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Abstract Plant shape, and thereby plant architecture, is a ma-
jor component of the visual quality of ornamental plants. We
have been developing a new method for analyzing the entire
plant architecture by 3D digitalization that allows an almost
exhaustive description of rose bush architecture and generates
a large number of variables, many of them inaccessible man-
ually. We carried out a QTL analysis using this original phe-
notyping method. In order to evaluate a broader allelic vari-
ability as well as the effect of the genetic background on QTL
detection, we used two connected, segregating, recurrent
blooming populations. The number of QTLs per variable var-
ied from three for the number of determined axes (NbDetA) to
seven for the branching angle of order 2 long axes (AngLA2),
the two populations taken together. Five new QTLs, located
on the linkage groups (LGs) 2, 6, and 7, were detected for the
branching angle of axes, and the QTL located on LG7 co-
localized with RABRC1, a branching repressor. Branching
and stem elongation QTLs also co-located with RABRCI,
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suggesting its pleiotropic nature. Year-specific QTLs were
also revealed, that explained the genotype X year interactions
observed for the number of order 3 short axes (NbSA3) and
AnglLA2 from a genetic point of view. We also evidenced an
effect of the genetic background on QTL detection. This new
knowledge should help to better reason the genetic improve-
ment programs for rose bush architecture and, therefore, rose
bush shape.

Keywords Shape - 3D digitalization - Connected
populations - BRC1 - Year-specific QTL - Genetic background
effect

Introduction

Overall plant shape is a major component of the visual quality
of potted ornamental plants (Boumaza et al. 2009). It results
from the architectural construction of the plant, i.e., the posi-
tioning of the different aerial organs in space according to
organization rules that are specific to each species. Plant ar-
chitecture is the result of growth and branching processes that
depend on genetic and environmental factors and their inter-
actions, as shown in rose bush (Crespel et al. 2014; Li-
Marchetti et al. 2015).

Plant shape can therefore be controlled genetically (by
plant breeding) and/or environmentally, including cultivation
techniques such as water restriction (Demotes-Mainard et al.
2013; Li-Marchetti et al. 2015), modification of the light spec-
trum (Demotes-Mainard et al. 2016; Huché-Thélier et al.
2016), and mechanical stimulation (Morel et al. 2012).
These factors make it possible to modify architectural charac-
teristics such as metamer length or the number and the posi-
tion of branches along the axis. However, these methods are
applied more or less empirically by plant breeders and
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horticulturists. More extensive knowledge about the heredity
of architectural characteristics as well as the genotype x envi-
ronment interaction could lead to a more effective control of
the plant architecture and thereby its shape.

We selected rose bush as a model plant for its economic
value (Debener and Linde 2009), but also because it displays
strong variability in shape and therefore in architecture too,
ranging from a spreading to an upright growth habit (Gudin
2000).

Plant architecture is a complex character when it comes to
phenotyping. Until now, the analysis of its heredity in rose
bush had been limited to some architectural characteristics
easily measurable manually such as the diameter, the number
of internodes and stem length (Yan et al. 2007), and the archi-
tectural characteristics of the flowering axis (Kawamura et al.
2011, 2015). Taking into account the entire plant architecture
would make it possible to analyze new variables, and more
particularly, focus on the most relevant ones, i.e., those that are
most explanatory of the variability observed in rose bush and
least correlated.

To meet this objective, an analysis method of the entire
architecture of rose bush by 3D digitalization was developed
over the last years (Morel et al. 2009; Crespel et al. 2013). It
consists in breaking down the plant into axes and metamers
(internodes), which are in turn characterized (i) morphologi-
cally, for example based on their length and their diameter; (ii)
topologically, by determining how they are connected (suc-
cession or branching); and (iii) geometrically, by characteriz-
ing their organization in space, for example by studying the
branching angle of the axis (Godin et al. 1999). The method
yields an almost exhaustive description of the plant architec-
ture and generates a large number of variables, many of them
inaccessible manually. It was first applied to two rose bush
cultivars with contrasting shapes and clearly distinguished
their architecture based on a large number of variables
(Morel et al. 2009). Then, it was applied to eight cultivars with
contrasting shapes (ranging from upright to spreading) to se-
lect a limited number of variables necessary and sufficient to
distinguish between different architectures. Six quantitative
variables at the plant and axis scales were thus selected
(Crespel et al. 2013).

In all previous studies, the genetic analysis of rose bush
architecture was carried out by mapping, using a population
that also segregated for the mode of flowering (Yan et al.
2007; Kawamura et al. 2011, 2015). It was made up of non-
recurrent blooming roses, which flower only once a year in
spring, and recurrent blooming roses with continuous
flowering. Significant architectural differences were observed
between nonrecurrent and recurrent roses, highlighting a cor-
relation between the mode of flowering and the plant archi-
tecture (Kawamura et al. 2015). The growth habit of nonre-
current blooming roses was spreading, while it was upright for
recurrent blooming roses. A major quantitative trait locus

@ Springer

(QTL, R* > 20%) was detected for plant shape near RoKSN,
a homolog of TERMINAL FLOWER 1 (TFLI) which controls
the mode of flowering in rose bush (Kawamura et al. 2015;
Iwata et al. 2012). Taking these observations into account, the
genetic analysis of a population with a unique mode of
flowering should help to detect QTLs that are specific to rose
bush architecture.

Totals of 11, 28, and 16 QTLs were detected by Yan et al.
(2007) in a diploid population originating from a cross be-
tween Rosa multiflora-derived genotypes and Kawamura
et al. (2011, 2015) in a diploid population originating from a
cross between ‘The Fairy’ and a hybrid of Rosa wichurana,
respectively. One to six QTLs were involved in the control of
the architectural characteristics (Yan et al. 2007; Kawamura
etal. 2011, 2015). For stem diameter, an architectural charac-
teristic in common between the two studies, the number of
QTLs varied according to the study, with four QTLs detected
by Yan et al. (2007) and two by Kawamura et al. (2015); it was
probably population-dependent (i.e., genetic background-de-
pendent). This effect of the genetic background had been ob-
served in corn (Beavis et al. 1991; Li et al. 2007, 2009). To
better characterize the QTLs involved in the control of a given
character, several populations with various genetic back-
grounds have to be considered. In accordance with this, the
use of connected populations has been developed these last
years for the genetic analysis of quantitative characters such as
grain yield in corn (Blanc et al. 2006; Li et al. 2009) or bud
phenology and fruit firmness in apple tree (Celton et al. 2011;
Bink et al. 2014; Allard et al. 2016). Besides being well
adapted to evaluate the effect of the genetic background on
QTL detection, they make it possible to study a broader allelic
variability.

Thus, the work initiated by Yan et al. (2007) and
Kawamura et al. (2011, 2015) on the genetic analysis
of rose bush architecture could be supplemented (i) by
using the phenotyping method developed by Morel
et al. (2009) and Crespel et al. (2013), which takes into
account the entire plant architecture; (ii) by overcoming
the effect of the mode of flowering on the plant archi-
tecture, using segregating, recurrent blooming popula-
tions; and (iii) by evaluating a broader allelic variability
as well as the effect of the genetic background on QTL
detection from connected populations.

The present study was designed to achieve this objective
and therefore aimed to (i) phenotype by 3D digitalization the
architecture of two segregating, recurrent blooming rose bush
populations connected by their female parent ‘“The Fairy’; (ii)
identify and select the most relevant variables to describe rose
bush architecture and its variations, both in terms of plant and
axis scales; (iii) estimate the broad sense heritability of the
most relevant architectural variables; (iv) identify QTLs in-
volved in the control of these variables; and (v) evaluate the
effect of the genetic background on the detection of QTLs.
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Materials and methods
Plant material

Two diploid (2n = 2x = 14), connected, recurrent blooming
rose bush populations consisting of 132 and 157 individuals
derived from crosses between “The Fairy’ x ‘Old Blush’ and
‘The Fairy’ x ‘Perle d’Or’ were used for QTL analyses. ‘The
Fairy’ and ‘Perle d’Or’ are rose hybrids, whereas ‘Old Blush’
belongs to the Rosa chinensis species. The female parent “The
Fairy’ is a commercial cultivar obtained from the cross ‘Paul
Crampel’ x ‘Lady Gay’ in 1932 by Ann Bentall. The male
parent ‘Old Blush’ was discovered by Parsons in 1793, and
the male parent ‘Perle d’Or’ was obtained from the cross
Polyantha x ‘Madame Falcot’ in 1875 by Joseph Rambaux.
The parents are all diploid and recurrent blooming, with con-
trasting architectures (Crespel et al. 2013). ‘The Fairy’ has a
large number of axes and branching orders and long axes with
many metamers. In contrast, ‘Perle d’Or’ is characterized by a
low number of axes and branching orders and long axes with
few metamers, whereas ‘Old Blush’ has an intermediate num-
ber of axes, a high number of branching orders, and long axes
with an intermediate number of metamers.

