Rivière 9

Supplementary methods and results

Correlations among traits:

Correlations among traits were calculated with the software R and the lm procedure (1) on the selected version on one hand and bulk versions on the other hand for all the family. Checks were not included in this calculation. In order to obtain correlations between all traits, they have been calculated on the mean over the 15 plants.

Differences in slope for each correlation have been calculated as follows:


[image: image4.emf]PH LLSD SL TKW TW W

PH 0.83 0.04 0.1 -0.38 -0.18 -0.14 -0.01 -0.01 -0.07 0.35 -0.32 -0.18 0.21-0.27-0.40

LLSD 0.90 -0.02 -0.06 -0.42 -0.29 -0.27 -0.04 -0.09 -0.09 0.06 -0.27 -0.23 0.17-0.25-0.39

SL 0.03 -0.02 0.68 0.36 0.67 0.51 -0.13 -0.54 0.03 0.10 -0.20 0.07 0.17-0.10-0.05

0.08 -0.02 0.66 0.20 0.70 0.34 -0.42 0.24 0.34 0.22 -0.41 0.16 0.39-0.12-0.07

-0.43-0.39 0.41 0.20 0.80 0.70 -0.02 -0.23 -0.05 0.07 0.03 0.26 -0.100.03 0.17

-0.32-0.31 0.68 0.65 0.85 0.77 -0.18 -0.08 -0.06 0.09 -0.16 0.26 0.10-0.020.09

-0.23-0.28 0.60 0.46 0.67 0.80 0.48 -0.26 -0.37 -0.02 0.04 0.07 0.06 0.03 0.16

TKW 0.16 0.06 -0.23 -0.39 -0.41 -0.48 0.15 -0.27 -0.48 -0.17 0.30 -0.23 -0.08 0.11 0.16

0.05 0.01 -0.52 0.28 -0.30 -0.14 -0.25 -0.14 0.34 0.08 -0.2 0.1 0.2 0.04 0.04

0.32 0.14 0.02 0.45 -0.19 -0.07 -0.22 -0.20 0.50 0.32 -0.41 0.06 0.33-0.16-0.09

0.43 0.20 0.05 0.22 -0.07 -0.06 -0.23 -0.26 0.19 0.63 -0.20 -0.14 0.12-0.33-0.29

-0.24-0.21 -0.31 -0.41 -0.11 -0.28 -0.40 -0.13 -0.05 -0.21 -0.10 0.08 -0.510.61 0.63

-0.34-0.35 0.24 0.26 0.38 0.43 0.33 -0.23 -0.03 -0.04 -0.14 0.07 0.07 0.51 0.35

TW 0.22 0.16 0.19 0.31 0.06 0.14 0.11 -0.04 0.06 0.41 0.20 -0.35 0.09 -0.010.01

W -0.21-0.18 -0.23 -0.26 0.11 -0.05 -0.20 -0.22 -0.02 -0.16 -0.08 0.65 0.57 0.08 0.85

-0.22-0.18 -0.28 -0.27 0.03 -0.14 -0.24 -0.13 0.02 -0.09 -0.12 0.59 0.42 0.27 0.89
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With s2i the common residual variance (SCE1r + SCE2r)/(n1+n2-4); b1 the coefficient of the regression for the bulk version; b2 the coefficient of the regression for the selected version x1l, the value of individual l for variable x1. 
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 is the mean of variable x1. The same for variable 2. We concluded that there were no significant differences between the slopes when the t-test value was in the confidence interval of 5%.

The correlations within the selected versions and within the bulk version were similar except for TKW and KN_Spike, GW_Spike and protein, W and MTI (Supplementary Table 1).

PH and LLSD were highly correlated (r between 0.83 and 0.90). In addition, there were 2 groups of correlated traits: (1) GW_Spike, KN_Spikelet, KN_Spike, SpTot, SL and (2) protein, W and MTI (Supplementary Table 1).

