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SUMMARY

e Tree architecture shows large genotypic variability, but how this affects water deficit
responses is poorly understood. To assess the possibility of reaching ideotypes with
adequate combinations of architectural and functional traits in the face of climate change,
we combined high-throughput field phenotyping and genome-wide association studies
(GWAS) on an apple tree (Malus domestica) core-collection.

e We used T-LiDAR scanning and airborne multispectral and thermal imagery to monitor
tree architecture, canopy shape, light interception, vegetation indices and transpiration on
241 apple cultivars submitted to progressive field soil drying. GWAS was performed with
SNP-by-SNP and multi-SNP methods.

e Large phenotypic and genetic variability was observed for all traits examined within the
collection, especially canopy surface temperature in both well-watered and water deficit
conditions, suggesting control of water loss was largely genotype-dependent. Robust
genomic associations revealed independent genetic control for the architectural and
functional traits. Screening associated genomic regions revealed candidate genes involved
in relevant pathways for each trait.

e We show that multiple allelic combinations exist for all studied traits within this collection.
This opens promising avenues to jointly optimise tree architecture, light interception and
water use in breeding strategies. Genotypes carrying favourable alleles depending on

environmental scenarios and production objectives could thus be targeted.

Key words: Malus domestica, tree architecture, light interception, high-throughput field
phenotyping, T-LiDAR, thermal imaging, GWAS, candidate genes
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INTRODUCTION

Trees have evolved a diversity of architectures enabling their survival, reproduction, and
species coexistence under a variety of environmental and ecological conditions (Lines et al., 2012;
Fournier et al., 2013). The architectural variability among and within species results either from
changes in organ shape and orientations or tree topological characteristics (Barthélémy &
Caraglio, 2007). Genetic polymorphisms associated with tree architectural diversity have been
identified through quantitative trait locus (QTL) studies for geometrical (tree height and internode
length) and topological (branching rate, proportion of different types of shoots) descriptors, in a
number of species including rubber, poplar, spruce and apple (Zhang et al., 2006; Segura et al.,
2007, 2008; Kenis & Keulemans, 2007; Souza et al., 2013; Prunier et al., 2013). Recent studies
have further extended our knowledge of the molecular and hormonal basis of plant architecture
(Hollender & Dardick, 2015). The determinism of specific processes such as axillary shoot
emergence (Bertheloot et al., 2020) or branching angles (Dardick et al., 2013) are progressively
being deciphered.

Plant architecture is key for resources-use efficiencies, as it is at the heart of a fundamental
trade-off between carbon gain and water use by impacting leaf area distribution and light
interception, water transport and loss, as well as carbon assimilation and allocation.
Photosynthesis and transpiration also co-vary with the aperture and density of stomatal pores
(Lawson & Blatt, 2014; Liu ef al., 2012 in apple tree). Over the last two decades, many studies
identified contrasting behaviours in the plant’s capacity to maintain their water status upon soil
drying (often referred to as isohydric or conservative, i.e., that efficiently maintain high leaf water
potential, vs anisohydric or optimistic, i.e., that cannot prevent their leaf water potential from
dropping as soil drying develops (Klein, 2014)) whose adaptive value depends on the duration and
intensity of the water deficit (Sade et al., 2012). In fruit trees, contrasting behaviours in water
status maintenance were shown to vary with the season (Franks et al., 2007; Lauri et al., 2016)
and crop load (Naor et al., 2008). In grapevine, (an)isohydry was also shown to be genetically
controlled in given environmental conditions (Coupel-Ledru et al., 2014). However, the possible
interactions between tree architecture and water use behaviour in response to soil water deficit
have rarely been tackled.

Light interception distribution within the canopy affects the leaf energy balance and consequently

leaf transpiration (Monteith, 1965). As such, increasing light interception induces a higher
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evaporative demand that can increase soil water depletion and severity of the water deficit.
Experimental results showing the higher sensibility of larger plants to water deficit are in line with
this biophysical regulation (Tisné et al., 2010; Rebolledo et al., 2013). Stomatal control of
transpiration in response to soil water deficit can also interact with canopy microclimate variations
(temperature, vapour pressure deficit, radiation) (Willaume et al., 2004; Massonnet et al., 2008)
which induce acclimation of leaves through modifications of carbon or nitrogen related traits
(Ngao et al., 2020).

Tree architecture can also play a role in leaf water status maintenance through modifications of
organ topological connections and xylem water flow (Schultz, 2003; Lauri et al, 2011).
Nevertheless, it is unknown to which extent these relationships between plant functioning and
architecture could be modified in large populations of individuals with contrasted genetic
backgrounds. Fruit trees are relevant species to address this question because they naturally
display large architectural genotypic variability and within-canopy microclimate variation (Costes

& Gion, 2015).

Overall, the possibility of reaching ideotypes with optimal combinations of architectural and
functional traits under limiting soil water conditions remains challenging given the biophysical
interactions between both types of traits, and the lack of knowledge about their possible common
genetic control. In fruit trees, the recent development of core-collections representative of the
existing cultivated diversity (e.g. Belaj et al., 2012; Lassois et al., 2016; Garcia-Lor ef al., 2017)
and the availability of very high-throughput genotyping (e.g. Bianco et al., 2016) open new
avenues to tackle these questions across a wide genetic diversity. The recent development of high-
throughput phenotyping methods and of experimental orchards appropriately designed (Jung et al.,
2020) offer new opportunities for evaluating large populations of individuals at multi-scales and

for many targeted traits (Araus & Cairns, 2014).

In a study performed on a bi-parental population of apple trees under contrasted watering
scenarios, Virlet et al. (2015) identified QTLs associated either with vegetative development or
canopy surface temperature using indicators derived from airborne imaging. More recently,
Santini ef al. (2021) identified putative genes associated with vegetation indices and leaf
temperature from UAV flights using genome wide association studies (GWAS) on a Pinus

halepensis collection. Nevertheless, these studies did not integrate any characterization of plant
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architecture to analyse phenotypic or genotypic correlation between tree architecture and response

to water deficit.

In a recent work (Coupel-Ledru et al., 2019), we deployed a combination of high-
throughput phenotyping methods on an apple tree core-collection (241 cultivars) mostly consisting
of French local or old dessert apple cultivars. In this study, architectural traits were computed
making use of the ‘Light Detection and Ranging’ (LiDAR) sensing technology which exploits
laser light to detect and measure distances of objects. Terrestrial LIDAR scans of individual trees
were thus analysed to compute architectural traits such as tree leaf area, silhouette to leaf area ratio
(STAR) as a proxy of light interception or hulls describing 3D canopy volumes (Coupel-Ledru et
al., 2019; Pallas et al., 2020). Together with T-LiDAR scans, airborne multispectral and thermal
images were acquired and compared to in planta measurements (Coupel-Ledru et al., 2019) to
achieve phenotyping of both architectural and functional traits. Here, we extend this high-
throughput multi-scale characterization of the core-collection by deploying it under increasing soil
drying and coupling it with GWAS. Multivariate analysis and GWAS performed with SNP-by-
SNP and multi-SNP methods showed that vegetative development, light interception and canopy
surface temperature response to soil drying are ruled by independent genetic controls. These
results reveal that maximizing light interception at the plant scale through architectural

characteristics could be achieved without impairing their response to water resource availability.
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MATERIAL AND METHODS

