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Improving the seed protein concentration (SPC) of pea (Pisum sativum L.) has turned into an important breeding objective because of the consumer demand for plant-based protein and demand from protein fractionation industries. To support the marker-assisted selection (MAS) of SPC towards accelerated breeding of improved cultivars, we have explored two diverse recombinant inbred line (RIL) populations to identify the quantitative trait loci (QTLs) associated with SPC. The two RIL populations, MP 1918 × P0540-91 (PR-30) and Ballet × Cameor (PR-31), were derived from crosses between moderate SPC × high SPC accessions. A total of 166 and 159 RILs of PR-30 and PR-31, respectively, were genotyped using an Axiom® 90K SNP array and 13.2K SNP arrays, respectively. The RILs were phenotyped in replicated trials in two and three locations of Saskatchewan, Canada in 2020 and 2021, respectively, for agronomic assessment and SPC. Using composite interval mapping, we identified three QTLs associated with SPC in PR-30 and five QTLs in PR-31, with the LOD value ranging from 3.0 to 11.0. A majority of these QTLs were unique to these populations compared to the previously known QTLs for SPC. The QTL SPC-Ps-5.1 overlapped with the earlier reported SPC associated QTL PC-QTL-3. Three QTLs, SPC-Ps-4.2, SPC-Ps-5.1, and SPC-Ps-7.2 with LOD scores of 7.2, 7.9, and 11.3, and which explained 14.5%, 11.6%, and 11.3% of the phenotypic variance, respectively, can be used for marker-assisted breeding to increase SPC in peas. Eight QTLs associated with the grain yield were identified with LOD scores ranging from 3.1 to 8.2. Two sets of QTLs, SPC-Ps-2.1 and GY-Ps-2.1, and SPC-Ps-5.1 and GY-Ps-5.3, shared the QTL/peak regions. Each set of QTLs contributed to either SPC or grain yield depending on which parent the QTL region is derived from, thus confirming that breeding for SPC should take into consideration the effects on grain yield.
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1 Introduction

Pea (Pisum sativum L.) is one of the oldest domesticated legume crops (Zohary and Hopf, 1973). The global pea production in 2020 was ~14.7 million tons, of which Canada produced ~4.6 million tons (FAOSTAT, 2023). The pea crop is valued for its rich content of seed protein, fiber, vitamins, and minerals (Shanthakumar et al., 2022). Pea protein has a well-balanced amino acid profile with high content of essential amino acids lysine and threonine, high digestibility, and low allergenicity (Lu et al., 2020). However, pea seeds are low in sulfur-containing amino acids methionine and cysteine (Stone et al., 2015). The physicochemical properties of pea protein combined with its availability, affordability, and sustainable production practices make it an attractive ingredient in various food and feed applications (Shanthakumar et al., 2022; Wu et al., 2023). The use of pea protein in food products has gained immense popularity in recent years, especially among consumers looking for plant-based protein sources. Improving functionality of plant proteins will increase their usefulness as food ingredients (Akharume et al., 2021). According to a report by MarketsandMarkets Blog (2022), the global pea protein market value was estimated at USD 1.7 billion in 2022 and is projected to reach USD 2.9 billion by 2027. Increasing the SPC of grain legumes also contributes to the increasing demand for protein-rich human diets and to minimizing greenhouse gas emissions (Jha et al., 2022).

Western Canada is a major producer of peas accounting for nearly 30% of global pea production in 2020 (FAOSTAT, 2023). Pea protein processing is a growing industry in this region and provides a means of utilizing the pea crop for additional markets beyond human and animal consumption. The industry growth in this region is driven by the abundance of pea production in western Canada, increasing demand for plant-based protein ingredients, and sustainable agriculture, and adds value to the western Canadian pea crops. Peas are a low-input crop, requiring less fertilizer and pesticides than most other crops, and are known to improve soil health by fixing nitrogen for subsequent crops (Pelzer et al., 2012). This aligns with the goals of sustainable agriculture, which seeks to minimize environmental impact while maximizing production efficiency.

The average seed protein concentration (SPC) of pea is 20%–25% on a dry weight basis (Shanthakumar et al., 2022). The major constituents of seed protein in pea are albumin (10%–20%), globulin (65%–80%), prolamin, and glutelin. Pea cultivars with higher SPC are valuable for processing companies to produce a higher yield of protein per unit of raw material. The estimated commercial value of pea seeds, with high protein content based on the average retail price of pea protein isolate in the range of 25–30 USD/kg of isolate, has led to an increased focus on plant breeding programs that aim to develop pea cultivars with higher SPC. In the last decade, the pea breeding program at the Crop Development Centre (CDC) at the University of Saskatchewan has developed cultivars such as CDC Amarillo (Warkentin et al., 2014a), CDC Limerick (Warkentin et al., 2014b), and CDC Inca (Warkentin et al., 2018) with improved SPC of up to 25%. It is well known in field peas that SPC is negatively correlated with grain yield (GY) (Tar’an et al., 2004). Although the SPC and yield have been improved in pea through different breeding strategies, the underlying molecular mechanisms controlling these complex traits are relatively unknown.

QTLs associated with SPC in pea will enable marker-assisted selection (MAS) to accelerate development of pea cultivars with improved protein content. A few studies have reported QTLs for SPC in pea. Krajewski et al. (2012) reported two QTLs with LOD values of 5.6 and 5.2 located on linkage group (LG) 5. Klein et al. (2020) used nine inter-connected pea RIL populations and identified 21 QTLs for SPC explaining the phenotypic variance from 4% to 22%. Meta-analysis of these QTLs identified six meta-QTLs for SPC in two to four environments. Gali et al. (2019) conducted a genome-wide association study (GWAS) and identified one locus on LG3 and two loci on LG5 associated with SPC. All of these studies indicated that SPC in pea is a complex quantitative trait. Most of these QTLs captured only small to moderate variability for SPC, and combined with variability across environments and negative correlation with yield, the SPC QTLs have not been used effectively in pea breeding programs. Seed protein QTLs have been identified in many crop species, including soybean, maize, wheat, and rice (Wang et al., 2021; Saini et al., 2022). In soybean, for example, QTLs associated with SPC have been mapped to specific chromosomes and were used to develop soybean varieties with higher SPC (Prenger et al., 2019). Similarly, in wheat, QTLs associated with gluten protein content have been identified (Li et al., 2023), which can be used to develop wheat varieties with improved bread-making properties.

Linkage analysis is a useful approach to dissect the genetic basis of complex traits in crop plants. With an objective of identifying and comparing the QTLs of SPC, diverse recombinant inbred line (RIL) populations were derived from crosses made between high protein and medium protein lines. Previously, we evaluated a bi-parental RIL population PR-25 under field trials in Saskatchewan, Canada from 2019 to 2021. PR-25 is a RIL population derived from the cross of two elite cultivars, CDC Amarillo and CDC Limerick. Three QTLs for SPC were reported from this population (Zhou et al., 2022). The genetic architecture of complex traits such as SPC is known to differ between the mapping populations based on their genetic background (Park et al., 2023). In the current study, we attempted to identify SPC QTLs in RIL populations PR-30 and PR-31 derived from different high SPC parents that differed significantly in their agronomic performance. The overall goal was to provide information that breeders can use for MAS to efficiently improve the nutritional quality of the pea crop.




2 Materials and methods



2.1 Mapping populations

Two diverse RIL populations, PR-30 (MP1918 × P0540-91) and PR-31 (Ballet × Cameor) arising from separate breeding programs, were used in the current study. PR-30 was developed at the Agriculture and Agri-Food Canada, Lacombe, Alberta, Canada. PR-31 is the “POP-4” population developed at the INRA, Dijon, France (Bourion et al., 2010; Bourgeois et al., 2011). Both populations were derived from crossing yellow cotyledon pea cultivars of moderate and high SPC. The high SPC breeding line P0540-91 and Cameor were used as pollen donors in the bi-parental crosses. A total of 166 RILs of PR-30 were used in the current study. A total of 176 RILs of PR-31 were used for phenotyping, out of which 159 RILs that were previously genotyped were used for QTL analysis (Tayeh et al., 2015).




