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Abstract: - This review paper highlights about the important applications of Artificial Intelligence (AI) and in vitro 

micropropagation of Cannabis. Cannabis micropropagation has largely been an underground effort with few peer reviewed 

studies. This lack of insight concerning in vitro cannabis techniques has limited  the biotechnological utility of Cannabis crop. 

This is mainly due to the fact that Cannabis found to be recalcitrant under in vitro conditions, restrictions, long legacy of 

prohibition and stigmatization surrounding this Indian origin medicinal plant. Machine Learning (ML) and Deep Learning (DL) 

are two of the most exciting technological areas of Artificial Intelligence (AI). Data is a power today, and artificial intelligence 

(AI) can help Cannabis businesses to gather and analyze data in a wide variety of ways. Artificial Intelligence (AI) technology has 

enhanced Cannabis crop production and improved real-time monitoring, harvesting, processing and marketing. These 

technologies saves the excess use of water, pesticides, herbicides, maintains the fertility of the soil, and also helps in the efficient 

use of man power and elevated the productivity and improved the quality of Cannabis products. Artificial neural networks 

(ANNs) are widely used in science and technology, and have been successfully applied in Cannabis plant tissue cultures. 

Furthermore, Artificial neural networks (ANNs) can also simulate the growth of plants under different in vitro conditions. 

However, very few and limited in vitro regeneration protocols have been developed in Cannabis and existing protocols highlights 

only organogenesis. Therefore, there is a golden opportunity for the development of new in vitro regeneration protocols 

particularly induction of somatic embryogenesis, cryopreservation, protoplast isolation and culture, genetic transformation, 

production of synthetic seeds, and anther culture for the production of haploids in Cannabis. 

Key Words: Artificial Intelligence (AI), Artificial Neural Networks (ANNs), Cannabis, Plant Tissue Culture, Δ9-

tetrahydrocannabinol (Δ-9-THC), Machine Learning, Psychoactive molecule. 

I. Introduction 

   Cannabis sativa L. is a wind-pollinated, dioecious  medicinal plant (i.e., the male and female reproductive structures 

are on separate plants), although monoecious plants (male and female flowers on same plant) can occur in some population (1-

15). Male plants die shortly after flowering. The female plants live 3 to 5 weeks until seed is fully riped (1-17). Therefore, the 

plants are obligatory out-crossers. In commercial production, medical Cannabis (drug or marijuana type) plants are all genetically 

female and male plants are destroyed as seed formation reduces flower quality (1-20). Additionally, the species Cannabis sativa 

L. and Cannabis indica are a potential source of fibre, food, oil, and protein. However, cannabis research work remains years 

behind than other crops because of the long legacy of prohibition and stigmatization. Cannabis is the most commonly used illicit 

drug worldwide and the active constituents of the product were described several decades ago (1-20). The legal status of 

Cannabis is changing, fuelling an increasing diversity of Cannabis derived products (1-15). New laws leading to 

decriminalization and legalization have given rise to a global, multibillion dollar industry that is projected to continue to grow (1-

20). The changing legal landscape and rising interest in its potential therapeutic utilities have opened new opportunities for 
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therapy. In addition, Cannabis industrial companies face increased competition and lower revenue margins, further impacting 

development in the field.  

 Artificial neural network (ANN) technology is an effective alternative used for a reliable and objective assessment of 

biological processes (22-56). Although artificial neural network  (ANNs) have shown significant progress in controlling 

bioprocesses, their use in the complex systems of plant tissue cultures is relatively infrequent (37-56). Artificial intelligence (AI) 

has already played a major role in agriculture and also applied in Cannabis industries in order to maintain the quality control, cost 

issues, and  labour problems (22-56). This technology has protected the Cannabis crop yield from various factors like the climate 

changes, population growth, employment issues and the food security problems (22-56).   

 Initial uses of Cannabis date back to almost 5000 years in India which was well documented in Ayurveda and now 

cultivated for both medicinal and recreational applications (1-20). Cannabis is also known as the Pot gold of Indian Himalayan 

Region (1-20). Cannabis has been used for thousands of years for recreational, medicinal, or religious purposes (1-45).  Cannabis 

sativa and Cannabis indica are the native of Indian origin found as wild noxious weed in the Indian Himalayan Region and other 

parts of India, China, Nepal, Bhutan, Sri Lanka, Pakistan, Afghanistan, Persian, Iran, and Morocco (1-22).  

 Cannabis sativa has a mixed mating system with either dioecious or  monoecious (with individuals that produce male 

and female flowers) lineages (1-22). Dioecious  lineages have sex chromosomes where females are homogametic (XX), and 

males are  heterogametic (XY) (1-15). Monoecious lineages appear to have two X chromosomes as well. Most of the Cannabis 

varieties in the market today are hybrids (700 hybrid strains) with both Cannabis sativa and Cannabis indica genetics. Cannabis 

ruderalis flowers matures as a result of age, not light conditions, which is called Autoflowering (1-20). It is principally used in 

hybrids to enable the hybrid to have the Autoflowering property (1-20). Medical Cannabis (Drug or Marijuana-type) lineages 

used for human consumption has been focused on female domestication, since most of the Cannabinoid production is found in the 

trichomes of  female flowers (1-17). There has been strong human selection against males and monoecious individuals. On the 

other hand, Industrial Cannabis  sativa (hemp)  cultivated for their stalks or seeds for fiber or grain production produces lower 

Cannabinoid or terpenes (1-18). 

 Cannabis sativa has been classified into 2 types depending on the Δ-9-THC (Δ9-tetrahydrocannabinol) level content. 

One is called as the Industrial Cannabis sativa (Hemp) containing very low levels (0.3%) of THC (1-20). Second type is known as 

Medical Cannabis sativa (Drug or Marijuana-type) containing very high levels (25-35%) of THC content. The Δ-9-THC (Δ9-

tetrahydrocannabinol), the psychoactive molecule is largely concentrated around the flowering parts of the female Cannabis plant 

(1-15). The leaves and male plants have less Δ-9-THC (Δ9-tetrahydrocannabinol), while the stalks and seeds contain almost none. 

Industrial C. sativa  (Hemp) produces fiber that can be used in paper, rope, or clothing, biofuel, and grain that can be  used to 

extract oil for cooking, personal hygiene and beauty products, while Medical Cannabis sativa (drug  or marijuana type) produces 

compounds used for medicinal and recreational purposes (1-15).  

 According to the recent literature, over 200 phytocannabinoids have been identified in the Cannabis plant (1-15). 

Cannabis sativa L. plants that contain a large variety of secondary metabolites, including phytocannabinoids, terpenoids, and 

flavonoids, which have profound anti-microbial activities, anti-inflammatory, anti-oxidative, and neuromodulatory properties (1-

20). They are classified into different subclasses according to their chemical structure, Cannabidiol (CBD), narcotic psychoactive 

compound, Δ9-tetrahydrocannabinol (Δ9-THC), Cannabigerol (CBG), Δ8-tetrahydrocannabinol (Δ8 -THC), and Cannabinol 

(CBN) are the most studied. Cannabis contains a psychoactive compound called Δ9- tetrahydrocannabinol (Δ9-THC), that creates 

a psychogenic effect (1-22). Cannabinoids are a class of compounds that interact with the Endocannabinoid system (ECS)  and 

many have medicinal or psychoactive properties (1-45). Two of the most widely known Cannabinoids  are Δ-9-

tetrahydrocannabinolic acid (THCA), and Cannabidiolic acid (CBDA), which are  converted to the neutral forms of Δ-9-

tetrahydrocannabinol (THC) and Cannabidiol (CBD) respectively once heated (1-22). 

 In the following section, the application  of artificial Intelligence (AI) and plant tissue culture for the micropropagation 

has been discussed.  

II. Cannabis sativa: Application of Artificial Intelligence (AI) 

 Artificial intelligence (AI) is defined as a branch of computer science that focuses on creating machines that can think 

and act like humans. Artificial intelligence (AI)  systems are designed to learn from their environment, analyze data, and make 

decisions without human intervention (22-37). Artificial intelligence (AI)  can be used for a wide range of tasks, from playing 

games to driving cars and in agriculture including Cannabis industries (22-37).  Artificial intelligence (AI) systems are powered 

by algorithms, which are sets of instructions that advise the computer how to process data and make decisions. These algorithms 

are based on mathematical models that use input data to generate output results (22-30). For example, an Artificial intelligence 

(AI) system might use an algorithm to analyze images and recognize objects in them. Artificial intelligence (AI) is being used in 
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many different industries, from healthcare to finance, traffic recognition system using Machine learning (ML),  virtual painter, 

Cannabis and plant tissue culture industries (22-56, 213, 214).  

 Machine Learning and Deep Learning are a growing diverse fields of Artificial Intelligence (AI) which studies algorithms 

that are capable of automatically learning from data and making predictions based on data (22-37, 212). Machine Learning and 

Deep Learning are two of the most exciting technological areas of Artificial Intelligence (AI). In healthcare, Artificial intelligence 

(AI) can be used for medical diagnosis and treatment planning (22-37, 212). In finance, Artificial intelligence (AI)  can be used 

for automated trading and portfolio management. Additionally, Artificial intelligence (AI) can be used for natural language 

processing (NLP), which allows computers to understand human language and respond accordingly (22-37). Artificial 

intelligence is a rapidly growing field of technology with many potential applications in various industries including agriculture 

sector. Artificial intelligence (AI)  is transforming healthcare in a number of ways (22-37). Artificial intelligence-powered 

medical imaging systems are helping doctors to diagnose diseases more accurately and quickly (22-37).  Artificial intelligence-

based Chatbots are providing patients with personalized health advice and support. AI-powered robots are assisting surgeons 

with complex procedures (30-37). All of these advances are making healthcare more efficient and accessible, improving patient 

outcomes and saving lives (22-37-56).  

