susceptible control, the lowest RPS value being observed in the TH4 line (33.48%).




3.5. Microscopic Components of Resistance to Leaf Rust Infection


The microscopic components of resistance were assessed based on studying the infection sites, classified according to their fungal development stage. At 5 days post inoculation, we calculated the percentage of EA colonies and EST colonies, recording the presence or absence of plant cell necrosis at each stage (EA−, EA+, EST− and EST+), as well as measuring the RCS. Mean percentages of each fungal stage among all the infection sites observed in the genotypes evaluated are shown in Table 2 and Figure 6. Concerning the microscopic RCS, measurements were expressed relative to the colony size of the susceptible control, Califa Sur (RCS = 100%). The highest RCS values were observed in CS followed by the BC1F4-45-2-7 line. The other genotypes displayed significantly smaller colonies than the control, with those formed on the TH4 line being the smallest. Regarding the total percentage of EA (regardless of the presence of host cell necrosis), the highest values were observed in the TH4 line, followed by the BC1F4-37-2-21 and BC1F4-15-10-2 lines. By contrast, the susceptible control Califa Sur displayed the lowest percentage of EA colonies, not significantly different to the percentages observed in CS and both BC1F4-43-2-4 and BC1F4-45-2-7 lines. Logically, the overall percentages of EST colonies displayed the opposite trend, the lowest values being observed in the genotypes with the highest EA percentages. The susceptible control Califa Sur showed the highest EST percentage, with 90.53% of the colonies being successfully established.



Data on the presence or absence of plant cell necrosis are presented in Figure 6. The percentage of EA colonies not associated with necrotic cells (EA−) was significantly higher in the TH4 line (46.78%) than in the other genotypes (ranging from 1.03 to 6.58%, with non-significant differences between genotypes). On the other hand, the percentages of EA colonies associated with necrotic cells (EA+) were significantly higher in the BC1F4-37-2-21 and BC1F4-15-10-2 lines (28.33 and 25.67%, respectively) than in the other studied lines. The lines BC1F4-43-2-4 and BC1F4-45-2-7 also had higher percentages of EA+ (13.66 and 13.07%, respectively) than the susceptible control Califa Sur and both CS and TH4 (4.90%, 5.17% and 5.75%, respectively).



The highest percentages of EST not associated with host cell necrosis (EST−, Figure 7A), were found in the susceptible control Califa Sur (90.43%) and CS (87.42%). This parameter was also significantly higher in both the BC1F4-43-2-4 (50.88%) and TH4 (47.47%) lines than in the other lines. Finally, the percentages of EST colonies associated with necrotic plant cells (EST+, Figure 7B) were significantly higher in the BC1F4-45-2-7 (58.15%), BC1F4-37-2-21 (55.78%) and BC1F4-15-10-2 (48.56%) lines, followed by the BC1F4-43-2-4 (32.30%) line. None or very few (from 0.0% to 0.83%) of the EST colonies in the CS wheat, TH4 line and the control Califa Sur were associated with necrotic cells.





4. Discussion


A. cristatum is a valuable donor of genes and many germplasm resources have been developed to use the variability present in this species in wheat breeding [48,49,50,51,52,53]. Previously, we mapped leaf resistance gene(s) from A. cristatum on the chromosome arm 1PS in a wheat–A. cristatum introgression line called TH4 [10]. A possible negative effect of the 1PS·1BL translocation may be a reduction in the number of the gluten-encoding loci (low molecular weight glutenins and gliadins encoded by the Glu-B3 and the Gli-B1 loci, respectively) and the resulting reduced dough strength in the A. cristatum–wheat translocation line. In the current study, the chromosome arm 1PS from A. cristatum was engineered by using the ph1b mutation to induce homoeologous recombination of 1BS/1PS and to introduce a distal segment of wheat with the wheat Glu-B3/Gli-B1 loci without losing the resistance against leaf rust from A. cristatum.



The Glu-B3a, Xpsp3000 and Xwmc798 markers were physically mapped to deletion bin 5_1BS.sat18-0.50-1.00 [32]. The amplification of both Glu-B3a and Xpsp3000 markers, but not the Xwmc798 marker, in the recombinant type 2 plant indicated that the breakpoint in this wheat–A. cristatum recombinant line was located in bin 5. Similarly, the Xwmc798 marker amplified product in recombinant type 1 plant, but neither the Glu-B3a nor the Xpsp3000 markers did, indicating that the breakpoint in this wheat–A. cristatum recombinant was also in bin 5. These results agree with the findings of a previous study [54], which showed that translocation break points between homoeologous chromosomes are mostly concentrated in the distal parts of the chromosomes.



