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Introduction

This special section of Plant and Soil contains 12 con-
tributions based on presentations at the 10th Symposium
of the International Society of Root Research (ISRR10),
which took place in Israel from 8 to 12 July, 2018
(https://www.ortra.com/events/isrr10/Home.aspx). The
symposium promoted fundamental understanding of
the diverse aspects of root biology. The symposium,
titled: “Exposing the Hidden Half - Root Research at
the Forefront of Science”, assembled multiple disci-
plines in order to facilitate exploration of novel ap-
proaches and investigation of complex processes and
mechanisms. The intersections of root physiology, root
development, root architecture and root interactions
with the environment were tackled by researchers from
around the globe through oral presentations, poster ses-
sions and discussions. Basic research at multiple scales

(proteins, cells, tissues and the root system as a whole)
and cutting-edge methodologies were highlighted as
important means to advance plant health and growth,
thereby supporting sustainable and nutritious food
production.

Probing the interface

Beyond providing an anchor to the ground, the root
system of terrestrial plant species has two major func-
tions: explore and acquire water, and selectively acquire
mineral nutrients from the soil. Soil characteristics from
which plants extract nutrients and water are highly het-
erogeneous, both spatially and temporally.

During the last two decades, increasing attention has
been given to studies of the soil and root component of
the soil-plant-atmosphere continuum (Fig. 1). This in-
crease has been mainly driven by (i) new techniques
available for monitoring root development and function;
(ii) the need for studying interactions that occur in the
rhizosphere of plants, including different biotic and
abiotic factors that affect root growth; and (iii) the
chemical component of soil-root interactions.

Absorption of beneficial nutrients

In order to increase nutritious food production in the
world and to meet the requirements of the growing
population, application of precise nutrition to crops is
essential. Nitrogen (N) and phosphorus (P) are critical
determinants of plant growth and productivity. Equally
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important, N and P are key nutrients for ecosystem
structure and functioning, affecting physiological pro-
cesses taking place in the plant, since their availability
limits the production of plant biomass and growth (Song
et al. 2010). Nitrogen and P fertilization will increase
root surface area, root length, and root-shoot mass.
Phosphorus is an essential element for many key pro-
cesses that take place in the plant including photosyn-
thesis, phosphorylation, genetic transfer, and membrane
function and the transport of nutrients. Additional infor-
mation, recent progress and challenges and future per-
spectives on P availability can be found in the review of
Wang and Lambers (2020).

Different aspects of the effects of P on root growth
and aboveground development are presented in this
special issue. Zhou et al. (2020) tested the effects of
aboveground environmental conditions on the develop-
ment of root morphology. Different light intensities
under different P concentrations were examined in
maize grown in rain-sheltered field plots. The authors
found that under P deficiency and normal light intensity,
compared with low light conditions, maize allocated
more photosynthates to the roots as sucrose. In a differ-
ent study by Shi et al. (2020a), the effects of different P
levels on peanut growth parameters such as leaf growth,
gas exchange and chlorophyll fluorescence were exam-
ined. Unlike the previous study, this experiment was
conducted in a climate-controlled growth chamber. Un-
der low or excessive P supplies, a reduction in leaf
growth occurred. In addition, unfavorable P conditions
were associated with significant reduction of
photosynthesis and photodamage extending beyond
PSII. Ding et al. (2020) tested the different effects of

pH and bicarbonate on Lupinus species. High pH
decreased root growth and nutrient uptake. High
bicarbonate diminished the negative effect of high pH
on nutrient translocation. This information is critical to
guide breeding of crops growing in calcareous soils. Shi
et al. (2020b) examined modifications in root function-
ing of two Banksia species, of which one is fire-killed
and one resprouts after fire, in order to understand their
different ecological distributions. They used various
experimental platforms such as deep pots, shallow pots
and hydroponic experiments to check P uptake and
various root traits. Their findings suggest that trade-
offs in investment and cluster-root functioning support
the species’ distribution patterns and life histories.

Using a combination of greenhouse and field
experiments, Wang et al. (2020) examined if NO3

− and
NH4

+ competition and organic acids influence N2 fixa-
tion of intercropped crops. They also examined whether
intercropping of maize and alfalfa increased the N2

fixation of the maize. They concluded that between 15
and 20% of the N fixed by alfalfa was transferred to
maize. Liu et al. (2020) investigated in a field study the
dynamic root growth of maize intercropped with wheat
fertilized with different N rates. Their findings show that
the recovery growth of late-maturing lines involves
phenotypic plasticity of maize root architecture.

Toxic elements

Aluminum toxicity is one of the major limiting factors
for crop production under acid soils (Matsumoto and
Sivaguru 2008), which occur mainly in developing
countries. The acidity is partly due to environmental

Fig. 1 Number of publications
per year with the topic of “Root
and Soil”
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pollution and acid rain. This causes a significant reduc-
tion of soil fertility due to the deficiency of essential
nutrients such as calcium (Ca), magnesium (Mg), po-
tassium (K) and P, and, on the other hand, high content
of harmful and toxic elements such as aluminum (Al)
and manganese (Mn). In this special issue, Pooniya et al.
(2020) evaluated the impact of an acidic soil with a high
Al3+ concentration on root and shoot traits of two durum
wheat lines. The introgressed line could grow roots
below a depth of 0.25 m, where the soil pH was low.
The total root length and biomass at 42 days after
sowing were higher relative to the control line. They
concluded that introgression of the Al3+-tolerant allele
into durum wheat enabled root growth and proliferation
down an acidic soil profile with a high Al3+ concentra-
tion. They assumed that under field conditions, where
plants need to take up water at greater depths, the
differences in aboveground parameters would be
amplified.

