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ABSTRACT 

	All plants rely on their roots for survival. Due to the natural plasticity of roots in response to different stimuli, breeders can investigate natural adaptation and uncover advantageous root features to increase plant yield in agricultural systems. The plant's physiology, development, and ability to respond to different pressures are all influenced by the root system (Krzyzaniak et al., 2021). For breeding selection, factors related to root system architecture (RSA) are of relevance. Nevertheless, measuring these qualities is challenging, resource-intensive, and results in significant variability. The use of RSA traits for genetic modification to create more resilient and robust crop cultivars has rekindled attention as a result of the development of computer vision and machine learning (ML) technologies, which enable trait extraction and assessment (Kevin et al., 2020). Root phenotype is a crucial component of yield improvement that is regulated by the interaction of internal genetic variables and external environmental factors (Li et.al., 2022). To keep up with population expansion and climate change, significant increases in agriculture productivity are needed. Enhancements to crop root architecture have the potential to increase the efficiency with which water and nutrients are used, but a significant barrier stands in the way of characterizing the structure and function of the root phenome (Atkinson et al., 2019). Numerous advances have been made recently in the measurement and analysis of roots within a root system. To phenotype the root system, numerous imaging tools, software, and platforms have been developed. Here we will highlight some of the improvements in in-situ root phenotyping approaches that have enabled breeders and researchers to adequately analyze root properties and use them in various breeding procedures. Various 2D and 3D platforms are included in this in-situ root phenotyping method for effective root examination. 
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1. INTRODUCTION 
2. 
Roots assist plants in absorbing water and nutrients from the soil. Because plants are immobile and cannot travel to the ideal environmental conditions, they are essential to the survival of almost all terrestrial plants. Crop species with the best root systems are crucial for increasing agricultural production and sustainability as well as future food security. Root system architecture is the most important aspect in ensuring optimal water absorption and productivity in drought conditions. Examining the adaptability of roots to abiotic and biotic stimuli allows researchers to better understand natural adaptation and discover advantageous root characteristics that boost plant output in agricultural systems. Root phenotyping approaches, especially in situ root phenotyping, have lagged behind due to the extremely complex and hidden nature of root systems. Additionally, genetic research on root qualities is hindered by the complexity of root structure. A root system is a complex three-dimensional (3D) structure that displays a particular spatial and temporal configuration of root types. On the other hand, root system architecture (RSA) refers to the overall spatial distribution of all root components in a specific growth environment. These are complex polygenic traits. Furthermore, they are dynamic and influenced by their surroundings. It regulates a plant's life and growth. Root growth habit, total root length, primary root length, number of roots, angle of roots, thickness of roots, density of roots and surface area of roots are among the various RSA traits. These characteristics are critical in boosting the performance of plants and seed production. In addition to anchoring the plant to the soil and assisting in water and mineral intake for plant growth, the roots also act as storage organs, mostly for carbon and nutrients. It produces hormones that are involved in both plant development and stress response. It serves as a location for interactions with various rhizosphere-dwelling harmful and beneficial species.
1.1 Root Phenotyping
It is a technique for determining the characteristics or properties of roots. There are three steps in the root phenotyping method: plant cultivation, data acquisition and data processing. The ability to measure a high number of individual replicates, genotypes, or treatments with minimal effort and low development and operation expenses is crucial for an efficient root phenotyping platform. Root phenotypic is influenced by a number of variables. Traits evaluated using a phenotyping platform may show both macro- and micro-environmental variation. All variance within a single platform for a specific genotype panel is considered macro-environmental variation. while, variations in individual genotypes across repeated samples within a platform run are referred to as micro-environmental variation. The interplay of numerous genetic factors with both macro- and micro-environmental factors can compromise the heritability of traits measured on a platform and obscure the relationship between features measured on a phenotyping platform and the breeding targets in field. Soil temperature, soil microorganisms, soil moisture, soil structure, availability of nutrients (N, P, K, Fe, etc.), and nutrient-enriched patches in the rhizosphere are among the environmental elements that are known to influence root phenotype. Numerous endogenous factors such as hormone balance, plant age, gravitropic set-point angle and environmental responsiveness as well as a wide spectrum of signal synthesis, signal transduction, and signal sensitivity processes involving numerous developmental genes affect the root phenotype. Pleiotropy and genetic interactions like epistasis and crosstalk contribute to even greater complexity for endogenous root phenotypic regulations (Kuijken et al., 2015). 

