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ABSTRACT

The success of grafting and the sustained growth of newly grafted grapevines depend on the
ability of hardwood cuttings taken from parent plants to rapidly initiate new adventitious roots
(ARs) and to establish a functional, well-distributed root system in the soil. There is a paucity
of literature on the plasticity and diversity of grapevine root systems due to the difficulty of
phenotyping the hidden part of the plant. This study aimed to investigate whether varying
rootstock cutting length (8, 20, 30 and 50 cm), and as a consequence the initial pool of woody
reserves, influences root system architecture (RSA) and root morphological traits. The analysis
focused on two scion/rootstock combinations, Vitis riparia cv. Riparia Gloire de Montpellier
(RGM) and the V. berlandieri x V. rupestris hybrid cv. 1103 Paulsen (1103P), both grafted
with scions of V. vinifera cv. Cabernet-Sauvignon (CS). Two experiments were carried out:
one in 2022 involving 240 plants grown in pots, and another in 2023 with 32 plants grown in
rhizotrons. The latter allowed for non-invasive, time-lapse 2D imaging of early root system
development providing quantitative data on adventitious and lateral roots, including their
number, length, diameter and branching patterns. The length of the rootstock significantly
influenced the recovery and early-stage growth of the grafted grapevines, impacting both shoot
and root development. Longer rootstocks led to accelerated emergence of ARs and increased
their number, irrespective of rootstock genotype, as well as promoted greater total root system
length and mass. The maximum number of ARs was positively correlated with graft fresh mass,
suggesting a link between initial reserves and root development. While CS/1103P produced
1.3 times more ARs and had longer first-order roots compared to CS/RGM, both combinations
produced similar total root biomass. However, they displayed distinct RSA patterns: 1103P ARs
grew at more acute angles, facilitating deeper soil penetration, while RGM roots spread more
horizontally, promoting surface soil exploration. These contrasting growth patterns suggest the
two rootstocks may have different mechanisms for accessing water and nutrients. Although
certain root morphological traits (i.e., inter-branch distance) remained unaffected by rootstock
length, RGM showed greater plasticity in response to reduced initial reserves, as indicated by
a smaller apical diameter with shorter grafts than that in CS. Overall, this study emphasises the
significance of considering rootstock length and RSA in viticultural propagation practices. The
insights gathered here contribute to a deeper understanding of the mechanisms governing root
development in grafted grapevines, thereby informing strategies to enhance grafting techniques
and optimise grapevine cultivation.
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INTRODUCTION

Many perennial fruit crops are commercially grafted, an ancient
practice in which a scion selected for desirable fruit-producing
traits is joined to a rootstock chosen for its resistance to biotic
and abiotic stresses or its ability to modify scion phenotypes
(Warschesky et al., 2016). Grafting is essential in viticulture
worldwide, particularly since the phylloxera crisis in the late
19th century. Most cultivated grapevines are Vitis vinifera scions
grafted onto rootstocks derived from North American Vitis spp.
and their hybrids. The production of a bench-grafted grapevine
is a complex process, starting with winter harvesting of the canes
that will be grafted and ending with the selection of viable plants in
the nursery and their planting in the vineyard (Waite et al., 2015).
Successful establishment and long-term growth of grafted
plants depends primarily on the compatibility between the two
genotypes and their ability to form robust vascular connections
during the formation of the graft union (Tedesco et al., 2022;
Loupit et al., 2023). It also depends on the ability of (i) the scion
to develop leafy shoots from dormant buds and (ii) the rootstock
to initiate roots and develop a functional, well-structured root
system.

The geometrical, topological and morphological traits of
roots, including the apical diameter, specific length, tropism,
branching angle, branching density and lateral root expansion,
determine the spatial configuration of the root system (i.e., the
root system architecture, RSA) and influence plant performance
and resilience during soil environmental stresses situations
(Bardgett et al., 2014). The spatial configuration of the root system
develops to ensure anchorage in the soil, to promote interactions
with beneficial microbial communities in the rhizosphere,
and to uptake and transport water and nutrients from the soil,
especially under heterogeneous or limited resource availability
(Lynch, 2007). The RSA is shaped by a complex set of individual
root developmental processes, including initiation, emergence,
growth (axial and radial), branching, tropism, senescence and
decay. These processes are organised in space and time and are
genetically determined, resulting in a great phenotypic diversity
in form and structure between species, populations or clones
(Hodge et al., 2009). The expression of these root processes is
influenced by both endogenous signals and exogenous factors,
such as the physico-chemical properties of the soil, temperature
or humidity, which fluctuate greatly over the lifetime of the plant
(Rellan-Alvarez et al., 2016). As a result, the number, location, and
direction of growth of each root in the system is highly variable,
even among genetically identical plants (i.e., root plasticity).

In contrast to seed propagation, where primary roots emerge
from the seed and give rise to secondary lateral roots, vegetative
propagation results in a root system composed entirely of
adventitious roots (ARs) from which lateral roots branch off
(Albrecht ef al., 2017). In hardwood cuttings, AR rhizogenesis
and root system development are strongly influenced not only by
their genetic origin but also by the physiological and biochemical
state of the parent plant from which the cuttings were taken
(Smart et al., 2003). Endogenous hormones are key regulators
of AR formation, with auxin acting as the primary signal to
trigger rhizogenesis from non-root tissues (Druege et al., 2019).

Recent studies, mainly in model plants, have demonstrated that
other plant growth regulators including nitric oxide, ethylene,
polyamines, jasmonic acid and strigolactones may also be
involved in the process of root primordia induction (reviewed
by Bannoud & Bellini, 2021; Altamura et al., 2023). In addition
to the aforementioned growth regulators, the initial levels
of endogenous carbohydrates, mineral nutrients and other
biochemical components, such as phenolic compounds, that may
act as rooting cofactors or modulators of auxin metabolism and
transport, also impact AR formation and the subsequent root
development in cuttings (Da Costa ef al., 2013; Bannoud &
Bellini, 2021). In grapevine, as early as 1927, Winkler observed
a positive correlation between the degree of iodine staining of the
starch present in the mother canes and the AR formation in cuttings
(Winkler, 1927). More recently, the concentration of carbohydrates
in the wood used for grafting (originating from different
geographical areas) has been linked to grafted plant survival
and development in grapevine (Bartolini et al., 1996). In poplar,
carbohydrate availability in the base of cuttings was demonstrated
to be higher in easy-to-root cultivars than in difficult-to-root
cultivars, and soluble sugars were found to be more influential
than starch in initiating root primordia (Denaxa et al., 2012).
Rooting also tends to improve with increasing cutting length,
as observed in woody species such as poplar (Desrocher &
Thomas, 2003) and olive (Porfirio ef al., 2016), possibly due to
the presence of higher amounts of carbohydrate resources and/
or higher enzymatic activity to remobilise and transport them to
the base of the cutting. In grapevine, the results obtained are not
always consistent, as they are highly dependent on the cultivars
and cutting type (Boeno & Zuffellato-Ribas, 2022). Moreover,
the role of carbohydrates in AR formation and early root growth
remains unclear (Phillips ef al., 2015). Finally, in the majority of
studies investigating adventitious rooting in hardwood cuttings,
root system characterisation is limited to a few traits such as the
number of roots emitted after a few days or the length of the longest
root. This is likely due to the difficulty and time-consuming nature
of phenotyping roots in situ, even on young plants at an early stage
of development (Vielba et al., 2020). To date, no comprehensive
studies have been conducted to characterise the morphological
and architectural features of the grapevine root system in relation
to the initial state of the hardwoods used for grafting.