2.2 Phenotyping

PR-30 and PR-31 populations were evaluated at two and three locations in 2020 and 2021, respectively. Rosthern and Lucky Lake in Saskatchewan were used as test locations for both years. Floral (Saskatoon) was the third location utilized in 2021. In each location, individual RILs were grown in 1-m2 microplots with three replications arranged in a randomized complete block design (RCBD).

Agronomic data including days to flower (DTF; 50% of the plants in a plot had fully opened flowers), plant height (PH; after complete flowering; cm), lodging (1–9 scale; in mid-pod development stage), and days to maturity (DTM; ~75% of the plants within the plot are matured) segregating in the population were recorded during the growing season. Seeds harvested from each plot were measured for total weight to calculate the GY of each plot was converted to kg/ha and used to measure the thousand seed weight (TSW) in grams. SPC and seed starch concentration (SSC) were measured using ~50 g of seeds harvested from each plot using a non-destructive method based on near-infrared (NIR) spectroscopy (Arganosa et al., 2006) using a FOSS NIR Systems 6500 NIR Spectrophotometer (Foss Tecator, Hoeganaes, Sweden). Analysis of variance (ANOVA) was conducted using PROC MIXED model in SAS 9.4 (SAS Institute Inc., NC, USA). Lines were considered as fixed effects while replications were considered as random effects. Locations were not the same in the 2 years of the field trials (Rosthern and Lucky Lake in 2020; Floral, Rosthern and Lucky Lake in 2021); therefore, location was substituted with station-year in the combined analysis. Correlation of SPC with other measured traits was calculated using the PROC.CORR in SAS. Broad sense heritability (H2) was determined using ICImapping v 4.2 (Meng et al., 2015) on the basis of the mean across replications and environments.




2.3 Genotyping and development of linkage map

PR-30 was genotyped using the Axiom® 90K SNP Array developed by INRA, France and described by Ellis et al. (2023). The array was obtained from Thermo Fisher Scientific. Genotyping was conducted by Euroffins (WI, USA) using DNA extracted from young leaves of 10- to 14-day-old seedlings. The polymorphic SNP markers identified were filtered for segregation distortion (>90%) and missing values (>15%) and used for linkage map construction. The filtered polymorphic markers were binned using Icimapping v 4.2 (Meng et al., 2015; https://isbreedingen.caas.cn/software/qtllcimapping/294607.htm). The bin representative markers were used for linkage map construction by MstMap. The linkage groups were separated at a logarithm of odds ratio (LOD score; Morton, 1955) of 9.0. The map distance was calculated using the Kosambi function. The markers co-localized at each locus were filtered to select one SNP marker representing each unique locus for QTL analysis. The nomenclature of these markers represented the chromosome, linkage group, and base pair position of the corresponding SNP in the reference pea genome sequence of cv. Cameor (Kreplak et al., 2019). SNPs positioned on the non-chromosomal regions of Cameor genome were referred by their scaffold (Sc) and super scaffold (SSc) numbers.

The PR-31 population (POP-4) was earlier genotyped using a 13.2K SNP array, Genopea (Tayeh et al., 2015). We used the linkage map published by Tayeh et al. (2015) for QTL analysis in the current study. This linkage map is based on 6,797 polymorphic markers and represents 1,299 unique loci and covered a map distance of 861.8 cM in seven linkage groups (LG1 to LG7). The Axiom® 90K SNP array used for genotyping PR-30 includes the vast majority of the SNPs from Genopea; thus, many common markers were used for genotyping PR-30 and PR-31 populations. In the current study, the nomenclature of SNP markers on Genopea was modified to represent their chromosomal and base pair position in the reference pea genome of Cameor (Kreplak et al., 2019).




2.4 QTL analysis

The phenotypic means of PR-30 (Table 1) and PR-31 (Table 2) by location for SPC and GY were used for QTL mapping. The two parents of PR-31 population were also quite diverse for other traits including PH, DTM, TSW, and SSC compared to the parents of PR-30 population. These traits of PR-31 were also used for QTL mapping and to compare their co-localization with SPC and GY QTLs. QTL mapping was performed using composite interval mapping (CIM) using QTL Cartographer v2.5 (Wang et al., 2007). The QTL search was performed along the linkage groups using standard model 6 based on both forward and backward regression and a walk distance of 2.0 cM. To declare a QTL, the threshold for each search was obtained from 1,000 permutations with a significance level of 0.05. The QTL analysis was performed using the SPC and GY data from each station-year, as well the combined data from all five station-years.


Table 1 | Summary of the individual station-year statistical analysis of selected traits of RIL population, PR-30 (MP1918 × P0540-91; 166 lines) evaluated under field conditions in five station-years with three replicates per location.




Table 2 | Summary of the individual station-year statistical analysis of selected traits of RIL population, PR-31 (Ballet × Cameor; 176 lines) evaluated under field conditions in five station-years with three replicates per location.







3 Results



3.1 Phenotyping for SPC

Analysis of variance (ANOVA) in combined (five station-years) data analysis showed significant differences (p < 0.001) for SPC among the lines of PR-30 and PR-31 populations (Tables 3 and 4). The effects of station-year, as well as the line × station-year interaction, were significant (p < 0.001) for the RIL populations. Thus, data were presented separately for each station-year.


Table 3 | F-values and summary of the statistical analysis from the analysis of variance for traits of RIL population, PR-30 (MP1918 × P0540-91; 166 lines), evaluated under field conditions in five station-years with three replicates per location.




Table 4 | F-values and summary of the statistical analysis from the analysis of variance for traits of RIL population, PR-31 (Ballet × Cameor; 176 lines), evaluated under field conditions in five station-years with three replicates per location.



Station-year wise, the effect of the line was significant for both RIL populations at Floral, Rosthern, and Lucky Lake locations (Table 5). For PR-30 population, the SPC varied from 20.7% (2020 Lucky Lake) to 30.1% (2021 Floral) (Table 5; Figure 1). The SPCs for the two parents of PR-30, MP1918 and P0540-91 were 24.7% and 26.9%, respectively. For PR-31 population, the SPC ranged from 20.6% (2020 Lucky Lake) to 33.2% (2021 Rosthern). The mean SPCs of Ballet and Cameor were 25.8% and 27.9%, respectively.


Table 5 | Summary of the individual station-year statistical analysis of seed protein concentration of RIL populations, PR-30 (MP1918 × P0540-91) and PR-31 (Ballet × Cameor), evaluated under field conditions in five station-years with three replicates per location.






Figure 1 | Frequency distribution of (A) PR-30 (MP1918 × P0540-91; 166 lines) and (B) PR-31 (Ballet × Cameor; 176 lines) RIL populations for seed protein concentration measured in five station-years with three replicates per location.






3.2 Phenotyping for agronomic and yield traits

For agronomic traits (DTF, PH, and DTM), GY, TSW, the effects of line, station-year, and line × station-year were significant (p < 0.05) for all of the traits of PR-30 and PR-31 except for PH in PR-30 (Tables 3 and 4).

Similarly, station-year wise, the effect of line was significant for most of the evaluated traits (Tables 1 and 2). For these populations, a wide range of variation was observed for agronomic traits, GY, TSW, and SSC (Tables 1 and 2).




3.3 Correlation of SPC with other traits

Pearson correlation analysis indicated significant (<0.05) positive correlation of SPC with DTF and DTM, whereas correlation of SPC was negative with GY and SSC for PR-30 (Table 6). Like PR-30, SPC was negatively correlated with GY and SSC for PR-31 (Table 7).


Table 6 | Pearson correlation coefficients for traits of RIL population, PR-30 (MP1918 × P0540-91; 166 lines) evaluated under field conditions in five station-years with three replicates per location.




Table 7 | Pearson correlation coefficients for traits of RIL population, PR-31 (Ballet × Cameor; 176 lines) evaluated under field conditions in five station-years with three replicates per location.






