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Abstract 

Background Root phenotyping is particularly challenging because of complexity and inaccessibility of root appara-
tus. Orientation is one of the most important architectural traits of roots and its characterization is generally addressed 
using multiple approaches often based on overall measurements which are difficult to correlate to plant specific 
physiological aspects and its genetic features. Hence, a 3D image analysis approach, based on the recent method 
of Straumit, is proposed in this study to obtain a local mapping of root angles.

Results Proposed method was applied here on radicles of carrot seedlings grown in real weightlessness on the Inter-
national Space Station (ISS) and  on Earth simulated weightlessness by clinorotation. A reference experiment in 1 g 
static condition on Earth was also performed. Radicles were imaged by X-ray micro-CT and two novel root orientation 
traits were defined: the “root angle to sowing plane” (RASP) providing accurate angle distributions for each analysed 
radicle and the “root orientation changes” (ROC) number. The parameters of the RASP distributions and the ROC 
values did not exhibit any significant difference in orientation between radicles grown under clinorotation and on the 
ISS. Only a slight thickening in root corners was found in simulated vs real weightlessness. Such results showed 
that a simple uniaxial clinostat can be an affordable analog in experimental studies reckoning on weightless radicles 
growth.

Conclusions The proposed local orientation mapping approach can be extended also to different root systems pro-
viding a contribution in the challenging task of phenotyping complex and important plant structures such as roots.
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Background
Numerous studies on plant growth in weightless condi-
tions have been conducted since the beginning of the 80’s 
of the last century for their great importance in both the 
dissection of physiological aspects of plant development 
on Earth and the perspective of designing future Biore-
generative Life Support Systems (BLSS) in Space (e.g., 
[3–7, 20, 23, 30]). In addition to cellular and molecular 
aspects, many studies on the effects of weightlessness are 
increasingly focusing on plant morphology and in par-
ticular on plant root architecture (e.g. [1, 17, 37, 38]).
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Roots are plant structures specialised to function for 
anchorage, storage of photo-assimilates, absorption and 
conduction of water and minerals from soil, which make 
them very important for gravity response and plant phys-
iology. The root architectural traits are important for the 
selection of cultivars for crops on Earth and BLSSs with 
plants aiming, e.g., at the most efficient acquisition of 
nutrients in such water-limited environments [26] and in 
general for plant phenotyping to enhance breeding pro-
cesses [28]. In particular, the root angle is an important 
drought-adaptive trait that directs the horizontal and 
vertical distribution of roots into the soil. A strong rela-
tion between steep root angle and deep rooting has been 
observed for example in different cereals, such as wheat 
[41], rice [18] and sorghum [33]. Root angle is considered 
overall a basic trait which may explain most of the impor-
tant phenotypic variation among genotypes [28].

2D image analysis has been by far the most popular 
approach for quantifying root system architecture, both 
in seedlings grown on media plates and root crowns 
excavated from the field [32]. In particular, two-dimen-
sional image analysis has been used also to study the 
impact of altered gravity conditions on root morphology 
and thus on root orientation. Since 1994, the root cur-
vature was determined to study the effects of simulated 
weightless conditions on maize seedling roots, although 
this was performed manually on enlarged photos [15]. 
Recently, 2D image analysis was used by Izzo et al. [17] to 
study the combined effects of several gravity treatments 
with those of different light wavelengths on root growth 
orientation of Brassica oleracea seedlings, with the aim 
of obtaining a thorough knowledge on photomorpho-
genic and phototropic responses of candidate crops such 
as B. Oleracea for plant cultivation in altered gravity. In 
this framework, Villacampa et al. [37] observed that the 
light avoidance mechanism existing in roots guides their 
growth orientation towards diminishing light and helps 
establish the proper longitudinal seedling axis in simu-
lated weightless conditions. 2D image analysis was used 
also to study the effects of different clinorotation settings 
on root morphology, and in particular on root curvature, 
in Arabidopsis thaliana [38] and in 10 different nutri-
tional and economic crops [26].

However, 2D-based measurements have a limita-
tion in that images are typically taken from only one 
or two camera perspectives and do not represent true 
root system architecture in its natural form, and thus 
may omit important information like the root growth 
angle which is susceptible to measurement errors when 
2D projection methods are used [28]. Actually, stereo-
logical procedures to overcome such limitations have 
been proposed such as that based on the method of 
“total vertical projections” by Wulfsohn et al. [40] and 

Wulfsohn and Nyengaard [39] to non-destructively 
estimate total root length, number of branches, diam-
eter distribution and mean root diameter of crested 
wheatgrass plants (Agropyron cristatum L.) growing in 
a transparent medium.

