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Abstract

:

Fusarium crown rot (FCR) is one of the most damaging cereal diseases in semi-arid regions worldwide. Genetic studies on FCR resistance have mainly focused on disease symptoms measured by the browning of either leaf sheaths in seedlings or stems of mature plants. Two major QTLs conferring FCR resistance in barley, Qcsr.cpi-1H and Qcrs.cpi-4H, were previously identified in the growth room. They could explain up to 33.4 and 45.3% of phenotypic variance, respectively. This is the first study where the possible effects of FCR-resistant loci identified in the previous studies based on seedling assay are tested for their abilities to reduce grain yield loss. Near isogenic lines (NILs) and backcross (BC) lines targeting these two loci were assessed in the 2017 and 2018 crop seasons. Results from the NILs showed that the presence of a resistance allele at either the 1HL or 4HL locus reduced grain yield loss by an average of 12.0% and 10.7%, respectively. Grain yields of the top BC lines containing resistance alleles at both loci were 34.4% higher than the average of the commercial varieties under FCR inoculation. These lines will be highly valuable in breeding barley varieties with enhanced resistance to FCR.
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1. Introduction


Fusarium crown rot (FCR) is a chronic and severe disease affecting cereal production in semi-arid regions worldwide. A survey conducted a decade ago indicated that the disease caused an estimated annual grain yield loss of AUD 79 million in wheat and barley in Australia [1,2]. Reports show that FCR can reduce grain yield by up to 35% in the USA [3], 43% in Turkey [4] and 45% in Iran [5]. This is likely due to the increase in the intensity of cereal production for economic reasons and the wide adoption of reduced tillage for moisture conservation [6]. FCR has become more prevalent in many parts of semi-arid regions in recent years [3,4,5,7,8,9,10,11,12]. An earlier study from Liu et al. (2012) [13] showed that, compared with bread wheat, Fusarium pseudograminearum biomass accumulated at an earlier timepoint and more rapidly in barley compared to bread wheat at similar stages of FCR infection. It has long been recognized that growing resistant varieties is a major component in minimizing FCR damage [14,15]. However, barley varieties with high levels of resistance to FCR are still not available.



FCR is predominantly caused by F. pseudograminearum, although other species of Fusarium can also cause the disease [8,16]. This disease can be induced from seed germination to milky ripening, and field infection is believed to be mainly through physical contact with infected stubble [6,17]. Its symptom of stem-base browning has been widely used to measure FCR severity [15,18]. Whiteheads or premature death of inflorescences during early grain fill are the most pronounced visual impact of FCR in wheat [18,19,20]. Depending on the severity of the disease, whiteheads can be completely devoid of grain or possess shrivelled grains, resulting in an increase in screenings, which are the reasons for crop yield reduction and often quality downgrade. Whiteheads are the easiest symptom to quantify and are frequently reported [19,20,21,22]. However, barley generally does not produce whiteheads and measuring the stem browning itself is probably not a reliable indication [23], so it would be better assessed under field conditions through yield trials.



Several sources of FCR resistance were identified by screening germplasm representing different geographical origins and plant types [24]. Four QTLs conferring seedling resistance have been reported on chromosome arms 1HL [25], 3HL [26], 4HL [27] and 6HL [28], respectively. Recent results have raised questions about the breeding value of the locus on 3HL, given its close association with plant height [25]. Near isogenic lines (NILs) targeting the 1HL [29] and 4HL [30] loci in barley have been obtained. As the resistant and susceptible isolines for a given pair of NILs share a similar genetic background, which is essentially fixed, the differences between them are mainly due to the differences in the targeted locus. Thus, NILs can make accurate phenotyping possible in both glasshouse and field trials. Moreover, the feasibility of enhancing FCR resistance by pyramiding 1HL, 3HL and 4HL QTLs was investigated [31]. Clearly, the three QTLs showed strong additive effects, indicating that gene pyramiding can be an effective approach to improving FCR resistance.