The objectives of this study were to investigate in young, grafted
grapevines (i) the relationship between the quantity of reserves
and architectural and morphological traits of the roots, and (ii) the
genetic variation of these architectural and morphological traits.
The quantity of reserves was manipulated by grafting scions with
rootstock hardwoods of varying lengths. Genetic variation was
examined using two commercial rootstocks, selected for their
agronomic performance and contrasting root system patterns in
vineyards. A deeper understanding of the mechanisms underlying
AR formation and early RSA development is essential for
improving propagation strategies in viticulture, particularly for
hard-to-root rootstocks like V. berlandieri hybrids. This knowledge
can help nurseries and grape growers to produce uniform, high-
quality plants with greater consistency, thereby enhancing the
success and long-term viability of vineyard plantings.
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MATERIALS AND METHODS

1. Plant material

Two grapevine rootstocks were used: V. riparia cv. Riparia
Gloire de Montpellier (RGM), which is considered to be
susceptible to drought and clay soils, confers low scion
vigour and develops a shallow root system, and the V.
berlandieri % V. rupestris hybrid cv. 1103 Paulsen (1103P),
which is considered to be tolerant to drought and clay soils,
confers high scion vigour and develops a deep root system

Article number: 8226

(Archer & Saayman, 2018). Both rootstocks were grafted
with the scion variety V. vinifera cv. Cabernet-Sauvignon.
The hardwoods were collected in December from a vineyard
of INRAE near Bordeaux (France) and stored in a cold room
(4 °C) until grafting in the first week of April. The grafting
procedures were repeated in 2022 and 2023. One-bud scions
were grafted onto de-budded rootstocks of approximately
the same diameter (about 10 mm); four lengths of rootstock
hardwood were selected (8, 20, 30 and 50 cm). The
day before grafting, the hardwoods were removed from

Individual root analysis

B
RLr2
i)
L LBZ
E
)
=y Dr2
10 7180
L LAUZ
154" Dr1
2 3 4 5
X (cm)
D,
MRA
'y
MRD
10
. o
£ 2 4 CHA
- /
=304
A 2
B MRW i
-40 4
0 10 20 30
X (cm)

FIGURE 1. Phenotyping of individual roots (A, B) and whole root systems (C, D) of plants grown for 30 d in

rhizotrons (Exp. B).

[A] High-resolution {1200 dpi) grayscale image of an individual root after harvest; (B] SmariRoot vectorized image and measured
morphological fraits: length of the branching zone (LBZ), length of the apical unbranched zone (LAUZ), interbranch distance (IBD), the
apical diameter of a firstorder adventitious root (Dr1), apical diameter of a lateral root (Dr2), length of a lateral root [RLr2); (C) Grayscale
image with a 600 dpi resolution of a root system in rhizotron; (D) SmartRoof vectorized image and measured architectural traits: maximal
firstorder roof spreading angle [MRA), maximal horizontal extension of the root system (MRW), maximal vertical extension of the root
system [MRD), convex hull area (CHA). Firstorder roots (green), second-order roots (orange).
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cold storage and rehydrated in tap water. The wood was
mechanically omega-grafted. The grafts were briefly dipped
in melted wax (Stachler Rebwachs pro with 0.0035 % of
dichlorobenzoic acid, Chauvin) and then placed in a plastic
container filled with 3 cm of water and stored in a room at
28 °C and 85 % humidity to promote callus formation. When
root tips emerged at the base of the cuttings (approximately
three weeks later), uniform grafts were transplanted either in
pots (Experiment A in 2022) or in rhizotrons (Experiment B
in 2023).

2. Growing conditions and experimental
design
Two independent experiments were conducted at the Institute

of Vine and Wine Sciences (ISVV) in Bordeaux, France
(44° 47N, 0° 34 W).

2.1. Experiment A

In 2022, 30 plants per rootstock length and scion/rootstock
combination were grown on an outdoor platform in 7 L pots
with a 2:1 (v:v) mixture of sand and compost sieved to 2 mm.
A total of 240 pots, each containing one plant, were irrigated
three times a day with 40 mL of a nutrient solution (KNO,:
0.55 mM; (NH,),SO,: 0.20 mM; K. HPO,: 0.60 mM; K ,SO,:
0.40 mM; Ca(NO,),: 0.35 mM; CaCl: 1.27 mM; MgSO,:
0.69 mM). Each batch of 30 plants was randomly divided
into 3 batches of 10 plants each. The first batch of plants was
grown for one month, the second for 3 months, and the third
for 4 months.

2.2. Experiment B

In 2023, four plants per rootstock length and scion/rootstock
combination were grown in a rhizotron phenotyping system
in a greenhouse (Figure 1C). A total of 32 rhizotrons (L x W
x D: 40 x 30 x 5 cm) were filled with a 2:1 (v:v) mixture
of sand and compost sieved to 2 mm. The rhizotrons were
wrapped with white-black sheeting (to insulate against
radiative heating and keep the roots in the dark) and
positioned at a 45° angle to encourage the roots to grow
against the transparent underside. The plants were micro-
irrigated three times a day with 40 mL of the nutrient solution
used in Exp. A, using a pump and two nozzles placed at the
top of the rhizotrons. Holes are drilled in the bottom spacer
to permit drainage of excess solution. Plants were grown for
one month and harvested before the roots had colonised the
entire rhizotron.

3. Growth characterisation and root system
imaging

In both experiments, the plants were harvested to characterise
several shoot and root traits (Table 1). The root systems were
completely extracted and the substrate was removed by
gentle washing with tap water. The length of the longest root
(MLrl, cm) was measured with a ruler, and the number of
ARs and leaves was counted. Subsequently, individual roots
(three chosen at random in Exp. A and all roots were selected
in Exp. B) were scanned with a flatbed scanner (Epson
Perfection V850 Pro, America, Inc., USA) by placing them
in a Plexiglas tray (22 cm x 30 cm, 1.5 cm) (Figure 1A).

The Plexiglas tray was filled with a few millimetres of water,
which was covered with a rigid transparent plastic sheet to
disentangle the roots and minimise overlapping. Images were
captured in TIFF format with a resolution of 1200 dots per
inch (dpi) using the transparent mode. Finally, shoot and
root samples were dried (in an oven at 60 °C until reaching a
constant mass) and weighed. This allowed the calculation of
the root biomass fraction (RMF, g g1) and the root-to-shoot
mass fraction (RSR, g g') (Table 1).

In Exp. B, the visible root systems of the rhizotrons were
scanned periodically with an A3 flatbed scanner (Epson
Expression 1640x1, America, Inc., USA) three times a week
from 7 d after planting until harvest (day 30). Black and
white images were captured in TIFF format at a resolution of
600 dpi (Figure 1C).