1.2 Importance of Root Phenotyping
Root phenotyping facilitates the evaluation and analysis of both local and global root phenotypic variables, such as the morphology and branching characteristics of intercrops and sole crops. Additionally, it makes it easier for breeders to choose crops based on root system architecture (RSA), which enhances plant yield. Roots are crucial for the absorption of water and nutrients and their effectiveness is directly correlated with the structure and function of the root system, due to which root phenotyping is equally important as shoot phenotyping. Furthermore, it aids in identifying the powerful and complex effects of genetic and environmental variables on root phenotype and heredity. Identifying roots (adventitious and/or lateral) is a key goal for assessing plant response to various abiotic conditions such as water stress and nutritional deprivation. Root phenotyping aids in reconciling the gap between phenotypic exudation data and the genetics underlying it. It also helps in understanding the underlying genetic mechanisms such as quantitative trait loci (QTL) and genes linked to root phenes and incorporating them into genomics-assisted breeding strategies. Among the key characteristics associated with breeding targets are: (1) drought resilience, which has been demonstrated to require deeper roots as a component trait; (2) reduced strigolactone exudation has been shown to contribute to the striga resistance; (3) root lodging tolerance; root systems with high exploitation indices contribute to the root lodging striga resistance breeding; (4) Soil deficient in nutrients can benefit from shorter, more branching roots as well as the exudation of organic acids, which can help the soil absorb nutrients better.

2. Traditional Root Phenotyping Methods
The traditional approach of root phenotyping involves separating the root system from the soil in order to determine the phenotype and architecture of the roots. This is an invasive procedure that includes soil core, trench, mesh bag, shovelomics, and monolith. The soil core approach involves taking 1-2 m long rooted soil blocks out of the field, washing them, and then choosing the root system components to be phenotyped. This is the most popular methodology for evaluating the root system. The trench method involves cultivating plants in a field, digging a trench into the ground, and then examining the roots. Out of all, this one is among the oldest and most used method. The mesh bag method includes excavating a hole in the field with a specific diameter, inserting a mesh bag into the hole, and backfilling the soil. The mesh bag is then removed together with the roots, which are then subsequently cleaned. However, due to the difficulty of obtaining the mesh bag at a later stage, this method is only applicable to the research of roots in the upper soil. However, there are several limitations of the traditional root phenotyping method, such as it is laborious, time-consuming, and necessitates plot destruction for sample collection. Due to restricted sample collection and the challenge of acquiring the root system of a single plant, it only provides a partial data about the root system. Additionally, fine roots are lost during root extraction, which makes the root loss rate relatively high. Soil heterogeneity and genetic and the environment interaction may also interfere with the proper expression of the traits, due to which accurate phenotype might not be obtained. Furthermore, traditional approaches have limitations in terms of throughput and spatial/temporal resolution. As a result, there is a growing need for a novel, non-destructive root phenotyping platform.

3. In Situ Root Phenotyping – A New Era
In situ root phenotyping is the use of hardware and software to grow a panel of individual plants, gather data, and then transform the data into quantitative morphological or physiological attributes. It is a high-throughput, non-invasive technique for root phenotype characterization. High-throughput root phenotyping is a scientific methodology that entails quick and automated evaluation of several plant root features and attributes and simultaneously gathers information on root structure, growth, and behavior in a large number of plants by using sophisticated imaging and analytic tools. In-situ root phenotyping enables researchers and farmers to choose or generate plants with desirable root traits for better agricultural productivity and resilience. It recognizes root phenotypic features and automatically characterizes the complex nature of the root system. Two aspects are involved in the examination of in-situ root systems: in-situ root cultivation and imaging system and an image processing software. For in situ root phenotyping, three approaches can be used such as minimally controlled field methods, moderately controlled greenhouse methods, and controlled laboratory methods. Therefore, visualizing the distribution of roots in the soil system has become simpler due to recent technological advancements. Different approaches are available for root phenotyping such as laboratory methods, greenhouse method and field methods as given in Table1.