Setup and plant material

The study was performed in 2017 on an apple tree (Malus domestica) core-collection of 241
cultivars (Lassois et al., 2016; list in Coupel-Ledru et al., 2022), all grafted onto M9 Pajam®2
rootstock, and grown in field conditions at INRAE experimental unit “DiaScope” (43°36 N,
03°58E, near Montpellier, France). Four trees per cultivar were planted in 2014 (4 years-old at the
beginning of the experiment), yielding a total of 964 trees. All trees were left unpruned. During
the first two years after planting, all trees were grown under non-limiting irrigation (provided by
micro-sprayers located between-trees). Differentiated water regimes were set up during summers
2016 and 2017, with two well-watered (WW) and two water deficit (WD) trees per cultivar. The
orchard comprised ten rows of 100 trees, embedding two replications of two trees per genotype
randomly distributed within the field. WW and WD tree rows alternated within the trial, one WW
tree facing one WD tree for each genotype. Measurements were performed in summer 2017. On
7% July, irrigation was withheld on WD rows until the end of the month. Dynamics of soil drying
were evaluated measuring soil water potential (W) with Watermark® tensiometric probes (-30
and -60 cm depth) randomly distributed within the orchard at the bottom of 13 trees. Throughout
the experiment, W, remained constant for WW trees (ca. -8 kPa) while it gradually decreased for
WD trees and reached on average -72 kPa on 27% July (Fig. S1). All trees were manually thinned

to one fruit per inflorescence and fertilizers were applied to avoid any mineral deficiency.

Airborne imaging and computation of thermal and vegetation indices

Airborne images were acquired on 5%, 12t 17t and 27" July (see Table S1 for the atmospheric
conditions during flights). Flights were carried out using a Mikrokopter® hexa-rotor drone.
Thermal and multispectral images were acquired, respectively, by a FLIR®TAU2.7 uncooled
camera (7.5-13 pum, 640%512 pixels resolution) and an AirPhen.v3 camera measuring reflectance
in blue, green, red, red-edge, and NIR with a bandwidth close to 10 nm (Coupel-
Ledru et al., 2019). At each date, three consecutive flights at 25m height were performed to
cover the entire field (1.2ha). Based on GPS coordinates, a 0.70m radius zone was delineated
around the centre of each tree. All thermal and multispectral variables -NDVI (Rouse, 1974),
GNDVI (Gitelson et al., 1996) and MCARI2 (Haboudane et al., 2004)- were computed on this

zone for each tree. Mean canopy surface temperature (75) was computed, and differences between
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canopy surface and air temperature were calculated (7S7A4) to account for potential thermal

variations between dates.

At the flight dates, soil dryness increased on WD rows (Fig. S1): 5% no WD (Wil mean=-8kPa);
12, light WD (Wyoitmean= -23kPa); 17 moderate WD (Wyoiimean = -48kPa); 27, severe WD
(Wsoil,mean = -72kPa). Predawn leaf water potential (Wicarpredawn) and midday leaf (Wicarmidday) and
stem (Wgemmidday) Water potentials were also measured on 45 trees across the orchard, with two
Scholander pressure chambers previously cross-calibrated using a distributed, pressurized nitrogen
source (Table S2; predawn and midday measurements respectively took place between 02:30 and
03:15 UTC, and between 11:00 and 14:00 UTC). For WW trees, Wgiemmidday and Wicatmidday Were
lower on 12%, 17" and 27" as compared to 5™ July, likely due to drier atmospheric conditions.
Consistently with Wi, Wstem and Wieor showed decreasing values for WD trees from the onset of

irrigation withholding to the end of the experiment (from -0.54MPa to -1.85MPa for Wem midday)-

T-LiDAR and derived architectural variables

Two measurements series were performed with a T-LiDAR scanner. The first took place in
October 2017 on leafy trees, to collect ‘summer’ variables (as described in Coupel-
Ledru et al, 2019), and the second in February 2018 for ‘winter’ variables (not previously
presented) (Fig. S2a). Scans were carried out with a 360° view each ten meters on every row with
an angular resolution of 0.04°. During each measurement series, 200 scans were used to phenotype
the whole collection. Each individual tree point cloud was analyzed with PlantScan3D (Boudon et
al., 2014) and PlantGL (Pradal et al., 2009) in OpenAlea (Pradal et al., 2008). Summer variables
provided information on the canopy structure: alpha and convex hull volumes (a_volume,
¢ volume) and plant height (height). ¢ volume represents the maximal space occupation of the
tree, whereas a volume represents the volume filled by leaves within this convex hull. For
assessing light interception variables, we computed the STAR (Sinoquet et al., 2001). A convexity
index (ci) correlated with STAR (Coupel-Ledru et al., 2019) was computed as the ratio
a_volumel/c_volume. Winter scans were used to estimate the number of axes (nb_axes) and the

total cumulative axis length (fotal length) per tree as in Pallas et al. (2020).
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Manual measurements
In autumn 2017, trunk circumference was manually measured on each tree and used to compute
trunk cross sectional area (7CSA) assuming a cylinder trunk shape. 7CS4 is reported to be a good

indicator of tree size (Strong & Azarenko, 2000).

Computation of genotypic values and genotypic responses to soil water deficit

All data analyses were performed using R (R Development Core Team, 2020). In order to
calculate synthetic variables, a PCA was performed (R/FactoMineR) on the variables related to
tree architecture using individual tree values. Tree coordinates on the two first PCA dimensions
(respectively representative of vegetative development and light interception capacity) were

further used as additional traits.

Different mixed-effect models were tested (R/Ime4) with a random effect of the genotype (G),
fixed effects of the watering scenario (S), spatial design (row), date of measurements (D), and
flight within each date (F). For T-LiDAR variables, a fixed-effect of the tree position relative to
the LiDAR (R) was included. The best model was selected (Table 1) to minimize the Akaike
Information Criterion (Table 1). Variance components were used to estimate broad-sense

heritability (H?) as:
H? = varG/(varG +varRes/n)

with varG the genotypic variance, varRes the residual variance, and n the number of replicates per

genotype.

A 95% confidence interval (CI) for H?> was calculated using parametric bootstrap (1000

simulations) with the function BootMer (R/Ime4).

BLUPs (Best Linear Unbiased Predictors) of genotypic values were extracted for each trait. To
quantify the genotypic response to soil water deficit, we calculated at each date another variable
named resp.TSTA computed as the difference between BLUPs of 7574 under WD condition
(ISTA.WD) and BLUPs of TS7TA under WW condition (7STA.WW). The ratios
resp.TSTA_12.07/resp. TSTA_27.07 (named contrib_12.07) and
resp. TSTA _17.07/resp. TSTA_27.07 (contrib_17.07) were further calculated to quantify the
proportion of variation in resp. TSTA observed at severe soil dryness intensity (27" July) that was

achieved at light (12 July) and moderate (17 July) intensities of soil dryness.
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Multivariate analyses of correlations between all traits were performed on BLUPs.

Genome wide association studies

Association tests

GWAS was performed to look for associations between BLUPs and genomic markers. We used
the Axiom®Apple 480 K array that resulted in 275,223 robust SNPs for GWAS upon stringent
filters (Bianco et al., 2016; Denancé et al., 2022). Filtering for minor allelic frequency (MAF)
above 0.05 yielded 262,437 SNPs actually tested in GWAS. All results use the SNP positions on
the latest version (v1.1) released for the apple genome based on the doubled haploid GDDHI13
(Daccord et al., 2017).