 Artificial Intelligence (AI) is based on the vast domains like Biology, Linguistics, Computer Science, Mathematics, 

Psychology, engineering, Cannabis and plant tissue culture industries (22-57). The basic concept of AI is to develop a technology 

which functions like a human brain (22-37). This technology is perpetrated by studying how human brain thinks, how humans 

learn, make decisions, and work while solving a problem, and on this ground intelligent software and systems are developed (22-

37). These softwares are fed with training data and further these intelligent devices provide us with desired output for every valid 

input, just like the human brain (23-37). Vast domains including Machine Learning and Deep learning are core part of Artificial 

Intelligence (AI) (22-37). Artificial Intelligence (AI) is the science of making intelligent machines and programs. Machine 

learning (ML) is the ability to learn something without being explicitly programmed and Deep Learning (DL) is the learning of 

deep neural networks. ANN is a processing algorithm or a hardware whose functioning is inspired by the design and functioning 

of a human brain (22-37). Neural networks have a remarkable ability of self organization, and adaptive learning. It has replaced 

many traditional methods in numerous fields like Computer Science, Mathematics, Physics, Engineering image/signal processing, 

Economic/ Finance, Philosophy, Linguistics, Neurology. Artificial neural network (ANN) undergoes the process of learning. 

Learning is the process of adapting the change in itself as and when there is a change in environment (22-57).  

 Artificial Intelligence (AI) is an emerging technology in the field of agriculture. Artificial Intelligence (AI)-based 

equipment and machines, has taken today's agriculture system to a different level (22-37). Agricultural robots are built in order to 

deliver high valued application of Artificial Intelligence (AI)  in the  agricultural sector like the crop yield, irrigation, soil content 

sensing, crop- monitoring, weeding, and crop establishment (22-37). Artificial Intelligence (AI) has the potential to deliver much-

needed solution (22-57). AI-based technological solutions has enabled the farmers to produce more output with less input and 

even improved the quality of output, also ensuring faster go-to- market for the yielded crops (22-37). Artificial Intelligence (AI) 

technology has enhanced crop production and improved real-time monitoring, harvesting, processing and marketing. The latest 

technologies of automated systems using agricultural robots and drones have made a tremendous contribution in the agro-based 

sector (22-37). Various hi-tech computer based systems are designed to determine various important parameters like weed 

detection, yield detection and crop quality and many other techniques (22-37). The automated irrigation, weeding and spraying to 

enhance the productivity and reduce the work load on the farmers (22-37). Various automated soil sensing techniques are made 

available. The robots used in sensing were localized by GPS modules and the location of these robots was tracked using the 

Google maps. The data from the robots was fetched through Zigbee wireless protocol (22-37).  

III. Artificial intelligence (AI): Cannabis Industries 

 First-generation artificial intelligence (AI) systems  failed to explain the decision making algorithms clearly in medical 

cannabis (22-37). However, real-world utilization of First-generation artificial intelligence (AI) is limited because most 

algorithms need not necessarily results in better patient outcomes (29-30). Digital medical Cannabis is a Cannabis product 

controlled by a second-generation artificial intelligence (AI) system that improved patient responses by increasing adherence and 

dealing with tolerance to drugs. Second-generation artificial intelligence (AI) systems focused on a single patient’s outcome and 

deal with the inter- and intra-subject variability in responses (29-37). The use of digital medical Cannabis is expected to improve 

product standardization, maximize therapeutic benefits, reduce health care costs, and increase the revenue of Cannabis industrial 

companies (29-30). Digital medical Cannabis offers several market differentiators for Cannabis companies. Ongoing trials and 

real-world data on the use of these systems further supported the use of digital medical Cannabis for improved global health (29-

30, 32-57).  

 The automation in  Industrial Cannabis sativa (Hemp) and medical Cannabis  agriculture is the main concern and the 

emerging subject across the world (22-37). The traditional methods which were used by the farmers, were not sufficient enough to 
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fulfill these requirements (22-57). Thus, new automated methods were introduced. Artificial Intelligence (AI) in outdoor and 

indoor Industrial hemp cultivation has brought an agriculture revolution. This technology has protected the crop yield from 

various factors like the climate changes, population growth, employment issues and the food security problems (22-37). There are 

various applications of Artificial intelligence (AI) in agriculture particularly hemp and medical Cannabis cultivation such as for 

irrigation, weeding, spraying with the help of sensors and other means embedded in robots and drones (22-37). These 

technologies saves the excess use of water, pesticides, herbicides, maintains the fertility of the soil, and also helps in the efficient 

use of man power and elevate the productivity and improved the quality (22-37).  

 Some of the important applications of artificial intelligence (AI) in the Cannabis industries are for example; Discovering 

the new Cannabis strains based on chemical families and compound properties using artificial intelligence (22-37). Track the 

growth rate of Cannabis plants in their vegetative stage using machine vision and artificial intelligence (Yield prediction) (22-37).  

Furthermore, offer artificial intelligence powered e-commerce personalization and delivery solutions, including personalized 

search, product recommendations, and advanced data analytics to online retailers of marijuana (Ecommerce Personalization) (22-

37). Use of wheeled delivery robots to perform marijuana deliveries based on algorithms powered by artificial intelligence (Robotic 

Delivery of Marijuana Products). Use of artificial intelligence to predict Cannabis stock market changes and identify patterns that 

can be used to make more accurate forecasts and investment decisions (Reduced Business Risk in Marijuana) (22-37). BudGenius 

uses Cannabis test results from its own testing facility to gather data about each marijuana strain, and using artificial intelligence 

technology, it merges that data with scientific trial data and real patient user experiences (22-37). Machine learning allows 

BudGenius to improve each time a new scientific trial is released, and each time a patient submits a product review. Dispensaries 

can also use BudGenius to help their patients to choose the best products (Enhanced Customer Service Using Chatbots) (22-37). 

There are many Cannabis companies that are already using artificial intelligence (AI), machine learning and deep learning in their 

products and services. Use of artificial intelligence (AI), predictive, and machine learning algorithms to assess business risk for 

marijuana business stakeholders (22-37).  

 The artificial intelligence uses compliance data to predict which categories a marijuana license holder is the most at the 

risk to fail in (Adherence Compliance) (22-37). Predict energy consumed and labour cost by Cannabis operation using 

environmental conditions, nutrient feed, pH, CO2, light spectrum (Energy Consumption & Labour Cost)(37-57). Identify chronic 

sickness by creating a human-level diagnosis tool for Cannabis plants (Identify Unhealthy Marijuana Leaves) (22-37). Artificial 

intelligence, machine learning, and deep learning are becoming essential tools of leading marijuana companies. Any company, in 

Cannabis or other industries, that leverages artificial intelligence (AI) will gain significant competitive advantage in the 

marketplace (22-37). Artificial intelligence (AI) has gone mainstream with the explosive growth of ChatGPT which is a great 

news for business operations in all industries, including Cannabis, because artificial intelligence enables companies to streamline 

operations, reduce costs, and seize opportunities (22-56). Artificial intelligence (AI)  is already being used in a variety of ways 

across the Cannabis value chain. Both business to business (B2B) and business to consumer (B2C) brands use artificial 

intelligence to improve Cannabis sales (22-37). Cultivators use artificial intelligence (AI) to boost watering and lighting 

efficiencies, and manufacturers use it for quality control to detect problems and boost productivity (22-57).  In simplest terms, this 

feature uses artificial intelligence (AI) and machine learning to analyze every record in the Cannabiz Media License Database and 

determine the best time to send email messages to each email address (22-37). The best time is based on each recipient’s previous 

engagement with messages that have been sent to them in the past.  Artificial intelligence (AI) tools can also help to improve the 

operations for businesses across the Cannabis supply chain (22-37). There are many Cannabis technology platforms and products 

that leverage artificial intelligence to help businesses improve operations. In the near future,  undoubtedly  many new possibilities 

and evolving technology to optimize the benefits of artificial intelligence (AI) for businesses and consumers (22-37).  

 Cannabis growers already uses artificial intelligence (AI) to automatically optimize lighting, humidity, watering, pest 

management, and quality control (22-57). This enables them to grow healthier plants and higher Cannabis crop yields (22-37). As 

a result, they can lower costs, reduce waste, and possibly sell more of their high-quality Cannabis crops for higher prices 

(Cultivation) (22-37). Artificial intelligence not only helps with quality control by detecting manufacturing problems earlier and 

automatically taking steps to reduce costs and delays associated with those problems, but it can also be used to improve the 

production overall by tracking inventory more effectively (22-37). Supply and demand can change quickly in the Cannabis 

industry, and artificial intelligence (AI) can detect and predict fluctuations to ensure the right products are being manufactured 

at the right times (Manufacturing) (22-37). Shipping and logistics are more efficient when artificial intelligence is used to manage 

the process. Artificial intelligence (AI) can predict problems and automatically modify logistics in real time to optimize labour, 

transportation, and other problems (22-37). As a result, distribution and delivery are timely and less expensive (Distribution and 

Delivery). Artificial intelligence  (AI) is already being used by businesses to provide customer service via online chat bots. In 

addition, businesses are training customer service representatives to use artificial intelligence (AI) to answer customer questions 

and solve customer problems (22-37).  
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 A study from the National Bureau of Economic Research that was conducted by MIT and Stanford University found 

that artificial intelligence (AI) improves customer service in three specific ways: (Customer Service). Customer service agents 

respond faster, resolve more problems, and answer more customers problems with artificial intelligence (AI) than without AI (22-

37). Complaining customers treat customer service agents better when the agents use artificial intelligence (AI). Customers are 

less likely to demand to speak with a supervisor when agents use artificial intelligence (AI). Based on the research data, artificial 

intelligence (AI) improved customer service metrics like response time, problem resolution, and so on, which leads to lower costs 

and better results for businesses (22-37).  

 Artificial intelligence can also help marketers make better use of customer data to develop marketing campaigns that are 

more personalized and effective (22-57). Marketers can use artificial intelligence (AI) to track engagement with their brands’ 

websites, social media, advertising, and more in order to develop campaigns that deliver better results in the future (Marketing) 

(22-37). The sales team can identify the best prospects more efficiently and accurately with the help of artificial intelligence (AI). 