The production of new recombinants between chromosome arm 1PS from A. cristatum and chromosome arm 1BS from wheat suggests that synteny is conserved between these two homoeologous chromosome arms. This result is consistent with previous findings which showed that synteny is conserved between A. cristatum and wheat genomes. For example, a high transferability of conserved orthologous set molecular markers has been found between wheat and A. cristatum [14,55] and a high sequence similarity between wheat and A. cristatum genes has been reported by sequencing the transcriptome of A. cristatum [56]. Synteny between A. cristatum and wheat has also been found by mapping agronomically important genes [19,20] and FISH with tandem repeats and wheat single-gene probes [57].



Species belonging to the grass tribe Triticeae represent a valuable reservoir of genes for the improvement of resistance to disease, tolerance to adverse environmental conditions or quality characteristics in wheat. The main sources of new genetic variants are species of the primary and secondary gene pools of wheat (see [24,25] for a review) but the tertiary wheat gene pool also includes species which have been successfully used in wheat breeding.



One of the best examples of introgression of chromatin from a species belonging to the tertiary gene pool in wheat is the 1RS·1BL translocation. The 1RS chromosome from rye (Secale cereale L.) carries several genes providing race-specific disease resistance to major rust diseases [58]. Nonetheless, the 1RS translocation was found to negatively affect bread wheat end-use quality in terms of poor gluten strength [27]. A recombinant wheat–rye chromosome was engineered using induced homoeologous recombination that contained two small intercalary insertions, the desired Gli-B1 + Glu-B3 alleles and the resistance genes from rye [59]. Other examples of Ph1b-induced homoeologous recombination successfully used for the introgression into common wheat background of resistant genes from the tertiary gene pool of wheat are the introgression of resistance to stem rust from Aegilops geniculata [60], Thinopyrum ponticum [61] and Dasypyrum villosum [62]; powdery mildew from D. villosum [63] and Triticum timopheevii [64]; wheat yellow mosaic virus from D. villosum [65]; and Th. intermedium [66] and fusarium head blight from Th. elongatum [67].



The assessment of macro- and microscopic components of resistance to P. triticina showed diverse disease infection patterns amongst the studied genotypes. Firstly, there were genotypes with a clear susceptible response to leaf rust that showed similar values to the susceptible control Califa Sur in various infection parameters. The CS common wheat and BC1F4-45-2-7 line, which did not carry introgressions from A. cristatum, showed this susceptible response due to their values of macroscopic parameters IT (9), IF, PS and LP50 being close to those of Califa Sur. Moreover, these two genotypes also expressed similar values to the Califa Sur for microscopic parameters (RCS, EA and EST), though it should be noted that the BC1F4-45-2-7 line had higher EST+ values than both CS and Califa Sur, even though this hypersensitive reaction was not strong enough to prevent the fungal colonization of plant tissues according to final IT and IF values at 9 days post inoculation.



By contrast, the other lines, all of which carried introgressions from A. cristatum, developed some patterns of resistance against leaf rust disease. The TH4 parental line showed low values of IF and PS compared to Califa Sur, which is in line with the low disease severity value reported by Ochoa et al. [10] and was consistent with a partial resistance response. In addition, the long LP50 value found in the TH4 line in this study, together with a low RCS value (microscopic component) and a significantly higher EA- value (prehaustorial component of resistance [46,68,69]), confirmed the partial resistance of the TH4 line.



Both BC1F4-15-10-2 and BC1F4-37-2-21 lines developed lower IF and PS values than Califa Sur and, even lower IF and IT values than the TH4 line. GISH analysis showed that, similar to the TH4 parental line, these two BC1F4 lines carry the 1PS·1BL translocation from A. cristatum, which explains the resistant response to the leaf rust infection displayed by these two lines. On the other hand, in microscopic terms, both BC1F4-15-10-2 and BC1F4-37-2-21 lines showed higher RCS and EST values, together with significantly different EA+ and EST+ values from those of the TH4 line, indicating that both lines displayed mainly a hypersensitive resistance (HR) response. These results suggest a possible change in the type of resistance in these two lines compared with their parental line TH4. The different type of resistance displayed by the TH4 parental line compared with that of the two derived BC1F4 lines could be due to wheat genes also involved in the resistance to leaf rust. We cannot rule out the possibility that wheat genes affecting resistance could be segregating in BC1F4 progenies. This could explain why the BC1F4-15-10-2 and BC1F4-37-2-21 lines showed elevated values in components of resistance which expressed an HR response (EA+ and EST+), a characteristic of posthaustorial resistance [70], compared to their parental line, TH4, which expressed components more related to prehaustorial resistance [46,71].



