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Summary

Plant roots are essential for water and nutrient
uptake and contribute to the plants' response to envi-
ronmental stress factors. As the hidden half of a plant,
investigation of root systems is highly challenging, most
of available methods are destructive and very labour-in-
tensive. In this proof-of-concept study, a non-invasive
X-ray micro computed tomography (X-ray pnCT) meth-
od was applied to investigate the phenotypic variation
of the complex three-dimensional (3D) architecture of
grapevine roots as a function of genotype and soil. Woody
cuttings of 'Calardis Musqué', 'Villard Blanc' and V3125
('Schiava Grossa' x 'Riesling') were cultivated in poly-
propylene columns filled with two different soil types,
clay loam and sandy loam, for 6 weeks. Afterwards,
the columns were scanned once using the technique of
X-ray pCT. The received raw data were analysed for the
reconstruction of 3D root system models (3D model),
which display a non-destructive visualization of whole,
intact root systems with a spatial resolution of 42 pm.
The 3D models of all investigated plants (in total 18)
were applied to quantify root system characteristics
precisely by measuring adventitious root length, lateral
root length, total root length, root system surface area,
root system volume and root growth angles from the
woody cutting relative to a horizontal axis. The results
showed that: (i) early root formation and root growth
differed between genotypes, especially between 'Calardis
Musqué' and 'Villard Blanc'; and (ii) the soil type does
influence adventitious root formation of V3125, but had
minor effects on 'Calardis Musqué' and 'Villard Blanc'.
In conclusion, this innovative, high-resolution method of
X-ray pnCT is suitable for high resolution phenotyping
of root formation, architecture, and rooting character-
istics of grapevine woody cuttings in a non-destructive
manner, e.g. to investigate root response to drought
stress and would provide new insights into phylloxera
root infection.
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Introduction

Grapevines are propagated vegetatively and thus, their
root systems emerge from woody, dormant cuttings of canes.
Roots arising from woody cuttings are called adventitious
roots from which additional lateral roots are branching off.
Successful and sufficient rooting ability of grafted grape-
vines, first growing in nurseries and later in vineyards,
depends on the adventitious root formation for water uptake
followed by the formation of lateral roots for nutrient uptake.
Especially in times of climate change, an increased risk for
hot and dry summers can be observed even for cool climate
regions like Germany. Root systems that display an efficient
water uptake become increasingly important for adaptation
to such drought stress periods (SMART et al. 2006, BATTISTA
et al. 2016, DELROT ef al. 2020).

To meet the challenge for an improved evaluation of
breeding material or rootstock varieties growing under
different soil conditions and the development of extended
selection criteria, sensor-based phenotyping techniques are
promising tools e.g. to distinguish between adventitious
and lateral root characteristics in an objective, comparable
and high-precision way. Recently, most root phenotyping
methods applied in vineyards are based on root excavation.
The use of a mini excavator (41 mm diameter x 1 m length)
allows extracting soil cores with roots at various sites and
distances from the trunk (Soar and Loveys 2007). By this,
vertical distribution of roots in soil can be observed. Another
field approach is root phenotyping by trenching. A one-meter
deep trench on one side of the vine row enabled counting of
roots and determination of root distribution of 15 to 20 years
old grapevines at the section of the trench (BATTISTA et al.
2016). Both field phenotyping methods allow investigation
of grapevine roots in natural soils but are very labour-inten-
sive and destructive which decreases the number of repeti-
tions. In addition, they suffer from the risk of damaging the
roots or (partly) loss of fine root. Furthermore, quantification
of roots is limited to a small accessible soil section only, so
that an investigation of the three-dimensional (3D) structure
of the whole root system is not yet feasible. Non-invasive
technologies can be applied to obtain high-resolution 3D
information of root architecture. In sugar beet, root-related
traits that are relevant for the plant development and yield,
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were monitored non-invasively using magnetic resonance
imaging (MRI) (METzNER et al. 2014). A combined approach
of MRI and positron emission tomography (PET) was
utilised to phenotype the root systems of sugar beet, maize
and radish based on detection of ''C radioactivity (JAHNKE
etal. 2009). While PET has the advantage of tracing nutrient
translocation in the plant, it has a relatively coarse spatial
(voxel) resolution of approximately 1.4 mm. Therefore, its
value to detect the finely structured lateral roots is limited.
In contrast, MRI systems offer a higher spatial resolution of
30 um?. Similar spatial resolution (42 um) is achieved by
computed microtomography (X-ray pCT). For investigations
of plant samples, vertical sample positioning is preferred
but MRI systems are less commonly available with vertical
orientated sample loading (i.e. a horizontal gantry table in
medical systems). Hence, X-ray uCT systems with vertical
sample positioning are used more frequently in research
laboratories, and in combination with lower equipment costs,
their application in plant root research is becoming more and
more common (ATKINSON ef al. 2019).

