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A wide spectrum across physical domains has been tested to directly phenotype roots noninvasively
in soils in controlled environments (CE) and fields (F). Some are established (green) in specialized
groups, others are developing (pink). Magnetic resonance imaging (MRI), computed tomography
(CT), and position emission tomography (PET) localize root structure and functions in containers
of soil in CE. Neutron radiography, hyperspectral and multispectral instruments, and RGB (red,
green, blue) cameras are applied to detect changes in root and rhizosphere chemistry through
windows of rhizoboxes in CE. Field direct, noninvasive measurements are limited to ground
penetrating radar (GPR) and to thick tree roots and tubers. Root system capacitance (RSC)
shows promise where root thickness and the soil allow; thermoacoustic imaging is being explored.
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Today, routine phenotyping of crop roots is invasive or indirect. Sampling is either: (left) invasive and
destructive, using coring or shoveling to extract or image root systems at a point in time; (middle)
minimally invasive, perturbing root growth by inserting an imaging window and allowing repeated
measures; (right) or indirect, inferring root phenotypes by noninvasive measuring of soil water (and
water uptake over time) or access to water or nitrogen (via canopy temperature and spectral emission).
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ADVANTAGES:

Noninvasive root phenotyping does not
disturb root system structures, architecture,
and functions within the rhizosphere and
bulk soil environments.

The rhizosphere can be monitored as a
holistic phenotype, which includes the
root, for discovery of new traits, selection
in breeding, and interventions with
management.

Noninvasive phenotyping provides root and
rhizosphere dynamics, to move beyond
simple static traits.

Shoot-only phenotyping captures limited
variation in root phenotypes.

Noninvasive whole-plant and crop
phenotyping has the potential to greatly
speed up genetic gain and agronomic
improvement.

CHALLENGES:

Field root and rhizosphere development are
dominated by a soil environment that can be
highly variable across scales from mm to km.

Technologies successful in laboratories for
4D root imaging rely on detectors around
pots or placed in the soil or plant.

Fine root structures and function as

well as deep roots (regularly penetrating
beyond 1.5 m) are difficult to measure, but
contribute strongly to productivity under
water and nutrient limitations.

lonizing radiation exposure from CT and PET
may affect root development and function.

Robotics and automation of root
phenotyping and analysis needs to be
developed for high-throughput applications,
such as plant breeding and management.

*Correspondence: m.watt@fz-juelich.de

Crown Copyright © 2019 Published by Elsevier Ltd. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 119

https://doi.org/10.1016/j.tplants.2019.10.011



Trends in Plant Science

Acknowledgments

This work was partially funded by the Helmholtz Association of German Research Centres, the German Plant Phenotyping Network (DPPN), which was funded by the German
Federal Ministry of Education and Research (BMBF Fz. 031A053), and the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) under Germany’s
Excellence Strategy — EXC 2070 — 390732324.

Literature

1.

N oo o &~ 0D

10.

12.

120

Ahmed, M.A. et al. (2018) Root type matters: measurement of water uptake by seminal, crown, and lateral roots in maize. J. Exp. Bot. 69, 1199-1206

Atkinson, J.A. et al. (2019) Uncovering the hidden half of plants using new advances in root phenotyping. Curr. Opin. Biotechn. 55, 1-8

Bodner, G. et al. (2018) Hyperspectral imaging: a novel approach for plant root phenotyping. Plant Methods 14, 84

Delgado, A. et al. (2017) Ground penetrating radar: a case study for estimating root bulking rate in cassava (Manihot esculenta Crantz). Plant Methods 13, 65

Ellis, T.W. et al. (2013) Electrical capacitance as a rapid and non-invasive indicator of root length. Tree Physiol. 33, 3-17

Helliwell, J.R. et al. (2017) The emergent rhizosphere: imaging the development of the porous architecture at the root-soil interface. Sci. Rep. 7, 14875

Nagel, K.A. et al. (2012) GROWSCREEN-Rhizo is a novel phenotyping robot enabling simultaneous measurements of root and shoot growth for plants grown in soil-
filled rhizotrons. Funct Plant Biol 39, 891-904

Wasson, A. et al. (2016) A portable fluorescence spectroscopy imaging system for automated root phenotyping in soil cores in the field. J. Exp. Bot. 67, 1033-1043
Metzner, R. et al. (2015) Direct comparison of MRI and X-ray CT technologies for 3D imaging of root systems in soil: potential and challenges for root trait quantifica-
tion. Plant Methods 11, 17

Pflugfelder, D. et al. (2017) Non-invasive imaging of plant roots in different soils using magnetic resonance imaging (MRI). Plant Methods 13, 102

. Aliroteh, M.S. and Arbabian, A. (2018) Microwave-induced thermoacoustic imaging of subcutaneous vasculature with near-field RF excitation. IEEE Trans. Microw.

Theory Tech. 66, 577-588
Tracy, S.R. et al. (2020) Crop improvement from phenotyping roots: highlights reveal expanding opportunities. Trends Plant Sci. 25, 105-118

Trends in Plant Science, January 2020, Vol. 25, No. 1 Crown Copyright © 2019 Published by Elsevier Ltd. This is an open access article ‘ eII
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.tplants.2019.10.011 REVIEW S