In fact, artificial intelligence (AI) can also  be used to power automated events across the sales pipeline (22-37). As a result, 

conversions will increase, sales will go up, and fewer opportunities will be lost (Sales). Data is power today, and artificial 

intelligence (AI) can help Cannabis businesses to gather and analyze data in a wide variety of ways. Competitive analysis, 

compliance and regulatory changes, operational performance, business opportunities, and more can be tracked to improve the 

decision-making and profitability (Business Intelligence) (22-37). 

IV. Artificial intelligence (AI) in Plant Tissue Culture 

 In vitro germination of Industrial Cannabis sativa (hemp) is challenging due to low germination and high contamination 

rates (37-57). Successful establishment of in vitro sterilization is the prerequisite of plant tissue culture studies (37). Recent 

advancements in the field of artificial neural network (ANN) and machine learning (ML) algorithms open new horizons for 

sustainable and precision agriculture (23-37-57). Artificial neural network (ANN) and machine learning (ML) algorithms are 

powerful tools to evaluate the results and make more precise and high accuracy predictions in the field of plant tissue culture, 

especially for industrial purposes (37). Keeping in view, the study was designed and investigated the possible response of variable 

concentrations of hydrogen peroxide (H2O2) on germination and morphological traits of in vitro-grown hemp seedlings by using 

ML algorithms (37). Five different machine learning (ML) algorithms  were used in this study and evaluated the prediction of the 

output variables  : Support Vector Classifier (SVC), Gaussian Process (GP), Extreme Gradient Boosting (XGBoost), Random 

Forest (RF) models, and Multilayer Perceptron (MLP) neural network utilizing accuracy, F1 score, precision, and recall values 

(22-37). Among the tested models, the RF model exhibited better prediction of output variables with a high F1 score in the range 

of 0.98–1.00 (37). The F1 scores of the other models ranged between 0.69 and 0.86 (37). Response surface methodology (RSM)  

was used to compute the optimum concentration of H2O2 revealed the statistically significant effect of H2O2 on in 

vitro germination and seedling growth (37-57). The optimum value of H2O2 for the maximum germination and seedling was 

optimized to about ~2.2% by using RSM (37-57). This work is a case study about the application of different ML and ANN 

models in plant tissue culture and reveals the possibility of application in many other economic crops (22-57).  

 Predictions of in vitro conditions to refine growth responses were subsequently tested in a validation experiment and data 

showed no significant differences between predicted optimized values and observed data. Another parallel study demonstrated the 

potential of machine learning and optimization algorithms to predict the most favourable light combinations and sucrose levels to 

elicit specific developmental responses in the in vitro micropropation of Cannabis (55-57). Based on these, recommendations of 

light and carbohydrate levels to promote specific developmental outcomes for in vitro Cannabis are suggested (55-57). 

Ultimately, this work confirmed the importance of light quality and carbohydrate supply in directing plant development as well as 

the power of machine learning approaches to investigate complex interactions in plant tissue culture (55-57). This machine 

learning—assisted, multivariable micropropagation study has demonstrated that distinct growth responses in Cannabis can be 

shaped by changing the influences of sugar and light dynamics in the absence of PGRs (55-57). The development of alternative 

protocols to guide plant growth toward specific responses shows endless value for numerous in vitro applications (55). Finally, 

the results obtained from this experiment allowed to recommend GRNN-SOS to be a more efficacious algorithm to study 

dynamic plant responses to multivariable stimuli under in vitro  conditions for the development of new methods, and optimization 

of current protocols (55-57).  

 The in vitro method used for growing plants is one of the most popular methods employed in plant biotechnology (37-

57). Without in vitro techniques, plant micropropagation, androgenesis, gynogenesis, somatic embryogenesis, or the production of 

secondary metabolites would not be possible (37-57). Such processes can be studied because they take place in controlled 

conditions like strict sterility, defined temperature, light and humidity as well as on solid or liquid media of a scheduled 

composition (37-54). Although there are many biological processes that can easily be observed in plant tissue cultures, none of 

them are linear, and, moreover, they are influenced by many other factors as well (37-57). Thus, appropriate modeling can be 
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applied to quite accurately predict and simulate the growth kinetics of the culture and also predict the resulting biomass (37-57).

  

 Artificial neural networks (ANNs) are widely used in science and technology, and have been successfully applied in 

plant tissue cultures (37-57). First of all, Artificial neural networks (ANNs)  can simulate the growth of plants under different in 

vitro conditions (37-57). Their usefulness has been confirmed in the estimation of biomass in plant cell cultures and the length of 

shoots in vitro, in the classification of somatic embryos, evaluation of the physical conditions of an in vitro environment, and in 

the prediction of optimal conditions for in vitro culture to achieve maximum efficiency and productivity (37-57). Secondly, with 

the help of various types of neural models, in vitro -regenerated plants are sorted, respectively, to their quality and likeliness of 

further development (37-57). Thirdly, Artificial neural networks (ANNs) are capable of predicting plant behaviour during in vitro 

rhizogenesis and subsequent acclimatization to ex vitro conditions (37-57). 

V. Artificial intelligence (AI): Agriculture 

  Development in the agricultural sector with the application of artificial intelligence (AI) will boost the rural 

development, rural transformation and eventually resulting in the structural transformation (22-37). Surprisingly, agriculture 

particularly hemp cultivation though being the least digitized, has seen momentum for the development and commercialization of 

agricultural technologies (22-37). Artificial Intelligence (AI) has begun to play a major role in daily lives, extending our 

perceptions and ability to modify the environment around us (22-37). Agricultural robots targeted at diverse aspects in 

agricultural industry have been developed and improved greatly in the past years, and although pointing out the hardship of 

applying machines and algorithms tested in experimental environment to real environments (22-37).  

 Because of their versatility as well as amazing imaging technology which covers from delivery to photography, the 

ability to be piloted with a remote controller (22-37-57). This enables to do a lot with these devices, drones or UAVs (Unpiloted 

Aerial Vehicle) are becoming increasingly popular to reach great heights and distances and carrying out several applications (22-

37). Therefore, image recognition and perception plays an important role in agriculture (22-37). Artificial Intelligence (AI) in 

agriculture can be applied which would automate several processes, reduce risks and provide farmers with a comparatively easy 

and efficient farming (22-37). Due to artificial intelligence, farming will be found to be a mixture of technological as well as 

biological skills in the near future which will not only serve as a better outcome in the matter of quality for all the farmers but also 

minimizes their losses and workloads (22-37). The emerging Artificial Intelligence (AI) technologies have helped the best 

selection of the crops and even have improved the selection of hybrid seed choices which are best suited for farmer's needs (22-

37). It has been implemented by understanding how the seeds react to various weather conditions, different soil types (22-37). By 

collecting this information, the chances of plant diseases are reduced. Therefore, farmers are able to meet the market trends, 

yearly outcomes, consumer needs, thus farmers are efficiently able to maximize the return on crops. Artificial intelligence 

powered Chatbots, along with machine learning techniques has enabled farmers to understand natural language and interact with 

users in a way more personalized way (22-56). They are mainly equipped for retail, travel, media, and agriculture has used this 

facility by assisting the farmers to receive answers to their unanswered questions, for giving advice to them and providing various 

recommendations (23-56).  

 Robotics has played a substantial role in the agricultural production and management. The main purpose of coming up 

with this technology is to replace human labour and produce effective benefits on small as well as large scale productions (23-37). 

The robots are performing various agricultural operations autonomously such as weeding, irrigation, guarding the farms for 

delivering effective reports, ensuring that the adverse environmental conditions do not affect the production, increase precision, 

and manage individual plants in various unfamiliar ways (22-37). Therefore, robotic technologies has amplified productivity 

immensely. The manual irrigation which was based on soil water measurement was replaced by automatic irrigation scheduling 

techniques (22-37). Automatic plant irrigators are planted on the field through wireless technology for drip irrigation. This 

method ensures the fertility of the soil and ensures the effective use of water resource (22-37). The technology of smart irrigation 

is developed to increase the production without the involvement of large number of man power by detecting the level of water, 

temperature of the soil, nutrient content and weather forecasting (22-37). The actuation is performed according to the 

microcontroller by turning ON/OF the irrigator pump (22-37).   

 Recently one of the study  developed the idea of efficient and automated irrigation system by developing remote sensors 

using the technology of Arduino which can increase the production up to 40% (22-37). In another parallel approach, different 

sensors were built for different purposes like the soil moisture sensor to detect the moisture content in the soil, the temperature 

sensor to detect the temperature, the pressure regulator sensor to maintain pressure and the molecular sensor for better crop 

growth. The installation of digital cameras, the output of all these devices is converted to digital signal and it is sent to the 

multiplexer through wireless network such as Zigbee and hotspot (22-37).  
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 Later researchers came with different sensors which were used to detect the need of water supply to the fields as soil 

moisture sensor and rain drop sensor, which were instructed through wireless broadband network and powered by solar panels 

(22-37). The rain drop sensor and soil moisture sensor informs the farmer about the moisture content in the soil through SMS in 

their cell phone using GSM module (22-37). Accordingly the farmer can give commands using SMS to ON and OFF the water 

supply. Hence  this system will detect part or area in the fields which required more water and could hold off the farmer from 

watering when it's raining (22-37). The amount of irrigation needed can also be determined on the basis of the dielectric constant. 

Further, dielectric soil moisture sensors for real time irrigation control have been developed (22-37). The measurement method 

based on the dielectric properties is considered to be the most potential one. The installation of sensors plays an important role in 

the efficient implementation of irrigation robotics (22-37). One can use a single sensor to control the irrigation of multiple zones 

in the fields. And one can also set multiple sensors to irrigate individual zones (22-37).  Before developing a weed control 

automated system is in need to differentiate between the crop seedlings and the weeds (22-37). The vision based technologies 

which were used to guide the robots along the row structure to remove weeds and to differentiate the single crop among the weed 

plants (22-37). Digital yield mapping and monitoring is also applied in agriculture. With the utilization of a Geographic 

Information System (GIS) programming, the yield determined at each field area can be shown (22-37).  