However, Shao et  al. [32] suggest that real 3D imag-
ing and the root architectural traits derived from it have 
higher heritability, and therefore may be more informa-
tive, than methods using 2D imaging. In this regard, the 
recent technological innovations in scan resolution and 
the throughput in image processing made X-ray com-
puted tomography (CT) the current state of art tech-
nology for non-destructive root phenotyping in soil 
[13]. Nevertheless, to our knowledge, such technique 
has never been used in weightless plant growth studies, 
except for Izzo et al. [16]. Examples of root architecture 
and in particular root orientation characterization based 
on micro-CT imaging already exist with different pur-
poses. Flavel et  al. [9] non-destructively observed and 
quantified wheat roots in a repacked Oxisol, in 3D, with 
and without a band of P-enriched soil. Tracy et  al. [36] 
measured the effect of soil compaction on selected root 
traits including elongation rate and lateral root angle. 
Hargreaves et  al. [11] compared the architecture of the 
root system between barley cultivars as measured by 2D 
scanning of roots grown in a gel chamber, a 3D destruc-
tive method using soil, and 3D X-ray micro tomography 
applied on soil pots.

Different approaches have also been applied for the 
quantification of the root growth orientation trait based 
on the type of analysed root systems. For example, Fla-
vel et  al. [9] measured the angles of each branch root 
respect to the axis of the parent root identifying manu-
ally one point on each branch root, corresponding to its 
centroid, as vertex of angle. Tracy et al. [36] measured the 
root angle respect to the vertical axis identifying manu-
ally the ends of each lateral root. Teramoto et  al. [35] 
vectorised a fibrous root system and used the Euclidean 
coordinates of the ends of each single root in order to cal-
culate the angle between the horizontal line and the root. 
Schmitz et al. [31] manually traced the adventitious roots 
emerging from the stem and measured overall their angle 
respect to a horizontal axis. Gerth et al. [10] instead used 
the top faces of the calculated convex hull containing the 
whole root system to define the minimum and maximum 
angles between the faces and the soil plane.

Summarising, to date there is no standard method 
for root systems orientation characterization and no 
method which measures locally the root orientation. 
Different approaches have been used depending on the 
type of root system and the aims of the study. In par-
ticular, there are no 3D image analysis methods till now 
proposed to characterise in very detail the direction 
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changes of roots, as required for plant growing experi-
ments in weightless conditions.

Therefore, in this study we used X-ray micro-CT for 
imaging of roots aiming at testing a recent 3D image 
analysis approach based on structure tensor concept 
for measuring root orientation locally. The research 
goal was to compare the root growth of carrot seedlings 
under three different gravitational regimens: static 1g 
and simulated weightless conditions on Earth, and real 
weightlessness onboard the International Space Station 
(ISS).

Methods
Experimental and technical design
Root growth experiment
The carrot radicles analysed in this work were some of 
those grown in the culture chambers (see Fig.  1g) used 
in an experiment performed onboard the International 
Space Station (ISS) on December 2017 during the Expe-
dition 52/53, funded and coordinated by the Italian Space 
Agency (ASI), along with those grown in the relative 
Ground Reference Experiment (GRE) in static condi-
tion [16]. Carrot seeds resulted the best to fulfil technical 
requirements of the refurbished hardware BIOKON and 

Fig. 1 Hardware equipment used in the experiment. a Four carrot seeds positioned on one of the OASIS® substrate disks. b OASIS® substrate 
disks placed on the 3D-printed substrate holders. c YING-B2 hardware showing the four culture chambers with OASIS® disks and 3D-printed 
subtrate holders. d Interface plate for accommodating the two YING-B2 units inside the BIOKON. e Internal view of the BIOKON with two YING-B2 
units. f BIOKON container. g Schematic of a culture chamber equipped with a fixative reservoir, two substrate disks with seeds, and the 3D-printed 
substrate holder. h Uniaxial clinostat with the YING-B2 unit wrapped in aluminium foil to avoid light interference on root tropisms
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YING-B2 (Fig.  1c and f ) assigned for the space experi-
ment after tests described in Aronne et al. [2]. From the 
overall evaluation of the data obtained, the seeds of D. 
carota cv. Chantenay were chosen.