Two types of GWAS models were used. A SNP-by-SNP model implemented in GEMMA version
0.97 (Zhou & Stephens, 2012) based on a linear mixed model was used to test the significant
effect of each SNP, as follows:

Y=u+XB+U+E

where Y is the vector of BLUPs, p the overall mean, X is the vector of SNP scores, B is the
additive effect, U and E represent random polygenic and residual effects, respectively. The
variance-covariance matrix of U was determined by a genetic relatedness (kinship) matrix
estimated based on SNPs with MAF>0.05, using VanRaden kinship estimator (VanRaden, 2008).
Genomic heritabilities (h?) were computed as the ratio of variance explained by the polygenic
effects (G) to the total BLUP variance, in the null GWAS model, i.e. without considering the
effect of individual SNPs (). This model, accounting only for relatedness, was found (based on
AIC values) to be the best to control confounding factors as compared to models accounting for
structure (assessed with the Admixture software (Alexander & Lange, 2011) and found to be
weak), or for relatedness plus structure. The SNP effects were considered significant when the p-
value (pval) from the Wald test statistic was smaller than the Bonferroni threshold, controlling the
family-wise error rate at 5% to account for multiple testing. This threshold was calculated on a
subset of nearly independent SNPs using a LD pruning method implemented in PLINK/indep
(Purcell et al., 2007) with a recommended set of parameters (window of 50 SNPs sliding by 5
SNPs and a variance inflation factor of 2). This yielded 23,200 independent SNPs hence a
genome-wide significance threshold of -log;o(pval)=5.63.
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We also used the multi-locus mixed model MLMM proposed by Segura et al. (2012). The model
is based on a stepwise regression procedure and jointly analyses all SNPs in order to select a
subset of SNPs with large effects while handling LD. This procedure starts with a SNP-by-SNP
model, followed by inclusion, at every iteration, of the SNP with the smallest p-value as an
additional fixed effect, until the proportion of variance explained by the polygenic effect is close
to zero. We fitted it with R/mlmm allowing a maximum of 7 iterations. The selected model was
the one with the largest number of SNPs, which all have a p-value below the multiple-testing

significance threshold as previously determined (mBonf criterion, Segura et al., 2012).

For each trait, GWAS results obtained with GEMMA and MLMM were compared. SNPs selected
by both methods were considered ‘highly reliable’ and further used for analysing interaction
effects and candidate genes. R/rutilstimflutre (Flutre, 2019) was used for post-processing GWAS
results (e.g. boxplots of allelic effects).

Effects of SNPs identified as cofactors and analyses of interactions between significant SNPs

For each trait, the total percentage of variation explained by all significant SNPs identified with
MLMM was extracted from MLMM output. The percentage of explained variance and the effect
associated to each individual SNP was also assessed, with linear models for each SNP separately.
The “mode” of action of each SNP was computed as the ratio of dominance to additive effect as
described in Urrestarazu ef al. (2017). No dominance effect is associated with ratio values close to

0 whereas values close or greater than 1 are associated with strong dominance.

When several ‘highly reliable’ SNPs were detected for a given trait, all possible pairwise
interactions were tested. More specifically, we performed generalized-least squares F-tests
between the models including additive and interaction effects between SNPs or only additive
effects (like in MLMM). For the particular situation of chrl3 where significant SNPs were
detected for several traits, a haplotype-based analysis was attempted to decipher the genetic

control of these traits (Suppl. Method S1).

Intervals definition and candidate genes exploration

In order to investigate candidate genes in the associated regions, QTLs were defined as intervals of
+100kb around the most significant SNPs (in line with Urrestarazu et al., 2017). We retrieved the
list of genes within the intervals together with their annotations of protein-coding and non-protein-

coding genes using GDDHI3 genome vl1.1 browser (https://iris.angers.inra.fr/gddh13/).

This article is protected by copyright. All rights reserved


https://iris.angers.inra.fr/gddh13/

Annotations for gene biochemical functions were enriched by the biological functions inferred
from the putative orthologues identified in Arabidopsis thaliana retrieved from
(www.rosaceae.org). We searched UniProt (www.uniprot.org/) and TAIR (www.arabidopsis.org/)
databases to get a complete description of the gene functions based on gene ontology and

annotation.
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RESULTS

Strong genotypic variability for multi-spectral indices and vegetative architecture

At each date, NDVI, GNDVI and MCARI2 showed large variability with bell-shaped almost
symmetric distributions (Fig. S3) and a low effect of WD (e.g. WD decreased average NDVI as
compared to WW conditions by >1% on 17" July and by >5% on 27% July). Importantly, strong
positive correlations (r>0.7) were observed between dates. We thus estimated a single BLUP for
subsequent analyses for each of these three indices, integrating the four dates and both scenarios.
Corresponding H? values were higher than 0.9 (Table 1). All three indices displayed a wide range
of variation between cultivars, e.g. up to a six-fold difference between minimum and maximum

BLUPs for NDVI (Table 1).

Canopy development, tree architecture and light interception related traits were computed at a
single date, in either summer or winter. The models selected sometimes accounted for the watering
scenario but its effect remained low (Table 1; e.g. a volume was decreased by a 5% in WD trees
as compared to WW trees). This effect likely resulted from cumulative effects of summer water
depletion in 2016 and 2017. A wide range of genotypic variability was found for all traits (Table
1), revealing a strong diversity within the collection for both canopy and tree structure (e.g.
a_volume ranged from 0.24 to 1.55 m? and nb_axes between 70 and 545) and light interception
(e.g. STAR varied from 0.55 to 1.06). High values of H> were observed (0.71-0.86, Table 1). The
first two dimensions of the PCA jointly explained 72% of the total variability (Fig. 1a,b). The first
dimension (Dim.l) was associated with vegetative development (a_volume, TCSA, nb_axes,
total length) whereas the second (Dim.2) was associated with light interception (ci, STAR) (Fig.
S2b,c). H? values for Dim.I and Dim.2 were high (0.77 and 0.85).

Genotypic correlations (Fig. 1c) emphasized the strong correlations between variables related to
vegetative architecture on the one hand, or light interception on the other hand. No clear
correlations between both groups were observed except for STAR that was slightly negatively
correlated to architectural traits (a_volume, c_volume). NDVI was strongly correlated with GNDVI
and MCARI2 (r=0.85 and 0.95 respectively) while the correlation between GNDVI and MCARI2
was lower (r=0.67). BLUPs of these three variables were significantly, positively correlated with

the ones related to canopy development, particularly a volume and Dim.1 (Fig. 1c).
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Genotype-dependent control of canopy temperature in WW conditions

TSTA, the difference between canopy surface and air temperature computed from thermal imaging,
was first evaluated for the WW trees as a proxy for water loss in non-limiting watering conditions
(TSTA.WW). Despite the stability of Wy, across the four measurement dates (Fig. S1), mean
values of TSTA. WW differed between dates (Fig. S4), likely due to atmospheric variations between
dates (Table S1). However, the genotype had a significant effect at each date (pval<10-3). To
estimate BLUPs of TSTA.WW independent of atmospheric variations, we used data collected on
the four days with a mixed-effect model including a fixed effect of the measurement date. These
ISTA.WW BLUPs displayed a substantial range of variability among the cultivars (0.4-2.3°C) with
H?>=0.67 (CI 0.65-0.68). This suggests a genotype-dependent control of water loss in WW

conditions.