 The artificial intelligence (AI) technology will be useful to predict the weather and other conditions related to 

agriculture like land quality, round water, crop cycle, and pest attack, etc (22-37). The accurate projection or prediction with the 

help of the artificial intelligence (AI) technology will reduce most of the concerns of the farmers (22-37). Artificial intelligence 

(AI)-driven sensors are very useful to extract important data related to agriculture (22-37). The data will be useful in enhancing 

production. In agriculture, there is a huge scope for these sensors (22-37). The biggest challenge to farming is the crop damage 

due to any kind of disasters including the pest attack. Most of the time due to lack of the proper information farmers lost their 

crops. In this cyber age, the technology would be useful for the farmers to protect their cultivation from any kind of attacks (22-

37). 

  Artificial intelligence (AI)-enabled image recognition will be useful in this direction (22-57). Many companies have 

implemented drones to monitor the production and to identify any kind of pest attacks (22-37). Artificial intelligence (AI) is likely 

to transform agriculture and the market in the next few years (22-37). The proper implementation of artificial intelligence (AI) in 

agriculture will help the cultivation process and to create an ambiance for the market (22-37). The autonomous robots improve 

efficiency, and also reduced the need for unnecessary pesticides and herbicides. Besides this, farmers can spray pesticides and 

herbicides effectively in their farms with the aid of drones, and plant monitoring is also no longer a burden (22-37). 

VI. Plant Tissue Culture: Importance and Applications 

 Plant tissue culture is an in vitro aseptic culture of cells, tissues, organs or whole plant under controlled defined 

nutritional medium conditions often to produce the clones of plants (57-80). The resulting clones are true to type of selected 

genotypes and used for the large scale plant multiplication (57-135). The beauty of plant tissue culture lies in the culture of small 

piece of plant material (explant) on a defined nutrient medium to produce large number of plantlets or clones within a limited time 

in a continuous process, irrespective of season, and weather on year round basis (57-170). Plant tissue culture can be used for a 

wide range of purposes with various applications in research and industry. Tissue culture technique offers several advantages over 

plant propagation under natural conditions. It is a rapid procedure as thousands of seedlings can be produced from small 

fragments (explants) of plants in a short period of time in contrast to conventionally propagated flora (57-167). Plant in vitro 

propagation using tissue culture techniques have been exploited for the commercialization of ornamental plants (orchids), 

vegetable and fruit plants (papaya, mango, and grape), medicinal, woody, and conifers with economically important products (57-

170). Plant tissue culture is an important biotechnological technique solving the problems of  modern  agricultural  providing 

solutions to  major food security issues (57-160). Large-scale plant tissue culture has been shown to be an appealing alternative 

approach to traditional plantation methods since it provides a regulated supply of defined nutrients (including carbohydrate) 

independent of plant availability (57-168). 

 Tissue culture can be used to propagate perennial woody species, orchids, endangered and threatened plant species 

irrespective of weather or season (57-125). This also helps to accelerate the production process of new crop varieties with 

superior traits as tissue culture experiments required less time and space compared to in-vivo plant growth (57-145). It also helps 

in the development of pathogen-free micro-plants saved from various diseases and the new plants produced by tissue culture 

under aseptic conditions are also disease free plants (57-160). In vitro micro-propagation is a valuable technology since many 

secondary plant metabolites cannot be manufactured chemically. Various plant tissue culture systems have been extensively 

studied to improve and enhance the production and quality of plant metabolites produced by the medicinal plants. In vitro plant 

micropropagation is a powerful technique in order to acquire plant extracts with various commercial applications than using 

whole plants (57-165). 
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 Tissue culture technique depends mainly on the concept of totipotentiality of plant cells, which refers to the ability of 

single cell to express the full genome by cell division. The totipotency of somatic plant cells is a specific and scientifically 

exciting phenomenon, which is based on the developmental program of plants (57-175). It can be best demonstrated in an in vitro 

system where somatic plant cells can regain their totipotency and are capable of forming embryos through the developmental 

pathway of somatic embryogenesis (57-175). Under in vitro conditions, one or a few somatic cells of the plant or explants have to 

be competent to receive a signal (endogenous or exogenous). This then triggers the reprogramming of plant cells into the pathway 

of embryogenic development (commitment) leading to somatic embryo formation (57-168). The controlled conditions provide the 

culture of explants on a defined nutrient medium with the source of carbohydrate in an environment conducive for their growth 

and multiplication (57-160). These conditions include proper supply of nutrients, source of carbohydrate, pH of the medium, 

adequate temperature and proper gaseous and liquid environment (57-168). 

 Plant tissue culture is a technique in which fragments of tissues from a plant (explants) are developed in vitro in an 

artificial medium under aseptic conditions (57-160). It involves culturing explants (such as shoot tip, root tip, callus, seed, 

embryo, pollen grain, ovule or even a single cell) isolated from mother plant on a sterile defined nutrient medium which leads to 

cell multiplication and plant regeneration (57-165). Several methods are available for plant tissue culture. In organogenesis, the 

commonly used method, organ formation can occur directly from meristems, or indirectly from dedifferentiated cells (callus). The 

resultant cultures can then be utilized to mass produce plants (micro propagation) or to develop specific organs (e.g., roots in 

hairy root culture) (57-160). 

 There are many applications of plant tissue culture which is used in the production of somatic embryos, plant 

regeneration via organogenesis, germplasm conservation, synthetic seeds, protoplast culture for the production of somatic 

hybrids, anther culture for the production of haploids, synthesis of secondary metabolites of pharmaceutical interest, and plant 

cells used for the bioenergy (57-180). Plant tissue culture plays a significant role in basic research in the areas of plant pathology, 

plant physiology, plant metabolites and conservation (57-179). Due to advancement in contemporary techniques, several 

protocols have been developed for the production of a wide variety of plants secondary metabolites on a commercial scale (57-

168).  Apart from their use as a tool of research, plant tissue culture techniques have in recent years, become the major 

commercial importance in the area of plant propagation system, disease elimination, plant improvement, secondary metabolite 

production and genetic transformation (57-170). 

 Plant tissue culture coupled with molecular biological approaches leads towards sustainable agricultural development 

providing solutions to major food security issues (57-156). Plant tissue culture plays an important role in plant biotechnology due 

to its potential for massive production of improved crop varieties and high yield of important secondary metabolites. Several 

efforts have been made to ameliorate the effectiveness and production of plant tissue culture using biotic and abiotic factors. 

Several endangered, rare, threatened, and commercially important plant species have been tissue cultured and successfully 

micropropagated for large scale production (57-160). In addition to this plant tissue culture is an efficient technology for the 

production of somaclonal and gametoclonal vatiants (57-168). The micropropagation technology has a vast potential to produce 

plants of disease resistant and  plants of superior quality, well adapted high yielding genotypes with better stress tolerance 

capacities (57-179). 

 Micropropagation via in vitro culture technique has several advantages over the traditional methods of propagation 

through seed, cuttings, grafting and air-layering etc.  Plant micropropagation, also known as plant tissue culture, is a technique 

that isolates, sterilizes, and incubates cells, tissues, or organs of chosen plants in a growth-promoting aseptic environment to 

create a large number of plantlets (57-180). The isolated cloning technique revealed that, given the right conditions, somatic cells 

may develop into a complete plant (57-178). The sterile or endangered flora can also be conserved by plant micropropagation 

methods. Hence, plant tissue culture is an extremely efficient and cost-effective technique for biosynthetic studies and bio-

production, biotransformation, or bioconversion of plant derived compounds (57-178). However, there are certain limitations of 

in-vitro plant regeneration system including difficulties with continuous operation, product removal, and aseptic conditions. For 

sustainable industrial applications of in vitro regenerated plants on a large scale, these constraints need to be addressed in future 

studies (57-180). 

 In vitro micropropagation process is a rapid process that can lead to the production of plants of virus free. In plant cell 

culture, plant tissues or organs are grown under in vitro fully defined nutrient medium under aseptic conditions and controlled 

environment (57-178). Plant tissue culture medium contains all the nutrients required for the normal growth and development of 

plants. It is mainly composed of macronutrients, micronutrients, vitamins, other organic compounds and plant growth regulators, 

carbon source and some gelling agents of solid medium (57-170). There are many mediums used for the in vitro culture and one 

common medium is the MS medium (57-170). The  Murashigeand Skoog (MS) basal medium  supplemented with the required 

amounts of plant hormones which include auxins, cytokinins, abscisic acid, gibberellins, smoke saturated water, ethylene, and 

growth regulators with similar metabolic effects (57-178). Plant micropropagation with different explants like seeds, embryos, 
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calli, anthers, protoplasts, and meristemetic tissues of root/shoot tips is used for large-scale production of industrial products (57-

179). 

 The pH of the nutrint medium (5.8) is also important that affects both the growth and activity of plant growth regulators 

(57-170). Plant growth regulators (PGRs) plays an important role as signal molecules and regulators of growth and development 

in plants. An endogenous auxin pulse is one of the first signals leading to the induction of somatic embryogenesis (57-150).  

Auxin (IAA, IBA, NAA and 2,4-D)  and cytokinins (BA, TDZ, 24-Epibrassinolide, Melatonin, Smoke saturated water, BAP, 

Kinetin) are the main PGRs in plants involved in the regulation of cell division and differentiation (57-160). The higher 

concentrations of auxins generally favours root formation, where as higher concentration of cytokinin favours shoot formation 

(57-170). Endogenous PGR levels, however, can be considered as major factors in determining the specificity of cellular 

responses to these rather general stress stimuli. In addition to the absolute requirement of exogenous auxins for sustained growth 

in in vitro cultures, plant cells may produce substantial amounts of the native auxin, indole-3- acetic acid (IAA) (57-175). A 

balance of both auxin and cytokinin some times leads to the formation of unorganized mass of cells known as callus (57-170). 

 Plant tissue culture has many commercial applications and can be applied for the production of disease resistant plants 

either via organogenesis or somatic embryogenesis. In case of organogenesis, the explants of selected plant produces plants via 

callus formation. Organogenesis is the production of plant organs from a specific tissue in order to develop complete plants (57-

180). It is characterized by being polar, which means that just one aerial organ or root is released and a new complete plant is 

generated from this. Simultaneously, organogenesis can be direct in which the organogenic shoot is produced directly from the 

explants, or indirect, in which the organogenic process happens from previously created callus in the original explants (57-166). 