3.4 Genotyping and development of linkage map

PR-30 population was genotyped using an Axiom® 90K SNP array that resulted in the identification of 14,986 polymorphic SNP markers after filtering for segregation distortion and missing values. These SNP markers were binned using ICimapping and were grouped to 4,835 bins. The bin representative markers were used for linkage mapping using Mstmap. At an LOD value of 9.0, these markers were grouped into 12 linkage groups (LG1, LG2, LG3a, LG3b, LG3c, LG3d, LG4a, LG4b, LG5, LG6a, LG6b, and LG7) to represent 708 unique loci and a map distance of 788.0 cM (Table 8; Figure 2). The published linkage map of PR-31 (Tayeh et al., 2015) was used for QTL analysis in this study. In both mapping populations, the grouping of the SNP markers into linkage groups and the order of markers within the linkage groups were comparable with the physical position of these markers in the pea genome sequence (Kreplak et al., 2019). The order of markers in PR-30 and PR-31 linkage maps is provided in Supplementary File 1.


Table 8 | Details of genetic linkage map of PR-30 RIL population (MP1918 × P0540-91).






Figure 2 | Genetic linkage map of the PR-30 (MP1918 × P0540-91) RIL population. The genetic positions of QTLs for seed protein concentration (SPC) and grain yield (GY) were represented on the linkage map.






3.5 QTL identification

The genetic linkage map of PR-30 summarized in Table 8 in combination with the SPC of PR-30 RILs measured in five station-years in 2020 and 2021 was used for identification of SPC and GY-related QTLs. Based on the least square mean of SPC in five replicated trials, three QTLs named SPC-Ps-4.1, SPC-Ps-4.2, and SPC-Ps-7.1 were identified in PR-30 (Table 9; Figure 2). SPC-Ps-4.1 located on LG4a (chromosome 4) has an LOD score of 5.7 and explained 12.1% of the phenotypic variance. SPC-Ps-4.2 located on LG4b (chromosome 4) has an LOD score of 7.2 and explained 14.5% of the phenotypic variance. These two QTLs have negative additive effects of −0.24 and −0.26, respectively, indicating that they were inherited from the high protein parent P0540-91 used as pollen donor in developing this mapping population. The third QTL SPC-Ps-7.1 is located on LG7 (chromosome 7). This QTL has an LOD score of 2.8 and explained a phenotypic variance of 6.6%. This QTL was inherited from the moderate SPC parent MP1918. When compared between individual station-years, SPC-Ps-4.1 was significant in one station-year, while SPC-Ps-4.2 and SPC-Ps-7.1 were significant in three of the five station-years (Table 9).


Table 9 | QTLs for seed protein concentration and grain yield detected in pea RIL population PR-30 (MP1918 × P0540-91) evaluated in five station-years in Saskatchewan, Canada (2020–2021).



Four significant QTLs were identified to be associated with GY in PR-30. These QTLs named GY-Ps-3.1, GY-Ps-4.1, GY-Ps-5.1, and GY-Ps-7.1 were located on linkage groups 3d, 4a, 5 and 7, respectively (Table 9). These QTLs had an LOD score of 3.4 to 6.1 and explained a phenotypic variation of 7.3% to 12.5%. GY-Ps-3.1 and GY-Ps-7.1 were derived from the moderate SPC parent MP1918 and explained a phenotypic variation of 11.0% and 12.5%, respectively. The QTL GY-Ps-4.1 has a partial overlap with SPC-Ps-4.1 (Table 9; Figure 2). Though these two QTLs on LG4a were derived from P0540-91, the peak regions of these QTLs were separated by 8.3 cM (Table 9).

The genetic linkage map of PR-31, representing 1,299 unique loci in combination with the SPC and GY of PR-31 RILs measured in five station-years in 2020 and 2021, was used for QTL analysis. Based on the least square mean of SPC measured in five replicated trials, five QTLs associated with SPC were identified in PR-31 (Table 10; Figure 3). These QTLs located on linkage groups 2, 3, 5, 6, and 7 were named SPC-Ps-2.1, SPC-Ps-3.1, SPC-Ps-5.1, SPC-Ps-6.1, and SPC-Ps-7.2, respectively. SPC-Ps-7.2 has the highest LOD score of 11.3 and explained 17.2% of the phenotypic variance, followed by SPC-Ps-5.1, which has an LOD score of 7.9 and explained 11.6% of the phenotypic variance. Both these QTLs were also significant in three and four of the five station-years tested, respectively. Based on the additive effect of QTLs, SPC-Ps-5.1 was derived from Ballet, and the other four QTLs including SPC-Ps-7.2 were derived from Cameor.


Table 10 | QTLs for multiple traits measured in pea RIL line population PR-31 (Ballet × Cameor) evaluated in five station-years in Saskatchewan, Canada (2020–2021).






Figure 3 | Genetic linkage map of the PR-31 (Ballet × Cameor) RIL population. The genetic positions of QTLs for seed protein concentration (SPC), grain yield (GY), plant height (PH), days to maturity (DTM), thousand seed weight (TSW), and seed starch concentration (SSC) were represented on the linkage map in different colors.



Four QTLs associated with GY, GY-Ps-2.1, GY-Ps-4.2, GY-Ps-5.2, and GY-Ps-5.3, were identified (Table 10). GY-Ps-2.1 located on LG2 had an LOD score of 8.2 and explained 15.4% of the phenotypic variation. This QTL and GY-Ps-5.2 were contributed by Ballet. GY-Ps-4.1 identified in PR-30 and GY-Ps-4.2 identified in PR-31 have partially overlapping positions on LG4, and their peak regions were identical, as determined by comparing the position of flanking markers on the pea reference genome sequence. The QTL interval of GY-Ps-2.1 on LG2 (43.2-56.1 cM) overlapped with SPC-Ps-2.1 (51.9-56.5 cM) in the PR-31 population; however, the additive effect of these QTLs differed in that GY-Ps-2.1 is contributed by Ballet and SPC-PS-2.1 is contributed by Cameor. A similar phenomenon was observed by comparing the QTLs GY-Ps-5.3 and SPC-Ps-5.1. The QTL GY-Ps-5.3 explained 9.2% of the phenotypic variance and was contributed by Cameor. This QTL overlapped with SPC-Ps-5.1 contributed by Ballet and the peak regions of both these QTLs are the same (Table 10). The co-localization of both these sets of protein and yield QTLs, with contrasting effect on protein and yield depending on inheritance of these QTLs from either of the parents, further supports the general trend of poor correlation between SPC and GY.

Five QTLs associated with PH were identified in the PR-31 population. These QTLs were located on linkage groups 1, 2, 3, and 7, with LOD scores ranging from 3.4 to 12.2 (Table 10). QTLs PH-Ps-2.1 and PH-Ps-3.2 with LOD scores of 8.1 and 4.6 co-localized with SPC-Ps-2.1 and SPC-Ps-3.1, respectively. However, the additive effect of these PH QTLs was the opposite of the additive effect of corresponding SPC QTLs, indicating that the origin of these QTLs from Ballet increased the PH and reduced the SPC. The QTL PH-Ps-2.1 also co-localized with GY-Ps-2.1.

Three QTLs associated with DTM were identified in the PR-31 population (Table 10). DTM-Ps-2.1 with an LOD score of 8.7 co-localized with SPC-Ps-2.1 and GY-Ps-2.1, while DTM-Ps-5.1 co-localized with SPC-Ps-5.1 and GY-Ps-5.3. A change of the additive effect of these co-localized QTLs from a positive to a negative value or vice versa depending on the trait was observed. For example, introgression of SPC-Ps-2.1 QTL region from Ballet had a negative effect on SPC and a positive effect on DTM and yield to enhance these traits. Introgression of SPC-Ps-5.1 from Ballet increased the DTM and SPC, but negatively affected the yield. Five QTLs associated with TSW, with LOD scores of 3.0 to 8.4, were identified in PR-31 (Table 10). QTL TSW-Ps-4.1 co-localized with GY-Ps-4.2 with a contrasting additive effect reflecting the negative correlation between TSW and GY. In contrast, TSW-PS-5.1 and GY-Ps-5.2 co-localized with a synergistic additive effect. TSW-Ps-5.2 co-localized with both SPC-Ps-5.1 and GY-Ps-5.3 with varying additive effects.

