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Abstract 

Improving crop nitrogen use efficiency (NUE) is important to reducing the environmental impacts of agriculture, for both perennial and annual crops. This study tested winter wheat breeding lines developed in organic and conventional systems, historic wheat varieties and perennial wheat under organic management.  There were significant differences among selection categories and among genotypes. However, standard methods of measuring NUE may not be appropriate when the breeding objectives are to reduce N use.  Alternative methods of evaluating breeding materials, including regression analysis of grain protein deviation (GPD) and principal component analysis (PCA) were explored.  GPD was not found to discriminate well between genotypes in this study, but PCA showed promise in examining the relationship among measured variables and among genotypes.

Introduction

Because organic and conventional systems differ significantly in terms of soil N cycling, traits needed for high NUE may also differ significantly.  To improve NUE in organic systems, breeders must determine whether there is genetic variation for traits related to NUE and identify genotypes with traits that contribute to NUE.  The goals of this study were to understand variation in N use among historic varieties, conventionally and organically bred annual wheat genotypes (conventional and organic lines, respectively, hereafter) and perennial wheat in an organic system. Conducting this study in an organic system provided information about genetic differences that can be used in to select for high NUE under conditions of relatively low available N.  Breeding wheat with superior performance in organic systems will help wheat farmers transition to more sustainable fertility management.

Historic varieties were developed before synthetic N sources were available, so these varieties may be important sources of adaptive traits for organic N cycling. In perennial wheatgrass, natural selection has been acting on species in competitive prairie ecosystems where N is limited. Deep root systems and longer photosynthetic duration may indicate that perennials are more efficient at capturing and using N. It is also possible that modern varieties have important traits for N-uptake because increasing the harvest index (HI) requires plants to assimilate more N for and equivalent biomass as grain has higher protein concentration than straw.  Breeders may have indirectly and inadvertently selected for improved N uptake along with HI (Sinclair, 1998).  

Materials and methods

The study ran from 2005-2007 on transitional organic ground at Spillman Agronomy Farm in Pullman, WA (Spillman) and at Sara and Joe DeLong’s certified organic farm in St. John, WA (the DeLong’s).  Wheat genotypes (selection categories) included six F5 lines each from our organic and conventional breeding programs, six historic varieties and a genetically diverse bulk population of perennial wheat.  Organic lines were selected under USDA certified organic management practices.  Conventional lines were selected under standard management, including seed treatments, synthetic fertilizers and herbicides, but no pesticides or growth regulators. Historic varieties were released before 1955, when the use of synthetic fertilizers became common in breeding programs and on farms. Check plots included the popular soft white winter wheat Madsen (Allan et al., 1989), and J99C0009, a Madsen derivative with foot rot resistance. Madsen is a parent of the organic lines and J99C0009 is a parent of the conventional lines.  Foot rot was not evident in the experiment during either season.

At Spillman, the soil type is Palouse silt loam and at the DeLong's, the plots were on a Snow silt loam in 2005-2006 and on a Mondovi silt loam in 2006-2007.  Annual average precipitation is 540 mm at Spillman, and 428 mm at the DeLong’s. Most precipitation occurs during the fall and winter months, and summers are generally hot and dry. The experiment followed spring peas plowed under as a green manure each year at Spillman and at the DeLong’s it followed fallow with hog manure in 2005-2006  and dry peas in 2006-2007.  A 3.5 m2 plot of each annual genotype and the perennial bulk was planted in a randomized complete block design (RCBD) with four replicates at each location. Spillman was fertilized with Perfect Blend 4-4-4 enhanced organic fertilizer (granulated poultry manure) each spring at a rate of 42 kg N ha-1. No additional fertilizer was applied at the DeLong’s due to higher soil N. The breeding program does not control diseases or insect pests to select resistant genotypes.  Hand weeding was used to reduce and equalize weed pressure across blocks.

Soil samples were taken twice each year before planting and in the spring. Eight cores 2 m deep were taken in each field. Cores were divided into 6 segments to determine inorganic N and soil moisture. The gravimetric method was used for soil moisture content, and nitrate (NO3-) and ammonium (NH4+) were extracted using KCL (Keeney and Nelson, 1982) and analyzed with a flow injection analyzer (FIA, Lachat Instruments, Loveland, CO). Leaf chlorophyll content was measured using a chlorophyll meter (SPAD 502, Minolta Co, Japan). Readings were taken three times during the growing season.  Five plants were chosen at random in each plot and four readings were taken along the youngest fully expanded leaf and averaged. Readings corresponded to plant growth stages of 8-9 leaves (SPAD1), pre-anthesis/anthesis (SPAD2), and post-anthesis (SPAD3).  At maturity plants from a 0.6 m long segment of a row within each plot were cut at ground level. Total weight and grain weight of these samples were measured and HI was calculated as grain weight/total weight. Plots were harvested with a Wintersteiger plot combine, and grain was weighed for plot yield, then analyzed for protein content on a 12% moisture basis by near infrared (NIR) spectroscopy (Tecator Infratec 1226 Grain Analyzer, Foss, Eden Prairie, MN). 