Osmotic stress from saline irrigation is a worldwide
problem affecting roots of crop plants. In this regard,
plants may also experience specific toxicity following
uptake of excessive sodium ions (Na+) from the soil. In
most plants, Na is harmful to cellular systems, and if
accumulated to toxic levels in the leaves, can severely
injure plants through leaf burn and loss of tissue. The
integrity of cellular membranes, activities of various
enzymes, nutrient acquisition, and function of the pho-
tosynthetic apparatus are all prone to the toxic effects of
high Na+ (Shelef et al. 2010). Perelman et al. (2020)
monitored the ‘root-felt’ Na+ by using rhizoslides as a
non-invasive method. They studied how transpiration
rate, salinity in irrigation water, and root water uptake
affect Na distribution around single roots of tomato.
They also interpreted the experimental results by using
simulations with a 3-D root system architecture model
coupled with water flow and solute transport models.
They concluded that changes in Na+ concentrations with
transpiration rates are most likely caused by root water
uptake and ion exclusion. The simulation results indi-
cate that root-scale process models are required to link
root system architecture, environmental, and soil condi-
tions with root-felt salinities.

Biotic interactions

Optimizing plant nutrition through improved under-
standing of rhizosphere processes is key to a future of
higher soil degradation and expectations for decreased

fertilizer inputs. To what extent do rhizosphere condi-
tions and root morphology affect soil P mobilization
into plant roots? Partitioning the relative roles of param-
eters like soil pH, organic anions, and phosphatase
enzymes can be highly valuable to the agricultural sec-
tor. In this special issue, a field experiment in maize/
alfalfa polyculture shows that root surface area of maize
and lateral root volume of alfalfa had the greatest effect
on crop P uptake (Sun et al. 2020). In that experiment,
soil pH and organic anions had a secondary effect, still
larger than that of phosphatase. Elevated atmospheric
CO2 concentration is another future realm of unknown
effects. A greenhouse experiment on maize showed that
root systems may grow faster, longer and denser in the
future (Hiltpold et al. 2020). But no yin without yang:
while roots may benefit from the higher carbon avail-
ability, delicate biotic interactions in the rhizosphere
change as well. The study showed how beneficial soil
nematodes become less effective in decreasing insect
pest load at elevated CO2. Further research of such
biotic interactions will allow fine tuning of rhizosphere
design for various objectives. One promising tool in
studying such complex interactions is polymer models
replicating the microstructure of roots (Kumari et al.
2020). Using this novel approach, researchers showed
colonization of root replicates by pathogenic bacteria
and nematodes. These fine, artificial replicates help to
discriminate the role of microstructure in root-microbe
interactions.

Concluding remarks and future directions

Plant roots provide water and nutrients and are
hence the first to experience abiotic and biotic soil
stresses. Technologies such as grafting, breeding
and genetic engineering can change the root sys-
tem properties and improve root activity and dura-
bility to stresses. Directing the root system char-
acteristics must take into account the environmen-
tal factors such as: soil type and depth, irrigation
method, water quality, nutrient availability, toxic
soil elements, pH. The plant’s energetic priorities
for determining the root to shoot ratio and invest-
ment in altering root architecture should be one of
the considerations for designing an optimal root
system. In any specific case, one must consider
whether the energetic cost to alter the root system
is eventually beneficial for the plant.
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Functional–structural models simulate the relations
between root system architectural and hydraulic proper-
ties, and the spatio-temporal distributions of water and
solutes in the root zone. Such models may help identify
optimal plant properties for breeding programs and con-
tribute to increased water and nutrient-use efficiency.
Models enable the testing of new hypotheses, as well
as sensitivity analyses for root traits and boundary con-
ditions. This approach is useful for breeding programs
by decreasing the experimental time and focusing on the
critical factors. Nevertheless, for the calibration and
validation of these models there is a need for results
from the same spatial and temporal resolution. It is,
therefore, important to have cross-talk between models
and experiments, as they should rely on each other.

Some studies presented in this special issue were
done in controlled-environment pot experiments, while
others were conducted in the field. The controlled-
environment experiments can help separating between
variables. Yet, under these artificial conditions, root
structure and function are often altered and exhibit con-
trasting behavior to field conditions. It is recommended
that hypotheses are examined in small-scale controlled
environments, which are eventually validated in natural
field conditions. With the huge complexity that is asso-
ciated with field work, research programs should target
scaling up the pot experiments to field scale.

Root systems are highly plastic and adjust according
to soil conditions. Non-invasive root phenotyping does

not disturb root system structures, architecture, and
functions within the rhizosphere and bulk soil environ-
ments. Studying the particular influence of soils on root
development requires the use of imaging methods for
various growth media. The rhizosphere can be moni-
tored as a holistic phenotype, which includes the root,
for discovery of new traits, selection in breeding, and
interventions with management. Non-invasive pheno-
typing also provides root and rhizosphere dynamics
studies. Yet, most of the available techniques are con-
ducted in small-scale column experiments and are cum-
bersome and expensive. Portable systems that can work
in the field are limited and not automatic. Additionally,
their image analysis is semiautomatic and time
consuming.

Both during the conference and in this special issue,
there were a number of contributions on the topic of the
rhizosphere microbiome and its role in soil–root pro-
cesses. This ratio is also reflected in the data presented in
Fig. 2, in which only 8% of the publications that were
published with the topic of “root and soil” were associ-
ated with microbiology journals. The rhizosphere
microbiome is an evolving topic that can be a platform
for innovative studies combing several disciplines, and
we expect to see it further developing.
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