The principle of X-ray pCT technique is based on the
differential attenuation of ionising radiation passing through
a sample depending on its material density. The number of
photons transmitted through the sample is inversely pro-
portional to its density (MAIRHOFER et al. 2015). The system
enables non-invasive 3D imaging of whole root systems
growing in soil-filled columns and had been applied to
study plant-soil interactions of several plant species during
the last years, e.g. in rice (ZAppALA ef al. 2013) or tomato
(Tracy et al. 2012). RoGeRs ef al. (2016) demonstrated the
influence of growth substrates (different kinds of beads,
sand and potting soil) on root growth, e.g. total root length
is affected by particle size. In addition, a significant inter-
action was observed between bulk density and soil type to
the root volume, root surface, and the total root length of
tomato roots (TRAcY et al. 2012, HELLIWELL ef al. 2019).
Although root systems of numerous crop species have
been scanned and analysed using X-ray pCT, no studies are
available applying this technique to investigate grapevine
roots regarding their root architecture and root response to
different soil types. The texture of the soils hereby is the most
important difference (Tab. 1). While clay loam has a fine
texture with a higher concentration of silt and clay, sandy
loam has a higher concentration of sand, resulting in lower
dewatering capacity. Therefore, the present proof-of-concept
study aims at: (i) the evaluation of X-ray uCT to acquire the

Table 1

Soil properties of both soil types (Analysis Report by Tim O’Hare
Associates, Soil and Landscape Consultancy)

Soil Properties
Texture class (UK classification)  Clay loam  Sandy loam
Clay (< 0.002 mm) [%] 24.0 13.0
Silt (0.002 - 0.063 mm) [%)] 40.0 15.0
Sand (0.063 - 2.0 mm) [%)] 36.0 72.0
pH 6.5 7.9
Organic matter (LOI) [%] 5.1 4.1

root system of grapevines growing from woody cuttings in
a soil pot experiment; (ii) the reconstruction of 3D models
by classifying the X-ray pCT data to quantify adventitious
and lateral root characteristics non-invasively and with
high-resolution; and (iii) evaluate the influence of two soil
types (clay loam, sandy loam) on early root development of
the grapevine varieties of 'Calardis Musqué', 'Villard Blanc'
and V3125 ('Schiava Grossa' x 'Riesling').