Six QTLs associated with SSC were identified on linkage groups 2, 4, 5, 6, and 7 of the PR-31 population (Table 10). Four of these six QTLs, SSC-Ps-2.1, SSC-PS-5.2, SSC-Ps-6.1, and SSC-Ps-7.1, co-localized with SPC-Ps-2.1, SPC-Ps-5.1, SPC-Ps-6.1, and SPC-Ps-7.1, respectively, but with contrasting additive effects, reflecting the negative correlation between SPC and SSC.





4 Discussion

In the current study, we attempted to understand the genetic basis of SPC in pea using diverse RIL populations using crosses made between high and moderate SPC cultivars. Advances in genomics and the availability of genome sequences have supported the identification of QTLs and candidate genes associated with many complex traits including SPC in grain legumes (Jha et al., 2022). The genetic basis of SPC in many different crop plants is known to be governed by multiple major and minor genes. For example, 241 QTLs associated with SPC have been reported in soybean (soybase.org, accessed 17 November 2023). The complex interaction between these different genes and the environment affects the heritability of SPC. In pea, SPC was demonstrated to have low to moderate heritability (Jermyn, 1977) and was largely influenced by environmental factors such as soil moisture (Tao et al., 2017) and temperature during flowering and pod developmental stages (Karjalainen and Kortet, 1987). The effect of genetic variation and environment and their interaction on the protein content of pea are well known (Daba and Morris, 2021). In the current study, we identified highly significant effects of genetic variation and environment on SPC and GY in two diverse RIL populations. Thus, it is difficult to completely rely on conventional breeding for selection of low heritability traits such as SPC. Like many other crops, in pea as well, a negative correlation between SPC and GY has been reported (Jermyn, 1977; Tar’an et al., 2004). Simultaneously, significant cultivar × environment effects on SPC in pea is also known (Mohammed et al., 2018). We observed a negative correlation between SPC and GY in PR-30 and PR-31 populations, which adds additional challenges for breeding yield and SPC simultaneously. Thus, MAS is desirable to select for high SPC among high yielding lines in a breeding program. The current study was useful to identify the potential targets for MAS of SPC in pea, and also facilitates the exploration and introgression of advantageous natural genetic variability for SPC, which ranges up to ~31% in pea core germplasm (Coyne et al., 2005).

Like many published studies (Daba and Morris, 2021), we observed that the G × E interaction for SPC and GY in PR-30 and PR-31 RIL populations was significant. The correlation between SPC and yield in PR-30 and PR-31 was negative, which is consistent with several previous studies in pea (Jermyn, 1977) and other legume crops (e.g., Obala et al., 2020). The G × E interaction on SPC at the molecular level has been reported in soybean. Hooker et al. (2023) studied the differential gene expression in soybean genotypes with varying levels of SPC grown in different environments and identified that seed protein-related genes, mainly asparaginase and asparagine synthetase, were influenced by the environment.

In the current study, major and minor QTLs associated with SPC, distinguished by their LOD scores, were identified in PR-30 and PR-31. These QTLs are positioned on different linkage groups. Based on sequence-based comparisons of their positions on the reference pea genome sequence (Kreplak et al., 2019), none of these eight QTLs were co-localized. These QTLs were also compared with the three QTLs earlier identified in PR-25 (Zhou et al., 2022), which was also a RIL population derived from a cross between a high SPC and moderate SPC cultivar. The peak of PC-QTL-3 in the PR-25 population overlapped with SPC-Ps-5.1 in the PR-31 population based on the position of flanking markers on the pea reference genome, which indicates that SPC-Ps-5.1 is valuable for MAS of SPC. Overall, the diversity of SPC QTLs in mapping populations derived from different cultivars further indicates the complex genetic basis of this trait. The eight QTLs reported are contributed by four moderate or high SPC pea accessions and adds to the list of potential QTLs for MAS of SPC.

Several SPC-associated QTLs have been reported in pea in earlier studies. Gali et al. (2018) identified SPC QTLs in two related RIL populations, PR-02 (Orb × CDC Striker) and PR-07 (Carrera × CDC Striker). Two QTLs positioned on LG1b and LG4a were identified in the PR-02 population. The flanking marker of the QTL on LG4a, Chr4LG4_28114041 (PsC16121p109), is within the range of SPC-PS-4.1 identified in the PR-30 population. The QTL identified on LG3 and LG7 in the PR-07 population did not match those identified in PR-30 and PR-31. Several SPC QTLs were also detected in other studies involving PR-31 evaluated in French environments (Bourgeois et al., 2011; Klein et al., 2020). These QTLs showed co-locations with SPC-Ps-3.1, 5.1, 6.1, and 7.2.

In a GWAS conducted based on representatives of pea accessions from global pea breeding programs, Gali et al. (2019) identified significant marker–trait associations for SPC. The important markers identified, Chr5LG3_145264443, Chr3LG5_138253621, and Chr3LG5_194530376, did not co-localize with the SPC QTL identified in this study. It must be noted that PR-30 and PR-31 were derived from accessions known for high SPC and are ideal populations for QTL mapping of SPC. Klein et al. (2020) identified several SPC meta-QTLs across the linkage groups. The LOD values of QTLs identified in the current study and the percent phenotypic variance explained by these QTLs are higher than known QTLs, and thus are potential candidates for MAS of SPC.

Eight QTLs associated with GY in PR-30 and PR-31 mapping populations were also identified in this study. These QTLs explained a significant phenotypic variance of GY ranging from 5.0% to 15.4% and are positioned on five chromosomes. The genomic positions of the SPC-associated QTL SPC-PS-5.1 and the yield-associated QTL GY-Ps-5.3 in the PR-31 population were co-localized. These QTLs also shared their peak positions and differed by the alleles contributed by the parents in this region. The contribution of the same QTL for either SPC or GY with positive or negative additive effect provides a further validation of the negative correlation between SPC and GY. In addition, co-localization of SPC QTLs with those of PH, DTM, and SSC, with opposite additive effects for SPC and other traits, indicates that simultaneous selection of SPC and other characteristics needs a careful consideration of the trade-offs in breeding for high SPC and high yielding cultivars. It is of notable consideration that four of the five SPC QTLs identified in PR-31 are co-localized with SSC QTLs with opposite additive effects, which is in synchronization with the negative correlation between SSC and SSC. The co-localization of QTLs for SPC and other traits indicate that these traits are controlled by either closely linked genes or the same genes with pleiotropic effects. Obala et al. (2020) made similar observations in pigeonpea that co-localized QTLs of SPC and other yield traits varied in their additive effect values from positive to negative or vice versa. Klein et al. (2020) identified co-localized QTLs for SPC and TSW in pea. The QTLs SPC-Ps-5.1 and TSW-Ps-5.2 identified in this study co-localized and the additive effect of both these QTLs was a positive value. The summary of previous and current findings on co-localized QTLs varying in their additive effects substantiate the need for fine mapping of SPC QTLs to breed for SPC in a high-yielding and/or a good agronomic background. We have developed three new mapping populations derived from crosses between CDC Lewochko (Warkentin et al., 2022) and the high SPC parents of PR-25, PR-30, and PR-31, which are CDC Limerick, P0540-91, and Cameor, respectively. Identification of QTL associated with SPC in these new mapping populations is in progress to validate the current QTLs in a common, high yielding genetic background.

The SPC QTLs identified in this study identified the complex genetic architecture of SPC in two different RIL populations. These QTLs, in addition to MAS towards breeding for high SPC, can also provide insight into the genetic basis of SPC in pea at the gene level, helping to elucidate the molecular mechanisms underlying this important trait. Such information through fine mapping of these QTLs facilitates future research on seed protein biosynthesis and develops new approaches to improve the nutritional quality of plant-based protein sources. Overall, the identification of SPC QTLs in PR-30 and PR-31 contributes to improve the nutritional quality of the pea crop and, in that way, contributes to the development of more sustainable and environmentally friendly sources of plant-based protein.