Table 1. Different approaches are there for root phenotyping 

	Approach 
	Advantages
	Disadvantages

	Laboratory methods

	Root growth can be evaluated in real time 
A large number of controlled growth conditions can be tested 
Large space for plant growth is not required
Easy to handle and clean roots
	The growth container may be affected the RSA
Physiological relevance of root phenes should be further evaluated since plants are not exposed to environmental conditions 

	Greenhouse methods

	Certain conditions such as soil type and moisture, light intensity, temperature, pot sizes and water and nutrient inputs can be controlled. 
Genetic potential of plant RSA can be evaluated without intraspecific competition
	A labor intensive process
Exposure of plants to  disease/insect
Growth container affects RSA 


	Field methods
	Physiological and practical relevance

	Labor and time intensive
Variability due soil conditions bring challenges 
A destructive assays


(Paez-Garcia et al., 2015)

4. Root Phenotyping Platform
There are two root phenotyping platforms; 2D root phenotyping platform and 3D root phenotyping platform 
4.1 2D Root Phenotyping
The most widely used method is the 2D root phenotyping platform (Delory et al., 2022This approach includes a growth system, imaging tool and image processing software. 2D root phenotyping methods are divided into two categories based on the culture medium: soil and soil-less culture methods (Li et al., 2022). Growing plants in soil-less medium allows clear visualization of roots from the background and high-throughput control of the environment for treatment evaluation (Ana et al., 2015). Soil-free methods include aeroponics, hydroponics, pouch-and-wick system, and agar gel-based phenotyping systems (Li et al., 2022). The aeroponics system was proposed by Carter (1942). It consists of air compressor, water pump, and incubator. In aeroponics system air composition, nutrition solution, and ejection pressure can be adjusted as per need. It is mainly used to study the root structure of vegetables (Tiwari et al., 2020). Hydroponics is a high-throughput technique for identifying and screening phenotypes. It involves culturing plants in a nutrient solution containing essential nutrients for plant growth system and it has been employed to describe the physical characteristics of roots in a variety of crop species, including soybeans, during their early growth stage (Chen, 2021; Salim et al., 2021), barley (Wang et al., 2021). Jeudy et al. (2016) developed a high throughput imaging tool based hydroponic system known as RhizoTubes. This platform allows growing of six plants simultaneously. It consists of an imaging cabin (Rhizo-Cab) that can automatically and non-destructively image both shoot and root compartments. However hydroponic is not suitable for studying root hair traits because it is uncertain whether root hairs can be formed in hydroponics environment or not. Moreover is only suitable for short-term root observation. Mathieu et al. (2015) developed another system known as Rhizoponics which combines the advantages of hydroponics and rhizotrons. He used this system to characterize the root system of Arabidopsis thaliana from the seedling to adult stage. Here, roots are grown in 2D without any physical constraint on a framed nylon support which is immersed in the nutrient solution. It is readily amenable to image analysis and allows sampling of selected roots in controlled conditions (Li et al., 2022). There is another in situ observation system based on germination paper known as Pouch-and-wick system. This method is affordable and simple to operate and can be used to evaluate root morphology with high efficiency. It can perform many repetitions. A custom-colored germination paper is used that creates high contrast with root color to facilitate root image analysis. Rhizoslides (Marié et al., 2014) and RhizoChamber-Monitor (Wu et al., 2018) are the two methods based on pouch and wick system. However, the pouch-and-wick system is used only to examine the root system at seedling stage (Li et al. 2022). Bengough et al. (2004) proposed another system based on Agar gel known as agar gel based phenotyping system. This method involves growing seedlings between two closely spaced flat layers containing transparent gel and the traits are non-destructively recorded by a flatbed scanner. This method makes it simple to determine the seminal root number, root length, elongation rate, and other root characteristics. Root growth in gel chamber is very similar to that of the loosely packed soil (Li et al ., 2022). Yazdanbakhsh & Fisahn (2009) developed PlaRom, a high-throughput technology for root hair monitoring based on an agar gel technique. This platform consists of an imaging equipment and root development profiling software and is useful for phenotyping root growth dynamics, lateral root creation, and root architecture. Gaggion et al. (2021) developed a high temporal resolution phenotyping root system called ChronoRoot, which allows comprehensive characterization of root growth dynamics. However, this system is only suitable for studying roots of seedlings due to the influence of gel system nutrient supply and support capacity (Li et al., 2022). There is another 2D root phenotyping platform based on soil culture where the plants are planted in containers containing one or more transparent planes and image acquisition devices are used to obtain root images in situ. Numerous root phenotyping platforms based on soil culture have been developed till now. RhizoPot, which is an in-situ root observation platform with a resolution of up to 4,800 dpi which is used to study the morphology and lifespan of fine roots and root hairs. However, due to limited depth of the culture vessel, the natural growth of the root system may be affected. Although this method has high resolution their throughput is relatively low. Treurnicht et al. (2015) developed a novel phenotyping system based on soil culture known as GROWSCREENRhizo which can image roots at a throughput of 60 rhizotrons per hour. Other platforms based on soil culture include GLO-Roots (Rubén et al., 2015), GLO-Bot (LaRue et al., 2021), PhenoRoots (Martins et al., 2020) and WinRoots (Zhang et al., 2021). These methods can be used to obtain pictures of naturally growing roots. However, analyzing datasets from pictures can be time consuming and labor intensive (Li et al., 2022). Addiinally, a transparent soil method was proposed by Downie et al. (2012) that consists of a matrix of solid particles and a pore network containing liquid and air. Furthermore, By spherifying hydrogels of biopolymers, Ma et al. (2019) produced a transparent soil that can promote root growth and enable root phenotyping in vivo using microscopy and photography. 