Experimental conditions

The study was carried out in the experimental facilities of the
IRHS (French Research Institute on Horticulture and Seeds) in
Angers. The experimental conditions described below were
repeated twice: in the springtime in 2014 and 2015. For each
studied year, plants were obtained from cuttings of 1-year-old
plants grown in pots in the greenhouse. Cuttings were made of
a single metamer—a unit composed of one internode, one
node, its axillary bud, and one leaf (White 1979)—from the
median zones of the stems. Cuttings were taken in January and
planted into plugs (35 mm diameter, 40 mm height) composed
of a nonwoven fabric containing a mixture of fine peat and
perlite. They were placed under a plastic tunnel in a green-
house for rooting. Average temperatures were 18 °C at night
and 22 °C during the day, and relative humidity was main-
tained at saturation by a fine mist humidifier. After 5 weeks,

the plants were planted in 0.5-L pots and then in 2-L pots
1 month later. The experiment was conducted in a greenhouse
on 4.5 m” benches equipped with a nutrient solution tank. The
soil water potential was measured by a tensiometer, and sub-
irrigation was triggered when a threshold of — 10 kPa was
reached. Mineral nutrition was provided by fertilization with
a liquid fertilizer (N-P,05-K,0, 3:2:6, pH = 6.5,
electroconductivity = 1.2 mS c¢m'). Minimum air tempera-
ture was maintained at 18 °C, with aeration at 20 °C. Relative
humidity was maintained at 70%. No supplementary lighting
was applied.

Regarding the rose bush architecture, nongenetic variance
is mainly due to intraplant variance rather than variance
among plants (Kawamura et al. 2011). The number of axes
must therefore be given priority rather than the number of
plants per individual. Moreover, for a limited number of plants
(for reasons of experimental costs), it is better to increase the
number of individuals of the progeny rather than the number
of plants per individual for QTL detection (Knapp and
Bridges 1990; De Vienne and Causse 1998). Therefore, the
number of plants per individual was reduced to one for the
benefit of the number of individuals, as recently applied by
Pauly et al. (2012) in ray grass.

The average daily air temperature (in °C day) was mea-
sured to calculate the sum of temperatures according to the
method used by Huché-Thélier et al. (2011) to define the time
taken for the plants to develop in relation to a base temperature
of 1.93 °C. Similarly, global solar radiation outside the green-
house (Météo France, Beaucouzé, France) was recorded daily
to calculate total radiation over the growing period (in J/cm?;
Table 1).

Collection of architectural data

The architectural analysis was carried out at the plant and axis
scales (Crespel et al. 2013). At the plant scale, the variables
included the number of determined axes, differentiating be-
tween short (one to four metamers) and long (five metamers or
more) axes, as defined by Morel et al. (2009). At the axis
scale, three categories of variables were measured, morpho-
logical (length...), topological (branching order...), and

Table 1 Climatic

characterization of both years Month Thermal time (°C day) Difference” (%) Cumulative irradiance (J/cm?) Difference (%)
(2014 and 2015)
2014 2015 2014 2015

March 385.0 411.6 +7.0 34.674 25.505 -26.4

April 5312 561.0 +5.6 48.090 50.623 +53

May 563.5 573.0 +1.7 60.150 58.772 -23

June 621.5 666.5 +72 70.871 70.614 -04

Total 2101.2 2212.1 +53 213.785 205.514 -39

“ Difference between the 2 years compared to 2014
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geometric (branching angle...), for the two types of axes
(Table 2).

These architectural measurements were performed at the
elementary architectural structure (EAS) stage when the plants
were approximately 5 months old with completely developed
and branch-bearing axes of order 1, leading to a structure with
axes that reached the flowering stage in several weeks
(Crespel et al. 2013). Three long order 2 axes were selected
per plant (Fig. 1). Architectural measurements were made on
them and their branching from June 9th to July 9th in 2014
and from June 4th to June 25th in 2015. Plants that had
reached the EAS stage were stored, not longer than 1 week,
at 2 °C in a dark cold chamber to block their growth and
branching (Girault et al. 2008; Djennane et al. 2013) and avoid
any experimental bias. Each plant was defoliated before phe-
notyping. Architectural measurements were carried out using
a Fastrack® digitizer (Polhemus, Colchester, VT, USA), and
data were recorded using PiafDigit software (Donés et al.
2006) to store measurements and construct a 3D real-time
representation of plant architecture. Data were coded in
multiscale tree graph (MTG) format (Godin and Caraglio
1998). Variables were extracted from these data using
AMAPmod software (Godin et al. 1999).

Analysis of architectural data

A total of 41 architectural variables were measured (Table 2).
They were subjected to a principal component analysis
(PCA), as described by Crespel et al. (2013). The first four
principal components were selected. For each of them, the
associated variables were classified according to their contri-
bution to their formation, and for each of the abovementioned
architectural categories, the best qualified one was selected.

The PCA was carried out on the average values of the 41
variables measured on the two connected populations in 2014
and 2015, using FactoMineR, an R package dedicated to mul-
tivariate data analysis.

Correlations between the set of selected variables were then
calculated for each population and year (Pearson’s correlation
coefficient, p < 0.05), using Remdr package.

The normality of the distribution of residuals was checked
for each variable using a quantile-quantile plot test. The resid-
uals were extracted from the following linear model, using
RVAideMemoire package: Py = o + G; + Y, + (G X Y); +
e;, where P; is the phenotypic value of genotype i for the
year j, u is the overall mean of the progeny for all genotypes
and years, G; is the effect of the genotype i, Y; is the effect of
the year j, (G x Y);; is their interaction, and e;; is the residual
error effect for the / measured axes per genotype.

When the distribution of residuals deviated from normality,
neperian logarithm (In) transformation was used to unskew
distribution.

@ Springer

Analyses of variance, followed by multiple comparisons of
means (Newman-Keuls test), were carried out on the vari-
ables, with a probability of p < 0.05, to reveal whether or
not there was a significant effect of the factors genotype (G)
and year (Y) and of the interaction between them. These sta-
tistical analyses were carried out using Remdr package.

Broad-sense heritability

The broad-sense heritability (H?) of each variable was estimat-
ed as the ratio of the genotypic variance (0°¢) to the pheno-
typic variance (0°p). The components of the phenotypic var-
iance were calculated on the basis of the analysis of variance
of the expected mean squares (ANOVA), as described by
Nanson (1970) and used by Gitonga et al. (2014). The pheno-
typic variance was therefore calculated as follows:

(YZPZO'ZG—FO‘ZG}//Y—FO‘zg/FY

where 0%y is the variance of the GxY interaction, 0, is the
residual variance, Yis the number of years, and r is the number
of replicates.

Collection of genotypic data

Genomic DNA from each individual from connected popula-
tions and parents was extracted from young leaves using
NucleoSpin® 96 Plant II Kit (Macherey-Nagel, Diiren,
Germany), following the manufacturer’s protocol, using the
Zephir workstation of the ANAN platform (SFR QuaSaV,
University of Angers, France).

A total of 79 molecular markers was used. Seventy-seven
microsatellite markers (SSRs) belonging to several SSR sets
(Online Resource 1) were used to construct the genetic maps:
(i) genomic and EST-SSRs of rose (Hibrand-Saint Oyant et al.
2008), (i) noncoding SSRs developed by the WIPO (World
Intellectual Property Organization: http://patentscope.wipo.int/
search/en/W02003097869), (iii) genomic SSRs obtained by
Meng et al. (2009), and (iv) SSRs from other Rosaceae, and
two candidate genes on which our team works more particularly
(Online Resource 2): Branched 1, a transcription factor known to
be a branching repressor in rose (RABRC1; Barbier et al. 2015),
and SUC2, a sucrose/H+ co-transporter involved in the
photocontrol of bud break in rose (RASUC2; Henry et al. 2011).

SSR markers were analyzed as previously described by
Kawamura et al. (2011) and Roman et al. (2015).

cDNA sequences of REBRC1 and RASUC?2 were aligned
with the Fragaria vesca genome. Based on this sequence
alignment, specific PCR primers were designed to amplify a
genomic sequence of 1 kbp.