In conclusion, the SPC QTLs identified in this study were contributed for by four pea accessions with high or moderate SPC. These QTLs are potentially important for improving the seed nutritional quality of pea through MAS in breeding programs. The co-localization of two QTLs cautions the careful deployment of MAS for simultaneous selection of high SPC and high yield. Three QTLs SPC-Ps-4.2, SPC-Ps-5.1, and SPC-Ps-7.2 contributed by P0540-91, Ballet, and Cameor, respectively, can be used by plant breeders to select the corresponding alleles and develop crop varieties with higher protein content.





Data availability statement

The original contributions presented in the study are included in the article, further inquiries can be directed to the corresponding author. Any additional raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Author contributions

KG: Conceptualization, Formal analysis, Methodology, Writing – original draft. AJ: Methodology, Writing – review & editing. BT: Conceptualization, Funding acquisition, Resources, Writing – review & editing. JB: Methodology, Writing – review & editing. GAu: Methodology, Writing – review & editing. DB: Methodology, Writing – review & editing. GAr: Methodology, Writing – review & editing. TW: Conceptualization, Funding acquisition, Resources, Supervision, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This research was supported by the Saskatchewan Ministry of Agriculture’s Strategic Research Initiative (SRI) under the research project Pea Protein ‘Omics Determination (P-POD; project # 20180436).




Acknowledgments

The authors thank Brent Barlow and the staff of the pulse crop breeding program at the Crop Development Centre, University of Saskatchewan, for supporting the field operations and post-harvest processing of seed samples.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1359117/full#supplementary-material




References

 Akharume, F. U., Aluko, R. E., and Adedeji, A. A. (2021). Modification of plant proteins for improved functionality: A review. Compr. Rev. Food. Sci. Food. Saf. 20, 198–224. doi: 10.1111/1541-4337.12688

 Arganosa, G. C., Warkentin, T. D., Racz, V. J., Blade, S., Phillips, C., and Hsu, H. (2006). Prediction of crude protein content in field peas using near infrared reflectance spectroscopy. Can. J. Plant. Sci. 86, 157–159. doi: 10.4141/P04-195

 Bourgeois, M., Jacquin, F., Cassecuelle, F., Savois, V., Belghazi, M., Aubert, G., et al. (2011). A PQL (protein quantity loci) analysis of mature pea seed proteins identifies loci determining seed protein composition. Proteomics 11, 1581–1594. doi: 10.1002/pmic.201000687

 Bourion, V., Rizvi, S. M. H., Fournier, S., de Larambergue, H., Galmiche, F., Marget, P., et al. (2010). Genetic dissection of nitrogen nutrition in pea through a QTL approach of root, nodule, and shoot variability. TAG. Theor. Appl. Genet. 121, 71–86. doi: 10.1007/s00122-010-1292-y

 Coyne, C., Grusak, M., Razai, L., and Baik, B. (2005). Variation for pea seed protein concentration in the USDA Pisum core collection (Pisum Genetics). Available at: https://www.semanticscholar.org/paper/Variation-for-pea-seed-protein-concentration-in-the-Coyne-Grusak/4295079e5273eae162dff25c839792a5febea228.

 Daba, S. D., and Morris, C. F. (2021). Pea proteins: Variation, composition, genetics, and functional properties. Cereal. Chem. 99, 8–20. doi: 10.1002/cche.10439

 Ellis, N., Hofer, J., Sizer-Coverdale, E., Lloyd, D., Aubert, G., Kreplak, J., et al. (2023). Recombinant inbred lines derived from wide crosses in Pisum. Sci. Rep. 13, 20408. doi: 10.1038/s41598-023-47329-9

 FAOSTAT. (2023). Available at: https://www.fao.org/faostat/en/#data/QCL (Accessed 19 Dec, 2023).

 Gali, K. K., Liu, Y., Sindhu, A., Diapari, M., Shunmugam, A. S. K., Arganosa, G., et al. (2018). Construction of high-density linkage maps for mapping quantitative trait loci for multiple traits in field pea (Pisum sativum L.). BMC. Plant. Biol. 18, 172. doi: 10.1186/s12870-018-1368-4

 Gali, K. K., Sackville, A., Tafesse, E. G., Lachagari, V. B. R., McPhee, K., Hybl, M., et al. (2019). Genome-wide association mapping for agronomic and seed quality traits of field pea (Pisum sativum L.). Front. Plant. Sci. 10. doi: 10.3389/fpls.2019.01538

 Hooker, J. C., Smith, M., Zapata, G., Charette, M., Luckert, D., Mohr, R. M., et al. (2023). Differential gene expression provides leads to environmentally regulated soybean seed protein content. Front. Plant Sci. 14. doi: 10.3389/fpls.2023.1260393

 Jermyn, W. A. (1977). Limitations on breeding high-protein field peas. Proc. Agron. Soc. New. Z. 7, 89–91.

 Jha, U. C., Nayyar, H., Parida, S. K., Deshmukh, R., von Wettberg, E. J. B., and Siddique, K. H. M. (2022). Ensuring global food security by improving protein content in major grain legumes using breeding and ‘Omics’ Tools. Int. J. Mol. Sci. 23, 7710. doi: 10.3390/ijms23147710

 Karjalainen, R., and Kortet, S. (1987). Environmental and genetic variation in protein content of peas under northern growing conditions and breeding implications. Agric. Food. Sci. 59, 1–9. doi: 10.23986/afsci.72238

 Klein, A., Houtin, H., Rond-Coissieux, C., Naudet-Huart, M., Touratier, M., Marget, P., et al. (2020). Meta-analysis of QTL reveals the genetic control of yield-related traits and seed protein content in pea. Sci. Rep. 10, 15925. doi: 10.1038/s41598-020-72548-9

 Krajewski, P., Bocianowski, J., Gawłowska, M., Kaczmarek, Z., Pniewski, T., Święcicki, W., et al. (2012). QTL for yield components and protein content: A multienvironment study of two pea (Pisum sativum L.) populations. Euphytica 183, 323–336. doi: 10.1007/s10681-011-0472-4

 Kreplak, J., Madoui, M.-A., Cápal, P., Novák, P., Labadie, K., Aubert, G., et al. (2019). A reference genome for pea provides insight into legume genome evolution. Nat. Genet. 51, 1411–1422. doi: 10.1038/s41588-019-0480-1

 Li, N., Miao, Y., Ma, J., Zhang, P., Chen, T., Liu, Y., et al. (2023). Consensus genomic regions for grain quality traits in wheat revealed by Meta-QTL analysis and in silico transcriptome integration. Plant. Genome. 16, e20336. doi: 10.1002/tpg2.20336

 Lu, Z. X., He, J. F., Zhang, Y. C., and Bing, D. J. (2020). Composition, physicochemical properties of pea protein and its application in functional foods. Crit. Rev. Food. Sci. Nutr. 60, 2593–2605. doi: 10.1080/10408398.2019.1651248

 MarketsandMarkets Blog. (2022). Pea Protein Market Global Outlook, Trends, and Forecast. Available at: https://www.marketsandmarketsblog.com/pea-protein-market-3.html (Accessed Dec 19, 2023).

 Meng, L., Li, H., Zhang, L., and Wang, J. (2015). QTL IciMapping: Integrated software for genetic linkage map construction and quantitative trait locus mapping in biparental populations. Crop. J. 3, 269–283. doi: 10.1016/j.cj.2015.01.001

 Mohammed, Y. A., Chen, C., Walia, M. K., Torrion, J. A., McVay, K., Lamb, P., et al. (2018). Dry pea (Pisum sativum L.) protein, starch, and ash concentrations as affected by cultivar and environment. Can. J. Plant. Sci. 98, 1188–1198. doi: 10.1139/cjps-2017-0338

 Morton, N. E. (1955). Sequential tests for the detection of linkage. Am. J. Hum. Genet. 7, 277–318.