Compared to the complexity of field trials, assessing FCR resistance based on seedling assays is convenient and fast. Results from seedling assays also tend to be more repeatable as they are routinely conducted in environments that are easier to control compared with field trials. Due to these advantages, various methods of seedling assays have been developed [32,33,34,35,36]. However, the ultimate objective of such studies is to develop FCR-resistant varieties that can reduce grain yield loss under disease infection in the field. In other words, seedling assays would only be valuable if the resistance detected translates into reducing yield loss under field environments. It is not clear if any of the reported QTLs detected in seedling assays can translate into field resistance, although an earlier study did demonstrate that the resistant allele at a locus conferring seedling resistance on chromosome arm 3BL in wheat reduced the percentage of whiteheads in the field environments [15]. The present study aimed at clarifying if the resistance loci derived from seedling assays affect grain yield loss under field environments. We assessed NILs and BC lines targeting two FCR-resistant loci in barley over two growing seasons. Results obtained from these field trials are reported here.




2. Materials and Methods


2.1. Plant Materials


Ten sets of NILs derived from the seedling assay, five for the 1HL locus [29] and five for the 4HL locus [30], were developed in the previous studies and assessed under the field environments (Table S1). They were produced based on the method of the heterogeneous inbred family (HIF) [37] combined with the fast-generation technique [38] in glasshouses at Queensland Bioscience Precinct (QBP) in Brisbane, Australia. Additionally, ten BC1F8 lines (Table S2) and fifteen additional BC3F6 lines (Table S3) containing resistant alleles at both the 1HL and 4HL loci were also assessed under field conditions.



The resistant donor for the 4HL locus (AWCS276) is a wild barley (Hordeum spontaneum C. Koch.) accession [27]. The resistant donor for the 1HL locus (AWCS079) is a landrace [25]. The two donors were crossed and then backcrossed with commercial varieties, which cover each of the three agro-ecological regions in Australia, including Baudin, Commander, Fleet, Grimmet, Westminster, Compass, La Trobe, Spartacus, Franklin and Lockyer. The approach of single seed-descendent based on the fast-generation method [38] was used to process the BC lines to higher generation in glasshouses. Plants with undesirable characteristics, including those which differ significantly from commercial barley varieties in flowering time or plant height, were discarded at each generation during the process. A single row was then planted at CSIRO Gatton Research Station (Latitude 27.533° S; Longitude 152.339° E) for each of the plants selected from the glasshouse experiments. Top lines from single rows were selected based on agronomic characteristics including seedling vigour, tiller number, maturity and height, and then were genotyped using markers linked closely with either the 1HL or 4HL locus. Details of marker analysis were as described by Chen et al. (2015) [31]. Selected lines with resistant alleles at both loci were then further tested at multiple field sites over two seasons.




2.2. Inoculum Preparation


Colonised grain inoculum for all the field trials was prepared using a modified version of the Dodman and Wildermuth method [17]. Half-strength potato dextrose agar was initially used to culture each of six F. pseudograminearum (Fp) isolates provided by the University of Southern Queensland. The inoculated plates were incubated for 7 days at room temperature before the mycelium was scraped and then were incubated for a further 5–7 days under a combination of cool white and black fluorescent lights with a 12 h photoperiod. The plates for each of the six Fp isolates were cut into small pieces and used to inoculate separate batches of autoclaved durum wheat grain. The inoculated grains were grown at 25 °C for three weeks and then air dried at 30 °C before pooling the colonized grain into equal quantities of the six Fp isolates. A mixture of isolates was used to ensure consistent aggressiveness of the inoculum.




2.3. Conditions of Trial Sites


Results reported in this publication were obtained from four field trials. Ten sets of NILs and ten BC1F8 lines were assessed at two field sites in the 2017 crop season, one at Plant Breeding Institute (PBI) Narrabri, New South Wales (Latitude 30.285° S; Longitude 149.800° E), and the other at CSIRO Gatton Research Station, Queensland, Australia (Latitude 27.533° S; Longitude 152.339° E). The other two field trials were conducted during the 2018 crop season by assessing ten BC1F8 lines and fifteen BC3F6 lines containing both resistant loci, one at PBI Narrabri and the other at Tosari Crop Research Centre (Tosari), Tummvaille, Queensland, Australia (Latitude 27.835° S; Longitude 151.450° E). Six varieties were used as controls in these four field trials. A plant density of 150 plants/m2 was sown in each of the plots. At the Gatton site, each of the plots consisted of 7 rows spaced at 25 cm, and the rows were 6 metres in length, while at the Narrabri and Tosari sites, each plot was 6 metres in length with 6 rows spaced at 23 cm. Inoculum was placed above the seeds during sowing for the Fp-inoculated plots. The soil type was grey vertosol at the PBI Narrabri site and black vertosol at both the Gatton and Tosari sites.




