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A G E H Evaluation of plant root system complexity under heavy metal stress

based on fractal analysis
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The plant root system performs various functions which are important to the whole plant growth and development.
The architecture of the root system is a critical factor for the acquisition of resources such as water and nutrients. This
in turn means that plants with a larger root surface area, and also finer roots or high lateral root branching density
would have higher efficiency in absorption of water and minerals and thus will be effective for water uptake, nutrient
acquisition, and other functions. Plant growth significantly depends on the root system morphology, which includes root
length, root branching density, root distribution etc.

Extensive studies have focused on methods to determine root growth mainly through length measurement, weight
measurement and lateral root counting. Traditional methods, such as trench method, core method, etc., are frequently
used to measure and analysis the root system. However, there are many disadvantages of these traditional methods, such
as large losses of fine roots, labor- intensive by these processing.

However, a challenging problem in the measurement of root morphologies quantifying the complexity of the root
architecture. If quantification of root complexity could be described, it would provide a strong evidence of existing
relationships between root functions and the overall plant performance. Therefore, an accurate method to estimate the
complexity of the root system is required. As a way to estimate the complexity of the root system, a different approach
that is based on fractal analysis has been applied. A fractal is a natural phenomenon or a mathematical set showing a
repeating pattern that could be displayed at every scale. Despite considering root systems as fractal objects is still under
debate as to the genuinity of to having self-similarity and thus non- integer dimension, application of fractal geometry to
describing complexity of roots has found applications in describing the influence of environment. For instance, effect of
different phosphorous conditions on root systems of common bean genotypes by Niels, effect of drought stress on rice
system, effect of salt-stressed conditions on corn root system development.

In the last decade, with the development of industry, environment contamination by heavy metal has become an



increasing global concern as their widespread distribution and toxicity to living things. Heavy metal toxicity has been
found to affect root formation other than grain yield, seed formation, chlorophyll synthesis, hormone proteins and
membrane functions. Cd has been shown to affect lateral root formation and root development. Further, it has been
known that such root systems undergo changes with environmental conditions, for example, heavy metal pollution of
the soil. Therefore, there is a need for a method to characterize the complexity of the root systems that is also sensitive
to evaluate the environmental effects. To our knowledge up to now, no study has examined the root complexity under
heavy metal stress using fractal analysis. To our knowledge up to now, no study has examined the root complexity under
heavy metal stress using fractal analysis.

Fractal dimension was calculated using the box-counting method. Box-counting method was used due to its popularity
in calculating the dimensions and ease of use. In this study, fractal geometry was applied to characterize the complexity
of the root system morphology of wheat plants under the exposure of heavy metals, namely Cd and Cu which are toxic
to a plant and Zn, a micronutrient having a positive effect on the plant. We calculated the relative complexity index
(RCI), which indicates fractal dimension (FD) changes. FDs were calculated by box-counting method with digitized and
skeletonized images of roots of wheat plants cultivated in hydroculture system. RCI, relative root length and relative
weight were measured under different concentrations of Cd (0.001,0.01 and 0.05 mM), Cu (0.016,0.4 and 1.2mM) and
Zn (0.3 and 0.75mM). Results showed significant reduction of RCI for Cd stress with 0.01 and 0.05mM, all Cu stress
and promotion at all Zn concentration. In comparison, no significant changes were found in conventional measurements
under Cu and Zn. RCI were more sensitive and were reliable in reflecting the influence of heavy metals than the
conventional measures. These results imply that RCI can be an effective measure of the negative and positive effects of

heavy metals on the development of complexity of root system under heavy metal exposures.
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