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Abstract This study discusses the application of integrated heat treatment and tissue culture technology for detoxifying Lindera
aggregata seedlings, determining its efficiency in detoxification and healthy seedling development, and its usability and value for
further implication. The study has revealed that tissue culture technology readily increases the rate of propagation of Lindera
aggregata seedlings using shoot tip culture technology with optimal media conditions promoting shoot proliferation and
differentiation. Integrated technology enhances substantially detoxification efficacy along with genetic stability and resistance
characteristics of Lindera aggregata seedlings. Thermal treatment suppresses viral replication at elevated temperatures, whereas
tissue culture utilizes sterile environment and shoot tip isolation to remove viruses. Combined, these treatments attain detoxification
efficacy of over 90%. Detoxified seedlings show better growth characteristics and increased quantities of medicinal constituents,
including essential oils and polysaccharides, than control seedlings. The detoxified seedlings also have enhanced growth vigor and
stress resistance as well as remarkable active ingredient content promotion. The integration of heat treatment and tissue culture
technology in the cultivation of healthy Lindera aggregata seedlings not only increases detoxification efficiency and seedling
multiplication but also reduces the risk of disease transmission, rationalizes cultivation management, and guarantees the quality of
Lindera aggregata products. This research provides theoretical foundations and technical backstopping for Lindera aggregata
germplasm resource preservation and utilization in industry.
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1 Introduction

Lindera aggregata, which is a Chinese herbal medicine, is highly medicinally active and finds widespread
applications in medicine and healthcare (Salleh, 2020). It is a key component of traditional medicines such as the
Suoquan pill that is used in the management of chronic kidney disease (CKD) (Cai et al., 2020). The plant's
bioactive phytoconstituents, namely the isoquinoline alkaloids, have extensive applications in the food and drug
industries due to their drug potential (Peng et al., 2020). Lindera aggregata has also been used traditionally to
treat gastrointestinal diseases since centuries, which exhibits the drug's extensive medicinal applications (Lai et al.,
2021).

Nevertheless, seedling propagation of Lindera aggregata is highly limited by the incidence of systemic infections,
such as viral pathogens, that cannot be eliminated through regular cultivation techniques (Wang et al., 2012). Not
only do these infections lower productivity but also hinder industrial manufacturing of quality Lindera aggregata
products. Heat treatment and tissue culture are among the new methods that hold the solution to decontamination
of infected plants and producing healthy seedlings. Heat treatment suppresses viral activity by exposing plant
tissues to elevated temperatures, and tissue culture re-establishes pathogen-free plants from meristematic tissues
under aseptic conditions. Combination of the two technologies has been highly promising in detoxifying crops and
supporting sustainable seedling propagation (Linck et al., 2019).

Detoxification technology when combined with tissue culture methods is a solution for addressing the pathogenic
infection challenges of Lindera aggregata cultivation. Tissue culture technology has been successfully

implemented in other species such as Lindera glauca, for the aim of increasing propagation levels and ensuring
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quality seedlings production. It can be eliminated with the combined heat treatment and tissue culture technology
to make their resistance and general health in Lindera aggregata seedlings stronger. It can be done to retain their
medicinal properties and attain sustainable production.

This study will explore the application of combined heat treatment and tissue culture detoxification technology for
producing healthy Lindera aggregata seedlings. The study is intended to evaluate the efficacy of these procedures
in pathogen elimination, seedling quality improvement, and upholding the medicinal material stability of the plant.
The objective of this study is to develop an understanding of how to maximize cultivation practice on Lindera
aggregata, thereby making it accessible in traditional medicine, as well as modern medicine.

2 Overview of Lindera aggregata Diseases and Current Detoxification Techniques

2.1 Common diseases of Lindera aggregata

Lindera aggregata is susceptible to a variety of viral diseases that significantly affect its growth, yield, and active
compound content such as essential oils, flavonoids, and alkaloids. Viral infection symptoms include stunted
growth, chlorosis, and leaf and stem deformation, which ultimately reduce the value of the plant from a
pharmacological and economic perspective. Potyviruses and tobamoviruses are prevalent viral pathogens infecting
Lindera aggregata and thriving under nursery and cultivation conditions.