PCR reactions were performed in a final volume of 20 uL.
containing 10 ng of genomic DNA, 0.2 mM of each dNTP,
0.5 uM of forward and reverse primers, 4 pL. of 5x Phusion®
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Table 2 List of the architectural
variables measured, according to
the four categories defined (plant
description, axis morphology,
topology, and geometry) and the
contribution of these variables to
the formation of principal
components (PC) 1, 2, 3, and 4 of
the principal component analysis

Variables Code Contribution of variables
(%)
PC1 PC2 PC3 PC4
Plant scale
Plant description
Number of determined axes (axes terminated in a flower ~ NbDetA 8.1 24 0.2 0.0
bud or a flower)
Number of order 3 determinated axes NbDetA3 5.0 0.4 43 0.7
Number of order 4 determinated axes NbDetA4 7.8 1.8 0.1 0.1
Number of order 5 determinated axes NbDetAS5 4.8 24 24 0.6
Number of metamers NbMet 7.4 24 0.9 0.2
Number of long axes NbLA 42 34 2.0 2.5
Number of order 3 long axes NbLA3 33 1.1 0.3 4.1
Number of order 4 long axes NbLA4 3.0 3.5 4.7 1.0
Number of short axes NbSA 8.0 1.9 0.0 0.3
Number of order 3 short axes NbSA3 2.7 0.0 7.4 0.6
Number of order 4 short axes NbSA4 7.4 1.1 0.8 0.0
Number of order 5 short axes NbSAS5 4.8 23 2.1 0.7
Axis scale
Axis morphology
Number of metamers of the LAs NbMetLA 0.1 2.1 3.1 8.7
Number of metamers of the order 2 LAs NbMetLA2 29 0.3 6.3 0.0
Number of metamers of the order 3 LAs NbMetLA3 0.9 0.0 0.6 2.6
Number of metamers of the order 4 LAs NbMetLA4 0.0 0.1 0.4 8.2
Length of the LAs LLA 0.3 5.7 0.1 9.6
Length of the order 2 LAs LLA2 32 1.0 23 0.0
Length of the order 3 LAs LLA3 1.4 1.7 3.7 6.6
Length of the order 4 LAs LLA4 0.1 1.1 2.7 9.6
Number of metamers of the SAs NbMetSA 0.4 0.7 52 0.3
Number of metamers of the order 3 SAs NbMetSA3 0.8 0.0 14 0.0
Number of metamers of the order 4 SAs NbMetSA4 0.0 0.0 9.8 0.0
Number of metamers of the order 5SAs NbMetSAS 0.0 0.0 6.0 0.1
Length of the SAs LSA 1.0 0.1 1.1 0.3
Length of the order 3 SAs LSA3 0.6 0.6 1.1 1.3
Length of the order 4 SAs LSA4 0.0 0.3 10.6 1.7
Length of the order 5 SAs LSAS 0.0 0.2 5.8 1.5
Axis topology
Number of branching orders NbBrO 1.6 0.9 32 1.8
Number of branchings on the LAs NbBrLA 3.0 0.1 43 6.3
Number of branchings on the LAs in the distal zone NbBrTopLA 0.7 12 34 122
Number of branchings on the LAs in the median zone NbBrMedLA 0.1 1.0 24 0.2
Number of branchings on the LAs in the basal zone NbBrBasLA 2.1 0.3 0.0 12
Axis geometry
Branching angle of the cord of the LAs in relation to the ~ AngLA 2.5 8.8 0.1 23
vertical axis
Branching angle of the cord of the order 2 LAs inrelation ~ AngL.A2 23 59 0.0 32
to the vertical axis
Branching angle of the cord of the order 3 LAs inrelation ~ AngLA3 22 8.4 0.0 22
to the vertical axis
Branching angle of the cord of the order 4 LAs inrelation ~ Angl.A4 1.5 6.5 0.7 0.5

to the vertical axis

@ Springer
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Table 2 (continued)

Variables Code Contribution of variables
(%)
PCl1 PC2 PC3 PC4
Branching angle of the cord of the SAs in relation to the ~ AngSA 1.6 9.5 0.2 2.5
vertical axis
Branching angle of the cord of the order 3 SAs in relation ~ AngSA3 2.0 6.8 0.1 35
to the vertical axis
Branching angle of the cord of the order 4 SAs in relation ~ AngSA4 1.5 8.4 04 2.0
to the vertical axis
Branching angle of the cord of the order 5 SAs in relation ~ AngSAS5 0.7 54 0.2 0.6

to the vertical axis

In italics, selected variables

High-Fidelity buffer, and 0.4 U of Phusion® High-Fidelity
DNA Polymerase (Thermo Fisher Scientific, Waltham, MA,
USA). PCR amplification was performed with a MyCycler™
thermal cycler (Bio-Rad, Hercules, CA, USA), according to
the following sequence: 30 s at 98 °C, 35 cycles of 30 s at
98 °C, annealing and extension steps of 30 s at 72 °C, and a
final extension step of 10 min at 72 °C. For RhBRC1, 8 uL of
PCR product was double-digested with Ps¢I and Asel enzymes
in a final volume of 25 uL, according to the manufacturer’s
recommendations (Thermo Fisher Scientific, Waltham, MA,
USA). Electrophoretic separations of the digestion products
were performed with a Labchip® GX (Caliper Life Sciences,
Hopkinton, MA, USA) on the ANAN platform (SFR QuaSaV,
University of Angers, France). For RASUC2, PCR amplifica-
tion products were separated by electrophoresis on 1.5% aga-
rose gel, at a constant voltage of 100 V, for 25 min; DNA was
stained with ethidium bromide.

Linkage analysis and map construction

Linkage analysis and map construction were performed with
JoinMap® software version 4.1 (Van Ooijen 2011) using the
cross-pollination (CP) model.

Fig. 1 Plant architectural traits phenotyping. Plant photography before
phenotyping by 3D digitalization (a), plant architecture composed of
three selected order 2 axes and their branches, with two components
(metamer and axis), hatched bars represent the rest of plant (b),

@ Springer

Parental maps were constructed separately using different
sets of segregating markers: a set of markers present only in
the female parent, a set present only in the male parent, and a
set of biparental markers that showed heterozygosity in both
parents.

Marker segregation distortion was tested against the ex-
pected Mendelian segregation ratio, using the chi-square test
integrated in JoinMap® 4.1 software. Distorted markers were
kept but were flagged (***p < 0.01; ****p < 0.001;
*#EFED < 0.0001). The markers were classified into five dif-
ferent segregation classes depending on the allele patterns of
the parents: (1) <lmxll>, (2) <nnxnp>, (3) <efxeg>, (4)
<abxcd>, and (5) <hkxhk>. Parental configuration of the
<abxcc> or <aaxbc> types with a segregation ratio of 1:1 is
not supported by JoinMap® 4.1 software, so they were clas-
sified into classes 1 and 2, respectively.

Linkage groups (LGs) were estimated by applying an in-
dependence log-of-odds (LOD) threshold ranging from 3.0 to
10.0 with steps of 1.0. A LOD score of 5 was used to deter-
mine LGs. Maps were constructed using the Kosambi map-
ping function and the regression mapping algorithm up to
round 2, with the following JoinMap parameters:
Rec < 0.50; LOD > 1.0; Ripple = 1; Jump = 5; the jump

Cc Vertical line

metamer

simplified representation with three branching orders: order 1 (O1),
order 2 (02), and order 3 (O3), the representation of the long axes
length (LLA) and of the branching angle of the cord of the long axes in
relation to the vertical axis (AngLA; ¢)
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was occasionally set to 11.0 in case of conflicting markers that
obstructed mapping.

Ungrouped or misplaced markers were reassigned based on
the consensus map constructed by Spiller et al. (2011) and the
strongest cross-link information, using the ‘move to loci’
function of the software. Markers with an undetermined link-
age phase or insufficient linkage were removed. Maps were
drawn using MapChart 2.2 software (Voorrips 2002).

QTL analysis

When the G x Y interaction was significant, a mixed linear
model was built for the variable, as described by Celton et al.
(2011) and Ben Sadok et al. (2013): Py = p + G; + ¥; +
(G x Y);; + e;;, where Pj; is the phenotypic value of genotype
i for the year j, 1 is the overall mean of the progeny for all
genotypes and years, G; is the random effect of the genotype 7,
Y; is the fixed effect of the year j, (G x Y)j; is their random
interaction, and e;; is the residual error effect for the / mea-
sured axes per genotype.

The models were estimated using the residual maxi-
mum likelihood (REML) estimation method, and effects
to be included were selected based on the Akaike infor-
mation criterion (AIC). When G and G X Y effects were
included, the best linear unbiased predictor (BLUP) was
computed for the G and G x Y effects. The BLUPs for
the G x Y effect were computed for each studied year.
These statistical analyses were carried out using lme4,
Car, and RVAideMemoire packages in R.

QTL detection was performed for each parental map direct-
ly on the transformed or untransformed data, on the G BLUP
and the G x Y BLUP when available, using the R/qtl package.