Four carrot seeds were placed in each culture chamber 
between two equal cylinders of substrate Oasis Grower 
Foam (Oasis® Growing Solutions, The Netherlands), a 
phenolic plastic foam, commonly used for soilless culti-
vations, tightened by a 3D-printed holder (see Fig.  1b). 
Such substrate assemblage and its holder are named in 
the following as SH. After 175 h from seed sowing, the 
radicle development onboard the ISS was stopped by 
activating the injection of a fixative solution, therefore 
concluding the experiment in real weightless conditions. 
RNALater (Sigma-Aldrich, St. Louis, Missouri, US) was 
used as chemical fixative. After the flight experiment, the 
GRE on Earth was performed using the same hardware, 
the same batch of seeds, and the same duration and envi-
ronmental conditions recorded during the experiment on 
the ISS as more exhaustively described in Izzo et al. [16].

In addition, in the current study also radicles grown 
on a uniaxial clinostat (CL) were considered in order to 
perform an experiment which simulates weightless con-
ditions on Earth [12, 21]. The same culture chambers and 
SH used for the ISS and GRE experiments were used in 
CL (Fig. 1h). Two rotations/minute of clinostat and seeds 
distance from rotation axis of about 2 cm induced the 
negligible centrifugal acceleration respect to gravitation 
of about 8.94x10-5 g. CL experiment was also performed 
with the same duration of the flight experiment and 
using the same temperature regime recorded during the 
spaceflight.

3d imaging and analysis
A scheme of root image acquisition, processing and 
analysis is reported in Fig.  2. In order to analyse the 
radicles as they grew in the opaque substrate without 
any disturbance, the whole SHs were imaged by means 
of X-ray micro-CT (see Fig. 2a). All SHs from ISS, GRE 
and CL experiments were scanned by a Skyscan 1272 
desktop microtomograph (Bruker, US) without disman-
tling them, at 50 kV voltage and 200 μA current. The 
obtained X-ray projections were subjected to a Feld-
camp back-projection procedure in order to obtain the 

cross-section reconstruction (Fig.  2b) using NRecon 
software v.1.8 (Bruker, US). 8-bit grey level cross-sec-
tion images of the SHs were obtained at a resolution 
of 17 μm (Fig.  2c). Images were all calibrated using 
the known size of the SH as reference. Further details 
about acquisition and 3D image reconstruction param-
eters are reported in Izzo et al. [16]. The images of the 
radicles were then segmented from the surrounding 
substrate in the SHs by applying first Otsu threshold 
method [27] on grey level histograms for the image 
binarization (Fig.  2d), then the opening mathemati-
cal morphology operator with 1 voxel radius (Fig.  2e) 
and, finally, removing isolated groups of white voxels 
(despeckle) smaller than eighty voxels (Fig.  2f ). Above 
procedure allowed to remove the substrate from images 
without shifting the root boundaries except for small 
protruding parts narrower three voxels

After image processing, an approach based on the 
recent method of Straumit et al. (2015) was used for the 
characterization of root local orientation. It is based on 
the structure tensor concept widely used in image pro-
cessing in order to describe the distribution of the gradi-
ent in a specified neighbourhood around a voxel [29] and 
was specifically developed to determine local anisotropy 
tensors in micro-CT image data. It allows to determine 
local orientation of grey level objects in 3D space by 
means of local spherical coordinates (θ, φ) (see Fig.  2g) 
represented by a grey level 8-bit map. An example of the 
application of Straumit’s method on a radicle 3D image 
is reported in Fig.  3. Such approach is implemented in 
CTAn software (Bruker, US). It was applied here with a 
3D structure matrix 31x31x31 voxels wide and angular 
resolution of 15° for θ and 30° for φ (see Fig. 3). The polar 
angle θ was referred to the perpendicular direction to the 
sowing plane while the azimuthal angle φ lied on a plane 
parallel to the sowing plane in the SHs (see Fig.  2g and 
3). Based on the above settings the two following orienta-
tion parameters were defined: (i) the “root angle to sow-
ing plane” (RASP) which is the complementary angle of 
θ measured locally on the radicles and (ii) the number 
of “root orientation changes” (ROC) obtained by scor-
ing the changes in θ and φ coordinates observed starting 
from the seed till the end of a radicle. For RASP, the root 
volume-based angular distribution was determined.