Analysis of covariance (ANCOVA) in SAS (SAS Institute, Cary, NC) was used to asses variation among and within selection categories for grain yield, grain %N, total grain N and total biomass. SPAD meter readings were used as quantitative covariates to test for significant correlations between SPAD readings and the dependent variables. The SPAD covariate was retained in the final model if significant.  Regression and PCA analysis in SAS were used to determine the relationship between grain N components and other measured variables. 

Results

It is apparent that there is significant genetic variation for traits related to N use in organic systems in this sample of genotypes. The check genotypes Madsen and J99C0009 had the best performance in terms of yield, biomass production and total grain N. The conventional lines were not significantly different from the checks. Comparisons among categories showed that the selection categories were all significantly different from each other in terms of yield, grain %N, total grain N and biomass production with the following exceptions.  Organic was not significantly different from perennial for biomass production, and historic was not significantly different from perennial for total grain N or grain yield.  Ranking the categories showed a definite pattern, with conventional being higher for grain yield, total grain N and biomass followed by organic, perennial and historic genotypes.  For grain % N, the ranking was almost exactly reversed, with perennial followed by historic, organic, conventional and control genotypes.

Regression analysis showed a negative relationship between grain %N and grain yield, but  no genotypes were identified with significant GPD (large standardized residuals from this regression), possibly because most genotypes were soft white wheat and the number of locations and years in this study was limited.

In the PCA, the first three components explained over 60% of the variation in the data. Genotypes with high scores for PC1 are likely to have high yield, total grain N, straw yield and total biomass. Grain yield and grain %N were not strongly correlated to HI. In conventional systems, HI is often positively correlated with yield but in this case, good vegetative growth may increase weed competitiveness and may serve as an N source for developing grain when soil N supplies are exhausted.

Tab. 1: Ranking of selection categories for agronomic traits related to NUE

	Grain yield
	 control = conventional > organic > perennial = historic 

	Grain %N 
	 perennial > historic > organic > conventional > control 

	Total grain N
	 control = conventional > organic > perennial = historic 

	Biomass 
	 control = conventional > organic = perennial > historic


> or < comparisons significant for P<0.05

Discussion 

While historic varieties have desirable traits, as a group they had the lowest yield, total grain N and biomass production. Organically bred lines were lower yielding than the conventionally bred lines, but significantly better than the historic varieties.  Because the organic lines were derived from crosses between Madsen and a historic variety, the fact that several were not significantly different than conventionally bred elite lines is encouraging, and further gains are expected from selection.  Conventionally bred modern lines generally had the highest yields and total grain N, showing that it is useful to include these lines in breeding for organic systems, to take advantage of gains from selection over the past 50 years while incorporating traits from historic varieties that are important to organic systems.

The comparisons that were not significantly different are also of interest. The perennial bulk population had the same total grain N as the historic lines and the same biomass as the organic. Although perennial wheat currently has lower yield, total grain N and biomass, it has a very short breeding history. With continued selection for yield, it is possible that perennial wheat will show progress similar to that observed in annual wheat, where modern varieties now exceed their historic counterparts. 

As high grain %N is not required in soft white wheat, lines able to yield well at lower grain %N may be advantageous in organic systems. If end-use and mineral nutritional quality do not suffer, using negative GPD as a selection criteria as well as yield under low N conditions could reduce grain N requirements. Interestingly, quality checks used by Oury et al. (2007) had negative GPD, so it appears that high protein with respect to yield is not necessarily an indicator of end-use quality.

PCA was useful to visualize important sources of variation in the data and to discriminate among genotypes. Factor loadings and correlations among measured variables can asses redundancy in the data and measurements which are highly correlated to other variables or not well correlated to traits of interest may be eliminated. This method could be very useful to breeding programs when deciding which variables are of most importance in certain environments for breeding goals. 

Conclusions

Standard methods of calculating NUE are predominantly based on grain yield.  This may not be appropriate when other factors, such as crop environmental impact, are also considered.  While grain yield is important, other traits contribute to NUE, and these traits may be more useful when attempting to increase NUE from an environmental as well as an economic perspective.  Alternative methods of analysis, such as GPD or PCA, may be useful in analysing these other traits. While PCA cannot replace careful observation and selection, it may be a useful tool in identifying trends or genotypes that merit more detailed analysis and observation.
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