 Obala, J., Saxena, R. K., Singh, V. K., Kale, S. M., Garg, V., Kumar, C. V. S., et al. (2020). Seed protein content and its relationships with agronomic traits in pigeonpea is controlled by both main and epistatic effects QTLs. Sci. Rep. 10, 214. doi: 10.1038/s41598-019-56903-z

 Park, H. R., Seo, J. H., Kang, B. K., Kim, J. H., Heo, S. V., Choi, M. S., et al. (2023). QTLs and candidate genes for seed protein content in two recombinant inbred line populations of soybean. Plants 12, 3589. doi: 10.3390/plants12203589

 Pelzer, E., Bazot, M., Makowski, D., Corre-Hellou, G., Naudin, C., Al Rifaï, M., et al. (2012). Pea–wheat intercrops in low-input conditions combine high economic performances and low environmental impacts. Eur. J. Agron. 40, 39–53. doi: 10.1016/j.eja.2012.01.010

 Prenger, E. M., Yates, J., Mian, M. A. R., Buckley, B., Boerma, H. R., and Li, Z. (2019). Introgression of a high protein allele into an elite soybean cultivar results in a high-protein near-isogenic line with yield parity. Crop. Sci. 59, 2498–2508. doi: 10.2135/cropsci2018.12.0767

 Saini, P., Sheikh, I., Saini, D. K., Mir, R. R., Dhaliwal, H. S., and Tyagi, V. (2022). Consensus genomic regions associated with grain protein content in hexaploid and tetraploid wheat. Front. Genet. 13. doi: 10.3389/fgene.2022.1021180

 Shanthakumar, P., Klepacka, J., Bains, A., Chawla, P., Dhull, S. B., and Najda, A. (2022). The current situation of pea protein and its application in the food industry. Molecules 27, 5354. doi: 10.3390/molecules27165354

 Stone, A. K., Karalash, A., Tyler, R. T., Warkentin, T. D., and Nickerson, M. T. (2015). Functional attributes of pea protein isolates prepared using different extraction methods and cultivars. Food. Res. Int. 76, 31–38. doi: 10.1016/j.foodres.2014.11.017

 Tao, A., Afshar, R. K., Huang, J., Mohammed, Y. A., Espe, M., and Chen, C. (2017). Variation in yield, starch, and protein of dry pea grown across montana. Agron. J. 109, 1491–1501. doi: 10.2134/agronj2016.07.0401

 Tar’an, B., Warkentin, T., Somers, D. J., Miranda, D., Vandenberg, A., Blade, S., et al. (2004). Identification of quantitative trait loci for grain yield, seed protein concentration and maturity in field pea (Pisum sativum L.). Euphytica 136, 297–306. doi: 10.1023/B:EUPH.0000032721.03075.a0

 Tayeh, N., Aluome, C., Falque, M., Jacquin, F., Klein, A., Chauveau, A., et al. (2015). Development of two major resources for pea genomics: The GenoPea 13.2K SNP Array and a high-density, high-resolution consensus genetic map. Plant. J. 84, 1257–1273. doi: 10.1111/tpj.13070

 Wang, S., Basten, C. J., and Zeng, Z. B. (2007). Windows QTL cartographer 2.5. Available at: https://brcwebportal.cos.ncsu.edu/qtlcart/WQTLCart.htm (Accessed 31 Oct 2023).

 Wang, J., Mao, L., Zeng, Z., Yu, X., Lian, J., Feng, J., et al. (2021). Genetic mapping high protein content QTL from soybean ‘Nanxiadou 25’ and candidate gene analysis. BMC. Plant. Biol. 21, 388. doi: 10.1186/s12870-021-03176-2

 Warkentin, T., Tar’an, B., Banniza, S., Vandenberg, A., Bett, K., Arganosa, G., et al. (2022). CDC Lewochko yellow field pea. Can. J. Plant. Sci. 102, 764–766. doi: 10.1139/cjps-2021-0224

 Warkentin, T., Tar’an, B., Banniza, S., Vandenberg, A., Bett, K., Arganosa, G., et al. (2018). CDC Inca yellow field pea. Can. J. Plant. Sci. 98, 218–220. doi: 10.1139/cjps-2017-0141

 Warkentin, T. D., Vandenberg, A., Tar’an, B., Banniza, S., Arganosa, G., Barlow, B., et al. (2014a). CDC Amarillo yellow field pea. Can. J. Plant. Sci. 94, 1539–1541. doi: 10.4141/cjps-2014-200

 Warkentin, T. D., Vandenberg, A., Tar’an, B., Banniza, S., Arganosa, G., Barlow, B., et al. (2014b). CDC Limerick green field pea. Can. J. Plant. Sci. 94, 1547–1549. doi: 10.4141/cjps-2014-203

 Wu, D.-T., Li, W.-X., Wan, J.-J., Hu, Y.-C., Gan, R.-Y., and Zou, L. (2023). A comprehensive review of pea (Pisum sativum L.): chemical composition, processing, health benefits, and food applications. Foods 12, 2527. doi: 10.3390/foods12132527

 Zhou, J., Gali, K. K., Jha, A. B., Tar’an, B., and Warkentin, T. D. (2022). Identification of quantitative trait loci associated with seed protein concentration in a pea recombinant inbred line population. Genes 13, 1531. doi: 10.3390/genes13091531

 Zohary, D., and Hopf, M. (1973). Domestication of pulses in the old world. Science 182, 887–894. doi: 10.1126/science.182.4115.887




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 Gali, Jha, Tar’an, Burstin, Aubert, Bing, Arganosa and Warkentin. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/table9.jpg
Chromosome  QTL interval/peak posi- LOD R? Additive

QTL flanking markers

LG tion (cM) score (VA effect*

SPC SPC- Chr4/LGda 90.5-97.4/97.0 Chr4LG4_233423219- 567 121 5

Ps-4.1* ChrdLG4_287277057

ehee

Psff ;c Chi7LG7 1059-107.1/106.5 %;:;ifjj@;ﬁg 75 éd &g

Pf:le Chrd/LGda 87.5-91.1/88.7 ?}:{t%“i;;:;::;;&“ 54 557 6%

Pi:l’ ‘ Chr3/LG5 102.4-111.3/106.5 (2‘;33';_%55—_4:35:1‘0"92:507’ 359 s 258166

pf; ” Chr7/LG7 60.1-75.6/63.7 (2‘1::72%77:1 12 60 53:535403:{; 607 12.48 11834

LG, linkage group; The QTL identification is based on the phenotypes measured in five station-years—Floral 2021, Lucky Lake 2020 and 2021, and Rosthern 2020 and 2021. *A negative additive
effect indicates that the QTL is introgressed from the high protein parent P0540-91 and a positive additive effect indicates the introgression of QTL from the moderate protein parent MP1918.
For seed protein concentration (SPC) and grain yield (GY) QTLs, the QTL effect significant in individual station-years is also indicated: *Floral 2021, *Lucky Lake 2020, Lucky Lake 2021 and
Rosthern 2021; Floral 2021, Rosthern 2021 and Lucky Lake 2021, “Floral 2021 and Rosthern 2021, “Rosthern 2020, ‘Floral 2021, and #Floral 2021 and Rosthern 2020.