Estimation of within-family genetic variation:

We used the check, Renan, which is a pure line, i.e. genetically homogeneous, to assess the within-plot environmental variation. As the check was placed randomly twice in each replication (6 plots in total) we assumed it captured a significant part of the environmental variation present in the field.  

We used the following model:
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Where Cklm is the phenotypic value measured on the check varieties m in plot k in repetition l, u is the general mean, plotk is the plot where the check was cultivated (one row has several plants), repi is the replication and Eklm is the experimental error, corresponding to within-row environmental variation.  As those two variances were estimated independently, the within-family genetic variance was estimated as the difference between var(R) from model (3) and var(E) from model (4). For the three cases where the within-family genetic variance was estimated to be slightly negative, it was set to zero.

The estimation of the within-family average environmental and genetic variances is based on several assumptions. Our control is a modern variety that we assume represents a single genotype but in fact it may not be 100% genetically homogeneous. As there were only 6 lines of the check in the trial, this may not be enough to catch the environmental variation. On the other hand, we have seen that the repetition effect is negligible for almost all traits (Table 3). Yet, the differences among rows may be smaller than the differences within rows (micro environmental variation). This may also explain why we occasionally found negative values for the average within-family genetic variance (Table 4). One limit of the estimation of diversity is that it has been done from the phenotypic data. A molecular approach would be more precise and give us complementary information on the genetic diversity of these families. Genetic diversity is currently being assessed with molecular markers on a set of families issued from farmers' selection at subsequent generations.  Yet, as farmers select on the observed phenotypic variation, genetic variation estimated from phenotypic measures is relevant to help design their selection practices.

Supplementary discussion

Response to selection and drift

We did not test in this experiment that trait evolution was due specifically to selection and not to genetic drift which might arise due to the limited number of spikes (from 25 to 50) in the selected samples. Drift would also affect the bulk version which is derived from seed sample of the same size. However, when changes were in the same direction for several families (general version effect) or when they corresponded to a selection objective of the farmer, it is more likely to be due to the effects of selection than of random drift. 

Uniform response to selection

Selection tended to increase PH, except for one family in which plant height decreased significantly (Figure 1.b). Both among- and within-family genetic variances slightly decreased. Stabilizing plant height around an optimum of 100cm to limit lodging was an important objective of JFB in crossing landraces with more recent varieties. In practice, the selection also took other factors into account. For example, family 64 was taller than optimal and still increased for PH after selection because, despite its height, it was very resistant to lodging due to its strong stem. Tall plants with strong stems that do not lodge are interesting for farmers because of better competition with weeds or volunteers from previous crops. This is corroborated in the scientific literature (2). In other cases such as family 34, the farmer wanted to discard the tall plants but we found that selection increased PH. During discussions with the farmers, it appears that they naturally select spikes that are more visible, i.e. above the average height of the family. While they are aware of this, they initially did not pay enough attention to that point when selecting plants within families that have very heterogeneous heights. The selection was carried out in 2008, since then, farmers now focus more on this. If the experiment would carried out again with selections from the current year, the changes in PH might be more dependent on the initial average height of the population rather than always showing increases when significant (except for family 24).

Differential response to selection

For some traits, an increase in among-family variance corresponded to differential responsiveness to selection in the same direction. For instance, the among-family genetic variance of TKW and of GW_Spike increased with selection and the average within-family variance decreased, while there was also a positive overall response to selection. Increasing TKW and GW_Spike was in fact an objective of JFB's selection and this selection was  generally effective across families, possibly due to a high genetic variability available for these traits within families. When selection was not efficient within some families this could be due to a lack of diversity within some families or to a large environmental effect compared to the genotypic effect (GW_Spike and TKW have among the lowest repeatability).  