Large genotypic variations in the response of canopy surface temperature to intensifying
soil drying

Genotypic values of 7STA for WD trees (7STA. WD, Fig. 2) were calculated at each date. H* values
were similar between dates (05/07, H>=0.30 with CI=0.25-0.33; 12/07, H*=0.43 with CI=0.39-
0.48; 12/07, H*=0.44 with CI=0.40-0.49; 27/07: H>=0.35 with CI=0.31-0.39). TSTA. WD displayed
a marked and progressive increase along with intensification of soil drying (Fig. 2a). Mean
resp.TSTA increased over the experiment (Fig. 2b): from 1°C under light WD up to 2.7°C under
severe WD. A wide range of variation was found among the 241 cultivars for resp.TSTA (Fig.
2b,c) which ranged from 0 to 2.3°C at the onset of soil WD and from 1.9 to 4.4°C under severe
WD. resp.TSTA genotypic values were significantly correlated between consecutive dates, but
correlations were lower when dates were more distant in time (Fig. 2¢). Besides, contrib 12.07
and contrib_17.07 were positively correlated with higher values for contrib 17.07 for a large
majority of varieties (Fig. 2d). This indicates a general consistency in the ranking of genotypes for
the proportion of their maximal canopy temperature increase observed at the light and moderate
intensities of soil dryness. Yet, the correlation was not tight (r=0.45), and contrib_12.07 and
contrib_17.07 did not correlate with the absolute value of maximal resp.TSTA observed on 27™
July (Fig. S5). These results emphasize that genotypes prematurely affected by WD are not

necessarily those responding the stronger to soil dryness.
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Genotypic variations in canopy surface temperature and vegetative architecture are weakly
related

We further investigated correlations between BLUPs for traits related to canopy development or
light interception on the one hand, and canopy surface temperature under WW (7STA.WW) or in
response to severe WD conditions (resp.TSTA 27.07) on the other hand (Fig. 3, Fig. S6).
Correlations were generally low. A negative trend was observed between TSTA. WW (respectively
resp.TSTA_27.07) and canopy development, suggesting a tendency for more vigorously growing
cultivars to maintain stronger canopy temperature regulation than small cultivars. However, the
weakness of these correlations (r<0.43) indicated that multiple combinations of these traits exist
depending on the cultivar. Regarding the relationship between canopy surface temperature (either
ISTA.-WW or resp.TSTA 27.07) and light interception efficiency, correlations appeared even
weaker (0.04<r<0.26), although significantly different from zero.

Different genomic regions are associated with tree architecture and light interception
Significant associations were found for all traits related to vegetative architecture, multispectral
indices and light interception with a SNP-by-SNP model fitted with GEMMA (Table S3), except
for STAR. MLMM reduced the number of significant SNPs in zones where numerous SNPs were
significant with GEMMA and discovered 16 new associations (Table S3). The best model selected
by MLMM contained from one to six SNPs depending on the trait. Overall, the proportion of
genotypic variation explained by each individual SNP ranged from 2.5 to 14%, while the total
proportion jointly explained by the set of SNPs kept by MLMM reached up to 40% (nb_axes and
Dim.2, Table S4). We further focused on seven ‘highly reliable® SNPs, detected with both
GEMMA and MLMM, and on the corresponding genomic regions (Fig. 4, Table 2). For each
highly reliable SNP, the count of underlying genes within a £100kb interval varied between 12
and 37 and most of these genes were annotated (Table 2, Table S5).

Two regions were specifically associated with traits related to light interception: one in the middle

of chromosome (chr) 7 (Dim.2) and one at the top of chrl5 (ci). The results obtained on the
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corresponding SNPs for the other traits related to light interception confirmed their substantial,
although non-significant, effects. For instance, the SNP on chr7 found significant for Dim.2 (-
logio(pval)=5.73), had a -logio(pval) of 4.68 for STAR and of 3.84 for ci (Fig. S7a; Table S3).
Similarly, the SNP on chrl5 significant for ci (-logo(pval)=5.77), had a -logo(pval) of 4.35 for
Dim.2 and 3.12 for STAR (Fig. S7b). In both cases, SNPs displayed similar allelic effects for
STAR and Dim.2, and opposite effects for ci, consistent with the relationships previously reported

between these three traits.

For the variables related to vegetative architecture and multispectral indices, five regions were
detected (Fig. 4; Fig. S8). Three zones were associated with vegetative architecture: (1) one at the
top of chr2 (TCSA and Dim. 1), (2) one in the middle of chr4 (total length and Dim.I), and (3) one
at the top of chr8 (nb_axes). One zone was specifically associated with MCARI2 and NDVI at the
top of chr6. A last zone displaying the highest significance on chr13 was associated with five traits
(a_volume, Dim.1, MCARI2, NDVI, GDNVI) with -log,o(pval) up to 7.7 (Table S3). The four first
zones above-mentioned (chr2, 4, 6, 8) were defined either by a single SNP significant for several
traits (e.g. on chr2, SNP significant for 7CSA4 and just below the threshold for Dim.1 with parallel
allelic effects, Fig. S8a), or by two distinct SNPs in close vicinity and high LD (e.g. on chr6, the
SNP detected for MCARI2 and the one detected for NDVI were 28kb distant with LD=0.97, Fig.
S8c¢).

The associations found at the top of chrl3 corresponded to 14 different SNPs detected with
GEMMA, spanning a distance of 1 Mb (Fig. 5a; Fig. S9). Although the whole 1Mb region did not
display a particular pattern of high LD (Fig. S10), a hierarchical clustering on the basis of the 14
associated SNPs (Fig. 5¢) showed the existence of a first group (183 cultivars) with a majority of
homozygous SNPs for the major allele, a second group (53 cultivars) with heterozygous SNPs,
and a last one (5 cultivars) with homozygous SNPs for the minor allele. This clustering in 3 groups
significantly explained the genotypic variation for both multispectral indices and vegetative
architecture -related traits (Fig. 5d; Fig. S11). Among the 14 SNPs, three were kept by MLMM,
controlling respectively (1) a volume and Dim. 1, (2) NDVI and MCARI2 and (3) GNDVI (Table 2,
Table S3). The two first SNPs, in high LD (LD>0.6, Fig. 5b), were located close on the
chromosome (52kb apart, Table S3). Both those SNPS explained 10 to 14% of the genotypic
variation depending on the associated traits and displayed similar MAF (around 0.2). For these

two SNPs, the minor allele had a positive effect on the values of the four variables (Fig. S9). This

This article is protected by copyright. All rights reserved



suggests the existence of a common causal polymorphism for a volume, Dim.I, NDVI and
MCARI2. Conversely the SNP significant for GNDVI displayed low LD (Fig. 5b,c) with the two
other SNPs and was located further away (1000 kb). This SNP explained 10% of the genotypic
variation of GNDVI with a MAF of 0.35. A complementary haplotype-based analysis performed
on this region (Suppl. Method S1) consistently pointed at two distinct sub-regions respectively

controlling (1) a_volume, Dim.1, NDVI and MCARI2, or (ii)) GNDVI (Fig. S12).

We tested interactions between SNPs for the traits where several highly reliable SNPs were
detected (respectively TCSA and MCARI2 with two SNPs for each, Table 2). No interaction effect
between the corresponding SNPs could be detected.

A number of likely candidate genes relevant for vegetative development were identified within the
intervals of the highly reliable SNPs (Table S5). The interval surrounding the SNP on chrl3
affecting Dim.I and a_volume contains the gene MD13G1047100 homologous to ABNORMAL
SHOOT 5, and MD13G1047200 homologous to BRANCHED 2. Moreover, two genes
(MD04G1132000 with two copies and MD04G1132400) homologous to LATERAL
BRANCHING OXIDOREDUCTASE 1, were found in the interval for fotal length on chr4. In
addition, MD08G1043600 homologous to HOMEOBOX GENE 1 and MDO08G1043700
homologous to NDL1 were found in the interval for nb_axes on chr8 (Table 2, Table S5). By
contrast, in the regions specifically associated to vegetation indices, we found genes whose
homologous are related to the photosynthetic machinery and chlorophyll content: (i) on chrl3,
MD13G1046400 homologous to STN7, (ii) MD13G1061000, homologous to the pyrimidine
reductase PHS1 and (iii) MD13G1063900 homologous to the transcription activator NAP. We did
not identify obvious candidates within the intervals surrounding associations for light interception

related traits.