Fig. 2 Scheme of root image acquisition, processing and analysis. a 3D imaging of carrot radicles from seedlings grown in opaque substrate 
scanned for the acquisition of the X-ray projections by means of X-ray microtomography. b 3D image reconstruction by means of Feldcamp 
backprojection procedure. c Cross-section of the 3D reconstruction. d 2D image section and 3D reconstruction resulting from binarization by image 
thresholding and Volume of interest (VOI) selection (the gray cylinder). e 2D image section and 3D reconstruction after opening mathematical 
morphological operation. f 2D image section and 3D reconstruction after despeckle to remove isolated groups of voxels. g Local root orientation 
measurements by spherical coordinates (local zenithal and azimuthal angles θ and φ)

(See figure on next page.)
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Fig. 2 (See legend on previous page.)
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Radicle volume was calculated as the sum of white vox-
els representing each radicle and the root thickness (RT) 
distribution was determined by the “successive opening” 
algorithm (e.g.: [8, 14]) which allows volume-based local 
thickness definition. After halving the image resolution, 
the algorithm provides RT classes four times the initial 
voxel size wide, except for the first class which is six times 
the voxel size wide. Above image processing and analy-
sis have been performed using CTAn software v.1.20.8 
(Bruker, US).

Statistical analysis
One-way ANOVA using the different experiments (ISS, 
CL and GRE) as factor has been performed on RASP and 
RT distributions parameters. Then All Pairwise Multi-
ple Comparisons were performed using the Fisher LSD 
Method. Fisher LSD and Tukey tests were performed on 
the RASP and RT distribution data, respectively. All sta-
tistical tests were performed using the software Sigma-
plot 13 (Systat Software Inc.).

Results
The analysed roots in this study were 10 from ISS, 12 
from CL and 11 from GRE experiments. A selection of 
such radicles is shown in the Figs. 4, 6 and 8. All the radi-
cles are shown in the Figures S1, S2 and S3. The approach 
used for image analysis allowed us to obtain, for each 
analysed root, the mapping of the portions of root vol-
ume characterised by a given orientation with respect 
to the (i) sowing plane (Fig. 4, Figure S1) and (ii) three-
dimensional space (Fig. 6, Figure S2) referred to the SHs 
used in the experiments (see Fig. 1). In addition, the map-
ping of the portions of root volume characterised by a 

given thickness has been obtained (Fig.  8, Figure S3). 
False colours have been used for the root mapping as 
reported in the legends of the above figures.

Root angle to sowing plane
In Fig. 4 it can be clearly observed that the roots grown 
in GRE have obviously a perpendicular orientation to the 
sowing plane, thus the prevailing colour in these roots is 
red (corresponding to RASP in the range 75–90°). The 
roots grown in both simulated and real weightless con-
ditions have sub-parallel orientations to this plane and 
are characterised by a prevalence of blue and fuchsia root 
segments (RASP in the range 15–30° and 0–15°).

Regarding the comparison of average RASP distribu-
tion parameters between GRE and weightless conditions 
(CL and ISS), the results in Table 1 indicate that both the 
mean and modal values are significantly higher in GRE 
than those in ISS and CL, whereas the opposite happens 
for the Standard deviation and Skewness index Fisher 
values. The significantly higher standard deviation of 
RASP distribution in weightless conditions indicates the 
greater variability of root orientation obtained in ISS and 
CL experiments than in GRE. The different sign of Skew-
ness indicates the opposite asymmetry of the RASP dis-
tributions in weightless (CL and ISS) vs GRE conditions 
according to the visual observation of the prevailing sub-
vertical orientation of the roots in GRE. The RASP distri-
bution data and parameters of all the analysed roots are 
reported in tables S1 and S2.