4. Image analysis and root trait estimation

Rhizotron images obtained in Exp. B were semi-automatically
vectorised in an RSML format using the Smartroot v4.21
plugin (https://smartroot.github.io/; Lobet et al, 2011) of
the ImageJ v1.52 software (https://imagej.net/ij/). Each
vectorised root was defined by a set of nodes characterised
by 2D spatial coordinates, diameters, root orders and parental
nodes (Figure 1B). For time-lapse images of root systems in
rhizotrons, only first-order ARs emerging from the base of
the rootstock cutting were analysed (Figure 1D). For each
date, the vectorised root system from the previous date was
superimposed on the image, and the new root tips were
incorporated into the RSML files (Lobet ef al., 2015). An
in-house R script, adapted from the ArchiDART package
(Delory et al., 2016), was then used to calculate, for each
date, the number (Nr) and total length (TRLr1, cm) of ARs
visible on the transparent side of the rhizotron, as well as the
maximum depth (MRD, cm) and horizontal width (MRW, cm)
reached by the root system and the surface area of the convex
hull (CHA, cm?). To quantify the maximum spreading angle
of a root system (i.e., the insertion angle between the two
outermost roots) (MRA, °deg), a slightly modified version of
the protocol described in Dayoub et al. (2021) was applied to
the most recent image of the time series (Figure 1D).

Additional root morphological and topological information
was also collected from 2D images of individual roots
sampled after one month in rhizotrons. Four individual
roots per plant in Exp. B, for a total of 128 roots, were fully
vectorised using SmartRoot software as described above.
Several traits were determined for each AR of order 1 to 3
(Table 1), including (i) the apical diameter (Drl and Dr2,
mm), (ii) the length of the apical unramified zone (LAUZ,
mm), which is the length between the root tip and the
nearest lateral root, (iii) the inter-branching distance (IBD,
mm), which is the average length between two consecutive
lateral roots, (iv) the total root length by root order (RL, cm),
(v) the average length of one daughter root per parent root
(meanRLr2, mm) and (vi) the length of the first-order root
branching zone (LBZ, cm). Branching density was quantified
using IBD (its reciprocal) because this variable could be
measured for each lateral root. Root length, mass and volume
allow the calculation of specific root length (SRL, m g') and
root tissue density (RTD, g cm-).
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TABLE 1. Statistics describing shoot and root growth, and individual root morphological traits of grapevine grafts

cultivated for one month in rhizotrons.

Traits Unit Abbreviation Descriptive statistics ANOVA (p values)
Mean Min Max CV (%) Rootstock Size RxS
Stem dry weight g SDW 1.15 0.14 2.79 66.5 0.740 <0.001***  0.984
Leaf mass fraction ggl LMF 51.4 453 66.3 9.4 0.206 0.044* 0.498
Number of leaves LN 13.6 8.0 20.0 20.0 0.127 <0.001*** 0.510
Global fraits (at the root system level)
Root dry weight g RDW 0.56 0.13 1.01 43.2 0.423 <0.001***  0.385
Root mass fraction ggl RMF 0.178 0.122  0.354 25.8 0.646 0.035* 0.251
Rootto-shoot mass ratio ggl RSR 0.220 0.139  0.548 35.1 0.613 0.067 0.276
Number of adventitious roots Nr 20.6 6.0 74.0 64.0 0.003**  <0.001***  0.066
Total firstorder root length cm TRLr1 5.43 1.52 15.10 59.1 <0.001***  <0.001***  0.02*
Specific root length cm g-1 SRL 46.4 27.2 61.6 16.7 0.211 0.512 0.118
Root tissue density g cm-3 RTD 0.065 0.052 0.080 7.9 0.317 0.031* 0.659
M“““'é‘;;’;ﬁ’der root cm MRLr1 38.1 31.0 450 100 <0.001***  <0.001***  0.75
Maximal spreading first- °deg MRA 1100 862 1320 12.3 0.114 0083  0.421
order root angle
Root system convex hull area cm?2 CHA 505 107 809 33.5 0.136 <0.001***  0.591
Maximal horizontal
extension of the root system cm MRW 23.5 7.7 29.5 23.1 <0.001***  0.002** 0.562
(width)
Maximal vertical extension MRD 31.1 85 370 180 0.057 0.016*  0.685
of the root system (depth)
Morphological traits (at the individual root level)
Firstorcer roof apical mm Dr1 0820 0230 1960 402 0.121 0.047*  0.420
iameter
Lateral root apical diameter mm Dr2 0.25 0.13 0.33 13.7 <0.001***  0.017** 0.083
Individual root length cm RL 131.0 9.5 489.0 76.1 0.006** 0.071 0.175
F"S*'°’der|;'r‘]3md”°' ot om RLr] 20.8 15 446 521 0172 <0.001*** 0212
Total length of all lateral cm RLr2 88.7 23 3040 788 0.002** 012 0.152
roots per adventitious root
Mean lateral root length cm meanRLr2 1.8 0.4 3.9 45.5 <0.0071*** 0.017* 0.083
Number of firstorder lateral Nr2 109 3 388 738 0782 0499 0527
roots per adventitious root
Inter-branch distance mm IBD 4.69 1.96 14.60 46.4 0.007** 0.528 0.421
Length of the apical cm LAUZ 8.1 12 199 374 0.367 0098  0.835
unbranching zone
Length of the branching cm LBZ 1808 087 3734 474 0.988 0.011*  0.240

zone

Vitis vinifera cv. Cabernet-Sauvignon was grafted onto varying lengths of V. riparia cv. Riparia Gloire de Montpellier RGM) and the
V. berlandieri x V. rupestris hybrid cv. 1103 Paulsen (1103P). Results of a twoway ANOVA (with roofstock length and genotype
as factors) are provided. ANOVA significance, ns: pvalue < 0.05, * : 0.05 > pvalue > 0.01, ** : 0.01 > pvalue > 0.001,

* %k

- pvalue < 0.001

Finally, all individual roots were also analysed using the
Rhizovision Analyser software (https:/www.rhizovision.
com/; Seethepalli ef al., 2021) to measure the total length of
the roots on scans and root volume that allow us to calculate
the integrated traits SRL and RTD on a large batch of samples.
A detailed description of the traits is given in Table 1.

5. Data analysis

All graphs, data calculations and analyses were performed
using R software (R Development Core Team 2023; R version
4.1.1; http://www.r-project.org/). A home-made R script using
the ‘XML’and ‘dplyr’ libraries was used to read RSML files and
calculate root traits. Analyses of variance to compare rootstock
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length and genotype effects were performed using the ‘aov’
function in the ‘stat’ library and post-hoc Student—Newman—
Keuls analyses using the ‘SNK.test” function in the ‘agricolae’
library. Prior to analysis, the normality and homoscedasticity of
the data were assessed using the Shapiro—Wilk test in the ‘stat’
library and the Levene test in the ‘rstatix’ library, respectively.
Principal component analyses were performed using the PCA
function in the ‘FactoMineR’ library. Plotting was done using
the ‘ggplot2’ library. To compare the morphological root traits
in Figure 6, the data were normalised between 0 and 1 using
the normalisation method: (data-min)/(max-min).

RESULTS

1. Phenotypic variation of plant growth and
root traits

Plants grew for 112 d in pots (Exp. A) or 30 d in rhizotrons
(Exp. B) and showed no visual signs of stress or mineral

A
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RGM
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deficiency. A 1:1 linear correlation was observed for each
scion/rootstock combination between the number of ARs
or root mass production in plants grown in pots and those
grown in rhizotrons, highlighting comparable root system
development across both containers (Figure S1). Rootstock
length had a significant effect on 100 % of shoot traits, 75 %
of global root traits and 40 % of root morphological traits
(Table 1). In Exp. A, plant survival was not significantly
affected by rootstock length, but there was a trend towards
more viable grafts with a 50 cm rootstock than with an §
cm rootstock (Figure 2A). Grafts with 50 cm rootstocks
produced twice as much shoot and root biomass as those with
20 or 30 cm rootstocks and four times as much as those with
8 cm rootstocks throughout the time course; these growth
differences occurred from the first time point measured,
28 d after planting (Figure 2B). Root biomass increased
dramatically over time, multiplying by 5 to 10 times between
the first and the fourth month after planting, while shoot
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FIGURE 2. Effects of rootstock length on (A) plant survival rate, (B) shoot (solid line) and root (dotted line) dry mass
accumulation, (C) root mass fraction (RMF) and (D) specific root length (SRL) in two scion/rootstocks combinations.

