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Abstract

To study the heritability and genetic variation of plant biomass, transpiration
and water use efficiency (WUE) in apple (Malus x domestica Borkh.), 193 genotypes
from an INRA apple core-collection were evaluated in 2014. Four grafted replicates
per genotype grown as one-year-old scions were studied in a high-throughput
phenotyping platform (PhenoArch). Individual pot weight was recorded twice a day
and irrigation was scheduled to maintain constant soil water content (SWC) and avoid
any water stress during 46 days. Plant 3D pictures were automatically taken every two
days. Analysis of pictures and pot weights differences allowed the estimation of
whole-plant biomass and transpiration during the experiment. WUE was calculated as
the ratio of accumulated biomass to transpiration. For each trait, we tested nine
mixed models to account for the genetic effect and spatial variability inside
PhenoArch. The Best Linear Unbiased Predictors (BLUPs) of genetic values were
estimated after model selection. For each trait, broad-sense heritability (H2) was
calculated from variance estimates. Plant biomass, transpiration and WUE had H2
values of 0.76, 0.54, and 0.73, respectively. The H2z value of WUE is high enough to
consider that this trait is under genetic control in apple. The genetic variation of WUE
indicated that apple genetic resources such as the INRA core-collection could be
extremely useful to improve apple plant material for the use of water.

Keywords: high-throughput phenotyping, Malus x domestica Borkh., plant breeding, plant
images

INTRODUCTION

Apple (Malus x domestica Borkh.) is the most cultivated temperate fruit tree
worldwide (Faostat, 2012). Thus, the genetic improvement of apple has been undertaken in
multiple breeding programs. The most common objective is to select cultivars resistant to
pests and diseases with high fruit quality (Brown and Maloney, 2003). Although the
cultivation of plants with high water use efficiency (WUE) is becoming increasingly
important in the context of feeding the increasing world population with lower availability
of hydric resources, breeding for high WUE has received little attention in apple. To
incorporate WUE in apple-breeding programs, it is first necessary to perform phenotyping
studies to understand the genetic control and variation of WUE. While much information is
available on the heritability and genetic variation of morphological (Segura et al., 2006) and
physiological (Regnard et al., 2008; Lauri et al., 2011) traits that could be related with plant
water use, no study has determined the heritability for whole-plant WUE and the traits used
in its calculation (whole-plant biomass and transpiration). This lack of information in large
collection of apple trees may be related to the difficulty of measuring whole-plant biomass
and transpiration. Recent advances in high-throughput phenotyping technologies (HTPT)
provide an opportunity to screen for plant growth and transpiration across large germplasm
populations (e.g., Coupel-Ledru et al.,, 2014). In this study HTPT were used to determine
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biomass accumulation and transpiration of four replicates of 193 genotypes from an apple
core-collection with the objective of studying the heritability and genetic variation of whole-
plant WUE, biomass and transpiration.

MATERIAL AND METHODS

In this study we used plant material from an INRA apple core-collection located at the
INRA experimental unit ‘DiaScope’ in Montpellier, France. The collection was originally
developed by the IRHS-INRA in Angers (France) from a larger dessert apple germplasm
corresponding to old French and European cultivars (Lassois et al., 2016). In 2014, one-
year-old shoots for 193 genotypes from the collection were grafted onto M9 rootstock to
generate eight replicates for each genotype (1,544 plants). On April 2, the rootstock+scion
units were planted in nine litre pots in a greenhouse located in the ‘DiasScope’ unit. After
bud break (~April 12), one shoot plant! was maintained. Plants were grown in the
greenhouse until June 3.

On June 3, plants were transferred into a greenhouse equipped with HTPT located in
Montpellier (PhenoArch: http://bioweb.supagro.inra.fr/phenoarch). At this time plants had
a mean value of 20 leaves. Plants were grown in PhenoArch from June 4 until July 19.
PhenoArch conveyors allowed the movement of plants within the greenhouse, facilitating
the repeated measurements of soil water content (SWC) from pot weighting and plant
biomass from processed images under optimal environmental conditions for apple growth.
During the experiment, mean air temperature, humidity, and vapour pressure deficit were
similar from day to day with respective values of 24.77°C, 64.85%, and 1.13 kPa. The
maximum values of photosynthetically active radiation oscillated between 300 and 745
umol m-2 s1. PhenoArch had 28 lines and 60 rows for each line. Line and row spacing in
PhenoArch was respectively 40 and 20 cm. The 1,544 plants from the core-collection and 24
pots without plants (for the calculation of soil evaporation) were located in PhenoArch
according to a matched pairs design with four block-replicates. For each block, two
replicates of the same genotypes were located in the same row in two consecutive lines. For
each pair of rows, one replicate was grown under well-watered conditions and the other one
was grown under water stress. This study presents results for well-watered plants, which
received irrigation to maintain constant SWC at 70% of field capacity.