The most significant modes of viral transmission are external infection and seedling transmission. Infected
seedlings represent the largest source of viral spread under cultivation. External infection modes include
mechanical transmission of viruses through contaminated tools and machinery and vector transmission through
vector insects such as whiteflies and aphids. These infection modes make it difficult to maintain virus-free plants,
especially in intensive planting systems (Rubio et al., 2020).

Lindera aggregata is highly susceptible to viral diseases, which affect the growth, yield, and production of
pharmacologically active compounds such as sesquiterpenoids and alkaloids. Viral disease in the crop is better
defined by symptoms such as chlorosis, growth retardation, and biomass reduction, which lowers the medicinal as
well as economic value of the crop. The viral diseases are transmitted by two primary modes: seedling
transmission, where the virus-infected mother plants infect the progeny, and external infection via arthopod and
whitefly vectors. Mechanical transmission occurs due to the utilization of unsterilized equipment that leads to
increased disease transmission, especially under intensive propagation systems (Huang et al., 2023).

2.2 Limitations of traditional detoxification techniques

Lindera aggregata is a bitter-tasting traditional Chinese medicinal herb, which is warm in nature and
predominantly associated with the lung, spleen, kidney, and bladder meridians (Chen and Yu, 2024). Its richness
in chemical constituents provides the rationale for its vast applications in medicine and public health. The
distribution ratio of its major chemical constituents consists of 127 sesquiterpenoids, 37 alkaloids, 32 flavonoids,
and 35 others (Figure 1). Traditional detoxification processes, such as chemical treatment, are seriously
disadvantageous in Lindera aggregata detoxification. Chemical compounds applied to suppress viral infection
would typically create adverse environmental impacts, such as soil contamination and residues of chemicals on
the plant. Moreover, the process can alter the physiological state of the plant, reducing biosynthesis of active
compounds associated with Lindera aggregata's medicinal activity (Lv et al., 2023).

Single detoxification processes, such as heat treatment or tissue culture, also achieve limited success. Heat
treatment effectively prevents some viruses but causes thermal stress in plant tissue, which will affect viability.
Tissue culture, which allows for rapid growth of pathogen-free plants, does not offer protection against systemic
infection or viruses at latent periods. This inefficacy has a tendency to render detoxification incomplete and
necessitates the establishment of integrated approaches (Zhao et al., 2022).

2.3 Synergistic advantages of heat treatment and tissue culture
Tissue culture combined with heat treatment synergistically detoxifies Lindera aggregata seedlings. Heat
treatment involves the exposure of plant tissues to a controlled high temperature range (generally 35°C~40°C) for
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a period of time that inhibits or inactivates heat-sensitive viral nucleic acids and proteins. In the process, the
content of viruses in infected tissues is reduced without utilizing chemical agents, making it an eco-friendly
method (Gan et al., 2009).

Tissue culture facilitates heat treatment with the cultivation of virus-free plants on sterile, controlled conditions.
Meristematic tissues, in which there is minimal possibility of virus infection, are excised and cultured on nutrient
media to generate healthy seedlings. The synthesis leads to virus elimination as well as pathogen-free plant
production at a higher rate. The combined approach has been found to have high detoxification efficiency,
increased seedling vigor, and increased scalability for commercial propagation (Huang et al., 2023).
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Figure 1 Proportion of chemical compounds in L. aggregata (Adopted from Lv et al., 2023)

3 Application of Heat Treatment in Lindera aggregata Detoxification

3.1 Principles of heat treatment

Heat treatment is a well-documented virus suppression and elimination method in plants. The primary mechanism
is inoculating plant tissue with high temperature, disrupting viral proteins and nucleic acid and hindering
replication. Experiments have confirmed that in Lindera aggregata detoxification, viruses exhibit differential
temperature and treatment time sensitivity. For instance, thermotherapy at 37~40°C has been effective in reducing
the activity of well-known plant viruses like Tobacco mosaic virus and Potato virus Y (Wang et al., 2018).