Multi-trait dimension of the response to selection

Correlations between traits may either contribute to response to selection, or negative correlations may reduce the response to selection of traits that are negatively correlated. Using indirect selection can be useful in the case of traits that are difficult to assess in the field (i.e. traits that are not visible such as protein or TKW). These traits can be evaluated over time by farmers engaged in milling and baking, but are difficult to select when choosing individual plants in the field. In this study, most traits linked to grain composition and technological transformation were only slightly correlated to morphological traits and were negatively correlated with production traits. We take the case of protein and TKW as examples (Supplementary Table 1). Protein is important since these populations are often developed with the objective of improving bread-making quality. There was a tendency for protein to decrease after selection for 30 families out of 38 (2 significantly), and a tendency for TKW to increase after selection for 26 families over 35 (4 significantly). Moreover, the three families that changed most in the unfavorable direction for protein content (90, 80 and 53) were among the six families that best responded for TKW and GW_Spike (Figure 1.a & 1.c.). This is consistent with results from the literature showing that yield is negatively correlated to protein content (3).

This negative correlation is not a major concern for JFB and many of the farmers in the Réseau Semences Paysannes since his strategy is to cultivate a certain number of varieties as a mixture, where the quality of the best varieties will compensate for lower quality varieties. As a baker, he knows how to deal with varieties that have lower values of technical quality measures compared with those needed for industrial baking, and emphasizes the need for organoleptic and nutritional quality. So, first, there is a selection of populations that fit his agronomic practices and environment. Then the bread-making quality will be evaluated. This general approach is common to many conventional and participatory breeding programs: choose high-quality parents, make crosses and evaluate the progeny for agronomic traits, then evaluate selected populations for bread-making quality (4).

Finally, it is interesting to note that, after selection, some correlations significantly changed. The correlation between TKW and KN_spikelet, and between GW_Spike and protein, respectively changed from -0.14 to +0.30 and from -0.40 to 0.04 indicating that selection broke the undesirable negative correlation between traits. Some families responded to selection for one of the traits without diminishing the other (Family 60 for example significantly increased in protein and remained stable for GW_Spike and TKW).

Influence of  parental varieties on the selection response

The choice of parents is very important in achieving breeding goals (5). In this program, the parents were mainly chosen according to their agronomic performance and quality in on-farm breadmaking. When selection acts on qualitative traits such as spike color it is easy to observe the contributions of each parent. For example, in family 64, a cross between Vieux Ferrette and Rouge de Clervaux, the red spike color of Rouge de Clervaux was selected. Parental contributions are more subtle for quantitative traits. The progeny of the cross between Blé de Langogne (male) and Roisel (female) (family 80), showed high responsiveness (12 traits out of 18 measured).The two parents used are very different. Blé de Langogne is a landrace, with no awns, a large stem, tall spike, low spikelet density, tall plants, very heterogeneous, while the characteristics of Roisel are: awns, dense spikes (high number of spikelets per spike), and rather tall plants (because of Russian genealogy). Roisel is a modern cultivar (released in 1967) with higher values of baking technical properties (higher W).

Family 80 was highly heterogeneous compared to the other families.  Roisel was “dominant” according to JFB, meaning that most of its attributes are seen in the family (for visible traits). The selection significantly decreased the density (Blé de Langogne type) and significantly increased the awns (Roisel type). Selection also significantly decreased W, which is related to the selection of individuals closer to the Blé de Langogne type. The changes observed may be due to the large differences between the parents which led to a heterogeneous family compared to the other (i.e. individuals different for awns, color, spike). The selection favored individuals sharing attributes of both parents (for example awns from Roisel and low spike density from Blé de Langogne), which was the objective of this selection.

Range of variation for baking force and artisanal bread-making

W is related to the energy the dough can withstand during mixing.  We found a large variation for W with values rather low compared to conventional varieties (6).   In a study conducted under similar conditions (on a research station with conventional management), Branlard et al. (6) estimated a W mean of 236 with a maximum at 563 within a panel of 130 modern cultivars. In our study, the mean is 221 in the bulk families before selection and 212 in the selected versions, with a maximum of 328.  While these values and variation would be problematic for industrialized baking, it is not the case of artisanal baker in the project who can adapt their baking technique to the variety. These techniques involve the use of natural levain (sourdough), less intensive mixing and longer fermentation and baking times.