Callus is an undifferentiated mass of tissue that forms  explants after a few weeks on growth medium with appropriate hormones. 

Callus development is the result of a well-known process known as de-differentiation or re-differentiation. To stimulate callus 

induction and development, several growth hormones are employed. Callus induction and development were increased by 2,4-D, 

NAA, and kinetin. Organogenesis allows for the effective regeneration of new plants from callus (57-178). 

 Somatic embryogenesis is the process of producing embryos from somatic plant cells (any non-sexual cell) in order to 

produce a whole plant. In contrast to organogenesis, this is a polar process in which the aerial structures and roots of plants 

develop from the somatic embryo (57-140). It can either be direct or indirect, depending on whether the process begins with the 

original explants or with previously produced callus. On the other hand, in case of somatic embryogenesis, the explants cultured 

under in vitro conditions produces callus tissue (57-146). The cells of callus tissue are programmed towards somatic 

embryogenesis and produce somatic embryos. There are few specific examples where explants produced somatic embryos 

directly without callus formation. The somatic embryos on germination medium germinate to produce shoot and roots. This can 

be applied in the conservation of endangered/rare threatened plant species (57-170). Clonal propagation of high-value forest trees, 

medicinal plants, endangered /threatened plant species through somatic embryogenesis has the potential to rapidly capture the 

benefits of breeding or genetic engineering programs and to improve the uniformity and quality of the nursery stock (57-160). 

The greatest value of plant cell/ tissue culture rests not so much on their application to mass clonal propagation (micro 

propagation), but also in their involvement in plant improvement and bio-processing (57-170). 

 Embryo culture has fertilized or unfertilized zygotic (seed) embryos dissected from maturing seeds or fruits and 

cultivated in vitro until seedling formation (57-178). Embryo culture is not the same as somatic embryogenesis. In case of  

conifers, the use of zygotic embryos as explants has several disadvantages including heterogeneity as a result of cross pollination, 

which may result in the new generation having characteristics inferior to those of the parent (seed-bearing) tree (57-139). The 

disadvantages associated with zygotic explants may be overcome if mass propagation of elite, mature trees can be achieved from 

vegetative tissue explants, such as secondary needles or apical shoots, because the regenerated plantlets will be uniform and 

possess elite characteristics from clearly defined parents. The induction of somatic embryogenesis using shoot apical thin layers 

has been successful in few conifers (Pinus roxburghii, Pinus kesiya, Pinus patula, Scots pine and Pinus pinea) (57-140). 

 In some cases, inter-specific and inter-generic hybrids can be obtained using embryo rescue technique which is not 

possible through conventional methods. Plant tissue culture coupled with biotechnological approaches is applicable to the 

development of genetically modified plants as well as embryo rescue procedures (57-140). Tissue culture has been extensively 

utilized in breeding programs and the hybrids of such crosses are often sterile due to embryo abortion but can be ‘rescued’ by 

means of culturing or transplanting the embryos (57-150). The medium utilized for cell culture can be optimized for the 

production of desirable products.  As a result, plant tissue culture is a viable technology for producing desirable bioactive 

chemicals from plants. Plant tissue culture is also used to help save endangered species, as many therapeutic plants are on the 

verge of extinction due to overuse. The development of plant tissue culture techniques will expand the long-term use of 

therapeutic plants in the future (57-150). 

 Shoot tip culture is developed from excised shoot tips/buds larger than the shoot apices (used for meristems cultures), 

and had several leaf primordia. These shoot apices are often cultivated such that each one generates several shoots. Lateral bud 
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node culture is carried out on a short piece of stem tissue where stem portions carrying single or many nodes may be cultivated. 

Each bud is cultivated to produce a single shoot. In isolated root culture, a branching root system can be generated by growing 

roots that are not attached to shoots (57-140). 

 The second application of plant tissue culture is the cryopreservation (107-108). Cryopreservation is the successful 

storage of biological materials at ultra low termperatures -1960 C (107-108). The risk of loosing the plant material due to human 

or accidental error  or undesired genetic changes is always present. To reduce the costs and risk, cryopreservation is a valuable 

method for long term preservation of plant material (107-108). Cryopreservation of embryogenic tissue has generally been 

considered as a means of avoiding the loss of embryo maturation potential during long-term in vitro culture of evading possible 

somaclonal variation caused by the long-term maintenance of actively growing embryogenic cultures, and of storing a large 

number of genotypes. Similarly, cryopreservation provides a means of storing genetically altered material while field tests are 

conducted (107-108). It may also limit the amount of contamination and somaclonal variation resulting from routine subculturing 

of callus tissue. Furthermore, several plant species generate resistant seeds that cannot be retained for extended periods of time. 

Hence in this situation, tissue culture can be utilized for plant conservation in vegetative state, generally under slow growth 

conditions or for cryopreservation (107-108). 

 A third  powerful tool in plant biotechnology is genetic transformation in order to transfer relevant genes from bacteria, 

fungi, animals or plants into plants of interest (120-139, 141). The most recent feature of plant cell and tissue culture is genetic 

transformation, which allows the transfer of genes with desirable traits into host plants and the recovery of transgenic plants (120-

139, 141) This approach offers a high potential for the development of agricultural plants with novel traits. The genetically 

modified plants exhibit agronomically significant features such as greater yield, improved nutritional quality, improved pest and 

disease resistance (120-139). 

 Plant tissue culture plays a pivotal role in vector mediated or vector-independent gene-delivery into plant genome for the 

production of transgenic plants with improved traits (120-139, 141). One important aim of genetic manipulation of plants is the 

increase of resistance against various fungal pathogens. The recent development of molecular tools for genomic analysis of plant 

species makes it possible to transfer or identify genes controlling agronomic traits (120-139, 141).  However, both the 

mechanisms for DNA transfer to a plant cell and targeting of the DNA to a complex tissue or organ competent for regeneration is 

another major issue to be considered for effective and successful transformation (120-139, 141).  Now-a-days there are many 

genes available for use in plant transformation experiments. However, most of these genes have been used as reporter genes for 

establishing a model transformation system, and very few have been used for novel phenotypes or for tolerance to various stresses 

(120-139, 141).  Selectable marker genes have been pivotal to the development of plant transformation technologies because the 

marker genes allow scientists to identify or isolate the cells that are expressing the cloned DNA, and to select for the transformed 

progeny (120-139, 141).  Different transcription factors which regulate nutrient assimilation pathways have been over expressed 

in staple crops that may improve crop yield. There are three methods of genetic transformation, 1) Biolistic method and 2) 

Agrobacterium method, 3) Protoplast method (120-139, 141). 

   Biolistic or particle bombardment is used as a direct gene transfer method without using a vector for plant 

transformation, and relies entirely on physical or chemical principles to deliver foreign DNA into the plant cells. In this method, 

there is no dependence on bacteria, so the limitations inherent in organisms such as A. tumefaciens do no apply (120-139, 141). 

Plant transformation method by A. tumefaciens, soil pathogenic bacterium, has become the most used method for the introduction 

of foreign genes into plant cells and the subsequent regeneration of transgenic plants under in vitro conditions. Various transgenic 

plants including Arabidopsis, wheat and tobacco are developed through genetic engineering and plant tissue culture conferring 

resistance against different environmental stresses (120-139, 141). 

 In the last two decades, the technique based on Agrobacterium rhizogenes inoculation has gained popularity as a means 

of creating secondary metabolites generated in plant roots (120-139, 141). Organized root cultures can contribute significantly to 

the generation of secondary metabolites. Hairy root disease is caused by Agrobacterium rhizogenes in plants (120-139, 141). The 

neoplastic (malignant) roots, generated at rapid growth rate, by A. rhizogenes infection are genetically stable and are developed in 

hormone-free conditions (120-139, 141). Hairy roots high stability and productivity allow them to be used as a powerful 

instrument for the recovery of important secondary metabolites. Hairy roots have high stability and productivity allow them to be 

used as a powerful instrument for the recovery of important secondary metabolites (120-139, 141). 

 Protoplasts are plant cells with cell walls removed by enzymatic or mechanical methods (106). Protoplasts are obtained 

by immersing plant cells in a hypertonic solution, which causes the plasma membrane to shrink off the cell wall due to water 

efflux (106).  Cell wall may be removed using either enzymatic digestion with pectinase and cellulose, or by mechanical 

techniques (106).  Plant protoplasts are the important ideal tools for genetic manipulations such as gene transfer, mutation 

breeding and somatic hybridization (106).  Protoplast culture when coupled with an efficient protocol for gene delivery and 

plantlet regeneration serves as an excellent system for the recovery of transgenic plants. Various crops with superior traits have 
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been developed using this technology with enhanced nutritional value and biotic/ abiotic stress resistance that leads to increased 

crop yield (106).  Conventionally, somatic hybridization, which produces interspecific and intergeneric hybrids, was commonly 

used as an essential method for plant breeding (106).  The procedure entails the fusion of two somatic protoplasts followed by the 

selection of desirable hybrid cells and then regeneration of hybrid plants (106).  Protoplast fusion is an effective method of 

transferring genes with desirable traits from one species to another with a great impact on crop development (106). Somatic 

hybrids created from rice and ditch reed by electrofusion exhibited better results against salt stress (106).   

 The fourth application of plant tissue culture is the synthesis of synthetic seeds under in vitro conditions (103-105). 

Synthetic seed production is a well documented applied technology that capitalizes on the capacity for rapid plant multiplication 

via somatic embryogenesis (103-105). Synthetic seed is also defined as a somatic embryo, or any other vegetative propagule, with 

an artificial, biodegradable coating entrapped in a nutrient medium supplying carbon sources, mineral nutrients, vitamins and 

growth regulators (103-105). The entrapping matrix or coating should not have any adverse effect on the embryo or propagule 

and should allow germination under both in vitro or ex vitro conditions (103-105). The term therefore, reflects the artificial nature 

of the seed coat as well as somatic origin of the encapsulated propagule (103-105). 