4.2 3D Root Phenotyping Platforms
Although 2D root phenotyping methods are of greater importance in studying root characters, but the information is obtained from only a single point of view. As a result, there is a greater need to create resources for 3D root phenotyping technology. This platform allows digital reconstruction in 3D and high-throughput feature extraction (Li et al.., 2022). Different 3D root phenotyping method includes; X-ray computed tomography (CT), Magnetic resonance imaging (MRI), Ground penetrating radar (GPR), Electrical capacitance (EC), Electrical Resistivity Tomography (ERT), Electrical Impedance Tomography (EIT), Neutron Radiography (NR), Neutron tomography (NT) etc. have been developed. X-ray computed tomography (CT) is a high throughput root phenotyping method and allows 3D reconstruction of root architecture in the soil. CT employs an X-ray beam from a source passing through the sample, which absorbs part of these beams through a process known as attenuation. The absorbed beams are recorded by a detector in series of 2D projections, which are further reconstructed into a 3D dataset. The inner structure of samples becomes visible due to different densities and atomic numbers of the elements. Teramoto et al. (2020) visualized rice root architecture in 12 min (10 min for CT scanning and reconstruction and 2 min for image processing) using CT. Resolution, scan time, and image segmentation have limited the large-scale application of CT in root phenotyping (Li et al., 2022). Another commonly used non-destructive 3D root phenotyping method is the magnetic resonance imaging (MRI. Since, living tissues have abundant magnetic moment of atomic nuclei a strong magnetic and radio-frequency fields can be used to produce 3D datasets by manipulating these magnetic moment of atomic nuclei (van Dusschoten et al., 2016). However, the MRI image quality is highly influenced by the type of substrate and water content used. MRI has been used to conduct root phenotyping in maize, bean, and barley (Jahnke et al., 2009; Metzner et al., 2014). Pflugfelder et al. (2022) recently analyzed the 3D root architecture of 288 winter wheat seedlings using a new workflow based on MRI, which can be categorized as medium-throughput phenotyping. However, there are some limitations of X-RAY and MRI technology. The hardware and software costs of installing MRI and CT are very high and the equipment is difficult to relocate due to their large size and they also restrict the growth and development of plant in a given container. Ground penetrating radar (GPR) is a high throughput 3D root imaging method that is applicable in the field. It detects shallow underground objects by emitting electromagnetic pulses. A portion of the pulses is reflected when it encounters a reflective surface and these reflections are quantified and generated into a 3D field, allowing for root visualization. GPR measure the coarse root (diameter >2 mm) of trees and shrub species. Liu et al. (2018) scanned winter and cane roots using GPR (1,600 MHz) and found significant relations between GPR indices and root parameters. However, it is an expensive method and the signals can be affected by soil condition. Another 3D root imaging method which is applicable in the field is Electrical capacitance (EC) which uses a low-frequency alternating current (mostly less than 1 kHz) between the base of the plant stem and the surrounding soil and measures the resulting dielectric properties to re-establish the root system (Li et al., 2022). In addition to this some other 3D based root phenotyping method are also there. The Electrical Resistivity Tomography (ERT) generates high-resolution measurements by determining resistivity and further converts the measurement into a 3D model. Electrical Impedance Tomography (EIT) injects an alternating current rather than a direct current. Neutron Radiography (NR) is a 3D in-situ phenotyping method which complements X-ray CT. It interacts with the nuclei instead of the electron shell and simultaneously monitor water distribution and root characteristics. Neutron tomography (NT), it is used a nuclear reactor or a high-energy particle accelerator. It is the most simple and high-throughput 3D root phenotyping method ((Li et al., 2022).