3.2 Optimization of heat treatment conditions
Optimizing the conditions of heat treatment is the key to achieving high detoxification efficiency and less tissue
damage in Lindera aggregata. Temperature gradient tests confirmed that a temperature gradient from 35°C to
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45°C is the optimal for suppressing most viral infections in plants. Longer exposure for extended durations at
higher temperatures, for instance, 45°C for 15~30 minutes, is able to enhance detoxification more effectively but
may cause reduced survival rates of sensitive plant tissues (Torres et al., 2000).

The duration of heat treatment of Lindera aggregata is also crucial. One must find a balance between the time for
inactivation of the virus and avoid thermal stress. For example, in the thermotherapy of garlic, optimum
detoxification was at 37°C for 35 days (Lizarraga et al., 2017).

3.3 Effects of heat treatment on lindera aggregata growth

Although heat treatment has been proven to reduce viral loads greatly, it may have some effect on Lindera
aggregata development and vigor. Excessive exposure to high temperature may lead to reduced survival rates of
seedlings and delayed growth. Studies in other plant species showed that the intensity and duration of heat
treatment can be calibrated precisely to reduce these side effects. For instance, water treatments under heat and
follow-up tissue culture have been used for vigour restoration and viability maintenance in treated plants
(Langens-Gerrits et al., 2004).

In Lindera aggregata, combining mild heat treatment with employing fast propagation techniques, such as tissue
culture, enables proper recovery of the plant. The two-approach method minimizes the adverse impacts of heat
stress while effectively eliminating viruses, making way for disease-free healthy seedlings with an enhanced
capability for growth.

4 Application of Tissue Culture Technology in Healthy Seedling Propagation

4.1 Principles and Processes of Tissue Culture

Tissue culture is an aseptic method where cells, tissues, or organs are propagated in regulated environmental
conditions (Grout, 2017). For Lindera aggregata, meristem culture and shoot tip culture are the two prominent
detoxification methods. These methods are based on the fact that meristematic tissues will have lesser
opportunities of virus harbouring, and virus-free plants will be produced. The tissue culture process entails explant
harvesting and sterilization, culture medium preparation, and differentiation induction and proliferation.
Microelements, PGRs such as cytokinins (e.g., 6-benzylaminopurine [6-BA]), and auxins (e.g., naphthaleneacetic
acid [NAA]) are all significant constituents to be incorporated in inducing shoot development and initiation
(Espinosa-Leal et al., 2018).

4.2 Optimization of culture media

Optimization of the culture medium composition is to be made for enhanced efficiency in Lindera aggregata
tissue culture. The concentration of sucrose as a source of energy and agar as structural support for the plantlet are
the most significant. Concentrations of these have been found to play a vital role in inducing growth,
differentiation, and proliferation of the tissues in culture. Besides, some PGR concentrations, such as 6-BA for
shoot and NAA for rooting, also enhance the efficiency of regeneration and quality of detoxified seedlings
(Hussain et al., 2012).

4.3 Detoxification efficiency of tissue culture

Tissue culture improves detoxification effectiveness significantly by regeneration of virus-free plants from
meristematic tissues. The efficiency of removal of viruses by detection through reverse transcription PCR
(RT-PCR) in pre- and post-tissue culture has established high levels of removal of viruses from treated crops.
Tissue culture also facilitates the promotion of quick development in seedlings to allow for the production of
healthy plants on a regular basis. In Lindera aggregata, higher rates of proliferation and survival of detoxified
seedlings have been established through maximized tissue culture protocols (Thorpe, 2012).