Aerial biomass for all the plants was determined every two days using plant images
and models to estimate biomass from picture parameters. Three plant images were taken
every two days for each plant by using a 3D Scanalyzer (LemnaTec, Wiierselen, Germany).
The Scanalyzer recorded images from the side of each plant for two different rotations (0°
and 90° view) and a view from the top (top view) (Figure 1). For each picture, three
parameters were computed using the LemnaGrid software (LemnaTec, Wiierselen,
Germany): Object Sum Area (OSA), Object Extend (OE), and Convex Hull Circumference
(CHC) (Figure 1). After testing the assumptions of linear regression, a multiple linear
regression was used to model the relationship between the picture parameters and
measured plant biomass:

Plant biomass = 3o+ 31 OSA_0° + 3, OSA_90° + 33 OSA_top + 34 OE_0° + {35 OE_90° + {36
OE_top + 137 CHC_0° + 33 CHC_90° + 39 CHC_top

where 3 represents the coefficient for the intercept, and f2; to {39 the regression coefficients
for the pictures parameters. After taking the last plant image of plants (19 July), the
regression coefficients of the models were calculated by measuring plant biomass for all the
plants. The biomass model had a root mean square error of 18 g. Accumulated plant biomass
during the experiment (A_Bio) was calculated as the difference between plant biomass at the
beginning and at the end of the experiment.
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Figure 1. Example of the frontal view (0° view) of a 3D plant image and parameters derived
from the image analysis. A: original plant image; B: ‘Object Sum Area’ (number of
all pixels that have been identified as part of the plant); C: ‘Object Extend’
(number of pixels of the width and height of the bounding box that surrounds the
plant); and D: ‘Convex Hull Circumference’ (number of pixels of the area of the
smallest convex envelope that contains all pixels that have been identified as part
of the plant). The same picture parameters were calculated for the second frontal
view (90°) and the top view.

During the experiment, PhenoArch recorded pot weights (before and after each
irrigation) twice a day. Plant evapotranspiration (ET) between irrigation events was
calculated as the difference between the pot weight after a given irrigation and the pot
weight before the subsequent irrigation. The ET values recorded during two consecutive
complete days were summed-up. Soil evaporation (E) for pots without plants was computed
using the same protocol. Plant transpiration (Plant_T) was calculated after subtracting the
mean values of E of the empty pots located in the same blocks from the corresponding
plants from the ET value. WUE was calculated as the ratio of accumulated plant biomass to
plant transpiration during the experiment.

All the analyses were performed using the R software (R Development Core Team,
2012 version). Analyses of data were performed for 183 genotypes because all the plants for
ten genotypes died during the experiment. For each trait, nine mixed effect models were
developed to account for the genetic effect and the spatial heterogeneity inside PhenoArch
(Table 1). For each model, the genetic effect was considered as a random effect. The different
models differed only in the way they took spatial effects into account. The modelling of
spatial effects was performed using the ‘asreml’ package of R software. Model 1 did not take
into account any spatial effects. Models two, three and four took into account a fixed effect of
blocks, lines, and rows, respectively. Models five, six, and seven considered a two-
dimensional structures for the residuals using a first order autoregressive correlation
models on the line direction only (model 5), on the row direction only (model 6) or in both
directions (model 7). Two metric based models were also tested: a two-dimensional
exponential model (model 8) and a two dimensional Gaussian model (model 9) to model the
correlation between residuals. These models were based on kriging methods and assumed a
decrease in the spatial correlation between residuals with increasing distance (Burrough,
1986). The Best Linear Unbiased Predictors (BLUPs) of genetic values were estimated by
selecting the model with the lowest Bayesian Information Criterion (BIC). For each genotype
its genetic value was calculated as the sum of the overall mean and its corresponding BLUPs.
Variance estimates of the selected models were used to estimate the mean broad-sense
heritability (H?) as:

H2=02%;/[02%:+ (0% /n)]
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where 0% is the genetic variance, o2y the residual variance, and n the number of replicates
genotype-1.