5. Root Image Processing Software:
Recent improvements in root phenotyping methods and platforms made it very crucial to develop convenient and high-throughput software tools that can conduct objective, quantitative analyses of the root images. This software can be classified as 2D or 3D root image processing software. 
Based on the degree of automation. 2D root image processing software can be further separated into three categories: (a) manual software, (b) semi-automated software, and (c) automated software. Because manual software is labor-intensive, subjective, and prone to error, it is relatively rare. One of the most popular manual root analysis programs is WinRHIZOTM, which can be used to examine pictures from underground video camera systems or other sources that do not always provide a clear contrast between roots and their surroundings (Arsenault et al., 1995). Root morphological characteristics, including root length, projected area, surface area, volume, number of tips per diameter class, and topological structure, including branching angle and root system altitude may be obtained using WinRHIZOTM. DART, a manual freeware program based on human vision and built in Java, is another such significant software (Bot et al., 2010).    According to Li et al. (2022), DART can analyze root architecture and provide flexible and structured datasets of individual root dynamic characteristics. EZ-Rhizo, GrowScreen-Root, GiA Roots, GLO-RIA, KineRoot, MyROOT, RootReader2D, and many other semi-automated root analysis programs are available. EZ-Rhizo is a semi-automated, Windows-integrated computer program that may be used to measure several root characteristics of plants grown on agar medium. RootReader2D can be used to evaluate root images in a variety of culture conditions, including hydroponics, gels, paper pouches, and soil bases. It is free and accessible to the public (Li et al., 2022). ARIA, EZ-Root-VIS, HYPOTrace, Rhizo Vision Explorer, Root System Analyzer, RootTrace and RootGraph, etc., are some of the examples of automated software. RootTrace is a top-down, high-throughput tool that tracks roots from a user-specified start position using automatic tracking approaches (French et al., 2009). The top-down method is adaptable to various image sets and resilient to various noise effects. RootTrace allows for the processing of long time-lapse sequences with minimum user intervention. ARIA converts photos of seedling roots into an equivalent graph, capturing numerous root attributes (Pace et al., 2014). Each pixel in the root image is labeled as a vertex, and the closest neighboring pixels are connected by edges. With a user-friendly graphical user interface, ARIA can quickly extract data in about 20 seconds. According to Cai et al. (2015), RootGraph is the first tool that uses a weighted graph optimization technique to create a fully automated and reliable technique for describing root features in detail. Rather than using statistical learning, RootGraph makes use of graph optimization and image adaption. Additionally, it can eliminate any noise produced by soil particles that remain after roots have been cleaned (Li et al., 2022).
Although 3D root phenotyping techniques have continued to improve quickly, corresponding image analysis technologies have been lagged behind. The primary challenge is that collecting 3D root system parameters necessitates examining the size, color grade, and pixel count of the image. Furthermore, it entails developing a spatial distribution function, which substantially increases the complexity of software design (Li et al., 2022). Some of the root phenotyping methods that have been used in plants are given in Table 2.

