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Conclusion

French vineyards are often located on the least fertile lands, generally more heterogeneous than lands devoted to food crops. The detection of quantitative trait loci (QTLs) is all the more precise as the number of genotypes studied is high, but increasing the size of experimental plots means taking the risk of exploring more spatial heterogeneity. Designing randomized blocks experiments is a classical way to overcome this difficulty. However, when several hundred of genotypes are studied, this not only requires more land but is also time consuming. Another approach is to take into account the spatial heterogeneity when searching for QTLs.

Plant material and phenotyping

Three hundred and eighty-three genotypes from a Riesling x Gewurztraminer progeny are planted in elementary plot (EP) of three plants, without replicates. The parents, Riesling (RI) and Gewurztraminer (GW), also planted in EPs of three plants but these EPs are replicated 12 and 13 times, respectively, with a regular spatial distribution (Figure 2). Carbon isotope composition of the berries at harvest (12-18/10/2016), expressed as δ 13 C, was measured in 2016 on 117 genotypes and the parents. 

Data analysis

The broad sense heritability was calculated as H 2 = (σ progeny ²-σ e ²) / σ progeny ². σ e ² was extracted from analysis of variance (lm and anova commands under R software) testing the "genotype" effect with RI and GW.

A map of the experimental plot was built using the raw measures ("raw data") obtained on the parent varieties using the ArcGIS 10.6 Geostatistical Analyst extension.

For each trait, the kriging method providing the lowest root mean square error with a leave-out-one procedure was chosen. In a second step, the expected value of the trait of interest for each single elementary plot of 3 plants was calculated, as if a unique variety was covering all the experiment (Figure 2). Finally, for each elementary plot of the experiment, the difference between the observed value and the expected value was calculated ("differential data").

Genetic data

Genetic data were obtained the "Genotyping by sequencing" technology. Keygene N.V. owns patents and patent applications protecting its Sequence Based Genotyping technologies. Markers segregating in both parents at positions inside sliding windows of 30 kb in the reference genome were encoded as <abxcd>. Phases were determined with JoinMap 2.0 (Van Ooijen and Voorrips, 2001). JoinMap format was transformed into R/qtl format (Broman et al., 2003) with the phasedJoinMapCP2qtl command of the rutilstimflutre R package. The genetic map was then calculated with R/ qtl and finally contained 748 markers.

QTL detection

QTL detection was performed with R/qtl on raw values recorded for each genotype but also on the differences between the raw values and the parental expected values for each EP ("differential data"). Statistical significance of LOD values was assessed after 1000 permutations. LOD scores were also calculated after building a QTL model that included QTLs with a LOD score significant at p = 0.20 (makeqtl, refineqtl and fitqtl commands).

Acknowledgments to Timothée Flutre for initiating and supervising the acquisition of "genotyping by sequencing" data.
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Variable Raw data Differential data δ 13 C 17@32 (3.90) 17@21 (5.13) Pruning weight (2017/2018) 1@50 (5.86) 13@52.7 (5.66) 14@39.4 (3.80) 1@40.5 (3.7) 13@46 (4.34) 17@28 (4.31) NBI_R 5@0 (3.62) 15@11.9 (3.63) 5@0 (3.64) NFI 3@84 (3.62) 8@66.9 (4.49) 13@63 (4.40) 17@32 (4.39) 8@66.9 (4.39) 13@72.5 (4.10) 17@30 (4.45) BINBI 5@0 (3.89) 13@90 (3.73) 15@11.9 (4.11) 5@0 (3.95) 13@87 (4.47) 17@3 (3.73) Using differences between measured and expected values reduced the environmental variance and increased the heritability of the traits.

Raw data Differential data

QTLs significant at p = 0.05 genomewide were detected for all the traits (Table 2). Taking into account spatial information was interesting for δ 13 C because a QTL on chromosome 17 reached a significance at p = 0.05 and a new QTL on chromosome 18 reached a significance at p = 0.20 when included in a QTL model. Figure 3 illustrates the improvement of LOD scores for δ 13 C. For the pruning weight, a new QTL is detected on chromosome 17 but the level of significance of QTLs in chromosome 1 and 13 decreased. Differential data did not improved QTL detection for NBI_R and NFI Multiplex ® indices but for BINBI, a QTL on chromosome 13 became significant at p = 0.05.

  δ 13 C is related to stomatal closure and response to drought stress. Features of the canopy were evaluated on August, 2nd, 2017, around veraison, by Multiplex® Research (Force A, Orsay, France), a field fluorometer providing the following indices: NBI_R (nitrogen balance index) is an indicator of the nitrogen status of the plants (Blank et al., 2018), NFI (Normalized Fluorescence Index) estimates the foliage density, BINBI is the product of NBI_R and NFI, giving an assessment of global foliar activity. Finally, pruning weight was measured on February 21st, 2018 on 249 genotypes as well as on the parents.

Figure 1 :

 1 Figure 1: Segregation of NFI, BINBI, pruning weight and δ 13 C. Red arrow: Gewurztraminer, green arrow: Riesling.

Figure 2 :

 2 Figure 2: Maps of the expected values calculated with the data from the parent varieties. A : δ 13 C (2016), B: pruning weight (2017/18 season). Rectangles represent the elementary plots of the parents (green for RI, red for GW).

Figure 3 :

 3 Figure3: LOD scores profiles for δ 13 C, blue line for raw data, red line for differential data. Note that the LOD scores for raw data on chromosome 17 are not the same as in table3because introduction of the QTL on chromosome 18 was forced in the model, even though not significant at p=0.05 at the first round of detection. Horizontal lines: LOD threshold determined after 1000 permutations. Plain and dotted lines: at p = 0.05 and p = 0.20, respectively. QTLs related to response to drought were also detected by Coupel-Ledru et al (2017) on chromosome 17 was on a phenotyping platform.

Table 1 :

 1 Statistical criteria and heritabilities