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Applications of High-Throughput Tools in Mulberry Physiology Research: A Comprehensive Review

Abstract
Sericulture is the multi- dimensional activity and Mulberry (Morus spp) is the sole food for silkworm Bombyx mori. It is very important to study the physiology of mulberry for the betterment of sericulture productivity and screening of better performing lines to withstand biotic and abiotic stress. It is necessary to monitor the crop growing status continuously and non-destructively to make decisions as to changed environmental conditions. High-throughput screening, defined as the automation and scaling of experimental analyses, enables rapid, reproducible, and large-scale measurements of plant traits. Importantly, these approaches allow continuous and non-destructive monitoring of crop growth, providing valuable insights for adaptive management under variable environmental conditions. Recent technological advances have introduced a wide range of high-throughput tools into mulberry research. Phenotyping platforms such as leaf area meters, chlorophyll fluorescence imaging, and portable photosynthetic systems allow rapid assessment of photosynthetic efficiency and stress responses. High-throughput sequencing methods, including RNA-Sequencing and genome-wide association studies (GWAS), have deepened genetic insights, while genome editing technologies like CRISPR/Cas9 open avenues for targeted improvement. Remote, hyperspectral, and multispectral sensing technologies enable large-scale monitoring of canopy health, nutrient status, and early stress detection. This review synthesizes how these tools facilitate early stress detection, genotype screening, and integration with molecular datasets for precision breeding. Case studies highlight their use under drought, waterlogging, nutrient imbalances, etc. This review concludes that high-throughput phenotyping not only enhances physiological understanding but also offers a pathway to accelerated mulberry improvement programs, bridging the gap between research and practical sericulture applications.
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1.	INTRODUCTION:
	Sericulture is an age- old practice which provides livelihoods for millions of peoples worldwide, especially strengthens rural economies of India, China, Thailand, and Brazil (Raksha Sharma et al., 2023). Mulberry (Morus Spp) is a deep rooted, perennial plant adaptable to various agro-climatic conditions across the world (Harijan et al., 2021). Since, mulberry foliage is the sole food to silkworm (Bombyx mori), it has wide ranges of industrial uses (Mithilasri et al., 2022). In sericulture mulberry cultivation contributes about 50% to the total silk cocoon production and continuous availability of quality mulberry leaves is crucial for the successful rearing of silkworms. The present scenario of mulberry sericulture demands new varieties for enhancement of profitability and also to produce superior grade silk. Increased production of silk depends to a great extent on increased mulberry leaf yield (Caccam and Mendoz, 2015; Masthan et al., 2017 and Alipanah et al., 2020). The quality and leaf yield of mulberry mainly depends on soil type, variety, agronomical factors and agro-climatic conditions Sharma et al. (2015). Water is a key factor for the mulberry plant since, the leaf succulence increases the palatability of silkworm is highly depending on the soil water availability. The full potential of mulberry crop production is frequently decreased by the limitations on water and its effect on various physiological and biochemical characteristics (Durgadevi et al., 2025). Climate change poses a substantial threat to mulberry cultivation and silkworm rearing, as these processes are highly sensitive to environmental conditions (Thrilekha et al., 2024). Nutritive value of mulberry (Morus spp.) leaf is a key factor besides environment and technology adoption for better silkworm cocoon crop. Different morphophysiological parameters are considered as paramount for developing high-yielding mulberry varieties. Hence it is very important to study its physiology for the betterment of its productivity and screening the better performing mulberry varieties to withstand biotic and abiotic stresses. 
1.1	WHAT IS HIGH -THROUGHPUT SCREENING?
Improvement of agricultural production capacity is extremely important to human beings in face of the expanding population in the 21st century (Alston et al., 2009; Godfray et al., 2010). To achieve this goal, we need modernization of agriculture which relies on breakthrough in aspects such as dynamic monitoring, intelligent control, and automatic implementation (Klukas et al., 2014; Sankaran et al., 2015). The advancement of high-throughput phenotyping and analytical technologies has revolutionized the study of crop physiology, including Morus spp. (Mulberry).
