Mysore J. Agric. Sci., 52 (2) : 356-368, 2018

A Novel High Throughput Root Phenotyping Protocol and Structure
Using Lemna Tec 3D

JAMEEL AHMAD KHAN AND H. E. SHASHIDHAR
Department of Plant Biotechnology, College of Agriculture, UAS, GKVK, Bangalore - 560 065
E-mail: jameelbiotec@gmail.com

ABSTRACT

This study was aimed at designing and demonstrating utility of a novel and low-cost tool as an accessory to
image root growth of rice seedling in automated Lemna Tec 3D Scanalyzer. The tool enabled with RFID chip,
designed to hold at least three test tubes carried root system of seedlings of five rice genotypes grown in test-
tubes containing in transparent medium. A total of 30 (5 varieties x 6 replications) test-tubes were prepared
among which uncontaminated 15 capped test-tubes carrying seedlings of rice in three replications were used to
characterize the root growth. Variability of roots existed and Bala genotype outperformed in root growth rate
and total root area. Additional seven parameters were also tested for possible surrogates for root growth rate and
total root area. These studies demonstrate that the tool developed as an accessory to imaging system can
facilitate rapid root phenotyping. Also, this method can be employed to assess the genetic variation in
responses to abiotic stresses such as drought that cause osmotic stress during early growth of crop plants. When
combined with genotyping, this can also support discovery of useful genes associated with root system responses
to osmotic stress.
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GenEeTic improvement of tolerance to drought is
important for staple food crops like rice, which face
long dry spells during their growth under rain
dependent agro-ecologies (Tardieu et.al., 2018). Much
of the genetic gain in grain yield of crops has resulted
from genetic improvement of structural traits
including yield and yield components, which are
placed above the land surface in contrast to root. It is
increasingly realized that the further genetic gain in
crop productivity is likely to result from improved
root traits and the root is the primary port of entry for
water and mineral molecules, which are critical for
plant growth. The traits specifically associated with
root system architecture are gaining importance
recently (Lynch, 2018). Benefit of improvement in
root system architecture has been clearly demonstrated
through novel phenotyping and molecular biology
intervention for drought tolerance (Uga et al., 2013).
Such breakthrough in agricultural research are highly
essential for ensuring enhanced food production for
ever growing world population (Nelson et al., 2012)
and also to encounter climate change by increasing
efficiency of roots (Anon., 2014). This situation
demands the need for high throughput, robust and

cheap hardware and software platforms as traditional
methods of phenotyping roots, such as excavation or
washed soil cores destroys the architecture of the root
system. Recently several novel techniques have been
used to investigate root systemsnon-destructively by
employing imaging technologies. These technologies
use imaging in visible range of electromagnetic
spectrum and also X-ray computed tomography (Paya
et al., 2015). The images of root acquired from both
minirhizotron (Fitters et al., 2018); Rootfly [www.ces.
clemson.edu/wstb/rootfly/], RootView [www.
mv.helsinki.fi/aphalo/RootView.html], and Roo
Tracker [www.biology.duke.edu/rootracker] and also
in the controlled environments have been used to
understand the genetic variation in root system
architecture-responses of plants.

Lemna Tec 3D is a state-of-the art phenomics
platform for phenotyping responses of plants grown
in pots under controlled environment. It supports
phenotyping large number of plants particularly with
focus on shoots. Built in features of this platform
include image acquisition systems, image analysis
system and data mining for interpretation about the
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genetic variation for several traits. (Hairmansis et al.,
2014 and Guo et al., 2017).

The identification of genes for root related traits
(or any other traits) depends on the precision of
phenotyping. Some successful examples in capturing
root phenes includes Root System Architecture (RSA)
to land on DRO1 (Uga et al., 2013) in rice.
Modification of RSA could contribute to
improvements of desirable agronomic traits such as
yield, drought tolerance and resistance to nutrient
deficiencies (Paez-Garcia et al., 2015).

A novel and low cost accessory customized for
imaging root system of rice (Oryza sativa) at early
stages of development under controlled environment.
This highly versatile phenotyping tool was aimed at
improvement inphenotyping throughput for
characterization of root growth with or without
osmotic stress in the growth media.