5 Application of Combined Heat Treatment and Tissue Culture Technology

5.1 Implementation Process of Combined Technology

The combined use of heat treatment and tissue culture represents a promising detoxification process for Lindera
aggregata. Heat-treated shoot tips or stem segments are utilized as beginning materials, where virus is inhibited or
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killed by heat without extreme tissue damage in the plant. The treated tissue is then transferred into a sterile tissue
culture medium where virus-free seedling multiplication and differentiation can occur (Pasternak and Steinmacher,
2024). Through the use of both methods' advantage, the process guarantees healthy pathogen destruction and
healthy regeneration (Linck et al., 2019).

5.2 Advantages of combined technology

Double heat treatment combined with tissue culture enhances significantly the effectiveness of detoxification in
Lindera aggregata. Double treatment provides higher detoxification percentages than separate treatments by
affecting more than a single viral activity stage. Heat treatment suppresses active viral replication, and tissue
culture grows plants from virus-free meristematic tissues. The process also allows for the mass production of
seedlings with retained resistance characteristics and vigor and is therefore scalable for commercial purposes
(Torres et al., 2000).

5.3 Optimization of technical parameters

Control of the conditions of combined heat treatment and tissue culture is crucial to allow the maximum efficiency
and least damage to the tissue in Lindera aggregata. Synergy of heat treatment temperature and time is also
required; for example, heating at 37~40°C for 2~3 weeks has been effective in breaking down viral activity
without lowering tissue viability. Subsequently, precise regulation of culture conditions, such as media
composition and light patterns, subsequently enhances regeneration success. The process also readily supports
diverse virus strains, and hence is a useful tool in plant detoxification programs (Linck et al., 2019).

6 Effectiveness Evaluation of Combined Detoxification Technology

6.1 Detoxification rate and health assessment

Control of the conditions of combined heat treatment and tissue culture is crucial to allow the maximum efficiency
and least damage to the tissue in Lindera aggregata. Synergy of heat treatment temperature and time is also
required; for example, heating at 37~40°C for 2~3 weeks has been effective in breaking down viral activity
without lowering tissue viability. Subsequently, precise regulation of culture conditions, such as media
composition and light patterns, subsequently enhances regeneration success. The process also readily supports
diverse virus strains, and hence is a useful tool in plant detoxification programs (Linck et al., 2019).

6.2 Seedling quality and genetic stability

Compound detoxification technology not only improves the quality of Lindera aggregata seedlings but also
ensures genetic stability. Experiments on medicinal components such as detoxified seedlings' essential oils and
polysaccharides have revealed equivalent active ingredient levels, which confirm that detoxification does not have
any negative impact on their pharmacological activity. Genetic stability analysis, which is typically done under the
direction of molecular markers like SSR and SNP, ensures that tissue culture does not generate any significant
genetic variation in the seedlings produced (Torres et al., 2000).

6.3 Field performance and adaptability

Field trials are of utmost importance in assessing the performance and viability of detoxified seedlings. Healthy
seedlings produced using the combined detoxification technology display improved growth performance and
tolerance to environmental stresses. This work shows lowered disease incidence rates and improved yields in the
detoxified plants compared to the untreated controls. These findings demonstrate the potential for this integrated
technology in enhancing the vigor and productivity of Lindera aggregata under different conditions of cultivation.

7 Promotion and Industrial Application of the Technology

7.1 Large-scale propagation of healthy seedlings

The heat treatment and tissue culture technology has established a repeatable protocol for propagation of Lindera
aggregata healthy seedlings. The protocol follows sterilization protocol, optimized heat treatment time and
temperature for every step, and plant growth regulators in the culture media preparation. Additionally, callus
culture and suspension cell culture provide platforms for controlled synthesis of secondary metabolites, and gene