2.4. Trial Design


The experimental plots were arranged in an augmented randomised incomplete block design, with inoculum serving as the split plot and genotypes the main plot. Two inoculum treatments (non-inoculated and Fp-inoculated) were randomised to strips and genotypes to main plots to produce paired subplots of each genotype across the treatment strips. Genotype main plots were grouped along each pair of rows to form incomplete blocks, where genotype allocation was partially balanced across the incomplete blocks (Figure S1). The inoculum was delivered to each furrow at the rate of 2 g per meter of row (72 g/plot) above the seeds during sowing.




2.5. Data Collection


The grain from the middle 4 metres of each plot was machine-harvested at maturity and used for estimating grain yield. Thousand kernel weight (TKW) was estimated by weighing a random sample of 300 kernels from the harvested grain from each plot. FCR severity based on stem browning of the main tillers was measured from 30 plants randomly sampled from the middle four rows of each of the Fp-inoculated plots. The plants were collected after the grains had been machine-harvested and placed in a 45 °C oven for 7 days. The plants were then cleaned and stored at room temperature until rating. FCR severity of the main stems was scored using a scale of 0 (no observed discoloration) to 5 (the darkest discoloration found in a given trial) on the basal 150 mm of the main tillers. The disease index (DI) value was then calculated for each plot following the formula of DI = (∑nX/5N) × 100, where X is the scale value of each plant, n is the number of plants in the category, and N is the total number of plants assessed for each line [30,38].




2.6. Statistical Analysis


Three categories of genotypes were included in these experiments: NILs, BC lines, and commercial varieties. Given that it was of a greater interest to compare the NILs with each other and to compare the BC lines and the varieties with each other, separate analyses were conducted where each set of genotypes was the focus. In the analysis of the NILs, the trials grown in 2018 were excluded as the NILs were not grown, while the analysis of the BC lines and varieties included all trials. Terms accounting for all treatments were included in the analyses; however, an additional factor was created in each analysis, which was coded as one level for all genotypes of interest and another level for all other genotypes. This allowed the data to be partitioned within the analysis into that of interest and that of no interest without discarding any data. This ensured that the correct degrees of freedom were used in the analyses and allowed the terms relating to the experimental design to be estimated accurately. Grain yield, TKW and DI were each analysed for each set of genotypes in a linear mixed model framework. The model for yield and TKW for the NILs included terms for trial, Fp treatment, locus, presence of resistant allele (henceforth referred to as allele) at each locus, and genotypes within the allele and locus combinations, along with the interactions between these terms as fixed effects. In addition, a term was included to account for all treatments relating to BC lines and commercial varieties. The model for DI was the same, except all terms involving Fp treatment were removed as data were only collected on Fp-inoculated plots. The model for yield and TKW for the BC lines and varieties included terms for trial, Fp treatment and genotype, along with the interactions between these terms as fixed effects. In addition, a term was included to account for all treatments relating to NILs. The model for DI was the same, except all terms involving Fp treatment were removed as data were only collected on Fp-inoculated plots. In all models, terms relating to the experimental design were included as random effects and were fitted separately for each trial, and residual variance was also fitted separately for each trial. Variance parameters were estimated using residual maximum likelihood (REML) estimation [39]. Predictions of trait means were generated from the model as empirical Best Linear Unbiased Estimators. The significance of fixed effects was assessed using a Wald test with a value of α = 0.05, with the denominator degrees of freedom calculated according to Kenward and Roger (1997) [40]. Means of significant effects were compared using Fisher’s protected least significant difference test, which also uses a significance level of α = 0.05. The analyses were performed using ASReml-R [41] in the R software environment [42]. Where appropriate, grain yield reduction was calculated as the yield difference between non-inoculated and Fp-inoculated treatments, expressed in the percentage of the non-inoculated treatments using the formula, reduction (%) = [(Yn − YFp) ÷ (Yn)] × 100, where Yn and YFp represent grain yield under non-inoculated and Fp-inoculated conditions, respectively. Similarly, the TKW reduction was calculated using the formula, reduction (%) = [(TKWn − TKWFp) ÷ (TKWn)] × 100, where TKWn and TKWFp represent TKW under non-inoculated and Fp-inoculated conditions, respectively.