MAaTERIAL AND METHODS

Plant material and experiment conditions

Rice (Oryza sativa) seeds of five accessions were
surface sterilized initially two times with double
distilled water followed by Ethanol wash (70%) for 1
min and then with 40 per cent sodium hypochloride,
0.1 per cent tween-20. Seeds were rinsed with sterile
water till froth is removed completely and placed in
growth chamber (darkness at 25 °C for 42 hours) to
synchronize germination.
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Six germinated and uniformly sized seeds were
placed on surface of gel inside test-tubes (20 x 2.5
cm) containing 40 ml of ¥2 strength MS media (without
growth hormones) supplemented with 0.2 per cent
Gelrite in control and 5 per cent PEG with gelrite for
inducing osmotic stress. Hence, each genotype was
replicated six times in control (1/2 MS + Gelrite) and
stress (1/2 MS + Gelrite + PEG). Among the six
replicates, only three healthy and uniformly
germinated tubes were mounted on root structures
placed in greenhouse for imaging, which was
maintained at 25-30 °C during day and 20-25 °C during
night.

Design of tool to acquire image of root system
architecture

Since the focus was on root system at early stages
of growth, it was felt that a suitable accessory is
essential to acquire the images, when the seedlings
are moved into the imaging chamber of phenotyping
platform.The tool was designed to hold sufficient
number of test-tubes at a desirable height for
acquisition of root image. The emphasis was on low
cost without compromising quality of image attributes.
As Lemna Tec imaging chamber is equipped with side
camera, the tool was designed to allow capture of root
image of each sample at different angle.

As the outline of structure was ready, the only
focus was to implement the idea in developing a cheap
and an efficient tool as an accessory for acquisition
of root images. The final design presented included

(b)

Fig. 1: (a) Image processing steps; (b) Lemna Grid used to resolve image in present study
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two EPVC pipes instead of mild steel tried at initial
stage. The EPVC pipes were fixed on RFID tagged
cars that were otherwise designed to carry pots. Nut
and bolts were preferred to hold the structure upright
and straight. The two EPVC pipes carried Medium-
density fiberboard (MDF), which were drilled to
accommodate three test tubes. This allowed diagonal
placement of test tubes on the board for capturing
images from four angles (0°, 90°, 270°, 360°).

Since the illumination inside the imaging
chamber was not planned for root system architecture
at seedling stage, the reflection added background
noise while capturing the images. This could be
avoided by using black cloth as background for each
of the car. This substantially minimized the reflections
and ensured clear differentiation of roots from
background. Consequently, imaging was restricted to
only two angles (90°, 270°) with three test-tubes for
each of the cars for final imaging protocols (Fig. 2 i)
details are given in Results and Discussion.

Imaging platform

LemnaTec Greenhouse Scanalyzer was used for
root phenomics at ICAR-National Institute of Abiotic
Stress Management (NIASM), Baramati, Pune which
is otherwise used specifically for shoot phenomics.The
conveyor system was employed to move the structure
designed for facilitating the root imagesfrom growth
rooms to imaging chamber without modifying the
existing software. For non-invasive phenotyping,
images of roots were captured through high resolution
camera (piA2400-17gc CCD cameras by Basler,
Ahrensburg, Germany) that senses the radiation in the
visiblerange of the electromagneticspectrum. Prior to
imaging, the inbuilt software was used to optimize
image acquisition configuration for high resolution.
While capturing the images the objects were
illuminated by incandescent lights (FQ24W865HO or
FH28W865HE, respectively, Osram GmbH, Miinchen
Germany) placed on the top and at sides in the imaging
chamber. The rotating platform in the chamber
was used to capture the images from different angles
(Fig. 2 11).

Feature extraction from images

Image processing is divided into three major
parts: Image acquisition, Feature extraction and

Results (Fig. 1a). Integrated Analysis Platform (1AP)
of LemnaTec was followed for extracting features of
root system. The analysis of image followed a
particular flow from its capture to analysis as depicted
in Fig. 1.

The image analysis grid had original image
acquired from database with particular RFID tag for
extraction of features of roots. The tools embedded
in the image analysis grid have been described below
(Fig. 2 I11).

1. Two Raw images captured from different angles
(180° and 270°) were accessed using Database
Reader (Fig. 2a).

2. Demonising of image was performed so as to
convert Bayer pattern image into proper image
color space.

3. Further batch mux was used for common image
processing technique application.

4.  Two image properties Hue from HSI Space and
Blue Yellow Lab Space were fetched to apply
threshold for both color image properties of an
image (Fig. 2b-e).