Multiple QTL regression was carried out with the
stepwiseqtl function, as described by Huang et al.
(2012). This approach is based on forward/backward se-
lection to compare a multiple QTL model with inclusion
of both main effect QTLs and possible pairwise
QTLxQTL interactions. The maximum number of QTLs
was set to 10 for forward selection (max.qtl = 10). For
each model, a penalized LOD score (pLOD; the log like-
lihood ratio comparing the full model to the null QTL-
free model) was calculated, with penalties on the number
of QTLs and pairwise QTLxQTL interactions. For each
variable, these penalties were derived from 10,000 per-
mutations with a 2D scan and a genome-wide error rate
of 0.05. The QTL model with the largest pLOD was
considered as the most probable one. Once the multiple
QTL model was determined, QTL position (‘refineqtl’
function), the individual LOD score, and the estimated
R? value for each term of the model and for the whole
model were refined. The ‘lodint’ function was used to
derive LOD-1 QTL location confidence intervals.

Results
Selecting the most relevant variables

Forty-one architectural variables were measured at the plant
and axis scales and then submitted to a PCA. Components 1,
2, 3, and 4 of the PCA accounted for 23.7, 16.4, 11.5, and
9.5% of variability, respectively, that is 61.1% of total vari-
ability (Online Resource 3).

The variables that contributed the most to the forma-
tion of the components were (Table 2): (i) for compo-
nent 1: plant description variables, the major one was
the number of determined axes, NbDetA (8.1%). The
second largest variable was the number of short axes
(NbSA; 8.0%); it was not selected because it belonged
to the same category; (ii) for component 2: axis geom-
etry variables, the branching angle of the cord of the
short axes in relation to the vertical axis, AngSA
(9.5%); (ii1) for component 3: plant description vari-
ables, the number of order 3 short axes, NbSA3
(7.4%); axis morphology variables, the length of order
4 short axes, LSA4 (10.6%); and (iv) for component 4:
axis morphology variables, the length of the long axes,
LLA (9.6%); axis topology variables, the number of
branches on the long axes in the distal zone,
NbBrTopLA (12.2%).

Six variables were thus selected for further analysis: (i) at
the plant scale, NbDetA and NbSA3; and (ii) at the axis scale,
LLA, NbBrTopLA, LSA4, and AngSA. The four categories
of architectural variables were represented.

Correlations between the six selected variables were calcu-
lated for each population and year.

For the ‘The Fairy’ x ‘Old Blush’ progeny, correlations
between architectural variables measured in 2014 and 2015
varied from —0.15 (NbBrTopLA 14-AngSA 15) to 0.67
(NbSA3 14-NbSA3 _15). Out of the 66 correlations, 31 were
significantly correlated (Online Resource 4): (i) one was high
(r >0.60]; NbSA3 14-NbSA3 _15); (ii) six were moderately
correlated (|0.40| <  <]0.60|); they mainly involved the pair of
variables NbSA3-NbDetA; and (iii) 24 were weakly correlat-
ed (|0.17] < r <10.40]; NbDetA-NbBrTopLA, NbDetA-LLA,
NbSA3-NbBrTopLA, and NbSA3-LLA).

For the ‘The Fairy’ x ‘Perle d’Or’ progeny, correla-
tions between the architectural variables measured in
2014 and 2015 varied from —0.28 (NbSA3 14-
LSA4 14) to 0.73 (NbBrTopLA 14-LLA 14). Out of
the 66 correlations, 36 were significantly correlated
(Online Resource 5): (i) two were high (+ > [0.60|); they
involved the pair of variables NbBrTopLA-LLA; (ii)
four were moderately correlated (]0.40| < r < ]0.60];
NbSA3-NbBrTopLA); and (iii) 30 were weakly correlat-
ed (|0.17] £ r < |0.40; NbSA3-NbDetA, NbSA3-LLA,
and LLA-AngSA).

@ Springer
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Table 3  Mean phenotypic values and standard deviations (SD) for the parents ‘“The Fairy’, ‘Old Blush’, and ‘Perle d’Or’ and the value range for the

progenies
Trait “The Fairy’ ‘Old Blush’ ‘Perle d’Or’ ‘The Fairy’ x ‘Old Blush’ ‘The Fairy’ x ‘Perle d’Or’
2014 2015 2014 2015 2014 2015 2014 2015 2014 2015
NbDetA 63.1 (39.4) 349 (142) 193(15.4) 14.7(6.5) 133(79) 13.6(64) 7.0-853 8.0-73.5 5.3-133 1.33-132.0
NbSA3 8.1 (2.0) 6.2 (1.3) 1.1 (0.9) 1.0 (1.3) 1.3 (1.5) 1.1 (1.2) 1.3-73 1.0-8.0 1.0-11.0 0.0-9.0
LLA (cm) 242 (21.7) 222(12.9) 17.9(13.2) 20.7 (14.9) 19.8(10.6) 13.7(9.9) 14.6-455 152-31.1 6.9-474 7.1-40.0
NbBrTopLA  2.5(2.5) 292.1) 06(1.1) 0.9 (1.5 1.0(1.0) 08(0.9) 0.74.0 0.6-3.7 0.14.2 0.0-3.8
LSA4 (cm) 1.3(1.4) 1.00.8) 249 22(.5 2.7(2.9) 35@2.1) 0.7-42 0.7-3.3 0.4-6.5 0.6-4.1
AngSA (°) 97.0 (40.1) 88.0 (35.9) 86.2 (40.5) 84.1 (36.0) 67.5(29.4) 649 (33.7) 42.1-144.7 49.0-141.1 49.4-131.0 52.3-1184
AngLA2 (°) 113.3(24.2) 103.8 (11.2) 71.5(22.0) 60.9 (26.8) 62.2(25.6) 59.5 (14.4) 38.4-141.3 32.1-142.6 35.0-154.3 43.6-131.3

NbDetA, the number of determined axes; NbSA3, the number of order 3 short axes; LLA, the length of long axes; NbBrTopLA, the number of branchings
on the long axes in the distal zone; LSA4, the length of the order 4 short axes; AngSA, the branching angle of the cord of the short axes in relation to the
vertical axis; AngLA2, the branching angle of the cord of the order 2 long axes in relation to the vertical axis

As expected, most of the variables were weakly to moder-
ately correlated with one another.

Effects of the genotype, the year, and their interaction

The significance of genotype and year effects and their inter-
action was evaluated for the six architectural variables
selected.

All selected variables showed a transgressive segregation
as compared to their parents, whatever the progeny, except for
NbSA3 measured in 2014 for the ‘The Fairy’ x ‘Old Blush’
progeny (Online Resources 6, 7, 8, and 9; Table 3).

The linear model residuals were normally distributed for all
the architectural variables, except for LLA and LSA4, what-
ever the progeny. After transformation, the residuals were
normally distributed (Online Resources 10 and 11).

For the ‘The Fairy’ x ‘Old Blush’ progeny, the genotype
and year effects were significant for all the architectural vari-
ables except In(LSA4), for which the year effect was not sig-
nificant (ANOVA, p < 0.05; Table 4).

Regarding the year effect, 2015 had a significantly lower
effect than 2014, with differences of — 15.5% for NbDetA, —
5.7% for NbSA3, — 18.3% for LLA, —7.7% for NbBrTopLA,
and — 10.5% for AngSA (Table 5).

A significant G X Y interaction was shown for In(LSA4)
and AngSA (ANOVA, p < 0.05; Tables 4 and 5). It was due to
opposite responses from some genotypes, with extreme am-
plitudes: —69.6% (FOB64) and +251.2% (FOB162) for
LSA4; —59.2% (FOB258) and +177.0% (FOB228) for
AngSA (data not shown).

For the “The Fairy’ x ‘Perle d’Or’ progeny, the genotype
effect was significant for all the architectural variables
(ANOVA, p < 0.05; Table 6).

A significant year effect was shown for In(LLA) and
AngSA, with —9.0% for LLA and —6.5% for AngSA in
2015 as compared to 2014 (Table 5).