High through-put screening (HTS) can be defined as the automation of experiments such that large scale repetition becomes feasible. HTS brings together expertise in liquid handling and robotic automation, sensors, multi-platform plate readers and more recently high content imaging, this combinatorial approach means that complex, content rich data set can be produced over a relatively short space of time under varying conditions.
1.2	Advantages of High -Throughput Screening
· Rapid Data Acquisition: Large numbers of plants can be evaluated in a short time.
· Non-Destructive Measurements: Enables continuous monitoring of the same plants over time.
· Integration with AI and Big Data Analytics: Allows predictive modelling of mulberry growth and yield under various environmental conditions.
· Precision Breeding Support: Accelerates selection of superior genotypes for leaf quality and stress resilience.
1.3	Importance of studying Mulberry physiology
Mulberry physiology involves processes such as photosynthesis, transpiration, nutrient assimilation, and stress responses. Traditional physiological studies relied on manual measurements, which were labour-intensive, time-consuming, and often limited to small sample sizes. High-throughput equipment enables simultaneous, rapid, and precise measurements of multiple traits, allowing for large-scale and more representative analyses under varying conditions. Meanwhile, the information about the crop growth status should be visualized and quantified in order to offer a more intuitive and standardized reference for management of the environment (Berger et al., 2010; Virlet et al., 2014). This study highlighting some of the frequently used high throughput tools to study various physiological attributes of mulberry.
2. 	APPLICATIONS OF HIGH THROUGHPUT TOOLS IN MULBERRY PHYSIOLOGY RESEARCH
2.1 	Leaf Area Meter
Leaves are the main assimilatory organ chiefly concerned with photosynthesis and leaf area is important in determining overall efficiency of plant in terms of yield and quality (Song et al., 2013) and widely employed as a key parameter in mulberry research to evaluate plant growth and physiological responses under different environmental conditions Leaf Area Meters are scientific instrument that are specially designed to measure the area of leaves. Leaf Area Meters are used to perform non-destructive measurements on the leaves of living plants by placing the leaf on the palette and sliding the scanner over the leaf, enabling collection of data from the same plant, or even the same leaf, throughout its life span. Durgadevi et al. (2025a) investigated the impact of drought stress on mulberry leaf area, while Ranjith Kumar (2018) utilized leaf area as one of the criteria for screening temperature-tolerant genotypes. Similarly, Naveen Kumar (2017) assessed the photosynthetic efficiency of diverse mulberry genotypes by considering leaf area as an important indicator. Hu et al. (2016) measured leaf area to examine the effects of different light qualities on the physiology of mulberry seedlings, and Bajpai et al. (2015) analyzed phenotypic variations in mulberry associated with altitudinal differences.
2.2	Fluorescence meter
Chlorophyll fluorescence can be defined as light re-emitted by chlorophyll molecules. It is an indicator of photosynthetic energy conversion in plants The yield of chlorophyll fluorescence measurements will give the changes in the efficiency of photochemistry and heat dissipation (Krishnan et al., 2011). The analysis of chlorophyll fluorescence is an important tool in plant research such as measurement of photosynthesis, measuring the efficiency of PSII photochemistry, Photochemical quenching and non- photochemical quenching, estimation of rate of linear electron transport, measuring stress and stress tolerance and nitrogen balance index. It is non-destructive alternative method to estimate the chlorophyll content in the leaves. The meter works by emitting two frequencies of light, one at a wavelength of 660 nm (red) and one at 940 nm (infrared).  Leaf chlorophyll absorbs red light but not infrared, the difference in absorption is measured by the meter and termed “Optical Density Difference,” ODD.  Therefore, the unit of measurement is ODD, a ratio that is provided by the meter.   