Figure  5 shows the average RASP distributions of the 
three experiments with standard error bars and, for each 
experiment, the results of the statistical pairwise compar-
ison between the angular ranges. The RASP distributions 

Fig. 3 Local orientation mapping. Example of the application of Straumit’s method based on voxel model of structure tensor. a 3D gradient 
matrices of structure tensors calculated around radicle voxels. b 3D colour-coded orientation of radicle voxels according to the reported spherical 
legend
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of each single root are reported in Figures S4a and S4b. 
The distributions are evaluated as root volume percent-
age in 15°-wide angular ranges and were obtained divid-
ing, for each angle range, the sum of the voxels of that 
angle range by the total of the root voxels. It is possible 
to observe that the curve trend is very similar for ISS and 
CL and is, of course, completely different for the GRE in 
which subvertical angular ranges prevail as provided by 
the significantly higher root volume percent of the RASP 
ranges > 60° respect to the others. For ISS and CL, the 
RASP distribution trends were not significantly different 
as found considering the statistical results about the dis-
tribution parameters reported in Table 1. Such absence of 

significant difference of RASP between ISS and CL was 
also confirmed by the Tukey tests of the pairwise com-
parisons between the angular ranges. Furthermore, the 
only significant difference in the percent root volume for 
both ISS and CL is between the angular ranges 0–15° and 
76–90°, being the first significantly higher than the sec-
ond one.

Root orientation changes
Figure 6 shows the colour-coded images of the root ori-
entations in three dimensions considering also the azi-
muthal angle φ. The number of root orientation changes 
(ROC) was scored along the root length when ∆θ was at 

Fig. 4 Root angle to sowing plane mapping. Colour coded images of the parameter “root angle to sowing plane” of three radicles chosen 
as example for each experiment. The white arrows indicate the root initiation point from seed

Table 1 RASP distribution parameters. Average values of the parameters of the distribution of root angle to sowing plane (RASP) 
(standard errors in brackets)

Values on a column sharing a letter are not statistically different (Fisher LSD test) at P< 0.05

a: significantly higher values

b: significantly lower values

RASP Distribution

Mean value (°) Modal value (°) Standard dev. (°) Skewness index fisher

ISS 35.3 (3.8)b 28.6 (8.4)b 21.3 (1.9)a 0.22 (0.28)a

CL 34.5 (3.7)b 33.4 (7.7)b 19.8 (2.1)a 0.50 (0.29)a

GRE 66.4 (2.7)a 73.5 (1.9)a 13.8 (1.2)b − 0.61 (0.18)b
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least 30° and Δ∅ at least 120°. Thus, the portions of the 
root characterised by a given combination of the range of 
values of the θ and φ angles have been represented with 9 
different colours, as can be seen from the legend in Fig. 6.

Average values of the number of ROC were then 
obtained for each experiment and are reported in Fig. 7. 
ROC numbers of all the analysed roots are reported in 
table S3.

From Fig. 7 it can be observed that the number of ROC 
is significantly greater in roots grown on ISS and CL than 
in roots grown in GRE, as expected.

Root thickness
Figure  8 and Figure S3 show that in all experiments 
a local thickening of the radicles is observed where a 
marked orientation change occurs, which sometimes 
results in a thickness class change.

From the Table 2 it can be noted that the average values 
of volume of the roots grown in ISS, CL and GRE were 
not significantly different from each other. Regarding the 
RT distribution parameters, also the modal value and the 
standard deviation are not significantly different among 

the three experiments. Only the mean thickness of CL 
and the skewness of both ISS and CL resulted signifi-
cantly different from those of GRE. The RT distribution 
data and parameters of all the analysed roots are reported 
in tables S4 and S5.

Regarding the RT distributions, Fig. 9 shows the aver-
age values of root volume in each thickness range about 
70 μm-wide and the corresponding standard errors bars. 
The RT distributions of each single root are reported in 
Figures  S5a and S5b. It is possible to observe a higher 
volume of thinner root portions in ISS and CL than GRE 
with significant differences up to 306  μm, while signifi-
cantly higher average volume of 442–510  μm roots is 
observed for GRE compared to ISS. In such thickness 
range, CL exhibits a significantly higher average volume 
than ISS.

Discussion
In this work the study of root growth orientation in 
weightless conditions has been addressed by using 
three-dimensional image analysis obtained from micro-
CT scans. The X-ray micro-CT imaging of the whole 

Fig. 5 Root angle to sowing plane (RASP) distribution. Bars are standard errors. Shared letters on a row mean absence of significant (Tukey tests, 
at a P < 0.05) difference of root volume percent among angular ranges
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substrate holder was chosen as the only option suitable 
to characterize the root growth in our experimental con-
ditions due to the small size of the hardware available 
for the project on the ISS. Magnetic resonance imaging 
(MRI) and positron emission tomography (PET) could be 
considered alternatives in principle to the X-ray micro-
CT. However, high image resolution was required to 

describe and analyse the small carrot radicles, which is 
not provided by MRI [24] or PET [25]. In particular this 
latter technique would have implied the use of a radioac-
tive tracer, which was infeasible on the ISS for safety and 
decay issues.