OEBPS/Images/fpls-15-1359117-g002.jpg
LG6a LG6b LG7

LG4b LG5

LG1 LG2 LG3a LG3b LG3C LG3d LG4a

GY-Ps-7.1

SPC-Ps-7.1

GY-Ps-51

GY-Ps-4.1
=

SPC-Ps-41






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Identification of QTLs associated with seed protein concentration in two diverse recombinant inbred line populations of pea

      

        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Mapping populations

          



          		

            2.2 Phenotyping

          



          		

            2.3 Genotyping and development of linkage map

          



          		

            2.4 QTL analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Phenotyping for SPC

          



          		

            3.2 Phenotyping for agronomic and yield traits

          



          		

            3.3 Correlation of SPC with other traits

          



          		

            3.4 Genotyping and development of linkage map

          



          		

            3.5 QTL identification

          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fpls.2024.1359117_cover.jpg
& frontiers | Frontiers in Plant science

Identification of QTLs associated with seed
protein concentration in two diverse
recombinant inbred line populations of pea





OEBPS/Images/table6.jpg
SPC DTF GY TSW ssC
SPC 10
DTF 025" 10
PH 0.12ns 0.66" 10
DTM 0417 0.740% 0.62% 10
GY —0.21%* 0.30%** 052 0.20* 10
TSW —-0.05ns 0.18* 0.28"** 0.23** 031 1.0
ssC —0.65%* 0.07ns 0.16* ~0.Ins 0.40% 0.37+ 10

Five station-years (2020 Rosthern; 2020 Lucky Lake; 2021 Floral; 2021 Rosthern; 2021 Lucky Lake); ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001.
SPC, Seed protein concentration (%); DTF, Days to flowering; PH, Plant height (cm); DTM, Days to maturity; GY, Grain yield (kg/ha); TSW, Thousand seed weight (g); SSC, Seed starch
concentration (%).





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Station-year/Trait

F-value

2020 Rosthern

Days to flower 49 44 13.4%* 40 53 47 23 4.9
Plant height (cm) 76 48 4.3 27 103 61 12.1 20.0
Days to maturity 87 79 2900 75 93 82 27 33
Grain yield (kg/ha) 3,885 2,551 2.7 768 4,950 2910 704.9 242
Thousand seed weight (g) 225 193 2510 164 291 214 20.4 9.6
Seed starch conc. (%) 49.0 46.3 5:5%% 412 527 479 2.0 4.1

2020 Lucky Lake

Days to flower 48 50 841 43 57 49 25 5.1
Plant height (cm) 54 66 4.1 27 94 57 10.5 18.5
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Seed starch conc. (%) 48.6 47.1 6.4%%* 425 53.9 48.6 22 4.5

**p < 0.001; SD, standard deviation; CV, coefficient of variation (%).
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station-year
Seed protein conc. (%) 654 563.4%% 1.3+ 207 30.1 253 16 62 0.82
Days to flower 19.54% 2,509.1* 14 46.0 61.0 52.8 28 54 093
Plant height (cm) 63" 5,792.7* Llns 29.0 1280 68.6 240 350 0.83
Days to maturity LR 42548 13 73.0 98.0 85.6 56 66 0.84
Grain yield (kg/ha) 320 1,981.7% L1 223 7282 2702 1377 510 0.66
Thousand seed weight (g) | 48.0°** 249.5 220 1809 3862 2383 203 85 0.96
Seed starch conc, (%) 2010 1,349.8" L1* 339 66.1 511 5.2 102 0.96

Five station-years (2020 Rosthern; 2020 Lucky Lake; 2021 Floral; 2021 Rosthern; 2021 Lucky Lake); ns, not significant; *p < 0.05; ***p < 0.001; SD, standard deviation; CV, coefficient of variation
(%), H Broad sense heritability on the basis of the mean across replications and environments. The minimum and maximum values of each trait presented are the observed values compared
between all the RILs and their replications.
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Chromosome/ No. of unique Map Average marker Standard Max. distance

Linkage group loci mapped distance (cM) distance (cM) deviation between
markers (cM)

Chr 2/LG1 32 103.28 33 6.9 288
‘ Chr 6/LG2 82 134.15 17 36 19.8
Chr 5/LG3a 26 168 07 0.5 24
‘ Chr 5/LG3b 12 27.64 2.5, 2.9 7.4
‘ Chr 5/LG3c 6 3L11 6.2 ‘ 5.6 12.9
; Chr 5/LG3d 88 64.17 0.7 13 10.1
Chr 4/LG4a 121 97.26 0.8 1.1 7.3
Chr 4/LG4b 71 | 39.11 0.6 ‘ 0.3 L7
‘ Chr 3/LG5 100 111.63 11 17 11.9
‘ Chr 1/LG6a 23 26.14 12 1.9 9.6
‘ Chr 1/LG6b 23 21.16 1.0 13 59
‘ Chr 7/LG7 124 115.55 10 17 10.5
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Chromosome/ QTL interval/Peak LOD R? Additive

QTL flanking markers

LG position (cM) score (%) effect*
spC SPC- Chr6LG2_109241711-Chr6LG2_166113140
. Chr6/LG2 51.9-56.5/55.5 47 66 -0.30
Ps-2.1
PC- hrSLG3_526923067-Chr5LG3_535182050
s 51 Chr5/LG3 139.4-140.9/140.9 Che5LG3 Cheol G5 35 49 025
5.3,

Chr3LG5_404463049—

SPC-
s b Chr3/LGS 99.2-107.8/106.0 PsCam029064_17292_723/ 79 1.6 0.40
: Chr3LGS_436484518
SSPE-I i ek ChrlLG6_85954546-ChrlLG6_122850728 » 55 i
SPC- Chr7LG7_310787199-Chr7LG7_338413048
ot Chr7/LG7 62.1-722/65.5 13 17.2 ~0.48
GY Gy- Chr6LG2_65909284-PsCam012060_8218_982
g Chr6/LG2 43.2-56.1/52.9 o sham C 82 154 12562
P(s;l:z CheaLa 4058177513 ChrdLG4_202897225-Chr4LG4_208528599 " 5o .
Pf;ﬂf o 56555 Chr3LG5_854384-Chr3LG5_7077759 Iy 2 -
or. Chr3LG5_413900293-
ol Chr3/LGS 100.2-107.8/106.0 PsCam029064_17292_723/ 50 92 -96.00
o Chr3LG5_436484518
PH PPFII-I hal 75 4-86.9/810 Chr2LG1_400580254-Chr2LG1_409462314 s 4 y
s-1..
Pl:g—j i s Chr6L.G2_109241711-Chr6LG2_169432798 s - "
PPI;I-I ChesLG r65-87.4/827 ChrSLG3_201898831-Chr5LG3_238420050 s s 233
5.3,
PH- Chr5LG3_512802583~
e Chrs/LG3 136.5-143.0/138.6 AR e 146 59 141
PH- AD56/
Chr7/LG7 40.4-432/412 34 42 -120
Ps-7.1 & Chr7LG7_138688630-Chr7LG7_154133754
DTM L;:;wj— il e Chr6L.G2_65909284-Chr6LG2_169432798 . . i
DI Chr3LG5_413900293—
e Chr3/LGS 102.2-107.8/105.8 PsCam029064_17292_723/ 34 68 0.46
2 Chr3LG5_436484518
L;T;/Il— P 185417/412 Chr7LG7_128033255-Chr7LG7_151329594 1a oo o3
5=/
ssC }fssgl i S5 e Chr6LG2_69971193-Chr6LG2_171896410 s 5 i
ssC- ChrdLG4_132478004-ChrdLG4_137652225
poat Chr4/LG4 58.8-60.4/59.0 37 58 0.40
ssC- PsCam001090_925_903/
Ps51 CheslliGa 3144070368 Chr3LGS5_75172039-Chr3LG5_110292500 4 20 B
ssc. Chr3LG5_413900293-
5 Chr3/LGS 101.2-107.8/106.7 PsCam029064_17292_723/ 37 5.1 039
- Chr3LG5_436484518
:ssg‘-l CheiLce 7615382 ChrlLG6_85954546-Chr1LG6_97387872 s 20 ot
ssC- AA317/
Chr7/LG7 66.4-76.7/71.7 85 143 063
Ps71 7/ ¢ Chr7LG7_320407028-Chr7LG7_358940625
TSW ;‘Ss:\/l Gt 12153105 Chr2LG1_9082046-Chr2LG1_24785378 o5 s o
;s!;wl e e Lei ChrSLG3_484210886-Chr5LG3_502622225 i 55 s
;‘f!:’l- CheaLa 805-50/80.5 ChrdLG4_202897225-Chr4LG4_203959915 10 " ™.
;-Ss‘;‘lj Chr3/LGS 0.0-5.9/0.0 Chr3L/G5_ 854334-501560_24500 45 7.5 485
;sg/z CheGs 092-1072/1022 Chr3LGS5_404463049-Chr3LG5_434445642 o4 81 -

LG, linkage groups SPC, Seed protein concentration (%); GY, Grain yield (kg/ha); PH, Plant height (cm); DTM, Days to maturity; SSC, Seed starch concentration (%); TSW, Thousand seed weight
(g); The QTL identification is based on the phenotypes measured in five station-years—Floral 2021, Lucky Lake 2020 and 2021, and Rosthern 2020 and 2021. *A negative additive effect indicates
that the QTL is introgressed from the high protein parent Cameor and a positive additive effect indicates the introgression of QTL from the moderate protein parent Ballet.

