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magine a farmer standing in a field after several weeks without [

rain. The leaves begin to droop, the plants struggle to grow, .
and yield potential starts to decline. But beneath the soil, another |
story is unfolding. Some plants are sending roots deeper, others
are producing more lateral roots, while some are exploring new
pockets of moisture and nutrients. This hidden underground
network may determine which plants survive and which plants
suffer. For decades, crop improvement has focused mainly on
what we can see above the ground. Today, scientists are
increasingly looking below the soil to understand Root System
Architecture (RSA) the three-dimensional arrangement of roots
that plays a major role in water acquisition, nutrient uptake,
anchorage and stress adaptation.

Roots: The Hidden Engine of Crop Growth
Roots are much more than underground anchors. They continuously explore the soil in search
of water and nutrients and communicate with the surrounding soil environment. Root System
Architecture includes traits such as root depth, length, diameter, growth angle, branching
pattern, root density and root-hair development. Together, these characteristics determine
how effectively a plant can exploit the resources available in the soil. A plant with an
appropriate root system can access resources more efficiently and maintain growth under
difficult conditions. This makes roots particularly important in rainfed agriculture, where
rainfall is uncertain and soil moisture may vary greatly within a field. Modern research
increasingly considers RSA as an important breeding target for sustainable crop production.

Did You Know?

The root system is not simply a fixed underground structure. Roots
can change their growth, branching and direction in response to
soil moisture, nutrients, physical barriers and other environmental
signals. This ability is called root plasticity, and it is one of the
reasons roots are so important for crop adaptation.

When Water Runs Short, Roots Make the Difference

Drought is one of the greatest challenges facing agriculture. A
crop may receive sufficient rainfall during early growth but
experience severe moisture stress during flowering or grain filling.
At such times, the ability of roots to explore available water can become critical.
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Root growth angle is particularly
important in determining whether
roots explore shallow or deeper soil
layers. In rice, studies of genes such as
DRO1 have demonstrated how genetic
control of root growth angle can
influence rooting depth and drought
adaptation. However, there is no
universal “best” root system. A very
deep root system may be useful where
water is stored deep in the soil,
whereas a shallow and highly branched system may be advantageous when nutrients or
moisture are concentrated near the surface. The goal of breeding is therefore not simply to
produce deeper roots, but to develop the right root architecture for the right environment.

One Crop, One Root Strategy? Not at All!

Different crops have evolved different root systems. Chickpea, pigeonpea, soybean and
mustard generally develop prominent primary roots with extensive lateral branching. Cereals
such as rice, wheat, maize, sorghum and pearl millet have complex systems involving
seminal, adventitious or crown roots
and lateral roots. These differences are
important because crops face different
soil and climatic conditions. Even
within the same crop, varieties can
differ considerably in root depth,
branching, diameter and growth angle.
This means that plant breeders must
look beyond a simple question such as
“Which plant has more roots?” The
more useful question is: “Which root
system performs best under the target
environment?”’ Recent research
emphasizes that root architecture is
strongly influenced by both genetics
and environmental conditions.

Roots: Nature’s Underground Mining System

Water is not the only resource that roots search for. Essential nutrients such as nitrogen,
phosphorus, potassium, sulphur, iron and zinc are distributed unevenly throughout the soil.
Root length, branching, root hairs and root distribution can influence the volume of soil
explored by a plant. This becomes especially important when nutrients are present in small or
poorly accessible soil zones. Root traits may therefore contribute to improved nutrient-use
efficiency and reduced dependence on external inputs. For sustainable agriculture, the ideal
crop may not necessarily be the one that produces the largest root system. Instead, breeders
may aim for roots that efficiently explore the soil while minimizing the energy cost of root
growth. This concept is increasingly important in the development of future crop ideotypes.

The Soil Is Not Always Friendly

Roots must grow through a highly variable underground environment. Soil compaction can
restrict penetration, while salinity can create physiological stress. Waterlogging can reduce
oxygen availability around roots, whereas drought can make soil extremely hard and difficult
to explore. This makes root research particularly challenging. A root trait that performs well
in one soil may not perform equally well in another. Temperature, soil texture, moisture,
nutrient availability and microbial activity can all influence root development.Therefore,
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modern root studies increasingly focus on root-soil interactions rather than examining root
traits alone. Understanding these interactions will be essential for developing varieties
adapted to the increasingly variable environments created by climate change.

From Shovels to Artificial Intelligence

For many years, studying roots meant digging plants out of the soil, washing the roots
carefully and measuring them by hand. This approach, sometimes referred to as shovelomics,
remains useful in field research, but it is labour-intensive and can miss the dynamic nature of
root growth. Today, technology is transforming root phenotyping. Digital imaging,
rhizotrons, minirhizotrons, X-ray computed tomography (CT), magnetic resonance imaging
(MRI) and other approaches can provide increasingly detailed information about root
systems. Atrtificial intelligence and machine-learning methods are also being developed to
identify and measure complex root traits automatically. These advances could allow breeders
to screen thousands of plants for root traits that were previously too difficult or expensive to
measure. The transition from “digging and measuring” to “imaging and predicting” could
significantly accelerate root-based crop improvement.

From Hidden Roots to Modern Breeding

The ultimate objective of root research is not simply to understand roots—it is to use that
knowledge to develop better crops.Modern breeding approaches such as QTL mapping,
genome-wide association studies (GWAS), marker-assisted selection and genomic selection
are helping researchers identify the genetic factors controlling root traits. Gene-editing
approaches may provide additional opportunities to modify specific components of root
architecture. Recent research has highlighted important genetic regulators associated with
root growth, root angle, lateral root development and drought adaptation. However,
successful root breeding requires more than identifying a gene in a laboratory. Root traits
must be evaluated under realistic field conditions and across different environments.

The Future: Breeding Crops from the Soil Up

The next generation of climate-resilient crops may be designed not only by examining their
leaves, flowers and seeds, but also by understanding what happens beneath the soil. For crops
such as rice, wheat, maize, sorghum, pearl millet, chickpea, pigeonpea, soybean and black
gram, root traits offer exciting opportunities for improving adaptation to drought, nutrient
deficiency, salinity and other stresses. The challenge is to identify combinations of root traits
that improve resource capture without unnecessarily diverting plant energy away from grain
or seed production. Future breeding programmes are likely to combine root phenotyping +
genomics + artificial intelligence + physiological research + multi-environment testing. Such
integration can help breeders develop crops that are productive under favourable conditions
while remaining resilient when the environment becomes challenging. Recent research
describes this integration of phenotyping and molecular genetics as a major frontier for
climate-resilient crop improvement.

Conclusion: The Future of Agriculture Lies Beneath Our Feet

For generations, crop breeders have selected plants based largely on what they could see
above the soil. But the hidden half of the plant may hold many of the answers needed for
future agriculture. Root System Architecture provides a powerful way to understand how
crops capture water and nutrients, withstand environmental stresses and interact with their
soil environment. New technologies are making it increasingly possible to observe, measure
and genetically dissect these hidden traits.The future is therefore not about producing crops
with simply “bigger roots.” It is about developing crops with the right roots, in the right soil,
under the right climate. As agriculture faces increasing drought, soil degradation, nutrient
limitations and climate uncertainty, looking below the soil may become just as important as
looking above it. The next revolution in crop breeding may begin where our eyes cannot see
in the hidden world beneath our feet.
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