On the other hand, manual measurements directly on 
the roots neither could be done, as after some preliminary 

Fig. 6 Root 3D orientation mapping. Colour coded images of three-dimensional orientation measured using spherical coordinates of three 
radicles chosen as example for each experiment. Each colour corresponds to a combination of values of the spherical coordinates (local zenithal 
and azimuthal angles θ and φ). The white arrows indicate the root initiation point from seed

Fig. 7 Root orientation changes (ROC). Average values of the number of ROC. (bars are standard errors). Values sharing a letter are not statistically 
different (Fisher LSD test) at a P < 0.05
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tests trying to disassemble Oasis disks where carrot radi-
cles grew, these latter broke or lost their geometry.

The used method of local orientation characterization 
has been very recently developed to detect anisotropies 
in generic micro-CT images and has been applied here 
to characterise the root orientation. Other X-ray CT-
based studies on 3D root architecture (e.g., [9, 31, 35, 
36]) characterised root orientation as a whole by meas-
uring the direction of a specific couple of points on the 
roots. Conversely, the Straumit’s approach [34] used 
here allows to quantify locally the orientation of root 
portions by tuning both root portion minimal length 
and angular resolution as needed. To be aware that the 
proposed image analysis approach is a mathematical 

morphology one and thus requires stacks of raster 
images of roots. Therefore, it cannot be directly applied 
if the root imaging method provides 3D vector graphic 
models of the roots. In such a case, images have to be 
first converted in raster mode. A limit of the Straumit’s 
approach is that it was designed to work on 8-bit images 
and therefore to encode in theory no more than 256 
grey levels. This means that actually a discrete num-
ber of 3D root orientations not exceeding 256 could be 
identified. In practice, aiming at obtaining a homogene-
ous step of discretization in all possible directions (phi 
and theta), the number of discrete orientations identifi-
able by means of the method has been 144. Such limita-
tion could be overcome in the future by implementing 

Fig. 8 Root thickness mapping. Colour coded images of the root thickness of three radicles chosen as example for each experiment. The white 
arrows indicate the root initiation point from seed

Table 2 Root thickness (RT) distribution parameters. Average values of root volumes and parameters of the RT distribution (standard 
errors in brackets)

Values on a column sharing a letter are not statistically different (Fisher LSD test) at P< 0.05

a: significantly higher values

b: significantly lower values

Root volume Root thickness distribution

(mm3) Mean value (μm) Modal value (μm) Standard deviation 
(μm)

Skewness index 
Fisher

ISS 0.66 (0.07)a 316.0 (19.9)ab 326.4 (30.1)a 87.9 (7.5)a − 0.22 (0.13)a

CL 0.69 (0.12)a 295.8 (26.6)b 311.7 (39.7)a 85.5 (8.5)a − 0.19 (0.10)a

GRE 0.63 (0.09)a 363.4 (18.6)a 364.7 (26.4)a 74.1 (5.1)a − 0.72 (0.22)b
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a method similar to that of Straumit, but applicable to 
images with more than 8 bits (e.g., 16 bits). Neverthe-
less, in our study the discretisation of the theoretically 
infinite 3D orientations to 144 has not been a real limi-
tation. Indeed, small random changes in radicle orien-
tation can be physiological while we were interested 
to marked changes in radicle orientation surely caused 
by the abiotic stress of weightlessness. The use of such 
approach allowed to map the local orientation of carrot 
radicles grown in ISS, CL and GRE experiments, even 
if it has the potential to be applied to larger and more 
complex root systems. In fact, the proposed local orien-
tation mapping appr

oach is independent from the size of the analysed 
root system and, without the hardware size limitation 
we faced with the experiment on the ISS, it could be 
applied to larger root systems imaged using for exam-
ple medical CT scanners larger than X-ray micro-CT. 
In addition, a simple root system like that of carrot 
seedlings studied here can be regarded as an elemen-
tary component of a complex root system. On the other 
hand, as demonstrated by Rangarajan and Lynch [28] by 
means of in silico simulations, phenotyping of complex 
root architectures must be carried out at their elemen-
tary level of organization to get a better understanding 
of the interactions among single traits and to identify 
their genetic features (QTLs). Moreover, it is possible 
to define other orientation parameters than RASP and 
ROC starting from the same kind of orientation maps, 

depending on the specific architecture of the analysed 
root system and according to the specific aims of the 
study.