For SPCand GY QT'Ls, the QTL effect significant in individual station-years is also indicated: “Floral 2021 and Lucky Lake 2021; PRosthern 2020, Floral 2021, Lucky Lake 2021 and Rosthern 2021;
“Rosthern 2020, Lucky Lake 2021 and Rosthern 2021; *Rosthern 2020, Floral 2021 and Lucky Lake 2021; “Floral 2021; ‘Rosthern 2020, Floral 2021 and Rosthern 2021.





OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-15-1359117-g003.jpg
LG7

LG6

LG5

LG4

LG3

LG2

LG1

DTM-Ps-7.1 SSC-Ps-7.1
- ——
PH-Ps-7.1
=
SPC-Ps-7.2
| s}
(I )01 EAR 1 0 AL L AR T
SSC-Ps-6.1
-
SPC-Ps-6.1
=
(TN TIITHCITIN T I D
TSW-Ps-5.1 TSW-Ps-5.2
[l =]
SSC-Ps-5.1 SSC-Ps-5.2
) o
DTM-Ps-5.1
-
GY-Ps-5.2 GY-Ps-5.3
= —
SPC-Ps-5.1
Ji=——=1
I I T TICTITIE )
SSC-Ps4.1 TSW-Ps4.1
n 1
GY-Ps4.2
| |
(I 1T T ] 00 O T
TSW-Ps-3.1
=
PH-Ps-3.1 PH-PS-3.2
ey =
SPC-Ps-3.1
|
I TIINIK 1011 11101 ) O T T IO I D
SSC-Ps-2.1
]
DTM-Ps-2.1
e—
PH-Ps-2.1
BT
GY-Ps-2.1
23]
SPC-Ps-2.1
-
a8 |1 LU )AL O |
TSW-Ps-1.1
e
PH-Ps-1.1
==
(T I[N D
cw2PRRBBILIBIBRLEIBBEY
_._._._.L __F_L.___—._._._.___:._._.C___F_L___ _E.E.






OEBPS/Images/table7.jpg
SPC DTF GY TSW
SPC 1.0
DTF ~0.46* 10
PH ~0.26** 024** 1.0
DTM 0.04ns 049 0.13ns 1.0
GY ~0.66* 0.54%% | 030w 0.01ns 1.0
TSW 0.24* 0.06ns ~0.20ns 036" -0.07ns 10
e —0.74%% 0447 0320 0.01ns 056" ~0.12ns 1.0

Five station-years (2020 Rosthern; 2020 Lucky Lake; 2021 Floral; 2021 Rosthern; 2021 Lucky Lake); ns, not significant; **p < 0.01; ***p < 0.001.
SPC, Seed protein concentration (%); DT, Days to flowering; PH, Plant height (cm); DTM, Days to maturity; GY, Grain yield (kg/ha); TSW, Thousand seed weight; SSC, Seed starch

concentration (%).





OEBPS/Images/table1.jpg
Station-year/Trait MP1918 P0540-91

Mean Mean

2020 Rosthern

Days to flower 54 53 BI5HE 47 60 54 1.9 35
Plant height (cm) 110 92 L6 58 128 98 11.5 11.7
Days to maturity 88 87 ¥ Gt 81 96 88 33 37
Grain yield (kg/ha) 5,516 3,520 1.3% 2,210 7,282 4,507 1,010.3 224
Thousand seed weight (g) 218 213 22,97 182 291 238 19.3 8.1
Seed starch conc. (%) 51.5 383 19.4%%% 339 55.9 492 3.7 7.6

2020 Lucky Lake

Days to flower 56 54 9.64** 48 61 55 1.8 33
Plant height (cm) 96 88 L1ns 57 122 95 41.4 43.6
Days to maturity 90 89 2.6"* 84 98 90 23 2.5
Grain yield (kg/ha) 3,300 1915 2,00 1,172 5813 3272 831.0 254
Thousand seed weight (g) 217 232 6.0 182 287 239 21.0 8.8
Seed starch conc. (%) 58.6 46.8 4.6 36.6 66.1 579 53 9.2

2021 Floral

Days to flower 55 53 7i6rE 50 58 55 15 2.8
Plant height (cm) 57 52 4.2 41 74 56 6.0 10.8
Days to maturity 91 92 3.0%%% 86 95 91 21 2.3
Grain yield (kg/ha) 3,263 2,233 2,949 1,491 4,510 2,902 492.5 17.0
Thousand seed weight (g) 218 236 5. 70%% 200 386 246 21 8.4
Seed starch conc. (%) 522 41.0 11:gwe 350 55.4 49.3 32 6.5

2021 Rosthern

Days to flower 50 50 4 gex: 46 52 49 1.4 2.8
Plant height (cm) 46 44 260+ 29 78 49 8.7 17.8
Days to maturity 77 80 4.00% 73 84 79 24 3.0
Grain yield (kg/ha) 1,297 861 L4 223 3,723 1,423 708.3 49.8
Thousand seed weight (g) 186 223 9.4% 181 287 227 19.6 8.7
Seed starch conc. (%) 49.8 379 9.64** 343 57.2 49.7 4.0 8.0

2021 Lucky Lake

Days to flower 50 50 208 48 56 51 1.9 37
Plant height (cm) 44 43 6.4 32 62 47 58 124
Days to maturity 78 79 6.4 75 86 80 2.1 2.6
Grain yield (kg/ha) 1,757 1,133 2,0 500 2,281 1,419 328.6 232
Thousand seed weight (g) 210 230 122w 191 295 241 19.7 8.2
Seed starch conc. (%) 50.4 40.7 15:5%% 34.9 54.9 49.4 33 6.6

ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001; SD, standard deviation; CV, coefficient of variation (%).
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Population Station-year Parent/RILs Mean F-value Min Max

PR-30 2020 Rosthern MP1918 227 220 234 0.5
‘ P0540-91 248 ‘ 239 265 0.9

RILs 237 I 2.84%% 209 26.7 1.0 4.1
2020 Lucky Lake MP1918 245 238 26.1 0.9
P0540-91 26.1 253 27.0 0.7

RILs 250 246 207 28.0 18] 45
2021 Floral MP1918 250 233 262 1.0
P0540-91 284 27.3 293 0.7

RILs 26.7 2,90+ 234 30.1 12 45
2021 Rosthern MP1918 26.0 250 276 0.9
P0540-91 280 267 304 13

RILs 255 21 212 30.0 18 69
2021 Lucky Lake MP1918 256 247 269 0.8
P0540-91 27.0 256 27.9 0.9

RILs 259 4.9 233 294 0.9 37
PR-31 2020 Rosthern Ballet 237 227 262 13
Cameor 26.1 228 274 17

RILs 253 i 215 29.9 14 55
2020 Lucky Lake Ballet 238 225 252 10
Cameor 273 256 289 1.1

RILs 257 5.07% 20.6 304 L6 63
2021 Floral Ballet 27.8 27.0 286 0.6
Cameor 29.6 285 303 0.6

RILs 29.1 8.3%¢ 253 327 13 16
2021 Rosthern ‘ Ballet 275 259 29.0 13
Cameor 29.1 278 30.5 0.9

RILs 28.8 3.9 233 332 18 62
2021 Lucky Lake Ballet 26.0 253 26.8 0.7
Cameor 27.6 267 285 0.7
RILs 269 9414 230 317 15

***p < 0.001; SPC, seed protein concentratiol

; SD, standard deviation; CV, coefficient of variation (%).
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