Vitis vinifera cv. Cabernet Sauvignon was grafted onto four lengths of V. riparia cv. Riparia Gloire de Montpellier (RGM) and the
V. berlandieri x V. rupesiris hybrid cv. 1103 Paulsen (1103P) and grown for 112 days in pots [Exp. A). (A) roofstock length does not
affect grafted plant survival (Chi?2 test]. (B-D) ANOVA results: not significant, ns; 0.05 > pvalue > 0.01, *; 0.01 > pvalue > 0.001,

**: pvalue < 0.001,

* kK
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biomass increased by only 1.5 to 2 times during the same
period. Consequently, the root mass fraction (RMF) doubled
over this time (Figure 2C). However, the increase in root
biomass was not proportional to the increase in root length,
resulting in a 50 % decrease in specific root length (SRL)
from one to four months after planting (Figure 2D).

Principal component analysis (PCA) was used to summarise
the differences in RSA traits between CS/1103P and CS/
RGM and between the four rootstock lengths for each
experiment (Figure 3). For the pot experiment (Exp. A),
principal components (PCs) 1 and 2 explained 44.8 % and
25.9 % of the total variability, respectively (Figure 3A,
3B and 3C). Principal component 1 separated the samples
based on rootstock length (Figure 3B) and PC2 separated
the samples based on rootstock genotype (Figure 3C).
Rootstock length was positively correlated with shoot and
root biomass, and negatively correlated with SRL, and
rootstock genotypes were correlated with differences in
RMF and RTD (Figure 3A). For the rhizotron experiment
(Exp. B), PCI and 2 explained 31.1 % and 22.1 % of the
total variability, respectively (Figure 3D, 3E, 3F), and PC1
and 2 also separated the samples based on rootstock length
(Figure 3E) and genotype (Figure 3F). Principal component
1 might be positively associated with variation in maximum
and total primary root length and CHA, and negatively with
the RTD and RMF. Principal component 2 was positively
correlated with variation in mean lateral root length and
diameter and negatively correlated with the IBD (Figure
3D).

2, Adventitious root rhizogenesis

Rhizotrons allowed precise measurement of AR numbers,
showing a linear correlation (R?=0.47 for CS/1103P and R?
= 0.88 for CS/RGM, respectively) between ARs observed
on the rhizotron wall and those counted during destructive
harvesting one month after planting (Figure S2). The
number of ARs initiated at the basal part of the graft was
significantly influenced by both rootstock genotype and
length, with no interaction between these factors (Table 1).
In experiment B, the highest rate of root emergence occurred
within the first 15 days and increased with rootstock length
(Figure 4A). After one month, the 50 cm grafts produced
on average three times more roots than the 8 cm grafts, and
CS/1103P had 1.3 times more roots than CS/RGM. For both
rootstocks, the number of ARs one month after planting was
positively correlated with the initial fresh biomass of the
graft (Figure 4B).

3. Root system architecture dynamics

The temporal dynamics of the two-dimensional root system
distribution within the rhizotron were assessed by time
series measurements of the total root length of first-order
roots (TRLr1) and the convex hull area of soil explored by
roots (CHA) (Figure 5, Figure S3). The measure of TRLrl1
observed on the rhizotron wall correlated with TRLrl
measured on individual Ars after destructive sampling for
both combinations (CS/1103P R?=0.95, CS/RGM R?=0.78;
Figure S4). The total root length of first-order root values
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differed significantly between rootstock lengths at each time
point (Figure 5A), with 50 cm rootstocks showing higher
TRLrl. The combination CS/1103P had approximately twice
the TRLr1 than CS/RGM for the same rootstock length.

However, this TRLrl difference did not correspond to
similar soil exploration patterns. Roots of RGM extended
more vertically along the rhizotron wall, whereas 1103P
roots grew in a narrow pattern (Figure S3), as reflected in
the differences in mean root width (MRW) values (Table 1).
Convex hull area increased during the first month for all
treatments (Figure 5). Rootstock length significantly
affected CHA; 8 cm rootstocks explored 2 to 3 times less
area than longer rootstocks. The root system of CS/RGM
occupied 1.2 times more area than CS/1103P in the case
of the longest rootstocks, during the last three days before
harvest (Figure 5B). Convex hull area coordinates were
used to calculate maximum root depth (MRD) and width
(MRW) (Figure 5C and 5D). At 20 days after planting, 30
and 50 cm CS/RGM root systems reached the side walls
of the rhizotron, whereas 30 and 50 cm CS/1103P root
systems only covered two-thirds of the width (Figure 5D).
Maximum root width also increased with rootstock length
for both genotypes, with 8§ cm rootstocks being 1.5 to 2
times narrower than the longer rootstocks (Figure 5D).
Maximal root depth was similar between CS/1103P and
CS/RGM for the same rootstock length and increased with
rootstock length (Figure 5C).

4. Individual root morphology

Significant differences in root morphological traits were
observed between CS/1103P and CS/RGM and between
different rootstock lengths, particularly in the diameter and
mean length of lateral roots (Table 1). Traits related to the
first-order axis (Drl and LAUZ) did not vary significantly
with rootstock length for CS/1103P, but Drl was affected
by rootstock length for CS/RGM. For both combinations,
lateral root traits were not affected by rootstock length
(Figure 6). The SmartRoot data showed that the mean
inter-branch distance (IBD) increased along the length of
the branching zone (LBZ) of the first-order root axis for
both rootstock genotypes (Figure 7A, 7B and 7C). In the
basal, oldest parts of the first-order roots, the mean IBD
was 2.5 mm, increasing to over 5 mm in the youngest
parts (Figure 7A). This increase was consistent along the
first-order axis for all CS/RGM rootstock lengths (Figure
7C), but less so for CS/1103P, which showed elevated IBD
values in the mid-root zone (Figure 7B). The mean length of
lateral roots decreased progressively along the LBZ, from
3 cm to 0.5 cm in CS/RGM and from 4 cm to 0.5 cm in
CS/1103P (Figure 7D). This decrease was more pronounced
in CS/1103P than in CS/RGM, irrespective of the length
of the rootstock (Figure 7E and 7F). The apical diameter
of lateral roots remained constant at 0.3 mm in CS/RGM,
but decreased from 0.3 mm to 0.2 mm along the first-order
root axis in CS/1103P, being significantly smaller in the
distal LBZ (Figure 7G). In addition, the shorter hardwood
resulted in a smaller Dr2 for CS/RGM (Figure 7H and 71).
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FIGURE 3. Principal component analysis of growth traits measured on (A-C) pot- and (D-F) rhizotron-grown Vitis
vinifera cv. Cabernet-Sauvignon grafted onto four lengths of V. riparia cv. Riparia Gloire de Montpellier (RGM) and
the V. berlandieri x V. rupestris hybrid cv. 1103 Paulsen (1103P).