Table 1. Mixed models developed to account for the genetic effect and the spatial
heterogeneity inside PhenoArch. The Bayesian Information Criterion (BIC) and
heritability (in brackets) for the model with the lowest BIC and model 1 that did
not take any special effect into account was presented for accumulated biomass
(A_Bio), plant transpiration (Plant_T), and water use efficiency (WUE).

Model description Traits
Model Fixed Residual g0 Plant T WUE
effects structure
- - 163 (0.76) 5629 (0.53) -6644 (0.69)
Block -
Line -
Row - 151 (0.76) 5263 (0.54)

- Autoreg. lines

- Autoreg. Row

- Autoreg. Row:Line

- Metric based (exponential) -6696 (0.73)
- Metric based (Gaussian)

OO0 N O B> WN —

RESULTS

Among nine mixed models, only two models were selected by BIC minimization (Table
1). Model 4 containing the fixed effect of row position was selected for A_Bio and Plant_T,
while model 8, containing an exponential spatial model for plant position was selected for
WUE (Table 1). This result indicated that traits exhibited certain variability depending on
the position of the plants in PhenoArch. However, the similarity between the selected
models and the model that did not take any spatial effects into account (Model 1) also
indicated that the effect of plant position was low. A_Bio, Plant_T and WUE had H2 values of
0.76, 0.53 and 0.73, respectively (Table 1). The genetic values for the traits had a relevant
variability within the collection (Figure 2). The trait with the highest genetic coefficient of
variation was A_Bio (0.22) (Figure 2). Plant_T and WUE had genetic coefficient of variation
of 0.09 and 0.19, respectively (Figure 2).

03 - heritability=0.76 03 - heritability=0.54 03 - heritability=0.73
o Cv=0.22 = CV=0.09 = CV=0.19
= = =
<] <] <]
c c c
5® 53 5®
5 5 - 5
2, 2, 2.
E~ E~ E~
= = =
co — co co =
0 50 100, 150 100 150 200 250 300 0.000 0.010 0.020
A_Bio (g plant™) Plant_T (g plant” day ) WUE (gg™ )

Figure 2. Frequency distributions for accumulated biomass (A_Bio), plant transpiration
(Plant_T), and water use efficiency (WUE) for an apple core-collection grown
under well-watered conditions. For each trait the mean broad-sense heritability
and the genetic coefficient of variation (CV) was presented.

DISCUSSION
In this study HTPT were used to study the genetic control and variation of whole-plant
biomass, transpiration, and WUE for 183 genotypes of an apple core-collection grown under
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well-watered conditions. The H? values from our study indicated that whole-plant WUE
could be under genetic control in apple (Table 1). H2 values were much higher than those
previously reported in sunflower (Adiredjo et al., 2014) and barley (Honsdorf et al., 2014).
The high values in our study could be explained in part with the origin of the plant material.
In our study, we used a core-collection, while in other studies whole-plant WUE was studied
for recombinant inbred lines in sunflower (Adiredjo et al.,, 2014) and intogression lines in
barley (Honsdorf et al., 2014). We may have therefore covered a higher genetic variability in
WUE than in other studies. The fact that we used four replicates plant-! may explain also the
high H2 values. The high H2 and genetic variation in WUE in apple is a promising result,
indicating that available apple genetic resources could be extremely useful to improve apple
plant material for the use of water.

CONCLUSION

Under well-watered conditions, apple WUE had a mean broad-sense heritability of
0.73 and could be therefore implemented in breeding programs to improve apple plant
material for the use of water. In future studies we would like to address the relative
contribution of plant biomass and transpiration to WUE. A detailed study of plant
morphology could also facilitate the identification of easy-to-measure traits correlated with
WUE and/or morphotypes with high WUE. The response of the apple core-collection to
water stress will be also addressed in future studies.
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