@ Springer

Table 4 Combined analysis of variance of six architectural variables
measured in 2014 and 2015 for the ‘The Fairy’ x ‘Old Blush’ progeny

Variables Source of df Mean squares F
variation probability
NbDetA Year (Y) 1 4795.7 ok
Genotype (G) 131 712.7 ok
GxY 130 2774 NS
Residuals 495 3354
NbSA3 Year (Y) 1 13.0050 *
Genotype (G) 131 9.3683 **
GxY 130 1.8698 NS
Residuals 495 29138
In(LLA) Year (Y) 1 37.656  **
Genotype (G) 131 0.905 **
GxY 130 0.604 NS
Residuals 5067 0.541
NbBrTopLA Year (Y) 1 29.8137 **
Genotype (G) 131 9.6543 **
GxY 130 2.3855 NS
Residuals 5067 3.6360
In(LSA4) Year (Y) 1 0.0753 NS
Genotype (G) 130 4.6678 **
GxY 129 1.9663 **
Residuals 9293 0.5727
AngSA (°)  Year (Y) 1 447,005 ok
Genotype (G) 131 30,308 *E
GxY 130 29,246 ok
Residuals 17,039 1203

NbDetA, the number of determined axes; NbSA3, the number of order 3
short axes; LLA, the length of long axes; NbBrlopLA, the number of
branchings on the long axes in the distal zone; LSA4, the length of the
order 4 short axes; AngSA, the branching angle of the cord of the short
axes in relation to the vertical axis; /n, neperian logarithm; df, degrees of
freedom

Significance of effects: NS, not significant; *, significant
(0.01 < p <0.05); **, highly significant (p < 0.01)
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Table 5  Average values of the six architectural variables measured in
2014 and 2015

Variables ‘The Fairy’ x ‘Old Blush’®  “The Fairy’ x ‘Perle d’Or’
2014 2015 2014 2015
NbDetA 32.36 2733 34.72 3115
NbSA3 4.56 4.30 4.32 425
LLA (cm) 25.71 21.00 19.36 17.61
NbBrTopLA 195 1.80 1.59 1.61
LSA4 (cm) 1.92 1.73 1.58 1.49
AngSA (°)  97.18 86.94 94.24 88.13

NbDetA, the number of determined axes; NbSA3, the number of order 3
short axes; LLA, the length of long axes; NbBrTopLA, the number of
branchings on the long axes in the distal zone; LSA4, the length of the
order 4 short axes; AngSA, the branching angle of the cord of the short
axes in relation to the vertical axis

A significant G x Y interaction was shown for NbSA3,
In(LLA), In(LSA4), and AngSA (ANOVA, p < 0.05;
Tables 5 and 6). It was due to opposite responses from some

Table 6 Combined analysis of variance of six architectural variables
measured in 2014 and 2015 for the ‘“The Fairy’ x ‘Perle d’Or’ progeny

Variables Source of variation df Mean squares F probability
NbDetA Year (V) 1 2639.12 NS
Genotype (G) 155 1668.70 ok
GxY 145 544.47 NS
Residuals 526 701.08
NbSABrO3  Year (Y) 1 0.8713 NS
Genotype (G) 155 13.6901  **
GxY 145 59143
Residuals 526 4.3923
In(LLA) Year (Y) 1 55862
Genotype (G) 155 1.6178  **
GxY 145 0.8194  **
Residuals 6132 0.5674
NbBrTopLA Year (Y) 1 0.9710 NS
Genotype (G) 155 7.2932  **
GxY 145 34172 NS
Residuals 6132 3.0758
In(LSA4) Year (Y) 1 04811 NS
Genotype (G) 154 44564 +*
GxY 143 2.0873
Residuals 11,433 0.5186
AngSA (°)  Year (Y) 1 193,813 wE
Genotype (G) 155 20,021 o
GxY 154 15,251 wE
Residuals 20,543 1221

NbDetA, the number of determined axes; NbSA3, the number of order 3
short axes; LLA, the length of long axes; NbBrTopLA, the number of
branchings on the long axes in the distal zone; LSA4, the length of the
order 4 short axes; AngSA, the branching angle of the cord of the short
axes in relation to the vertical axis; /n, neperian logarithm; df, degrees of
freedom

Significance of effects: NS, not significant; *, significant
(0.01 < p <0.05); **, highly significant (p < 0.01)

genotypes, with extreme amplitudes: — 100.0% (FPO06) and
+316.7% (FPO267) for NbSA3; —61.7% (FPO06) and +
94.1% (FPO261) for LLA; —78.1% (FPO413) and +
197.6% (FPO19) for LSA4; and —39.6% (FPO402) and +
126.5% (FPO139) for AngSA (data not shown).

Broad-sense heritability

For each variable, phenotypic variance and its components, as
well as heritability, are given in Tables 7 and 8.

For the ‘The Fairy’ x ‘Old Blush’ progeny, genotypic var-
iance accounted for the major part of phenotypic variance,
except for In(LLA) (36.5%) and AngSA (3.5%). Genotypic
variance was high (> 60%) for NbSA3 and NbBrTopLA, in-
termediate (between 40 and 60%) for NbDetA and In(LSA4),
low (between 20 and 40%) for In(LLA), and very low (< 20%)
for AngSA. The variance of the G X Y interaction was very
high (>80%) for AngSA and low for In(LSA4).
Consequently, residual variance was high for In(LLA), inter-
mediate for NbDetA, low for NbSA3 and NbBrTopLA, and
very low for In(LSA4) and AngSA. The broad-sense herita-
bility values calculated for each of the variables were 0.71 for
NbSA3, 0.63 for NbBrTopLA, 0.58 for In(LSA4), 0.54 for
NbDetA, 0.36 for In(LLA), and 0.03 for AngSA.

For the ‘The Fairy’ x ‘Perle d’Or’ progeny, genotypic var-
iance was intermediate for all variables, except for AngSA,
which was low (23.8%). The variance of the G X Y interaction
was high (> 60%) for AngSA, low for In(LSA4), and very low
for NbSA3 and In(LLA). Consequently, residual variance was
intermediate for NbDetA and NbBrTopLA, low for NbSA3
and In(LLA), and very low for In(LSA4) and AngSA. The
broad-sense heritability values calculated for each of the var-
iables were 0.59 for NbDetA, 0.58 for NbBrTopLA, 0.57 for
NbSA3, 0.53 for In(LSA4), 0.49 for In(LLA), and 0.24 for
AngSA.

The broad-sense heritability value of AngSA was very low,
so it was replaced for further analysis by AnglLA2, with which
it was highly correlated (0.67 < r < 0.80, depending on the
population and the year). The broad-sense heritability value of
Angl. A2 was moderate, ranging between 0.37 for the ‘The
Fairy’ x ‘Old Blush’ progeny and 0.55 for the ‘The Fairy’ x
‘Perle d’Or’ progeny.

Genetic linkage maps

Each parental map consisted of seven LGs corresponding to
the seven haploid rose chromosomes. Our genetic maps are
comparable to the map developed by Kawamura et al. (2015).
Two to nine SSR markers were common per LG. The numbers
of LGs were assigned according to the rose consensus map of
Spiller et al. (2011).

@ Springer
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‘The Fairy’ x ‘Old Blush’ maps

A total of 56 and 55 SSR and gene markers were used to
construct the female and male maps of “The Fairy’ and ‘Old
Blush’, respectively. The maps covered 267.5 cM for ‘The
Fairy’ and 310.8 cM for ‘Old Blush’. The number of markers
ranged from 6 to 11 per LG. The average distance between
markers was 4.2 ¢cM for ‘The Fairy’ and 5.7 ¢cM for ‘Old
Blush’. The largest gaps were 25.8 ¢cM on LG5 for ‘The
Fairy’ and 43.6 cM on LG5 for ‘Old Blush’. Distorted markers
were mainly assigned to LG2 for ‘The Fairy’, with a total
percentage of distortion of 14.3%, and to LGs 1, 2, 3, and 7
for ‘Old Blush’, with a total percentage of distortion of 63.0%.

‘The Fairy’ x ‘Perle d’Or’ maps

A total of 55 and 49 SSR and gene markers were used to
construct the female and male maps of ‘The Fairy’ and
‘Perle d’Or’, respectively. The maps covered 289.8 cM for
‘The Fairy’ and 354.6 cM for ‘Perle d’Or’. The number of
markers ranged from 4 to 11 per LG. The average distance
between markers was 5.3 cM for ‘The Fairy’ and 7.2 ¢cM for
‘Perle d’Or’. The largest gaps were 30.4 cM on LG5 for ‘The
Fairy’ and 43.0 ¢cM on LG5 for ‘Perle d’Or’. Distorted
markers were mainly assigned to LGs 2 and 5 for ‘The
Fairy’, with a total percentage of distortion of 32.7%, and to
all LGs except LG5 for ‘Perle d’Or’, with a total percentage of
distortion of 71.4%.

QTL analysis

For the ‘The Fairy’ x ‘Old Blush’ progeny, QTL analysis
revealed a total of 37 QTLs, the two years taken together
(Table 9): 17 on the female map of ‘The Fairy’ and 20 on
the male map of ‘Old Blush’; they were distributed on all
LGs except on LG4. For the “The Fairy’ % ‘Perle d’Or’ prog-
eny, 14 QTLs were detected (Table 10): four on the female
map of ‘The Fairy’ and 10 on the male map of ‘Perle d’Or’;
they were located mainly on LGs 2, 4, and 7. No QTLxQTL
interaction was revealed, whatever the variable.

Number of determined axes (NbDetA)

Two QTLs were detected on ‘Old Blush’ LGs 5 and 6, and one
on ‘Perle d’Or’ LG2 in 2014, and accounted for 16.5, 8.1, and
16.8% of NbDetA variability, respectively (Table 9). Only
‘Perle d’Or’ LG2 QTL was detected in 2015 (a stable QTL),
when it accounted for 18.5% of total variability (Table 10).