(A, D) Distribution of variables represented as vectors; (B, E) Distribution of individual observations labelled by rootstock length: 8 cm
(circle), 20 cm [triangle), 30 cm (square), and 50 cm (cross); (C,F) Distribution of individual observations labelled by rootstock genotype:
RGM (blue) and 1103P (red). Traits included are leaf dry weight (LDW), stem dry weight (SDVV), root mass fraction (RMF), root tissue
density (RTD), maximal length of a firstorder root (MRLr1), number of firstorder koenmious roofs (NIr), roof dry weight (RDW), specific
roof length (SRL), maximal adventitious root spreading angle (MRA|, maximal horizontal extension of the root system (MRWV), maximal
vertical extension of the root system [MRD), convex hull area (CHA), tofal length of firstorder roots (TRLr1), length of the branching zone
(1BZ), length of the apical unbranched zone (LAUZ), inter-branch distance (IBD), apical diameter of a firstorder root (Dr1), apical diameter
of a lateral root (Dr2) and length of a lateral root (RLr2).
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FIGURE 4. (A) Changes in the number of firstorder adventitious roots of two scion/rootstock combinations grown in
rhizotrons for 30 d as a function of rootstock length and (B) the relationship between the fresh mass of the grafted plant
at grafting and the number of firstorder adventitious roots of the two combinations after 30 d growth in rhizotrons.

Vitis vinifera cv. Cabernet Sauvignon was grafted onto four lengths of V. riparia cv. Riparia Gloire de Montpellier RGM, blue) and the
V. berlandieri x V. rupestris hybrid cv. 1103 Paulsen [1103P, red). Rootstock length: 8 (circles), 20 (triangles), 30 (squares) and 50 cm

[crosses). Results of ANOVA: not significant, ns; 0.05 > pvalue > 0.01, *; 0.01 > pvalue > 0.001, **: pvalue < 0.001, ***. The
resulfs of the posthoc fest, highlighting group differences, are provided in Table S1.
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FIGURE 5. Changes in four global root system traits of two scion/rootstock combinations grown in rhizotrons for 30
d as a function of rootstock length.

(A total firstorder root length (TRLr1), (B) convex hull area (CHA), (C) maximal vertical extension of the root system (MRD) and (D) maximal
horizontal extension of the root system [MRW). Vitis vinifera cv. Cabernet Sauvignon was grafted onto four lengths of V. riparia cv. Riparia
Cloire de Montpellier [RGM) and the V. berlandieri x V. rupestris hybrid cv. 1103 Paulsen [1103P). Results of ANOVA given: nof significant,
ns; 0.05 > pvalue > 0.01, *; 0.01 > pvalue > 0.001, **; pvalue < 0.001, ***. The results of the posthoc test, highlighting group
differences, are provided in Table S1. The thick line shows the limit of the rhizofron {40 cm in C, 30 cm in D).
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FIGURE 6. Effects of rootstock length on six morphological traits of individual roots of Vitis vinifera cv. Cabernet
Sauvignon grafted onto four lengths of (A) the V. berlandieri x V. rupestris hybrid cv. 1103 Paulsen (1103P) and (B)
V. riparia cv. Riparia Gloire de Montpellier (RGM) after 30 d of growth in rhizotrons.

Traits: Firstorder roof length (RLr1), interbranch distance (IBD), mean lateral roof length (meanRLr2), lateral root apical diameter (Dr2),
firstorder root apical diameter (Dr1) and length of the apical unramified zone (LAUZ). Data are normalised between O and 1. Results of
ANOVA: not significant, ns; 0.05 > pvalue > 0.01, *; 0.01 > pvalue > 0.001, **; pvalue < 0.001, ***.

DISCUSSION

1. Rhizotron-based phenotyping system can
accurately quantify grapevine RSA traits

One of the advantages of using rhizotrons for plant
cultivation is the non-invasive observation and phenotyping
of root systems over time, even in perennial species
(Krzyzaniak et al., 2021; Lesmes-Vesga et al., 2022).
However, rhizotrons can also result in a limited volume of
growing medium, leading to physical confinement of the root
system, which can potentially affect both the morphological
and physiological function of the roots (Herrera ez al., 2021).
To mitigate this issue, our study focused on analysing root
architectural and morphological traits within a 30-day period
after planting. Beyond this timeframe, root tips would have
reached the rhizotron boundaries, complicating the accurate
estimation of the projected root system area (Figure S3). In
addition, root biomass density may have exceeded 1 g/L,
the threshold reported by Poorter ef al. (2012), above which
the container size is considered limiting for the proper
root system development. Despite these limitations, our
observations showed vigorous shoot and root growth in the
rhizotrons, comparable to similar plants grown in pots with
the same substrate (Figure S1), consistent with previous
studies (Dumont ef al., 2016; Maskova et al., 2020). Two-
dimensional images obtained from the rhizotrons provided
quantitative phenotypic data on the number, length, and
branching of adventitious and lateral roots, as well as their
spatial distribution over time. A significant correlation was
observed between the number of roots visible on the rhizotron
wall on the last day before harvest and the manually counted
ARs at harvest (Figure S2). The number of ARs estimated

from the 2D images was slightly overestimated for CS/1103P,
but not for CS/RGM. This discrepancy may be due to errors
in counting either ARs that hit the wall several times in a
discontinuous manner or large-diameter lateral roots that
are misclassified as first-order roots. In contrast to previous
literature (Nagel et al., 2012), the total length of first-order
roots correlated well with the length observed at the rhizotron
wall. These results validate the 2D rhizotron imaging method
for quantifying root characteristics in young grapevines.

2. Rootstock length is positively correlated
with plant growth and adventitious
rhizogenesis

The length of rootstock material used for grafting
significantly impacted the recovery and early-stage growth
of young grafted grapevine during the first month after
planting, encompassing both shoot and root development.
This phenomenon is well-documented among grape growers
(Waite et al., 2015) and has been observed in other woody
species such as poplar (Desrocher & Thomas, 2003) and olive
(Porfirio et al., 2016). Longer hardwood cuttings accelerated
AR emergence and increased the maximum number of ARs,
regardless of rootstock genotype. Moreover, longer grafts
enhanced total root system length and mass, facilitating rapid
anchoring in the soil and enhancing water and mineral uptake
to support shoot development (Lynch, 2013).

The variation in rhizogenesis among genotypes in response
to graft length can be attributed to the physiological and
biochemical characteristics of the hardwood cuttings taken
from the mother plants. Smart et al. (2003) showed that
cuttings from the base of the shoot had a higher rooting
capacity than those from the apex, due to their larger diameter
and greater maturity, characterised by more advanced wood
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FIGURE 7. Distribution of the lateral root traits along the relative position on the first-order adventitious root branching
zone (LBZ fraction) of Vitis vinifera cv. Cabernet-Sauvignon grafted onto four lengths of V. riparia cv. Riparia Gloire
de Montpellier (RGM, blue) and the V. berlandieri x V. rupestris hybrid cv. 1103 Paulsen (1103P, red) after 30 d
growth in rhizotrons.