3. Results


3.1. Field Performance of the near Isogenic Lines


The significance of the effects tested in the analysis of the NILs is summarized in Table 1. For grain yield, there was a significant interaction between trial, locus, allele and genotype and a significant interaction between Fp treatment, locus and allele. For TKW, there was a significant interaction between trial, locus, allele and genotype and between Fp treatment, locus, allele and genotype. For DI, there was a significant interaction between allele and locus.



Although there was a significant interaction between trial and genotype (nested within locus and allele), genotype patterns were consistent for both Fp treatments within a trial. However, Fp treatment did interact with locus and allele, indicating that Fp treatment was not consistent across locus or allele. Without Fp inoculation, statistically significant differences in grain yield between the resistant (“R”) and susceptible (“S”) isolines were not detected for NIL pairs targeting either the 1HL or 4HL loci. The average grain yields of these NILs were approx. 1600 kg/ha across the trials (Figure 1a). However, the “R” and “S” isolines reacted very differently to Fp inoculation. The average grain yield loss of the “R” isolines at the 1HL locus was 7.1%, compared to its counterparts of 19.1% on average (Figure 1b). Thus, the presence of the resistant allele at the 1HL locus reduced grain yield loss by 12.0% on average. Similar results were also obtained for the NILs targeting the 4HL locus, and the presence of the resistant allele at the 4HL locus reduced grain yield loss by 10.7% on average (Figure 1b).



The significant interactions between trial, locus, allele and genotype and between Fp treatment, locus, allele and genotype indicated that genotypes responded differently to Fp treatment and trials, while the effects of trial and Fp treatment were consistent across each other. Based on combined data from all trials, significant differences in TKW for the non-inoculated treatment were not detected between “R” and “S” isolines among the NILs targeting either the 1HL or 4HL loci (Figure 1c). TKW for the “R” isolines targeting the 1HL locus ranged from 25.0 to 47.0 g, with an average of 37.7 g, while its counterparts ranged from 27.7 to 43.3 g, with an average of 37.9 g. TKW for the 4HL NILs was slightly higher than the NILs for the 1HL locus. TKW for the “R” isolines for the 4HL locus ranged from 30.7 g to 47.7 g, with an average of 39.6 g, and TKW for “S” isolines ranged from 29.0 g to 50.7 g, with an average of 39.1 g (Figure 1c). Significant changes in TKW were detected under Fp inoculation between the “R” and “S” isolines of the 1HL NILs but not between the “R” and “S” isolines for the 4HL NILs (Figure 1d). The differences in TKW between isolines containing the resistant allele at the 1HL locus varied from 0.0% to 9.2%, with an average of 3.3%, while the difference between non-inoculated and inoculated trials without the resistant allele varied from 1.6% to 20.5%, with an average of 8.4% (Figure 1d).



Across genotypes, there were significant differences in DI between resistant and susceptible isolines targeting both the 1HL and 4HL loci, and these differences were consistent across trials. Significant differences in FCR severity between the “R” and “S” isolines targeting both the 1HL and 4HL loci were detected in the Fp-inoculated trials. Based on combined data from all trials, the effects of the resistant allele at the 1HL locus reduced FCR severity by an average of 21.8%, whereas the effects of the resistant allele 4HL reduced FCR severity by an average of 20.2% (Table 2).




3.2. Field Performance of the BC Lines


The significance of the effects tested in the analysis of the BC lines and varieties are summarized in Table 3. For grain yield, there was a significant interaction between trial, Fp treatment and genotype. For TKW, there was a significant effect for trial and for genotype, while for DI, there was only a significant effect for genotype.