Hue : 1 to 170 (Range from O to 255)
Saturation : 104 to 123 (Range from 0 to 255)

5. “Logical OR” of two threshold images was
followed by image inversion (Fig. 2f).

6. In inverted image white represents objects of
interest,whereas black indicates unwanted part
of an image.

7. Small holes which were segmented as separate
entity were filled by using Fill Area tool

(Fig. 29).

8. As original Image had three test-tubes three
different Region of Interest (ROI) were defined
(Fig. 2h).

9. Image ROI contains one or more image objects
which were converted into single object using
single object composition.

10. Lastly, each image object from each angle stored
into database using DB Write tool (Fig. 2i).
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1
Fig 2: Overview of Imaging analysis. (I} A final structure with test-tube having 10 day old seedling.(Il)
Imaging chamber at LemnaTec facility ICAR-NIASM. (1Il) LemnaGrid analysis of raw image.
a)Original image captured; b)Hue property of image; c)Blue yellow LAB space of Image; d)Hue
threshold; e) LAB threshold; fjLegical OR; g) Fill areas; h) Region of Interest (ROI); i) Final Skeleton of
image

Quantification of root area

The final image mask is used to measure the size
of the projected area of root by counting the number
of image pixels. Pixels are surrogate measure of root
area and consequently could be used for measuring
root growth rate. Data obtained from the first day of
imaging was subtracted from all days to obtain only
root area (as pixels).

Data mining and analysis

A particular IAC number is assigned to each
Lemna Grid (Fig. 1b) before using it for analysis of
whole set of images acquired during the experiment.
This helped in retrieving the data from database and
export it to the Micro-Soft excel by using Lemna-
Miner software. Descriptive statistics were used to
differentiate the root system architecture of five
genotypes.

Efficacy of tool developed for acquisition of
seedling root system architecture

The major concerns to be addressed in comparing
methods of root phenomics are the cost of structure
and the quality of its output (Table 1). The tool

TasLE |

Approximate cost in time (person hours) for the
three root screening methods for 38 genotypes.

Activity Rhizotrons Nogé\é\:?:en Hydroponics SE‘E(\::li .
Set Up 70 8 8 11¢
Sowing 4 4 8 12¢
Weekly maintenance 4 1 5 14f
Harvesting 17+@ 6 10 12
Post Harvesting 90 ® 28 °© 16 409
Cost $60,000 - - $1-2 *
Total 185 47 47 89

a Includes 4 h to take photographs and 9 h weighing
rhizotrons in the last 3 days.

b Includes 80 h root washing
¢ Includes 20 h root washing.

d Includes 5 hour test tube washing, 2 hour autoclaving, 2
hour media preparation and 2 hour pouring.

e Includes sowing in test tubes with six replications for each
treatment (38x2x6)

f Includes everyday imaging for 2 hours
g Includes Image analysis using Lemna Grid
* This includes cost of materials for tool only
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designed was cheaper than the most commonly used
structure i.e., rhizotrons or plexi-tubes suggested for
root system investigations (Shrestha et al., 2014). This
could allow imaging of three samples from two angles
at a time and helped in predicting root biomass after
image analysis and data analysis. This also allows
generation of time series data on root development
by using LemnaTec conveyor and image acquisition
chambers which is otherwise not possible with
conventional tools particularly when number of
genotypes to be phenotyped are large. In addition, the
overall expenses of root phenotyping at seedling stage
appear to be lower as compared to rhizotrons.

Quality of image acquired by the tool

Initially imaging protocol was done with six test-
tubes at all four angles i.e., 0%, 90°, 270°, 360° (Fig.
3a-d) but the results seem in conclusive because of
the image resolution. Image analysis platform could
not properly separate foreground and background (Fig.
3e), which is the primary criteria for high-throughput
analysis (lyer-Pascuzzi et al., 2010). The final image
obtained (Fig. 3e) were not suitable for segmentation
of the root system mainly because of background noise

Fig 3: Image Analysis using all four angles at a) 0%, b) 90°,
c) 1807, d) 270° and e) Final image obtained after IAC

created by reflection from surface of the glass tubes
and hence did not provide the appropriate pixels
corresponding to root area. It was also observed that
the area of root skeleton obtained with this method
was less the real root area.