(A-C) Inter-branch distance (IBD), (D-F) mean length of lateral root (meanRLr2) and (GH) lateral root apical diometer (Dr2). (A, D, G) Means
for each genotype, (B-] heatmaps of the scale of variation {low yellow; high brown) for (B, E, H) 1103P and (C, F, I) RGM. The range
from O to =100 corresponds to the basal to apical [BZ fraction. ANOVA significance, ns: pvalue < 0.05, * : 0.05 > pvalue > 0.01,
**:0.01 > pvalue > 0.001, *** : pvalue < 0.001.
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lignification. Therefore, to ensure consistent rooting potential,
all cuttings in this study were standardised according to their
position on the mother plant and their diameter.

Longer grafts are also more likely to root easily than
shorter ones due to potentially higher levels of auxins,
carbohydrates, mineral nutrients, or other biochemical
components such as phenolic compounds (Bannoud &
Bellini, 2021). Carbohydrates play a crucial role, not only
in providing energy and carbon chains for biosynthetic
processes in new root meristems but also in influencing gene
expression in conjunction with auxin (Druege et al., 2019).
The positive correlation observed between initial graft
biomass and the number of roots produced suggests that
greater carbohydrate allocation at the root formation site may
have favoured AR formation in longer grafts. Additionally,
the maximum number of ARs was achieved approximately
15 d after planting under each condition, possibly due to a
progressive shift in phytohormonal balance from promoting
to repressing adventitious rooting (Da Costa et al., 2013).
The positive influence of graft length on rooting capacity
exhibited significant variation among rootstock genotypes.
Notably, CS/1103P had a higher maximum number of ARs
than CS/RGM for equivalent graft lengths, contrary to
existing literature suggesting lower rooting efficiency in
1103P compared to RGM (Gautier et al., 2018). Although
CS/1103P produced a greater number of roots than CS/
RGM, there was no significant difference in total root mass
between the combinations. This indicates a decoupling in the
mechanisms of AR emergence and subsequent growth.

3. Rootstock length modified few individual
root morphological traits

A number of early root morphological traits were quantified
at the individual root level, with only a few influenced by
rootstock length or genotype (Figure 1B, Figure 6 and
Table 1). For both CS/1103P and CS/RGM, the average
length of the first-order roots (RLr1) was slightly greater in
the 50 cm grafts compared to the 8 cm grafts. This outcome
is consistent with the hypothesis proposed by Thaler and
Pages (1998), which suggests that individual root elongation
rates are partially regulated by assimilate availability.
However, traits such as the length of the unbranched apical
zone (LAUZ) and the apical diameter of the first-order axis
(Dr1), which are often considered predictive indicators of root
elongation rate (Pages et al., 2010), were not significantly
affected by rootstock length in our study. Interestingly,
only CS/RGM exhibited a smaller Drl with the shortest
rootstocks. In general, the development of very fine roots
in response to limited assimilates is considered a strategy
to increase soil-root exchange surface area at minimal cost
(Eissenstat et al., 2000). In this context, RGM appears to
display greater plasticity compared to 1103P.

Similarly, root traits associated with branching, such as the
number of lateral roots (Nr2), the total length of lateral roots
(RLr2), and the inter-branch distance (IBD), were minimally
impacted by rootstock length. Notably, only the lateral roots
of the CS/RGM displayed a larger apical diameter (Dr2) in
longer grafts compared to shorter ones, consistent with the

apical diameter of their parent root (Drl). This finding is
consistent with previous non-grapevine studies, which have
shown that root traits related to emission and elongation
are more influenced by the physiological state of the plant,
whereas traits related to root branching are more influenced
by the surrounding soil environment (Bui ef al., 2015).

Another consistent trend observed using Smartroot root
image segmentation was the decrease in lateral root length,
apical diameter, and to some extent, branching density along
first-order roots, regardless of rootstock length (Figure 7).
Typically, older roots near the base are longer than those
recently formed at the apex (Pages et al., 1993). However,
for CS/1103P, the reduction in lateral root length and apical
diameter along the primary axis may also result from reduced
carbon assimilate availability during plant development or
reduced sink capacity of apical root meristems to attract
these assimilates. Furthermore, IBD increased progressively
from the basal to the distal part of first-order roots for CS/
RGM, while IBD was more variable for CS/1103P. Similar
increases or longitudinal variations in branching density have
been documented in several species (Pages, 2014). While
soil gradients, especially nutrient availability, often account
for such fluctuations, however, the relatively homogeneous
substrate and consistent nutrient solution watering in
this study suggest otherwise. Instead, differences in root
clongation rate between genotypes during the first 30 d might
explain these variations.

4. Distinct root system architectures
differentiate RGM and 1103P rootstocks

The 2D RSA varied significantly between the two scion/
rootstock combinations. For the same graft length, CS/1103P
produced more ARs and had a greater total length of primary
roots compared to CS/RGM, even though both genotypes
had similar total root biomass. Additionally, while both
rootstocks had similar branching densities, the lateral roots
of CS/1103P were significantly shorter and thinner. The
roots of CS/1103P grew at narrower angles from the cutting,
indicating a stronger gravitropic response and a strategy
giving priority to the exploration of deeper soil layers. In
contrast, CS/RGM spread its larger ARs more horizontally.
These distinct root system patterns reflect different strategies
for soil exploration and resource use (Dayoub et al., 2021).
The narrower angles and deeper roots of CS/1103P suggest
a strategy optimised for water uptake, while the horizontal
root spread of CS/RGM might be better suited for accessing
immobile nutrients in the upper soil layers. These findings
highlight the importance of considering RSA in rootstock
selection to optimise grapevine performance under diverse
environmental conditions.

CONCLUSION

Here, we present an original study characterising the
architectural and morphological traits of young grafted
grapevine root systems in response to variations in rootstock
length and genotype. The results indicate a direct correlation
between rootstock length and increased adventitious
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rhizogenesis and overall root system length, which could
enhance soil exploration. Despite variations in total root
number, individual root morphology remained unchanged
in response to rootstock length, suggesting in particular that
root branching was likely insensitive to carbon availability.
These findings are consistent across two distinct rootstock
genotypes with different RSA patterns and no common
genetic background. Future research should focus on
the long-term effects of rootstock length on grapevine
development, using molecular and biochemical analyses
to elucidate the underlying mechanisms. This knowledge
will help to refine rootstock selection protocol and optimise
planting practices, thereby contributing to more efficient and
sustainable grapevine-growing strategies.

ACKNOWLEDGEMENTS

We thank C. Hevin, N. Hocquard, M. Lafargue and J.P. Petit
for their technical support in preparing the plant material and
monitoring the greenhouse, as well as the EGFV staff for their
assistance with root phenotyping. The PhD studentship of M.
Larrey was funded by INRAE and the Nouvelle-Aquitaine
Region as part of the ‘Archivit’ project (22001535/6218).
This study has been carried out in the framework of the
University of Bordeaux’s France 2030 programme/GPR
Bordeaux Plant Sciences.

REFERENCES

Albrecht, U., Bordas, M., Lamb, B., Meyering, B., & Bowman,
K.D. (2017). Influence of propagation method on root architecture
and other traits of young Citrus rootstock plants. HortScience, 52,
1569—-1576. https://doi.org/10.21273/HORTSCI12320-17

Altamura, M.M., Piacentini, D., Della Rovere, F., Fattorini, L.,
Falasca, G., & Betti, C. (2023). New paradigms in brassinosteroids,
strigolactones, sphingolipids, and nitric oxide interaction in the
control of lateral and adventitious root formation. Plants, 12, 413.
https://doi.org/10.3390/plants12020413

Archer E., & Saayman, D. (2018). Vine root. Institute for Grape and
Wine Sciences (IGWS), Stellenbosch University.