Genomic regions controlling canopy temperature are independent from those controlling
vegetative architecture

A unique highly reliable SNP controlling 7STA. WW was detected, on chr14 (Fig. 6, Table 2, Table
S3). It explained 10% of the genotypic variation and displayed homogeneous allele distributions
(MAF=0.48, Fig. 7a). This SNP was close to a gene homologous to the NIP5;1 plasma membrane
protein (Table S5). No significant SNP was detected for resp.TSTA on the first three dates. At the
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last date, i.e. under the most pronounced soil WD, two regions were detected. The first one,
located in the middle of chr7 (Fig. 6), was detected both with GEMMA and MLMM. A second
region was detected on chr2 with GEMMA only. MAF were equal to 0.05 and 0.25 for the SNPs
on chr7 and chr2, respectively, and they individually explained 11-12% of the genotypic variance.
No interaction effect between those SNPs could be detected with a linear model including all
allelic classes at each SNP, probably due to a strong imbalance in the number of observations per
combination of genotypic classes. We further investigated whether these SNPs, detected at the
most pronounced WD, had some effect at the onset of WD (Fig. 7c). Interestingly, although the
SNP on chr7 was not significant on 5%, 12t and 17t July, it displayed increasing effects with the
intensification of the soil WD. A single highly reliable SNP was detected for contrib_17.07, on
chr12 (Fig. 6). No significant SNP was identified for contrib_12.07. Homologous to genes
involved in the ABA pathway and in the sugar signalling pathway were found in close vicinity to
the SNPs on chr2 and chr7: (i) MD07G1239200, homologous to ATAIRP2 TARGET PROTEIN
1, (i) MD02G1255200, homologous to ABCDI, and (iii)) MD02G 1255300 homologous to INV-E.

Finally, the SNP significant for 7S7A. WW had no effect on resp. TSTA (Fig. 7b). Similarly, the two
SNPs significant for resp. TSTA had no effect on 7STA. WW (Fig. S13), reinforcing the observation

that distinct controls regulate thermal responses of canopy in WW and WD conditions.

DISCUSSION

An original combination of high-throughput field phenotyping with GWAS

To the best of our knowledge, our work is the first to jointly examine genetic variability in tree
architecture and canopy functional response to increasing soil drying. The wide genetic
background and the original phenotyping tools used allowed us to overcome several bottlenecks

encountered by previous studies.

T-LiDAR measurements provided a fine description of tree architecture, shape, and light
interception. Vegetation indices calculated from multispectral imaging proved to be
complementary to these descriptors. Finally, estimating canopy surface temperatures from thermal

imaging in the same experiment allowed us to assess water use strategies on adult trees with

This article is protected by copyright. All rights reserved



complex canopy. Conducting such a study in the field also ensured realistic conditions for root

development and soil drying, compared to pot experiments (Turner, 2019).

For all traits, high genetic coefficients of variation indicated diversified adaptive strategies in the
core-collection. This core-collection mostly consists of French but also European old dessert apple
varieties with a large genetic variability due to the heterozygous nature of domesticated apple and

the large gene flow at the European scale as shown by Urrestarazu et al. (2016).

We jointly used two GWAS methods, GEMMA (Zhou & Stephens, 2012) and MLMM (Segura et
al., 2012), and defined ‘highly reliable’ associations for further in-depth analysis, which
corresponded to SNPs that were significant for the same trait with both methods. These
associations were also often just below the threshold of significance for other highly related traits
(e.g. STAR, ci and Dim.2 on chr7 and chrl5). With this approach, a single or two highly reliable
genomic regions were detected for each trait with an individual SNP effect explaining 5-15% of
the genotypic variation, despite the fairly high values of genomic heritability estimated for all
traits (around 0.5). Taken together, these results confirm that these architectural traits are
controlled by polygenic effects of low intensity distributed along the genome. Epistasis
interactions could also influence the phenotypic variations. However, the size of the population
yielding low MAF values for certain markers hampered the possibilities to detect such
interactions. Extending such studies to a broader genetic background (Jung et al., 2020) could

unravel these interactions.

Architectural traits and vegetation indices are controlled by common and specific genomic
regions

We characterized tree architecture through many different traits (Fig. 1). PCA allowed to
transform this massive set of correlated traits into a reduced set of two PC coordinates (He et al.,
2008). This strategy increased detection power, as GWAS on these integrated variables revealed
different causal genomic regions for Dim.l (vegetative development) and for Dim.2 (light
interception capacity), and the discovery of genomic regions that had been overlooked for

individual traits (e.g. association for Dim.2 on chr7).

Five highly reliable SNPs were associated with vegetative architecture (Table 2), for 7CSA (chr2
and 8), total length (chr4), nb_axes (chr8), and for Dim.I and a_volume (chr13). Two of these

regions co-localized with QTLs previously reported in biparental progenies on related traits (Table
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S6). The SNP found for total length on chr4 echoes the localization of a QTL for the number of
axillary shoots at tree scale, and is in close vicinity to a QTL for mean internode length on
proleptic shoot found by Segura et al. (2009). These traits are very likely to contribute to the total
cumulative axis length considered here, reinforcing the association reported in the present study.
Conversely, the new regions discovered in our study on chr2 and 8 were not previously reported,

emphasizing the interest of using a broad genetic diversity.

The SNPs detected for vegetative development pointed to highly relevant candidate genes. In
particular we identified in the intervals genes homologous to (i) ABNORMAL SHOOT 5, that was
shown to have a crucial role for leaf development and morphogenesis (An ef al., 2014; chrl3), (ii)
BRANCHED 2 that controls axillary bud development (Aguilar-Martinez ef al., 2007; chr13), (iii)
LATERAL BRANCHING OXIDOREDUCTASE 1, involved in the biosynthesis of
strigolactones, (fotal length on chrd). Strigolactones are known to suppress bud outgrowth
(Gomez-Roldan et al., 2008) and this function was shown to be conserved in trees such as Populus

(Muhr et al., 2016).

Genes related to two other hormones involved in shoot development were also identified in close
vicinity of the SNP detected on chr8 for nb_axes. These genes are respectively homologous to
HOMEOBOX GENE 1 and to NDLI that both contribute to the control of zonation and lateral
organ outgrowth in apical meristems via gibberellin biosynthesis (Goémez-Mena & Sablowski,

2008), and auxin transport (Mudgil et al., 2013), respectively.

It is striking that specific genomic regions were detected for vegetation indices (NDVI, MCARI2,
GNDVI) distinct from those associated with vegetative development, highlighting the
complementary nature of the information they carry. These associations were consistent with the
chlorophyll-related characteristics often attributed to vegetation indices. For instance, on chrl3,
the gene homologous to STN7, a protein kinase involved in photosynthesis regulation was found
in the region specifically associated to MCARI2/NDVI. This kinase plays a well-described role in
the redistribution of light excitation energy between photosystem II and photosystem I (Depége et
al., 2003; Lemeille et al., 2009). It is noteworthy that GNDVI that has been proposed to display
more sensitivity to chlorophyll concentration than the two other indices (Gitelson et al., 1996),
revealed complementary regions. Here indeed, two genes located in the interval associated with
GNDVI only were associated with chlorophyll degradation: the pyrimidine reductase PHS1
(Ouyang et al., 2010) and the transcription activator NAP (Lei ef al., 2020).
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A large variation in water economy strategy under genetic control

Although water deficit is a major limiting factor for plant growth and production, its impact on
genetic variability in fruit trees has mostly been studied on young potted plants (Lauri et al.,
2011), or detached leaves (Bassett ef al., 2015). Here we deployed a more realistic approach in the
orchard, by withholding irrigation over one month in summer resulting in a gradual water
limitation that echoes the tense situations on the water resource typically encountered in the
Mediterranean regions (Sofo et al., 2012). Because the water deficit was short and late during the
tree growth season, architecture related traits were not, or only slightly affected by WD, contrarily

to the functional traits.