The significant interaction between trial, Fp treatment, and genotype indicated that genotypes responded differently to Fp treatment at different trials. The average grain yield of the BC lines and the commercial varieties did not differ significantly for the non-inoculated trials (Figure 2). However, grain yields for three of the ten BC lines assessed in the 2017 crop season were significantly higher (p < 0.01) than Compass and one significantly (p < 0.05) higher than Spartacus and Westminster, and three BC lines (BC1-02, BC1-08 and BC1-09) yielded significantly (p < 0.01) higher than the average yield of the commercial varieties at the Gatton trial (Figure 3a), while only BC1-09 line yielded significantly (p < 0.01) higher than the average of varieties at the Narrabri trial (Figure 3b). Of the twenty-five BC lines assessed in the 2018 crop season, one BC line yielded significantly (p < 0.01) higher than Lockyer at the Narrabri site in 2018 (Figure 3c), while 13 BC lines yielded significantly higher than Spartacus and 12 significantly (p < 0.05) higher than La Trobe and Westminster and six (BC1-06, BC1-09, BC3-09, BC3-11 and BC3-13) produced significantly (p < 0.05) higher grain yield compared to the average of the commercial varieties in the non-inoculated trials at the Tosari site (Figure 3d). Grain yields of the best two lines (BC1-09 and BC3-13) were as much as 22.0% higher than the average of the commercial varieties in the non-inoculated conditions (Figure 3).



Significant differences in yield reduction were detected between BC lines and varieties in the Fp-inoculated trials at both sites in 2017 and one site in 2018 (Figure 4a). The average yield reduction in the BC lines was 8.2% (varied from 5.5 to 17.2%) compared with the average of 22.8% for the local varieties at the Gatton trial (Figure 3a). Five BC lines yielded significantly higher than Westminster and Compass, three significantly higher than Spartacus and one significantly higher than La Trobe, and three of the ten BC lines (BC1-02, BC-1-08 and BC1-09) yielded significantly better than the average of the varieties under FCR infection. Similar results were also detected from the Narrabri trial. Yield reductions of the BC lines varied from 1.9 to 13.3%, with an average of 5.4%, compared with an average of 13.5% for the commercial varieties (Figure 3b). Two of the BC lines (BC1-05 and BC1-09) yielded significantly better than the average of the varieties under FCR infection. Of the 25 BC lines assessed in the 2018 crop season, 24 except BC1-07 lost less grain yield (with an average of 10.2%) than the commercial varieties under FCR infection (with an average of 18.6%). Eighteen BC lines yielded significantly higher than Westminster, 17 significantly higher than Spartacus, 14 significantly higher than La Trobe, and one significantly higher than Compass and Lockyer. Seven BC lines (BC1-05, BC1-06, BC1-09, BC3-02, BC3-09, BC3-10 and BC3-13) recorded significantly higher grain yields compared to the average of the varieties (Figure 3). Grain yields of the best two BC lines (BC1-09 and BC3-13) were as much as 34.4% higher than the average of the local varieties in the Fp-inoculated trials.



Significant main effects for genotype and trial indicated that both of these factors influenced TKW. Based on combined data from all trials, significant differences in TKW for the non-inoculated treatment were not detected between BC lines and the local varieties in the 2017 crop season. However, significant differences were detected in the 2018 crop season (Figure S2a). TKW for the BC lines ranged from 33.3 to 51.7 g in 2017 and from 33.3 to 46.7 g in 2018, while TKW for the local varieties was from 29.7 to 46.0 g in 2017 and from 36.7 to 46.7 g in 2018, respectively (Figure S2a). TKW for both BC lines and commercial varieties was not significantly different between the non-inoculated and Fp-inoculated treatments (Figure S2b,c) in both the 2017 and 2018 crop seasons. The average TKW for the BC lines changed slightly from 39.5 g to 38.5 g and from 38.5 g to 37.9 g in 2017 and 2018, respectively, while the average TKW for the varieties changed from 38.3 g to 36.1 g and from 41.7 g to 41.0 g in 2017 and 2018, respectively. As TKW for both BC lines and varieties was recorded higher in some of the Fp-inoculated plots compared to the non-inoculated plots, the differences in TKW reduction between BC lines and commercial varieties were not significant in all trials (Figure S2d).