editing technologies such as CRISPR-Cas9 enable the efficient synthesis of target compounds in addition to
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metabolic pathway enhancement. The yields of compounds can be significantly enhanced by exogenous elicitors
and environmental stresses (Figure 2). Future opportunities plan to develop efficient and low-cost cultivation
techniques, together with state-of-the-art synthetic biology, to meet industrial demands and allow sustainable
manufacture of green chemicals and pharmaceuticals from Lindera aggregata. The process ensures homogeneity
of seeds and fulfills small-scale local and large-scale industrial cultivation production needs (Hasnain et al., 2022).
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In tissue culture process efficiencies, for example, usage of automated bioreactors in propagation and enhanced
sterilization practices has drastically reduced labor and material expenses. In addition, effective resource
allocation management (such as culture medium components and energy use) enhances cost-effectiveness even
more, making the technology economically attractive to growers as well as industry stakeholders (Gulzar et al.,
2020).

7.2 Extension of the industrial chain

Healthy seedlings acquired through the integrated detoxification technology are used to produce high-quality
planting bases for Lindera aggregata. The planting bases are intended to improve the medicinal quality of plants
through an assurance of even growth, reduced rates of disease, and enhanced levels of bioactive compounds. Such
planting bases provide high-grade and standard raw materials for pharmaceutical and nutraceutical companies
(Loyola-Vargas and Ochoa-Alejo, 2018).

Employment of healthy seedlings leads to products of higher medicinal quality that meet high local and foreign
markets' standards. Higher product uniformity and quality translate to greater market worth, enhancing higher
competitiveness and profitability of Lindera aggregata products in global business (Hasnain et al., 2022).
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7.3 Analysis of ecological and economic benefits

By eliminating viral diseases through integrated detoxification technology, chemical pesticide application is
significantly reduced. This green approach reduces soil and water pollution, lowers input costs, and conserves
biodiversity in agricultural ecosystems (Gulzar et al., 2020).

Detoxified seedlings are healthier and more productive and disease-resistant, an immediate increase in farmer
revenue through reduced loss of production. In addition, the quality of Lindera aggregata products increases,
which augments market value, ensuring economic sustainability in the long term for cultivation and processing
investors (Loyola-Vargas and Ochoa-Alejo, 2018).

8 Challenges and Future Directions

8.1 Limitations in technical applications

The heat treatment quality among different virus strains is also quite inconsistent since they vary in their heat
resistance. Heterogeneity makes it difficult to standardize detoxification processes, particularly in infected plants
with a mixed population of viruses (Torres et al., 2000). Strain-specific thermal responses necessitate specially
tailored treatments, and this makes operations more complex.

Tissue culture techniques have their development to industrial scales marred by issues like risk of contamination,
consumption of resources, and poor scope for automation. Despite the advent of bioreactors, human interventions
in activities such as explant preparation and transplanting remain the main bottlenecks (Hasnain et al., 2022).

8.2 Directions for technology optimization

Developing heat treatment protocols that require less energy inputs, such as lower exposure times or cycling
heating, for instance, will enhance sustainability. Meanwhile, the optimization of culture media composition to
regenerate tissues at a higher rate and with better seedling quality will reduce cost and increase scalability (Gulzar
et al., 2020).

The integration of molecular breeding technologies, such as CRISPR/Cas9 gene editing, with in-built
detoxification technology offers promising avenues towards the production of resistant germplasm. The
integration can enhance the efficiency of detoxification mechanisms and create virus-resistant Lindera aggregata
cultivars (Loyola-Vargas and Ochoa-Alejo, 2018).

8.3 Future research prospects

Characterizing the genetic mechanism of resistance to disease through genome sequencing and transcriptomics
will result in identifying the major resistance genes. The information can be utilized to guide molecular marker
development for resistance breeding and enhanced detoxification efficiency (Linck et al., 2019; Fang, 2024).

Installation of intelligent systems for real-time monitoring and predictive analytics in tissue culture laboratories
can optimize growth conditions and reduce human intervention. Emerging automation technologies, such as
Al-based bioreactors, have the ability to automate mass seedling propagation (Hasnain et al., 2022).
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