In this study, water potential values gradually differentiated between WW and WD trees. At the
last date of measurements, mean Wgem miaday reached -1.8 MPa for WD trees, representative of a

well-established water deficit (Naor, 2006).

It is noteworthy that the difference between canopy and air temperature (7S7A4) considered as a
proxy of canopy transpiration (Jones et al., 2009) revealed strong diversity among varieties in the
WW scenario(Fig. S4). A highly reliable SNP was found on chr14 for 7STA. WW, close to NIP5;1
that belongs to NIPs aquaporin family with a water channel activity (Takano et al., 2000).
Aquaporin activity in leaves has been correlated with leaf hydraulic conductance in perennial
species such as grapevine (Pou ef al., 2013). Because close feedbacks link water transport and
stomatal opening (Sack & Holbrook, 2006), this could suggest that variations in constitutive water
transport might play an important role in the genetic variability in canopy temperature in WW

conditions.

The response of canopy surface temperature to soil water deficit (resp.TSTA) increased with its
severity, and a strong and increasing genotypic variability was observed along the month of
measurements. It should be noted that in such an orchard experiment, the evolution of the soil WD
was only partly controlled, resulting in variability for Wy (Fig. S1) as well as Wicatpredawn (Table
S2) at any date of measurements. Genetic variations observed might thus arise from a genotypic
capacity to limit soil water depletion, rather than only from a genotypic response to the same WD
level and despite all trees grew on the same rootstock. The variations in resp.7STA observed
within the collection likely reflect variability in stomatal closure, as suggested by the genes
underlying the corresponding associations, involved in the widely conserved abscisic acid (ABA)

and sugar signalling pathways. Two genes involved in the ABA pathway (ATAIRP2 TARGET
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PROTEIN 1 that mediates ABA-dependent stress response (Oh et al., 2017), and ABCD1 which is
epistatic to ABI3 and ABAI that both affect ABA signalling in guard cells (Parcy & Giraudat,
1997)) were found in the associated intervals on chr2 and chr7. Genes of the sugar signalling
pathway were revealed such as INV-E involved in starch and sucrose metabolic process (Vargas et
al., 2008). Sugars, as end products of photosynthesis, contribute to stomatal closure of various
angiosperm species to coordinate sugar production with water loss (Kottapalli et al., 2018).
Strikingly, although these SNPs were only significant at the strongest soil dryness intensity
(resp.TSTA.27 07), they showed consistent and increasing effects at lighter WD intensities (Fig.
7¢). This suggests that the corresponding signalling pathways may also play a role at light and
moderate WD. Variation in the ranking of cultivars by WD intensity (Fig. 2d) as well as the
relatively weak SNP effects (Table S3) detected for resp.TSTA and contrib_17.07 are consistent
with the many genes known to control stomatal differentiation (Bertolino et al., 2019) and

function (Ward et al., 2009), with a variable contribution depending on WD intensity.

Independent controls of tree architecture and canopy surface temperature response to soil
drying

A major outcome of this study is that phenotypic and genetic analyses indicate independent
controls of traits respectively related to (1) vegetative architecture, (2) light interception, and (3)
water loss estimated by canopy surface temperature. This represents an important step in our
understanding of the physiological and genetic basis of these three groups of traits, which are all
relevant breeding targets in the context of climate change. As a consequence, multiple allelic
combinations exist within the apple tree collection for the 16 highly reliable SNPs (Table S7, Fig.
S14). This allows exploring for specific combinations. For instance, results presented in Table S7
and Fig. S14 indicate that a large subset of cultivars bear alleles favourable to maximizing light
interception efficiency, which could be an advantageous feature in the view of maximizing the
production of photo-assimilates at the tree scale. Within this subgroup, cultivars could then be
targeted with alleles conferring either high or low increase in canopy surface temperature under
water deficit, indicative of more or less stomatal closure. While stomatal closure may be beneficial
to save water and avoid catastrophic drops in leaf water potential, stomatal opening may on the
contrary be beneficial to carbon assimilation and leaf cooling. The likelihood of negative or
positive outcomes of each allelic combination will strongly depend on the severity of water deficit

events encountered during the growing seasons (Tardieu, 2012). These results open promising
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avenues, suggesting that breeding schemes could incorporate genotypes carrying favourable
alleles for all three groups of architectural and functional traits. Importantly, there is no unique
ideal combination of architectural and functional traits. Ideotypes shall be reasoned depending on

environmental constraints and production objectives.
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The following Supporting Information is available for this article:
Fig. S1. Evolution of soil water potential during the experiment

Fig. S2. Tree architecture and light-interception related traits retrieved from T-LiDAR

measurements.

Fig. S3. Vegetation indices (NDVI, GNDVI and MCARI?) are stable and correlated across dates

and watering scenarios.
Fig. S4. Canopy surface temperature (7S7A4) under the well-watered scenario across dates.

Fig. S5. Correlations between the proportion of maximal canopy temperature increase observed at

the light and moderate intensities of soil dryness, and the maximal canopy temperature increase.

Fig. S6. Weak correlations between tree canopy temperature and traits related to vegetative

architecture and light interception.

Fig. S7. Two regions associated with traits related to light interception capacity on chromosomes 7

and 15.

Fig. S8. Three regions associated with traits related to tree architecture on chromosomes 2, 4, and

6.

Fig. S9. Boxplots of allelic effects for a large region associated with several architecture-related

traits on chromosome 13.

Fig. S10. Heatmap of linkage disequilibrium in a large region associated with several architecture-

related traits on chromosome 13.
Fig. S11. A large genomic region controls architecture-related traits on chromosome 13.

Method S1. Haplotype analysis of a genomic region controlling architecture-related traits on

chromosome 13.
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Fig. S12. Haplotype analysis of a genomic region controlling architecture-related traits on

chromosome 13.

Fig. S13. Different regions controlling respectively the canopy temperature in well-watered

conditions, or its response to water deficit.

Fig. S14. Heatmap of allelic effects for the 16 highly reliable associations and the 241 cultivars of

the apple tree core-collection.

Table S1. Summary of the meteorological variables during the drones’ flights at the four dates of

measurements in July 2017.

Table S2. Leaf and stem water potentials measured on 45 trees among the apple tree core-

collection.

Table S3. Complete set of associations detected for the traits related to vigour, light interception
and canopy temperature response to water deficit computed from T-LiDAR, multispectral and

thermal imaging on a collection of 241 apple tree varieties.
Table S4. Summary of the GWAS results per trait.
Table S5. List of genes underlying the most highly reliable SNPs.

Table S6. Co-localizations between associated SNPs on the apple core collection and SSR

associated on bi-parental populations for similar or related traits.

Table S7. List of allelic effects for the 16 highly reliable associations and the 241 cultivars of the

apple tree core-collection..