Durgadevi et al. (2025b) examined the impact of moisture deficit stress on PSII activity, while Li et al. (2024) highlighted the role of chlorophyll fluorescence in understanding the adaptive mechanisms of mulberry under waterlogged conditions. Liu et al. (2019) analyzed variations in fluorescence values under combined drought and salinity stress, whereas Lu et al. (2017) investigated changes in fluorescence at different salinity levels. Furthermore, Naveen Kumar (2017) evaluated the variability of photosynthetic efficiency across 23 mulberry genotypes and varieties using chlorophyll fluorescence as a key indicator.
2.3.	Chlorophyll meter
There are several methods for examining chlorophyll content. The extraction method, involving extraction of chlorophyll in a solvent followed by in vitro measurements with a spectrophotometer, is destructive, laborious, time consuming, and costly. However, chlorophyll meters, for example the SPAD meter provide a simple, quick, and non-destructive method for estimating leaf chlorophyll content (Xiang et al., 2015). SPAD readings are calculated based on two transmission values, the transmission of red light at 650 nm, which is absorbed by chlorophyll, and the transmission of infrared light at 940 nm, at which no chlorophyll absorption occurs. Using these two absorbance values, the meter calculates the numerical SPAD value which is proportion to chlorophyll content. 
Chlorophyll content has been widely utilized as a physiological indicator to assess various stress responses and adaptive mechanisms in mulberry. Durgadevi et al. (2025) evaluated chlorophyll content in drought-exposed genotypes and varieties, while Hou et al. (2021) employed SPAD measurements to estimate relative chlorophyll content and identify functional proteins associated with photosynthesis in mulberry leaves. Ranjith Kumar (2018) measured chlorophyll content as a criterion for screening temperature-tolerant genotypes, and Kumar et al. (2012) analyzed leaf pigment composition in four mulberry cultivars to investigate micromorphological and anatomical traits.
2.4	Portable Photosynthetic System (PPS):
Photosynthesis systems are electronic scientific instruments designed for non-destructive measurement of photosynthetic rates in the field. PPS is a portable IRGA (Infra-Red Gas Analyzer) used to measure gas exchange parameters. The working principle of PPS is, the difference between the reference (one pair of Co2 and H2o analysers) and analysis (another pair of Co2 and H2o analysers) analyser. The reference analyser is the one which measure the ambient air sent in to the leaf chamber, whereas the analysis measures the ambient air coming out from the leaf chamber. By using PPS we can measure photosynthetic rate, stomatal conductance, transpiration rate, inter cellular Co2 concentration and chlorophyll fluorescence.
Numerous studies have demonstrated the sensitivity of these traits to environmental factors and management practices. For instance, drought stress has been shown to significantly influence net photosynthetic rate, transpiration, stomatal conductance, and chlorophyll fluorescence, as reported by Sun et al. (2023) and Durgadevi and Vijayalakshmi (2020), highlighting the variability among genotypes and varieties in their adaptive responses. Light quality also plays a crucial role in modulating photosynthetic performance, with Hu et al. (2016) demonstrating its effect on mulberry seedlings. Elevated CO₂ conditions further alter photosynthetic behaviour, as evidenced by Sekhar et al. (2015), who reported differential responses between mulberry varieties. The application of growth regulators such as triazoles has been shown to affect both transpiration and photosynthesis, indicating potential agronomic interventions to improve water use efficiency (Madhu Babu et al., 2014). Moreover, environmental stresses such as salinity and high temperature contribute to variability in photosynthesis and chlorophyll fluorescence, emphasizing the need for genotype-specific evaluations (Yu et al., 2013). Accordingly, the identification and screening of elite mulberry genotypes exhibiting high photosynthetic efficiency, especially under irrigated conditions of West Bengal was done by Setua et al., (2012).
3.	MASS SPECTROMETRY FOR COMPOUND PROFILING
	Spectrophotometry is a tool that hinges on the quantitative analysis of molecules depending on how much light is absorbed by coloured compounds. A spectrophotometer is commonly used for the measurement of transmittance or reflectance of solutions. Spectrophotometer-based assays cover a wide range of plant biochemical parameters such as pigments, osmolytes, antioxidants, stress markers, proteins, sugars, phenolics, and enzyme activities. Widely used Mass spectrometry tools are Spectrophotometer, High Performance Liquid Chromatography (HPLC) and Gas Chromatography- Mass Spectrometry. 