Finally, the recombinant type 2 line (BC1F4-43-2-4), which contains a proximal segment of chromosome arm 1PS from A. cristatum and a distal segment of wheat chromosome arm 1BS containing the Glu-B3a/Gli-B1 loci, showed a resistance response to leaf rust infection, indicating that gene(s) controlling the resistance to leaf rust are in the proximal region of the chromosome arm 1PS. All six A. cristatum molecular markers mapped on chromosome arm 1PS amplified a product in the recombinant type 2 line (BC1F4-43-2-4), showing that these markers were physically located in the proximal segment of this chromosome arm.



Nevertheless, the resistance displayed by the recombinant type 2 line was different to that shown by the TH4 parental line and somewhat similar to the resistance exhibited by the BC1F4-15-10-2 and BC1F4-37-2-21 lines regarding the components of resistance studied. The recombinant type 2 line showed macroscopic components similar to those of the TH4 line in the case of IF and PS, but not in LP50 or IT values. At the microscopic level, this IT value could correspond to the higher RCS observed in the BC1F4-43-2-4 line, which means greater development of necrotic lesions compared to in the TH4 line. The other microscopic results of line BC1F4-43-2-4 indicated, firstly, that there was a higher percentage of EST colonies and, secondly, that a substantially higher fraction of these EST colonies had a HR comparable with that of the TH4 line. This may mean that there was greater fungal development (RCS) before these colonies were enclosed by HR, which would indicate a delayed expression of this HR that that might be defined by spatiotemporal analyses [72,73].




5. Conclusions


In the present study, we have demonstrated the usefulness of the ph1b mutation for inducing recombination between the wheat chromosome arms 1BS and 1PS from A. cristatum. Decreasing the segment size allowed the introgression of resistance against leaf rust from A. cristatum without the loss of wheat Glu-B3/Gli-B1 loci. The new recombinant plants were fertile and vigorous. The genetic stock developed in this work may add an accessible source of leaf resistance gene(s) to the wheat gene pool without the loss of important genes controlling quality characteristics.
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Figure 1. The crossing scheme used in this study. 
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Figure 2. The FISH/GISH on mitotic metaphase chromosome spreads in BC1F2 plants of (a) homozygous T1PS·1BL translocation line; (b) heterozygous T1PS·1BL translocations line; (c) heterozygous recombinant type 1; (d) homozygous recombinant type 2. In (a,b), double hybridization signals using both genomic A. cristatum DNA (red, white arrows) and pTa71 probe (green, red arrows) are shown; in (c,d), genomic A. cristatum DNA (red) is shown. Bar = 10 µm. 
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Figure 3. PCR amplification profiles of 1BS-specific markers (GluB3a, Xpsp3000, Xwmc798 and Xwmc406) and 1PS-specific markers (Agc29588, Agc69174 and Agc26797) on BC1F2 plants. Lanes M: marker; CS: ’Chinese Spring’; TH4: T1PS·1BL translocation line; 1–2: heterozygous plants for 1PS·1BL translocation; 3–4: homozygous plants for 1PS·1BL translocation; 5: 1BS/1PS recombinant type 1; 6: 1PS/1BS recombinant type 2; 7–8: wheat plants with no introgression from A. cristatum. Arrows indicate the diagnostic amplification product. 
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Figure 4. Spike morphology of (a) CS; (b) the TH4 line; (c) the BC1F4-15-10-2 line (homozygous for T1PS·1BL translocation); (d) the BC1F4-43-2-4 line (homozygous recombinant type 2). 
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Figure 5. Infection type (IT) observed in the studied lines: Califa Sur ((a), IT 9); CS ((b), IT 9); TH4 ((c), IT 6(9)); BC1F4-15-10-2 ((d), IT 2(6)); BC1F4-37-2-21 ((e), IT 2(6)); BC1F4-43-2-4 ((f), IT 5(6)); and BC1F4-45-2-7 ((g), IT 9). IT values in parenthesis correspond to the secondary IT observed at a low frequency. Scale, 0.5 cm. 
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Figure 6. Microscopic stages of P. triticina development (early aborted (EA) and established (EST) colonies with presence (+) or absence (−) of plant cell necrosis) in the BC1F4 and TH4 lines and the common wheat varieties CS and Califa Sur, expressed as mean percentages. Error bars represent the standard error (SE) calculated from three independent experiments. For each fungal stage, data with the same letter are not significantly different (least significant difference test, p < 0.05). 
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Figure 7. Microscopically observed established colonies (EST) of P. triticina showing the absence (A) or presence (B) of necrotic (autofluorescence) plant cells. Scale, 50 µm. 
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Table 1. Macroscopic components of resistance (RLP, relative latency period; IT, infection type; RIF, relative infection frequency; RPS, relative pustule size) to leaf rust in BC1F4 genotypes.
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	Genotype
	RLP (Hours)
	IT 3
	RIF (Pustules/cm2)
	RPS (mm2)