Figure 1. Principal Component Analysis (PCA) on light interception, plant architecture and shoot traits, and
matrix of correlations between genotypic values of the vegetation indices and vegetative architecture -related
traits in an apple tree collection. (a, b) Projection of variables on the first and second (respectively first and third)
dimensions (‘Dim’) of the PCA. Percentages of variance explained by each axis are displayed in the axis label. The
analysis was carried out on individual tree values. n=964 trees. (¢) Matrix of correlations calculated from BLUPs of
genotypic values for n=241 cultivars. In the bottom left part of the matrix, Pearson’s correlation coefficients (r values)

are indicated together with their significance. In the top right part of the matrix, the colours of the squares are used to
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represent these r values. a_volume, alpha hull volume; ¢_volume, convex hull volume; ci, convexity index; STAR,
silhouette to leaf area ratio; height, plant height; total length, total cumulative axis length; nb_axes, number of axes;
TCSA, trunk cross sectional area; Dim.l and Dim.2, respectively first and second principal components of the PCA

analysis on light interception, plant architecture and shoot traits.

Figure 2. Canopy surface temperature (7S7A4) variability and increase with soil drying within an apple tree
collection of 241 cultivars. (a) Density plots of 7STA in the well-watered (WW) and water deficit (WD) scenarios in
July. (b) Boxplots representation of resp.TSTA (difference between BLUPs of TSTA.WD and of TSTA.WW), on the
four measurement dates. Boxplots present the median (centre horizontal line) and interquartile range (purple box) of
each group. The upper and lower whiskers represent data within 1.5 * the interquartile range, and values beyond these
upper and lower bounds are considered outliers, marked with dots. (c) Graphs of correlations between resp.TSTA
across dates with their associated Pearson’s (r,) and Spearman’s (r) correlation coefficients (*** pval<l10~4; **
pval<10?). (d) Correlation between contrib_12.07 and contrib_17.07, respectively the ratios
resp. TSTA_12.07/resp. TSTA_27.07 and resp.TSTA_17.07/resp. TSTA_27.07. n=241 varieties.

Figure 3. Correlations between canopy surface temperature and traits related to vegetative architecture and
light interception in an apple tree collection of 241 cultivars. (a,b) Relationship between BLUPs of canopy
temperature in well-watered conditions (7STA.WW), and vegetative development as represented by Dim.! (a), or light
interception efficiency as represented by Dim.2 (b). (c,d) Relationship between BLUPs of the response of canopy
temperature to severe water deficit (resp.TSTA_27.07), and vegetative development (Dim.I) or light interception
efficiency (Dim.2). n=241 cultivars. Pearson’s correlation coefficients are displayed together with their significance

(*** pval<1073, * pval<0.05, ‘ns’ non-significant).

Figure 4. Genome Wide Association Studies (GWAS) with single-SNP and multi-SNP methods reveal different
regions strongly associated with vegetative development- related traits or and light interception- related traits
in an apple tree collection of 241 cultivars. (a) Results from single-SNP GWAS with GEMMA. Lodplot for SNPs
with -logio(pval) above 4. (b) Results from multi-SNP GWAS with MLMM. The red dotted line represents the
threshold of -log;y(pval). Only chromosomes with highly reliable SNPs are represented. The complete list of GWAS
results is displayed in Supplemental Table S3. a volume, alpha hull volume; c¢_volume, convex hull volume; ci,
convexity index; STAR, silhouette to leaf area ratio; fotal length, total cumulative axis length; nb_axes, number of
axes; TCSA, trunk cross sectional area; Dim.I and Dim.2, respectively first and second principal components of the

PCA analysis on light interception, plant architecture and shoot traits.

Figure 5. A large genomic region controls architecture-related traits on chromosome 13 in an apple tree
collection of 241 cultivars. (a2) Manhattan plots from SNP-by-SNP GWAS with GEMMA, focused on chromosome
13 between 2,500 kb and 5,000 kb where 14 SNPs were found significant for five vegetative development-related
traits. The red dotted line represents the threshold of Bonferroni (-log,o(pval) = 5.63). (b) Matrix of linkage
disequilibrium between the 14 SNPs. (c¢) Heatmap of allelic values for the 14 SNPs and 241 cultivars ordered based on
a hierarchical cluster analysis. The three rectangles (bold, black lines) highlight the three groups from the clustering

(respectively group 1, n=183; group 2, n=53; group 3, n=5). (d) Boxplots of genotypic values of a_volume and NDVI
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per group. Boxplots present the median (centre horizontal line) and interquartile range (grey box) of each group. The
upper and lower whiskers represent data within 1.5 * the interquartile range, and values beyond these upper and lower
bounds are considered outliers, marked with dots. The significance of the group effect is displayed on the bottom right
corner (**, 0.001<pval<0.01; *** pyal <0.001). a_volume, alpha hull volume (m?®); Dim.I, the first principal
component coordinate of the PCA analysis on light interception and vegetative architecture traits; NDVI, GNDVI and
MCARI2, vegetation indices.

Figure 6. Different genomic regions specifically controlling canopy surface temperature in well-watered
conditions, or in response to water deficit in an apple tree collection of 241 cultivars. (a) Results from single-SNP
GWAS with GEMMA. Lod plot for SNPs with -log;o(pval) above 4. (b) Results from multi-SNP GWAS with
MLMM. The red dotted line represents the threshold of Bonferroni (-logjo(pval) = 5.63). Only chromosomes with
significant SNPs are represented. TSTA.WW, canopy surface temperature in well-watered conditions; resp.TSTA,
difference between BLUPs of 7S7A under water deficit (7STA.WD) and of TSTA in well-watered conditions
(TSTA.WW), for each of the four measurement dates; contrib_12.07 and contrib_17.07, respectively the ratios
resp.TSTA_12.07/resp.TSTA_27.07 and resp.TSTA_17.07/resp. TSTA_27.07.

Figure 7. Boxplots of allelic effects for the SNPs detected respectively for canopy surface temperature under
well-watered conditions (7.STA. WW), or its response to soil water deficit (resp. 7STA) in an apple tree collection
of 241 cultivars. (a) SNP AX-115288925 on chromosome 14 was significantly associated with TSTA. WW with both
GEMMA and MLMM. (b) It had no effect on resp.TSTA. (c) Boxplots of allelic effects at all stages of water deficit,
for the SNP on chromosome 7 significant for resp.TSTA at the last date (severe water deficit). The —logo(pval) from
SNP-by-SNP GWAS with GEMMA is indicated in the bottom right corner of each boxplot, and a star (*) is added if
significant (-logo(pval)>5.63). The mention ‘MLMM: *’ is added if the SNP is retained as significant with MLMM.
The effect of the minor allele is indicated on the top right corner. MAF, minor allelic frequency. Boxplots present the
median (centre horizontal line) and interquartile range (grey box) of each group. The upper and lower whiskers
represent data within 1.5 * the interquartile range, and values beyond these upper and lower bounds are considered

outliers, marked with dots.
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Table 1. Statistical indicators of the genotypic variability for vegetation indices and vegetative architecture-

related traits on a collection of 241 apple tree cultivars.

Genotypic (varG) and residual (varRes) variance components were estimated with the mixed-effect model accounting for random
genotype effect (G) and for fixed effects among watering scenario (S), date of measurements (D), position of the tree for T-LiDAR
measurements (R), and drone flight within each day of measurements for airborne imaging (F). They were used to estimate a
broad-sense heritability such as H? = varG/(varG + varRes/n). H? 95% confidence interval (CI) was determined by bootstrap. Mean,
min, max and coefficient of variation (CV) values were calculated using BLUPs (n=241 cultivars). Genomic heritability (h?) was
retrieved from MLMM outputs. a_volume, alpha hull volume (m?); ¢_volume, convex hull volume (m?); ci, convexity index; STAR,
silhouette to leaf area ratio; height, plant height (m); fotal length, total cumulative axis length (m); nb_axes, number of axes;
TCSA, trunk cross sectional area (cm?); Dim.I and Dim.2, respectively the coordinates of first and second principal components of

the PCA analysis on light interception and vegetative architecture traits.