Bannoud, F., & Bellini, C. (2021). Adventitious rooting in Populus
species: Update and perspectives. Frontiers in Plant Science, 12,
668837. https://doi.org/10.3389/fpls.2021.668837

Bardgett, R.D., Mommer, L., & De Vries, F.T. (2014). Going
underground: root traits as drivers of ecosystem processes. Trends
in Ecology & Evolution, 29, 692-699. https://doi.org/10.1016/j.
tree.2014.10.006

Bartolini, G., Pestelli, P., Toponi, M.A., & Di Monte, G. (1996).
Rooting and carbohydrate in Vitis 140 Ruggeri stem cuttings. Vitis,
35, 11-14.

Boeno, D., & Zuffellato-Ribas, K.C. (2022). A quantitative
assessment of factors affecting the rooting of grapevine rootstocks
(Vitis vinifera L.). Acta Scientiarum Agronomy, 45, €57987. https://
doi.org/10.4025/actasciagron.v45i1.57987

Bui, H.H., Serra, V., & Pages, L. (2015). Root system development
and architecture in various genotypes of the Solanaceae family.
Botany, 93, 465-474. https://doi.org/10.1139/cjb-2015-0008

Article number: 8226

Da Costa, C.T., De Almeida, M.R., Ruedell, C.M., Schwambach,
J., Maraschin, F.S., & Fett-Neto, A.G. (2013). When stress
and development go hand in hand: main hormonal controls of
adventitious rooting in cuttings. Frontiers in Plant Science, 4, 133.
https://doi.org/10.3389/fpls.2013.00133

Dayoub, E., Lamichhane, J.R., Schoving, C., Debacke, P., & Maury,
P. (2021). Early-stage phenotyping of root traits provides insights
into the drought tolerance level of Soybean cultivars. Agronomy,
11, 188. https://doi.org/10.3390/agronomy11010188

Delory, B.M., Baudson, C., Brostaux, Y., Lobet, G., Du Jardin, P.,
Pages, L., & Delaplace, P. (2016). archiDART: an R package for
the automated computation of plant root architectural traits. Plant
and Soil, 398, 351-365. https://doi.org/10.1007/s11104-015-2673-4

Denaxa, N.K., Vemmos, S.N., & Roussos, P.A. (2012). The role
of endogenous carbohydrates and seasonal variation in rooting
ability of cuttings of an easy and a hard to root olive cultivars
(Olea europaea L.). Scientia Horticulturae, 143, 19-28. https://doi.
org/10.1016/j.scienta.2012.05.026

Desrochers, A., & Thomas, B.R.(2003). Acomparison of pre-planting
treatments on hardwood cuttings of four hybrid poplar clones. New
Forests, 26, 17-32. https://doi.org/10.1023/A:1024492103150

Druege, U., Hilo, A., Pérez-Pérez, J.M., Klopotek, Y., Acosta, M.,
Shahinnia, F., Zerche, S., Franken, P., & Hajirezaei, M.R. (2019).
Molecular and physiological control of adventitious rooting in
cuttings: phytohormone action meets resource allocation. Annals of
Botany, 123, 929-949. https://doi.org/10.1093/aob/mcy234

Dumont, C., Cochetel, C., Lauvergeat, V., Cookson, S.J., Ollat, N.,
& Vivin, P. (2016). Screening root morphology in grafted grapevine
using 2D digital images from rhizotrons. Acta Horticulturae, 1136,
213-220. https://doi.org/10.17660/ActaHortic.2016.1136.29

Eissenstat, D.M., Wells, R.D., Yanai, R.D., & Whitbeck, J.L. (2000).
Building roots in a changing environment: implications for root
longevity. New Phytologist, 147, 33-42. https://doi.org/10.1046/
j.1469-8137.2000.00686.x

Gautier, A., Cookson, S.J., Hevin, C., Vivin, P., Lauvergeat, V.,
& Mollier, A. (2018). Phosphorus acquisition efficiency and
phosphorus remobilization mediate genotype-specific differences in
shoot phosphorus content in grapevine. Tree Physiology, 38, 1742-
1751. https://doi.org/10.1093/treephys/tpy074

Herrera, J.C., Savi, T., Mattocks, J., De Berardinis, F., Scheffknecht,
S., Hietz, P., Rosner, S., & Forneck, A. (2021). Container volume
affects drought experiments in grapevines: Insights on xylem
anatomy and time of dehydration. Physiologia Plantarum, 173,
2181-2190. https://doi.org/10.1111/ppl.13567

Hodge, A., Berta, G., Doussan, C., Merchan, F., & Crespi, M.
(2009). Plant root growth, architecture and function. Plant and Soil,
321, 153-187. https://doi.org/10.1007/s11104-009-9929-9

Krzyzaniak, Y., Cointault, F., Loupiac, C., Bernaud, E., Ott, F.,
Salon, C., Laybros, A., Han, S., Héloir, M.C., Adrian, M., &
Trouvelot, S. (2021). In situ phenotyping of grapevine root system
architecture by 2D or 3D imaging: advantages and limits of three
cultivation methods. Frontiers in Plant Science, 12, 638688. https://
doi.org/10.3389/fpls.2021.638688

Lesmes-Vesga, R.A., Cano, L.M., Ritenour, M.A., Sarkhosh, A.,
Chaparro, J.X., & Rossi, L. (2022). Rhizoboxes as rapid tools for
the study of root systems of Prunus seedlings. Plants, 11, 2081.
https://doi.org/10.3390/plants11162081

Lobet, G., Pagés, L., & Draye, X. (2011). A novel image-
analysis toolbox enabling quantitative analysis of root system
architecture. Plant Physiology, 157, 29-39. https://doi.org/10.1104/
pp-111.179895

OENO One | By IVES

2025 | volume 59-1


https://ives-openscience.eu/
https://doi.org/10.21273/HORTSCI12320-17
https://doi.org/10.3390/plants12020413
https://doi.org/10.3389/fpls.2021.668837
https://doi.org/10.1016/j.tree.2014.10.006
https://doi.org/10.1016/j.tree.2014.10.006
https://doi.org/10.4025/actasciagron.v45i1.57987
https://doi.org/10.4025/actasciagron.v45i1.57987
https://doi.org/10.1139/cjb-2015-0008
https://doi.org/10.3389/fpls.2013.00133
https://doi.org/10.3390/agronomy11010188
https://doi.org/10.1007/s11104-015-2673-4
https://doi.org/10.1016/j.scienta.2012.05.026
https://doi.org/10.1016/j.scienta.2012.05.026
https://doi.org/10.1023/A:1024492103150
https://doi.org/10.1093/aob/mcy234
https://doi.org/10.17660/ActaHortic.2016.1136.29
https://doi.org/10.1046/j.1469-8137.2000.00686.x
https://doi.org/10.1046/j.1469-8137.2000.00686.x
https://doi.org/10.1093/treephys/tpy074
https://doi.org/10.1111/ppl.13567
https://doi.org/10.1007/s11104-009-9929-9
https://doi.org/10.3389/fpls.2021.638688
https://doi.org/10.3389/fpls.2021.638688
https://doi.org/10.3390/plants11162081
https://doi.org/10.1104/pp.111.179895
https://doi.org/10.1104/pp.111.179895

Mathieu Larrey et al.