	Califa Sur
	100.00 ± 0.00 [163 1] c 2
	9
	100.00 (10.00 ± 0.00) [68] a
	100.00 ± 0.00 [0.132] a



	CS
	104.42 ± 2.55 b
	9
	97.70 (9.87 ± 0.67) a
	88.33 ± 5.17 b



	TH4
	118.41 ± 0.65 a
	6 (9)
	18.58 (4.28 ± 0.58) c
	33.48 ± 4.81 e



	BC1F4-15-10-2 4
	106.43 ± 1.45 b
	2 (6)
	10.47 (3.23 ± 0.23) d
	35.72 ± 5.70 e



	BC1F4-37-2-21 4
	104.52 ± 0.81 b
	2 (6)
	11.79 (3.43 ± 0.23) d
	38.47 ± 7.04 de



	BC1F4-43-2-4 5
	105.27 ± 2.26 b
	5 (6)
	19.39 (4.37 ± 0.63) c
	47.34 ± 9.32 d



	BC1F4-45-2-7 6
	94.92 ± 0.13 d
	9
	73.87 (8.59 ± 0.24) b
	76.17 ± 2.83 c







1 The actual average values for ‘Califa Sur’ are shown between brackets. 2 Values are means ± standard deviation for three leaves evaluated through image analysis in three independent experiments. Values between parentheses are transformed data ± standard deviation. In each column, data with the same letter are not significantly different (least significant difference, p < 0.05). 3 When a secondary IT was observed at a low frequency, the value is indicated in parenthesis. 4 Homozygous for T1PS·1BL translocation. 5 Homozygous recombinant type 2. 6 No A. cristatum introgression.
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Table 2. Microscopic components of resistance (RCS, relative colony size; EA, total percentage of early aborted colonies; EST, total percentage of established colonies) to leaf rust in BC1F4 genotypes.
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	Genotype
	RCS (mm2)
	EA
	EST





	Califa Sur
	100.00 ± 0.00 [0.455 1] a 2
	9.47 (3.06 ± 0.42) c
	90.53 (3.06 ± 0.42) a



	CS
	100.97 ± 5.95 a
	11.75 (3.42 ± 0.25) c
	88.25 (3.42 ± 0.25) a



	TH4
	29.81 ± 3.95 e
	52.53 (7.24 ± 0.29) a
	47.47 (7.24 ± 0.29) c



	BC1F4-15-10-2 3
	56.27 ± 1.91 d
	29.20 (5.32 ± 1.13) b
	70.80 (5.32 ± 1.13) b



	BC1F4-37-2-21 3
	57.32 ± 3.22 d
	31.31 (5.54 ± 0.99) b
	68.69 (5.54 ± 0.99) b



	BC1F4-43-2-4 4
	67.59 ± 1.22 c
	16.82 (4.09 ± 0.43) c
	83.18 (4.09 ± 0.43) a



	BC1F4-45-2-7 5
	92.61 ± 5.62 b
	14.10 (3.75 ± 0.20) c
	85.90 (3.75 ± 0.20) a







1 The actual average values for ‘Califa Sur’ are shown between brackets. 2 Values are means ± standard deviation for three leaves evaluated through image analysis in three independent experiments. Values between parentheses are transformed data ± standard deviation. In each column, data with the same letter are not significantly different (least significant difference, p < 0.05). 3 Homozygous for T1PS·1BL translocation. 4 Homozygous recombinant type 2. 5 No A. cristatum introgression.
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