 The fifth application of plant tissue culture is the anther culture. Anther culture technique is the most viable and efficient 

method of producing homozygous doubled haploid plants within a short period (227-228). Agricultural activity demands 

improved crop varieties with desirable traits such as quality, crop yield, and resistance to environmental stresses. However, the 

practical application of this technology in plant improvement is still limited by various factors that influence culture efficiency 

(227-228). Therefore, the improved anther culture method  can produce doubled haploid  plants for which can be useful in 

different breeding programs that will enable the speedy development of commercially important plant varieties for resource-poor 

farmers (227-228). Although conventional breeding approaches have substantially enhanced cereal productivity, and their 

progress rate is slow. Thus, there is a need to respond quickly and make rapid changes to drastically reduce breeding cycles to 

sustain the crop under unpredictable environmental conditions (227-228). The application of anther culture along with advanced 

biotechnological approaches could hasten the process to develop superior breeding materials or varieties by decreasing the 

number of breeding cycles dramatically. Anther culture technique is a biotechnology tool that has found importance and a niche 

in expediting many crop breeding processes (227-228). Therefore, in the future, the prospects for anther culture and the 

integration of genomics tools provide novel opportunities for improving selection efficiency, maximizing genetic grain, and 

improving varietal development, leading to the early release of rice varieties with desirable traits (227-228). 

 Use of haploids has emerged as a key strategy for crop improvement. Haploids having a single set of chromosomes in 

the sporophytic phase have become a valuable source to screen for desired traits or to introduce a mutation in their genetic content 

(227-228).  Furthermore, doubled haploids (DHs) can be obtained by spontaneous or induced chromosome doubling (25-190). 

Double haploids are homozygous at all loci, and they can be propagated through seed. Doubled haploids (DHs) achieve complete 

homozygosity in a single generation (227-228). On the contrary, the conventional breeding method requires six to seven 

generations of self-crossing. In vitro production of haploids for crop improvement has been successfully achieved in many crops 

such as rice, wheat, barley, maize, tomato, potato, brassicas, grapes, sunflower and so on (227-228).  In addition to crop 

improvement, doubled haploids (DHs) are an excellent source for gene mapping, cytogenetic research, and evolutionary studies. 

Various agronomic crops i.e., cereals, fruits, vegetables, ornamental plants and forest trees are currently being used for in vitro 

propagation (227-228). 

 The sixth application of plant tissue culture is the production of nanoparticles (157-162). Nowadays, the addition of 

nanoparticles as elicitors has, for instance, gained worldwide interest because of its success in microbial decontamination and 

enhancement of secondary metabolites (157-162). Nanoparticles are entities in the nanometric dimension range. They possess 

unique physicochemical properties. Among all the nanoparticles, silver-nanoparticles (AgNPs) are well-known for their 

antimicrobial and hormetic effects, which in appropriate doses, led to the improvement of plant biomass as well as secondary 

metabolite accumulation (157-162). Therefore, the evaluation of the integration of nanotechnology with plant tissue culture is a 

new advancement of plant biotechnology (157-162). The highlight is especially conveyed on secondary metabolite enhancement, 

effects on plant growth and biomass accumulation as well as their possible mechanism of action. In addition, the use of 

nanomaterials as potential therapeutic agents is gaining interest worldwide. Elicitation of silver-nanoparticles, as well as 

nanomaterials, function as therapeutic agents for animal well-being is expected to play a major role in the process (157-162). 

 The seventh application of plant tissue culture is the mass in vitro propagation of medicinal plants for the isolation of 

secondary metabolites of pharmaceutical interest (120-139, 141).  In vitro cell culture has the inherent advantage of producing 

therapeutic proteins such as monoclonal antibodies, antigenic proteins that act as immunogens, human serum albumin, interferon, 

immuno-contraceptive proteins, antihypertensive drug angiotensins, and human haemoglobin in certain situations (120-139, 141). 

The manufacturing of pharmaceuticals using culture systems of plants can provide remarkable benefits including cost reduction, 
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quick production, and scalability. Biotechnological approaches associated with plant tissue culture have increased the scope of 

medicinal plants along with traditional agriculture used for the industrial production of bioactive metabolites (120-139, 141). 

 Tissue culture technology advancements showed that transcription factors are effective new molecular tools for plant 

metabolic engineering to boost the synthesis of important chemicals. The in vitro plant propagation has not only made a 

significant contribution in the knowledge of basic research, but it also offers potential applications as it guarantees a sustainable 

industry that relies on commercial production of plant-derived compounds. Alkaloids are the structurally diverse group of 

secondary metabolites which possess significant biological activities (120-139, 141).  Plants make them as a defence mechanism 

in response to biotic and abiotic stressors. Plant tissue culture is a viable technology for producing desirable bioactive chemicals 

from plants. Plant tissue culture is also used to help and save the endangered species, as many therapeutic plants are on the verge 

of extinction due to overuse (120-139, 141). 

 The culture of plant tissues is an effective instrument for the isolation and processing of active compounds, including 

secondary substances and engineered molecules, from economically important plants. Plant tissue culture technique is also used 

for the micro propagation of medicinal plants in pharmaceutical industry for the isolation of bioactive phytocompounds which has  

numerous industrial applications. It provides potential benefits for different industries which include food, pharmaceutical and 

cosmetics (120-139, 141). Plants are the rich source of phytochemicals with medicinal properties rendering them useful for the 

industrial production of pharmaceuticals and nutraceuticals. Furthermore, there are numerous plant compounds with application 

in the cosmetics industry. Cosmetic extracts derived from plant cell cultures suit the markets increasingly stringent safety 

requirements. Plant cell culture cosmetic production is not dependent on appropriate seasonal conditions. Hence, it requires less 

time and energy. In addition to being free of pathogens, pollutants, and pesticide residues, plant cells generated under aseptic 

laboratory conditions rarely include any malignant compound or potential allergen, which would otherwise destroy the majority 

of the plant extracts obtained. Plant tissue cultures are a perfect source of safe and pure components for cosmetic goods since they 

can be cultivated under controlled conditions with minimum possibility of pathogen or environmental contamination. Utilizing 

various extraction techniques and solvents while taking advantage of the chemical makeup of plant cell components, plant tissue 

culture technology allows the isolation of many active ingredients from a single cell culture. Plant cell cultures are now being 

used for the production of cosmeceuticals, products having cosmetic as well as therapeutic (medical or drug-like) effects that 

exert beneficial effects on skin health. Plant cell culture extracts with several particular actions for skin care, make-up, and hair 

care as supplement components are gaining popularity in the cosmetics sector(120-139, 141). 

 In addition to having moisturizing, anti-ageing, anti-wrinkle effects; plant-derived compounds also possess 

pharmacological properties such as antiviral, antimicrobial, antifungal, anticancer, antioxidant, anti-inflammatory, and anti-

allergy characteristics (120-139, 141). The in vitro propagation of industrially significant flora is gaining attention because of its 

several advantages over conventional plant propagation methods. One of the major advantages of this technique is the quick 

availability of food throughout the year, irrespective of the growing season, thus opening new opportunities to the producers and 

farmers (120-139, 141).  The extensive research on plant cell culture has caused a surge in the use of this technique in the 

pharmaceutical industry. Plants are abundant sources of pharmaceutically significant compounds. However, there is a need to 

manufacture these compounds within stringent laboratory conditions (120-139, 141).  Various secondary metabolites having 

medicinal values can be obtained from plant cell culture. An extensive investigation is being done to investigate the plant sources 

producing active ingredients, such as antioxidants, ingredients with antimicrobial, anti-viral, anti-cancerous, antifungal, anti-

inflammatory, and anti-allergy properties along with moisturizing, anti-ageing, anti-wrinkle and UV protective properties, which 

are crucial to cosmetics industry (120-139, 141). Most of the phytochemicals such as polyphenols, phenolics acids, triterpenes, 

flavonoids, stilbenes, steroids, carotenoids, steroidal saponins, sterols, fatty acids, polysaccharides, sugars, and peptides are 

extracted with relevant solvents and utilized as an active constituents in cosmetic preparations (120-139, 141). 

 In vitro suspension cultures are created when friable calli are grown on liquid medium in a suitable container and 

regularly agitated to provide free cell suspension. Conical flasks are utilized because of its enormous surface area, which aids in 

the retention of liquid medium and the constant exchange of gases. Suspension cultures are classified as batch or continuous 

cultures (120-139, 141).  At regular intervals, a part of the original cell suspension is collected and sub-cultured on to fresh 

medium in batch cultures. In continuous cultures, new media is introduced to the same culture on regular basis, and surplus cell 

suspensions are discarded. Suspension cultures are commonly utilized in large-scale synthesis of secondary metabolites (120-139, 

141). Cell suspension culture methods are currently being employed for large-scale plant cell culture from which secondary 

metabolites are extracted (120-139, 141). A suspension culture is created by moving the comparatively friable component of the 

callus into liquid media and maintaining it under appropriate physical conditions of aeration, agitation, light, temperature, and 

other physical factors. Cell cultures not only produce defined standard phytochemicals in huge quantities, but they also reduce the 

presence of interfering substances found in field-grown plants (120-139, 141). The primary benefit of cell cultures is the 

production of bioactive secondary metabolites in a controlled environment that is independent of climate and soil conditions (120-

139, 141). 

https://www.rsisinternational.org/journals/ijrias
https://www.rsisinternational.org/journals/ijrias


 INTERNATIONAL JOURNAL OF RESEARCH AND INNOVATION IN APPLIED SCIENCE (IJRIAS) 

ISSN No. 2454-6194 | DOI: 10.51584/IJRIAS | Volume VIII Issue VI June 2023 

www.rsisinternational.org                                                                                                                                                  Page 129 

 Chemostat bioreactors are the devices particularly built for large-scale continuous culturing (120-139, 141).  Recent 

breakthroughs in plant cell culture, molecular biology, enzymology, and fermentation technology indicated that these systems are 

a viable source of synthesis of important secondary metabolites (120-139, 141).  Plants infected with an engineered virus generate 

relatively significant amounts of desired chemicals, and these plants can sustain steady levels of protein synthesis without extra 

intervention.   Plants infected with an engineered virus generate relatively significant amounts of desired chemicals, and these 

plants can sustain steady levels of protein synthesis without extra intervention (120-139, 141).  Plants are used to treat and prevent 

particular illnesses and diseases in human beings since long time ago. Plants which possess healing metabolites with useful 

pharmacological effects are referred to as medicinal plants. They are rich in phytochemicals which have the spectacular capability 

to treat diseases and may be used for the industrial production of pharmaceuticals and nutraceuticals. Applications of 

plants/flowers extracts in cosmetics are significant which include skin moisturizing, whitening or tanning products, sunscreens, 

radical-scavenging antioxidants, immune stimulants, and skin thickeners etc (120-139, 141).  