Chlorophyll pigment compositions were estimated spectrophotometrically in order to study the drought resistance in four mulberry varieties (Sun et al., 2023). In order to assess the drought tolerance mechanisms based on the presence of enzymes viz., Nitrate reductase, Catalase and Peroxidase in mulberry genotypes Durgadevi et al., (2019.a.) used spectrophotometry to estimate. Osmolytes and metabolites such as Total soluble sugars, soluble protein, total phenolics and proline content were estimated spectrophotometrically to assess the photosynthetic efficiency of different mulberry genotypes (Naveen kumar, 2017). To screen the mulberry genotypes based on the bio chemical characteristics Sharma et al., (2015) used spectrometric methods for bio chemical analysis. In order to study the biochemical characteristics associated with leaf retention of mulberry Doss et al., (2011) used spectrophotometer to analyse bio chemical components such as total soluble sugar, total soluble protein, nitrate reductase. Guha et al., (2010) used spectrophotometer to measure α –tocopherol, ascorbic acid and free proline content to detect the antioxidative defence mechanism in drought stressed mulberry plants.
Chromatography can be described as a mass transfer process involving adsorption. High-performance liquid chromatography (HPLC; formerly referred to as high-pressure liquid chromatography) is a technique in analytical chemistry used to separate, identify, and quantify each component in a mixture. Phenolic compounds were identified and quantified using HPLC method in mulberry plants grown under three different conditions viz., conventional, aeroponic, and in vitro systems. (Baciu et al., 2025). Peptide separation was performed by using HPLC in order to explore the molecular mechanism under lying in the drought tolerance of two mulberry varieties (Li et al., 2022). Hou et al., (2021) studied the proteomics of mulberry leaves at different positions at different developmental stages related to photosynthesis by adopting LC-MS method (Liquid Chromatography-Mass Spectrometry). Using HPLC technique Guha et al, (2010) quantified α –tocopherol to understand the drought tolerance in mulberry. 
 	Gas chromatography–mass spectrometry (GC-MS) is an analytical method that combines the features of gas-chromatography and mass spectrometry to identify different substances within a test sample. Additionally, it can identify trace elements in materials that were previously thought to have disintegrated beyond identification. Like liquid chromatography–mass spectrometry, it allows analysis and detection even of tiny amounts of a substance. The difference is that in liquid chromatography the sample is carried through the equipment in a liquid solution, and in gas chromatography the sample is carried through the equipment in the gas phase. The most fundamental difference between GC and HPLC is their mobile phase.
Sajeevan et al., (2017) done gas chromatograph–mass spectrometry (GC-MS) analysis to identify change in pattern of surface wax deposition and significant change in wax composition in mulberry. Yashvanth et al., (2015) used GC-MS technique to quantify the components in mulberry leaf powder. Huang et al., (2012) quantify the ABA content using GC-MS to determine the response of mulberry trees to drought stress conditions. 
4.	SAP FLOW METERS
Plant water transport efficiency plays a major role in regulating photosynthetic performance which in turn determines the biomass yields under drought as well as recovery. measurement of hydraulic characteristics provides crucial information on plant’s ability to transport water to photosynthetic and growing tissues, which can postulate sensitivity to abiotic stress factors and affects distribution of species (Brodribb 2009). For the past few decades, destructive methods were used to measure the stem hydraulics (K’ from accurate flow rate at applied pressure gradient) in the laboratory as well as in the field by using high pressure flow meter (HPFM), ultralow flow meter (ULFM) and hydraulics flow meter (Melcher et al., 2012). For rapid screening, the non-destructive method to measure hydraulic conductivity (Kh) is an essential perquisite, which can be measured by Hydraulic conductivity meter. Plant hydraulic variables (Leaf and xylem water potentials) were measured with commercially available sap flow meter viz., stem and leaf psychrometers in 12 mulberry genotypes for rapid screening for drought tolerance (Reddy, K.S et al., 2019).