Table 2. Highly reliable SNPs detected for the traits related to vegetative architecture, light interception and
canopy temperature response to water deficit computed from T-LiDAR, multispectral and thermal imaging on

a collection of 241 apple tree cultivars.

Following GWAS analyses with a single-SNP method (GEMMA) and a multi-SNP method (MLMM), ‘highly reliable’ SNPs were
defined as those significant (‘signif”) with both methods. For each highly reliable SNP, the trait is indicated together with the SNP
name, its location on a chromosome and its physical position (in bp, based on the apple genome GDDH13 v1.1). For each SNP,
complementary columns indicate its minor allelic frequency (‘MAF’), the minor and major alleles (allele 0 and 1 respectively), and
the allelic effect of the major allele (‘beta’), the percentage of variance explained by the SNP (‘pve’), its mode as retrieved from the
single-SNP analysis, and the +100kb interval around the SNP searched for candidate genes. ‘QTL _ID’ is the unique identifier of
this interval. The number of genes and the number of annotated genes in this interval are indicated, together with a highlight on the
most likely functions identified using both gene ontology and annotation. ‘NA’, non-available. Details on GWAS results and the

complete list of candidate genes can be found respectively in Supplemental Table S3 and S5.
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Variance

M t Broad . . G i
easuremen Trait 3¢  H2Cl  Selected model Genotypic Residual Min Mean Max CV o
type sense H? h?
(varG) (varRes)
Multi-spectral NDVI 0.94 0.93-094 P=G +S+D+F 0.0080 0.0053 0.17 0.42 0.6 0.17 0.41
imager GNDVI 0.94 0.93-094 P=G+S+D+F 0.0040 0.0027 0.11 0.3 0.44 0.17 0.44
gery MCARI2 0.92 0.92-093 P=G+S+D+F 0.025 0.014 0.18 0.55 0.82 0.22 0.35
c_volume 0.82 0.80-0.84 P=G 1.02 0.93 0.79 3 572 0.3 0.52
a_volume 0.77 0.75-0.79 P=G +S 0.053 0.064 0.24 0.79 155 0.25 0.49
of 0.86 0.85-0.88 P=G +S 0.061 0.038 0.14 0.29 0.51 0.25 0.56
T-LiDAR data STAR 0.79 0.78-0.81 P=G +S 0.011 0.011 055 0.73 1.06 0.12 0.27
height 0.81 0.79-0.83 P=G +S 0.070 0.066 145 2.25 291 0.11 0.64
total_length 0.80 0.78-0.81 P=G +R 96.1 98.1 9.49 30.64 60.39 0.28 0.57
nb_axes 0.83 0.82-0.85 P=G +R 8528 6890 70.12 219.46 545.38 0.38 0.65
Manual TCSA 0.71 0.69-0.73 P=G +S 131 21.4 9.5 16.0 189 0.15 0.37
. Dim.1 0.77 0.77-0.81 P=G +R 1.37 1.61 -3.62 0 3.23 - 0.54
PCA coordinates .

Dim.2 0.85 0.83-0.85 P=G +S 1.15 0.78 -2.61 0 2.99 - 0.38




sign. min-max
. physical. GEMMA / -logypval -loglOpval allele beta interval nb.genes nb.genes .
Trait SNP position (bp) sign. GEMMA MLMM MAF 1/0 GEMMA pve mode gene.search QrL_Ib in.interval annotated Best candidates
MLMM (bp)
1 gene involved in vegetative
14213043 - development, 1 in leaf
TCSA AX- 115511400 2 14313043  yes/yes 5.9 6.6 0.10 A/C -0.92 0.09 -0.55 14413043 QTL_TCSA_ch2 24 18 morphogenesis, 1in ABA
signaling related to growth
1 gene epistatic to ABA-
30632527 - QTL_resp.TSTA_ related genes, 1 involved in
resp.TSTA_27.07  AX- 115353652 2 30732527  yes/no 6.2 NA 0.25 C/A -0.16 0.10 0.46 30832527 27.07 _ch2 14 13 sucrose transport, 2 involved
in ROS response
3 genes related to
21691671 - QTL_total_lengt strigolactones, 2 to cell wall
total_length AX-105214995 4 21791671  yes/yes 5.8 5.8 0.18 T/G -5.24  0.11 0.94 21891671 h_cha 21 19 biosynthesis, 1 to
photomorphogenesis
212975 - TL_MCARI2
MCARI2 AX- 115471271 6 9312975 yes/yes 5.8 6.3 0.32 T/G -0.06 0.10 -0.19 9941299755 arL hc6 < 15 7 no obvious candidate
25627027 - 1 gene involved in plant
Dim.2 AX-115510439 7 25727027  yes/yes 5.7 9.4 0.08 G/A 0.82 0.06 NA QTL_Dim.2_ch7 18 14 development, 2 in relation
25827027 with flowering
30953644 - QTL_resp.TSTA_ 1 gene involved in ABA-
resp.TSTA_27.07  AX-115654802 7 31053644  yes/yes 7.0 7.0 0.05 /T 0.35 0.12 NA 31153644 27.07 _ch7 31 25 dependent stress response
1 gene related to gibberelin, 1
- L
nb_axes AX-115201917 8 3193084 yes/yes 5.9 87 040 T/C 4176 013 -030 °003084- QTlmbaxesc g 15 to auxin, 2 to ABA, 1 to
3293084 hg development
26595594 - 1 gene related to cell wall, 1
TCSA AX-115612404 8 26695594  yes/yes 5.7 6.3 0.16 G/A -0.77 0.09 -0.44 26795594 QTL_TCSA_ch8 12 8 to flowering
3 4861928 - QTL_contrib_17 1 gene involved in Ca2+
17.07 AX-11 2 . . B . . . - = . K
contrib_17.0 5355288 12 4961928 yes/yes 5.72 5.7 0.12 C/A 0.06 0.08 0.27 5061928 07 _ch12 22 19 signalling
_ 1 gene involved in PSII, 1 in
MCARI2 AX- 115238182 13 3315449 yes/yes 6.7 7.1 0.22 T/G 0.06 0.12 -0.27 3215449 QTL_MCARI2_N 23 22 chloroplast position, 2 in
3415449 DVI _ch13 shoot development
1 gene involved in PSII, 1 in
3215449 - TL_MCARI2_N
NDVI AX- 115238182 13 3315449 yes/yes 7.7 8.3 022 T/G 0.04 0.13 -0.18 arL h - 23 22 chloroplast position, 2 in
3415449 DVI _ch13 shoot development
3267459 - QTL_a_volume 2 genes involved in shoot
/[ AX- 1156024 . . B . . R - -
a_volume 5602433 13 3367459 yes/yes 5.8 5.8 023 /T 0.10 0.09 0.80 3467459 Dim.1_ch13 22 21 development
. 3267459 - QTL_a_volume_ 2 genes involved in shoot
Dim.1 AX- 115602433 13 3367459 yes/yes 6.2 6.5 023 /T 0.54 0.10 0.77 3467459 Dim.1_chi13 22 21 development
4266451 - QTL_GNDVI_ch 2 genes involved in
GNDVI AX-115431272 13 4366451 yes/yes 6.9 6.9 035 G/A 0.02 0.10 0.24 4466451 13 37 37 chlorophyll degradation
23653486 - QTL_TSTA.WW 1 channel involved in water
TSTA.WW AX-115288925 14 23753486 5.9 5.9 0.48 A/G 0.15 0.09 0.05 - - 20 14
ves/yes / 23853486 ch14 transport
2 genes involved in
B 7437144 - . chlorophyll degradation, 1 in
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