Number of order 3 short axes (NbSA3)

For the ‘The Fairy’ x ‘Old Blush’ progeny, two QTLs were
detected on ‘The Fairy’ LGs 1 and 2, and one on ‘Old Blush’

LG2 in 2014, and explained 9.1, 9.9, and 13.3% of NbSA3
variability, respectively. In 2015, “The Fairy’ and ‘Old Blush’
LG2 QTLs were once again detected (stable QTLs), as well as
one additional QTL on ‘Old Blush’ LG7. They explained
14.2, 13.3, and 10.1% of total variability, respectively
(Table 9).

For the ‘The Fairy’ x ‘Perle d’Or’ progeny, one QTL was
also detected on ‘The Fairy’ LG2 in 2014 and one on ‘Perle
d’Or’ LG2 in 2015, explaining 7.8 and 9.3% of NbSA3 var-
iability, respectively. Only one QTL was detected for the
BLUP of the genotype and G x Y effects. It was located on
‘Perle d’Or’ LG2 and explained 8.6% of NbSA3 BLUP and
6.8% of NbSA3 BLUP 15, respectively (Table 10). For this
trait, all LG2 QTLs were detected in the same region and co-
located with QTLs for NbDetA (Fig. 3).

Length of long axes (LLA)

For the ‘The Fairy’ x ‘Old Blush’ progeny, one QTL was
detected on ‘The Fairy’ LG2, and one on ‘Old Blush’ LG7
in 2014, and explained 10.4 and 9.9% of In(LLA) variability,
respectively (Table 9). ‘Old Blush’ LG7 QTL co-localized
with RhBRC1, a repressor of branching (Barbier et al. 2015).
QTLs for NbSA3 and AngLLA2 were also located in the same
genomic regions (Fig. 2).

For the ‘The Fairy’ x ‘Perle d’Or’ progeny, two QTLs were
detected for the BLUP of the genotype effect. They were
located on ‘Perle d’Or’ LGs 4 and 7 and explained 10.4 and
8.0% of total variability, respectively. No year-specific QTL
was detected for the BLUP of the G x Yeffect (Table 10).

Number of branchings on the long axes in the distal zone
(NbBrTopLA)

Only one QTL was detected on ‘Old Blush’ LG6 in 2014 and
explained 15.8% of NbBrTopLA variability. In 2015, ‘Old
Blush” LG6 QTL was once again detected (a stable QTL),
as well as two additional QTLs on ‘Old Blush’ LG5 and
‘Perle d’Or’ LG2. They explained 13.5, 10.3, and 8.1% of
total variability, respectively (Table 9). These QTLs were lo-
cated nearby NbDetA QTLs (Fig. 2).

Length of the order 4 short axes (LSA4)

For the ‘The Fairy’ x ‘Old Blush’ progeny, two QTLs were
detected on “The Fairy” LGs 2 and 5 and one on ‘Old Blush’
LGI for the BLUP of the genotype effect. They explained
10.1, 9.6, and 9.5% of In(LSA4 BLUP) variability, respec-
tively. Only one QTL was detected on ‘The Fairy’ LG5 in
2014 and explained 8.8% of In(LSA4) variability. No year-
specific QTL was detected for the BLUP of the G x Y effect
(Table 9).
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Fig. 2 Genomic positions of quantitative trait loci (QTLs) detected on
the linkage groups (LGs) 1,2, 3, 5, 6, and 7 of the ‘The Fairy’ female map
(F) and ‘Old Blush’ male parent map (O) for the six architectural variables
selected. The LGs are numbered according to Spiller et al. (2011). QTLs
are represented on the right side of LGs by boxes; their length represents
the LOD-1 confidence interval. Boxes representing QTLs for plant

For the ‘The Fairy’ x ‘Perle d’Or’ progeny, only one QTL
was detected on ‘Perle d’Or’ LG2 for the BLUP of the geno-
type effect. It explained 12.0% of In(LSA4 BLUP) variabili-
ty. This QTL was only detected in 2014, when it explained
8.7% of total variability. No year-specific QTL was detected
for the BLUP of the G x Y effect (Table 10). For this
trait, QTLs were detected nearby NbDetA and NbSA3 QTLs

(Fig. 3).

Branching angle of the cord of the order 2 long axes
in relation to the vertical axis (AngLA?2)

For the “The Fairy’ x ‘Old Blush’ progeny, four QTLs were
detected on ‘The Fairy’ LGs 2, 3, 5, and 6 for the BLUP of the
genotype effect and explained 19.5, 7.3, 8.5, and 9.3% of
Angl. A2 BLUP variability, respectively. Out of these QTLs,
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Fig. 3 Genomic positions of quantitative trait loci (QTLs) detected on
the linkage groups (LGs) 2, 4, and 7 of the ‘The Fairy’ female map (F’)
and ‘Perle d’Or’ male parent map (P) for the six architectural variables
selected. The LGs are numbered according to Spiller et al. (2011). QTLs
are represented on the right side of LGs by boxes; their length represents
the LOD-1 confidence interval. Boxes representing QTLs for plant

@ Springer

description traits are in black, axis morphology traits are horizontally
hatched, axis topology traits are vertically hatched, and axis geometry
traits are white. For trait abbreviations, see Table 2. Marker distortion
was tested against the expected Mendelian ratios using the chi-square
test. Marker segregation distortions are indicated on the right of the
marker (***p < 0.01; *#***p < 0.001; *****p < (0.0001)

one QTL was detected on LG2 in 2014, explaining 10.0% of
total variability. LG6 and LG5 QTLs were only detected in
2014 and 2015, respectively, and explained 7.7 and 9.7% of
variability. Two 2015 specific QTLs were detected on LG2
and LG5 for the BLUP of the G x Yeffect and explained 9.6
and 8.8% of AnglLA2 BLUP_15 variability. These QTLs
were co-localized with AngLA2 15 QTLs (Table 9; Fig. 2).
Likewise, four QTLs were detected on ‘Old Blush’ LGs 1,
2,5, and 7 for the BLUP of the genotype effect and explained
8.7, 8.3, 10.5, and 17.0% of AngLA2 BLUP variability, re-
spectively. Out of these QTLs, only LGs 2 and 5 and 7 QTLs
were detected in 2015, explaining 8.2, 12.9, and 18.4% of
total variability, respectively. These QTLs were located near-
by NbSA3 and LSA4 QTLs, while LG7 QTL co-localized
with RABRC1. Two 2015 specific QTLs were detected on
LGS5 and LG7 for the BLUP of the G % Yeffect and explained
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description traits are in black, axis morphology traits are horizontally
hatched, axis topology traits are vertically hatched, and axis geometry
traits are white. For trait abbreviations, see Table 2. Marker distortion
was tested against the expected Mendelian ratios using the chi-square
test. Marker segregation distortions are indicated on the right of the
marker (¥**p < 0.01; **¥*¥p < 0.001; ****¥p < 0.0001)
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7.2 and 15.8% of AnglLA2 BLUP 15 variability. These
QTLs were co-localized with AnglLA2 15 QTLs (Table 9;
Fig. 2).

For the ‘“The Fairy’ x ‘Perle d’Or’ progeny, one QTL was
detected on ‘The Fairy’ LG2 for the BLUP of the genotype
effect. It explained 16.4% of AngLA2 BLUP variability. This
QTL was detected in 2014 and 2015 (a stable QTL) and ex-
plained 11.3 and 12.6% of total variability, respectively
(Table 10). For this trait, all the ‘“The Fairy’ LG2 QTLs were
detected in the same genomic region (Fig. 3).

Discussion
Selecting the most relevant variables

The phenotyping of plant architecture by 3D digitalization
allowed us to access a set of variables corresponding to the
four categories defined by Crespel et al. (2013): at the plant
scale, the first category of variables primarily focused on the
number of axes and differentiated between short and long
axes; at the axis scale, the other three categories of variables
focused on morphology, topology, and geometry. As a result,
an almost exhaustive description of rose bush architecture was
obtained and generated 41 variables. A similar phenotyping
approach had been used by Segura et al. (2006, 2007) for the
genetic analysis of apple tree architecture.

In order to avoid any redundant information, the genetic
analysis was performed on the most relevant variables—the
ones that were most explanatory of phenotypic variability and
least correlated. To select them, a PCA was carried out on the
41 architectural variables. Based on their contribution to the
formation of the first four components of the PCA, the number
of variables was reduced from 41 to six. This reduction was
done with respect for the breakdown of variables by category,
as defined above.

Out of the six variables we selected, five had never been
analyzed genetically from segregating, recurrent blooming
populations. Most of them were inaccessible manually, i.e.,
at the plant scale, the number of determined axes (NbDetA)
and the number of order 3 short axes (NbSA3), and at the axis
scale, the length of the long axes (LLA), the number of
branches on the long axes in the distal zone (NbBrTopLA),
and the length of the order 4 short axes (LSA4).