5. 	REMOTE SENSING TECHNOLOGIES
	Remote sensing is the science and technique of obtaining information about objects, areas, or phenomena on the Earth’s surface without making physical contact with them. Instead, it uses sensors mounted on satellites, aircraft, drones, or ground-based systems to record the reflected or emitted electromagnetic radiation from the target. The key technologies involved are Satellite imagery (Hyper spectral and multi spectral imaging from satellite data), Vegetation indices (Normalised Difference Vegetation Index [NDVI] and Soil Adjusted Vegetation Index [SAVI]), Geographic Information System (GIS) and Global Position System (GPS). It enables rapid, scalable, and non-invasive monitoring of physiological, biochemical, environmental, and geographic studies concern to Sericulture. Specific applications of remote sensing in sericulture includes acreage estimation and mapping, garden conditions assessment, identifying suitable areas for new cultivation, monitoring of leaf harvesting and estimation of cocoon production. GIS and GPS integration has facilitated accurate estimation of mulberry acreage and leaf yield, providing critical data for regional sericulture planning (Jyothi and Manjunatha, 2024). Soil suitability assessments using GIS support optimized site selection, ensuring better productivity and sustainability (Deepali and Tamphasana Devi, 2024; Manjunatha et al., 2019; Gari Bhandari et al., 2014). Hyperspectral imaging (HIS and SWIR-HIS) has been successfully applied for non-destructive quantification of leaf protein content and anthocyanin distribution in mulberry, enabling real-time monitoring of plant biochemical traits (Li et al., 2023a, 2023b). Satellite-based multispectral imaging combined with vegetation indices such as NDVI and SAVI allows simultaneous monitoring of leaf harvesting and silkworm cocoon quality, (Giora et al., 2022). Additionally, hyper-spectral remote sensing coupled with indices like the Red Edge Position Index (REP) provides an effective approach for detecting and quantifying stress in mulberry plants, supporting precision management practices (Kavita and Vijaya, 2017).
6.	STRUCTURES TO STUDY STRESS PHYSIOLOGY
6.1	Open Top Chambers (OTC)
Open Top Chambers (OTCs) are widely utilized in climate change and crop physiology research for evaluating the impacts of elevated atmospheric CO₂ and other gases on vegetation. These structures consist of an aluminium framework enclosed with polyvinyl chloride (PVC) film and are open at the top to permit ambient exchange. Air enriched with CO₂ is introduced at the base and released through the open top, thereby maintaining elevated CO₂ conditions around the plants. OTC allows simulation of elevated CO₂ and temperature under near- field conditions, with less cost and more realistic than growth chambers and green houses. In mulberry, OTCs have been employed for multiple investigations: temperature-tolerant varieties were screened by Kumar et al. (2022); The effects of elevated CO₂ and temperature on growth, yield, and leaf quality were assessed by Lavanya et al. (2017); Differential photosynthetic responses under elevated CO₂ were examined by Sekahar et al. (2015).
6.2	Rain Out Shelters (ROS)
	Rainout shelters are designed to protect a certain area of land against receiving precipitations so that an experimentally controlled drought stress can be imposed on that area. Dhanyalakshmi et al., (2020) used Rain out shelter in order induce water stress to mulberry plants to study the effect of drought stress on early bud break. Mulberry potted plants were grown inside the ROS in order to screen the drought tolerant mulberry genotypes. (Durgadevi, 2019.b). 