Material and Methods

Plant material and cultivation: Dormant,
woody cuttings (ca. 10 cm long, carrying two winter buds)
of 'Calardis Musqué' (VIVC variety number 4549), 'Villard
Blanc' (VIVC variety number 13081) and Geilweilerhof
V. 3125 (VIVC variety number 4605) ('Schiava Grossa' x
'Riesling', abbreviation V3125) (www.vivc.de) were placed
into Jiffy-7® pellets covered by a plastic sheet and kept in the
green house (conditions: 25 °C/20 °C day/night) to initiate
root formation. After one week, cuttings were re-planted into
polypropylene columns (15 cm height x 7.5 cm diameter).
Every column was covered with a mesh at the bottom end to
avoid soil loss and water logging. All columns were uniform-
ly packed with air-dried and sieved soil (< 2 mm) of either
clay loam or sandy loam (Tab. 1). Afterwards, each column
was saturated from the bottom upwards with deionised water
and placed in the green house. A randomised order ensured
equal treatment of the variants. Three replicates of each
genotype 'Calardis Musqué', 'Villard Blanc' and V3125 were
planted into each soil type, giving a total of 18 columns. All
samples were irrigated daily with deionised water except the
day of scanning to prevent overlapping attenuation values of
root material and water-filled soil pores, which can interfere
subsequent root segmentation.

X-ray pCT scans and reconstruction of
3D models: After six weeks, roots of the biggest root
system were already grown through the soil and along the
inner wall of the column and therefore, all replicates were
scanned at this timepoint. A phoenix v[tome|x m® X-ray pCT
scanner (GE Measurement & Control Solutions, Wunsdorf,
Germany) was used and columns were placed separately
in the scanner chamber. Hereby, scan position and settings
were kept constant for each column. The scanning resolution
was 42 um, with 1800 projection images taken per scan. To
acquire maximal resolution, each column was scanned in
three parts: upper, middle, and lower part of the column.
Every scan took approximately 18 min and resulted in an
image stack of grey-scale images which were processed
immediately after the scan: 3D image reconstruction was
performed using the 'multi-scan feature' in phoenix da-
tos|x 2.0 software (GE Measurement & Control Solutions,
Wunsdorf, Germany) to combine the three individual scans
of each column. A beam hardening correction filter setting
of 8 was applied. Whole image reconstruction took approx-
imately 10 min per sample.

Reconstruction of 3D model and quan-
tification of root traits: Rootsystems were seg-
mented from the uCT 3D image data using StudioMax®v2.2
software. By use of the 'Region Growing' selection tool,
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> X-ray uCT image

>> Root Segmentation> 3D reconstruction >

Fig. 1: Workflow from X-ray grey scale image to reconstructed 3D model of the root system. (A) nCT image of a vertical slice through
the soil column with indicated woody cutting (WC) and root (R). (B) Image of advanced stage of the root segmentation process. Stem
and roots of the same grey scale range are highlighted in blue (detected by 'Region Growing' selection tool); adventitious roots were
traced manually and are indicated in yellow. (C) Fully reconstructed 3D model of the root system.

roots were segmented based on differences in gray-scale
color intensity between roots, soil, and pore space (Fig. 1).
Additionally, the sequential use of an open and then close
function in VG StudioMax® was used to fill unselected
areas within the root 'region of interest' (ROI) and smooth
the boundary of the root surface. Based on the greyscale
segmentation along the ROI boundaries, 3D models of the
entire root system were reconstructed for quantification of
root systems. Stems of the woody cuttings were removed
and root volume and root surface area were quantified by
the VG StudioMAX® software, taking approximately 1 to
3 d per sample depending on their root system extent. In
order to determine number and length of adventitious roots
as well as lateral roots, 'Polyline' tool of VG StudioMAX®
was used. First, adventitious roots were traced from their
origin at the woody cutting towards their tips. Afterwards,
lateral roots were traced from their point of branching off
from adventitious roots. The resulting lines were measured
and counted. Quantification of root number and length took
1 to 5 d per sample mostly depending on the number of lat-
eral roots. In addition, growth angles of adventitious roots
emerging from the woody cutting and a horizontal axis were
measured with the in-house software RooTrak (MAIRHOFER
et al. 2017; Fig. 2).

Statistical analysis: Two-way-ANOVA was
conducted to compare the main effects of soil type and
genotype as well as their interaction effects on each meas-
ured trait (R Studio, Version 3.5.1). Pearson's correlation
coefficients were calculated to examine whether single root
traits are associated with each other.