Lobet, G., Pound, M.P., Diener, J., Pradal, C., Draye, X., Godin, C.,
Javaux, M., Leitner, D., Meunier, F., Nacry, P., Pridmore, T.P., &
Schnepf, A. (2015). Root system markup language: toward a unified
root architecture description language. Plant Physiology, 167, 617—
627. https://doi.org/10.1104/pp.114.253625

Loupit, G., Brocard, L., Ollat, N., & Cookson, S.J. (2023). Grafting
in plants: recent discoveries and new applications. Journal of
Experimental Botany, 74, 2433-2447. https://doi.org/10.1093/jxb/
erad061

Lynch, J.P. (2007). Roots of the second green revolution. Australian
Journal of Botany, 55, 493-512. https://doi.org/10.1071/BT06118

Lynch, J.P. (2013). Steep, cheap and deep: an ideotype to optimize
water and N acquisition by maize root systems. Annals of Botany,
112, 347-357. https://doi.org/10.1093/aob/mcs293

Maskova, T., & Klimes, A. (2020). The effect of rhizoboxes on
plant growth and root:shoot biomass partitioning. Frontiers in Plant
Science, 10, 1693. https://doi.org/10.3389/fpls.2019.01693

Nagel, K.A., Putz, A., Gilmer, F., Heinz, K., Fischbach, A., Pfeifer,
J., Faget, M., Blossfeld, S., Ernst, M., Dimaki, C., Kastenholz,
B., Kleinert, A.K., Galinski, A., Scharr, H., Fiorani, F., & Schurr,
U. (2012). GROWSCREEN-Rhizo is a novel phenotyping robot
enabling simultaneous measurements of root and shoot growth for
plants grown in soil-filled rhizotrons. Functional Plant Biology, 39,
891-904. https://doi.org/10.1071/FP12023

Pages, L. (2014). Branching patterns of root systems: quantitative
analysis of the diversity among dicotyledonous species. Annals of
Botany, 114, 591— 598. https://doi.org/10.1093/aob/mcul45

Pages, L., Kervalella, J., Chadoeuf, J. (1993). Development of
the root system of young peach trees (Prunus persica L. Batsch):
A morphometrical analysis. Annals of Botany, 71, 369— 375. https://
doi.org/10.1006/anbo.1993.1046

Pages, L., Serra, V., Draye, X., Doussan, C., & Pierret, A. (2010).
Estimating root elongation rates from morphological measurements
of the root tip. Plant and Soil, 328, 35—44. https://doi.org/10.1007/
s11104-009-0079-x

Phillips, N., Reynolds, A., & Di Profio, F. (2015). Nonstructural
carbohydrate concentrations in dormant grapevine scionwood
and rootstock impact propagation success and vine growth.
HortTechnology, 25,  536-550.  https://doi.org/10.21273/
HORTTECH.25.4.536

Poorter, H., Hler, J.B., van Dusschoten, D., Climent, J. & Postma,
J.A. (2012). Pot size matters: a meta-analysis of the effects of
rooting volume on plant growth. Functional Plant Biology, 39,
839-850. hhttps://doig.org/10.1071/FP12049. PMID: 32480834

Porfirio, S., Gomes da Silva, M.D.R., Cabrita, M.J., Azadi, P., &
Peixe, A. (2016). Reviewing current knowledge on olive (Olea
europaea L.) adventitious root formation. Scientia Horticulturae,
198, 207-226. https://doi.org/10.1016/j.scienta.2015.11.034

Rellan-Alvarez, R., Lobet, G., & Dinneny, J.R. (2016).
Environmental control of root system biology. Annual Review
of Plant Biology, 67, 619—642. https://doi.org/10.1146/annurev-
arplant-043015-111848

Seethepalli, A., Dhakal, K., Griffiths, M., Guo, H., Freschet, G.T.,
& York, L.M. (2021). RhizoVision Explorer: open-source software
for root image analysis and measurement standardization. AoB
PLANTS, 13, plab056. https://doi.org/10.1093/aobpla/plab056

Smart, D.R., Kocsis, L., Walker, M.A., & Stockert, C. (2003).
Dormant buds and adventitious root formation by Fitis and other
woody plants. Journal of Plant Growth Regulation, 21, 296-314.
https://doi.org/10.1007/s00344-003-0001-3

Tedesco, S., Fevereiro, P., Kragler, F., & Pina, A. (2022). Plant
grafting and graft incompatibility: A review from the grapevine
perspective.  Scientia Horticulturae, 299, 1-23. https://doi.
org/10.1016/j.scienta.2022.111019

Thaler, P., & Pages, L. (1998). Modelling the influence of assimilate
availability on root growth and architecture. Plant and Soil, 201,
307-320. https://doi.org/10.1023/A:1004380021699

Vielba, J.M., Vidal, N., José, M.C.S., Rico, S., & Sanchez, C.
(2020). Recent advances in adventitious root formation in Chestnut.
Plants, 9, 1543. https://doi.org/10.3390/plants9111543

Waite, H., Whitelaw-Weckert, M., & Torley, P. (2015). Grapevine
propagation: principles and methods for the production of high-
quality grapevine planting material. New Zealand Journal of Crop
and Horticultural Science, 43, 144-161. https://doi.org/10.1080/01
140671.2014.978340

Warschefsky, E.J., Klein, L.L., Frank, M.H., Chitwood, D.H.,
Londo, J.P., Von Wettberg, E.J.B., & Miller, A.J. (2016). Rootstocks:
diversity, domestication, and impacts on shoot phenotypes. Trends
in Plant Science, 21, 418-437. https://doi.org/10.1080/01140671.2
014.978340

Winkler, A.J. (1927). Some factors influencing the rooting of vine
cuttings. Hilgardia, 2, 329-349.

volume 59-1 | 2025

OENO One | By IVES


https://ives-openscience.eu/
https://doi.org/10.1104/pp.114.253625
https://doi.org/10.1093/jxb/erad061
https://doi.org/10.1093/jxb/erad061
https://doi.org/10.1071/BT06118
https://doi.org/10.1093/aob/mcs293
https://doi.org/10.3389/fpls.2019.01693
https://doi.org/10.1071/FP12023
https://doi.org/10.1093/aob/mcu145
https://doi.org/10.1006/anbo.1993.1046
https://doi.org/10.1006/anbo.1993.1046
https://doi.org/10.1007/s11104-009-0079-x
https://doi.org/10.1007/s11104-009-0079-x
https://doi.org/10.21273/HORTTECH.25.4.536
https://doi.org/10.21273/HORTTECH.25.4.536
hhttps://doig.org/10.1071/FP12049.%20PMID:%2032480834
https://doi.org/10.1016/j.scienta.2015.11.034
https://doi.org/10.1146/annurev-arplant-043015-111848
https://doi.org/10.1146/annurev-arplant-043015-111848
https://doi.org/10.1093/aobpla/plab056
https://doi.org/10.1007/s00344-003-0001-3
https://doi.org/10.1016/j.scienta.2022.111019
https://doi.org/10.1016/j.scienta.2022.111019
https://doi.org/10.1023/A:1004380021699
https://doi.org/10.3390/plants9111543
https://doi.org/10.1080/01140671.2014.978340
https://doi.org/10.1080/01140671.2014.978340
https://doi.org/10.1080/01140671.2014.978340
https://doi.org/10.1080/01140671.2014.978340