To improve image quality and obtain a proper
foreground and background resolution, a black cloth
was kept in the visible chamber exactly behind the
capture area to diffuse reflectance (Fig. 4a-d). Images
of roots in six test-tubes were captured from four
angles. The quality of image improved substantially
due to reduction in background noise except for
reflections at the walls of test-tube. Hence, the
skeleton area obtained by image analysis configuration
was more than the real root area (Fig. 4e).

e
Fig 4: Image Analysis using all four angles with black background at
a) 0% b) 909 c) 180°%, d) 270° and e) Final image obtained after IAC

To resolve this issue, technical errors in previous
image analysis pipelines were corrected and a final
structure was designed with permanent black
background for each of the car carrying only three
test-tubes instead of six tubes. However, this reduced
the number of angles to only 90° and 180° only (Fig.
5a, b). This was the final trade-off which we could
afford to obtain a quality image of roots of rice
seedlings with minimum reflection (Fig. 5 c).
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c

Fig 5: Image Analysis with only two angles with black background at
b) 907, c) 180° and e) Finalimage obtained after IAC

In monocot plants, the rapid growth rate of plant
and the lateral root development of the primary and
embryonic crown roots are critical for early seedling
vigor, especially during stress conditions
(Hochholdinger and Tuberosa, 2009). The small
amount of reflection persisted throughout the
experiment for each of the test tubes could be
eliminated in the image analysis by subtraction from
images captured on subsequent days. Thus, the
accessory designed for facilitating images of root
system architecture of the plants were made fully
functional for assessing the genetic variation among
the rice cultivar chosen for the study.

REesuLTs AND Discussion

Candidate surrogates for understanding genetic
variations

Among the various parameters obtained from
Lemna Grid analysis only eight parameters were found
to be possible candidates to understand the genetic
variability and differential response of genotypes.
Each parameter was checked to differentiate the
response on root growth under control and osmotic
stress conditions.

a. Sum of boundary point count

This is the most basic aggregations which will
collect and summarize point features within a set of
boundaries. The input parameters must include points
to be aggregated and aggregation area. A clear
distinction of pixel count as a function of root area in
control and stress conditions was observed using this
parameter (Tablell). Also, it was observed that pixel
count increased with each day of increased growth.

However, overall difference of control and stress
treatments for Budha was not observed either because
of misaligned pixel count at boundary or enhanced
growth of roots in stress condition (Graph 1).
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Graph 1: Overall difference of control and stress treatments for
sum of boundary point count

b. Sum of boundary point roundness

This parameter more or less similar to previous
one but focuses on effective way to compute the
measure of circularity of a part of a digital boundary
previously extracted from digital image. This
parameter also gave a growth trend and distinction of
control and growth conditions (Table I1). Again,
difference of control and stress from total pixel count
for all the days showed Budha in negative count
(Graph 2).

c¢. Sum of boundary points to area ratio

A derived parameter which gives a ratio of
boundary points to the area layer to use for analysis.
It can generate bins of a specific size and shape
(hexagon or square) to aggregate into.
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Graph 2: Overall difference of control and stress treatments for
sum of boundary point roundness

Growth rate difference between treatments
(Table 111), and clear distinction of differences
showing Chenab and Budha to have more area under
stress making this parameter most prominent
candidate for selection purposes (Graph 3).
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Graph 3: Overall difference of control and stress treatments for
sum of boundary points to area ratio

d. Sum of caliper length

Caliper length gives the maximum length of
skeleton obtained after processing the digital image.
It can be used as a surrogate for root length.

Caliper length showed varied values in control
and stress conditions amount the selected genotypes
during the growth period of rice roots (Table I1I).

This surrogate could not capture the real root
length probably because the reflection was taken as
caliper length which exceeded the roots. However,
improvements can lead to decreased noise and hence
this parameter can be taken into picture. A negative
value was obtained for few genotypes which included
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Graph 4: Overall difference of control and stress treatments for
sum of caliper length

the drought tolerant Bala, Budha (Graph 4). Either
this could be missed pixel because of noise or could
be deep rooting pattern of these genotypes as well.

e. Sum of circumference

The circle in the perimeter of the growing area
gives an indirect indication of growth. This parameter
is very effective in shoots where canopy is expected
to widen with increased growth. Since there is no
generalization for better parameter (widened root or
narrow; deep or steep), therefore relying on this
parameter is not effective.