Results and Discussion

Evaluation of X-ray pCT for grape-
vine root system phenotyping: X-ray uCT
was successfully applied to acquire non-invasively the entire
root system of young grapevine cuttings grown in soil-filled

Adventitious

Lateral
roots

Fig. 2: 3D model of a 'Villard Blanc' root system including the
bottom part of the woody cutting. Both root types, adventitious
roots emerging from the woody cutting and lateral roots branching
off the adventitious roots are indicated (A). Woody cutting stem
is removed for root quantification and a horizontal axis illustrates
the root angle measurement of adventitious roots emerging from
the stem (B).

columns. The selected size of the planting columns depended
predominantly on the scanner model. For the present study,
mid-size columns (15 cm height x 7.5 cm diameter) were
used offering an adequate soil space for adventitious root
formation. However, roots of 'Calardis Musqué' and V3125
showed strong root growth in clay loam in comparison to
sandy loam or 'Villard Blanc' and thus, the roots covered
large parts of the soil column. Especially the outer roots had
grown sideways along the inner wall of the columns, which
do not influence the total root length values but changes the
orientation angles of adventitious root growth. Due to the fast
and extensive root growth, scans of distinctly older grape-
vine root systems should be executed in larger columns and
scanner models. In comparison to other crops like cereals or
rapeseed, the grapevine roots, especially adventitious roots,
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are relatively thick and therefore, easier to detect because
they are clearly visible on X-ray images. Fine roots of <
0.2 mm would not be visible via pCT at 57.3 um voxel size
(ZarpaLa et al. 2013), which could lead to underestimation
of root system of crops with very fine roots. In addition, the
root segmentation process of thicker roots can be accelerated
by using the 'Region Growing' function in VG StudioMax®.
This function detects root-like grey scales in the surrounding
of already detected roots automatically, which speeds up
the very time-consuming and labour-intensive manual root
segmentation process.

Reconstruction of 3D models and
quantification of root characteristics:
The reconstructed 3D models are the basis for the determi-
nation of phenotypic root characteristics. The 3D models
of all genotypes in both soil types are presented in Fig. 3.
Based on these models, quantification of root traits due to
length measurements and counting was conducted to identify
effects of genotype and soil type as well as their interaction
on the root system development. Fig. 4 shows means of
all measured traits of all genotypes and both soil types. In
general, 'Calardis Musqué' developed more and longer roots
than V3125 and V3125 exhibited more and longer roots
than 'Villard Blanc'.

The number and length of adventitious roots, total root
length and root system surface as well as root system vol-
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Fig. 3: 3D models of all three genotypes 'Calardis Musqué', V3125,
and 'Villard Blanc' in both soil types: clay loam and sandy loam.
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ume were mainly affected by the genotype (63.5 %, 80.9 %,
42.5%,33.5 %, and 41.1 % phenotypic variance explained),
but also significantly by the soil type (16.4 %, 7.4 %, 18.4 %,
25.6 %, and 24.7 %). Adventitious root length was the only
trait exhibiting a significant interaction of both factors with
4.9 % explained variance. Adventitious root angle and
number of lateral roots showed only significant phenotyp-
ic effects with 56.2 % and 53.6 % explained phenotypic
variance each. Lateral root length was neither significantly
affected by genotype, soil type nor their interaction. Only
for adventitious root length, an interaction of both factors
was significant (Tab. 2).

Measuring root system surface and volume was less
extensive than acquiring number and length of adventitious

and lateral roots. Root system surface and volume highly
correlate with lateral root number and length as well as total
root length (r = 0.91 to 0.98; see Tab. 3). However, corre-
lation with number of adventitious roots resulted in only
r=0.58 and r=0.62. Interestingly, adventitious root number
showed significant differences between genotypes and soil
types which were not confirmed significantly by root system
surface or volume. Therefore, the time-consuming process
of determining the number of adventitious roots cannot be
skipped and replaced by only measuring root system sur-
face or volume. In addition, adventitious root angle was not
strongly correlated to the other measured traits, indicating
a promising unique trait for further root system analyses.
Adventitious root formation of V3125 was significantly