Significant differences between BC lines containing both the resistant alleles and commercial varieties in FCR severity were detected under the Fp-inoculated treatment (Figure 4b). DI values of the BC lines ranged from 26.3 to 37.7, with an average of 31.8, whereas those of the varieties varied from 41.6 to 50.0, with an average of 46.4 in the 2017 trials. The difference in DI values between the BC lines and the commercial varieties was 31.5% on average. Similar results were also obtained in 2018. DI values among the BC lines ranged from 25.4 to 34.9, with an average of 29.9, whereas those of the varieties varied from 45.0 to 57.2, with an average of 49.8. The difference in DI values on average between the BC lines and the commercial varieties was as much as 40.0% (Figure 4b).





4. Discussion


FCR is a major constraint to cereal production in semi-arid regions worldwide, and this disease has become more prevalent in recent years. Research in genetic improvement of FCR resistance has led to the identification of several QTLs conferring seedling resistance. NILs targeting some of these loci in both barley and wheat have been generated [29,30,43], and BC lines containing resistant alleles at two or more loci have been obtained [31,44]. The study demonstrates for the first time that resistance QTLs identified from a particular method of seedling assay [34] not only reduced FCR symptoms development as measured by stem browning in the field but also significantly reduced grain yield loss from the disease. The best two selected BC lines (BC1-09 and BC3-13) possessing resistant alleles at both the targeted loci also showed similar yield potential to that of the commercial varieties in both Fp-inoculated and non-inoculated plots. In spite of the lack of adaptation of the donor lines, a few backcrosses with adapted varieties were required to produce lines with good agronomic performance and yield potential. Markers co-segregating with both of the targeted loci have been obtained [45,46], further facilitating the adoption of them in breeding programs.



Interestingly, significant differences in TKW were detected only between the “R” and “S” isolines for the NIL pairs of 1HL under Fp inoculation but not between the “R” and “S” isolines for the NILs targeting the 4HL NILs. Although both loci were detected from the same seedlings assay, the mechanisms of these two loci might be different, which potentially caused such differences in TKW reduction. As significant differences in kernel numbers per spike were not observed in any of the trials, it is hypothesised that changes in numbers of fertile tillers must be responsible for the yield differences detected. This likelihood is supported by the fact that, although Fp-treatments reduced kernel yield significantly, whiteheads were not observed in any of the trials. Considering that both loci assessed in this study were detected from seedling assays [25,27,31], it is not surprising that resistant alleles might have reduced losses in tiller numbers under Fp-treatments. These results also indicated that estimating yield loss based on “whiteheads” [6,36] may not be reliable in barley. Further investigations are warranted to assess different yield components to clarify the main contributing factors for the significant yield reduction in the presence of FCR.



Different from the BC lines, NILs used in this study were obtained from the previous studies [29,30] and generated from simple crosses or three-way crosses between exotic genotypes (both donors for the resistant alleles) and commercial varieties. The selection of agronomic characteristics was not conducted at any stage during their development. Thus, their relatively low yield potentials were expected [47,48]. Some of the NILs also lodged severely in some of the trials, making them difficult to manage and harvest. Nevertheless, consistent results in reducing FCR severity as well as grain yield loss under the disease infection were obtained from the NILs targeting both loci in this study. These results demonstrated the huge advantage of using NILs in such studies: comparing two lines is all that is required to assess the effects of any given locus in a given genetic background.