Table 2. Plant Applications of In-situ Root Phenotyping Techniques

	Sl No.
	Approach
	Crop
	Phenotyping techniques
	References

	1
	2D
	Maize and mung bean
	Paper pouch systems
	Wang et al., 2024; Chiteri et al., 2022; Hund et al., 2009

	2
	2D
	Arabidopsis, pea
	Agar medium
	Aziz et al., 2020; Zhao et al., 2017

	3
	2D
	Soybean, fava beans and chickpeas
	Rhizotrons
	Salim et al., 2021: Belachew et al., 2018; Chen et al., 2017

	4
	2D
	faba bean
	GrowScreen-Rhizo,
	Belachew et al., 2018

	5
	2D
	soybean  and chickpea
	Semi-hydroponic systems
	Wang et al., 2024; Salim et al., 2022; Chen at al., 2017

	6
	3D
	Common bean
	Computed X-ray tomography (CTX
	Gerth et al.,2021

	7
	3D
	Pea
	Positron emission tomography
	Metzner et al., 2022

	8
	3D
	Common bean
	Magnetic resonance imaging (MRI)
	Rascher et al., 2011; Van Dusschoten et al., 2016

	9
	3D
	Chickpea
	Root imaging with a photogrammetric camera
	Salter et al.,  2021



6. Advantages of In-situ Root Phenotyping
The non-destructive evaluation of root system dynamics and architecture in the native soil environment is known as in-situ root phenotyping. By maintaining intact soil conditions, this approach preserves critical physical, chemical, and biological parameters, including soil temperature gradients, pore connectivity, moisture heterogeneity, nutrient distribution, microbial activity, and mechanical impedance since root responses are strongly regulated by soil-derived signals which are often disrupted during sampling, so preservation of these parameters enables more physiologically realistic assessment of root growth. The capacity to capture high-resolution, spatially explicit, and temporally dynamic root characteristics is one of its key benefits in-situ phenotyping. Quantitative analysis of architectural traits such root length density, branching frequency, growth angle, root depth distribution, and growth kinetics is made possible by highly advanced sensing and imaging systems. In addition to offering strong phenotypic descriptors for connecting root characteristics with functional outcomes like water uptake efficiency, nutrient foraging capability, and abiotic stress resilience, these multidimensional datasets enable a deeper comprehension of root–soil interactions. Furthermore, in-situ methods facilitate longitudinal monitoring of the same plant across time and early-stage root phenotyping, which enables evaluation of genotype-by-environment interactions and developmental plasticity. These techniques reduce labor intensity, experimental variability, and resource inputs, making them appropriate for high-throughput screening in breeding programs due to their non-invasive nature. Collectively, together, in-situ root phenotyping provides a paradigm for incorporating root characteristics into crop enhancement tactics that is technically sound, scalable, and physiologically precise. 


4. Conclusion and future prospects 
The in-situ root phenotyping method provides a novel, high-throughput, and precise approach for field research on root morphology and branching traits. Numerous biotic and abiotic stresses have detrimental impacts on plant growth at every stage, from seedling development to reproduction and till maturity. They also have a major impact on physiological, biochemical, metabolic, and molecular mechanisms, which affects plant performance. For advanced breeding efforts it is essential to take advantage of genes that adapt to these challenges and roots play a key role in assisting plants in adjusting to stress condition. Crop ecophysiology and resistance to biotic and abiotic stress can be better understood through in situ root phenotyping. The rhizosphere phenotype is the manifestation of a plant's genetic composition in the soil. Through employing these tools and methods, we will be able to better understand the mechanisms underlying root formation, which will lead to the development of crops that are more resilient to variations in the availability of water or nutrients. These techniques will make it possible to choose a potential RSA that is more stress resistant. Since the root system is essential for plant growth and development, it has a direct impact on agricultural output. Selecting genotypes with root phenotypes adapted to harsh climates requires integration of molecular and genetic technologies along with root phenotyping data. This strategy will boost agricultural crops' resilience, allowing them to maintain growth and productivity in conditions of environmental stress contributing to sustainable agriculture. The platform will greatly aid quantitative and association genetic research for root traits in order to comprehend the molecular basis for the adaptation of structural and functional features to biotic and abiotic stresses. Further work is needed to develop methods for 3D reconstruction and to bridge the gap between controlled experiments and field experiment root studies phenotyping platforms in large-scale quantitative genetic analysis. Together, these innovative platforms and technologies contribute to the selection of the future generation of crops to address the present issues with global food security. 
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