Table 2

Results of two-way ANOVA of measured root traits determining effects of soil type and genotype (n = 3)

Variance ex-

Trait Effect Df Mean Sq F value p-value plained (%)
Soil Type 1 227.6 14.53 0.0025 *K 16.35
Number of Adventitious Roots ~ Genotype 2 442.2 28.22 <0.0000 ok 63.53
Interaction 2 46.1 2.94 0.0914 6.62
Soil Type 1 6570.0 12.89 0.0037 *K 7.38
Adventitious Root Length Genotype 2 35984.0 70.62 < 0.0000 HAK 80.89
Interaction 2 2157.0 4.23 0.0407 * 4.85
Soil Type 1 80.1 3.16 0.1009 8.42
Adventitious Root Angle Genotype 2 267.8 10.56 0.0023 ok 56.23
Interaction 2 15.7 0.62 0.5543 3.31
Soil Type 1 43709.0 3.80 0.0752 . 10.61
Number of Lateral Roots Genotype 2 110442.0 9.59 0.0033 ** 53.59
Interaction 2 4675.0 0.41 0.6752 2.27
Soil Type 1 177661.0 4.31 0.0600 18.53
Lateral Root Length Genotype 2 1344993.0 3.28 0.0732 28.16
Interaction 2 8384.0 0.20 0.8186 1.75
Soil Type 1 252562.0 5.84 0.0325 * 18.44
Total Root Length Genotype 2 291217.0 6.74 0.0109 * 42.53
Interaction 2 7792.0 0.18 0.8373 1.14
Soil Type 1 62948.0 7.91 0.0157 * 25.62
Root System Surface Genotype 2 41123.0 5.17 0.0241 * 33.48
Interaction 2 2486.0 0.31 0.7374 2.02
Soil Type 1 4429805.0 8.86 0.0116 * 24.70
Root System Volume Genotype 2 3682043.0 7.36 0.0082 ok 41.06
Interaction 2 70674.0 0.14 0.8696 0.79
Signif. codes: “****<0.001; “**’0.001-0.01; “**0.01-0.05; <”0.05-0.1; *°0.1-1
Table 3
Correlations between measured traits given as Pearson correlations
Measured Trait ARN ARL ARA LRN LRL TRL RSS
Adventitious Root Number (ARN) 1.00
Adventitious Root Length (ARL) 0.90 1.00
Adventitious Root Angle (ARA) 0.37 0.63 1.00
Number of Lateral Roots (LRN) 0.63 0.79 0.53 1.00
Lateral Root Length (LRL) 0.42 0.55 0.27 0.91 1.00
Total Root Length (TRL) 0.58 0.72 0.39 0.96 0.98 1.00
Root System Surface (RSS) 0.58 0.68 0.34 0.94 0.97 0.98 1.00
Root System Volume (RSV) 0.62 0.73 0.37 0.93 0.95 0.98 0.98
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reduced in sandy loam concerning number and length of
adventitious roots. Root systems of 'Calardis Musqué' and
'Villard Blanc' were not significantly affected by the soil type
but also tend to evolve smaller root systems in sandy loam.

Comparing the genotypes grown in clay loam with each
other, 'Calardis Musqué' and V3125 revealed significantly
higher number and length of adventitious roots compared
to 'Villard Blanc'. In addition, 'Calardis Musqué' had signi-
ficantly more lateral roots than 'Villard Blanc'. Differences
between the genotypes became more evident comparing the
three genotypes grown in sandy loam. Significantly greater
root systems of 'Calardis Musqué' were found compared
to V3125 and 'Villard Blanc' regarding number and length
of adventitious roots as well as adventitious root angle.
These findings indicate that genotypic differences between
'Calardis Musqué' and 'Villard Blanc' are strengthened by
sandy loam soil conditions, especially for V3125. Where-
as, there were no significant differences between 'Calardis
Musqué' and V3125 in clay loam, 'Calardis Musqué samples
showed significantly more and longer adventitious roots in
sandy loam.