It is of note that the differences among the NILs tended to be higher compared with those detected between BC lines possessing the same resistant alleles. This was the case for both FCR severity and yield reduction under FCR infection. These differences were not surprising as the NILs and BC lines have different genetic backgrounds. Results from previous studies showed that FCR severity interacts strongly with other characteristics. For example, interactions between FCR severity and plant height and flowering time were observed in germplasm screening [24] and QTLs mapping studies [25,26,27,49]. Assessing NILs for various reduced height genes showed that dwarf isolines gave reduced symptoms of the disease in both wheat [50] and barley [51]. The difference in FCR severity observed between the tall and dwarf isolines was not associated with expression levels of genes associated with resistance to this disease [50]. Results from another study also showed that F. pseudograminearum hyphae were detected earlier and proliferated more rapidly during the time course of FCR development in the tall isolines [52]. As FCR resistance is highly quantitative, such interactions indicate that genotypes with a given resistant gene may not necessarily show milder disease symptoms than those without it.



Importantly, both loci that were detected from a seedling assay showed improved field resistance to FCR infection assessed in this study [24]. As described in the review by Liu and Ogbonnaya (2015) [15], several other methods of FCR inoculation and assessments are also available. Results from an earlier study showed that different loci of resistance could be detected by different methods [35]. Clearly, the field performance of resistance loci detected by different methods of seedling assays may also vary. In other words, the results from this study do not infer by any means that differences in FCR resistance among genotypes detected from the use of different methods of seedling assay can all be reliably used to predict their field performance.
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Figure 1. Box plot distributions of (a) grain yield without Fp inoculation, (b) grain yield reductions with Fp inoculation, (c) TKW without Fp inoculation and (d) TKW reductions with Fp inoculation between the isolines with or without the 1HL- and 4HL-resistant loci. Boxes indicate the 25 and 75 percentiles, respectively; the median is indicated by the solid horizontal line. Whiskers represent the range, and black dots represent outliers. 
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Figure 2. Box plot distributions of grain yield between BC lines and local varieties with one-way ANOVA student’s t test. Boxes indicate the 25 and 75 percentiles, respectively; the median is indicated by the solid horizontal line. Whiskers represent the range and the black dot the outlier. 
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Figure 3. Performance of BC1 and BC3 lines compared with commercial varieties on grain yield at four locations (a) Gatton in 2017, (b) PBI Narrabri in 2017, (c) PBI Narrabri in 2018 and (d) Tosari in 2018. Variety: the average of all commercial varieties. 
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Figure 4. Box plot distributions of yield reduction (a) and disease indices for FCR severity (b) between BC lines and varieties with one-way ANOVA student’s t test (p-value are provided). Boxes indicate the 25 and 75 percentiles, respectively; the median is indicated by the solid horizontal line. Whiskers represent the range, and black dots represent outliers. 
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Table 1. Summary of the significance of fixed effects from the analysis of yield, thousand kernel weight (TKW) and disease index (DI) for the ten sets of NILs at two field sites in 2017, including the numerator degrees of freedom (d.f.) and the denominator degrees of freedom (den. d.f.). The denominator degrees of freedom are calculated according to Kenward and Roger (1997) [40].
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Term

	
d.f.

	
Grain Yield

	
TKW

	
DI




	
den. d.f.

	
p-Value

	
den. d.f.

	
p-Value

	
den. d.f.

	
p-Value






	
Trial (T)

	
1

	
43.6

	
0.043

	
93.2

	
<0.001

	
102.2

	
0.198




	
Inoculation (I)

	
1

	
98.3

	
0.042

	
90

	
<0.001

	

	




	
Locus (L)

	
1

	
1.1

	
0.033

	
92.4

	
0.032

	
102.2

	
0.002




	
T:I

	
1

	
80.3

	
0.721

	
95.2

	
0.556

	

	




	
L:Allele (A)

	
2

	
39.6

	
<0.001

	
90.7

	
0.008

	
102.2

	
<0.001




	
T:L

	
1

	
69.1

	
<0.001

	
90.9

	
0.494

	
102.2

	
0.68




	
I:L

	
1

	
86.5

	
0.779

	
84.4

	
0.719

	

	




	
L:A:Genotype (G)

	
16

	
15

	
<0.001

	
90.1

	
<0.001

	
102.2

	
0.826




	
T:L:A

	
2

	
84.6

	
0.115

	
92

	
0.081

	
102.2

	
0.616




	
I:L:A

	
2

	
85.8

	
<0.001

	
81.3

	
0.001

	

	