The correlations between the six variables were mostly low
to moderate. However, a strong correlation was observed be-
tween NbBrTopLA and LLA (»=10.73 in 2014 and »=0.70 in
2015) for the “The Fairy’ x ‘Perle d’Or’ progeny, highlighting
a relationship between the number of branches and the length
of the bearing axis. Likewise, most moderate correlations
were observed between the variables NbSA3-NbDetA and
NbSA3-NbBrTopLA. The proportion of short axes is higher
in rose bush as compared to long axes (Morel et al. 2009);

therefore, NbDetA and NbBrTopLA are believed to involve
mainly this type of axis.

Effects of the genotype, the year, and their interaction

For the “The Fairy’ x ‘Old Blush’ progeny, a significant year
effect was observed for all variables, with lower values for
2015 than for 2014, except for In(LSA4). A greater phenotyp-
ic plasticity of traits was observed for this progeny as com-
pared to the ‘The Fairy’ x ‘Perle d’Or’ progeny, for which a
significant year effect was only shown for In(LLA) and
AngSA. The year effect was more pronounced for NbDetA
(— 15.5% for 2015 as compared to 2014). The total number of
determined axes is dependent on the degree of branching of
the long axes (Crespel et al. 2014), so the difference observed
between 2014 and 2015 could be due to a reduction in the
number of bud breaks on the first order axes in 2015 caused by
the lower amount of radiation received by the plants in March
(—26.4% as compared to 2014). This reduction in the number
of branches was significant for the short axes (SAs)—contrary
to the long axes (LAs)—whatever the branching order from
branching order 3 to 5 (data not shown), with —5.7% for
NbSA3. This relationship between the number of axes pro-
duced and the amount of radiation was largely described by
Zieslin and Mor (1990), and more recently by Leduc et al.
(2014). This could also explain the significant reduction ob-
served for NbBrTopLA (—7.7%).

The year effect was also significant for the length of LAs
(In(LLA); — 18.3% for the ‘The Fairy’ x ‘Old Blush’ progeny
and —9.0% for ‘The Fairy’ x’ Perle d’Or’ for 2015 as com-
pared to 2014). LAs are located at the level of first orders
(Morel et al. 2009), so that they mainly developed in March
and lengthened in April. The difference in length observed
between 2014 and 2015 could be due to the higher amount
of radiation received by the plants in April 2015 (+5.3%).
This observation, which links length to the amount of radia-
tion, is consistent with that of Bredmose (1998). He noted a
significant reduction (—5.8%) in axis length along with a
15.2% increase in daily radiation. Similar results were ob-
served by Crespel et al. (2014) in rose bush.

The year effect was also significant for the branching angle
of the short axes (AngSA); axes were more upright (—10.5%
for the ‘The Fairy’ x ‘Old Blush’ progeny and — 6.5% for ‘The
Fairy’ x’ Perle d’Or’) in 2015, leading to a more orthotropic
growth habit of the plants. Branching is mainly distal in rose
bush (Morel et al. 2009). Thus, the difference observed be-
tween 2014 and 2015 for AngSA could be due to the lower
load borne by the long axes, caused by the lower degree of
branching in 2015, as was shown by Alméras et al. (2004) in
apricot tree and suggested by Crespel et al. (2014) in rose
bush.

A significant G x Y effect was shown for In(LSA4) and
AngSA, whatever the progeny, and for NbSA3 and In(LLA)

@ Springer



112 Page 16 0of 20

Tree Genetics & Genomes (2017) 13:112

in the ‘The Fairy’ x ‘Perle d’Or’ progeny. This interaction was
due to opposite responses from some genotypes. A significant
G x Yinteraction was also shown by Crespel et al. (2014) for
all the architectural variables measured in rose bush.

Broad-sense heritability

The broad-sense heritability (i.e., relative genotypic variance)
ranged from very low to high for the ‘The Fairy’ x ‘Old Blush’
progeny, i.e., from 0.03 for AngSA to 0.71 for NbSA3, while
it was low to moderate for the ‘The Fairy’ x ‘Perle d’Or’
progeny, ranging from 0.24 for AngSA to 0.59 for NbDetA.
The relative genotypic variance was also low to moderate for
the architectural variables of the flowering axis measured on a
progeny resulting from the cross between ‘The Fairy’ and a
hybrid of R. wichurana (Kawamura et al. 2011, 2015). It var-
ied from 30.5% for the elevation angle of the order 2 axes to
62.7% for the number of nodes on the vegetative part of the
order 1 axes. In all cases, the lowest heritability values were
observed for the geometrical variables (i.e., the branching an-
gle ofthe axes); they were particularly low in our study, so that
genetic analysis was irrelevant. However, other geometrical
variables correlated with AngSA were characterized by higher
heritability; it was the case of AnglLA2, with moderate herita-
bility varying from 0.37 for the “The Fairy’ x ‘Old Blush’
progeny to 0.55 for the ‘The Fairy’ x ‘Perle d’Or’ progeny.
Therefore, this variable was selected to replace AngSA for the
rest of the study.

Broad-sense heritability depends on the progeny and the
environment (Souza et al. 1998). For example, in the case of
the progeny of a cut flower rose grown in various environ-
ments, the broad-sense heritability of architectural variables
was higher than in our study, ranging from 0.40 for the num-
ber of branches to 0.84 for axis length (Gitonga et al. 2014).
Similarly, in a range of eight rose bush cultivars with contrast-
ing shapes, heritability values varied from 0.48 for the length
of the long axes to 0.98 for the number of metamers of the
long axes (Crespel et al. 2014). These greater heritability
values could be explained by greater architectural variability
among genotypes, as suggested by Segura et al. (2000) in
apple tree. However, compared with our study, heritability
values were in the same order of magnitude for the number
of determined axes. The estimation of the heritability could be
consolidated by the application of a broader range of
contrasted environments by modulating factors that influence
plant architecture such as light and water.

QTL analysis
The lengths of the parental genetic maps varied from
267.5 cM for the female map of ‘The Fairy’ to 354.6 cM for

the male map of ‘Perle d’Or’; they were smaller than in other
studies, with a length of the rose genome estimated at 500 cM

@ Springer

by Yan et al. (2005). This difference could be partly explained
by the high percentage of distorted markers used for the con-
struction of our genetic maps, ranging up to 71.4% for the
male map of ‘Perle d’Or’; the distortion of segregation is
known to impact the estimate of genetic distances (Lorieux
et al. 1995a, b).

High percentages of distorted markers were already report-
ed in rose bush; they can vary from 22.0 to 41.0% (p < 0.05)
(Yan et al. 2005; Moghaddam et al. 2012). Distortions of
segregation were most commonly explained by pre- and/or
postzygotic selection. In our study, the rate of seedling surviv-
al being high, postzygotic selection is unlikely to have oc-
curred. However, sources of unintentional seedling selection
caused by putative low vigor cannot be excluded.
Nevertheless, the percentage of distortions was higher in the
male (ranging from 63.0% for ‘Old Blush’ to 71.4% for ‘Perle
d’Or’) than in the female parent (ranging from 14.3 to 32.7%
for ‘The Fairy’), suggesting the occurrence of male gametic
selection. Distortions of segregation in rose bush could be due
to a gametophytic self-incompatibility system, as early shown
by Debener et al. (2010) in a progeny of R. multiflora hy-
brids—with the detection of a self-incompatibility (SI) gene
on LG3—and suggested by Spiller et al. (2011). Distortions of
segregation could also result from the genetic divergence be-
tween the parents and, therefore, the interspecific nature of
progenies, as discussed by Dai et al. (2017).

For QTL analysis, the distortion of segregation only has a
limited impact on QTL detection power and the estimate of its
effects, provided that the distorted marker is not closely relat-
ed to the QTL (Zhang et al. 2010). For the “The Fairy’ x ‘Old
Blush’ progeny, QTL analysis revealed a total of 37 QTLs, the
two years taken together: 17 on the female map of ‘The Fairy’
and 20 on the male map of ‘Old Blush’. Both parents contrib-
uted to the control of architecture. Apart from LG1, the geno-
mic regions involved in the control of architecture were ho-
mologous with Kawamura et al. (2011, 2015). They were
distributed on all the chromosomes except on LG4. By con-
trast, QTLs were detected on this LG by Kawamura et al.
(2011, 2015).