The values of W we observed may be related to the parents used to create those families, especially those from landraces and historic varieties. These varieties were originally baked with artisanal practices and therefore they have not been selected for a high W, which is only required in industrial baking (7). To better assess baking force, the populations should be evaluated on several farms, since W is correlated to protein (r=0.61, Supplementary Table 1) and protein content is very dependent on the environment (primarily differences in nitrogen level) and the interaction between genotype and environment (8,3). The relevance of measuring W for artisanal bakers is a major point of discussion among participants in the PPB program but it is a common standard in conventional breeding programs. 
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Supplementary Table 1.  Correlation between traits (version selected are above gray cells in bold, version bulk are under the grey cell), r is represented. When the slopes were different, the r value are in a black box.
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Feuille1

				PH		LLSD		SL		SpTot		KN_Spikelet		KN_Spike		GW_Spike		TKW		density		sterility		earliness		Protein		Hardness		TW		W		Mti

		PH				0.83		0.04		0.1		-0.38		-0.18		-0.14		-0.01		-0.01		-0.07		0.35		-0.32		-0.18		0.21		-0.27		-0.40

		LLSD		0.90				-0.02		-0.06		-0.42		-0.29		-0.27		-0.04		-0.09		-0.09		0.06		-0.27		-0.23		0.17		-0.25		-0.39

		SL		0.03		-0.02				0.68		0.36		0.67		0.51		-0.13		-0.54		0.03		0.10		-0.20		0.07		0.17		-0.10		-0.05

		SpTot		0.08		-0.02		0.66				0.20		0.70		0.34		-0.42		0.24		0.34		0.22		-0.41		0.16		0.39		-0.12		-0.07

		KN_Spikelet		-0.43		-0.39		0.41		0.20				0.80		0.70		-0.02		-0.23		-0.05		0.07		0.03		0.26		-0.10		0.03		0.17

		KN_Spike		-0.32		-0.31		0.68		0.65		0.85				0.77		-0.18		-0.08		-0.06		0.09		-0.16		0.26		0.10		-0.02		0.09

		GW_Spike		-0.23		-0.28		0.60		0.46		0.67		0.80				0.48		-0.26		-0.37		-0.02		0.04		0.07		0.06		0.03		0.16

		TKW		0.16		0.06		-0.23		-0.39		-0.41		-0.48		0.15				-0.27		-0.48		-0.17		0.30		-0.23		-0.08		0.11		0.16

		density		0.05		0.01		-0.52		0.28		-0.30		-0.14		-0.25		-0.14				0.34		0.08		-0.2		0.1		0.2		0.04		0.04

		sterility		0.32		0.14		0.02		0.45		-0.19		-0.07		-0.22		-0.20		0.50				0.32		-0.41		0.06		0.33		-0.16		-0.09

		earliness		0.43		0.20		0.05		0.22		-0.07		-0.06		-0.23		-0.26		0.19		0.63				-0.20		-0.14		0.12		-0.33		-0.29

		Protein		-0.24		-0.21		-0.31		-0.41		-0.11		-0.28		-0.40		-0.13		-0.05		-0.21		-0.10				0.08		-0.51		0.61		0.63

		Hardness		-0.34		-0.35		0.24		0.26		0.38		0.43		0.33		-0.23		-0.03		-0.04		-0.14		0.07				0.07		0.51		0.35

		TW		0.22		0.16		0.19		0.31		0.06		0.14		0.11		-0.04		0.06		0.41		0.20		-0.35		0.09				-0.01		0.01

		W		-0.21		-0.18		-0.23		-0.26		0.11		-0.05		-0.20		-0.22		-0.02		-0.16		-0.08		0.65		0.57		0.08				0.85

		Mti		-0.22		-0.18		-0.28		-0.27		0.03		-0.14		-0.24		-0.13		0.02		-0.09		-0.12		0.59		0.42		0.27		0.89
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