Table 1V, shows growth of roots for the growth
period and its distinction for control and stress
conditions. Also, Graph 5 predicts an overall growth
difference with an exception of Chenab.
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Graph 5: Overall difference of control and stress treatments for
sum of circumference
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f. Sum of convex hull area

Convex hull is the closure of set of X points in
an Euclidean plane with the smallest convex set that
contain X.

All the selected genotypes were captured using
this surrogate. Table 1V shows the differential growth
pattern in treatments along the growth period.

Graphical representation of subtractive
interpretation was found to be effective in Chau, as it
might not have performed well under osmotic stress
(Graph 6).
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Graph 6 : Overall difference of control and stress treatments for
sum of convex hull area

g. Sum of min area rectangle area

After the circular enclosure with different
parameters around the region of interest, a rectangular
area can also help in calculating the growth of roots.

Root growth and its consequent difference under
stress was captured and translated to data which is
presented in Table V.

Chau again seemed to perform well in control
condition whereas; Chenab genotype was maximum
rectangular area under osmotic stress.

An efficient correspondence between real and
reel shoot area has been reported previously with the
main interest to capture exponential growth phase
(Fiorani and Schurr, 2013). Many of the surrogate
parameters failed to deliver for root parameters.
However, detailed investigation need to be followed
for the noise reduction and post-processing to yield

more parameters for study. Phenotyping platforms and
its analysis that can identify small differences can help
in selection of desired traits in a given population. To
access variable growth rates and differences under
control and stress conditions, area through the pixel
count was considered as most promising surrogate.
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Graph 7: Overall difference of control and stress treatments for
sum of min area rectangle area

Genetic variations observed in rice genotypes
vis-a-vis root area

To prove the efficacy of our imaging tool, Lemna
Tec 3D conveyer system helped in capturing the
images of five genotypes with three replications grown
on gelrite and MS media. It was found that Arnoliswee
and Pokali had more area at the end of experiment.
This was expected as Arnoliswee is drought tolerant
and Pokali is salt tolerant genotype, hence much of
the biomass during in these two varieties of rice was
devoted towards root growth. The highest growth rate
was observed in Bala, Chenab and Chau (Fig. 6a).
This depicts a genetic variation in total root mass
acquired by plant as well as growth rate among the
rice genotypes.

We also compared the growth of Arnoliswee in
Poly ethylene glycol (PEG) and found the significant
reduction in growth rate and the final area relative to
untreated plants (Fig. 6b). PEG is often used to create
osmotic stress in experiments aiming at drought
tolerance or salt tolerance in crop plants
(Hasanuzzaman et. al., 2017). Thus our study indicates
that the tool developed for acquisition of root image
and the protocol developed for acquisition and
analysis of image can be used for screening responses
of rice seedlings for drought tolerance.
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It has been found in analysis that root types are
controlled by distinctly different genetic and
developmental networks (Rebouillat et al., 2009). The
ability of this root imaging structure with LemnaTec
platform can capture and track the differences among
the genotypes with respect to spatial and temporal
features of root system architecture. This can facilitate
studies aiming at insight into the genetics of
developmental changes that occur in the root system
in response to different stresses. The main features of
the tool designed and demonstrated for acquisition of
imagein this study are (i) availability of transparent
system to visualize roots; (ii) diagonally placed test-
tubes to acquire images from more than one angle;
and (iv) The low costmaterial for repeated use.

We have presented a novel tool and protocol for
facilitating root phenotyping for crops like rice in high
through-put Lemna Tec facility. This protocol in
combination with in-built Lemna Grid software can
enable acquisition and analysis of high quality images
of roots. This can help in differentiating root responses
of germplasm when subjected to stress.

Currently available phenomics tools for roots
share many things especially for gel based medium
and image resolution pattern to obtain a 3D skeleton
model of roots. We used artificial growth media
(gelrite with MS media) with and without PEG to give
a vivid observation of drought strategies of genotypes.
The materials used in developing structure and the
constituents of media are readily available at cheap
rate. Our protocol meets the end of medium- to high
throughput handling of root images with the restriction
of obtaining complexity in root structure.
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