In our study, QTLs were more particularly located on LGs
2, 5, and 6; the weak to moderate correlations between vari-
ables cannot completely explain this. Among the QTLs we
detected, 13 were major (R2 >10%), with four of them located
on LG2 from the female map of ‘The Fairy’ and nine on LGs
2,5, 6, and 7 of the male map of ‘Old Blush’. Major QTLs
involved in the control of the plant shape and other architec-
tural variables were also detected on LGs 2 and 6 by Yan et al.
(2007), Djennane et al. (2013), and Kawamura et al. (2015).
We detected major QTLs located on these LGs in 2014 and
2015; therefore, they were stable.

The number of QTLs detected per variable varied between
two for In(LLA) and seven for AngLLA2, similar to Kawamura
etal. (2011, 2015) who found numbers ranging from two for
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the number of nodes on the longest 2 order axis which de-
velops from the flowering part of the order 1 axis to six for
plant shape. For the branching angle of the axes, we detected
five new QTLs located on LGs 2, 6, and 7, compared to
Kawamura et al. (2015). More interestingly, we also found
that the QTL located on LG7 co-localized with RABRCI1, a
branching repressor (Barbier et al. 2015) believed to play a
central role in the integration of endogenous and exogenous
signals (i.e., environmental factors; Teichmann and Muhr
2015) and explaining 18.4% of variability. This is consistent
insofar as the number of branches borne by the axis is expect-
ed to influence its branching angle in rose bush (Crespel et al.
2014). In accordance with this, we found that AnglLA2 and
NDbSA3 were correlated, with a common QTL located in the
genomic region of RABRCI. Compared to the map built by
Kawamura et al. (2015), the QTLs detected on LGs 1 and 2 for
NbSA3 could co-locate with RwMAX3 and RwMAX2, two
candidate genes involved in the biosynthesis and signaling
pathway of strigolactones (SLs). This co-localization would
be no surprise because SLs are involved in the control of bud
break (Gomez-Roldan et al. 2008; Umehara et al. 2008) and
are thought to transcriptionally control BRC/ (Rameau et al.
2015). Co-localization (R*> = 35.9%) between a major QTL
involved in the control of branching intensity and RwMAX2
was recently revealed in rose bush (Djennane et al. 2013). We
evidenced that other QTLs located on LGs 5 and 6 could also
be involved in the control of branching. They could co-locate
with other genes involved in the strigolactone pathway,
RwMAXI and RwMAX4, located on LG6 (Djennane et al.
(2013). Similar results were obtained recently regarding the
control of branching in chrysanthemum (Klie et al. 2015).

Besides the major QTL detected on LG2, we also found that a
QTL located on LG7 co-localized with RABRCI for In(LLA).
This seems to be consistent with the fact that BRCI can also
inhibit cell division (Aguilar-Martinez et al. 2007; Teichmann
and Muhr 2015) and, consequently, axis elongation, highlighting
its pleiotropic character. Three QTLs were previously detected
for stem length in rose bush, with a major one (R? = 35.0%)
located on LG2 (Yan et al. 2007).

For variables In(LSA4) and AngLA2, the effect of the
G x Yinteraction was significant, so we calculated the average
value per genotype, adjusted it for the year effect, i.e., the
BLUP for the genotype effect, and used it for new QTL de-
tection. This approach had already been applied in apple tree
(Celton et al. 2011). It revealed three QTLs independent of the
year effect for In(LSA4 BLUP), with a new QTL located on
‘The Fairy’ LG2, and eight QTLs for AngLA2 BLUP, with
two new QTLs, located on “The Fairy” LG3 and one on ‘Old
Blush’ LG1.

Likewise, we calculated the BLUP for the G x Y effect.
Thus, four 2015 specific QTLs were detected for AngL A2.
They were located on ‘The Fairy’ LG2 and LGS, and ‘Old
Blush’ LG5 and LG7, nearby RABRCI, the expression of

which is controlled by the environment (Aguilar-Martinez
et al. 2007; Finlayson et al. 2010; Rameau et al. 2015).

For the ‘The Fairy’ x ‘Perle d’Or’ progeny, a lower number
of QTLs was detected (a total of 13 QTLs, the two years taken
together). The number of QTLs detected for a given character
can differ between connected populations in corn (Meyer et al.
2007; Li et al. 2009) and in oil palm (Billotte et al. 2010). In
our study, the female parent “The Fairy’ was common to both
progenies, so that the less polymorphic QTLs of the male
parent ‘Perle d’Or’ could explain this difference. However,
we detected a much lower number of QTLs (between three
and four times less as compared to the ‘The Fairy’ x ‘Old
Blush’ progeny) on the female map of ‘The Fairy’; these dis-
crepancies in QTL detection between the two progenies could
be due to the genetic background. They could result from
epistatic interactions between QTLs, as shown by Meyer
et al. (2007) and Li et al. (2009) in corn. Yet, all the QTLs
we detected on the female map of ‘The Fairy” were common
to the ‘The Fairy’ x ‘Old Blush’ progeny. Most of them had a
major effect and were located on LG2. Only one or two
common QTLs were detected between connected
populations by Meyer et al. (2007) and Li et al. (2009) in corn,
as well as by Billotte et al. (2010) in oil palm. As in our study,
most of these QTLs had a major effect.

We detected new QTLs involved in the control of NbDetA,
NbBrTopLA, and In(LSA4), all located on LG2 of the male
map of ‘Perle d’Or’, an LG of interest for the control of rose
bush architecture.

Taking into account the year effect, as previously for the ‘The
Fairy’ x ‘Old Blush’ progeny, we detected two new QTLs for
In(LLA BLUP) located on LGs 4 and 7. A comparison with the
map built by Kawamura et al. (2015) showed that the QTL
located on LG4 co-located with Flowering locus T (RoFT), a
floral integrator, and was common with a QTL involved in the
control of plant height. Kawamura et al. (2011) and Roman et al.
(2015) showed that RoFT was involved in the control of the
flowering date in rose bush. Stem length is indeed correlated with
the number of days between bud break and flowering (i.e., the
flowering date) in rose bush. It not only depends on light inten-
sity and quality, but also on the temperatures applied during
growth. A rise in temperature from 15 to 30 °C led to a reduction
of stem length from 60.1 to 29.5 cm and of the number of days
between bud break and flowering from 63.0 to 21.6 days (Shin
et al. 2001). For the second QTL, a comparison with the male
map of ‘Old Blush’ showed that it co-located with RABRCI.
BRC1 is known to interact with FT to prevent the early floral
transition of axillary meristems, and thereby delay the date of
flowering (Niwa et al. 2013).

To conclude, the analysis of the plant architecture by 3D
digitalization made it possible to phenotype a large number of
variables (41), most of them original because they were man-
ually inaccessible. To avoid any redundant information in the
analysis, we sorted the variables and kept the most
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explanatory of the variability observed and least correlated
ones. Thus, we selected six variables, five of which had never
been analyzed genetically. The broad-sense heritability of
most of these variables was moderate to high; therefore, their
genetic analysis was consistent. It was, however, low for the
geometrical variable, AngSA. It was replaced by a correlated
variable, with moderate heritability: Angl.A2. The geometri-
cal variables being correlated with one another, another ap-
proach for QTL detection could be proposed: a joint analysis
of these correlated variables (Banerjee et al. 2008). By includ-
ing information from all variables, it should help to increase
the QTL detection power and the precision of the estimated
QTL effects for this category of variable, with low heritability.

The use of connected populations for the genetic analysis
of these variables made it possible to detect a large number of
QTLs, due to the broadest analyzed allelic variability. Thus,
the number of QTLs detected per variable varied from three
for NbDetA to seven for AnglLA2, all populations taken to-
gether. All LGs were involved, yet with a strong implication
of LG2. Most QTLs located on this LG had a major effect and
were stable. We detected five new QTLs, located on LGs 2, 6,
and 7, for the branching angle of axes, and the QTL located on
LG7 co-localized with RABRCI, a branching repressor
(Barbier et al. 2015; Rameau et al. 2015). Other QTLs, in-
volved in the control of branching and stem elongation, also
co-localized with RhBRC 1, highlighting its pleiotropic nature.

We also revealed year-specific QTLs that genetically ex-
plained the G x Y interactions observed for NbSA3 and
AnglLA2. Finally, the use of connected populations for the
genetic analysis of these variables highlighted for the first time
the effect of the genetic background on the detection of QTLs
in rose bush.

The QTL analysis could be extended to a greater number of
connected populations (i.e., multiparental approach)—already
available (Crespel et al. 2002; Kawamura et al. 2011). In addi-
tion to broadening the allelic variability, it would help to increase
QTL detection power, the accuracy of QTL locations, and the
robustness of estimation of QTLs effects, but also to evaluate the
QTL effects in different genetic backgrounds, as it was recently
shown in apple tree (Bink et al. 2014; Allard et al. 2016).

The present study on the heritability and heredity of rose
bush architecture provides new insights into the topic that will
obviously be of great help to better design and lead the genetic
improvement programs for plant architecture and, in turn, rose
bush shape.
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