In general, 'Calardis Musqué', V3125 and 'Villard Blanc'
developed broader root systems in clay loam compared to
sandy loam, especially V3125 showed a decreased number
and length of adventitious roots in sandy loam. As a con-
sequence, the drier sandy soil possibly possess increased
penetration resistance resulting in a greater physical im-
pediment to root growth (Soar and Loveys 2007). Study-
ing root systems of wheat, pea and tomato by X-ray pCT
revealed comparable results of increased convex hull area
and root thickness in clay loam compared to loamy sand
(HELLIWELL et al. 2019). Interestingly, observations on older
vines in vineyards showed similar effects: Investigation of
root density in a field study by trenching demonstrated that
the available water supply had a positive effect, whereas
hydromorphy intensity and penetrometer soil strength had
a negative influence on vine rooting (MorLAT and JACQUET
1993). In addition, it is known that large proportions of sand
fragments (0.06-2 mm) in vineyard soils cause poor water
retention capacity and low fertility (WHITE 2015) because the
water moves below the root system and takes away soluble
nutrients (PEacock 1996).

Initial adventitious root formation from woody cuttings
is regulated by genetic factors, soil temperature as well as by
other internal compounds like phytohormones or available
carbohydrates (HaissIiG ef al. 1992, FRIEND et al. 1994, SMART
et al. 2003). Several studies have identified differences in
root systems among different grapevine genotypes e.g. in
terms of root distribution observed by soil coring of a trench
profile (PErRY ef al. 1983) or regarding root density (WiL-
Liams and SmitH 1991) analyzed in an excavation trial within
a given edaphic environment. In our experiment, genotypic
effects on root formation could be determined non-inva-
sively with measurements of whole intact root systems. An
early grapevine study (GuiLLoN 1905) indicated that different
geotropic angles of adventitious roots result in variations of
the vertical and horizontal depth distributions. In contrast,
a compilation of more recent data suggested emergence
angles from stem cuttings may not be a good indicator of
the depth distribution of roots (reviewed by SMART et al.

20006). Even though X-ray pCT was successfully used for
phenotyping of grapevine root systems, the low-throughput
method is limited due to financial costs but also because of
a time-consuming process of root system reconstruction
from X-ray images. Therefore, a use for breeding purposes
(e.g. screening of whole crossing populations with many
individuals and an appropriate number of replications)
seems rather unlikely at present. However, with proving
the general suitability of grapevine woody cuttings for
X-ray uCT, other fields of research could benefit from this
technique. For instance, the quantification of nodosities on
grapevine roots induced by phylloxera is challenging and
highly invasive for potted plants, because the roots have to
be made accessible for assessment by washing them out of
the soil. A non-invasive technique like X-ray pnCT could
bring new insights into this field.

Conclusion

In the present study, the technique of non-invasive,
high-resolution X-ray pCT and subsequent reconstruction
of 3D models was successfully applied on young grapevine
woody cuttings in order to acquire an accurate 3D visualis-
ation of the whole, intact root system. Based on the gener-
ated 3D models, automated measurements of the early root
system development, i.e. number and length of adventitious
and lateral root formation was feasible. The obtained results
indicated (i) genotypic differences between root architectural
traits of 'Calardis Musqué' and 'Villard Blanc'; and (ii) soil
type affected adventitious root formation probably due to
variation in water supply and physical penetration resistance
of sandy loam. The technique enables new insights into the
accurate 3D structure and extends the knowledge of 3D
growth parameters of young grapevine root systems, e.g.
relation of adventitious and lateral roots and branching. An
important application could be the investigation of the root
response to drought stress or soil limestone, the objective
comparison of the roots of grapevine varieties as well as
gaining new insights about phylloxera root infection.
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