7.	Biotechnological Advances: High-Throughput ‘Omics’ Tools in Mulberry Research
High-throughput genomic and proteomic tools have transformed mulberry research by enabling comprehensive investigations into its molecular underpinnings. Genomic resources provide the framework for identifying and characterizing genes of regulatory networks, and stress-responsive pathways, offering valuable insights into traits important for sericulture, such as leaf yield, quality, and resilience to environmental stress (Chetan kumar et al., 2024). While proteomics has revealed the dynamic protein expression profiles of mulberry under various physiological and stress conditions. Application of various ‘Omic’ tools such as genetic modification, genome editing (CRISPR/cas9), Next- generation sequencing (NGS) technologies (RNA sequencing), label free quantification, i TRAQ (Isobaric Tag for Relative and Absolute Quantitation) and TMT (Tandem Mass Tag)- based mass spectrometry enables the development of mulberry varieties with higher photosynthetic efficiency, higher nutritional quality and resistance to various environmental stresses. 
RNA sequencing has been widely applied to unravel the molecular mechanisms underlying diverse physiological processes in mulberry. For instance, Li et al. (2024) used RNA-Seq combined with KEGG pathway analysis to investigate the molecular and physiological responses associated with midday depression of photosynthesis in two mulberry species. Similarly, transcriptomic approaches have been employed to characterize transcriptional regulation under abiotic stresses, including the identification of differentially expressed genes (DEGs) linked to waterlogging stress (Li et al., 2023) and cadmium detoxification (Fanwei et al., 2020) in mulberry. Transcriptomic profiling has also provided insights into developmental processes. Das et al. (2022) analyzed the post-harvest senescence of mulberry leaves and identification of gene expression changes associated with leaf deterioration, and protein associated with retention of photosynthetic and chloroplast offering valuable implications for improving leaf quality management in sericulture.
	Proteomic and transcriptomic studies have provided valuable insights into mulberry responses under multiple abiotic stresses. Using TMT-based proteomics, Song et al. (2024) investigated the combined effects of drought and heat stress in three forage mulberry varieties, while Liu et al. (2019) employed the same approach to examine differentially expressed proteins (DEPs) under combined drought and salt stress in tree mulberry. Yi et al. (2023) further explored the response mechanisms of mulberry seed germination to salt stress, identifying differentially abundant proteins (DAPs) associated with tolerance mechanisms. Hou et al. (2021) used label-free proteomics combined with LC-MS to quantify proteins related to photosynthesis in mulberry leaves at different stem positions, highlighting variation in nutritional quality. In addition, integrated transcriptomic and proteomic analyses have revealed key drought tolerance mechanisms: Li et al. (2022) identified the involvement of abscisic acid (ABA) and proline biosynthesis pathways using iTRAQ-based proteomics, while Zhang et al. (2022) demonstrated the role of antioxidant activity, particularly glutathione peroxidase (GPX), in drought stress adaptation. Together, these studies underscore the power of high-throughput proteomic and integrative omics tools in dissecting complex stress responses, aiding the identification of key molecular pathways for mulberry improvement.
8.	Conclusion
Finally, to conclude that this study will give a clear-cut idea over the use of high through put tools. This review article gave an overall picture about the reliable, non-destructive, portable, easy-to-handle instruments which will increase the precision and feasible for the replicated experiments. These instruments are frequently used in various aspects of mulberry physiology by researchers as well as students. Through the use of high through put screening approaches, screening of better photosynthetic varieties, varieties for abiotic stress tolerance such as drought, temperature stress and salinity, varieties for better productivity which ensure good cocoon crop yield become very easy at large scale level which in-turn helped in the breeding programme for better productivity. Monitoring of large-scale population, altering the agronomic condition to the changing climatic conditions become possible due to the use of high through put equipment. Although the initial cost and operating of instruments is difficult it is widely employed in physiological studies due to its rapidness, higher data production and replication of experiments. Integrating high-throughput phenotyping platforms with genomic and transcriptomic data will pave the way for precision mulberry breeding like molecular breeding of stress- resilient, high yielding mulberry cultivars. Additionally, the use of unmanned aerial vehicles (UAVs) equipped with multispectral or thermal sensors could allow large-scale monitoring of mulberry fields for real-time decision-making in sericulture.
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