	
T:I:L

	
1

	
86.1

	
0.61

	
81.6

	
0.973

	

	




	
T:L:A:G

	
16

	
85.1

	
<0.001

	
90.1

	
<0.001

	
102.2

	
1




	
I:L:A:G

	
16

	
85.6

	
0.951

	
81.8

	
0.034

	

	




	
T:I:L:A

	
2

	
86.3

	
0.41

	
81.5

	
0.1

	

	




	
T:I:L:A:G

	
16

	
85.3

	
0.584

	
80.9

	
0.33
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Table 2. A comparison of the disease index for the ten pairs of NILs targeting either the 1HL or 4HL locus at two locations in the 2017 trials.
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Genotype

	
Gatton

	
Narrabri




	
DI

	
Difference (%)

	
p-Value

	
DI

	
Difference (%)

	
p-Value






	
CR1H_1R

	
33.2

	
28.0%

	
<0.01

	
29.3

	
24.5%

	
<0.01




	
CR1H_1S

	
46.1

	

	

	
38.8

	

	




	
CR1H_3R

	
34.4

	
12.2%

	
<0.01

	
31.5

	
18.0%

	
<0.01




	
CR1H_3S

	
39.2

	

	

	
38.4

	

	




	
CR1H_7R

	
29.3

	
27.4%

	
<0.01

	
29.3

	
16.8%

	
<0.01




	
CR1H_7S

	
40.4

	

	

	
35.3

	

	




	
CR1H_8R

	
29.3

	
24.5%

	
<0.01

	
29.8

	
19.2%

	
<0.01




	
CR1H_8S

	
38.8

	

	

	
36.9

	

	




	
CR1H_9R

	
28.9

	
24.9%

	
<0.01

	
29.3

	
22.9%

	
<0.01




	
CR1H_9S

	
38.4

	

	

	
38.1

	

	




	
CR4H_1R

	
31.9

	
30.8%

	
<0.01

	
31.9

	
15.2%

	
<0.01




	
CR4H_1S

	
46.1

	

	

	
37.7

	

	




	
CR4H_3R

	
31.9

	
27.1%

	
<0.01

	
31.9

	
23.1%

	
<0.01




	
CR4H_3S

	
43.9

	

	

	
41.6

	

	




	
CR4H_4R

	
40.8

	
17.1%

	
<0.01

	
37.7

	
12.6%

	
<0.05




	
CR4H_4S

	
49.2

	

	

	
43.1

	

	




	
CR4H_6R

	
39.2

	
15.7%

	
<0.01

	
37.3

	
11.1%

	
<0.05




	
CR4H_6S

	
46.5

	

	

	
41.9

	

	




	
CR4H_8R

	
31.1

	
25.9%

	
<0.01

	
31.1

	
23.0%

	
<0.01




	
CR4H_8S

	
41.9

	

	

	
40.4
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Table 3. Summary of the significance of fixed effects from the analysis of yield, thousand kernel weight (TKW) and disease index (DI) for the BC lines and commercial varieties from the four field trials, including the numerator degrees of freedom (d.f.) and the denominator degrees of freedom (den. d.f.). The denominator degrees of freedom are calculated according to Kenward and Roger (1997) [40].
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Term

	
d.f.

	
Grain Yield

	
TKW

	
DI




	
den. d.f.

	
p-Value

	
den. d.f.

	
p-Value

	
den. d.f.

	
p-Value






	
Trial (T)

	
3

	
3.7

	
0.004

	
16.3

	
<0.001

	
88.9

	
0.496




	
Inoculation (I)

	
1

	
2.8

	
<0.001

	
154.5

	
0.132

	

	




	
Genotype (G)

	
30

	
43.5

	
<0.001

	
56.5

	
<0.001

	
47.6

	
<0.001




	
T:I

	
3

	
11.2

	
0.003

	
83.6

	
0.235

	

	




	
T:G

	
56

	
73.4

	
0.001

	
98.3

	
0.438

	
89.6

	
0.074




	
I:G

	
30

	
28.8

	
<0.001

	
105.3

	
0.198

	

	




	
T:I:G

	
56

	
52.6

	
0.002

	
73

	
0.722
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