The specific goal of this study was to compare the root 
growth orientation in the real vs simulated weightless-
ness experiments using the proposed approach. The GRE 
experiment has been added to assess the sensitivity of the 
used local orientation parameters and as a test for the 
image analysis method with radicles having the a priori 
known overall vertical orientation. Two new root ori-
entation traits, the “root angle to sowing plane” (RASP) 
and the “root orientation changes” (ROC) were defined, 
in addition of measuring the root thickness (RT) to thor-
oughly analyse the root growth of the carrot seedlings. 
The RASP is a local parameter whereas the ROC refers 
to the whole radicle although it is, as well, based on the 
three-dimensional local orientation scored on the roots. 
For the RASP the angular distribution in root volume 
percent was determined, whereas for RT the distribution 
in absolute root volume. The found distributions of RASP 
and RT were then analysed in terms of both comparison 
of distribution parameters and class by class.

Notwithstanding the very accurate comparison, any 
significant difference in orientation of carrot roots grown 
in ISS and CL was not found. In particular, a common 
root orientation characteristic found in both ISS and CL 
experiments was the absence of a prevailing orientation 
(RASP) except for the significant volumetric prevalence 
of subparallel (0–15° oriented) root portions respect to 

Fig. 9 Root thickness (RT) distributions. Average values of root volume for each root thickness class (bars are standard errors). Values sharing a letter 
are not statistically different (Fisher LSD test) at a P < 0.05
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sub-orthogonal (76–90°oriented) ones to the sowing 
plane. This could be favoured by the fact that the sow-
ing plane represents a discontinuity between the two 
semi-substrates constituting the SHs and therefore it 
determines a lower mechanical impedance to the root 
development. Furthermore, the ROC results showed that 
in both weightless conditions (simulated and real) the 
number of changes in root orientation is almost doubled 
compared to GRE.

Also, the volume of all radicles in ISS and CL did not 
show any significant difference, indicating the same 
developmental stage for all the studied seedlings. Actu-
ally, the only significant difference which was found com-
paring the overall growth of carrot roots between ISS 
and CL experiments was in RT distribution and it was 
detected only after class-by-class analysis. Indeed, a sig-
nificant volumetric prevalence of the 442–510 μm thick-
ness range was found in the radicles of CL experiment 
respect to those of ISS, as only difference. It is notewor-
thy that such thickness range was often found in corre-
spondence of the marked local changes observed in the 
root orientation (see Fig. 8 and Figure S3), thus the only 
morphological difference between carrot radicles grown 
in simulated vs real weightlessness seems to be a larger 
swelling in the root corners in CL than ISS.

Overall, such findings allowed to give an experimental 
demonstration of the effectiveness of the clinorotation 
approach to simulate weightlessness in radicle growth. 
Thus, the root growth during the seedling development 
under uniaxial clinorotation can be considered one of 
the cases in which the great differences often observed in 
plant growth between weightlessness analogs and weight-
less spaceflights (e.g., [21, 22]) do not occur. The proper 
experimental setup used in this study surely contributed 
to obtaining such results. In fact, it fulfilled all the con-
ditions of using (i) seed stock, (ii) growth substrate, (iii) 
nutrient media, (iv) temperature and also (v) containers 
identical to those of spaceflight experiment as suggested 
by Kiss [19] in order to maximise the comparability of 
outcomes from simulated weightlessness and spaceflight 
experiments.

Conclusions
In this work a recent 3D image analysis approach was 
proposed to accurately characterise the phenotypic trait 
of plant root orientation, mapped locally along carrot 
radicles imaged by X-ray micro-CT, grown in real and 
simulated weightless conditions.

Simulated weightless conditions by means of cli-
norotation provided a very similar radicle development 
compared to radicles grown on the ISS, indicating that 
the used weightlessness analog can be a reliable and 

affordable tool to address plant physiology studies which 
require an experimental design with alteration of gravity.

Notwithstanding the very specific root system and pur-
poses of this study case, the proposed local orientation 
mapping method can be extended also to different root 
systems thus providing a contribution in the challenging 
task of phenotyping complex and important plant struc-
tures such as roots.
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