 Plant micro-propagation has extensively been used to have an insight into plant pathology studies which include factors 

influencing penetration, infection and multiplication of pathogens, the nature of irregular cell division or growth, and the 

morphogenetic potential of the diseased cell (57-167). The employment of plant tissue culture in plant pathology is not only 

restricted to use plant tissues as a substrate for the pathogens, but it provides the basic understanding of various characteristics of 

pathological growth, pathogens’ attack weapons, and the host response to an infection caused by the invading organism (57-175). 

Plant physiology and plant morphogenesis requires the capability to grow plants in vitro that might be best accomplished with 

plant tissue culture procedures (57-170).  Furthermore, the conservation of plant biodiversity is indispensable for future crops 

safety due to increasing challenges of biotic and abiotic stresses. In this regard, in vitro techniques permit improvement in various 

traits associated with plant growth and yield that can later be used for ex-situ conservation (57-170). The active plant compounds 

obtained from rare or endangered species can be manufactured by in vitro techniques without adverse environmental effects and 

in agreement with the bio- sustainability matters that the market demands (57-170).  

 Plant tissue culture is a powerful tool of agricultural improvement and offers tangible solutions to major crop problems 

that arise due to constant threat of biotic and abiotic stresses minimizing the crop yield (57-160).  Since plant tissue culture is 

simple, low-cost and environment friendly, it is imperative to employ this technique for the development of sustainable 

agriculture in order to meet the food demand of increasing human population. Agricultural diversification to satisfy our future 

demands necessitates the implementation of innovative agricultural technology. The finest cultural methods, excessive fertilizers, 

and pest control procedures will not yield the desired results unless the best planting material is used. Tissue culture is now 

widely being used as a viable horticultural propagation. technology, and it has changed the horticultural business (57-170). This 

approach is used to achieve mass proliferation and the creation of disease-free stock material. Commercial laboratories are now 

using tissue culture protocols that minimize somaclonal variations, and working on creating accurate screening and selection 

approaches for early detection of off-types (57-175). Although somaclonal variation is deleterious to quick clonal multiplication, 

some off-types have been discovered that have significant agronomic utility (59-170). In this regard, plant tissue culture methods 

hold enormous promise. In the future, plant tissue cultures might not only be a source of novel chemicals with uncharted 

biological actions, but they might also work as alternative recombinant protein bio-factories, particularly for those whose 

expression might be problematic or constrained in fermenting microbes. Biotechnological approaches associated with plant tissue 

culture have increased the scope of medicinal plants along with traditional agriculture used for the industrial production of 

bioactive metabolites (57-170).  

 In vitro culture is a method applied for the growth and development of plant cells, tissues, and organs that uses a 

nutritive culture medium under controlled sterilized conditions (209). This method is considered as one of the most promising and 

environmentally friendly biotechnological practices for the sustainable supply of biofuels (57-190, 209). There are three main in 

vitro culture systems including organogenesis (e.g., embryogenesis, direct and indirect shoot regeneration), rhizogenesis, and 

callogenesis (57-178, 209). Among these methods, callogenesis can be considered as a robust method for biofuel production. The 

main advantages of callus culture are- The callus is generally defined as an irregular bulk of parenchymatous tissue with 

meristematic cells that are broadly used for the production of different bioactive plant molecules (57-176, 209). Genetic 

manipulation of callus for lignin engineering through transient gene transformation is much easier than other methods due to the 

lack of need for transgenic plant regeneration (60-175, 209). Somaclonal  variations, which are usually seen in callus culture, can 

result in changes to metabolic pathways and even allows the production of new metabolites (209). Any phenotypic variation 

during callus culture is referred to as somaclonal variation that can be a result of RNA interference, histone modification, 

chromatin remodeling, DNA methylation, and spontaneous mutation (209).  Callus culture can be easily scaled up in different 

bioreactor systems. Callus culture is considered a sustainable and eco-friendly process (57-189, 209). These callus cultures of 

many medicinal plants were also used for the production of thin films as biodegradable biopolymer composite in food packaging 

industries (215-226). 
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 The limitations of plant tissue culture methods include difficulties with continuous operation, product removal, and 

aseptic conditions (57-200). A few culture systems appear to have the potential to become commercially viable because of these 

limitations. Plant cell development under in vitro conditions and regeneration into full plants is an asexual process that involves 

just mitotic division of the cell and, ideally, should not result in variation (57-180). Clonal multiplication of genetically 

homogenous plants is the ideal scenario. Uncontrolled and unpredictable spontaneous variation throughout the cultural process is 

thus an unanticipated and largely undesirable phenomenon (57-167). This is attributed to somaclonal variation in production of 

clones and low secondary metabolite titers. In contrast to these detrimental consequences, its use in crop improvement through the 

development of new variations is widely recognized. The expense of culture material, electricity, and labour are other issues with 

in vitro tissue culture cultivation (60-190). Somaclonal differences that occur during in vitro propagation, commercial 

phytochemical synthesis, or genetically modified plants can have significant economic consequences are the major impediment to 

the practical application of plant tissue culture techniques for the production of active metabolites (60-190). 

VII. Cannabis sativa: Plant Tissue Culture Updates 

 Plant tissue culture  techniques are the most frequently used biotechnology tools ranging from basic to applied 

investigation purposes in plant sciences (57-211). Chemical and hormonal control of regeneration, basic and applied aspects of 

organogenesis and somatic embryogenesis,  micropropagation and production of virus-free plants, haploid plants, production of 

secondary metabolites, and large-scale cell cultures in bioreactors are few landmarks and notable discoveries in plant tissue 

culture research (57-211). There are many applications of plant tissue culture which is used in the production of somatic embryos, 

plant regeneration via organogenesis, germplasm conservation, synthetic seeds, protoplast culture for the production of somatic 

hybrids, anther culture for the production of haploids, synthesis of secondary metabolites of pharmaceutical interest, and plant 

cells used for the bioenergy (57-211). 

 According to the limited literature survey, Cannabis is considered as recalcitrant under in vitro conditions and available 

protocols are inconsistent (163-211). There are no reproducible in vitro protocols available for Cannabis (163-211). A detailed in 

vitro study is lacking due to strict prohibition surrounding Cannabis plant (163-211). Another point is that even the in vitro 

micropropagation protocol is owned by the private companies and not available for public (163-211). Most experienced Cannabis 

companies have developed tissue culture and micropropagation techniques over the last two decades (163-211). Most 

achievements in this in vitro field are held as a trade secret because of the competitive advantage provided within the industry 

(163-211). Although there are multiple reports on shoot proliferation via micropropagation, there are fewer scientific reports 

showing regeneration of a full plant through de novo regeneration (163-211). The majority of regenerated strains and cultivars 

were monoecious, with few dioecious lines (163-211). Recently, the optimization of a micropropagation and callogenesis protocol 

was reported for a few medical Cannabis genotypes (163-211). Limited study has been reported  since the first report of in vitro 

cell culture in Cannabis, the available protocols are  inconsistent. In vitro regeneration of a Cannabis plant from a single cell is 

still a challenge (163-211). Thus, the multi-billion dollar Cannabis industry needs an optimized tissue regeneration protocol for 

both industrial and medical Cannabis. Cannabis spp. have gained a wide reputation for being recalcitrant to tissue culture (163-

211). At the beginning of the 1970s, along with the conventional propagation system, in vitro cultures of Cannabis were initiated 

(163-211). The majority of the earlier in vitro studies were focused on Cannabis callus culture to produce cannabinoids (163-211). 

 Recently one of the study reported the propagation of  axillary shoots of Cannabis sativa L. using liquid medium in 

temporary immersion bioreactors (210). The effect of immersion frequency (3 or 6 immersions per day), explant type (apical or 

basal sections), explant number (8, 10, and 16 explants), mineral medium (Murashige and Skoog half-strength nitrates, β-A and β-

H, all supplemented with 2-μM metatopoline), sucrose supplementation (2, 0.5, and 0% sucrose), culture duration (4 and 6 

weeks), and bioreactor type (RITA® and  PlantformTM) were investigated (210). This protocol has been standardised for the 

proliferation of Cannabis apical segments in RITA® or PlantformTM bioreactors (210). The explants (8 per RITA® and 24 per 

PlantformTM) are immersed for 1min, 3 times per day in β-A medium supplemented with 2-μM metatopoline and 0.5% of 

sucrose and subcultured every 4 weeks (210). This is the first study using temporary immersion systems in Cannabis sativa 

production, and  results have provided new opportunities for the mass propagation of this species (210). This method provides a 

simple and efficient in vitro propagation system for the large-scale multiplication of Cannabis, which shortens the culture period 

and reduces the use of sucrose. Beatriz, Moniek, and Mati genotypes were successfully cultured in liquid medium using 

commercial RITAR temporary immersion bioreactors and PlantformTM, which showed promising results in the two genotypes in 

which was tested (Beatriz and Moniek) (210). 

 In vitro regeneration of Cannabis callus tissue has been used in the production of biofuel (209). The novel use of 

industrial hemp callus resulted in a high-quality biocrude mainly comprised of ketones and alkenes (209). This is mainly due to 

somaclonal variations that occurred throughout the callogenesis process (209). The yield of light gasoline, heavy gasoline, and 

biodiesel for PL, under optimal conditions, were 3.17%,11.1%, and 36.03%, respectively (209). HTL biocrude production from 

industrial hemp using this plant tissue culture method offers the opportunity to integrate advanced plant agriculture and bioenergy 
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to create a circular economy (209). The fifth generation of biofuel has the following advantages: First, genetic manipulation of 

callus enables us to engineer the lignin content (209). Second, the engineered calli samples produce high-quality biofuel (209). 

Finally, callus cultures have no known negative impact on ecosystems and the environment, by avoiding competition for arable 

land and the food and feed industry (209).  

 Hemp (Cannabis sativa) growers are interested in micropropagation as an alternative to propagation by stem cuttings 

from stock mother plants, which has several limitations (169). The development of a reliable micropropagation protocol for hemp 

has been problematic as a result of the occurrence of hyperhydricity of shoots during stage 1 and culture decline or the inability of 

shoot cultures to maintain high-quality growth for an extended period of time during stage 2 (169). Micropropagation of hemp 

(Cannabis sativa) is constrained by problems with hyperhydricity and culture decline of microshoots (169). These problems can 

be reduced by increasing agar and nutrients in the media during micropropagation stages 1 and 2, respectfully (169). Performance 

of microshoots of ‘Abacus’ and ‘Wife’ hemp cultured in Driver and Kuniyuki Walnut medium (DKW) for 15 weeks (6 weeks of 

stage 1 + 9 weeks of stage 2), with subculturing every 3 weeks during both stages 1 and 2, or in Murashige and Skoog with 

vitamins medium (MS) for 6 weeks (stage 1) followed by Lubell-Brand Cannabis medium (LBC) for 9 weeks (stage 2), with 

subculturing every 3 weeks during both stages 1 and 2, was evaluated (169). In a separate study, microshoot performance of 

‘Abacus’ and ‘Wife’ in MS for 3 weeks (stage 1) followed by LBC for 6 weeks (stage 2), with subculturing every 3 weeks, using 

boxes (Magenta GA-7) with lids featuring a vent with a diameter of 10 mm and a pore size of 0.2 mM or using microboxes (Sac 

O2 O95/114 + OD95) with lids featuring a filter (Sac O2 #10) were evaluated (169). Shoot multiplication rate (SMR) and explant 

height were greater for ‘Abacus’ in LBC than DKW. For ‘Wife’, SMR at 9 weeks was greater in LBC, as LBC provided more 

nutrients and water than cultures had received in MS initially during stage 1 (169). Culture medium did not influence ex vitro 

rooting success, which was 75% for ‘Abacus’ and $ 90% for ‘Wife’ (169). Microboxes resulted in greater hyperhydricity of 

shoots and a lower ex vitro rooting percentage than boxes (169). For cultivars that are highly prone to developing hyperhydricity, 

like ‘Abacus’, the microboxes were not adequate to control this condition (169).  

 Tissue culture procedures for shoot development in drug varieties of Cannabis sativa L. (marijuana or cannabis) from 

meristems or nodes followed by rooting and acclimatization were investigated in seven strains (189-195). Sodium metasilicate 

and silver nitrate are novel compounds to tissue culture of Cannabis (189-195). Sodium metasilicate improved the visual 

appearance of the leaflets and both sodium metasilicate and silver nitrate improved the rate of rooting (189-195). Contamination 

of nodal explants by bacteria, fungi and yeasts was high but shoots derived from meristems had no contaminants (189-195). 

Explants from leaves and petioles were tested for callus induction using various medium formulations (189-195). Callus induction 

was most successful on multiplication medium without charcoal (189-195). No regeneration or somatic embryos from callus were 

observed in this study (189-195). Meristems and Nodal explants were able to produce shoots on multiplication media but 

propagation of Cannabis through direct or indirect regeneration is strain-dependent and influenced by microbial contaminants and 

frequency of rooting (189-195). 

 Cannabis companies always monitor the THC and CBD content of their products. Issues with somaclonal variation 

affecting the cannabinoid content of plants arising from tissue culture will be caught but unless there is long term research done 

on variation arising over time, there is a chance changes will not be caught until the batch has been harvested (189-195). Follow 

up research on somaclonal variation over time especially from tissue cultures arising from callus would benefit a commercial 

tissue culture system (189-195). While Tissue culture is possible in Cannabis and has been demonstrated to produce healthy 

plants, it may be some time before it plays a major role in the industry (189-195). 

 In vitro cultivation and multiplication are becoming an essential part of the rocketing Cannabis industry (211). More 

methods and approaches are being introduced to increase the multiplication coefficient and speed up the process of in vitro 

propagation (211). The in vitro shoot propagation of Cannabis sativa L. is an emerging research area for large scale plant material 

production (211). However, how in vitro conditions influence the genetic stability of maintained material, as well as whether 

changes in the concentration and composition of secondary metabolites can be expected are aspects that need to be better 

understood (211). These features are essential for the standardised production of medicinal Cannabis. One of the study reported to 

find out whether the presence of the auxin antagonist α-(2-oxo-2-phenylethyl)-1H-indole-3-acetic acid (PEOIAA) in the culture 

media influenced the relative gene expression (RGE) of the genes of interest (OAC, CBCA, CBDA, THCA) and the 

concentrations of studied cannabinoids (CBCA, CBDA, CBC, D9-THCA, and D9-THC) (211). Two Cannabis  sativa cultivars, 

‘USO-31’ and ‘Tatanka Pure CBD’, were cultivated by in vitro conditions with PEO-IAA presence and then analysed (211).  

 The RT-qPCR results indicated that even though some changes in the RGE profiles could be observed, no differences 

were statistically significant compared with the control variant (211). The results of the phytochemical analyses demonstrated that 

although there were some differences from the control variant, only the cultivar ‘Tatanka Pure CBD’ showed a statistically 

significant increase (at a statistical significance level α = 0.05) in the concentration of the cannabinoid CBDA (211). This 

experimental study concluded that using PEO-IAA in the culture medium is a suitable approach to improve in vitro Cannabis 
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multiplication (211). Therefore, this study assumed that the negative effect of the presence of one micromolar concentration of 

PEO-IAA in the culture media should not be a significant negative factor for other cultivars as well (211). However, further 

research on other genotypes is needed to understand the issue comprehensively (211). Moreover, additional monitoring of plants 

after the transfer to ex vitro conditions and reaching the generative flowering stage may also add valuable information to the 

effect of PEO-IAA on the main qualitative factors of the produced plant material (211). 

 Although tissue culture techniques for plant regeneration and micropropagation have been reported for different 

Cannabis genotypes and explant sources, there are significant variations in the response of cultures and the morphogenic pathway 

(57-211). Methods for many high-yielding elite strains are still rudimentary, and protocols are not yet established (57-211).  With 

a recent focus on sequencing and genomics in Cannabis, genetic transformation systems are applied to medical Cannabis and 

hemp for functional gene annotation via traditional and transient transformation methods to create novel phenotypes by gene 

expression modulation and to validate gene function (57-211). 

 The process of developing new varieties through conventional breeding can take 7–12 years, depending on crop species 

(57-211). The progress of Cannabis breeding programs is limited due to the  difficulty in maintaining selected high yielding cross-

pollinated elite genotypes under field or greenhouse conditions (163-211). Therefore, tissue culture techniques are advantageous 

for Cannabis improvement because they can facilitate high multiplication rate and production of disease-free elite plants by 

overcoming the problems of heterozygosity from cross-pollination (163-211). The development of new industrial hemp and 

medical Cannabis cultivars with improved traits could be further advanced using genome editing and other precision breeding 

tools, combined with in vitro techniques for regeneration (163-211).  Unfortunately, hemp and Cannabis plants’ dioecious nature 

complicates the efforts toward the improvement of specific traits, such as resistance to pests and diseases. Therefore, with the 

recent legalization, calls for serious targeted efforts are required to advance the regeneration and transformation (163-211). 

VIII. Conclusion 

 Cannabis which is a native of Indian origin is renowned for its secondary metabolites, including cannabinoids and 

terpenes. Cannabinoids are a class of compounds that can interact with the endocannabinoid system (ECS) and many have 

medicinal or psychoactive properties. This versatile and phenotypically diverse plant has been used for a wide variety of 

commercial and medicinal purposes. Cannabinoid levels have been used both in setting legal definitions for different categories of 

Cannabis products and for ‘chemotaxonomic’ purposes to classify different Cannabis cultivars based on THC:CBD ratios. 

Currently machine learning algorithms are in the process of revolutionizing health. Several studies  investigated the existence of 

links between cannabis use and psychotic disorders.  A refined Machine Learning framework for understanding the links between 

Cannabis use and 1st episode psychosis has been reported.  

 In vitro micropropagation techniques offer opportunity to proliferate, maintain, and study dynamic plant responses in a 

highly controlled environments. With medicinal and recreational interests for Cannabis sativa L. growing, the optimization of in 

vitro practices is needed to improve the current methods. Unfortunately, due to the  large array of factors influencing tissue 

culture, existing approaches to optimize in vitro methods are tedious and time-consuming. Therefore, there is great potential to 

use new computational methodologies for analyzing data to develop improved plant in vitro protocols more efficiently. 

 Artificial neural networks (ANNs) are widely used in science and technology, and have been successfully applied in 

plant tissue cultures. The Artificial neural networks (ANNs) can simulate the growth of plants under different in vitro conditions. 

Their usefulness has been confirmed in the estimation of biomass in plant cell cultures and the length of shoots in vitro, in the 

classification of somatic embryos, evaluation of the physical conditions of an in vitro environment, and in the prediction of 

optimal conditions for in vitro culture to achieve maximum efficiency and productivity. Secondly, with the help of various types 

of neural models, in vitro -regenerated plants are sorted,  respectively, to their quality and likeliness of further development. 

Thirdly, ANNs are capable of predicting plant behaviour during in vitro rhizogenesis and subsequent acclimatization to ex vitro 

conditions.   

 Finally, there are only limited in vitro studies of Cannabis has been reported. These  in vitro regeneration protocols are 

owned by private Cannabis industries. As per the literature survey, most of the protocols confirmed the in vitro  recalcitrance 

nature of the Cannabis. Currently only few in vitro shoot regeneration protocols have been reported in Cannabis. Therefore, there 

is a golden opportunity to develop new reproducible consistent in vitro micropropation protocols for Cannabis. Therefore, somatic 

embryogenesis, protoplast culture, genetic transformation, anther culture, cryopreservation, production of synthetic seeds 

reproducible protocols should be developed for Cannabis. 
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